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ABSTRACT

How oxidative metabolism modulates effects of ionizing radiation is incompletely understood. Because mito-
chondria participate in oxidative metabolism, we investigated the modulation of mitochondrial protein im-
port and membrane potential (AW) in irradiated cells. Our data show that effects at low dose cannot be pre-
dicted from effects at high dose. When density-inhibited normal human fibroblasts were exposed to a toxic
dose of 4 Gy, protein import into mitochondria isolated from these cells was decreased. In contrast, protein
import into mitochondria isolated from low-dose—irradiated (10 cGy) cells was enhanced, suggesting that mi-
tochondria may play a crucial role in low-dose-induced adaptive responses. At high dose, import defects were
not solely due to changes in mitochondrial AW, and modulation of import was not tightly linked to the cellular
capacity to repair radiation damage. Another striking observation is that in proliferating nonirradiated cells,
mitochondrial protein import and AW were regulated in a cell cycle-dependent manner, being lower in S
phase than in G,. Interestingly, when quiescent G /G, phase cells exposed to high-dose radiation were stimu-
lated to proliferate, events associated with S phase, but not G,, significantly affected import. The strategy de-
scribed here may serve as novel end points to study radiation-induced effects. Antioxid. Redox Signal. 8,
1253-1261.

INTRODUCTION lesions within minutes (44). Regardless of the mechanism
(direct or indirect), damage to DNA is considered to be the
most important lesion produced during or shortly after ex-

IONIZING RADIATION—INDUCED CELLULAR DAMAGE results
posure (12, 42, 52). In contrast, oxidative stress generated

from direct and indirect effects. The direct effect is due

to ionizations or excitations caused by the transfer of radia-
tion energy from incident photons or particles to target mol-
ecules in their path. The indirect effect originates from free
radicals and reactive oxygen species (ROS) produced pri-
marily from the radiolysis of water near target molecules.
Intracellular diffusion of the reactive species may then lead
to covalent modifications of DNA, lipids, and proteins (9).
These initiating physicochemical reactions occur within
milliseconds after exposure and can result in biomolecular

by radiation-induced perturbations in oxidative metabolism
induces damage to critical biomolecules, including DNA,
long after radiation exposure (46). Such a delayed effect
may play a prominent role in radiation-induced genomic in-
stability (23, 27), carcinogenesis, and the development of
degenerative diseases, including atherosclerosis and prema-
ture aging (15, 33, 36). Studies of radiation effects on vari-
ous organelle functions that contribute to oxidative metabo-
lism are therefore critical for better understanding of
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mechanisms that can lead to prevention of radiation-induced
degenerative effects.

Mitochondria mediate respiration, adenosine triphosphate
(ATP) synthesis, and thermoregulation in eukaryotic cells.
They also participate in numerous indispensable metabolic
pathways (e.g., synthesis of heme, nucleotides, lipids, and
amino acids), mediate intracellular homeostasis of inorganic
ions, and play a major role in apoptosis (24, 26, 45). They
consume ~90% of the body’s oxygen (14). Although they are
the richest source of ROS, they also play an essential antioxi-
dant function (45). Mitochondrial dysfunction, particularly in
cells exposed to ionizing radiation, may therefore perturb ox-
idation—reduction reactions that determine the cellular redox
environment and, by corollary, many cellular functions such
as ion transport, gene expression, protein stability, and DNA
repair (20).

Whereas mitochondrial signaling to radiation-induced
apoptotic death is well characterized (17), the role of mito-
chondria in other radiation-induced effects/phenomena is
only emerging. Our ongoing studies and those of others sug-
gest that oxidative metabolism mediates adaptive and by-
stander responses induced by low-dose and low-fluence ion-
izing radiation, respectively (3, 8, 18). The expression of
such responses challenges current radiation-protection rec-
ommendations, which are based on the assumption that the
deleterious effects of ionizing radiation have no dose
threshold and show a linear dose response (29, 51). Whereas
the adaptive response is considered to attenuate radiation
damage to cells, bystander responses are generally thought
to amplify deleterious effects. These two processes could af-
fect long-term effects, including carcinogenesis, in ways
that deviate from the assumed linearity of the dose-re-
sponse relation (8, 13, 40, 41). Understanding the mecha-
nisms underlying these phenomena is currently of immense
interest to the public, the scientific community, and regula-
tory agencies.

Protein import into mitochondria is a fundamental mecha-
nism of mitochondrial biogenesis—maintenance and regener-
ation of mitochondria. Although mitochondria contain their
own DNA and complete systems for its replication, transcrip-
tion, and translation, they synthesize only a few (13 in hu-
mans) proteins. All other mitochondrial proteins are nuclear
encoded and are synthesized on cytoplasmic ribosomes.
These proteins must be transported from cytosol to the cor-
rect mitochondrial subcompartment (21). Translocation of
proteins across the mitochondrial inner membrane into the
matrix requires potential difference across this membrane. A
disruption in the maintenance of membrane potential (AW)
and/or protein import may significantly affect oxidative me-
tabolism as well as short- and long-term effects of stressful
agents such as ionizing radiation. In an effort to elucidate
molecular and biochemical events underlying the role of ox-
idative metabolism in high- and low-dose radiation effects,
we investigated the modulation of mitochondrial functions in
irradiated normal human diploid fibroblasts. Specifically, we
examined radiation-induced effects on mitochondrial protein
import and membrane potential. In the context of these two
processes, our data argue against the currently assumed linear
dose—response relation.
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MATERIALS AND METHODS

Cell culture

AG1522 normal human diploid skin fibroblasts were ob-
tained from the Genetic Cell Repository at the Coriell Insti-
tute for Medical Research (Camden, NJ). Cells at passage
10—14 cultured in Eagle’s Minimal Essential Medium supple-
mented with 12.5% heat-inactivated fetal calf serum, gluta-
mine (2 mM), 100 units/ml penicillin, and 100 pg/ml strepto-
mycin (growth medium) were used. They were maintained in
a 37°C humidified incubator in an atmosphere of 5% CO, in
air. Unless specified, cells were cultured to reach the density-
inhibited state within 5 days after seeding. On reaching con-
fluence, they were fed twice on alternate days with growth
medium and were exposed to +y-rays 24—48 h after the last
feeding. Under these conditions, 90—98% of the cells were in
G,/G, as determined by uptake of [3H]-thymidine and/or
flow-cytometric analyses. Synchronized cells were used to
eliminate complications in interpretation of the results, which
arise from changes in the cellular response to ionizing radia-
tion at different phases of the cell cycle (47).

Irradiation conditions

For high-dose exposures, cell cultures were irradiated
with y-rays from a 137Cs source at a dose rate of 3.3 Gy/min
(J.L. Shepherd, Mark I, San Fernando, CA). For low doses,
cells were exposed at 37°C in a custom-designed !37Cs-
irradiator (J.L. Shepherd, Model 28-8) at a dose rate of
0.2 cGy/h. Control cultures were sham-treated and handled in
parallel with the test cultures.

Isolation of mitochondria

Mitochondria were isolated from cell cultures harvested at
different times after irradiation or sham-manipulation, as de-
scribed (35), with some modifications. In brief, ~40-50 X 106
cells per experimental group were harvested by trypsinization,
followed by suspension in growth medium and rinsing with
ice-cold phosphate-buffered saline (PBS). Pelleted cells were
resuspended in 7.5 ml ice-cold hypotonic bufter (10 mA NaCl,
1.5 mM MgCl,, 10 mM Tris-HCI, pH 7.5) and incubated for 10
min at 4°C followed by Dounce homogenization (40 strokes).
Mitochondria isolation buffer (525 mAM mannitol, 175 mM su-
crose, 12.5 mM ethylenetetraacetic acid (EDTA), 12.5 mM
Tris-HCI, pH 7.5; 10.5 ml) was then added to the homogenate
and centrifuged at 800 g for 5 min. The pellet was subjected to
a repeat of these isolation steps. The hypotonic and mitochon-
dria isolation buffers were supplemented, immediately before
use, with 1 mM PMSF (phenylmethylsulfonyl fluoride; Sigma
Chemical Co., St. Louis, MO) and 1 pg/ml protease inhibitor
cocktail prepared in DMSO (5 mM E-64; 12.5 mM leupeptin;
12.5 mM pepstatin; 5 mM bestatin; 250 mM 4-(2-aminoethyl)-
benzenesulfonylfluoride hydrochloride) (MP Biomedicals,
Irvine, CA). Pooled supernatants from each of the repeated iso-
lation steps were centrifuged at 10,000 g for 10 min. Mitochon-
drial pellets were resuspended in 20 mAM Hepes-KOH, pH 7.4,
0.6 M sorbitol buffer (HSB), and protein concentration was de-
termined by the DC protein assay kit (Bio-Rad, Hercules, CA).
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Mitochondrial import of frataxin

The plasmid pSP64T/FRDA was linearized with BamH/ and
transcribed by using the Ribomax-SP6 kit (Promega, Madison,
WI). Radiolabeled frataxin precursor protein was synthesized in
reticulocyte lysate in the presence of 3°S Met-Cys Trans label by
using the manufacturer’s protocol (Promega).

Import reactions were performed as described (22) with
some modifications. In brief, isolated mitochondria (150 pg
of proteins) were incubated in HSB supplemented with 0.1
mg/ml BSA, 40 mM KOAc, 10 mM Mg(OAc),, 5 mM unla-
beled methionine, 1 mM dithiothreitol (DTT), 4 mM adeno-
sine triphosphate (ATP), 1 mM guanosine triphosphate
(GTP), 20 mM phosphocreatine, and 0.2 mg/ml creatine ki-
nase. Import was initiated by the addition of 35S-Met—labeled
precursor protein. After incubation at 28°C for various time
periods (5-50 min), samples were treated on ice with 0.1
mg/ml trypsin for 35 min. To inactivate trypsin, samples were
diluted with HSB containing 5 mg/ml soybean trypsin in-
hibitor, 100 U/ml trasylol, and 1 mM PMSEFE. Mitochondria
were then sedimented (15,000 g for 10 min at 4°C) and
washed with 10% trichloroacetic acid. Samples were ana-
lyzed with sodium dodecylsulfate (SDS)-polyacrylamide gel
electrophoresis followed by autoradiography. Bands corre-
sponding to precursor and mature proteins were quantified by
using densitometry and NIH J-image-analysis software.

Mitochondrial membrane potential (AW)

AW was determined by both microscopy and flow cytome-
try. In brief, cell cultures were incubated (15 min at 37°C) in
the dark with the lipophilic cation JC-1 probe (Invitrogen-
Molecular Probes, Carlsbad, CA; 1.25 pg/ml) dissolved in
growth medium. Cells were then washed with Hank’s Balanced
Salt Solution supplemented with MgCl, (1.2 mM) and CaCl,
(0.8 mM) and viewed by using an Olympus IX-70 fluorescent
microscope equipped with a high-resolution digital camera.
Separate images of the same field using red and green filters
were merged by using PictureFrame Software, version 1 (Olym-
pus), and then analyzed by Soft Imaging System software (SIS),
version 3.2 (Miinster, Germany). The image was separated in
the three fundamental colors (red, green, blue), and red and
green images were analyzed with an adapted grey-level thresh-
old to identify objects of interest. The total area of the objects
was calculated and normalized to the area of the image.

For flow-cytometric analysis, JC-1-labeled cells were
trypsinized, suspended in growth medium, washed twice with
ice-cold Hank’s Balanced Salt Solution, and analyzed by
using a Becton Dickinson FACS analysis system equipped
with a 488-nm argon laser for sample excitation. For positive
control, cells were treated with valimomycin (10 puM) for 15
min followed by JC-1 labeling. A shift from red to green fluo-
rescence was considered indicative of mitochondrial mem-
brane depolarization, which was expressed as the ratio of red
and green mean fluorescence.

Autoradiographic measurement of labeling indices

Control or irradiated density-inhibited cultures were
trypsinized, and the cells were suspended in growth medium
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containing [*H]-thymidine at a concentration of 1 puCi/ml
(specific activity, 20 Ci/mmol), seeded at low density in 30-
mm dishes, and incubated at 37°C. At regular intervals, cells
were fixed and submitted to autoradiographic examination, as
described (7).

Cell-survival analysis

To measure repair of potentially lethal damage, clono-
genic survival was assayed immediately after exposure of
confluent, density-inhibited cultures to 4 Gy (3.3 Gy/min) or
after various holding periods at 37°C (7). Survival values
were corrected for the plating efficiency, which ranged from
15 to 20%.

Micronucleus assay

Radiation-induced DNA damage and its repair were as-
sessed by measuring the frequency of micronucleus forma-
tion by the cytokinesis-block technique (2, 19). At least 1,000
cells were examined, and micronuclei in binucleated cells
were analyzed. The frequency of micronucleus formation (r,)
was calculated as r, = a/b, where a is the total number of mi-
cronuclei scored, and b is the total of binucleated cells exam-
ined. The error associated with r, is given by the following
formula: Ar, = [(a/b) (1 —a/b)]"2.

Statistical analysis

Student’s ¢ test and analysis of variance (ANOVA) were
used to determine the significance of differences in the mag-
nitude of measured end points before and after irradiation.
Experiments were repeated at least twice, and standard error
of the mean is indicated on the figures when greater than the
size of the datum point symbol.

RESULTS

Effects of high-dose ionizing radiation
on mitochondrial protein import

Most mitochondrial precursor proteins are imported post-
translationally into mitochondria both in vivo and in vitro.
The import process is mediated by translocases in the outer
and inner membranes of mitochondria (21). Cellular expo-
sure to radiation may cause damage to components of pro-
tein translocases, and this in turn may result in reduced/de-
fective protein targeting/import. To investigate this
possibility, we tested import of a matrix precursor protein
into mitochondria isolated from irradiated confluent, den-
sity-inhibited normal human fibroblast cultures. This in vitro
assay obviates the complexity that may arise from radiation-
induced in vivo transcription/translational effects on cyto-
plasmically synthesized mitochondrial precursor proteins.
As a prototype matrix protein, we chose the human protein
frataxin because it follows the same import pathway as ob-
served with other matrix proteins, and its import characteris-
tics are well established in our laboratory (22). As in the case
for many nuclear-encoded mitochondrial proteins, the
frataxin precursor contains an N-terminal signal sequence
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that is removed by a matrix-localized processing peptidase
(MPP). Frataxin translocation into the matrix of isolated mi-
tochondria was therefore assayed by the following criteria:
(a) cleavage of the signal sequence by MPP, (b) protection of
the mature polypeptide from digestion by exogenous pro-
teases, and (c) co-sedimentation of imported molecules with
mitochondria.

AG1522 normal human fibroblast cultures (95-98% in
G,/G,) were exposed to a y-ray dose of 4 Gy (3.3 Gy/min)
that results in ~10% clonogenic survival. Cells were then
incubated at 37°C for different periods (10 min, 1 h, and 12
h), harvested, and mitochondria isolated. 35S-labeled
frataxin precursor (“p”) was synthesized in reticulocyte
lysate, and its import into these mitochondria was tested
over a period of 5-40 min. Frataxin import (as judged by
the appearance of trypsin-protected mature (“m”) mole-
cules) into mitochondria isolated from cells held at 37°C
for 10 min after irradiation was comparable to that ob-
served with mitochondria from nonirradiated control cells
(Fig. 1A). A significant decrease (threefold at 30 min by
scanning densitometry) in import, however, was observed
with mitochondria from cells held at 37°C for 1 h after ex-
posure, suggesting that the processes that lead to defective
import were not immediate, even though cells were exposed
to a high dose of radiation (Fig. 1A). A slight attenuation in
the import defect was observed with mitochondria isolated
from cells held at 37°C for 12 h after exposure (Fig. 1A).
Such an observation may imply that processes such as re-
pair/elimination of damaged mitochondria, new mitochon-
drial biogenesis, and/or other recovery processes are slow
in irradiated cells.
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Effects of high-dose ionizing radiation on
mitochondrial membrane potential

Translocation of precursor proteins across the inner mem-
brane into the matrix is strictly dependent on a membrane po-
tential (AW) across this membrane. Membrane potential
(negative inside) perhaps produces an electrophoretic effect
on positively charged presequences and thereby facilitates the
initiation of translocation across the inner membrane (21).
We therefore examined the effects of radiation on membrane
potential and whether changes in AW correlate with the radia-
tion-induced changes in frataxin import. A significant de-
crease (~30%, p < 0.01) in AW was noticed in cells exposed
to 4 Gy and held in the density-inhibited state for 10 min or 1
h (Fig. 1B). It is interesting to note that we observed a signif-
icant import defect at the 1-h time point but not at the 10-min
time point (Fig. 1A), even though the mitochondrial mem-
brane potential was virtually identical at these two times (Fig.
1B). During the 12-h recovery period, mitochondrial AW was
restored close to the normal level (Fig. 1B), but the import
defect continued to persist (Fig. 1A). Thus, the observed de-
fects in frataxin import at 1-h and 12-h time points were not
solely due to changes in AW. Such an effect could be due to
damages in critical proteins that participate in the import pro-
cess. In contrast to the import defect, chromosomal damage
(as judged by micronuclei formation) (Fig. 1C) and poten-
tially lethal damage (Fig. 1D) were found to be rapidly recov-
ered (within 3 to 4 h) after exposure to 4 Gy. By 1.75 h after
exposure, recovery from this damage was highly significant
(» = 0.001). Collectively, the data in Fig. 1 thus suggest that
recovery from the clastogenic effects of radiation may not be

FIG. 1. Mitochondrial functions in
control and high-dose ~y-irradiated
density-inhibited AG1522 fibrob-
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tightly linked to mitochondrial protein import and changes in
mitochondrial membrane potential.

Mitochondrial import defects in irradiated
density-inhibited cells are modulated by cell
cycle—dependent effects

The cellular radiation response varies at different stages in
the growth cycle (43, 47). Moreover, ionizing radiation as
well as perturbations in the cellular capacity to generate ROS
induces delays in G, S, and G, phases (28, 48). To investigate
whether radiation-induced changes in mitochondrial func-
tions are affected by movement of irradiated cells through the
growth cycle, confluent density-inhibited AG1522 cell cul-
tures were exposed to 0 or 4 Gy (3.3 Gy/min) and subcultured
to a lower density within 10 min after irradiation. Progression
into the cell cycle, frataxin import, and AW were monitored at
different times thereafter.

The cumulative labeling index data in Fig. 2A show that
control cells began to enter S phase 18 h after subculture, and
~60% of the cells were in S phase by 24 h. Irradiated cells ex-
perienced a longer lag in G, before movement into S phase.
As expected (7), at 50% of the maximum labeling indices, ir-
radiated cells were delayed by ~12 h in their progression into
S phase (Fig. 2A). For import experiments, care was taken to
ensure that after subculture, control and irradiated cells were
at similar stages of the cell cycle. Specifically, irradiated cells
were harvested 4 or 12 h later than control cells to examine
effects in mid-G, and S phases, respectively.

Experiments led to the following four important observa-
tions. First, the efficiency of import and membrane potential
in nonirradiated control cells were found to be cell cycle de-
pendent. Frataxin import was more efficient (1.5-fold
greater) in G, (Fig. 2B, panel a) compared with that observed
in S phase (Fig. 2B, panel c). Likewise, the mitochondrial
membrane potential in control cells was stronger in mid G,
than in late G, or § phase (p = 0.001) (Fig. 2C). Second, no
defect in mitochondrial import was observed when irradiated
density-inhibited cells were subcultured and allowed to reach
mid to late G, phase (Fig. 2B, compare panels a and b). This
is in sharp contrast with the significant defects observed with
mitochondria isolated from irradiated cells that were main-
tained in confluent, density-inhibited G/G, phase (Fig. 1A,
panels depicting cells exposed to 4 Gy and maintained in qui-
escence for 1 or 12 h). Third, frataxin import into mitochon-
dria isolated from irradiated cells that progressed to S phase
(Fig. 2B, panel d) was reduced by 2.5-fold or 20% when com-
pared, respectively, with irradiated cells that progressed to G,
phase (Fig. 2B, panel b) or nonirradiated cells at a similar po-
sition in S phase (Fig. 2B, panel ¢). Fourth, although AW ap-
pears to vary in a cell cycle-dependent manner in control
cells (Fig. 2C), it does not appear to be a key determining fac-
tor in changes in mitochondrial import efficiency observed in
irradiated cells that were allowed to progress in the cell cycle
(Fig. 2B). Although AW was decreased in G, and S phase
(Fig. 2C), import was differentially modulated at these
phases, being apparently unaffected in G, and decreased in S
(Fig. 2B, panels b and d). Together, these results suggest that
mitochondrial import and membrane potential in control cells
are regulated in a cell cycle—dependent manner. Furthermore,

1257

[A]

1001
£ s i
3 601
=]
I 40
2 O Control
5 201 ® 4Gy
0 ” . . .
0 20 40 60 80

Time after subculture (h)

a. Control (G, phase) b. 4 Gy (G, phase)

—— — —

5 10 20 30 40 50 min

5 10 20 30 40 50

c. Control (S phase)  d. 4 Gy (S phase)

-_—— <

5 10 20 30 40 50 5 10 20 30 40 50 min

[o]

z 20 1 — Control
g 5 . 4 Gy
E ok
g 10
s

04

FIG. 2. Mitochondrial functions in control and high-dose
v-irradiated (4 Gy) density-inhibited AG1522 fibroblasts
that were stimulated to proliferate by subculture to a
lower density. (A) Progression from G /G, to S phase of
the cell cycle as a function of time after release from the con-
fluent state of control or irradiated cells. Cell cultures were
trypsinized and seeded at a lower density in growth medium
containing 1 pCi/ml 3H-thymidine. The fraction of labeled
cells was determined by autoradiography. (B) Frataxin import
in mitochondria isolated from subcultured cells. Subcultured
control and irradiated cells were harvested for analyses when
they were at similar stage in the cell cycle. a: Control cells
harvested at 8 h. b: Irradiated cells harvested at 12 h. ¢: Con-
trol cells harvested at 24 h. d: Irradiated cells harvested at 36
h. (C) Flow-cytometric measurement of mitochondrial mem-
brane potential in subcultured cells labeled with JC-1 probe.
Control and irradiated cells were harvested at 8 or 12 h, re-
spectively, for analysis in mid G,; 18 or 26 h, respectively, for
analyses in late G,; and 24 or 36 h, respectively, for analyses
in S phase. **p = 0.001.

whereas modulation of import in irradiated G /G, cells that
have been stimulated to proliferate is not manifested at the G,
phase (Fig. 2B, panel b), cellular events in S phase signifi-
cantly modulate this effect (Fig. 2B, panel c). Such outcomes,
which occur long after radiation exposure, may have resulted
from direct effects of y-rays on mitochondria or from effects
in other organelles that altered mitochondrial function.
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Exposure of human fibroblasts to
low-dose/low-dose-rate ionizing radiation
enhances the kinetics of mitochondrial
import of frataxin

The biologic effects and health risks associated with expo-
sure to low doses of ionizing radiation remain ambiguous
(11) and are currently the subject of intense debate (30, 34,
38, 39). Generally, radiation-induced biologic effects are as-
sumed to be strictly proportional to dose, however low it may
be. Compared with high-dose-rate effects, low dose rates are
thought to attenuate the severity of radiation effects by about
a factor of two (10, 32). To investigate low-dose effects on
mitochondrial function, frataxin import was investigated in
control and low-dose/low-dose-rate exposed AG1522 fibro-
blasts. The representative import kinetics data in Fig. 3A indi-
cate an enhancement of import (45% at 20 min) in mitochon-
dria isolated from density-inhibited cells harvested
immediately after exposure to 10 cGy (0.2 cGy/h). This is in
contrast to the decrease in import observed in mitochondria
from quiescent cells exposed to 4 Gy (3.3 Gy/min) (Fig. 1A).
These data are inconsistent with a strict linearity of the
dose-response relation (10). They show that biologic events
induced by low- and high-dose radiation exposures differen-
tially modulate mitochondrial import.

Similar to import (Fig. 3A), in situ AV measurements (Fig.
3B) performed shortly after exposure of AG1522 cells to low-
dose/low-dose-rate y-rays (10 cGy, 0.2 ¢Gy/h) showed an in-
crease (2.5-fold) relative to control. In contrast, in cells ex-
posed to 4 Gy (3.3 Gy/min), AY was decreased (Fig. 1B).
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DISCUSSION

Elucidation of the mechanisms underlying the long-term
effects of ionizing radiation is currently under intensive in-
vestigation (9, 16). Oxidative metabolism has been shown to
modulate both high- and low-dose radiation effects (6, 18). It
has been singled out as a critical factor in the expression of
radiation-induced degenerative diseases (46, 49). Chronic
excess levels of ROS, which result from induced perturba-
tion of metabolic reactions in irradiated cells, may cause cel-
lular damage through specific signaling events and/or indis-
criminate and cumulative effects. Most estimates suggest
that the majority of intracellular ROS production is derived
from energy generation in the mitochondria (1). How mito-
chondria respond to ionizing radiation is therefore critical
for understanding the mechanism of radiation-induced sig-
naling processes.

Protein import is essential for mitochondrial biogenesis,
and import of most precursor proteins into this organelle re-
quires membrane potential. We therefore examined changes
in mitochondrial protein import and membrane potential in
density-inhibited vy-irradiated cells that were maintained in
the same quiescent state after exposure or were allowed to
proliferate by subculturing to a lower density. Specifically,
we compared effects due to high- or low-dose radiation. Our
data show that the effects of low dose on mitochondrial func-
tion cannot be predicted from effects at high dose. Whereas
import of frataxin, a protein located in the mitochondrial ma-
trix, was decreased in quiescent cells exposed to high-dose y-
rays (Fig. 1A), it was increased in low-dose/low-dose-rate ir-

FIG. 3. Mitochondrial functions in control and
low-dose/low-dose-rate +vy-irradiated confluent,
density-inhibited AG1522 fibroblasts. (A) Cells
cultures were exposed to 0 or 10 cGy (0.2 cGy/h).
Mitochondria were isolated immediately after the
exposure, and the kinetics of frataxin import was
determined. After gel electrophoresis and autoradi-
ography, bands were quantified by scanning densito-
metry. Import at the 30-min time point in mitochon-
dria from irradiated cells was considered to be
100%. (B) Cell cultures were exposed to y-rays as in
(A), and mitochondrial membrane potential in JC-
1-labeled cells was determined by fluorescent mi-
croscopy. A shift from red to green fluorescence is
indicative of membrane depolarization.
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radiated cells (Fig. 3A). The radiation-induced changes in mi-
tochondrial membrane potential of quiescent cells (Figs. 1B
and 3B) mirrored the changes in import at high- and low-dose
exposures (Figs. 1B and 3B). These data therefore argue
against the currently assumed linearity of the dose—response
relation (10).

Although mitochondrial protein import and AW have been
shown to be tightly linked, changes in AW alone cannot ex-
plain radiation-induced changes in import efficiency/kinet-
ics. For example, AW was significantly and rapidly decreased
when density-inhibited cells were exposed to a high dose (4
Gy) and held in the confluent state for 10 min, and remained
unchanged for =1 h (Fig. 1B). The import defect, however,
was observed at the 1-h time point but not at the 10-min time
point (Fig. 1A), even though AW was virtually the same at
these two times. We propose that AW is not the only factor
that determines import efficiency of mitochondria in irradi-
ated G /G, cells.

Another major finding of this study is that in control nonir-
radiated cells, AV and import are regulated in a cell
cycle-dependent manner, with AW being lower in late G, and
S than in mid G, (Fig. 2C) and import being lower in S than in
G, (Fig. 2B). Furthermore, events associated with S phase,
but not G, appear to affect mitochondrial import function
significantly in G /G, irradiated cells that have been stimu-
lated to proliferate (Fig. 2B). Changes in mitochondrial mor-
phology and DNA distribution are known to occur in a cell
cycle-dependent manner (31). It would be interesting to de-
termine whether these changes also affect AV and protein
import and whether overall mitochondrial alterations con-
tribute to radiation-induced checkpoints.

The exact mechanisms underlying repair of potentially
lethal damage (Fig. 1D) remain unclear (28). Our data sug-
gest that the modulation of mitochondrial import (Fig. 1A) by
high-dose radiation (4 Gy) is not tightly linked to the cellular
capacity to repair such damage. The situation for low-dose ra-
diation (10 cGy), however, may be different, and protective/
adapting effects induced by low-dose radiation (4, 5, 37) may
be more closely related to increased mitochondrial import
and membrane potential observed at these doses (Fig. 3A and
B). It is attractive to speculate that mitochondria-mediated
events are involved in signaling the expression of adaptive re-
sponses. This is supported by recent evidence that induction
of the redox-sensitive transcription factor nuclear factor
(NF)kB regulates expression of manganese superoxide dis-
mutase, a mitochondrial protein that regulates the expression
of genes that participate in radiation-induced adaptive re-
sponses (25). We are currently investigating whether the de-
crease in import (Figs. 1A and 2B) in cells exposed to high-
dose vy-rays is attenuated when they are preexposed to a
prolonged 10-cGy adapting dose. We also are examining the
correlation between the pattern of changes in mitochondrial
functions and levels of ROS in irradiated cells. Such informa-
tion would be further enlightening of potential relations be-
tween low-dose—induced protective effects, mitochondrial
function, and oxidative stress.

To examine the role of mitochondria in the radiation re-
sponse, cells have often been depleted of mitochondrial DNA
(tho® cells). Although these studies have been informative,
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many cellular functions are likely to be impaired in rho? cells,
including the expression of nuclear genes (50). Such effects
would complicate the interpretation of results. In contrast,
this study outlines a strategy to examine mitochondrial func-
tion in irradiated cells, which do not suffer from nonspecific
secondary effects because of prior deletion of organellar
DNA. In summary, this study leads to new approaches to ex-
amine further the mechanisms underlying high- and low-dose
effects. It demonstrates the sensitivity of mitochondrial pro-
tein import and membrane potential in characterizing radia-
tion effects related to oxidative metabolism.
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