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ABSTRACT	
	

ELAS	 (mitochondrial	 encephalomyopathy,	 lactic	 acidosis	 and	 stroke-like	
episodes)	 is	 a	 mitochondrial	 disorder	 caused	 mainly	 by	 the	 m.3243A>G	

mutation	 in	 mitochondrial	 DNA.	 In	 this	 thesis,	 we	 report	 on	 how	 the	 severity	 of	
pathophysiological	 alterations	 is	 differently	 expressed	 in	 fibroblasts	 derived	 from	
patients	with	MELAS	disease.	We	evaluated	mitophagy	activation	and	mitochondrial	
biogenesis,	which	are	the	main	mechanisms	regulating	the	degradation	and	genesis	of	
mitochondrial	 mass,	 in	 transmitochondrial	 cybrids	 and	 fibroblasts	 derived	 form	
MELAS	 patients.	 Our	 results	 suggest	 a	 critical	 balance	 between	 mitophagy	 and	
mitochondrial	 biogenesis	 which	 leads	 to	 the	 expression	 of	 different	 degrees	 of	
pathological	 severity	 among	 MELAS	 fibroblast	 cell	 lines	 according	 to	 their	
heteroplasmy	load	and	the	activation	of	AMP-activated	protein	kinase	(AMPK).	AMPK-
activators	such	as	5-aminoimidazole-4-carboxamide	1-β-D-ribofuranoside	(AICAR)	or	
coenzyme	 Q10	 (CoQ)	 increased	 peroxisome	 proliferator-activated	 receptor	 alpha	
(PGC-1α)	nuclear	translocation,	mitochondrial	biogenesis,	antioxidant	enzyme	system	
response,	autophagic	 flux,	and	ultimately	 improved	pathophysiological	alterations	 in	
MELAS	 fibroblasts	 with	 the	 most	 severe	 phenotypes.	 Our	 findings	 support	 the	
hypothesis	 that	 mitochondrial	 biogenesis,	 increased	 antioxidant	 response	 and	
autophagy	 clearance	 serve	 as	 compensatory	mechanisms	 in	 response	 to	mitophagic	
degradation	of	dysfunctional	mitochondria	and	point	out	that	AMPK	is	an	 important	
player	in	this	balance.		
	
These	 results	 are	 particularly	 important	 since	 currently	 no	 efficient	 treatments	 are	
available	 for	 this	 chronic	 progressive	 disorder.	 In	 this	 thesis	 we	 propose	 the	
evaluation	 of	 the	 effectiveness	 of	 putative	 beneficial	 pharmacological	 agents	 in	 the	
treatment	of	MELAS	by	using	cellular	models	such	as	transmitochondrial	cybrids	and	
fibroblasts	with	high	mutational	load.	According	to	our	results,	supplementation	with	
riboflavin	or	 coenzyme	Q10	 effectively	 reversed	 the	pathologic	 alterations	 in	MELAS	
cybrid	 and	 fibroblast	 cell	 models.	 Our	 results	 indicate	 that	 cell	 models	manifesting	
severe	pathophysiological	alterations	and	high	heteroplasmy	load	have	great	potential	
as	 a	 screening	 and	 validation	 assays	 of	 novel	 drug	 candidates	 for	MELAS	 treatment	
and	presumably	also	for	other	diseases	with	mitochondrial	impairment.	
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RESUMEN	
	

ELAS	 (del	 inglés,	mitochondrial	 encephalomyopathy,	 lactic	 acidosis	 and	 stroke-
like	 episodes)	 es	 una	 enfermedad	 mitocondrial	 principalmente	 causada	 por	 la	

mutación	 m.3243>G	 en	 el	 ADN	 mitocondrial.	 En	 esta	 tesis,	 se	 estudia	 cómo	 la	
severidad	de	las	alteraciones	fisiopatológicas	pueden	expresarse	diferencialmente	en	
fibroblastos	 derivados	 de	 pacientes	 con	 este	 síndrome.	 Además,	 se	 evalúa	 dos	
mecanismos	claves	en	la	degradación	y	génesis	de	la	masa	mitocondrial	celular,	como	
son,	 la	mitofagia	y	 la	biogénesis	mitocondrial.	Para	ello	 se	ha	utilizado	dos	modelos	
celulares:	 cíbridos	 transmitocondriales	 y	 fibroblastos	 derivados	 de	 pacientes	
diagnosticados	 con	 el	 síndrome	 MELAS.	 Los	 resultados	 obtenidos	 sugieren	 la	
existencia	de	un	equilibrio	crítico	entre	ambos	procesos,	que	conduce	finalmente	a	la	
expresión	de	diferentes	niveles	de	 severidad	patológica	entre	 los	 fibroblastos	 según	
su	 carga	mutacional	 y	 la	 activación	 de	 la	 proteína	 AMPK	 (del	 inglés,	AMP-activated	
protein	 kinase).	 	 Los	 resultados	 obtenidos	 en	 esta	 tesis	 indican	 que	 activadores	 de	
AMPK	 como	 el	 5-aminoimidazole-4-carboxamide	 1-β-D-ribofuranoside	 (AICAR)	 o	 la	
coenzima	Q10	(CoQ)	fueron	capaces	de	incrementar	la	translocación	al	núcleo	de	PGC-
1α	(del	inglés,	Peroxisome	proliferator-activated	receptor	gamma	coactivator	1-alpha),	
la	biogénesis	mitocondrial,	el	sistema	enzimático	antioxidante,	el	flujo	autofágico	y	la	
mitofagia,	mejorando	en	última	 instancia	 las	alteraciones	 fisiopatológicas	mostradas	
por	 los	 fibroblastos	 MELAS	 que	 manifiestan	 un	 fenotipo	 más	 severo.	 Nuestros	
resultados	respaldan	la	hipótesis	de	que	la	biogénesis	mitocondrial,	el	incremento	de	
la	respuesta	antioxidante	y	la	autofagia	actúan	como	mecanismos	de	compensación	en	
respuesta	 a	 la	 degradación	 de	 mitocondrias	 disfuncionales	 mediante	 mitofagia,	
señalando	que	la	proteína	AMPK	juega	un	papel	clave	en	este	equilibrio.		
	
Estos	 resultados	 revisten	 gran	 importancia	 ya	 que	 actualmente	 no	 existen	
tratamientos	efectivos	para	tratar	este	desorden	progresivo	y	crónico.	Por	ello,	en	esta	
tesis	 se	 propone	 la	 evaluación	 de	 la	 efectividad	 de	 agentes	 farmacológicos	
potencialmente	beneficiosos	en	el	 tratamiento	del	 síndrome	MELAS,	utilizando	para	
ello	 modelos	 celulares	 de	 elevada	 carga	 mutacional	 y	 alta	 severidad	 patológica.	
Nuestros	resultados	indican	que	el	tratamiento	con	riboflavina	o	la	CoQ	revierten	de	
forma	 efectiva	 las	 alteraciones	 patológicas	mostradas	 por	 cíbridos	 y	 fibroblastos	 de	
esta	 enfermedad.	Así,	 los	modelos	 celulares	 con	 alta	 heteroplasmia	 y	 alta	 severidad	
fisiopatológica	 se	 postulan	 como	 candidatos	 válidos	 para	 el	 cribado	 de	 nuevos	
fármacos	 en	 el	 tratamiento	 de	 enfermedades	 mitocondriales	 en	 general,	 y	 del	
síndrome	MELAS	en	particular.		
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ABBREVIATIONS		
	

aaRSs:	Aminoacyl-tRNA	synthetases	

AD:	Alzheimer	disease	

ADN:	Ácido	desoxirribonucleico	

AICAR:	5-aminoimidazole-4-carboxamide	
1-β-D-ribofuranoside	

ADP:	Adenosine	diphosphate	

AMP:	Adenosine	monophosphate	

AMPK:	AMP-activated	protein	kinase	

ANT1:	Adenine	nucleotide	translocator	

AOX:	CoQ/O2	alternative	oxidase	

ATF-2:	Activating	transcription	factor	2		

ATG:	Autophagy-related		

ATP:	Adenosine	triphosphate	

AAVs:	Adeno-associated	viral	vectors	

BNIP3:	BCL2/adenovirus	E1B	19	kDa	
protein-interacting	protein	3	

BNIP3L:	BNIP3-like	

BN-PAGE:	Blue-native	PAGE	

BTHS:	Barth	syndrome	

BSA:	Bovine	serum	albumin	

cAMP:	cyclic	adenosine	monophosphate	

CaMK:	Calcium/calmodulin-dependent	
protein	kinase	

CBS:	Cystathionine	binding	domain	

CnA:	Calcineurin	A	

CoA:	Coenzyme	A	

CoQ:	Coenzyme	Q10	

CoQ1:	Coenzyme	Q1	

	

CoQ9:	Coenzyme	Q9	 	

COXs:	Complex	IV	subunits	

CPT:	Carnitine	palmitoyltransferase	

CREB:	Cyclic	AMP-response	binding	
protein	

CS:	Citrate	synthase	

CSF:	Cerebrospinal	fluid		

DAMP:	Damage-associated	molecular	
patterns	

DBH2:	Reduced	decylubiquinone	

DCPIP:	Dichlorophenolindophenol	

dGK:	Deoxyguanosine	kinase	

DM1:	Myotonic	dystrophy	type	1	

DMEM:	Dulbecco's	modified	Eagle's	
medium	

DNA:	Deoxyribonucleic	acid	

dNTP:	Deoxyribonucleotides	

DRP1:	Dynamin-like	protein	1	
(Mitochondrial	fission)	

DTNB:	5,5'-dithiobis-(2-nitrobenzoic	acid)	

DTT:	Dithiothreitol	

EDTA:	Ethylenediaminetetraacetic	acid	

EE:	Ethylmalonic	encephalopathy	

ER:	Endoplasmic	reticulum	

ERR:	Oestrogen-related	receptors	

ETF:	Electron-transferring-flavoprotein		

FAD+:	Oxidised	Flavin	adenine	
dinucleotide	

FADH2:	Reduced	Flavin	adenine	
dinucleotide	
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FBS:	Fetal	bovine	serum		

FCCP:	Carbonyl	cyanide-4-
(trifluoromethoxy)phenylhydrazone	

FDA:	Food	Drug	Administration	

Fis1:	Fission	related	protein	

GAPDH:	Glyceraldehyde	3-phosphate	
dehydrogenase	

GRACILE:	Growth	retardation,	
aminoaciduria,	cholestasis,	iron	overload,	
lactic	acidosis,	and	early	death	

GTP:	Guanosine-5'triphosphate	

HDAC:	Histones	deacetylase	

HEPES:	4-(2-hydroxyethyl)-1-
piperazineethanesulfonic	acid		

HPLC:	High-performance	liquid	
chromatography	

HRP:	Horseradish	peroxidase	

HSPs:	Heavy-strand	transcription	
promoters		

IMM:	Inner	mitochondrial	membrane	

IS:	Intermembrane	space	

JC-1:	5,5’,	6,6’-tetrachloro-1,1’3,3’-
tetraethylbenzimidazolecarbocyanine	
iodide	

KSS:	Kearns-Sayre	syndrome	

LC3:	Microtubule-associated	protein	light	
chain	3	

LC3-I:	LC3	cleaved	at	the	C	terminus	by	
Atg4	

LC3-II:	LC3-I	lipided	by	conjugation	to	PE	

LC3B:	LC3	isoform	(antibody	against	LC3B	
was	used	during	this	thesis)	

LHON:	Leber’s	hereditary	optic	
neuropathy	

LIR:	LC3-interacting	region	

LSP:	Light-strand	transcription	promoter	

MAM:	Mitochondria-associated	ER	
membrane	

MAPK:	Mitogen-activated	protein	kinase	

MELAS:	Mitochondrial	
encephalomyopathy,	lactic	acidosis	and	
stroke-like	episodes		

MERRF:	Myoclonus	epilepsy	with	ragged	
red	fibers	

MFNs:	Mitofusin	proteins	

MIRO:	Mitochondrial	rho	1	

MNGIE:	Mitochondrial	
neurogastrointestinal	encephalomyopathy	

MOPS:	3-(N-morpholino)propanesulfonic	
acid	

MPT:	Mitochondrial	permeability	
transition	

MPTP:	MPT	pore	

MR:	Magnetic	resonance	

MRC:	Mitochondrial	respiratory	chain	

mtDNA:	Mitochondrial	DNA	

mtEFs:	Mitochondrial	translation	
elongation	factors	(Tu,	Ts	and	G1)	

mtIF:	Mitochondrial	translation	initiation	
factor	

mt-LeuRS:	mt-leucyl-tRNA	synthetase	

mTOR:	Mammalian	target	of	rapamycin		

mTORC1:	mTOR	complex	1	

MTS:	Mitochondrial	targeting	sequence	

mtSSB:	Mitochondrial	single-strand	
binding	protein	

mtTERM:	Mitochondrial	transcription	
terminator	factor	

mtTFA:	Mitochondrial	transcription	factor	
A		

mtTFBs:	Mitochondrial	transcription	
factors	B	
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mt-ValRS:	mt-valyl-tRNA	synthetase	

N	or	N0:	Number	of	cells	

n:	Proliferation	rate	

NAC:	N-acetylcysteine	

NAD+:	Oxided	nicotinamide	adenine	
dinucleotide	

NADH:	Reduced	nicotinamide	adenine	
dinucleotide	

NAO:	Nonyl	acridine	orange	

NARP:	Neuropathy,	ataxia,	retinitis	
pigmentosa	

NBR1:	Neighbor	of	BRCA1	

Ndi1:	NADH	dehydrogenase/CoQ	
reductase	

nDNA:	Nuclear	DNA	

NO:	Nitric	oxide	

NR:	Nicotinamide	riboside	

NRFs:	Nuclear	respiratory	factors	

OL:	Replication	origin	of	light	strand	of	
mtDNA	

OH:	Replication	origin	of	heavy	strand	of	
mtDNA	

OMM:	Outer	mitochondrial	membrane	

OPA1:	Optic	atrophy-1	protein	

OXPHOS:	Oxidative	phosphorylation	
system	

P:	P-value	(statistics)	

PAGE:	Polyacrylamide	gel	electrophoresis	

PARL:	Presenilin-associated	rhomboid-like		

Parp1:	Poly(ADP)	ribosyl-polymerase	1	

PBS:	Phosphate-buffered	saline		

PCR:	Polymerase	chain	reaction		

PCR-RFLP:	PCR	-	Restriction	fragment	
length	polymorphism	

PDH:	Pyruvate	dehydrogenase	

PE:	Phosphatidylethanoalmine	

PEO:	Progressive	external	
ophthalmoplegia	

PGC	–	1:	Peroxisome	proliferator-activated	
receptor	gamma	coactivator	1	

PGC	–	1	α :	PGC-1	alpha	

PGD:	Pre-implantation	genetic	diagnosis	

Pi:	Phosphate	

PI3K:	Phosphatidylinositol	3-kinase	

PKA:	Protein	kinase	A	

PKC:	Protein	kinase	C	

POLRMT:	Mitochondrial	RNA	polymerase	

Polγ :	Polymerase	γ	

PINK1:	Serine/threonine	kinase	
phosphatase	and	tensin	homolog	(PTEN)-
induced	kinase	1	

PMSF:	Phenylmethylsulfonyl	fluoride	

PNAs:	Protein	nucleic	acids		

PS:	Pearson	syndrome	

PTP:	Permeability	transition	pore		

p160MBP:	p160	myb	binding	protein	

RIPA:	Radioimmunoprecipitation	assay	
(buffer)		

RLU:	Relative	light	units	

RNA:	Ribonucleic	acid	

RNS:	Reactive	nitrogen	species	

ROS:	Reactive	oxygen	species	

RRF:	Ragged-red	fibers	

SD:	Standard	deviation		

SDH:	Succinate	dehydrogenase	

SDS:	Sodium	dodecyl	sulphate	

SOD:	Superoxide	dismutase	
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TALENs:	Transcription	activator-like	
effector	nucleases		

TAZ:	Tafazzin	

TBS:	Tris-buffered	saline	

TCA:	Tricarboxylic	acid		

TEMED:	Tetramethylethylenediamine	

TFEB:	Transcription	factor	EB	

TG:	Transfer	buffer	(25	mM	Tris,	190	mM	
glycine,	20%	methanol,	pH	8.3)	

TGS:	Running	buffer	(25	mM	Tris,	190	mM	
glycine,	0.1%	SDS,	pH	8.3)	

Thr:	Threonine	

TIM:	Translocase	of	inner	membrane	

TMRE:	Tetramethylrhodamine	ethyl	ester	

tm5U:	5-taurinomethyluridine	

TOM:	Translocase	of	outer	membrane	

TP:	Thymidine	phosphorylase	

T-PBS:	PBS	0.05%	Tween	

tRNA:	Transfer	RNA	

T-TBS:	TBS	with	0.05%	Tween	

U:	Activity	units	

UBA:	Ubiquitin	binding	domain	

ULK1:	Unc-51	like	autophagy	activating	
kinase	1	

UV:	Ultraviolet	

VDAC:	Voltage-dependent	anion	channel	

VLCAD:	Very	long-chain	acyl-CoA	
dehydrogenase	

Vps15:	Vacuolar	protein	sorting	15	

Wt:	Wild	type	

ZFNs:	Zinc	finger-endonucleases	

ZMP:	5-aminoimidazole-4-carboxamide	1-
b-D-ribofuranosyl	monophosphate	

ΔΨm:	Mitochondrial	membrane	potential	

ε :	Extinction	molar	coefficient	

λ :	Wavelength	

3D:	Three-dimensional
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INTRODUCTION	
	
I-I.	Mitochondrion		

Mitochondrial	bioenergetics		
itochondria	 are	 fundamental	 organelles	 that	 ensure	 the	 proper	 energetic	
functioning	 of	 the	 cells.	 The	 discovery	 of	 mitochondria	 came	 during	 the	 mid-

1800s,	 when	 different	 researchers	 such	 as	 Albert	 von	 Kölliker	 and	 Richard	 Altman	
described	what	 they	called	“granules”	or	“bioblasts”	 in	 the	cells	of	muscles.	Later,	 in	
1898,	Carl	Benda	coined	the	term	mitochondria,	which	derives	from	the	Greek	mitos,	
“thread”,	 and	 khondrion,	 “little	 granule”.	 These	 cytoplasmic	 organelles,	 ubiquitously	
found	in	most	of	eukaryotic	cells,	are	surrounded	by	two	membranes,	and	harbour	a	
circular	 genome	 without	 intron	 structures	 similarly	 to	 bacterial	 genomes.	 These	
atypical	characteristics	are	thought	to	be	due	to	the	origin	of	this	organelle,	which	is	
explained	by	different	theories.	The	most	accepted	theory,	the	endosymbiont	theory,	
proposes	 that	 mitochondria	 were	 originally	 prokaryotic	 cells,	 capable	 of	
implementing	oxidative	mechanisms	that	were	not	possible	for	eukaryotic	cells;	they	
became	 endosymbionts	 living	 inside	 the	 eukaryote	 and	 maintained	 during	
evolution1,2.	 Alternatively,	 the	 less	 accredited	 autogenous	 hypothesis	 proposes	 that	
mitochondria	are	a	portion	of	nuclear	DNA	enclosed	by	cytoplasmic	membranes3.		

Structurally,	mitochondria	are	difficult	 to	define	due	 to	 its	high	plasticity	and	active	
dynamism.	Even	though	classically	represented	as	small	bean-shaped	organelles	(0.5-
1	 µm	 in	 diameter	 and	 variable	 in	 length),	 mitochondria	 are	 frequently	 found	 as	
complex	3D	tubular	branching	networks	due	to	their	ability	to	move,	fuse	and	split4,5.	
The	 abundance	 of	 mitochondria	 varies	 from	 tissue	 to	 tissue	 according	 to	 energy	
requirements.	Thus,	neurones	and	cardiac	and	skeletal	muscle	have	a	high	density	of	
mitochondria,	which,	to	some	extent,	explains	their	vulnerability	to	energy-dependent	
defects	resulting	from	mitochondrial	abnormalities4.	

Mitochondria	 contain	 two	 membranes	 composed	 of	 phospholipid	 bilayers	 and	
proteins6:	an	outer	membrane	(OMM)	and	an	inner	membrane	(IMM).	OMM	encloses	
the	 whole	 mitochondria	 and	 has	 a	 similar	 composition	 that	 plasma	 membrane	 in	
relation	to	protein:	phospholipid	ratio	(1:1).	OMM	contains	a	large	number	of	integral	
membrane	 proteins	 forming	 channels	 that	 allow	 the	 free	 diffusion	 of	 molecules	
smaller	than	5	kDa6.	Larger	mitochondria-targeted	proteins	can	cross	this	membrane	
through	large	multisubunit	protein	called	translocase7	such	as	the	translocase	of	outer	
membrane	 (TOM).	 OMM	 can	 be	 associated	 with	 the	 endoplasmic	 reticulum	 (ER),	
forming	mitochondria-associated	 ER	membrane	 (MAM)	 that	 has	 a	 key	 role	 in	 lipid	
transference	and	calcium	signalling8,	or	with	the	cytoskeleton	which	has	an	essential	
role	in	determining	mitochondrial	distribution,	shape	and	function9.	

IMM,	with	a	higher	protein:	phospholipids	ratio	than	OMM	(4:1),	 is	characterised	by	
presenting	 an	 unusual	 phospholipid	 typical	 of	 bacteria,	 cardiolipin.	 This	 lipid	
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constitutes	about	20%	of	the	total	 lipid	composition	in	mitochondria10.	Unlike	OMM,	
IMM	 is	 highly	 impermeable	 since	 ions	 and	 proteins	 require	 special	 membrane	
transporter	 to	 enter	 or	 exit	 the	 matrix,	 such	 as	 translocase	 of	 inner	 membrane	
(TIM)11.	 IMM	 is	 tremendously	 compartmentalized	 into	 numerous	 cristae,	 which	
expand	the	surface	area	of	the	inner	membrane,	enhancing	its	ability	to	anchor	crucial	
proteins	in	mitochondrial	functioning.	In	fact,	in	liver	mitochondria	and	other	tissues	
with	high	demand	of	 energy,	 the	area	of	 the	 inner	membrane	 increases	around	 five	
times	the	OMM	area12	(Figure	I1).	

	

Figure	 I1.	 Mitochondrion	 ultrastructure.	 Mitochondria	 contain	 two	 membranes	 composed	 of	
phospholipid	bilayers	and	proteins:	an	outer	membrane	(OMM)	and	an	inner	membrane	(IMM).	
IMM,	 which	 is	 compartmentalized	 into	 cristae,	 delimits	 different	 spaces	 with	 specialised	
functions	such	as	intermembrane	space	and	mitochondrial	matrix.	

IMM	delimits	different	spaces	with	specialised	 functions	such	as	 the	 intermembrane	
space	 (IS)	 and	 the	mitochondrial	matrix.	 IS	 is	 the	 space	 located	 between	OMM	 and	
IMM.	 It	 is	 freely	 permeable	 to	 small	 molecules	 like	 ions	 and	 sugars,	 therefore,	 the	
composition	of	cytoplasm	and	IS	is	quite	similar6.	However,	protein	composition	of	IS	
is	slightly	different	from	cytosol	because	of	selective	transportation	of	proteins	across	
the	OMM.	Cytochrome	c	is	an	example	of	protein	specific	for	intermembrane	space13.	
On	 the	 other	 hand,	 the	 mitochondrial	 matrix	 is	 the	 space	 enclosed	 by	 IMM	 that	
contains	 a	 highly	 concentrated	mixture	 of	 enzymes,	mitochondrial	 ribosomes,	 tRNA	
and	several	copies	of	mtDNA.	Oxidation	of	pyruvate	and	fatty	acid	and	citric	acid	cycle	
are	the	most	relevant	biochemical	pathways	that	take	place	in	mitochondrial	matrix6.	
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At	 functional	 level,	 apart	 from	 intracellular	 regulation	 of	 Ca+2,	 thermogenesis	 and	
control	of	apoptosis14,15,	mitochondria	play	a	critical	role	in	providing	most	of	energy	
supply	of	the	cells.	The	generation	of	adenosine	triphosphate	(ATP)	is	the	function	par	
excellence	 of	 mitochondria	 and	 is	 achieved	 through	 the	 mitochondrial	 respiratory	
chain	(MRC)	(Figure	I2).	

Proteins	 integrated	 in	 IMM	 are	 the	 ultimate	 responsible	 for	 ATP	 synthesis	 by	 a	
metabolic	pathway	 termed	oxidative	phosphorylation	 (OXPHOS)	 that	 is	 achieved	by	
the	transfer	of	electrons	form	NADH	or	FADH2	to	O2	through	MRC.	MRC	is	comprised	
by	4	associated	complexes	(Complex	I-IV)	into	the	inner	mitochondrial	membrane	and	
1	ATP	synthase	(often	named	Complex	V)6,16:		

• Complex	I	or	NADH:coenzyme	Q	oxidoreductase		
• Complex	II	or	Succinate-coenzyme	Q	oxidoreductase	
• Complex	III	or	Coenzyme	Q-cytochrome	c	oxidoreductase	
• Complex	IV	or	Cytochrome	c	oxidase		
• Complex	V	or	ATP	synthase	

	

Figure	 I2.	 Mitochondrial	 respiratory	 chain	 (MRC).	 In	 mammals,	 MRC	 is	 comprised	 by	 4	
associated	 complexes	 (Complex	 I-IV)	 into	 the	 inner	 mitochondrial	 membrane	 and	 1	 ATP	
synthase	(Complex	V)	in	charge	of	oxidative	phosphorylation	system	(OXPHOS).	

Mitochondrial	 respiratory	 complexes	 (complexes	 I	 to	 IV)	 are	 responsible	 for	 the	
oxidation	of	the	reducing	equivalents	coming	through	NADH	or	FADH2	originated	by	
different	 metabolic	 pathways	 (glycolysis,	 fatty	 acid	 oxidation	 or	 the	 Krebs	 cycle).	
Oxidation	of	NADH	and	FADH2	is	coupled	to	a	pumping	of	protons	into	the	IS	resulting	
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in	a	proton	gradient,	which	provides	mitochondrial	membrane	potential	 (ΔΨm)	 that	
determines	 the	 polarisation	 degree	 of	 mitochondria.	 This	 proton	 gradient	 in	
mitochondria	is	dissipated	by	the	ATPase	(complex	V)	generating	utilizable	energy	in	
the	form	of	ATP.	

NADH	 reducing	 equivalents	 enter	 the	 MRC	 through	 complex	 I,	 whereas	 FADH2	
reducing	 equivalents	 enter	 through	 complex	 II	 or	 other	 dehydrogenases	 such	 as	
electron-transferring-flavoprotein	 (ETF)	 dehydrogenase.	 The	 electrons	 are	 then	
passed	 to	 coenzyme	 Q10,	 and	 subsequently	 to	 complex	 III,	 which	 passes	 them	 to	
cytochrome	c,	and	this	to	complex	IV,	where	are	definitively	transferred	to	oxygen	as	
the	 final	 acceptor	 to	 generate	 water17–21.	 In	 an	 tightly	 coupled	 electron	 transport	
chain,	 approximately	 1–3%	 of	 mitochondrial	 oxygen	 consumed	 is	 incompletely	
reduced;	 those	“leaky”	electrons	can	quickly	 interact	with	molecular	oxygen	to	 form	
superoxide	anion,	the	predominant	reactive	oxygen	species	(ROS)	in	mitochondria22–
25.	Increases	in	cellular	superoxide	production	have	been	implicated	in	cardiovascular	
diseases,	 including	 hypertension,	 atherosclerosis,	 and	 diabetes-associated	 vascular	
injuries25–27,	 as	 well	 as	 in	 neurodegenerative	 diseases	 such	 as	 Parkinson’s,	
Alzheimer’s,	and	amyotrophic	lateral	sclerosis22,28–31.		

	

Mitochondrial	DNA:	a	very	particular	genome	
XPHOS	 complexes	 consists	 of	 a	 total	 of	 90	 protein	 subunits,	 13	 of	 which	 are	
encoded	by	the	mitochondrial	genome,	making	this	organelle	the	only	location	of	

extrachromosomal	 DNA	 within	 mammalian	 cells.	 Mitochondrial	 DNA	 (mtDNA)	 was	
firstly	 discovered	 in	 1960s	 by	 Margit	 MK	 Nass	 and	 Sylvan	 Nass	 by	 electron	
microscopy	 as	 DNAase-sensitive	 threads	 inside	 mitochondria32	 and	 Ellen	
Haslbrunner,	 Hans	 Tuppy	 and	 Gottfried	 Schatz	 by	 biochemical	 assays	 on	 highly	
purified	mitochondrial	fractions33.		

Each	mitochondrion	 is	estimated	to	contain	 from	2	to	10	copies34	of	mtDNA,	and	 its	
structure,	genetic	content	and	organisation	are	highly	conserved	in	a	large	number	of	
species.	 Unlike	 nuclear	 genome,	 mtDNA	 contains	 no	 introns	 in	 protein	 coding	
sequences	and	some	codons	code	differently.	For	example,	TGA	codes	for	tryptophan	
instead	 of	 stop,	 AGA	 and	 AGG	 code	 for	 stop	 instead	 of	 arginine	 and	 ATA	 codes	 for	
methionine	instead	of	isoleucin35,36.		

The	mtDNA	is	composed	by	a	circular	double-stranded	DNA	molecule	of	16,569	base	
pairs	 encoding	2	 ribosomal	RNAs	 (12S	 and	16S),	 22	 transfer	RNAs	 and	13	proteins	
that	form	part	of	the	multi	subunits	complexes	of	the	OXPHOS	system	[7	subunits	of	
complex	I	(ND1,	ND2,	ND3,	ND4,	ND4L,	ND5	and	ND6),	1	subunit	of	complex	III	(Cyt	
b),	3	subunits	of	complex	IV	(COX	I,	COX	II	and	COX	III)	and	2	subunits	of	complex	V	
(ATP6	and	ATP8)].	The	 two	strands	of	mtDNA	are	differentiated	by	 their	nucleotide	
content,	with	a	guanine-rich	strand	referred	to	as	the	heavy	strand	(H-strand)	and	a	
cytosine-rich	strand	referred	to	as	the	 light	strand	(L-strand).	The	H-strand	encodes	
for	28	genes	(for	the	2	rRNAs,	12	of	the	polypeptides	and	14	of	the	tRNAs),	whereas	
the	L-strand	encodes	for	9	genes	(only	one	of	the	polypeptides	(ND6)	and	8	transfer	
RNAs).	All	the	remaining	MRC	subunits,	including	the	whole	Complex	II,	are	encoded	
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by	nuclear	genes.	Therefore,	mitochondrial	 function	depends	on	 the	coordination	of	
both	nuclear	and	mitochondrial	genomes16,35,36	(Figure	I3).	

	

Figure	I3.	Mitochondrial	DNA	structure.	The	mtDNA	is	composed	by	a	circular	double-stranded	
DNA	 molecule	 of	 16,569	 base	 pairs	 encoding	 2	 ribosomal	 RNAs,	 22	 transfer	 RNAs	 and	 13	
proteins	 of	 the	multi	 subunits	 complexes	 of	 the	OXPHOS	 system.	 Replication	 of	mtDNA	 starts	
from	 replication	origins	 (OH	 and	OL).	 	Heavy	 strand	has	2	 transcription	promoters	 (HSP1	 and	
HSP2)	and	light	strand	only	one	(LSP).	

Recent	studies	have	demonstrated	how	mtDNA	is	associated	with	several	proteins	by	
forming	 packed	 structures	 denominated	 nucleoids.	 The	mitochondrial	 transcription	
factor	A	 (mtTFA),	polymerase	 γ	 (Polγ),	 helicase	TWINKLE,	 the	mitochondrial	 single-
strand	 binding	 protein	 (mtSSB),	 the	 E2	 subunit	 of	 pyruvate	 dehydrogenase	 and	 a-
ketoglutarate	dehydrogenase,	aconitase	and	some	cytoskeletal	proteins	seem	to	bind	
mtDNA	and	anchor	it	to	the	inner	mitochondrial	membrane37.		

The	mtDNA	replication	is	closely	linked	to	the	transcription	because	of	the	first	RNA	
sequence	synthesised	by	 the	mitochondrial	RNA	polymerase	 (POLRMT)	 in	 the	 light-
strand	 promoter	 (LSP)	 serves	 as	 an	 RNA	 primer	 to	 initiate	 DNA	 replication	 at	 the	
origin	 of	 replication	 of	 the	 heavy-strand	 (OH)	 located	 in	 the	 displacement	 loop	 (D-
loop)38.	 The	 mtDNA	 replication	 is	 carried	 out	 by	 POLγ	 assisted	 by	 TWINKLE	 that	
unwinds	 the	 DNA	 duplex,	 and	 by	 mtSSB	 proteins	 that	 keep	 the	 DNA	 in	 a	 single	
stranded	 form.	 Currently,	 there	 are	 two	 proposed	models	 for	 DNA	 replication:	 i)	 a	
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unidirectional	and	asynchronous	replication	that	starts	at	OH	and	proceeds	displacing	
the	parental	heavy	 strand	until	 it	 reach	 the	origin	of	 replication	of	 the	other	 strand	
(OL)	to	start	again	now	in	the	opposite	direcction39,40;	and	ii)	a	coupled	replication	of	
both	leading	and	lagging	strands41.	

The	 mechanism	 of	 mtDNA	 transcription	 is	 similar	 to	 bacteria.	 It	 starts	 from	 the	
promoters	present	in	each	strand	(HSP	and	LSP)	producing	polycistronic	RNAs.	In	the	
HSP	 there	 are	 two	 sites	 of	 initiation,	 the	 H1	 site,	 that	 produces	 a	 short	 transcript	
containing	 the	 12S	RNA,	 16S	RNA	 and	 the	 tRNAleu,	 and	 the	H2	 site,	 that	 produces	 a	
polycistronic	transcript	of	the	length	of	the	full	genome.	However,	in	the	LSP	there	is	
only	 one	 initiation	 site,	 L142–44.	 The	 transcription	 is	 carried	 out	 by	 the	 before	
commented	POLRMT	assisted	by	mtTFA	 that	 recruits	POLRMT	 to	 the	promoter	 site	
and	 by	 mitochondrial	 transcription	 factor	 B1	 or	 B2	 (mtTFB1	 and	 mtTFB2).	 The	
termination	of	transcripts	seems	to	be	dependent	on	the	mitochondrial	transcription	
terminator	factors	(mtTERM)45.	

In	 spite	 of	 components	 responsible	 for	 the	 proper	 mitochondrial	 translation	 are	
different	 from	 their	 cytosolic	 counterparts	 and	 they	 are	 more	 related	 to	 those	 of	
bacteria,	 the	mechanisms	of	 the	 translation	 follows	 the	same	major	steps:	 initiation,	
elongation,	 termination	 and	 recycling	 of	 the	 ribosome44,46.	 Translation	 of	 the	
polycistronic	 transcript	 involves	 the	 participation	 of	 mitochondrial	 ribosomes,	 or	
mitoribosomes47,	initiation	factors	(mtIF)48,	elongation	factor	(mtEF-Tu,	mtEF-Ts	and	
mtEF-G1)49	and	protein	related	with	ribosome	recycling	(mtRRF	and	EF-G2mt)50.		

	

Mitochondrial	turnover		
itochondria	forms	a	complex,	 interconnected,	and	highly	dynamic	network	that	
is	 maintained	 by	 the	 continuous	 opposing	 and	 counterbalanced	 events	 of	

mitochondrial	 fusion	 and	 fission51,52,	which	have	 as	main	 role	 to	 share	 genome	 and	
matrix	contents	to	maintain	mitochondrial	homeostasis.	Defective	energy	functioning,	
low	yield	or	aged	proteins	in	mitochondria	induce	the	dissipation	of	ΔΨm,	a	signal	that	
triggers	selective	elimination	of	mitochondria	or	mitophagy.	Mitochondrial	fission	and	
fusion	 serve	 as	 a	 quality	 control	 mechanism	 or	 turnover	 to	 preserve	 healthy	
mitochondria	 via	 fusion,	 and	 eliminate	 dysfunctional	 mitochondria	 via	 fission	 and	
subsequent	mitophagy.	The	dynamic	nature	of	mitochondria	protects	these	organelles	
by	 ensuring	 that	 regional	 losses	 of	 membrane	 potential	 are	 always	 transient.	 In	
particular,	 when	 mitochondrial	 damage	 is	 still	 considered	 mild,	 defective	
mitochondria	 can	be	 rescued	by	 fusion	with	 the	healthy	network53,54	 and	 therefore,	
restored	 local	 depletions	 to	 maintain	 the	 whole	 mitochondrial	 function55.	 This	
continuous	 turnover	 occurs	 during	 mitochondria	 life	 cycle	 (about	 9-25	 days)56		
(Figure	I4).	

Fission-related	 proteins	 are	 dynamin-like	 protein	 1	 (Drp1)	 and	 Fis1.	 Drp1	 is	 a	
member	of	the	conserved	dynamin	large	GTPase	superfamily	that	controls	membrane	
fission,	existing	constitutively	in	a	cytosolic	pool	and	being	recruited	to	specific	points	
of	 the	 OMM	 supposed	 to	 be	 future	 fission	 sites.	 The	 putative	mechanistic	 action	 of	
Drp1	 on	 mitochondrial	 membrane	 relies	 on	 the	 formation	 of	 a	 ring-like	 complex	
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structure	 within	 the	 mitochondrial	 surface	 that	 constricts	 the	 organelle	 upon	 the	
hydrolysis	of	GTP,	initiating	fission57.	Fis1	is	a	mitochondrial	outer	membrane	protein	
suggested	to	act	as	a	receptor	for	Drp158,	which	lacks	a	mitochondrial	target	sequence.	
As	result	of	mitochondrial	 fission,	 two	spherical	mitochondria	arise59,60.	The	process	
of	 mitochondrial	 fission	 usually	 occurs	 in	 all	 cells	 in	 normal	 conditions.	 However,	
mitochondrial	fission	has	mainly	been	associated	with	conditions	of	metabolic	stress61	
as	well	as	autophagy53	and	apoptosis62.		

	

Figure	 I4.	 The	 fate	 of	 dysfunctional	mitochondria.	Defective	mitochondria	 can	 be	 functionally	
restored	 by	 mitochondrial	 fusion	 or	 removed	 by	 selective	 degradation.	 When	 mitochondrial	
damage	 is	 still	 considered	 mild,	 defective	 mitochondria	 can	 be	 rescued	 by	 fusion	 with	 the	
healthy	network.	However,	severe	damage	in	mitochondria	triggers	mitophagic	pathway.	

The	main	 regulators	 of	 mitochondrial	 fusion	 in	 humans	 are	 the	mitofusin	 proteins	
(Mfn1	and	Mfn2)	and	the	optic	atrophy-1	protein	(OPA1),	three	large	GTPase	proteins	
that	 assume	 different	 functions	 and	 ultrastructural	 locations.	 For	 the	 fusion	 of	 the	
outer	 membrane	 to	 occur,	 Mfn1	 and	 Mfn2	 interact	 by	 their	 coiled-coil	 domains,	
forming	homo-	and	heterooligomeric	complexes,	connecting	the	mitochondrial	outer	
membranes	 of	 close	 mitochondria63,64.	 Whereas	 Mfn1	 and	 Mfn2	 interact	 with	 each	
other	 to	 coordinate	 fusion	of	 the	OMM,	OPA1	participates	 in	 the	 remodelling	 of	 the	
mitochondrial	crests	and	the	approach	and	fusion	of	the	IMM65,66,	requiring	Mfn1,	but	
not	Mfn2,	to	mediate	this	process67.	Several	studies	have	associated	low	mitochondrial	
ATP	 levels,	 dissipation	 of	 the	 membrane	 potential	 across	 the	 inner	 membrane,	 or	
apoptotic	 stimuli	 with	 OPA1	 cleavage68	 resulting	 in	 the	 loss	 of	 long	 isoforms	 and	
impairing	mitochondrial	fusion69–72	(Figure	I5).		
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Both	 mitochondrial	 fusion	 and	 fission	 have	 a	 crucial	 role	 by	 removing	 defective	
mitochondria	 in	 order	 to	 maintain	 cellular	 homeostasis.	 Apart	 from	 fusion/fission	
processes,	 mitophagy	 and	 mitochondrial	 biogenesis	 also	 play	 crucial	 roles	 in	
mitochondrial	turnover	of	the	cell	 in	order	to	maintain	a	proper	mitochondrial	mass	
for	energy	production36.		

	

Figure	 I5.	 Mitochondrial	 fission	 and	 fusion.	 Mitochondria	 forms	 a	 dynamic	 network	 that	 is	
maintained	 by	 the	 continuous	 opposing	 and	 counterbalanced	 events	 of	mitochondrial	 fission	
and	 fusion.	 In	 the	 process	 of	 fission,	 Drp1	 subunits,	 which	 are	 targeted	 to	 the	mitochondrial	
surface	 by	 Fis1	 receptor,	 form	 a	 ring-like	 complex	 structure	 that	 constricts	 and	 splits	 the	
organelle.	 During	 fusion,	Mfn1	 and	Mfn2	 interact	with	 each	 other	 to	 coordinate	 fusion	 of	 the	
OMM	and	OPA1	participates	 in	 the	 remodelling	 of	 the	mitochondrial	 crests	 and	 the	 approach	
and	fusion	of	the	IMM.	

	

Mitophagy:	selective	degradation	of	mitochondria		
s	 commented	 above,	mitochondria	 are	 involved	 in	 pivotal	 roles	 such	 as	 energy	
supply	 and	 cellular	 homeostasis.	 Therefore,	 impaired	 mitochondrial	 quality	

control	and	accumulation	of	damaged	mitochondria	can	generate	high	levels	of	ROS73	
into	 the	 cell,	 produce	 ATP	 inefficiently74,	 release	 cytochrome	 c	 resulting	 in	
apoptosis75,	 undergo	 mitochondrial	 permeability	 transition	 pore	 (MPTP)	 opening	
resulting	 in	 necrosis76,	 or	 release	 mitochondrial	 components	 (mtHSP60,	 oxidized	
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mitochondrial	 DNA)	 into	 cytosol	 where	 its	 recognition	 by	 receptors	 for	 damage-
associated	 molecular	 patterns	 (DAMP)	 activates	 inflammation77.	 Therefore,	 proper	
maintenance	 of	 a	 healthy	 population	 of	mitochondria	 is	 vital	 to	 ensure	 an	 efficient	
energy	 supply	 into	 the	 cells.	 This	 is	 particularly	 interesting	 since	 OXPHOS	 leads	 to	
oxidative	 damage	 to	 mitochondrial	 proteins	 over	 time78	 and	 unbalances	 between	
nuclear	 and	 mitochondrial	 biosynthesis	 of	 respiratory	 chain	 subunits	 can	 generate	
futile	protein	overprovision.	Mitochondria	contain	proteases	 responsible	 for	protein	
quality	control79	and	for	degradation	of	proteins	via	the	proteasome80.	However,	this	
system	 is	 not	 sufficient	 for	 rapid	 removal	 of	 whole	 dysfunctional	mitochondria.	 To	
address	 this	 matter,	 cells	 rely	 on	 a	 selective	 autophagy-based	 system	 in	 order	 to	
eliminate	damaged	mitochondria,	mitophagy.		

Selective	degradation	of	mitochondria	or	mitophagy	is	a	complex	process	that	shares	
elements	 and	 mechanisms	 of	 general	 autophagy,	 which	 was	 first	 observed	 in	
mammalian	 cells	 by	 early	 electron	 microscopy	 studies	 in	 196281.	 The	 term	
“mitophagy”	was	coined	later	to	describe	the	engulfment	of	mitochondria	into	vesicles	
that	 are	 coated	 with	 the	 marker	 microtubule	 associated	 light	 chain	 3	 (LC3)82.	 In	
mammals,	 the	 double	 membrane	 in	 charge	 of	 engulf	 mitochondria	 is	 thought	 to	
develop	 from	a	pre-existent	 structure	known	as	phagophore	which	 can	derive	 from	
the	plasma	membrane83,	the	endoplasmic	reticulum	(ER)84,	the	trans	Golgi	network85,	
or	even	mitochondria84.	

The	 different	 steps	 of	 autophagy	 are	 regulated	 by	 over	 30	 autophagy-related	 (Atg)	
proteins86,87.	 The	 formation	 of	 autophagosomes	 undergoes	 a	 multistep	 process	 of	
nucleation	to	form	the	phagophore.	During	the	vesicle	nucleation	process,	two	kinases	
are	involved:	 i)	the	Ser/Thr	protein	kinase	mammalian	target	of	rapamycin	(mTOR),	
with	an	inhibitory	action	on	autophagy	and	being	negatively	modulated	by	rapamycin;	
and	ii)	the	Class	III	phosphatidylinositol	3-kinase	(Class	III	PI3K)	complex,	composed	
of	 three	 proteins,	 the	 protein	 kinase	 vacuolar	 protein	 sorting	 15	 (Vps15),	 the	
phosphatidylinositol	 3-kinase	 Vps34,	 and	 a	 modulatory	 component	 named	 Beclin	
1/Atg6,	 with	 a	 positive	 modulatory	 action	 on	 autophagy	 and	 being	 negatively	
modulated	by	3-methyladenine88,89.	

The	 assembly	 of	 autophagosomes	 requires	 two	 evolutionarily	 conserved	 ubiquitin-
like	 conjugation	 systems	of	Atg	 proteins90:	 i)	 Atg12-ATG5	 and	Atg16	 are	 one	 of	 the	
conjugation	 systems	 and	 the	 other	 ii)	 is	 composed	 by	 lipidated	 LC3	 (LC3-II),	 the	
mammalian	 homologue	 of	 yeast	 Atg891.	 The	 autophagy	 process	 starts	 by	 the	
recruitment	and	transient	association	of	the	conjugated	protein	At12-Atg5	conjugated	
into	 a	 precursor	 vesicle	 (LC3-II)	 that	 elongates	 along	 the	 perimeter	 of	 the	
mitochondrion	 until	 both	 ends	 fuse	 forming	 the	 double	 membrane	 of	 the	
autophagosome.		Despite	the	relevance	of	these	proteins	in	the	autophagic	process,	a	
recent	 work	 demonstrated	 the	 existence	 of	 an	 alternative	 process,	 independent	 of	
Atg5,	in	which	the	lipidation	of	LC3	to	form	LC3-II	does	not	occur	and	is	regulated	by	
several	autophagic	proteins	including	ULK1	and	Beclin192.	Once	the	autophagosome	is	
completely	 formed,	 it	 matures	 through	 the	 dissolution	 of	 the	 inner	membrane	 and	
fusion	with	lysosomes	to	form	the	autolysosome,	where	cargo	is	degraded	through	the	
action	 of	 hydrolases,	 and	 macromolecules	 release93.	 This	 fusion	 process	 of	 the	
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autophagosome	to	the	lysosomes	can	be	inhibited	by	bafilomycin	A194	.	On	the	other	
hand,	in	order	to	facilitate	and	initiate	mitophagy,	mitochondrial	dynamics	(fusion	and	
fission)	 play	 a	 critical	 role	 in	 mitochondrial	 turnover,	 favouring	 fission	 and	
suppressing	 fusion,	enabling	engulfment	by	autophagosomes.	As	before	commented,	
fission	of	reticulate	mitochondria	into	smaller	fragments	is	a	crucial	requirement	for	
mitophagy	to	occur53.	Otherwise,	fusion-related	proteins	like	mitofusin	and	OPA-1	are	
degraded	by	the	UPS	and	mitochondrial	proteases	during	mitophagy,	respectively95,96	
(Figure	I6).	

	

Figure	 I6.	 Selective	 degradation	 of	 mitochondria.	 Inefficient	 mitochondria	 are	 targeted	 to	
degradation	by	mitophagy.		The	phosphorylation	of	outer	membrane	proteins	such	as	VDAC	or	
Mfn1/2	 leads	 to	 their	 ubiquitination	 by	 Parkin.	 The	 fission	 machinery	 separates	 the	
dysfunctional	mitochondrion	from	the	network,	and	the	ubiquitinated	proteins	serve	as	binding	
sites	 for	 autophagy	 adaptor	 proteins	 such	 as	 p62.	 These	 proteins	 contain	 LC3	 binding	 sites,	
leading	 to	 encapsulation	 of	 the	 organelle	 in	 an	 autophagic	 vesicle,	 which	 is	 delivered	 to	 the	
lysosome	for	degradation.	

Different	 theories	 have	 reported	 evidences	 for	 unravelling	 the	 triggers	 involved	 in	
mitophagy	activation53,97,98.	Overall,	all	of	them	seem	to	suggest	that	the	induction	of	
mitophagy	 is	 triggered	 by	 energy	 deficiency	 following	 by	 the	 depolarization	 of	
mitochondria	 and	 PTP	 opening76.	 Importantly,	 coenzyme	 Q10	 deficiency	 in	 human	
fibroblasts	 was	 shown	 to	 be	 associated	 with	 decreased	 efficiency	 in	 the	 electron	
transport	chain,	decreased	ΔΨm,	increased	ROS	production,	and	susceptibility	to	PTP	
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opening,	 and	 these	 features	 strongly	 correlate	 with	 increased	 expression	 of	
autophagy-related	genes,	lysosomal	markers,	and	mitophagy99–101.	

One	 of	 the	 best-characterized	 pathways	 of	 mitochondrial	 labelling	 depends	 on	
mitochondrial	 membrane	 potential.	 Mitochondrial	 depolarisation	 results	 in	
stabilization	of	the	serine/threonine	kinase	phosphatase	and	tensin	homolog	(PTEN)-
induced	 kinase	 1	 (PINK1)	 on	 the	 outer	 mitochondrial	 membrane.	 PINK1	 is	
constitutively	 made	 and	 continuously	 degraded	 by	 the	 mitochondria-specific	
proteases	 presenilin-associated	 rhomboid-like	 protein	 (PARL)	 and	 mitochondrial	
processing	peptidase	(MPP).	These	proteases	are	inactivated	by	the	loss	of	membrane	
potential	 resulting	 in	 the	 accumulation	 of	 PINK1	 on	 the	 OMM	 where	 it	 can	
phosphorylate	 the	 OMM	 proteins	 and	 facilitates	 the	 recruitment	 of	 several	
proteins102,103.	 One	 of	 these	 proteins	 is	 the	 E3	 ubiquitin	 ligase	 Parkin,	 whose	
recruitment	 allows	 the	 attachment	 of	 ubiquitin	 tags	 to	 OMM	 proteins104–107.	 The	
targets	of	PINK1	 include	Parkin	 itself107,	mitofusin	2	 (Mfn2)108,	mitochondrial	 rho	1	
(MIRO)109	 and	 voltage-dependent	 anion	 channel	 1	 (VDAC1)110.	 In	 addition,	 the	
presence	 of	 ubiquitin	 tags	 on	 those	 proteins	 facilitates	 recruitment	 of	 autophagy	
adapter	 proteins	 such	 as	 neighbor	 of	 BRCA1	 (NBR1)	 or	 sequestosome-1	
(p62/SQSTM1).	These	adaptor	proteins	have	an	ubiquitin	binding	domain	(UBA)	and	
a	 LC3-interacting	 region	 (LIR)	 which	 serves	 as	 an	 anchor	 for	 the	 developing	
autophagosomal	membrane	in	proximity	to	the	tagged	mitochondrion	in	a	zipper-like	
process111,112.	 Recently,	 other	 two	 possible	 actors	 in	 Parkin-dependent	 mitophagy	
seems	to	come	to	light:	 	SMAD-specific	E3	ubiquitin	ligase	1	(SMURF1)113	and	Beclin	
1-regulated	autophagy	(Ambra1)114.	Ambra1	seems	to	dissociate	from	mitochondrial	
Bcl-2	 to	 bind	 Beclin1	 to	 initiate	 autophagy115.	 Furthermore,	 recent	 studies	 seem	 to	
indicate	a	novel	mode	of	Parkin	activation	by	PINK1,	through	the	phosphorylation	of	
ubiquitin	at	its	Serine	65	residue	(ubiquitinPhospho	−	Ser65)116,117.		

On	the	other	hand,	Parkin-independent	mitophagy	can	be	triggered	through	proteins	
such	 as	 BCL2/adenovirus	 E1B	 19	kDa	 protein-interacting	 protein	 3	 (BNIP3)	 and	
BNIP3-like	 protein	 (BNIP3L	 aka	 NIX).	 These	 proteins	 insert	 into	 the	 OMM	 and	
facilitate	engulfment	by	the	double	membrane	through	LIR	domains	that	interact	with	
LC3	 isoforms	 (GABARAP)118,119.	 Mitophagy	 can	 also	 be	 initiated	 by	 Bnip3,	 which	
seems	 to	 recruit	 Drp1	 to	 mitochondria	 to	 promote	 fission120,	 and	 FUN14	 domain	
containing	1	(FUNDC1),	which	contains	a	LIR	domain	that	can	interact	with	LC3121.		

Moreover,	 mTOR	 is	 also	 an	 essential	 autophagy	 regulator.	 Amino	 acid	 starvation,	
growth	factor	deprivation,	the	drop	of	ATP	or	oxygen	levels,	and	accumulation	of	ROS	
trigger	 autophagy	pathway	 through	 the	 participation	 of	mTOR122–125.	 ATP	depletion	
either	 due	 to	 glucose	 starvation	 or	 mitochondrial	 dysfunction	 can	 activate	 AMP-
activated	 protein	 kinase	 (AMPK)	 which	 can	 inhibit	 the	 mTOR	 complex,	 and	
phosphorylate	 ULK1	 to	 activate	 autophagy126–128.	 Apart	 from	 ULK1	 activation,	
downstream	 of	 mTOR	 inhibition,	 autophagy	 is	 activated	 by	 VPS34	 activation129,	 as	
well	as	transcription	factor	EB	(TFEB)	activation130.	

Finally,	 in	order	 to	monitor	autophagic	activation	one	of	 the	most	direct	methods	 is	
the	 detection	 of	 LC3	 processing	 by	 Western	 blot	 analysis	 and	 the	 detection	 of	
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autophagosome	 formation	by	 fluorescence	and	electron	microscopy131.	LC3	proteins	
are	specifically	cleaved	at	the	C	terminus	by	Atg4	to	become	LC3-I.	Once	cleaved,	LC3-I	
is	lipided	by	conjugation	to	phosphatidylethanolamine	(PE)	to	form	LC3-II131,	which	is	
degraded	 in	autolysosomes.	Thus,	 the	 level	of	LC3-II	 is	widely	used	as	a	marker	 for	
monitoring	 the	 autophagic	 process132.	 However,	 it	 is	 necessary	 to	 consider	 that	
autophagy	 is	 a	 highly	 dynamic	 process	 and	 an	 accumulation	 of	 LC3-II	 signal	 is	 not	
always	 indicative	 of	 increased	 autophagy.	 In	 fact,	 the	 accumulation	 of	
autophagosomes	 could	 indicate	 autophagic	 activation,	 but	 also	 an	 inefficient	 fusion	
with	 lysosomes	 or	 blockage	 in	 autophagosome	 maturation132,133.	 Therefore,	 the	
analysis	 of	 the	 number	 of	 autophagosomes	 or	 the	 presence	 of	 LC3	 processing	 is	
insufficient	 for	evaluating	 the	whole	autophagic	process.	To	address	 this	matter,	 the	
term	“autophagic	flux”	is	particularly	used	to	include	the	whole	process	of	autophagy:	
autophagosome	 formation,	 maturation,	 fusion	 with	 lysosomes,	 subsequent	
breakdown	 and	 the	 release	 of	 macromolecules	 back	 into	 the	 cytosol.	 Interestingly,	
impaired	 autophagic	 progress	 has	 been	 involved	 in	 a	 growing	 list	 of	 pathologies,	
including	 neurodegeneration,	 cancer,	 myopathy,	 cardiovascular	 diseases	 and	
immune-mediated	 disorders134.	 To	 measure	 autophagic	 flux,	 LC3-II	 signal	 must	 be	
detected	in	the	presence	and	absence	of	 lysosomal	degradation	inhibitors	(pepstatin	
A,	 E64d,	 bafilomycin	 A1,	 chloroquine	 or	 NH4Cl135,136),	 which	 are	 able	 to	 block	 the	
degradation	 of	 autophagosome	 and,	 hence,	 of	 LC3-II137.	 Whereas	 an	 extra	
accumulation	of	LC3-II	 in	presence	of	autophagic	 flux	 inhibitors	suggests	autophagic	
induction	 and	 proper	 autophagic	 flux,	 the	 absence	 of	 any	 increase	 could	 indicate	
autophagic	flux	blockage.	

	

Mitochondrial	biogenesis		
he	 cellular	 control	 on	 adaptive	 changes	 in	 the	mitochondrial	 content	 requires	 a	
capacity	 to	 sense	 the	 need	 for	 additional	 mitochondrial	 energy	 production,	

followed	 by	 triggering	 of	 signalling	 pathways	 that	 culminate	 in	 an	 increased	 and	
coordinated	 expression	 of	 respiratory	 genes.	 The	 activation	 of	 mitochondrial	
biogenesis	(defined	as	the	growth	and	division	of	pre-existing	mitochondria)	needs	to	
be	 orchestrated	 by	 the	 subtle	 regulation	 of	 both	 nuclear	 and	 mitochondrial	
biosynthetic	 pathways.	 The	 most	 important	 regulatory	 steps	 of	 mitochondrial	
biogenesis	 appear	 to	 take	 place	 at	 the	 level	 of	 transcriptional	 regulation	 of	 nuclear	
genes138,139,	but	coordinated	transcription	of	mitochondrial	genome	is	also	required	to	
produce	new	mitochondria140.		

Despite	 the	 complexity	of	 the	various	 signalling	pathways	 that	 converge	 to	 regulate	
mitochondrial	biogenesis,	 they	all	 seem	to	share	 the	common	key	component	of	 the	
PGC-1	family	of	co-transcription	factors,	PGC-1α  (Figure	I7).	PGC-1α	seems	to	act	as	
a	 master	 regulator	 of	 energy	 metabolism	 and	 mitochondrial	 biogenesis141	 by	
coordinating	the	activity	of	multiple	transcription	factors	such	as	the	NFRs	or	mtTFA.	
NRF-1	and	NRF-2	are	important	contributors	to	the	sequence	of	events	leading	to	the	
increase	in	transcription	of	key	mitochondrial	enzymes,	and	they	have	been	shown	to	
interact	 with	 mtTFA,	 which	 drives	 transcription	 and	 replication	 of	 mtDNA142.	
Significant	 evidences	 indicate	 that	 PGC-1α	 co-actives	 the	 transcriptional	 function	 of	

T	
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NRF-1	on	the	promoter	for	mtTFA143.	In	addition	to	NRFs,	PGC-1α	also	interacts	with	
and	 co-activates	 other	 transcription	 factors	 such	 as	 PPARs,	 thyroid	 hormone,	
glucocorticoid,	 oestrogen	 and	 ERRs	 (oestrogen-related	 receptors)	 α	 and	 γ144.	
Otherwise,	PGC-1β,	in	spite	of	sharing	a	similar	molecular	structure	and	function	with	
PGC-1α	(transcriptional	activation	of	mitochondrial	biogenesis),	is	not	up-regulated	in	
the	same	way145.	This	suggests	that	PGC-1α	and	PGC-1β	are	stimulated	independently,	
although	 both	 clearly	 regulate	 mitochondrial	 biogenesis	 through	 NRF-1	 to	 enable	
mitochondria	to	meet	the	energetic	requirements	of	the	cell.	

	

Figure	I7.	Mitochondrial	biogenesis	pathway.	The	activation	of	mitochondrial	biogenesis	needs	
to	 be	 orchestrated	 by	 the	 subtle	 regulation	 of	 both	 nuclear	 and	 mitochondrial	 biosynthetic	
pathways.	 Both	 nuclear	 and	mitochondrial	 pathways	 share	 a	 common	 key	 component	 PGC-1	
alpha	 that	 acts	 as	 a	master	 regulator	 of	 energy	metabolism	 and	mitochondrial	 biogenesis	 by	
coordinating	the	activity	of	multiple	transcription	factors	such	as	the	NFRs	or	mtTFA.	

As	 a	multi-responsive	 factor,	many	 agents	 and	 events	 can	 regulate	 the	 activation	of	
PGC-1α	 by	 different	 intracellular	 mediators.	 Mitochondrial	 biogenesis	 is	 increased,	
among	 other	 factors,	 by	 endurance	 exercise	 and	 caloric	 restriction146.	 Several	
observations	 in	 different	 animals	 unravelled	 the	 role	 of	 exercise	 in	 mitochondrial	
biogenesis	 activation147,148	 and	 further	 studies	 in	 humans	 confirmed	 these	 results	
later149–151.	 In	 skeletal	 muscle,	 endurance	 exercise	 induces	 an	 increase	 in	
mitochondrial	mass	 that	 is	mediated	 by	 the	 increase	 in	 intracellular	 calcium	 levels	
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during	 fiber	 contraction152.	 Furthermore,	 increased	 levels	 of	 intracellular	 calcium	
activates	 cytoplasmic	 protein	 kinases	 such	 as	 protein	 kinase	 C	 (PKC)	 or	
calcium/calmodulin-dependent	 protein	 kinase	 (CaMK)	 that	 in	 turn	 stimulate	 the	
expression	 of	 several	 nuclear	 and	 mitochondrial	 genes153.	 The	 activation	 of	 CaMK	
occurs	 upstream	 of	 the	 activation	 of	 p38	 mitogen-activated	 protein	 kinase	 (p38	
MAPK),	 which	 is	 responsible	 for	 phosphorylating,	 activating	 and	 inducing	 PGC-1α	
expression154,155.	 In	addition	 to	p38	MAPK,	other	kinases	 like	AMP-activated	protein	
kinase	(AMPK)	can	directly	bind	and	phosphorylates	PGC-1α156.	The	induction	of	PGC-
1α	expression	is	also	mediated	through	ATF-2	(activating	transcription	factor	2)	that	
binds	 to	 the	 PGC-1α	 promoter	 in	 the	 CREB	 (cyclic	 AMP-response	 binding	 protein)	
element	binding	 site157,158.	TORCs	proteins	 seem	 to	be	 related	with	 the	 induction	of	
PGC-1α	and	its	downstream	target	genes	 in	the	mitochondrial	respiratory	chain	and	
TCA	 (tricarboxylic	 acid)	 cycle	 (Krebs	 cycle)159.	 	 In	 addition	 to	 phosphorylation,	
another	 post-translational	 modification	 that	 regulates	 PGC-1α	 activity	 has	 been	
identified.	Specifically,	deacetylation	mediated	by	SIRT1	during	fasting	promotes	the	
expression	of	mitochondrial	genes	involved	in	lipid	oxidation160.	

Apart	 from	endurance	exercise	and	intracellular	calcium	signalling,	recent	evidences	
relate	mitochondrial	biogenesis	with	changes	in	cell	cycle.	Indeed,	the	mitochondrial	
mass	and	membrane	potential	increased	during	the	progression	of	G1	to	mitosis	and	
after	 cell	 division	 these	 parameters	 were	 reduced	 again.	 The	 levels	 of	 mtDNA	 also	
increased	 in	 G1/S	 to	 G2	 transition	 concomitant	 with	 increase	 of	 NRF-1	 levels161.	
Moreover,	mitochondrial	 biogenesis,	 can	 also	 be	 stimulated	 by	 other	 pathways	 like	
ROS162,	nitric	oxide	(NO)163	and	hypoxia164,	which	can	be	caused	by	ischemic	insults	or	
mitochondrial	 disorders.	 In	 fact,	 mitochondrial	 biogenesis	 is	 stimulated	 in	
mitochondrial	 disorders165,166	 and	 commonly	 observed	 as	 abnormal	 mitochondrial	
proliferation	in	muscle165.		

On	 the	 other	 hand,	 exposure	 of	 mammals	 to	 low-temperature	 environment	 for	
prolonged	periods	of	time	induces	a	marked	increase	in	mitochondrial	mass	in	brown	
adipocytes,	 originating	 an	 important	 control	 mechanism	 to	 maintain	 body	 energy	
balance	and	core	temperature167.	More	recently,	the	control	of	PGC-1α	expression	by	
CaMK	 IV	 and	 the	 protein	 phosphatase	 calcineurin	A	 (CnA)	 in	muscle	 cells	 has	 been	
investigated,	and	it	has	been	reported	that	the	PGC-1α	promoter	is	subject	to	positive	
regulation168,169.	

In	contrast	to	the	growing	list	of	PGC-1α-activating	factors	identified	to	date,	 little	 is	
known	 about	 cellular	 factors	 that	 act	 as	 negative	 regulators.	 One	 of	 these	 negative	
regulators	could	be	RIP140,	which	has	been	proposed	as	suppressor	of	mitochondrial	
biogenesis	 and	 oxidative	 metabolism	 in	 mammalian	 cells170–172.	 Moreover,	 PGC-1α	
also	contains	a	negative	regulatory	domain	that	attenuates	its	transcriptional	activity,	
and	 the	 p160	 myb	 binding	 protein	 (p160MBP)	 acts	 as	 a	 repressor	 of	 PGC-1α	 by	
binding	to	this	regulatory	region.	This	interaction	is	further	regulated	by	p38	MAPK,	
which	 phosphorylates	 the	 inhibitory	 domain	 of	 PGC-1α,	 efficiently	 disrupting	
p160MBP-binding	 and	 releasing	 PGC-1α	 from	 its	 inhibition173.	 In	 summary,	 the	
confluence	 of	 several	 activating	 and	 repressing	 pathways	 on	 PGC-1α	 affects	 the	
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complex	system	that	coordinates	the	demand	of	energy	in	the	cell	with	mitochondrial	
biogenesis.	

Finally,	there	are	evidences	of	nuclear	PGC-1α	translocation	when	it	is	phosphorylated	
and	hence	activated	by	other	proteins	as	Protein	kinase	A	(PKA).	It	seems	that	PGC-1α	
is	 a	 protein	 whose	 subcellular	 localization	 is	 in	 the	 nucleus	 but	 is	 permanently	
interacting	 with	 nuclear	 transporters	 like	 CRM1	 in	 order	 to	 be	 exported	 to	 the	
cytoplasm.	Phosphorylation	of	PGC-1α	by	PKA	prevents	nuclear	export	and	increases	
PGC-1α	 in	the	nucleus174.	Therefore,	 the	subcellular	 localization	seems	to	have	great	
importance	for	the	functional	activation	of	pathways	like	mitochondrial	biogenesis.		

	

AMPK	pathway	
s	 commented	 in	previous	sections,	 another	 important	pathway	 involved	 in	both	
mitochondrial	biogenesis	and	mitophagy,	is	AMP-activated	protein	kinase	(AMPK)	

pathway.	AMPK	plays	a	key	role	as	a	master	regulator	of	cellular	energy	homeostasis.	
The	kinase	is	activated	in	response	to	stresses	that	deplete	cellular	ATP	supplies	such	
as	low	glucose,	hypoxia,	ischemia,	and	heat	shock.	This	kinase	is	essentially	expressed	
in	all	eukaryotic	cells	as	a	heterotrimeric	complex	containing	a	catalytic	α	subunit	and	
two	 regulatory	 subunits	 (β	 and	 γ	 subunits).	 AMPK	 activity	 is	 regulated	 by	
phosphorylation	of	Threonine	172	in	α	subunit.	This	phosphorylation	is	allosterically	
regulated	 by	AMP	binding	 to	 CBS/Bateman	domains	 in γ	 subunit,	which	 are	 able	 of	
binding	 adenine	 nucleotides175,176.	 Binding	 of	 AMP	 to	 the	 γ	 subunit	 enables	 the	
phosphorylation	 on	 Thr172	 in	 the	 activation	 loop	 of	 the	 α	 subunit	 by	 its	 major	
upstream	AMPK	kinase,	LKB1177.	 Importantly,	AMPK	can	also	be	phosphorylated	on	
Thr172	in	response	to	calcium	flux,	independently	of	LKB1,	via	CAMKK2	kinase178.	The	
activation	of	AMPK	depends	on	 intracellular	 adenosine	nucleotide	 levels	 (AMP/ATP	
ratio).	High	AMP	or	ADP	levels,	or	even	modest	decreases	in	ATP	production,	result	in	
activation	 of	 AMPK179,180.	 Once	 activated,	 AMPK	 positively	 regulates	 signalling	
pathways	 that	 replenish	 cellular	 ATP	 supplies,	 including	 fatty	 acid	 oxidation	 and	
autophagy.	 Likewise,	 AMPK	 negatively	 regulates	 ATP-consuming	 biosynthetic	
processes	including	gluconeogenesis,	lipid	and	protein	synthesis.	AMPK	accomplishes	
this	through	direct	phosphorylation	of	a	number	of	enzymes	directly	involved	in	these	
processes	 as	 well	 as	 through	 transcriptional	 control	 of	 metabolism	 by	
phosphorylating	transcription	factors,	co-activators,	and	co-repressors181.		

In	 conditions	 where	 nutrients	 are	 scarce,	 AMPK	 acts	 as	 a	 metabolic	 checkpoint	
inhibiting	 cellular	 growth.	 One	 of	 the	 mechanism	 by	 which	 AMPK	 regulates	 cell	
growth	 is	 via	 suppression	 of	 the	 mammalian	 target	 of	 rapamycin	 complex	 1	
(mTORC1)	 pathway.	 AMPK	 directly	 phosphorylates	 Raptor	 (regulatory	 associated	
protein	 of	 mTOR)	 which	 blocks	 the	 ability	 of	 the	 mTORC1	 kinase	 complex	 to	
phosphorylate	its	substrates182,183.	Consistent	with	this	negative	function	of	AMPK	in	
mTORC1	signaling,	AMPK	positively	regulates	autophagy	in	mammalian	cells184,185.	In	
addition,	AMPK	also	phosphorylates	and	inhibits	some	family	members	of	the	class	IIa	
family	of	histones	deacetylases	(HDACs)186,187.	Normally,	class	IIa	HDACs	regulates	the	
activity	 of	 FOXO	 family	 transcription	 factors,	 stimulating	 their	 de-acetylation	 and	

A	



DIFFERENTIAL	PATHOPHYSIOLOGY	IN	MELAS	SYNDROME	

46	
	

activation,	 increasing	 expression	 of	 gluconeogenesis	 genes188.	 Therefore,	 a	 proper	
activation	 of	 AMPK	 can	 suppress	 glucose	 production	 by	 reducing	 the	 expression	 of	
FOXO	target	genes	via	class	IIa	HDAC	inactivation181.	Moreover,	AMPK	has	also	been	
shown	to	regulate	the	activity	of	other	deacetylases	like	SIRT1189,190.	As	SIRT1	targets	
a	number	of	transcriptional	regulators	for	deacetylation,	this	adds	yet	another	layer	of	
temporal	and	tissue	specific	control	of	metabolic	 transcription	by	AMPK.	Altogether,	
there	 seem	 to	 be	 that	 AMPK	 is	 able	 to	 induce	 a	 metabolic	 reprogramming,	 which	
requires	PPARβ/δ191	and	likely	involves	PGC-1α	as	well156	(Figure	I8).		

	

Figure	I8.	AMPK	pathway.	AMPK	is	a	mater	regulator	that	controls	mitochondrial	homeostasis	
by	regulating	mitochondrial	biogenesis	and	selective	degradation	of	defective	mitochondria.	

On	 the	 other	 hand,	 it	 has	 been	 reported	 that	 AMPK	 can	 be	 activated	 by	 reactive	
oxygen/nitrogen	species	(ROS/RNS),	which	 in	 turn	 lead	to	 the	 increase	of	glycolysis	
and	 mitochondrial	 biogenesis.	 While	 ROS	 are	 normally	 produced	 in	 the	 normal	
cellular	respiration,	high	levels	are	cytotoxic.	ROS	are	mainly	produced	as	a	result	of	
mitochondrial	 dysfunction192–198.	 Ultraviolet	 (UV)	 irradiation,	 hydrogen	 peroxide	
(H2O2),	 nitric	 oxide	 (NO)	 and	 peroxynitrite	 (·ONOO−)	 have	 been	 demonstrated	 to	
active	AMPK	in	several	human	cell	lines199–202.	Therefore,	high	ROS	production	and	the	
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activation	 of	 ROS	 sensor	 proteins	 as	 AMPK	 are	 required	 for	 the	 activation	 of	 the	
defensive	anti-ROS	system203.		

In	addition	to	regulating	cell	growth	and	reprograming	the	metabolism,	AMPK	seems	
to	play	a	key	role	to	control	autophagy.	In	contrast	to	inhibitory	phosphorylation	from	
mTORC	 by	 AMPK	 commented	 before,	 the	 ULK1	 complex	 is	 activated	 via	 direct	
phosphorylation	 by	 AMPK204,205,	 which	 is	 critical	 for	 its	 function	 in	 autophagy	 and	
mitochondrial	 homeostasis206.	 In	 fact,	 the	 lack	 of	 either	 AMPK	 or	 ULK1	 result	 in	
defective	mitophagy	and	elevated	levels	of	p62204	suggesting	that	ULK1	is	definitively	
required	 for	 cell	 survival	 and	 autophagy.	 In	 addition,	 mTOR	 also	 seems	 to	
phosphorylate	ULK1	which	appears	to	manage	AMPK	binding	to	ULK1207.	Collectively,	
these	 studies	 show	 that	 AMPK	 can	 trigger	 autophagy	 in	 a	 double	 mechanism	 of	
directly	activating	ULK1	and	inhibiting	the	suppressive	effect	of	mTORC1	on	ULK1181.	
Moreover,	 recently	 it	 has	 been	 reported	 that	 AMPK-dependent	 phosphorylation	 of	
ULK1	 is	 critical	 for	 translocation	 of	 ULK1	 to	 mitochondria	 and	 for	 mitophagy	 in	
response	 to	 hypoxic	 stress208.	 Therefore,	 AMPK	 seems	 to	 enhance	 a	 subtle	
degradation	 of	 defective	 mitochondria	 through	 an	 ULK1-dependent	 stimulation	 of	
mitophagy,	as	well	as	stimulating	de	novo	mitochondrial	biogenesis	through	PGC-1α	
dependent	 transcription.	 Thus,	 AMPK	 controls	 mitochondrial	 homeostasis	
concomitant	with	selective	degradation	of	defective	mitochondria181	(Figure	I8).	

Given	the	functional	knowledge	of	AMPK,	a	growing	list	of	different	drugs	have	been	
identified	 to	 date	 to	 activate	 AMPK	 pathway	 and,	 consequently,	 reprogram	
antioxidant	system	response	and	mitochondrial	biogenesis.	Among	these	compounds,	
the	 most	 frequently	 mentioned	 in	 the	 literature	 are	 the	 followings:	 AICAR209,	
mitochondrial	 toxins	 (dinitrophenol,	 rotenone,	 KCN)175,210,	 thiazolidinediones	
(rosiglitazone	 and	 pioglitazone)175,210,	 A-769662211,212,	 metformin213,	 natural	
compounds	 (salidroside214,	 D-xylose215,	 quercitin216,	 capsaicin217,	 curcumin218	
berberin219,	 EGCG220,	 genistein217,	 resveratrol221	 and	 several	 others)	 and	 some	
hormones	 and	 cytokines	 (leptin,	 interleukin-6,	 resistin,	 ghrelin,	 and	 adiponectin)222.	
Otherwise,	 compound	 C223	 and	 C75	 inhibitor224	 have	 been	 described	 as	 AMPK	
inhibitors.	

The	 link	 between	 AMPK	 signalling	 and	multiple	metabolic	 pathways	 reinforces	 the	
concept	 that	 there	 is	 a	 small	 number	 of	 regulators	 that	 control	 distinct	 aspects	 of	
biology	to	act	as	master	coordinators	of	cell	growth,	metabolism,	and	ultimately	cell	
fate.		
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I-II.	Mitochondrial	diseases	
	

he	concept	of	mitochondrial	disease	was	first	introduced	in	1962,	when	Luft	et	al	
reported	a	case	of	a	young	Swedish	woman	with	severe	hypermetabolism	not	due	

to	 thyroid	dysfunction	(Luft	syndrome)225.	 In	 this	 investigation,	 three	sets	of	clinical	
characteristics	 were	 established	 to	 describe	 this	 kind	 of	 disorders	 not	 reported	 to	
date:	(i)	abnormal	morphology	of	mitochondria	in	muscle;	(ii)	biochemical	uncoupling	
of	 OXPHOS	 system	 in	 isolated	 muscle	 mitochondria;	 and	 (iii)	 correlation	 between	
biochemical	defects	and	clinical	features.	The	excessive	proliferation	of	mitochondria	
in	 muscle,	 which	 is	 known	 as	 “ragged-red	 fibers”	 (RRF)	 and	 detected	 by	 Gomori	
trichrome	 stain226,	was	 considered	 the	main	pathological	 hallmark	 of	mitochondrial	
diseases,	 although	 its	 lack	 does	 not	 exclude	 a	 mitochondrial	 aetiology.	 Along	 with	
abnormal	 proliferation	 of	 mitochondria,	 these	 disorders	 are	 often	 accompanied	 by	
energy	deficiencies	mainly	caused	by	OXPHOS	dysfunction.	Mitochondrial	diseases	are	
renowned	 for	 their	 variability	 in	 clinical	 and	 biochemical	 features,	mainly	 affecting	
organs	 with	 high-energy	 requirements.	 Indeed,	 the	 tissues	 most	 affected	 are	 often	
those	that	demand	more	energy	such	as	nervous	system	and	muscle165,166,	hence	the	
term	 “mitochondrial	 encephalomyopathy”.	 The	 onset	 and	 severity	 of	 the	 symptoms	
varies	 from	one	patient	 to	 another.	 Interestingly,	mitochondrial	 diseases	may	 range	
from	 life-threatening	 to	 asymptomatic	 or	 oligosymptomatic	 mutation	 carriers.	 This	
differential	 manifestation	 severely	 complicates	 the	 diagnosis	 of	 mitochondrial	
diseases227.	 Currently,	 the	 clinical	 diagnosis	 in	 mitochondrial	 diseases	 remains	
uncertain	until	muscle	biopsies	or	genetic	tests	confirm	the	abnormality.	There	have	
been	 published	 several	 diagnostic	 criteria	 to	 guide	 the	 practitioners	 for	 diagnosis,	
which	are	based	on	a	combination	of	clinical,	laboratory,	pathologic,	biochemical,	and	
genetic	 findings.	 The	 best-known	 are	 the	 Walker	 criteria228,229	 and	 other	 attempts	
such	 as	 the	Nijmegen	Center	 for	Mitochondrial	Disorders	 scoring	 system230	 and	 the	
Mitochondrial	Disease	Criteria231.		

The	 symptomatology	 in	 these	 disorders	 may	 present	 anytime	 from	 birth	 to	 late	
adulthood.	Indeed,	children	often	present	different	clinical	features	when	compared	to	
adults.	 Common	 clinical	 presentations	 of	 children	 include	 failure	 to	 thrive,	 motor	
regression,	metabolic	encephalopathy,	seizures,	ptosis,	external	ophthalmoplegia	and	
cardiomyopathy.	In	adults,	manifestations	include	exercise	intolerance,	sensorineural	
hearing	 loss,	 ophthalmological	 abnormalities	 (retinal	 pigmentary	 changes,	 ptosis,	
progressive	 external	 ophthalmoplegia,	 optic	 atrophy),	 muscle	 weakness	 (proximal	
limb	 weakness,	 dysphagia,	 dysarthria),	 central	 nervous	 system	 involvement	 (focal	
neurological	deficits,	migraine,	seizures),	cardiac	manifestations	(cardiac	arrhythmia,	
hypertrophic	 cardiomyopathy,	 conduction	 block),	 gastrointestinal	 system	
abnormalities	 (pseudo-obstruction,	 constipation)	 and	 endocrine	 abnormalities	
(diabetes,	 short	 stature	 and	 rarely	 hypoparathyroidism	 and	 hypogonadism)227	
(Figure	I9).	
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Figure	 I9.	 Symptomatology	 in	 mitochondrial	 diseases.	 Common	 clinical	 presentations	 of	
patients	with	mitochondrial	diseases.	

	

Classification	
he	broad	variety	of	symptoms	led	to	try	to	classify	mitochondrial	diseases.	First,	
the	emergence	of	the	biochemical	assays	in	the	1970s	was	concomitant	with	the	

description	 of	 several	 defects	 of	 mitochondrial	 metabolism,	 including	 pyruvate	
dehydrogenase	 (PDH)	 deficiency232,	 carnitine	 deficiency233,	 carnitine	
palmitoyltransferase	(CPT)	deficiency234,	as	well	as,	the	first	example	of	cytochrome	c	
oxidase	(COX)	deficiency	in	Leigh	syndrome235.	Not	long	after,	DiMauro	et	al	proposed	
a	biochemical	classification	of	the	mitochondrial	diseases	based	on	defects	in	the	five	
major	 steps	 of	mitochondrial	metabolism:	 substrate	 transport,	 substrate	 utilization,	
Krebs	 cycle,	 electron	 transport	 chain,	 and	 oxidation/phosphorylation	 coupling236.	
However,	 because	 of	 the	 extremely	 variable	 clinical	 presentations	 of	mitochondrial	
diseases	and	the	difficulty	to	define	them,	these	disorders	ended	up	being	grouped	as	
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defects	of	 the	MRC,	 the	bioenergetic	pathway	par	excellence165	and	the	common	link	
between	them.	Mitochondrial	respiratory	chain	is	the	only	metabolic	pathway	in	the	
cell	 that	 is	 under	 the	 dual	 control	 of	 the	 mitochondrial	 genome	 (mtDNA)	 and	 the	
nuclear	genome	(nDNA),	therefore,	a	genetic	classification	seems	to	better	distinguish	
disorders	due	to	mutations	in	mtDNA,	ruled	by	mitochondrial	genetics,	and	disorders	
due	to	mutations	in	nDNA,	which	are	governed	by	mendelian	genetics237.	

Ø Mitochondrial	diseases	due	to	mutations	in	mtDNA	
• Defects	in	mitochondrial	protein	synthesis	

o mtDNA	 rearrangements.	 Single	 deletions	 of	 mtDNA	 have	 been	
associated	with	three	usually	sporadic	conditions238:	Pearson	syndrome	
(PS),	 Kearns–Sayre	 syndrome	 (KSS)	 and	 Progressive	 external	
ophthalmoplegia	(PEO).	

o mtDNA	 point	 mutations:	 Multiples	 point	 mutations	 in	 mtDNA	 have	
been	 identified,	 but	 the	 most	 common	 are:	 Mitochondrial	
encephalomyopathy,	 lactic	 acidosis,	 and	 stroke-like	 episodes	
(MELAS)239,240	 and	 Myoclonus	 epilepsy	 with	 ragged	 red	 fibers	
(MERRF)241,242.	

• Defects	 of	 protein-coding	 genes.	 The	 most	 representative	 cases	 are:	 first,	
Neuropathy,	 ataxia,	 retinitis	 pigmentosa	 (NARP)	 and	 Maternally	 inherited	
Leigh	syndrome	(MILS)	with	 the	same	gene	affected,	 the	ATPase6	gene243–245	
and,	secondly,	Leber's	hereditary	optic	neuropathy	(LHON)246	with	mutations	
affecting	genes	of	complex	I	(ND	genes).		
	

Ø Diseases	due	to	mutations	in	nDNA.	Mitochondrial	diseases	due	to	mutations	in	
nDNA	not	only	include	mutations	in	nuclear-encoded	subunits	of	the	MRC,	but	also	
those	related	with	their	correct	assembly,	transport	to	mitochondria,	maintenance	
and	functioning.	
• Mutations	in	genes	encoding	subunits	or	auxiliary	proteins	of	the	MRC.	In	

addition	to	completely	synthesise	complex	II,	nDNA	encodes	most	subunits	of	
the	other	four	complexes	as	well	as	both	electron	transporters	(coenzyme	Q10	
and	 cytochrome	 c).	 Therefore,	 mutations	 in	 any	 of	 them	 might	 presumably	
involve	 MRC	 deficiency	 directly	 or	 indirectly.	 Some	 examples	 of	 direct	
affectations	 are	 mutations	 in	 subunits	 of	 complex	 I247	 and	 of	 complex	 II248	
which	 have	 been	 associated	 with	 autosomal	 recessive	 forms	 of	 Leigh	
syndrome,	 or	mutations	 in	 the	 biosynthetic	 pathway	 of	 coenzyme	 Q10249.	 On	
the	 other	 hand,	 mutations	 in	 genes	 non-coding	 for	 MRC	 proteins	 may	 also	
generate	 deficiency	 like	 those	 related	 with	 the	 proper	 assembly	 of	 the	MRC	
complexes.	This	 is	 the	case	of	mutations	 in	auxiliary	proteins	associated	with	
complex	 IV	 deficiency	 such	 as	 SURF1,	 SCO2,	 SCO1,	 COX10	 and	 COX15250,251;	
mutations	in	a	complex	III	assembly	protein,	BSC1L,	associated	with	GRACILE	
syndrome252;	and	mutations	in	a	complex	V	assembly	protein,	ATP12253.		

• Defects	 of	 intergenomic	 signaling.	 mtDNA	 replication	 requires	 numerous	
factors	encoded	by	nuclear	genes,	which	in	case	of	mutation	cause	mendelian	
disorders	characterized	by	qualitative	or	quantitative	alterations	of	mtDNA254–
256.	For	instance,	qualitative	alterations	include	multiple	deletions	of	mtDNA	in	
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the	gene	of	the	adenine	nucleotide	translocator	(ANT1),	Twinkle	or	POLG	that	
may	 be	 responsible	 for	 PEO,	 or	 deletions	 in	 the	 gene	 of	 thymidine	
phosphorylase	 (TP)	 which	 may	 be	 responsible	 for	 Mitochondrial	
neurogastrointestinal	 encephalomyopathy	 (MNGIE)257–261.	 Quantitative	
alterations	 of	 mtDNA	 include	 mutations	 in	 two	 genes,	 thymidine	 kinase	 2	
(TK2)	 and	 deoxyguanosine	 kinase	 (dGK),	 both	 involved	 in	 mitochondrial	
nucleotide	 homeostasis,	 which	 have	 been	 associated	 with	 mtDNA	 depletion	
syndromes	262,263.	

• Defects	of	mitochondrial	protein	 importation.	Transport	across	outer	and	
inner	membranes	 of	 proteins	 synthesised	 in	 the	 cytoplasm	 requires	 a	 set	 of	
factors	 which	 includes	 docking	 proteins,	 chaperonins,	 and	 proteases,	 and	 it	
involves	 unfolding	 and	 refolding	 of	 the	 protein	 to	 be	 translocated264.	 Several	
mutations	 in	 targeting	 sequences	 have	 been	 documented,	 but	 few	 genetic	
defects	 in	 the	 general	 transport	 machinery265.	 In	 particular,	 two	 gene	 are	
reported	to	cause	defects	in	the	transport	machinery:	the	TIMM8A	gene,	which	
is	 associated	 with	 Mohr-Tranebjaerg	 syndrome266,	 and	 the	 chaperonin	
HSP60267.		

• Alterations	 of	 the	 lipid	 composition	 of	 the	 inner	 mitochondrial	
membrane.	Mutations	 in	 the	 tafazzin	 (TAZ)	 gene	 are	 associated	 with	 Barth	
syndrome	(BTHS)	and	decreased	cardiolipin	levels268,269.		

• Alterations	 of	 mitochondrial	 motility	 or	 fission.	 Mutations	 in	 a	 gene	
encoding	 a	 dynamin-related	 guanosine	 triphosphatase	 (OPA1)	 have	 been	
associated	 with	 the	 mendelian	 counterpart	 of	 LHON270	 showing	 clumped	
mitochondria	in	the	cytoplasm	of	monocytes.	

• Late-onset	 neurodegenerative	 diseases	 and	 aging.	 In	 this	 group,	 several	
neurodegenerative	 disorders	 associated	 with	 mitochondrial	 dysfunction	 and	
oxidative	 stress	 are	 grouped.	 Some	 examples	 are	 Parkinson	 disease,	
Huntington	 disease,	 Alzheimer	 disease,	 amyotrophic	 lateral	 sclerosis	 and	
aging271–273.		
	

Particular	considerations	
he	study	of	mitochondrial	diseases	caused	by	mtDNA	mutations	involves	a	series	
of	 difficulties	 associated	with	 the	 nature	 of	mtDNA,	which	 is	 ruled	 by	 different	

mechanisms	 than	 nuclear	 genome.	 Mitochondria	 are	 semi-autonomous	 organelles	
governed	by	their	own	rules.	Cells	may	contain	from	one	mitochondrion	to	hundreds	
depending	on	their	energy	requirements.	Likewise,	each	mitochondrion	 is	estimated	
to	 contain	 from	 2	 to	 10	 mtDNA	 copies34,	 which	 are	 continuously	 mixing	 in	 the	
mitochondrial	network	by	fusion	and	fission	events.	The	biggest	difficulty	in	the	study	
of	 mitochondrial	 diseases	 lies	 in	 the	 fact	 that	 several	 particularities	 need	 to	 be	
considered237:	

• Heteroplasmy	 load.	 Each	 cell	 may	 contain	 hundreds	 or	 even	 thousands	 of	
mtDNA	 copies,	 which	 are	 randomly	 distributed	 among	 daughter	 cells.	
Homoplasmy	is	considered	when	all	 these	copies	are	identical	between	them.	
By	contrast,	heteroplasmy	is	considered	when	mutations	in	mtDNA	affect	some	
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but	 not	 all	 copies.	 Overall,	 these	 mitochondrial	 patients	 usually	 harbour	 a	
mixture	of	normal	and	mutant	copies	of	mtDNA,	whose	relative	proportion	is	
considered	heteroplasmy	load	in	a	tissue.		

• Threshold	effect.	 The	 clinical	 expression	of	 a	pathogenic	mtDNA	mutation	 is	
largely	 determined	 by	 heteroplasmy	 load	 in	 different	 tissues.	 According	 to	
energy	 requirements	 into	 the	 cells,	 the	 critical	number	of	mutant	mtDNAs	 to	
cause	mitochondrial	dysfunction	in	a	particular	organ	or	tissue	may	vary.	This	
threshold	is	typically	reached	when	60-90%	of	the	mtDNA	molecules	carry	an	
identical	mutation274.	Thus,	neurones	and	cardiac	and	skeletal	muscle	are	more	
vulnerable	to	energy-dependent	defects4.	

• Random	segregation.	During	mitosis,	mitochondria	and	hence	mutant	mtDNA	
are	 distributed	 randomly	 in	 daughter	 cells.	 However,	 according	 to	 that	
distribution	 the	 heteroplasmy	 load	 may	 shift	 and,	 therefore,	 the	 phenotype	
may	change	accordingly.	This	phenomenon	explains	how	patients	with	mtDNA-
related	disorders	may	have	variable	heteroplasmy	load	in	different	tissues	and	
manifest	their	disease	differentially.		

• Maternal	 inheritance.	Apart	 from	one	exception275,	 all	mitochondria	derives	
from	 the	 oocyte	 at	 fertilisation.	 The	 mode	 of	 transmission	 of	 mtDNA	
definitively	 differs	 from	 Mendelian	 inheritance.	 Therefore,	 only	 mothers	
carrying	mtDNA	point	mutations	will	pass	them	on	to	all	their	children	(males	
as	well	as	females).		A	disease	expressed	in	both	sexes	but	with	no	evidence	of	
paternal	transmission	is	strongly	suggestive	of	a	mtDNA	point	mutation.		
	

Overall,	 the	 analysis	 of	 mitochondrial	 mutations	 must	 take	 into	 account	 these	
particularities	in	order	to	better	understand	the	complexity	of	diseases	under	study.		

	

Therapeutic	approaches	
itochondrial	 diseases	 are	 known	 by	 huge	 clinical,	 biochemical	 and	 genetic	
heterogeneity,	which	hampers	the	collection	of	homogeneous	cohorts	of	patients	

to	establish	the	efficacy	of	a	treatment.	Based	on	this,	cellular	and	animal	models	are	
recently	been	used	to	try	different	therapeutic	strategies276:	

Ø Pharmacological	and	metabolic	interventions	
• Increasing	mitochondrial	biogenesis.	Mitochondrial	biogenesis	up-regulation	

could	 partly	 explain	 cases	 of	 incomplete	 penetrance	 in	 LHON	disorder277.	 As	
commented	 in	 previous	 sections,	 the	 induction	 of	 mitochondrial	 biogenesis	
involves	three	axis	of	activation:	PGC-1α,	AMPK	and	SIRT1.	In	order	to	induce	
PGC-1α,	 bezafibrate	 treatment	 was	 successfully	 used	 in	 different	 models	 of	
mitochondrial	 diseases	 such	 as	 fibroblasts	 form	 patients278,	 muscle-specific	
PGC-1α	 transgenic	 mouse279,	 cybrids	 harbouring	 pathological	 tRNA	
mutations280	 and	 the	 nervous	 tissue	 of	 a	 brain-specificCox10	 knockout	
mouse281.	On	the	other	hand,	AMPK	activation	can	also	result	in	mitochondrial	
biogenesis156.	The	AMPK	agonist,	AICAR,	 reported	 interesting	results	 in	 three	
models	 of	 COX	 deficiency,	 a	 Surf1	 constitutive	 knockout	 mouse	 (Surf1−/−),	 a	
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Sco2	 knockout/knockin	 (Sco2KOKI)	 mouse	 and	 a	 muscle-specific	 Cox15(ACTA-
Cox15−/−)	 mouse282.	 Interestingly,	 AICAR	 was	 found	 the	 most	 effective	
compound	in	inducing	mitochondrial	biogenesis	in	complex	I	deficient	cells283.	
Finally,	 other	 strategy	 to	 activate	 PGC-1α	 is	 to	 promote	 its	 deacetylation	 via	
Sirt1	 activation.	 Both	 diet	 supplementation	with	 nicotinamide	 riboside	 (NR),	
natural	 precursor	 of	 NAD+	 that	 activates	 Sirt1,	 or	 by	 genetic	 or	
pharmacological	inhibition	of	poly(ADP)	ribosyl-polymerase	1	(Parp1),	a	NAD+	
consumer	and	Sirt1	competitor,	seem	to	increase	mitochondrial	respiration	by	
inducing	OXPHOS	genes	via	the	PGC-1α	axis	 in	Sco2KOKI	mice284	and	in	deletor	
mouse,	 another	 model	 of	 mitochondrial	 myopathy	 due	 to	 expression	 of	 a	
mutant	 variant	 of	 the	 mitochondrial	 helicase	 Twinkle285.	 In	 addition	 to	
bezafibrate,	 AICAR	 and	NR,	 other	 compound	 like	 resveratrol,	metformin	 and	
retinoic	acid	seem	to	increase	mitochondrial	biogenesis	in	some	studies286–288.		

• Endurance	 training.	 Endurance	 training	 has	 also	 been	 exploited	 to	 trigger	
mitochondrial	biogenesis	in	patients	affected	by	mitochondrial	myopathy289,	in	
muscle-specific	 Cox10	 knockout	 mice290,	 and	 in	 the	 mtDNA	 mutator	 mice,	
where	 it	 seems	 to	 rescue	 progeroid	 aging291.	 Importantly,	 these	 beneficial	
effects	 were	 not	 limited	 to	 skeletal	 muscle	 but	 also	 involved	 other	 organs,	
including	the	brain.		

• Scavenging	toxic	compounds.	Mitochondrial	diseases	are	often	characterized	
by	 metabolic	 blockages	 in	 mitochondria	 that	 lead	 to	 accumulation	 of	 toxic	
substances.	An	example	 is	 found	 in	ethylmalonic	encephalopathy	 (EE),	which	
accumulates	 high	 levels	 of	 hydrogen	 sulphide	 (H2S).	 Administration	 of	 N-
acetylcysteine	 (NAC)	 and	 metronidazole,	 which	 facilities	 the	 H2S	 clearance,	
were	 successfully	 tested	 in	 Ethe1−/−mouse	 model	 and	 in	 a	 cohort	 of	 EE	
patients292.	 Other	 harmful	 metabolites	 are	 generated	 as	 by-products	 of	
mitochondrial	 respiration.	 Increased	 ROS	 may	 occur	 as	 a	 consequence	 of	
respiratory	chain	dysfunction	due	 to	aging293	or	OXPHOS	defects294.	Cocktails	
of	 antioxidant	 compounds,	 including	 lipoic	 acid,	 vitamins	 C	 and	 E,	 and	 CoQ,	
have	been	used	in	the	therapy	of	mitochondrial	diseases294–296.		

• Supplementation	 of	 nucleotides.	 Some	 disorders	 like	 Mitochondrial	
neurogastrointestinal	encephalomyopathy	(MNGIE)	show	an	unbalance	in	the	
pool	 of	mitochondrial	 dNTPs	 due	 to	mutations	 in	 enzymes	 involved	 in	 their	
metabolism297.	 Supplementation	 with	 deoxyribonucleotides	 can	 ameliorate	
mtDNA	 depletions	 derived	 from	 the	 disease	 in	 fibroblasts	 derived	 from	
patients298,299.		

• Targeting	autophagy.	As	before	commented,	different	pathways	can	regulate	
autophagy:	(i)	mTORC1,	which	inhibits	autophagy	in	presence	of	nutrients;	(ii)	
cAMP,	which	provokes	the	release	of	Ca+2	from	ER	and	inhibits	autophagy;	and	
(iii)	 AMPK,	 which	 activates	 ULK1	 and	 triggers	 autophagy	 under	 nutrients	
deprivation.	Some	mutations	of	NDUFS4,	subunit	of	complex	 I,	are	associated	
with	 Leigh	 disease	 in	 humans	 and	 with	 neurodegenerative	 failure	 in	 the	
Ndufs4−/−	 mouse	 model300.	 Chronic	 treatment	 with	 the	 mTOR	 inhibitor	
rapamycin,	 which	 activates	 autophagy,	 significantly	 delayed	 the	 disease	
progression	 and	 corrected	 the	 accumulation	 of	 abnormal	 metabolic	
biomarkers.		
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• Dietary	manipulations.	High-fat	 or	 low-carbohydrate	 diets	 are	 proposed	 to	
stimulate	mitochondrial	beta-oxidation	and	generate	ketones,	which	constitute	
an	alternative	energy	 source	 for	 the	brain,	heart	 and	 skeletal	muscle.	Ketone	
bodies	are	metabolized	to	acetyl-CoA	and	ultimately	generate	ATP	via	OXPHOS.	
Ketogenic	 diets	 have	 been	 associated	 to	 increased	 synthesis	 of	 succinate,	
expression	 of	 OXPHOS	 genes	 and	 activation	 of	 mitochondrial	 biogenesis	
through	SIRT1,	AMPK	and	PGC-1α301.	 In	addition,	ketogenic	 treatments	 seem	
to	reduce	heteroplasmy	load	in	cybrids	derived	from	a	Kearns–Sayre	syndrome	
patient302	and	delay	the	progression	of	mitochondrial	myopathy	in	the	deletor	
mouse303	and	neurological	symptoms	 in	Harlequin	mice304.	Other	compounds	
that	 release	 succinate	 in	 mitochondria	 is	 triheptaoin,	 which	 ameliorates	
symptoms	in	patients	with	VLCAD	deficiency305	and	CPT2	deficiency306.		

• Targeting	the	PTP.	The	opening	of	 the	permeability	 transition	pore	(PTP)	 in	
mitochondria	can	trigger	dissipation	of	the	mitochondrial	membrane	potential,	
osmotic	 swelling	 and	 ultimately	 mitochondrial	 disruption.	 Finally,	 as	 a	
consequence	 of	 the	 release	 of	 cytochrome	 c,	 cells	 can	 undergo	 apoptosis307.	
Cyclosporine	A,	which	inhibits	the	PTP,	was	successfully	used	in	patients	with	
Bethlem/Ullrich	congenital	muscular	dystrophy308.		

	

Ø Molecular	approaches	to	treat	mitochondrial	diseases	
• Targeted	 re-expression	 of	 the	 mutated	 gene.	 Some	 attempts	 to	 correct	

mutations	 for	 gene	 replacement	 are	 being	 recently	 performed	 in	 mice	 by	
expressing	the	wild-type	gene	in	critical	organs	such	as	skeletal	muscle,	brain,	
heart,	liver	and	retina.	In	the	context	of	mitochondrial	disease	models,	several	
serotypes	of	adeno-associated	viral	(AAVs)	vectors	have	been	tested309,310	such	
as	AAV2,	administered	by	 local	 injections	 to	correct	 the	myopathy	associated	
with	 Ant1−/−	 mice311	 or	 AAV2/8	 expressing	 a	 recombinant	 construct	 from	
human	Ethe1wt	in	Ethe1−/−mice312.	In	addition,	AAV2/8	was	also	tested	in	other	
disorders	 like	 MNGIE,	 both	 on	 Tymp-/-	 mice313	 and	 on	 patients314.	 Other	
serotypes	 like	 AAV5	 and	 AAV2	 were	 tested	 in	 in	 liver315	 and	 retina316,	
respectively.	 On	 the	 other	 hand,	 other	 strategy	 proposes	 to	 correct	 mtDNA	
mutation	 by	 using	 allotropic	 expression,	 which	 consists	 of	 expressing	 a	
recombinant	 wild-type	 protein	 in	 the	 nuclear	 genome	 with	 a	 mitochondrial	
targeting	 sequence	 (MTS).	 This	 method	 was	 tested	 in	 fibroblasts	 carrying	
mutations	 in	ND1,	ND4	and	ATP6	genes317–319	and	 in	a	rat	model	of	LHON320.	
Due	 to	 the	 fact	 that	 the	mitochondrial	 transport	 of	 recombinant	 protein	 not	
always	 successes,	 other	 alternative	 strategies	 have	 been	 proposed	 with	
promising	results.		Protein	nucleic	acids	(PNAs)	are	hybrid	synthetic	DNA-like	
molecules	that	links	to	DNA	sequences	with	greater	affinity	than	natural	DNA	
sequences.	 PNAs	 complementary	 to	 the	 mtDNA	 containing	 the	 8344A>G	
MERRF	mutation	 in	mt-tRNALys	was	 imported	 into	mitochondria,	where	 they	
inhibited	 the	 replication	 of	 mutant	 but	 not	 wild	 type	 mtDNA321.	 Finally,	 the	
allotopical	 expression	 in	 nuclei	 of	 tRNAs	 and	mRNAs	 and	 transported	 to	 the	
mitochondria	through	a	specialized	system	of	translocation	of	the	RNase	P	was	
used	to	correct	mt-tRNA	and	COII	gene	mutations	in	cell	lines322,323.		
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• Manipulating	 mtDNA	 heteroplasmy.	 Therapeutic	 approaches	 to	 reduce	
heteroplasmic	mutations	of	mtDNA	were	successfully	tested	in	cellular	models	
by	 targeting	 to	 mitochondria	 recombinant	 restriction	 endonucleases324–326,	
zinc	 finger-endonucleases	 (ZFNs)327	 or	 transcription	 activator-like	 effectors	
nucleases	(TALENs)328.	Some	examples	of	mitochondrially	targeted	restriction	
enzymes	are	a	recombinant	form	of	SmaI	 to	reduce	the	8399T>G	mutation	in	
NARP	disorder329	and	ApaL1	in	NZB/BalbC	heteroplasmic	mice330,331.	Whereas	
restriction	 endonucleases	 need	 to	 recognise	 restriction	 site	 generated	 by	
mutations,	ZFNs332,333	and	TALENs328	can	recognise	multiple	sequences.	In	the	
three	cases,	a	reduction	of	mtDNA	content	takes	place	as	a	consequence	of	the	
elimination	of	mutant	copies,	however,	the	mtDNA	content	is	restored	by	wild-
type	mtDNA	replication327.	

• Stabilizing	 mutant	 mt-tRNA.	 MELAS	 or	 MERRF	 syndromes	 are	 caused	 by	
mtDNA	mutations	 localised	 in	 tRNA	 genes.	 In	 order	 to	 attenuate	 these	 point	
mutations,	 some	 therapeutic	 approaches	 try	 to	 overexpress	 aminoacyl-tRNA	
synthetases	 (aaRSs),	 which	 are	 in	 charge	 of	 the	 attach	 between	 the	 specific	
tRNA	and	their	amino	acids334.	For	instance,	overexpression	of	mt-leucyl-tRNA	
synthetase	 (mt-LeuRS)	 restored	 the	 MRC	 deficiency	 of	 transmitochondrial	
cybrids	 harbouring	 the	 MELAS	 mutation	 in	 the	 mt-tRNALeu(UUR)	 gene	
(MTTL1)335	 and	 mt-valyl-tRNA	 synthetase	 (mt-ValRS)	 ameliorated	 defects	 in	
the	cybrids	with	mutated	mt-tRNAVal336.	On	the	other	hand,	in	yeast	some	mt-
tRNA	 can	 also	 be	 synthesised	 by	 nuclear	 genome	 and	 then	 imported	 into	
mitochondria.	 Some	 experiments	 with	 human	 cells	 expressing	 the	 yeast	
version	 of	 nuclear-encoded	 tRNA	 achieved	 to	 restore	 mitochondrial	
dysfunction	derived	from	MERRF337	and	Kearns-Sayre	syndromes338.	

• Targeting	 fission	 and	 fusion.	 Alterations	 in	 the	 genes	 encoding	 fusion	 and	
fission-related	 proteins	 lead	 to	 disease	 in	 humans	 such	 the	 autosomal	
dominant	 optic	 atrophy	 (OPA1	 mutations)339	 and	 Charcot–Marie–Tooth	
disease	 type	 2A	 	 (MFN2	 mutations)340.	 Some	 approaches	 propose	 to	
overexpress	 OPA1,	 which	 improved	 fusion	 of	 IMM	 and	 stabilisation	 of	
supercomplexes341.	 On	 the	 other	 hand,	 pharmacological	 treatments	 are	 been	
tested	like	MDIVI-1342	and	M1-hydrazone343,	which	seem	to	regulate	fusion	and	
fission.	

• Bypassing	 the	 block	 of	 the	 respiratory	 chain.	 OXPHOS	 system	 is	 often	
blocked	in	mitochondrial	diseases	by	particular	deficiencies	in	MRC	complexes.	
NADH	 dehydrogenase/CoQ	 reductase	 (Ndi1),	 which	 substitutes	 complex	 I	 in	
yeast,	and	CoQ/O2	alternative	oxidase	(AOX),	which	bypasses	complexes	III	and	
IV	in	plants,	can	be	alternatively	used	in	human	for	bypassing	the	blockage,	but	
without	 pumping	 protons	 across	 the	membrane	 and	without	 increasing	 ATP	
production	directly344–346.	

• Somatic	nuclear	transfer.	Given	the	difficulty	of	using	gene	therapies	in	adult	
patients	 harbouring	 mtDNA	 mutations,	 prenatal	 or	 pre-implantation	 genetic	
diagnosis	 (PGD)	 seem	 to	 be	 the	 available	way	 to	 avoid	 inheriting	pathogenic	
mtDNA	mutations.	 Recent	 studies	 in	 non-human	 primates347	 and	 non-viable	
human	embryos348,349	have	demonstrated	the	viability	of	replacing	the	mutated	
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maternal	 mtDNA	 with	 that	 obtained	 from	 a	 healthy	 woman,	 by	 transferring	
either	 the	 spindle-chromosomal	 complex	of	mature	oocytes,	 or	 the	pronuclei	
during	the	pre-zygotic	stage	of	fertilized	egg.	A	child	born	by	these	procedures	
will	carry	the	nuclear	genes	of	the	affected	mother	(and	healthy	father)	but	the	
healthy	mitochondrial	genes	of	the	donor.		
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I-III.	MELAS	syndrome	

Pathogenesis	
ince	 1984,	 the	 syndrome	 of	 mitochondrial	 encephalopathy,	 lactic	 acidosis,	 and	
stroke-like	episodes	(MELAS)	has	been	one	of	the	most	useful	model	to	study	the	

complex	 interplay	 of	 factors	 that	 define	 mitochondrial	 disease350.	 Ever	 since	 Holt	
described	 the	 first	 pathogenic	mtDNA	mutations351,	more	 than	 200	 disease-causing	
point	mtDNA	mutations	have	been	 reported352,	 29	 of	which	 associated	with	MELAS	
syndrome240,353.	 The	 pathogenesis	 of	 MELAS	 syndrome	 is	 closely	 related	 to	 the	
mutations,	 which	 often	 disrupt	 mitochondrial	 protein	 synthesis	 and	 lead	 to	 a	
decreased	activity	of	 the	MRC	components	and	a	subsequent	ATP	deficiency.	 	These	
energy	imbalances	generate	a	shifting	into	the	cells	to	alternative	metabolic	pathways,	
resulting	in	the	accumulation	of	metabolic	by-products	like	lactate	(lactic	acidosis)240,	
that	 cause	 cellular	 injury	 and	 tissue	 damage354.	Normally,	 in	 order	 to	 rebalance	 the	
energy	 supply,	 MRC	 deficiencies	 are	 accompanied	 by	 a	 compensatory	 increase	 of	
mitochondrial	mass	observed	as	RRFs.	Moreover,	in	the	absence	of	a	proper	electron	
transport	in	MRC	system,	toxic	ROS	are	accumulated	exacerbating	cellular	damage24.	
Abnormal	 calcium	 levels	due	 to	 the	 incapacity	 to	 control	proper	 calcium	 influx	may	
cause	neuronal	injury	and	contribute	to	the	central	nervous	system	impairment	in	the	
disease355.	 Indeed,	 failure	 of	 energy-dependent	 ion	 transport	 in	 the	 context	 of	
defective	 OXPHOS	 system	 may	 result	 in	 increased	 extracellular	 potassium	 or	
glutamate	 within	 the	 synaptic	 cleft,	 driving	 neuronal	 hyperexcitability	 and	 the	
development	of	the	clinical	phenotype	with	prolonged	seizures,	migraines	and	stroke-
like	 episodes356.	 Other	 theories	 point	 to	 nitric	 oxide	 that	 can	 displace	 heme-bound	
oxygen	 and	 decrease	 oxygen	 availability	 to	 the	 tissues.	 High	 cytochrome	 c	 oxidase	
levels	may	lead	to	stroke-like	symptoms	because	they	produce	a	relative	shortage	of	
nitric	 oxide	 with	 consequent	 inhibition	 of	 cerebral	 vasodilation.	 A	 possible	
dysfunction	in	nitric	oxide	production	and	catabolism	might	result	in	angiopathy	and	
stroke-like	 episodes	 observed	 in	 MELAS	 syndrome357.	 	 Likewise,	 the	 inability	 of	
dysfunctional	 mitochondria	 to	 generate	 sufficient	 ATP	 along	 with	 the	 nitric	 oxide	
deficiency	 may	 be	 behind	 the	 myopathic	 manifestations	 of	 this	 syndrome.	 In	 fact,	
decreased	 nitric	 oxide	 availability	 can	 lead	 to	 impaired	 basal	 muscular	 perfusion	
resulting	in	a	limited	availability	of	nutrients	like	amino	acids	in	tissues	that	decreases	
muscle	protein	synthesis	contributing	to	the	myopathy	and	muscle	wasting	observed	
in	MELAS	syndrome358,359.	On	the	other	hand,	diabetes	developed	in	MELAS	syndrome	
can	 be	 due	 to	 several	 defects	 in	 insulin	 and	 glucose	 metabolism	 including	 insulin	
deficiency,	increased	gluconeogenesis,	and	insulin	resistance360.			

In	 addition,	MELAS	 syndrome	 is	 renowned	by	 its	 variable	phenotype,	 from	patients	
with	 the	whole	 spectrum	of	 symptoms	 to	 asymptomatic	 individuals.	 Between	 these	
two	 extremes,	 intermediate	 phenotypes	 exist	 including	 single	 organ	 involvement	
(cardiomyopathy)	and	multi-organ	 involvement	 (myopathy,	diabetes,	 and	deafness).	
This	wide	variety	of	phenotypes	seems	to	be	associated	with	heteroplasmy	load	and	
the	tissue	affected.	Indeed,	heteroplasmy	load	seems	to	correlate	with	oxygen	uptake	
and	 workload,	 resting	 plasma	 lactate,	 and	 muscle	 morphology	 abnormalities	 in	
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individuals	 with	 MELAS	 syndrome.	 Interestingly,	 the	 threshold	 of	 muscle	 mutation	
load	seems	to	be	about	50%361.	

	

Genetics	
he	 complexity	 of	mitochondrial	 genetics	 is	made	manifest	 through	 the	 study	 of	
MELAS	 syndrome.	 The	 molecular	 basis	 of	 MELAS	 syndrome	 was	 initially	

discovered	 in	 1990	 when	 an	 adenine	 to	 guanine	 transition	 at	 position	 3243	
(m.3243A>G)	 of	 mtDNA	 was	 associated	 with	 this	 syndrome362,363.	 Specifically,	 this	
mutation	 affects	 the	 MT-TL1	 gene	 encoding	 a	 transference	 RNA	 for	 leucine	
(tRNAleu(UUR)).	 The	 m.3243A>G	 mutation	 impairs	 termination364,	 pre-processing365,	
aminoacylation366	 and	 conformation367	 of	 the	 normal	 tRNAleu(UUR),	 which	 ultimately	
reduces	 the	 synthesis	 of	mitochondrial	 proteins.	 In	 particular,	m.3243A>G	 disrupts	
the	 taurinomethylation	 at	 the	 C5	 position	 of	 wobble	 uridine	 (tm5U;	 5-
taurinomethyluridine),	 which	 enables	 the	 double	 recognition	 and	 decoding	 of	 UUA	
and	UUG	codons.	The	altered	tRNAleu(UUR)	affects	severely	the	UUG	translation	but	do	
not	repress	the	UUA	translation368,369	(Figure	I10).		

	

Figure	 I10.	Proposed	molecular	pathogenesis	caused	by	 the	wobble	modification	deficiency	of	
mutant	 tRNAs	 associated	 with	 MELAS	 syndrome.	 The	 pathogenic	 point	 mutation	 m.3243A>G	
impairs	 the	 wobble	 modification	 of	 the	 mutant	 tRNA	 and	 the	 pattern	 of	 codon	 recognition.	
Adapted	from	Kirino,	Y.	&	Suzuki,	T	(2005)369.	

The	lack	of	the	modification	subsequently	causes	a	UUG-codon–specific	translational	
defect,	possibly	leading	to	a	translational	depression	of	protein	rich	in	UUG	codons	in		
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Table	 I1.	 MELAS-associated	 mutations	 in	 mtDNA.	 aPEM,	 Progressive	 encephalomyopathy;	
bNAION,	 Non-arteritic	 anterior	 ischemic	 optic	 neuropathy.	From	 Sproule,	 D.	M.	 &	 Kaufmann,	 P	
(2008)240.	
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mitochondria,	 like	 ND6	 subunit	 of	 respiratory	 chain	 complex	 I	 (NADH-coenzyme	 Q	
reductase)369,370,	which	contains	eight	UUG	codons	that	constitute	42.1%	of	the	total	
leucine	 codons368.	 Thus,	MELAS	 disease	 is	 often	 associated	with	 a	 general	 defect	 in	
mitochondrial	 protein	 synthesis	 and	 severe	 mitochondrial	 respiratory	 chain	
defects274,371.	

Apart	from	m.3243A>G	mutation,	which	is	found	in	80%	of	patients,	MELAS	is	indeed	
a	polygenetic	disorder	associated	with	up	to	29	specific	point	mutations	(Table	I1).	In	
addition	 to	 at	 least	 seven	 identified	 point	mutations	 in	 the	mitochondrial	 tRNA(Leu)	
gene,	mutations	affecting	other	mitochondrial	tRNA	genes	(His,	Lys,	Gln,	and	Glu)	and	
protein-coding	 genes	 (MT-ND1,	MT-CO3,	MT-ND4,	MT-ND5,	MT-ND6,	 and	MT-CYB)	
have	 been	 associated	 with	 the	 MELAS	 syndrome372.	 Moreover,	 mutations	 in	 the	
nuclear	 gene	 POLG	 encoding	 the	mitochondrial	 DNA	 polymerase	 gamma	 have	 been	
associated	with	a	MELAS-like	phenotype373.	

	

Diagnostics	
he	 incidence	 of	 mitochondrial	 diseases	 seems	 to	 vary	 depending	 on	 the	
methodology,	 geography,	 and	 subject	 group	 analysed.	 In	 fact,	 several	 studies	

reported	 prevalences	 of	 0.2	 per	 100,000	 in	 Japan374	 and	 18.4	 per	 100,000	 in	
Finland375	 for	 MELAS	 syndrome.	 However,	 other	 studies	 considering	 the	 wide	
spectrum	ranging	of	MELAS	patients	(from	asymptomatic	carriers	to	severely	affected	
individuals)	established	that	the	absolute	prevalence	of	the	m.3243A>G	mutation	can	
reach	60	per	100,000	individuals	in	the	general	population376.			

MELAS	 syndrome	 is	 characterised	by	normal	 early	development	and	 the	absence	of	
symptom	after	birth.		The	energy	output,	although	abnormal,	is	sufficient	to	meet	the	
body’s	requirements.	However,	once	the	metabolic	demands	exceed	the	energy	supply	
available	 from	the	defective	mitochondria,	symptoms	make	their	appearance377.	The	
age	of	onset	of	the	syndrome	is	variable,	ranging	from	younger	than	2	years	to	older	
than	 60	 years,	 although	most	 patients	 develop	 their	 first	 symptoms	 before	 than	 20	
years240,378.	 Since	 the	 initial	 description	 of	 MELAS	 syndrome350,	 there	 has	 been	 an	
expansion	 of	 the	 clinical	 phenotype	 to	 include	 overlap	 syndromes.	 In	 order	 to	
distinguish	 MELAS	 syndrome	 from	 other	 mitochondrial	 pathologies,	 diagnostic	
criteria	were	published	indicating	that	the	clinical	diagnosis	of	this	syndrome	is	based	
on	the	following	three	invariant	criteria:	1)	stroke-like	episodes	before	age	40	years,	
2)	encephalopathy	characterized	by	seizures	and/or	dementia,	and	3)	mitochondrial	
myopathy	evident	by	lactic	acidosis	and/or	ragged-red	fibers379.	More	recently,	other	
diagnostic	 criteria	 were	 published	 by	 which	 the	 diagnosis	 is	 considered	 definitive	
with	at	 least	two	category	A	criteria	(headaches	with	vomiting,	seizures,	hemiplegia,	
cortical	 blindness,	 and	 acute	 focal	 lesions	 in	 neuroimaging)	 and	 two	 category	 B	
criteria	(high	plasma	or	cerebrospinal	fluid	(CSF)	lactate,	mitochondrial	abnormalities	
in	 muscle	 biopsy,	 and	 a	 MELAS-related	 gene	 mutation)374.	 Diagnosis	 of	 MELAS	
syndrome	 is,	 therefore,	based	 in	a	 combination	of	 radiologic	 images,	 laboratory	and	
genetic	tests,	and	biopsies380:	
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• Radiographic	 features.	 Stroke-like	 episodes	 can	 be	 detected	 using	Magnetic	
resonance	(MR)	techniques.	Even	though	MR	angiography	is	typically	normal,	
the	 MR	 imagining	 of	 patients	 with	 MELAS	 show	 asymmetric	 lesions	 of	 the	
occipital	and	parietal	lobes	that	usually	fail	to	correspond	to	a	defined	vascular	
territory,	 indicating	 that	 the	 stroke-like	 episodes	 are	 nonthrombotic379.	 MR	
spectroscopy	 permits	 in	 vivo	 evaluation	 of	 brain	 metabolism	 by	 detecting	
abnormalities	like	a	N-acetyl	aspartate	signal	decrease	and	the	accumulation	of	
lactate.	There	is	a	general	consensus	that	a	lactate	peak	represents	a	sensitive	
metabolic	marker	of	disease240,381.	

• Lactate	 levels	 analysis.	 One	 of	 the	 nearly	 absolute	 findings	 in	 MELAS	
syndrome	is	the	elevation	of	 lactate	levels	 in	both	the	cerebrospinal	fluid	and	
the	 serum.	 In	 fact,	 lactate	 levels	 seem	 to	 correlate	 with	 the	 degree	 of	
neuropsychological	and	neurologic	impairment382.	Although	the	serum	lactate	
level	 remains	 normal	 during	 early	 stages	 of	 the	 disease,	 it	 increases	 as	 the	
disease	progresses	and	is	elevated	in	greater	than	90%	of	patients240,355,380,383.		

• Muscle	 biopsy.	 At	 histologic	 level,	 the	 examination	 of	 muscle	 tissue	 can	 be	
performed	 through	 haematoxylin	 and	 eosin	 staining,	 Gomori	 trichrome	
staining,	succinate	dehydrogenase	(SDH)	stain	and	cytochrome	c	oxidase	(COX)	
stains.	These	techniques	allow	detecting	abnormal	mitochondrial	proliferation	
or	 RRFs.	 At	 biochemical	 level,	 the	 mutations	 in	 MELAS	 syndrome	 most	
commonly	disrupt	mitochondrial	protein	 synthesis,	which	 leads	 to	decreased	
activity	 of	 the	 components	 of	 the	 respiratory	 chain.	 At	 least	 42%	of	 patients	
with	MELAS	syndrome	show	a	decrease	 in	 the	activity	of	complex	 I,	 followed	
by	29%	with	dysfunctions	of	complex	III	and	23%	in	complex	IV239,240,384,385.	

• Molecular	 diagnostics.	 The	 percentage	 of	 heteroplasmy	 for	 a	 particular	
mtDNA	mutation	may	vary	widely	at	biopsy,	depending	on	the	specific	 tissue	
sampled240,386.	 Blood	 leukocyte	 samples	 for	 the	mutation	 are	not	particularly	
sensitive	 compared	 to	 urinary	 sediment,	 skin	 fibroblasts	 or	 buccal	 mucosa,	
which	carry	a	higher	mutant	load355,387.	Multiple	methods	based	on	polymerase	
chain	 reaction	 (PCR)	 techniques	 have	 been	 reported	 for	 detection	 and	
quantification	 of	 heteroplasmy.	 Along	 these,	 some	 examples	 include	 PCR	
associated	 with	 restriction	 assays	 (PCR–restriction	 fragment	 length	
polymorphism)	 followed	 by	 gel	 electrophoresis	 and	 laser	 densitometric	
scanning	 of	 gel	 photo388,	 PCR	 with	 peptide	 nucleic	 acid	 clamp	 and	
sequencing389,	 PCR	with	 subsequent	 hybridization	 using	 a	 radioactive	 allele-
specific	 oligonucleotide	 probe390,	 quantitative	 real-time	 PCR	 with	 allele-
specific	 primers391,	 and	PCR	with	 a	 fluorescence-labelled	 primer	 followed	by	
restriction	 enzyme	 digestion,	 separation,	 and	 detection	 by	 capillary	
electrophoresis392.	 More	 recently,	 interesting	 advances	 include	 the	 use	 of	
pyrosequencing	 techniques393,	 the	 detection	 of	 mutation	 in	 a	 single	
mitochondria394,	 the	 use	 of	 locked	 nucleic	 acid	 modified	 primers395	 and	
fluorescence	 resonance	 energy	 transfer	 technology	 and	 melting	 curve	
analysis396.	
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Clinical	Manifestations	
nitial	 symptoms	 include	 muscle	 weakness,	 exercise	 intolerance,	 headaches	 and	
vomiting,	 but	 with	 age	 stroke-like	 episodes,	 seizures,	 and	 lactic	 acidosis	

predominate.	 Once	 stroke-like	 episodes	 begin,	 the	 clinical	 status	 of	 the	 patient	 is	
rapidly	aggravated	exhibiting	multiple	defects	in	numerous	organ	systems	and	tissues	
(Table	 I2)385.	 Ultimately,	 patients	 suffer	 significant	 neurologic	 deterioration	 and	
neuromuscular	 dysfunction	 that	 result	 in	 severe	 disability,	 and	 premature	 death.	
Here,	parameters	like	heteroplasmy	load	or	threshold	effect	for	key	organs	enter	the	
scene	making	difficult	 to	determine	 a	prognosis	 for	patients.	 It	 is	 estimated	 a	mean	
survival	time	of	around	6,5	years	from	disease	onset240,382.		

	
Table	 I2.	 Overall	 manifestations	 of	 MELAS	 syndrome.	 Clinical	 manifestations	 of	 MELAS	
syndrome	organized	according	to	their	prevalence.	Adapted	from	El-Hattab,	A.	W.	et	al	(2015)384.	

• Neurological	 manifestations.	 Stroke-like	 episodes	 are	 one	 of	 the	 canonical	
features	 of	 MELAS	 patients,	 which	 are	 associated	 with	 partially	 reversible	
aphasia,	cortical	vision	loss,	motor	weakness,	headaches,	altered	mental	status,	
and	 seizures.	 Neuroimaging	 studies	 show	 an	 irregular	 vascular	 distribution,	
and	 hence	 the	 term	 “stroke-like	 episodes”.	 The	 neurological	 dysfunction	 and	
the	accumulating	cortical	stroke-like	episodes	 lead	to	dementia,	which	affects	
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intelligence,	 language,	 perception,	 attention,	 and	 memory	 function.	 Seizures	
are	 tremendously	 frequent	 and	 can	 culminate	 in	 epileptic	 episodes385,397.	
Vomiting	can	precipitate	stroke-like	episodes398.	Sensorineural	hearing	loss	in	
MELAS	syndrome	is	an	early	manifestation	typically	progressive240.	Peripheral	
neuropathy	 is	 usually	 a	 chronic	 and	 progressive,	 sensorimotor,	 and	 distal	
polyneuropathy	 associated	 with	 demyelinating	 processes399.	 Other	
neurological	manifestations	 include	 learning	difficulties,	memory	impairment,	
myoclonus,	 ataxia,	 episodes	 of	 altered	 consciousness	 and	 ophthalmological	
complications	 including	 optic	 atrophy,	 pigmentary	 retinopathy,	 and	
ophthalmoplegia239,378.	Finally,	depression,	bipolar	disorder,	anxiety,	psychosis	
and	personality	changes	can	also	appear	in	MELAS	patients400.		

• Muscular	 manifestations.	 MELAS	 syndrome	 is	 characterised	 by	 myopathy	
associated	 with	 exercise	 intolerance	 and	 muscle	 weakness240.	 At	 histologic	
level,	 the	 examination	 of	 muscle	 tissue	 can	 reveal	 vacuolated	 muscle	 fibers	
with	clear	surrounding	rim	by	using	haematoxylin	and	eosin	staining,	and/or	
RRFs	 by	 using	 the	 Gomori	 trichrome	 staining.	 RRFs	 also	 stain	 with	 the	
succinate	 dehydrogenase	 (SDH)	 stain	 giving	 the	 appearance	 of	 ragged	 blue	
fibers.	Unlike	other	mitochondrial	diseases,	most	of	 the	RRFs	 in	MELAS	stain	
positively	with	the	cytochrome	c	oxidase	(COX).	In	MELAS	syndrome,	the	COX	
stain	of	muscle	tissue	can	be	decreased,	normal,	or	increased	which	may	reflect	
variable	m.3243A>G	heteroplasmy	 in	different	muscle	 fibers	 (Figure	 I11)384.	
In	addition,	mitochondrial	proliferation	is	typically	observed	in	smooth	muscle	
and	 endothelial	 cells	 with	 the	 SDH	 stain.	 At	 biochemical	 level,	 analysis	 of	
respiratory	 chain	 enzymes	 in	muscle	 extracts	 usually	 shows	multiple	 partial	
defects239,240,384.	

	

Figure	I11.	Histopathologic	examination	of	muscle	tissues	derived	from	MELAS	patients.	Arrows	
indicates	 ragged	 red	 fiber	 with	 modified	 Gomori	 trichrome	 and	 cytochrome	 c	 oxidase	
histochemistry,	respectively.	Adapted	from	El-Hattab,	A.	W.	et	al	(2015)384.	

• Lactic	 acidemia.	 As	 commented,	 along	 with	 neuropathic	 and	 myopathic	
features,	 lactic	 acidemia	 is	 other	 cardinal	 sign	 present	 in	 affected	 MELAS	
individuals.	Whereas	asymptomatic	patients	of	MELAS	syndrome	can	present	
normal	 levels	 of	 lactate	 in	 serum	 or	 cerebrospinal	 fluid,	 lactate	 is	 often	
elevated	in	the	majority	of	affected	individuals239,378.		

• Cardiac	manifestations.	 Cardiac	 abnormalities	 like	 congestive	 heart	 failure,	
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cardiac	 conduction	 blockage	 or	 hypertrophic	 cardiomyopathies	 occur	 in	
around	 20%	 of	 MELAS	 patients.	 Non-obstructive	 concentric	 hypertrophy240	
and	 others	 cardiac	 conduction	 abnormalities	 like	 Wolff–Parkinson–White	
syndrome	has	been	also	associated	with	MELAS	syndrome401.	

• Gastrointestinal	 manifestations.	 Recurrent	 or	 cyclic	 vomiting	 is	 the	 most	
common	observed	gastrointestinal	alteration	 in	MELAS	syndrome.	Diarrhoea,	
constipation,	gastric	dysmotility,	 intestinal	pseudo-obstruction,	and	recurrent	
pancreatitis	have	also	been	reported	in	MELAS	syndrome240,402.		

• Endocrine	manifestations.	Diabetes	in	MELAS	syndrome	manifests	in	30%	of	
individuals	 and	 can	 be	 type	 1	 or	 type	 2	 in	 nature.	Whereas	 individuals	with	
type	 2	 diabetes	 can	 initially	 be	 treated	 by	 diet	 or	 sulfonylurea,	 patients	with	
insulinopenia	require	insulin	treatment403.	On	the	other	hand,	individuals	with	
MELAS	 syndrome	 present	 a	 shorter	 stature	 than	 their	 unaffected	 family	
members	 likely	 due	 to	 a	 growth	 hormone	 deficiency,	which	 has	 occasionally	
been	 found	 in	 individuals	 with	 MELAS	 syndrome240,404.	 In	 fact,	 cases	 of	
hypothyroidism,	 hypogonadotropic	 hypogonadism,	 and	 hypoparathyroidism	
have	been	detected	in	MELAS	patients405.		

• Other	 manifestations.	 Renal	 manifestations	 of	 MELAS	 syndrome	 include	
Fanconi	 proximal	 tubulopathy,	 nephrotic	 range	 proteinuria,	 and	 focal	
segmental	 glomerulosclerosis406.	 Pulmonary	 hypertension	 has	 been	 rarely	
reported	 in	 individuals	with	MELAS	syndrome407,408.	At	dermatological	 levels,	
vitiligo	 and	 diffuse	 erythema	 with	 reticular	 pigmentation,	 are	 infrequently	
manifested	 in	MELAS	 syndrome409,410.	 Finally,	 chronic	 anaemia	has	been	 also	
detected	in	individuals	with	MELAS	syndrome411.	
	

Pharmacological	options	
urrently,	 no	 curative	 treatments	 are	 available	 for	 mitochondrial	 diseases.	 In	
particular	for	MELAS,	no	therapeutic	protocol	has	been	approved	by	the	Food	and	

Drug	 Administration	 (FDA).	 So	 far,	 symptomatic	 management	 with	 mitochondrial	
cocktails	derived	from	limited	clinical	trials	seem	to	form	the	basis	of	therapeutic	care	
for	MELAS	patients.	In	fact,	multiple	pharmacologic	options	have	been	tested,	but	with	
differing	 levels	of	 success.	Most	 treatment	 strategies	 for	mitochondrial	disease	have	
been	designed	to	increase	respiratory	chain	activity	and	mitigate	its	dysfunction;	and	
indeed	several	supplementations,	including	antioxidants	and	cofactors,	are	being	used	
in	 MELAS	 syndrome	 based	 on	 limited	 clinical	 trials355,385.	 In	 Table	 I3	 the	 current	
treatments,	dosage	and	mechanism	for	MELAS	syndrome	are	summarised240,385.	Here	
below,	we	highlight	some	of	them:	

• Coenzyme	Q10.	Since	Festenstein	and	Crane	discovered	CoQ	in	1955412,413,	multiple	
contributions	has	been	made	about	 its	biosynthesis	and	functions.	Coenzyme	Q10	
(CoQ)	is	a	lipid-soluble	and	mobile	molecule	present	in	cell	membranes,	mainly	in	
the	 inner	 mitochondrial	 membrane	 where	 plays	 a	 prominent	 role	 in	 the	
mitochondrial	 respiratory	 chain.	 CoQ	 is	 an	 essential	 intermediate	 transferring	
electrons	 from	 complex	 I	 and	 II	 to	 complex	 III	 resulting	 in	 the	 proton	 gradient	
whereby	 ATP	 synthase	 generates	 ATP.	 Thus,	 CoQ	 participates	 in	 every	 cell	 to	
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synthesise	 energy.	 In	 addition	 to	 electron	 carrier,	 CoQ	 works	 as	 a	 ROS	
scavenger414,415.	CoQ	molecule	continuously	suffers	an	oxidation–reduction	cycle.	
In	 its	 reduced	 form,	 the	 CoQ	 can	 lose	 electrons	 which	 are	 accepted	 by	 reactive	
molecules	preventing	oxidative	damage	and	lipid	peroxidation416.	The	presence	of	
CoQ	has	been	demonstrated	in	all	cell	membranes	and	in	blood	where	it	is	endued	
with	 antioxidant	 properties417.	 CoQ	 was	 also	 recognized	 to	 have	 a	 role	 in	
stabilisation	of	the	mitochondrial	permeability	transition	pore418	and	an	effect	on	
gene	expression419,420.	Moreover,	CoQ	can	stimulate	cell	growth,	inhibit	apoptosis,	
control	 of	 thiol	 groups,	 form	 hydrogen	 peroxide	 and	 control	 of	 membrane	
channels421–423.	 Since	 1989,	multiple	 CoQ	deficiencies	 have	 been	 associated	with	
alterations	 in	 MRC	 and	 severe	 manifestations	 in	 patients249,369,414,424–429.	 Some	
studies	showed	beneficial	effects	on	muscle	weakness,	fatigability,	and	lactate	level	
for	 CoQ	 in	 individuals	 with	 MELAS	 syndrome430,431	 and	 so	 far,	 no	 significant	
adverse	 reactions	 have	 been	 reported.	 Other	 potential	 effects	 of	 CoQ	 include	 a	
reduction	 of	 serum	 lactate	 and	 pyruvate	 levels,	 improvement	 in	 cardiac	
conduction	 defects	 and	 eye	 movements,	 reduced	 muscle	 weakness,	 improved	
tolerance	 and	 oxygen	 utilization	 during	 exercise,	 reduced	 peripheral	 nerve	
damage,	 and	 improved	 neurologic	 function432.	 Molecular	 mechanisms	 whereby	
CoQ	 induces	 pleiotropic	 effects	 has	 yet	 to	 be	 completely	 understood433.	 Recent	
studies	suggested	 that	CoQ	might	participate	 in	AMPK	activation434–438,	however,	
how	CoQ	induces	AMPK	activation	is	unclear.	The	dosage	ranges	between	200-600	
mg/day	in	adults	and	2-15	mg/kg/day	in	paediatric	patients355,439.	Patients	taking	
statins	 may	 require	 higher	 doses	 because	 CoQ	 biosynthesis	 is	 reduced	 by	
statins440.	Interestingly,	the	ability	of	CoQ	to	cross	the	blood–brain	barrier	seem	to	
be	controversial.	Nearly	all	CoQ	supplements	enter	the	bloodstream.	But,	only	CoQ	
supplements	with	special	formulations	have	been	scientifically	shown	to	enter	the	
mitochondria	and	cross	the	blood-brain	barrier441.	On	the	other	hand,	its	analogue,	
idebenona,	can	cross	it	and	improve	neurological	complications442,443.	

• Riboflavin.	 Riboflavin	 (vitamin	 B2)	 is	 often	 considered	 first-line	 agents	 in	 the	
treatment	 of	 MELAS	 syndrome385.	 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	
dehydrogenases444	and	function	as	cofactors	 in	complexes	I	and	II	of	 the	MRC432.	
By	 increasing	 these	 substrates,	 the	 process	 of	 oxidative	 phosphorylation	 can	 be	
increased	to	ultimately	enhance	ATP	production385.	In	addition,	riboflavin	also	has	
antioxidant	 activity	which	 is	mainly	 derived	 from	 its	 role	 as	 a	 precursor	 of	 FAD	
and	 reduced	 glutathione445,	 a	 cofactor	 of	 a	major	 antioxidant	 enzyme,	 selenium-
containing	glutathione	peroxidase.	Oral	doses	in	adult	and	children	range	from	50-
400	mg/day.	Whereas	no	adverse	reaction	with	doses	less	than	200	mg/day	was	
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DIFFERENTIAL	PATHOPHYSIOLOGY	IN	MELAS	SYNDROME	

68	
	

reported,	 higher	 doses	 can	 lead	 to	 abdominal	 pain,	 nausea,	 and	
vomiting295,355,385,432.		

• AICAR.	Even	though	no	reported	in	Table	I3	as	treatment	for	MELAS	patients,	
5-aminoimidazole-4-carboxamide	 1-b-D-ribofuranoside	 (AICAR)	 is	 being	
recently	used	 to	 increase	oxidative	metabolism	and	mitochondrial	biogenesis	
in	 mice209,446,447,	 and	 presumably	 might	 benefit	 patients	 of	 mitochondrial	
diseases.	 AICAR	 is	 an	 AMP	 analogue	 that	 activates	 allosterically	 AMPK209.	
AICAR	is	transported	into	cells	by	adenosine	transporters	and	metabolized	by	
adenosine	 kinase	 to	 5-aminoimidazole-4-carboxamide	 1-b-D-ribofuranosyl	
monophosphate	 (ZMP),	 which	 mimics	 all	 the	 effects	 of	 AMP	 on	 the	 AMPK	
system448.	 ZMP	 then	 functions	 like	 endogenous	 AMP	 by	 binding	 to	 the	
CBS/Bateman	domains	of	γ	subunits	and	promoting	allosteric	activation	of	the	
kinase449.	The	action	mechanism	of	AICAR	is	similar	to	that	of	AMP:	it	interacts	
with	AMPK	through	the	AMP-binding	domain	with	the	formation	of	hydrogen	
bonds	by	the	hydroxyl	groups	of	the	ribose	moiety450.	Importantly,	AICAR	does	
not	 alter	 endogenous	 levels	 of	 AMP	 or	 ATP451	 but	 can	 activate	 other	 AMP-
sensitive	 enzymes,	 including	 glycogen	 phosphorylase446	 and	 fructose-1,6-
bisphosphatase452.	Moreover,	due	 to	 its	potent	effect	as	metabolic	modulator,	
AICAR	was	 reported	 as	prohibited	drug	by	 the	World	Anti-Doping	Agency	 in	
2009453.	

• Others.	 L-arginine	 therapy	 can	 be	 beneficial	 in	 treatment	 and	 prevention	 of	
stroke-like	 episodes.	 Intravenous	 infusion	 or	 oral	 supplementation	 of	 L-
arginine	decrease	the	frequency	and	severity	of	stroke-like	episodes454,455.	The	
therapeutic	effect	of	arginine	in	stroke-like	episodes	seems	to	be	related	with	
the	increase	of	nitric	oxide	availability	that	improves	intracerebral	vasodilation	
and	 blood	 flow.	 Citrulline	 supplementation	 to	 MELAS	 patients	 also	 induces	
nitric	 oxide	 production,	 therefore,	 citrulline	 emerges	 as	 possible	 therapeutic	
treatment456.	Creatine	is	metabolized	to	phosphocreatine,	which	is	an	essential	
phosphate	 donor	 for	 ATP	 regeneration	 in	 muscle	 and	 brain.	 Creatine	
monohydrate	supplementation	seems	to	increase	the	strength	of	high-intensity	
anaerobic	 and	 aerobic	 activities	 in	 individuals	 with	 MELAS	 syndrome	 and	
other	mitochondrial	cytopathies457.	Other	therapies	including	the	combination	
of	 creatine	 monohydrate,	 CoQ,	 and	 lipoic	 acid	 resulted	 in	 improved	 muscle	
strength	and	lower	plasma	lactate	in	MELAS	individuals458.	On	the	other	hand,	
hearing	loss	has	been	treated	by	surgery	with	cochlear	implants459.	Traditional	
anticonvulsant	 and	 analgesic	 drugs	 can	 be	 used	 for	 seizures	 and	 headaches,	
respectively.	Cardiac	manifestation	can	be	treated	by	standard	pharmacologic	
therapy	 and	 diabetes	 can	 be	 managed	 by	 dietary	 modifications	 with	
supplementation	of	 insulin	if	required384.	Children	failing	to	thrive	often	need	
nutrition	 support	 and	 rehabilitation	 after	 stroke-like	 episodes.	 Regular	
exercise	 and	 training	 can	 induce	 mitochondrial	 biogenesis	 and	 transferring	
normal	mitochondrial	templates	from	satellite	cells	to	mature	muscle	that	may	
lower	the	mutation	heteroplasmy384,460.	
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AIMS	
	

ELAS	 is	a	mitochondrial	disease	caused	mainly	by	 the	m.3243A>G	mutation	 in	
mtDNA.	Currently,	 the	molecular	mechanisms	 involved	 in	 this	disorder	are	not	

fully	understood.	This	 thesis	arises	 from	the	pathophysiological	differences	 found	 in	
primary	 fibroblast	 derived	 from	 patients	 diagnosed	 with	 MELAS	 syndrome.	
Considering	the	interest	and	significance	of	this	differential	phenotype,	we	decided	to	
further	explore	the	physiopathological	alterations	 in	MELAS	cell	 lines.	Given	the	 low	
prevalence	of	the	disease	and	the	lack	of	effective	treatment,	cellular	models	of	MELAS	
disease	are	 indispensable	 tools	 for	both	 the	pathophysiological	 characterization	and	
the	screening	of	new	treatments.		
	
To	this	end,	we	proposed	the	following	aims:	

1. To	characterise	and	compare	 the	pathophysiology	of	primary	 fibroblasts	derived	
from	MELAS	patients	harbouring	the	m.3243A>G	mutation.		
	

2. To	 evaluate	 the	 molecular	 mechanisms	 involved	 in	 the	 different	 patterns	 of	
physiopathological	alterations	in	MELAS	fibroblasts.	
	

3. To	 confirm	 the	 physiopathological	 alterations	 in	 transmitochondrial	 cybrids	
harbouring	the	m.3243A>G	mutation.	
	

4. To	 set	 up	 a	 screening	 platform	 to	 evaluate	 the	 effectiveness	 of	 pharmacological	
compounds	for	the	treatment	of	MELAS	syndrome.		

	

	

	 	

M	
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MATERIALS	&	METHODS	
	
M-I.	Reagents	
We	purchased	the	following	antibodies	and	chemicals	from:		

• BD	Biosciences	Pharmingen	(San	Jose,	CA,	USA):	Anti-cytochrome	c	antibody.	
• Biosensis	(South	Australia,	Australia):	Anti-hATG12	antibody.	
• Bio-Rad	Laboratories	 Inc.	 (Hercules,	CA,	USA):	SDS,	 Immun	Star	HRP	substrate	

kit,	 agarose,	 Triton	 X-100,	 acrylamide/bisacrylamide,	 running	 buffer	 (TGS),	
transfer	buffer	(TG),	Tween-20	and	non	fat	dry	milk.	

• Boehringer	Mannheim	(Indianapolis,	IN,	USA):	cocktail	of	protease	inhibitors.	
• Calbiochem-Merck	 Chemicals	 Ltd.	 (Nottingham,	 UK):	 Anti-GAPDH	 monoclonal	

antibody,	clone	6C5.	
• Cell	Signalling	Technology	(Danvers,	MA,	USA):	Anti	Mn-SOD.	
• EMD,	 Millipore,	 (Darmstadt,	 Germany):	 Millipore	 Immobilon	 Western	

Chemiluminescent	HRP	Substrate.	
• Fermentas	(Burlington,	Ontario,	Canada):	Apa	I	enzyme.	
• iNtRON	Biotechnology	(Korea):	Redsafe	nucleic	acid	staining	solution.	
• Invitrogen/Molecular	Probes	(Eugene,	OR,	USA):	Monoclonal	antibodies	specific	

for	oxidative	phosphorylation,	complex	III	(Core	1	subunit),	complex	II	(30	kDa	
subunit	 I),	 MitoSOXTM,	 NaO,	 TMRE,	 MitoTracker®	 Red	 CMXRos,	 JC-1	 dye,	
LysoTracker®	 Red	 DND-99,	 Hoechst	 3342,	 ATP	 determination	 kit	 (A22066),	
ADP/ATP	 Ratio	 Assay	 Kit	 (MAK135),	 NativePAGETM	 Running	 Buffer	 and	
NativePAGETM	Cathode	Buffer.	

• Miltenyi	 Biotec	 GmbH	 (Teterow,	 Germany):	 Mitochondria	 Isolation	 Kit	 using	
magnetic	microbeads.	

• Panreac	 (Barcelona,	 Spain):	 potassium	acetate,	 2-propanol,	 ethanol,	 Sacarose,	
n-hexane,	 methanol,	 n-propanol,	 lithium	 perchlorate,	 sodium	 chloride,	 Tris-
base,	Ammonium	persulfate	(APS),	glacial	acetic	acid,	KOH	and	KCl.	

• R&D	 System	 (Minneapolis,	 MN,	 USA):	 Anti-phospho-AMPK	 and	 Anti-Phospho-
PGC-1α	AF6650.	

• Santa	 Cruz	 Biotechnology	 (Santa	 Cruz,	 CA,	 USA):	 Anti-MAP	 LC3	 (N-20),	 anti-
catalase	 (H-300),	 anti-Cathepsin	 D,	 anti-PGC-1α,	anti-mtTFA,	 anti-NFR1,	 anti-
ULK1,	anti	phospho-ULK1	and	anti-AMPK.		

• Sigma-Aldrich	 (St.	 Louis,	 MO,	 USA):	 Monoclonal	 Anti-Actin	 antibody,	 Anti-α-
tubulin	 and	 anti-porin	 antibodies,	 FCCP,	 uridine,	 riboflavin,	 compound	 C,	
Coenzyme	 Q10,	 AICAR,	 trypsin-EDTA	 solution,	 fetal	 bovine	 serum	 (FBS),	
fenol:cloromormo:IAA	 solution,	 trypan	 blue	 solution,	 digitonin,	MOPS,	 EDTA,	
sodium	 deoxycholate,	 TEMED,	 pounceau	 reagent,	 Phosphate-buffered	 saline	
(PBS),	HEPES,	MgCl2,	glycerol,	EDTA,	DTT,	PMSF,	NaF,	sodium	orthovanadate,	
paraformaldehyde,	saponin,	glutaraldehyde	and	Na	Cacodylate.	

• Vector	Laboratories	(Burlin-game,	CA,	USA):	Vectashield	mounting	medium.	
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M-II.	Fibroblast	cultures	
Samples	 from	 patients	 and	 controls	 were	 obtained	 according	 to	 the	 Helsinki	
Declarations	of	1964,	as	revised	in	2001.	Cultured	fibroblasts	were	derived	from	skin	
biopsies	 of	 several	 healthy	 donors	 and	 five	 different	 diagnosed	 MELAS	 patients	
(MELAS	 1,	 MELAS	 2,	 MELAS	 3,	 MELAS	 A	 and	 MELAS	 B).	 Genetic	 analysis	 were	
performed	 and	 all	 patients	 harboured	 the	 heteroplasmic	m.3243A>G	mutation.	 The	
heteroplasmy	load	analysis	showed	that	MELAS	1,	MELAS	2	and	MELAS	3	harboured	
higher	mutation	load	than	MELAS	A	and	MELAS	B	fibroblasts	(MELAS	1:	17%,	MELAS	
2:	 26%,	 MELAS	 3:	 43%,	 MELAS	 A:	 9%	 and	 MELAS	 B:	 4%).	 We	 verified	 that	
heteroplasmy	load	did	not	shift	significantly	during	this	work.		As	controls,	age-/sex-
matched	 fibroblasts	 at	 similar	 low	 passage	 number	 were	 derived	 from	 healthy	
volunteers.	 Overall,	 control	 data	 were	 shown	 as	 a	 mean	 of	 two	 control	 fibroblast	
cultures.	Fibroblasts	from	the	MELAS	patient	and	controls	were	cultured	at	37	°C	and	
5%	 CO2	 in	 DMEM	 containing	 4.5	 g·L-1	 glucose,	 L-glutamine,	 and	 pyruvate	
supplemented	 with	 an	 antibiotic/antimycotic	 solution	 Glucose	 (GIBCO	 Life	
technologies,	UK)	and	20%	fetal	bovine	serum.	
	
M-III.	 Construction	 and	 culture	 of	 transmitochondrial	

cybrid	cell	lines		
Transmitochondrial	 cybrids	 were	 a	 gift	 from	 Sandra	 Jackson	 from	 Department	 of	
Neurology	 of	Medical	 Faculty	 Carl	Gustav	Carus	 (Dresden	University	 of	 Technology,	
Dresden,	Germany).	Methodology	to	generate	transmitochondrial	cybrids	is	described	
below.	 Transmitochondrial	 MELAS	 cybrids	 were	 generated	 by	 fusing	 enucleated	
fibroblasts	from	MELAS	patients	or	controls	with	143B	osteosarcoma	cells	which	lack	
mtDNA	(rho°	cells),	using	the	method	described	by	King	and	Attardi	(1989)461.	These	
cells	 thus	 possess	 mtDNA	 from	 MELAS	 patients	 or	 controls	 in	 a	 control	 nuclear	
background.	 Both	 control	 cybrid	 cells	 (100%	Wt	 at	 nucleotide	 position	 3243)	 and	
MELAS	 cybrid	 cells	 harbouring	 the	 m.3243A>G	 mutation	 (89,6%	 heteroplasmy	 at	
nucleotide	position	3243)	were	cultured	at	37	°C	and	5%	CO2	in	DMEM	containing	4.5	
g·L-1	glucose,	supplemented	with	5%	FBS,	100	mg·mL-1	sodium	pyruvate,	50	µg·mL-1	
uridine	 (Sigma-Aldrich,	 St.	 Louis,	 MO,	 USA)	 and	 1%	 antibiotic/antimycotic	 solution	
(PAA	Laboratories	GmbH,	Austria).	We	verified	that	the	heteroplasmy	load	in	MELAS	
cybrids	did	not	shift	significantly	during	the	study.		
	
M-IV.	Treatments	
During	the	conduction	of	this	thesis,	both	fibroblasts	and	transmitochondrial	cybrids	
were	used	to	test	the	effect	of	several	drugs	on	pathophysiological	parameters	(60	nM	
riboflavin,	100	µM	CoQ10	and	100	µM	AICAR).	No	confluent	 fibroblast	cultures	were	
exposed	 to	 these	 drugs	 at	 37	 °C	 during	 1	 week	 whereas	 the	 cybrid	 cells	 were	
incubated	 during	 48	 hours.	 The	 pharmacological	 inhibition	 of	 AMPK	 was	 achieved	
with	 10	 µM	 compound	 C	 24	 hours	 before	 collecting	 cells	 and	 the	 pharmacological	
blockage	of	autophagic	flux	was	achieved	with	100	nM	bafilomycin	A1.	In	cybrids,	to	
make	more	 evident	 the	mitochondrial	 defects	 and	 discard	 compensatory	 effects	 by	
other	pathways,	during	treatments	they	were	cultured	in	a	glucose-restricted	medium	
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using	DMEM	2,5	g·L-1	Glucose	 (GIBCO	Life	 technologies,	UK)	supplemented	with	2%	
FBS.	
	
M-V.	Measurement	of	mutant	heteroplasmy	
Heteroplasmy	was	determined	by	PCR-RFLP.	DNA	was	extracted	from	fibroblasts	and	
cybrids	using	standard	methods.	Cellular	pellets	were	lysed	in	1%	SDS	buffer	at	65	°C	
for	30	minutes.	DNA	was	extracted	using	fenol:cloromormo:IAA	solution.	The	aqueous	
upper	 phase	 was	 extracted	 and	 DNA	 was	 precipitated	 by	 adding	 5	 M	 potassium	
acetate	and	2-propanol.	After	precipitation,	DNA	was	washed	with	ethanol	and	dried	
in	a	speed-vac	system	(Savant	SPD111V,	Thermo	Scientific).	Finally,	DNA	was	diluted	
in	TE	buffer	and	quantified	 in	a	NanoDrop	 instrument	 (Thermo	Scientific,	Waltham,	
MA,	USA).	DNA	amplification	was	performed	by	using	the	following	primers	pair:		
	

Reverse	primer:		 5’-AGTAATGTTGATAGTAGAAT-3’	
Forward	primer:		 5’-ATTTATTAATGCAAACAGTA-3’	
	

PCR	conditions	for	all	reactions	were	94	°C	for	5	minutes,	35	cycles	with	denaturation	
at	94	°C	for	35	seconds,	annealing	at	55	°C	for	35	seconds	and	elongation	at	72	°C	for	1	
minute;	1	cycle	at	72	°C	for	7	minutes,	and	a	final	hold	at	4°C.	After	PCR,	the	amplicon	
was	digested	with	Apa	I	enzyme	(Fermentas,	Burlington,	Ontario,	Canada)	for	5	hours	
at	 37	 °C	 and	 DNA	 fragments	 were	 separated	 in	 1%	 agarose	 gel.	 Gels	 stained	 with	
RedSafe	nucleic	acid	staining	solution	(iNtRON	Biotechnology,	INC.,	Korea)	and	placed	
on	 a	 UV	 light	 transilluminator.	 Digested	 products	 were	 visualized	 and	 analysed	 by	
using	ImageJ	software.	
	
M-VI.	Proliferation	assay	
Cells	were	seeded	in	6-well	35 mm plates.	Several	pictures	of	different	20X-fields	were	
taken	 by	 using	 a	 conventional	 microscope.	 Cells	 were	 counted	 by	 using	 ImageJ	
software	 before	 and	 after	 treatments	 in	 order	 to	 analyse	 cell	 growth.	 To	 measure	
proliferation	rate,	we	seed	a	known	 initial	number	of	cells	 (N0)	and	after	 treatment,	
cells	were	 harvested	 and	 quantified	 (N)	 by	 using	 a	 conventional	 Neubauer	 counter	
chamber.	 Cell	 viability	was	 assessed	by	 trypan	blue	 exclusion.	 Proliferation	 rate	 (n)	
was	calculated	by	using	the	formula	N=N0x2n.	Results	are	expressed	as	mean	±	SD.		

	

M-VII.	Lysosomal	content	assay	
Cells	were	cultured	in	6-well	35	mm	plate	until	confluence	and	incubated	for	30	
minutes	with	100	nM	LysoTracker®	Red	DND-99	(Invitrogen/Molecular	Probes),	a	
fluorophore	which	is	concentrated	in	cell	acidic	vacuoles.	After	incubation	cells	were	
then	washed	twice	with	PBS	and	harvested	by	trypsinization.	The	emitted	red	
fluorescence	was	measured	by	flow	cytometry	(FACScaliburTM,	BD	Biosciences,	San	
Jose,	CA,	USA).	Results	are	expressed	as	mean	±	SD.	
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M-VIII.	Measurement	of	intracellular	generation	of	reactive	
oxygen	species	(ROS)	

Mitochondrial	superoxide	is	generated	as	a	by-product	of	oxidative	phosphorylation.	
In	 an	 otherwise	 tightly	 coupled	 electron	 transport	 chain,	 approximately	 1–3%	 of	
mitochondrial	oxygen	consumed	is	incompletely	reduced;	those	“leaky”	electrons	can	
quickly	 interact	with	molecular	 oxygen	 to	 form	 superoxide	 anion,	 the	 predominant	
ROS	 in	 mitochondria.22–25	 Increases	 in	 cellular	 superoxide	 production	 have	 been	
implicated	 in	 cardiovascular	 diseases,	 including	 hypertension,	 atherosclerosis,	 and	
diabetes-associated	 vascular	 injuries,25–27	 as	 well	 as	 in	 neurodegenerative	 diseases	
such	as	Parkinson’s,	Alzheimer’s,	and	amyotrophic	lateral	sclerosis.22,28–31		
	
Since	 it	 is	 assumed	 that	 mitochondria	 serve	 as	 intracellular	 source	 of	 ROS,	 flow	
cytometric	 analysis	 of	 the	 intracellular	 generation	 of	 ROS	 was	 performed	 by	 using	
MitoSOXTM	 Red	 mitochondrial	 superoxide	 indicator	 (Invitrogen/Molecular	 Probes,	
Eugene,	OR,	USA),	which	 is	 a	 novel	 fluorogenic	 dye	 for	 highly	 selective	 detection	 of	
superoxide	 in	 the	 mitochondria	 of	 live	 cells.	 MitoSOXTM	 Red	 reagent	 is	 live-cell	
permeant	 and	 is	 rapidly	 and	 selectively	 targeted	 to	 the	 mitochondria.	 Once	 in	 the	
mitochondria,	 MitoSOXTM	 Red	 reagent	 is	 oxidized	 by	 superoxide	 and	 exhibits	 red	
fluorescence.	 MitoSOXTM	 Red	 reagent	 is	 readily	 oxidized	 by	 superoxide	 but	 not	 by	
other	ROS–	or	RNS–generating	 systems,	 and	oxidation	of	 the	probe	 is	 prevented	by	
superoxide	dismutase.		
	
Cells	were	cultured	 in	6-well	35	mm	plates	and,	at	confluence,	 incubated	with	5	μM	
MitoSOXTM	 Red	 for	 30	 minutes	 at	 37°C.	 After	 incubation	 cells	 were	 harvested	 by	
trypsinization,	 washed	 twice	 with	 fresh	 medium	 and	 analysed	 by	 flow	 cytometry	
(FACScaliburTM,	 BD	 Biosciences,	 San	 Jose,	 CA,	 USA).	 As	 MitoSOXTM	 Red	 has	
mitochondrial	 localization,	 ROS	 levels	were	 expressed	 relative	 to	 the	mitochondrial	
mass	(ROS	signal/NAO	signal).	Results	are	expressed	as	mean	±	SD.	
	
M-IX.	ATP	assays	
ATP	 levels	were	 quantified	 in	 two	 different	ways:	 Total	 ATP	 amount	 and	ATP/ADP	
ratio.	Firstly,	ATP	was	measured	by	using	a	kit	for	quantitative	determination	of	ATP	
(Molecular	Probes,	OR,	USA).	 Samples	were	 lysed	and	measured	 in	a	Tuner	Designs	
Luminometer	TD	20/20	(Sunnyvale,	CA,	USA)	by	adding	10%	homogenate	volume	to	
Reaction	 buffer	 (1X	 Component	 E,	 1	 mM	 DTT,	 0.5	 mM	 D-luciferin,	 1.25	 mg/ml	
luciferase).	Background	luminescence	was	always	subtracted.	First,	a	standard	curve	
was	 generated	 using	 a	 series	 of	 increasing	 ATP	 concentrations,	 and	 secondly	
experimental	 samples	 were	 measured.	 The	 amounts	 of	 ATP	 were	 calculated	
extrapolating	the	bioluminescent	signals	in	the	standard	curve.	
Moreover,	 ATP/ADP	 ratio	 was	 obtained	 by	 using	 another	 luciferase-based	 assay,	
according	to	the	adapted	instructions	of	the	manufacturer	(ADP/ATP	Ratio	Assay	Kit,	
Sigma-Aldrich).	The	assay	involves	two	steps.	First,	the	working	reagent	lyses	cells	to	
release	ATP	and	ADP.	In	the	presence	of	luciferase,	ATP	immediately	reacts	with	the	
substrate	D-luciferin	 to	 produce	 light.	 The	 light	 intensity	 is	 a	 direct	measure	 of	 the	
intracellular	 ATP	 concentration.	 To	 do	 so,	 culture	 medium	 was	 replaced	 by	 ATP	
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reagent	 (assay	 buffer,	 substract,	 co-substract,	 ATP	 enzyme)	 for	 1	 minute	 at	 room	
temperature	 and	RLU	 (relative	 light	 units)	was	 then	measured	 on	 the	 luminometer	
(RLUA).	 In	 the	 second	 step,	 the	 ADP	 will	 be	 converted	 to	 ATP	 through	 an	 enzyme	
reaction.	This	newly	formed	ATP	then	reacts	with	the	D-luciferin	as	 in	the	first	step.	
The	second	light	intensity	measured	represents	the	total	ADP	and	ATP	concentration	
in	the	sample.	Due	to	this,	after	RLUA	measure,	the	same	samples	were	incubated	for	
10	 minutes	 and	 background	 was	 measured	 (RLUB).	 Immediately	 after	 this,	 ADP	
reagent	was	added	and	after	1	minute,	 luminescence	was	again	read	(RLUC).	Finally,	
ATP/ADP	ratio	was	calculated	as	RLUA/(RLUC-RLUB).	Results	are	expressed	as	mean	±	
SD.	
	
M-X.	Mitochondrial	membrane	potential	determination	
To	estimate	mitochondrial	membrane	potential	(ΔΨm),	control	and	MELAS	fibroblasts	
were	 exposed	 to	 tetramethylrhodamine	 ethyl	 ester	 (TMRE)	 (Molecular	 Probes;	
Invitrogen,	Carlsbad,	CA,	USA).	Approximately	1	×	106	cells	were	incubated	with	100	
nM	TMRE	for	20	min	at	37°C,	trypsinized,	washed	twice	with	PBS,	resuspended	in	500	
μl	of	PBS,	and	analysed	by	 flow	cytometry	(FACScaliburTM,	BD	Biosciences,	San	 Jose,	
CA,	 USA).	 In	 addition	 of	 TMRE,	 MitoTracker®	 Red	 CMXRos	 (Invitrogen/Molecular	
Probes)	was	also	used	in	order	to	measure	ΔΨm.	Thus,	cells	were	cultured	in	6-well	35	
mm	 plates	 until	 confluence.	 Then,	 cells	 were	 treated	 for	 30	 minutes	 with	 100	 nM	
MitoTracker	reagent	and	after	incubation	cells	were	harvested,	washed	with	PBS	and	
analysed	by	flow	cytometry.	Results	are	expressed	as	mean	±	SD.	
	
Because	depolarized	or	 inactive	mitochondria	decrease	membrane	potential	and	 fail	
to	 sequester	 TMRE,	 we	 verify	 our	 results	 by	 using	 5,5’,	 6,6’-tetrachloro-1,1’3,3’-
tetraethylbenzimidazolecarbocyanine	 iodide	 (JC-1;	 Molecular	 Probes,	 Inc.,	 Eugene,	
OR).	This	cyanine	dye	accumulates	in	the	mitochondrial	matrix	under	the	influence	of	
the	ΔΨm	and	forms	J-aggregates,	which	have	a	characteristic	absorption	and	emission	
spectra.	Healthy	 cells	with	 functional	mitochondria	 contain	 red	 JC-1	 aggregates	 and	
are	 detectable	 in	 the	 FL2	 channel,	 and	 unhealthy	 cells	with	 collapsed	mitochondria	
contain	mainly	green	JC-1	monomers	and	are	detectable	in	the	FL1	channel.		For	flow	
cytometry,	control	and	MELAS	fibroblasts	were	seeded	in	6-wells	plate.	At	confluence,	
cells	 were	 incubated	 with	 0.5	 µM	 JC-1	 for	 30	 minutes.	 As	 a	 positive	 control	 for	
reduction	 of	ΔΨm,	 a	 sample	 treated	with	 the	 uncoupling	 agent	 carbonyl	 cyanide	m-
chlorophenylhydrazone	(cyanide;	100	mM;	Sigma)	before	labelling	with	JC-1.	After	the	
JC-1	 was	 removed,	 cells	 were	 washed	 with	 PBS,	 harvested	 by	 trypsinization,	 and	
resuspended	 in	 PBS.	 The	 amount	 of	 JC-1	 retained	 by	 10,000	 cells	 per	 sample	 was	
measured	at	530	nm	(FL1	channel)	and	590	nm	(FL2	channel)	with	a	flow	cytometer	
(FACScaliburTM,	 BD	 Biosciences,	 San	 Jose,	 CA,	 USA).	 The	 ratiometric	 measurement	
between	 red	 and	 green	 fluorescence	 was	 evaluated	 to	 determine	 ΔΨm	 and	 its	
behaviour.	Results	are	expressed	as	mean	±	SD.	
	
Finally,	 to	 confirm	 the	 results	of	 the	TMRE,	MitoTracker	assays	and	 JC-1,	 cells	were	
treated	 with	 MitoTracker®	 Red	 CMXRos	 at	 the	 same	 concentration	 and	
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immunostaining	was	performed.	Samples	were	visualized	using	a	DeltaVision	system	
(Applied	Precision;	Issaquah,	WA,	USA)	with	an	Olympus	IX-71	microscope.	
	
M-XI.	Mitochondrial	respiratory	chain	enzyme	activities	
Activities	 of	 NADH:coenzyme	 Q1	 oxidoreductase	 (complex	 I),	 	 Succinate	
dehydrogenase	 (complex	 II),	 cytochrome	 c	 oxidase	 (complex	 IV),	
ubiquinol:cytochrome	c	oxidoreductase	(complex	III),	NADH:	cytochrome	c	reductase	
(complex	I	+	III),	succinate:cytochrome	c	reductase	(complex	II	+	III)	were	determined	
in	cell	extracts	using	spectrophotometric	methods	previously	described462,463.	Results	
are	expressed	as	units	of	activity	(U)/citrate	synthase	activity	(CS)	(mean	±	standard	
deviation).	 Proteins	 of	 fibroblasts	 homogenates	 were	 determined	 by	 the	 Bradford	
procedure464.	
	

Digitonisation	
To	 measure	 MRC	 activities	 on	 In	 vitro	 samples,	 mitochondrial	 complexes	 need	 a	
proper	lipid	context	to	work.	To	achieve	so,	a	digitonisation	step	is	performed.	Thus,	
samples	 were	 lysed	 by	 using	 Buffer	 A	 (20	 mM	MOPS	 +	 0.25	 M	 Sacarose),	 and	 0.2	
mg/ml	digitonin	was	added	in	the	same	proportion.	Samples	were	picked	on	ice	for	5	
minutes	 and	 centrifuged	 for	 3	 minutes	 at	 5000	 g.	 	 While	 the	 supernatant	 was	
discarded,	pellet	was	resuspended	 in	Buffer	B	(20	mM	MOPS	+	0.25	M	Sacarose	+	1	
mM	EDTA).	After	5	minutes	more	on	ice,	a	10,000	g	centrifugation	for	3	minutes	was	
performed	and	supernatant	was	discarded.	Finally,	the	pellet	was	resuspended	in	10	
mM	Buffer	KP	pH	7.4.	
	

Citrate	Synthase	
Coefficient	(ε)	=	13.6	mM-1cm-1	 	 λ	=	412	nm	 	 Temperature	 =	 30	 °C	
_______________________________________________________________________________________________	
0.75	M	Tris-HCl	pH	8	 100	μl		 75	mM	
1	mM	DTNB	 	 	 100	μl		 100	μM	
1%	Triton	 	 	 100	μl		 0.1%	
7	mg/ml	Acetyl	CoA			 50	μl	 	 350	μg/ml	
Homogenate	 	 	 5	μl	
Distilled	water		 	 595	μl	
Agitation	and	incubation	for	2	minutes	at	30	°C.	
10	mM	Oxalacetate	 	 50	μl	 	 0.5	mM		
New	 agitation	 and	 incubation	 for	 30	 seconds	 before	 measuring	 wavelength	 for	 2	
minutes.	 Slope	 (Absorbance	 per	 minute	 after	 adding	 oxalacetate)	 was	 used	 to	
calculate	U/l	with	the	following	formula:	(slope	x	1000)/ε/homogenate	volume	(ml).	
To	obtain	specific	activity	to	divide	by	protein	concentration	(mg/ml).		
	



MATERIALS	&	METHODS	
	

	 	
	

83	

Complex	I	–	NADH:coenzyme	Q1	oxidoreductase	
Coefficient	(ε)	=	6.81	mM-1cm-1	 	 λ =	340	nm	 	 Temperature	 =	 30	 °C	
_______________________________________________________________________________________________	
40	mM	Buffer	KP	pH	8	 	 500	μl		 20	mM	
1	mM	NADH	 	 	 	 200	μl		 0.2	mM	
50	mM	NaN3	 	 	 	 20	μl	 	 1	mM			
1%	BSA-EDTA	 	 	 100	μl		
Homogenate	 	 	 	 50	μl	
Distilled	water	 	 	 120	μl	
Samples	were	 agitated	 and	 incubated	 for	 30	 seconds	 and	 baseline	 absorbance	was	
measured	for	2	minutes.	
10	mM	CoQ1	 	 	 	 10	μl	 	 100	μM	
Agitation	and	incubation	for	2	minutes	at	30	°C.	
0.25	mM	Rotenone	 	 	 20	μl	 	 5	μM	
Finally,	samples	were	newly	agitated	and	incubated	for	30	seconds	before	measuring	
absorbance	for	2	minutes	at	30	°C.	Rotenone	inhibition	should	rise	by	80%.	Slope	after	
rotenone	inhibition	was	used	to	calculate	the	U/l	activity:	(Slope	x	100	x	0.8	-rotenone	
inhibition-)/ε/homogenate	volume	(ml).	Specific	activity	was	calculated	dividing	U/l	
by	protein	 concentration	 (mg/ml).	To	calculate	 for	unit	of	Citrate	 synthase,	U/l	was	
divided	for	U/l	of	Citrate	synthase	analysis	and	multiplying	by	100.		
	

Complex	II	–	Succinate	Dehydrogenase	(SDH)	
Coefficient	(ε)	=	19	mM-1cm-1	 	 λ =	600	nm	 	 Temperature	 =	 30	 °C	
_______________________________________________________________________________________________	
100	mM	Buffer	KP	pH	7	 	 500	μl		 50	mM		
30	mM	KCN	 	 	 	 50	μl	 	 1.5	mM		
1	mM	DCPIP	 	 	 	 100	μl		 0.1	mM	
Homogenate	 	 	 	 40	μl	 	 	
Distilled	water	 	 	 210	μl	
Agitation	and	incubation	for	2	minutes	at	30	°C.	
320	mM	Succinate	 	 	 100	μl		 32	mM	
Agitation	 of	 cuvette,	 make	 blank	 and	 incubation	 for	 30	 seconds	 before	 measuring	
baseline	for	2	minutes	at	30	°C.		
CoQ1	10	mM		 	 	 	 5	μl	 	 50	μM	
Finally,	samples	were	newly	agitated	and	incubated	for	30	seconds	before	measuring	
absorbance	for	2	minutes	at	30°	C.		
To	calculate	SDH	activity,	 the	highest	slope	after	adding	succinate	was	used:	Slope	x	
1000	/ε/homogenate	volume	(ml).	
To	calculate	Complex	II	activity:	the	highest	slope	after	adding	CoQ1	was	used:	Slope	x	
1000/ε/homogenate	 volume	 (ml).	 Specific	 activity	 was	 calculated	 dividing	 U/l	 by	
protein	 concentration	 (mg/ml).	 To	 calculate	 for	 unit	 of	 Citrate	 synthase,	 U/l	 was	
divided	for	U/l	of	Citrate	synthase	analysis	and	multiplying	by	100.	
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Complex	III	–	Ubiquinol:cytochrome	c	oxidoreductase	
Coefficient	(ε)	=	21	mM-1cm-1	 	 λ	=	550	nm	 	 Temperature	=	30	°C	
_______________________________________________________________________________________________	
100	mM	Buffer	KP	pH	7.5		 	 500	μl		 50	mM	
50	mM	NaN3			 	 	 40	μl	 	 2	mM	
1%BSA-EDTA	 	 	 100	μl	
1	mM	Cytochrome	c	 	 	 50	μl			 	 50	μM	
±	1	mg/ml	Antimycin	A		 	 10	μl	 	 50	μM	
Distilled	water		 	 	 285	μl	(295	μl	for	non	antimycin	added)	
10	mM	DBH2	 	 	 	 5	μl	 	 50	μM	
Agitation	 of	 cuvette,	 make	 blank	 and	 incubation	 for	 30	 seconds	 before	 measuring	
baseline	for	2	minutes	at	30	°C.		
Homogenate	 	 	 	 10	μl	
Finally,	samples	were	newly	agitated	and	incubated	for	30	seconds	before	measuring	
absorbance	for	2	minutes	at	30	°C.		
To	calculate	U/l	Complex	III	activity,	the	difference	between	the	highest	slopes	before	
and	 after	 adding	 antimycin	 was	 required:	 Slopes-difference	 x	 1000/ε/homogenate	
volume	 (ml).	 Specific	 activity	 was	 calculated	 dividing	 U/l	 by	 protein	 concentration	
(mg/ml).	To	calculate	 for	unit	of	Citrate	synthase,	U/l	was	divided	 for	U/l	of	Citrate	
synthase	analysis	and	multiplying	by	100.	
	

Complex	IV	–	cytochrome	c	oxidase	
Coefficient	(ε)	=	21	mM-1cm-1	 	 λ	=	550	nm	 	 Temperature	=	38	°C	
	________________________________________________________________________________________________	
100	mM	Buffer	KP	pH	7	 	 100	μl		 10	mM	
Reduced	800	μM	cytochrome	c	 100	μl			 80	μM	
Distilled	water	 	 	 770	μl	
Samples	were	agitated	and	incubated	for	2	minutes	at	38	°C.		
Homogenate			 	 	 30	μl	
Samples	were	newly	agitated	and	absorbance	was	measured	for	2	minutes.		
To	 calculate	 U/l	 Complex	 IV	 activity,	 the	 highest	 slope	 for	 measuring	 was	 chosen:	
Slope	 x	 1000/ε/homogenate	 volume	 (ml).	 	 Before	 and	 after	 adding	 antimycin	were	
required:	 Slope	 difference	 x	 1000/ε/homogenate	 volume	 (ml).	 Specific	 activity	was	
calculated	 dividing	 U/l	 by	 protein	 concentration	 (mg/ml).	 To	 calculate	 for	 unit	 of	
Citrate	synthase,	U/l	was	divided	for	U/l	of	Citrate	synthase	analysis	and	multiplying	
by	100.	
	

Complex	I+III	–	NADH:	cytochrome	c	reductase	
Coefficient	(ε)	=	21	mM-1cm-1	 	 λ	=	550	nm	 	 Temperature	 =	 30	 °C	
_______________________________________________________________________________________________	
100	mM	Buffer	KP	pH	7.5	 	 550	μl		 55	mM	 	 	
1	mM	Cytochrome	c	 	 	 100	μl		 100	μM	
30	mM	KCN	 	 	 	 30	μl	 	 900	μM	
Homogenate	 		 	 	 40	μl	
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Distilled	water	 	 	 180	μl	
Samples	were	shaken	and	incubated	for	30	seconds.	Baseline	was	then	measured	for	2	
minutes	at	30	°C.		
1	mM	NADH	 	 	 	 100	μl	
Samples	were	newly	agitated	and	absorbance	was	measured	for	2	minutes.		
To	calculate	U/l	Complex	 I+III	 activity,	 the	highest	 slope	 for	measuring	was	chosen:	
Slope	x	1000/ε/homogenate	volume	(ml).	Specific	activity	was	calculated	dividing	U/l	
by	protein	 concentration	 (mg/ml).	To	calculate	 for	unit	of	Citrate	 synthase,	U/l	was	
divided	for	U/l	of	Citrate	synthase	analysis	and	multiplying	by	100.	
	

Complex	II+III	–	Succinate:cytochrome	c	reductase		
Coefficient	(ε)	=	21	mM-1cm-1	 λ	=	550	nm	 	 														Temperature	 =	 30	 °C	
_______________________________________________________________________________________________	
100	mM	Buffer	KP	pH	7.5	 	 550	μl		 55	mM	 	
1	mM	Cytochrome	c	 	 	 100	μl		 100	μM	
30	mM	KCN	 	 	 	 30	μl	 	 900	μM	
Homogenate			 	 	 40	μl	
Distilled	water		 	 	 180	μl	
Samples	were	shaken	and	incubated	for	30	seconds.	Baseline	was	then	measured	for	2	
minutes	at	30	°C.		
Succinate	30	mM		 100	μl		
Samples	were	newly	agitated	and	absorbance	was	measured	for	2	minutes.		
To	calculate	U/l	Complex	II+III	activity,	the	highest	slope	for	measuring	was	chosen:	
Slope	x	1000/ε/homogenate	volume	(ml).	Specific	activity	was	calculated	dividing	U/l	
by	protein	 concentration	 (mg/ml).	To	calculate	 for	unit	of	Citrate	 synthase,	U/l	was	
divided	for	U/l	of	Citrate	synthase	analysis	and	multiplying	by	100.	
	
M-XII.	CoQ	determination	
Cell	samples	were	lysed	with	1%	SDS	and	a	mixture	of	ethanol:isopropanol	(95:5).	In	
order	to	recover	CoQ,	hexane	was	added	and	several	centrifugations	were	performed	
at	 1000	 g	 for	 5	 minutes	 at	 4°C.	 The	 upper	 phases	 from	 three	 extractions	 were	
recovered	 and	 dried	 using	 a	 rotary	 evaporator	 (BÜCHI,	 Switzerland).	 Lipid	 extracts	
were	 suspended	 in	 ethanol,	 dried	 in	 a	 speed-vac	 system	 (Savant	 SPD111V,	 Thermo	
Scientific)	 and	 stored	 at	 -20°C	 up	 to	 the	 HPLC	 analysis.	 Lipid	 components	 were	
separated	by	a	Beckmann	166–126	HPLC	system	equipped	with	a	15-cm	Kromasil	C-
18	column	in	a	column	oven	set	to	40°C,	with	a	flow	rate	of	1	ml/minute	and	a	mobile	
phase	containing	65:35	methanol/isopropanol	and	1.42	mM	lithium	perchlorate.	CoQ	
levels	were	analysed	with	ultraviolet	(System	Gold	168),	electrochemical	(Coulochem	
III	 ESA)	 or	 radioactivity	 (Radioflow	 Detector	 LB	 509,	 Berthod	 Technologies)	 based	
detectors	as	necessary.	Coenzyme	Q9	(CoQ9)	was	used	as	an	internal	standard	and	CoQ	
content	was	expressed	as	pmol/mg	protein99.	
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M-XIII.	Mitochondrial	mass		
To	 measure	 mitochondrial	 mass	 we	 follow-up	 two	 strategies.	 First,	 mitochondrial	
mass	was	determined	by	flow	cytometry	by	using	Nonyl-Acridine	orange	(NAO)465	as	
a	 probe,	 which	 specifically	 binds	 to	 cardiolipin	 and	 it	 is	 used	 to	 estimate	
mitochondrial	mass.	This	lipid	constitutes	about	20%	of	the	total	lipid	composition	in	
mitochondria10.	
	
Cells	were	seeded	in	6-well	35	mm	plates	up	to	confluence	and	were	stained	with	10	
μM	NAO	 for	 10	minutes	 at	 37°C	 in	 the	dark.	After	 staining,	 cells	were	washed	with	
PBS,	 collected	 and	 analysed	 by	 flow	 cytometry	 (FACScaliburTM,	 BD	Biosciences,	 San	
Jose,	 CA,	 USA).	 However,	 it	 has	 been	 reported	 that	 NAO	 fluorescence	 is	 dependent	
upon	mitochondrial	membrane	potential466.	To	determine	whether	NAO	binding	was	
dependent	 on	 mitochondrial	 potential,	 NAO	 fluorescence	 was	 determined	 in	 the	
absence	and	presence	of	the	uncoupler	FCCP	(1μM).		
	
On	the	other	hand,	mitochondrial	mass	was	estimated	by	measuring	citrate	synthase	
activity.	Cellular	homogenates	were	 incubated	 for	2	minutes	with	a	 solution	75	mM	
Tris-HCl	 pH	 8,	 1	 mM	 DTNB,	 0.1%	 Triton	 X-100	 and	 350	 mg/ml	 acetyl	 CoA.	 After	
incubation,	500	µM	oxaloacetate	was	added.	The	increase	in	absorbance	was	used	to	
calculate	 citrate	 synthase	 activity462,467.	 Slope	 (Absorbance	 per	 minute	 after	 adding	
oxalacetate)	 was	 used	 to	 calculate	 U/l	 with	 the	 following	 formula:	 (slope	 x	
1000)/ε/homogenate	volume	(ml).	To	obtain	the	specific	activity	is	needed	to	divide	
by	protein	concentration	(mg/ml).	
	
M-XIV.	Immunoblotting	assay	
Western	blotting	was	performed	by	using	standard	methods.	Samples	were	lysed	with	
different	 lysis	 buffer	 according	 to	 our	 porpoises:	 for	 membrane	 proteins	 by	 using	
RIPA	 buffer	 [50	 mM	 Tris-HCl,	 150	 mM	 sodium	 chloride,	 1.0%	 Triton	 X-100,	 0.5%	
sodium	 deoxycholate,	 0.1%	 SDS,	 pH	 8.0]	 and	 for	 cytoplasmic	 proteins	 by	 using	 a	
standard	lysis	buffer	(50	mM	Tris-HCl,	1%	Triton	X-100,	150	mM	sodium	chloride,	pH	
8.5).	Proteins	were	quantified	by	Bradford	assay464	and	separated	 in	SDS-PAGE	gels	
(12.5%	 acrylamide/bisacrylamide,	 0.375	 M	 Tris-HCl	 pH	 8.8,	 0.10%	 SDS,	 0.10%	
TEMED	and	0.10%	APS)	at	120	V	(or	35	mA	per	gel)	 in	running	buffer	TGS	(25	mM	
Tris,	 190	mM	glycine,	 0.1%	 SDS,	 pH	 8.3).	 Transference	 of	 proteins	 to	 nitrocellulose	
membrane	(Hybond-ECL,	Amerscham	Biosciences)	was	performed	with	a	Trans-Blot	
SD	Semi-Dry	system	(Bio-Rad,	USA)	at	25V	for	1	hour	using	transfer	buffer	TG	(25	mM	
Tris,	190	mM	glycine,	20%	methanol,	pH	8.3).	After	 transference,	Pounceau	staining	
was	performed	to	check	the	transfer	quality.	0.2%	Pounceau	S	in	5%	glacial	acetic	acid	
for	 2	 minutes	 was	 used	 to	 stain	 and	 three	 washes	 with	 0.05%	 T-TBS	 to	 rinse	 off.	
Blocking	 step	 was	 performed	 with	 5%	 non-fat	 dry	 milk	 in	 0.05%	 T-TBS	 (blocking	
buffer)	 at	 room	 temperature	 for	 1	 hour.	 Membranes	 were	 incubated	 with	 primary	
antibody	 at	 the	 appropriate	 dilution	 (1:200-1:1000)	 in	 blocking	 buffer	 with	 gentle	
agitation	 overnight	 at	 4°C.	 Three	 washes	 with	 0.05%	 T-TBS	 were	 performed	 to	
remove	 the	 unbound	 antibody	 and	 afterwards	 species	 appropriate	 HRP-conjugated	
secondary	antibody	(1:2500)	in	blocking	buffer	was	then	used	to	detect	the	protein	of	
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interest	with	gentle	agitation	for	1-2	hours	at	room	temperature.	Finally,	three	washes	
more	 were	 performed	 with	 0.05%	 T-TBS	 and	 proteins	 of	 interest	 were	 identified	
using	the	Immun	Star	HRP	substrate	kit	(Bio-Rad	Laboratories	Inc.,	Hercules,	CA,	USA)	
or	Millipore	 Immobilon	Western	 Chemiluminescent	 HRP	 Substrate	 (EMD,	Millipore,	
Darmstadt,	 Germany).	 ChemiDoc™	 MP	 System	 was	 used	 to	 visualise	 signals	 in	
membranes.		
	
M-XV.	Blue-native	PAGE	(BN-PAGE)	and	Immunoblotting	
Functional	pure	mitochondria	from	control	and	MELAS	fibroblasts	were	isolated	by	a	
Mitochondria	 Isolation	 Kit	 using	 magnetic	 microbeads	 (Miltenyi	 Biotec	 GmbH,	
Teterow,	 Germany).	 Cells	 were	 partially	 lysed	 and	mitochondria	were	magnetically	
labelled	 with	 Anti-TOM22	 Microbeads.	 The	 monoclonal	 anti-TOM22	 antibody	
specifically	binds	to	the	translocase	of	outer	mitochondrial	membrane	22	(TOM22)	of	
human	mitochondria.	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	mitochondria	can	be	eluted.	The	BN-PAGE	system	was	used	for	
separation	 of	 mitochondrial	 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.	
Proteins	were	electro-transferred	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	 housekeeping	 mitochondrial	 protein,	 was	 used	 as	 loading	 control.	 The	
secondary	 antibody	 was	 monoclonal	 anti-mouse	 IgG	 horseradish	 (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.	
	
M-XVI.	Cell	fractionation	and	isolation	of	nuclear	proteins	
Cells	 were	 grown	 in	 several	 T-175	 flasks	 for	 having	 large	 amounts	 of	 cells.	 After	
treatments,	 cells	were	 pelleted	 and	washed	 using	 buffer	 A	 (10	mM	HEPES-KOH	pH	
7.9,	15	mM	MgCl2,	10	mM	KCl).	Then,	cells	were	centrifuged	5	minutes	at	13,000	rpm	
at	 4	 °C.	 While	 supernatant	 was	 discarded	 (cytoplasmic	 proteins),	 the	 pellet	 was	
resuspended	in	buffer	B	(20	mM	Hepes-KOH	pH	7.9,	1.5	mM	MgCl2,	25%	glycerol,	0.2	
mM	 EDTA,	 420mM	 NaCl)	 and	 incubated	 20	 minutes	 on	 ice.	 Buffer	 A	 and	 B	 were	
supplemented	 with	 1	 mM	 DTT,	 0.5	 mM	 PMSF,	 1	 mM	 NaF	 and	 1	 mM	 sodium	
orthovanadate.	Finally,	we	centrifuged	the	solution	for	2	minutes	at	13,000	rpm	and	
nuclear	proteins	(supernatant)	were	collected.	Nuclear	proteins	were	frozen	in	liquid	
nitrogen	and	stored	as	aliquots	at	-80	°C	until	further	analysis.	
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M-XVII.	Immunofluorescence	microscopy	
Cells	 were	 grown	 on	 18x18	 mm	 glass	 coverslips	 (Thermo	 Scientific™	 Gold	 Seal™,	
Waltham,	MA,	USA).	After	treatments,	cells	were	rinsed	once	with	PBS,	fixed	in	3.8%	
paraformaldehyde	for	5	minutes	at	room	temperature,	and	permeabilised	with	0.1%	
saponin	for	5	minutes.	Glass	coverslips	were	then	incubated	with	primary	antibodies	
diluted	1:100	 in	0.05%	T-PBS.	After	 incubation,	 three	washes	were	performed	with	
0.05%	T-PBS	and	then	incubated	with	secondary	antibodies	diluted	1:100	in	0.05%	T-
PBS.	The	samples	were	incubated	for	1	hour	at	37°C.	Coverslips	were	then	rinsed	with	
T-PBS,	incubated	for	10	minutes	with	1mg·mL-1	Hoechst	33342	and	washed	with	PBS	
three	times	more.	Finally,	the	coverslips	were	mounted	onto	microscope	slides	using	
Vectashield	 Mounting	 Medium	 (Vector	 Laboratories,	 Burlingame,	 CA,	 USA)	 and	
analysed	using	an	upright	fluorescence	microscope	(Leica	DMRE,	Leica	Microsystems	
GmbH,	Wetzlar,	Germany).	Deconvolution	studies	and	3D	projections	were	performed	
using	a	DeltaVision	system	(Applied	Precision;	Issaquah,	WA,	USA)	with	an	Olympus	
IX-71	microscope.	
	
M-XVIII.	Mitophagy	analysis	
Cells	were	 cultured	 in	6-well	35	mm	plates	on	18x18	mm	glass	 coverslips	 (Thermo	
Scientific™	Gold	Seal™,	Waltham,	MA,	USA)	and,	at	confluence,	mitophagy	analysis	was	
performed	 by	 standard	 immunofluorescence	 techniques	 by	 using	 LC3B	
(autophagosome	 marker)	 and	 cytochrome	 c	 (mitochondrial	 marker)	 as	 antibodies. 
Colocalisated	signal	of	LC3B/cytochrome	c	proteins	was	assessed	by	using	DeltaVision	
software	 and	 calculating	 the	 Pearson´s	 coefficient	 of	 correlation.	 Positive	 punctate	
(positive	 LC3B/cytochrome	 c)	 were	 considered	 when	 Pearson´s	 coefficient	 of	
correlations	 were	 higher	 than	 0.75.	 Mitophagic	 cells	 are	 scored	 when	 more	 of	 10	
puncta	 are	 observed	 per	 cell.	 Samples	 were	 visualised	 using	 a	 DeltaVision	 system	
(Applied	Precision;	 Issaquah,	WA,	USA)	with	 an	Olympus	 IX-71	microscope.	Results	
are	expressed	as	mean	±	SD.	
	
M-XIX.	Mitochondrial	morphology	assessment	
After	staining	of	mitochondria	with	MitoTracker,	mitochondrial	size	and	shape	were	
quantified	by	ImageJ	(NIH)	software.	Mitochondria	that	were	longer	than	0.5	μm	were	
defined	 as	 tubular	 mitochondria.	 To	 assure	 accuracy	 in	 the	 scoring	 process,	
mitochondrial	 size	 and	 shape	were	 determined	 and	 analysed	 independently	 by	 two	
investigators.	 More	 than	 200	 clearly	 identifiable	 mitochondria	 from	 50	 cells	 per	
experiment,	randomly	selected,	were	measured	in	three	independent	experiments.	
	
M-XX.	Electron	microscopy	
Electron	 microscopy	 was	 performed	 using	 a	 protocol	 previously	 described	 by	 our	
group99.	 Fibroblasts	 were	 fixed	 for	 15	 min	 in	 the	 culture	 plates	 with	 2%	
glutaraldehyde	 in	 culture	 medium	 and	 then	 for	 30	 minutes	 in	 Buffer	 A	 (2%	
glutaraldehyde,	0.1	M	Na	Cacodylate/HCl,	pH	7.4).	Cells	were	then	washed	three	times	
with	Buffer	B	(0.2	M	Na	Cacodylate/HCl,	pH	7.4)	 for	10	minutes	and	then	post-fixed	
with	 Buffer	 C	 (1%	 OsO4,	 0.15M	 NaCacodylate/HCl,	 pH	 7.4)	 for	 30	 minutes.	 After	
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dehydration	 in	 increasing	 concentrations	of	 ethanol,	5	min	 for	each	 step:	30,	50,	70	
and	 95%,	 impregnation	 steps	 and	 inclusion	 were	 performed	 in	 Epon	 and	 finally	
polymerized	 at	 60°C	 for	 48	 hour.	 60–80	 nm	 sections	 were	 obtained	 using	 an	
ultramicrotome	RMC-MTX	(Tucson,	Arizona,	USA),	and	contrasted	with	uranyl	acetate	
and	 lead	 citrate.	 Observations	 were	 performed	 on	 a	 Philips	 CM-10	 transmission	
electron	microscope.	
	
M-XXI.	Statistical	analysis	
All	 results	are	expressed	as	mean	±	SD,	unless	stated	otherwise.	The	measurements	
were	 statistically	 analysed	 using	 Student’s	 t-test	 for	 comparing	 two	 groups	 and	
ANOVA	for	more	than	two	groups.	Overall,	P-values	of	less	than	0.05	were	considered	
significant.	Specifically,	*P	<	0.05;	significance	of	MELAS	respect	to	control	fibroblasts.	
bP	<	0.01;	significance	of	MELAS	A	and	MELAS	B	fibroblasts	respect	to	MELAS	1	and	
MELAS	2	fibroblasts.	#P	<	0.05	and	##P	<	0.01;	significance	between	the	presence	and	
absence	of	riboflavin,	AICAR	or	CoQ	treatment.	$P	<	0.05,	$$P	<	0.01	and		$$$P	<	0.001;	
significance	between	the	presence	and	absence	of	bafilomycin	A1	or	compound	C.		
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RESULTS	
	
R-I.	 Characterisation	 of	 mitochondrial	 dysfunction	 in	

fibroblasts	derived	from	MELAS	patients	
	
n	 the	 last	 years,	 primary	 cultures	 of	 dermal	 fibroblasts	 derived	 from	patients	 are	
being	 extensively	 used	 to	 study	 several	 disorders.	 Fibroblasts	 are	 one	 of	 easiest	

types	of	cells	to	grow	in	culture	and	are	amenable	to	a	wide	variety	of	manipulations.	
Furthermore,	 its	 capacity	 to	manifest	physiopathological	 alterations	 associated	with	
the	 disease,	 the	 homogeny	 of	 cell	 culture,	 the	 low-cost	 methodology	 and	 the	
possibility	of	tightly	control	the	physicochemical	and	the	physiological	environment	in	
which	the	cells	growth,	make	fibroblasts	an	attractive	biological	model.	Although	the	
results	obtained	 from	 fibroblasts	 assays	may	not	 support	direct	 correlations	 for	 the	
treatment	 of	 patients,	 they	 can	 allow	 the	 characterization	 of	 the	 molecular	
mechanisms	 underlying	 the	 diseases	 and	 provide	 important	 clues	 to	 understanding	
the	clinical	phenotype	of	the	patients.	
	
In	this	Results	subsection,	skin	fibroblast	derived	from	three	MELAS	patients	(MELAS	
1,	 MELAS	 2	 and	 MELAS	 3)	 were	 used	 for	 unravelling	 the	 pathophysiology	 of	 the	
disease.	 All	 MELAS	 fibroblasts	 harboured	 the	 heteroplasmic	 m.3243A>G	 mutation.	
The	mutational	load	was	quantified	by	PCR-RFLP	resulting	in	17%	for	MELAS	1,	26%	
for	 MELAS	 2	 and	 43%	 for	 MELAS	 3	 (Figure	 R1).	 Heteroplasmy	 loads	 were	
continuously	followed-up	during	the	conduction	of	this	work	to	rule	out	any	potential	
changes	in	the	percentage	of	mutated	mtDNA.		

	
Figure	 R1.	 Heteroplasmy	 load	 in	 MELAS	 1,	 MELAS	 2	 and	 MELAS	 3	 fibroblasts.	 Heteroplasmy	
loads	were	determined	by	PCR-RFLP	assay.	Results	are	expressed	as	mean	±	SD.	Significance	of	
MELAS	respect	to	control	fibroblasts	was	represented	as		***P	<	0.001.	

I	
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In	order	 to	 test	 cellular	homeostasis	 in	MELAS	 fibroblasts,	 several	parameters	were	
analysed	such	as	growth	rate,	ATP	 levels,	mitochondrial	 respiratory	chain	activities,	
coenzyme	 Q10	 content,	 reactive	 oxygen	 species	 levels	 or	 mitochondrial	 membrane	
potential.		
	
First,	 proliferation	 assays	 showed	 decreased	 growth	 rates	 in	 the	 three	 MELAS	
fibroblasts	 cell	 lines	 suggesting	 a	 lack	 of	 the	 optimum	 cellular	 conditions	 for	 cell	
division.	Growth	rate	was	notably	decreased	 in	MELAS	1,	MELAS	2	and	MELAS	3	by	
54%,	34%	and	20%,	respectively	(Figure	R2).		

	
Figure	R2.	 Proliferation	 rate	 in	MELAS	 1,	MELAS	 2	 and	MELAS	 3	 fibroblasts.	 Growth	 rate	was	
determined	by	quantifying	the	number	of	cells	after	a	week	respect	to	initial	ones.	Results	are	
expressed	as	mean	±	SD.	Significance	of	MELAS	respect	to	control	fibroblasts	was	represented	as	
*P	<	0.05	and	**P	<	0.01.	

As	low	proliferation	rate	could	be	explained	as	a	lack	of	energy	production	to	support	
proper	 cell	 division,	 we	 determined	 the	 bioenergetics	 status	 of	 MELAS	 cultures.	
Mitochondria	 are	 the	main	 energy-producing	 organelles	 of	 eukaryotic	 cells	 through	
ATP	 generation.	 Some	 mutations	 in	 the	 mtDNA	 have	 been	 reported	 to	 cause	
impairment	 of	 ATP	 synthesis468,469.	 Accordingly,	 we	 measured	 ATP/ADP	 levels	 in	
MELAS	fibroblast	cultures.	ATP/ADP	levels	were	significantly	decreased	by	45-60%	in	
the	three	MELAS	cell	lines	respect	to	controls.	(Figure	R3).	

	
Figure	R3.	ATP/ADP	 levels	 in	MELAS	1,	MELAS	2	and	MELAS	3	 fibroblasts.	ATP/ADP	ratio	was	
determined	by	using	a	luciferase-based	assay.	Results	are	expressed	as	mean	±	SD.	Significance	
of	MELAS	respect	to	control	fibroblasts	was	represented	as	*P	<	0.05	and	**P	<	0.01.	
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Low	growth	rate	and	energy	deficiency	could	easily	be	associated	with	defects	in	the	
energy	 production	 system	 of	 mitochondria.	 The	 ultimately	 responsible	 for	 ATP	
production	 in	 mitochondria	 is	 the	 mitochondrial	 respiratory	 chain	 (MRC)17–20.	 As	
defects	 in	 some	 subunit	 of	 these	 complexes	 may	 impair	 ATP	 production,	
mitochondrial	 electron	 transport	 and	 mitochondrial	 homeostasis,	 we	 therefore	
examined	 the	 mitochondrial	 protein	 expression	 levels	 of	 several	 subunits	 of	 MRC	
complexes.	 Overall,	 as	 shown	 in	 Figure	 R4,	 MELAS	 1	 and	 MELAS	 2	 showed	 a	
significant	 reduction	 in	 mitochondrial	 protein	 expression	 levels.	 Complex	 I	 was	
decreased	by	40%,	complex	II	by	75%,	complex	III	by	70%	and	complex	IV	by	73%.		

	
Figure	R4.	MRC	protein	analysis	of	MELAS	1	and	MELAS	2	fibroblasts.	Western	blotting	of	MRC	
proteins	was	performed	by	using	standard	methods.	Protein	extracts	(50	μg)	were	separated	on	
a	12.5%	SDS	polyacrylamide	gel	and	 immunostained	with	antibodies	against	complex	I	 (ND1),	
complex	II	(30	KDa	subunit),	complex	III	(core	1	subunit)	and	complex	IV	(subunit	1).	Actin	was	
used	as	 loading	control.	Densitometry	of	Western	blotting	was	performed	by	using	the	ImageJ	
software.	 Results	 are	 expressed	 as	 mean	 ±	 SD.	 Significance	 of	 MELAS	 respect	 to	 control	
fibroblasts	was	represented	as	**P	<	0.01	and	***P	<	0.001.	

To	 test	 whether	 reduced	 mitochondrial	 protein	 expression	 levels	 had	 an	 effect	 on	
mitochondrial	 function,	 we	 next	 measured	 respiratory	 chain	 enzyme	 activity	 in	
control	 and	MELAS	 fibroblasts.	 The	 activity	 of	 all	 MRC	 complexes	was	 significantly	
reduced	 in	MELAS	1	and	MELAS	2	 fibroblasts.	Complex	IV	activity,	 the	most	altered,	
was	reduced	by	73%.	Complex	I	activity	was	reduced	by	60%	respect	to	control	values	
in	both	MELAS	fibroblasts.	Complex	II	activity	was	reduced	by	50%	respect	to	control	
values.	 Complex	 I+III	 activity	 and	 complex	 II+III	were	 reduced	by	 35%	and	60%	 in	
MELAS	 fibroblasts	 respectively.	 Complex	 III	 activity	was	 reduced	by	65%	 in	MELAS	
compared	 to	 control	 (Figure	 R5).	 These	 results	 support	 previous	 publications	 that	
have	documented	a	reduction	in	MRC	enzymatic	activities	in	MELAS	cells.	Most	of	the	
literature	 reports	 a	 decrease	 in	 complex	 I	 and	 IV	 activities470–472,	 but	 also	 there	 are	
publications	describing	alterations	of	complex	II473	or	complex	III	activities474.		
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Figure	R5.	MRC	activity	analysis	of	MELAS	1	and	MELAS	2	fibroblasts.	Activities	of	mitochondrial	
respiratory	 complexes	 [NADH:coenzyme	 Q1	 oxidoreductase	 (complex	 I),	 Succinate	
dehydrogenase	(complex	II),	Ubiquinol:cytochrome	c	oxidoreductase	(complex	III),	Cytochrome	
c	oxidase	(complex	IV),	NADH:	cytochrome	c	reductase	(Complex	I+III),	Succinate:cytochrome	c	
reductase	(Complex	II+III)]	were	measured	using	spectrophotometric	methods.	For	the	control	
cells	 the	 data	 are	 the	 means	 ±	 SD	 for	 experiments	 on	 two	 different	 control	 cell	 lines.	 Data	
represent	the	mean	±	SD	of	three	separate	experiments.	Results	are	expressed	as	%	U/CS	(mean	
±	 SD).	 Significance	 of	 MELAS	 respect	 to	 control	 fibroblasts	 was	 represented	 as	 *P<0.05	 and	
**P<0.01.	

Coenzyme	Q10	(CoQ)	is	an	essential	electron	and	proton	carrier	in	MRC	that	transports	
electrons	from	complexes	I	and	II	to	complex	III18.	As	multiple	CoQ	deficiencies	have	
been	 associated	 with	 alterations	 in	 MRC	 and	 severe	 phenotypic	 manifestations	 in	
patients249,369,414,424–429,	 we	 therefore	 assessed	 CoQ	 levels	 in	 MELAS	 fibroblasts.	We	
found	CoQ	levels	decreased	by	50%	respect	to	control	fibroblasts	(Figure	R6).	These	
results	 indicated	 that	 MELAS	 1,	 MELAS	 2	 and	 MELAS	 3	 fibroblasts	 showed	 CoQ	
deficiency.	
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Figure	R6.	CoQ	levels	in	MELAS	1,	MELAS	2	and	MELAS	3	fibroblasts.	CoQ	levels	were	measured	
by	 using	 HPLC	 as	 described	 in	 Materials	 &	 Methods.	 The	 results	 were	 expressed	 in	 pmole	
CoQ/mg	protein.	Data	are	expressed	as	mean	±	SD	of	three	separate	experiments.	Significance	of	
MELAS	respect	to	control	fibroblasts	was	represented	as	**P	<	0.01.	

As	the	mitochondrial	energy-production	system	in	MELAS	1,	MELAS	2	and	MELAS	3	
fibroblasts	 seems	 to	be	markedly	 impaired,	we	wondered	whether	 these	alterations	
could	 be	 associated	 with	 selective	 degradation	 of	 dysfunctional	 mitochondria.	
Different	theories	about	induction	of	selective	autophagy	for	mitochondrial	clearance	
have	been	proposed.	Recent	works	point	to	ROS98,	mitochondrial	depolarisation53	and	
mitochondrial	permeability	transition	(MPT)97	as	triggers	for	selective	mitochondrial	
degradation.	First,	we	examined	superoxide	 levels	 in	control	and	MELAS	cultures	by	
flow	 cytometry	 by	 using	MitoSOX	 as	 a	mitochondrial	 superoxide	 sensor.	 All	MELAS	
fibroblasts	 showed	 increased	 ROS	 levels,	 reaching	 a	 7-fold	 increase	 in	 MELAS	 2	
fibroblasts	 compared	 to	 controls	 (Figure	 R7).	 These	 results	 suggest	 increased	 ROS	
production	 or	 that	 the	 antioxidant	 defence	 system	 could	 be	 altered	 in	 MELAS	
fibroblasts.	

	
Figure	R7.		ROS	levels	in	MELAS	1,	MELAS	2	and	MELAS	3	fibroblasts.	ROS	levels	were	quantified	
by	 using	 MitoSOX	 as	 a	 probe.	 Flow	 cytometry	 signal	 was	 measured	 from	 FL3	 channel	 and	
represented	 as	 mean	 fluorescence	 intensity	 ±	 SD.	 Data	 represent	 results	 of	 three	 separate	
experiments.	 Significance	 of	 MELAS	 respect	 to	 control	 fibroblasts	 was	 represented	 as	 ***P	 <	
0.001.	

Next,	 we	 analysed	 mitochondrial	 polarisation	 in	 control	 and	 MELAS	 fibroblasts.	
Mitochondrial	 membrane	 potential	 (ΔΨm)	 is	 usually	 a	 good	 marker	 of	 proper	
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mitochondrial	 function,	 and	mitochondrial	 depolarisation	 is	 a	 well-known	 signal	 of	
mitochondrial	 dysfunction	 that	 promotes	 mitophagy	 activation475,476.	 We	 measured	
ΔΨm	 by	 flow	 cytometry	 using	 several	 probes	 such	 as	 MitoTracker	 Red	 CMXRos	 or	
TMRE.	All	the	probes	showed	similar	results.	We	found	that	ΔΨm	was	reduced	by	50-
60%	 in	 MELAS	 1,	 MELAS	 2	 and	 MELAS	 3	 fibroblasts	 cell	 lines	 respect	 to	 control	
fibroblasts	(Figure	R8).		

	
Figure	R8.	ΔΨm	levels	in	MELAS	1,	MELAS	2	and	MELAS	3	fibroblasts.	Mitochondrial	membrane	
potential	was	quantified	by	using	TMRE	as	a	probe.	Fluorescence	signal	was	measured	from	FL3	
channel	by	using	flow	cytometry	and	represented	as	mean	±	SD.	Data	represent	results	of	three	
separate	experiments.	Significance	of	MELAS	respect	to	control	 fibroblasts	was	represented	as	
*P	<	0.05.	

To	confirm	that	changes	in	ΔΨm	were	indeed	the	results	of	mitochondrial	polarisation	
and	 not	 caused	 by	 alterations	 in	 mitochondrial	 mass	 or	 proliferation,	 individual	
mitochondria	 were	 examined	 in	 control	 and	 MELAS	 fibroblasts	 by	 fluorescence	
microscopy.	 MitoTracker	 and	 cytochrome	 c	 staining	 confirmed	 the	 presence	 of	
depolarised	 mitochondria	 in	 MELAS	 fibroblasts	 cell	 lines	 (Figure	 R9).	 Whereas	
control	 fibroblasts	 showed	 a	 normal	 polarised	mitochondrial	 tubular	 network,	 two	
populations	 of	 mitochondria	 with	 different	 polarisation	 degree	 were	 observed	 in	
MELAS	fibroblasts:	a	poor	population	of	tubular	mitochondria	with	high	polarisation	
and	another	smaller	rounded	and	fragmented	one	with	low	polarisation.	
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Figure	R9.	Cytochrome	c	and	MitoTracker	Red	staining	of	mitochondria	in	MELAS	1	and	MELAS	2	
fibroblasts.	 Colocalisation	 of	 MitoTracker	 Red	 and	 Cytochrome	 c	 signal	 in	 mitochondria	
revealed	 specificity	 of	 MitoTracker	 to	 dyed	 mitochondria.	 Two	 relevant	 populations	 of	
mitochondria	were	found	in	MELAS	fibroblasts:	a	smaller	rounded	and	fragmented	one	(white	
arrows)	with	low	polarisation	degree	and	another	tubular	with	high	polarisation	(cyan	arrows).	
[Scale	bar	=	5	µm].	

Lysosomal	content	is	usually	increased	when	autophagy	is	activated,	so	we	quantified	
the	 amount	 of	 acidic	 vesicles	 using	 LysoTracker	 Red	 staining	 and	 flow	 cytometry	
analysis.	Lysosomal	content	was	significantly	increased	in	MELAS	fibroblasts	cell	lines	
respect	to	control	fibroblasts	(Figure	R10).		
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Figure	R10.	Acidic	vacuoles	levels	in	MELAS	1,	MELAS	2	and	MELAS	3	fibroblasts.	Quantification	
of	acidic	vacuoles	in	control	and	MELAS	fibroblasts	was	performed	by	LysoTracker	staining	and	
flow	cytometry	analysis.	Results	are	expressed	as	mean	fluorescence	intensity	(FL3	channel)	±	
SD	 of	 three	 separate	 experiments.	 Significance	 of	 MELAS	 respect	 to	 control	 fibroblasts	 was	
represented	as	*P	<	0.05.	

Given	 that	 mitophagy	 requires	 the	 autophagy	 machinery	 to	 engulf	 damaged	
mitochondria,	 we	 next	 determined	 protein	 expression	 levels	 of	 well-known	
autophagic	proteins	such	as	conjugated	ATG12-ATG5	and	LC3B-II.	As	shown	in	Figure	
R11,	 ATG12-ATG5	 and	 LC3B-II	 protein	 expression	 levels	 were	 higher	 in	 MELAS	
fibroblasts	than	in	control	cells,	suggesting	autophagy	activation.		

	
Figure	 R11.	 Protein	 expression	 of	 autophagic	 proteins	 in	 MELAS	 1,	 MELAS	 2	 and	 MELAS	 3	
fibroblasts.	 Protein	 expression	 levels	 of	 LC3B	 and	 ATG12	 were	 determined	 in	 control	 and	
MELAS	 fibroblasts	 cultures	 by	Western	 blotting.	 The	 ATG12	 band	 represents	 the	 Atg12-Atg5	
conjugated	 form	(55	kDa).	Densitometry	analysis	of	Western	blotting	was	performed	by	using	
ImageJ	software.	GAPDH	was	used	as	a	loading	control.	Data	represent	the	mean	±	SD	of	three	
separate	experiments.	Significance	of	MELAS	respect	to	control	 fibroblasts	was	represented	as	
**P	<	0.01	and	***P	<	0.001.	

Finally,	to	confirm	whether	mitochondria	were	selectively	degraded	by	mitophagy	in	
MELAS	 fibroblasts,	 we	 followed	 several	 methodological	 approaches	 recently	
published	 by	 our	 lab100,101.	 Mitophagy	was	 detected	 by	 labelling	 cytochrome	 c	 as	 a	
mitochondrial	protein	and	LC3B	as	an	autophagosome	associated	protein.	MELAS	1,	
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MELAS	 2	 and	 MELAS	 3	 fibroblasts	 frequently	 showed	 massive	 mitochondrial	
degradation	and	a	poor	tubular	mitochondrial	network	(Figure	R12).		

	
Figure	R12.	Mitophagy	analysis	in	MELAS	1,	MELAS	2	and	MELAS	3	fibroblasts.	Immunostaining	
of	cytochrome	c	(mitochondrial	marker)	and	LC3B	(autophagosome	marker)	was	performed	to	
visualise	degrading	mitochondria	(punctate)	in	control	and	MELAS	fibroblasts.	Magnification	of	
MELAS	1	fibroblasts	shows	two	populations	of	mitochondria:	a	smaller	rounded	and	fragmented	
one	 (white	 arrows)	 with	 high	 cytochrome	 c/LC3B	 colocalisation	 degree	 and	 another	 tubular	
with	 low	 cytochrome	 c/LC3B	 colocalisation	 degree	 (cyan	 arrows).	 To	 quantify	 mitophagy,	 a	
positive	 mitophagic	 cell	 was	 scored	 when	 more	 of	 10	 puncta	 were	 observed	 per	 cell.	 Data	
represent	the	mean	±	SD	of	three	separate	experiments.	Significance	of	MELAS	respect	to	control	
fibroblasts	was	 represented	as	 	 **P	<	0.01	and	 ***P	<	0.001.	 [Scale	bar	=	10	µm	and	=	5	µm	 in	
magnified	MELAS	1	picture].	
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Colocalisation	 of	 cytochrome	 c/LC3B	 signal	 was	 found	 in	 all	 MELAS	 cell	 lines	
indicating	a	general	activation	of	the	selective	degradation	of	mitochondria.	Whereas	
small	 rounded	 and	 fragmented	 mitochondria	 (white	 arrows)	 showed	 a	 high	
colocalisation	 between	mitochondrial	 and	 autophagic	markers,	 the	 tubular	 network	
(cyan	arrows)	revealed	low	colocalisation.		
	
Mitophagy	activation	in	MELAS	fibroblasts	was	also	confirmed	by	electron	microscopy	
(Figure	 R13).	 Laminar	 bodies	 and	 autophagosomes	 with	 membrane	 structures	
resembling	mitochondria	were	present	in	all	MELAS	fibroblasts	(white	arrows).		

	
Figure	R13.	Electron	microscopy	of	MELAS	1	and	MELAS	2	fibroblasts.	Mitophagy	activation	was	
detected	by	using	electron	microscopy	[Scale	bar	=	2	µm].	

In	addition,	as	Parkin	seems	to	have	a	fundamental	role	in	the	selective	recognition	of	
impaired	 mitochondria	 by	 the	 mitophagic	 machinery104,110,477,	 we	 next	 examined	
Parkin	 translocation	 to	 mitochondria	 in	 MELAS	 fibroblasts.	 As	 is	 shown	 in	 Figure	
R14,	 we	 found	 a	 high	 colocalisation	 between	 Parkin	 signal	 and	 depolarised	
mitochondria	suggesting	Parkin	translocation	to	small	rounded	mitochondria.		

	
In	 summary,	 MELAS	 1,	 MELAS	 2	 and	 MELAS	 3	 fibroblasts	 showed	 severe	
pathophysiological	 alterations	 characterised	 by	 mitochondrial	 dysfunction	 and	
defects	in	MRC	function	accompanied	by	mitophagy	activation.	
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Figure	 R14.	 Parkin	 translocation	 to	 depolarized	 mitochondria	 in	 MELAS	 1	 fibroblasts.	
Immufluorescence	microscopy	of	MitoTracker	RED	and	Parkin	was	performed	as	described	 in	
Materials	&	Methods.	Magnification	of	a	small	area	of	MELAS	1	fibroblasts	showing	translocated	
Parkin	into	small,	rounded	depolarized	mitochondria	(white	arrow).	Colocalisation	analysis	of	
Parkin	 and	depolarized	mitochondria	 resulted	 in	 a	 high	 colocalisation	 (Pearson	 coefficient	 of	
correlation	~	0.95).	[Scale	bar	=	10	µm	and	=	5	µm	in	magnified	picture].	
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R-II.	 Differential	 pathophysiology	 in	 fibroblasts	 derived	
from	MELAS	patients	

	
nterestingly	 for	our	purposes,	 the	expansion	of	our	studies	 to	other	 fibroblast	cell	
lines	 derived	 from	 several	 MELAS	 patients	 revealed	 a	 differential	

pathophysiological	 severity	 among	 MELAS	 fibroblasts	 cell	 lines.	 In	 this	 Result	
subsection,	 two	new	MELAS	 cultures	were	 included,	MELAS	A	 and	MELAS	B,	which	
harboured	 the	 same	 heteroplasmic	 m.3243A>G	mutation.	 The	mutational	 load	 was	
quantified	by	PCR-RFLP	resulting	in	9%	for	MELAS	A	and	4%	for	MELAS	B.	Therefore,	
MELAS	A	and	MELAS	B	showed	significantly	reduced	heteroplasmy	levels	respect	to	
MELAS	1	and	MELAS	2,	with	17	and	26%	respectively	 (Figure	R15).	All	mutational	
loads	 were	 continuously	 followed-up	 during	 the	 conduction	 of	 this	 thesis	 and	 no	
significant	change	was	observed.	

	
Figure	 R15.	 Heteroplasmy	 load	 in	 MELAS	 1,	 MELAS	 2,	 MELAS	 A	 and	 MELAS	 B	 fibroblasts.	
Heteroplasmy	loads	were	determined	by	PCR-RFLP	assay.	Results	are	expressed	as	mean	±	SD.	
Significance	of	MELAS	respect	to	control	fibroblasts	was	represented	as	*P	<	0.05,	**P	<	0.01	and	
***P	<	0.001.	Significance	of	MELAS	A	and	B	respect	to	MELAS	1	and	2	fibroblasts	was	represented	
as	bP	<	0.01	and	cP	<	0.001.	

As	 in	 the	previous	Results	subsection,	 the	pathophysiological	behaviour	of	MELAS	A	
and	MELAS	B	was	analysed	by	determining	the	proliferation	rate,	ATP	and	ADP	levels,	
respiratory	 chain	 enzyme	 activities,	 CoQ	 levels	 and	 ROS	 production,	 as	 main	
indicators	of	mitochondrial	function.	For	comparative	purposes,	we	show	the	results	
found	in	MELAS	1,	MELAS	2,	MELAS	A	and	MELAS	B	fibroblasts.		
	
Proliferation	rate	assays	showed	two	clear	patterns	of	growth	 in	MELAS	 fibroblasts.	
Unlike	decreased	growth	rates	in	MELAS	1	and	2,	proliferation	rates	in	MELAS	A	and	
MELAS	B	were	near	to	control	values	(Figure	R16)	reflecting	a	substantial	difference	
in	the	proliferation	capacity	between	both	groups	of	MELAS	fibroblasts.	

I	
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Figure	R16.	Proliferation	rate	in	MELAS	1,	MELAS	2,	MELAS	A	and	MELAS	B	fibroblasts.	Growth	
rate	 was	 determined	 by	 quantifying	 the	 number	 of	 cells	 after	 a	 week	 respect	 to	 initial	 ones.	
Results	 are	 expressed	 as	mean	±	 SD.	 Significance	 of	MELAS	 respect	 to	 control	 fibroblasts	was	
represented	as	*P	<	0.05	and	**P	<	0.01.	Significance	of	MELAS	A	and	B	respect	to	MELAS	1	and	2	
fibroblasts	was	represented	as	aP	<	0.05.		

Next,	 the	 evaluation	 of	 the	 bioenergetic	 state	 of	 MELAS	 A	 and	 MELAS	 B	 was	
determined	by	measuring	ATP/ADP	ratios.	MELAS	A	and	MELAS	B	showed	ATP/ADP	
ratios	near	to	control	levels	and	notably	increased	respect	to	MELAS	1	and	MELAS	2	
(Figure	R17).		

	
Figure	R17.	ATP/ADP	levels	in	MELAS	1,	MELAS	2,	MELAS	A	and	MELAS	B	fibroblasts.	ATP/ADP	
ratio	was	 determined	by	 using	 a	 luciferase-based	 assay.	 Results	 are	 expressed	 as	mean	±	 SD.	
Significance	of	MELAS	respect	to	control	fibroblasts	was	represented	as	*P	<	0.05	and	**P	<	0.01.	
Significance	of	MELAS	A	and	B	respect	to	MELAS	1	and	2	fibroblasts	was	represented	as	aP	<	0.05.	

In	order	to	test	the	possibility	of	mitochondrial	dysfunction	in	MELAS	A	and	MELAS	B	
fibroblasts,	 we	 next	 analysed	 mitochondrial	 protein	 expression	 levels	 by	
immunoblotting.	 As	 shown	 in	 Figure	 R18,	 MELAS	 A	 and	 MELAS	 B	 showed	 no	
significant	reductions	in	mitochondrial	protein	expression	levels,	while	MELAS	1	and	
MELAS	2	showed	decreased	protein	expression	levels	of	mitochondrial	complexes.	
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Figure	 R18.	 MRC	 protein	 analysis	 of	 MELAS	 1,	 MELAS	 2,	 MELAS	 A	 and	 MELAS	 B	 fibroblasts.	
Western	blotting	of	MRC	proteins	was	performed	by	using	standard	methods.	Protein	extracts	
(50	μg)	were	separated	on	a	12.5%	SDS	polyacrylamide	gel	and	immunostained	with	antibodies	
against	complex	I	(ND1),	complex	II	(30	kDa	subunit),	complex	III	(core	1	subunit)	and	complex	
IV	 (subunit	 1).	 Actin	 was	 used	 as	 loading	 control.	 Densitometry	 of	 Western	 blotting	 was	
performed	 using	 the	 ImageJ	 software.	 Results	 are	 expressed	 as	 mean	 ±	 SD.	 Significance	 of	
MELAS	respect	to	control	fibroblasts	was	represented	as	*P	<	0.05	and	**P	<	0.01	and	***P	<	0.001.	
Significance	of	MELAS	A	and	B	respect	to	MELAS	1	and	2	fibroblasts	was	represented	as	aP	<	0.05,	
bP	<	0.01	and	cP	<	0.001.	

In	 addition,	we	 also	measured	 the	 respiratory	 chain	 enzymes	 activities	 in	MELAS	A	
and	MELAS	B.	The	activities	of	all	mitochondrial	respiratory	chain	complexes	showed	
levels	 close	 to	Control,	or	even	higher	 (Figure	R19).	These	 results	 seem	 to	 indicate	
the	absence	of	a	detectable	mitochondrial	dysfunction	in	MELAS	A	and	MELAS	B.	
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Figure	 R19.	 MRC	 activity	 analysis	 of	 MELAS	 1,	 MELAS	 2,	 MELAS	 A	 and	 MELAS	 B	 fibroblasts.	
Activities	 of	 mitochondrial	 respiratory	 complexes	 [NADH:coenzyme	 Q1	 oxidoreductase	
(complex	 I),	 Succinate	 dehydrogenase	 (complex	 II),	 Ubiquinol:cytochrome	 c	 oxidoreductase	
(complex	 III),	 Cytochrome	 c	 oxidase	 (complex	 IV),	 NADH:	 cytochrome	 c	 reductase	 (Complex	
I+III),	 Succinate:cytochrome	 c	 reductase	 (Complex	 II+III)]	 were	 measured	 using	
spectrophotometric	methods.	For	the	control	cells	the	data	are	the	means	±	SD	for	experiments	
on	two	different	control	cell	lines.	Data	represent	the	mean	±	SD	of	three	separate	experiments.	
Results	 are	 expressed	 as	 %	 U/CS	 (mean	 ±	 SD).	 Significance	 of	 MELAS	 respect	 to	 control	
fibroblasts	was	represented	as	*P	<	0.05	and	**P	<	0.01.	Significance	of	MELAS	A	and	B	respect	to	
MELAS	1	and	2	fibroblasts	was	represented	as	aP	<	0.05	and	bP	<	0.01.	

The	analysis	of	CoQ	levels	in	MELAS	A	and	MELAS	B	resulted	in	significant	differences	
respect	 to	MELAS	1	 and	MELAS	2	 fibroblasts.	Unlike	drastic	 reductions	 in	MELAS	1	
and	 MELAS	 2	 fibroblasts,	 CoQ	 levels	 in	 MELAS	 A	 and	 MELAS	 B	 fibroblasts	 were	
increased	 from	 1.7	 to	 2.7-fold,	 respectively	 (Figure	 R20).	 These	 data	 indicate	 that	
MELAS	 A	 or	 MELAS	 B	 are	 not	 CoQ	 deficient.	 These	 results	 are	 in	 agreement	 with	
previous	publications	that	reported	high	CoQ	content	and	complex	II+III	activity	in	
skeletal	 muscle	 and	 fibroblasts	 derived	 from	 patients	 presenting	 encephalopathy,	
ataxia,	and	lactic	acidosis478.		
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Figure	R20.	CoQ	levels	in	MELAS	1,	MELAS	2,	MELAS	A	and	MELAS	B	fibroblasts.	CoQ	levels	were	
measured	by	using	HPLC	as	described	 in	Materials	&	Methods.	The	 results	were	expressed	 in	
pmole	 CoQ/mg	 protein.	 Data	 are	 expressed	 as	 mean	 ±	 SD	 of	 three	 separate	 experiments.	
Significance	 of	 MELAS	 respect	 to	 control	 fibroblasts	 was	 represented	 as	 **P	 <	 0.01	 and	 ***P		
<0.001.	Significance	of	MELAS	A	and	B	respect	to	MELAS	1	and	2	fibroblasts	was	represented	as	
cP<0.001.	

Since	 in	 the	 previous	 Results	 subsection	 we	 found	 severe	 alterations	 caused	 by	
mitochondrial	 dysfunction	 (high	 ROS	 levels	 and	 mitochondrial	 depolarisation)	 in	
MELAS	 fibroblasts,	 we	 next	 examined	 ROS	 levels	 and	mitochondrial	 polarisation	 in	
MELAS	 A	 and	 MELAS	 B	 cultures.	 The	 analysis	 of	 ROS,	 by	 using	 MitoSOX	 as	 a	
mitochondrial	superoxide	sensor	in	MELAS	A	and	MELAS	B,	resulted	in	values	near	to	
control	and	significantly	decreased	compared	to	MELAS	1	and	MELAS	2	(Figure	R21).	
These	 results	 suggest	 that	 mitochondrial	 dysfunction	 severity	 and	 the	 proper	
activation	 of	 the	 enzymatic	 antioxidant	 system	might	 participate	 in	 the	 differential	
pathophysiology	observed	in	these	four	MELAS	cell	lines.		

	
Figure	R21.	ROS	levels	in	MELAS	1,	MELAS	2,	MELAS	A	and	MELAS	B	fibroblasts.	ROS	levels	were	
quantified	by	using	MitoSOX	as	a	probe.	Flow	cytometry	signal	was	measured	from	FL3	channel	
and	represented	as	mean	fluorescence	intensity	±	SD.	Data	represent	results	of	three	separate	
experiments.	Significance	of	MELAS	respect	to	control	fibroblasts	was	represented	as	***P<0.001.	
Significance	 of	MELAS	A	 and	B	 respect	 to	MELAS	 1	 and	 2	 fibroblasts	was	 represented	 as	 cP	 <	
0.001.	
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As	noted	 above,	 in	 addition	 to	 increased	ROS,	mitochondria	 depolarization	 can	 also	
trigger	 selective	degradation	of	mitochondria	by	mitophagy.	Therefore,	we	analysed	
mitochondrial	polarisation	degree	in	control	and	MELAS	A	and	MELAS	B	fibroblasts.	
We	measured	ΔΨm	by	flow	cytometry	using	several	probes	such	as	MitoTracker	Red	
CMXRos	 and	TMRE	with	 similar	 outcomes.	We	 found	 that	ΔΨm	was	 reduced	by	50-
60%	 in	 the	 four	MELAS	 fibroblasts	 cell	 lines	 respect	 to	 control	 fibroblasts	 (Figure	
R22).	No	significant	differences	were	 found	 in	ΔΨm	between	both	groups	of	MELAS	
fibroblasts.	

	
Figure	R	22.	ΔΨm	levels	in	MELAS	1,	MELAS	2,	MELAS	A	and	MELAS	B	fibroblasts.	Mitochondrial	
membrane	potential	was	quantified	by	using	TMRE	as	a	probe.	Florescence	signal	was	measured	
from	FL3	channel	by	using	flow	cytometry	and	represented	as	mean	±	SD.	Data	represent	results	
of	 three	 separate	 experiments.	 Significance	 of	 MELAS	 respect	 to	 control	 fibroblasts	 was	
represented	as	*P	<	0.05.	

Since	depolarized	or	 inactive	mitochondria	decrease	membrane	potential	and	 fail	 to	
sequester	probes	such	as	TMRE	or	MitoTracker,	we	verify	our	results	by	using	JC-1	as	
a	 ratiometric	 probe.	 The	 analysis	 by	 flow	 cytometry	 is	 shown	 in	 Figure	 R23.	 We	
found	 high	 levels	 of	 green	 fluorescence	 signal	 associated	 with	 depolarised	
mitochondria	 in	 all	 MELAS	 fibroblasts	 respect	 to	 Control.	 However,	 the	 main	 red	
fluorescence	signal,	which	is	related	to	polarised	mitochondria,	presented	lower	levels	
than	 Control.	 These	 data	 support	 previous	 results	 in	 which	 the	 analysis	 of	 ΔΨm	
revealed	 low	 levels	 in	 all	 MELAS	 fibroblasts.	 The	 percentage	 of	 depolarised	
mitochondria	 (green	FL1	 channel)	 and	polarised	mitochondria	 (red	FL2	 channel)	 is	
plotted	 in	Figure	R23.	MELAS	 1	 and	MELAS	 2	 fibroblasts	 presented	 a	 significantly	
reduced	signal	of	polarised	mitochondria	compared	with	MELAS	A	and	MELAS	B.	As	
an	 example,	 we	 show	 the	 graph	 of	 the	 flow	 cytometry	 analysis,	 in	 which	 we	 can	
observed	as	the	MELAS	A’s	red	peak	suffered	a	shift	to	the	right	compared	to	MELAS	1	
that	suggests	an	increase	of	the	amount	of	polarised	mitochondria.	
	
The	 ratio	 of	 red	 to	 green	 fluorescence	 is	 dependent	 only	 on	 the	 mitochondrial	
membrane	potential	and	not	on	the	other	factors	such	as	plasma	membrane	potential,	
mitochondrial	 size,	 shape,	 and	 density	 that	 might	 affect	 a	 single	 component	
fluorescence	signal	such	as	red	fluorescence.	Thus,	the	JC1-aggregates/JC-1	monomers	



DIFFERENTIAL	PATHOPHYSIOLOGY	IN	MELAS	SYNDROME	

110	
	

ratio	was	estimated	for	control	and	MELAS	fibroblasts.	Whereas	all	MELAS	fibroblasts	
presented	 lower	 ratios	 than	Control,	MELAS	A	and	MELAS	B	presented	 significantly	
higher	 ratios	 than	 MELAS	 1	 and	 MELAS	 2.	 Altogether,	 these	 ratiometric	
measurements	showed	significant	differences	that	provided	evidences	of	the	presence	
of	two	populations	of	mitochondria	which	were	unequally	distributed	in	MELAS	1	and	
MELAS	2	respect	to	MELAS	A	and	MELAS	B.	

	
Figure	R23.	Analysis	of	mitochondrial	membrane	potential	by	using	JC-1	as	a	ratiometric	probe	
in	MELAS	fibroblasts.	Green	and	red	fluorescence	signals	were	measured	by	flow	cytometry	in	
control	and	MELAS	fibroblasts	by	using	JC-1	as	a	probe.	Whereas	green	signal	(FL1	channel)	was	
associated	 to	 JC-1	monomers	and	dissipated	mitochondrial	potential,	 red	signal	 (FL2	channel)	
represents	 the	 J-aggregated	 form	of	 JC-1,	which	 indicates	 the	 intact	mitochondrial	membrane	
potential.	 JC-1	 fluorescence	 of	 10,000	 events	 were	 plotted	 to	 control,	 MELAS	 1	 and	MELAS	 A	
fibroblasts	 (a.u.;	 arbitrary	 units).	 The	 stacked	 bar	 graph	 shows	 the	 percentage	 of	 main	 JC-1	
fluorescence.	 Ratio	 between	 both	 signals	 (FL2/FL1	 signals)	 was	 estimated.	 	 Significance	 of	
MELAS	respect	to	control	 fibroblasts	was	represented	as	 *P	<	0.05,	 	 **P	<	0.01	and	 ***P	<	0.001.	
Significance	of	MELAS	A	and	B	respect	to	MELAS	1	and	2	fibroblasts	was	represented	as	aP	<	0.05,	
bP	<	0.01	and	cP	<	0.001.	
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Figure	R24.	Cytochrome	c	and	MitoTracker	Red	staining	of	mitochondria	in	MELAS	1,	MELAS	2,	
MELAS	A	and	MELAS	B	fibroblasts.	Colocalisation	of	MitoTracker	Red	and	Cytochrome	c	signal	in	
mitochondria	 revealed	 specificity	 of	 MitoTracker	 to	 dyed	 mitochondria.	 Two	 relevant	
populations	 of	 mitochondria	 were	 found	 in	 MELAS	 fibroblasts:	 a	 smaller	 rounded	 and	
fragmented	 one	 with	 low	 polarisation	 degree	 (white	 arrows)	 and	 another	 tubular	 with	 high	
polarisation	degree	(cyan	arrows).	[Scale	bar	=	10	µm	and	=	5	µm	in	magnified	picture].	
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These	data	were	confirmed	through	examination	of	individual	mitochondria	in	control	
and	 MELAS	 fibroblasts	 by	 fluorescence	 microscopy.	 MitoTracker	 Red	 CMXRos	 and	
cytochrome	 c	 staining	 confirmed	 the	 presence	 of	 an	 abundant	 population	 of	
depolarized	mitochondria	 in	 the	 four	MELAS	 fibroblasts	 cell	 lines	 analysed	 (Figure	
R24).	However,	not	only	did	we	find	depolarised	mitochondria	in	MELAS	fibroblasts,	
but	we	also	detected	polarised	tubular	ones,	which	were	particularly	rich	in	MELAS	A	
and	 MELAS	 B	 cultures.	 As	 shown	 in	 magnified	 pictures,	 MELAS	 1	 and	 MELAS	 A	
fibroblasts	presented	mitochondria	with	different	polarization	levels	as	indicated	with	
white	(low	polarization)	and	cyan	arrows	(high	polarization).	
	
To	 confirm	 these	 results	 and	 quantify	 both	 populations	 of	mitochondria	 (polarised	
and	depolarised),	mitochondrial	morphology	was	assessed	by	 imaging	analysis	 from	
MitoTracker	 Red	 staining	 pictures	 as	 described	 in	 Materials	 and	 Methods.	 Results	
confirmed	 our	 previous	 observations	 about	mitochondrial	 distribution.	 The	 tubular	
mitochondria	 population	 in	MELAS	A	 and	MELAS	B	was	 significantly	 larger	 than	 in	
MELAS	 1	 and	MELAS	 2;	 whereas	 the	 population	 of	 small	 fragmented	mitochondria	
was	 present	 in	 all	 MELAS	 fibroblasts	 without	 significant	 differences	 between	 them	
(Figure	R25).		

	

Figure	R	25.	Mitochondrial	morphology	assessment	in	MELAS	1,	MELAS	2,	MELAS	A	and	MELAS	B	
fibroblasts.	Tubular	and	rounded	mitochondria	were	quantified	from	MitoTracker	Red	stained	
samples.	 More	 than	 200	 clearly	 identifiable	 mitochondria	 from	 50	 cells	 per	 experiment,	
randomly	selected,	were	measured	in	three	independent	experiments.	Mitochondria	that	were	
longer	 than	 0.5	 μm	 were	 defined	 as	 tubular	 mitochondria	 and	 small	 fragmented	 ones	 were	
scored	as	small	rounded	ones.	Results	are	shown	as	percentage	(%)	±	SD.	Significance	of	MELAS	
respect	 to	 control	 fibroblasts	 was	 represented	 as	 **P	 <	 0.01	 and	 ***P	 <	 0.001.	 Significance	 of	
MELAS	A	and	B	respect	to	MELAS	1	and	2	fibroblasts	was	represented	as	aP	<	0.05	and	bP	<	0.01.	
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Although	 generally	 MELAS	 A	 and	 MELAS	 B	 showed	 low	 levels	 of	 free	 radicals,	
decreased	 ΔΨm	 could	 trigger	 the	 selective	 degradation	 of	 mitochondria	 in	 these	
cultures.	 In	order	 to	 check	whether	depolarised	potential	was	 sufficient	 stimulus	 to	
induce	mitophagy	 in	MELAS	 A	 and	MELAS	 B,	 we	 assessed	mitophagic	 activation	 in	
MELAS	A	and	MELAS	B	fibroblasts	as	well	as	in	MELAS	1	and	MELAS	2.		

First,	 we	 assessed	 autophagic	 activation	 in	 MELAS	 fibroblasts.	 As	 in	 the	 previous	
subsection,	we	 first	 quantified	 the	 amount	 of	 acidic	 vesicles	 using	 LysoTracker	Red	
staining	and	 flow	cytometry	analysis.	Lysosomal	 content	was	significantly	 increased	
in	the	four	MELAS	fibroblasts	cell	lines	respect	to	control	fibroblasts	(Figure	R26).	No	
significant	differences	were	found	between	MELAS	1-2	and	MELAS	A-B.		

	
Figure	 R26.	 Lysosomal	 content	 in	 MELAS	 1,	 MELAS	 2,	 MELAS	 A	 and	 MELAS	 B	 fibroblasts.	
Quantification	 of	 acidic	 vacuoles	 in	 control	 and	 MELAS	 fibroblasts	 was	 performed	 by	
LysoTracker	staining	and	flow	cytometry	analysis.	Results	are	expressed	as	mean	fluorescence	
intensity	 (FL3	 channel)	 ±	 SD	 of	 three	 separate	 experiments.	 Significance	 of	MELAS	 respect	 to	
control	fibroblasts	was	represented	as	*P	<	0.05	and	**P	<	0.01.	

As	previously	mentioned,	given	that	mitophagy	needs	the	autophagy	machinery,	once	
again	we	determined	the	protein	expression	levels	of	well-known	autophagic	proteins	
such	as	 the	 conjugated	ATG12-ATG5	and	LC3B-II.	As	 shown	 in	Figure	R27,	ATG12-
ATG5	and	LC3B-II	protein	expression	levels	were	higher	in	all	MELAS	fibroblasts	than	
in	control	cells	suggesting	autophagy	up-regulation.		
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Figure	 R27.	 Protein	 expression	 of	 autophagic	 proteins	 in	 MELAS	 1,	 MELAS	 2,	 MELAS	 A	 and	
MELAS	B	fibroblasts.	Protein	expression	levels	of	LC3B	and	ATG12	were	determined	in	control	
and	MELAS	fibroblasts	cultures	by	Western	blotting.	The	ATG12	band	represents	the	Atg12-Atg5	
conjugated	 form	(55	kDa).	Densitometry	analysis	of	Western	blotting	was	performed	by	using	
ImageJ	software.	GAPDH	was	used	as	a	loading	control.	Data	represent	the	mean	±	SD	of	three	
separate	experiments.	Significance	of	MELAS	respect	to	control	 fibroblasts	was	represented	as	
**P	<	0.01	and	***P	<	0.001.	

Since	 all	 MELAS	 1,	 MELAS	 2,	 MELAS	 A	 and	 MELAS	 B	 presented	 high	 levels	 of	
autophagic	 activation	 compared	 to	 control,	we	 checked	whether	mitochondria	were	
selectively	degraded	by	mitophagy	in	MELAS	A	and	MELAS	B	fibroblasts	as	well	as	in	
MELAS	 1,	 MELAS	 2	 and	 MELAS	 3	 cultures.	 Mitophagic	 events,	 detected	 by	
colocalisation	of	LC3B	with	cytochrome	c,	were	increased	in	the	four	MELAS	fibroblast	
cell	lines	(Figure	R28).	
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Figure	 R28.	 Mitophagy	 analysis	 in	 MELAS	 1,	 MELAS	 2,	 MELAS	 A	 and	 MELAS	 B	 fibroblasts.	
Immunostaining	of	 cytochrome	 c	 (mitochondrial	marker)	 and	LC3B	 (autophagosome	marker)	
was	 performed	 to	 visualise	 degrading	 mitochondria	 (punctate)	 in	 control	 and	 MELAS	
fibroblasts.	Magnification	of	MELAS	A	 fibroblasts	 revealed	 two	populations	of	mitochondria:	a	
smaller	rounded	and	fragmented	one	with	high	cytochrome	c/LC3B	colocalisation	degree	(white	
arrows)	and	another	tubular	with	low	cytochrome	c/LC3B	colocalisation	degree	(cyan	arrows).	
To	 quantify	 mitophagy	 a	 positive	 mitophagic	 cell	 was	 scored	 when	 more	 of	 10	 puncta	 were	
observed	per	cell.	Data	represent	the	mean	±	SD	of	three	separate	experiments.	Significance	of	
MELAS	respect	to	control	fibroblasts	was	represented	as	***P	<	0.001.	[Scale	bar	=	10	µm	and	=5	
µm	in	magnified	picture].	
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Altogether,	 these	 results	 suggest	 that	 all	 MELAS	 fibroblasts	 show	 mitophagy	
activation.	 Strikingly,	 the	 high	 levels	 of	mitochondrial	 degradation	 had	 no	 effect	 on	
ATP	 levels	 in	 MELAS	 A	 and	 MELAS	 B,	 which	 might	 presumably	 activate	 a	
compensatory	response.	This	differential	behaviour	between	MELAS	1-2	and	MELAS	
A-B	 could	be	due	 to	 their	 different	mutational	 load.	 Indeed,	MELAS	1	 and	MELAS	2	
with	a	higher	mutation	load	presented	a	more	severe	pathological	phenotype.	Rather,	
MELAS	A	 and	MELAS	B	 cultures	with	 a	 lower	mutational	 load	 did	 not	manifest	 the	
same	 severe	 alterations.	 Therefore,	 the	 in-depth	 characterisation	 of	 MELAS	 A	 and	
MELAS	 B	 cell	 lines	 could	 provide	 new	 insights	 for	 unravelling	 the	 different	
phenotypes	found	in	MELAS	syndrome.	
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R-III.	 Mitochondrial	 biogenesis	 as	 a	 compensatory	
mechanism	in	MELAS	fibroblasts	

	
oth	MELAS	 groups,	MELAS	 1-2	 and	MELAS	A-B,	 showed	 substantial	 differences	
respect	to	their	pathophysiological	alterations.	The	analysis	of	heteroplasmy	load	

resulted	in	slight	differences	between	both	groups,	which	could	explain	the	different	
pathophysiological	severity	in	MELAS	fibroblasts.	However,	when	ΔΨm	and	mitophagy	
were	 further	 explored,	 we	 observed	 clear	 differences	 in	 the	 population	 of	
mitochondria.	In	particular,	a	richer	proliferating	mitochondrial	network	was	found	in	
MELAS	 A	 and	 MELAS	 B	 compared	 with	 network	 found	 in	 MELAS	 1	 and	 MELAS	 2	
fibroblasts.	 The	 analysis	 of	 ΔΨm	 by	 using	 JC-1	 already	 pointed	 out	 an	 unequal	
proportion	of	polarised	and	depolarised	mitochondria	in	MELAS	1-2	respect	to	MELAS	
A-B	 (Figure	 R23).	 Furthermore,	 mitochondrial	 morphology	 analysis	 definitively	
supported	these	results	because	MELAS	A	and	MELAS	B	 fibroblasts	showed	a	 larger	
amount	 of	 tubular	 mitochondrial	 network	 than	 MELAS	 1	 and	 MELAS	 2	 fibroblasts	
(Figure	R25).		
	
Taking	 these	 results	 into	 account,	 we	 then	 hypothesized	 that	 mitochondrial	
biogenesis	 might	 be	 properly	 activated	 in	 MELAS	 A	 and	 MELAS	 B	 fibroblasts	 to	
compensate	 mitochondrial	 degradation	 and	 bioenergetics	 deficit.	 By	 contrast,	 this	
compensatory	mechanism	might	be	less	efficient	or	absent	in	MELAS	1	and	MELAS	2	
fibroblasts.		
	
In	 order	 to	 verify	 our	 hypothesis,	 we	 then	 explored	 mitochondrial	 biogenesis	 in	
control	 and	 MELAS	 fibroblasts.	 Mitochondrial	 biogenesis	 include	 two	 distinct	
processes,	 the	 mitochondrial	 proliferation	 and	 the	 differentiation	 whereby	
mitochondria	 get	 their	 structural	 and	 functional	 characteristics479.	 Therefore,	
mitochondrial	 biogenesis	 involves	 an	 increase	 of	 mitochondrial	 mass	 and,	
consequently,	 an	 increase	 in	 the	 functional	 activity	 of	 these	 organelles.	 To	 check	
whether	 mitochondrial	 biogenesis	 is	 up-regulated	 in	 MELAS	 A	 and	 MELAS	 B,	 we	
measured	 mitochondrial	 mass	 by	 determining	 the	 amount	 of	 cardiolipin	 in	
mitochondrial	 membranes.	 This	 lipid	 constitutes	 about	 20%	 of	 the	 total	 lipid	
composition	 in	 mitochondria10.	 The	 determination	 of	 cardiolipin	 was	 measured	 by	
using	nonyl	acridine	orange	(NaO)	as	a	probe465	 in	presence	of	an	uncoupling	agent	
(FCCP)	 to	avoid	 the	dependence	of	 this	probe	on	mitochondrial	potential.	We	 found	
that	mitochondrial	mass	was	 reduced	by	50%	 in	MELAS	1	and	MELAS	2	 fibroblasts	
respect	to	control	fibroblasts.	Conversely,	mitochondrial	mass	was	significantly	higher	
in	MELAS	A	and	MELAS	B	respect	to	MELAS	1	and	MELAS	2	(Figure	R29).		
	

B	
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Figure	 R29.	 Mitochondrial	 mass	 measurement	 in	 MELAS	 1,	 MELAS	 2,	 MELAS	 A	 and	 MELAS	 B	
fibroblasts.	 Mitochondrial	 mass	 was	 determined	 quantifying	 the	 amount	 of	 cardiolipin	 in	
control	 and	MELAS	 cells	 by	 flow	 cytometry	 after	 staining	 with	 Nonyl-Acridine	 Orange	 (NaO).	
Results	 are	 expressed	 as	mean	±	 SD.	 Significance	 of	MELAS	 respect	 to	 control	 fibroblasts	was	
represented	as	*P	<	0.05.	Significance	of	MELAS	A	and	MELAS	B	respect	to	MELAS	1	and	MELAS	2	
fibroblasts	was	represented	as	aP	<	0.05	and	bP	<	0.01.	

Mitochondrial	 mass	 was	 also	 assessed	 by	 determining	 citrate	 synthase	 activity,	 a	
mitochondrial	matrix	 enzyme	whose	 activity	 correlates	with	mitochondrial	mass480.	
As	shown	in	Figure	R30,	citrate	synthase	activity	was	significantly	reduced	by	50%	in	
MELAS	1	and	65%	in	MELAS	2	 fibroblasts.	On	the	contrary,	citrate	synthase	activity	
was	near	to	control	values	in	MELAS	A	and	MELAS	B	fibroblasts.	These	results	support	
the	 hypothesis	 that	 mitochondrial	 proliferation	 might	 be	 compensating	 the	
mitochondrial	elimination	in	MELAS	A	and	MELAS	B	but	not	in	MELAS	1	and	MELAS	2	
fibroblasts.	

	
Figure	R	30.	Mitochondrial	activity	measurement	in	MELAS	1,	MELAS	2,	MELAS	A	and	MELAS	B	
fibroblasts.	 Mitochondrial	 activity	 was	 measured	 by	 citrate	 synthase	 specific	 activity	 (SA)	
expressed	 as	 activity	 units	 (U)/l/mg	 protein	 in	 control	 and	 MELAS	 fibroblasts.	 Results	 are	
expressed	as	mean	±	SD.	Significance	of	MELAS	respect	to	control	fibroblasts	was	represented	as	
*P	<	0.05.	Significance	of	MELAS	A	and	MELAS	B	respect	to	MELAS	1	and	MELAS	2	fibroblasts	was	
represented	as	aP	<	0.05.	
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To	 confirm	 these	 findings,	 we	 examined	 protein	 levels	 of	 well-known	 activators	 of	
mitochondrial	 proliferation.	 Mitochondrial	 biogenesis	 activation	 involves	 the	
engagement	 of	 many	 proteins,	 among	 which	 play	 a	 prominent	 role	 peroxisome	
proliferator-activated	 receptor	 gamma	 coactivator	 1	 alpha	 (PGC-1α),	 nuclear	
respiratory	 factor	 1	 (NRF-1)	 and	 mitochondrial	 transcriptional	 factor	 A	 (mtTFA).		
These	three	proteins	generate	a	signalling	cascade	that	 triggers	de	novo	 synthesis	of	
mitochondria.	 In	 particular,	 PGC-1α	 binds	 to	 and	 coactives	 the	 transcriptional	
function	of	NRF1	on	 the	promoter	 for	mtTFA	directly	regulating	mitochondrial	DNA	
replication	and	transcription143.	

	
Figure	 R31.	Mitochondrial	 biogenesis	 protein	 expression	 in	MELAS	 1,	MELAS	 2,	MELAS	 A	 and	
MELAS	 B	 fibroblasts.	 Western	 blotting	 of	 regulatory	 proteins	 involved	 in	 mitochondrial	
biogenesis	 (PGC-1	 alpha,	 NRF1,	 mtTFA)	 was	 performed	 with	 control	 and	 MELAS	 protein	
samples.	 GAPDH	was	 used	 as	 loading	 control.	 Densitometry	 (a.u.,	 arbitrary	 units)	 of	Western	
blotting	 was	 performed	 by	 using	 ImageJ	 software.	 Results	 are	 expressed	 as	 mean	 ±	 SD.	
Significance	of	MELAS	respect	to	control	fibroblasts	was	represented	as	*P	<	0.05,	**P	<	0.01	and	
***P	<	0.001.	Significance	of	MELAS	A	and	MELAS	B	respect	to	MELAS	1	and	MELAS	2	fibroblasts	
was	represented	as	bP	<	0.01	and	cP	<	0.001.	

Thus,	the	expression	levels	of	PGC-1α, NRF-1	and	mtTFA	were	significantly	decreased	
for	 MELAS	 1	 and	 MELAS	 2	 fibroblasts	 whereas	 they	 were	 notably	 increased	 for	
MELAS	 A	 and	 MELAS	 B	 fibroblasts	 (Figure	 R31).	 PGC-1α and	 NRF-1	 protein	
expression	 levels	 in	 MELAS	 A	 and	 MELAS	 B	 were	 even	 higher	 than	 in	 control	
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fibroblasts.	The	expression	levels	of	mtTFA	in	MELAS	A	and	MELA	B	were	increased	
respect	to	MELAS	1	and	MELAS	2	but	not	higher	than	control	levels.		
	
These	results	support	the	hypothesis	that	high	expression	levels	of	proteins	involved	
in	mitochondrial	biogenesis	were	necessary	to	maintain	high	mitochondria	mass	 for	
compensating	mitochondrial	loss	by	mitophagy	in	MELAS	A	and	MELAS	B	fibroblasts.	
However,	 this	 compensatory	 mechanism	 seems	 not	 to	 be	 efficiently	 activated	 in	
MELAS	1	and	MELAS	2	fibroblasts.	
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R-IV.	 Differential	 activation	 of	 5’AMP-activated	 protein	
kinase	in	MELAS	fibroblasts	

	
nce	 shown	 that	 mitochondrial	 biogenesis	 is	 differentially	 activated	 in	 MELAS	
fibroblasts,	most	of	our	efforts	were	focused	mainly	on	exploring	this	differential	

activation.	 Current	 literature	 reports	 that	 mitochondrial	 biogenesis	 is	 directly	 and	
indirectly	 regulated	 by	 the	 transcription	 factor	 PGC-1α141,481.	 As	 mentioned	 above,	
MELAS	A	and	MELAS	B	presented	more	mitochondrial	mass	than	MELAS	1	and	MELAS	
2	 associated	 with	 a	 differential	 protein	 expression	 of	 PGC1-α,	 NRF-1	 and	 mtTFA	
(Figures	 R29,	R30	 and	R31).	 Even	 though	 there	 are	many	 studies	 reported	 about	
mitochondrial	 biogenesis	 regulation155,156,160,189,482–493,	 how	 this	 process	 is	
differentially	 activated	 in	 fibroblasts	 derived	 from	 patients	 with	 mitochondrial	
disease	is	unknown.			
	
In	 order	 to	 unravel	 how	 mitochondrial	 biogenesis	 is	 differentially	 misregulated	 in	
MELAS	cultures,	we	focused	in	PGC-1α,	one	of	the	master	regulators	of	this	process.	
Given	that	the	activity	of	PGC-1α	and,	hence	of	mitochondrial	biogenesis,	is	regulated	
by	 direct	 phosphorylation	 of	 AMPK156,	 we	 wondered	 whether	 AMPK	 might	 be	
involved	 in	 the	 differential	 activation	 of	 mitochondrial	 biogenesis	 in	 MELAS	
fibroblasts.	 AMPK	 is	 activated	 in	 response	 to	 cellular	 stress	 situations	 as	 ATP	
depletion494	 or	 high	 ROS	 levels199–202.	 Interestingly	 for	 our	 purposes,	 as	 shown	 in	
Figure	R17	 and	R21,	both	ATP	and	ROS	production	were	dysregulated	 in	MELAS	1	
and	MELAS	2,	whereas	were	close	to	control	in	MELAS	A	and	MELAS	B.	Consequently,	
we	next	 checked	AMPK	activation	 in	MELAS	 fibroblasts.	 Specifically,	we	explore	 the	
phosphorylation	state	of	AMPK,	since	activation	of	AMPK	requires	phosphorylation	of	
threonine	172	within	the	catalytic	α	subunit495.	Phospho-AMPK/total-AMPK	ratio	was	
increased	 in	 MELAS	 A	 and	 MELAS	 B	 but	 not	 in	 MELAS	 1	 and	 MELAS	 2.	 In	 fact	 a	
decrease	 by	 35-40%	 in	MELAS	 1	 and	MELAS	 2	was	 found	 respect	 to	MELAS	A	 and	
MELAS	B	fibroblasts.	
	
In	addition,	we	examined	the	protein	expression	levels	of	several	proteins	involved	in	
ROS	 scavenging	 such	 as	 catalase,	 which	 seems	 to	 redirect	 to	 damaged	
mitochondria496,	a	mitochondrial	manganese	superoxide	dismutase	(Mn	SOD)	and	an	
eminently	 cytoplasmic	 antioxidant	 enzyme	 like	 copper-	 and	 zinc-containing	
superoxide	dismutase	(Cu-Zn	SOD)497.	Whereas	protein	expression	of	the	cytoplasmic	
Cu-Zn	 SOD	 showed	 high	 levels	 in	 all	 of	 MELAS	 fibroblasts	 compared	 with	 control	
fibroblasts,	catalase	and	mitochondrial	Mn	SOD	were	increased	only	in	MELAS	A	and	
MELAS	B	fibroblasts	(Figure	R32).	On	the	contrary,	the	expression	levels	of	catalase	
and	Mn	SOD	were	dramatically	decreased	in	MELAS	1	and	MELAS	2	respect	to	control	
fibroblasts.	 This	 result	 is	 particularly	 interesting	 as	 both	 manganese	 superoxide	
dismutase	and	catalase	have	been	related	to	AMPK-induced	ROS	defence	system498.		
	
Altogether,	these	results	suggest	a	deficient	AMPK	and	antioxidant	defence	activation	
in	MELAS	1	and	MELAS	2	fibroblasts	with	the	most	severe	phenotype.	
	

O	
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Figure	 R32.	 Antioxidant	 defence	 system	 response	 and	 AMPK	 activation	 in	MELAS	 fibroblasts.	
Western	blotting	of	phosphorylated	and	 total	AMP-activated	protein	kinase,	Mn	SOD,	 catalase	
and	Cu-Zn	 SOD	were	performed	according	 to	 standard	methods.	Densitometry	 (a.u.,	 arbitrary	
units)	of	Western	blotting	was	performed	by	using	the	ImageJ	software.	α-tubulin	was	used	as	
loading	 control.	 Results	 are	 expressed	 as	 mean	 ±	 SD.	 *P	 <	 0.05,	 **P	 <	 0.01	 and	 ***P	 <	 0.001,	
significance	 of	 MELAS	 respect	 to	 control	 fibroblasts;	 bP	 <	 0.01	 and	 cP	 <	 0.001	 significance	 of	
MELAS	A	and	MELAS	B	fibroblasts	respect	to	MELAS	1	and	MELAS	2	fibroblasts.	
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R-V.	Pharmacological	stimulation	of	AMPK	pathway	through	
AICAR	 and	 Coenzyme	 Q10	 treatments	 in	 MELAS	
fibroblasts	

	

o	 far,	 our	 studies	 indicated	 that	MELAS	 1	 and	MELAS	 2	 fibroblasts	 presented	 a	
severe	 phenotype	 concomitant	 with	 high	 heteroplasmy	 load	 and	 mitochondrial	

dysfunction.	In	addition	to	impaired	energy	production	system,	MELAS	1	and	MELAS	
2	fibroblasts	were	associated	with	high	ROS	production	and	decreased	mitochondrial	
mass.	On	the	other	hand,	the	same	pathophysiological	studies	indicated	that	MELAS	A	
and	 MELAS	 B	 fibroblasts	 resulted	 in	 low	 levels	 of	 ROS,	 high	 ATP	 production	 and	
increased	mitochondrial	mass.	Our	findings	suggest	that	AMPK	might	be	insensitive	to	
high	free	radicals	and	low	levels	of	ATP	(which	mainly	trigger	its	activation)	in	MELAS	
1	and	MELAS	2192–198,494.		
	

	
Figure	 R33.	 Effect	 of	 AICAR	 or	 CoQ	 treatment	 on	 proliferation	 rate	 in	 MELAS	 fibroblasts.	
Proliferation	 rate	 was	 analysed	 by	 counting	 viable	 cells	 after	 treatments	 as	 described	 in	
Materials	 and	 Methods.	 Results	 are	 expressed	 as	 mean	 ±	 SD.	 **P	 <	 0.01	 and	 ***P	 <	 0.001;	
significance	 of	 MELAS	 respect	 to	 control	 fibroblasts.	 aP	 <	 0.01;	 significance	 of	 MELAS	 A	 and	
MELAS	B	 fibroblasts	 respect	 to	MELAS	1	 and	MELAS	2	 fibroblasts.	 #P	<	0.05	 and	 ###P	<	0.001;	
significance	of	MELAS	fibroblasts	after	treatment	respect	to	without	treatment	conditions.	

In	light	of	the	possible	role	of	AMPK	on	the	differential	pathophysiology	observed	in	
MELAS	 fibroblasts,	 we	 studied	 the	 effectiveness	 of	 its	 activation	 by	 AICAR	 and	
Coenzyme	Q10	 treatments.	 As	 previously	 noted,	AMPK	acts	 as	 a	metabolic	 regulator	
that	is	activated	in	situations	of	low	energy	availability	(low	ATP/ADP	ratios).	AICAR	
is	an	AMP	analogue	that	activates	allosterically	AMPK209.	On	the	other	hand,	although	
less	 known	 as	 AMPK	 activator,	 Coenzyme	 Q10	 (CoQ)	 plays	 a	 prominent	 role	 in	 the	
mitochondrial	 respiratory	 chain	 transferring	 electrons	 from	 complex	 I	 and	 II	 to	
complex	 III	 resulting	 in	 the	 proton	 gradient	whereby	 ATP	 synthase	 generates	 ATP.	

S	
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Recent	 studies	 also	 suggest	 that	 CoQ	 might	 participate	 in	 AMPK	 activation434–438.	
However,	how	CoQ	induces	AMPK	activation	is	unclear.	
	
In	order	to	unravel	how	AMPK	stimulation	can	influence	on	MELAS	pathophysiology,	
control	and	MELAS	fibroblast	were	treated	with	100	µM	AICAR	or	100	µM	CoQ	for	a	
week.	 After	 treatments,	 the	 pathophysiological	 parameters	 were	 re-analysed.	
Proliferation	 rate	 of	MELAS	 1	 and	MELAS	 2	 fibroblasts	was	 notably	 increased	 after	
AICAR	or	CoQ	treatments	(Figure	R33).	Especially,	the	proliferation	rate	of	MELAS	1	
fibroblasts	treated	with	CoQ	was	the	most	prominent	with	a	5-fold	increase.		

	

Figure	 R34.	 Effect	 of	 AICAR	 or	 CoQ	 treatment	 on	 ROS	 levels	 in	MELAS	 fibroblasts.	 ROS	 levels	
were	measured	by	MitoSOX	 staining.	 10,000	events	were	analysed	by	 flow	 cytometry.	Results	
are	shown	as	mean	±	SD.	***P	<	0.001;	significance	of	MELAS	respect	to	control	fibroblasts.	 cP	<	
0.001;	 significance	 of	 MELAS	 A	 and	 MELAS	 B	 fibroblasts	 respect	 to	 MELAS	 1	 and	 MELAS	 2	
fibroblasts.	 #P	 <	 0.05,	 ##P	 <	 0.01	 and	 ###P<0.001;	 significance	 of	 MELAS	 fibroblasts	 after	
treatment	respect	to	without	treatment	conditions.	

Before	treatments,	ROS	levels	in	MELAS	1	and	MELAS	2	fibroblasts	were	higher	than	
control	 and	 even,	 than	 the	 other	 MELAS	 cultures	 (MELAS	 A	 and	 MELAS	 B).	 The	
inclusion	 of	 AICAR	 or	 CoQ	 in	 the	 culture	 medium	 had	 no	 effect	 on	 the	 levels	 of	
superoxide	 in	 control	 cultures,	 but	was	 associated	with	 a	 considerable	 reduction	 in	
superoxide	 levels	 in	 all	MELAS	 cultures,	 especially	 in	MELAS	 1	 fibroblasts	where	 a	
decrease	of	50%	was	achieved	(Figure	R34).		

After	AICAR	and	CoQ	treatments,	mitophagy	activation	was	measured	as	in	previous	
Results	 subsections.	 Supplementation	 of	 the	medium	with	AICAR	 and	CoQ	was	 also	
effective	in	decreasing	autophagolysosome	accumulation	in	the	four	MELAS	cell	lines	
(Figure	R35).	The	major	decrease	was	achieved	in	MELAS	1	fibroblasts,	reaching	an	
85%	 reduction	 of	 cells	 containing	 mitophagic	 punctate	 (positive	 colocalisation	 of	
LC3B	and	cytochrome c).	
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Figure	R35.	Effect	of	AICAR	or	CoQ	treatment	on	mitophagic	events	in	MELAS	1,	MELAS	2,	MELAS	
A	and	MELAS	B	fibroblasts.	Immunostaining	of	cytochrome	c	(mitochondrial	marker)	and	LC3B	
(autophagosome	 marker)	 was	 performed	 to	 explore	 degrading	 mitochondria	 (punctate)	 in	
control	and	MELAS	fibroblasts	after	AICAR	or	CoQ	treatments.	To	quantify	mitophagy	a	positive	
mitophagic	cell	was	scored	when	more	of	10	puncta	were	observed	per	cell.	Data	represent	the	
mean	±	SD	of	 three	separate	experiments.	Significance	of	MELAS	respect	 to	control	 fibroblasts	
was	 represented	 as	 ***P	 <	 0.001.	 Significance	 of	 MELAS	 fibroblasts	 after	 treatment	 respect	 to	
without	treatment	conditions	was	represented	as	##P	<	0.01	and	###P<0.001.	

In	addition,	AICAR	or	CoQ	treatments	were	effective	increasing	mitochondrial	mass	in	
MELAS	1	fibroblasts	determined	by	measuring	citrate	synthase	activity	(Figure	R36).	
This	increase	supports	the	hypothesis	that	mitochondrial	biogenesis	might	be	directly	
stimulated	with	AMPK	activation.		

	
Figure	R36.	 Effect	 of	 AICAR	 or	 CoQ	 treatment	 on	mitochondrial	 activity	 in	MELAS	 fibroblasts.	
Mitochondrial	 mass	 was	 measured	 by	 citrate	 synthase	 activity	 following	 described	 methods.	
Results	 are	 shown	as	mean	±	 SD.	 **P	<	0.01	 and	 ***P	<	0.001;	 significance	of	MELAS	 respect	 to	
control	fibroblasts.	cP	<	0.01;	significance	of	MELAS	A	and	MELAS	B	fibroblasts	respect	to	MELAS	
1	 and	 MELAS	 2	 fibroblasts.	 #P	 <	 0.05	 and	 ##P	 <	 0.01;	 significance	 of	 MELAS	 fibroblasts	 after	
treatment	respect	to	without	treatment	conditions.	
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These	 results	 suggest	 that	 both	 AICAR	 and	 CoQ	 treatments	 improved	 the	
pathophysiological	alterations	 in	MELAS	 fibroblasts,	 especially	 in	 those	cases	with	a	
more	severe	phenotype	(MELAS	1	and	MELAS	2).		
	
To	 further	 explore	 the	 effect	 of	AICAR	and	CoQ	 treatments,	we	 focused	 in	 the	most	
severe	 phenotype,	 MELAS	 1	 fibroblasts,	 which	 showed	 extreme	 alterations	 in	 the	
pathophysiological	 parameters	 analysed.	 We	 examined	 the	 expression	 levels	 by	
Western	blotting	of	several	key	proteins	involved	in	cellular	signalling	pathways	such	
as	mitochondrial	 biogenesis	 (PGC-1α),	 enzymatic	 antioxidant	 defence	 (Mn	 SOD	 and	
catalase),	 regulators	of	both	pathways	(as	AMPK)	and	autophagosome	accumulation	
(LC3B)	(Figure	R37).		
	
PGC-1α,	 Mn	 SOD,	 catalase,	 and	 AMPK	 protein	 expression	 levels	 were	 decreased	 in	
MELAS	1	 fibroblasts	 respect	 to	 control	 levels.	The	 expression	 levels	 of	Mn	SOD	and	
phospho-AMPK	were	the	most	affected	with	a	96%	and	82%	reduction,	respectively.	
Catalase	 and	 PGC-1α	 protein	 expression	 levels	 were	 reduced	 by	 45%	 and	 65%,	
respectively.	 AICAR	 or	 CoQ	 treatments	 completely	 restored	 PGC-1α, Mn	SOD	 and	
catalase	 protein	 expression	 levels.	 The	 analysis	 of	 AMPK	 revealed	 extra	 bands	 in	
presence	 of	 AICAR	 or	 CoQ	 supplementation,	 which	 might	 be	 extra-phosphorylated	
forms	of	AMPK.		
	
As	 shown	 in	Figure	37,	AICAR	and	CoQ	 treatments,	both	putative	AMPK	activators,	
reduced	the	levels	of	LC3B-II,	a	well-known	marker	of	autophagy	and	autophagosome	
accumulation.	Given	 that	AMPK	activation	has	been	described	 to	activate	autophagy	
and	 autophagic	 flux499,	 our	 results	 could	 come	 into	 conflict	 with	 the	 reported	
literature.	However,	we	can	speculate	that	the	reduction	of	LC3B-II	band	found	after	
treatments	could	be	due	to	acceleration	of	the	autophagic	flux	and,	as	a	consequence,	
a	 reduction	 of	 autophagosomes	 accumulation.	 Thus,	 we	 wondered	 whether	
autophagic	flux	was	altered	in	MELAS	fibroblasts	and	whether	AICAR	and	CoQ	could	
stimulate	it.	
	
As	previously	shown,	the	analysis	of	ATG12-ATG5	and	LC3B-II	protein	expression	in	
all	 MELAS	 fibroblasts	 resulted	 in	 high	 levels	 of	 autophagic	 proteins	 suggesting	
autophagy	 up-regulation.	 This	 accumulation	 could	 indicate	 either	 autophagic	
activation	 or	 a	 blockage	 of	 downstream	 steps	 in	 autophagy,	 as	 well	 as	 inefficient	
fusion	 or	 decreased	 lysosomal	 degradation372,500.	 To	 check	 for	 autophagosome	
maturation	 and	 autophagic	 flux	 in	 MELAS	 fibroblasts,	 we	 used	 bafilomycin	 A1,	 a	
specific	 inhibitor	of	vacuolar	H+	-ATPases	and	a	blocker	of	autophagosome-lysosome	
fusion94,136.	Control,	MELAS	1	and	MELAS	B	 fibroblasts	were	 incubated	 for	12	hours	
with	100	nM	bafilomycin	A1	(Figure	R38).		
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Figure	R37.	Effect	of	AICAR	or	CoQ	treatment	on	AMPK	activation,	enzymatic	antioxidant	system,	
PGC-1	 alpha	and	 LC3B	 expression	 levels	 in	 MELAS	 1	 fibroblasts.	 Control	 and	 MELAS	 1	
fibroblasts,	the	most	severe	phenotype	found,	were	treated	with	100	µM	AICAR	or	100	µM	CoQ	
for	 one	 week.	 Western	 blotting	 of	 phospho-AMPK,	 total-AMPK,	 Mn	 SOD,	 Catalase,	 PGC-1	
alpha	and	 LC3B		 were	 performed	 as	 described	 in	 Materials	 &	 Methods.	 GAPDH	 was	 used	 as	
loading	 control	 and	 densitometries	 (a.u.,	 arbitrary	 units)	 were	 performed	 by	 using	 ImageJ	
software.	All	results	were	expressed	as	mean	±	SD	of	three	independent	experiments.	**P	<	0.01	
and	 ***P	<	0.001;	significance	of	MELAS	respect	 to	control	 fibroblasts.	 #P	<	0.05,	 ##P	<	0.01	and	
###P	<	0.001;	significance	between	the	presence	or	absence	of	AICAR	or	CoQ	treatment.	
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Figure	R38.	 Autophagic	 flux	 analysis	 in	MELAS	 1	 and	MELAS	B	 fibroblasts.	 Autophagic	 flux	 in	
control,	 MELAS	 1	 and	 MELAS	 B	 fibroblasts	 was	 determined	 by	 determination	 of	 LC3B	 II	
expression	 levels	 in	 the	 presence	 and	 absence	 of	 bafilomycin	 A1	 (BA).	 Control	 and	 MELAS	
fibroblasts	were	 incubated	with	100	nM	bafilomycin	A1	 for	12	h.	 Total	 cellular	 extracts	were	
analysed	by	immunoblotting	with	antibodies	against	LC3B.	Actin	was	used	as	a	loading	control.	
Densitometry	of	LC3B	II	was	performed	by	using	ImageJ	software.	Data	are	represented	as	mean	
±	SD	of	three	separate	experiments.	**P	<	0.01	and	***P	<	0.001;	significance	of	MELAS	respect	to	
control	 fibroblasts.	 $P	 <	 0.05,	 $$P	 <	 0.01	 and	 $$$P	 <	 0.001;	 significance	 between	 presence	 and	
absence	of	bafilomycin	A1	treatment.	

As	expected,	 bafilomycin	A1	 treatment	 in	 control	 fibroblast	 cells	 led	 to	 a	 significant	
increase	 in	 the	 LC3B	 II/LC3	 B	 I	 ratio,	 suggesting	 that	 autophagic	 flux	 is	 normal	 in	
control	cells.	However,	bafilomycin	A1	treatment	in	MELAS	1	fibroblasts	had	no	effect	
on	 LC3B	 II/LC3B	 I	 ratio,	 indicating	 that	 autophagic	 flux	 was	 severely	 impaired	 in	
MELAS	 1	 fibroblasts	 with	 high	 heteroplasmy	 load.	 In	 contrast,	 bafilomycin	 A1	
treatment	 in	 MELAS	 B	 fibroblasts	 had	 a	 slight	 effect	 on	 LC3B	 II/LC3B	 I	 ratio,	
indicating	 that	 autophagic	 flux	 was	 moderately	 impaired	 in	 MELAS	 B	 fibroblasts,	
which	were	harbouring	 low	heteroplasmy	 load.	These	alterations	 in	autophagic	 flux	
support	 the	 same	 differential	 pattern	 observed	 up	 to	 now,	 that	 is,	 MELAS	 1	 and	
MELAS	2	show	more	pathophysiological	alterations	than	MELAS	A	and	MELAS	B.		
	
In	order	 to	 test	whether	AICAR	or	CoQ	 treatments	were	 reducing	autophagolysome	
accumulation	by	increasing	autophagic	flux,	we	assessed	protein	expression	of	LC3B	
in	 control	 and	MELAS	 1	 fibroblasts,	 which	 showed	 impaired	 autophagic	 flux.	 Thus,	
control	and	MELAS	1	 fibroblasts	pre-treated	with	AICAR	or	CoQ	were	 incubated	 for	
the	last	12	hours	with	the	autophagic	flux	blocker	and	LC3B	II	expression	levels	were	
examined	by	Western	blotting	(Figure	R39).		



RESULTS	
	

	 	
	

129	

	
Figure	 R39.	 Effect	 of	 AICAR	 and	 CoQ	 treatment	 on	 autophagic	 flux	 in	 MELAS	 1	 fibroblasts.	
Control	 and	MELAS	 1	 fibroblasts	 were	 pre-treated	 with	 100	 µM	 AICAR	 or	 100	 µM	 CoQ	 for	 1	
week.	12	hours	before	harvesting,	cells	were	treated	with	100	nM	bafilomycin	A1.	Total	cellular	
extracts	were	 analysed	by	 immunoblotting	with	 antibodies	 against	 LC3B.	Actin	was	used	 as	 a	
loading	control.	Densitometry	of	Western	blotting	was	performed	by	using	ImageJ	software.	All	
results	 were	 expressed	 as	 mean	 ±	 SD	 of	 three	 independent	 experiments.	 ***P	 <	 0.001;	
significance	of	MELAS	1	respect	to	control	 fibroblasts.	##P	<	0.01	and	###P	<	0.001;	significance	
between	 the	 presence	 and	 absence	 of	 AICAR	 or	 CoQ	 treatment.	 $$$P	 <	 0.001;	 significance	
between	the	presence	and	absence	of	bafilomycin	A1	(BA)	in	pre-treated	fibroblasts.	

Bafilomycin	A1	 incubation	 induced	a	significant	 increase	on	LC3-II	expression	 levels	
of	 AICAR	 or	 CoQ-treated	 control	 and	MELAS	 1	 fibroblasts.	 These	 results	 suggested	
that	autophagic	flux	was	indeed	increased	by	AICAR	or	CoQ	treatments.	
	
Finally,	 to	 confirm	 that	 both	 AICAR	 and	 CoQ	 were	 able	 to	 increase	 the	 expression	
levels	 and	 activation	 of	 autophagy	 via	 AMPK,	we	 explored	 one	 of	 the	 direct	 down-
stream	target	of	AMPK,	ULK1,	which	is	an	activator	of	autophagy	required	for	proper	
autophagic	flux501.	After	AICAR	or	CoQ	treatments,	we	found	in	control	and	MELAS	1	
fibroblasts	 increased	 levels	 of	 phosphorylated	 ULK1,	 the	 active	 form	 of	 ULK1,	
concomitant	 with	 AMPK	 phosphorylation	 (Figure	 R40).	 Altogether,	 these	 data	
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support	 the	 hypothesis	 that	 AICAR	 and	 CoQ	 treatment	 reduce	 autophagosome	
accumulation	in	MELAS	cells	by	increasing	autophagy	clearance.	

	
Figure	 R40.	 Effect	 of	 AICAR	 and	 CoQ	 treatments	 on	 ULK-1	 and	 AMPK	 activation	 in	 MELAS	 1	
fibroblasts.	Control	and	MELAS	1	fibroblasts	were	treated	with	100	µM	AICAR	or	100	µM	CoQ	for	
1	 week.	 Western	 blottings	 of	 phospho-AMPK,	 total-AMPK,	 phospho-ULK1,	 total-ULK1	 were	
performed	 as	 described	 in	 Materials	 &	 Methods.	 Actin	 levels	 were	 used	 as	 loading	 control.	
Densitometry	was	performed	by	using	ImageJ	software.	Results	were	expressed	as	mean	±	SD.	
*P<0.05	and	**P	<	0.01;	significance	of	MELAS	1	respect	to	control	fibroblasts.	##P	<	0.01	and	###P	
<	0.001;	significance	between	the	presence	and	absence	of	AICAR	or	CoQ	treatment.	
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R-VI.	 AICAR	 or	 CoQ	 treatments	 induces	 nuclear	
sublocalisation	 of	 phospho-PGC-1	 alpha	 mediated	 by	
AMPK	activation	

	
n	 addition	 to	 enhancing	 autophagic	 flux	 and	 ameliorating	 pathophysiological	
parameters,	 AMPK	 stimulation	 by	 AICAR	 and	 CoQ	 treatments	 induced	

mitochondrial	 biogenesis	 in	 MELAS	 fibroblasts.	 Here,	 we	 wondered	 about	 how	
mitochondrial	biogenesis	is	activated	in	MELAS	fibroblast	through	AMPK	activators.	It	
is	known	that	PGC-1α,	essential	regulator	of	mitochondrial	biogenesis,	is	activated	by	
AMPK.	 AMPK	 activation	 increases	 the	 expression	 of	 PGC-1α	 mRNA502	 and	 also	 its	
activation	 by	 direct	 phosphorylation156.	 On	 the	 other	 hand,	 there	 are	 evidences	 of	
nuclear	PGC-1α	translocation	when	it	is	phosphorylated174.	Therefore,	the	subcellular	
localization	of	PGC-1α	seems	to	have	great	importance	for	the	functional	activation	of	
pathways	 such	 as	 mitochondrial	 biogenesis.	 Consequently,	 we	 analysed	 the	
subcellular	 localization	 of	 phospho-PGC-1α (active	form)	 by	 immunostaining	 and	
fluorescence	microscopy	examination	in	the	four	MELAS	fibroblasts	cell	lines	(Figure	
R41).	
	
Phospho-PGC-1α	 predominantly	 showed	 cytoplasmic	 localization	 in	 MELAS	 1	 and	
MELAS	 2	 fibroblasts	 whereas	 a	 major	 presence	 of	 phospho-PGC-1α	 in	 nuclei	 was	
observed	in	control,	MELAS	A	and	MELAS	B	fibroblasts.	Likewise,	we	wondered	about	
the	 effects	 of	 AICAR	 and	 CoQ	 treatments	 on	 phospho-PGC-1α	 sublocalisation.	 Thus,	
we	also	quantified	phospho-PGC-1α	nuclear	foci	before	and	after	treating	for	a	week	
with	AICAR	or	CoQ.	We	observed	that	phospho-PGC-1α	nuclear	foci	were	significantly	
increased	 in	 control	 and	 all	MELAS	 fibroblasts	 after	 treatments,	 including	MELAS	 1	
and	 MELAS	 2	 cultures,	 which	 showed	 few	 nuclear	 PGC-1α	 foci	 before	 treatments.	
These	results	suggest	that	AMPK	stimulation	by	AICAR	or	CoQ	can	control	the	nuclear	
localisation	of	phospho-PGC-1α.		
	
In	order	 to	assess	 the	 role	of	AMPK	 in	PGC-1α	 nuclear	 translocation	after	AICAR	or	
CoQ	 treatment,	 we	 quantified	 nuclear	 phospho-PGC-1α	 foci	 in	 the	 presence	 or	
absence	 of	 compound	 C,	 a	 selective	 small-molecule	 inhibitor	 of	 AMPK213	 (Figure	
R42).	 Phospho-PGC-1α	 nuclear	 foci	were	 increased	 after	 AICAR	 or	 CoQ	 treatments,	
however,	in	presence	of	compound	C	this	increase	was	attenuated	in	case	of	MELAS	A	
and,	practically	absence	in	MELAS	1.		
	

	

I	
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Figure	 R41.	 Effect	 of	 AICAR	 and	 CoQ	 treatment	 on	 nuclear	 PGC	 -	 1	 alpha	 sublocalisation	 in	
MELAS	fibroblasts.	Control,	MELAS	1,	MELAS	2,	MELAS	A	and	MELAS	B	fibroblasts	were	treated	
with	100	µM	AICAR	or	100	µM	CoQ	for	1	week.	Immunostaining	of	phospho	-	PGC	-	1	alpha	(red)	
and	DNA	(blue)	were	performed	according	to	described	methods	and	visualized	by	fluorescence	
microscopy.	 Quantification	 of	 fluorescent	 phospho-PGC	 –	 1	 alpha	 foci	 in	 the	 nuclei	 was	
performed	by	using	ImageJ	software.	More	than	100	randomly	selected	cells	were	analysed	for	
each	 experimental	 condition.	 Results	 are	 expressed	 as	 mean	 ±	 SD	 of	 three	 independent	
experiments.	 **P	 <	 0.01;	 significance	 of	 MELAS	 respect	 to	 control	 fibroblasts.	 cP	 <	 0.001;	
significance	of	MELAS	A	and	MELAS	B	fibroblasts	respect	to	MELAS	1	and	MELAS	2	fibroblasts.	#P	
<	 0.05	 and	 ##P	 <	 0.01;	 significance	 between	 the	 presence	 and	 absence	 of	 AICAR	 or	 CoQ	
treatment.	[Scale	bar	=	5	µm].	
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Figure	 R42.	 Effect	 of	 AMPK	 inhibition	 on	 nuclear	 PGC	 –	 1	 alpha	 localization	 in	 MELAS	 1	 and	
MELAS	A	fibroblasts.	Control	and	MELAS	1	and	MELAS	A	fibroblasts	were	treated	with	100	µM	
AICAR	or	100	µM	CoQ	for	1	week	in	the	presence	and	absence	of	10	µM	compound	C,	an	AMPK	
inhibitor.	Nuclear	phospho-PGC	–	1	alpha	foci	were	counted	by	using	ImageJ	software.	More	than	
100	 randomly	 selected	 cells	 were	 analysed	 for	 each	 experimental	 condition.	 Results	 are	
expressed	as	mean	±	SD.	*P	<	0.05;	significance	of	MELAS	respect	to	control	fibroblasts.	bP	<	0.01;	
significance	of	MELAS	A	and	MELAS	B	fibroblasts	respect	to	MELAS	1	and	MELAS	2	fibroblasts.	#P	
<	 0.05	 and	 ##P	 <	 0.01;	 significance	 between	 the	 presence	 and	 absence	 of	 AICAR	 or	 CoQ	
treatment.	$P	<	0.05,	$$P	<	0.01	and		$$$P	<	0.001;	significance	between	the	presence	and	absence	
of	compound	C.	

These	 results	 were	 confirmed	 by	 subcellular	 fractionation	 techniques	 and	 the	
evaluation	 of	 phospho-PGC-1α	 expression	 levels	 in	 the	 nuclear	 fraction	 by	Western	
blotting	(Figure	R43).	As	shown,	phospho-PGC-1α	increased	in	nuclear	fractions	after	
AICAR	and	CoQ	treatments,	especially	in	the	case	of	MELAS	1	fibroblasts	that	showed	
low	 levels	 before	 treatment.	 Supplementation	 of	 medium	 with	 compound	 C	 at	 the	
same	time	that	AMPK	activators	resulted	in	attenuated	increases	of	phospho-PGC-1α	
in	MELAS	A	and	a	drastic	reduction	of	signal	in	MELAS	1	fibroblasts.		
	
Taken	 together	 these	data	 suggest	 that	PGC-1α	 nuclear	 translocation	 is	 impaired	 in	
MELAS	 1	 and	MELAS	 2	 fibroblasts,	 and	 CoQ	 or	 AICAR	 treatments	 increase	 nuclear	
phospho-PGC1-α	 foci,	 possibly	 through	 AMPK	 activation.	 Once	 in	 the	 nucleus,	
phospho-PGC-1α	is	supposed	to	active	mitochondrial	biogenesis	and	thus	compensate	
the	deleterious	defects	of	increased	mitophagy.	
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Figure	 R43.	 Effect	 of	 AMPK	 inhibition	 on	 nuclear	 PGC	 –	 1	 alpha	 localization	 in	 MELAS	 1	 and	
MELAS	 A	 fibroblasts	 nuclear	 fractions.	 Control	 and	 MELAS	 1	 and	 MELAS	 A	 fibroblasts	 were	
treated	with	100	µM	AICAR	or	100	µM	CoQ	for	one	week	in	the	presence	and	absence	of	10	µM	
compound	 C,	 an	 AMPK	 inhibitor.	 Subcellular	 fractioning	 was	 performed	 as	 described	 in	
Materials	 &	 Methods	 to	 isolate	 nuclear	 fractions.	 Phospho-PGC	 –	 1	 alpha	 was	 analysed	 on	
nuclear	fractions	by	Western	blotting.	The	purity	of	the	nuclear	fraction	of	control	and	MELAS	
fibroblasts	 was	 validated	 by	 Western	 blotting	 analysis	 of	 a	 “house-keeper”	 marker	 protein	
(Lamin	B1)	specific	 for	the	nuclear	compartment.	Actin	was	used	as	cytosolic	marker	to	check	
the	 cytosolic	 fraction	 (Cyto)	 as	 purification	 control.	 Densitometry	 (a.u.,	 arbitrary	 units)	 was	
performed	 by	 using	 ImageJ	 software.	 Results	 are	 expressed	 as	 mean	 ±	 SD.	 ***P	 <	 0.001;	
significance	 of	 MELAS	 respect	 to	 control	 fibroblasts.	 bP	 <	 0.01;	 significance	 of	 MELAS	 A	
fibroblasts	 respect	 to	MELAS	1	 fibroblasts.	 #P	 <	 0.05	 and	 ##P	 <	 0.01;	 significance	between	 the	
presence	and	absence	of	AICAR	or	CoQ	treatment.	$P	<	0.05	and	$$P	<	0.01;	significance	between	
the	presence	and	absence	of	compound	C.		
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R-VII.	 AICAR	 and	 CoQ	 also	 restored	 pathophysiological	
alterations	 in	 MELAS	 cybrids	 harbouring	 a	 90%	
heteroplasmy	load.	

	
ur	 findings	 indicated	 that	 differential	 pathophysiology	 observed	 in	 MELAS	
fibroblasts	 could	 be	 related	 to	 heteroplasmy	 load.	 Fibroblasts	 with	 the	 most	

severe	phenotypes	harboured	higher	mutational	loads	(MELAS	1:	17%,	MELAS	2:	26%	
and	MELAS	3:	43%)	than	fibroblasts	with	 less	severe	alterations	(MELAS	A:	9%	and	
MELAS	 B:	 4%).	 In	 order	 to	 definitively	 associate	 pathophysiological	 severity	 to	
heteroplasmy	 load,	 we	 decided	 to	 extend	 our	 observations	 to	 a	 transmitochondrial	
MELAS	 cybrid	 cell	 line	 harbouring	 an	 extremely	 high	 heteroplasmy	 level	 (90	 %).	
Transmitochondrial	 cybrid	 cell	 lines	 are	 indispensable	 tools	 in	 mitochondrial	
investigation	 for	 providing	 a	 controlled	 nuclear	 background	 in	 which	 to	 study	 the	
molecular	 mechanisms	 by	 which	 mutations	 in	 mtDNA	 impair	 cellular	
function100,101,461,503–505.	 This	 model	 is	 particularly	 interesting	 given	 that	 subtle	
changes	in	mtDNA	heteroplasmic	genotype	can	have	profound	effects	on	the	nuclear	
gene	 expression	 state506.	 Therefore,	 in	 addition	 to	 relating	 pathophysiology	 and	
heteroplasmy,	we	can	discard	putative	compensatory	effects	of	the	nuclear	context	by	
analysing	this	MELAS	cybrids.	

	
Figure	R44.	Heteroplasmy	 load	 in	 transmitochondrial	MELAS	 cybrids.	Heteroplasmy	 load	was	
determined	 by	 PCR-RFLP	 assay.	 Results	 are	 expressed	 as	 mean	 ±	 SD.	 Significance	 of	 MELAS	
respect	to	control	cybrids	was	represented	as	***P	<	0.001.	

Thus,	 we	 explored	 several	 pathophysiological	 parameters	 in	 transmitochondrial	
cybrid	 cells	 harbouring	 the	 same	 MELAS	 mutation	 (m.3243A>G)	 to	 confirm	 that	
AICAR	 and	CoQ	 treatments	were	 also	 effective	 on	MELAS	 cybrids,	 independently	 of	
the	 nuclear	 context.	 First,	 we	 performed	 a	 heteroplasmy	 analysis	 to	 verify	 the	
mutational	load	of	these	MELAS	cybrids.	We	confirmed	that	MELAS	cybrids	harboured	
an	extremely	high	heteroplasmy	load	close	to	90	%	(89.6%)	(Figure	R44).		

O	
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Figure	R45.	Proliferation	rate	 in	transmitochondrial	MELAS	cybrids.	Effect	of	AICAR	or	CoQ	on	
proliferation	rate	 in	control	and	 transmitochondrial	MELAS	cybrids	was	analysed	by	counting	
viable	cells	after	treatment	as	described	in	Materials	&	Methods.	Results	are	expressed	as	mean	
±	 SD.	 Significance	 of	 MELAS	 cybrids	 respect	 to	 control	 cybrids	 was	 represented	 as	 *P	 <	 0.05.	
Significance	between	the	presence	and	absence	of	AICAR	or	CoQ	treatment	was	represented	as	
#P	<	0.05	and	##P	<	0.01.	

Because	of	tumour	origin	and	high	mutational	load	of	cybrids,	cellular	metabolism	is	
supposed	to	switch	from	a	predominantly	oxidative	to	glycolytic	metabolism506,	which	
could	 mask	 mitochondrial	 dysfunction.	 To	 reduce	 glycolytic	 metabolism,	 induce	
respiration	 and	 make	 more	 evident	 the	 mitochondrial	 defects,	 transmitochondrial	
cybrids	were	cultured	 in	glucose-restricted	conditions	as	described	 in	Materials	and	
Methods.	 Then,	we	 examined	 growth	 rate,	 ATP	production	 and	 expression	 levels	 of	
LC3B	 and	PGC-1α	 in	 control	 and	MELAS	 cybrids	 clones.	 Likewise,	we	 examined	 the	
effectiveness	of	AICAR	and	CoQ	on	these	parameters.	Growth	rate	of	MELAS	cybrids	
was	decreased	respect	to	control	cybrids	by	30%	and	restored	by	100	µM	AICAR	or	
100	µM	CoQ	treatments	significantly	(Figure	R45).		

	
Figure	 R46.	 ATP	 production	 in	 transmitochondrial	 MELAS	 cybrids.	 Effect	 of	 AICAR	 or	 CoQ	
treatment	 on	ATP	 levels	 in	 control	 and	MELAS	 cybrids	was	determined	by	using	 a	 luciferase-
based	assay.	Results	are	expressed	as	nmole	ATP/mg	protein	units	(mean	±	SD).	Significance	of	
MELAS	 respect	 to	 control	 cybrids	 was	 represented	 as	 *P	 <	 0.05.	 Significance	 between	 the	
presence	and	absence	of	AICAR	or	CoQ	treatment	was	represented	as	#P	<	0.05.	
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In	 the	 same	 way,	 we	 found	 significantly	 decreased	 ATP	 levels	 in	 MELAS	 cybrids	
suggesting	 energy	 depletion	 in	 MELAS	 cybrids.	 AICAR	 or	 CoQ	 treatments	 restored	
these	values	up	to	control	levels	(Figure	R46).		
	

	
Figure	R47.	Autophagy	and	mitophagy	in	transmitochondrial	MELAS	cybrids.	Effect	of	AICAR	or	
CoQ	treatment	on	protein	expression	levels	of	LC3B	was	measured	by	Western	blotting	analysis.	
Densitometry	 is	 shown	 representing	 data	 as	 mean	 ±	 SD	 of	 three	 separate	 experiments.	
Significance	 of	 MELAS	 cybrids	 respect	 to	 control	 cybrids	 was	 represented	 as	 ***P	 <	 0.001.	
Significance	between	the	presence	and	absence	of	AICAR	or	CoQ	treatment	was	represented	as	
###P	 <	 0.001.	 Immunostaining	 of	 cytochrome	 c	 (mitochondrial	 marker)	 and	 LC3B	
(autophagosome	marker)	was	performed	to	visualise	degrading	mitochondria	(white	arrows)	in	
Control	and	MELAS	cybrids.	[Scale	bar	=	10	µm].	

The	 protein	 expression	 levels	 of	 LC3B	 were	 analysed	 by	 using	 Western	 blotting	
techniques.	High	levels	of	LC3B	suggested	enhanced	autophagy	and	possible	selective	
mitochondrial	degradation	phenomena	as	 later	confirmed	in	Figure	R47.	Therefore,	
mitophagy	activation	was	also	demonstrated	in	transmitochondrial	MELAS	cybrids	as	
a	 consequence	 of	 the	 mutation	 in	 mtDNA	 and	 not	 the	 product	 of	 a	 concomitant	
nuclear	gene	defect.	
	
Since	 AICAR	 and	 CoQ	 treatments	 restored	 control	 levels	 of	 protein	 expression	 of	
LC3B,	 we	 related	 these	 results	 with	 increased	 autophagic	 flux	 observed	 in	 MELAS	
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fibroblasts.	 As	 shown	 in	 Figure	 R48,	 AICAR	 and	 CoQ	 were	 also	 able	 to	 increase	
autophagic	flux	in	MELAS	cybrids.	

	
Figure	R48.	Effect	of	AICAR	and	CoQ	treatment	on	autophagic	flux	in	transmitochondrial	MELAS	
cybrids.	Control	and	MELAS	cybrids	were	pre-treated	with	100	µM	AICAR	or	100	µM	CoQ	for	48	
hours.	12	hours	before	harvesting,	cells	were	treated	with	100	nM	bafilomycin	A1.	Total	cellular	
extracts	were	 analysed	by	 immunoblotting	with	 antibodies	 against	 LC3B.	Actin	was	used	 as	 a	
loading	control.	Densitometry	of	Western	blotting	was	performed	by	using	ImageJ	software	and	
results	 were	 expressed	 as	 mean	 ±	 SD	 of	 three	 independent	 experiments.	 ***P	 <	 0.001;	
significance	 of	 MELAS	 respect	 to	 control	 cybrids.	 #P	 <	 0.05,	 ##P	 <	 0.01	 and	 ###P	 <	 0.001;	
significance	between	the	presence	and	absence	of	AICAR	or	CoQ	treatment.	$$P	<	0.01	and	$$$P	<	
0.001;	 significance	 between	 the	 presence	 and	 absence	 of	 bafilomycin	 A1	 (BA)	 in	 pre-treated	
cybrids.	

The	 analysis	 of	 PGC-1α	 reported	 similar	 results.	 As	 in	 the	 case	 of	 fibroblasts,	 low	
levels	of	phospho-PGC1-α were	found	in	MELAS	cybrids	compared	to	control	cybrids,	
and	they	were	restored	under	AICAR	or	CoQ	supplementation.	These	results	were	also	
concomitant	with	mislocalisation	of	phospho-PGC-1α,	which	was	relocated	 to	nuclei	
after	AICAR	and	CoQ	treatments	(Figure	R49).		
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Figure	R49.	Effect	of	AICAR	and	CoQ	treatment	on	phospho-PGC	–	1	alpha	in	transmitochondrial	
MELAS	cybrids.	Control	and	MELAS	cybrids	were	treated	with	100	µM	AICAR	or	100	µM	CoQ	for	
48	 hours.	 Total	 cellular	 extracts	 were	 analysed	 by	 immunoblotting	 with	 antibody	 against	
Phospho-PGC	–	1	alpha.	Actin	was	used	as	a	 loading	control.	Densitometry	of	Western	blotting	
was	performed	by	using	ImageJ	software.	Representative	images	of	the	subcellular	localisation	
of	 phospho-PGC	 –	 1	 alpha	 (red)	 in	 control	 and	MELAS	 cybrids	was	 examined	 by	 fluorescence	
microscopy.	 Quantification	 of	 nuclear	 phospho-PGC	 –	 1	 alpha	 foci	 was	 performed	 by	 using	
ImageJ	software.	More	 than	100	randomly	selected	cells	were	analysed	 for	each	experimental	
condition.	All	results	were	expressed	as	mean	±	SD	of	three	independent	experiments.	*P	<	0.05	
and	***P	<	0.001;	significance	of	MELAS	respect	to	control	cybrids.	#P	<	0.05,	##P	<	0.01	and	###P	<	
0.001;	significance	between	the	presence	and	absence	of	AICAR	or	CoQ	treatment.	[Scale	bar	=	5	
µm].	

Previously	 in	 this	 work,	 PGC-1α	 activation	 in	 MELAS	 fibroblasts	 has	 been	 strongly	
associated	 to	mitochondrial	 biogenesis	 and	 AMPK	 activation.	 To	 further	 investigate	
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whether	 the	 effect	 of	 AICAR	 and	 CoQ	 on	 AMPK	 activation	 and	 mitochondrial	
biogenesis	is	also	extensible	for	MELAS	cybrids,	we	analysed	AMPK	phosphorylation	
and	mitochondrial	mass	measured	by	citrate	synthase	activity	in	transmitochondrial	
cybrids	after	treatments.	As	expected,	AMPK	activation	was	increased	after	AICAR	or	
CoQ	 treatments	 (Figure	 R50).	 However,	 in	 presence	 of	 compound	 C,	 AMPK	
phosphorylation	was	only	partially	increased.	

	
Figure	 R50.	 Effect	 of	 AICAR	 and	 CoQ	 treatments	 on	 AMPK	 activation	 in	 absence	 of	 AMPK	
activation	in	transmitochondrial	MELAS	cybrids.	Control	and	MELAS	cybrids	were	treated	with	
100	µM	AICAR	or	100	µM	CoQ	for	48	hours	in	presence	and	absence	of	10	µM	compound	C,	an	
AMPK	inhibitor.	AMPK	activation	was	assessed	by	Western	blotting	by	using	antibodies	against	
the	total	and	phosphorylated	form	of	AMPK.	Actin	was	used	as	a	loading	control.	Densitometry	
of	Western	blotting	was	performed	by	using	ImageJ	software	and	all	results	were	expressed	as	
mean	±	SD.	#P<0.05	and	###P<0.001;	significance	between	the	presence	and	absence	of	AICAR	or	
CoQ	 treatment.	 $P	 <	 0.05,	 $$P	 <	 0.01	 and	 $$$P	 <	 0.001;	 significance	 between	 the	 presence	 and	
absence	of	compound	C.	

Mitochondrial	mass	measured	by	citrate	synthase	activity	was	significantly	reduced	in	
transmitochondrial	MELAS	cybrids	(Figure	R51).	AICAR	and	CoQ	treatment	restored	
citrate	 synthase	 activity	 except	 in	 cases	 where	 compound	 C	 prevented	 AMPK	
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activation.	 These	 results	 strongly	 indicate	 that	mitochondrial	 dysfunction	 shown	by	
MELAS	cybrids	could	be	mediated	by	alteration	in	AMPK	activation.	

	
Figure	R51.	Effect	of	AICAR	or	CoQ	treatment	on	mitochondrial	biogenesis	measured	by	citrate	
synthase	activity	 in	absence	of	AMPK	activation	 in	 transmitochondrial	MELAS	cybrids.	Control	
and	MELAS	cybrids	were	treated	with	100	µM	AICAR	or	100	µM	CoQ	for	48	hours	 in	presence	
and	 absence	 of	 10	µM	 compound	 C,	 an	 AMPK	 inhibitor.	 Results	 are	 expressed	 as	mean	 ±	 SD.	
Significance	 of	 MELAS	 respect	 to	 control	 cybrids	 was	 represented	 as	 **P	 <	 0.01.	 Significance	
between	the	presence	and	absence	of	AICAR	or	CoQ	treatment	was	represented	as	#P	<	0.05,	##P	
<	 0.01	 and	 ###P	 <	 0.001.	 Significance	 between	 the	 presence	 and	 absence	 of	 compound	 C	 was	
represented	as	$P	<	0.05	and	$$P	<	0.01.	

As	 AMPK	 activation	 seems	 to	 regulate	 mitochondrial	 biogenesis	 activation,	 we	
wondered	 whether	 sublocalisation	 of	 phospho-PGC-1α	 is	 also	 compromised	 in	
absence	 of	 AMPK	 activation.	 Once	 again,	 we	 prevented	 AMPK	 activation	 by	 using	
compound	 C	 during	 AICAR	 or	 CoQ	 treatments	 and	 we	 found	 that	 phospho-PGC-1α	
localisation	 was	 increased	 in	 nuclei	 after	 AICAR	 or	 CoQ	 treatments,	 but	 notably	
decreased	when	combined	AMPK	stimulators	with	the	AMPK	inhibitor	(Figure	R52).			
	
Altogether,	 our	 findings	 indicated	 that	 MELAS	 cybrids	 with	 extremely	 high	
heteroplasmy	also	reproduced	severe	pathophysiological	alterations	such	as	reduced	
proliferation	 rate,	 ATP	 production,	 mitochondrial	 mass	 or	 nuclear	 PGC-1α	 foci.	
Furthermore,	these	results	also	support	the	hypothesis	that	observed	alterations	are	a	
direct	 result	 of	 the	 mitochondrial	 m.3243A>G	 mutation	 and	 not	 a	 consequence	 of	
nuclear	defects.	Definitively,	these	alterations	can	be	ameliorated	by	both	AICAR	and	
CoQ	treatments	or	prevented	by	compound	C	suggesting	that	this	rescue	is	mediated,	
at	 least	partially,	by	AMPK	activation.	Therefore,	AMPK	thus	becomes	a	cornerstone	
upon	 which	 mitochondrial	 biogenesis	 and	 mitophagy	 activation	 can	 regulate	 the	
pathophysiological	state	of	MELAS	cells.	Our	therapeutic	approaches	with	fibroblasts	
and	transmitochondrial	cybrids	reinforce	the	usefulness	of	AICAR	and	Coenzyme	Q10	
as	treatments	opening	multiple	possibilities	to	screen	the	effectiveness	of	a	huge	set	of	
untested	pharmacological	drugs.	
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Figure	R52.	Effect	of	AICAR	or	CoQ	treatments	on	the	sublocalisation	of	phospho-PGC	–	1	alpha	
in	absence	of	AMPK	activation	in	transmitochondrial	MELAS	cybrids.	Control	and	MELAS	cybrids	
were	treated	with	100	µM	AICAR	or	100	µM	CoQ	in	presence	and	absence	of	10	µM	compound	C,	
an	 AMPK	 inhibitor.	 Quantification	 of	 nuclear	 phospho-PGC	 –	 1	 alpha	 foci	 was	 performed	 by	
using	 ImageJ	 software.	 More	 than	 100	 randomly	 selected	 cells	 were	 analysed	 for	 each	
experimental	condition.	Results	are	expressed	as	mean	±	SD.	Significance	of	MELAS	respect	 to	
control	cybrids	was	represented	as	*P	<	0.05.	Significance	between	the	presence	and	absence	of	
AICAR	or	CoQ	treatments	was	represented	as	#P	<	0.05,	##P	<	0.01	and	###P<0.001.	Significance	
between	the	presence	and	absence	of	compound	C	was	represented	as	$P	<	0.05	and	$$P	<	0.01.	
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R-VIII.	 Transmitochondrial	 cybrids	 and	 patient-derived	
fibroblasts	as	a	platform	 to	validate	 the	effectiveness	of	
pre-screened	drugs	for	MELAS	syndrome		
urrently,	 no	 consensus	 criteria	 exist	 for	 treating	 MELAS	 syndrome	or	
mitochondrial	 dysfunction	 in	 other	 diseases	 due	 to	 the	 fact	 that	 few	 consistent	

results	have	been	achieved	with	current	therapies355.	As	commented	in	Introduction,	
some	 of	 the	 most	 used	 therapeutic	 approaches	 in	 treating	 MELAS	 syndrome	 have	
been	adopted	through	isolated	case	reports	or	limited	clinical	trials.		

In	previous	Results	subsections,	our	results	confirmed	that	AICAR	and	Coenzyme	Q10	
are	effective	pharmacological	treatments	for	MELAS	syndrome	at	cellular	 level.	Both	
AICAR	 and	 Coenzyme	 Q10	 ameliorated	many	 physiopathological	 alterations	 such	 as	
defective	respiratory	activities,	 toxic	 levels	of	ROS	or	energy	depletion	 in	 fibroblasts	
derived	 from	MELAS	 patients	 and	 transmitochondrial	 cybrids	 with	 the	m.3243A>G	
MELAS	mutation.	Our	results	and	other	recent	works	demonstrate	the	usefulness	and	
the	 potential	 of	 primary	 cultures	 of	 fibroblasts	 and	 cybrids	 to	 study	mitochondrial	
disorders.	 Therefore,	we	propose	 the	use	 of	 these	 cellular	models	 for	 the	 screening	
and	validation	of	pharmacological	drugs	selected	from	in	silico	studies	or	massive	pre-
screening	analysis.	

In	 previous	 studies,	 our	 group	 used	 a	 strain	 of	Saccharomyces	 cerevisiae	harbouring	
the	A14G	mutation	equivalent	to	the	human	m.3243A	>	G	mutation	as	a	cellular	model	
in	the	search	for	effective	drugs	for	the	treatment	of	MELAS	disease507,508.	From	this	
preliminary	 screening,	 60	 nM	 riboflavin	 and	 100	µM	Coenzyme	Q10	 resulted	 in	 the	
most	 efficient	 drugs	 in	 restoring	 the	 respiratory	defect	 in	 the	mutant	 yeast101.	 Both	
riboflavin	and	coenzyme	Q10	are	often	considered	first-line	agents	in	the	treatment	of	
MELAS	 syndrome	 since	 no	 significant	 adverse	 reactions	 have	 been	 reported	 at	 low	
doses295,355,385,432,439.	As	already	introduced	above,	riboflavin	is	an	essential	cofactor	in	
complexes	I	and	II	of	the	MRC432	that	shows	antioxidant	activity	derived	from	its	role	
as	 a	 precursor	 of	 FAD445.	On	 the	 other	 hand,	 CoQ	 functions	 as	 an	 essential	 electron	
transporter	 in	 the	MRC	and	also	acts	as	an	potent	antioxidant	 that	can	protect	 from	
oxidative	damage509.		

Along	 this	 work,	 we	 have	 demonstrated	 that	 MELAS	 cybrids	 and	 fibroblasts	 share	
common	pathological	characteristics,	especially	when	mutational	load	is	substantially	
high.	In	this	section,	we	propose	the	use	of	transmitochondrial	cybrids	and	fibroblasts	
derived	from	MELAS	patients	with	high	heteroplasmy	load	for	the	evaluation	of	pre-
screened	 selected	 drugs.	 Therefore,	 we	 used	 the	 transmitochondrial	 cybrids	
harbouring	90%	heteroplasmy,	and	a	MELAS	fibroblast	cell	line	(MELAS	3)	with	43%	
of	heteroplasmy.		

Due	to	its	tumour	origin,	cybrids	growth	fast,	avoiding	the	main	handicap	of	the	use	of	
fibroblasts	 derived	 from	 patients,	 the	 low	 growth	 rate.	 Therefore,	 the	 initial	 use	 of	
transmitochondrial	 cybrids	 allows	 us	 to	 quickly	 screen	 a	 large	 amount	 of	 drugs	 (in	
treatments	 of	 48	 hours)	 to	 finally	 select	 particular	 candidates	 for	 evaluation	 in	

C	
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fibroblasts	(in	treatments	of	1	week),	a	cellular	model	that	in	theory	can	reflect	better	
MELAS	patient	phenotype.	

In	order	to	check	the	screening	potential	of	cybrids	and	fibroblasts,	first,	we	tested	the	
selected	 treatments	 of	 60	 nM	 riboflavin	 and	 100	 µM	 CoQ	 for	 48	 hours	 in	
transmitochondrial	MELAS	cybrids.	CoQ	was	used	as	a	positive	control	since	its	effects	
on	cybrids	in	the	pathophysiological	parameters	was	already	shown	above.	Therefore,	
as	in	previous	Results	subsections,	we	studied	several	physiopathological	parameters	
such	 as	 proliferation	 rate,	 ATP	 production,	 mitochondrial	 respiratory	 capacity	 and	
ROS	levels	(Figure	R53).		

	

Figure	 R53.	 Effect	 of	 riboflavin	 and	 CoQ	 treatments	 on	 pathophysiological	 parameters	 in	
transmitochondrial	MELAS	cybrids.	Control	and	MELAS	cybrids	were	cultured	in	the	absence	or	
presence	 of	 60	 nM	 riboflavin	 or	 100	 µM	 CoQ	 for	 48	 hours.	 Cellular	 proliferation	 rate,	 ATP	
production,	complexes	I	+	II	activity	and	ROS	levels	were	determined	as	described	in	Materials	
&	Methods.	In	complexes	I	+	III	activity,	results	were	expressed	as	mean	±	SD	expressed	in	units	
(U)	per	citrate	synthase	(CS)	units.	Overall,	data	in	arbitrary	units	(a.u.)	represent	the	mean	±	SD	
of	three	separate	experiments.	*P	<	0.05;	significance	of	MELAS	respect	to	control	cybrids.	#P	<	
0.05;	significance	between	the	presence	and	absence	of	riboflavin	or	CoQ.	

Cellular	 proliferation	 rate	 was	 significantly	 reduced	 in	 MELAS	 cybrids	 when	
compared	with	control;	and	both	treatments	significantly	increased	the	proliferation	
rate	of	MELAS	and	control	cybrids.	Likewise,	ATP	levels	were	reduced	in	the	MELAS	
cybrids	compared	with	the	control	cybrids.	Treatments	with	riboflavin	had	no	effect	
on	ATP	levels	in	control	cybrids,	but	resulted	in	increased	ATP	levels	in	MELAS	cybrid	
cells	 indicating	that	both	treatments	restored	partially	the	bioenergetic	status	of	 the	
MELAS	 cybrids.	 In	 fact,	 the	 activity	of	 complexes	 I	 +	 III,	 significantly	 reduced	 in	 the	
MELAS	 cybrids	 before	 treatments,	 was	 definitively	 restored	 by	 riboflavin	
supplementation.	
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Figure	 R54.	 Effect	 of	 riboflavin	 and	 CoQ	 treatments	 on	 autophagic	 markers	 in	
transmitochondrial	MELAS	 cybrids.	 Control	 and	MELAS	 cybrids	were	 cultured	 for	48	hours	 in	
the	presence	or	absence	of	60	nM	riboflavin	or	100	µM	CoQ.	Acidic	vacuoles	were	quantified	by	
LysoTracker	 staining	 and	 analysed	 by	 flow	 cytometry.	 Protein	 expression	 levels	 of	 LC3B-I	
(upper	 band)	 and	 LC3-II	 (lower	 band),	 ATG12-ATG5	 and	 complex	 I	 (30	 kDa	 subunit)	 was	
determined	 in	 control	 and	 MELAS	 cybrid	 cultures	 by	 Western	 blotting.	 Actin	 was	 used	 as	 a	
loading	control.	Densitometry	was	performed	by	using	ImageJ	software.	Data	in	arbitrary	units	
(a.u.)	 represent	 the	mean	 ±	 SD	 of	 three	 separate	 experiments.	 *P	 <	 0.05,	 **P	 <	 0.01	 and	 ***P	 <	
0.001;	 significance	between	 control	 and	MELAS	 cybrids.	 #P	<	0.05	 and	 ##P	<	0.01;	 significance	
between	the	presence	and	the	absence	of	riboflavin	or	CoQ.	
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We	next	examined	mitochondrial	ROS	 levels	 in	control	and	MELAS	cybrids	by	using	
MitoSOX	Red	and	flow	cytometry	as	described	in	Material	and	Methods.	At	the	same	
time,	the	mitochondrial	mass	was	estimated	with	NAO,	and	the	ratio	of	MitoSOX	signal	
to	NAO	fluorescence	was	determined.	An	approximate	3-fold	increase	was	detected	in	
mitochondrial	 ROS	 production	 of	MELAS	 cybrids.	 The	 inclusion	 of	 riboflavin	 in	 the	
culture	medium	induced	a	considerable	reduction	 in	ROS	 levels,	although	they	were	
not	 fully	 restored	 to	 control	 values	 in	 these	 cells.	 Therefore,	 in	 addition	 to	 CoQ,	
riboflavin	 resulted	 in	 positive	 effects	 on	 proliferation	 rate,	 ROS	 generation	 and	
bioenergetic	status	of	transmitochondrial	MELAS	cybrids.	

On	the	other	hand,	as	AICAR	and	CoQ	induced	autophagic	flux	and	reduced	LC3B	–	II	
levels	 in	 fibroblasts	 and	 MELAS	 cybrids,	 we	 next	 checked	 the	 effectiveness	 of	
riboflavin	in	decreasing	autophagic	markers	(Figure	R54).		

As	previously	done,	we	explored	the	conversion	of	LC3B-I	to	LC3-II,	since	the	amount	
of	 the	 latter	 is	 closely	 correlated	with	 the	 number	 of	 autophagosomes.	We	 found	 a	
significant	 4-fold	 increase	 in	 the	 ratio	 of	 LC3-II	 to	 LC3-I	 in	 MELAS	 cybrids	 when	
compared	 with	 control	 cybrids.	 Likewise,	 the	 amount	 of	 ATG12-ATG5	 was	 also	
increased	 3-fold	 in	 MELAS	 cybrids,	 which	 indicates	 an	 increase	 of	 autophagic	
machinery.	 Moreover,	 LysoTracker	 staining	 intensity	 was	 determined	 as	 a	 way	 to	
quantify	 acidic	 vesicles	 in	 cells,	which	 are	 associated	 to	 autophagy	 and	 presence	 of	
autophagolysosomes.	The	LysoTracker	mean	intensity	resulted	in	an	approximate	3-
fold	 increase	 in	 the	MELAS	cybrid	 clone	 compared	 to	 control	 cybrids	 (Figure	R54).	
Supplementation	of	the	culture	medium	with	60	nM	riboflavin	resulted	in	a	significant	
decrease	 in	 the	 levels	 of	 LC3-II,	 ATG12-ATG5	 and	 acidic	 vesicles,	 which	 could	 be	
presumably	due	to	the	 induction	of	autophagic	 flux	as	 in	the	case	of	AICAR	and	CoQ	
treatments,	 supporting	 the	 hypothesis	 of	 autophagosomes	 could	 be	 being	 cleared	
after	these	treatments.	In	agreement	with	the	results	of	complex	I	+	III	activity	shown	
in	Figure	R53,	we	found	that	protein	expression	of	the	30	kDa	subunit	of	complex	I	of	
the	mitochondrial	 respiratory	 chain	 (MRC)	 was	 also	 reduced	 in	 the	 MELAS	 cybrid.	
Supplementation	with	riboflavin	partially	restored	its	expression	levels	as	well.		

Given	 clear	 evidences	 of	 improvement	 of	 the	 autophagy	 levels	 after	 treatments	
(Figure	 R54),	 we	 wondered	 whether	 riboflavin	 was	 also	 able	 to	 reduced	 selective	
degradation	 of	 mitochondria.	 Thus,	 we	 next	 examined	 colocalisation	 of	 LC3B	 and	
cytochrome	 c	 in	 MELAS	 cybrids	 (Figure	 R55).	 Whereas	 in	 control	 cybrids	
mitochondria	 did	 not	 co-localise	 with	 LC3B,	 in	 MELAS	 cybrids	 co-localization	 of	
cytochrome	c	and	LC3B	was	clear.	Treatment	with	riboflavin	resulted	in	a	significant	
reduction	 of	 the	 colocalisation	 between	 mitochondria	 and	 autophagosomes,	
supporting	our	previous	results	with	AICAR	and	CoQ	treatments.	
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Figure	R55.	Effect	of	 riboflavin	and	CoQ	 treatments	on	selective	mitochondrial	degradation	 in	
transmitochondrial	MELAS	cybrids.	After	60	nM	riboflavin	and	100	µM	CoQ	treatments,	control	
and	 MELAS	 cybrids	 were	 immunostained	 with	 anti-LC3B	 (autophagosome	 marker)	 and	
cytochrome	c	(mitochondrial	marker)	to	visualise	degrading	mitochondria	(punctate)	in	control	
and	MELAS	 cybrids.	To	quantify	mitophagy,	 a	 positive	mitophagic	 cell	was	 scored	when	more	
than	10	puncta	(white	arrows)	were	observed	per	cell.	Data	represent	the	mean	±	SD	of	 three	
separate	experiments.	***P	<	0.001;	significance	between	control	and	MELAS	cybrids.	##P	<	0.01;	
significance	between	the	presence	and	the	absence	of	riboflavin	or	CoQ.	[Scale	bar	=	10	µm	and	
=	5	µm	in	magnified	picture].		
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Once	proven	 that	 riboflavin	considerably	ameliorated	pathophysiological	 alterations	
in	transmitochondrial	MELAS	cybrids	after	only	48	hours	of	treatment,	now	we	extend	
the	evaluation	to	MELAS	fibroblasts,	a	cellular	model	with	a	much	lower	growth	rate	
capacity	but	 that	 can	 reflect	better	patient	pathophysiology.	Although	 the	 culture	of	
fibroblast	 present	 some	disadvantages	 such	 as	 low	 growth	 and	 fast	 senescence,	 the	
opportunity	of	working	 in	an	almost	personalized	manner	 for	each	patient	becomes	
an	attractive	approach.	Here	below,	we	evaluated	riboflavin	and	CoQ	treatments	in	a	
MELAS	primary	fibroblast	culture,	MELAS	3,	which	showed	the	highest	heteroplasmy	
load	of	the	MELAS	fibroblasts	under	study,	43%.		

	

Figure	R56.	Effect	of	riboflavin	and	CoQ	treatments	on	pathophysiological	parameters	in	MELAS	
3	 fibroblasts.	Control	and	MELAS	3	 fibroblasts	were	cultured	 in	the	absence	or	presence	of	60	
nM	riboflavin	or	100	µM	CoQ	for	a	week.	Cellular	proliferation	rate,	ATP	production,	complexes	
I+III	activity	and	ROS	levels	were	determined	as	described	in	Materials	&	Methods.	In	complexes	
I+III	activity,	results	were	expressed	as	mean	±	SD	expressed	 in	units	(U)	per	citrate	synthase	
(CS)	 units.	 Overall,	 data	 in	 arbitrary	 units	 (a.u.)	 represent	 the	 mean	 ±	 SD	 of	 three	 separate	
experiments.	 *P	 <	 0.05,	 **P	 <	 0.01	 and	 ***P	 <	 0.001;	 significance	 of	 MELAS	 respect	 to	 control	
cybrids.	#P	<	0.05	and	##P	<	0.01;	significance	between	the	presence	and	absence	of	riboflavin	or	
CoQ.	

First,	 control	 and	 MELAS	 3	 fibroblasts	 were	 treated	 with	 the	 same	 dose	 used	 in	
cybrids,	 60	 nM	 riboflavin	 and	 100	µM	CoQ,	 but	 in	 spite	 of	 48	 hours,	 treatments	 in	
fibroblasts	 lasted	1	week.	 Proliferation	 rate	 analysis	 showed	decreased	 growth	 rate	
for	MELAS	3	fibroblasts	compared	with	control	fibroblasts.	None	of	these	agents	had	a	
significant	 effect	 on	 the	 proliferation	 rate	 of	 control	 fibroblasts.	 However,	
supplementation	 in	 MELAS	 fibroblasts	 significantly	 increased	 this	 growth	 rate	 to	
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control	 values.	 To	determine	whether	 riboflavin	 or	 CoQ	had	 an	 effect	 on	 improving	
cellular	 bioenergetics,	 we	 determined	 their	 effect	 on	 intracellular	 ATP	 levels	 and	
complex	I+III	activity	in	control	and	MELAS	3	fibroblasts.		As	expected,	ATP	levels	and	
Complex	 I+III	 activity	 were	 significantly	 decreased	 in	 MELAS	 3	 fibroblasts,	 and	
treatments	with	either	60	nM	riboflavin	or	100	µM	CoQ	caused	a	substantial	increase	
in	 its	 bioenergetics	 capacity	 (Figure	R56).	As	done	with	 cybrids,	we	 also	 examined	
superoxide	levels	in	control	and	MELAS	fibroblasts	by	flow	cytometry	using	MitoSOX	
Red	as	a	probe.	ROS	production	was	notably	increased	in	MELAS	3	fibroblasts	and	was	
reduced	after	a	week	of	riboflavin	and	CoQ	treatments.			

Next,	we	wondered	whether	autophagy	and,	 in	particular,	mitophagy	activation	also	
occurred	 in	 MELAS	 3	 culture	 as	 happened	 with	 other	 MELAS	 cultures	 studied.	 To	
determine	whether	 increased	mitochondrial	 degradation	was	 activated	 in	MELAS	 3	
fibroblasts,	 we	 first	 quantified	 levels	 of	 acidic	 vacuoles	 by	 the	 use	 of	 LysoTracker	
staining	 coupled	 with	 flow	 cytometry	 analysis.	 Acidic	 vacuoles	 were	 significantly	
increased	 in	 MELAS	 3	 fibroblasts	 when	 compared	 with	 control	 fibroblasts	 (Figure	
R57).	 In	 the	 same	manner	 than	CoQ,	 riboflavin	 resulted	 quite	 effective	 by	 reducing	
lysosome	content.	Once	again,	as	a	marker	of	autophagic	activity,	we	also	explored	the	
conversion	of	 LC3B-I	 to	 LC3-II.	Results	 indicated	 a	5-fold	 increase	 in	 the	 amount	 of	
LC3-II	 in	 MELAS	 3	 fibroblast	 culture	 compared	 with	 control	 fibroblasts.	 This	
significant	 increase	 in	 LC3-II	 conversion	 in	 MELAS	 3	 fibroblasts	 indicated	 that	
autophagosome	 formation	 is	 enhanced	 in	 these	 cells	 as	 well	 as	 the	 rest	 of	 MELAS	
cultures.	Supplementation	with	riboflavin	or	CoQ	treatments	achieved	a	50%	decrease	
in	the	levels	of	LC3-II	in	these	cultures.	Additionally,	the	study	of	ATG12-ATG5	protein	
levels	reported	similar	results	than	LC3B.		

Next,	we	performed	a	double	staining	immunodetection	with	antibodies	against	LC3B	
and	cytochrome	c	to	confirm	presence	of	mitophagy	activation	in	MELAS	3	fibroblasts.	
Whereas	 in	 control	 fibroblasts	 a	 rich	 tubular	 mitochondrial	 network	 negative	 for	
LC3B	 staining	 was	 observed,	 in	 the	 MELAS	 3	 fibroblasts	 we	 identified	 two	
mitochondria	populations:	few	normal	tubular	mitochondria	negative	for	LC3B	along	
with	many	 small	 rounded	 and	 fragmented	mitochondria	 positive	 for	 LC3B	 (Figure	
R58).	 These	 results	 suggested	 the	 presence	 of	 autophagosome	 engulfing	
mitochondria	 (positive	 LC3/cytochrome	 c	 punctate)	 as	 observed	 in	 other	 MELAS	
fibroblasts	studied	along	this	thesis.	Riboflavin	and	CoQ	treatment	resulted	in	drastic	
reductions	of	engulfed	mitochondria.	
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Figure	 R57.	 Effect	 of	 riboflavin	 and	 CoQ	 treatments	 on	 autophagic	 markers	 in	 MELAS	 3	
fibroblasts.	Control	and	MELAS	3	fibroblasts	were	cultured	in	the	absence	or	presence	of	60	nM	
riboflavin	or	100	µM	CoQ	for	a	week.	Quantification	of	acidic	vacuoles	by	LysoTracker	staining	
and	flow	cytometry	analysis.	Protein	expression	of	LC3	and	Atg12-atg5	conjugated	 form.	Actin	
was	used	as	 loading	control.	Densitometry	was	performed	using	 the	 ImageJ	 software.	Overall,	
data	in	arbitrary	units	(a.u.)	represent	the	mean	±	SD	of	three	separate	experiments.	*P	<	0.05,	
**P	<	0.01	and	***P	<	0.001;	significance	of	MELAS	respect	to	control	cybrids.	#P	<	0.05	and	##P	<	
0.01;	significance	between	the	presence	and	absence	of	riboflavin	or	CoQ.	
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Figure	R58.	Effect	of	 riboflavin	and	CoQ	 treatments	on	selective	mitochondrial	degradation	 in	
MELAS	3	fibroblasts.	After	60	nM	riboflavin	and	100	µM	CoQ	treatments,	control	and	MELAS	3	
fibroblasts	 were	 immunostained	 with	 anti-LC3B	 (autophagosome	 marker)	 and	 cytochrome	 c	
(mitochondrial	marker)	 to	visualise	degrading	mitochondria	 (punctate)	 in	control	and	MELAS	
cybrids.	 To	 quantify	 mitophagy,	 a	 positive	 mitophagic	 cell	 was	 scored	 when	 more	 than	 10	
puncta	(white	arrows)	were	observed	per	cell.	Data	represent	the	mean	±	SD	of	three	separate	
experiments.	 ***P	 <	 0.001;	 significance	 between	 control	 and	 MELAS	 cybrids.	##P	<	 0.01;	
significance	between	the	presence	and	the	absence	of	riboflavin	or	CoQ.	[Scale	bar	=	10	µm	and	
=	5	µm	in	magnified	picture].	
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Curiously,	as	found	in	the	other	MELAS	fibroblasts	with	high	heteroplasmy	(MELAS	1	
and	 MELAS	 2),	 enhanced	 mitophagy	 in	 MELAS	 3	 cells	 was	 concomitant	 with	 a	
significant	decrease	in	protein	expression	for	both	nuclear	and	mitochondrial	encoded	
subunits	 of	 MRC	 complexes	 (Figure	 R59):	 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)	
showed	 reduced	 protein	 levels	 than	 control	 fibroblasts.	 Treatments	 with	 60	 nM	
riboflavin	 or	 100	 µM	 CoQ	 were	 able	 to	 partially	 restore	 mitochondrial	 protein	
expression	levels.		

	

Figure	 R59.	 Mitochondrial	 protein	 expression	 levels	 in	 MELAS	 3	 fibroblasts.	 Western	 blot	
analysis	of	mitochondrial	respiratory	chain	proteins	-complex	I	(30Kda	subunit),	complex	II	(30	
KDa	subunit),	complex	III	(core	1	subunit),	complex	IV	(COX	II	subunit)-	of	control	and	MELAS	3	
fibroblasts	 incubated	 with	 60	 nM	 riboflavin	 or	 100	 µM	 CoQ	 for	 1	 week.	 Actin	 was	 used	 as	
loading	control.	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.	 	 ##P	<	0.01,	between	 the	presence	and	 the	absence	of	
riboflavin	or	CoQ.		
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Given	the	substantial	reduction	of	MRC	proteins	observed	in	MELAS	1,	MELAS	2	and	
MELAS	3,	all	of	them	with	high	heteroplasmy	load,	we	wondered	about	the	reasons	for	
this	 drastic	 decrease.	 We	 can	 speculate	 that	 a	 massive	 selective	 degradation	 of	
mitochondria	might	diminish	mitochondrial	mass,	and	as	a	consequence	 to	 induce	a	
drastic	 reduction	 in	MRC	 proteins.	 Riboflavin	 or	 CoQ	 increased	 the	 amount	 of	MRC	
proteins,	but	it	is	unclear	the	molecular	mechanism	involved	in	this	process.	The	role	
of	 other	 mitochondrial	 players	 in	 structural	 stability	 of	 the	 mitochondrial	
complexes510–513	might	shed	some	light	on	the	functional	role	of	riboflavin	or	CoQ	on	
this	matter.		

To	explore	whether	riboflavin	or	CoQ	were	able	to	increase	stability	and	assembly	of	
complexes,	we	isolated	mitochondria	from	MELAS	3	culture	by	magnetically	labelling	
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	 evaluation	 of	
mitochondrial	complexes	assembly.	Analysis	of	mitochondrial	respiratory	complexes	
by	 BN-PAGE	 revealed	 in	 MELAS	 3	 fibroblasts	 an	 almost	 complete	 absence	 of	 fully	
assembled	complex	I,	only	trace	amounts	of	fully	assembled	complexes	IV	and	V,	and	
normal	 levels	 of	 complex	 III	 (Figure	 R60).	 Curiously,	 complex	 II,	 which	 has	 four	
subunits	 entirely	 encoded	 by	 nuclear	 genes,	 was	 increased	 in	 MELAS	 3	 intact	
mitochondria.	This	result	could	easily	be	interpreted	as	an	increased	transcription	of	
nuclear-encoded	 mitochondrial	 proteins	 to	 compensate	 deficient	 mitochondrial	
activity.	 Treatments	 for	1	week	with	60	nM	 riboflavin	or	100	µM	CoQ	 resulted	 in	 a	
significant	 increase	 in	 fully	assembled	complexes	 I,	 IV	and	V	 in	MELAS	 fibroblasts	3	
supporting	 the	 role	of	 riboflavin	and	CoQ	as	agents	 that	promote	proper	 complexes	
assembling.		

Altogether,	 these	 results	 suggest	 that	 cellular	 models	 such	 as	 transmitochondrial	
cybrids	and	fibroblasts	derived	from	MELAS	patients	could	be	suitable	for	screening	
and	 validating	 pre-screened	 or	 new	 drug	 candidates	 for	 MELAS	 disease.	 In	 these	
assays,	 we	 observed	 that	 riboflavin	 or	 CoQ	 effectively	 improved	 the	 viability	 and	
pathophysiology	of	MELAS	cell	models	confirming	our	expectations	since	these	drugs	
are	 used	 clinically	 in	 the	 treatment	 of	 MELAS	 patients385.	 As	 no	 difference	 was	
detected	 between	 the	 response	 to	 treatments	 in	 MELAS	 3	 fibroblasts	 with	 43%	 of	
heteroplasmy	and	MELAS	 cybrids	with	90%	of	heteroplasmy,	 these	models,	 at	 least	
with	 this	 heteroplasmy,	 seem	 to	 behave	 similarly	 regarding	 the	 pathophysiological	
parameters	 analysed.	 Likewise,	 in	 anterior	 subsections	 AICAR	 and	 CoQ	 treatments	
also	 ameliorated	 severe	 pathophysiological	 alterations	 in	 MELAS	 1	 and	 MELAS	 2	
fibroblasts,	 both	 cell	 lines	 harbouring	 high	 heteroplasmy	 load	 as	 well.	 Therefore,	
MELAS	 patient-derived	 fibroblasts	 showing	 severe	 physiopathology	 and	 harbouring	
high	 heteroplasmy,	 seem	 suitable	 models	 for	 testing	 the	 effects	 of	 treatments	 for	
MELAS	patients.	
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Figure	R60.	Effect	of	riboflavin	and	CoQ	treatments	on	assembly	of	mitochondrial	complexes	in	
MELAS	3	fibroblasts.	Control	and	MELAS	3	fibroblasts	were	treated	with	60	nM	riboflavin	or	100	
µM	CoQ	for	a	week.	Intact	mitochondria	were	isolated	as	described	in	Materials	&	Methods	and	
analysed	by	BN-PAGE.	The	blots	were	incubated	with	antibodies	against	specific	native	subunits	
of	 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	3	fibroblasts.	Densitometry	of	mitochondrial	complexes	signal	
normalized	 by	 porin	 was	 performed	 by	 using	 ImageJ	 software.	 Data	 in	 arbitrary	 units	 (a.u.)	
represent	 the	mean	±	SD	of	 two	blots.	 **P	<	0.01	and	 ***P	<	0.001;	significance	between	control	
and	 MELAS	 3	 fibroblasts.	#P	<	 0.05,	 ##P	<	 0.01	 and	 ###P	 <	 0.001;	 significance	 between	 the	
presence	and	the	absence	of	riboflavin	or	CoQ.	
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DISCUSSION	
	

ELAS	 syndrome	 is	 a	 genetically	 heterogeneous	 mitochondrial	 disorder	 with	
multifaceted	 manifestations.	 MELAS	 syndrome	 is	 associated	 in	 about	 80%	 of	

cases	with	 a	mutation	at	position	3243	 in	 the	mitochondrial	 gene	MTTL1,	 encoding	
mitochondrial	tRNA	leucine	1	(m.3243A>G),	although	other	mutations	have	also	been	
described240.	Given	the	difficulty	in	accessing	to	large	cohorts	of	MELAS	patients,	most	
of	 the	 progress	 and	 therapeutic	 approaches	 for	 managing	 patients	 are	 based	 in	
isolated	 case	 reports	 or	 limited	 clinical	 trials	 with	 little	 or	 no	 consensual	 benefits.	
Here,	 we	 propose	 the	 use	 of	 the	 cellular	 models	 for	 studying	 pathophysiological	
mechanisms	 of	 the	 disease	 and	 the	 screening	 of	 pharmacological	 compounds	 for	
MELAS	 treatment.	 During	 the	 conduction	 of	 this	 thesis,	 we	 have	 performed	 the	
pathophysiological	 characterisation	 of	 primary	 dermal	 fibroblasts	 derived	 from	 five	
MELAS	 patients	 carrying	 the	 m.3243A>G	 mutation	 (MELAS	 1,	 MELAS	 2,	 MELAS	 3,	
MELAS	 A	 and	 MELAS	 B).	 Our	 findings	 revealed	 that	 MELAS	 fibroblasts	 showed	
different	 degrees	 of	 pathophysiological	 alterations	 severity.	 We	 found	 significant	
differences	 in	 pathophysiological	 parameters	 such	 as	 growth	 rate,	 ATP/ADP	 ratio,	
CoQ	 levels,	 ROS	 production,	 activation	 of	 the	 enzymatic	 antioxidant	 system,	 MRC	
activities,	 autophagic	 flux	 and	 mitophagy	 activation,	 and	 mitochondrial	 biogenesis	
associated	 with	 PGC-1α,	 NRF1	 and	 mtTFA	 regulation	 and	 AMPK	 activation.	 Two	
groups	were	clearly	differenced	according	to	the	severity	on	these	parameters:	a	first	
group	with	severe	alterations	(MELAS	1,	MELAS	2	and	MELAS	3),	and	a	second	group	
with	slight	or	no	alterations	(MELAS	A	and	MELAS	B).	The	severity	of	these	alterations	
was	 correlated	 with	 the	 mutational	 load	 of	 MELAS	 fibroblasts.	 Thus,	 MELAS	
fibroblasts	 with	 a	 more	 severe	 phenotype	 showed	 higher	 levels	 of	 heteroplasmy	
(MELAS	 1:	 17%,	MELAS	 2:	 26%,	MELAS	 3:	 43%)	 than	MELAS	 fibroblasts	with	 less	
pathophysiological	 alterations	 (MELAS	 A:	 9%	 and	 MELAS	 B:	 4%).	 Interestingly,	
MELAS	syndrome	shows	a	wide	range	of	clinical	phenotypes:	 from	patients	with	the	
whole	 spectrum	 of	 symptoms	 to	 asymptomatic	 individuals.	 This	 wide	 variety	 of	
phenotypes	 has	 been	 associated	 with	 heteroplasmy	 load	 and	 the	 tissue	 affected.	
Indeed,	 heteroplasmy	 seems	 to	 correlate	with	 oxygen	uptake	 and	workload,	 resting	
plasma	 lactate,	 and	 muscle	 morphology	 abnormalities	 in	 individuals	 with	 MELAS	
syndrome.	 Interestingly,	 the	 threshold	 of	 muscle	 mutation	 load	 seems	 to	 be	 about	
50%361,	by	40%	lower	than	found	in	vitro	(90%)274.	This	differential	behaviour	is	not	
limited	 to	 MELAS	 syndrome,	 but	 also	 other	 point	 mtDNA	 mutations	 has	 been	
previously	 found	 to	 show	 correlation	 between	 heteroplasmy	 load	 and	 clinical	
progression	 of	 mitochondrial	 disorders.	 Thus,	 the	 same	 m.8993T>G	 mutation	 may	
develop	 a	 subacute	 or	 chronic	 disease	 in	 young	 adults	 (NARP)	when	 the	 degree	 of	
heteroplasmy	is	around	70%,	and	a	rapidly	progressive	encephalopathy	of	infancy	or	
childhood	 (Leigh	 syndrome)	 when	 the	 mutational	 load	 is	 close	 to	 90%237,388.		
According	 to	 our	 findings,	 this	 phenotypic	 diversity	 in	 patients	 of	 mitochondrial	
diseases	is	also	manifested	in	primary	fibroblast.	In	this	thesis,	we	report	a	different	
degree	 of	 pathophysiological	 alterations	 in	 MELAS	 fibroblasts	 depending	 on	 the	

M	
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heteroplasmy	 load.	 In	 particular,	 our	 findings	 showed	 that	 low	 heteroplasmy	 load	
(around	20%)	was	sufficient	to	cause	pathophysiological	alterations	in	vitro.		

To	 gain	 further	 insight	 into	MELAS	pathophysiology,	we	 confirmed	 the	 relationship	
between	 the	 presence	 of	 severe	 pathophysiological	 alterations	 and	 high	mutational	
load	 by	 using	 MELAS	 transmitochondrial	 cybrids	 harbouring	 the	 m.3243A>G	
mutation	with	an	extremely	high	heteroplasmy	 load	of	m.3243A>G	mutation	(90%).	
Furthermore,	 results	 indicated	 that	 pathophysiological	 alterations	 were	 a	
consequence	of	the	mutation	in	mtDNA	and	not	the	product	of	a	concomitant	nuclear	
gene	 defect.	 Altogether,	 our	 results	 suggest	 that	 the	 threshold	 for	 mutant	 load	 at	
which	 pathophysiological	 alterations	 emerge	 in	 fibroblasts	 carrying	 the	 3243A>G	
mutation	may	be	much	lower	than	previously	believed.		

Our	 findings	 suggested	 a	 critical	 balance	 between	 mitophagy	 and	 mitochondrial	
biogenesis	 in	MELAS	 fibroblasts.	 Both	mitophagy	 and	mitochondrial	 biogenesis	 are	
critical	processes	that	regulate	mitochondrial	content	and	preserve	cell	homeostasis.	
The	 tight	 regulation	 between	 these	 pathways	 is	 crucial	 for	 cellular	 adaptation	 in	
response	 to	 cellular	 stress	 and	 other	 intracellular	 or	 environmental	 insults.	
Interestingly,	 dysregulation	 between	 mitochondrial	 biogenesis	 and	 mitophagy	 has	
been	involved	in	progressive	development	of	numerous	conditions.	In	fact,	excessive	
mitophagy	 in	 the	 absence	 of	 mitochondrial	 biogenesis	 may	 also	 contribute	 to	
defective	mitochondrial	function,	subsequent	cell	death	and	neuronal	loss514.		
	
We	found	that	whereas	mitophagy	was	activated	in	all	MELAS	cell	lines,	mitochondrial	
biogenesis	was	only	up-regulated	in	some	of	them,	MELAS	A	and	MELAS	B,	precisely	
those	 cell	 lines	 that	 showed	 less	 pathophysiological	 alterations.	 Mitochondrial	
proliferation	may	help	 to	 ameliorate	 respiratory	defects515	by	mitigating	 the	energy	
depletion	 caused	 by	 degradation	 of	 dysfunctional	 mitochondria	 found	 in	 MELAS	
fibroblasts.	 These	 results	 support	 previous	 work	 at	 which	 the	 up-regulation	 of	
mitochondrial	biogenesis	avoids	the	penetrance	of	mitochondrial	diseases	such	as	in	
Leber’s	hereditary	optic	neuropathy	(LHON)277.	Thus,	mitochondrial	biogenesis	might	
work	 as	 a	 compensatory	 mechanism	 in	 response	 to	 increased	 ROS	 production,	
reduced	ATP	levels	and	mitophagic	degradation.	

Mitochondrial	 biogenesis	 activation	 seems	 to	 be	mediated	 by	 AMPK	 protein,	which	
directly	 phosphorylates	 PGC-1α	 and,	 hence	 regulates	 mitochondrial	 biogenesis156.	
According	 to	 our	 results,	 mitochondrial	 biogenesis	 was	 accompanied	 by	 AMPK	
activation	 since	 the	 analysis	 of	 AMPK	 phosphorylation	 resulted	 in	 significant	 high	
phospho-AMPK/total-AMPK	 ratios	 (activation)	 in	 MELAS	 A	 and	 MELAS	 B	 when	
compared	to	MELAS	1	and	MELAS	2	fibroblasts,	which	showed	low	AMPK	activation.	
This	differential	 activation	of	AMPK	suggested	an	 insufficient	or	deficient	activity	of	
AMPK	in	the	most	severe	phenotypes	of	MELAS	1	and	MELAS	2	fibroblasts.	In	light	of	
these	data,	recent	literature	comes	into	conflict	with	our	results.	AMPK	is	a	kinase	well	
conserved	through	evolution516	that	acts	as	an	energy	sensor	of	the	cell	and	works	as	
a	key	regulator	of	mitochondrial	biogenesis146.	Functionally,	AMPK	activates	pathways	
such	 as	 glycolysis	 and	amino	acid	oxidation	 for	ATP	production,	while	 concurrently	
inhibits	 energy-dependent	 pathways	 such	 as	 biosynthesis	 of	 fatty	 acids	 and	
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gluconeogenesis517.	 This	 energy	 reprograming	 is	 activated	 by	 a	 decrease	 of	 the	
ATP/ADP	 ratio179,180	 or	 in	 response	 to	 elevated	mitochondrial	ROS518.	 In	 fact,	 it	 has	
been	 shown	 that	 skin	 fibroblasts	 with	 MERRF	 syndrome,	 another	 mitochondrial	
disease	 caused	 by	 mutations	 in	 mitochondrial	 tRNAs,	 produced	 high	 level	 of	
mitochondrial	 ROS	 associated	 with	 AMPK	 activation519.	 By	 contrast,	 our	 results	
revealed	that	at	least	MELAS	1	and	MELAS	2	fibroblasts	showed	low	ATP/ADP	ratios	
and	 high	 ROS	 production,	 which	 were	 concomitant	 with	 low	 levels	 of	 AMPK	
activation.	

But,	 why	 AMPK	 is	 not	 properly	 activated	 in	 MELAS	 1	 and	 MELAS	 2	 fibroblasts?	
Currently,	the	mechanism	to	explain	AMPK	insensitivity	is	unknown.	We	can	speculate	
that	 these	 more	 severe	 phenotypes	 are	 caused	 by	 decreased	 sensitivity	 of	 AMPK	
activation	as	it	has	been	reported	during	aging520	and	mitochondrial-related	diseases	
as	fibromyalgia521.	This	loss	of	sensitivity	of	AMPK	might	be	due	to	the	impairment	of	
the	kinase	by	the	continuous	activation	of	the	pathway	through	the	high	cellular	stress	
generated	by	 the	high	mutational	 load.	The	 lack	of	 a	proper	AMPK	activation	under	
circumstances	 of	 bioenergetics	 imbalance	 and	 cellular	 stress	 might	 aggravate	
oxidative	stress	and	reduce	autophagic	clearance	and,	as	a	result,	MELAS	cells	show	a	
more	severe	phenotype.	By	contrast,	in	response	to	oxidative	stress,	AMPK	is	properly	
activated	in	MELAS	A	and	MELAS	B	fibroblasts	and	trigger	adaptive	responses	for	cell	
survival522.	Thus,	AMPK	performs	the	direct	phosphorylation	of	PGC-1α	and	FOXO3a,	
which	in	turn	augment	mitochondrial	biogenesis	(e.g.,	up-regulation	of	mtTFA,	NFR1,	
and	NFR2)	and	the	antioxidant	defence	system	response	(e.g.,	the	up-regulation	of	Mn	
SOD	and	catalase).	Therefore,	we	hypothesize	that	reduced	phosphorylation	of	AMPK	
is	 responsible	 for	 impaired	 autophagy	 flux,	 poor	 compensatory	 response	 to	
mitophagy	 and	 increased	 oxidative	 stress,	 which	 in	 turn	 impairs	 the	 bioenergetics	
state	of	MELAS	fibroblasts	leading	to	a	more	severe	phenotype.		

In	 addition	 to	 affecting	 on	 antioxidant	 defence,	 AMPK	 has	 other	 effects	 on	
mitochondrial	parameters	as	mitochondrial	 fusion	and	 fission523–525.	Thus,	a	gain-of-
function	 mutation	 in	 AMPK	 has	 been	 reported	 to	 increase	 the	 expression	 of	
mitochondrial	 fusion/fission	 proteins	 such	 as	 Mfn2,	 OPA1	 and	 Drp1	 in	 skeletal	
muscle526,	which	 implicates	 AMPK	 in	 the	 regulation	 of	mitochondrial	 dynamics	 and		
mitochondrial	quality	control	processes.	Furthermore,	AMPK	activation	can	stimulate	
autophagy	 and	 autophagic	 flux205,527,	 and	 consequently	 reduce	 autophagolysosome	
accumulation	in	cellular	contexts	of	increased	mitophagy.	All	together	these	responses	
suggest	 that	 activation	 of	 AMPK	 plays	 an	 essential	 role	 in	 the	 up-regulation	 of	
mitochondrial	 biogenesis,	 antioxidant	 enzymes	 and	 autophagic	 flux,	 as	 the	 adaptive	
and	compensatory	responses	to	mitochondrial	dysfunction	for	the	survival	of	affected	
cells.	

Considering	the	incapacity	of	the	most	severe	phenotypes	(MELAS	1	and	MELAS	2)	to	
activate	 the	 compensatory	 response	 through	 AMPK	 pathway,	 AMPK	 pathway	 was	
stimulated	 by	 supplementation	with	 AICAR	 and	 coenzyme	 Q10	 (CoQ),	 two	 reported	
AMPK	 inducers209,434–438,448.	 By	 AICAR	 and	 CoQ	 treatments,	 the	 pathological	
alterations	 of	MELAS	 1	 and	MELAS	 2	 fibroblasts	were	 restored.	 The	mechanism	by	
which	AICAR	actives	AMPK	seem	to	be	currently	understood.	It	is	known	that	AICAR	
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mimics	 the	 effects	 of	 AMP	 on	 AMPK	 promoting	 its	 allosteric	 activation	 by	
phosphorylation209,448–450.	 By	 contrast,	 how	 CoQ	 is	 able	 to	 induce	 AMPK	
phosphorylation	 has	 still	 not	 been	 elucidated.	 	 CoQ	 is	 a	 lipid-soluble	 that	 plays	 a	
prominent	role	 in	 the	mitochondrial	 respiratory	chain413,528.	The	non-protein	nature	
of	CoQ	makes	impossible	any	direct	kinase	activity	on	AMPK,	however,	its	antioxidant	
activity	 on	ROS	might	 be	 involved414,415.	 ROS/RNS	are	well	 recognised	 for	playing	 a	
“two-faced”	 role	 as	 both	 deleterious	 and	 beneficial	 species.	 At	 low/moderate	
concentrations,	 ROS	 involves	 the	 regulation	 of	 a	 number	 of	 cellular	 signalling	
pathways	 to	 protect	 the	 cells	 against	 oxidative	 stress	 and	 re-establish	 "redox	
homeostasis"529,530.	 In	 particular,	 oxidative	modifications	 of	 AMPK,	 such	 as	 cysteine	
oxidation	in	α-	and	β-	subunits,	induce	an	allosteric	rearrangement	of	the	AMPK	αβγ	
heterotrimer,	 thereby	 facilitating	AMP-mediated	 activation	 of	 the	 kinase	 domain530–
532.	 By	 contrast,	 overproduction	 of	 ROS/RNS	 can	 generate	 damage	 on	 cell	 structure	
including	membranes,	proteins	and	DNA.	Oxidative	attack	can	induces	either	a	loss	of	
function,	 a	 gain	 of	 function,	 or	 a	 switch	 to	 a	 different	 function.	 In	 fact,	 it	 has	 been	
reported	that	reactive	nitrogen	species,	such	as	nitric	oxide	(NO)	can	reduced	AMPK	
phosphorylation533	and,	therefore	reduce	the	anti-oxidative	stress	response	as	well	as	
other	 downstream	 pathways.	 An	 excessive	 and/or	 sustained	 increase	 in	 ROS	
production	 has	 been	 implicated	 in	 the	 pathogenesis	 of	 cancer,	 diabetes	 mellitus,	
atherosclerosis,	 neurodegenerative	 diseases	 and	 other	 disorders534.	 Furthermore,	
excessive	ROS	production	has	been	 implicated	 in	mtDNA	mutations,	ageing,	and	cell	
death529,535.	 Altogether,	we	 can	 speculate	 that	 CoQ	might	 indirectly	 active	AMPK	by	
reducing	 ROS	 levels	 up	 to	 low	 enough	 values	 for	 allowing	 AMPK	 activation	 by	 low	
ATP/ADP	ratios.	On	the	other	hand,	it	has	been	reported	that	CoQ	induces	an	increase	
in	 cytoplasmic	 calcium	 concentrations,	 which	 may	 activate	 Ca2+/calmodulin-
dependent	 protein	 kinase	 kinase	 (CaMKK),	 an	 upstream	 AMPK	 activator.	 Either	
inhibition	 or	 knockdown	 CaMKK	 blocked	 CoQ-induced	 AMPK	 phosphorylation,	
suggesting	the	involvement	of	calcium	in	CoQ-mediated	AMPK	signalling437.	CoQ	also	
increased	the	expression	of	PGC-1α	at	both	the	mRNA	and	protein	levels.	Knock	down	
of	AMPK	with	siRNA	or	pharmacological	inhibition	of	AMPK	by	using	compound	C	also	
blocked	CoQ-induced	expression	of	PGC-1α,	indicating	that	AMPK	plays	a	critical	role	
in	PGC-1α	induction	by	CoQ437.	Recently,	it	has	been	proposed	that	CoQ	may	activate	
Sirt1	and	PGC-1α	by	 increasing	cyclic	adenosine	monophosphate	(cAMP)	 levels	 that,	
in	turn,	activate	AMPK536.		

A	major	challenge	in	mitochondrial	diseases,	and	MELAS	disease	in	particular,	 is	the	
moderate	effectiveness	of	pharmacological	 therapies;	 in	 this	 sense,	AMPK	activators	
such	 as	 AICAR	 and	 CoQ	 have	 been	 demonstrated	 to	 provide	 new	 therapeutic	
opportunities.	 Particularly,	 coenzyme	Q10	 treatment	 can	 be	 an	 invaluable	 treatment	
for	 MELAS	 patients	 with	 secondary	 CoQ	 deficiencies.	 According	 to	 our	 results,	 low	
CoQ	 levels	 can	 also	 function	 as	 a	 biochemical	 marker	 of	 poor	 AMPK-dependent	
compensatory	 response	 in	 MELAS	 fibroblasts.	 Benefits	 for	 CoQ	 supplementation	
include:	 increase	 in	 mitochondrial	 electron	 transport	 and	 ATP	 production,	
improvement	of	antioxidant	protection,	beneficial	 alteration	 in	 redox	signalling,	 and	
mitochondrial	 permeability	 transition	 pore	 stabilization	 that	 may	 protect	 against	
autophagy	 and	 apoptosis537.	 Our	 study	 suggests	 that	 CoQ	 deficiency	 is	 the	 result	 of	
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increased	 mitophagy	 without	 proper	 compensatory	 response	 by	 mitochondrial	
biogenesis	as	it	is	seen	in	MELAS	1	and	MELAS	2	fibroblasts.	Therefore,	CoQ	treatment	
could	be	effective	by	alleviating	the	deficiency	itself	and	by	increasing	mitochondrial	
biogenesis,	 the	 enzymatic	 antioxidant	 system	 response	 and	 autophagy	 clearance	
through	AMPK	activation	(Figure	D1).	

	

Figure	 D1.	 Scheme	 of	 pathophysiological	 alterations	 in	 MELAS	 fibroblasts	 and	 the	 effect	 of	
AICAR	or	CoQ	treatment	on	AMPK	activation.	

Given	 the	 relationship	 between	 the	 most	 severe	 MELAS	 phenotypes	 and	 AMPK	
insensitivity,	 and	 the	 pathophysiological	 improvement	 after	 AMPK	 stimulation	with	
activators	 such	 as	 AICAR	 and	 CoQ,	 we	 suggest	 that	 AMPK	 activation	 signalling	
pathway	 is	 worthy	 of	 further	 investigation	 in	 relation	 to	 the	 pathophysiology	 of	
MELAS	 disease.	 In	 addition,	 considering	 AMPK	 a	 potential	 therapeutic	 target,	 it	 is	
imperative	to	investigate	whether	AMPK	activators	such	as	AICAR	or	CoQ	or	others,	as	
resveratrol,	 are	 beneficial	 to	 patients	 with	 mitochondrial	 diseases	 in	 general	 and	
MELAS	 disease	 in	 particular.	 A	 deeper	 understanding	 of	 the	 signalling	 cascade	
induced	 by	 AMPK	 activation	 and	 its	 tissue-specific	 regulation	 may	 provide	 new	
targets	for	the	treatment	of	mitochondrial	dysfunction	related	diseases.	



DIFFERENTIAL	PATHOPHYSIOLOGY	IN	MELAS	SYNDROME	

164	
	

On	the	other	hand,	AICAR	and	CoQ	treatment	induced	AMPK	activation	and	increased	
nuclear	 PGC-1α	translocation	 associated	 with	 increased	 mitochondrial	 biogenesis.	
There	are	evidences	of	nuclear	PGC-1α	translocation	when	is	phosphorylated	by	other	
proteins	 as	 Protein	 kinase	 A	 (PKA).	 It	 seems	 that	 PGC-1α	 is	 a	 protein	 whose	
subcellular	 localization	 is	 in	 the	 nucleus	 but	 is	 actively	 interacting	 with	 nuclear	
transporters	like	CRM1	in	order	to	be	exported	to	the	cytoplasm.	Phosphorylation	of	
PGC-1α	 by	 PKA	 prevents	 nuclear	 export	 and	 increases	 PGC-1α	 in	 the	 nucleus174,	
where	 is	 supposed	 to	 activate	 downstream	pathways	 like	mitochondrial	 biogenesis.	
Although	our	results	pointed	a	clear	increase	in	nuclear	phopho-PGC1α	foci	observed	
by	 immunostaining	 assays	 and	 nuclear	 fractioning,	 further	 studies	 should	 be	
performed	because	nuclear	acetylated	PGC-1α	foci	have	been	also	demonstrated	to	be	
involved	 in	 the	 repression	 of	 PGC-1α.	 Acetylation	 of	 PGC-1α	 by	 GCN5	
acetyltransferase	 complex	 results	 in	 a	 transcriptionally	 inactive	 protein	 that	 re-
localizes	 from	 the	promoter	of	 regulated	genes	 to	nuclear	 foci487.	Therefore,	 further	
investigations	need	to	be	performed	in	this	matter.		

Currently,	treatment	for	MELAS	syndrome	includes	various	pharmacologic	options,	as	
well	 as	 lifestyle	 modifications	 such	 as	 diet	 and	 exercise	 programs385.	 However,	
evaluation	of	the	effectiveness	of	the	various	treatment	options	is	complicated	by	the	
relative	 rarity	 of	 the	 disease,	 the	 diverse	 phenotypes	 associated,	 and	 the	
unpredictable	clinical	course.	The	lack	of	clear	evidence	in	favour	of	any	one	therapy	
or	combination	of	them	and	the	progressive	nature	of	the	syndrome	make	extremely	
difficult	 to	 find	 new	 therapeutic	 options.	 Furthermore,	 the	 low	 frequency	 of	 the	
disease	makes	 clinical	 trials	 challenging,	 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	
even	 more	 complicated	 to	 extrapolate	 the	 results	 to	 MELAS	 patients.	 Therefore,	
studies	that	include	larger	numbers	of	patients	and	well-defined	outcomes	are	needed	
to	clarify	the	potential	role	of	pharmacotherapy	for	MELAS	syndrome380.	A	variety	of	
pharmacologic	options,	mostly	nutritional	supplements	and	vitamins,	have	been	tried	
with	 differing	 levels	 of	 success.	 Most	 treatment	 options	 focus	 on	 increasing	
respiratory	chain	activity	by	administering	antioxidants,	respiratory	chain	substrates,	
and	cofactors	that	augment	the	production	or	utilization	of	ATP385.		

During	 this	 thesis,	 we	 have	 developed	 a	 screening	 platform	 formed	 by	 cybrid	 and	
fibroblast	cell	models	of	MELAS	disease	to	search	for	effective	drugs	for	the	treatment	
of	 this	 disorder.	 In	 particular,	 we	 propose	 the	 use	 of	 these	 cellular	 models	 for	 the	
screening	and	validation	of	pharmacological	drugs	previously	 selected	 from	 in	 silico	
studies	or	massive	 screening	analysis.	Computational	 analysis	of	databases	of	drugs	
can	 provide	 a	 long	 list	 of	 putative	 beneficial	 compounds	 for	 several	 disorders.	
Computer-aided	 drug	 discovery/design	 methods	 have	 played	 a	 major	 role	 in	 the	
development	of	therapeutically	important	small	molecules	for	over	three	decades538.	
However,	 these	 computer-based	 approaches	ultimately	 select	 drugs	 that	 need	 to	 be	
tested	 in	 more	 complex	 models.	 Recently,	 several	 organism	 models	 have	 been	
proposed	 as	 screening	 platforms	 for	 drug	 discovery	 in	 rare	 diseases.	 Drosophila	
melanogaster	has	been	used	to	perform	a	long-scale	pharmacological	screening	in	vivo	
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to	 search	 for	 beneficial	 drugs	 in	myotonic	 dystrophy	 type	1	 (DM1)539.	On	 the	 other	
hand,	 S.	 cerevisiae	 is	 also	 an	 excellent	 model	 system	 for	 drug	 discovery540.	 As	
proposed	 by	 our	 group101,	 a	 yeast	 strain	 with	 the	 homologue	 mutation	 of	 human	
m.3243A>G	mutation	 can	 be	 initially	 used	 in	 the	 search	 for	 effective	 drugs	 for	 the	
treatment	 of	 MELAS507,508.	 In	 this	 thesis,	 biochemical	 studies	 of	 transmitochondrial	
cybrids	and	fibroblasts	with	high	heteroplasmy	load	provided	a	wealth	of	information	
for	understanding	 the	pathophysiological	changes	present	 in	 these	diseases285,461,541.	
We	found	that	riboflavin	and	CoQ	were	able	to	restore	all	the	pathological	alterations	
found	 in	 cybrid	 models	 and	 patient-derived	 fibroblasts	 (including	 mitochondrial	
protein	 synthesis	 and	 respiratory	 complexes	 assembly),	 validating	 the	usefulness	of	
the	 cellular	 models	 in	 screening	 candidate	 drugs	 for	 the	 treatment	 of	 human	
respiratory	 chain	 disorders.	 Therefore,	 these	 cellular	 models	 with	 high	 mutational	
load	in	are	very	effective	in	order	to	find	the	molecular	mechanisms	of	mitochondrial	
disease	 and	 the	 screening	 of	 different	 treatments	 that	 suppress	 or	 enhance	 the	
pathophysiological	alterations	detected.		

Despite	 the	 fact	 that	 in	general	CoQ	and	riboflavin	 treatments	have	produced	mixed	
results,	 both	 drugs	 are	 considered	 a	 first-line	 therapy	 for	 patients	 with	 MELAS	
syndrome	because	no	significant	adverse	reactions	have	been	reported355,439.	Indeed,	
CoQ	supplementation	is	frequently	employed	in	patients	with	mitochondrial	disorders	
in	the	absence	of	a	specific	therapy	and	particularly	in	MELAS,	mainly	in	primary	and	
secondary	coenzyme	Q	deficiencies.	While	in	primary	CoQ	deficiency	the	effect	of	this	
therapy	is	clearly	established542,	 in	secondary	forms,	contradicting	results	have	been	
reported295.	However,	the	high	frequency	of	secondary	CoQ	deficiency	among	patients	
with	mitochondrial	myopathy543	 and	 the	 relative	 safety	 of	 the	 treatment,	 provide	 a	
rationale	 for	 the	 future	 study	of	 the	effects	of	oral	CoQ	supplementation	 in	patients	
with	mitochondrial	disorders,	especially	if	a	CoQ	deficiency	is	detected,	regardless	of	
the	precise	genetic	aetiology.		

According	 to	our	 findings,	 the	heteroplasmy	 load	and	AMPK	activation	 seem	crucial	
parameters	 that	 should	 be	 considered	 in	 the	 search	 for	 popper	 models	 of	 MELAS	
disease.	 Inappropriate	 AMPK	 activation	 led	 to	 impaired	 autophagic	 flux,	
autophagolysosome	 accumulation,	 inadequate	 antioxidant	 defence,	 deficient	
compensatory	 mitochondrial	 biogenesis	 and	 the	 expression	 of	 a	 more	 severe	
phenotype	in	MELAS	fibroblasts	with	high	mutational	load.	In	those	fibroblasts,	AMPK	
re-activation	 by	 AICAR	 or	 CoQ	 was	 capable	 of	 compensating	 most	 of	 the	
pathophysiological	 alterations.	 By	 contrast,	 fibroblasts	 with	 low	 heteroplasmy	 load	
and	compensated	pathophysiological	parameters	can	mask	the	effect	of	drugs.	Indeed,	
this	response	was	precisely	noted	in	MELAS	A	and	MELAS	B	fibroblasts.	Therefore,	we	
suggest	 that	 a	 previous	 analysis	 of	 parameters	 such	 as	 AMPK	 activation	 and	
heteroplasmy	 in	 MELAS	 cellular	 models	 is	 imperative	 to	 perform	 to	 a	 suitable	
screening.	
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CONCLUSIONS	
	

1. The	 pathophysiological	 alterations	 of	 primary	 fibroblasts	 derived	 from	 MELAS	
patients	show	different	degrees	of	severity.		

	

2. Mitochondrial	 biogenesis	 and	 mitophagy	 balance	 determines	 the	 phenotype	 of	
MELAS	fibroblasts.	Mitochondrial	biogenesis	works	as	a	compensatory	mechanism	
in	response	to	degradation	of	dysfunctional	mitochondria	by	mitophagy.	

	

3. Heteroplasmy	 load	 and	 AMPK	 activation	 determine	 the	 severity	 of	
pathophysiological	 alterations	 in	 MELAS	 fibroblasts.	 Both,	 high	 mutational	 load	
and	AMPK	 dysregulation	 aggravate	 the	 bioenergetics	 state	 of	MELAS	 fibroblasts	
leading	to	a	more	severe	phenotype.	

	

4. AICAR	 or	 CoQ	 treatment	 stimulate	 AMPK	 activation	 and	 restore	
pathophysiological	 alterations	 in	 MELAS	 fibroblasts	 with	 the	 most	 severe	
phenotype.			

	

5. AICAR	 and	 CoQ	 treatment	 enhance	 nuclear	 Phospho-PGC-1α	 translocation	 and	
hence,	stimulate	mitochondrial	biogenesis	through	AMPK	activation.		

	

6. Transmitochondrial	MELAS	cybrids	with	high	heteroplasmy	load	manifest	severe	
pathophysiological	 alterations	 that	 were	 reverted	 by	 AICAR	 or	 Coenzyme	 Q10	
treatment.	
		

7. Screening	 platforms	 using	 transmitochondrial	 cybrids	 and	 fibroblasts	 with	 high	
heteroplasmy	 load	 and	 severe	 pathophysiological	 alterations	 are	 suitable	 for	
validating	 pharmacological	 compounds	 for	 the	 treatment	 of	 MELAS	 disease.	
Supplementation	 with	 riboflavin	 as	 well	 as	 CoQ	 improved	 the	 viability	 and	
pathophysiology	of	MELAS	cells	models.		
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enfermedades	 raras	 y	 la	 necesidad	 de	 su	 estudio,	 para	 que	 paso	 a	 paso,	 sigamos	
contribuyendo	 a	 dar	 esperanza	 a	 un	 colectivo	 desatendido	 y	 ansioso	 de	 resultados.	
Seguiremos	luchando.	

	

 

 

 

 

 

Gracias a todo el que creyó en mí. 
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“La	ciencia	siempre	vale	la	pena	porque	
sus	descubrimientos,	tarde	o	temprano,	

siempre	se	aplican”.	

Severo	Ochoa		

	 	



	

	

	

	

	



	

	

 

 

	  



	

	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



MELAS (mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes) 
is a mitochondrial disorder caused mainly by the m.3243A>G mutation in 
mitochondrial DNA. In this thesis, we report on how the severity of pathophysiological 
alterations is differently expressed in fibroblasts derived from patients with MELAS 
disease. We evaluated mitophagy activation and mitochondrial biogenesis which are 
the main mechanisms regulating the degradation and genesis of mitochondrial mass 
in transmitochondrial cybrids and fibroblasts derived form MELAS patients. Our 
results suggest a critical balance between mitophagy and mitochondrial biogenesis 
which leads to the expression of different degrees of pathological severity among 
MELAS fibroblast cell lines according to their heteroplasmy load and the activation of 
AMP-activated protein kinase (AMPK). AMPK-activators such as 5-aminoimidazole-4-
carboxamide 1-�-D-ribofuranoside (AICAR) or coenzyme Q10 (CoQ) increased 
peroxisome proliferator-activated receptor alpha (PGC-1�) nuclear translocation, 
mitochondrial biogenesis, antioxidant enzyme system response, autophagic flux and 
ultimately improved pathophysiological alterations in MELAS fibroblasts with the 
most severe phenotype. Our findings support the hypothesis that mitochondrial 
biogenesis, increased antioxidant response and autophagy clearance serve as 
compensatory mechanisms in response to mitophagic degradation of dysfunctional 
mitochondria and point out that AMPK is an important player in this balance. 
 
These results are particularly important since currently no efficient treatments are 
available for this chronic progressive disorder. Furthermore, in this thesis we propose 
the evaluation of the effectiveness of putative beneficial pharmacological agents in 
the treatment of MELAS by using cellular models such as transmitochondrial cybrids 
and fibroblasts with high mutational load. According to our results, supplementation 
with riboflavin or coenzyme Q10 effectively reversed the pathologic alterations in 
MELAS cybrid and fibroblast cell models. Our results indicate that cell models 
manifesting severe pathophysiological alterations and high heteroplasmy load have 
great potential as a screening and validation assays of novel drug candidates for 
MELAS treatment and presumably also for other diseases with mitochondrial 
impairment. 


