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ABSTRACT: Licorice, the root of the Glycyrrhiza species (Glycyrrhiza uralensis Fisher), is known to have antioxidant, anti-
inflammatory, antiviral, and antitumor properties. The objective of this study is to explore the neuroprotective effect of
dehydroglyasperin C (DGC) against glutamate-induced oxidative stress in mouse hippocampal HT22 cells. DGC significantly
reduced cytotoxicity and reactive oxygen species (ROS) generation induced by glutamate in HT22 cells, whereas DGC did not
restore glutathione depletion caused by glutamate. In addition, it was further investigated whether DGC affected the expression
of heme oxygenase (HO)-1, one of the major cellular antioxidant defense systems, and it was found that DGC dose-dependently
increased HO-1 expression. DGC-mediated cytoprotection of HT22 neuronal cells from glutamate insult was abrogated by either
HO-1 inhibitor (Tin protoporphyrin, SnPP) or AKT inhibitor (LY294002). In conclusion, the present results demonstrate for
the first time that DGC protects neuronal cells against glutamate-induced oxidative injury through the induction of HO-1
expression, which is, in turn, activated maybe through Nrf2-Keapl and PI3K/AKT signaling pathways.
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B INTRODUCTION

Licorice, one of the most frequently used ingredients in
traditional oriental medicine, has been prescribed for treating
peptic ulcers, eczema, skin infections, cold sores, menopausal
symptoms, liver disease, respiratory ailments, inflammatory
problems, chronic fatigue syndrome, AIDS, and even cancer.’
In particular, glycyrrhizin (a triterpenoid saponin) and chalcones
in licorice have been reported to act as antioxidants and
electrophile scavengers, to stimulate the immune system, to
inhibit nitrosation and the formation of DNA adducts with
carcinogens, to inhibit hormonal actions and metabolic pathways
associated with the development of cancer, and to induce phase I
or II detoxification enzymes.l’2 In addition to anticarcinogenic
and antimutagenic effects, there is scientific evidence that licorice
has antioxidant, antiobesity, and antimicrobial activities.>™°
Our study revealed that dehydroglyasperin C (DGC; Figure 1)

Figure 1. Chemical structure of dehydroglyasperin C.

isolated from licorice has the ability to induce antioxidant
enzymes such as NAD(P)H:quinine oxidoreductase-1 and heme
oxygenase-1 (HO-1) through the Nrf2-mediated pathway.” In
particular, DGC caused a significant induction of HO-1, which is
a ubiquitous and redox-sensitive inducible stress protein and can
exert potent indirect antioxidative function by degrading heme to
CO, iron, and biliverdin.® Moreover, the byproducts have their
own significance in essential cellular metabolism and contribute
to the suppression of oxidative stress.”'’
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DGC has good potential to protect against neuronal cell death
induced by oxidative stress because it can induce phase 2 and/or
antioxidant enzymes in a nuclear factor (erythroid-derived 2)-
like 2 (Nrf2)-mediated fashion. However, it has not been well
understood whether pretreatment of neuronal cells with DGC,
an effective antioxidant enzyme inducer, could inhibit neuronal
cell damage caused by oxidative stress. It has been well
established that the excitatory neurotransmitter glutamate plays
a major role in determining certain neurological disorders which
are characterized by increasing damage of cell components,
including mitochondria, leading to generation and subsequent
cell death.""'* Therefore, this study was conducted to examine if
DGC protects neuronal cells from glutamate-induced oxidative
stress.

B MATERIALS AND METHODS

Materials. All cell culture reagents and fetal bovine serum (FBS)
were obtained from Gibco BRL (Gaithersburg, MD, USA). HT22 cells
were kindly provided by Dr. Dong-Seok Lee, College of Natural
Sciences, Kyungpook National University (Daegu, South Korea). DGC
was prepared from dried licorice roots of Glycyrrhizae uralensis as
described elsewhere.'?

Cell Culture. Mouse hippocampal HT22 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
FBS and 100 units/mL penicillin/streptomycin at 37 °C in 5% CO,.

Cytotoxicity of Glutamate. HT22 cells were plated into 96-well
plates with DMEM at an initial concentration of 1 X 10* cells/well and
incubated in an atmosphere consisting of 5% CO, in air at 37 °C for 24 h.
Then the medium was removed and replaced by DMEM containing
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Figure 2. Effect of glutamate, DGC, and Trolox on proliferation of mouse neuroblastoma. (A) HT22 cells were incubated in the presence of various
concentrations of glutamate for 3, 6, and 12 h, followed by measurement of cell viability by MTT assay. The results are expressed as the mean + SD of
three separate independent experiments. (, s, #) p < 0.0S, compared to the control. (B, C) In separate experiments, cell viability was measured in the
presence of glutamate and Trolox or DGC [(B) a, control; b, glutamate (S mM); ¢, glutamate + Trolox (200 uM); d, glutamate + DGC (1 uM);
e, glutamate + DGC (2 uM); f, glutamate + DGC (4 uM)]. () p < 0.0S, compared to the control; (#) p < 0.05, compared to the glutamate stimulation

(n=3).

various concentrations of DGC in the presence of S mM glutamate. In
separate experiment, the cells were treated with glutamate and DGC in
the absence and presence of 50 M SnPP, an inhibitor of HO-1. The cell
culture was terminated on day 1 by removing the medium from the wells
and adding 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT) solution (0.5 mg/mL in phenol red free culture medium).
After 2 h, the solution was removed, and 200 yL of DMSO was added.
After 10 min, the absorbance was determined at 540 nm by a microplate
reader (Tecan, Australia). The cell proliferation of each group was
calculated as the absorbance of the treatment group relative to the
control.
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Determination of Intracellular ROS Level. Oxidative stress was
quantified in cells by 2,7-dichlorofluorescein (DCF) assay according to
the method of Wang and Joseph,'* with slight modifications. Briefly,
HT22 cells were grown in DMEM (Gibco, Grand Island, NY, USA)
supplemented with 10% heat-inactivated FBS at 37 °C in an atmosphere
of 5% CO,/95% air under saturating humidity and passaged every other
day (1:4 split ratio) by trypsinization with 0.25% trypsin/0.02% EDTA
sodium salt solution (Thermo Fisher Scientific Inc., Waltham, MA,
USA). The cells (1 X 10° cells/well) were seeded into a black-bottom
96-well plate and cultivated for 24 h. After cell attachment, the cells were
incubated in the presence of 0—10 mM glutamate for 3, 6, and 12 h. The
stimulated cells were washed with PBS and incubated for 30 min with
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dichlorofluorescein diacetate (DCFDA) dissolved in DMSO (final
concentration = 50 uM). Fluorescence was measured at 0 and 40 min
using an excitation of 485 nm and an emission of 535 nm, in a
fluorescence microplate reader (Infinite 200, Tecan, Grodig, Austria).
Most of the steps including incubation of the reaction mixture
containing dye and oxidant, washing, and fluorometric determination
were performed in the dark. The intensity of fluorescence was calculated
a8 [(Fyo min = Fomin)/Fomin] X 100 as described elsewhere.'® Results are
expressed as relative intensity of fluorescence (in percentage of control).
In separate experiments, the cells were incubated with glutamate and
DGC in the absence and presence of SB203580 (10—30 xM), SP600125
(10—-30 M), PD98059 (10—30 uM), LY294002 (10—30 xM), and
SnPP (30—50 uM), which are inhibitors for MAPK (SB203580,
SP60012S, PD98059), PI3K (LY294002), and HO-1 (SnPP),
respectively.

Western Blot. HT22 cells were treated with either DGC (0—4 uM)
alone or together with inhibitor for MAPK or PI3K. The collected
cells were homogenized in precooled RIPA buffer (pH 7.4) containing
50 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA, Triton-X 1%, sodium
deoxycholate 0.5%, and 0.1% SDS. The homogenates were cleared by
centrifugation at 7600g for S min at 4 °C, and the supernatants were
denatured in sample buffer for S min at 95 °C. Proteins were separated
by electrophoresis on a 10% SDS—polyacrylamide gel for 1.5 h at 70—
150 V and transferred onto nitrocellulose membranes (Amersham
Biosciences, Freiburg, Germany) for 2 h at 250 mA. Membranes were
incubated with antibodies to HO-1, Akt or p-Akt, and $-actin at dilutions
of 1:1000 overnight at 4 °C. Nuclear fraction was also prepared from the
cultured cells and used for measuring the nuclear level of Nrf2 by
Western blot. The bands were detected using a chemiluminescence kit
(Pierce, Cheshire, U.K.). Densitometry analysis was performed with Lab
Image software (Scion Corp., Frederick, MD, USA).

B RESULTS

Effect of DGC on Glutamate-Induced Cytotoxicity.
Treatment of HT22 cells with glutamate at 2.5 mM or higher
concentrations for 12 h dramatically decreased the cell survival
rate, but cell survival was dependent on the exposure time more
than the dose of the compound (Figure 2A). The cell growth
suppression caused by glutamate (5 mM) was restored by
200 uM Trolox or DGC in a dose-dependent manner as shown
in Figure 2B,C.

Suppression of Glutamate-Induced ROS Production by
DGC. Exposure of HT22 cells to glutamate (5 mM) for 12 h
resulted in a 60—80% increase in ROS production, compared
to untreated control. However, DGC (2 uM) lowered the
intracellular ROS level induced by glutamate in a dose-
dependent fashion (Figure 3).

Effect of Inhibitors for MAPK, PI3K, and HO-1 on
Glutamate-Induced ROS Production. Whereas the ROS
level enhanced by glutamate insult was decreased by DGC, the
addition of inhibitors for MAPK, PI3K, and HO-1 dampened the
suppressive effect of DGC on ROS production. In particular, the
inhibitors for PI3K and HO-1 abolished ROS suppression by
DGC in dose-dependent manners (Figure 4).

Effect of Inhibitors of HO-1, PI3K, and MAPKs on
Glutamate-Induced Cell Death. The growth inhibition of
HT?22 cells caused by glutamate was restored to the control level
by DGC. The effect of DGC was nullified by cotreatment with
50 uM SnPP, a HO-1 inhibitor (Figure S). MAPK inhibitors
including PD, SB, and SP did not have further effect on the cell
proliferation pattern shown in the presence of both glutamate
and DGC (Figure 6A). However, a PI3K inhibitor (LY294002)
weakened the protective effect of DGC on glutamate-induced
cell death (Figure 6B,C).

Effect of DGC on the Expression of HO-1, Phosphor-
ylation of Akt, and Nuclear Translocation of Nrf2. To
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Figure 3. Intracellular ROS level as assessed by DCF fluorescence
probe. The cells were treated with different doses of glutamate for 6 h,
followed by incubation with DCFDA for 30 min and measurement of
fluorescence (Ex. 485 nm, Em. 535 nm) (A). The results are expressed
as the mean + SD of three separate independent experiments. (s, s, #)
p <0.05, compared to the control. The same experiment was conducted
except cells were pretreated with DGC for 24 h before exposure to S mM
glutamate for 12 h (B). ()p < 0.0S, compared to the control; (#) p <
0.0S, compared to the glutamate stimulation (n = 3).
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Figure 4. Effects of inhibitors for MAPK, PI3K, and HO-1 on
glutamate-induced ROS generation. The cells were pretreated with
DGC for 2 h and subsequently incubated in the presence of glutamate
and one of the following inhibitors of MAPK (SB203580, SP600125,
PD98059), PI3K (LY294002), and HO-1 (SnPP), prior to visual-
ization of intracellular ROS by adding fluorescent probe DCFDA. The
results are expressed as the mean + SD of three separate independent
experiments. (%) p < 0.0S, compared to the control; (%) p < 0.0,
compared to the glutamate stimulation; (#) p < 0.0S, compared to
glutamate plus DGC.

examine the connection between the ability of DGC to induce
antioxidant/phase 2 enzymes and its suppression of glutamate-
induced ROS generation and neuronal cell death, the expression
of HO-1 and its upstream regulator Nrf2 and phosphorylated
Akt was analyzed using Western blot. The expression of HO-1
was enhanced upon exposure to DGC in a dose-dependent
manner (Figure 7A). The nuclear level of Nrf2, a known
upstream regulator of HO-1, was also increased in the cells
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Figure S. Effect of HO-1 inhibitor and DGC on glutamate-induced cytotoxicity. The cells were pretreated with DGC for 2 h and subsequently incubated
with glutamate in the absence and presence of SnPP, a HO-1 inhibitor, followed by MTT assay to measure cell viability. (A) Cell morphology (a, control;
b, SnPP (50 uM); ¢, glutamate (S mM); d, glutamate + DGC (4 uM); e, glutamate + DGC (1 uM) + SnPP (50 uM); f, glutamate + DGC (2 uM) +
SnPP (50 uM); g, glutamate + DGC (4 uM) + SnPP (S0 uM); magnification, 40X). (B) Cell viability as expressed in the percentage of untreated
control. The results are expressed as the mean + SD of three separate independent experiments. () p < 0.05, compared to the control; () p < 0.0S,
compared to the glutamate stimulation; (#) p < 0.0S, compared to glutamate plus DGC.
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Figure 6. Effects of MAPK (A) and PI3K inhibitors (B, C) on neuroprotection by DGC from glutamate-induced cytotoxicity. The cells were pretreated
with DGC for 2 h and subsequently incubated with glutamate in the absence and presence of MAPK and PI3K inhibitors [ (B) a, control; b, glutamate
(5§ mM); ¢, glutamate + DGC (2 uM); d, glutamate + DGC (2 uM) + LY294002 (10 uM); e, glutamate + DGC (2 uM) + LY294002 (20 uM);
f, glutamate + DGC (2 uM) + LY294002 (50 4M)], followed by MTT assay to measure cell viability. The results are expressed as the mean + SD of three
separate independent experiments. () p < 0.0S, compared to the control; () p < 0.05, compared to the glutamate stimulation; (#) p < 0.0S, compared
to glutamate plus DGC.

treated with DGC (Figure 7B). Up-regulation of HO-1 by DGC pathway in the regulation of the intracellular level of HO-1
was not affected by MAPK inhibitors such as SB203580, (Figure 7C).

SP600125, and PD98059 but was suppressed by PI3K inhibitor Furthermore, phosphorylation of Akt, which is downstream of
LY294002, suggesting the involvement of the PI3K signaling PI3K, was dose-dependently increased by DGC, confirming the
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Figure 7. Effect of DGC on cellular HO-1 and nuclear Nrf2 levels, phosphorylation of Akt. The cells were incubated with various concentrations
of DGC in the absence and presence of MAPK and PI3K inhibitors, followed by Western blot for HO-1 (A, C), nuclear Nrf2 (B), and
phosphorylated Akt (D). The results are expressed as the mean + SD of three separate independent experiments. () p < 0.05, compared to the

control.
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Figure 8. Change of levels of reduced and oxidized glutathione by DGC in the absence and presence of glutamate. The cells were incubated with various
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results are expressed as the mean =+ SD of three separate independent experiments. () p < 0.05, compared to the control; (#) p < 0.0S, compared to the
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involvement of the PI3K signaling pathway in increased
expression of HO-1 (Figure 7D).

B DISCUSSION

Oxidative stress has been implicated in numerous chronic
diseases such as Alzheimer's disease, cancer, heart disease,
diabetes, and others. Natural antioxidants, therefore, have been
considered as valuable food components in preventing chronic
diseases. Our previous study showed that DGC, one of the
prenylflavonoids isolated from licorice, had a strong potential
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to induce antioxidant/phase 2 detoxifying enzymes.'® The
compound was also found to exhibit stronger antioxidant
activity in an in vitro assay,13 compared to other prenyl-
flavonoids found in licorice such as isoangustone A and
dehydroglyasperin D (unpublished data). Therefore, we
hypothesized that DGC could repress glutamate-induced
ROS production and thereby protect neuronal cells from
glutamate insult. This study showed that DGC effectively
inhibited ROS production and cell death induced by glutamate.
The reversal of glutamate-induced cell death by DGC could be
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explained by either direct radical scavenging activity of the
compound or indirect effect that induces antioxidant enzymes
such as HO-1. Whereas the possibility of direct antioxidative
action of the compound is not excluded, it is more likely that
DGC exerts a protective effect against glutamate toxicity on
neuronal cells through Nrf2-mediated HO-1 expression
because the inhibition of HO-1 or its upstream PI3K abrogated
the cytoprotective effect of DGC against glutamate-induced
toxicity.

HO-1, an inducible and cytoprotective enzyme, catalyzes the
rate-limiting step in heme degradation, resulting in the
generation of biliverdin, free iron, and carbon monoxide.'®"”
That is, heme and its oxidized form hemin are strong
prooxidants and are normally metabolized by HO-1 and HO-2
enzymes into biliverdin, carbon monoxide, and iron, another
prooxidant. Whether inhibiting or promoting heme catabolism
is protective seems to be cell type-specific, as up-regulation of
the HO enzymes yielded opposing effects in neurons and
astrocytes."®™° Whereas overexpression of HO-1 protected
SN56 neuron-like cells from H,0,-induced death,” PC12 cells
cultured on HO-1-overexpressing astrocytes were more prone
to oxidative injury.’” A recent study demonstrated that
sulforaphane, one of the well-known phase 2 enzyme inducers,
protected immature hippocampal neurons against death caused
by exposure to hemin or to oxygen and glucose deprivation,
suggesting that sulphoraphane, a typical ARE/Nrf2 pathway
activator, protects immature neurons from death caused by
oxidative stress.”® Our study also showed that DGC did not
affect the expression of the other antioxidant/phase 2 enzymes
such as NAD(P)H:quinone oxidoreductase, glutathione
S-transferase, y-glutamylcysteine ligase, and glutathione reductase,
known to be induced by ARE-Nrf2 and PI3K/Akt signaling
pathway were not significantly upregulated (unpublished data),
accordingly causing a limited change or reduction in the levels
of total and reduced glutathione (Figure 8). Taken together,
the data strongly suggest the major role of HO-1 in the
neuroprotective effect of DGC.

Although DGC showed strong neuroprotective potential
using in vitro model systems, it is not clear whether it exerts the
same effect in vivo or not because most flavonoids are usually
extensively metabolized in the body and their physiological
activities could be altered significantly. Even so, there are a
number of reports that antioxidant phytochemicals contribute to
benefits of human health. In conclusion, DGC merits further in
vivo study to evaluate its potential as an agent for preventing
Alzheimer's disease incidence or progression.
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