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A B S T R A C T

Obesity-related non-alcoholic fatty liver disease (NAFLD) is connected with mitochondrial stress and hepatocyte
apoptosis. Parkin-related mitophagy sustains mitochondrial homeostasis and hepatocyte viability. However, the
contribution and regulatory mechanisms of Parkin-related mitophagy in NAFLD are incompletely understood.
Macrophage stimulating 1 (Mst1) is a novel mitophagy upstream regulator which excerbates heart and cancer
apoptosisn via repressing mitophagy activity. The aim of our study is to explore whether Mst1 contributes to
NAFLD via disrupting Parkin-related mitophagy. A NAFLD model was generated in wild-type (WT) mice and
Mst1 knockout (Mst1-KO) mice using high-fat diet (HFD). Cell experiments were conducted via palmitic acid
(PA) treatment in the primary hepatocytes. The results in our study demonstrated that Mst1 was significantly
upregulated in HFD-treated livers. Genetic ablation of Mst1 attenuated HFD-mediated hepatic injury and sus-
tained hepatocyte viability. Functional studies illustrated that Mst1 knockdown reversed Parkin-related mito-
phagy and the latter protected mitochondria and hepatocytes against HFD challenge. Besides, we further figured
out that Mst1 modulated Parkin expression via the AMPK pathway; blockade of AMPK repressed Parkin-related
mitophagy and recalled hepatocytes mitochondrial apoptosis. Altogether, our data identified that NAFLD was
closely associated with the defective Parkin-related mitophagy due to Mst1 upregulation. This finding may pave
the road to new therapeutic modalities for the treatment of fatty liver disease.

1. Introduction

It is considered an emerging health problem due to high-fat diet
(HFD) intake. Nonalcoholic fatty liver disease (NAFLD) occurs due to
excessive fat deposition in hepatocyte. The consequential surplus of
lipids in hepatocytes results in oxidative stress and lipotoxicity, and it
promotes mitochondrial dysfunction via multiple mechanisms [1,2].
Mitochondrial damage triggers hepatocyte death or dysfunction, which
is one of the most important features of NAFLD [3]. With the loss of
functional liver tissue, hepatic stellate cells are activated and contribute
to the accumulation of extracellular matrix proteins, leading to fibrosis.
Thus, protecting mitochondria against lipotoxicity is vital to retard or
reverse the progression of NAFLD.

In response to mitochondrial damage, mitochondria could repair it-
self with the assistance of lysosome [4,5]. This process is termed as mi-
tochondrial autophagy or mitophagy. Several studies have reported the

beneficial roles played by mitophagy in regulating acute and chronic
hepatic injury. For example, Bnip3-mediated mitophagy sustains mi-
tochondrial function and favors hepatocyte survival in fatty liver disease
[2]. FUNDC1-related mitophagy suppresses hepatocarcinogenesis via
inhibition of inflammasome activation [6,7]. During liver ischemia-re-
perfusion injury, ROS-modified mitophagy regulates liver endothelial
cell apoptosis [8]. In NAFLD, mitophagy is significantly inhibited and
defective mitophagy is deemed as the pathogenesis for the development
of fatty liver disease [9]. Many researchers have attempted to illustrate
the protective effects exerted by mitophagy in NAFLD. However, there
have been no studies investigating the upstream regulatory mechanism
for mitophagy inhibition under chronic high-fat stress.

Macrophage stimulating 1 (Mst1), a novel regulator of cell survival,
has been found to be associated with liver regeneration. Genetic abla-
tion of Mst1 promotes liver repair and regeneration in aged mice [10].
Besides, Mst1 disrupts hepatic lipid metabolism via suppressing Sirt1
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ubiquitination [11]. In addition, Mst1 inhibition ameliorates hepatic
steatosis in a manner dependent on IRS2/Akt signaling [12]. These
results indicate that Mst1 may be connected to liver metabolic disorder.
With respect to mitophagy, Mst1 has been well recognized as major
inhibitor controlling mitophagy activation. In cardiac ischemia-re-
perfusion injury, Mst1 inactivates FUNDC1-related mitophagy via
downregulating the ERK-CREB pathways [13,14]. Besides, Mst1 also
promotes endometriosis progression via suppressing Parkin-required
mitophagy [15]. In colorectal cancer, Mst1 inhibits Bnip3-related mi-
tophagy via the JNK/p53 pathways [16]. Such evidence potentially
implies that Mst1 may have the ability to suppress mitophagy during
fatty liver disease. However, this remains to be elucidated. Accordingly,
the aim of our study was to explore the role of Mst1 in fatty liver disease
and figure out whether Mst1 affects the NAFLD via inactivating Parkin-
related mitophagy.

2. Materials and methods

2.1. Ethical statement

Experimental protocol was approved by Shanghai Jiao Tong
University, School of Medicine. All animal researches were carried out
according to the guidelines of Animal Care and Use Committee of Renji
Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai,
China. All efforts were done to minimize suffering of experimental rats
in this research.

2.2. Animal treatment

Sixty male wild-type (WT) mice and Mst1 knockout (Mst1-KO) mice
were obtained from University of Science and Technology (K&D gene
technology, WuHan, China) according to a previous study [17]. These
mice (six-week-old) were firstly housed for two weeks of acclimation in
a temperature controlled room under 12/12 h light/dark cycle and had
free access to food and water. To induce the NAFLD, the above mice
were continuously fed either a high-fat diet (HFD) or a normal chow
(low-fat diet (LFD)) diet for 12 weeks based on a previous study [1].

2.3. Biochemical evaluation

Levels of alanine transaminase (ALT), aspartate transaminase (AST),
triglyceride, total cholesterol, leptin, and adiponectin, in serum were
determined to evaluate liver injury using a HITACHI 7020 automatic
biochemical analyzer (Hitachi, Tokyo, Japan) and commercial reagent
kit (Kehua Bio-engineering, Shanghai, China) [18,19].

2.4. Liver histology

For histological analyses, liver tissues were embedded in 4% buffered
formalin, and then, 5 µm tissue sections were prepared. Subsequently,
the sections were stained with HE (hematoxylin and eosin) and Sirius
Red. An Olympus light microscope (Olympus, Tokyo, Japan) was used to
observe the samples. The histologic changes after tubular injury were
evaluated semi-quantitatively according to a previous study [20].

2.5. Primary hepatocytes culture

Primary hepatocytes from WT mice and Mst1-KO mice (8–9 weeks)
were isolated and cultured according to the method described pre-
viously. The primary hepatocytes were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% Fetal Bovine serum, 2mM
glutamine, 1% penicillin/streptomycin solution (all reagents from
Sigma-Aldrich, St Louis, MO) at 37 °C in 5% CO2. Palmitic acid (PA, 75
μmol/L; Sigma-Aldrich) was used to incubate with primary hepatocytes
for 24 h to mimic the high-fat stress in vitro. To inhibit the AMPK
pathway, Compound C (CC, Selleck Chemicals, Houston, TX, USA) were

administrated into the medium of cell for 2 h [21].

2.6. Confocal microscopy

For confocal analysis, the cells were fixed with 4% paraformalde-
hyde for 30min at room temperature. After a 10-min incubation with
3% hydrogen peroxide to block endogenous peroxidase activity, the
samples were incubated with primary antibodies overnight at 4 °C.
Then, the slides were washed with PBS and incubated with a secondary
antibody (1:500, Invitrogen, Carlsbad, CA, USA) at room temperature
for 45min [22]. The nuclei were stained using DAPI. The images were
acquired via fluorescence microscopy (Olympus BX-61). The following
primary antibodies were used in the present study: p-AMPK (1:1000,
Abcam, #ab23875), Tom20 (1:1000, Abcam, #ab186735), LAMP1
(1:1000, Abcam, #ab24170), cleaved caspase3 (1:1000, Abcam,
#ab49822), caspase9 (1:1000, Cell Signaling Technology, #9504),
Parkin (1:1000, Cell Signaling Technology, Inc.) [23].

2.7. Western blot analysis

Each group of samples was collected, the cell lysates were prepared,
and the total protein was extracted and quantified using a BCA protein
concentration kit according to the manufacturer’s instructions [24]. The
proteins were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride membranes.
The membranes were blocked with 5% BSA in Tris-buffered saline with
Tween-20 (TBST) for 2 h at room temperature and incubated with pri-
mary antibodies overnight at 4 °C. The membranes were washed three
times with PBS; IRDye 800CW goat anti-rabbit IgG (H+L) (926–32211;
Licor, Lincoln, NB, USA) was added; and the membranes were incubated
at 37 °C for 1 h [25]. The bands were detected using a chemiluminescent
imaging system. The primary antibodies used in the present study were
as follows: Parkin (1:1000, Cell Signaling Technology, Inc. #2132), Bcl2
(1:1000, Cell Signaling Technology, #3498), Bax (1:1000, Cell Signaling
Technology, #2772), caspase9 (1:1000, Cell Signaling Technology,
#9504), pro-caspase3 (1:1000, Abcam, #ab13847), cleaved caspase3
(1:1000, Abcam, #ab49822), c-IAP (1:1000, Cell Signaling Technology,
#4952), survivin (1:1000, Cell Signaling Technology, #2808), Bad
(:1000; Abcam; #ab90435), cyt-c (1:1000; Abcam; #ab90529), LC3II
(1:1000, Cell Signaling Technology, #3868), Vps34 (1:1000, Cell Sig-
naling Technology, #4263), Tim23 (1:1000, Santa Cruz Biotechnology,
#sc-13298), Tom20 (1:1000, Abcam, #ab186735), AMPK (1:1000,
Abcam, #ab131512), p-AMPK (1:1000, Abcam, #ab23875). The sec-
ondary antibodies used in the present study were: Horseradish perox-
idase (HRP)-coupled secondary antibodies (1:2000; cat. nos. 7074 and
7076; Cell Signaling Technology, Inc.). Band intensities were normalized
to the respective internal standard signal intensity (GAPDH (1:1000, Cell
Signaling Technology, #5174) and/or β-actin (1:1000, Cell Signaling
Technology, #4970) using Quantity One Software (version 4.6.2; Bio-
Rad Laboratories, Inc.).

2.8. Oxidative stress detection

Liver oxidative stress were measured via ELISA. The concentration
of MDA, SOD, GSH-PX were determined using the commercial kits
(Nanjin Jiancheng Bioengineering Institute, Nanjing, China) according
to the manufacturer’s instructions [26,27]. The cellular oxidative
markers were also determined via ELISA according to the previous
study. The concentration of antioxidant such as SOD, GSH and GPX
were measured based on the instructions of the manufacturer (Beyo-
time, China). The results are expressed as nmol/g tissue.

2.9. Cell viability detection

Cell death was measured via a TUNEL assay using an in situ cell
death detection kit (Roche, Indianapolis, IN, USA). The TUNEL kit was
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used to stain nuclei containing fragmented DNA [28]. Cells were fixed
with 3.7% paraformaldehyde for 30min at room temperature. Subse-
quently, the samples were incubated with equilibration buffer, nu-
cleotide mix and rTdT enzyme at 37 °C for 60min. Then, a saline-so-
dium citrate buffer was used to stop the reaction. After being loaded
with DAPI, the samples were visualized via fluorescence microscopy
(Olympus BX-61). In addition, an MTT assay was performed to analyse
the cell viability according to methods described in a previous study
[29,30]. Absorbance was determined at 570 nm. The relative cell via-
bility was recorded as a ratio to that in the control group.

2.10. Mitochondrial function analysis

Mitochondrial membrane potential was observed via JC-1 staining
according to the previous study [31]. mPTP opening was evaluated
based on a previous study using calcein-AM/cobalt. The relative mPTP
opening rate was recorded as the ratio to control group [32]. ATP
production was measured using Enhanced ATP Assay Kit (Beyotime,
China, Cat. No: S0027). Flow cytometry was used to analyse mi-
tochondrial ROS (mROS) production. Cells were washed three times
with PBS and then resuspended in PBS using 0.25% trypsin. Subse-
quently, the cells were incubated with the MitoSOX red mitochondrial
superoxide indicator (Molecular Probes, USA) for 15min at 37 °C in the
dark [33]. After three washes with PBS, mROS production was analyzed
via flow cytometry (Sysmex Partec GmbH, Görlitz, Germany), and the
data were analyzed using Flowmax software (Sysmex Partec, Version
2.3, Germany) [34].

2.11. RNA interference

In the present study, 4×105 cells/well were transfected with 100
pmol siRNA in 6 well plates by Lipofectamine RNAiMAX (Invitrogen) as
indicated by the supplier. Transfection was performed overnight and
two independent siRNAs against Parkin were transfected into cell with
the help of FuGENE transfection reagent (E2312, Roche, Indianapolis,
IN, USA). The knockdown efficiency was determined via western
blotting [35,36].

2.12. Statistical analyses

All statistical analyses were conducted with the Prism graphical
software (GraphPad, Software). Data were generated from multiple re-
peats of different biological experiments to obtain the mean values and
s.e.m displayed throughout. Statistical differences were measured using
one-way ANOVA with Bonferroni or Dunnett corrections for multiple
comparisons when appropriate. Significance was set at P < 0.05.

3. Results

3.1. Mst1 deletion prevents diet-induced NAFLD

Firstly, Mst1 expression was analyzed using qPCR and western
blotting. Compared to the low-fat diet (LFD)-treated mice, Mst1 was
abundant in high-fat fed (HFD)-treated liver at both the transcription
(Fig. 1A) and expression levels (Fig. 1B-C). This finding was further
supported in vitro using the primary hepatocytes and PA-mediated li-
potoxicity model. Compared to the control group, Mst1 expression was
obviously upregulated via western blotting (Fig. 1D-E). This informa-
tion indicated that high-fat stress caused Mst1 activation in liver tissue.
Subsequently, to observe the functional role of Mst1 in fatty liver dis-
ease, Mst1 knockout (Mst1-KO) mice were used. Then, the biological
characterization of Mst1-KO mice in the presence of high-fat stress was
monitored. Body weight, fasting blood glucose, and metabolism para-
meters were measured. HFD-treated mice exhibited increased body
weight (Fig. 1F) and higher levels of blood glucose (Fig. 1G). Not sur-
prisingly, Mst1 deletion reduced body weight (Fig. 1F) and repressed

the levels of blood glucose (Fig. 1G). Moreover, the concentration of
triglycerides, total cholesterol, aspartate transaminase (AST) and ala-
nine transaminase (ALT) levels, were all elevated in HFD mice but re-
duced in the Mst1-deleted mice (Fig. 1H-K). Altogether, these data il-
lustrated that chronic high-fat stress caused Mst1 upregulation, and
Mst1 deletion reduced the HFD-induced hepatic injury.

3.2. Mst1 deletion improves liver function

Next, liver structure was observed in response to Mst1 deletion.
First, the liver weight was significantly increased in HFD-treated mice
(Fig. 2A), indicative of hepatic sclerosis. However, this effect was ne-
gated by Mst1 deletion. Subsequently, HE staining and Sirius Red
staining were performed to observe the hepatocyte vacuolation, stea-
tosis, and fibrosis, respectively. As shown in Fig. 2B, HFD treatment
increased the average diameter of hepatocyte, and this effect could be
reversed by Mst1 deletion. In addition, chronic HFD stress promoted
liver fibrosis, and this phenotypic alteration could be negated by Mst1
deletion (Fig. 2C). At the molecular levels, the lipogenic genes such as
PPARα, ACCA1, SREBP1c, and FAS1 were significantly increased in
response to HFD treatment (Fig. 2D-G), and these parameters were
suppressed by Mst1 deletion. In addition, the signaling pathways re-
lated to liver fibrosis, such as TGFβ and MMP9 were obviously activated
by HFD and were inhibited by Mst1 ablation (Fig. 2H-J). Altogether,
these data indicated that Mst1 deletion reduced HFD-mediated hepatic
injury.

3.3. Mst1 deletion attenuates HFD-mediated liver oxidative stress and the
inflammation response

Oxidative stress and the inflammation response are thought to be
the primary reasons for high-fat-mediated liver function deterioration.
Based on this information, experiments were performed to analyse the
alteration of oxidative stress markers and the inflammation reaction.
First, liver antioxidant factors such as SOD and GSH-PX were down-
regulated in HFD-treated mice and were reversed to near-normal levels
in Mst1-KO mice (Fig. 3A-B). By comparison, oxidative products such as
GSSG (oxidized form of GSH) and MDA were increased in HFD-treated
livers and were reduced in livers with Mst1 deletion (Fig. 3C-D). Al-
together, this information indicated that Mst1 deletion sustained the
antioxidant activity of livers in answer to HFD stress.

With respect to inflammation, ELISA assays demonstrated that the
serum TNFα, IL-6 and MCP1 were all increased in the HFD-treated mice,
and this tendency was reversed by Mst1 deletion (Fig. 3E-G). Moreover,
western blotting using liver tissues illustrated that TNFα, IL-8 and MIP1α
were markedly elevated in response to HFD treatment and were reduced
to near-normal levels with Mst1 deletion (Fig. H-K). Altogether, these
findings supported the functional importance of Mst1 in agitating high-
fat-evoked oxidative stress and the inflammation response.

3.4. Mst1 knockdown attenuates hepatocyte mitochondrial apoptosis

Mitochondrial damage has been reported to be the potential target
of lipotoxicity. Accordingly, next experiments were performed to ob-
serve high-fat-mediated hepatocyte mitochondrial apoptosis. In vivo,
immunofluorescence assays using the cleaved caspase-3 and caspase-9
antibodies demonstrated that HFD treatment increased the fluorescence
intensity of caspase-3/9 in liver tissues(Fig. 4A-B), and this effect was
reversed by Mst1 knockdown. This finding was further supported by
western blotting. As shown in Fig. 4C-F, HFD treatment elevated the
expression of mitochondrial pro-apoptotic proteins such as caspase-3
and caspase-9. In contrast, the expression of mitochondrial anti-apop-
totic factors such as c-IAP was downregulated, ccorrespondingly. In-
terestingly, Mst1 knockdown could repress the pro-apoptotic protein
upregulation and reverse the content of anti-apoptotic factors (Fig. 4C-
F).
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In vitro, the primary hepatocytes were cultured with PA and then
Mst1 knockdown assay was achieved using Mst1 siRNA. Subsequently,
the apoptotic index was evaluated via TUNEL assay. As shown in
Fig. 4G-H, the number of TUNEL-positive cells was drastically increased
in response to PA stress. Interestingly, Mst1 siRNA strongly repressed
PA-induced cell apoptosis (Fig. 4G-H). This finding was further vali-
dated via analyzing the cellular viability using MTT assay. As shown in
Fig. 4I, the PA-initiated cell viability was reversed by Mst1 knockdown.
Altogether, these data suggested that Mst1 ablation alleviated

mitochondrial apoptosis in high-fat-treated livers in vitro and in vivo.

3.5. Mst1 knockdown increases Parkin expression and thus reverses
mitophagy activity

In response to mitochondrial damage, mitochondria would repair
itself with the help of lysosome, and this process is identified as mito-
phagy [37]. In the present study, we explored whether Mst1 knock-
down attenuated mitochondrial injury via activating mitophagy.

Fig. 1. Mst1 is upregulated in HFD-treated
liver tissues and contributes to the develop-
ment of NAFLD. A. The transcription levels of
Mst1 in livers from low-fat diet (LFD)-treated
mice or high-fat diet (HFD)-treated mice. B-C.
The protein expression of Mst1 in livers from
LFD-treated mice or HFD-treated mice. D-E. In
vitro, primary hepatocytes were treated with
PA. The protein expression of Mst1 was de-
termined via western blotting. F. Body weight
was measured to explore the role of Mst1 in
body weight gain. G. Blood glucose levels were
measured in WT mice and Mst1-KO mice. H-K.
The levels of triglyceride, total cholesterol,
ALT and AST in the blood isolated from WT
mice and Mst1-KO mice using ELISA.
Experiments were repeated three times, and
data are shown as the means± SEM. n=6
mice per group. *P < 0.05.

Fig. 2. Genetic ablation of Mst1 attenuates
liver injury in HFD-treated mice. A. The liver
weight was measured in WT mice and Mst1-KO
mice. B. The livers were obtained and the HE
staining was performed to observe the struc-
tural alterations in HFD-treated livers with
Mst1 knockdown. C. Sirius red staining for li-
vers isolated from WT mice and Mst1-KO mice.
The red area means the renal fibrosis. D-G.
qPCR assay was used to analyse the alterations
of lipogenic genes such as PPARα, ACCA1,
SREBP1c, and FAS1. H-J. Proteins were iso-
lated from livers tissues in WT mice and Mst1-
KO mice. Then, western blotting was per-
formed to observe the changes in fibrosis-re-
lated signaling pathways. Experiments were
repeated three times, and data are shown as
the means± SEM. n=6 mice per group.
*P < 0.05.
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Firstly, mitophagy-related factors were detected via western blotting
and these parameters were chosen based on the previous reports [4,38].
Compared to the control group, the ratio of LC3II/LC3I was sig-
nificantly reduced in response to PA treatment, indicative of an au-
tophagosome synthesis defect (Fig. 5A-B). Subsequently, mitochondria

were isolated and the expression of mitochondrial LC3II (mito-LC3II)
was analyzed. Similarly, the level of mito-LC3II was obviously down-
regulated in PA-treated hepatocytes (Fig. 5C), an effect that was ac-
companied with an increase in Tom-20 and Tim-23 (mitochondrial
outer and inner membrane markers) (Fig. 5A-F). Besides, the expression

Fig. 3. Mst1 knockdown represses HFD-medi-
ated liver oxidative stress and the inflamma-
tion response. A-D. Livers were collected and
the proteins were isolated to analyse the oxi-
dative stress markers via ELISA assay. E-G.
Blood was collected from WT mice and Mst1-
KO mice; then, serum TNFα, IL-6, and MCP-1
were measured via ELISA assay. H-K. Western
blotting was performed to analyse the protein
expression of inflammation factors.
Experiments were repeated three times and
data are shown as the means± SEM. n=6
mice per group. *P < 0.05.

Fig. 4. Mst1 inhibition reduces PA-induced
hepatocyte mitochondrial apoptosis. A-B.
Immunofluorescence assay for caspase-3 and
caspase-9 in vivo. The fluorescence intensity of
caspase-3 and caspase-9 were significantly in-
creased in response to chronic HFD treatment
and was reduced by Mst1 knockdown. C-F.
Proteins were isolated in WT mice and Mst1-
KO mice; then, western blotting was performed
to analyse the apoptotic protein expression. G-
H. In vitro, primary hepatocytes were treated
with PA and then, TUNEL staining was used to
quantify the apoptotic cell. To repress the Mst1
expression, siRNA-against Mst1 (si-Mst1) was
transfected into cells before PA stimulus. I.
Hepatocyte viability was measured via MTT
assay. Experiments were repeated three times
and data are shown as the means± SEM.
n= 6 mice per group. *P < 0.05.
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of Vps34 was obviously reduced by PA treatment compared to that in
control group (Fig. 5A-F). These information indicated that mitophagy
was largely inhibited by PA in hepatocyte. Interestingly, loss of Mst1
reversed the mitophag activity in the presence of PA stress, as evi-
denced by augmented LC3II/LC3I ratio, increased mito-LC3II expres-
sion and decreased Tom-20/Tim-23 levels (Fig. 5A-F).

To further observe the mitophagy activity, immunofluorescence
assay was performed using mitochondria and lysosome antibodies.
Under physiological conditions, green mitochondria communicated
with red lysosome generating orange mitophagy (Fig. 5G-H). Interest-
ingly, the number of orange dots was significantly reduced by PA
treatment, indicative of mitophagy inhibition (Fig. 5G-H). However,
Mst1 knockdown promoted the cooperation between mitochondria and
lysosome and thus reversed the number of mitophagy. These data un-
derscored the inhibitory effects of Mst1 on mitophagy in PA-treated
hepatocytes.

Parkin has been found to be the primary factor for mitophagy ac-
tivation. Accordingly, we asked whether Mst1 knockdown reversed
mitophagy activity via upregulating Parkin expression. As shown in
Fig. 5I-J, compared to the control group, PA treatment reduced the
expression of Parkin, and this effect was abolished by Mst1. To further
explain whether Parkin was required for Mst1-modulated mitophagy,
two independent siRNAs were transfected into the Mst1-deleted cells to
prevent Parkin upregulation. The knockdown efficiency was confirmed
via western blotting (Fig. 5I-J). Then, Mst1-modified mitophagy was
evaluated using immunofluorescence. Compared to the Mst1-deleted
cells, knockdown of Parkin disrupted the fusion between mitochondria
and lysosome, an effect that was accompanied with a drop in the
number of mitophagy (Fig. 5G-H). Altogether, our results indicated that
mitophagy was largely inactivated by Mst1 via reducing Parkin ex-
pression in the presence of high-fat stress.

Fig. 5. Mst1 inactivates the mitophagy activity
via repressing Parkin expression. A-F. In vitro,
primary hepatocytes were treated with PA.
Proteins were isolated from cells and western
blotting was used to observe the alterations of
mitophagy-related factors. G-H. Immunofluore-
scence assay for mitophagy. Tom-20 and LAMP1
were used to label mitochondria and lysosome,
respectively. Then, the number of mitophagy was
recorded. I-J. Western blotting was used to detect
the expression of Parkin in response to Mst1
knockdown. Two independent Parkin siRNA (si1-
Parkin and si2-Parkin) were used to inhibit Parkin
expression. The knockdown efficiency was ver-
ified via western blotting. Experiments were re-
peated three times and data are shown as the
means± SEM. n=6 mice per group.
*P < 0.05.
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3.6. Loss of Parkin-related mitophagy abrogates the protective effect of
Mst1 knockdown on hepatocyte mitochondrial stress

To explain the protective effects exerted by Parkin-related mito-
phagy on PA-treated hepatocytes, mitochondrial function and cell
apoptosis were detected. Firstly, mitochondrial potential, assessed by
JC-1 staining, was significantly reduced by PA treatment (Fig. 6A-B).
Interestingly, Mst1 knockdown stabilized mitochondrial potential; this
effect was abolished by Parkin siRNA transfection (Fig. 6A-B). Besides,
mitochondrial ROS production, assessed by flow cytometery, was ob-
viously increased in response to PA stress (Fig. 6C). However, Mst1
knockdown attenuated mROS overloading via reversing Parkin-related
mitophagy. Besides, the opening rate of mPTP was drastically increased
in PA-treated cells and was reduced to near-normal levels with Mst1
knockdown in a manner dependent on Parkin-related mitophagy
(Fig. 6D).

The cyt-c liberation from mitochondria into cytoplasm/nucleus is
the molecular feature of mitochondrial apoptosis. Interestingly, PA-
mediated cyt-c translocation from mitochondria into cytoplasm could
be inhibited by Mst1 knockdown in a manner dependent on Parkin-
related mitophagy (Fig. 6E-F). To the end, hepatocyte mitochondrial
apoptosis, as assessed by caspase-9 activity detection, was markedly
increased in response to PA challenge (Fig. 6G). However, loss of Mst1

prevented PA-induced caspase-9 activation, and this effect was in-
validated by Parkin siRNA transfection (Fig. 6G). Taken together, the
above data illustrated that Parkin-related mitophagy was required for
the protective effects of Mst1 knockdown on hepatic mitochondrial
homeostasis under high-fat stress.

3.7. Mst1 modulates Parkin via activating AMPK pathway

Previous study has reported that AMPK pathway is involved in
mitophagy management [39,40]. In the present study, we questioned
whether AMPK was involved in Mst1-modified Parkin mitophagy.
Western blotting analysis demonstrated that the expression of phos-
phorylated AMPK was drastically donwregulated in PA-treated cells
(Fig. 7A-C), and this effect would be abolished by Mst1 knockdown.
Subsequently, an antagonst of the AMPK pathway (Compound C, CC)
was added into the medium of Mst1-deleted cells to prevent AMPK
activation, and then, Parkin expression was monitored. As shown in
Fig. 7A-C, PA-mediated Parkin downregulation could be abolished by
Mst1 knockdown, and this effect was nullified by CC. This finding was
further verified via immunofluorescence. As shown in Fig. 7D-F, PA
treatment significantly suppressed the fluorescence intensities of p-
AMPK and Parkin in hepatocytes; this alterations could be abrogated by
Mst1 knockdown. Interestingly, blockade of AMPK pathway prevented

Fig. 6. Parkin-related mitophagy sustains mitochondrial homeostasis. A-B. In vitro, primary hepatocytes were treated with PA and then, JC-1 probe was used to
observe mitochondrial potential. Two independent Parkin siRNA (si1-Parkin and si2-Parkin) were used to inhibit Parkin expression. C. Mitochondrial ROS (mROS)
was analyzed using flow cytometry. siRNA against Parkin was used to inhibit Parkin expression. D. mPTP opening rate was detected and PA-mediated mPTP opening
could be repressed by Mst1 knockdown in a manner dependent on Parkin-related mitophagy. E-F. Immunofluorescence assay for cyt-c staining. DAPI was used to
label nucleus. G. Mitochondrial apoptosis was measured via detecting caspase-9 activity. Experiments were repeated three times and data are shown as the
means± SEM. n=6 mice per group. *P < 0.05.
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Parkin upregulation in Mst1-deleted cells. These information indicated
that Mst1 knockdown reversed Parkin expression via activating AMPK
pathway.

With respect to hepatocyte apoptosis, TUNEL assay was used. As
shown in Fig. 7G-H, Mst1 knockdown reduced the PA-mediated hepa-
tocyte apoptosis, and this effect was nullified by CC, suggesting that
AMPK pathway was also implicated in Mst1-modified hepatocyte via-
bility under PA stress.

4. Discussion

Many researchers have attempted to demonstrate the protective role
played by mitophagy in attenuating fatty liver disease [9,41]. However,
there have been no studies investigating the upstream regulatory me-
chanisms for mitophagy management in the progression of NAFLD. In
the present study, our data illustrated that (1) HFD-mediated fatty liver
disease was attributable to Mst1 upregulation, (2) increased Mst1
promoted liver vacuolation, steatosis, fibrosis, oxidative stress and the

inflammation injury, (3) genetic ablation of Mst1 attenuated the HFD-
mediated hepatic injury via sustaining hepatocyte viability, (4) me-
chanistically, Mst1 knockdown protected hepatocyte mitochondrial
function and blocked mitochondria apoptosis in a manner dependent on
Parkin-related mitophagy, (6) knockdown of Parkin abolished the
protective effects exerted by Mst1 knockdown on HFD-treated livers,
(7) ultimately, we further demonstrated that Mst1 modulated Parkin-
related mitophagy via the AMPK pathway. To the best of our knowl-
edge, this is the first study to describe the comprehensive role of Mst1 in
HFD-mediated hepatic injury via in vivo and in vitro studies. Our find-
ings provide a potential target to prevent liver dysfunction in patients
with obesity-related liver disease. However, more clinical evidence is
required in the future to support this concept.

NAFLD, which is the most common chronic liver disease in the
Western world, represents an aggressive disease entity that is visible as
hepatocyte ballooning, an inflammatory infiltrate, collagen deposition
and hepatocyte death [42]. Multiple cell-intrinsic mechanisms have
been suggested to trigger cell death and the progression to NAFLD

Fig. 7. Mst1 regulates Mst1 via the AMPK pathway. A-C. In vitro, primary hepatocytes were treated with PA and then, proteins were isolated from cells. Western
blotting was used to analyse the expression of AMPK and Parkin. Compound C (CC), an inhibitor of AMPK, was added into the medium of cells to inhibit AMPK
activation. D-F. Immunofluorescence assay for Parkin and p-AMPK. G-H. TUNEL assay was used to observe the cell apoptosis. The number of TUNEL-positive cell was
recorded in response to Mst1 knockdown and CC incubation. Experiments were repeated three times and data are shown as the means± SEM. n= 6 mice per group.
*P < 0.05.
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[43,44]. Recently, it has been recognized that impaired hepatic mi-
tochondrial function plays a key role in the progression of hepatocyte
death [45]. Chronic lipid accumulation shifts the mitochondrial meta-
bolism to beta-oxidation, and contributes to the overproduction of ROS
and mitochondrial metabolism dysfunction [46]. In our study, we found
that HFD treatment indeed induced the mitochondrial dysfunction, as
revealed by oxidative stress, cyt-c release, ATP metabolism disorder,
and caspase-9-involved mitochondrial apoptosis pathway activation.
This information reconfirm that mitochondria protection is the ther-
apeutic target that retards the progression of NAFLD.

In response to mitochondrial damage, mitochondria could employ
mitophagy to remove the injured mitochondria [47]. However, the
activity of mitophagy was significantly repressed by high-fat stress via
Mst1. These conclusions identify Mst1 as the upstream inhibitor for
mitophagy. Our studies were in accordance with several previous stu-
dies. In cardiac ischemia-reperfusion, increased Mst1 suppresses
FUNDC1-related mitophagy and then exacerbates mitochondrial da-
mage and cardiomyocyte death [13]. Besides, in colorectal cancer, in-
creased Mst1 also inhibits mitophagy activity in a manner dependent on
JNK/p53/Bnip3 pathways [16]. In endometriosis, activated Mst1 pro-
motes endometrial stromal cells apoptosis via repressing Parkin-related
mitophagy [15]. Based on these findings, the inhibition of Mst1 activity
is of utmost importance when designing liver-protective therapies to
attenuate fatty liver disease via reversing mitophagy.

At the molecular levels, mitophagy is primarily regulated by several
mitophagic receptors. For example, FUNDC1, the mitochondrial outer
membrane proteins, has been acknowledged as the guard of liver
function in the setting of hepatocellular carcinoma [6]. In addition,
Bnip3, another mitochondrial receptor, exerts beneficial effects on
HFD-treated liver tissues [12]. However, little study is available to es-
tablish the role of Parkin in fatty liver disease. This study demonstrated
that Parkin was unfortunately downregulated in HFD-treated liver tis-
sues. Genetic ablation of Mst1 reversed Parkin expression and this effect
was achieved via activating the AMPK pathway. Blockade of AMPK
pathway abolished the promotive effects of Mst1 knockdown on Parkin
upregulation. Notably, more robust data concerning the relationship of
the AMPK pathway and mitophagy have been provided by genetic loss-
and gain-of- function studies [48–50]. However, whether Mst1 could
modulate mitophagy via other receptors in a manner dependent on the
AMPK pathway is far from clear.

Altogether, our results implicate Mst1 upregulation as a critical step
in exacerbating HFD-mediated hepatic injury. Increased Mst1 blocks
the AMPK pathway and thus diminishes Parkin expression, repressing
mitophagy and consequently activating mitochondrial apoptosis in
HFD-treated livers. Thus, our findings reveal a novel molecular me-
chanism for the development of fatty liver disease and suggest the
regulatory importance of Mst1 and Parkin-mediated mitophagy in
preserving hepatocyte mitochondrial homeostasis.
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