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BACKGROUND AND PURPOSE

Oltipraz, a cancer chemopreventive agent, has an anti-steatotic effect via liver X receptor-o. (LXRa) inhibition. Here we have
assessed the biological activity of a major metabolite of oltipraz (M2) against liver steatosis and steatohepatitis and the
underlying mechanism(s) .

EXPERIMENTAL APPROACH

Blood biochemistry and histopathology were assessed in high-fat diet (HFD)-fed mice treated with M2. An in vitro HepG2 cell
model was used to study the mechanism of action. Immunoblotting, real-time PCR and luciferase reporter assays were
performed to measure target protein or gene expression levels.

KEY RESULTS

M2 treatment inhibited HFD-induced steatohepatitis and diminished oxidative stress in liver. It increased expression of genes
encoding proteins involved in mitochondrial fuel oxidation. Mitochondrial DNA content and oxygen consumption rate were
enhanced. Moreover, M2 treatment repressed activity of LXRa and induction of its target genes, indicating anti-lipogenic
effects. M2 activated AMP-activated protein kinase (AMPK). Inhibition of AMPK by over-expression of dominant negative
AMPK (DN-AMPK) or by Compound C prevented M2 from inducing genes for fatty acid oxidation and repressed sterol
regulatory element binding protein-1c (SREBP-1c) expression. M2 activated liver kinase B1 (LKB1) and increased the AMP/ATP
ratio. LKB1 knockdown failed to reverse target protein modulations or AMPK activation by M2, supporting the proposal that
both LKB1 and increased AMP/ATP ratio contribute to its anti-steatotic effect.

CONCLUSION AND IMPLICATIONS
M2 inhibited liver steatosis and steatohepatitis by enhancing mitochondrial fuel oxidation and inhibiting lipogenesis. These
effects reflected activation of AMPK elicited by increases in LKB1 activity and AMP/ATP ratio.

Abbreviations

ACC, acetyl CoA carboxylase; ALT, alanine aminotransferase; AMPK, AMP-activated protein kinase; CCCP, carbonyl
cyanide 3-chlorophenylhydrazone; CPT-1, carnitine palmitoyltransferase-1; DN-AMPK, dominant negative AMPK; FAS,
fatty acid synthase; FFA, free fatty acid; HFD, high-fat diet; LKB1, liver kinase B1; LXRa, liver X receptor-o; LXRE, LXRa
response element; mtCOX II, mitochondrial cytochrome ¢ oxidase subunit II; NAFLD, non-alcoholic fatty liver disease;
ND, normal diet; Nrf2, nuclear factor (erythroid-derived 2)-like 2; PGC-1a, peroxisome proliferator-activated receptor
gamma co-activator 1a; RIP140, receptor-interacting protein 140; ROS, reactive oxygen species; S6K1, p70 S6 kinase 1;
SCD-1, stearoyl-CoA desaturase-1; SREBP-1c, sterol regulatory element binding protein-1¢; TG, triglyceride; T090,
T0901317
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Introduction

In the liver, balanced metabolism of lipids is essential for
maintaining energy homeostasis because the proper amount
of lipid is critical for normal liver function. The amount of
hepatic fat is determined by the balance between consump-
tion of free fatty acid (FFA) through mitochondrial oxidation
and its de novo synthesis through induction of lipogenic
genes (Day and James, 1998; Berk, 2008; Fabbrini et al., 2010).
Hepatic steatosis may occur as a result of reduced energy
expenditure and/or oversupplied energy uptake and repre-
sents an excess fat accumulation within the liver as an initial
stage of non-alcoholic fatty liver disease (NAFLD), a spectrum
of diseases caused by abnormal fat deposition leading to
steatohepatitis progression (Day and James, 1998; Berk, 2008;
Fabbrini et al., 2010).

NAFLD frequently occurs in patients with metabolic syn-
drome. As NAFLD causes diverse dysfunctions including
insulin resistance, obesity, hyperlipidaemia and cardiovascu-
lar disorders, it has emerged as a leading cause of morbidity
and mortality (Day and James, 1998; Berk, 2008; Fabbrini
etal., 2010). Many experimental studies and clinical trials
have been made to discover drugs or drug candidates for the
treatment of NAFLD. Metformin, thiazolidinediones, ursode-
oxycholic acid and vitamin E have some beneficial outcomes
(Bugianesi efal., 2005; Mahady etal., 2011; Ratziu etal.,
2011). However, most of them have weak efficacy and/or
limitations. Hence, targeting both the increase in FFA oxida-
tion and the reduction in abnormal fat synthesis may be a
promising strategy to treat NAFLD progression (Day and
James, 1998; Berk, 2008; Zhang et al., 2009; Fabbrini et al.,
2010).

Oltipraz [4-methyl-5-(2-pyrazinyl)-1,2-dithiole-3-thione]
has been extensively studied as a cancer chemopreventive
agent (Bolton et al., 1993; Velayutham et al., 2007). In addi-
tion, oltipraz may inhibit the development of insulin resist-
ance and prevent hepatic steatosis in animals fed a high-fat
diet (HFD) by activating the AMP-activated protein kinase
(AMPK)-p70 S6-kinase 1 (S6K1) pathway (Bae et al., 2007;
Hwahng et al., 2009). Oltipraz has a tendency to be accumu-
lated in the liver and the large intestine due to its lipid
solubility (Bae etal., 2003; Kim efal, 2010). At high
concentrations, it stays longer in the body and undergoes
biotransformation (Bae ef al., 2003). When administered to
mammalian species, oltipraz is metabolized to yield pyrrol-
opyrazine metabolites (Bae ef al., 2003) and a major conver-
sion of oltipraz into 7-methyl-6,8-bis(methylthio)pyrrolo
[1,2-a]pyrazine (M2) was also observed in humans (Kim et al.,
2010; RM =M2). M2 has an antioxidant effect (Ko et al., 2006;
Kwon et al., 2009)and it activates nuclear factor (erythroid-
derived)-like-2 (N1f2) to increase its antioxidant capacity (Ko
et al., 2006). Moreover, M2 may have a cytoprotective effect
against severe oxidative stress (Kwon et al., 2009).

In view of the considerable biotransformation of oltipraz
to M2 in vivo and the therapeutic potential of M2 against
metabolic liver diseases (Bae et al., 2003; Kim et al., 2010),
this study investigated if M2 inhibited steatohepatitis, and
the underlying molecular basis of any such effects. In particu-
lar, we were interested in the effects of M2 on mitochondrial
fuel oxidation and de novo fat synthesis in hepatocytes. Here,
we report that M2 effectively inhibited non-alcoholic steato-
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sis and steatohepatitis by dually activating AMPK. We also
demonstrated its anti-inflammatory and antioxidant effects.
Our findings provide key information on the therapeutic
effect of M2, as an active metabolite of oltipraz, for hepatic
steatosis and steatohepatitis.

Methods

Materials

Oltipraz and its metabolites were synthesized at the C] Central
Laboratories (Ichon City, Korea) and its chemical structure
was verified by a variety of spectroscopic analyses (Bae ef al.,
2007; Hwahng et al., 2009; Kwon et al., 2009). M2 was addi-
tionally synthesized and purified by chromatography for
in vivo study, and the chemical authenticity was confirmed
by NMR analysis in Dr. YS Lee’s laboratory, as previously
described (Ko et al., 2006; Kwon et al., 2009; Kang et al., 2012).
T0901317 (T090) and Compound C were obtained from Cal-
biochem (San Diego, CA, USA). Antibodies recognizing sterol
regulatory element binding protein-1 (SREBP-1), PPARo and
PPARy coactivator 1o (PGC-1a) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies
directed against phospho-AMPK, AMPK, phospho-liver kinase
B1 (phospho-LKB1), LKB1, phospho-acetyl CoA carboxylase
(phospho-ACC), ACC, and lamin A/C were supplied from Cell
Signaling Technology (Beverly, MA, USA). Anti-nitrotyrosine
antibody was obtained from Millipore (Billerica, MA, USA).
Antibody directed against inducible nitric oxide synthase
(iNOS) was purchased from BD Bioscience (San Jose, CA, USA).
Polyclonal anti-liver X receptor o (LXRa) antibody was sup-
plied from Thermo Scientific Pierce (Rockford, IL, USA).
Mouse anti-carnitine palmitoyltransferase-1 (CPT-1) antibody
and human polyclonal anti-CPT1A antibody were purchased
from Alpha Diagnostics (San Antonio, TX, USA) and Protein-
tech (Chicago, IL, USA), respectively. Anti-B-actin antibody,
GW3965, palmitate, bovine serum albumin (BSA), and carbo-
nyl cyanide 3-chlorophenylhydrazone (CCCP) were obtained
from Sigma-Aldrich Chemicals (St. Louis, MO, USA). Horse-
radish peroxidase-conjugated goat anti-rabbit, rabbit anti-
goat, and goat anti-mouse I1gGs were supplied from Zymed
Laboratories (San Francisco, CA, USA).

Animal treatment

All animal care and experimental studies were conducted in
accordance with the institutional guidelines for the care and
use of laboratory animals. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 36 animals were used
in the experiments described here. Male C57BL/6 mice were
obtained from Charles River Orient (Seoul, Korea) and were
acclimatized for 1 week in a clean room at the Animal Center
for Pharmaceutical Research, Seoul National University. At 5
weeks of age, C57BL/6 mice were started on either a normal
diet (ND; n = 8) or a HFD (fat 60% w/w, Dyets Inc., Bethle-
hem, PA, USA) for 8 weeks. The mice fed on an HFD were
evenly distributed based on the body weight into three treat-
ment groups (HFD alone, HFD + M2 10 mg-kg'-day™' and
HFD + M2 30 mg-kg'day', n = 7-12 each). M2 (10 or



30 mg-kg") dissolved in 40% polyethylene glycol 400
(Duksan Pure Chemicals, Ansan, Korea) was orally adminis-
tered to mice, four times per week, during the last 4 weeks of
the diet feeding. Control animals received vehicle only.

Haematoxylin & eosin or Oil Red O staining
The left lateral lobe of the liver was sliced, and tissue slices
were fixed in 10% buffered-neutral formalin for 6 h. The liver
slices were stained with haematoxylin and eosin (H&E). Oil
Red O staining was used to visualize neutral triglyceride (TG)
and lipids in frozen sections of the left lateral lobe of the liver.
For Oil Red O staining, 4 um sections were cut from frozen
optimal cutting temperature samples, affixed to microscope
slides and allowed to air-dry overnight at room temperature.
The liver sections were then stained in fresh Oil Red O for
10 min and rinsed with water (Hwahng et al., 2009).

TG measurement

Samples of mouse liver (0.3 g) or HepG2 cells were homog-
enized in 0.1 M Tris-acetate buffer (pH 7.4) containing 0.1 M
potassium chloride and 1 mM EDTA. Six volumes of
chloroform/methanol (2:1) were then added. After vigorous
stirring, the mixtures were kept on ice for 1 h and then
centrifuged at 800x g for 3 min. The resulting lower phase was
aspirated. The TG content was determined using Sigma Diag-
nostic Triglyceride Reagents (Hwahng et al., 2009).

Blood chemistry

Plasma alanine aminotransferase (ALT) activity, TG, FFA and
total cholesterol contents were analysed using Spectrum, an
automatic blood chemistry analyzer (Abbott Laboratories,
Abbott Park, IL, USA). Fasting blood glucose was assessed
using Accu-Chek Active (Roche Diagnostics, Heidelberg,
Germany).

RNA isolation and quantitative real-time
PCR assays

Total RNA was extracted using Trizol (Invitrogen, Carlsbad,
CA, USA) without using DNase I and was reverse-transcribed.
The resulting cDNA was amplified by quantitative real-time
PCR (qRT-PCR). PCR was performed with the Light Cycler 1.5
(Roche, Mannheim, Germany) using a Light Cycler DNA
master SYBR green-I kit. The cDNA was amplified by PCR. The
primer sequences and melting temperatures (T,) used for
qRT-PCR assays were provided in Supporting Information
Table S1. The conditions for PCR were 95°C for 3 min, fol-
lowed by 45-55 cycles of 10 s at 95°C, 10 s at each T, and
15 s at 72°C.

Determination of reduced GSH

Reduced GSH content in the liver tissue was quantified using
a commercially available GSH determination kit (Oxis Inter-
national, Portland, OR, USA) as previously described (Han
etal., 2011).

Cell culture

HepG2 cell line was purchased from ATCC (American Type
Culture Collection, Manassas, VA, USA). The cells were plated
at 1 x 10° per well in six-well plates, and cultures with 70-80%
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confluence were used. All cells were maintained in DMEM
containing 10% FBS. Total cell lysates and nuclear extracts
were prepared as previously described (Bae etal., 2007;
Hwahng et al., 2009; Kwon et al., 2009).

Immunoblot analysis

SDS-PAGE and immunoblot analyses were performed accord-
ing to the previously published procedures (Hwahng et al.,
2009). In brief, cells were centrifuged at 3000x g for 3 min and
were allowed to expand osmotically to the point of lysis after
the addition of lysis buffer. Lysates were centrifuged at
10 000x g for 10 min to obtain supernatants and were stored
at —70°C until use. Protein concentrations were measured
by the Bradford assay (Bio-Rad, Hercules, CA, USA) using
Ultrospec 6300 pro UV/visible spectrophotometer (GE
Healthcare, Biochrom Ltd, Cambridge, UK). Proteins were
resolved through gel electrophoresis and were transferred
onto nitrocellulose membrane. The protein-bound nitrocel-
lulose membrane was incubated with primary antibodies
overnight at 4°C and then reacted with HRP-conjugated sec-
ondary antibodies. For immunoblotting, antibodies directed
against SREB-1, PPARo, and PGC-1a were diluted at a ratio of
1:1000, whereas other antibodies recognizing phospho-
AMPK, AMPK, phospho-LKB1, LKB1, phospho-ACC, ACC,
lamin A/C, B-actin, nitrotyrosine, LXRa, CPT-1 and iNOS
were performed at a ratio of 1:5000-10 000. Protein bands
of interest were developed using an enhanced chemilu-
minescence system (Amersham, Chalfont St. Giles, Bucking-
hamshire, UK). Equal protein loading was verified by
immunoblotting for B-actin.

Measurements of mtDNA and mtCOX 11

Total DNA was extracted from tissues according to the
manufacturer’s instructions (Nucleogen, Siheung, Korea).
Mitochondrial DNA (mtDNA) was assessed by SYBR green
qRT-PCR assays. Fluorescence intensities during PCR were
recorded and analysed in Light Cycler 1.5. Levels of cyto-
chrome ¢ oxidase subunit II (mtCOX II) transcribed from
mtDNA were quantified by qRT-PCR and were normalized
against that of nuclear-encoded receptor-interacting protein
140 (RIP140).

Preparation of mitochondria from mouse liver
Functional mitochondria were isolated from mouse liver
according to the standard procedures (Frezza et al., 2007).
After mincing of the liver into small pieces, the liver was
homogenized, and the homogenate was then fractionated by
centrifugation at 600x g for 10 min at 4°C. The supernatant
was centrifuged at 7000x g for 10 min at 4°C to obtain the
pellet containing mitochondria. Oxygen consumption rate
was measured using the mitochondria. All the procedures
were performed at 4°C to minimize damage from phospholi-
pases and proteases.

Assays of oxygen consumption rate

Oxygen consumption rate was measured using the functional
mitochondria prepared from mouse liver or in HepG2 cells.
Mitochondrial respiratory rates were assessed using a Clark-
type electrode in a continuously stirred sealed and thermo-
statically controlled chamber (Oxytherm System, Hansatech
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M2 inhibition of hepatic fat accumulation and body weight gain. (A) Oil Red O staining. Male C57BL/6 mice were fed on either a normal diet (ND)
or high-fat diet (HFD) for 8 weeks. M2 (10 or 30 mg-kg™'-day™") was orally administered to mice four times per week during the last 4 weeks of
the diet feeding. Control animals received vehicle only. The representative pictures show QOil Red O staining of the liver sections (magnification
100x). (B) Hepatic TG contents (n = 5-9 animals per group). (C) Body weight gains. At the end of HFD feeding, mice were fasted overnight to
measure fasting plasma glucose levels. Fasting caused decreases in body weight at the eighth week. (D) Plasma TG, total cholesterol and fasting
glucose contents. For B, C and D, **P < 0.01, significantly different from ND alone; #P < 0.05, #P < 0.01, significantly different from HFD alone.

For C and D, n = 7-12 animals per group.

Instruments Ltd, Norfolk, UK) maintained at 37.8°C. For cell-
based assays, HepG2 cells were suspended at a concentration
of 2 x 10° cells-mL™" of culture medium. Total cells were loaded
into the Oxytherm chamber, and oxygen consumption within
the chamber was measured using normal media as a control.

Reporter gene assays
HepG2 cells were transiently transfected with TK-CYP7A1-
LXREx3-LUC (1 pg) or pGL2-FAS (1 pg) for 12 h in the pres-
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ence of FuGENE® reagent (Roche, Nutley, NJ, USA). The
activity of luciferase was measured by adding luciferase assay
reagent (Promega, Madison, WI, USA).

Preparation of palmitate solution

and treatment

Palmitate solution was prepared as previously described with
minor modification (Karaskov et al., 2006). Briefly, 10 mM
palmitate stock was prepared in sterile PBS and filtered. Fatty
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Figure 2

Inhibition of liver injury, inflammation and oxidative stress by M2. (A) H&E staining of the liver sections with lower (100x) and higher (400x)
magnifications. Animals were treated as described in the legend of Figure 1A (M2, 10 or 30 mg-kg~'-day™"). In A, with higher magnification, Vs
represent lipid droplet formation; white arrowheads indicate fatty degeneration of hepatocyte, whereas the black arrowhead denotes infiltration
of inflammatory cells. (B) Plasma ALT activity (n = 7-12 animals per group). (C) gRT-PCR assays. The levels of CD68, TNFo. and iNOS mRNAs were
measured in liver tissue. The levels of GAPDH mRNA were used as a reference for data normalization. (D) Immunoblotting for iNOS and
nitrotyrosinylated proteins in the liver homogenates. (E) Hepatic GSH contents. Reduced GSH levels were measured on the liver homogenates. For
B-E, *P < 0.05, **P < 0.01, significantly different from ND alone; *P < 0.05, *P < 0.01, significantly different from HFD alone. For C-E, n = 3-11
animals per group.
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acid-free BSA solution (5%) was made in MEM/EBSS medium
and was filtered. A palmitate solution was obtained by dilut-
ing 10 mM palmitate stock with 5% BSA solution plus MEM/
EBSS medium without FBS to a final concentration of 1 mM.
After overnight serum starvation, HepG2 cells were incubated
with 0.5 mM palmitate for 24 h. Cells were exposed to 30 UM
M2 1 h prior to the addition of palmitate.

SiRNA transfection

To knockdown LKBI1, cells were transfected with either a
siRNA directed against human LKB1 (Santa Cruz, CA, USA)
or a non-targeting control siRNA (100 pmol-mL™) using
AMAXA nucleofection system according to the manufactur-
er’s instructions (Lonza, Koln, Germany). After transfection
for 24 h, the cells were exposed to T0O90 (T0901317) or TO90
plus M2 (30 uM) for 12 h. The resultant samples were ana-
lysed by immunoblot analyses. LKB1 knockdown was con-
firmed by immunoblotting.

Measurement of AMP/ATP ratio

Information on the protocol of measurement of AMP/ATP
ratio is provided in the Supporting Information (Hahn-
Windgassen et al., 2005).

Data analyses

All data are reported as mean = SE. For cell-based assays, data
represent at least three separate experiments. One-way ANOVA
was used to assess significant differences among treatment
groups. For each significant treatment effect, the Newman-
Keuls test was utilized to compare multiple group means.

Results

Inhibition of liver fat accumulation and

body weight gain

First, we assessed the effect of M2 on liver steatosis. HFD
feeding for 8 weeks caused severe fat deposition, as indicated
by increases in the intensity of Oil Red O staining (Figure 1A)
and hepatic TG content (Figure 1B). Treatment of mice with
M2 (10 or 30 mg-kg'-day ™, for 4 days per week) for the last 4
weeks during the total 8 weeks of HFD feeding, notably
attenuated the fat accumulation, compared with vehicle
treatment. Mice fed HFD for 8 weeks exhibited a marked

increase in body weight gain compared with those fed a
normal diet (ND), whereas those treated with M2 (10 or
30 mg-kg'-day™") showed significantly reduced body weight
gain (Figure 1C). No difference was observed in the amount
of food intake among the treatment groups (data not shown).
In addition, M2 treatment prevented increases in plasma TG
and total cholesterol levels in mice fed a HFD (Figure 1D).
Similarly, the increase in fasting plasma glucose content,
which reflects basal insulin sensitivity (Matthews et al., 1985),
was suppressed. These results indicated that M2 treatment
inhibited hepatic fat accumulation with reduction in body
weight gain, and improved blood metabolic parameters.

Inhibition of hepatic injury

and inflammation

Excess fat accumulation provokes oxidation of FFAs and pro-
duction of reactive oxygen species (ROS), which leads to
oxidative injury (Day and James, 1998; Fabbrini et al., 2010).
Next, we examined whether M2 treatment inhibited steato-
hepatitis, inflammation and oxidative stress in the liver of
mice fed HFD. HFD feeding for 8 weeks caused liver injury, as
shown by lipid droplet formation, fatty degeneration of hepa-
tocytes and inflammatory cell infiltration (Figure 2A). M2
treatment completely ameliorated HFD-induced liver injury,
as also supported by an improvement in plasma ALT activity
(Figure 2B). Healthy control mice fed a ND showed no
changes. In addition, M2 treatment abolished increases in
CD68 (a macrophage marker), TNFo and iNOS mRNA levels
in the liver (Figure 2C), suggesting that it may inhibit infil-
tration of macrophages. Similarly, M2 prevented iNOS induc-
tion and reduced nitrotyrosinylation of proteins in the liver
(Figure 2D). The antioxidant effect of M2 was confirmed by
an increase in hepatic GSH content in mice fed a HFD
(Figure 2E). These results demonstrate that M2 has the ability
to inhibit hepatocyte injury, inflammation and oxidative
stress elicited by excessive fat accumulation.

Enhancement of mitochondrial function and
fuel oxidation

Next, we examined the effect of M2 on mitochondrial func-
tion by monitoring CPT-1, PPARo. and PGC-1a transcript
levels, whose protein products promote mitochondrial fuel
oxidation and biogenesis (Lee et al., 2001; Patsouris et al.,
2006; Crunkhorn etal.,, 2007; Hancock etal., 2008). In

Figure 3

»
»

The effects of M2 on the expression of proteins associated with mitochondrial fuel oxidation and oxygen consumption. (A) qRT-PCR assays for CPT-1,
PPARo and PGC-Ta. mRNA. HepG2 cells were treated with 30 uM M2 for the indicated times. (B) Time-course effects of M2 on CPT-1, PPARo. and
PGC-1o expression. Proteins of interest were immunoblotted in lysates of HepG2 cells treated with 30 uM M2 for the indicated times. (C)
Concentration-dependent increases in CPT-1, PPARo and PGC-1a levels. HepG2 cells were treated with M2 for 12 h. For A-C, *P < 0.05,**P < 0.01,
significantly different from vehicle. (D) Immunoblottings for CPT-1 in the liver homogenates. Mice were treated as described in the legend of
Figure 1A. **P < 0.01, significantly different from ND alone; #*P < 0.01, significantly different from HFD alone. (n = 6-9 animals per group) (NS, not
significant). (E) qRT-PCR assays for mtDNA. Total DNA was isolated from the liver tissue of mice fed a HFD with or without M2 treatment. For
cell-based assays, HepG2 cells were treated with M2 for 6 h. The samples were subjected to qRT-PCR assays using primers for the mtDNA region COX
IIl. Nuclear DNA-encoded gene RIP140 was amplified as a reference for data normalization. **P < 0.01, significantly different from HFD alone (left;
n=4-8 animals per group) or between M2 treatment and control (right). (F) Mitochondrial oxygen consumption rate in the liver. Mitochondria were
isolated from the liver of mice fed HFD with or without M2. **P < 0.01, significantly different from ND alone; *P < 0.05, significantly different from
HFD alone.(n = 3). (G) Oxygen consumption rate in HepG2 cells. HepG2 cells were treated with M2 alone (left), or in combination with CCCP
(10 uM) for 12 h (right). *P < 0.05, **P < 0.01, significantly different from vehicle; *P < 0.05, significantly different from M2 alone.

1652 British Journal of Pharmacology (2013) 168 1647-1661



AMPK activation by oltipraz metabolite

HepG2
A
CPT-1 PPARa PGC-1a
_ 30 *% _ 25 _6 e
225 220 25 e
< 20 ® < 15 <*
Z 15 = Z3
x ' (4 1.0 4
E 1.0 g " E2
2 05 305 31
0 0 0
«© 1.3 6 12 (h) @& 1.3 6 12 o1 36 12 1.3 6 12 (h)
o M2 (30 uM) oo® M2 (30 uM) o M2 (30 uM)
& M2 (30 uM)
B T3 6 12 CPT-1 PPARG PGC-1a
—-95 © 25 3.0 3.5
oPT-1 £20 35 e 30
.515 * % 2.0 25
210 10 15
3 U QS 05
|}-Ac1in..43 & 13 6 12(n) @\ 31361200 WO 13 6 12(0
e M2 (30 uM) M2@30pM) o M2 (30 uM)
& M2 (30 uMm)
U F 12 24 48(h) CPT-1 PPARa PGC-1a
) 5 *
- = 3 3 * %= 15
€ o 0
p-Actn [ e e e o | Ly (O 612 24 48 () (& 6 12 24 48 () “o\ 6 12 24 48 (h)
o® M2 (30 M) CO M2 (30 M) O M2 (30 uM)
C ) M2 (12 h)
03 T 3 10 30GM) CPT-1 PPARa PGC-1a
CPT-1 ________—95 2.5 3.5
| i 220 L * kK gg
PPAR: [ — — —'—--i‘55515 20
----—.-o—-l"95 10 13
0.5 0.5
B-Actin [-— —— — — -'|-43m 0
“o\ 031 310 30(“"@0"‘0\ 031 310 30{LLM)‘_‘0\ 031 3 10 30 (uM)
o M2 (12 h) G M2 (12 h) o M2 (12 h)
D Mouse liver homogenates E
HFD
ND - 10 30 M2 (mgkd)
CPT-1 { =y =T=T=]" |-as Mouse liver HepG2
- 35 1.6
p-Actin | e -— 5§30 g 14 '
€25 1[2)
T 25 #:]s <20 0.8
2 20 # = 13 g.g
2 13 Eos 02
a - * g 0 . 0
5 05 - 10 30 M2(mgkg) & 30 M2 (uM)
€ 0 HFD o®
ND - 10 30 M2(mgkg")
HFD
F Mouse liver G HepG2 HepG2
== mitochondria —~ o
e 7 25,6 ® w12
© o © = *® C =
co6 # e85 * e 510 #
£ g ] 8% 4 '%”D 8
gg4 > Ez 3 Ec 6
3¢ 3 3E 2 2E 4
sE 2 S 2 935
831 e g1 SE 2
6Eo : (o= Y C&y e
= ND _ - 30 M2(mgkg) &S 10 30 M2 (uM) © - O
HFD 000 00“ o~

British Journal of Pharmacology (2013) 168 1647-1661

M2 (30 pM)

1653



TH Kim et al.

HepG2 cells, M2 treatment significantly increased the levels
of CPT-1, PPARo and PGC-1oo mRNA (Figure 3A). To confirm
the effect of M2 on mitochondrial function, we assessed
protein levels of the genes. In the time-course study, M2
treatment induced CPT-1, PPARo. and PGC-1c, which was
maintained up to 48 h (Figure 3B). M2 treatment (12 h)
increased the protein levels with the maximal increase being
noted at 3-30 uM (Figure 3C). These results showed that M2
has an ability to enhance mitochondrial fuel oxidation capac-
ity. Treatment with M2 also prevented a decrease in hepatic
CPT-1 level caused by HFD feeding (Figure 3D). In contrast,
PPARo protein and mRNA levels were increased by HFD
feeding, which was antagonized by M2 treatment (Support-
ing Information Figure S1A,B). HFD feeding caused differen-
tial changes in PGC-1o protein and mRNA levels, which were
also reversed by M2 treatment. These compensatory changes
induced by HFD feeding were comparable to previous obser-
vations (Lee et al., 2001; Patsouris et al., 2006; Crunkhorn
et al., 2007; Hancock et al., 2008).

M2 significantly increased the relative mtDNA content of
the liver of mice fed a HFD or of HepG2 cells treated with M2
(Figure 3E), supporting the possibility that M2 may promote
mitochondrial biogenesis. In order to link its anti-steatotic
effect and enhancement of mitochondrial function, we deter-
mined oxygen consumption using in vivo and in vitro models.
In an animal model, oxygen consumption was measured
using the mitochondrial fraction prepared from mice fed
either ND or HFD. HFD feeding decreased the oxygen con-
sumption, an effect reversed by M2 treatment (Figure 3F).
Similarly, oxygen consumption rate was increased in HepG2
cells exposed to M2 (Figure 3G, left). Treatment with CCCP,
an uncoupler, significantly enhanced oxygen consumption
rate in cells treated with M2 (Figure 3G, right), suggesting
that the increase in mitochondrial oxygen consumption by
M2 might not be due to uncoupling of mitochondrial respi-
ration. These results indicate that M2 treatment may enhance
the function and biogenesis of mitochondria in the liver.

Inhibition of LXRo-mediated lipogenesis

Liver steatosis may occur as a result of an increase in lipogen-
esis as well as reduction in energy expenditure. In subsequent
experiments, we determined the effect of M2 treatment
on LXRo-mediated lipogenesis both in vitro and in vivo.
In HepG2 cells, CYP7A1-LXRE-luciferase reporter assays
revealed that treatment with T090 (a synthetic agonist of
LXRo) increased the transcriptional activity of LXRa, which
was antagonized by M2 treatment (Figure 4A, upper). In par-

allel, M2 suppressed an increase in LXRo. mRNA level
by T090 (Figure 4A, lower). Likewise, it prevented T090-
mediated increases in SREBP-1c, fatty acid synthase (FAS),
ACC and stearoyl CoA desaturase-1 (SCD-1) mRNAs, confirm-
ing LXRa inhibition by M2 (Figure 4B). Treatment with M2
inhibited the induction of SREBP-1c by either T090 or
GW3965 (another specific agonist of LXRa): both premature
and mature forms of SREBP-1c levels in lysates or nuclear
fractions were repressed (Figure 4C,D; Supporting Informa-
tion Figure S2). To verify the anti-lipogenic effect of M2 in
vitro, intracellular TG was measured in HepG2 cells incubated
with palmitate or palmitate plus M2. M2 inhibited TG accu-
mulation promoted by palmitate (Figure 4E). In the liver of
HFD-fed mice, M2 treatment prevented increases in the
mRNA levels of LXRa, SREBP-1¢, FAS and ACC (downstream
targets of LXRo) (Figure 4F). Moreover, the induction of LXRa
and SREBP-1c proteins was diminished (Figure 4G). Collec-
tively, our results demonstrated that M2 may inhibit LXRo-
mediated lipogenesis in hepatocytes.

AMPK activation

To understand the mechanisms governing the beneficial
effect of M2 on lipid homeostasis, we determined the role of
AMPK in the regulation of mitochondrial fuel oxidation and
lipogenesis. Treatment of HepG2 cells with M2 increased the
phosphorylation of AMPK in a time-dependent manner
(Figure 5A), with a maximum at 30 min and decreasing there-
after, although AMPK phosphorylation was maintained for
up to 12 h. M2 treatment also increased the phosphorylation
of ACC, a downstream substrate of AMPK, confirming the
activation of AMPK. Inhibition of AMPK activity by Com-
pound C (a chemical inhibitor of AMPK) completely pre-
vented M2 from enhancing CPT-1, PPARo. and PGC-lo
expression in HepG2 cells (Figure 5B). Moreover, AMPK inhi-
bition by either over-expression of dominant negative (DN)-
AMPK or Compound C treatment reversed the inhibitory
effect of M2 on SREBP-1c induction (Figure 5C). Our results
provide evidence that AMPK activation by M2 contributes to
not only the induction of the genes encoding for proteins
associated with fuel oxidation, but the repression of SREBP-1c
(i.e. anti-lipogenic effect).

Increases in LKB1 activity and

AMP/ATP ratio

To find the upstream regulator activating AMPK, we deter-
mined whether M2 activated LKB1, a tumour suppressor that

Figure 4

»
>

The anti-lipogenic effect of M2. (A) LXRE reporter activity and qRT-PCR assays for LXRa. mRNA. After LXRE transfection, HepG2 cells were treated
with vehicle or M2 for 1 h, and continuously incubated with 10 uM T090 for 12 h. LXRo. mRNA levels were measured in HepG2 cells similarly
treated without transfection. (B) qRT-PCR assays for lipogenic gene transcripts. HepG2 cells were treated with vehicle or M2 for 1 h, and
continuously incubated with 10 pM T090 for 12 h. (C) Immunoblotting for SREBP-1c in HepG2 cells. Premature and mature forms of SREBP-1c
were immunoblotted in whole cell lysates or nuclear fraction of HepG2 cells treated as described in the legend of Figure 4A. WCL, whole cell lysate;
NF, nuclear fraction. (D) Immunoblotting for SREBP-1c in HepG2 cells. HepG2 cells were treated with vehicle, M2, GW3965 (10 uM), or M2 +
GW3965. For (A)—~(D), **P < 0.01, significantly different from vehicle; *P < 0.05, *#P < 0.01, significantly different from T090/GW3965 alone. (E)
Relative intracellular TG levels. TG levels were measured in HepG2 cells treated with 0.5 mM palmitate or palmitate + M2 for 24 h. **P < 0.01,
significantly different from BSA; #P < 0.01, significantly different from palmitate alone. (F) qRT-PCR assays for lipogenic gene transcripts in the liver.
**P < 0.01, significantly different from ND alone; #P < 0.05, significantly different from HFD alone (n = 3-8 animals per group). (G) Immunoblotting

for LXRo. or SREBP-1c in the liver homogenates.

1654 British Journal of Pharmacology (2013) 168 1647-1661



Rel. luciferase activity

09\{0\ 10 30 - 10 30 M2 (uM)
v ——
T090

LXRa

4.0 *%

3.0
20

Rel. mRNA level

0
°\‘0\ 10 30 - 10 30 M2 (uM)
s T090

& T090
%10 30 - 10 30 M2(uM)

AMPK activation by oltipraz metabolite

B SREBP-1 FAS
o6 B35
35 * B4 KoK
2 $3
g 3 # ) #
E2 [ 1
3 1 o
X0 x0
& 30 _-__30 M2 (uM) (& 30 _-__30 M2 (uM)
o T090 o T090
ACC SCD-1

85 T 3.0

3 f
= # =
z g15
£2 €10 #
3! 3 05
xo x

\50\ 30 - 30 M2 (uM) “o\ 30 - 30 M2(pM)
o T090 o T090
D M
O _CW3965

10 30 - 10 30 M2 (uM)

WeL SREBP-ic (ISR |

N phcin [E=—=— =] | "
Lamn AC[S S = & = = [=7 SREBP-1c (WCL)
. 3.0
7 SREBP-1¢ (WCL) T id
L6 ET 3 B~
@ 5 c 2.0
§ 4 g 15 s
e 3 #4 a 1.0
Sa2 T 05
[T} [v4
x 1 0
0 «& 10 30 - 10 30 M2 (uM)
o““o\ 10 30 - 10 30 M2 (uM) o “GW3965
T090
6 SREBP-1c (NF) E
Q
83 3 ﬁs stk
54 g4
L3 233
a2 £%s 2 #H
P ; 38,
O 10 30 - 10 30 M2 (uM) 8 o
o “Toso BSA - 30 M2(uM)
Palmitate
Mouse liver
LXRa SREBP-1
- 20 sk =4 Fag
2 2 *k 5 5 #k
215 # 23 ¢ z
= # = 24
£10 Z2 % 3 #
Eos £y £ 2
& & 5 1
OND 10 30 M2 k"OND 1030 M2 (mg-kg' “ o 1
= (mgkg) — 10 30 M2 (mg-kg) ND - 10 30 M2(mgkg")
HFD HFD T
ACC G
5 8 Wk Mouse liver homogenates
>
=6 HFD ‘
Z4 # ND - 10 30 M2(mgkg)
L2 LXRa | T ==
(7]
Ep SREBP-1c | ————— |
+1
ND 10 30 M2 (mg.kg) B-Actin| | i

HFD

British Journal of Pharmacology (2013) 168 1647-1661

1655



TH Kim et al.

A ) M2 (30 pM)
o®
5 10 30 1 3 6 12 (h)
p-AMPKl ._._._.....-...F-|-72

AMPK[——.—————_"‘?Z

p-ACC | - ——

'|-170
ACC[.————-—-—I-IWU

N e —— P

4 p-AMPK 35 p-ACC
= = 3.0 * ok
[ 9 *k
33 wx 3 3 25 o
ok ko L]
c S 20
L, a2 -
o 2 15
Q. Q.
5 1 < 10
e © 05
0 Ty 0
0\‘0\ 5103001 3 6 12(h) 0\‘0\ 5103001 3 6 12(h)
o M2 (30 uM) o M2 (30 uM)
B CPT-1 PPAR« PGC-1a
- 25 4 - 2.0 i 3 5
3 20 i 34 -
<15 s 3
z # Z 4. ## =
€ 10 g 10 €2
3 05 3 05 5 1 <
o 0 o 0 <
-+ o+ M2(30 M) -+ o+ M2(30uM) -+ 4+ M2(30uM)
B -+ Compound C - -+ Compound C = - + Compound C
SREBP-1c[- - == = == « - — g ==|=10  GRERP.{c[ -~ == == == e = - -] =120
B-ACHN [ e o e e e e | a3 B-ACHN [ = e = = = = = | g
-t - k- F - M2 (30 pM) -k -+ - 4+ -+ MZ2(30 M)
- -+ + - -+ + T090 (10 uM) - -+ + - - 4 + T090(10 uM)
MOCK DN-AMPK Compound C
SREBP-1c  ng SREBP-1¢ KE
5 * 5 -~
T4 T 4
3 5 sk
£3 w3 c3 i
] o #
g2 # a2
e 21
0 0
-+ - + - + - + M2 (30 pM) -+ - + - + - + M2(30uM)
- -+ 4 - - 4+ 4+ T090 (10 uM) - - bk - - 4+ T090 (10 uM)
MOCK DN-AMPK Compound C

Figure 5

The role of AMPK activation by M2 in the induction of proteins associated with fuel oxidation or in the inhibition of lipogenesis. (A) The activation
of AMPK by M2. Phosphorylated and total forms of AMPK or ACC were immunoblotted in lysates of HepG2 cells treated with M2 for the indicated
times. *P < 0.05, **P < 0.01, significantly different from vehicle. (B) The effect of Compound C treatment on lipogenic gene transcript levels.
gRT-PCR assays were done on HepG2 cells treated with 3 pM Compound C for 1 h and continuously incubated M2 for 12 h. *P < 0.05, **P < 0.01,
significantly different from vehicle; *P < 0.05, **P < 0.01, significantly different from M2 alone. (C) The effect of AMPK inhibition on SREBP-1c
repression by M2. After DN-AMPK transfection (24 h) or Compound C treatment (1 h), HepG2 cells were treated with vehicle or M2 for 1 h, and
continuously incubated with 10 uM T090 for 12 h. SREBP-1c¢ was immunoblotted on the whole cell lysates. *P < 0.05, **P < 0.01, significantly
different from vehicle; #P < 0.05, significantly different from T090 alone. NS, not significant.
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functions as a major kinase for AMPK (Shaw et al., 2004), in
HepG2 cells (Figure 6A). M2 treatment notably increased
LKB1 phosphorylation, which began from as early as 5 min
post-treatment and was maintained at least up to 12h. A
deficiency of LKB1 using siLKB1 failed to inhibit the induc-
tion of CPT-1, PPARo. and PGC-lo. or the repression of
SREBP-1c by M2 (Figure 6B,C). Knockdown of LKB1 still
allowed the phosphorylation of AMPK or ACC in response to
M2 (Figure 6D). In addition, treatment with STO-609 (a spe-
cific inhibitor of CaMKKp) failed to inhibit the activation of
AMPK (data not shown). These results raised the possibility
that the ability of M2 to activate AMPK may not depend
solely on LKB1.

AMPK senses and is activated by an increase in AMP level
coupled with a decrease in ATP (Lage et al., 2008; Zhang et al.,
2009). To further define the regulatory mechanism governing
AMPK activation by M2, we measured the intracellular
AMP/ATP ratio. HPLC analyses revealed that M2 treatment
increased the ratio of AMP to ATP in HepG2 cells (Figure 6E).
Thus, it is highly likely that both the activation of LKB1 and
the increase in AMP/ATP contribute to activating AMPK. Our
findings demonstrate that M2 inhibits liver fat accumulation
by enhancing both mitochondrial fuel oxidation and anti-
lipogenic effect, and which results from AMPK activated by
enhanced activity of LKB1 and increase in cellular AMP/ATP
ratio (Figure 7).

Discussion

Inducing an increase in FFA oxidation capacity and an inhi-
bition of de novo lipogenesis may be a promising strategy for
NAFLD treatment. Oltipraz has outstanding properties as an
anti-oxidative agent (Kang et al., 2002; 2003; Bae et al., 2007;
Hwahng et al., 2009); it prevents chemical carcinogenesis by
inducing antioxidant and phase II enzymes, which may
account for detoxification of carcinogens and other toxicants
(Kang et al., 2003). We also reported that oltipraz attenuates
liver cirrhosis in animals (Kang et al., 2002). Moreover, olti-
praz was capable of inhibiting liver steatosis (Hwahng et al.,
2009). Here we have shown that M2, a major metabolite of
oltipraz, had an anti-steatotic effect. Consistent with this, M2
treatment repressed abnormal accumulation of liver fat in
mice fed on HFD and reduced the body weight gain.

Oltipraz, when administered i.v. or p.o. to mammalian
species, is being metabolized to yield two major metabolites:
4-methyl-5-(pyrazin-2-yl)-3H-1,2-dithiol-3-one (M1) and M2
(Bae etal., 2003; Kim etal., 2010). The formation of M1
results from oxidative desulfuration of the thione group of
oltipraz, whereas M2 is produced from oltipraz by a series of
chemical reactions and molecular rearrangement (Bae et al.,
2003; Ko et al., 2006; Kwon et al., 2009). This was also con-
firmed in our clinical trial that when oltipraz was orally
administered to patients with liver fibrosis/cirrhosis as a
single dose or multiple doses for 24 weeks. A considerable
concentration of M2 was observed in the plasma through 24
weeks of treatment, at a higher level than that of oltipraz
(Kim et al., 2010). This pharmacokinetic profile implies that
M2 may be pharmacologically active and the amount of M2
produced from oltipraz is apparently safe and tolerable (Kim
et al., 2010).

AMPK activation by oltipraz metabolite

The pathogenesis of NAFLD due to fat accumulation
seems multifactorial. For example, fatty liver, which is
defined by accumulated fat in the liver tissue exceeding ~5%
of total liver weight, results from not only impaired fatty acid
utilization within mitochondria but also increased de novo
fatty acid synthesis and subsequent TG accumulation. As
excessive energy intake into the liver drives mitochondria to
oxidize the increased amount of FFAs beyond the basal capac-
ity, there is robust production of ROS/RNS in mitochondria.
Thus excess deposition of fat within the hepatocytes not only
elicits FFA oxidation, but also provokes oxidative stress.
Hence, hepatic steatosis may progress to a variety of meta-
bolic diseases accompanying inflammation and hepatocyte
injury (Day and James, 1998; Berk, 2008; Zhang et al., 2009;
Fabbrini et al., 2010). In the present study, we used two dif-
ferent approaches, (i) an in vivo model involving mice fed a
HEFD to assess the pharmacological effect of M2 on the inhi-
bition of liver fat accumulation and (ii) an in vitro model
using HepG2 cell model to study the underlying molecular
mechanisms. Our findings demonstrated that M2 markedly
inhibited hepatic inflammation, oxidative stress and hepato-
cyte injury caused by HFD feeding, and enabled the liver to
restore GSH content. Previously, it has been shown that M2
protected mitochondria from injury against the insult of ara-
chidonic acid and iron, and exhibited a cytoprotective activ-
ity (Kwon et al., 2009). M2 also activated Nrf2 and induced
antioxidant and phase II enzymes (Ko et al., 2006). Thus, our
results shown here in this study parallel the previous finding
that the effects of M2 may reflect its antioxidant activity.

NAFLD results from not only impaired FFA utilization, but
increased de novo synthesis of fat and subsequent accumula-
tion (Day and James, 1998). Mitochondria contribute to
maintaining overall energy balance within the cell by gener-
ating ATP as a major energy source (Bonnefont et al., 2004;
Orellana-Gavalda et al., 2012). NAFLD progression is strongly
associated with mitochondrial dysfunction due to excess
influx of fatty acids into the liver (Bonnefont et al., 2004;
Orellana-Gavalda et al., 2012). Thus, increased mitochondrial
capacity for the metabolism of fatty acids may be of help in
treating NAFLD. A series of proteins are involved in this
mitochondrial function. One of them, CPT-1, is localized in
the mitochondrial outer membrane and enables FFAs to enter
the mitochondria for B-oxidation (Kerner and Hoppel, 2000).
Over-expression of CPT-1A or its active form promotes FFA
oxidation and improves metabolic profiles, such as steatosis,
fasting blood glucose and inflammation (Orellana-Gavalda
et al., 2012). Our results demonstrate induction of CPT-1 by
M2 and M2 prevented CPT-1 repression in mice fed a HFD,
implying that this agent may facilitate the influx of FFAs into
the mitochondria.

PPARa, mainly expressed in the liver and brown adipose
tissue, controls lipid metabolism; as it is a transcription factor
regulating the expression of genes responsible for mitochon-
drial and peroxisomal B-oxidation, FFA uptake, lipoprotein
assembly and transport (Yoon, 2009; Pyper etal., 2010).
In our cell model, PPARo. was up-regulated by M2. As a
deficiency of PPARa causes drastic fat accumulation in the
liver and depresses FFA oxidation and uptake (Kersten et al.,
1999), the ability of M2 to induce PPARa would help to
facilitate fuel oxidation in the mitochondria. Another impor-
tant protein is PGC-la, which is a master regulator of
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Figure 6

LKB1 activation and increased AMP/ATP ratio induced by M2. (A) The activation of LKB1 by M2. Phosphorylated or total LKB1 was immunoblotted
in lysates of HepG2 cells treated with M2 for the indicated times. *P < 0.05, **P < 0.01, significantly different from vehicle. (B) The effect of LKB1
knockdown on CPT-1, PPARa. and PGC-1o. induction by M2. HepG2 cells were treated with M2 for 12 h following control knockdown (siCon) or
LKB1 knockdown (siLKB1). (C) The effect of LKB1 knockdown on SREBP-1c repression by M2. Cells were treated with vehicle or M2 for 1 h, and
continuously incubated with 10 uM T090 for 12 h following LKB1 knockdown. *P < 0.05, **P < 0.01, significantly different from vehicle; *P < 0.05,
significantly different from T090 alone. WCL, whole cell lysate. (D) The effect of LKB1 knockdown on AMPK activation by M2. For B and D, *P <
0.05, **P < 0.01, significantly different from vehicle. (E) Increase in cellular AMP/ATP ratio by M2. AMP and ATP contents were measured using

HPLC assays in HepG2 cells treated with M2 for 1 h. **P < 0.01, M2 treatment significantly different from control.
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A schematic diagram illustrating the proposed mechanism by which
M2 inhibits liver steatosis and steatohepatitis. Inhibition of liver stea-
tosis and steatohepatitis by M2 may result from the activation of
AMPK elicited by increases in LKB1 activity and the AMP/ATP ratio.

mitochondrial biogenesis (Aharoni-Simon et al., 2011). Our
finding that M2 treatment up-regulated PGC-1a is compat-
ible with the increased mitochondrial function. As PGC-1a.
interacts with PPARa and nuclear respiration factor 1/2 for
energy utilization (Arany et al., 2005), the anti-steatotic effect
of M2 may be explained in part by increased capacity for
mitochondrial FFA oxidation and biogenesis. PGC-1a. regu-
lates transcription, replication and the amount of mtDNA
(Arany et al., 2005; Aquilano et al., 2010). Thus, induction of
PGC-1o represents mitochondrial biogenesis, consistent with
our observation that M2 increased mtDNA content and
oxygen consumption rate.

LXRo transcriptionally regulates a series of genes involved
in lipid synthesis and is activated in the liver of mice fed a
HFD or genetically obese mice. LXRo binds to LXRE upon
endogenous ligand binding in the promoter region of the
LXRa gene itself and SREBP-1c, and induces SREBP-1c (Laf-
fitte et al., 2001; Zelcer and Tontonoz, 2005). As SREBP-1c
transcriptionally activates the genes involved in fatty acid
biogenesis, such as FAS, ACC and SCD-1, LXRa stimulates fat
accumulation under NAFLD conditions and contributes to
steatosis. Previously, we reported the anti-steatotic effect of
oltipraz, which results from the inhibition of LXRa via (i)
threonine phosphorylation of LXRo by AMPK, an energy
sensor governing diverse signaling pathways, and (ii) suppres-
sion of LXRa phosphorylation at serine residues by S6K1
(Hwahng et al., 2009). In the present study, M2 also antago-
nized LXRo activation in vitro and in vivo, which depended on
the activation of AMPK. Hence, both oltipraz and its metabo-
lite M2 have the ability to activate AMPK, which accounts for
LXRa inhibition.

AMPK activation by oltipraz metabolite

The activity of AMPK is regulated by two major me-
chanisms: (i) post-transcriptional modification by LKBI,
CaMKKP or TAK1, and (ii) sensing and allosterical activation
by AMP, a condition affected by hypoxia, glucose depriva-
tion, oxidative stress and cytokines (Lage et al., 2008; Zhang
et al., 2009). Previously, we showed that oltipraz protected
cells from mitochondrial impairment and injury against oxi-
dative stress (Shin and Kim, 2009). Moreover, it inhibits
insulin resistance caused by HFD feeding (Bae et al., 2007). All
of these effects of oltipraz relied on AMPK activation without
activating LKB1 (Bae et al., 2007). By contrast, M2 strongly
increased the activating phosphorylation of LKB1, which is
distinct from the effect of oltipraz (Bae et al., 2007; Hwahng
et al., 2009). This may result from the differences between M2
and oltipraz in chemico-biological properties (e.g. backbone
structure, pro-oxidant effect or Nrf2-activating effect).

Our present findings demonstrated that both mitochon-
drial fuel oxidation and repression of SREBP-1lc-mediated
lipogenesis depended on AMPK. Nevertheless, up-regulation
of CPT-1, PPARo and PGC-1a. by M2 was only weakly reversed
by LKB1 knockdown, implying that there exists another
mechanism in this event. As an increase in AMP/ATP ratio
plays a key role in the allosteric regulation of AMPK (Lage
et al., 2008; Zhang et al., 2009), AMPK activation by M2 may
be explained by an increase in the AMP/ATP ratio as well as
LKB1 activation (Figure 7). Taken together, our results show
that M2 inhibited steatosis and steatohepatitis, which may be
associated with AMPK-dependent enhanced fuel oxidation in
the mitochondria and repression of LXRo-dependent lipo-
genesis. As oltipraz is being studied for metabolic liver
disease, our finding that M2 inhibits hepatic fat accumula-
tion and injury provides key information on the effect of
oltipraz in vivo, and the potential use of these agents for the
treatment of liver diseases.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 The effects of M2 on PPARo and PGC-1a levels in
the liver. (A) Immunoblottings for PPARa. and PGC-1a. Pro-
teins of interest in liver homogenates were immunoblotted.
(B) gRT-PCR assays for hepatic PPARo. or PGC-1o. mRNA.
Mice were treated as described in the legend of Figure 1A.
**P < 0.01, significantly different from ND alone; *P < 0.05,
#P < 0.01, significantly different from HFD alone.

Figure $2 Immunoblotting for SREBP-1c in HepG2 cells.
Premature form of SREBP-1c was immunoblotted on the
lysates of HepG2 cells treated as described in the legend
to Figure 4C. **P < 0.01, significantly different from vehicle;
P < 0.05, "P < 0.01, significantly different from TO90 alone.
Table S1 The sequences of primer pairs and T, for qRT-PCR
assays.
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