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BACKGROUND AND PURPOSE
MELAS (mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes) is a mitochondrial disease most usually
caused by point mutations in tRNA genes encoded by mitochondrial DNA (mtDNA). Approximately 80% of cases of MELAS
syndrome are associated with a m.3243A > G mutation in the MT-TL1 gene, which encodes the mitochondrial tRNALeu
(UUR). Currently, no effective treatments are available for this chronic progressive disorder. Treatment strategies in MELAS and
other mitochondrial diseases consist of several drugs that diminish the deleterious effects of the abnormal respiratory chain
function, reduce the presence of toxic agents or correct deficiencies in essential cofactors.

EXPERIMENTAL APPROACH
We evaluated the effectiveness of some common pharmacological agents that have been utilized in the treatment of MELAS,
in yeast, fibroblast and cybrid models of the disease. The yeast model harbouring the A14G mutation in the mitochondrial
tRNALeu(UUR) gene, which is equivalent to the A3243G mutation in humans, was used in the initial screening. Next, the
most effective drugs that were able to rescue the respiratory deficiency in MELAS yeast mutants were tested in fibroblasts and
cybrid models of MELAS disease.

KEY RESULTS
According to our results, supplementation with riboflavin or coenzyme Q10 effectively reversed the respiratory defect in MELAS
yeast and improved the pathologic alterations in MELAS fibroblast and cybrid cell models.

CONCLUSIONS AND IMPLICATIONS
Our results indicate that cell models have great potential for screening and validating the effects of novel drug candidates for
MELAS treatment and presumably also for other diseases with mitochondrial impairment.
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Abbreviations
BN-PAGE, blue-native PAGE; CoQ, coenzyme Q10; CS, citrate synthase; DAPI, 4′,6-diamidino-2-phenylindole; FCCP,
carbonyl cyanide 4-(trifluoromethoxy) phenyl hydrazone; MELAS or M, mitochondrial encephalo-myopathy, lactic
acidosis and stroke-like episodes; MRC, mitochondrial respiratory chain; MT-TL1, mitochondrially encoded tRNA
leucine 1 (UUA/G); NAO, 10-N-nonyl acridine orange; Ribo, riboflavin; ROS, reactive oxygen species; Wt, wild-type;
YPD, yeast extract peptone dextrose medium; YPG, yeast extract peptone glycerol medium

Introduction
Mitochondrial diseases include a wide spectrum of single or
multi-organ, chronic and progressive disorders, with variable
clinical manifestations and severity, which result from per-
turbed mitochondrial oxidative metabolism (Zeviani and
Carelli, 2007). Mitochondrial encephalo-myopathy, lactic
acidosis and stroke-like episodes (MELAS) syndrome, is one
such mitochondrial disorder the physiopathology of which is
not fully known yet and for which there is no specific treat-
ment (Sproule and Kaufmann, 2008). MELAS is a polygenetic
disorder that has been associated with at least 29 specific
point mutations in the mtDNA, but it is most often associated
with point mutations in mtDNA genes that encode tRNAs,
the most common of which is an A to G transition at nucle-
otide m.3243 in the mitochondrially encoded tRNA leucine 1
(UUA/G) (MT-TL1) gene, which encodes tRNALeu (UUR)
(Goto et al., 1990; Kobayashi et al., 1990; Finsterer, 2007;
Sproule and Kaufmann, 2008). The mutation is heteroplas-
mic in that mutant and wild-type (Wt) mtDNA species
coexist in the same cell. While MELAS can be caused by a
number of different mutations in the mtDNA, the m.3243A >
G mutation can give rise to a variety of different clinical
phenotypes as well as MELAS, including isolated sen-
sorineural hearing loss, migraine and diabetes mellitus. The
mutation prevents modification of the wobble U base,
impairing translation at UUA and UUG codons, resulting in
amino acid misincorporation in the mitochondrial transla-
tion products (Kirino et al., 2004). In this disease, there is
often a general deficiency in mitochondrial protein synthesis,
a decrease in mitochondrial respiratory chain (MRC) enzyme
activities and severe respiratory chain defects (Chomyn et al.,
1992; James et al., 1996).

At least 42% of patients with MELAS syndrome show a
decrease in the activity of complex I, followed by 29%
reduced complex III activity and 23% with decreased
complex IV activity (Santa, 2010). The cause of defective
protein synthesis in MELAS cells is unclear; however, several
factors may contribute, including: defective mRNA process-
ing, an incorrectly processed transcript slowing protein syn-
thesis by binding unproductively to ribosomes, altered
kinetics of tRNALeu(UUR) aminoacylation or incorrect con-
jugation of amino acids to tRNALeu(UUR) (King et al., 1992;
Schon et al., 1992; Levinger et al., 2004; Finsterer, 2007). In
the presence of a dysfunctional respiratory chain, the mito-
chondria are not able to produce sufficient quantities of ATP,
which leads to a chronic energy deficient state due to an
imbalance between the energy requirements of the cell and
the energy available to fuel its normal processes. Ultimately,
the energy imbalance causes cellular injury and tissue
damage (Hilton, 1995).

Although the m.3243A > G mutation is associated with a
variety of phenotypes, some of which are relatively mild,
high levels of the mutation in a particular tissue can cause an
increased rate of glycolysis, increased lactate production,
reduced glucose and pyruvate oxidation, reduced DYm, mark-
edly reduced ATP production, an inbalance in cellular
calcium handling with an increased cytosolic calcium load,
increased amount of reactive oxygen species (ROS), reduced
insulin secretion, premature aging, and dysregulation of
genes involved in the metabolism of amino groups and urea
synthesis (Crimi et al., 2005; Jahangir Tafrechi et al., 2005; de
Andrade et al., 2006). However, it is not completely under-
stood how mtDNA mutations cause cell damage, nor have the
compensatory mechanisms activated by the cells to survive
been fully elucidated. In a previous study, we reported on
how this mutation affects mitochondrial function in primary
fibroblast cultures established from two patients harbouring
the m.3243A > G mutation (Cotan et al., 2011). Both MRC
enzyme activities and coenzyme Q10 (CoQ) levels were sig-
nificantly reduced in these fibroblasts, and the mitochondrial
membrane potential was decreased. Mitochondrial dysfunc-
tion was associated with increased oxidative stress, and the
activation of mitochondrial permeability transition, which
triggered the degradation of impaired mitochondria by
mitophagy.

Current drug therapy approaches in mitochondrial dis-
eases such as MELAS mainly include (DiMauro et al., 2006):
(i) removal of noxious metabolites or provision of substances
to overcome secondary deficiencies (thiamine, carnitine,
bicarbonate, uridine, creatine); (ii) bypassing of blocks in the
respiratory chain [riboflavin, CoQ, menadione, vitamin C
(ascorbic acid), succinate, thiamine, dichloroacetate]; (iii)
administration of metabolites and cofactors to improve ATP
synthesis (carnitine, pyruvate, vitamin E, CoQ); (iv) preven-
tion of oxidative stress (vitamin E, ascorbate, retinol, mena-
dione, CoQ, MitoQ, glutathione, lipoic acid, carnitine);
(v) increasing mitochondrial biogenesis (resveratrol); (vi)
increasing autophagy activity (lithium), and (vii) in the case
of MELAS, prevention of stroke-like episodes by the provision
of L-arginine, a nitric oxide provider (Koga et al., 2010).

In this study, we initially used a strain of Saccharomyces
cerevisiae harbouring the A14G mutation equivalent to the
human m.3243A > G mutation as a cell model in the search
for effective drugs for the treatment of the disease (Feuer-
mann et al., 2003; Montanari et al., 2008).

The A14G mutation in yeast produces severe respiratory
deficiencies, which can be determined by the presence of
petites colonies. Yeast carriers of this mutation are unable to
grow in respiratory medium with glycerol as a carbon source,
so that the effect of drugs on the cultures can easily be
evaluated by simply measuring the optical density. Subse-
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quently, the drugs most efficient at restoring the respiratory
defect in the mutant yeast were tested in patient-derived
fibroblast and cybrid models of MELAS to confirm the effec-
tiveness of the treatment for improving cellular pathophysi-
ological alterations.

Methods

Reagents
We purchased the following antibodies and chemicals:
emetine, chloramphenicol, carbonyl cyanide 4-
(trifluoromethoxy) phenyl hydrazone (FCCP), CoQ, vitamin
C, menadione, riboflavin, thiamine, creatine, uridine, carni-
tine, vitamin E, lipoic acid, lithium and resveratrol, and anti-
porin antibodies were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Monoclonal anti-actin antibody and
trypsin-EDTA solution from Sigma-Aldrich; monoclonal anti-
bodies specific for oxidative phosphorylation proteins,
MitosoxTM, 10-N-nonyl acridine orange, MitoTracker, Lys-
oTracker, 4′,6-diamidino-2-phenylindole (DAPI), Hoechst
3342 from Invitrogen/Molecular Probes (Eugene, OR, USA);
anti-cytochrome c antiobodies from BD Biosciences Pharmin-
gen (San Jose, CA, USA). Anti- glyceraldehyde-3-phosphate
dehydrogenase monoclonal antibody, clone 6C5 from
Calbiochem-Merck Chemicals Ltd. (Nottingham, UK); anti-
hATG12 and anti-hATG5 from Biosensis (South Australia,
Australia); anti-MAP LC3 (N-20) from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA); a cocktail of protease inhibitors
from Boehringer Mannheim (Indianapolis, IN, USA); and
Immun Star HRP substrate kit from Bio-Rad Laboratories Inc.
(Hercules, CA, USA). All other chemicals were purchased from
Sigma-Aldrich.

Yeast cultures and treatments
Two strains of S. cerevisiae were utilized: the Wt strain
MCC123 (Mat a, ade2-1, ura3–52, kar1-1) used as a control
and the isogenic mutant harbouring the A14G mutation
equivalent to the A3243G mutation in the mitochondrial
tRNALeu(UUR) gene responsible for MELAS in humans. The
A14G mutation was introduced by a biolistic protocol as
described in Feuermann et al. (2003) and subsequentially
transferred by cytoductant crosses in the MCC123 (rho°)
strain (Montanari et al., 2008). Both strains harbour the ade2
mutation that confers adenine auxotrophy and enabled us to
distinguish colonies with functional mitochondria (which
accumulate an intermediate red pigment of the adenine bio-
synthesis pathway) from colonies with dysfunctional mito-
chondria, which appeared white and of small size (Kim et al.,
2002). Mutant is indicated by their mutation type and posi-
tion, according to the standard tRNA numbering referring to
yeast cytoplasmic tRNAPhe (Sprinzl et al., 1998). The location
of the yeast mitochondrial tRNAleu(UUR) gene is between
the tRNAHis and the tRNAGln at about 3000bp (standard
numbering of the yeast mitochondrial genome beginning
from the 21S rRNA).

Yeasts were grown on complete medium (1% yeast extract
and 1% peptone from Difco, BD, Madrid, Spain) containing
2% glucose [yeast extract peptone dextrose medium (YPD)] or
3% glycerol [yeast extract peptone glycerol medium (YPG)].

Media were solidified with 1.5% agar. The production of
rho-/rho° colonies in yeast gives an indication of the severity
of the defects of mitochondrial protein synthesis and was
monitored as follows: a large colony grown on glucose plate
was inoculated in the same liquid medium. After an over-
night growth, the culture was diluted and plated on glucose,
and large and small colonies were counted. To discriminate
between rho- and rho° colonies, DAPI staining was per-
formed. In all of the cases examined, colonies with a small
size unable to grow on glycerol were found by DAPI staining
to be devoid of mtDNA.

To carry out the treatment assays, cells were collected
from fresh large rho+ colonies grown in a YPD plate and
transferred to 5 mL of respiratory medium (YPG) in order to
obtain 0.5 optical density (OD) using a Varian Cary 50 Bio
UV-Visible Spectrophotometer (Agilent Technologies Spain,
Madrid, Spain). After 3 h incubation at 28°C in liquid
medium we monitored the presence of mtDNA by DAPI stain-
ing and we collected respiratory data only when the culture
contained at least 70–80% of stained cells.

Then, yeasts cultures were distributed in 96-well plates.
Briefly, in the yeast screening study, the MELAS strain of yeast
was exposed to four concentrations of common drugs used
for the treatment of mitochondrial diseases (Table 1). All the
wells of each plate contained a single strain of yeast, and all
strains were exposed simultaneously on six separate plates to
the same molar concentration. After a 24 h incubation, the
OD in each well was measured as an indicator of cell growth.
Each plate configuration was replicated four times on YPG.
The average of the four replicate responses was normalized to
the responses of free media not inoculated with cells. Control
wells were located on the same plate. Yeast growth was evalu-
ated by measuring the OD at 660 nm (OD 660) of the culture
after 24 h of pharmacological treatment. The OD reading was
performed in 96-well plates with the plate reader POLARstar
Omega (BMG LABTECH Inc., Cary, USA).

Fibroblast cultures
Cultured fibroblasts were derived from a skin biopsy of a
patient harbouring a heteroplasmic m.3243A > G mutation.
Clinically, the patient had MELAS, with encephalomyopathy,
stroke-like episodes and lactic acidosis, plus short stature,
deafness, diabetes mellitus, dementia and ataxia. The hetero-
plasmy of the m.3243A > G mutation was 43% in MELAS
fibroblasts. We verified that the level of heteroplasmy in
MELAS fibroblasts did not change significantly during this
study. Control fibroblasts were human skin primary fibrob-
lasts from two healthy volunteers. When indicated in the
figure legends, data were shown as a mean of two control
fibroblast cultures. Samples from patients and controls were
obtained according to the Helsinki Declarations of 1964, as
revised in 2001. Fibroblasts from the MELAS patient and
controls were cultured at 37°C in DMEM containing 4.5 g·L-1

glucose, L-glutamine, and pyruvate supplemented with an
antibiotic/antimycotic solution and 20% FBS.

Construction of transmitochondrial cybrid
cell lines
The 143B osteosarcoma cybrid clones were prepared by fusing
enucleated fibroblasts from patients or controls with 143B
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osteosarcoma cells which lack mtDNA (rho° cells), using the
method described by King and Attardi (1989). These cells
thus possess mtDNA from patients or controls in a control
nuclear background. One hundred and forty-three osteosar-
coma parental and rho° cells, and control osteosarcoma
cybrid cells (100% Wt at nucleotide position 3243) and cybrid
cells harbouring the m.3243A > G mutation (90% of the total
copy number) were cultured in DMEM containing 4.5 g·L-1

glucose, supplemented with 5% FBS, sodium pyruvate
(100 mg·mL-1), uridine (50 mg·mL-1), penicillin (100 IU·mL-1)
and streptomycin (100 mg·mL-1). We verified that the level of
heteroplasmy in MELAS cybrids did not change significantly
during the study.

Measurement of mutant heteroplasmy
To reliably quantify the proportion of the mutant mtDNA, we
performed a real-time amplification refractory mutation
system quantitative PCR (ARMSqPCR) assay as described pre-
viously (Bai and Wong, 2004).

MRC enzyme activities
Activities of NADH, cytochrome c reductase (complexes I +
III) and citrate synthase (CS) were determined in sonicated
permeabilized fibroblasts using previously described spectro-
photometric methods (Rustin et al., 1994; Quinzii et al.,
2006). Results are expressed as U per CS (mean � SD). The
protein content of fibroblast homogenates was determined
using the Lowry procedure (Lowry et al., 1951).

ATP levels
ATP levels were determined by a bioluminescence assay using
an ATP determination kit from Invitrogen-Molecular Probes
according to the manufacturer’s instructions.

Immunofluorescence microscopy
Fibroblasts were grown on 1 mm width (Goldseal no. 1) glass
coverslips for 24–48 h in normal growth medium. Cells were

rinsed once with PBS, fixed in 3.8% paraformaldehyde for
5 min at room temperature, and permeabilized with 0.1%
saponin for 5 min. For immunostaining, glass coverslips were
incubated with primary antibodies diluted 1:100 in PBS. The
secondary antibody, a FITC-labelled goat anti-mouse anti-
body (Calbiochem-Merck Chemicals Ltd) or a tetramethyl
rhodamine goat anti-rabbit (Calbiochem-Merck Chemicals
Ltd), diluted 1:100 in PBS, was added and the coverslip was
incubated for 1 h at 37°C. The coverslips were then rinsed
with PBS, incubated for 1 min with PBS containing Hoechst
33342 (1 mg·mL-1) and washed with PBS (3 ¥ 5 min). Finally,
the coverslips were mounted onto microscope slides using
Vectashield Mounting Medium (Vector Laboratories, Burlin-
game, CA, USA) and analysed using an upright fluorescence
microscope (Leica DMRE, Leica Microsystems GmbH,
Wetzlar, Germany). Deconvolution studies and 3D projec-
tions were performed using a DeltaVision system (Applied
Precision; Issaquah, WA, USA) with an Olympus IX-71 micro-
scope. The deconvolved images were derived from optical
sections taken at 30 nm intervals using a 60¥ PLAPON objec-
tive with a 1.42 numerical aperture.

Measurement of intracellular generation
of ROS
Mitochondrial superoxide generation in fibroblasts was
assessed using MitoSOX Red™, a mitochondrial superoxide
indicator, which once inside the mitochondria, is oxidized by
superoxide and exhibits red fluorescence. Approximately 1 ¥
106 cells were incubated with 1 mM MitoSox for 30 min at
37°C, washed twice with PBS and resuspended in 500 mL of
PBS and analysed by flow cytometry (excitation at 510 nm
and fluorescence detection at 580 nm). The specificity of
MitoSOX for superoxide has been shown by the manufac-
turer, and its mitochondrial localization was tested by
co-staining with MitoTracker Green (data not shown). ROS

Table 1
Pharmacological agents and concentrations used in the yeast counterparts of human MELAS mutation

Drug Concentration Drug Concentration

Creatine 30 mM 100 mM Carnitine 2.5 mM 10 mM

60 mM 120 mM 7.5 mM 12.5 mM

Thiamine 10 mM 30 mM Riboflavin 0.02 mM 0.06 mM

20 mM 40 mM 0.04 mM 0.08 mM

Vitamin E 10 mM 30 mM Resveratrol 10 mM 30 mM

20 mM 40 mM 20 mM 40 mM

Vitamin C (ascorbic acid) 2.5 mM 10 mM Lithium 0.30 mM 1 mM

7.5 mM 12.5 mM 0.60 mM 1.20 mM

Menadione 1 mM 3 mM Uridine 2.5 mM 10 mM

2 mM 4 mM 7.5 mM 12.5 mM

Lipoic Acid 2.5 mM 10 mM Coenzyme Q10 (CoQ) 30 mM 100 mM

7.5 mM 12.5 mM 50 mM 500 mM

The drugs chosen are pharmacological agents frequently utilized in the treatment of mitochondrial diseases. The drug concentrations were
chosen on the basis of their cytotoxic effects. For each drug, the highest concentration shown in the table did not impair the replication
capacity of Wt yeast.
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levels were expressed relative to the mitochondrial mass [ROS
signal/10-N-nonyl acridine orange (NAO) signal].

Mitochondrial mass
Mitochondrial mass was determined by flow cytometry and
fluorescence microscopy after staining the cells with 10 mM
NAO for 10 min at 37°C in the dark. NAO specifically binds to
cardiolipin and it is used to estimate mitochondrial mass.
However, cases have been reported in which NAO fluores-
cence is dependent upon mitochondrial membrane potential
(Jacobson et al., 2002). To determine whether NAO mito-
chondrial binding was dependent on mitochondrial mem-
brane potential, NAO fluorescence was measured in the
absence and presence of the uncoupler FCCP (1 mM). No
differences in NAO staining were observed between the
various mitochondrial membrane potentials.

Immunoblotting
Western blotting was performed using standard methods.
After protein transfer, the membrane was incubated with
various primary antibodies diluted 1:1000, and then with the
corresponding secondary antibody coupled to HRP at a
1:10000 dilution. Specific protein complexes were identified
using the Immun Star HRP substrate kit (Bio-Rad Laboratories
Inc.).

Loading of LysoTracker Red
LysoTracker (100 nM) was added to cultured fibroblasts. After
30 min, each well was washed twice with fresh DMEM, and
fixed with 2% paraformaldehyde in PBS for 10 min at 4°C.
The red fluorescence of LysoTracker was quantified by flow
cytometry.

Mitochondrial protein synthesis
Mitochondrial protein synthesis in cultured control and
MELAS fibroblasts was evaluated essentially as described
previously (Bodnar et al., 1995). Confluent 100 mm dishes
of control and MELAS fibroblasts were incubated in
methionine-free Dulbecco’s essential medium containing
[35S]- methionine (50 mCi·mL-1, 1217 Ci·mmol-1, PerkinElmer
España, Madrid, Spain) for 1 h in the presence of either
100 mg·mL-1 emetine (a cytosolic translation inhibitor) or
100 mg·mL-1 emetine and 200 mg·mL-1 chloramphenicol (a
mitochondrial translation inhibitor). The cells were washed
with PBS and incubated for 1 h in normal growth medium.
Cells were harvested and labelled protein was precipitated by
10% trichloroacetic acid on glass fibre filters, unincorporated
[35S]-methionine was removed by extensive washing and
incorporation was analysed by liquid scintillation counting.
Results are expressed as cpm (cpm in the presence of emetine
minus cpm in the presence of emetine plus chloramphenicol)
mg-1 protein.

Blue-native PAGE (BN-PAGE)
and immunoblotting
Functional pure mitochondria from control and MELAS
fibroblast were isolated by a Mitochondria Isolation Kit using
magnetic microbeads (Miltenyi Biotec GmbH, Teterow,
Germany). Cells were lysed and mitochondria were magneti-
cally labelled with Anti-TOM22 MicroBeads. The monoclonal

anti-TOM22 antibody specifically binds to the translocase of
outer mitochondrial membrane 22 (TOM22) of human mito-
chondria. Then, the labelled cell lysate was loaded onto a
MACS Column, which was placed in the magnetic field of a
MACS Separator. The magnetically-labelled mitochondria are
retained within the column. The unlabelled organelles and
cell components run through. After removing the column
from the magnetic field, the magnetically retained mitochon-
dria can be eluted.

The BN-PAGE system was used for separation of mito-
chondrial respiratory complexes on 4–16% polyacrylamide-
gradient gels; 20 mg of the total solubilized protein were
electrophoresed for 90 min at 150 V in NativePAGETM

Running Buffer and NativePAGETM Cathode Buffer (Invitro-
gen). Proteins were electrotransferred onto a nitrocellulose
membrane for 1 h at 25 V. We used monoclonal antibodies
for complex I (39 kDa subunit), complex II (70 kDa subunit),
complex III (core 2 subunit), complex IV (COX II subunit)
and complex V (aF1F0-ATPase) diluted 1:1000 (Molecular
Probes, Invitrogen). An antibody against porin, a housekeep-
ing mitochondrial protein, was used as loading control The
secondary antibody was monoclonal anti-mouse IgG horse-
radish (Amersham Biosciences) diluted 1:1000. Immun Star
HRP substrate kit (Bio-Rad Laboratories Inc.) was used to
detect the proteins according to the manufacturer’s
instructions.

Statistical analysis
All results are expressed as mean � SD of three independent
experiments. The measurements were statistically analysed
using Student’s t-test for comparing two groups and ANOVA

for more than two groups. The level of significance was set at
P < 0.05.

Results

Effect of pharmacological treatments on the
recovery of the respiratory defect in yeast
harbouring the MELAS mutation
To test the effects of the selected drugs on respiratory chain
activity, we utilized the mutant yeast strain A14G, bearing a
mutation equivalent to the homoplasmic human m.3243A >
G mutation (Feuermann et al., 2003). While the growth on
the respiratory medium YPG was abolished, the mutant yeast
were able to proliferate on fermentable medium YPD and
produced a high number of rho° or petite colonies (80%;
Figure 1A). Figure 1B shows the growth of Wt and the A14G
yeast mutant, studied by serial dilutions on glycerol plates at
28°C. Plates were incubated for 3 days and the mutant yeast
clearly showed a growth defect.

The yeast mutant was then incubated with the selected
reagent (CoQ, vitamin C, menadione, riboflavin, thiamine,
creatine, uridine, carnitine, vitamin E, lipoic acid, lithium
and resveratrol) at four different concentrations in respiratory
medium as detailed in Table 1. After 24 h of incubation, the
recovery of the glycerol growth defect was measured by
monitoring the optical density of the various cultures. Only
CoQ (30–100 mM) and riboflavin (0.06–0.08 mM) were able to
significantly rescue the respiratory defect in yeast A14G
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mutants (Figure 2). CoQ (30–500 mM), riboflavin (0.06–
0.8 mM), vitamin E (40 mM) and uridine (2.5–12.5 mM) were
also able to increase significantly the growth rate of Wt yeast.

Effect of CoQ and riboflavin on proliferation
of MELAS fibroblasts
Subsequently, we investigated whether both riboflavin and
CoQ, the most effective drugs that were able to restore the
respiratory defect in mutant yeast, were also able to improve
the pathological alterations in fibroblasts derived from a
MELAS patient. Control and MELAS fibroblasts were treated
with 0.06 mM riboflavin or 100 mM CoQ, the concentrations
found to be effective in restoring mutant yeast respiration, for
72 h and the proliferation rate, as an indicator of general
cellular well-being, was measured. The proliferation rate of
MELAS fibroblasts was reduced compared with the controls,
but was significantly increased by the addition of riboflavin
or CoQ to the culture medium (Figure 3A). Neither of these
agents had a significant effect on the proliferation rate of
control fibroblasts (Figure 3A).

Bioenergetic status after treatment with
riboflavin and CoQ
Mitochondria are the main energy-producing organelles of
eukaryotic cells and generate energy in the form of ATP;
therefore, it might be expected that cells with defective
mtDNA have lower ATP levels. Accordingly, some mutations
in the mtDNA have been reported to cause impairment of
ATP synthesis (James et al., 1999; Gajewski et al., 2003). To
determine whether riboflavin or CoQ had an effect on
improving MELAS cellular bioenergetics, we determined their
effect on intracellular ATP levels in control and MELAS
fibroblasts. Cellular ATP levels were significantly decreased in
MELAS fibroblasts (Figure 3B). Treatment with either 0.06 mM
riboflavin or 100 mM CoQ caused a significant increase in ATP
levels in MELAS fibroblasts (P < 0.001), but was without effect
in control fibroblasts (Figure 3B).

MRC activity after CoQ and
riboflavin treatment
We measured the combined MRC activity of complexes I + III
in control and patient fibroblast cultures; this activity was
significantly reduced in the MELAS fibroblasts (Figure 3C).
Riboflavin (0.06 mM) or CoQ (100 mM) supplementation
restored these values to normal levels in the MELAS fibrob-
lasts culture, but had only a minor effect in the control
culture (Figure 3C).

Effect of riboflavin or CoQ on mitochondrial
ROS production in MELAS fibroblasts
It is well established that mitochondrial dysfunction is asso-
ciated with an induction of ROS production in mitochondria.
Therefore, we examined superoxide levels in control and
MELAS fibroblasts by flow cytometry using MitoSOX™ Red.
At the same time, the mitochondrial mass was estimated with
NAO, and the ratio of MitoSOX signal to NAO fluorescence
was determined. Superoxide production was significantly
increased in MELAS fibroblasts (Figure 3D). The inclusion of
0.06 mM riboflavin or 100 mM CoQ in the culture medium
had no effect on the levels of superoxide in control cultures,
but was associated with a considerable reduction in superox-
ide levels in MELAS cultures (Figure 3D).

Effect of riboflavin or CoQ supplementation
on mitochondrial degradation in
MELAS fibroblasts
Recent evidence suggests the possible involvement of ROS in
autophagy and in particular, mitophagy (Kim et al., 2007;
Scherz-Shouval and Elazar, 2007; 2011). To determine if
increased mitochondrial degradation is occurring in MELAS
fibroblasts, we first quantified levels of acidic vacuoles by the
use of Lysotracker staining coupled with flow cytometry
analysis (we assessed that acidic vacuoles were lysosomes by
verifying that Lysotracker colocalized with cathepsin D, a
lysosomal enzyme: data not shown). There was a significant

Figure 1
MELAS mutant yeast. (A) The growth of Wt and MELAS mutant yeast (Mut) on YPD and YPG medium. The plates were incubated at 30°C for 2.5
days. (B) The Wt and Mut strains were grown on YPD and YPG at 30°C for 3 days at four dilutions, as indicated.
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increase in the amount of acidic vacuoles in MELAS fibrob-
lasts when compared with that in control fibroblasts
(Figure 4A). In order to elucidate whether autophagy in
MELAS fibroblasts could be attenuated by restoring mito-
chondrial function via riboflavin or CoQ supplementation,
we quantified the amount of acidic vacuoles in patient and
control fibroblast cultures following supplementation of the
culture medium with 0.06 mM riboflavin or 100 mM CoQ for
72 h. As is shown in Figure 4A, riboflavin or CoQ supplemen-
tation was associated with a significant reduction in the
intensity of Lysotracker staining in MELAS fibroblasts, indi-
cating that lysosome abundance was reduced following ribo-
flavin or CoQ treatment.

As a measure of autophagic activity, we also investigated
the conversion of LC3-I (microtubule associated light chain
3) to LC3-II, as the amount of the latter is closely correlated
with the number of autophagosomes. There was a significant
fivefold increase in the amount of LC3-II in the MELAS
fibroblast cultures when compared with that in control
fibroblasts (Figure 4B and C). This significant increase in

LC3-II conversion in MELAS fibroblast cells indicates that
autophagosome formation is enhanced in these cells. Supple-
mentation of the culture medium with 0.06 mM riboflavin or
100 mM CoQ resulted in a significant twofold decrease in the
levels of LC3-II in these cultures. Additionally, protein levels
of ATG12-ATG5 (autophagosome formation involves an
ubiquitin-like conjugation system in which Atg12 is cova-
lently bound to Atg5) were also increased in MELAS fibrob-
lasts, but decreased to control levels under riboflavin or CoQ
treatment (Figure 4B and C).

To verify the hypothesis that increased mitophagy was
occurring in the MELAS fibroblast cultures, we performed
double staining immunodetection with antibodies to LC3
and cytochrome c. In the control cultures, tubular mitochon-
dria negative for LC3 staining were observed (Figure 5A and
B). In the MELAS fibroblasts, a few normal tubular mitochon-
dria negative for LC3 were identified, along with many small
fragmented mitochondria positive for LC3 (colocalization,
r = 0.9088) (Figure 5A and B), suggesting autophagosome
engulfing of mitochondria. Supplementation of the culture
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Figure 2
Effect of selected drugs on the growth of MELAS mutant yeast in respiratory medium. Wt (black columns) and MELAS mutant yeasts (grey
columns) were transferred to 96-well plates with respiratory medium and treated with CoQ, vitamin C, menadione, riboflavin, thiamine, creatine,
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medium for 72 h with 0.06 mM riboflavin or 100 mM CoQ
resulted in a drastic reduction of LC3/cytochrome c punctata
(Figure 5A and C).

We next investigated the effect of riboflavin and CoQ
supplementation on the expression levels of the 30 kDa
subunit of complex I (nuclear encoded), the 30 Kda subunit
of complex II (nuclear encoded), the core I subunit of
complex III (nuclear encoded) and the COX II subunit of
complex IV (mtDNA encoded) of the MRC. The expression
levels of these proteins, both nuclear and mtDNA encoded,
were significantly reduced in MELAS fibroblasts compared
with controls, but increased to control or near control levels
when MELAS fibroblasts were grown in the presence of
0.06 mM riboflavin or 100 mM CoQ (Figure 6A and B).

Effect of riboflavin or CoQ supplementation
on mitochondrial protein synthesis and
respiratory complexes assembly in
MELAS fibroblasts
To investigate the specific defect in mitochondrial protein
synthesis caused by the A3243G mutation, MELAS fibroblasts
were pulse-labelled with a mixture of [35S]-methionine in the
presence of emetine, an inhibitor of cytoplasmic translation.
The overall rate of protein synthesis in mitochondria of
MELAS fibroblasts was 29% of control as measured by the
total incorporation of the radioactive label (Figure 7A). Sup-
plementation of the culture medium for 72 h with 0.06 mM

riboflavin or 100 mM CoQ resulted in a significant increase in
mitochondrial protein synthesis in MELAS fibroblasts that
was restored to control or near control fibroblasts values
(Figure 7A). Riboflavin or CoQ supplementation also
increased slightly mitochondrial protein synthesis in control
fibroblasts (Figure 7A).

As in MELAS fibroblasts there are two mitochondrial
populations, one of intact mitochondria and the other of
mitochondria engulfed by autophagosomes, the evaluation
of mitochondrial respiratory complexes assembly in control
and MELAS fibroblasts was performed in intact mitochon-
dria isolated by magnetically labelling them with anti-
TOM22 (translocase of outer mitochondrial membrane 22)
microbeads and magnetic separation. This method isolates
intact mitochondria and, contrary to whole cell lysate
analysis, avoids the influence of mitophagy on the evalua-
tion of mitochondrial complexes assembly. Mitochondria
isolated by this procedure did not show detectable
autophagosome markers indicating that the analysis was
performed on the fraction of functional intact mitochondria
(data not shown).

Analysis of mitochondrial respiratory complexes by
BN-PAGE revealed an almost complete absence of fully assem-
bled complex I in MELAS fibroblasts, only trace amounts of
fully assembled complexes IV and V, and normal levels of
complex III (Figure 7B). As expected, complex II, which has
four subunits entirely encoded by nuclear genes, was
increased in MELAS intact mitochondria. Supplementation of

0
5

10
15
20
25
30
35

0
1
2
3
4
5
6
7
8

0

50

100

150

200

250

140

120

100

80

60

40

20

0

No treatment +Riboflavin +CoQ

A
T

P
 (

n
m

o
l·

m
g

–
1
 p

ro
te

in
)

R
O

S
 (

a
.u

.)

C
e
ll
s
 c

m
–

2
%

 U
 p

e
r 

C
S

Control MELASControl MELAS

Control MELASControl MELAS

a

a

a
a

a

aa

a

*
*

*

a

a

*

A B

C D

Figure 3
Effect of riboflavin and CoQ on MELAS fibroblasts. (A) Cell proliferation. Control and MELAS fibroblasts were cultured in the absence or presence
of riboflavin (0.06 mM) or CoQ (100 mM) for 72 h. Cell counting was performed as described in Methods. (B) ATP levels. ATP levels in control and
MELAS fibroblasts grown in the absence or presence of riboflavin or CoQ for 72 h. (C) The combined activity of complexes I + III was determined
as described in Methods. Results (mean � SD) are expressed as U per CS (units per CS). (D) ROS generation in MELAS fibroblasts. Fibroblast
cultures from controls and MELAS patients were grown in normal culture medium or in medium supplemented with riboflavin (0.06 mM) or CoQ
(100 mM) for 72 h before analysis. ROS levels were then determined by flow cytometry using MitoSox Red, and the mitochondrial mass was
estimated using NAO, and the results are expressed as the ratio of MitoSOX signal to NAO signal in arbitrary units (a.u.). For the control cells,
the data represent the mean � SD of three separate experiments on two different cell lines. *P < 0.01 between control and MELAS fibroblasts.
aP < 0.01 between the presence and the absence of CoQ.

BJP J Garrido-Maraver et al.

1318 British Journal of Pharmacology (2012) 167 1311–1328



the culture medium for 72 h with 0.06 mM riboflavin or
100 mM CoQ resulted in a significant increase in fully assem-
bled complexes I, IV and V in MELAS fibroblasts (Figure 7B
and C).

Effect of riboflavin or CoQ treatment on
proliferation rate, ROS generation, autophagy
activation and bioenergetic status in
transmitochondrial cybrids harbouring the
m.3243A > G mutation
To confirm that riboflavin and CoQ were indeed able to
recover MELAS pathophysiology in cell models of the disease,
we tested the effects of these drugs on a cybrid clone harbour-
ing the m.3243A > G mutation.

The rate of cellular proliferation was significantly reduced
in MELAS cybrids when compared with Wt cybrids
(Figure 8A). Both 0.06 mM riboflavin and 100 mM CoQ signifi-
cantly increased the proliferation rate of MELAS and control
cybrids (Figure 8A).

Cellular ATP levels were reduced in the MELAS cybrids
compared with the Wt cybrids (Figure 8B). Treatment with
0.06 mM riboflavin or 100 mM CoQ had no effect on ATP
levels in control cybrids, but resulted in a significant increase
in ATP levels in MELAS cybrid cells (Figure 8B) indicating that
both treatments restored partially the bioenergetic status of
the MELAS cybrids.

The activity of complexes I + III was significantly reduced
in the MELAS cybrid compared with the control clone
(Figure 8C). Riboflavin (0.06 mM) or CoQ (100 mM) supple-
mentation restored these values to normal levels in the
MELAS cybrid culture, but had only a minor effect in the
control cybrid culture (Figure 8C).

We next examined mitochondrial ROS levels in control
and MELAS cybrids by using MitoSOX Red and flow cytom-
etry. At the same time, the mitochondrial mass was estimated
with NAO, and the ratio of MitoSOX signal to NAO fluores-
cence was determined. There was an approximately threefold
increase in mitochondrial ROS production in MELAS cybrids
(Figure 8D). The inclusion of 0.06 mM riboflavin or 100 mM

Figure 4
Effect of riboflavin and CoQ on autophagic markers. (A) The quantification of acidic vacuoles in control (C) and MELAS fibroblasts (M) by
LysoTracker staining and flow cytometry analysis. Cells were cultured in the presence or absence of 0.06 mM riboflavin (Ribo) or 100 mM CoQ. For
the control cells, the data are the mean � SD of three separate experiments on two different control cell lines. Results are expressed in arbitrary
units (a.u). (B) The protein expression levels of LC3-I (upper band) and LC3-II (lower band) and ATG12 determined in control and MELAS fibroblast
cultures by Western blotting. The ATG12 band represents the Atg12–Atg5 conjugated form. Control (C) and MELAS fibroblast cultures were grown
in normal culture medium or in medium supplemented with 0.06 mM riboflavin (Ribo) or 100 mM CoQ for 72 h. Actin was used as loading control.
(C) Densitometry was performed using the ImageJ software. Actin was used as loading control. Data, in arbitrary units (a.u.) represent the mean
� SD of three separate experiments. *P < 0.01 between control and MELAS fibroblasts. aP < 0.01, between the presence and the absence of
riboflavin or CoQ.
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CoQ in the culture medium had no effect on the levels of
mitochondrial ROS in control cybrid cultures, but was asso-
ciated with a considerable reduction in ROS levels in MELAS
cybrid cultures, although mitochondrial ROS levels were not
restored to control values in these cells (Figure 8D).

Effect of CoQ and riboflavin on autophagy
activation in transmitochondrial cybrids
harbouring the m.3243A > G mutation
Lysotracker staining intensity was determined in a control
cybrid clone and in a cybrid clone harbouring the m.3243A >
G mutation. The mean Lysotracker intensity was increased
approximately threefold in the MELAS cybrid clone
(Figure 9A). Riboflavin (0.06 mM) or CoQ (100 mM) supple-
mentation significantly decreased Lysotracker staining in
MELAS cybrid cells, but had no effect in the control cybrid
cells (Figure 9A).

As a measure of autophagic activity, we also investigated
the conversion of LC3-I to LC3-II. There was a significant
fourfold increase in the ratio of LC3-II to LC3-I in MELAS
cybrid cultures when compared with that in control cybrid
cultures (Figure 9B and C). Supplementation of the culture
medium with 0.06 mM riboflavin or 100 mM CoQ resulted in
a significant decrease in the levels of LC3-II in these cultures.
Additionally, the amount of ATG12-ATG5 conjugate was also
increased threefold in MELAS cybrids and reduced under
riboflavin or CoQ treatment (Figure 9B).

The expression of the 30 kDa subunit of complex I of the
MRC was also reduced in the MELAS cybrid (Figure 9B and C).
Supplementation with 0.06 mM riboflavin or 100 mM CoQ
partially restored its expression levels (Figure 9B).

We next examined the expression of LC3 and cytochrome
C in the cybrid cultures. In control cybrids, mitochondria,
visualized by staining for cytochrome C, did not co-localize
with LC3, while in MELAS cybrids, co-localization of cyto-
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Lysosomal and autophagosome markers in MELAS fibroblasts. (A) Cultured control and MELAS fibroblasts incubated with 0.06 mM riboflavin or
100 mM CoQ were fixed, and immunostained with anti-LC3 (autophagosome marker) and cytochrome c (mitochondrial marker) and examined
by fluorescence microscopy. A representative picture of the 100 cells analysed is shown. Colocalization of both markers was assessed by the
DeltaVision software. (B) Magnification of a small area of a MELAS fibroblast. Arrows show autophagosomes with LC3 and cytochrome c
colocalization. Colocalization of both markers was assessed by DeltaVision software using the Pearson coefficient of correlation. Bar = 5 mm. (C)
Quantification of LC3 per cytochrome c puntacta in control and MELAS fibroblasts incubated with 0.06 mM riboflavin or 100 mM CoQ (n = 100
cells). *P < 0.01 between control and MELAS fibroblasts. aP < 0.01, between the presence and the absence of CoQ.

BJP J Garrido-Maraver et al.

1320 British Journal of Pharmacology (2012) 167 1311–1328



chrome c and LC3 was observed (Figure 10A, B and C). Sup-
plementation of the growth medium with riboflavin or CoQ
resulted in a significant reduction in the co-localization of
mitochondria with LC3 in MELAS cybrids (Figure 10A, B
and C).

Discussion and conclusions

Treatment for MELAS syndrome includes pharmacological
options, as well as lifestyle modifications such as diet and
exercise programmes (Santa, 2010). However, evaluation of
the effectiveness of the various treatment options is compli-
cated by the relative rarity of the disease, the diverse clinical
phenotypes associated with the disease and the unpredictable
course. The lack of clear evidence in favour of any one
therapy or combination of therapies and the progressive
nature of the syndrome make it extremely difficult to evalu-
ate the treatment and to search for new therapeutic options.
The low frequency of the disease makes clinical trials chal-
lenging, leaving case reports as the main source of knowledge
and guidance for medical practitioners. Moreover, many of
the available clinical trials include patients with multiple
types of mitochondrial disorders, making it difficult to
extrapolate the results to MELAS patients in particular.
Studies that include larger numbers of patients and well-
defined outcomes are needed to clarify the potential role of
pharmacotherapy for MELAS syndrome (Thambisetty et al.,

2002). A variety of pharmacological options, mostly nutri-
tional supplements and vitamins, have been tried with dif-
fering levels of success. Most treatment options focus on
increasing respiratory chain activity by administering anti-
oxidants, respiratory chain substrates and cofactors that
augment the production or utilization of ATP. In our work, we
have developed yeast, fibroblast and cybrid cell models of
MELAS disease in the search for effective drugs for use in the
treatment of this disorder.

S. cerevisiae has played an important role as a model
system to understand human diseases (Smith and Snyder,
2006). The genetic tools available have also made S. cerevisiae
a powerful system to identify gene–disease relationships.

Yeast offers invaluable guidance for approaching human
disease-associated gene functions, particularly concerning
mitochondrial ones due to the ability of yeast to survive
without a functional MRC if a fermentable carbon source is
made available (Barrientos, 2003). When the concentration
of glucose is reduced, respiration-deficient yeast mutants
grow slowly, forming small (petite) colonies (Rinaldi et al.,
2010). Petite, oxidative phosphorylation-deficient, yeast
mutants carry mtDNA abnormalities in the form of multiple
rearrangements (rho- or as mtDNA-less strains (rho°). S. cer-
evisiae is also an excellent model system for drug discovery
(Ma, 2001) as it is inexpensive to maintain and grow, its
entire genome has been sequenced (Goffeau et al., 1996), its
~6, 200 open reading frames exist in a readily usable form
(Hudson et al., 1997), it is well suited to the expression of

Figure 6
Mitochondrial protein expression levels in MELAS fibroblasts. (A) Western blot analysis of MRC proteins – complex I (30 kDa subunit), complex
II (30 kDa subunit), complex III (core 1 subunit), complex IV (COX II subunit) – of control (C) and MELAS (M) fibroblasts incubated with 0.06 mM
riboflavin (Ribo) or 100 mM CoQ for 72 h. Fibroblast protein extracts (50 mg) were separated on a 12.5% SDS polyacrylamide gel. Actin was used
as loading control. (B) Densitometry of Western blotting was performed using ImageJ software. Data in arbitrary units (a.u.) represent the mean
� SD of three separate experiments. *P < 0.01 between control and MELAS fibroblasts. aP < 0.01, between the presence and the absence of
riboflavin or CoQ.
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Figure 7
Mitochondrial protein synthesis and assembly of mitochondrial complexes. (A) Incorporation of [35S]-methionine into mitochondrial proteins.
Control (C) and MELAS (M) fibroblasts supplemented with or without 0.06 mM riboflavin (Ribo) or 100 mM CoQ for 72 h were incubated with
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into mitochondrial proteins was measured by liquid scintillation counting. Results are expressed as cpm (cpm in the presence of emetine minus
cpm in the presence of emetine plus chloramphenicol) mg-1of protein. Data represent the mean � SD of three separate experiments. *P < 0.01
between control and MELAS fibroblasts. aP < 0.01, between the presence and the absence of riboflavin or CoQ. (B) Suppression of the defect in
assembly of oxidative phosphorylation complexes in MELAS fibroblasts under riboflavin or COQ supplementation. Intact mitochondria from
control (C) and MELAS (M) fibroblasts with or without 0.06 mM riboflavin (Ribo) or 100 mM CoQ supplementation for 72 h were analysed by
BN-PAGE. The blots were incubated with antibodies against specific subunits of each of the five mitochondrial complexes (I–V). An antibody
against porin, housekeeping mitochondrial protein, was used as loading control. ‘Subcomplex V’ indicates the presence of partially assembled
complexes V in MELAS patients. (C) Densitometry of mitochondrial complexes signal normalized by porin was performed using ImageJ software.
Data in arbitrary units (a.u.) represent the mean � SD of two blots. *P < 0.01 between control and MELAS fibroblasts. aP < 0.01, between the
presence and the absence of riboflavin or CoQ.
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heterologous proteins, and it contains a multitude of selec-
tive markers. Furthermore, while several simple organisms are
available to model nuclear-encoded mitochondrial defects,
this is not the case for defects encoded by mtDNA, which, in
general, is not susceptible to manipulation. The only excep-
tion is represented by S. cerevisiae, which allows the introduc-
tion of specific point mutations in its mtDNA. Following a
biolistic procedure originally proposed by Fox et al. (1991),
a protocol for the introduction of several mutations into a
mitochondrial tRNA gene has been developed. One of these
mutations, the A14G mutation in tRNALeu (UUR), is equiva-
lent to the m.3243A > G mutation in humans and produces
severe respiratory deficiencies (Feuermann et al., 2003) with a
high production of mutants with mtDNA depletion (rho°).
The percentage of rho° colonies is a good indicator of the
severity of the respiratory phenotype (Montanari et al., 2008).
Yeast harbouring the A14G mutation can grow in fermenta-
ble medium (with glucose or galactose as a carbon source),
but their mtDNA is rapidly eliminated. In contrast, these
yeasts are not able to grow in respiratory medium (with
glycerol as carbon source; Feuermann et al., 2003). This prop-
erty makes the A14G yeast mutant a suitable model for the
screening of drugs able to suppress the respiratory defect.

In the present work, using the A14G yeast mutant model
for the initial screening of drugs potentially effective in
MELAS treatment, we found that only riboflavin and CoQ,
among the several drugs tested, were able to suppress the
pathological respiratory phenotype. Likewise, riboflavin and
CoQ were able to restore all the pathological alterations
found in patient-derived fibroblasts (including mitochondrial
protein synthesis and respiratory complexes assembly) and

cybrid models of the disease, validating the usefulness of the
yeast model in screening drug candidates for the treatment of
human respiratory chain disorders. Surprisingly, these drugs
are among the most common therapeutic options currently
used in MELAS syndrome (Santa, 2010).

Molecules that partly rescue the MELAS-deficient electron
transfer chain, such as CoQ and riboflavin, can increase mito-
chondrial membrane potential and, subsequently, the import
of nuclear-encoded mitochondrial proteins, and thus help
raise the abundance of proteins of the electron transport
chain.

It is noteworthy that CoQ and riboflavin at the highest
concentration decreased the mutant yeast growth as com-
pared with lower concentrations. Therefore, these com-
pounds can be toxic at high concentrations. Every
antioxidant is a redox agent that can protect against ROS in
some circumstances and promote ROS production in others
(Herbert, 1996). CoQ acts as an important in vivo antioxidant,
but is also a primary source of O2-•/H2O2 generation in cells,
thus CoQ in excess can become a pro-oxidant in humans
(Crestanello et al., 2002). Likewise, B group vitamins have
also both antioxidant and pro-oxidant effects on lipid per-
oxidation under different experimental conditions (Higashi-
Okai et al., 2006).

One limitation of the MELAS yeast model is that it can
eliminate compounds with putative efficacy in MELAS fibrob-
lasts or cybrids. Nevertheless, as the MELAS yeast assay is
based on the recovery of the respiratory phenotype, and as a
consequence, the recovery of functional mitochondria, it
may be a useful model for searching new drugs for MELAS
syndrome and mitochondrial diseases.
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Figure 8
Effect of riboflavin and CoQ on MELAS cybrids. (A) Cell proliferation. Wt and MELAS cybrids were cultured in the absence or presence of riboflavin
(0.06 mM) or CoQ (100 mM) for 72 h. Cell counting was performed as described in Methods. (B) ATP levels in Wt and MELAS cybrids in the
absence or presence of riboflavin (0.06 mM) or CoQ (100 mM) for 72 h. (C) Activity of complexes I + III combined. Complexes I + III were
determined as described in Methods. Results (mean � SD) are expressed as U per CS (units per CS). (D) ROS generation in MELAS cybrids. Wt
and MELAS cybrids cultures were grown in normal culture medium or in medium supplemented with riboflavin (0.06 mM) or CoQ (100 mM) for
72 h before analysis. ROS levels were then determined by flow cytometry using MitoSox red, and the mitochondrial mass was estimated using
NAO Results are expressed as the ratio of MitoSOX signal to NAO signal. Data in arbitrary units (a.u.) represent the mean � SD of three separate
experiments. *P < 0.01 between Wt and MELAS cybrids. aP < 0.01 between the presence and the absence of riboflavin or CoQ.
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On the other hand, biochemical studies of fibroblasts
derived from mitochondrial patients and transmitochondrial
cybrids have provided a wealth of information for under-
standing the pathophysiological changes present in these
diseases (King and Attardi, 1989; Khan et al., 2007; Saada,
2011). These cellular models are very effective in elucidating
the molecular mechanisms of mitochondrial diseases and in
the screening of different treatments that suppress or
enhance the pathophysiological alterations detected.

Riboflavin (vitamin B2) in MELAS treatment
The B vitamins are often considered first-line agents in the
treatment of MELAS syndrome (Santa, 2010). Riboflavin is a
precursor of flavin adenine dinucleotide (FAD) and flavin
mononucleotide. As prosthetic groups, they are essential for
the activity of flavoenzymes including oxidases, reductase
and dehydrogenases (Depeint et al., 2006) and function as
cofactors in complexes I and II of the MRC (Marriage et al.,
2003). One theory is that riboflavin may act by inhibiting the
proteolytic breakdown of complex I, with a subsequent
increase in enzymatic activity (Vergani et al., 1999; Gold and
Cohen, 2001). Riboflavin-deficient rats show abnormalities in

both mitochondrial biochemistry and mitochondrial mor-
phology, adding support to this hypothesis (Addison and
McCormick, 1978). Riboflavin supplementation has been
reported to be effective in a number of MELAS patients with
complex I deficiency, the complex most affected in this dis-
order (Santa, 2010).

In addition to its role in the MRC complexes, riboflavin
also acts as an antioxidant and riboflavin deficiency has been
associated with increased oxidative stress (Powers, 1999). The
antioxidant activity of riboflavin is principally derived from
its role as a precursor of FAD and the role of this cofactor in
the production of the antioxidant, reduced glutathione (Hal-
liwell, 1996). Reduced glutathione is a cofactor of selenium-
containing glutathione peroxidase, a major antioxidant
enzyme. Thus, the antioxidant activity of riboflavin could
suppress the ROS-induced mitophagy in MELAS cells (Cotan
et al., 2011), preventing the degradation of mitochondria.

CoQ in MELAS treatment
CoQ, a fat-soluble quinone, is the most widely used thera-
peutic agent in patients with mitochondrial disease because
of its critical role in energy metabolism. CoQ may provide
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benefit through multiple mechanisms including reversal of
CoQ deficiencies in mitochondrial disorders and enhance-
ment of the activity of the respiratory chain in patients with
inadequate complex III activity (Gold and Cohen, 2001).
CoQ is an essential electron transporter in the MRC, trans-
ferring electrons from complexes I and II to complex III.
Moreover, CoQ also helps stabilize the oxidative phosphor-
ylation complexes within the inner mitochondrial mem-
brane by maintaining optimal membrane fluidity (Fato et al.,
1984). Furthermore, CoQ acts as an antioxidant that can
scavenge ROS (Gold and Cohen, 2001; Scaglia and Northrop,
2006; Kerr, 2010). In this regard, CoQ inhibits lipid peroxi-
dation and can protect mitochondrial inner-membrane pro-
teins and DNA from oxidative damage (Ernster and Dallner,
1995). Hence, the antioxidant activity of CoQ, like riboflavin,
could block ROS-induced mitophagy. Overall, reports of CoQ
use in mitochondrial disorders have produced mixed results.
However, CoQ is considered a first-line therapy for patients

with MELAS syndrome and no significant adverse reactions
have been reported (Matthews et al., 1993; Scaglia and North-
rop, 2006). CoQ treatment is also a first-line option in
primary and secondary CoQ deficiencies. Primary CoQ defi-
ciency is due to mutations in the genes controlling CoQ
biosynthesis and these patients usually show a dramatic
response to CoQ therapy (Quinzii and Hirano, 2010). Second-
ary CoQ deficiency may be defined as reduced CoQ concen-
tration in muscle without a defect affecting the biosynthetic
pathway (Quinzii et al., 2007). In clinical practice, CoQ sup-
plementation is frequently employed in patients with mito-
chondrial disorders in the absence of a specific therapy. While
in primary CoQ deficiency the effect of this therapy is clearly
established (Montini et al., 2008), in secondary forms, con-
tradictory results have been reported (Chinnery et al., 2006).
However, the high frequency of secondary CoQ deficiency
among patients with mitochondrial myopathy (Sacconi et al.,
2010) and the relative safety of the treatment, provide a
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rationale for the future study of the effects of oral CoQ sup-
plementation in patients with mitochondrial disorders, espe-
cially if a CoQ deficiency is detected, regardless of the precise
genetic aetiology. In this regard, we have previously demon-
strated that CoQ supplementation in fibroblasts derived from
two MELAS patients restored the pathological alterations
found in these cells (Cotan et al., 2011).

Conclusion

Here we report that yeast, MELAS patient-derived fibroblasts
and cybrid cell models of MELAS could be suitable for screen-
ing and validating new drug candidates for the treatment of
MELAS disease. In these assays, we observed that supplemen-
tation with riboflavin or CoQ effectively improved the viabil-
ity and pathophysiology of MELAS cell models. As no
difference was detected between the drug responses of the
MELAS fibroblasts with 43% of heteroplasmy and MELAS
cybrids with 90% of heteroplasmy, these models are suitable
for testing the effects of treatments in patient cells with
different levels of heteroplasmy.

The results presented in this work support the hypothesis
that important progress towards the rational and alternative
treatment of human mitochondrial diseases could be
achieved through the initial use of new drug screening tests
in cell models.
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