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Role of mitochondrial DNA in toxic responses to oxidative stress
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Abstract

Mitochondria are at the crossroads of several crucial cellular activities including: adenosine triphosphate (ATP) generation via oxidative
phosphorylation; the biosynthesis of heme, pyrimidines and steroids; calcium and iron homeostasis and programmed cell death (apoptosis).
Mitochondria also produce considerable quantities of superoxide and hydrogen peroxide (H2O2) that in conjunction with its large iron
stores can lead to a witch’s brew of reactive intermediates capable of damaging macromolecules. Mitochondrial DNA (mtDNA) represents
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critical target for such oxidative damage. Once damaged, mtDNA can amplify oxidative stress by decreased expression of critic
mportant for electron transport leading to a vicious cycle of reactive oxygen species (ROS) and organellar dysregulation that
rigger apoptosis. Oxidative stress is associated with many human disorders including: cancer, cardiovascular disease, diabetes m
isease and neurodegenerative disease. This article reviews the evidence that oxidative damage to mtDNA can culminate in ce

hus represents an important target for therapeutic intervention in a number of human diseases.
ublished by Elsevier B.V.
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1. Introduction

Mitochondria normally are associated with generatio
ATP through oxidative phosphorylation. However, these
ganelles also participate in a wide variety of essential cel
functions such as homeostasis of calcium and iron, as w
biosynthesis of heme, pyrimidines and steroids. By relea
several proteins that incite programmed cell death, mitoc
dria act as the “executioners” in apoptosis (for a recent re
see[1]).
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Fig. 1. (Panel A) Role of mtDNA in oxidative stress-induced injury. mtDNA damage can lead to loss of expression of mitochondrial polypeptides, subsequent
decrease in electron transport and increase in ROS generation, loss of mitochondrial membrane potential and release of signals for cell death, such as CytC
and AIF. (Panel B) Mitochondrial genome from human cells indicating, the genes, and some mitochondrial mutations associated with human disease. (Panel
C) Electron transport chain showing path of electrons, direction of proton movement, site of ATP synthesis and the two major sites of superoxide generation.

Mitochondria possess both an outer and inner membrane,
the latter of which is impermeable to all molecules, including
charged ions. The complex process of ATP synthesis occurs
at the inner mitochondrial membrane through the donation
of electrons by nicotinamide adenine dinucleotide (NAD) or
flavine adenine dinucleotide (FAD) equivalents generated by
the tricarboxylic acid (TCA) cycle (Fig. 1). These electrons
are passed along a series of molecular complexes known as
the electron transport system. Simultaneously, protons are
transferred across the inner membrane at complexes I, III
and IV to establish a trans-membrane gradient of electrical
charge known as the membrane potential. Complex V (F0F1
ATP synthase) harnesses this membrane potential as chem-
ical energy in the form of ATP. The final electron acceptor
is molecular oxygen, which is reduced through a four elec-
tron addition to water. However, a significant portion of elec-
trons may escape the electron transport chain as superoxide
anions. Superoxide, in turn, may spawn the production of
H2O2 spontaneously or through the action of manganese su-
peroxide dismutase (MnSOD) ([2]; reviewed in[3]). H2O2 is

normally broken down in mitochondria by glutathione perox-
idase, but depletion of glutathione or excessive H2O2 produc-
tion may allow H2O2 to react with Fe2+, yielding hydroxyl
radicals. The highly reactive hydroxyl radical can damage
macromolecules within mitochondria, including lipids, pro-
teins and DNA.

In human cells, each mitochondrion has approximately
10–15 copies of a small genome consisting of 16,569 base
pairs (Fig. 1B). This mtDNA encodes 13 polypeptides, 22
transfer RNAs and 2 ribosomal RNAs, all of which are es-
sential for electron transport and ATP generation and con-
sequently for normal cellular physiology. While Attardi and
co-workers have shown that cells depleted of mtDNA (rho0)
by ethidium bromide treatment can survive and grow, these
cells must maintain adequate supplies of ATP via glycolysis
(reviewed in[4]). Surprisingly, some of this ATP is hydrol-
ysed by F0F1 ATP synthase (complex V) to maintain the
proton gradient across the inner mitochondrial membrane.
Many specialized cells in the body, such as neurons, cannot
sustain adequate ATP levels through glycolysis and thus loss
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Table 1
Human diseases associated with oxidative stress and mitochondrial
dysfunction

Disease Comments References

Asbestosis/mesothelioma [8,9]
AZT HIV therapy [10]

Cancer [11]
Breast [11]
Colorectal [11]
Gastric H. pylori infection [11,12]
Hereditary paragangliomas Mutations in SD [13]
Phaeochromocytomas/

paraganglioma
Mutations in SD [13]

Papillary renal cell SD mutations [11,13]
Uterine leiomyomata/skin

leiomyomata
Mutations in FH [13]

Cardiovascular disease
Atherosclerosis [14]
Progressive heart failure [15,16]

Diabetes mellitus [17,18]
Ischemia-reperfusion injury [19]

Liver disease
Alcoholic hepatitis [20–22]
Hemochromatosis [23]

Neurodegenerative diseases [24,25]
Alzheimer’s disease [26–28]
Amyotrophic lateral sclerosis [29]
Friedreich’s Ataxia [30–32]
Huntington’s disease [33–35]
Parkinson’s disease [36–39]

of oxidative phosphorylation leads to cell death. Various hu-
man diseases are associated with mutations in mitochondrial
genes (reviewed in[5,6]; see alsoFig. 1B). During the last
three decades, numerous human diseases also have been a
sociated with ROS generation and the ensuing mitochondrial
dysfunction that results in cell death (reviewed in[7] and see
Table 1and references therein). mtDNA therefore represents
a critical cellular target for oxidative damage that could lead
to lethal injury through the loss of electron transport, mito-
chondrial membrane potential and ATP generation. The fol-
lowing criteria should be fulfilled to conclude that oxidative
mtDNA damage is a direct cause of cell death:

• mtDNA rather than nuclear DNA (nDNA) lesions should
correlate with cell death;

• mtDNA damage should precede the ATP depletion, loss of
electron transport and failure of mitochondrial membrane
potential that culminate in cell death;

• enhancement of mtDNA repair should confer protection
from cell death, whereas;

• loss of mtDNA repair should promote cell death.

The following review explores a body of experimental
evidence that meets these criteria, thereby supporting the hy-
pothesis that oxidative injury to mtDNA is an important medi-
ator of cell death and disease. As such, mtDNA represents an
i rse
o

2. mtDNA damage is more severe than nDNA
damage following oxidative stress

Early studies by Ames and co-workers suggested that
mtDNA might be more prone to oxidative damage than nDNA
[40]. However, a decade later it appeared that assays measur-
ing oxidation of 8-oxo-guanosine in DNA using high per-
formance liquid chromatography with electrochemical de-
tection were in error due to high levels of background oxi-
dation inflicted during mitochondrial isolation and DNA pu-
rification[41]. These problems inspired my laboratory to de-
velop an assay that does not rely upon segregation of mtDNA
from nDNA during purification. The quantitative polymerase
chain reaction (QPCR) we developed allowed us to show that
mtDNA suffers 3–10-fold more damage than nDNA follow-
ing oxidative stress in numerous cell types from yeast, mouse,
rats and humans ([42,43]; reviewed in[44]).

3. Loss of mtDNA repair is associated with cell death

In the mid-1970s, Clayton and Friedberg found that UV-
induced pyrimidine dimers are not repaired in mtDNA of hu-
man cells. This phenomenon often is cited as demonstrating
that mitochondria have no DNA repair capacity[45]. Over the
past 15 years, it has become clear that mitochondria lack the
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ecessary enzymes for nucleotide excision repair, the
or pathway for the removal of DNA adducts induced
V-irradiation, carcinogenic polycyclic aromatic hydroc
ons and chemotherapeutic agents like cisplatin. How
ase excision repair, the principal pathway for the rem
f oxidative DNA damage, has been well characterize

he mitochondria of various organisms. mtDNA repair is
ond the scope of this article and the reader is referred
umber of excellent reviews[46–52]. All the mtDNA repair
achinery is encoded in the nucleus and the correspo
ene products are subsequently transported into the
hondria through the membrane potential and a mitoc
rial targeting sequence, which comprises 20–25 N-term
mino acids that are cleaved off during the transport pro

Repair of base damage in mitochondria was first repo
y, Wilson, Ledoux and co-workers[53,54]. Since that tim
itochondria have been shown to efficiently repair oxida
NA damage by a number of strategies (see reviews ab
e documented complete repair of both nDNA and mtD

esions in SV-40 transformed human fibroblasts within 1
f a 15 min treatment with H2O2 (200�M) [42]. Further-
ore, after this recovery period, DNA of both genome

reated cells had fewer lesions than the DNA of control c
his observation was apparently due to increased expre
f repair enzymes responsible for removal of oxidative D
amage[55]. Surprisingly, we found that extending the H2O2
xposure period to 60 min led to persistent mtDNA les
hat were refractory to repair up to 24 h after treatment ce
ion (even though >90% of the H2O2 had been metabolize
y 60 min), while in contrast, nDNA repair occurred with
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90 min after H2O2 withdrawal [42]. In addition, persistent
mtDNA adducts resulting from prolonged H2O2 exposure
correlated with loss of mitochondrial function and eventual
cell death. These findings demonstrate two important princi-
ples: (1) although mitochondria have DNA repair machinery,
mtDNA is more susceptible to oxidative damage than nDNA.
This is likely due to the characteristically high iron content
of mitochondria that mediates free radical formation and (2)
lesions in mtDNA block RNA polymerase thereby prevent-
ing mtDNA transcription. This, in turn, results in the loss of
key mtDNA-encoded electron transport proteins and the ini-
tiation of a vicious cycle of ROS propagation and mtDNA
oxidation. The cascade instigated by oxidative mtDNA dam-
age that leads to faulty gene expression, deficiency of key
electron transport enzymes, subsequent ROS generation and
ultimately, cell death, is known as the mitochondrial catas-
trophe hypothesis (Fig. 1). Experimental evidence in support
of this hypothesis is outlined below.

4. mtDNA damage leads to loss of membrane
potential, ATP synthesis and cell death

Ballinger and Runge, working with our group, found that
human umbilical vein endothelial cells treated with H2O2
or peroxynitrite suffered more mtDNA than nDNA damage
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inhibition of the TCA cycle. Treatment of PC12 cells with
3NPA resulted in rapid ROS induction, as well as, damage to
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50% less ROS after 3NPA treatment and maintained higher
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Santos, another member of our group, found that
telomerase-immortalized fibroblasts treated for 60 min with
200�M H2O2 suffered large amounts of mtDNA damage,
but no detectable nDNA damage[59]. Although these cells
repaired about 50% of their mtDNA damage, cell death be-
gan to ensue at 24 h post-treatment. Cell demise was char-
acterized by caspase 3 activation consistent with apoptosis.
Twenty-four hours post-H2O2 treatment, analysis revealed
that approximately 70% of the cells had low mitochondrial
membrane potential[59]. FACS sorting of cells according to
their mitochondrial membrane potential, followed by QPCR
analysis of mtDNA damage, showed that 30% of cells had
high membrane potential and no mtDNA damage, whereas
cells that lost mitochondrial membrane potential (70%) had
substantial DNA damage. Moreover, cells with low mem-
brane potential had elevated levels of ROS as compared to
those with high membrane potential. These studies demon-
strate that (1) mtDNA damage precedes loss of membrane
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eaction (RT-PCR; a quantitative amplification of mRN
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ranscribed, suggesting that considerable oxidative da
o mRNA causes degradation and loss of protein synthe

Previously, we had observed that overexpressio
he anti-apoptotic protein Bcl2 did not prevent H2O2- or
eroxynitrite-induced damage in rat Bcl2-transfected P
ells. Nevertheless, cells overexpressing Bcl2 exhibited
apid rates of mtDNA repair and increased cell survival r
ive to controls[57]. Working in our group, Mandavilli use
he fungal toxicant 3-nitropropionic acid (3NPA) to inve
ate whether ROS derived directly from mitochondria co
romote mtDNA damage, loss of ATP and subsequen
eath[58]. Ingestion of 3NPA can cause symptoms m

cking Huntington’s disease in rodents and humans. Ef
f 3NPA are believed to be mediated by direct inhibition
uccinate dehydrogenase (complex II), leading to dimini
lectron transport and increased ROS generation, follow
otential and that cells with low membrane potential gene
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heir ability to repair mtDNA damage due to oxidation
tDNA repair proteins and/or compromised ability to imp
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One potential challenge to this concept is that rho0 cells
cells lacking mtDNA) can still undergo apoptosis after
ain agents[4]. While these experiments suggest that mtD
s not essential for apoptosis, they do not speak to th
ue of whether mtDNA damage can enhance the rate o
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eroxide-induced caspase activation and cell death than
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tudy seems to underscore that fact that mitochondrial
egulation enhances ROS-induced cell death and is cons
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. Enhanced mtDNA repair protects cells from cell
eath

If mtDNA damage is responsible for cell death, then
ancement of mtDNA repair should improve cell survi
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Table 2
Alterations in mitochondrial DNA repair leads to changes in cell survival after damage

Enzyme Oxidant Lesion Cells Increased
DNA repair

Increased
cell survival

References

OGG-1 Menadione 8-oxo-dG HeLa ++ ++ [63]
OGG-1 Hypoxanthine/XO 8-oxo-dG Rat pulmonary artery

endothelial cells
++ ++ [64]

OGG-1 Asbestos 8-oxodG Rat pleural mesothelial ND ++ [8]
OGG-1 Menadione 8-oxo-dG Oligodendricytes ++ ++ [65]
Exo III Hypoxanthine/XO Abasic sites Human mammary

adenocarcinoma
−− −− [66]

MPG MMS Methylpurine Human mammary
adenocarcinoma

−/+ −− [67]

EndoIII/EndoVIII Menadione Oxidized pyrimidines HeLa/TETon ++ ++ [68]
OGG-1 Hypoxanthine/XO 8-oxo-dG Rat pulmonary artery

endothelial cells
++ ++ [69]

APE Hypoxanthine/XO
or hyperoxia

Oxidized bases Oxidant resistant
hamster fibroblasts

++ ++ [70]

Abbreviations: OGG-1: 8-oxodG glycosylase; ExoIII: exonuclease III, a major apurinic/apyrimidinic endonuclease fromE. coli; MPG: N-methylpurine DNA
glycosylase; MMS: methyl methanesulfonate, a methylating agent; EndoIII: endonuclease III, contains both a glycosylase and AP lyase activity; EndoVIII:
endonuclease VIII, contains both a glycosylase and AP lyase activity; APE: apurinic/apyrimidic endonuclease; ND: not determined.

Oxidative DNA damage produces a wide variety of DNA le-
sions including oxidation of purines or pyrimidines, abasic
sites and single-strand breaks. During base excision repair,
8-oxodG glycosylase (OGG-1) is responsible for the ini-
tial excision of 8-oxo-guanine lesions. In an elegant series
of experiments, Wilson, Ledoux and co-workers directed
OGG-1 into mitochondria through attachment of a mitochon-
drial leader sequence[63]. They noted that control HeLa
cells were very inefficient at removing menadione-induced
mtDNA damage, whereas cells transfected with OGG-1 con-
taining a mitochondrial leader sequence had rapid mtDNA
repair and enhanced cell survival. Subsequent studies by their
and other laboratories have repeated this observation among
additional cell types, DNA damaging agents and repair en-
zymes (seeTable 2for references).

It is interesting to note two cases in which supplementa-
tion of mtDNA repair enzymes actually decreased repair re-
sulting in cell death[66,67]. Wilson, Ledoux and co-workers
found that targeting the bacterial protein, exonuclease III (Ex-
oIII), to the mitochondria in mammary adenocarcinoma cells
uncoupled repair of oxidative DNA damage causing an in-
crease in cell death[66]. ExoIII has two major enzymatic
activities; it degrades DNA 3′ → 5′ and also is the major
apurinic/apyrimidinic endonuclease (APE). The authors at-
tributed this ExoIII-dependent increase in DNA damage and
cell death due to the formation of abasic sites that cannot be
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to mitochondria increased cell mortality in the absence of
MMS treatment, suggesting that methylated bases arise spon-
taneously in mtDNA and that if these lesions are only amelio-
rated by MPG there is a consequent escalation in cell mortal-
ity. In both control and MMS-treated MPG-transfected cells,
cell death appeared to be due to apoptosis. However, in con-
trol MPG-transfected apoptosis was caspase-3 independent
(reviewed in[71]).

By fulfilling the last two of the aforementioned criteria,
these studies illustrate that while augmented mtDNA repair
can enhance cell survival, uncoupled mtDNA repair exac-
erbates cell death. More recently, Wilson, Ledoux and co-
workers[70] have taken this one step further. They chroni-
cally subjected cells to elevated, as well as, incrementally in-
creasing amounts of ROS by culturing them in the presence
of hypoxanthine/xanthine oxidase, H2O2, or 95% oxygen.
Cells that adapted to elevated ROS levels had higher con-
centrations of AP endonuclease in their mitochondria. This
amplified level of APE was associated with lower steady-state
levels of mtDNA damage and increased repair rates after ox-
idant challenge.

Chronic exposure to ROS might also provoke the opposite
response, by compromising mtDNA repair capability and el-
evating steady-state levels of mtDNA damage. Indeed, one
popular theory of aging, the free radical theory of aging[51],
suggests that aging is characterized by an increase in ROS
p with
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age
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urthered processed by repair activities within the mitoch
ria. Furthermore, ExoIII could also digest in a 3′ direction
idening the repair gaps to be filled, lead to more uncoup
f BER. Kelly, Fishel and coworkers[67] found that huma
ammary adenocarcinoma cells transfected with a humN-
ethylpurine DNA glycosylase (MPG) gene construct

argets MPG to the mitochondria exhibited rapid rem
f methylated purines in mtDNA, but also displayed exc
P sites and an increased lethality in response to m
ethanesulfonate (MMS). Moreover, simply targeting M
roduction in the face of a decreased ability to cope
OS. Since mitochondria are an important source of

t is possible that a cardinal feature of aging is a declin
tDNA repair capacity that instigates a vicious cycle of R
roliferation. Two recent reports suggest that aging is c

ated with a decline of APE activity in the mitochondria a
onsequence of impaired mitochondrial translocation of
ncoded by nDNA[72–74].

One final study that strongly implicates mtDNA dam
n aging was recently published by Larsson and co-wor
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who demonstrated that 3-exonuclease deficient DNA pol�
mice age prematurely[75]. DNA pol� is responsible for DNA
replication and gap-filling during DNA repair of mtDNA.
The 3′ exonuclease activity imparts fidelity to the enzyme,
ensuring the removal of mispaired bases. Accordingly, mice
deficient in this activity exhibit relatively higher rates of mi-
spairing and mutation in their mtDNA.

6. Conclusion

Oxidative stress is associated with many human diseases,
including: cancer, cardiovascular disease, diabetes mellitus,
liver disease and neurodegenerative disease. Data presented
in this review have established that mtDNA represents an im-
portant target for oxidative damage, and if not repaired, can
lead to mitochondria dysregulation and cell death. This asso-
ciation between oxidative stress and mitochondrial dysfunc-
tion provides an opportunity for therapeutic interventions that
prevent or alleviate a wide range of human diseases. Such
therapies might include maximization of anti-oxidant status
through nutrition and supplement management. In addition,
mtDNA damage might provide an important biomarker for
monitoring disease progression and efficacy of therapies.
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