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Isoliquiritigenin (ILQ), a flavonoid compound originated from Glycyrrhiza species, is known to activate
SIRT1. Arachidonic acid (AA) in combination with iron (a catalyst of auto-oxidation) leads cells to
produce excess reactive species with a change in mitochondrial permeability transition. In view of the
importance of oxidative stress in cell death and inflammation, this study investigated the potential of ILQ
to protect cells against the mitochondrial impairment induced by AA + iron and the underlying basis for
this cytoprotection. Treatment with ILQ inhibited apoptosis induced by AA +iron, as evidenced by
alterations in the levels of the proteins associated with cell viability: ILQ prevented a decrease in Bcl-x;,
and cleavage of poly(ADP-ribose)polymerase and procaspase-3. Moreover, ILQ inhibited the ability of
AA +iron to elicit mitochondrial dysfunction. In addition, superoxide generation in mitochondria was
attenuated by ILQ treatment. Consistently, ILQ prevented cellular H,O, production increased by
AA +iron, thereby enabling cells to restore GSH content. ILQ treatment enhanced inhibitory
phosphorylation of glycogen synthase kinase-3(3 (GSK3f), and prevented a decrease in the GSK3[3
phosphorylation elicited by AA + iron, which contributed to protecting cells and mitochondria. GSK33
phosphorylation by ILQ was preceded by AMP-activated protein kinase (AMPK) activation, which was
also responsible for mitochondrial protection, as shown by reversal of its effect in the experiments using
a dominant negative mutant of AMPK and compound C. Moreover, the AMPK activation led to GSK33
phosphorylation. These results demonstrate that ILQ has the ability to protect cells from AA +iron-
induced H,0, production and mitochondrial dysfunction, which is mediated with GSK3f3 phosphoryla-
tion downstream of AMPK.
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1. Introduction [1]. Increased ROS and/or cytokines produced from inflammation

promote oxidative modification of fatty acids within membrane
phospholipids. The oxidation of fatty acids and phospholipids
causes detrimental effects on cell signaling and activates
phospholipase, which stimulates the release of arachidonic acid
(AA), an w-6 polyunsaturated fatty acid, and biologically active
pro-inflammatory mediator [2]. In addition, AA can induce
apoptosis by increasing the production of proapoptotic ceramide
[3], calcium uptake into mitochondria [4], and excess ROS
production via direct effects on mitochondria [5,6]. Moreover,
AA in the presence of iron, a catalyst of auto-oxidation, increases

Oxidative damage of the cell is a major factor for several human
diseases. Excess reactive oxygen species (ROS) can modify
membrane phospholipids, and result in cell and tissue injury

Abbreviations: AA, arachidonic acid; ACC, acetyl-CoA carboxylase; AICAR, 5-
aminoimidazole-4-carboxamide-1-3-p-ribofuranoside; AMPK, AMP-activated pro-
tein kinase; CaMKK, calcium/calmodulin-dependent kinase kinase; DCFH-DA, 2,7~
dichlorofluorescein diacetate; DPPH, 2,2-diphenyl-1-picrylhydrazyl; FACS, fluores-
cence-activated cell sorter; GSK3f3, glycogen synthase kinase-3f3; ILQ, isoliquir-

itigenin; Keapl, Kelch-like ECH-associated protein 1; LQ, liquiritigenin; MMP,
mitochondrial membrane potential; mPTP, mitochondrial permeability transition
pore; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; Nrf2,
NF-E2-related factor-2; NTA, nitrilotriacetic acid; Rh123, rhodamine 123; ROS,
reactive oxygen species; SOD, superoxide dismutase; trolox, (+)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid; VDAC, voltage-activated anion channel.
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oxidative damage of cells and the subsequent mitochondrial
impairment [7]. Therefore, the combinatorial treatment of AA with
iron exerts cell death in a synergistic manner, and this treatment
may be utilized to study candidates that act against severe
oxidative stress.

A several lines of evidence indicate that isoliquiritigenin (ILQ), a
flavonoid with chalcone structure compound originated from
Glycyrrhiza species (chemical structure shown in Fig. 1A), has
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Fig. 1. Inhibition of AA + iron-induced apoptosis by ILQ. (A) The chemical structures of ILQ and LQ. (B) The effects of ILQ and LQ on cell viability. HepG2 cells were treated with
several concentrations of ILQ or LQ for 1 h and were continuously incubated with 10 wM AA for 12 h, followed by exposure to 5 wM iron for 6 h. The dose-response effects of
ILQ and LQ on cell viability were assessed using MTT assays. Data represent the mean = S.E. of four separate experiments. For graphs in B and C, the statistical significance of
differences between treatments and either the vehicle-treated control (**p < 0.01) or cells treated with AA + iron (*#p < 0.01) was determined. (C) TUNEL assay. HepG2 cells were
treated with 20 wM ILQ for 1 h and were continuously incubated with 10 uM AA for 12 h, followed by exposure to 5 wM iron for 6 h. The percentage of TUNEL-positive cells (dark
brown staining) was quantified. Data represent the mean =+ S.E. of four separate experiments. (D) Immunoblottings for the proteins associated with apoptosis. Immunoblot analyses
were performed on the lysates of HepG2 cells that had been incubated with 20 wM ILQ for 1 h, continuously treated with 10 wM AA for 12 h, and then exposed to 5 M iron for 3 h.
Equal protein loading was verified by (3-actin immunoblotting. Results were confirmed by repeated experiments.

diverse pharmacological effects such as antioxidant [8-10], anti-
inflammatory [11,12], anti-tumor [10,13,14], anti-platelet [15],
and anti-peptic ulcer actions [16]. Also, ILQ is known as a SIRT1
activator, which is an upstream regulator of LKB1 [17,18]. In
addition, treatment with ILQ alters conformation of Kelch-like
ECH-associated protein 1 (Keap1) by alkylating specific cysteine
residues, and thus results in NF-E2-related factor-2 (Nrf2)
activation [19,20]. Nevertheless, other mechanistic basis for the
antioxidant action of ILQ has not been elucidated.

Glycogen synthase kinase-3(3 (GSK3[) is a Ser/Thr kinase
that is constitutively activated in normal state. In addition to the
identification of GSK3[3 as a regulator of glycogen metabolism,
other roles of this kinase as a regulator of cell function such as

gene expression, cell cycle, and apoptosis have been recognized
[21]. GSK3[ is inactivated by phosphorylating the serine 9
residue [22], which may contribute to cell survival against
ischemia/reperfusion injury by suppressing mitochondrial per-
meability transition pore (mPTP) opening [23,24]. This inhibito-
ry phosphorylation of GSK3[3 at serine 9 also prevents
phosphorylation of voltage-activated anion channel (VDAC),
and promotes binding of GSK3p with adenine nucleotide
translocase, resulting to interfere mPTP opening [25,26]. In
our previous study, it has been shown that resveratrol treatment
inhibited GSK3[3 activity downstream of AMP-activated protein
kinase (AMPK) activation, which was responsible for mitochon-
drial protection [27].
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AMPK, an intracellular sensor of energy status, may regulate cell
survival or death in response to pathological conditions such as
oxidative stress, hypoxia, and osmotic stress [7,28,29]. In
mammalian cells, LKB1 and calcium/calmodulin-dependent kinase
kinase (CaMKK) are the major upstream kinases of AMPK [30,31].
Treatment with AMPK activators [e.g., 5-aminoimidazole-4-
carboxamide-1-3-p-ribofuranoside (AICAR) and metformin]
increases cell viability under the conditions of stress [32,33].
Moreover, several cytoprotective agents not only induce antioxi-
dant enzymes, but also decrease radical stress through AMPK
activation [34]. For example, in our previous work, dithiolethiones
were found to protect hepatocytes from oxidative stress induced
by AA +iron through AMPK activation [7].

Currently, no information is available on whether ILQ has the
ability to protect mitochondria and exerts a cytoprotective effect
against oxidative burst. Moreover, the effects of ILQ on GSK33 and
AMPK phosphorylations remain to be established. This study
investigated whether ILQ has the ability to protect mitochondria
from severe oxidative stress induced by AA +iron and thereby
exert a cytoprotective effect and, if so, the mechanistic basis of its
mitochondrial protective effect with particular reference to GSK33
and AMPK. Our work demonstrates that ILQ protects cells against
iron-catalyzed severe oxidative stress by inhibiting mitochondrial
impairment and ROS production, and that this cytoprotective
effect results from GSK3[p inhibition downstream of AMPK
activation. In addition, the effect of liquiritigenin (LQ), another
Glycyrrhiza component, on the mitochondrial function and cell
death was comparatively examined.

2. Materials and methods
2.1. Materials

MitoSOX was supplied by Invitrogen (Carlsbad, CA). Anti-
procaspase-3, anti-phospho-acetyl-CoA carboxylase (ACC), anti-
phospho-AMPK, anti-GSK3[3, anti-phospho-GSK3f3, and anti-
VDAC antibodies were obtained from Cell Signaling Technology
(Beverly, MA). Antibodies directed against poly(ADP-ribose)poly-
merase (PARP), Bcl-x;, and AMPK were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Horseradish peroxidase-conjugat-
ed goat anti-rabbit and goat anti-mouse IgGs were purchased from
Zymed Laboratories (San Francisco, CA). SB216763 and compound
C were obtained from Calbiochem (Darmstadt, Germany). Dead-
End™ Colorimetric TUNEL System was supplied from Promega
(Madison, WI). ILQ, AA, ferric nitrate, nitrilotriacetic acid (NTA), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT), 2,2-diphenyl-1-picrylhydrazyl (DPPH), (#)-6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (trolox), rhoda-
mine123 (Rh123), 2',7'-dichlorofluorescein diacetate (DCFH-DA),
anti-B-actin antibody, and other reagents were purchased from
Sigma (St. Louis, MO). LQ was supplied from ChromaDex (Irvine, CA).
The solution of iron-NTA complex was prepared as described
previously [7].

2.2. Cell culture and treatment

HepG2 cells, a human hepatocyte-derived cell line, were
obtained from ATCC (Rockville, MD) and were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS), 50 units/ml penicillin and 50 p.g/ml strepto-
mycin at 37 °C in humidified atmosphere with 5% CO,. For all
experiments, cells (1 x 10®) were plated in 10-cm (diameter)
plastic dishes for 2-3 days (i.e., 80% confluency) and serum-starved
for 24 h. Cells were incubated with 10 wM AA for 12 h, followed by
additional exposure to 5 M iron for the time period indicated in
Section 3 or figure legends. To assess the effects of ILQ, the cells

were treated with 5-20 wM ILQ for 1 h prior to incubation with
AA +iron.

2.3. MTT assay

To measure cytotoxicity, HepG2 cells were plated at a density
of 1 x 10° cells per well in a 48-well plate. After treatment,
viable cells were stained with 0.25 mg/ml MTT for 2 h. The
media was then removed, and formazan crystals produced in the
wells were dissolved with the addition of 200 .l dimethylsulf-
oxide. Absorbance at 540 nm was measured using an ELISA
microplate reader (Tecan, Research Triangle Park, NC). Cell
viability was defined relative to untreated control [i.e., viability
(%control) = 100 x (absorbance of treated sample)/(absorbance
of control)].

2.4. TUNEL assay

TUNEL assay was performed using the DeadEnd™ Colori-
metric TUNEL System, according to the manufacturer’s instruc-
tion. HepG2 cells were fixed with 10% buffered formalin in PBS
at room temperature for 30 min and were permeabilized with
0.2% Triton X-100 for 5 min. After washing with PBS, each
sample was incubated with biotinylated nucleotide and terminal
deoxynucleotidyltransferase in 100 .l equilibration buffer at
37°C for 1h. The reaction was stopped by immersing the
samples in 2x saline sodium citrate buffer for 15 min.
Endogenous peroxidases were blocked by immersing the
samples in 0.3% H,0, for 5 min. The samples were treated with
100 wl of horseradish peroxidase-labeled streptavidin solution
(1:500) and were incubated for 30 min. Finally, the samples
were developed using the chromogen, H,0, and diaminobenzi-
dine for 10 min. The samples were washed and examined under
light microscope (200x). The counting of TUNEL-positive cells
was repeated three times, and the percentage from each
counting was calculated.

2.5. Immunoblot analysis

Cell lysates were prepared according to previously published
methods [7]. Briefly, the cells were centrifuged at 3000 x 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
10,000 x g for 10 min to obtain supernatants and were stored at
—70 °C until use. Immunoblot analysis was performed according to
previously published procedures [7]. Protein bands of interest
were developed using an ECL chemiluminescence system (Amer-
sham, Buckinghamshire, UK). Equal protein loading was verified by
immunoblotting for 3-actin.

2.6. Flow cytometric analysis of mitochondrial membrane potential

Mitochondrial membrane potential (MMP) was measured with
Rh123, a membrane-permeable cationic fluorescent dye using
fluorescence-activated cell sorter (FACS). HepG2 cells were treated
according to the individual experiment, stained with 0.05 pg/ml
Rh123 for 1 h, and harvested by trypsinization. After washing with
PBS containing 1% FBS, the change in MMP of cells was monitored
using a BD FACS Calibur flow cytometer (San Jose, CA). In each
analysis, 10,000 events were recorded.

2.7. Measurement of superoxide in mitochondria
MitoSOX is a live-cell-permeable and mitochondrial localizing

superoxide indicator. After treatment of HepG2 cells with
AA +iron, the cells were stained with 5 puM MitoSOX for 10 min
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at 37 °C. Fluorescence intensity in the cells was measured using
FACS. In each analysis, 10,000 events were recorded.

2.8. Measurement of H,O, production

DCFH-DA is a cell-permeable non-fluorescent probe that is
cleaved by intracellular esterases and is turned into the fluorescent
dichlorofluorescein upon reaction with H,0,. The level of H,0,
generation was determined by the concomitant increase in
dichlorofluorescein (DCF) fluorescence. After treatment, cells were
stained with 10 uM DCFH-DA for 1h at 37 °C. Fluorescence
intensity in the cells was measured using FACS. In each analysis,
10,000 events were recorded.

2.9. Determination of reduced GSH content

Reduced GSH in the cells was quantified using a commercial
GSH determination kit (Oxis International, Portland, OR, USA).
Briefly, the GSH-400 method was a two-step chemical reaction.
The first step led to the formation of substitution products
(thioethers) between 4-chloro-1-methyl-7-trifluromethyl-quino-
linum methylsulfate and all mercaptans present in the sample. The
second step included [3-elimination reaction under alkaline
conditions. This reaction was mediated by 30% NaOH which
specifically transformed the substituted product (thioether)
obtained with GSH into a chromophoric thione.

2.10. Measurement of radical-scavenging activity

Radical-scavenging activity was measured using the DPPH
method [35,36]. DPPH in methanol solution (150 M) was added
in each well, and were allowed to react with 3-1000 uM ILQ or
trolox at room temperature in dark place. After 30 min, the
absorbance values were measured at 515 nm using an ELISA
microplate reader (Tecan, Research Triangle Park, NC). DPPH
reduction rate was obtained from the following formula:

DPPH reductionrate(%) = %OO_AS)
where Ay was the absorbance of blank control, whereas As was the
value for sample solution.

2.11. Recombinant adenoviral DN-AMPK construct and plasmid
transfection

A plasmid encoding a dominant negative mutant of AMPKo
(D157A; DN-AMPK) was kindly provided by Dr. J. Ha (Kyunghee
University, Korea). To generate a recombinant adenovirus
expressing DN-AMPKa, the construct was subcloned into the
attL-containing shuttle plasmid, pENTR-BHRNX (Newgex, Seoul,
Korea). Recombinant adenoviral DN-AMPKa was constructed
and generated by using the pAd/CMV/V5-DEST gateway
plasmid. HepG2 cells were infected with adenovirus diluted
in DMEM containing 10% FBS at a multiplicity of infection (MOI)
of 50 and incubated for 12 h. After removal of the viral
suspension, cells were further incubated with DMEM containing
10% FBS for 2 days and then were treated with the indicated
reagent. Adenovirus that expresses LacZ (Ad-LacZ) was used as
an infection control. Efficiency of infection was consistently
>90% with this method. The construct encoding for a kinase-
dead mutant of GSK3 (KD-GSK3f3) and a constitutive active
form of GSK3f3 (S9A, CA-GSK33) was kindly provided by Dr. J.R.
Woodgett (Samuel Lunenfeld Research Institute, Ontario,
Canada). Cells were transfected with the plasmids by using
FuGENE HD (Roche, Indianapolis, IN). The empty plasmid,
pCDNA3.1 was used for the mock transfection.

2.12. Preparation of mitochondrial fractions

Cells were homogenized in 5mM Tris-HCl (pH 7.5) buffer
containing 210 mM mannitol, 70 mM sucrose, and 1 mM EDTA.
The homogenates were centrifuged twice at 1300 x g to remove
pellet. The resulting supernatant was centrifuged at 15,000 x g to
obtain the pellet containing mitochondria. The mitochondrial
fractions were lysed in 10 mM Tris-HCl (pH 7.5) buffer containing
10 mM Nacl and 1.5 mM MgCl,, and were subjected to immuno-
blot analysis.

2.13. Data analysis

Scanning densitometry was performed with an Image Scan &
Analysis System (Alpha-Innotech Corporation, San Leandro, CA).
One way analysis of variance (ANOVA) procedures were used to
assess significant differences among treatment groups. For each
treatment showing a statistically significant effect, the Newman-
Keuls test was used for comparisons of multiple group means. The
criterion for statistical significance was set at p < 0.05 or p < 0.01.

3. Results
3.1. Inhibition of AA +iron-induced apoptosis by ILQ

First, we used MTT assay to determine whether ILQ and LQ
inhibited apoptosis induced by AA + iron. In the previous study, AA
treatment (10 wM) induced oxidative stress and apoptosis, and
iron (5 wM) enhanced the AA-induced toxicity in HepG2 cells [7].
Therefore, 10 wuM AA and 5 M iron were used in each of the
experiments in the present study. In MTT assay, ILQ treatment (5-
20 wM) protected cells against death induced by AA +iron. The
maximal cytoprotective effect was observed at 20 M (Fig. 1B). In
contrast, LQ at the same concentrations was ineffective in
protecting cells against AA +iron. One hundred pwM of LQ was
partially active (Fig. 1B). In subsequent experiments, ILQ was used
as a cytoprotective candidate. TUNEL assay confirmed the
protective effect of ILQ against toxicity elicited by AA +iron
(Fig. 1C). AA + iron treatment stimulated PARP cleavage (shown as
a decrease in full length PARP) and decreased the levels of
procaspase-3 and Bcl-x;, verifying that exposure of cells to
AA +iron induced apoptosis. As expected, ILQ treatment signifi-
cantly inhibited alterations in the levels of proteins associated with
apoptosis (Fig. 1D). These results indicate that ILQ has the ability to
protect cells against the synergized toxicity of AA + iron.

3.2. Inhibition of mitochondrial dysfunction by ILQ

In previous studies, it has been shown that AA impairs
mitochondrial respiratory activity by inhibiting complexes I and
Il [5]. Thus, AA treatment causes dysfunction of mitochondrial
membrane potential, inducing apoptosis of HepG2 and MH1C1
cells [6,7]. To correlate AA-induced apoptosis with alteration in
mitochondrial function, MMP was measured using FACS after
staining of the cells with Rh123. Rh123, a membrane-permeable
cationic fluorescent, is used as a probe of MMP [37]. Low staining
intensity of Rh123 represents mitochondrial damage and
dysfunction. AA +iron treatment increased the number of cells
in M1 fraction (fraction with low Rh123 fluorescence intensity),
which indicates mitochondrial damage and dysfunction (Fig. 2A).
Our results showed that AA+iron induced mitochondrial
dysfunction and apoptosis. Although ILQ treatment (20 wM)
slightly increased the population of M1 fraction, it inhibited the
MMP dysfunction in response to a challenge by AA +iron,
providing evidence that the cytoprotective effect of ILQ results
from mitochondrial protection.
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were confirmed by repeated experiments.

To further assess the effect of ILQ on mitochondria, we
measured mitochondrial ROS production using MitoSOX, a live-
cell-permeable and mitochondrial localizing superoxide indicator.
Mitochondrial MitoSOX fluorescence was markedly increased by
AA +iron treatment; however ILQ pretreatment inhibited mito-
chondrial superoxide production increased by AA + iron (Fig. 2B).

3.3. Cellular antioxidant effect of ILQ

The extent of intracellular H,O, production was assessed by
flow cytometric assay using DCFA-DA. Treatment of HepG2 cells
with AA +iron increased H,0, generation, which was completely
antagonized by simultaneous ILQ treatment (Fig. 3A). Since GSH is
an important endogenous antioxidant, deficiency of GSH increases
ROS-induced toxicity [38]. Next, we assessed the level of GSH in the
cells treated with AA +iron in combination with ILQ to determine
the antioxidant effect of ILQ. Whereas the level of GSH is
substantially decreased by AA +iron treatment, it was restored
in cells concomitantly treated with ILQ (Fig. 3B). Moreover, ILQ
treatment alone also promoted an increase in the GSH content
compared to vehicle-treated control. To determine whether ILQ
has a ROS scavenging capacity, DPPH assay was performed. Unlike
trolox, a vitamin E analogue, ILQ failed to exhibit a radical-
scavenging activity (Fig. 3C). The data support the hypothesis that
the cytoprotective effect of ILQ may be associated with its
antioxidative capacity, by which cells maintain redox-homeostasis
via its regulation of cell signaling, rather than direct scavenging of
ROS.

3.4. GSK3P phosphorylation and mitochondrial protection
It has been shown that GSK3[3 inhibition enables cells to protect

mitochondria against ischemic/reperfusion injury and thereby
contributes to cell viability [23,24]. In view of the critical role of

GSK3[ activity in mitochondrial protection, we examined the
effect of ILQ on the inhibitory phosphorylation of GSK3f3 at serine 9
residue. Treatment of HepG2 cells with ILQ enhanced it in a time-
dependent manner with significant increases being noted at later
times (i.e., 6 or 12 h) (Fig. 4A). By contrast, exposure of cells to
AA +iron (18 h) decreased the GSK3{3 phosphorylation, which was
antagonized by simultaneous treatment with ILQ (Fig. 4B). The
time-course effect of LQ treatment on the phosphorylation of
GSK3[3 was also comparatively examined; LQ at 100 M increased
the GSK3[3 phosphorylation (Fig. 4C), whereas LQ at 20 M failed
to do so (data not shown). This result is consistent with its
cytoprotective effect shown in Fig. 1B.

To assess the role of ILQ-induced GSK3[3 phosphorylation in
protecting cells, GSK33-inhibitory effect on cell viability was
measured. A decrease in cell viability by AA + iron was significantly
reversed by overexpression of KD-GSK3[3 (Fig. 5A). Consistently,
the extent of cytotoxicity elicited by AA +iron was reduced by
simultaneous treatment with SB216763 (a GSK3 inhibitor). To
further correlate the GSK3[3 phosphorylation with mitochondrial
function, MMP was measured using FACS after staining of the cells
with Rh123. As expected, either KD-GSK3[3 transfection or
SB216763 treatment inhibited the change in MMP induced by
AA +iron (Fig. 5B). To test the role of GSK3[3 inhibition by ILQ in
protecting mitochondria, the GSK3[3-activating effect on cell
populations of M1 fraction was measured using a construct
encoding CA-GSK3{3. The mitochondrial protective effect of ILQ
was abrogated by CA-GSK3[3 transfection (Fig. 5C). A certain
condition of oxidative stress such as ischemic/reperfusion injury
has been shown to increase the mitochondrial content of GSK3[3
[26]. The level of GSK3[3 content in mitochondria was monitored in
our cell model. As expected, treatment of cells with AA + iron
notably increased GSK3[ level in mitochondria, which was
completely prevented by ILQ treatment (Fig. 5D). All of these
results demonstrate that the cellular and mitochondrial protective
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GSK3{ phosphorylation.

effects of ILQ are associated with increase in the inhibitory
phosphorylation of GSK3[3.

3.5. AMPK activation by ILQ and its regulation of GSK3[3
phosphorylation

In our previous study, we found that AMPK plays a key role in
protecting cells against iron-catalyzed oxidative stress [7,27,39].In
an effort to identify the upstream signal of GSK3[3 phosphorylation
by ILQ, the time-course effects of ILQ on AMPK and ACC
phosphorylations were assessed. In HepG2 cells, ILQ treatment
resulted in notable increases in the phosphorylation of ACC at early
times (10-30 min), which apparently preceded the GSK3[3
phosphorylation (Fig. 6A). Similarly, the phosphorylation of
AMPKa was also increased by ILQ treatment, verifying AMPK
activation. As expected, LQ treatment at 100 M also increased the
phosphorylations of AMPK and ACC (Fig. 6B). Twenty wM of LQ,
however, failed to do so (data not shown).

To test the role of AMPK activation by ILQ in protecting
mitochondria, the AMPK-inhibitory effect on cell populations of
M1 fraction was measured. The mitochondrial protective effect of
ILQ was abrogated by DN-AMPKa transfection or compound C (an
AMPK inhibitor) treatment (Fig. 6C and D). Moreover, AMPK
inhibition by either DN-AMPKa or compound C prevented the
ability of ILQ to increase GSK3[( phosphorylation (Fig. 7A),
suggesting that AMPK regulates GSK3[3 activity. These results
show that ILQ has a cytoprotective effect against severe oxidative
stress induced by AA + iron and the ability to protect mitochondria,

mediated through AMPK-dependent inhibitory phosphorylation of
GSK3 (Fig. 7B).

4. Discussion

Excess iron deposition in the body causes injury to and
dysfunction of target organs. Because the liver is the primary organ
for iron storage, it is more sensitively affected by iron-overload
[40]. In the early stage of pathological process, accumulation of
excess iron in the non-parenchymal cells causes oxidative stress in
the liver. Simultaneously, iron is redistributed toward surrounding
hepatocytes. In addition, pro-inflammatory cytokines produced by
activated macrophages may amplify ROS production and hepato-
cyte injury under iron-overload conditions [41,42]. In our previous
study, we established a combinational treatment of iron and AA as
an iron-catalyzed oxidative stress model and the associated
signaling pathway [39]. Here, we report that ILQ has a cytopro-
tective effect against iron-catalyzed oxidative burst, as confirmed
by the inhibition of apoptosis and alterations in apoptotic markers,
which implies that ILQ may be beneficial for iron-overload liver
disease.

Since mitochondria function as a stress sensor, they determine
fate of the cell between apoptosis and cell survival process [43].
Within the mitochondrion, ROS is mainly produced in the
respiratory chain [1]. AAis a pro-inflammatory fatty acid generated
from cell membranes. AA initiates ROS generation and thus
stimulates lipid peroxidation [44]. AA-induced oxidative stress has
a direct effect on mitochondria [5,6]. Hence, AA treatment causes



S.H. Choi et al./Biochemical Pharmacology 79 (2010) 1352-1362 1359

(A)120 p<0.01
=
< 100
=
= 80
«
> 80
3
o 40 ek
2
& 20
&
0
- + - +
Mock KD-GSK3p
p<0.01
(B) 50
—~ 40
R
§ 30
©
(1]
E 20
b=
10
0
- + - +
Mock KD-GSK3p
p<0.01
(C)50
__ 404
xR
5 30;
B
il
= 204
=
104
0,
- + + - + +
~ + = = +
Mock CA-GSK3p

AA + iron

AA + iron

120 0<0.01
100

80
60
40
20

Relative cell viability (%)

- + - +

Vehicle SB216763

AA + iron

60 p<0.01

50

40

30

M1 fraction (%)

20

10

- + - +

Vehicle SB216763

AA + iron

(D) AA + iron
Vehicle - ILQ

GSKap [ == =— —]

Mito

B-actin | we— e— —

&
&8 @96‘
& &
& &

e e
ILQ

Fig. 5. The effect of GSK3f inhibition on cell viability and mitochondrial function. (A) The effect of GSK3[3 inhibition on the viability of cells. HepG2 cells that had been
transfected with the plasmid encoding for KD-GSK33 or incubated with SB216763 (10 M, for 1 h) were continuously incubated in a medium containing AA (12 h) and iron
(1 h). Cell viability was analyzed by MTT assay. Data represent the mean = S.E. of four separate experiments. (B) The effect of GSK3f inhibition on MMP transition. MMP was
analyzed in cells that had been treated as described above. Data represent the mean =+ S.E. of three separate experiments. (C) Reversal by CA-GSK3[3 of the ability of ILQ to restore
MMP. MMP was analyzed in cells that had been treated as described above. Data represent the mean =+ S.E. of three separate experiments. The statistical significance of differences
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mitochondrial swelling and has an effect on mPTP opening [6]. In
the present study, we found that ILQ as a natural flavonoid had the
ability to inhibit ROS production and mitochondrial permeability
transition, thereby protecting the key organelle. Our result
showing the abrogation of superoxide production in mitochondria
by ILQ suggests that the target of ILQ may reside in the organelle.

Co-treatment of cells with AA and iron enhances superoxide
production in mitochondria, as shown by the MitoSOX assay [7].
Moreover, AA-induced ROS production in combination with iron
catalysis amplifies oxidative stress and injury in cells. The
prevention of AA + iron-induced MMP increase by cyclosporin A,
an inhibitor of mPTP formation, suggests that mitochondrial
dysfunction and the consequent generation of excess ROS may play
a role in cell death [7]. In the present study, ILQ effectively
antagonized DCFH oxidation, supporting its cellular H,O5-scav-
enging effect. In addition, ILQ was capable of preventing a decrease
in cellular GSH content by AA +iron, further strengthening its

antioxidative capacity. Our work provides evidence that the
mitochondrial protection and the antioxidant effect of ILQ
contribute to cell viability. Since PEG-SOD, PEG-catalase, Trolox
or N-acetyl-L-cysteine antagonize the ability of AA + iron to induce
ROS and apoptosis [7], this evidence provides additional support
for the role of antioxidative action of ILQ in MMP transition and
apoptosis.

Oxidative stress activates GSK3f3 and leads GSK3[3 to translo-
cate into the mitochondria. Activated GSK3[3 in mitochondria then
binds to and phosphorylates the components of mitochondrial
membrane pore (e.g., VDAC and ANT), and thereby induces MMP
transition [25,26]. Thus, GSK3f acts as the kinase crucial for the
regulation of MMP transition [45]. Our results demonstrate that
ILQ promoted inhibitory phosphorylation of GSK33 under the
regulation of AMPK, which is in line with the previous observation
that AICAR treatment increased GSK3[3 phosphorylation at serine 9
[46]. An important finding of this study is that the ability of ILQ to
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protect mitochondria depends on the GSK3[ phosphorylation.
Resveratrol had a similar cytoprotective effect in association with
the GSK3[3 phosphorylation [27]. Overall, these results corroborate
the strong association of GSK3[3 inhibition by ILQ with mitochon-
drial protection.

AMPK is an energy sensing molecule that monitors cellular
energy status by responding to changes in the AMP:ATP ratio [47].
AMPK activated by increased AMP/ATP ratio reserves cellular
energy content, repressing ATP consumption with an increase in
ATP synthesis. The activation of AMPK through phosphorylation
regulates apoptosis in response to energy depletion by inhibiting
anabolic pathways and stimulating catabolic processes [47]. The
expression of PGC-1a and MnSOD mRNA:s is elevated by treatment
with an AMPK activator, which may inhibit ROS production in
mitochondria [48]. Previous work in our laboratory showed that
1,2-dithiole-3-thiones protect cells from AA +iron-induced ROS
production and mitochondrial dysfunction via AMPK activation
[7]. In addition, there was crucial evidence for the role of AMPK
activation in protecting mitochondria; the experiment using

AICAR, an AMPK activator, elicited a similar cytoprotective effect
[7]. Consistently, ILQ treatment also activated AMPK, which
contributed to inhibitory phosphorylation of GSK3[3, and conse-
quently mitochondrial protection.

It has been shown that ILQ activated SIRT1 which was claimed
to be the upstream regulator of LKB1 [17,18]. Also SIRT1 regulates
lipid metabolism through LKB1-dependent AMPK activation [49].
Although the cytoprotective mechanism of ILQ involves AMPK,
AMPK activation by ILQ seems to be independent of SIRT1-LKB1, as
supported by our additional findings that ILQ unaffected LKB1
phosphorylation, and that AMPK activation was still observed in
LKB1-deficient HeLa cells (data not shown). Furthermore, AMPKo
phosphorylation by ILQ was transient at early times, which might
be due to its LKB1 independency. CaMKK and transforming growth
factor B-activated kinase-1 are other upstream kinases of AMPK
[31,50]. Protein phosphatase 2C is a negative regulator of AMPK
[51]. Therefore AMPK activation by ILQ may be associated with
these targets. Nonetheless, cytoprotective effects and AMPK
activation elicited by several phytochemicals (e.g., sauchinone
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and resveratrol) may not be linked with these pathways [27,39].
The upstream target of ILQ for AMPK-GSK3[( phosphorylation
remains to be studied.

ILQ treatment activates Nrf2 possibly by altering Keapl
conformation [19,20]. In our study, we also found that ILQ induced
Nrf2 and promoted its nuclear accumulation. However, the
cytoprotective effect of ILQ was not reversed by siRNA knockdown
of Nrf2 (data not shown). As the same token, enforced expression of
Nrf2 was ineffective in protecting cells against oxidative stress
caused by AA +iron (data not shown). Although the Nrf2-ARE
pathway is considered as an important antioxidative basis, it may
not be sufficient to protect mitochondria from severe oxidative
stress elicited by iron catalysis. Taken together, our results
demonstrate that ILQ protects cells from AA + iron-induced ROS
production and mitochondrial dysfunction; a cytoprotective effect
mediated via AMPK-dependent GSK3[3 inactivation. ILQ may be
useful to protect mitochondria from an iron-catalyzed burst of
oxidative stress, and thereby this agent may be utilized as a
beneficial antioxidative candidate.
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