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It is now clear that mitochondrial defects are associated
with a plethora of clinical phenotypes in man and mouse.
This is the result of the mitochondria’s central role in
energy production, reactive oxygen species (ROS) biol-
ogy, and apoptosis, and because the mitochondrial ge-
nome consists of roughly 1500 genes distributed across
the maternal mitochondrial DNA (mtDNA) and the
Mendelian nuclear DNA (nDNA). While numerous path-
ogenic mutations in both mtDNA and nDNA mitochon-
drial genes have been identified in the past 21 years, the
causal role of mitochondrial dysfunction in the common
metabolic and degenerative diseases, cancer, and aging
is still debated. However, the development of mice
harboring mitochondrial gene mutations is permitting
demonstration of the direct cause-and-effect relationship
between mitochondrial dysfunction and disease. Muta-
tions in nDNA-encoded mitochondrial genes involved in
energy metabolism, antioxidant defenses, apoptosis via
the mitochondrial permeability transition pore (mtPTP),
mitochondrial fusion, and mtDNA biogenesis have al-
ready demonstrated the phenotypic importance of mito-
chondrial defects. These studies are being expanded by
the recent development of procedures for introducing
mtDNA mutations into the mouse. These studies are
providing direct proof that mtDNA mutations are suffi-
cient by themselves to generate major clinical pheno-
types. As more different mtDNA types and mtDNA gene
mutations are introduced into various mouse nDNA
backgrounds, the potential functional role of mtDNA
variation in permitting humans and mammals to adapt
to different environments and in determining their pre-
disposition to a wide array of diseases should be de-
finitively demonstrated.

Mitochondrial medicine

The first evidence that mitochondrial dysfunction could
yield a clinical phenotype came from the study of a young

woman with nonthyroidal hypermetabolism associated
with abnormal mitochondria and mitochondrial dysfunc-
tion (Luft et al. 1962). Subsequent studies reported
mitochondrial structural and biochemical abnormalities
in the muscle of patients with encephalomyopathies,
leading to the histopathological diagnosis of ragged
red muscle fibers (RRFs) or mitochondrial myopathy
(DiMauro 1993). However, the absence of fundamental
knowledge about the biology and genetics of the mito-
chondrion limited a deeper understanding of the inheri-
tance and pathophysiology of mitochondrial diseases.

Studies in the 1970s and 1980s began to lay the ground
work for a deeper appreciation for the complexities of
mitochondrial genetics. Isolation and molecular charac-
terization of the human mitochondrial DNA (mtDNA)
provided a new understanding of the replication and
transcription of the mtDNA (Montoya et al. 1981; Ojala
et al. 1981; Clayton 2003), culminating in the determi-
nation of the complete mtDNA sequence and the dem-
onstration that the function of the 13 polypeptide genes
of the mtDNA are all subunits of the mitochondrial
oxidative phosphorylation (OXPHOS) complexes (Anderson
et al. 1981; Chomyn et al. 1985, 1986).

Concurrent studies of chloramphenicol (CAP)-resistant
(CAPR) cultured human and mouse cells led to the de-
velopment of the cytoplasmic hybrid (cybrid) transfer
technique ultimately permitting the assignment of CAPR

to the mtDNA in both mouse and human cells (Bunn et al.
1974; Wallace et al. 1975; Blanc et al. 1981a,b; Wallace
1981). The availability of the CAPR mtDNA marker then
permitted the elucidation of the rules of mammalian
mtDNA genetics including segregation of heteroplasmic
mutations during mitotic replication, threshold expres-
sion, and complementation of mtDNA mutants (Bunn
et al. 1977; Wallace et al. 1977; Wallace and Eisenstadt
1979; Oliver and Wallace 1982). Definition of the rules of
mtDNA genetics culminated in the demonstration of the
maternal inheritance of the human mtDNA and the
discovery of extensive, regional-specific human mtDNA
variation (Giles et al. 1980; Denaro et al. 1981).

These advances set the stage for the demonstration in
1988 that mtDNA deletions were present in the muscle
of patients with mitochondrial myopathy (Holt et al.
1988), and that a mtDNA missense mutation was the
cause of Leber Hereditary Optic neuropathy (LHON)
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(Wallace et al. 1988a). In the ensuing 20 yr, molecular
defects have been observed in both mtDNA-encoded and
nuclear DNA (nDNA)-encoded genes of the mitochon-
drial genome associated with a broad spectrum of clinical
problems (Wallace et al. 2007b).

Still, the true importance of OXPHOS dysfunction in
the pathophysiology of disease and the relative impor-
tance of mtDNA defects versus nDNA mitochondrial
mutations in human disease remained ambiguous. These
questions began to be addressed in the mid to late 1900s
with the generation of mice harboring genetic defects in
the nDNA-encoded (Graham et al. 1997) and mtDNA
encoded OXPHOS genes (Inoue et al. 2000; Sligh et al.
2000; Fan et al. 2008).

Growing appreciation of the extent and importance of
mitochondrial defects in human disease and the develop-
ment of additional mouse models of mitochondrial dis-
ease have now demonstrated that OXPHOS defects have
broad relevance to the genetics and pathophysiology of
complex human diseases (Wallace 2008). As a result, the
vibrant new field of Mitochondrial Medicine was born
(Luft 1994).

Mitochondrial bioenergetics

The mitochondrion is assembled from ;1500 polypep-
tides, most encoded by the nDNA. However, the mtDNA
still retains 13 central OXPHOS polypeptide genes.
Therefore, the mitochondrial genome encompasses both
mtDNA and nDNA genes and the assembly and function
of mitochondrial OXPHOS requires the cooperation of
both genomes.

While mutations in the nDNA-encoded mitochondrial
genes frequently abide by the classical rules of Mendelian
inheritance, the rules of mtDNA inheritance are quite
different. Moreover, mutations in nDNA genes that affect
mitochondrial biogenesis can result in mtDNA damage
or dysfunction, and mtDNA mutations can modify the
expression of nDNA gene variants. Hence, the interac-
tion of the Mendelian and non-Mendelian mitochondrial
genes generates a ‘‘complex genetics’’ that nicely explains
many of the hereditary anomalies of many ‘‘common’’
clinical problems. Moreover, the central importance of
energy metabolism for health of a variety of tissues and
organs provides a direct explanation of the pathophysiol-
ogy of many diseases.

Mitochondrial OXPHOS

The mitochondria generate much of the energy used by
animal cells. Glucose is cleaved by glycolysis to produce
pyruvate, which is converted to acetyl-Coenzyme A
(CoA), NADH + H+, and CO2 by pyruvate dehydrogenase
(PDH). Fatty acids are oxidized by mitochondrial b

oxidation to generate acetyl-CoA, NADH + H+, and
FADH2, the later contained in the electron transfer factor
(ETF). The acetyl-CoA enters the tricarboxylic acid (TCA)
cycle, which strips the reducing equivalents (electrons
from hydrogen) from organic acids to reduce NAD+ to
produce NADH + H+. Two electrons from NADH + H+ are
then transferred to NADH dehydrogenase (complex I).

Similarly, two electrons are collected from various or-
ganic sources and used to reduce the FAD to FADH2 in
the ETF dehydrogenase, succinate dehydrogenase (SDH,
complex II), and other dehydrogenases. The two electrons
from complex I or from the various FAD-linked dehydro-
genases then reduce ubiquinone (coenzyme Q10, CoQ) to
ubisemiquinone (CoQH�) and then to ubiquinol (CoQH2).
The electrons from CoQH2 are then transferred succes-
sively to complex III (bc1 complex), cytochrome c, com-
plex IV (cytochrome c oxidase, COX), and finally to
oxygen (� O2) to give H2O.

Each of the ETC complexes incorporates multiple
electron carriers. Complexes I and II use flavins and
iron–sulfur (Fe-S) centers as electron carries. The TCA
enzyme aconitase also uses a Fe-S group that renders it
sensitive to oxidative stress. Complex III encompasses
a Fe-S center plus cytochromes b and c1 and complex IV
encompasses two Cu centers plus cytochromes a and a3.

The energy that is released as the electrons flow down
the ETC is used to pump protons out across the mito-
chondrial inner membrane through complexes I, III, and
IV. This creates a proton electrochemical gradient (DP =
DC + DmH+), a capacitor that is acidic and positive in the
intermembrane space and negative and alkaline on the
matrix side. The potential energy stored in DP can be used
for multiple purposes, to import proteins and Ca2+ into
the mitochondrion, to generate heat, and to synthesize
ATP within the mitochondrial matrix. The energy nec-
essary to condense ADP + Pi to ATP is obtained by the
flow of protons from the intermembrane space back into
the matrix through the ATP synthetase (complex V).
Matrix ATP is then exchanged for cytosolic ADP by the
inner membrane adenine nucleotide translocators (ANTs)
(Wallace 2007).

The efficiency by which dietary reducing equivalents
are converted to ATP by OXPHOS is called the coupling
efficiency. This is determined by the efficiency by which
protons are pumped out of the matrix by complexes I, III,
and IV, and the efficiency by which proton flux through
complex V is converted to ATP. The uncoupler drug 2,4-
dinitrophenol (DNP) and the nDNA-encoded uncoupler
proteins 1, 2, and 3 (Ucp1, Ucp2, and Ucp3) render the
mitochondrial inner membrane leaky for protons. This
short-circuits the mitochondrial inner membrane capac-
itor, ‘‘uncouples’’ electron transport from ATP synthesis,
and causes the ETC to run at its maximum rate dissipat-
ing the energy as heat. Variation in mitochondrial pro-
teins that alter the OXPHOS coupling efficiency have
been proposed to determine the proportion of the calories
burned by the mitochondria to generate ATP versus heat
(Mishmar et al. 2003; Wallace et al. 2003; Ruiz-Pesini
et al. 2004; Ruiz-Pesini and Wallace 2006).

The OXPHOS complexes are the only mitochondrial
enzymes that encompass mtDNA encoded polypeptides.
Complex I is assembled from 45 polypeptides, seven
(ND1, ND2, ND3, ND4, ND4L, ND5, and ND6) encoded
by the mtDNA; complex II is assembled from four nDNA
polypeptides; complex III from 11 polypeptides, one
(cytochrome b, cyt b) encoded by the mtDNA; complex
IV from 13 polypeptides, three (COI, COLII, COLIII) from
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the mtDNA; and complex V from ;17 polypeptides, two
(ATP6 and ATP8) from the mtDNA. Of the five com-
plexes, only complexes I, III, IV, and V transport protons
and these are the same complexes that retain mtDNA
encoded polypeptides. Since all of the proton transporting
complexes share a common electrochemical gradient
(DP = D C + DmH+), which is central to the energetics of
the cell, it is clear that the proton transport and perme-
ability of all four complexes must be balanced to avoid
one of the complexes short-circuiting the common ca-
pacitor and negating the energetic function of the other
complexes. Therefore, the major electrical components of
the four proton pumping complexes must coevolve. It is
hypothesized that this is accomplished by retaining these
proteins on the mtDNA, which is inherited from only one
parent, the mother. As a result, protein genes from different
mtDNA maternal lineages with different coupling efficien-
cies cannot be mixed by recombination (Wallace 2007).

Reactive oxygen species (ROS)

In addition to energy, mitochondrial OXPHOS also gen-
erates ROS. When the ETC becomes highly reduced, the
excess electrons from complex I can be passed directly to
O2 on the matrix side of the mitochondrial inner mem-
brane or from complex III to O2 on the cytosolic side of
the inner membrane to generate superoxide anion (O2

�).
Matrix O2

� generated by complex I is converted to H2O2

by the matrix-specific manganese superoxide dismutase
(MnSOD) encoded by the nDNA Sod2 gene. Intermem-
brane space O2

� from complex III is converted to H2O2

by the intermembrane space and cytosolic Cu/ZnSOD
(Sod1). Mitochondrial H2O2 can then diffuse into the
nucleus cytosol. If H2O2 in the matrix, intermembrane
space, cytosol, or nucleus encounters a reduced transi-
tion metal or is mixed with O2

�, the H2O2 can be further
reduced to hydroxyl radical (OH�), the most potent
oxidizing agent among the ROS.

Under normal physiological conditions, ROS produc-
tion is highly regulated, at least in part controlled by
complex I (Evans et al. 2000; McCord 2000; Kelley and
Parsons 2001; Hansen et al. 2006; Jones 2006). However, if
the respiratory chain is inhibited, then electrons accu-
mulate on the ETC carriers, greatly increasing the rate of
a single electron being transferred to O2 to generate O2

�.
Less acutely, if an individual ingests a surplus of calories
(reducing equivalents), relative to his/her metabolic
requirements, and their mitochondria are tightly coupled,
then the DP is driven to maximum, the ETC stalls, and
the ETC electron carriers become reduced, chronically
increasing O2

� production. Over time, the excessive mito-
chondrial ROS production can exceed the antioxidant
defenses of the mitochondrion and the nuclear cytosol
and the cumulative damage can ultimately destroy the
cell by necrosis or apoptosis.

OXPHOS-associated functions

ADP/ATP exchange. The ANTs exchange mitochon-
drial ATP for cytosolic ADP across the mitochondrial
inner membrane and also regulate apoptosis. Humans

have four ANT isoforms: ANT1, expressed primarily in
the heart and skeletal muscle; ANT2, expressed in rapidly
growing cells and inducible; ANT3, expressed constitu-
tively in all tissues; and ANT4, expressed in testis. Mice
have three Ant genes: Ant1, expressed in heart, skeletal
muscle, and brain; Ant2, which is express in all tissues
except skeletal muscle; and Ant4, expressed in testis
(Levy et al. 2000; Wallace 2005c; Brower et al. 2007).

Uncoupler proteins. The mammalian uncoupler pro-
teins (Ucp1–3) regulate mitochondrial innermembrane
proton permeability and thus DP. Ucp1 is primarily
associated with thermogenesis. Mice exposed to cold
induce Ucp1 in brown adipose tissue (BAT). In such a
case, b-adrenergic neurons secrete noradrenaline and
adrenaline that bind to the b3-adenergic receptors on
BAT cells, activating adenylylcyclase. The cAMP acti-
vates protein kinase A to phosphorylate CREB. Phosphor-
ylated CREB enters the nucleus where it binds to cAMP
response elements in the promoter of the peroxisome
proliferation-activated receptor g (PPARg) coactivator 1 a

(PGC-1a) gene. PGC-1a interacts with brown fat tran-
scription factors to induce Ucp1 expression. Ucp1 intro-
duces a proton channel into the mitochondrial inner
membrane, uncoupling the ETC from the ATP synthase.
The ETC then starts burning the reducing equivalents
stored in the fat, which directly generates heat (Nicholls
and Locke 1984; Jacobsson et al. 1985; Ridley et al. 1986;
Reichling et al. 1987; Kozak et al. 1988; Spiegelman and
Heinrich 2004). Ucp2 and Ucp3 are more systemically
expressed than Ucp1, and may regulate mitochondrial DP
and thus ROS production (Arsenijevic et al. 2000; Vidal-
Puig et al. 2000).

Mitochondrial permeability transition pore (mtPTP). The
mitochondria contain a self-destruct system, the mtPTP.
The mtPTP is activated when the biochemical health of
the mitochondria and cell decline, mitochondrial energy
production declines, ROS generation increases, and/or ex-
cessive Ca2+ is released into the cytosol and is taken up
by the mitochondrion. When the mtPTP is activated, it
opens a channel in the mitochondrial inner membrane,
short circuiting DP, and initiating programmed cell death
(apoptosis).

The exact nature of the mtPTP is unknown. Until
recently, it was believed that the mtPTP consisted of
a complex of an ANT protein, which formed the channel
spanning the mitochondrial inner membrane, and a voltage-
dependent anion channel (VDAC) (porin) protein, which
provided the channel through the mitochondrial outer
membrane. The ANTs and VDACs were then envisioned
to bind to each other at inner and out membrane contact
sites, forming a continuous channel. This core of ANT
and VDAC proteins then interacted with the peripheral
benzodiazepine receptor, which provided ligand regula-
tion of the pore; cyclophilin D, which monitored matrix
Ca2+ concentration; mitochondrial creatine phosphokinase,
which monitored intermembrane space high-energy phos-
phate levels; and the pro- and anti-apoptotic proteins of
the Bax/Bcl2 protein family that regulated pore activation
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and the initiation of apoptosis (Zamzami and Kroemer
2001). However, the generation of mouse cell lines and
mice with genetic defects in the Ant, Vdac, and cyclo-
sporine D (Pipf) genes have failed to fulfill the predictions
of this model (Kokoszka et al. 2004; Baines et al. 2005;
Basso et al. 2005; Nakagawa et al. 2005; Krauskopf et al.
2006). Therefore, the structure of the mtPTP remains
unclear.

The activation of the mtPTP not only results in the
collapse of DP, it causes the the release of cytochrome c
(cyt c), procaspase-9, apoptosis-initiating factor (AIF), and
endonuclease G from the mitochondrial intermembrane
space into the cytosol. The former two interact with cyto-
solic Apaf1 to activate the caspase cascade that degrades
the cellular proteins. The latter two are transported to
the nucleus and degrade the chromatin. In this way, cells
with defective mitochondria are degraded from the inside
out, stopping the release of the mitochondrial bacteria-
like antigens into the circulation (Wallace 2005c).

Mitochondrial dynamics. The mitochondria within a
mammalian cell are in constant motion and undergoing
repeated rounds of fusion and fission. Mitochondrial fu-
sion and fission not only merges mitochondrial inner and
outer membranes but also mixes mitochondria matrices
and redistributes the mtDNAs.

The mammalian mitochondrial fusion machinery in-
volves three major proteins: mitofusin 1 (Mfn1), Mfn2,
and the Optic Atrophy-1 Protein (Opa1). All three pro-
teins belong to the dynamin superfamily and contain
a GTPase domain. Mfn1 and Mfn2 have similar struc-
tures and are both anchored to the mitochondrial outer
membrane with most of the protein protruding into the
cytosol. Opa1 is anchored within the mitochondrial inner
membrane and protrudes in the mitochondrial inter-
membrane space, and appears to also anchor on the base
of the mitochondrial cristae folds. During apoptosis,
Opa1 is cleaved permitting the cristae to open and facil-
itating cytochrome c release (Chen et al. 2003, 2005;
Cipolat et al. 2004).

Components of the mitochondrial fission pathway in-
clude dynamin-related protein 1 (Drp1), fission stimulat-
ing protein 1 (Fis1), and mitochondrial fission factor
(Mff). Drp1, a dynamin family GTPase, is partly cytosolic
and partly located in the mitochondrion with a portion
located at the mitochondrial division sites. Fis1 is an
integral mitochondrial outer membrane protein, with its
N terminus facing the cytosol. Mff is anchored to the
mitochondrial outer membrane through its N terminus
(Smirnova et al. 2001; James et al. 2003; Yoon et al. 2003;
Gandre-Babbe and van der Bliek 2008).

Mitochondrial genetics and diseases

Mitochondrial genes and mtDNA genetics

The nDNA encodes all of the mitochondrial biogenesis,
structural, and intermediate metabolism functions of the
mitochondrial genome. Critical nDNA-encoded mito-
chondrial biogenesis genes include the mtDNA polymer-

ase g (POLG), RNA polymerase (POLRMT), mtDNA
transcription factors, ribosomal proteins, and elongation
factors. Mutations in many of these genes have been
found to affect the mtDNA and mitochondrial OXPHOS.
Similarly, the nDNA encodes OXPHOS subunits, antiox-
idant genes, and apoptosis-related functions, mutations
in a number of which have been found to impinge on
OXPHOS and the mtDNA. These nDNA-mtDNA in-
teraction results in the nonclassical inheritance patterns
associated with metabolic and degenerative diseases
(Wallace 1992, 2005c, 2007; Wallace et al. 2007b). There-
fore, to understand the genetics and pathophysiology of
complex diseases, it is essential that we understand the
genetics of the mtDNA.

The mtDNA is a double-stranded, closed-circular mol-
ecule of 16,569 base pairs (bp) in human and 16,301 bp in
mouse. In mammals, the two strands of the mtDNA differ
in their distribution of Gs and Cs, resulting in a C-rich
light (L) strand and a G-rich heavy (H) strand. The gene
arrangement of all mammal mtDNAs is conserved. In
addition to the 13 polypeptide genes, the mtDNA enc-
odes a 12S and 16S rRNA, 22 tRNAs, and a mtDNA
‘‘control region’’ (CR). The CR encompasses the pro-
moters for both H- and L-strand transcription, as well as
the origin of H-strand replication. The origin of L-strand
replication is located two-thirds of the way around the
mtDNA in a clockwise direction. All of the rRNA and
polypeptide genes are located on the H-strand, except the
ND6 gene that is located on the L-strand. The tRNAs
punctuate the genes, and the mature transcripts are gen-
erated from the polycistronic transcript by cleavage of the
tRNAs from the transcript followed by poly adenylation
(Anderson et al. 1981; Montoya et al. 1981; Ojala et al.
1981; Wallace et al. 2001).

The mtDNA genes have a much higher mutation rate
than the nDNA genes, perhaps in part due to the mtDNA’s
proximity to the mutagenic mitochondrial ROS. The
mutation rate of the human mtDNA has been estimated
at from ;3 3 10�6 to ;2.7 3 10�5 per base per generation,
whereas the mutation rate of the human nDNA is
thought to be ;2.5 3 10�8 per base per generation
(Nachman et al. 1996; Schriner et al. 2000).

Each mammalian cell contains hundreds of mitochon-
dria and thousands of mtDNAs. When a mutation arises
in mtDNA, it creates a mixed population of normal and
mutant mtDNAs, a state known as heteroplasmy. When
a heteroplasmic cell divides, the two types of mtDNAs
are randomly distributed into the daughter cells and over
time drift toward a predominance of normal or mutant
mtDNAs. Ultimately, this replicative segregation results
in segregation of the normal and mutant mtDNA into
pure mtDNA forms, a state termed homoplasmy (Wallace
2007). As the percentage of mutant mtDNAs increases,
mitochondrial energetic function decreases. When energy
output is insufficient for normal tissue function, a thresh-
old is crossed, symptoms appear, and apoptosis may be
initiated (Wallace 2005b; Wallace et al. 2007b).

The human and mouse mtDNAs are strictly mater-
nally inherited (Avise et al. 1979; Giles et al. 1980). Only
one case of paternal transmission of the human mtDNA
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has been reported. This patient presented with mitochon-
drial myopathy and his muscle was found to contain some
of his father’s mtDNA, but with an additional pathogenic
mutation (Schwartz and Vissing 2002).

mtDNA replication and transcription

The mtDNA is replicated by the POLG, which has a
molecular mass of 140 kDa and harbors polymerase, 39–59

exonuclease, and 59-deoxyribose phosphate (dRP) lyase
activities (Falkenberg et al. 2007). An accessory subunit of
55 kDa markedly extends its processivity (Vermulst et al.
2008a). POLG also participates in repairing of mtDNA
damage and its 39–59 exonuclease proofreading activity
assures high fidelity (Trifunovic et al. 2004).

MtDNA transcription originates from two H-strand
and one L-strand promoters in the CR. The transcription
machinery encompasses a POLRMT, a transcription fac-
tor A (TFAM), and two other transcription factors B1 and
B2 (TFB1M and TFB2M). Mammalian POLRMT is ho-
mologous to the RNA polymerase found in T3/T7 family
of bacteriophage (Falkenberg et al. 2002). TFAM contains
two HMG-box domains, through which it can bind, wind,
and bend DNA without sequence specificity (Fisher et al.
1992). It also contains a C-terminal tail region, which is
important for specific DNA recognition and transcription
initiation (Dairaghi et al. 1995). Both TFB1M and TFB2M
can trigger transcription in the presence of POLRMT and
TFAM, with the TFB2M having an ;10-fold greater ac-
tivity than TFB1M (Falkenberg et al. 2002). In addition,
both TFB1M and TFB2M have rRNA methyltransferase
activity, although this activity is not required for tran-
scription initiation (McCulloch and Shadel 2003). The
mtDNA transcriptional apparatus also includes mito-
chondrial termination factors. One, mTERF enhances
rRNA transcription by binding 39 to the 16 rRNA gene
within the tRNALeu(UUR) gene and the H1 transcription
initiation site (Martin et al. 2005). In addition, the most
conserved member of the mTERF family, mTERF3, neg-
atively regulates transcription initiation (Linder et al.
2005; Park et al. 2007).

mtDNA diseases

Most patients with mtDNA diseases caused by deletions
that cross two or more gene boundaries (intergenic mu-
tation) generally do not reproduce. Therefore, most inter-
genic mutations arise de novo, resulting in sporadic
disease (Holt et al. 1988). Common presentations of this
class of diseases include chronic progressive external
ophthalmoplegia (CPEO) and the Kearns-Sayre syndrome
(KSS) (Moraes et al. 1989). In contrast, most maternally
inherited mtDNA diseases are the result of mutations
confined within the gene commonly involving one or few
base changes (intragenic mutations). Examples of this
latter class of mtDNA mutations include LHON (Wallace
et al. 1988a), the Myoclonic Epilepsy and Ragged Red
Fiber (MERRF) syndrome (Wallace et al. 1988b; Shoffner
et al. 1990), and neurogenic muscle weakness, ataxia, and
retinitis pigmentosum (NARP) and Leigh syndrome (Holt
et al. 1990).

The pathogenicity of mtDNA intergenic deletions is
thought to be the result of the deletion of one or more
tRNAs that punctuate the mtDNA genes by tRNA genes
resulting in protein synthesis defects (Wallace et al. 2001).
MtDNA rearrangement syndromes are invariably hetero-
plasmic, and can result in phenotypes of different severi-
ties depending on the distribution and of the deleted
mtDNA and its percentage in each cell type. The most
severe mtDNA rearrangement disease is the Pearson
marrow/pancreas syndrome (Rotig et al. 1988). These
patients develop pancytopenia early in life and become
transfusion-dependent (Kapsa et al. 1994). If a Pearson
patient survives the pancytopenia, he will progress to
the next most severe disease, the KSS (Rotig et al. 1995).
KSS and CPEO are associated with ophthalmoplegia,
ptosis, and mitochondrial myopathy with RRF and COX-
negative and SDH-hyperreactive muscle fiber zones. The
pathological muscle fibers contain high concentrations of
rearranged mtDNAs (Mita et al. 1989; Wallace et al. 2001;
Wallace and Lott 2002; Wallace 2005c). The mildest
mtDNA intergenic rearrangement phenotype is diabetes
and deafness. This rearrangement phenotype is distinc-
tive in that it can be maternally inherited. This is because
the inherited rearranged mtDNAs contain a duplica-
tion. Hence, no genes are lost. However, in post-mitotic
tissues, the duplicated mtDNAs give rise to deleted
mtDNAs, presumably through recombination (Ballinger
et al. 1992, 1994). Therefore, the differences in the clinical
phenotypes of patients with intergenic deletions is not
the product of the actual location of the rearrangements
but rather if the rearrangement is an insertion or a de-
letion, the diversity of tissues that contain the rearrange-
ment, and the percentage of mtDNAs harboring the
rearrangement in each tissue (Wallace et al. 2001; Wallace
and Lott 2002).

Intragenic base substitutions are more commonly ma-
ternally inherited, and can result from base substitu-
tion mutations in either polypeptide genes or in protein
synthesis genes. Common polypeptide missense muta-
tions cause LHON, which is most often the result of an
ND4 missense mutation at nucleotide A11778G causing
a R340H amino acid substitution (Wallace et al. 1988a)
and the NARP and Leigh syndromes caused by an ATPase6
T8993G gene mutation resulting in a L156P replacement
(Holt et al. 1990). Common protein synthesis mutations
include the MERRF syndrome resulting from an A8344G
base substation in the tRNALys gene mutation (Wallace
et al. 1988b; Shoffner et al. 1990) and Mitochondrial
Encephalomyopathy and Stroke-Like Episodes (MELAS)
syndrome caused by an A3243G substitution in the
tRNALeu(UUR) gene (Goto et al. 1990). Over 200 patho-
genic mtDNA base substitution mutations have been
identified associated with a broad spectrum of clinical
phenotypes, including encephalomyopathy, mitochon-
drial myopathy, and exercise intolerance, gastrointestinal
syndromes, dystonia, diabetes, deafness, cardiomyopa-
thy, Alzheimer’s disease (AD), Parkinson’s disease (PD),
etc. (Wallace et al. 2007b).

Mutations in the mtDNA have also been associated
with cancer. Both somatic and germline mtDNA mutations
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have been reported in renal adenocarcinoma, colon cancer
cells, head and neck tumors, astrocytic tumors, thyroid
tumors, breast tumors, prostate tumors, etc. (Wallace
2005a; Brandon et al. 2006). An important factor in carci-
nogenesis appears to be mitochondrial ROS production.
Introduction of the pathogenic human mtDNA ATP6
T8993G mutation into prostate cancer cells has been
shown to increase prostate tumor growth in association
with increased mitochondrial ROS production (Petros
et al. 2005). Furthermore, a mtDNA ND6 G13997A
mutation was found to increase the metastatic potential
of a mouse cell line in association with overproduction of
mitochondrial ROS (Ishikawa et al. 2008).

Adaptive mtDNA variants

The high mtDNA mutation rate is not only responsible
for generating new deleterious mutations, it has also re-
sulted in the accumulation of numerous commonly oc-
curring mtDNA sequence variants found in various human
populations. Since the maternally inherited mtDNA
cannot recombine, the mtDNA can only change by the
sequential accumulation of mutations along radiating
maternal lineages. This results in the generation of re-
lated mtDNA haplotypes descended from a single founder
mtDNA, resulting groups of related haplotypes referred
to as haplogroups. In indigenous populations, haplo-
groups correlate strongly with the geographic origin
of the population studies (Wallace et al. 1999, 2003;
Mishmar et al. 2003; Ruiz-Pesini et al. 2004; Ruiz-Pesini
and Wallace 2006).

Approximately one-quarter to one-third of mtDNA
polypeptide and structural RNA sequence variants found
in the general population appear to be functionally im-
portant. These observations have led to the hypothesis
that functional mtDNA variants that altered mitochon-
drial OXPHOS coupling efficiency, membrane potential,
ROS production, etc. can be beneficial in certain environ-
ments and thus have permitted individuals with these
mtDNAs to increase in number in that environment.
Because all mtDNA variants are in total linage disequi-
librium, natural selection for an adaptive mtDNA muta-
tion would enriched all of the linked mtDNA sequence
variants, which in turn would then be shared with all
of the haplogroup descendants (Mishmar et al. 2003;
Wallace et al. 2003; Ruiz-Pesini et al. 2004; Ruiz-Pesini
and Wallace 2006).

A survey of the mtDNA sequence variation in popula-
tions from around the world has revealed that two-thirds to
three-quarters of all African mtDNAs belong to macro-
haplogroup L. All European mtDNAs belong to macro-
haplogroup N, which gave rise to the European haplogroups
H, I, J, Uk, T, U, V, W, and X. Asian mtDNAs belong to
either macrohaplogroup M or N, both M and N giving rise
to multiple haplogroups including C, D, E, G, etc. for M
and A, B, F, etc. for N. Of all of the Asian haplogroups,
only A, C, and D are enriched in northeastern Siberia, and
these crossed over the Bering land bridge into the Amer-
icans to found the Native American populations. These
Native American haplogroups were subsequently joined

by haplogroups B and X (Wallace et al. 1999; Wallace
2005c).

Today, the metabolic diversity associated with these
ancient adaptive mtDNAvariants appears to be influencing
individual predisposition to a wide spectrum of common
diseases. Haplogroup H correlates with reduced risk of
age-related macular degeneration, while haplogroups J
and U are associated with increased risk of macular
degeneration as well as increased drusen levels and
retinal pigment abnormalities (Jones et al. 2007; Udar
et al. 2009). Haplogroup H and H-nt 4336 are associated
with increased risk, and haplogroups J and Uk with de-
creased risk, for developing PD (Shoffner et al. 1993; van
der Walt et al. 2003; Ghezzi et al. 2005; Khusnutdinova
et al. 2008). The haplogroup H-nt 4336 sublineage is also
associated with increased AD risk, while haplogroups
U and T are associated with decreased risk in certain
contexts (Shoffner et al. 1993; Chagnon et al. 1999;
Carrieri et al. 2001; van der Walt et al. 2004). Haplogroup
J was then correlated with longevity in Europeans (Ivanova
et al. 1998; De Benedictis et al. 1999; Rose et al. 2001;
Niemi et al. 2003) and D with longevity in Asians (Tanaka
et al. 1998, 2000). Haplogroup J has been associated with
increased risk of diabetes in certain European descent
populations (Mohlke et al. 2005; Crispim et al. 2006;
Saxena et al. 2006), while haplogroup N9a is protective of
diabetes, metabolic syndrome, and myocardial infarction
in Asians (Fuku et al. 2007; Nishigaki et al. 2007; Wallace
et al. 2007a). Haplogroup U has been associated with
increased serum IgE levels (Raby et al. 2007), while
haplogroup H has been associated with protection against
sepsis (Baudouin et al. 2005). Haplogroups J and U5a are
associated with more rapid AIDS progression while H3,
Uk, and IWX retard AIDS progression (Hendrickson et al.
2008). Halogroup H is protective against lipodystrophy
associated with highly active anti-retrovial therapy
(HAAT), while haplogroup T may increase risk of lip-
odystrophy (Hendrickson et al. 2009). Finally, various
haplogroups have been correlated with altered risk for
particular cancers (Gottlieb and Tomlinson 2005; Wallace
2005a; Booker et al. 2006; Brandon et al. 2006; Bai et al.
2007; Darvishi et al. 2007). Therefore, mtDNA function-
al variation modulates predisposition to a wide range of
metabolic and degenerative disease, cancer, and longevity.

Somatic mtDNA mutations and the interaction
of mtDNA variants

In addition to recent deleterious mutations and ancient
adaptive mtDNA variants, somatic mtDNA mutations
play an important role in human health. Both intergenic
and intragenic mtDNA mutations have been found to
accumulate with age in post-mitotic tissues (Cortopassi
and Arnheim 1990; Corral-Debrinski et al. 1992; Soong
et al. 1992; Michikawa et al. 1999; Murdock et al. 2000).
Moreover, somatic mtDNA intergenic and intragenic
mutation levels are elevated in the organs of patients
with degenerative diseases (Corral-Debrinski et al. 1991,
1994; Horton et al. 1995; Coskun et al. 2004; Bender et al.
2006; Kraytsberg et al. 2006). Since these mutations
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accumulate on post-mitotic tissues with age, and their
rate of accumulation would be expected to rise with
increased ROS production and thus in cells with mito-
chondrial defects, it follows that the accumulation of
somatic mtDNA mutations causes an age-related decline
in mitochondrial function, thus exaserbating partial in-
born defects in mitochondrial function leading to the
delayed-onset and progression course of age-related dis-
eases. Thus, somatic mtDNA mutations provide the
aging clock.

Therefore, the three types of mtDNA sequence variants
interact to influence human health: (1) recent deleterious
mtDNA mutations that result in maternally inherited
diseases (Wallace and Lott 2002; Wallace 2005c), (2)
ancient population-specific adaptive variants that pre-
dispose to disease (Mishmar et al. 2003; Wallace et al.
2003; Ruiz-Pesini et al. 2004; Ruiz-Pesini and Wallace
2006), and (3) somatic mtDNA mutations that progres-
sively erode mitochondrial function (Wallace 2005c,
2007). Therefore, one source of genetic complexity in com-
mon diseases is the interaction of these three mtDNA
genetic factors. This was first observed with the demon-
stration that European haplogroup J increased the pene-
trance of the milder European pathogenic LHON mtDNA
mutations (Brown et al. 1995, 1997, 2002; Torroni et al.
1997).

Diseases of nDNA OXPHOS gene and nDNA–mtDNA
variant interactions

A wide array of pathogenic mutations has been identified
in nDNA-encoded mitochondrial OXPHOS structural
(Procaccio and Wallace 2004) or assembly genes such as
the complex IV (COX) assembly genes Surf1 (Tiranti et al.
1998; Zhu et al. 1998) or Cox10 (Antonicka et al. 2003).
The more severe nDNA mitochondrial gene mutations
present as a lethal childhood Leigh syndrome, but symp-
toms can be mild, as depression (Wallace et al. 2007b).

Milder nDNA mutations may also interact with milder
mtDNA mutations to create a sever disease. In a family in
which the sons of two sisters were found to have severe
mitochondrial cardiomyopathy and a complete absence
of skeletal muscle complex I, a missense mutation was
found in the nDNA, X-linked, complex I, polypeptide
gene NDUFA1 (G32R). However, the NDUFA1 mutation
only reduced the complex I activity by ;30%. Further
analysis revealed that the mtDNA of these two boys
also harbored two complex I missense mutations: ND1
T3368C (M21T) and ND5 T12599C (M88T). In cybrids,
this mtDNA also reduced complex I function ;30%.
Therefore, it was surmised that these boys were severely
affected because they inherited both the nDNA NDUFA1
and the ND1 and ND5 missense mutations from their
mothers, the combination of the two generating a lethal
biochemical defect (Potluri et al. 2009).

Mitochondrial diseases of nDNA–mtDNA interaction

A whole series of diseases have now been defined in
which mutations in the nDNA-encoded genes for mito-
chondrial biogenesis result in the destabilization of the

mtDNA with symptoms ranging from mild neurological
complications to lethal Alper syndrome. Mutations in the
mtDNA POLG (15q25) or Twinkle helicase (10q21) are
associated with multiple mtDNA deletions and have been
linked to autosomal dominant or recessive PEO (AD/AR-
PEO) (Spelbrink et al. 2001; Van Goethem et al. 2001).
Inactivation mutations in ANT1 (14q34) results in autoso-
mal recessive myopathy and cardiomyopathy without
PEO associated with multiple mtDNA deletions (Palmieri
et al. 2005). Certain missense mutations in ANT1 also
cause autosomal dominant PEO, associated with the accu-
mulation of multiple mtDNA deletions (Kaukonen et al.
1995). Mutations in deoxyguanosine kinase (2q13) and
mitochondrial thymidine kinase 2 (16q21) result in
mtDNA depletion (Mandel et al. 2001; Saada et al. 2001)
and mutations in succinyl-CoA synthase subunit SUCLA2
cause mild methylmalonic aciduria, Leigh-like encephalo-
myopathy, dystonia and deafness in association with
mtDNA depletion (Carrozzo et al. 2007). Mutations in
the cytosolic thymidine phosphorylase (chromosome
22q13) cause Mitochondrial Neurogastointestinal Ence-
phalomyopathy (MNGIE) (Nishino et al. 1999) associated
with mtDNA deletions and depletion.

Mutations in the mitochondrial fusion proteins have
also been linked to disease, with and without mtDNA
instability. Mutations in the OPA1 gene cause autosomal
dominant optic atrophy (Delettre et al. 2000), while muta-
tions in the mitofusin 2 (Mfn2) gene result in Charcot–
Marie–Tooth Type 2A2, a peripheral neuropathy, (Zuchner
et al. 2004).

Mouse models of OXPHOS disease

A number of the features of OXPHOS disease have been
recapitulated by the genetic manipulation of the mouse.
Informative mouse models have been reported for the
inactivation of OXPHOS genes including the ADP/ATP
carrier gene Ant1, the uncoupling protein genes Ucp1-3,
the complex I structural gene Ndufs4, the electron carrier
gene cytc, and the complex IV assembly genes Surf1 and
Cox10. Additional insight has been obtained from
the modification of the mitochondrial antioxidant genes
GPx1, Sod1, and Sod2; the mitochondrial fusion genes
Mfn1, Mfn2, and Opa1; and the mitochondrial biogenesis
genes Polg, Twinkle, Tfam, and Mterf3.

While development of mouse models of nDNA encoded
mitochondrial disease have progressed rapidly, investiga-
tion of the effects of mtDNA mutations have lagged
behind due to lack of robust technologies to modify the
mtDNA of the mouse. Even so, several mouse models
have been generated containing various mtDNA variants.
These include a heteroplasmic 4696-bp rearrangement,
different strain and species mtDNAs (xenomitochondrial
mice), a 16S rRNA T2433C mutation, an ND6 13885 C
insertion frameshift mutation, and a COI T6589C mis-
sense mutation.

Modification of nDNA OXPHOS genes

The effects of limiting mitochondrial ATP output on
tissue and organ function have been investigated by
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inactivation of the Ant isoform genes. The inactivation
of Ant1 in mouse resulted in the complete loss of Ant in
the skeletal muscle, a partial deficiency in the heart,
but normal Ant levels in the liver, as confirmed by the
ADP stimulation of respiration rate (Graham et al. 1997).
The skeletal muscle of Ant1�/� mice exhibit massive
proliferation of mitochondria, increased SDH and COX
staining in skeletal muscle fibers, RRFs, degeneration
of the contractile fibers, and marked exercise fatigability,
the composite phenotype known as mitochondrial my-
opathy. The hearts of these mice develop a striking
hypertrophic cardiomyopathy with proliferation of car-
diomyocyte mitochondria (Graham et al. 1997). MITO-
CHIP and differential display gene expression analysis
of Ant1�/� skeletal muscle revealed a coordinate up-
regulation of the mtDNA polypeptide and rRNA genes;
selected nuclear-encoded OXPHOS genes; mitochondrial
regulatory genes PGC-1a, Nrf-1, Tfam, and myogenin;
and stress response genes including Mcl1. In contrast,
glycolytic genes, proapoptotic genes, and c-myc were all
down-regulated (Murdock et al. 1999; Subramaniam et al.
2008).

The inactivation of Ant-mediated ADP/ATP exchange
deprives the ATP synthase of ADP substrate, stopping the
ATP synthesis and blocking proton flux back into the
mitochondrial matrix through the ATP synthase. Conse-
quently, DP becomes hyperpolarization; complexes I, III,
and IV cannot pump against the maximized DP; and the
ETC stalls. As a result, ROS production was increased
sixfold to eightfold in Ant1�/� skeletal muscle and heart
mitochondria. In skeletal muscle, the increased oxidative
stress was paralleled by a sixfold increase in mitochon-
drial MnSOD level and a threefold increase in mitochon-
drial Gpx1 level. In the heart, where the Ant deficiency is
incomplete, Gpx1 is increased threefold, but MnSOD was
not up-regulated (Esposito et al. 1999). Finally, the hearts
of 16- to 20-mo-old Ant1�/�mice show a striking increase
in mtDNA rearrangement levels (Esposito et al. 1999).
The generation of the Ant1-deficient mouse estab-
lished the phenotype expected for a null Ant1 mutation
(Graham et al. 1997), which exactly anticipated the
phenotype that was to be found 8 years later in ANT1-
null human patients (Palmieri et al. 2005).

Inactivation of the testis-specific Ant isoform, Ant4
(Linder et al. 2005; Rodic et al. 2005) caused a severe
defect in spermatogenesis (Brower et al. 2007). The testes
of the Ant4�/� mice are much smaller than normal,
though testicular development is normal until ;17 d after
birth. After that, the number of spermatocytes declines
dramatically rendering the males infertile. While the
general spermatogenesis marker Dazl and the early
spermatogenesis marker Dmc1 were normally expressed
in Ant4�/� testes, the late spermatogenesis markers
A-Myb, Dvl3, and Sycp3 were significantly reduced and
the spermatocyte markers HoxA4 and CyclinA1 are un-
detectable. Apoptotic spermatocytes are observed by
both TUNEL labeling and caspase-3 staining. Ant2 is
up-regulated in the Ant4�/� testis, and this may provide
sufficient energy for early spermiogenesis. However, the
dramatic decline in spermiogenesis after day 17 indicates

that mitochondrial energy production is essential after
this point (Brower et al. 2007).

Mice deficient in the Ucp1 are cold-sensitive and
accumulate excess fat in BAT. However, they do not
become obese. This may be because Ucp2 mRNA is up-
regulated in BAT and epididymal fat and partially com-
pensates for loss of Ucp1 expression (Enerback et al.
1997).

Ucp2 knockout mice have a normal response to cold
and are not obese. However, they have a markedly in-
creased resistance to Toxoplasma gondii infection, which
forms cysts in the brain. Toxoplasma is eliminated by
macrophages by oxidative burst, and Ucp2�/� macro-
phages produced more ROS then Ucp2+/+ macrophages.
This is associated with an elevated expression of inter-
luekin-1B (Il16) and MnSOD. Therefore, Ucp2 inactiva-
tion appears to increase mitochondrial ROS production
perhaps by maximizing DP and ETC electron density
(Arsenijevic et al. 2000).

Ucp3 inactivation in mouse was associated with the
up-regulation of Ucp1 and Ucp2 in BAT. In the skeletal
muscle, Ucp3 inactivation increased the state 3/state 4
respiration ratio due to a decrease in state 4 respiration
and hence proton leakage. In addition, skeletal muscle
O2

.� production was increased by 58% and muscle
mitochondrial aconitase was reduced by 20% (Vidal-Puig
et al. 2000). Therefore, Ucp3 appears to function in
muscle to regulate ROS production by partially uncou-
pling OXPHOS.

Inactivation of the complex I Ndufs4 structural gene in
mouse resulted in a partial defect in respiratory complex
I. Ndufs4�/� mice appear grossly healthy up to day 30,
although smaller than age matched controls. However,
after 30 d of age the Ndufs4�/�mice became lethargic and
their body temperature declined ;2°C. The animals were
also blind, showed an absence of B waves in electroretino-
grams, and failed to recognize a visual cliff. Starting
around 35 d of age, these mice show a rapid decline in
startle response and develop severe ataxia. Between day
35 and 50, the Ndufs4�/� mice stopped gaining weight,
developed more severe ataxia, and finally died. Complex
I-dependent respiration was reduced >50% in Ndufs4�/�

liver mitochondria but complex II- or IV-dependent res-
piration was not affected. Blue native gel electrophoresis
(BNGE) showed significantly reduced complex I protein
levels, though no difference was found in muscle mito-
chondrial ATP levels and respiration. Histochemical
analysis of muscle revealed dramatically reduced com-
plex I activity with normal complex II and IV activities,
although muscle morphology and mitochondrial ultra-
structure remained unchanged (Kruse et al. 2008). Thus,
inactivation of the mouse Ndufs4 gene resulted in a
Leigh-like phenotype.

Genetic inactivation of the cytochrome c (cytc) gene
in the mouse (cytc�/�) resulted in embryonic lethality
by embryonic day 10.5 (E10.5). While severely growth-
retarded, cytc�/� embryonic development continued
through day E8.5, with all three germ layers arising (Li
et al. 2000). Cells cultured from E8.5 embryos were viable if
the medium was supplemented with uridine and pyruvate
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(King and Attardi 1989). However, the NF-kB, PI3K/Akt,
and JNK cell survival pathways were not activated in
cytc�/� cells, and the death-receptor pathway was hyper-
activated by TNFa. The cytc�/� cells were resistant to
staurosporin, UV irradiation, and serum deprivation in-
duction of apoptosis, as monitored by DNA fragmenta-
tion and chromatin condensation and did not generate
the Apaf-1, cyt c, procaspase-9 apoptosome (Li et al.
2000). Thus, cytc�/� mice revealed that the mitochon-
drial ETC is not only necessary for generating ATP to
sustain growth by also important in regulation of growth,
differentiation, and apoptosis.

Inactivation of the mouse COX assembly gene, Surf1,
was achieved by either replacement of exons 5–7 with
a neomycin resistance cassette (Surf1Neo�/�) (Agostino
et al. 2003) or by insertion of a loxP sequence into exon 7
generating a stop codon at amino acid position 225, thus
eliminating 81 C-terminal amino acids (Surf1loxp�/�)
(Dell’agnello et al. 2007). The Surf1Neo�/� mice had
a ;90% embryonic lethality. Of the live pups, ;25%
died within 2 d after birth, ;20% died within 2 mo, and
;35% survived past 12 mo or more. Rotarod and grip
strength tests revealed significantly reduced motor activ-
ity, coordination, and muscle strength and endurance.
Both male and female Surf1Neo�/� mice showed reduced
fertility. COX activity was reduced to 23%–40% of nor-
mal in different tissues. While the expression levels of
individual COX subunits were not affected by Surf1Neo

inactivation, the amount of fully assembled COX was
significantly reduced and COX assembly intermediates
increased. Histochemical analysis also showed decreased
COX activity and increased SDH activity in Surf1Neo�/�

skeletal muscle and liver (Agostino et al. 2003).
The Surf1loxp�/� mice exhibit no embryonic lethality

and had a normal survival rate. Mutant pups were sig-
nificantly smaller at birth but gained the weight back
upon weaning. Similar to the Surf1Neo�/� mice, the
Surf1loxp�/� mice had a 50%–70% reduction of COX
activity as well as reduced amount of fully assembled
COX in different tissues. Their skeletal muscle had de-
creased COX and increased SDH histochemical staining.
Surprisingly, the Surf1loxp�/� mice had an increased life
span with the median life span of 793 d as compared with
654 d for the controls. The mutant mice did not develop
neurological defects but rather showed resistance to Ca2+-
mediated excitotoxic brain damage. Isolated Surf1loxp�/�

neurons also showed reduced glutamate-induced cyto-
solic Ca2+ influx and resulting cell death, which was due
to reduced mitochondrial Ca2+ uptake. The Surf1loxp�/�

mitochondria had normal morphology and membrane
potential (Dell’agnello et al. 2007).

While both Surf1 inactivation strategies reduced COX
assembly and activity, the difference in their phenotypes
was striking. Perhaps the neo-protein in the Surf1 locus
is toxic. Alternatively, the truncated 255-amino-acid
product in Surf1loxp�/� mice might have been beneficial,
perhaps by causing partial uncoupling.

The COX assembly protein, Cox10, was selectively
inactivated in mouse muscle, neurons, and liver (Diaz
et al. 2005, 2008; Fukui et al. 2007). Muscle-specific

Cox10-depleted animals develop a regressive myopathy
and weakness, starting the age of 3 mo and leading to
death at between 4 and 10 mo. The COX activity was only
;12% of controls at the age of 1 mo and ;2% at 7 mo.
Histochemical analysis confirmed the progressive decline
in COX activity and increased SDH activity in muscle,
along with the development of RRFs and abnormal mito-
chondria (Diaz et al. 2005).

In the neuron-specific Cox10-depleted animals, both
COX activity and assembly in the cortex and hippocam-
pus progressively declined starting at ;1 mo. By ;4 mo,
the mutant mice showed behavioral defects including
biphasic hyper- and hypoactivities, compulsive devouring
behavior, tail vibration, and excessive sensitivity to ex-
ternal stimuli accompanied by size shrinkage and re-
duced cell density of the forebrain. Majority of these mice
lived for only 8–10 mo. Crossing with an AD mouse
model expressing mutant amyloid precursor protein (APP)
and presenilin 1 (PSEN1) genes in brain resulted in a
reduction in amyloid plaque formation and Ab genera-
tion, as well as decreased oxidative damage to proteins
and nucleic acids (Fukui et al. 2007).

Liver-specific inactivation of Cox10 caused mitochon-
drial hepatopathy similar to what is found in some
children with mitochondrial disease. These mice show
reduced body weight and activity, and start dying be-
tween 45 and 65 d. They had severe liver dysfunction,
with reduced COX activity, increased SDH activity, in-
creased mitochondrial proliferation and lipid accumula-
tion, reduced stored glycogen, and diminished ATP levels
(Diaz et al. 2008).

Inactivation of nDNA antioxidant genes

The phenotypic effects of altering mitochondrial antiox-
idant genes have been investigated by the genetic in-
activation of the Sod1, Sod2, or Gpx1 genes in mouse.
Mice deficient in Cu/ZnSOD (Sod1) show no overt
abnormities during development and in early adulthood.
These mice have a reduced life span, develop liver tumors
by 20 mo of age, and exhibit significantly increased
numbers of mitochondria and elevated lipofuscin granules
in their hepatocytes. The MnSOD activity in Sod1�/�

mice is increased ;24% at 3 and 6 mo, but declines to
;70% of the controls by the end of life in association with
increased protein oxidation, DNA damage, and lipid
peroxidation. Gpx1 activity is reduced by 40% at 3 mo,
and the apurinic/apyrimidinic endonuclease/redox factor-
1 (APE1/Ref1Red/Ox) is down-regulated at 3 mo but sub-
sequently up-regulated by 6–18 mo. Sod1�/� liver exhibits
widespread oxidative damage, resulting in a ;72% re-
duction in cytosolic aconitase activity and a fourfold re-
duction in aconitase protein levels (Elchuri et al. 2005).
These mice also develop retinal dysfunction associated
with drusen, thickened Bruch’s membrane, and choroidal
neovascularization, key elements of age-related macular
degeneration (Imamura et al. 2006; Hashizume et al. 2008).
These abnormalities are associated with increased oxida-
tive damage of retinal pigment epithelium and disruption
of b-catenin-mediated cellular integrity of retinal pigment
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epithelium (Imamura et al. 2006). The thickness of both
retinal outer nuclear cell layer and inner nuclear cell layer
decline gradually after 10 wk and became disorganized by
15 mo. These changes were associated with swollen
nuclei, vacuolized cytoplasm, disrupted plasma and nu-
clear membranes in the retinal inner nuclear layer, and
disordered nuclei alignment, damaged mitochondria, and
swollen cell bodies in the retinal outer nuclear layer
(Hashimoto et al. 2001).

Inactivation of the mouse MnSOD (Sod2) gene (Li et al.
1995; Lebovitz et al. 1996) results in much more severe
consequences than the Sod1 inactivation (Reaume et al.
1996). Two independent Sod2 mutant mouse strains have
been created: one on a CD1 background (Li et al. 1995)
and the other on a C57BL6/J2 (B6) background (Lebovitz
et al. 1996). The Sod2�/� CD1 mice develop a dilated
cardiomyopathy at about 8 d of age (Li et al. 1995) while
the Sod2�/� B6 mice develop a basal ganglia and brain
stem degeneration of the large neurons and die at ;18 d
(Lebovitz et al. 1996). One reason for the phenotypic
difference between the two strains might prove to be the
absence of a nicotinamide nucleotide transhydrogenase
(Nnt) gene in B6 mice (Freeman et al. 2006; Huang et al.
2006).

Sod2�/� CD1 mice develop massive lipid deposition in
the liver, marked deficiency in complex II (SDH), and a
partial complex I and citrate synthase deficiency in the
heart. Mitochondrial aconitase was almost completely
inactivated in the heart and brain (Li et al. 1995). Thus,
the increased mitochondrial O2

� appears to inactivate all
of the mitochondrial Fe-S center containing enzymes,
blocking the TCA cycle and ETC, which inhibits mito-
chondrial fatty acid oxidation. This results in fat de-
position in the liver and energy starvation in the heart,
leading to cardiac dilation and failure (Melov et al. 1999).
Sod2-deficient mice show a 40% reduction in state III
respiration, with ADP stimulated respiration rates in
isolated mitochondria of about 1.6-fold in the first ADP
addition (state III respiration). However, there was no
stimulation of respiration on subsequent ADP or un-
coupler additions, possibly because these neonatal animals
show a markedly increased tendency toward activation
of the mtPTP (Kokoszka et al. 2001), presumably due to
the chronic O2

� exposure. When the sensitized mtPTP
is exposed to the transient drop in DP following ADP
stimulation of the ATP synthase or uncoupler addition,
the mtPTP must open causing the release of mitochon-
drial matrix cofactors and cytochrome c, disrupting res-
piration (Cai et al. 2000). The Sod2�/� animals also
develop methylglutaconic acuidurea, suggesting reduced
liver HMG-CoA lyase activity, and increased oxidative
damage to their DNA, with the greatest extent being
found in the heart, followed by brain, and then liver
(Melov et al. 1999).

Inactivation of the mouse Gpx1 gene reduces mito-
chondrial energy output. GPx1 is strongly expressed in
the liver, brain, and renal cortex, but very weakly ex-
pressed in the heart and skeletal muscle. GPx1�/� mice
are viable, but show a 20% reduction in body weight,
indicating chronic growth retardation. The liver mito-

chondria of GPx1�/� mice secrete fourfold more H2O2

than wild-type mitochondria. However, the mutant heart
mitochondria do not secrete increased H2O2 (Esposito
et al. 2000), presumably because the heart mitochondria
contain catalase (Radi et al. 1991, 1993a,b). The respira-
tory control ratio (RCR) and the power output (state III
rate times the P/O ratio) levels of Gpx1�/� mice are
reduced by a third in the liver mitochondria, but were
normal in heart mitochondria (Esposito et al. 2000).

The importance of mitochondrial H2O2 production in
mammalian health and aging has been confirmed by the
generation of transgenic mice in which catalase is retar-
geted from the peroxisome to the mitochondrial matrix.
This is accomplished by addition of an N-terminal mito-
chondrial import peptide to the catalase cDNA and
inactivation of the peroxisomal targeting sequence. The
resulting mitochondrial-catalase (mCAT) transgenic ani-
mals exhibit a 20% increase in mean life span and a
10% increase in maximum life span. Histological analy-
sis revealed reduced cardiac defects in mCAT mice. Heart
mitochondria of the mCAT mice are more resistant to
H2O2-induced inactivation of aconitase and produce 25%
less H2O2. Their skeletal muscle was protected against
oxidative damage to total DNA and mtDNA, and accu-
mulated 50% less mtDNA rearrangement mutations
in middle-aged animals. Therefore, mitochondrial ROS-
induced damage to mtDNA is an important factor in
determining longevity (Schriner et al. 2005).

Probing the mtPTP

Genetic inactivation of the Ant, Vdac, and cyclosporine
D (Pipf) genes in the mouse has been used to probe the
structure and function of the mtPTP. However, these
studies failed to fulfill predictions of the classical mtPTP
model (Zamzami and Kroemer 2001). Both Ant1 and Ant2
were inactivated in mouse liver by breeding onto an
Ant1�/� background an X-linked Ant2 gene flanked by
loxP sites (Ant2LoxP) together with an alb-cre. The com-
plete absence of Ants was confirmed by the lack of ADP
stimulation of respiration and the marked elevation of DP,
with Ucp2 protein levels virtually undetectable. Com-
plex IV activity and COI and cytochrome c protein levels
were all increased, consistent with their up-regulation to
compensate for a complete OXPHOS ATP deficiency.
Even though all of the Ants were eliminated from the
liver mitochondria, the mtPTP could still be induced to
undergo mtPTP permeability transition by increased
Ca2+ and reduced DP, resulting in collapse of the mito-
chondrial inner membrane DP and mitochondrial swell-
ing. Cultured Ant1- and Ant2-deficient hepatocytes were
also shown to be capable of apoptosis. Hence, the mtPTP
still exists in the absence of Ants, meaning that the Ants
are not the obligate inner membrane channel. The Ant-
deficient mtPTPs are different, however, being more
resistant to Ca2+ activation and insensitive to modulation
by the Ant ligands, adenine nucleotides and carboxya-
tractyloside (Kokoszka et al. 2004).

Genetic inactivation of VDACs also failed to eliminate
the mtPTP. Mice have three VDAC genes (Vdac1–3), all of
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which have been inactivated. While Vdac2 deficiency led
to embryonic lethality (Cheng et al. 2003), Vdac1- and
Vdac3-deficient mice appear normal (Baines et al. 2007).
The basic properties of the mtPTP in Vdac1 and Vdac3-
deficient mice were indistinguishable from those of
control mitochondria. Three different stimuli (carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP),
phenylarsine oxide (PhAsO), and N-ethylmaleimide
(NEM)) and three different inhibitors (cyclosporine A,
ubiquinone O, and Ro68-3400) all had the same effect on
the mtPTP of Vdac1-deficient mitochondria as on control
mitochondria (Krauskopf et al. 2006).

Vdac1- and Vdac3-deficient mice were found to develop
some muscle defects and ultrastructural abnormalities
(Anflous et al. 2001). Vdac3-deficient muscle pathology
included reduced mitochondrial ETC complexes; en-
larged, abnormally shaped mitochondria; and extended
intermyofibrillar growth. Moreover, the males are in-
fertile. While the testicular size and weight, the apoptosis
rates, and the number of sperm number per epididymus
are all normal, the sperm proved to be immotile. Electron
microscopy of the sperm show enlarged and disordered
mitochondria. More importantly, the axonemes are struc-
turally abnormal, often being deficient in one of the 9 + 2
microtubule doublets (Sampson et al. 2001). This links
the mitochondria to the integrity of the cilial basal body.

Like the situation with Ants, inactivation of the mouse
cyclophilin D Pipf gene alters regulation of the mtPTP
without eliminating the pore. Cyclophilin D-deficient
mice are overall normal, and their mitochondria show no
change in respiration rate. However, mtPTP activation by
low doses of Ca2+ was blocked, though high doses of Ca2+

still can result in mtPTP opening. Other inducers of the
permeability transition, such as H2O2 and atractyloside,
were also unable to trigger mtPTP opening in cyclophilin
D-deficient mitochondria. Cyclophilin D-deficient cells
respond normally to proapoptotic stimuli but show high
resistance to oxidative stress and Ca2+ overload induced
necrotic cell death in vitro and ischemia/reperfusion
induced cell death in vivo (Baines et al. 2005; Basso
et al. 2005; Nakagawa et al. 2005).

Inactivation of the nDNA mitochondrial
dynamics genes

The mitochondrial fusion genes Mfn1, Mfn2, or Opa1
have all been inactivated in the mouse. When homozy-
gous, all of the mutants were embryonic lethal (Chen
et al. 2003; Davies et al. 2007). The cerebellum-specific
inactivation of Mfn1 or Mfn2 was achieved by cross-
ing Mfn1LoxP or Mfn2LoxP mice with mice expressing a
cerebellum-specific promoter cre recombinase-driven
(pMeox2-cre). Mfn1 inactivation in the cerebellum re-
sulted in mice with normal growth, development and
fertility. However, cerebellum-specific inactivation of
Mfn2 gene resulted in one-third of the mice dying at
day 1 postnatally and the surviving animals showing
severe defects in movement and balance (Chen et al.
2007). The cerebellum of the Mfn2-deficient mice was
25% the size of control at postnatal days 15–17, associ-

ated with reduced and deteriorating Purkinje cells (PC)
and increased apoptosis of granule cells. Mitochondrial
complex V and cytochrome c are increased during cere-
bellar deterioration, suggesting a compensatory induc-
tion to counter mitochondrial energy deficiency. Mutant
Purkinje cells grew poorly in vitro, and the cell number
declined dramatically within 14 d to 2% that of controls.
The surviving mutant Purkinje cells had an abnormal
morphology; shorter, thinner, and less branched dendritic
trees; and far fewer spines. The mitochondria of the
mutant Purkinje cells tended to cluster in the cell body,
not entering the dendritic tracts. Mfn2 mutant Purkinje
cells also showed major alterations in mitochondrial
morphology, distribution, and cristae organization and
content, associated with decreased mitochondrial com-
plex I and IV activities and increased complex II activity.
Transfection with a Lentivirus carrying either the Mfn1
or Mfn2 gene rescued the defective phenotype in Mfn2
knockout Purkinje cells, confirming that the defect was
in mitochondrial fusion, not due to a novel feature of
Mfn2 (Chen et al. 2007).

Two mouse strains deficient in Opa1 have been iso-
lated by N-ethyl-N-nitrosourea (ENU) mutagenesis: an
;1065 + 5 G-to-A mutation in intron 10 causing exon 10
skipping (Alavi et al. 2007), and a C1051T transition in
exon 8 converting Glu 285 to a stop codon (Davies et al.
2007). When homozygous, both mutants was embryonic
lethal. In the heterozygous state they showed vision loss
at ;1 yr of age and some behavioral abnormalities.
Retinal histology revealed a significant age-related de-
cline in retinal ganglion cell number through 13 mo and
a complete loss of large axons, disorganized structure,
irregular myelination of axons, formation of membranous
whorls, loss of myelin sheets, increased collageneous
material, decreased number of neurofibrils, and morpho-
logically abnormal mitochondria with disorganized cris-
tae. Punctuated and dispersed mitochondria were also
observed in the muscle cells (Alavi et al. 2007; Davies
et al. 2007).

Modification of the nDNA biogenesis genes

In addition to mitochondrial myopathy and cardiomyop-
thy, the inactivation of the mouse Ant1 gene resulted in
the accumulation of multiple mtDNA deletions (Graham
et al. 1997). This destabilization of the mtDNA in the
Ant1-deficient mice parallels the observations of multi-
ple mtDNA deletions seen in both autosomal recessive
(Palmieri et al. 2005) and autosomal dominant (Kaukonen
et al. 2000) human ANT1 disease patients. ANT de-
ficiency might cause mtDNA rearrangements because
of nucleotide precursor limitation of increased mtDNA
damage for the excessive ROS production.

Alterations in mouse mitochondrial biogenesis genes
also result in mtDNA damage and pathological pheno-
types. Replacement of the mouse Polg loci with a proof-
reading-deficient Polg created a ‘‘mtDNA mutator’’
mouse strain, which has increased mtDNA mutation
rate and reduced longevity (Trifunovic et al. 2004; Kujoth
et al. 2005; Vermulst et al. 2007, 2008b). The median life
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span of the mtDNA mutator mice is ;48 wk, with the
maximum age of 61 wk. Body weight reduction is noted
at ;24 wk of age, and at ;40–45 wk, the mtDNA mutator
mice show reduced body size, kyphosis, reduced hair
density and alopecia. By ;20–25 wk of age, they show
reduced fat content, bone marrow density, spleen enlarge-
ment, and extramedullary haematopoiesis in the liver. By
;40 wk, they show enlarged cardiac left ventricle cavity,
COX deficiency, and abnormal mitochondria in some
cardiomyocytes. Infertility is found in both males and
females, associated with smaller testes and reduced epi-
didymis sperm content in males. These premature aging
phenotypes are accompanied with reduced full-length
mtDNAs, increased deleted mtDNAs, and increased
mtDNA base substitution mutations (Trifunovic et al.
2004; Vermulst et al. 2007, 2008b). Therefore, the rate of
accumulation of somatic mtDNA mutations determines
longevity.

Introduction of altered mtDNA helicase (Twinkle) genes
into the mouse partially recapitulated human mutant
phenotypes (Spelbrink et al. 2001; Tyynismaa et al. 2005).
Two different adPEO Twinkle gene mutations have been
introduced into the mouse: a Thr 360 alanine (TwinkleAT)
missense mutation and an in-frame duplication of amino
acid 353–365 (Twinkledup). While the TwinkleAT trans-
genic mice only show a mild myopathy phenotype, the
Twinkledup mice show characteristic histological features
of late-onset mitochondrial myopathy with COX� mus-
cle fibers observed at 12 mo. Electron microscopy reveals
mildly affected fibers with mitochondrial enlargement
and proliferation, and severely affected fibers in which
the myofibrillar structure is replaced by enlarged mito-
chondria with concentric cristae, identical to those seen
in the skeletal muscle of PEO patients. Mitochondria are
also frequently seen in autophagosomes. Twinkledup mice
became COX-deficient and developed mitochondrial pro-
liferation in cerebellar Purkinje cells, hippocampal CA2
pyramidal neurons, and neurons of indusium griseum.
While no biochemical OXPHOS deficiency could be de-
tected, this is probably because homogenization of the
tissue mixes the mitochondrial OXPHOS enzymes of
individual cells, each with a different OXPHOS defect.
The net result is that the average mitochondrial defect
is only partially in the homogenate. Multiple mtDNA
deletions have been detected in Twinkledup brain but not
in heart, with a 3-kb mtDNA predominating in COX�

fibers of Twinkledup muscle. The heart and muscle of
Twinkledup mice showed normal mtDNA copy number
but the brain had a 37%–46% reduction in mtDNA levels
(Tyynismaa et al. 2005).

Genetic manipulation of the nuclear-encoded mito-
chondrial transcription factor, TFAM, has provided
evidence for the mitochondrial role in a variety of de-
generative diseases. Systemic inactivation of mouse
Tfam proved to be embryonic lethal, while heterozygous
Tfam+/� animals were viable and reproductively compe-
tent (Larsson et al. 1998). The homozygous Tfam�/�mice
died between E8.5 and E10.5, with a complete absence of
the Tfam protein, and severely reduced or a complete
absence of mtDNA. They were also deficient in COX, but

not SDH, and had enlarged mitochondria with abnormal
cristae. The heterozygous mice had a 50% reduction in
Tfam transcript and protein, a 34% reduction in mtDNA
copy number, a 22% reduction in mitochondrial tran-
scripts, and a partial reduction in the COI protein level in
heart, but not in liver (Larsson et al. 1998).

Mice with heart- and muscle-specific inactivation of
Tfam died postnatally due to dilated cardiomyopathy
with a mean age of 20 d. They developed cardiac conduc-
tion defects with a prolongation of the PQ interval and
intermittent atrioventricular block. The heart and mus-
cle showed reduced Tfam protein and mtDNA transcript
levels, a 26% reduction in heart mtDNA, a 60% re-
duction in skeletal muscle mtDNA, and a reduction of
respiratory complexes I and IV (COX), but not complex II
(SDH). Histochemical analysis of the hearts revealed
some COX-negative and SDH-hyperreactive cardiomyo-
cytes. However, no alterations could be detected in the
skeletal muscle (Wang et al. 1999).

A skeletal muscle-specific Tfam inactivation in mouse
resulted in a progressive myopathy starting at 3–4 mo,
with scattered atrophic fibers, numerous RRF, COX-
deficient fibers, and markedly enlarged mitochondria
with distorted cristae. The muscle pathology correlated
with a loss of Tfam, reduced mtDNA and mitochondrial
transcript levels, and decreased respiratory chain func-
tion and ATP production. Citrate synthase activity was
increased in the skeletal muscle, suggesting a compensa-
tory up-regulation of mitochondrial mass to offset the
respiratory chain defect. Absolute muscle force was re-
duced with the extensor digitorum longus muscle being
more affected than the soleus muscle. Thus, the skeletal
muscle-specific Tfam knockout mouse reproduces the
key pathophysiological features found in human mito-
chondrial myopathy patients (Wredenberg et al. 2002).

Selective inactivation of the Tfam gene in mouse
midbrain dopaminergic (DA) neurons led to a PD pheno-
type. By 6 wk, these mice showed decreased mitochon-
drial COI expression in DA neurons of substantia nigra
(SN) and the ventral tegmental area (VTA). At ;14 wk of
age they experienced a progressive decline of locomotion,
rearing, and exploratory behavior, associated with a pro-
gressive loss of midbrain DA neurons and striatal DA
nerve terminals. A single dose of L-DOPA markedly im-
proved the motor dysfunction. Intraneuronal inclusions
(Lewy bodies), a key pathological feature of PD, was
detected in 6-wk-old mutant mice in most midbrain DA
neurons. Furthermore, at 11 wk, the midbrain neurons
showed typical mitochondrial membrane structures in-
corporated into the inclusions, and immunostaining
analysis revealed the presence of the a subunit of mito-
chondrial ATP synthase, partially overlapped with the
inclusions. These results support the hypothesis that
mitochondrial dysfunction results in PD and raises the
possibility that damaged mitochondria nucleate Lewy
body formation (Ekstrand et al. 2007).

Pancreatic b-cell-specific inactivation of mouse Tfam
resulted in diabetes. The Tfam�/� b-cells had greatly
reduced COX activity but normal SDH activity, and
contain highly abnormal giant mitochondria. The mutant
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mice developed mitochondrial diabetes in two stages.
They exhibited increased blood glucose in both fasting
and nonfasting states starting at about 5 wk of age.
Subsequently, they show a progressive decline in b-cell
mass and a decreased ratio of endocrine to exocrine
pancreatic tissue. The younger animals were diabetic
because their b cells could not secrete insulin, but the
older animals lost many of their b cells. However, the
b-cell loss did not seem to be the product of apoptosis,
since the number of TUNEL-positive cells was not in-
creased. The mitochondria of the mutant islets showed
decreased DP and the glucose-induced intracellular Ca2+

oscillations were severely dampened (Silva et al. 2000).
This model strongly implicates mitochondrial dysfunc-
tion in the etiology of diabetes.

Inactivation of other genes involved in mitochondrial
transcription also led to mitochondrial dysfunction. In-
activation of the Mterf3 gene (Linder et al. 2005) resulted
in embryonic lethality. Heart- and muscle-specific in-
activation of Mterf3 results in increased heart size,
abnormal mitochondria with reduced respiratory chain
function, and a reduced life span of only 18 wk. However,
the mtDNA level was normal, indicating that Mterf3 is
not involved in mtDNA replication. Steady-state levels of
mitochondrial encoded transcripts from both L-strand
and H-strand promoters (LSP and HSP) were increased
in Mterf3�/� heart, suggesting that Mterf3 is a repressor
of mitochondrial transcription. The mutant mitochon-
dria showed reduction in assembly levels of complex I, III,
IV, and V, all of which have mtDNA encoded subunits,
whereas complex II was not affected. Enzymatic assays
showed significant decrease in complex I, I + III, and
IV but not complex II activity. Chromatin immuno-
precipitation (ChIP) revealed that Mterf3 specifically
binds to LSP and HSP regions, consistent with its in-
hibition of transcription initiation (Park et al. 2007).
Thus, Mterf3 negatively regulates mitochondrial tran-
scription initiation, and its loss results in mitochondrial
cardiomyopathy.

Introduction of mtDNA into the mouse

Two major hurdles confront efforts to introduce mtDNA
mutations into the mouse: generating mtDNA mutations
and introducing these mutations into the mouse female
germline. Both of these difficulties can be overcomed by
breeding maternal lineages derived from female ‘‘mtDNA
mutator’’ mice to permit the mtDNA mutations to
segregate to form individual mutant mtDNA lineages.
However, this approach may have two limitations: desir-
able polypeptide mutations may be selectively lost from
the germline, and large numbers of lineages must be
generated to obtained the desired mutants (Stewart et al.
2008).

Mouse mtDNA mutations. To generate the most desir-
able mutants, it would be optimal to generate the mutant
mtDNA in vitro and then to transform the mtDNAs into
the mitochondria of cultured mouse cells. Unfortunately,
no reliable method for the direct transformation of cells

with isolated mtDNA has yet been validated. Therefore,
mouse mtDNA mutations must be isolated by mutagen-
esis and selection of mouse cells. Once the desired
mtDNA mutation has been isolated, then it must be
introduced into the mouse female germline, either via
embryonic stem cells or single-cell embryo cybrid trans-
fer (Bunn et al. 1974; Wallace et al. 1975).

Several methods have been developed for isolating
mouse cells harboring deleterious mtDNA mutations.
The first was to isolate mouse cells resistant to mitochon-
drial inhibitors. Mouse cells resistant to CAP, a mitochon-
drial ribosome inhibitor, harbor a T2433C mutation in the
mitochondrial 16S rRNA that inhibits mitochondrial pro-
tein synthesis and partially inhibits mitochondrial com-
plexes I, III, and IV (Bunn et al. 1974; Blanc et al. 1981b).
Mouse cell lines have also been isolated resistant to
mitochondrial complex III inhibitors anti-mycin A, myo-
thiazol, HQNO, and stimatelin (Howell et al. 1987; Howell
and Gilbert 1988) and found to contain cytochrome
b mutations (Howell 1990). Cells resistant to the complex
I inhibitor rotenone, have also been isolated and found to
contain mutations in the ND6 or ND5 genes (Bai and
Attardi 1998; Bai et al. 2000). In the ND6 mutation, a C
was inserted within the six Cs at nucleotides 13,885–
13,890, causing a frameshift and stop codon at amino acid
position 79. When homoplasmic, this mutation resulted in
loss of complex I assembly, a 90% decrease of complex
I-dependent (malate/glutamate) respiration, and a 99% re-
duction in complex I activity (Bai and Attardi 1998). The
ND5 C12087A mutation changed Arg 115 to a stop codon.
At ;96% heteroplasmy, this mutation caused a severe
complex I defect (Bai et al. 2000).

Mutations in the mtDNA have also been generated by
exposure of mouse cells to trimethylpsoralen followed
UV irradiation. The heteroplasmic cells are then treated
with ethidium bromide (EtBr) to reduce the mtDNA copy
number. The EtBr is then removed to permit the clonal
expansion of the mutant mtDNAs. The resulting clones
are screened for respiratory deficiency based on the
ability to grow on glucose but not galactose (Acin-Perez
et al. 2004). With this method, a homoplasmic G15263A
(glutamate 373 lysine) was isolated in the cytb gene that
disrupted complex III assembly and also reduced complex
I assembly and activity (Acin-Perez et al. 2004).

Spontaneous mtDNA mutations can also arise during
prolonged cell culture. A L929 mouse cell line was found
to contain three mtDNA mutations, including a hetero-
plasmic C6063A (Leu 246 isoleucine) mutation in the
COI gene, a homoplasmic T6589C (Val 421 alanine) COI
mutation, and a heteroplasmic C insertion at nucleotides
13,885–13,890 in the ND6 gene causing a frameshift (Bai
and Attardi 1998; Acin-Perez et al. 2003). These mtDNA
mutations have been segregated by EtBr-induced mtDNA
depopulation–repopulation and characterized. Biochemi-
cal studies showed that the COI T6589C single base
mutation results in a 65% reduction of complex IV
activity, but when combined with the COI C6063 muta-
tion the COX defect is reduced to 38%. Thus, the C6063A
COI mutation may act as a suppressor of the T6589C
COI mutation (Acin-Perez et al. 2003).
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mtDNA mutations can also be rescued from aged
mouse tissues. Somatic mtDNA mutations, including
point mutations, deletions, and rearrangements, have
been shown to accumulate in post-mitotic tissues with
age (Wallace et al. 2007b). Mitochondria-containing syn-
aptosomes can then be isolated from aged mouse brains
and fused to mouse cells that have been grown in EtBr to
select for cells that lack mtDNA (ro). The ro cells are
glucose, uridine, and pyruvate auxotrophs, so cells ac-
quiring functional mitochondria by transmitochondrial
cybrid fusion can be selected in medium lacking uridine
and/or pyruvate (King and Attardi 1989; Inoue et al. 2000;
Trounce et al. 2000).

mtDNA mutations into the mouse maternal germline. To
date, two basic procedures have been successful at in-
troducing exogenous mtDNA mutations into the mouse
female germline: (1) fusion of cytoplasts from mutant
cells directly to mouse single-cell embryos and implantation
of the embryos into the oviduct of pseudopregnant
females, and (2) fusion of enucleated cell cytoplasts bearing
mutant mtDNA to undifferentiated female mouse embry-
onic stem (fmES) cells, injection of the stem cell cybrids into
mouse blastocysts, and implantation of the chimeric em-
bryos into a foster mother. The former method was used to
create mice harboring a heteroplasmic mtDNA deletion
(Inoue et al. 2000), while the latter has permitted the
creation of variety of mouse strains bearing heteroplasmic
or homoplasmic mtDNA base substitution mutations (Sligh
et al. 2000; McKenzie et al. 2004; Kasahara et al. 2006; Fan
et al. 2008).

mtDNA rearrangement mice. A mouse model of
mtDNA rearrangement disease has been generated by
recovering a rearranged mtDNA from mouse brain by
synaptosome fusion, and then fusion of cytoplasts from
rearranged mtDNA cell line to single-cell mouse embryos
(Inoue et al. 2000). The rearranged mtDNA contained a
4696-bp deletion that removes six tRNAs and seven
structural genes. Animals were obtained having 6%–
42% deleted mtDNAs in their muscle. Females with
6%–13% deleted mtDNAs were mated, and the rear-
ranged mtDNAs were transmitted through three succes-
sive generations, with the percentage of deleted mtDNAs
increasing with successive generations to a maximum of
90% in the muscle of some animals. While mtDNA
duplications were not observed in the original synapto-
some cybrid cells, they were found in the post-mitotic
tissues of the heteroplasmic animals. Therefore, the
maternal transmission of this rearranged mtDNA may
be through a duplicated mtDNA intermediate, as ob-
served in a human maternal diabetes mellitus and deaf-
ness (Ballinger et al. 1994). While RRFs were not observed
in these animals, fibers with >85% mutant mtDNAs
were COX-negative, and many fibers had aggregates of
subsacolemmal mitochondria. The heart tissue of heter-
oplasmic animals was also mosaic for both COX-positive
and COX-negative fibers, and the amount of lactic acid
in peripheral blood was proportional to the amount of
mutant mtDNA in the muscle tissues. Mice with pre-

dominantly mutant mtDNAs in their muscle tissue die
within 200 d of systemic ischemia and enlarged kidneys
with granulated surfaces and dilation of the proximal and
distal renal tubules. These animals also developed high
concentrations of blood urea and creatinine (Inoue et al.
2000). Mice containing $70% of the deleted mtDNAs
became infertile and developed oligospermia and asthe-
nozoospermia, suggesting a strong requirement of the
active respiration for mouse spermatogenesis (Nakada
et al. 2006). Hence, mice harboring mtDNA rearrange-
ment mutations have been created, but the phenotypes
and inheritance patterns are somewhat different from
those seen in most human mtDNA rearrangement
patients.

mtNZB and mtCAPR mice. To establish a general pro-
tocol for the introduction of exogenous mtDNAs into the
mouse female germline, advantage was taken of the fact
that most inbred mouse strains from North America were
derived from the same founding female and thus have the
same ‘‘common’’ mtDNA haplotype. In contrast, NZB
mice, which were inbred from Swiss mice, have mtDNAs
differing from this common haplotype by ;100 nucleotide
(nt) substitutions (Ferris et al. 1982), one of which creates
a BamHI restriction site polymorphism. Synaptosomes
have been isolated from NZB mice by homogenization of
the brains and purification of the mitochondria-containing
cellular fragments through the Percoll gradient centrifu-
gation. The NZB synaptosomes were then fused to the
mouse TK�, ro cell line LMEB4 (Trounce et al. 2000)
and the resulting LMEB4(mtNZB) cybrids were selected
in bromodeoxyuridine and in medium lacking uridine
(Trounce et al. 2000). The LMEB4(mtNZB) cybrids were
then enucleated, and the cytoplasmic fragments, cyto-
plasts, fused to the CC9.3.1 fmES cells of the 129SvEv-
Gpi1c origin that had been treated with the mitochondrial
toxin, rhodamine 6G (R6G) to deplete the resident mito-
chondria. The resulting CC9.3.1(mtNZB) cybrids were
injected into C57BL/6J (B6) mouse embryos and mice with
a high degree of chimerism generated. One female chime-
ric mouse transmitted the heteroplasmy to her daughter,
and this female transmitted the heteroplasmic mtDNAs to
all of her female lineage descendants over multiple gen-
erations (Sligh et al. 2000; MacGregor et al. 2006).

This fmES cell protocol has also been used to introduce
CAPR mtDNAs into the mouse. CC9.3.1 fmES cells were
treated with R6G and fused to cytoplasts isolated from
mouse 501-1 cells whose mtDNA harbored the 16S rRNA
T2433C mutation (Blanc et al. 1981b). The resulting
CC9.3.1(mtCAPR) fmES cybrids with a high percentage
of CAPR mtDNAs were injected into blastocysts and
females with a high degree of chimerism generated. The
CAPR chimeric animals developed bilateral nuclear cat-
aracts, reduced rod and cone excitation detected by
electroretinograms (ERG), and retinal hamartomatous
growths emanating from the optic nerve heads. Several
of the chimeric females transmitted the CAPR mtDNAs
to their progeny in either the homoplasmic or hetero-
plasmic state. The resulting CAPR progeny either died in
utero or in the neonatal period. Mice born alive exhibited
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striking growth retardation, progressive myopathy with
myofibril disruption and loss, dilated cardiomyopathy,
and abnormal heart and muscle mitochondria morphol-
ogy (Sligh et al. 2000). These phenotypes are remarkably
similar to those seen in the MELAS tRNALeu(UUR)

A3243G patients (Heddi et al. 1999). Hence, deleterious
mtDNA protein synthesis mutations can cause mito-
chondrial disease in the mouse with a nature and severity
analogous to those seen in humans.

Xenomitochondrial mice. Using the same fmES cell
technique, mtDNAs from different mouse species have
been introduced into the common mouse inbred strain B6
(Mus musculus). The mtDNAs from Mus spretus and the
more distantly related Mus dunni were transferred into
Mus musculus ro cell line LMEB3 to generate homoplas-
mic cybrids. The cybrids were then enucleated and fused
to R6G-treated CC9.3.1 fmES cells, and homoplasmic
fmES cybrids containing Mus spretus or Mus dunni
mtDNAs generated. These xenomitochondrial mouse
cell lines were injected into blastocysts and 18 and 29
chimeras of various chimerism levels were generated.
Breeding of all female chimeras resulted in one homo-
plasmic germline transmission of Mus spretus mtDNA
and 5 homoplasmic germline transmissions of Mus dunni
mtDNA. However, no breedable females were obtained
to continue the germline transmission and permit in vivo
mitochondrial functional analysis (McKenzie et al. 2004)

mtDNA ND6 and COI mutant mice. A homoplasmic
mtDNA COI T6589C missense mutation has been suc-
cessfully introduced into the mouse female germline. In
one study, a homoplasmic COI mutant cell line was
enucleated and fused with R6G-treated fmES cells result-
ing in homoplasmic mutant fmES cybrids. The COI
mutant fmES cybrids were shown to have complex IV
(COX) defect by cytochemistry. Chimeric females were
then generated, which also gave rise to homoplasmic F1
mutant mice. F1 females were then backcrossed five
times with B6 males and the resultant N6 mice were all
shown to contain 100% of the COI mutation. At the age
of 6 mo, (N6) COI mutant mice had lower staining of
COX activity in the heart compared with age-matched B6
controls. Biochemical analysis confirmed the lower com-
plex IV activity in the brain, heart, liver, and skeletal
muscle of the mutant mice. Increased blood lactate level
and slight growth retardation were also observed. How-
ever, no disease phenotype similar to human mitochon-
drial diseases was reported (Kasahara et al. 2006).

In an independent study, the same COI T6589C mis-
sense mutation was introduced into the mouse female
germline along with the ND6 13885insC frameshift
mutation. These linked mutations caused loss of complex
I activity but increased complex II, III, and IV activities in
cultured cells. After fused with R6G-treated CC9.3.1
fmES cells, four fmES cell cybrids were obtained contain-
ing 100% of the two linked mutations. However, further
analysis revealed that in one fmES cybrid EC77, 4% of the
mtDNAs acquired a revertant T deletion adjacent to the
ND6 13885 C insertion, thus restoring the normal ND6

reading frame. These EC77 fmES cybrids were then used
to generate three female chimeras. The proportion of the
ND6 frameshift mutation had declined from 96% in
EC77 cybrids to 63 6 13% in different chimeric tissues.
After mating with B6 males, the three chimeras generated
a total of 111 pups, of which only one pup was an agouti
female, and harbored the mutant mtDNAs. The level of
the ND6 frameshift mutation in this female had declined
in all tissues to 47% in its tail and 44 6 3% in its different
tissues. This mutant (F1) female was then backcrossed
with B6 males and the level of the ND6 frameshift
mutation declined to 14%, then 6%, and then to 0%
within four generations. This suggests that there is an
active selection against the severe ND6 frameshift mu-
tation. Analysis of the mtDNAs from single oocytes
collected from 14% females confirmed that all oocytes
contained ;14% frameshift mtDNAs or less, never more
than the mother’s mean (Fan et al. 2008).

While the ND6 frameshift mutation was quickly elim-
inated, the COI missense mutation remained homoplas-
mic in the founder F1 female and all subsequent offspring.
At 12 mo old, mice containing 100% of the COI T6589C
mutation and 100% of the ND6 revertant mutation have
a 50% reduction in complex IV activity in the brain,
heart, liver, and skeletal muscle. Muscle histology reveals
RRFs and abnormal mitochondrial characteristic of mi-
tochondrial myopathy. In addition, echocardiographic
analysis of 12-mo-old COI mutant mice shows that
100% of the animals developed a striking cardiomyopa-
thy. The COI mutant hearts have hypertrophic cardio-
myocytes with fibrolysis, binucleate cells, and cardiac
fibrosis. Some mutant hearts also exhibit evidence of
inflammation, interstitial edema, and increased blood
vessel number and diameter. Cardiac ultrastructural
analysis revealed mitochondrial abnormalities including
mitochondrial overproliferation, reduction in mitochon-
drial matrix density and cristolysis, and loss of myofila-
ments. Hence, the transmission of a single mtDNA COI
T6589C missense mutation proved sufficient to cause
mitochondrial myopathy and cardiomyopathy proving
that mtDNA mutations can be the primary cause of
degenerative diseases (Fan et al. 2008).

The differences between the mild phenotypes observed
in the Japanese COI T6589C mutant mouse (Kasahara
et al. 2006) relative to the American COI T6589C mutant
mouse (Fan et al. 2008) might be explained in several ways.
Many mtDNA mutation phenotypes are age-related, and
Japanese mice were examined at 6 mo while American
mice were analyzed at 1 yr. Alternatively, the nuclear
backgrounds of the two COI mutant mouse strains might
have been different. For example, the C57BL/6J mouse
strain used in the American mouse harbors the Nnt gene
mutation (Huang et al. 2006), which might exacerbate
the COI defect through increased oxidative stress. Finally,
the American mouse’s mtDNA only contained the COI
T6589C missense mutation, not the COI C6063A sup-
pressor mutation (Acin-Perez et al. 2003). If the Japanese
mouse contained both COI mutations, then the complex
IV defect in the Japanese mice might have been less severe
than that of the American mice.

Wallace and Fan

1728 GENES & DEVELOPMENT



The Fan et al. (2008) study demonstrated that the
female germline has the capacity for intraovarian selec-
tion against severely deleterious mtDNA mutations such
as the ND6 frameshift mutation, while permitting trans-
mission of more moderate mtDNA mutations such as
the COI missense mutation. The same conclusion was
reached by characterizing mtDNA mutations generated
by the Polg ‘‘mtDNA mutator’’ mice. The ‘‘mtDNA
mutator’’ mice had a substantial increase in the level of
mtDNA mutations in various tissues. Base mutations
were distributed evenly along the analyzed fragment, the
cytb gene, with all three codon positions mutated at the
same frequency (Trifunovic et al. 2004). However, when
these random mtDNA polypeptide gene mutations were
transmitted through the female germline into their off-
spring with a wild-type Polg background, a strong selec-
tion was observed against nonsynonymous mutations.
The ratio of nonsynonymous substitutions per site versus
synonymous substitutions per site drops to 0.6035, far
less than the value of one indicative of no selection. First
and second codon position mutations were also under-
represented, relative to third codon positions, another
indicator for negative selection. On the other hand, a
variety of tRNA mutations were transmitted through the
maternal lineage (Stewart et al. 2008). Studies of mice
containing the 4696-bp deletion have also shown a de-
crease in the levels of deleted mtDNA in female germ
cells and their offspring, although the level of deleted
mtDNA remained constant or increased in somatic
tissues with age (Sato et al. 2007).

These observations may explain why there is a dearth
of severe mtDNA base substitutions in humans and a high
prevalence of more moderate pathogenic mtDNA muta-
tions such as those causing MERRF and MELAS. It has
been proposed that the primordial female germ cells have
a limited number of mtDNAs permitting rapid genetic
drift toward pure mutant or wild mtDNA during the ;20
female germline cell divisions (Jenuth et al. 1996). This
would lead to oogonia within fetal ovigerous cords to
have mtDNA genotypes symmetrically distributed around
the maternal mean heteroplasmic level. At around birth
the ovigerous cords reorganize to form single oogonia
surrounded by granulosa cells. Of the proto-oocytes gen-
erated, only about 30% complete meiotic maturation,
with the remainder undergoing apoptosis (Tilly and Tilly
1995; Hussein 2005). Since apoptosis in preovulatory
follicles has been shown to be induced by increased oxi-
dative stress (Tsai-Turton and Luderer 2006), it is conceiv-
able that the proto-oocytes with the highest percentages
of severe mtDNA mutations produce the most ROS and
thus are preferentially eliminated by apoptosis.

Conclusion

The discovery of intraovarian selection of more severely
deleterious mtDNA mutations demonstrates how little
we know about the genetics and physiology of the human
and mammalian mtDNA genetics. Therefore, it will be
important to generate many more mouse lines harboring
variant mtDNAs, both by cybrid fusion (Inoue et al. 2000;

Sligh et al. 2000; Fan et al. 2008) and by propagation of
Polgmut/Polgmut generated mtDNA mutations (Stewart
et al. 2008). Characterization of a wide range of mtDNA
variants in the mouse can be anticipated to reveal new
phenotypes associated with mitochondrial dysfunction in
the same way that preparing the Ant1�/�mouse (Graham
et al. 1997) anticipated the phenotype of a human patient
with an ANT1-null mutation (Palmieri et al. 2005). In
addition to establishing the importance of mtDNA vari-
ation in the well-defined metabolic and degenerative
diseases, these mutations will permit investigation of
the role of mitochondrial and mtDNA involvement in
predisposition and resistance to infectious diseases, in-
flammatory disorders, cancers, dysmorphologies, and an
array of other troubling phenotypes.

As a greater diversity of maternally transmitted
mtDNA mutants becomes available, various mtDNA
mutations can be combined with various nDNA mutants
associated with mitochondrial dysfunction, metabolic
and degenerative diseases and cancer predisposition to
determine the importance of mtDNA modification in
addition to nDNA gene penetrance and expressivity. The
introduction of a greater diversity of mtDNA haplotypes
from diverse mtDNA strains may also permit under-
standing the importance of naturally occurring mtDNA
variants in mammalian physiology, adaptation to differ-
ent environments, and in predisposition to disease.

These and related studies will permit determination of
exactly how important the mitochondrial and mtDNAs
are in determining the complex physiology and inheri-
tance of the common ‘‘complex’’ metabolic and degener-
ative diseases that demand much of the health care
resources in the developing and developed countries
(Wallace 2008).
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