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Abstract
It has been hypothesized that ionizing radiation-induced disruptions in mitochondrial O2
metabolism lead to persistent heritable increases in steady-state levels of intracellular superoxide
(O2

•−) and hydrogen peroxide (H2O2) that contribute to the biological effects of radiation.
Hamster fibroblasts (B9 cells) expressing a mutation in the gene coding for the mitochondrial
electron transport chain protein succinate dehydrogenase subunit C (SDHC) demonstrate increases
in steady-state levels of O2

•− and H2O2. When B9 cells were exposed to low-dose/low-LET
radiation (5–50 cGy), they displayed significantly increased clonogenic cell killing compared with
parental cells. Clones derived from B9 cells overexpressing a wild-type human SDHC (T4, T8)
demonstrated significantly increased surviving fractions after exposure to 5–50 cGy relative to B9
vector controls. In addition, pretreatment with polyethylene glycol-conjugated CuZn superoxide
dismutase and catalase as well as adenoviral-mediated overexpression of MnSOD and/or
mitochondria-targeted catalase resulted in significantly increased survival of B9 cells exposed to
10 cGy ionizing radiation relative to vector controls. Adenoviral-mediated overexpression of
either MnSOD or mitochondria-targeted catalase alone was equally as effective as when both were
combined. These results show that mammalian cells over expressing mutations in SDHC
demonstrate low-dose/low-LET radiation sensitization that is mediated by increased levels of O2

•−

and H2O2. These results also support the hypothesis that mitochondrial O2
•− and H2O2 originating

from SDH are capable of playing a role in low-dose ionizing radiation-induced biological
responses.
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Introduction
Mammalian cells obtain energy required for metabolism through the biochemical oxidation
of substrates, such as carbohydrates, fats and amino acids. The electrons that are extracted
during this process drive oxidative phosphorylation via mitochondrial electron transport
chains (ETC) to produce ATP, with O2 acting as the terminal electron acceptor (1,2).
Mutations in genes encoding mitochondrial ETC proteins have been hypothesized to lead to
oxidative stress and thereby to result in genomic instability, increased mutation rates, and
age-related diseases (3–8). Mitochondrial ETC complex II, known as succinate
dehydrogenase (SDH), plays major biological roles in both the Krebs cycle and oxidative
phosphorylation. During normal metabolism complex II is thought to produce less than 1%
of the ROS resulting from mitochondrial metabolism (9–11). However, recent studies have
suggested that defects in complex II can cause increased univalent reduction of O2 to O2

•−,
leading to oxidative stress, which contributes to genomic instability, aging and cancer
(7,12,13). In addition, mutations in genes coding for SDHB, C and D have been associated
with increased susceptibility to induction of paragangliomas and pheochromocytomas in
humans (14,15).

Analogous to the mitochondrial production of reactive oxygen species during aberrant
oxidative phosphorylation, exposure of cells to ionizing radiation also causes immediate
formation of free radicals [i.e. hydroxyl radical (OH•), superoxide (O2

•−), and organic
radicals] that damage critical biomolecules (16–22). These radical species lead to the
generation of other reactive oxygen species such as hydrogen peroxide (H2O2) and organic
hydroperoxides (ROOH) in the presence of O2 (17,18,21) and are believed to be the primary
source of ionizing radiation-induced damage to biomolecules such as DNA, lipids and
proteins along with causing perturbations in intracellular metabolic oxidation/reduction
processes (7). In addition, previous studies have shown that antioxidant enzymes and thiols
involved with the metabolic detoxification of free radials (as well as O2

•− and H2O2) are
capable of mediating radioprotection when administered both before and after irradiation,
suggesting that these reactive species contribute significantly to radiation injury both at the
time of and after ionizing radiation exposure (21,23).

While evidence in favor of the hypothesis that metabolic sources of reactive oxygen species
(ROS) contribute to radiation response after exposure is becoming fairly robust (24–26), the
exact nature of the intracellular sources of these species and the radiation dose–response
relationships are less well characterized. Previous studies have clearly indicated the general
importance of mitochondrial ROS in the biological effects of radiation (27–33), and
mitochondrial electron transport chain (ETC) complex II (a.k.a. SDH) dysfunction has been
causally linked to persistent genomic instability induced in hamster fibroblasts exposed to
high-dose (10 Gy) low-LET radiation (34). To determine what role O2

•− and H2O2 from
SDH might play in the clonogenic survival response after exposure to low-dose/low-LET
radiation, B9 hamster fibroblasts expressing a mutation in succinate dehydrogenase subunit
C (SDHC) resulting in a 33-amino acid truncation of the protein were irradiated and
compared to the B1 parental cells as well as the T4 and T8 clones isolated from B9 cells
stably overexpressing wild-type human SDHC (hSDHC).

Materials and Methods
Cell and Culture Conditions

The immortalized Chinese hamster lung fibroblast cell lines B1 (wild-type) and B9 (mutant
containing truncated form of SDHC protein) were a gift from Dr. Immo Scheffler
(University of California San Diego). B9 cells were derived from B1 cells after exposure to
the mutagen ethyl methane sulfonate (EMS) for 24 h and were allowed to grow for at least
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eight generations. The mutation and selection process of B9 cells is described in detail by
Ditta et al. (35). Stable transfection of human SDHC into B9 cells and clonal selection and
characterization of T4 and T8 clones as well as V8 vector control cells were performed as
described (7). All cells were grown in DMEM containing 4.5 g/ml of glucose and L-
glutamine, 10% fetal bovine serum (FBS), 2 ml gentamycin, and 5 ml nonessential amino
acids. Cells were maintained in 95% air/5% CO2 and humidified in a 37°C incubator and
were assayed between passages 10 and 25.

Irradiation
Cells were plated in 60-mm dishes with 5 ml of complete medium and allowed to attach and
incubate at 37°C for 24 h to obtain exponentially growing cultures at 50% confluence. All
cells, experimental and control, were transported to the radiation facility. Cells were
irradiated at doses ranging from 5 cGy to 1 Gy in the Radiation and Free Radical Research
Core laboratory at the University of Iowa using a 137Cs source at a dose rate of 0.87 Gy
min−1 (J. L. Shepherd & Associates, San Fernando, CA). After irradiation all cells were
incubated at 37°C for 1 h before being plated for the survival assay.

Clonogenic Survival Assay
After the cells were trypsinized and counted, they were plated for clonogenic survival as
described previously (36–38). Proper plating dilutions were determined by experimentation
and by the anticipated survival at each time or dose of ionizing radiation. After 8 days (B1
and hSDHC-transfected T4 and T8) or 13 days (B9 and empty vector-transfected V8),
colonies were fixed with 70% ethyl alcohol, stained with Coomassie blue, and counted.
Plating efficiency was determined by dividing the number of cells plated by the number of
colonies formed. The surviving fraction was determined by dividing the plating efficiency of
experimentally manipulated cells by the plating efficiency of sham-treated control cells.

Thenoyltrifuoroacetone (TTFA) Treatment
The cells were treated with 20 μM TTFA (or 0.01% DMSO as the vehicle control) 30 min
before irradiation in complete medium. The drug was also present during the 1-h incubation
at 37°C after irradiation before the cells were trypsinized and plated for clonogenic assay.
TTFA or DMSO (20 μM) was also added and left in the dishes during 8–13 days of
incubation. The treatment with 20 μM TTFA slightly decreased the plating efficiency of
both B1 (from 42% to 38%) and B9 (from 25% to 19%) cells; therefore, the data were
normalized to the respective treatment group of unirradiated B1 and B9 cells.

Measurement of Intracellular Superoxide Levels
Steady-state levels of superoxide were estimated 1 h after exposure to 10 cGy using
oxidation of the fluorescent dye dihydroethidium (DHE) (Molecular Probes, Eugene, OR),
as described previously (7). After labeling with 10 μM dihyrdoethidium (DHE) at 37°C for
40 min, the samples were analyzed using a FACScan flow cytometer (Becton Dickinson,
excitation 488 nm, emission 585 nm band-pass filter). The mean fluorescence intensity
(MFI) of 10,000 cells was analyzed in each sample and corrected for autofluorescence from
unlabeled cells.

Detection of Apoptosis and DNA Damage
Apoptosis after exposure to ionizing radiation was determined via flow cytometry using the
BD-Pharmingen (San Jose, CA) apoptosis detection kit. Briefly, B1 and B9 cells were
exposed to 10 cGy ionizing radiation and incubated at 37°C for 24 h. The cells were then
washed twice with cold PBS and resuspended in binding buffer. The cells were then
incubated with Annexin V-FITC and propidium iodide according to the manufacturer's
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directions at 25°C for 15 min in the dark in a 100-μl volume. The volume of the cells was
raised to 500 μl by addition of binding buffer and immediately analyzed by flow cytometry.
The percentage of cells residing in the “Annexin V-FITC” high and “propidium iodide” low
quadrant were calculated as the percentages of apoptotic cells.

Oxidative DNA damage was assessed using a kit based on an FITC-conjugated 8OHdG
antibody (OxyDNA, Calbiochem, EMD Biosciences, San Diego, CA). The cells were plated
on chamber slides the day before irradiation. B1 and B9 cells were irradiated with 10 cGy
and fixed on the slides with 4% paraformaldehyde on ice at 0, 15 and 60 min after
irradiation. The cells were then dehydrated in 70 and 95% ethanol and permeated in 99%
ethanol on ice for 30 min. After the cells were rehydrated through 95 and 70% ethanol and
washed in Tris-buffered saline-Tween 20 (TBST), they were blocked for nonspecific biding
sites at 37°C for 1 h. The slides were washed in TBST and incubated with FITC-8OHdG Ab
at 4°C overnight. The cells were then washed in TBST and distilled water. The 8OHdG-
positive cells were counted using a fluorescence microscope equipped with FITC filters and
expressed as a percentage of 200–300 total cells counted per group. Treatment with 1 mM
H2O2 for 30 min was used as a positive control.

Adenoviral Transduction of Antioxidant Enzymes
The replication-incompetent adenovirus vectors AdBgl II, AdCMV MnSOD (AdMnSOD),
and AdMitochondrialCAT (AdMitoCAT) were purchased from Viraquest (North Liberty,
IA) (39). B1 and B9 cells were seeded in 60-mm tissue culture plates at 1.0 × 105 cells/plate
and 3.0 × 105 cells/plate, respectively, and incubated for 24 h. The adenovirus at 50 MOI
individually and 25 MOI in combination was then added to cells in 1.8 ml of complete
medium and incubated at 37°C for 24 h. The adenovirus-containing medium was then
replaced with 4 ml of medium and cells were incubated for an additional 24 h to allow
expression of the protein before irradiation. After irradiation, cells were incubated at 37°C
for 1 h and plated for clonogenic survival.

Polyethylene (PEG)-Conjugated Antioxidant Enzyme Treatment
PEG-conjugated CuZnSOD (PEG-SOD) and PEG-conjugated catalase (PEG-CAT) (Sigma-
Aldrich, St. Louis, MO) were used to pretreat both B1 and B9 cells. B1 cells were seeded at
1.0 × 105 cells/60-mm dish and B9 cells were seeded at 3.0 × 105 cells/60-mm dish. After a
48-h delay to allow recovery from trypsinization, cells were pretreated with PEG alone,
PEG-SOD (200 U/ml), PEG-CAT (200 U/ml), or PEG-SOD + PEG-CAT (100 U/ml each)
for 4 h, then irradiated and plated for survival. PEG alone prepared at the same
concentration (18 μM) was used as the control.

Western Blotting
Both B1 and B9 cells were grown to 80% confluence on 60-mm dishes. The cells were
scraped in cold PBS and centrifuged at 4°C at 1200 rpm for 5 min. The resulting pellet was
frozen overnight at −20°C and resuspended in 50 mM PBS (pH 7.8) containing 1.34 mM
DETAPAC. Protein concentrations, which were used to normalize the biochemical analyses,
were determined by the Lowry assay (40). Samples were electrophoresed on a 15%
polyacrylamide gel. Proteins were then transferred to nitrocellulose paper, and the blots
were blocked for 1 h in 5% milk containing Tris-buffered saline (TBS)-Tween at room
temperature. Blots were incubated with primary antibody (1:1000; MnSOD from Millipore,
Billerica, MA, and catalase from Athens Inc., Athens, GA) at 4°C overnight in 5% milk
containing TBS-Tween, washed and then incubated in HRP-conjugated secondary antibody
(1:10,000) at room temperature for 1 h in TBS-Tween. HRP-conjugated antibody signal was
detected using the ECL Plus detection system (Amersham Pharmacia Biotech) and
visualized by exposure to Kodak X-Omat LS film (Kodak, New York, NY).
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Measurement of Antioxidant Enzyme Activities
Both B1 and B9 cells were grown to 80% confluence on 60-mm dishes. The cells were
scraped in cold 50 mM phosphate-buffered saline (PBS) buffer on ice and centrifuged at 4°C
at 1200 rpm for 5 min. The resulting pellet was frozen overnight at −20°C and resuspended
in 50 mM PBS (pH 7.8) containing 1.34 mM DETAPAC. Protein concentrations used to
normalize the biochemical analyses were determined by the Lowry assay (40). The total
SOD activity of whole cell homogenates prepared on ice in 50 mM PBS was determined by
the indirect competitive inhibition assay originally developed by Spitz and Oberley (41). In
this assay, O2

•− is generated from xanthine by xanthine oxidase and detected by recording
nitroblue tetrazolium (NBT) reduction. SOD can scavenge O2

•− and competitively inhibit
the reduction of NBT, and one unit of SOD activity is defined as the amount of protein
required to inhibit 50% of the maximal NBT reduction. SOD activity was also measured in
the presence of sodium cyanide, which inhibits the activity of CuZnSOD, to assess the level
of MnSOD. This value was then subtracted from total SOD activity to provide a measure
CuZnSOD activity (41). Catalase activity was determined following the method of Beers
and Sizer, with analysis according to Aebi (42,43). The decomposition of 10 mM H2O2 in
50 mM K2HPO4 (pH 7.0) containing 10–250 μg of total cellular protein was followed by
ultraviolet spectroscopy at 240 nm (42,43).

Statistics
Results are expressed as means ± 1 SEM unless otherwise specified. Comparisons within
individual cell lines were made using a one-way analysis of variance (ANOVA). Statistical
significance was accepted if the level of probability was less than 0.05. ANOVA was used to
compare mean cell survival across the five treatment groups (Fig. 2 control, PEG alone,
PEG-SOD, PEG-CAT and PEG-SOD+PEG-CAT, and Figs. 3 and 4 control, AdBglII,
AdMitoCAT, AdMnSOD and AdMnSOD + AdMitoCAT) and two radiation doses (0 and 10
cGy). Multiple pairwise comparisons of the experimental conditions were performed with
the Tukey's HSD test to control for the overall Type I error rate.

Results
B9 Cells Expressing the SDHC Mutation Display Increased Sensitivity to Low-Dose
Radiation

Previously characterized B9 cells expressing a mutant SDHC and known to demonstrate
increased steady-state levels of O2

•− and H2O2 were exposed to low doses of radiation (0–1
Gy), and clonogenic survival was compared to that of the parental B1 cells expressing wild-
type SDHC (Fig. 1A). B9 cells displayed a significant decrease in clonogenic survival at
doses below 1 Gy compared with B1 cells, with the largest difference in survival (relative to
B1) occurring at 10 cGy. These data support the hypothesis that a mutation in SDHC that led
to elevated steady-state levels of O2

•− and H2O2 derived from mitochondrial metabolism (7)
might contribute to increased radiosensitivity to low-dose/low-LET radiation.

Since B9 cells were generated via exposure to an alkylating agent (EMS), which might have
induced other mutations (44–46) that contributed to increased sensitivity to low-dose
ionizing radiation, B9 cells were stably transfected with human wild-type SDHC (hSDHC)
to determine whether the biological effects on radiation survival could be directly attributed
to the SDHC mutation. Previously published results had shown that the transfection of B9
cells harboring the SDHC mutation with an expression vector encoding wild-type human
SDHC (hSDHC) was sufficient to reduce the steady-state levels of ROS (i.e. O2

•− and
H2O2) relative to B1 and vector control cells (7), indicating that the mutation in SDHC was
directly responsible for increased steady-state levels of ROS. When low-dose radiation
sensitivity was determined in T4 and T8 clones (derived from B9 cells by overexpressing
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hSDHC) and compared to the V8 vector control, the T4 and T8 cells displayed significant
increases in clonogenic survival after exposure to 5–50 cGy (Fig. 1B). The largest
differences in survival in T4 and T8 cells occurred at 5 and 10 cGy. These results show that
stable overexpression of hSDHC in B9 cells reverses low-dose radiosensitivity, strongly
supporting the conclusion that the expression of the SDHC mutation in B9 cells is directly
responsible for increased low-dose radiation sensitivity.

Treatment with O2•− and H2O2 Scavenging Enzymes Increases Clonogenic Survival in
Low-Dose Irradiated B9 Cells

Polyethylene glycol (PEG) conjugation is used to help deliver antioxidant enzymes into cells
to determine the involvement of ROS in biological responses to oxidative stress (47). To
determine whether antioxidant enzymes with O2

•− and H2O2 scavenging ability were
capable of protecting against low-dose ionizing radiation-induced cell killing in B9 cells,
cells were treated with PEG-SOD and PEG-CAT 4 h before irradiation at 0 and 10 cGy (Fig.
2A and B). Incubation of cells with PEG alone had no significant effect on plating efficiency
at either 0 or 10 cGy. In contrast, pretreatment of PEG-SOD and PEG-CAT had significant
effects in B1 and B9 cells exposed to 10 cGy (Fig. 2A and B). The presence of 200 U/ml
PEG-SOD significantly increased plating efficiency after 10 cGy ionizing radiation (Fig.
2A). In addition, pretreatment with either PEG-CAT alone or PEG-CAT+PEG-SOD
significantly protected B9 cells from low-dose ionizing radiation-induced cytotoxicity.
Interestingly, when B9 cells were pretreated with PEG-SOD alone, they showed no
protection after 10 cGy ionizing radiation, suggesting that differences in endogenous levels
of O2

•− and H2O2 might have differential outcomes on the cells' response to low-dose
ionizing radiation (Fig. 2B). These results support the hypothesis that metabolic oxidative
stress produced by persistently elevated levels of mitochondrial ROS enhances low-dose
radiosensitivity.

AdMnSOD and AdMitoCAT-Transduced B9 Cells Demonstrate Increased Clonogenic
Survival after Exposure to Low-Dose/Low-LET Radiation

After determining the potential protective role of PEG-SOD and PEG-CAT against low-dose
radiation-induced cell killing in B9 cells, we shifted our focus to determining whether
mitochondria-targeted antioxidant enzymes MnSOD and MitoCAT could protect cells from
low-dose radiation. B1 and B9 cells were transduced with AdMnSOD and AdMitoCAT
prior to exposure to 10 cGy, and the resulting surviving fractions were compared (Figs. 3
and 4). The overexpression of MnSOD and CAT activity in transduced cells was determined
using standard activity assays (41,42) (Figs. 3B and 4B), and similar increases in
immunoreactive protein were confirmed using Western blotting techniques (data not
shown).

Figure 3A shows that there was a reduction in plating efficiency in B1 cells transduced with
50 MOI AdBglII, indicating that the replication-incompetent adenoviral vector did cause
modest biological effects independent of the target gene of interest. B1 cells also showed
slightly higher plating efficiencies when irradiated with 10 cGy (similar to the results
presented in Figs. 1 and 2) regardless of whether they had been transduced with 50 MOI
AdBglII, 50 MOI AdMnSOD, 50 MOI AdMitoCAT, or 25 MOI AdMnSOD + 25 MOI
AdMitoCAT. In contrast to the results with B1 cells, B9 cells transfected with 50 MOI
AdMnSOD or 50 MOI AdMitoCAT alone or 25 MOI AdMnSOD + 25 MOI AdMitoCAT
displayed significantly increased cell survival compared to empty vector-transfected B9
cells when exposed to 10 cGy ionizing radiation (Fig. 4). Transduction with the combination
of AdMnSOD and AdMitoCAT prior to 10 cGy did not provide additional protection
compared to either one alone. These data demonstrate that overexpression of mitochondria-
targeted MnSOD and catalase protect B9 cells from cell killing induced by low-dose/low-
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LET radiation and continue to support the conclusion that elevated levels of O2
•− and H2O2

may play a significant role in the radiosensitivity demonstrated by B9 cells harboring a
mutation in SDHC.

Low-Dose/Low-LET Ionizing Radiation did not Cause an Increase in the Intracellular
Superoxide Levels in B1 or B9 Cells 1 h after Exposure

When cells were exposed to 10 cGy ionizing radiation and incubated in 37°C for 1 h after
radiation and then labeled using the superoxide-sensitive dye DHE, the results confirmed
previous findings (7) demonstrating that B9 cells have two- to threefold baseline increases in
DHE oxidation relative to B1 cells (data not shown). Furthermore, there were no additional
increases in DHE oxidation in either B1 or B9 cells 1 h after 10 cGy low-LET ionizing
radiation exposure (data not shown). These results support the hypothesis that the sensitivity
to low-dose ionizing radiation in B9 cells is due to the differences in endogenous steady-
state levels of superoxide between B9 and B1 cells (caused by a mutation in the SDHC
gene), which can be reversed by overexpression of MnSOD and mitoCAT (Fig. 4).

Low-Dose/Low-LET Ionizing Radiation did not Induce Apoptosis or DNA Damage in B1 or
B9 Cells

To determine the percentage of apoptosis after low-dose/low-LET ionizing radiation, B1 and
B9 cells exposed to 10 cGy were stained with Annexin V-FITC/propidium iodide labeling
24 h after irradiation (48,49). B9 cells had a fivefold higher baseline percentage of apoptotic
cells compared to wild-type B1 cells, but there were no significant differences in the
percentage of cells with Annexin V-positive/PI-negative labeling between the 10-cGy
irradiated and nonirradiated groups (data not shown). These results imply that differential
sensitivity of B9 cells to low-dose ionizing radiation is probably due to mitosis-linked death
and not to apoptosis.

When oxidative DNA damage was evaluated in B1 and B9 cells immediately, 15 min or 60
min after 10 cGy ionizing radiation using immunofluorescence, the percentages of 8-OHdG-
positive cells were not significantly different in either B1 or B9 cells at any time after
irradiation. In contrast, the positive control cells (1 mM H2O2 for 30 min) demonstrated two-
to fourfold increases in the percentage of 8-OHdG-positive cells in both B1 and B9 cells
(data not shown). These results support the conclusion that bulk oxidative DNA damage
does not affect the differential sensitivity of B9 cells to low-dose/low-LET ionizing
radiation.

Inhibition of Complex II Protects against Low-Dose/Low-LET Ionizing Radiation
To test whether inhibition of complex II protected B9 cells against the low-dose ionizing
radiation-induced cytotoxicity, a known complex II blocker, thenoyltrifuoroacetone (TTFA),
which was reported to inhibit complex II by binding to iron-sulfur clusters (50,51), was
used. The treatment of B9 cells with 20 μM TTFA before and after irradiation resulted in a
significant protection against the increased radiation sensitivity of B9 cells (Table 1),
supporting the hypothesis that the mutation in complex II is significantly contributing to the
low-dose radiation sensitivity seen in these cells.

Discussion
The current study demonstrates that B9 cells harboring a mutation in an ETC protein
(SDHC), which was previously shown to result in increased steady-state levels of O2

•− and
H2O2 (7), also displayed elevated sensitivity to low-dose/low-LET ionizing radiation.
Furthermore, when B9 cells were stably transfected with wild-type hSDHC, which was
previously shown to reverse metabolic oxidative stress and genomic instability in these cells
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(7), the increased radiosensitivity was abrogated. The results presented in the current report
provide the first direct evidence that expressing a mutation in a gene coding for a
mitochondrial ETC protein causes radiosensitization to low-dose/low-LET ionizing
radiation.

During respiration in mitochondria from normal tissues, the SDH complex (aka ETC
complex II) produces less than 1% of the ROS resulting from ETC activity (9,10). However,
previous work with hamster fibroblasts showed that a single point mutation leading to a
premature stop codon in SDHC was sufficient to produce significantly elevated steady-state
levels of O2

•− and H2O2 in addition to increased glucose metabolism, increased sensitivity
to glucose deprivation-induced cytotoxicity, increases in steady-state levels of GSH/GSSG,
and nuclear aneuploidy (13,52–54). It has also been shown that exposure of hamster
fibroblasts to higher-dose (10 Gy) low-LET radiation results in persistent heritable
mitochondrial dysfunction in chromosomally unstable surviving cells that is characterized
by alterations in O2 consumption, alterations in mitochondrial membrane potential, and
increased ROS production that contributes to increased point mutation rates as well as
genomic instability (55). In more recent studies, 10-Gy irradiated chromosomally unstable
surviving cells have also been shown to demonstrate specific alterations in SDH complex
structure and function that appear to significantly contribute to the genomic instability
phenotype as well as elevated ROS levels (34).

Given these findings, it is tempting to speculate that at higher doses radiation-induced
mutations in genes coding for complex II (or other ETC) proteins may contribute to
persistent heritable phenotypes resulting from ROS-mediated genomic instability. If this
speculation were confirmed, it is possible that any ionizing radiation-induced damage to
genes coding for proteins necessary for the proper functioning and assembly of
mitochondrial electron transport chains could result in increases in residence times or
accessibility of electrons at sites where one-electron reductions of O2 to form ROS (i.e. O2

•−

and H2O2) could occur (34,55,56). The resulting increased mitochondrial flux of O2
•− and

H2O2 might then lead to a persistent heritable condition of metabolic oxidative stress that
could continue to contribute to the biological effects for many cell generations after
exposure to higher doses of radiation.

In contrast to higher doses of radiation, far less is known about the involvement of
mitochondrial dysfunction leading to ROS production in low-dose irradiated cells. Some of
the earlier work conducted by Marples and Joiner demonstrated a decrease in low-dose
hypersensitivity in Chinese hamster V79-379A cells after pretreatment with X rays as well
as low doses of H2O2, suggesting that alterations in redox status might have significant
effects in response to low-dose ionizing radiation (57). A more recent report showed that in
normal human fibroblasts, protein import into mitochondria isolated from low-dose
irradiated cells (10 cGy) is enhanced, suggesting that alterations in mitochondrial assembly
may play a crucial role in low-dose-induced biological effects (58). Another recent report
showed that in mouse skin cells low-dose/low-LET ionizing radiation was capable of
increasing the activity of a mitochondrial enzyme that scavenges superoxide (MnSOD) via
the activation of NFκB (59). In that report, the authors showed that induction of MnSOD
was at least partially required to induce an adaptive response to subsequent high-dose
radiation. Another report presented data showing that MnSOD overexpression suppressed
micronucleus formation in low-dose irradiated cells, again suggesting the involvement of
mitochondrial ROS in damage caused by low-dose radiation exposure (60). There are also
reports demonstrating the induction of antioxidant enzymes (i.e. total SOD and glutathione
peroxidase) in vivo by low-dose ionizing radiation (61–63). These publications suggest that
mitochondrial ROS production can contribute to the biological effects of low-dose radiation,
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but the involvement of specific components of mitochondrial electron transport chains in
this process has not been demonstrated.

The data in the current report clearly demonstrate that overexpression of antioxidant
enzymes (SOD and catalase) that scavenge O2

•− and H2O2 in the B9 cells expressing the
SDHC mutation inhibited clonogenic cell killing caused by low-dose/low-LET ionizing
radiation. This represents the first clear evidence showing that O2

•− and H2O2 derived from
a mutation at a specific site in mitochondrial electron transport chains (SDHC) can
contribute significantly to the biological effects of low-dose/low-LET ionizing radiation. It
is also of interest to note that when using polyethylene-conjugated CuZnSOD and catalase
(which are most likely to have a cytosolic localization), inhibition of low-dose ionizing
radiation-induced cell killing in B9 cells was achieved with catalase alone but not SOD
alone (Fig. 2), emphasizing the importance of H2O2. In contrast, when mitochondria-
targeted MnSOD and catalase were used, both enzymes were equally effective at inhibiting
low-dose radiation-induced cell killing in B9 cells, pointing to an important role for both
mitochondrial O2

•− and H2O2 in this biological effect (Figs. 3 and 4). While the exact
mechanism for this difference is not currently known, these results clearly support the
conclusion that intracellular localization and mitochondrial targeting are important
considerations when using these antioxidants to mitigate the effects of low-dose radiation.

The cell cycle distribution of B9 cells has been reported to be different from that of B1 cells
(B1, 36% G1, 28% S, 36% G2/M; B9, 46%G1, 30% S, 24% G2/M) (7). Furthermore, hyper-
sensitivity to low-dose ionizing radiation is associated with a higher fraction of G2/M cells
(64), suggesting that subtle differences in cell cycle distribution might explain the
differential effects seen with low-dose ionizing radiation. However, since asynchronously
growing B9 cells have a lower percentage of G2/M cells, B1 cells, the increased sensitivity
of B9 cells after exposure to low-dose ionizing radiation relative to B1 cells is not likely to
be caused by differences in the fraction of cells in G2/M at the time of irradiation.

In summary, this study demonstrates that increased steady-state levels of mitochondrial O2
•−

and H2O2 contribute significantly to radiosensitivity and decreased cell survival after
exposure to low-dose/low-LET ionizing radiation. We have shown that the radiosensitivity
observed in SDHC mutant B9 cells can be eliminated by the stable transfection of wild-type
hSDHC, which has been shown to reduce the steady-state levels of O2

•− and H2O2, as well
as by blocking electron transport chain Complex II using TTFA. In addition, our results
show that overexpression of the mitochondrial antioxidant enzymes MnSOD and catalase
prior to exposure of B9 cells to low-dose/low-LET ionizing radiation produces a
radioprotective effect seen as increased cell survival. This work suggests a direct causal
relationship between elevated steady-state levels of mitochondrial O2

•− and H2O2 and
sensitivity to low-dose/low-LET ionizing radiation.
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FIG. 1.
SDHC mutant cells display increased radiosensitivity and decreased survival after exposure
to low-dose ionizing radiation compared to wild-type cells. Panel A: SDHC mutant B9 and
wild-type cells. Panel B: B9 cells overexpressing wild-type hSDHC (T4 and T8) exhibited
decreased radiosensitivity to low-dose ionizing radiation. Points represent means of three
separate experiments. Error bars represent ±1 SEM of 12–18 dishes from three different
experiments. *Significantly different from 10-cGy irradiated B1 cells, P < 0.001;
**Significantly different from 10-cGy irradiated T4 or T8 cells, P < 0.001.
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FIG. 2.
Treatment with PEG-CAT alone or combination with PEG-SOD inhibits sensitivity of B9
cells to low-dose ionizing radiation. Cells were pretreated with PEG alone, PEG-SOD and/
or PEG-CAT (200 U/ml individually or 100 U/ml each in combination) for 4 h prior to
irradiation. Panel A: B1 cells. Panel B: B9 cells. Bars represent means of three separate
experiments. Error bars represent ±1 SEM of 12–18 dishes from three different experiments.
*Significantly different from 10-cGy irradiated B1 cells, P < 0.001; **significantly different
from 10-cGy irradiated, “PEG alone” treated B9 cells, P < 0.001; #significantly different
from 10-cGy irradiated, “PEG alone” treated B9 cells, P < 0.05.
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FIG. 3.
Overexpression of mitochondria-targeted antioxidant enzymes MnSOD and CAT delivered
via adenoviral vectors did not alter the response of B1 cells to low-dose ionizing radiation.
Panel A: The plating efficiency of B1 cells transfected with 50 MOI AdBglII is significantly
decreased in unirradiated cells compared to cells that were not transduced with adenovirus
(*P < 0.001). However, no survival advantage was observed in any irradiated groups of B1
cells transfected with AdMnSOD and/or AdMitoCAT. Columns represent means of three
separate experiments. Error bars represent ±1 SEM of 12–18 dishes from three different
experiments. Panel B: B1 cells transduced with AdMnSOD and/or AdMitoCAT showed
elevated enzyme activity relative to untransduced cells (P < 0.001). Errors represent ±1 SD.
Data are averages of three independent experiments.
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FIG. 4.
Overexpression of mitochondria-targeted antioxidant enzymes MnSOD and CAT reduces
cytotoxicity of low-dose radiation in B9 cells. Panel A: Plating efficiency. Error bars
represent ±1 SEM of 12–18 cloning dishes from three different experiments. *Significantly
different from unirradiated matched B9 cells, P < 0.001; **significantly different from
unirradiated matched B9 cells, P < 0.05; #significantly different from AdBglII-transduced
unirradiated B9 cells, P < 0.001. Panel B: Enzyme activity. Errors represent ±1 SD. Data are
averages of three independent experiments. *Significantly different from cells alone, P <
0.001, N = 3.
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TABLE 1
Normalized Surviving Fractions of B1 and B9 Cells Treated with 20 μM TTFA (complex
II blocker) 1 h after Irradiation

Dose Complex II blocker B1 cells B9 cells

0 Gy 0 μM TTFA 1.00 ± 0.04 1.00 ± 0.02

10 cGy 0 μM TTFA 1.08 ± 0.07 0.68 ± 0.06*

0 Gy 20 μM TTFA 1.00 ± 0.03 1.00 ± 0.03

10 cGy 20 μM TTFA 1.00 ± 0.03 0.89 ± 0.03**

Notes. Plating efficiency is expressed as the surviving fraction normalized to that of unirradiated cells. Errors represent ±1 SD of six dishes counted
from each treatment.

*
Significantly different from unirradiated B9 cells, P < 0.05;

**
significantly different from B9 cells irradiated with 10 cGy, P < 0.01.
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