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Abstract

Several recent studies have suggested that the reactive oxygen species (ROS) generated from
mitochondria contribute to genomic instability after exposure of the cells to ionizing radiation,
but the mechanism of this process is not yet fully understood. We examined the hypothesis that
irradiation induces mitochondrial dysfunction to cause persistent oxidative stress, which
contributes to genomic instability. After the exposure of cells to 5 Gy gamma-ray irradiation, we
found that the irradiation induced the following changes in a clear pattern of time courses. First,
a robust increase of intracellular ROS levels occurred within minutes, but the intracellular ROS
disappeared within 30 minutes. Then the mitochondrial dysfunction was detected at 12 hours
after irradiation, as indicated by the decreased activity of NADH dehydrogenase (Complex I),
the most important enzyme in regulating the release of ROS from the mitochondrial electron
transport chain (ETC). Finally, a significant increase of ROS levels in the mitochondria and the
oxidation of mitochondrial DNA were observed in cells at 24 hours or later after irradiation.
Although further experiments are required, results in this study support the hypothesis that
mitochondrial dysfunction causes persistent oxidative stress that may contribute to promote

radiation-induced genomic instability.



Introduction

It is well known that ionizing radiation, such as gamma-rays, induces DNA double-strand
breaks (DSBs). In mammalian cells, the failure to repair DSBs leads to chromosomal
rearrangements, cell cycle arrest, or cell death [1]. However, a high-frequency of chromosomal
deletions, mutations, translocations, and micronuclei have been observed in the progeny of
irradiated cells long after the initial radiation exposure. These phenomena are referred to as
radiation-induced genomic instabilities, which are thought to promote carcinogenesis [2].
Although several studies have recently suggested a relationship between the radiation-induced
genomic instability and the reactive oxygen species (ROS) generated by the mitochondria [3-7],
it is poorly understood how irradiation induces the generation of ROS by the mitochondria.

Mitochondria are the primary energy-generating organelles in most eukaryotic cells.
Mitochondria synthesize ATP by oxidative phosphorylation in the electron transport chain
(ETC). During this process, the superoxide anion (O,’) is generated due to a one-electron
reduction of molecular oxygen (O,) by the electron leaked from the ETC [8]. Inhibiting the
activity of the mitochondrial ETC complexes enhances the leakage of electrons and the
subsequent generation of O, [9-12].

However, ionizing radiation is known to ionize water molecules (H,O) and result
primarily in the generation of the hydroxyl radical ((OH), the most toxic form of ROS [8, 13].
These "OH have the ability to oxidize biomolecules, including proteins or lipids [13, 14]. The
mitochondrial inner membrane contains phospholipids, such as phosphatidylcholine,
phosphatidylethanolamine, and cardiolipin, which play very important roles in the optimal
functioning of numerous enzymes involved in the ETC of mitochondria [15, 16]. Alterations in
the membrane lipid profile, such as a decrease in lipid content, peroxidation, and changes in
composition may result in or enhance the generation of O, arising from leakage of electrons
from ETC component enzymes. Therefore, ‘'OH generated by irradiation may induce oxidative

damage of the mitochondria through peroxidation of the above-mentioned phospholipids and



then enhance the generation of O, by the mitochondria.
In this study, we examined whether exposure to ionizing radiation induces mitochondrial
dysfunction, and then we investigated how the mitochondrial dysfunction leads to persistent

oxidative stress that may contribute to promote genomic instability after irradiation.

Materials and methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM), the DNA Extractor TIS Kit, and the
mtDNA Extractor CT Kit were purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Fetal bovine serum (FBS), 2°,7’-dichlorodihydrofluorescein diacetate (H,DCFDA),
Hanks’ Balanced Salt Solution (HBSS), and MitoSOX™ Red mitochondrial superoxide
indicator were purchased from Invitrogen Corp. (Carlsbad, CA). The BCA Protein Assay
Reagent Kit was purchased from Thermo Fisher Scientific Inc. (Waltham, MA). The
8-hydroxy-2’-deoxyguanosine (8-OHdG) Check ELISA kit was purchased from the Japan
Institute for the Control of Aging, Nikken SEIL Co., Ltd. (Shizuoka, Japan). The other

chemicals and reagents were purchased from Sigma Aldrich (St. Louis, MO).

Cell culture and gamma-ray irradiation

We used rat A7r5 cells for this study [17]. The cells were cultured in DMEM
supplemented with 10% FBS at 37°C under a humidified atmosphere of 5% CO,. The cells at
approximately 80% confluence were irradiated with a '*’Cs source at a dose rate of 1 Gy/minute
up to 5 Gy with a PS-3100SB gamma-ray irradiation system (Pony Industry Co., Ltd. Osaka,
Japan). The medium was replaced 1 hour before and 6 hours after the irradiation, and then it
was replaced daily. To estimate how irradiation affects the growth of cells, we recorded the
morphological changes with digital camera under microscopy at 24 and 72 hours after

irradiation. The numbers of survived cells were counted by a cell counter of Nucleocounter



(Chemotetec A/S, Denmark).

Detection of intracellular ROS

The intracellular ROS levels were measured based on the oxidation of H,DCFDA to
form the fluorescent compound 2',7'-dichlorofluorescein (DCF) [18-21]. Briefly, cells were
cultured on 35 mm glass-base dishes (Asahi Glass Co., Ltd., Tokyo, Japan). Cells at
approximately 80% confluence were incubated with 10 pM H,DCFDA for 20 minutes before
irradiation. The cells were irradiated and incubated at 37°C for 5, 30, 60, or 120 minutes after
irradiation. After the cells were washed with HBSS, the intracellular ROS were directly

observed with a fluorescence microscope (IX-71, Olympus, Tokyo, Japan).

Measurement of the activity of NADH dehydrogenase

The activity of NADH dehydrogenase (mitochondrial ETC complex I), an enzyme
located in the inner mitochondrial membrane that catalyzes the transfer of electrons from
NADH to coenzyme Q, was measured as previously described, with a slight modification
[22-24]. Briefly, the cells were detached with 0.05% trypsin and 0.5 mM EDTA at 0, 12, 24, 48,
or 72 hours after irradiation and washed twice with PBS containing protease inhibitors (1 mM
phenylmethylsulfonylfluoride, 1 pg/ml leupeptin, 1 pg/ml pepstatin). The cells were
resuspended in PBS with protease inhibitors and disrupted by a sonicator (BIORUPTOR
UCD-200TM, Cosmo Bio, Tokyo, Japan) on ice. The homogenate was centrifuged at 12,500 x g
for 10 minutes, and the supernatant was used for measuring the activity of NADH
dehydrogenase, the largest and most complicated enzyme of mitochondrial ETC. All
measurements were performed in a 1-ml quartz cuvette at 30°C using a UV-3100 PC
spectrophotometer (Shimadzu, Kyoto, Japan). To compare the activities among samples

collected at each time point, citrate synthase activity was also measured as described [25].



Detection of ROS in mitochondria

The level of ROS in the mitochondria was analyzed by flow cytometry with a MitoSOX
Red mitochondrial superoxide indicator [26,27]. Briefly, the cells were detached with 0.05%
trypsin and 0.5 mM EDTA at 0, 12, 18, 24, or 72 hours after irradiation. The cells were
resuspended in culture medium containing 5 uM MitoSOX Red and incubated at 37°C for 10
minutes, avoiding exposure to light. After two washes with HBSS, the fluorescence intensity in
the cells was estimated using a Cytomics FC 500 cytometer with FC500 CXP Cytometer

software (Beckman coulter, Brea, CA).

Evaluation of the oxidation of DNA in nuclei and mitochondria

After 0, 1, 3, 6, 12, 18, 24, 48, or 72 hours of irradiation, the nuclear DNA and
mitochondrial DNA were extracted from the cells with a DNA Extractor TIS Kit and an mtDNA
Extractor CT Kit, respectively. The levels of 8-OHdG, one of the major biomarkers for the
evaluation of oxidative DNA damage [28], were measured with an 8-OHdG Check ELISA kit

according to the manufacturer's instructions.

Statistical analysis
The data are represented as the mean + standard error of the mean (SEM). The statistical
significance was determined by the Student’s t-test. Probability values less than 0.05 were

considered significant.



Results
Gamma-ray radiation inhibited the growth of cells without obvious morphological change

The most of the cells survived after irradiation, and the morphological findings in cells
that survived the radiation were similar to those of non-radiated cells (Figure 1A). However, the
total number of cells was significantly less 24 hours after irradiation when compared to that of
the control group (Figure 1B). This indicated that irradiation significantly inhibited the growth

of cells at a dose of 5 Gy.

Gamma-ray radiation rapidly induced an increase of intracellular ROS levels

Although gamma-rays can directly ionize H,O to generate ‘OH, the most toxic form of
ROS, it is impossible to directly detect these ‘OH because of their very short life span (10™
seconds) [8,13]. Alternatively, we monitored the intracellular ROS levels by fluorescence
microscopy at 5, 30, 60, and 120 minutes after 5 Gy gamma-ray irradiation. As expected, a
robust increase of intracellular ROS levels was detected after 5 minutes of irradiation (Figure 2).
However, the intracellular ROS rapidly disappeared thereafter, and the intracellular ROS levels
in these irradiated cells after 30 to 120 minutes were not obviously different from those of
non-irradiated cells in which the intracellular ROS levels were barely detected at all time points
during the 120 minute experiment. These results indicated that gamma-ray irradiation induced a

robust, instantaneous increase of intracellular ROS levels within minutes.

Gamma-ray radiation decreased the activity of NADH dehydrogenase

It is generally accepted that oxidative stress persists over a long period of time after
exposure to irradiation [29]. Considering that mitochondria are the principal generator of ROS
[30-33], we speculated that irradiation might induce mitochondrial ETC dysfunction to
perpetuate oxidative stress. To test this possibility, we measured the activity of NADH

dehydrogenase (Complex I). We found that the activity of NADH dehydrogenase decreased to



approximately 50% of the baseline value after 12 hours, and this lower activity persisted until
72 hours after irradiation (Figure 3). This finding suggests that mitochondrial dysfunction

occurs within 12 hours after irradiation.

Persistent increase of ROS levels in mitochondria after irradiation

To further investigate whether irradiation-induced mitochondrial dysfunction contributes
to the increase in the production/accumulation of ROS in mitochondria, we measured the levels
of ROS in cells with the MitoSOX Red mitochondrial superoxide indicator as a specific probe of
mitochondrial O,". Compared with that of the non-irradiated cells, the fluorescence intensity of
irradiated cells had increased slightly after 18 hours and had increased more significantly at 24
hours after irradiation (Figure 4). More importantly, the increase of mitochondrial ROS levels

continued up to 72 hours after irradiation, the longest time point included in this study.

Oxidation of mitochondrial DNA after irradiation

We wondered whether the increased ROS levels would induce oxidative damage of
DNA. By measuring the levels of 8-OHdG, a biomarker of oxidative DNA damage, we found
that the levels of 8-OHdG in mitochondrial DNA did not change significantly within 18 hours
but increased significantly at times of 24 hours or later after irradiation (Figure 5). In contrast,
no significant change in the 8-OHdG level in the nuclear DNA was observed within 72 hours

after irradiation (Figure 5), but measurements at longer time points are needed.

Discussion

In this study, we found that gamma-ray radiation induced an instantaneous increase in
the levels of intracellular ROS within minutes, a mitochondrial dysfunction within hours, and a
persistent increase of mitochondrial ROS levels and oxidation of mitochondrial DNA within

days. The clear pattern of the time courses associated with these changes help us to understand



the relationships among mitochondrial dysfunction, oxidative stress, and radiation-induced
genomic instability.

First, after gamma-ray irradiation, the intracellular ROS levels as detected by DCF
fluorescence increased robustly within minutes and then disappeared very quickly (within 30
minutes). Because ionizing radiation can ionize H,O into ‘OH, a toxic form of ROS with a life
span as short as 10™ seconds [8,13], we thought that the instantaneous increase in intracellular
ROS levels soon after irradiation could simply be the result of radiation-induced ionization of
H,0 into "OH and their byproducts.

Second, by measuring the activity of NADH dehydrogenase, mitochondrial dysfunction
was identified within 12 hours after irradiation. Although the ‘OH radical has a very short life
span, the transient but robust release of "OH after irradiation may oxidize biomolecules such as
proteins or lipids in the cells. Cardiolipin, phosphatidylcholine, and phosphatidylethanolamine
are composed of polyunsaturated fatty acids, which are especially susceptible to peroxidation by
ROS [15,16]. These phospholipids are located in the inner mitochondrial membrane and are
required for the optimum activity of ETC complexes, including complexes I and I1I [34,35].
Therefore, it was not surprising that the robust release of ‘OH soon after irradiation might
damage the mitochondria within hours via the peroxidation of those phospholipids. However, it
is unclear yet what oxidative injury occurs to each protein that constitutes these ETC complexes.
A proteomic analysis, as well as the information on the oxidation state of the mitochondrial
lipids may help to prove the hypothesis.

The enzyme complexes of the ETC are known to play a central role in the synthesis of
ATP. During this process, O, is generated due to the leakage of electrons from complex I or III
[36]. If oxidative alterations to the phospholipid profile are induced by "OH as a result of
radiation exposure, enhancement of O, generation may arise from the leakage of electrons that
is associated with the dysfunction of the ETC. A decreased activity of mitochondrial ETC

complexes has recently been found to result in an increase in the cellular H,O, level [37].



Because the appearance of the mitochondrial ROS was observed at a time of 24 hours after
irradiation, which is a few hours later than the occurrence of mitochondrial dysfunction, we
thought that the significant increase in ROS levels in the mitochondria could be caused by an
increased leak of electrons from the mitochondrial ETC complexes. However, the decreased
activity of manganese superoxide dismutase and some other enzymes might also accelerate the
accumulation of ROS in the mitochondria [38].

Finally, we found that irradiation induced the oxidation of mitochondrial DNA at a time
of 24 hours after irradiation, which is the same time that the ROS levels begin to significantly
increase in mitochondria. It is known that the oxidation-reduction potential of deoxyguanosine
is the lowest among the four types of nucleic acid bases of DNA, and that deoxyguanosine is
susceptible to oxidative modification by ROS. Therefore, 8-OHdG, which is modified with a
hydroxyl group on the C8 of guanine, is a highly sensitive biomarker of oxidative DNA damage
[28]. However, the 8-OHdG in either mitochondrial DNA or nuclear DNA was not significantly
changed by 18 hours after irradiation. This result suggests that the intracellular ROS, consisting
primarily of "OH and generated immediately after irradiation, has little or no direct oxidative
influence on the nuclear and mitochondrial DNA. Therefore, the oxidative damage of the
mitochondrial DNA was more likely induced by the local accumulation of ROS due to
mitochondrial dysfunction. Although we did not detect an increase of 8-OHdG in nuclear DNA
even after irradiation with 5Gy, DNA deletion might be detectable by other assessments for
DNA deletion, such as Comet assay and the formation of y-H2AX foci in the nuclei.

In this study, the data regarding mitochondrial dysfunction and ROS levels in
mitochondria were limited to measurements up to 72 hours after irradiation. The mitochondrial
genome encodes 2 different types of mitochondrial rRNAs, 22 types of tRNAs, and 13 types of
proteins that are components of the complexes of the ETC [39]. It has previously been
demonstrated that adenine misincorporation occurs opposite to an 8-OHdG lesion during the

replication of DNA and induces a G:C to T:A transversion [40]. If this transversion is induced



by the accumulation of 8-OHdG, point mutations of the mitochondrial genome may evoke a
permanent functional abnormality in the mitochondria. In fact, we have very recently observed
that the generation of O, by mitochondria persists for over a week after irradiation (data not
shown). However, further studies with measurements at longer time points are required to
understand whether and how the persistent generation of ROS by mitochondria contributes to
radiation-related genomic instability.

In summary, we observed an instantaneous and robust release of "OH soon after exposure
of cells to ionizing radiation. The robust release of "OH oxidized the ETC complexes to induce
mitochondrial dysfunction, which further caused persistent oxidative stress and induced the
oxidation of mitochondrial DNA. Although we have not examined the genomic instability of
cells in this study, we speculate that the mitochondrial dysfunction causes persistent oxidative
stress and may then contribute to promote genomic instability for a long time after irradiation.
Therefore, normalizing the mitochondrial function by the administration of antioxidants may be

a potential therapeutic strategy for radiation-induced genomic instability and carcinogenesis.
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Figure 1. Cell growth after irradiation. The morphological changes of cells were recorded by digital
camera under microscopy. The numbers of survived cells were counted by a cell counter. Although
the morphological findings in cells survived from radiation did not obviously change (A), the
decreased number of cells indicated an inhibition of cell growth 24 and 72 hours after 5 Gy

irradiation (B).
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Figure 2. Time course changes in the intracellular ROS levels after irradiation. Cells were incubated
with H,DCFDA for 20 minutes before irradiation, and intracellular ROS levels were detected by
DCEF fluorescence (green) at 5, 30, 60, or 120 minutes after irradiation. The DCF fluorescence
showed an obvious increase at 5 minutes after irradiation (lower panel). However, the intracellular
ROS levels were barely detected at 30, 60, and 120 minutes after irradiation, which was comparable

with the ROS levels observed for non-irradiated cells (upper panel).
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Figure 3. Time course changes of the activity of NADH dehydrogenase after irradiation. The
mitochondrial dysfunction was evaluated by the activity of NADH dehydrogenase. The activity of
NADH dehydrogenase decreased to approximately 50% of baseline at 12 hours and remained at this
lower level until 72 hours after irradiation. Each value is given as the activity relative to the control
group at each time point, and data are represented as the mean = SEM of three independent

experiments.
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Figure 4. Time course changes in ROS levels in mitochondria after irradiation. ROS levels in the
mitochondria of cells after irradiation were analyzed by flow cytometry with a MitoSOX Red
mitochondrial superoxide indicator. (A) Representative histograms at each time point are shown, and
the gray filled histogram and red line histogram indicate the results of non-irradiated cells and
irradiated cells, respectively. (B) A semi-quantitative analysis showed that the relative ratio of the
mean fluorescence intensity increased significantly in cells 24 and 72 hours after radiation. Each

value represents the mean = SEM of 3 to 5 separate experiments.
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Figure 5. DNA oxidation at different time points after irradiation. Nuclear and mitochondrial DNA
was purified by using the DNA Extractor TIS Kit and the mtDNA Extractor CT Kit, respectively.
DNA oxidation was evaluated by measuring the levels of 8-OHdG using ELISA kit. The levels of
8-OHdG in the mitochondrial DNA significantly increased at 24 hours or later after irradiation, but
no significant changes in the nuclear DNA was observed within 72 hours. Each value represents the

mean + SEM of three independent experiments.
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