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The modified guanine base 8-oxoguanine (8-0xoG) is abundantly produced by oxidative stress, can contribute to carcinogenesis,
and can be removed from DNA by 8-oxoguanine DNA glycosylase-1 (OGGI), which acts as an 8-0xoG glycosylase and
endonuclease. This study investigated the mechanism by which 7,8-dihydroxyflavone (DHF) inhibits oxidative stress-induced 8-
oxoG formation in hamster lung fibroblasts (V79-4). DHF significantly reduced the amount of 8-0xoG induced by hydrogen
peroxide (H,0,) and elevated the levels of OGGI mRNA and protein. DHF increased the binding of nuclear factor erythroid
2-related factor 2 (Nrf2) to antioxidant response element sequences in the upstream promoter region of OGGI. Moreover, DHF
increased the nuclear levels of Nrf2, small Maf proteins, and the Nrf2/small Maf complex, all of which are decreased by H,O,
treatment. Likewise, the level of phosphorylated Akt, which activates Nrf2, was decreased by H,O, treatment but restored by DHF
treatment. The levels of OGGI and nuclear translocation of Nrf2 protein were decreased upon treatment with PI3K inhibitor or
Akt inhibitor, and DHF treatment did not restore OGGI and nuclear Nrf2 levels in these inhibitor-treated cells. Furthermore,
PI3K and Akt inhibitors abolished the protective effects of DHF in cells undergoing oxidative stress. These data indicate that DHF
induces OGGI expression via the PI3K-Akt pathway and protects cells against oxidative DNA base damage by activating DNA
repair systems.

1. Introduction

8-Oxoguanine (8-Ox0G) is a major form of DNA damage
produced by oxidative stress [1]. This modification can induce
DNA mutations or alterations, which can eventually lead to
diseases including cancer [2-8]. Under normal physiological
conditions in all aerobic organisms, a balance is maintained
between endogenous oxidants and numerous enzymatic and

nonenzymatic antioxidant defenses [9]. Single-base oxida-
tions, such as 8-0x0G, induced by extreme oxidative condi-
tions are repaired by the base excision repair (BER) system
[10], which recognizes and removes damaged and irrelevant
bases [11].

8-Oxoguanine DNA glycosylase-1 (OGGl), a BER
enzyme, repairs 8-oxoG by cleaving the glycosidic bond of
the 8-0x0G lesion and causing a strand break in the DNA
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backbone [12, 13]. The OGGIl promoter region contains
antioxidant response elements (ARE) that are recognized
by nuclear factor erythroid 2-related factor 2 (Nrf2), a tran-
scription factor that is essential for ARE-mediated induction
of genes encoding phase II detoxification and oxidative stress-
response enzymes [14-16]. Prior to activation, Nrf2 resides
in the cytosol. To function as a transcription factor, Nrf2
must first dissociate from Keapl, which degrades Nrf2 by
targeting it for ubiquitination and subsequently translocate
to the nucleus [17]. The primary signal that causes Nrf2
to dissociate from Keapl is phosphorylation, mediated by
the phosphoinositide 3-kinase (PI3K)/Akt pathway [18, 19].
Once in the nucleus, Nrf2 must form a heterodimer with a
small Maf protein in order to bind the ARE with high affinity
and activate gene expression via this response element [17].

The polyphenolic compound 78-dihydroxyflavone
(DHF) is a member of a diverse class of secondary plant
metabolites [20]. We recently demonstrated that DHF
prevents oxidative stress-induced genotoxicity by scavenging
reactive oxygen species (ROS) and enhancing Akt activity
[21]. However, very few reports have addressed the mecha-
nisms underlying the influence of DHF on DNA repair
of oxidative lesions in the DNA. In this study, we focused
on the cytoprotective effect of DHF against H,O,-induced
DNA base damage and its effects on the activity of the repair
enzyme OGGL

2. Materials and Methods

2.1. Reagents. 7,8-Dihydroxyflavone (DHF) was purchased
from Tokyo Chemical Industry Co. (Chuo-ku, Tokyo, Japan).
The plasmid containing the OGGI-promoter luciferase
construct was a kind gift from Professor Ho Jin You
(Chosun University, Gwangju, Republic of Korea). Avidin-
conjugated tetramethylrhodamine isothiocyanate (TRITC),
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] bro-
mide (MTT) and an antibody against OGGI were purchased
from Sigma-Aldrich Corporation (St. Louis, MO, USA).
Antibodies against Nrf2, small Maf, phospho-Akt, Akt, TATA
box-binding protein (TBP), and f-actin were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). LY294002
and Akt inhibitor IV were purchased from Calbiochem (San
Diego, CA, USA).

2.2. Cell Culture. Lung is frequently contacted to oxygen
and ROS [22, 23]. Chinese hamster lung fibroblasts (V79-
4) were used to elucidate the protective effects of DHF
against the oxidative stress- induced DNA base modification.
V79-4 cells were obtained from the American Type Culture
Collection. Cells were maintained at 37°C in an incubator in a
humidified atmosphere of 95% air/5% CO,. Culture medium
was Dulbeccos modified Eagle’s medium containing 10%
heat-inactivated fetal calf serum, streptomycin (100 pg/mL),
and penicillin (100 units/mL).

2.3. Measurement of the 8-OxoG Level. We previously
reported that 40 uyM DHF displayed substantial intracellular
ROS scavenging activity and was nontoxic to V79-4 cells [21]
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and that treatment of cells with 1mM H, O, resulted in 50-
60% viability [21, 24]. These concentrations of DHF and H, O,
were considered optimum for this present study.

Cells were treated with 40 uM DHF for 1h, and then
1mMH,0, was added to the medium. After 24 h, cellular
DNA was isolated using the DNAzol reagent (Life Technolo-
gies, Grand Island, NY, USA) and quantified using a spec-
trophotometer. The level of 8-hydroxy-2-deoxyguanosine (8-
ohdG; a nucleoside of 8-0x0G) in DNA, considered to repre-
sent the 8-0xoG level, was determined using the Bioxytech
8-OHAG ELISA kit, in which 8-ohdG is coated on well
surface, from OXIS Health Products (Portland, OR, USA).
The 8-0x0G level was also estimated using a fluorescence-
based binding assay [25]. Cells were fixed and permeabilized
with ice-cold methanol for 15min and then incubated with
avidin-conjugated TRITC (fluorescent dye) for 1h at room
temperature; avidin binds 8-oxoG and 8-ohdG with high
affinity. The resultant TRITC signal (representing the 8-oxoG
level) was visualized using a fluorescence microscope.

2.4. Transient Transfection and OGGI-Promoter Luciferase
Assay. The nucleotide sequence region for OGGI promoter
in the plasmid containing the OGGI-promoter luciferase con-
struct is from —1947 to +126, which contains Nrf2 binding site
(from -5 to +13) [14]. Cells were transiently transfected with
a luciferase-reporter plasmid under the control of the OGG1
promoter, using the transfection reagent DOTAP (Roche,
Mannheim, Germany). After overnight transfection, cells
were treated with 40 yM DHF for 1h, and then 1mM H, O,
was added to the medium. After 24h, cells were lysed
with reporter lysis buffer (Promega, Madison, WI, USA).
The lysate supernatant was mixed with the luciferase assay
reagent, and the mixture was placed in a luminometer to
measure the light produced.

2.5. Reverse Transcriptase-Polymerase Chain Reaction (RT-
PCR). Total RNA was isolated from cells using easy-BLUE
(iNtRON Biotechnology, Kyounggi, Republic of Korea). PCR
conditions were as follows: 94°C for 2 min, 35 cycles of 94°C
for 20 sec, 58°C for 30sec, and 72°C for 1min; and 72°C
for 5min. The primer pairs (Bioneer Corporation, Daejeon,
Republic of Korea) were as follows: mouse OGGI, sense
5'-GCAGAGCCCTGCTCACTGGA-3' and antisense 5'-
CGAGGATGGCTTTGGCACTG-3'; mouse f-actin, sense
5'-GTGGGCCGCCCTAGGCACCAGG-3' and antisense 5'-
GGAGGAAGAGGATGCGGCAGTG-3'. Amplified prod-
ucts were resolved by 1% agarose gel electrophoresis, stained
with ethidium bromide, and photographed under ultraviolet
light.

2.6. Extraction of Total Cellular Proteins and a Nucleus
Protein Fraction. 5 x 10° cells were seeded into 60 mm
dishes containing a total of 5 mL of medium. To extract total
cellular proteins, cells were lysed on ice for 30 min in 150 yL
of PRO-PREP (iNtRON Biotechnology) and centrifuged at
13,000 rpm for 30 min. To extract nuclear proteins, cells
were lysed using the Subcellular Protein Fractionation Kit
(Thermo Scientific, Milwaukee, WI, USA).
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2.7. Quantitative Real-Time PCR. ¢cDNA synthesis was per-
formed with 2 ug RNA using a Superscript kit (Invitrogen,
Carlsbad, CA, USA). Quantitative real-time PCR was per-
formed with 2 x SYBR Green Mastermix (Invitrogen, Carls-
bad, CA, USA) and 900 nM primers for OGG1 and 18s rRNA.
The thermal cycling parameters were as follows: an initial
cycle of Taq activation for 1 min at 94°C, 1 min at 55°C, and
I min at 72°C and optimized annealing temperature 5 sec at
58-60°C, 30 sec at 72°C, and a detection step of 8 sec at 80°C.
Reactions were performed in duplicate, and the specificity
was monitored using melting curve analysis after cycling. The
following primers were designed by Bioneer Co. Ltd. (Seoul,
Republic of Korea) (5'-3") 18s rRNA, 5'-CAGCCACCCCAG-
ATTGAGCA-3' and 5'-TAGTAGCGACGGGCGGTGTG-
3'; (5'-3") OGGI, 5'-TACCGAGGAGACAAGAGCCA-3'
and 5'-GGCTATACAGCTGAGCCAGG-3". All data were
tested first for normality, and data with a nonnormal distri-
bution were subjected to square root transformation prior
to statistical analyses. The comparative cycle threshold (Ct)
method was used to calculate the relative changes in gene
expression in the iQ5 real-time PCR system (Bio-Rad Labo-
ratories, Hercules, CA, USA). The 2-delta-delta Ct value was
calculated after 18s rRNA normalization [26].

2.8. Western Blotting. Cell or nuclear lysates were collected,
and protein concentrations were determined using the Brad-
ford reagent. Aliquots of the lysates (40 pug of protein)
were boiled for 5min and electrophoresed on 10% SDS-
polyacrylamide gels. Gels were transferred onto nitrocellu-
lose membranes (Bio-Rad, CA, USA). Membranes were then
incubated with the indicated primary antibodies and further
incubated with secondary immunoglobulin G-horseradish
peroxidase conjugates. Protein bands were visualized by
developing the blots using an Enhanced Chemilumines-
cence Western Blotting Detection Kit (Amersham, Bucking-
hamshire, UK) and exposing the membranes to X-ray film.

2.9. Immunoprecipitation. Cell lysates were mixed with the
anti-Nrf2 antibody and shaken at 4°C overnight. Next, 30 uL
of protein G-agarose beads was added to the lysates, and
the mixture was shaken for 2h at 4°C. The lysates were
centrifuged at 6000rpm for 5min, and the protein G-
agarose beads were collected. Collected beads were incubated
with elution buffer for 30 min on ice and then centrifuged
at 13,000 rpm for 5min. Supernatants were collected and
protein concentrations were determined using the Bradford
reagent.

2.10. Immunocytochemistry. Cells plated on coverslips were
fixed with 1% paraformaldehyde for 30 min and permeabi-
lized with 2% Triton X-100 in PBS for 2.5min. Cells were
treated with blocking medium (1% bovine serum albumin
in PBS) for 1h and incubated with Nrf2 antibody diluted in
blocking medium for 2 h. Immunoreactive primary Nrf2 anti-
body was detected by a 1:200 dilution of FITC-conjugated
secondary antibody (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) for 1 h. After washing with PBS, stained
cells were mounted onto microscope slides in mounting

medium with DAPI (Vector, Burlingame, CA, USA). Images
were collected using the LSM 510 program on a Zeiss confocal
microscope.

2.11. Cell Viability. Cells were seeded in a 24-well plate at
a density of 3.5 x 10* cells/well and pretreated with 50 uM
LY294002 or 1uM Akt IV for 1h, followed by treatment
with 40 yM DHF for 1h and treatment with ImMH,0,
for an additional 24h. MTT (150 uL of a 2mg/mL stock
solution) was then added to each well to yield a total reaction
volume of 500 uL. After incubating for 4h, the plate was
centrifuged at 1500 rpm for 5 min, and the supernatants were
aspirated. The formazan crystals in each well were dissolved
in 1 mL dimethylsulfoxide, and the resultant solutions were
transferred to 96-well spectrometry plates, and the A,, was
read on a scanning multiwell spectrophotometer [27].

2.12. Statistical Analysis. All measurements were made in
three independent experiments, and all values are repre-
sented as the mean + standard error. The results were
subjected to an analysis of variance using Tukey’s test for
analysis of differences. Statistical significance was set at P <
0.05.

3. Results

3.1. DHF Suppresses Formation of 8-OxoG by Oxidative Stress.
8-Ox0G is one of the major forms of ROS-induced oxidative
base lesions in DNA and has therefore been widely used
as a biomarker for oxidative stress and carcinogenesis [28].
We measured the 8-oxoG level in DNA by ELISA using
specific antibodies against 8-0xoG. The 8-0xoG level was
significantly higher in H,O,-treated cells than in control
cells, but DHF pretreatment prior to H,O, treatment signif-
icantly suppressed 8-0xoG formation (Figure 1(a)). We also
estimated the amount of 8-0xoG using a fluorescence-based
binding assay with an avidin-conjugated TRITC reagent [25].
The fluorescence intensity was higher in H,O,-treated cells
than in control cells, and fluorescence was reduced in H,O,-
treated cells that had been pretreated with DHF (Figure 1(b)).
These results indicate that DHF decreased the 8-0xoG level in
H,0,-treated cells.

3.2. DHF Increases OGGI-Promoter Transcriptional Activity
and Restores OGGI mRNA and Protein Expression That Are
Reduced by H,0, Treatment. Excessive oxidative stress can
overwhelm cellular repair systems. OGGI, an enzyme that
repairs oxidized DNA bases, is the primary enzyme respon-
sible for the excision of 8-0x0G lesions induced by oxidative
stress [29]. The transcriptional activity of the OGGI promoter
was strongly suppressed in H,O,-treated cells (Figure 2(a));
however, this activity was restored by pretreatment with DHE.
The level of OGGl mRNA, determined by RT-PCR and
quantitative real-time PCR, was lower in H,O,-treated cells
than in control cells; however, DHF pretreatment partially
restored the OGGl mRNA level (Figures 2(b) and 2(c)).
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H,0, DHF + H,0,

H,0, DHF + H,0,

F1GURE 1: DHF reduces H, O, -induced 8-0xoG formation. (a) Cells were treated with 40 uM DHEF for 1 h and then incubated with 1mM H, O,
for an additional 24 h. *Significantly different from control cells (P < 0.05); #signiﬁcantly different from H,O,-treated cells (P < 0.05). (b)
Binding of avidin-TRITC, which reflects 8-0xoG levels, was visualized with a fluorescence microscope.

Furthermore, the level of OGGI protein was higher in H,O,-
treated cells pretreated with DHF than in cells treated with
H,0, alone (Figure 2(d)). These data demonstrate that DHF
can reverse the OGGI transcription and OGGI1 protein
expression reduced by H,O, treatment.

3.3. DHF Reverses Nuclear Levels of Nrf2, Small Maf-, and the
Nrf2-Small Maf Complex Reduced by H,O, Treatment. The
OGGI promoter region contains specific transcription factor
binding sites (ARE sequences) for Nrf2 [14, 30]. Nrf2 binds
to the ARE with high affinity only as a heterodimer with a
small Maf protein, and the Nrf2/small Maf complex activates
gene expression directly through the ARE [17]. To analyze
the levels of Nrf2 and small Maf protein in the nucleus, the
expression of nuclear proteins were measured by western
blotting. H,O, treatment decreased the levels of Nrf2 and
small Maf proteins in the nucleus; however, DHF treatment
restored these proteins to control levels (Figure 3(a)). And
H,0, treatment decreased the Nrf2 protein translocation
from cytoplasm to nucleus; however, DHF treatment restored
it (Figure 3(b)). To determine whether Nrf2 was bound
to small Maf protein in the nucleus, nuclear lysates were
immune-precipitated with an anti-Nrf2 antibody and sub-
jected to western blotting with an antibody against small Maf
protein. H,O, treatment decreased the binding of Nrf2 to
small Maf protein, and DHF treatment restored this binding
(Figure 3(c)). These results indicate that DHF treatment can

increase OGGI expression by increasing the levels of Nrf2,
small Maf, and Nrf2/small Maf complex in the nucleus.

3.4. The Induction of OGGI by DHF Is Mediated via the
PI3K/Akt Pathway. The PI3K/Akt pathway is a major signal-
ing process critical for cell survival during oxidative stress.
The OGGI promoter region contains Nrf2-binding sites,
and the PI3K/Akt pathway is involved in the upregulation
of OGGI [15]. The level of phospho-Akt was decreased
upon H,O, treatment; however, DHF treatment reversed
the reduction in phospho-Akt (Figure 4(a)). Treatment with
LY294002 (a PI3K inhibitor) or Akt inhibitor IV attenuated
the ability of DHF treatment to induce OGGI expression
(Figure 4(b)). Both PI3K and Akt inhibitors suppressed the
translocation of Nrf2 to the nucleus that was induced by
treatment with DHF (Figure 4(c)). Likewise, cell viability
was inhibited by H,O, treatment, and DHF treatment
restored viability, but the restoration of cell viability by
DHF was blocked by treatment with PI3K or Akt inhibitor
(Figure 4(d)). These results indicate that the PI3K/Akt path-
way partially regulates Nrf2 transcriptional activity and
OGGI expression, thereby affecting cell viability.

4. Discussion

In a previous study, we demonstrated that DHF exerts
cytoprotective properties against oxidative stress-induced
genotoxic events, such as DNA base modification and DNA
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FIGURE 2: DHF induces OGGI promoter activity and OGGI protein expression. (a) After overnight transfection with the OGGI-promoter
luciferase vector, cells were treated with 40 yM DHEF for 1 h, incubated with 1 mM H, O, for an additional 24 h, and then subjected to luciferase
assays. *Significantly different from control cells (P < 0.05); *significantly different from H,0,-treated cells (P < 0.05). (b) Cells were treated

with 40 uM DHEF for 1h and then incubated with 1mM H, O, for an

additional 24 h. OGGI mRNA levels were detected by RT-PCR analysis

and (c) quantitative real-time PCR. *Significantly different from control cells (P < 0.05); *significantly different from H,O,-treated cells
(P < 0.05). (d) OGGI protein levels were detected by western blot analysis.

breaks, by scavenging intracellular ROS and enhancing Akt
activity [21]. 8-OxoG lesions induced by oxidative stress
can be repaired by OGGI enzyme under the normal cel-
lular redox state. During DNA synthesis in an abnormal
redox state induced by large perturbations, 8-oxoG forms
a mismatched base pair with adenine, giving rise to a
G:Cto T: A transversion mutation, potentially altering gene
function and resulting in cell death [3, 4, 31]. OGGl is a
major glycosylase involved in BER of oxidative DNA damage.
Cells transfected with siRNA to OGGl exhibited the reduced
OGQGl activity, which was accompanied by delayed repair of
xanthine oxidase-induced mitochondrial DNA damage and
increased apoptosis [32]. And Liu et al. (2011) demonstrated
that cortical neurons isolated from OGGl-deficient mice were
more vulnerable to oxidative stress than that of normal OGG1
mice, and OGGl-deficient mice developed cortical infarcts
and behavior deficits after cerebral artery occlusion [33].
The OGGI promoter contains ARE sequences, that is,
Nrf2-binding sequences, which are activated under antiox-
idant or electrophilic conditions in a normal redox state

[14, 15]. Nrf2 translocates into the nucleus and heterodimer-
izes with small Maf, which are also basic leucine-zipper
transcription factor; the resultant Nrf2/small Maf complex
acts as a transcription factor for ARE-driven genes [34].

Under nonstressed conditions, Nrf2 is anchored in the
cytoplasm by binding to Keapl, which facilitates the ubiq-
uitination and subsequent proteolysis of Nrf2 [16, 35]. Upon
exposure to various stresses, Nrf2 is released from Keapl and
translocates into the nucleus [36, 37]. Nrf2-Keapl dissociation
and Nrf2 signaling are initiated by phosphorylation of Nrf2
at serine 40 and at specific threonine residues, as well as
by the modification of cysteine residues in Keapl [17, 38].
One of the signals that trigger Nrf2-Keapl dissociation and
phosphorylation of Nrf2 is mediated by various kinases,
including mitogen-activated protein kinases, protein kinase
C, PI3K/AKkt, casein kinase-2, and PKR-like endoplasmic
reticulum kinase [39].

The mild ROS conditions stimulate cellular antioxidant
system which protects against oxidative stress in general
[9], but extreme ROS can destroy the cytoprotective defense
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F1GURE 3: DHF induces binding of Nrf2 to small Maf transcription factor. (a) Cells were treated with 40 uM DHEF for 1h and then incubated
with 1mM H, 0, for an additional 12 h. Nuclear extracts were electrophoresed, and nuclear Nrf2, small Maf protein, and TBP were detected
using specific antibodies. (b) Confocal images of Nrf2 antibody and FITC-conjugated secondary antibody staining indicate the location of
Nrf2 protein (green); DAPI staining indicates the nucleus (blue). The merged images reveal the nuclear or cytosol location of Nrf2 protein.
(c) Nuclear extracts were immune-precipitated with an anti-Nrf2 antibody and subjected to western blotting using an antibody against small

Maf protein.

mechanism by emasculation of antioxidant and/or DNA
repair systems [40]. In the present study, H,0, (1mM)
inhibited OGGI expression which eliminates the oxidized
guanine. This phenomenon supposes that extreme ROS
can destroy the cytoprotective defense mechanism while
pretreatment of DHF may offer to enhance the antioxidant
and/or DNA repair systems. Also, a proper dose of H,O,

can induce the Nrf2-translocalization to the nucleus [41], but
extreme concentrations of H,O, may inhibit it. Our data
demonstrated that H,O, treatment reduced the level of Nrf2,
small Maf, and Nrf2/small Maf in the nucleus, but DHF
pretreatment restored these levels. It is estimated that DHF
pretreatment can transfer Nrf2 to the nucleus and activate the
Nrf2 transcriptional activity in this study. In H,O,-treated
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FIGURE 4: DHF induces OGGI expression via the PI3K/Akt signaling pathway and improves cell survival. (a) Cells were treated with
40 uyM DHEF for 1h and then incubated with 1 mM H, O, for an additional 12 h. Cell lysates were electrophoresed, and Akt and phospho-
Akt were detected using specific antibodies. (b) Cells were pretreated with 50 #M LY294002 or 1 uM Akt inhibitor IV for 1h and then treated
with 40 uM DHF for an additional 24 h. OGGI was detected by western blotting. (c) Confocal images of Nrf2 antibody and FITC-conjugated
secondary antibody staining indicate the location of Nrf2 protein (green); DAPI staining indicates the nucleus (blue). The merged images
of DHF treatment in PI3K or Akt inhibitor-treated cells reveal the cytosolic location of Nrf2 protein. (d) Cells were pretreated with 50 uM
LY294002 or 1 uM Akt inhibitor IV for 1h, treated with 40 uM DHF for 1h, and then incubated with 1 mM H, O, for an additional 24 h. Cell
viability was assessed by the MTT assay. *Significantly different from control cells (P < 0.05); *significantly different from H,O,-treated cells
(P < 0.05); *significantly different from H,O,-treated cells pretreated with DHF (P < 0.05).
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cell death induced by oxidative damage.
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cells, DHF pretreatment restored Akt phosphorylation and
OGGI expression, but this effect was diminished by inhibi-
tion of the PI3K/Akt pathway, suggesting that restoration of
OGGI expression by DHF treatment is partially regulated by
a PI3K/Akt-dependent pathway.

Previous study suggested that PI3K/Akt upregulates
phase I enzyme NAD(P)H:quinone oxidoreductase and HO-
1 via phosphorylation of Nrf2 transcription factors [42,
43]. Also, it has reported that upstream kinases including
PI3K/Akt phosphorylate specific serine or threonine residues
present in Nrf2, resulting in facilitating the nuclear local-
ization of Nrf2 [44]. Furthermore, hyperoxia induced ROS-
EGFR-PI3K-Akt signaling cascades, which phosphorylates
an Nrf2 in pulmonary epithelial cells [45]. PI3K/Akt, which
plays a key role in multiple cellular processes, regulates
cellular survival and metabolism by binding and regulating
many downstream effectors. PI3K/Akt signaling was involved
in ROS-mediated self-renewal and neurogenesis in neural
stem cells [46] and in proliferation of human coronary artery
endothelial cells [47]. Therefore, OGGI induction by DHF
treatment partially may be involved via PI3K/Akt/Nrf2 path-
way. Furthermore, the cytoprotective effects of DHF during
H,0, treatment were also attenuated by PI3K/Akt inhibi-
tion. Taken together, the data presented here demonstrate
that DHF activates the BER system via the PI3K/Akt/Nrf2
signaling pathway in response to oxidative stress and thereby
prevents cell death induced by oxidative damage (Figure 5).

Conflicts of Interests

The authors declare that they have no conflict of interests.

BioMed Research International

Acknowledgment

This work was funded by the Ministry of Education, Sci-
ence and Technology (MEST) of the Republic of Korea
(2012R1A1A2005350).

References

[1] J. Ravanat, M. Berger, E Benard et al, “Phthalocyanine
and naphthalocyanine photosensitized oxidation of 2'-
deoxyguanosine: distinct type I and type II products,
Photochemistry and Photobiology, vol. 39, no. 6, pp. 809-814,
1984.

[2] M. Honda, Y. Yamada, M. Tomonaga, H. Ichinose, and S. Kami-
hira, “Correlation of urinary 8-hydroxy-2'-deoxyguanosine (8-
OHAG), a biomarker of oxidative DNA damage, and clinical
features of hematological disorders: a pilot study;, Leukemia
Research, vol. 24, no. 6, pp. 461-468, 2000.

[3] J. W.Hyun, J. Y. Choi, H. H. Zeng et al., “Leukemic cell line, KG-1
has a functional loss of hOGGI enzyme due to a point mutation
and 8-hydroxydeoxyguanosine can kill KG-1,” Oncogene, vol. 19,
no. 39, pp. 4476-4479, 2000.

(4] J. W. Hyun, Y. C. Jung, H. S. Kim et al, “8-Hydroxyde-
oxyguanosine causes death of human leukemia cells deficient
in 8-oxoguanine glycosylase 1 activity by inducing apoptosis;’
Molecular Cancer Research, vol. 1, no. 4, pp. 290-299, 2003.

[5] A. Kikuchi, A. Takeda, H. Onodera et al., “Systemic increase
of oxidative nucleic acid damage in Parkinson’s disease and
multiple system atrophy,” Neurobiology of Disease, vol. 9, no. 2,
pp. 244-248, 2002.

[6] M. Matsui, C. Nishigori, S. Toyokuni et al., “The role of oxidative
DNA damage in human arsenic carcinogenesis: detection of
8-hydroxy-2'-deoxyguanosine in arsenic-related Bowen’s dis-
ease,” Journal of Investigative Dermatology, vol. 113, no. 1, pp. 26—
31, 1999.

[7] S. Sato, Y. Mizuno, and N. Hattori, “Urinary 8-hydroxyde-
oxyguanosine levels as a biomarker for progression of Parkin-
son disease;” Neurology, vol. 64, no. 6, pp. 1081-1083, 2005.

[8] L. L. Wu, C. Chiou, P. Chang, and J. T. Wu, “Urinary 8-OHdG:
a marker of oxidative stress to DNA and a risk factor for cancer,
atherosclerosis and diabetics,” Clinica Chimica Acta, vol. 339, no.
1-2, pp. 1-9, 2004.

[9] B. Halliwell, “Reactive species and antioxidants. Redox biology
is a fundamental theme of aerobic life;” Plant Physiology, vol. 141,
no. 2, pp. 312-322, 2006.

[10] S. Boiteux, T. R. O’Connor, F. Lederer, A. Gouyette, and J.
Laval, “Homogeneous Escherichia coli FPG protein. A DNA
glycosylase which excises imidazole ring-opened purines and
nicks DNA at apurinic/apyrimidinic sites,” Journal of Biological
Chemistry, vol. 265, no. 7, pp. 3916-3922, 1990.

[11] H. E. Krokan, H. Nilsen, E Skorpen, M. Otterlei, and G.
Slupphaug, “Base excision repair of DNA in mammalian cells;”
FEBS Letters, vol. 476, no. 1-2, pp. 73-77, 2000.

[12] M. Bogliolo, E. Cappelli, A. D'Osualdo et al., “Effect of S.
cerevisiae APNI protein on mammalian DNA base excision
repair;” Anticancer Research, vol. 23, no. 5, pp. 3727-3734, 2003.

[13] N. C. de Souza-Pinto, L. Eide, B. A. Hogue et al., “Repair of
8-oxodeoxyguanosine lesions in mitochondrial DNA depends
on the oxoguanine DNA glycosylase (OGGl) gene and 8-
oxoguanine accumulates in the mitochondrial DNA of OGGI-
defective mice,” Cancer Research, vol. 61, no. 14, pp. 53785381,
2001.



BioMed Research International

[14] A.Dhénaut, S. Boiteux, and J. P. Radicella, “Characterization of
the hOGGI promoter and its expression during the cell cycle,
Mutation Research, vol. 461, no. 2, pp. 109-118, 2000.

(15] E. Ueta, E. Sasabe, Z. Yang, T. Osaki, and T. Yamamoto,
“Enhancement of apoptotic damage of squamous cell carci-
noma cells by inhibition of the mitochondrial DNA repairing
system,” Cancer Science, vol. 99, no. 11, pp. 2230-2237, 2008.

[16] Y. S. Keum, “Regulation of Nrf2-mediated phase II detoxifica-
tion and anti-oxidant genes,” Biomolecules & Therapeutics, vol.
20, no. 2, pp. 144-151, 2012.

[17] K. Itoh, T. Chiba, S. Takahashi et al., “An Nrf2/small Maf
heterodimer mediates the induction of phase II detoxifying
enzyme genes through antioxidant response elements,” Bio-
chemical and Biophysical Research Communications, vol. 236,
no. 2, pp. 313-322, 1997.

[18] K. Nakaso, H. Yano, Y. Fukuhara, T. Takeshima, K. Wada-
Isoe, and K. Nakashima, “PI3K is a key molecule in the Nrf2-
mediated regulation of antioxidative proteins by hemin in
human neuroblastoma cells,” FEBS Letters, vol. 546, no. 2-3, pp.
181-184, 2003.

[19] L. Wang, Y. Chen, P. Sternberg, and J. Cai, “Essential roles
of the PI3 kinase/Akt pathway in regulating Nrf2-dependent
antioxidant functions in the RPE,” Investigative Ophthalmology
and Visual Science, vol. 49, no. 4, pp. 1671-1678, 2008.

[20] D. Tasdemir, M. Kaiser, R. Brun et al., “Antitrypanosomal and

antileishmanial activities of flavonoids and their analogues: in

vitro, in vivo, structure-activity relationship, and quantitative
structure-activity relationship studies,” Antimicrobial Agents

and Chemotherapy, vol. 50, no. 4, pp. 1352-1364, 2006.

R. Zhang, K. A. Kang, M. J. Piao et al., “Preventive effect of 7,8-

dihydroxyflavone against oxidative stress induced genotoxicity;

Biological and Pharmaceutical Bulletin, vol. 32, no. 2, pp. 166—

171, 2009.

[22] W. A.Pryor, K. Stone, L. Zang, and E. Bermudez, “Fractionation
of aqueous cigarette tar extracts: fractions that contain the tar
radical cause DNA damage,” Chemical Research in Toxicology,
vol. 11, no. 5, pp. 441-448, 1998.

[23] J.I. Murray, M. L. Whitfield, N. D. Trinklein, R. M. Myers, P. O.
Brown, and D. Botstein, “Diverse and specific gene expression
responses to stresses in cultured human cells,” Molecular Biology
of the Cell, vol. 15, no. 5, pp. 2361-2374, 2004.

[24] K. A. Kang, K. H. Lee, S. Chae et al.,, “Eckol isolated from
Ecklonia cava attenuates oxidative stress induced cell damage
in lung fibroblast cells,” FEBS Letters, vol. 579, no. 28, pp. 6295-
6304, 2005.

[25] L. Struthers, R. Patel, J. Clark, and S. Thomas, “Direct detection
of 8-oxodeoxyguanosine and 8-oxoguanine by avidin and its
analogues,” Analytical Biochemistry, vol. 255, no. 1, pp. 20-31,
1998.

[26] K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real-time quantitative PCR and the 2-
AACT method,” Methods, vol. 25, no. 4, pp. 402-408, 2001.

[27] J. Carmichael, W. G. DeGraff, and A. F. Gazdar, “Evaluation of

a tetrazolium-based semiautomated colorimetric assay: assess-

ment of chemosensitivity testing,” Cancer Research, vol. 47, no.

4, pp. 936-942, 1987,

A. Valavanidis, T. Vlachogianni, and C. Fiotakis, “8—hydr0xy—2'

-deoxyguanosine (8-OHdG): a critical biomarker of oxidative

stress and carcinogenesis,” Journal of Environmental Science and

Health C, vol. 27, no. 2, pp. 120-139, 2009.

[29] P.Fortini, B. Pascucci, E. Parlanti, M. D’Errico, V. Simonelli, and
E. Dogliotti, “8-Oxoguanine DNA damage: at the crossroad of

[21

(28

(30]

(33]

[34]

(35]

(37]

(38]

[40]

[41]

(42]

[43]

alternative repair pathways,” Mutation Research, vol. 531, no. 1-2,
pp. 127-139, 2003.

J. Mo, Y. Xia, T. ]. Wade et al, “Chronic arsenic exposure
and oxidative stress: OGGI expression and arsenic exposure,
nail selenium, and skin hyperkeratosis in inner Mongolia,”
Environmental Health Perspectives, vol. 114, no. 6, pp. 835-841,
2006.

S.S. David, V. L. O’Shea, and S. Kundu, “Base-excision repair of
oxidative DNA damage,” Nature, vol. 447, no. 7147, pp. 941-950,
2007.

M. V. Ruchko, O. M. Gorodnya, A. Zuleta, V. M. Pastukh, and
M. N. Gillespie, “The DNA glycosylase Oggl defends against
oxidant-induced mtDNA damage and apoptosis in pulmonary
artery endothelial cells,” Free Radical Biology and Medicine, vol.
50, no. 9, pp. 1107-1113, 2011.

D. Liu, D. L. Croteau, N. Souza-Pinto et al., “Evidence that
OGGI glycosylase protects neurons against oxidative DNA
damage and cell death under ischemic conditions,” Journal of
Cerebral Blood Flow and Metabolism, vol. 31, no. 2, pp. 680-692,
2011.

H. Motohashi, F Katsuoka, J. D. Engel, and M. Yamamoto,
“Small Maf proteins serve as transcriptional cofactors for ker-
atinocyte differentiation in the Keapl-Nrf2 regulatory pathway,’
Proceedings of the National Academy of Sciences of the United
States of America, vol. 101, no. 17, pp. 6379-6384, 2004.

M. McMahon, K. Itoh, M. Yamamoto, and J. D. Hayes, “Keapl-
dependent proteasomal degradation of transcription factor
Nrf2 contributes to the negative regulation of antioxidant
response element-driven gene expression,” Journal of Biological
Chemistry, vol. 278, no. 24, pp. 21592-21600, 2003.

T. W. Kensler, N. Wakabayashi, and S. Biswal, “Cell survival
responses to environmental stresses via the Keapl-Nrf2-ARE
pathway,” Annual Review of Pharmacology and Toxicology, vol.
47, pp. 89-116, 2007,

G. P. Sykiotis and D. Bohmann, “Stress-activated cap“n’collar
transcription factors in aging and human disease,” Science
Signaling, vol. 3, no. 112, p. re3, 2010.

K. Ttoh, K. I. Tong, and M. Yamamoto, “Molecular mecha-
nism activating Nrf2-Keapl pathway in regulation of adaptive
response to electrophiles,” Free Radical Biology and Medicine,
vol. 36, no. 10, pp. 1208-1213, 2004.

A. Boutten, D. Goven, E. Artaud-Macari, J. Boczkowski, and
M. Bonay, “NRF2 targeting: a promising therapeutic strategy
in chronic obstructive pulmonary disease,” Trends in Molecular
Medicine, vol. 17, no. 7, pp. 363-371, 2011.

V. J. Thannickal and B. L. Fanburg, “Reactive oxygen species in
cell signaling,” American Journal of Physiology, vol. 279, no. 6,
pp. L1005-L1028, 2000.

J. Pi, W. Qu, J. M. Reece, Y. Kumagai, and M. P. Waalkes,
“Transcription factor Nrf2 activation by inorganic arsenic in
cultured keratinocytes: involvement of hydrogen peroxide;
Experimental Cell Research, vol. 290, no. 2, pp. 234-245, 2003.
J. W. Lee, J. M. Hanson, W. A. Chu, and J. A. Johnson, “Phos-
phatidylinositol 3-kinase, not extracellular signal-regulated
kinase, regulates activation of the antioxidant-responsive ele-
ment in IMR-32 human neuroblastoma cells,” Journal of Biolog-
ical Chemistry, vol. 276, no. 23, pp. 20011-20016, 2001.

D. Martin, A. I. Rojo, M. Salinas et al., “Regulation of heme
oxygenase-1 expression through the phosphatidylinositol 3-
kinase/Akt pathway and the Nrf2 transcription factor in
response to the antioxidant phytochemical carnosol,” Journal of
Biological Chemistry, vol. 279, no. 10, pp. 8919-8929, 2004.



10 BioMed Research International

[44] Y. J. Surh, J. K. Kundu, and H. K. Na, “Nrf2 as a master redox
switch in turning on the cellular signaling involved in the
induction of cytoprotective genes by some chemopreventive
phytochemicals,” Planta Medica, vol. 74, no. 13, pp. 1526-1539,
2008.

[45] S. Papaiahgari, Q. Zhang, S. R. Kleeberger, H. Cho, and S.
P. Reddy, “Hyperoxia stimulates an Nrf2-ARE transcriptional
response via ROS-EGFR-PI13K-Akt/ERK MAP kinase signaling
in pulmonary epithelial cells,” Antioxidants and Redox Signaling,
vol. 8, no. 1-2, pp. 43-52, 2006.

[46] J. E. Le Belle, N. M. Orozco, A. A. Paucar et al., “Proliferative

neural stem cells have high endogenous ROS levels that regulate

self-renewal and neurogenesis in a PI3K/Akt-dependant man-

ner;” Cell Stem Cell, vol. 8, no. 1, pp. 59-71, 2011.

o. Erdogdu, D. Nathanson, A. Sj6holm, T. Nystrom, and Q.

Zhang, “Exendin-4 stimulates proliferation of human coronary

artery endothelial cells through eNOS-, PKA- and PI3K/Akt-

dependent pathways and requires GLP-1 receptor;” Molecular

and Cellular Endocrinology, vol. 325, no. 1-2, pp. 26-35, 2010.

(47



