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Pterostilbene protects against acetaminophen-induced liver injury by
restoring impaired autophagic flux
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ARTICLE INFO ABSTRACT

Keywords: An overdose of acetaminophen (APAP) causes liver injury through formation of N-acetyl-p-benzoquinoneimine,
Pterostilbene which overproduces reactive oxygen species (ROS). Autophagy maintains cellular homeostasis and is regulated
Acetaminophen by generation of ROS. Pterostilbene (PTE) has been shown to have antioxidant and anti-inflammatory properties.

Oxidative stress
Hepatotoxicity
Autophagic flux

In this study, we investigated the protective mechanisms of PTE against APAP-induced liver injury, focusing on
autophagy. ICR mice were intraperitoneally (i.p.) treated with 400 mg/kg of APAP. PTE (15, 30, and 60 mg/kg,
i.p.) and chloroquine (CQ, 60 mg/kg, i.p.) were injected 1 h after APAP treatment. Blood and liver tissues were
isolated 6 h after APAP treatment. PTE decreased serum aminotransferase activities and hepatic oxidative stress;
this protective effect was abolished by CQ. APAP impaired autophagic flux, as evidenced by increased micro-
tubule-associated protein-1 light chain 3-II and p62 protein expression; this impaired autophagic flux was re-
stored by PTE, while CQ abolished this effect. APAP decreased beclin-1 and autophagy related protein 7 protein
expressions, while PTE attenuated these decreases. PTE increased the lysosome-associated membrane protein-2
protein expression and decreased the mammalian target of rapamycin and Unc-51 like autophagy activating
kinase 1 phosphorylation. Our findings suggest that PTE protects against APAP-induced hepatotoxicity by en-

hancing autophagic flux.

1. Introduction

Acetaminophen (APAP) is widely used as an antipyretic and an-
algesic agent with a very high safety profile when used properly. If
misused, either intentionally or accidentally, acetaminophen can cause
significant liver injury (Larson, 2007; Amar and Schiff, 2007). Excessive
production of reactive oxygen species (ROS) is the main pathogenesis of
APAP overdose, which is mediated by N-acetyl-p-benzoquinone imine,
a metabolite of APAP (James et al., 2003). The resulting oxidative stress
triggers mitochondrial dysfunction, membrane permeability transition,
and DNA fragmentation, leading to impaired cellular homeostasis and
cell death (Jaeschke et al., 2012). N-Acetylcysteine (NAC), a re-
presentative antioxidant agent, is a therapeutic option for APAP-in-
duced hepatotoxicity in humans (Lee et al., 2009). However, it was
reported that NAC overdose in the treatment of APAP-induced

hepatotoxicity has side effects such as acute renal failure, hemolysis,
and thrombocytopenia, which finally lead to death (Mahmoudi et al.,
2015). In addition to NAC, natural foods or food-derived substances
such as silymarin, curcumin, and reseveratrol (RSV) are known to re-
lieve APAP-induced liver failure (Park et al., 2013; Muriel et al., 1992;
Sener et al., 2006; Somanawat et al., 2013; Jaeschke et al., 2011).
Autophagy, a self-digestion system involving degradation of dys-
functional or damaged components, is a dynamic process by which
autophagic substrates are sequestered in autophagosome and degraded
on fusion with lysosomal components, i.e. the autolysosome. The up-
dated consensus suggests that real status of autophagy should be as-
sessed not only by the number of autophagosomes and autolysosomes
but also by evaluating the actual autophagic flux, such as monitoring
the clearance of cell components in autolysosomes (du Toit et al.,
2018). Recent studies have uncovered the critical linkage between
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oxidative stress and autophagy in human disease. In heart ischemia/
reperfusion (I/R), excessive ROS impaired autophagy and autophagy
restoration via rapamycin attenuated heart injury (Wu et al., 2014). In
primary hepatocyte and the in vivo mouse liver, APAP treatment in-
duced ROS accumulation and activated autophagy (Ni et al., 2012; Zai
et al., 2018) In contrast, Wang et al. (2016) demonstrated that APAP
overdose activates the ROS-TRPM2-Ca®*-CAMK2-BECN1 cascade to
inhibit autophagy, which is partially responsible for the induced liver
damage. Adiponectin alleviated APAP-induced mitochondrial dysfunc-
tion by autophagy activation (Lin et al., 2014b). Although autophagy is
involved in APAP-induced hepatotoxicity, the precise mechanism by
which APAP overdose affects autophagic flux remains unclear.

Resveratrol (RSV) is a well-known member of the stilbenes and is
found in grapes and other foods, which have antioxidant and anti-in-
flammatory properties. Pterostilbene (trans 3,5-dimethoxy-4-hydro-
xystilbene; PTE), a dimethylated derivative of RSV, is extensively found
in grape and blueberry which is superior as compared to RSV in terms
of bioavailability and lengthened half-life (Szajdek and Borowska,
2008; Kapetanovic et al., 2011). PTE has been reported to have a
variety of biological activities including antioxidative (Rimando et al.,
2002), anti-inflammatory (Lv et al., 2015), and anti-cancer (Lin et al.,
2014a) activities. In clinical trials, daily administration of PTE to hu-
mans resulted in inhibition of PGE, activity (Hougee et al., 2005). PTE
has been shown the pharmacological activity in various liver diseases.
PTE attenuated lipid peroxidation and recovered glutathione (GSH)
depletion in liver fibrosis (Lee et al., 2013). PTE showed anti-perox-
idative effects via nuclear factor (erythroid-derived 2)-like 2 (Nrf) sig-
naling in diabetic mice liver (Bhakkiyalakshmi et al., 2016). In SAS and
OECM-1 human oral cancer cell lines, PTE had anti-proliferative effects
by activating autophagy via modulation of the Akt pathway (Ko et al.,
2015). Furthermore, PTE treatment induced autophagy via activation
of 5 adenosine monophosphate-activated protein kinase (AMPK) and
subsequently inhibited apoptosis of human vascular epithelial cells
(Zhang et al., 2013). Although PTE is a well-known antioxidant, the
relationship between APAP and PTE has not yet been studied.

In this study, we aimed to investigate the molecular mechanisms by
which PTE protects against APAP-induced liver injury, with a particular
focus on the autophagic flux and its signaling pathway.

2. Materials and methods
2.1. Animals

Male ICR mice weighing 20-22 g (4 weeks old) were obtained from
Daehan Biolink Inc. (Eumsung, Korea) and were acclimatized to la-
boratory conditions at Sungkyunkwan University for 7 days. Mice were
maintained in a room with controlled temperature and humidity
(25 = 1°C and 55 = 5%, respectively) with a 12h light-dark cycle,
and water and food provided ad libitum. All animals received care in
compliance with the Principles of Laboratory Animal Care formulated
by the National Institute of Health (NIH publication No.86-23, revised
1985) and the guidelines of Sungkyunkwan University.

2.2. Treatment of animals

Mice were fasted for 18 h before each experiment but were given tap
water ad libitum. Except for controls, mice were intraperitoneally (i.p.)
injected with APAP (400 mg/kg; Sigma-Aldrich, St Louis, MO, USA)
dissolved in warm normal saline (NS). PTE (15, 30, and 60 mg/kg, i.p.;
Tokyo Chemical Industry Co., LTD., Tokyo, Japan) and RSV (53 mg/kg,
i.p.; Sigma-Aldrich) as a positive control were dissolved in 10% Tween
80/saline (vehicle) and administered 1h after APAP treatment.
Chloroquine (CQ; 60 mg/kg, i.p.), an autophagy inhibitor, was dis-
solved in NS and administered 1h after APAP treatment. The dose and
timing of APAP, PTE, and CQ administration were determined based on
earlier reports and our preliminary studies (Cho et al., 2016; Lee et al.,
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1999; McCormack and McFadden, 2012). Animals were randomly di-
vided into eleven groups as follows (n = 6-8): 1) vehicle-treated con-
trol group (Control + Vehicle), 2) 60 mg/kg PTE-treated control group
(Control + PTE60), 3) 53 mg/kg RSV-treated control group (Con-
trol + RSV53), 4) vehicle-treated APAP group (APAP + Vehicle), 5)
15 mg/kg PTE-treated APAP group (APAP + PTE15), 6) 30 mg/kg PTE-
treated APAP group (APAP + PTE30), 7) 60 mg/kg PTE-treated APAP
group (APAP + PTE60), 8) 53 mg/kg RSV-treated APAP group
(APAP + RSV53), 9) 60 mg/kg CQ-treated control group (Con-
trol + CQ), 10) 60 mg/kg CQ-treated APAP group (APAP + CQ), and
11) 60 mg/kg CQ plus 60 mg/kg PTE-treated APAP group
(APAP + PTE60 + CQ). On the basis of serum alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) activities,
60 mg/kg PTE was selected as the optimally effective dose for further
biochemical studies. Mice were sacrificed at 6 h after APAP treatment.
Blood was collected from the inferior vena cava, centrifuged
(10,000 rpm, 10 min, 4 °C) to obtain serum, and the serum samples
were stored at —75 °C until assayed. Liver tissues were simultaneously
isolated and stored at —75 °C until assayed.

2.3. Serum aminotransferase activities

The serum levels of ALT and AST activities were determined by
standard spectrophotometric procedures using the Chemilab ALT assay
kit and AST assay kit (IVDLab Co., Ltd., Uiwang, Korea), respectively.

2.4. Hematoxylin and eosin (H&E) staining

Liver sections were sampled from a portion of the left lobe and fixed
in 10% neutral-buffered formalin, embedded in paraffin, sliced into
5 um sections, and stained with H&E. Stained sections were examined in
randomly chosen histologic fields at 200 x magnification using a light
microscope (Olympus CK X 41, Olympus Optical Co., Tokyo, Japan). We
utilized the criteria reported by Suzuki et al. (1993) at slightly mod-
ification. In this classification, three liver injury indices — sinusoidal
congestion (score: 0-4), hepatocyte necrosis (score: 0-4) and bal-
looning degeneration (score: 0-4) — are graded, for a total score of
0-12. All liver samples have been evaluated by a single pathologist in a
blinded fashion.

2.5. Transmission electron microscopy (TEM)

Liver samples were fixed in 2.5% glutaraldehyde and 4% paraf-
ormaldehyde in 100 mM sodium phosphate (pH 7.2). Tissues were
washed with 100 mM cacodylate (pH 7.4), postfixed in 2% osmium
tetroxide, and then washed again. Then, the tissues were dehydrated in
a graded series of ethanol and propylene oxide and embedded in epoxy
resin (Taab 812 Resin; Canemco Inc., Montreal, QC, Canada). Ultrathin
(60-70 nm) sections were counterstained with uranyl acetated and lead
citrate, and then viewed using a Hitachi 7600 transmission electron
microscope (Hitachi High-Technologies America, Inc., Schaumburg, IL,
USA) equipped with a Macrofire monochrome progressive scan CCD
camera (Optronics, Inc., Muskogee, OK, USA) and AMTv image capture
software (Advanced Microscopy Techniques, Inc., Danvers, MA, USA).
In randomly selected fields, we captured 4 non-repeating micrographs
for each liver sample (n = 3-4 per group) and the area of one such
micrograph was regarded as the unit area. The numbers of autophagic
vacuoles per unit area (400 mm?) in each sample were counted.

2.6. Hepatic lipid peroxidation and glutathione contents

Liver homogenates were analyzed for malondialdehyde (MDA) by
measuring the level of thiobarbituric acid-reactive substances spectro-
photometrically at 535nm with 1,1,3,3-tetraethoxypropane (Sigma-
Aldrich) as the standard (Buege and Aust, 1978). Total GSH in liver
homogenates was determined using yeast-glutathione reductase, 5,5’
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dithiobis(2-nitrobenzoic acid), and nicotinamide adenine dinucleotide
phosphate at 412 nm after precipitation with 1% picric acid. Oxidized
glutathione (GSSG) levels were determined by the same method in the
presence of 2-vinylphyridine, and reduced GSH was calculated as the
difference between total GSH and GSSG (Anderson, 1985).

2.7. Western blot analysis

Protein samples were prepared from the microsomal fraction for
CYP2El. Liver tissues were isolated and homogenized in radio-
immunoprecipitation assay buffer (150 mM NaCl, 50 mM Tris, 1%
Triton X-100, 1% deoxycholic acid, 0.1% sodium dodecyl sulfate, pH
7.4) containing a protease and phosphatase inhibitor mixture for whole
protein samples. Protein concentration was determined using a BCA
protein assay kit (Pierce Biotechnology Inc, Rockford, IL, USA). Protein
samples (16-40 ug) were loaded onto 6-15% sodium dodecyl sulfate-
polyacrylamide gels and separated by electrophoresis before being
transferred to polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA) using a semidry trans-blot cell (Bio-Rad Laboratories,
Hercules, CA, USA). Membranes were blocked for 1hat room tem-
perature with 5% (w/v) skim milk powder or 5% bovine serum albumin
in 0.1% Tween 20 in 1 x Tris-buffered saline (TBS/T). Blocked mem-
branes were incubated overnight at 4 °C with primary antibodies. After
washing with TBS/T, membranes were incubated with appropriate
secondary antibodies for 1hat room temperature and detected with
West-Q Pico ECL Solution (GenDEPOT, Barker, TX, USA). The intensity
of the immunoreactive bands was determined using TOTALLAB TL 120
software (Nonlinear Dynamics Ltd., Newcastle, UK). The following
primary antibodies were used: CYP2E1 (Gentest, Woburn, MA, USA);
autophagy-related protein (Atg)3, Atg7, phosphorylated Unc-51 au-
tophagy activating kinase (ULK1) Ser757, phospho-mammalian target
of rapamycin (mTOR), and mTOR (all from Cell Signaling Technology,
Beverly, MA, USA); sequestosome-1/p62 (p62) (Abcam, Cambridge,
MA, USA), Beclin-1, APG5-APG12 complex (Atg5-Atgl2 complex), and
cathepsin B (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA);
microtubule-associated protein-1 light chain 3 (LC3)-II and lysosome-
associated membrane protein (LAMP)-2 (all from Novus Biologicals,
Littleton, CO, USA); and B-actin (Sigma-Aldrich). Protein densities were
standardized to those of B-actin, and phosphorylated protein densities
were standardized to those of total protein for total lysates.

2.8. Statistical analysis

All results are presented as means + standard error of the mean
(SEM). Overall significance of the data was examined by one-way
analysis of variance. Differences between groups were considered sig-
nificant at p < 0.05 and p < 0.01, with appropriate Bonferroni cor-
rection made for multiple comparisons.

3. Results
3.1. Effects of PTE on APAP-induced liver injury

The levels of serum ALT and AST activities in the Control + Vehicle
group were 29.3 + 6.70 U/L and 77.8 *= 7.95 U/L, respectively. At
6 h after APAP treatment, the levels of serum ALT and AST activities
significantly increased to 2702.1 *= 212.0 U/L and 1782.1 + 161.8
U/L, respectively. These increases were attenuated by PTE at 15, 30,
and 60 mg/kg in a dose-dependent manner. Moreover, compared with
RSV treatment as a positive control, PTE showed more protective po-
tency against hepatotoxicity induced by APAP overdose (Fig. 1A and B).
Vehicle (10% Tween 80/Saline) did not affect the serum amino-
transferase activities in Control and APAP-treated groups (Data not
shown). Based on these results, PTE 60 mg/kg was selected as the op-
timal effective dose for evaluating the protective mechanisms of PTE in
APAP-treated mice. At 24 h after APAP treatment, the levels of serum
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ALT and AST activities increased to 9587.2 *= 352.7 U/L and
7741.5 = 612.1 U/L, respectively. PTE treatment showed a tendency
to decrease serum ALT (7212.7 = 700.2 U/L) and AST
(6674.1 = 555.1 U/L) activities (data not shown). Considering the
pharmacokinetics of PTE (half-life: 1.73 + 0.78h, Remsberg et al.,
2008), the additional dosing of PTE could sustain the protective effect
against hepatotoxicity at 24 h post-APAP. Morphologic observations of
H&E stained specimens demonstrated normal liver architecture in
Control + Vehicle and Control + PTE60 groups (Suzuki score:
0.0 £ 0.0 and 0.0 + 0.0, respectively). In APAP + Vehicle group, the
liver sections showed extensive hepatocellular damages, including he-
patocyte degeneration and cell death (Suzuki score: 6.3 + 0.2). PTE60
ameliorated these changes (Suzuki score: 3.8 + 0.3) (Fig. 1C and D).

3.2. Effects of PTE on oxidative stress in APAP-induced liver injury

Hepatic MDA level in the Control + Vehicle group was
0.38 + 0.06 nmol/mg protein. APAP administration significantly in-
creased MDA level to 0.57 = 0.04 nmol/mg protein, and PTE60 at-
tenuated this increase (0.39 = 0.03 nmol/mg protein) (Fig. 2A). He-
patic GSSG/GSH ratio in the Control + Vehicle group was
0.45 =+ 0.09. APAP treatment significantly increased hepatic GSSG/
GSH ratio to 2.01 = 0.02, and this increase was attenuated by PTE60
(1.34 £ 0.11) (Fig. 2B). To confirm the protection by PTE60 is in-
dependent of any effect on APAP metabolism, we have measured the
GSH contents and CYP2E1 protein expression at early time point (1.5 h
after APAP treatment or 30 min post PTE60 treatment). The level of
GSH contents was 6.2 = 0.2 pmol/g liver weight in the Con-
trol + Vehicle group. After 1.5 h of APAP treatment (30 min post PTE
treatment), the GSH content significantly decreased to
1.4 = 0.1 umol/g liver weights. In APAP + PTE60 group, the level of
GSH content was 2.1 = 0.2 umol/g liver weight, which was not sta-
tistically significant compared with the APAP + Vehicle group. Fur-
thermore, there were no differences in the CYP2E1 protein level be-
tween APAP + Vehicle and APAP + PTE60 groups (Fig. 2C). These
results indicated that PTE protects against APAP-induced hepatotoxi-
city not through interfering with APAP metabolism.

3.3. Effects of PTE on autophagic flux

The protein expression level of LC3-II, a reliable marker of autop-
hagosomes, significantly increased 2.7-fold compared with that of the
control group after APAP treatment. PTE60 enhanced APAP-induced
LC3-II protein expression (Fig. 3A). The protein expression level of p62,
a selective substrate for autophagy, significantly increased 2.2-fold
compared with that of the control group after APAP treatment, and this
increase was attenuated by PTE60 (Fig. 3B). Moreover, we utilized the
autophagic flux inhibitor CQ to confirm the role of autophagy activa-
tion by PTE60 during APAP-induced liver injury. Treatment with CQ
abolished the protective effects of PTE60 against APAP-induced liver
injury as indicated by increased serum ALT activity and histological
changes (Fig. 3C-E). Furthermore, treatment with CQ after PTE60
treatment abolished PTE-induced p62 decrease but did not affect to the
increase in LC3-II protein expression (Fig. 3F and G). To confirm our
western blot results, we used TEM analysis to observe the autophagic
vacuoles. Autophagosomes are characterized by double- and multiple
membrane structures containing cytoplasm or undigested organelles
including mitochondria. Compared with basal level of autophagic va-
cuoles in the control group, the number of autophagic vacuoles was
markedly increased by APAP treatment and was further increased by
PTE60 treatment (Fig. 4A).

3.4. Effects of PTE on autophagosome formation

Initiation of autophagosome formation requires the beclin-1 com-
plex and two conjugation systems: the Atg5-12 conjugation system that
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facilitates binding of LC3-II to the outer membrane of autophagophores
and the Atg3 and Atg7 conjugation system that promotes the lipidation
of LC3-I to LC3-II. APAP treatment significantly decreased the level of
beclin-1 protein expression approximately 65% from that of the control
group, and this decrease was attenuated by PTE treatment (Fig. 5A).
The Atg5-Atgl2 complex protein expression was not affected by APAP
treatment, but was increased by PTE treatment (Fig. 5B). Next, we as-
sessed Atg3 and Atg7 protein expression. APAP treatment decreased the
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Fig. 1. Effects of PTE on APAP-induced
liver injury. Serum levels of (A) ALT and (B)
AST activities in male mice treated with
various doses of PTE (15, 30 or 60 mg/kg)
and RSV 53 mg/kg 1 h after APAP treat-
ment. (C) Representative histological
images of liver section stained with H&E at
6 h after APAP treatment. Livers from
Control + Vehicle and Control + PTE
groups show normal appearance. Liver from
APAP + Vehicle groups show hepatocyte
degeneration and cell death (closed ar-
rows). PTE attenuates these histological
changes. (D) Histological lesions are graded
using Suzuki score. Values are presented as
means = SEM (n = 6-8). "p < 0.01
compared with the Control + Vehicle
group; " Tp < 0.05, p < 0.01 compared
with the APAP + Vehicle group.

levels of Atg3 and Atg7 protein expression approximately 74% and
60%, respectively, from those of the control group. PTE60 attenuated
the decreased levels of Atg7 protein expression (Fig. 5C and D).

3.5. Effects of PTE on autophagosome-lysosome fusion and degradation

Once autophagosomes are formed, they fuse with lysosomes to form
autolysosomes, and this process is essential to degrade the inner
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Fig. 2. Effect of PTE on oxidative stress in APAP-induced liver injury. Hepatic levels of (A) MDA and (B) GSSG-to-GSH ratio. Western blot analysis of (C) CYP2E1
protein expression (loading control: B-actin). Values are presented as means = SEM (n = 6-8).  “p < 0.05, p < 0.01 compared with the Control + Vehicle

group; " Tp < 0.05,p < 0.01 compared with the APAP + Vehicle group.

substrates of autophagosomes. We investigated the level of lysosomal
membrane protein LAMP-2 protein expression and the lysosomal pro-
tease cathepsin B protein expression. As shown in Fig. 6A, the level of
LAMP-2 protein expression was significantly decreased in the APAP
group to a level approximately 59% from that of the control group, and
this decrease was attenuated by PTE treatment. However, there were no
significant differences in cathepsin B protein expression among any of
the experimental groups (Fig. 6B).

3.6. Effects of PTE on mTOR signaling

To further explore the molecular mechanisms involved in autop-
hagy activation by PTE in APAP-induced liver injury, we investigated
the involvement of the mTOR-dependent pathway, a critical regulator
of autophagy. Phosphorylation level of mTOR significantly increased
4.1-fold in the APAP-treated group compared to the control group. PTE
treatment attenuated this increase (Fig. 7A). Likewise, phosphorylation
level of ULK1 Ser757 significantly increased 1.9-fold in APAP-treated
group compared to the control group, and PTE60 treatment attenuated
this increase (Fig. 7B).

4. Discussion

Autophagy plays a pivotal role in liver diseases; however, the role of
autophagy still remains controversial (Rautou et al., 2010). In liver fi-
brosis, excessive autophagy contributed to liver stellate cell activation
and subsequently promoted hepatic fibrogenesis (Hernandez-Gea et al.,
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2013). APAP overdose induced autophagy, which eliminated damaged
mitochondria and attenuated hepatocyte necrosis (Ni et al., 2012). In
contrast, acute alcohol consumption impaired autophagy, which leads
to apoptotic cell death in mouse liver (Yang et al., 2014). A plethora of
evidence had demonstrated that ROS can activate starvation-induced
autophagy and autophagic cell death (Huang et al., 2011). PTE, a di-
methyl analogue of RSV, had potent antioxidant and anti-inflammatory
properties (McCormack and McFadden, 2012). PTE ameliorated APAP-
induced liver injury by increasing antioxidant activity and inhibiting
inflammatory cytokine release (El-Sayed el et al., 2015). Cheng et al.
(2014) showed that PTE had anti-cancer activity through induction of
autophagy in a COLO 205 colon cancer cell line. In the present study,
we investigated the molecular mechanism by which PTE protects
against APAP-induced liver injury, with a focus on autophagic flux in
mice.

Autophagy is an intracellular process consists of complex molecular
machinery in which cytoplasmic proteins or organelles are sequestered
by autophagosomes and delivered to lysosomes for proteolytic de-
gradation. Earlier studies indicated that activation of autophagy serves
a cellular adaptive mechanism to counteract APAP-induced hepato-
toxicity, based on the finding of increased LC3-II accumulation (Ni
et al., 2012; Igusa et al., 2012). LC3-II is known to only present on
mature autophagosomes and is regarded as a typical indicator of au-
tophagic flux, however, it is ambiguous whether increased LC3-II pro-
tein expression can be translated as an induction of autophagy or im-
pairment of autophagy by blockage of lysosomal fusion and
degradation (Kuma et al., 2007). For example, LC3-II expression was
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Fig. 3. Effect of PTE on autophagic flux.
Western blot analysis of hepatic (A) LC3-IT
and (B) p62 protein expressions (loading
control: B-actin). Effect of CQ in the pre-
sence of PTE on (C) serum ALT activity and
(D) representative histological images of
liver section stained with H&E at 6 h after
APAP treatment. (E) Histological lesions are
graded using Suzuki score. Effect of CQ in
the presence of PTE on western blot analysis
of (F) hepatic LC3-1I, (G) p62 protein ex-
pressions (loading control: [(-actin) and
Values are presented as means *+ SEM
n=6-8). ~ “p < 0.05, p < 0.01 com-
pared with the Control + Vehicle group; ™
p < 0.05, p < 0.01 compared with the
APAP + Vehicle group; ** p < 0.01 com-
pared with the APAP + PTE60 group.
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found to be significantly increased in a non-alcoholic fatty liver disease
model of mice; however, this was not the result of autophagy induction
but rather impairment of autolysosome function (Gonzalez-Rodriguez
et al., 2014). The autophagic substrate p62, normally degraded during
autophagy, is an ubiquitin binding protein that recognizes ubiquiti-
nated substrates and recruits phagophores through direct interaction
with LC3-II (Lamark et al., 2003; Pankiv et al., 2007). Since LC3-II and
p62 are both degraded in the autolysosome with autophagic cargo,
accumulation of LC3-II and p62 is regarded as a robust marker of im-
paired autophagic flux (Lee et al., 2012). Previous study demonstrated
that expression of p62 gene is induced by Nrf2 upon exposure to ROS
(Jain et al., 2010). Nrf2 regulates the antioxidant response by activating
a battery of genes bearing an antioxidant response element (ARE). In
our study, APAP overdose did not affect mRNA expression of p62 (data
not shown), suggesting that p62 turnover comes from autophagic de-
gradation as its substrates. LC3-II and p62 protein expression sig-
nificantly increased after APAP treatment. Treatment with CQ, an
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inhibitor of lysosomal acidification did not affect APAP-induced in-
crease of LC3-II, further accumulated p62 and exacerbated liver injury,
as evidenced by increased levels of serum ALT activity and histological
damages. These results indicate that impaired autophagic flux is re-
sponsible for APAP-induced liver injury. However, other studies have
demonstrated that APAP overdose treatment increased LC3-II and de-
graded p62, indicating that activated autophagy protects against APAP
through clearance of damaged mitochondria and detrimental APAP
adducts formation (Ni et al., 2012, 2016). Recently, Wang et al. (2016)
reported that higher concentration of APAP (> 15 mM) markedly in-
hibited LC3-II level in hepatocytes, whereas LC3-II levels were in-
creased by 2.5 mM or 5mM APAP. The level of p62 and phosphor-p62
were significantly increased at 6 h following administration of APAP
and reached their peaks at 12h (Shen et al., 2018). The discrepancies
between our results with others might be derived from different ex-
perimental settings (e.g. in vivo vs in vitro, different mice strain, dosing
and timing of APAP). PTE increased LC3-II expression and reduced p62
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Fig. 4. Representative TEM images of autophagic vacuoles from liver tissue. Autophagic vacuoles are indicated closed arrows. (A) Livers from Control + Vehicle and
Control + PTE60 groups shows few autophagic vacuoles. Liver from APAP + Vehicle group shows increased autophagic vacuoles and PTE60 enhanced more
autophagic vacuoles. ‘p < 0.05 compared with the Control + Vehicle group; 'p < 0.05 compared with the APAP + Vehicle group.

accumulation, thereby attenuating liver injury due to decreased serum
ALT and AST activities. TEM images revealed that PTE further in-
creased the number of autophagic vacuoles in the livers of mice during
APAP overdose, which correlated with our western blot results. To
confirm autophagy activation by PTE and its possible contribution to
attenuation of liver damage triggered by APAP, we utilized CQ. Co-
treatment with CQ blocked the restoration of autophagic flux by PTE
and diminished the hepatoprotective effects of PTE on APAP overdose.
Collectively, our data suggest that PTE alleviates APAP-induced liver
injury by restoring the impaired autophagic flux.

Precise interaction between the autophagy machinery and autop-
hagy receptors are critical for execution of an integrated autophagy
process. The process of autophagy consists of several sequential key
steps: membrane isolation, phagophore elongation, autophagosome
formation, and autophagosome-lysosome fusion and degradation. After
the Beclin-1 complex initiates membrane isolation and recruits autop-
hagic proteins required for autophagosome formation, two conjugation
systems play crucial roles in the formation of autophagosome: the Atg5-
Atgl2 conjugation system and LC3 lipidation system. The Atg5-Atgl2
conjugation system is present on the outer side of the isolated mem-
brane and LC3-II subsequently binds to the Atg5-Atgl2-associated
phagophore to form a mature autophagosome. Pre-LC3 is cleaved by
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Atg4 to LC3-I, which covalently binds to phosphatidyl ethanolamine by
the action of Atg7 and Atg3 proteins and finally becomes LC3-II. Total
saponins enhanced autophagy via up-regulation of Beclin-1 and Atg5
protein expression which prevented APAP-induced liver damage (Dong
et al., 2014). Igusa et al. (2012) reported that genetic deletion of Atg7
impaired autophagy, which accelerated necrotic and apoptotic cell
death of hepatocytes induced by APAP overdose. In the present study,
APAP overdose significantly decreased Beclin-1, Atg3, and Atg7 protein
expression. PTE increased Beclin-1 and Atg7 protein expression as well
as Atg5-Atg12 conjugate protein expression indicating that PTE induces
phagophore elongation and increases mature autophagosome forma-
tion.

Last stage of autophagy is a fusion of lysosomes with mature au-
tophagosomes, which is a crucial step for degradation of autophagic
cargo (Yu et al., 2010). LAMP-2 is especially important for termination
of autophagy, as a main membrane protein of autophagosome and ly-
sosome fusion (Eskelinen et al., 2002). A combination of alcohol and
lipopolysaccharides inhibited the autophagosome and lysosome fusion
via down-regulation of LAMP-2 protein expression, which enhanced
pancreatic acinar cell necrosis (Fortunato et al., 2009). Cathepsin, a
representative member of the lysosomal proteases, has also been shown
to play a key role in autolysosome degradation (Uchiyama, 2001).
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Fig. 5. Effect of PTE on autophagosome formation. Western blot analysis of hepatic (A) beclin-1, (B) Atg5-Atgl2 protein complex, (C) Atg3 and (D) Atg7 protein

expressions (loading control: B-actin). Values are presented as means + SEM (n = 6-8). “p < 0.01 compared with the Control + Vehicle group; ™ p < 0.05,
p < 0.01 compared with the APAP + Vehicle group.
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Defective cathepsin B and cathepsin L enzyme activity resulted in in- B inhibitor, did not significantly affect APAP-induced liver injury in of
sufficient autolysosome clearance and accumulation of autophagic va- mice (Woolbright et al., 2012). In our study, APAP overdose sig-
cuoles, which contributed to the initiation of pancreatitis (Mareninova nificantly decreased LAMP-2 protein expression, but not cathepsin B

et al., 2009). However, another study found that z-FA-FMK, a cathepsin protein expression. PTE increased the LAMP-2 protein expression.
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Fig. 7. Effect of PTE on mTOR signaling. Western blot analysis of hepatic (A) mTOR and (B) ULK1 Ser757 protein phosphorylation (loading control: B-actin). Values

+

are presented as means
group.

These results suggest that PTE restores autophagosome-lysosome fu-
sion.

mTOR, a serine/threonine protein kinase, is a major intracellular
hub for integrating autophagy-related signals (Jung et al., 2010) which
regulates diverse cellular processes and is the main upstream negative
effector of autophagy in mammalian cells (Wullschleger et al., 2006).
ULK1, a mammalian homolog of Atgl, is localized in the isolated
membrane and recruits the Beclin-1 complex (Nazio et al., 2013).
mTOR inhibits ULK1 activation by phosphorylating ULK1 Ser757 and
disrupting its interaction with AMP activated protein kinase (Kim et al.,
2011). Acute alcohol consumption activates mTOR signaling and de-
creases Beclin-1 and Atg7 protein expressions, which results in liver
steatosis (Yang et al., 2012). Rapamycin induces LC3-II protein ex-
pression through inhibition of mTOR signaling and subsequently pro-
tects the liver from I/R injury (Zhu et al., 2015). In the present study,
APAP overdose significantly increased phosphorylation levels of mTOR
and ULK1 Ser757, while PTE attenuated these increases. Overall, our
data suggest that PTE suppresses mTOR signaling.

In conclusion, our findings suggest that PTE protects against APAP-
induced liver injury by restoring impaired autophagic flux. Our study
demonstrates the influence of PTE on the autophagy machinery in
APAP overdosed liver, focusing on the sequential steps of autophagy.
Therefore, we propose that PTE may provide a new pharmacological
maneuver for drug-induced acute liver failure.
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