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ABSTRACT
Ionizing radiation (IR) elevates mitochondrial oxidative phosphorylation (OXPHOS) in response to the
energy requirement for DNA damage responses. Reactive oxygen species (ROS) released during
mitochondrial OXPHOS may cause oxidative damage to mitochondria in irradiated cells. In this paper, we
investigated the association between nuclear DNA damage and mitochondrial damage following IR in
normal human lung fibroblasts. In contrast to low-doses of acute single radiation, continuous exposure of
chronic radiation or long-term exposure of fractionated radiation (FR) induced persistent Rad51 and
g-H2AX foci at least 24 hours after IR in irradiated cells. Additionally, long-term FR increased mitochondrial
ROS accompanied with enhanced mitochondrial membrane potential (DCm) and mitochondrial complex
IV (cytochrome c oxidase) activity. Mitochondrial ROS released from the respiratory chain complex I
caused oxidative damage to mitochondria. Inhibition of ATM kinase or ATM loss eliminated nuclear DNA
damage recognition and mitochondrial radiation responses. Consequently, nuclear DNA damage activates
ATM which in turn increases ROS level and subsequently induces mitochondrial damage in irradiated cells.

In conclusion, we demonstrated that ATM is essential in the mitochondrial radiation responses in
irradiated cells. We further demonstrated that ATM is involved in signal transduction from nucleus to the
mitochondria in response to IR.
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Introduction

Ionizing radiation (IR) induces DNA double strand breaks
(DSBs) and its deleterious effect is the main biological con-
cern.1 As a result of high doses of IR exposure, apoptotic signals
arising from severe DNA DSBs in the nucleus are transmitted
to mitochondria, which then release cytochrome c to induce
apoptosis in irradiated cells.2 IR also affects other organelles
such as the plasma membrane, cytoskeleton, mitochondria,
endoplasmic reticulum, Golgi apparatus, and lysosomes.3 Mito-
chondrial signaling is associated with the adaptive response and
bystander effect at low or moderate doses of IR.4,5 Mitochon-
drial reactive oxygen species (ROS) can damage nuclear DNA
(nDNA) leading to genomic instability in the irradiated cells.6,
7 IR preferentially causes loss-of-function mutations in mtDNA
than in nDNA because the majority of the mitochondrial
genome contains genes. Thus, it is of special importance to
clarify the effect of IR on mitochondrial function.

Mitochondria govern many metabolic processes. Oxida-
tive phosphorylation (OXPHOS) is defined as an electron
transfer chain driven by substrate oxidation that creates an
electrochemical transmembrane gradient. Mitochondrial
membrane potential (DCm) consists of a proton gradient
that drives adenosine-50-triphosphate (ATP) synthesis.8 The
energy produced in this pathway is essential to the DNA

damage response (DDR) process for maintaining the
genome stability of cells.9

During OXPHOS, mitochondria release superoxide anions
(O2

¡), which are then converted to hydrogen peroxide (H2O2)
by Mn-superoxide dismutase (MnSOD).7 Glutathione (GSH)
further reduces H2O2 to water. However, redox perturbation
due to GSH deficiency leads to excessive ROS and oxidative
insults on cellular components, such as nucleic acids, proteins,
and lipids.10 mtDNA is located at the inner mitochondrial
membrane close to the sites of ROS production. Due to its
chronic exposure to ROS, mtDNA has a high mutation
rate.11,12 To control the quality of mitochondria, the contents
of damaged and healthy mitochondria are mixed,13,14 or the
mitochondria undergo the selective degradation (mitoph-
agy).15,16 Phosphatase and tensin homolog induced putative
kinase 1 (PINK1) and the parkin E3 ubiquitin ligase play key
roles in mitochondrial quality control by recogning abnormal
mitochondria with low membrane potential.17 Parkin normally
localized in the cytoplasm is relocated to abnormal mitochon-
dria with low DCm and promotes their clearance via mito-
chondrial degradation by autophagy (mitophagy).18,19

Functional loss of mitochondria alters cellular metabolism and
is strongly correlated with carcinogenesis, aging, and neurode-
generation. We recently determined that repeated exposure to
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fractionated radiation (FR) with low doses of X-rays for 31 d
(long-term) induces mitochondrial damage in human fibro-
blasts.20,21 Mitochondria are thought to be a major target for
oxidative stress induced by long-term FR.22 However, the
mechanism of IR-induced mitochondrial damage remains
unclear.

Here we investigated the cross-talk between the nucleus and
the mitochondria in response to IR in normal human fibro-
blasts. We found that the nDNA damage activates mitochon-
drial OXPHOS and causes mitochondrial damage in irradiated
cells.

Results

Chronic radiation or long-term FR induces mitochondrial
damage in human fibroblasts

We investigated radiation-induced mitochondrial damage in
normal human lung fibroblasts (TIG-3 and MRC-5 cells)
exposed to chronic gamma radiation (CR) (0.04 and 0.4Gray
(Gy); 0.01Gy or 0.1Gy/d for 4d, respectively) or FR (0.01Gy/
fraction twice a day, 5 d/wk for 2 d or 28 d). Another cohort of
cells underwent acute single radiation (SR) with the same total
dosage. Cells were immunostained with an antibody specific
for the E3 ubiquitin ligase, parkin, which recognizes damaged
mitochondria with low DCm. Parkin foci were evident in TIG-
3 and MRC-5 cells exposed to low doses of CR or FR at 24 hours

after IR (Fig. 1A and supplemental Fig. 1). There was a statisti-
cally significant increase in the number of cells displaying par-
kin foci following 0.4Gy of CR or FR in TIG-3 and MRC-5 cells
compared to non-irradiated cells (Fig. 1A, right panel). In con-
trast to both exposures, SR did not increase the number of cells
with parkin foci at low doses (below 0.4Gy). However, parkin
foci did appear when cells were exposed to >1Gy of SR in both
TIG-3 and MRC-5 cells (Fig. 1B left panel). ATM-deficient cells
showed no induction of parkin foci by >1Gy of SR (Fig. 1B,
right panel and supplemental Fig. 1), suggesting that ATM is
involved in IR-induced parkin foci in human fibroblasts. We
have previously reported that oxidative DNA damage by mea-
suring amounts of 8-Hydroxydeoxyguanosine (8-OHdG) and
apurinic/apyrimidinic (AP) site was accumulated in the
mtDNA following long-term FR compared to that in non-irra-
diated cells.20 We monitored mitochondrial damage by observ-
ing the formation of parkin foci during FR for 31d (long-term
FR). The parkin foci were induced by FR with 0.01Gy or
0.05Gy/fraction for >21 d (total 0.3 or 1.5Gy, respectively) in
TIG-3 and MRC-5 cells. Cells cultivated for 31 d without FR
did not display an increase in the number of cells with parkin
foci (Fig. 1C). We further quantified the amounts of mitochon-
drial damage by western blotting. This analysis revealed that
parkin was accumulated to a greater extent in mitochondria of
TIG-3 cells following long-term FR compared to non-irradiated
0FR cells (Fig. 1D). Thus, IR-induced mitochondrial damage

Figure 1. Parkin focus formation in response to acute SR, CR or FR. (A) Images of parkin staining in non-irradiated control cells and TIG-3 cells exposed to acute SR, CR, or
FR for 24hours after IR. The scale bar represents 50 mm. Percentage of cells with parkin foci in TIG-3 and MRC-5 cells was shown for each irradiation method in the graph.
(B) Percentage of cells with parkin foci in TIG-3 and MRC-5 cells was shown for acute SR at the indicated doses on the left graph. Percentage of cells with parkin foci in
AT5BIVA (ATM-deficient) and AT5BIVA/ATM-wt is shown on the right graph. (C) Monitoring of parkin-positive cells during FR for 31days in TIG-3 and MRC-5 cells. Asterisks
indicate the significant difference of the number of cells with parkin foci in irradiated cells as compared with non-irradiated cells. (D) Western blotting for parkin, complex
V and PCNA in cytosolic and mitochondrial fraction of 0FR and 31FR cells.
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varies with the irradiation method, dose, and duration of radia-
tion exposure.

Mitochondrial OXPHOS is enhanced in response
to long-term FR in human fibroblasts

We next investigated the effect of IR on mitochondrial
OXPHOS in TIG-3 and MRC-5 cells. We used the JC-1 probe,
a lipophilic cation, to measure mitochondria with low or high
DCm, as indicated by formation of JC-1 aggregates and mono-
mers, respectively.23 DCm was shown by the ratio of FL2 detec-
tor (JC1-aggregates, orange-red color)/FL1 detector
(JC-1 monomers, green color). SR administered at a dose range
between 0Gy and 10Gy did not change the DCm or the mito-
chondrial complex IV (cytochrome c oxidase (COX)) activity
in TIG-3 and MRC-5 cells (Fig. 2A and 2B, left panel). In con-
trast, long-term FR elevated the DCm and COX activity in
TIG-3 and MRC-5 cells as we previously reported in other cell
lines, including neural cells (Fig. 2A and 2B, right panels).21

Cells were continuously treated with the antioxidant N-acetyl-
cysteine (NAC) at a final concentration of 1 mM during
FR. Media was changed at 2- or 3-d intervals. Statistical com-
parisons revealed that treatment of irradiated cells with NAC
prevents changes in mitochondrial membrane potential or
COX activity (Fig. 2A and 2B, right panel). We further mea-
sured intracellular ATP levels (Fig. 2C). Compared to non-irra-
diated cells, long-term FR increased ATP levels in TIG-3 and

MRC-5 cells. These results indicated that ROS are implicated
in the activation of OXPHOS after long-term FR in TIG-3 and
MRC-5 cells.

CR or long-term FR prolongs DNA repair

Long-term FR-induced activation of mitochondrial OXPHOS is
thought to be associated with the increased energy demands
required for DNA DSBs repair.7,21 We investigated focus for-
mation of g-H2AX, the marker for DSBs, and Rad51, a marker
for homologous recombination repair, to identify ongoing
DNA repair in TIG-3 and MRC-5 cells. CR or FR treatment
with 0.4Gy induced prolonged DSB repair as evidenced by
g-H2AX and Rad51 foci formation at 24 hours after IR in irra-
diated cells (Fig. 3A and 3B). In contrast, no g-H2AX and
RAD51 foci were observed 24 hours following low-dose SR
(Fig. 3A and 3B). We previously reported that cells continued
to grow exponentially during long-term FR in TIG-3 and
MRC-5 cells.24 Cell cycle analysis indicated that long-term FR
had a negligible effect on IR-induced G2-arrest in TIG-3 and
MRC-5 cells.21

IR-induced mitochondrial ROS

ROS released from mitochondria during OXPHOS may attack
mitochondria as oxidative stress in irradiated cells. Mitochon-
drial O2

¡ was quantified with MitoSOX-Red staining in TIG-3

Figure 2. Mitochondrial membrane potential and COX activity after IR. (A) FACS results for JC-1 staining after SR or long-term FR in TIG-3 and MRC-5 cells. Cells were
stained with JC-1 at 24hours after SR or last FR. Asterisks indicate the significant difference of the FL2/FL1 ratio in irradiated cells as compared with that of non-irradiated
cells. (B) COX activity at 24hours after SR or last FR in TIG-3 and MRC-5 cells. Asterisks indicate the significant difference of the COX activity in irradiated cells as compared
with that of non-irradiated cells. (C) ATP levels at 24hours after last FR in TIG-3 and MRC-5 cells. Asterisks indicate the significant difference of the amounts of ATP in irradi-
ated cells as compared with that of non-irradiated cells.
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and MRC-5 cells. We previously reported that long-term
FR-induced increases in mitochondrial O2

¡ levels in TIG-3
cells.20 Upon 1Gy of SR, O2

¡ levels also increased compared
with those of non-irradiated controls and then restored to non-
irradiated control levels at 24 hour after 1Gy of SR in TIG-3

and MRC-5 cells (Fig. 4A). Mitochondrial respiratory complex
I and III have been shown to produce O2

¡. The role of
OXPHOS in IR-induced mitochondrial O2

¡ was examined by
using the mitochondrial complex I inhibitor, rotenone, and
mitochondrial complex III inhibitor, antimycin A. In addition

Figure 3. g-H2AX and Rad51 foci formation after IR. (A) Images of g-H2AX (red) and Rad51 (green) positive cells at 24hours after SR, CR, or FR in MRC-5 cells. DNA was
stained with Hoechst. The scale bar represents 50 mm. (B) The percentage of g-H2AX and Rad51 double-positive cells is shown for each irradiation method in the graph.
Asterisks indicate the significant difference of the percentage of double-positive cells in irradiated cells as compared with that of non-irradiated cells.

Figure 4. ROS generation (A) FACS results for MitoSOX-red staining after 1 Gy of SR in TIG-3 and MRC-5 cells at the indicated time. The relative fluorescence intensity val-
ues of MitoSOX-red staining normalized to non-irradiated controls are shown. Asterisks indicate the significant difference of the relative fluorescence intensity values of
the Mitosox staining in irradiated cells as compared with those of non-irradiated cells. (B) FACS results for MitoSOX-red staining in TIG-3 cells treated with rotenone, anti-
mycin A, 2-DG, 1 Gy of SR, 1 GyCrotenone, 1 GyCanitimycin A, and 1 GyC2-DG. Asterisks indicate the significant difference of the relative fluorescence intensity values
of the MitoSOX-red staining in cells treated with the indicated reagents as compared with that of non-irradiated cells.
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to SR treatment of 1Gy, treatment with either rotenone or anti-
mycin A led to increased O2

¡ levels in TIG-3 and MRC-5 cells
compared with non-treated control cells. An increase in mito-
chondrial ROS levels was also observed when cells were con-
comitantly treated with IR plus rotenone or antimycin A. We
further used 2-deoxy-D-glucose (2-DG), a glucose analog that
is unable to be metabolized. 2-DG is phosphorylated by a hexo-
kinase to 2-DG-P, which cannot be further metabolized.
Instead, 2-DG-P becomes trapped and accumulates within
cells, resulting in inhibition of glucose uptake.25 Treatment
with 2-DG alone and 2-DG plus 1Gy did not affect O2

¡ levels
in TIG-3 and MRC-5 cells.

OXPHOS is associated with IR-induced mitochondrial
damage in human fibroblasts

We investigated whether an increase in mitochondrial O2
¡

caused mitochondrial damage in irradiated cells. Parkin focus
formation was examined after treatment with rotenone or anti-
mycin A (Fig. 5). As expected, treatment with rotenone alone
and rotenone plus SR or long-term FR, induced parkin foci in
TIG-3 and MRC-5 cells. This phenotype is consistent with an
increase in O2

¡ levels after treatment with rotenone as shown

in Fig. 4B. In contrast, treatment with antimycin A did not
increase the number of cells with parkin foci in spite of elevated
O2

¡ levels (Fig. 5A). Mitochondrial oxidative damage was not
mediated by antimycin A-induced mitochondrial ROS.
Furthermore, antimycin A can eliminate SR- or long-term FR-
induced parkin foci in TIG-3 and MRC-5 cells (Fig. 5A, 5B).
We further indicated that inhibition of glucose metabolism
with 2-DG suppressed IR-induced parkin foci in these cells
(Fig. 5A, 5B). These results indicate that cellular metabolism
contributes to the induction of mitochondrial damage through
mitochondrial OXPHOS in response to IR in human
fibroblasts.

Association between nDNA damage
and mitochondrial damage

In order to clarify the association between nDNA damage and
mitochondrial damage, we investigated the kinetics of focus
formation of g-H2AX and parkin after 1Gy of SR (Fig. 6A).
g-H2AX foci were immediately induced after 1Gy of SR and
then disappeared following DNA repair. On the other hand,
parkin foci appeared at later time points in parallel with accu-
mulation of mitochondrial ROS following DNA repair of

Figure 5. The role of mitochondrial OXPHOS on IR-induced mitochondrial damage. (A) Image of parkin staining in untreated TIG-3 (control) cells, cells treated with the
indicated reagents and cells exposed to 1 Gy of SR. DNA was stained with Hoechst. The scale bar represents 50 mm. Percentage of parkin-positive TIG-3 and MRC-5 cells
is shown on the graph. Asterisks indicate the significant difference of the percentage of cells with parkin foci in cells treated with the indicated reagents as compared
with that of non-irradiated cells. (B) Image of parkin staining in untreated TIG-3 (0FR) cells and 31FR cells treated with indicated reagents. Percentage of parkin-positive
31FR cells was shown on the graph. Asterisks indicate the significant difference of the percentage of 31FR cells with parkin foci in cells treated with the indicated reagents
as compared with that of non-irradiated cells
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nDNA damage in TIG-3 and MRC-5 cells (Fig. 6A, upper
panel). Loss of ATM showed defects in IR-induced g-H2AX
and parkin foci in ATM-deficient cells (Fig. 6A, lower panel).
We further examined g-H2AX and parkin staining after
treatment with mitochondrial targeted ROS scavenger mito-
TEMPO or ATM inhibitor KU-55933. Mito-TEMPO can
eliminate IR-induced parkin foci and nDNA damage by regu-
lating mitochondrial ROS generation at 6hours, but not at
1hour after 1Gy of SR in TIG-3 and MRC-5 cells (Fig. 6B).
This result indicates that initial nuclear DNA damage
induced by IR is independent of mitochondrial oxidative
damage, whereas mitochondrial oxidative damage is
upstream of DNA damage at a later time. KU-55933 a
brogated both focus formation of g-H2AX and parkin after
IR in TIG-3 and MRC-5 cells (Fig. 6b). Thus, ATM has a piv-
otal role in nDNA damage recognition and the damage signal
transduction from the nucleus to the mitochondria in irradi-
ated cells.

Discussion

Radiation biology research has focused on the effect of IR-
induced DSBs in the cell nucleus and has elucidated DDR
mechanisms such as DNA repair, cell cycle checkpoint, and
apoptosis in mammalian cells.26 In order to execute DDR, IR
stimulates mitochondrial biogenesis and activates mitochon-
drial OXPHOS for the energy supply to undergo DDR.27-30 The
effects of IR on mitochondria are well reviewed in other
papers.9, 22 We here demonstrated that long-term FR increased
mitochondrial ROS generation in conjunction with enhanced
mitochondrial membrane potential or COX activity. We previ-
ously reported that antioxidant GSH becomes exhausted after
low-dose long-term FR.20 The accumulation of mitochondrial
ROS owing to a GSH deficiency inflicts mitochondrial damage
which detected by focus formation of parkin in irradiated TIG-
3 and MRC-5 cells. In contrast, GSH levels were unchanged
and ROS levels were restored to non-irradiated control levels at

Figure 6. nDNA damage and mitochondrial damage (A) The kinetics of focus formation of g-H2AX or parkin after 1Gy of SR in TIG-3, MRC-5 cells was shown in the upper
panel. Asterisks indicate the significant difference the percentage of g-H2AX or parkin foci in irradiated cells as compared with those of non-irradiated cells. Percentage
of AT5BIVA and AT5BIVA/ATM-wt cells with g-H2AX or parkin foci after 1Gy of SR was shown in the lower panel. Asterisks indicate the significant difference the percent-
age of g-H2AX or parkin foci in ATM-deficient cells as compared with those of ATM-wt reconstituted cells. (B) Cells were irradiated with 1Gy following treatment with
mito-TEMPO or KU-55933 for two hours and then were stained with g-H2AX and parkin at 1hour or 6hours after SR. The percentage of cells with g-H2AX or parkin foci is
shown. Asterisks indicate the significant decrease in the percentage of g-H2AX or parkin positive cells in cells treated with 1Gy plus mito-TEMPO or 1Gy plus KU-55933 as
compared with that of 1Gy-irradiated cells at 1 or 6hours after IR.
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24hours after SR in TIG-3 cells.20 Mitochondrial damage was
induced when cells were exposed to >1Gy of SR in both TIG-3
and MRC-5 cells without change in GSH levels, mitochondrial
membrane potential, and COX activity.

We depicted a schematic model for the role of ATM on
mitochondria radiation responses in Fig. 7. ATM is activated
by nuclear DNA damage to transmit the damage signals to tar-
get molecules. ATM stimulates mitochondrial biogenesis via
activation of AMP-activated protein kinase (AMPK)31 or
induction of the expression of peroxisome proliferator-acti-
vated receptor gamma coactivator 1a (PGC1a) in response to
genotoxic stress.32 These suggests that ATM-regulated damage
signaling leads to elevation of mitochondrial biogenesis and
OXPHOS in response to the energy requirement for DNA
damage responses after IR. ROS are produced in mitochondria
as a by-product of ATP production through OXPHOS. ROS
levels are increased in ATM-complemented cells, while ROS
levels are unaffected by low-dose, long-term FR in ATM-defi-
cient cells.32 Collectively, ATM has an essential role for the
crosstalk between the nucleus and mitochondria in irradiated
cells.

ATM has been also shown to be associated with induction of
mitophagy in response to IR and oxidative stress.33 ATM loss
leads to decreased mitophagy, mitochondrial dysfunction, and
persistent oxidative stress in ATM-null mice.33 We have previ-
ously reported that ATM loss eliminated the effect of radiation
on mitochondria such as elevated DCm, increase in ROS levels
and focus formation of parkin. Long-term FR resulted in severe
mitochondrial damage, as observed through mitochondrial
fragmentation in the ATM-deficient cells. This result demon-
strated that ATM is essential in the mitochondrial radiation
responses in irradiated cells. Consequently, ATM-deficient cells
showed highly radiosensitive phenotypes with mitochondria-
mediated apoptosis when subjected to low-dose long-term
FR.30

Neural stem cells exhibited efficient DNA repair during FR
exposure intervals as evident by no g-H2AX and Rad51 foci
and resistance to long-term FR. These cells showed the lack of
effects on induction of mitochondrial damage by long-term FR.
When neural stem cells were differentiated into neural cells,

long-term FR induced persistent Rad51 and g-H2AX foci
accompanied with induction of mitochondrial damage as
shown in other differentiated cells (TIG-3 and MRC-5 cells).
Thus, it is suggested that sustained nuclear DNA damage is
associated with activation of mitochondrial OXPHOS and
induction of the mitochondrial damage following exposure to
long-term FR. nDNA damage signals are transmitted to the
mitochondria and induce mitochondrial oxidative damage via
generation of mitochondrial ROS in human cells. ATM is
involved in the crosstalk between the nucleus and mitochondria
in irradiated cells. On the other hand, inhibition of mitochon-
drial ROS generation with mito-TEMPO diminished damage
to nDNA at a later time in irradiated cells.

Mitochondria are the source of a continuing flux of oxygen
radicals. The respiratory chain complex I and complex III are
the sites of ROS generation during OXPHOS. We used rote-
none and antimycin A to inhibit the electron transfer in com-
plex I and the Q-cycle of enzyme turn over in complex III,
respectively. Mitochondrial ROS are the cause of mitochondrial
damage, because an effect that can be mitigated by antioxidant.
Thus, increased ROS level by exposure to IR and treatment
with rotenone induced mitochondrial damage regardless of
mitochondrial OXPHOS activity. However, antimycin A did
not induce mitochondrial damage despite of increase in ROS
levels as others reported previously.17 ROS in complex I are
predominantly released to the mitochondrial matrix where
mtDNA is located,11,12 while the complex III is associated with
release of ROS into both sides of the inner mitochondrial mem-
brane.34,35 These results suggested that O2

¡ released from com-
plex I is a major cause of mitochondrial damage in human
fibroblasts. ROS levels did not further increase by concomitant
treatment with antimycin A with 1Gy of SR compared to when
cells were treated with antimycin A alone. This result indicates
that antimycin A suppresses IR-induced O2

¡ via perturbation
of mitochondrial OXPHOS and therefore can mitigate IR-
induced mitochondrial damage.

We have previously reported that long-term FR-induced
oxidative damage on mtDNA by measuring amounts of AP site
using Nucleostain DNA damage Quantification Kit and
amounts of 8-OHdG using high performance liquid chroma-
tography-electrochemical detector (HPLC-ECD).20 mtDNA is
more susceptible to oxidative stress than nDNA because a lack
of histone protection.11,12 It is well known that insufficient
DNA repair system compared to nDNA indicates low DNA
repair capacity to mtDNA.36 Oxidative mtDNA lesions lead to
abnormal OXPHOS, mitochondrial dysfunction and overpro-
duction of mitochondrial ROS, establishing mitochondrial ROS
vicious cycle.7,37-39 A switch from OXPHOS to aerobic glycoly-
sis associated with mitochondrial dysfunction increase tumori-
genesis.9,40 Additionally, mitochondrial genomic instability has
been shown to correlate with increased risk of vascular disease,
neurodegeneration, aging, and carcinogenesis.7,41-43

In conclusion, we demonstrated that nDNA damage caused
elevated mitochondrial OXPHOS. This leads to increased mito-
chondrial ROS as a byproduct of OXPHOS and damages mito-
chondria in irradiated cells. Mitochondrial dysfunction can be
used as markers to assess the long-lasting oxidative stress after
IR. We show that antioxidants are useful agents for protection
against the mitochondrial damage induced by long-term FR.

Figure 7. Schematic representation of the relationship between nuclear and mito-
chondrial damage responses via ATM signaling pathway.
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Materials and methods

Cell culture conditions and drugs

Normal human diploid lung fibroblasts (MRC-5 and TIG-3) were
purchased from the Health Science Research Resources Bank and
grown in minimum essential medium (Nacalai Tesque, Kyoto,
Japan) supplemented with 10% heat-inactivated fetal calf serum.
ATM-defective human fibroblasts (AT5BIVA) and ATM-wt
reconstituted cells (AT5BIVA/ATM-wt) were obtained from the
Radiation Biology Center of Kyoto University.44,45 These cells
were transformed with SV-40 and grown in RPMI 1640 medium
(Nacalai Tesque, Kyoto, Japan) supplemented with 10% heat-
inactivated fetal calf serum. Antimycin A, 2-DG, mito-TEMPO,
and NAC was purchased from Sigma (San Diego, CA, USA).
Rotenon was purchased from Nacalai Tesque. Cells were treated
with Antimycin A (10 uM), 2-DG (5 mM), Mito-TEMPO(100
uM), NAC(1 mM) and rotenone(10 uM) for the indicated time.

Irradiation experiments

Cells were irradiated using a 150-kVp X-ray generator (Model
MBR-1505R2, Hitachi) with 0.5-mm Cu and 0.1-mm Al filters.
Low dose X-ray fractions (0.01Gy or 0.05Gy) were adminis-
trated twice a day, 5d/wk. The total doses delivered over 31 d
were 0.46Gy and 2.3Gy for cells exposed to FR of 0.01Gy and
0.05Gy, respectively. Cells continued to grow for 31 d following
exposure to 0.01Gy or 0.05Gy FR. When cells reached 80%
confluency, cells were subcultured in a new flask. For chronic
irradiation, cells were irradiated with a 137Cs radiation device
(1.11TBq) (Sangyo Kagaku, Osaka, Japan) at different dose
rates (0.01Gy or 0.1Gy/d) for 4 d.

Immunofluorescence

Immunofluorescence staining was performed as previously
described.24,46 Cells were seeded onto 18 £ 18 mm cover slips,
placed in 35-mm tissue culture dishes and cultured overnight.
Cells on cover slips were fixed with 4% formaldehyde for
10minutes (min) and permeabilized with 0.5% Triton X-100
for 5min. For double staining with MitoTraker deep red (Invi-
trogen) and parkin, cells were fixed with 4% formaldehyde at
37 �C for 15min and permeabilized with 0.2% Triton X-100 for
10 min. Antibodies against g-H2AX (05-636, Millipore, Biller-
ica, MA, USA), parkin (SC-30130, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and Rad51 (ABE257, Millipore, Biller-
ica, MA, USA) and secondary antibodies conjugated with Alexa
Fluor 488 (A11034, Molecular Probes, Eugene, OR, USA) or
Cy-3 (515-165-062, Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) were used. Cells were counterstained
for DNA with Hoechst 33258 (4 mg/mL in Vectashield mount-
ing medium; Vector Laboratories, Burlingame, CA, USA).
Images were captured using a CCD camera attached to a fluo-
rescence microscope (Keyence). For each data point, > 50 cells
were counted from at least three independent samples.

Western blot analyses

Western blotting was performed as described previously.47

Mitochondrial and cytosolic fractionations were collected by

using a mitochondrial isolation kit from Thermo Fisher Scien-
tific (Rockford, IL, USA) followed by the manufacturer’s
instructions. Antibodies against Complex V d-subunit (459000,
Invitrogen, Frederick, MD, USA), parkin (SC-30130, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), and PCNA (sc-56,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and second-
ary antibodies conjugated with HRP (rabbit IgG, NA934, GE
Healthcare, Piscataway, NJ, USA and mouse IgG, HAF007,
R&D systems, Minneapolis, MN, USA) were used. The protein
bands were visualized with Chemi-Lumi One L Western blot-
ting substrate (Nacalai Tesque).

Mitochondrial membrane potential

Cells were stained with JC-1 according to the manufacturer’s
instructions (Invitrogen). The dye can distinguish between
mitochondria with low or high membrane potential by forma-
tion of JC-1 aggregates and monomers, respectively.23 Cells
were incubated in JC-1 for 15min. JC-1 stained cells were quan-
tified with FACScan (Becton Dickinson).

Measurement of cytochrome c oxidase activity

COX activity was measured using a cytochrome c oxidase assay
kit (Sigma) according to the manufacturer’s instructions. The
activity was reported as units/mg of cell extract.

Measurement of ATP in cells

Amounts of ATP were measured using a ATP colorimetric
assay kit (Biovision) according to the manufacturer’s instruc-
tions. The levels were reported as nmol/105 cells.

Mitochondrial ROS measurements

Cells were treated with rotenone, antimycin A or 2-DG for
8hours and were then stained with 5 mM MitoSOX-red
(Thermo Fisher Scientific, Lafayette, Colorado, USA.) for
10 min in minimum essential medium without serum. For irra-
diation experiments, cells were treated with rotenone, antino-
mycin A or 2-DG for two hours before IR, irradiated with 1Gy
and then stained with MitoSOX-red at six hours after SR. Mito-
SOX-red-stained cells were quantified with FACScan (Becton
Dickinson, Franklin Lakes, NJ, USA).

Statistical analysis

Error bars represent the standard deviation. All experiments
were repeated at least three times using independent samples.
Student’s t test was used to detect significant differences
between non-irradiated and irradiated groups. Dunnett test fol-
lowing one-way ANOVA was used to detect significant differ-
ences between 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.
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