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Abstract: Mitochondrial dysfunction and oxidative stress are considered to be key events in ac-
etaminophen (APAP)-induced acute liver injury. Mitochondrial quality control, including mitophagy
and mitochondrial synthesis, can restore mitochondrial homeostasis and thus protect the liver. The
role of PARK7, a mitochondrial stress protein, in regulating mitochondrial quality control in APAP-
induced hepatotoxicity is unclear. In this study, L02 cells, AML12 cells and C57/BL6 mice were
each used to establish models of APAP-induced acute liver injury. PARK7 was silenced in vitro by
lentiviral transfection and knocked down in vivo by AAV adeno-associated virus. Changes in cell
viability, apoptosis, reactive oxygen species (ROS) level, serum enzyme activity and pathological
features were evaluated after APAP treatment. Western blotting, real-time PCR, immunofluores-
cence, electron microscopy and Seahorse assays were used to detect changes in key indicators of
mitochondrial quality control. The results showed that APAP treatment decreased cell viability and
increased the apoptosis rate, ROS levels, serum enzyme activity, pathological damage and PARK7
expression. PARK7 silencing or knockdown ameliorated APAP-induced damage to the cells and
liver. Furthermore, PARK7 silencing enhanced mitophagy, increased mitochondrial synthesis, and
led to a switch from oxidative phosphorylation to glycolysis. Taken together, these results suggest
that PARK7 is involved in APAP-induced acute liver injury by regulating mitochondrial quality
control and metabolic reprogramming. Therefore, PARK7 may be a promising therapeutic target for
APAP-induced liver injury.

Keywords: PARK7; mitochondrial quality control; APAP; acute liver injury

1. Introduction

Drug-induced liver injury has become a public health problem that cannot be ig-
nored with the increasing number of reports of liver injury caused by various drugs.
Acetaminophen (APAP) is a widely used antipyretic and analgesic drug and is the drug
most closely related to liver damage. In view of the worldwide spread of COVID-19, many
patients in clinical practice have been taking APAP-containing drugs to relieve headache
and fever [1], increasing the risk of APAP poisoning. Currently, N-acetyl cysteine (NAC)
is a clear and effective antidote for APAP poisoning, but it can only be used in the early
stage of the disease and thus has a narrow treatment window [2]. In the United States,
APAP has become the most commonly used drug that causes acute liver failure [3], and
hepatotoxicity caused by APAP has also been reported in Asian populations [4]. In China,
APAP is an important factor second only to hepatitis B virus in causing liver failure. The
mechanism of hepatotoxicity of APAP has not been fully elucidated, but oxidative stress
and mitochondrial dysfunction are recognized as important mechanisms of APAP-induced
liver injury [5,6]. Mitochondria are key targets of APAP-induced hepatotoxicity [7]. The
intermediate NAPQI formed by excessive APAP in metabolism covalently binds with
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mitochondrial proteins, leading to mitochondrial oxidative stress and dysfunction and
ultimately to liver cell death [8,9].

As important organelles of eukaryotic cells, mitochondria are subject to strict quality
control [10]. Mitochondrial quality control eliminates mitochondrial damage or improves
mitochondrial quality control mechanisms and can restore mitochondrial homeostasis and
benefit liver health [11]. For example, it can improve liver fibrosis by regulating mitophagy
and mitochondrial biogenesis [12]. Autophagy is an intracellular pathway that main-
tains intracellular homeostasis by lysosomal degradation of intracellular macromolecules
and damaged or excess organelles. Mitochondrial autophagy, a form of autophagy, is an
evolutionarily conserved mechanism used for mitochondrial quality control and homeosta-
sis [13]. Autophagy is a key quality control mechanism that maintains liver homeostasis in
both parenchymal and nonparenchymal liver cells [14]. Autophagy disorders have been
widely studied in liver diseases, such as alcoholic liver injury, hepatocellular carcinoma
and viral hepatitis [15]. It has been reported that removal of APAP protein adducts through
autophagy can protect against APAP-induced liver injury in mice [16]. Pharmacological
inhibition of autophagy may aggravate APAP-induced liver injury [17]. Mitochondria are
the energy source of cells, and APAP-induced mitochondrial autophagy is an important
mechanism to maintain mitochondrial homeostasis, which can reduce ROS production and
decrease the oxidative stress level of liver cells by removing damaged mitochondria [18].
However, the regulatory mechanism of mitochondrial autophagy in the context of APAP
hepatotoxicity remains unclear.

APAP induces changes in mitochondrial stress proteins following mitochondrial stress,
including PRDX6, VDAC2, HSP70 and PARK7. The change in PARK7 is the most obvious.
PARK7 was identified as a mitochondrial stress protein in the primary 3D human liver
microtissue proteome after APAP exposure [19]. PARK7 is a protein-coding gene that has
been studied in the context of early Parkinson’s disease [20]. The PARK7 protein is involved
in a variety of biological pathways, including oxidative stress [21] and mitochondrial
regulation [22]. In CCL4-induced liver fibrosis, PARK7 deficiency alleviates fibrosis in mice
by inhibiting ROS production and liver damage [23]. However, how PARK7 regulates
mitochondrial quality control in APAP-induced acute liver injury has not been studied.

At present, the incidence of APAP liver injury is high, and the mechanism is unclear,
but it is closely related to mitochondria and ROS, which can cause mitochondrial stress
and changes in mitochondrial quality control, and mitochondrial stress-related molecules,
including PARK7. In this study, we aimed to observe changes in mitochondrial quality
control regulated by PARK7 and explore its role in the hepatotoxicity of APAP. We found
that excessive APAP can increase the expression of PARK7, while silencing PARK7 can pro-
tect against liver injury. Mechanistically, PARK7 protects against liver injury by promoting
autophagy and mitochondrial synthesis. Therefore, our results suggest that PARK7 may be
a potential therapeutic target for APAP-induced acute liver injury.

2. Materials and Methods
2.1. Materials

APAP (Bioxtra, ≥99.0%) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
RPMI-1640 medium, dual antibodies (penicillin and streptomycin), PBS, and 0.25% trypsin
were purchased from HyClone. Fetal bovine serum was purchased from Gibco. CCK-8
was purchased from Nanjing Enjing Biotechnology. An Annexin V/PI double staining
apoptosis kit and nuclear protein extraction kit were purchased from Nanjing Kaiji Biotech-
nology. Autophagy double standard adenovirus reagent was purchased from Han Heng
Biotechnology. A BCA protein quantitative kit, JC-1 and MitoSox were purchased from
Thermo Fisher. MitoTracker Red and transfection reagent were purchased from Invit-
rogen. The qPCR kit was purchased from AG Biotechnology, and the small interfering
RNA product was purchased from Beijing Qing Ke Biotechnology. The primary antibodies
used in this study included PARK7 (Abcam, #ab76008), LC3B (Abcam, #ab192890), P62
(Abcam, #ab109012), Keap1 (Abcam, #ab227828), Nrf2 (Abcam, #ab62352), PGC1-α (Affin-
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ity, #AF5395), NRF1 (Affinity, #AF5298), TFAM (Affinity, #AF0531), β-tubulin, actin, and
TBP antibodies and goat anti-rabbit IgG and goat anti-mouse IgG antibodies, which were
purchased from Affinity. All other chemicals were analytical grade chemicals provided by
commercial suppliers.

2.2. Cell Lines and Experimental Animals

The human normal liver cell line L02 was provided by Shanghai Institute of Cell
Biology, Chinese Academy of Sciences, using RPMI-1640 medium containing 10% FBS and
1% double antibody. The mouse normal liver cell line AML12 was purchased from Wuhan
Punosai Life Science and Technology. The medium composition was DMEM/F12 + 40 ng/mL
dexamethasone + insulin–transferrin–selenium + 10% FBS + 1% P/S Solution. Both kinds
of cells were cultured at 37 ◦C, CO2 volume fraction 5% and saturated humidity. The cells
in logarithmic growth phase were digested with 0.25% trypsin and then neutralized in
medium with an equal volume. The cells were beaten evenly and diluted into a single cell
suspension for use.

Male SPF C57/BL6 mice (weight 19–22 g, Certification No. SCXK(Shaanxi)2019-
001) were purchased from the Experimental Animal Center of Air Force Military Med-
ical University. Mice were randomly divided into four groups (10 in each group) with
0 mg/kg, 300 mg/kg, 400 mg/kg and 500 mg/kg APAP and treated with APAP or normal
saline. Mice in the control group were injected with normal saline and sacrificed 24 h later.
The mice were deprived of water and fasted the night before administration.

2.3. Mice Infected with AAV Adeno-Associated Virus

The livers of mice were infected with adeno-associated virus type 9 (Han Heng
Biotechnology, Shanghai, China). Male SPF C57/BL6 mice aged 4–5 weeks were placed in
a fixator with their tails exposed. The tails of the mice were wiped with an alcohol-soaked
cotton ball to dilate their blood vessels. The virus was thawed on ice, and 100 µL of virus
was injected into the tail vein with a microsyringe. The infection efficiency was detected
after 3 weeks of infection.

2.4. Serum Analysis and Histological Examination

The blood was placed at room temperature for 2 h and centrifuged at 3000× g for
20 min. Serum was collected, and ALT and AST levels were determined by a kit. Mice
were anaesthetized by isoflurane inhalation, and liver tissue was removed. Part of the mice
were fixed with 4% paraformaldehyde, dehydrated, embedded, sliced (LeicaRM2135 rotary
slicer, 4 µm) and stained with haematoxylin-eosin(HE). In addition, paraffin sections were
used for immunohistochemical staining, routinely dewaxed, incubated with 3% H2O2 for
20 min, washed with distilled water, sealed with serum, incubated with primary antibody
and secondary antibody, stained with DAB chromogenic agent, rinsed with water and
sealed with tablets. Finally, changes in the liver tissues of mice were observed under a
positive optical microscope (Nikon, Tokyo, Japan).

2.5. Frozen Section ROS and TUNNEL Experiments

Frozen sections were rewarmed at room temperature, and moisture was controlled. A
circle was drawn around the tissue, and autofluorescence quencher was added to the circle
for 5 min. The circle was then rinsed with running water for 10 min. ROS staining solution
was added to the circle, and the cells were incubated at 37 ◦C for 30 min in the dark. Then,
the nuclei were counterstained with DAPI, and the slices were sealed. Finally, the slices
were observed under a fluorescence microscope, and images were collected.

Frozen sections were fixed in 4% paraformaldehyde for 30 min, washed 3 times with
PBS, incubated with proteinase K working solution at 37 ◦C for 22 min, washed 3 times
with PBS, incubated with membrane breaking working solution, for 20 min, washed 3 times
with PBS, and then processed according to the instructions of the TUNNEL kit. The images
were observed and collected under a fluorescence microscope.
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2.6. Detection of the Cell Damage Index

Single-cell suspensions were inoculated in 96-well plates, 6-well plates and laser con-
focal dishes at the appropriate density, and the cells were mixed evenly during inoculation.
After all the cells adhered to the wall, different groups were treated with drugs for 24 h, and
96-well plates were treated with CCK-8 working solution at 37 ◦C for 2 h. The absorbance
at 450 nm was determined by an all-band microplate analyzer (Infinite M200 PRO, Austria).
The survival rate of L02 cells in each group was calculated according to the instructions
of the CCK-8 kit. Cells in the six-well plates were washed twice with PBS, and 500 µL
binding buffer, 5 µL of Annexin V and 5 µL of PI were added to each sample according to
the instructions of the Annexin V/PI kit. The cells were incubated at room temperature
in the dark for 15 min. Flow cytometry (BD Accuri C6, Piscataway, NJ, USA) was used
to detect apoptosis. Software analysis was used to draw a two-dispersion dot plot, with
FITC as the abscissa and PI as the ordinate. The apoptosis rate was calculated as the sum
of the percentages of early and late apoptosis. The laser confocal dishes were stained
according to the operating instructions of the MitoSox kit and JC-1 kit (mitochondrial ROS
and mitochondrial membrane potential were detected, respectively) and incubated at 37 ◦C
for 30 min in the dark. The staining solution was discarded, the cells were washed with
PBS twice, and laser confocal imaging (Olympus, Shinjuku City, Japan) was used.

2.7. Western Blotting and qPCR

Total protein was extracted with RIPA lysis buffer, and the liver tissue was thoroughly
ground in a tissue grinder (Xinzhi Bio, Ningbo), followed by ice lysis for 30 min and
centrifugation at 12,000× g for 20 min. The supernatant was preserved. Nuclear protein
was extracted with a nuclear protein extraction kit, washed twice with PBS, and then
analyzed according to the kit instructions. Protein samples were separated and transferred
to PVDF membranes by SDS—PAGE (Bio-Rad, Hercules, CA, USA) and blocked with skim
milk for 2 h. Primary antibody was added overnight at 4 ◦C. Secondary antibodies were
incubated the next day, washed with PBS, and developed by automatic chemiluminescence
(Bio-Rad, Hercules, CA, USA).

Total RNA was extracted from cells or tissues using a formulated lysed Buffer reagent
with a SteadyPure Generic RNA Extraction Kit (AG, AG21017). cDNA was synthesized
using an Evo M-MLV reverse transcription kit (AG, AG11706). A LightCycler sequence
detection system (BIO-RAD, CFX96, USA) was used for qRT—PCR analysis. The cycle
parameters were as follows: 95 ◦C for 30 s, 95 ◦C for 5 s 40 times, and 60 ◦C for 30 s 40 times.
Finally, CFX Manager 2.1 software (Bio-Rad, Hercules, CA, USA) was used for analysis.

2.8. Cell Transfection Experiment

The PARK7 gene accession numbers are NM _007262.5 (human) and NM _020569.3
(mouse). L02 cells were transfected with lentivirus. Prior to transfection, 6–8 × 106 cells
were seeded in a 10 cm cell culture dish and cultured in a 5% CO2 incubator at in 37 ◦C.
After 16–24 h, the cell density reached 80–90%, and transfection was performed. The vector
containing the shRNA of the target gene, the lentiviral packaging vector and buffer were
mixed in Eppendorf tubes, and the mixture was evenly added to the 10 cm cell culture
dish drop by drop and gently mixed. The cells were incubated in a 5% CO2 incubator at
37 ◦C. After 16 h of culture, the medium was discarded and replaced with 10 mL of fresh
complete medium. At 24 h after fluid exchange, the supernatant was collected and stored in
a refrigerator at 4 ◦C, 10 mL of fresh complete medium was added to the 10 cm cell culture
dish, and cell culture was continued at 37 ◦C in a 5% CO2 incubator. The supernatant was
collected again, mixed with the supernatant from the first collection, and centrifuged at
1000× g rpm for 5 min. The cell debris was discarded, and the supernatant was filtered
through a 0.45 µm PVDF filter into a 50 mL round-bottom centrifuge tube. After high-speed
centrifugation at 50,000× g for 2 h at 4 ◦C, the virus precipitate was resuspended by adding
PBS at 200 µL/10 cm petri dish, packaged into clean 1.5 mL Eppendorf tubes at 100 µL per
tube and stored in a refrigerator at −80 ◦C.
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AML12 cells were transfected with siRNA products, and the target gene siRNA was
prepared into 20 µmol/L storage solution with sterilized ddH2O and placed on ice. Then,
AML12 cells were transfected with the Park7 gene for siPARK7 silencing. The primer
sequence information is as follows:

M57320-siPark7-1-ss: GCACAGAAUUUAUCUGAGUTT,
M57320-siPark7-1-as: ACUCAGAUAAAUUCUGUGCTT.
M57320-siPark7-2-ss: GCUUGUUCUCAAAGACUAGTT,
M57320-siPark7-2-as: CUAGUCUUUGAGAACAAGCTT.
M57320-siPark7-3-ss: GUAAUGAUUUGUCCAGAUATT,
M57320-siPark7-3-as: UAUCUGGACAAAUCAUUACTT.

2.9. Immunofluorescence

The cells in the confocal petri dish were washed with PBS and fixed with 4% paraformalde-
hyde for 30 min. After washing with PBS three times, the membrane was lysed with 0.2%
Triton X-100-PBS for 10 min and sealed with serum-containing medium for 1 hour. The
cells were incubated with the primary antibody overnight. The next day, the fluorescence
secondary antibody was added and incubated for 30 min, and the nuclei were stained
with DAPI. After adding an appropriate amount of anti-fluorescence quenching agent, the
images were collected by laser confocal scanning.

2.10. Electron Microscopy

The cell samples were washed with PBS 3 times, fixed with 3% glutaraldehyde for
2 h, washed with PBS 3 times, fixed with 1% OsO4 for 1 h, and then subjected to gradient
dehydration and embedding treatment. Ultrathin sections were finally made and observed
by electron microscopy.

A small piece of liver tissue was fixed, dehydrated and embedded by infiltration. The
embedding plate was placed in a 60 ◦C oven for polymerization for 48 h, and the resin
block was removed for use. Ultrathin sections were prepared and stained. The copper mesh
sections were dried overnight at room temperature in the copper mesh box. Images were
collected and analyzed under a transmission electron microscope (Hitachi, Tokyo, Japan).

2.11. Autophagy Flux Detection

The cells were inoculated into a confocal dish, and when the cells adhered to the wall
and the density reached 40%, the autophagy double-label adenovirus (MRFP-GFP-LC3)
was transfected with light isolation for 4 h. When the cell density reached 80%, the cells
were treated with APAP. After 24 h, the solution was discarded, and the cells were fixed
with 4% paraformaldehyde for 10 min, washed with PBS three times, and photographed
under a laser confocal microscope.

2.12. Seahorse Experiment

Cells in each group (100 µL at a density of 105 cells/mL) were seeded in 24-well plates
with 150 mL of growth medium and incubated at 37 ◦C until they adhered. After that,
175 µL of the original growth medium was aspirated, and the cells were washed twice
with 600 µL of special test medium. Finally, 450 µL to 525 µL of medium was added to
observe the energy consumption of cells in each well under a microscope. After that, the
cells were placed in a non-CO2 incubator and incubated for 1 hour. Then, 75 µL APAP was
added to four replicate wells per condition according to the experimental design. Finally,
the instrument method was edited, the calibration plate was used for calibration, and then
the calibration plate was replaced with the cell plate to run the test (Agilent Technologies,
Santa Clara, CA, USA).
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2.13. Statistical Analysis

Experimental data were processed and analyzed using GraphPad Prism 8.0. One-way
ANOVA was used for comparisons between groups, and the data are expressed as the
mean ± SD. p < 0.05 was considered statistically significant.

3. Results
3.1. Establishment of the APAP Acute Liver Injury Model

Excess APAP is mainly metabolized by CYP2E1 enzyme, and we found that CYP2E1
expression was induced in human normal liver cells (L02) and mouse normal liver cells
(AML12) following APAP challenges (Figure S1A), indicating that these two cells are suit-
able for studying APAP toxicity. First, L02 and AML12 cells were treated with different
concentrations of APAP for 24 h, and the cell viability decreased with increasing APAP
concentration (Figures 1A and S1B). L02 cells were treated with 20 mM APAP, and AML12
cells were treated with 40 mM APAP. Then, indexes related to liver injury were detected, as
shown in Figures 1B and S1C. Apoptosis increased with increasing APAP concentration.
MitoSox red reagent was used to stain living cells, and gradually enhanced red fluores-
cence was observed, indicating that mitochondrial ROS increased with increasing APAP
concentration (Figures 1C and S1D,F). The fluorescence probe JC-1 was used to detect the
mitochondrial membrane potential, and red fluorescence gradually decreased and green
fluorescence gradually increased, indicating that the mitochondrial membrane potential
decreased with increasing APAP concentration (Figures 1D and S1E,G).
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Figure 1. Establishment of the APAP acute liver injury model. (A) Changes in cell viability were
measured after the L02 cells were treated with a gradient of concentrations of APAP, N = 6. * p < 0.05
vs. the Ctr group. (B) The apoptosis of L02 cells was detected by AnnexinV/PI double staining, N = 3.
* p < 0.05 vs. the Ctr group. (C) The changes in mitochondrial ROS in L02 cells were detected by
MitoSox staining, N = 3. (D) JC-1 staining was used to detect the change in mitochondrial membrane
potential in L02 cells, N = 3. (E) Serum ALT and AST activities were measured in C57BL/6 mice
treated with different doses of APAP, N=10. * p < 0.05 vs. the Ctr group, ** p < 0.01 vs. the Ctr group.
(F) HE staining, N = 3. (G) Frozen sections of mouse liver tissue were stained with ROS staining
solution to measure ROS changes, N = 3.

Moreover, as mice are the preferred animals for studying excessive APAP [24,25],
we selected C57/BL6 mice as experimental subjects and treated them with 0, 300, 400
and 500 mg/kg APAP for 24 h. Compared with those in the control group, serum ALT
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and AST levels were increased to varying degrees in all test groups and reached the peak
value in the 400 mg/kg APAP group (Figure 1E). HE staining results (Figure 1F) showed
that the liver tissue in the control group was normal in shape, with complete hepatic
lobule structure, no obvious expansion or extrusion of hepatic sinuses, and round and
plump liver cells without deformation or necrosis. No obvious pathological changes were
observed in the 300 mg/kg APAP group. In the 400 and 500 mg/kg APAP treatment
groups, liver lobules were destroyed, liver cells were denatured, liver cells were necrotic
around the central vein, and liver nuclei dissolved and disappeared. Frozen sections were
stained with ROS staining solution. Positive expression was indicated by red fluorescence,
and the fluorescence intensity was proportional to ROS. The results (Figure 1G) showed
that compared with the control group, ROS in the model group increased gradually with
increasing APAP dose. The above experimental results indicated that the APAP acute liver
injury model was established successfully.

3.2. PARK7 Expression Increased in the APAP Acute Liver Injury Model

After induction of the APAP acute liver injury model, we first detected changes in
several mitochondrial stress proteins and found that PARK7 changes were most significant
(Figure S2A). Then, we detected the expression of PARK7 in L02 cells, AML12 cells and C57
mice, as shown in Figures 2A and S2B. The PCR results showed that PARK7 increased with
increasing APAP concentration or dose. Moreover, Western blotting, immunofluorescence
and immunohistochemistry of cells or animals also showed that PARK7 increased with
increasing APAP concentration or dose (Figures 2B,C and S2C).
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Figure 2. PARK7 expression increased in the APAP acute liver injury model. (A) PARK7 mRNA
expression was detected in L02 cells and mouse liver tissues, N = 3. * p < 0.05 vs. the Ctr group.
(B) Western blotting (WB) and statistical analysis of PARK7 protein in L02 cells, N = 3. * p < 0.05 vs. the
Ctr group. (C) The expression of PARK7 in liver tissue of mice was detected by immunohistochemical
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staining, N = 3. (D) Immunofluorescence staining and nucleation analysis of L02 cells, N = 3. * p < 0.05
vs. the Ctr group. (E) Immunofluorescence staining and nucleation analysis of mouse liver tissues,
N = 3. * p < 0.05 vs. the Ctr group. C represents the cytoplasm and N represents the nucleus.

Under oxidative stress, PARK7 localized in the cytoplasm translocates to the nu-
cleus [26]. This effect was also observed in the APAP acute liver injury model. As shown
in Figure 2D, immunofluorescence and Western blot experiments showed that 20 mM
APAP could induce PARK7 to enter the nucleus, and the expression of PARK7 nuclear
protein was most significant at this concentration. Immunofluorescence and Western blot
analysis of nuclear protein in C57 mouse liver tissue (Figure 2E) also showed that PARK7
nucleation was observed, and the changes were most obvious in the 400 and 500 mg/kg
APAP treatment groups.

3.3. Silencing PARK7 Alleviated APAP-Induced Acute Liver Injury

Since PARK7 expression increased after APAP treatment, we investigated the function
of the PARK7 molecule. Lentivirus was used to silence PARK7 in L02 cells (Figure S3A,B),
siRNA was used to silence the PARK7 gene in AML12 cells (Figure S3C–E), and C57
mice were treated with AAV virus (Figure S3F,G). The results showed that the PARK7
silencing/knockdown model was successfully constructed.

We then examined functional measures. As shown in Figure 3A,C, compared with that
in the shNC group, the cell viability of the shNC+APAP group was decreased. Compared
with the shNC+APAP group, the shPARK7+APAP group showed increased cell viability.
The results of cell apoptosis analysis (Figure 3B,D) showed that compared with that in
the shNC group, the degree of cell apoptosis in the shNC+APAP group was increased.
Compared with that in the ShNC+APAP group, the apoptosis rate of shPARK7+APAP
cells was decreased. After drug intervention in mice (Figure 3E), compared with those in
the WT+APAP group, the serum ALT and AST indexes were significantly reduced in the
PARK7 knockdown group, as shown in Figure 3F. The HE staining (Figure 3G) showed
that compared with that in the WT+APAP group, the degree of liver injury in mice was
reduced in the PARK7 knockdown group. The TUNEL staining results (Figure 3H) showed
that compared with that in the WT+APAP group, the degree of liver tissue apoptosis was
reduced in the PARK7 knockdown group. These results indicated that silencing PARK7
could attenuate APAP-induced acute liver injury.

3.4. Silencing PARK7 Promoted Mitochondrial Autophagy

To investigate the relationship between PARK7 and mitochondrial autophagy in
APAP-induced acute liver injury, we examined the changes in key autophagy proteins,
mitochondrial ultrastructure, and autophagosomes. As shown in Figure 4A, compared
with that in the shNC group, the expression of LC3 protein in the shNC+APAP group
increased, while the expression of P62 protein decreased. Compared with that in the
shNC+APAP group, LC3 protein expression was increased and P62 protein expression was
decreased in the shPARK7+APAP group. Electron microscopy (Figure 4B) showed that
mitochondria in the shNC group were oval or short rod-shaped with uniform size, and no
autophagosomes were produced. In the shNC+APAP group, mitochondria swelled, matrix
density decreased, and autophagosomes were activated. The shPARK7 group had elliptical
mitochondria without autophagosomes. The shPARK7+APAP group exhibited reduced
mitochondrial swelling and increased autophagosome formation.
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Figure 3. Silencing PARK7 protected against APAP-induced liver injury. (A) L02 cell viability under
APAP intervention with or without PARK7 silencing, N = 6. (B) Apoptosis of L02 cells treated
with APAP with or without PARK7 silencing, N = 3. ** p < 0.01 vs. shNC group, ## p < 0.01 vs.
shNC+APAP group. (C) Changes in the viability of AML12 cells with or without PARK7 silencing,
N = 6. (D) Apoptosis of AML12 cells with or without PARK7 silencing, N = 3. ** p < 0.01 vs. NC
group, ## p < 0.01 vs. NC+APAP group. (E) Schematic representation of drug intervention in mice.
(F) Changes in serum ALT and AST in mice after PARK7 knockdown, N = 10. ** p < 0.01 vs. WT
group, ## p < 0.01 vs. WT+APAP group. (G) Changes in HE staining after PARK7 knockdown, N = 3.
(H) TUNEL staining changes after PARK7 knockdown, N = 3.

The WB results for mouse liver tissue are shown in Figure 4C. Compared with the WT
group, LC3 and P62 protein expression increased in in the WT+APAP group. Compared
with the WT+APAP group, LC3 protein expression in the PARK7−/−+APAP group in-
creased, and P62 protein expression decreased. P62 protein expression may have increased
because P62 is a stress protein, whose expression is greatly up-regulated under toxic stimu-
lation or stress conditions; this process is mainly regulated by transcription factor EB (TFEB).
Electron microscopy of mouse liver tissue (Figure 4D) showed that autophagosomes were
also present in the PARK7 knockdown group; the other changes were basically consistent
with those observed in L02 cells by electron microscopy.
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Figure 4. Silencing PARK7 promoted mitochondrial autophagy. (A) Changes in LC3 and P62
proteins in APAP-treated L02 cells with and without PARK7 silencing and statistical analysis, N = 3.
** p < 0.01 vs. shNC group, ## p < 0.01 vs. shNC+APAP group. (B) Ultrastructural changes in
mitochondria and autophagosomes in L02 cells under APAP intervention with or without PARK7
silencing, N = 3. M represents mitochondria, and the red arrow represents autophagosomes. (C) WB
and statistical analysis of LC3 and P62 proteins in liver tissue of mice with and without APAP
intervention with PARK7 knockdown, N = 3. ** p < 0.01 vs. WT group, ## p < 0.01 vs. WT+APAP
group. (D) Ultrastructural changes in mitochondria and autophagosomes in liver tissue of mice with
and without APAP intervention with PARK7 knockdown, N = 3. Black arrows indicate enlarged
images of autophagosomes. (E) Changes in autophagy flux in APAP-treated L02 cells with or without
PARK7 silencing, N = 3. * p < 0.05 vs. shNC group, # p < 0.05 vs. shNC+APAP group.

To further observe the phenomenon of autophagy, we used the autophagy double-
label adenovirus to monitor the changes in autophagic flux in real time (Figure 4E) and
observed the strength of autophagic flux by spot counting. Compared with the shNC group,
autophagic flux was activated in the shNC+APAP group. Compared with the shNC+APAP
group, autophagic flux was enhanced in the shPARK7+APAP group. After treatment
with chloroquine (10 µM), the expression of LC3 in both the shNC+APAP group and
shPARK7+APAP group increased (Figure S4A,B), indicating that chloroquine inhibits the
fusion of autophagosomes and lysosomes, leading to the failure of autophagy. Therefore,
PARK7 inhibits mitochondrial autophagy in APAP-induced acute liver injury models, but
silencing PARK7 can reverse this phenomenon.

3.5. The Protective Effect of PARK7 Silencing Was Not Due to Antioxidant Activity

Subsequently, we wondered whether the protective effect of PARK7 silencing was
caused by the enhancement of the antioxidant effect. We first detected mitochondrial
ROS, and the results (Figures 5A and S5A,B) showed that mitochondrial ROS increased
in the shNC+APAP group compared with the shNC group. Compared with that in the
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shNC+APAP group, mitochondrial ROS decreased in the shPARK7+APAP group. The
ROS changes in frozen sections of mouse liver tissue (Figure 5B) were consistent with the
cell results. As shown in Figure 5C, the antioxidant protein Nrf2 was nucleated under
APAP stimulation and dissociated from Keap1. Compared with that in the shNC group,
the expression of Keap1 was decreased and the expression of Nrf2 was increased in the
shNC+APAP group. Compared with that in the shNC+APAP group, the expression of
Keap1 was increased and the expression of NRF2 was decreased in the shPARK7+APAP
group. The expression levels of NQO1, HO-1, SOD2 and CAT in the shNC+APAP group
were increased compared with those in the shNC group (Figure 5C,D). Compared with
those in the shNC+APAP group, the expression levels of NQO1, HO-1, SOD2 and CAT
were decreased in the shPARK7+APAP group. Therefore, the protective effect of PARK7
silencing was not caused by increased antioxidant activity.
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Figure 5. The protective effect of PARK7 silencing was not due to antioxidant activity. (A) Changes
in mitochondrial ROS in L02 cells treated with APAP with or without PARK7 silencing, N = 3.
(B) Changes in mitochondrial ROS in liver tissue of mice with or without APAP intervention with
PARK7 knockdown, N = 3. (C) WB and statistical analysis of Keap1, Nrf2, NQO1, HO-1, SOD2 and
CAT proteins under APAP intervention with or without PARK7 silencing, N = 3. (D) Changes in
mRNA levels of NQO1, HO-1, SOD2 and CAT under APAP intervention with or without PARK7
silencing, N = 3. ** p < 0.01 vs. ShNC group, # p < 0.05 vs. ShNC+APAP group, ## p < 0.01 vs.
ShNC+APAP group. C represents the cytoplasm and N represents the nucleus.

3.6. The Protective Effect of Silencing PARK7 Was Related to Mitochondrial Synthesis and
Metabolic Reprogramming

Peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) plays a key
role in regulating mitochondrial biogenesis and oxidative metabolism [27]. The protein
expression levels of PGC1-α and its downstream nuclear respiratory factor 1 (NRF1) and
mitochondrial transcription factor A (TFAM) were detected, as shown in Figure 6A. Com-
pared with the shNC group, the expression levels of PGC1-α, NRF1 and TFAM were all
decreased in the shNC+APAP group. Compared with the shNC+APAP group, the expres-
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sion levels of PGC1-α, NRF1 and TFAM were increased in the shPARK7+APAP group. The
gene expression levels of PGC1-α, NRF1 and TFAM were basically consistent with the
protein expression levels (Figure S6A). The protein expression levels of PGC-1α, NRF1 and
TFAM in mouse liver tissues (Figure 6B) were consistent with the cellular results.
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Figure 6. Changes in mitochondrial-related indexes after PARK7 silencing. (A) Changes in mi-
tochondrial synthesis proteins in APAP-treated L02 cells with and without PARK7 silencing and
statistical analysis, N = 3. * p < 0.05 vs. ShNC group, ** p < 0.01 vs. ShNC group, # p < 0.05 vs.
ShNC+APAP group, ## p < 0.01 vs. ShNC+APAP group. (B) WB and statistical analysis of the
mitochondrial synthetic proteins PGC-1α, NRF1 and TFAM in the liver tissue of mice with or without
APAP intervention with PARK7 knockdown, N = 3, * p < 0.05 vs. WT group, ** p < 0.01 vs. WT group,
## p < 0.01 vs. WT+APAP group. (C,D) Changes in mitochondrial respiratory function and glycolytic
function under APAP intervention with or without PARK7 silencing, N = 3. * p < 0.05 vs. shNC group,
** p < 0.01 vs. shNC group, # p < 0.05 vs. shNC+APAP group, ## p < 0.01 vs. shNC+APAP group.

The Seahorse experiment results showed (Figure 6C,D) that basal respiration, maximal
respiration and ATP production decreased significantly in the shNC+APAP group com-
pared with the shNC group. Silencing PARK7 did not reverse this phenomenon. Compared
with those in the shNC group and shNC+APAP group, the glycolysis, glycolysis capacity
and glycolytic reserve of PARK7-silenced cells were significantly increased. As shown
in Figure S6B, compared with that in the shNC group, the ECAR increased after PARK7
silencing, indicating that the main energy metabolism pathways of the cells shifted from
oxidative phosphorylation to glycolysis.

4. Discussion

Mitochondria, as essential organelles in cells, are the main sites of ROS production.
In recent years, oxidative stress and mitochondrial dysfunction have been considered key
events in the pathogenesis of hepatotoxicity of APAP. Moreover, it is generally believed
that there is a causal relationship between mitochondrial dysfunction and oxidative stress
caused by excessive APAP [6]. In addition, mitochondrial quality control systems, including
mitochondrial autophagy and mitochondrial synthesis, have attracted increasing atten-
tion [10]. The results of this study mainly demonstrated that silencing PARK7 initiated mito-
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chondrial autophagy to remove damaged mitochondria and reduced ROS level. In addition,
silencing PARK7 promoted mitochondrial synthesis and replaced damaged mitochondria.

Repeated doses of acetaminophen given for therapeutic reasons have been reported
to cause hepatotoxicity in adults and children. APAP blood levels in these cases ranged
from 0 to 23 mg/mL [28]. A concentration of 23 mg/mL is equivalent to 152 mM, so the
concentration of 20 or 40 mM APAP given to the cells in this study should be achievable for
the patient. Toxic doses of APAP can lead to mitochondrial damage [29]. We observed an
increase in mitochondrial ROS levels and a decrease in mitochondrial membrane potential
in cells treated with gradient concentrations of APAP. In a mouse model of APAP liver
injury, serum ALT and AST activities increased after 24 h of APAP treatment at a toxic dose.
Liver histopathology showed significant changes in central lobular necrosis and increased
ROS levels in frozen sections. Lobular central hepatocytes have a strong hepatotoxicity
susceptibility to APAP, which may be due to the enhanced expression of CYP2E1 and the
low storage level of GSH [30].

Under APAP stimulation, mitochondrial oxidative stress was enhanced, and PARK7
expression increased with increasing APAP concentration. Recent studies have demon-
strated reduced severity of liver injury and reduced mortality rates in PARK7 knockout
mice [31]. Similarly, we observed this phenomenon in cell and animal models.

Studies have shown that autophagy plays a protective role in APAP-induced liver
injury, and autophagy is enhanced after excessive APAP treatment and acts as a defense
mechanism to remove damaged mitochondria [32–34]. Mitochondria are organelles that
can regulate autophagy and are the main source of ROS in the autophagy signaling pathway.
Mitochondrial autophagy protects cells from oxidative damage by eliminating the source
of oxidative stress [35]. Mitochondrial autophagy can protect against APAP-induced acute
liver injury in mice [36]. Our results showed that compared with that in the control group,
the LC3 level increased, the P62 level decreased and the number of autophagosomes in-
creased after APAP treatment. As a marker of autophagy, LC3 participates in the formation
of autophagosomes and is used to monitor autophagy activity [37]. The LC3-II/I ratio is
used to estimate the level of autophagy. P62 is a selective autophagy adapter protein that
also degrades with the substrate during lysosomal degradation. Therefore, an increased
level of P62 is generally considered a marker of inhibition of autophagy activity [38]. Fur-
thermore, we found that autophagy was significantly enhanced after silencing PARK7
compared with APAP treatment alone. On the one hand, LC3 expression increased, and the
electron microscopy results showed that the accumulation of autophagosomes increased.
On the other hand, autophagic flux was enhanced after infection with mRFP-GFP-LC3. In
summary, our results suggest that mitochondrial autophagy is enhanced after silencing
PARK7. In addition, ROS can regulate autophagy by directly affecting the core mecha-
nism of autophagy [39]. Therefore, autophagy activation may be a protective response to
oxidative stress after APAP exposure.

Oxidative stress refers to a state of imbalance between oxidation and antioxidant
effects in the body. APAP leads to mitochondrial stress and produces a large number of
ROS. Nrf2 is known to be a core regulator of antioxidant activity and interacts with Keap1.
Under oxidative stress, stimulated by mitochondrial ROS, Nrf2 is separated from Keap1
and enters the nucleus to bind with antioxidant response elements (AREs), triggering the
expression of downstream antioxidant enzymes [40]. High doses of APAP metabolites not
only deplete glutathione reserves but also cause the breakdown of the liver’s antioxidant
defense system [41]. We investigated the expression of Nrf2 and its downstream antioxidant
enzymes, and the results showed that compared with those in the normal control group, the
expression levels of Nrf2 and its downstream factors NQO1, HO-1, SOD2 and CAT were
increased after APAP treatment. However, after silencing PARK7, the expression levels
of Nrf2 and its downstream antioxidant molecules were decreased by APAP intervention.
These results indicated that when a large number of mitochondrial ROS were produced by
APAP stimulation, the antioxidant capacity was enhanced to initiate the protective effect;
when PARK7 was silenced, mtROS production was reduced, and the antioxidant effect
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was weakened. In conclusion, the protective effect of silencing PARK7 was not mediated
by antioxidants.

The mitochondrial quality control system is crucial for maintaining mitochondrial
function [42]. As mitochondria are the main targets of NAPQI, mitochondrial quality con-
trol, which includes mitochondrial biogenesis and mitochondrial autophagy, has become an
important strategy to reduce ROS and liver injury [43]. Mitochondrial biogenesis is crucial
for the normal regeneration and homeostasis of cells, and it maintains key cellular pro-
cesses such as respiration and metabolism by promoting mitochondrial regeneration [44].
Induction of mitochondrial biogenesis protects against APAP-induced liver injury [45]. Per-
oxisome proliferator-activated receptor γ-coactivator 1α (PGC-1α) is an important regulator
of mitochondrial biogenesis [27] that controls a series of downstream targets, including
NRF1 and TFAM. With excessive APAP, PGC-1 α expression is decreased [46]. Our results
showed that the expression of PGC1-α, NRF1 and TFAM decreased after APAP intervention
compared with the control group. However, the expression of PGC1-α, NRF1 and TFAM
increased after PARK7 silencing and APAP intervention. These results indicated that APAP,
through NAPQI, consumed GSH, caused oxidative stress, disrupted the structure and func-
tion of mitochondria and blocked the generation of mitochondria, while silencing PARK7
promoted the generation of mitochondria. In addition, the Seahorse assay showed that the
energy metabolism pathway in cells after PARK7 silencing shifted from oxidative phospho-
rylation to glycolysis. These results indicate that in a hypoxic environment, PARK7-silenced
cells change their glucose metabolism mode from oxidative phosphorylation to glycolysis,
which enables cells to survive in a hypoxic environment and maintain the balance of redox
reactions; this is referred to as the metabolic reprogramming phenomenon. Switching cells
from aerobic metabolism to anaerobic glycolysis is a protective mechanism that reduces
mitochondrial ROS production.

5. Conclusions

In conclusion, this study suggests that silencing PARK7 enhances mitochondrial qual-
ity control. On the one hand, it removes damaged mitochondria by enhancing autophagy.
On the other hand, by increasing mitochondrial biosynthesis to renew mitochondria, the
two work together to protect APAP-induced acute liver injury (Figure 7). Therefore, we pro-
pose that PARK7 may be a potential therapeutic target in APAP-induced acute liver injury.
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After silencing PARK7, the level of ROS decreased by activating mitophagy to clear
damaged mitochondria. In addition, silencing PARK7 promoted mitochondrial synthesis
and replaced damaged mitochondria.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11112128/s1, Figure S1: Establishment of the APAP acute
liver injury model. (A) The mRNA expression of CYP2E1 was detected in C57 mice, L02 cells
and AML12 cells, and the groups were control and APAP groups, N = 3. * p < 0.05 vs. the Ctr
group. ** p < 0.01 vs. the Ctr group. (B) AML12 cells were treated with gradient concentrations
of APAP to detect changes in cell viability, N = 6. * p < 0.05 vs. the Ctr group. (C) AML12 cell
apoptosis was detected by AnnexinV/PI double staining, N = 3. * p < 0.05 vs. the Ctr group.
(D) MitoSox staining was used to detect the change of mitochondrial ROS in AML12 cells, N = 3.
(E) Changes in mitochondrial membrane potential of AML12 cells detected by JC-1 staining, N = 3.
(F) MitoSox stained cells tested by flow cytometry. (G) JC-1 stained cells tested by flow cytometry;
Figure S2: PARK7 expression increased in the APAP acute liver injury model. (A) mRNA changes
of mitochondrial stress molecules in L02 cells, N = 3. * p < 0.05 vs. the Ctr group. (B) Expression of
PARK7 mRNA in AML12 cells, N = 3. * p < 0.05 vs. the Ctr group; (C) Immunofluorescence staining
of PARK7 in AML12 cells, N = 3; Figure S3: Validation of PARK7 silencing efficiency. (A) PARK7
silencing was verified by WB and PCR in L02 cells, N = 3. * p < 0.05 vs. the Ctr group. (B) Changes
in PARK7 expression detected by WB and PCR in response to APAP intervention in groups with or
without PARK7 silencing, N = 3. ** p < 0.01 vs. shNC group, ## p < 0.01 vs. shNC+APAP group.
(C) PARK7 silencing was verified by WB and PCR in AML12 cells, N = 3. * p < 0.05 vs. the Ctr
group. (D) PCR changes in PARK7 in AML12 cells in response to APAP intervention with or without
PARK7 silencing, N = 3. ** p < 0.01 vs. NC group, ## p < 0.01 vs. NC+APAP group. (E) The results
of immunofluorescence staining of PARK7 in AML12 cells under the intervention of APAP with or
without PARK7 silencing, N = 3. (F) C57BL/6 mice were transfected with AAV virus, and liver tissue
sections were used to detect the transfection effect with fluorescence. (G) PCR and WB validation
of the PARK7 knockdown effect in C57 mice, N = 3. ** p < 0.01 vs. WT group; Figure S4: Silencing
PARK7 promoted mitochondrial autophagy. (A) Changes in cell viability were detected after L02
cells were treated with different concentrations of chloroquine, N = 6. (B) LC3 protein changes in
cells with and without PARK7 silencing and APAP and chloroquine intervention, N = 3; Figure S5:
Changes in antioxidant-related proteins after silencing PARK7. (A) Changes of mitochondrial ROS
in AML12 cells interfered with APAP with or without PARK7 silencing, N = 3. (B) MitoSox stained
cells tested by flow cytometry; Figure S6: Changes in mitochondrial-related indexes after PARK7
silencing. (A)mRNA changes of mitochondrial syn-thetic genes PGC-1α, NRF1 and TFAM under
APAP intervention with or without PARK7 silencing, N = 3. ** p < 0.01 vs. ShNC group, # p < 0.05 vs.
ShNC+APAP group, ## p < 0.01 vs. ShNC+APAP group. (B) Changes in mitochondrial ECAR and
OCR under APAP intervention with or without PARK7 silencing.
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19. Bruderer, R.; Bernhardt, O.M.; Gandhi, T.; Miladinović, S.M.; Cheng, L.Y.; Messner, S.; Ehrenberger, T.; Zanotelli, V.; Butscheid, Y.;

Escher, C.; et al. Extending the limits of quantitative proteome profiling with data-independent acquisition and application to
acetaminophen-treated three-dimensional liver microtissues. Mol. Cell Proteom. 2015, 14, 1400–1410. [CrossRef]

20. Matsuda, N.; Kimura, M.; Queliconi, B.B.; Kojima, W.; Mishima, M.; Takagi, K.; Koyano, F.; Yamano, K.; Mizushima, T.; Ito, Y.;
et al. Parkinson’s disease-related DJ-1 functions in thiol quality control against aldehyde attack in vitro. Sci. Rep. 2017, 7, 12816.
[CrossRef]

21. Yin, L.; Li, H.; Liu, Z.; Wu, W.; Cai, J.; Tang, C.; Dong, Z. PARK7 Protects Against Chronic Kidney Injury and Renal Fibrosis by
Inducing SOD2 to Reduce Oxidative Stress. Front. Immunol. 2021, 12, 690697. [CrossRef]

22. Burbulla, L.F.; Song, P.; Mazzulli, J.R.; Zampese, E.; Wong, Y.C.; Jeon, S.; Santos, D.P.; Blanz, J.; Obermaier, C.D.; Strojny, C.; et al.
Dopamine oxidation mediates mitochondrial and lysosomal dysfunction in Parkinson’s disease. Science 2017, 357, 1255–1261.
[CrossRef]

23. Yu, Y.; Sun, X.; Gu, J.; Yu, C.; Wen, Y.; Gao, Y.; Xia, Q.; Kong, X. Deficiency of DJ-1 Ameliorates Liver Fibrosis through Inhibition of
Hepatic ROS Production and Inflammation. Int. J. Biol. Sci. 2016, 12, 1225–1235. [CrossRef]

24. Mcgill, M.R.; Jaeschke, H. Animal models of drug-induced liver injury. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 1031–1039.
[CrossRef]

25. Maes, M.; Vinken, M.; Jaeschke, H. Experimental models of hepatotoxicity related to acute liver failure. Toxicol. Appl. Pharmacol.
2016, 290, 86–97. [CrossRef]

26. Kim, S.J.; Park, Y.J.; Hwang, I.Y.; Youdim, M.B.; Park, K.S.; Oh, Y.J. Nuclear translocation of DJ-1 during oxidative stress-induced
neuronal cell death. Free Radic. Biol. Med. 2012, 53, 936–950. [CrossRef]

27. Bost, F.; Kaminski, L. The metabolic modulator PGC-1α in cancer. Am. J. Cancer Res. 2019, 9, 198–211.
28. Kozer, E.; Barr, J.; Bulkowstein, M.; Avgil, M.; Greenberg, R.; Matias, A.; Petrov, I.; Berkovitch, M. A prospective study of multiple

supratherapeutic acetaminophen doses in febrile children. Vet. Hum. Toxicol. 2002, 44, 106–109.

http://doi.org/10.1002/hep.31480
http://www.ncbi.nlm.nih.gov/pubmed/32702162
http://doi.org/10.1159/000374090
http://doi.org/10.1016/j.jhep.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28734939
http://doi.org/10.11622/smedj.2016170
http://www.ncbi.nlm.nih.gov/pubmed/27752704
http://doi.org/10.1016/j.redox.2016.10.001
http://doi.org/10.3109/03602532.2011.602688
http://www.ncbi.nlm.nih.gov/pubmed/22229890
http://doi.org/10.3727/105221617X15084371374138
http://www.ncbi.nlm.nih.gov/pubmed/29054140
http://doi.org/10.1016/j.redox.2018.04.019
http://www.ncbi.nlm.nih.gov/pubmed/29753208
http://doi.org/10.1007/s00204-019-02597-1
http://www.ncbi.nlm.nih.gov/pubmed/31641808
http://doi.org/10.1126/science.aaw9855
http://www.ncbi.nlm.nih.gov/pubmed/31416937
http://doi.org/10.1080/1061186X.2021.1909051
http://doi.org/10.1111/jpi.12319
http://doi.org/10.1016/j.jmb.2019.06.032
http://doi.org/10.1016/j.jhep.2019.08.026
http://doi.org/10.1038/nrgastro.2016.185
http://doi.org/10.1016/j.jhep.2016.04.025
http://doi.org/10.1002/hep.24690
http://doi.org/10.1007/s00204-018-2237-5
http://doi.org/10.1074/mcp.M114.044305
http://doi.org/10.1038/s41598-017-13146-0
http://doi.org/10.3389/fimmu.2021.690697
http://doi.org/10.1126/science.aam9080
http://doi.org/10.7150/ijbs.15154
http://doi.org/10.1016/j.bbadis.2018.08.037
http://doi.org/10.1016/j.taap.2015.11.016
http://doi.org/10.1016/j.freeradbiomed.2012.05.035


Antioxidants 2022, 11, 2128 17 of 17

29. Mcgill, M.R.; Sharpe, M.R.; Williams, C.D.; Taha, M.; Curry, S.C.; Jaeschke, H. The mechanism underlying acetaminophen-induced
hepatotoxicity in humans and mice involves mitochondrial damage and nuclear DNA fragmentation. J. Clin. Investig. 2012,
122, 1574–1583. [CrossRef]

30. Ramachandran, A.; Jaeschke, H. A mitochondrial journey through acetaminophen hepatotoxicity. Food Chem. Toxicol. 2020,
140, 111282. [CrossRef]

31. Wang, B.; Li, J.; Jiao, J.; Xu, M.; Luo, Y.; Wang, F.; Xia, Q.; Gao, Y.; Feng, Y.; Kong, X.; et al. Myeloid DJ-1 deficiency protects
acetaminophen-induced acute liver injury through decreasing inflammatory response. Aging 2021, 13, 18879–18893. [CrossRef]

32. Allaire, M.; Rautou, P.E.; Codogno, P.; Lotersztajn, S. Autophagy in liver diseases: Time for translation? J. Hepatol. 2019,
70, 985–998. [CrossRef]

33. Tan, Q.; Liu, Y.; Deng, X.; Chen, J.; Tsai, P.J.; Chen, P.H.; Ye, M.; Guo, J.; Su, Z. Autophagy: A promising process for the treatment
of acetaminophen-induced liver injury. Arch. Toxicol. 2020, 94, 2925–2938. [CrossRef]

34. Williams, J.A.; Ding, W.X. Role of autophagy in alcohol and drug-induced liver injury. Food Chem. Toxicol. 2020, 136, 111075.
[CrossRef]

35. Filomeni, G.; De Zio, D.; Cecconi, F. Oxidative stress and autophagy: The clash between damage and metabolic needs. Cell Death
Differ. 2015, 22, 377–388. [CrossRef]

36. Shan, S.; Shen, Z.; Zhang, C.; Kou, R.; Xie, K.; Song, F. Mitophagy protects against acetaminophen-induced acute liver injury in
mice through inhibiting NLRP3 inflammasome activation. Biochem. Pharmacol. 2019, 169, 113643. [CrossRef]

37. Schaaf, M.B.; Keulers, T.G.; Vooijs, M.A.; Rouschop, K.M. LC3/GABARAP family proteins: Autophagy-(un)related functions.
FASEB J. 2016, 30, 3961–3978. [CrossRef]

38. Katsuragi, Y.; Ichimura, Y.; Komatsu, M. p62/SQSTM1 functions as a signaling hub and an autophagy adaptor. FEBS J. 2015,
282, 4672–4678. [CrossRef]

39. Zhou, J.; Li, X.Y.; Liu, Y.J.; Feng, J.; Wu, Y.; Shen, H.M.; Lu, G.D. Full-coverage regulations of autophagy by ROS: From induction
to maturation. Autophagy 2022, 18, 1240–1255. [CrossRef]

40. Kasai, S.; Shimizu, S.; Tatara, Y.; Mimura, J.; Itoh, K. Regulation of Nrf2 by Mitochondrial Reactive Oxygen Species in Physiology
and Pathology. Biomolecules 2020, 10, 320. [CrossRef]

41. Shen, Z.; Wang, Y.; Su, Z.; Kou, R.; Xie, K.; Song, F. Activation of p62-keap1-Nrf2 antioxidant pathway in the early stage of
acetaminophen-induced acute liver injury in mice. Chem. Biol. Interact. 2018, 282, 22–28. [CrossRef] [PubMed]

42. Yoo, S.M.; Jung, Y.K. A Molecular Approach to Mitophagy and Mitochondrial Dynamics. Mol. Cells 2018, 41, 18–26. [PubMed]
43. Moles, A.; Torres, S.; Baulies, A.; Garcia-Ruiz, C.; Fernandez-Checa, J.C. Mitochondrial-Lysosomal Axis in Acetaminophen

Hepatotoxicity. Front. Pharmacol. 2018, 9, 453. [CrossRef] [PubMed]
44. Jaeschke, H.; Duan, L.; Nguyen, N.; Ramachandran, A. Mitochondrial Damage and Biogenesis in Acetaminophen-induced Liver

Injury. Liver Res. 2019, 3, 150–156. [CrossRef] [PubMed]
45. Du, K.; Ramachandran, A.; Mcgill, M.R.; Mansouri, A.; Asselah, T.; Farhood, A.; Woolbright, B.L.; Ding, W.-X.; Jaeschke, H.

Induction of mitochondrial biogenesis protects against acetaminophen hepatotoxicity. Food Chem. Toxicol. 2017, 108, 339–350.
[CrossRef]

46. Yan, M.; Jin, S.; Liu, Y.; Wang, L.; Wang, Z.; Xia, T.; Chang, Q. Cajaninstilbene Acid Ameliorates Acetaminophen-Induced
Liver Injury Through Enhancing Sestrin2/AMPK-Mediated Mitochondrial Quality Control. Front. Pharmacol. 2022, 13, 824138.
[CrossRef]

http://doi.org/10.1172/JCI59755
http://doi.org/10.1016/j.fct.2020.111282
http://doi.org/10.18632/aging.203340
http://doi.org/10.1016/j.jhep.2019.01.026
http://doi.org/10.1007/s00204-020-02780-9
http://doi.org/10.1016/j.fct.2019.111075
http://doi.org/10.1038/cdd.2014.150
http://doi.org/10.1016/j.bcp.2019.113643
http://doi.org/10.1096/fj.201600698R
http://doi.org/10.1111/febs.13540
http://doi.org/10.1080/15548627.2021.1984656
http://doi.org/10.3390/biom10020320
http://doi.org/10.1016/j.cbi.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/29331651
http://www.ncbi.nlm.nih.gov/pubmed/29370689
http://doi.org/10.3389/fphar.2018.00453
http://www.ncbi.nlm.nih.gov/pubmed/29867464
http://doi.org/10.1016/j.livres.2019.10.002
http://www.ncbi.nlm.nih.gov/pubmed/32655976
http://doi.org/10.1016/j.fct.2017.08.020
http://doi.org/10.3389/fphar.2022.824138

	Introduction 
	Materials and Methods 
	Materials 
	Cell Lines and Experimental Animals 
	Mice Infected with AAV Adeno-Associated Virus 
	Serum Analysis and Histological Examination 
	Frozen Section ROS and TUNNEL Experiments 
	Detection of the Cell Damage Index 
	Western Blotting and qPCR 
	Cell Transfection Experiment 
	Immunofluorescence 
	Electron Microscopy 
	Autophagy Flux Detection 
	Seahorse Experiment 
	Statistical Analysis 

	Results 
	Establishment of the APAP Acute Liver Injury Model 
	PARK7 Expression Increased in the APAP Acute Liver Injury Model 
	Silencing PARK7 Alleviated APAP-Induced Acute Liver Injury 
	Silencing PARK7 Promoted Mitochondrial Autophagy 
	The Protective Effect of PARK7 Silencing Was Not Due to Antioxidant Activity 
	The Protective Effect of Silencing PARK7 Was Related to Mitochondrial Synthesis and Metabolic Reprogramming 

	Discussion 
	Conclusions 
	References

