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1. Introduction

Mitochondria are double membrane-bound organelles that not only constitute the “cellular
power plants” but also are crucially involved in cell survival, apoptosis, redox control, Ca2*
homeostasis and many metabolic and biosynthetic pathways.

The mitochondria generate energy by oxidizing hydrogen derived from dietary
carbohydrate (TCA: tricarboxylic acid cycle) and lipids (beta-oxidation) with oxygen to
generate heat and energy in the form of ATP (Adenosine triphosphate). Energy generation
in mitochondria occurs primarily through oxidative phosphorylation (OXPHOS), a process
in which electrons are passed along a series of carrier molecules called the electron transport
chain (ETC). This chain is composed of four multisubunit assemblies that are embedded in
the mitochondrial inner membrane: complex I (NADH:ubiquinone oxidoreductase; EC
1.6.5.3), complex II (succinate:ubiquinone oxidoreductase; EC 1.3.5.1), complex III
(ubiquinol:cytochrome-c oxidoreductase; EC 1.10.2.2) and complex IV (cytochrome-c
oxidase; EC1.9.3.1). Complexes I, IIl and IV actively translocate protons from the matrix into
the intermembrane space using energy extracted from electrons passing through the chain.
These electrons are liberated from NADH and FADHo, at complexes I and II, respectively,
where they are donated to the lipophilic electron carrier coenzyme Q for further transport to
complex III. From there, electrons are shuttled to complex IV by cytochrome-c. At this
complex, electrons are finally used for the reduction of oxygen to water (Hatefi, 1985;
Saraste, 1999) (Figure 1 A).

The energy released by the flow of electrons through the ETC and the flux of protons out of
the mitochondrial inner membrane creates a capacitance across the mitochondrial inner
membrane, the electrochemical gradient (AP) composed of an electrical potential (Ay) and a
concentration ratio (ApH). The potential energy stored in AP is coupled to ATP synthesis by
complex V (Fo/Fi-ATP-synthase; EC 3.6.1.34). As protons flow back into mitochondrial
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30 Bioenergetics

matrix through complex V, ADP and Pi are bound, condensed and released as ATP. With
Complex V, the ETC complexes constitute the OXPHOS system. The OXPHOS system
generates the vast majority of cellular ATP during oxidative metabolism. Some of the ATP is
used for the mitochondrion's own needs, but most of it is transported outside the organelle
by the adenine nucleotide translocator (ANT) and used for diverse cell functions (Hatefi,
1985; Saraste, 1999) (Figure 1 A).

Lactate Glucose

----------- ¢ N

Pyruvate

Fig. 1. Schematic view of of mitochondrial OXPHOS system (A), and. mitochondrial Ca2*
influx and efflux mechanisms (B). Large size arrows indicate the interplay between
mitochondrial Ca?* signaling and OXPHOS.

2. Genetics and pathology of OXPHOS

2.1 Genetics of OXPHOS system

The OXPHOS system is composed of more than 80 different proteins, 13 of which are
encoded by the mitochondrial DNA (mtDNA) and the others by the nuclear genome
(nDNA) (Chinnery & Turnbull, 2001; Wallace, 1992). There are seven mtDNA-encoded
subunits in complex I, one in complex III, three in complex IV and two in complex V.
Complex II consists solely of nDNA-encoded subunits.

The structure of human mitochondrial DNA (mtDNA) was reported ~ 30 years ago (Clayton
& Vinograd, 1967). The transcription products of mtDNA include 2 ribosomal RNA species
(12S and 16S rRNA), 13 messenger RNAs and 22 transfer RNAs. Replication of mtDNA
occurs independently from cell cycle phase and from replication of nuclear DNA.
Mitochondrial DNA is present in 103-104 identical copies in each cell, with the exception of
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sperm and mature oocytes, in which mtDNA copy numbers are ~ 102 and =~ 105, respectively.
In general, there are believed to be two to ten copies of DNA per mitochondrion. The
sequences of mtDNAs from unrelated individuals in human populations typically differ by
about 0.3 %. Most individuals, however, have a single mtDNA sequence variant in all their
cells (homoplasmy). mtDNA transmission occurred exclusively through the maternal lineage.
Almost all of the nDNA-encoded OXPHOS subunits have been characterized at the cDNA
level and several at the genomic level in humans. In general, the chromosomal distribution
of the genes seems to be random, and expression of most gene products is ubiquitous but
predominates in tissues or organs with a high energy demand.

Richard Scarpulla and co-workers have provided important insight into the regulatory
mechanisms that are involved in the transcriptional control of OXPHOS genes (Gugneja et
al., 1996; Huo & Scarpulla, 1999; Wu et al., 1999). They identified the nuclear respiratory
factors NRF1 and NRF2, which act on overlapping subsets of nuclear genes that are
involved in the biogenesis of the respiratory chain. Recent mammalian studies have
identified PGC1 as a crucial regulator of cardiac mitochondrial number and function in
response to energy demand (Lehman et al., 2000). Analysis of the expression pattern of
OXPHOS genes revealed that their regulation might also be exerted post-transcriptionally
(Di Liegro et al., 2000).

2.2 OXPHOS diseases

Among the inborn errors of metabolism, mitochondrial disorders are the most frequent with
an estimated incidence of at least 1 in 10,000 births (reviewed in (Smeitink et al., 2001)).
Although the term mitochondrial disorder is very broad, it usually refers to diseases that are
caused by disturbances in the OXPHOS system. After the first description, ~ 40 years ago, of a
patient with “loose coupling” — a defect in the coupling between mitochondrial respiration
and phosphorylation — by Luft and collaborators (Luft et al., 1962), thousands of patients
have been diagnosed by measurement of OXPHOS-system enzyme activities. The great
complexity of the OXPHOS system, which consists of proteins, some encoded by the
mitochondrial genome and others by the nuclear genome, may explain the wide variety of
clinical phenotypes that are associated with genetic defects in oxidative phosphorylation.
Disease-causing defects can occur in a single OXPHOS complex (isolated deficiency) or
multiple complexes at the same time (combined deficiency). OXPHOS diseases give rise to a
variety of clinical manifestations, particularly in organs and tissues with high-energy demand
such as brain (encephalopathies), heart (cardiomyopathies), skeletal muscle (myopathies) and
liver (hepatopathies) (reviewed in (Finsterer, 2006a, 2006b; Schaefer et al., 2004)).

We have also to consider the presence of fundamental differences between mitochondrial
genetics and Mendelian genetics when studying human OXPHOS diseases. These
differences are linked to maternal inheritance of mtDNA, polyplasmy, heteroplasmy and the
threshold effect, whereby a critical number of mutated mtDNAs must be present for the
OXPHOS system to malfunction (Wallace, 2005).

One of the frequent OXPHOS disorders is Leigh Syndrome (OMIM 256000), an early-onset
progressive neurodegenerative disorder, leading to death mostly within a few years after
the onset of the symptoms. This disorder is characterized by lesions of necrosis and capillary
proliferation in variable regions of the central nervous system. Clinical signs and symptoms
comprise muscular hypotonia, developmental delay, abnormal eye movements, seizures,
respiratory irregularities and failure to thrive. Other mitochondrial disorders caused by
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OXPHOS defects include Mitochondrial Encephalopathy, Lactic Acidosis and Stroke-like
episodes (MELAS; OMIM 540000), Myoclonic Epilepsy with Ragged Red Fibers (MERREF;
OMIM 545000), Neurogenic weakness, Ataxia, Retinitis Pigmentosa/Maternally Inherited
Leigh Syndrome (NARP/MILS; OMIM 516060), Leber's Hereditary Optic Neuropathy
(LHON; OMIM 535000), and Mohr-Tranebjaerg syndrome (a.k.a. Deafness Dystonia
Syndrome; OMIM 304700).

Because of the genetic complexity of the energy-generating system, many other diseases
have been shown to be associated with defect in mitochondrial function (DiMauro &
Moraes, 1993; DiMauro & Schon, 2003). For example, there is increasing evidence that
inherited OXPHOS dysfunction is also implicated in diabetes, age-related
neurodegenerative diseases, such as Parkinson's, Alzheimer and Huntington's diseases, and
various forms of cancers (Shoubridge, 2001; Zeviani & Carelli, 2007).

2.2.1 Mitochondrial DNA mutations linked to OXPHOS diseases

The complexity of mitochondrial DNA mutations linked to OXPHOS diseases is that one

mutation can cause a broad spectrum of clinical manifestations. Conversely, different

mutations can be associated with the same clinical phenotype. Specific phenotypes include
forms of blindness, deafness, movement disorders, dementia, cardiovascular diseases,
muscle weakness, renal dysfunction, and endocrine disorders including diabetes. In the past

20 years, more than 100 point mutations and innumerable rearrangements have been

associated with human mitochondrial diseases. In this context, it is worth mentioning,

however, that we still lack comprehensive and unbiased epidemiological data about the

frequency of known mtDNA mutations. Although tRNA genes as a whole represent ~ 10%

of the mtDNA, mutations in these genes account for = 75% of mtDNA-related diseases.

We can identify three categories of pathogenic mtDNA mutations: rearrangement

mutations, polypeptide gene missense mutations, and protein synthesis (rRNA and tRNA)

gene mutations (reviewed in (Wallace, 2005)).

e Rearrangement mutations of mtDNA can be either inherited or spontaneous. Inherited
mtDNA rearrangements are primarily insertions. The first inherited insertion mutation
to be identified caused maternally inherited diabetes and deafness (Ballinger et al., 1992,
1994). Spontaneous mtDNA deletions result in a related spectrum of symptoms,
irrespective of the position of the deletion end points. This is because virtually all
deletions remove at least one tRNA and thus inhibit protein synthesis (Moraes et al.,
1989). Thus the nature and severity of the mtDNA deletion rearrangement is not a
consequence of the nature of the rearrangement, but rather of the tissue distribution of
the rearranged mtDNAs.

e Missense mutations in mtDNA polypeptide genes can also result in an array of clinical
manifestations. Three relatively frequently observed point mutations are A3243G in the
tRNA(Leu)(UUR) gene, A8344G in the tRNA(Lys) gene and T8993G in the ATPase 6
gene and are associated with NARP when present at lower percentage of mutants or
with lethal Leigh syndrome when present at higher percentage of mutants (Holt et al.,
1990; Tatuch et al., 1992). Mutations have also been identified in mtDNA genes that
encode proteins of the OXPHOS system, such as the cytochrome b gene and the
mitochondrial complex I genes. A prominent example of the latter group of mtDNA
protein-coding gene mutations is LHON, which is a common cause of subacute bilateral
optic neuropathy that usually presents in early adult life and that predominantly affects
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males. Most LHON patients harbor one of three point mutations that affect mtDNA
complex I, or the NADH:ubiquinone oxidoreductase (ND) genes: G3460A in NDI1,
G11778A in ND4 and T14484C in ND6. Patrick Chinnery and colleagues showed that
the mitochondrial ND6 gene is a hot spot for LHON mutations and suggested that the
ND6 gene should be sequenced in all LHON patients who do not harbour one of the
three common LHON mutations (Chinnery et al., 2001). Rare nonsense or frameshift
mutants in Cytochrome oxydase subunit I (COI) have been associated with
encephalomyopathies (Bruno et al., 1999; Comi et al., 1998).

e Pathogenic mtDNA proteins synthesis mutations can also result in multisystem
disorders with wide range of symptoms. The most common mtDNA protein synthesis
mutation is A3243G in the tRNA(Leu). This mutation is linked to a variety of clinical
symptoms. When present at relatively low level (10%-30%) in the blood, the patient
may manifest only type II diabetes. By contrast, when the mutation is present in > 70%
of the mtDNA, it causes more severe symptoms including short stature,
cardiomyopathy, Chronic Progressive External Ophthalmoplegia (CPEO; OMIM157640)
and MELAS (Goto et al., 1990; van den Ouweland et al., 1994).

2.2.2 Nuclear DNA mutations linked to OXPHOS diseases

Nuclear DNA mutations linked to OXPHOS diseases includes defects in structural OXPHOS
genes, faulty inter-genomic communication, and defects in OXPHOS assembly, homeostasis
and import. Most nuclear gene mutations affect various protein subunits of complex I and
complex II.

The first structural OXPHOS-gene mutation was reported in two sisters with Leigh
syndrome and isolated complex II deficiency (Bourgeron et al.,, 1995). The pathogenic
mutation was in the gene that encodes the flavoprotein: SDHA (succinate dehydrogenase
subunit A). Subsequently, another family was found to have mutations in this subunit
(Parfait et al., 2000). Very interestingly, two groups independently reported mutations of the
complex II subunit D and C genes in hereditary paraganglioma — usually benign,
vascularized tumours in the head and in the neck (Baysal et al., 2000; Niemann & Muller,
2000). This work has uncovered a new and surprising association between mitochondrial
defects and carcinogenesis. Genetic characterization of Complex I deficiency in a patient
with a Leigh-like presentation revealed a 5-base-pair (bp) duplication in NDUFS4 (NADH
dehydrogenase (ubiquinone) Fe-S protein 4) that destroys the consensus phosphorylation
site in the gene product and extends the length of the protein by 14 amino acids (van den
Heuvel et al., 1998). Further studies have revealed that this duplication abolishes cyclic-
AMP-dependent phosphorylation of NDUFS4, thereby impairing activation of the complex.
Further complex I mutations have been identified and ~ 40% of complex I deficiencies in
children, in which the defect is detected in cultured skin fibroblasts, can now be explained
by mutations in structural nuclear genes (Loeffen et al., 1998, 2000).

OXPHOS defects caused by defective interplay between the mitochondrial and nuclear
genomes have also been described. The clinical features of the Mitochondrial Neuro-
Gastrolntestinal Encephalomyopathy syndrome (MNGIE) include ophthalmoparesis,
peripheral neuropathy, leucoencephalopathy and gastrointestinal symptoms (chronic
diarrhea and intestinal dysmotility). Muscle biopsy shows ragged red fibers (RRFs) and
COX-negative fibers and either partial isolated complex IV deficiency or combined
OXPHOS-complex deficiencies (Hirano et al., 1994). Mitochondrial DNA analysis in this
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autosomal recessive syndrome showed mtDNA deletions, depletion, or both. The MNGIE
locus was mapped to chromosome 22q13.32-qter, a region that contains the thymidine
phosphorylase (TP) gene (gene symbol ECGF1). Studies on patients showed that TP activity
was markedly decreased. Ichizo Nishino and collaborators found various homozygous as
well as compound heterozygous ECGF1 mutations in the genomic DNA of MNGIE patients
(Nishino et al., 1999). The precise mechanism by which TP deficiency leads to mtDNA
rearrangements have still to be explained, but imbalance of the mitochondrial nucleotide
pool is likely to have a role. Autosomal dominant Progressive External Ophtalmogia
(@dPEO) is an adult-onset mitochondrial disorder that is characterized by progressive
external ophthalmoplegia and variable additional features, including exercise intolerance,
ataxia, depression, hypogonadism, hearing deficit, peripheral neuropathy and cataract
(Zeviani et al., 1990). Some patients carry mtDNA deletions, although the disease is
inherited in an autosomal fashion. Of the two autosomal loci for this disorder, the 4g-adPEO
locus includes the gene for the heart and skeletal muscle isoform of the ANT1. Kaukonen
and collaborators (Kaukonen et al., 2000) identified two heterozygous missense mutations in
this gene in several families and in one sporadic patient with adPEO.

Enzyme complex I and IV deficiencies are by far the most frequently observed abnormalities
of the OXPHOS system. In sharp contrast to isolated complex I deficiencies, no mutations
have been found as yet in the ten nuclear genes that encode the structural proteins of
complex IV (Adams et al., 1997). The discovery of mutations in a nuclear assembly gene that
is associated with COX deficiency resulted from chromosomal transfer experiments. This
approach identified mutations in the SURF1 gene in patients with COX-deficient Leigh
syndrome (Tiranti et al., 1998; Zhu et al., 1998). SURF1 is part of a cluster of unrelated
housekeeping genes and is the only gene of this cluster that is known or believed to be
involved in COX assembly (Tiranti et al., 1999). Nuclear gene defects that are associated
with isolated complex III or complex V deficiencies have not yet been discovered. In recent
years, four inherited neurodegenerative diseases, Friedreich ataxia, hereditary spastic
paraplegia, human DDP syndrom (deafness/dystonia peptide) and dominant optic atrophy
(OPA1) have also been shown to be mitochondrial disorders that are caused by nuclear
DNA mutations in the genes for frataxin, paraplegin, DDP and OPA1, respectively.
Mitochondria obtained from heart biopsies of Friedreich ataxia patients disclosed specific
defects in the citric-acid cycle enzyme aconitase, and complex I-III activities (Rotig et al.,
1997). The causative Friedreich ataxia protein, frataxin, has an essential role in
mitochondrial iron homeostasis, and Friedreich ataxia can therefore be considered as an
OXPHOS homeostasis defect. Muscle biopsies from the autosomal recessive form of patients
with hereditary spastic paraplegia revealed histochemical signs of a mitochondrial disorder,
namely RRFs, COX-negative fibers and succinate dehydrogenase-positive hyperintense
fibers (Casari et al.,, 1998). Linkage and subsequent mutation analysis revealed large
deletions in a gene dubbed paraplegin (Casari et al., 1998). Owing to the homology with a
yeast mitochondrial ATPase with both proteolytic and chaperone-like activities, it has been
suggested that this form of hereditary spastic paraplegia could be a neurodegenerative
disorder due to OXPHOS deficiency, attributing a putative function in the assembly or
import of respiratory chain subunits or cofactors to paraplegin (Di Donato, 2000). The DDP
syndrome, an X-linked recessive disorder also known as the Mohr-Tranebjaerg syndrome,
is associated with a novel defect in mitochondrial protein import (Koehler et al., 1999). The
defective gene is homologous to the yeast protein Tim8, which belongs to a family of
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proteins that are involved in intermembrane protein transport in mitochondria. Therefore,
the DDP syndrome should be considered as the first example of a new group of
mitochondrial import diseases (Koehler et al., 1999). Finally, OPA1 is caused by defects in a
dynamin-related protein that is targeted to mitochondria and might exert its function in
mitochondrial biogenesis and in stabilization of mitochondrial membrane complexes
(Delettre et al., 2000).

3. Models to study OXPHOS diseases

3.1 Cybrids and Rho® cells

Cybrids, or “cytoplasmic hybrids,” are cultured cells manipulated to contain introduced
mitochondrial DNA (mtDNA). Cybrids have been a central tool to unravel effects of
mtDNA mutations in OXPHOS diseases. In this way, the nuclear genetic complement is
held constant so that observed effects on OXPHOS can be linked to the introduced mtDNA.
The cybrids are produced by first treating mitochondrial donor cells with cytochalasin B to
weaken the cytoskeleton, before subjecting the cells to a centrifugal force, either as attached
cells or in suspension. The dense nuclei are extruded, leaving plasma membrane-bound
“cytoplasts” containing cell cytoplasm and organelles, including mitochondria. These
cytoplasts are then fused with a nuclear donor cell line. The first mammalian cultured cell
phenotype identified to segregate with mtDNA was in human (HeLa) cells, where mtDNA
imparted resistance to the antibiotic chloramphenicol (Spolsky & Eisenstadt, 1972). Several
other mtDNA-linked drug-resistant phenotypes were identified in mammalian cells in the
1970s and 1980s, including resistance to the complex III inhibitors antimycin and myxothiazol
(Howell & Gilbert, 1988) and to the complex I inhibitor rotenone (Bai & Attardi, 1998). The
development of robust DNA-sequencing methods leads to the identification of single-base
substitutions in the 165 rRNA gene of the mtDNA of independently derived yeast, mouse, and
human chloramphenicol cell lines (Blanc & Dujon, 1980; Kearsey & Craig, 1981). These
pioneering studies were in turn followed by identification of the first cytochrome b mutants
(Howell & Gilbert, 1988) and more recently ND5, ND6, and COI mutants.

The second cellular OXPHOS model corresponds to the isolation of a human cell line
without mtDNA (called Rho? cells). Employing an approach first used in yeast (Slonimski et
al., 1968), cells were incubated with low levels of the drug ethidium bromide, which
intercalates DNA. Low levels of the drug selectively inhibits the gamma-DNA polymerase
responsible for mtDNA replication, and with ongoing cell division, the mtDNAs are
“diluted” to the point where clones can be isolated without detectable organelle genomes.
King and Attardi (King & Attardi, 1989) also discovered the absolute requirement for
pyruvate gained by these cells and confirmed the previous observation from Paul
Desjardins and collaborators (Desjardins et al., 1985) that mtDNA-less cells also required
added uridine for growth. This allowed a selection regime to be used after cytoplast- Rho?
cell fusion so that unfused Rho? cells could be eliminated and cybrids selected with the use
of an appropriate nuclear drug-resistant marker (King & Attardi, 1989). Apart from their
value in cybrid experiments, such Rho? cells represent a unique research tool by themselves.
They are a surprising reminder that OXPHOS is dispensable, at least for some differentiated
mammalian cell types. In this instance, ATP production is 100% from glycolysis, so the cells
acidify culture media very rapidly by producing large quantities of lactate. They retain
functional mitochondria (except lacking OXPHOS), which show a transmembrane potential

www.intechopen.com



36 Bioenergetics

(probably from the electrogenic exchange of ATP for ADP) and can import the hundreds of
other proteins needed for non-OXPHOS functions. The pioneering cybrid work using the
selectable markers was limited in the sense that endogenous mtDNAs were also present;
that is, the cybrids were heteroplasmic. The Rho® cell approach allowed creation of
homoplasmic or heteroplasmic cells, depending on the mtDNA donor cell(s) used.

3.2 Human fibroblasts

The use of individual patient's cells in tissue cultures enables the study of specific defects.
With respect to cell type, myoblasts are most likely to express the phenotype observed in
muscle, but it is generally not feasible to derive myoblasts for each diagnostic muscle biopsy,
because most of the muscle tissue is used up for enzymatic, pathological and molecular
workup. Moreover, myoblasts are not representative of some liver-specific phenotypes. An
alternative to myoblasts, are fibroblasts, which are much easily obtained during a muscle
biopsy or after (Robinson, 1996). Fibroblasts cultures are in general, the most obtainable and
renewable source of cells for both diagnosis and research. The major drawback with fibroblasts
in culture is that they sometimes fail to maintain the diseased phenotype. This is especially
true for fibroblast cultures derived from tissue specific forms of mitochondrial diseases.
Nevertheless, many patients do express mitochondrial dysfunction in primary fibroblasts
albeit the defect is sometimes unmasked only under stressful growth conditions in culture
media, devoid of glucose or serum (Iuso et al., 2006; Robinson, 1996; Taanman et al., 2003).
Therefore, patient's fibroblast harboring nuclear encoded mutations can be a suitable tool to
study OXPHOS diseases and a platform for the search for treatments by small molecules,
using individual approaches tailored to a specific defect.

3.3 Mouse models

Despite some obvious limitations, our ability to mimic human disease in animal models is
undoubtedly one of the most important technological breakthroughs in modern genetics.
Since the first knockout mice with impaired OXPHOS were generated in 1995 (reviewed in
(Smeitink et al., 2001) and (Larsson & Rustin, 2001)), eight others have been described.
Classical knockout (KO) technology has been achieved for the manganese superoxide
dismutase gene (SOD2) and the ANTI1. These mice can be considered as secondary
OXPHOS-deficient mice because the genes are only indirectly related to the OXPHOS
system. SOD2 is an oxygen radical scavenger in the mitochondrial matrix, which acts as a
first line of defense against the superoxide that is produced as a by-product of OXPHOS (Li
et al., 1995). To gain further insight into the effects of the ANT1 mutation in particular, study
the regulation of nuclear and mitochondrial genes in the skeletal muscle of mice KO of
ANT1 (Murdock et al., 1999) revealed upregulation of 17 genes that fall into four categories:
nuclear and mitochondrial genes that encode OXPHOS components; mitochondrial tRNA
and ribosomal RNA genes; genes involved in intermediary metabolism; and an eclectic
group of other genes, among which are genes previously unknown to be related to
mitochondprial function.

Knockout mice for the mitochondrial transcription factor A (TFAM) can be considered
primary OXPHOS mice, because TFAM has a direct role in the regulation of OXPHOS gene
expression. Using a conditional knockout approach, three distinct TFAM knockout mice
have been created (Larsson et al., 1998; Wang et al., 1999): one for skeletal and cardiac
muscle; one for cardiac muscle alone; and one for pancreatic $-cells. TFAM is essential for
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mitochondrial biogenesis and embryonic development, and the conditional knockouts have
indicated that the OXPHOS system is crucial for normal heart function and insulin secretion.
Five mouse models that were specifically designed to mimic isolated complex I deficiency in
humans involve the NDUFS4 gene. This gene constitutes a mutational hotspot in humans.
Four models are KO or conditioned KO for NDUFS4, the fifth one corresponds to a point
mutation in NDUFS4. The whole-body and neuron-targeted NDUFS4 KO mice displayed
small size and displayed weight loss. This was accompanied by ataxia, blindness, hearing
loss, loss of motor skills and death from a fatal encephalomyopathy. The Purkinje cell
specific KO mice only manifested mild behavioral and neuropathological abnormalities.
Homozygote point mutation NDUFS4 mice were not viable, demonstrating that the
presence of mutated NDUFS4 protein leads to a much more severe phenotype than
complete absence of NDUFS4 (reviewed in (Roestenberg et al., 2011)).

Two mouse models for Friedreich ataxia have also been created (Puccio et al., 2001). Like the
ANT1- and SOD2-deficient mice, these mice can also be considered as secondary OXPHOS-
deficient mice. The frataxin-deficient mammals showed time-dependent iron accumulation
and will allow the detailed study of the mechanism of frataxin involvement in iron
metabolism and iron-sulphur biogenesis.

Finally, Jun-Ichi Hayashi's group, using a completely different approach, generated mice
that carry large-scale mtDNA deletions (Inoue et al., 2000). Synaptosomes from mouse
brains with naturally occurring somatic mtDNA mutations were fused with Rho? cells. Each
fusion event introduced a variable number of mutant and wild-type mtDNAs, which then
repopulate the Rho? cell, creating a cybrid cell line. Enucleated cybrid cells were fused to
donor embryos and implanted in pseudo pregnant females. In this way, they generate
heteroplasmic founder female animals in which mtDNA deletion transmission was obtained
for three generations (Inoue et al., 2000).

4. Calcium signalling and mitochondrial OXPHOS physiology

Calcium (Ca?*) is one of the most common second messengers in intracellular signalling
networks. Periodic fluctuations in cytosolic calcium concentration ([Ca2*].y) is driven by
electrical activation of voltage-gated Ca?* channels (VGCC) or by agonist stimulation of
plasma membrane receptors and the subsequent formation of Ca2*-mobilizing second
messengers, such as inositol 1,4,5-trisphosphate (IP3). IP3 binds to its receptor the IP3R
(inositol 1,4,5-trisphosphate) on the endoplasmic reticulum (ER) membrane leading to Ca2+
release from the ER to the cytosol. In excitable cells, Ca2* release from the ER occurs also
through ryanodine receptors (RyR) that function as Ca2*-activated Ca2?* channels which
further amplify Ca2*signals originating from other sources.

The frequency, amplitude and/or duration of cytosolic [Ca2*].: spikes can be detected and
decoded by downstream Ca2*-sensitive proteins providing a versatile pathway for
extracellular stimuli to exert control over a wide range of metabolic pathways (Berridge et
al., 2000).

Complex buffering systems that include multiple Ca?*-buffering proteins, ATP-dependent
Ca* pumps (SERCA (sarco-endoplasmic Reticulum Ca?* ATPase) accumulating Ca2* from
the cytosol to the ER, and PMCA (Plasma membrane Ca2* ATPase) extruding Ca2* from
cytosol to the extracellular space), and the sodium-Ca2* exchanger (Nat*/CaZ*), work
together to restore [Ca2*] back to resting levels. Mitochondria also play an important role in
shaping Ca?* signals by utilizing potent mitochondrial Ca?* uptake mechanisms. Ca2*
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uptake into mitochondria plays an important role in cellular physiology by stimulating
mitochondrial metabolism and increasing mitochondrial energy production (Duchen, 1992).
However, excessive Ca2* uptake into mitochondria can lead to opening of a permeability
transition pore (PTP) and apoptosis.

4.1 Interplay between Ca** and OXPHOS

Mitochondrial bioenergetics and Ca2* shaping are mutually regulated. Indeed, on the one
hand, mitochondria Ca2* accumulation enables the activity of OXPHOS and ATP
production; on the other hand, mitochondrial ATP favours the effective functioning of the
two major Ca2* pumps PCMA and SERCA and actively participates in shaping cytosolic
Ca?* signals (Figure 1 A and B).

One important target for Ca2?* signals is the activation of mitochondrial oxidative
metabolism and the consequent increase in the formation of ATP. Studies performed in
1960-1970 led to the demonstration that four mitochondrial dehydrogenases are activated by
Caz* ions. These are FAD-glycerol phosphate dehydrogenase, pyruvate dehydrogenase,
NAD*+*-isocitrate dehydrogenase and a-ketoglutarate dehydrogenase. FAD-glycerol
phosphate dehydrogenase is located on the outer surface of the inner mitochondrial
membrane and is influenced by changes in cytoplasmic Ca2* ions concentrations. The other
three enzymes are located within mitochondria and are regulated by matrix Ca2* ions
concentration. The effects of Ca2* ions on FAD-isocitrate dehydrogenase involve binding to
an EF-hand binding motif within this enzyme, leading to lowering of the Ky, for glycerol
phosphate very substantially (reviewed in (Denton, 2009)). Mitochondrial Ca2* ions bind
also directly to NAD+*-isocitrate dehydrogenase and a-ketoglutarate dehydrogenase to
decrease the Ky, for their respective substrates, whereas an increase in the dephosphorylated
and active form of pyruvate dehydrogenase is regulated by a Ca2*-sensitive phosphatase
(Bulos et al., 1984; Denton & Hughes, 1978; Denton et al., 1972, 1978, 1996, McCormack et al.,
1990; McCormack & Denton, 1979; Robb-Gaspers et al., 1998). Extramitochondrial Ca2*
regulates the glutamate-dependent state 3 respiration by the supply of glutamate to
mitochondpria via aralar, a mitochondrial glutamate/aspartate carrier (Gellerich et al., 2010).

A very recent finding suggests a novel paradigm in which the transcription of genes for
mitochondrial enzymes that produce ATP and the genes that consume ATP is coordinately
regulated by the same transcription factors (Watanabe et al., 2011). Thus, TFAM and TFB2M,
recognized as mtDNA-specific transcription factors, were shown to regulate transcription of
the SERCA2 gene (Watanabe et al., 2011).

It was also demonstrated that metabolites generated during energy production may
influence IP3R-mediated Ca?* dynamics. Indeed, it was shown that reduced Nicotinamide
adenine dinucleotide selectively stimulates the release of Ca2* mediated by IP3R (Kaplin et
al.,, 1996). Another evidence of communication between cellular metabolism and Ca2*
signalling was reported recently by Bakowski and Parekh who showed that pyruvate, the
precursor substrate for the Krebs cycle, directly increases the native Icrac (store operated
Ca?* influx channels at the plasma membrane) by reducing inactivation of the channel,
thereby coupling oxidation of glucose and its own metabolism in the mitochondria to Ca2*
influx by the CRAC channel (Bakowski & Parekh, 2007).

In addition to serving as a target of Ca2* signalling, the uptake of Ca2* by mitochondria has
important feedback effects to shape cytosolic Ca2* signals. Rosario Rizzuto and collaborators
(Rizzuto et al., 1993) were the first to make direct in situ measurements of mitochondrial
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Ca?*. They showed that receptor-activated Ca2* signals caused rapid and large Ca2* signals
in the mitochondrial matrix (mechanisms of mitochondrial Ca2+ influx and efflux are
detailed below).

4.2 Mechanisms of mitochondrial calcium influx and efflux

4.2.1 Mechanisms of mitochondrial calcium influx

Mitochondrial Ca?* uptake is dependent on the strong driving force ensured by their
membrane potential (-180 mV, negative inside) built by the respiratory chain (for review see
(Bianchi et al., 2004)). It has been assumed that [Ca2*].y: far exceeding the micromolar range
is required for net Ca2* uptake, however, such [Ca?*].,: values have not been observed
experimentally in the bulk cytoplasm. Ca2* diffusion in the cytoplasm is also controlled by
protein binding (Allbritton et al., 1992). Thus, local Ca2* transients with amplitudes far
exceeding those measured over the global cytoplasm are confined in cytosolic
microdomains at the mouth of Ca2* channels beneath the plasma membrane or ER internal
store. This concept was consolidated by the demonstration that mitochondria, forming a
complex cytoplasmic tubulovesicular system (Tinel et al., 1999), are frequently apposed to
the smooth as well as the rough ER. These contact points, have been observed in several cell
types by means of electron microscopy or tomography (Mannella et al.,, 1998). The
experiments by Rosario Rizzuto and Tulio Pozzan definitively demonstrated that Ca2*
released through IP3R in these microdomains, induce supramicromolar, or even
submillimolar Ca2* signals (Rizzuto et al., 1993).

Accordingly, the group of Gyorgy Hajnoczky demonstrates that maximal activation of
mitochondrial Ca2+ uptake is evoked by IP3-induced perimitochondrial [Ca2*] elevations,
which appear to reach values >20-fold higher than the global increases of [Ca2]qy:.
Incremental doses of IP3 elicited [Ca2*]ni: elevations that followed the quantal pattern of
Ca2+ mobilization, even at the level of individual mitochondria. These results and others
by the same group allow concluding that each mitochondrial Ca2?* uptake site faces
multiple IPsR, a concurrent activation of which is required for optimal activation of
mitochondrial Ca2+ uptake (Csordas et al., 1999; Hajnoczky et al., 1995) and reviewed in
(Csordas et al., 2006). Targeting aequorin to the outer surface of the IMM in HelLa cells
made the measurement of [Ca2*] in the mitochondrial intermembrane space possible.
After stimulation with histamine [Ca2*] rose in the intermembrane space to significantly
higher values than in the global cytosol (Rizzuto et al., 1998). This observation has given a
strong support to the concept that net mitochondrial Ca2* uptake occurs from high-Ca2*
peri-mitochondrial microdomains.

The existence of physical support for the ER-mitochondrial interface has been indicated by
co-sedimentation of ER particles with mitochondria and electron microscopic observations
of close associations between mitochondria and ER vesicles (Mannella et al., 1998; Meier et
al., 1981; Shore & Tata, 1977). At these sites the shortest ER-OMM distance varies from
10 nm to 100 nm. In cells exposed to ER stress (serum starvation, tunicamycin) an increase in
the ER-mitochondrial interface has been observed (Csordas et al., 2006). Also, coupling of
the two organelles with a fusion protein increased the ER-mitochondria interface area,
reduced the ER-mitochondrial distance to about 6 nm and greatly facilitated the transfer of
cytosolic Ca2* signal into the mitochondria of RBL-2H3 cells (Csordas et al., 2006).
Accordingly, our team showed that the truncated variant of the sarco-endoplasmic
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reticulum Ca2*-ATPase 1 (S1T) is induced under ER stress conditions. S1T is localized in
the ER-mitochondria microdomains, increases number of ER-mitochondria contact sites,
and inhibits mitochondria movements thus determining a privileged Ca2* transfer from
the ER to mitochondria leading to the activation of the mitochondrial apoptotic pathway
(Chami et al., 2008).

Mitochondrial fission and fusion is another essential phenomenon for maintaining the
metabolic function of these organelles as well as regulating their roles in cell signalling
(Tatsuta & Langer, 2008; Yaffe, 1999; Chan, 2006). Changes in the relative rates of fusion and
fission alter the overall morphology of the mitochondria affecting the function of the
organelles both as regulators of survival/apoptosis and in Ca?* handling. It has been shown
that fusion is blocked (Karbowski & Youle, 2003) and mitochondria become fragmented
during apoptosis (Frank et al., 2001). However, enhanced fission alone does not induce
apoptosis and has even been shown to protect against Ca2*-dependent apoptosis by
preventing the propagation of harmful Ca2* waves through the mitochondrial reticulum
(Szabadkai et al., 2004).

The outer mitochondrial membrane is permeable to solutes and the inner mitochondrial
membrane is impermeable to solutes that harbor the respiratory chain complexes. As
described in chapter 1, the respiratory chain pumps protons against their concentration
gradient from the matrix of the mitochondrion into the inter-membrane space, generating an
electrochemical gradient in the form of a negative inner membrane potential and of a pH
gradient, the matrix being more alkaline than the cytosol (Bernardi et al., 1999; Poburko et
al., 2011).

Ca2* import across the outer mitochondrial membrane (OMM) occurs through the voltage-
dependent anion channels (VDAC) (Simamura et al., 2008). VDAC is as a large voltage-
gated channel, fully opened with high-conductance and weak anion-selectivity at low
transmembrane potentials (<20-30 mV), but switching to cation selectivity and lower
conductance at higher potentials (Colombini, 2009; Shoshan-Barmatz et al., 2010). The
precise mechanisms of VDAC conductance are however still under debate.

CaZ* import across the inner mitochondrial membrane (IMM) occurs through a Ca2*-
selective channel known as the mitochondrial Ca2* uniporter (MCU) (Kirichok et al., 2004).
Electrophysiological recordings of mitoplasts, small vesicles of inner mitochondrial
membrane, revealed that the MCU is a highly Ca2*-selective inward-rectifying ion channel
(Kirichok et al., 2004). The MCU has a relatively low Ca?* affinity (Kd ~.10 pM in
permeabilized cells (Bernardi, 1999)). The activity of the MCU had been known for decades
to be inhibited by ruthenium red and its derivative Ru360 (Vasington et al., 1972), but its
molecular identity has only been unraveled very recently. It has been reported recently that
the process of Ca?* accumulation undergoes complex regulation by Ca2* itself. Thus
mitochondrial uptake of Ca2?* was significantly reduced by inhibitors of calmodulin,
suggesting that a Ca2*-calmodulin-mediated process is necessary for activation of the
uniporter but Ca2?* also appeared to inhibit its own uptake. However, in contrast to the
sensitization of mitochondrial Ca?* uptake, the Ca2*-dependent inactivation was not
sensitive to calmodulin blockers (Moreau & Parekh, 2008).

In recent years, several molecules have been proposed to be either an essential or an
accessory component of the MCU. In 2007, the uncoupling proteins (UCP) 2 and 3 (Trenker
et al., 2007) were proposed to be essential for the MCU. Indeed, UCP2/3 overexpression
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increased mitochondrial Ca2* elevations and the contrary is observed upon UCP2/3
depletion. In addition, mice lacking UCP2 exhibited a reduced sensitivity to the Ca2* uptake
inhibitor ruthenium red. However, these findings were disputed by another study that
reported normal mitochondrial CaZ* uptake in mice genetically ablated for UCP2 and UCP3
(Brookes et al., 2008). Furthermore, it was recently showed that UCP3 modulates the activity of
sarco/endoplasmic reticulum Ca2* ATPases by decreasing mitochondrial ATP production (De
Marchi et al., 2011). The mitochondrial Ca?* alterations associated with changes in UCP3 levels
therefore reflect the exposure of mitochondria to abnormal cytosolic Ca2* concentrations and
do not reflect changes in MCU activity. These data indicate that UCP3 is not the mitochondrial
Ca?* uniporter. In 2009, Jiang and collaborators identified the leucine zipper EF hand
containing transmembrane protein 1(Letm1) as a molecule that regulate both mitochondrial
Ca2* and H* concentrations (Jiang et al., 2009). Letml was reported to be a high-affinity
mitochondrial Ca2*/H* exchanger able to import Ca2* at low (i.e. sub-micromolar) cytosolic
concentrations into energized mitochondria. Earlier studies had however linked Letml to
mitochondrial K*/H* exchange and to the maintenance of ionic mitochondrial balance, the
integrity of the mitochondrial network and cell viability (Dimmer et al., 2008; Nowikovsky et
al., 2004). The high-affinity of Letm1 for Ca?* and its postulated 1Ca2*/1 H* stoichiometry are
at odds with the known properties of the MCU. Thus, Letm1 is not the dominant mechanism
of mitochondrial Ca2* uptake. Instead, Letml might contribute to an alternate mode of
mitochondrial Ca2* uptake, known as rapid mode of uptake (RaM), that was first reported in
isolated rat liver mitochondria by Gunter’s group. It was reported that mitochondrial Ca2*
sequestration via a the RaM occurred at the beginning of each pulse and was followed by a
slower Ca2* uptake characteristic of the MCU (Sparagna et al., 1995; Szabadkai et al., 2001). The
implications of the coexistence of low and high-affinity modes of Ca?* uptake have been
recently reviewed (Santo-Domingo & Demaurex, 2010).

In 2010, Palmer and Mootha reported that a new mitochondrial EF hand protein MICU1 (for
mitochondrial Ca2* uptake 1) was required for high capacity mitochondrial Ca2* uptake, and
proposed that MICU1 acts as a Ca2* sensor that controls the entry of Ca2?* across the
uniporter (Perocchi et al., 2010). Building up on this discovery, the same group and another
simultaneously identified the mitochondrial Ca2* uniporter (Baughman et al., 2011; De
Stefani et al., 2011). Using in silico analysis combined with phylogenetic profiling and
analysis of RNA and protein co-expressed with MICU1, the group of Vamsi Mootha isolated
a novel protein that co-immunoprecipitated with MICU1 (Baughman et al., 2011). Using the
same database, the group of Rosario Rizzuto independently identified the same protein.
From the 14 proteins characterized by two or more transmembrane domains and known to
exhibit or lack uniport activity domains, these authors identified a protein with a highly
conserved domain encompassing two transmembrane regions separated by a loop bearing
acidic residues. Functional analysis confirmed that this protein behaves as expected for the
mitochondrial uniporter, and it was therefore assigned the defining name of MCU.
Mitochondrial Ca2* uptake was strongly reduced by MCU silencing in cultured cells and in
purified mouse liver mitochondria, whereas MCU overexpression enhanced ruthenium red-
sensitive mitochondrial Ca?* uptake in intact and permeabilized cells (De Stefani et al.,
2011). The MCU is a 45 kDa protein that can forms oligomers (Baughman et al., 2011). Both
studies mapped the MCU to the inner mitochondrial membrane, but disagreed on whether
the N and C termini face the matrix of the inter-membrane space (Baughman et al., 2011; De
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Stefani et al., 2011). Mutations of conserved acidic residues within the short sequence
linking the two transmembrane domains abrogated the ability of MCU to reconstitute
mitochondrial Ca2* uptake, whereas mutation of a nearby serine residue (S2s9) conferred
resistance to Ru360, indicating that the acidic residues are required for Ca2* uptake and
that Sps9 is critical for MCU sensitivity to ruthenium red (Baughman et al., 2011). Finally,
and most convincingly, expression of the purified protein in planar lipid bilayers was
sufficient to reconstitute ion channel activity in solutions containing only Ca2* (De Stefani
et al., 2011). The currents were carried by a channel of small conductance (6-7 pS), fast
opening/closing kinetics, and low opening probability, and were inhibited by ruthenium
red, as expected for the MCU. Proteins mutated at two of the conserved acidic residues
failed to generate Ca2* currents when inserted into bilayers and acted as dominant
negative when expressed in HeLa cells. These data clearly identified MCU as
mitochondrial Ca2* uniporter. In accordance to the notion that mitochondrial Ca2+
overload enhances the sensitivity to apoptosis, it was also demonstrated that cells
overexpressing MCU were more sensitive to apoptosis after treatment with ceramide and
H>0O; (De Stefani et al., 2011) (Figure 1B).

4.2.2 Mechanisms of mitochondrial calcium efflux

Compared to the MCU, the proteins that catalyze the efflux of Ca?* from mitochondria have
received much less attention. The extrusion of Ca2* from mitochondria is coupled to the
entry of Na* across an electrogenic 1Ca*:3Na* exchanger (Dash & Beard, 2008) that is
inhibited by the benzothiazepine derivative CGP37157 ((Cox et al., 1993), and reviewed in
(Bernardi, 1999)). The subsequent efflux of sodium ions by the mitochondrial 1Na*:1H*
exchanger (mNHE) eventually results in the entry of three protons into the matrix for each
CaZ* ion that leaves mitochondria. Ca2* extrusion thus has a high energetic cost, as it
dissipates the proton gradient generated by the respiratory chain (reviewed in (Bernardi,
1999)). The molecule catalyzing mitochondrial Na*/Ca2* exchange has been recently
identified as NCLX/NCKX6, a protein localized in mitochondrial cristae (Palty et al., 2010),
whereas stomatin-like protein 2 (SLP-2), an inner membrane protein, was shown to
negatively modulate the activity of the mitochondrial Na*/Ca2* exchanger (Da Cruz et al.,
2010). Functional evidence from knock-down and overexpression studies indicate that
NCLX is an essential part of the mitochondrial sodium Ca2* exchanger whereas SLP-2 is an
accessory protein that negatively regulates mitochondrial Ca2* extrusion (Figure 1B).

4.2.3 Mitochondrial calcium overload: Activation of the permeability transition pore

When mitochondrial Ca?* loads exceed the buffering capacity of inner membrane
exchangers, an additional pathway for Ca2* efflux from mitochondria may exist through
opening of the permeability transition pore (PTP). The PTP is a voltage-dependent,
cyclosporin A (CsA)-sensitive, high-conductance channel of the inner mitochondrial
membrane (for reviews, see (Bernardi et al., 2006; Rasola & Bernardi, 2007)). Indeed, the
interplay between the rate of mitochondrial Ca2* influx and efflux modulates mitochondrial
matrix Ca2*, which in turn is widely considered to be a key factor for the regulation of the
PTP open-closed transitions (Bernardi et al., 1999). Although opening of the PTP in response
to Ca2* has been documented in isolated mitochondria and permeabilized cells (Bernardi et
al., 2006; Rasola & Bernardi, 2007), assessing opening of the PTP in intact neurons and other
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primary cells in response to physiological activators that dictate cytosolic Ca2* has remained
a major challenge. Yet, opening of the PTP is often thought to be associated with
pathophysiological processes (for reviews see (Hajnoczky et al., 2006; Rizzuto et al., 2003)).
In these scenarios, activation of the PTP leads to respiratory inhibition, and thus ATP
depletion, and the release of mitochondrial Ca2?* stores and apoptotic activators, ultimately
resulting in cell death (Bernardi et al., 1999; Di Lisa & Bernardi, 2009). These have led to the
idea that opening of the PTP by elevated mitochondrial Ca2* is a terminal, pathologic event.
However, it has been reported recently that CyPD-dependent PTP may participate in non-
lethal Ca2+* homeostasis in cells and neurons (Barsukova et al., 2011).

5. Calcium deregulation in OXPHOS diseases

The direct consequences of OXPHOS defects include alteration of mitochondrial membrane
potential, ATP/ADP ratio, ROS production and mitochondrial Ca?* homeostasis. The varied
biochemical changes that occur in cases of OXPHOS deficiencies have a direct effect on
cellular functions. Yet, they are also key underlying mediators of the (retrograde)
communication between the mitochondrion and the nucleus, which results in specific gene
expression of both nuclear and mitochondrial genomes (see review (Reinecke et al., 2009)).
We will review in this chapter only Ca2* deregulation in OXPHOS. We will discuss the
consequences of such deregulation on mitochondrial function and the cross regulation
between Ca2* and bioenergetics in the development of cellular pathology. We summarized
in Table 1 the alterations of subcellular Ca2* signals in OXPHOS related diseases (Table 1).
Decreased proton pumping due to respiratory chain defects can result in reduced
mitochondrial membrane potential and proton gradient, which are used to generate ATP.
Deregulation of the membrane potential secondary to a deficiency in the respiratory chain
may modify the kinetics and/or accumulation capacity of Ca2?* in the mitochondria, with
possible consequences not only at the level of respiratory chain function (loop effect) and of
the mitochondria in general, but also at the level of the ER function, which is largely
dependent on Ca2* concentrations, and at the level of cytosolic Ca?* signalling, which plays
a major role in regulating cell functions. Deficiencies of OXPHOS also result in other
immediate and downstream metabolic, structural, and functional effects. These effects are
closely associated with mitochondrial dysfunction. The nicotinamide dinucleotide (NAD)
redox balance, which is converted to the reduced state in OXPHOS deficiencies, is a
fundamental mediator of several biological processes, such as energy metabolism, Ca2*
homeostasis, cellular redox balance, immunological function, and gene expression (Munnich
& Rustin, 2001; Ying, 2008).

It is important to mention that analyses of Ca2* signalling targeting OXPHOS diseases are
sporadic, partial and incomplete. This situation can be explained by : 1) the recent
development of new techniques permitting detailed and specific subcellular Ca2* analyses
such as recombinant "aequorin" probes developed by the group headed by Professors
Rizzuto and Pozzan, and the latest generation of GFP-based Ca2* probes (camgaroos,
cameleons and pericams) characterized by a great potential to analyse Ca2* dynamics in
mitochondria at the single cell level; 2) Absence of suitable “easy” study models (see
chapter 3); and 3) the difficulty in the characterization of OXPHOS deficiencies (see
chapter 2-2).
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BK: bradykinin; COX: cytchrome oxidase Htt: Huntingtin; NC: non communicated; ND: not

determined; ROS: reactive oxygen species; SOC: store operated Ca2* entry; PDH: Pyruvate

dehydrogenase; KO: knock out; [Ca2*]cyt, cytosolic calcium-concentration; [Ca2*]er, endoplasmic

reticulum calcium-concentration; [Ca2*]m;, mitochondrial calcium-concentration; Ca?*, calcium. (1)

Insertion; (2) Deletion; (3) repeat.

Table 1. Calcium deregulation in OXPHOS diseases
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5.1 Calcium deregulation in MELAS, MERRF, NARP and LHON

Calcium deregulation was first reported in OXPHOS diseases linked to mitochondrial
mutation. Brini and collaborators monitored subcellular Ca2* signalling in cybrid cells with
0% and 100% of the MERRF (nt 8356 T/C) and NARP (nt 8993 T/G) mutations using
cytosolic aequorin and aequorin probe targeted to the mitochondria. They showed a
reduced mitochondrial [Ca2*] ([Ca?*]mit) transient in MERRF cells but not in NARP cells
upon stimulation with IP3-generating agonist, whereas cytosolic Ca?* responses ([Ca2*]cyt)
were normal in both cell types (Brini et al., 1999).

In another study, cybrid cells with 98 % of NARP mutation (nt 8993 T/G) and Rho? cells
show a disturbed mitochondrial network and actin cytoskeleton. These cells show also a
slower Ca2* influx rates in comparison to parental cells. Authors postulate that proper actin
cytoskeletal organization is important for CCE (capacitative Ca2* entry) in these cells
(Szczepanowska et al., 2004).

Abnormal Ca2* homeostasis and mitochondrial polarization was also reported in fibroblasts
from patients with MELAS syndrome. These cells showed an increased CaZ* influx
associated to a decreased mitochondrial potential (Moudy, 1995).

A comparative study was performed to establish sensitivity to oxidant in cybrid cells
bearing the LHON, MELAS, or MERRF. The order of sensitivity to HO, exposure was
MELAS>LHON>MERRF>controls. Consistent with the hypothesis that death induced by
oxidative stress is Ca?* dependent, depletion of Ca2* from the medium protected all cells
from cell death. This study reveals indirectly that LHON as well as MELAS and MERRF
show an increased basal Ca?* load (Wong & Cortopassi, 1997).

In 2007, another study performed on cybrid cells incorporating two pathogenic
mitochondrial mutations (nt 3243 A/G, nt 3202 A/G) reveal that the decreased ATP
production by oxidative phosphorylation was compensated by a rise in anaerobic glycolysis.
Regarding Ca2* homeostasis, these cells did not show any alteration of Ca2* signals in the
cytosol but take longer to clear up the histamine induced Ca?* signal in the mitochondria
(von Kleist-Retzow et al., 2007).

All over, these studies revealed a deranged Ca2* homeostasis in OXPHOS diseases linked to
mitochondrial mutations. These alteration are not solely at the level of mitochondria but
were also observed in the cytosol. Depending on the study model and/or mutation,
increased cytosolic Ca2?* levels are linked to increased Ca2* influx through the plasma
membrane or reduced Ca2* uptake capacity by the mitochondria.

5.2 Calcium deregulation in Complex | deficiency

The consequences of mitochondrial complex I deficiency on Ca2* homeostasis was first
studied in a genetically characterized human complex I deficient fibroblast cell lines
harbouring nuclear NDUFS7 (nt 364G/ A) mutation linked to Leigh’s syndrome. These cells
show a reduced mitochondrial Ca?* accumulation and consequent ATP synthesis (Visch et
al., 2004). In 2006, the same group investigated the mechanism(s) underlying this impaired
response. The study was conducted in fibroblasts from 6 healthy subjects and 14 genetically
characterized patients expressing mitochondria targeted luciferase. The results revealed that
the agonist-induced increase in mitochondrial ATP ([ATP]wi) was significantly, but to a
variable degree, decreased in 10 patients. They also reported a reduced agonist-evoked
mitochondrial [Ca?*] signal, measured with mitochondria targeted aequorin, and cytosolic
[Ca?*] signal, measured with Fura-2, AM. Measurement of Ca2* content of the ER, calculated
from the increase in [Ca?*]cy: evoked by thapsigargin, an inhibitor of the ER Ca2* ATPase
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revealed also a decrease in mutated cells as compared to controls. Regression analysis
revealed that the increase in [ATP]mit was directly proportional to the increases in [CaZ2*]cy:
and [Ca?*]mit and to the ER Ca2* content. This was the first report showing a pathological ER
Ca2* homeostasis in OXPHOS disease models. The authors postulated that the reduced ER
CaZ* content could be the direct cause of the impaired agonist-induced increase in [ATP]mit
in human complex I deficiency (Visch et al., 2006). However, the molecular mechanisms
underlying ER Ca2* deregulation were not revealed.

Another key cellular feature that was extensively investigated in patient fibroblasts
harboring complex I deficiency is mitochondrial morphology. The quantification of
mitochondrial morphology in a cohort of 14 patients fibroblast cell lines revealed two
distinct classes of patient fibroblasts, one in which the cells mainly contained short circular
fragmented mitochondria, and one in which the cells displayed a normal filamentous
mitochondrial morphology (Koopman et al., 2007). Authors postulated that these differences
are linked to ROS levels (Koopman et al., 2007). In a second report, the authors analyzed the
relationship between mitochondrial dynamics and structure and Ca?*/ ATP handling in the
same cohort. Regression analysis of the agonist-induced Ca2?*/ATP handling and
mitochondrial morphology shows that increased mitochondrial number is associated to
reduced CaZ*-stimulated mitochondrial ATP and reduced stimulation of cytosolic Ca2*
removal rate (Willems et al., 2009).

5.3 Calcium deregulation in Complex Il deficiency

The investigation of Ca?* deregulation linked to complex II deficiency were largely
performed upon complex II inhibition by 3-nitropropionic acid (3NP) . The inhibition of
complex II by 3NP is related to neuronal death, anatomic and neurochemical changes
similar to those occurring in Huntington’s disease (HD).

In primary cultures of rodent central nervous system, 3NP elicits an early increase in
neuronal [CaZ*].y, and both apoptotic and necrotic neuronal death (Greene et al., 1998). 3NP
treatment produces a long term potentiation of the NMDA-mediated synaptic excitation in
striatal spiny neurons. This also involves increased intracellular Ca2?* (Calabresi et al., 2001).
To the mechanisms underlying increased [Ca2*]cy: upon 3NP treatment, it was shown that
short treatment-induced [CaZ*]: increase occurs through NMDA-GLUR (Glutamate
receptor) and VGCC and implicates also internal stores (Lee et al., 2002). In astrocyte
cultures, Tatiani, R. Rosenstock and collaborators showed that 3NP is also able to release
mitochondrial Ca2?* independently from internal stores and from Ca2* entry through the
plasma membrane (Rosenstock et al., 2004). Another group showed that 3NP-induced
necrosis in primary hippocampal neurons is associated with an increase in both cytosolic
and mitochondrial [Ca?*], decreased ATP and rapid mitochondrial potential depolarization.
In this context, the increased [Ca2*] was shown to result from Ca?* influx through NMDA
receptors (Nasr et al., 2003).

The occurrence of mitochondrial permeability transition (PT) was shown to be the cause of
the loss of neuronal viability induced by complex II inhibition (Maciel et al., 2004). This is in
line with studies showing increased susceptibility of striatal mitochondria to Ca2*- induced
PT (Brustovetsky et al., 2003) and that cyclosporine A (inhibitor of PT) protects against 3NP
toxicity in striatal neurons (Leventhal et al., 2000) and astrocytes (Rosenstock et al., 2004).
Accordingly, inhibition of mitochondrial Ca2* influx by ruthenium red significantly reduces
3NP-induced cell death (Ruan et al., 2004).
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The data obtained upon complex II inhibition by 3NP are in accordance with those obtained
from Huntington’s patients and transgenic mice. Mitochondria isolated from lymphoblasts
of individuals with HD showed reduced mitochondrial potential and increased sensitivity
to depolarization upon Ca2* addition. Similar results were obtained in transgenic HD mice
expressing mutated huntingtin (Panov et al., 2002). In addition, mitochondria from HD mice
showed lower Ca?* retention capacity. These mitochondrial abnormalities preceded the
onset of pathological or behavioural tract by months, suggesting that mitochondrial Ca2+
deregulation occurs early in HD (Panov et al., 2002). In a recent study, Lim and collaborators
explore CaZ* homeostasis and mitochondrial dysfunction in clonal striatal cell lines
established from a transgenic HD mouse model and showed transcriptional changes in the
components of the phosphatidylinositol cycle and in receptors for myo-inositol
triphosphate-linked agonist. The overall result of such changes is to decrease basal Ca2* in
mutant cells. Mitochondria from mutant cells failed to handle large Ca2* loads and this
seems to be due to increased Ca2* sensitivity of the permeability transition. This study
reveals a compensatory attempt to prevent the Ca2* stress that would exacerbate
mitochondrial damage in HD (Lim et al., 2008).

Our group was the first to investigate Ca2* homeostasis in human fibroblasts isolated from a
patient with Leigh’s syndrome harbouring a homozygous R554W substitution in the
flavoprotein subunit of the complex II (SDHA). Our study was conducted in parallel in
control fibroblasts and in neuroblastoma SH-SY5Y cells upon inhibition of complex II with
3NP or Atpenin A5 at doses which did not induce cell death, thus affording to study
complex II deficiency independently from cell death. We showed that mutation or chronic
inhibition of complex II determined a large increase in basal and agonist-evoked Ca2*
signals in the cytosol and mitochondria, in parallel with mitochondrial dysfunction
(membrane potential loss, ATP reduction and increased ROS). Cytosolic and mitochondrial
CaZ* overload are linked to increased ER Ca?* leakage, and to PMCA and SERCA2b
proteasome-dependent degradation. Increased mitochondrial Ca2* load is also contributed
by decreased mitochondrial motility and increased ER-mitochondrial contacts. These
findings are interesting since they link for the first time OXPHOS-related mitochondrial
pathology to the regulation of the stability of two major actors in Ca2* signalling regulation,
namely PMCA and SERCA. We postulate that SERCA2b and PMCA degradation is
predictably related to a decrease of mitochondrial ATP production, since SERCA2b and
PMCA degradation was also observed upon ATP synthase inhibition by rotenone. This
phenomenon could be interpreted as an adaptation response to ATP demise in OXPHOS
diseases. Our study revealed also the activation of a compensatory attempt to restore total
ATP level through the activation of anaerobic glycolysis in a Ca?*-dependent manner
(M'Baya et al., 2010). This study revealed a double hint of Ca2* signalling deregulation in
complex II deficiency. On the one hand Ca2* overload may favour the activation of
glycolytic ATP production and on the other hand favoured Ca2*-mediated mitochondrial
pathology (M'Baya et al., 2010).

5.4 Calcium deregulation in OXPHOS diseases linked to defects in OXPHOS assembly
and iron homeostasis: COX and frataxin deficiencies

Leigh’s syndrome associated with COX deficiency is usually caused by mutations of SURF1,
a gene coding a putative COX assembly factor. Fibroblasts isolated from patients harboring
SURF1 mutation displayed a low Ca2* influx through SOC (store operated Ca2* channels) as
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compared to control fibroblast (Wasniewska et al., 2001). The energy state of the
mitochondrial membrane in mutated cells is naturally decreased. Accordingly, it was
demonstrated that mitochondria can control SOC in a numerous cell types and that the
collapse of mitochondrial membrane potential, either by an uncoupler or an inhibitor of the
respiratory chain, greatly reduces the SOC (Makowska et al., 2000). In an earlier study,
Handran and collaborators failed to document either mitochondrial morphology alteration
or intracellular Ca2* deregulation in COX-deficient human fibroblasts (Handran et al., 1997).
This discrepancy between these results may be accounted on the partial recovery of COX
enzyme activity in COX deficient fibroblasts. Fibroblasts are not a robust system for the
study of mitochondrial dysfunction and cultured cells relays less on mitochondria for ATP
production. It was thus concluded that this deficiency is not detrimental to fibroblast or that
anaerobic respiration rescues the phenotype. In a strange manner, SURF1-/- KO mouse
displayed mild reduction of COX activity in all tissues and did not show encephalopathy.
These mice show a complete protection from in vivo neurodegeneration induced by
exposure to high doses of kainic acid (a glutamatergic epiloptogenic agonist). Thus the
ablation of SURF1 drastically reduces the glutamate-induced increase of Ca2* both in the
cytosol and the mitochondria. Authors postulate that reduced buffering capacity by SURF1-
/- mitochondria in the contact sites between mitochondria and plasma membrane or the ER
may promote the feedback closure of the Ca2* channels thus inhibiting the cytosolic Ca2*
transient rise (Dell'agnello et al., 2007).

As introduced in chapter 2-2-2, Friedreich's ataxia (FA) is an autosomal recessive disease
caused by decreased expression of the mitochondrial protein frataxin. The biological
function of frataxin is unclear. The homologue of frataxin in yeast, YFH1, is required for
cellular respiration and was suggested to regulate mitochondrial iron homeostasis. Patients
suffering from FA exhibit decreased ATP production in skeletal muscle. Accordingly,
overexpression of frataxin in mammalian cells causes a CaZ*-induced up-regulation of
tricarboxylic acid cycle flux and respiration, which, in turn, leads to an increased
mitochondrial membrane potential and results in an elevated cellular ATP content. Thus,
frataxin appears to be a key activator of mitochondrial energy conversion and oxidative
phosphorylation (Ristow et al., 2000).

It was reported that mean mitochondrial iron content was increased in FA fibroblasts
harboring expansion of intronic GAA repeat in frataxin leading to its reduced expression,
and that staurosporine-induced caspase 3 activity was higher in FA fibroblasts than
controls. Treatment of cells with BAPTA, AM rescued FA from oxidant-induced death.
These data indirectly demonstrate that FA fibroblasts displayed an increased cytosolic
Ca2* content leading to increased sensitivity to oxidative stress (Wong & Cortopassi,
1997).

5.5 Calcium deregulation linked to mitochondrial DNA polymorphism

mtDNA is highly polymorphic and its variation in humans may contribute to individual
differences in function as well as susceptibility to various diseases such as
neurodegenerative diseases. Kazuno and collaborators searched for mtDNA polymorphisms
that have mitochondrial functional significance using cybrid cells. Increased mitochondrial
basal Ca2* levels and increased agonist evoked cytosolic Ca2* signals were observed in two
closely linked nonsynonymous polymorphisms. Interestingly, these data highlight the role
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of mitochondrial polymorphisms in the pathology of neurodegenerative diseases by
affecting Ca2* dynamics (Kazuno et al., 2006).

5.6 Calcium deregulation in Pyruvate Dehydrogenase deficiency

Aerobic metabolism may also affect mitochondrial Ca2* homeostasis. Thus, deregulation of
Ca?* handling was also reported in human fibroblasts from a patient with an inherited
defect in pyruvate dehydrogenase (PDH). Indeed, these cells show a decrease ability to
sequester cytosolic Ca2* into mitochondria without affecting basal cytosolic and
mitochondrial Ca2* levels. It was postulated that reduced mitochondrial uptake is linked to
decreased mitochondrial potential (Padua et al., 1998).

6. OXPHOS therapies: The place for Ca** modulating drugs

OXPHOS disorders are complex and heterogeneous group of multisystem diseases. The fact
that they can result from mutations in hundreds of genes distributed across all of the
chromosomes as well as the mtDNA, render the understanding of causative factors and the
identification of common disease-related factors difficult. Accordingly effective therapeutic
interventions are still not readily available. There are two main approaches to mitochondrial
disease therapy: genetic and metabolic pharmacological (for recent review see (Roestenberg
et al., 2011) and (Wallace et al., 2010)).

New approaches for genetic therapies for nDNA-encoded mitochondrial diseases as well as
for mtDNA diseases are beginning to offer alternatives for individuals suffering from these
devastating disorders. For mtDNA, these approaches include: (a) import of normal mtDNA
polypeptides into the mitochondrion to complement the mtDNA defect, (b) reduction of the
proportion of mutant mtDNAs (heteroplasmy shifting), and (c) direct medication of the
mtDNA. Researchers are focusing also on the possible use of stem cell as a medication of
OXPHOS disorders. However, these approaches are not as likely to relieve the devastating
symptoms suffered by individuals with bioenergetic diseases.

The pharmacological approach includes the use of: (a) cofactors that increase the production
of ATP (coQ, Idebenone, and succinate), (b) vitamins and metabolic supplements (thiamine,
riboflavine, carnitine and L-arginine), (c) reactive oxygen species scavengers and
mitochondrial antioxidants (CoQ/Idebenone, Vitamin E and Vitamin C), (d) modulators of
PTP (cyclosporin A), and (e) regulators of mitochondrial biogenesis (bezafibrate and sirtuin
analogs).

Current interventions based on metabolic correction include the use of mitochondrial-
targeted drugs (compounds and peptides targeted to the mitochondrial matrix) such as
mitoquinone “MitoQ”, a derivative of coenzyme Q10, and SS-peptides, Szesto-Schiller
peptides, a novel class of small cell permeable peptide antioxidants.

Another alternative to rescue mitochondrial bioenergetics defects is the use the
mitochondrial Na*/Ca2* exchanger inhibitor benzothiazepine CGP37157 (Cox & Matlib,
1993). CGP37157 normalized aberrant mitochondrial Ca2?* handling during hormone
stimulation of cybrid cells carrying the tRNALys mutation associated with MERRF syndrom
(Brini et al., 1999). Short-term pre-treatment with CGP37157 (1 pM, 2 min) fully normalized
the amplitude of the hormone-induced mitochondrial Ca?* signal in fibroblasts from
patients with isolated complex I deficiency (Visch et al., 2004), without altering this
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parameter in healthy fibroblasts. Similar result was obtained recently in a study including a
large number of patient fibroblasts with complex I deficiency (Willems et al., 2009). Also the
reduced maximal [ATP] in the mitochondrial matrix and cytosol were fully normalized by
CGP37157 treatment. The effect of CGP37157 was independent of the presence of
extracellular Ca2*, excluding a stimulatory effect on Ca2* entry across the plasma membrane
(Willems et al., 2009).

It is worth to mention that CGP37157 may also stimulate the IPs;-induced release of Ca2*
from intracellular stores. In addition to these effects, CGP37157 was demonstrated to inhibit
capacitative store refilling (Malli et al., 2005; Poburko et al., 2007). As far as its specificity is
concerned, recent studies suggest that CGP37157 can also directly act on L-type Ca2*
channels (Thu le et al., 2006). Thus the use of this drug will hamper Ca2*-stimulated
processes that depend on Ca?* entry across the plasma membrane (Luciani et al., 2007).

All over, these findings suggest that the mitochondrial Na*/Ca2* exchanger is a potential
target for drugs aiming to restore or improve Ca2*-stimulated mitochondrial ATP synthesis
in OXPHOS deficiencies and highlight the role of Ca2* deregulation in the development of
mitochondrial and cellular pathology in OXPHOS diseases.

7. Conclusion

This literature analysis highlights the broad Ca2?* deregulation in different models of
OXPHOS diseases and demonstrates the cross regulation between Ca2* and bioenergetics in
the development of mitochondrial and cellular pathologies. Some studies revealed also the
potential use of Ca2* modulating drugs to reveres mitochondrial pathology. These studies
may encourage researcher to investigate systematically Ca2* deregulation in OXPHOS and
help to reveal new targets for the development of new or combined therapies to rescue
mitochondrial pathology in these diseases.

8. Acknowledgements

Work presented in this review has been supported by INSERM, CNRS, (AFM (11456 and
13291) and FRM (DEQ20071210550). We gratefully acknowledge INSERM for supporting
the MD-PhD curriculum (Ecole de I'INSERM) of B. Oules and the Italian Institute of
Technology, Genova, Italy for supporting the PhD curriculum of Dolores Del Prete.

9. Abbreviations

ANT, adenine nucleotide translocator; ATP, adenosine triphosphate; [Ca2*]eyt, cytosolic
calcium-concentration; [Ca2*]e;, endoplasmic reticulum calcium-concentration; [Ca2*]ny,
mitochondrial calcium-concentration; Ca?*, calcium; DNA, Deoxyribonucleic acid, ETC,
electron transport chain; ER, endoplasmic reticulum; Ay, electrical potential; IMM, inner
mitochondrial membrane; IP;, inositol 1,4,5-triphosphate; IP3R, inositol triphosphate
receptor; MCU, mitochondrial Ca2* uniporter; NCX/HCX, Na*/Ca?* exchanger and
H+*/Ca?* exchanger; OMM, outer mitochondrial membrane; OXPHOS, oxidative
phosphorylation; PMCA, plasma membrane Ca2*-ATPase; SERCA, sarco-Endoplasmic
reticulum Ca2*-ATPase; RYR, ryanodine receptor; SERCA, sarco-Endoplasmic reticulum
Ca2*t-ATPase; SOC, store operated channel.

www.intechopen.com



Mitochondrial Calcium Signalling: Role in Oxidative Phosphorylation Diseases 51

10. References

Adams, P. L., Lightowlers, R. N. &Turnbull, D. M. (1997). Molecular analysis of cytochrome
c oxidase deficiency in Leigh's syndrome. Ann Neurol, 41, 2, pp. (268-70).

Allbritton, N. L., Meyer, T. &Stryer, L. (1992). Range of messenger action of calcium ion and
inositol 1,4,5-trisphosphate. Science, 258, 5089, pp. (1812-5).

Bai, Y. &Attardi, G. (1998). The mtDNA-encoded ND6 subunit of mitochondrial NADH
dehydrogenase is essential for the assembly of the membrane arm and the
respiratory function of the enzyme. EMBO ], 17, 16, pp. (4848-58).

Bakowski, D. &Parekh, A. B. (2007). Regulation of store-operated calcium channels by the
intermediary metabolite pyruvic acid. Curr Biol, 17, 12, pp. (1076-81).

Ballinger, S. W., Shoffner, J. M., Hedaya, E. V., Trounce, 1., Polak, M. A., Koontz, D. A.
&Wallace, D. C. (1992). Maternally transmitted diabetes and deafness associated
with a 10.4 kb mitochondrial DNA deletion. Nat Genet, 1,1, pp. (11-5).

Ballinger, S. W., Shoffner, J. M., Gebhart, S., Koontz, D. A. &Wallace, D. C. (1994).
Mitochondrial diabetes revisited. Nat Genet, 7, 4, pp. (458-9).

Barsukova, A., Komarov, A., Hajnoczky, G., Bernardi, P., Bourdette, D. &Forte, M. (2011).
Activation of the mitochondrial permeability transition pore modulates Ca2+
responses to physiological stimuli in adult neurons. Eur | Neurosci, 33, 5, pp. (831-
42).

Baughman, J. M., Perocchi, F., Girgis, H. S., Plovanich, M., Belcher-Timme, C. A., Sancak, Y.,
Bao, X. R., Strittmatter, L., Goldberger, O., Bogorad, R. L., Koteliansky, V.
&Mootha, V. K. (2011). Integrative genomics identifies MCU as an essential
component of the mitochondrial calcium uniporter. Nature, 476, 7360, pp. (341-5).

Baysal, B. E., Ferrell, R. E., Willett-Brozick, J. E., Lawrence, E. C., Myssiorek, D., Bosch, A.,
van der Mey, A., Taschner, P. E., Rubinstein, W. S., Myers, E. N., Richard, C. W.,
3rd, Cornelisse, C. J., Devilee, P. &Devlin, B. (2000). Mutations in SDHD, a
mitochondrial complex II gene, in hereditary paraganglioma. Science, 287, 5454, pp.
(848-51).

Bernardi, P. (1999). Mitochondrial transport of cations: channels, exchangers, and
permeability transition. Physiol Rev, 79, 4, pp. (1127-55).

Bernardi, P., Scorrano, L., Colonna, R., Petronilli, V. &Di Lisa, F. (1999). Mitochondria and
cell death. Mechanistic aspects and methodological issues. Eur | Biochem, 264, 3, pp.
(687-701).

Bernardi, P., Krauskopf, A., Basso, E., Petronilli, V., Blachly-Dyson, E., Di Lisa, F. &Forte, M.
A. (2006). The mitochondrial permeability transition from in vitro artifact to disease
target. FEBS |, 273, 10, pp. (2077-99).

Berridge, M. J., Lipp, P. &Bootman, M. D. (2000). The versatility and universality of calcium
signalling. Nat Rev Mol Cell Biol, 1,1, pp. (11-21).

Bianchi, K., Rimessi, A., Prandini, A., Szabadkai, G. &Rizzuto, R. (2004). Calcium and
mitochondria: mechanisms and functions of a troubled relationship. Biochim
Biophys Acta, 1742, 1-3, pp. (119-31).

Blanc, H. &Dujon, B. (1980). Replicator regions of the yeast mitochondrial DNA responsible
for suppressiveness. Proc Natl Acad Sci U S A, 77,7, pp. (3942-6).

Bourgeron, T., Rustin, P., Chretien, D., Birch-Machin, M., Bourgeois, M., Viegas-Pequignot,
E., Munnich, A. &Rotig, A. (1995). Mutation of a nuclear succinate dehydrogenase

www.intechopen.com



52 Bioenergetics

gene results in mitochondrial respiratory chain deficiency. Nat Genet, 11, 2, pp.
(144-9).

Brini, M., Pinton, P., King, M. P., Davidson, M., Schon, E. A. &Rizzuto, R. (1999). A calcium
signaling defect in the pathogenesis of a mitochondrial DNA inherited oxidative
phosphorylation deficiency. Nat Med, 5, 8, pp. (951-4).

Brookes, P. S,, Parker, N., Buckingham, J. A., Vidal-Puig, A., Halestrap, A. P., Gunter, T. E.,
Nicholls, D. G., Bernardi, P., Lemasters, J. J. &Brand, M. D. (2008). UCPs--unlikely
calcium porters. Nat Cell Biol, 10, 11, pp. (1235-7).

Bruno, C., Martinuzzi, A., Tang, Y., Andreu, A. L., Pallotti, F., Bonilla, E., Shanske, S., Fu, J.,
Sue, C. M., Angelini, C., DiMauro, S. &Manfredi, G. (1999). A stop-codon mutation
in the human mtDNA cytochrome c oxidase I gene disrupts the functional structure
of complex IV. Am | Hum Genet, 65, 3, pp. (611-20).

Brustovetsky, N., Brustovetsky, T., Purl, K. J., Capano, M., Crompton, M. &Dubinsky, J. M.
(2003). Increased susceptibility of striatal mitochondria to calcium-induced
permeability transition. | Neurosci, 23, 12, pp. (4858-67).

Bulos, B. A., Thomas, B. J. &Sacktor, B. (1984). Calcium inhibition of the NAD+-linked
isocitrate dehydrogenase from blowfly flight muscle mitochondria. | Biol Chem, 259,
16, pp. (10232-7).

Calabresi, P., Gubellini, P., Picconi, B., Centonze, D., Pisani, A., Bonsi, P., Greengard, P.,
Hipskind, R. A., Borrelli, E. &Bernardi, G. (2001). Inhibition of mitochondrial
complex II induces a long-term potentiation of NMDA-mediated synaptic
excitation in the striatum requiring endogenous dopamine. | Neurosci, 21, 14, pp.
(5110-20).

Casari, G., De Fusco, M., Ciarmatori, S., Zeviani, M., Mora, M., Fernandez, P., De Michele,
G., Filla, A., Cocozza, S., Marconi, R., Durr, A., Fontaine, B. &Ballabio, A. (1998).
Spastic paraplegia and OXPHOS impairment caused by mutations in paraplegin, a
nuclear-encoded mitochondrial metalloprotease. Cell, 93, 6, pp. (973-83).

Chami, M., Oules, B., Szabadkai, G., Tacine, R., Rizzuto, R. &Paterlini-Brechot, P. (2008).
Role of SERCA1 truncated isoform in the proapoptotic calcium transfer from ER to
mitochondria during ER stress. Mol Cell, 32, 5, pp. (641-51).

Chan, D. C. (2006). Mitochondria: dynamic organelles in disease, aging, and development.
Cell, 125, 7, pp. (1241-52)

Chinnery, P. F., Brown, D. T., Andrews, R. M., Singh-Kler, R., Riordan-Eva, P., Lindley, J.,
Applegarth, D. A., Turnbull, D. M. &Howell, N. (2001). The mitochondrial ND6
gene is a hot spot for mutations that cause Leber's hereditary optic neuropathy.
Brain, 124, Pt 1, pp. (209-18).

Chinnery, P. F. &Turnbull, D. M. (2001). Epidemiology and treatment of mitochondrial
disorders. Am | Med Genet, 106, 1, pp. (94-101)

Clayton, D. A. &Vinograd, J. (1967). Circular dimer and catenate forms of mitochondrial
DNA in human leukaemic leucocytes. Nature, 216, 5116, pp. (652-7).

Colombini, M. (2009). The published 3D structure of the VDAC channel: native or not?
Trends Biochem Sci, 34, 8, pp. (382-9).

Comi, G. P., Bordoni, A., Salani, S., Franceschina, L., Sciacco, M., Prelle, A., Fortunato, F.,
Zeviani, M., Napoli, L., Bresolin, N., Moggio, M., Ausenda, C. D., Taanman, ]J. W.
&Scarlato, G. (1998). Cytochrome c¢ oxidase subunit I microdeletion in a patient
with motor neuron disease. Ann Neurol, 43,1, pp. (110-6).

www.intechopen.com



Mitochondrial Calcium Signalling: Role in Oxidative Phosphorylation Diseases 53

Cox, D. A., Conforti, L., Sperelakis, N. &Matlib, M. A. (1993). Selectivity of inhibition of
Na(+)-Ca2+ exchange of heart mitochondria by benzothiazepine CGP-37157. |
Cardiovasc Pharmacol, 21, 4, pp. (595-9).

Cox, D. A. &Matlib, M. A. (1993). Modulation of intramitochondprial free Ca2+ concentration
by antagonists of Na(+)-Ca2+ exchange. Trends Pharmacol Sci, 14, 11, pp. (408-13).

Csordas, G., Thomas, A. P. &Hajnoczky, G. (1999). Quasi-synaptic calcium signal
transmission between endoplasmic reticulum and mitochondria. EMBO ], 18, 1, pp.
(96-108).

Csordas, G., Renken, C., Varnai, P., Walter, L., Weaver, D., Buttle, K. F., Balla, T., Mannella,
C. A. &Hajnoczky, G. (2006). Structural and functional features and significance of
the physical linkage between ER and mitochondria. | Cell Biol, 174, 7, pp. (915-21).

Da Cruz, S., De Marchi, U., Frieden, M., Parone, P. A., Martinou, J. C. &Demaurex, N. (2010).
SLP-2 negatively modulates mitochondrial sodium-calcium exchange. Cell Calcium,
47,1, pp. (11-8).

Dash, R. K. &Beard, D. A. (2008). Analysis of cardiac mitochondrial Na+-Ca2+ exchanger
kinetics with a biophysical model of mitochondrial Ca2+ handling suggests a 3:1
stoichiometry. | Physiol, 586, 13, pp. (3267-85).

De Marchi, U, Castelbou, C. &Demaurex, N. (2011). Uncoupling protein 3 (UCP3)
modulates the activity of sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) by
decreasing mitochondrial ATP production. ] Biol Chem, pp.).

De Stefani, D., Raffaello, A., Teardo, E., Szabo, I. &Rizzuto, R. (2011). A forty-kilodalton
protein of the inner membrane is the mitochondrial calcium uniporter. Nature, 476,
7360, pp. (336-40).

Delettre, C., Lenaers, G., Griffoin, ]J. M., Gigarel, N., Lorenzo, C., Belenguer, P., Pelloquin, L.,
Grosgeorge, J., Turc-Carel, C., Perret, E., Astarie-Dequeker, C., Lasquellec, L.,
Arnaud, B., Ducommun, B., Kaplan, J. &Hamel, C. P. (2000). Nuclear gene OPA1,
encoding a mitochondrial dynamin-related protein, is mutated in dominant optic
atrophy. Nat Genet, 26, 2, pp. (207-10).

Dell'agnello, C., Leo, S., Agostino, A., Szabadkai, G., Tiveron, C., Zulian, A., Prelle, A.,
Roubertoux, P., Rizzuto, R. &Zeviani, M. (2007). Increased longevity and
refractoriness to Ca(2+)-dependent neurodegeneration in Surfl knockout mice.
Hum Mol Genet, 16, 4, pp. (431-44).

Denton, R. M., Randle, P. ]J. &Martin, B. R. (1972). Stimulation by calcium ions of pyruvate
dehydrogenase phosphate phosphatase. Biochem |, 128, 1, pp. (161-3).

Denton, R. M. &Hughes, W. A. (1978). Pyruvate dehydrogenase and the hormonal
regulation of fat synthesis in mammalian tissues. Int | Biochem, 9, 8, pp. (545-52).

Denton, R. M., Richards, D. A. &Chin, ]J. G. (1978). Calcium ions and the regulation of
NAD+-linked isocitrate dehydrogenase from the mitochondria of rat heart and
other tissues. Biochem |, 176, 3, pp. (899-906).

Denton, R. M., McCormack, J. G., Rutter, G. A., Burnett, P., Edgell, N. J., Moule, S. K.
&Diggle, T. A. (1996). The hormonal regulation of pyruvate dehydrogenase
complex. Adv Enzyme Regul, 36, pp. (183-98).

Denton, R. M. (2009). Regulation of mitochondrial dehydrogenases by calcium ions. Biochim
Biophys Acta, 1787, 11, pp. (1309-16).

Desjardins, P., Frost, E. &Morais, R. (1985). Ethidium bromide-induced loss of mitochondrial
DNA from primary chicken embryo fibroblasts. Mol Cell Biol, 5, 5, pp. (1163-9).

www.intechopen.com



54 Bioenergetics

Di Donato, S. (2000). Disorders related to mitochondrial membranes: pathology of the
respiratory chain and neurodegeneration. | Inherit Metab Dis, 23, 3, pp. (247-63).

Di Liegro, C. M., Bellafiore, M., Izquierdo, J. M., Rantanen, A. &Cuezva, J. M. (2000). 3'-
untranslated regions of oxidative phosphorylation mRNAs function in vivo as
enhancers of translation. Biochem |, 352 Pt 1, pp. (109-15).

Di Lisa, F. &Bernardi, P. (2009). A CaPful of mechanisms regulating the mitochondrial
permeability transition. | Mol Cell Cardiol, 46, 6, pp. (775-80).

DiMauro, S. & Moraes, C. T. (1993). Mitochondrial encephalomyopathies. Arch Neurol, 50,
11, pp. (1197-208).

DiMauro, S. & Schon, E. A. (2003). Mitochondrial respiratory-chain diseases. N Engl | Med,
348, 26, pp. (2656-68).

Dimmer, K. S., Navoni, F., Casarin, A., Trevisson, E., Endele, S., Winterpacht, A., Salviati, L.
&Scorrano, L. (2008). LETM1, deleted in Wolf-Hirschhorn syndrome is required for
normal mitochondrial morphology and cellular viability. Hum Mol Genet, 17, 2, pp.
(201-14).

Duchen, M. R. (1992). Ca(2+)-dependent changes in the mitochondrial energetics in single
dissociated mouse sensory neurons. Biochem |, 283 ( Pt 1), pp. (41-50).

Finsterer, J. (2006). Central nervous system manifestations of mitochondrial disorders. Acta
Neurol Scand, 114, 4, pp. (217-38).

Finsterer, ]. (2006). Overview on visceral manifestations of mitochondrial disorders. Neth |
Med, 64, 3, pp. (61-71).

Frank, S., Gaume, B., Bergmann-Leitner, E. S., Leitner, W. W., Robert, E. G., Catez, F., Smith,
C. L. &Youle, R. J. (2001). The role of dynamin-related protein 1, a mediator of
mitochondprial fission, in apoptosis. Dev Cell, 1, 4, pp. (515-25).

Gellerich, F. N., Gizatullina, Z., Trumbeckaite, S., Nguyen, H. P., Pallas, T., Arandarcikaite,
O., Vielhaber, S., Seppet, E. &Striggow, F. (2010). The regulation of OXPHOS by
extramitochondrial calcium. Biochim Biophys Acta, 1797, 6-7, pp. (1018-27).

Goto, Y., Nonaka, I. &Horai, S. (1990). A mutation in the tRNA(Leu)(UUR) gene associated
with the MELAS subgroup of mitochondrial encephalomyopathies. Nature, 348,
6302, pp. (651-3).

Greene, ]. G,, Sheu, S. S, Gross, R. A. &Greenamyre, J. T. (1998). 3-Nitropropionic acid
exacerbates N-methyl-D-aspartate toxicity in striatal culture by multiple
mechanisms. Neuroscience, 84, 2, pp. (503-10).

Gugneja, S., Virbasius, C. M. &Scarpulla, R. C. (1996). Nuclear respiratory factors 1 and 2
utilize similar glutamine-containing clusters of hydrophobic residues to activate
transcription. Mol Cell Biol, 16, 10, pp. (5708-16).

Hajnoczky, G., Robb-Gaspers, L. D., Seitz, M. B. &Thomas, A. P. (1995). Decoding of
cytosolic calcium oscillations in the mitochondria. Cell, 82, 3, pp. (415-24).

Hajnoczky, G., Csordas, G., Das, S., Garcia-Perez, C., Saotome, M., Sinha Roy, S. &Yi, M.
(2006). Mitochondrial calcium signalling and cell death: approaches for assessing
the role of mitochondrial Ca2+ uptake in apoptosis. Cell Calcium, 40, 5-6, pp. (553-
60).

Handran, S. D., Werth, ]J. L., DeVivo, D. C. &Rothman, S. M. (1997). Mitochondrial
morphology and intracellular calcium homeostasis in cytochrome oxidase-deficient
human fibroblasts. Neurobiol Dis, 3, 4, pp. (287-98).

www.intechopen.com



Mitochondrial Calcium Signalling: Role in Oxidative Phosphorylation Diseases 55

Hatefi, Y. (1985). The mitochondrial electron transport and oxidative phosphorylation
system. Annu Rev Biochem, 54, pp. (1015-69).

Hirano, M., Silvestri, G., Blake, D. M., Lombes, A., Minetti, C., Bonilla, E., Hays, A. P.,
Lovelace, R. E., Butler, I, Bertorini, T. E. & et al. (1994). Mitochondrial
neurogastrointestinal encephalomyopathy (MNGIE): clinical, biochemical, and
genetic features of an autosomal recessive mitochondrial disorder. Neurology, 44, 4,
pp- (721-7).

Holt, I. J., Harding, A. E., Petty, R. K. &Morgan-Hughes, J. A. (1990). A new mitochondrial
disease associated with mitochondrial DNA heteroplasmy. Am | Hum Genet, 46, 3,
pPp- (428-33).

Howell, N. &Gilbert, K. (1988). Mutational analysis of the mouse mitochondrial cytochrome
b gene. | Mol Biol, 203, 3, pp. (607-18).

Huo, L. &Scarpulla, R. C. (1999). Multiple 5'-untranslated exons in the nuclear respiratory
factor 1 gene span 47 kb and contribute to transcript heterogeneity and
translational efficiency. Gene, 233, 1-2, pp. (213-24).

Inoue, K., Nakada, K., Ogura, A., Isobe, K., Goto, Y., Nonaka, I. &Hayashi, J. 1. (2000).
Generation of mice with mitochondrial dysfunction by introducing mouse mtDNA
carrying a deletion into zygotes. Nat Genet, 26, 2, pp. (176-81).

Iuso, A., Scacco, S., Piccoli, C., Bellomo, F., Petruzzella, V., Trentadue, R., Minuto, M., Ripoli,
M., Capitanio, N., Zeviani, M. &Papa, S. (2006). Dysfunctions of cellular oxidative
metabolism in patients with mutations in the NDUFS1 and NDUFS4 genes of
complex I. | Biol Chem, 281, 15, pp. (10374-80).

Jiang, D., Zhao, L. &Clapham, D. E. (2009). Genome-wide RNAi screen identifies Letm1 as a
mitochondrial Ca2+/H+ antiporter. Science, 326, 5949, pp. (144-7).

Kaplin, A. I, Snyder, S. H. &Linden, D. J. (1996). Reduced nicotinamide adenine
dinucleotide-selective stimulation of inositol 1,4,5-trisphosphate receptors mediates
hypoxic mobilization of calcium. | Neurosci, 16, 6, pp. (2002-11).

Karbowski, M. &Youle, R. J. (2003). Dynamics of mitochondrial morphology in healthy cells
and during apoptosis. Cell Death Differ, 10, 8, pp. (870-80).

Kaukonen, J., Juselius, J. K., Tiranti, V., Kyttala, A., Zeviani, M., Comi, G. P., Keranen, S.,
Peltonen, L. &Suomalainen, A. (2000). Role of adenine nucleotide translocator 1 in
mtDNA maintenance. Science, 289, 5480, pp. (782-5).

Kazuno, A. A., Munakata, K., Nagai, T., Shimozono, S., Tanaka, M., Yoneda, M., Kato, N.,
Miyawaki, A. &Kato, T. (2006). Identification of mitochondrial DNA
polymorphisms that alter mitochondrial matrix pH and intracellular calcium
dynamics. PLoS Genet, 2, 8, pp. (€128).

Kearsey, S. E. &Craig, I. W. (1981). Altered ribosomal RNA genes in mitochondria from
mammalian cells with chloramphenicol resistance. Nature, 290, 5807, pp. (607-8).

King, M. P. &Attardi, G. (1989). Human cells lacking mtDNA: repopulation with exogenous
mitochondria by complementation. Science, 246, 4929, pp. (500-3).

Kirichok, Y., Krapivinsky, G. &Clapham, D. E. (2004). The mitochondrial calcium uniporter
is a highly selective ion channel. Nature, 427, 6972, pp. (360-4).

Koehler, C. M., Leuenberger, D., Merchant, S., Renold, A., Junne, T. &Schatz, G. (1999).
Human deafness dystonia syndrome is a mitochondrial disease. Proc Natl Acad Sci
USA, 96,5, pp. (2141-6).

www.intechopen.com



56 Bioenergetics

Koopman, W. J.,, Hink, M. A., Verkaart, S., Visch, H. J., Smeitink, J. A. &Willems, P. H.
(2007). Partial complex I inhibition decreases mitochondrial motility and increases
matrix protein diffusion as revealed by fluorescence correlation spectroscopy.
Biochim Biophys Acta, 1767, 7, pp. (940-7).

Larsson, N. G., Wang, J., Wilhelmsson, H., Oldfors, A., Rustin, P., Lewandoski, M., Barsh, G.
S. &Clayton, D. A. (1998). Mitochondrial transcription factor A is necessary for
mtDNA maintenance and embryogenesis in mice. Nat Genet, 18, 3, pp. (231-6).

Larsson, N. G. &Rustin, P. (2001). Animal models for respiratory chain disease. Trends Mol
Med, 7,12, pp. (578-81).

Lee, W. T., Itoh, T. &Pleasure, D. (2002). Acute and chronic alterations in calcium
homeostasis in 3-nitropropionic acid-treated human NT2-N neurons. Neuroscience,
113, 3, pp. (699-708).

Lehman, J. J., Barger, P. M., Kovacs, A., Saffitz, ]. E., Medeiros, D. M. &Kelly, D. P. (2000).
Peroxisome proliferator-activated receptor gamma coactivator-1 promotes cardiac
mitochondrial biogenesis. | Clin Invest, 106, 7, pp. (847-56).

Leventhal, L., Sortwell, C. E., Hanbury, R., Collier, T. J., Kordower, J. H. &Palfi, S. (2000).
Cyclosporin A protects striatal neurons in vitro and in vivo from 3-nitropropionic
acid toxicity. ] Comp Neurol, 425, 4, pp. (471-8).

Li, Y., Huang, T. T., Carlson, E. J.,, Melov, S., Ursell, P. C., Olson, J. L., Noble, L. J.,
Yoshimura, M. P., Berger, C., Chan, P. H., Wallace, D. C. &Epstein, C. ]J. (1995).
Dilated cardiomyopathy and neonatal lethality in mutant mice lacking manganese
superoxide dismutase. Nat Genet, 11, 4, pp. (376-81).

Lim, D., Fedrizzi, L., Tartari, M., Zuccato, C., Cattaneo, E., Brini, M. &Carafoli, E. (2008).
Calcium homeostasis and mitochondrial dysfunction in striatal neurons of
Huntington disease. | Biol Chem, 283, 9, pp. (5780-9).

Loeffen, J. L., Triepels, R. H., van den Heuvel, L. P., Schuelke, M., Buskens, C. A., Smeets, R.
J., Trijbels, J. M. &Smeitink, J. A. (1998). cDNA of eight nuclear encoded subunits of
NADH:ubiquinone oxidoreductase: human complex I c¢cDNA characterization
completed. Biochem Biophys Res Commun, 253, 2, pp. (415-22)

Loeffen, J. L., Smeitink, J. A., Trijbels, J. M., Janssen, A. J., Triepels, R. H., Sengers, R. C. &van
den Heuvel, L. P. (2000). Isolated complex I deficiency in children: clinical,
biochemical and genetic aspects. Hum Mutat, 15, 2, pp. (123-34).

Luciani, D. S., Ao, P., Hu, X., Warnock, G. L. &Johnson, ]. D. (2007). Voltage-gated Ca(2+)
influx and insulin secretion in human and mouse beta-cells are impaired by the
mitochondrial Na(+)/Ca(2+) exchange inhibitor CGP-37157. Eur | Pharmacol, 576, 1-
3, pp- (18-25).

Luft, R., Ikkos, D., Palmieri, G., Ernster, L. &Afzelius, B. (1962). A case of severe
hypermetabolism of nonthyroid origin with a defect in the maintenance of
mitochondrial respiratory control: a correlated clinical, biochemical, and
morphological study. | Clin Invest, 41, pp. (1776-804).

M'Baya, E., Oules, B., Caspersen, C., Tacine, R., Massinet, H., Chrétien, D., Munnich, A.,
Rotig, A., Rizzuto, R., Rutter, G.A., Paterlini-Bréchot, P. &Chami, M. (2010).
Calcium signalling-dependent mitochondrial dysfunction and bioenergetics
regulation in respiratory chain Complex II deficiency Cell Death Differ, 17 12, pp.
(1855-66).

www.intechopen.com



Mitochondrial Calcium Signalling: Role in Oxidative Phosphorylation Diseases 57

Maciel, E. N., Kowaltowski, A. J., Schwalm, F. D., Rodrigues, ]J. M., Souza, D. O., Vercesi, A.
E., Wajner, M. &Castilho, R. F. (2004). Mitochondrial permeability transition in
neuronal damage promoted by Ca2+ and respiratory chain complex II inhibition. |
Neurochem, 90, 5, pp. (1025-35).

Makowska, A., Zablocki, K. &Duszynski, ]J. (2000). The role of mitochondria in the
regulation of calcium influx into Jurkat cells. Eur | Biochem, 267, 3, pp. (877-84).

Mallj, R., Frieden, M., Trenker, M. &Graier, W. F. (2005). The role of mitochondria for Ca2+
refilling of the endoplasmic reticulum. | Biol Chem, 280, 13, pp. (12114-22).

Mannella, C. A., Buttle, K., Rath, B. K. &Marko, M. (1998). Electron microscopic tomography
of rat-liver mitochondria and their interaction with the endoplasmic reticulum.
Biofactors, 8, 3-4, pp. (225-8).

McCormack, J. G. &Denton, R. M. (1979). The effects of calcium ions and adenine
nucleotides on the activity of pig heart 2-oxoglutarate dehydrogenase complex.
Biochem |, 180, 3, pp. (533-44).

McCormack, J. G., Halestrap, A. P. &Denton, R. M. (1990). Role of calcium ions in regulation
of mammalian intramitochondrial metabolism. Physiol Rev, 70, 2, pp. (391-425)

Meier, P. J., Spycher, M. A. &Meyer, U. A. (1981). Isolation and characterization of rough
endoplasmic reticulum associated with mitochondria from normal rat liver. Biochim
Biophys Acta, 646, 2, pp. (283-97).

Moraes, C. T., DiMauro, S., Zeviani, M., Lombes, A., Shanske, S., Miranda, A. F., Nakase, H.,
Bonilla, E., Werneck, L. C., Servidei, S. &et al. (1989). Mitochondrial DNA deletions
in progressive external ophthalmoplegia and Kearns-Sayre syndrome. N Engl |
Med, 320, 20, pp. (1293-9).

Moreau, B. &Parekh, A. B. (2008). Ca2+ -dependent inactivation of the mitochondrial Ca2+
uniporter involves proton flux through the ATP synthase. Curr Biol, 18, 11, pp.
(855-9).

Moudy, A. M., Handran, S. D., Goldberg, M. P., Ruffin, N., Karl, I., Kranz-Eble, P., DeVivo,
D. C. &Rothman, S. M. (1995). Abnormal calcium homeostasis and mitochondrial
polarization in a human encephalomyopathy. Proc Natl Acad Sci U S A, 92, 3, pp.
(729-33).

Munnich, A. &Rustin, P. (2001). Clinical spectrum and diagnosis of mitochondrial disorders.
Am | Med Genet, 106, 1, pp. (4-17).

Murdock, D. G., Boone, B. E., Esposito, L. A. &Wallace, D. C. (1999). Up-regulation of
nuclear and mitochondrial genes in the skeletal muscle of mice lacking the
heart/ muscle isoform of the adenine nucleotide translocator. | Biol Chem, 274, 20,
pp. (14429-33).

Nasr, P., Gursahani, H. I., Pang, Z., Bondada, V., Lee, J., Hadley, R. W. &Geddes, J. W.
(2003). Influence of cytosolic and mitochondrial Ca2+, ATP, mitochondrial
membrane potential, and calpain activity on the mechanism of neuron death
induced by 3-nitropropionic acid. Neurochem Int, 43, 2, pp. (89-99).

Niemann, S. &Muller, U. (2000). Mutations in SDHC cause autosomal dominant
paraganglioma, type 3. Nat Genet, 26, 3, pp. (268-70).

Nishino, 1., Spinazzola, A. &Hirano, M. (1999). Thymidine phosphorylase gene mutations in
MNGIE, a human mitochondrial disorder. Science, 283, 5402, pp. (689-92).

Nowikovsky, K., Froschauer, E. M., Zsurka, G., Samaj, J., Reipert, S., Kolisek, M.,
Wiesenberger, G. &Schweyen, R. ]J. (2004). The LETM1/YOL027 gene family

www.intechopen.com



58 Bioenergetics

encodes a factor of the mitochondrial K+ homeostasis with a potential role in the
Wolf-Hirschhorn syndrome. | Biol Chem, 279, 29, pp. (30307-15).

Padua, R. A., Baron, K. T., Thyagarajan, B., Campbell, C. &Thayer, S. A. (1998). Reduced
Ca2+ uptake by mitochondria in pyruvate dehydrogenase-deficient human diploid
fibroblasts. Am | Physiol, 274, 3 Pt 1, pp. (C615-22).

Palty, R., Silverman, W. F., Hershfinkel, M., Caporale, T., Sensi, S. L., Parnis, J., Nolte, C.,
Fishman, D., Shoshan-Barmatz, V., Herrmann, S., Khananshvili, D. &Sekler, 1.
(2010). NCLX is an essential component of mitochondrial Na+/Ca2+ exchange.
Proc Natl Acad Sci U S A, 107, 1, pp. (436-41).

Panov, A. V., Gutekunst, C. A,, Leavitt, B. R., Hayden, M. R, Burke, J. R,, Strittmatter, W. J.
&Greenamyre, J. T. (2002). Early mitochondrial calcium defects in Huntington's
disease are a direct effect of polyglutamines. Nat Neurosci, 5, 8, pp. (731-6).

Parfait, B., Chretien, D., Rotig, A., Marsac, C., Munnich, A. &Rustin, P. (2000). Compound
heterozygous mutations in the flavoprotein gene of the respiratory chain complex
ITin a patient with Leigh syndrome. Hum Genet, 106, 2, pp. (236-43

Perocchi, F., Gohil, V. M., Girgis, H. S., Bao, X. R., McCombs, J. E., Palmer, A. E. &Mootha,
V. K. (2010). MICU1 encodes a mitochondrial EF hand protein required for Ca(2+)
uptake. Nature, 467, 7313, pp. (291-6).

Poburko, D., Liao, C. H., Lemos, V. S,, Lin, E., Maruyama, Y., Cole, W. C. &van Breemen, C.
(2007). Transient receptor potential channel 6-mediated, localized cytosolic [Na+]
transients drive Na+/Ca2+ exchanger-mediated Ca2+ entry in purinergically
stimulated aorta smooth muscle cells. Circ Res, 101, 10, pp. (1030-8)

Poburko, D., Santo-Domingo, J. &Demaurex, N. (2011). Dynamic regulation of the
mitochondprial proton gradient during cytosolic calcium elevations. | Biol Chem, 286,
13, pp. (11672-84).

Puccio, H., Simon, D., Cossee, M., Criqui-Filipe, P., Tiziano, F., Melki, J., Hindelang, C.,
Matyas, R., Rustin, P. &Koenig, M. (2001). Mouse models for Friedreich ataxia
exhibit cardiomyopathy, sensory nerve defect and Fe-S enzyme deficiency followed
by intramitochondrial iron deposits. Nat Genet, 27, 2, pp. (181-6).

Rasola, A. &Bernardi, P. (2007). The mitochondrial permeability transition pore and its
involvement in cell death and in disease pathogenesis. Apoptosis, 12, 5, pp. (815-33).

Reinecke, F., Smeitink, J. A. &van der Westhuizen, F. H. (2009). OXPHOS gene expression and
control in mitochondrial disorders. Biochim Biophys Acta, 1792, 12, pp. (1113-21).

Ristow, M., Pfister, M. F., Yee, A. ]J., Schubert, M., Michael, L., Zhang, C. Y., Ueki, K.,
Michael, M. D., 2nd, Lowell, B. B. &Kahn, C. R. (2000). Frataxin activates
mitochondrial energy conversion and oxidative phosphorylation. Proc Natl Acad Sci
USA,97, 22, pp. (12239-43).

Rizzuto, R., Brini, M., Murgia, M. &Pozzan, T. (1993). Microdomains with high Ca2+ close to
IP3-sensitive channels that are sensed by neighboring mitochondria. Science, 262,
5134, pp. (744-7).

Rizzuto, R., Pinton, P., Carrington, W., Fay, F. S., Fogarty, K. E., Lifshitz, L. M., Tuft, R. A.
&Pozzan, T. (1998). Close contacts with the endoplasmic reticulum as determinants
of mitochondrial Ca2+ responses. Science, 280, 5370, pp. (1763-6).

Rizzuto, R., Pinton, P., Ferrari, D., Chami, M., Szabadkai, G., Magalhaes, P. ]., Di Virgilio, F.
&Pozzan, T. (2003). Calcium and apoptosis: facts and hypotheses. Oncogene, 22, 53,
pp- (8619-27).

www.intechopen.com



Mitochondrial Calcium Signalling: Role in Oxidative Phosphorylation Diseases 59

Robb-Gaspers, L. D., Burnett, P., Rutter, G. A., Denton, R. M., Rizzuto, R. &Thomas, A. P.
(1998). Integrating cytosolic calcium signals into mitochondrial metabolic
responses. EMBO ], 17, 17, pp. (4987-5000).

Robinson, B. H. (1996). Use of fibroblast and lymphoblast cultures for detection of
respiratory chain defects. Methods Enzymol, 264, pp. (454-64).

Roestenberg, P., Manjeri, G. R., Valsecchi, F., Smeitink, J. A., Willems, P. H. &Koopman, W.
J. (2011). Pharmacological targeting of mitochondrial complex I deficiency: The
cellular level and beyond. Mitochondrion, Jul 2. [Epub ahead of print].

Rosenstock, T. R., Carvalho, A. C., Jurkiewicz, A., Frussa-Filho, R. &Smaili, S. S. (2004).
Mitochondrial calcium, oxidative stress and apoptosis in a neurodegenerative
disease model induced by 3-nitropropionic acid. ] Neurochem, 88, 5, pp. (1220-8).

Rotig, A., de Lonlay, P., Chretien, D., Foury, F., Koenig, M., Sidi, D., Munnich, A. &Rustin,
P. (1997). Aconitase and mitochondrial iron-sulphur protein deficiency in
Friedreich ataxia. Nat Genet, 17, 2, pp. (215-7).

Ruan, Q., Lesort, M., MacDonald, M. E. &Johnson, G. V. (2004). Striatal cells from mutant
huntingtin knock-in mice are selectively vulnerable to mitochondrial complex II
inhibitor-induced cell death through a non-apoptotic pathway. Hum Mol Genet, 13,
7, pp- (669-81).

Santo-Domingo, J. &Demaurex, N. (2010). Calcium uptake mechanisms of mitochondria.
Biochim Biophys Acta, 1797, 6-7, pp. (907-12)

Saraste, M. (1999). Oxidative phosphorylation at the fin de siecle. Science, 283, 5407, pp.
(1488-93).

Schaefer, A. M., Taylor, R. W., Turnbull, D. M. &Chinnery, P. F. (2004). The epidemiology of
mitochondrial disorders--past, present and future. Biochim Biophys Acta, 1659, 2-3,
pp- (115-20).

Shore, G. C. &Tata, J. R. (1977). Two fractions of rough endoplasmic reticulum from rat liver.
I. Recovery of rapidly sedimenting endoplasmic reticulum in association with
mitochondria. | Cell Biol, 72, 3, pp. (714-25).

Shoshan-Barmatz, V., Keinan, N., Abu-Hamad, S., Tyomkin, D. &Aram, L. (2010). Apoptosis
is regulated by the VDAC1 N-terminal region and by VDAC oligomerization:
release of cytochrome c, AIF and Smac/Diablo. Biochim Biophys Acta, 1797, 6-7, pp.
(1281-91).

Shoubridge, E. A. (2001). Nuclear genetic defects of oxidative phosphorylation. Hum Mol
Genet, 10, 20, pp. (2277-84).

Simamura, E., Shimada, H., Hatta, T. &Hirai, K. (2008). Mitochondrial voltage-dependent
anion channels (VDACs) as novel pharmacological targets for anti-cancer agents. |
Bioenerg Biomembr, 40, 3, pp. (213-7).

Slonimski, P. P., Perrodin, G. &Croft, J. H. (1968). Ethidium bromide induced mutation of
yeast mitochondria: complete transformation of cells into respiratory deficient non-
chromosomal "petites". Biochem Biophys Res Commun, 30, 3, pp. (232-9).

Smeitink, J., van den Heuvel, L. &DiMauro, S. (2001). The genetics and pathology of
oxidative phosphorylation. Nat Rev Genet, 2, 5, pp. (342-52).

Sparagna, G. C., Gunter, K. K,, Sheu, S. S. &Gunter, T. E. (1995). Mitochondrial calcium
uptake from physiological-type pulses of calcium. A description of the rapid
uptake mode. | Biol Chem, 270, 46, pp. (27510-5).

www.intechopen.com



60 Bioenergetics

Spolsky, C. M. &Eisenstadt, J. M. (1972). Chloramphenicol-resistant mutants of human HeLa
cells. FEBS Lett, 25, 2, pp. (319-324).

Szabadkai, G., Pitter, J. G. &Spat, A. (2001). Cytoplasmic Ca2+ at low submicromolar
concentration stimulates mitochondrial metabolism in rat luteal cells. Pflugers Arch,
441, 5, pp. (678-85).

Szabadkai, G., Simoni, A. M., Chami, M., Wieckowski, M. R., Youle, R. J. &Rizzuto, R.
(2004). Drp-1-dependent division of the mitochondrial network blocks
intraorganellar Ca2+ waves and protects against Ca2+-mediated apoptosis. Mol
Cell, 16, 1, pp. (59-68).

Szczepanowska, J., Zablocki, K. &Duszynski, J. (2004). Influence of a mitochondrial genetic
defect on capacitative calcium entry and mitochondrial organization in the
osteosarcoma cells. FEBS Lett, 578, 3, pp. (316-22).

Taanman, J. W., Muddle, J. R. &Muntau, A. C. (2003). Mitochondrial DNA depletion can be
prevented by dGMP and dAMP supplementation in a resting culture of
deoxyguanosine kinase-deficient fibroblasts. Hum Mol Genet, 12, 15, pp. (1839-45).

Tatsuta, T. &Langer, T. (2008). Quality control of mitochondria: protection against
neurodegeneration and ageing. EMBO J, 27, 2, pp. (306-14).

Tatuch, Y., Christodoulou, J., Feigenbaum, A., Clarke, J. T., Wherret, J., Smith, C., Rudd, N.,
Petrova-Benedict, R. &Robinson, B. H. (1992). Heteroplasmic mtDNA mutation (T--
--G) at 8993 can cause Leigh disease when the percentage of abnormal mtDNA is
high. Am | Hum Genet, 50, 4, pp. (852-8).

Thule, T., Ahn, J. R. &Woo, S. H. (2006). Inhibition of L-type Ca2+ channel by mitochondrial
Na+-Ca2+ exchange inhibitor CGP-37157 in rat atrial myocytes. Eur | Pharmacol,
552, 1-3, pp. (15-9).

Tinel, H., Cancela, J. M., Mogami, H., Gerasimenko, J. V., Gerasimenko, O. V., Tepikin, A. V.
&Petersen, O. H. (1999). Active mitochondria surrounding the pancreatic acinar
granule region prevent spreading of inositol trisphosphate-evoked local cytosolic
Ca(2+) signals. EMBO ], 18, 18, pp. (4999-5008).

Tiranti, V., Hoertnagel, K., Carrozzo, R., Galimberti, C., Munaro, M., Granatiero, M.,
Zelante, L., Gasparini, P., Marzella, R., Rocchi, M., Bayona-Bafaluy, M. P., Enriquez,
J. A., Uziel, G., Bertini, E., Dionisi-Vici, C., Franco, B., Meitinger, T. &Zeviani, M.
(1998). Mutations of SURF-1 in Leigh disease associated with cytochrome c oxidase
deficiency. Am | Hum Genet, 63, 6, pp. (1609-21).

Tiranti, V., Galimberti, C., Nijtmans, L., Bovolenta, S., Perini, M. P. &Zeviani, M. (1999).
Characterization of SURF-1 expression and Surf-1p function in normal and disease
conditions. Hum Mol Genet, 8, 13, pp. (2533-40).

Trenker, M., Malli, R., Fertschai, 1., Levak-Frank, S. &Graier, W. F. (2007). Uncoupling
proteins 2 and 3 are fundamental for mitochondrial Ca2+ uniport. Nat Cell Biol, 9, 4,
pp. (445-52).

van den Heuvel, L., Ruitenbeek, W., Smeets, R., Gelman-Kohan, Z., Elpeleg, O., Loeffen, J.,
Trijbels, F., Mariman, E., de Bruijn, D. &Smeitink, J. (1998). Demonstration of a new
pathogenic mutation in human complex I deficiency: a 5-bp duplication in the
nuclear gene encoding the 18-kD (AQDQ) subunit. Am | Hum Genet, 62, 2, pp. (262-8).

van den Ouweland, J. M., Lemkes, H. H., Trembath, R. C., Ross, R., Velho, G., Cohen, D.,
Froguel, P. &Maassen, J. A. (1994). Maternally inherited diabetes and deafness is a

www.intechopen.com



Mitochondrial Calcium Signalling: Role in Oxidative Phosphorylation Diseases 61

distinct subtype of diabetes and associates with a single point mutation in the
mitochondrial tRNA(Leu(UUR)) gene. Diabetes, 43, 6, pp. (746-51).

Vasington, F. D., Gazzotti, P., Tiozzo, R. &Carafoli, E. (1972). The effect of ruthenium red on
Ca 2+ transport and respiration in rat liver mitochondria. Biochim Biophys Acta, 256,
1, pp. (43-54).

Visch, H. J., Rutter, G. A., Koopman, W. J., Koenderink, ]J. B., Verkaart, S., de Groot, T.,
Varadi, A., Mitchell, K. J., van den Heuvel, L. P., Smeitink, J. A. &Willems, P. H.
(2004). Inhibition of mitochondrial Na+-Ca2+ exchange restores agonist-induced
ATP production and Ca2+ handling in human complex I deficiency. | Biol Chem,
279, 39, pp. (40328-36).

Visch, H. J., Koopman, W. J., Leusink, A., van Emst-de Vries, S. E., van den Heuvel, L. W.,
Willems, P. H. &Smeitink, J. A. (2006). Decreased agonist-stimulated mitochondrial
ATP production caused by a pathological reduction in endoplasmic reticulum
calcium content in human complex I deficiency. Biochim Biophys Acta, 1762, 1, pp.
(115-23).

von Kleist-Retzow, J. C., Hornig-Do, H. T., Schauen, M., Eckertz, S., Dinh, T. A, Stassen, F.,
Lottmann, N., Bust, M., Galunska, B., Wielckens, K., Hein, W., Beuth, J., Braun, ]J.
M., Fischer, J. H., Ganitkevich, V. Y., Maniura-Weber, K. &Wiesner, R. J. (2007).
Impaired mitochondrial Ca2+ homeostasis in respiratory chain-deficient cells but
efficient compensation of energetic disadvantage by enhanced anaerobic glycolysis
due to low ATP steady state levels. Exp Cell Res, 313, 14, pp. (3076-89).

Wallace, D. C. (1992). Mitochondrial genetics: a paradigm for aging and degenerative
diseases? Science, 256, 5057, pp. (628-32).

Wallace, D.C. (2005). A mitochondrial paradigm of metabolic and degenerative diseases,
aging, and cancer: a dawn for evolutionary medicine. Annu Rev Genet, 39, pp. (359-
407).

Wallace, D. C., Fan, W. &Procaccio, V. (2010). Mitochondrial energetics and therapeutics.
Annu Rev Pathol, 5, pp. (297-348).

Wang, J., Wilhelmsson, H., Graff, C., Li, H., Oldfors, A., Rustin, P., Bruning, J. C., Kahn, C.
R., Clayton, D. A., Barsh, G. S., Thoren, P. &Larsson, N. G. (1999). Dilated
cardiomyopathy and atrioventricular conduction blocks induced by heart-specific
inactivation of mitochondrial DNA gene expression. Nat Genet, 21, 1, pp. (133-7).

Wasniewska, M., Karczmarewicz, E., Pronicki, M., Piekutowska-Abramczuk, D., Zablocki,
K., Popowska, E. Pronicka, E. &Duszynski, ]J. (2001). Abnormal calcium
homeostasis in fibroblasts from patients with Leigh disease. Biochem Biophys Res
Commun, 283, 3, pp. (687-93).

Watanabe, A., Arai, M., Koitabashi, N., Niwano, K., Ohyama, Y., Yamada, Y., Kato, N.
&Kurabayashi, M. (2011). Mitochondrial transcription factors TFAM and TFB2M
regulate Serca2 gene transcription. Cardiovasc Res, 90, 1, pp. (57-67).

Willems, P. H., Smeitink, J. A. &Koopman, W. J. (2009). Mitochondrial dynamics in human
NADH:ubiquinone oxidoreductase deficiency. Int | Biochem Cell Biol, 41, 10, pp.
(1773-82).

Wong, A. &Cortopassi, G. (1997). mtDNA mutations confer cellular sensitivity to oxidant
stress that is partially rescued by calcium depletion and cyclosporin A. Biochem
Biophys Res Commun, 239, 1, pp. (139-45)

www.intechopen.com



62 Bioenergetics

Wu, Z., Puigserver, P., Andersson, U., Zhang, C., Adelmant, G., Mootha, V., Troy, A., Cinti,
S., Lowell, B., Scarpulla, R. C. &Spiegelman, B. M. (1999). Mechanisms controlling
mitochondrial biogenesis and respiration through the thermogenic coactivator
PGC-1. Cell, 98, 1, pp. (115-24).

Yaffe, M. P. (1999). Dynamic mitochondria. Nat Cell Biol, 1, 6, pp. (E149-50).

Ying, W. (2008). NAD+/NADH and NADP+/NADPH in cellular functions and cell death:
regulation and biological consequences. Antioxid Redox Signal, 10, 2, pp. (179-206).

Zeviani, M., Bresolin, N., Gellera, C., Bordoni, A., Pannacci, M., Amati, P., Moggio, M.,
Servidei, S., Scarlato, G. &DiDonato, S. (1990). Nucleus-driven multiple large-scale
deletions of the human mitochondrial genome: a new autosomal dominant disease.
Am | Hum Genet, 47, 6, pp. (904-14).

Zeviani, M. &Carelli, V. (2007). Mitochondrial disorders. Curr Opin Neurol, 20, 5, pp. (564-71).

Zhu, Z., Yao, ]., Johns, T., Fu, K., De Bie, 1., Macmillan, C., Cuthbert, A. P., Newbold, R. F.,
Wang, J., Chevrette, M., Brown, G. K., Brown, R. M. &Shoubridge, E. A. (1998).
SURF1, encoding a factor involved in the biogenesis of cytochrome c oxidase, is
mutated in Leigh syndrome. Nat Genet, 20, 4, pp. (337-43).

www.intechopen.com



Bioenergetics
BIOENERGETICS Edited by Dr Kevin Clark

Edine v . Clark,

ISBN 978-953-51-0090-4

Hard cover, 272 pages

Publisher InTech

Published online 02, March, 2012
Published in print edition March, 2012

Cellular life depends upon energy storage, transformation, utilization, and exchange in order to optimally
function and to stay-off death. The over 200-year-old study of how cells transform biological fuels into usable
energy, a process broadly known as bioenergetics, has produced celebrated traditions in explaining origins of
life, metabolism, ecological adaptation, homeostasis, biosynthesis, aging, disease, and numerous other life
processes. InTech's edited volume, Bioenergetics, brings together some of these traditions for readers
through a collection of chapters written by international authorities. Novice and expert will find this book
bridges scientific revolutions in organismic biology, membrane physiology, and molecular biology to advance
the discipline of bioenergetics toward solving contemporary and future problems in metabolic diseases, life
transitions and longevity, and performance optimization.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Oules Bénédicte, Del Prete Dolores and Chami Mounia (2012). Mitochondrial Calcium Signalling: Role in
Oxidative Phosphorylation Diseases, Bioenergetics, Dr Kevin Clark (Ed.), ISBN: 978-953-51-0090-4, InTech,
Available from: http://www.intechopen.com/books/bioenergetics/mitochondrial-calcium-signalling-role-in-
oxidative-phosphorylation-diseases

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




