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ABSTRACT A significant amount of reactive oxygen spe-
cies (ROS) is generated during mitochondrial oxidative phos-
phorylation. Several studies have suggested that mtDNA may
accumulate more oxidative DNA damage relative to nuclear
DNA. This study used quantitative PCR to examine the
formation and repair of hydrogen peroxide-induced DNA
damage in a 16.2-kb mitochondrial fragment and a 17.7-kb
fragment flanking the f-globin gene. Simian virus 40-
transformed fibroblasts treated with 200 uM hydrogen per-
oxide for 15 or 60 min exhibited 3-fold more damage to the
mitochondrial genome compared with the nuclear fragment.
Following a 60-min treatment, damage to the nuclear frag-
ment was completely repaired within 1.5 hr, whereas no DNA
repair in the mitochondrion was observed. Mitochondrial
function, as assayed by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide reduction, also showed a sharp
decline. These cells displayed arrested-cell growth, large
increases in p21 protein levels, and morphological changes
consistent with apoptosis. In contrast, when hydrogen perox-
ide treatments were limited to 15 min, mtDNA damage was
repaired with similar kinetics as the nuclear fragment, mito-
chondrial function was restored, and cells resumed division
within 12 hr. These results indicate that mtDNA is a critical
cellular target for ROS. A model is presented in which chronic
ROS exposure, found in several degenerative diseases asso-
ciated with aging, leads to decreased mitochondrial function,
increased mitochondrial-generated ROS, and persistent mi-
tochondrial DNA damage. Thus persistent mitochondrial
DNA damage may serve as a useful biomarker for ROS-
associated diseases.

Reactive oxygen species (ROS) are generated from cellular
sources such as neutrophils and macrophages (1) and during
oxidative phosphorylation in which oxygen is reduced to water
through a four-step addition of electrons (2). This reduction
generates superoxide anion (O3), which is converted to hydrogen
peroxide (H,0O») by superoxide dismutase. H,O,, while relatively
inactive, can be reduced to the highly reactive hydroxyl radical
(OH) by a metal ion through the Fenton reaction (2). Nonen-
zymatic production of the hydroxyl radical is generated during
exposure to ionizing radiation (3, 4). Several studies have char-
acterized ROS-induced DNA damage, which includes single- and
double-strand breaks, abasic sites, and base damages (5, 6). Other
studies have indicated that when compared with nuclear DNA,
mtDNA contains an elevated basal level of base damage such as
8-oxoguanine (7). In addition, cellular exposure to certain com-
pounds, such as alloxan, has been shown to induce significant
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Fic. 1. Kinetics of HyO; depletion from the culture medium.
SV40-transformed fibroblast monolayers (1 X 10° cells) were incu-
bated at 37°C in 3 ml of serum-free MEM supplemented with either
50 uM (a), 100 uM (m), or 200 uM (@) H,0,. The H,0, (200 uM)
content in the medium in the absence of cells is represented by (V).
Medium aliquots were removed and the amount of H>O; remaining
was determined by spectrophotometric analysis and a standard curve
of known HO, concentrations. Data are expressed as the mean =
SEM (n = 2 cell experiments in duplicate for each time point; error
bars were omitted because the SEM were <1%). First-order rate
constants of H>O> depletion were 0.067 min~! (a), 0.047 min~' (M),
and 0.045 min~! (@) for 50, 100, and 200 uM, respectively.

mtDNA damage (8). Oxidative mtDNA damage has been linked
to the onset of specific human diseases such as neuronal degen-
eration and cardiovascular disease (9); it has also been linked to
aging (10-12). H,O,, a representative ROS, has recently been
shown to induce permanent growth arrest (13, 14) and apoptosis
(15-17) in a number of cell types. ROS also induces the expres-
sion of p53, which in turn activates p21 (WAF1/CIP1) leading to
cell cycle arrest (18, 19).

The repair of ROS-induced base damage in mtDNA and
nuclear DNA is believed to occur through a base-excision repair
pathway (8, 20). In general, base-excision repair involves the
removal of damaged bases by the action of damage-specific DNA
glycosylases. For example, the Escherichia coli Fpg protein (MutM
gene product) contains both DNA glycosylase and abasic site
(AP) lyase activity. The substrate specificity for this protein
includes bases containing imidazol ring-open and oxidized pu-

Abbreviations: ROS, reactive oxygen species; H,O, hydrogen perox-
ide; SV40, simian virus 40; QPCR, quantitative PCR; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; AP, abasic
site.
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rines (5). The resulting AP is further processed by AP-
endonucleases, DNA polymerase, and ligase. Currently there is
no evidence that mitochondria are capable of performing nucle-
otide-excision repair.

Identification of oxidative lesions in total cellular DNA and
DNA isolated from mitochondria has been performed by HPLC-
electrochemical detection (7). These studies have suggested that
§-oxoguanine occurs more frequently in mtDNA compared with
nuclear DNA (7); both genomes have been shown to accumulate
this adduct with increasing age (11). However, one disadvantage
regarding this technique is the requirement for large quantities of
nuclear DNA and/or mtDNA, which can be limiting when
specific tissues or primary cell cultures are used.

The purpose of this study was to examine the formation and
repair of ROS-induced DNA damage in the mitochondrial and
nuclear genomes without the need to purify large quantities of
DNA or isolate the organelle before DNA purification. To this
end a novel quantitative PCR assay was used to measure H,O,-
induced DNA damage and repair in a 17.7-kb fragment upstream
of the nuclear B-globin gene and a 16.2-kb fragment from the
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mitochondrial genome. The present study has revealed that
mtDNA is more sensitive than nuclear DNA to H,O»-induced
damage, and protracted treatment leads to persistent mtDNA
damage and loss of mitochondrial function. These cells also
demonstrate arrested growth, increased p21 expression, and
morphological changes consistent with apoptosis.

MATERIALS AND METHODS

Cells and Cell Culture. The simian virus 40 (SV40)-
transformed human fibroblast cell line, GM00637E (NIGMS
Human Genetic Mutant Cell Repository, Coriell Institute, Cam-
den, NJ), used throughout this study was maintained at 37°C and
5% CO,/95% air in Earle’s MEM (GIBCO/BRL) supplemented
with 15% fetal bovine serum (HyClone), 2X MEM essential
amino acids (Sigma) and nonessential amino acids (GIBCO/
BRL), 2X vitamins (GIBCO/BRL), and 2.0 mM L-glutamine
(GIBCO/BRL). The cells were routinely split 1:6 every 4-5 days.

Treatment of Cells with H,0,. SV40-transformed fibroblasts,
1 X 10° unless otherwise indicated, were plated in duplicate in
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F1G6. 2. H>O; dose response in human fibroblast cells. Human fibroblast cells were exposed to increasing concentrations of H>O», in duplicate
plates for each dose, for 1 hr at 37°C, and total cellular DNA was isolated. Control cultures were incubated in serum-free medium alone. (A4)
Representative autoradiogram depicting the decrease in amplification of the 17.7-kb B-globin fragment (Upper) and the 16.2-kb mitochondrial
fragment (Lower). (B) The amount of radioactivity associated with each amplification product relative to the nondamaged controls was determined
by PhosphorImager (Molecular Dynamics) analysis and is plotted as a function of H>O2 concentration: (M), 16.2-kb mitochondrial fragment; (OJ),
17.7-kb B-globin fragment. (C) The decrease in relative amplification from B was then converted to lesion frequency using the Poisson equation
as described. The data are expressed as the mean = SEM from a minimum of two biological experiments in which 3-5 PCRs were performed per
experiment. Statistically significant differences in the lesion frequency for both fragments at each dose were calculated using the unpaired Student’s
t test (100 uM, P = 0.05; 200 uM, P = 0.004; 400 uM, P = 0.0001). (D) Mitochondrial function assayed by MTT reduction. Fibroblast cells were
plated in 60-mm dishes and exposed to increasing concentrations of H>O> for 60 min at 37°C. Following H>O> exposure, the cells were rinsed with
PBS and incubated for 60 min with conditioned medium containing 2.0 ug/ml MTT. Afterward the medium was removed, the cells lysed, and the
absorbance measured at 570 nm (®). MTT reduction was determined with a standard curve and normalized to nontreated controls and is reported
as a fraction of control. The data are expressed as the mean + SD for triplicate plates (error bars were omitted because the SD were <1%).
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60-mm dishes 14-16 hr before treatment. H,O, (30%; Fisher)
was diluted into PBS and the concentration was determined by
absorbance at 240 nm as described (21). Monolayer cultures were
exposed to the indicated concentrations of H,O, for either 15 or
60 min at 37°C in serum-free medium. For time-course analysis
of induced DNA damage, the cells were exposed to 200 uM H,O,
for 5, 15, 30, or 60 min. Control monolayers were mock-treated
with serum-free medium alone. Monolayers were washed once
with PBS, harvested immediately by brief trypsinization (0.25%),
or allowed to recover in the original plating medium (i.e.,
conditioned medium) for the indicated times.

Characterization of H,O, Depletion from the Culture Me-
dium. SV40-transformed fibroblasts were plated as described
above; however, exposure to H,O, was performed in both phenol
red-free and serum-free medium. H,O, depletion was monitored
by a colorimetric assay that involved the oxidation of o-diansidine
dihydrochloride (0-DD) in the presence of horseradish peroxi-
dase (22). Briefly, 100 ul aliquots of the treatment medium were
removed at various times and incubated for 1 hr at 37°C with 2.5
units per ml of horseradish peroxidase and 250 uM o-DD. The
absorbance was measured at 470 nm against a blank-containing
treatment medium without addition of H,O,. The amount of
H,0; remaining in the medium was determined from a standard
curve generated with known concentrations of H,O,. During a
60-min exposure, H,O, was depleted with first-order kinetics
(Fig. 1). The rate constants for 100 and 200 uM H,O, were 0.047
and 0.045 min~!, respectively, while the rate of depletion for 50
uM H,O, was slightly faster at 0.067 min~!. In the absence of
cells, H,O, was very stable, indicating that depletion of H,O, was
the result of cellular metabolism and not the interaction with
medium components.

DNA Isolation and Quantitative PCR (QPCR). High molec-
ular weight DNA was isolated with the QIAamp DNA isolation
kit (Qiagen, Chatsworth, CA) as described by the manufacturer.
DNA isolation by this technique has been shown to be suitable for
long PCR (23). The concentration of total cellular DNA was
determined by ethidium bromide fluorescence with an A4-filter
fluorimeter with an excitation band pass filter at 365 nm and a
emission cut-off filter at 600 nm (Optical Technology Devices,
Elmsford, NY) using A/HindIII DNA as a standard. QPCRs were
performed in a GeneAmp PCR System 2400 with the GeneAmp
XL PCR kit (Perkin—Elmer) as described (24). Reaction mixtures
contained 15 ng of template DNA, 1.1 mM Mg(AOc),, 100 ng/ml
nonacetylated BSA, 0.2 mM deoxynucleotide triphosphates
(Pharmacia), 0.2 uM primers, 0.2 uCi [-3?P]dATP (1 Ci = 37
GBq), and 1 unit of recombinant Thermus thermophilus DNA
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polymerase. The primer nucleotide sequences were as follows: for
the 17.7-kb 5’ flanking region of the B-globin gene (GenBank
data base accession number, J00179), 5'-TTGAGACGCAT-
GAGACGTGCAG-3' (RH1024), and 5'-GCACTGGCTTAG-
GAGTTGGACT-3' (RH1053); and for the 16.2-kb fragment of
the mitochondrial genome (25), 5'-TGAGGCCAAATATCAT-
TCTGAGGGGC-3' (RH1065) and 5'-TTTCATCATGCG-
GAGATGTTGGATGG-3’ (RH1066).

The PCR was initiated with a 75°C hot-start addition of the
polymerase and allowed to undergo the following thermocycler
profile: an initial denaturation for 1 min at 94°C followed by 25
cycles of 94°C denaturation for 15 sec and 68°C primer extension
for 12 min. A final extension at 72°C was performed for 10 min
at the completion of the profile. To ensure quantitative condi-
tions, a control reaction containing 7.5 ng of template DNA was
included with each amplification. An aliquot of each PCR
product was resolved on a 1% vertical agarose gel and electro-
phoresed in TBE (90 mM Tris/64.6 mM boric acid/2.5 mM
EDTA, pH 8.3) at 80 V (5 V/cm) for 4 hr. The dried gels were
then exposed to a phoshor screen for 12-18 hr and quantitated
with IMAGEQUANT (Molecular Dynamics).

DNA lesion frequencies were calculated as described (24, 26).
Briefly, the amplification of damaged samples (Ap) was normal-
ized to the amplification of nondamaged controls (Ap) resulting
in a relative amplification ratio. Assuming a random distribution
of lesions and using the Poisson equation [f(x) = e *X*/x!, where
A = the average lesion frequency] for the nondamaged templates
(i.e., the zero class; x = 0), the average lesion frequency per DNA
strand was determined: A = —In Ap/Ao. Statistical analysis was
performed with the unpaired Student’s # test.

Western Blot Analysis. SV40-transformed fibroblasts were
exposed to 200 uM H,O; for either 15 or 60 min and then allowed
to recover for 12, 24, or 36 hr in conditioned medium. Total cell
extracts were prepared by lysis of pellets in 62 mM Tris (pH 6.8),
10% glycerol, 2% SDS, and 2.5% 2-mercaptoethanol and by
boiling for 10 min. Equal amounts of proteins (20 ug) in the
extracts were electrophoresed on a 14% SDS/polyacrylamide gel
and electroblotted to a Hybond ECL nitrocellulose membrane
(Amersham). The blot was probed with the anti-WAF1 antibody
(Calbiochem) and immobilized horseradish peroxidase activity
was detected by enhanced chemiluminescence (Amersham).

Reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) and Cell Survival. SV40-transformed fi-
broblasts were treated with 200 uM H,O, for either 15 or 60 min
as described above and then allowed to recover in conditioned
medium or harvested immediately. At the indicated times the
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F1G. 3. DNA repair activity in mtDNA and nuclear DNA. Fibroblast cells were exposed to 200 uM H»O, for either 15 (4) or 60 (B) min as
described in Fig. 2 and either harvested immediately or allowed to recover in conditioned medium for the indicated times. QPCR was performed
for both the mitochondrial (open bars) and B-globin fragments (hatched bars). The data are expressed as the mean * SD (n = 3).
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cells were harvested and counted manually with a hemacytom-
eter. For determination of mitochondrial function, cells were
incubated during the last hour of the recovery period with MTT
(Sigma) (27) at a final concentration of 2.0 pg/ml, lysed (20%
SDS/50% dimethylformamide), and measured at an absorbance
of 570 nm. Absorbance values were converted to MTT reduction
using a standard curve generated with known numbers of viable
cells. MTT reduction for treated samples was then normalized to
nontreated control samples and is reported as a fraction of
control.

RESULTS

H,0,-Induced DNA Damage Is Extensive in Mitochondria.
Our laboratory has developed conditions for quantitative
amplification of long DNA fragments (24, 26). This QPCR
assay was used to detect H,O»-induced DNA damage in both
a 17.7-kb fragment from the B-globin loci and a 16.2-kb
mtDNA fragment from SV40-transformed fibroblasts (Fig. 2).
This technique is based on the premise that DNA lesions,
including oxidative damage such as strand breaks, base mod-
ifications, and AP sites, will block the progression of the
polymerase resulting in a decrease in amplification of a target
sequence (24). Therefore, only those DNA templates that do
not contain polymerase-blocking lesions will be amplified.
H,0,, like ionizing radiation, has been shown to induce a wide
variety of damaged bases (28, 29), several of which may not act
as strong blocks to the thermostable polymerase. It has been
suggested that both of these DNA-damaging agents induce an
equal number of single-strand breaks and damaged bases;
single-strand breaks are known to be absolute blocks to the
polymerase. Hydrogen peroxide has been shown to induce at
least 11 different base products (29), of which ~35-50% of the
total adducts are expected to result in strong blocks to the
thermostable polymerase. It is interesting to note that 8-ox-
odeoxyguanine constituted 10% of the total base adducts.
Based on these studies it is likely that the QPCR assay is
detecting a majority of the lesions induced by hydrogen
peroxide.

Loss of amplification of the mitochondrial genome occurred at
significantly lower doses of H,O, than for the B-globin fragment
(Fig. 2 A-C). Damage to both genomes appeared to plateau at
higher concentrations of H,O,; however, mtDNA sustained
3-fold more DNA polymerase blocking adducts than the nuclear
fragment at 200 uM H,O,. Time course experiments indicated
that H,O»-induced damage to mtDNA occurred more rapidly
than damage in the B-globin fragment (data not shown). Pref-
erential mtDNA damage is not specific to H>O, as other sources
of ROS, such as asbestos and glucose oxidase, also induce
significantly more mtDNA damage (F.M.Y., J.J. Salazar, and
B.V.H,, unpublished data).

Because damage to mtDNA was extensive (approximately four
polymerase-blocking lesions per genome) it was important to also
assess the physiological state of the mitochondrion. MTT reduc-
tion by succinate dehydrogenase, a component of complex II of
the respiratory chain, is an indicator of mitochondrial function
(27, 30). When cells were exposed to H,O, for 60 min, a
dose-dependent decrease in MTT reduction was observed (Fig.
2D). Therefore, these data demonstrate that a 60-min exposure
to H,O, not only induces extensive mtDNA damage, but also
disrupts mitochondrial function.

Repair of mtDNA and Nuclear DNA. When cells were treated
with 200 uM H,O, for 60 min and then allowed to recover in
conditioned medium, DNA repair in the B-globin fragment
occurred within 1.5 hr (Fig. 3B). In contrast, no repair in mtDNA
was observed, even after 3.5 hr. Similar results were observed
when cells were exposed to 400 uM H,O, (data not shown).
When the period of H,O; exposure was reduced to 15 min, repair
of mtDNA was observed within 1.5 hr (Fig. 34), which was similar
to the repair kinetics observed for the nuclear -globin fragment.
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Together these data demonstrate that mitochondria are profi-
cient in the repair of H,O,-induced DNA damage following short
exposures; however, longer periods of H,O, treatment lead to
persistent DNA damage.
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FiG. 4. Effect of H>O> on mitochondrial function and cell growth.
Fibroblast cells were treated with 200 uM H20O5 for either 15 or 60 min
as described in Fig. 2 and then allowed to recover in conditioned
medium for the indicated times. (4) Mitochondrial function for
control cells (open bars) or cells treated with H>O for 15 min (hatched
bars) or 60 min (filled bars) was determined after incubating the cells
with 2.0 pg/ml MTT for 60 min at 37°C during the final hour of the
indicated recovery time. The data are expressed as the mean = SEM
(n = 2 biological experiments, where each point was performed in
duplicate) relative to nontreated controls at time zero. (B) The total
number of cells was determined, following a 15-min (M) or 60-min (A)
exposure to H>O,, by manual counting at 12, 24, and 36 hr posttreat-
ment, and treated cells were compared with nontreated cells (®).
These measurements were performed simultaneously with the MTT
assay (A4). The data are expressed as the mean = SEM (n = 2 biological
experiments). (C) Increased expression of WAF1/CIP1 in response to
H>0,. WAF1/CIP1 levels were analyzed in control cells (lanes a, d,
and g), and cells were exposed to 200 uM H>O5 for either 15 min (lanes
b, e, and h) or 60 min (lanes c, f, and i) at 12 hr (lanes a—c), 24 h (lanes
d-f), and 36 h (lanes g-i) of recovery.
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F1G. 5. Schematic representation of the role of mitochondria in the generation of ROS and oxidative stress. The mitochondrion is responsible
for oxidative phosphorylation, the biochemical pathway that generates ATP via the respiratory chain. During this process, 1-2% of the oxygen that
is consumed is released as ROS, which can damage mtDNA and subsequently be repaired. However, under ROS-stressed conditions, the generation
of ROS leads to persistent mtDNA damage. The propagation of mitochondrial damage through the generation of secondary ROS could lead to
a decline in oxidative phosphorylation and of mitochondrial physiology. In response to changes in mitochondrial physiology, stress response genes
are activated and cells undergo growth arrest, which may be followed by apoptosis.

Persistent mtDNA Damage Correlates with the Loss of Mito-
chondrial Function, Permanent Growth Arrest, and Apoptosis.
Because persistent mtDNA damage might be an early indicator
of a decline of mitochondrial physiology, we next sought to
correlate persistent mtDNA damage with mitochondrial function
and cell growth. Recovery of MTT reduction was observed for
cells exposed to H,O, for 15 min; however, this activity was
compromised in cells treated for 60 min (Fig. 44). Fibroblasts
exposed for 15 min to H,O, experienced a transient growth
arrest, whereas those exposed for 60 min entered a permanent
growth arrest (Fig. 4B). No cell loss was apparent when the cells
were counted at 12 and 24 hr of recovery, although morphological
changes associated with apoptotic cell death were present within
the population at 36 hr (data not shown). The inability to reduce
MTT and the lack of recovery therefore was not due to a loss in
cells but rather a consequence of prolonged H,O, exposure.

WAF1/CIP1 is known to be expressed in cells damaged by a
number of different agents (16). Both H,O, treatment protocols
resulted in an increase in WAF1/CIP1 protein expression (Fig.
4C). However, the 60-min treatment induced a rapid increase
within 12 hr and an additional 4-fold induction at 24 hr (Fig. 4C,
lanes ¢ and f).

DISCUSSION

The purpose of this study was to examine the role of nuclear DNA
and mtDNA damage and repair in the sensitivity of human cells
to H,O,. In this study we found that (i) H,O-induced mtDNA
damage occurred rapidly and was more extensive than damage to
a 17.7-kb fragment 5’ to the B-globin gene; (if) a 60-min exposure
to HyO, resulted in mtDNA damage that was not repaired,
whereas damage to the B-globin fragment was completely re-
moved within 1.5 hr; (i) a 15-min exposure to H>O, resulted in
DNA damage that was efficiently repaired in both the B-globin
fragment and mtDNA; and (iv) the persistence of mtDNA damage
correlated with the loss of mitochondrial function, the induction of
WAF1/CIP], a permanent growth arrest, and apoptosis.
Analysis of H,O,-induced mtDNA damage by alkaline gel
electrophoresis and Southern hybridization indicated that the
damage measured by the QPCR assay included both strand
breaks and base modification(s) (unpublished data). The in-
creased susceptibility of the mitochondrial genome to DNA

damage could be due to several factors, including: (/) the absence
of complex chromatin organization, which may serve as a pro-
tective barrier against ROS; (ii) alterations in DNA repair
activity; (iif) the presence of localized metal ions that may
function as catalysts in the generation of ROS; and (iv) the
stimulation of secondary ROS reactions due to damage to the
electron transport chain and/or through lipid peroxidation.

The organization of chromatin by histones has been shown to
result in less ROS-induced DNA strand breaks (31) and base
damage when compared with naked DNA (32). It is possible that
the genomic region used in the present studies may not be
damaged as much as transcriptionally active regions. Further
analysis has revealed that H,O»-induced damage in the Aprt gene
was identical to the B-globin region (data not shown). Because
mtDNA is deficient in histones, and therefore lacks the complexity
associated with nuclear DNA, mtDNA may be more prone to
attack by oxidants. The plateau of nuclear damage following H>O,
treatment has been reported (33). For example, in mammalian
cells, single-strand breaks plateau at concentrations >250 uM
H,0: (33). Because H,O, is unreactive unless transition metals or
superoxide radicals are present, it is possible that metal ions, such
as Fe?*, may be limiting in the nucleus and an increase in H,O»
may not necessarily show increasing amounts of DNA damage.

Removal of oxidative stress-induced DNA strand breaks (for-
mamidopyrimidine DNA glycosylase- and endonuclease III-
sensitive lesions in mtDNA), presumably through base-excision
repair, has been examined (8, 20). However, these studies did not
examine damage and repair in a nuclear gene and thus no direct
comparison between the two genomes could be made. Our
observation of persistent mtDNA damage during the same period
when repair to the B-globin fragment was >100% suggests that
either mitochondrial repair was inhibited by H,O, or that the
steady-state level of damage increased even in the presence of an
active repair system.

One potential source of continued DNA damage is through the
generation of secondary ROS, such as lipid peroxidation products
(34). Lipids within the inner mitochondrial membrane contain
components of the electron transport chain, many of which
contain transition metal ions. Stimulation of both radical and
nonradical species through metal-catalyzed lipid peroxidation
reactions have been shown to damage DNA (35-39). Therefore,
due to the proximity of mtDNA to the inner mitochondrial
membrane, ROS-induced chain-propagation reactions have the
potential for contributing to the overall increase in the steady-
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state level of mtDNA damage. Secondary reactions that over-
whelm the repair capacity of the mitochondrion would be ob-
served as persistent DNA damage. This hypothesis is supported
by our inability to monitor repair to mtDNA even in the context
of efficient repair in the B-globin fragment. Furthermore, repair
to mtDNA was not observed at 6, 12, and 24 hr following a 60-min
exposure to 200 uM H,O, (data not shown).

It might be expected that ROS-mediated damage to mitochon-
dria may inactivate electron transport complexes or inhibit
mtDNA transcription thereby altering normal mitochondrial func-
tion. Because 1-2% of all oxygen consumed within the cell is
thought to be released from mitochondria as ROS (40), any
cellular insult that leads to disruption of the electron transport
chain could lead to an increase in mitochondrial-generated ROS.
It is known that components of the electron transport chain and
ATPase are damaged by ROS (41). The loss of succinate dehy-
drogenase activity observed in our experiments clearly indicates
the detrimental effect of H,O, on normal mitochondrial function.
In addition, the increased expression of the cyclin-dependent
kinase inhibitor WAF1/CIP1 and subsequent induction of a
permanent growth arrest following a 60-min exposure to H,O,
correlated with those cells in which mtDNA repair was undetect-
able. Thus, continuous ROS exposure contributes to a decrease in
overall mitochondrial function and to permanent growth arrest
(13).

Our results provide support for the role of mitochondrial-
derived ROS and oxidative stress (Fig. 5). Under normal growth
conditions, ROS generated within the mitochondrion leads to a
low level of mtDNA damage, which is rapidly repaired (Fig. 54).
However, during periods of chronic ROS exposure, which may
include degenerative diseases associated with aging and isch-
emia/reperfusion injury, mitochondrial macromolecules includ-
ing DNA are extensively damaged (Fig. 5B). This mtDNA
damage is more extensive and persistent than nuclear DNA
damage. Persistence of mtDNA damage could be due to contin-
ued ROS production by lipid peroxidation and/or damage within
the electron transport system. These alterations in mitochondrial
physiology may contribute to a cellular stress response, cell
growth arrest, and subsequent apoptosis. This model is supported
by the finding that steady-state level of oxidative damage to rat
liver mtDNA has been shown to be elevated when compared with
nuclear DNA (7). This difference is more dramatic when DNA
damage was analyzed as a function of age; mtDNA from older
rats contained more damage than mtDNA from younger rats (10,
11, 42). The results presented in this study demonstrate and
further support the sensitivity of mtDNA to ROS.

Finally, the sensitivity of the QPCR assay and the ability to
simultaneously measure oxidant-induced mitochondrial and nu-
clear DNA damage may be a useful biomarker for chronic
oxidative stress associated with many degenerative diseases.
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