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Resumen
Las patologías metabólicas y sus complicaciones son una de las principales causas de muerte 

en el mundo occidental. La mitocondria es un orgánulo clave en el control del metabolismo 
y la estructura del músculo esquelético. Sin embargo, si su disfunción en el músculo es causa o 
consecuencia de enfermedades metabólicas sigue siendo objeto de debate. Para esclarecer el 
papel que las disfunciones mitocondriales juegan en el desarrollo de estas patologías, en esta tesis 
hemos desarrollado y caracterizado el primer modelo animal de inhibición músculo-específica y 
condicional de la H+-ATP sintasa mitocondrial por sobreexpresión de su inhibidor, ATPIF1|H49K. 

Con 6 meses de edad, los ratones con la función mitocondrial inhibida presentan un peso 
corporal mayor que los controles debido a alteraciones en el metabolismo lipídico, glucídico 
y aminoacídico en músculo y tejido adiposo. La crisis energética derivada de la inhibición de la 
fosforilación oxidativa (OXPHOS) incrementa la producción de lactato, reduce la β-oxidación 
de los ácidos grasos y convierte el metabolismo de los aminoácidos ramificados en la principal 
fuente de acetil-CoA para la síntesis lipídica. Además, la acumulación de acetil-CoA en el músculo 
retroalimenta la disfunción mitocondrial aumentando la producción de especies reactivas de 
oxígeno. Como resultado, los ratones son más propensos a desarrollar resistencia a la insulina 
cuando son alimentados con una dieta rica en grasas. Además, la disfunción mitocondrial altera 
la capacidad motora de los animales, fenómeno que se agrava con la edad. La inhibición crónica 
durante 18 meses de la H+-ATP sintasa modifica profundamente la estructura del músculo y 
promueve el desarrollo de una miopatía caracterizada por agregados tubulares (TA), formaciones 
geométricas derivadas de un estrés masivo del retículo sarcoplasmático (SR) que desorganizan el 
sarcómero. La inhibición de la OXPHOS reprograma las fibras oxidativas del sóleo a glucolíticas y 
aumenta los fenómenos de fisión mitocondrial y mitofagia, en un intento de reciclar las mitocondrias 
dañadas. En este proceso se desarrollan TA para aumentar los sitios de contacto SR-mitocondria en 
un intento de tamponar las oleadas de calcio derivadas de la prolongada inhibición mitocondrial. 
Por tanto, aumentar la actividad de la OXPHOS aparece como una posible estrategia terapéutica 
en trastornos metabólicos y musculares. Para ello, hemos llevado a cabo un cribado farmacológico 
de 702 fármacos, en el que se identifica el edaravone como un nuevo antioxidante y activador 
mitocondrial capaz de restaurar la estructura y el metabolismo del músculo esquelético en ratones 
de 6 y 18 meses de edad. En su conjunto, estos resultados sugieren que alteraciones mitocondriales 
en el músculo son causa de enfermedades metabólicas y miopatías, proponiendo el edaravone 
como potencial tratamiento para estas patologías.
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Summary 

Metabolic pathologies and their complications are one of the main causes of death in western 
high-income countries. Mitochondria are key controllers of metabolism and the skeletal muscle 
(Skm) structure. However, whether Skm mitochondrial dysfunction is a cause or consequence of 
metabolic disorders is still controversial. In order to unveil the role of mitochondria in the onset 
and progression of these pathologies, in this thesis we have developed and characterized the first 
mouse model of conditional and Skm-specific inhibition of the mitochondrial H+-ATP synthase 
by the overexpression of its constitutively active inhibitor, ATPIF1|H49K.

6-month-old mice presenting the inhibition of the mitochondrial oxidative phosphorylation 
(OXPHOS) show a higher body weight compared to control littermates, due to deep alterations 
in glucose, lipid and amino acid metabolism in both muscle and white adipose tissue. Upon 
mitochondrial inhibition, Skm increases lactate production, reduces fatty acid β-oxidation, and 
relies on branched-chain amino acids catabolism as major source of acetyl-CoA for the de novo 
lipid synthesis. Moreover, acetyl-CoA accumulates in muscle and feedbacks the mitochondrial 
dysfunction by increasing the production of reactive oxygen species. As a result, mice with 
restrained OXPHOS become more prone to develop insulin resistance when fed a high-fat diet. 
Furthermore, Skm mitochondrial dysfunction alters motor behaviour, an effect that increases with 
ageing. 18-month-old mice presenting a chronic inhibition of the H+-ATP synthase show deep 
alterations in Skm organization, developing a myopathy characterized by the presence of tubular 
aggregates (TA), honeycomb-like arrays of sarcoplasmic-reticulum (SR) tubules that disorganize 
the sarcomere structure. The long-term OXPHOS inhibition reprograms soleus oxidative fibers to 
glycolytic ones, and increases mitochondrial fission and mitophagy, presumably to recycle defective 
mitochondria. TA appeared as the result of SR tubulation aimed at increasing mitochondria/SR 
contact sites to buffer calcium overloads due to prolonged OXPHOS dysfunction.

Hence, enhancing OXPHOS activity appears as a promising strategy for therapeutic 
intervention in metabolic and muscle disorders. With this aim, we screened 702 drugs and identified 
edaravone as a new mitochondrial antioxidant and enhancer. Remarkably, in vivo edaravone 
treatment restores a healthy phenotype both in 6-month and 18-month old mice. Altogether, 
these results suggest that Skm mitochondrial alterations contribute to the setting of metabolic and 
muscular disorders, proposing edaravone as a potential treatment for these pathologies.
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Introduction

1. The multifaceted role of mitochondria in cellular homeostasis.

Mitochondria are dynamic organelles of prokaryotic origin localized in the cytosol of 
eukaryotic cells and characterized by double-membrane assemblage (Sagan, 1967). Although 
classically appreciated for their role as the powerhouse of the cell generating ATP in oxidative 
phosphorylation (OXPHOS), the metabolic functions of mitochondria extend far beyond 
bioenergetics (Pagliarini and Rutter, 2013; Spinelli and Haigis, 2018). Mitochondria help to 
maintain cellular and whole-body homeostasis by organizing how cells adapt to stressors, oxidative 
damage and ER stress (Bahat and Gross, 2019; Spinelli and Haigis, 2018). They also regulate lipid 
(Benador et al., 2019), glucose and amino acid metabolism, catabolizing nutrients for energy 
and generating biosynthetic precursors for macromolecules. Moreover, mitochondria are the 
control hub of different intracellular pathways including immunity (Banoth and Cassel, 2018; 
Formentini et al., 2017b; Weinberg and Chandel, 2015), apoptosis (Andersen and Kornbluth, 
2013; Formentini et al., 2014), calcium (Rizzuto et al., 2012; Vallese F., Barazzuol L., Maso L., Brini 
M., Calì T., 2020) and reactive oxygen species (ROS) signalling (Formentini et al., 2012, 2017b; 
Weinberg and Chandel, 2015). Accordingly, their number, structure, protein composition and 
functions are adjustable to cell requirements, hence being considered highly plastic organelles 
(Bahat and Gross, 2019; Sebastian et al., 2017) with the ability to adapt to different environments 
(Spinelli and Haigis, 2018). 

Notwithstanding, the regulation of several mitochondrial programmes remains partially 
unknown. A deeper understanding of mitochondrial contributions to cellular and tissue 
physiopathology will further unveil their roles in disease and may reveal co-dependent pathways 
to target in therapies. 

1.1. Mitochondrial morphology: structure, compartments and dynamics.

Mitochondria are endosymbiotic organelles, which explains the presence of their own genome, 
the mtDNA, and the autonomy of several functions concerning the eukaryotic cell (Sagan, 1967). 
They are composed of two aqueous spaces named intermembrane space (IMS) and mitochondrial 
matrix (MM), which are delimited by two membranes, the outer mitochondrial membrane 
(OMM) and the inner mitochondrial membrane (IMM) (Palade, 1953; Spinelli and Haigis, 2018) 
(Figure 1).

The OMM delimitates the mitochondria, separating them from the cytosol. It is composed of 
60% proteins and 40% lipids, and allows the exchange of small solutes (of no more than 10kDa) with 
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the cytosol (Palade, 1953). This solute traffic is possible because of numerous membrane pores, 
among the solutes exchanged are the large proteins of the mitochondrial translocase machinery 
(TOM, SAM) and the voltage-dependent anion-selective channel protein (VDAC), which carries 
ATP, metabolites and ions, and interacts with different enzymes to coordinate multiple metabolic 
processes (Pfanner et al., 2019). Furthermore, in the OMM are localized essential proteins for 
mitochondrial dynamics (mitofusins MFN 1 and 2, Optic atrophy 1 protein or OPA1, dynamin-
related protein 1 or DRP1, etc.) (Marta Giacomello et al, 2020), proteins related to apoptosis (Bcl2 
or B-cell lymphoma 2, Bax or Bcl-2-like protein 4, etc) (Singh et al., 2019) and proteins associated 
with cytoskeleton motility of mitochondria (Carlton et al., 2020; Melkov A. and Abdu, U., 2018). 
Through the OMM, mitochondria may also interact with other organelles, such as the endoplasmic 
reticulum (ER), forming mitochondrial associated membranes (MAMs) (Gordaliza-Alaguero 
et al., 2019; Lopez-Crisosto et al., 2015; Marchi et al., 2014), or other mitochondria through the 
intermitochondrial junctions (IMJC). Besides, the OMM is the dock for the assembly of signalling 
complexes related to the innate immune response (Gurung et al., 2015; West et al., 2011).

The IMS is an aqueous compartment, delimitated by OMM and IMM, where protons are 
expelled from the matrix by complexes I, III and IV and where OPA1 is facing when it is expressed 
in the IMM (Marta Giacomello et al, 2020).

The IMM is composed of 80% proteins and 20% lipids, among which cardiolipin, of prokaryotic 
origin, contributes to confer this membrane its characteristic low permeability to almost all kinds of 
ions and molecules. This property is fundamental for the maintenance of mitochondrial membrane 
potential (ΔΨm), necessary to generate the electrochemical gradient for ATP production 
(Mitchell, 1961). The IMM may be separated into two different sections, the inner boundary 
membrane (IBM) closer to the OMM, and the mitochondrial cristae, closer to the MM (Cogliati 
et al., 2016; Marta Giacomello et al, 2020). The proteins required for the fusion of the IMM (last 
step of the mitochondrial fusion) and the proteins from the Inner Membrane Translocator (TIM), 
in charge of translocating pre-proteins to the MM (Pfanner and Meijer, 1997) are localized in the 
IBM. Mitochondrial cristae, firstly described as simple invaginations of the IMM projected to the 
interior of the MM and later as almost independent structures, are the house of the OXPHOS 
respiration complexes and proteins responsible for the biogenesis of Fe/S clusters ( Joseph J 
Braymer, Roland Lill, 2017). The IBM and the mitochondrial cristae are connected by tubular 
junctions (called cristae junctions), which isolate the lumen of the mitochondrial cristae from the 
IMS and promote functional compartmentalization of the mitochondria (Cogliati et al., 2016).
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Figure 1. Mitochondrial structure. A) Schematic illustration of mitochondrial cristae structure: the H+-ATP 

synthase is in charge of cristae formation. B) Ultrastructure of the mitochondrial cristae by electron microscopy.

Cristae, or stretch junctions of the IMM, are produced by different factors like the 
oligomerization of proteins of the mitochondrial contact site and cristae organizing system 
(MICOS) (Friedman et al., 2015; Kozjak-Pavlovic, 2017; Marta Giacomello et al, 2020). This 
mitochondrial complex oversees the formation, maintenance and alteration of cristae. The 
convoluted architecture of the cristae is dependent on the relation of the MICOS system with the 
respiratory complexes, being the most relevant the H+-ATP synthase, whose oligomerization has 
been proposed to cause the curvature of the IMM (Cogliati et al., 2013; Friedman et al., 2015; Gu 
et al., 2019; Spinelli and Haigis, 2018).

The MM is an aqueous compartment where free fatty acid (FFA) β-oxidation, branched-
chain amino acids (BCAA) catabolism, tricarboxylic acid (TCA) cycle and other metabolic 
pathways occur, and where the mitochondrial DNA (mtDNA; and its replication and expression 
machinery) is located (Logan, 2007; Nissanka and Moraes, 2020). The human mtDNA is a circular 
plasmid that contains 37 genes and encodes for 13 OXPHOS proteins (7 subunits of CI, 1 subunit 
of CIII, 3 of CIV and 2 of CV) (Chinnery and Hudson, 2013) and 24 RNAs necessary for their 
synthesis (22 tRNAs and 2 ribosomic RNAs), the maintenance of this mtDNA being vital for the 
correct function of the mitochondria (Nissanka and Moraes, 2020; Schon et al., 2012). 
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1.1. Mitochondrial dynamics.

Mitochondria are dynamic organelles with motility through the cytoplasm and the ability 
to fuse and divide, being able to form or shatter a complex tubular network depending on the 
metabolic needs of the cell.

Mitochondrial fusion is the merging of the outer and then the inner mitochondrial membranes 
of two originally distinct mitochondria. This process is regulated by the activity of large GTPases, 
such as MFN1 and MFN2, that fuse the OMM, and OPA1, that fuses the IMM (Frezza et al., 
2006, p. 1; Hoppins et al., 2007; Sebastian et al., 2017). On the contrary, mitochondrial fission 
involves the division of one mitochondrion onto two smaller ones by the activity of the GTPase 
DRP1 and its later union with fission receptors, such as FIS1 (mitochondrial fission factor 1) and 
MFF (mitochondrial fission factor) receptors (Gordaliza-Alaguero et al., 2019; Sebastian et al., 
2017; Sebastian and Zorzano, 2018).

Mitochondrial dynamics play an important role in controlling heteroplasmy, cell death 
processes and healthy ageing (Gordaliza-Alaguero et al., 2019; Lechuga-Vieco Ana Victoria et al., 
2020; Pernas and Scorrano, 2016; Sebastian et al., 2017). Moreover, they are fundamental for energy 
production maintenance, and mitochondrial quality control (mitochondrial fission prompts 
mitophagy) (Sebastian et al., 2017; Twig et al., 2008). A deeper understanding of the molecular 
mechanisms controlling mitochondrial dynamics is crucial to decipher how mitochondrial shape 
relates to the function and to increase the knowledge on the molecular basis of diseases associated 
with morphology defects.

2. OXPHOS System.

Cells utilize fuels such as carbohydrates, amino acids and fatty acids to generate ATP through 
OXPHOS. Nutrients are catabolized and shuttled into the TCA cycle and, through iterative 
oxidations, electrons are stored in the reducing equivalents NADH, FADH

2 and ubiquinol 
(CoQH2). These carriers pass electrons to the electron transport chain (ETC) in the IMM, and the 
potential energy derived is used to pump protons into the IMS (Mitchell, 1961). The stored energy 
in this gradient is measured as proton-motive force (Δp) (Boyer, 1997), made of two components, 
a chemical component (ΔpH), produced by the differential distribution of protons through the 
IMS and the MM, and an electrical one, or mitochondrial membrane potential (ΔΨm), caused by 
the differential distribution of charges through the IMM (Mitchell and Moyle, 1965). The Δp is 
also used to import proteins from the cytosol (Neupert and Brunner, 2002), transport small solutes 
through the IMM (LaNoue and Schoolwerth, 1979) and for the Fe/S clusters biogenesis (Hentze, 
1996; Shi et al., 2021; Veatch et al., 2009).
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The OXPHOS system includes a set of protein complexes, transporters and diffusible carriers. 
Specifically, the electrochemical gradient is generated by the complexes I, II, III and IV of the ETC 
and two diffusible transporters. The H+-ATP synthase (CV) utilizes the proton-electron gradient 
generated by ETC to produce ATP, while the adenine nucleotide translocase (ANT) and the 
inorganic phosphate (Pi) transporter exchange ATP/ADP and Pi, respectively.

2.1. Electron transport chain (ETC).

The ETC is composed of 4 complexes that carry electrons (CI, CII, CIII and CIV) and pump 
protons (CI, CIII, CIV). 

The NADH:ubiquinone oxidoreductase or CI takes two electrons from the NADH and 
carries them to the CoQ (ubiquinone), pumping at the same time four protons to the IMS 
(Brandt, 2006) (Figure 2). The CI is the biggest complex of the ETC in mammals and is composed 
of 44 subunits (7 of them codified in the mtDNA) organized in two domains linked in “L” form: a 
hydrophilic domain and a hydrophobic domain (Hernansanz-Agustin and Enriquez, 2021a, p. 20; 
Zhu et al., 2016). The hydrophilic domain possesses the functional part necessary for the oxidation 
of NADH (N module) and the transference of electrons to the CoQ (Q module), while the 
hydrophobic domain pumps protons (Module P) (Zhu et al., 2016).

Figure 2. Electron transport chain (ETC) structure. Schematic illustration of ETC: intermembrane space 

(IMS), inner mitochondrial membrane (IMM) and mitochondrial matrix (MM) are named on the left. Complexes 

are represented in green and accessory enzymes required for electron transport are represented in blue and red.
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The succinate: ubiquinone oxidoreductase or CII transfers the electrons derived from the 
oxidation of succinate to fumarate to the CoQ (Sun et al., 2005) (Figure 2); it does not pump 
protons. This complex is the smallest in the ETC and is composed of four subunits (SDHA, 
SDHB, SDHC and SDHD) and 4 accessory factors (SDHAF1-4) codified by the nuclear DNA. 
This complex integrates OXPHOS with the TCA cycle and uses FAD as a cofactor.

The ubiquinol: cytochrome c oxidoreductase or CIII is a homodimer of two protomers 
composed of 11 subunits, of which only one is codified in the mtDNA (mtCytb) (Crofts et al., 
2003; Hernansanz-Agustin and Enriquez, 2021a). CIII is the central complex of the ETC that 
transfers electrons from CoQH2, reduced by CI, CII or other dehydrogenases, to the cytochrome 
b and then to cytochrome c, translocating four protons to the IMS during this reaction.

The cytochrome c oxidase or CIV is the final complex of the ETC. It is composed of 14 
subunits, of which Cox1, Cox2 and Cox3 are codified in the mtDNA and form the catalytic core 
that transfers the electrons from the cytochrome c to reduce the O

2 to H2O (Tsukihara et al., 1996). 
Two protons are translocated to the IMS in this process. The rest subunits protect the catalytic core 
from oxidative damage and take part in the dimerization of the complex (Fontanesi et al., 2006).

Non-canonical components of the ETC.

Depending on the disposal of substrates and reduced coenzymes (NADH, FADH2), different 
intramitochondrial FAD-dependent dehydrogenases (FDDs) (in blue in figure 2) may transfer 
electrons derived by glucose, lipid and amino acid oxidation directly to the CoQ pool, resulting 
in energy production. Among them, the electron-transferring-flavoprotein dehydrogenase (ETF-
QO), the glycerol-3-phosphate dehydrogenase (GPDH) and the dihydroorotate dehydrogenase 
(DHOOH) (Alcazar-Fabra et al., 2016). These dehydrogenases represent a pivotal link between 
different mitochondrial functions, integrating ATP production with fatty acid β-oxidation, 
glutamine and aspartate metabolism, pyrimidine synthesis and branched-chain amino acid 
catabolism.

2.2. Organization of the ETC complexes.

The mitochondrial respiratory complexes were not described until the 50s (Chance and 
Williams, 1955) when the first theory of their existence and functioning arose. This theory, called 
the solid model theory, proposed that the ETC complexes were assembled as a high-order entity 
in the IMM (Keilin and Hartree, 1947). Opposing this theory, in the 80s appeared the fluid model 
theory, which proposed that the complexes were free to travel and shift through the IMM, being 
their crashes the ones translocating the electrons (Hackenbrock et al., 1986).
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The existing debate between the distribution and organization of complexes in the IMM had 
a transition to the description of supercomplexes (SC) due to the development of the Blue Native 
PAGE (BN) technique, based on the native-state electrophoresis that allowed the description 
of the supramolecular organization of complexes (Schagger and Pfeiffer, 2000). This technique 
promoted a new theory, the plasticity model (Acin-Perez et al., 2008) that brings together the 
previous theories proposing that free complexes and SC can coexist in a dynamic organization 
(Acin-Perez et al., 2008; Enriquez, 2016).

A second debate involves the physiological meaning of the SC. Different functions have been 
proposed for the SC formation, including a possible role in complexes stabilization, a reduced 
mtROS production, and an increase in the electron transport efficiency (Enriquez, 2016; Schagger, 
2001).

2.3. The H+-ATP synthase and its physiological inhibitor ATPIF1.

The H+-ATP synthase or CV is the engine of the OXPHOS that utilizes the electrochemical 
gradient generated in the ETC to synthesize ATP from ADP and Pi (Boyer, 1997). In particular, 
the mammalian H+-ATP synthase is composed of 27 subunits (18 different proteins), organized in 
two functional domains: the membrane domain or F0 (subunits a and 8c), and the soluble catalytic 
domain or F1 (subunits 3α, 3β, γ, δ and ε) (Kuhlbrandt, 2019; Walker, 2013). Both domains are 
linked by a central structural stalk (subunits γ, δ, ε and F1 domain) and a peripheral stalk (subunits 
b, d, F6 and OSCP) (Kuhlbrandt, 2019; Walker, 2013) (Figure 3A). 

The ATP mitochondrial synthesis starts with the influx of protons to the matrix through the 
a subunit, promoting the c ring rotation in the F0 domain. The central stalk transmits the rotation 
to the α3β3 subunits of the F1 domain, while the peripheral stalk acts as a stabilizer. This rotation 
promotes conformational changes, hence facilitating the synthesis of ATP (Murphy et al., 2019; 
Srivastava et al., 2018). This catalytic synthesis is reversible only when the energy stored as Δp is 
lower than the free energy (ATP), causing inversed rotation and hydrolysing ATP instead (Saita et 
al., 2015; Walker, 2013).

The H+-ATP synthase physiological inhibitor, the ATPase Inhibitory Factor 1 (ATP5IF1, 
ATPIF1), was first described in the 60s (Pullman and Monroy, 1963) as a small thermostable 
peptide present in the bovine heart mitochondria that bounds the soluble F1 domain inhibiting 
its hydrolytic activity. ATPIF1 homologs were described in yeasts (Hashimoto et al., 1984), plants 
(Norling et al., 1990), animals (Cintron and Pedersen, 1979; Pullman and Monroy, 1963; Rouslin, 
1987; Rouslin et al., 1995) and humans (Cabezon et al., 2002; Cintron and Pedersen, 1979; Rouslin 
et al., 1993; Sanchez-Arago et al., 2013).
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Figure 3. Bovine H+ ATP synthase structure and IF1 binding site. A) Schematic illustration of the two 
domains of the H+-ATP synthase, F1 and F0. F1, or soluble domain, is composed of the subunits α3β3 (in pink and 
red, respectively), γ (dark blue), δ and ε (light blue). The F0 domain, or intermembrane domain, is composed of the 
a subunit (red) and the eight-subunit-ring c (in light and dark blue). Both domains are linked by the central stalk 
(subunits γ, δ, ε of the F1 domain) and the peripheral stalk (subunits b, d, F6, A6L, and OSCP, all in light orange). B) 
Lateral and basal vision of the F1 domain (subunits α in pink, β in red and γ in dark blue) together with a fragment of 
IF1 (in green). IF1 binds to the F1 domain by the αβ interface, specifically in the residues 1-37, and connects to the 
subunit γ. C) Active forms of IF1: 1) overexpression in carcinomas, 2) phosphorylation in S39 and 3) pH-dependant 
activation. Images adapted from (Cabezon et al., 2003; Esparza-Molto et al., 2017; Garcia-Bermudez et al., 2015; 

Sanchez-Arago et al., 2013).

In mammals, ATPIF1 is a nuclear-encoded protein of 106 amino acids (gen ATP5IF, 
chromosome 1 in humans and 4 in mice) (Garcia-Bermudez and Cuezva, 2016) and a short half-
life (Sanchez-Arago et al., 2013). Its mature form includes an intrinsically disordered N-terminal 
domain, which interacts with the H+-ATP synthase (Gordon-Smith et al., 2001) and a C-terminal 
dimerization domain. Specifically, the ATPIF1 binding site is located in the catalytic interface 
between the α and β subunits of the F1 domain (Figure 3B) (Gledhill et al., 2007). When bonded, 
the N-terminal domain changes from intrinsically disordered to an α-helical ordered structure 
(Bason et al., 2014), blocking the rotation of the H+-ATP synthase (Suzuki et al., 2014) and 
inhibiting the enzyme.



51

In in vitro models, ATPIF1 has been described as a unidirectional inhibitor of the H+-ATP 
synthase, inhibiting the reverse activity to avoid ATP consumption when mitochondria become 
de-energized, for example during hypoxia (Boreikaite et al., 2019; Walker, 2013, 2006). However, 
more physiological in vitro and in vivo studies have demonstrated that ATPIF1 can inhibit 
also the synthetic H+-ATP synthase activity, thus being a bidirectional inhibitor of the enzyme 
(Esparza-Molto and Cuezva, 2020; Formentini et al., 2017b, 2014, 2012; Sanchez-Arago et al., 
2013; Sanchez-Cenizo et al., 2010; Santacatterina et al., 2016).

ATPIF1 has been proposed to bind to the H+-ATP synthase when dimerized, and thus 
generate oligomerization of the enzyme (Cabezon et al., 2000a; Campanella et al., 2008; Garcia et 
al., 2006; Santacatterina et al., 2016). Other studies do not stand by this hypothesis (Dienhart et al., 
2002; Minauro-Sanmiguel et al., 2005; Tomasetig et al., 2002). Despite this disagreement, recent 
determination of the complete structure of the mammalian H+-ATP synthase tetramer (Gu et al., 
2019) stress that dimers of ATPIF1 bind the H+-ATP synthase, contributing to the oligomerization 
of the enzyme, core of the energy production by OXPHOS, and cristae architecture organization 
(Figure 3C) (Nesci and Pagliarani, 2019).

ATPIF1 regulation and activation include both the post-translational regulation of its 
expression (Formentini et al., 2012; Huang et al., 2011, p. 211; Mourier et al., 2014; Sanchez-Arago 
et al., 2013; Sanchez-Cenizo et al., 2010; Song et al., 2014) and the phosphorylation status of one 
specific conserved serine, S39 (Figure 3C, 2) (Garcia-Bermudez et al., 2015). When phosphorylated 
in S39, ATPIF1 is unable to bind the enzyme. On the contrary, when dephosphorylated, ATPIF1 
binds the H+-ATP synthase and inhibits its activity (Garcia-Bermudez et al., 2015). Moreover, 
ATPIF1 has also a highly pH-dependant activity (Cabezon et al., 2002, 2000b). ATPIF1 has an 
α-helix structure activated at acid pH, which ideally inhibits the H+-ATP synthase at a pH between 
5.8 and 7, although its inhibition capacity diminishes in a pH above neutrality (Cabezon et al., 
2000a). At basic pH, ATPIF1 forms tetramers by the interaction of the N-terminal domain of two 
dimers (Figure 3C, 3), which hide the peptide region in charge of binding the H+-ATP synthase 
catalytic interface (Cabezon et al., 2002, 2000a).

Specifically, we are interested in the pH-insensitive constitutively active mutant in 
humans of ATPIF1, ATPIF1|H49K in which the histidine in position 49 is changed for a lysine. 
This mutant affects a highly conserved histidine, H49, which stabilizes the hydrophobic union of 
two ATPIF1 monomers into a dimer in collaboration with residues H48, H55, H56 and other 
leucine and isoleucine residues (Cabezon et al., 2001), and also stabilizes the union of ATPIF1 
with the F1 subunit of the ATPase (Boreikaite et al., 2019; Cabezon et al., 2003, 2000a). Hence, 
ATPIF1|H49K is the constitutively active inhibitor of the H+-ATP synthase. In line with this, 
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overexpression of ATPIF1|H49K reduces mitochondrial respiration in cells (Formentini et al., 
2012; Garcia-Ledo et al., 2017; Sanchez-Arago et al., 2013; Sanchez-Cenizo et al., 2010), and in 
in vivo studies in neurons (Formentini et al., 2014) and hepatocytes (Santacatterina et al., 2016). 

3. OXPHOS functions

The principally described OXPHOS function is its bioenergetic production capacity. 
Nevertheless, OXPHOS has multiple functions and regulates metabolism, mtROS production, 
cell fate and signalling. 

3.1. OXPHOS and metabolism

Many mammalian cells rely on glucose as their main substrate, which is incorporated by glucose 
transporters and metabolized into pyruvate in the cytosol through glycolysis. Healthy cells import 
this pyruvate into the mitochondria, where it is oxidized to acetyl coenzyme A (acetyl-CoA) by 
the pyruvate dehydrogenase (PDH) complex. Then, acetyl-CoA enters the TCA cycle, which is 
followed by OXPHOS and the production of a total of 38 molecules of ATP per molecule of 
glucose (2 from glycolysis + 36 from OXPHOS). Despite this, cells with altered metabolism, 
such as some cancer cells, rely on aerobic glycolysis, because of the so-called “Warburg effect”, thus 
providing energy and metabolites for proliferation (Vander Heiden et al., 2009). Why proliferating 
cells change their metabolism is still under debate and further studies remain to be completed 
(Danhier et al., 2017; Diaz-Ruiz et al., 2011; Icard et al., 2018).

However, there are other possible energy resources in mammals also in physiological conditions. 
During rest and mild-intensity exercise or fasting, free fatty acids (FFA) become the main substrate 
for energy production via the β-oxidation-OXPHOS axis in skeletal and cardiac muscles and the 
liver (Houten, Sander M. and Wanders, Ronald J.A., 2010; Longo, N. et al., 2006). FFA undergo 
thio-esterification to acyl-CoA by acyl-CoA synthases (Grevengoed, Trisha J. et al., 2014). 
Mitochondria are impermeable to acyl-CoAs, and thus FFAs need to be linked by a high-energy 
ester bond to carnitine to enter mitochondria by the carnitine acylcarnitine translocase 1 (CPT1). 
Once inside, CPT2 (carnitine palmitoyl translocase 2; located in the IMM) removes carnitine 
from the FFA; carnitine returns to the cytoplasm and acyl-CoAs enter β-oxidation to produce 
acetyl-CoAs, FADH

2 and CoQH2 for OXPHOS (Longo, N. et al., 2006). Generally, when FFA 
β-oxidation is defective, fats are released from the adipose tissue during fasting and reach skeletal 
muscle (Skm), cardiac muscle and/or the liver, where they can accumulate resulting in myopathies, 
cardiomyopathies or arrhythmia, and steatosis, respectively. Moreover, FFA can be β-oxidized in 
peroxisomes, where FFA undergo the first steps of peroxisomal β-oxidation and translocate to the 
mitochondria to complete their total oxidation to CO2 and H2O (Ayala et al., 2014). 
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Furthermore, there is a not less relevant pathway that cells can use for OXPHOS-dependent 
energy production: the branched-chain amino acid (BCAA) catabolism. BCAA (valine, leucine 
and iso-leucine) are primarily oxidized in the peripheral tissue, in particular in skeletal muscle, 
where their conversion in biological energy (Gannon, N.P. and Vaughan, R. A., 2016; Liang, C. et 
al., 2014) is also linked to ammonia detoxification and protein synthesis (Anthony, JC et al., 2001; 
Areta, JL et al., 2014; Atherton, PJ et al., 2010; Gannon, N.P. and Vaughan, R. A., 2016). BCAA 
catabolic pathway starts with specific enzymes (Branched-Chain Aminotransferase, BCAT 
and Branched-Chain Keto acid Dehydrogenase, BCKD) and shares many others with FFA-β-
oxidation, finally producing reduced species (FADH2 and CoQH2) that enter the OXPHOS 
and result in ATP production.

Despite their pivotal importance in Skm metabolism, increased circulating BCAAs and 
their keto acid metabolites have been related to metabolic disorders including insulin resistance 
and T2D (Gannon, N.P. and Vaughan, R. A., 2016; Schnuck et al., 2016; Sjögren et al., 2021). 
Specifically, BCAAs and in particular manner isoleucine (Yu et al., 2021) have been linked to 
increased lipid uptake, synthesis and infiltration in Skm and the whole organism, finally promoting 
insulin resistance ( Jang et al., 2016)

 3.2. OXPHOS and ROS

Mitochondrial ROS production takes place in the ETC, and it is intimately related to 
mitochondrial oxygen consumption. Eleven different spots have been described to produce ROS 
in OXPHOS (Brand, 2016; Hernansanz-Agustin and Enriquez, 2021b; Mailloux, 2020), being 
the major sites ETC-CI and CIII (Holmstrom and Finkel, 2014). ROS production starts with 
the liberation of the superoxide anion (O

2
-) by these two complexes. ROS produced by the CI 

are free to the MM, and the ones generated by the CIII are free to the IMS. Because excessive 
ROS are detrimental, several antioxidant enzymes are located in the mitochondria and related 
to OXPHOS activity. SOD1 and 2 (superoxide dismutase 1 and 2, in the IMS and the MM, 
respectively) transform the O2

- to H2O2, which diffuses through biological membranes acting as 
a signalling molecule for immunity, ageing, etc. (D’Autreaux and Toledano, 2007; Hernansanz-
Agustin and Enriquez, 2021b; Holmstrom and Finkel, 2014; Scialo et al., 2017) (Figure 5). 

This H2O2 is reduced to H2O by GPX1 (glutathione peroxidase 1) using the reduced 
glutathione (GSH) as a co-substrate (Martinez-Reyes and Cuezva, 2014) or by PRX2 and 5 
(peroxiredoxins 3 and 5) in a coupled reaction with TRX2 (thioredoxin 2), GR (glutathione 
reductase) and TRX reductase, maintaining the mitochondrial redox equilibrium (Martinez-
Reyes and Cuezva, 2014). Alterations in mtROS production or quenching system may end in 
apoptosis and related pathologies (Yun and Finkel, 2014). However, recent studies demonstrate 
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that mtROS are also key molecules for cellular and signalling programmes, being essential or even 
protective for the cell (Antonucci et al., 2019; Chandel, 2015; Formentini et al., 2012, 2014, 2017b; 
Martinez-Reyes and Cuezva, 2014; Santacatterina et al., 2016; Shadel and Horvath, 2015; Zhang 
et al., 2018). In this regard, Mitohormesis has been described as the adaptative mitochondrial 
response to a mild dysfunction, which activates compensatory protective mechanisms, such as 
molecular and metabolic changes, that finally improve cellular resistance to stress, and increase cell 
lifespan (Chandel, 2015; Esparza-Molto et al., 2017; Esparza-Moltó and Cuezva, 2018; Martinez-
Reyes and Cuezva, 2014; Ristow and Schmeisser, 2014; Yun and Finkel, 2014). Inhibiting the H+-
ATP synthase produces a mild ROS signalling (Formentini et al., 2012) that is not detrimental 
and preconditions neurons increasing cell death threshold and preventing neuronal death 
(Formentini et al., 2014). Similarly, the mild production of H+-ATP synthase-dependent ROS in 
the colon in vivo prevents DSS-induced colitis (Formentini et al., 2017b). Intriguingly, no sites 
for ROS production have been described inside the H+-ATP synthase structure (Zhao et al, 
2019). Understanding which is the mitochondrial site for the H+-ATP synthase-dependent ROS 
production might unveil mechanistic insights to better understand mitochondrial activity and 
mitohormesis.

3.3. OXPHOS and cell death

Mitochondria are known as the gate of apoptosis or programmed cell death, which is a 
physiological and highly regulated process required for normal tissue maturing and homeostasis 
(Golstein and Kroemer, 2007; Tang et al., 2019) and that allows the removal of damaged or 
cancerous cells. Apoptosis could be dysregulated, leading to ageing and pathologies like cancer or 
neurodegenerative diseases (Green et al., 2014). The permeabilization of the IMM, or permeability 
transition process, is a non-return point in cell death execution, which causes mitochondrial 
dysfunction and allows the release of cell death effectors (Golstein and Kroemer, 2007; Green 
and Kroemer, 2004; Tang et al., 2019). Specifically, this process consists of the opening of a 
channel permeable to small solutes called the permeability transition pore (PTP) (Bernardi et al., 
2015; Galluzzi et al., 2018; Szabo and Zoratti, 2014). The PTP opens through a Ca2+ dependent 
process that causes mitochondria depolarization and swelling and stops ATP production (Bauer 
and Murphy, 2020; Bernardi et al., 2015). The composition of the PTP has been discussed for 
decades. Several studies support that dimers and oligomers of the H+-ATP synthase form the PTP 
(Bernardi et al., 2015; Urbani et al., 2019), whereas multiple reports are claiming that PTP activity 
still persisted when the assembly of the enzyme was restrained (Carroll et al., 2019; He et al., 2017a, 
2017b). Further clarification of the composition of the PTP and how the OXPHOS activity takes 
part in dissipating energy instead of producing it might unveil the molecular basis of programmed 
cell death.
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3.4. OXPHOS and Ca2+.

Calcium (Ca2+) is a necessary molecule for different signalling pathways, such as proliferation 
and cell death, and a ubiquitous second messenger. Most eukaryotic cells have developed complete 
machinery to detect changes in Ca2+ levels and promote homeostasis through Ca2+ permeable 
channels on the plasma membrane and organelles, such as the ER and mitochondria (Berridge, MJ 
et al., 2000; Carafoli, E, 2002; Giorgi et al., 2018; Saris, NE and Carafoli, E., 2005). Although most 
intracellular Ca2+ is stored in the ER (or the sarcoplasmic reticulum, SR, in Skm), mitochondria 
can uptake, accumulate or liberate calcium in a transitory manner (Contreras et al., 2010; Drago 
et al., 2011; Giorgi et al., 2018; Rizzuto and Pozzan, 2006; Saris, NE and Carafoli, E., 2005). 
Mitochondria Ca2+ homeostasis plays an essential role in cellular functions from ATP production 
to the regulation of cell death and metabolism (Giorgi et al., 2018; Rizzuto et al., 2012). Specifically, 
Ca2+ buffering occurs via the mitochondrial calcium uniporter (MCU), in charge of ensuring the 
Ca2+ flux through the IMM from the cytoplasm (Foskett, 2020; Giorgi et al., 2018; Rizzuto et al., 
2012).

In this regard, both intramitochondrial and extramitochondrial Ca2+ boost the OXPHOS 
activity through the indirect activation of several enzymes and transporters, such as the 
glycerolphosphate dehydrogenase, the pyruvate dehydrogenase complex, the malate/aspartate 
shuttle and the MgATP/Pi and aspartate/glutamate carriers (Fan and Simmen, 2019; Frank 
Norbert Gellerich et al., 2009; Satrustegui et al., 2007) or by a direct effect on OXPHOS complexes 
(Fan and Simmen, 2019; Kadenbach, 2021). The increase in Ca2+ may activate directly the H+-
ATP synthase (Balaban, 2009; Huang and Docampo, 2020) or facilitate the post-translational 
modifications of the enzyme complex.

However, excess Ca2+ uptake by mitochondria leads to a bioenergetic failure by triggering the 
opening of the PTP and the release of the cytochrome c and other proapoptotic effectors, which 
finally results in cell death (Giorgi et al., 2018; Kroemer, G. et al., 2007; Marchi et al., 2018).

3.5. Other functions

Protein import

Mitochondrial proteins are either encoded in nuclear DNA (nDNA) or mtDNA. Proteins 
encoded in nDNA are synthesized as precursors in the cytosol with targeted signals that ensure 
they are imported to their corresponding mitochondrial compartment (Wiedemann and Pfanner, 
2017). TOM (translocase of the OMM) (Koehler et al., 1998; Sirrenberg et al., 1998, 1996), MIM 
(mitochondrial import complex) (Becker et al., 2008; Hulett et al., 2008; Popov-Čeleketić et al., 
2008) and SAM (sorting and assembly machinery) (Paschen et al., 2003; Wiedemann et al., 2003) 
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are located in the OMM and translocate the proteins from the cytosol to the IMS. Once the 
proteins are in the IMS they translocate to the MM through TIM22 and 23 (translocase of the 
IMM 22 and 23).

OXPHOS activity is coupled with protein import by several links. TIM23 and its pre-
sequence-associated motor (PAM) (Albrecht et al., 2006; Demishtein-Zohary and Azem, 2017, 
p. 23; Pfanner and Meijer, 1997, p. 21) need membrane potential produced by the ETC (ΔΨm) 
and ATP to translocate proteins to the MM (Demishtein-Zohary and Azem, 2017). TIM22 is 
another translocation complex that works coupled with MICOS complex and only depends on 
ΔΨm to translocate proteins (Neupert and Herrmann, 2007). ERV1/Mia40 is a redox-dependant 
mechanism of transport that couples protein import with electron flux among Mia40, ERV1 and 
the CIV of the ETC (Araiso et al., 2019).

Pyrimidine synthesis

Deoxynucleoside triphosphate (dNTP) pools are precursors of pyrimidine and purine 
synthesis, and hence are a requisite for nuclear and mitochondrial genome replication and repair 
(Martínez-Reyes et al., 2020; Wang, 2016). Dihydroorotate dehydrogenase (DHODH) is an 
IMM located enzyme that converts dihydroorotate (DHO) to orotate in the de novo pyrimidine 
synthesis (Hofer et al., 2012), transferring electrons to the ubiquinone and thus coupling dNTP 
synthesis with OXPHOS respiration (Löffler et al., 2005). Conversely, alterations in the pyrimidine 
synthesis cause unbalance of mitochondrial dNTPs levels, which could lead to mtDNA depletions 
and deletions, and hence to severe OXPHOS dysfunctions (Håkansson et al., 2006).

4. Posttranslational modification in OXPHOS 

Because of the mottled variety of processes in which OXPHOS is involved, its genetic and 
epigenetic alterations are intimately related to the setting and progression of multiple diseases, 
including cancer (Garcia-Ledo et al., 2017; Santacatterina et al., 2016), neurological diseases 
(Formentini et al., 2014), ageing (Desdín-Micó et al., 2020) and metabolic disorders (Formentini et 
al., 2017a). OXPHOS dysfunctions may be caused by posttranslational modifications (PTMs) of 
OXPHOS proteins. PTMs promote alterations in protein activity or protein-protein interactions 
leading to changes in OXPHOS efficiency, site of entrance of electrons to the ETC or even redox 
production. OXPHOS-related PTMs include phosphorylations, acetylations and succinylations 
(Stram and Payne, 2016). 

Phosphorylation of mitochondrial proteins is one of the first described mechanisms used 
to regulate metabolism. There are different relevant phosphorylation events in the ETC and 
associated proteins affecting mitochondrial OXPHOS (a comprehensive summary is reported in 
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Appendix II, Table 1).

Acetylation and deacetylation are PTMs exerted in the mitochondria to respond rapidly 
to different metabolic alterations and restore mitochondrial homeostasis. Mitochondrial 
deacetylation is known to be exerted by sirtuin family members, in a special manner SIRT3 to 5 
(Rardin et al., 2013). Conversely, acetylation may be enzymatic or even non-enzymatic and related 
to acetyl-CoA availability (Pougovkina et al., 2014) (Appendix II, Table 1).

Succinylation is a lysine acylation regulated by SIRT5, in charge of deacylation in a NAD+-
dependent manner (Appendix II, Table 1), which is a conserved mechanism through different 
tissues (Park et al., 2013). 

The field of PTMs is in constant evolution following modern proteomics/mass spectrometry 
technologies, and several other posttranslational modifications are expected to be identified in the 
regulation of the OXPHOS activity (glycosylation, ADP-ribosylation and so on).

5. Tissue-specific OXPHOS activity 

As explained before, OXPHOS is in charge of ATP production, and each animal organ 
or tissue has different energetic requirements, which leads to a different metabolic profile to 
complete their functions or, in the case of the same tissue, to reach different energetic demands 
caused by physiological or pathological situations (Kunz, 2003; Leary et al., 1998; Pfeiffer et 
al., 2001). These differences are related to alterations in mitochondrial function, protein 
composition and morphology, and are indicating different metabolic roles for each tissue 
considering whole-body metabolism (Benard et al., 2006; Johnson et al., 2007a, 2007b; Mootha 
et al., 2003; Pagliarini et al., 2008). For example, OXPHOS occurring in mitochondria from 
cardiomyocytes are specialized in ATP production from FFA oxidation, in the liver OXPHOS 
enhances the urea cycle and in the brain OXPHOS promotes neurotransmitter metabolism 
and ROS detoxification (Fernandez-Vizarra et al., 2011; Johnson et al., 2007a).

Therefore, it is not surprising that OXPHOS inhibition leads to different effects depending 
on the tissue. For instance, inhibiting the H+-ATP synthase by ATPIF1 leads to the activation 
of different signaling pathways in neurons, colon or liver (Formentini et al., 2017a, 2014, 2012; 
Santacatterina et al., 2016). For this reason, the need to develop tissue-specific animal models of 
OXPHOS inhibition to unveil specific pathways and consequences in different organs arises. In 
this thesis, we have studied the role of a restrained H+-ATP synthase activity in skeletal muscle, 
the larger insulin-sensitive organ of the human body and the most influenced by mitochondrial 
metabolism.
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6. Skeletal muscle as an organ

Skm controls movement and physical effort by converting chemical energy to mechanical 
energy, maintaining posture, and generating force and power. Moreover, together with the 
adipose tissue, Skm helps the maintenance of body temperature. From a metabolic perspective, 
Skm functions as a storage of glycogen and carbohydrates, and consumes most of the oxygen 
and nutrients for physical activity, contributing to basal energy metabolism and being the main 
place where glucose, fatty acids and BCAA catabolism takes place. The accomplishment of these 
functions is why Skm is one of the most dynamic and plastic tissues of the body. As mentioned, 
Skm is the largest oxidative organ which metabolism is deeply influenced by OXPHOS activity 
or dysfunctions. 

6.1. Skm structure

Skm is a highly organised organ, with an architecture made of subunits called muscle fibers 
or myofibers, which are bundles or fascicles of joined muscle cells (Fortin et al., 2014; Javan et al., 
2013). Muscle fibers are cylindrical, multinucleated, post-mitotic and have multiple mitochondria 
to meet the high energy requirement for movement and physical effort. Each muscle is 
circumscribed by a layer of connective tissue called epimysium and, within each muscle, groups 
of fibers are also surrounded by a layer of connective tissue called perimysium (Raven et al., 2013). 
Each single muscle fiber is circumscribed by a cell membrane or sarcolemma. Muscle fibers are 
made of proteins (80%) and sarcoplasm (8%) (Hoppeler et al., 1973). Skm proteins oversee muscle 
contraction, regulation and cytoskeletal organization; and, when assembled together, they have 
a characteristic pattern in which protein myofibrils form sarcomeres, the basic contractile unit of 
Skm (Figure 4A-B) (Raven et al., 2013). 

Myosin and actin are the most abundant proteins forming the sarcomere. Besides these two, 
multiple other proteins are present, such as myosin-binding proteins, titin, nebulin, troponin, 
tropomyosin, etc., contributing to cytoskeleton organization, excitation and contraction processes, 
as well as cell signalling (Ottenheijm and Granzier, 2010).
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Figure 4. Sarcomere structure. A) Schematic illustration of general sarcomere components: Z-Disk, M-Line, 
myosin and actin filaments, titin, I-Band and H-Zone. The rest of the proteins composing the sarcomere are not 
represented. B) Ultrastructure of the sarcomere by electron microscopy. C) Schematic illustration of striated muscle 
fiber types I, IIA and IIB. D) Localization of different muscles composed of one type of fibers. Blue corresponds 
to type IIB fibers, red to type I fibers and black to cardiac muscle. Adapted from M.L. Hawes et al. Molecular 
Genetics and Metabolism 91 (2007) 343–351.

Classically, fiber types have been grouped into three types (Figure 4C)(Frontera and Ochala, 
2015; Schiaffino, 2018):

- Type I, slow, oxidative muscle fibers. In charge of slow contraction and highly resistant 
to fatigue with high aerobic capacity.

- Type IIB (including subtype IIx), fast, glycolytic fibers. With low aerobic capacity and 
a high anaerobic capacity, thus responsible for fast contraction and fatigable. These fibers tend 
to suffer from atrophy more than type I.

- Type IIA, medium-fast, oxidative muscle fibers. These fibers are a mixture of types 
I and IIB. They still have a high aerobic capacity compared to IIB, but they also have a high 
anaerobic capacity, and their fatigue resistance is still high. 

Nowadays, fiber type classification is based on the expression of different myosin heavy chain 
(MyHC or MYH) isoforms. MYH2A (encoded by MYH2) is located in fast type IIA fibers, 
MYH1 in IIx fibers and MYH2B (encoded by MYH4) in IIB fibers (Schiaffino et al., 1989) 
(Appendix II, Table 2).
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Once, this classification of fiber types was considered a fixed organization. Nowadays, it is 
known that Skm is a highly plastic organ that has the ability to alter its fiber composition to respond 
to different functional and metabolic demands (Frontera and Ochala, 2015; Schiaffino, 2018). 
Fibers are generally mixed forming whole muscles, reflecting muscle adaptation to activity. Albeit, 
there are some exceptions described in mice like soleus, diaphragm or vastus intermedius (VI), 
which are almost entirely oxidative, while gastrocnemius, vastus lateralis (VL) or multifundus 
(MM) are prevalently glycolytic (Figure 4D) (Hawes et al., 2007). 

6.2. Skm dysregulation in metabolic disorders

As mentioned, Skm presents structural (Frontera and Ochala, 2015; Schiaffino, 2018) and 
metabolic (Goodpaster and Sparks, 2017; Smith et al., 2018) flexibility, thus being able to efficiently 
adapt to environmental demand. However, when this adaptation does not occur correctly, 
different metabolic diseases may appear. Generally, metabolic diseases are described as pathologies 
in which glucose, lipid and BCAA levels are dysregulated, such as in type 2 diabetes (T2D), insulin 
resistance (IR), obesity and hypertension (Goodpaster and Sparks, 2017). Frequently, these 
dysregulations involve Skm, contributing to whole organism dyshomeostasis. This is because Skm 
is the largest tissue present in the human body and the principal target for nutrient catabolism and 
insulin-stimulated glucose disposal (Formentini et al., 2017a). It has been widely described that acyl 
glycerides (TAGs, DAGs) and ceramides are increased in Skm during obesity and IR (Kelley et 
al., 1993; Reali et al., 2017; Szendroedi et al., 2014). Besides, defects in Skm FFA β-oxidation that 
prompts increases in lipid synthesis, have been related to T2D (Kelley et al., 2002). Similarly, the 
application of novel metabolomics technologies has revealed that Skm lipid species ( Jang et al., 
2016; Newgard, 2012) and BCAA accumulation correlate with insulin resistance (HOMA-IR). 
However, if these Skm dysfunctions are the cause or consequence of metabolic diseases is still an 
open question. 

6.3. Skm mitochondria in metabolic disorders

Interest in a role for mitochondria in the setting of metabolic disorders has increased in response 
to growing evidence linking mitochondrial dysfunction with pathology (Friedman and Nunnari, 
2014; Goodpaster and Sparks, 2017; Kauppila et al., 2017; Shadel and Horvath, 2015).
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Figure 5. Skm mitochondria location. A-B) In lilac, subsarcolemma population of mitochondria; in yellow, 
interfiber mitochondria. C-D) Mitochondria in health (C) and metabolic disease (D, obesity).

Skm mitochondria location varies: one population of mitochondria is located closer to 
sarcolemma to reduce oxygen diffusion distance, which is useful during endurance exercises 
(aerobic), while another is located within the fibers (Glancey et al., 2015). Both populations may 
be affected by metabolic diseases. Reduced OXPHOS gene and protein expression has been 
described in response to genetic and nutritional obesity (Formentini et al., 2017a; Mootha et al., 
2003; Patti et al., 2003; Sparks et al., 2005; Wang et al., 2010). For instance, a reduction of up to 
40% in the expression of the H+-ATP synthase subunits is reported in T2D subjects (Formentini 
et al., 2017a; Kelley et al., 2002; Ritov et al., 2005). Skm from the same T2D individuals presented 
diminished-size fissioned mitochondria, particularly in subsarcolemmal fractions (Ritov et al., 
2005), indicating perturbations in mitochondrial dynamics. Additionally, hereditable Skm 
mitochondrial dysfunctions have been identified by NMR spectroscopy in vivo, unveiling 
OXPHOS and TCA defects in offspring of T2D subjects (Befroy et al., 2007; Petersen et al., 2005).

However, a key unanswered question is whether the mitochondrial alterations observed in 
Skm from T2D subjects are secondary features of the dyslipidaemic environment or participate in 
the setting of the pathology. The exact mechanism linking mitochondrial activity with obesity and 
T2D remains to be clarified. Unveiling the role of Skm mitochondria in metabolic flexibility and 
the setting of metabolic disorders might be fundamental to plan new strategies for more effective 
treatments of these pathologies.

6.4. Skm and mitochondrial dysfunction: the case of Tubular Aggregates (TA)

Metabolic disorders are not the only Skm pathologies related to mitochondrial dysfunctions. 
Tubular aggregates (TA) are peculiar honeycomb-like arrays of tubules derived from the 
sarcoplasmic reticulum (SR) affecting aged type-II skeletal muscle fibers and inducing severe 
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sarcomere disorganization and muscular pain (Chevessier et al., 2004; Stefano Schiaffino, 2012). 
TA have been reported in patients suffering from the rare disease Tubular Aggregate Myopathy 
(TAM; ORPHA:2593; OMIM:160565, 615883) and other disorders including inflammatory 
myopathies, ageing, endocrine syndromes and diabetes, being the primary cause of these aggregates 
unknown. Intriguingly, both hypoxia and excessive calcium fluxes induce TA, pointing to a possible 
central role for mitochondrial dysfunctions in their setting.

Despite the presence of mitochondria inside TA is still an object of debate (Chevessier et al., 
2004; Novotová et al., 2002). The idea that mitochondria might be involved in TA formation 
arises from several indirect shreds of evidence. Few hours of hypoxia or treatment with the 
mitochondrial complex IV inhibitor cyanide are sufficient to generate TA in rat muscles cultured 
in vitro (Schiaffino et al., 1977) and a reduction in the activity of mitochondrial complexes I and 
IV have been reported in a small cohort of TAM patients (Vielhaber et al., 2001). Moreover, TA 
was observed in comorbidity with multiple mtDNA-mutation myopathies (Funk et al., 2013; 
Garrard et al., 2002) and an overall Skm hyperacidemia, linked to an increase in glycolysis and 
lactate production, which has been described in TAM (Bendahan et al., 1996). Intriguingly, TA 
develop almost exclusively in type II fibers (Agbulut et al., 2000), which express high levels of 
glycolytic enzymes and low oxidative proteins, further suggesting a role for mitochondrial activity 
in preventing TA formation. However, whether mitochondrial metabolism actively participates in 
the setting of TA and which is the molecular mechanism underlying this event remains unknown.

6.5. Calcium (Ca2+) in the Skm: Tubular Aggregate Myopathy (TAM).

TAM is characterized by muscle weakness in lower limbs, pain, muscle cramping and stiffness, 
paralysis, and exercise-induced muscle fatigue (Chevessier et al., 2005; Engel et al., 1970; Funk et al., 
2013). However, because TA appear with ageing and exclusively in vivo, few studies exist on the 
pathophysiology of these aggregates and there is no specific pharmacological treatment for TAM 
at present.

Skm architecture, functionality and contraction depend on the precise regulation of Ca2+ entry, 
storage and release (Morin et al., 2020). In the Skm, Ca2+ is stored in the sarcoplasmic reticulum 
(SR), and its release and uptake are tightly regulated by the Store-Operated Ca2+ Entry (SOCE), 
the principal mechanism managing extracellular Ca2+ entry. SOCE works by the interaction of 
STIM1/2 (Stromal Interaction Molecule 1/2) (Stathopulos et al., 2006), and ORAI1 (Calcium 
release-activated calcium channel protein 1). When STIM1/2 is activated, it senses the luminal 
Ca2+ concentration in the SR and recruits the plasma membrane Ca2+ channel ORAI1 to replenish 
the Ca2+ stores (Stathopulos et al., 2008, 2006). Final Ca2+ reuptake to the SR is warranted by the 
ATP-dependent SERCA (sarco/endoplasmic reticulum Ca2+-ATPase), which pumps Ca2+ to 
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maintain the high Ca2+ gradients that allow repetitive tetanic stimulation and limit the effects of 
fatigue. Gain of function-mutations in STIM1/2 or ORAI1 genes have been reported in TAM 
patients, inducing excessive extracellular Ca2+ entry (Böhm et al., 2013, p. 1; Böhm and Laporte, 
2018, p. 1) and suggesting a role for inefficient mitochondrial calcium buffering in this disorder. 
In line with this hypothesis, it has been suggested that slow-twitch fibers may be protected from 
developing TA because their greater amount of mitochondria helps in buffering calcium excess 
(Chevessier et al., 2004).

Figure 6. Ca2+ Uptake and release in the SR involving SOCE and SERCA mechanisms. Schematic 
illustration of Ca2+ homeostasis in the SR. STIM1/2 senses low luminal SR Ca2+ and activates the import of Ca2+ by 
ORAI1. Ca2+ reuptake is ensured by SERCA, which maintains Ca2+ gradients allowing contraction. MCU helps Ca2+ 
buffering. 

Understanding the role of OXPHOS in the setting of TA and TAM might unveil possible new 
targets for therapeutic interventions.



Objectives
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Objectives

Metabolic disorders and their complications are one of the most common causes of death 
in western high-income countries. However, the molecular mechanisms underlying their onset 
are still a subject of debate. Mitochondria play a fundamental role in controlling the metabolism 
and structure of the Skm, the biggest oxidative and insulin-sensitive organ of the human body. 
Nevertheless, whether Skm mitochondrial dysfunction is the primary cause or just a consequence 
of the pathology is still an open question. Aimed at understanding the role of mitochondria in the 
onset of metabolic disorders, in this thesis we have settled the following objectives:

1. The development of the first inducible and skeletal muscle-specific mouse for the in 
vivo inhibition of the mitochondrial H+-ATP synthase activity by the expression of its 
constitutively active inhibitor, ATPIF1|H49K. 

2. The phenotype characterization of young (6-month-old) ATPIF1|H49K-expressing 
mice.

3. The study of the molecular mechanism underlying the Skm inhibition of the H+-ATP 
synthase. 

4. The study of the effect of a high-fat diet (HFD) on Skm and whole-mice metabolism upon 
OXPHOS inhibition. 

5. The phenotype characterization of old (18-month-old) ATPIF1|H49K-expressing mice.

6. The study of the molecular mechanism underlying the long-term Skm inhibition of the 
H+-ATP synthase. 

7. The assessment of a molecular screening searching for OXPHOS enhancers.

8. The in vivo treatment of young and old ATPIF1|H49K-expressing mice with the 
candidate drug. 



Materials and methods
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1. Materials

1.1 Reagents and material

The 1,1018 FDA-Approved Library (Selleckchem) was used. Skm cells were incubated for 
3 hours with 702 compounds from the library at a final concentration of 2 µM. Edaravone was 
purchased from Selleckchem and used at 2 µM (in vitro) or injected I.P. at 3 mg/kg (in vivo). 
Mitoquinol mesylate (MitoQ, from MitoQ Ltd.) was kindly gifted by Professor Michel P. Murphy. 

A complete list of the reagents and antibodies used is detailed in Table 3. 

1.2 Cell line

C2C12 (ATCC® CRL-1772™): established mouse myoblast cell line.

1.3 Animals 

All animal experiments were approved by the Spanish Animal Experiments Committee 
(PROEX 183/17) in compliance with the European Community Council Directive Guidelines 
(EU directive 86/609) and ARRIVE Guidelines. All procedures were performed ensuring 
minimal discomfort and distress to animals.

B6;C3-Tg(ACTA1-rtTA,tetO-cre)102MonK/J mice (ATPIF1|H49K|T) were the 
strain used for the in vivo studies (purchased from the Jackson Laboratories). By breeding an 
ATPIF1|H49K|T with the ATPIF1|H49K|H mouse (Formentini et al., 2014) the Tet-On double 
transgenic  ATPIF1|H49K|T/H mouse was obtained, which integrates into its genome the 
ATPIF1|H49K-TRE construct under a tetracycline-regulated promoter. Mice were maintained 
on the (C57BL/6 x C3H)F2 background. 2 mg/ml of doxycycline was administered in drinking 
water for at least two weeks to turn on the expression of ATPIF1|H49K protein in the Skm. All 
experiments were performed on wt and ATPIF1|H49K|T/H age-matched male littermates. To 
minimize the number of animals, we used power analysis to calculate the minimum sample size 
using the free software DOEUMH (https://samplesizeumh.shinyapps.io/DOEUMH) based 
on the TrialSize library of the R program (R Core Team). We selected the procedure KMeans—
ANOVA, fixing the significance to 0.05, power to 0.08, and with a drop-out rate of 5%. We took 
into consideration differences between averages of about 1.5, as for omic studies. The minimum 
number of mice/group is 5-12 mice/group, depending on the experiments. The exact n is reported 
in figure legends.
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2. Methods

2.1. Methods in animals

2.1.1.  Animal housing and care conditions.

Animals were housed in individually ventilated cages in a humidity- and temperature-
controlled room on a 12-hour light/day cycle and receiving water and chow diet at libitum. All 
animal experimentation procedures were performed after the approval of the Institutional Review 
Board (Ethical Committee of the UAM University and Madrid Community, Spain; CEI-24-571, 
PROEX 183/17) in compliance with animal policies and ethical guidelines of the “European 
Guidelines for the Care and Use of Laboratory Animals” (EU Directive 86/609). All procedures 
follow the ARRIVE guidelines.

2.1.2. Mice genotyping

A small piece of each mouse’s tail was obtained, and DNA was extracted from it using the 
KAPA Mouse Genotyping Kit. 88 µl of H

2O mQ water, 2 µl of extracting enzyme and 10 µl of 
Extract buffer were added per tail and then boiled first 10 min at 75ºC and then 5 min at 95ºC, 
followed by a spin. The supernatant containing the DNA was collected and quantified with a 
Nanodrop Spectrophotometer (Thermo Fisher Scientific). 1 µg of DNA was added to 12.5 µl of 
2X Kappa 2G Fast Genotyping Mix, 9 µl of H2O mQ water, 1.25 µl of the corresponding forward 
primer and 1.25 µl of the corresponding reverse primer per DNA. The two main PCR for the two 
genes we are looking for are as follows:

For amplification of the ACTA-rtTA-Cre construct:

Initial denaturation    94ºC    4 min
Denaturation    94ºC    30 sec
Annealing     58ºC   30 sec         35 cycles
Extension     72ºC   45 sec
Final extension    72ºC    5 min
8ºC     ∞
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For amplification of the H49K construct:

Initial denaturation 94ºC    4 min
Denaturation  94ºC   30 sec
Annealing  58ºC   45 sec          34 cycles
Extension  72ºC   30 sec
Final extension 72ºC    5 min
8ºC   ∞

Analysis of PCR products was done by fractionation in 1.5% agarose gels prepared in TAE 
buffer (40 mM Tris-acetate, 2 mM EDTA 2 pH 8) using Gel-Red® (Biotium) as staining. About 
1/5-1/10 of the volume of PCR products were run on the gel and 1 Kb Plus DNA Ladder (Thermo 
Fisher Scientific) was used to estimate the size of the bands.

2.1.3. Organ and serum collection from mice.

Animals were sacrificed in CO2 chambers, afterwards, cardiac puncture was performed and the 
resulting blood was collected in BD SST Microtainer blood collection tubes (Becton Dickinson), 
which were, after incubation for 20 min at RT, centrifuged a 10600 g for 1.5 min at 4ºC for serum 
obtention. Mice were transcardially perfused with saline solution (0.9% NaCl). After these, soleus 
and gastrocnemius muscles (and other organs if needed) from wt and ATPIF1|H49K mice were 
dissected from hindlimbs after hair, skin and surrounding fascia removal. Achilles tendon was cut 
as close as possible to the knee and muscles separated with the minimum WAT deposits.

2.1.4. T2D onset and monitoring: glucose and insulin tolerance tests.

Eight-week-old male animals were fed ad libitum either a standard or HFD diet (Research 
Diets) for 14 weeks. Blood glucose and body weight were measured once and twice a week, 
respectively, to monitor the onset of T2D. 

Glucose and insulin tolerance tests (GTT and ITT) were performed by injecting glucose (0.2 
g/mg) or insulin (0.8 UI/kg) after 12 or 4 h of starvation, respectively. Blood glucose in the GTT 
was measured at 0’ (basal glucose), 30’, 60’, and 120’. Blood glucose in the ITT was measured at 0’ 
(basal glucose) 15’, 30’ and 60’. The blood glucose concentration was measured using One Touch 
Select Plus strips ( Johnson & Johnson) and its measurement apparatus.
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2.1.5. Treatment of mice with Edaravone.

Edaravone was administered intraperitoneally (IP) at a 3 mg/kg daily dose. Edaravone was 
purchased from Sellekchem in bulk size (300 mg). 

2.1.6. Assessment of mouse motor function.

2.1.6.1. Grip force/strength test. 

The grip force test was used to measure the maximum strength that could be performed by 
a mouse with its forelimbs by taking advantage of the animal’s tendency to grasp surfaces. One 
mouse at a time was let to grasp the metallic bars and then was gently pulled away until its grasp was 
broken. The pulling was performed at a constant speed and sufficiently slow to permit the mouse to 
build up a resistance against it. The test was repeated 5 times per mouse, with at least 1 min elapsing 
between each of the 5 determinations per animal. 

2.1.6.2. Rota-rod test.

The rotarod test was performed on 3 consecutive days. On days 1 and 2 the mice were trained, 
and on the 3rd day, the test was performed. On day 1, training consisted of 15 min at 13 rpm, and 
they were replaced on the rod if they fell off. After 30 min of test mice were replaced on the rod at 
run speeds ramping from 13 to 20 rpm for 15 min. On day 2 training consisted of run speed from 
13-20 rpms for 15 min and the second run was ramping from 13-20 rpm in 180 sec for 15 min. The 
test involved run speed ramping from 13-20 rpm in 180 sec, and then let the animals in the rod until 
they fell off, measuring their latency. Mice that fell off 4 times within 60 seconds were discarded 
from the experiment.

2.1.6.3. Fatigue task.

Combines both rotarod and grip strength. Training for rotarod was performed as described in 
2.1.6.2.. On the fatigue test day, their force by grip strength was measured five times before placing 
them in the rod, followed by one hour and a half in the rod at 20 rpm, constant speed. Afterwards, 
their force was measured again five times. If a mouse fell off the rod four times within 60 seconds, it 
was termed fatigued and the rotarod task stopped.

2.1.6.4. Open Field test.

Mice were left free to explore an open field arena (40x40cm) for 10 minutes and their activity 
was recorded for analysis with the ANY-maze software. Different parameters were tested to further 
explore fine alterations: speed (mean and maximum) and mobility time (expressed as percentage of 
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the total time of the trial). The open field area was virtually dissected in the following areas: centre 
(inner square), outer region (everything but the centre square), and corners (4 triangular regions in 
the corners). All activity measurements were evaluated both in each region and in the entire arena. 
Abnormal phenotypes, including thigmotaxis and anxiety-like behaviour, are studied by virtual 
dissection of the arena with focus on the corners and inner zone. 

2.2. Primary cultures of myotubes

Primary cell cultures of Skm cells (myotubes) were obtained from hindlimb muscle biopsies 
of wt or ATPIF1|H49K|T/H mice (Formentini et al., 2017a). Cells were bred in SkGM media 
(Lonza) and supplemented with the accompanying bullet kit but omitting insulin. At 80-90% 
confluence, cells were differentiated in α-MEM containing 2% FBS and 100 nM insulin. C2C12 
mouse myoblasts were cultured in DMEM 10% FBS, 1mM glutamine and amino acids. At 80-90% 
confluence, cells were differentiated in DMEM containing 2% FBS and 100 nM insulin.

2.3. Transient transfection of C2C12 myoblasts

At ~70% confluence, myoblasts were transfected with control or ATPIF1|H49K|OE plasmid 
(Formentini et al., 2017a) (pCMV-SPORT6- ATPIF1|H49K or pCMV-SPORT6-control) 
using lipofectamine 3000 transfection reagent and Opti-MEM reduced serum medium (Thermo 
Fisher Scientific) in 12-well plates, with 100x103 cells/well and 1 μg DNA/well. Experiments or 
cell harvestings were always performed 24 h post-transfection.

2.4. Stable DRP1-ko myoblasts.

DRP1-/- myoblast were obtained using CRISPR-Cas9 technology as described in 
(64). Single-guide RNAs (sgRNAs) were obtained by an online CRISPR Design Tool 
(http://www.rgenome.net/cas-designer/), targeting the exon 2 of DRP1 (sequence: 
GGCAGGGACCTTCTTCCCAG). sgRNAs were cloned into pSpCas9(BB)-2A-GFP 
plasmid and C2C12 cells were transfected with this plasmid and incubated for 48h. After, cells 
were sorted, and GFP-expressing cells were selected and cultured in the previously described 
conditions. The DRP1 CRISPR-Cas9-mediated gene knock-out was checked by WB.
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2.5. Calcium uptake measurements in living cells. 

Wt and DRP1-/- myoblast expressing or not ATPIF1|H49K were used.

2.5.1. SOCE activity measurement. 

Cells were seeded on coverslips and loaded with 2mM calcium, 5 μM Fura-2AM (Invitrogen), 
3mg/ml probenecid (Sigma) and 50 μM pluronic acid F.127 (Invitrogen) in PSS (145 mM NaCl, 
5 mM KCl, 1 mM MgCl2, 5 mM Hepes, 10 mM glucose, pH 7.4) for 1 hour at 37 °C. Cells were 
washed 5 min in PSS with 2mM EGTA to remove calcium and experiments were assessed in PSS 
+ 2mM EGTA + 1µM thapsigargin. Coverslips were mounted on a microscope stage equipped 
with a 40× objective and Fura-2 fluorescence was imaged ratiometrically using alternate excitation 
at 340 and 380 nm, and a 510 nm emission filter with a Neofluar40x/0.75 objective in an Axiovert 
75M microscope (Zeiss). At time=2 min a single bolus of 2mM Calcium was added to observe 
the SOCE-dependent calcium uptake. For single-cell analysis of [Ca2+]i the ratio of fluorescence 
intensity at 340 nm (F340) and 380 nm (F380) (F340/F380) was obtained. Image acquisition 
was performed with the Aquacosmos 2.5 software (Hamamatsu) and data analysis was done with 
Aquacosmos 2.5, Excel and GraphPad Prism 7.0 software. 

2.5.2. Membrane and mitochondrial calcium signalling determination 
(FRET).

Cells were seeded on coverslips and transfected with Lipofectamine 3000 following 
manufacturer’s instructions with pcDNA-lynD3cpv (directed to the plasmatic membrane) or 
pcDNA-4mtD3cpv (directed to the mitochondria) (Palmer et al., 2006). Cells were excited 100 
ms at 436/20 mm, and the emission was detected through a dichroic dual-pass CFP-YFP (changing 
440/500nm for CFP and 510/600 nm for cpV). Images were registered every 5 seconds with a 
PCO edge 4.2 bi sCMOS camera in a Axiovert 200M inverted microscope (Zeiss) equipped with 
a 40X/1.4 oil Plan-Apochromat Ph3 objective. The cpV/CFP ratio was determined with a ROI for 
each transfected cell and the fluorescent signalling was analyzed using Metamorph 7.1 r2 Software 
(Universal Imaging) y Fiji (NIH) (Gonzalez-Sanchez et al., 2017).

2.6. Isolation of skeletal muscle mitochondria

Mitochondria were isolated from fresh hindlimb muscles of wt and  ATPIF1|H49K|T/H 
mice minced, incubated with a smooth protease (Nagarse, 0.4mg/mg) in ice and with stirring, 
and homogenized in a glass–glass homogenizer in 4 volumes of buffer A (320 mM sucrose, 1 mM 
EDTA, and 10 mM Tris-HCl, pH 7.4). Specifically, Skm mitochondria were obtained by a double 
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centrifugation process: nuclei, unbroken cells and tissue were removed by centrifugation at 700 
g for 10 min at 4°C; and mitochondria were obtained by supernatant centrifugation at 10,000 
g for 15 min at 4°C (Formentini et al., 2017a). Mitochondrial proteins were measured in the 
spectrophotometer at 595 nm with Bradford reagent (Bio-Rad), using BSA as standard.

2.7 Measurement of oxygen consumption rates (OCRs)

The OCR in isolated mitochondria (200 µg protein) was determined with a Clark-type 
electrode. Glutamate/malate (10 mM), succinate (10 mM), or malate plus carnitine-palmitate (1 
mM) were used as the respiratory substrates in the presence or absence of 0.5 mM ADP, 5 µM 
oligomycin (OL), 5 µM FCCP and 1 µM antimycin A (Ant A). The composition of the respiration 
buffer is 225 mM sucrose, 5 mM MgCl2, 10 mM KCl, 10 mM phosphate buffer, 1 mM EGTA, 
0.05% BSA and 10 mM Tris-HCl, pH 7.4.

The OCR in myotubes and C2C12 cells treated with the drug library was determined in an 
XF96 Extracellular Flux Analyzer with the XFe96 Flux Pack (Agilent Technologies) following 
the manufacturer’s protocols. Cells were starved for 12 h in low glucose DMEM (0.05 mM 
glucose, 1% FBS) and then changed to KHB medium (111 mM NaCl, 4.7 mM KCl, 1.25 mM 
glutamine, 5 mM HEPES, pH 7.4). BSA-conjugated palmitate (1 mM sodium palmitate, 0.17 
mM BSA solution) was added as the main substrate. Mitochondrial function was determined by 
the injection, in order, of 3 μM OL, 0.25 mM DNP, 1 μM rotenone, and 1 μM antimycin A. When 
indicated, 1 mM carnitine, 10 nM etomoxir or 2 µM of FDA-approved library compounds were 
added. Carnitine was added as a positive control of maximum palmitate usage, and thus maximum 
OCR, while etomoxir was used as the negative control (lower OCR rate). 

The basal respiration rate was calculated by subtracting non-mitochondrial respiration (OCR, 
or oxygen consumption rate; after antimycin A and rotenone addition). Oligomycin-sensitive 
respiration (OSR), respiration linked to the synthesis of ATP, was obtained after oligomycin 
addition, and maximal uncoupled respiration was determined by adding 0.25 mM DNP and 
subtracting non-mitochondrial OCR. Proton leak-linked respiration, related to the respiration not 
contributing to ATP synthesis, was obtained by subtracting non-mitochondrial respiration after 
oligomycin injection. Respiration rates were normalized by cell count per well. FDA-approved 
compounds that positively affected respiration by a factor of at least 30% were selected for further 
screenings.



78

2.8 Determination of mitochondrial enzyme activities

2.8.1. In isolated mitochondria

Isolated mitochondria were used for the spectrophotometric determination of respiratory 
complexes I and II, according to (Barrientos et al., 2009) with minor modifications. Complex I 
activity was measured at A340 using 100 µg of mitochondria. Mitochondria were resuspended in 1 
ml of CI/CII buffer (25 mM K2HPO4, 5 mM MgCl2, 3 mM KCN and 2.5 mg/ml bovine serum 
albumin) containing 0.1 mM UQ1, 0.1 M NADH and 1 mg/ml antimycin A. Inhibition of the 
activity was accomplished by the addition of 1 μM rotenone. Complex II activity was measured 
at A600 using 100 µg of mitochondria. Mitochondria were resuspended in 1 ml of CI/CII buffer 
containing 30 µM DCPIP, 1 µM rotenone, 1 µM antimycin A, 10 mM succinate and 6 mM 
phenazine methosulfate.

2.8.2. On-slice mitochondrial ETC complex activities

Soleus frozen slices from wt and ATPIF1|H49K mice were incubated with the following 
solutions for assessing the specific ETC complex activities. Complex I: 5 mM Tris HCl, pH 7.4, 1 
NTB tablet (5 mg; NitroBlue Tetrazolium Tablet), and 10 mg/ml NADH. Complex IV: 50 mM 
phosphate buffer (NaH2PO4 + NaHPO4, pH=7.2), 5 mg DAB, and 5 mM reduced cytochrome 
C. Stop solution: 50:50 MeOH/PBS.

2.8.3. In-gel mitochondrial ETC complex activities

CN PAGE gels containing solubilized mitochondria from wt and ATPIF1|H49K mice were 
incubated with the following solutions for assessing the specific ETC complex activities. Complex 
I: 5 mM Tris HCl, pH 7.4, 1 NTB tablet (5 mg; NitroBlue Tetrazolium Tablet), and 10 mg/ml 
NADH. Complex II: 5 mM Tris HCl, pH 7.4, 1 NTB tablet (5 mg), 10 mM sodium succinate, 
and 250 mM phenazine methosulfate. Complex III: 50 mM phosphate buffer (NaH2PO4 + 
NaHPO4, pH=7.2) and 5 mg DAB. Complex IV: 50 mM phosphate buffer (NaH2PO4 + 
NaHPO4, pH=7.2), 5 mg DAB, and 5 mM reduced cytochrome C.

2.9. Determination of mitochondrial ROS production by flow cytometry

The mitochondrial production of superoxide (mtROS) in myocytes was monitored by flow 
cytometry using 5 μM MitoSOX (Thermo Fisher Scientific) (Formentini et al., 2012). Cells 
were analyzed in a BD FACScan cytometer. Where indicated, ETC inhibitors were added at 
the following concentrations: 1 μM rotenone, 100 μM malonate, 10 or 100 μM carboxin, 1 μM 
antimycin A.



79

2.10. Determination of mitochondrial membrane potential by flow cytometry.

Mitochondrial membrane potential (ΔΨm) was determined in C2C12 cells stained with 
tetramethylrhodamine methyl ester (TMRM) (Thermo Fisher Scientific), a potentiometric 
probe, and detection with flow cytometry, as previously described (Sanchez-Cenizo et al., 2010), in 
a BD FACScan cytometer. 

2.11. Metabolite determination 

Metabolites were measured in 40 mg of hindlimb muscle or adipose tissue from wt and  
ATPIF1|H49K mice using a FLUOstar-Omega spectrophotometer (BMG Labtech).

2.11.1. FAD determination

FAD quantification from hindlimb muscle from wt and ATPIF1|H49K mice was performed 
using a commercial kit (FAD assay kit, #ab204710, Abcam). Succinctly, 40 mg of tissue were 
weighted and washed with PBS 1X. Afterwards, tissue was homogenated with glass–glass 
homogenizer and then centrifuged (5 min at 10000g and 4ºC) to save the supernatant. The 
supernatant must be treated with PCA 1M, centrifugated (2 min, 13000g and 4ºC), followed by 
the addition of KOH 2M to neutralize the sample. With the FAD standard, the FAD assay buffer 
and enzyme, and the OxiRed probe provided by the kit, the colourimetric assay was performed 
reading the absorbance at 570nm (A570).

Phenazine methosulfate was used on neutralized samples to transform free FADH and FADH
2 

into FAD and measure the total pool of FAD+FADH+FADH2. 

2.11.2. ATP determination

The ATP concentration in muscle was determined using the ATP Bioluminescence Assay 
Kit CLS II (Roche) and following the manufacturer’s instructions. Briefly, 40 mg of frozen skm 
were homogenized in 9 volumes of 100 mM Tris and 4 mM EDTA, pH 7.75 pre-heated at 95ºC. 
Samples were incubated at 100ºC for 2 min and centrifuged at 1000g for 2 min. Supernatant (50 μl) 
was used for ATP determination with 1 volume of reaction buffer. The luminescence was measured 
in 96-well plates with FLUOstar Omega (BMG Labtech).
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2.11.3. NADP/NADPH and NAD/NADH determinations

NADP/NADPH and NAD/NADH quantification from hindlimb skm from wt and 
ATPIF1|H49K mice was performed using two commercial kits (MAK038 and MAK037, 
Sigma-Aldrich). Concisely, 40 mg of the required tissue were minced and washed with PBS1X. 
Afterwards, Extraction Buffer from each kit was added and 3 freeze/thaw cycles were performed. 
Following, centrifugation was performed (10 min at 13000g and 4ºC) to discard the pellet and 
save the supernatant. To evaluate differently NADP and NADPH, or NAD and NADH, half of 
the supernatant was boiled at 60ºC for 30 min to obtain NADPH and NADH and the rest was 
assumed to have NADP and NAD. With the NADPH and NADH standards, the corresponding 
cycling buffers and enzymes, and the NADPH and NADH developer provided by the kit, the 
colourimetric assay was performed, and the absorbance was read at 450nm (A450).

2.11.4. Acetyl-CoA determination 

Acetyl-CoA levels were determined using the PicoProbe Acetyl-CoA Fluorometric Assay kit 
(BioVision) and following the manufacturer’s instructions. Free CoA is quenched and then Acetyl-
CoA is converted to CoA. The CoA is reacted to form NADH, which interacts with PicoProbe 
to generate fluorescence. Absorbance was read at 450 nm and fluorescence at ex/em=540/590. 

2.11.5. BCAA determination.

BCAA levels in plasma or Skm tissue were measured using the Branched Chain Amino Acid 
Assay Kit (Abcam) and following the manufacturer’s instructions. Briefly, 40 mg of the required 
tissue were minced and washed with PBS1X. Afterwards, 200 µl of Assay Buffer were added and 
samples were centrifuged for 10 min at 15000g at 4ºC to discard the pellet and save the supernatant. 
Once 20 µl of supernatant were added to a 96-well plate, the volumes were filled up to 50 µl of 
reaction mix (containing: 46 µl of assay buffer, 2 µl of enzyme mix and 2 µl of WST substrate mix) 
and then incubated for 30 min at RT and protected from light. Absorbance was read at 450 nm.

2.11.6. Glycolytic flux measure: lactate determination

The glycolytic flux was determined by the rate of lactate production in 40 mg of hindlimb muscle. 
Samples were precipitated in 6% perchloric acid, neutralized with KOH and used for enzymatic 
determination in lactate buffer (1M glycine, 0.4 hydrazine, 1.3 EDTA, pH 9.5). Measurements 
were performed using the lactate dehydrogenase-catalyzed oxidation of lactate into pyruvate by 
measuring NADH production as previously described (Formentini et al., 2012). Absorbance was 
measured in a spectrophotometer and normalized by the protein amount per sample. 
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2.11.7. FFA and free glycerol determination

For FFA and free glycerol determination, the Glycerol Quantification Kit (T2449 + F6428, 
Sigma-Aldrich) was used. 40 mg of tissue were homogenized in 1 ml of 2-isopropanol in a 
TissueLyser (Qiagen), then centrifuged for 10 min at 2000g at 4ºC and supernatants were saved. 
Five µl of Skm or WAT extracts or 5 µl of mouse blood serum were placed in 96-well plates. 160 µl 
of FGR (Free Glycerol Reagent) were added and then incubated at RT for 15 min and protected 
from light. Absorbance was measured at 540 nm. Afterwards, 40 µl of TGR (Triglyceride Reagent) 
were added and the samples were incubated for another 15 min at RT and protected from light. 
Final absorbance was measured at 540 nm. Quantification of specific lipid species was assessed by 
lipidomics (see below). All results were adjusted for exact protein content.

2.12. FFA β-oxidation

Four days after differentiation, primary myotubes derived from wt or ATPIF1|H49K mice or 
transfected C

2C12 cells were incubated in serum-free α-MEM containing [9,10-3H(N)] palmitic 
acid (Perkin Elmer, 0.2 µCi, final concentration = 20 µmol/l) in a 95% O2: 5% CO2 incubator at 
37°C for 3 h. After incubation, 100 µl of the culture medium were placed over an ion-exchange 
resin (Bio-Rad), and the Poly-Prep Chromatography columns (Bio-Rad) were washed with water. 
Intact FFAs (charged state) were retained by the resin, whereas the oxidized portion of NEFA 
passed freely through the column (Formentini et al., 2017a). The oxidized portion was measured 
in a scintillation counter with Ultima Gold LLT scintillation fluid (Perkin Elmer). All results were 
adjusted for total cellular protein content.

2.13. 14C(u)-leucine, -isoleucine and -glucose uptake and catabolism

For the measurement of substrate uptake, lipid synthesis, and CO2 production, myocytes were 
incubated in HBSS containing 0.3 mM L-leucine, 0.3 mM L-isoleucine or 5 mM D-glucose + 2 
μCi/mL of labelled 14C(u)-L-leucine, 14C(u)-L-isoleucine or 14C(u)-D-glucose (Perkin Elmer). 

Uptake was measured as radioactivity incorporated in myocytes after 0, 1, 2, 3, 5, or 10 minutes. 
Lipid fractions were separated by a standard CHCl3/MeOH extraction at 0, 2 and 4 hours. For 
CO2 production, incubation was carried out in flasks in the presence of a paper filter imbibed in 0.2 
M KOH/NaOH solution. The C14 -uptake and -incorporation into lipids or CO2 were measured 
in a scintillation counter with Ultima Gold LLT scintillation fluid (Perkin Elmer). 
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2.14. Quantitative lipidomics

Lipidomics were performed by the Lipotype (https://www.lipotype.com/) Institute of 
Molecular Cell Biology and Genetics in Dresden, Germany. The methods described below were 
provided by Lipotype. 

2.14.1. Lipid extraction for mass spectrometry lipidomics. 

Mass spectrometry-based lipid analysis was performed by Lipotype GmbH (Dresden, 
Germany) as described (Sampaio et al. 2011). Lipids were extracted using a two-step chloroform/
methanol procedure (Ejsing et al. 2009). Samples were spiked with internal lipid standard 
mixture containing: cardiolipin 16:1/15:0/15:0/15:0 (CL), ceramide 18:1;2/17:0 (Cer), 
diacylglycerol 17:0/17:0 (DAG), hexosylceramide 18:1;2/12:0 (HexCer), lyso-phosphatidate 
17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC), lyso-phosphatidylethanolamine 17:1 
(LPE), lyso-phosphatidylglycerol 17:1 (LPG), lyso-phosphatidylinositol 17:1 (LPI), lyso-
phosphatidylserine 17:1 (LPS), phosphatidate 17:0/17:0 (PA), phosphatidylcholine 17:0/17:0 
(PC), phosphatidylethanolamine 17:0/17:0 (PE), phosphatidylglycerol 17:0/17:0 (PG), 
phosphatidylinositol 16:0/16:0 (PI), phosphatidylserine 17:0/17:0 (PS), cholesterol ester 20:0 
(CE), sphingomyelin 18:1;2/12:0;0 (SM), triacylglycerol 17:0/17:0/17:0 (TAG). After extraction, 
the organic phase was transferred to an infusion plate and dried in a speed vacuum concentrator. 
1st step dry extract was re-suspended in 7.5 mM ammonium acetate in chloroform/methanol/
propanol (1:2:4, V:V:V) and 2nd step dry extract in 33% ethanol solution of methylamine in 
chloroform/methanol (0.003:5:1; V:V:V). All liquid handling steps were performed using 
Hamilton Robotics STARlet robotic platform with the Anti Droplet Control feature for organic 
solvents pipetting.

2.14.2. MS data acquisition. 

Samples were analyzed by direct infusion on a QExactive mass spectrometer (Thermo 
Scientific) equipped with a TriVersa NanoMate ion source (Advion Biosciences). Samples were 
analyzed in both positive and negative ion modes with a resolution of Rm/z=200=280000 for 
MS and Rm/z=200=17500 for MSMS experiments, in a single acquisition. MSMS was triggered 
by an inclusion list encompassing corresponding MS mass ranges scanned in 1 Da increments 
(Surma et al. 2015). Both MS and MSMS data were combined to monitor CE, DAG and TAG 
ions as ammonium adducts; PC, PC O-, as acetate adducts; and CL, PA, PE, PE O-, PG, PI and 
PS as deprotonated anions. MS was only used to monitor LPA, LPE, LPE O-, LPI and LPS as 
deprotonated anions; Cer, HexCer, SM, LPC and LPC O- as acetate adducts.
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 2.14.3. Data analysis and post-processing. 

Data was analyzed with in-house developed lipid identification software based on LipidXplorer 
(Herzog et al. 2011; Herzog et al. 2012). Data post-processing and normalization was performed 
using an in-house developed data management system. Only lipid identifications with a signal-
to-noise ratio >5, and a signal intensity 5-fold higher than in corresponding blank samples were 
considered for further data analysis.

2.15. Real-time PCR 

We measured the Skm expression levels of PPAR γ, PPARδ, PGC1α, ACTA1, GAPDH, 
MYG, and ATPIF1. Sequences are in Appendix II, table 4.

RNA was purified using 100 mg of frozen hindlimb muscles from 3 ATPIF1|H49K and 3 wt 
mice following standard methods detailed in the Trizol/Chloroform method. The Purified RNA 
was quantified with a Nanodrop Spectrophotometer (Thermo Fisher Scientific), and 1 µg was 
retrotranscribed into cDNA with the High-Capacity cDNA Reverse Transcription Kit (Thermo 
Fisher Scientific). Real-time PCR was performed using the Fast SYBR Master Mix and ABI Prism 
7900HT sequence detection system at Genomics and Massive Sequencing Facility (CBMSO–
UAM). The primers used to amplify the target genes are detailed in Table 4. GAPDH was selected 
as housekeeping gene to normalize the mRNA levels. Standard curves with serial dilutions of 
pooled cDNA were used to assess the amplification efficiency of the primers and to establish the 
dynamic range of cDNA concentration for amplification. SDS 2.4 software was used for data 
collection, and the relative expression of the mRNAs was determined with the comparative ΔΔCt 
method. 

2.16. 1D- and 2D-PAGE

Skm, WAT, brain and liver samples were freeze-clamped in liquid nitrogen. Tissue proteins were 
extracted in a buffer containing 50 mM Tris-HCl, pH 8.0, 1% NaCl, 1% Triton X-100, 1 mM DTT, 
0.1% SDS, and 0.4 mM EDTA, supplemented with protease and phosphatase inhibitor cocktails. 
Lysates were clarified by centrifugation at 13000g for 15 min at 4°C. The resulting supernatants 
were fractionated by SDS-PAGE and transferred onto PVDF or nitrocellulose membranes for 
immunoblot analysis. Blocking was performed with 5% nonfat dried milk in Tris-buffered saline 
with 1% Tween 20 (TBST) or TBST supplemented with 5% BSA. The primary monoclonal 
antibodies developed in our laboratory and used in this study were anti-β-F1-ATPase (1:20,000), 
anti-HSP60 (1:10,000) and anti-GAPDH (1:20,000)(Formentini et al., 2014). The antibodies 
specifically recognizing the human and mouse ATPIF1 proteins were used at a 1:200 dilution 
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(Formentini et al., 2017b). Other antibodies used are listed in Table 3. Blots were revealed using the 
Novex® ECL HRP Chemiluminescent reagent, and the intensity of the bands was quantified using 
a Bio-Rad GS-900 densitometer and ImageJ 1.51v analysis software.

Isoelectric focusing (IEF) was performed with 13-cm Immobiline DryStrips of 3-10 NL [not 
linear] pH gradient using an Ettan IPGPhor3 IEF unit (GE Healthcare). In brief, 200 µg of fresh 
frozen Skm protein diluted in 250 µl of rehydration buffer (DeStreak Rehydration Solution, GE 
Healthcare) containing 0.5% of the corresponding IPG buffer (GE Healthcare) was loaded on the 
13-cm strips. The equilibrated strips were transferred to the top of a 9% SDS polyacrylamide gel. 
Electrophoresis was carried out using a Protean II XI system (Bio-Rad) with constant current (30 
mA/gel) at 4°C for 3 hours. Western blot analysis of the fractionated proteins was performed as 
described above.

2.17. Immunoprecipitation assays

Respiratory Complex II subunit SDHA and acetylated proteins were immunocaptured from 
isolated mitochondria of Skm solubilized with 1% n-dodecyl-β-D-maltoside (DDM). Protein 
from cell lysates (400 mg) was incubated with 12 μg of the indicated antibody (SDHA or acetyl-k) 
bound to EZ View Red Protein G Affinity Gel (Sigma-Aldrich) at 4°C overnight. The beads were 
washed twice before proteins were eluted and fractionated on SDS-PAGE.

2.18. Blue-native (BN) and clear-native (CN) PAGE

For BN-PAGE, Skm isolated mitochondria from wt and ATPIF1|H49K|T/H mice 
were suspended in 50 mM Tris-HCl, pH 7.0, containing 1 M 6-aminohexanoic acid at a final 
concentration of 10 mg/ml. The membranes were solubilized by the addition of 10% digitonin 
(4:1 digitonin/mitochondrial protein). Next, 5% Serva Blue G dye in 1 M 6-aminohexanoic acid 
was added to the solubilized membranes. In the CN-loading buffer, the Serva Blue G dye was 
replaced by 0.1% Ponceau Red and 5.5% glycerol. In both, BN and CN Native PAGE™, Novex® 
3–12% Bis-Tris Protein Gels were loaded with 70 μg of mitochondrial protein. The electrophoresis 
was performed at constant voltage of 70 V for 15 min, followed by 1 hour at constant amperage 
of 10 mA. BN-cathode buffer: Tricine 50 mM, Bis-Tris 15 mM, pH=7.0, Serva blue G 0.02%. BN-
anode buffer: Bis-Tris 50 mM, pH 7.0. CN-cathode buffer: 50 mM tricine, 15 mM Bis-Tris, 0.05% 
sodium deoxycholate, and pH 7.0. CN-anode buffer: 50 mM Bis-Tris, and pH 7.0.

2.19. Quantitative proteomics (iTRAQ/TMT)

Isobaric Tag for Relative and Absolute Quantitation (iTRAQ) analysis was carried out in 
the CBMSO Protein Chemistry Facility (ProteoRed, PRB3-ISCIII and UAM University, 
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Spain), following standard protocols detailed below. Data is available via ProteomeXchange with 
identifier PXD017621 (Skm), PXD017678 (WAT), PXD017683 (Skm with HFD), PXD026771 
(soleus and gastrocnemius) and PXD026722 (soleus and gastrocnemius from mice treated with 
edaravone).

2.19.1. Protein digestion. 

In solution digestion (iTRAQ): after denaturation of protein with 8 M urea, the sample was 
reduced and alkylated: disulphide bonds from cysteinyl residues were reduced with 10 mM DTT 
for 1 h at 37ºC, and then thiol groups were alkylated with 50 mM iodoacetamide for 1 h at RT in 
darkness. The sample was diluted to reduce urea concentration below 1.4 M and digested using 
sequencing grade trypsin (Promega) overnight at 37º C using a 1:5 (w/w) trypsin/protein ratio. 
Digestion was stopped by the addition of 1% TFA. Whole supernatants were dried down and then 
desalted on OASIS C18 columns (Waters) until the mass spectrometric analysis.

In-Gel Digestion (Stacking gel; TMT). Protein extracts were fractionated in an SDS-
PAGE gel (0.75 mm-thick, 4% stacking, and 10% resolving). Then, the run was stopped as soon as 
the front entered 3 mm into the resolving gel, so that the whole proteome became concentrated in 
the stacking/resolving gel interface. The unseparated protein bands were visualized by Coomassie 
staining, excised, cut into cubes (2 x 2 mm), and placed in 0.5 ml microcentrifuge tubes. The gel 
pieces were destained in acetonitrile:water (ACN:H

2O, 1:1), reduced and alkylated (disulfide 
bonds from cysteinyl residues were reduced with 10 mM DTT for 1 h at 56 ºC, and then thiol 
groups were alkylated with 10 mM iodoacetamide for 30 min at room temperature in darkness) 
and digested in situ with sequencing grade trypsin (Promega, Madison, WI). The gel pieces were 
shrunk by removing all liquid using sufficient ACN. Acetonitrile was pipetted out and the gel 
pieces were dried in a Speedvac. The dried gel pieces were re-swollen in 100 mM Tris-HCl pH 
8, 10mM CaCl2 with 60 ng/µL trypsin at 5:1 protein:enzyme (w/w) ratio. The tubes were kept 
on ice for 2 h and incubated at 37°C for 12 h. Digestion was stopped by the addition of 1% TFA. 
Whole supernatants were dried down and then desalted onto OMIX Pipette tips C18 (Agilent 
Technologies) until the mass spectrometric analysis.

2.19.2 Labelling and high pH fractionation. 

iTRAQ: The resultant peptide mixture from desalted proteins tryptic digest (100 µg) was 
labelled using chemicals from the iTRAQ reagent 4plex Multi-plex kit (reagents 114 and 115 for 
WT and DT samples under a standard diet and 116 and 117 for WT and DT samples under a 
high fatty diet) (Applied Biosystems) essentially as described. Briefly, peptides were dissolved 
in 30 µl of 0.5 M triethylammonium bicarbonate (TEAB), adjusted to pH 8. For labelling, each 
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iTRAQ reagent was dissolved in 70 µl of ethanol and added to the respective peptide mixture 
and then incubated at room temperature for one hour. Labelling was stopped by the addition 
of 0.1% formic acid. Whole supernatants were dried down and the four samples were mixed to 
obtain the “4plex-labelled mixture”. The mixture was analysed by RP-LC-MS/MS to check the 
efficiency of the labelling. The sample was then fractionated using the high-pH, reversed-phase 
peptide fractionation kit (Thermo Scientific) as described with minor modifications. The sample 
was re-swollen in 0.1%TFA and then, loaded onto an equilibrated, high-pH, reversed-phase 
fractionation spin column. A step gradient of increasing acetonitrile concentrations in a volatile 
high-pH solution was then applied to the columns to elute bound peptides into nine different 
fractions (5-80% acetonitrile) collected by centrifugation. The fractions obtained from high-pH, 
reversed-phase 4plex-labelled mixture were dried and stored until analysis by mass spectrometry 
for quantification. 

TMT: The resultant peptide mixture from desalted proteins tryptic digest (60 µg) was labelled 
using chemicals from the TMT sixplex Isobaric Mass Tagging Kit (Thermo Fisher Scientific, MA, 
USA) as described by the manufacturer. Briefly, peptides were dissolved in 50 μL of 100 mM 
triethylammonium bicarbonate (TEAB), adjusted to pH 8. For labelling, each TMT reagent was 
dissolved in 41 μL of ACN and added to the respective peptide mixture and then incubated at 
room temperature for 1 h. Labelling was stopped by the addition of 8 μL 5% hydroxylamine. Whole 
supernatants were dried down and the four samples were mixed to obtain the “4plex-labelled 
mixture”. The mixture was analysed by RP-LC-MS/MS to check the efficiency of the labelling.

2.19.3. Fractionation (TMT)

The sample was then fractionated using the Pierce High pH Reversed-Phase Peptide 
Fractionation Kit (Thermo Fisher Scientific, MA, USA) with minor modifications. Samples 
were re-swollen in 0.1%TFA and then, loaded onto an equilibrated, high-pH, reversed-phase 
fractionation spin column. A step gradient of increasing acetonitrile concentrations (5-80%) in a 
volatile high-pH (Triethylamine (0.1%)) was then applied to the columns to elute bound peptides 
into nine different fractions collected by centrifugation. The fractions obtained from high-pH, 
reversed-phase 6plex-labelled mixture were dried and stored until analysis by mass spectrometry 
for quantification.

2.19.4. Quantitative analysis by reverse phase-liquid chromatography RP-LC-
MS/MS. 

iTRAQ: The fractions were resuspended in 10 µl of 0.1% formic acid and analysed by RP-LC-
MS/MS in an Easy-nLC II system coupled to an ion trap LTQ-Orbitrap-Velos-Pro hybrid mass 
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spectrometer (Thermo Scientific). The peptides were concentrated (on-line) by reverse phase 
chromatography using a 0.1 mm × 20 mm C18 RP precolumn (Proxeon) and then separated using 
a 0.075 mm x 250 mm C18 RP column (Proxeon) operating at 0.3 μl/min. Peptides were eluted 
using a 90-min dual gradient from 5 to 25% solvent B in 68 min followed by a gradient from 25 to 
40% solvent B over 90 min (Solvent A: 0,1% formic acid in water, solvent B: 0,1% formic acid, 80% 
acetonitrile in water). ESI ionization was done using a Nano-bore emitters Stainless Steel ID 30 
μm (Proxeon) interface. The instrument method consisted of a data-dependent top-20 experiment 
with an Orbitrap MS1 scan at a resolution (m/Δm) of 30,000 followed by either twenty high 
energy collision dissociation (HCD) MS/MS mass-analyzed in the Orbitrap at 7,500 (Δm/m) 
resolution. MS2 experiments were performed using HCD to generate high resolution and high 
mass accuracy MS2 spectra. The minimum MS signal for triggering MS/MS was set to 500. The 
lock mass option was enabled for both MS and MS/MS mode and the poly-dimethyl cyclosiloxane 
ions (protonated (Si(CH3)2O))6; m/z 445.120025) were used for internal recalibration of the 
mass spectra. Peptides were detected in survey scans from 400 to 1600 amu (1 μscan) using an 
isolation width of 2 u (in mass-to-charge ratio units), normalized collision energy of 40% for HCD 
fragmentation, and dynamic exclusion applied for 30 seconds periods. Precursors of unknown or 
+1 charge state were rejected.

TMT: The fractions were resuspended in 10 µL of 0.1% formic acid and analysed by RP-LC-
MS/MS in an Easy-nLC II system coupled to an ion trap LTQ-Orbitrap-Velos-Pro hybrid mass 
spectrometer (Thermo Scientific). The peptides were concentrated (on-line) by reverse phase 
chromatography using a 0.1 mm × 20 mm C18 RP precolumn (Thermo Scientific), and then 
separated using a 0.075 mm x 250 mm C18 RP column (Thermo Scientific) operating at 0.3 μl/
min. Peptides were eluted using a 90-min dual gradient. The gradient profile was set as follows: 
5−25% solvent B for 68 min, 25−40% solvent B for 22 min, 40−100% solvent B for 2 min and 100% 
solvent B for 18 min (Solvent A: 0,1% formic acid in water, solvent B: 0,1% formic acid, 80% ACN 
in water). ESI ionization was done using a Nano-bore emitters Stainless Steel ID 30 μm (Proxeon) 
interface at 2.1 kV spray voltage with S-Lens of 60%. The instrument method consisted of a data-
dependent top-20 experiment with an Orbitrap MS1 scan at a resolution (m/Δm) of 30,000 
followed by either twenty high energy collision dissociation (HCD) MS/MS mass-analyzed in the 
Orbitrap at a 7,500 (Δm/m) resolution. MS2 experiments were performed using HCD to generate 
high resolution and high mass accuracy MS2 spectra. The minimum MS signal for triggering MS/
MS was set to 500. The lock mass option was enabled for both MS and MS/MS mode and the 
poly-dimethyl cyclosiloxane ions (protonated (Si(CH3)2O))6; m/z 445.120025) were used for 
internal recalibration of the mass spectra. Peptides were detected in survey scans from 400 to 1600 
amu (1 μscan) using an isolation width of 1.3 u (in mass-to-charge ratio units), normalized collision 
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energy of 40% for HCD fragmentation, and dynamic exclusion applied during 60 seconds periods. 
Charge-state screening was enabled to reject unassigned and singly charged protonated ions.

2.19.5. Quantitative data and statistical analysis. 

Peptide identification from raw data (a single search was performed with all nine raws from 
the fractionation) was carried out using PEAKS Studio Xpro search engine (Bioinformatics 
Solutions Inc., Waterloo, Ontario, Canada). A database search was performed against UniProt-
Mus musculus.fasta (decoy-fusion database). The following constraints were used for the 
searches: tryptic cleavage after Arg and Lys, up to two missed cleavage sites, and tolerances of 20 
ppm for precursor ions and 0.05 Da for MS/MS fragment ions. The searches were performed 
allowing optional Met oxidation, Cys carbamidomethylation and iTRAQ reagent labelling at the 
N-terminus and lysine residues. False discovery rates (FDR) for peptide spectrum matches (PSM) 
were limited to 0.01. Only those proteins with at least two distinct peptides being discovered from 
LC/MS/MS analyses were considered reliably identified and sent to be quantified. Quantitation 
of iTRAQ labelled peptides was performed with the PEAKS Studio X search engine, “Reporter 
Ion Quantification iTRAQ” was selected under the “Quantifications” options. We use the 
Auto normalization mode that calculates a global ratio from the total intensity of all labels in all 
quantifiable peptides. The -10LgP, Quality and Reporter Ion Intensity were used for Spectrum 
filter and Significance (ANOVA method) for Protein filter. For the Protein quantification, we 
consider protein groups for peptide uniqueness, use unique peptides and the modified peptides 
were excluded. Quantitation of TMT labelled peptides was performed with PEAKS Studio Xpro 
search engine, selected “Reporter Ion Quantification iTRAQ/TMT” under the “Quantifications” 
options. We use Auto normalization mode that calculates a global ratio from the total intensity 
of all labels in all quantifiable peptides. The -10LgP, Quality (13) and Reporter Ion Intensity (1e4) 
were used for Spectrum filter and Significance (20, PEAKSQ method) was used for peptide and 
protein abundance calculation. For protein quantification we consider protein groups for peptide 
uniqueness and use unique peptides for protein quantification.

2.20. Electron microscopy

Sample preparation was performed by the Electron Microscopy Facility at the CBMSO, 
UAM University, Spain. Skm tissue was fixed with 4% paraformaldehyde and 2% glutaraldehyde 
in 0.1 M phosphate buffer. It was then treated with 1% osmium tetroxide in water at 4°C for 1 h, 
dehydrated with ethanol and embedded in TAAB 812 epoxy resin. Ultrathin 80-nm sections of 
the embedded tissue were obtained using an ultramicrotome Ultracult E (Leica) and mounted on 
carbon-coated copper 75-mesh grids. The sections were stained with uranyl acetate and lead citrate 
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and examined at 80 kV in a JEOL JEM 1010 electron microscope. Images were recorded with a 
TemCam F416 (4k x 4K) digital camera from TVIPS.

2.21. Immunofluorescence, confocal and optic microscopy

Soleus and gastrocnemius muscles from wt and ATPIF1|H49K mice were sliced, histologically 
prepared and stained with hematoxylin/eosin by the Histology Facility at CNB-CSIC, UAM 
University, Spain. Defrosting was performed at RT for 20 minutes (OCT samples), followed (when 
used for immunofluorescence) by citrate boiling for 7 min and autofluorescence elimination (10 
min rocking incubation with 1/10 methanol/H2O2). C2C12 cells were fixed in 4% PFA. Blockage 
was performed with 3% goat serum in TBS 1X and 0.5% TritonX-100 at RT for 1 hour. Dyes were 
incubated in 1% goat serum in TBS 1X and 0.5% TritonX-100. Stainings: ATPIF1 (1:500); β-F1-
ATPase (1:10,000); MFN2 (1:300); Laminin (1:25); BODIPY 493/503 (2 µM) for L; DAPI 
(1:1000) for nuclei; and Oil Red O (0.5%) for lipid staining. Complex I activity in slices was 
performed as indicated for the CN in-gel activity. Oil Red O and Complex I activity stainings 
were performed in OCT samples. Images were acquired on a Leica DMRE light microscope or 
by confocal microscopy using a Bio-Rad Radiance 2000 Zeiss Axiovert S100TV. ImageJ 1.51v 
software was used for quantification and image analysis.

2.22. High-precision antibody microarray (iTWO-300 RPPA).

Proteins were extracted from ~10 mg human Skm biopsies using a BEAD MILL 24 
homogenizer (Fisherbrand, Ref.: 15515799) and beads (Fisherbrand, Ref.: 15515809) in a ratio of 
1:8 w/v with TPER buffer (Thermo Fisher Scientific, Ref.: 78501) supplemented with proteases 
and phosphatases inhibitor cocktails. iTWO-300 protein array was performed as described. Lysates 
were freeze/thawed 3 times and clarified by centrifugation at 13000g for 30 min at 4°C. Protein 
concentrations were quantified by Bradford method, and lysates diluted to 2 µg/µl in TPER buffer 
(sample stock solution), which allowed the array machine to print 40 µL/sample in 1:4 TPER/PBS 
printing buffer on array slides, reaching a final concentration of 0.5µg protein/sample.

The slide pattern of printing was designed by loading the slide map (SOURCE) and sample 
information Excel (CSV) in the array system using the InDot software. Sample printing was 
assessed by Piezo-Driven Micro-Dispenser 30-150pl (PDMD) at controlled 52% humidity 
conditions. Standard curves of BSA (stained with Fast Green FCF, negative control), IgG, C2C12 
and HCT116 cell lines were used as controls.

After printing, slides were kept at 4ºC for 24 h, dryed, and blocked (except for FCF wells) in 
Super G blocking buffer for 2h at RT. Primary and fluorophore-conjugated secondary antibodies 
were incubated O/N at 4ºC and 1 h in obscurity at RT, respectively. FCF wells were incubated with 
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1x PBS (5 min); 10% MetOH + 7% acetic acid (5 min); 0.0001% FCF in 30% MetOH + 7% acetic 
acid (35 sec); MetOH 10% + 7% acetic acid (3 x 20 sec); 10% EtOH + 7% acetic acid (3 x 20 sec) 
and EtOH + 7% acetic acid (30 min). After secondary antibody incubation, slides were washed 
(except for FCF wells) with 1x PBS + Tween (3 x 10 min); 1x PBS (3 x 2 min) and mQ H2O (2 x 30 
sec). Slides were dried using a vacuum bomb and fluorescence signal detected in a Typhoon 9410 
apparatus (560 nm long pass for Alexa 647 and Red 633 laser).

2.23. Statistical analyses

Statistical analyses were performed using a two-tailed Student’s t-test. ANOVA, and Tukey’s 
post hoc test was used for multiple comparisons, employing SPSS 17.0 and GraphPad Prism7 
software packages. Bonferroni correction was applied to avoid multiple comparison errors. The 
results shown are the means ± sem. p<0.05 was considered statistically significant. 

After normalization and filtering steps, proteomic and lipidomic data was analyzed by Gene 
Set Enrichment Analysis and visualized by heat- and enrichment-maps using GSEA v3.0 and 
Cytoscape v3.6.1 free software. For details on the GSEA parameter usage, see the GSEA website 
(http://www.gsea-msigdb.org/gsea/index.jsp). Real-time PCR analysis was assessed using 7500 
Real-Time PCR SDS 2.4 software.



Results



93

A mouse model for the in vivo impairment of the Skm OXPHOS.

Aimed at generating an inducible and muscle-specific model of restrained OXPHOS, we 
developed a mouse expressing the active form (Boreikaite et al., 2019) of the human H+-ATP 
synthase inhibitor ATPIF1|H49K (Formentini et al., 2014) in skeletal muscle. This animal was 
obtained by breeding the B6;C3-Tg(ACTA1-rtTA,tetO-cre)102MonK/J commercial mouse 
(ATPIF1|H49KT, which contains the ACTA1-rtTA promoter), with the ATPIF1|H49KH mouse 
(produced by our laboratory and containing in its genome the ATPIF1|H49K-TRE construct 
(Formentini et al., 2014) (Figure 7A-B). The double transgenic Tet-On mice ATPIF1|H49KT/H 
(ATPIF1|H49K) expressed the ATPIF1|H49K protein in ACTA1 positive myocytes only when 
doxycycline was administrated (Figure 7B-C).

Figure 7. Mice generation and phenotyping. A) Scheme of the mouse breeding needed for the obtention 
of the ATPIF1|H49KT/H mouse. B) PCR analysis of the human variant of ATPIF1 (ATPIF1|H49K) and rtTA 
constructs in wt, ACTA1-rtTA (T),  ATPIF1|H49K-TRE (H) or double transgenic animals (T/H). C-D) WB 
expression of the human ATPIF1|H49K (h) and endogenous mouse (m) ATPIF1 in brain (D), liver (D), WAT (D) 
and Skm (C and D) extracts. HSP60 (C) and α-tubulin (D) are shown as loading controls. E) Polarographic profiles of 
isolated mitochondria from hindlimb muscles of wt and ATPIF1|H49K mice. Quantification in the right histogram. 
n= 6 mice/genotype. Data are the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and 
Student’s t-test.
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To ensure no leaking expression of ATPIF1|H49K in other organs, we checked for the 
expression of the protein in the brain, liver and white adipose tissue (WAT). Endogenous but not 
human expression of ATPIF1 was detected in the brain, liver and WAT (Figure 7D). As previously 
reported (Formentini et al., 2014; Sanchez-Arago et al., 2013), the endogenous expression of the 
ATPIF1 depended on the tissue analysed, being the brain the most expressing tissue. Note that 
Skm does not express the endogenous ATPIF1|H49K (Figure 7D). 

To demonstrate that the presence of the ATPIF1|H49K inhibited the H+-ATP synthase, we 
measured the oxygen consumption rate (OCR) in isolated mitochondria from hindlimb muscles 
of wt and ATPIF1|H49K expressing mice. Results showed that the state-3 (ADP-stimulated) but 
not the uncoupled (FCCP-induced) respiration was significantly inhibited in ATPIF1|H49K 

expressing animals when compared to controls (Figure 7E), indicating the specific inhibition of 
the H+-ATP synthase without effects on the ETC. However, the total oxygen consumption was 
lower in the presence of ATPIF1|H49K, which indicated slower OXPHOS rates in these animals.
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Part 1: Characterizing the phenotype of young ATPIF1|H49K mice.

Skm OXPHOS inhibition alters lipid metabolism.

In order to characterize the phenotype of ATPIF1|H49K mice, we first observed the general 
aspect of the animals and their muscles. Mice with restrained Skm H+-ATP synthase activity 
presented a higher body weight (Figure 8A-B) and WAT content than controls (Figure 8C-D). 
Soleus muscle from 6-month-old ATPIF1|H49K mice showed whitening of fibers in comparison 
to wt littermates (Figure 9C), also due to the higher interfiber infiltration of adipocytes (Figure 
8C-D).

Figure 8. ATPIF1|H49K expressing mice present an increase in body weight and higher WAT 
infiltrations in muscle. Black, wt mice; red, ATPIF1|H49K mice. A-B) Mouse body weight (A) and 
representative images (B) of wt and ATPIF1|H49K expressing mice up to 100 days of doxycycline treatment. C) 
Upper panel: representative transversal Skm slices from wt and ATPIF1|H49K expressing mice. Arrows point to 
soleus muscle. Lower panel: hindlimb muscle slides stained with haematoxylin/eosin. Images are representative 
of 10 fields/mouse. D) Histograms represent intramuscular (im)-WAT deposits in wt and ATPIF1|H49K mice.  
n= 12 mice/genotype. Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and 
Student’s t-test.

To better understand these events, we assessed an iTRAQ/TMT quantitative proteomics 
of Skm from hindlimbs of 6-month-old ATPIF1|H49K and wt littermates (Figure 9). GSEA/
Cytoscape bioinformatic analysis of the results revealed that limiting Skm OXPHOS altered 
the Skm proteome (Figure 9). A total of 1250 proteins were identified, being 2.1% significantly 
downregulated and 7.7% significantly upregulated in ATPIF1|H49K mice when compared to wt 
(Figure 9A-B) mice. 14 metabolic pathways were significantly modified in GSEA analysis (Figure 
9C-D), these being (i) redox system, (ii) lipid metabolism and oxidation, (iii) BCAA catabolism, 
and (iv) FAD-binding proteins pathways particularly upregulated (Figure 9E).
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Figure 9. Skm proteomics in young ATPIF1|H49K mice. A-B) Quantitative proteomic analysis (iTRAQ) 
of hindlimb muscles from 6-month-old wt and ATPIF1|H49K mice. The pie charts (A) and volcano plot (B) present 
the upregulated (log2[ATPIF1|H49K/wt] ≥ 1, red) or downregulated (log2[ATPIF1|H49K/wt] ≤ -1, blue) proteins 
in ATPIF1|H49K mice. A (-)log2 p-value of > 4 was considered statistically significant. C) Cytoscape representation 
of bioinformatic GSEA analysis of the iTRAQ data. 14 significantly altered pathways were identified: 1. Hallmarks 
of adipogenesis; 2. Go_Mitocondrial signal; 3. Kegg_TCA Cycle 4; Pyruvate Metabolism Reactome; 5. Hallmarks 
of OXPHOS; 6. Go_ETC; 7. Go_NADPH metabolism; 8. Kegg_Propionate metabolism; 9. Redox system; 10. 
Kegg_BCAA catabolism; 11. Go_Lipid metabolism; 12. Kegg_Lipid oxidation; 13. NEFA, Tg and ketone bodies; 
14. Go_FAD-binding proteins. D) Enrichment score (ES) graphs from GSEA analysis. E) Skm iTRAQ ratio of 
proteins from BCAA catabolism. Higher intensities of red or blue colours represent higher or lower ATPIF1|H49K/
wt expression ratios, respectively. n= 12 mice/genotype measured in 2 different iTRAQ analyses.
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ATPIF1|H49K mice show increased de novo lipid synthesis and accumulate ace-
tyl-CoA in muscle.

Consistent with the dysregulation in lipid metabolism observed in our proteomics dataset 
(Figure 9 and 10A), WB analysis showed alteration in the de novo lipid synthesis (Figure 10B), 
characterized by the overexpression of the lipogenic enzymes ATP citrate lyase (ACLY, 130%) and 
fatty acid synthase (FASN, 210%) in ATPIF1|H49K expressing mice as compared to wt littermates 
(Figure 10B). In line with these findings, ACLY resulted highly acetylated (Figure 10C), which has 
been linked to protein stabilization and activation, prompting lipid biosynthesis (Lin et al., 2013). 
Intriguingly, as a result of ACLY overexpression and activation, mice with restrained H+-ATP 
synthase activity accumulated acetyl-CoA in the muscles (Figure 10D).

Figure 10. De novo lipid synthesis is increased upon OXPHOS inhibition. Black, wt; red, ATPIF1|H49K. 
A-B) iTRAQ ratio (A, n= 12 mice/genotype) and WB expression (B) of Skm proteins related to the de novo lipid 
synthesis. In WB, two samples per condition are shown; each sample contains protein extracts from 3 mice. ACLY, 
ACAC, FASN and their phosphorylated forms are shown. GAPDH as loading control. C) Immunoprecipitation 
of whole acetylated proteins revealed for ACLY in Skm extracts of wt and ATPIF1|H49K expressing mice. D) Skm 
acetyl-CoA amounts in the hindlimb muscles from wt and  ATPIF1|H49K expressing mice (n= 8 mice/genotype). E) 
Schematic representation of the de novo lipid synthesis pathway. Increased acetyl-CoA levels in ATPIF1|H49K mice 
may be derived by (i) an increase in glycolysis, (ii) an increase in FFA β-oxidation or (iii) an increase in BCAA catabolism. 
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.

In Skm, acetyl-CoA is the end product of glucose metabolism, free fatty acid (FFA) β-oxidation, 
or BCAA catabolism (Pietrocola et al., 2015) (Figure 10E). Aimed at discovering the source for 
the ATPIF1|H49K-mediated acetyl-CoA accumulation, glucose metabolism was first analysed 
(Figure 11). As previously described (Formentini et al., 2012), the inhibition of the mitochondrial 
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H+-ATP synthesis is known to rewire energy metabolism to enhanced aerobic glycolysis in the 
so-called Warburg Effect, to maintain the ATP levels. However, despite a slight increase in the 
glucose uptake (Figure 11A) and a higher glycolytic flux (Figure 11B), ATPIF1|H49K expressing 
myocytes displayed diminished total oxidation of 14C(u)-glucose to CO2 in comparison to 
controls (Figure 11C), suggesting that glycolysis might not be the main source for the observed 
acetyl-CoA accumulation during OXPHOS inhibition. This could be due to the role of acetyl-
CoA as a metabolic sensor able to allosterically inactivate enzymes involved in its synthesis, such 
as the pyruvate dehydrogenase complex (PDH) (Pietrocola et al, 2015). Accordingly, we found 
that PDH was phosphorylated in ATPIF1|H49K mice (Figure 11D), and pyruvate was rerouted 
to lactate production (Figure 11E), thus ruling out glycolysis as a candidate. Nevertheless, the 
glycolysis-derived increase in Skm glycerol levels may contribute to altered intramuscular lipid 
storages observed under OXPHOS inhibition.

Figure 11. Glucose metabolism in Skm from wt and ATPIF1|H49K mice. Black, wt; red, 
ATPIF1|H49K. A-C) 14C(u)-glucose uptake (A), glycolytic flux (B) and 14C(u)-glucose total oxidation to CO2 
(C) in myocytes expressing or not ATPIF1|H49K. n= 3 experiments, 9 replicas/condition. D) WB expression of 
PDH and its phosphorylated form in Skm extract from wt and ATPIF1|H49K expressing animals. Two samples 
per condition are shown; each sample contains extracts from 3 mice. Right hand side histogram shows the ratio 
pPDH/PDH. E) Skm lactate in Skm from wt and ATPIF1|H49K expressing animals (n= 6 mice/genotype). 
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.
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A second possibility is that acetyl-CoA derived from Skm FFA β-oxidation, one of the major 
energetic pathways in muscle. However, and in line with previous reports in human myotubes 
(Formentini et al., 2017a), when we checked the capacity of wt and ATPIF1|H49K myocytes to 
oxidize tritiated palmitate, we observed a 35% decrease in β-oxidation upon H+-ATP synthase 
inhibition (Figure 12A). This might be due to the known effect of malonyl-CoA, one of the de 
novo lipid synthesis intermediates, in limiting FFA degradation during lipid anabolism (Foster, 
2012). As a result of increased lipid synthesis along with a decrease in their catabolism, FFAs 
accumulated in the muscle (Figure 12B). Accordingly, optic (Figure 12C-D) and electron 
microscopy (Figure 12E) images showed the presence of lipid droplets (LD) inside the oxidative 
polygonal myofibers of the soleus (Figure 12E) from ATPIF1|H49K mice but not wt mice. To 
confirm the direct relationship between ATPIF1|H49K and LD formation, we overexpressed the 
human protein in mouse C

2C12 myocytes (Figure 12F). The resulting inhibition of the H+-ATP 
synthase activity during starvation and palmitate supplementation triggered the development of a 
higher number of BODIPY-positive LD in comparison to the control (Figures 12G).
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Figure 12. Lipid metabolism in Skm from wt and ATPIF1|H49K mice. Black, wt; red, 
ATPIF1|H49K. A) FFA β-oxidation levels in primary myocytes from hindlimb muscles of wt and ATPIF1|H49K 
expressing animals. n= 3 experiments, 9 replicas/condition. B) FFA amounts in hindlimb muscles from wt and 
ATPIF1|H49K expressing animals (n= 8 mice/genotype). C-D) Representative images of transversal Skm 
slices from wt and ATPIF1|H49K expressing animals. Slices are stained for haematoxylin/eosin (C, arrows point 
interfiber lipid droplets, LD), the lipid marker Oil Red O (D, on the left) or used to measure the enzymatic activity 
of mitochondrial complex I (D, on the right). Remarkably, LD and oxidative fibers co-localized. E) Representative 
TEM images of Skm transversal slices from wt and ATPIF1|H49K expressing animals. LDs are surrounded by 
mitochondria in ATPIF1|H49K animals. Histograms on the right show the number of LD/field. In C, D and E, 
n = 4 mice/genotype, 10 images/mouse. F) LD formation upon H+-ATP synthase inhibition in starved myocytes 
after 24 h of palmitate supplementation in the presence or absence of BCAA. Blue: dapi (nuclei staining) and 
green: bodipy (LD). Histograms on the right show the number of LD/field. n = 3 experiments, 12 fields/condition.  
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.
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An increased Skm BCCA catabolism mediates the acetyl-CoA accumulation and 
LD formation during H+-ATP synthase inhibition.

Once discarded glycolysis and FFA catabolism, the remaining hypothesis was that increased 
Skm BCAA utilization or other secondary fluxes (Liu et al., 2016) might be responsible for 
acetyl-CoA accumulation in muscles during H+-ATP synthase inhibition (Figure 10E). Aimed 
at verifying this hypothesis, we performed the same experiment as in Figure 12G in BCAA-free 
media (containing other AAs and palmitate as biosynthetic substrates). Upon this condition, no 
differences in LD formation were observed in the presence or absence of the ATPIF1|H49K 
(Figure 12G, lower panels), suggesting a direct link between BCAA catabolism and the increase in 
lipid synthesis and accumulation upon OXPHOS inhibition. 

Therefore, we next investigated the BCAA metabolism and oxidation (Figure 13A). 
Interestingly, plasma levels of BCAA augmented in 6-month-old ATPIF1|H49K mice as 
compared to wt (Figure 13B) mice, and the uptake of 14C(u)-leucine (Figure 13C) or 14C(u)-
isoleucine (Figure 13D) increased in myocytes that presented the H+-ATP synthase inhibited. 
Surprisingly, no differences in the Skm BCAA amounts were detected between the two genotypes 
(Figure 13E). An increase in their uptake without changes in their cellular amount suggested an 
increase in BCAA muscular catabolism upon H+-ATP synthase inhibition. Consistently, when 
ATPIF1|H49K was over-expressed in myocytes, 14C(u)-BCAA oxidation to CO2 was increased 
as compared to the control (Figure 13F). Moreover, when myocytes were administrated with 
14C(u)-leucine or 14C(u)-isoleucine and the lipid fraction extracted, a higher concentration of 
C14-lipids was observed upon OXPHOS inhibition (Figure 13G), which suggested a higher 
BCCA utilization and incorporation into lipids in ATPIF1|H49K mice.

Overall, our data points to an augmented BCAA catabolism as responsible for the acetyl-CoA 
accumulation and LD formation upon OXPHOS inhibition.
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Figure 13. BCAA metabolism in Skm from wt and ATPIF1|H49K mice. Black, wt; red, ATPIF1|H49K 
A) Scheme of the BCAA catabolism pathway. B, E) Plasma (B) and Skm (E) levels of BCAA in wt and ATPIF1|H49K 
expressing animals (wt, n = 4; ATPIF1|H49K, n = 4) . C, D, F) 14C(u)-leucin and 14C(u)-isoleucine uptake (C,D) 
and total oxidation to CO2 (F) in myocytes expressing or not ATPIF1|H49K. G) 14C(u)BCAA and 14C(u)glucose 
incorporation into lipids in myocytes expressing or not ATPIF1|H49K. n = 3 experiments, 6 replicas/condition. 

Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.
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The ATPIF1|H49K-dependent hyperlipidaemia contributed to insulin resistance.

Despite the Skm dysregulation in lipid and BCAA metabolism observed in ATPIF1|H49K 
animals, no changes were observed in glucose blood levels and in the insulin tolerance test (ITT) 
and glucose tolerance test (GTT), indicating normal insulin sensitivity at 6 months of age (Figure 
14).

Figure 14. Insulin sensitivity in chow diet-fed wt and ATPIF1|H49K 
mice. Black, wt; red, ATPIF1|H49K. A-B) Glucose (GTT, A) and insulin (ITT, B) 
tolerance tests at day 60 of chow diet in wt and ATPIF1|H49K mice. n= 12 mice/genotype. 
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.

Therefore, we next reasoned on the possibility that feeding a high-fat diet (HFD) may potentiate 
the mild phenotype of our model. Following this hypothesis, we fed 4-month-old control and 
ATPIF1|H49K animals with HFD for 60 days (Figure 15). After 60 days of HFD, the structure 
of Skm myofibers was altered in both phenotypes, and intramuscular adipocyte storage became 
elevated (Figure 15A-B). However, animals with restrained OXPHOS displayed a much stronger 
phenotype, with reduced soleus mass, greater adipocyte infiltration (Figure 15A) and shrinkage of 
fibers (Figure 15B, arrows) as compared to wt animals. 

After HFD administration, mouse body weight was significantly augmented in ATPIF1|H49K 
mice as compared to wt mice. To ensure that these differences were not related to food intake, we 
individualized animal cages and weighted the HFD pellets given to each animal twice a day for 
1 week. No differences were observed in food intake between the two genotypes. Nevertheless, 
the lipidomic profile of Skm was deeply altered on day 60 of HFD administration. Specifically, 
diacylglycerols (DAGs) and ceramides, lipid species known for their correlation with the onset 
of IR (Szendroedi et al., 2014; Turpin-Nolan et al., 2019, p. 209), were 130% augmented in 
ATPIF1|H49K animals when compared to controls (Figure 15C-E). Consistently, transgenic 
mice show a significant increase in blood triglyceride levels (Figure 15F).
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Figure 15. HFD prompts stronger dysregulations in Skm structure and lipidomic profile 
upon H+-ATP synthase inhibition. Black, wt; red, ATPIF1|H49K. A-B) Representative images of 
longitudinal (A) and transversal (B) slices of soleus muscles stained for haematoxylin/eosin in HFD-fed 
wt and ATPIF1|H49K animals. HFD leads to higher im-WAT infiltration and shrinkage of fibers (arrows 
in B) upon H+-ATP synthase inhibition (n= 4 mice/genotype; 10 fields/mouse). C-E) Quantitative Skm 
lipidomics at day 80 of HFD. The colour scale brown to blue in the heat map in C represents ATPIF1|H49K /
wt ratio for specific lipid species. A p-value ≤ 0.05 was considered statistically significant (red). In the heatmap 
in D, the colour scale (yellow to blue) represents an increase in DAG in HFD-fed ATPIF1|H49K mice. The 
histogram in E shows total amounts of Skm DAG (n= 8 mice/genotype). F) Blood triglycerides on the 80th 
day of HFD (n= 10 mice/genotype). G) Skm free glycerol levels on the 80th day of HFD (n= 8 mice/genotype).  
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.
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To better understand if the observed Skm dysfunctions may affect the whole organism, we 
looked for differentially regulated metabolic enzymes in our proteomic datasets. Interestingly, 
we found that, whereas the BCAA catabolism proteins were significantly upregulated in muscle 
(Figures 9F), the WAT iTRAQ ATPIF1|H49K/wt ratio showed the opposite trend for these 
same enzymes (Figure 16A). The increased Skm and inhibited WAT catabolism of BCAAs is a 
described marker of IR (Neinast et al., 2019). Consistently, odd fatty acids, which are substrates 
of the same pathway, were reduced in Skm and accumulated in WAT from restrained OXPHOS 
mice (Figure 16B). Skm-specific impairment of OXPHOS also altered de novo lipid synthesis 
(Figure 16C) in WAT and modified the expression of proteins related to lipid transport, 
metabolism and FA availability (Figure 16D). This may cause the weight of v-WAT to be higher in 
young ATPIF1|H49K when compared to wt mice (Figures 16E). Quantitative lipidomic analysis 
(Figure 16F) confirmed the significant upregulation of total TAGs (Figures 16G, left histogram), 
DAGs (Figures 16G, right histogram) and saturated DAGs in v-WAT from ATPIF1|H49K mice 
as compared to levels in wt mice. These results suggested a mitochondrial-dependent cross-talk 
between muscle and adipose tissue (Pedersen and Febbraio, 2012) that may produce whole-body 
lipid alterations and participate in the setting of insulin resistance (IR).
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Figure 16. BCAA and lipid metabolism in WAT from wt and ATPIF1|H49K mice. Black, wt; red, 
ATPIF1|H49K. A) Visceral (v)-WAT iTRAQ quantitative ratio of proteins from the BCAA catabolism. Higher 
intensities of blue colour indicate lower ATPIF1|H49K/wt expression ratios (n= 4 mice/genotype). B) Odd chain 
fatty acids (FA) levels in Skm and WAT from wt and ATPIF1|H49K expressing animals (n= 8 mice/genotype). C-D) 
WB expression (C) and iTRAQ (D) ATPIF1|H49K/wt expression ratio of v-WAT proteins from lipid metabolism. 
Histograms in C represent quantifications of the blots (n= 6 mice/genotype). E) v-WAT weight in wt and ATPIF1|H49K 
mice (n= 8 mice/genotype). F) Quantitative lipidomics in v-WAT. The colour scale (brown to blue) in the heat 
map represents ATPIF1|H49K/wt ratio for specific lipid species. A p-value ≤ 0.05 (red) was considered statistically 
significant. G) v-WAT quantification of total TAGs and DAGs) in wt and ATPIF1|H49K mice (n= 8 mice/genotype).  
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.

Accordingly, while wt mice developed T2D at day 80–90 of HFD (Figure 17A), the blood 
glucose levels (Figure 17A) and the insulin (ITT) and glucose (GTT) tolerance tests (Figure 
17B and C, respectively) in ATPIF1|H49K mice indicated that T2D occurred at day 60–70. 
Altogether, these results supported the idea that Skm OXPHOS, although it does not cause T2D 
per se, is essential in the maintenance of whole-body glucose and lipid homeostasis, contributing 
to the earlier onset of IR when a HFD is administrated.
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Figure 17. Insulin sensitivity in HFD-fed wt and ATPIF1|H49K mice. Black, wt; red, ATPIF1|H49K. 
A) Blood glucose levels following days of HFD. The onset of insulin resistance (IR) occurred on day 80 in wt 
animals and on day 60 in ATPIF1|H49K animals (n= 10 mice/genotype). B-C) Insulin (B) and glucose (C) 
tolerance tests on day 60 of HFD: ATPIF1|H49K animals appeared pre-diabetic (n= 10 mice/genotype).  
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.

The lipogenic phenotype involves alterations in the redox system and lipid-related 
OXPHOS components

We next aimed to investigate the molecular mechanisms that mediated the observed 
phenotype. The ATPIF1|H49K-dependent increase in saturated lipids in WAT (Figure 16F-
G) and Skm (Figure 18A) raised the possibility that augmented ROS production may mediate 
these effects (Ayala et al., 2014; Shadel and Horvath, 2015). Indeed, it is known that inhibiting 
the H+-ATP synthase leads to the generation of ROS in cancer (Formentini et al., 2012). In line 
with these observations, in our model, mitochondrial ROS levels were 40% increased in myocytes 
expressing ATPIF1|H49K than levels in the control (Figure 18B-C). Moreover, the production 
of 4-hydroxynonenal (4HN), a marker of ROS-dependent lipid peroxidation (Ayala et al., 2014), 
was augmented in Skm from ATPIF1|H49K mice as compared to that in wt mice (Figure 18D). 
Consistently, and as a result of the ROS cascade, we observed a general alteration in the redox 
system (Figures 18D) upon H+-ATP synthase inhibition. However, no sites for ROS production 
have been described inside the H+-ATP synthase structure (Huang et al., 2019). 

To unveil the mitochondrial site(s) of origin for ROS production in our model, we studied 
the direct effect of ATPIF1|H49K on the OXPHOS proteins and related systems. Consistent 
with the O2 consumption data (Figure 7E), no changes were observed in the Skm expression of 
different subunits from the respiratory CI, CIII, CIV, and CV between the ATPIF1|H49K and 
wt genotypes (Figure 18E). However, SDHA and SDHB, belonging to CII, and subunits from 
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the electron transfer flavoprotein ETF were significantly overexpressed upon H+-ATP synthase 
inhibition (Figures 18E). CII and the ETF complex transfer electrons from FADH2 to the ETC. 
Despite this upregulation of CII and ETF proteins (Figure 18E), we found an increase in the FAD 
system protein expression (Figure 18F) and (FADH + FADH2)/FAD ratio (Figure 18G) in Skm 
from ATPIF1|H49K expressing mice, suggesting inefficient oxidation of FADH2 in their system. 
This could be partially explained by limited mitochondrial respiration upon H+-ATP synthase 
inhibition, as well as by the accelerated catabolism of BCAAs (Neinast et al., 2019) in Skm (Figures 
7E and 13) and the upregulation of proteins involved in the reduction of FAD to FADH2 (Figure 
18F).
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Figure 18. Alteration in ROS and OXPHOS system in Skm from ATPIF1|H49K mice. Black, 
wt; red, ATPIF1|H49K. A) Level of saturated lipid species in wt and ATPIF1|H49K expressing animals (n= 8 
mice/genotype). B-C) MitoSoX staining in myocytes expressing or not ATPIF1|H49K (B). Histograms in 
C show the quantification of mitochondrial ROS. n=3 experiments, 12 replicas/condition. D) WB expression 
of Skm proteins from lipid peroxidation and redox system. Two samples for condition are shown; each sample 
contains extracts from 3 mice. Quantifications on the right hand side histograms. 4-Hydroxynonenal (4HN), 
peroxiredoxin 2, 3 and 6 (PRX), superoxide dismutase 1 and 2 (SOD), catalase (CATA) and glutathione 
reductase (GSR) are shown. βF1 is presented as a loading control (n= 6 mice/genotype). E) WB expression of 
Skm proteins from OXPHOS and related systems. Two samples per condition are shown; each sample contains 
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extracts from 3 mice. NDUFA9 (CI), SDHA and B (CII), ETFA and B subunits, ETFDH, Core II (CIII), 
subunit 1 (CIV), bF1(CV), and hATPIF1. Tubulin is provided as a loading control. Quantifications on the right 
hand side histograms (n= 6 mice/genotype). F) Skm iTRAQ ratio of FADH2-binding proteins (n= 12 mice/
genotype). A higher intensity of red colour represents a higher ATPIF1|H49K/wt expression ratio. G) FAD 
levels and reduced/oxidized FAD ratio in Skm extracts in wt and ATPIF1|H49K animals (n= 6 mice/genotype). 
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.

The inhibition of the H+-ATP synthase retrograde signals for ETC dysfunctions 
and ROS production.

An alternative hypothesis is that the insufficient FADH2 oxidation might result from an ETC 
dysfunction, which triggers the observed increase in ROS production upon H+-ATP synthase 
inhibition (Formentini et al., 2012; Shadel and Horvath, 2015). To explore this possibility, 
respiratory CI and CII enzymatic activities were evaluated in Skm isolated mitochondria from 
wt and ATPIF1IH49K mice fed with chow diet or HFD. Both CI and CII activity showed no 
significant changes between the two genotypes (Figure 19A, B). However, no changes in CII 
activity in the presence of 200% overexpression in its catalytic subunits SDHA and SDHB (Figure 
18E) suggested that this complex might not work properly when the H+-ATP synthase is inhibited. 
Thus, the overexpression of CII catalytic subunits might be the result of a compensatory mechanism 
to reach proper functionality. In support of this idea, ATPIF1|H49K expressing mitochondria 
showed impaired maximum respiration when succinate (Figure 19C and E) or carnitine/palmitate 
(Figure 19D and E) were used as substrates, and electrons entered the ETC from CII.
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Figure 19. Alteration in ETC complexes activity and substrate-dependent mitochondrial 
respiration in ATPIF1|H49K mice. Black, wt; red, ATPIF1|H49K. A-B) Enzymatic activity of 
respiratory complex CI (A) and CII (B) in Skm isolated mitochondria from wt and ATPIF1|H49K mice fed 
with chow diet or HFD (n= 4 mice/genotype). C-D) Polarographic profiles of isolated mitochondria from 
wt (lower trace) and ATPIF1|H49K (upper trace) animals using succinate (C) or palmitoyl-carnitine (D) as 
a substrate. In E, the quantification of maximal respiration when glutamate-malate, succinate or palmitoyl-
carnitine are used as a substrate. n = 3 mice/genotype, 3 traces/mouse; OL, oligomycin; Ant A, antimycin A.  
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.

Our next aim was to unveil the mechanisms undergoing the CII inhibition. As mentioned, 
previous work describes that the activity of several ETC complexes is regulated by post-translational 
modifications (Acin-Perez et al., 2014, 2011; Garcia-Bermudez et al., 2018). Therefore, we checked 
for possible modifications occurring in the CII subunits SDHA and SDHB by two-dimensional 
PAGE gels and proteomic approaches (Figure 20). Results showed no changes in the isoelectric 
point (pI) of the SDHB subunit of CII between both genotypes (Figure 20A). Nevertheless, an 
acidic shift in the pI of SDHA was observed in Skm from ATPIF1|H49K animals when compared 
to controls (Figure 20B). Specifically, Skm of wt animals exhibited five pools of SDHA that differed 
in the pI (6.5, 6.7, 6.8, 6.9 and 7.1), while ATPIF1|H49K mice presented only the two more acidic 
pools (pI 6.5 and 6.7) (Figure 20B), indicating a posttranslational modification in SDHA that 
might alter its pI (Finley et al., 2011). Interestingly, when only the acetyl-K proteins were run into 
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the gel, only the two more acidic pools of SDHA appeared (Figure 20C), suggesting that upon H+-
ATP synthase inhibition SDHA might be acetylated. To demonstrate it, we performed two types 
of immunoprecipitation on Skm extracts and isolated mitochondrial from wt and ATPIF1|H49K 
muscles (Figure 20D). First, we immunoprecipitated SDHA and revealed it with anti-acetyl-K 
antibody, and second, we immunoprecipitated the acetyl-K protein pool and revealed it with 
anti-SDHA antibody. The results confirmed that SDHA was more acetylated when the H+-ATP 
synthase was inhibited (Figure 20D). According to previous studies (Finley et al., 2011), and protein 
acetylation databases (Hornbeck et al., 2015), 6 acetylation sites on murine SDHA are associated 
with CII activity, specifically K179 and K182 from the FAD-binding domain, and K485, K498, 
K598 and K608 from the succinate dehydrogenase flavoprotein domain (Figure 20E-F).

Figure 20. Acetylation of SDHA in ATPIF1|H49K mice. Black, wt; red, ATPIF1|H49K. A-C) 2D-PAGE 
gels of Skm extract (A and B) and Skm acetylated proteins (C) from wt and ATPIF1|H49K mice (n= 3 mice/
genotype). The isoelectric points (pI) of the CII subunits SDHB (A) and SDHA (B) were calculated by protein 
migration in pH 3-10 NL strips. D) Immunoprecipitation (IP) of SDHA blotted with anti-acetyl-K antibody (upper 
blot) and of acetylated proteins blotted with anti-SDHA antibody (middle blot) in Skm isolated mitochondria from 
wt and ATPIF1|H49K mice (n= 3 mice/genotype). E-F) PyMOL schemes of acetylated lysines in SDHA related 
to CII activity: K179 and K182 from FAD-binding domain, and K485, K498, K598 and K608 from the succinate 
dehydrogenase flavoprotein domain are shown.
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Respiratory CII is a known site of ROS production (Yankovskaya et al., 2003). Hence, 
we pursued to demonstrate whether the dysregulation occurring in CII might be involved in 
the observed boost in ROS upon the H+-ATP synthase inhibition. With this aim, we treated 
ATPIF1|H49K expressing myocytes with rotenone, antimycin A and malonate, specific inhibitors 
of the ETC. As expected, rotenone and antimycin A, inhibiting CI and CIII respectively, increased 
ROS production (Figure 21A-B). However, malonate, a CII inhibitor (Quinlan et al., 2012), did 
not produce an increase in ROS, suggesting that CII was already inhibited and producing ROS in 
our model (Figure 21A). To understand which was the site of ROS production in CII, we repeated 
the experiment using two inhibitors: malonate, which inhibits CII in the flavin site, and carboxin, 
which inhibits CII at the ubiquinone-binding site (Quinlan et al., 2012). Only malonate did not 
affect ROS production (Figure 21C-D), suggesting that upon H+-ATP synthase inhibition CII 
produces ROS at the flavin site.

Figure 21. The flavin site of SDHA is in charge of ROS production upon H+-ATP synthase 
inhibition. Black, wt; red, ATPIF1|H49K. A-B) Mitochondrial ROS in wt and ATPIF1|H49K expressing 
myocytes in the presence or absence of ETC inhibitors. The scheme in B shows the specific inhibitors of CI 
(rotenone), CII (malonate) and CIII (antimycin A). n=3 experiments, 12 replicas/condition. C-D) Mitochondrial 
ROS in wt and ATPIF1|H49K expressing myocytes in the presence or absence of CII inhibitors. The scheme 
in D represents the specific site of inhibition of malonate and carboxin. n=3 experiments, 12 replicas/condition.  

Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.
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It is known that high ROS levels may impair the stability and activity of ETC complexes (Acin-
Perez et al., 2008; Cogliati et al., 2013). To discard or reinforce this option, we tested the effect of 
inhibiting the H+-ATP synthase on the ETC complex super-assembly. Blue native (BN) gels and 
clear-native (CN) in-gel ETC activities of IMM solubilized proteins from wt and ATPIF1|H49K 
hindlimb muscles showed no differences in functionality and supramolecular organization in CII, 
CIII and CIV of the ETC (Figure 22). However, and in line with previous work (Santacatterina 
et al., 2016), the presence of ATPIF1IH49K increased the dimerization and oligomerization of 
the H+-ATP synthase (Figure 22). Moreover, a sub-assembly of CI with no activity was observed 
exclusively in mitochondria from ATPIF1IH49K, indicating a possible ROS-mediated CI 
degradation (Guaras et al., 2016) upon H+-ATP synthase inhibition.

Figure 22. Assembly and activity of OXPHOX complexes in in ATPIF1|H49K mice. Black, wt; 
red, ATPIF1|H49K. Blue-native immunoblots (BN) and clear-native in-gel activity (CN) of Skm mitochondrial 
membrane proteins from wt and ATPIF1|H49K 6-month-old mice. The relative migration of the respiratory 
complexes and supercomplexes of CIV is indicated. A subassembly of CI (with no activity, which suggests degradation) 
was observed in ATPIF1|H49K mice. VDAC is shown as loading control. n= 3 mice/genotype.

Overall, our data unveiled at a molecular level the mechanisms by which inhibiting the H+-
ATP synthase retrograde signals for other ETC dysfunctions that contribute to ROS production 
worsening the OXPHOS impairment.
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A pharmacological high-throughput screening of 702 drugs identified edaravone 
as a potent mitochondrial enhancer that restored a healthy phenotype. 

Based on the results obtained, prompting mitochondrial function might be a good therapeutic 
strategy for rewiring the mouse phenotype and restoring the Skm homeostasis. With this aim, we 
next performed a Seahorse Technology high-throughput screening to examine the effect of 702 
FDA-approved compounds on mitochondrial oxygen consumption in Skm myocytes (C2C12 
cells) using palmitate as a substrate (Figure 23A). We obtained 41 candidates with the capacity 
of increasing mitochondrial maximum respiration (Figure 23A-B). Then, we screened these 41 
compounds on mitochondrial FFA β-oxidation by measuring their capacity for oxidizing tritiated 
palmitate (9,103H(N)-palmitic acid) in C2C12 myocytes (Figure 23C-D).
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Figure 23. Pharmacological screening of 702 FDA-approved compounds searching for a 
mitochondrial enhancer. A-B) Schematic representation (A) of the screening process of 702 drugs related to 
mitochondrial respiratory capacity assessed by Seahorse XFe96 in C2C12 myocytes. Palmitate is used as substrate and 
a total of 41 hits were identified (B). Maximum respiration (Max. R., represented in % of untreated cells) of compounds 
is categorized by their therapeutic use (B). C-D) Schematic representation (C) of the screening process of the 41 hits 
on FFA β-oxidation using 9,103H(N) palmitic acid as a substrate in C2C12 myocytes. Ten mitochondrial enhancers 
were identified (D), and edaravone was selected as the main hit when taking into account the correlation between the 
maximum respiration and palmitate β-oxidation.
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Among the 10 resulting candidates, we chose edaravone (Figure 23D), a lipophilic antioxidant 
drug used to treat ALS in the US and stroke in Japan (Rothstein, 2017). Edaravone acted as a 
potent enhancer of mitochondrial activity and FFA β-oxidation, increasing basal, oligomycin-
sensitive and maximum mitochondrial respiration (Figure 24A), and reinstated the palmitate 
β-oxidation flux to wt levels in ATPIF1|H49K expressing C2C12 cells and primary myocytes from 
ATPIF1|H49K mice (Figure 24B-C).

Figure 24. Edaravone as a novel mitochondrial enhancer. A) Representative respiratory profile of C2C12 
myocytes treated (green trace) or not treated (black trace) with 2 µM edaravone. The CPT1 inhibitor etomoxir was 
used as a negative control. OCR, Oxygen consumption rate; OL, oligomycin, DNP, 2,4-dinitrophenol; Rot, rotenone; 
Ant A, antimycin A. n=12 replicas/condition. Quantification in the right histogram. B-C) FFA β-oxidation in 
C2C12 myocytes transfected with CRL or ATPIF1|H49K plasmids (B) and in primary myotubes from wt and 
ATPIF1|H49K mice (C) treated (green bars) or not with 2 µM edaravone. n=3 experiments, 9 replicas/condition.  
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.

Edaravone was previously described as an antioxidant (Rothstein, 2017), although its 
mechanism of action was unknown. To explore if it was directly related to mitochondrial ROS 
production, we tested its capacity to quench mitochondrial ROS in myocytes and compared its 
effect with the known mitochondrial ROS quencher MitoQ (Rodriguez-Cuenca et al., 2010) and 
the cytosolic ROS quencher N-acetylcysteine (NAC). A three-hour treatment with edaravone 
or MitoQ, but not NAC, significantly decreased the levels of mitochondrial ROS production in 
myocytes (Figure 25A), confirming a mitochondria-related mechanism of action for edaravone. 

Considering these in vitro results, the next step was to treat mice with edaravone. Daily we 
administrated 3 mg/kg edaravone intraperitoneally (IP) to wt and ATPIF1|H49K mice for 
one month. Edaravone treatment reverted the alterations in the redox system (Figure 25B) and 
de novo lipid synthesis (Figure 25C) in ATPIF1|H49K mice. Remarkably, no changes were 



118

observed between the two genotypes in the Skm expression of PRX2, PRX3, Catalase and 
GSR (Figure 25B). Moreover, edaravone significantly reduced the Skm expression of de novo 
lipid synthesis regulators FASN and ACLY in both wt and ATPIF1|H49K mice (Figure 25C). 

Figure 25. Edaravone restores REDOX, lipid and OXPHOS homeostasis. Black, wt; red, 
ATPIF1|H49K; light green, wt + edaravone; dark green, ATPIF1|H49K + edaravone. A) Mitochondrial ROS levels 
after a 3 h treatment with 2 µM edaravone, 10 nM MitoQ or 1 mM NAC. n=3 experiments, 9 replicas/condition. B) 
WB expression of Skm proteins related to ROS homeostasis in mice treated with edaravone for 30 days. 2 samples per 
condition are shown, each sample contains extracts from 3 mice (n=6 mice/genotype). PRX2, peroxiredoxin 2; PRX3, 
peroxiredoxin 3; CATA, catalase and GSR, glutathione reductase. GAPDH is used as loading control. C-D) WB 
expression of Skm proteins related to de novo lipid synthesis (C) and OXPHOS system (D) from wt and ATPIF1|H49K 
expressing animals treated or not with edaravone for 30 days. One month edaravone treatment downregulates FASN 
and ACLY in both wt and ATPIF1|H49K expressing mice (C) and reinstated ETFA, ETFB and SDHA proteins 
to wt levels (D). Two samples per condition are shown, each sample contains extracts from 3 mice. βF1 (C) and 
tubulin (D) are shown as loading control. Quantifications in lateral histograms (n=6 mice/genotype/treatment).  

Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.
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Remarkably, a one-month treatment of edaravone decreased the ETFA, ETFB and SDHA 
expression to the levels of wt in ATPIF1|H49K mice (Figure 25D), suggesting the reestablishment 
of homeostatic ETC function. Accordingly, edaravone restored the physiological level of 
acetylation of SDHA (Figure 26A) and abolished the ROS-mediated degradation of CI (Figure 
26B) previously observed in mice with the H+-ATP synthase inhibited.

Figure 26. Edaravone restores OXPHOS superassembly. Black, wt; red, ATPIF1|H49K. A) 2D-PAGE of 
Skm extracts from wt and ATPIF1|H49K mice treated with edaravone for 30 days. The pI of SDHA was equal in both 
genotypes and was calculated by protein migration in pH3-10 NL strips. n=3 mice/genotype. B) BN immunoblots 
of Skm mitochondrial membrane proteins from 6-month-old mice treated with edaravone for 30 days. The migration 
of the respiration complexes/supercomplexes CI-CIV and ATIF1|H49K is shown. VDAC is used as loading control. 
n=3 mice/genotype.
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As a result, when mice were simultaneously treated with edaravone and fed with HDF, no 
difference in body weight (Figure 27A), or WAT deposits (Figure 27B) were observed between 
control and ATPIF1|H49K expressing mice.

Interestingly, on day 60 of HFD, when non-treated ATPIF1|H49K mice were already 
prediabetic, edaravone-treated ATPIF1|H49K mice displayed similar insulin and glucose 
sensitivity to control mice (Figure 27C). To note that edaravone delayed the onset of T2D in both 
genotypes: at day 80 of HFD, when both non-treated wt and ATPIF1|H49K mice were insulin-
resistant (Figure 27D), GTT values indicated that edaravone-treated animals were still insulin-
sensitive (Figure 27D) and developed T2D only at day 90–100 of HFD (Figure 27D). Altogether, 
these in vivo studies identify edaravone as a drug with therapeutic potential for the treatment of 
mitochondrial-derived metabolic disorders.

Figure 27. Edaravone restores glucose sensitivity. Black, wt; red, ATPIF1|H49K; light green, 
wt + edaravone; dark green, ATPIF1|H49K + edaravone. A) Mouse body weight of HFD-fed animals 
treated with edaravone. B) Amounts of v-WAT at day 60 of HFD in mice treated with edaravone. C-D) 
Insulin (ITT) and glucose (GTT) tolerance tests after 60 (C), 80 and 90 (D) days of HFD in chow diet 
or HFD-fed animals treated or not with edaravone. E) Blood glucose following the administration of 
HFD. T2D onset occurred on day 90 in wt and ATPIF1|H49K mice when treated with edaravone.  
n=5, wt + edaravone; n=4, ATPIF1|H49K+edaravone; n=10, wt+HFD+edaravone; n=9, 
ATPIF1|H49K+HFD+edaravone. Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by 
ANOVA and Student’s t-test.
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Motor performance of young ATPIF1|H49K mice.

Metabolic changes deeply influence Skm structure and functionality (Bourdeau Julien et al., 
2018). Therefore, in line with the described metabolic impairment in our model, we expected 
a significant reduction in motor functions in ATPIF1|H49K mice as compared to controls. 
Surprisingly, only slight motor defects were observed (Figure 28). No significant alterations in 
open field (Figure 28A-B), nor rotarod (Figure 28C) tests were noticed between 6-month-old wt 
and ATPIF1|H49K mice. Moreover, upon H+-ATP synthase inhibition, mice displayed only a 
slightly reduced performance in the grip force test (Figure 28D).

Figure 28. Motor function tests in young ATPIF1|H49K mice. Black, wt; red, ATPIF1|H49K. 
A-B) Open field plots (A). Lines represent movement of mice in the cage. Histograms in B represent 
the quantification of the time spent in corners. n=4 mice/genotype. C) Rotarod total latency. n= 7, 
wt; n = 6, ATPIF1|H49K. D) Grip force after 1 h rotarod training wt, n= 7; n= 6, ATPIF1|H49K..  

Data are the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.
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Part 2: Characterizing the phenotype of aged ATPIF1|H49K mice.

To check if the phenotype of mice with inhibited H+- ATP synthase activity worsens with 
ageing, we followed our colony of mice until 18-month-old age. Old ATPIF1|H49K mice 
exhibited general whitening of the fibers when compared to controls (Figure 29A). Remarkably, 
despite a 50% inhibition of OSR (Figure 29B), no changes in maximum mitochondrial respiration 
were observed in Seahorse profiles of primary myocytes from 18-month-old ATPIF1|H49K mice 
(Figure 29B), indicating no ETC dysfunctions appeared with ageing.

Figure 29. 18-month-old ATPIF1|H49K mice. Gray, old wt; orange, old ATPIF1|H49K. A) Representative 
images of the hindlimb (upper panel) and soleus (lower panel) muscles from 18-months-old wt and ATPIF1|H49KIF1 
mice. B) Representative respiratory profile of primary myocytes derived from wt and ATPIF1|H49K 18-month-
old mice. OCR, oxygen consumption rate; Orden of injection: 5 μM oligomycin (OL); 5 μM FCCP; 1 μM 
rotenone (Rot) + 1 μM antimycin A (Ant A). Quantification in right histogram. n= 12 replicas/condition. 
Data is the mean ± SEM of the reported n. *p < 0.05 when compared to wt by ANOVA and Student’s t-test.

18-month-old mice with restrained OXPHOS show motor alterations.

Hence, to test the effect of long-term H+-ATP synthase inhibition on mice phenotype, we next 
tested the motor behaviour of 6- and 18-month-old ATPIF1|H49K and wt mice. In agreement 
with previous findings (Cartee et al., 2016), aged mice of both genotypes had significantly reduced 
latency to fall and lower muscular force when compared to young mice (Figure 30). Our first 
approach was to perform a grip force test before and after rotarod induced-fatigue. Intriguingly, 
18-month-old ATPIF1|H49K mice performed better than controls before fatigue (Figure 30A). 
Nevertheless, ATPIF1|H49K mice displayed a decreased force as compared to wt mice after 1 
h rotarod workout (Figure 30A). Consistently, mice with chronic H+-ATPase inhibition had 
significantly reduced latency to fall in four (Figure 30B) and two (Figure 30C) limb hanging tests, 
and obtained the worst performances in the tail suspension test (TST; Figure 30D), suggesting 
dyskinesia, muscle weakness and myopathy.
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Figure 30. Motor function tests in old ATPIF1|H49K mice: the chronic inhibition of the H+-ATP 
synthase induces myopathy. Black, young wt; red, young ATPIF1|H49K; grey, old wt; orange, old ATPIF1|H49K 
mice. A) Grip-force test before and after 1 h rotarod fatigue. n= 7, wt; n=6, ATPIF1|H49K. B-C) Latency to fall in 4 limbs 
(B) and 2 limbs (C) hanging tests n=5 animals/genotype/age. D) Tail suspension test n=3-8 animals/genotype/age.  
Data is the mean ± SEM of the reported n. *, **, *** p < 0.05, 0.01 and 0.001 when compared to wt by ANOVA and 

Student’s t-test, respectively.

Long-term OXPHOS impairment promotes a switch from oxidative to glycolytic 
fibers.

Aimed at better understanding the Skm structural changes occurred during ageing upon 
OXPHOS inhibition, we performed a TMT quantitative proteomic analysis of soleus and 
gastrocnemius muscles from 18-month-old ATPIF1|H49K and wt mice (Figure 31A-D). As 
expected, oxidative soleus muscles showed significant proteomic differences when compared 
to the more glycolytic gastrocnemius in wt animals, characterized by a large overexpression of 
mitochondrial proteins and downregulation of glycolytic enzymes (Figure 31B). Remarkably, less 
differences were observed between soleus and gastrocnemius from ATPIF1|H49K mice, with 
essentially no changes in the expression of glycolytic enzymes and being most mitochondrial 
proteins only slightly overexpressed in the soleus. Accordingly, principal component analysis 
(PCA) plot showed no clusters of samples based on their similarity, revealing significant separations 
between the 4 muscles analysed (Figure 31C).
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Figure 31. The “glycolytic” soleus of 18-month-old ATPIF1|H49K mice. Gray, old wt mice; orange, old 
ATPIF1|H49K mice. A-F) Quantitative proteomic analysis (TMT) of soleus (slow) and gastrocnemius (fast) muscles 
from wt and ATPIF1|H49K mice. n=4 animals/genotype. Volcano plot (A) and dot plot (B) present the proteins 
identified in wt and ATPIF1|H49K mice. Principal component analysis plot (PCA, C) based on the rank correlation 
matrix from fast wt, slow wt, fast ATPIF1|H49K and slow ATPIF1|H49K muscles. D) Volcano plot compares 
soleus proteins from ATPIF1|H49K and wt animals. A (-) log2 p-value > 4 was considered statistically significant. E) 
Cytoscape representation of the GSEA bioinformatic analysis of proteomic data from D. Blue-violet or orange-pink 
circles represent downregulated or upregulated pathways, respectively, in soleus from ATPIF1|H49K mice compared 
to wt mice. F) Fast- and slow-twitch markers and related proteins in soleus. Higher intensities of red or blue colours 
represent higher or lower ATPIF1|H49K/wt expression ratios, respectively. G) Representative WB expression of 
markers of slow fibers (MyH7, type I fibers), mitochondria (complex IV), and glycolysis (GAPDH) in soleus (slow) 
and gastrocnemius (fast) muscles from wt and ATPIF1|H49K. Tubulin is presented as loading control. Two samples 
per condition, each sample contains protein extracts from 3 mice. H) Soleus lactate levels. n=4 animals/genotype.  
Data is the mean ± SEM of the reported n. *, p < 0.05 when compared to wt by ANOVA and Student’s t-test, respectively.
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To better understand the changes experimented by the soleus upon prolonged OXPHOS 
inhibition, we focused on the proteome of this oxidative muscle (Figure 31D). The GSEA 
bioinformatic analysis (Figure 31E) showed relevant alterations in cytoskeleton, calcium 
homeostasis and sarcomere assembly pathways when OXPHOS is chronically inhibited. 
Remarkably, TMT protein expression levels of slow twitch fiber markers were downregulated in 
the soleus from ATPIF1|H49K mice as compared to wt mice, suggesting metabolic and structural 
reprogramming of fibers upon long-term OXPHOS inhibition (Figures 31F).

In order to unveil this fiber-type switch, we next checked the expression of the Myosin Heavy 
Chain superfamily (MYHs) and related proteins (Figure 31G). MYH7 (a marker of oxidative 
slow-twitch type I fibers), MYH2 (oxidative fast-twitch type IIA fibers) and MYH4 (glycolytic 
fast-twitch type IIB fibers) were downregulated in soleus from 18-month-old ATPIF1|H49K mice 
(Figure 31F-G), while MYH1 (glycolytic fast-twitch type IIx fibers) was overexpressed as compared 
to controls (Figure 31F), suggesting the appearance of glycolytic fibers in ATPIF1|H49K soleus. 
Interestingly, this was also accompanied by a change in the glycolytic/oxidative GAPDH/complex 
IV enzymes (Figure 31FG) and resulted in increased glycolysis enzymes and lactate production 
(Figure 31H). Overall, this data suggested a switch from oxidative to glycolytic metabolism in 
soleus fibers upon chronic OXPHOS inhibition.

Sarcomere disorganization and TA in the “glycolytic” soleus from ATPIF1|H49K 
mice.

As an additional effect of long-term restrained OXPHOS, we observed a general 
downregulation of proteins involved in sarcomere organization (Figure 31F) pointed to an 
overall muscle weakness and dysfunction. Consistently, whole-soleus muscle fibers stained with 
haematoxylin/eosin appeared to be compromised, showing reduced muscle mass and fiber 
length (Figure 32A). This Skm dysfunction leads to a significant reduction in body weight of old 
ATPIF1|H49K mice (Figure 32B) despite the described increase in lipid metabolism (Figure 8, 10 
and 32C-D).
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Figure 32. Muscle weakness and lower body weight in old ATPIF1|H49K mice. Gray, old wt; 

orange, old ATPIF1|H49K. A) Transversal slices of the soleus from wt and ATPIF1|H49K 18-month-old mice 

stained with haematoxylin/eosin. Images are representative of n=3 mice/genotype. 10 images/mouse. B) Body 

weight following the Skm expression of ATPIF1|H49K. wt, n = 12; ATPIF1|H49K, n = 12. C-D) Soleus (slow) 

and gastrocnemius (fast) amounts of total glycerol (C) and triglycerides (TAGs, D). n = 4 animals/genotype. 

Data is the mean ± SEM of the reported n. *, **, *** p < 0.05, 0.01 and 0.001 when compared to wt by ANOVA and 

Student’s t-test, respectively.

Transmission electron microscopy (TEM) analysis of the soleus from AT-
PIF1|H49K mice shows significant changes in sarcomere organization as com-
pared to controls.

Although no differences were observed in resting fibers (Figure 33A, B and C), long-term 
H+-ATPase inhibition caused a significant increase in contracted sarcomere length (Figure 33D). 
This was due to a significant increase in I band (Figure 33E) and H zone (Figure 33F) lengths in 
contracted fibers, which resulted in an overall lower contraction capacity of the sarcomere (Figure 
33G) when OXPHOS was chronically inhibited.
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Figure 33. TA altered sarcomere structure and function. Gray, old wt; orange, old 

ATPIF1|H49K. A-C) Sarcomere length (A), I band length (B) and A band (C), in resting sarcomere 

from mouse soleus. D-F) Sarcomere length (D), I band length (E) and A band (F) lengths in contracted 

sarcomere from mouse soleus. G) Overall reduced contraction in soleus from ATPIF1|H49K mice. 

H) Representative images of rest and contracted sarcomers. Orange arrows represent sarcomere length 

and red arrows represent I band length. n=4 animals/genotype. Measures are taken in 10 images/mouse. 

Data is the mean ± SEM of the reported n. *, **, *** p < 0.05, 0.01 and 0.001 when compared to wt by ANOVA and 

Student’s t-test, respectively.

Furthermore, multilamellar structures, cylindrical spirals, autophagy vesicles and debris 
appeared in the soleus of old ATPIF1|H49K mice, deeply altering sarcomere and muscle structure 
(Figure 34). Of note, extended tubular aggregates (TA) formations appeared in the soleus of 
18-month-old ATPIF1|H49K mice, but not in controls or younger animals (Figure 34). TA are 
honeycomb-like arrays of SR tubules that usually developed only in glycolytic muscles during 
ageing or muscular pathologies (Chevessier et al., 2004; Stefano Schiaffino, 2012). Interestingly, 
the metabolic switch experimented upon prolonged OXPHOS inhibition was enough to lead to 
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the generation of TA in oxidative soleus.

Figure 34. Transmission electron microscopy (TEM) analysis of the soleus from ATPIF1|H49K 
mice. TEM of longitudinal soleus slices from wt and ATPIF1|H49K mice. Extensive TA structures, cylindrical 
spirals, aberrant mitochondria, multilamellar structures and debris were observed upon OXPHOS inhibition. Images 
are representative of n=4 mice/genotype. 20 images/mouse.
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Long-term OXPHOS inhibition prompts mitochondrial fission and mitophagy.

We next aimed to understand the molecular mechanisms underlying the Skm metabolic and 
structural dysfunctions observed upon long-term OXPHOS inhibition. With this aim, we first 
checked for mitochondria appearance in the soleus (Figure 35A). TEM images revealed significant 
alterations in the shape and number of mitochondria in ATPIF1|H49K mice as compared to 
controls (Figure 35B). In particular, and consistent with the crosstalk between mitochondrial 
dynamics, ROS production and H+-ATP synthase (Quintana-Cabrera et al., 2018; Sebastian et 
al., 2017), mitochondria appeared smaller, circular and fissioned when the H+-ATP synthase was 
inhibited (Figure 35A-B). Accordingly, the expression of the mitochondrial fusion controller 
MFN2 was decreased (Figure 35C) and the fission regulator DRP1 significantly overexpressed 
(Figure 35D) in the soleus of 18-month-old ATPIF1|H49K mice as compared to wt mice, 
indicating enhanced fission events during prolonged OXPHOS inhibition. It has been shown 
that mitochondrial fission promotes mitophagy, helping the clearance of damaged mitochondria 
(Liesa and Shirihai, 2013). Remarkably, mitophagic events were observed (Figure 35E) and the 
expression levels of the mitophagy regulators PINK1, parkin and BCL2L13 (Figure 35F-G) were 
increased in the soleus from 18-month-old ATPIF1|H49K mice when compared to controls, 
suggesting a possible physiological attempt to recycle dysfunctional mitochondria.
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Figure 35. Mitochondrial fission and mitophagy in the soleus from old ATPIF1|H49K mice 
Gray, old wt; orange, old ATPIF1|H49K. A) Representative TEM images of Skm mitochondria in longitudinal 
soleus slices from 18-month-old wt and ATPIF1|H49K mice. Arrowheads point to undergoing mitochondrial 
fission in ATPIF1|H49KIF1 Skm. n= 4 mice/genotype. 20 images/mouse. B) Quantification of mitochondrial 
number and length. Measures are taken in n=4 animals/genotype, 10 images/mouse. Box plots represent 25th 
to 75th percentiles with the median value in the middle line, and with all data represented from minimal to 
maximal values. C) Immunofluorescence from transversal slices of the soleus from wt and ATPIF1|H49K mice. 
Green, laminin; red, MFN2; blue, Dapi. Images are representative of n=3 mice/genotype; 10 images/mouse. 
Quantification of MFN2 in the right histogram. D) Representative WB expression of proteins related with 
mitochondrial dynamics in the  soleus from wt and ATPIF1|H49K mice. DRP1, dynamin-1-like; MFN1, mitofusin 
1; OPA1, Optic Atrophy 1 proteins are shown. GAPDH as loading control. Three samples per condition, each 
sample contains protein extracts from 3 mice. DRP1 quantification related to GAPDH is shown in the right 
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histogram. Bars are the mean ± SEM of n = 6 animals/genotype. E) Representative TEM images of mitophagic 
mitochondria in longitudinal soleus slices from ATPIF1|H49K mice. Arrowheads point to undergoing mitophagy. 
F) Representative WB expression of proteins related to mitophagy in soleus (slow) and gastrocnemius (fast) 
muscles from wt and ATPIF1|H49K mice. Parkin, E3 Ubiquitin-Protein Ligase and PINK1, PTEN Induced 
Kinase 1 proteins are shown. Tubulin is presented as loading control. 2 samples per condition, each sample contains 
protein extracts from 3 mice. Parkin quantification related to tubulin is shown in the right histogram. n=6 animals/
genotype. G) TMT ATPIF1|H49K/wt ratio of proteins related to mitochondrial fission, mitophagy and calcium 
homeostasis in soleus muscles from wt and ATPIF1|H49K mice (DRP1; DNM2, dynamin-related-2; OPA1; 
FIS1, mitochondrial fission 1 protein; BCL2L13, BCL2 Like 13; CHCHD3, MICOS19; PHB, prohibitin; 
PHB2, prohibitin 2; CAMK2, calcium/calmodulin-dependent protein kinase II; CALU, calumenin; STIM1). 
Data are the mean ± SEM of the reported n. *, **, *** p < 0.05, 0.01 and 0.001 when compared to wt by ANOVA and 
Student’s t-test, respectively.

SOCE hyper-activation is caused by DRP1 over expression

Although TA origin is unknown, gain-of-function mutations in the SOCE calcium sensors 
STIM1 or ORAI1 has been described in TAM subjects (Böhm and Laporte, 2018) and 
result in abnormal calcium homeostasis (Böhm et al., 2013), suggesting a role for an inefficient 
mitochondrial calcium buffering in the setting of TA. Indeed, calcium homeostasis is deeply 
connected with mitochondrial activity and dynamics (Gonzalez-Sanchez et al., 2017; Huang et al., 
2017; Zaninello et al., 2021). Nevertheless, the exact molecular mechanism by which mitochondria 
modulate cytosolic calcium fluxes is still object of debate. Of note, the chronic inhibition of the 
H+-ATP synthase alters the expression of STIM1 and 2 and ORAI1 (Figure 36A). Therefore, we 
next sought to explore whether the OXPHOS-dependent increase in mitochondrial fission may 
enhance the SR/mitochondria contact sites and directly causes SOCE upregulation, leading to 
the setting of TA in the soleus (Figure 36B). 

In healthy adult striated muscle, calcium release units (CRUs or triads), located in proximity of 
the sarcomere A-I band junction, and mitochondria, located adjacent to calcium stores at the Z line, 
are tethered (Figure 36B). This structural linkage occurs specifically between the mitochondrial 
outer membrane and the SR terminal cisterna, or lateral sacks and tubules of the SR that surround 
the mitochondria. An increase in the mitochondria/SR contact sites (Figure 36B, left histogram) 
and aberrations in the triad structure were detected in the soleus from ATPIF1|H49K mice 
(Figure 36B). Intriguingly, the aberrant SR directly connected mitochondria with TA (Figure 
36B). To determine if these changes in morphology also modified the SOCE activity, calcium 
levels were followed in living myocytes before and after the addition of a calcium bolus (Figure 
36C). Similarly to what has been observed in TAM patients-derived myoblasts and myotubes 
(Conte et al., 2021), a significant increase in the SOCE-mediated calcium uptake was observed 
when the ATP synthase was chronically inhibited (Figure 36C), suggesting a direct link between 
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mitochondrial OXPHOS and calcium overload. 

Interestingly, although in agreement with literature, the SOCE-dependent spike in calcium 
was significantly lower in the absence of DRP1 (Kowaltowski et al., 2019) (Figure 37D), no 
differences in SOCE activity were observed in DRP1-null myocytes in the presence or absence 
of ATPIF1|H49K (Figure 36D). This data suggests that the DRP1 overexpression occurring upon 
chronic ATP synthase inhibition could mediate the observed calcium dysregulation, which might 
drive SR distress and TA. In line with this observation, DRP1 was recently described as able to 
tubulate the SR (Adachi et al., 2020).

Figure 36. Calcium homeostasis in the soleus from old ATPIF1|H49K mice. Gray, old wt; orange, old 

ATPIF1|H49K. A) Representative WB expression of proteins related with SOCE in soleus (slow) and gastrocnemius 

(fast) muscles from wt and ATPIF1|H49KIF1 mice. STIM2, ORAI1, ERK and its phosphorylated state p-ERK 
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proteins are shown. Tubulin is presented as loading control. 2 samples per condition, each sample contains protein 

extracts from 3 mice. Quantification in the lower histograms. n=6 animals/genotype. B) TEM representative images of 

Skm SR-mitochondria interactions in longitudinal soleus slices from wt and ATPIF1|H49KIF1 mice. Triads (terminal 

cisternae, green; T-tubule, blue) and mitochondria (yellow) are shown. n=4 mice/genotype; 10 images/mouse. 

Quantification in the right boxes. Box plots represent 25th to 75th percentiles with the median value in the middle 

line, and with all data represented from minimal to maximal values. C) Cytosolic calcium uptake in C2C12 myocytes 

expressing or not ATPIF1|H49K. n= 3 experiments, 10 cells/genotype. Histograms on the right represent Peak and 

Under Curve Area (AUC). D) Cytosolic calcium uptake in Drp1-/- C2C12 myocytes expressing or not ATPIF1|H49K. 

n= 3 experiments, 10 cells/genotype. Histograms on the right represent Peak and Under Curve Area (AUC). 

Data is the mean ± SEM of the reported n. *, **, *** p < 0.05, 0.01 and 0.001 when compared to wt by ANOVA and 

Student’s t-test, respectively.

Few hours of hypoxia have been described to induce TA in muscles cultured ex vivo (Schiaffino 
et al., 1977). We have identified 5 stages in the setting of TA under 6-hour hypoxia (0.5% oxygen; 
Figure 37A). Despite stage V being characterized by severe tissue disorganization, no other 
structures than SR tubules were detected, early stages involved mitochondria/SR contact sites 
and autophagic/mitophagic zones (Figure 37A). In particular, TA clusters seemed to grow around 
defective mitochondria (Figure 37A, state II and III) until they are surrounded and degraded 
(Figure 37A, State IV).

 To further explore whether the mitochondrial dysfunction is causative in the setting of TA, 
we isolated muscles from 6-month-old wt and ATPIF1|H49K mice and cultured them in oxygen-
deprived media for 6 hours. TEM images revealed a significant increase in TA upon OXPHOS 
inhibition (Figure 37B). Remarkably, the treatment with the DRP1-inhibitor mDIVI (Adachi 
et al., 2020; Smith and Gallo, 2017, p. 1) significantly reduces the TA cluster in ATPIF1|H49K 
muscles (Figure 37B-C), thus suggesting a functional link between the ATP synthase/DRP1 axis 
and the onset of TA.
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Figure 37. Chronic dysregulations in the H+-ATP synthase/DRP1 axis cause TA. Gray, 
wt; orange, ATPIF1|H49K. A-B) Representative TEM images of ex vivo muscles after hypoxia. Five TA 
developing stages (st I-V) were identified. Black arrows in states II, III and IV point to mitochondria adjacent 
to SR tubules. TA appeared to generate in close contact with dysfunctional mitochondria until organelles 
were surrounded and degraded (st IV) and only SR tubules remained (st V). Red lines in B delimitate the TA 
area. C) Quantification of TA length. Images are representative of n=4 mice/genotype, 10 images/mouse.  
Data is the mean ± SEM of the reported n. *, ** p < 0.05 and 0.01 when compared to wt by ANOVA and Student’s 
t-test, respectively.

Alterations in Skm mitochondrial OXPHOS, dynamics and redox system are pres-
ent in TAM patients.

We next searched for similar mitochondrial dysfunctions in Skm biopsies from TAM patients. 
With this aim, we performed a quantitative high-throughput Reverse Phase Protein Array (RPPA) 
analysis comparing a cohort of TAM patients to healthy individuals or subjects that suffer from 
known mitochondrial myopathies (MELAS, OMIM: 540000; PEO, OMIM: 615084). Despite 
no changes being observed in the expression of respiratory complexes II, III and IV (Figure 38), 
Skm from TAM patients showed significant loss of the mitochondrial structural protein HSP60 
and a 45% reduction in the ATP synthase catalytic subunit β-F1 ATPase as compared to healthy 
subjects (Figure 38). Likewise, a significant reduction in the expression of the mitochondrial 
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fusion regulators MFN1 (36%) and MFN2 (61%) were observed in TAM individuals (Figure 
38), suggesting large alterations in mitochondrial dynamics in this myopathy. H+-ATP synthase 
dysfunction is known to trigger the production of ROS (Shadel and Horvath, 2015). Consistent 
with this, proteins from the antioxidant response (catalase, peroxiredoxin 3 and 6 and glutathione 
reductase) were found significantly decreased in all the myopathies analysed (Figure 38). Other 
proteins from glucose metabolism or mitochondrial β-oxidation showed no relevant changes 
(Figure 38). 

Altogether, these results suggest that TAM individuals exhibit compromised mitochondrial 
bioenergetics, dynamics and redox homeostasis, being (i) the ATP synthase downregulation 
and (ii) an increase in mitochondrial fission two specific traits of the pathology. Because the 
genetic manipulation of the β-F1 ATPase content in mammals (as in TAM) is incompatible with 
life (Esparza-Molto et al., 2017), our model of inhibition of the H+-ATP synthase activity and 
subsequent increase in mitochondrial fission may represent a preclinical model reproducing the 
Skm dysfunctions of TAM patients.
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Figure 38. Reverse Phase Protein Array (RPPA) of human Skm biopsy extracts. Samples from healthy (CRL, 
dark blue; n=11), TAM (yellow; n=6), MELAS (red; n=4) and PEO (light blue, n=4) patients. The arrays were developed 
with the indicated primary antibodies. A linear plot of the mouse muscle C2C12 cell line was used as loading control.  
Data is the mean ± SEM of 3 replicates of the the reported n. *, ** p < 0.05 and 0.01 when compared to wt by ANOVA 
and Student’s t-test, respectively.
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Edaravone restores Skm homeostasis.

Finally, we aimed to test whether enhancing Skm mitochondrial activity might be enough to 
restore Skm homeostasis in our preclinical mouse model of TAM.

Specifically, we sought to explore the possibility that edaravone treatment might rewire the 
observed myopathy. With this aim, we treated 16-month-old wt and ATPIF1|H49K mice with 
edaravone (3 mg/kg, ip) for 2 months. Consistent with its effect on lipogenesis in 6-month-old 
mice (Figure 24 and 25), edaravone reduced the body weight of mice regardless of their genotype 
(Figure 39B). Interestingly, edaravone-treated 18-month-old wt and ATPIF1|H49K mice showed 
no difference in body weight (Figure 39B) and in the aspect of the soleus (Figure 39C, D), 
suggesting a beneficial effect of increasing Skm mitochondrial activity on muscle physiology.

In order to better understand the impact of long-term edaravone treatment, we performed 
a TMT-quantitative proteomics on soleus and gastrocnemius muscles from 18-month-old wt 
and ATPIF1|H49K mice treated with edaravone (Figure 39E-H). Interestingly, the proteome of 
the ATPIF1|H49K-expressing animals was similar to the one obtained in wt mice (Figure 39E) 
and characterized by the physiological overexpression of mitochondrial proteins in soleus (slow) 
muscle and by an increase in the glycolytic pathway in gastrocnemius (fast) muscle (Figure 39F). 
Therefore, to unveil the reason why edaravone ameliorates Skm physiology, we repeated the 
analysis comparing treated and no treated ATPIF1|H49K mouse soleus muscles (Figure 39G). 
The GSEA bioinformatic results revealed that almost all the pathways that were downregulated 
upon chronic ATP synthase inhibition (Figure 9) were upregulated after edaravone treatment 
(Figure 39H). In particular, the NES increase in “Membrane fusion” raised the possibility that 
edaravone might rewire soleus sarcomere dysfunctions acting directly on mitochondrial dynamics.
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Figure 39. Edaravone restores the soleus as an oxidative muscle. Gray, wt; orange, ATPIF1|H49K; green, 

edaravone. A) MitoSox staining in myocytes expressing or not ATPIF1|H49K and treated with 2 µM edaravone for 24 h. 

The histogram on the right shows the quantification of mitochondrial ROS. n= 3 experiments, 6 replicas/condition. B) 

Body weight graph following edaravone treatment (3mg/kg) in wt and ATPIF1|H49K mice (n= 5 mice/genotype). C) 

Representative images of soleus muscle from wt and ATPIF1|H49K mice. D) Haematoxylin/eosin stain in transversal 

slices of soleus from 18-month-old wt and ATPIF1|H49K mice after 2-months edaravone administration. Images 

are representative of n=3 mice/genotype; 10 images/mouse. E-F) Quantitative proteomic analysis (TMT) of soleus 
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(slow) and gastrocnemius (fast) muscles from wt and ATPIF1|H49K mice after 2-month edaravone treatment (n= 4 

mice/genotype). Volcano plot (E) and heat-map (D) of overexpressed (pink) and downregulated (blue) proteins. A (-) 

log2 p-value > 4 was considered statistically significant. G-H) Volcano plot (G) of soleus proteins from ATPIF1|H49K 

mice treated or not with edaravone (n= 4 mice/treatment). A (-)log2 p-value > 4 was considered statistically 

significant. Normalized enrichment score (NES) dot chart (H) of 20 perturbed pathways from GSEA bioinformatics 

analysis. In H, dot colour and size represent p-values and the number of altered proteins in the pathway, respectively. 

Data is the mean ± SEM of the reported n. *, **, *** p < 0.05, 0.01 and 0.001 when compared to wt by ANOVA and 

Student’s t-test, respectively.

Edaravone mechanism of action is related to a boost in mitochondrial fusion and 
biogenesis

Aimed at exploring this possibility, we next performed TEM to define the aspect of the tissue 
and the structure of mitochondria. In adult healthy muscles, intermyofibrillar mitochondria are 
located between parallel bundles of myofibrils largely positioned at the I band, on both sides of the 
Z-line (Figure 40A). Notably, in edaravone treated wt and ATPIF1|H49K mice, mitochondria 
were clustered in small groups or longitudinally oriented in rows between the myofibrils 
(Figure 40A), similar to those observed in muscle of young mice, around 2-8 weeks after birth 
(Boncompagni et al., 2009), what suggests an anti-ageing effect of edaravone treatment on the 
Skm mitochondria population. In line with this, treatment of edaravone alone, regardless the 
mouse genotype, generated larger and fused mitochondria (Figure 40B), increasing their number 
and length in comparison to untreated controls (Figure 40B). Moreover, edaravone treatment 
improved the mtDNA/nDNA ratio (Figure 40C) and the PGC1α gene-expression (Figure 
40D) in mouse soleus. This data suggests an edaravone-dependent burst in Skm mitochondrial 
biogenesis and fusion. Consistently, in both genotypes significant increase in the expression of 
MFN2 (Figure 40E) and TFAM (Figure 40E) was observed. Remarkably, no TA were observed in 
the soleus from ATPIF1|H49K mice treated with edaravone (Figure 40A), raising the possibility 
that a muscle OXPHOS activity threshold exists and it may be limiting for the setting of TA. The 
rewiring of aberrant mitochondrial dynamics included a normalization in the expression levels of 
DRP1, and of mitophagy and redox stress markers PARKIN and catalase (Figure 40F), suggesting 
the reestablishment of the Skm homeostasis.
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 Figure 40. Edaravone boosts mitochondrial biogenesis and fusion. Gray, wt; orange, ATPIF1|H49K; 
dark green, old wt+edaravone; light green, ATPIF1|H49K+edaravone. A) Representative TEM images of the 
mitochondrial population in transversal slices of the soleus from wt and ATPIF1|H49K 18-month-old mice 
treated or not with edaravone. n=4 mice/genotype; 10 images/mice. B) Quantification of mitochondrial number 
and length. Measures are taken in n=4 animals/genotype, 10 images/mouse. Box plots represent 25th to 75th 
percentiles with the median value in the middle line, and with all data represented from minimal to maximal values. 
C) Relative mtDNA/nDNA ratio in the soleus from 18-month-old wt and ATPIF1|H49K mice treated or not 
with edaravone. D) Relative expression of PGC1α, MYG, PPARγ and PPARδ by qPCR of the soleus from wt 
and ATPIF1|H49K 18-month-old mice treated or not with edaravone. E) Immunofluorescence from transversal 
slices of soleus from ATPIF1|H49KIF1 18-month-old mice treated or not with edaravone. Red, MFN2; blue, 
Dapi. The histogram on the right indicates MFN2 fluorescence intensity. 3 experiments, n= 4 animals/genotype. 
F) Representative WB expression of dynamics, mitophagy and redox system proteins in the soleus (slow) 
muscle from wt and ATPIF1|H49KIF1 mice treated or not with edaravone. DRP1; TFAM1, Mitochondrial 
Transcription Factor 1; Catalase; PARKIN; PINK1; LC3B;. Tubulin is shown as loading control. Two samples per 
condition, each sample contains protein extracts from 3 mice. TFAM quantification in the histogram on the right. 
Data is the mean ± SEM of the reported n. *, **, *** p < 0.05, 0.01 and 0.001 when compared to wt by ANOVA and 
Student’s t-test, respectively.

A B
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As a result, edaravone-treated ATPIF1|H49K and wt mice presented no differences in tissue 
architecture (Figure 39D and 40A), in respiratory complex I and IV activities (Figure 41A) and 
muscle mass (Figure 41B). Besides, they displayed similar motor performances (Figure 41C, D). 
Although 2 months of edaravone administration does not ameliorate the muscular activity of aged 
wt animals (Figure 41C-D), in ATPIF1|H49K mice this treatment was sufficient to restore motor 
performances to the level of wt in both 2- and 4-limb hanging tests (Figure 41C-D). 

Figure 41. Edaravone restores muscle mass and motor functions. Gray, wt; orange, 
ATPIF1|H49K; dark green, old wt+edaravone; light green, ATPIF1|H49K+edaravone. A) Transversal 
slices of soleus from edaravone-trated wt and ATPIF1|H49K mice stained for mitochondrial complex I 
(CI) or IV (CIV) activities. Images are representative of n= 3 mice/genotype; 6 slices/condition. B) Soleus 
muscle mass in 18-month-old wt and ATPIF1|H49K mice treated with edaravone. C-D) Latency to fall in 
2 limb (C) and 4 limb (D) hanging tests. N=4, wt; n=4, ATPIF1|H49K; n=5, ATPIF1|H49K+edaravone).  
Data is the mean ± SEM of the reported n. *, ** p < 0.05 and 0.01 when compared to wt by ANOVA and Student’s 
t-test, respectively.

Altogether, these in vivo studies identify edaravone as a promising drug in the management of 
TA-related muscular disorders.
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Part 1: Characterizing the phenotype of young ATPIF1|H49K mice.

Strong evidence associates metabolic disorders to muscle mitochondrial activity. However, 
whether mitochondrial dysfunction is the cause or the consequence of the Skm glucose and 
lipid dyshomeostasis remains an open question and object of a large debate (Deshmukh, 2016; 
Formentini et al., 2017a). To unveil the role of mitochondrial OXPHOS activity on the onset 
and progression of metabolic pathologies, in this study we developed the first mouse model of 
conditional and Skm specific inhibition of the mitochondrial H+-ATP synthase, by the expression 
of its constitutively active inhibitor ATPIF1|H49K (Boreikaite et al., 2019; Formentini et al., 
2014) and followed their development during ageing. Young animals with restrained OXPHOS 
presented higher body weight and higher WAT deposits, which indicated distress of whole-body 
metabolism. In oxidative Skm, such as the soleus muscle, the preferred energy source is selected 
through the Randle cycle by complementary crosstalk between FA and glucose metabolism 
(Samuel and Shulman, 2016). Previous studies propose alterations in diet and metabolic rewiring as 
causes of mitochondrial defective activity through the different fluxes involved (Gaude et al., 2018; 
Gaude and Frezza, 2014; Liu et al., 2016). In line with this, the impairment of OXPHOS generated 
in our mouse model prompted a muscle phenotype shift from a highly oxidative non-lipogenic 
profile to a lipogenic profile. The inhibition of the H+-ATP synthase prompts the overexpression 
and activation of lipogenic enzymes (ACLY, FASN) and the accumulation of acetyl-CoA in Skm, 
which fed the de novo lipid synthesis. In physiological and normoxic conditions, acetyl-CoA 
is produced by FFA β-oxidation and glycolysis, among other pathways (Pietrocola et al., 2015). 
However, the contribution of these fluxes to the accumulation of acetyl-CoA in our model is 
improbable owing to the PDH phosphorylation and inhibition (Patel et al., 2014), which reroute 
the glycolytic flux to lactate production, and the inhibition of FFA β-oxidation exerted by the de 
novo lipid synthesis intermediates (Pietrocola et al., 2015). In this regard, we hypothesise that the 
observed decrease in lipid catabolism may be the result of the previously described reduction in 
FFA entry to the mitochondria upon H+-ATP synthase inhibition (Formentini et al., 2017a; Foster, 
2012) along with the acetyl-CoA-mediated acetylation and inactivation of proteins related to 
β-oxidation (Pietrocola et al., 2015).

Furthermore, we are tempted to exclude that the lactate produced upon H+-ATP synthase 
inhibition was transformed into glycerol-3-phosphate and used for lipid synthesis. Regardless of 
the overexpression in our model of PCK1, the master regulator of glyceroneogenesis (Hanson and 
Hakimi, 2008), glyceroneogenesis is a minor pathway in Skm and the accumulation of carbon14-
glucose onto lipids occurs in similar amounts in control and ATPIF1|H49KIF1 expressing 
myocytes.
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Hence, we suggest that the responsible for the accumulation of acetyl-CoA in our model is 
the BCAA catabolism (White and Newgard, 2019), a pathway that shares multiple enzymes with 
the β-oxidation, which are highly upregulated in our proteomic dataset in ATPIF1|H49K animals.

Interestingly, the ATP synthase-mediated LD formation in myocytes is prevented by 
removing BCAAs from culture media, what might suggest that upon OXPHOS inhibition, 
BCAA oxidation participates in acetyl-CoA synthesis and increased lipogenesis. Supporting this 
hypothesis, carbon14-leucine and isoleucine are highly oxidized to CO2 and accumulated faster 
in myocyte lipid fraction when the H+-ATP synthase is inhibited. Accordingly, several reports 
propose that BCAA catabolism might fuel lipid synthesis (Green et al., 2016; Wallace et al., 2018) 
and competes for lipid oxidation, leading to the accumulation of toxic lipid intermediates (White 
et al., 2016). 

Furthermore, and in line with data observed in our model, other studies report that insulin-
resistant mice shift BCAA metabolism from WAT and liver towards muscle, increasing the 
Skm BCAA oxidation rate (Neinast et al., 2019). This also promotes faster lipid transport across 
membranes favouring higher FFA blood levels and lipotoxicity ( Jang et al., 2016). Consistently, 
acyl-glyceride species accumulated in the myofibers and blood of animals with restrained 
OXPHOS, contributing to a faster onset of T2D than in controls when mice were fed an HFD. 
Remarkably, several metabolomic studies have highlighted that BCAA fluxes are more strongly 
associated with IR than many common lipid species (Newgard, 2012). In line with this, metformin, 
a well-known treatment for T2D and OXPHOS modulator, has been described to significantly 
reduce BCAA oxidation (Liu et al., 2016).

However, we cannot exclude the contribution of another minor pathway to the lipogenesis 
observed upon the H+-ATP synthase inhibition. The acetyl-CoA accumulation might be partially 
derived from the rewiring of glutamine metabolism through reductive carboxylation (Mullen 
et al., 2011), a form of rewired TCA cycle, that in Skm occurs under specific metabolic stresses, 
such as hypoxia (Metallo et al., 2011) or mtDNA mutations (Chen et al., 2018; Gaude et al., 
2018). Reductive carboxylation produces acetyl-CoA from glutamine, inducing the anaplerotic 
reactions that increase metabolite levels for lipid synthesis. Interestingly, iTRAQ analysis revealed 
an upregulation of the key regulators of reductive carboxylation IDH (Metallo et al., 2011) and 
MDH (Gaude et al., 2018) in ATPIF1|H49K animals as compared to controls.

Despite the implications of reductive carboxylation and BCAA catabolism on the onset of 
T2D still being under study, the link between ectopic lipid accumulation and defective glycaemic 
control has been widely documented (Despres and Lemieux, 2006).  The accumulation of certain 
lipid species, specifically ceramides and DAGs, has been reported in Skm and liver in T2D patients, 
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and nowadays the direct connection between their lipotoxicity and IR has been widely recognized 
( Jornayvaz and Shulman, 2012; Turpin-Nolan et al., 2019). In particular, the accumulation of 
C16:0, C18:0, C18:1, C18:2 and C20:0 DAG species showed the most robust correlation with 
the setting of IR in obese subjects (Szendroedi et al., 2014). Consistently, we found a significant 
increase in these lipid species in both Skm and WAT from ATPIF1|H49K mice as compared to 
wt mice. 

However, it should be noted that a study by Selathurai et al. (2015) (Selathurai et al., 2015) 
demonstrated that a Skm-specific phosphoethanolamine cytidylyltransferase knockout mouse, 
with a 200% increase in Skm accumulation of DAG but normal mitochondrial FFA β-oxidation, 
did not develop IR and presented an unexpected improvement in exercise performances as 
compared to controls, due to the higher FFA-mediated ATP production. Therefore, we suggest 
that neither mitochondrial dysfunction nor perturbations in lipid species per se are determinants 
for the pathological setting of IR, pointing to the necessary combination of the two events. 
Supporting our hypothesis, Hammerschmidt et al. (Hammerschmidt et al., 2019) have recently 
described that alterations in the hepatic sphingolipid pattern directly impairs mitochondrial 
homeostasis, which ultimately results in IR. Interestingly, we observed similar results in our model, 
where the H+-ATP synthase inhibition by the expression of ATPIF1|H49K promoted significant 
modifications in the amounts of several lipid species, including ceramides, DAGs and TAGs. 
Previous studies have linked TAG synthesis with mitochondrial activity (Benador et al., 2018). 
A tightly regulated lipid storages/mitochondria cross-talk has been described in fat-oxidizing 
tissues like BAT (brown adipose tissue), which helps in promoting acyl-glyceride production 
and lipid vesicle expansion (Benador et al., 2019, 2018). Accordingly, we have described that 
the H+-ATP synthase inhibition prompts the Skm intrafiber formation of LD, which may also 
explain the observed burst in lipogenesis upon OXPHOS inhibition. In line with this, the Prof. 
Zorzano group (Hernandez-Alvarez et al., 2019) has demonstrated that a liver-specific ablation 
of MFN-2, altering mitochondrial fusion, also impairs the PS transfer and phospholipid synthesis, 
leading to the onset of a NASH-like hyperlipidaemia. Therefore, we support the hypothesis that 
mitochondrial function and lipid/glucose metabolism are mutually regulated, being OXPHOS 
activity crucial for the maintenance of lipid and glucose homeostasis. 

Mechanistically, we support that the H+-ATP synthase-mediated dysregulation of Skm lipids 
further leads to ETC dysfunctions, contributing to an increase of mitochondrial ROS production. 
The rise in lipid synthesis promoted a switch from NADH to FADH2, leading to a higher 
proportion of electrons entering the ETC through CII or other FAD-dependent dehydrogenases 
rather than to CI. Moreover, when FADH2 is used as OXPHOS substrate, oxygen consumption 
is increased to maintain membrane potential (Hinkle, 2005), and ROS generating events such as 
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the “reversed electron transfer” (RET, (Scialo et al., 2016)) are favoured. In these conditions the 
superoxide production is increased (Robb et al., 2018), contributing to CI degradation (Guaras et 
al., 2016). Accordingly, in our model, the acetylation and inhibition of SDHA (Finley et al., 2011) 
together with the overexpression of enzymes producing FADH2 prompted the accumulation of 
FADH2 in myocytes, the increase in mitochondrial ROS and the impairment of CI superassembly. 

It is known that the inhibition of the H+-ATP synthase activity promotes the generation of 
ROS (Balaban et al., 2005; Martinez-Reyes and Cuezva, 2014). This mild ROS signalling is not 
harmful in terms of cell death and rather appears to play a role in the H+-ATP synthase-mediated 
signal transduction to the nucleus (Formentini et al., 2012). Nevertheless, no sites of ROS 
production have been described inside the H+-ATP synthase structure (Zhao et al., 2019). We 
demonstrated that the acetylation-mediated inhibition of SDHA is the cause of the H+-ATP 
synthase-dependent ROS overproduction, which finally triggers a metabolic response in mice 
that leads to IR. To support this hypothesis, we demonstrated that the treatment with edaravone 
induced a ROS-mediated repression in lipogenesis, thus restabilishing the lipid homeostasis and 
insulin sensitivity. Altogether, this study provides a mechanistic explanation for the link between 
mitochondrial dysfunction and the onset of metabolic disorders.
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Part 2: Characterizing the phenotype of aged ATPIF1|H49K mice.

Metabolic changes deeply influence Skm structure and functionality (Bourdeau Julien et al., 
2018). Therefore, in line with the described metabolic impairment in our model, we expected 
a significant reduction in motor functions in ATPIF1|H49K mice as compared to controls. 
Surprisingly, only slight motor defects were observed at 6 months of age. Hence, to check if the 
phenotype of mice with inhibited H+- ATP synthase activity worsened with ageing, we followed 
our colony of mice until 18-month-old age. Aged mice presenting a chronic inhibition of the H+-
ATP synthase showed deep alterations in Skm organization, developing a myopathy characterized 
by the presence of tubular aggregates (TA), honeycomb-like arrays of sarcoplasmic-reticulum (SR) 
tubules that disorganize sarcomere structure.

As mentioned, inhibiting the activity of the H+-ATP synthase is known to stimulate the 
production of ROS (Formentini et al., 2012; Shadel and Horvath, 2015). ROS and dimers of the 
H+-ATP synthase contribute to mitochondrial cristae organization (Blum et al., 2019; Friedman 
et al., 2015; Gu et al., 2019), and alter the shape of the mitochondrial reticulum (Quintana-Cabrera 
et al., 2018; Sebastian et al., 2017). In response to oxidative stress, the recruitment and activation 
of the GTPase DRP1 shifts the balance towards fragmented mitochondria, and mitophagic 
events are favoured to recycle dysfunctional organelles (Liesa and Shirihai, 2013; Romanello and 
Sandri, 2021). In this regard, the prolonged presence of ATPIF1|H49K, altering H+-ATP synthase 
dimer formation (Gu et al., 2019; Sanchez-Gonzalez et al., 2020; Santacatterina et al., 2016), 
OXPHOS activity and ROS production (Formentini et al., 2012), may finally result in modifying 
mitochondrial networks in muscle, a tissue where the physiological expression of this inhibitor 
is null (Sanchez-Gonzalez et al., 2020). Remarkably, DRP1 was over-expressed in our model 
and mitochondria appeared smaller, fissioned and undergoing PINK1/PARKIN-mediated 
mitophagy as an attempt to mitigate the long-term OXPHOS impairment. 

The inhibition of the H+-ATP synthase also produced the rewiring of energy metabolism 
towards a more active glycolysis (Formentini et al., 2012) in the so-called Warburg effect (Warburg, 
1956). In Skm, the most plastic tissue of the human body, a metabolic shift may alter fiber 
composition (Bourdeau Julien et al., 2018; Lin et al., 2002). Accordingly, the chronic inhibition 
of the H+-ATP synthase in muscle increases the lactate production and reprograms the oxidative 
soleus  muscle towards glycolytic fast-twitch type IIX fibers. Consistent with the appearance of 
TA exclusively in glycolytic muscles (Stefano Schiaffino, 2012), clustering of tubular elements with 
regular hexagonal arrangement formed in the soleus upon a prolonged H+-ATP synthase inhibition, 
similar to those observed in human type-II fibers under pathologic conditions (Chevessier et al., 
2004; Stefano Schiaffino, 2012). This unusual appearance is consistent with disease states such 
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as obesity or IR, where mitochondrial activity is affected (Formentini et al., 2017a), and that are 
associated with enhanced proportions of glycolytic type II fibers (Stuart et al., 2013; Tanner et 
al., 2002). Intriguingly, metabolic disorders course with the appearance of TA in aged muscles 
(Stefano Schiaffino, 2012). On the contrary, when PGC-1α is overexpressed in fast muscles at 
physiological levels, it activates markers of slow muscle identity and oxidative metabolism (Lin et 
al., 2002); interestingly, endurance exercise training induces PGC-1α expression (Chinsomboon et 
al., 2009) and reduces TA formation in aged mice (Boncompagni et al., 2021). 

Although it is known that TA are related with SR distress and calcium overload, the molecular 
mechanism of TA formation is still unclear. Mitochondrial dynamics and SR are deeply integrated 
(Friedman et al., 2011; Hernandez-Alvarez et al., 2019; Kornmann et al., 2009).  MAMs and ERMES 
control fusion/fission processes and mitophagy, and, in turn, MFN2 and DRP1 mediate ERMES 
tethering at MAMs (Mishra and Chan, 2014), finally influencing calcium homeostasis (Rizzuto 
et al., 2012; Sebastian et al., 2017). Indeed, the interaction between SOCE and mitochondria is 
complex and reciprocal. Mitochondrial calcium buffering capacity, ATP, pyruvate and calcium 
effluxes, redox signals and mitochondrial dynamics are all elements that may influences SOCE 
(Ben-Kasus Nissim et al., 2017; Gonzalez-Sanchez et al., 2017; Huang et al., 2017).  However, it 
remains an open question what the effectors of the SOCE-mitochondria interplay are. We showed 
that a restrained H+-ATP synthase alters the expression of SOCE components and increases 
the aberrant mitochondria/SR contact sites, resulting in SOCE up-regulation. Remarkably, the 
mitochondrial fission regulator DRP1, acting as a master regulator of the ER/SR stress signalling 
and morphology, mediates these events. 

It is thus reasonable to speculate that long-term OXPHOS dysfunction prompts mitochondrial 
fission, and that this dysregulation in the mitochondria-reticulum dynamics, also reported in 
human patients, might be the responsible for the TA setting. In support of this hypothesis, TAM 
patients-derived myotubes show fissioned mitochondrial networks as compared to controls 
(Conte et al., 2021). One limitation is that no TA have been reported in Skm from available 
MFN1, MFN2, OPA-1 or DRP1 knock-out or knock-in mice. However, genetic alterations in 
mitochondrial dynamics have a deep impact on lifespan and all these mice died early in life even 
in heterozygosis (Romanello and Sandri, 2021), which prevents TA formation during aging. An 
alternative hypothesis is that TA onset requires specific dysfunctions in the H+-ATP synthase/
DRP1 axis. This is consistent with the recently published ability of DRP1 to directly tubule the ER 
in a GTPase independent manner with the aim to increase mitochondrial-reticulum contact sites 
(Adachi et al., 2020). Supporting this idea, both hypoxia and cyanide treatment, the two conditions 
able to induce SR stress and TA in vitro (Schiaffino et al., 1977), have been described to increase 
the expression of DRP1 (Benard et al., 2013; Nishimura et al., 2018). Consistently, the DRP1 
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inhibitor mDIVI prevents TA formation during hypoxia in our model. Therefore, TA may be the 
result of the H+-ATP synthase-mediated DRP1 over-expression, aimed at favouring mitochondria 
replacement and mitochondria-SR interaction (Adachi et al., 2020) in a futile attempt to facilitate 
calcium detoxification upon prolonged OXPHOS inhibition.

Based on this, boosting Skm mitochondrial activity may be a viable therapeutic approach 
for TA-related diseases. With this aim, we screened 702 drugs and identified edaravone as a new 
mitochondrial antioxidant and enhancer. Remarkably, in vivo edaravone treatment restored a 
healthy phenotype both in 6-month- and 18-month-old mice. Long-term edaravone treatment 
in mice counteracted the detrimental effects of the chronic H+-ATP synthase inhibition on Skm 
homeostasis and it was enough to prevent the setting of TA. Consistent with the beneficial effect of 
mitochondrial fusion agonists in other neuromuscular diseases (Rocha et al., 2018), here we show 
that the mechanism of action of edaravone is related with a burst in mitochondrial biogenesis and 
MFN2-driven fusion. Because the Skm reduction in MFN2 expression is a common trait in TAM 
patients, edaravone represents a promising drug in the management of TAM and TA-related 
muscular disorders whose current treatment is limited to supportive care of the patients.

Overall, we provide a mechanistic link between mitochondrial dysfunctions and the setting 
of metabolic and Skm disorders, and repurpose edaravone as a potential drug of interest for the 
treatment of these pathologies. Although the clinical relevance of our preclinical findings should 
be validated before application to human health, the fact that edaravone is an FDA-approved 
molecule may guarantee a rapid translation into clinical applications. 
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Conclusiones

1. La inhibición de la H+-ATP sintasa del músculo en ratones de 6 meses de edad inhibe 
la β-oxidación de los ácidos grasos y reprograma el metabolismo de glucosa, lípidos y 
aminoácidos, generando un fenotipo lipogénico.

2. La célula muscular pasa a consumir aminoácidos ramificados como fuente para producir 
acetil-CoA para la síntesis de lípidos de novo y promueve la accumulación de gotas 
lipídicas intrafibra.

3. La acumulación de acetil-CoA en músculo retroalimenta la disfunción mitocondrial 
mediante la acetilación e inhibición del complejo II de la cadena respiratoria, lo que 
favorece la producción de especies reactivas del oxígeno. 

4. El fenotipo lipogénico promueve la alteración del perfil lipidómico y la acumulación de 
acilglicéridos saturados en músculo, tejido adiposo y sangre, favoreciendo la aparición de 
resistencia a la insulina cuando los animales son alimentados con una dieta rica en grasas.

5. Sorprendentemente, la inhibición de la H+-ATP sintasa solo induce una alteración parcial 
en las capacidades motoras de ratones de 6 meses de edad.

6. Por contra, la inhibición crónica de la H+-ATP sintasa en el músculo de ratones de 18 meses 
de edad reprograma las fibras oxidativas del sóleo a glucolíticas, aumenta los fenómenos de 
fisión mitocondrial y la mitofagia, desorganiza el sarcómero y promueve el desarrollo de 
una miopatía caracterizada por la aparición de agregados tubulares (TA).

7. La inhibición de la H+-ATP sintasa promueve la disregulación del calcio citoplasmático, 
aumenta los sitios de contacto retículo sarcoplasmico-mitocondria y promueve la 
fragmentación del retículo mediada por DRP1, facilitando la aparición de TA.

8. Biopsias de tejido muscular de pacientes que padecen de la enfermedad rara “Tubular 
Aggregate Myopathy” presentan alteraciones análogas en la H+-ATP sintasa y en la 
dinámica mitocondrial.

9. El edaravone, identificado en un cribado de pequeños compuestos aprobados por la 
FDA, es un potente antioxidante mitocondrial que previene el desarrollo de los fenotipos 
patológicos resultado de la inhibición de la H+-ATP sintasa.

10. El mecanismo de acción del edaravone está relacionado con el aumento de la β-oxidación 
de los ácidos grasos, la normalización de la producción de especies reactivas del oxígeno y 
de la dinámica y la biogénesis de la mitocondria. 
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Conclusions

1. The inhibition of the Skm H+-ATP synthase in 6-month-old mice inhibits the FFA 
β-oxidations and reprograms glucose, lipid and amino acid metabolism, generating a 
lipogenic phenotype.

2. The muscle cell relies on BCAA catabolism to provide acetyl-CoA for de novo lipid 
synthesis, thus promoting the accumulation of intrafiber lipid droplets.

3. Skm acetyl-CoA accumulation feeds back to mitochondrial dysfunction by the acetylation 
and inhibition of the mitochondrial respiratory complex II, leading to an increase in ROS 
production. 

4. The lipogenic phenotype promotes alterations in the lipidomic profile and promotes the 
accumulation of saturated acyl glycerides in Skm, WAT and blood, which favours the 
setting of insulin resistance when mice were fed a high-fat diet.

5. Surprisingly, the inhibition of the H+-ATP synthase triggers only mild motor dysfunctions 
in 6-month-old mice.

6. On the contrary, the chronic inhibition of the Skm H+-ATP synthase in 18-month-old 
mice rewires soleus oxidative fibers to glycolytic fibers, increases mitochondrial fission and 
mitophagy, promotes sarcomere disorganization and prompts the onset of a myopathy 
characterized by the presence of tubular aggregates (TA).

7. Long-term H+-ATP synthase inhibition promotes cytoplasmatic calcium dysregulations, 
increases mitochondrial-SR contact sites and prompts the DPR1-mediated fragmentation 
of the reticulum, thus favouring the setting of TA.

8. Muscular biopsies from Tubular Aggregate Myopathy patients present analogue 
alterations in the H+-ATP synthase and mitochondrial dynamics.

9. Edaravone, identified by a pharmacological screening of 702 FDA-approved drugs, 
was identified as a potent mitochondrial antioxidant and enhancer that prevents the 
pathological phenotype resulting from the H+-ATP synthase inhibition. 

10. Edaravone mechanism of action is related to the increase in FFA β-oxidation and the 
recovery of mitochondrial ROS production, dynamics and biogenesis.
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Dysfunctional oxidative phosphorylation shunts
branched-chain amino acid catabolism onto
lipogenesis in skeletal muscle
Cristina Sánchez-González1 , Cristina Nuevo-Tapioles1,2,3 , Juan Cruz Herrero Martín1,

Marta P Pereira1 , Sandra Serrano Sanz1, Ana Ramírez de Molina4, José M Cuezva1,2,3 &

Laura Formentini1,2,3,*

Abstract

It is controversial whether mitochondrial dysfunction in skeletal
muscle is the cause or consequence of metabolic disorders. Herein,
we demonstrate that in vivo inhibition of mitochondrial ATP
synthase in muscle alters whole-body lipid homeostasis. Mice with
restrained mitochondrial ATP synthase activity presented intrafiber
lipid droplets, dysregulation of acyl-glycerides, and higher visceral
adipose tissue deposits, poising these animals to insulin resistance.
This mitochondrial energy crisis increases lactate production,
prevents fatty acid b-oxidation, and forces the catabolism of
branched-chain amino acids (BCAA) to provide acetyl-CoA for de
novo lipid synthesis. In turn, muscle accumulation of acetyl-CoA
leads to acetylation-dependent inhibition of mitochondrial respira-
tory complex II enhancing oxidative phosphorylation dysfunction
which results in augmented ROS production. By screening 702
FDA-approved drugs, we identified edaravone as a potent mito-
chondrial antioxidant and enhancer. Edaravone administration
restored ROS and lipid homeostasis in skeletal muscle and rein-
stated insulin sensitivity. Our results suggest that muscular mito-
chondrial perturbations are causative of metabolic disorders and
that edaravone is a potential treatment for these diseases.
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Introduction

Obesity is a complex chronic condition that affects all organ systems

and increases the rate of premature mortality (Spiegelman & Flier,

2001; Stefan et al, 2017). Increased visceral white adipose tissue

(v-WAT) is associated with elevated blood levels of nonesterified

free fatty acid (FFA), which in turn may result in insulin resistance

(IR) in peripheral insulin target tissues such as skeletal muscle

(Skm) (Despres & Lemieux, 2006). Moreover, WAT and Skm are

endocrine organs that release and respond to hormones, a function

that contributes to chronic inflammation associated with metabolic

diseases (Pedersen & Febbraio, 2012; Stanford et al, 2015; Ciaraldi

et al, 2016).

Interest in a role for mitochondria in the setting of metabolic

disorders has increased in response to growing evidence linking

mitochondrial dysfunction with pathology (Friedman & Nunnari,

2014; Shadel & Horvath, 2015; Kauppila et al, 2017). Mitochondria

are essential in maintaining cell homeostasis by controlling bioener-

getics, immunity, intracellular signaling, and cell death (Spinelli &

Haigis, 2018). Furthermore, these organelles are involved in coordi-

nating cellular adaptation to stressors and nutrient availability, and

regulating glucose, amino acid, and lipid metabolism (Liesa & Shiri-

hai, 2013; Vyas et al, 2016; Garcia-Bermudez et al, 2018). Depend-

ing on the disposal of ATP, TCA intermediates, and reduced

coenzymes (NADH, FADH2), different intramitochondrial dehydro-

genases transfer electrons to the respiratory complexes of the elec-

tron transport chain (ETC) to generate the proton electrochemical

gradient used for ATP synthesis in oxidative phosphorylation

(OXPHOS). Since Skm is the largest oxidative and insulin-sensitive

organ in mammals, understanding this mitochondrial-mediated

metabolic flexibility may reveal new therapeutic strategies for

diseases characterized by whole-body dysregulation of glucose and

lipid metabolism.

Structural and functional perturbations in Skm mitochondria

have been associated with the onset and complications of metabolic

diseases (Kelley et al, 2002; Lowell & Shulman, 2005; Sivitz &

Yorek, 2010; Hesselink et al, 2016). Reduced OXPHOS gene and

protein expression has been described in response to genetic and

nutritional obesity (Mootha et al, 2003; Patti et al, 2003; Sparks

et al, 2005; Wang et al, 2010). In fact, a reduction of up to 40% in
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the expression and activities of Skm respiratory complexes has been

reported in T2D subjects (Kelley et al, 2002; Ritov et al, 2005;

Formentini et al, 2017a). Skm from the same T2D individuals

presented diminished-size fissioned mitochondria, particularly in

subsarcolemmal fractions (Ritov et al, 2005), indicating perturba-

tions in mitochondrial dynamics. Additionally, hereditable Skm

mitochondrial dysfunctions have been identified by NMR spec-

troscopy in vivo, unveiling OXPHOS and TCA defects in offspring of

T2D subjects (Petersen et al, 2005; Befroy et al, 2007).

A key unanswered question is whether the mitochondrial alter-

ations observed in Skm from T2D subjects are secondary features of

the dyslipidaemic environment or participate in the setting of dyslip-

idaemia. In fact, the exact mechanism linking mitochondrial activity

with obesity and T2D remains to be clarified.

A pivotal regulator of mitochondrial function is the ATP

synthase, an inner membrane (IMM) enzyme at the crossroads of

bioenergetics, apoptosis, redox metabolism, and the shape of cristae

(Sanchez-Arago et al, 2013; Spinelli & Haigis, 2018). In this study,

we demonstrate that its activity plays a key role as a transducer in

lipid metabolism. The in vivo inhibition of Skm ATP synthase trig-

gers lipogenic reprogramming to an increased lipid synthesis in both

muscle and WAT, causing these animals to develop T2D faster upon

feeding them a high-fat diet (HFD). In vivo treatment with the mito-

chondrial enhancer edaravone restored lipid and glucose homeosta-

sis in mice. Hence, we propose that mitochondrial activity is a key

regulator of skeletal muscle metabolism and endocrine signaling.

Results

A mouse model for the in vivo impairment of Skm OXPHOS

In order to assess the role of OXPHOS on the pathophysiology of Skm

lipid metabolism, we generated an inducible and tissue-specific mouse

model that expressed the active form (Boreikaite et al, 2019) of the

human ATP synthase inhibitor ATPIF1H49K (Formentini et al, 2014) in

striatal muscle. Double transgenic Tet-On mice ATPIF1H49K|
T/H

(Fig 1A) express ATPIF1H49K in ACTA-1-positive myocytes (Fig 1B–

D), while no expression was observed in the brain, liver, or WAT

(Fig 1D). Interestingly, the endogenous expression of mouse-ATPIF1

in Skm was not detectable (Fig 1D). O2 consumption rate (OCR) in

isolated mitochondria from Skm confirmed that state 3 (ADP-stimu-

lated) but not uncoupled (FCCP-induced) respiration was signifi-

cantly inhibited in ATPIF1H49K|
T/H mice when compared to that in

control mice (Fig 1E), suggesting that the ATPIF1H49K effect was

specific to ATP synthase. However, the reduction in total O2

consumption (Fig 1E, left panel) indicated a lower mitochondrial

respiration in ATPIF1H49K|
T/H mice (referred to from now on as

LowOXPHOS mice).

We next sought to unveil the impact of limiting OXPHOS on the

Skm proteome by performing iTRAQ quantitative proteomics on

hindlimb muscles from wt and LowOXPHOS mice (Figs 1F–K, and

EV1 and EV2). Of the 1,250 proteins identified, 2.1% were signifi-

cantly downregulated and 7.7% were upregulated in LowOXPHOS

fibers compared to their expression in fibers from wt animals

(Fig 1F–H). Gene Set Enrichment (GSEA) bioinformatic analysis of

the results revealed that 14 metabolic pathways were perturbed

when OXPHOS was inhibited (Figs 1I and J, and EV1 and EV2). The

related enrichment scores (ES and NES) were particularly significant

for the redox system, lipid metabolism, BCAA catabolism, and FAD-

binding proteins (Fig 1J). Remarkably, the Skm iTRAQ LowOXPHOS/

wt ratio for most of the lipid oxidation and BCAA catabolism

enzymes was significantly upregulated (Figs 1K, and EV1 and EV2).

Skm-restrained OXPHOS alters lipid contents and metabolism

In line with the possible alterations in lipid metabolism, the

LowOXPHOS mouse body weight was higher than in wt mice (Figs 2A

and EV3A). Moreover, the hindlimb muscles of the transgenic mice,

particularly the soleus oxidative muscle, were significantly whiter

than the control (Fig 2B) due to a higher intramuscular infiltration of

adipocytes (Fig 2C and D). Accordingly, the iTRAQ ratio (Fig 2E) and

WB expression (Fig 2F) of Skm proteins related to lipid synthesis

were higher in LowOXPHOS mice compared to wt littermates. In partic-

ular, expression in muscle of the lipogenic enzymes ATP citrate lyase

(ACLY) and fatty acid synthase (FASN) was 130 and 210%, respec-

tively, upregulated in mice with restrained OXPHOS (Fig 2F), suggest-

ing altered de novo lipogenesis. Intriguingly, in LowOXPHOS mice

ACLY resulted highly acetylated, what has been related to the stabi-

lization and activation of the protein, promoting lipid biosynthesis

[(Lin et al, 2013), Fig 2G]. Consistently, we found that acetyl-CoA

accumulated in Skm of LowOXPHOS mice (Fig 2H). In Skm mitochon-

dria, acetyl-CoA is preferentially generated as the end product of

glucose metabolism, free fatty acid (FFA) b-oxidation, or BCAA cata-

bolism (Pietrocola et al, 2015; Fig 2I). In order to unveil the primary

source for acetyl-CoA accumulation in LowOXPHOS mice, we first

investigated glucose metabolism. As previously reported (Formentini

et al, 2012), the inhibition of mitochondrial ATP production (Fig 1E)

caused a rewiring of energy metabolism through an increased aerobic

glycolysis (Figs 2J and EV3B), with the aim to maintain Skm ATP

levels (Fig EV3C). However, despite a slight increase in glucose

uptake (Fig 2K), ATPIF1H49K expressing myocytes showed a reduced

total oxidation of 14C(u)-glucose to CO2 in comparison to controls

(Fig 2L). This could be due to the role of acetyl-CoA as a metabolic

sensor able to allosterically inactivate enzymes involved in its synthe-

sis, such as the pyruvate dehydrogenase complex (PDH) (Pietrocola

et al, 2015). Accordingly, we found that PDH was phosphorylated in

LowOXPHOS mice (Fig 2M), and pyruvate was rerouted to lactate

production (Fig 2N), thus ruling out glycolysis as the main source of

acetyl-CoA during OXPHOS inhibition.

The de novo lipid synthesis intermediate malonyl-CoA is

known to limit FFA degradation (Foster, 2012; Fig 2I). In line

with this and with a previous report in human myotubes (For-

mentini et al, 2017a), FFA b-oxidation resulted in a 35% inhibi-

tion in myocytes derived from LowOXPHOS compared to those in

wt mice (Fig 2O). This thus suggests that enhanced Skm BCAA

utilization or other minor pathway fluxes [such as reductive

glutaminolysis (Liu et al, 2016)] are responsible for the observed

acetyl-CoA accumulation.

As a result of increased lipid synthesis along with a decrease in

their catabolism, FFAs accumulated in muscle (Fig 2P). Because this

dysregulation was accompanied by an increase in Skm glycerol

levels (Fig EV3D), we thus reasoned that these events might

contribute to altered intramuscular neutral lipid storages.

Accordingly, optic (Fig 2Q and R) and electron microscopy (Fig 2S)

images showed the presence of lipid droplets (LD; Fig 2Q–S) inside
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the oxidative polygonal myofibers of the soleus (Fig 2R) from

LowOXPHOS but not wt mice.

To confirm the direct relationship between ATPIF1H49K and LD

formation, we overexpressed the human protein in mouse C2C12

myocytes (Fig 2T). The resulting inhibition of the ATP synthase

activity during starvation and palmitate supplementation triggered

the development of a higher number of BODIPY-positive LDs in

comparison to the control (Figs 2T and EV3E). Similar results were

obtained by the pharmacological inhibition of the ATP synthase

(5 lM oligomycin, Figs 2U and EV3F), indicating that this is a

general trait of inhibiting CV. Interestingly, we did not find changes

in the expression of proteins from mTOR or autophagy pathways in

LowOXPHOS mice (Fig EV3G and H), suggesting that these processes

are not involved. However, further studies would be required to

exclude their participation in the observed lipogenesis.

In order to verify if lipid synthesis and accumulation upon

OXPHOS inhibition may be related to augmented BCAA catabolism,

we performed the same experiment in BCAA-free media (containing

other AAs and palmitate as biosynthetic substrates). Upon this

condition, no differences in LD formation were observed in the pres-

ence or absence of the ATP synthase inhibitor (Fig 2T). In line with

this hypothesis, plasma levels of BCAA were augmented in

LowOXPHOS mice compared to wt (Fig 3A), and the uptake of 14C(u)-

leucine or 14C(u)-isoleucine increased in myocytes expressing

ATPIF1H49K (Fig 3B). Interestingly, no differences in the Skm BCAA

amounts were detected between the two genotypes (Fig 3C), suggest-

ing an increase in BCAA muscular catabolism in LowOXPHOS mice.

Consistently, in this situation, 14C(u)-BCAA oxidation to CO2 was

increased compared to control (Fig 3D). Moreover, when myocytes

were administrated with 14C(u)-leucine or 14C(u)-isoleucine and the

lipid fraction extracted, a higher concentration of C14-lipids was

observed upon OXPHOS inhibition (Fig 3E), what suggests a higher

BCCA catabolism and incorporation into lipids in LowOXPHOS mice.

Mitochondrial-driven rewiring of Skm lipid and BCAA metabolism
signals a hyperlipidemic phenotype

Despite the observed ATP synthase-dependent lipid dysregulation in

muscle, the transgenic mice did not present alterations in blood

glucose levels (Fig EV3I) or in tissue insulin or glucose sensitivity

(Fig EV3J). Therefore, we next investigated the possibility that feed-

ing animals a HFD may potentiate the phenotype in LowOXPHOS

mice. After 60 days of HFD, the structure of Skm myofibers was

altered, and intramuscular adipocyte storage became elevated in

both wt and ATPIF1H49K-expressing mice (Fig 3F). However,

animals with restrained OXPHOS displayed a much stronger pheno-

type, with reduced soleus mass, shrinkage of fibers (Fig 3F,

arrows), and greater adipocyte infiltration (Fig 3F, left panels)

compared to those of wt animals. Therefore, we next sought to

disclose the impact of muscle mass perturbations on the motor func-

tion of LowOXPHOS mice. No significant alterations in rotarod

(Fig 3G) and open field (Figs 3H and EV3K) tests were noticed

between wt and LowOXPHOS animals; however, upon ATP synthase

inhibition mice displayed reduced performances in the grip force

test (Fig 3I).

Concomitantly to these alterations in motor patterns, LowOXPHOS

mouse weight was higher than that in control mice (Fig EV4A).

Despite no significant changes in mouse food intake were observed

between wt and LowOXPHOS mice (Fig EV4B), lipidomic analysis

revealed that at day 60 of HFD, the Skm lipidomic profile was

deeply altered (Fig 3J) as a consequence of ATP synthase inhibition.

In particular, the Skm levels of ceramides and DAGs, lipid species

related to the onset of IR (Szendroedi et al, 2014; Turpin-Nolan

et al, 2019), were increased 130% in LowOXPHOS mice in comparison

to levels in wt mice (Fig 3K). Consistent with our hypothesis, the

observed OXPHOS-dependent alteration in Skm lipid profile led to

elevated blood triglycerides (Fig 3L), and Skm showed reduced

expression of GLUT1 and PPARb/d (Fig 3M). Moreover, and consis-

tent with previous data in human myocytes derived from obese and

T2D subjects (Formentini et al, 2017a), Skm TNFa levels were

270% upregulated and the pattern of myokines and cytokines

altered when ATP synthase was inhibited (Fig 3N), what may

contribute to inflammation associated with the IR setting (Ciaraldi

et al, 2016). All these metabolic alterations led to the transgenic

animals being prone to developing metabolic diseases (Fig 3O and

P). Indeed, wt mice developed T2D at day 80–90 of HFD (Fig 3O),

while the blood glucose levels (Fig 3O) and the insulin (ITT) and

glucose (GTT) tolerance tests (Fig 3P) in LowOXPHOS mice indicated

◀ Figure 1. A mouse model for the in vivo inhibition of Skm OXPHOS.

A PCR analysis of the human H49K variant of the ATPIF1 and rtTA constructs in wild-type (wt), ACTA1-rtTA (T), ATPIF1H49K-TRE (H) or double transgenic (T/H) mice.
B–D (B, D) WB expression of the human (h) or human + mouse (m + h) ATPIF1 protein in Skm (B, D), brain, liver, and WAT (D) extracts. hATPIF1 is only expressed in

Skm from ATPIF1H49K|
T/H mice. HSP60 and a-tubulin are shown as loading controls. n = 3 mice/genotype. (C) Immunofluorescent staining of wt and ATPIF1H49K|

T/H

hindlimb muscle slices with hATPIF1 and bF1 antibodies. Images are representative of 3 mice/genotype, 5 fields/mouse. hATPIF1 H49K is only expressed in T/H mice.
E Polarographic profiles of isolated mitochondria from wt (lower trace) and ATPIF1H49K|

T/H (upper trace) animals. Histograms show a reduction in state 3 respiration
consistent with the inhibition of ATP synthase in ATPIF1H49K|

T/H mice. Bars are the mean � SEM of n = 3 mice/genotype, 3 traces/mouse; OL, oligomycin; Ant A,
antimycin A.

F, G Quantitative proteomic analysis (iTRAQ) of hindlimb Skm from wt and LowOXPHOS mice. The pie charts (F) and volcano plot (G) present the upregulated
(log2[LowOXPHOS/wt] ≥ 1, red) or downregulated (log2[LowOXPHOS/wt] ≤ �1, blue) proteins. A (�)log P-value of > 4 was considered statistically significant.

H Cytoscape representation of the most upregulated proteins in Skm from LowOXPHOS mice.
I Cytoscape representation of GSEA analysis. Fourteen significantly altered pathways and their normalized enrichment score (NES) are shown. 1. Hallmarks of

adipogenesis; 2. Go_Mitocondrial signal; 3. Kegg_TCA Cycle 4; Pyruvate Metabolism Reactome; 5. Hallmarks of OXPHOS; 6. Go_ETC; 7. Go_NADPH metabolism; 8.
Kegg_Propionate metabolism; 9. Redox system; 10. Kegg_BCAA catabolism; 11. Go_Lipid metabolism; 12. Kegg_Lipid oxidation; 13. NEFA, Tg and ketone bodies; 14.
Go_FAD-binding proteins. See also Fig EV1.

J Enrichment score (ES) graphs from GSEA analysis.
K Skm iTRAQ ratio of proteins from BCAA catabolism. Higher intensities of red or blue colors represent higher or lower LowOXPHOS/wt expression ratios, respectively.

Data information: (F–K) Data are the mean � SEM of n = 12 animals/genotype measured in 2 different iTRAQ analysis *P < 0.05 when compared to wt by ANOVA and
Student’s t-test. See also Figs EV1 and EV2.
Source data are available online for this figure.
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that T2D already occurred at day 60–70. Altogether, these experi-

ments show that Skm OXPHOS activity plays a key role in the main-

tenance of whole-body glucose homeostasis.

In order to better understand the metabolic mechanisms lead-

ing to the observed phenotype, we looked for differentially regu-

lated metabolic enzymes in our proteomic datasets. Interestingly,

we found that whereas the BCAA catabolism proteins were signif-

icantly upregulated in muscle (Figs 1K, and EV1 and EV2), the

WAT iTRAQ LowOXPHOS/wt ratio showed the opposite trend for

these same enzymes (Fig 4A). The increased Skm and inhibited

WAT catabolism of BCAAs is a recently described marker of IR

(Neinast et al, 2019). Consistently, odd fatty acids, which are

substrates of the same pathway, are reduced in Skm and accumu-

lated in WAT from restrained OXPHOS mice (Fig 4B). To note

that Skm-specific impairment of OXPHOS also altered de novo

lipid synthesis (Fig 4C) in WAT and modified the expression of

protein from FA availability, lipid transport, and metabolism

(Fig 4D). This may cause the weight of v-WAT to be higher in

LowOXPHOS than in wt mice (Figs 4E and EV4C). These results

suggest possible whole-body metabolic alterations or a mitochon-

drial-dependent cross-talk between muscle and adipose tissue

(Pedersen & Febbraio, 2012) that deserve further investigation.

Quantitative lipidomic analysis (Fig 4F) confirmed a significant

upregulation of total TAGs (Figs 4G and EV4D) and DAGs

(Figs 4G and EV4E) and saturated DAGs (Fig EV4F) in v-WAT

from LowOXPHOS mice compared to that in wt mice.

The lipogenic switch alters the redox system and lipid-related
OXPHOS components

The observed increase in saturated lipids in WAT (Fig EV4F) and

Skm (Figs 4H and EV4G) from mice with restrained OXPHOS raised

the possibility that augmented ROS production in these mice may

mediate these effects (Ayala et al, 2014; Shadel & Horvath, 2015).

Inhibition of ATP synthase triggers the accumulation of ROS in

cancer (Formentini et al, 2012). Indeed, in our model, mitochon-

drial ROS were 40% higher in myocytes expressing ATPIF1H49K than

levels in the control (Fig 4I). Moreover, the production of 4-hydro-

xynonenal (4HN), a marker of ROS-dependent lipid peroxidation

(Ayala et al, 2014), was augmented in Skm from LowOXPHOS mice

compared to that in wt mice (Fig 4J). Consistent with the role of

NADPH as a cofactor involved in detoxification of lipid ROS (Stock-

well et al, 2017) and as a result of the ROS cascade, we observed a

general alteration in the Redox system (Figs 4J and EV1) and

NADP/NADPH ratio (Fig EV5A) in these animals.

In order to unveil the mitochondrial site(s) of origin for ROS

production, we studied the direct effect of ATPIF1H49K on the

OXPHOS proteins and related systems. Consistent with the O2

consumption data (Fig 1E), no changes were observed in the Skm

expression of different subunits from the respiratory CI, CIII, CIV,

and CV between LowOXPHOS and wt genotypes (Fig 4K). However,

SDHA and SDHB, belonging to CII, and subunits from the electron

transfer flavoprotein ETF were significantly overexpressed upon

◀ Figure 2. Perturbations in Skm OXPHOS alter lipid metabolism and storage.

Data for wild-type (wt, black bars and traces) and LowOXPHOS (orange bars and traces) mice are shown.

A Representative images of mice and body weight graph following the expression of mitochondrial ATPIF1H49K (days of doxycycline) (wt, n = 12; LowOXPHOS, n = 12).
B Representative images of hindlimb muscles. Arrows point to the soleus.
C, D Transversal slices of red fibers from soleus stained with hematoxylin/eosin (C). Higher im-WAT infiltrations in LowOXPHOS mice are shown. Quantifications in (D)

(wt, n = 6; LowOXPHOS, n = 6; 10 fields/mouse).
E, F iTRAQ ratio (E) and representative WB expression (F) of Skm proteins from de novo lipid synthesis. The expression of ATP citrate lyase (ACLY), acetyl-CoA carboxylase

(ACAC), fatty acid synthase (FASN) and their phosphorylation (p) are shown. Two samples per condition; each sample contains protein extracts from 3 mice. GAPDH
is shown as a loading control. Quantifications in lateral histograms (wt, n = 6; LowOXPHOS, n = 6). In (E), a higher intensity of red color represents a higher
LowOXPHOS/wt expression ratio.

G Immunocapture (IP) of Skm acetylated proteins blotted with anti-ACLY antibody.
H Skm acetyl-CoA amounts (wt, n = 8; LowOXPHOS, n = 8).
I Schematic representation of de novo FFA synthesis and the increase in LD. Elevated acetyl-CoA levels may be derived from dysregulation of the FFA b-oxidation,

glycolysis, or BCAA metabolism.
J Myocyte rates of aerobic glycolysis to lactate production. Bars are the mean � SEM of n = 3 experiments, 9 replicas/condition.
K, L 14C(u)-glucose uptake (K) and oxidation to CO2 (L) in myocytes expressing or not the ATP synthase inhibitor ATPIF1H49K. Bars are the mean � SEM of n = 3

experiments, 6 replicas/condition.
M Representative WB expression of Skm PDH and its phosphorylation. Two samples per condition; each sample contains extracts from 3 mice. Quantification in

histograms (wt, n = 6; LowOXPHOS, n = 6).
N Skm levels of lactate (wt, n = 6; LowOXPHOS, n = 6).
O FFA b-oxidation in primary cultures of myocytes derived from wt or LowOXPHOS mouse hindlimbs. Bars are the mean � SEM of n = 3 experiments, 9

replicas/condition.
P FFA amounts in Skm extracts (wt, n = 8; LowOXPHOS, n = 8).
Q, R Transversal slices of soleus stained with hematoxylin/eosin (Q). Arrows indicate LDs in LowOXPHOS mice. Oil Red O staining and enzymatic activity of respiratory CI

in transverse contiguous slices (R). Images are representative of n = 4 mice/genotype, 10 images/mouse. Note the colocalization of oxidative fibers with LDs (R).
S Electron microscopy of transversal slices of the soleus. Intrafiber LDs surrounded by mitochondria in LowOXPHOS mice are shown. Histogram shows the

quantifications of n = 4 animals/genotype, 10 images/animal.
T LD formation upon ATP synthase inhibition (ATPIF1H49K) in starved myocytes after 24 h of palmitate supplementation in the presence or absence of BCAA. Blue:

DAPI, nuclei; green: BODIPY-positive LDs. Histograms show the quantification expressed as the number of LDs/nuclei. Bars are the mean � SEM of n = 3
experiments, 12 fields/condition. See Fig EV3E.

U LD formation upon ATP synthase inhibition (5 lM oligomycin) in myocytes after 24 h of palmitate supplementation. Histograms show the quantification expressed
as fold of control of the BODIPY/DAPI fluorescence intensity. Seven fields/condition. See Fig EV3F.

Data information: Bars are the mean � SEM of the indicated (n) mice/genotype *P < 0.05 when compared to wt by ANOVA and Student’s t-test. See also Fig EV3.
Source data are available online for this figure.
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ATP synthase inhibition (Figs 4K, and EV5B and C). CII and the ETF

complex transfer electrons (e�) from FADH2 to the ETC. Despite this

upregulation of CII and ETF proteins (Figs 4K, and EV5B and C), we

found an increase in the FAD system protein expression (Fig 4L)

and (FADH + FADH2)/FAD ratio (Fig 4M) in Skm from LowOXPHOS

mice, suggesting an inefficient oxidation of FADH2 in our system.

This could be partially explained by a limited mitochondrial respira-

tion upon ATP synthase inhibition, as well as by the accelerated

catabolism of BCAAs (Neinast et al, 2019) in Skm (Figs 1K and 3D,

and EV2) and the upregulation of proteins involved in the reduction

of FAD to FADH2 (Fig 4L).

Hindering the ATP synthase activity causes further OXPHOS
dysfunction and burst in ROS

FADH2 accumulation (Fig 4M) may also be a consequence of ETC

dysfunction that leads to ROS production (Shadel & Horvath, 2015).

To test this possibility, we first assessed CI enzymatic activity in

Skm isolated mitochondria. This analysis revealed no significant

changes between the two genotypes (Fig EV5D), consistent with the

absence of changes in the ETC activity of coupled Skm mitochondria

when electrons entered through CI (Fig 1E). We next assayed the

activity of CII, the entry point of FADH2 electrons into the ETC.

Surprisingly, despite a 2-fold higher expression of CII catalytic subu-

nits (Figs 4K, and EV5B and C) in LowOXPHOS mice, no differences

in CII activity were detected between wt and transgenic mice fed

with chow or HFD (Fig 5A). These results suggest that CII is not

functioning properly in the muscle of LowOXPHOS mice. This is

supported by the impaired maximum mitochondrial respiration

observed when using CII-specific respiratory substrates, such as

succinate or carnitine-palmitate (Fig 5B).

We next sought to understand the mechanisms underlying the

inhibition of CII. The activity of several subunits of ETC complexes

is regulated by post-translational modifications (Acin-Perez et al,

2011, 2014; Garcia-Bermudez et al, 2018). No changes in the

isoelectric point (pI) of the SDHB subunit of CII were detected

between the two genotypes (Fig 5C). However, the acidic shift in

the pI of the catalytic subunit SDHA in LowOXPHOS mice compared

to that in wt mice (Fig 5D) indicated an altered post-translational

modification of the protein that may regulate CII activity (Finley

et al, 2011). In particular, Skm from wt animals presented 5 pools

of SDHA that differed in the pI (6.5, 6.7, 6.8, 6.9 and 7.1), while

only the 2 more acidic pools (pI 6.5 and 6.7) were present in

LowOXPHOS mice (Fig 5D). Interestingly, when only the Skm acetyl-

K proteins were run into the gel, SDHA was only present in the two

more acidic pools (pI 6.5 and 6.7; Fig 5E), suggesting that the basic

pools (pI 6.8, 6.9, and 7.1) correspond to deacetylated forms of the

protein. Immunoprecipitation of SDHA (revealed with anti-acetyl-K

antibody) or acetyl-K proteins (revealed with anti-SDHA antibody)

in Skm isolated mitochondria from wt and LowOXPHOS mice con-

firmed that the protein was more acetylated upon ATP synthase

in vivo inhibition (Fig 5F). According to previous studies (Finley

et al, 2011) and acetylation data from databases [PhosphositePlus�,

V6.5.8; (Hornbeck et al, 2015)], at least six acetylation sites on

murine SDHA are directly related to CII activity, corresponding to

K179 and K182 from the FAD-binding domain and K485, K498,

K598, and K608 from the succinate dehydrogenase flavoprotein

domain (Fig 5G and H).

CII is also a known site of ROS production (Yankovskaya et al,

2003). In order to demonstrate whether the dysregulation in CII

activity is causal for the observed increase in ROS in LowOXPHOS

mice, we treated ATPIF1H49K expressing myocytes with specific ETC

inhibitors (Fig 5I). As expected, both rotenone and antimycin A,

inhibiting CI and CIII respectively, increased ROS production

(Fig 5I). However, the treatment of the ATPIF1H49K cultures with

malonate, a known inhibitor of CII, reverted ROS amounts to the

levels of wt (Fig 5I), indicating a direct participation of CII in the

generation of ROS upon ATP synthase inhibition (Fig 5I). Malonate

is known to inhibit CII at flavin site (Quinlan et al, 2012). To under-

stand if ROS from CII arose only from the flavin site, we repeated

the experiment with carboxin, that inhibits CII at the ubiquinone-

binding site (Quinlan et al, 2012). Interestingly, only malonate but

◀ Figure 3. OXPHOS-mediated alterations in lipid and amino acid metabolism contribute to IR.

Data on wild-type (wt, black bars and traces) and LowOXPHOS (orange bars and traces) mice are shown.

A–E (A, C) Plasma (A) and Skm (C) BCAA levels in wt and LowOXPHOS mice (wt, n = 4; LowOXPHOS, n = 4). (B, D, E). Scheme of the BCAA catabolism pathway (B, left panel)
and 14C(u)-leucine and 14C(u)-isoleucine uptake (B, right panels), oxidation (D) and incorporation into lipids (E) in myocytes expressing or not ATPIF1H49K. Bars are
the mean � SEM of n = 3 experiments, 6 replicas/condition.

F Longitudinal (left panels) and transversal (right panels) slices of soleus stained with hematoxylin/eosin. im-WAT infiltrations and fiber shrinkage (arrows) in HFD-
fed LowOXPHOS mice (wt + HFD, n = 4; LowOXPHOS + HFD, n = 4; 10 fields/mouse).

G–I Motor function tests. Rotarod (G; wt, n = 7; LowOXPHOS, n = 6), open field (H; wt, n = 4; LowOXPHOS, n = 4) and grip force (after fatigue, I; wt, n = 7; LowOXPHOS,
n = 6) tests. In (H), lines represent the movement of the mice in the cage. The histogram represents the relative time that wt and LowOXPHOS mice expended in the
corners.

J, K Quantitative Skm lipidomics at day 80 of HFD (J). The color scale (brown to blue) in the heat map represents LowOXPHOS/wt amounts of detailed lipid species. A P-
value ≤ 0.05 was considered statistically significant (red). In the lower heat map (K), the color scale (yellow to blue) highlights an increase in DAG in HFD-fed
LowOXPHOS mice. Each sample is a pool from 4 mouse extracts. Histograms show the total amounts of Skm DAG (wt, n = 8; LowOXPHOS, n = 8).

L Blood triglycerides on the 80th day of HFD (wt + HFD, n = 10; LowOXPHOS + HFD, n = 10).
M Skm relative expression of the GLUT1, GLUT3, PPARb/d and PGC1a by qPCR (wt, n = 5; LowOXPHOS, n = 5).
N qPCR relative expression of myokines (wt, n = 5; LowOXPHOS, n = 5). Red or blue color represents higher or lower % expression, respectively, compared to that in wt.

SPARC, osteonectin; OSTN, musclin; LIF, interleukin 6 family cytokine; FKN, fractalkine; FSTL1, follistatin-like protein 1; FNDC5, irisin; ADIPOQ, adiponectin.
O Blood glucose following the administration of HFD (wt + HFD, n = 10; LowOXPHOS + HFD, n = 10). T2D onset occurred on day 80 in wt and day 60 in LowOXPHOS

mice.
P Insulin (ITT) and glucose (GTT) tolerance tests on day 60 of HFD (wt + HFD, n = 10; LowOXPHOS + HFD, n = 10). LowOXPHOS but not wt mice appeared diabetic.

Data information: Bars are the mean � SEM of the indicated (n) mice/genotype *P < 0.05 when compared to wt by ANOVA or Student’s t-test. See also Figs EV3 and
EV4, and Table EV3.
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not carboxin prevented the ATPIF1-dependent ROS production

(Fig 5J), suggesting a specific role for SDHA in this event.

Building upon the observation that high levels of ROS may

impair the stability and activity of ETC complexes (Acin-Perez et al,

2008; Cogliati et al, 2013), we next tested the effect of ATPIF1H49K
on ETC complex superassembly (Fig 5K). Blue-native (BN) gels and

relative clear-native (CN) in-gel activities were performed on IMM

solubilized proteins from wt or LowOXPHOS hindlimb muscles

(Fig 5K). No significant alterations in functionality and supramolec-

ular organization of CII, CIII, and CIV of the ETC were observed

(Fig 5K), whereas consistent with previous reports (Santacatterina

et al, 2016), the presence of ATPIF1H49K increased the oligomeriza-

tion of CV (Fig 5K). Remarkably, in LowOXPHOS mice, a subassembly

of CI with no activity was observed (Fig 5K), suggesting an early

phase of ROS-mediated CI degradation (Guaras et al, 2016).

Edaravone increases mitochondrial function and FA b-oxidation

In order to identify an activator of mitochondrial function that may

restore Skm homeostasis, we tested the effect of 702 FDA-approved

drugs on O2 consumption in C2C12 myocytes using palmitate as a

substrate (Fig 6A). This approach identified 41 compounds with a

potential mitochondrial enhancer function, as defined by an

increased maximum respiration (Fig 6A and B).

Next, we analyzed the effect of the identified hits on 9,103H(N)-

palmitic acid oxidation in myocytes (Fig 6C), a readout of mitochon-

drial FFA b-oxidation. This analysis uncovered edaravone, a lipophilic

antioxidant drug currently used to recover from stroke in Japan and to

treat ALS in the US (Rothstein, 2017), as a potent activator of b-oxida-
tion (Fig 6D). Edaravone treatment exhibited the capacity to increase

basal, oligomycin-sensitive, and maximum mitochondrial respiration

(Fig 6E). Moreover, edaravone partially restored palmitate b-oxida-
tion flux inhibited by ATPIF1H49K4 in C2C12 (Fig 6F) and in primary

myocytes from LowOXPHOS mice (Fig 6G).

In vivo edaravone treatment restores ROS imbalance and
lipid metabolism

In order to understand whether the previously reported antioxidant

property of edaravone (Rothstein, 2017) is mitochondria-mediated,

we assayed its capacity of quenching mitochondrial ROS in

myocytes. Confirming the hypothesis, 3-h treatment with edaravone

or mitochondrial-specific antioxidant MitoQ but not N-acetyl-

cysteine (NAC) significantly reduced mitochondrial ROS production

(Fig 7A). To increase mitochondrial activity and reduce ROS in Skm

in vivo, we administered 3 mg/kg edaravone to wt and LowOXPHOS

littermates (Fig 7B–L). Consistent with its in vitro effect, a 1-month

edaravone administration reversed the ATPIF1H49K-dependent alter-

ations in the redox system (Fig 7B).

We next tested the effect of reverting the mitochondrial imbal-

ance observed in LowOXPHOS mice on hyperlipidemia and insulin

resistance. Indeed, mitochondrial ROS are known modulators of

lipogenesis through the Akt-PGC1a axis (Martinez-Reyes & Cuezva,

2014). Accordingly, edaravone and MitoQ but not NAC significantly

increased the myocyte expression of PGC1a and reduced the TNFa
production (Fig 7C). Consistently and in line with the observed

edaravone-mediated increase in lipid catabolism in vitro (Fig 6F and

G), the levels of the rate-limiting lipid synthesis enzymes ACLY and

FASN were downregulated in both wt and LowOXPHOS mice adminis-

tered edaravone (Fig 7D). Remarkably, in LowOXPHOS animals, a 1-

month edaravone treatment restored the levels and activity of mito-

chondrial OXPHOS complexes. Thus, ETFA, ETFB, and SDHA

protein expression was reduced to wt levels (Fig 7E). Similarly,

edaravone restored the physiological level of acetylation of SDHA

(CII) (Fig 7F) and abolished the ROS-mediated degradation of CI

(Fig 7G) observed in LowOXPHOS mice (Fig 5K). As a consequence of

these events, when mice were fed a HFD and simultaneously treated

with edaravone, no differences were observed in body weight

(Fig 7H), Skm whitening (Fig EV5E), or in v-WAT (Fig 7I) between

◀ Figure 4. The lipogenic switch alters the redox system and lipid-related OXPHOS components.

Data on wild-type (wt, black bars) and LowOXPHOS (orange bars) mice are shown.

A v-WAT iTRAQ ratio of proteins from BCAA catabolism (wt, n = 4; LowOXPHOS, n = 4). Higher intensities of blue colors represent lower LowOXPHOS/wt expression
ratios.

B Odd chain FAs in Skm and WAT from wt (n = 8) or LowOXPHOS (n = 8) mice.
C, D Representative WB expression (C) and iTRAQ analysis (D) of v-WAT proteins from lipid metabolism. Each sample contains extracts from 3 mice. The histogram

shows the quantifications (wt, n = 6; LowOXPHOS, n = 6).
E v-WAT weight expressed as a percentage of the wt (wt, n = 12; LowOXPHOS, n = 12).
F Quantitative lipidomics in v-WAT. The color scale (brown to blue) in the heat map represents LowOXPHOS/wt amounts of specific lipid species. A P-value ≤ 0.05 was

considered statistically significant (red). Each sample is a pool from 4 mouse extracts, n = 8/genotype.
G v-WAT amounts of triacylglycerides (TAGs) and diacylglycerides (DAGs) (wt, n = 8; LowOXPHOS, n = 8).
H Higher saturated lipid species in LowOXPHOS mice compared to wt (wt, n = 8; LowOXPHOS, n = 8).
I MitoSox staining in myocytes expressing or not ATPIF1H49K. The right histogram shows the quantification of mitochondrial ROS. Bars are the mean � SEM of n = 3

experiments, 12 replicas/condition.
J Representative WB of Skm lipid peroxidation and redox system proteins. Two samples per condition are shown. Each sample contains extracts from 3 mice.

Histograms represent quantification (wt, n = 6; LowOXPHOS, n = 6). 4-Hydroxynonenal (4HN), peroxiredoxin 2, 3 and 6 (PRX), superoxide dismutase 1 and 2 (SOD),
catalase (CATA) and glutathione reductase (GSR) immunoblots are shown. bF1 is presented as a loading control.

K Representative WB of Skm OXPHOS and related system proteins. Two samples per condition are shown. Each sample contains extracts from 3 mice. Histograms
represent quantification (wt, n = 6; LowOXPHOS, n = 6). NDUFA9 (CI), SDHA and B (CII), ETF subunits A and B, ETFDH, CoreII (CIII), subunit 1 (CIV), bF1(CV) and
hATPIF1 immunoblots are shown. Tubulin is presented as a loading control. See also Fig EV5.

L Skm iTRAQ ratio of FADH2-binding proteins (wt, n = 12; LowOXPHOS, n = 12). A higher intensity of red color represents a higher LowOXPHOS/wt expression ratio.
M Oxidized FAD levels and the reduced/oxidized FAD ratio in Skm extracts (wt, n = 8; LowOXPHOS n = 8).

Data information: Bars are the mean � SEM of the indicated (n) mice/genotype. *P < 0.05 when compared to wt by Student’s t-test. See also Figs EV4 and EV5, and
Table EV3.
Source data are available online for this figure.
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LowOXPHOS and wt mice. Moreover, in LowOXPHOS mice a slight

reduction in plasma BCAA levels (Fig EV5F) and 14C(u)-BCCA

uptake (Fig EV5G) was observed compared to no-treated animals.

Despite edaravone did not significantly affect food intake

(Fig EV5H), at day 60 of HFD, when nontreated LowOXPHOS mice

were already prediabetic, edaravone-treated LowOXPHOS mice

showed similar insulin and glucose sensitivity to control mice

(Fig 7J). To note that edaravone delayed the onset of T2D in both

genotypes: Interestingly, at day 80 of HFD, when both nontreated

wt and LowOXPHOS mice were insulin-resistant (Fig 7K), GTT values

indicated that edaravone-treated animals were still insulin-sensitive

(Fig 7K) and developed T2D only at day 90–100 of HFD (Fig 7K and

L). Altogether, these in vivo studies identify edaravone as a drug

with therapeutic potential for the treatment of mitochondrial-

derived metabolic disorders.

Discussion

Increasing evidence has associated muscle mitochondrial dysfunc-

tion with metabolic syndrome, but whether the former is a cause or

a consequence of the latter remains controversial. To answer this

question, we generated the first mouse model of the interference of

mitochondrial activity in Skm by the expression of the human active

inhibitor of ATP synthase (Formentini et al, 2014; Boreikaite et al,

2019) in ACTA1-positive myocytes. These animals presented higher

fat deposits in both Skm and WAT, indicating perturbations in

whole-body lipid metabolism. In oxidative Skm, reciprocal cross-

talk between glucose and FA metabolism determines fuel selection

through the Randle cycle (Samuel & Shulman, 2016). Altered nutri-

ent utilization and metabolic rewiring upon defective mitochondrial

activity has been proposed with different pathway fluxes involved

(Gaude & Frezza, 2014; Liu et al, 2016; Gaude et al, 2018). Consis-

tent with this, in our model, impairment of OXPHOS triggers the

shift to a lipogenic phenotype of a highly oxidative nonlipogenic

tissue such as muscle (Fig 8). Indeed, upon ATP synthase inhibi-

tion, lipogenic enzymes are overexpressed and activated, and

acetyl-CoA accumulates in myofibers to fuel the rate of de novo lipid

synthesis. In physiological and normoxic conditions, glycolysis and

FFA b-oxidation represent the major sources of cellular acetyl-CoA

(Pietrocola et al, 2015). However, the contribution of these two

pathways to promoting lipogenesis in our model is unlikely due to

the phosphorylation-mediated inactivation of PDH that reroute the

glycolytic rate to lactate production (Patel et al, 2014) along with

the observed inhibition of FFA b-oxidation in LowOXPHOS mice. In

this regard, we suggest that a reduction in the FFA entrance into the

mitochondria (Foster, 2012; Formentini et al, 2017a) along with the

acetyl-CoA-mediated acetylation and inactivation of proteins

involved in b-oxidation (Pietrocola et al, 2015) may play a part in

the mechanism underlying the reduction in lipid catabolism upon

ATP synthase inhibition.

We are also tempted to exclude that the generated lactate was

transformed into glycerol-3-phosphate and utilized for lipid synthe-

sis. Despite PCK1, the master regulator of glyceroneogenesis

(Hanson & Hakimi, 2008), is highly overexpressed in Skm of

LowOXPHOS mice (Fig EV1), glyceroneogenesis is a minor pathway

in muscle, and the carbon14 atoms derived from labeled glucose

accumulate in lipids in a similar manner in control and ATPIF1H49K
expressing myocytes.

An alternative route for acetyl-CoA production is through utiliza-

tion of BCAAs (White & Newgard, 2019). This pathway shares with

b-oxidation many enzymes that are highly upregulated in our

proteomic dataset in LowOXPHOS mice. Interestingly, the ATP

synthase-mediated LD formation in myocytes is prevented by

removing BCAAs from culture media, what might suggest that upon

OXPHOS inhibition, BCAA oxidation participates in acetyl-coA

synthesis and increased lipogenesis. Supporting this hypothesis,

carbon14 leucine and isoleucine are highly oxidized to CO2 and

accumulated faster in myocyte lipid fraction when the ATP synthase

is inhibited. Consistently, it has been proposed that upon metabolic

stress, BCAA catabolism fuels lipogenesis (Green et al, 2016;

Wallace et al, 2018) and competes for lipid oxidation, causing the

accumulation of toxic lipid intermediates (White et al, 2016).

Insulin-resistant mice have been described to shift BCAA metabo-

lism from WAT and liver toward muscle, increasing the Skm rate of

BCAA oxidation (Neinast et al, 2019), what is observed in our

◀ Figure 5. Hindering the ATP synthase activity feeds back to OXPHOS dysfunction by inhibiting CII and generating a SDHA-dependent burst in ROS.

A Enzymatic activity of respiratory complex CII in Skm isolated mitochondria from wt and LowOXPHOS mice fed with chow or HFD (wt, n = 4; LowOXPHOS, n = 4;
wt + HFD, n = 4; LowOXPHOS + HFD, n = 4).

B Polarographic profiles of isolated mitochondria from wt (lower trace) and LowOXPHOS (upper trace) animals using succinate (left graph) or palmitoyl-carnitine (right
graph) as a substrate. Quantification of maximal respiration in the right histogram. Bars are the mean � SEM of n = 3 mice/genotype, 3 traces/mouse; OL,
oligomycin; Ant A, antimycin A.

C–E 2D-PAGE of Skm extracts (C, D) and acetylated proteins (E) from wt (n = 4) and LowOXPHOS (n = 3) mice. The isoelectric point (pI) of the CII subunits SDHB (C) and
SDHA (D) was calculated by protein migration in pH 3–10 NL strips.

F Immunocapture (IP) of SDHA blotted with anti-acetyl-K antibody (upper panel) and of acetylated proteins blotted with anti-SDHA antibody (middle panel) in Skm
isolated mitochondria from wt (n = 3) and LowOXPHOS (n = 3) mice.

G, H PyMOL cartoon representations of acetylated lysines in SDHA related to CII activity. Six acetylated-K are shown.
I MitoSox staining in myocytes expressing or not ATPIF1H49K. The left scheme illustrates where each ETC inhibitor works. The right histogram shows the

quantification of mitochondrial ROS. Bars are the mean � SEM of n = 3 experiments, 12 replicas/condition.
J MitoSox staining in myocytes expressing or not ATPIF1H49K. The left scheme illustrates where each CII inhibitor works. The right histogram shows the

quantification of mitochondrial ROS. Bars are the mean � SEM of n = 3 experiments, 12 replicas/condition.
K Representative blue-native immunoblots (BN) and clear-native in-gel activity (CN) of Skm mitochondrial membrane proteins from wt (n = 3) and LowOXPHOS

(n = 3) 2-month-old mice. The migration of the respiratory complexes/supercomplexes CIV is indicated. Subassembly of CI (with no activity, suggesting
degradation) was observed in LowOXPHOS mice. VDAC is shown as a loading control.

Data information: *,#P < 0.05 when compared to wt or LowOXPHOS, respectively, by ANOVA and Student’s t-test. See also Fig EV5.
Source data are available online for this figure.
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model. This also results in faster lipid transport across the

membranes favoring higher FFA blood levels and lipotoxicity (Jang

et al, 2016). Accordingly, acyl-glyceride species accumulated in the

myofibers and blood of LowOXPHOS mice, which caused these

animals to develop T2D faster than control animals. Indeed, the

application of metabolomics technologies has revealed that BCAA

fluxes and related metabolites are more strongly associated with

homeostatic model assessment of insulin resistance (HOMA-IR)

than many common lipid species (Newgard, 2012). Remarkably,

metformin, the first-line medication for the treatment of T2D and

known OXPHOS modulator, has been shown to significantly dimin-

ish BCAA oxidation (Liu et al, 2016).

We cannot exclude the contribution of another minor pathway to

the observed lipogenesis because acetyl-CoA could be partially

derived from the rewiring of glutamine metabolism through reduc-

tive carboxylation (Mullen et al, 2011). This is a form of rewired

TCA cycle that in Skm may occur under specific metabolic stresses,

such as hypoxia (Metallo et al, 2011) or mtDNA mutations (Chen

et al, 2018; Gaude et al, 2018), and produces acetyl-coA from gluta-

mine, prompting the anaplerotic reactions that increase metabolite

levels for lipid synthesis. Interestingly, iTRAQ analysis revealed an

upregulation of the key regulators of reductive carboxylation IDH

(Metallo et al, 2011) and MDH (Gaude et al, 2018) in Skm from

LowOXPHOS compared to levels in wt mice.

Although the implication of BCAA metabolism and reductive

carboxylation in the setting of IR is still object of debate, the connec-

tion between the ectopic accumulation of lipids and impaired

glycemic control has been widely documented (Despres & Lemieux,

2006). Both ceramide and DAG accumulation have been reported in

Skm and liver from T2D subjects (Szendroedi et al, 2014), as well

as a direct connection between lipotoxicity and IR (Jornayvaz &

Shulman, 2012; Turpin-Nolan et al, 2019). Specifically, DAG species

containing C16:0, C18:0, C18:1, C18:2, or C20:4 FA showed the

strongest relationship with IR in obese and T2D individuals

(Szendroedi et al, 2014). Interestingly, changes in these species

have been detected in our model (Figs 3K, and EV4D and E).

However, a muscle-specific phosphoethanolamine cytidylyltrans-

ferase knockout mouse, displaying a 200% increase in Skm accumu-

lation of DAGs but normal mitochondrial b-oxidation activity, failed

to display impaired insulin sensitivity and presented unexpectedly

enhanced exercise performance (Selathurai et al, 2015). This could

be related to the capacity of b-oxidation to remove fat from muscles,

circumventing ectopic lipid accumulation, and resulting in increased

energy production. Accordingly, we suggest that neither

mitochondrial dysfunction nor perturbations in lipid species per se

are determinants for the pathological setting, pointing to the neces-

sary combination of the two events for IR. Supporting this hypothe-

sis, a modification of the hepatic sphingolipid pattern that finally

results in the impairment in mitochondrial homeostasis has been

recently demonstrated to reduce insulin sensitivity (Hammerschmidt

et al, 2019). Interestingly, similar results are observed in our

complementary model, where mitochondrial activity inhibition trig-

gers an alteration in the abundance of several lipid species, includ-

ing ceramides, DAGs, and TAGs.

TAG synthesis in particular has been recently linked to mito-

chondrial activity (Benador et al, 2018). The cross-talk between

lipid storage and mitochondria in fat-oxidizing tissues such as

brown adipose tissue (BAT) has been described to facilitate acyl-

glyceride production and lipid vesicle expansion (Benador et al,

2018, 2019). In line with this, we report that Skm intrafiber forma-

tion of LDs occurred in an ATP synthase-dependent manner, which

may explain the observed burst in lipid production and storage upon

OXPHOS inhibition. Accordingly, liver-specific ablation of MFN-2,

which triggers defective mitochondrial fusion, modified PS transfer

and phospholipid synthesis, and leads to the development of NASH-

like hyperlipidemia (Hernandez-Alvarez et al, 2019). Therefore,

herein we support the idea that mitochondrial OXPHOS is crucial in

maintaining lipid and glucose homeostasis.

Mechanistically, we propose that the ATP synthase-dependent

dysregulation of Skm lipids further promotes a dysfunctional ETC

that results in boosting ROS production. Upon the increase in lipoge-

nesis, the switch from NADH to FADH2 leads to a greater proportion

of electrons being transferred to CII or other FAD-dependent dehy-

drogenases rather than to CI. When FADH2 is used as a substrate for

mitochondrial respiration, O2 consumption increases to maintain

membrane potential (Hinkle, 2005) and favors the so-called

reversed electron transfer (Scialo et al, 2016). Under these condi-

tions, superoxide production is enhanced (Robb et al, 2018), which

contributes to CI degradation (Guaras et al, 2016). In our model, the

acetylation-mediated partial inhibition (Finley et al, 2011) of the

respiratory CII catalytic subunit SDHA, along with the overexpres-

sion of FADH2-producing enzymes, triggers the accumulation of

FADH2 in myocytes.

Inhibiting the activity of ATP synthase is known to stimulate the

production of ROS (Balaban et al, 2005; Martinez-Reyes & Cuezva,

2014). This mild ROS signal is not detrimental in terms of cell death

and rather seems to participate in an ATP synthase-mediated signal

transduction to the nucleus (Formentini et al, 2012). However, no

◀ Figure 6. Edaravone as a mitochondrial metabolism enhancer.

A, B The schematic illustrates the screening process of 702 drugs related to the mitochondrial respiratory capacity assessed by Seahorse XFe96 in C2C12 myocytes.
Palmitate is used as a substrate. A total of 41 hits were identified. Maximum respiration (Max R, % of untreated cells) of compounds categorized by their
therapeutic use (B).

C, D The schematic illustrates the screening process of the 41 hits on FFA b-oxidation using 9,103H(N) palmitic acid as a substrate in C2C12 myocytes. Ten enhancers
were identified. (D) Correlation between the maximum respiration (x) and palmitate b-oxidation (y). Colors identify classes of pharmaceuticals as in (B). Edaravone
was selected as a hit.

E Representative respiratory profile of C2C12 myocytes treated (green trace) or not treated (black trace) with 2 lM edaravone. The CPT1 inhibitor etomoxir was used
as a negative control. OCR, oxygen consumption rate; OL, oligomycin; DNP, 2,4-dinitrophenol; Rot, rotenone; Ant A, antimycin A. Quantification in right histogram.
Bars are the mean � SEM of 12 replicas/condition.

F, G FFA b-oxidation in C2C12 myocytes transfected with CRL or ATPIF1H49K plasmids (F) and in primary myotubes from wt and LowOXPHOS mice (G), treated (green bars)
or not with 2 lM edaravone. Bars are the mean � SEM of n = 3 experiments, 9 replicas/condition.

Data information: (E–G) *P < 0.05 when compared to wt by ANOVA and Student’s t-test.
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sites for ROS production have been described inside the ATP

synthase structure (Zhao et al, 2019). We herein demonstrated that

the acetylation and inhibition of SDHA is causal in the ATP

synthase-mediated boost in ROS, which finally triggers a metabolic

response in mice that affects IR. In order to support this, we provide

evidence that edaravone supplementation, which induced a ROS-

mediated repression of lipogenesis, reestablished lipid homeostasis

and insulin sensitivity (Fig 8). Although the antioxidant property of

edaravone is known (Rothstein, 2017), the exact mechanism of

action for this drug is unknown. Herein, we unveiled its effect on

◀ Figure 7. In vivo edaravone treatment rewires the ROS-driven lipogenic switch and prevents IR.

Data on wild-type (wt, black bars and traces) and LowOXPHOS (orange bars and traces) mice treated or not with 3 mg/kg edaravone are shown.

A Mitochondrial ROS after 3 h treatment with 2 lM edaravone (green bars), 10 nM MitoQ (purple bars) or 1 mM NAC (blue bars). Bars are the mean � SEM of n = 3
experiments, 9 replicas/condition.

B Representative WB expression of Skm ROS system proteins in mice administered (30 days) edaravone. Two samples per condition are shown. Each sample contains
extracts from 3 mice (wt + edaravone, n = 6; LowOXPHOS + edaravone n = 6). Peroxiredoxin 2 and 3 (PRX), catalase (CATA) and glutathione reductase (GSR)
immunoblots are shown. GAPDH is presented as a loading control.

C qPCR relative expression of TNFa and PGC1a in myocytes treated for 24 h with 2 lM edaravone (green bars), 10 nM MitoQ (purple bars) or 1 mM NAC (blue bars).
Six replicas/condition.

D, E Representative WB expression of Skm de novo lipid synthesis (D) and OXPHOS (E) proteins. One month of edaravone treatment downregulated FASN and ACLY in
both wt and LowOXPHOS mice (D) and rewired the upregulation of ETF-A, ETF-B and SDHA proteins to the levels of wt (E). Two samples per condition are shown.
Each sample contains extracts from 3 mice. Tubulin or bF1 is presented as a loading control. Quantifications in lateral histograms (wt, n = 6; LowOXPHOS, n = 6;
wt + edaravone, n = 6; LowOXPHOS + edaravone, n = 6).

F 2D-PAGE of Skm extracts from wt (n = 3) and LowOXPHOS (n = 3) mice treated with edaravone. The pI of SDHA, calculated by protein migration in pH 3-10 NL strips,
was the same for both genotypes.

G Representative blue-native immunoblots (BN) of Skm mitochondrial membrane proteins from 2-month-old mice treated with edaravone for 30 days
(wt + edaravone, n = 3; LowOXPHOS + edaravone, n = 3). The migration of the respiratory complexes/supercomplexes CI-CIV and hATPIF1 is indicated. VDAC is
shown as a loading control.

H Mouse body weight following the administration of HFD and edaravone.
I v-WAT amounts at day 60th of HFD in mice treated with edaravone.
J Insulin (ITT) and glucose (GTT) tolerance tests after 60 days of HFD in mice treated with edaravone.
K GTT after 80 days of HFD (left) and ITT after 90 days of HFD (right) in wt and LowOXPHOS mice treated with edaravone, showing that the compound has an

improving effect itself.
L Blood glucose following the administration of HFD. T2D onset occurred on day 90 in wt and LowOXPHOS mice treated with edaravone.

Data information: H–L: wt + HFD, n = 5; LowOXPHOS + HFD n = 4; wt + HFD + edaravone, n = 10; LowOXPHOS + HFD + edaravone n = 9. Bars are the mean � SEM of
the indicated (n) mice/genotype. *P < 0.05 when compared to wt by ANOVA and Student’s t-test. See also Fig EV5.
Source data are available online for this figure.

Figure 8. The OXPHOS-mediated lipogenic reprogramming is prevented by edaravone.

The schematic illustrates the effect of in vivo edaravone administration in Skm from LowOXPHOS mice. Restraining OXPHOS generates a ROS-mediated rewiring of lipid
metabolism through enhanced BCAA catabolism and lipid synthesis. Skm and WAT perturbations in lipid species are observed, defining a LowOXPHOS phenotype of adiposity
and lipotoxicity. Edaravone treatment restores normal ROS and lipid metabolism, reducing v-WAT deposits and preventing the setting of IR mediated by mitochondrial
dysfunction.
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targeting mitochondria, inhibiting superoxide production and induc-

ing a hypolipidemic rewiring of mitochondrial lipid metabolism to

an increase FA catabolism.

Altogether, this study provides a mechanistic explanation for the

link between mitochondrial dysfunction and the onset of metabolic

disorders. The clinical relevance of our preclinical findings should

be validated before application to human health. Nevertheless, our

data suggest edaravone as a potential drug of interest for a novel

approach in mitochondrial-derived metabolic disorders. Further-

more, the fact that edaravone is a FDA-approved molecule may

guarantee a rapid translation into clinical applications.

Materials and Methods

Reagents

The 11,018 FDA-Approved Library (Selleckchem) was used; C2C12

(ATCC©) or primary myocytes were incubated for 3 h with 702

compounds from the library at a final concentration of 2 lM. Edar-

avone was purchased from Selleckchem and used at 2 lM (in vitro)

or injected i.p. at 3 mg/kg (in vivo). MitoQ was kindly gifted by

Professor Michel P. Murphy. A comprehensive list of reagents and

antibodies utilized is detailed in Table EV1.

Animal studies

All animal experimentation procedures were performed after the

approval of the Institutional Review Board (Ethical Committee of

the UAM University and Madrid Community, Spain; CEI-24-571,

PROEX 183/17) in compliance with animal policies and ethical

guidelines of the “European Guidelines for the Care and Use of

Laboratory Animals” (EU Directive 86/609). All procedures follow

the ARRIVE guidelines.

For the in vivo studies, B6;C3-Tg(ACTA1-rtTA,tetO-cre)102MonK/

J mice (ATPIF1H49K|
T) were purchased from The Jackson Laborato-

ries. The Tet-on double transgenic ATPIF1H49K|
T/H mouse was

obtained by breeding ATPIF1H49K|
T with the ATPIF1H49K|

H mouse

(Formentini et al, 2014), which integrates in its genome the

ATPIF1H49K-TRE construct under a tetracycline-regulated promoter.

Mice were maintained on the (C57BL/6 × C3H)F2 background.

Administration of 2 mg/ml doxycycline in the drinking water for at

least 2 weeks was used to turn on the Skm expression of ATPIF1H49K
protein. All experiments were performed on age-matched male

littermate wt and ATPIF1H49K|
T/H mice. In order to minimize the

number of animals, we used power analysis to calculate the minimum

sample size using the free software DOEUMH (https://samplesize

umh.shinyapps.io/DOEUMH) based on the TrialSize library of the R

program (R Core Team). We selected the procedure KMeans—

ANOVA, fixing the significance to 0.05, power to 0.08, and a drop-out

of 5%. We took into consideration differences between averages of

about 1.5, as for omic studies. Minimum number of mice/group is 12

mice/group. Mouse motor function was evaluated by rotarod, grip

force/strength, and open field tests. Details are shown in the

Expanded View Section. All tests were performed in a blinded fashion.

Randomization was assessed by equally distributing experimental

groups across multiple cages and balancing the location of the mouse

cages on the racks.

T2D onset and monitoring: glucose and insulin tolerance tests

Eight-week-old male animals were fed ad libitum either a standard

or a HFD diet (Research Diets) for 14 weeks. To monitor the onset

of T2D, blood glucose and body weight were measured once and

twice a week, respectively. Glucose and insulin tolerance tests (GTT

and ITT) were performed by injecting glucose (0.2 g/mg) or insulin

(0.8 UI/kg) after 12 or 4 h of starvation, respectively. The blood

glucose concentration was measured using One Touch Select Plus

strips (Johnson & Johnson) and a measurement apparatus.

Primary cultures of myotubes

Primary Skm cell cultures (myotubes) were established from

hindlimb muscle biopsies from wt or ATPIF1H49K|
T/H mice

(Formentini et al, 2017a). Cells were propagated in SkGM media

(Lonza) and supplemented with the accompanying bullet kit but

omitting insulin. At 80–90% confluence, cells were differentiated in

a-MEM containing 2% FBS and 100 nM insulin. C2C12 mouse

myoblasts were cultured in DMEM 10% FBS, 1 mM glutamine, and

amino acids. At 80–90% confluence, cells were differentiated in

DMEM containing 2% FBS and 100 nM insulin.

Cell transfection

At ~ 70% confluence, myoblasts were transfected with CRL or

ATPIF1H49K plasmid (Formentini et al, 2017a) (pCMV-SPORT6-

ATPIF1H49K or pCMV-SPORT6-control) using Lipofectamine 2000

transfection reagent. Experiments were performed 24 h post-

transfection.

Skeletal muscle mitochondria

Fresh hindlimb muscles from wt and ATPIF1H49K|
T/H mice were

minced and homogenized in a glass–glass homogenizer in buffer A

(320 mM sucrose, 1 mM EDTA, and 10 mM Tris–HCl, pH 7.4). Skm

mitochondria were obtained by centrifugation as previously

described (Formentini et al, 2017a). Briefly, unbroken cells and

tissue were removed by centrifugation at 1,000 g for 5 min at 4°C;

mitochondria were obtained by supernatant centrifugation at

11,000 g for 15 min at 4°C.

Oxygen consumption rates

The oxygen consumption rate (OCR) in isolated mitochondria (200 lg
protein) was determined with a Clark-type electrode. Glutamate/malate

(10 mM), succinate (10 mM), or malate (2 mM) plus palmitoyl-

carnitine (0.05 mM) was used as respiratory substrates in the presence

or absence of 0.5 mM ADP, 5 lM oligomycin (OL), 5 lM FCCP, and

1 lM antimycin A (Ant A). The composition of the respiration buffer is

225 mM sucrose, 5 mM MgCl2, 10 mM KCl, 10 mM phosphate buffer,

1 mM EGTA, 0.05% BSA, and 10 mM Tris–HCl, pH 7.4.

The OCR in myotubes and C2C12 cells treated with the drug

library was determined in an XF96 Extracellular Flux Analyzer with

the XFe96 Flux Pack following the manufacturer’s protocols. Cells

were starved for 12 h in low-glucose DMEM (0.05 mM glucose, 1%

FBS) and then changed to KHB media (111 mM NaCl, 4.7 mM KCl,

1.25 mM glutamine, 5 mM HEPES, pH 7.4). BSA-conjugated
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palmitate (1 mM sodium palmitate, 0.17 mM BSA solution) was

added as the main substrate. The final concentration and order of

injected substances was 3 lM OL, 0.25 mM DNP, 1 lM rotenone,

and 1 lM antimycin A. When indicated, 1 mM carnitine, 10 nM

etomoxir, or 2 lM of FDA-approved library compounds were added.

Compounds that positively affected respiration by a factor of at least

30% were selected for further screenings.

Determination of mitochondrial enzyme activities

Isolated mitochondria were used for the spectrophotometric deter-

mination of respiratory complexes I and II, according to Barrien-

tos et al (2009) with minor modifications. Complex I activity was

measured at A340 using 100 lg of mitochondria. Mitochondria

were resuspended in 1 ml of CI/CII buffer (25 mM K2HPO4,

5 mM MgCl2, 3 mM KCN, and 2.5 mg/ml bovine serum albumin)

containing 0.1 mM UQ1, 0.1 M NADH, and 1 mg/ml antimycin A.

Inhibition of the activity was accomplished by the addition of

1 lM rotenone. Complex II activity was measured at A600 using

100 lg of mitochondria. Mitochondria were resuspended in 1 ml

of CI/CII buffer containing 30 lM DCPIP, 1 lM rotenone, 1 lM
antimycin A, 10 mM succinate, and 6 mM phenazine

methosulfate.

Mitochondrial ROS

The mitochondrial production of superoxide in myocytes was moni-

tored by flow cytometry using 5 lM MitoSoX (Formentini et al,

2012). Cells were analyzed in a BD FACScan. Where indicated, ETC

inhibitors were added at following concentrations: 1 lM rotenone,

100 lM malonate, 10 or 100 lM carboxin, 1 lM antimycin A.

FAD, ATP, NADP, BCAA, lactate, FFA, free glycerol, and
acetyl-CoA determinations

Metabolites were measured in 40 mg of hindlimb muscle or adipose

tissue from wt and ATPIF1H49K|
T/H mice using a FLUOstar-Omega

spectrophotometer (BMG LABTECH).

Tissue was homogenized in 1 M perchloric acid, and the

oxidized FAD content was measured colorimetrically in neutral-

ized samples using the FAD Assay Kit (Abcam) at A570. Phena-

zine methosulfate was used on neutralized samples to transform

free FADH and FADH2 into FAD and measure the total pool of

FAD + FADH + FADH2. The ATP concentration in muscle was

determined using the ATP Bioluminescence Assay Kit CLS II

(Roche). NADP/NADPH Quantification Kit (Sigma-Aldrich) and

PicoProbe Acetyl-CoA Fluorometric Assay Kit (BioVision) were

assessed following the manufacturer’s instructions. Absorbance

was read at 450 nm, and fluorescence at ex/em = 540/590. BCAA

levels in plasma or Skm tissue were measured using the Branched

Chain Amino Acid Assay Kit (Abcam). The initial rate of lactate

production was measured as previously described (Formentini

et al, 2012).

For FFA and free glycerol determination, tissues were homoge-

nized in 1 ml of 2-isopropanol in a TissueLyser (Qiagen). Five

microliters of Skm/WAT extracts or 5 ll of mouse blood serum was

used for FFA quantification using the Glycerol Quantification Kit

(Sigma-Aldrich) at A540. Quantification of specific lipid species was

assessed by lipidomics (see below). All results were adjusted for

exact protein contents.

FFA b-oxidation

Four days after differentiation, primary myotubes derived from wt

or ATPIF1H49K|
T/H mice or transfected C2C12 cells were incubated in

serum-free a-MEM containing [9,10-3H(N)] palmitic acid (Perkin

Elmer, 0.2 lCi, final concentration = 20 lmol/l). After incubation,

100 ll of the culture medium was placed over an ion-exchange

resin, and the Poly-Prep Chromatography column was washed with

water. Intact FFAs (charged state) were retained by the resin,

whereas the oxidized portion passed freely (Formentini et al,

2017a). The oxidized portion was measured in a scintillation coun-

ter with Ultima Gold LLT scintillation fluid (Perkin Elmer). All

results were adjusted for total cellular protein content.

14C(u)-leucine, 14C(u)-isoleucine, and 14C(u)-glucose uptake
and catabolism

For the measurement of substrate uptake, lipid synthesis, and CO2

production, myocytes were incubated in HBSS containing 0.3 mM

L-leucine, 0.3 mM L-isoleucine, or 5 mM d-glucose + 2 lCi/ml of

labeled 14C(u)-L-leucine, 14C(u)-L-isoleucine, or 14C(u)-D-glucose

(Perkin Elmer).

Uptake was measured as radioactivity incorporated in myocytes

after 0, 1, 2, 3, 5, or 10 min. Lipid fractions were separated by a

standard CHCl3/MeOH extraction at 0, 2, and 4 h. For CO2 produc-

tion, incubation was carried out in flasks in the presence of a paper

filter imbibed in 0.2 M KOH/NaOH solution. The C14-uptake and

C14-incorporation into lipids or CO2 were measured in a scintillation

counter with Ultima Gold LLT scintillation fluid (Perkin Elmer).

Quantitative lipidomics

Lipidomics was performed by Lipotype (https://www.lipotype.com/),

Max Planck Institute of Molecular Cell Biology and Genetics in Dres-

den, Germany. Details on methods are detailed in the Expanded View

Section.

Real-time PCR

We measured the Skm expression levels of: osteonectin (SPARC);

musclin (OSTN); LIF; fractalkine (FKN/CX3CL1); follistatin-like

protein (FSTL1); TNFa; IL15; IL6; PPARd; irisin (FNDC5); GLUT1;

GLUT3 and PGC1a. RNA was purified using 100 mg of hindlimb

muscles from 3 ATPIF1H49K and 3 wt mice following standard meth-

ods detailed in Expanded View Methods.

1D- and 2D-PAGE

Skm, WAT, brain and liver samples were freeze-clamped in liquid

nitrogen. Tissue proteins were extracted in a buffer containing

50 mM Tris–HCl, pH 8.0, 1% NaCl, 1% Triton X-100, 1 mM DTT,

0.1% SDS, and 0.4 mM EDTA, supplemented with protease and

phosphatase inhibitor cocktails. Lysates were clarified by centrifuga-

tion at 13,000 g for 15 min at 4°C. The resulting supernatants were

fractionated by SDS–PAGE and transferred onto PVDF or
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nitrocellulose membranes for immunoblot analysis. Blocking was

performed with 5% nonfat dried milk in Tris-buffered saline with

1% Tween 20 (TBST) or TBST supplemented with 5% BSA. The

primary monoclonal antibodies developed in our laboratory and

used in this study were anti-b-F1-ATPase (1:20,000), anti-HSP60

(1:10,000), and anti-GAPDH (1:20,000) (Formentini et al, 2014).

The antibodies specifically recognizing the human and mouse

ATPIF1 proteins were used at a 1:200 dilution (Formentini et al,

2017b). Other antibodies used are listed in Table EV1. Blots were

revealed using the Novex� ECL HRP Chemiluminescent reagent,

and the intensity of the bands was quantified using a Bio-Rad GS-

900 densitometer and ImageJ 1.51v analysis software.

Isoelectric focusing (IEF) was performed with 13-cm Immobiline

DryStrips of 3–10 NL [not linear] pH gradient using an Ettan

IPGPhor3 IEF unit (GE Healthcare). In brief, 200 lg of fresh-frozen

Skm protein diluted in 250 ll of rehydration buffer (DeStreak Rehy-

dration Solution, GE Healthcare) containing 0.5% of the correspond-

ing IPG buffer (GE Healthcare) was loaded on the 13-cm strips. The

equilibrated strips were transferred to the top of a 9% SDS–

polyacrylamide gel. Electrophoresis was carried out using a Protean

II XI system (Bio-Rad) with constant current (30 mA/gel) at 4°C for

3 h. Western blot analysis of the fractionated proteins was

performed as described above.

Immunoprecipitation assays

Respiratory Complex II subunit SDHA and acetylated proteins

were immunocaptured from isolated mitochondria of Skm solubi-

lized with 1% n-dodecyl-b-D-maltoside (DDM). Protein from cell

lysates (400 mg) was incubated with 12 lg of the indicated

antibody (SDHA or acetyl-k) bound to EZ View Red Protein G

Affinity Gel (Sigma-Aldrich) at 4°C overnight. The beads were

washed twice before proteins were eluted and fractionated on

SDS–PAGE.

Blue-native (BN) and clear-native (CN) PAGE

For BN PAGE, Skm isolated mitochondria from wt and ATPIF1H49K|
T/H

mice were suspended in 50 mM Tris–HCl, pH 7.0, containing 1 M 6-

aminohexanoic acid at a final concentration of 10 mg/ml. The

membranes were solubilized by the addition of 10% digitonin (4:1

digitonin/mitochondrial protein). Next, 5% Serva Blue G dye in 1 M

6-aminohexanoic acid was added to the solubilized membranes. In

the CN-loading buffer, the Serva Blue G dye was replaced by 0.1%

Ponceau Red and 5.5% glycerol. In both BN and CN Native PAGETM,

Novex� 3–12% Bis-Tris Protein Gels were loaded with 70 lg of

mitochondrial protein. The electrophoresis was performed at a

constant voltage of 70 V for 15 min, followed by 1 h at a

constant amperage of 10 mA. BN cathode buffer: Tricine 50 mM,

Bis-Tris 15 mM, pH = 7.0, Serva blue G 0.02%; BN anode buffer:

Bis-Tris 50 mM, pH 7.0; CN-cathode buffer: 50 mM tricine,

15 mM Bis-Tris, 0.05% sodium deoxycholate, pH 7.0, CN-anode

buffer: 50 mM Bis-Tris, pH 7.0.

In-gel mitochondrial ETC complex activities

CN PAGE gels containing solubilized mitochondria from wt and

ATPIF1H49K|
T/H mice were incubated with the following solutions

for assessing the specific ETC complex activities: Complex I: 5 mM

Tris–HCl, pH 7.4, 1 NTB tablet (5 mg; NitroBlue Tetrazolium

Tablet), and 10 mg/ml NADH; Complex II: 5 mM Tris–HCl, pH 7.4,

1 NTB tablet (5 mg), 10 mM sodium succinate, and 250 mM

phenazine methosulfate; Complex III: 50 mM phosphate buffer

(NaH2PO4 + NaHPO4, pH = 7.2) and 5 mg DAB; Complex IV:

50 mM phosphate buffer (NaH2PO4 + NaHPO4, pH = 7.2), 5 mg

DAB, and 5 mM reduced cytochrome C.

Quantitative proteomics (iTRAQ)

Isobaric tag for relative and absolute quantitation (iTRAQ) analysis

was carried out in the CBMSO Protein Chemistry Facility (Pro-

teoRed, PRB3-ISCIII and UAM University, Spain), following standard

protocols detailed in the Expanded View Section.

Electron microscopy

Sample preparation was performed by the Electron Microscopy

Facility at the CBMSO, UAM University, Spain. Skm tissue was fixed

with 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M phos-

phate buffer. It was then treated with 1% osmium tetroxide in water

at 4°C for 1 h, dehydrated with ethanol, and embedded in TAAB

812 epoxy resin. Ultrathin 80-nm sections of the embedded tissue

were obtained using an ultramicrotome Ultracut E (Leica) and

mounted on carbon-coated copper 75-mesh grids. The sections were

stained with uranyl acetate and lead citrate and examined at 80 kV

in a JEOL JEM 1010 electron microscope. Images were recorded

with a TemCam F416 (4k × 4K) digital camera from TVIPS.

Immunofluorescence, confocal and optic microscopy

Hindlimb Skm from wt and ATPIF1H49K|
T/H mice was sliced, histo-

logically prepared, and stained with hematoxylin/eosin by the

Histology Facility at CNB-CSIC, UAM University, Spain. Deparaffi-

nation was performed at 60°C for 1 h, followed by hydration

(xylene, EtOH 100%, EtOH 90%, EtOH 70% and distilled H2O).

C2C12 cells were fixed in 4% PFA. Blockage was performed with 3%

goat serum in TBS 1× and 0.5% Triton X-100 at RT for 1 h. Dyes

were incubated in 1% goat serum in TBS 1× and 0.5% Triton X-100.

Stainings were as follows: ATPIF1 (1:500), b-F1-ATPase (1:10,000),

BODIPY 493/503 (2 lM) for LD; DAPI (1:1,000) for nuclei; and Oil

Red O (0.5%) for lipid staining. Complex I activity in slices was

performed as indicated for the CN in-gel activity. Images were

acquired on a Leica DMRE light microscope or by confocal micro-

scopy using a Bio-Rad Radiance 2000 Zeiss Axiovert S100TV.

ImageJ 1.51v software was used for quantification and image

analysis.

Statistical analyses

Statistical analyses were performed using a two-tailed Student’s

t-test. ANOVA and the Tukey’s post hoc test were used for multiple

comparisons, employing SPSS 17.0 and GraphPad Prism7 software

packages. Bonferroni correction was applied to avoid multiple

comparison errors. The results shown are the means � SEM.

P < 0.05 was considered statistically significant. The n used in each

statistical test is indicated in the figure legends.
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After normalization and filtering steps, proteomic and lipi-

domic data were analyzed by Gene Set Enrichment Analysis and

visualized by heat map and enrichment map using GSEA v3.0

and Cytoscape v3.6.1 free software. For details on the GSEA

parameter usage, see the GSEA web site (http://www.gsea-

msigdb.org/gsea/index.jsp). For bioinformatic studies, the PyMOL

Molecular Graphics System, Version 2.1.0 Schrödinger, LLC was

used. Real-time PCR analysis was assessed using 7500 Real-Time

PCR SDS 2.4 software.

Assessment of mouse motor function

Grip force/strength test
The grip force test was used to measure the maximum strength that

could be performed by a mouse with its forelimbs by taking advan-

tage of the animal’s tendency to grasp to surfaces. One mouse at a

time was left to grasp the metallic bars and then was gently pulled

away until its grasp is broken. The pulling was performed at

constant speed and sufficiently slow to permit the mouse to build

up a resistance against it. The test was repeated five times per

mouse, with at least 1 min elapsing between each of the five deter-

minations per animal.

Rotarod test
The rotarod test was performed in 3 days. Days 1 and 2 the mice

were trained, and the third day the test was performed. In day 1,

training consisted in 15 min at 13 rpms, and they were replaced in

the rod if they fell off. After 30 min of test ,mice were replaced on

the rod at run speeds ramping from 13 to 20 rpms for 15 min. In

day 2, training consisted in run speed from 13 to 20 rpms for

15 min and the second run was ramping from 13 to 20 rpms in

180 s for 15 min. The test involved run speed ramping from 13 to

20 rpms in 180 s and then let the animals in the rod until they fell

off. Their latency was measured. Mice that fell off four times within

60 s were discarded from the experiment.

Open field test
Mice were left free to explore an open field arena (40 × 40 cm) for

10 min, and activity was recorded for analysis with ANY-maze soft-

ware. To further explore fine alterations several aspects of the motor

activity were scored: speed (mean and maximum), time mobile (ex-

pressed as percentage of the total time of the trial). Layout: open

field area was virtually dissected in the following areas: center (in-

ner square), outer region (everything but the center square), and

corners (four triangular regions in the corners). Activity measure-

ments were evaluated in each region as well as the entire arena.

Abnormal phenotypes including thigmotaxis and anxiety-like behav-

ior are studied by virtual dissection of the arena with focus on the

corners and inner zone.

Real-time PCR

RNA was purified using 100 mg of hindlimb muscles from 3

ATPIF1H49K and 3 wt mice following a standard TRIzol/chloro-

form method. Purified RNA (1 µg) was retrotranscribed into

cDNA with the High-Capacity cDNA Reverse Transcription Kit.

Real-time PCR was performed using the Fast SYBR Master Mix

and ABI Prism 7900HT sequence detection system at the

Genomics and Massive Sequencing Facility (CBMSO–UAM). The

primers used to amplify the target genes are detailed in

Table EV2. Actin and GAPDH were selected as housekeeping

genes to normalize the mRNA levels. Standard curves with serial

dilutions of pooled cDNA were used to assess the amplification

efficiency of the primers and to establish the dynamic range of

cDNA concentration for amplification. SDS 2.4 software was

used for data collection, and the relative expression of the

mRNAs was determined with the comparative DDCt method.

Quantitative lipidomics

Lipid extraction for MS lipidomics
Mass spectrometry-based lipid analysis was performed by Lipotype

GmbH as described (Sampaio et al, 2011). Samples were spiked

with internal lipid standard mixture containing the following:

cardiolipin 16:1/15:0/15:0/15:0 (CL), ceramide 18:1;2/17:0 (Cer),

diacylglycerol 17:0/17:0 (DAG), hexosylceramide 18:1;2/12:0

(HexCer), lyso-phosphatidate 17:0 (LPA), lyso-phosphatidylcholine

12:0 (LPC), lyso-phosphatidylethanolamine 17:1 (LPE), lyso-phos-

phatidylglycerol 17:1 (LPG), lyso-phosphatidylinositol 17:1 (LPI),

lyso-phosphatidylserine 17:1 (LPS), phosphatidate 17:0/17:0 (PA),

phosphatidylcholine 17:0/17:0 (PC), phosphatidylethanolamine

17:0/17:0 (PE), phosphatidylglycerol 17:0/17:0 (PG), phosphatidyli-

nositol 16:0/16:0 (PI), phosphatidylserine 17:0/17:0 (PS), choles-

terol ester 20:0 (CE), sphingomyelin 18:1;2/12:0;0 (SM), and

triacylglycerol 17:0/17:0/17:0 (TAG). After CHCl3/MeOH extraction,

the organic phase was transferred to an infusion plate and dried in a

speed vacuum concentrator. The first step dry extract was resus-

pended in 7.5 mM ammonium acetate in chloroform/methanol/

propanol (1:2:4, V:V:V) and the second step dry extract in a 33%

ethanol solution of methylamine in chloroform/methanol

(0.003:5:1; V:V:V). All liquid handling steps were performed using

the Hamilton Robotics STARlet robotic platform with the Anti

Droplet Control feature for organic solvent pipetting.

MS data acquisition
Samples were analyzed by direct infusion on a Q Exactive mass

spectrometer (Thermo Scientific) equipped with a TriVersa Nano-

Mate ion source (Advion Biosciences). Samples were analyzed in

both positive and negative ion modes with a resolution of Rm/

z = 200 = 280,000 for MS and Rm/z = 200 = 17,500 for MS/MS

experiments in a single acquisition. MS/MS was triggered by an

inclusion list encompassing corresponding MS mass ranges scanned

in 1-Da increments. Both MS and MS/MS data were combined to

monitor CE, DAG, and TAG ions as ammonium adducts; PC, PC and

O-, as acetate adducts; and CL, PA, PE, PE O-, PG, PI, and PS as

deprotonated anions. MS only was used to monitor LPA, LPE, LPE

O-, LPI, and LPS as deprotonated anions; Cer, HexCer, SM, LPC and

LPC O- were used as acetate adducts.

Quantitative proteomics (iTRAQ)

Protein digestion
In solution digestion: After denaturation of protein with 8 M urea,

samples were reduced and alkylated with 10 mM DTT (1 h at 37°C)

and 50 mM iodoacetamide (1 h at room temperature), respectively.

Next, samples were diluted to reduce the urea concentration below
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1.4 M and digested using sequencing grade trypsin (Promega) over-

night at 37°C using a 1:5 (w/w) trypsin/protein ratio. Whole super-

natants were dried down and then desalted on OASIS C18 columns

(Waters) until the mass spectrometric analysis.

iTraq labeling and high-pH fractionation
The resultant peptide mixture from desalted protein tryptic digests

(100 µg) was dissolved in 30 µl of 0.5 M triethylammonium

bicarbonate (TEAB), pH 8, and labeled using the iTRAQ reagent

4plex Multi-plex kit (Applied Biosystems). Labeling was stopped

by the addition of 0.1% formic acid. The obtained “4plex-labeled

mixture” was analyzed by RP-LC-MS/MS to check the efficiency

of the labeling. The sample was then fractionated using the high-

pH, reversed-phase peptide fractionation kit (Pierce, Thermo

Scientific). The sample was re-swollen in 0.1% TFA and then

loaded onto an equilibrated, high-pH, reversed-phase fractionation

spin column. A step gradient of increasing acetonitrile concentra-

tions in a volatile high-pH solution was applied to the columns to

elute bound peptides into nine different fractions (5–80% acetoni-

trile) collected by centrifugation. The fractions obtained were

dried and stored until analysis by mass spectrometry for quan-

tification.

Quantitative analysis by RP-LC-MS/MS
The fractions were resuspended in 10 ll of 0.1% formic acid and

analyzed by RP-LC-MS/MS in an Easy-nLC II system coupled to an

ion trap LTQ-Orbitrap-Velos-Pro hybrid mass spectrometer (Thermo

Scientific, Waltham, Massachusetts, Estados Unidos). Peptides were

concentrated (on-line) by reverse phase chromatography using a

0.1 × 20 mm C18 RP precolumn (Proxeon) and then separated

using a 0.075 × 250 mm C18 RP column (Proxeon) operating at

0.3 ll/min. Peptides were eluted using a 90-min dual gradient from

5 to 25% solvent B in 68 min, followed by a gradient from 25 to

40% solvent B over 90 min (solvent A: 0.1% formic acid in water,

solvent B: 0.1% formic acid, 80% acetonitrile in water). ESI ioniza-

tion was performed using a Nano-bore emitters Stainless Steel ID

30 lm (Proxeon) interface. The instrument method consisted of a

data-dependent top-20 experiment with an Orbitrap MS1 scan at a

resolution (m/Dm) of 30,000, followed by 20 high energy collision

dissociation (HCD) MS/MS mass analysis in an Orbitrap at 7,500

(Dm/m) resolution. MS2 experiments were performed using HCD to

generate high resolution and high mass accuracy MS2 spectra. The

minimum MS signal for triggering MS/MS was set to 500. The lock

mass option was enabled for both MS and MS/MS mode, and the

polydimethylcyclosiloxane ions (protonated (Si(CH3)2O))6; m/z

445.120025) were used for internal recalibration of the mass spec-

tra. Peptides were detected in survey scans from 400 to 1,600 amu

(1 lscan) using an isolation width of 2 u (in mass-to-charge ratio

units), normalized collision energy of 40% for HCD fragmentation,

and dynamic exclusion applied during 30-s periods. Precursors of

unknown or +1 charge state were rejected.

Proteomic and lipidomic data analyses

Proteomics
Peptide identification from raw data was carried out using a

PEAKS Studio X search engine (Bioinformatics Solutions Inc.). A

database search was performed against uniprot-Mus

musculus.fasta (decoy-fusion database). The following constraints

were used for the searches: tryptic cleavage after Arg and Lys, up

to two missed cleavage sites, and tolerances of 20 ppm for

precursor ions and 0.05 Da for MS/MS fragment ions, and the

searches were performed allowing optional Met oxidation, Cys

carbamidomethylation, and iTRAQ reagent labeling at the N-

terminus and lysine residues. False discovery rates (FDRs) for

peptide spectrum matches (PSMs) were limited to 0.01. Only

those proteins with at least two distinct peptides being discovered

from LC/MS/MS analyses were considered reliably identified and

sent to be quantified. Quantitation of iTRAQ-labeled peptides was

performed with a PEAKS Studio X search engine. The �10LgP,

quality and reporter ion intensity were used for spectrum filter

and significance (ANOVA method) for protein filter. For protein

quantification, we considered protein groups for peptide unique-

ness and used only unique peptides, and the modified peptides

were excluded.

Lipidomics
Data were analyzed with lipid identification software LipidXplorer

(Lipotype). Only lipid identifications with a signal-to-noise ratio > 5

and a signal intensity 5-fold higher than that in corresponding blank

samples were considered for further data analysis.

Data availability

Skm and WAT iTRAQ proteomic data are available via ProteomeX-

change with identifier PRIDE PXD017621; http://www.ebi.ac.uk/

pride/archive/projects/PXD017621 (Skm), PXD017683; http://www.eb

i.ac.uk/pride/archive/projects/PXD017683 (Skm + HFD) and PXD0176

78; http://www.ebi.ac.uk/pride/archive/projects/PXD017678 (WAT).

Skm and WAT lipidomic data are available via Figshare: https://doi.

org/10.6084/m9.figshare.11872077.v1

Expanded View for this article is available online.
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Expanded View Figures

◀ Figure EV1. Skm iTRAQ data. (Related to Fig 1).

Upper panel. GSEA bioinformatics analysis of the quantitative proteomic data (iTRAQ) of hindlimb Skm fromwt and LowOXPHOS mice. Set to set graph of 14 significantly altered
pathways is shown. 1. Hallmarks of adipogenesis; 2. Go_Mitocondrial signal; 3. Kegg_TCA Cycle 4; Pyruvate Metabolism Reactome; 5. Hallmarks of OXPHOS; 6. Go_ETC; 7.
Go_NADPH metabolism; 8. Kegg_Propionate metabolism; 9. Redox system; 10. Kegg_BCAA catabolism; 11. Go_Lipid metabolism; 12. Kegg_Lipid oxidation; 13. NEFA, Tg and
ketone bodies; 14. Go_FAD-binding proteins. Size, normalized enrichment score (ES, NES) and P-values are reported. Color intensity indicates the overlap between subsets.
Medium panel. Heat maps of the iTRAQ ratio for proteins related to the TCA cycle and reductive carboxylation, glucose and pyruvate metabolism, lipid synthesis and transport,
BCAA catabolism and the redox system. Higher intensities of red or blue color represent higher or lower expression ratios, respectively. Lower panel. Cytoscape representation
of proteomic data.
Data information: Data are representative of 12 animals/genotype.
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Figure EV2. GSEA analysis of Skm iTRAQ data (BCCA catabolism). (Related to Fig 1).

GSEA representation of the BCAA catabolism pathway obtained by the analysis of the iTRAQ data for hindlimb Skm fromwt and LowOXPHOS mice. A higher intensity of red color
represents a higher LowOXPHOS/wt expression ratio. Data are representative of 12 animals/genotype.
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▸Figure EV3. The ATP synthase-mediated glycolytic and lipogenic reprogramming (related to Figs 2 and 3).

A Representative images of wt and LowOXPHOS mice.
B Representative WB expression of Skm proteins related to glycolysis. LDHA levels are significantly augmented in LowOXPHOS mice when compared to wt. Three

samples per condition are shown. Each sample contains extracts from 3 mice. Histograms show the LDHA expression (wt, n = 6; LowOXPHOS, n = 6).
C ATP levels in Skm from wt and LowOXPHOS animals (wt, n = 5; LowOXPHOS, n = 5). No differences were observed.
D Skm free glycerol levels (wt, n = 8; LowOXPHOS, n = 8).
E, F LD formation upon ATP synthase inhibition (ATPIF1H49K expression or treatment with 5 lM oligomycin) in C2C12 cells after 24 h of palmitate supplementation. Blue:

DAPI, nuclei; green: BODIPY-positive LDs. Images are representative of n = 3 experiments, 7–10 fields/condition.
G Representative WB of Skm proteins related with autophagy and inflammation. Two samples per condition are shown. Each sample contains extracts from 3 mice

(wt, n = 6; LowOXPHOS, n = 6).
H Representative WB of proteins related with autophagy in C2C12 myocytes expressing or not ATPIF1H49K in the presence or absence of BCAA. No difference where

observed. Two samples per condition are shown. n = 3 experiments, 6 replicates/condition.
I Blood glucose levels after 60 days of doxycycline administration in wt (black bars) and LowOXPHOS (orange bars) mice. No differences were detected between the

two genotypes. (wt, n = 12; LowOXPHOS, n = 12).
J Insulin (ITT) and glucose (GTT) tolerance tests at day 60 of chow diet (wt, n = 12; LowOXPHOS, n = 12).
K Upper panel. Open field representative track plots of wt and LowOXPHOS mice when treated or not with edaravone and fed with HFD. No differences were observed.

Lower panel. Open field results. Total distance (m), mean speed (m/s), max. speed (m/s), time mobile (s), relative time in the center zone (%) and relative time in the
corners (%) of wt (black bars, n = 4), wt + edaravone (light green, n = 4), LowOXPHOS (orange, n = 4) and LowOXPHOS + edaravone (dark green, n = 4) are shown.

Data information: Bars are the mean � SEM of indicated (n) mice. *P < 0.05 when compared to wt by Student’s t-test.
Source data are available online for this figure.
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▸Figure EV4. HFD-dependent alterations in lipid storages and species (related to Figs 3 and 4).

A Weight gained (g/15 days) and mouse body weight following the administration of HFD in wt (black bars and traces, n = 10) and LowOXPHOS (orange bars and
traces, n = 10) mice.

B Food intake (g HFD/mouse/day) in wt (n = 5) and LowOXPHOS (n = 4) animals. No differences were observed.
C Representative images of v-WAT in wt and LowOXPHOS mice and total lipids (nmol/mg tissue) in v-WAT from wt (n = 8) and LowOXPHOS (n = 8) animals.
D, E Heat maps of the quantitative lipidomics for TAGs and DAGs species in Skm from wt (n = 8) and LowOXPHOS (n = 8) mice. The color scale (yellow to blue) in the

heat map represents the z-score.
F, G WAT saturated DAG (nmol/mg tissue, F) and Skm number of saturated lipid species (G); wt, n = 8; LowOXPHOS, n = 8.

Data information: Data are the mean � SEM of indicated (n) mice; *P < 0.05 when compared to wt by Student’s t-test.
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▸Figure EV5. Edaravone treatment ameliorates the Skm mitochondrial dysfunctions (related to Figs 4, 5 and 7).

A NADP/NADPH levels in Skm extracts from wt (n = 8) and LowOXPHOS (n = 8) animals.
B HFD/chow and LowOXPHOS/wt iTRAQ ratios of Skm proteins from OXPHOS system (wt, n = 10–12; LowOXPHOS, n = 10–12). Higher intensities of red or blue color

represent higher or lower expression ratios, respectively. HFD induced the downregulation of the majority of OXPHOS complex subunits.
C Representative WB of Skm OXPHOS system proteins in mice fed with chow or HFD. Two samples per condition are shown. Each sample contains extracts from 3

mice. NDUFA9 (CI), SDHA and B (CII), ETF subunits (A) and (B), ETFDH, CoreII (CIII), subunit 1 (CIV), bF1(CV), and hATPIF1 immunoblots are shown. Tubulin is provided
as a loading control. Histograms show the quantification of specific protein expression (wt, n = 6; LowOXPHOS, n = 6; wt + HFD, n = 6; LowOXPHOS + HFD, n = 6).

D Enzymatic activity of respiratory complex CI in Skm isolated mitochondria from wt and LowOXPHOS mice fed with chow or HFD (wt, n = 4; LowOXPHOS, n = 4;
wt + HFD, n = 4; LowOXPHOS + HFD, n = 4).

E Representative images of hindlimb muscles of mice treated with edaravone (wt + edaravone, n = 4; LowOXPHOS + edaravone, n = 4).
F Plasma BCAA levels in wt and LowOXPHOS mice treated or not with edaravone (wt, n = 4; LowOXPHOS, n = 4; wt + edaravone, n = 4; LowOXPHOS + edaravone, n = 4).
G 14C(u)-leucine uptake in myocytes expressing ATPIF1H49K treated or not with edaravone. Data are the mean � SEM of n = 3 experiments, 6 replicas/condition.
H Food intake (g HFD/mouse/day) in wt and LowOXPHOS animals treated or not with edaravone (wt, n = 5; wt + edaravone, n = 5). No differences were observed.

Data information: Data are the mean � SEM of indicated (n) mice. *P < 0.05 when compared to wt; #P < 0.05 when compared to ATPIF1H49K by ANOVA and Student’s
t-test.
Source data are available online for this figure.
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Protocol

An optimized protocol for coupling oxygen
consumption rates with b-oxidation in isolated
mitochondria from mouse soleus

Depending on metabolic requirements, skeletal muscle mitochondria integrate O2 consumption

and ATP production with lipid, glucose, or amino acid metabolism. Free fatty acids (FFAs) are the

main source of energy during rest and mild-intensity exercise. We present a detailed protocol for

measuring FFA-b-oxidation coupled with O2 respiration by a Clark-type electrode in isolated

mitochondria from mouse soleus oxidative muscle. We optimized the procedure, including

buffer composition, protease treatment, and quantifiable parameters (P/O, OCR, RCR, OSR).
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SUMMARY

Depending on metabolic requirements, skeletal muscle mitochondria integrate
O2 consumption and ATP production with lipid, glucose, or amino acid meta-
bolism. Free fatty acids (FFAs) are the main source of energy during rest and
mild-intensity exercise. We present a detailed protocol for measuring FFA-
b-oxidation coupled with O2 respiration by a Clark-type electrode in isolated
mitochondria frommouse soleus oxidative muscle. We optimized the procedure,
including buffer composition, protease treatment, and quantifiable parameters
(P/O, Phosphate/Oxygen Ratio; OCR, Oxygen Consumption Rate; RCR,Respira-
tion Control Rate; OSR, Oligomycin Sensitive Respiration).
For complete details on the use and execution of this protocol, please refer to
Sanchez-Gonzalez et al. (2020).

BEFORE YOU BEGIN

Note: All animal experiments were approved by the Spanish Animal Experiments Committee

(PROEX 183/17) in compliance with the European Community Council Directive Guidelines

(EU directive 86/609) and ARRIVE Guidelines. All procedures were performed ensuring

minimal discomfort and distress to animals.

Skeletal muscle mitochondria pre-isolation preparation

Timing: 300

1. Prepare a sufficient amount of extraction (A) and respiration (B) buffers, following the recipe (see

below).

CRITICAL: A and B buffers can be stored at �20�C for up to 1 month.

2. Thaw buffer A on ice and B at 30�C prior to usage.

CRITICAL: Buffer A should be used at 4�C and B at 30�C to ensure proper mitochondria

isolation and coupling.

STAR Protocols 2, 100735, September 17, 2021 ª 2021 The Author(s).
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3. Prepare Digestion buffer (C). Weigh Nagarse (0.2 mg/mL in buffer A (see below) to make buffer C;

it can be stored at �80�C for up to 6 months with negligible loss of activity).

Note: Nagarse ensures mitochondrial purity, reducing the amounts of endoplasmic vesicles

and reticulum (Contreras et al., 2007). Other mild alkaline proteases work similarly. Exact Units

of protease/mL should be set up for every muscle.

4. Pre-cool 13 PBS, beakers, tubes, and surgical material for soleus extraction.

Note: If possible, work inside a laminar flow cabinet to reduce contaminations during soleus

dissection.

CRITICAL: Use sterilized surgical material by spraying with 70% ethanol (EtOH)

5. Make sure that all of the equipment works well and the centrifuges have been pre-chilled

at 4�C.

CRITICAL: Make sure that no detergent residues are present on potter and glass material.

Detergents may uncouple mitochondria.

6. Prepare a sterilized working space, spraying surgical area with 70% EtOH

Clark-type electrode preparation

Timing: 1–1.5 h

7. Prepare stock solutions for all mitochondria substrates.

Skm mitochondria may be energized using substrates:

a. glutamate-malate or any NADH-linked substrates of the NADH:ubiquinone oxidoreductase

(allow the entrance of electrons from the ETC-Complex I). Pyruvate-malate are the most

commonly used alternative. Final concentration: 10 mM

b. succinate, natural substrate of the Succinate Dehydrogenase (allow the entrance of electrons

from the ETC-Complex II). Final concentration: 10 mM

c. malate + palmitoyl-carnitine, coupling oxygen consumption with b-oxidation (Nicholls, 2013).

Final concentration: 0.5 mM malate; 0.05 mM palmitoyl-carnitine

CRITICAL: Higher concentrations of malate may support NADH-linked electron flow via

ETC-complex I.

Note: Octanoyl-carnitine or any other FFA-carnitine may be used.

Note: TMPD/ascorbate may be used as non-natural substrate of the ETC-Complex IV. Final

concentration: 2 mM TMPD; 10 mM ascorbate.

Stocks (503) are prepared as follows:

a. 1 M malate (MW 134.09 g/mol): 134 mg in 1 mL milli-Q H2O.

b. 1 M glutamate (MW 187.13 g/mol): 187 mg in 1 mL milli-Q H2O. Mixed with malate at 1:1 (v:v)

to obtain the 500 mM glutamate/malate stock.

c. 500 mM succinate (MW 118.09 g/mol): 59.05 mg in 1 mL milli-Q H2O.

d. 50 mM malate: dilute 1:20 the 1 M malate stock with milli-Q H2O.

e. 5 mM palmitoyl-carnitine (MW 436.07 g/mol): 2.18 mg in in 1 mL milli-Q H2O.

f. 100 mM ADP (MW 427.2): 42.72 mg in 1 mL milli-Q H2O.

g. 25 mM ADP: dilute 1:4 the 100 mM ADP stock with milli-Q H2O.
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CRITICAL: Adjust all stock solution pH to 7.4.

8. Prepare stock solutions for all mitochondria inhibitors.

Skm oxidative phosphorylation (OXPHOS) may be inhibited by using:

a. Rotenone or piericidin A, inhibitors of the ETC-Complex I (final concentration: 1 mM)

b. Malonate, inhibitor of the ETC-Complex II (final concentration: 100 mM)

c. Antimycin A, inhibitor of the ETC-Complex III (final concentration: 1 mM)

d. Sodium Azide (NaN3), inhibitor of the ETC-Complex IV (final concentration 100 mM)

Note: KCN (final concentration: 10 mM), can also be used to inhibit ETC-Complex IV. How-

ever, it should be noted that pyruvate and high oxygen concentrations may revert KCN inhi-

bition (even at concentrations as high as 1 mM).

e. Oligomycin, inhibitor of the H+-ATP synthase (final concentration: 5 mM)

Prepare stock solutions for other compounds:

f. FCCP, an ionophore that uncouples ETC electron flow and O2 consumption from ATP produc-

tion (final concentration: 0.5 mM)

Note: FCCP (or CCCP as an alternative) allows the measurement of maximum ETC electron

flow capacity that is not limited by the ATP synthase activity (Gnaiger, 2020). FCCP should be

titrated in in 0.25–0.5 mM steps until no further increase in oxygen consumption is observed,

as excessive FCCP quickly collapses the proton gradient across the inner mitochondrial

membrane, leading to a reduction in measured oxygen flux (Brennan et al., 2006).

Stocks (1003) are prepared as follows:

a. 100 mM rotenone (MW 394,41 g/mol): 3.94 mg in 1 mL EtOH to obtain the 10 mM stock.

Aliquot and store at �20�C. Dilute 1:100 with milli-Q H2O just before use.

b. 100 mM antimycin A (MW 534,6 g/mol): 5.34 mg in 1 mL EtOH to obtain the 10 mM stock.

Aliquot and store at �20�C. Dilute 1:100 with milli-Q H2O just before use.

c. 500 mM oligomycin (MW 791 g/mol): 19.8 mg in 1 mL EtOH to obtain the 25 mM stock. Aliquot

and store at �20�C. Dilute 1:50 with milli-Q H2O just before use.

d. 500 mM mM FCCP (MW 254,16 g/mol): 6.35 mg 1 mL EtOH to obtain the 25 mM stock. Aliquot

and store at �20�C. Dilute 1:500 with milli-Q H2O just before use.

CRITICAL: EtOH stocks may be stored at �20�C up to 1 month. Inhibitor final stocks

need to be prepared freshly the day of the experiment and stored on ice, protected

from light.

Figure 1. Scheme of the electrode (platinum cathode

and silver anode)
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CRITICAL: Make sure to adjust pH to 7.4 in all reagent solutions and maintain all reagents

on ice.

9. Set the electrode-bath temperature to 30�C to ensure constant temperature during measurement

Note: Remember that in conditions of O2 saturation, at 30�C, oxygen (O) concentration in

liquid media is 445 nmol/mL

10. Set up the Clark type electrode (Figure 1) by placing 1 drop of saturated KCl on the top of the

platinum electrode and immediately covering it by Teflon membrane, ensuring no bubble is

forming.

11. Immediately place milli-Q water in the electrode working chamber.

CRITICAL: Teflon membrane MUST be maintained wet for all the time of the experiment.

12. Turn on the Clark-type electrode (Oxygraph+, Hansatech-instruments, Figure 2).

a. Turn on the electrode

b. Turn on the computer

c. Run ‘‘Oxygraph+’’ (or similar) Software.

Figure 3. Oxygraph+ calibration interface

Figure 2. Clark-type electrode

Scheme (left) and apparatus (right).
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d. Turn on agitation (Stirrer ON) to ensure homogenous concentration of O2 in the working

chamber.

13. Calibrate electrode with dithionite to set 0% oxygen consumption.

a. Click Liquid phase calibration: T 30�C; Stirrer 70 rpms; click OK (Figure 3)

b. Start recording the trace.

c. Add a pinch of dithionite to set 0% of O2. Click OK.

d. The trace will drop until a plateau.

e. Save new calibration.

14. Wash twice the working chamber with 2 mL milli-Q H2O, 2 mL EtOH, 2 mL milli-Q H2O, to care-

fully remove all dithionite residues.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Calreticulin (dilution 1:1000) Abcam Cat#ab92516

Anti-NDUFA9 (dilution 1:1000) Abcam Cat#ab14713

Anti-a-Tubulin (dilution 1:1000) Sigma-Aldrich Cat#T5168

Biological samples

Healthy oxidative soleus muscle Mus musculus -

Chemicals, peptides, and recombinant proteins

Sucrose Sigma-Aldrich Cat#84100

Tris-HCl Sigma-Aldrich Cat#10812846001

EDTA Sigma-Aldrich Cat#ED2P

KH2PO4 Sigma-Aldrich Cat#P0662

K2HPO4 Sigma-Aldrich Cat#60353

KCl Merck Cat#104936

MgCl2 Sigma-Aldrich Cat#M8266

BSA Nzytech Cat#MB04602

EGTA Sigma-Aldrich Cat# 324626

Nagarse Sigma-Aldrich Cat# P4789 discontinued

Bradford (Bio-Rad Protein Assay) Bio-Rad Cat#5000006

Glutamate Sigma-Aldrich Cat#49621

Malate Sigma-Aldrich Cat#2300

Sodium succinate Sigma-Aldrich Cat#S7501

Palmitoyl-carnitine Sigma-Aldrich Cat#P1645

TMPD Sigma-Aldrich Cat# T7394

Sodium ascorbate Sigma-Aldrich Cat#A7631

Rotenone Sigma-Aldrich Cat#R8875

Piericidin A Sigma-Aldrich Cat# 96861

Malonate Sigma-Aldrich Cat# 63409

Antimycin A Sigma-Aldrich Cat#A8474

Sodium azide (NaN3) Sigma-Aldrich Cat#S2002

KCN Sigma-Aldrich Cat# 207810

Oligomycin Sigma-Aldrich Cat#O4876

ADP Sigma-Aldrich Cat#A2754

FCCP Sigma-Aldrich Cat#C2920

Dithionite Merck Cat#1065070500

EtOH Merck Cat#51976

Experimental models: Organisms/strains

Mus musculus: C57BL/6
6 month-old mice (males)

The Jackson Laboratories Cat#MGI:5656552

(Continued on next page)
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MATERIALS AND EQUIPMENT

Buffers

Optional: Nagarse Buffer (C)

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Oxygraph+ Software Hansatech Instruments -

GraphPad Prism 7 1992-2016 GraphPad
Software, Inc

-

Other

Oxygraph+ (Clark-type electrode) Hansatech Instruments http://www.hansatech-instruments.
com/product/oxygraph-system/

Hamilton syringe (25 and 50 mL) Sigma-Aldrich Cat#21492
Cat#24544

KIMBLE Dounce tissue grinder set
(Glass to glass homogenizer)

Sigma-Aldrich Cat#D9063-1SET

Centrifuge Eppendorf Cat#5418 R

Moria Iris Forceps FST Cat#11370-31

Moria Iris Forceps FST Cat#11370-32

Halsted-Mosquito Hemostats FST Cat#13008-12

Vannas Spring Scissors FST Cat#15000-00

Extra Fine Bonn Scissors FST Cat#14084-08

Surgical Scissors FST Cat#14001-12

25G needles Sterican 100 Braun Cat#4657853

Extraction Buffer (A)

Reagent Final concentration Amount

Sucrose 0.32M 11 g

Tris-HCl 10 mM 121 mg

EDTA 1M 1 mM 100 mL

H2O milli-Q n/a up to 100 mL

Total n/a 100 mL

Storage at �20�C until use. Use at 4�C.

Respiration Buffer (B)

Reagent Final concentration Amount

Sucrose 225 mM 7.7 g

KCl 10 mM 74 mg

MgCl2 5 mM 47.6 mg

HK2PO4 10 mM 134 mg

H2KPO4 10 mM 30 mg

EGTA 1 mM 38 mg

Tris HCl 10 mM 121 mg

BSA 0.05% 50 mg

H2O milli-Q n/a up to 100 mL

Total n/a 100 mL

Storage at �20�C until use. Use at 30�C.
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Note: A and B buffers were published in (Formentini et al., 2014 )

CRITICAL: Adjust pH to 7.4 in all buffers.

STEP-BY-STEP METHOD DETAILS

Skeletal muscle mitochondria isolation

Timing: [1 h]

Isolation of soleus oxidative skeletal muscle mitochondria by centrifugation steps (Sanchez-Gonza-

lez et al., 2020).

1. Sacrifice mice in CO2 chamber.

2. Extract soleus muscles from mice hindlimbs using pre-cooled and sterilized surgical material in-

side a laminar flow cabinet to reduce impurities.

Note: To extract soleus, fix themouse leg in a flexed position to the dissecting table and cover

it with cold 13 PBS solution. Remove hair, skin and surrounding fascia. Cut Achilles tendon.

Separate the soleusmuscle from the hindlimb and clean from leftover fascia. (Figure 4, adapt-

ed from (Shinin et al., 2009))

CRITICAL: Remove asmuch fascia as possible, as remaining fascia will complicate the isola-

tion of the entire muscle.

Note: To identify soleus, pay attention to muscle color. Being deeply oxidative and enriched

in mitochondria, soleus red color is darker than surrounding muscle. Carefully cut the tendon

as close as possible to the knee and separate soleus.

CRITICAL: Soleus must be extracted with no white adipose tissue (WAT) deposits to

ensure coupling of isolated mitochondria.

3. Weigh soleus.

Note: Depending on the age of the animals, 2 or more solei are needed to get enough mito-

chondria for measuring respiration. This also depends on the volume of the chamber and the

sensitivity of the Clark-type electrode. This protocol has been optimized for 4 solei (a pool of 2

mice/preparation).

Note:Mitochondrial function can be also analyzed in situ in permeabilized mouse soleus fiber

bundles (Kuznetsov et al., 2008), allowing 2 respirometer runs per soleus, although the

method does not allow the measurement of all the parameters reported in this protocol

(see below).

Reagent Final concentration Amount

Sucrose 0.32M 11 g

Tris-HCl 10 mM 121 mg

EDTA 1M 1 mM 100 mL

Nagarse 0.2 mg/mL 20 mg

H2O milli-Q n/a up to 100 mL

Total n/a 100 mL

Storage at �20�C until use.
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4. For isolating mitochondria (on ice). Adapted from (Fernandez-Vizarra et al., 2010):

a. Wash soleus in cold PBS 13 in a pre-cooled 50 mL glass beaker.

b. Mince muscles in four volumes (depending on muscle weight) of buffer A until pieces are ho-

mogeneous with the help of pre-cooled surgical scissors.

Optional: Nagarse or other smooth proteases increase mitochondrial purity, reducing the

amounts of other organelles. Step b may be performed in buffer C. Incubate 5–10 min on

ice to allow Nagarse to act.

CRITICAL: excessive time in Nagarse added buffer may disrupt mitochondria.

Note: Mitochondria purity may be verified by WB using specific antibodies against mito-

chondrial complexes (anti-NDUFA9), cytosolic (anti-tubulin) or other organelle (anti-calreti-

culin) proteins.

c. Homogenize in a glass-glass homogenizer (Figure 5):

- 10 times with potter A (smoother).

- 15 times with potter B (stronger).

CRITICAL: It is really important not to pass more times with the potters than necessary.

Mitochondria may uncouple if the homogenization step is too strong. Exact conditions of

homogenization should be optimized for any potter.

d. Immediately transfer the homogenized suspension to previously pre-cooled centrifuge tubes.

e. Centrifuge 10 min at 700 g at 4�C.
f. Discard pellet, contains nucleus and intact cells.

g. Repeat eand f steps once.

Figure 4. Scheme of soleus extraction

1. Lateral view of the anatomy of mouse hindlimb. 2.Extraction of soleus: remove fascia, insert fine-tip forceps between distal tendons, liberate Achilles

tendon from tibial bone, liberate soleus from proximal tendons and extract soleus. 3: Immediately transfer soleus to cold PBS.
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Note: the double centrifugation is required to improve purity of isolated mitochondria.

h. Centrifuge supernatant for 10 min at 10,000 g at 4�C.
i. Eliminate supernatant, and suspend mitochondria enriched pellet in 100 mL of buffer B.

j. Measure mitochondria protein by Bradford method in a spectrophotometer. A summary for

steps a-j is provided in Figure 6.

Note: This and other protocols require coupled mitochondria (Nuevo-Tapioles et al., 2020).

When coupling is not required (ETC enzymatic activities, blue native, in-gel activities among

others protocols (Nuevo-Tapioles et al., 2020)) h and i steps may be repeated once or twice

to enhance mitochondrial purity.

CRITICAL: Buffer B may interfere with protein measurement. Ensure to use buffer B for

calibration curve.

CRITICAL: Make sure to maintain mitochondria on ice all the time to avoid uncoupling.

OCR measurement by clark-type electrode

Timing: 1–2 h

Measurement of oxygen consumption rate (OCR) in isolated mitochondria from mouse soleus in a

Clark-type electrode (Sanchez-Gonzalez et al., 2020).

5. Add 500 mL of respiration buffer to the electrode working chamber.

Note: the electrode chamber volumemay vary between Clark-type electrodes and proper vol-

ume should be calibrated to each individual instrument.

6. Add 30–100 mg of mitochondrial protein to the chamber.

7. Close chamber (Figure 7)

8. Click GO to start recording the trace.

9. At 30 s inject one substrate and add a label (repeat it in each injection).

Figure 5. Representative image of potters A and B,

and dounce
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Note: All injections should be performed with a Hamilton syringe to avoid opening the work-

ing chamber.

a. 0.5 mM malate + 50 mM palmitoyl-carnitine: 5 mL from a 50 mM malate stock + 5 mL from a

5 mM palmitoyl-carnitine stock.

b. 10 mM glutamate/malate: 10 mL from a 500 mM glutamate/malate stock.

c. 10 mM succinate: 10 mL from a 500 mM succinate stock

CRITICAL: using substrates in c. add 1 mM rotenone (5 mL from a 100 mM rotenone stock)

before substrate injection to avoid retrograde electron transfer (RET) (Scialo et al., 2016).

Alternatively, following ADP addition, pyruvate (final concentration: 25mM)may be added

to allow a measurement of flux control ratio of fatty acids relative to pyruvate (see (Hor-

scroft et al., 2019)), followed by rotenone to consider RET.

Figure 6. Mitochondria isolation protocol

Step1: sacrifice mice in CO2 chamber. Step 2: soleus extraction and weight. Step 3: soleus wash with cold and sterile

PBS. Step 4: mince soleus in buffer A. Step 5: incubate with Nagarse protease. Step 6: homogenize in glass-glass

homogenizer. Step 7: pellet nuclear and membrane rests. Step 8: discard pellet. Step 9: pellet mitochondria. Step 10:

resuspend mitochondria in buffer B. Step 11: measure mitochondrial protein.
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10. At 2 min 30 s inject 250 mM ADP (5 mL from a 25 mM ADP stock).

11. Allow all ADP to be converted in ATP and slope returns as it with substrates only.

CRITICAL: Respiratory Control Index (slope in state III (P) / slope in state II (L) (at saturating

[ADP] and [Pi])) for glutamate/malate should be > 4 for healthy controls (see below). For

Skm healthy controls, values < 3 indicates poor mitochondria coupling.

12. At 4 min 30 s inject 1 mM ADP (5 mL from a 100mM ADP stock).

13. At 5 min 30 s inject 5 mM oligomycin (5 mL from 500 mM oligomycin stock).

14. At 6 min 30 s inject 5 mM FCCP (5 mL from 500 mM FCCP stock)

15. At 7 min 30 s inject 1 mM antimycin A (5 mL from 100 mM antimycin A stock).

16. At 8 min 30 s stop measurement (click STOP button ) and save trace (click file, save as). A sum-

mary for OCR measurement steps is provided in Figure 8.

Note: Allow sufficient time to permit the calculation of slopes in between injections. The time

indicated here is flexible.

17. Repeat steps 5–16 at least 3 times for each substrate.

CRITICAL: Consider a 10% of initial oxygen concentration limiting for proper measure-

ment. Ensure to stop the experiment before oxygen becomes limiting.

CRITICAL: carefully clean Hamilton syringe twice with EtOH and H2O after each injection.

EXPECTED OUTCOMES

Expected control mitochondria trace using the Oxygraph+ system is presented in Figure 9.

QUANTIFICATION AND STATISTICAL ANALYSIS

Adapted from (Nicholls, 2013) and (Gnaiger, 2020):

18. Oxygen Consumption Rate (OCR) is obtained by calculating the slopes of the different mito-

chondrial coupling states in a sufficient number of traces performed in the same conditions:

a. State I: no energized mitochondria (consuming endogenous substrates until depletion, no

DJm).

b. Leak State II (L): Resting, non-phosphorylating electron transfer with a short circuit of the H+

cycle across the mitochondrial inner membrane. It is a leak state in the absence of ADP and

ATP. ETC substrates allow DJm generation (maximum protonmotive force).

Figure 7. Clark-type electrode. Closed chamber is

shown
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Note: low respiration is expected due to the lack of OXPHOS.

c. ADP-stimulated State III (OXPHOS capacity, P): ETC respiration is coupled with ATP produc-

tion, allowing OXPHOS.

d. d.1 Leak State IV (L): all ADP is depleted by phosphorylation to ATP, respiration drops (same

slope that Leak State II). It is an ADP-limited resting state in the presence of ATP.

d.2 Uncoupled State (ETC capacity, E): uncoupled respiration with a short circuit of the H+

cycle across the mitochondrial inner membrane at optimum uncoupler (FCCP) concentration

stimulating maximum O2 flux (maximum O2 consumption, very low protonmotive force).

Note: A control-step includes the inhibition of ETC complexes to correct total O2 uptake for

residual O2 consumption (Rox) (Gnaiger, 2020).

e. State V: anoxia.

Note: State III respiration corrected for Leak (P-L) is potentially available for net coupled phos-

phorylation of ADP to ATP (Gnaiger, 2020).

19. Respiration Control Index/Rate (RCI or RCR) is calculated for each substrate by dividing state III

(P) slope per state II (L) slope (at saturating [ADP] and [Pi]). This value is a control index of

Figure 8. OCR measurement protocol
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coupling mitochondria. For Skm mitochondria, RCI for glutamate/malate should be > 4 in

healthy controls (usually �5–6).

20. Phosphate/Oxygen Ratio (P/O) for malate + palmitoyl-carnitine (trace a in Figure 9) is calculated

by dividing the generated ATP moles (= moles of ADP injected at step 10) per moles of

consumed oxygen (O) (from the injection of ADP at step 10 until reaching the state IV). This value

is representative of coupling ETC O2 consumption with FFA-b-oxidation.

Note: P/O ratios of�2.5 and�1.5 with NADH-linked substrates or succinate, respectively, are

expected.

Figure 9. Expected traces in healthy mitochondria control
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CRITICAL: This value should be compared with P/O ratio for succinate (trace c in Figure 9) to

discard late ETC dysfunctions in the sample mitochondria compared to control mitochondria.

Similarly, check the activity of the carnitine palmitoyltransferase I (CPT1), the enzyme responsible for

FFA entrance to themitochondria, to discard artefactual changes in trace (a) slopes. Radiometric (Dobr-

zyn et al., 2004);(Berthon et al., 1998), fluorometric (Schafer et al., 1993) and mass-spectrometry based

(Sierra et al., 2008) assays have been described tomeasure it. CPT1 activitymay also be investigated by

respirometry using malate, palmitoyl-coA and free carnitine (See (Horscroft et al., 2019)).

Optional: the day after the experiment, enzymatic activities of complexes I, II, III and IV (San-

tacatterina et al., 2016; Spinazzi et al., 2012) may be performed to discard single ETC com-

plexes dysfunctions in sample mitochondria compared to control mitochondria.

Note: these activities may also be investigated directly by respirometry using the following

protocol:

Glutamate/malate; ADP; cyt c; succinate; FCCP; rotenone; antimycin A; TMPD/ascorbate; azide.

This allows rates for coupled complex I (L+P), complexes I+II (P), complex II (P), residual oxygen con-

sumption (Rox, non-mitochondrial), and complex IV (P) (Gnaiger, 2020)

21. Oligomycin Sensitive Respiration (OSR) is calculating comparing the state III slope

with the slope obtained after the oligomycin injection. This value is representative of the H+-

ATP synthase activity (Esparza-Moltó and Cuezva, 2018; Sanchez-Gonzalez et al., 2020).

Note: H+-ATP synthase dysfunctions may result in alterations in DJm (Formentini et al., 2012)

22. Maximal Respiration is calculating comparing FCCP-induced respiration with state 1 respiration

23. Statistical analyses are performed using a two-tailed Student’s t test. ANOVA and the Tukey’s

post hoc test is used for multiple comparisons, employing SPSS 17.0 and GraphPad Prism7 soft-

ware packages. Bonferroni correction may be applied to avoid multiple comparison errors.

p<0.05 is considered statistically significant.

LIMITATIONS

At least one Clark-type electrode is required. However, note that Oroboros Oxygraph-2k may also

be used to measure oxygen consumption.

Uncoupledmitochondria (or stored mitochondria preparations) do not work in Clark-type electrode,

thus same-day mitochondria isolation and oxygen consumption assessment is mandatory.

CRITICAL: mitochondria tend to uncouple over time: use them immediately after isolation.

Coupled mitochondria may be difficult to obtain due to several limitations:

a. WAT deposits in soleus muscle (or any tissue) decrease mitochondrial coupling and increase

proton leak (see Troubleshooting section).

b. Extra force or potter passes in the extraction decrease mitochondrial coupling (see Trouble-

shooting section).

c. Temperature is a critical feature of the protocol: mitochondria isolation must be performed on

ice, pre-cooling all the material at 4�C, including buffers, centrifuges and potters.
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Clark-type electrode experiments must be performed at constant temperature because O2 satura-

tion level in media depend on temperature (see above). Electrode needs to be properly calibrated

prior to OCR measurements.

Substrates and inhibitors might be degraded in freeze/thawing cycles; thus, it is strongly recommen-

ded to use compounds freshly prepared.

TROUBLESHOOTING

Problem 1

How to be sure that electrode is working properly after the manual set up (related to ‘‘Before you

begin-Clark-type Electrode preparation’’ section, steps 10–13).

Potential solution

Verification:

Start recording. For Oxygraph+ program: Click GO.

Wait for the trace to start.

Stop: click Stirrer OFF.

Wait for the trace to go down.

Click Stirrer ON.

Wait for the trace to restore initial level.

Note: If no decrease in O2 (or only a slight decrease) is observed, the electrode does not work

properly.

Solution:

Dismantle the electrode.

Clean the electrode with H2O milli-Q water.

Add a drop of a saturated KCl solution in the platinum electrode.

Put a new Teflon membrane.

Put correctly the O ring (Figure 3, left panel) adjusting the membrane and avoiding bubbles.

Problem 2

How to check if mitochondria are uncoupled (related to ‘‘Step-by-step method details-Skeletal mus-

cle mitochondria isolation’’ section, step 4).

Potential solution

This can be checked respirometrically by the addition of exogenous cytochrome c (cyt c, 10 mM) to

mitochondrial preparations. If mitochondria have become damaged or uncoupled during the prep-

aration step, the addition of cyt c will increase the oxygen flux highlighting the damage of the outer

membrane and loss of the endogenous cyt c. See: (Pesta and Gnaiger, 2012)

Problem 3

Mitochondria are uncoupled (low RCR) (related to ‘‘Step-by-step method details-Skeletal muscle

mitochondria isolation’’ section, step 4).

Potential solution

A wrong buffer composition/storage may affect mitochondria coupling.

Re-do all the buffers following right indications.
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A too strong process of purification may uncouple mitochondria. Change tomilder homogenization.

Homogenize in a glass-glass homogenizer:

8 times with potter A (smoother).

8 times with potter B (stronger).

Note: In certain cases, it could be recommended to perform only 1 centrifugation for nuclei

separation and 1 for mitochondria isolation. Reducing the number of centrifugations reduces

the purity of the preparation but increases mitochondrial coupling.

Although fundamental interaction between lipid-storages and mitochondria has been

recently described (Benador et al., 2019), the presence of excessive intramuscular adipocyte

accumulation may result in excess of lipids during the isolation, thus altering permeability and

uncoupling mitochondria (Rial et al., 1983). Carefully eliminate lipid phase with the help of a

cotton swab after the first centrifugation (step 4f) to reduce lipid amount into the preparation.

Increase the percentage of BSA in the buffer B.

Note: BSA will bind lipids reducing their concentration.

Obesity and aging decrease RCR, increase mitochondrial proton leaks and alter mitochondrial

inner membrane lipid composition (Cadenas, 2018; Formentini et al., 2017a; Sanchez-Gonzalez

et al., 2020). Make sure that control animals are lean and young (2–8 months old).

Problem 4

Mitochondria do not respond properly to substrates/inhibitors after few traces (related to ‘‘Step-by-

step method details- OCR measurement by Clark-type Electrode’’ section, steps 5–16).

Potential solution

This could be due to the presence of traces of inhibitors or impurities in the working chamber (bad or

difficult cleaning).

Clean the electrode working chamber with 2 mL milli-Q H2O,2 mL EtOH, 2 mL milli-Q H2O.

Add 2 mL of PBS + 1% BSA to the working chamber for enhancing the clean effectiveness. Impu-

rities and inhibitors will bind BSA.

Repeat steps 1 and 2 twice.

Note: increasing the time of the washes also helps in removing inhibitors. Wash the chamber

for at least 15 min in 100% EtOH between runs.

Problem 5

Electrode is not sensitive (slow slops, instable traces) (related to ‘‘Step-by-step method details- OCR

measurement by Clark-type Electrode’’ section, steps 5–16)

Potential solution

A well-known cause of failures of oxygen sensors is the appearance of gas bubbles. The unequal

rates of the heating of the measuring system’s components are the most probable (but not

unique) reason of the diffusive flow of oxygen through the membrane of the sensor:

Make sure heating system works properly and constant temperature is maintained

Adjust stirring and avoid any vortex, which can change the reading by adding oxygen from the

ambient air.

Eliminate gas bubbles in the proximity of the Teflon membrane (Figure 2)
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Consider increasing the concentration of mitochondrial protein in the chamber. Mitochondrial

activity decreases with aging (Kauppila et al., 2017) or pathologies (Balaban et al., 2005; Dillin

et al., 2002; Formentini et al., 2012; Formentini et al., 2017b; Nuevo-Tapioles et al., 2020)

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Laura Formentini (lformentini@cbm.csic.es).

Materials availability

This study does not need any new reagents.

Data and code availability

This study does not generate/analyze data sets or code.
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Appendix II: Tables



Enzyme PTM Enzyme Effect References
CI: NDUFB10 Phosphorylation Kinase Decrease activity (Hebert-Chatelain et al., 2012, p. 10)
CI: NDUSF4 Phosphorylation Kinase Increase activity (Papa, S. et al., 2001)
CIII: subunits I and II Phosphorylation Kinase Decrease activity (Augereau, O. et al., 2005)
CIV: subunits I and IV Phosphorylation PKA Increase activity (Acin-Perez et al., 2011)
CIV: subunit II Phosphorylation Scr-kinase Increase activity (Acin-Perez et al., 2011; Augereau, O. et 

al., 2005)
CIV: subunit II Phosphorylation EGFR Decrease activity (Boerner et al., 2004; Demory et al., 

2009)
CIV: subunit II Phosphorylation ERBb2 Decrease mitochon-

drial respiration and 
increases glycolysis

(Ding et al., 2012)

CV Phosphorylation Src-kinase Decrease ATP pro-
duction

(Stram and Payne, 2016)

ATPIF1 Phosphorylation 
(pH dependent)

PKA Inactivation (Cabezon et al., 2002)

PDH Phosphorylation Kinase Inactivation (Teague, W. M. et al., 1979)
VDAC Phosphorylation Kinase Upregulation and 

apoptosis
(Yuan et al., 2008, p. 1)

CII: SDHA and 
SDHB

Desuccinylation SIRT5 Decrease activity (Park et al., 2013)

SOD1 Desuccinylation SIRT5 Activation (Zhi-Feng Lin et al., 2013)
PDH Desuccinylation SIRT5 Inactivation (Park et al., 2013)
CII: SDHA Acetylation - (Sun et al., 2020)
CI-CIII, CIV Deacetylation SIRT3 Activation (Finley et al., 2011; He et al., 2012)
SOD2 Deacetylation SIRT3 Activation (He et al., 2012)
CI, CIV, CV S-nitrosylation RNS Inhibition, reduction 

in ROS

Table 1. Representative PTMs in ETC and mitochondrial proteins, 
and their regulatory effects.



Protein Fiber type References

MyHC I/β I (Frontera and Ochala, 2015; Schiaffino, 2018; Schiaffino et 
al., 1989)

MyHC-α I (Frontera and Ochala, 2015; Schiaffino, 2018; Schiaffino et 
al., 1989)

MYBPC1 I (Stavusis et al., 2019)

TNNI1 I https://www.uniprot.org/uniprot/P19237

MYH2 I (Frontera and Ochala, 2015; Schiaffino, 2018; Schiaffino et 
al., 1989)

MYH7 I (Frontera and Ochala, 2015; Schiaffino, 2018; Schiaffino et 
al., 1989)

MYL2 Cardiac muscle https://www.uniprot.org/uniprot/P51667

MYL3 I https://www.uniprot.org/uniprot/P09542

MYH2 IIa (Frontera and Ochala, 2015; Schiaffino, 2018; Schiaffino et 
al., 1989)

MyHC2A IIa (Frontera and Ochala, 2015; Schiaffino, 2018; Schiaffino et 
al., 1989)

MYH1 IIb (Frontera and Ochala, 2015; Schiaffino, 2018; Schiaffino et 
al., 1989)

MYH4 IIb (Frontera and Ochala, 2015; Schiaffino, 2018; Schiaffino et 
al., 1989)

MyHC2X IIX (Schiaffino et al., 1989)

MYBPC2 IIb https://www.uniprot.org/uniprot/Q5XKE0

TNNI2 IIb https://www.uniprot.org/uniprot/P13412

TNNT3 IIb https://www.uniprot.org/uniprot/Q9QZ47

MYL1 IIb https://www.uniprot.org/uniprot/P05977

Table 2. Main proteins expressed in specific fiber types.



Table 3. Reagents and resources.

REAGENT or RESOURCE SOURCE RRID REFERENCE
Antibodies
Anti-4-HNE R&D Systems AB_664165 MAB3249

Anti-ACAC (ACC)
Cell Signaling Techno-

logy Inc
AB_2219400 3662

Anti-ACLY Abcam AB_722533 ab40793
Anti-Acetyl-K Cell Signaling AB_331805 9441S
Anti-alkaline phosphatase R&D Systems  - 1448
Anti-Catalase Sigma-Aldrich AB_258720 C0979
Anti-Complex III Subunit Core 2 Abcam AB_2213640 ab14745
Anti-COXIV Abcam AB_301443 ab14744

Anti-DRP1
BD Transduction La-

boratories
AB_398423 611112

Anti-ETF-A Abcam AB_10865517 ab110316
Anti-ETF-B Abcam AB_10711450 ab104944
Anti-ETF-DH Abcam AB_11141444 ab126576
Anti F4/80 Biolegend AB_893481 123116

Anti-FASN
BD Transduction La-

boratories
AB_398275 610962

Anti-GAPDH Homemade  -  - 
Anti-GSR Abcam AB_2115640 ab16801
Anti-HSP60 Homemade  -  - 

Anti iNOS/NOS
BD Transduction La-

boratories
AB_397718 610328

Anti-mouse IF1 Homemade  -  - 
Anti-human IF1(H49K) Homemade  -  - 

Anti-Laminin-β1
Santa Cruz Biothecno-

logy Inc
AB_2134182 sc6018

Anti-LC3B AB_2137703 4108
Anti-MDA Abcam AB_776164 ab27642
Anti-MFN1 Abcam AB_2142624 ab57602
Anti-MFN2 Abcam AB_2142629 ab56889
Anti-Mouse IgG (H+L), HRP Conjugate Promega AB_430834 W4021

Anti-MPC1
Cell Signaling Techno-

logy Inc
AB_2773729 14462

Anti-mTOR
Cell Signaling Techno-

logy Inc
AB_330978 2972

Anti-MyHC Abcam AB_297734 ab11083
Anti-NDUFA9 Abcam AB_301431 ab14713
Anti-NDUFS3 Abcam AB_301429 ab14711
Anti-Nitrotyrosine Abcam AB_942087 ab61392

Anti-OPA1
BD Transduction La-

boratories
AB_399888 612606



Anti ORAI1  
 

Alomone labs AB_10918021 ACC-062

Anti-p62 Enzo Life Science AB_2052149 BML-PW9860-0025

Anti-pACAC (ACC)
Cell Signaling Techno-

logy Inc
AB_330337 3661

Anti-pACLY
Cell Signaling Techno-

logy Inc
AB_2257987 4331

Anti-Parkin   Abcam AB_1566559 ab77924
Anti-PDH1 Invitrogen  - 459400
Anti-phosphoserine Sigma-Aldrich AB_477376 P5747
Anti-PINK1 Abcam AB_447627 ab23707

Anti-PLP4
Santa Cruz Biothecno-

logy Inc
AB_10842120 sc169231

Anti-Phospho-mTOR (Ser2448) 
Cell Signaling Techno-

logy Inc
AB_330970 2971

Anti-PRDM16 Abcam AB_10866455 ab106410
Anti-PRX2 Abcam AB_10862524 ab109367
Anti-PRX3 Abcam  - ab222807
Anti-PRX6 Abcam AB_944762 ab59543
Anti-Rabbit IgG (H+L), HRP Con-
jugate

Promega AB_430833 W4011

Anti-Raptor
Cell Signaling Techno-

logy Inc.
AB_56124 2280

Anti-SCD
Santa Cruz Biothecno-

logy Inc
AB_2238791 sc14715

Anti-SDHA Abcam AB_301433 ab14715
Anti-SDHB Invitrogen  - 459230

Anti-SOD1
Santa Cruz Biothecno-

logy Inc
AB_2193779 sc11407

Anti-SOD2
Santa Cruz Biothecno-

logy Inc
AB_661470 sc30080

Anti-STIM2  Alomone labs AB_2040218  ACC-064
Anti-tubulin Sigma-Aldrich AB_477579 T5168
Anti-VDAC Abcam AB_2214787 ab15895
Anti-βactin Sigma-Aldrich AB_476692 A1978
Anti-βactin Merk KGaA AB_476744 A5441
Anti-β-Dystroglycan Leica AB_442043) NCL-b-DG
Anti-βF1-ATPase Homemade  -  -
Donkey anti-goat  Thermo Fisher A-21447
Donkey anti-mouse Sigma-Aldrich - SAB4600176-250UL
Goat anti-rabbit Sigma-Aldrich - SAB4600185-250UL
Chemicals, Peptides and Recombinant Proteins
[9,10 - 3H(N)] palmitic acid Perkin Elmer  - NET043001MC

2-isopropanol Merk KGaA  - K48640034
6-aminohexanoic acid Sigma-Aldrich  - 7260



ABI Prism 7900HT sequence detection 
system

Thermo Fisher Scientific  - 4317596

ADP Sigma-Aldrich  - A2754

AG Ion-exchange resin Bio-Rad  - 1401454

Antimycin A Sigma-Aldrich  - A8474

ATP Sigma-Aldrich  - A2383

Bio-Rad Protein Assay Bio-Rad  - 5000006

Bis-Tris Sigma-Aldrich  - T0377

Bodipy 493-503 Thermo Fisher D3922

Bovine Serum Albumin (BSA) Nzytech  - MB04602

Bromophenol Blue Sigma-Aldrich  - B0126

Carboxine Sigma-Aldrich - 45371

Carnitine Sigma-Aldrich  - C0283
cOmpleteTM Mini EDTA-free Protease 
Inhibitor Cocktail

Sigma-Aldrich  - 11836170001

DAB Dako, Agilent  - K8000
DeStreak Rehydration Solution GE Healthcare  - GE17-6003-19
Digitonin Sigma-Aldrich  - D5628

DNP Sigma-Aldrich  - D198501

Doxycyling Sigma-Aldrich  - D9891

DTT Sigma-Aldrich  - D9760

Edaravone Selleckchem  - S1326

EDTA Sigma-Aldrich  - ED2P

EGTA Sigma-Aldrich  - E3889

EtOH Merck KGaA  - 64-17-5

Etomoxir Sigma-Aldrich  - E1905

Ettan IPGPhor3 IEF Unit GE Healthcare  - 11003364

EZ View Red Protein G Affinity Gel Sigma-Aldrich  - E3403

Fast SYBERMasterMix Thermo Fisher Scientific  - 4385616

FCCP Sigma-Aldrich  - C2920

FDA-Approved library Selleckchem  - L1300

Fetal Bovine Serum (FBS) Sigma-Aldrich  - F7524

Glycine VWR  - 101196X

Glucose Merck KGaA  - K37462374

Glucose, D- [U-14C]- Perkin Elmer - NEC042V250UC

Glutamate Sigma-Aldrich  - 49621

Glycerol Sigma-Aldrich  - G5516

High Fat Diet (HFD) Research Diets  - D12451

IAM Sigma-Aldrich  - I6125

Imidazole Sigma-Aldrich  - I5513

Immobiline DryStrips GE Healthcare  - 17-6001-96

Insulin Sigma-Aldrich  - I6634

Insulin (Actarapid human injectable Insulin) Novo Nordisk  -  -



Isoleucine, L-[U-14C] Perkin-Elmer NEC278E050UC

IPG Buffer GE Healthcare  - 17-6004-40

KCl Merk  - 104936

L-[14C(U)]-Leucine Perkin-Elmer - NEC279E050UC

L-Leucine Sigma-Aldrich - L8000

L-[14C(U)]-Lysine Perkin-Elmer NEC280E001MC

Lipofectamine 2000 Transfection Reagent Thermo Fisher Scientific  - 11668027

Malate Sigma-Aldrich  - 2300

Malonate Sigma-Aldrich M1296

MgCl
2 Sigma-Aldrich  - M8266

MgSO4 Sigma-Aldrich  - M7506

MitoSOX Red Mitochondrial superoxide 
indicator

Invitrogen M36008

MitoQ

Michael.P.Murphy

(Antipodean Pharmaceu-
tical Inc.) 

Mowiol Merck KGaA  - 475904-100GM

N-Acetyl-L-cysteine Sigma-Aldrich  - A7250
NativePAGE Novex 3-12% Bis-Tris Protein 
Gels

Life Technologies  - BN1001BOX

NitroBlue Tetrazolium Tablet Sigma-Aldrich  - N5514-10TAB

Non-fatty dried milk Central lechera Asturiana  -  
Novex ECL HRP Chemiluminescent 
reagent

Invitrogen  - WP20005

Oil Red Sigma-Aldrich O0625

Oligomycin Sigma-Aldrich  - O4876

Paraformaldehyde
Santa Cruz Biotechno-

logy
 - 30525-89-4

Pb(NO3)2 Sigma-Aldrich  - 228621

Phosphatase inhibitor cocktail 2 Sigma-Aldrich  - P5726

Poly-Prep Chromatography columns Bio-Rad  - 731-1550

Ponceau Red Sigma-Aldrich  - P7170

Reduced Cytochrome C Sigma-Aldrich  - C2506

Rotenone Sigma-Aldrich  - R8875

Serva Blue G dye Serva  - 35050

Sodium Deoxycholate Sigma-Aldrich  - D6750

Sodium Palmitate Sigma-Aldrich  - P9767

Sodium Succinate Sigma-Aldrich  - S7501

Sucrose Sigma-Aldrich  - 84100

Tricine Sigma-Aldrich  - B9754

Tris pH 8.3 Sigma-Aldrich  - T1503

TritonX-100 Merck KGaA  - 9030-19-5

Trizol Invitrogen  - 15596026



Tween 20 EMD Millipore Corp.  - 817072

Ultima Gold LLT Scintillation Fluid Perkin Elmer  - 6013377

Valine, L-[U-14C] Perkin Elmer  -
NEC291EU-

050UC

Xylene VWR  - 1330-20-7

α-MEM Gibco  - 12561-056

Critical Commercial Assays

ATP Bioluminescence Assay Kit CLS II Roche - 11699695001

BCAA Assay Kit Abcam - ab83374

FAD Assay Kit Abcam  - ab204710

Glycerol Quantification Kit Sigma-Aldrich  - T2449

Glycerol Quantification Kit Sigma-Aldrich  - F6428

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific  - 4368814

KAPA Mousse Genotyping Kit Kapa Biosystems  - KK7302

Mouse Malonyl coenzyme A ELISA Kit Cusabio CSB-E12896m

NADP/NADPH Quantification Kit Sigma-Aldrich  - MAK038 

PicoProbe Acetyl-CoA Fluorimetric Assay kit BioVision K317

SkGM-2 Skeletal Muscle Bullet Kit Lonza  - cc-3246

SkGM-2 Skeletal Muscle Bullet Kit Lonza  - cc3244

Recombinant DNA

ATPIF1|H49K plasmid    -  

Software and Algorithms

Cytoscape v3.6.1 Cytoscape Consortium SCR_015784  

GraphPad Prism7 GraphPad SCR_002798  

GSEA v3.0 Broad Institute Inc. SCR_003199  

Image J analysis software NIH SCR_003070  

PEAKS Studio X search engine
Bioinformatics Solutions 

Inc.
 -  

Seahorse_Wave_Desktop_v2.4 Agilent technologies SCR_014526  

SPSS 17.0 SPSS Inc. SCR_002865  

Other

Ket-Stat Strips Nova Biomedicals  - 41543

Nitrocellulose membrane, Amersham Protran 
0.2mm NC

GE Healthcare  -  

One-Touch Select Plus Flex measure apparatus Johnson & Johnson  -  - 



One-Touch Select Plus Strips Johnson & Johnson  - 9034400

PVDF membrane, Immobilon-P, 0.45uM Merck KGaA  - IPVH00010

XF24 Flux Pack, Seahorse Bioscience Agilent Technologies  - 100867-100

XFe96 Flux Pack, Seahorse Bioscience Agilent Technologies  - 102416-100



GENE PRIMER SEQUENCE

ATPIF1-H49K H49K_FW CACAGAGTAGAGAACAACTG

H49K_RV GTTAGTAGCACACAGACAAA

ACTA1-rtTA rtTA_FW CTGTTCGGCCTTGAATTGAT

rtTA_RV CATGTCCAGATCGAAATCGTC

PPARδ q_PPARD_FW CAGAATTCCTCCCCTTCCTC

q_PPARD_RV TTGCGGTTCTTCTTCTGGAT

PGC1α q_PGC1A_FW TTGCTAGCGGTTCTCACAGA

q_PGC1A_RV TAAGACCGCTGCATTCATTG

GAPDH q_GAPDH_FW TGCGACTTCAACAGCAACTC

q_GAPDH_RV GGATAGGGCCTCTCTTGCTC

MYG q_MYG_FW CCTGGGTACCATCCTGAAGA

q_MYG_RW AAAGTCCCCGGAATGTCTCT

PPARγ q_PPARG_FW AAGAGCTGACCCAATGGTTG

q_PPARG_RW CATCCTTCACAAGCATGAA

Table 4. Primer sequences.
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