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Enhanced Production of Adenosine Triphosphate
by Pharmacological Activation of Adenosine
Monophosphate-Activated Protein Kinase
Ameliorates Acetaminophen-Induced Liver Injury

Jung Hwan Hwang, Yong-Hoon Kim, Jung-Ran Noh, Dong-Hee Choi, Kyoung-Shim Kim, and

Chul-Ho Lee*

The hepatic cell death induced by acetaminophen (APAP)
is closely related to cellular adenosine triphosphate
(ATP) depletion, which is mainly caused by mitochondrial
dysfunction. Adenosine monophosphate (AMP)-activated
protein kinase (AMPK) is a key sensor of low energy sta-
tus. AMPK regulates metabolic homeostasis by stimulat-
ing catabolic metabolism and suppressing anabolic
pathways to increase cellular energy levels. We found
that the decrease in active phosphorylation of AMPK in
response to APAP correlates with decreased ATP levels,
in vivo. Therefore, we hypothesized that the enhanced
production of ATP via AMPK stimulation can lead to ame-
lioration of APAP-induced liver failure. A769662, an allo-
steric activator of AMPK, produced a strong synergistic
effect on AMPK Thrl72 phosphorylation with APAP in
primary hepatocytes and liver tissue. Interestingly, acti-
vation of AMPK by A769662 ameliorated the APAP-
induced hepatotoxicity in C57BL/6N mice treated with
APAP at a dose of 400 mg/kg intraperitoneally. However,
mice treated with APAP alone developed massive centri-
lobular necrosis, and APAP increased their serum alanine
aminotransferase and aspartate aminotransferase levels.
Furthermore, A769662 administration prevented the loss
of intracellular ATP without interfering with the APAP-
mediated reduction of mitochondrial dysfunction. In con-
trast, inhibition of glycolysis by 2-deoxy-glucose elimi-
nated the beneficial effects of A769662 on APAP-
mediated liver injury. In conclusion, A769662 can effec-
tively protect mice against APAP-induced liver injury
through ATP synthesis by anaerobic glycolysis. Fur-
thermore, stimulation of AMPK may have potential thera-
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peutic application for APAP overdose.
INTRODUCTION

Acetaminophen (APAP) is a widely used analgesic and anti-
pyretic drug and is also the most frequent cause of acute liver
injury in many countries (Larson et al., 2005). APAP is metab-
olized to N-acetyl-p-benzoquinone imine (NAPQI) by the cy-
tochrome P450 family of oxidase enzymes (Dahlin et al.,
1984). NAPQI causes rapid depletion of cellular glutathione
(GSH), which increases covalent binding in cytoplasm and
mitochondria (Cohen and Khairallah, 1997; Nelson, 1990).
Elevated protein adducts produce reactive oxygen species
(ROS), which stimulate the activation of various mitogen-
activated protein (MAP) kinases (McGill et al., 2012). Pro-
longed activation of c-jun-N-terminal kinase (JNK) in particular,
amplifies the oxidant stress and peroxynitrite formation, which
opens the membrane permeability transiton (MPT) pores
(Packer et al., 1997; Saito et al., 2010). Severe mitochondrial
dysfunction ultimately leads to the cessation of oxphos-
dependent ATP synthesis. N-acetylcysteine (NAC) is the only
known antidote that prevents progression to liver failure.
However, NAC needs to be administered promptly following
an overdose of APAP to avoid severe morbidity and mortality
(Polson and Lee, 2005). Therefore, there is an urgent need
for alternative hepatoprotective agents.

Adenosine monophosphate-activated protein kinase (AMPK)
is a serine-threonine kinase heterotrimer that consists of a cata-
Iytic a subunit and regulatory B, and y subunits (Hardie and
Sakamoto, 2006; Towler and Hardie, 2007). In mammals,
AMPK is activated by metabolic stress such as hypoglycemia,
hypoxia, and exercise that increase intracellular AMP, as well
as by other allosteric effectors (Hardie and Sakamoto, 2006).
AMPK stimulates ATP production by switching off anabolic
processes and turning on catabolic pathways (Yang et al.,
2010). In addition to regulation of energy homeostasis, AMPK
has a cytoprotective role in hepatocytes exerted by inhibition of
apoptosis, regulation of mitochondrial biogenesis, protection
against mitochondrial injury, and activation of autophagy (Ido et
al., 2002; Peralta et al., 2001). A recent study also showed that
AMPK plays a critical role in APAP-induced cytotoxicity (Saberi
etal., 2014).
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In this study, we explored whether pharmacological activation of
AMPK can ameliorate APAP-induced liver injury and investigat-
ed its underlying mechanisms of action in rodent models.

MATERIALS AND METHODS

Antibodies and reagents

Antibodies (Abs) against apoptosis inducing factor (AlF), phos-
phorylated AMPK (pAMPK), and total AMPK (tAMPK) were
purchased from Cell Signaling (USA). Abs against endonucle-
ase G (endo G) and a-tubulin were purchased from Abcam
(UK). The anti-nitrotyrosine Ab was purchased from Upstate
Biotechnology (USA). A769662 and Tocrisolve 100 were pur-
chased from Tocris Bioscience (Bristol, UK). The 2-deoxy-D-
glucose (2DG) was from Sigma-Aldrich (USA). All other rea-
gents were purchased from Calbiochem (USA).

Animal experiments

All animal experiments were approved by and conducted in
accordance with the guidelines of the Institutional Animal Care
and Use Committee of the Korea Research Institute of Biosci-
ence and Biotechnology (Korea). Male C67BL/6N mice were
housed in a room maintained at a constant temperature (20-
22°C) and kept on a 12:12 h light:dark schedule. The mice
were fasted for 16 h prior to commencement of experiments. All
treatments were administered intraperitoneally (ip). APAP was
dissolved in warm sterile water while A769662 was dissolved in
Tocrisolve 100 and administered to mice 1 h prior to APAP
treatment. The 2DG was dissolved in sterile water and adminis-
trated with the APAP. Following treatments, the mice were killed,
the livers were removed, and the tissue immediately frozen or
fixed in formalin.

Histological analysis

Paraffin-embedded liver sections (5 um) were used for hema-
toxylin and eosin (H&E) staining. Following deparaffinization
and rehydration, sections were stained with hematoxylin for 1
min and eosin for 30 s, according to the manufacturer’s pro-
tocol. Liver sections were stained by using a terminal deox-
ynucleotidyl transferase-mediated dUTP nick end-labeling
(TUNEL) kit (Millipore, USA) according to the manufacturer’s
procedure.

Isolation and culture of mouse primary hepatocytes

Primary hepatocytes were isolated from 8-week-old male mice.
Briefly, mice were anesthetized with 2,2,2-tribromoethanol and
tert-amyl alcohol (avertin, 2.5%), and their livers were perfused
with liver perfusion | solution (142 mM sodium chloride, NaCl;
6.7 mM potassium chloride, KCI; 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, HEPES; 2.5 mM ethylene glycol
tetraacetic acid, EGTA; pH 7.4) at 8 ml/min for 2 min, followed
by perfusion Il solution (66.7 mM NaCl, 6.7 mM KCI, 100 mM
HEPES, 4.8 mM calcium chloride; CaCl,, pH 7.6) containing
type IV collagenase (25 mg/50 ml, Sigma-Aldrich, USA) for 4
min, by using a perista pump (ATTO, Japan). Hepatocytes were
harvested by using meshes and purified at 1250 rpm for 10 min
with Percoll (Sigma-Aldrich, USA) containing 1X Hank’s bal-
anced salt solution (HBSS; Invitrogen, USA). The hepatocytes
were counted by using the trypan blue exclusion method, and
then seeded onto collagen-coated 6-well plates (5 x 10°
cells/well) in M199 medium (Invitrogen, USA) containing 10%
fetal bovine serum (FBS; Hyclone, USA). After 4 h, the medium
was replaced with new Dulbecco’s modified Eagle’s medium
(DMEM; Hyclone, USA) containing 10% FBS. Hepatocytes
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were incubated for 24 h before the commencement of all exper-
iments.

JC-1 assay

A JC-1 assay kit (Abcam, UK) was used to measure the depo-
larization of the mitochondrial membrane potential. Primary
hepatocytes were seeded in 96-well plates at a density of 1 x
10* cells/ml. The following day, the cells were treated with
A769662 (10 uM) with or without APAP (10 mM). After 12 h,
the cells were further incubated with JC-1 dye at 37°C in a 5%
CO; incubator for 20 min. Aggregate formation by JC-1 was
finally estimated by using the ratio of fluorescence emissions at
530 and 590 nm.

Plasma analysis

At the end of the experimental period, mice were euthanized by
cervical dislocation. Blood samples were collected from the
orbital venous sinus for the determination of concentrations of
plasma biomarkers. Plasma was obtained by centrifugation of
the blood at 10,000x g for 5 min at 4°C and stored at -70°C
until required for analysis. Plasma alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels were
measured by using an automatic chemical analyzer (Hitachi
7150, Japan).

ROS measurements

Liver tissue was fractionated by first homogenizing it with a
tight-fitting pestle in lysis buffer containing 210 mM mannitol, 70
mM sucrose, 1 mM EGTA, and 5 mM HEPES. Homogenates
were then centrifuged at 600x g for 10 min at 4°C, and the
supernatants were collected and further centrifuged at 17,000x
g for 10 min at 4°C. The mitochondrial-enriched pellets ob-
tained were washed twice to minimize putative contamination
with cytosolic proteins. The supernatants were centrifuged
again at 17,000x g for 10 min at 4°C, and the cytosolic protein
pellets were obtained. The isolated proteins were quantified by
using the Bradford assay.

The total levels of ROS produced were determined by the ox-
idative conversion of the nonfluorescent 2',7-dichlorofluorescein
diacetate (H.DCFDA, Invitrogen) to the highly fluorescent 2’,7’-
dichlorofluorescein (DCF) in the cytosolic and mitochondrial
liver fractions. Briefly, liver extracts (100 pl) were incubated at
37°C for 60 min with 100 pl of a solution of 200 uM H,DCFDA
in PBS. Fluorescence was recorded at 485 nm (excitation) and
527 nm (emission) with a Victor3 1420 Multilabel Counter (Per-
kin Elmer, USA) and normalized to the protein content.

Western blot analysis

Liver tissue samples were homogenized in tissue lysis buffer
(20 mM HEPES, pH 7.0; 2 mM EGTA, 1 mM EDTA, 1% Triton
X-100, 10% glycerol, 150 mM NaCl, and 20 mM glycerol-2-
phosphate). The homogenates were centrifuged at 16,500x g
for 15 min to remove the cell debris. The remaining separated
supernatant was centrifuged again at 16,500x g for 15 min. The
proteins were separated by electrophoresis on 10-12% sodium
dodecyl sulfate (SDS)-polyacrylamide gel and transferred to
polyvinylidene fluoride (PVDF) membranes. Primary Abs were
used for the immunoblotting assay.

Glutathione (GSH) assay

The assay samples were prepared by homogenizing about 200
mg of liver tissue, in cold buffer [50 mM 2-(N-morpholino)
ethanesulfonic acid, MES or phosphate; pH 7.0; 1 mM eth-
ylenediaminetetraacetic acid, EDTA] and centrifuging at
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Fig. 1. Time-dependent changes in adenosine triphosphate (ATP)
and adenosine monophosphate-activated protein kinase (AMPK)
phosphorylation by acetaminophen (APAP). Eight-week-old
C57BL/6N male mice were intraperitoneally administered 400
mg/kg APAP. Liver tissue samples were collected at indicated time
points following APAP treatment. (A) ATP concentration was meas-
ured in the liver samples from each group. (B) AMPK activation was
estimated by immunoblot analysis by using antibodies (Abs) against
the phosphorylated (pT172) or total AMPK; n = 5, *P < 0.05, ***P <
0.001 as compared to time zero.

10,000x g for 15 min at 4°C. The supernatants were deprotein-
ated by using an equal volume of metaphosphoric acid (MPA,
1.2 M) reagent to the sample. GSH concentrations were deter-
mined by using a GSH assay Kit (BioVision Research Products,
USA) according to the manufacturer’s instructions.

Measurement of ATP content

For ATP measurement, liver tissue samples were lysed with
ice-cold 6% perchloric acid and centrifuged at 13,000 rpm for
10 min at 4°C. The acidic extracts were neutralized with a solu-
tion containing 2 M potassium hydroxide (KOH), 2 mM EDTA,
and 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS).
ATP levels were estimated by using an assay kit according to
the manufacturer’s instructions (BioVision Research Products, USA).

Statistical analysis

Statistical analysis was performed with the two-tailed t-test.
Differences with p < 0.05 and p < 0.01 values were regarded as
statistically significant and very significant, respectively.

RESULTS

APAP-induced ATP depletion correlated with down-regulation
of AMPK activation

It is well known that APAP-mediated hepatotoxicity causes
depletion of hepatic ATP levels by inhibiting mitochondrial
function (Jaeschke and Baijt, 2006). In addition, it has been
shown that stimulation of AMPK can increase the ATP level in
several tissues (Hardie and Sakamoto, 2006). Therefore, we
hypothesized that ATP depletion might be caused by the de-
regulation of AMPK activation. Male C57BL/6N mice were
treated with a single dose of APAP (400 mg/kg body weight)
and the relationship between ATP levels and AMPK phos-
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Fig. 2. Synergistic effects of A769662 and acetaminophen (APAP)
on phosphorylation of adenosine monophosphate-activated protein
kinase (AMPK) in primary hepatocytes and liver tissues. (A) Primary
hepatocytes were isolated from C57BL/6N male mice and cultured
overnight. Cells were treated with A769662 (10 uM) in the presence
or absence of APAP (10 mM) for the indicated times, and time-
dependent phosphorylation of AMPKa. was determined by im-
munoblot analysis. (B) In vivo AMPKo. phosphorylation was estimat-
ed in liver lysates from mice treated with APAP alone or APAP plus
A769662 for 6 h. The bar chart shows the quantitative analysis of
the ratio of pAMPK/total jun-N-terminal kinase (JNK) of each group;
n =6, **P < 0.001 as compared with APAP alone.

phorylation was estimated. Following APAP administration,
ATP loss occurred rapidly while recovery was slow (Fig. 1A).
Interestingly, active phosphorylation of AMPK declined at the
same time point and with a similar pattern (Fig. 1B), suggest-
ing that ATP depletion by APAP might correlate with inhibition
of AMPK activity.

A769662 and APAP synergistically induced AMPK activity
Next, we evaluated whether A769662-induced activation of
AMPK could ameliorate APAP-induced acute liver injury. Both
A769662 and APAP administered alone, slightly enhanced
AMPK phosphorylation in primary hepatocytes, as compared to
the untreated control (Fig. 2A). However, co-treatment with
A769662 and APAP led to strong and prolonged activation of
AMPK for up to 6 h as compared to the other treated groups
(Fig. 2A). Consistent with the in vitro study, a dramatic increase
in AMPK activity was also observed with lysates from liver tis-
sue samples treated with APAP and A769662 as compared to
APAP alone (Fig. 2B).

A769662 prevented ATP loss and eliminated the toxic
effects of APAP in liver tissues
Activation of AMPK stimulates ATP synthesis by enhancing the
catabolic pathway. Therefore, we estimated the ATP levels in
lysates from mice treated with 400 mg/kg of APAP for 6 h, in
combination with or without A769662. Interestingly, A769662
treatment led to significantly elevated ATP levels as compared
to APAP alone (Fig. 3A)

We then investigated the impact of A769662 on APAP-induced
liver injury. As expected, serum levels of the established markers
of liver injury, ALT and AST, were increased in mice 6 h following
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Fig. 3. Protective effects of A769662 against acetaminophen (APAP)-induced liver injury. Eight-week-old C57BL/6N male mice were intraperi-
toneally pretreated with A769662 (30 mg/kg) or vehicle 30 min before treatment with APAP (400 mg/kg). (A) Adenosine triphosphate (ATP)
levels in the liver tissue samples were measured 6 h following APAP treatment. The data are expressed by % of APAP-treated group. (B)
Plasma alanine aminotransferase (ALT) and (C) aspartate aminotransferase (AST) levels were compared between the APAP- and APAP plus
A769662-treated groups (n = 6). (D) Histopathology was estimated by using hematoxylin and eosin (H&E, upper panel, x100) and terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL, lower panel, x100) staining. Bar indicates 200 um. (E) Immunoblots
for the markers of cell death (apoptosis inducing factor, AIF and endonuclease G, endo G) in liver lysates from the APAP- or APAP plus
A769662-treated groups are shown, n = 5-6, *P < 0.05, ***P < 0.001 as compared with APAP alone.

APAP treatment (Figs. 3B and 3C). H&E and TUNEL staining
also revealed the presence of typical bridging necrosis within
the centrilobular region of the liver sections from the APAP-
treated mice (Fig. 3D). However, APAP-induced upregulation of
ALT and AST, as well as the typical necrotic areas were mark-
edly reduced by treatment with A769662 (Fig. 3D). Importantly,
the cytosolic release of AIF and endo G induced by APAP
were also recovered by A769662 administration (Fig. 3E). The-
se data suggest that prevention of APAP-induced ATP loss by
activation of AMPK has beneficial effects.

A769662 did not affect GSH level, JNK and extracellular
signal-regulated kinase (ERK) activities, and nitrotyrosine
formation mediated by APAP

Necrotic cell death induced by APAP is caused by complex fac-
tors, including GSH depletion, sustained JNK activation, and
covalent binding (Jaeschke and Bajt, 2006; McGill et al., 2012).
herefore, we examined whether these factors are involved in
the A769662-mediated protection against APAP-induced
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cytotoxicity. Hepatic GSH concentration showed a reduction of
approximately 30% following APAP but not A769662 treatment
(Fig. 4A). Unexpectedly, co-treatment with A769662 and APAP
caused a greater reduction in GSH than APAP alone (Fig. 4B).
Next, we investigated the phosphorylation of JNK and ERK,
which are important molecules involved in APAP cytotoxicity.
Significant differences in the phosphorylation of JNK1/2 and
ERK1/2 were not observed between APAP-treated and
APAP plus A769662-treated mice (Fig. 4B). Nitrotyrosine
formation also was not different between APAP-treated and
APAP plus A769662-treated mice (Fig. 4C). These data
suggest that, the protective effects of A769662 against
APAP-induced liver injury might be linked to a later step in
the signal pathway after nitrotyrosine formation.

A769662 did not affect mitochondrial dysfunction induced
by APAP

It is well known that activation of AMPK stimulates ATP syn-
thesis by turning on the catabolic pathway. It is important to

http://molcells.org
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Fig. 4. Effects of A769662 on acetaminophen (APAP)-induced changes
in glutathione (GSH), jun-N-terminal kinase (JNK), and extracellular
signal-regulated kinase (ERK) levels, and nitrotyrosine response in the
liver. (A) GSH levels were measured in the indicated groups by enzy-
matic analysis 6 h following APAP treatment. (B) Activation of JNK,
adenosine monophosphate-actiavted protein kinase (AMPK), and
ERK1/2 in the liver following APAP treatment was analyzed by im-
munoblot by using antibodies (Abs) to detect phosphorylation. (C) Nitro-
tyrosine formation was determined by immunostaining by using an
antibody against nitrotyrosine, and representative images were dis-
played. Bar indicates 200 um, n = 5-6, *P < 0.05, ***P < 0.001 as com-
pared to the vehicle.
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Fig. 5. Effects of A769662 on acetaminophen (APAP)-induced mitochondrial dysfunction. Total reactive oxygen species (ROS) production in
cytosolic (B) and mitochondrial (C) fractions of the liver from APAP- or APAP plus A769662-treated mice (n = 5) measured as the oxidative
conversion of 2',7'-dichlorofluorescein diacetate (H,DCFDA) to highly fluorescent 2',7"-dichlorofluorescein (DCF). (C) Primary hepatocytes
were treated with A769662 with or without 10 mM APAP for 12 h and mitochondrial membrane potential was calculated as the ratio of red
(excitation 550 nm, emission 590 nm) to green fluorescence (excitation 485 nm, emission 535 nm) of JC-1 dye.

investigate mitochondrial function since most ATP is synthe-
sized by the electron transport chain in the mitochondria. APAP
overdose triggers mitochondrial dysfunction by producing ROS,
which in turn causes the collapse of membrane potential and
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necrotic cell death (Packer et al., 1997; Saito et al., 2010). ROS
levels were slightly elevated in mitochondrial fractions from
mice co-treated with A769662 and APAP as compared to APAP
treatment alone (Figs. 5A and 5B). We also estimated the
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Fig. 6. Effects of inhibition of
glycolysis by 2-deoxy-glucose
(2DG) on beneficial effects of
A769662 against acetaminophen
(APAP)-induced liver injury. Male
mice were intraperitoneally
treated with A769662 (30
mg/kg) 30 min before APAP
(400 mg/kg) and 2DG (500
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effects of A769662 on APAP-induced mitochondrial dysfunction
by JC-1 staining. APAP treatment significantly down-regulated
mitochondrial membrane potential (Fig. 5C). A769662 did not
reverse the loss in mitochondrial membrane potential caused
by APAP in primary hepatocytes (Fig. 5C). These results sug-
gest that a mitochondrial-independent ATP production pathway
is responsible for the protective effects of A769662 against
APAP hepatotoxicity.

Beneficial effects of A769662 on APAP-induced liver injury
are completely eliminated by 2DG treatment

Most ATP synthesized in the mitochondria is through oxidative
phosphorylation of substrates like glucose and free fatty acid;
however, ATP is also produced in the cytosol during glycolysis
(Viollet et al., 2009). A769662 does not prevent APAP-induced
mitochondrial dysfunction and may induce ATP synthesis via
increased glycolysis. To investigate this phenomenon, we inhib-
ited glycolysis with 2DG as previously reported (Qian et al.,
1999). Excitingly, 2DG treatment eliminated the beneficial ef-
fects of A769662 on plasma ALT and AST levels (Figs. 6A and
6B). Histological data also showed similar results (Fig. 6C),
suggesting that the therapeutic effects of A769662 against
APAP-induced liver injury are associated with increased ATP
production through stimulation of glycolysis (shown in the
schematic Fig. 6D).

DISCUSSION

APAP overdose induces necrotic cell death, which correlates
with ATP loss caused by severe mitochondrial dysfunction
(Hinson et al., 2010; Hwang et al., 2014; Jaeschke and Baijt,
2006). In this study, we observed that the pharmacological
activation of AMPK significantly ameliorates APAP-induced liver
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injury. Co-treatment with A769662 and APAP strongly en-
hanced AMPK phosphorylation and prevented the ATP loss
induced by APAP. However, APAP-induced mitochondrial dys-
function, a major source of ATP generation, was not improved
by treatment with A769662. Interestingly, inhibition of glycolysis
by 2DG caused the complete elimination of the beneficial ef-
fects of AMPK activation against APAP-induced liver injury,
suggesting that ATP loss can affect susceptibility to APAP-
induced liver toxicity.

Energy homeostasis is a critical factor in cell viability. APAP-
induced hepatotoxicity leads to ATP depletion, which results in
cellular swelling, as well as rounding and swelling of mitochon-
dria and plasma membrane protrusions (Hinson et al., 2010).
Consistently, the current study also showed a rapid loss of ATP
following APAP treatment in a mouse model. In the current
study, we observed that APAP treatment decreases active
phosphorylation of the Thr172 active site of AMPK, following a
pattern similar to that seen with ATP loss. Eukaryotic cells use
AMPK as a mechanism to sense cellular ATP concentration
(Hardie and Sakamoto, 2006). AMPK activation upregulates
ATP-producing catabolic pathways involving fatty acid oxidation
and glycolysis and inhibits ATP-consuming pathways involving
synthesis of fatty acids, cholesterol, glycogen, and proteins
(Mihaylova and Shaw, 2011; Yang et al., 2010). In addition to its
ability to restore energy, AMPK activation inhibits apoptosis by
decreasing ROS in several types of cells (Dong et al., 2014;
Qiu et al., 2011). Jia et al. suggested that AMPK activation de-
creases the effects of homocysteine which increases oxidative
stress and apoptosis in endothelial progenitor cells (Jia et al.,
2011). Previous studies have provided that PI3K/PKB and ERK
signaling pathways and endoplasmic reticulum stress are in-
volved in the anti-apoptotic effects of AMPK activation in neu-
trophils (Rossi and Lord, 2013) and endothelial cells (Jia et al.,
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2012). However, A769662 treatment didn't inhibit APAP-
induced ROS induction and show any differences in the ERK
signaling pathways. These findings suggest that other path-
ways might be associated with the anti-apoptotic effects of
A769662-mediated AMPK activation. Another study suggests
that AMPK may be involved in the APAP-induced ATP loss in
the liver (Saberi et al., 2014). They also suggested that PKC
activation response to APAP caused inactivation of AMPK.
However, more work need to know how APAP regulate AMPK
activity (Saberi et al., 2014).

Over a period of several decades, a series of beneficial com-
pounds with the ability to activate AMPK have been identified
and tested in the clinical setting (Fogarty and Hardie, 2010;
Steinberg and Kemp, 2009). We used one of these compounds,
A769662, as an AMPK activator for ATP production. A769662 is
a thienopyridine derivative known to directly interact with AMPK
and stimulate its activation by distinct molecular mechanisms
(Cool et al., 2006; Goransson et al., 2007; Sanders et al., 2007).
In our study, A769662 in combination with APAP strongly stimu-
lated AMPK activity in vitro and in vivo and showed protective
effects against APAP-induced ATP loss. Furthermore, co-
treatment with A769662 and APAP significantly protected mice
against APAP-induced liver injury as evidenced by reduced
plasma ALT and AST levels as well as histological signs of cell
death. A previous study also suggested that 15-20% of the
normal ATP level is sufficient to suppress the necrotic cell death
in the hepatic ischemia/reperfusion injury model (Nieminen et
al., 1994). Our data showed that the stimulation of ATP produc-
tion might be effective in clinical trials in the treatment of pa-
tients with drug-induced liver injury.

APAP-induced hepatotoxicity is initiated by the formation of
the toxic metabolite NAPQI by cytochrome P450. NAPQI caus-
es glutathione depletion, oxidative stress, formation of nitrotyro-
sine by mitochondrial proteins, loss of mitochondrial membrane
potential (MMP), and formation of the mitochondrial permeabil-
ity transition (MPT) pore (Hardie and Sakamoto, 2006; Hinson
et al., 2010). The loss of MMP causes ATP depletion. Several
studies have suggested that the chemical activation of AMPK
inhibits apoptosis and restores MMP and have provided evi-
dence that cell viability depends on mitochondrial function (Shin
et al., 2009; Stefanelli et al., 1998). In contrast with other stud-
ies (Shin et al., 2009; Stefanelli et al., 1998), we did not detect
any significant association in these parameters between mice
treated with APAP alone and those co-treated with APAP and
A769662. Indeed, ROS production response to APAP was not
inhibited by treatment of A769662. GSH levels were more di-
minished by addition of A769662 than APAP alone as shown in
Fig. 4. JC-1 staining also showed that A769662 treatment did
not improve the mitochondrial dysfunction mediated by APAP.
These results suggest that the A769662-mediated prevention of
APAP-induced loss of ATP, which occurred in a mitochondrial-
independent manner. Glycolysis is another pathway by which
ATP is generated (Jung et al., 2013; Viollet et al., 2009). Previ-
ous studies showed the importance of ATP generation by gly-
colysis, in an ischemia/reperfusion injury model (Qian et al.,
1999). This study revealed that the availability of the glycolytic
substrate prevented significant ATP depletion and cellular ne-
crosis (Qian et al., 1999). Similarly, we also observed that the
inhibition of the glycolytic pathway by 2DG completely eliminat-
ed the beneficial effects of A769662 against APAP-induced liver
injury. This result suggests the importance of glycolysis during
APAP-induced liver injury.

In conclusion, we described for the first time that the activa-
tion of AMPK by A769662 provides protection against APAP
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hepatotoxicity. The beneficial effects of A769662 on APAP-
induced acute liver injury did not extend to several pathological
symptoms, including reduced GSH levels, sustained JNK acti-
vation, nitrotyrosine formation, enhanced ROS, and mitochon-
drial dysfunction. We also observed that inhibition of glycolysis
by 2DG eliminated the protective effects of A769662. This result
suggests that ATP synthesis by glycolysis is important for the
A769662-mediated protection against APAP-induced liver injury.
Finally, our study shows that the ATP loss is a crucial causing
factor in the APAP-induced liver injury and targeting of ATP
production pathway such as AMPK may be considered a po-
tentially new approach for the treatment of patients with drug-
induced liver injury.
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