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ABSTRACT
Marked progress has been made over the past 15 years in defining the
specific biochemical defects and underlying molecular mechanisms of
oxidative phoshorylation defects, but limited information is currently
available on the development and evaluation of effective treatment
approaches. Metabolic therapies that have been reported to produce a
positive effect include coenzyme Qi¢ (ubiquinone), other antioxidants
(ascorbic acid, vitamin E), riboflavin, thiamine, niacin, vitamin K
(phylloquinone and menadione), and carnitine. The goal of therapy is to
increase mitochondrial ATP production, and to slow or arrest the
progression of clinical symptoms. We have developed a method that
utilizes circulating lymphocytes to examine the ability of the mitochondria
to synthesize ATP when provided with selected substrates. in the present
study, we have been able to demonstrate for the first time that an increase
in ATP synthetic capacity in lymphocytes results from cofactor
administration. To determine the effect of the individual components of the
cofactor treatment on ATP synthesis we examined in vitro cofactor
supplementation in control lymphocytes. A dose-dependent increase in
ATP synthesis with CoQqg incubation was demonstrated. Our data suggest
that CoQq may have a beneficial effect in the treatment of OXPHOS
disorders. The rapid and easy determination of ATP synthesis in
lymphocytes from patients with mitochondrial disorders will allow

designing of the most appropriate therapy on an individual basis.
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CHAPTER 1
INTRODUCTION
Mitochondrial disorders are degenerative diseases characterized by a
decline in the ability to supply cellular energy requirements. Oxidative
phosphorylation (OXPHOS) is responsible for producing most of the
adenosine 5-triphosphate (ATP) that is required for cells. Defects in
OXPHOS account for a large array of mitochondrial disorders, with onset
occurring at any time. Mitochondrial diseases include encephalopathies,
myopathies, neuropathies and cardiomyopathies, and are characterized
by clinical, biochemical and genetic heterogeneity (Munnich and Rustin
2001). The clinical features vary extensively, depending on the etiology
and severity of the mitochondrial dysfunction, age of onset, and tissues
primarily involved in the disease (Peterson 1995). Disorders of oxidative
phosphorylation may be as common as 1 in 5,000 to 1 in 10,000 births
(Applegarth et al. 2000; van den Heuvel and Smeitink 2001). Marked
progress has been made in the past 15 years in defining the specific
biochemical defects and underlying molecular mechanisms of these
defects, but limited information is currently available on the development
and evaluation of effective treatment approaches. The goal of the work
presented in this thesis is to develop objective measurements of the effect
of cofactor treatment in mitochondrial disorders and to test the hypothesis
that there will be an increase in cellular energy production after cofactor

freatment.
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OXIDATIVE PHOSPHORYLATION

Oxidative phosphorylation (OXPHOS) is carried out by five mitochondrial
enzyme complexes, which are responsible for producing the bulk of
cellular energy requirements. The assembly and maintenance of the
nearly 100 polypeptides that make up the complexes are under the control
of both nuclear and mitochondrial (mt) DNA genes (Shoffner 2001). These
enzymes are situated in the inner mitochondrial membrane and are
designated as complex | (NADH:ubiquinone oxidoreductase), complex !l
(succinate: ubiquinone oxidoreductase), complex Il (ubiquinol:
ferrocytochrome ¢ oxidoreductase), complex IV (cytochrome ¢ oxidase),
and complex V (ATP synthase).

Complex | catalyzes the transfer of electrons from nicotinamide
adenine dinucleotide (NADH) to ubiquinone through a series of redox
groups, including flavin mononucleotide (FMN) and six iron sulphur groups
(Shoffner 2001). As the electrons move through complex |, two protons
are transferred to FMN to form FMNH_; these protons are consumed in the
reduction of ubiquinone to ubiquinol (Horton et al. 1996). The energy
released is used to pump protons across the mitochondrial inner
membrane. Complex | is composed of 42 polypeptides, seven of which
are encoded by the mitochondrial DNA (mtDNA) (Shoffner 2001).

Complex |l accepts electrons from the dehydrogenation of
succinate to fumarate in the citric acid cycle and, in a way similar to

complex |, catalyzes the reduction of ubiquinone to ubiquinol. Complex i
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is situated on the matrix side of the mitochondrial membrane; because
minimal free energy is released, it does not contribute to the proton
gradient across the inner mitochondrial membrane. Complex Il consists of
four subunits — two of which contain succinate dehydrogenase, the flavin
adenine nucleotide (FAD), and iron sulfur clusters; and two of which
contain membrane-anchoring polypeptides (Shoffner 2001). Complex Il is
the only OXPHOS enzyme complex in which the subunits are entirely
encoded by nuclear DNA.

Complex Il catalyzes electron transfer between two electron
carriers, ubiguinol and cytochrome ¢. The sequence of electron transfers
produces a translocation of protons across the inner mitochondrial
membrane. Complex Il contains 11 polypeptides, including core proteins,
iron sulfur proteins, cytochrome b, and cytochrome cy. Cytochrome b is
the only polypeptide encoded by mtDNA (Shoffner 2001).

Complex IV or cytochrome ¢ oxidase (COX) is the last component
involved in electron transport. This complex accepts electrons from
reduced cytochrome ¢ and donates them to oxygen, which is then reduced
to water. Heme and copper cofactors are involved in the reduction of
oxygen. Complex IV also translocates protons across the inner
mitochondrial membrane and contains 13 polypeptides, three of which are
encoded by miDNA (Shoffner 2001). The mechanisms for both electron

transfer and proton translocation are unclear.
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Complex V utilizes the proton gradient generated by complexes |,
llI, and IV as a source of energy to synthesize ATP from adenosine
diphosphate (ADP) and inorganic phosphate (P;). Complex V is composed
of two segments: the Fy component which catalyzes the hydrolysis of ATP,
and the Fg component which is a proton channel that spans the
membrane and translocates protons into the mitochondrial matrix (Horton
et al. 1996). Complex V is composed of 16 subunits, of which two are
encoded by mtDNA (Shoffner 2001). Although ATP is synthesized in the
matrix of the mitochondria, most is consumed in the cytosol. The
mitochondrial ATP is exchanged for cytosolic ADP by a transporter called
adenine nucleotide translocase (ANT) (Wallace et al. 2001).

OXPHOS is regulated by a variety of factors including cellular
energy demand, substrate availability, oxygen supply, ion gradients and
membrane transporters (Shoffner 2001). During normal metabolic
processes, the rate-limiting step is usually the availability of ADP. In the
presence of an oxidizable substrate with limiting ADP, oxygen uptake is
slow; this is referred to as resting respiration. Electron transport and
oxygen consumption increase when ADP is available accompanied by
ATP formation; this state is referred to as active respiration. Because ADP
is a rate-limiting substrate and the membrane transporter ANT exchanges
mitochondrial ATP for cytosolic ADP, ANT may play a key role in the
regulation of oxidative phosphorylation (Davis and Davis-van Thienen

1978; Kholodenko et al. 1987). The precise mechanisms underlying the
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regulation of OXPHOS remain controversial. The relationship among
respiratory complexes, electron flow, proton translocation and ATP

production is illustrated (Figure 1.1).

GENETICS OF OXIDATIVE PHOSPHORYLATION DEFECTS

The genetics governing OXPHOS are complex because the genes
encoding the polypeptides are found in both the nuclear and mitochondrial
genome. In 1963, the presence of intramitochondrial fibers with DNA
characteristics was observed for the first time; this marked the discovery
of mtDNA (Nass and Nass 1963). Since that time, we have come to
realize that multiple human diseases are a result of mtDNA mutations. The
human mtDNA is a 16,569 base pair, double-stranded, circular molecule
that encodes 13 OXPHOS subunits plus 22 transfer RNAs (tRNA) and two
ribosomal RNAs (rRNA) necessary for their expression (Lestienne and
Bataille 1994) (Figure 1.2). The remaining polypeptides and proteins
required for transcription, translation and replication of the mtDNA are all
encoded by the nuclear genome. The genetics of OXPHOS are further
complicated by the unique features of miDNA inheritance, replicative
segregation of the miDNA molecule and the high mtDNA mutation rate
(Shoffner 2001).

All mitochondrial DNA molecules in an individual are derived from
the unfertilized ovum that gives rise to the zygote, which results in
maternal inheritance. The egg contains several hundred thousand
mitochondria and each mitochondrion contains two to ten DNA molecules

5
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Figure 1.1 Mitochondrial Respiratory Chain

Protons (H*) are pumped from the mitochondrial matrix to the
intermembrane space through complexes |, lil, and V.

Complex V utilizes the proton gradient as a source of energy
to produce ATP.
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The human mtDNA map, showing the different shaded areas
representing the protein coding genes for seven subunits of
complex |, one subunit of complex il (cytochrome b), three
subunits of complex IV, two subunits of complex V (ATPase 6
and 8), ribosomal RNA (12s and 16s), and the 22 transfer
RNAs represented by the one letter amino acid symbol. The
heavy (H) strand origin of replication (Oy) and the light (L)
strand promoters, Py and P_ are illustrated in the control
region. The locations of the pathogenic point mutations are
shown on the inside of the circle, with the disease acronym
and nucleotide location. The most common deletion area is
shown by the external arc.
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(Robin and Wong 1988; Shuster et al. 1988). Each human cell contains
hundreds of mitochondria and thousands of mtDNA molecules.

Due to the large number of mtDNA molecules in each cell, when a
mutation occurs in the cellular mtDNA, it can create a mixture of both
normal and mutant miDNA in the intracellular population. Cells that
contain one MtDNA seguence are homoplasmic, whereas those with more
than one mtDNA sequence are heteroplasmic (Shoffner 2001). The
amount of mutated mtDNA can drift toward pure mutant or normal — a
process referred to as replicative segregation. Previously, this process
was thought to occur over generations, but segregation of mtDNA occurs
by random genetic drift in early oogenesis in the small population of
mtDNA in the precursors of primary oocytes (Jenuth et al. 1996;
Lightowlers et al. 1997). Generally, individuals who do not have an
OXPHOS disease are homoplasmic, but various studies have shown that
the rate of heteroplasmy in somatic cells may be more frequent than
originally hypothesized (Lightowlers et al. 1997). Each time a
heteroplasmic cell divides, the normal and mutant DNA randomly
segregate in the daughter cells. This replicative segregation results in
great variation in both celluiar genotypes and clinical phenotypes.

The mtDNA has a 10 to 20 times higher mutation rate than nuclear
DNA (Johns 1995). Unlike nuclear DNA, the mtDNA has no introns, so a

random mutation will generally affect a DNA coding sequence. The lack of
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protective histones, poor repair mechanisms and a high number of
replications per cell cycle also contribute to the high mutation rate.

The innate complexity of OXPHOS genetics is increased by several
other phenomena of mitochondrial genetics that become apparent only
when an OXPHOS disorder is present. These phenomena include the
threshold expression of phenotypes, tissue-specific and developmental-
stage gene expression and the accumulation of somatic mtDNA mutations
with aging.

The severity of the OXPHOS defect resuiting from mutated mtDNA
is a function of the proportion of the mutant mtDNA and the differing
energy requirements of the various organs and tissues (Wallace 1992a).
This is referred to as threshold expression and is reflected by the reliance
of each organ or tissue on mitochondrial energy production. When the
mutant mtDNA accumulates, there is no apparent clinical phenotype until
the proportion of mutant to normal mtDNA reaches a theoretical threshold.
The biological behaviour of the cell will then change, reflecting an impaired
energy state (Jackson et al. 1995).

The amount of OXPHOS activity utilized for energy production
varies among tissues, cell types and developmental stages (Shoffner
2001). The nuclear location of many OXPHOS genes allows for tissue-
specific regulation of energy metabolism. Single copy OXPHOS genes
can show variable expression in some tissues. The ATP synthase

subunit, for example, is expressed at higher levels in heart and muscle
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than in other tissues (Neckelmann et al. 1989). Genetic regulation of
expression of both nuclear DNA and miDNA OXPHOS genes varies
during development, cell growth and neoplastic transformation (Webster et
al. 1990). Some of the differences in OXPHOS activity between different
tissues at various developmental stages are due in part to regulation of
nuclear genes at the transcriptional level (Neckelmann et al. 1989;
Webster et al. 1990).

The final feature bearing on OXPHOS genetics is the degenerative
changes in proteins, lipids, nuclear DNA and mtDNA of the cell that occur
with aging. These changes can result in cellular dysfunction and ultimately
in cell death. Free radicals such as superoxide anion and hydrogen
peroxide are produced continuously in the mitochondria by OXPHOS
(Ames et al. 1995; Ozawa 1995). Although 96% to 99% of the oxygen
delivered to the cell is reduced to water by cytochrome c¢ oxidase,
approximately 1% to 4% of the oxygen can be converted to oxygen
radicals (Wallace 1992b). This occurs by direct transfer of electrons from
reduced mitochondrial flavins, ubiquinone and cytochrome b to oxygen,
thus producing oxygen radicals. A defect in the respiratory chain
stimulates free radical formation and oxidative damage to mtDNA has
been attributed to the close location of the DNA near the mitochondrial
membrane where oxidants are formed (Ames et al. 1995). Oxidative
degeneration of mitochondrial lipids, proteins and miDNA impairs

OXPHOS efficiency and stimulates more free radical damage, which

10
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becomes a self-perpetuating process (Ames et al. 1995). The
accumulation of somatic mtDNA mutations may contribute to the
progression of mitochondrial diseases and account for the age-related
decline in OXPHOS found in many neurodegenerative conditions.

In addition to mutations in either genome, defects of intergenomic
communication may also cause an OXPHOS disorder. An increasing
number of Mendelian disorders have also been identified that can be
described as mitochondrial diseases, but the exact effect on OXPHOS is
not known. Classification of these disorders is further complicated by the
diversity of clinical symptoms, ranging from neurological or neuromuscular
symptoms to non-neurologic symptoms resulting from involvement of
organs such as liver, heart, kidney, bone marrow, pancreas, or
gastrointestinal tract (De Vivo 1993).

OXPHOS diseases are divided into two categories: nuclear DNA
mutations and mtDNA mutations. Mutations in nuclear OXPHOS genes
are the most common causes for OXPHOS diseases, especially in the
pediatric population (van den Heuvel and Smeitink 2001). The majority of
the nuclear mutations produce a severe and fatal disease in infants and
are inherited in an autosomal recessive manner (Shoubridge 2001). Adult-
onset Mendelian OXPHOS disorders, which can be inherited in an
autosomal or dominant pattern, generally have a milder phenotype and
most frequently are caused by mtDNA deletions. Over the past 14 years,

more than 100 mutations have been discovered in miDNA

11
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(Mitomap:http://www.gen.emory.edu/mitomap.html); these disorders are
generally found in the adult population. Although biochemical classification
has inherent problems (because many of the mitochondrial disorders
affect multiple respiratory enzymes), in the absence of genetic information,
OXPHOS disorders may also be described according to the individual
respiratory chain complex that is defective, or according to the genetic
mutation identified.

Nuclear OXPHOS Gene Mutations

Nuclear gene mutations causing disease are divided into two categories:
(1) mutations in respiratory chain subunits, and (2) mutations in genes
affecting assembly and maintenance proteins (van den Heuvel and
Smeitink 2001).

(1) Complex | is the largest complex of the OXPHOS enzymes, and
defects of complex | are likely the most common form of respiratory chain
disease (De Vivo 1993). To date, mutations in five nuclear-encoded
complex | structural subunit genes have been identified. In a patient with
encephalopathy, a mutation causing a tandem five base pair (bp)
duplication was identified in the NDUFS4 gene (van den Heuvel et al.
1998). A truncating mutation in the same gene was found in two patients
with Leigh syndrome (LS), which is characterized by symmetrical focal
necrotic lesions of the brain and brainstem (Budde et al. 2000). This latter
mutation also caused a mild complex lli defect in addition to the complex |

deficiency. It is hypothesized that the defect in complex | alters the
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structural integrity of the OXPHOS system, leading to the observed
biochemical changes in complex Il activity (Budde et al. 2000). Missense
mutations in the NDUFS7 and NDUFS8 genes have also been found in
other LS patients (Loeffen et al. 1998; Triepels et al. 2000). In two patients
presenting with leukodystropy and myoclonic seizures, mutations were
found in the NDUFV1 gene (Schuelke et al. 1999). Mutations in the
NDUFS2 gene have been discovered in patients with encephalopathy and
hypertrophic cardiomyopathy (Loeffen et al. 2001). To date, mutations in
the nuclear-encoded subunits have only been found in approximately 35%
of the patients with an isolated complex | deficiency, due to the vast
number of nuclear genes dispersed throughout all the chromosomes
affecting complex | activity (van den Heuvel and Smeitink 2001).

Complex |l is the only respiratory chain complex in which the
structural subunits are entirely encoded by nuclear genes. Mutations in the
succinate dehydrogenase gene subunit have been found in a family with
a late-onset neurodegenerative disease (Birch-Machin et al. 2000) and in
two families with LS (Bourgeron et al. 1995; Parfait et al. 2000). In families
with autosomal dominant hereditary paraganglioma, a disorder
characterized by benign, highly vascularized tumors of the
parasympathetic ganglia, mutations have been identified in the
cytochrome b subunits (Baysal et al. 2000; Niemann and Muller 2000). It
is speculated that complex I may act as a cellular oxygen sensor,

because the pathology of the paragangliomas resembles that seen in the
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carotid body under conditions of hypoxia (Baysal et al. 2000). Why some
mutations appear to be cancer-susceptibility genes and others cause LS is
unknown.

(2) Assembly gene defects have been associated with various
mitochondrial diseases. Defects in nuclear genes encoding proteins that
play important roles in assembly, import or stabilization of complex
subunits may cause dysfunction of respiratory chain enzymes. A defect in
the assembly of the NDUFS4 subunit in complex | has been identified in a
patient with LS (Petruzzella et al. 2001). In complex ill, BCS1L (the gene
whose product is involved in assembly of complex Ill) has been found to
be mutated in four Turkish families presenting with hepatopathy,
encephalopathy, and tubulopathy (de Lonlay et al. 2001). The mutation
appears to be tissue-specific, because the assembly defect could not be
detected in fibroblasts (de Lonlay et al. 2001).

Complex IV deficiency, inherited in an autosomal recessive pattern,
can present with a wide range of clinical phenotypes. The phenotypes
include a classical LS, a French-Canadian form of LS, a fatal infantile
COX deficiency, hypertrophic cardiomyopathy and myopathy, and a
reversible COX deficiency confined to skeletal muscle (Robinson 2000).
Evaluations of skin fibroblasts obtained from patients with COX deficiency
have indicated that there was defective assembly of the enzyme in all
cases, with the amounts of the nuclear and mitochondrial-encoded

subunits reduced (Glerum et al. 1988). Presently, no mutations have been
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identified in any of the nuclear-encoded structural genes of complex IV.
SURF1, localized to chromosome 9g34, was the first nuclear COX gene
shown to be mutated in COX deficiency (Tiranti et al. 1998). Mutations in
SURF1 are generally associated with a LS phenotype; patients
demonstrate an accumulation of an early assembly intermediate of the
COX complex (Tiranti et al. 1998). Fatal, early onset, hypertrophic
cardiomyopathy with encephalopathy has been associated with mutations
in SCO2, a gene encoding a mitochondrial protein involved in supplying
the COX enzyme with copper (Papadopoulou et al. 1999; Jaksch et al.
2000). Mutations in SCO1, a possible copper transfer protein, have been
reported in a family with hepatic failure and ketoacidotic coma (Horvath et
al. 2000). Mutations in COX10, a gene which encodes the heme A
farnesyltranferase, have been identified in a patient with leukodystrophy
and proximal tubulopathy (Valnot et al. 2000).

A patient (with cardiomyopathy, hepatomegaly and lactic acidosis)
with a clear assembly defect of Complex V has been described, but in this
case the gene defect has not yet been identified (Houstek et al. 1999).
Although knowledge concerning the nuclear genes encoding OXPHOS
complexes has expanded greatly over the past few years, the molecular
basis for the majority of the autosomal recessive OXPHOS disorders

remains unknown.
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Mitochondrial DNA OXPHOS Mutations

While nuclear gene mutations have been separated into two general
classes, the mtDNA mutations are divided into three classes: (1) mtDNA
rearrangements in which mtDNA genes are deleted or duplicated; (2)
miDNA point mutations in tRNA or rRNA genes, resulting in mitochondrial
protein synthesis defects; and (3) missense mutations that change an
amino acid, causing an alteration in the structure or function of an
OXPHOS polypeptide.

(1) Mitochondrial DNA deletions and duplications can be either maternally
transmitted or occur as a sporadic event. The most common causes for
Kearns-Sayre syndrome (KSS) and chronic progressive external
ophthalmoplegia (CPEO) are mtDNA rearrangements which consist of
mtDNA deletion mutations and mtDNA duplication mutations (Holt et al.
1988). It is estimated that 83% of KSS and 47% of CPEO cases are the
result of mtDNA rearrangements (Moraes et al. 1989). In the majority of
patients with mtDNA rearrangements, the mutation appears to be a
spontaneous event that occurs at the time of fertilization of the oocyte
(Marzuki et al. 1997). The most common mtDNA rearrangement is a 4977
base pair (bp) deletion that is flanked by two 13 bp direct repeats at
nucleotides 8469 and 13447 (Schon et al. 1989) (Figure 2). This region
extends from the ATPase 8 gene to the ND5 gene and affects the
functioning of complexes |, lll, IV, and V (Shoffner et al. 1989). Two other

frequently observed rearrangements remove approximately five kilobases
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(Kb) and seven Kb of mtDNA respectively. It is not possible to predict the
clinical phenotype from the size or location of the mtDNA deletion. The
same five Kb deletion has been identified in patients with KSS, CPEO,
and Pearson syndrome (Fischel-Ghodsian et al. 1992). Pearson syndrome
predominantly affects the bone marrow and manifests as a severe
macrocytic anemia with neutropenia and thrombocytopenia (Pearscn et al.
1979). Patients often die by age ten due to complications of bone marrow
failure, or may survive and go on to develop symptoms of KSS in other
organs later in life. KSS generally has an onset before 20 years, and is
characterized by ophthalmoplegia, retinitis pigmentosa, and mitochondrial
myopathy; it may also be associated with cardiac conduction defects,
cerebellar ataxia, or a cerebrospinal fluid (CSF) lactate over 100 mg/dl
(Shoffner 2001). Patients are classified as having CPEO if the clinical
symptoms occur after 20 years; the phenotype consists of isolated
extraocular eye muscle involvement to more complicated clinical
manifestations. Patients with additional clinical symptoms are often
referred to as CPEO PLUS patients. These symptoms can include optic
atrophy, hearing loss, dementia, mitochondrial myopathy, diabetes,
respiratory failure, neuropathies and ataxia (Moraes et al. 1989). Tissue
distribution of the mutated mtDNA may be a critical determinant of
phenotype. Unlike patients with Pearson syndrome, where the deletion is
detectable in leukocytes, in KSS and CPEO patients the deletion is

generally only found in post-mitotic tissue such as muscle. It is predicted
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that high proportions of deleted mtDNA inhibit cell replication; as a result,
most bone marrow cells affected by the deletion stop replicating and only
normal bone marrow cells survive (Wallace et al. 2001).

(2) The majority of maternally inherited mitochondrial disorders are due to
mtDNA point mutations; these mutations frequently affect mitochondrial
protein synthesis. Myoclonic epilepsy with ragged red fibers (MERRF) is
characterized by progressive myoclonic epilepsy, mitochondrial myopathy,
and slowly progressive dementia (Wallace et al. 1988). Clinical features
may also include optic atrophy, hearing loss, short stature and neuropathy
(Silvestri et al. 1993). The ragged red fibers are visualized by the use of a
modified Gomori-trichrome stain and appear as purplish-red irregular
patches of abnormal mitochondria around the periphery of the muscle
fiber (Taylor and Turnbull 1997). Although considered a hallmark of the
disease, some individuals with the MERFF mutation do not show the
proliferation of abnormal mitochondria (ragged-red fibers) on muscle
biopsy (Taylor and Turnbull 1997). MERFF is most commonly caused by
an A to G transition at nucleotide 8344 in the tRNA™® gene (Shoffner et al.
1990). It has been shown that the mutated tRNAs cause a severe
reduction in mitochondrial protein synthesis and produce aberrant
translation products of unknown functional significance (Enriquez et al.
1995). Biochemical analysis of muscle tissue from MERFF patients has
demonstrated a combined complex | and IV deficiency (Wallace et al.

1988).
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Mitochondrial encephalomyopathy with lactic acidosis and stroke-
like episodes (MELAS) is a progressive neurodegenerative disease
characterized by the symptoms described in the acronym. Additional
symptoms may include seizures, recurrent vomiting, migraine-like
headaches, Ilimb weakness, exercise intolerance, hypertrophic
cardiomyopathy, ophthalomoplegia, pigmentary retinopathy, dementia,
deafness, type |l diabetes, and short stature (Ciafaloni et al. 1992; Hirano
and Pavlakis 1994). As suggested by the spectrum of symptoms, the
clinical phenotype varies from a severe multisystemic disorder starting in
infancy to patients presenting late in life with focal neurological deficits
(Koo et al. 1993). Approximately 80% of individuals with clinical features of
MELAS have a heteroplasmic A to G point mutation in the dihydrouridine
loop of the tRNA™" gene at bp 3243 (Goto et al. 1990; Enter et al. 1991;
Ciafaloni et al. 1992). Another 7.5% have a heteroplasmic T to C mutation
at bp 3271 in the tRNAeY gene (Goto et al. 1991; Tokunaga et al. 1993).
Unidentified mtDNA mutations are thought to be the cause of the
remaining cases of MELAS. Although our understanding of the
biochemistry underlying this disease is incomplete, decreased complex |
activity is the most frequent biochemical finding associated with MELAS
(Hirano and Paviakis 1994). Complex lll and IV deficiencies alone, or in
combination with a complex | deficiency, have also been observed in

studies of MELAS patients (Koo et al. 1993).
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(3) Mutations in mtDNA protein-coding genes include Leber’s hereditary
optic neuropathy (LHON) and neurogenic ataxia and retinitis pigmentosa
(NARP). LHON is a maternally inherited disease characterized by acute
central vision loss, usually in young adults and predominantly in males
(Wallace et al. 2001). Iin a small percentage of cases, patients may
develop clinical or radiological signs similar to multiple sclerosis
(Nikoskelainen et al. 1995; Olsen et al. 1995). LHON is associated with
three main mutations in complex I: G11788A in ND4, G3460A in ND1, and
T14484A in ND4 (Brown 1999). In most cases of mtDNA disorders, the
mutation is heteroplasmic; the exception is LHON, in which the mutation is
frequently found in the homoplasmic state (Brown 1999). Studies
conducted on the biochemical defect associated with the LHON mutation
have yielded conflicting results. Complex | activity has been shown to be
reduced from 0% to 50% relative to control values, but most reports do not
demonstrate a statistical significant reduction (Larsson et al. 1991;
Majander et al. 1991; Degli Esposti et al. 1994; Smith et al. 1994; Carelii
et al. 1997). NARP is associated primarily with the T8993G mutation in the
ATPase 6 gene (Hoilt et al. 1990). The T to C point mutation at the same
position has also resulted in similar clinical symptoms (de Vries et al.
1993). Clinical features include pigmentary retinal changes, cerebellar
ataxia, seizures, cognitive impairment and peripheral neuropathy (Holt et
al. 1990). Some patients with this mutation have been described as

suffering from maternally inherited Leigh syndrome (MILS). Biochemical
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analysis of lymphoblast mitochondria from patients with the NARP
mutation has shown decreased ATP synthesis with all substrates tested
(Tatuch and Robinson 1993).

Access to automated sequencing technologies has allowed the
determination of the complete mitochondrial genome in patients and has
made possible the identification of many mtDNA mutations. The above
descriptions only highlight those mutations most commonly encountered in
clinical practice.

Nuclear-Mitochondrial Communication Disorders

Defects of intergenomic communication can affect the integrity of the
mitochondrial genome resulting in qualitative alterations of mtDNA, and
quantitative decrease of mtDNA copy number (Clayton 1998). Diseases
caused by nuclear genes that affect mtDNA stability and maintenance
demonstrate accumulation of multiple large-scale mtDNA deletions
(Suomalainen and Kaukonen 2001). They are inherited in a Mendelian
manner, indicating that a nuclear gene defect causes the mtDNA mutation
or depletion (Zeviani et al. 1997). Multiple mtDNA deletions have been
found in families with a form of CPEO which is inherited in an autosomal
dominant fashion (Zeviani et al. 1989; Suomalainen et al. 1992). Southern
blot analysis of muscle mtDNA from these patients revealed the presence
of different deletions among the mtDNA examined (Zeviani et al. 1989).
Mutations in the genes encoding adenine nucleotide translocator 1 (ANT),

Twinkle, a mitochondrial helicase and polymerase gamma (POLG) have
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also been identified as causes of autosomal dominant PEO (Kaukonen et
al. 2000; Spelbrink et al. 2001; Van Goethem et al. 2001). Clinical features
include adult onset external ophthalmoplegia, proximal weakness and
wasting, and sensorineural hearing loss. Complex | and IV activity in
patient muscle samples ranged from normal to 50% of the control value
(Zeviani et al. 1989). An autosomal recessive variant of CPEO with
muitiple mtDNA deletions has also been reported (Mizusawa et al. 1988),
and a phenotype of recurrent exertional myoglobinuria and
rhabdomyolysis has been described in two brothers, with the subsequent
finding of deleted mtDNA in muscle (Ohno et al. 1991).

Two further syndromes involving dysfunction in intergenomic
communication have been described. Depletion of total mtDNA is thought
to be a result of a mutation in an unidentified nuclear gene controlling
mtDNA copy number (Moraes et al. 1991; Tritschler et al. 1992).
Generally, the clinical phenotype ranges from a fatal infantile myopathy to
a childhood myopathy characterized by respiratory failure and death by
age three. Recently, eight families with a late onset and slowly progressive
disease have been reported (Barthelemy et al. 2001). Mitochondrial
neurogastrointestinal disorder and encephalopathy (MNGIE) is an
autosomal recessive disorder presenting with external ophthalmoplegia,
leukodystrophy, mitochondrial myopathy, peripheral neuropathy and
prominent involvement of the gastrointestinal tract (Bardosi et al. 1987).

This disorder is caused by loss-of-function mutations in the thymidine
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phosphorylase gene, the role of which is to regulate thymidine availability
for both mitochondrial and nuclear DNA synthesis (Nishino et al. 1999).
Indirect Effects on OXPHOS

A number of disorders that have autosomal inheritance are classified as
mitochondrial diseases, although the effects of these mutations on
oxidative phosphorylation are unclear. Mohr-Tranebjerg syndrome is an X-
linked recessive disorder caused by mutations of the dystonia deafness
polypeptide (DDP), a gene encoding the human homologue of Tim8,
(translocase of the inner membrane), a yeast protein that mediates the
import of mitochondrial proteins. The disorder is characterized by
deafness, dystonia, optic atrophy and dementia (Koehler et al. 1999). The
respiratory chain is affected in Freidreich’s ataxia, which is due to a GAA
trinucleotide repeat in the frataxin gene. Frataxin gene mutations result in
mitochondrial iron overload, which causes impaired activity of the iron-
sulfur containing enzymes in complexes |, ll, and Il (Campuzano et al.
1996). Clinical symptoms include ataxia, absent deep tendon reflexes and
hypertrophic cardiomyopathy. Hereditary spastic paraplegia is a
genetically heterogeneous group of neurodegenerative disorders
characterized by progressive weakness and spasticity of the lower limbs.
In certain families, the disease is caused by mutations in the paraplegin
gene (localized to chromosome 168q24), the function of which is related to
turnover of mitochondrial inner membrane proteins (Casari et al. 1998).

Dominant optic atrophy is due to mutations in the OPA1 gene; its protein
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product is thought to be involved in the control of mitochondrial

morphology (Delettre et al. 2000).

DIAGNOSTIC EVALUATION IN OXPHOS DISORDERS

Metabolic Investigations

Metabolic evaluation is often the first approach when screening patients
with suspected OXPHOS disorders. A frequent indication of respiratory
chain dysfunction is an abnormal redox state, detected by abnormal
lactate and/or pyruvate levels. This is partially due to the functional
impairment of the citric acid cycle, caused by a defect in the respiratory
chain which leads to an excess of NADH and a lack of NAD (Horton et al.
1996). This in turn causes a secondary elevation in lactate and increased
lactate/pyruvate ratio. A number of other disruptions in intermediary
metabolism have been noted to result from respiratory chain dysfunction.
Pyruvate may be transferred to the cytosol as alanine, causing
hyperalaninemia (Horton et al. 1996). Inhibition of fatty acid oxidation may
also occur, as acyl CoA dehydrogenase is involved in transferring
electrons to electron-transfer flavoprotein (ETF) and ETF-ubiquinone
oxidoreductase. The 3-hydroxyacyl CoA dehydrogenase reaction involves
the reduction of NAD to NADH and is inhibited by elevated concentrations
of NADH, such as those caused by an OXPHOS defect (Adams and
Turnbull 1996). An increased ratio of blood lactate to pyruvate (L/P),
accompanied by an increased ratio of 3-hydroxybutyrate to acetoacetate
(>2:1), is highly suggestive of an OXPHOS defect (Robinson 2001). In
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contrast, elevated plasma lactate with an elevated L/P ratio and low
ketone ratio may be indicative of a Kreb’s cycle disorder or pyruvate
carboxylase deficiency, while elevated lactate with a low L/P ratio may
indicate a pyruvate dehydrogenase deficiency (Robinson 2001). Pitfalls in
metabolic screening are numerous and include: (1) an artificial elevation of
lactic acid due to improper collection and processing of the blood sampile;
(2) proximal renal tubulopathy may lower blood lactate and increase
urinary lactate; (3) an elevated lactate may be latent in basal conditions
and only revealed by exercise testing and glucose loading; and (4) the
defect may be tissue-specific, barely altering the redox state in the
plasma. The metabolic investigations are further complicated by the fact
that a number of patients with OXPHOS defects present with a normal
blood lactate (Jackson et al. 1995). It is important to point out that a
negative result does not rule out an OXPHOS defect, and a positive result
is only the starting point in identifying the defect. Newer methods of
molecular analysis have allowed us to more clearly identify specific
defects.

Molecular Testing

Certain “classical” presentations are highly suggestive of a known
mitochondrial syndrome associated with specific mtDNA mutations. Well
recognized syndromes that can generaily be detected by current
molecular analysis include MELAS, MERRF, LHON and NARP. These

mutations can frequently be detected in leukocyte mtDNA with no further
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diagnostic testing required (Shoffner 2001). Kearns-Sayre syndrome and
CPEO often require molecular analysis to be performed on a post-mitotic
tissue such as muscle to establish a definite diagnosis. Although the
presentations of these disorders may be “classical,” it must be
emphasized that mtDNA diseases are phenotypically diverse and may
present with non-typical features. Unfortunately, the majority of patients
have a combination of clinical features suggestive of an OXPHOS defect,
but lack a molecular genetic diagnosis. To confirm the diagnosis, a
combination of pathological and biochemical analysis may be necessary.
Histochemical Evaluation

Histochemical analysis and electron microscopy of muscle biopsy tissue
may be helpful in supporting the diagnosis of an OXPHOS defect. The
ragged red fiber (RRF) detected by the modified Gomori-trichrome stain is
caused by a proliferation of subsarcolemmal mitochondria and is a
histological hallmark of mitochondrial myopathies (Taylor and Turnbull
1997). Electron-microscopic evidence of abnormal mitochondria (including
paracrystalline inclusions, giant mitochondria, or proliferation of normal
mitochondria) may also be found in OXPHOS disorders (Walker et al.
1996). Although the diagnostic importance of pathological studies should
not be discredited, the absence of RRF’'s and structural mitochondrial
abnormalities does not rule out an OXPHOS defect. In addition,
histochemical stains for oxidative enzymes are used to estimate enzyme

activity in tissue sections. Methods are readily available for succinate

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dehydrogenase (SDH) and cytochrome ¢ oxidase (COX), but
histochemical methods for detecting defects of complex | and Ill are not
reliable (Adams and Turnbull 1996). Despite the progress made in
histopathology, it is difficult to correlate genetic abnormalities with
mitochondrial ultrastructure and cellular dysfunction.

Spectrophotometric Studies

Conclusive diagnostic evidence of respiratory chain deficiency is often
provided by spectrophotometric studies. These studies measure
respiratory enzyme activities separately or by enzyme groups, in isolated
mitochondria or whole cell homogenates, using specific electron acceptors
and donors (Munnich et al. 1996). Generally, spectrophotometric
investigations have utilized the muscle biopsy as the tissue of choice.
Cultured skin fibroblasts or lymphobilast cell lines can also be utilized for
spectrophotometric studies. The use of cultured skin fibroblasts or
lymphoblasts has some disadvantages, because of the concern about
variability in expression in these cells due to tissue-specific respiratory
chain defects. There is also the added problem of interactions between
cell transformations and mitochondrial activity in transformed lymphocytes
(Bourgeron et al. 1993). Some defects may not be detected in
mitochondrial fractions isolated from cultured cells (Taylor and Turnbull
1997). In a patient with a complex | defect, the analysis of mitochondria
isolated at autopsy showed great variability in residual enzyme activity

with 2% in skeletal muscle, 11% in liver, 16% in heart, and 33% in kidney

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(Moreadith et al. 1984). Complex | defects have been diagnosed in skin
fibroblasts, but the reliability of assessing complex | activity in cultured
cells is questionable due to the rotenone-resistant cellular NADH
cytochrome ¢ reductase activity (Munnich et al. 1996). Due to the high
level of rotenone-resistant activities in other cell components, the complex
| and lll coupled assay must also be performed on mitochondrial fractions,
not cell homogenates (Trounce et al. 1996). When the skeletal muscle
clinically expresses the disease, muscle biopsy may be the most
appropriate tissue for analysis. The disadvantages of muscle biopsy for
mitochondrial isolation are that it is an invasive procedure, requires a
substantial amount of tissue, and that artifacts can occur in this system,
particularly in subjects who have abnormal lipid storage in muscle (Weber
et al. 1997). The in vitro investigation of OXPHOS defects remains difficult
regardiess of the tissue tested.

Polarographic Studies

Polarographic studies measure the oxygen consumed by mitochondrial
preparations using a closed chamber and a Clarke oxygen electrode
(Estabrook 1967). When the mitochondrial preparation is suspended in a
buffer (containing ADP, inorganic phosphate and a respiratory substrate),
active respiration is carried out and the oxygen consumption reflects the
activity of the respiratory chain enzymes (Trounce et al. 1996).
Polarographic studies can be performed on mitochondrial-enriched

fractions of skeletal muscle, intact circulating lymphocytes, or detergent-
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permeabilized cultured cells such as skin fibroblasts or lymphoblast cell
lines (Munnich et al. 1996). The limitations with polarographic studies are
that the technique requires a large amount of mitochondrial protein to give
reliable results, and the analysis must be performed on fresh material
(Taylor and Turnbull 1997).

ATP Synthesis

OXPHOS is responsible for at least 90% of the total ATP produced in
eukaryotic cells containing mitochondria. The remaining ATP synthesis
occurs in the surrounding cytoplasm through glycolysis. A variety of
methods can be employed to quantify ATP production from isolated
mitochondria and permeabilized cells. One method utilizes 3%P;
incorporation into ADP and subsequent transfer into glucose-6-phosphate
by hexokinase, followed by extraction of unincorporated 2p; and
measurement of radioactivity (Tuena de Gomez-Puyou et al. 1984). An
alternate method is based on the luciferin-luciferase system, where the
bioluminescence properties have been used to measure ATP in isolated
mitochondria (Wibom et al. 1990) and permeabilized cells (Ouhabi et al.
1998). Fluorimetric methods have been employed using cultured skin
fibroblasts and cultured Ilymphoblasts to examine ATP synthesis
(Bourgeron et al. 1992; Robinson 1996). Initially, due to the low
permeability of the plasma membrane, assays were performed on isolated
mitochondria, which required a substantial amount of tissue (Tuena de

Gomez-Puyou et al. 1984; Tatuch and Robinson 1993). Membrane
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permeabilization by detergents such as digitonin allows mitochondrial
OXPHOS to be assessed indirectly on whole cells (Robinson et al. 1986).
The use of respiratory substrates that enter the respiratory chain at
different sites also imparts information about the enzyme complex that is
affected. Regardless of the defect, the end result of respiratory chain
dysfunction is a reduction the production of cellular ATP. The
measurement of mitochondrial ATP synthesis can serve as an additional

tool to assess cellular energy metabolism in mitochondrial disorders.

SUMMARY

The investigation of a patient with a suspected OXPHOS defect generally
requires a combination of clinical, molecular and biochemical studies to
define the precise nature of the defect. Much progress has been made in
defining the molecular abnormalities in these patients, but in the majority
of the cases the underlying genetic defect remains unresolved.
Biochemical analysis remains an important aspect of the diagnostic
investigation. Diagnostic screening methods are necessary to screen for
OXPHOS disorders and to guide clinicians to further more invasive
procedures. The development of a relatively non-invasive diagnostic
method to screen for OXPHOS disorders is crucial. Because current
information on the evaluation of effective treatment approaches is limited,
this diagnostic tool would be instrumental in providing an objective
measurement for monitoring response to treatment and evaluating
progression of disease.
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CHAPTER 2
COFACTOR TREATMENT IN OXPHOS DISORDERS

INTRODUCTION

Therapeutic trials in OXPHOS disorders are difficult to conduct, because
the diseases are rare and demonstrate vast clinical and genetic
heterogeneity. Many reports of treatment have been anecdotal with
relatively short follow-up. The unpredictable and variable natural history of
these disorders and the lack of reliable clinical outcome measures also
make it difficult to evaluate these reports. The goal of nutritional cofactor
therapy is to increase mitochondrial ATP production and slow or arrest the
progression of clinical symptoms. Accumulation of toxic metabolites and
reduction of oxidative capacity have prompted the use of antioxidants,
electron transfer mediators (which by-pass the defective site) and enzyme
cofactors. Metabolic therapies that have been reported to produce a
positive effect include coenzyme Q¢ (ubiquinone), other antioxidants such
as ascorbic acid and vitamin E, riboflavin, thiamine, niacin, vitamin K
(phylloquinone and menadione) and carnitine. A literature review of the
use of these supplements in the treatment of OXPHOS disorders is

presented.

COENZYME Q1o (UBIQUINONE)

CoQq is the most widely used supplement in the treatment of
mitochondrial disorders.Coenzyme Qg is a fat-soluble quinone containing
ten isoprenoid units; it transfers electrons from complexes | and Il to
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complex lll, a process that is coupled to ATP synthesis (Rauchova et al.
1995). In its reduced form (ubiquinol), coenzyme Qg also inhibits lipid
peroxidation and can protect mitochondrial inner membrane proteins and
DNA against oxidative damage (Ernster and Dallner 1995). Ubiguinol acts
as an inhibitor of lipid peroxidation by preventing formation of lipid peroxyl
radicals and regenerating vitamin E from the a-tocopheroxyl radical
(Kagan et al. 1990). Coenzyme Qq also has a function in stabilizing the
OXPHOS complexes within the inner mitochondrial membrane by
maintaining optimal membrane fluidity (Fato et al. 1984). Endogenous
synthesis and dietary sources, primarily animal products, such as meat,
fish and poultry, contribute to normal CoQqg levels in plasma. The average
daily intake of CoQ4q from the diet was estimated to be 3 to 5 mg per day
in the Danish population (Weber et al. 1997). The optimal dietary
requirement for CoQ4g is unknown. The contribution of dietary sources to
CoQqq levels in plasma, in comparison to the amount contributed through
de novo synthesis is not known.

Coenzyme Q4o has been reported to have a beneficial effect on
clinical outcome and biochemical parameters in a variety of OXPHOS
disorders. The positive effects have included a reduction of cerebrospinal
fluid (CSF) and serum lactate and pyruvate (Ogasahara et al. 1985; Goda
et al. 1987; Yamamoto et al. 1987; Bresolin et al. 1988; Nishikawa et al.
1989; Abe et al. 1991), improvement in cardiac conduction defects and

ocular movements (Ogasahara et al. 1985), reduced muscle weakness

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(Yamamoto et al. 1987; lhara et al. 1989; Abe et al. 1991), improved
exercise tolerance (Goda et al. 1987; Bresolin et al. 1988), improved
oxygen utilization during exercise as measured by tissue oximetry (Abe et
al. 1999), decreased peripheral nerve damage (lhara et al. 1989),
improvement in neurological function (Bresolin et al. 1988), increased
respiratory chain activity (Schneider et al. 1982; Bresolin et al. 1988) and
acceleration of post-exercise recovery detected by nuclear magnetic
resonance (*'P-NMR) spectroscopy (Nishikawa et al. 1989; Bendahan et
al. 1992). Most reports regarding treatment have been case studies or
anecdotal reports with limited patient numbers, variable treatment periods,
and with CoQqp dosages ranging from 30 to 300 mg/day.

Several short-term studies have shown variable results with CoQqg
treatment. Two double-blind placebo trials with 12 and 15 patients
respectively, used 100 mg/day of CoQqo for three months in muscular
dystrophies and neurogenic atrophies, (diseases included Duchenne,
Becker and the limb-girdle dystrophies, myotonic dystrophy, Charcot-
Marie-Tooth and Welander disease). The patients showed an
improvement in cardiac function and physical performance (Folkers and
Simonsen 1995). In another short-term (three months 160 mg/day CoQyq,
one month placebo), double-blind crossover study in eight patients with
mitochondrial encephalomyopathies, a trend of effectiveness of CoQqq
was noted by improved muscle endurance, decreased fatigability of daily

activities and decreased serum lactate and pyruvate levels, but statistical
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significance was only noted in global muscle strength (Chen et al. 1997).
In both of these studies, the authors questioned whether the dosages of
100 and 160 mg/day, respectively, were too low and whether the short-
term administration was adequate. Clinical features of the 3243 mtDNA
mitochondrial encephalopathy, lactic acidosis and stroke-like episodes
(MELAS) mutation may also include neurodegenerative changes and
diabetes. In an open trial of 11 patients with the MELAS 3243 mutation
(treated for three to five months with CoQqo dosages ranging from 30 to
210 mg/day), there was an improvement in neuromuscular symptoms, but
no difference in fasting glucose or glycemic control (Andersen et al. 1997).

Longer-term studies of six-month duration have evaluated the
effectiveness of CoQqo treatment. A report of a six-month trial of 150
mg/day of CoQqq in eight patients (using *'P-NMR to objectively measure
muscular function) indicated an improvement in the mean ratio of
phosphocreatine (PCr) to inorganic phosphate (P;), but the beneficial
effect was mainly due to a single individual, and did not reflect a beneficial
effect on the whole group (Gold et al. 1996). The phosphorylation potential
(PCr/P; ratio) at rest is lower, and there is a delay in post-exercise PCr/P;
recovery in mitochondrial patients. NMR measurements are considered a
highly sensitive measurement of mitochondrial function. Phosphorous
magnetic resonance spectroscopy (**PMRS) was utilized to study the
effect of six months of CoQq treatment on brain and skeletal muscle

mitochondrial function in six patients. Baseline brain and skeletal muscle
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metabolism was compared to 36 age-matched healthy controls.
Mitochondrial function (represented by phosphorylation potential) in both
brain and muscle was reduced by 25% and 29%, respectively, compared
to controls. Treatment with CoQqq statistically improved phosphorylation
potential and calculated ATP synthesis in both brain and skeletal muscle
in all patients studied (Barbiroli et al. 1997).

In a multi-center double-blind study of CoQqp administration of 2
mg/kg/day for six months in 44 patients with mitochondrial myopathies, 16
subjects showed a 25% decrease in post-exercise lactate levels (Bresolin
et al. 1990). Patients who responded were treated for an additional three
months with CoQq¢ or a placebo; no significant differences were detected
between the two groups. A bicycle ergometry study in nine patients with
mitochondrial encephalomyopathies, treated with 150 mg/day CoQye,
showed no change in metabolic parameters after three months of therapy.
After six months of treatment, four patients showed a decrease in
lactate/pyruvate ratios at rest and in association with exercise (Chan et al.
1998). It is unclear why some patients respond while others with the same
clinical phenotype and biochemical defect do not show any benéefit.
Response to treatment was not related to the CoQye level in serum or in
platelet mitochondria, or to the type of molecular defect (Bresolin et al.
1990). Characterization of responders would contribute greatly to our

understanding of the means by which CoQqq exerts its beneficial effect.
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The longest-term study examined supplementation of 150 mg/day
of CoQq¢ over a three-year period in MELAS patients with the 3243
mutation. Insulin secretory response, progression of hearing loss and
lactate response after exercise were evaluated. In the 44 MELAS patients,
28 had diabetes and hearing deficits, 28 had impaired glucose tolerance,
and 15 had normal glucose tolerance. The group of 28 patients with
diabetes experienced an increased insulin secretory response and
improved lactate response after exercise with the CoQqg treatment. In
addition, there was no further progression of hearing loss. The CoQjp
treatment did not affect the insulin secretory response of the patients with
impaired and normal glucose tolerance. Short-term CoQqg treatment (three
months) in this study did not affect the insulin secretory response or
clinical symptoms in any of the subjects (Suzuki et al. 1998).

While most cases of decreased CoQqg levels are secondary to
other causes, primary muscle CoQq deficiency has been documented in
patients with a mitochondrial encephalomyopathy characterized by
ragged-red fibers and lipid storage in muscle, recurrent myoglobinuria,
seizures, ataxia and mental retardation (Sobreira et al. 1997; Rotig et al.
2000; Musumeci et al. 2001). In six patients with muscle CoQ4, deficiency,
high doses of CoQ4e (300 to 3000 mg/day) resulted in dramatic
improvement in strength, seizure control and ataxia (Musumeci et al.
2001). In another case report of CoQqo deficiency, two patients were

supplemented with 200 to 300 mg/day; after two months of therapy all
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symptoms and muscle weakness resolved. Lactic acid levels and creatine
kinase values normalized and remained normal during a three-year follow-
up study. The activities of the respiratory chain enzymes increased two-
fold and CoQqg levels in muscle returned to normal. Histochemical
evaluation examined apoptotic features before and after treatment and
found that apoptotic features were markedly decreased in muscle tissue
after CoQq¢ supplementation. The authors conclude that CoQq has an
important role in inhibiting apoptosis (Di Giovanni et al. 2001).

Controversy exists regarding the uptake of orally administered
ubiquinone in various human tissues. It is well documented that serum
and plasma levels of CoQqq increase with supplementation. Animal and
human studies have demonstrated that approximately 2% to 10% of the
oral dose administered is taken up into the blood (Zhang et al. 1995;
Weber 2001). Dosages of 90 to 150 mg/day of CoQ49 have been shown to
increase plasma concentrations by 180% (Kaikkonen et al. 1997). It has
also been demonstrated that CoQqo levels increase in platelet
mitochondria (Bresolin et al. 1988). In CoQqo deficiency, oral
supplementation resulted in an increase in CoQ4g in muscle (Rotig et al.
2000). Another study did not find an increase in muscle CoQqo content
with administration of 50 to 100 mg/day (Zierz et al. 1990). Animal studies
which young rats (one to two month-old) were supplemented with 200
mg/kg of CoQ4o for one to two months resulted in a significant increase in

liver concentration, but no significant increase in brain concentration (Beal
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and Matthews 1997). The same authors fed 12 to 24 month-old rats the
same dosage (200 mg/kg) of CoQ4o and observed a significant increase in
the CoQqo content of the cerebral cortex (Matthews et al. 1998). This
finding suggests that CoQje levels in young animals may be tightly
regulated and that the levels in membranes could be saturated. The
increase in brain CoQyq levels in the older animals lends support to the
prospect that CoQp may be beneficial in the neurological manifestations
of respiratory chain disorders.

Commercially prepared CoQqy supplements are available as
powder-filled hard shell capsules, oil-based suspensions in a soft gel
capsule and emulsions in a soft gel capsule. There are limited reports on
the bioavailability or absorption of CoQqp in these preparations. Most
studies have demonstrated that compounds formulated in soft gelatin
capsules representing liquid suspensions tend to be absorbed more
effectively than a dry powder blend encapsulated in hard gelatin capsules
(Folkers et al. 1994; Weis et al. 1994; Wahlqvist et al. 1998). Similar
serum CoQq¢ levels have been obtained with emulsified and oil-based
preparations (Lyon et al. 2001). Another report did not find any difference
in Dbioavailability between an oil-based suspension or a granule
preparation and observed that bioavailability varied more between
subjects than between the two preparations (Kaikkonen et al. 1997).

The efficacy of CoQ4e supplementation in mitochondrial disorders is

unclear. Many patients report improvement in clinical symptoms and side
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effects from large pharmaceutical dosages are extremely rare. Dosage in
the treatment of mitochondrial disorders varies, but clinicians currently
recommend 4 to 15 mg/kg/day to determine efficacy in an individual
patient (Gold and Cohen 2001). Additional studies are necessary to
evaluate the therapeutic efficacy of CoQqg in a variety of mitochondrial

disorders.

ANTIOXIDANTS
Vitamin C
Vitamin C has been utilized in OXPHOS disorders for its antioxidant
properties (Przyrembel 1987). Ascorbic acid acts as a reducing agent; the
prevention of oxygen radical damage is the rationale for ascorbate
administration. Respiratory chain enzyme activity has been evaiuated in
10 to 20 week-old cultured fibroblasts with or without ascorbate treatment.
Aging was associated with a decrease in respiratory chain activity and
ascorbate significantly reduced the decrease in activity (Sharma et al.
1998). Ascorbate has been administered in combination with vitamin Ks
(menadione) to donate electrons directly to cytochrome c¢ in a patient with
complex lll deficiency (Eleff et al. 1984). Marked improvement in recovery
from exercise as measured by NMR spectroscopy has prompted clinicians
to use this regime in other patients with OXPHOS disorders.

Antioxidants such as vitamin C may slow the process of oxidative
damage, but the benefits over time are impossible to measure. Dosages
typically range from 250 to 4000 mg/day (Gold and Cohen 2001). Adverse
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effects such as diarrhea, although rare, have been attributed to several
large doses (1 g/day) given throughout the day.

Vitamin E

The main function of vitamin E is to scavenge free radicals and inhibit lipid
peroxidation, which helps maintain membrane integrity (Groff et al. 1995).
Vitamin E includes eight compounds, with a-tocopherol having the
greatest biological activity. The a-tocopherol/cholesterol ratio has been
shown to be reduced in patients and asymptomatic carriers of the 11778
Leber's hereditary optic neuropathy (LHON) mutation (Klivenyi et al.
2001). The authors conclude that the impaired function of complex |
increases free radical formation and that the reduced ratio of
a-tocopherol/cholesterol reflects a-tocopherol consumption in the affected
tissues. Addition of vitamin E to fluids surrounding cardiac muscle
preparations has demonstrated protection against hypoxic trauma
(Guarnieri et al. 1978). Radical scavenging antioxidants function
independently, but may also act synergistically with other antioxidants.
The tocopheroxyl radical formed is regenerated to active vitamin E by
reaction with ubiquinol or ubisemiquionone (Kelso et al. 2002). Several
studies indicate that a-tocopherol and CoQ4o are more efficacious when
acting together (Kagan et al. 2000). In an animal study, CoQjq
administration resulted in an increase in both a-tocopherol and CoQjg
content in mitochondria, which was inversely correlated with a decrease of

superoxide anion radical generation (Lass and Sohal 2000). Both
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ubiquinol and ascorbate may play a role in the regeneration of active
vitamin E (Kagan et al. 2000).

Vitamin E appears to be one of the least toxic vitamins. Although
there are no proven benefits with vitamin E treatment in OXPHOS
disorders, commonly used dosages are 400 to 1200 1U per day (Gold and

Cohen 2001).

RIBOFLAVIN

Riboflavin is a precursor of flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD), which function as cofactors in complexes |
and ll. Riboflavin has been reported to be effective in a number of patients
with complex | deficiency (Arts et al. 1983; Griebel et al. 1990; Bernsen et
al. 1991; Penn et al. 1992; Bernsen et al. 1993; Scholte et al. 1995; Ogle
et al. 1997). It is postulated that riboflavin may act by inhibiting the
breakdown of complex | by providing resistance to proteolysis, or by
stabilizing the complex in the membrane, with subsequent increase in
enzymatic activity (Vergani et al. 1999; Gold and Cohen 2001). Riboflavin-
deficient rats show abnormalities in both biochemical and morphological
aspects of mitochondria, adding support to this hypothesis (Addison and
McCormick 1978).

Treatment solely with riboflavin has been utilized in patients with
complex | deficiency. Improvement in exercise capacity after 100 mg/day
of riboflavin has been noted in a patient with a NADH-CoQ reductase
deficient myopathy (Arts et al. 1983). In a study of five patients with
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complex | deficiency, definite clinical improvement was noted with
riboflavin therapy in two patients with the myopathic form, while only one
of the patients with the encephalomyopathic form improved (Bernsen et al.
1993). Complex | activity in three out of the five patients improved, but
clinical improvement did not correlate well with the increase in enzyme
activity (Bernsen et al. 1993). The resulis of the study were further
complicated by various dosages of riboflavin (9 to 60 mg/day) and varied
lengths of treatment. An infant with a partial complex | defect was treated
with increasing doses of riboflavin (maximal 13 mg/kg/day or 120 mg/day).
There was an improvement in motor development and normalization of
lactate levels (Griebel et al. 1990). In fibroblasts from a patient with a
nuclear-encoded complex | deficiency, the addition of 5umol/L of riboflavin
to the culture medium significantly increased ATP synthesis (Bar-Meir et
al. 2001).

Riboflavin has been used for the treatment of respiratory chain
disorders in combination with other cofactors. In a case study of a young
boy with complex | deficiency, myopathy improved dramatically during
treatment with riboflavin (9 mg/day) and carnitine (2 g/day). After seven
months of treatment, complex | activity in muscle had normalized (Bernsen
et al. 1991). Although fatty acid oxidation was normal, muscle carnitine
levels before treatment were low and normalized after treatment. Further
support for the therapeutic benefit of riboflavin alone or in combination

with carnitine has been demonstrated in three adult family members with
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complex | deficiency (Scholte et al 1995). Muscular endurance strength,
as measured by bicycle ergometry, increased in all three subjects. One of
the patients (receiving 300 mg riboflavin and 2 g carnitine daily), was
found to have decreased resting lactate and increased PCr resynthesis,
measured by *P-NMR. A muscle biopsy obtained from the second
subject, after two years of 100 mg/day riboflavin supplementation, showed
complex | activity increased from 16% to 47% of the mean control levels
(Scholte et al. 1995). In a case report of a mitochondrial myopathy (due to
a complex | deficiency) in a three-year-old female treated with both
riboflavin (50 mg/day) and carnitine (100 mg/kg/day), clinical symptoms
improved. The withdrawal of carnitine did not alter the clinical response
(Ogie et al. 1997). Exercise tolerance deteriorated and muscle tone
decreased when riboflavin was discontinued, thereby attributing the
clinical improvement solely to riboflavin (Ogle et al. 1997).

A case study lending support to improvement in
encephalomyopathic forms of OXPHOS disorders evaluated treatment of
nicotinamide (1 g qgid) and riboflavin (100 mg/day) in a patient with MELAS
syndrome (Penn et al. 1992). To confirm clinical benefit, treatment was
withdrawn; changes in *'P-MRS and sural nerve conduction studies
coincided with the development of encephalopathy (Penn et al. 1992). The
encephalopathy consisted of stupor, headache and increased myoclonus.
When the vitamins were restarted, clinical symptoms resolved and sural

nerve potential amplitude doubled (Penn et al. 1992). This study did not
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identify either vitamin as solely responsible and the mechanism for the
clinical response is not clear.

Dosages of riboflavin for treatment of OXPHOS disorders have
ranged from 9 to 300 mg/day. Since there have not been adverse
reactions associated with riboflavin administration, no tolerable upper
intake levels have been established (National Academy Press 2000). The
results of treatment are varied, but demonstrate that in some patients with
complex | deficiency, supplemental riboflavin alone or in combination with

other supplements may provide some benefit.

THIAMINE

Thiamine functions as a coenzyme necessary for the oxidative
decarboxylation of both pyruvate and a-ketoglutarate. The use of thiamine
in the treatment of some forms of pyruvate dehydrogenase (PDH)
deficiency has been well established, but thiamine effectiveness in the
treatment of OXPHOS disorders is unclear. The therapy is postulated to
improve aerobic glycolysis by enhancing pyruvate decarboxylation. An
improvement in plasma lactate and pyruvate levels in patients with
Kearns-Sayre syndrome was noted when thiamine was administered in
doses of 300 mg/day (Lou 1981). It has also been reported that some
patients with lactic acidemia improve clinically after high doses of thiamine
(Duran and Wadman 1985). Most patients that respond have been found
to have defects in the pyruvate dehydrogenase complex (PDHC) and, in

particular, Eqo subunit mutations which contain the thiamine binding site
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(Naito et al. 1994). It is not known whether this amelioration is disease-
specific, or if it may have implications for other cases of lactic acidosis not
caused by a PDHC defect.

Familial thiamine deficiency has been reported in two siblings with
the 3243 MELAS mtDNA mutation; both presented with a skeletal muscle
myopathy. Thiamine therapy (75 mg/day) improved the myopathy,
normalized creatine kinase, and decreased blood lactate and pyruvate
levels. Pyruvate dehydrogenase complex activity was below normal in
both patients before thiamine treatment, but it is unclear whether the
decreased PDH activity was primary or secondary, caused by the thiamine
deficiency. This is the first description of a 3243 mtDNA mutation
associated with thiamine deficiency (Sato et al. 2000). The authors
guestion whether thiamine metabolism is altered, and suggest that
thiamine status be investigated in patients with the 3243 mtDNA mutation.

In OXPHOS defects, thiamine has generally been used in
combination with other cofactors with variable results. Dosages have
ranged from 25 to 300 mg/day and there are no reported side effects with

administration.

NIACIN

Nicotinamide, the amide form of niacin or nicotinic acid, is a precursor for
both nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine
dinucleotide phosphate (NADP). Although NAD and NADP undergo
reversible reduction to NADH and NADPH, their functions in the cell are
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quite different. The major role of NADH is to transfer electrons from
metabolite intermediates to the respiratory chain. Complex | accepts
electrons from NADH and passes them to ubiquinone. The rationale for
nicotinamide use in OXPHOS disorder is to increase the cellular NADH
and NAD concentration, and thereby enhance the substrate availability to
complex I. In a case report of a MELAS patient with decreased complex |
activity, nicotinamide treatment (1 g qid) resulted in marked decreases
(50%) in both serum lactate and pyruvate. Blood NAD levels increased 24-
fold during six weeks of treatment. The cellular NAD increase occurred in
a time and dose-dependent manner in both control and patient fibroblasts,
indicating the increase was probably universal. The authors speculate that
the complex | defect led to an altered interaction between complex | and
NADH, and although the affinity of complex | for NADH (determined by
analyzing the complete progress curve of the reaction) was similar to that
seen in control subjects, the nicotinamide supplementation enhanced the
complex | activity by providing an excess of NADH. It is discouraging to
note that the clinical effect was temporary and the patient eventually died
(Majamaa et al. 1996).

Nicotinamide has been used in the treatment of OXPHQOS disorders
in combination with other cofactors. In a patient with the 3243 MELAS
mtDNA mutation, treated with both riboflavin and nicotinamide, clinical
improvement was noted, but the vitamins were not tested individually

(Penn et al. 1992). Striatal lesions induced by malonate, a complex i
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inhibitor, were blocked by the administration of CoQq¢ and nicotinamide in
an animal model. A combination of the two was more effective than either
compound administered separately, as shown by lesion size and magnetic
resonance imaging (Beal et al. 1994). CoQq and nicotinamide
administration in large doses has been shown to reverse bioenergy
changes in aged Drosophila; nicotinamide was more effective in reducing
short-term mortality and increasing life span than CoQ4e (Driver and
Georgiou 2002).

The role of nicotinamide in the treatment of OXPHOS disorders is
not clear. Adverse side affects of supplemental niacin use, such as
flushing and nausea, are usually associated with doses of greater than
1500 mg/day, but nicotinamide does not exhibit toxic effects (National

Academy Press 2000).

VITAMIN K (PHYLLOQUINONE AND MENADIONE)

Vitamin K has been utilized in the treatment of patients with OXPHOS
defects because it is assumed to mediate electron transport from NADH to
electron acceptors such as coenzyme Q or cytochrome c. Vitamin Kj
(menadione) has been administered in combination with vitamin C
(ascorbate) to donate electrons directly to cytochrome ¢. Menadione (80
mg/day) plus ascorbate (4 g/day) improved cellular phosphate metabolism
(as measured by *'P-NMR) in a patient with complex 11l deficiency (Eleff et
al. 1984). The pre-treatment rate of recovery from exercise was 2.5% of
normal; after administration of menadione and ascorbate, recovery rate
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increased 21-fold (Eleff et al. 1984). Clinical and metabolic improvement
continued at one-year follow-up, but symptoms deteriorated upon
withdrawal of treatment. Recovery of function occurred after reinstatement
of the vitamins (Argov et al. 1986). In another case study, a 16-year-old
girl with complex Il deficiency was treated with 40 mg/day of menadione
and 4 g/day of ascorbate; although there was a mild improvement of her
ataxia, there was no change in lactic acidosis and only slight improvement
of muscle bioenergetics. Brain *'P-MRS indices returned to normal after
five months of treatment (Toscano et al. 1995).

Vitamin K3, in the presence of complex | inhibitors, has been shown
to stimulate oxygen utilization in mitochondria, resulting in an increase in
NADH oxidation (Cooper et al. 1992). Experiments have been done to
demonstrate the effectiveness of menadione, and menadione plus
ascorbate, in reactivating drug-inhibited respiration (utilizing antimycin-A)
and increasing the rate of ATP synthesis. Mitochondria stimulated by
menadione were only inhibited by 25% using antimycin-A, whereas the
combined therapy produced a 60% inhibition (Warshaw et al. 1966).
Adding 5 umol/L of menadione to the incubation medium of fibroblasts
(that were inhibited in complexes | and [li by rotenone and antimycin)
resulted in a normalization of lactate to pyruvate ratios — suggesting a
restoration of NADH oxidation (Wijburg et al. 1991). High dose menadione
treatment (10 mg/kg/day) in a infant deficient in complex | resulted in

improvement in clinical symptoms and biochemical parameters; this lends
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support to the use of menadione in this multisystem disorder with lactic
acidosis (Wijburg et al. 1989).

It is not clear which form of vitamin K is preferred for treatment of
OXPHOS diseases, as K4 (phylloquinone) has not been utilized in any of
the reported studies. Phylloquinone has been shown o have better tissue
retention and to reach higher levels in the mitochondria. Menadione is
water-soluble, and must be alkylated to menaquinone-4 to be biologically
active; phylloquinone, in contrast, is lipid-soluble and biologically active
(Suttie 1985). Menadione has been demonstrated to result in hemolytic
anemia and hyperbilirubinemia in newborns, whereas no side effects have
been reported with phylloquinone use (Shoffner 2001). It is not known
whether K; (phylloquinone) will have any benefit in the treatment of

OXPHOS disorders.

CARNITINE

Carnitine functions to transfer long chain fatty acids across the
mitochondrial membrane. It also facilitates branched chain o-ketoacid
oxidation, shuttles acyl CoA products of peroxisomal p-oxidation to the
mitochondrial matrix of liver, increases CoA levels in the mitochondria,
and esterifies potentially toxic acyl CoA metabolites which impair the citric
acid cycle (De Vivo and Tein 1990). Carnitine may also play a role in
membrane stabilization by altering the physiologic properties of

mitochondrial membranes (Carter et al. 1995).
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Plasma and tissues levels of carnitine are maintained by
exogenous dietary sources and de novo synthesis. It is estimated that
approximately 75% comes from the diet, with red meat and dairy products
being the primary sources (De Vivo and Tein 1990). Endogenous carnitine
is synthesized in the liver and kidney from the amino acids lysine and
methionine. Skeletal muscle (which stores approximately 90% of body
carnitine) and heart muscle (which contains the highest concentration per
gram of tissue) are unable to synthesize carnitine and must rely on uptake
of carnitine from the blood (Angelini et al. 1992).

Decreased skeletal muscle and plasma carnitine levels have been
reported in many cases of mitochondrial myopathies (Ogasahara et al.
1985; Hsu et al. 1995; Ogle et al. 1997), although this deficiency is
assumed to be secondary to the mitochondrial defect. The carnitine
deficiency may be apparent only in muscle, with the level of carnitine
being normal in plasma. In cytochrome ¢ oxidase deficiency, maximal
rates of carnitine uptake were decreased from 20% to 47% of normal
when studied in cultured skin fibroblasts (Tein et al. 1993). The authors
postulate that the reduction in intracellular ATP may interfere with the
functioning of the carnitine transporter, resulting in decreased intracetlular
carnitine levels (Tein et al. 1993). In one study, abnormal carnitine
distribution in muscle was found in 29% (22 of 77) of patients with
mitochondrial myopathy (Campos et al. 1993). Total and free carnitine

levels were decreased while the level of long chain acyl carnitine was
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elevated, possibly due to impaired transport of long chain fatty acids into
the mitochondria, or to abnormal oxidation, or both (Campos et al. 1993).
Lipid storage myopathy is often attributed to carnitine deficiency,
which impairs transport of fatty acids across the mitochondrial membrane.
Only 31.5% of patients with lipid storage myopathy had muscle carnitine
deficiency, indicating pB-oxidation defects or mechanisms other than
carnitine deficiency as a cause of fatty acid accumulation (Campos et al.
1993). Conversely, 25.6% of patients with muscle carnitine deficiency did
not demonstrate abnormal lipid storage. The same pattern of abnormal
carnitine distribution (increased acyl carnitine and decreased free
carnitine) in muscle has been reported in 11 of 13 patients with idiopathic
inflammatory myopathy (Arenas et al. 1996). Six of the 11 patients
demonstrated histochemical or biochemical signs of mitochondrial
dysfunction. A mechanism proposed is that impaired mitochondrial
function could produce acyl CoA accumulation and increase carnitine
esterification, resulting in a low free carnitine level (Arenas et al. 1996).
Elevated levels of acyl CoA intermediates have also been suggested as
impairing the function of adenine nucleotide translocase, which exchanges
ADP for ATP across the inner mitochondrial membrane. Studies of
mitochondrial myopathies have revealed similar carnitine distribution in
plasma. Carnitine insufficiency (elevated ratio of esterified to free
carnitine) has been found in the plasma of 43.8% (21 of 48) of patients

with mitochondrial myopathies; both free and total carnitine deficiencies
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were detected in 8.3% of the patients (Campos et al. 1993). Carnitine
supplementation at 50 to 200 mg/kg/day was instituted; subjective
improvement in muscle strength and tone were noted in 95% (20 of 21) of
the patients (Campos et al. 1993). Echocardiographic and clinical
evaluation improved in all eight patients with cardiomyopathy (Campos et
al. 1993).

Memory loss with aging in animal and human studies has been
associated with oxidative damage to lipids, proteins, and nucleic acids,
and also with mitochondrial decay, which can disrupt neuronal function.
The effects of being fed acetyl-L-carnitine and lipoic acid on cognitive
function, brain mitochondrial structure, and oxidative damage were
assessed in old rats. Both acetyl-L-carnitine and lipoic acid administration
significantly improved performance on memory tasks, reduced brain
mitochondrial structure decay, and reduced oxidative damage in the brain.
The combination of the two metabolites produced the greatest
improvement (Liu et al. 2002). It is postulated that both carnitine and lipoic
acid may prevent mitochondrial decay in neurons associated with aging
and help restore cognitive function.

Further research is warranted to establish the relationship of
carnitine metabolism and mitochondrial function. Oral doses ranging from
100 mg/day up to 200 mg/kg/day of carnitine have been used in these
diverse mitochondrial conditions. Side effects from large oral doses are

minor, but include diarrhea and a fishy body odor in some cases. Carnitine
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supplementation is generally recommended in conditions in which
carnitine deficiency is suspected or identified, but the beneficial effect

remain uncertain (Stanley 1987).

COMBINED THERAPY TREATMENTS

In a study of 16 patients with diverse mitochondrial disorders, a
combination of vitamin K3 (20—-60 mg/day), ascorbic acid (1 g/twice a day),
coenzyme Qqg (30—120 mg/day) and methylprednisolone (2—-16 mg/every
other day) was evaluated by P_.NMR, clinical and laboratory assessment
(Peterson 1995). Length of follow-up varied from six months (death due to
cardiac failure) to 13 years. A subset of the patients appeared to survive
longer with fewer medical complications and functional disabilities than
typically seen in clinical practice. Although the results are encouraging, the
effectiveness of treatment is inconclusive.

In an open study in which 16 patients were on a treatment of coenzyme
Q4o (300 mg/day), vitamin K3 (60 mg/day), vitamin C (2 g/day), thiamine
(100 mg/day), riboflavin (25 mg/day) and niacin (200 mg/day) for two
months, and off treatment for two months, there was no significant,
reproducible, objective clinical improvement (Matthews et al.1993). Serum
lactate, exercise testing on a cycle ergometer, *'PMRS studies at rest and
after exercise and clinical follow-up were used as independent measures
of oxidative metabolism. It is difficult to interpret the negative results of the
study, but results from previous studies suggest that the two-month
treatment period may have been too short for beneficial effects to become
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evident. The results are further compromised by the small sample size —
clinical observation and aerobic exercise performance were only assessed
in ten patients. Further studies are required to evaluate the effectiveness
of combined therapy in the treatment of mitochondrial disorders over a

longer time period.

SUMMARY
Large double-blind placebo controlled trials of potentially beneficial
therapies have been impossible to perform for a variety of reasons.
Because of the rarity of the disorders, it is difficult fo obtain sufficient
numbers of patients to give statistical significance. The heterogeneity of
both the phenotype and genotype, as well as the unpredictable natural
history of the disease, has further complicated the issue. Since some
beneficial effects have been demonstrated by cofactor therapy, and there
is no proven effective treatment, it would be unethical to substitute a
placebo. It is common practice to supplement with cofactor therapy,
because there appears to be minimal or no side effects and potential
exists for possible benefit. Based on the available information, it is difficult
to draw definite conclusions regarding metabolic therapy. Most of the
information is based on case studies, and the lack of reliable objective
measurements has made the interpretation of results difficult. A review of
the studies utilizing cofactor treatment is presented in Tables 2.1 and 2.2.
Serum lactate and pyruvate levels are often used as metabolic
parameters to reflect oxidative metabolism, but they are frequently not
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altered in OXPHOS disorders and may not demonstrate the therapeutic
benefit of treatment. Mitochondrial dysfunction is most readily detected in
muscle, but repeat muscle biopsies are an invasive and impractical
method to monitor effects of therapy.

The need for further work is nowhere more evident than in the area
of therapy. It is important to include measurements of clinical improvement
in an effort to provide correlation between functional response and
biochemical improvement. The difficulty arises as remissions and
exacerbations are characteristic of OXPHOS disorders and may mask the
efficacy of a particular treatment. This necessitates long-term studies to
evaluate clinical effectiveness.

The ultimate goal of metabolic therapy is to increase ATP
production, but it is not known if this goal is achieved through cofactor
administration. The mechanism of action, the effect of individual and
combined therapy, and the level of dosage of cofactor treatment remains
to be determined. In combined cofactor treatment, it is difficult to
determine the effects of individual therapy. The dosage and the site of the
enzyme defect may affect which cofactors prove to be beneficial. In order
to further elucidate the mechanisms of action of cofactor treatment,
individual effects of each cofactor need to be evaluated by incubating
control cells with the potential therapy and monitoring ATP production.
This method could be used in vitro to study the effect of potential therapies

and could be employed to design the optimal therapy for each individual
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patient. Given the inherent problems mentioned above, and the difficulty of
performing large clinical trials, individual trials where the patient serves as

his or her own control may be a reasonable approach.
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Table 2.1 Coenzyme Q4 Treatment in OXPHOS Disorders

Dose Disorder Study Effects
Details (Reference)
120 to 300 MELAS Case Report | CSF lactate and pyruvate
mg/day 1 patient Improved muscle weakness
2 months (Abe et al 1991)
150 mg/day COX Case Report  J Serum lactate and pyruvate
deficiency 1 patient t Post-exercise recovery (NMR)
24 months (Nishikawa et al 1989)
300 mg/day MELAS Case Report | Serum lactate and pyruvate
1 patient Ciinical improvement
8 months (Goda et al 1987)
60 to 120 Kearns-Sayre Case Report | Serum lactate and pyruvate
mg/day syndrome 1 patient improvement in atrioventricular
3 months block and ocular movements
(Ogasahara et al 1985)
90 mg/day MELAS Case Report  { Serum lactate
1 patient Improved muscle weakness
14 months (Yamamoto et al 1987)
210 mg/day MELAS Case Report  Improved peripheral nerve
2 patients function
8 months Improved muscle weakness
(Ihara et al 1989)
200 mg/day MELAS Case Report  Improved oxygen utilization
2 patients during exercise (tissue
2 weeks oximetry)
(Abe et al 1999)
150 mg/day MELAS Case Report  t Post-exercise recovery (NMR)
2 patients
10 months (Bendahan et al 1992)
150 mg/day Mitochondrial Open Study + Serum lactate and pyruvate (4
myopathy 9 patients patients)
6 months (Chan et al 1998)
30 to 210 MELAS Open Study Improvement in neuromuscular
mg/day 11 patients symptoms
3-5 months (Andersen et al 1997)
150 mg/day Mitochondrial Open Study t Post-exercise recovery (NMR)
myopathy 8 patients (Effect mainly due to a single
6 months individual)

(Gold et al 1996)
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Table 2.1 Coenzyme Qy Treatment in OXPHOS Disorders {cont)

Dose Disorder Study Effects
Details (Reference)
120 mg/day Kearns-Sayre Open Study + Serum lactate and pyruvate
syndrome 7 patients
12 months (Bresolin et al 1988)
160 mg/day MELAS (4) Double-Blind  Improved global muscle
MERFF (3) Crossover strength
CPEO (1) 8 patients
(# of patients} 3 months (Chen et al 1997)
100 mg/day Muscular Double-Blind  Improvement in cardiac function
Dystropy1 Trials and physical performance
' 12 patients
Neurogenic 215 patients  (Folkers et al 1995)
Atropy 3 months
2 mg/kg/day  Mitochondrial Double-Blind  Reduction in post-exercise
myopathy 44 patients lactate ievels (16 patients)
6 months (Bresolin et al 1990)
150 mg/day MELAS Open Study t Insulin secretory response
(28 MIDD) 44 patients and improved lactate response
(28 IGT) 3 years post-exercise (MIDD group)
(15 NGT)
200 to 3000 Muscle Case Report  Improvement in strength,
mg/day CoQyq 6 patients seizure control, muscle
deficiency 1 month weakness and ataxia

(Musumeci et al 2001)

MELAS; mitochondrial encephalopathy, lactic acidosis and stroke-like episodes

MERFF; myoclonic epilepsy, ragged-red fibers

CPEO; chronic progressive externai ophthalmoplegia
MIDD; maternally inherited diabetes and deafness

IGT; impaired glucose tolerance
NGT; normal glucose tolerance
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Table 2.2 Vitamin and Cofactor Treatment in OXPHOS Disorders

Cofactor Dose Disorder  Study Details Effects
{Reference)
Riboflavin 100 Complex| Case Report Improvement in
mg/day deficiency 1 patient exercise capacity
6 months (Arts et al 1983)
50 mg/day Complex! Case Report Improved exercise
deficiency 1 patient tolerance and muscle
3 years tone
(Ogle et al 1997)
120 Complex| Case Report ¥ Serum lactate and
mg/day deficiency 1 patient pyruvate
3 -17 months Improvement in motor
development
(Griebel et al 1990)
9to 60 Complex| Case Report Improvement in
mg/day deficiency 5 patients myopathic form (2/5)
6 months t Complex | activity
{Bernsen et al 1993)
Riboflavin 9 mg/day Complex| Case Report Improved muscle
plus deficiency 1 patient weakness
Carnitine 2 g/day 7 months 1 Complex | activity
(Bernsen et al 1991)
Riboflavin 200mg/day Complex| Case Reports Improvementin
plus deficiency 4 patients exercise capacity
Carnitine 2 g/day 1 -2 years + Complex | activity
(1/4)
(Scholte et al 1995)
Riboflavin 100mg/day MELAS Case Report Improvement in
Plus 1 patient encephalopathic
Nicotinamide 3 g day 18 months symptoms and nerve
conduction (NMR)
(Penn et al 1992)
Vitamin K; 10 mg/kg/ Complex| Case Report + Serum lactate and
day deficiency 1 patient pyruvate
3 months Clinical improvement

(Wijburg et al 1989)
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Table 2.2 Vitamin and Cofactor Treatment in OXPHOS Disorders (cont)

Vitamin K3 40 mg/day  Complex lll Case Report
plus deficiency 1 patient
Ascorbate 4 g/day 5 months
Carnitine 50 to 200 Mitochondrial Open Study
mg/day myopathy 21 patients
(Carnitine 1-24 months
deficiency)
Combined § Diverse Case Reports
Therapy Mitochondrial 16 patients
Disorders 1to 13 years
4 Diverse Open Study
Mitochondrial 16 patients
Disorders 8 months**

improvement in ataxia
(Toscano et al 1995)

improvement in muscle
strength

Cardiac improvement
(8/8 patients)

(Campos et al 1993)

Subset of patients
appeared to have
improved morbidity
(Peterson et al 1995)

No significant
reproducible objective
improvement
(Matthews et al 1993)

NAD; nicotinamide adenine dinucleotide

MELAS; mitochondrial encephalopathy, lactic acidosis and stroke-like episodes

CPEOQ; chronic progressive external ophthalmoplegia

§ CoQ4 (30 to 120 mg/day), vitamin K3 (20 to 60 mg/day) ascorbate (2g/day) and

methyiprednisolone ( 2 to 16 mg every other day)

¢ CoQyo (300 mg/day), vitamin K; (60 mg/day) ascorbate (2g/day), thiamine (100mg/day),
riboflavin (25 mg/day), niacin (200 mg/day) 2 months treatment and 2 months off

treatment
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CHAPTER 3
RESEARCH PLAN

RATIONALE

Dysfunction of oxidative phosphorylation (OXPHOS) has been implicated
in a growing number of processes, including aging, and may underlie the
most commonly encountered classes of degenerative diseases (Wallace
1992; Beal 1998). It has been estimated that about 1 in 5000 to 1 in
10,000 people will ultimately be diagnosed with some form of a
mitochondrial disorder by the time they reach adulthood (Applegarth et al.
2000; van den Heuvel and Smeitink 2001). Marked progress has been
made in the past 15 years in defining the specific biochemical defects and
underlying molecular mechanisms of these defects, but limited information
is available on the development and evaluation of effective treatment
approaches.

Therapeutic trials in OXPHOS disorders are difficult to conduct
because the diseases are rare and demonstrate vast clinical and genetic
heterogeneity. Many reports of treatment have been anecdotal with
relatively short follow-up. The unpredictable and variable natural history of
these disorders and the lack of reliable clinical outcome measures, make it
difficult to evaluate these reports. The goal of therapy is to increase
mitochondrial ATP production and to slow or arrest the progression of
clinical symptoms. The hope is that patients will survive longer with less

functional disability and medical complications than typically seen in
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clinical practice. Accumulation of foxic metabolites and reduction of
respiratory activities have led to the use of antioxidants, electron transfer
mediators (which by-pass the defective site) and enzyme cofactors in
mitochondrial disease therapy. Metabolic therapies that have been
reported to produce a positive effect include coenzyme Qg (ubiquinone),
other antioxidants such as ascorbic acid and vitamin E, vitamin K
(phylloguinone and menadione), riboflavin, thiamine, niacin and carnitine.
Arbitrary supplementation of single vitamins or cofactors may produce a
relative deficiency in other cofactors; so combined cofactor therapy is
carried out in an attempt to re-establish the proper balance of vitamins and
cofactors required for metabolism to proceed normally.

Coenzyme Q4 has been reported to have a beneficial effect on
clinical and biochemical outcomes in a variety of OXPHOS disorders. The
benefits include: increased respiratory function; normalization of CSF and
serum lactate and pyruvate; increased insulin response; improvement in
atrioventricular block, ocular movements, EEG and neurological function;
reduced muscle weakness; and decreased peripheral nerve damage
(Ogasahara et al. 1985; Goda et al. 1987; Bresolin et al. 1988; Ihara et al.
1989; Abe et al. 1991; Suzuki et al. 1998). Most of these reports were
case studies with limited numbers of patients, and with CoQ4¢ doses
ranging from 30 to 300 mg per day.

Vitamin C and vitamin E have been utilized in OXPHOS disorders

for their antioxidant properties (Przyrembel 1987). The a-tocopherol/
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cholesterol ratio has been shown to be reduced in patients and in
asymptomatic carriers of the 11778 Leber's hereditary optic neuropathy
(LHON) mutation (Klivenyi et al. 2001). The authors conclude that the
impaired function of complex | increases free radical formation and that
the reduced ratio of a-tocopherol to cholesterol reflects a-tocopherol
consumption in the affected tissues.

Riboflavin is the precursor for FMN and FAD, which are cofactors in
complexes | and Il. Supplementation of this cofactor has led to an
improvement in exercise capacity and amelioration of clinical symptoms in
patients with complex | deficiency (Arts et al. 1983; Bernsen et al. 1993;
Scholte et al. 1995; Ogle et al. 1997).

Thiamine is a cofactor of pyruvate dehydrogenase and has been
utilized to stimulate NADH production, which feeds into the respiratory
chain at complex I. A patient with Kearns-Sayre syndrome demonstrated
an improvement in plasma lactate and pyruvate levels upon thiamine
supplementation (Lou 1981). However, in most OXPHOS defects,
thiamine has been used in combination with other cofactors.

Nicotinamide is a precursor for both NAD and NADP. The maijor
role of NADH is to transfer electrons from metabolite intermediates to the
respiratory chain. Complex | accepts electrons from NADH and passes
them to ubiquinone. The rationale for nicotinamide use in OXPHOS
disorder is to increase the cellular NADH and NAD concentration, and

thereby enhance the substrate availability to complex I. In a case report of
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a MELAS patient with decreased complex | activity, nicotinamide
treatment resulted in marked decrease (50%) in both serum lactate and
pyruvate. Blood NAD levels increased 24-fold by six weeks of treatment
(Majamaa et al. 1996).

Vitamin K3 (menadione) has been administered in combination with
vitamin C (ascorbic acid), based on the assumption that this will allow
electrons to be donated directly to cytochrome ¢ (Warshaw et al. 1966).
This treatment was reported to improve celiular phosphate metabolism (as
measured by 3'P-NMR) in a patient with complex 1l deficiency (Eleff et al.
1984). It is not clear which form of vitamin K is best for treatment of
OXPHOS diseases, but phylloquinone has been shown to have better
tissue retention and to reach higher levels in the mitochondria, as well as
showing no side effects (Thierry et al. 1970; Suttie 1985).

Carnitine functions to transfer long chain fatty acids across the
mitochondrial membrane. It also facilitates branched chain o-ketoacid
oxidation, shuttles acyl CoA products of peroxisomal B-oxidation to the
mitochondrial matrix of liver, increases CoA levels in the mitochondria,
and esterifies potentially toxic acyl CoA metabolites which impair the citric
acid cycle (De Vivo and Tein 1990). Decreased skeletal muscle and
plasma carnitine levels have been reported in many cases of
mitochondrial myopathies (Ogasahara et al. 1985; Hsu et al. 1995; Ogle et
al. 1997), although this deficiency is assumed to be secondary to the

mitochondrial defect. A mechanism proposed is that impaired
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mitochondrial function could produce acyl CoA accumulation and increase
carnitine esterification, resulting in a low free carnitine level (Arenas et al.
1996). Elevated levels of acyl CoA intermediates have also been
suggested as impairing the function of the adenine nucleotide translocase,
which exchanges ADP for ATP across the inner mitochondrial membrane.
Carnitine supplementation is generally recommended in conditions in
which carnitine deficiency is suspected or identified, but the beneficial
effect remains uncertain.

Large double-blind placebo trials of potentially beneficial therapies
have been impossible to perform for a variety of reasons. It is difficult to
obtain sufficient numbers of patients to give statistical significance to these
types of studies due to the rarity of the disorders. The heterogeneity of
both phenotype and genotype, as well as the unpredictable natural history
of the disease, has further complicated the issue. Since some beneficial
effects have been demonstrated by cofactor therapy, and there is no other
proven effective treatment, it would be unethical to substitute a placebo. It
is common practice to supplement OXPHOS disease patients with
cofactor therapy, because there appear to be minimal or no side effects,
and the potential exists for possible benefit. Based on the available
information, it is difficult to draw definite conclusions regarding metabolic
therapy. Most of the information is based on case studies and the lack of
reliable objective measurements has made the interpretation of resuits

difficult. Serum lactate and pyruvate levels are often used as metabolic
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parameters to reflect oxidative metabolism, but these metabolites may not
demonstrate a response to thé administered therapy. It is not known
whether cofactor treatment improves oxidative phosphorylation, and there
is limited information on the effect of treatment at the biochemical level.
Mitochondrial dysfunction is most readily detected in muscle, but repeat
muscle biopsies are an invasive and impractical method of monitoring the
effects of therapy. The ultimate goal of metabolic therapy is o increase
ATP production, yet it is not known whether an increase in cellular ATP
levels result from the administration of the cofactor treatment. The
mechanism of action, the effect of individual and combined therapies, and
level of dosage of cofactors in metabolic treatment remain to be
determined. The need for further work is nowhere more evident than in the

area of therapy.

GOAL

The goal of the work described in this thesis is fo develop objective
measurements of the effect of cofactor treatment in mitochondrial
disorders and to test the hypothesis that there will be an increase in
cellular ATP production after cofactor treatment. This information will
provide critical insights into the contribution of individual cofactors in
increasing ATP synthetic capacity and may lead to development of better
cofactor mixes that could improve the current therapeutic regimen for

patients suffering from mitochondrial disorders.
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OBJECTIVES

In this thesis, data will be presented that demonstrates that the
measurement of ATP synthesis in permeabilized lymphocytes is an
effective tool for monitoring the response to treatment and for evaluating
the progression of disease.

(1) An in vitro method using lymphocytes has been developed to measure
mitochondrial ATP synthesis before and after cofactor treatment.
Permeabilized cells are incubated with (a) no substrate, (b) pyruvate and
malate, (c) glutamate and malate, (d) succinate and rotenone, and (e)
ascorbate and tetramethylphenylene diamine (TMPD). These selected
substrates assess the ability of the mitochondria to synthesize ATP
through the entire respiratory chain and also impart information about the
site that is affected (Figure 3.1).

(2) Cofactors have been incubated with control lymphocytes to assess the
effects of in vitro cofactor supplementation on mitochondrial ATP synthetic
capacity.

Subjects

Subjects in whom a known mitochondrial defect has been identified were
recruited for study after obtaining informed consent (Appendix I).
Confirmation of the diagnosis was performed (using mitochondrial DNA
studies and/or respiratory chain enzyme analysis) by independent
accredited laboratories. (DNA analysis — Molecular Diagnostic Laboratory,

Alberta Children’'s Hospital; DNA Diagnostic Laboratory, Montreal
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Neurological Hospital; Emory Genetics Laboratory, Emory University
School of Medicine) (Respiratory Chain Enzyme Analysis —~ Biochemical
Diseases Laboratory, British Columbia Children’s Hospital).

Treatment

After baseline measurements were obtained (clinical examination;
biochemical parameters including plasma lactate, creatine kinase, amino
acids, white blood cell count and differential, liver function tests, plasma
carnitine and plasma CoQq levels; and lymphocytes collected for
measurement of ATP synthesis), the subjects were supplied with the
cofactor treatment. The daily cofactor treatment contained the following:
coenzyme Qo (5 mg/kg body weight); vitamin E (50 IU per 100 mg
CoQyg); vitamin K4 (phylloguinone) (0.4 mg/ kg body weight); vitamin B
complex (thiamine 25 mg, riboflavin 25 mg, niacinamide 25 mg, pyridoxine
25 mg, pantothenic acid 25 mg, biotin 25 ug, cyanocobalamine 25 ug, folic
acid 1 mg, vitamin C 1000 mg); and carnitine (500 mg/day). Previous
experience with this supplementation regime has provided practical
methods for administering the cofactors; to date, no side effects have
been reported. Compliance was monitored by calculation of daily dosages,
prescription refills and measurement of plasma CoQje. Clinical evaluation,
repeat blood work assessing biochemical parameters and CoQ4q levels,
and measurement of ATP synthesis were performed at baseline, three, six

and twelve months.
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Figure 3.1 Measurement of ATP Synthesis in the Respiratory Chain

The amount of ATP produced with no added substrates is
the result of oxidation of endogenous substrates. Pyruvate,
malate and glutamate are NAD-linked substrates, allowing
assessment of ATP synthesis through the entire respiratory
chain. Rotenone, which blocks complex | activity, with
addition of succinate can assess ATP synthesis through
complexes Il to V. Ascorbate and TMPD reduce cytochrome
¢ directly, and thus measure the flux through complex IV.
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CHAPTER 4

THE USE OF LYMPHOCYTES TO SCREEN FOR
OXPHOS DISORDERS

INTRODUCTION
Oxidative phosphorylation (OXPHOS) is responsible for producing most of
the adenosine 5'-triphosphate (ATP) that is required by eukaryotic cells.
Defects in OXPHOS encompass a large array of mitochondrial disorders,
with onset of clinical symptoms occurring at any age (Munnich and Rustin
2001). Clinical recognition is initially difficult because defects in oxidative
phosphorylation may present as encephalopathies, myopathies,
neuropathies, or cardiomyopathies (Munnich et al. 1996). The clinical,
biochemical and genetic heterogeneity has made the diagnosis and
management of patients with OXPHOS defects exceedingly problematic.
More than 100 mutations in mtDNA have been identified over the
past 13 years (Mitomap:http://www.gen.emory.edu/mitomap.htmil), most of
them in association with OXPHOS disorders. Sequencing of the human
mitochondrial genome, the use of Southern blot analysis and polymerase
chain reaction (PCR) amplification have made possible the identification of
some mitochondrial (mt) DNA defects in blood with no further diagnostic
testing required. However, since the distribution of mutated mtDNA varies
widely among tissues, it is often necessary to survey multiple tissues
before finding a mutation in the mtDNA. In OXPHOS disorders caused by
mtDNA deletions, the mitDNA mutation is often lost from blood due to

replicative segregation, requiring a muscle biopsy for detection of the
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deletion (Munnich et al. 1996). OXPHOS disorders may also be caused by
mutations in the nuclear DNA or can occur as sporadic cases (Shoubridge
2001b). In the majority of cases, the molecular genetic defect remains
unresolved.

Metabolic evaluation is often the first line of approach in screening
patients with suspected OXPHOS disorders. A frequent indication of
respiratory chain dysfunction is an abnormal redox state. This is partially
due to the functional impairment of the citric acid cycle, which generates
an excess of nicotinamide adenine dinucleotide phosphate (NADH); this
results in a relative decrease of nicotinamide dinucleotide (NAD) due to a
defect in the respiratory chain (Horton et al. 1996). This NADH excess in
turn causes a secondary elevation in lactate and an increased
lactate/pyruvate ratio. In addition, pyruvate may be transferred to the
cytosol as alanine, causing hyperalaninemia (Horton et al. 1996). Although
an increased ratio of blood lactate to pyruvate, accompanied by an
increased ratio of 3-hydroxybutyrate to acetoacetate (>2:1), is highly
suggestive of an OXPHOS defect (Munnich et al. 1996; Robinson 2001),
some investigators have not found it particularly helpful (Jackson et al.
1995).

OXPHOS enzyme analysis in patients with presumptive
mitochondrial dysfunction provides a more general diagnostic approach
when specific mutations are not identified. Presently however, there is no

single laboratory test that is routinely available to screen patients for
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OXPHOS defects. Muscle biopsies, skin fibroblasts, or lymphoblast cell
lines have been the material of choice for biochemical studies, but none of
these are accessible as routine procedures in a standard clinical
laboratory. As conclusive diagnostic evidence of an OXPHOS disorder
often requires a muscle biopsy for enzyme analysis, it would be beneficial
to have a less invasive and more accessible screening tool.

Cultured lymphoblasts and cultured skin fibroblasts have been
utilized in the diagnosis of OXPHOS defects by examining the redox state
of the cell, the activities of the respiratory chain enzymes, and ATP
synthesis in permeabilized cells and isolated mitochondria (Robinson
1996). Cultured skin fibroblasts are useful in the diagnosis of OXPHOS
disorders, but are time-consuming and result in a substantial delay in
diagnosis (Bourgeron et al. 1992). The alternative approach of using
lymphocytes transformed by Epstein-Barr virus (EBV) is hampered
alterations to aerobic metabolism that are induced by cell transformations.

Here, a screening method is presented that utilizes circulating
lymphocytes to detect OXPHOS dysfunction by examining the ability of
mitochondria to synthesize ATP when provided with selected substrates.
This method is an adaptation of previously described assays with cultured
skin fibroblasts (Wanders et al. 1993; Robinson 1996). The use of
substrates that enter the respiratory chain at different levels also imparts
information about the site that is affected. The method is an effective

screening tool — it requires only a small amount of blood (< 5mL.), can be
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completed in a few hours, and allows for repeated measurements. Due to
the minimal invasiveness of blood collection, this method could provide an
objective tool for monitoring response to treatment and evaluating
progression of the disease, in addition to becoming an effective first
screen in cases of suspected mitochondrial dysfunction.

MATERIALS AND METHODS

Subjects

This study was approved by the Health Research Ethics Board,
Department of Medicine, University of Alberta Hospital (Appendix I).
Informed consent was obtained from both control subjects and patients.
Lymphocytes were isolated from healthy control individuals and from
patients with known mitochondrial disorders, confirmed by the presence of
mtDNA mutations or by respiratory chain enzyme analysis. ATP synthesis
was measured in ten control subjects. Normal control blood samples were
obtained from healthy laboratory volunteers at the same time that blood
was collected from patients and were included in each analysis. A
minimum of two determinations was analyzed from each sample. Eight
patient samples were evaluated, representing five distinct mitochondrial
disorders: Leber's hereditary optic neuropathy (LHON) 11778;
mitochondrial encephalopathy, lactic acidosis and stroke-like episodes
(MELAS) 3243; chronic progressive external ophthaimoplegia (CPEO);
neurogenic ataxia and retinitis pigmentosa (NARP); and cytochrome ¢

oxidase (COX) deficiency (Table 4.1).
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Table 4.1 Patient Clinical and Diagnostic Data

Patient Sex Age Diagnosis Clinical Symptoms
1 M 45 LHON 11778 Visual loss at age 34
MS-like symptoms at age 44
2 M 40 LHON 11778 Visual loss at age 30
3 F 27 MELAS 3243 Hearing loss
Hypertension
4 F 61 MELAS 3243 Hearing loss
Chorioretinal dystrophy
Diabetes
Stroke-like episodes
Dementia
5 M 46 CPEO Ptosis
7 kb deletion Ophthalmoplegia
Myopathy
Mild hearing loss
6 M 43 CPEO Mild Ptosis
5 kb deletion Ophthalmoplegia
Myopathy
Complete hearing loss
7 F 7 NARP Encephalomyopathy
(T8993G) Ataxia

Developmental Delay
Retinitis pigmentosa

8 M 12  COX deficiency Encephalomyopathy
(muscle and Ataxia
fibroblasts) Developmental Delay
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ATP Synthesis
Heparinized blood (5 mL), mixed with phosphate-buffered saline (PBS),
was layered over Ficoll-Paque™ and centrifuged at 1750xg for 20 minutes
(Fotino et al. 1971). Following centrifugation, the lymphocyte band was
removed and any remaining red blood cells and residual Ficoll-Paque™
were removed by lysis with deionized water. The lymphocyte pellet was
re-suspended in medium containing 50% modified Eagle’s medium
(MEM), 40% fetal calf serum (FCS) and 10% dimethyl sulfoxide (DMSO),
then stored at -80°C. ATP synthesis was initially assessed using fresh
lymphocytes, because the effect of freezing on cell viability and ATP
synthesis had not been evaluated. To test cell viability, a 50 yL cell
suspension of lymphocytes in sucrose medium (0.25 M sucrose, 5 mM
Tris-HCI, 2 mM EDTA, pH 7.4) was added to 50 yL. PBS. To this mixture,
0.2% trypan blue was added and the mixture was allowed to stand for 5
minutes. Cells that are not viable stain blue; the percentage of viable cells
was then measured quantitatively. Comparison of data from fresh and
previously frozen lymphocytes indicates a slightly lower rate of ATP
synthesis with frozen samples, which is accounted for by the lower cell
viability (86% + 2%) caused by the freezing procedure (data not shown).
For the data presented here, frozen lymphocytes were re-
suspended in MEM and pelleted by centrifuging at 2000xg for 10 minutes.
After removal of MEM, the cells were washed twice with sucrose medium

and centrifuged at 2000xg for 10 minutes. Aliquots were removed for
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protein determination (Lowry et al. 1951). The cells were re-suspended in
a digitonin incubation buffer (150 mM KCI, 25 mM Tris-HCI, 2 mM EDTA,
10 mM KH2POy, pH 7.4, with 0.1% BSA (w/v), 1 mM ADP and 40 pg/mL
digitonin) and divided into five 500-uL aliquots. Each aliquot was
incubated with: (1) no added substrate; (2) 1 mM pyruvate, 1 mM malate;
(3) 5 mM glutamate, 1 mM malate; (4) 10 mM succinate, 25 pg/mL
rotenone; and (5) 10 mM ascorbate, 0.1 mM tetramethylphenylenediamine
(TMPD) (Robinson 1996). Cells were incubated at 37°C for 30 minutes
and the reaction stopped by the addition of 17.5 uL of 1.6 M perchloric
acid. Samples were centrifuged at 21,000xg for 5 minutes to remove cell
debris and ATP synthesis in the supernatant fraction was determined
fluorometrically with hexokinase and glucose-6-phosphate
dehydrogenase, using a fluorescence spectrophotometer (Perkin-Eimer
650-10S) (Williamson et al. 1973). ATP synthesis in patients was

expressed as a percentage decrease of the mean value of control activity.

RESULTS AND DISCUSSION

The adaptation of a standard ATP synthesis assay was utilized for
circulating lymphocytes. Standard substrates that have been widely used
for this type of assay were utilized: (1) no substrate, (2) pyruvate/malate,
(3) glutamate/malate, (4) succinate/rotenone, and (5) ascorbate/TMPD.
The amount of ATP produced with no added substrates is a result of the
oxidation of endogenous substrates. Pyruvate, malate and glutamate are

NAD-linked substrates that produce NADH, which is subsequently
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oxidized by Complex |. NAD-linked substrates can assess ATP synthesis
through the entire respiratory chain. Succinate, a flavin adenine
dinucleotide (FAD)-linked substrate, with the addition of rotenone to inhibit
complex [, can assess the efficacy of ATP synthesis through complexes I,
i, IV and V (Trounce et al. 1996). The substrates TMPD and ascorbate
reduce cytochrome c directly and thus measure the flux through Complex
IV (Hofhaus et al. 1996). Decreased ATP synthesis with all respiratory
substrates can be the result of a defect in cytochrome ¢ oxidase, which is
considered to be a rate-limiting respiratory chain enzyme, or a defect in
ATP synthase (Robinson et al. 1986). Some investigators have suggested
that a defect of complex | may be rate-limiting for the overall respiration
process (Rustin et al. 1993). Investigations in fibroblasts demonstrate that
complex | activity must be decreased by approximately 50% before it has
a significant impact on ATP synthesis (Kirby et al. 1999). It is not known
whether the same effect on ATP synthesis is present in lymphocytes. In
brain synaptic mitochondria, a 25% inhibition of complex | activity was
enough to compromise ATP synthesis (Davey et al. 1998). In contrast, a
threshold of 72% was found for complex | in nonsynaptic mitochondria
(Davey and Clark 1996). The ability of complex | to be rate-limiting
appears to vary among different cell types and is dependent on cellular
conditions.

The determination of the ATP synthetic capacity in lymphocytes

from control subjects and patients with an identified mitochondrial defect
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was performed using this method. A comparison of ATP synthesis in

control subjects and patients is presented in Table 4.2.

Table 4.2 Comparison of ATP Synthesis in Control Subjects
and Patients*

Subjects No Pyruvate/ Glutamate/  Succinate/  Ascorbate/
Substrate Malate Malate Rotenone TMPD
Control® 227 £12 490 £ 21 468 £ 20 436+ 15 354+ 19
n=54 n=56 n=48 n=48 n=56

1LHON  116+6(49) 208+7(58) 214+8(54) 248+5(43) 17515 (51)

n=8 n=8 n=8 n=7 n=7
2 LHON 158 £ 6 (31) 265113 (46) 258 +17(45) 255 +15 241 £13(32)
n=8 n=6 n=6 (42) n=6
n=6

3MELAS 147+6(35) 261+12(47) 28915(38) 296+16(32) 27114 (23)
n=4 n=4 n=4 n=4 n=2

4 MELAS 160 £11(30) 246 +6 (50) 283+2(40) 273+9(37) 264 %1 (25)
n=2 n=2 n=2 n=2 n=2

SCPEO  154+11(32) 262+3(47) 284+15(39) 247 +15 291 + 20 (18)

n=3 n=3 n=3 (43) n=2
n=2
6CPEOC 131+6(42) 263:0(46) 326+6(30) 225 £ 12 210 £ 3 (41)
n=2 n=2 n=2 {48) n=2
n=2
7NARP  1411+4(39) 260+32(47) 323+7(31) 233+9(47) 22910 (35)
n=2 n=2 n=2 n=2 n=2

8COX  69+5(70) 124+4(75) 152+4(68) 161+6(63) 111+6(69)

n=3 n=3 n=3 n=3 n=2
( ) = % decrease from mean control value Values expressed as mean + SEM
n = number of determinations *nmol ATP synthesized/30min/mg
a = 10 subjects protein

SEM calculated on number of subjects (10) for control lymphocytes, whereas SEM for
the individual patients was based on the number of determinations.
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All eight patients, each with a confirmed OXPHOS disorder, had
significantly decreased ATP synthesis in lymphocytes with all substrates
tested. To determine whether the assessment of ATP production in
lymphocytes was specific for OXPHOS dysfunction, three patients with
muscle weakness and non-specific myopathy were evaluated. In these
patients, a mitochondrial defect could not be identified. The ATP synthetic
capacity in the lymphocytes of these patients was within the range of
normal control values (data not shown).

ATP Synthesis in Lymphocytes from LHON Patients

Leber's hereditary optic neuropathy typically manifests as a bilateral,
acute-onset, central vision loss caused by a degeneration of the optic
nerve and retinal ganglion cell layer (Wallace et al. 2001). In a small
percentage of cases, patients may develop the clinical or neuroradiologic
signs similar to those seen with multiple sclerosis (Nikoskelainen et al.
1995; Olsen et al. 1995). The LHON 11778 mutation causes an amino
acid substitution in the ND4 subunit of complex |. Biochemical studies
conducted on the defect associated with the 11778 mutation have yielded
conflicting results. Complex | activity has been shown to be reduced from
0% to 50% relative to control values, but most reports do not show a
statistically significant reduction (Larsson et al. 1991; Majander et al.
1991; Degli Esposti et al. 1994; Smith et al. 1994; Carelli et al. 1997). The
11778 mutation does alter mitochondrial respiration, as indicated by a

30% to 50% reduction in respiration with NAD-linked substrates (Larsson
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et al. 1991; Majander et al. 1991; Majander et al. 1996). It has been
postulated that the 11778 mutation alters interaction of compiex | with
ubiquinone. This causes a decrease in proton transiocation and
subsequent decrease in ATP synthesis. It also destabilizes
ubisemiquinone intermediates, which in turn promote the production of
damaging oxygen radicals (Degli Esposti et al. 1994). In the lymphocytes
from the two subjects harboring the 11778 mutation, there was a 45% to
58% reduction in ATP synthesis using NAD-linked substrates. There was
a 31% to 51%, under all other assay conditions, indicating an overall
reduction in mitochondrial OXPHOS. Contrary to results obtained in the
present study, other investigators using EBV-transformed lymphocytes
from LHON patients have not found a decreased rate of oxidation when
using succinate as a substrate (Larsson et al. 1991; Majander et al. 1991).
it is not known whether this observed difference is due to the effect of cell
transformation on mitochondrial activity, or to the influence of different
nuclear backgrounds. Mitochondria with the same genotype have been
shown to have varied rates of respiration in different nuclear backgrounds
(King and Attardi 1989).

ATP Synthesis in Lymphocytes from MELAS Patients

Mitochondrial encephalopathy, lactic acidosis and stroke-like episodes
(MELAS) is a progressive neurodegenerative disease characterized by the
symptoms described in the acronym. Additional features may include

sensocrineural deafness, pigmentary retinopathy, type Il diabetes, seizures,
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recurrent vomiting, dementia, hypertrophic cardiomyopathy, limb
weakness and myopathy (Goto et al. 1991; Ciafaloni et al. 1992). It is
estimated that 80% of MELAS patients have a heteroplasmic A to G point
mutation in the dihydrouridine loop of the tRNA"®““" gene at base pair
(bp) 3243 (Kobayashi et al. 1990; Enter et al. 1991). The mtDNA encoded
polypeptides with the highest proportion of leucine residues are in the
complex | subunits, ND6 and ND3 (Goto et al. 1992). Biochemical studies
indicate that complex | deficiency is the defect most commonly observed
in MELAS (Goto et al. 1992; Morgan-Hughes et al. 1995). In a study
examining the phenotype-genotype correlation of the 3243 MELAS
mutation, cytochrome aaz content was decreased in six out of 14 patients;
in one case, cytochrome b was also reduced (Morgan-Hughes et al.
1995). In the same study, four of the 14 patients showed a polarographic
defect involving complexes | and Ill. Compilex lil and IV deficiencies alone,
or in combination with a complex | deficiency, have also been observed in
studies of MELAS patients (Koo et al. 1993). The two MELAS patients in
this study have the most marked reduction (38% to 50%) in ATP synthetic
capacity with NAD-linked substrates, which reflects an impaired complex |
activity. A 32% to 37% reduction in ATP synthesis was also observed with
succinate and rotenone, which measures ATP synthetic capacity through
complexes I, lll, IV, and V. The flux through complex IV, as measured by
ascorbate and TMPD, was reduced by about 25%. Thus, impaired

mitochondrial function in the lymphocytes from the two MELAS patients
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was clearly demonstrated. As with the LHON 11778 mutation, the mtDNA
defect in these patients was detected in blood.

ATP Synthesis in Lymphocytes from CPEO Patients

Chronic progressive external ophthalmoplegia encompasses a wide range
of symptoms that include ophthalmoplegia, ptosis and myopathy (Wallace
et al. 2001). The majority of cases are sporadic and the patients are
heteroplasmic for the normal and rearranged mtDNA molecules. These
rearrangements frequently present as a deletion between nucleotide 8469
and 13447, removing approximately 5 kilobases of mtDNA (Wallace et al.
2001). This region spans from the ATPase 8 gene to the ND5 gene and
affects the function of complexes |, lll, IV and V. High proportions of
deleted mtDNA inhibit cell replication; as a consequence, most bone
marrow cells affected by the deletion stop replicating, leaving only normal
bone marrow cells to grow (Shoffner 2001). As a result, molecular
diagnosis of the mtDNA deletion in virtually all CPEO patients requires
analysis of a post-mitotic tissue such as muscle to establish a definite
diagnosis. The analysis of ATP synthesis in isolated lymphocytes from the
two CPEO patients in this study demonstrates an 18% to 48% reduction in
ATP synthetic capacity. In both of the patients, however, the mtDNA
defect was only detected in skeletal muscle. The author is aware of only
one other report of mitochondrial dysfunction in CPEO patients detected in

extramuscular tissue. In that study, a 30% to 50% decrease in maximal
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respiration rate in mononuclear cells was detected, using a sensitive
oxygraphic assay (Kunz et al. 1995).

Reports of presumably sporadic cases of CPEQ, or of families in
which maternal inheritance is ruled out, point to the involvement of nuclear
genes affecting the mtDNA in these patients. Familial cases of CPEO
have recently been shown to result from mutations in the adenine
nucleotide translocator (ANT 1), Twinkle and polymerase gamma (POLG)
genes (Hirano et al. 2001). Mutations in POLG, the DNA polymerase
responsible for mtDNA replication and base excision repair, have been
associated with both autosomal-dominant and autosomal-recessive
variants of CPEO, with the common 4977 bp deletion found in both forms
of the disease (Ponamarev et al. 2002). Mutations in POLG affect the
mtDNA  replication machinery, resulting in defective oxidative
phosphorylation and consequent decreased ATP synthesis (Van Goethem
et al. 2001). Autosomal mitochondrial disorders exhibiting deletions and
rearrangements have a higher miDNA mutation rate due to enhanced
damage, or to compromised mechanisms of mtDNA maintenance. In
autosomal CPEO patients, the deletions are probably generated de novo
as somatic mutations in post-mitotic tissues, due to mutations in nuclear
genes encoding proteins required for mtDNA maintenance (Zeviani et al.
1989; Van Goethem et al. 2001). In both of the CPEQO patients in this
study, it is possible that the defect is inherited in an autosomal manner.

Therefore, it is plausible that the deletions found in the muscle of these
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patients reflect an inherited nuclear gene defect that affects mtDNA
integrity in post-mitotic tissues. The mitochondrial function in
extramuscular tissues would thus be compromised, but the deletion would
be lost from these tissues. This could explain the decreased ATP
synthesis found in the lymphocytes of the CPEO patients, even though the
deletion could only be detected in muscle.

ATP Synthesis in Lymphocytes from a Patient
with Neurogenic Ataxia and Retinitis Pigmentosa

The NARP mutation may present with neuropathy, ataxia and retinitis
pigmentosa, and is also a frequent cause of Leigh syndrome (sub-acute
necrotizing encephalopathy) (Shoffner 2001). The T8993G NARP
mutation changes the highly conserved leucine in the ATP6 gene to an
arginine. Data from an E.coli model for this mutation indicate that the
amino acid change would compromise the ATP synthase proton channel
(Wang and Oster 1998). Biochemical analysis of the T8993G mutation in
fibroblasts and lymphoblasts has shown a 30% to 50% reduction in ATP
synthesis (Tatuch and Robinson 1993; Makela-Bengs et al. 1995). A
similar reduction (31% to 47%) in ATP synthesis was observed in the
lymphocytes from the NARP patient included in this study.

ATP Synthesis in Lymphocytes from a Patient
with Cytochrome ¢ Oxidase Deficiency

Complex IV (COX) is the terminal enzyme in the mitochondrial respiratory
chain. It catalyzes the reduction of molecular oxygen and pumps protons

across the inner membrane to contribute to the electrochemical gradient
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used to synthesize ATP (Shoubridge 2001a). It is considered by some
investigators to be the rate-limiting enzyme in the respiratory chain
(Robinson et al. 1985). Patients with COX deficiency can present with a
variety of clinical phenotypes including Leigh syndrome, cardiomyopathy
and myopathy (Shoubridge 2001a). It has been demonstrated that the rate
of ATP synthesis is decreased with all substrates in COX deficiency
(Robinson 1996). In the lymphocytes from the COX-deficient patient, there
was a 63% to 75% reduction in ATP synthesis. The COX deficiency in this
patient has only been detected in muscle and skin fibroblasts to this point.
Screening for common mutations in the mtDNA of both blood and muscle
has not revealed any mutations, leading to the assumption that the

enzyme deficiency is a result of an unidentified nuclear gene mutation.

Regardless of the mechanism of an OXPHOS disorder, the end
result is a reduction in the production of ATP, resulting from impairment of
the respiratory chain. Decreased ATP synthetic capacity in the
lymphocytes of patients with five distinct mitochondrial disorders was
demonstrated in this study. The measurement of ATP synthesis in
permeabilized lymphocytes is thus likely to be an effective screening tool
for detecting OXPHOS dysfunction. This is the first report of measurement
of ATP synthetic capacity in circulating lymphocytes of mitochondrial

patients. Until now, all published data regarding fluorometric determination
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of ATP synthesis has only been measured in cultured cells or muscle
mitochondria.

Lymphocytes are an ideal system for studying the function of the
respiratory chain as 85% of the ATP produced is from oxidative
phosphorylation and 15% from glycolysis (Roos and Loos 1973).
Investigation of the mononuclear cell preparation indicated that
approximately 90% of the cells were lymphocytes (data not shown). The
ATP synthesis value was therefore based on total cellular protein, instead
of number of mononuclear cells, since fotal protein includes the
contribution of monocytes and granulocytes in the cell preparation.
Traditionally, plasma lactate measurements have been utilized as a
screening tool. Pitfalls in the metabolic screening approach are numerous.
They include: (1) an artificial elevation of lactic acid due to improper
collection and processing of the blood sample; (2) proximal renal
tubulopathy leading to lower blood lactate and increased urinary lactate;
(3) an elevated lactate may be revealed only by glucose loading and
exercise testing; and (4) the defect may be tissue-specific, barely altering
the redox state in plasma. These metabolic investigations are further
complicated by the fact that a number of OXPHOS defects present with
normal blood lactate levels. In an investigation of 51 patients with
respiratory chain disorders, only 40% had elevated fasting blood lactate
levels (Jackson et al. 1995). The best-known examples of normal plasma

lactate in mitochondrial diseases are LHON and CPEOQO, while NARP can
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also present with normal lactic acid levels in the later onset group and in
patients with milder forms of the disease (Robinson 2001). Normal blood
values of plasma lactate, pyruvate, and alanine, concomitant with
elevations of these metabolites in cerebral spinal fluid (CSF), have also
been observed in patients with MELAS (Abe et al. 1991).

Circulating lymphocytes have been used to study respiratory chain
activity by examining cell respiration with polarography and with
spectrophotometric measurements of OXPHOS complexes (Rustin et al.
1994). The limitations of polarographic studies are that the technique must
be performed on fresh tissue (Munnich et al. 1996), and that conventional
oxygen electrodes require large amounts of mitochondrial protein (1 to 10
mg) to obtain reliable results (Taylor and Turnbull 1997).
Spectrophotometric studies on lymphocytes can assess complexes i + lli,
and complex IV activity, but are not reliable for the assessment of complex
| activity (Rustin et al. 1994). The oxidation of NAD-linked substrates by
detergent-treated or freeze-thawed cells is questionable due to the
rotenone-resistant cellular NADH cytochrome ¢ reductase activity
(Munnich et al. 1996); a partial defect in complex | activity could thus
remain undetected. The ability to detect complex | deficiency is important,
as complex | deficiency may be the most common OXPHOS disorder
encountered (Robinson 1993; Kirby et al. 1999). In addition, mtDNA
mutations (such as MELAS, LHON and CPEOQO) are associated with

complex | deficiency (Kirby et al. 1999). The inability to diagnose complex |
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deficiency in lymphocytes is a limitation to using this easily accessible
tissue for spectrophotometric studies. Generally, spectrophotometric
investigations have utilized the muscle biopsy as the tissue of choice to
further characterize respiratory chain activity.

Cultured skin fibroblasts and transformed lymphocytes have also
been used to assess ATP synthesis. Cultured fibroblasts are useful in the
assessment of OXPHOS disorders but result in a substantial time delay in
the diagnosis, limiting their use as an effective screening tool (Bourgeron
et al. 1992). In addition, the reliance of fibroblasts on glycolysis does not
make them an ideal system to study oxidative changes. The alternative
approach of using EBV-transformed lymphocytes is hampered by the
alterations to aerobic metabolism that are induced by cell transformation.
in EBV-transformed lymphocytes from a patient with Pearson syndrome,
recovery of respiratory chain activity was noted, but the amount of deleted
mtDNA (60%) did not change. Initially, the cells showed a marked
reduction in cytochrome ¢ oxidase and succinate cytochrome ¢ reductase
activity; three weeks after infection with EBV, succinate cytochrome ¢
reductase activity was slightly higher than in control cells; after 80 days,
cytochrome ¢ oxidase was normal. The recovery of respiratory chain
activity was attributable to an increase in the mtRNA translational
efficiency (Bourgeron et al. 1993). Changes in mitochondrial activity
observed upon cell transformation may be contributed to by: induction of

nuclear and mitochondrial OXPHOS genes (Torroni et al. 1990); changes
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in the organization of the mitochondrial genome (Kinchington and Griffin
1987); induction of Bcl-2, a mitochondrial protein associated with
apoptosis (Henderson et al. 1991); and changes in the balance between
metabolic pathways contributing to ATP synthesis (Tyller 1992). These
alterations, however, suggest this is not an ideal means for assessing
mitochondrial dysfunction.

In mtDNA mutation disorders, muscle and brain tissue are thought
to contain higher percentages of heteroplasmy than fibroblasts and blood.
In spite of this, OXPHOS dysfunction Was detected in the blood of the
patients with MELAS and NARP in this study. The ability to demonstrate
decreased ATP synthesis in the lymphocytes of CPEO patients, where the
deletion could only be detected in muscle, clearly expands the applicability
of this screening method. Generally, OXPHOS dysfunction presents in
highly oxidative tissues such as muscle, heart, eye and the central
nervous system. Although the bioenergetic consequences do not
frequently result in hematopoietic presentations, the findings in this study
illustrate that a defect in ATP synthesis is present in circulating
lymphocytes. The significance of decreased ATP synthetic capacity in
lymphocytes in the absence of a hematopoietic phenotype in patients is
not clear and requires further investigation.

The clinical spectrum of OXPHOS defects is large and extremely
diverse. In a minority of cases, there are “classical” mitochondrial

disorders such as LHON with a relatively straightforward clinical diagnosis
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and a readily identifiable molecular defect. The majority of patients,
however, have clinical features which are suggestive of mitochondrial
disease but do not fit into a specific category (Chinnery et al. 1999). The
most difficult group of patients, which is expanding in number, present with
unexplained signs and symptoms; these patients are eventually diagnosed
with a mitochondrial disorder (Chinnery et al. 1999). An increasing number
of nuclear genes are being implicated in respiratory chain disorders and
are the most frequent cause of OXPHOS disorders (Shoffner 2001).
Although some candidate genes have been identified, the large nUmbers
of unidentified mutations necessitates biochemical analysis for the
diagnosis of these conditions.

A rapid screening assay for the detection of mitochondrial disorders
using < 5ml of blood is presented. This method allows measurement of
ATP synthesis — one of the most relevant parameters of mitochondrial
metabolism. The use of substrates that enter the respiratory chain at
different levels also provides an indirect measurement of the function of
the various complexes. The only limitation is that this method does not
characterize the specific enzyme defect. Given that a mitochondrial
disorder is not obvious in an increasing number of patients, it is important
to ascertain OXPHOS dysfunction by a relatively non-invasive procedure.
This assay could complement clinical diagnosis and guide clinicians to
more specialized, invasive diagnostic procedures. Lymphocytes are easy

to obtain and the measure of ATP synthesis can serve as an effective
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screening tool for the diagnosis of an OXPHOS disorder. These findings
also provide a means of objectively evaluating possible therapies and

monitoring progression of the disorder.
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CHAPTER 5

EFFECT OF COFACTOR TREATMENT ON ATP SYNTHETIC
CAPACITY IN PATIENTS WITH OXPHOS DISORDERS

INTRODUCTION

Oxidative phosphorylation (OXPHOS) disorders, which are growing in
number, are characterized by a decline in the ability to supply cellular
energy requirements and by vast clinical and genetic heterogeneity.
OXPHOS is unigue because it is the only metabolic pathway controlled by
both the nuclear and mitochondrial genomes. Characteristics of the
mitochondrial genome (such as replicative segregation, threshold
expression, and tissue-specificity) contribute to the broad spectrum of
clinical presentations associated with defects in OXPHOS. Clinical
features may include a combination of neuromuscular and non-
neuromuscular symptoms with a progressive course and involvement of
seemingly unrelated tissues. In fact, a respiratory chain deficiency can
give rise to any symptom, in any organ or tissue, at any age, and with any
mode of inheritance (Munnich and Rustin 2001).

Regardless of the specific defect, an OXPHOS disorder is marked
by a decline in ATP synthetic capacity, a pertinent parameter of
mitochondrial metabolism. The goal of nutritional cofactor therapy in
OXPHOS disease is to increase mitochondrial ATP production and slow or
arrest the progression of clinical symptoms. Accumulation of toxic
metabolites and concomitant reduction of respiratory activities has lead to
the use of antioxidants, electron transfer mediators and enzyme cofactors.
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Coenzyme Q4¢, other antioxidants such as ascorbic acid and vitamin E,
riboflavin, thiamine, niacin, vitamin K (phylloquinone and menadione) and
carnitine have been utilized to augment energy production in these
disorders.

CoQ4o has been the most widely used supplement in the treatment
of mitochondrial disorders. A number of reports describe improvements in
physical performance (Folkers and Simonsen 1995), enhanced exercise
tolerance (Goda et al. 1987; Bresolin et al. 1988; Nishikawa et al. 1989;
Abe et al. 1999), decreased muscle weakness (Yamamoto et al. 1987,
Ihara et al. 1989) and improvement in neurological function (Bresolin et al.
1988) with CoQ4¢ administration. In contrast, other studies have not
demonstrated a significant improvement in biochemical parameters and
clinical symptoms with CoQq treatment (Gold et al. 1996; Chen et al.
1997).

Treatments with riboflavin alone, or in combination with
nicotinamide, have demonstrated an improvement in exercise capacity
and resolution of encephalomyopathic symptoms in selected patients (Arts
et al. 1983; Penn et al. 1992; Scholte et al. 1995). There are similar
reports of clinical and metabolic improvement with high-dose vitamin Kj
and ascorbate administration (Eleff et al. 1984; Argov et al. 19886).

Most of the reports on the effect of cofactor treatment have been
based on case studies with limited patient numbers and the lack of

objective measurements has made the interpretation of results difficult.
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There are limited numbers of controlled clinical trials with sufficient
patients to evaluate effectiveness of therapy. Larger trials, examining the
effect of combined cofactor treatment in a variety of mitochondrial
disorders, were unable to confirm that the treatment significantly improved
oxidative metabolism (Matthews et al. 1993; Peterson 1995). In most of
the studies, the treatment period may have been too short for beneficial
effects to become evident.

The present study was designed to test the hypothesis that there
will be an increase in cellular ATP production after cofactor administration.
The patients in this study were evaluated over a twelve-month period to
assess the effectiveness of combined cofactor therapy over a longer time
period than has been reported to date. It has been previously
demonstrated that isolated lymphocytes are an effective tool for detecting
and monitoring OXPHOS dysfunction (Chapter 4). In this study, twelve
patients with known OXPHOS defects were evaluated and a significant
improvement in ATP synthetic capacity in lymphocytes after cofactor
treatment was demonstrated.

MATERIALS AND METHODS

Subjects

Patients with a clearly identified mitochondrial defect were recruited for the
study after obtaining informed consent (Appendix 1). The purpose and
requirements of the study were fully explained to each subject before they

gave consent to participate. The study was approved by the Health
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Research Ethics Board, Department of Medicine, University of Alberta.
Twelve patients were evaluated in this study (Table 5.1).

Table 5.1  Clinical and Diagnostic Data of Patients

Patient Sex Age Diagnosis Clinical Symptoms
RS M 45 LHON 11778 Vision loss at age 33
Homoplasmic Multiple sclerosis-like

symptoms at age 44

DB M 41 LHON 11778 Vision loss at age 30
Homoplasmic
CL F 46 LHON 11778 Visual problems at age 2
Heteroplasmic
ML M 15 LHON 11778 Vision loss at age 14
Heteroplasmic
TL M 14 LHON 11778 Visual problems at age 3
Heteroplasmic
KM M 9 LHON 11778 Visual problems at age 5
Heteroplasmic
LS M 44 CPEO Mild Ptosis
5 kb deletion Ophthalmoplegia
Myopathy
Complete hearing loss
PD M 47 CPEO Ptosis
7 kb deletion Ophthalmoplegia
Myopathy
Mild hearing loss
LO F 36 CPEO Ptosis
5 kb deletion Ophthalmoplegia
Mild Myopathy
DH F 26 MELAS 3243 Hearing loss
Migraines

Poor exercise tolerance

CcP F 58 NARP T8993G Ataxia
Retinitis Pigmentosa
Peripheral Neuropathy
Muscle Weakness
Hearing Loss

SA M 12 COX deficiency Encephalomyopathy
Ataxia
Developmental Delay
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These patients represent five distinct mitochondrial disorders: LHON
11778 (six patients), CPEO (three patients), MELAS 3243 (one patient),
NARP (one patient), and an isolated COX deficiency (one patient). A
detailed clinical history is provided in Appendix |.

Treatment

After Dbaseline measurements were obtained (clinical examination,
biochemical investigations, and lymphocytes collected for measurement of
ATP synthesis), the subjects were supplied with cofactor treatment. The
daily cofactor treatment contained the foliowing: coenzyme Qo (6 mg/kg
body weight) and vitamin E (50 IU a-tocopherol per 100 mg CoQ4q softgel
capsule) (Natural Factors®); vitamin K4 (phylloquinone) (0.4 mg/kg body
weight) (Sabex ®); vitamin B complex (thiamine 25 mg, riboflavin 25 mg,
niacinamide 25 mg, pyridoxine 25 mg, pantothenic acid 25 mg, biotin 25
Mg, cyanocobalamine 25 ug, folic acid 1 mg, vitamin C 1000 mg) (Natural
Factors®); and carnitine 500 mg/day (Sigma-Tau®). The dosages
administered were based on what was previously used in clinical practice
and in consultation with Emory Genetics Clinic, Emory School of Medicine.
Patients were instructed to consume well-balanced, nutritionally adequate
meals and requested to discontinue any additional vitamin or mineral
supplementation. Compliance was monitored by calculation of daily
dosages, reviewing prescription refills and measurement of serum CoQjo.
No side effects from the therapy were reported and compliance was good.

Clinical evaluation, repeat blood work assessing biochemical parameters
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and CoQqq levels, and measurement of ATP synthesis were performed at
baseline, three, six and twelve months.

Biochemical Investigations

All blood samples were obtained two to four hours post-prandial from an
antecubital vein. The Department of Laboratory Medicine, University of
Alberta Hospital, performed laboratory analyses of plasma lactate,
creatine kinase, amino acids, carnitine, white blood cell count and
differential, as well as liver function tests. As peak plasma levels of CoQyq
are observed three to four hours after dosing (Wahiqgvist et al. 1998),
patients were requested to refrain from taking the CoQ4¢ suppiementation
on the day of the blood collection. Plasma CoQq¢ was assessed by high
performance liquid chromatography at Emory Genetics Laboratory, Emory
University School of Medicine. Studies of ATP synthesis were performed
as previously described (Chapter 4). Normal control blood samples were
obtained from laboratory volunteers at the same time that blood was
collected from patients and were included in each analysis. A minimum of
two determinations was made for each sampile.

Statistics

ATP synthesis in lymphocytes from patients was compared to that of
control subjects. Comparisons between pre- and post-treatment ATP
synthesis levels in patients were performed using the mean percentage
change = SEM and assessed using a two-tailed Student's t test.

Significance was established at p <0.05.
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RESULTS

Clinical Evaluation

The clinical evaluation and management of patients with OXPHOS
disorders is difficult due to the diverse nature of the disease and the
unpredictable clinical course. Metabolic physicians in the Medical
Genetics Clinic, University of Alberta, assessed the patients in this study,
ranging in age from 9 to 58 years. The patients presented with a variety of
clinical symptoms -— ranging from isolated ocular disease to
encephalopathy with neuromuscular involvement. The management of
these patients (in addition to cofactor treatment) included medications to
treat symptoms (seizures, neuropathic pain, cardiac dysfunction), prompt
treatment of intercurrent viral illness, and monitoring of progress by
physical and neurological examination. Clinical follow-up over the course
of the study was performed at baseline, three, six and twelve months.
Patients RS (LHON), LO (CPEO), and DH (MELAS) reported an increase
in energy levels and improvement in exercise tolerance. Patients with
decreased visual acuity, ptosis and ophthalmoplegia did not show any
changes in their symptoms over the time period of the study, as assessed
by a genetic ophthalmologist. Patient PD (CPEO) noted a gradual
increase in muscle pain with exercise throughout the year-long study
period. The remaining patients showed no other evidence of further

deterioration or amelioration of clinical symptoms.
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Biochemical Parameters

Laboratory analyses assessing metabolic status were performed at each
time point. With the exception of patient DH (MELAS), all blood values
were within the normal range. DH had a slightly elevated lactate of 2.6
mmol/L. (Normal 0.5 to 2.2 mmol/L) at baseline; values were 2.4, 2.7, and
2.3 mmol/L at three, six and twelve months respectively. At the seven-
month point during the study, patient PD experienced a marginally
elevated lactate (2.4 mmol/L), and a marked increase in creatine kinase
(1360 U/L; Normal <180 U/L) 24 hours post-exercise, but maintained
levels within the normal range when tested at rest. Patient SA (COX
deficiency) experienced ftransient elevated lactate and liver function
enzymes levels with administration of valproate (Depekene®), a seizure
medication; these levels normalized when the medication was
discontinued.

Serum CoQqq levels increased an average of 579% over the 12-
month treatment period (pre-treatment levels: 0.62 + 0.07 ug/mL; post-
treatment levels: 4.21 £ 0.07 pyg/mL, p < 0.01) (Figure 5.1; Table 5.2). The
increase in serum CoQ4 confirmed good compliance with the prescribed

therapy.
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Figure 5.1 Plasma CoQq Levels (ug/mi)
Values are expressed as mean + SEM. Values with
different superscripts are significantly different (p < 0.01).

Table 5.2 Plasma CoQqg Levels (ug/mL)

Month
0 3 6 12

Patients

RS 0.47 1.75 1.76 3.43
DB 1.10 1.97 3.41 547
CL 0.44 1.67 2.38 5.35
ML 0.68 1.75 4.45 7.39
TL 0.57 1.04 3.30 5.62
KM 0.54 2.02 2.21 1.35
PD 0.78 3.10 223 3.08
LS 0.78 1.30 1.39 2.47
LO 0.39 1.02 0.79 1.51
DH 0.52 472 3.30 5.54
CcP 0.77 3.10 2.69 7.22
SA 0.42 NA 1.45 213

Average 0.62 £0.07 2.13+0.39 2.45+0.34 4.21 £0.70
+ SEM
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ATP Synthesis in Patient Lymphocytes

Oxidative phosphorylation is responsible for approximately 90% of the
total ATP produced in eukaryotic cells containing mitochondria. Therefore,
the measurement of ATP synthesis is pivotal for evaluating cellular energy
metabolism in OXPHOS disorders. In the past, cultured fibroblasts and
transformed lymphocytes have been used to assess mitochondrial ATP
synthesis (Bourgeron et al. 1992; Robinson 1996). The use of cultured
fibroblasts is time-consuming, and the reliance of fibroblasts on glycolysis
does not make them an ideal system for studying oxidative changes. The
alternative approach of using EBV-transformed lymphocytes is hampered
by the alterations to aerobic metabolism that are induced by cel
transformation (Bourgeron et al. 1993).

Circulating lymphocytes were utilized to examine the ability of the
mitochondria to synthesize ATP when provided with selected substrates.
In any assay of ATP synthetic capacity, the amount of ATP produced in
the absence of substrates is a result of the oxidation of endogenous
substrates. Incubating cells with NAD-linked substrates, such as pyruvate,
malate and glutamate, can assess ATP synthesis through the entire
respiratory chain. Succinate, a FAD-linked substrate, with the addition of
rotenone (a complex | inhibitor), bypasses the activity of complex | and
can assess ATP synthesis through complexes Il to V. The substrates
tetramethylphenylenediamine (TMPD) and ascorbate reduce cytochrome

¢ directly, and thus measure the flux through complex IV (Hofhaus et al.
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1996). ATP synthesis was determined fluorometrically with hexokinase
and glucose-6-phosphate dehydrogenase (Williamson et al. 1973).

At baseline, all twelve patients in this study, each with a confirmed
OXPHOS disorder, had decreased ATP synthesis in lymphocytes with all
substrates tested when compared to control subjects. There was a 34%
reduction in ATP synthesis when no substrate was added, reflecting a
reduced ability to oxidize endogenous substrates. The most marked
reduction in ATP synthesis was observed with NAD-linked substrates
(42% to 47%). The activity of the respiratory chain through complexes i to
V was reduced by 36%. ATP synthesis through complex IV was
decreased by 32% relative to control values. In contrast, after twelve
months of treatment, the ATP synthesis reflecting the oxidation of
endogenous substrates was only reduced by 12% relative to mean control
values. The activity across the entire respiratory chain (using NAD-linked
substrates), was reduced by 21% to 24%. ATP synthesis through
complexes Il to V was 21% below control values, while the activity through
complex IV was decreased by 15% (Table 5.3). Thus, in striking contrast
to the ATP synthetic capacity at the outset of this study, the ATP synthesis
in the lymphocytes of the patients after twelve months of cofactor
treatment reached the range of levels (x 2 SD) observed for the majority of

the control subjects (Figure 5.2).
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Figure 5.2 ATP Synthesis in Control Subjects and Patients at
Baseline and after 12 months of treatment
Results are expressed as mean £ SEM.

Table 5.3 Comparison of ATP synthesis in Control Subjects and

Patients*
Subjects No Pyruvate/ Glutamate/ Succinate/ Ascorbate/
Substrate Malate Malate Rotenone TMPD
Control * 231+ 11 487 +19 466 + 16 435+ 14 357 £16
n=62 n=63 n=487 n=56 n=56
Patients °
153+ 20 (34) 256 +27 {47) 272+27(42) 278 +£33(36) 244129 (32)
Baseline n=41 n=39 n=39 n=36 n=36
12 204 +20(12) 370xt15(24) 369+17(21) 346126(21) 305+22(15)
Months n=28 n=28 n=29 n=27 n=26
( ) = % decrease from mean control value Values expressed as mean + SEM
n = number of determinations *nmol ATP/30min/mg protein

a = 14 subjects b =12 patients
SEM calculated on number of control subjects (14) and number of patients (12).
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ATP synthesis in the lymphocytes of patients at three, six and

twelve months was expressed as a percentage increase of the mean

value of baseline activity. After three months of treatment, there was an

increase in ATP synthesis with all substrates tested, ranging from 112% to

122%. After twelve months of treatment, the increase ranged from 124%

to 142%. The increase in ATP synthesis reached significance after three

months of treatment, and ATP synthesis was significantly higher at twelve

months as compared to three-month values. There was no significant

difference in ATP synthesis between three and six months, or between six

and twelve months (Figure 5.3).
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Figure 5.3 Effect of Cofactor Treatment on ATP Synthesis in Patients

The results are expressed as a percentage increase of the
mean value of baseline activity. Data represent all twelve
patients with a minimum of two determinations from each time
point. Values with different superscripts are significantly
different (p < 0.05).
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The effect of cofactor treatment in each of the five distinct
mitochondrial disorders was also evaluated separately. In the six patients
with the 11778 LHON mutation, the most marked increase in ATP
synthesis after 12 months of treatment was noted with NAD-linked
substrates (41% to 44%), which reflects respiratory chain activity through
complex |. The 11778 mutation causes an amino acid substitution in the
ND4 subunit of complex |, which is postulated to alter the interaction of
complex | with ubiquinone (Degli Esposti et al. 1994). The oxidation of
endogenous substrates increased by 33%, activity through complexes il to
V increased by 19% and oxidation through complex IV increased by 23%
(Figure 5.4; Table 5.4).

There was also an increase in ATP synthesis (21% to 36%) in the
three patients with CPEOQ after 12 months of treatment. The increase was
not markedly different for any of the substrates tested (Figure 5.5; Table
5.5) The deletion in the muscle tissue of these patients spans from the
ATPase 8 gene to the ND5 gene and affects the functioning of complexes
I, LIV and V.

In the patient with the MELAS mutation, there was a 50% increase
in the oxidation of endogenous substrates and a 46% to 54% increase in
ATP synthesis using NAD-linked substrates after cofactor therapy. The
increase in ATP synthetic capacity through complexes Il to V, and through
complex IV, was 21% (Figure 5.6; Table 5.6). A specific enzyme defect

has not been identified in this patient, although deficiencies in complexes
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I, Il and 1V, alone or in combination, have been reported in other cases of
MELAS (Goto et al. 1992; Koo et al. 1993; Morgan-Hughes et al. 1995).
Biochemical analysis of the NARP mutation in fibrobiasts and
lymphoblasts has shown that ATP synthesis is decreased with all
substrates (Tatuch and Robinson 1993; Makela-Bengs et al. 1995). In
addition to the decrease in ATP synthesis with all substrates tested in the
patient with the NARP mutation, the increase in ATP synthesis after a year
of cofactor treatment appears universal with the substrates tested. There
was a 44% increase in the oxidation of endogenous substrates, and ATP
synthesis through complex IV increased by 36%, through complexes Il to
V by 34%, and through complex | by 23% to 28% (Figure 5.7; Table 5.7).
Complex IV is considered to be the rate-limiting enzyme in the
respiratory chain (Robinson et al. 1985). A defect in complex IV has been
postulated to prevent the generation of the mitochondrial membrane
potential and the subsequent assembly of the respiratory chain
components, resulting in a generalized deficiency of the respiratory chain
(Attardi and Schatz 1988). In the patient with an isolated COX deficiency,
ATP synthetic capacity before treatment was reduced by 63% to 75%
relative to control values. This patient demonstrated the most marked
increase in ATP synthesis after cofactor treatment: 84% to 128% with
NAD-linked substrates, 54% through complexes Il to V, 59% through
complex IV, and 14% with oxidation of endogenous substrates (Figure 5.8;

Table 5.8).

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



600
] Contro!
2 0 months
500 - {0 3 months
.OC_) I 6 months
- @R 12 months
a8 J
o 400
£
£
£
S 300+
«
T
< 200
]
£
j o
100 A
0

No Substrate Pyr/Mal Glut/Mal Succ/Rot Ascorb/TMPD

Figure 5.4 Effect of Cofactor Treatment on ATP Synthesis in LHON
Patients
Resuits are expressed as mean £ SEM.

Table 5.4 Effect of Cofactor Treatment on ATP Synthesis in LHON

Patients*
No Pyruvate/ Glutamate/ Succinate/ Ascorbate/
Substrate Malate Malate Rotenone TMPD
0 163 £ 24 259 + 26 260 + 21 317 £ 47 259 + 41
months n=24 n=23 n=22 n=21 n=21
3 184 +17(14) 317+26(22) 330+9(27) 345+37(%) 290+35(12)
months n=14 n=14 n=14 n=14 n=14
6 208 +11(28) 345+18(33) 357x17(37) 36534 (15) 310+ 26 (20)
Months n=14 n=14 n=14 n=13 n=14
12 216 £11(33) 372+t14(43) 366x11(41) 37640 (19) 31825 (23)
Months n=16 n=15 n=14 n=15 n=14
{ ) = % increase from mean control value Values expressed as mean + SEM
n = number of determinations *nmol ATP/30min/mg protein

Data from 6 patients
SEM calculated on number of patients (6).
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Figure 5.5 Effect of Cofactor Treatment on ATP Synthesis in CPEO
Patients
Results are expressed as mean + SEM.

Table 5.5 Effect of Cofactor Treatment on ATP Synthesis in CPEO

Patients™
No Pyruvate/ Glutamate/ Succinate/ Ascorbate/
Substrate Malate Malate Rotenone TMPD
0 171+ 24 284 + 18 317+ 20 242 +13 255+ 21
months n=8 n=8 n=8 n=8 n=7

3 176 £ 24 (3) 331127 (17) 366+ 27 (15) 294 + 25 (21) 289 24 (13)
months n=6 n=6 n=6 n=6 n=8

6  198+23(16) 378+17(33) 356+23(12) 316+17(31) 306+ 27 (20)

Months n=6 n=6 n=6 n=7 n=6
12 217 +18(27) 386 +14(36) 383+16(21) 324+17(34) 311+23(22)
Months n=6 n=6 n=6 n=6 n=6
( )} = % increase from mean control value Values expressed as mean + SEM
n = number of determinations *nmol ATP/30min/mg protein

Data from 3 patients
SEM calculated on number of patients (3).

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



600

500

1 Control

P 0 months
3 months
6 months

400

300 ~

200

nmol/ATP/30 min/mg protein

100

No Substrate

Pyr/Mal

Glut/Mal

B2 12 months

Succ/Rot Ascorb/TMPD

Figure 5.6 Effect of Cofactor Treatment on ATP Synthesis in the
MELAS Patient

Results are expressed as mean = SEM.

Table 5.6 Effect of Cofactor Treatment on ATP Synthesis in the
MELAS Patient*

No Substrate  Pyruvate/ Glutamate/ Succinate/ Ascorbate/
Malate Malate Rotenone TMPD
0 147 £ 6 261 + 12 28915 297+ 6 2711+ 4
months n=4 n=4 n=4 n=4 n=2
3 213+ 3(44) 336+10(29) 33116 (15) 343 £ 26 (15) 307 £ 37 (14)
months n=2 n=2 n=2 n=2 n=2
6 228 +11(55) 3054 (17) 337 £3 (17) 296 9 313 £ 10 (15)
months n=2 n=2 n=2 n=2 n=2
12 221 +£7(50) 403 + 11 (54) 423 + 9 (46) 333+8(21) 328 +0(21)
Months n=2 n=2 n=2 n=2 n=2

( ) =% increase from mean control vaiue
n = number of determinations
SEM calculated on number of determinations, given only one patient.
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Values expressed as mean + SEM
*nmol ATP/30min/mg protein
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Figure 5.7 Effect of Cofactor Treatment on ATP Synthesis in the

NARP Patient

Results are expressed as mean = SEM.

Table 5.7 Effect of Cofactor Treatment on ATP Synthesis in the

NARP Patient*

No Pyruvate/ Glutamate/ Succinate/ Ascorbate/
Substrate Malate Malate Rotenone TMPD
0 1415 287+ 6 312+6 253 £17 229+ 0
months n=2 n=2 n=2 n=2 n=2

3 208 +23(48) 327 £ 11 (14)
months n=2 n=2

6 196 + 9 (39) 348 + 2 (21)
months n=2 n=2

12 20314 (44) 367 + 7 (28)
Months n=2 n=2

333+8(7) 308 + 6 (22) 250 £ 17 (9)
n=2 n=2 n=2

356+ 9 (14) 318 +11(26) 276 +11 (21)
n=2 n=2 n=2

383+ 9(23) 338 + 7 (34) 312 £ 2 (36)
n=2 n=2 n=2

{ ) = % increase from mean control value
n = number of determinations

Values expressed as mean + SEM
*nmol ATP/30min/mg protein

SEM calculated on number of determinations, given only one patient.
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Figure 5.8 Effect of Cofactor Treatment on ATP Synthesis in the COX
deficiency patient
Results are expressed as mean = SEM.

Table 5.8 Effect of Cofactor Treatment on ATP Synthesis in the COX
Deficiency Patient*

No Pyruvate/ Glutamate/ Succinate/ Ascorbate/
Substrate Malate Malate Rotenone TMPD
0 695 124+ 4 152+ 4 161+ 6 1116
months n=3 n=3 n=3 n=3 n=2

6 81+6(17) 221+7(78) 225+15(48) 178+5(11) 13146 (18)

months n=2 n=3 n=29 n=2 n=3
12 79+ 6(14) 283 +6(128) 280+5(84) 24910 (54) 177 + 6 (59)
Months n=2 n=3 n=3 n=2 n=2
( ) = % increase from mean control value Values expressed as mean + SEM
n = number of determinations *nmol ATP/30min/mg protein

Data not available for 3 months
SEM calculated on number of determinations, given only one patient.
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DISCUSSION

The measurement of ATP synthesis in circulating lymphocytes provides
an ideal tool for objectively evaluating therapy and monitoring progression
of an OXPHOS disorder. In the present study, it has been demonstrated
for the first time that an increase in ATP synthetic capacity in lymphocytes
from patients with an OXPHOS disorder, resulis from cofactor
administration.

Clinical trials of cofactor treatment in OXPHOS disorders are
difficult to perform. There are limited numbers of patients with any one
specific disorder, as well as great phenotypic variability within a specific
genotype. It is difficult to reliably utilize clinical observation to assess the
effectiveness of the treatment in an open study such as this. The reliability
of the clinical assessment was further hampered in this study by the
inability to have the same metabolic physician evaluate the patients at the
three, six and twelve month time points. Clinical measurements are also
complicated by the combination of irreversible tissue degeneration and
potentially reversible cellular changes caused by the OXPHOS defect. In
patients with the LHON 11778 mutation, the degeneration of the optic
nerve and retinal ganglion cell layer which cause central vision loss is
generally irreversible (Huoponen 2001; Wallace et al. 2001). Although
visual recovery is rare in affected individuals who carry the 11778
mutation (4%), approximately half of all 14484 LHON patients show

improvement after the initial vision loss. One possible explanation for the

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



differences observed in vision recovery among the LHON mutations is that
they differ in the levels of free radicals that are produced (Howell 1997). it
is not known whether cofactor treatment would result in the slowing of
oxidative damage and enhance possible vision recovery in these patients.
Reversible cellular changes in post-mitotic tissues such as muscle have
been demonstrated by the regeneration of satellite cells, which are
incorporated into existing muscle fibers. A re-biopsy of muscle tissue of a
patient with a heteroplasmic tRNA point mutation showed that the
regenerating muscle fibers were essentially homoplasmic for wild-type
mtDNA, while the non-regenerating fibers contained predominantly mutant
mtDNA (Shoubridge et al. 1997). Methods promoting satellite cell
incorporation into existing myofibers may enhance muscle function.
Aerobic training has also been found to improve exercise tolerance and
oxidative capacity in patients with mitochondrial myopathies (Taivassalo et
al. 2001). The cellular basis of the increased oxygen utilization was
thought to be training-induced mitochondrial proliferation, which in turn
may have improved oxidative phosphorylation, although there was no
preferential proliferation of the wild-type mtDNA. One of the goals of
cofactor treatment is to improve ATP synthesis, thus reversing some of
the damage caused by decreased cellular energy. It is hoped that by
increasing ATP production, there will be a reduction in the oxidative stress
caused by the impairment in the respiratory chain. The excessive

production of oxygen radicals is known to accelerate the already high
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mutational rate of mtDNA; further mutation and impairment of ATP
generation thus becomes a self-perpetuating process (Ames et al. 1995).
Treatment is unlikely to reverse existing damage; the most likely response
is a slowing in the rate of deterioration, which will only become apparent
after prolonged treatment.

The mean duration of the disease in this study population was 14
years, so the lack of obvious clinical improvement after a one-year
treatment period is not surprising. It is not known whether prolonged
cofactor treatment will be effective in improving the clinical symptoms of
these patients. Other controlled trials have failed to demonstrate a clearly
beneficial effect of combined cofactor treatment on the entire study
population in terms of clinical improvement (Matthews et al. 1993;
Peterson 1995). The findings in this study are supported by other studies
in which treatment with vitamin cofactors and electron acceptors improved
metabolic parameters, but failed to show an amelioration of clinical
symptoms (Bresolin et al. 1988; Chan et al. 1998). Any OXPHOS disorder
may affect different organ systems in each affected individual, making
outcome measurements difficult to assess. It may also not be reasonable
to expect that a single treatment regime would have a similar effect on all
OXPHOS disorders. Exacerbations and remissions are also characteristic
of these disorders, further complicating the evaluation of the efficacy of the

treatment.
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One of the promising areas for cofactor treatment may be the
possible prevention of associated clinical symptoms in patients who are
diagnosed early or have milder forms of the disease. This approach to
preventing progression of the disease relates to heteroplasmy and the
threshold effect. The severity of the OXPHOS defect resulting from
mutated mitDNA is a function of the proportion of mutant mtDNA,
compared to wild-type, and of the differing energy requirements of the
various organs and tissues (Wallace 1992). This is referred to as
“threshold expression” and reflects the reliance of each organ or tissue on
mitochondrial energy production. It is postulated that in mild cases of
OXPHOS disorders, slight improvements in ATP synthesis could diminish
the threshold for disease expression and prevent the progression of
clinical symptoms. The most likely clinical response would be a decrease
in the rate of deterioration. Large, multi-center trials will be necessary to
determine whether prolonged cofactor treatment can decrease morbidity
or alter the clinical course of these diverse conditions.

Plasma or serum CoQ4q values in human subjects vary widely in
healthy individuals. In an investigation of serum CoQqq levels in healthy
subjects, the average CoQqo level was 1.36 pg/mL with concentrations
ranging from 0.57 to 3.03 pg/mL. The confidence interval of 95% was 1.21
to 1.50 pg/mL (Laaksonen et al. 1995). The mean pre-treatment serum
CoQqg value of the patients in this study was 0.62 £ 0.07 pyg/mL. Although

this value is within the range of normal control values, it is below the
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reported 95% confidence interval. it is postulated that OXPHOS deficiency
could lead to an increased consumption of CoQqg and therefore contribute
to the lower CoQqq levels (Littarru and Battino 2000). /n vitro studies have
indicated that electron transfer, and hence the efficiency of oxidative
phosphorylation, may be limited by the concentration of CoQ4q, which at
physiological levels is not saturating for maximal electron transfer (Lenaz
et al. 1994; Lenaz et al. 1997). It has been proposed that CoQyq levels
above normal could counteract the decreased rate of respiratory chain
enzyme activity by enhancement of NADH oxidation (Lenaz et al. 1997). it
is not known why serum CoQyq in the subjects did not reach a maximum
level after three months of treatment and instead continued to increase up
to twelve months. It is possible that continued supplementation may cause
an induction of enzymes that enhance absorption or delivery of CoQqg to
peripheral tissues. Because the patients in this study were consuming a
combination of cofactors, it is only speculative that the increase in ATP
synthesis is related to the elevated plasma concentration of CoQjq.
Regardless of the lack of a clear improvement in clinical symptoms,
a significant increase in ATP synthetic capacity was demonstrated in the
lymphocytes of the patients with OXPHOS disorders who were treated
with cofactor therapy. Impaired activity of the respiratory chain enzyme
complexes decreases respiration and lowers proton pumping, decreasing
the membrane potential and the proton-motive force across the

mitochondrial inner membrane (Kobayashi et al. 1991; James et al. 1996).
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decrease in this gradient lowers the maximal rate of ATP synthesis. The
improvement in ATP synthesis in lymphocytes demonstrated in this study
may correspond to a slowing or arrest of the progressive deterioration
normally observed in mitochondrial disorders.

In the combined cofactor treatment, it is difficult to determine the
effects of the individual components of the cofactor treatment on ATP
synthesis, and which cofactors may prove to be beneficial remains to be
determined. In order to further elucidate the mechanisms of action of
cofactor treatment, the effect of each cofactor needs to be evaluated by
incubation of control cells with the individual component and monitoring of

ATP production.
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CHAPTER 6

EFFECT OF COFACTOR INCUBATION ON ATP SYNTHETIC
CAPACITY IN CONTROL LYMPHOCYTES

INTRODUCTION

The effect of a therapeutic regimen of mitochondrial cofactors and
antioxidants in patients with OXPHOS disorders was assessed by
analyzing ATP synthesis in circulating lymphocytes (Chapter 5). A
statistically significant increase in ATP synthetic capacity after cofactor
treatment was demonstrated. These results mark the first time that an
improvement in the ability to synthesize ATP has been demonstrated in
lymphocytes from mitochondrial patients being treated with combined
cofactor therapy. What remains unclear from these results is which of the
supplemented cofactors are responsible for the improved synthesis of
ATP. The effect of the individual components of the cofactor regimen and
their dosages in the treatment of OXPHOS disorders remains to be
determined. Examination of the effect of individual cofactors at a
biochemical level will help to refine and improve the current therapeutic
protocols.

The present study was designed to assess the effects of individual
cofactors on mitochondrial ATP synthetic capacity, as measured in
circulating lymphocytes. ATP synthetic capacity upon in vitro cofactor
supplementation was assessed by treating isolated lymphocytes from
control subjects with each cofactor individually. The data from this study
demonstrate that there is an increase in ATP synthesis upon CoQqe
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incubation of control lymphocytes. These results may have implications for
the treatment of patients with OXPHOS disorders and suggest that CoQg

may be the active ingredient in the current treatment protocol.

MATERIALS AND METHODS
Blood samples were collected from healthy control subjects (after
obtaining informed consent) and lymphocytes were isolated from the
heparinized sample as described (Fotino et al. 1971). The lymphocyte
pellet was re-suspended in medium containing 50% modified Eagle’s
medium (MEM), 40% fetal calf serum (FCS) and 10% dimethy! sulfoxide
(DMSO), then stored at -80°C. The viability of these lymphocytes is
approximately 85%; previously frozen lymphocytes thus serve as an
appropriate tissue for testing the ability of individual cofactors to affect
ATP synthesis. Studies of ATP synthesis were performed as previously
described (Chapter 4). The cells were incubated with two different
substrate combinations (pyruvate/malate and succinate/rotenone), in the
presence or absence of the individual cofactors. Pyruvate/malate was
used to assess the efficacy of ATP synthesis through the entire respiratory
chain, while succinate/rotenone was used to assess the efficacy of ATP
synthesis through complexes Il to V. ATP synthesis was measured by
standard fluorometric methods (Williamson and Corkey 1969).

The amount of cofactor used in the incubation medium was
proportional to the amount consumed by the patients (cofactor amount per
ug cellular protein and oral dosages are listed in Table 6.1).
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Table 6.1 Comparison of Oral Supplementation and Incubation

Dosages

Oral
Supplementation
(Daily Dosage)

Incubation Dosage
(ug per ug protein)

Coenzyme Qqo*

Carnitine

Vitamin B Complex***
Thiamine
Riboflavin
Niacinamide
Pyridoxine
Pantothenic Acid
Biotin
Cyanocobalamine
Folic Acid
Vitamin C

Vitamin K4
(Phylloquinone)

5 mg/kg (350mg)**

500 mg/day

25 mg
25 mg
25 mg
25 mg
25 mg
25 g
25 yg
1 mg

1000 mg

0.4 mg/kg (28 mg)**

0.01-2.0
1.0-30
02-20
0.2-20
02-20
02-20
02-20
0.002 - 0.02
0.002 - 0.02
0.008 - 0.08
8.0 -80.0
0.2-20

* Adjustments were made to the starting dose as a response was

obtained at the intial starting dose of 0.2 pg.

** Dosage based on a 70 kg individual.
*** Incubation mixture was solubilized in 20 mM Tris-HCI, pH 7.4.
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The quantity of the individual cofactor was titrated, using incremental
increases in concentration, until maximal stimulation of ATP synthesis was
achieved. Once the optimal level of ATP stimulation was achieved, cells
were incubated from five to 240 minutes. Time course studies were not
carried out for cofactors that did not show a significant dose response.
Liposome Preparation of Coenzyme Qo

Because CoQqg is highly lipophilic, supplementation in the assay was
accomplished by incorporation of CoQqe into liposomes. Soybean
phospholipid (56 g) was mixed together with 18 mg coenzyme Qqo
(Sigma®). The mixture was dissolved in 14 mL chloroform and evaporated
to dryness under vacuum at 30°C for two hours using a Buchi Rotary
evaporator (Schneider et al. 1982). The dry phospholipid-ubiguionone
mixture was stored in sealed containers at -80°C until use. Liposomes
were prepared by sonicating 0.2 g of the phospholipid-ubiquinone mixture
in 1 mL of the digitonin incubation buffer with the microtip of a Branson
sonicator (Model 450) at 40 W, using three 10-second cycles. Measured
amounts of liposomes (2.8 pg to 560 g liposomes providing 0.01 ug to 2
ug CoQqp) were added to the lymphocyte mixture and measurement of

ATP synthesis was performed as described.

RESULTS

Effects of CoQq¢ Incubation on ATP Synthetic Capacity

In the absence of CoQqp, the amount of ATP produced by lymphocytes
with the NAD-linked substrates (pyruvate/malate) was 437 = 19
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nmol/30min/mg protein. Similarly, 439 + 18 nmol/30min/mg protein was
synthesized with succinate/rotenone (which measures the activity through
complexes |l fo V). Addition of CoQ4s to the incubation caused an increase
in ATP synthesis, with the pattern of increase in ATP production similar for
both substrates. Linear increases in ATP synthesis were observed with
CoQ4 dosages of 0.01 to 0.1 ug CoQ4e/pg protein and 0.6 to 1.3 ug
CoQ4o/ug protein, suggestive of a biphasic response to concentration.
Maximal stimulation in ATP synthesis (approximately 200%) was observed
at 1.5 ug CoQ4e/ug protein (1348 + 9 nmol/30min/mg protein for pyruvate/
malate and 1349 + 8 nmol/30min/mg protein for succinate/rotenone). No
further increase in ATP synthesis was seen with dosages of 1.5 to 2.0 ug
CoQue/ug protein (Figure 6.1).

Time Course of CoQ4g Incubation on ATP synthesis

To determine the time course for the effect of CoQ4¢ on ATP synthesis,
lymphocytes plus 2.0 yg CoQ4e/ug protein were assayed for total ATP
synthesized. ATP synthesis was assessed every five minutes from five to
30 minutes, then every 30 minutes thereafter up to 240 minutes.
Pyruvate/malate was the substrate mix used in all incubations as
no differences were observed between pyruvate/malate and
succinate/rotenone. A maximum amount of ATP appeared to be
synthesized by 90 minutes (Figure 6.2). The time course for ATP
synthesis in lymphocytes in the absence of CoQqo shows a similar pattern

to that seen in the presence of CoQqp (data not shown). These data
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indicate that the length of the incubation period is not significantly affected
by the addition of CoQ4¢ and that maximal ATP synthesis is reached by 90
minutes.

Assessment of Non-Mitochondrial ATP synthesis

The measurement of ATP synthesis, using hexokinase and glucose-6-
phosphate dehyrogenase, is assessed by examining the fluorescence of
NADPH formed at 450 nm (excitation at 340 nm). The increase in
fluorescence accompanying the conversion of glucose + ATP + NADP* to
ADP + NADPH + H" gives a quantitative measurement of ATP.
Mitochondrial ATP synthesis measurements using permeabilized
fibroblasts have traditionally not evaluated the contribution of non-
mitochondrial ATP production (Robinson et al. 1990; Wanders et al.
1993). In a permeabilized cell, the steady-state ATP concentration is a
balance of both synthetic and degradation reactions (Ouhabi et al. 1998).
Potential sources of ATP synthesis include the glycolytic pathway and
conversion of cyclic AMP and inorganic phosphate to ATP by adenylate
kinase. ATP hydrolysis is dependent on cytosolic magnesium, which is
blocked in the assay system by the presence of EDTA in the incubation
medium. Although most cytosolic coenzymes and metabolites may be lost
upon cell permeabilization, some remain. In addition, as this is an indirect
assay it is difficult to assess the effect of membrane-associated NADH
oxidoreductases on increases in fluorescence seen in this assay system.

Oligomycin is known to inhibit the membrane-bound mitochondrial
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ATPase through binding to the membrane sector of the enzyme; addition
of this antibiotic stops mitochondrial ATP production (James et al. 1999).
Non-mitochondrial ATP synthesis was determined by addition of 20 ug/mi
oligomycin to the incubation medium; the rate of mitochondrial ATP
synthesis was determined by the difference between the assays in the
presence or absence of oligomycin. Mitochondrial ATP synthesis in
lymphocytes was initially assessed by incubating cells with
pyruvate/malate in the absence of CoQqq. The apparent ATP synthesis
with these substrates was 472 + 7 nmol/30min/mg protein, whereas in the
presence of oligomycin, 218 4 nmol of ATP appeared to be synthesized.
Therefore, approximately 46% of the ATP produced is attributed to non-
mitochondrial sources and non-specific NADH/NADPH oxidation. This
suggested that the amount of ATP produced through oxidative
phosphorylation is approximately 254 nmol/30min/mg protein. Upon
incubation of lymphocytes with 2 pug CoQqe/pg protein  and
pyruvate/malate, total apparent ATP synthesis was 1362 + 9
nmol/30min/mg protein, which was reduced to 983 + 10 nmol/ 30min/mg
protein with the addition of oligomycin. The amount of mitochondrial ATP
produced, and attributable to CoQ4e addition, was thus 379
nmol/30min/mg protein. This demonstrates that 28% of the ATP produced
with the CoQqq is via the respiratory chain. To determine whether there
was an effect of the phospholipid vesicles on the assay, lymphocytes were

incubated with liposomes that did not contain CoQ4q. A 35% increase in
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ATP synthesis was observed with the phospholipid-containing liposomes.
It is interesting to note that blocking mitochondrial ATP production with
oligomycin did not have an effect, thus attributing the increase in ATP
synthesis upon unoccupied liposome incubation completely to non-
mitochondrial production. These results demonstrate a 49% increase in

mitochondrial ATP synthesis, solely attributed to the addition of CoQqg

(Figure 6.3).
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Figure 6.1 Effect of CoQ ¢ Incubation on ATP Synthetic Capacity
Values are the mean £ SEM of 2 independent samples
with 2 determinations for each sample.

160

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2000
O CoQy
® Carnitine o
O
c O
[ |
5 1500
o,
[@)]
£
£
£ 1000 A
o
0
o
< & @ ® ®
B i
£ 500
ol
0 ._ T T T T T T T
0 30 60 90 120 150 180
Time (min)
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Effects of Carnitine Incubation on ATP Synthetic Capacity

The starting dose of carnitine was 1 pg/ug protein and this was increased
by increments of 5 ug carnitine/ug protein to a maximum dosage of 30 ug
carnitine/yg protein (Figure 6.4). The larger dosages were assayed for
their effect on ATP synthesis as clinical improvement has been observed
in patients with doses ranging from 2 g/day to 200 mg/kg/day (Bernsen et
al. 1991; Campos et al. 1993; Scholte et al. 1995; Ogle et al. 1997).
Although a significant increase had not been observed with the carnitine
incubation, a time course similar to that used for CoQ4¢ was performed for
comparative purposes, demonstrating that maximal ATP synthesis is

reached by 90 minutes (Figure 6.2).
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Figure 6.4 Effect of Carnitine Incubation on ATP Synthetic Capacity
Values are the mean + SEM of 3 independent samples with 2
determinations for each sample.
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Effects of Vitamin B Complex Incubation on ATP Synthetic Capacity

The starting dose of the vitamin B mixture was 8 pylL/ug protein and this
was increased by 8 pl increments up to 80 ul/ug protein. There was no
significant increase in ATP synthesis upon incubation of control
lymphocytes with the vitamin B complex with either pyruvate/malate or
succinate/rotenone (Figure 6.5). Because stimulation of ATP synthesis
was not achieved with the combined mixture, the effects of incubating
each of the components of the vitamin B complex separately were not
assessed (with the exception of riboflavin). A recent study described a 2.5-
fold increase in ATP synthesis when 5 ymol/L riboflavin was added to the
culture medium of fibroblasts from a patient with a nuclear-encoded
complex | deficiency (Bar-Meir et al. 2001). To determine whether there
might be a specific response to riboflavin, control lymphocytes were
incubated with pyruvate/malate plus 5 ymol/ L. and 10 ymol/ L of riboflavin.
An 11% and 18% (untreated lymphocytes — 450 £ 9 nmol/30/min/mg
protein; plus 5 ymol/L of riboflavin — 499 + 6 nmol/30/min/mg protein; plus
10 pmol/L of riboflavin — 531 + 4 nmol/30/min/mg protein) increase in ATP
synthesis, respectively, was observed. This increase was completely
blocked by the addition of 20 pug/mL oligomycin (data not shown). The
increase in ATP synthesis observed was therefore attributed to non-

mitochondrial ATP production or other non-specific reduction reactions.
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Effects of Vitamin K Incubation on ATP Synthetic Capacity

Vitamin K; (phylloguinone) was incubated with control lymphocytes
starting at 0.2 pg/ ug protein and increased in 0.2 yg increments to a final
dosage of 2 pg/ ug protein. There was no significant increase in ATP
synthesis by adding vitamin K4 to the lymphocyte incubation with either

pyruvate/malate or succinate/rotenone (Figure 6.6).

Effects of Combined Cofactor Incubation on ATP Synthetic Capacity

To assess whether there might be a synergistic response elicited by the
combined cofactor treatment, control lymphocytes were incubated with the
following mixture: 2.0 ug CoQ4e, 30 pg carnitine, 80 pL vitamin B complex
and 2 pg vitamin K4/pg protein. ATP synthesis was assessed using only
pyruvate/malate. The ATP synthesis with the combined cofactor treatment
(1348 £12 nmol/30min/mg protein) was not significantly different from that

obtained with CoQ4g alone (1337 + 10 nmol/30min/mg protein).
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DISCUSSION
The incubation of control lymphocytes with individual cofactors
demonstrated that ATP synthetic capacity increased in a dose-dependent
manner with CoQ4¢ supplementation. The low solubility of CoQq in water
necessitated the use of a lipophilic carrier to allow CoQ4¢ to permeate the
lipid bilayers and accumulate in the mitochondrial membrane (Schneider
et al. 1982). A biphasic increase in ATP synthesis with the CoQqg
incubation was observed in the present study. The incorporation of CoQqq
in mitochondrial membranes has previously been shown to exhibit an
apparently biphasic behavior (Degli Esposti et al. 1981). It is not clear
whether this is a result of the limited miscibility of CoQq with the
phospholipid bilayers or a consequence of diffusion control of the CoQyq.
Incorporation of phospholipids into the mitochondrial inner
membrane had been found to cause an increase in the average distance
between integral membrane proteins, and electron transfer in complexes |,
i, and lil decreased in proportion to the increase in the bilayer surface
area. Because the decreased electron transfer rates correlated with the
increased distances, it was initially concluded that there was a diffusion-
limited step in the transfer of electrons between the complexes (Schneider
et al. 1980). However, further comparisons of membranes enriched in
phospholipids alone, or in phospholipid plus CoQ4¢, showed a complete
restoration of electron transfer activity in samples supplemented with

CoQ4q, indicating that CoQ4o diffuses independently in the mitochondrial
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membrane phospholipids (Schneider et al. 1982). Other investigators have
demonstrated that by fusing phospholipids with an excess of CoQjq,
electron transfer was increased above the original level, suggesting that
the concentration of CoQ4g in the membrane is the most important factor
in regulating the rate of ATP synthesis (Battino et al. 1990). If CoQqo
diffuses randomly in the mitochondrial membrane, and the concentration
of CoQ4g regulates the rate of electron transfer, why there is a non-linear
relationship between the CoQi¢ concentration and ATP synthesis is
unclear. In the case of CoQyg, the viscosity of the membrane and the
crowding of the diffusion path by proteins are possible inhibitors of
diffusion (Hackenbrock et al. 1986). The addition of exogenous CoQqo
enhances the respiratory turnover rate above physiological levels, while a
decrease of CoQqp content in the mitochondrial membrane lowers electron
transfer in a reversible manner (Lenaz et al. 1993). Support for the
response shown with CoQqe incubation in the present experiments
correlates with previous data demonstrating that CoQyo concentration in
the mitochondrial membrane is not physiologically saturating for maximal
electron transfer (Battino et al. 1990; Lenaz et al. 1994). The maximal
stimulation of ATP synthesis with CoQqp observed in this study is thought
to be a function of CoQo solubility in the membrane phospholipids.

In addition to an increase in mitochondrial ATP production with
CoQ1p, a marked increase in non-mitochondrial ATP synthesis and non-

specific NAD reduction was observed in the present investigations.
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Although most of the non-mitochondrial ATP synthesis was atiributed to
the addition of the phospholipids alone, an increase in the non-
mitochondrial ATP production was also noted when CoQ4 was added to
the liposomes. This suggests additional functions for CoQq4 as a
component of extra-mitochondrial redox reactions (Crane et al. 1993). A
mechanism has been proposed in which enhanced availability of CoQje,
as a result of exogenous supplementation, may increase NADH oxidation
at the mitochondrial level as well as at the cytoplasmic ievel. CoQ4¢ would
act as an electron acceptor for the plasma membrane-associated NADH
dehyrogenases (Linnane et al. 1992). Several non-mitochondrial functions
have been proposed for CoQye, including transplasma membrane electron
transport that regulates the cytosolic NAD/NADH ratio. In cells treated with
ethidium bromide to destroy the mtDNA, addition of CoQqo activated the
plasma membrane redox system, reoxidizing cystolic NADH and returning
the NAD/NADH ratio toward normal levels (Martinus et al. 1993). it is not
known whether this extra-mitochondrial role of CoQq¢ would enable a
patient with a respiratory chain disorder to maintain an adequate energy
capacity to compensate for the decline in OXPHOS function.

In order for CoQq¢ supplementation to have an impact in the
treatment of OXPHOS disorders, it must be absorbed to a significant
degree and incorporated into the mitochondrial membrane. Studies in
rodents have shown that CoQqe is incorporated into chylomicrons after

intestinal absorption, transported by the lymphatic system to the
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circulation, and subsequently incorporated into very-low-density-
lipoproteins (VLDL) in the liver (Elmberger et al. 1989). Studies with
human subjects have found that after oral administration of 200 mg of
CoQyqp, the bulk was recovered in the ftriacylglycerol-rich (VLDL and
chylomicrons) lipoprotein fractions within six hours of administration. In
addition, CoQ4¢ was detected in all other lipoprotein fractions (Mohr et al.
1992). The efficacy of absorption and mitochondrial incorporation of CoQqg
has been studied in rodents, but limited information is available from
human studies. It appears that the formulation, as well as the amount of
the dose (due to the limited absorption), is important for efficient
absorption and mitochondrial incorporation. Both animal and human
studies have demonstrated that approximately 2% to 10% of the dose
administered is taken up into the blood (Zhang et al. 1995; Weber 2001).
CoQqp is absorbed from supplements, as plasma CoQ4¢ levels increase
significantly after oral administration. This finding was corroborated in
these studies (Chapter 5), and supported by other investigators
(Kaikkonen et al. 1997). The degree of mitochondrial incorporation is still
unclear. An increase in the CoQie content in platelet and muscle
mitochondria has been observed in human studies (Bresolin et al. 1988;
Rotig et al. 2000). Oral CoQqp administration in rats resulted in a
significant increase in the cerebral cortex mitochondrial concentrations of
CoQqo (Matthews et al. 1998). The administration of CoQ4¢ remarkably

improved the efficiency of brain and skeletal mitochondrial respiration in
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six patients with different mitochondrial cytopathies, as assessed in vivo
by *'MRS (Barbiroli et al. 1997). These results are consistent with the view
that an increased concentration of CoQg in the mitochondrial membrane
improves oxidative metabolism. An increase in ATP synthetic capacity in
control lymphocytes with CoQ4p administration, as demonstrated in this
study, lends further support to the hypothesis that CoQysq is incorporated
into the mitochondria.

CoQqe dosage in the treatment of mitochondrial disorders varies,
but clinicians currently recommend 4 to 15 mg/kg/day (Gold and Cochen
2001). It is not known whether a substantial increase in oral CoQqe
supplementation in the patients in this study would have further enhanced
the efficiency of oxidative phosphorylation. The present in vitro study
demonstrates a maximal stimulation of ATP synthesis with incubation of
1.5 pg CoQuoe/pg protein, but it is difficult to extrapolate this finding to oral
administration. Further studies are needed to determine efficacy in
individual patients.

The incubation of control lymphocytes with vitamin B complex,
carnitine and vitamin K; individually, or in combination did not result in an
increase in ATP synthetic capacity. Successful therapy with single
vitamins has often been due to a relative deficiency of the vitamin, or to a
specific defect that utilizes the vitamin as a cofactor. Riboflavin is the
precursor of flavin mononucleotide (FMN) and flavin adenine dinucleotide

(FAD), which function as cofactors in complexes | and Il. Riboflavin
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responsiveness with clinical improvement has been described in several
cases of complex | deficiency (Arts et al. 1983; Griebel et al. 1990;
Bernsen et al. 1991; Penn et al. 1992; Bernsen et al. 1993; Scholte et al.
1985; Ogle et al. 1997). It is postulated that riboflavin may act by inhibiting
the breakdown of complex | by stabilizing the complex in the membrane,
with a subsequent increase in enzymatic activity (Vergani et al. 1999; Gold
and Cohen 2001). Support for this hypothesis has been illustrated by an in
vitro study, where a 2.5-fold increase in ATP synthesis in the fibroblasts of
a patient with a complex | deficiency was observed with the addition of 5
umol/L of riboflavin to the culture medium (Bar-Meir et al. 2001). In the
same study, no change in ATP synthesis was shown in control fibroblasts
treated with riboflavin. In control lymphocytes in this study, a significant
increase in ATP synthetic capacity with the combined B vitamins or
riboflavin alone was not observed. It is reasonable to assume that many of
the cofactors will only be effective if a specific enzyme defect exists.

In the present study, the ability of various cofactors to stimulate
ATP synthesis was examined, but whether the cofactors had any
beneficial antioxidant effect was not evaluated. Antioxidants appear to
delay clinical progression in various mouse models of mitochondrial
disease (Wallace 1999). It may be that antioxidants such as CoQjo,
vitamin E, ascorbate and vitamin K may slow the process of oxidative

damage, although the benefit over time is difficult to measure.
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The data in this study suggest that CoQqe may have a beneficial
effect in the treatment of OXPHOS disorders. Of the cofactors tested,
CoQ4¢ was the only compound that significantly increased ATP synthetic
capacity in control lymphocytes. The evaluation of cofactor incubation in
the lymphocytes of patients suffering from OXPHOS disorders will further
enhance understanding in this area. Although there might be a best
treatment regime for an individual patient with a specific OXPHOS
disorder, it is unlikely that any one treatment will be appropriate for groups
of patients suffering from mitochondrial diseases. The determination of
ATP synthesis in patients with mitochondrial disorders on an individual
basis may contribute to designing the most appropriate therapy on a

disease-specific basis.
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CHAPTER 7
SUMMARY AND CONCLUSIONS

The goal of this research was to test the hypothesis that there will be an
increase in ATP synthesis in patients with oxidative phoshorylation
disorders after cofactor treatment. A significant increase in ATP synthetic
capacity in the lymphocytes of the twelve patients with OXPHOS disorders
who were treated with nutritional cofactors was observed. Respiratory
chain diseases represent an expanding group of clinically heterogeneous
disorders associated with mutations in either the nuclear or mitochondrial
genomes. The understanding of the mechanisms that contribute to the
vast clinical and biochemical variability remains limited. Regardless of the
mechanism, the end result is a decrease in energy production, resulting
from impairment of the respiratory chain. The goal of nutritional cofactor
treatment is to increase mitochondrial ATP production and thereby slow or
arrest the progression of clinical symptoms.

It is not clear whether the improvement in ATP synthesis
demonstrated in this study may correspond to a slowing or arrest of the
progressive deterioration that is characteristic of these disorders. it is
hoped that by increasing ATP production, the oxidative stress caused by
the impaired respiratory chain will be reduced. The production of oxygen
radicals by defective oxidative phosphorylation is known to increase the
mutational rate of mtDNA; with subsequent impairment of ATP synthesis

the process becomes a vicious cycle (Ames et al. 1995). Treatment is
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unlikely to reverse existing damage; the most likely response to the
cofactor therapy would be a slowing in the rate of deterioration, which will
only become apparent after prolonged treatment. Longer-term studies will
be required to determine whether cofactor treatment can alter the clinical
course of these progressive disorders. With the advances in molecular
diagnosis and the identification of mutations in nuclear genes, an
increasing number of families with OXPHOS disorders are being
recognized. Research on the potential disease-modifying effects of
cofactor treatment in patients who can be identified early or in the pre-
symptomatic stage of their iliness is thus a priority. It is of utmost
importance to determine whether pre-symptomatic treatment can reduce
the morbidity associated with these disorders.

The patients in this study were all treated with the same combined
cofactor treatment, regardiess of the type of mitochondrial disorder. The
underlying genetic and biochemical defects differed among our patients,
and they exhibited a great variability of clinical symptoms. The
mitochondrial disorders in this study represented a variety of disease
states — ranging from isolated ocular disease to encephalopathy with
neuromuscular involvement. it seems unlikely that a standard treatment
would have a similar effect on ali mitochondrial disorders, and thus studies
of a standard treatment on a heterogeneous group of patients may not be
applicable to an individual patient. In addition, developing a treatment trial

examining the efficacy of cofactors by evaluating the response of all
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possible organ systems would require an extremely large number of
patients. Given the inherent problems mentioned above, and the difficulty
of performing large clinical trials, individual trials where the patient serves
as his or her own control may be a reasonable approach. The ability to
utilize circulating lymphocytes as an objective tool for monitoring response
to treatment and evaluating disease progression could provide important
information to complement the clinical assessment of patients on specific
treatment regimens.

The clinical assessment of patients with OXPHOS disorders is
difficult due to the diverse nature of these diseases and the unpredictable
clinical course. Exacerbations and remissions are also characteristic of
these disorders, further complicating the evaluation of the efficacy of the
treatment. Because of the varied range of clinical symptomes, it is difficult
to determine which symptoms warrant monitoring in evaluating the
effectiveness of cofactor therapy. The use of objective measurements
such as nuclear magnetic resonance (NMR) spectroscopy would be an
excellent addition in the evaluation of the clinical efficacy of these
interventions. Phosphorus nuclear magnetic resonance (*' PNMR) can
measure oxidative phosphorylation in vivo, quantitatively and non-
invasively. *PNMR measures intracellular pH, inorganic phosphate (P)),
phosphocreatine (PCr), in addition to ATP levels. The resting
phosphorylation potential (the ratio of PCr to P;) is reduced in

mitochondrial disorders, even in the absence of clinical symptoms
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(Montagna et al. 1992). NMR spectroscopy can be used to investigate
OXPHOS impairment and provide an objective in vivo method to evaluate
effects of treatment intervention. NMR deserves further evaluation as an
assessment tool in larger patient populations, because each patient can
serve as their own control and the results of the intervention are objective.
Unfortunately, attempts to secure funding to perform this aspect of the
study were unsuccessful. Objective determination of the clinical status
should be included in an effort to assess whether the biochemical
improvement is mirrored by an improvement in physiological symptoms.

The present study was also designed to assess the effects of
individual cofactor supplementation on mitochondrial ATP synthetic
capacity. An increase in ATP synthesis with CoQqo supplementation in
control lymphocytes was demonstrated. In addition to an increase in
mitochondrial ATP production with CoQq9, @ marked increase in non-
mitochondrial ATP synthesis was observed in these investigations. It is not
known whether this extra-mitochondrial role of CoQq¢ would enable an
individual to maintain an adequate energy capacity to compensate for the
decline in OXPHOS function.

The incubation of contro! lymphocytes with vitamin B complex,
carnitine, and vitamin K4, individually or in combination, did not result in a
significant increase in ATP synthetic capacity. It is reasonable to assume
that many of the cofactors will only be effective if a specific enzyme defect

exists. Because control lymphocytes were used in this study, the effect of
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individual cofactor treatment in the lymphocytes of patients with a specific
OXPHOS defect was not evaluated. Incubation of patient lymphocytes
with each of the cofactors would further enhance our knowledge of
possible benefits. In addition, whether dietary administration of these
cofactors raises their concentration in the cell is not known. Methods to
selectively target cofactors to the mitochondria by covalent binding to
lipophilic carriers (Kelso et al. 2002) may enhance uptake and improve
effectiveness. Further work using mitochondrially-targeted compounds
may have applications in decreasing the deleterious effects of
mitochondrial dysfunction associated with OXPHOS disorders.

It has been estimated that 1% to 2% of the electrons released from
the respiratory chain are diverted into the formation of superoxide radicals
(Robinson 1998). Oxygen free radical production by mitochondria may be
one of the major triggers of apoptosis, but the significance of mitochondrial
cell damage and cell death is unclear (Kelso et al. 2002). It is well
recognized that the production of oxygen free radicals is increased in cells
with defects in OXPHOS (Robinson 1998; Raha and Robinson 2001). The
contribution of oxygen free radical damage and oxidative stress on
mitochondrial function remains poorly understood. It may be that
antioxidants such as CoQyq, vitamin E, ascorbate, and vitamin K couid
slow the process of oxidative damage, although the benefit of these

antioxidants over time is difficult to measure.
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Provided safe dosages are used, there is the potential for benefit,
and minimal harm, in attempting high-dose nutrient therapy for patients
with mitochondrial disorders. The ease of administration, the nominal cost,
and the low level of risk are all advantages, despite the lack of a
demonstrable clinical improvement. The ability to wuse circulating
lymphocytes to evaluate the effectiveness of therapy should also allow

clinicians to design treatment strategies for individual patients.
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APPENDIX |

PARENT/ PATIENT INFORMATION

Project: Use of NMR Spectroscopy and ATP Synthesis to Assess
Cofactor Treatment in Mitochondrial Disorders

Investigators: Barbara Marriage, MSc, RD
Thomas Clandinin, PhD
JS Bamforth, MB, MRCP(UK), FCCMG, DABMG, FRCPC

Background:

Mitochondria are small complex structures which have been called the power
house of the cell because they produce most of the energy which we need to grow
and live. Mitochondrial diseases occur when the mitochondria are not working
properly and energy production decreases. Vitamins used as cofactors have been
tried in an attempt to increase energy production. The cofactor treatment involves
the supplementation of Coenzyme Q4,, vitamin K, ascorbic acid, B vitamins and
carnitine, all of which have been reported to improve clinical symptoms. The
improvement in clinical symptoms is due to an increase in energy production but
improvement has been difficult to assess.

Procedures:

You or your child will be supplied cofactor treatment which will be fed in divided
dosages throughout the day. You will be instructed to consume well-balanced,
nutritionally adequate meals and to avoid periods of fasting. Food intake will be
recorded for three da?/s prior to clinic visits at 0, 3, 6 and 12 months. Nuclear
magnetic resonance (*'PMR) measures energy produced by the muscle. *'P-NMR
spectroscopy will be performed at baseline (before starting treatment), 3, 6 and 12
months. You or your child will be laid flat with both legs inserted in the inside of the
magnet. The procedure will take approximately 40 minutes. There are no known
harmful effects of this technique and the examination is non-invasive and
painless. A tour of the NMR facility will be arranged before the procedure is done.
An additional consent form to ensure that any material that can be magnetised
has been removed will be completed with the investigator before each procedure.
Blood samples (approximately 5 cc) will be taken before starting the cofactor
treatment and at subsequent clinic visits at 3, 6 and 12 months. This amount of
blood is collected for routine clinical monitoring. An additional approximately 5 cc
of blood will be collected to examine the amount of energy (ATP) that the cells
produce.
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Benefits:

While participating in the study, you or your child will receive the cofactor
treatment free of charge. You or your child will receive the added benefit of in-
depth careful evaluation. The overall benefit of the study is to assess cofactor
treatment in mitochondrial disorders.

Risks:
No risks are anticipated from the study procedures.
Study Termination:

You should understand that both you and the investigator may end your or your
child’s participation in this study at any time, if judged appropriate, due to non-
compliance with study procedures, or concerns for the best interests of you or
your child. You are voluntarily allowing yourself or your child to participate in this
study, and may withdraw at any time without prejudice or loss of any care or
benefits to which you or your child is otherwise entitled. If any knowledge gained
from this or any other study becomes available which could influence your
decision to continue in this study, you will be promptly informed.

Confidentiality:

Personal records relating to this study will be kept confidential. Any report
published as a result of this study will not identify you or your child by name.

Further information:

If there are any questions regarding this study or if you feel you or your child
experiences an adverse effect, contact Barbara Marriage at (780) 492-1124, Dr
Thomas Clandinin at (780) 492-5188 or Dr JS Bamforth (780) 407-7333.

If you have further concerns about any aspect of this study, you may contact the

Patient Concerns Office of the Capital Health Authority at (780) 407-7358. This
office has no affiliation with the study investigators.
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CONSENT FORM (TO BE COMPLETED BY THE PARENT OR GUARDIAN)

Title of Project:  Use of NMR Spectroscopy to Assess Cofactor
Treatment in Mitochondrial Disorders

Principal Investigators:

Barbara Marriage, MSc, RD Phone #: 492-1124
Thomas Clandinin, PhD Phone #: 492-5188
JS Bamforth, MB, MRCP(UK), FCCMG, DABMG, FRCPC  Phone #: 407-7333

Yes No
Do you understand that you have been asked to be in a research HE—.
study?
Have you received and read a copy of the attached Information 00
Sheet?

Do you understand the benefits and risks involved in taking part in
this research study? b

Do you understand that you are free to withdraw from the study at
any time, without having to give a reason and without affecting your
future medical care? oo

Has the issue of confidentiality been explained to you, and do you
understand who will have access to your medical records?

Do you want the investigator(s) to inform your family doctor that 0O
you are participating in this research study?

Who explained this study to you? 0 0

| voluntarily give consent for my child,
to participate in the study described above.

Signature of Parent or Guardian:
(Printed Name): Date:

Signature of Witness:

Signature of Investigator or Designee:

The information sheet must be attached to the consent form and a copy given to the
parent or guardian.
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APPENDIX II
CLINICAL HISTORY OF SUBJECTS

LHON Patients

RS  This 46 year old male experienced loss of visual acuity in the right
eye in 1989, at the age of 33. Deterioration continued and 6 months later
visual acuity in his left eye declined. Vision loss continued until 1993 with
vision noted to be 20/200. Molecular analysis confirmed that the patient
had a homoplasmic mutation at nucleotide 11778 of the mitochondrial
genome. In 1998 he observed weakness in his right leg and increasing
fatigue with exercise. Examination revealed a slight weakness in the lower
limbs with brisk knee and ankle reflexes and extensor piantar reflexes. A
MRI done in 1999 showed multiple white matter changes described as
being most consistent with a diffuse demyelinating process such as
multiple sclerosis. Multiple sclerosis-like symptoms have been described
in association with the LHON 11778 mutation. Screening of the mtDNA did
not reveal any secondary mutations. A repeat MRI done in 2001 does not
show any further deterioration and vision remains at 20/200. The patient

reports an increase in exercise tolerance and energy level since therapy.

DB  This 41 year old male had a sudden loss of vision over a period of
two weeks at the age of 30. In 1986 he underwent a subtotal
thyroidectomy for thyroid cancer, and is now treated with replacement
therapy. Molecular analysis in 1990 confirmed a homoplasmic LHON

mutation at nucleotide 11778. In 1993 he was diagnosed with obsessive
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compuisive disorder and placed on psychiatric medications. For the past
year he has remained on Anafril, Lithium and Clonezapam. His vision in
1993 was 20/400 in both eyes and has remained unchanged when
reassessed in 2001. He does not experience any muscle or balance

problems and a MRI done was reported as normal.

CL* This 46 year old woman was noted to have vision problems at age
two. At age five she was diagnosed with optic atrophy. She completed
school using a monocular telescope and handheld magnifiers. When
examined at 26 years of age, she was noted to have vision of 20/200 in
either eye. Bilateral optic atrophy was noted with no other evidence of
retinopathy. Molecular analysis at age 45 confirmed that the patient was
heteroplasmic for the LHON 11778 mutation. At age 46, there had been
no deterioration in her vision or change in the clinical examination. An MRI

done in 2002 was reported as normal.

ML* This 15 year old male (son of CL) had normal vision until age 14
(November 2000), when he experienced a sudden loss of vision over a
two month period. Molecular analysis at this time revealed a
heteroplasmic LHON 11778 mutation. An MRI was performed to rule out
any coincident neurological disease. His visual acuity remains at 20/400 in

both eyes.
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TL* This 14 year old boy (son of CL) was noted to have vision problems
at age three. At that time, he was diagnosed with acquired optic atrophy
and vision was assessed as 20/300 in both eyes. At age 13, when family
studies were done, a heteroplasmic LHON 11778 mutation was confirmed.

Assessment at age 14 indicates no change in visual acuity.

KM* This nine year old boy (nephew of CL) was first noted to have
vision problems at age five. Vision was assessed as 20/200 in both eyes.
There was no evidence of abrupt loss of vision, similar to CL and TL. He is

also heteroplasmic for the LHON 11778 mutation. Visual acuity remains

O

unchanged since age five.

& -
.o =

@ 11778 Non-Affected
‘ 11778 Affected

*In further investigation of family members it was found that the 10 year

M

old daughter of CL and the mother of KM are heteroplasmic for the LHON
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11778 mutation, but are not affected. This family is unique in that the
prevalence of heteroplasmy in the LHON 11778 mutation is rare. In a
recent study examining 167 unrelated LHON families the incidence of
heteroplasmy in the 11778 mutation was found to be 5.6% (Jacobi et al.
2001).
Jacobi FK, Leo-Kottler B, Mittelviefhaus K, Zrenner E, Meyer J, Pusch
CM, Wissinger B (2001) Segregation patterns and heteroplasmy
prevalence in Leber's hereditary optic neuropathy. /nvest
Ophthalmol Vis Sci 42:1208-1214
CPEO Patients
LS This 44 year old male initially presented in August 1997 with
balance problems and tinnitus. A MRI done at the time reported “three
small non-specific foci of white matter disease within the right cerebral
hemisphere”. He continued to have balance problems, progressive
hearing loss, and developed muscle weakness and generalized fatigue. In
November 1999 he presented to the emergency department with a
hypertensive crisis (blood pressure 235/200). He began experiencing
vision problems and a referral to an ophthalmologist revealed a vision of
20/25 in the right eye and 20/200 in the left eye accompanied by
ophthalmoplegia and slight ptosis. A muscle biopsy in May 2000 showed a
deletion of approximately five kilobases. In September 2000 the patient
had an acute, complete loss of hearing with subsequent cochlear

implants. Clinical examination in 2001 indicated a stabilization of his

vision, ptosis and ophthalmoplegia, with proximal muscle weakness and
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muscular pain. His medications include Metoprolol for hypertension and

Gabapentin for muscular pain management.

PD In 1994, this 47 year old male developed rhabdomyolysis with
myoglobinuria and subsequent acute renal failure after extreme exertion.
He received dialysis and renal function returned to normal. In retrospect,
the patient had noticed previous episodes of dark colored urine in
association with intense muscular activity. A muscle biopsy revealed
ragged red fibers and a seven kilobase deletion with 68% mutant mtDNA.
Further investigations indicated ptosis, ophthalmoplegia and a mild
sensorineural hearing loss. He has a history of hypertension and was
diagnosed with hyperlipidemia in 2000. Further cardiac evaluation was
performed to rule out a cardiomyopathy. He continues to have marked
muscle pain associated with minimal exertion. His medications include
Monopril, Metoprolol, Norvasc, Hydrochlorthiazide, Amitriptyline and

Gabapentin.

LO  This 36 year old female initially noticed droopy eyelids and difficulty
with eye movements in her early teens. She also noticed considerable
fatigue in comparison to people her age. At age 27, a muscle biopsy
revealed a five kilobase deletion in the mtDNA and the presence of ragged
red fibers. A MRI did not detect any cerebellar abnormalities. Nerve
conduction studies did no show any evidence of peripheral neuropathy.
Ophthalmological examination in 2001 indicated a stabilization of bilateral
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ptosis and ophthalmoplegia. Clinical examination showed mild, diffuse
muscle weakness. The patient reports an increase in energy level and

exercise tolerance on cofactor therapy.

MELAS Patient

DH This 26 year old female was diagnosed with the 3243 MELAS
mutation in leukocytes after investigation of a multisystem disorder in her
61 year old mother in 1998. The clinical picture in the mother included
progressive hearing loss, chorioretinal dystrophy, Type Il diabetes, lactic
acidosis, stoke-like episodes and dementia. The daughter had
experienced hearing problems since age 15, child onset migraines, poor
exercise tolerance and hypertension was diagnosed at age 25. Blood work
done in 1998 indicated a marginally elevated lactate without
hyperalaninemia. A MRI of the head done at this time was normal. Clinical
evaluation in 2001 revealed a slight deterioration in low frequency hearing
with a subjective increase in energy level and exercise tolerance while on

therapy.

NARP Patient

CP  This 58 year old female was diagnosed with the T8993G NARP
mutation in 2001 after referral to the Neurology Department, University of
Alberta Hospital, with complaints of poor balance. She has retinitis
pigmentosa with progressive loss of vision, ataxia, neurogenic muscle
weakness with peripheral neuropathy and sensorineural hearing loss. In
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retrospect, the vision problems and weakness in lower limbs started in her
early twenties. She was diagnosed with hyperthyroidism and osteoporosis

in 2001, and is being treated with Tapasol and Fosamax.

Cytochrome ¢ Oxidase Deficiency Patient

SA  This twelve year old male presented at two years of age with lactic
acidosis associated with a viral illness. Enzyme analysis in muscle and
skin fibroblasts revealed a deficiency of cytochrome ¢ oxidase (COX).
Complex | activity was slightly low in muscle but normal activity was
reported in skin fibroblasts. Screening of the mitochondrial genome failed
to detect any mtDNA abnormalities. A MR! done in 1993 reported
‘extensive bilateral and symmetrical signal changes within the basal
ganglia”. A repeat MRI done in 1998 was unchanged. At eight years of
age he developed seizures which are treated with Gabapentin. This chiid
has a mitochondrial encephalomyopathy with a seizure disorder, growth
failure, ataxia and developmental delay. Lactic acidosis occurs with viral
iliness, with lactate levels within the normal range otherwise. He remains

stable and shows no evidence of deterioration of his condition.
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