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ABSTRACT

The glutathione (GSH) redox control is critical to maintain redox balance in the body’s internal environment, and
its perturbation leads to a dramatic increase in reactive oxygen species (ROS) levels and oxidative stress which
have negative impacts on human health. Although ionizing radiation increases mitochondrial ROS generation, the
mechanisms underlying radiation-induced late ROS accumulation are not fully understood. Here we investigated the
radiation effect on GSH redox reactions in normal human diploid lung fibroblasts TIG-3 and MRC-S. Superoxide
anion probe MitoSOX-red staining and measurement of GSH peroxidase (GPx) activity revealed that high dose single-
radiation (SR) exposure (10 Gy) increased mitochondrial ROS generation and overall oxidative stress in parallel with
decrease in GSH peroxidase (GPx) activity, while GSH redox control was effective after exposure to moderate doses
under standard serum conditions. We used different serum conditions to elucidate the role of serum on GSH redox
reaction. Serum starvation, serum deprivation and DNA damage response (DDR) inhibitors-treatment reduced the
GPx activity and increased mitochondrial ROS generation regardless of radiation exposure. Fractionated-radiation
was used to evaluate the radiation effect on GSH reactions. Repeated fractionated-radiation induced prolonged
oxidative stress by down-regulation of GPx activity. In conclusion, radiation affects GSH usage according to radiation
dose, irradiation methods and serum concentration. Radiation affected the GPx activity to disrupt fibroblast redox
homeostasis.
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INTRODUCTION

harbor mitochondrial antioxidant defense systems in which glu-

The redox balance is maintained through an intricate network in the
body’s internal environment among all living organisms, but its pertur-
bation leads to adverse effects in human health [1]. The resulting high
levels of reactive oxygen species (ROS) induce oxidative stress that has
been linked to the main cause of age-related diseases, including cancer,
cardiovascular disease and diabetes [2]. The source of intracellular
ROS has been proposed to be mitochondria where adenosine triphos-
phate (ATP) is synthesized by oxidative phosphorylation (OXPHOS).
Superoxide anions (O, ™) are mainly produced from complexes I and
III at the mitochondrial electron transport chain by electron leakage
and are mostly released to the mitochondrial matrix [1, 3, 4]. Cells

tathione (GSH) has a critical role for the regulation of intracellular
redox homeostasis. Manganese superoxide dismutase (MnSOD) and
GSH peroxidase (GPx) are the major ROS detoxifying enzymes. These
enzymes are localized in the mitochondrial matrix where MnSOD
converts O, to H,0,. H, O, is less reactive than O, and can diffuse
from the mitochondria to mediate oxidative signaling [ 5]. Lastly, H, O,
oxidizes reduced GSH by the enzyme activity of GPx to from GSH
disulfide (GSSG) and H, O [6-8]. GSSG is then reduced back to GSH
by NADPH-dependent GSH reductase. GSH exists in the cytoplasm,
nucleus and mitochondria. Mitochondrial GSH stability and turn-
over are regulated by cytoplasmic GSH synthesis and transport to
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mitochondria [9]. Mitochondrial GSH is a key molecule in the control
of oxidative stress within mitochondria.

Radiation causes direct damage to DNA, such as single- and
double-strand breaks (DSBs), clustered DNA damage, and reacts
with water to generate short-lived ROS. Later effects of exposure to
radiation include activation of OXPHOS as a response to radiation-
induced DNA damage, and this also generates mitochondrial ROS as
by-product [4]. ROS and subsequent activation of cellular antioxidant
enzymes are involved in radiation-induced adaptive responses [10,
11]. Transiently increased levels of GSH following whole-body
irradiation to mouse is associated with the elevation of natural
killer (NK) activity in mouse splenocytes [12]. Radiation induces
mitochondrial change, including activation of OXPHOS, generation
of ROS, mitochondrial Parkin staining and induction of mitochondrial
biogenesis in terms of oxidative stress responses in human fibroblasts
[4, 13-15]. Mitochondria are vulnerable to radiation-induced effects
because they are the sites of ROS generation. Deleterious ROS levels
cause indirect DNA damage and inflict oxidative stresses in irradiated
cells [16]. However, the role of GSH redox reaction on radiation
response are not fully understood.

ROS are key mediators for the development of cancer by many
mechanisms, including ROS-mediated genomic instability, tumor cell
proliferation and chronic inflammation [ 16, 17]. Reduce in serum con-
centration enhanced radiation-induced late ROS accumulation which
was detected by using 2, 7'-dichlorofluorescin diacetate (DCFDA) in
human fiboroblasts. ROS appeared by exposure to irradiation with any
doses even at low doses in the growth-restricted conditions in which
cells were cultured in 0.5% or 0% fetal calf serum (FCS), while this
occurred only by exposure to >S Gy of single-radiation (SR) under
standard serum condition (10% FCS) [13]. Thus, serum starvation or
serum deprivation elevates baseline oxidative stress compared to that
in standard serum condition (10% FCS) [13]. Interaction between
tumor-associated stromal cells and tumor cells makes tumor microen-
vironment formation which plays an important role in the initiation
and progression of cancer [18-20]. The purpose of this study is to
clarify the mechanism of radiation carcinogenesis by analyzing the
radiation-induced oxidative stress response of stromal cells. Therefore,
we used un-transformed normal human fibroblasts TIG-3 and MRC-5
cells.

Here, we investigated radiation effect on GSH reaction to identify
the radiation target regarding perturbation of cellular redox homeosta-
sis. We used different serum conditions to elucidate the role of serum
on GSH redox reaction. We further examined the correlation between
radiation sensitivity and intracellular GSH levels in human fibroblasts.

MATERIALS AND METHODS
Cell culture conditions and drugs
Normal human diploid lung fibroblasts TIG-3 and MRC-S were pur-
chased from the Health Science Research Resources Bank and the
Riken Cell Bank, respectively. Cells were maintained in T2$ flasks
with alpha minimum essential medium (Nacalai Tesque) containing
10% heat-inactivated FCS. Medium was changed from 10% to 0 or
0.5% at once time 24 h before irradiation. Cells were further cul-
tured in medium with 0% or 0.5% FCS for 24 h until we collect.

ATM inhibitor KU55933 and DNA-PK inhibitor NU7026 were pur-
chased from Sigma. AKT inhibitor API-2 was purchased from Milli-
pore. KUS5933 (S £M), NU7026 (10 uM) and API-2 (20 uM) were
added to the media 2 h before irradiation.

Irradiation experiments

Cells were not allowed to reach to confluent state. Cells were seeded
in a new flask one day before irradiation, irradiated at the indicated
doses at a dose rate of 0.5 Gy/min using a 150-kVp X-ray generator
(Model MBR-1505R2, Hitachi) with 0.5-mm Cu and 0.1-mm Al filters
and were further incubated for 24 h. For fractionated radiation (FR),
X-ray fractions (0.01 or 0.05 Gy) were administered twice a day for
S days/week. Cells were not irradiated on Saturdays or Sundays. The
total doses delivered for 31 days were 0.46 (= 0.01 Gy/fraction X 2
times x 23 days) and 2.3 Gy (= 0.0S Gy/fraction X 2 times X 23 days)
for cells exposed to FR 0f 0.01 and 0.05 Gy, respectively. Cells were sub-
cultured in a new flask twice in a week during FR for 31 days to maintain
non-confluent conditions.

Mitochondrial ROS measurements
Cells were stained with 2.5 uM MitoSOX-red (Thermo Fisher
Scientific) for 10 min in alpha minimum essential medium without
serum. MitoSOX-red fluoresennce were measured with FACScan
(Becton Dickinson). The data were shown by normalizing fluorescence

intensity values of MitoSOX-red staining to non-irradiated controls.

GSH staining

GSH quantitative-imaging probe QuicGSH was purchased from
Goryo Chemical [21]. Cells (1 x 10°) were seeded onto 35-mm
glass-bottom dishes. Cells were stained with this probe following
the manufacturer’s protocol at 24 h after irradiation. QuicGSH has
a fluorescence maximum wavelength at 625 nm (red color) and is
shifted to 582 nm (green color) by binding with GSH (QuicGSH3.0-
GSH). The fluorescent intensity ratio (R =F582/F625) was changes
as the GSH concentration changes. Image acquisition and evaluation
were conducted in at least three independent samples with a Keyence
BZ-X700 fluorescence microscope and Hybrid Cell Count software
(BZ-II Analyzer; Keyence Corporation).

GPx assay
Cell extracts were collected at 24 h after irradiation. GPx activity was
calculated according to the manufacturer’s instructions using a GPx
activity assay kit (Biovision).

Western blotting
Western blotting was performed as previously described [22]. Cell
extracts were collected 24 h after irradiation. Primary antibodies
against GPx1 (#3206, Cell signaling), glutamate-cysteine ligase
catalytic (GCLC) (ab41463, Abcam), and B-tubulin (10068-1-AP,
Proteintech) and secondary anti-rabbit antibodies conjugated to
horseradish peroxidase (GE Healthcare) were used. Protein bands
were visualized using Chemi-Lumi One L Western blotting substrate
(Nacalai Tesque), and band intensities were measured using Image Lab
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Fig. 1. Mitochondrial ROS levels following radiation. The relative fluorescence intensity values of MitoSOX-red staining were
normalized to nonirradiated control cells in 10% FCS. Cells were examined at 24 h after irradiation. Asterisk indicates a significant

increase in fluorescence intensity value of MitoSOX-red staining compared with nonirradiated control cells in 10% FCS.

*P <0.05,"*P < 0.01.

software (Bio-Rad). Protein expression levels were normalized to -
tubulin and are expressed relative to the control value of non-irradiated
cells.

Statistical analysis
Error bars represent standard deviations. All experiments were
repeated at least three times using independent samples. Following
one-way analysis of variance (ANOVA), the Dunnett test was used
to detect significant differences among the means of three or more
independent groups. Double and single asterisks indicate significant
differences with p-values of <0.01 and < 0.05, respectively.

RESULTS
Radiation-induced mitochondrial ROS in different
culture conditions
The fluorescence of DCFDA indicates oxidation by hydrogen perox-
ide, peroxynitrite or hydroxyl radical. The effect of serum concentra-
tion on the radiation-induced oxidative stress was repored by using
DCFDA staining in human fiboroblasts [ 13]. However, DCFDA stain-
ing cannot distinguish specific types of ROS [23, 24]. We here exam-
ined the effect of radiation on generation of intracellular mitochondrial
ROS in human normal fibroblasts (TIG-3 and MRC-5) by measuring
the amounts of O, ~ using commercial probe MitoSOX-red. Mitochon-
drial O, levels increased by exposure to high dose of SR (10 Gy) in
TIG-3 and MRC-5 cells in standard serum condition (10% FCS) or
serum deprivation conditions (0.5% FCS) compared to non-irradiated
control cells (0 Gy) in 10% FCS (Fig. 1). In addition to 10% FCS and
0.5% ECS, cells were cultured for 24 h in medium with 0% FCS before
irradiation to achieve a dormant state as that in vivo (Fig. 1). These cells
showed high levels of mitochondrial ROS compared to non-irradiated
control cells in 10% FCS regardless of radiation exposure. The results of

MitoSOX-red staining after exposure of FR in TIG-3 and MRC-S$ cells
were reported previously. Strong intensity of MitoSOX-red staining
was evident in 31FR TIG-3 cells treated with 0.01 Gy/fraction, but not

in non-irradiated control cells [15].

Radiation effect on intracellular GSH levels

To elucidate the mechanism of radiation action on GSH redox reac-
tion, intracellular reduced GSH was visualized in living cells using the
GSH quantitative-imaging probe QuicGSH (Fig. 2A) [21]. The GSH
amount in cells growing with 10% FCS was increased by 10 Gy of acute
SRat 24 h after irradiation compared with that in non-irradiated control
cells (Fig. 2A and B). In contrast, cells in medium with 0% or 0.5%
FCS maintained constant GSH levels regardless of radiation exposure
(Fig. 2A and B). Different radiation exposure methods were used to
evaluate the effect of FR on the GSH levels in cells growing with 10%
FCS. Fractions with 2 Gy were delivered in clinical standard radiation
therapy for cancer treatment [25]. However, a previous report demon-
strated that exposure to >0.5 Gy per fraction prevented cell growth of
human fibroblasts. These cells can grow only at 0.01 or 0.05 Gy per
fraction [26]. Therefore, we used low-doses of FR for further analysis.
Low doses of FR for 31 days increased GSH levels both in TIG-3 and
MRC-S cells (Fig. 2C).

Association between intracellular GSH levels and
DNA damage responses
Nuclear DNA damage responses (DDR) are linked to radiation
response of mitochondria where ROS-meditated oxidative stress are
generated [4]. DDR are likely to be involved in GSH-redox reaction in
mitochondria. We examined the role of GSH on radiation sensitivity
in human fibroblasts. ATM inhibitor KU55933 [27] and DNA-
PK inhibitor NU7026 [28] were used to abrogate the DDR. The
AKT inhibitor API-2 has antitumor activity [29] and is unable to



186 « T. Shimuraetal.

0%FCS 0Gy 0%FCS 10Gy ~ | * 10%FCS 0Gy 10%FCS 10Gy

10%FCS 0Gy 10%FCS 10Gy

0%FCS 0Gy 0%FCS 10Gy

MRC-5

B Single-dose radiation
0.08 0.08
TIG-3 * MRC-5
0.06 0.06
2 *%
IS
T 0.04 I I 0.04
)
O o
0.02 0.02 IIﬂ i[ i[
0 0
0 2.5 10
g £3 19 Dose (Gy)
C m0% FCS 0.5% FCS 0O10% FCS
Fractionated radiation
0.08
0.08 TIG-3 MRC-5
= 0.06 0.06
E *% *k
f% 0.04 0.04
(D ’ *k * ’
0.02 . 0.02
0 0
0 0.01 0.05 0 0.01 0.05

Dose/fraction (Gy)

Fig. 2. Changes in intracellular GSH levels following radiation. (A) Images of reduced GSH staining obtained using GSH
quantitative-imaging probe QuicGSH in the indicated cells. Scale bar = 50 ;xm. Cells were examined at 24 h after irradiation. (B)
GSH levels in SR cells. Asterisk indicates a significant increase in GSH levels in indicated samples compared with those in
non-irradiated control cells. (C) GSH levels in FR cells. Asterisk indicates a significant increase in GSH levels compared with
non-FR cells at the indicated day. “P < 0.05, **P < 0.01.
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Fig. 3. Effect of pre-radiation treatment with DDR inhibitors on GSH levels. (A) The results of QuicGSH staining in TIG-3 and
MRC-S cells with IR, IR + ATM-I, IR + NU?7026 and IR + AKT-I. Cells were stained with this probe at 24 hours after irradiation.
Asterisk indicates a significant increase in GSH levels in irradiated cells compared with those in non-irradiated control cells.

*P < 0.05,**P < 0.01.
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Fig. 4. Effect of radiation on GPx activity. Cells were collected for the GPx activity measurement at 24 h after irradiation or last
FR. (A) GPx activity following SR in cells cultured with different concentrations of FCS. Asterisk indicates a significant decrease
in the GPx activity in irradiated cells compared with that in non-irradiated control cells grown with 10% FCS. (B) GPx activity in
FR cells. Asterisk indicates a significant decrease in the GPx activity in FR cells compared with that in non-FR cells. (C) GPx
activity in IR cells, ATM-I-treated IR cells, NU7026-treated IR cells and AKT-I-treated IR cells. Asterisk indicates a significant
decrease in the GPx activity in irradiated cells compared with that in non-irradiated control cells. “P < 0.05, **P < 0.01.

Effect of radiation on the GPx activity
Effects of radiation on the GPx enzyme were examined in different cul-

activate cell survival signal after irradiation [1S, 30]. Pre-radiation
treatment with all inhibitors enhanced radiation sensitivity in TIG-
3 and MRC-S cells [13] and cancelled increases in the amounts of  ture conditions and different irradiation condition. Intracellular GPx

intracellular reduced GSH after 10 Gy in both TIG-3 and MRC-5 cells
(Fig. 3).

activity was measured in indicated samples using a GPx activity assay
kit. Removal of serum from medium resulting in a lowering of the
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Fig. 5. Protein expression of GPx1, GCLC and tubulin following SR. Cells extracts were collected for the western blotting at 24 h
after irradiation. (A) Western blotting for GPx1, GCLC and tubulin in MRC-5 cells among the indicated treatment groups. (B)
Protein expression level was expressed relative to the untreated control value. Asterisk indicates a significant change in expression
in the indicated sample compared with that in non-irradiated control cells grown with 10% FCS. *P < 0.05, **P < 0.01.

GPx activity in 0% or 0.5% FCS and the low GPx activity was main-
tained even after irradiation compared to non-irradiated cells in 10%
FCS (Fig. 4A). Both SR and FR suppressed the GPx activity com-
pared with that in non-irradiated cells under standard conditions (10%
FCS) (Fig. 4A and B). Treatment with all DDR inhibitors significantly
attenuated the GPx activity in TIG-3 and MRC-5 cells regardless of
radiation exposure (Fig. 4C).

Protein expression associated with GSH redox
reaction after irradiation
To identify the molecular target affected by radiation, we used
western blotting to quantify the expression of proteins associated
with GSH redox reaction including GPx1 and GCLC. Serum

starvation or serum deprivation by culturing the cells with 0% or
0.5% FCS lowered GPx1 expression and elevated GCLC expression
compared with the expressions of these enzymes in control cells
in medium with 10% FCS. GPxl expression was decreased by
10 Gy of SR in 10% FCS compared with that in non-irradiated
cells (Fig. 5). We further examined protein expression in irradiated
cells treated with either DDR inhibitor. GPx1 expression tends to
decrease by DDR inhibitor-treatment compared to non-treated control
cells (Fig. 6).

DISCUSSION
Ionizing radiation-induced delayed production of mitochondrial ROS
is implicated in the extended effects of radiation known as persistent
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Fig. 6. Protein expression level in IR cells, ATM-I-treated irradiated (IR) cells, NU7026-treated IR cells and AKT-I-treated IR
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that in non-irradiated control cells. “P < 0.0S, **P < 0.01.

oxidative stress [4]. Table 1 shows the radiation effect on GSH redox
control among different culture conditions and different irradiation
condition. Although reduced GSH remained, GPx activity remarkably
decreased with its low protein expression following a 10-Gy dose of SR
under standard serum conditions (10%). Therefore, intrinsic antiox-
idant regulation contributes to maintain the redox homeostasis after
exposure to moderate doses of ionizing radiation, but this system is
useless after exposure to high-dose radiation in standard serum con-
dition. Serum starvation or serum deprivation conditions change a
threshold for radiation-induced oxidative stress [ 13 ]. Serum starvation
enhanced mitochondrial ROS generation without radiation exposure.
The GPxactivity was constant low under poor growth conditions in 0%
FCS and 0.5% FCS. Serum produces various metabolites to promote
cell growth, this may have an impact that can affect the effect of IR.
Selenium, which is absent under serum starved conditions [31], is
associated with stimulation of GPx1 protein expression and activity
[32, 33]. Selenium levels also decline in senescent human fibroblasts
[34]. Aging is related to decreased expression and activity of GPx1 in

human cells [35]. Radiation is known to induce cellular senescence
in human fibroblasts [15]. Thus, reduced selenium levels are likely
to be associated with decreased GPx activity by serum starvation or
radiation (Fig.7). FR was used to evaluate the long-term effect of
low-dose radiation on GSH reactions. Repeated FR induces persistent
oxidative stress at least 24 h after FR in FR-treated cells [15]. GSH
radiation responses were differ between SR and FR. Relatively inactive
GPx toward ROS causes chronic oxidative stress in FR-treated cells.
The aforementioned results support the decrease in GPx activity is
associated with defects in ROS elimination. Growth inhibition was
achieved in human fibroblasts by serum starvation, serum deprivation
or high doses of radiation (10 Gy) in 10% FCS-culture [13]. Low-
dose FR induced cellular senescence in irradiated cells [15]. These
results suggested that growth arrest is associated with attenuation of
GPx activity among these treatment groups. Some studies suggests
that whole-body irradiation of mouse or in vitro irradiation of blood
cells causes inactivation of GPx1 enzyme activity in bone marrow cells
[36, 37], while another study suggests that GPx1 expression increased
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Table 1. Radiation effect on GSH redox control among different culture conditions.

Single-radiation

Fractionated radiation

Culture condition serum starvation

serum deprivation

standard serum

standard serum

(0% FCS) (0.5% FCS) (10% ECS) (10% ECS)
Cell Growth growth arrest growth retardation exponential growth exponential growth
Overall oxidative stress ' 1 at 22.5Gy 1 at1,2.5 Gy tat =5 Gy 0
Mitochondrial O, ~ generation  constant high 1 at 10 Gy 1 at 10 Gy No data
Reduced GSH levels — — 1 at 10 Gy p
GPx activity constant low constant low N J
GPx1 expression constant low constant low J at 10Gy No data

! Cell Cycle 2020;19 [23]:3375-3385.

Serum Starved Conditions || Radiation | | DDR Inhibitors |

Fig. 7. Schematic representation of decreased GPx activity by
serum starvation, radiation and DDR inhibitors.

after irradiation in lung mouse tissues [38]. Furthere investigation was
needed to clarify the GPx1 radiation responses in tissue. Radiation
induces alteration in ROS levels [13] and GSH redox reaction accord-
ing to radiation dose, irradiation condition and cell proliferating ability
in human fibroblasts.

Pre-radiation treatment with DDR inhibitors such as the ATM
inhibitor KU55933, the DNA-PK inhibitor NU7026 and the AKT
inhibitor API-2 enhanced radiation sensitivity in human fibroblasts
[13]. Treatment with KUS5933 prevented an increase in ROS levels
following radiation exposure [13]. Loss of ATM function leads to
defects in ROS-mediated antioxidant defense systems including
mitochondrial ROS generation and oxidative stress response such
as GSH radiation response. ATM is essential for DNA damage
signaling from the damaged nucleus to mitochondria [4]. In contrast,
preradiation treatment with both NU7026 and API-2 increases
radiation-induced ROS levels compared to that in cells exposed to
radiation alone [ 13]. NU7026 or API-2 treatments prevented recovery
from radiation damage and sustained DNA damage signaling to
mitochondria. Here, we demonstrated that DDR inhibitors attenuated
the GPx activity regardless of radiation exposure in human fibroblasts.
GPx1 expression is shown to be under the control of pS3 [39].
Inhibition of ATM, DNA-PK and AKT function by using those
inhibitors may reduce GPxl expression by affecting pS3 stability
(Fig. 7). However, further investigation is necessary to clarify the
mechanism underlying the function of DDR inhibitor on the alteration
of GPx activity. DDR is associated with GSH redox reaction in
human fibroblasts.

In conclusions, IR-induced accumulation of ROS is attiributed to a
decrease in GPx activity. The GPx is key mediator for perturbation of
redox homeostasis in irradiated human fibroblasts.
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