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Abstract
Aged	cardiomyocytes	develop	a	mismatch	between	energy	demand	and	supply,	the	
severity	of	which	determines	the	onset	of	heart	failure,	and	become	prone	to	undergo	
cell	death.	The	FoF1-	ATP	synthase	is	the	molecular	machine	that	provides	>90% of 
the	ATP	consumed	by	healthy	cardiomyocytes	and	is	proposed	to	form	the	mitochon-
drial	permeability	transition	pore	 (mPTP),	an	energy-	dissipating	channel	 involved	 in	
cell	death.	We	 investigated	whether	aging	alters	FoF1-	ATP	synthase	 self-	assembly,	
a fundamental biological process involved in mitochondrial cristae morphology and 
energy	 efficiency,	 and	 the	 functional	 consequences	 this	 may	 have.	 Purified	 heart	
mitochondria	and	cardiomyocytes	 from	aging	mice	displayed	an	 impaired	dimeriza-
tion	of	FoF1-	ATP	synthase	(blue	native	and	proximity	ligation	assay),	associated	with	
abnormal	mitochondrial	cristae	tip	curvature	 (TEM).	Defective	dimerization	did	not	
modify the in vitro	hydrolase	activity	of	FoF1-	ATP	synthase	but	reduced	the	efficiency	
of	oxidative	phosphorylation	in	intact	mitochondria	(in	which	membrane	architecture	
plays a fundamental role) and increased cardiomyocytes’ susceptibility to undergo 
energy	collapse	by	mPTP.	High	throughput	proteomics	and	fluorescence	immunola-
beling	identified	glycation	of	5	subunits	of	FoF1-	ATP	synthase	as	the	causative	mech-
anism	of	the	altered	dimerization.	In vitro	induction	of	FoF1-	ATP	synthase	glycation	in	
H9c2	myoblasts	recapitulated	the	age-	related	defective	FoF1-	ATP	synthase	assembly,	
reduced	the	relative	contribution	of	oxidative	phosphorylation	to	cell	energy	metabo-
lism,	and	 increased	mPTP	susceptibility.	These	 results	 identify	altered	dimerization	
of	 FoF1-	ATP	 synthase	 secondary	 to	 enzyme	 glycation	 as	 a	 novel	 pathophysiologi-
cal	mechanism	involved	in	mitochondrial	cristae	remodeling,	energy	deficiency,	and	
increased vulnerability of cardiomyocytes to undergo mitochondrial failure during 
aging.
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1  |  INTRODUC TION

Cardiomyocyte function relies on the regulated production of large 
amounts	 of	 mitochondrial	 ATP,	 to	 sustain	 their	 intense	 calcium-	
dependent	contractile	activity	throughout	life.	Nonetheless,	the	ef-
ficiency	of	ATP	generation	in	cardiomyocytes	declines	during	aging	
(Yaniv	et	al.,	2013),	making	 the	heart	 less	 tolerant	 to	exercise	and	
stress	(Peart	et	al.,	2014)	and	facilitating	the	transition	toward	a	fail-
ing	phenotype	(Neubauer,	2007).	In	addition,	cardiac	mitochondria	
from aged individuals are more prone to undergo energy dissipa-
tion	through	pathological	membrane	permeabilization	(permeability	
transition	pore	or	mPTP)	(Fernandez-	Sanz	et	al.,	2015;	Hofer	et	al.,	
2009),	 a	 phenomenon	 causally	 involved	 in	 cardiomyocyte	 death	
during	 myocardial	 ischemia–	reperfusion	 (Fernandez-	Sanz	 et	 al.,	
2015;	Halestrap,	2010).	Indeed,	aged	individuals	have	an	increased	
cardiomyocyte	death	after	an	ischemic	insult	(Fernandez-	Sanz	et	al.,	
2015;	Willems	 et	 al.,	 2005).	 The	 fact	 that	 isolated	mitochondria—	
devoid	of	interaction	with	other	cell	components—	from	aged	hearts	
become	less	efficient	in	generating	ATP	and	more	susceptible	to	un-
dergo	mPTP	(Fannin	et	al.,	1999;	Fernandez-	Sanz	et	al.,	2014)	sup-
ports	the	existence	of	age-	related	intrinsic	mitochondrial	alterations	
in the energy- conserving molecular machinery.

The	 FoF1-	ATP	 synthase	 (mitochondrial	 respiratory	 complex	 V)	
is the universal molecule that culminates aerobic cell respiration 
through	the	generation	of	ATP	from	ADP	at	the	inner	mitochondrial	
membrane using the H+ gradient constructed by the respiratory com-
plexes,	in	what	is	known	as	oxidative	phosphorylation	(OXPHOS).	In	a	
healthy	adult	heart,	>90%	of	the	ATP	is	produced	through	OXPHOS	
(Zuurbier	et	al.,	2020).	Self-	association	of	FoF1-	ATP	synthase	mono-
mers into long rows of dimers drags and folds the inner membrane 
into	cristae	(Paumard	et	al.,	2002;	Strauss	et	al.,	2008),	which	deter-
mine	cell	respiratory	efficiency	(Cogliati	et	al.,	2013).	When	cardiomy-
ocytes	are	challenged	by	a	sustained	anoxia,	the	FoF1-	ATP	synthase	
paradoxically	 reverses	 into	 an	 energy-	consuming	 enzyme,	 favoring	
H+	extrusion	at	the	expense	of	ATP	hydrolysis	(Jennings	et	al.,	1991).	
Although	 the	 structure	 of	mPTP	 is	 far	 from	 being	 solved,	 such	 an	
antagonistic role on cell energetics is in line with evidences indicat-
ing	that	FoF1-	ATP	synthase	is	the	molecular	entity	of	mPTP	(Alavian	
et	al.,	2014;	Giorgio	et	al.,	2013).	Yet,	the	specific	effect	of	aging	on	
FoF1-	ATP	synthase	posttranslational	modification,	dimerization,	and	
mPTP	susceptibility	has	not	been	established	except	in	a	fungal	model	
of	senescence	(Daum	et	al.,	2013),	in	which	aging	induced	significant	
disassembly	of	FoF1-	ATP	synthase	dimers,	followed	by	profound	per-
turbations in mitochondrial membrane structure and cell fitness.

We	have	recently	shown	increased	dicarbonyl	stress	as	a	common	
hallmark of aging in the heart of patients and mice due to a deficient 
glyoxalase-	dependent	detoxification	system	(Ruiz-	Meana	et	al.,	2019).	
Dicarbonyls	 are	 highly	 toxic	 compounds	 that	 react	 with	 positively	

charged	amino	acids,	promoting	crosslinking,	misfolding,	and	loss	of	
function in certain proteins through the generation of advanced gly-
cation	 end	products	 (AGEs)	 (Rabbani	&	Thornalley,	 2015).	Because	
FoF1-	ATP	synthase	contains	multiple	positively	charged	amino	acids	
in	different	subunits,	 the	present	study	 investigated	FoF1-	ATP	syn-
thase as a biological target of the age- associated dicarbonyl stress. 
By	combining	massive	mass	 spectrometry	with	ultrastructural,	 bio-
chemical,	and	functional	assays,	we	identified	an	age-	dependent	gly-
cation	in	5	subunits	within	FoF1-	ATP	synthase,	which	impairs	enzyme	
dimerization,	reduces	mitochondrial	OXPHOS	capacity,	and	has	dele-
terious	consequences	on	cardiomyocyte	tolerance	to	damage.

2  |  METHODS

Cardiomyocytes,	 mitochondria,	 and	myocardial	 extracts	 were	 ob-
tained	 from	 young	 (5–	6	 months)	 and	 old	 (≥20	 months)	 male	 and	
female	 C57BL/6J	 mice.	 Tissue	 was	 obtained	 after	 pentobarbital	
overdose	administration	(150	mg/Kg,	i.p.).	All	procedures	were	ap-
proved by the Ethical Committee of the Vall d’Hebron Research 
Institute	(CEEA	53/20)	and	comply	with	the	EU	directive	2010/63EU	
and	Spanish	transposition	RD	53/2013	on	protection	of	animals	for	
scientific purposes.

2.1  |  Mouse myocardium

2.1.1  | Mass	spectrometry	analysis,	and	modified	
peptide	and	protein	identification	and	quantification

Protein	 extracts	 were	 obtained	 by	 heart	 tissue	 homogenization	
with	 ceramic	beads	 (MagNa	Lyser	Green	Beads	apparatus,	Roche,	
Germany)	in	extraction	buffer	(50	mmol/L	Tris-	HCl,	1	mmol/L	EDTA,	
1.5%	SDS,	 pH	8.5).	A	 filter-	based	modification	was	 applied	 for	 si-
multaneous	quantitative	analysis	of	AGE	modification	and	of	protein	
abundance	(see	Suppl.	Methods).

2.1.2  |  Transmission	electron	microscopy	and	
morphometric analysis of mitochondria

Langendorff-	perfused	mouse	hearts	were	fixed,	cut,	and	post-	fixed	
in	 2%	 osmium	 tetroxide.	 Ultrathin	 sections	 were	 obtained	with	 a	
diamond	knife.	For	 image	acquisition,	an	FEI	Tecnai	12	TEM	fitted	
with	 an	AMT	XR-	111	 10.5	Mpx	CCD	 camera	was	 used	 at	 3,200–	
15,000×	magnification	(80	kV).	Mitochondrial	shape	and	mitochon-
drial	cristae	density	and	cristae	tip	curvature	were	quantified	(Mary	
&	Brouhard,	2019)	(see	Suppl.	Methods).
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2.2  |  Isolated mouse cardiomyocytes

Calcium tolerant rod- shaped cardiomyocytes were isolated by 
Langendorff	 perfusion	 and	plated	on	 laminin-	coated	glass	 surface	
(Fernandez-	Sanz	et	al.,	2015).

2.2.1  |  Imaging	analysis	of	the	degree	of	FoF1-	ATP	
synthase glycation

Colocalization	and	proximity	ligation	assay	(PLA)	were	performed	in	
fixed	and	permeabilized	cardiomyocytes	 immunolabeled	with	anti-	
ATP5a	 (α	 subunit)	 and	 anti-	methylglyoxal-	derived	 AGEs	 (MAGEs).	
For	 PLA,	 Duolink	 Insitu	 detection	 kit	 recommendations	were	 fol-
lowed.	Z-	planes	were	acquired	with	a	spectral	confocal	microscope	
(FluoView-	1000,	Olympus),	and	positive	cross-	reactivity	spots	were	
quantified	 in	 background-	subtracted	 16-	bit	 images	 (Image	 J)	 (see	
Suppl.	Methods).

2.2.2  |  Detection	of	FoF1-	ATP	synthase	
dimerization	by	PLA

For	FoF1-	ATP	synthase	dimerization,	PLA	was	performed	in	cardio-
myocytes	immunolabeled	with	anti-	ATP5h	(d	subunit),	which	is	rep-
resented	in	a	single	copy	per	monomer	(see	Suppl.	Methods).

2.2.3  |  Susceptibility	of	cardiomyocytes	to	develop	
ROS-	induced	mPTP

In	 TMRE-	loaded	 cardiomyocytes,	 ROS-	induced	 mPTP	 was	 deter-
mined	 in	TMRE-	loaded	cells	exposed	 to	 intermittent	561	nm	 laser	
irradiation as a pH- sensitive drop in fluorescence culminating in cell 
shortening	(Zeiss	LS980	confocal)	(see	Suppl.	Methods).

2.3  |  Isolated heart mitochondria

Mouse	heart	subsarcolemmal	 (SSM)	and	 interfibrillar	mitochondria	
(IFM)	were	 isolated	 by	 differential	 centrifugation	 (Fernandez-	Sanz	
et	al.,	2014)	(see	Suppl.	Methods).

2.3.1  |  Analysis	of	FoF1-	ATP	synthase	
oligomerization	by	BN-	PAGE	and	in-	gel	activity

Heart	 SSM	 and	 IFM	 (1.5	mg)	 were	 lysed	 and	 resolved	 in	 Native-	
PAGE	Bis-	Tris	3–	12%	gradient	gel	(Invitrogen,	BN1001).	White	lead	
phosphate	 bands,	 indicative	 of	 ATP	 hydrolysis,	 were	 documented	
using	a	densitometer	(GelXs	Doc	Quantity	One,	Bio-	Rad)	(see	Suppl.	
Methods).

2.3.2  | Western	blot	analysis	of	FoF1-	ATP	synthase	
subunits,	IF1,	and	OPA1

The	expression	of	FoF1-	ATP	synthase	and	of	IF1	and	OPA1	was	ana-
lyzed	in	purified	heart	SSM	and	IFM	resolved	in	SDS-	PAGE	acrylamide	
gels	and	immunoblotted	using	anti-	ATP5a	(subunit	α),	anti-	ATPb	(subu-
nit β),	anti-	ATP5H	(subunit	d),	anti-	ATP5O	(subunit	OSCP),	anti-	IF1	(in-
hibitory	factor	1),	and	anti-	OPA1	(optic	atrophy	1)	(see	Suppl.	Methods).

2.3.3  |  ATP	hydrolase	activity	of	FoF1-	ATP	 
synthase

In vitro	ATPase	activity	 sensitive	 to	oligomycin	was	 spectrophoto-
metrically	 determined	 in	 heart	 SSM	and	 IFM	by	 two	 independent	
methods	 (see	 Suppl.	Methods)	 (Barrientos,	 2002;	Novellasdemunt	
et	 al.,	 2013).	 The	 amount	 of	ATP	was	 calculated	 using	 a	 standard	
curve	and	normalized	by	mg	of	protein.

2.3.4  | Mitochondrial	respiration	and	oligomycin-	
sensitive O2 consumption

Mitochondrial	O2	consumption	was	quantified	in	crude	SSM	and	IFM	
using	 a	 Clark-	type	 electrode	 (Oxygraph,	 Hansatech)	 (Fernandez-	
Sanz	et	al.,	2014).	Data	were	expressed	as	nmolO2/min*UCS	(units	of	
citrate	synthase)	(Fernandez-	Sanz	et	al.,	2014)	(see	Suppl.	Methods).

2.3.5  |  Susceptibility	of	mitochondria	to	develop	
calcium-	induced	mPTP

Calcium-	induced	 mPTP	 was	 fluorometrically	 determined	 in	 mito-
chondria	subjected	to	consecutive	calcium	pulses	by	the	quantifica-
tion	of	their	calcium	retention	capacity	(CRC)	(see	Suppl.	Methods).

2.4  |  Culture of H9c2 myoblasts

H9c2	cells	 (Sigma	88092904)	were	grown	 in	Dulbecco´s	Modified	
Eagle	 Medium	 (DMEM,	 ATCC,	 30–	2002)	 with	 10%	 fetal	 bovine	
serum	 (FBS)	 and	1%	penicillin/streptomycin	 in	 a	 saturated	 humid-
ity incubator with 5% CO2,	at	37°C.	Cells	were	trypsinized	and	split	
at	70–	80%	confluence.	For	 the	experiments,	 cells	were	 seeded	at	
20,000/cm2	density	in	0.2%	FBS	medium.

2.4.1  |  Induction	of	dicarbonyl	stress	and	in	vitro	
intracellular glycation

To	simulate	the	dicarbonyl	stress	occurring	in	aging,	H9c2	cells	were	
plated on chambered cell culture slides and submitted to a previously 
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standardized	protocol	(Ruiz-	Meana	et	al.,	2019).	Cells	were	treated	with	
5 µmol/L	of	glyoxalase	 inhibitor	 (SML	1306	Sigma)	and	200	µmol/L	
methylglyoxal	(MG,	M0252,	Sigma),	and	fresh	supplemented	medium	
was	changed	every	24	h	during	3	consecutive	days.	A	replicate	of	H9c2	
cells	grown	in	FBS	starved	culture	medium	was	used	as	a	control.

2.4.2  |  Quantification	of	intracellular	AGEs	in	
cultured H9c2 cells

The	effect	of	 the	dicarbonyl	stress	on	 intracellular	AGEs	was	quan-
tified	by	 immunofluorescence	and	Western	blot	on	day	3	 in	control	
and	 SML-	MG-	treated	 H9c2	 cells.	 For	 immunofluorescence,	 fixed	
and	 permeabilized	 cells	 were	 immunolabeled	 with	 anti-	MAGE	 and	
Hoescht-	33342.	A	central	Z-	plane	was	acquired	with	a	spectral	confo-
cal	microscope	(FluoView-	1000	Olympus),	and	cell	fluorescence	was	
quantified	in	8-	bit	images	(Image	J).	For	Western	blot,	solubilized	cells	
were	 resolved	 in	 SDS-	PAGE	 and	 immunoblotted	 using	 anti-	MAGE.	
Chemiluminescence	was	quantified	with	Image	J	(see	Suppl.	Methods).

2.4.3  |  Changes	in	mitochondrial	morphology	in	
H9c2 cells

Time-	dependent	changes	in	mitochondrial	perimeter	were	quantified	
in	H9c2	cells	exposed	to	dicarbonyl	stress	(SML-	MG)	or	control	condi-
tions	during	3	days	by	mitochondrial	labeling	with	100	nmol/L	TMRE.	
Individual mitochondria were identified from background- subtracted 
confocal images obtained at 60×	(Yokogawa	CSU10,	Nipkow	spinning	
disc).	Mitochondrial	perimeter	was	measured	in	8-	bit	images	(Image	J)	
and	expressed	as	changes	with	respect	to	the	value	obtained	in	day	0.

2.4.4  | Western	blot	analysis	of	FoF1-	ATP	synthase,	
IF1,	and	OPA1

The	expression	of	FoF1-	ATP	synthase	and	of	IF1	and	OPA1	was	de-
tected	as	in	isolated	heart	mitochondria	(see	Suppl.	Methods).

2.4.5  |  Detection	of	FoF1-	ATP	synthase	
glycation	and	dimerization	in	H9c2	cells	by	PLA

Glycation	and	dimerization	of	FoF1-	ATP	synthase	were	determined	
by	PLA	on	day	3	in	control	and	SML-	MG-	treated	H9c2	cells	as	de-
scribed for isolated cardiomyocytes.

2.4.6  |  Effect	of	glycation	on	FoF1-	ATP	hydrolase	
activity in H9c2 cells

The	FoF1-	ATP	hydrolase	activity	was	determined	 in	 isolated	mito-
chondria	from	control	and	SML-	MG	treated	H9c2	cells	on	day	3	(see	
Suppl.	Methods).

2.4.7  |  Effect	of	glycation	on	FoF1-	ATP	synthase	
activity in H9c2 cells

ATP	production	rate	was	monitored	by	real-	time	ATP	rate	assay	in	a	
Seahorse	XFp	analyzer	(Agilent	Technologies,	Seahorse	Bioscience,	
Santa	 Clara,	 USA)	 in	 control	 and	 SML-	MG-	treated	 cells	 on	 day	 3.	
Changes in the bioenergetics profile were described as the relative 
difference	between	mitoATP	and	glycoATP	production	 rates	com-
pared	to	the	total	ATP	rate	(see	Suppl.	Methods).

2.4.8  |  Spontaneous	mPTP	in	H9c2	cells

Spontaneous	 time-	dependent	 mPTP	 was	 determined	 in	 control	
and	 SML-	MG	 treated	 H9c2	 cells	 loaded	 with	 calcein/CoCl2	 and	
mitotracker	red	(MTR)	on	days	0,	1,	2,	and	3.	Occurrence	of	mPTP	
was	 determined	 as	 CsA-	sensitive	 decay	 in	 the	 overlap	 coefficient	
between	calcein	and	MTR	fluorescence	(Zeiss	LS980)	using	8-	bit	im-
ages	(Image	J)	(see	Suppl.	Methods).

2.5  |  Statistical analysis

Data	 are	 expressed	 as	mean	± standard error of the mean (SEM). 
When	 data	 followed	 a	 normal	 distribution,	 a	 two-	tailed	 t-	test	 for	
independent	or	paired	samples	was	applied.	For	data	not	following	
a	 normal	 distribution,	 the	 non-	parametric	Mann–	Whitney	 test	 for	
medians	was	applied.	ANOVA	analysis	was	used	for	comparisons	be-
tween more than two groups. Differences of p	≤	0.05	were	consid-
ered	as	statistically	significant.	Statistical	analyses	were	performed	
with	SPSS	v.20	software	(New	York,	US).

3  |  RESULTS

3.1  |  Transmission electron microscopy revealed 
altered mitochondrial cristae morphology in the aged 
heart

A	broad	view	of	 the	ultrastructural	 images	obtained	with	TEM	al-
lowed the identification of a large number of mitochondria with 
different	sizes	and	shapes,	most	of	them	arranged	along	myofibrils	
(IFM),	but	also	beneath	the	sarcolemma	(SSM)	in	the	myocardium	of	
young	and	old	mice	 (Figure	1a).	Mitochondria	of	old	mouse	hearts	
were	 shorter	 and	 more	 rounded	 than	 those	 of	 young	 hearts,	 as	
quantified	from	mitochondrial	length/width	(Figure	1b).	High	magni-
fication	images	(15,000×) revealed consistent differential pathologi-
cal features specifically affecting the morphology of mitochondrial 
cristae	 in	 the	 cardiomyocytes	 of	 old	 mice.	 Mitochondrial	 cristae	
appeared	 less	densely	packed	 in	 the	myocardium	of	aged	mice,	as	
disclosed from the significantly reduced number of crista per unit 
of area (µm2)	 (Figure	 1c).	 Several	 IFM	 from	 the	 aged	myocardium	
displayed an aberrant inner membrane folding pattern character-
ized	by	 the	presence	of	 concentrically	 swirling	 cristae	 (“onion-	like	
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mitochondria”) that were not observed in the mitochondria from the 
young	myocardium	 (Figure	1c).	Quantification	of	cristae	tip	curva-
ture revealed a significantly lower value in the mitochondria from 
aged	mice	with	respect	to	the	young	ones	(Figure	1d),	 indicating	a	
higher prevalence of cristae with abnormal wider angulation in their 
tip	(i.e.,	looser	inner	membrane	folding).

3.2  |  Aging impairs FoF1- ATP synthase 
dimerization in cardiomyocytes

Because	adequate	folding	of	mitochondrial	cristae	has	been	shown	to	
depend	on	 the	spontaneous	assembly	of	FoF1-	ATP	synthase	mono-
mers into long rows of dimers/oligomers that bend the mitochon-
drial	 inner	 membrane	 (Anselmi	 et	 al.,	 2018;	 Blum	 et	 al.,	 2019),	 we	
next	 investigated	whether	 the	 observed	 alteration	 in	mitochondrial	
cristae	 curvature	 can	 be	 secondary	 to	 an	 impaired	 dimerization	 of	
the	 FoF1-	ATP	 synthase	 in	 the	 aged	 heart.	 The	 degree	 of	 FoF1-	ATP	

synthase	dimerization	was	assessed	by	(a)	blue	native	polyacrylamide	
gel	electrophoresis	(BN-	PAGE)	in	purified	heart	mitochondria;	and	(b)	
competitive	 immunostaining/PLA	 in	 intact	cardiomyocytes.	Blue	na-
tive	electrophoresis	of	solubilized	SSM	and	IFM	followed	by	an	in-	gel	
ATPase	activity	detected	by	lead	phosphate	precipitation	disclosed	a	
significantly	lower	enzyme	activity	in	the	dimeric	and	oligomeric	forms	
of	FoF1-	ATP	synthase	of	the	aged	mice	with	respect	to	young	ones	that	
specifically	affected	the	IFM	population	(Figure	2a).	Nevertheless,	the	
total	mitochondrial	ATPase	activity	(i.e.,	the	sum	of	the	enzyme	activity	
in	the	monomeric,	dimeric,	and	oligomeric	states)	remained	unchanged	
between	young	and	old	mice,	despite	the	age-	dependent	changes	in	
the	relative	contribution	of	the	different	fractions.	BN-	PAGE	confirmed	
the decrease in the abundance of the dimeric and oligomeric forms of 
FoF1-	ATP	synthase	in	the	IFM	of	old	mouse	hearts	and	the	increase	in	
the	monomeric	form	(Figure	S1).	PLA	using	competitive	immunolabe-
ling	against	“d”	subunit	of	FoF1-	ATP	synthase	detected	a	significantly	
lower number of positive fluorescent spots in cardiomyocytes from 
aged	mice	with	respect	to	young	ones	(Figure	2b),	suggesting	a	higher	

F I G U R E  1 Aging	alters	mitochondrial	cristae	curvature	in	the	heart.	(a)	TEM	images	of	mouse	myocardium	depicting	clusters	of	
mitochondria	in	6	months	(upper	panels)	and	24	months	old	mice	(lower	panels);	(b)	Quantification	of	mitochondrial	length	and	width	(left	
panel)	and	the	corresponding	ratio	(inset)	in	TEM	images	of	mouse	myocardium.	Box	plots	(right	panel)	correspond	to	cristae	number	
per area (µm2). Data correspond to n = 180– 200 mitochondria from n = 3 mice per group; (c) High magnification images of mitochondria 
displaying	a	pathological	pattern	of	varying	degrees	of	concentrically	arranged	cristae,	from	semicircle	to	complete	spiral	(“onion-	
like	mitochondria”),	in	the	myocardium	of	aged	mice.	This	type	of	cristae	morphology	was	not	observed	in	young	mice;	(d)	Cristae	tip	
ultrastructure	in	a	mitochondrion	of	a	young	(upper	image)	and	an	old	(bottom	image)	mouse.	Dashed	lines	frame	representative	examples	
of	the	regions	of	interest	used	to	quantify	cristae	tip	curvature.	The	presence	of	cristae	with	abnormal	morphology	and	less	curved	tips	was	
significantly	higher	in	old	mice.	The	graph	shows	the	quantification	of	the	curvature	in	n =	150–	200	mitochondrial	cristae	tip	per	group,	and	
the corresponding mean ± SEM (n = 3 mice per group)

(a)

(b)

(c)

(d)
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intermolecular	distance	between	the	monomeric	forms	of	FoF1-	ATP	
synthase	and	therefore	an	age-	dependent	decrease	in	FoF1-	ATP	syn-
thase	dimerization.	These	results	suggest	a	decreased	abundance	of	
oligomerized	FoF1-	ATP	synthase	forms	in	aging.

3.3  |  FoF1- ATP synthase abundance is preserved 
in the aged heart

To	 investigate	whether	 changes	 in	 the	 abundance	 levels	 of	 FoF1-	
ATP	 synthase	 could	 underlie	 the	 age-	related	 reduction	 in	 the	 in 
situ	dimerization	of	 the	enzyme,	we	quantified	 the	effect	of	aging	
on	 the	 protein	 levels	 of	 different	 subunits	 of	 FoF1-	ATP	 synthase.	
Proteomics	analysis	of	 the	abundance	of	 the	different	 subunits	of	
the	FoF1-	ATP	synthase	did	not	reveal	differences	in	abundance	be-
tween	young	and	old	mouse	hearts	(Figure	3a).	Western	blot	quan-
tification of subunits α,	β,	d,	and	OSCP	of	FoF1-	ATP	synthase	using	
purified	SSM	and	IFM	did	not	detect	any	age-	associated	changes	in	
the	level	of	protein	abundance	(Figure	3b).	Also,	the	abundance	of	the	
inhibitory	factor	1	(IF1)	and	the	optic	atrophy	1	(OPA1),	described	to	
play	a	role	in	dimer	stabilization	and	cristae	remodeling,	respectively	
(García	et	al.,	2006;	Varanita	et	al.,	2015),	was	not	modified	by	aging	
(Figure	3b).	In	intact	cardiomyocytes,	immunofluorescence	labeling	
of α	 subunit	 of	 FoF1-	ATP	 synthase	 showed	 equal	 abundance	 pat-
tern and fluorescence intensity in the cells from young and old mice 
(23 ±	2.07	and	19.59	±	1.86	a.u.f.,	p =	ns,	respectively).	These	re-
sults	consistently	demonstrate	that	FoF1-	ATP	synthase	abundance	
remains preserved in the aged heart.

3.4  |  Several subunits of cardiac FoF1- ATP 
synthase are glycated during aging

Non-	enzymatic	 glycation	 forms	 carbonyl	 adducts	 with	 positively	
charged	amino	acids	(AGE),	which	may	in	turn	impair	protein	struc-
ture,	conformation,	and	activity.	AGE	generation	 is	 favored	during	
aging	by	multiple	mechanisms,	including	the	reduction	in	the	detoxi-
fication	efficiency	of	methylglyoxal	 (MG),	a	highly	toxic	dicarbonyl	
intermediate	(Ruiz-	Meana	et	al.,	2019).	Because	FoF1-	ATP	synthase	
contains	multiple	positively	charged	amino	acids	in	critical	enzyme	
subunits,	we	next	quantified	the	degree	of	FoF1-	ATP	synthase	glyca-
tion in the myocardium and cardiomyocytes from young and old mice. 
A	high-	throughput	differential	proteomic	analysis	using	myocardium	
from young and old mice revealed a significantly higher degree of 
FoF1-	ATP	synthase	glycation	 in	aging	affecting	subunits	α,	d,	e,	g,	
and	OSCP	where	subunits	e	and	g	are	involved	in	dimerization,	but	
not	in	the	beta	subunit	implicated	in	ATP	synthesis	(Figure	4a).	The	
age-	dependent	increase	in	FoF1-	ATP	synthase	glycation	was	corrob-
orated in isolated cardiomyocytes by a) simultaneous immunolabe-
ling	of	FoF1-	ATP	synthase	and	methylglyoxal-	derived	AGE	(MAGE),	
which	disclosed	a	significantly	higher	fluorescence	colocalization	in	
the	cardiomyocytes	of	aged	mice	(Figure	4b);	and	b)	PLA	addressed	
to detect an intermolecular interaction <40 nm distance between 

MAGEs	and	FoF1-	ATP	synthase,	which	revealed	an	increased	posi-
tive	cross-	reactivity	in	the	cardiomyocytes	of	aged	mice	(Figure	4c).	
Overall,	these	results	indicate	that	several	subunits	within	FoF1-	ATP	
synthase,	including	those	implicated	in	dimer	formation,	are	targets	
of glycation during aging. Our data do not rule out the contribution 
of other mitochondrial proteins to the age- dependent alterations in 
mitochondrial	ultrastructure.	In	fact,	the	proteomics	analysis	identi-
fied	13	different	peptides	belonging	to	MICOS	subunits	19,	26,	27,	
and	 60	 that	 can	 be	 target	 of	 dicarbonyl	 damage,	 but	 only	 2	 pep-
tides	 (from	Mic19	 and	Mic27)	 displayed	 higher	 levels	 of	 glycation	
in the aged heart with respect to the young ones (data not shown). 
However,	none	of	the	core	MICOS	subunits	involved	in	cristae	junc-
tion	(i.e.,	Mic10	and	Mic60)	(Khosravi	&	Harner,	2020),	were	found	to	
be specifically affected by the age- dependent glycation.

3.5  |  Impact of aging on FoF1- ATP 
synthase activity

The	potential	consequence	of	FoF1-	ATP	synthase	glycation	on	the	
enzyme	 activity	was	 assessed	 in	 both	 intact	 and	 solubilized	mito-
chondria	(SSM	and	IFM)	from	the	hearts	of	young	and	old	mice.	In	
intact	mitochondria,	O2	 consumption	after	 the	addition	of	ADP	to	
activate	the	FoF1-	ATP	synthase	(state	3	respiration)	was	significantly	
depressed	in	IFM	of	aged	mice,	regardless	of	the	substrates	used	to	
feed	the	respiratory	complexes	(either	complex	1	or	2),	and	despite	
preserved O2	consumption	not	coupled	to	ATP	synthesis	(state	2	res-
piration)	(Figure	5a	and	Figure	S2).	This	age-	dependent	depression	
of	state	3	was	not	observed	in	SSM	(Figure	5a).	Aging	did	not	modify	
the	sensitivity	to	the	inhibitory	effect	of	oligomycin	(state	4),	whose	
mechanism	of	action	depends	on	the	binding	of	the	drug	to	the	Fo	
subunit	of	the	ATP	synthase	(Figure	5a).	We	next	investigated	the	in 
vitro	activity	of	FoF1-	ATP	synthase	using	solubilized	mitochondria.	
In	this	model,	the	contribution	of	the	mitochondrial	architecture	is	
absent	and	only	ATP	hydrolysis	can	be	assessed	due	to	the	lack	of	
membrane- associated H+	gradient	necessary	for	ATP	synthesis.	The	
rate	of	ATP	hydrolysis	coupled	to	NADPH	production	in	solubilized	
SSM	and	 IFM	 from	old	mice	 remained	unchanged	with	 respect	 to	
young	ones	(Figure	5b).	These	data,	together	with	the	quantification	
of	the	total	in-	gel	ATP	hydrolase	activity	using	BN-	PAGE	(see	above),	
indicate	that	glycation	of	FoF1-	ATP	synthase	during	aging	does	not	
have	a	direct	functional	impact	on	the	enzyme;	however,	it	reduces	
its	efficiency	to	generate	ATP	in	situ,	in	which	the	altered	folding	of	
the	mitochondrial	inner	membrane	due	to	less	enzyme	dimerization	
negatively	impacts	on	OXPHOS	efficiency.

3.6  |  FoF1- ATP synthase glycation favors 
mitochondrial energy collapse

Because	mPTP	opening	has	been	proposed	to	be	mediated	by	con-
formational	changes	in	FoF1-	ATP	synthase	(either	impaired	dimeri-
zation	or	altered	c-	ring)	 (Alavian	et	al.,	2014;	Giorgio	et	al.,	2013),	
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we	 investigated	 the	 contribution	 of	 FoF1-	ATP	 synthase	 glycation	
and	 its	 decreased	 dimerization	 during	 aging	 on	mPTP	 susceptibil-
ity	using	two	independent	approaches:	ROS-	induced	mPTP	in	intact	
cardiomyocytes and calcium retention capacity (CRC) in mitochon-
dria.	 For	 ROS-	induced	mPTP,	 TMRE-	loaded	 cardiomyocytes	 were	
exposed	 to	 intermittent	 laser	 irradiation,	 as	 previously	 validated	
(Ruiz-	Meana	et	al.,	2007).	The	occurrence	of	mPTP	was	detected	as	
a	pH-	sensitive	drop	in	TMRE	fluorescence	followed	by	the	develop-
ment	of	cell	shortening	(rigor	contracture)	due	to	energy	exhaustion.	
In	 cardiomyocytes	 from	 aged	mice,	 the	 time	 necessary	 to	 induce	
mPTP	and	cell	shortening	was	significantly	lower	than	in	cardiomyo-
cytes	 from	young	mice	 (Figure	5c);	 also,	 the	degree	of	 shortening	
was	more	pronounced	 in	 the	aged	cells	 (Figure	5c	 inset).	The	pro-
tective	effect	of	the	acidic	acidic	pH	(6.4)	in	preventing	mPTP	was	
more	pronounced	in	cardiomyocytes	from	young	mice.	CsA	did	not	
delay	the	occurrence	of	mPTP	in	any	group	of	age,	indicating	that	in	
this	model	calcium	overload	does	not	play	a	relevant	role.	For	CRC,	
isolated	SSM	and	IFM	were	exposed	to	consecutive	calcium	pulses.	
The	occurrence	of	mPTP	was	detected	as	a	CsA-	sensitive	increase	
of	extra-	mitochondrial	CG5N	fluorescence,	reflecting	the	inability	of	

mitochondria	to	reuptake	calcium.	The	number	of	pulses	required	to	
induce	mPTP	was	significantly	lower	in	IFM	from	old	mouse	hearts	
with	respect	to	IFM	from	young	ones	(Figure	5d).	No	age-	dependent	
differences	in	CRC	were	detected	in	SSM,	although	their	tolerance	
to	calcium	was	lower	than	that	of	IFM	(Figure	5d).	These	results	in-
dicate	 that	 the	 age-	dependent	 changes	of	 FoF1-	ATP	 synthase	 are	
associated with an increased sensitivity of cardiomyocytes to un-
dergo	mitochondrial	energy	collapse	secondary	to	ROS	or	calcium	
overload. Differences in the endogenous amount of calcium in mi-
tochondria	from	old	mice	with	respect	to	young	ones	(Ruiz-	Meana	
et	al.,	2019)	might	also	contribute	to	the	increased	sensitization	to-
ward	mPTP.

3.7  |  Induction of dicarbonyl stress in H9c2 cells 
recapitulates age- related changes in FoF1- ATP 
synthase and favors mitochondrial failure

The causal relationship between intracellular dicarbonyl stress 
and	FoF1-	ATP	synthase	dysfunction	was	investigated	in	H9c2	cells	

F I G U R E  2 Aging	impairs	FoF1-	ATP	
synthase	di-		and	oligomerization.	(a)	
Blue native gel with precipitated lead 
phosphate bands corresponding to 
ATPase	activity	of	the	monomeric	(Vm),	
dimeric	(Vd),	and	oligomeric	(Vo)	forms	
of	FoF1-	ATP	synthase	(complex	V)	and	
in	the	presence	of	FoF1-	ATP	synthase	
inhibitor oligomycin (oligo) in digitonin- 
solubilized	SSM	and	IFM	from	young	and	
old mouse hearts. Bar graph corresponds 
to	the	quantification	of	the	optical	
density	(OD)	expressed	as	a	percentage	
of	ATPase	activity	in	the	monomeric	and	
oligomeric forms with respect to the 
total. Data correspond to mean ± SEM 
from n = 6 young and n = 5 old mice; 
(b)	Fluorescent	confocal	images	of	the	
monomer- monomer interaction within 
FoF1-	ATP	synthase	in	6	representative	
cardiomyocytes	(3	per	group	of	age),	
detected by competitive immunolabeling 
against	“d”	subunits	and	PLA.	Positive	
cross- reactivity spots (in red) indicate 
enzyme	dimerization,	nuclei	are	shown	
in blue (Hoescht). Bar graphs correspond 
to	the	quantification	of	the	number	
of amplification spots resulting from 
FoF1-	ATP	synthase	dimerization.	Data	
correspond to mean ± SEM (n = 15– 23 
cardiomyocytes,	n = 6 mice per group)

(a)

(b)
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exposed	to	glyoxalase-	1	inhibition	(5	µmol/L	SML	1306)	and	meth-
ylglyoxal	(200	µmol/L)	for	3	days	to	simulate	the	conditions	present	
in	aged	cardiomyocytes	(Ruiz-	Meana	et	al.,	2019).	The	chronic	expo-
sure of H9c2 cells to dicarbonyl stress significantly increased intra-
cellular	glycation	at	day	3,	as	detected	by	Western	blot	(Figure	6a)	
and	immunofluorescence	labeling	of	MAGEs	(Figure	S3).	Dicarbonyl	
stress	was	associated	with	more	mitochondrial	fragmentation,	quan-
tified	as	time-	dependent	changes	in	mitochondrial	perimeter	(Figure	
S4).	As	in	aged	cardiomyocytes,	dicarbonyl	stress	resulted	in	a	signif-
icant	increase	in	FoF1-	ATP	synthase	glycation	(Figure	6b).	Glycation	
of	FoF1-	ATP	synthase	reduced	its	dimerization,	as	detected	by	PLA	
(Figure	6c),	but	did	not	modify	the	expression	levels	of	α,	β,	d,	and	
OSCP	subunits	of	FoF1-	ATP	synthase	in	H9c2	cells,	or	of	the	IF1	and	
OPA1	proteins,	quantified	by	Western	blot	(Figure	6d).	Glycation	of	
FoF1-	ATP	 synthase	 reduced	 the	 relative	 contribution	 of	OXPHOS	
to	ATP	generation	 in	 intact	cells,	as	disclosed	by	Seahorse	quanti-
fication	of	the	real-	time	ATP	rate	production	(Figure	6e),	yet	 it	did	
not modify the in vitro	ATPase	activity	in	H9c2	cells	(Figure	6f).	The	
susceptibility	 to	undergo	mPTP	secondary	 to	ROS	significantly	 in-
creased	 in	H9c2	 cells	 exposed	 to	 dicarbonyl	 stress	 (Figure	 S5),	 as	
in	aged	cardiomyocytes.	Moreover,	the	occurrence	of	spontaneous	
mPTP	 throughout	 time,	quantified	as	 the	 reduction	 in	 the	overlap	
coefficient	between	mitochondrial	calcein	and	mitotracker	red,	was	
higher in H9c2 cells on days 2 and 3 in the group of dicarbonyl stress 
with	respect	to	control	cells	 (Figure	6g).	Altogether,	 these	data	 in-
dicate	 that	 the	 induction	of	FoF1-	ATP	 synthase	glycation	 in	H9c2	
cells	 recapitulates	 the	 reduction	 in	 the	 enzyme	 dimerization	 and	
OXPHOS	 capacity	 of	 the	 aged	 cardiomyocytes,	 and	 increases	 the	
sensitivity	of	the	cells	to	develop	mPTP	in	response	to	stress.

4  |  DISCUSSION

Exercise	and	 stress	 intolerance	are	common	characteristics	of	 the	
aging	heart,	and	their	severity	determines	the	onset	of	heart	failure.	
FoF1-	ATP	synthase	generates	>90%	of	the	ATP	(6	Kg/day)	daily	con-
sumed	by	cardiomyocytes	 in	a	healthy	heart.	For	an	efficient	ATP	
production,	 the	 FoF1-	ATP	 synthase	 spontaneously	 self-	assembles	
into dimers which in turn form rows of tightly ordered oligomers at 
the edges of cristae invaginations of the inner mitochondrial mem-
branes	(Davies	et	al.,	2014;	Dudkina	et	al.,	2010;	Hahn	et	al.,	2016).	
Our	study	demonstrates,	for	the	first	time,	that	the	heart	of	aging	
mice develops an impaired in situ	dimerization	of	FoF1-	ATP	synthase	
in mitochondria associated with abnormal mitochondrial cristae 
tip	 curvature,	 detected	 by	 TEM.	High	 throughput	 proteomics	 and	

fluorescence immunolabeling identified age- dependent glycation of 
several	 subunits	 of	 FoF1-	ATP	 synthase	 as	 the	mechanism	 respon-
sible	for	 its	 impaired	dimerization.	This	conclusion	 is	supported	by	
experiments	 in	 which	 the	 induction	 of	 FoF1-	ATP	 synthase	 glyca-
tion	in	H9c2	cells	recapitulated	the	age-	related	defective	FoF1-	ATP	
synthase	dimer	assembly.	Importantly,	altered	dimerization	did	not	
modify	 the	 in	vitro	activity	of	FoF1-	ATP	synthase,	but	 reduced	 its	
efficiency to generate H+	 gradient-	driven	 ATP	 synthesis	 in	 intact	
mitochondria and increased the sensitivity of cells to undergo en-
ergy	collapse	through	mPTP	opening.	Because	FoF1-	ATP	synthase	
is a fundamental energy- converting molecular machine in the heart 
and	has	been	recently	proposed	to	be	the	physical	entity	for	mPTP	
channel,	our	results	identify	a	previously	unrecognized	pathophysi-
ological mechanism involved in mitochondrial energy deficiency and 
cardiomyocyte death during aging.

4.1  |  Impaired dimerization of FoF1- ATP synthase 
secondary to glycation reduces energy efficiency of 
cardiomyocytes during aging

The	 FoF1-	ATP	 synthase	 is	 the	most	 conspicuous	 protein	 complex	
(~620	 kDa)	 of	 the	mitochondrial	 inner	membrane,	 a	 highly	 invagi-
nated bilipid structure whose architectural folding constitutes a 
universal mitochondrial signature evolutionarily selected to increase 
the efficiency of biological energy conversion (by augmenting the 
surface- to- volume ratio and serving as H+	 traps)	 (Cogliati	 et	 al.,	
2013).	In	organs	with	elevated	ATP	demand,	such	as	the	heart,	the	
mitochondrial cristae are more folded and densely packed than in 
less-	energy	 demanding	 organs,	 like	 the	 liver	 and	 kidneys	 (Brandt	
et	 al.,	 2017).	 Cryoelectron	 microscopy	 images	 reveal	 that	 FoF1-	
ATP	 synthase,	 far	 from	being	 randomly	 allocated	 along	 the	mem-
brane	invaginations,	aligns	in	arrays	of	V-	shaped	dimers	in	the	most	
tightly	 curved	 regions	of	 the	 cristae	 (Davies	 et	 al.,	 2014;	Dudkina	
et	al.,	2010).	Studies	using	dynamic	simulation	models	(Davies	et	al.,	
2012),	in vitro	reconstitution	of	detergent-	solubilized	FoF1-	ATP	syn-
thase	 monomers	 (Blum	 et	 al.,	 2019)	 and	 genetically	 modified	 or-
ganisms	 to	 interfere	with	 dimer	 formation	 (Paumard	 et	 al.,	 2002),	
unambiguously	demonstrate	 that	 the	 spontaneous	organization	of	
FoF1-	ATP	 synthase	monomers	 into	 dimers	 bends	 the	 elastic	 lipid	
bilayer	(Kühlbrandt,	2015)	and	shapes	the	mitochondrial	inner	mem-
brane	into	cristae	invaginations	(Bornhövd	et	al.,	2006;	Davies	et	al.,	
2012;	 Paumard	 et	 al.,	 2002;	 Strauss	 et	 al.,	 2008).	 In	 other	words,	
mitochondrial	cristae	are	not	the	structure	on	which	FoF1-	ATP	syn-
thase	 dimerization	 occurs	 but	 the	 morphological	 consequence	 of	

F I G U R E  3 Expression	of	FoF1-	ATP	synthase	remains	preserved	in	the	aging	heart.	(a)	Quantitation	of	ATP	synthase	subunits	by	MS	
proteomics. Data were obtained from the analysis of heart samples from young (n = 4) and old mice (n = 4). The color for each protein 
corresponds	to	its	standardized	protein	value	(zq)	and	is	shaded	according	to	the	color	scale	at	the	bottom.	IS:	internal	standard;	(b)	
Abundance	levels	of	FoF1-	ATP	synthase	subunits	α	(ATP5A),	β	(ATPB),	d	(ATP5H),	and	OSCP	(ATP5O),	and	of	IF1	and	OPA1	proteins	in	
purified	heart	SSM	and	IFM	of	young	(Y)	and	old	(O)	mice,	detected	by	Western	blot;	VDAC	(voltage-	dependent	anion	channel)	was	used	as	
a	loading	control.	Bar	graphs	represent	the	ratios	between	the	OD	of	each	of	these	proteins	and	VDAC.	Data	are	expressed	as	mean	± SEM 
(n =	4–	6	mice	per	group,	p = ns)
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F I G U R E  4 Aging	increases	the	glycation	of	FoF1-	ATP	synthase	in	cardiac	mitochondria.	(a)	Quantitative	proteomic	analysis	of	glycated	
peptides	from	cardiac	FoF1-	ATP	synthase	during	aging.	The	heat-	maps	show	ATP	synthase	glycated,	protein-	corrected	standardized	peptide	
zpq	values,	whose	magnitude	is	shaded	according	to	the	color	scale	at	the	bottom.	DHI:	Dihydroxyimidazolidine;	CM:	Carboxymethylation;	
MDA:	MDA	adduct	+54;	BHPG:	bis(hydroxphenylglyoxal);	HMOP:	2-	ammonio-	6-	[4-	(hydroxymethyl)-	3-	oxidopyridinium-	1-	yl]-		hexanoate;	
GH1:	Glyoxal-	derived	hydroimidazolone;	RED:	Carbamidomethyl	(reduced)	cysteine;	OX:	addition	of	one	oxygen.	The	cumulative	
distributions	of	the	zpq,	(old	versus	young)	values	from	all	non-	modified	peptides	from	all	proteins	(All),	as	well	as	from	glycated	peptides	
from	the	FoF1-	ATP	synthase	subunit(s)	are	shown.	Differences	were	analyzed	by	two-	tailed	Kolmogorov–	Smirnov	test;	(b)	Box	plots	(left	
panel)	represent	the	colocalization	between	FoF1-	ATP	synthase	and	MAGEs,	as	quantified	by	Mander´s	coefficient	of	central	confocal	Z-	
planes	images	in	isolated	immunolabeled	cardiomyocytes;	bar	graphs	(right	panel)	represent	the	gray	value	of	the	respective	anti-	MAGE	and	
anti-	ATP5A	fluorescent	signals	in	those	cardiomyocyte.	Data	correspond	to	mean	± SEM (n =	16–	24	cardiomyocytes,	n = 5 mice per group); 
(c)	Fluorescent	confocal	images	of	the	interaction	between	FoF1-	ATP	synthase	and	MAGE	in	6	representative	cardiomyocytes	(3	per	group	
of	age),	detected	by	PLA.	Positive	cross-	reactivity	spots	indicating	FoF1-	ATP	synthase	glycation	are	shown	in	green,	nuclei	are	shown	in	blue	
(Hoescht).	Bar	graphs	correspond	to	the	number	of	amplification	spots	resulting	from	FoF1-	ATP	synthase	and	MAGE	interaction.	Data	are	
expressed	as	mean	± SEM (n =	12–	13	cardiomyocytes,	n = 4 mice per group)

F I G U R E  5 Reduced	FoF1-	ATP	synthase	dimerization	alters	enzyme	function	in	intact	mitochondria	and	increases	mPTP	susceptibility.	
(a)	Baseline	oxygen	consumption	(state	2),	ADP-	stimulated	oxygen	consumption	(state	3),	and	oligomycin-	sensitive	oxygen	consumption	
(state	4)	in	isolated	heart	SSM	and	IFM	from	young	and	old	mice,	in	the	presence	of	respiratory	substrates	for	complex	1	(C-	1)	or	complex	2	
(C-	2),	quantified	by	oxymetry.	Data	are	expressed	as	mean	± SEM and correspond to nmolO2/min*citrate	synthase	(CS)	(n = 6 mice per age 
group);	(b)	Left	panel:	Quantification	of	total	ATPase	activity	in vitro,	expressed	as	percentage	of	hydrolyzed	ATP	with	respect	to	the	total	
ATP,	in	solubilized	SSM	and	IFM	from	young	and	old	mice;	Right	panel	(up):	Kinetics	of	in vitro	ATPase	activity	(±	oligomycin)	in	solubilized	
SSM	and	IFM	from	young	and	old	mice.	Right	panel	(bottom):	Percentage	of	inhibition	of	ATPase	activity	achieved	after	the	addition	of	
10 µmol/L	oligomycin.	Data	are	expressed	as	mean	± SEM (n =	7	mice	per	group,	p	=	ns);	(c)	Susceptibility	to	undergo	ROS-	induced	mPTP	
in	cardiomyocytes	from	young	and	old	mice,	calculated	as	the	time	(in	min)	necessary	to	induce	cell	shortening	secondary	to	the	energetic	
collapse	in	TMRE-	loaded	cells	exposed	to	561	nm	laser	illumination	under	control	conditions	(pH	7.4),	and	in	the	presence	of	CsA	(1	µM)	or	
acidic	buffer	(pH	6.4).	The	inset	represents	the	degree	of	cell	shortening	secondary	to	mPTP	in	each	group	of	age.	Data	are	expressed	as	
mean ± SEM (n =	18–	23	cardiomyocytes,	n = 6 mice per group); (d) Calcium retention capacity (CRC) in isolated mitochondria from old and 
young	mouse	hearts.	Curves	are	representative	examples	of	CG5N	fluorescence	throughout	time	upon	the	addition	of	consecutive	calcium	
pulses (4 µmol/L)	in	SSM	(left)	and	IFM	(right),	in	the	presence	(or	not)	of	1	µmol/l	CsA.	Bar	graphs	correspond	to	the	quantification	of	the	
average	number	of	calcium	pulses	necessary	to	promote	mPTP	in	both	age	groups	and	mitochondrial	subpopulations.	Data	are	expressed	as	
mean ± SEM (n = 5 replicates per group)

(a) (c)

(d)

(b)
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dimer	 formation.	By	using	native	electrophoresis	of	SSM	and	 IFM	
membranes,	 our	 study	 demonstrates	 that	 the	 relative	 amount	 of	
FoF1-	ATP	synthase	dimers/oligomers	with	respect	to	monomers	is	
reduced	in	the	IFM	of	the	heart	of	aging	mice	compared	to	the	young	
adults,	despite	no	changes	in	the	total	amount	of	FoF1-	ATP	synthase,	
quantified	 by	mass	 spectrometry,	Western	 blot,	 and	 immunofluo-
rescence	labeling	of	several	independent	subunits	of	the	FoF1-	ATP	
synthase	complex.	Also,	the	levels	of	OPA1	and	IF1,	previously	sug-
gested	to	confer	dimer	stability	(García	et	al.,	2006;	Varanita	et	al.,	
2015),	were	found	to	be	preserved	in	the	aging	heart.	In	cardiomyo-
cytes,	the	degree	of	monomer-	monomer	interaction	was	addressed	
by	competitive	 immunolabeling	of	one	FoF1-	ATP	synthase	subunit	
present	in	a	single	copy	per	monomer	followed	by	PLA,	an	approach	
that	confirmed	the	existence	of	fewer	FoF1-	ATP	synthase	dimers	in	
the cells from aged mice with respect to young ones. The reduction 
in	the	relative	amount	of	FoF1-	ATP	synthase	dimers/oligomers	was	
associated	with	altered	mitochondrial	cristae	morphology,	detected	
by	TEM	images	of	myocardial	tissue.	In	particular,	several	IFM	of	the	
aged	myocardium	exhibited	a	fewer	number	of	membrane	invagina-
tions	and	an	abnormal	cristae	organization	characterized	by	a	con-
centric	 arrangement	 (onion-	like	 mitochondria).	 The	 quantification	
of	inner	membrane	convexity	in	high	magnification	images	using	an	
automatized	b-	spline	coefficient	(Mary	&	Brouhard,	2019)	disclosed	
a significant reduction of mitochondrial cristae tip curvature in the 
myocardium of aged animals compared to their young counterparts. 
Although	 the	mitochondrial	 cristae	 are	 heterogeneous	 structures,	
the	 presence	 of	 swirling	 cristae	was	 not	 observed	 in	 young	mice,	

and studies in yeasts and cell lines have identified this morphological 
pattern as a hallmark of disturbed membrane folding secondary to 
defective	FoF1-	ATP	synthase	dimerization	(Habersetzer	et	al.,	2013;	
Paumard	et	al.,	2002).	Aging	was	also	associated	with	less	elongated	
mitochondria	in	the	myocardium,	in	agreement	with	previous	stud-
ies suggesting and age- dependent shift toward more mitochondrial 
fission	(Amartuvshin	et	al.,	2020).

To	date,	the	impact	of	aging	on	FoF1-	ATP	synthase	dimerization	
had only been established in simple organismic models of senes-
cence	(Daum	et	al.,	2013;	Rampello	et	al.,	2018;	Warnsmann	et	al.,	
2021) in which altered dimer assembly was causally linked to distinct 
types	of	mitochondrial	 damage,	 including	 inner	membrane	 remod-
eling,	energy	deficiency,	excessive	mPTP,	and	cell	death,	altogether	
conferring	an	accelerated	senescence	phenotype	(Daum	et	al.,	2013;	
Rampello	et	al.,	2018;	Warnsmann	et	al.,	2021).	In	a	filamentous	fun-
gus,	impairing	FoF1-	ATP	synthase	dimerization	was	associated	with	
a	reduced	lifespan	secondary	to	increased	CyP-	D	dependent	mitoph-
agy	(Warnsmann	et	al.,	2021).	Nonetheless,	neither	the	mechanism	
by	which	the	dimerization	of	FoF1-	ATP	synthase	becomes	defective	
during	aging	nor	the	consequences	this	may	have	on	a	complex	organ	
like the heart have been previously addressed. Our group demon-
strated that intracellular glycation (secondary to dicarbonyl stress) is 
a	common	hallmark	of	aging	in	human	and	murine	cardiomyocytes,	
due	to	the	concurrence	of	reduced	mitochondrial	antioxidant	capac-
ity	 and	 deficient	 glyoxalase-	dependent	 detoxification	 (Fernandez-	
Sanz	 et	 al.,	 2014;	 Ruiz-	Meana	 et	 al.,	 2019).	 The	 ROS-	induced	
generation of reactive aldehydes (dicarbonyl stress) promotes 

F I G U R E  6 Induction	of	dicarbonyl	stress	in	H9c2	cells	recapitulates	FoF1-	ATP	synthase	glycation	and	defective	enzyme	dimerization	
of	aging,	and	have	deleterious	functional	consequences	on	mitochondrial	energetic.	(a)	MAGE	levels	in	lysates	from	H9c2	cells	on	day	3	
of dicarbonyl stress (5 μmol/L	SML	+ 200 μmol/L	MG)	and	the	corresponding	controls,	detected	by	Western	blot;	β- actin was used as a 
loading	control.	Bar	graphs	represent	the	ratio	between	the	OD	of	the	overall	MAGE-	modified	proteins	and	β- actin in each group of cells. 
Data	are	expressed	as	mean	± SEM (n =	3	independent	experiments);	(b)	Fluorescent	confocal	images	of	central	Z-	planes	of	H9c2	cells	on	
day	3	of	dicarbonyl	stress	and	the	corresponding	controls,	depicting	the	interaction	between	FoF1-	ATP	synthase	and	MAGEs	as	detected	
by	PLA.	Positive	cross-	reactivity	spots	indicating	FoF1-	ATP	synthase	glycation	are	shown	in	green,	nuclei	are	shown	in	blue	(Hoescht).	Bar	
graphs	correspond	to	the	quantification	of	the	number	of	amplification	spots	resulting	from	FoF1-	ATP	synthase	and	MAGE	interaction.	
Data correspond to mean ± SEM (n =	80–	120	cells	per	group,	3	independent	experiments);	(c)	Fluorescent	confocal	images	of	the	monomer-	
monomer	interaction	within	FoF1-	ATP	synthase	in	H9c2	cells	on	day	3	of	dicarbonyl	stress	and	the	corresponding	controls,	detected	by	
competitive	immunolabeling	against	“d”	subunits	and	PLA.	Positive	cross-	reactivity	spots	(in	red)	indicate	enzyme	dimerization,	nuclei	
are	shown	in	blue	(Hoescht).	Bar	graphs	correspond	to	the	quantification	of	the	number	of	amplification	spots	resulting	from	FoF1-	ATP	
synthase	dimerization.	Data	correspond	to	mean	± SEM (n =	60–	70	cell	per	group,	3	independent	experiments);	(d)	Abundance	levels	of	
FoF1-	ATP	synthase	subunits	α	(ATP5A),	β	(ATPB),	d	(ATP5H)	and	OSCP	(ATP5O),	and	of	IF1	and	OPA1	proteins	in	H9c2	cell	extracts	on	
day	3	of	dicarbonyl	stress	and	the	corresponding	controls,	detected	by	Western	blot;	β- actin was used as a loading control. Bar graphs 
represent the ratios of the OD of each of these proteins and β-	actin.	All	data	are	expressed	as	mean	± SEM (n =	3	independent	experiments,	
p =	ns);	(e)	ATP	production	rates	determined	by	Seahorse	analyzer	in	H9c2	cells	on	day	3	of	dicarbonyl	stress.	Seahorse	profiles	(left)	
of	oxygen	consumption	rate	(OCR)	and	proton	efflux	rate	(PER)	in	control	and	SML-	MG-	treated	cells.	The	arrows	indicate	the	points	at	
which	oligomycin	(oligo)	and	rotenone/antimycin	(Rot/AA)	were	injected.	Bar	graphs	(right)	represent	the	relative	contribution	of	OXPHOS	
and	glycolytic	pathways,	respectively,	to	the	total	rates	of	ATP	production	(pmolATP/min	x	µg protein) in each group; data correspond to 
mean ± SEM (n =	3	independent	experiments	(*refers	to	the	difference	in	OXPHOS	contribution	between	control	and	SML-	MG	group,	$	
refers	to	the	difference	in	glycolysis	contribution	between	control	and	SML-	MG	group);	(f)	ATPase	activity	in vitro	in	solubilized	mitochondria	
from	H9c2	cells	on	day	3	of	dicarbonyl	stress	and	the	corresponding	controls,	quantified	from	changes	in	NADPH	absorbance	and	expressed	
as	percentage	of	hydrolyzed	ATP	with	respect	to	the	total	ATP.	Inset	shows	the	percentage	of	inhibition	of	ATPase	activity	achieved	after	
the addition of 1 µmol/L	oligomycin.	Data	are	expressed	as	mean	± SEM (n =	3	independent	experiments,	p	=	ns);	(g)	Spontaneous	mPTP	
throughout	3	days	in	H9c2	cells	exposed	to	dicarbonyl	stress	and	the	corresponding	controls,	simultaneously	loaded	with	calcein/CoCl2 and 
mitotracker	red	(MTR).	Occurrence	of	mPTP	is	detected	as	a	reduction	in	the	overlap	between	calcein	and	MTR	(“mitochondrial	calcein”).	
Data are represented as mean ± SEM (n =	3	independent	experiments)
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advanced glycation reactions and irreversible modification of the 
tertiary	and	quaternary	structure	in	susceptible	proteins	(Brownlee,	
1995;	 Rabbani	 &	 Thornalley,	 2012;	 Simm,	 2013).	 However,	 not	 all	
proteins are targets of dicarbonyl compounds nor do all chemical 
reactions between dicarbonyls and amino acids necessarily carry 
deleterious	 functional	consequences.	FoF1-	ATP	synthase	has	been	
shown	to	be	target	of	transient	Cys	oxidation	in	the	old	murine	heart	
(Fernandez-	Sanz	et	al.,	2015)	and	 lipooxidation	 in	 the	aged	human	
brain	(Jové	et	al.,	2019),	pointing	to	the	existence	of	a	mitochondrial	
micro-	environment	in	which	ROS-	induced	generation	of	dicarbonyl	

compounds is thermodynamically favored. The present study con-
firms this prediction by immunofluorescence and mass spectrome-
try	 analysis	 that	 identified	 several	 subunits	of	FoF1-	ATP	 synthase,	
including	 those	 involved	 in	 the	 enzyme	dimerization,	 as	 targets	of	
dicarbonyl- induced glycation during aging. These data do not allow 
to	establish	whether	glycation	of	FoF1-	ATP	synthase	subunits	weak-
ens the already established contact sites within the molecule or 
rather	impedes	the	assembly	of	FoF1-	ATP	synthase	monomers	into	
dimers,	therefore	inverting	the	inner	membrane	curvature	of	the	mi-
tochondria,	as	previously	demonstrated	in	yeasts	(Daum	et	al.,	2013).

(a) (c)

(d)

(b)

(e) (f)

(g)
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Glycation	 of	 FoF1-	ATP	 synthase	 decreased	 mitochondrial	
OXPHOS	capacity,	as	detected	by	a)	lower	ADP-	stimulated	O2 con-
sumption	in	isolated	cardiac	IFM,	and	b)	compensatory	shift	toward	
glycolytic	 ATP	 production	 relative	 to	 oxidative	 ATP	 production	 in	
H9c2 cells. Yet the in vitro	activity	of	 the	enzyme	holocomplex	 (in	
which the contribution of mitochondrial cytoarchitecture is absent) 
was	 preserved,	 suggesting	 that	 monomers	 of	 FoF1-	ATP	 synthase	
are	 energetically	 self-	sufficient.	 Also,	 the	 sensitivity	 of	 FoF1-	ATP	
synthase to the inhibitory effect of oligomycin was not dependent 
on	the	glycation	of	the	enzyme	(or	the	relative	amount	of	dimers),	
and its impact on O2 consumption was similar in mitochondria from 
aged	and	young	animals.	Altogether,	these	data	are	consistent	with	
the	concept	that	impaired	dimerization	of	FoF1-	ATP	synthase	con-
tributes	 to	 the	 reduced	OXPHOS	 capacity	 of	 the	 aging	 heart	 due	
to	changes	in	mitochondrial	inner	membrane	architecture,	the	true	
bioenergetic site of cardiomyocytes. Glycation of several amino 
acids	within	FoF1-	ATP	synthase	is	proposed	to	interfere	with	dimer	
assembly,	 as	 inferred	 from	proof-	of-	concept	experiments	 in	which	
induction	of	FoF1-	ATP	synthase	glycation	in	H9c2	cells	resulted	in	
less	assembled	dimers	and	lower	rate	of	mitochondrial	ATP	produc-
tion.	The	 fact	 that	 the	described	age-	dependent	changes	 in	FoF1-	
ATP	synthase	distinctively	affect	IFM	raises	the	question	of	whether	
the intracellular location of mitochondria and their interaction with 
other	organelles	(i.e.,	the	sarcoplasmic	reticulum)	might	play	a	critical	
role on their functional decline during aging.

4.2  |  Glycation of FoF1- ATP synthase increases 
mPTP susceptibility

The	antagonistic	role	of	FoF1-	ATP	synthase	on	cellular	bioenerget-
ics	has	 long	been	known.	The	studies	by	Jennings	et	al.	 (Jennings	
et	 al.,	 1991)	 already	 established	 that	 the	 catalytic	 subunit	 of	 the	
FoF1-	ATP	 synthase	 reverses	 into	 an	 ATP	 hydrolase	when	 cardio-
myocytes	are	exposed	to	prolonged	anoxia.	This	catalytic	reversion	
precipitates	ATP	exhaustion	in	cells	already	jeopardized	by	the	lack	
of	oxygen,	yet	 it	contributes	 to	 the	maintenance	of	mitochondrial	
transmembrane ionic gradients and probably represents a vestige 
of	the	endosymbiotic	origin	of	mitochondria	(Lippe	et	al.,	2019).	We	
have	 previously	 shown	 a	 partial	 failure	 of	 FoF1-	ATP	 synthase	 to	
revert its catalytic mode of operation in the aged cardiomyocytes 
that	accelerates	mitochondrial	membrane	depolarization	during	is-
chemia	and	impairs	energy	recovery	upon	reperfusion	(Fernandez-	
Sanz	 et	 al.,	 2015).	 More	 recently,	 an	 extreme	 form	 of	 energy	
uncoupling induced by the binding of calcium to the catalytic site 
of	FoF1-	ATP	 synthase	has	been	described,	which	 in	 the	presence	
of	ROS	causes	a	dramatic	change	of	its	structural	conformation	to	
a state whose conductance and permeability properties are similar 
to	those	of	mPTP	(Giorgio	et	al.,	2017).	This	line	of	evidences	postu-
lates	that	FoF1-	ATP	synthase	is	the	molecular	entity	of	the	mPTP,	a	
pathological channel whose persistent opening plays a central role 
in	cell	death	during	ischemia–	reperfusion	injury	and	other	contexts	

(Baines,	 2009).	 Either	 a	 structural	 alteration	 in	 the	 c-	ring	 within	
ATP	synthase	molecule	(Alavian	et	al.,	2014),	a	failure	in	FoF1-	ATP	
synthase	dimerization	(Giorgio	et	al.,	2013)	or	a	sequence	of	dimer	
dissociation	 followed	 by	 monomer	 rearrangement	 (Bonora	 et	 al.,	
2017)	are	proposed	to	 form	the	energy-	dissipating	channel	at	 the	
inner	mitochondrial	membrane.	We	now	provide	evidences	show-
ing	 that	 glycation	 of	 FoF1-	ATP	 synthase	 facilitates	 the	 transition	
toward	mPTP,	an	extreme	energy	uncoupling	conformation,	both	in	
cardiomyocytes and H9c2 cells. Our data do not allow establish-
ing	 the	molecular	entity	of	mPTP	channel,	but	point	 to	glycation-	
induced	changes	in	FoF1-	ATP	synthase	as	the	mechanism	involved	
in	the	altered	monomer-	monomer	interface	and	mPTP	sensitization	
during aging.

4.3  |  Study limitations

Because diastolic dysfunction is a prevalent and early- onset phe-
notypic	 change	 in	 elderly	 patients,	 the	 lack	 of	 data	 on	 diastolic	
function by echocardiographic evaluation is a limitation of the 
present study.
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