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Lipid droplets (LDs), the organelles central to alcoholic steatosis, are broken down by lipophagy, a specialized form of

autophagy. Here, we hypothesize that ethanol administration retards lipophagy by down-regulating dynamin 2 (Dyn2), a

protein that facilitates lysosome re-formation, contributing to hepatocellular steatosis. Primary hepatocytes were isolated

from male Wistar rats fed Lieber–DeCarli control or ethanol (EtOH) liquid diets for 6-8 weeks. Hepatocytes were incu-

bated in complete medium (fed) or nutrient-free medium (fasting) with or without the Dyn2 inhibitor dynasore or the Src

inhibitor SU6656. Phosphorylated (active) forms of Src and Dyn2 and markers of autophagy were quantified using western

blot analysis. Colocalization of LDs with autophagic machinery was determined using confocal microscopy. In hepatocytes

from pair-fed rats, LD breakdown was accelerated during fasting, as judged by smaller LDs and lower triglyceride (TG)

content when compared with hepatocytes in complete media. Fasting-induced TG loss in control hepatocytes was signifi-

cantly blocked by either SU6656 or Dynasore. Compared with controls, hepatocytes from EtOH-fed rats had 66% and

40% lower content of phosphorylated Src (pSrc) and phosphorylated Dyn2 (pDyn2), respectively, coupled with a lower

rate of fasting-induced TG loss. This slower rate of fasting-induced TG loss was blocked in cells coincubated with Dyna-

sore. Microscopic examination of EtOH-fed rat hepatocytes revealed increased colocalization of the autophagosome

marker LC3 on LDs with a concomitant decrease in lysosome marker LAMP1. Whole livers and LD fractions of EtOH-

fed rats exhibited simultaneous increase in LC3II and p62 over that of controls, indicating a block in lipophagy. Conclu-

sion: Chronic ethanol administration slowed the rate of hepatocyte lipophagy, owing in part to lower levels of phosphory-

lated Src kinase available to activate its substrate, Dyn2, thereby causing depletion of lysosomes for LD breakdown.

(Hepatology Communications 2017;1:501–512)

L
iver damage from heavy drinking carries an
enormous economic and health care burden
worldwide.(1) Alcohol-induced liver damage is

initially characterized by a buildup of fat (steatosis) in
hepatocytes, which, if sustained by continued drinking,
can progress to inflammation (steatohepatitis). If injury
is prolonged by continued alcohol abuse, hepatic

fibrogenesis (scar tissue formation) can occur, which
may progress to alcoholic cirrhosis and ultimately liver
failure.(2) Steatosis is characterized by the abnormal
accumulation of intracellular lipids in organelles called
lipid droplets (LDs).(3) Although steatosis is often
benign and reversible if drinking ceases, it can progress
to more advanced liver pathologies if drinking

Abbreviations: Dyn2, dynamin 2; EtOH, ethanol; LD, lipid droplet; PBS, phosphate-buffered saline; pDyn2, phosphorylated Dyn2; PNS, postnu-

clear supernatant; pSrc, phosphorylated Src; SEM, standard error of the mean; TG, triglyceride.
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continues. The precise role of hepatic LD accumula-
tion in the development of more severe pathologies
associated with alcohol-induced liver damage is not
fully understood.
LDs are now recognized as highly dynamic organ-

elles that play central roles in energy metabolism.(4,5)

They are composed primarily of neutral lipids, includ-
ing cholesteryl esters and triglycerides enclosed by a
phospholipid monolayer, which has attached or em-
bedded proteins. The hydrophobic cores of LDs are
decorated with structural proteins, lipid-synthesizing
enzymes, lipases, and membrane-trafficking proteins
that regulate LD lipid storage and use. Proteins that
are critical for vesicular transport, fusion, and fission
have been implicated in LD interaction with other
organelles, including the endoplasmic reticulum, endo-
somes, mitochondria, and peroxisomes for lipid ex-
change and metabolism.(6) Under nutrient deprivation
(fasting) conditions, LDs are an important source of
energy, as they undergo a catabolic process called lipo-
phagy, (a specific form of autophagy) to ultimately
generate free fatty acids that undergo beta oxidation to
generate energy for cellular demand.(7-9)

Macroautophagy (autophagy) is the general name of
the catabolic process during which intracellular macro-
molecules and organelles are degraded in lysosomes to
supply energy during stressful periods, such as nutrient
deficiency. When an LD undergoes lipophagy, it is
engulfed by an autophagosome (called a lipophago-
some), which is then transported to and fuses with a
lysosomes, forming an autolysosome in which the LD is
degraded.(8) After degradation of the autophagosome
cargo in autolysosomes, new, smaller versions of lyso-
somes are generated from autolysosomes by recycling
proto-lysosomal membrane components through tu-
bules that vesiculate (i.e., bud off) from autolysosomes

to maintain a full complement of lysosomes. The afore-
mentioned vesicles then mature into new lysosomes for
further cycles of autophagy. This process, known as
autophagic lysosome reformation, allows the cell to
reuse the autolysosomal membrane and the contents
within it for subsequent rounds of autophagy.(9)

Our recent studies report that lipophagy is regulated
by membrane trafficking proteins including Rab7(10)

and Dynamin2 (Dyn2).(9) Dyn2 is a large GTPase
that is activated via phosphorylation by Src kinase.
Once phosphorylated, Dyn2 catalyzes constriction and
scission of endocytic vesicles at the plasma membrane,
thereby releasing early endosomes to the cell inte-
rior.(11-13) The Src-kinase is a nonreceptor protein
tyrosine kinase that is activated during stress condi-
tions and regulates cytoskeletal-dependent membrane
trafficking by phosphorylation of specific substrates,
including Dyn2.(14-17) Inhibition of Dyn2 by small
molecule inhibitors impairs lipophagy-dependent LD
breakdown in hepatic cells. Further studies indicate
that Dyn2 activity is required for recycling lysosomes
from autolysosomes during autophagic lysosome refor-
mation,(9) an important step for sustaining autophagy.
Although there are data that indicate impaired autoph-
agy after alcohol administration,(18-20) there are no
reports that have specifically examined lipophagy dur-
ing or after chronic ethanol (EtOH) feeding. Our pre-
vious studies have focused on how EtOH exposure
affects membrane protein trafficking, specifically that
of the asialoglycoprotein receptor and its ligand inter-
actions.(21,22) Additionally, we have examined several
small Rab-GTPases involved in vesicle trafficking and
have demonstrated their decreased contents after alco-
hol exposure.(23)

Here, we report that, compared with fasted hepato-
cytes from control rats, the loss of triglycerides in
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fasted hepatocytes from alcohol-fed animals was
slower, and that this was associated with a partial loss
of activated (phosphorylated) Src kinase, which was
accompanied by a decline in Dyn2 activation in livers
of EtOH-fed rats.

Materials and Methods

MATERIALS

EtOH was purchased from Pharmaco-AAPER
(Brookfield, CT). IRDye infrared secondary antibodies
and blocking buffer were from Li-COR Biosciences
(Lincoln, NE). BODIPY 493/503 was obtained from
Invitrogen (Carlsbad, CA). Protease inhibitor cocktail,
phosphatase inhibitor cocktail-3, SU6656 (selective
inhibitor of Src kinase), and dynasore hydrate (a non-
competitive inhibitor of the Dyn2 GTPase) were
obtained from Sigma-Aldrich (St. Louis, MO). Rabbit
polyclonal anti-Src antibody and mouse monoclonal
anti-LAMP1 antibodies were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). Rabbit poly-
clonal anti-phospho Src (Tyr418) antibody and mouse
anti-actin antibody were from Millipore (Billerica,
MA). Rabbit polyclonal anti-LC3B antibody was
obtained from Cell Signaling (Danvers, MA). Anti-
p62/SQSTM1 was purchased from Medical and Bio-
logical Laboratories Ltd (Nayoga, Japan). The rabbit
polyclonal antibodies rose against Dyn2 and pDyn2
were kindly provided by Mark A. McNiven (Mayo
Clinic, Rochester, MN). All other chemicals were
obtained from Sigma Chemical Co. (St. Louis, MO)
unless stated otherwise.

ANIMALS, DIET ADMINISTRATION,
AND SAMPLE COLLECTION

All animals received humane care in accordance
with guidelines established by the American Associa-
tion for the Accreditation of Laboratory Animal Care.
All protocols were approved by the Institutional Ani-
mal Care and Use Committee at the VA NWIHCS
Research Service. Male Wistar rats weighing 175-200
g, purchased from Charles River Laboratories (Por-
tage, MI) were paired according to weight and fed
control or EtOH-containing Lieber–DeCarli diets(24)

for 6-8 weeks as described previously.(22) At the termi-
nation of feeding, rats were anesthetized with isofluor-
ane, blood samples were collected from the vena cava,
and euthanasia was complete after exsanguination. In
some animals, hepatocytes were isolated and used in

cell culture experiments, while in others, livers were
excised, rinsed in TE buffer (10 mM Tris-HCl, 1 mM
EDTA, pH 7.4), weighed, and divided for various
analyses. Portions of liver tissue were frozen immedi-
ately in liquid nitrogen and stored at 2808C until
needed, or were freshly processed immediately to
obtain liver postnuclear supernatants (PNSs) and LDs.

HEPATOCYTE CULTURE
AND TREATMENT

Primary hepatocytes, isolated from control and
EtOH-fed rats were cultured as described previ-
ously.(22) Briefly, hepatocytes suspended in William’s
media were seeded onto collagen-coated 6-well plates
with or without coverslips. After 2 hours at 378C in
a 5% CO2 atmosphere, cells were washed with
phosphate-buffered saline (PBS) and further incubated
at 378C in either Williams media with 5% fetal bovine
serum (fed cells) or in nutrient-free Krebs-Ringer-
HEPES (KRH-fasted cells) for 4 hours as described
previously.(25-27) The latter incubations were con-
ducted in the presence or absence of 15 lM SU6656
(Src kinase inhibitor) or 40 lM dynarose (Dyn2 inhib-
itor). The optimal concentrations of the aforemen-
tioned inhibitors were determined previously.(9,28,29)

ISOLATION OF LDs

LDs were isolated from freshly homogenized livers
as described previously.(23,30) Briefly, PNS fractions
were obtained by way of centrifugation (1000g for 10
minutes) of 20% homogenates. LDs were isolated by
subjecting PNS fractions to discontinuous sucrose gra-
dient ultracentrifugation as described previously.(31)

The white band (LD fraction) at the top of the gradi-
ent was collected and further purified by way of centri-
fugation (20,800g) for 10 minutes and then, the clear
buffer underlying the LDs white band was removed
and the LD fraction was brought up to 200 lL with
TE buffer and frozen at 2708C for western blot
analysis.

WESTERN BLOT ANALYSIS

Briefly, PNS and LD samples (diluted 1:20 and 1:4,
respectively), were resolved under reducing conditions
on 12% gels by SDS-PAGE and transferred onto
nitrocellulose membranes. Relevant protein bands on
the blots were detected by probing with primary anti-
bodies and fluorescent-tagged secondary antibodies
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and blots were scanned by using the Odyssey infrared
imaging system (Li-Cor, Inc.). The band intensities
were normalized by dividing their intensities by that of
b-actin in samples from PNS fractions. For LDs, we
normalized the band intensities to perilipin-2 as
described previously.(23)

TRIGLYCERIDE MEASUREMENT

Measurement of triglyceride (TG) loss was per-
formed as described previously, with minor modifica-
tions.(32) Briefly, hepatocytes were collected by
scraping 4 hours after treatment. Cells were centri-
fuged to obtain the cell pellets, which were resus-
pended in PBS and lysed by sonication. An aliquot of
the cell lysate was saved for protein/DNA determina-
tion and the remaining lysate was used for total lipid
extraction.(33) Aliquots of the lipid extracts were
saponified to quantify triglycerides using a diagnostic
kit #TR22421 from Thermo Fisher Scientific (Mid-
dletown, VA). Triglyceride levels were normalized to
total DNA content. The loss of triglyceride (TG) from
the cells was determined by comparing the amount of
TG in cells before (zero time) and 4 hours after treat-
ment and calculated as the percent loss from their ini-
tial TG values at zero time.

HISTOLOGICAL ANALYSIS
OF LDs USING FLUORESCENCE
MICROSCOPY

Hepatocytes plated onto glass coverslips were sub-
jected to fasted and fed conditions as indicated above
and fixed for 20minutes with 4% formaldehyde. The
cells were made permeable with 0.1% Triton X-100
for 2 minutes, washed with PBS, and then stained
with BODIPY (1 lg/mL) in PBS for 20 minutes at
room temperature, followed by three washes with PBS.
Coverslips were mounted onto glass slides using a
DAPI mounting media for nuclear stain (Vector Labo-
ratories, Burlingame, CA). Images were acquired using
a Zeiss 510 Meta Confocal Laser Scanning Micro-
scope (Carl Zeiss, Thornwood, NY). Quantifications
of LD number and size were performed using ImageJ
software (National Institutes of Health, Bethesda,
MA). For quantification, five different fields were ran-
domly selected from each coverslip and data derived
were pooled from samples obtained from four sets of
control and EtOH-fed animal pairs.

STATISTICAL ANALYSIS

The results are expressed as mean 6 standard error
of the mean (SEM). Comparisons between two groups
were analyzed using the Student t test. P � 0.05 was
considered statistically significant.

Results

CHRONIC EtOH FEEDING
RESULTED IN LIVER
ENLARGEMENT AND STEATOSIS

After 6-8 weeks of feeding rats with isocaloric con-
trol or EtOH-containing liquid diets, we observed no
difference in mean body weight between EtOH-fed
rats and their pair-fed controls (data not shown).
However, the liver/body weight ratio of EtOH-fed
rats was significantly higher than that of controls (con-
trol, 3.4 6 0.07 g liver/100 g body weight; EtOH-fed
rats, 3.9 6 0.13 g liver/100 g body weight; P 5

0.003), indicating EtOH-induced hepatomegaly,
which was contributed in part by nearly 3-fold higher
levels of hepatic triglycerides compared with those in
controls (control, 104 6 11 mg TG/100 g body
weight; EtOH-fed rats, 305 6 36 mg TG/100 g body
weight; P < 0.02).

EtOH ADMINISTRATION
IMPAIRED Dyn2 ACTIVITY AND
REDUCED LD BREAKDOWN

We sought to determine whether chronic EtOH
administration affected the activity and/or hepatic con-
tent of Dyn2, which can regulate autophagy and may
control lipid homeostasis by regulating lipophagy of
lipid droplets. Because Dyn2 is phosphorylated by an
active Src kinase (pSrc) to achieve its biologically active
form (pDyn2),(16,34) we quantified the total and phos-
phorylated forms of Src and Dyn2 in liver homo-
genates. As shown in Figure 1A, chronic EtOH
administration did not affect the total content of either
protein (bottom band in each panel). However, the
active (phosphorylated) forms of Src and Dyn2 in
EtOH-fed rats were 66% and 40% lower, respectively,
than those of pair-fed control rats, when normalized to
b-actin (Fig. 1C,F). Normalization of pSrc and pDyn2
to their total (unphosphorylated) forms showed that
their respective levels of phosphorylation of were 60%
and 28% lower than controls (Fig. 1D,G).
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We then tested whether the loss of Src kinase and
Dyn2 activities influenced the rate of TG loss (LD
breakdown) in fed and fasted hepatocytes from control
and EtOH-fed rats. As shown in Figure 2, neither the
fed nor the fasting conditions affected the total Src or
Dyn2 protein levels in hepatocytes of both groups of
animals. However, the phosphorylated levels of these
proteins were increased in hepatocytes of pair-fed rats
subjected to fasting but not of EtOH-fed rats sub-
jected to the same condition.
Triglyceride (TG) loss from the cells was measured

by their TG content that remained after 4 hours of
incubation and was calculated as the percent difference
from the TG content in unincubated hepatocytes.
Cells from both groups of animals incubated under fed
conditions exhibited little to no net loss of TGs after 4
hours of incubation. However, when the cells were
exposed to fasting conditions, there was a 30% loss of
TGs in hepatocytes from control rats, whereas fasted

hepatocytes from EtOH-fed rats lost only 10% of their
triglyceride mass (Fig. 3A). When hepatocytes from
both animal groups were incubated with the Src inhib-
itor SU6656, this fasting-induced TG loss was signifi-
cantly impaired in the control cells, but only minimally
altered in cells from EtOH-fed animals, likely due to
the already-impaired lipophagy in the EtOH-fed ani-
mals. When hepatocytes were incubated with the
Dyn2 inhibitor dynasore in the nutrient-free media,
dynasore almost completely blocked fasting-enhanced
lipid loss in cells from both groups of animals.
The TG loss in hepatocytes incubated in nutrient-

free media correlated with a parallel loss in BODIPY-
stained LDs, as judged by the cellular area occupied by
LDs in hepatocytes from control and EtOH-fed rats
(Fig. 3B). Similar to the results shown in Fig. 3A,
exposure of fasted hepatocytes to SU6656 or dynasore
caused retention of LDs in cells from both groups of
rats, indicating that the Src kinase and Dyn2 each
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FIG. 1. pSrc and pDyn2 content were reduced in the livers of EtOH-fed rats. Male Wistar rats were pair-fed a nutritionally balanced
isocaloric control or EtOH Lieber–DeCarli diet for 6-8 weeks. Liver PNS fractions were subjected to western blot analysis. (A) Represen-
tative western blot and mean densitometric ratios of (B) Src to actin, (C) pSrc to actin, (D) pSrc/Src, (E) Dyn to actin, (F) pDyn to actin,
and (G) pDyn to Dyn. EtOH administration did not affect total Src and Dyn2 protein content, whereas pSrc and pDyn2 content were
significantly decreased after EtOH feeding. Data are expressed as the mean 6 SEM for eight pairs of animals. *P < 0.05.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

HEPATOLOGY COMMUNICATIONS, Vol. 1, No. 6, 2017 RASINENI ET AL.

505



strongly influences LD clearance, regardless of prior
treatment in vivo. Our quantitative analyses of LD areas
confirmed this, showing a 38% loss of LD area in fasted
hepatocytes from pair-fed control rats, compared with a
19% loss in identically treated cells from EtOH-fed rats
when calculated relative to their respective fed hepato-
cytes. SU6656 and dynasore exposure attenuated the
loss due to nutrient deprivation, resulting in 11% and
5% loss, respectively, of LDs in cells from pair-fed con-
trols and a 5% and 7% loss, respectively, of LDs in hep-
atocytes of EtOH-fed rats (Fig. 3B).

AUTOPHAGOSOME MARKER
CONTENT IS HIGHER IN LDs
FROM EtOH-FED RATS

Based on the findings shown in Figure 3, previous
alcohol administration caused delayed LD breakdown
even in fasted (i.e., nutrient-deprived) hepatocytes. We
further tested whether this delay represents an alcohol-
induced slowdown of lipophagy by quantifying the
autophagosome marker LC3 and p62/SQSTM1, an
adapter protein that is ultimately degraded in the lyso-
some and is a sensitive indicator of autophagic activity,
in liver PNS fractions and in partially purified LDs.
EtOH-fed rats had 1.7-fold higher LC3II content in
liver PNS (Fig. 4B) and 2.6-fold higher LC3II in LD
fractions than pair-fed controls (Fig. 4D).

Interestingly, we also observed a 1.32- and a 2.5-fold
elevation in LC3I (the unlipidated form of LC3II) in
both hepatic PNS and LD fractions, respectively, of
EtOH-fed rats. In addition to exhibiting increased
LC3II levels, both the PNS and LD fractions of
EtOH-fed rats simultaneously exhibited a 1.4- and
2.4-fold increase in p62 protein level, respectively, over
that of pair-fed controls (Fig. 4F,H). P62 is a signaling
adaptor protein that identifies the cargo to be seques-
tered by the autophagosomes, eventually becomes part
of the cargo, and is degraded in the lysosomes when
autophagy is enhanced. Here, simultaneous increase in
the contents of both LC3II and p62 in PNS of
EtOH-fed rats suggested that chronic EtOH feeding
impaired lysosomal degradation of autophagosomes,
thus contributing to accumulation of autophagosomes
(LC3II) in the liver. Similar increase of LC3II and
p62 in LD fractions of EtOH-fed rats suggested accu-
mulation of undegraded autophagosomes containing
LDs, a sign of defective lipophagy.
To further examine these possibilities, we performed

quantitative immunochemistry using freshly seeded
hepatocytes subjected to 4 hours of either the fed or
fasted conditions described earlier. Cells were then
immunostained for LC3 and LAMP1 (lysosomal
marker) and stained with BODIPY to detect LDs.
Compared with fed cells, fasted hepatocytes from

control rats had a significantly greater area covered by
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FIG. 2. Ethanol administration impaired fasting-induced Src kinase and Dyn2 activity. Representative western blots (A, C) and den-
sitometric ratios (B, D) of total and active (phosphorylated) Src and Dyn in hepatocytes of control and EtOH-fed rats exposed to
either fed or fasting media as described in Materials and Methods. Data are expressed as the mean 6 SEM (n 5 3; P < 0.05).
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FIG. 3. Chemical inhibition of Src kinase or Dyn2 equalized differences in TG clearance between control and EtOH-fed rats. (A)
Percent TG loss after 4 hours of fasting. Hepatocytes from control and EtOH-fed rats were cultured for 4 hours in either fed or fast-
ing media with and without 15 lM SU6656 (Src kinase inhibitor) or 40 lM Dynasore (a Dyn2 inhibitor). To quantify fat loss, TG
content to lg DNA in cell pellets was measured before and after treatment and fat loss was calculated by comparing the amount of
TG in cells before and after starvation and calculated percent loss from initial TG (0 hours) values. Loss of fat was more dramatic in
fasted control cells and was inhibited by SU6656 and dynasore. Cells from EtOH-fed animals demonstrated an impaired loss of fat
with Dynasore treatment completely blocking the loss of fat. Data are expressed as the mean 6 SEM for five pairs of animals (P <
0.05). (B) Representative micrographs of BODIPY staining of cells treated as indicated in the images. LDs in hepatocytes were
stained with 1 lg/mL of BODIPY and visualized using confocal microscopy. Images were analyzed using ImageJ software to deter-
mine LD area. Results were obtained from five randomly selected cells from each slide, and data pooled from three independent
experiments are expressed as the mean 6 SEM (P < 0.05). Values not sharing a common letter are statistically different.
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LC3-positive puncta, indicating that fasting enhanced
autophagosome biogenesis (Fig. 5A). In fed and fasted
cells from EtOH-fed rats, LC3-positive puncta were
2- and 1.4-fold higher, respectively, than those from
corresponding controls (Fig. 5B). However, the cell
area occupied by the lysosomal marker LAMP1 was
1.6- and 2-fold lower in fed and fasted hepatocytes,
respectively, from EtOH-fed rats compared with con-
trols (Fig. 5C). Furthermore, the incidence of LC3II-
LD colocalization was 2.8- and 1.8-fold higher,
respectively, in both fed and fasted hepatocytes from

EtOH-fed rats (Fig. 6B). LAMP1-LD colocalization
was significantly elevated in fasted control hepatocytes
(Fig. 5C), whereas fasted cells from EtOH-fed rats
exhibited no such increase over fed hepatocytes and
showed a 2.5-fold lower incidence of LD–lysosome
colocalization (Fig. 6C). Thomes et al.(35) reported
higher levels of LC3 after 24 hours of EtOH exposure
to EtOH-metabolizing HepG2 (VL-17A) cells, indi-
cating impaired degradation of LC3 by lysosomes, the
number of which were lower, consistent with the lower
lysosome numbers reported here.
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FIG. 4. Hepatic PNS and LD fractions from EtOH-fed rats showed higher LC3 and p62 content than controls. LDs were purified
as outlined in Materials and Methods. (A,E) Liver PNS and (C,G) purified LD fraction from control and EtOH-fed animals were
subjected to western blot analysis. EtOH administration significantly increased both LC3 and p62 contents in both total liver (B,F) as
well as LDs (D,H), respectively, compared with controls. Data are expressed as the mean 6 SEM from 4-8 pairs of animals (P <
0.05). Values not sharing a common letter are statistically different.
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Discussion
Alcohol exposure typically promotes TG synthesis

and slows the breakdown of LDs, leading to accumula-
tion of fat in liver cells.(32) Here we show that chronic
EtOH exposure inhibited (i.e., decreased the active
form of) Dyn2, a membrane pinchase, which plays a
critical role in repopulating lysosomes.(9) Furthermore,
such inhibition of Dyn2 after alcohol consumption
likely compromised autophagic degradation of LDs in
lysosomes, contributing to EtOH-induced hepatic
lipid accumulation.
Lower Dyn2 activity in livers of EtOH-fed rats was

associated with decreased phosphorylation of Src
kinase. The latter enzyme phosphorylates Dyn2 to
suggest that EtOH consumption likely blocked the

phosphorylation activity of Src kinase, thereby exerting
a downstream inhibitory effect on Dyn2. Indeed, treat-
ment with the Dyn2 pharmacological inhibitors dyan-
sore and MiTMAB (data not shown) completely
blocked starvation-induced triglyceride loss from hepa-
tocytes of control and EtOH-fed rats (Fig. 2A,B), sup-
porting the concept that Dyn2 plays a crucial role in
LD catabolism. Moreover, it signifies that Dyn2 inhi-
bition by chronic EtOH administration plausibly con-
tributed to hepatic fat accumulation in these animals.
Consistent with our earlier reports on hepatic

autophagy in EtOH-fed mice,(36) EtOH-fed rats simi-
larly exhibited higher levels of autophagosomes in
whole livers relative to pair-fed controls. Interestingly,
autophagosomes were tightly associated with partially
purified LDs isolated from the livers of both groups of
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FIG. 5. Hepatocytes from control and EtOH-fed rats were treated with either fed (Williams media) or fasting media (KRH; Krebs-
Ringers HEPES buffer, a starvation media) for 4 hours and stained for LC3 (red) and LAMP1 (pink) proteins. (A) Control and
EtOH hepatocytes treated with fed and fasting media. (B,C) Staining intensities of LC3 and Lamp1 were performed using ImageJ.
Data pooled from three independent experiments are expressed as the mean 6 SEM (P < 0.05). Values not sharing a common letter
are statistically different.
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rats, and such association was still significantly higher
in rats fed EtOH. Immunostaining studies further
confirmed that hepatocytes from EtOH-fed rats
exhibited greater LD–autophagosome colocalization.
Although the higher autophagosome content in
EtOH-fed rats may have occurred due to either
increased autophagic flux or a block in lysosomal deg-
radation,(35,36) the finding that autophagosomes were
physically associated with LDs of EtOH-fed rats sug-
gests that autophagosomes were trafficked/directed to
LDs and they attempted or perhaps sequestered the
LDs for degradation. Using electron microscope imag-
ing of liver tissue, others have shown that LDs were

the predominant cargo of autophagosomes in livers of
EtOH-fed rats,(37) suggesting that at least a subset of
autophagosomes in EtOH-fed rats sequestered LDs
for subsequent degradation in lysosomes.
Despite attempts by hepatocytes to initiate lipoph-

agy by recruiting autophagosomes to the LDs, greater
numbers of LDs associating with p62 accumulated in
cells of EtOH-fed rats, indicating a block in lipophagy
of LDs marked by p62 for degradation. Subsequently,
when we analyzed the fusion events between autopha-
gosomes–lysosomes and LD–lysosomes, we found
striking reductions in both the aforementioned events
in hepatocytes of EtOH-fed rats under fasted
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FIG. 6. EtOH administration decreased colocalization of lysosomes with autophagosomes and LDs. Hepatocytes from control and
EtOH-fed animals were treated with either fed or fasting media for 4 hours and stained for colocalization of LDs (BODIPY stain,
green) with LC3 (red) and LAMP1 (pink) proteins. (A) Images show colocalization of LC3 and Lamp1 on the LDs surface, as indi-
cated by the white regions in the images. Colocalization was performed by ImageJ and calculating the Pearson’s overlap coefficient,
corresponding to the fraction of green pixels that overlap with red or pink pixels. (B) Overlap coefficient for LC3 and BODIPY in
fed and fasted conditions. (C) Overlap coefficient for LAMP1 and BODIPY in fed and fasted conditions. (D) Overlap coefficient for
LC3 and LAMP1 in fed and fasted conditions. Values not sharing a common letter are statistically different. Data pooled from three
independent experiments are expressed as the mean 6 SEM (P < 0.05).
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conditions. The latter findings suggest that chronic
EtOH exposure disturbed the fusion of LD- contain-
ing autophagosomes with lysosomes as well as the
direct interaction between LDs and lysosomes. Find-
ings that we reported recently suggest that disruption
in fusion of these organelles may have occurred due to
EtOH-induced defects in the activities of LD-
associated Rab GTPases,(23) which assist in the trans-
port, docking, and fusion of vesicles with target mem-
branes. Interestingly, EtOH exposure not only reduced
the frequency of fusion of these organelles but also
decreased the total area of lysosomes (Fig. 4) sugges-
ting that EtOH exposure overwhelmed the hepato-
cytes with autophagosomal cargo by simultaneously
decreasing the lysosome numbers to levels that were
inadequate to perform LD breakdown. These findings
clearly indicate that accumulation of autophagosomes
in livers of EtOH-fed rats reflects a slowdown in their
degradation due to reduced numbers of lysosomes that
are also functionally deficient.(38,39) The decrease in
lysosome numbers reported here is consistent with pre-
vious reports that lysosomes from EtOH-fed rats are
functionally deficient(38) because of impaired transit of
lysosomal hydrolases (e.g., cathepsin L) to the lyso-
some compartment, indicating retarded lysosome bio-
genesis.(39) There is also more recent evidence that
lower lysosome content resulting from chronic EtOH
administration is caused by defective lysosome biogen-
esis, which is regulated by the transcription factor
TFEB.(36)

Our current findings, corroborating with foregoing
reports on EtOH-induced impairments of lysosome
biogenesis, were simultaneously associated with down-
regulation of Dyn2 involved in autophagic lysosome
reformation, revealing another novel target responsible
for maintaining lysosomal homeostasis. Dyn2, which
executes the scission of tubular structures from the
autolysosomal compartment,(9) thereby repopulating
the cellular lysosomal pool, is a membrane trafficking
protein that is indispensable for the autophagic path-
way and recycling of intracellular macromolecules.(9)

Our findings suggest that the decrease in lysosome
numbers induced by EtOH exposure, reported here, is
partially due to the down-regulation of Dyn2, which
has a significant if not crucial function in maintaining
adequate lysosome numbers in hepatocytes. This was
illustrated not only by lower levels of active (phosphor-
ylated) Dyn2 in EtOH-fed rats but also by a nearly
complete abolition of lipophagy after exposure to either
the Src or Dyn2 inhibitor and as judged by LD reten-
tion and lower TG turnover. Also significant to this

study are reports of EtOH-induced phosphodiesterase
activity, leading to decreased hepatic cyclic AMP,
which is a known regulator for Src kinase activa-
tion.(40-45) Decreased cyclic adenosine monophosphate
content after chronic EtOH consumption is likely
responsible for the findings reported here, that of
impaired activity of Src kinase and its substrate Dyn2,
which cause downstream impairments in Dyn2 medi-
ated lipophagy.
In conclusion, we have identified a novel mechanism

by which EtOH exposure decreases hepatocyte lyso-
some population by down-regulating Dyn2, contribut-
ing to a slowdown of lipophagy thereby resulting in
accumulation of LDs. We show that chronic EtOH
feeding decreased the content of active pSrc and
pDyn2, and that such decreases were likely responsible
for lowering lysosome numbers, as lysosome regenera-
tion partly relies on Dyn2 activity. Further work is
warranted to examine whether EtOH feeding causes
defects in Dyn2 recruitment to autolysosomal mem-
branes, and whether EtOH consumption disrupts
cytosolic lipases that affect LD breakdown. Such
investigations will further broaden our understanding
of mechanisms governing LD turnover and alcoholic
fatty liver disease.
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