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Abstract. Oxidative stress enhances cellular DNA oxidation 
and may cause mutations in DNA bases, including 8-oxogua-
nine (8-oxoG). Our recent study reported that exposure of 
cells to non-thermal dielectric barrier discharge (DBD) 
plasma generates reactive oxygen species and damages DNA. 
The present study investigated the effect of non-thermal 
DBD plasma exposure on the formation of 8-oxoG in HaCaT 
human keratinocytes. Cells exposed to DBD plasma exhibited 
increased level of 8-oxoG. In addition, mRNA and protein 
expression levels of 8-oxoguanine glycosylase 1 (OGG1), an 
8-oxoG repair enzyme, were reduced in plasma-exposed cells. 
Furthermore, the expression level of nuclear factor erythroid 
2-related factor 2 (Nrf2), a transcription factor that regulates 
OGG1 gene expression, was reduced following exposure 
to DBD plasma. Pretreatment of cells with an antioxidant, 
N-acetyl cysteine (NAC), prior to plasma exposure suppressed 
the formation of 8-oxoG and restored the expression levels 
of OGG1 and Nrf2. In addition, phosphorylation of protein 
kinase B (Akt), which regulates the activation of Nrf2, was 
reduced following plasma exposure. However, phosphoryla-
tion was restored by pretreatment with NAC. These findings 
suggested that non-thermal DBD plasma exposure generates 
8-oxoG via inhibition of the Akt-Nrf2-OGG1 signaling 
pathway in HaCaT cells.

Introduction

8-Oxoguanine (8-oxoG) is an oxidized form of a DNA base and 
is considered to be a cellular marker for oxidative stress-induced 
DNA damage (1). The 8-oxoG may pair with adenine and cyto-
sine at an almost equal ratio, resulting in guanine to adenine 
and cytosine to thymine base substitutions during replica-
tion (2). Removal of 8-oxoG is a multi-step process that relies 
on three proteins encoded by the mutT homolog 1 (MTH1), 
mutY DNA glycosylase (MUTYH) and 8-oxoG DNA glyco-
sylase (OGG1) genes (3). The MTH1 protein hydrolyzes 
8-oxoG-triphospate to produce 8-oxoG-monophosphate. This 
strategy avoids incorporation of oxidized foreign nucleotides 
into the genome. Human OGG1 may efficiently catalyze the 
splitting of an N-glycosidic bond between a deoxyribose sugar 
and the damaged 8-oxoG base (4-7). Therefore, OGG1 excises 
8-oxoG mis-paired with adenine during DNA replication (3). 
MUTYH excises the adenine inserted opposite 8-oxoG in 
the template strand (4). OGG1 localizes to the nucleus and 
mitochondria, and is the predominant enzyme responsible 
for base excision repair (BER) of 8-oxoG lesions (8). The 
promoter of the OGG1 gene contains a binding site for nuclear 
factor erythroid 2-related factor 2 (Nrf2), a transcription factor 
that upregulates the expression of a variety of antioxidant 
enzymes (9).

Plasma, which is known as the fourth fundamental state of 
matter, refers to a partially ionized gas in physics (10). Plasma 
produces ions and electrons, in addition to uncharged neutral 
atoms, free radicals and electrically excited atoms, which 
exhibit a high chemical reactivity and emit UV radiation (11). 
Previous reports have demonstrated that non-thermal plasma 
may be used to promote cell proliferation and wound healing, 
and to treat cancer (12-15). It is hypothesized that these 
properties of plasma are partially due to the formation of 
reactive oxygen species (ROS) (15-18).

Our recent study demonstrated that non-thermal dielectric 
barrier discharge (DBD) plasma generates ROS and promotes 
various types of damage to cellular components, including 
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lipid membrane peroxidation, DNA breaks and protein 
carboxylation (19). These findings suggested that DBD plasma 
exerts cytotoxic effects via oxidative stress-induced damage 
to these components. The present study examined whether 
oxidative stress induced by DBD plasma exposure might affect 
the formation of 8-oxoG in HaCaT human keratinocytes.

Materials and methods

Reagents. N-acetyl cysteine (NAC), avidin-tetramethylrho-
damine isothiocyanate (avidin-TRITC) and actin antibody 
(A2066; 1:2,000; a rabbit polyclonal antibody) were purchased 
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 
OGG1/2 (H-300) antibody (sc-33181; 1:1,000; a rabbit poly-
clonal antibody), Nrf2 (C-20) antibody (sc-722; 1:1,000; a rabbit 
polyclonal antibody) and mouse anti-rabbit IgG-FITC conju-
gated secondary antibody (sc-2359; 1:100) were purchased 
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The 
phospho-Nrf2 antibody (Ser40; 2073-1; 1:1,000; a rabbit mono-
clonal antibody) was purchased from Epitomics (Burlingame, 
CA, USA). The TATA box binding protein (TBP) antibody 
(ab818; 1:2,000; a mouse monoclonal antibody) was purchased 
from Abcam Inc. (Cambridge, MA, USA). The phospho-Akt 
(Ser473; 9271; 1:1,000; a rabbit polyclonal antibody) and 
Akt (9272; 1:1,000; a rabbit polyclonal antibody) antibodies 
were purchased from Cell Signaling Technology (Danvers, 
MA, USA). The goat anti-rabbit IgG-horseradish peroxidase 
conjugated secondary antibody (G21234; 1:10,000) and goat 
anti-mouse IgG-horseradish peroxidase conjugated secondary 
antibody (G21040; 1:10,000) were purchased from Invitrogen 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). All 
other chemicals and reagents were of analytical grade.

Cell culture and plasma exposure. The HaCaT human kera-
tinocytes were obtained from Amore Pacific Corporation 
(Yongin, Korea) and maintained at 37˚C in an incubator 
with 5% CO2. Cells were grown in Dulbecco's modified 
Eagle's medium (Thermo Fisher Scientific Inc., Waltham, 
MA, USA) containing 10% heat-inactivated fetal calf serum 
(Thermo Fisher Scientific Inc.), 100 µg/ml streptomycin and 
100 U/ml penicillin. Non-thermal DBD plasma was applied 
as described previously (19). The cell suspension was adjusted 
to a concentration of 2x105 cells/ml and 11 ml was placed 
into 60 mm dishes. Cells were exposed to DBD plasma for 1, 
2 and 3 min. Positive controls were treated with 1 mM NAC 
30 min prior to DBD plasma exposure. Following plasma 
exposure, cells were incubated for 24 h prior to subsequent 
experiments.

Analysis of 8‑oxoG level. Cellular DNA was isolated and 
purified using the genomic DNA purification kit (Promega 
Corporation, Madison, WI, USA) and quantified using a 
spectrophotometer. The quantity of 8-hydroxy-2'-deoxyguano-
sine (8-OHdG), a nucleoside of 8-oxoG, in the DNA was 
determined using the Bioxytech 8-OHdG ELISA kit (Oxis 
International, Tampa, FL, USA), according to the manufac-
turer's protocol. The quantity of 8-OHdG was considered 
proportional to 8-oxoG. In addition, the quantity of 8-oxoG 
was determined via a fluorescent binding assay using avidin, 
which binds to 8‑oxoG with high affinity (20). The cells were 

fixed and permeabilized with ice‑cold methanol for 15 min, 
and subsequently incubated with avidin-TRITC for 1 h at 
room temperature. 8-oxoG was visualized using a confocal 
microscope and LSM 5 PASCAL laser scanning software 
version 3.5 (Zeiss GmbH, Jena, Germany).

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
Total RNA was isolated from cells using the total RNA extrac-
tion kit (Intron Biotechnology, Seongnam, Korea) and cDNA 
was amplified using reverse transcription reagent kit according 
to the manufacturer's protocol (25021; Intron Biotechnology). 
PCR amplifications of OGG1 and GAPDH (a housekeeping 
gene) were performed as follows: An initial pre-denaturation 
step at 94˚C for 2 min, 35 cycles of denaturation at 94˚C for 
20 sec, annealing at 58˚C for 30 sec and extension at 72˚C for 
1 min, and a final extension step at 72˚C for 5 min. Primer 
pairs (Bioneer Corporation, Daejeon, Korea) were as follows: 
Sense, 5'-CTG CCT TCT GGA CAA TCT TT-3' and antisense, 
5'-TAG CCC GCC CTG TTC TTC-3' for human OGG1; and 
sense, 5'-TCA AGT GGG GCG ATG CTG GC-3' and antisense, 
5'-TGC CAG CCC CAG CGT CAA AG-3' for human GAPDH. 
Amplified products were resolved by electrophoresis and 
photographed under UV light.

Transient transfection and OGG1 promoter luciferase assay. 
Cells were cultured at a density of 1x106 cells per 60 mm 
dish to maintain approximately 60-80% confluence. Cells 
were transiently transfected with a plasmid harboring the 
OGG1 promoter using the transfection reagent Lipofectamine 
(Invitrogen; Thermo Fisher Scientific Inc.), according to 
the manufacturer's protocol. The OGG1 promoter-luciferase 
construct was a generous gift from Professor Ho Jin You 
(Chosun University, Gwangju, Korea). Transfected cells were 
exposed to DBD plasma for 2 min, with or without pretreatment 
with 1 mM NAC for 30 min. Cells were incubated for 24 h 
prior to analysis. Subsequently, cells were lysed with reporter 
lysis buffer (Promega Corporation), and the lysate was mixed 
with the luciferase assay reagent (Promega Corporation). The 
mixture was detected by a luminometer.

Protein extraction and western blot analysis. Cells were 
seeded in 100-mm culture plates at a density of 2x105 cells/ml. 
To extract total protein, cells were lysed on ice for 30 min 
using 150 µl lysis reagent (Intron Biotechnology), and centri-
fuged at 13,000 x g at 4˚C for 30 min. To extract nuclear 
proteins, cells were lysed using the subcellular protein 
fractionation kit (Thermo Fisher Scientific Inc.). Protein 
concentrations of the cellular and nuclear extracts were 
determined using the Bradford assay. Aliquots of the lysates 
(20 µg protein) were boiled for 5 min, electrophoresed on 
10% SDS-polyacrylamide gels, and transferred onto nitro-
cellulose membranes (Bio-Rad Laboratories, Hercules, CA, 
USA). Membranes were incubated with the appropriate 
primary antibody for 2 h at room temperature, followed by a 
horseradish peroxidase-conjugated IgG secondary antibody 
for 1 h at room temperature. Protein bands were visualized 
by developing the blots with an enhanced chemilumines-
cence detection kit (GE Healthcare Life Sciences, Chalfont, 
UK) and exposing the membranes to autoradiography film 
(Thermo Fisher Scientific Inc.).
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Immunocytochemistry. Cells were plated onto coverslips, fixed 
with 1% paraformaldehyde for 30 min and permeabilized 
with 2% triton X-100 in PBS for 30 min (21). Subsequently, 
cells were blocked with 1% bovine serum albumin in PBS 
for 1 h, incubated with OGG1 or Nrf2 primary antibodies for 
2 h at room temperature and probed with a FITC-conjugated 
secondary antibody at 1:200 for 1 h at 37˚C. Following washing 
with PBS, cells were transferred onto microscope slides in 
mounting medium containing DAPI (Vector Laboratories, 
Burlingame, CA, USA). Slides were examined using a confocal 
microscope and images were captured using LSM 5 PASCAL 
laser scanning software version 3.5 (Zeiss GmbH).

Statistical analysis. Statistical significance was determined 
using analysis of variance and Tukey's tests with version 3.5 of 
SigmaStat software (Systat Software Inc., San Jose, CA, USA). 
All values are presented as the mean ± standard error. P<0.05 
was considered to indicate a statistically significant difference.

Results

Exposure to non‑thermal DBD plasma increases 8‑oxoG 
levels in HaCaT cells. Our previous study demonstrated that 
exposure of HaCaT cells to non-thermal DBD plasma for 
2 min at 9.8 J/ml reduced cell viability by 50% (19). Therefore, 
the same plasma dose was utilized in the present study. The 
quantity of 8-OHdG in DBD plasma-exposed HaCaT cells 
was investigated using an ELISA kit, and was considered to 
be proportional to the quantity of 8-oxoG. The 8-OHdG level 
in HaCaT cells exposed to DBD plasma were 1,571 ng/mg, 
which was significantly greater compared with control cells 
(442 ng/mg); however, this increase was significantly suppressed 
in cells that were pretreated with the antioxidant NAC prior to 
plasma exposure (Fig. 1A). In addition, 8-oxoG was analyzed 
by confocal microscopy using avidin-TRITC (20). The fluo-
rescence intensity of avidin-TRITC bound to 8-oxoG was 
elevated in DBD plasma-exposed cells compared with control 
cells; however, pretreatment of DBD plasma-exposed cells 
with NAC markedly reduced this (Fig. 1B). These results indi-
cated that exposure of HaCaT cells to DBD plasma generated 
the oxidized DNA base 8-oxoG.

Non‑thermal DBD plasma attenuates expression of OGG1 in 
HaCaT cells. The glycosylase enzyme OGG1 is responsible 
for the excision of 8-oxoG (22). mRNA expression level of 
OGG1 in HaCaT cells was reduced by DBD plasma exposure 
(Fig. 2A). In addition, the transcriptional activity of the OGG1 
promoter was reduced in DBD plasma-exposed cells; however, 
pretreatment of cells with NAC attenuated this significantly 
(Fig. 2B). Furthermore, OGG1 protein expression was reduced 
by exposure to DBD plasma in a time-dependent manner 
(Fig. 2C), and NAC pretreatment reversed this decrease 
(Fig. 2D). Subsequently, immunocytochemical analysis of the 
control, plasma-exposed and NAC-pretreated plasma-exposed 
cells was performed to determine the cellular distribution of the 
OGG1 protein. This revealed that OGG1 expression in HaCaT 
cells exposed to DBD plasma was reduced compared with 
control cells; this decrease was attenuated in NAC-pretreated 
cells (Fig. 2E). These results indicated that DBD plasma 
exposure reduces the expression of OGG1 at the mRNA and 

protein level in HaCaT cells; however, pretreatment with NAC 
suppresses this effect.

Non‑thermal DBD plasma attenuates nuclear transloca‑
tion of Nrf2 in HaCaT cells. Nrf2, a transcription factor that 
regulates the expression levels of antioxidant and detoxifying 
enzymes (23), binds to antioxidant response elements in the 
OGG1 promoter and regulates its expression (9,24). Western 
blot analysis revealed that the expression levels of nuclear 
Nrf2 and phospho-Nrf2 in HaCaT cells were reduced by DBD 
plasma in a time-dependent manner (Fig. 3A); however, the 
expression levels of the two proteins were restored in cells that 
were pretreated with NAC prior to plasma exposure (Fig. 3B). 
To identify the effect of DBD plasma on the localization of the 
Nrf2 protein, immunocytochemical analysis was performed 

Figure 1. Exposure of HaCaT cells to non-thermal DBD plasma enhances the 
quantity of 8-oxoG. Cells were exposed to plasma for 2 min, with or without 
pretreatment with the antioxidant NAC. (A) 8-OHdG level was determined 
using an ELISA kit. Data are expressed as the mean ± standard error of trip-
licate samples within the same experiment. *P<0.05 vs. control cells; #P<0.05 
vs. plasma-exposed cells. (B) Visualization of 8-oxoG via avidin-TRITC 
staining in control cells, plasma-exposed cells, and pretreatment of NAC 
and plasma-exposed cells by confocal microscopy. 8-oxoG, 8-oxoguanine; 
NAC, N-acetyl cysteine; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; TRITC, 
tetramethylrhodamine isothiocyanate.
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(Fig. 3C). The nuclear localization of Nrf2 was reduced by 
exposure of HaCaT cells to DBD plasma, as demonstrated by 
a decrease in Nrf2 and DAPI co-staining. However, this effect 
was attenuated by pretreatment with NAC. These results indi-
cated that nuclear expression of Nrf2 was reduced by exposure 
to DBD plasma, and that this reduction was partly abrogated 
by pretreatment with NAC.

Non‑thermal DBD plasma attenuates phosphorylation of 
Akt in HaCaT cells. Nrf2 is sequestered in the cytoplasm 
by Kelch-like ECH-associated protein 1 (Keap1). However, 
Nrf2 may translocate to the nucleus following phosphoryla-
tion by activated Akt, which serves a role in a cell survival 
pathway (25). The expression level of the active phospho-Akt 

Figure 2. Exposure to non-thermal DBD plasma reduces OGG1 expres-
sion level in HaCaT cells. (A) OGG1 and GAPDH mRNA expression 
levels were analyzed by RT-PCR in cells exposed to DBD plasma for 1, 2 
or 3 min, followed by incubation for 24 h. (B) Cells were transfected with 
an OGG1-containing plasmid using Lipofectamine and exposed to DBD 
plasma for 2 min, with or without pretreatment with NAC for 30 min. Cells 
were incubated for 24 h prior to assessment of luciferase activity. Data are 
expressed as the mean ± standard error of triplicate samples within the same 
experiment. *P<0.05 vs. control cells; #P<0.05 vs. plasma-exposed cells. 
(C) Western blot analysis was utilized to assess OGG1 and actin (loading 
control) protein expression levels in cells exposed to DBD plasma for 1, 2 
or 3 min, and incubated for 24 h prior to analysis. (D) Western blot analysis 
and (E) confocal microscopy were performed to assess the distribution of 
OGG1 protein in control cells, DBD plasma-exposed cells, and pretreatment 
of NAC and plasma-exposed cells. Cells were incubated for 24 h prior to 
analysis. (E) Green fluorescence indicates OGG1 and blue fluorescence 
indicates nuclei. DBD, dielectric barrier discharge; OGG1, 8-oxoguanine 
glycosylase 1; RT-PCR, reverse transcription-polymerase chain reaction; 
NAC, N-acetyl cysteine.

Figure 3. Exposure to non-thermal DBD plasma reduces the nuclear expres-
sion levels of Nrf2 and phospho-Nrf2 in HaCaT cells. (A) Western blot 
analysis of nuclear Nrf2 and phospho-Nrf2 in cells that were exposed to 
DBD plasma for 1, 2 or 3 min; TBP served as a loading control. (B) Western 
blot analysis of nuclear proteins in control cells, DBD plasma-exposed cells, 
and pretreatment of NAC and plasma-exposed cells. Cells were incubated 
for 24 h prior to analysis. (C) The localization of Nrf2 in control cells, DBD 
plasma-exposed cells, and pretreatment of NAC and plasma-exposed cells 
was assessed by immunocytochemistry. Green fluorescence indicates Nrf2 
and blue fluorescence indicates nuclei. DBD, dielectric barrier discharge; 
Nrf2, nuclear factor erythroid 2-related factor 2; TBP, TATA box binding 
protein; NAC, N-acetyl cysteine.
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protein was reduced by exposure of HaCaT cells to DBD 
plasma in a time-dependent manner (Fig. 4A). Furthermore, 
the reduced phosphorylation of Akt was blocked by pretreat-
ment of cells with NAC (Fig. 4B). These results suggested that 
exposure to DBD plasma reduces the phosphorylation of Akt, 
and that this modification may be restored by pretreatment 
with NAC.

Discussion

Exposure to non-thermal plasma generates ROS and induces 
oxidative stress in living cells and tissues (16-18). Our 
previous study revealed that exposure of HaCaT cells to 
non-thermal DBD plasma generated ROS and resulted in 
DNA damage (19). The present study focused on the mecha-
nism underlying DNA damage induced by DBD plasma by 
investigating the generation of the modified DNA base, 
8-oxoG, the most stable product of oxidative DNA damage 
caused by ROS. The 8-oxoG base is considered highly 
mutagenic as it may pair with adenine as well as cytosine, 
and accumulates in nuclear and mitochondrial DNA (26). As 
guanine is more vulnerable to oxidation than other nitrogen 
bases, ROS may readily oxidize it to 8-oxoG. However, OGG1 
identifies 8‑oxoG bases in DNA and initiates BER to remove 
them (27). The DNA glycosylase activity of OGG1 preferen-
tially excises 8-oxoG bases that are paired with cytosine. A 
DNA glycosylase encoded by the MUTYH gene, a homolog 
of Escherichia coli mutY, excises adenines located opposite 
8-oxoG in the template strand (28). Once cytosine is inserted 
and adenine is removed, 8-oxoG can be removed by OGG1 
via the BER mechanism (29).

In the present study, exposure of HaCaT cells to DBD 
plasma enhanced the level of 8-oxoG and reduced level of 
OGG1. By contrast, pretreatment of cells with NAC, an estab-
lished ROS scavenger, suppressed these effects. The OGG1 
gene is regulated by binding of the Nrf2 transcription factor 

to antioxidant response elements in its promoter region (9,27). 
The transcriptional activity of Nrf2 requires its translocation to 
the nucleus, which is regulated by Keap1-mediated anchoring 
in the cytoplasm (30). The Nrf2-Keap1 complex dissociates to 
block the ubiquitination of Nrf2, and translocation of this tran-
scription factor is initiated by its phosphorylation at serine 40 
and specific threonine residues, in addition to modification of 
cysteine residues in Keap1 (31,32). Phosphorylation of Nrf2 is 
achieved by various kinases including Akt (33). In the present 
study, the expression levels of Nrf2 and phsopho-Nrf2 in 
the nuclear fraction by DBD plasma exposure was reduced 
(Fig. 3A). This might be due to the downregulation of tran-
scription of Nrf2 and Akt pathway (upstream to phosphorylate 
Nrf2) by DBD plasma exposure.

In conclusion, the results of the present study revealed 
that DBD plasma exposure generates 8-oxoG and disrupts 
OGG1 gene transcription by downregulation of the Akt-Nrf2 
signaling pathway. However, pretreatment with NAC, a 
well-known scavenger of various free radicals, including ROS, 
suppressed 8-oxoG level and activated the Akt-Nrf2-OGG1 
signaling pathway.
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