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applicability of protein therapy from the middle ear space, new
technology is required to overcome the difficulty of delivering
large molecules to the inner ear. The Tat protein of HIV-1 is a
protein of 101 residues. The Tat protein has the characteristic that
it can cross the plasma membrane of neighboring cells.3' TAT
comprises the short stretches of the Tat protein domain that are
primarily responsible for their translocation ability, also referred to
as protein transduction domains.3? Although the exact mechanism
has not been elucidated, two models have been proposed:
energy-dependent macropinocytosis, and direct uptake by
electrostatic interactions and hydrogen bonding.®®* By fusing
FNK to the TAT domain, FNK was effectively absorbed into the
outer epithelium cells and then secreted to the inner ear space,
although further studies are needed to confirm this. When fused
with TAT, various proteins were reported to be transported across
cell membranes.”® Even B-galactosidase, whose molecular weight
is 120kDa, has been reported to enter cells3® Moreover,
oligonucleotide, nucleic acids and liposome can also be con-
jugated with TAT to improve its penetration.®* Thus, protein
transduction technology allows the use of macromolecules for
therapeutic application in a variety of inner ear disorders.

In our previous study, we successfully delivered TAT-FNK
protein to the inner ear by intraperitoneal injection.'®> However,
systemic administration may not be suitable for treatment of inner
ear disorders because only relatively small amounts of drug can
enter the inner ear, which therefore requires the application of
high doses of drug to maintain a therapeutic concentration in the
inner ear at an optimal time. Moreover, a single administration has
a short half-life, as shown in our previous study,]3 and thus
repeated administration is required. High doses of drug may easily
induce systemic toxicities and acute allergic side effects. In
particular, high doses of this antiapoptotic protein may promote
tumor, although this has not been reported. Therefore, injection of
drugs topically into the middle ear space may be more
appropriate to better control local drug delivery. Injection of
drugs into the middle ear space, however, may result in a large
portion of the drug being absorbed by the middle ear mucosa or
drained into the epipharynx by the Eustachian tube.3®

To deliver a drug more effectively into the inner ear, using an
absorbable material as a drug carrier may be promising. These
materials could secure the stability of drugs on the RWM, and
thereby lengthen the contact time with the RWM, and reduce
diffusion into the mucosa and drainage from the middle ear
space.® In the current study, we used a gelatin sponge as a carrier
of TAT-FNK, as Husmann et al” used a gelatin sponge on the
RWM to topically apply gentamicin, which then induced severe
damage to the cochlea compared with a single application.
Similarly, Okamoto et al.*® used a gelatin sponge containing bone
morphogenetic protein-2, and demonstrated that bone morpho-
genetic protein-2 was slowly released and induced successful
regeneration of cartilage in a canine tracheomalacia model.
Compared with our previous systemic study,’® we could observe
immunoreactivity of TAT-myc-FNK in the cochlea using approxi-
mately 1/600th the amount of TAT-myc-FNK. Immunoreactivity of
TAT-myc-FNK could still be observed in the cochlea after 24h,
which is significantly longer than the expression periods observed
in previous systemic injection studies targeting organs, including
the cochlea.'™'® Further, the amount of TAT-FNK we topically
applied to protect HCs from ototoxicity was approximately 1/15th
the dose we used systemically to protect from the same
ototoxicity in our previous study.® Thus, a gelatin sponge is
considered to be an effective drug carrier for inner ear disorders.

When drugs are topically applied onto the RWM, they diffuse
from the basal end of the cochlea and thus initially show a
concentration gradient, decreasing toward the apex. The con-
centration gradient in the perilymph was investigated, and the
greater concentration was demonstrated at the basal turn.3%4°
However, when the patterns of distribution of the drugs applied
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on the RWM were investigated by immunocytochemistry, the
drugs appeared to be widely and rapidly distributed into the
various organs of the inner ear. Imamura and Adams*® examined
the distribution of gentamicin in the inner ear of guinea pig using
a monoclonal antibody. When gentamicin was placed on the
RWM, the entire cochlear cell was diffusely stained until 6 h after
administration. Beginning at 6h after application, staining was
found to be localized mainly in the basal turn. Greater staining in
the basal turn was also found when gentamicin was administered
systemically. These results suggest that gentamicin can be
diffused rapidly into the entire cochlea, and that the localization
of staining in the basal turn is due to the nature of the cells in the
basal turn to accumulate the drug, and not because of the
predominant distribution of gentamicin at the basal turn. Zou
et al** examined the distribution of lipid nanocapsules in cochlear
cells after application on the RWM by using fluorescein
isothiocyanate and rhodamine-B labeling. The lipid nanocapsules
were present in the SGCs, OC and SV 30min after application.
Moreover, the nanocapsules were more strongly distributed in the
SV in the second turn than in the basal turn. They assumed that
after penetrating the RWM, the nanocapsules are rapidly diffused
through the porous modiolar wall of the scala tympani, after
which they enter the SGCs, and then are widely diffused through
its nerve fibers. In the present study, although there was a trend of
higher intensity of immunoreactivity of TAT-myc-FNK at the basal
turn, we did not observe statistically significant differences among
the turns. We assume that this rapid and relatively even
distribution of TAT-FNK throughout the cochlea was achieved by
this radial diffusion through the modiolus, and not by longitudinal
perilymph diffusion. Pathways to uptake lipid nanocapsules and
TAT-mediated particles into the tissue might be similar, as their
high permeability is considered to accelerate their rapid
diffusion.*’*? High immunoreactivity in the SGCs compared with
those in the SV and SL at 6 h can support this argument, although
the cause of the higher immunoreactivity in the OC compared
with that in the SGCs needs to be clarified in future research.

It is known that high-frequency hearing loss occurs initially after
AG ototoxicity. However, when the damage by AG is severe, apical
cells will be affected and hearing loss expands to lower
frequencies.”® The doses of the KM and EA combination we
chose were assumed to be sufficient to cause threshold shifts
even at a low frequency. We observed some tendency that the
OHCs in the basal parts are more susceptible to the combination
of EA and KM than those the upper parts (Figures 4a and b). This
finding is consistent with that in other studies.** When we
compared the extent of missing HCs in the region corresponding
to the frequency at which ABR was measured, the percentages of
missing OHCs was approximately 67% in the region correspond-
ing approximately to 4kHz and 80% in that corresponding to
20 kHz. In untreated ears, the percentages of missing OHCs in the
regions comparable to 4 and 20kHz were 95% and 100%,
respectively. The differences in the extent of OHC loss between
the 4- and 20-kHz regions were small, supporting the ABR findings
that there was no significant difference in the threshold shifts
among the tested frequencies, although the ABR threshold shifts
were slightly greater at higher frequencies than at lower
frequencies.

In the current study, we showed that caspase-9 was activated
by KM in vitro. This finding suggests that KM-induced cochlear HC
death is caspase-9-dependent, which is consistent with other
studies.”* We demonstrated that TAT-FNK suppressed the
activation of caspase-9 in this study and reduced the extent of
cleaved PARP in OHCs in our previous study,'® which suggests
that TAT-FNK prevents the intrinsic apoptotic pathway, as does
the parent protein Bcl-x.. It has also been shown that TAT-FNK
affects the cytosolic movement of Ca?* and protects neuronal
cells from glutamate excitotoxicity.!’ It has been shown in vitro
that AG antibiotics cause an increase in intracellular calcium levels
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in avian HCs*® and in isolated OHCs of guinea pigs.*’ Therefore,
inhibition of Ca®™ homeostasis distribution may have a crucial
role in the ability of TAT-FNK to prevent apoptotic cochlear
HC death. The mechanism of how TAT-FNK prevents cochlear HC
death remains to be fully elucidated.

In conclusion, we demonstrated that TAT-FNK infiltrated in
gelatin sponge and placed on the guinea pig RWM could
successfully deliver the protein to the cochlea by penetrating
through the RWM, and that a single topical administration of
TAT-FNK protected the cochlea against the combination of the
ototoxic drugs KM and EA in vivo. An in vitro study demonstrated
that TAT-FNK suppressed the activation of caspase-9 and
protected cochlear HCs from KM-induced apoptosis. These
findings suggest that topical administration of an antiapoptotic
protein fused with TAT and soaked with a gelatin sponge is
effective at preventing the apoptosis of cochlear HCs, and that
such topical treatment is superior to systemic administration in
terms of organ specificity and safety. Future studies using
this technology may extend the feasibility of protein therapy for
treatment of inner ear disorders.

MATERIALS AND METHODS

The experimental protocol was approved by the University Committee for
the Use and Care of Animals at the University of Tokyo, and it conforms
to the NIH Guidelines for the Care and Use of Laboratory Animals.

Construction and preparation of TAT-FNK and TAT-myc-FNK

We constructed FNK (originally designated as Bcl-xFNK) by introducing
amino-acid substitutions into Bcl-x, using a two-step PCR mutagenesis
method, as reported previously.” The substituted codons were as follows:
Tyr-22 (TAC) with Phe (TTC), GIn-26 (CAG) with Asn (AAC) and Arg-165
(CGG) with Lys (AAG). Among the mammalian antiapoptotic factors, FNK is
the only mutant with a gain-of-function phenotype because, compared
with Bcl-x;, FNK showed stronger antiapoptotic activity to protect cultured
cells from death induced by various death stimuli, including oxidative
stress, a calcium ionophore and withdrawal of growth factors.? TAT-FNK
and TAT-myc-FNK were then prepared as described previously.'’ The gene
constructed for FNK was fused with an oligonucleotide encoding TAT, and
the resulting TAT-FNK gene encoded met-gly-TAT (consisting of 11 amino
acids: YGRKKRRQRRR)-gly-FNK. An oligonucleotide encoding GEQKLI-
SEEDLG (the myc TAG sequence is underlined) was inserted between
the TAT and FNK sequences of TAT-FNK by PCR to obtain TAT-myc-FNK. To
construct myc-FNK without the TAT domain, an oligonucleotide encoding
met-gly-myc TAG-gly was also ligated to the FNK sequence by PCR. The
TAT-FNK plasmid was introduced into Escherichia coli DH5a cells
(Invitrogen, Life Technology, Carlsbad, CA, USA) and the TAT-FNK protein
was overexpressed by treatment with 1 mm isopropyl 1-thio-B-p-galacto-
side for 5h with vigorous shaking at 37 °C. Proteins were solubilized in
buffer (7m urea, 2% sodium dodecyl sulfate, 1 mm dithiothreitol, 62.5 mm
Tris-HCl (pH 6.8) and 150 mm NaCl) and then subjected to sodium dodecyl
sulfate-PAGE to remove contaminating proteins and endotoxins. The gel
was treated with 1m KCl and the transparent band corresponding to TAT-
FNK was cut out. Proteins were electrophoretically extracted from the gel
slice using extraction buffer (25mm Tris, 0.2m glycine and 0.1% sodium
dodecyl! sulfate) for in vitro and in vivo experiments. The extraction buffer
was used as the vehicle. The concentration of the extracted TAT-FNK
ranged from 1 to 6mgml™".

Immunohistochemical detection of TAT-myc-FNK in the cochlea
after tympanic administration

Eighteen male albino guinea pigs (Saitama Experimental Animals Supply
Co. Ltd, Saitama, Japan) weighing 250-300 g were used. Under anesthesia
with xylazine hydrochloride (10mgkg™"; Bayer, Leverkusen, Germany) and
ketamine hydrochloride (40mgkg™"; Sankyo, Tokyo, Japan), a post-
auricular incision was made and the bone posterior to the tympanic ring
was exposed. A hole was drilled into the bulla exposing the middle ear
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space medial to the tympanic ring. The round window niche and the RWM
were identified. The gelatin sponge (Spongel; Astellas Pharma Inc., Tokyo,
Japan) was soaked in 3 pl of TAT-myc-FNK (0.5 mg mi™") and placed on the
RWM of the left ear. The animals were killed at 1, 3,6, 12,24 and 48 h (n =3
for each time point) after injection, while under deep anesthesia, using an
overdose of xylazine hydrochloride (Bayer) and ketamine hydrochloride
(Sankyo). Three animals that were killed 6h after a similar tympanic
administration of myc-FNK (3pl; 0.5mgml™") served as controls. The
cochleae from both ears were perfused with 4% paraformaldehyde in 0.1 m
phosphate-buffered saline (PBS) at pH 7.4 through the oval and round
windows, and immersed in the same fixative overnight at 4°C. The
specimens were decalcified in 10% EDTA acid for 14 days, dehydrated
through a graded alcohol series and embedded in paraffin. The embedded
tissues were cut into 5-um-thick sections parallel to the modiolus and
mounted on glass slides. The sections were deparaffinized, hydrated and
rinsed with PBS. To detect TAT-myc-FNK and myc-FNK in situ, rabbit an
anti-myc-tag polyclonal antibody was used (1:5000, 4 °C overnight; Upstate
Biotechnology, Lake Placid, NY, USA) coupled with a DAKO Envision +
system (Dako Japan, Kyoto, Japan). Negative controls were established by
replacing the primary antibody with blocking buffer.

The LI of the anti-myc antibody in the cochlear tissues was obtained by
a modified Photoshop-based image analysis. The original method was
developed by Lehr et al*® In brief, an image was digitized on magnetic
optical disks. Using the ‘Magic Wand’ tool in the ‘Select’ menu of
Photoshop, the cursor was placed on a portion of the immunostained area.
The tolerance level of the Magic Wand tool was adjusted so that the entire
immunostained area was selected. Using the ‘Similar’ command in the
‘Select’ menu, all the immunostained areas were selected automatically.
Subsequently, the image was transformed to an 8-bit grayscale format. An
optical density plot of the selected areas was generated using the
‘Histogram’ tool in the ‘Image’ menu. The mean staining intensity and
the number of pixels in the selected areas were quantified. Next, the
background was selected using the ‘Inverse’ tool in the ‘Select’ menu. The
mean background intensity was quantified using the ‘Histogram’ tool as
mentioned above. The immunostaining intensity was calculated as the
difference between the mean staining intensity and the mean background
intensity. The immunostained ratio was calculated as the ratio of the
number of pixels in all the immunostained areas to that in the entire
image. LI was defined as the product of the immunostained ratio and the
immunostaining intensity. The modiolar sections were obtained in every
third section and five sections were randomly selected from each ear (10
sections from each animal). As a result, the LI was measured using 30
sections in each group by a technician naive to the treatment, preparation
techniques or the aims of the current study. To investigate differences
among the cochlear turns, the Lis in the basal, second and third turns were
also measured 1 and 6h after application. The Lis of the SGCs, SV and
SL 6 h after the application of TAT-myc-FNK onto the RWM, as well as those
in the controls, were also measured. To compare the immunostaining
intensity among the cells in these organs, the ratios of normalized
immunoreactivity were calculated by dividing the Lis at 6 h by those of the
control.

Tympanic injection of TAT-FNK in vivo
Eight male albino guinea pigs, weighing 250-300g and showing ABR
thresholds within normal limits based on our laboratory database, were
used in this investigation. Only male animals were used because there are
gender differences in the ability to detoxify reactive oxygen species and in
the levels of endogenous antioxidants in the cochlea.***°

Animals were anesthetized with xylazine hydrochloride (10mgkg™")
and ketamine hydrochloride (40mgkg™"). Chloramphenicol sodium
succinate (30mgkg™', intramuscular injection) was administered as a
prophylactic. Under aseptic conditions, the bulla was exposed bilaterally
from an occipitolateral approach and opened to allow visualization of the
RWM. A gelatin sponge soaked with 3l of TAT-FNK (6mgml™") was
placed on the RWM in the left ear, whereas a gelatin sponge soaked with
only a vehicle was placed on the RWM in the right ear. One hour after the
wound was sutured, a single dose of KM (200 mg kg™"; Meiji, Tokyo, Japan)
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was injected subcutaneously. Then, 2h after the KM injection, the
jugular vein was exposed under general anesthesia and EA (40mgkg™";
Sigma-Aldrich, Tokyo, Japan) was infused into the vein as described
previously.>" An additional four animals served as drug controls: a gelatin
sponge soaked with 3 pl of TAT-FNK (6mgml™") was placed on the left
RWM, but KM and EA were not administered.

ABR measurement

ABRs were recorded using waveform storing and stimulus control
using MEB-5504 (NIHON KOHODEN CO. Tokyo Japan) and DPS-725
(DIA MEDICAL CO., Tokyo, Japan). Sound stimuli were produced by the
PT-R7 Il ribbon-type speaker (PIONEER CO., Tokyo, Japan). Recordings
were performed in a closed-field TRAACOUSTICS acoustic enclosure
(TRACOUSTICS INC., Austin, TX, USA) and sound level calibration was
performed using a sound-level meter (NA-28 RION, Tokyo, Japan). Pure
tones (4, 8 and 20kHz) were measured 3 days after the arrival of the
animals to determine the baseline thresholds, and 14 days after the
ototoxic insult (for experimental animals) or TAT-FNK application (for drug
control animals) to determine the threshold shifts. The frequencies (4, 8
and 20 kHz) measured in this study were frequently used for other studies
using guinea pigs, including our previous study.'***>* We have limited our
investigation to these frequencies to evaluate hearing to minimize the
stress on these animals. The method of ABR measurement has been
described previously.>* In brief, animals were anesthetized with a mixture of
xylazine hydrochloride (10mgkg™", intramuscular) and ketamine hydro-
chloride (40mgkg™", intramuscular), and needle electrodes were placed
subcutaneously at the vertex (active electrode), beneath the pinna of the
measured ear (reference electrode) and beneath the opposite ear (ground).
The stimulus duration was 15 ms, with a presentation rate of 11 57!, and the
rise/fall time was 1 ms. Responses of 1024 sweeps were averaged at each
intensity level (5-dB steps) to assess the threshold. The threshold was defined
as the lowest intensity level at which a clear reproducible waveform was
visible in the trace. When an ABR waveform could not be evoked, the
threshold was assumed to be 5dB greater than the maximum intensity
produced by the system (105dB SPL). Threshold shifts were calculated by
subtracting the baseline thresholds from those observed before killing.

Assessment of extent of HC loss

After ABR measurements 14 days after ototoxic insults (experimental
animals) or TAT-FNK application (drug control animals), animals were killed
under deep anesthesia using xylazine hydrochloride and ketamine
hydrochloride. The bilateral cochleae were perfused with 4% paraformal-
dehyde in 0.1 m PBS at pH 7.4 through the oval and round windows, and
then immersed in the same fixative overnight at 4 °C. The cochleae were
then washed with PBS, permeabilized with 0.3% Triton X-100 for 10 min
and labeled with 1% rhodamine phalloidin (Molecular Probes, Eugene,
OR, USA) for 30 min to stain F-actin. The tissues were processed as whole
mounts using the surface preparation technique. The specimens were then
mounted on glass slides using the Prolong Antifade kit (Molecular Probes)
and observed. Reticules whose length (bin width) at x 40 was 0.45mm
were used to count the numbers of total and missing HCs. HCs that
showed an identifiable cell body and cuticular plate were considered to
be present. The presence of distinctive scar formations produced
by convergence of adjacent phalangeal processes was regarded as an
indicator of a missing HC. The percentage of HC loss for the IHCs and OHCs
was calculated for each segment obtained from each animal. The average
for each segment was then determined for each group and plotted from
the apex to the base to produce an average cytocochleogram. Two animals
were excluded because of tissue damage during surface preparation,
leaving a total of six cochleae for the HC count study.

Assessment of the protective effects of TAT-FNK and caspase-9
detection for cultured HCs

Sprague-Dawley rats (Saitama Experimental Animals Supply Co. Ltd) were
decapitated on postnatal day 5 (P5) and the cochlea was carefully
dissected out. On the basis of the methods of Sobkowicz et al.>> the SV,
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the SL and the spiral ganglion neurons were dissected away, leaving the
OC. The cochlea used for analysis was prepared by cutting 2 mm from the
basal end and 3 mm from the apical end of the cochlea (approximately half
of the cochlea). Explants were maintained in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum, 25mm Hepes and 30Uml™’
penicillin, and were cultured in an incubator at 37 °C under 5% CO, and
95% humidity for 24 h. Explants were exposed to medium containing 20 nm
TAT-FNK, 20 nm FNK without TAT or vehicle. Two hours after exposure, the
medium was changed to one containing 6 mm KM and either 20 nm FNK,
20nm TAT-FNK or the vehicle. Typically, 10 cultures were evaluated for
each experimental condition: four were cultured for 10 h for detection of
caspase-9 and six were cultured for 12 h for cell counting. Additional 10
cultures were evaluated for control, of which four were cultured for 10h
and six were cultured for 12 h, with the medium containing no KM.

Caspase-9 activity was examined by using the fluorescent caspase
substrate fam-LEHD-fmk (caspase-9 substrate), which was obtained from
Intergen (Purchase, NY, USA) and used according to the manufacturer’s
protocol. After culturing, the fluorescent substrate was added directly to
the culture medium (final concentration, 5 um) for the final hour in culture.
After 1h in this substrate, the OC was washed three times for 15 min each
at 37 °C in the washing buffer supplied by the manufacturer. The cultures
were then fixed overnight at 4°C in the fixative supplied by the
manufacturer. After fixation, the cochleae were washed with PBS,
permeabilized with 0.3% Triton X-100 for 10 min and labeled with 1%
rhodamine phalloidin (Molecular Probes) for 30 min to stain F-actin. Whole
mounted cochleae were viewed with a confocal laser-scanning microscope
(ZEISS LSM5 PASCAL). Caspase-9-positive cells were counted over a 0.2 mm
longitudinal distance from four separate regions in each culture. A mean
value was determined for each culture.

For HC counting, cultures were fixed overnight at 4°C in the fixative
supplied by the manufacturer. After fixation, the cochleae were washed with
PBS, permeabilized with 0.3% Triton X-100 for 10 min and labeled with 1%
rhodamine phalloidin (Molecular Probes) for 30min to stain F-actin. To
quantify HC loss in the cochlea after various treatments, IHCs and OHCs were
counted over a 0.2 mm longitudinal distance from four separate regions of
each culture. A mean value was determined for each culture.

Statistical analysis

The SPSS software was used for statistical analysis. The time course of the
LI for TAT-myc-FNK in the OC was compared between groups by one-way
and then pairwise comparisons, with statistical significance adjusted for
multiple comparisons (Scheffe’s test). The differences in the turns of the LI
for TAT-myc-FNK in the OC at 1 and 6h were compared by two-way
ANOVA (the independent variables were cochlear turns and time course).
The differences in the normalized Lis between the sub-sites in the cochlea
were compared by one-way ANOVA, and then pairwise comparisons were
performed by using Scheffe’s test. The ABR thresholds at each frequency
before and 14 days after the ototoxic insults were compared by two-way
ANOVA (the independent variables were TAT-FNK administration and
hearing frequency). The extent of missing HCs in vitro was also compared
by two-way ANOVA (the independent variables were TAT-FNK treatment
and type of HC). Caspase-9 activities between the groups were compared
by one-way ANOVA followed by Scheffe's test. The extent of missing HCs in
vitro after exposure to KM was compared by two-way ANOVA (the
independent variables were type of HC and drug administration), and if a
statistically significant interaction was observed, Bonferroni test was used
for simple effects analysis. A level of P<0.05 was accepted as statistically
significant.
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ARTICLE INFO ABSTRACT

Background: The pathogenic mechanism of stroke-like episodes seen in mitochondrial myopathy, encephalopathy,
lactic acidosis, and stroke-like episodes (MELAS) has not been clarified yet. About 80% of MELAS patients have an
A3243G mutation in the mitochondrial tRNA®“(YUR) gene, which is the base change at position 14 in the consensus
structure of tRNAYVUUR) gene,

Scope of review: This review aims to give an overview on the actual knowledge about the pathogenic mechanism
of mitochondrial cytopathy at the molecular levels, the possible pathogenic mechanism of mitochondrial angio-
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ﬁ{c‘/z‘gg;ﬂrial cytopathy pathy tp cause stroke-like episodes at the clinical and pathophysiological levels, and the proposed site of action of
Translation L-arginine therapy on MELAS.

RNA 19 Major conclusions: Molecular pathogenesis is mainly demonstrated using p° cybrid system. The mutation creates
Angiopathy the protein synthesis defects caused by 1) decreased life span of steady state amount of tRNA“UUR) molecules;
Endothelial dysfunction 2) decreased ratio of aminoacyl-tRNA®(UUR) versus uncharged tRNAU(YUR) molecules; 3) the accumulation of ami-
L-arginine noacylation with leucine without any misacylation; 4) accumulation of processing intermediates such as RNA 19, 5)

wobble modification defects. All of these loss of function abnormalities are created by the threshold effects of cell or
organ to the mitochondrial energy requirement when they establish the phenotype. Mitochondrial angiopathy
demonstrated by muscle or brain pathology, as SSV (SDH strongly stained vessels), and by vascular physiology
using FMD (flow mediated dilation). MELAS patients show decreased capacity of NO dependent vasodilation be-
cause of the low plasma levels of L-arginine and/or of respiratory chain dysfunction. Although the underlying mech-
anisms are not completely understood in stroke-like episodes in MELAS, L-arginine therapy improved endothelial
dysfunction.
General significance: Though the molecular pathogenesis of an A3243G or T3271C mutation of mitochondrial
tRNALU(UUR) gene has been clarified as a mitochondrial cytopathy, the underlying mechanisms of stroke-like ep-
isodes in MELAS are not completely understood. At this point, L-arginine therapy showed promise in treating of
the stroke-like episodes in MELAS. This article is part of a Special Issue entitled Biochemistry of Mitochondria.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Mitochondrial myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes (MELAS) (OMIM 540000), characterized by an
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early onset of stroke-like episodes, was first described by Pavlakis
and colleagues in 1984 [1]. At least 39 distinct mitochondrial DNA
mutations have been associated with MELAS [2], about 80% of
MELAS patients have an A3243G mutation in the mitochondrial
tRNALUUUR) gepne (OMIM 590050) [3-5]. Although more than
25 years have passed since MELAS was first defined clinically and
pathologically, the pathogenesis of the stroke-like episodes is still un-
certain. Mitochondrial angiopathy with degenerative changes in
small arteries and arterioles, which has been reported in many
MELAS patients [6,7], is suggested by the observation of strong succi-
nate dehydrogenase activity in the wall of blood vessels (SSVs) [8]. In
spite of the fact that many therapeutic trials have been conducted to
cure mitochondrial disorders, no trial has been successful, though
several clinical trials are still on-going. Based on the hypothesis that
stroke-like episodes in MELAS are caused by segmental impairment
of vasodilatation in intracerebral arteries, we use L-arginine in
MELAS patients during the acute phase to cure the symptoms or to
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decrease the frequency and/or the severity of the stroke-like episodes
[9,10,11]. This review aims to give an overview on the actual knowl-
edge about the pathogenic mechanism of mitochondrial cytopathy at
the molecular levels, the possible pathogenic mechanism of mito-
chondrial angiopathy to cause stroke-like episodes in the clinical
and pathophysiological levels, and the proposed site of action of
L-arginine therapy on MELAS.

2. Molecular pathophysiology of mitochondrial cytopathy in
MELAS

2.1. Characteristics of tRNA*¥“YUR) gene and structure stabilization of
mutant

A point mutation in the structural gene for a tRNA may be expected
toresult in a deficiency in translation. However, inhibition of translation
due to a mutated tRNA gene may occur at several levels. The base
change at position 14 in the consensus structure of tRNA*(UUR) js an
invariant A in bacterial and cytosolic eukaryotic tRNAs and is typically
involved in the tertiary folding of classical tRNAs (Fig. 1A) [12]. Because
of above reason, the A3243G mutation is primarily thought to disrupt
the tertiary interaction between the highly conserved np A14 (>90%
for adenine) and U8, a binding that stabilizes the L-shaped tertiary
fold [13,14], which results in partially folded tRNA transcripts into the
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Fig. 1. tRNALU(UUR) serycture and wobble modification. tRNAUYUR) structure, An A to
G change at position 14 in the consensus structure of tRNA"Y(“UR) which is thought to
disrupt the tertiary folding of classical tRNAs [12], results in partially folded tRNA tran-
scripts into the L-shaped structure with an acceptor branch but with a floppy anticodon
branch [14,15]. B. Wobble modification The wild-type tRNA®U(VUR) contains an un-
known modified uridine at the wobble position and that this modification occurs at
the uracil base [35], however its modification is absent in the tRNA*Y(Y9R) with a mu-
tation at either np A3243G or T3271C. The wobble modified uridine in the wild-type
tRNALUULR) js 5_taurinomethyluridine (sm5U). The U on the bold indicates the unmo-
dified uridine present in the mutant tRNAs.

L-shaped structure with an acceptor branch but with a floppy anticodon
branch [15]. The mutant tRNA is able to adapt to the synthetase, but re-
sults in incorrect tRNA processing and enzyme maturation and accord-
ingly defects in a variety of biochemical pathways. The mutation may
directly affect the mitochondrial tRNA function in translation, such as
structure stabilization, methylation, amino-acylation, and codon recog-
nition, or alternatively, may affect recognition of the tRNA by an enzyme
not directly involved in translation, such as the enzymes which process
the large polycistronic transcripts of the mtDNA.

2.2. p° cybrid system in MELAS

King et al. developed the technologies whereby the mitochondria
from cells derived from patients are transferred to a cell line lacking
mtDNA (so called p° cybrid system), which allowed to conduct the
study of the genotype-phenotype relationships in mitochondrial function
[16,17]. In this manner, it is possible to create trans-mitochondrial cell
lines containing different proportions of mutated mtDNA from 0% to
100%, and to study the effects of a given mutant load on the activity of re-
spiratory chain complexes, mitochondrial respiration and cell growth, as
well as mitochondrial tRNA stability, methylation, aminoacylation,
codon recognition and threshold effects. First application of this technique
to an A3243G mutation related to molecular basis of MELAS, has been
reported by Chomyn et al. [18], and King et al. [ 19] independently. Mutant
transformants showed protein synthesis defects clearly, and demonstrat-
ed that there was the direct evidence between single nucleotide change at
14th position of an A to G transition in the mitochondrial tRNAX“(UUR)
gene and mitochondrial dysfunction. However, the reduction in labeling
of the various mitochondrial translation products in mutant was not cor-
related with their UUR-encoded leucine content. King also reported the
similar effects in transformants having a T3271C mutation [19]. This p°
cybrid system becomes the orthodox and powerful tool when one evalu-
ates the pathogenicity of any nucleotide changes in the mitochondrial
DNA.

2.3. Transcription termination of mitochondrial RNAs in MELAS

The mammalian mitochondrial tRNAs are transcribed as part of larger
polycistronic RNAs, in which the tRNA sequences are contiguous or nearly
contiguous to the rRNA sequences and the protein-coding sequences
(Fig. 2). The ribosomal gene region appears to be transcribed 50-100
times more frequently than the other H-strand genes [20]. In these poly-
cistronic molecules, the tRNA structures are believed to act as recognition
signals for the processing enzymes which make precise endonucleolytic
cleavages at the 5' and 3" ends of the tRNA sequences in the primary tran-
scripts, yielding the mature rRNAs, mRNAs, and tRNAs [21]. The ribosomal
DNA transcription unit, one of three polycistronic transcription units of
human mtDNA, terminates at the 3'-end of the 16S rRNA gene just before
the tRNA®WUWR) gene, This transcript, corresponding to the ribosomal
genes, is processed to yield the mature rRNAs and, due to its very high
rate of synthesis, is responsible for the bulk of the rRNA formation [22].
Transcription termination is mediated by a protein factor (mTERF: mito-
chondrial termination factor) which specifically binds within the
tRNAU(UUR) gene and which promotes termination of transcription
(Fig. 3A) [22,23]. Since this mutation is located exactly in the middle
of termination protein binding domain, the A3243G mutation in the
tRNALEU(UUR) gane has been shown in vitro to impair the binding of this
protein factor and to affect the efficiency of transcription termination at
the end of the 165 rRNA gene [23]. However, in vivo analysis using p°
cybrid system provided no evidence to support above data. There were
no alterations of size of the tRNA™YWWWR) or of the immediately
downstream-encoded ND1 mRNA or of the 16S rRNA, as detectable by
changes in their electrophoretic mobility [18]. The steady-state amounts
of mitochondrial rRNAs, mRNAs, and tRNA*4(UUR) gre not significantly af-
fected by the MELAS mutation in p° cybrid system. The discrepancy of the
data described above may be explained by the possibility that the

74



610 Y. Koga et al. / Biochimica et Biophysica Acta 1820 (2012) 608-614

Mitochondrial Primary Transcripts

jy Yﬁstmnie RNAs
3‘
5 M‘/

Ribosomal

AN AT

Poly (A) ATP(CTP)-tRNA- | Ribonuclease P Poly (A)
Polymerase | specific Precarsor tRNA Polymerase
nucleotidyl - 3’ -endonuclease

transferase
~ = UAAA TR, UAAAAA
rRNA tRNA mRNA

Fig. 2. Mammalian mitochondrial transcription system. The human mitochondrial
RNAs are transcribed as a larger polycistronic RNAs, in which the tRNA sequences are
contiguous or nearly contiguous fo the rRNA sequences and the protein-coding
sequences.
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Fig. 3. Post-transcriptional modification. A. Transcription termination. The ribosomal gene
region appears to be transcribed 50-100 times more frequently than the other H-strand
genes [20]. Transcription termination is mediated by a protein factor (mTERF: mitochon-
drial termination factor) which specifically binds within the tRNA*" YR gene and which
promotes termination of ribosomal transcription. B. Post-transcriptional modification and
RNA 19 The increase of RNA 19, corresponding to the 165 rRNA -+ tRNAL(UUR) £ ND 1
genes, found in mutant tRNA"YYYR) cybrids clearly demonstrate that RNA processing is
not occurring in mutant cybrids as efficiently as in wild-type cybrids {19]. RNA 19 is also
accumutated in muscle specimens from 8 MELAS patients [26]. The proportion of mutated
RNA in RNA 18 fraction is always higher than those in the percentage of mutation in mi-
tochondrial DNA, suggesting that the A3243G mutation exhibited dominant negative ef-
fects on the mitochondrial RNA processing events, resulting in the accumulation of RNA
19 transcripts in these patients {28-30].
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reduction in affinity of mTERF for the mutated target sequence is compen-
sated by hyper-expression of the protein. Anyway, using genetic, bio-
chemical, and morphological techniques, it was found that the mutant,
but not wild-type cybrids, displayed quantitative deficiencies in cell
growth, protein synthesis, and respiratory chain activity [19].

2.4. Processing of polycistronic transcripts in MELAS

it was found that there was an accumulation of a previously uni-
dentified RNA transcript in mutant cybrids (A3243G or T3271C), des-
ignated as RNA 19, corresponds to the 165 rRNA -+ tRNALU(UUR) L ND1
genes, which are contiguous in the mtDNA (Fig. 3B) [19]. The ratios of
mtDNA-encoded rRNAs to mRNAs were not found to be altered in
these in vitro experiments. In order to analyze whether the MELAS
mutation is associated with errors in transcription termination and
processing of the polycistronic transcripts in the region of the muta-
tion, it was performed fine mapping of the mature transcripts derived
from the 16S rRNA, tRNAF(UUR) and ND 1 genes in both wild-type
and mutant cybrids, It was also analyzed the steady-state levels of
tRNAMUUUR) by high-resolution RNA transfer hybridizations. It was
found that mutation has no effect in vivo on the accuracy of transcrip-
tion termination at the end of the ribosomal RNA genes, on the precise
endonucleolytic cleavage of the polycistronic RNA at tRNAYUUYR) or on
the post transcriptional addition of -CCA at the 3’ end of tRNAMVUR)
[24]. On the other hand, the experiments using plasmids carrying
tRNALSHUUR) incerts (wild type, as well as A3243G) which designated
to evaluate the endonucleolytic 3'-end processing and CCA addition at
the tRNA 3’ terminus, showed that A3243G mutation reduced 2.2 fold
of the efficiency of 3'-end cleavage, and almost has no abnormal effects
on CCA addition [25].

2.5. Accumulation of RNA 19 in MELAS cybrids and organs from patients

The increased amounts of the transcript corresponding to the 165
rRNA + tRNASYWUR) L ND 1 genes, designated as RNA 19, found in
mutant tRNA®(YYR) cybrids clearly demonstrate that RNA processing
is not occurring in mutant cybrids (A3243G or T3271C) as efficiently
as in wild-type cybrids [19]. It was demonstrated that RNA 19 is accu-
mulated in muscle specimens from 8 MELAS patients who have a het-
erogeneous percentage of mutation (58% to 99%) in the A3243G of
tRNAHUURY oene [26]. An increase in the levels of RNA 19 was ob-
served in nearly all tissues examined from these patients, which do
not provide evidence for tissue-specific differences in mitochondrial
RNA processing. The elevation of steady-state levels of RNA 19 have
also reported in skeletal muscle and fibroblasts of a patient with mi-
tochondrial myopathy and a complex I deficiency who harbored an
A to G transition in tRNAVUR gene at position 3302 [27]. Thus, al-
tered RNA processing may be associated with other point mutations
in tRNAMHUUR) gene associated with MELAS. It also analyzed a mutat-
ed proportion of RNA 19 in an RNA fraction obtained from sampled
skeletal muscles from 6 unrelated patients with MELAS. The propor-
tion of mutated RNA in RNA 19 fraction exceeded 95% in all patients,
although the percentage of mutation in mitochondrial DNA ranged
from 54 to 92, suggesting that the A3243G mutation exhibited domi-
nant negative effects on the mitochondrial RNA processing events,
resulting in the accumulation of RNA 19 transcripts in these patients
[28-30]. The protein synthesis defect has been proposed to be due
to stalling of translation by pseudoribosomes that have incorporated
RNA 19, an incompletely processed transcript reported to accumulate
in A3243G, T3271C and A3302G mutant cells, in place of 16 S rRNA,
or possibly to defective posttranscriptional modification of the
tRNALU(UUR) (Fig 4) [31]. Though the reason why RNA 19 was ele-
vated in patients who have the point mutation of tRNALCU(UUR)
gene is unknown, we believe that elevated levels of RNA 19 may play
an important role in the pathogenesis of this disorder.
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Ribosome Stalling

RNA 19

Fig. 4. xRibosomal stalling. The protein synthesis defect has been proposed to be due to
stalling of translation by pseudoribosomes that have incorporated RNA 19, an incom-
pletely processed transcript reported to accumulate in A3243 mutant cells, in place of
16 S rRNA, or possibly to defective posttranscriptional modification of the tRNAMU(VUR)
31}

2.6. Aminoacylation

The decrease in level of total tRNAXU(UUR) ghserved in the mutant cell
lines (46-62% of the control values) could arise either from decreased rate
of formation from the corresponding primary heavy strand transcript or
from a decreased metabolic stability [32]. The increased amount of RNA
19, which may be a precursor of tRNA®¥(YUR) was demonstrated in p°
cybrid system as well as somatic tissues in MELAS patients. RNA 19 may
suggest the former possibility. On the other hand, the A3243G mutation
could perfectly destabilize the tertiary structure of the molecule, and mu-
tant tRNA“(UUR becomes more susceptible to nucleolytic attack [13,33].
It is proposed that mutant tRNA induces the misincorporation of amino
acids in mitochondrial DNA encoded polypeptides. However, the demon-
stration of aminoacylation by mutant tRNA has been little pursued be-
cause a chemical amount of the mutant tRNA has not been purified,
probably due to technical difficulties. In 2000, Yasukawa succeeded in pu-
rifying the mutant tRNA"YUR) molecules in a chemical amount by tak-
ing advantage of the solid phase probing method [34], and clearly
demonstrated that the mutant tRNA™*(Y"R) is aminoacylated with leu-
cine only. However the extent of aminoacylation of the mutant tRNAs
was relatively low. The total amounts of leucyl-tRNA®U(UUR) with the mu-
tations were estimated to be less than 30% that of the wild-type coun-
terpart [35]. To determine if the decreased fraction of aminoacylated
tRNA™HUUR) iy mutant cells was due to a defect in the ability of mutant
tRNA to be aminoacylated by the human mitochondrial leucyl-tRNA
synthetase, Park et al. examined the aminoacylation kinetics of wild-
type and mutant tRNAMY(YUR) ysing both native and in vitro tran-
scribed tRNAMHUYR) [36], An A3243G mutant tRNAMU(UUR) was 25-
fold less efficiently aminoacylated in vitro, compared to the wild-type
tRNALU(UUR) There are many evidences that aminoacylation capacities
in tRNA "4(UUR) gane mutations are reduced [37]. The reduced amount
of aminoacyl-tRNA“(VUR) with the A3243G mutation could explain the
reduction in protein synthesis.

2.7. Modified defects at wobble position in mitochondrial tRNA gene

A number of reports suggest that a decrease of protein synthesis
cannot explain the decline in respiratory enzyme activity or in oxygen
consumption [38,39]. Even when the mitochondrial protein synthesis
rate was normal, the enzymatic activity of complex I was observed to
be significantly affected in cybrid clones containing 60% to 95% mutant
mtDNA. The muscle form of Complex I deficiency turned out to be
MELAS clinically and was confirmed to have an A3243G mutation in
all patients [40]. Thus, the decrease in protein synthesis may not itself
contribute directly to the pathogenesis caused by mitochondrial

dysfunction. Some unusual mobilities of proteins in SDS-
polyacrylamide gel electrophoresis have been reported [18,38], which
strongly suggest that amino acids were misincorporated into the pro-
teins synthesized in the mitochondria with the mutant mtDNA. The
steady-state amounts of tRNAMU(UUR) with the A3243G or the T3271C
mutation in the respective cybrid clones were about 30% that of the
wild-type in the control cybrid clones with wild type mtDNA [35]. In
contrast, the steady-state amounts of tRNA"™* and tRNA™ (encoded up-
stream and downstream of the tRNA*“(UWgene) remained unchanged
in both the mutant and control cybrid cells. The life span of the mutant
tRNALUUUR) s significantly shortened. The half-life of the wild-type
tRNAMUUUR) \was estimated to be about 56 h, whereas those of the
A3243G and T3271C mutants were only about 6 and 12 h. Therefore
the reduced steady-state levels were due to the shortened life spans
of the mutant tRNAs. Yasukawa found that the wild-type tRNAU(UUR)
contains an unknown modified uridine at the wobble position and
that this modification occurs at the uracil base (Fig. 1B). In contrast,
this uridine modification is absent in the tRNA®“(YUR) with a mutation
at either np A3243G or T3271C. It is interesting to note that both of
the mutant tRNAU(UUR) are deficient in the modification at the wobble
position despite having mutations at different positions. Modified de-
fects at wobble position in mitochondrial tRNA gene are also demon-
strated by primer extension methods [41]. The deficiency in uridine
modification at the wobble position in the mutant tRNA#(UUR strongly
suggests mistranslation by these mutant tRNAs according to the mito-
chondrial wobble rule, which is also demonstrated in other tRNA muta-
tion in MERRF (myoclonus epilepsy with ragged-red fibers) [42-45].
Although mutant tRNAU(VUR) does not follow the wobble rule, the
mutant tRNAY*(YYR) i5 aminoacylated with only leucine, not with
other aminoacids. The stability and aminoacylation of the mutant
tRNALeU(UUR) were found to be decreased, suggesting that the molecu-
lar pathogenesis of MELAS could be a combination of a lowered avail-
ability of aminoacyl tRNA'(YUR) and defective translation. This is the
first observation of a common modification defect affected by different
point mutations within a single tRNA gene.

2.8. Threshold effects in various steps in the cell or in the organs

The phenotypic threshold effect observed at the single-cell level
could arise when the products of the wild-type mtDNA can no longer
“complement” the effects of the mutated ones [46,47]. For instance, a
heteroplasmic mutation in mtDNA will result in the co-existence of
mutated mRNAs, mutated tRNAs and defective respiratory chain sub-
units along with their wild-type homologues. These wild-type mole-
cules may be sufficient to support normal function of the organelle
until their levels fall below a critical value (threshold), at which
point they can no longer compensate for the effect of the mutation,
leading to impairment of mitochondrial function. The phenotypic
threshold effect is based on this reserve of different macromolecules
(mRNAs, tRNAs, subunits), and can then be considered as a protective
mechanism providing a safety margin against the effects of deleteri-
ous mutations. Above complementation can occur at different levels
of mitochondrial gene expression, such as 1) gene transcription, 2)
structural stability of the tRNAs, 3) maturation process of the tRNAs,
ribosomal RNA, and mRNAs, 4) wobble modification of tRNAs, 5) ami-
noacylation, 6) translation, 7) molecular assembly of the active form
of enzyme complexes in harmony with mitochondrial and nuclear-
encoded polypeptides, 8) locate to the mitochondrial inner mem-
brane, 9) biochemical overall function of mitochondria in the cell,
10) biochemical overall function of mitochondria in the organ, 11)
original threshold of organ to the mitochondrial energy requirement.
The cells which require high energy states, such as neurons, muscles,
heart, and kidneys, may be more severely affected by the threshold
level of mutation than cell that require low energy levels. The pheno-
types in the severity of the disease may influence various factors listed
above and are more complicated to elucidate.
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2.8.1. Summary of molecular mechanisms of mitochondrial cytopathy

The mutation creates the protein synthesis defects caused by 1)
decreased life span of steady state amount of tRNA**(UUR) molecules;
2) decreased ratio of aminoacyl-tRNA*U(YUR versus uncharged
tRNA(UUR) molecules; 3) accumulation of processing intermediates
such as RNA 19, 4) wobble modification defects leading to translation
defect. The A3243G mutation shows dominant negative effects in the
processing system of mitochondrial transcription seen in both trans-
mitochondrial cell and muscles in MELAS patients. Molecular mecha-
nisms described above may contribute to respiratory chain enzyme
defects, especially complex I, and lead to the mitochondrial cytopathy
seen in the MELAS patients. Moreover the A3243G mutation affects
the nuclear background [46,47], resulting in a high glycolytic rate, in-
creased lactate production, reduced glucose oxidation, impaired
NADH-response, reduced mitochondrial membrane potential, mark-
edly reduced ATP production, deranged cell calcium handling with
an increased cytosolic calcium handling with an increased cytosolic
calcium load, an increased amount of reactive oxygen species in
cybrid cells, reduced insulin secretion, premature aging, and deregu-
lation of genes involved in the metabolism of amino groups and
urea genesis. The above mechanism may lead to the cytotoxic
edema seen in stroke-like episodes in MELAS.

3. Pathophysiology of mitochondrial angiopathy in MELAS
3.1. Hypotheses of stroke-like episodes in MELAS

The primary cause for stroke-like episodes in young MELAS patients—
whether 1) mitochondrial cytopathy, 2) mitochondrial angiopathy, 3)
non-ischemic neurovascular cellular mechanism, or combined—remains
controversial. Mitochondrial cytopathy is caused by an oxidative phos-
phorylation defect in neurons, glia, or both as supported by evidence of
an oxidative phosphorylation defect described by molecular pathogenesis
section. Mitochondrial angiopathy is caused by the endothelial dysfunc-
tion evidenced by pathological, vascular physiological [11], or therapeutic
findings {9,10]. Finally, the non-ischemic neurovascular cellular mecha-
nism has been recently proposed by the clinical and neuroimaging data
by lizuka et al. [3].

3.2. Mitochondrial angiopathy in MELAS

Mitochondrial angiopathy with degenerative changes in small ar-
teries and arterioles in the brain has been reported in autopsy cases of
MELAS patients [6,7]. The mitochondria in the endothelium and
smooth muscle cells of cerebral arterioles and capillaries also prolifer-
ate in a similar fashion as an area of ragged-red fibers (RRFs). Abnor-
mal accumulation of mitochondria in vascular endothelial cells and
smooth muscle cells is responsible for the infarct-like lesions [48].
These blood vessels have been designated as strongly succinate
dehydrogenase-reactive vessels (SSVs), since they are rich in abnor-
mal mitochondria [8]. Unlike RRFs and SSVs seen in MERRF and
Kearns-Sayre syndrome (KSS), RRFs and SSVs seen in MELAS are typ-
ically cytochrome c oxidase (COX) positive, while those seen in
MERRF or KSS are mostly COX negative, what is known as the
“MELAS paradox”[49]. Since nitric oxide (NO) can bind to the active
site of COX and displace heme-bound oxygen, hyperactive COX may
decrease the regional NO concentration and lead to the segmental va-
sodilatation defect in SSV regions. Although infarct-like lesions histo-
pathologically and stroke-like episodes clinically may not be caused
simply by occlusion or obliteration of small vessels, this mitochondri-
al angiopathy, which can be severe in pial arterioles and small arter-
ies, seems to explain the distribution of multiple areas of necrosis
[50]. Since MELAS was associated with respiratory dysfunction, accu-
mulated superoxide radical anion may react with nitric oxide to cre-
ate the powerful oxidant hydroxypernitrite which may induce the
neuronal apoptosis or cell damage [51]. All findings, described here,
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suggest that mitochondrial angiopathy is a unique and common
change in all MELAS brains examined. This pathological abnormality,
called mitochondrial angiopathy, may lead to the vasogenic edema
seen in stroke-like episodes in MELAS.

3.3. Non-ischemic neurovascular cellular mechanism

lizuka et al. proposed that the stroke-like episodes in MELAS may
reflect neuronal hyperexcitability (epileptic activity), which increases
energy demand and creates an imbalance between energy require-
ments and the adequate availability of ATP due to an oxidative phos-
phorylation defect, particularly in the susceptible neuronal
population [3,52]. The generalized cytopathic mechanism and non-
ischemic neurovascular cellular mechanism reflect the so-called mi-
tochondrial cytopathy theory.

3.4. Neuro-imaging analysis in stroke-like episodes

Unlike thrombotic or embolic stroke usually seen in adult patients,
the stroke-like episodes in MELAS are atypical because they affect
young people and are often triggered by febrile illnesses, migraine-
like headaches, seizure, psychological stress, and dehydration. Many
neuro-imaging studies have been reported at different phases of
onset from stroke-like episodes in MELAS through the use of comput-
ed tomography (CT), magnetic resonance imaging (MRI), magnetic
resonance spectroscopy (MRS), single emission computed tomogra-
phy (SPECT), and positron emission tomography (PET). Calcification
of the basal ganglia is frequently observed in MELAS by CT even be-
fore starting the stroke-like episodes. MRI scans of acute stroke-like
events show an increased signal on T2-weighted or on fluid attenua-
tion inversion recovery (FLAIR). The regions do not conform to the
territories of large cerebral arteries but rather affect the cortex and
subjacent white matter with sparing of deeper white matter. Acute
changes in these regions may fluctuate, migrate, or even disappear
during the time course. Cerebral angiograms in MELAS patients
have confirmed absence of large-vessel pathology by demonstrating
normal results, increased size of caliber arteries, veins, or capillary
blush with early venous filling, with the exception of several case re-
ports [53,54]. MRS studied revealed that the decrease in N-
acetylaspartate (NAA), which is thought to be an amino acid specific
to neurons, and an increase of lactate, which is reflected of anaerobic
metabolism by 'H-magnetic resonance spectroscopy ('H-MRS), were
in evidence in the affected areas at acute stroke-like episodes. Kubota
et al. reported that r-arginine infusion protect the accumulation of
lactate by MRS analysis in stroke-like episodes in MELAS [55]. The in-
creased level of lactate on H-MRS is also recognized even in normal
appearing regions [56]. Phosphorus MRS studies have shown de-
creased levels of high-energy phosphate compounds in the brains of
MELAS patients [57], showing that mitochondrial cytopathy constant-
ly exists in the MELAS patient. SPECT studies have generally revealed
that the increased tracer accumulation was reported in acute (several
days) and subacute stage (month) from the onset of stroke-like epi-
sodes and lasted for several months. In the chronic stage (several
months or years later), the decreased tracer accumulation was
reported. However, in the hyperacute stage (3 h after the onset of
stroke-like episodes), we observed hypoperfusion by SPM-SPECT
analysis [58]. Moreover, the hypoperfusion and the hyperperfusion
areas are both demonstrated in the MELAS patients not only at an
acute phase but at an interictal phase, showing that MELAS has inap-
propriate cerebral circulation [54]. Moreover, MELAS showed hypo-
perfusion in the posterior cingulated cortex by SPM-SPECT, which is
the common finding in Alzheimer disease, and may be related to
the dementia state usually seen in the progressive stage of MELAS.
There are several PET studies using (rCMRO,), [%2Cu]-diacetyl bis
(N4-methylthiosemicarbazone) (%2Cu-ATSM), and [*®F]-fluorodeoxy-
glucose (**FDG) in stroke-like regions [59,60]. All of the PET studies of
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patients have revealed decreased oxygen consumption relative to
glucose utilization, further confirming the impairment of oxidative
phosphorylation [61]. The dissociation in PET findings between cere-
bral glucose and oxygen metabolism may be the characteristic feature
of MELAS, suggesting the mitochondrial cytopathy theory or non-
ischemic neurovascular cellular mechanism. Diffusion-weighted
(DWI) imaging is a new MRI technique for detecting diffusion of
water molecules. Using DWI, local water mobility can be assayed as
the absolute value of tissue water and expressed as the apparent dif-
fusion coefficient (ADC). It has been shown using a stroke model in
rats that ADC (a marker for cytotoxic brain edema) significantly de-
clined within the first 5-10 min after stroke onset, while T2-
relaxation time (a marker for vasogenic brain edema) increased as
early as at the first T2-imaging time-point (20-35 min after emboli-
zation) [62]. The acute phase of stroke-like lesions in MELAS appear
as a high signal on DWI with normal or increased ADC values, sug-
gesting vasogenic edema which support the mitochondrial angiopa-
thy theory [63,64]. On the contrary, many case reports found a
decrease in ADC, which suggests mitochondrial cytopathy theory
[65]. Recently, it was reported that increased and decreased ADC por-
tions are mixed in stroke-like lesions, in which the increased ADC
portion showed disappearance of the lesions thereafter, and the de-
creased portion showed persistent lesions. They suggested that
there might be different levels of mitochondrial energetic transport
impairment, correlated with cellular dysfunction. Specifically, this
would be a mild energy failure resulting in moderate cellular dysfunc-
tion, responsible for vasogenic edema (high ADCs) and a severe ener-
gy failure resulting in irreversible cellular failure with cytotoxic
edema (low ADCs) [66].

3.5. Endothelial dysfunction in MELAS

Physiologically, MELAS patients have a decreased vasodilation ca-
pacity in small arteries examined by flow mediated vasodilatation

(FMD) methods, sized from 3 to 5mm in their diameter [11].
MELAS patients have significantly decreased levels of L-arginine at
acute phase of stroke-like episodes, which plays an important role
in endothelial-dependent vascular relaxation [67], vasodilatation
may be more severely affected in MELAS., Since MELAS patients have de-
fective respiratory chain enzyme activities, a high NADH/NAD + ratio
inhibits the NO synthetase reaction to cause a decreased production of
NO at the endothelial cells or smooth muscle cells in the artery. In addi-
tion, ADMA (asymmetrical dimetyl-arginine), a risk factor of ischemic
heart disorders, was relatively increased in MELAS patients [10],
which may lead to a negative effect on the endothelial NO synthetase
activity. If hyperactive COX may decrease the regional NO concentration
as described in “MELAS paradox” [49], all of the above scenarios lead to
the segmental vasodilatation defect especially in the segment of SSV re-
gions in the cerebral artery or arterioles. The investigator-mediated
clinical trial of 1-arginine on MELAS (Dr. Koga as a principle investiga-
tor) to cure the symptoms of stroke-like episodes at acute phase, and
to prevent or decrease the severity of stroke-like episodes at interictal
phase of MELAS are on-going at 15 institutions of university hospital
in Japan.

3.5.1. Summary of mitochondrial angiopathy and L-arginine effects
Pathophysiological mechanisms of mitochondrial angiopathy and
the effects of L-arginine are summarized in Fig. 5.

4. Conclusion and future direction

The possible pathogenic mechanism of stroke-like episodes in
MELAS may not be simple but complicated as described by the mech-
anisms in mitochondrial cytopathy and in mitochondrial angiopathy.
Mitochondrial cytopathy has been demonstrated clearly as molecular
and cellular defects by trans-mitochondrial cellular models. Mito-
chondrial angiopathy also has been demonstrated in brain and mus-
cle pathology and vascular physiology. Although the results of

Pathogenic Mechanisms of Mitochondrial Angiopathy in MELAS

Endothelial layer Smooth muscle layer

l recurrent stroke-like episodes ’

L-arginine effects —-}X’

| Endothelial dysfunction by FMD |

NO depletion
® L-arginine §

Accumulation of abnormal mitochondria in

the endothelial and/or smooth muscle layer

(SSV: Strongly SDH hyperactive vessels )
1 COX positive

/ Segmental occlusion pathologically

Functional occlusion physiologically

Risk factors

@ Stress

® Dehydration
® Fever
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@ Decreased activity of NO synthetase by NAD/NADH §

@ Decreased activity of NO synthetase by Relative increase of ADMA
@® Free radical bind to NO molecules to create hydroxypernitrite

©® NO molecules bind to COX active center at SSV

Fig. 5. Pathogenic mechanisms of mitochondrial angiopathy in MELAS. Segmental occlusions of small artery or arteriolen are evident in brain as well as in muscle pathology, in
which abnormal accumulations of mitochondria have seen in endothelial and smooth muscle layers [6,7]. This phenomenon is recognized as SSVs in muscle and brain in MELAS
[8], whereby mitochondrial function is more profoundly defective than the rest of the vessels, and demonstrated as endothelial dysfunction by FMD physiologically [11]. In
MELAS patients, decreased levels of L-arginine is reported at acute phase of stroke-like episodes, a potent donor of NO, is also responsible for NO-dependent vascular dilatation de-
fect. The decreased NAD/NADH ratio and accumulation of superoxide come from respiratory chain deficiency results in the inhibition of NO synthetase at generation process and
decrease NO molecules by binding to create hydroxypernitrite, also contribute to the NO-dependent vasodilation abnormality. Since SSVs has usually high COX-positive feature
histochemically, high COX activity decrease the residual NO molecules by binding to COX reactive center. The mental stress, dehydration, fever and cold exposure are also very im-

portant factors to increase the risk of the stroke-like episodes in MELAS.

78



614 Y. Koga et al. / Biochimica et Biophysica Acta 1820 (2012) 608-614

neuro-imaging studies are controversial and are difficult to evaluate,
there are several specific findings which may lead to the pathophysiol-
ogy of stroke-like episodes in MELAS. We have to elucidate what is the
trigger of stroke-like episodes in MELAS in future. Currently L-arginine
therapy, to cure the symptoms of stroke-like episodes at acute phase,
and to prevent or decrease the severity of stroke-like episodes at inter-
ictal phase of MELAS, is the most promising therapy for this incurable
disorder. Global clinical trial of L-arginine on MELAS using randomized
double blind placebo control protocol may be done in the nearer future.
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1. Introduction

ABSTRACT

Background: MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes)
(OMIM 540000) is the most dominant subtype of mitochondrial myopathy. The aim of this study was to
determine the prevalence, natural course, and severity of MELAS.
Methods: A prospective cohort study of 96 Japanese patients with MELAS was followed between June 2003
and April 2008. Patients with MELAS were identified and enrolled based on questionnaires administered to
neurologists in Japan. MELAS was defined using the Japanese diagnostic criteria for MELAS. Two follow-up
questionnaires were administered to neurologists managing MELAS patients at an interval of 5 years.
Results: A prevalence of at least 0.58 (95% confidential interval (CI), 0.54-0.62)/100,000 was calculated for
mitochondrial myopathy, whereas the prevalence of MELAS was 0.18 (95%Cl, 0.02-0.34)/100,000 in the total
population. MELAS patients were divided into two sub-groups: juvenile form and adult form. Stroke-like
episodes, seizure and headache were the most frequent symptoms seen in both forms of MELAS. Short stature
was significantly more frequent in the juvenile form, whereas hearing loss, cortical blindness and diabetes
mellitus were significantly more frequent in the adult form. According to the Japanese mitochondrial disease
rating scale, MELAS patients showed rapidly increasing scores (mean 4 standard deviation, 12.8 4 8.7) within
5 years from onset of the disease. According to a Kaplan-Meier analysis, the juvenile form was associated with
a higher risk of death than the adult form (hazard ratio, 3.29; 95%Cl, 1.32-8.20; p=0.0105).
Conclusions and General Significance: We confirmed that MELAS shows a rapid degenerative progression
within a 5-year interval and that this occurs in both the juvenile and the adult forms of MELAS and follows
different natural courses. This article is part of a Special Issue entitled: Biochemistry of Mitochondria.

© 2011 Elsevier B.V. All rights reserved.

disease, which encompasses mitochondrial myopathy, encephalopa-
thy, lactic acidosis and stroke-like episodes (MELAS) (OMIM 540000),

Mitochondrial dysfunction increases the risk of developing various
human diseases, including degenerative neuromuscular disorders,
diabetic or metabolic conditions, and cancer; it also affects the aging
process [1]. The classical clinical entity in this category is the so-called
mitochondrial myopathy, in which mitochondrial dysfunction is
caused by mitochondrial or nuclear genetic abnormalities. The

Abbreviations: JMDRS, Japanese mitochondrial disease rating scale; NPMDS,
Newcastle pediatric mitochondrial disease scale; NMDAS, Newcastle mitochondrial
disease adult scale
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is characterized by the early onset of stroke-like episodes and was first
described by Pavlakis and colleagues in 1984 [2]; it is thought to be
the most dominant subtype of mitochondrial dysfunction. At least 39
distinct mitochondrial DNA mutations have been associated with
MELAS [3]; however, approximately 80% of MELAS patients have an
A3243G mutation in the mitochondrial tRNA®Y(VUR gene (OMIM
590050) [4] and [5]. Because this mutation was also found to be a
major genetic abnormality in diabetes mellitus, it may be a
particularly common genetic variant in human populations [6].
Although more than 26 years have passed since the clinical and
pathological definition of MELAS, there are few reports on its
prevalence and epidemiology, and no reports exist on the natural
course, survival rate or severity of the disease in a cohort study, meta-
analysis, or nationwide survey [7] and [8]. In this study, we
determined the prevalence, clinical symptoms, natural course,
severity, and survival rate of MELAS patients in a nationwide Japanese
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cohort study. Additionally, we also evaluated the clinical rating scale
that may be a very useful tool for the assessment of efficacy of
therapeutic approach for mitochondrial myopathy.

2. Materials and methods

2.1. Study design, patients, and data collection for the Japanese
cohort study

The cohort study was performed using questionnaires. To
determine the prevalence of mitochondrial myopathies throughout
the country, the first questionnaire was mailed in 2001 to 2236
neurology departments within Japan (1474 departments with
pediatric neurologists and 762 departments with adult neurologists,
including governmental, public, private and university hospitals
with 50 beds or more). Patients’ medical records were evaluated
using MELAS diagnostic criteria (Table 1) and adequately screened.
In 2003, after compiling the results of the first questionnaire, we
mailed a second questionnaire to the neurologists who had
examined MELAS patients in 2001. In 2008, we mailed a third
questionnaire to the same group of neurologists. The second and
third questionnaires included a Japanese mitochondrial disease
rating scale (JMDRS) (Supplemental Table 1). Relevant information
from the medical records of eligible patients was transcribed onto
case report forms by neurologists, who were later interviewed by
telephone if ambiguous data or unsatisfactory descriptions were
found in the case report forms. Detailed documentation of the
patients’ clinical status was compiled by the same neurologists. The
case report form was originally constructed according to the JMDRS
and was updated whenever the scores were altered. Written
informed consent was obtained from the patients or their legal
guardians. The study protocol was approved by the Institutional
Review Board (Kurume University #9715).

2.2. Diagnostic criteria for MELAS

The nationwide survey of MELAS in this study is based on the
definitive diagnosis of MELAS presented in Table 1.

Table 1
Diagnostic criteria for MELAS (MELAS study committee in Japan).

Category A. Clinical findings of stroke-like episodes
1. Headache with vomiting
2. Seizure
3. Hemiplegia
4. Cortical blindness or hemianopsia
5. Acute focal lesion observed via brain imaging®
Category B. Evidence of mitochondrial dysfunction
1. High lactate levels in plasma and/or cerebral spinal fluid or deficiency of
mitochondrial-related enzyme activities®
2. Mitochondrial abnormalities in muscle biopsy®
3. Definitive gene mutation related to MELAS?
Definitive MELAS
Two items of Category A and two items of Category B (four items or more)
Suspicion of MELAS
One item of Category A and two items of Category B (at least three items)

2 Focal brain abnormalities in CT and/or MRI.

5 2 mmol/L (18mg/dl) or more lactate in plasma at rest or in cerebral spinal fluid and/or
deficiency of electron transport chain enzyme, pyruvate-related, TCA cycle-related enzymes
or lipid metabolism-related enzymes in somatic cells (desirable for muscle cells).

¢ RRF (ragged-red fiber) in modified Gomori's trichrome stain and/or SSV (strongly
SDH-reactive blood vessels) in succinate dehydrogenase stain, cytochrome c oxidase-
deficient fibers or abnormal mitochondria in electron microscopy.

¢ Definitive mitochondrial gene mutations reported in the literature (G583A,
G1642A, G1644A, A3243G, A3243T, A3252G, (3256T, A3260G, T3271C, T3291C,
G3481A, G3697A, T3949C, G4332A, G5521A, A5814G, G7023A, T7512C, A8296G,
T8316C, T9957C, A12299C, A12770G, G13042A, A13084T, G13513A, A13514G,
A13528G, and G14453A) as of 2010 [3].

2.3. Japanese Mitochondrial Disease Rating Scale (JMDRS)

We prospectively analyzed the clinical progress of MELAS using
the JMDRS (Supplementary Table 1), which was revised following the
European NeuroMuscular Conference (ENMC) in 2003 [9]. The second
and the third questionnaires were also based on the JMDRS and
enabled longitudinal analysis of disease progression. We established a
rating score for each patient in 2003 and 2008, and these values were
used to analyze the clinical severity of MELAS.

2.4. Statistical analysis

Demographic and clinical data for the juvenile and adult forms of
MELAS were summarized using descriptive statistics. An unpaired
t-test was used to test for any differences in the death rates of juvenile
and adult forms. Differences between the juvenile and adult forms in
the symptoms at onset and throughout the entire follow-up period
were evaluated by chi-square tests or Fisher's exacts test when the
criteria for the chi-square test were not fulfilled. Alterations in the
JMDRS scores between 2003 and 2008 were evaluated using unpaired
t-tests alone or combined with a Welch correction when variances
were significantly different. Survival rates were compared between
juvenile and adult forms using the log-rank test. Statistical analyses
were performed with the SPSS 11.0 ] software package for Windows.
p<0.05 was considered statistically significant.

3. Results
3.1. Questionnaire responses from the Japanese cohort

We received 1051 responses to the first questionnaire (total 47.0%
response rate, 1051/2236); among them, 756 were from pediatric
neurology departments(51.3% of responses) and 295 were from adult
neurology departments(38.7% of responses). We identified 741
patients with mitochondrial myopathies and of these, 233 were
MELAS patients (31.4% of total mitochondrial myopathy patients, 233/
741), as described by 105 pediatric neurologists and 29 adult
neurologists. We received 64 responses to the second questionnaire
(total 47.8% response rate, 64/134): 36 from pediatric neurologists
(34.3% response rate, 36/105) and 28 from adult neurologists (96.6%
response rate, 28/29). We received 64 responses to the third
questionnaire (100% response rate, 64/64); only 96 MELAS patients
completed the 5-year cohort study.

3.2. Prevalence of MELAS in Japan

We found 741 cases of mitochondrial myopathy in our cohort
study. Based on the MELAS diagnostic criteria (Table 1), we found 233
MELAS patients (juvenile/adult=111/122) among the Japanese
population of approximately 127,434,000 (approximately
22,275,000 under 18 years of age and approximately 105,159,000
over 18 years of age, adult form, according to census data from 2001).
The prevalence of mitochondrial myopathy in Japan is therefore at
least 0.58 (95% confidence interval (CI), 0.54-0.62)/100,000 in the
total population. The prevalence of MELAS is at least 0.18 (95%C],
0.17-0.19)/100,000 in the total population, 0.50 (95%C], 0.41-0.59)/
100,000 in children under 18 years of age, and 0.12 (95%Cl, 0.10-
0.14)/100,000 in the population over 18 years of age.

3.3. Demographic and pathological findings of MELAS in the cohort study

Our cohort study included 96 MELAS patients who were followed
prospectively for 5 years. A histogram and a density plot showing the
various ages of onset in MELAS in these patients indicate an
approximately bimodal distribution (Fig. 1). We therefore divided
the MELAS patients into two sub-groups to determine whether MELAS
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Fig. 1. Histogram detailing age of onset. A histogram and density plot of the various ages
of MELAS onset is shown. In total, 96 Japanese patients were identified as having
definitive MELAS as determined by diagnostic criteria (Table 1). Given the approx-
imately bimodal distribution of patient age, MELAS patients were divided into two sub-
groups by the age of onset. Patients with an age of onset less than 18 years old were
defined as having the juvenile form of MELAS, and patients with an age of onset greater
than 18 years old were defined as having the adult form of MELAS.

has different features depending on the age of onset. Patients with an
age of onset under 18 years were defined as having the juvenile form
of MELAS, whereas patients with an age of onset above 18 years were
defined as having the adult form of MELAS. A summary of the indexed
MELAS patients is shown (Table 2). The ages of onset, diagnosis, and
death were determined for both juvenile and adult forms. During this
study, 17 of the 20 deceased MELAS patients presented with the
juvenile form. Causes of death were cardiac insufficiency (7), severe
respiratory infection (6), multiple organ insufficiency (3), and
unknown causes (4).

Seventy-eight patients received muscle biopsies and 71 patients
(91.0%) showed positive findings, including ragged-red fibers (RRF),
SDH strongly reactive blood vessels (SSV), or both. However, seven
patients presented normal features in the muscle biopsy.

3.4. Symptoms at onset and during the entire course

We evaluated the symptoms at onset in 96 MELAS patients
(Table 3). The first sign of any symptoms or events such as seizure,
stroke-like episode, or severe headache, which were associated

Table 2
Demographic findings for MELAS cases.
All form Juvenile form  Adult

Patient” (male/female) 96 (52/44) 58 (35/23) 38 (17/21)
Age of onset, years® 17.74136 9.0+47 3224100
Age of diagnosis, years® 1994135 11.0+5.0 33.6+10.6
Age of death, years® 18.84+115 15.0+£79 40.0+3.6
Death (%)>¢ 20 (20.8%) 17 (293 %) 3(7.9%)
Time from diagnosis to death? 734£50 6.4+45 10.24+8.3
Positive family history® (%) 23 (24.0) 13 (22.4) 10 (26.3)
Muscle biopsy examination® 78 42 36
Positive findings® (%) 71(91.0) 36 (85.7) 35(97.2)
RRF® 56 24 32
SsvP 2 2 0
RRF + SSVP? 13 10 3
A3243G mutation positive® (%) 75 (78.1) 46 (79.3) 29 (76.3)
Other mutation found in mtDNA® 4 4 0
Mutation not found® 17 8 9
¢ Mean £ SD.
> Number.

¢ Death ratio was higher for the juvenile form than for the adult form (p =0.0115).
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Table 3
Symptoms.

Total (%)
(n=296)

Juvenile (%)

(n=58)

Adult (%)
(n=38)

Symptoms at onset

Seizure 54/96 (56.3) 36/58 (62.1) 18/38 (47.4)
Stroke-like episode 53/96 (55.2) 29/58 (50.0) 24/38 (63.2)
Headache 48/96 (50.0) 27/58 (46.6) 21/38 (55.3)

Short stature®
Muscle weakness
General fatigue
Cortical blindness

46/96 (47.9)
36/96 (37.5)
30/96 (31.3)
26/96 (27.1)

35/58 (60.3)
26/58 (44.8)
20/58 (34.5)
15/58 (25.9)

11/38 (28.9)
10/38 (26.3)
10/38 (26.3)
11/38 (28.9)

Failure to thrive? 25/96 (26.0) 23/58 (39.7) 2/38 (5.3)

Vomiting/nausea 23/96 (24.0) 17/58 (29.3) 6/38 (15.8)
Hearing loss* 21/96 (21.9) 6/58 (10.3) 15/38 (39.5)
Unconsciousness 19/96 (19.8) 10/58 (17.2) 9/38 (23.7)
Teichopsia 18/96 (18.8) 12/58 (20.7) 6/38 (15.8)

Diabetes mellitus® 12/96 (12.5)
Symptoms in the entire course
Stroke-like episode 81/96 (84.4)

2/58 (3.4) 10/38 (26.3)

49/58 (84.5) 32/38 (84.2)

Seizure 68/96 (70.8) 42/58 (72.4) 26/38 (68.4)
Short stature® 53/96 (55.2) 37/58 (63.8) 16/38 (42.1)
Headache 52/96 (54.2) 30/58 (51.7) 22/38 (57.9)

Cortical blindness®
Muscle weakness
General fatigue
Mental regression
Gait disturbance
Unconsciousness
Teichopsia

Cardiac dysfunction

43/96 (44.3)
40/96 (41.7)
38/96 (39.6)
38/96 (39.6)
37/96 (38.5)
36/96 (37.5)
31/96 (32.3)
29/96 (30.2)

21/58 (36.2)
27/58 (46.6)
26/58 (44.8)
20/58 (34.5)
23/58 (39.7)
20/58 (34.5)
20/58 (34.5)
18/58 (31.0)

22/38 (57.9)
13/38 (34.2)
12/38 (31.6)
18/38 (47.4)
14/38 (36.8)
16/38 (42.1)
11/38 (28.9)
11/38 (28.9)

Failure to thrive? 27/96 (28.1) 24/58 (41.4) 3/38 (7.9)
Speech disturbance 22/96 (22.9) 16/58 (27.6) 6/38 (15.8)
Memory loss 20/96 (20.8) 12/58 (20.7) 8/38 (21.1)

Diabetes mellitus® 20/96 (20.8) 5/58 (8.6) 15/38 (39.5)

@ Significant difference between juvenile and adult forms. p<0.05 was considered
statistically significant. At onset: short stature (p=0.0026), failure to thrive
(p=0.0001), hearing loss (p=0.0007), diabetes mellitus (p=0.0014). During
follow-up: short stature (p=0.0366), hearing loss (p=0.0012), cortical blindness
(p=0.0366), failure to thrive (p=10.0004), diabetes mellitus (p = 0.0006).

with a neuroimaging-abnormality, was defined as the onset of
MELAS. Symptoms at onset and during the entire course were
similar as follows; seizure, stroke-like episode, and headache were
the most frequent symptoms. Short stature and failure to thrive
were significantly more prevalent in the juvenile form than in the
adult form. However, hearing loss, diabetes mellitus and hemiple-
gia were significantly more frequent in the adult form than in the
juvenile form.

3.5. Disease progression monitored with the JMDRS

MELAS was monitored in 2003 and 2008 with the JMDRS,
which covers (1) activities of daily living, (2) motor functions, (3)
special sensory functions, (4) endocrine functions, (5) cardiac
functions, (6) renal functions, and (7) cognitive functions. Though
JMDRS has not yet been validated, all MELAS patients had a
significantly higher JMDRS score in 2008 than in 2003 (Table 4).
Although no differences in the 2003 JMDRS scores were observed
between the juvenile and adult forms, the 2008 scores revealed
that the juvenile form was associated with a more aggressive
deterioration than the adult form. The variation in scores between
2003 and 2008 was much larger in the juvenile form than in the
adult form (Table 4).

3.6. Survival curve
Fig. 2 shows the Kaplan-Meier survival curve for MELAS patients.

The log-rank analysis showed significant differences in survival
between the juvenile and adult forms (p=0.0105). The juvenile
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Table 4
Variations of the JMDRS score in the 5-year interval.
2003 2008 p Value
Raw score (minimum = 0, maximum = 81)
Total (n=96)* 44432 16.1+£9.2 0.0001
Juvenile onset (n=>58)* 49+3.0 19.14£97° 0.0001
Adult onset (n=38)* 36435 11.54+6.1° 0.006

Score variances between 2003 and 2008

Total (n=96)" 11.8+£83
Juvenile onset (n=58)* 145+ 8.8°
Adult onset (n=238) * 7.8 & 5.6"*Mean + SD.

2 p=0.0001, raw scores between the juvenile and adult forms in 2008.
b p=0.0001, score variances between the juvenile and adult forms.

form had a higher rate of mortality than the adult form (hazard ratio,
3.29; 95%Cl, 1.32-8.20).

4. Discussion

In this nationwide, multicenter, 5-year prospective Japanese
cohort study, we determined the prevalence of mitochondrial
myopathies such as Kearns Sayre syndrome (KSS)/progressive
external ophthalmoplegia (PEO), Leigh syndrome, and MELAS. In
our study, the prevalence of mitochondrial myopathy was at least
0.58/100,000 in the total population, with MELAS as the most
common subtype (data not shown). Although the reported
prevalence of mitochondrial disease varies depending on method-
ology, geography, ethnic group, and subject group, the population-
based prevalence of mitochondrial disease risk was 9.18 to 12.48/
100,000 in the total population of northeast England [10,11] and
[12], 16.5/100,000 in the pediatric population of northeast England
[10], 4.7 (95%Cl, 2.8-7.6)/100,000 in the pediatric population of
western Sweden [13], and 5.0 (95%Cl, 4.0-6.2)/100,000 to 13.1/
100,000 at birth in Victoria, Australia [14] and [15]. In general,
epidemiological studies have estimated that the minimum preva-
lence of mitochondrial disease is 1/5000 in the general population
[16]. The aforementioned prevalence estimates are approximately
10- to 34-fold higher than our estimate (0.58 (95%Cl, 0.54-0.62)/
100,000 in the total population).

This discrepancy can be explained partly by methodological
differences. Because all previously reported prevalence data are
based on estimations of risk of mitochondrial diseases extrapolated
from the mutation or disease frequency in a limited population or
region with regional mitochondrial research institutes or mitochon-
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Fig. 2. MELAS survival curve. A Kaplan-Meier survival curve is shown. The dashed line
indicates the juvenile form and the solid line indicates the adult form. The results of the
log-rank analysis were significant. The juvenile form was associated with a higher risk
of mortality than the adult form (hazard ratio, 3.29; 95%Cl, 1.32-8.20).

drial specialists, these values are likely to overestimate the prevalence
in the entire population. Whether carriers of pathogenic mitochon-
drial DNA develop severe mitochondrial disorders depends on the
degree and distribution of the mutation in important somatic organs.
Although all prevalence studies can contain methodological bias, the
prevalence of mitochondrial myopathy should be confirmed by a
meta-analysis or nationwide cohort studies in other countries. The
discrepancy between our prevalence estimate and previously
reported data might also be attributable to a number of additional
factors. First, we might have missed some patients due to the
imperfect response rate (47%), even though our study included almost
all of the main hospitals and institutes in Japan. There was no
tendency with respect to region for the lack of responses. However,
the response rate for the second questionnaire was significantly
different between pediatric and adult neurologists. Pediatric neurol-
ogists may not have examined MELAS patients in 2003 although they
had examined MELAS patients in 2001; because juvenile MELAS
develops at a faster rate than adult MELAS, patients may have died or
been referred to an inpatient hospital during 2-year interval. All non-
responsive hospitals had less than 300 beds. Generally in Japan,
MELAS that is very rare and multi-systematic diseases are monitored
in large hospitals that have many departments and beds. Second, it is
possible that the mitochondrial myopathies may have been mis-
diagnosed due to their rarity. Finally, given that most of the prior
reports described Caucasian populations, it is possible that the
disparity may derive from racial differences. In 2010, the Ministry of
Health, Welfare and Labour, Japan has newly approved the mito-
chondrial myopathy as a supported disorders for their medical
expenses, and started to collect the application for such privilege in
entire Japan. In above situation, only 100 applications have been
collected, to date (personal communication). Because our first
questionnaire is also including death case of mitochondrial myopa-
thies, our result come from disease-based prevalence study may be
more realistic date at least in Japan.

Because MELAS is the most dominant subtype of mitochondrial
myopathy and has been associated with an A3243G mutation in the
mitochondrial tRNAX"UUR) gene, several studies have reported the
prevalence of the A3243G mutation. The absolute prevalence of this
mutation has been estimated to be as high as 1.41 (95%CI, 0.83~
1.20)/100,000 individuals in northern England [12] and [17], 16.3
(95%Cl, 11.3-21.4)/100,000 in the adult population of northern
Finland [18], and 18.4 (95%Cl, 10.9-29.1)/100,000 in the Finnish
pediatric population [19]. With the exception of a report from
Australia in a large Caucasian population that showed the highest
prevalence of 236/100,000 [20], the prevalence of MELAS in Japan
(0.18 (95%Cl, 0.17-0.19)/100,000) seems to be quite reasonable,
given the previously reported prevalence of the A3243G mutation.
Because this mutation has been found in association with various
clinical conditions, including subclinical asymptomatic carriers and
patients with short stature, diabetes mellitus, migraine headache,
PEO, MELAS, and/or Leigh syndrome with cardiomyopathy, only
individuals whose mutation load in important organs is 50% or
more may present with MELAS or a more severe phenotype [21].
Multiple medical problems, including various neurological, cardio-
logical, endocrinological, gastroenterological, and psychiatric symp-
toms, were reported in 45 families with 45 MELAS patients and 78
carrier relatives in a regional cohort study in the USA [22].
Accordingly, the actual prevalence of the A3243G mutation in
human populations may be much higher than previously thought, if
we take into account not only the individuals who showed full
symptoms of mitochondrial disorders, but also those who show
minimal symptoms, even when they were not followed up at a
hospital. Nevertheless, MELAS is a clinically and histopathologically
defined entity, and the prevalence of MELAS (0.18/100,000 in the
total population) in Japan is unlikely to change drastically given
more information.
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To identify the various symptoms associated with MELAS, we
defined the diagnostic criteria for MELAS in Japanese patients. The
diagnostic criteria were constructed on the basis of the information
provided by Hirano [23] and Hirano and Pavlakis [7]. Category A
contains clinical findings of stroke-like episodes, while category B
contains evidence of mitochondrial dysfunction. We evaluated only
96 out of 233 MELAS patients. The other patients were excluded for
the following reasons; 1) non-response, 2) failure to receive informed
consent, 3) patients/neurologists moved to other regions, and 4) other
unknown reasons.

According to our data, MELAS can be divided into two subgroups:
juvenile and adult forms. This distinction is warranted because of an
approximately bimodal distribution of the age of onset, different
manifestations of MELAS symptoms in pediatric and adult patients,
and differences in the progression of disease as monitored by JMDRS
scores. The juvenile form is more severe than the adult form (Tables 2
and 3). No differences in family history were noted between these two
forms. However, the juvenile form was associated with significantly
higher mortality and a more rapid disease progression than the adult
form. We believe that this discrepancy arises because (1) children
require more energy to complete their development and maintain
their physicality and (2) juvenile patients may have a higher mutation
load in mitochondrial genes than in adult patients. Almost all patients
with the adult form have a normal life until onset despite having some
kind of mitochondrial dysfunction. Therefore, it appears that the adult
form requires a longer time for significant symptoms to develop and
for the disease to worsen. Because the juvenile form has a greater
mutation load than the adult form, it can present more severe
complications such as the cardiac and/or renal failure, and patients
with the juvenile form are at increased risk of multiple organ failure.
Patients with the adult form of MELAS are more likely to have diabetes
mellitus and to have a more gradual disease progression. Given these
differences in disease progression, our 5-year cohort study may not
have provided sufficient time to identify the chronic negative effects
of diabetes mellitus especially in the adult form.

Among the clinical symptoms at onset or during the entire course
of the disease, seizure and headache were very common and
associated with stroke-like episodes in both the juvenile and the
adult form. However, of the symptoms present at onset, short stature
and failure to thrive were significantly more common in the juvenile
form than in the adult form. In contrast, patients with the adult form
presented with symptoms such as diabetes mellitus and hearing loss
significantly more often than patients with the juvenile form, perhaps
because these symptoms are more chronic and maturity (age)-related
and can be induced by the accumulation of abnormal mitochondria in
low-turnover environments such as pancreatic beta-cells or hearing
organs. Of the symptoms encountered during the entire course of the
disease, stroke-like episodes were noted in more than 84% of juvenile
and adult form patients. Seizure and headache, which are the main
symptoms associated with stroke-like episodes, were also common in
both juvenile and adult forms. Interestingly, hearing loss, cortical
blindness and diabetes mellitus, which are not recognized as main
symptoms, were seen significantly more often in the adult form than
in the juvenile form. The symptoms listed in our study are consistent
with those of previous reports, including the American cohort study
[7,8] and [24], the Finnish cohort study [19], and the Japanese muscle
biopsy registry of MELAS [5].

We used JMDRS scores to evaluate the progression of MELAS over a
5-year interval. The validated mitochondrial disease rating scale was
published in 2006 [25] and [26]. This scale has four classifications,
which are age group classification of 0-24 months, 2-11 years, and
12-18 years from the Newcastle pediatric mitochondrial disease scale
(NPMDS) [25], and an adult age group classification from the
Newcastle mitochondrial disease adult scale (NMDAS) [26]. We had
to use the JMDRS although it had not yet been validated because this
study started in 2001, and the rating scale was initially mailed to the
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neurologists in 2003. Contents and indexed factors are similar
between NPMDS, NMDAS, and JMDRS. However, NPMDS and
NMDAS include contents from patient interviews. This feature is
quite different between the Newcastle scales and the JMDRS. In all
other respect, the JMDRS is thought to be a comprehensive,
quantitative, reproducible, and sensitive monitoring system to detect
the progression of disease severity in MELAS. We aimed to use and
analyze JMDRS as a pilot study in the present work. According to this
analysis, all MELAS patients (both juvenile and adult forms) showed
an increased score and worsening of their condition during the 5-year
interval. The progression of dysfunction in section 1 (activity of daily
living), section 2 (motor activity) and section 7 (cognition and
impairment) occurred more rapidly than that in other sections, and it
was more pronounced in the juvenile form than in the adult form
(data not shown). Patients with more rapidly increasing scores were
more commonly found in the group with the juvenile form and had a
higher risk of death than those with a more mild disease. This result
indicates that the juvenile form progresses more rapidly and is more
severe than the adult form. Despite the lack of validation, in this study
the JMDRS produced findings that were consistent with a previous
study [27] and we believe that the JMDRS is a useful scoring system
that allows sensitive and reproducible monitoring of the progression
of MELAS. In the future, we will more explicitly validate the JMDRS
scoring system for MELAS.

In conclusion, given that no drugs have yet been approved for
MELAS, we believe it is important to develop efficacious treatments
for MELAS. 1-arginine therapy, which is currently in development for
MEALS [28], might be a promising drug for the future, and we believe
that the results from this study will be helpful for the development of
new therapeutic interventions aimed at MELAS.

5. Conclusions

We determined that MELAS occurs into two forms; adult and
juvenile, and that the juvenile form is more severe than the adult
form. Although our results may contain several biases, including
limited information from neurologists, our data highlight new and
important information for both pediatric and adult neurologists who
are assessing MELAS patients. JMDRS is a useful scoring system for
evaluating disease progression in MELAS.

Supplementary materials related to this article can be found online
at doi:10.1016/j.bbagen.2011.03.015.
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Abstract

Background/Aims: To clarify the change of systemic redox
states in patients carrying the A3243G mutation in mito-
chondrial DNA (A3243G), we evaluated oxidative stress and
antioxidant activity in the serum of patients. Methods: Oxi-
dative stress and antioxidant activity in the serum samples
obtained from 14 patients carrying A3243G and from 34
healthy controls were analyzed using the diacron-reactive
oxygen metabolites (d-ROMs) and biological antioxidant po-
tential (BAP) tests, respectively. Results: The mean d-ROMs
level of all patients was significantly greater than that of the
controls (p < 0.005), and the mean BAP/d-ROMs ratio of all
patients was significantly lower than that of the controls
(p < 0.02). In the patients with a history of stroke-like epi-
sodes (n = 10), both mean d-ROMs and BAP levels were in-
creased compared with those of the controls (both p < 0.01).
The mean BAP level of the patients without a history of
stroke-like episodes (n = 4) was significantly decreased com-
pared with that of the controls (p < 0.001), but the mean d-

ROMs levels were not significantly different. Conclusion: d-
ROMs and BAP tests indicated that patients carrying A3243G
are always exposed to underlying oxidative stress, even at a
remission state of stroke-like episodes.

Copyright © 2012 S. Karger AG, Basel

Introduction

Mitochondrial myopathy, encephalopathy, lactic aci-
dosis and stroke-like episodes (MELAS) syndrome is the
most common type of mitochondrial disease, and is
mainly caused by an A-to-G transition mutation at nucle-
otide position 3243 (A3243G) in mitochondrial DNA
(mtDNA) [1]. MELAS is characterized by stroke-like epi-
sodes that occur repeatedly and provoke neurological
symptoms (e.g. headache, epilepsy, hemiparesis, and de-
mentia) due to ‘stroke-like’ brain lesions [2]. In other
words, stroke-like episodes are diagnostic symptoms of
MELAS, and are crucial factors determining the progno-
sis of patients with this syndrome [2].

In addition, A3243G is responsible for not only stroke-
like episodes but also mitochondrial cardiomyopathy or
diabetes mellitus (DM) [1, 3-6]. Conversely, some pa-
tients carrying A3243G present with typical MELAS syn-
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Table 1. Demographic characteristics of patients and controls

Subject  Patients = ~ Normal con-
‘ - oall “stroke type’ ‘non-stroke type’ ?};(?ls e
Number 14 10 4 34
Gender (males/females) 717 5/5 2/2 20/14
Mean age at examination, years 32.1%147 27.8%125 42.8+15.8 346*7.4
Clinical features
Stroke-like episodes, n 10 10 0 0
Cardiomyopathy, n 6 2 4 0
Diabetes, n 3 0 3 0
Under antioxidant therapy, n 11 10 1 0

Values are mean £ SD.

dromes with stroke-like episodes, and others present
with only cardiomyopathy or DM without stroke-like
episodes. However, the pathophysiological difference of
phenotypes between the presence and absence of stroke-
like episodes in patients carrying A3243G remains ob-
scure.

Recent studies using cells cultured in vitro demon-
strated increased oxidative stress in cells with impaired
mitochondria due to A3243G [7-10]. Oxidative stress is
provoked by reactive oxygen species (ROS) generation ex-
ceeding antioxidant defenses, such as manganese super-
oxide dismutase and glutathione peroxidase, and dam-
ages nucleic acids, proteins and lipids, which leads to
cellular dysfunction. Indeed, previous pathological or
imaging studies demonstrated enhanced regional oxida-
tive stress in lesions of both stroke-like episodes and car-
diomyopathyin patients carrying A3243G [11-13]. There-
fore, there is a high possibility that oxidative stress par-
ticipates in the pathogenesis caused by A3243G, and
influences the phenotypic diversity. In other words, re-
dox (reduction-oxidation) states should be evaluated in
patients carrying A3243G both with and without a his-
tory of stroke-like episodes to clarify the role of oxidative
stress in the emergence of stroke-like episodes.

To perform such an investigation, a rapid and reliable
method of evaluating redox states in patients carrying
A3243G is needed. Direct measurement of oxidative
stress and antioxidant activity in living humans has been
difficult; redox states have thus not been clearly evaluated
in patients carrying A3243G to date. Recently, the dia-
cron-reactive oxygen metabolites (d-ROMs) and biologi-
cal antioxidant potential (BAP) tests have been used to
evaluate redox states in serum. The d-ROMs level reflects
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the intensity of oxidative stress, and the BAP level indi-
cates the activity of endogenous antioxidants [14, 15].
Their effectiveness as clinical markers has been reported
in various diseases [16-22]. We evaluated redox states in
fresh serum of both patients carrying A3243G and
healthy volunteers using d-ROMs and BAP tests, and
clarified the change of redox states due to A3243G and
the pathophysiological difference in phenotypes with or
without stroke-like episodes.

Subjects and Methods

Subjects

Fourteen Japanese patients (7 men and 7 women; mean age
32.1 * 14.7 years) carrying A3243G were recruited at the Univer-
sity of Fukui Hospital, Fukui, and at the Kurume University Hos-
pital, Fukuoka, Japan (table 1). Patients were classified by the pres-
ence or absence of stroke-like episodes into ‘stroke type’ and ‘non-
stroke type’. Ten patients with a history of stroke-like episodes
were categorized as ‘stroke type’, and the other 4 patients who
presented with mainly cardiomyopathy without a history of
stroke-like episodes were categorized as ‘non-stroke type’. Eleven
patients were treated by antioxidant therapy such as coenzyme
Q1o (CoQyg; daily dose 30-90 mg) and/or vitamin E (daily dose
100 mg) administration; 10 of these patients were ‘stroke type’,
and the other patient was ‘non-stroke type’. Eight patients catego-
rized as ‘stroke type’ were also treated with an oral administration
of L-arginine (daily dose 14-21 g). All patients were in remission,
free from exacerbation of symptoms or acute stroke-like episodes,
when they were examined. Functional status was evaluated using
the performance status rating (mean rating 1.3 £ 1.0). In ‘stroke
type’ patients, the mean age of the first stroke-like episode was
21.1 * 15.2 years, and the mean duration between the examina-
tion and the last stroke-like episode was 14.2 * 9.2 months.
‘Stroke type’ patients had headaches and/or vomiting on average
twice a month, but almost none had convulsions. Thirty-four Jap-
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Fig. 1. Scatter plots portraying the levels of d-ROMs (a) and BAP
(b) and BAP/d-ROMs ratios (c) in all the patients and controls.
Circles and triangles correspond to the patients with and without
antioxidant administration, respectively. In addition, closed and

anese healthy volunteers (20 men and 14 women; mean age 34.6
+ 7.4 years) were also recruited as normal controls from the local
community (table 1). This study was approved by the Ethics Com-
mittee of the University of Fukui. All subjects provided written
informed consent to participate in the study.

Measurement of Oxidative Stress Levels

The oxidative stress levels were evaluated by measuring the
quantity of hydroperoxides (R-OOH) in fresh serum samples
using the d-ROMs test with the Free Radical Analytical System
4 (FRAS4R; H&D srl, Parma, Italy) automatically [14]. Blood
sampling was performed at fasting and at rest. Hydroperoxides
consist of dehydrogenized and peroxidized proteins, lipids and
fatty acids produced by ROS. In the d-ROMs test, hydroperox-
ides are turned to radicals by the Fenton reaction in an acid me-
dium, and these generated radicals oxidize N,N-diethyl-para-
phenylenediamine (DEPPD). Oxidized DEPPD quantity is de-
termined by an absorbency measurement (white light 505 nm).
The sequence of these methods is automated, and oxidative
stress levels can be evaluated easily and quickly. The values are
expressed as U. Carr, where 1 U. Carr corresponds to 0.8 mg/1
Hzoz.

Measurement of Antioxidant Activity Levels

The antioxidant activity levels were evaluated by measuring
the quantity of molecules with antioxidative potency in fresh se-
rum samples using the BAP test in the FRAS4R automatically [15,
17]. Blood sampling was performed at fasting and at rest. In the
BAP test, serum molecules with antioxidative potency reduce and
decompose compounds of ferric chloride (FeCls) and thiocyanate
derivative (AT) to FeCl, and free AT. Free AT is achromatized and
dissociates from compounds, and is quantified by an absorbency
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open diagrams correspond to the ‘stroke type’ patients and ‘non-
stroke type’ patients, respectively. ¥ p <0.02, ** p <0.005, accord-
ing to the two-tailed Mann-Whitney U test. Bars indicate mean
+ SD.

measurement (white light 505 nm). The sequence of these meth-
ods is automated, and antioxidant activity levels can be evaluated
easily and quickly. The results are expressed as pmol/lL.

Statistical Analysis

The BAP-to-d-ROMs ratio (BAP/d-ROMs ratio) was calculat-
ed from the ratio of the BAP levels and d-ROMs levels for each
subject. Data are presented as means * standard deviations (SD).
The resultant differences between normal controls and all pa-
tients were analyzed by means of a two-tailed Mann-Whitney U
test. Since the subject number of each group was small, a non-
parametric Kruskal-Wallis test was used for multiple data com-
parison and a post hoc Dunn test was performed to evaluate dif-
ferences among normal controls, ‘stroke type’ patients and ‘non-
stroke type’ patients. All statistical analyses were performed in
SPSS Statistics Version 17.0 (SPSS Japan Inc., Tokyo, Japan), and
p < 0.05 was considered significant.

Results

The levels of serum d-ROMs and BAP, and BAP/d-
ROM s ratios of all the patients and controls are shown in
figure 1, and those of the ‘stroke type’ patients, ‘non-
stroke type’ patients and controls are shown in figure 2.
The mean age of each group demonstrated no significant
differences.

The mean d-ROMs level of all patients (332.6 = 110.7
U. Carr) was significantly higher than that of the controls
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