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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 perox@¢ it 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
a critical target for such oxidative damage. Once damaged, mtDNA can amplify oxidative stress by decreased expression of critical proteins
important for electron transport leading to a vicious cycle of reactive oxygen species (ROS) and organellar dysregulation that eventually
trigger apoptosis. Oxidative stress is associated with many human disorders including: cancer, cardiovascular disease, diabetes mellitus, liver
disease and neurodegenerative disease. This article reviews the evidence that oxidative damage to mtDNA can culminate in cell death and
thus represents an important target for therapeutic intervention in a number of human diseases.
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1. Introduction
Abbreviations: AP, apurinic/apyrimidinic; APE, apurinic/apyrimidinic

endonuclease; Endolll, endonuclease llI; EndoVIll, endonuclease VIII; Mitochondri I iated with fi f
Exolll, exonuclease llI; FAD, flavine adenine dinucleotide;@4, hy- lfochondnia normally are assoclated with generafion o

drogen peroxide; MMS, methyl methanesulfonate; MR@nethylpurine ATP through oxidative phosphorylation. However, these or-

DNA glycosylase; mRNA, messenger RNA; mtDNA, mitochondrial DNA;  ganelles also participate in a wide variety of essential cellular

NAD, nicotinamide adenine dinucleotide; nDNA, nuclear DNA; 3-NPA, 3-  functions such as homeostasis of calcium and iron’ as well as

nitropropionic acid; OGG-1, 8-0xodG glycosylase; ROS, reactive oxygen pjnsynthesis of heme, pyrimidines and steroids. By releasing

species; QPCR, quantitative polymerase chain reaction; RT-PCR, reverse . L .

transcriptase polymerized chain reaction; TCA, tricarboxylic acid Se_veral proteins that Ir_]CIte pro_grammed_cell death, mItOCh_On'
* Corresponding author. Tel.: +1 919 541 2799; fax: +1 919 541 7593.  driaactas the “executioners”in apoptosis (for arecent review

E-mail address: vanhout1l@niehs.nih.gov (B. Van Houten). 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 polypeptidesnsubseq
decrease in electron transport and increase in ROS generation, loss of mitochondrial membrane potential and release of signals for cell si€ttC such a
and AIF. (Panel B) Mitochondrial genome from human cells indicating, the genes, and some mitochondrial mutations associated with humanmiease. (Pa
C) Electron transport chain showing path of electrons, direction of proton movement, site of ATP synthesis and the two major sites of superatkie gener

Mitochondria possess both an outer and inner membrane,normally broken down in mitochondria by glutathione perox-
the latter of which is impermeable to all molecules, including idase, but depletion of glutathione or excessig©blproduc-
charged ions. The complex process of ATP synthesis occurstion may allow HO» to react with F&*, yielding hydroxyl
at the inner mitochondrial membrane through the donation radicals. The highly reactive hydroxyl radical can damage
of electrons by nicotinamide adenine dinucleotide (NAD) or macromolecules within mitochondria, including lipids, pro-
flavine adenine dinucleotide (FAD) equivalents generated by teins and DNA.
the tricarboxylic acid (TCA) cycleKig. 1). These electrons In human cells, each mitochondrion has approximately
are passed along a series of molecular complexes known ad0-15 copies of a small genome consisting of 16,569 base
the electron transport system. Simultaneously, protons arepairs Fig. 1B). This mtDNA encodes 13 polypeptides, 22
transferred across the inner membrane at complexes |, llltransfer RNAs and 2 ribosomal RNAs, all of which are es-
and IV to establish a trans-membrane gradient of electrical sential for electron transport and ATP generation and con-
charge known as the membrane potential. Complexg¥{F  sequently for normal cellular physiology. While Attardi and
ATP synthase) harnesses this membrane potential as chemeo-workers have shown that cells depleted of mtDNA $jho
ical energy in the form of ATP. The final electron acceptor by ethidium bromide treatment can survive and grow, these
is molecular oxygen, which is reduced through a four elec- cells must maintain adequate supplies of ATP via glycolysis
tron addition to water. However, a significant portion of elec- (reviewed in[4]). Surprisingly, some of this ATP is hydrol-
trons may escape the electron transport chain as superoxidgsed by gF; ATP synthase (complex V) to maintain the
anions. Superoxide, in turn, may spawn the production of proton gradient across the inner mitochondrial membrane.
H2>02 spontaneously or through the action of manganese su-Many specialized cells in the body, such as neurons, cannot
peroxide dismutase (MnSODORY(; reviewed in3]). H2Oz is sustain adequate ATP levels through glycolysis and thus loss
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Table 1 2. mtDNA damage is more severe than nDNA
Human diseases associated with oxidative stress and mitochondrial damage following oxidative stress
dysfunction

Disease Comments References Early studies by Ames and co-workers suggested that
Asbestosis/mesothelioma (8.9] mtDNA might be more prone to oxidative damage than nDNA
AZT HIV therapy [10] [40]. However, a decade later it appeared that assays measur-
Cancer [11] ing oxidation of 8-oxo-guanosine in DNA using high per-
Breast [11] formance liquid chromatography with electrochemical de-
Colorectal o [11] tection were in error due to high levels of background oxi-
Gastric , H.pylorinfection - [11.12] dation inflicted during mitochondrial isolation and DNA pu-
Hereditary paragangliomas Mutations in SD [13] e . "
Phaeochromocytomas/ Mutations in SD [13] rification[41]. These problems inspired my laboratory to de-
paraganglioma velop an assay that does not rely upon segregation of mtDNA
Papillary renal cell _ SD mutations (11,13] from nDNA during purification. The quantitative polymerase
Utler.'”e 'e'omz’omatals"'” Mutations in FH [13] chain reaction (QPCR) we developed allowed us to show that
Cards\?gﬁg?;sease mtDNA suffers 3—10-fold more damage than nDNA follow-
Atherosclerosis [14] ing oxidative stress in numerous cell types from yeast, mouse,
Progressive heart failure [15,16] rats and humang42,43] reviewed in[44]).
Diabetes mellitus [17,18]
Ischemia-reperfusion injury [19]
Liver disease 3. Loss of mtDNA repair is associated with cell death
Alcoholic hepatitis [20-22]
Hemochromatosis [23] In the mid-1970s, Clayton and Friedberg found that UV-
Neurodegenerative diseases [24,25] induced pyrimidine dimers are not repaired in mtDNA of hu-
Alzheimer's disease [26-28] man cells. This phenomenon often is cited as demonstrating
Amyotrophic lateral sclerosis [29] that mitochondria have no DNA repair capagit]. Over the
Friedreich’s Ataxia [30-32] past 15 years, it has become clear that mitochondria lack the
E“nt.'”gm?s‘.j'sease [33-35] necessary enzymes for nucleotide excision repair, the ma-
arkinson’s disease [36-39]

jor pathway for the removal of DNA adducts induced by
UV-irradiation, carcinogenic polycyclic aromatic hydrocar-
of oxidative phosphorylation leads to cell death. Various hu- hons and chemotherapeutic agents like cisplatin. However,
man diseases are associated with mutations in mitochondrialase excision repair, the principal pathway for the removal
genes (reviewed ifb,6]; see alsd~ig. 1B). During the last  of oxidative DNA damage, has been well characterized in
three decades, numerous human diseases also have been afe mitochondria of various organisms. mtDNA repair is be-
sociated with ROS generation and the ensuing mitochondrialyond the scope of this article and the reader is referred to a
dysfunction that results in cell death (reviewedihand see number of excellent reviewg@6-52] All the mtDNA repair
Table 1and references therein). mtDNA therefore represents machinery is encoded in the nucleus and the corresponding
a critical cellular target for oxidative damage that could lead gene products are subsequently transported into the mito-
to lethal injury through the loss of electron transport, mito- chondria through the membrane potential and a mitochon-
chondrial membrane potential and ATP generation. The fol- drial targeting sequence, which comprises 20-25 N-terminal
lowing criteria should be fulfilled to conclude that oxidative amino acids that are cleaved off during the transport process.
mtDNA damage is a direct cause of cell death: Repair of base damage in mitochondria was first reported

o MtDNA rather than nuclear DNA (nDNA) lesions should bY’ W;:SOZ’ _Lerc]jouxband cc;—workef5§35_4]. Sllnce that t'.r;e.
correlate with cell death: mitochondria have been shown to efficiently repair oxidative

e MtDNA damage should precede the ATP depletion, loss of \?VNAd damagetbé/ a nurr;bter of strat?%efh(s%eNrXV|e\évs ?B?\l\f)'
electron transport and failure of mitochondrial membrane € documented complete repair of both n andm
: ; . : lesions in SV-40 transformed human fibroblasts within 1.5 h
potential that culminate in cell death; f a 15min treat t with 200uM) 1421, Furth
e enhancement of mtDNA repair should confer protection ota Zomin treatment wi ’-’92 (200pM) [42]. Further- .
. more, after this recovery period, DNA of both genomes in
from cell death, whereas; treated cells had fewer lesions than the DNA of control cell
e loss of MtDNA repair should promote cell death. reated cetls had fewer fesions than the L ot controf cetls.
This observation was apparently due to increased expression
The following review explores a body of experimental of repair enzymes responsible for removal of oxidative DNA
evidence that meets these criteria, thereby supporting the hy-damagé55]. Surprisingly, we found that extending the®p
pothesis that oxidative injury to mtDNA is animportant medi- exposure period to 60 min led to persistent mtDNA lesions
ator of cell death and disease. As such, mtDNA represents arthat were refractory to repair up to 24 h after treatment cessa-
important potential target for intervention during the course tion (even though >90% of theJd®, had been metabolized
of disease. by 60 min), while in contrast, nDNA repair occurred within
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90 min after BO, withdrawal [42]. In addition, persistent inhibition of the TCA cycle. Treatment of PC12 cells with
mtDNA adducts resulting from prolonged,8, exposure 3NPA resulted in rapid ROS induction, as well as, damage to
correlated with loss of mitochondrial function and eventual mtDNA, but not nDNA, followed by a reduction in ATP syn-
cell death. These findings demonstrate two important princi- thesis. In contrast, PC12 cells overexpressing Bcl2 generated
ples: (1) although mitochondria have DNA repair machinery, 50% less ROS after 3NPA treatment and maintained higher
mtDNA is more susceptible to oxidative damage than nDNA. levels of ATP. Most importantly, Bcl2 expression completely
This is likely due to the characteristically high iron content protected cells treated with 3NPA from mtDNA damage, re-
of mitochondria that mediates free radical formation and (2) sulting in increased cell surviv§s8].
lesions in mtDNA block RNA polymerase thereby prevent- Santos, another member of our group, found that
ing mtDNA transcription. This, in turn, results in the loss of telomerase-immortalized fibroblasts treated for 60 min with
key mtDNA-encoded electron transport proteins and the ini- 200nM H>0» suffered large amounts of mtDNA damage,
tiation of a vicious cycle of ROS propagation and mtDNA but no detectable nDNA damagfe9]. Although these cells
oxidation. The cascade instigated by oxidative mtDNA dam- repaired about 50% of their mtDNA damage, cell death be-
age that leads to faulty gene expression, deficiency of keygan to ensue at 24 h post-treatment. Cell demise was char-
electron transport enzymes, subsequent ROS generation andcterized by caspase 3 activation consistent with apoptosis.
ultimately, cell death, is known as the mitochondrial catas- Twenty-four hours post-bD, treatment, analysis revealed
trophe hypothesidig. 1). Experimental evidence in support that approximately 70% of the cells had low mitochondrial
of this hypothesis is outlined below. membrane potentigb9]. FACS sorting of cells according to
their mitochondrial membrane potential, followed by QPCR
analysis of mtDNA damage, showed that 30% of cells had
4. mtDNA damage leads to loss of membrane high membrane potential and no mtDNA damage, whereas
potential, ATP synthesis and cell death cells that lost mitochondrial membrane potential (70%) had
substantial DNA damage. Moreover, cells with low mem-
Ballinger and Runge, working with our group, found that brane potential had elevated levels of ROS as compared to
human umbilical vein endothelial cells treated with®3} those with high membrane potential. These studies demon-
or peroxynitrite suffered more mtDNA than nDNA damage strate that (1) mtDNA damage precedes loss of membrane
[56]. This mtDNA damage was associated with decreased potential and that cells with low membrane potential generate
steady-state levels of messenger RNA (MRNA) encoded byincreased amounts of ROS and (2) mitochondria can exhaust
the mitochondrial genome and reduced concentrations of alltheir ability to repair mtDNA damage due to oxidation of
13 polypeptides translated in the mitochondria. Diminished mtDNA repair proteins and/or compromised ability to import
mitochondrial protein expression was accompanied by low- newly formed repair proteins (encoded in the nucleus) into
ered ATP production, a decreased inner mitochondrial mem-the mitochondrial matrix. Thus, extinction of mitochondrial
brane potential, and generation of secondary ROS within membrane potential promulgates persistent mtDNA damage
mitochondria[56]. Ayala-Torres (unpublished observation) and apparently condemns the cell to death.
obtained similar results following 0, treatment of SV-40 One potential challenge to this concept is tharbells
fibroblasts, which showed a rapid decline in steady-state lev- (cells lacking mtDNA) can still undergo apoptosis after cer-
els of mitochondrial MRNA accompanied by a loss of ATP. tain agent$4]. While these experiments suggest that mtDNA
Analysis of mMRNA by reverse transcriptase polymerase chainis not essential for apoptosis, they do not speak to the is-
reaction (RT-PCR; a quantitative amplification of mMRNA) sue of whether mtDNA damage can enhance the rate of cell
showed that most of the mRNA could not be reverse- death. Oliveira and co-workers have shown that functional
transcribed, suggesting that considerable oxidative damagemitochondria and normal mtDNA are required for cell death
to mRNA causes degradation and loss of protein synthesis. induced by beta-amyloid, which produces intracellular hy-
Previously, we had observed that overexpression of drogen peroxid¢60,61] More recently the same group has
the anti-apoptotic protein Bcl2 did not prevenp®p- or shown that rhBcells are actually more sensitive to hydrogen
peroxynitrite-induced damage in rat Bcl2-transfected PC12 peroxide-induced caspase activation and cell death than cells
cells. Nevertheless, cells overexpressing Bcl2 exhibited morecontaining mtDNA and functional mitochondrjé2]. This
rapid rates of mMtDNA repair and increased cell survival rela- study seems to underscore that fact that mitochondrial dys-
tive to controlg57]. Working in our group, Mandavilliused  regulation enhances ROS-induced cell death and is consistent
the fungal toxicant 3-nitropropionic acid (3NPA) to investi- with other results presented in this review.
gate whether ROS derived directly from mitochondria could
promote mtDNA damage, loss of ATP and subsequent cell
death[58]. Ingestion of 3NPA can cause symptoms mim- 5. Enhanced mtDNA repair protects cells from cell
icking Huntington’s disease in rodents and humans. Effects death
of 3NPA are believed to be mediated by direct inhibition of
succinate dehydrogenase (complex ), leading to diminished  If mtDNA damage is responsible for cell death, then en-
electron transport and increased ROS generation, followed byhancement of mtDNA repair should improve cell survival.
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Table 2

Alterations in mitochondrial DNA repair leads to changes in cell survival after damage

Enzyme Oxidant Lesion Cells Increased Increased References

DNA repair cell survival

0GG-1 Menadione 8-0x0-dG HelLa ++ ++ [63]

0GG-1 Hypoxanthine/XO 8-0x0-dG Rat pulmonary artery ++ ++ [64]
endothelial cells

0GG-1 Asbestos 8-oxodG Rat pleural mesothelial ND ++ [8]

0GG-1 Menadione 8-0x0-dG Oligodendricytes ++ ++ [65]

Exo Il Hypoxanthine/XO Abasic sites Human mammary - —— [66]
adenocarcinoma

MPG MMS Methylpurine Human mammary —/+ —— [67]
adenocarcinoma

Endolll/EndoVIII Menadione Oxidized pyrimidines HelLa/TETon ++ ++ [68]

0GG-1 Hypoxanthine/XO 8-0x0-dG Rat pulmonary artery ++ ++ [69]
endothelial cells

APE Hypoxanthine/XO Oxidized bases Oxidant resistant ++ ++ [70]

or hyperoxia

hamster fibroblasts

Abbreviations: OGG-1: 8-0xodG glycosylase; Exolll: exonuclease Ill, a major apurinic/apyrimidinic endonucleasg.fecoly MPG: N-methylpurine DNA
glycosylase; MMS: methyl methanesulfonate, a methylating agent; Endolll: endonuclease I, contains both a glycosylase and AP lyase awtfility; End
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- to mitochondria increased cell mortality in the absence of
sions including oxidation of purines or pyrimidines, abasic MMS treatment, suggesting that methylated bases arise spon-
sites and single-strand breaks. During base excision repairtaneously in mtDNA and that if these lesions are only amelio-
8-o0x0dG glycosylase (OGG-1) is responsible for the ini- rated by MPG there is a consequent escalation in cell mortal-
tial excision of 8-oxo-guanine lesions. In an elegant series ity. In both control and MMS-treated MPG-transfected cells,
of experiments, Wilson, Ledoux and co-workers directed cell death appeared to be due to apoptosis. However, in con-
OGG-1 into mitochondria through attachment of a mitochon- trol MPG-transfected apoptosis was caspase-3 independent
drial leader sequenci3]. They noted that control HeLa  (reviewed in[71]).
cells were very inefficient at removing menadione-induced By fulfilling the last two of the aforementioned criteria,
mtDNA damage, whereas cells transfected with OGG-1 con- these studies illustrate that while augmented mtDNA repair
taining a mitochondrial leader sequence had rapid mtDNA can enhance cell survival, uncoupled mtDNA repair exac-
repair and enhanced cell survival. Subsequent studies by theierbates cell death. More recently, Wilson, Ledoux and co-
and other laboratories have repeated this observation amongvorkers[70] have taken this one step further. They chroni-
additional cell types, DNA damaging agents and repair en- cally subjected cells to elevated, as well as, incrementally in-
zymes (sedable 2for references). creasing amounts of ROS by culturing them in the presence
It is interesting to note two cases in which supplementa- of hypoxanthine/xanthine oxidase®p, or 95% oxygen.
tion of MtDNA repair enzymes actually decreased repair re- Cells that adapted to elevated ROS levels had higher con-
sulting in cell deatli66,67] Wilson, Ledoux and co-workers  centrations of AP endonuclease in their mitochondria. This
found that targeting the bacterial protein, exonuclease Il (Ex- amplified level of APE was associated with lower steady-state
olll), to the mitochondria in mammary adenocarcinoma cells levels of mtDNA damage and increased repair rates after ox-
uncoupled repair of oxidative DNA damage causing an in- idant challenge.
crease in cell deatf66]. Exolll has two major enzymatic Chronic exposure to ROS might also provoke the opposite
activities; it degrades DNA’3-» 5 and also is the major  response, by compromising mtDNA repair capability and el-
apurinic/apyrimidinic endonuclease (APE). The authors at- evating steady-state levels of mtDNA damage. Indeed, one
tributed this Exolll-dependent increase in DNA damage and popular theory of aging, the free radical theory of aditj,
cell death due to the formation of abasic sites that cannot besuggests that aging is characterized by an increase in ROS
furthered processed by repair activities within the mitochon- production in the face of a decreased ability to cope with
dria. Furthermore, Exolll could also digest in ‘ad¥ection ROS. Since mitochondria are an important source of ROS
widening the repair gaps to be filled, lead to more uncoupling it is possible that a cardinal feature of aging is a decline in
of BER. Kelly, Fishel and coworkel[§7] found that human  mtDNA repair capacity that instigates a vicious cycle of ROS
mammary adenocarcinoma cells transfected with a huvhan  proliferation. Two recent reports suggest that aging is corre-
methylpurine DNA glycosylase (MPG) gene construct that lated with a decline of APE activity in the mitochondria as a
targets MPG to the mitochondria exhibited rapid removal consequence ofimpaired mitochondrial translocation of APE
of methylated purines in mtDNA, but also displayed excess encoded by nDNA72-74]
AP sites and an increased lethality in response to methyl One final study that strongly implicates mtDNA damage
methanesulfonate (MMS). Moreover, simply targeting MPG in aging was recently published by Larsson and co-workers,
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who demonstrated that 3-exonuclease deficient DNAy pol chondrial DNA damage and dysfunction linked to the development
mice age prematurely5]_ DNA po|'y is responsib|efor DNA of apoptosis, Am. J. Physiol. Lung Cell. Mol. Physiol. 285 (2003)
replication and gap-filling during DNA repair of mtDNA. L1018-11025.

The 3 | tivity i ts fidelity to th [9] V. Panduri, S.A. Weitzman, N.S. Chandel, D.W. Kamp, Mito-
€ 5 exonuciease aclivity Imparts figelity to the enzyme, chondrial-derived free radicals mediate asbestos-induced alveolar ep-

ensuring the removal of mispaired bases. Accordingly, mice ithelial cell apoptosis, Am. J. Physiol. Lung Cell. Mol. Physiol. 286
deficient in this activity exhibit relatively higher rates of mi- (2004) L1220-11227.
spairing and mutation in their mtDNA. [10] A. Cossarizza, L. Troiano, C. Mussinl, Mitochondria, HIV infection:
the first decade, J. Biol. Regul. Homeost. Agents 16 (2002) 18-24.
[11] J.S. Penta, F.M. Johnson, J.T. Wachsman, W.C. Copeland, Mitochon-
drial DNA in human malignancy, Mutat. Res. 488 (2001) 119-133.
6. Conclusion [12] B. Van Houten, S.E. Crowe, The role of the host response in ox-
idative damage and malignant transformation, Mucosal Immunol.
Oxidative stress is associated with many human diseases, _ Update 5 (1997) 64-67. _ , _
including: cancer, cardiovascular disease, diabetes mellitus,llS] G.M. Enns, The contribution of mitochondria to common disorders,
. . . . Mol. Genet. Metab. 80 (2003) 11-26.
liver disease and neurodegenerative disease. Data presentq% J.C. Choy, D.J. Granville, D.W. Hunt, B.M. McManus, Endothelial
in this review have established that mtDNA represents an im- cell apoptosis: biochemical characteristics and potential implications
portant target for oxidative damage, and if not repaired, can for atherosclerosis, J. Mol. Cell Cardiol. 33 (2001) 1673-1690.
lead to mitochondria dysregulation and cell death. This asso-[15] D. Sorescu, K.K. Griendling, Reactive oxygen species, mitochondria,

o ; f : : d NAD(P)H oxidases in the development and progression of heart
iation between oxidative str nd mitochondrial dysfunc- 2 .
ciation between oxidative stress and mitochondrial dys unc failure, Congest. Heart Fail 8 (2002) 132-140.

tion provides an ppportumty for therapeutic mter'ventlons that [16] H. Tsutsui, Oxidative stress in heart failure: the role of mitochondria,
prevent or alleviate a wide range of human diseases. Such  |ntern. Med. 40 (2001) 1177-1182.

therapies might include maximization of anti-oxidant status [17] M.A. Yorek, The role of oxidative stress in diabetic vascular and
through nutrition and supplement management. In addition, ~_ neural disease, Free Radic. Res. 37 (2003) 471-480.

; : ; : 18] M.R. Duchen, Roles of mitochondria in health and disease, Diabetes
mtDNA damage might provide an important biomarker for 53 (2004) S96.5102.
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