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Williams JA, Ni HM, Ding Y, Ding WX. Parkin regulates
mitophagy and mitochondrial function to protect against alcohol-
induced liver injury and steatosis in mice. Am J Physiol Gastro-
intest Liver Physiol 309: G324 –G340, 2015. First published July
9, 2015; doi:10.1152/ajpgi.00108.2015.—Alcoholic liver disease
claims two million lives per year. We previously reported that au-
tophagy protected against alcohol-induced liver injury and steatosis
by removing damaged mitochondria. However, the mechanisms for
removal of these mitochondria are unknown. Parkin is an evolution-
arily conserved E3 ligase that is recruited to damaged mitochondria to
initiate ubiquitination of mitochondrial outer membrane proteins and
subsequent mitochondrial degradation by mitophagy. In addition to its
role in mitophagy, Parkin has been shown to have other roles in
maintaining mitochondrial function. We investigated whether Parkin
protected against alcohol-induced liver injury and steatosis using
wild-type (WT) and Parkin knockout (KO) mice treated with alcohol
by the acute-binge and Gao-binge (chronic plus acute-binge) models.
We found that Parkin protected against liver injury in both alcohol
models, likely because of Parkin’s role in maintaining a population of
healthy mitochondria. Alcohol caused greater mitochondrial damage
and oxidative stress in Parkin KO livers compared with WT livers.
After alcohol treatment, Parkin KO mice had severely swollen and
damaged mitochondria that lacked cristae, which were not seen in WT
mice. Furthermore, Parkin KO mice had decreased mitophagy, �-ox-
idation, mitochondrial respiration, and cytochrome c oxidase activity
after acute alcohol treatment compared with WT mice. Interestingly,
liver mitochondria seemed able to adapt to alcohol treatment, but
Parkin KO mouse liver mitochondria had less capacity to adapt to
Gao-binge treatment compared with WT mouse liver mitochondria.
Overall, our findings indicate that Parkin is an important mediator of
protection against alcohol-induced mitochondrial damage, steatosis,
and liver injury.
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ALCOHOLIC LIVER DISEASE (ALD) is a health problem worldwide
that claims two million lives per year (36), and 50% of people
in the United States over the age of 18 consume alcohol
regularly (28). ALD pathogenesis begins with liver steatosis,
which is reversible with abstinence from alcohol. However,
with continuous alcohol abuse, ALD can progress in some
patients from steatosis to steatohepatitis, fibrosis, cirrhosis, and
even hepatocellular carcinoma with prolonged alcohol abuse.
Mechanisms for progression of ALD pathogenesis are still not
completely understood. In addition, there is currently no cure
for ALD other than liver transplantation in severe disease states
(5, 13, 45). Therefore, a better understanding of mechanisms
involved in ALD pathogenesis is greatly needed for future

generation of therapeutics to combat liver disease caused by
alcohol.

Macroautophagy (hereafter referred to as autophagy) is a
protective process that initiates lysosomal degradation of cel-
lular components. Autophagy is activated to provide the cell
with nutrients during starvation or to remove damaged organ-
elles and protein aggregates to prevent cell death and tissue
injury. Autophagy occurs through formation of double-mem-
brane autophagosomes, which engulf organelles and protein
aggregates and shuttle them to the lysosome for degradation
(34). We and others have previously shown that autophagy is
protective against alcohol-induced liver injury (9, 10, 21).
Specifically, we found that autophagy protected against alco-
hol-induced liver injury and steatosis by selectively removing
damaged mitochondria and lipid droplets by mitophagy and
lipophagy, respectively (9, 10). Mitophagy has been shown to
be activated as a protective mechanism by many different
cellular stress conditions including loss of mitochondrial mem-
brane potential, cellular reactive oxygen species (ROS) accu-
mulation, mitochondrial DNA damage, and mitochondrial ac-
cumulation of aggregated proteins (23). Some of these stresses,
such as cellular ROS and nitric oxide accumulation and mito-
chondria DNA damage, have been associated with ALD patho-
genesis (1, 14, 49) and likely lead to alcohol-induced mi-
tophagy activation in the liver (18). However, mechanisms for
alcohol-induced activation of mitophagy in the liver are cur-
rently unknown.

Mitophagy has been shown to require Parkin in in vitro
models (6–8, 27). Parkin is an evolutionarily conserved E3
ligase that is recruited to damaged mitochondria by phospha-
tase and tensin homolog-induced putative kinase 1 (Pink1) to
initiate ubiquitination of mitochondrial outer membrane pro-
teins and subsequent mitochondrial degradation by mitophagy
(6, 7, 17, 26, 27). Parkin is mainly known for its protective role
in the brain because loss of Parkin has been linked to auto-
somal recessive Parkinsonism (19), but we found that Parkin is
also expressed in liver (12). The role of Parkin-induced mi-
tophagy in vivo is not completely understood. We recently
demonstrated that Parkin translocated to liver mitochondria
after acetaminophen treatment in mice. In addition, mitophagy
levels were decreased in Parkin knockout (KO) mice compared
with wild-type (WT) mice after acetaminophen treatment,
suggesting that removal of damaged mitochondria by Parkin-
induced mitophagy is likely a protective mechanism in the liver
(46). In addition to its role in mitophagy, Parkin has also been
shown to help maintain mitochondrial function in the brain.
Parkin KO mouse brain mitochondria had decreased mitochon-
drial respiration and dysregulation of proteins involved in
energy metabolism and respiration with aging (33, 35, 42).
Therefore, we investigated the role of Parkin in mitophagy
induction and in maintenance of mitochondrial function as
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protective mechanisms against alcohol-induced liver injury
using WT and Parkin KO mice. Two mouse alcohol models
were used in this study: acute-binge and Gao-binge (chronic
plus acute-binge). The acute-binge model represents human
binge drinking, which is defined as consumption of greater
than 4 or 5 drinks in a 2-h period for women and men,
respectively (39). The acute-binge model is best for studying
initial phases of ALD because it causes slight liver injury,
steatosis, oxidative stress, and mitochondrial damage and dys-
function (25, 39). The Gao-binge model is thought to better
reflect human disease because most chronic alcohol abusers
also binge drink, and binge drinking in chronic alcohol abusers
is thought to further progression from alcohol-induced steatosis
to more severe liver pathologies, such as steatohepatitis. In
addition, the Gao-binge alcohol model produces greater
amounts of liver injury and steatosis than the acute-binge
model while also producing mitochondrial damage and oxida-
tive stress (3, 4, 25, 29, 45).

We found that Parkin KO mice had increased liver injury,
oxidative stress, and steatosis after alcohol treatment compared
with WT mice. Parkin KO mouse livers had decreased mi-
tophagy, �-oxidation, mitochondrial respiration, and cyto-
chrome c oxidase (COX) activity compared with WT mouse
livers after acute-binge alcohol treatment. Decreased hepatic
mitochondrial function in Parkin KO mice was likely due to
increased alcohol-induced mitochondrial damage and reduced
mitophagy compared with WT mice. Interestingly, liver mito-
chondria seemed able to adapt to Gao-binge treatment, but
mitochondria from Parkin KO mouse livers seemed less able to
adapt to alcohol compared with WT mouse mitochondria,
resulting in severely damaged and swollen mitochondria in
Parkin KO mouse livers. Our findings indicate that Parkin is an
important protector against alcohol-induced liver injury and
steatosis owing to its roles in maintaining mitochondrial integ-
rity and function after alcohol treatment.

MATERIALS AND METHODS

Materials. Two hundred proof ethanol (DSP-MD.43), maltose
dextran (3653), and the Lieber-DeCarli ’82 Shake and Pour Liquid
Control (F1259SP) and Ethanol (F1258SP) diets were all purchased
from Bio-Serv. The kit used for alanine aminotransferase (ALT)
measurement was purchased from Pointe Scientific (A7526-450). The
following antibodies were used for Western blot analysis: anti-
Cyp2e1 (Abcam, ab19140), anti-�-Actin (Sigma, A5441), anti-Fasn
(Cell Signaling, 3180S), anti-Acc (Cell Signaling, 3676S), anti-Parkin
(Santa-Cruz, SC-32282), anti-GAPDH (Cell Signaling, 2118), anti-
Tom20 (Santa-Cruz, SC11415), anti-p62 (Abnova, H00008878-M01),
anti-HSP60 (Santa Cruz, sc-13115), anti-VDAC (Calbiochem,
529534), and anti-Cox II (Mitoscience, D1203). The anti-LC3 anti-
body was generated as previously described (9).

Animal experiments. WT C57BL/6J and whole body Parkin KO
mice (C57BL/6J background, no. 006582) were purchased from the
Jackson Laboratory. All animals received humane treatment, and all
protocols were approved by the Institutional Animal Care and Use
Committee at the University of Kansas Medical Center. Eight- to
12-wk-old male mice were treated with ethanol by one of two models:
acute-binge (9) or Gao-binge (3, 45). For acute binge, mice were
fasted for 6 h in the morning and then given ethanol (4.5 g/kg body
wt) or an equivalent volume of water by oral gavage, which was
spaced over four gavages spread 15 min apart. Mice were euthanized
16 h after binge. For Gao-binge, mice were acclimated to the Lieber-
DeCarli liquid control diet for 5 days followed by further feeding with
the liquid control or ethanol diet for 10 days. The mice were then

given an 8-h ethanol (5 g/kg body wt) or maltose dextran (9 g/kg body
wt) binge by oral gavage on the morning of day 16 (day 11 after the
start of alcohol diet feeding). Gavages for Gao-binge were spaced
over two gavages spread 15 min apart. The volume of control diet
given to mice was matched to the volume of ethanol diet consumed.
Liver injury was determined by measuring serum ALT.

Western blot analysis. Total liver lysates were prepared by using
radioimmunoprecipitation assay (RIPA) buffer [1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl (lauryl) sulfate].
Heavy membrane (HM) enriched with mitochondria and cytosolic
fractions were prepared as described previously (11). Briefly, liver
tissues were homogenized in HIM buffer [200 mM mannitol, 70 mM
sucrose, 5 mM HEPES, 0.5 mM EGTA (pH 7.5)] containing protease
inhibitors by use of a Dounce homogenizer. Homogenates were
centrifuged at 1,000 g to remove debris and nuclei, and the superna-
tant was centrifuged at 10,000 g for 10 min to separate HM and
cytosolic fractions. The supernatant was kept as the cytosolic fraction,
and the pellet containing the HM fraction was further washed by
centrifugation and resuspended in HIM buffer. Protein (20–30 �g)
was separated by a 12% SDS-PAGE gel before transfer to a PVDF
membrane. Membranes were probed with appropriate primary and
secondary antibodies and developed with SuperSignal West Pico
chemiluminescent substrate (Life Technologies, 34080).

RNA isolation and real-time qPCR. RNA was isolated from mouse
livers by use of TRIzol reagent (Ambion, 15596-026) and was
reverse-transcribed into cDNA with RevertAid Reverse Transcriptase
(Fermentas, EP0442). Quantitative PCR (qPCR) was performed by
use of SYBR Green chemistry (Bio-Rad, 1725124). Primer sequences
(5=–3=) for primers used in qPCR are Acc� forward (F): CTCCAG-
GACAGCACAGATCA, reverse (R): TGACTGCCGAAACA-
TCTCTG; Fasn F: TGGGTTCTAGCCAGCAGAGT, R: ACCACCA-
GAGACCGTTATGC; Srebp1 F: GATCAAAGAGGAGCCAGTGC, R:
TAGATGGTGGCTGCTGAGTG; Acox1 F: CAGGAAGAG-
CAAGGAAGTGG, R: CCTTTCTGGCTGATCCCATA; Cpt1� F:
CCAGGCTACAGTGGGACATT, R: GAACTTGCCCATGTCCT-
TGT; Ppar� F: ATGCCAGTACTGCCGTTTTC, R: GGCCTTGACCT-
TGTTCATGT; �-actin F: TGTTACCAACTGGGACGACA, R:
GGGGTGTTGAAGGTCTCAAA. Real-time qPCR results were nor-
malized to �-actin and expressed as fold over WT control (water binge or
control diet, where appropriate).

Histology. For hematoxylin and eosin (H&E) staining, formalin-
fixed liver sections were embedded in paraffin and cut into 5-�m
sections before staining with H&E. For 4-hydroxynonenal (4HNE)
staining, 5-�m paraffin sections were incubated with 4HNE antibody
(Alpha Diagnostics, HNE11-S, 1:250) by a standard immunohisto-
chemistry procedure. Briefly, tissue sections were incubated with
primary antibody for 30 min after deparaffinization and antigen
retrieval in citrate buffer. Sections were then washed and incubated
with signal stain boost (Cell Signaling, 8114S) for 30 min and
developed by use of diaminobenzidine substrate (Vector, SK4105).
Tissues were counterstained with hematoxylin. Positive areas were
determined by Image J and calculated as a percentage of liver area.
For Oil Red O staining, tissues were fixed in 4% paraformaldehyde
overnight at 4°C and then transferred to 20% sucrose and stored at
4°C for �24 h before mounting in OCT compound and freezing at
�20°C; 6 �m sections were used for staining. Briefly, tissues were
washed twice with PBS and then incubated with 60% isopropanol for
1 min. Tissues were dried in a 37°C incubator for �10 min before
incubating with Oil Red O solution. Oil Red O solution was prepared
by adding 0.35 g Oil Red O (Sigma, 0625) to 100 ml of 100%
isopropanol, which was further diluted 1.7 times in water and filtered
immediately before use. Slides were incubated with Oil Red O
solution for 15 min. The Oil Red O solution was aspirated from the
slides, and 60% isopropanol was added to the slides for several min to
remove any residual Oil Red O. Slides were then washed in PBS and
stained for 30 s with hematoxylin (Sigma, GHS132) followed by more
washes in dH2O. Slides were mounted with glycerol (5:1 in PBS).
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Measurement of liver triglycerides. Approximately 20–50 mg of
liver tissue was ground into powder in liquid nitrogen with a mortar
and pestle. Triglycerides were extracted by incubating the powdered
tissue in a chloroform-methanol mix (2:1) for 1 h with vigorous
shaking, 200 �l of water was added to the samples, and the samples
were vortexed and centrifuged at 3,000 g for 5 min to separate out the
lipid phase. The lipid phase was removed and dried, and the remaining
pellet containing lipids was dissolved in a tert-butanol and Triton
X-114-methanol (2:1) mixture. Triglyceride levels were measured by
colorimetric assay with a kit from Pointe Scientific (T7532-500).

Electron microscopy. Tissues were fixed with 2% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4) followed by 1% OsO4. After
dehydration, thin sections were stained with uranyl acetate and lead
citrate for observation under a JEM 1016CX electron microscope.

Mitochondrial respiration. Complex I (glutamate/malate) mito-
chondrial respiration was measured by the Oroboros instrument.
Mouse liver mitochondria were freshly isolated after acute-binge
ethanol treatment and stored on ice until use. To isolate mitochondria,
mouse liver tissue was minced in 10 ml of mitochondria isolation
buffer (70 mM sucrose, 210 mM mannitol, 5 mM HEPES, 1 mM
EDTA) with 0.5% BSA by using four strokes of a Dounce homoge-
nizer. The samples were then centrifuged at 800 g for 10 min to
remove debris and nuclei, and the supernatant was decanted through
cheesecloth before being centrifuged at 8,000 g for 10 min. The pellet
containing mitochondria was resuspended in 100 �l of mitochondria
isolation buffer and washed by centrifugation at 8,000 g before final
resuspension in 50 �l of mitochondria isolation buffer. Mitochondrial
respiration was assessed using 500 �g of protein. We measured state
3, or ADP-dependent, respiration by adding the substrates glutamate
(5 �M) and malate (5 �M) along with a limiting amount of ADP (0.45
�M) to isolated liver mitochondria after acute-binge treatment. State
3 respiration represents respiration that is coupled to ATP synthesis
because substrate is present along with ADP. We measured state 4, or
ADP-independent, respiration by adding oligomycin (1 �M) to totally
deplete ADP levels after measurement of state 3 respiration. State 4
respiration represents respiration that is not coupled to ATP synthesis
because substrate is present, but ADP is not. Carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP, 0.1 �M) was then
added to uncouple mitochondria to measure maximal respiratory
capacity. Finally, the electron transport chain complex III and I
inhibitors antimycin (2 �M) and rotenone (5 �M) were added to
measure nonmitochondrial oxygen consumption of the sample. State
3 respiration was calculated by using the peak plateau after ADP
addition. State 4 respiration was calculated by using the steady-state
value after oligomycin addition. Maximal respiratory capacity was
calculated by using the peak after FCCP addition. The steady-state
value after antimycin and rotenone addition was subtracted from all
values, and results were normalized to protein concentration, which
was confirmed after completion of the respiration assay. Final results
were normalized to individual controls for WT and Parkin KO mice.

COX activity. COX activity was measured by using mouse liver
total protein lysates by a colorimetric assay from Sigma-Aldrich
(CYTOCOX1) according to the manufacturer’s instructions.

Statistical analysis. Statistical analysis was conducted with a one-
way ANOVA analysis followed by a Holm-Sidak test or by a
Student’s t-test as indicated. A P � 0.05 was considered significant.

RESULTS

Parkin KO mice had increased liver injury after alcohol
administration. WT and Parkin KO mice were treated with
alcohol using two alcohol models: acute-binge and Gao-binge.
Liver injury was determined by measuring serum ALT after
alcohol treatment, and both WT and Parkin KO mice had
increased liver injury after alcohol treatment compared with
control treatments in both alcohol models. Parkin KO mice

also had increased liver injury compared with WT mice after
both acute-binge and Gao-binge alcohol treatments, but the
difference in injury between WT and Parkin KO mice was
statistically significant only in the Gao-binge model. Basal
ALT levels were similar between WT and Parkin KO mice in
both alcohol models (Fig. 1, A and B). Liver injury was also
overall higher in both WT and Parkin KO mice treated with
alcohol in the Gao-binge model compared with mice treated
with alcohol in the acute-binge model, as expected (4) (Fig. 1,
A and B). Alcohol consumption is well known to induce
cytochrome P-450 2e1 (Cyp2e1) expression, which can further
cause oxidative stress in the liver (2, 20, 37). WT and Parkin
KO mice both had marked inductions of Cyp2e1 after alcohol
treatment with the Gao-binge model, but the changes of
Cyp2e1 were mild with the acute-binge model. There were no
differences in Cyp2e1 levels between WT and Parkin KO
mouse livers, suggesting that increased liver injury in Parkin
KO mice compared with WT mice was not due to elevated
induction of Cyp2e1 (Fig. 1, C and D).

Parkin KO mice had increased steatosis compared with WT
mice after acute-binge but not Gao-binge treatment. Treatment
with alcohol using both the acute-binge and Gao-binge models
caused liver steatosis in WT and Parkin KO mice, which was
demonstrated by elevated liver triglycerides (Fig. 2, A and B)
and increased visualization of lipid droplets by H&E staining
(Fig. 2, C and D), Oil Red O staining (Fig. 2, E and F), and
electron microscopy (EM; Fig. 2, G and H, and data not
shown). The Gao-binge model produced more macrosteatosis
compared with the acute-binge model in both WT and Parkin
KO alcohol-treated mouse livers (Fig. 2, C–F). In addition,
Parkin KO mice developed greater liver steatosis compared
with WT mice after acute-binge alcohol treatment. Livers from
acute-binge-treated Parkin KO mice had significantly increased
triglyceride levels compared with acute-binge-treated WT
mouse livers (Fig. 2A), which was confirmed by H&E and Oil
Red O staining (Fig. 2, C and E). Acute-binge-treated Parkin
KO mouse livers also had a significant increase in the number
of lipid droplets per cell compared with acute-binge-treated
WT mouse livers (Fig. 2, G and H). However, the Gao-binge
model caused greater triglyceride accumulation in WT mouse
livers compared with the acute-binge model, but triglyceride
levels were similar between Parkin KO Gao-binge- and acute-
binge-treated mouse livers (Fig. 2, A and B). Overall, these data
suggest that acute-binge caused greater liver fat accumulation
in Parkin KO mice compared with WT mice. In addition, the
Gao-binge model caused greater steatosis in WT mouse livers
compared with WT mouse livers treated with the acute-binge
model, but the Gao-binge and acute-binge models both caused
similar levels of steatosis in Parkin KO mouse livers.

Steatosis in WT and Parkin KO mouse alcohol-treated livers
was not due to fatty acid synthesis. Alcohol has been shown to
cause steatosis in the liver by elevating fatty acid synthesis in
the intragastric infusion (16) and chronic alcohol feeding
models (48). To determine whether increased liver steatosis
after alcohol treatment in WT and Parkin KO mouse livers was
due to increased fatty acid synthesis, expression levels of
several fatty acid synthesis genes were measured in mouse
livers after alcohol treatment using both the acute and Gao-
binge models. Gene expression levels of the fatty acid synthe-
sis enzymes acetyl-coA carboxylase (Acc) and fatty acid syn-
thase (Fasn) did not significantly change after alcohol treat-
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ment by either the acute-binge or Gao-binge alcohol model in
WT or Parkin KO mice compared with their individual con-
trols. However, basal expression levels of these genes were
decreased in Parkin KO mouse livers compared with WT mice
in the acute model (Fig. 3, A and B). Liver gene expression
levels for sterol regulatory element-binding transcription factor
1 (Srebp1) were significantly decreased in WT mouse ethanol-
treated livers from both the acute and Gao-binge models
compared with control livers. Srebp1 gene expression was
overall decreased in Parkin KO mouse livers compared with
WT livers, but it was not significantly affected in Parkin KO
mouse livers after alcohol treatment compared with Parkin KO
control livers for either alcohol model (Fig. 3, A and B). Protein
levels of Fasn and Acc were similar to mRNA levels (Fig. 3, C
and D). These data suggest that alcohol-induced steatosis in
WT and Parkin KO mouse livers was not likely due to an
increase in fatty acid synthesis.

Greater steatosis in Parkin KO mouse livers after acute-
binge alcohol treatment compared with WT mouse livers was
due to decreased �-oxidation. Alcohol-induced inhibition of
�-oxidation has been shown to cause fatty liver (41). To
determine whether increased steatosis in WT and Parkin KO
alcohol-treated mouse livers was due to decreased fat degra-
dation by �-oxidation, expression levels of several genes
involved in the �-oxidation pathway were measured including
the enzymes peroxisomal acyl-coenzyme A oxidase 1 (Acox1)
and carnitine palmitoyltransferase 1 alpha (Cpt1�) and the
transcription factor peroxisome proliferator-activated receptor
alpha (Ppar�). In the acute-binge model, gene expression

levels for Acox1 and Ppar� were significantly increased after
alcohol treatment in WT mouse livers compared with controls.
However, there were no significant differences in expression of
Cpt1� after acute-binge treatment in WT mouse livers com-
pared with controls. Opposite to WT mice, expression levels of
Ppar� and Acox1 in Parkin KO acute-binge-treated mouse
livers did not increase compared with Parkin KO control-
treated livers. Furthermore, the expression levels of Acox1 and
Ppara were significantly decreased in Parkin KO acute-binge-
treated mouse livers compared with WT mouse livers. There
was no significant change in the expression level of Cpt1� in
acute-binge-treated Parkin KO mouse livers compared with
acute-binge-treated WT mouse livers. There was no difference
in basal expression levels for these genes between WT and
Parkin KO mice (Fig. 3E). These data suggest that liver
�-oxidation was likely activated as a protective mechanism in
WT mouse livers after acute-binge alcohol treatment to help
decrease liver steatosis. However, �-oxidation genes were not
induced after acute-binge treatment in Parkin KO mouse livers,
suggesting that liver �-oxidation may have been inhibited in
Parkin KO mice treated with acute-binge. Decreased or inhib-
ited �-oxidation in Parkin KO acute-binge-treated mouse livers
may likely explain the greater levels of steatosis seen in Parkin
KO acute-binge-treated mouse livers compared with WT
acute-binge-treated livers (Fig. 2, A, C, E, G, and H).

Even though expression of �-oxidation genes was increased
in WT mouse livers after acute ethanol treatment, expression of
these genes was not induced by Gao-binge alcohol treatment in
either WT or Parkin KO mouse livers compared with controls,

Fig. 1. Alcohol induced more liver injury in Parkin knockout (KO) mice. A and B: serum alanine aminotransferase (ALT) levels were measured from wild-type
(WT) and Parkin KO mice after treatment with alcohol by using the acute-binge (A) or Gao-binge (B) model. Data shown are means � SE (n � 5 mice per group;
*P � 0.05 by 1-way ANOVA). C, control; A, acute-binge; GB, Gao-binge. C and D: WT and Parkin KO mice were treated with the acute-binge (C) or Gao-binge
(D) model, and liver lysates were analyzed by Western blot. �-Actin was used as a loading control.
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suggesting that �-oxidation may have been inhibited in both
WT and Parkin KO mouse livers after Gao-binge alcohol
treatment. In fact, expression of �-oxidation genes was actually
decreased in both WT and Parkin KO mouse livers after
Gao-binge alcohol treatment compared with control-diet-fed
mouse livers, but this decrease was only significant for Cpt1a
gene expression in Parkin KO Gao-binge-treated livers. Sur-

prisingly, Cpt1a expression in Parkin KO mouse control-
treated livers was significantly increased compared with WT
control livers, suggesting that Parkin KO mice had higher
levels of �-oxidation when fed the control diet compared with
WT mice. There were no significant differences between Gao-
binge-treated WT and Parkin KO mouse livers for any of the
measured �-oxidation genes (Fig. 3F). Together, these data

Fig. 2. Parkin KO mice had increased liver steatosis compared with WT mice after acute-binge, but not Gao-binge, treatment. A and B: liver triglycerides (TG)
were measured for WT and Parkin KO mice after acute-binge (A) and Gao-binge (B) alcohol treatment. Data shown are means � SE (n 	 4 for controls and
�6 for alcohol-treated mice; *P � 0.05 by 1-way ANOVA). C and D: representative hematoxylin and eosin (H&E) images from the acute-binge model (C) and
the Gao-binge model (D) are shown with boxed areas enlarged. LD, lipid droplet; 
200 magnification. E and F: representative images are shown for Oil Red
O staining for the acute-binge model (E) and for the Gao-binge model (F) with boxed areas enlarged (
200 magnification). G: representative electron microscopy
(EM) images are shown for acute-binge-treated mice with boxed areas enlarged (bar 	 500 nm; N, nucleus; M, mitochondria). H: quantification of lipid droplets
per cell in acute-binge-treated mice. Data shown are means � SE (n � 10 images per mouse from 2 mice per group; *P � 0.05 by 1-way ANOVA).
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Fig. 2—Continued
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suggest that �-oxidation was increased in acute-binge-treated
WT mouse livers, which likely acted as an adaptive mechanism
to reduce alcohol-induced liver steatosis. However, this pro-
tective adaptive mechanism seemed to be downregulated in
Parkin KO acute-binge-treated mouse livers, which could be a
reason for their increased alcohol-induced liver steatosis com-
pared with WT mice. The protective response of �-oxidation
seemed to be inhibited in both WT and Parkin KO mouse livers
after Gao-binge alcohol treatment, which may explain why the
levels of steatosis in WT and Parkin KO mouse livers were
increased to similar levels after alcohol treatment using the
Gao-binge model.

Reduced mitophagy in Parkin KO mice after alcohol
treatment. Because decreased mitophagy could potentially lead
to an increased population of damaged and dysfunctional
mitochondria and subsequent liver injury, we compared levels
of mitophagy between WT and Parkin KO mice after alcohol
treatment using both the acute-binge and Gao-binge models.
First, we determined whether Parkin translocated to mitochon-
dria in WT mouse livers after alcohol treatment. Parkin did not
translocate to mitochondria after acute-binge alcohol treatment
for 3, 6, or 16 h (Fig. 4A and data not shown). However, Parkin
did translocate to mitochondria after Gao-binge alcohol treat-
ment in WT mouse livers (Fig. 4B), suggesting that Parkin-

Fig. 3. Steatosis in WT and Parkin KO alcohol-treated livers was due not to fatty acid synthesis but to decreased �-oxidation. WT and Parkin KO mice were
treated with the acute-binge (A, C and E) or Gao-binge (B, D and F) model. A, B, E and F: RNA from mouse livers was used to measure gene expression by
quantitative PCR. Results were normalized to �-actin and expressed as fold change compared with WT control. Data shown are means � SD (n 	 3–4 mice
per group; *P � 0.05 by 1-way ANOVA). C and D: protein was isolated from mouse livers for Western blot analysis. Results were normalized to Gapdh for
densitometry analysis. Results from densitometry were expressed as fold change compared with WT control. Data shown are means � SE (n 	 3 mice per group;
*P � 0.05 by 1-way ANOVA).
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Fig. 4. Western blot analysis was unable to detect induction of mitophagy after alcohol treatment. A and B: WT and Parkin KO mice were treated with alcohol by using
the acute-binge (A) and Gao-binge (B) models, and liver cytosolic (Cyto) and heavy membrane (HM) fractions were isolated and analyzed by Western blot. �-Actin
or Gapdh and VDAC or Tom20 were used as loading controls. C and D: WT and Parkin KO mice were treated with alcohol by using the acute-binge (C) or Gao-binge
(D) model, and liver lysates were used for Western blot analysis. �-Actin was used as a loading control. E and F: densitometry quantification for blots in C and D,
respectively. Data shown are means � SE (n 	 3 mice per group; no significant differences among groups by 1-way ANOVA). G: WT and Parkin KO mice were treated
with alcohol by using the acute-binge or Gao-binge models, and HM fractions were used for Western blot analysis. Cox II was used as a loading control.
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induced mitophagy may occur in WT mouse livers after Gao-
binge alcohol treatment.

To further determine mitophagy levels between WT and
Parkin KO mouse livers, we measured protein expression of
the autophagy adaptor protein p62 and the autophagosome
membrane protein microtubule-associated protein light chain 3
(LC3) in total liver lysates from WT and Parkin KO mice after
acute-binge and Gao-binge treatment. There were no signifi-
cant differences in p62 or LC3-II protein expression after
alcohol treatment compared with controls in either alcohol
model for WT or Parkin KO mice. In addition, there were no
differences in expression of these proteins between WT and
Parkin KO control mice (Fig. 4, C–F). There was also no
degradation of the mitochondrial outer membrane proteins
Translocase of outer membrane 20 (Tom20) or voltage-depen-
dent anion channel (VDAC) or of the mitochondrial matrix
protein heat shock protein 60 (Hsp60) after alcohol treatment
by either the acute-binge or Gao-binge model in WT or Parkin
KO mice (Fig. 4, C–F). These data suggest that mitophagy
levels may be too mild to detect differences between WT and
Parkin KO mice by Western blot analysis. Alternatively, mice
may adapt to alcohol-induced mitochondrial damage by com-
pensatory mitochondrial biogenesis, which can further offset
mitophagic degradation determined by Western blot analysis.
However, we observed increased levels of LC3-II protein in
the heavy membrane fraction by Western blot after both
acute-binge and Gao-binge alcohol treatments in WT and
Parkin KO mouse livers (Fig. 4G), suggesting that there were
increased autophagosome numbers induced by alcohol as we
showed previously (9), and this increase was independent of
Parkin.

We next investigated whether there were differences in the
number of autophagosomes and autolysosomes containing mi-
tochondria (hereafter referred to as mitophagosomes) between
WT and Parkin KO mouse livers after alcohol treatment using
EM. In the acute-binge and Gao-binge alcohol models, the
levels of mitophagy were significantly increased after alcohol
treatment in WT mouse livers. However, the number of mi-
tophagosomes was significantly decreased in Parkin KO mice
compared with WT mice after alcohol treatment (Fig. 5, A, C,
D, and F). The total number of autophagic vacuoles after
alcohol treatment was also slightly decreased in Parkin KO
mice compared with WT mice, but these data were not statis-
tically significant (Fig. 5, A, B, D, and E). These data suggest
that alcohol-induced mitophagy was decreased in Parkin KO
mouse livers compared with WT mouse livers.

Mitochondrial morphological changes in the Gao-binge
alcohol model. Chronic alcohol feeding has been shown to
cause changes to mitochondrial morphology (15). Therefore,
we determined whether alcohol treatment using the acute-binge
or Gao-binge alcohol models caused changes to mitochondrial
morphology in WT and Parkin KO mouse livers by EM.

Alcohol treatment by the acute-binge model did not cause any
significant changes in mitochondrial morphology in WT mice
compared with controls. However, some mitochondria in Par-
kin KO mouse livers appeared to have swelling after acute-
binge treatment compared with control-treated liver mitochon-
dria, but most mitochondria did not appear to be significantly
damaged by alcohol treatment (Fig. 6A). Alcohol treatment
using the Gao-binge model caused significantly damaged and
swollen mitochondria in Parkin KO mouse livers where �1%
of mitochondria were so severely swollen and damaged that
they lacked cristae. Only �0.14% of mitochondria were this
severely damaged in Parkin KO mice-treated with the acute-
binge model (Fig. 6, B–D). These severely swollen and dam-
aged mitochondria were not seen in WT mice after alcohol
treatment with either model. In addition, Parkin KO mice had
some liver mitochondria that were elongated after Gao-binge
alcohol treatment, but WT mice appeared to have more elon-
gated mitochondria after alcohol treatment by Gao-binge
whereas Parkin KO mouse livers had more swollen mitochon-
dria (Fig. 6F). Elongation of mitochondria is thought to be a
cellular adaptive mechanism to chronic alcohol treatment (15).
Acute-binge did not have a significant effect on mitochondria
elongation in either WT or Parkin KO mice (Fig. 6E). Overall,
these results suggest that alcohol produced more damaged
mitochondria in Parkin KO mouse livers compared with WT
mouse livers, which may be due to an inability for Parkin KO
mouse liver mitochondria to adapt to alcohol treatment or due
to Parkin KO mouse livers having decreased mitophagy.

Mitochondrial respiration and COX activity were decreased
in Parkin KO mice after alcohol treatment. To further deter-
mine whether Parkin KO mouse liver mitochondria were more
damaged than WT mouse liver mitochondria after alcohol
treatment, we investigated whether there were any differences
in mitochondrial function between WT and Parkin KO mouse
livers by measuring respiration rate and COX activity. We
found that state 3 and state 4 respiration rates were both
slightly increased in WT mouse liver mitochondria after acute-
binge treatment compared with controls, but this increase was
not statistically significant (Fig. 7, A and B). However, state 3
and state 4 respiration rates were decreased in Parkin KO
mouse liver mitochondria after acute-binge treatment, which
was statistically significant for state 3 respiration rates com-
pared with acute-binge-treated WT mice (Fig. 7, A and B).
Maximal respiratory capacity was also increased in WT mouse
liver mitochondria after acute-binge treatment whereas it was
decreased in Parkin KO mouse liver mitochondria (Fig. 7C).
Basal respiration rates were similar between WT and Parkin
KO mouse liver mitochondria (Fig. 7, A–C). COX activity was
not affected by acute-binge treatment in WT mouse livers, but
it was significantly decreased in Parkin KO mouse livers after
acute-binge treatment compared with WT controls, suggesting
that Parkin KO mouse liver mitochondria were more damaged

Fig. 5. Decreased mitophagy in Parkin KO mice. A: representative EM images are shown for the acute-binge model with boxed areas enlarged (arrows represent
autophagosomes, and arrowheads represent autolysosomes; bar 	 500 nm). B and C: quantification of the number of autophagic vacuoles (B) and
mitophagosomes (C) from EM in A. Data shown are means � SE (n 	 1 mouse per group, at least 15 images quantified per mouse; *P � 0.05 compared with
WT control, **P � 0.05 compared with WT alcohol by 1-way ANOVA). Avi, autophagosomes; Avd, autolysosomes; AV, autophagic vacuoles. D: representative
EM images are shown for the Gao-binge model with boxed areas enlarged (arrows represent autophagosomes, and arrowheads represent autolysosomes; bar 	
500 nm). E and F: quantification of the number of autophagic vacuoles (E) and mitophagosomes (F) from EM in D. Data shown are means � SE (n 	 1 mouse
per group, at least 15 images quantified per mouse; *P � 0.05 compared with WT control, **P � 0.05 compared with WT alcohol by 1-way ANOVA).
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after acute-binge treatment than WT mouse liver mitochondria.
There were no significant differences in basal levels of COX
activity between WT and Parkin KO mice (Fig. 7D). Interest-
ingly, there were no significant differences in COX activity
between control diet and Gao-binge-treated WT or Parkin KO
mice (Fig. 7E). These data suggest that liver mitochondria in
WT mice were likely adapting to alcohol treatment, and Parkin
KO mouse mitochondria were unable to adapt as well as WT
mice to alcohol treatment. Overall, these data suggest that
Parkin KO mouse livers had more mitochondrial damage
initiated by alcohol treatment than WT mouse livers, which
likely led to their increased liver injury in the acute-binge and
Gao-binge models and increased steatosis in the acute-binge
model compared with WT mice.

Parkin KO mice had increased lipid peroxidation after
alcohol administration. Alcohol is well known to cause oxi-
dative stress and increased 4HNE staining as a result of
increased lipid peroxidation in the liver (40). WT and Parkin
KO mice had increased lipid peroxidation after both acute-
binge and Gao-binge alcohol treatments, which was demon-
strated by increased 4HNE staining (Fig. 8, A–D). We also
found that 4HNE staining occurred mainly in the pericentral
vein areas in both WT and Parkin KO mouse livers. In
addition, Parkin KO mice had increased lipid peroxidation
compared with WT mice after alcohol treatment in both the

acute-binge and Gao-binge models (Fig. 8, A–D). Control
levels of lipid peroxidation were similar between WT and
Parkin KO mice (Fig. 8, A–D). These results suggest that
Parkin KO mice had higher levels of alcohol-induced oxidative
stress compared with WT mice, which was likely due to the
greater amount of alcohol-induced mitochondrial damage in
Parkin KO mice compared with WT mice.

DISCUSSION

In this study, we found that Parkin KO mice had increased
liver injury after alcohol treatment compared with WT mice
with use of both the acute-binge and Gao-binge alcohol mod-
els. In addition, we found that Parkin KO mice had increased
steatosis in the acute-binge model compared with WT mice,
but levels of steatosis were similar between WT and Parkin KO
mice after Gao-binge treatment. Increases in liver injury and
steatosis in Parkin KO mice were likely due to an increase in
alcohol-mediated mitochondrial damage and dysfunction in
Parkin KO mouse livers compared with WT mouse livers
because Parkin KO mouse livers had severely swollen and
damaged mitochondria that lacked cristae after alcohol treat-
ment, which were not observed in WT mouse livers. In addi-
tion, Parkin KO mouse livers had decreased mitophagy, �-ox-
idation, mitochondrial respiration, and COX activity compared

Fig. 6. Analysis of mitochondrial morphology after alcohol treatment in WT and Parkin KO mice. A and B: representative EM images are shown from WT and
Parkin KO mice treated with the acute-binge (A) or Gao-binge (B) model with boxed areas enlarged. a: WT control. b: WT alcohol. c: Parkin KO control. d:
Parkin KO alcohol. *Severely damaged mitochondria. Bar 	 500 nm with the exception of Ad, which is 2 �m. C and D: quantification of the number of severely
damaged mitochondria shown in Ad and Bd in WT and Parkin KO mice after acute-binge (C) or Gao-binge (D) (n � 10 images per mouse from 2 mice per group).
E and F: quantification of the number of elongated mitochondria per cell in WT and Parkin KO mice after acute-binge (E) or Gao-binge (F). Data shown are
means � SE (n � 10 images per mouse from 2 mice per group; *P � 0.05 by 1-way ANOVA).

Fig. 6—Continued
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with WT mouse livers after acute-binge alcohol treatment.
Decreases in Parkin KO mouse mitochondrial function were
likely due to increased alcohol-induced mitochondrial damage
and reduced mitophagy in Parkin KO mouse livers compared
with WT mouse livers. In addition, mitochondria from Parkin
KO mouse livers seemed less able to adapt to alcohol com-
pared with WT mouse mitochondria, resulting in severely
damaged and swollen mitochondria in Parkin KO mouse livers.
Furthermore, Parkin KO mouse livers had greater alcohol-
induced oxidative stress-mediated lipid peroxidation compared
with WT mouse livers. Therefore, our findings suggest that
Parkin is an important protector against alcohol-induced liver
injury and steatosis by maintaining mitochondrial integrity and
function likely via mitophagy induction after alcohol treat-
ment.

Parkin-mediated mitophagy likely protects against alcohol-
induced liver injury. Mitophagy is a well-known protective
mechanism for removing damaged mitochondria to prevent
cell death and liver injury. For example, mitophagy has been
shown to be protective against apoptosis and injury in alcoholic
liver disease (9, 21) and also against necrosis in acetamino-
phen-induced liver injury (22, 30, 32, 38). However, the
mechanism for how mitophagy is induced in the liver by
alcohol is currently unknown. Parkin translocated to mitochon-
dria after Gao-binge alcohol treatment in WT mice, suggesting
that Parkin-induced mitophagy did occur after alcohol treat-
ment. EM analysis showed that mitophagosome numbers were
significantly increased in WT mouse livers, but not in Parkin
KO mouse livers, after acute-binge and Gao-binge alcohol
treatment compared with controls. These results suggest a

possible defect in mitophagy induction after alcohol treatment
in Parkin KO mice. Unfortunately, there is currently no reliable
quantitative assay to quantify mitophagy in vivo, particularly
in the liver. We could not detect any differences in LC3-II,
p62, or mitochondria protein levels between WT and Parkin
KO mice before or after alcohol treatment by Western blot
analysis. This could be due to at least two reasons. First,
alcohol-induced mitophagy could be mild in the mouse livers
compared with other mitophagy models such as acetamino-
phen-induced mitophagy. Second, liver cells may adapt to
alcohol-induced mitochondrial damage by activating mito-
chondrial biogenesis, which may offset the autophagic degra-
dation of mitochondrial proteins as assessed by Western blot
analysis.

It should be noted that alcohol could still induce mitophagy
in Parkin KO mouse livers as assessed by EM studies, although
the number of mitophagosomes was significantly decreased
compared with WT mice. These results suggest that other
compensatory mechanisms may exist for mitophagy induction
in the liver in the absence of Parkin. There are several other
proteins that have been shown to have important roles in the
mitophagy pathway that may help compensate for loss of
Parkin in the liver. For example, there are other E3 ligases such
as Smurf1 and Mul1 that have been shown to have a role in
mitophagy induction. In addition, Bnip3, Fundc1, and Nix have
been shown to have roles in mitophagy induction during
hypoxia, and the inner mitochondrial phospholipid cardiolipin
has also recently been shown to be able to induce mitophagy in
neurons (31). Therefore, it is possible that one or several of
these proteins are upregulated in the absence of Parkin to

Fig. 7. Mitochondrial respiration rates and cytochrome c oxidase (COX) activity were decreased in Parkin KO mice after alcohol treatment. A–C: WT and Parkin
KO mice were treated with alcohol by using the acute-binge model, and state 3 (A), state 4 (B), and maximal respiratory capacity (C) respiration rates were
measured by Oroboros using isolated liver mitochondria. Data shown are means � SE (n � 3 mice per group; *P � 0.05 compared with WT alcohol by t-test).
D and E: COX activity for WT and Parkin KO mouse livers treated with acute-binge (D) or Gao-binge (E). Data shown are means � SE (n � 3 mice per group;
*P � 0.05 compared with WT control by 1-way ANOVA).
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induce Parkin-independent mitophagy in the liver. However,
the exact mediator of Parkin-independent mitophagy induction
in the liver still needs further investigation.

Overall, Parkin-induced mitophagy was likely a protective
mechanism in the liver after alcohol treatment because Parkin
KO mice had reduced mitophagy levels and increased liver injury
after alcohol administration compared with WT mice. However,
we have only shown an associative relationship between reduced
mitophagy and alcohol-induced liver injury in Parkin KO mice.
Therefore, it is also possible that Parkin plays other roles in
maintaining mitochondrial function in addition to mitophagy that
may protect against alcohol-induced liver injury.

Acute-binge and Gao-binge alcohol treatments had differ-
ential effects on �-oxidation. We found that both the acute-
binge and Gao-binge models caused hepatic steatosis, and
increased steatosis was likely not due to increased fatty acid
synthesis. Lee and colleagues (47) also showed that acute-
binge treatment for 24 h did not result in increased fatty acid
synthesis. The effect of the Gao-binge model on fatty acid
synthesis has not been previously investigated. Interestingly,
we observed that only the acute-binge model, but not the
Gao-binge model, caused greater steatosis in the livers of
Parkin KO mice compared with WT mice. These observations
are associated with different effects of the two alcohol models

on �-oxidation. In the acute-binge model, several �-oxidation
genes were induced in WT mouse livers after alcohol treatment
but were left unchanged in Parkin KO mouse livers, suggesting
that Parkin KO mouse mitochondria lacked the ability to
induce �-oxidation as a protective mechanism. This inability
to induce �-oxidation after acute-binge treatment likely led to
their increased levels of liver steatosis compared with WT
mice. Gao-binge treatment did not cause induction of �-oxi-
dation genes in either WT or Parkin KO mouse livers, sug-
gesting that �-oxidation was inhibited in both WT and Parkin
KO mouse livers after Gao-binge alcohol treatment. This may
help to explain why the levels of steatosis were similar between
WT and Parkin KO mice after Gao-binge alcohol treatment.
Chronic alcohol feeding is well known to cause inhibition of
�-oxidation, leading to accumulation of fat in the liver (24). It
seems that liver cells were able to adapt to alcohol-induced
injury by increasing �-oxidation in acute-binge-treated WT but
not in Parkin KO mouse livers. However, this adaptation
seemed to be lost after Gao-binge treatment. In addition to
�-oxidation, the acute-binge and Gao-binge alcohol models
may also dissimilarly affect fat uptake or secretion, which
could lead to differences in levels of liver steatosis after
alcohol treatment between these models. Differences in alco-

Fig. 8. Lipid peroxidation was increased in Parkin KO mice compared with WT mice after alcohol treatment. A–D: WT and Parkin KO mice were treated with
alcohol by using the acute-binge (A and B) or Gao-binge (C and D) model. Representative images are shown from 4-hydroxynonenal (4HNE) immunohisto-
chemistry after acute-binge (A) or Gao-binge (C) treatment, and data are represented as the percent (%) of positively stained areas compared with the total liver
area [B (acute), D (Gao-Binge)]. Results shown are means � SE (n � 3 mice per group; *P � 0.05 compared with WT control by 1-way ANOVA).
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hol-induced fat uptake and secretion between the acute-binge
and Gao-binge models remain to be investigated.

Parkin KO mice had increased numbers of severely dam-
aged liver mitochondria and were less able to adapt to alcohol
treatment, leading to decreased mitochondrial function, in-
creased oxidative stress, and increased liver injury and
steatosis. After acute-binge and Gao-binge alcohol treatments,
Parkin KO mouse livers had severely damaged and swollen
mitochondria that lacked cristae, which were not seen in WT
mouse livers. In addition, after Gao-binge treatment, WT
mouse livers had more elongated mitochondria, which is
thought to be a cellular adaptive mechanism to chronic alcohol
treatment (15), than Parkin KO mouse livers. Furthermore,
after alcohol treatment Parkin KO mouse livers had greater
levels of lipid peroxidation than WT mouse livers, which was
likely caused by oxidative stress mediated by alcohol-induced
mitochondrial damage. These results all suggest that mitochon-
dria in Parkin KO mouse livers were more damaged and
dysfunctional compared with WT liver mitochondria after
alcohol treatment.

Indeed, we found that WT mouse liver mitochondria had
increased Complex I respiration rates whereas Parkin KO
mouse liver mitochondria had decreased respiration rates after
acute-binge alcohol treatment compared with controls. It has
been shown that WT mice have increased respiration rates after
oral alcohol feeding and intragastric infusion of alcohol, which
was thought to be due to increased incorporation of respiratory
complexes into the electron transport chain as an adaptation
method (15). However, Bailey and colleagues (18) showed that
state 3 respiration was unaffected by chronic alcohol feeding
whereas state 4 respiration was increased. Differences in their

results were likely due to the alcohol models or alcohol doses
used. We observed increased respiration in WT mice treated
with acute-binge for both state 3 and state 4 respiration,
although it did not reach statistical significance. However, we
found significantly decreased respiration in Parkin KO mice for
state 3 respiration after acute-binge. Moreover, Parkin KO
mice had decreased COX activity after acute-binge alcohol
treatment compared with WT mice. These results suggest that
Parkin KO mouse liver mitochondria either were more dam-
aged by alcohol treatment or lacked the ability to adapt to
alcohol treatment compared with WT mice. WT, but not Parkin
KO, mouse mitochondria were likely attempting to adapt to
alcohol treatment by increasing their respiration rates. It was
previously shown that Parkin KO mice had decreased basal
brain mitochondria respiration rates at 8 mo of age compared
with WT mice (33). We did not see any differences in basal
liver respiration rates between WT and Parkin KO mouse livers
at 2–3 mo of age. It would be interesting to investigate whether
respiration rates are overall decreased in aged Parkin KO
mouse livers and whether this would have an impact on their
alcohol-induced liver injury in the future.

Mitochondria are dynamic organelles that are well known to
alter their fission and fusion rates to adapt to stress to maintain
cellular survival. These fission and fusion events are necessary
for cell survival because they allow the cell to adapt to
changing conditions needed for cell growth, division, and
distribution of mitochondria (43). Mitochondria elongation
was seen in chronic alcohol feeding and was suggested to be an
adaptive response to alcohol treatment (15). WT mouse livers
had many elongated mitochondria after Gao-binge treatment,
but Parkin KO mouse livers had less elongated and more

Fig. 9. Summary of the role of Parkin in
alcohol-induced steatosis and liver injury.
Parkin is protective against alcohol-induced
liver injury, oxidative stress, and steatosis by
promoting mitophagy. Decreased mitophagy
due to the absence of Parkin may lead to
impaired mitochondrial function, decreased
� oxidation, increased reactive oxygen spe-
cies, and lipid peroxidation as well as mito-
chondrial maladaptation (fewer elongated
mitochondria and more swollen mitochon-
dria), resulting in increased steatosis, cell
death, and liver injury after alcohol treat-
ment. Consequences of Parkin loss after al-
cohol treatment are shown by large arrows.
ROS, reactive oxygen species; UB, ubiqui-
tin; OMM, outer mitochondrial membrane
protein.
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swollen mitochondria than WT mouse livers. Parkin has been
shown to play a role in regulating mitochondrial fusion and
fission by promoting proteasomal degradation of mitofusin 1
and mitofusin 2 as well as Drp1 (8, 44). Future work is needed
to determine whether these mitochondrial fusion and fission
machinery proteins play a role in the elongated mitochondria
observed in WT mouse livers exposed to alcohol. Nevertheless,
these observations regarding mitochondrial morphology to-
gether with the mitochondrial respiration and COX activity
data further support the notion that WT liver mitochondria
seemed more able to adapt to alcohol treatment than Parkin KO
mouse liver mitochondria. Overall, these data suggest that
alcohol caused more damage to mitochondria in Parkin KO
mouse livers than in WT mouse livers, which likely led to the
increased liver injury and steatosis seen in Parkin KO mice
compared with WT mice.

Concluding remarks. In conclusion, we found that alcohol
caused more liver injury, oxidative stress, and steatosis in
Parkin KO mice compared with WT mice, likely due to
increased mitochondrial damage and dysfunction in Parkin KO
mouse livers compared with WT mouse livers after alcohol
treatment. This increase in mitochondrial damage and dysfunc-
tion in Parkin KO mice may have been partly due to decreased
mitophagy in these mice. However, it is likely that Parkin may
have other roles in maintaining mitochondrial function, such as
regulation of mitochondrial dynamics in addition to mi-
tophagy, that are also important for protection against alcohol-
induced steatosis and liver injury. The possible molecular
events involved in Parkin-mediated mitophagy and mitochon-
drial functions for regulating alcohol-induced steatosis and
liver injury are summarized in Fig. 9.
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