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Background: Parkin is required for mitophagy in cultured cells, but its role in liver injury is not known.
Results: APAP-induced mitophagy was impaired in acute Parkin knockdown mouse livers but not whole body Parkin knock-out
mice.
Conclusion: Chronic, but not acute, loss of Parkin protects against APAP-induced liver injury by multiple mechanisms inde-
pendent of mitophagy.
Significance: This study revealed a novel role of Parkin in APAP-induced liver injury.

We previously demonstrated that pharmacological induction
of autophagy protected against acetaminophen (APAP)-in-
duced liver injury in mice by clearing damaged mitochondria.
However, the mechanism for removal of mitochondria by
autophagy is unknown. Parkin, an E3 ubiquitin ligase, has been
shown to be required for mitophagy induction in cultured mam-
malian cells following mitochondrial depolarization, but its role
in vivo is not clear. The purpose of this study was to investigate
the role of Parkin-mediated mitophagy in protection against
APAP-induced liver injury. We found that Parkin translocated
to mitochondria in mouse livers after APAP treatment followed
by mitochondrial protein ubiquitination and mitophagy induc-
tion. To our surprise, we found that mitophagy still occurred in
Parkin knock-out (KO) mice after APAP treatment based on
electron microscopy analysis and Western blot analysis for
some mitochondrial proteins, and Parkin KO mice were pro-
tected against APAP-induced liver injury compared with wild
type mice. Mechanistically, we found that Parkin KO mice had
decreased activated c-Jun N-terminal kinase (JNK), increased
induction of myeloid leukemia cell differentiation protein
(Mcl-1) expression, and increased hepatocyte proliferation after
APAP treatment in their livers compared with WT mice. In con-
trast to chronic deletion of Parkin, acute knockdown of Parkin
in mouse livers using adenovirus shRNA reduced mitophagy
and Mcl-1 expression but increased JNK activation after APAP
administration, which exacerbated APAP-induced liver injury.
Therefore, chronic deletion (KO) and acute knockdown of Par-
kin have differential responses to APAP-induced mitophagy
and liver injury in mice.

Acetaminophen (APAP)2 overdose is the main cause of acute
liver failure in the United States and can even lead to death (1).
APAP is metabolized by cytochrome P450s, mainly by Cyp2e1,
to the reactive metabolite NAPQI (N-acetyl-p-benzoquinone
imine), which is bound and detoxified by glutathione (GSH)
after therapeutic doses of APAP. APAP overdose causes GSH
depletion and allows for NAPQI to bind to proteins, which
leads to mitochondrial dysfunction and hepatocyte necrosis (2).
We previously found that pharmacological induction of
autophagy via rapamycin was protective against APAP-induced
liver injury, likely by removing damaged mitochondria (3, 4).
However, the mechanism for removal of these damaged mito-
chondria in the liver is unknown.

Macroautophagy (hereafter referred to as autophagy) is an
evolutionarily conserved process that results in degradation of
cellular proteins and organelles due to a cell’s “self-eating.” In
addition to providing the cell with nutrients and energy in
response to starvation, this process rids the cell of misfolded
proteins and damaged organelles through the formation of
double-membrane autophagosomes. Autophagosomes can
engulf individual organelles, protein aggregates, or portions of
cytoplasm before fusing with lysosomes to degrade their con-
tents (5). Autophagy is a protective process that can be either
selective or nonselective. Nonselective autophagy occurs dur-
ing starvation to break down the cell’s components to provide a
source of energy and nutrients. Selective autophagy occurs in
nutrient-rich or -poor conditions as a protective mechanism by
ridding the cell of protein aggregates and damaged organelles
(6). Mitophagy is a selective form of autophagy that is specific
for removal of damaged mitochondria, and mitophagy has been
shown in vitro to be mediated by the E3 ubiquitin ligase Parkin.
Parkin is recruited to damaged mitochondria by phosphatase
and tensin homolog-induced putative kinase 1 (Pink1) to initi-* This work was supported, in whole or in part, by National Institutes of Health

Grants R01 DK102142, NCRR Grant 5P20RR021940, NIGMS Grants 8P20
GM103549 and T32 ES007079, NIGMS Grant Institutional Development
Award P20 GM103418 (to the W.-X. D. laboratory), and Grant R01
AA020518 from the National Institute on Alcohol Abuse and Alcoholism.

1 To whom correspondence should be addressed: Dept. of Pharmacology,
Toxicology and Therapeutics, University of Kansas Medical Center, MS
1018, 3901 Rainbow Blvd., Kansas City, KS 66160. Tel.: 913-588-9813; Fax:
913-588-7501; E-mail: wxding@kumc.edu.

2 The abbreviations used are: APAP, acetaminophen; Ad, adenovirus; ALT,
alanine aminotransferase; Bort, Bortezomib; Cyp, cytochrome P450; CQ,
chloroquine; HM, heavy membrane; NAPQI, N-acetyl-p-benzoquinone
imine; PCNA, proliferative cell nuclear antigen; Neg, negative; 3-MA,
3-methyladenine.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 17, pp. 10934 –10946, April 24, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

10934 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 17 • APRIL 24, 2015



ate their removal by mitophagy by performing Lys-48 and
Lys-63 ubiquitination of mitochondrial outer membrane pro-
teins (7–12).

Parkin-induced mitophagy is mainly known for its protective
role in the brain because loss of Parkin has been linked to auto-
somal recessive parkinsonism (13). We recently found that Par-
kin is also ubiquitously expressed in several tissues in the
mouse, including the liver (14). Therefore, we investigated the
role of Parkin in mitophagy induction as a mechanism of pro-
tection in APAP-induced liver injury. We found that Parkin-
induced mitophagy is likely a mechanism of protection in
APAP-induced liver injury because Parkin translocated to
mitochondria and increased the level of mitochondrial protein
ubiquitination after APAP treatment. However, we surprisingly
found that Parkin knock-out (KO) mice also had mitophagy in
their livers after APAP treatment likely due to other compen-
satory mechanisms. In addition, Parkin KO mice were pro-
tected against APAP-induced liver injury compared with wild
type (WT) mice. Mechanistically, we found that Parkin KO
mice had decreased activation of c-Jun N-terminal kinase
(JNK), increased induction of myeloid leukemia cell differenti-
ation protein (Mcl-1) expression, and increased proliferation,
which are all known important factors in mediating APAP-in-
duced necrosis and liver injury. In contrast to chronic deletion
of Parkin, acute knockdown of Parkin in mouse livers resulted
in reduced mitophagy and Mcl-1 expression but increased JNK
activation after APAP administration, which exacerbated
APAP-induced liver injury. Our results thus revealed that
chronic deletion (KO) and acute knockdown of Parkin differ-
entially regulate APAP-induced mitophagy and liver injury in
mice.

EXPERIMENTAL PROCEDURES

Materials—APAP was purchased from Sigma (A7085), and
the kit for alanine aminotransferase (ALT) measurement was
purchased from Pointe Scientific (A7526-450). The following
antibodies were used for Western blot analysis: anti-Parkin
(Santa Cruz Biotechnology, SC-32282); anti-ubiquitin (Santa
Cruz Biotechnology, SC-8017); anti-�-actin (Sigma, A5441);
anti-Cyp2e1 (Abcam, ab19140); anti-cyclin D1 (Lab Vision,
RB-9041); anti-phosphorylated JNK (Cell Signaling, 4668S);
anti-phosphorylated GSK-3� (Ser-9) (Cell Signaling, 5558);
anti-GSK-3�/� (Cell Signaling, 5696); anti-phosphorylated gly-
cogen synthase (Cell Signaling, 4858);, anti-JNK (BD Biosci-
ences, 554285); anti-CoxIV (Mitosciences, MS407); anti-Mcl-1
(Rockland, 600-401-394); anti-Tom20 (Santa Cruz Biotechnol-
ogy, SC11415); anti-cyclophilin D (Mitosciences, E0667); and
anti-GAPDH (Cell Signaling, 2118). The APAP-adduct anti-
body was a gift from Dr. Lance Pohl (National Institutes of
Health) (15). Anti-PCNA antibody (Santa Cruz Biotechnology,
SC-56) was used for immunostaining. Horseradish peroxidase
or biotin-conjugated antibodies were from Jackson Immu-
noResearch. Adenovirus (Ad)-negative shRNA and Ad shRNA
for mouse Parkin were purchased from Vector Biolabs
(Malvern, PA).

Animal Experiments—WT C57BL/6J and whole body Parkin
KO mice (C57BL/6J background, catalog no. 006582) were pur-
chased 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-week-old male mice
were treated with either 500 mg/kg APAP or saline by i.p. injec-
tion and were sacrificed 0.5, 1, 2, 6, or 24 h after treatment. To
achieve knockdown of Parkin in mouse livers, 2-month-old
male C57BL/6J mice were injected intravenously via tail vein
with Ad-negative (Neg) shRNA or Ad-Parkin shRNA (1 � 109

PFU per mouse) for 4 days. Then the mice were further treated
with either APAP (500 mg/kg) or saline by i.p. injection for 6 h.
Liver injury was determined by measuring serum ALT. Forma-
lin-fixed liver sections were embedded in paraffin and cut into
5-�m sections before staining with hematoxylin and eosin
(H&E) to determine liver cellular necrosis.

Western Blot Analysis—Total liver lysates were prepared
using RIPA buffer. Heavy membrane (HM) mainly enriched
with mitochondria and cytosolic fractions were prepared as
described previously (16). Briefly, liver tissues were homoge-
nized in HIM buffer (200 mM mannitol, 70 mM sucrose, 5 mM

Hepes, 0.5 mM EGTA (pH 7.5) containing protease inhibitors)
using a Dounce homogenizer as we described previously (16).
Homogenates were centrifuged at 1000 � g to remove debris,
and the supernatant 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 frac-
tion was further washed by centrifugation and resuspended in
HIM buffer. Protein (20 –30 �g) was separated by a SDS-12%
polyacrylamide gel before transfer to a PVDF membrane. Mem-
branes were probed using the indicated primary and secondary
antibodies and developed with SuperSignal West Pico chemi-
luminescent substrate (Pierce).

PCNA Staining—Formalin-fixed liver sections were embed-
ded in paraffin and cut into 5-�m, sections before staining with
anti-PCNA antibody. Sections were deparaffinized in xylene
and dehydrated in ethanol followed by incubation in hydrogen
peroxide to quench peroxidases. Tissues were then blocked
using Ultra V-Block (Thermo Scientific, TA-125-UB) for 5 min
and incubated with PCNA antibody (1:100) overnight at 4 °C.
Sections were further incubated with biotinylated secondary
antibody for 30 min, and PCNA-positive cells were detected
using ABC reagent (Vector, PK-6100) and DAB peroxidase
substrate (Vector, SK-4105). Sections were counterstained
with hematoxylin (Sigma, GHS132) for 30 s. Six fields at
�200 magnification were quantified for PCNA-positive cells
per tissue, and results were expressed as percent PCNA-
positive hepatocytes.

Primary Hepatocytes Culture—As described previously (3),
murine hepatocytes were isolated from WT and Parkin KO
mice by a retrograde, non-recirculating perfusion of livers with
0.05% collagenase type IV (Sigma). Cells were cultured in
William’s medium E with 10% fetal bovine serum but no other
supplements for 2 h for attachment. Cells were then cultured in
the same medium without serum overnight before treatment.
All cells were maintained in a 37 °C incubator with 5% CO2. For
assessing mitochondrial membrane potential, hepatocytes
were first loaded with tetramethylrhodamine methyl ester (50
nM) for 15 min and then treated with APAP (0, 5, and 10 mM) for
8 h. Cells were further stained with Hoechst 33342 (1 �g/ml) for
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5 min followed by fluorescence microscopy. For assessing
necrosis, after APAP treatment, hepatocytes were stained with
propidium iodide (1 �g/ml) for 5 min followed by fluorescence
microscopy.

Caspase-3 Activity—Caspase-3 activity was determined
using acetyl-DEVD-7-amino-4-trifluoromethylcoumarin fluo-
rescent substrate (Enzo) and 20 �g of protein from mouse liver
lysates after treatment with saline or APAP as we described
previously (16). Liver lysate from an Atg5 KO mouse was used
as a positive control (17).

GSH Measurement—GSH and glutathione disulfide (GSSG)
levels in liver tissue were measured using a modified Tietze
assay (18). For GSH measurement, liver tissues were homoge-
nized in sulfosalicylic acid (3%) followed by centrifugation and
dilution in potassium phosphate buffer. Samples were then
subjected to a cycling reaction using glutathione reductase and
dithionitrobenzoic acid, and GSH levels were determined by
spectrophotometry. For GSSG, reduced GSH was removed
using N-ethylmaleimide, and the GSSG measurement was per-
formed using a similar spectrophotometry method as for GSH.

Analysis of Proteasome Activity—Proteasome activity was
determined using a succinyl-LLVY-7-amino-4-methylcoumarin
substrate (Enzo) for 20 S proteasome and 20 �g of protein from
mouse liver lysates after treatment with saline or APAP as we
described previously (19).

Electron Microscopy—Tissues were fixed with 2% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.4) followed by 1% OsO4.

After dehydration, thin sections were stained with uranyl ace-
tate and lead citrate for observation under a JEM 1016CX elec-
tron microscope.

Statistical Analysis—Statistical analysis was conducted with
Student’s t test or one-way analysis of variance where appropri-
ate. A p � 0.05 was considered significant.

RESULTS

Parkin Translocated to Mitochondria after APAP Treatment
but Parkin KO Mice Were Resistant to APAP-induced Liver
Injury—During Parkin-mediated mitophagy in cultured cells, it
is known that Parkin translocates from the cytosol to depolar-
ized mitochondria, resulting in mitochondrial degradation (12,
20, 21). We previously showed that APAP administration
induces mitophagy in mouse livers (3). Therefore, we investi-
gated the role of Parkin in mitophagy induction in the liver after
APAP treatment. We first treated WT mice with APAP (500
mg/kg) for 6 h and determined Parkin translocation to mito-
chondria by Western blot analysis using cytosolic and mito-
chondrial fractions. Parkin translocated to mitochondria after
APAP treatment, which was accompanied by increased ubiq-
uitination of mitochondrial proteins, suggesting that Parkin
may play a role in APAP-induced mitophagy (Fig. 1A).

To determine whether Parkin-induced mitophagy was a pro-
tective mechanism against APAP-induced liver injury, we
treated WT and Parkin KO mice with APAP (500 mg/kg) for 6
and 24 h. We expected Parkin KO mice to have increased liver

FIGURE 1. Parkin KO mice were resistant to APAP-induced liver injury. A, WT mice were treated with 500 mg/kg APAP or saline control for 6 h, and liver
cytosolic and mitochondrial fractions were isolated and analyzed by Western blot. Data from two representative mice are shown. �-Actin and voltage-depen-
dent anion channel (VDAC) were used as loading controls for cytosolic and mitochondrial fractions, respectively. Densitometry quantification of Western blots
for ubiquitin is shown. Data shown are means � S.E. (n � 5 for each group). Results were normalized to Actin. *, p � 0.05. B, WT and Parkin KO mice were treated
with 500 mg/kg APAP or saline control for 6 or 24 h, and blood samples were measured for serum ALT. Data shown are means � S.E. (n � 5; *, p � 0.05). C,
representative H&E images are shown from WT and Parkin KO mice treated with 500 mg/kg APAP or saline control for 6 or 24 h (�100 magnification). D, WT and
Parkin KO mice were treated with 500 mg/kg APAP or saline control for 6 and 24 h, and caspase-3 activity was measured using liver lysate. Liver lysate from a
saline-treated Atg5 KO mouse was used as a positive control. Data shown are means � S.E. (n � 3, no significant differences between groups).
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injury after APAP treatment due to an inability to induce
mitophagy. However, we surprisingly found that Parkin KO
mice were protected from APAP-induced liver injury com-
pared with WT mice (Fig. 1, B and C). Parkin KO mice had
significantly less liver injury compared with WT mice after
APAP treatment for 6 and 24 h as determined by serum ALT
levels. WT mice had a mean serum ALT of 5309 units/liter at
6 h and 8290 units/liter at 24 h, and KO mice had a mean serum
ALT of 2813 units/liter at 6 h and 2649 units/liter at 24 h (Fig.
1B). WT mice also had a significantly greater area of hepatocel-
lular necrosis than KO mice after APAP treatment for 6 and
24 h as determined by H&E staining. Saline-treated WT and
Parkin KO mice did not develop any cellular necrosis (Fig. 1C).

APAP is well known to induce cell death via necrosis and not
apoptosis (22), so we ensured that protection in Parkin KO mice
was not due to APAP induction of cell death via apoptosis
instead of necrosis by assessing caspase-3 activity in liver tissue
lysates. Neither WT nor Parkin KO mice had any induction of
caspase-3 activity after APAP treatment, indicating that APAP
did not induce apoptosis in WT or Parkin KO mice, as
expected. Lysate from an Atg5 KO mouse was used as a positive
control for caspase-3 activation (Fig. 1D).

Protection in Parkin KO Mice Was Not Due to Differences in
APAP Metabolism or Oxidative Stress—APAP is metabolized
primarily by Cyp2e1 to its reactive metabolite NAPQI, which is
detoxified by GSH at therapeutic doses. GSH is depleted during
APAP overdose, which allows for NAPQI to form protein
adducts and induce mitochondrial damage and subsequent
hepatocellular necrosis (22).To ensure that protection in KO
mice was not due to differences in APAP metabolism, we

treated WT and Parkin KO mice with APAP (500 mg/kg) or
saline control and measured GSH levels 0.5, 1, 2, 6, and 24 h
after treatment. WT and Parkin KO mice had similar basal lev-
els of GSH and similar GSH depletion at 0.5, 1, and 2 h after
APAP treatment. WT and Parkin KO mice also had similar
recovery of GSH after APAP treatment for 6 and 24 h (Fig. 2A).
Furthermore, WT and Parkin KO mice had similar levels of
protein adducts and Cyp2e1 protein expression after APAP or
saline treatment for 6 h (Fig. 2B). These results suggest that
protection in Parkin KO mice was not due to differences in
metabolism of APAP between WT and Parkin KO mice.

GSSG levels and the ratio of GSSG to GSH are markers of
oxidative stress. WT and Parkin KO mice had similar basal
GSSG levels and GSSG to GSH ratio. WT and Parkin KO mice
also had similar GSSG levels and GSSG to GSH ratios after
APAP treatment for 0.5, 1, 2, and 6 h. Parkin KO mice had
slightly less GSSG than WT mice after APAP treatment for
24 h, but the decrease in KO mice was not significant compared
with WT mice (Fig. 2, C and D). These results suggest that
differences in injury between WT and Parkin KO mice were not
due to differences in oxidative stress.

Mitophagy Occurred in Both WT and Parkin KO Mice after
APAP Treatment—We compared and quantified the number of
autophagosomes and lysosomes containing mitochondria
(hereafter referred to as mitophagosomes) by electron micros-
copy (EM) between WT and Parkin KO mice after APAP treat-
ment. We also performed an autophagy flux assay with a com-
bination of APAP and chloroquine (CQ) treatment. CQ blocks
lysosome degradation, which allows for accurate quantification
of autophagosome and lysosome components (23). Treatment

FIGURE 2. Protection in Parkin KO mice was not due to differences in APAP metabolism or oxidative stress. A, WT and Parkin KO mice were treated with
500 mg/kg APAP or saline control for 0.5, 1, 2, 6, or 24 h before measurement of liver GSH. Data shown are means � S.E. (n � 3; *, p � 0.05 compared with
individual saline controls, no significant differences between WT and Parkin KO mice). B, WT and Parkin KO mice were treated with 500 mg/kg APAP for 6 h, and
total liver lysates from individual mice were analyzed by Western blot. Gapdh was used as a loading control (HE � high exposure). C, WT and Parkin KO mice
were treated as in A, and liver GSSG was measured. Data shown are means � S.E. (n � 3; *, p � 0.05 compared with WT saline control, no significant differences
between WT and Parkin KO mice). D, ratio from results for GSH in A and GSSG in C are further calculated. Data shown are means � S.E. (*, p � 0.05 compared
with individual saline controls, no significant differences between WT and Parkin KO mice).
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with APAP significantly increased the number of mitophago-
somes, which was further enhanced in the presence of CQ in
WT mice, indicating that APAP induces mitophagy flux in
mouse livers. Surprisingly, Parkin KO mice also had an
increased number of mitophagosomes, which was also further
enhanced by the presence of CQ treatment, although the num-
ber of mitophagosomes was lower compared with WT mice
(Fig. 3, A and B).

WT and Parkin KO mice also showed slight degradation of
the mitochondrial outer membrane protein Tom20 as well as
the mitochondrial matrix protein cyclophilin D after APAP
treatment (Fig. 3, C–E). We recently reported that APAP treat-
ment in mice causes distinctive mitochondrial changes within
different zones of the mouse liver. In addition to mitophagy,
APAP also induces mitochondrial biogenesis adjacent to the
necrotic areas likely to promote liver repair (4). This could off-
set the levels of mitochondrial degradation mediated by
mitophagy using the total liver lysates. A better quantitative
approach, such as the use of micro-dissection to isolate tissues
from different zones of the liver, may need to be established in
the future. Taken together, these results indicate that APAP
may induce mitophagy in mouse livers through Parkin-depen-
dent and -independent mechanisms.

Parkin KO Mice Had Decreased JNK Activation and
Increased Mcl-1 Expression Compared with WT Mice after
APAP Treatment—Activation of JNK by phosphorylation and
its translocation to the mitochondria are well known to exacer-
bate APAP-induced liver injury (24 –27). To determine
whether WT and Parkin KO mice had differences in JNK acti-

vation, we measured protein levels of phosphorylated JNK
(pJNK) in WT and Parkin KO mouse livers after APAP treat-
ment for 2 and 6 h. Parkin KO mice had slightly less JNK acti-
vation 2 h after APAP treatment compared with WT mice, and
JNK activation was significantly less in Parkin KO mice com-
pared with WT mice 6 h after APAP treatment (Fig. 4, A and B).
WT and Parkin KO mice had similar levels of total JNK protein
expression (Fig. 4A). In addition, we investigated mitochondrial
JNK activation using cytosolic and mitochondrial fractions
from WT and Parkin KO mouse liver lysates after APAP treat-
ment for 6 h. We found that JNK translocated to mitochondria
after APAP treatment, and the level of total JNK levels on mito-
chondria was surprisingly higher in Parkin KO mice compared
with WT mice (Fig. 4, C and D). However, the active form of
JNK (pJNK) on mitochondria was much lower in Parkin KO
mice compared with WT mice after APAP treatment (Fig. 4, C
and D). There results suggest that Parkin may promote JNK
activation once it is translocated to mitochondria, and the reg-
ulation of mitochondrial JNK translocation is independent of
Parkin.

Mcl-1 is an anti-apoptotic protein that has been shown to be
protective against APAP-induced liver injury (28, 29). We mea-
sured protein levels of Mcl-1 using total lysate from WT and
Parkin KO mouse livers 6 h after APAP treatment. Mcl-1 pro-
tein expression was increased after APAP treatment in both
WT and Parkin KO mice, and Parkin KO mice had higher basal
levels of Mcl-1, which were sustained after APAP treatment
compared with WT mice (Fig. 5, A and B). It has been reported
that GSK-3� phosphorylates Mcl-1 and promotes its protea-

FIGURE 3. Mitophagy occurred in both WT and Parkin KO mice after APAP treatment. A, representative EM images are shown from WT and Parkin KO mice
treated with APAP (500 mg/kg) with or without CQ (60 mg/kg) for 6 h. An enlarged image of mitophagosomes is shown from the dotted line boxed area (arrows,
mitophagosomes; M, mitochondria; N, nucleus). B, quantification of EM images. Data shown are means � S.E. (n � 2 mice per group, at least 10 images
quantified per group; *, p � 0.05, no significant differences between WT and Parkin KO mice). C, WT and Parkin KO mice were treated with 500 mg/kg APAP or
saline control for 6 and 24 h, and total liver lysates were analyzed for mitochondrial protein degradation by Western blot. Gapdh was used as a loading control.
Results for two individual mice are shown. D and E, densitometry quantification of Western blots for Tom20 and cyclophilin D. Data shown are means � S.E. (n �
4 for each group, no significant differences among groups). Results were normalized to Gapdh.
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FIGURE 4. Protection in Parkin KO mice may be due to decreased JNK activation. A, WT and Parkin KO mice were treated with 500 mg/kg APAP or saline
control for 1, 2, or 6 h, and total liver lysates were analyzed by Western blot. Results from one representative mouse are shown for saline, and results from two
representative mice are shown for APAP treatment. Gapdh was used as a loading control (LE, low exposure). B, densitometry quantification of pJNK. Data
shown are means � S.E. (n � 2 each for WT and Parkin KO saline, 3 each for WT and Parkin KO APAP-treated mice; *, p � 0.05 compared with WT APAP treatment
at 6 h; **, p � 0.05 compared with WT APAP treatment at 24 h). Results were normalized to Gapdh. C, WT and Parkin KO mice were treated with 500 mg/kg APAP
or saline control for 6 h, and cytosolic and mitochondrial fractions were analyzed by Western blot. CoxIV and Gapdh were used as loading controls for HM and
cytosolic fractions, respectively (HE, high exposure). D, densitometry quantification of pJNK in the mitochondrial fraction. Data shown are means � S.E. (n � 2
each for WT and Parkin KO saline treated mice, 3 each for WT and Parkin KO APAP-treated mice; *, p � 0.05 compared with WT APAP treatment at 6 h; **, p �
0.05 compared with WT APAP treatment at 24 h). Results were normalized to CoxIV.

FIGURE 5. Parkin KO mice had increased levels of Mcl-1 proteins after APAP treatment. A, WT and Parkin KO mice were treated with 500 mg/kg APAP or
saline control for 6 h, and total liver lysates were analyzed by Western blot. Gadph was used as a loading control. B, densitometry quantification of Western blots
for Mcl-1. Data shown are means � S.E. (n � 4 per group). Results were normalized to Gapdh. C, WT and Parkin KO mice were treated with 500 mg/kg APAP or
saline control for 6 and 24 h. Twenty micrograms of total liver lysates were used to measure the 20 S proteasomal activity using a fluorogenic substrate. Results
are presented as means � S.E. from four different mice.
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somal degradation (30). We found that APAP treatment
increased the phosphorylation levels of Akt and GSK-3� at ser-
ine 9 in both WT and Parkin KO mouse livers. Because Akt-
mediated Ser-9 phosphorylation of GSK-3� negatively regu-
lates its activity, we also determined the phosphorylated levels
of glycogen synthase, which is one of the substrates of GSK-3�.
We found that there was a dramatic reduction in phosphory-
lated levels of glycogen synthase in Parkin KO but not WT
mouse livers after APAP treatment (Fig. 5A), suggesting
decreased GSK-3� activity in APAP-treated Parkin KO mouse
livers.

It is known that Mcl-1 is degraded by the ubiquitin protea-
some system (30, 31), and APAP treatment tended to slightly
decrease proteasome activity in WT mice, but these changes
did not reach statistical differences (Fig. 5C). In addition, Parkin
KO mice overall tended to have slightly decreased proteasome
activity, although APAP treatment did not further alter the pro-
teasome activity, and these changes were also not statistically
different (Fig. 5C). Collectively, these data suggest that protec-
tion in Parkin KO mice against APAP-induced liver injury was
likely due to decreased JNK activation and increased Mcl-1
expression.

Parkin KO Mice Had Increased Proliferation Compared with
WT Mice—Following APAP-induced cellular necrosis, it is well
known that the liver has the capacity for repair and complete
recovery if the level of injury is not too severe. Parkin KO mice
have previously been shown to have increased proliferation
leading to the eventual development of hepatocellular carci-

noma at 18 months (32, 33). Therefore, we evaluated prolifera-
tion levels in WT and Parkin KO mice after APAP treatment to
determine whether greater levels of hepatocyte proliferation
could be an additional mechanism of protection against APAP-
induced liver injury in KO mice. Parkin KO mice had signifi-
cantly increased basal expression levels of the proliferation pro-
teins cyclin D1 and PCNA compared with WT mice. In
addition, Parkin KO mice had increased expression of these
proliferative proteins compared with WT mice after APAP
treatment for 6 h as shown by cyclin D1 and PCNA Western
blot analysis (Fig. 6, A, B, E, and F). Immunohistochemistry for
PCNA staining also revealed an increase for the number of
PCNA-positive cells in APAP-treated Parkin KO mice com-
pared with APAP-treated WT mice, but these changes did not
reach statistical significance (Fig. 6, C–D). This was likely due to
large variations in the immunohistochemistry analysis from
the limited liver areas that we could assess in each sample,
although we have counted six random images from each
sample. Nevertheless, these data suggest that increased pro-
liferation levels in Parkin KO mice may provide protection
against APAP-induced liver injury by allowing for faster
replacement of necrotic hepatocytes and subsequent regen-
eration compared with WT mice.

APAP Treatment Induced Proteasomal Degradation of Mcl-1
and Necrosis in Cultured Mouse Hepatocytes Independent of
Parkin—To further determine whether the proteasome plays a
role in APAP-induced changes of Mcl-1, we treated primary
cultured mouse hepatocytes with APAP in the presence or

FIGURE 6. Protection in Parkin KO mice may be due to increased hepatocyte proliferation. A, WT and Parkin KO mice were treated with 500 mg/kg APAP
or saline control for 6 h, and total liver lysates were analyzed by Western blot. B, densitometry quantification of Western blots for cyclin D1. Data shown are
means � S.E. (n � 4 per group). Results were normalized to Gapdh. C, representative images from PCNA staining are shown (arrows represent PCNA-positive
hepatocytes). D, PCNA staining quantification. Results are presented as % PCNA-positive hepatocytes. Data shown are means � S.E. (n � 3, �100 magnifica-
tion, no significant differences between groups). Six images were quantified per liver tissue. E, mice were treated as in A, and total liver lysates were analyzed
by Western blot. F, densitometry quantification of Western blots for PCNA. Data shown are means � S.E. (n � 3– 4 per group; *, p � 0.05). Results were
normalized to �-actin.
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absence of Bortezomib (Bort), a proteasome inhibitor. Unlike
the in vivo mouse liver, there was no difference in basal levels of
Mcl-1 between the hepatocytes isolated from WT and Parkin
KO mice. APAP treatment decreased Mcl-1 levels, which were
recovered by Bort in both WT and Parkin KO hepatocytes.
Treatment with Bort also increased Mcl-1 levels compared with
control hepatocytes regardless of Parkin (Fig. 7, A and B). These
results indicate that APAP-induced changes of Mcl-1 are medi-
ated by the proteasome. Intriguingly, WT hepatocytes lost the
expression of Parkin after 24 h of culture (Fig. 7C), which is a
time point that we had started to treat hepatocytes with drugs
including APAP in our previous studies (3, 34). We found that
APAP treatment for 8 h increased the number of cells with
decreased mitochondrial membrane potential (Fig. 7, D and E).
Most cells lost mitochondrial membrane potential after APAP
treatment for 24 h (data not shown). Consistent with our pre-
vious findings, APAP treatment also increased necrotic cells in
WT hepatocytes. Interestingly, we found that there was no dif-
ference in APAP-induced necrosis between WT and Parkin KO
hepatocytes (Fig. 7, F and G). Taken together, Parkin is dispens-
able for APAP-induced Mcl-1 degradation and necrosis in pri-
mary cultured mouse hepatocytes.

Acute Knockdown of Parkin in Mouse Livers Impaired
Mitophagy and Exacerbated APAP-induced Liver Injury—
Because Parkin KO mice have no obvious phenotypes, it is
possible that the mice may develop compensatory and adap-

tive mechanisms for the chronic loss of Parkin, which may
contribute to the resistance to APAP-induced liver injury
that we found in this study. To overcome the potential com-
pensation and adaptation by the chronic loss of Parkin, we
determined APAP-induced mitophagy and liver injury after
acute knockdown of Parkin in mouse livers using an Ad-
shRNA approach. We found that Ad-Parkin shRNA by tail
vein injection dramatically reduced the expression of Parkin
in mouse livers but had no effect on the expression of Parkin
in mouse pancreas or skeletal muscle (Fig. 8A). In contrast to
Parkin KO mice, mice given Ad-Parkin shRNA had increased
serum ALT levels and hepatic necrosis compared with mice
given Ad-Neg shRNA (Fig. 8, B and C). Notably, mice that
received adenovirus treatment had decreased sensitivity to
APAP administration because ALT levels were less com-
pared with the nonvirus-infected mice that were treated with
the same dose of APAP (Fig. 1B). Our results are consistent
with a previous study that showed reduced susceptibility
to APAP after viral infection in mice (35). There were no
significant differences in Cyp2e1 or APAP adducts levels
between Ad-Parkin and Ad-Neg shRNA-treated groups, but
Ad-Parkin shRNA markedly decreased hepatic Parkin ex-
pression (Fig. 8D).

The Ad-Parkin shRNA-treated mice had increased phos-
phorylated levels of JNK but decreased levels of Mcl-1 and
PCNA compared with Ad-Neg shRNA-treated mice after

FIGURE 7. APAP-induced Mcl-1 degradation and necrosis in cultured mouse hepatocytes independent of Parkin. A and B, isolated hepatocytes from WT
and Parkin KO mice were treated with APAP (10 mM) for 6 h in the presence or absence of Bort (50 nM). Total cell lysates were subjected to Western blot analysis.
C, isolated hepatocytes from WT and Parkin KO mice were cultured for 2 and 24 h. Total cell lysates were subjected to Western blot analysis for Parkin.
Representative blots from three independent experiments are shown. D, hepatocytes were first loaded with tetramethylrhodamine methyl ester (50 nM) for 15
min and then treated with APAP for 8 h. Cells were further stained with Hoechst 33342 (1 �g/ml) for 5 min followed by fluorescence microscopy. The
representative overlaid images are shown. Arrows denote the cells with loss of mitochondrial membrane potential. E, number of cells with loss of mitochondrial
membrane potential was quantified. Data are means � S.E. from three independent experiments (More than 300 hundred cells were counted in each
experiment from 3 to 4 different fields; *, p � 0.05.) F, WT and Parkin KO hepatocytes were treated with APAP for 24 h, and cells were stained with propidium
iodide (1 �g/ml) for 5 min followed by microscopy. Representative phase-contrast images overlaid with propidium iodide signals are shown. G, percentage of
PI-positive cells was quantified. Data shown are means � S.E. from three independent experiments (at least three different images were randomly chosen from
each experiment and more than 300 cells were counted; n.s., statistically no significance).
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administration of APAP (Fig. 8E). The levels of LC3-II, a
marker for autophagy, were increased after APAP treatment
in both Ad-Neg and Ad-Parkin-treated mice (Fig. 8E), sug-
gesting that APAP increased the numbers of autophago-
somes/autolysosomes independent of Parkin. Moreover, the
number of mitophagosomes was significantly decreased in
mouse livers treated with Ad-Parkin shRNA compared with
Ad-Neg shRNA after administration of APAP (Fig. 8, F and
G). Consistent with the LC3-II results from Western blot
analysis, the number of total autophagosomes was very com-
parable between groups of Ad-Parkin shRNA and Ad-Neg
shRNA after administration of APAP (Fig. 8H), suggesting
that acute knockdown of Parkin does not affect the general
autophagy. These results suggest that acute knockdown of
Parkin in mouse livers had impaired mitophagy and hepato-
cyte proliferation, decreased hepatic Mcl-1 expression, and

increased JNK activation, which exacerbated liver injury in
response to APAP administration.

DISCUSSION

In this study, we found that APAP treatment induced Parkin
translocation to mitochondria and increased levels of mito-
chondrial protein ubiquitination in WT mouse livers. However,
we found that Parkin differentially regulated mitophagy and
APAP-induced liver injury depending on whether Parkin was
chronically deleted in mice or acutely knocked down in mouse
livers. We found that mitophagy still occurred in Parkin KO
mouse livers after APAP treatment, suggesting that Parkin may
be dispensable for mitophagy under chronic Parkin loss condi-
tions. Moreover, we surprisingly found that Parkin KO mice
were protected against APAP-induced liver injury compared
with WT mice. In contrast, mice with acute knockdown of Par-

FIGURE 8. Acute knockdown of Parkin in mouse livers impaired with APAP-induced mitophagy and exacerbated APAP-induced liver injury. A,
male C57Bl/6J mice were treated either with Ad-Neg or Ad-Parkin shRNA (i.v., 1 � 109 pfu per mouse) for 4 days. Total liver, pancreas, and skeletal muscle
lysates were subjected to Western blot analysis. Lysate from a Parkin KO mouse liver was used a negative control. Mice were further treated with APAP
(500 mg/kg) or saline for another 6 h. B, blood samples were used to measure serum ALT levels. Data shown are means � S.E. (n � 4; *, p � 0.05). C,
representative H&E images are shown (�200 magnification). Dotted line circled areas denote centrilobular necrosis. D and E, total liver lysates were
subjected to Western blot analysis. Densitometry quantification of Western blots for p-JNK1 and p-JNK2 (n � 3 per group). Results were normalized to
�-actin. F, representative EM images are shown. An enlarged image of a mitophagosome showing an enveloped mitochondrion and an enlarged image
of an autophagosome showing enveloped cytosolic proteins are from the dotted line boxed areas (arrow � mitophagosomes, M � mitochondria, and
N � nucleus). G and H, quantification of EM images for mitophagosomes and total autophagosomes. Data shown are means � S.E. (n � 20 images
quantified per group; *, p � 0.05).
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kin had decreased hepatic mitophagy and increased APAP-in-
duced liver injury.

Parkin Was Dispensable for APAP-induced Mitophagy in
Parkin KO Mice but Not in Mice with Acute Knockdown of
Hepatic Parkin—Parkin translocated to mitochondria after
APAP treatment in WT mice, which correlated with an
increase in mitochondrial protein ubiquitination, suggesting
that Parkin-induced mitophagy occurs in mouse liver after
APAP treatment. However, we found Parkin KO mice had sim-
ilar mitochondrial protein degradation after APAP treatment,
although there was a slight reduction in the number of
mitophagosomes in Parkin KO mice compared with WT mice.
Mitophagy is likely a protective mechanism against APAP-in-
duced liver injury by promoting removal of damaged mito-
chondria in both WT and Parkin KO mice. However, it appears
that Parkin is not required for mitophagy induction in the liver
because mitophagy still occurred in Parkin KO mouse livers
after APAP treatment. In contrast, mice with acute knockdown
of Parkin had significantly reduced mitophagy after APAP
administration. These results suggest that alternative compen-
satory mechanisms for mitophagy independent of Parkin may
occur when Parkin is chronically deleted in mice after APAP
administration. To support this notion, it was previously
reported that compensatory mitophagy also occurred in Parkin
KO mouse hearts (36). It is likely that compensatory and adap-
tive alternative mechanisms for mitophagy independent of Par-
kin cannot be established within the relatively short time period
after acute Parkin knockdown. Alternatively, although it seems
to be less likely that the loss of Parkin in other tissues in Parkin
KO mice may also affect the mitophagy signaling pathway in
the liver, the tissue cross-talk regulating mitophagy in the liver
is currently unknown.

It was recently reported that at least three distinct types of
mitophagy could occur in hepatocytes as follows: 3-methylad-
enine (3-MA)-sensitive; 3-MA-insensitive, and mitochondri-
on-derived vesicles (37, 38). We previously showed that 3-MA
inhibited APAP-induced autophagy and enhanced APAP-in-
duced necrosis in cultured mouse hepatocytes (3). These results
suggest that APAP may induce 3-MA-sensitive mitophagy. In
addition to canonical mitophagy, we also showed that APAP
could induce the formation of mitochondrial spheroids, a pro-
cess of mitochondria remodeling that forms unique vesicle-like
structures derived directly from mitochondria in mouse livers
(4, 39).

The identification of mitophagy in Parkin KO mice after
APAP administration suggests that Parkin may not be essential
for mitophagy induction in vivo. The mechanism for alternative
Parkin-independent mitophagy induction in the liver is cur-
rently unknown but could be due to up-regulation of other
important proteins or pathways in the absence of Parkin that
have been shown to have a role in the mitophagy pathway. For
example, Parkin-independent mitophagy in Parkin KO mice
may be mediated by another E3 ubiquitin ligase, such as
March5, Smurf1, or Mulan. In addition, Parkin-independent
mitophagy may occur via Bcl2/adenovirus E1B 19-kDa inter-
acting protein 3 (Bnip3), Fun14 domain containing 1 (Fundc1),
or Nix. Bnip3 and Fundc1 have both been shown to play a role
in mitophagy induction for removal of damaged mitochondria

to prevent accumulation of reactive oxygen species during
hypoxia (40, 41). Nix also plays a role in selective removal of
mitochondria during red blood cell maturation (42– 44). In
addition, Nix has been shown to play a role in Parkin-depen-
dent mitophagy induction by promoting mitochondrial depo-
larization and translocation of Parkin to mitochondria (21).
Cardiolipin, a phospholipid located on the inner mitochondrial
membrane, has also been recently shown to have a role in
mitophagy induction in neurons by translocating to the outer
mitochondrial membrane and interacting with the autophago-
some protein microtubule-associated protein light chain 3
(LC3) (45, 46). Therefore, cardiolipin may also have a role in
Parkin-independent mitophagy induction in the liver. Even
though the mechanism of Parkin-independent mitophagy
induction in the liver is not currently understood, induction of
mitophagy in both WT and Parkin KO mouse livers was likely a
mechanism of protection against APAP-induced liver injury by
removing damaged mitochondria. However, in addition to
mitophagy, Parkin KO mice had other protective mechanisms
against APAP-induced liver injury and necrosis compared with
WT mice, which are further discussed below.

JNK Activation Was Differentially Regulated in Parkin KO
and Acute Parkin Knockdown Mice after APAP Treatment—
Another mechanism of protection in Parkin KO mice was
decreased JNK activation compared with WT mice after APAP
treatment. JNK activation, particularly in the mitochondria, has
been shown to exacerbate APAP-induced liver injury (24, 25,
27, 47).

Parkin has been previously shown to negatively regulate JNK
activity in Drosophila (48, 49). Parkin-mutant flies contained
high levels of phosphorylated JNK in their dorsomedial neu-
rons, resulting in shrinkage of the neuronal cell body, which was
not present in control flies. Neuron cell body morphology was
normal when Parkin-mutant flies were treated with a dominant
negative form of JNK, confirming that the morphology changes
were caused by increased JNK activation in the absence of Par-
kin (49). Parkin was also found to suppress JNK activation in the
Drosophila eye during development by transcriptionally
repressing basket (bsk), which is a gene encoding for JNK (48).
In addition, Parkin was shown to suppress JNK activation in
vitro in EPP85 human pancreatic carcinoma cells via mono-
ubiquitination of heat-shock protein 70 (HSP70), but the exact
mechanism for how mono-ubiquitinated HSP70 inhibits acti-
vation of JNK is unknown (50). Furthermore, Parkin was shown
to inhibit JNK activity in COS1 monkey kidney fibroblasts (49).
Parkin and JNK were co-transfected into COS1 cells, and co-
expression of Parkin reduced JNK activation (49). Consistent
with these findings, we found that APAP increased JNK activa-
tion in acute Parkin knockdown mouse livers. In contrast, JNK
activation was decreased in Parkin KO mouse livers compared
with WT mice after APAP treatment. These results suggest that
acute knockdown and chronic loss of Parkin differentially
impact JNK activation, which is likely due to induction of some
adaptive mechanisms in mouse livers when Parkin is chroni-
cally absent.

The adaptive mechanisms for JNK inhibition after APAP
treatment in Parkin KO mice is currently unknown but may
involve mono- or polyubiquitination of upstream or down-
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stream mediators of JNK activation. For example, chronic loss
of Parkin may affect the degradation of MAPK phosphatase-1
(MkP-1), an endogenous inhibitor of JNK activation (51). Par-
kin has also been shown to stabilize proteins via monoubiquiti-
nation, so chronic loss of Parkin may also stabilize upstream
activators of JNK such as apoptosis signal-regulating kinase 1
(Ask1) via monoubiquitination (52). Taken together, it appears
that chronic and acute Parkin loss have contrasting impacts on
JNK activation in mouse livers after APAP treatment, which
may subsequently protect against or exacerbate APAP-induced
liver injury.

Mcl-1 Expression Was Differentially Regulated in Parkin KO
or Acute Parkin Knockdown Mice after APAP Treatment—
Mcl-1 is an anti-apoptotic Bcl-2 protein that is mostly localized
to the mitochondrial membrane (53), and its stabilization has
been shown to play a protective role against APAP-induced
hepatocellular necrosis (28). Parkin KO mice had increased
liver Mcl-1 expression compared with WT mice before and
after APAP treatment, which may be another mechanism for
their protection against APAP-induced liver injury. APAP has
been shown to induce degradation of Mcl-1 in the early phase of
liver injury in starved mice (1– 4 h after treatment) (29), but we
did not observe degradation of Mcl-1 in WT or Parkin KO mice
after APAP treatment in fed mice. We actually observed an
increase in Mcl-1 expression after APAP treatment. This dis-
crepancy could be due to several possibilities. First, in this
study, we used fed mice to avoid the possible interference of
starvation-induced autophagy, whereas Shinohara et al. (29)
used starved animals. Starvation may inactivate AKT and inter-
fere with AKT-GSK3�-mediated Mcl-1 phosphorylation and
proteasomal degradation. Consistent with this notion, we also
found that APAP decreased Mcl-1 in primary cultured hepato-
cytes in serum-free medium.

Second, we assessed APAP-induced liver injury 6 h after
treatment, which may allow for recovery of Mcl-1 protein lev-
els. Third, Mcl-1 expression is regulated by Gsk-3� phosphor-
ylation, which primes it for ubiquitination and degradation by
the proteasome (30). Gsk-3� is known to translocate to mito-
chondria after APAP-induced liver injury where it phosphory-
lates Mcl-1 to initiate its proteasomal degradation (29). Because
phosphorylation of GSK-3� at serine 9 normally inhibits its
activity (54), increased serine 9 phosphorylation of GSK-3�
may thus contribute to the increased Mcl-1 levels following
APAP treatment. Fourth, Parkin KO mice tend to have
decreased proteasomal activity compared with WT mice,
which may also partially contribute to increased Mcl-1 protein
expression compared with WT mice. In primary cultured
mouse hepatocytes, it seems that Parkin is less important in
regulating Mcl-1 levels after APAP treatment because WT
hepatocytes lost the expression of Parkin during culture and
APAP decreased Mcl-1 protein levels in both cultured WT and
Parkin KO hepatocytes. The decreased Mcl-1 protein levels
were reversed by a proteasome inhibitor, supporting the impor-
tant role of the proteasome in regulating Mcl-1 levels in APAP-
treated hepatocytes. Finally, Mcl-1 degradation has also been
shown to be induced by JNK phosphorylation in HeLa cells (55).
Parkin KO mice had reduced JNK activation, which may be
linked to their increased Mcl-1 expression. We found that acute

knockdown of Parkin in mouse livers had decreased Mcl-1 pro-
tein levels after APAP treatment in mouse livers. Interestingly,
Parkin knockdown mice also had increased JNK activation in
their livers after APAP treatment, which is opposite from
APAP-treated Parkin KO mouse livers. These findings are also
in line with the known role of JNK in regulating Mcl-1.

In addition, the mammalian target of rapamycin pathway has
also been shown to have a role in Mcl-1 transcriptional regula-
tion in Parkin KO mouse neurons because neurons in Parkin
KO mice had increased Mcl-1 expression due to compensatory
activation of the mammalian target of rapamycin (56). Future
work is needed to determine the exact role of JNK and the
mammalian target of rapamycin in regulating Mcl-1 during
APAP overdose.

It should also be noted that the previous work by Shinohara
et al. (29) and this study only indicate an association of Mcl-1
with APAP-induced hepatotoxicity. In an attempt to determine
the exact contribution of Mcl-1 on APAP-induced liver injury,
we injected mice with Bort and determined the hepatic protea-
some activity, Mcl-1 levels, and APAP-induced liver injury.
Although we did find that Bort dramatically inhibited hepatic
proteasome activities and elevated Mcl-1 levels in mouse livers,
Bort treatment did not protect but rather worsened APAP-in-
duced liver injury (data not shown). This was likely due to
increased levels of APAP adducts along with other proteins that
are also subjected to proteasome inhibition, which suggests
that pharmacological inhibition of the proteasome is not an
appropriate approach to address the specific role of Mcl-1 in
APAP-induced hepatotoxicity. Future work using genetic
shRNA knockdown of hepatic Mcl-1 or using liver-specific
Mcl-1 knock-out mice may be a better approach to further
determine the role of Mcl-1 in APAP-induced hepatotoxicity.

Increased Hepatocyte Proliferation in Parkin KO Mice but
Not in Mice with Acute Knockdown of Parkin after APAP
Treatment—Parkin KO mice had increased basal hepatocyte
proliferation levels and increased hepatocyte proliferation after
APAP treatment for 6 and 24 h, which may provide protection
against APAP-induced hepatocellular necrosis and liver injury
by allowing for faster replacement of necrotic hepatocytes. Par-
kin has been previously shown to be a tumor suppressor in liver,
and Parkin KO mice develop spontaneous liver tumors around
18 months of age (32). In addition, Parkin expression is signif-
icantly decreased or absent in most cancer cell lines and human
liver tumors (33). This tumor-suppressive function of Parkin
was likely important in protection against APAP-induced liver
injury, which causes significant hepatocellular necrosis. With
increased basal proliferation and increased proliferation after
APAP treatment compared with WT mice, Parkin KO mice
were likely able to replace their necrotic hepatocytes faster than
WT mice, making them resistant to APAP-induced hepatocel-
lular necrosis and liver injury. In contrast, acute knockdown of
Parkin had decreased hepatocyte proliferation without or with
APAP treatment. Our results suggest that acute and chronic
loss of Parkin have different impacts on hepatocyte prolifera-
tion and in turn differentially affect APAP-induced liver injury.

Conclusions—In conclusion, Parkin-induced mitophagy is
likely a mechanism of protection against APAP-induced liver
injury in WT mice because Parkin translocated to mitochon-
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dria after APAP treatment. However, Parkin is dispensable for
APAP-induced mitophagy in Parkin KO mouse livers. Parkin
KO mice may inhibit APAP-induced liver injury by attenuating
APAP-induced JNK activation and Mcl-1 degradation while
also increasing hepatocyte proliferation. In addition, currently
unidentified Parkin-independent mitophagy pathways acti-
vated as compensatory and adaptive response during the
chronic loss of Parkin likely also play a protective role against
APAP-induced liver injury by removing damaged mitochon-
dria. These protective effects in Parkin KO mice were reversed
in mice with acute knockdown of Parkin. Therefore, chronic
deletion (KO) and acute knockdown of Parkin differentially
regulate APAP-induced mitophagy and liver injury in mice.
Our results also suggest that caution needs to be exercised for
data interpretation when using genetic KO mice for assessing
drug-induced liver injury.
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