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Report for the PhD thesis entitled: “From the beginning to the end: the story of the
mitochondrial disease associated with the ADCK2 gene, going through CoQ1o supplementation
and caloric restriction”, presented by Juan Diego Hernandez Camacho

The thesis presented by Juan Diego Hernandez Camacho investigates the role of ADCK2 -a protein
involved in CoQao biosynthesis- in regulating mitochondria function and skeletal myogenesis,
revealing its role as a metabolic modulator during aging. To this end he uses a vast array of techniques
ranging from microarray analysis of gene expression, genetic manipulations, cell cultures and in vivo
analysis of embryonic and adult skeletal muscle formation. The methodology is adequate and very
complete, and the results obtained are original and shed light into the mechanisms by which ADCK?2
regulates mitochondrial function, metabolism and skeletal muscle aging. The major findings obtained
in this PhD work show that:

e Damages in transgenic ADCK2 knockout mice start during embryonic development and
involve the activation and repression of specific genes and pathways.

e ADCK2 mutant mice present a skeletal muscle decline associated with ageing resulting in
impaired satellite cells activity, change in the myofiber size and composition and exacerbated
loss of muscle functionality through the ageing process.

e Co0Q10 administration could recover some defects associated with the ADCK2 gene.

e Mutant mice present a defective in vivo mitochondrial respiration that is recovered upon
CoQ10 administration.

e Caloric restriction (CR) interventions in mutant mice improves mitochondrial physiology,
reducing CoQ decrease and ameliorating mitochondrial respiration


mailto:daniela.palacios@unicatt.it

Overall, this thesis contributes significantly to our knowledge in the skeletal muscle,
aging and mitochondria fields. The design, analysis, and interpretation of the results
are clear and rigorous. Inaddition, the PhD candidate shows a good knowledge of
relevant literature and he critically discusses both the state-of-the-art in the field and
current open questions.

DANIELA PALACIOS GARCIA, PhD by the Universidad Autonoma de Madrid, and
Professor of Cellular and Molecular Biology at Universita Cattolica del Sacro Cuore,
Rome, Italy, consider that the scientific quality of this thesis is worthy of obtaining the
International Doctor Mention

Informo favorablemente que la calidad cientifica de esta tesis doctoral es merecedora
de obtener la mencion Doctor Internacional.

T

Daniela Palacios, PhD

Department of Life Sciences and Public Health, Biology section.
Universita Cattolica del Sacro Cuore

Largo Francesco Vito, 1

00168 Rome
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The thesis of Juan Diego Hernandez Camacho is well presented and written in a
clear and accessible manner, being well-supported with appropriate figures, tables and
diagrams. Juan Diego Hernandez Camacho presents a comprehensive and informative
thesis describing the phenotype of Adck2* and Adck2-null mice during development and
aging, with a focus on skeletal muscle functionand myogenesis. Importantly, dietary
supplementation of CoQio generally improved muscle functionin older mutant mice.
Calorific restriction was also examined in Adck2* and revealed general improvements in
muscle function and metabolism.

The Introduction generally covers the relevant background information in
sufficient detail and with reference to appropriate papers to set the context of the
experimental work and aid interpretation of the data. The Material and Methods is
comprehensive and detailed enough to allow experiments to be reproduced.

Results presented in Chapter 1 describe transcriptomic analysis on Adck2* mice
and effects of CoQuo, highlighting affected processes/pathways. Examination of early
muscle development reveals perturbation in myotome formation in certain somites, which

can be ameliorated by prenatal CoQ10 administration

In Chapter 2, regenerative myogenesis in Adck2*- mice and the effects of CoQio was
investigated, reporting that satellite cell numbers differ, and examining proliferation and
myogenic differentiation, with smaller/less branched myotubes derived from mutant
Adck2*-  satellite cells. Again, exogenous CoQip improves myotube
formation/differentiation in mutant cells. Aging was found associated with a more

severe phenotype in older Adck2*" mice.
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Chapter 3 reports that mutant Adck2*- mice have a decline in skeletal muscle
function with age, resulting in less force generation, accompanied by changes in muscle
fibre type and size. Levels of CoQq/10 Were also described. Administration of CoQo to
mutant mice delayed skeletal muscle changesassociated with ageing. Detailed and
sophisticated analysis of mitochondria and respiration (e.g. Seahorse technology)
revealed that mutant mice have defective mitochondrial respiration, which was again
ameliorated by CoQ1o.

Finally in Chapter 4, the effects of caloric restriction on the phenotype of
Adck2*- mice was explored in vivo and in vitro and was found to improve mitochondrial
physiology in mutant mice, ameliorating CoQ1o decrease and in vivo mitochondrial
respiration. Caloric restriction was also found to have tissue-specific effects in mutant
mice, and cause a shift to more oxidative profile in muscle in both genotypes, with an
increase in the proportion of oxidative type IlA, and fewer glycolytic type 1IB,
myofibres. Using mouse serum to culture satellite cells ex vivo demonstrated that
myotubes differentiated from mutant Adck2*" satellite cells cultured in serum from
mutant mice on ad libitum weresmaller and less branched, which was less severe when
serum from mutant caloric restricted mice was used.

Each experimental chapter contains a scholarly discussion in which the data is
discussed and interpreted, with reference to the literature, allowing it to be placed in the
context of the wider field. Novel findings are explained, as is where the current work
supports or differs from published work. Bullet points for the conclusion section are a
useful and accessible way to summarise such a large bodyof work. In summary, the
candidate Juan Diego Hernandez Camacho is to be congratulated on conducting such a
thorough investigation on many aspects of the phenotype of Adck2* mice by
performing many different types of experiments encompassing a diverse range of
techniques, to produce such a high-quality thesis. There is potential for several high-
impact publications from thisextensive and interesting project.

I inform that the scientific quality of this thesis is worthy of obtaining the
international Doctor mention.

Your Sincerely

St

Professor Peter S. Zammit
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ABSTRACT

From the beginning to the end: the story of the mitochondrial disease associated with

the ADCK2 gene, going through CoQio supplementation and caloric restriction.

Mitochondria are enclosed membrane organelles that burn nutrient molecules to produce
adenosine triphosphate (ATP) by oxidative phosphorylation (OXPHQOS) and are present in cells
of animals, plants and fungi. Mitochondria also carry out other important processes such as urea
cycle, fatty acids B-oxidation and the Krebs cycle. A crucial element in mitochondrial function is
Coenzyme Qio (CoQio) is a unique lipid endogenously produced, a crucial element in the
mitochondrial electron transport chain (ETC) and antioxidant found in all cell membranes. The
main function of CoQ is to send electrons that receive from complex | and complex Il to complex
Il at the ETC resulting in ATP production. But, CoQio could be also reduced by different

hydrogenases, showing the high number of pathways where CoQao participates.

CoQ is composed of a benzoquinone ring and a polyisoprenoid chain which inserts CoQ into the
phospholipid bilayer. CoQ is produced at mitochondria by a nuclear-encoded CoQ proteins
cluster. The biosynthetic pathway is not clear yet and it is carried by at least 13 proteins. The
ADCK?2 gene has been recently associated with CoQ pool regulation and fatty acids metabolism.
ADCK2 haploinsufficiency in humans is related to mitochondrial myopathy, muscle wasting,
reduction of CoQ levels and impairment of fatty acids B-oxidation. We developed a heterozygous
Adck2 knockout mouse that reproduces the mutation. The four chapters of the thesis are
focused on this mutant mouse model to better understand the mitochondrial syndrome

associated with the ADCK2 gene.

Firstly, we present a detailed study of the embryonic development of mutant mice to elucidate
if damages could start during this stage. We analysed the transcriptomic profile during early and
late development, finding a clear tissue-specific deregulation during late embryonic
development. Heterozygous Adck2 knockout mouse embryos presented an abnormal
somatogenesis analysed with two different Myogenic Regulatory Factors. We examined a
prenatal CoQo administration obtaining that mutant embryos under CoQio supplementation
showed a reversion to wild type profile in the transcriptomic profile and skeletal muscle
formation. From this part of the project, we propose that mutant mice suffer damages since

embryonic development, while CoQo supplementation could reduce these alterations.

Secondly, we decided to focus on postnatal myogenesis based on the results from the first
chapter. For that purpose, adult muscle stem cells (satellite cells) were isolated from wild type

and mutant mice under standard conditions and under CoQi administration and differentiated.
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Mutant cells presented a defect in differentiation that leads to smaller myotubes and delayed
differentiation that was associated with a reduction in oxygen consumption and fatty acids B-
oxidation. Mutant cells isolated from mutant mice supplemented with CoQio showed an
improvement in differentiation and also on mitochondrial respiration. An in vivo analysis of
satellite cells was performed to support our in vitro data inducing muscle damage and examining
skeletal muscle regeneration. Mutant mice presented an impaired skeletal muscle regeneration
and were more susceptible to muscle damage, CoQio administration improved skeletal muscle
regeneration. We performed the experiments in cells from young and old mice, the differences
were bigger in cells from old mice suggesting that ageing could act as a modulator in the
phenotype of mutant mice. As summary of this chapter, mutant mice suffer a defect in postnatal

myogenesis, particularly during myogenic differentiation.

We decided to study the decline associated with the ageing process in our mutant mice in the
third chapter. Old mutant mice presented a decrease in myofiber size and a different myofiber
composition while old mutant mice longitudinally supplemented with CoQio exhibited a
myofiber size and composition more similar to wild type mice. Skeletal muscle performance was
assessed through ageing, mutant mice presented a more severe decline in physical capacity
compared to wild type mice. CoQio administration ameliorated skeletal muscle function decline
in mutant mice. We developed a method to examine respiration in isolated mitochondria from
skeletal muscle. Mitochondria from skeletal muscle of mutant mice presented a reduction in
oxygen consumption while isolated mitochondria from mutant mice on CoQio administration
showed an increase in respiration with both glucose and fatty acids substrates. Heterozygous
Adck2 knockout mice suffer a more severe decline through ageing and CoQio administration

could improve the phenotype of mutant mice.

Finally, we studied the metabolic modulation of the phenotype of mutant mice by caloric
restriction (CR). CR restored glucose and insulin homeostasis in mutant mice to wild type levels.
CR modulated skeletal muscle metabolic profile, resulting in a more oxidative myofiber
composition and increased oxygen consumption using glucose and fatty acids substrates in
isolated mitochondria. To further explore the effect of CR on muscle stem cells, satellite cells
were cultured with serum obtained from mice on ab libitum and on CR. Mutant cells cultivated
with CR serum showed an increase in differentiation and oxygen consumption. As summary, we

propose that CR intervention improved age-associated decline and defects in mutant mice.

The four chapters of the project are focus on the study of Adck2 mutant mice but under different

conditions and methods including CoQio administration or under CR condition, resulting in a
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completed phenotype analysis of the model studied to show the development, progression and

affectation and affectation of this mitochondrial dysfunction.
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Desde el principio al final: la historia de la enfermedad mitocondrial asociada con el gen

ADCK2, pasando por la suplementacion con CoQqo y la restriccién calérica.

Las mitocondrias son organulos membranosos que a partir de los nutrientes que ingerimos
producen adenosin trifosfato (ATP) a través de la fosforilacion oxidativa, y estan presentes en
todas las células de animales, plantas y hongos. También llevan a cabo una seria de procesos de
vital importancia como el ciclo de la urea, la B-oxidacion de acidos grasos y el ciclo de Krebs. Un
elemento crucial de la funcién mitocondrial es el Coenzima Q1o (CoQuo) un lipido producido de
forma enddgena, que es importante en la cadena de transporte de electrones y asimismo actua
como antioxidante en las membranas celulares. La principal funcién del CoQ es enviar electrones
al complejo Il que previamente recibe de los complejos | y Il, resultando esta transferencia en
la produccién de ATP. Pero el CoQio puede ser también reducido por diferentes

deshidrogenasas, demostrando el gran nimero de rutas donde el CoQig participa.

La estructura del CoQ se compone de un anillo de benzoquinona y de una cadena isoprenoide a
través de la cual el CoQ se inserta en la barrera fosfolipidica de las membranas. El CoQ es
producido en la mitocondria por un grupo de proteinas nucleares conocidas como proteinas
CoQ. La ruta de sintesis no ha sido totalmente descrita aun y se estima que es llevada a cabo por
al menos 13 proteinas CoQ. Recientemente, el gen ADCK2 ha sido asociado con la regulacién del
pool de CoQ y el metabolismo de los acidos grasos. La haploinsuficiencia del gen ADCK2 en
humanos estd asociada con miopatia mitocondrial, la pérdida de musculo, la reduccién de los
niveles de CoQ y un defecto en la B-oxidacidn de acidos grasos. Hemos desarrollo un modelo de
raton knockout que reproduce la mutacién del paciente, los cuatro capitulos del proyecto de
tesis estan centrados en el estudio de este modelo de ratén para entender mejor el sindrome

mitocondrial asociado con el gen ADCK2.

Primero, realizamos un estudio detallado del desarrollo embrionario del modelo para averiguar
si los dafios pudieran incluso comenzar durante esta etapa. Hemos analizado el perfil
transcriptémico durante el desarrollo embrionario temprano y tardio, encontrando que la
desregulacion génica durante el desarrollo embrionario es tejido-especifica. Los embriones
heterocigotos presentan una somatogénesis anormal, estudiada mediante dos factores de
transcripcién reguladores de la miogénesis diferentes. También hemos estudiado la
administracion prenatal de CoQio en nuestro modelo, observando que una reversidn del perfil
transcriptémico hacia el perfil de los embriones wild type y una mejora en la formacion del

musculo esquelético. Como resultado de esta parte del proyecto, podemos proponer que los
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ratones mutantes estan afectados desde el desarrollo embrionario, y que la administracién

prenatal de CoQip mejora el fenotipo de los embriones mutantes.

En segundo lugar, decidimos centrarnos en el estudio de la miogénesis postnatal basandonos en
los resultados obtenidos en el primer capitulo. Para ello, se aislaron células madre de musculo
(células satélites) de ratones wild type y de ratones mutantes en condiciones estandar y bajo la
suplementacién con CoQug, y posteriormente se indujo su diferenciacién a células musculares.
Las células mutantes presentaban un defecto en la diferenciacién que resultaba en miotubos
mas pequeios y en un retraso en la diferenciacidn asociado con un menor consumo de oxigeno
y un defecto en la B-oxidacidon de acidos grasos. Las células mutantes de ratones mutantes
suplementados con CoQio presentaron una mejora en la diferenciacion y en la respiracion
mitocondrial. Adicionalmente, se llevé a cabo un analisis in vivo de las células satélites para
refutar nuestros resultados in vitro mediante la induccidn de dafio muscular y examinando la
regeneracion muscular. Los ratones mutantes presentan una regeneracion muscular
deteriorada y eran mas susceptibles al dafio muscular, en cambio la administracién de CoQio
mejord la regeneracidon del musculo esquelético. Realizamos estos experimentos en células
procedentes de ratones jovenes y viejos, las diferencias fueron mayores en células de ratones
viejos sugiriendo que el envejecimiento podria actuar como modulador del fenotipo de los
ratones mutantes. Como resumen de este capitulo, podriamos resaltar que los ratones
mutantes sufren un defecto en la miogénesis postnatal, particularmente durante la

diferenciacién miogénica.

En el tercer capitulo, estudiamos el decaimiento progresivo del ratdn mutante asociado al
envejecimiento. Los ratones mutantes viejos presentaban un menor tamaiio de la fibra muscular
y una diferente composicién de las fibras mientras que los ratones mutantes viejos que han sido
suplementados longitudinalmente con CoQjo presentan un tamafio y composicion de fibras mas
similar a los wild type. Los ratones mutantes viejos sufrian un descenso mds severo de la
capacidad fisica durante el envejecimiento comparado con los ratones wild type. La
administraciéon de CoQio mejora la funcién del musculo esquelético en los ratones mutantes a
lo largo del envejecimiento. Para estudiar la respiracidn mitocondrial de los musculos de
nuestros ratones, desarrollamos un método para el andlisis de la respiracién en mitocondrias
aisladas. Las mitocondrias del musculo de ratones mutantes viejos presentaron un descenso en
el consumo de oxigeno mientras que las mitocondrias aisladas de musculo de ratones mutantes
suplementados con CoQip mostraron un incremento de la respiracion usando glucosa y acidos

grasos como sustrato. Podemos concluir que los ratones Adck2 knockout sufren una mayor
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afectacién asociada a la edad mas severay la administracién de CoQjo podria mejorar el fenotipo

de los ratones mutantes.

Por ultimo, hemos examinado la modulacion metabdlica del fenotipo de los ratones mutantes a
través de la restriccidn caldrica (CR). La CR restaura la homeostasis de la glucosa y la insulina a
niveles de ratones wild type. La CR modula el perfil metabdlico del musculo esquelético,
resultando en una composicidn de las fibras mas oxidativa y un incremento en el consumo de
oxigeno usando glucosa y acidos grasos como sustratos en mitocondrias aisladas. Para analizar
el efecto de la CR sobre el estatus de las células madre del musculo esquelético cultivamos las
células con suero de ratones en situacién de ratones wild type y mutantes en ad libitum y CR.
Las células mutantes cultivadas con suero de ratones en CR mostraron un incremento de la
diferenciacidon y del consumo de oxigeno. Como sumario de este capitulo, la CR mejora los

defectos asociados a la mutacién en el gen ADCK2.

Los cuatro capitulos de la tesis estan centrados en el estudio de modelo de ratén Adck2 knockout
pero bajo diferentes condiciones y usando diferentes métodos y aproximaciones como la
suplementaciéon con CoQio o la CR, resultado en un completo andlisis fenotipico del modelo
estudiado para demostrado el establecimiento, la progresion y la afectacion de esta disfuncion

mitocondrial.
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1 INTRODUCTION

1.1 Mitochondria

1.1.1 History and general introduction

Mitochondria are enclosed membrane organelles specialized in energy conversion that burn
nutrient molecules to produce adenosine triphosphate (ATP) by oxidative phosphorylation
(OXPHOS) and are present in cells of animals, plants and fungi. Bacteria present simpler a version
of protein complexes for ATP production. Originally, mitochondria in eukaryotes were
prokaryotic cells, specifically anaerobic a-proteobacterium, which were endocytosed during
eukaryotic evolution. For this reason, these organelles present their own DNA that encodes still
a small group of proteins (1). Mitochondrial DNA (mtDNA) and ribosomes are localized in the
mitochondrial matrix, organized into compact structures known as nucleoids, but most of
mtDNA has been lost over evolution and nowadays only encodes a reduced group of
mitochondrial proteins. However, these organelles are very dependent on proteins encoded by
nuclear genes as the eukaryotes’ cells have become highly dependent on mitochondria due to
ATP production through the OXPHOS that they need for essential bioenergetic processes, as well
by other specific reactions and pathways that take part inside of the mitochondria, such as urea
cycle, fatty acids B-oxidation and Krebs cycle (2). Mitochondria incorporation was necessary for
the evolution of eukaryotes cells because confers the capability to produce their own ATP via
respiration, a reaction that produces almost 15 times more ATP than anaerobic glycolysis. This
bioenergetic improvement allowed eukaryotic cells to evolve in terms of shape, size and
function, leading to complex multicellular organisms. Moreover, mitochondrial aerobic
metabolism offered the opportunity to produce large amounts of energy from different organics

sources (2).

Mitochondria cover approximately 20-25% of cytoplasmatic space in eukaryotic cells and
present a body diameter of 0.5-1 um. They can also fuse and divide, and their size and number
are tissue and cell type-specific, although can change in function to different stimuli. Also, the
specific function of the cell that contains mitochondria determines their intracellular movement.
For instance, mitochondria move long intracellular distances along the microtubular
cytoskeleton in neurons whereas they remain fixed at one specific point in skeletal or cardiac
muscle. On the other hand, mitochondria present associations with membrane systems in the

cell such as the endoplasmic reticulum (ER) to promote lipids exchange between both organelles

(2).
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1.1.2 Mitochondrial architecture

Mitochondria are composed of two developed membranes, an outer and an inner membrane
as can be observed in Figure 1. The presence of both membranes is considered proof of their
prokaryotic origin. Both membranes are crucial for energy production and have structural
functions, although they present different biochemical properties. The inner mitochondrial
membrane (IMM) shows a series of invaginations, the cristae, where are localized the proteins
of the electron transport chain (ETC). Particularly, the inner membrane joins, where the
membrane of crista creates a narrow membrane, are known as crista junctions. The IMM
encloses the mitochondrial matrix and the space between both membranes is known as
intermembrane space (IMS) (20-30nm). The outer mitochondrial membrane (OMM) is highly
permeable to molecules until 5000 Daltons due to the presence of porins, proteins known as
voltage-dependent anion channels (VDAC) that leads to aqueous pores across the membrane
(2). The translocase complex of the outer membrane (TOM) is the main way used by most
nucleus-encoded mitochondrial precursor proteins to enter into the mitochondria (3).

Subsequently, the IMS has the same pH and ionic composition as the cytoplasm, and there is no

electrochemical gradient across the OMM (2).

L T - | 3
Figure 1. Mitochondria introduction.
(A) Electron micrograph of mitochondria. Outer mitochondria membrane (OMM), inner mitochondrial membrane
(IMM) and mitochondrial crista were indicated. Adapted from (4). (B). Mitochondrial network immunostaining was
photographed with a fluorescence microscope to observe the mitochondrial fusion/fission process. (Adapted from

(5).

-

In contrast, the IMM constitutes a diffusion barrier characterized by high protein concentration

and low permeability that can be only passed by selected ions (protons and phosphates) and
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essential metabolites (ATP and ADP). The control of this permeability allows the formation and
preservation of an electrochemical gradient over the IMM that is crucial for ATP production (6).
IMM is divided into functionally differentiated areas, the boundary region holds the protein’s
import tools (translocase complex of the inner membrane, TIM) and constructing respiratory-
chain complexes whereas more inward is localized the ATP synthase, ETC protein complexes (2).
Mitochondria also hold their own mtDNA, which is attached to all the proteins needed for
mtDNA processing and maintenance, forming a structure known as nucleoids. The mitochondrial
matrix carries groups of proteins and ions that participate in the essential process for the cell
such as the Krebs cycle, coenzyme Q (CoQ) biosynthesis or steroids production (7). IMS is also
very important because permits the transference of ions, proteins and lipids between the
mitochondrial matrix and the cytoplasm, regulates the apoptotic process, the mitochondrial
morphogenesis and controls the generation of oxygen species. Cytochrome c, a central element

for electron transfer at the ETC, is also localized in IMS (8).

Secondly, mitochondria are continuously on cycles of fusion and fission moving along the
microtubules of the cytoskeleton in a process known as mitochondrial dynamics (9). Fusion and
fission are highly complex processes due to are necessary to protect the integrity of the different
mitochondrial parts by controlling the number and size of the mitochondrial populations
specifically in each tissue. These processes depend on GTPases that modulate both the
contraction needed for fission and the fusion-specific complex formation, such as optic atrophy
1 (OPA1), Mitofusin (MFN) and Dynamin-related/-like protein 1 (DRP1). Fusion and fission
regulate the number and shape of mitochondria populations in the distinct cell types to respond

to the needs of the cell and to maintain mitochondria quality and function (2)(9).

1.1.3 Energy production in mitochondria

In the energetic metabolism that occurs in mitochondria, pyruvate derived from glucose, fatty
acids from fats and amino acids from proteins are converted into acetyl-CoA in the
mitochondrial matrix (10). One molecule of glucose is transformed into two molecules of
pyruvates through glycolysis in the cytosol where Nicotinamide adenine dinucleotide (NADH)
and ATP are also produced. Regarding B-oxidation, fatty acids (fatty acyl CoA) are imported into
the mitochondria and catabolized in a cycle of reactions where they lose two carbons in each
reaction from its carboxyl end, producing one molecule of acetyl CoA, a molecule of NADH and
a molecule of flavin adenine dinucleotide (FADH:) (2). Acetyl-CoA is completely oxidized to two
molecules of CO; in the critic acid cycle to produce three NADH, one FAHD; and one guanosine

triphosphate (GTP) (2).
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Simultaneously, NADH and FAHD; produced in these catalytic pathways are used by the
complexes in the ETC where electrons go to complex | and Il respectively, each complex present
a higher affinity for electrons than the previous one, breaking free new NAD* and FAD. Finally,
electrons bind to an O,, the molecule that exhibits the higher electron affinity, at complex IV
and produces H,0 a low energy molecule. The energy liberated across complex |, complex lll,
CoQ and complex IV creates an electrochemical proton gradient across the IMM. This process
originates a pH and voltage gradient across the IMM that leads to ATP production by the ATP
synthase, which successfully transforms the energy from this electrochemical gradient into
biological active energy known as ATP from ADP (adenosine diphosphate) and a molecule of

inorganic phosphate (Pi). The ATP synthesis through this process is known as OXPHOS (2).

ETC transport electrons from FADH; produced by acyl-CoA dehydrogenase that transform acyl-
CoA to trans- A%-enoyl-CoA in fatty acids B-oxidation pathway. Then, these electrons are given
to ETF protein and later to ETFQO protein from where electrons finally reach the CoQ (2). ATP
synthase is localized in the membranes of the mitochondrial cristae alongside the large protein
complexes of the ETC, that pump electrons to the IMS. Furthermore, two-electron carriers are
also in ETC, CoQ (Figure 2) and cytochrome C (Cyt C) that assist in the electron transference

between complexes (2).

Complex | (Cl) or NADH dehydrogenase complex is the largest complex. Cl receives electrons
from NADH and transfers the electrons through a flavin mononucleotide and eight iron-sulfur
clusters to the ubiquinone electron carrier pumping four protons to the IMS and leading to

ubiquinone reduction (2)(11).

Complex Il (Cll) or succinate dehydrogenase regulates the oxidation of succinate to fumarate
and sends electrons directly to the ubiquinone without pumping protons to the IMS. Cll is
localized in the mitochondrial crista as the rest of the complexes but does not participate in the
proton-motive force. Strictly, Cll could not be considered part of the mitochondrial respiratory
chain but contributed to the ubiquinone reduction transferring electrons that later would pass

to the ClII (12) (2). Cll is also a component of the TCA cycle (2).

Complex Il (ClIl), cytochrome c reductase or cytochrome b-c1 works as a dimer where each
monomer presents three cytochrome hemes and an iron-sulfur cluster. Clll receives electrons
from the ubiquinol and transfers them to another electron carrier, the cytochrome c. Four
protons are transferred to the IMS for each cycle of two electrons transported through CllI
(2)(13). The redox cycle takes place by two consecutive electron transferences generating a CoQ

intermediate during this process known as semi-ubiquinone (CoQH) (13)
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Complex IV (CIV) or cytochrome ¢ oxidase complex presents two cytochrome hemes and three
copper atoms. This complex receives electrons from the reduced cytochrome ¢ and transfers

them to molecular oxygen to finally produce water. CIV also transfer H* to the IMS (2).

Complex V or ATP synthase (CV) could be considered a nanomachine constituted by 23 subunits
and it has a mass of around 600 kDa. CV uses the protein gradient generated by the rest of the
complexes to produce ATP from ADP and Pi. CV could work as a proton drive turbine because its
structure is formed by a rotor and a stator. CV is powered by the flow of H* into the matrix,
spinning at 8.000 revolutions per minute and producing three ATP molecules per round scan to
generate 400 molecules of ATP per second. The generated ATP is then transferred to the cytosol

via ADP/ATP transporters (2)(14).

Supercomplex formation in the mitochondria crista membrane has been proposed as a structure
to facilitate the transference of electrons from the electron carriers the ubiquinone and the
cytochrome c. The establishment of the supercomplex is subjected to the mitochondrial lipid
cardiolipin which is thought to work as a glue that sustains the complexes side by side (2).
However, it has been proposed that supercomplexes could be formed by different subunits
11V1, lallly, 111,V and LllaIVi-2. The supercomplex that includes hLilll;IV;y is known as the
respirasome and the supercomplex that groups Llll,V, is denominated as the megacomplex
(15)(16). It has been suggested that CoQ and cytochrome c could be established in different

pools within each supercomplex (17).

1.1.4 Other mitochondrial functions

Apart from ATP generation, mitochondria are also essential for buffering the redox potential in
the cytosol. A critical step in glycolysis, transforming glyceraldehyde 3-phosphate to 1,3-
bisphosphoglycerate, produces a constant supply of electrons in the cytosol that is countered
by NAD*. This excess of electrons is transferred to small cytosol molecules that can go through
the inner mitochondrial membrane up to the matrix and transfer the electrons to NAD* creating

new NADH that will feed the ETC to generate more ATP (2).

Another function of mitochondria is to carry out two essential steps in the urea cycle. The urea
cycle transforms the ammonia (NH4*) coming from the breakdown of the nitrogen-containing
compounds, into urea for its elimination as urine. Mitochondria also participated in heme groups
biosynthesis. Iron-sulfur clusters that are critical for the stability of the nuclear genome are
produced in mitochondria. Mitochondrial also is involved in calcium buffers accepting calcium
from ER and sarcoplasmic reticulum membrane connections through the mitochondrial calcium

uniporter (MCU) (18).
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1.1.5 Mitochondrial diseases

Mitochondrial diseases are considered rare syndromes that present heterogenic causes and
potentially affect energy production. Clinical symptoms are heterogeneous and often affect
tissues that present a very high energetic demand such as the brain, skeletal muscle, kidneys, or
heart. This clinical variation could lead to a delay in disorder diagnosis. The clinical manifestation
can appear at any age and affect also to different organs. The approximate prevalence is 1 out
of 5000 people (19)(20). Particularly, mitochondrial diseases could be associated with mutations
in nDNA that includes autosomal and X-linked inheritance or mtDNA, which are inherited
through the mother. However, mitochondrial disease can be also originated from de novo

mutation in nuclear or mitochondrial DNA (20).

1.2 Coenzyme Qio

1.2.1 Coenzyme Q history, structure, function, and properties

An essential element in mitochondria function is Coenzyme Q (CoQ) or ubiquinone. CoQ was
isolated and identified by Festenstein et al. in 1955 (21) and validated by Crane et al. in 1957,
who demonstrated its main function in the ETC and its redox properties (22). CoQ is the unique
redox-active lipid endogenously produced, a crucial component of the mitochondrial ETC and
an antioxidant found in all plasma membranes, endomembranes and lipoproteins (23). CoQ is
conserved from proteobacteria to humans and can be found reduced (CoQH; or ubiquinol),
carrying two electrons, completely oxidized (CoQ or ubiquinone), or in a semi-reduced state
known as a semi-ubiquinone intermediate (CoQH). Its main function is to shut electrons that
receive from complexes | and Il to complex Ill in the mitochondrial ETC which leads to ATP
production by the ATP synthase (Figure 2) (24). Reduced CoQ is oxidized by complex Il in the
ETC. This constant oxidation/reduction cycle confers to CoQ the property to transfer electrons
from different biological processes and acts as an antioxidant at membrane location preserving
lipids, protein, and nucleic acids from oxidative damage (25)(26) and preventing lipid
peroxidation (27)(28). CoQ is also important to preserve vitamin C and a-tocopherol reduced in

the plasma membrane (29) (30).
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Figure 2. Molecular functions of coenzyme Q.

(A) Coenzyme Q integration into the inner mitochondrial membrane. Coenzyme Q receives electrons from complexes
land Il and after the reduction/oxidation cycle sends the electrons to complex lll. Coenzyme is also reduced by several
hydrogenases showing the importance of Coenzyme Q in different pathways. (B) Coenzyme Q integration in
extramitochondrial cell membranes where its functions depend on the reversible oxidation and reduction of its
benzoquinone ring. (Image elaborated by the PhD candidate).

Figure 2A shows CoQ at the IMM where is reduced by hydrogenases from different cellular
reactions such as mitochondrial glycerol-3-phosphate dehydrogenase (G3PDH) that connect
glycolysis, oxidative phosphorylation and fatty acid metabolism; electron transport flavoprotein
dehydrogenase (ETFDH) that is an essential enzyme in fatty acids B-oxidation and branched
amino acid oxidation; proline dehydrogenase (PROD) that participates in glyoxylate metabolism;
sulphide-quinone oxidoreductase (SQR) that participates in sulfide detoxification, (an important
gas in many cellular processes). CoQ is also reduced by hydrogenases from choline to glycine
conversion, the choline dehydrogenase (CHDH), and dihydroorotate dehydrogenase (DHODH)
that convert dihydro-orotate to orotate for pyrimidine nucleotide metabolism, as is depicted in
Figure 2. CoQ also participated in energy dissipation in the ETC by the dissemination of the
proton gradient as heat due to CoQ association to uncoupling protein localized in the IMM. CoQ
is also a structural component of complex | and complex Il in the ETC (31) (32) and is involved
in complex | stability (33). Outside of the mitochondria, CoQ shows antioxidant protection
reducing a-tocopherol (a-TOC) and ascorbic acid (ASC) as part of the plasma membrane redox
system (34). CoQ also is involved in the regulation of cytosolic redox intermediates such as

NAD(P)H as a component of the response of cells to alterations in the redox environment (35).
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Regarding CoQ structure, CoQ is composed of a benzoquinone ring bonded to a polyisoprenoid
side chain that preserves the molecule inserted into a lipidic bilayer. The number of isoprene
units in the chain is species-specific: human isoform encloses mainly ten isoprene units (CoQuo)
but few molecules also present 9 isoprene units (CoQs); rodents present nine units (CoQo) and
ten units (CoQuo); the yeasts Saccharomyces cerevisiae holds six units (CoQg), whereas
Schizosaccharomyces pombe contains ten units (CoQjo); the fruit fly Drosophila melanogaster
present 3 isoforms with 8, 9 and 10 subunits (36) and Escherichia coli contains eights isoprenes
(CoQg) (37). CoQ has been found in all tissues, cells and isolated lipoprotein fractions in variable
amounts. In rodents, about 10-20% of the total CoQ has 10 isoprenes, except for the brain,
intestines and spleen where 30-40% of total CoQ has 10 isoprenes. However, CoQ concentration
differs between different organs, even between regions or cells population of the same organs
suggesting structural and functional specializations such as the number of mitochondria.
Regarding the intracellular distribution, the highest amount of CoQ is found in the outer and
inner mitochondrial membrane, lysosomes and Golgi vesicles. Particularly, the
intramembranous localization of CoQ is the central hydrophobic region, between the double
layers of phospholipid fatty acids and the central location to elevate membrane fluidity and
permeability. Moreover, CoQ could move to the inner or outer membrane surface depending

on cell functional requirements (24).

1.2.2 Coenzyme Q biosynthesis and distribution

Although CoQ could be incorporated through the diet, most CoQ is endogenously produced in
mitochondria and after that delivered to the rest of the cell membranes (38). CoQ is formed by
a benzoquinone ring and a polyisoprenoid chain which inserts CoQ into the phospholipid bilayer.
CoQ is biosynthesized in mitochondria by a nuclear-encoded CoQ proteins cluster, although the
initial biosynthesis of the tail and head takes part in the endoplasmic reticulum and the cytosol
respectively, Figure 3. Furthermore, the biosynthetic pathway is not clear yet and is carried out
by at least 13 genes (39). The polyisoprenoid chain is produced through the mevalonate pathway
from which other lipids such as cholesterol or dolichol, heme A and protein prenylation elements
are also synthesized in extra-mitochondrial membranes. The initial substrate is acetyl-coenzyme
A (acetyl-CoA) so that, three acetyl-CoA molecules are condensed to form 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) due to acetoacetyl-CoA thiolase and HMG-CoA synthase action.
Subsequently, mevalonate is produced from HMG-CoA by HMG-CoA reductase. Mevalonate is
phosphorylated and decarboxylated to produce isopentenyl pyrophosphate (IPP). Farnesyl
pyrophosphate synthase uses IPP to make farnesyl pyrophosphate (FPP), a common precursor

for the lipids synthesized through the mevalonate pathway, and intermediary product for
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geranyl pyrophosphate (GPP) production. The next enzyme involved in CoQ biosynthesis is the
trans-prenyl-transferase that converts FPP into polyprenyl-PP, which is considered the rate-
limiting step (24). The transport of FPP to the mitochondria is not totally described yet, but it
has been proposed to occur in the ER-mitochondria contact sites through the endoplasmic
reticulum-mitochondria encounter structure (ERMES) complex (40) (41). COQ1 protein (PDSS1
and PDSS2) would assemble the side chain and determine the number of isoprene units in the

polyprenyl tail producing decaprenyl-PP (DPP).

The precursor of the quinone head of CoQ is 4-hydroxy-benzoate (pHB), which is synthesized
from tyrosine or phenylalanine in the cytosol of mammalian cells. pHB is attached to the
polyprenylated tail by COQ2 protein (42) leading to the production of decaprenyl
hydroxybenzoic acid (DPHB) in the mitochondrial matrix (Figure 3). The next set of reactions will
occur on the matrix side of the IMM that would consist of sequential changes in the aromatic
ring. Initially, DPHB would suffer a C5-hydroxylation by COQ6 resulting in decaprenyl-
dihydroxybenzoate (DPDHB) formation (43). Subsequently, DPDHB would be O-methylated by
C0Q3 to form decaprenyl-vanillic acid (DPVA) (44)(45). Later, a Cl-hydroxylation and C1-
decarboxylation would happen by an unidentified protein to form demethoxy-demethyl-
coenzyme Qio (DDMQyo). Afterwards, COQ5 would carry a C2-methylation to form demethoxy-
coenzyme Quo (DMQuo) (46). Thereafter, DMQ10 would be C6-hydroxylated by COQ7 to form
demethyl-coenzyme Qio (DMeQuo) (47). Finally, COQ3 would produce CoQio from DMeQjo.

Other COQ proteins present regulatory functions such as COQ8A (ADCK3) and COQ8B (ADCK4)
which show properties of an atypical kinase that phosphorylates COQ3, COQ5, and COQ7
(48)(49)(50). €OQ4 function is still not elucidated but some indications show that could
modulate the formation and maintenance of the CoQ biosynthetic complex (51). Moreover,
COQ9 is a lipid-binding protein that balances COQ7 (52)(53). COQ10A and COQ108B possibly
regulate CoQ proper location within the IMM, taking CoQio to the IMM where displays its

functions (54).

During the last times, it has been proposed that all COQ proteins would join a membrane-linked
complex denominated the CoQ synthome, CoQ biosynthesis complex or Q synthome (Figure 3).
This structure would help to secure the CoQ biosynthesis process and prevent the escape of
reactive intermediates (55). Related to the role of COQ4 in CoQ biosynthesis, it has been

suggested that COQ4 could act as a scaffolding component for the CoQ synthome (51).
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Figure 3. Coenzyme Q biosynthesis in mammals.

(A). CoQ biosynthetic pathway takes part in the cytosol where the benzoquinone ring and the polyisoprenoid chain
are produced from acetyl-CoA and tyrosine, then they are transported into the mitochondria where they are fused
to form the first CoQ intermediary, the DPHB. Next, several enzymes that form a biosynthetic complex modify the
benzoquinone ring to finally produce the CoQ. (B) CoQ biosynthetic complex composed of the different CoQ proteins
located in the IMM. Adapted from (56).

Additionally, other lipids synthesized through the mevalonate pathway apart from CoQ are
dolichyl-P, cholesterol and dolichol (Figure 3). Concerning its intracellular distribution, dolichol
is highly localized in lysosomes and Golgi vesicles. Cholesterol is enriched in rough microsomes,
smooth microsomes, lysosomes, Golgi vesicles and plasma membranes. Dolichyl-P and dolichol
are found in the central position of the plasma membrane increasing membrane permeability
while cholesterol is localized on one side of the membrane reducing fluidity and permeability

(24).
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1.2.3 Coenzyme Q primary and secondary deficiencies

Regarding the CoQ function at the OXPHOS to produce ATP, CoQ deficiency produced different
mitochondrial dysfunctions that course with energy deficiency (Figure 2). Indeed, they are a
heterogeneous group of diseases reproducing a highly severe range of clinical manifestations
where many different tissues, organs, and systems are damaged (57). CoQ deficiencies are a
consequence of hypomorphic mutations or polymorphisms, epigenetics, maternal inheritance,
ageing process, compensatory process and environmental factors, and they could be classified
as primary and secondary deficiencies depending on the etiology of the syndrome. Primary CoQ
deficiencies are a group of extremely rare diseases originated from mutations in any of the genes
needed for CoQ biosynthesis at the enzymatic or regulatory level. Secondary CoQ deficiencies
present a decrease in CoQ levels caused by defects not directly associated with CoQ biosynthesis
(39). The pathogenesis has not been well elucidated yet, it has been proposed two main aspects:
the bioenergetic defect and an increase in reactive oxygen species (ROS). However, the
undescribed functions of some COQ genes, the heterogenic clinical manifestations and the high
number of CoQ functions inside and outside of the mitochondria suggest the idea that other

mechanisms could be involved in the pathogenesis of these syndromes (39).

About primary CoQ deficiencies, the clinical phenotype is very heterogenic and includes
damages mainly to the central and peripheral nervous system, kidney, skeletal muscle and heart.
Even mutations in the same gene can lead to different clinical manifestations (39). The age of
onset usually ranges from childhood to adolescence, but it is also adulthood-onset. Primary CoQ
deficiencies are normally originated from autosomal recessive mutations, and to date,
pathogenic mutations have been found in PDSS1, PDSS2, COQ2, COQ4, COQ5, COQ6, COQ7,
COQ8A, COQ8B and COQY. However, it is complicated to establish a possible connection
between genotype-phenotype due to the lack of patients (around 275 patients from 180 families
have been reported) and the large variety of symptoms associated with the same COQ gene

mutated (39).

Secondary deficiencies are more common than primary deficiencies possibly due to the diversity
of biological processes, functions and pathways in which CoQ participates. All of them are
characterized by a decrease in CoQ levels not directly caused by defects in CoQ biosynthesis
such as respiratory chain defects, multiple acyl-CoQ dehydrogenase decrease, ataxia and
oculomotor apraxia (58)(39). Moreover, secondary deficiencies are increasing day by day
because of recently Next-Generation Sequencing (NGS) tools for diagnosis (59), which show
additional genes involved in either CoQ maintenance or degradation, resulting in a decrease in

CoQ levels which is a common feature in a wide range of diseases (60).
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While the main pool of CoQ is localized in the mitochondria, particularly in the ETC, mutations
in genes that encode proteins with non-direct mitochondrial functions could also lead to a
decrease in CoQ levels, such as the glucose transporter GLUT1 (61) and the calcium-activated
chloride channel Anoctamin 10 (62), which raises the question if CoQ decrease could be
associated with the CoQ dependent functions that are altered during the mechanism of the
disease and interestingly if CoQ supplementation could lead to an improvement (61)(62).
Besides, secondary CoQ deficiency could be also associated with mutations in the IMM close to
the main pool of CoQ such as ETFDH (63) which present a more clear relation due to a decrease
in this enzyme could downregulate CoQ biosynthesis or could lead to a faulty binding to CoQ,
increasing CoQ degradation because it is the acceptor molecule of ETFDH (63). Moreover, low
CoQ levels are common in patients that suffer mitochondrial diseases, a group of clinically
heterogeneous disorders that includes myopathy (64). Particular symptoms in secondary CoQ
deficiencies are determined by underlying conditions, despite most of the clinical manifestations
are described on skeletal muscle including hypotonia, muscle weakness or exercise intolerance,
and in the central nervous system (CNS) counting ataxia and CNS impairment (65) (66).
Regarding muscle damage in secondary deficiency, pathogenic mutations in mtDNA in patients
that suffer mitochondrial myopathy also present a clear CoQ deficiency (64). However, there is
a great range of CoQ deficiency in patients that suffer the same condition, suggesting the idea

that genetic factors could be also involved in secondary deficiencies (67).

1.2.4 Coenzyme Q administration in deficiencies

CoQ administration is helpful in CoQ deficiencies (65) (66) and its effects are summarized in
Table 1, above where a prompt diagnosis and an early initiation of CoQio supplementation are
crucial for improvement (60) because CoQio can delay or stop the progression of damages.
However, when severe damage was already established, CoQio supplementation is not able to
carry out a total recovery (68). Main CoQio treatment consists of oral CoQio administration
where doses range from 5 to 30-50 mg/kg/day (69), despite in mice studies (Table 2) doses used
tend to be higher than 200 mg/kg/day (70). Regarding CoQjo preparations, they tend to vary in
their characteristics and absorption (71), soluble forms, soft-gel or oily formulations would be

recommended while tables should be avoided due to their low absorption (72)

Initially, the oxidized form of CoQ (ubiquinone) was the only redox state available to treat these
syndromes, but modern pharmacologic methods can maintain CoQ reduced (ubiquinol), making
possible a higher bioavailability (58). Several aspects could influence the different results of CoQ
administration such as the doses, preparation, formulation, disorder severity, tissues damaged,

or even environmental, genetic, or epigenetic elements (73).
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As can be observed in Table 1, CoQ administration presented beneficial effects on muscle

weakness strength, ataxia, hypotonia and stabilized plasma levels of metabolites. However, CoQ

administration was not able to improve deafness or neurodegeneration associated with

neuropathy, supporting the importance of a rapid diagnosis and early treatment to avoid the

establishment of an irreparable disease.

Table 1 CoQioadministration in Secondary CoQ deficiency in humans

Gene Protein Clinical Patient(s) CoQ
affected location manifestations reported formulation Effect Reference
SUCLA2 Mitochondria Psychomotor delay, A 9-year-old Escalating doses | Improvement of muscle (74)
c.1276C>T (TCA cycle) deafness, myopathy, Brazilian boy up to 2000 mg weakness.
(p.Arg407Trp) ataxia, and chorea. daily
SLC2A1 Cell membrane Truncal ataxia, nystagmus, | A 15-year-old CoQ Improvements in ataxia (61)
(c.18+2T>G) dysarthria and myoclonic girl supplementatio and nystagmus
epilepsy. n (30
mg/Kg/day)
ANO10 Cell membrane Cerebellar ataxia, A 57-year-old Dose patientl: Beneficial (62)
epilepsy, learning and 1,000 mg/day. effects fatigue and
difficulties. retinal 52-year-old Dose patient 2: mobility within
degeneration and women. 120-180 3-4 months.
cataracts. mg/day. Improvement of the
ataxia and gait, in the
oculomotor
movement score and in
the dysarthria
APTX Nucleus Ataxia, wheelchair-bound, Four affected CoQ started at Improvement in strength (75)
with alternating individuals 200 mg and and ataxia. Seizures
esotropia, severe limb from the progressively disappeared
ataxia with the slightest same family increased to
purposeful to 600 mg daily.
movement, peripheral
neuropathies and scoliosis.
Recessive Mitochondrial Lipid accumulation, Seven 500 mg/day Normal CK levels, (63)
mutations in inner membrane mitochondrial myopathy, patients from plus riboflavin improvement of muscle
ETFDH exercise intolerance, 5 different (100mg/day) strength.
fatigue, proximal families
myopathy and high serum (2 adults, 5
CK. teenagers)
Pathogenic Cell membrane, Cardiofaciocutaneous, A 4-year-old Dose not Improvement in ataxia (76)
R257Q BRAF nucleus, psychomotor development girl reported and muscular hypotonia
gene mutation cytoplasm was
severely impaired,
hindered by muscular
hypotonia and
ataxia.
ADCK2 Mitochondria Liver dysfunction and A 45-years- 35-150 mg per Stabilization of the (77)
severe mitochondrial old male day plasma levels of lactate,
myopathy with lipid patient CK, myoglobin, and LDH.

droplets in skeletal muscle.
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As can be observed below in Table 2 doses used in mice tend to be higher than doses used in

humans, thus it is not clear if the effects obtained on mice would be also experienced in humans.

Consequently, it would be crucial to study the dose normally used in humans in mice. CoQ

administration leads to improvements in most of the mice models studied including an increase

in lifelong, attenuation of ROS and brain atrophy. But most of the studies only examined acute

CoQ supplementation and during adulthood, it is not known yet the effect of chronic

administration through generations.

Table 2 CoQio administration in mice models

Syndrome Phenotype CoQ dose Effect Duration Reference
Huntington Huntington disease and 12-600 mg/day Increase in survival, motor 35 days (78)
disease neuronal death (400-20000 performance and grip strength
mg/kg/day) and reduction in weight loss and
brain atrophy.
Alzheimer Deposition of senile 40mg/day Attenuation of A beta 60 days (79)
plagues with meta- (1200 overproduction and intracellular
amyloid mg/kg/day) A beta deposit, decrease
oxidative stress and increase
antioxidant capacity
Alzheimer Induce neurotoxicity 40mg/day Reduction of oxidative damage in 30 days (80)
(1200 the brain
mg/kg/day)
Atherosclerosis Atherosclerosis 37.5 mg/day No effect on atherosclerosis 6-15 weeks (81)
(1000 lesions
mg/kg/day)
Accelerated Accelerated 15 mg/day (500 Decelerating effects on 6-14 months (82)
ageing degeneration mg/kg/day) degenerative process
Neurodegenerat | Impairments associated 2.88-13.71 Improves spatial learning and 15 weeks (83)
ion to normal brain aging mg/day (96-457 attenuates oxidative damage
mg/kg/day)
Diabetes Elevated urinary 10 mg/day (300 Attenuation of ROS production 10 weeks (84)
mellitus type 2 albumin excretion rates mg/kg/day) and mitochondrial membrane
and albumin:creatinine potential in kidneys
ratio
Accelerated Accelerated senescence 7.5 mg/day Increased lifelong 1 week (85)
ageing and severe senile (250
amyloidosis mg/kg/day)
Primary Q Interstitial nephritis and 6-7 mg/day Rescue of both proteinuria and - (70)
deficiency die from end-stage (200 interstitial nephritis
renal disease. mg/kg/day)
Neuropathy in Loss of sensation, 4 mg/day (120 Phenotype attenuation 6 months (86)
diabetes hypoalgesia and mg/kg/day)

decreases in mechanical
hyperalgesia, cold
allodynia, and sciatic
nerve conduction
velocity

54




1.3 ADCK2 gene and Adck2 mouse model

1.3.1 Adck2 patient and Adck2 knockout mouse

ADCK?2 gene has been included in a quinone family known as ABC1 that also includes ADCK1,
ADCK3, ADCK4 and ADCK5. ADCK2 is an acronym of aarf domain-containing protein kinase 2.
Human ADCK3 (COQA) and ADCK4 (COQB) stabilize CoQ biosynthetic complex (87). Mutations
in ADCK3 lead to autosomal recessive cerebellar ataxia and CoQ deficiency (87)(88)(89) while
mutations in ADCK4 cause nephrotic damage associated with CoQ deficiency (90). Recent
studies suggest that the other ADCK member has a role in the maintenance of CoQ level within

the mitochondria (91), although their exact function has not been described yet.

Although little information is available on the ADCK2 gene, our group has reported that ADCK2
haploinsufficiency in humans is associated with hepatic dysfunction and mitochondrial
myopathy characterized by progressive muscle wasting which leads to accumulation of lipid
droplets in skeletal muscle, decreased CoQ and impairment in mitochondrial B-oxidation (77).
Particularly, the 50 years old male patient suffered progressive skeletal muscle degeneration
that resulted in myalgia and permanent disability requiring permanently a wheelchair. Muscle
Magnetic Resonance Imaging (MRI) showed damage in the shoulder girdle, deltoid, biceps,
hamstring and calf muscles. Interestingly, the patient had a normal cognitive function and no
sign of ataxia discarding an alteration of the CNS. Sequencing of the patient revealed a
heterozygous NM_052853.3:¢.997C>T p. (Arg333*) mutation in exon 2 of the ADCK2 gene,
which produces a stop codon that reduces ADCK2 mRNA and protein. This mutation has a minor
allelic frequency of (MAF) of 2:251,006. Temporal CoQio administration produced biochemical
improvements in symptoms associated with muscle damage and mitochondrial diseases such as
a reduction in lactate and myoglobin levels. However, after cessation of CoQgo intake, muscle-
related symptoms rapidly worsened. One year later, non-invasive ventilation was necessary due
to global respiratory failure and twelve years after the presentation of the first symptoms the

patient died (77).

We have developed a heterozygous Adck2 knockout mouse that reproduced the heterogenic
mutation of this patient (77). The phenotype of mutant mice showed affected fatty acids B-
oxidation, liver damage and mitochondrial myopathy in skeletal muscle. The analysis revealed
that ADCK2 was involved in lipid homeostasis, controlling the CoQ pool in skeletal muscle and
affecting the transport of lipids into the mitochondria, which is required for fatty acids B-

oxidation and CoQ biosynthesis.
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A recent review examined the different mutant animal models generated to understand the
biological functions of CoQ (92). The authors explained that the phenotype found in the mutant
Adck2 mouse that includes an altered mitochondrial respiratory chain function and
mitochondrial dysfunction in skeletal muscle associated with a decrease in CoQgs and CoQuo
supports the idea that the ADCK2 gene plays a role in mitochondrial lipid metabolism in skeletal

muscle and CoQ levels (92).

1.3.2 AdckZ2 in yeast

A recent study deposited in bioRxiv analysed the role of ADCK2 in CoQ mobilization from its site
of synthesis on the IMM to other places where displays a crucial function using yeast genetics
and lipid analyses (91). Loss of ADCK2 in yeast (Ypl109c) results in CoQ getting away from
mitochondria reducing CoQ levels inside of mitochondria, which was accompanied by
impairment of polyunsaturated fatty acids (PUFAs) resistance. Additionally, the same study
reported that other ADCK genes (Adck1 and Adck5) were also involved in maintaining the proper
CoQ levels in the mitochondria. Particularly, the absence of both genes led to an excessive CoQ

accumulation inside of the mitochondria in yeast.

1.3.3 AdckZ2 and skeletal muscle

Mitochondria are highly plastic organelles that play a crucial role in skeletal muscle metabolism,
maintenance and physiology such as contributing with ATP to skeletal muscle contraction or
modaulating either redox homeostasis, cellular quality or cell death through mitophagy (93)(94).
Organization and control of mitochondrial function are coordinately regulated by a protein
quality control system, mitochondrial dynamics, biogenesis and precise degeneration (93).
Therefore, mitochondrial dysfunction in muscle cells such as myocytes leads to muscle
degeneration (95). Particularly, mitochondria play a regulatory role in the myonuclear domain
in skeletal muscle myofibers in ageing and atrophy (94) (96). Mitochondria in skeletal muscle
can be separated into two different populations presenting different bioenergetic (97) and
structural functions (98). Mitochondria located under the sarcolemma, subsarcolemmal
mitochondria (SSM), are involved mainly in signalling and providing energy for the initiation of
contraction whereas mitochondria located between the myofibrils, intermyofibrillar
mitochondria (IFM), are involved in providing ATP for contraction directly. Regarding the
essential role of mitochondria in muscle energy production and redox homeostasis, impairment

of mitochondria induces myocyte atrophy and muscle wasting (95).

Thus, mitochondria are essential organelles in skeletal muscle, consequently, mitochondrial

dysfunction leads to muscle weakness and damage. As has been mentioned above, the human
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patient that presents a mutation on the ADCK2 gene developed a mitochondrial dysfunction
characterized by a decrease in CoQuo levels associated with a progressive skeletal muscle
myopathy and an impairment in fatty acids metabolism (77). The high importance of
mitochondria and CoQ in muscle metabolism suggest that the mutation of the ADCK2 gene could
lead to progressive skeletal muscle damage due to the high energy demands of skeletal muscle.
Additionally, the impairment of fatty acids metabolism that presented to the patient could also

influence muscle degeneration (77).

1.4 Skeletal muscle

1.4.1 General introduction

All eukaryotic cells present a contractile architectonic system including actin and myosin, but
muscle cells possess an evolution version of this model more specialized. Mammals present four
categories of cells specialized for contraction: skeletal muscle cells, heart (cardiac) muscle cells,
smooth muscle cells and myoepithelial cells. All these kinds of cells produce contractile forces
based on actin and myosin Il. Skeletal muscle cells contraction under voluntary control produces
movement converting chemicals into physical energy (2). Skeletal muscle is a biomechanical
tissue constituted by innervated bundles of myofibers that presents voluntary contraction and
high energy requirements, whose main function is to generate contraction, force and movement
(99). Besides, skeletal muscle presents other functions such as thermogenesis, metabolism and
the excretion of peptides for connection with other tissues (100). Particularly, skeletal muscle
myofibers are formed by the fusion of myoblasts, consequently, skeletal myofibers are
multinucleated cells that contain postmitotic nuclei and share a common cytoplasm (Figure 4)
(2)(101). Skeletal muscle is also formed by the extracellular matrix (ECM) a three-dimensional
network composed of different kinds of collagens, proteoglycans, glycoproteins and elastin.
ECM participates in several processes such as connection with the immune system, regulation
of muscle development, muscle growth, and repairment. ECM also works as a support structure

for myofibers contraction and force transmission (100).
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Figure 4. Structure of skeletal muscle, schematic representation of myofiber and sarcomere.
Every circular zoom shows a different component of skeletal muscle structure. The picture described from
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PhD candidate).

For their part, myoblasts are precursors of skeletal muscle myofibers and present a period of
proliferation after which they would experience a conformational change starting
differentiation, fusing with other myoblasts to form multinucleate skeletal muscle fibres. Fusion
occurs coordinately by the actions of several muscle-specific genes. After differentiation, the
cells will never divide again and the nucleus will no longer replicate DNA, which means that they
cannot proliferate to expand or restored their population after damage, repair skeletal muscle,
or contribute to skeletal muscle growth neither (2). Particularly in mice, neoformation of muscle
myofibers will stop by birth, after that postnatal and juvenile muscle growth will occur by
progressive addition of myonuclei and the enlargement of the sarcoplasmic space. The
incorporation of new myonuclei is completed by 3-4 weeks of age, doubling the number of
myonuclear per myofiber. After the 4-week, muscle growth will continue increasing
sarcoplasmic space and fusion of myonuclear, but at a lower rate (ten per cent). Each muscle

will contain around 5-10 satellite cells (SCs) per myofiber influenced by the myofiber type (101).
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1.4.2 Skeletal muscle dystrophy.

About the organizational complexity that skeletal muscle shows, any alteration leads to
muscular dystrophies (MDs), which are severe myogenic syndromes associated with mutations
in structural genes that produce progressive muscle wasting, weakness and dystrophic
pathological aspect of skeletal muscle. MDs are usually related to mutations in genes that
encode structural proteins of the dystrophin-glycoprotein complex generating skeletal muscle
necrosis and sarcolemma disequilibrium. MDs disorders are characterized by continuous cycles
of degeneration and regeneration obtaining unsuccessful repairment, loss of muscle, and
fibrosis (102)(103)(104). More significantly, there is no possible therapeutic approximation to
repair muscle damage when skeletal muscle myofibers have been destroyed and replaced by
fibrotic deposits, therefore this scenario opens a new possibility for strategies to counteract
muscle degeneration and promote muscle regeneration by SCs action (102)(105)(106). Several
laboratory tests have been proposed for MDs diagnosis, such as quantification of serum creatine
kinase levels because it is increased in severe dystrophies from birth. Electromyography is used
to define the nature of the dystrophy, muscle histology to study muscle features and define the
MDs, and immunochemistry is used to study proteins associated with MDs (104). MDs can be
grouped in Duchenne and Becker, Emery-Dreifuss, distal, facioscapulohumeral,
oculopharyngeal, and limb-girdle dystrophies (103). Last genetic technologies have allowed the
identification of more than 40 genes associated with MDs, which are usually implicated in the
basement membrane and extracellular matrix proteins, proteins related to the sarcolemma,
proteins with putative enzymatic function, sarcomeric proteins, proteins from the nuclear

membrane, and proteins from the reticulum endoplasmic among other (107).

Patients that suffer from Duchenne MD normally show symptoms after the first years of life,
showing difficulties in movements, such as running or climbing stairs, and speaking ability, or
mental delay in some cases (108). After 7 years of life approximately, the patient suffers a rapid
decline including scoliosis, respiratory insufficiency and cardiomyopathy, which conditions
survival (107). Duchenne MD patients also suffer from myofiber degeneration, SCs exhaustion
and impaired self-renewal (101). Limb-girdle MDs group are considered a heterogenic group of
MDs that shared muscle weakness and dystrophy appearance in muscle biopsy, while

respiratory and cardiac systems could be affected in some subtypes (107).

Emery—Dreifuss MD patients normally present an advancing muscle system wasting and
weakness in the biceps and calves, despite other tissues can be also secondary affected such as

elbows, Achilles tendons, neck and spines. The cardiac system can be also affected due to
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muscle-derived damage that can determine survival (107). These patients also suffer impaired

SCs proliferation (101).

Facioscapulohumeral MDs present a growing asymmetric muscle waste and weakness,
specifically affecting the face, scapular, and limb muscles. In contrast with other MDs
syndromes, cardiac function and walk capacity are often maintained and creatine kinase levels
can be also normal. Genetic diagnosis is normally required for these patients (107).

Facioscapulohumeral MD is also characterized by myoblast apoptosis (101).

Regarding muscle regeneration usually takes place in response to damaged myofibers where
SCs are activated, proliferate and are displaced to the damaged area, where they will fuse with
the surviving myonuclei of the damaged myofiber (101). Especially in muscular dystrophies,
chronic regeneration takes place as a continuous response to necrosis of muscle myofibers,
altering align of precursor cells with nuclei from the damaged myofiber (101). Other elements
involved in muscular regeneration in MDs are inflammatory cells, fibroblasts, fibro-adipogenic

cells, and the genetic background (101).

1.5 Prenatal myogenesis and embryo development in mice

Mammalian embryogenesis includes processes of cell division, cellular proliferation, and
differentiation through the time of early prenatal development. Fertilization, cleavage,
differentiation of the first embryonic cells and blastocyst implantation into the uterus are
essential for proper embryogenesis. Initially, sperm fertilizes a specialized oocyte leading to a
zygote formation, a totipotent embryonic cell, initiating the way from oocyte to embryo
transition. This process groups symmetric mitotic divisions, organelles redistribution in the
cytoplasm, histone alterations, DNA methylation and changes in the transcriptomic profile
(109)(110). At that time, a morula will be formed. After morula compaction, blastocysts will be
formed and implanted in the uterine wall where gastrulation will take place indicating the end
of the germinal stage of embryogenesis. Gastrulation will occur with up to 1000 cells and a
limited number of cells types (111). Blastocysts will be differentiated into trophoblasts,
surrounding cells such as the placenta and associated tissues and embryoblast, the inner cells
(112). Inner cells present two layers: the hypoblast and the epiblast. Epiblast region will result
in endoderm, ectoderm, and mesoderm formation. The identities and position of the primary
cells that will constitute the three germ layers (ectoderm, endoderm, and mesoderm) are
established during the early stages of gestation (113). The endoderm will lead to the digestive

tract, liver, pancreas, auditory tube, trachea, bronchi, and the bladder among others, ectoderm
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will form the epidermis, hair, mouth, nose, and nervous system among others; and the

mesoderm will generate muscles, bones, adipose tissues and dermis among other.

Somites are formed during somitogenesis from the mesoderm along with the ais head to tail
(Figure 5A). Mesoderm is anatomically divided into paraxial, intermediate, and lateral
mesoderm in the function of the position from the midline to the neural tube and it is separated
in blocks known as somites that will appear on both sides of the neural tube. Somites at the
paraxial mesoderm of the vertebrate’s embryos hold the precursors of the axial skeleton,
skeletal muscles, and dermis. Particularly, the skeletal muscle tissue in the limbs and trunk are
derived from somites that are formed gradually by segmentation of the paraxial mesoderm
(myotome) on both sides of the neural tube (114). A myotome is composed of myogenic
precursor cells (MPCs) that arrive from all lips of the dermomyotome to lead to the formation
of myocytes (115) and it is surrounded by a laminin-rich membrane that disconnects it from the
underlying sclerotome (116). Myoblasts, the precursors of skeletal muscle myofibers, are
derived from mesodermal precursors that emerged from the myotome (111)(2).

Secondly, the assembly of the laminin in the myotome matrix takes place when epaxial myogenic
precursor cells go into the myotome. Laminins are extracellular glycoproteins that guide cellular
movements through the extracellular matrix. When the Myf5 positive cells colocalize with
assembled laminins, they express integrin a6B1 to anchor itself to the extracellular matrix to be
able to move, due to Myf5 is needed for a6B1 integrin expression on myogenic precursor cells
and laminin is the main regulator of myotomal extracellular matrix assembly and cell guidance
into myotome (117). In terms of time, the mean duration of mice gestation is 20-21 days
including embryonic and fetal development. From 0 DPC to 5 DPC groups the pre-embryonic
development until the blastocyst formation and the period from 5 DPC until 10 DPC includes
embryo elongation and gastrulation. Organogenesis starts at 10.5 DPC until 12.5 DPC and after
the embryonic period of 10 DPC, embryos are considered fetuses until birth (118).

On the other hand, somites formation, segmentation and myogenesis are carefully modulated
by genes that are implicated in different pathways such as WNT, FGF or NOTCH. WNT pathway
modulates proteins that transfer signals into a cell through different cell surface receptors. FGF
modulates development in animal cells. NOTCH pathway constitutes a cell signalling system
controlling another different signalling. WNT controls early cell activation in the epaxial
dermomyotome (119), FGF maintains a balance between myogenesis and self-renewal of
progenitor cells (120), and NOTCH signalling induces self-renewal along with the four Myogenic
Regulatory Factors (MRFs): Myf5, MyoD, Myogenin and Mrf4, the transcription factors that

control determination and differentiation of skeletal muscle cells during embryogenesis and
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postnatal myogenesis (121). The MRFs function leads to the activation of muscle gene
expression (122). MyoD, Myf5 and Mrf4 are determinant factors in embryonic myogenesis due
to their absence precludes muscle formation. Particularly, Myf5 and MyoD activation in
myoblasts modulate the specification of the head, epaxial, hypaxial and limb body muscle
progenitors of the vertebrate embryo development, while Myogenin modulates the
differentiation process from myoblasts to myofibers that are also regulated by Mrf4 and MyoD
(123) (99). Pax3 is a transcription factor that regulates muscle precursor cells migration during
embryogenesis (124), and a decisive element in the advancement from multipotent somatic cells
to a tissue-specific myoblast at the beginning of myogenesis (114). About myogenic regulation,
the Pax family of paired domain transcription factors have an essential role in tissue specification
and organ development. Initially, cells that fuse collectively together expressed the paired box
transcription factors Pax3* and Pax7* along the primary skeletal muscle myofibers that are
considered the initial structure for the primary skeletal muscle (125). Then, the second group of
Pax3* and Pax7 skeletal muscle cells will fuse to form the secondary myofibers starting in the
middle of the primary myofiber and they will advance until the two ends of the primary
myofibers (125). In the end, a subpopulation of myoblasts derived from precursor cells enters a
quiescent undifferentiated state highly related to myofibers, becoming adult muscle stem cells
(126). Although the molecular mechanism that controls myocytes fusion remains unclear, two
elements have been proposed recently for myocytes fusion: Minion, a fundamental

microprotein, and Myomarker, a transmembrane protein (127)(128)(129).
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Figure 5. Prenatal myogenesis schematic representation.

(A) Schematic view of mammals’ prenatal myogenesis. Myotomes mature following a rostrocaudal grade on either
side of the axial structures (130). (B) Origins of skeletal muscles from four main mesodermal progenitor populations:
the presomitic mesoderm, the lateral plate mesoderm, the posterior head mesoderm and the anterior head
mesoderm (123).
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1.6 Postnatal myogenesis

Satellite cells (SCs) are small, flattened, and quiescent stem cells located close to mature skeletal
muscle below the basal lamina ready to be a self-renewing source of differentiated skeletal
muscle cells. When skeletal muscle suffers damage or has a stimulus to growth, SCs rapidly
activate, proliferate and differentiate to replace muscle cells that have been lost and damaged.
Then, the progeny of primary SCs fuse to fix damaged skeletal muscle and contribute
subsequently to muscle growth. SCs express receptors for growth factors such as FGF-receptor
2 that focus its proliferation on the release of growth factors from damaged muscle or
inflammatory cells (101)(2). The immediate activation of SCs after the damage is referred to as
the release of RNA coding for the Myf5 from cytoplasmic granules (131) and a rapid expression
of MyoD (101). Through the process of SCs activation until myotubes, a series of
transformational changes occur, which can be monitored by a series of transcriptional
regulatory factors activation and deactivation. Active SCs will express Pax7 and myoblasts
derived from SCs present active Myf5 and MyoD. Myocytes precedent from myoblast express
MyoD, Mef2 and MyoG. Differentiated myotubes are positive for Mef2, MyoG and Mrf4 (99).
SCs activation and proliferation will lead to fusion with other cells promoting myofibers
regeneration while a small subgroup of SCs will inactivate MyoD expression to re-enter a

quiescent state (132).

About MDs, a genetic defect affects differentiated skeletal muscle cells. In these pathologies,
SCs are activated and proliferate to recover skeletal muscle-damaged myofibers. Nevertheless,
SCs regenerative action is unable to repair completely the damages and consequently,
connective tissue replaces muscle cells, blocking further repairment. Thus a progressive decline
in regeneration and the exhaustion of regeneration capacity contribute to muscle weakness in

the elderly (2).

In the mice model of MD, skeletal muscle regenerates differently: large™ mice present a low
regeneration capacity (133)(134) while mdx mice show a higher regeneration grade (134). If a
defective gene is normally expressed in SCs or their progeny, these cells can be directly
influenced by the genetic defect. However, defects in genes that are not usually expressed in
muscle myofibers, or connective tissue could have an indirect effect on SCs function. Moreover,
it has been proposed that SCs are dysfunctional in chronic muscle diseases, which increases the

decline associated also ageing (101).

As can be visualized below during a normal process of muscle regeneration (postnatal

myogenesis) sequential steps would take place where initially there is an activation of SCs in
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response to the damage, going through a proliferation phase and a posterior differentiation that
results in small newly formed myofibers that present centralized nuclei that would replace the
damaged myofibers (135) the number of centrally located nuclei is an indicator of myofiber
repair (136). Finally, regenerate myofibers would present no central myonuclei and would have

their peripheral quiescent SCs for future activation.
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Figure 6. Skeletal muscle regeneration dynamics post-injury.

(A) Myofiber regeneration process displayed by satellite cells. (B) Histological section of skeletal muscle along the
regeneration process (24 hours, 2- and 10-days post-injury). (C). Time course of satellite cells during skeletal muscle
resulting in regenerated mature myotubes. (Adapted from (137)).

As is displayed in the Figure 6 during the maturation phase newly myofibers that present central

myonuclei would experience a process of displacement to the periphery.

1.6.1 Why use SCs to study embryonic myogenesis?

Prenatal myogenesis and postnatal myogenesis in muscle regeneration by SCs activation in
mature skeletal muscle share a lot of elements, transcription factors and signalling molecules
(138). The transcription factors that modulate differentiation in the precursor cells population
in mammalian skeletal muscle are similar to those observed during the initial muscle
embryogenesis, the development of skeletal muscle in postnatal and juvenile periods and
skeletal muscle repairment (101). Consequently, analyses of SCs activation, specification,
proliferation, and differentiation in postnatal stages seem to be an adequate method to

understand the myogenesis process.
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Figure 7. Prenatal and postanal myogenesis time points.
Skeletal muscle formation time points during development and adulthood in mammals, including prenatal and
postnatal myogenesis. (Image elaborated by the PhD candidate).

1.7 Caloric restriction, skeletal muscle and mitochondria

Caloric restriction (CR) could be defined as a reduction of 10 to 40% of food intake without
malnutrition. CR is a powerful method to increase lifespan and healthspan, but also delay the
onset of chronic diseases associated with ageing such as diabetes, hypertension or cancer (139).
In addition, mitochondrial dysfunction has been proposed as a crucial hallmark to explain the
molecular and physiological basis of ageing (140). Although the mechanisms that explain the
benefits attributed to CR are still unclear, it has been proposed that could be based on
suppression of oxidative stress and maintenance of cellular redox balance that facilitate optimal
cell signalling and adequate gene expression where mitochondria would play a key role (141).
Moreover, TOR-S6K and AC-PKA pathways, IGF-I like receptors and several transcription factors
(GIS1, DAF-16 and FOXO) delay ageing under CR (142). Regarding mitochondria and CoQ, CR has
been shown to modify CoQg and CoQjo ratio and COQ gene expression in mice under CR in
different tissues such as the kidney and heart (143). Even another study in rodents suggested

that CR could increase the mitochondrial fraction of CoQ (144).

For skeletal muscle, CR has been proved to induce a reduction in skeletal muscle weight where
fast myofibers were more susceptible to suffer alterations affecting myofibers composition (93).
Particularly, CR has been shown to improve SCs availability and activity in muscles of young and
old mice along with more mitochondrial levels and metabolic and longevity factors (145). These
results could help to elucidate the metabolic factors that may modulate stem cells function and
the impact of ageing on the impairment of the stem cells. CR could be a promising therapy to
improve muscle stem cells in the context of muscle disease or muscle dysfunction. Additionally,

an increase in SCs under CR in response to injury has been reported (146).
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In summary, CR could be defined as a metabolic modulator that increases lifespan and affects
skeletal muscle and adult muscle stem cells, which provides enough evidence to propose CR as
an intervention in our Adck2 mutant mouse to understand how CR could modulate the

metabolism under mitochondria dysfunction, specifically in skeletal muscle.
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2 Project Aims

The main aim of this project is to study the etiology, pathophysiology, and progression of the
disease in our Adck2 knockout mice during all its life stages and to check the effect of CoQ
administration and CR intervention, focusing on skeletal muscle because it is the main tissue
affected in mice and human patient. For this purpose, the following specific aims have been

planned:

1. Study of embryonic development of Adck2 knockout mice to understand the etiology to
determine if alterations start during the embryonic development and to examine if a

prenatal CoQio administration could regulate these alterations (described in chapter 1).

2. Study of postnatal myogenesis in Adck2 knockout mice to examine if damages could be
associated with an affected myogenesis process and analyse the effect of CoQio

administration on postnatal myogenesis (described in chapter 2).

3. Study of skeletal muscle during ageing in Adck2 knockout mice to determine the progression
of the phenotype through ageing and the effect of CoQio over the ageing process in our

mouse model (described in chapter 3).
4. Assess the effect of caloric restriction on the phenotype of our mouse model, focusing on

skeletal muscle to understand the mechanism by which caloric restriction could modulate

mitochondrial metabolism (described in chapter 4).
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3 MATERIALS AND METHODS

3.1 Mice specifications and experiments.

3.1.1 Mouse model generation

The Adck2 knockout mouse model was produced in the Transgenic Animal Model Core,
Biomedical Research Core Facilities, the University of Michigan as illustrated in Figure 7 (77).
Chimaeras were produced by microinjection of C57BL/6J-derived mutant ES cells into albino
C57BL/6J host blastocysts obtained from the mating of C57BL/6J-BrdCrHsd-Tyrc females with
C57BL/6J-BrdCrHsd-Tyrc males (Figure 8). Any white pups from chimaera breeding have a
contribution to both the ES cells and the host embryos and were labelled as C57BL/6-BrdCrHsd.
The ES cell clone Adck2 12053 was obtained from the KOMP repository, Mouse Biology Program,
University of California. These cells are heterozygous for the ADCK2 deletion, and the host
blastocysts are wild type for the introduced mutation. The breeding of chimeric males with
albino C57BL/6 females has produced black pups, which were derived from the ES cells. Because
the ES cells are heterozygous for the mutation, half of the black pups were expected to be
positive for the mutation. Heterozygous mutant mice were used for germline production and
colony expansion. Particularly, the ADCK2 gene in mice is located in chromosome 6 where
present 8 exons. Our mutant mice present a deletion that starts at 39.574.304 bp and finishes
at 39.587.522 bp with a deletion size of 13.219 bp affecting 8 exons of the ADCK2 gene in mice.
For this purpose, a BAC vector was introduced into the ES cells to generate knockout Adck2 mice.

BAC vector included LacZ and Neo.
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Figure 8. Schematic representation of mutant mice generation.
Mutant mouse production by microinjection of mutant ES cells into blastocysts. Chimeras obtained were crossed with
wild type Albino C57BL/6)J, black offspring mice were derived from ES cells. (Image elaborated by the PhD candidate).

3.1.2 Mouse environmental conditions

Mouse housing and tissue collection were performed using protocols approved by the
Universidad Pablo de Olavide Ethics Committee (Seville, Spain; protocols 12/03/2021/033) by
Spanish Royal Decree 53/2013, European Directive 2010/63/EU, and other relevant guidelines.
Mice were bred and raised in the animal facility at the Centro Andaluz de Biologia del Desarrollo
(CABD). Mice were housed in autoclavable polycarbonate cages respecting the minimum space
requirements per animal. The environmental conditions of housing were of 12 hours light / dark
cycle. The light period was from 8:00 until 20:00. Temperature and humidity oscillated within

the range of 22 £ 22C and 54 + 1% respectively.

Sawdust was placed in the cages and enriched with polycarbonate toys and autoclaved papers.
The animals were fed ad libitum with a standard laboratory mouse diet, SAFE D40 (Scientific
Animal Food and Engineering) (composition: cereals 84.6% w/w, vitamin and mineral 3.9% w/w

and vegetable proteins 11.5% w/w). Mice were sacrificed by cervical dislocation.
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3.1.3 Mice breeding for embryos extraction.

Mice crosses were carefully planned, three days before the mice mating, the male mouse were
relocated to a new box and female mice were placed in the old box of the male mouse that
contain the faeces and urine of the male mouse to synchronize the estrus cycle in female mice
(Whitten effect). Two female mice were crossed with a male mouse every time. Female mice
were in estro on Monday afternoon and cross start on Thursday afternoon for four nights. To
determine female mice fecundation plug was checked the first time in the morning (09:00 am),
positive plug female mice were separated and the rest on mice were maintain on breeding. Mice
were separated on Monday morning and negative female mice for plug were left in quarantine

for two additional weeks before setting up a new cross.

Embryo’s development stage was determined with plug-check control, positive plug in the early
morning (09:00 am) was assigned as 0-day post coitum (DPC). Mice breeding was carefully

established the day before in the afternoon (05:00 pm).

3.1.4 Skeletal system staining in embryos.
The skeletal system was examined to determine bone abnormalities and the embryo’s
development stage using the tibia length. Results were normalized with Adck2*/* embryos data

from the same litter.

Embryos at 17 DPC were fixed in paraformaldehyde (PFA) 4% w/v and used to study
developmental markers. Embryos were immersed in glass tubes in water at 702C for 5 minutes
to allow the removal of skin. Also, fat from the chin, back, legs and organs from the abdomen
were removed. Then, embryos were dehydrated in ETOH 100% for 3 days, washed with acetone
for 2 days and stained with Alcian Blue for 3 days. At this time, embryos were re-hydrated with
washings in decreasing ETOH solutions (100% v/v, 75% v/v, 50% v/v and 25% v/v ETOH 3 days in
each solution). After that, embryos were washed in miliQ H,0 3 times for 5 minutes, stained
with Alizarin Red for 2 days and washed in a solution of increasing glycerol concentration (20%
v/v, 50% v/v, 80% v/v and 100% 3 days in each solution). Finally, embryos were conserved in

glycerol 100%.

Alcian Blue 86x 3.75 mg of Alcian Blue in 25 mL of a solution 80%ETOH/20% Glacial

acetic acid v/v

Alizarin Red 1.25 mg of Alizarin Red in 25 mL of a solution 2%KOH/H,0 v/v
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3.1.5 Size and weight analyses in embryos

Weight and size of embryos at 17 DPC on standard conditions and under CoQio administration
were assessed. Previously, the umbilical cord, placenta and yolk sac were removed, and embryos
were washed in phosphate-buffered saline (PBS) and dried in absorbent paper. Weight was
measured in high precision balance (four decimals) and size was determined by measuring the
distance between the head and the tail of the embryos. Results were normalized with Adck2*/*
embryos data from the same litter to reduce the differences between litters. Embryos were
photographed using scopes with DDC digital camera at CABD Functional Genomics Facility using

Leica Software for images acquisition and analysis.

3.1.6 Muscle progenitors’ analyses in embryos

Somites analyses were performed through the analysis of the expression of Myf5 and Mrf4, two
Myogenic Regulatory Factors involved in skeletal myogenesis in vertebrate embryos (147). A
wild type male mouse that contains a LacZ reporter to study transcriptional regulation of Myf5
and Mrf4 was crossed with one female mouse Adck2*/. The reported LacZ allows the analysis of
the expression of Mrf4 and Myf5 through different enzymes, alkaline phosphatase or B-
Galactosidase, thus it was possible to study the expression of both transcription factors with the
same reporter. This technique was used to drive Myf5 or Mrf4 expression in epaxial and hypaxial

somites, branchial arches and the central nervous system in our knockout Adck2 mice.

For Myf5 staining, embryos were fixed overnight in Mirsky’s fixative (National Diagnostics, HS-
102) at 49C and washed three times in PBS. Then, embryos were placed in 3-5 ml of staining
solution (5 mM KsFe(CN)s v/v, 5 mM KsFe(CN)s v/v, 2 mM MgCly,v/v, 40 mg/ml X-Gal v/v in PBST
0.02% v/v) at 372C in moving for 3-4 hours until staining was completed, and post-fixed in
Mirsky’s fixative. The next day, pictures of the embryos were taken to examine in detail the Myf5

expression.

For Mrf4 staining, embryos were fixed in Mirsky’s and then postfix in fresh PFA 4% w/v overnight
at 42C. Embryos were washed 3 times in 2 mM MgCl, PBS v/v and heated in 2 mM MgCl, PBS
v/v 652C for 2 hours. Later, embryos were cooled and washed with AP staining buffer for 20
minutes. Then new AP stain buffer + 10 ul BCIP (50 pg/mL) v/v and 50 pl (100 pg/mL NBT) v/v
were added, and embryos were placed in a covered black bucket with ice on the shaker. When
Mrf4 expression was completely visualized, staining buffer was removed, and embryos were
washed with PBS plus 20 mM EDTA to stop the reaction. Finally, embryos were postfixed in
Mirsky. Embryos were photographed using scopes with DDC digital camera at CABD Functional

Genomics Facility.
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1X AP staining buffer | 100 mM Tris-HCL pH 9.5, 100 mM NaCl, 50 mM MgCl,, 0.1% Tween
20 v/v and miliQ H,0.

3.1.7 CoQio supplementation in mice

Reduced CoQio (Kaneka QH stabilized powder type P30) (Kaneka Pharma Europe, Brussels,
Belgium) was formulated in nanoparticles to be dissolved in water. CoQio final concentration
was 33.33-50 mg/kg/day of CoQio (23). Previously, it was calculated the mean water
consumption of a mouse (2-3 ml/day/mouse), CoQio was dissolved at 0.5 mg/ml for a final
concentration of 1-1.5 mg/day (33.33-50 mg/kg/day). CoQio oxidation rate in water through
time was evaluated (Figure 9). As CoQuo suffers progressive oxidation in water, CoQio was
replaced three times per week (Mondays, Wednesdays and Fridays) to prevent oxidation.
Additionally, as the expected life span of CoQ in muscle from rodents is 50 hours (148) with our

system new CoQio was continuously supplied to the mice muscle by this time.

CoQio administration started on adult mice (generation 0) and it was implemented in the
progeny during the next two generations. Mice were supplemented with CoQjo during their

entire life.

CoQ(H,
- 0day
2 day

CoQy, - 6day

8 9 day

Figure 9. CoQip oxidation rate in water is associated with time.

CoQioH: in nanoparticles oxidation into CoQgg in nanoparticles from 0 to 9 days dissolved in distilled water. Reduced
and oxidized forms of CoQso in water were measured by HPLC. The graph shows the progressive oxidation of CoQioH;
over time and the production of CoQgo. (Image elaborated by the PhD candidate).

3.1.8 Mice ageing experiment

Mice used for experiments were classified into different groups based on their age: young (3-6
month-old), adult (10-12 month-old), old-adult (16-18 month-old) and old (22-24 month-old).
These periods were established due to their similarity to age groups in humans as shown in

Figure 10.
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Figure 10. Schematic correlation of ageing between mice and humans.

Lifetime-points in mice and humans, comparison of life stages between both species to assess growth and ageing.
This figure allows us to establish time points to perform experiments during the ageing process and to assess the
decline and incapability inherent to ageing in mice and humans. (Image elaborated by the PhD candidate).

3.1.9 Caloricrestriction conditions

Mice on CR underwent a 40% reduction in daily food intake, establishing a regimen by which
60% of ad libitum diet was added to the cages each day at 09:00 am. Basal food intake was
determined over 2 months before CR was determined, and it was established to be
approximately 4 grams per day. Therefore, mice in CR were fed 2.4 grams daily of the standard

diet for laboratory mice.

For CR experiments, 6 month-old male mice were maintained on CR for 7 months. After that, 13
month-old mice were sacrificed by cervical dislocation. Age-matched male mice fed ad libitum
were used as control. A standard chow diet (D40 SAFE) (Scientific Animal Food and Engineering)
(composition: cereals 84.6% w/w, vitamin and mineral 3.9% w/w and vegetable proteins 11.5%

w/w) was used and mice received water ad libitum.

3.1.10 Tibia length in young and old mice

Tibia length was determined in young and old mice to assess anatomical general development.
The right lower limb was segmented from each animal, and then, skin, skeletal muscles and fat
were removed. After that, the limb was immersed in NaOH 2% w/v solution in agitation for 7-9

days, revising the status every 2 days and, when all tissue was eliminated, tibias were stored at

78



RT and photographed using scopes with a DDC digital camera at CABD Functional Genomics

Facility.
3.2 Invivo mice tests

3.2.1 Glucose and insulin levels in fasting conditions

Both fasting glucose and insulin levels were determined after the mice had fasted for 12 hours
(08:00 pm to 08:00 am). Glucose measurement was performed in blood samples taken by
venipuncture and using an Accu chek Performa glucometer. For insulin determinations, blood
samples were collected in heparin treated tubes and centrifuged at 2000 g for 10 minutes at 42C
to isolate the plasma fraction from the transparent upper phase. Insulin levels were determined
using a Mouse Insulin Elisa kit from Mercodia (10-1247-01/10-1247-10). Insulin resistance was
calculated from the Homeostatic model assessment (HOMA) index was calculated considering

glucose and insulin values.

3.2.2 Glucose tolerance test (GTT)

For the glucose tolerance test, mice were fasted for 12 hours (08:00 pm to 08:00 am), body
weight (BW) was recorded at the time of fast and received an intraperitoneal (IP) injection of
glucose (2 g/kg weight) using a solution of 200mg/ml D-glucose w/v. For IP injections, insulin
syringes (1/2cc, 281/2G) were used. Before glucose injection, fasting blood glucose was
measured and recorded as Timepoint 0. After that, glucose was intraperitoneally injected, and
the time started to count. Each mouse was staggered by at least 1 minute to manage time.
Successive measures were performed every 15 minutes (15, 30, 45 and 60 minutes) for the first
hour, and every 30 minutes (90 and 120 minutes) for the second hour. This test was used to
evaluate the response to glucose injection and to examine the glucose entry into the cell and

glucose homeostasis.

Additionally, insulin homeostasis after glucose load was also calculated. Mice were fasted,
weighed and injected with D-glucose as previously described. Right before glucose injection,
plasma was collected to measure basal insulin levels. Then, two successive measures were
performed to analyse insulin production (20 and 40 minutes post glucose load). Blood collection
was performed at the submandibular vein, blood was stored in heparin treated tubes and
centrifuged at 2000 g for 10 minutes at 49C. Finally, insulin levels were determined using a

Mouse Insulin Elisa kit from Mercodia (10-1247-01/10-1247-10).
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3.2.3 Insulin Tolerance Test (ITT)

The response to exogenous insulin injection was also determined using the insulin tolerance test
(ITT). Mice were fasted for 5 hours (from 10:00 am to 3:00 pm), the time of fasting was reduced
to avoid hypoglycemia, and BWs were recorded at the time of fasting. The dose of insulin used
was 0.75 U of insulin per kg/BW. Before the injection, fasting blood glucose was determined,
and insulin was injected intraperitoneally. Successive measures were performed every 15
minutes (15, 30, 45 and 60 minutes) for 1 hour. At the end of the test, food box cages were
refilled, and in case of low glucose levels, an oral glucose load was administered to the mice to
avoid problems associated with hypoglycemia. This test evaluates the response to insulin

injection focusing on glucose entry into the cell and insulin homeostasis.

3.2.4 Intraperitoneal pyruvate tolerance test (IPPTT)

The response to sodium pyruvate was assessed to evaluate glucose homeostasis, particularly,
gluconeogenesis from non-carbohydrate carbon substrates (pyruvate). Mice were fasted for 5
hours (from 10:00 am to 3:00 pm) and BWs were recorded at the time of fasting. Fasting glucose
was determined and immediately, pyruvate was intraperitoneally injected (2g per kg/BW
dissolved in MiliQ water). Successive measures were performed every 15 minutes (15, 30, 45
and 60 minutes) for the first hour, and after that, two additional determinations were done
every 30 minutes (90 and 120 minutes) for the second hour. Glucose increase after pyruvate
injection represents hepatic gluconeogenesis, which means the rate of novo glucose synthesis

using pyruvate as a substrate.

Physical performance assessment

All tests were started at the same time of the day (02:00 pm) to reduce variability associated
with ageing in circadian rhythm. To reduce manipulator variation physical tests were performed
by the same person. Mice were introduced into the experimental room 30 minutes before
starting any behavioural test for acclimatization. Mice temperature and humidity were
maintained during physical tests, and to avoid noise, people not involved in the test did not go

inside the experimental room.

3.2.5 Grip Strength test

The grip strength test was used to examine in vivo muscle force (Grip Strength Columbus
apparatus, Gibertec SA, Madrid, Spain) as indicated (149). The test is based on the tendency of
a mouse to instinctively grasp a grid when suspended by the tail. The BM of the mouse was
assessed before the test. When the manipulator holds the mouse by the middle tail and lowered

it over the grid, the mouse grasps the grid tightly with the upper and four paws. Each mouse
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performed 5 trials with upper both and with fours paws. The three trials most similar for two
and four paws were used for data analysis. After each pull mice could rest for 30 seconds. Before
the test, animals were revised to find any potential injury or damage that could influence the
result of the test, and if that was the case, the mouse was not tested. The decline in strength
associated to aging was calculated for each group individually using the values from the different

life-points studied through the equation of the graph and the slope of the line.

Grip strength test was used to assess strength along the ageing process and to evaluate skeletal
muscle function. When too many mice were studied, analyses were performed on two or three
consecutive days. When mice on CR were tested, mice were fed at 09:00 am and the test started

at 2:00 pm.

3.2.6 Weights test

The weight-lifting test indicates in vivo force production, seven grasp steel mesh balls attached
to increasingly heavier weights are used for the test. Mice are held by the middle tail and lower
over the grip to allow them to grasp the first weight, which is lied on a cork platform to avoid
making noises. As it grasps the wire scale collector with its forepaws, start a stopped clock and
raise the mice until the link is clear of the bench. The test was considered passed after 3 seconds
and a new heavier weight was offered to the mouse. If the mouse drops the weight in less than
3 seconds, it was recorded the time and the weight held (16g, value = 1; 32g, value = 2; 48g,
value = 3; 64g, value = 4; and 80g, value = 5). Rest the mouse for about 10 seconds and try it on
the same weight once again. If it falls three times, the total time (in seconds) was noted, the trial
terminates, and the mouse is assigned to the maximum time/weight achieved. If the mouse lifts
the weight for three seconds, the mouse was tested on the next heavier weight. Again, it is given
three attempts to hold the weight for 3 seconds. The final total score is calculated as the product
of the value for the heaviest weight held for more than 1 second, multiplied by the time
(seconds), and normalized by body weight. (150). The decline in strength associated to aging
was calculated for each group individually using the values from the different life-points studied

through the equation of the graph and the slope of the line.

The weight-lifting test was used to assess strength along the ageing process and to evaluate
skeletal muscle. When mice on CR were tested, mice were fed at 09:00 am and the test started

at 2:00 pm.

3.2.7 Treadmill aerobic test
The treadmill exercise test was used to determine aerobic capacity. Mice were forced to run

until exhaustion using a mild electric shock on a 10° uphill open treadmill (Treadmill Columbus
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1055M-E50; Cibertec SA, Madrid, Spain). Based on previous protocols tested for aerobic capacity
(151)(152)(153) the protocol was elaborated.

This test should be performed after two pieces of training on previous days for acclimatization,
then the task can be performed appropriately. Mice were acclimated for two days, with a regime
of 5 min running at 8 m/min, plus an additional 5 min at 10 m/min on the second day. The day
after the second training was considered a resting day. For the test, mice underwent a single
bout of running for 60 minutes starting at 10 m/min for 20 min and increasing the speed by 1
m/min every 4 min for the remaining 40 min. Exhaustion was achieved when animals who quit
running refused to move back to the treadmill 5 seconds after receiving a mild electric shock
(154) (intensity was at 6 Hz and frequency at 8). When mice on CR were tested, mice were fed

at 09:00 am and the test started at 2:00 pm.

3.2.8 Metabolic Cages

Mouse free physical performance and metabolism were assessed in vivo using automated home
cage phenotyping (PhenoMaster TSE system, TSE Systems GmbH, Hessen, Germany) to fully
characterize mice under controlled conditions, to obtain high quality and reproducible data with
a high throughput because it is possible to run a large number of cages in parallel (155). The first
36 hours were considered the acclimatization period and were not used for the analysis. When
mice on CoQio administration were tested, CoQio was dissolved in water as mentioned above
and used in the water bottles of the PhenoMaster. When mice on CR were tested, food was

added to the cage on mice on CR at 09:00 am every day of the experiment.

Data analyses were initially screened using an R script designed by Cristina Vicente Garcia and

after the initial previsualization, the data was graphed using Prism — GraphPad.

The parameters collected for analysis were Z (Cnts), VO,, VCO,, RER, H and SumR+L. The Z (Cnts)
counts break Z-beam which means a break of a beam of light at the upper-level Z. The VO,
(ml/h/kg): O, consumption takes weight into account. The VCO, (ml/h/kg): CO, production
taking weight into account. The Respiratory Exchange Rate: VCO, / VO,. The H (kcal/h/kg): Heat
production expressed by BW. The Running wheel is the SumR+L (cm). For running SumR+L and

Z counts accumulative representation was displayed.

3.2.9 Study of in vivo adult muscle satellite cell and muscle regeneration
Satellite cells are adult muscle stem cells that regenerate muscle damage, to induce in vivo SCs
activation and skeletal muscle regeneration we used a well-established barium chloride (BaCl,)

model of muscle injury. BaCl, was chosen because it is highly reproducible, cheap and easy to
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use, and what is more important BaCl; injection mimics pathological elevations in intracellular
Ca?* that results in degeneration of myofibers and the subsequent activation of SCs for muscle
regeneration (156). Firstly, mice were anaesthetized with an IP injection of ketamine (65 mg/kg
BW), xylazine (13 mg/kg BW) and acepromazine (2 mg/kg BW), after 10-15 minutes the mice
were anaesthetized. Next, the skin was shaved over the tibialis anterior (TA) muscle and then,
50 L of 1.2% w/v BaCl;, prepared in sterile H,O was injected unilaterally into the TA (157). Mice
were kept warm during recovery and returned to their cage, 14 days post-injection (dpi) mice
were sacrificed by cervical dislocation and the TA was carefully dissected and properly frozen
using the instructions described in the tissue freezing section, this time-point was selected to

analyse muscle regeneration advanced-final stages (Figure 11).

14 dpi

Skeletal
muscle
regeneration

Figure 11. Study of in vivo skeletal muscle damage and regeneration.

Injection of BaCl, constituted a well-known method to study in vivo postnatal myogenesis. The chemical injection
would induce satellite cells activation and the initiation of the regenerative response to muscle damage. The election
of the precise time point to study is crucial to assess a specific stage of skeletal muscle regeneration. Mice were
sacrificed 14 days post-injection to assess long term regeneration stages. (Image elaborated by the PhD candidate).

3.3 Biochemical methods

3.3.1 CoQlevels determination

Mitochondria from skeletal muscle were isolated through serial centrifugations under osmotic
conditions as we previously described (158). Pellets of 100 pg of protein of enriched
mitochondria solution were resuspended in 170 pl of PBS. CoQg (10 pl of 10 uM solution [100
pmol]) was added to the initial mixture as standard to determine losses along with the
extraction. Membranes and tissues were dissolved with 1% w/v SDS (20 ul of 20% solution) and
vortex for another 1 minute. Then, a mixture of ethanol-isopropanol (90:10 v/v) (300 ul) was
added and samples were vortexed for 1 minute. Finally, lipids were extracted with hexane (700
ul) and vortex for 1 minute. The mixture was centrifuged at 1000 g for 5 minutes at 42 C, to

separate the hydrophobic upper phase that contains lipids, which was carefully transferred into
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a 2 ml Eppendorf. The hexane extraction was repeated twice. The hexane phase was evaporated
using SpeedVac Vacuum concentrators. The lipid extract was resuspended in methanol-
isopropanol (85:15) and the lipid extract was injected into high-performance liquid

chromatography (HPLC) as previously described (159).
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Figure 12 Standard visualization of a chromatogram of the HPLC system

The graph above represents a classical chromatogram view. The Standard line shows the different CoQ isoforms
(CoQg, CoQsg, CoQg and CoQyp) that are normally used to calibrate the system and assess the retention time of the
different isoforms. The sample line shows the CoQg standard that is added to the sample at the beginning of the lipids
extraction to evaluate the loss of CoQ during the extraction process. CoQg and CoQyq isoforms are also shown
indicating that the samples are from mice. Mice show 80-90% of CoQg isoform and 10-20% of CoQuo isoform, justifying
the higher size of the CoQg peak compared with the CoQyo peak in the sample line.

3.3.2 Fatty acids 3-oxidation metabolites analysis
Ketones bodies, plasma free fatty acids and acyl-carnitine were quantified in plasma. Mice fasted

for 12 hours (from 08:00 pm to 08:00 am), blood was extracted from the submandibular plexus
and stored in heparin treated tubes. Samples were centrifuged at 2000 g for 10 minutes at 42C
and plasma was collected from the transparent upper phase. Beta-hydroxybutyrate and plasma

free fatty acids were measured with an enzymatic method (spectrophotometry).

Analysis of acyl-carnitines in plasma was determined using HPLC, electrospray ionization and
tandem mass spectrometry in the underivatized form using a commercial kit of deuterated acyl-

carnitines (Perkin Elmer, Barcelona, Spain).

The non-targeted metabolomics studies were performed on mouse liver, skeletal muscle and

plasma (stored at -809C until processed) by the University of California Davis, West Coast
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Metabolomics Center (Davis, CA, USA). Thirteen-month-old Adck2*- and wild type mice on ad
libitum or CR were used. Analyses were performed using Gas chromatography coupled to mass
spectrometry (GC-MS) methods. Results were obtained using the following chromatographic
parameters. Column: Restek corporation Rtx-5Sil MS (30 m length x 0.25 mm internal diameter
with 0.25 um film made of 95% dimethyl/5% diphenylpolysiloxane w/w). Mobile phase: Helium.
Column temperature: 50-330°C Flow-rate: 1 mL min-1. Injection volume: 0.5 uL. Injection: 25
splitless times into a multi-baffled glass liner Injection temperature: 50°C ramped to 250°C by
12°Cs-1. Oven temperature program: 50°C for 1 min, then ramped at 20°C min-1 to 330°C, held
constant for 5 min. This method yields excellent retention and separation of primary metabolite
classes (amino acids, hydroxyl acids, carbohydrates, sugar acids, sterols, aromatics, nucleosides,
amines and miscellaneous compounds) with narrow peak widths of 2—3 seconds and very good
within-series retention time reproducibility of better than 0.2 s absolute deviation of retention
times. Mass spectrometry parameters are used as follows: a Leco Pegasus IV mass spectrometer
is used with unit mass resolution at 17 spectra s-1 from 80-500 Da at -70 eV ionization energy

and 1800 V detector voltage with a 230°C transfer line and a 250°C ion source.

3.3.3 Western blotting and immunodetection

Gastrocnemius muscle (500 mg) was homogenized through sonication in RIPA buffer (TrisHCL
50mM pH=7.4, NaCl 150 mM, EDTA 1mM, 1%NP40, Na3V0O4 5mM, NasP,0; 10 mM, protease
inhibitor cocktail (PIC) 1X), the lysate was centrifugated 10000 x g at 42C for 10 minutes and the
supernatant was saved in a new tube. After protein quantification, 40 ug were mixed with LB 1X
(10% SDS, dithiothreitol (DTT) 500mM, 50% Glycerol, Tris-HCL 250mM and 0.5% bromophenol
blue dye, pH6.8.) and dithiothreitol [200 mM], heated for 5 minutes at 95°C and loaded in a
polyacrylamide gel electrophoresis in denaturing conditions (SDS-Page), using the Mini-
PROTEAN Tetra cell (Bio-Rad) with 1X Tris/Glycine/SDS (TGS) buffer (25 mM Tris, 192 mM
glycine, 0.1% w/v SDS pH 8.3) for 1 hour at 100 V. The first well of the gel was loaded with 4 pl
of All Blue Marker (Bio-Rad). After electrophoresis was finished, the gel was activated by
ultraviolet (UV) exposure using a Bio-Rad ChemiDoc imager and a Stain-Free image was used as

load control.

The gel was blotted onto 0.2 um nitrocellulose membrane previously soaked in transfer buffer
(transfer buffer recipe) for 5 minutes. Transference was performed with a Trans-Blot Turbo
Transfer System Bio-Rad (10-minute protocol). Then, the membrane was blocked with 5% w/v
milk (Blotting-Grade Blocker #1706404, Bio-Rad) in Tween-Tris-buffered saline (TTBS) for 1 hour
at RT, and subsequently, the membrane was incubated overnight with the specific primary

antibody (Table 3) diluted in 5% w/v milk (Blotting-Grade Blocker #1706404, Bio-Rad) in TTBS.
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The membrane was washed three times in TTBS to eliminate the unattached primary antibody
and incubated with the specie-appropriate secondary antibody (Table 4) conjugated with
horseradish peroxidase (HRP) for 2 hours at RT. Later, the membrane was washed three more
times with TTBS. Finally, the membrane was incubated with Crescendo Western HRP substrate
(Millipore) and examined with ChemiDocTM XRS+ Imaging System (BioRad). Band intensity was

determined with Image Lab Software.

Transfer Buffer 1X 200 ml Transfer buffer 5X, 200 ml ethanol, 600 ml mili Q H,0.

TTBS 20 mM Tris, 150 mM NacCl, 0.1% v/v Tween 20, pH 7.4-7.6 adjusted
with HCI

3.3.4 Blue Native-PAGE
Blue native polyacrylamide gel (BN-PAGE) technique was used to examine the different

complexes at the electron transport chain assembly in non-denaturing conditions by
solubilization of the mitochondrial membranes with a neutral mild detergent (digitonin) that

permeabilizes cell membranes and conserves the structure of the complexes (160) (161) (162).

Solubilization step: pellets enriched in mitochondria (50 pgs) were obtained through
fragmentation and centrifugation process as described (158) and kept at -802C. Digitonin was
dissolved in BT+AC buffer v/v (75 mM Bis-Tris pH=7.4 plus Aminocaproic 1.5 M) and heated for
2 minutes at 959C. The mitochondrial pellet was resuspended in 30 pl of digitonin solution and
incubated for 10 minutes on ice. After that, the solution was centrifuged at 16000 g for 20

minutes at 42C and 25 pl of the supernatant was transferred to a new tube.

For sample preparation, 2 pl of Coomassie Blue 5% w/v and 9 ul of sample buffer 4X (Invitrogen)
were added to the sample and mixed. For Native electrophoresis, NativePage 3-12% v/v Bis-Tris
gels (Invitrogen) were used, and both Cathode and Anode buffers (Invitrogen) were used for
electrophoresis, which was performed at 150 V during the first 30 minutes and 200V for the rest

of the electrophoresis until the front of samples reaches the end of the gel.

Gel activity measures the working capacity of the mitochondrial complexes. Gels obtained from
electrophoresis were washed with distilled water and incubated with specific substrates (160).

Once the specific bands were visible, the gel was scanned.

e  Gel activity of complex I. The gel was incubated in 20 ml of a 2mM Tris-HCl solution, pH

=7.4;2.5mg/ mINTB and 0.1 mg / ml NADH, w/v for a minimum of one hour.
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e Gel activity of complex Il. The gel was incubated in 10 ml of a 5 mM Tris-HCl solution,
1M sodium succinate, 25 mg NTB and 250 mM PES, w/v for a minimum of two hours.
e Gel activity of complex IV. The gel was incubated in 20 ml of a 50 mM NaPi solution, pH

=7.4,0.5 mg/ml DAB and 1 mg/ml Cytochrome C, w/v for a minimum of two hours.

Native gel transference

After BlueNative electrophoresis, proteins can be transferred to a polyvinylidene difluoride
(PVDF) membrane (Immobilon. Millipore) to study complexes assembly with specific antibodies.
"Joe Carrol" Bicarbonate Transfer Buffer (100 mM NaHCO; and 30 mM NaCOs) 10X has to be
diluted to 1X, the gel must be immersed for 20 minutes in Transfer Buffer and the PVDF
membrane must be activated by immersion in methanol for 5 minutes. Transference was done
at 200 mA for 2 hours. Next, the membrane was immersed in 7% v/v acetic acid and 10% v/v
methanol for 15 minutes and washed 4 times with double distillate water for 5 minutes each
wash. Total protein load was visualized for further normalization by incubation of the membrane
in Sypro Ruby Blot solution for 15 minutes in darkness. The membrane was revealed with the
Sypro Ruby Blot programme in the ChemiDoc MP Imaging System (BioRad). To continue,
membranes were blocked for 1 hour with 5% v/v milk (Blotting-Grade Blocker #1706404, Bio-
Rad) on TTBS and after that, primary antibodies for the different complexes were used (Table 3)
were incubated overnight. The next day, the membrane was washed three times with TTBS for
10 minutes and incubated with the species-appropriate secondary antibody (Table 4)
conjugated with HRP for two hours in 5% v/v milk (Blotting-Grade Blocker #1706404, Bio-Rad)
on TTBS solution for 5 minutes. The membrane was visualized with ChemiDocTM XRS+ Imaging

System (Bio-Rad) and densitometry was calculated with Image Lab software.

3.3.5 Protein quantification
Protein content was quantified to normalise different experiments or for sample preparation,

Bradford Protein Assay (BioRad) was the method selected for protein quantification. The
analysis was performed triplicate in a 96 well microplate with a flat bottom. Bovine serum
albumin (BSA) was used as standard curve (Thermo Fischer Scientific), several points were
prepared for the calibration line: 1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml, 0.0625 mg/ml
and 0 mg/ml. BSA was dissolved in the same substance in which samples were prepared. Firstly,
2.5 ul of the sample was added to each well, after that 10 pl of NaOH 1M and 200 pl of 1X

Bradford were successively introduced to each well and incubated for 5 minutes at RT in
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darkness. Absorbance was read at 595 nm in a POLARstar Omega microplate Reader

Spectrophotometer (BMG Labtech).

Table 3 Primary antibodies

Antigen Mono/polyclonal Host Dilution | Company Reference Application
MyHC Monoclonal Mouse 1:300 DSHB MF20-c IHC
Dystrophin Monoclonal Mouse 1:100 DSHB MANDRAA4(5H7) IHC
Myosin heavy Monoclonal Mouse 1:100 DSHB BF-F3 IHC
chain Type 1IB
Myosin heavy Monoclonal Mouse 1:600 DSHB SC-71 IHC
chain Type lIA
Pax7 Monoclonal Mouse 1:100 SC sc-81648 IHC
Calnexin Monoclonal Mouse 1:1000 Thermo MA3-027 WB
Na+/K+ Monoclonal Mouse 1:1000 Novus NB300-146 WB
ATPase alphal
AKT Monoclonal Rabbit 1:1000 CS C67E7 WB
LDH-A Polyclonal Goat 1:1000 SC Sc-27230 WB
Tomm20 Monoclonal Mouse 1:1000 Abcam Ab56783 WB
Timm23 Polyclonal Rabbit 1:1000 Abcam Ab230253 WB
mtTFA Polyclonal Goat 1:1000 SC Sc-23588 WB
VDAC Polyclonal Rabbit 1:1000 Abcam Ab15895 WB
NDUFA9 Monoclonal Mouse 1:1000 Abcam Ab14713 WB
MT-CO1 Monoclonal Mouse 1:1000 | Invitrogen 459600 WB
MT-ATP6 Monoclonal Mouse 1:1000 Abcam Ab14748 WB
UQCRC2 Monoclonal Mouse 1:1000 Abcam Ab14745 WB
Bactin Polyclonal Goat 1:1000 | MyBioSource MBS448085 WB
HSP70 Polyclonal Rabbit 1:1000 | Proteintech 10995-1-AP WB
PGCla Polyclonal Rabbit 1:1000 Abcam Ab191838 WB
AMPKa Polyclonal Rabbit 1:1500 SC sc-25792 WB
ERK 1 Polyclonal Rabbit 1:1500 SC sc-93 WB
Foxo-1 Polyclonal Rabbit 1:1000 SC sc-49437 WB
Foxo-4 Polyclonal Goat 1:1000 SC sc-34899 WB
Sirtl Monoclonal Mouse 1:1000 Sigma 04-1557 WB
Sirt3 Polyclonal Rabbit 1:1500 Thermo PA5-13222 WB
PPARa Monoclonal Rabbit 1:1500 Thermo MA1-822 WB
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Myosin Heavy Chain (MyHC), Developmental Studies Hybridoma Bank (DSHB), Immunohistochemistry (IHC), Western
Blot (WB), Santa Cruz (SC), Cell Signaling (CS).

Table 4 Secondary antibodies

Antigen Host species Dilution Company Reference Application
Anti-Goat Rabbit 1:5000 Sigma 401504 HRP
Anti-Rabbit Goat 1:5000 CS 7074 HRP
Anti-Mouse | Goat 1:5000 JL 115-035-006 HRP
Anti-Mouse | Goat 1:1000 Thermo A-11001 Alexa 488
IgG (H+L)

Anti-Mouse | Goat 1:500 Thermo A-21121 Alexa 488
IgG1l
Anti-Mouse | Goat 1:500 Thermo A-21426 Alexa 555
IgM

Horseradish Peroxidase (HRP), Cell Signalling (CS), Jackson Laboratory (JL).

3.4 Molecular biology methods

3.4.1 Mice genotyping

Mice ear biopsies coming from ear metal identification tags were used to genotype, genotyping

protocol consists of two steps: DNA extraction and Polymerase Chain Reaction (PCR). For the

first part, mice ear biopsy was placed in an Eppendorf with 50 pl of tail-buffer and heated at

982C for 5 minutes and at 55 2C for 7 minutes. Next, 50 pl of tail-buffer plus proteinase K (50:1)

(v/v) were added and heated at 552C for 20 minutes, and at 982C for 4 minutes to inactivate

proteinase K. After that samples were centrifuged at 16000g for 10 minutes at RT and 50 pl of

the upper phase was transferred to a new Eppendorf plus 50 ul of isopropanol to precipitate

DNA and centrifugated at 16000g for 10 min at 42C. The supernatant was discarded, and the

Eppendorf was placed on ice, 100 pl ethanol 70% v/v was added to clean the pellet. Finally, the

ethanol was removed, the pellet was dry on a filter paper for 20 minutes and then resuspended

in 50 ul of TE-buffer.
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Tail-buffer Tris-HCL 100 mM, EDTA 5 mM, SDS 0.2% (w/v) and NaCl 200 mM.

TE-buffer Tris-HCL 10 mM and EDTA 1 mM.

Proteinase K 40 mg/ml

PCR was used to detect the presence of the LacZ cassette found in mutant mice and the wild
type Adck2 allele. Multiple components for each PCR reaction were included 1 pl of DNA
extracted from mice ear biopsy, 2 pl of buffer 10X (Canvax), 2 pl of MgCl, [25 mM] (Canvax), 2
ul of DNTPs [8mM)] (Canvax), 10.8 pl of Mili Q water, 1 pl of forward primer [10 uM], 1 pl of

reverse primer [10 uM] and 0.4 ul Taq polymerase enzyme (Canvax).

For the PCR reaction, samples were heated until 1112C, and an initial denaturation step at 942C
for 2 minutes was performed. Next, 30 cycles of denaturation, annealing and extension,
including each cycle 30 seconds at 942C, 30 seconds at 582C and 60 seconds at 722C (programme

1) or 30 seconds at 722C (programme 2). Finally, samples were heated at 722C for 10 minutes.

Several pairs of primers were used to genotype the mice (Table 5). ADCK2 primers detect the
wild type allele of the gene Adck2 (Figure 13). Either SU-LacZ or NeoSD, detect the transgene
that substituted the Adck2 gene (mutant DNA). B195APZ primers detect the positive embryos

for histochemical analysis of Myf5 and Mrf4 genes.

Table 5 Primers used to genotype mutant mice

Name Sequence (5’ to 3’) Programme used Fragment size
ADCK2-Eorward 5> TGGTGGGTCAGAAGTGGGTGTGTC 3’ Programme 2 150 bp
ADCK2-Reverse 5> GGGTCTCTTTCGGATCTGGGGCAG 3’ Programme 2 150 bp
SU-Forward 5" TCTCTGCCTGGTTGTCACTG 3° Programme 1 556 bp
LacZ-Reverse 5 GTCTGTCCTAGCTTCCTCACTG 3’ Programme 1 556 bp
Neo-Forward 5 TCATTCTCAGTATTGTTTTGCC 3’ Programme 2 304 bp
SD-Reverse 5 TTGTCGTCTTTAACAGACC 3’ Programme 2 304 bp
B195APZ-Forward | 5° CAAGATGTGGCGTGTTACGGTG 3’ Programme 2 300 bp
B195APZ-Reverse | 5° CCTGCCCATCGCAGTACTG 3’ Programme 2 300 bp

Base pair (bp).

90




R
ASAR AT SR SRR +/+ 4]

750p

500p LacZ

Figure 13 Representative gel to genotype mice

Samples studied in the gel came from the offspring between wild type and heterozygous mutant mice. LacZ bands
were examined to genotype mutant Adck2*- mice. Samples were loaded into a 2 per cent of acrylamide gel and the
electrophoresis was run at 100 V for 15-20 minutes finally bands were examined with a UV gel reader (Gel Doc™ EZ
imager BIO-RAD).

3.4.2 Microarrays analysis

Transcriptome analysis was performed in triplicate and realized on whole embryos at 9 days of
development and the foetal liver, brain and skeletal muscles (extracted from the four limbs of
the embryo) at 17 days of development. Comparing Adck2”- mutant with Adck2**
independently for each tissue and developmental point. These analyses are composed of five
phases: sample collection, RNA extraction, analysis of its quality and RNA cleaning, hybridization

with Clarion D arrays and the final statistical analysis.

Pregnant female mice were sacrificed for the first hour in the morning (09:00 am), embryos were
carefully collected under a dissection microscope and placed on cold PBS. Embryos at 9 DPC
were thoughtfully separated from the umbilical cord and placenta. Embryos at 17 DPC were
meticulously separated from the umbilical cord and placenta. The four limbs of embryos were
sectioned with a sharp scalpel, then the skin was meticulously removed, muscles were separated
from bones and a pool of muscle from the four limbs per embryo was considered one biological
replicate. From the same embryo, the liver was dissected through a scalpel incision at the
abdomen. Finally, the brain from the same embryo was also collected, separating the brain from
cranial bones. The dissection of the tissues of one embryo took around 3-5 minutes in the

meantime the rest of the embryos were stored in cold PBS.

RNA was extracted with Trizol (Invitrogen) according to manufacturer instructions.
Homogenization of 9-days embryos was done directly in 1 ml of Trizol by pipetting carefully up
to the embryo was completely dissolved. Homogenization of tissues dissected from 17-days
embryos was done in 1 ml Trizol using a FastPrep-24 5G homogenizer (MP Biolabs) with Lysing
Matrix D tubes of 1.4 mm ceramic spheres. The samples homogenized were incubated on ice for
5 minutes to allow complete dissociation of the nucleoproteins complex. 0.2 ml of chloroform

was added per 1 mL of Trizol ™ reagent used for lysis, the tube was closed and mixed well by
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shaking, and incubated for 2-3 minutes at RT. The mix was centrifuged at 12000 g for 15 minutes
at 49C to obtain three different phases: an aqueous colourless upper phase that contains the
RNA, interphase that holds the DNA and a lower red phase that contains proteins. The upper
phase was carefully transferred to a new tube. Next, 0.5 mL of isopropanol was added to
precipitate RNA by mixing and incubated for 10 minutes at RT. Samples were centrifuged at
12.000 g for 10 minutes at 49C to precipitate the RNA and the supernatant was discarded. The
pellet was washed with 1 mL of ethanol 75% v/v, briefly vortexed and centrifugated at 7500 x g
for 5 minutes at 42C. The pellet was dry for 5-10 minutes and the RNA pellet was solubilized in
20-50 pl of free-RNase water. Finally, the RNA solution was stored at -802C until gene expression

analysis.

Once RNA was extracted and previously to the hybridization, RNA concentration and purity were
checked spectrophotometrically in a nanodrop and RNA quality was verified electrophoretically
(Figure 14). Samples with either a low concentration rate, a signal of contamination or any signal
of RNA degradation (visualized by the absence of any of the two bands of ribosomal RNA in an
agarose gel) were discarded. Then, RNA was cleaned by running it through a column with the
RNeasy MinElute Cleanup Kit (QUIAGEN) according to manufacturer instructions. Finally, RNA

was quantified in a Bioanalyzer (Agilent) before starting the next phase.

Figure 14. RNA sample electrophoresis to check RNA integrity

RNA extraction was performed in an RNAse free area in the lab. RNAse free spray was used to decontaminate
appliances, worktables, glass, pipets and plastic instruments. Next, 0.5 pg of RNA, 1 ul of loading buffer and until 10
pl were completed with RNase-free water and loaded in a 1% acrylamide gel and run at 120V for 3 minutes and 100V
for 10 minutes. Bands were visualized in a UV gel reader (Gelprinter Plus) with the Scnimage.Ink software.
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For the synthesis and subsequent hybridization of the probes, samples were processed in the
Genomic Unit of CABIMER (C/Américo Vespucio 24, 41092 Seville, Spain) where a cRNA probe
was synthesized and fragmented from each RNA sample using Affymetrix/Thermofisher
protocols and kits provided by QUIAGEN. Each cRNA probe was then hybridized to independent
Mouse Clarion D arrays (previously known as GeneChip® Mouse Transcriptome Arrays 1.0).
Hybridization and scanning of the arrays were performed according to manufacturer
procedures. Arrays were used instead of RNA sequencing because our group has a previous

agreement with the supplier.

The statistical analysis was performed in our laboratory, data extraction, cell intensity
calculation and computational analysis were performed using the Transcriptome Analysis
Console (TAC) Software (Affymetrix/ThermoFisher), which performs array quantification and
data normalization, a statistical test for differential expression, look for pathways of interest,
explore interactions between coding and non-coding RNA, and interpret complex alternative
splicing events. Finally, data were prefiltered according to their fold-change (at linear scale) and

their p-value and FDR p-value (163).

Then, regulated genes were selected and classified according to their Gene Ontology (GO). Gene
Ontology Enrichment represents the selection of genes associated with a specific GO and is
calculated by GORILLA software (Gene Ontology enrichment analysis and visualization tool at
http://cbl-gorilla.cs.technion.ac.il/). Enrichment was calculated as follows: E=(b/n)/(B/N), being
"N" the total number of annotated genes in the mouse genome, "B" the total number of genes
associated with a particular GO, "n" the number of regulated genes in the Adck2*” mouse and

"b" the number of regulated genes in the Adck2*-mouse associated with a particular GO.

Transcription factors enriched in the promoter regions of the deregulated genes were examined
using Motif Databases included in HOMER conduct searches for known motifs. Data for analysis

were prepared with Assembly data base.

Moreover, microRNAs were studied to examine potential factors that could modulate gene
expression and explain CoQio regulation over gene expression. For each microRNA the regulated
target genes were selected in each analysis, also the expected number of genes regulated were
calculated and finally the effect of microRNA’s deregulation on its target’s gene expression

modulation was determined.
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3.4.3 Quantitative Real-Time PCR
Quantitative real-time PCR (gqPCR) was used to analyse the expression of specific target genes.

The HPRT gene was used as a normalization control.

RNA from embryos and mice tissues was isolated with Trizol and treated with DNase | following
the manufacturer’s instructions. 1 pug of DNase-treated RNA was retrotranscribed with IScript
Kits (Bio-Rad) to produce complementary DNA (cDNA) by adding 4 L 5x iScript Reaction Mix,
1ul iScript Reverse and Mili Q water to complete the final volume of 20 ul. The cDNA synthesis
protocol included a priming step at 252C for 5 minutes, reverse transcription at 462C for 20
minutes, reverse transcription inactivation at 952C for 1 minute. qPCR was performed in CFX
Connect Real-Time PCR Detection System (Bio-Rad) with iTag Universal SYBR Green Supermix

kit (Bio-Rad) in 96 wells reaction plates according to manufactured instructions.

3.5 Cell culture experiments

3.5.1 CoQ1io supplementation in cells

As CoQyo is a lipid, it is not efficient to add it directly to an aqueous medium due to its difficulty
to be dissolved. In complex organisms, CoQuo is essentially imported to cells in lipoproteins.
Consequently, to reproduce biological importation in cell culture conditions, we have developed
a technique for CoQio administration in cells. The final concentration of CoQio in the medium
was adjusted to 10 uM (MW=863.34 g/M), initially, 0.53 mg of CoQio were added to an
Eppendorf with 50 ul of ethanol (Ethanol HPLC Grade) and heated at 402C to be dissolved. In
parallel, aliquots of 0.5 ml of horse serum were heated at 372C. Once CoQio was completely
dissolved in ethanol, it was added to the horse serum. Then, this supplemented aliquot is added
to a 50 mL medium to get a final concentration of 10 uM. CoQyo frozen supplemented aliquots
of serum were heated and vortexed before adding them to the medium. In SCs studies, the
medium has to be replaced every two days as it was previously recommended (164), thus CoQig

was added to the new medium and replaced every two days.

The final concentration of CoQio was determined during a PhD to stay at Peter Zammit’s lab
(Randall Centre for Cell & Molecular Biophysics. King’s College, London, UK) where | performed
a screening study using myoblasts and myotubes from FSHD human patients and SCs , myoblasts
and myotubes from mice, with different doses of CoQy and different formulations. Finally, we
concluded that 10 uM was the most effective dose concerning the phenotype modulation and

dilution grade for adult muscle stem cells.
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3.5.2 Serum mice collection for cell culture experiments

Serum from mice blood was collected to examine the potential effects of serum components in
the differentiation process of SCs and for the design of an in vitro model of CR using adult skeletal
muscle stem cells. Blood samples were collected from the submandibular plexus in the first hour
of the morning (09:00 am), mice on CR were in fasting condition because they did not receive
food since the previous day, while ad libitum mice were in a postprandial state due to they have

food available 24 hours per day.

Blood samples were left in Eppendorf for 1.5 hours for coagulation. After that, blood was
centrifuged at 2000 g for 15 minutes at RT and serum was collected from the upper phase. Serum
was stored at -802C until the moment when the medium was prepared. The complete medium
plus the serum of the mice was filtered through a 0.45 um filter to eliminate any potential

contamination.

Adck2** and Adck2*- .
mice on ad libitum

-
l

Quiescent  pctivated
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Fresh blood
Adck2* and Adck2*"
mice on caloric [
restriction
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(& & 2 Proliferating Differentiation

myoblasts (myocytes)

Figure 15 Schematic view of caloric restriction cell culture environment

Blood collected from mice was allowed to clot for 1.5 hours. Blood extraction was performed every two weeks first
hour in the morning (09:00 am). Later clot was separated from serum through centrifugation for 2000 g 15 minutes
at RT. Serum was stored in pools at -802C. Serum was added to the cell culture to induce satellite cells differentiation.
Serum from wild type and Adck2*- mice on CR or ad libitum could induce a microenvironment in the cell culture in
the function of nutrients and elements composition. (Image elaborated by the PhD candidate).

3.6 Cell culture and myogenic differentiation of isolated Satellite cells
To study postnatal myogenesis, primary SCs cultures were established from EDL muscle. For this

purpose, mice were sacrificed by cervical dislocation because carbon dioxide (CO,) overdose
induces myofibers to become hypoxic. The hind limbs were washed in 70% v/v ethanol and
closely shave using a scalpel. Next, the mouse was pinned onto a cork dissection board and an
incision was made with the scalpel through the skin from the knee to toe to ease the skin away

from the underlying musculature and the connective tissue over the TA to expose the muscle.
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Then, the TA muscle was removed by the tendons without damaging the EDL muscle. Four distal
tendons of the EDL muscle were located on the dorsal side of the paw and were cut out from
the hindlimbs proceeding with care to avoid myofiber contraction. EDL muscle was eased away
from the rest of the musculature and bones by pulling them up, proximal EDL tendons were cut
as close as possible to the kneecap. Both the proximal and distal tendons were kept to ensure
that the EDL muscle was obtained intact and without damaging fibrous tissue. Also, blood

vessels were carefully removed from the EDL muscle (164) (165).

EDL muscles were digested enzymatically with collagenase Type | (diluted 0.2% w/v in
DMEM+glutamax medium) for two hours at 372C. Once muscles looked less defined and slightly
swollen, they were transferred to a Petri dish with DMEM into the culture hood to preserve
sterility and put back at 372C to rest for 20 minutes. Previously, Petri dishes were permeabilized
with BSA 5% w/v to prevent myofibers from adhering. Meanwhile, the dissecting microscope
was placed into the culture hood. Muscles were triturated repeatedly under the microscope
with a heat-polished Pasteur pipette pre-coated with BSA 5% (w/v) in PBS to get single hairlike
myofibers. Clean myofibers were separated from hypercontracted myofibers, fat droplets,
tendons and debris (164)(165). Myofibers were transferred to a new Petri dish precoated with
Matrigel (1:10 in DMEM+Glutamax v/v) (Sigma) containing plating medium and cultured for 72
hours with 5% CO; at 372C. Furthermore, to study SCs attached to myofibers, myofibers were
collected and transferred to a 2 mL round-bottomed pre-rinsed with BSA 5% (W/V) in PBS for a
wash. Then, the medium was carefully removed and filled with pre-warmed 4% PFA (w/v) and

incubated for 10 minutes to fix the cells.

Myofibers were cultured for 72 hours with 5% CO, at 37 2C in proliferation medium to allow SCs
migration in a 10 cm diameter Petri dish coated with Matrigel (1:10 in DMEM+Glutamax v/v
(164). After 72 hours, SCs were activated and migrated from the myofibers to the cell culture
plate. Under a stereo dissecting microscope inside of a culture hood, attached myofibers were
removed with a 1 mL pipette by agitating the medium over myofibers. After that, cells were
washed twice with PBS and trypsinized for 5 minutes at 372C. Next, cells were transferred to a
non-coated 10 cm Petri dish with fresh medium and incubated for 15 minutes at 5% CO, at 372C
to remove contaminating fibroblasts, which remained attached to the plastic of the culture dish.
At this time, non-adhered SCs were removed from the medium and plated on Matrigel-coated

plates for proliferation and differentiation experiments (Figure 16).

96



Satellite cells

EDL muscle
! Satellite cells
Myofibers
Myofibers
) ‘
N -5 >
- - — o
Y, - \‘ ‘\‘ - \‘
R I R <% — .
AN = g e =
- - i -
e

Myotubes Myocytes Myoblasts

Figure 16. Satellite cells isolation, activation, proliferation and differentiation representation.

The steps of the primary cell cultures from isolated satellite cells are exhibited above: EDL muscle dissection,
myofibers trituration, myofibers culture, satellite cells isolation and differentiation to myoblast, myocytes and
myotubes. The different time points for each step were always carried out the same to compare experiments from
different biological replicates. This protocol was used to assess postnatal myogenesis in satellite cells from young and
old mice.

SCs can be passed 3-4 times and would remain in a proliferative status for 1.5 weeks. For all
experiments performed using SCs, the medium was replaced carefully every 48 hours and cell
culture plates were coated with Matrigel (1:10 in DMEM+Glutamax v/v) for at least 30 minutes

at 37°C.

SCs were plated in a 96-well plate previously coated with Matrigel (1:10 in DMEM+Glutamax
v/v) forimmunostaining in proliferation and differentiation. For proliferation assays, 20.000 cells
per well were seeded, whereas, for differentiation assays, 10.000 cells per well were plated. For
differentiation assays, the cells were allowed to grow for 1 day. During this initial day of seeding,
SCs were in proliferation medium, and it was considered day -1, with no differentiation time.
Differentiation was induced by a reduction of serum in the cell culture medium (Table 6). For
Seahorse experiments, 30.000 SCs were seeded per well and allowed to differentiate until the

specific time point.
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Table 6 Mediums used for satellite cell experiments

PROLIFERATION MEDIUM

Component Final concentration | Volume for Reference
[%] 50 mL
DMEM+Glutamax 59 28.5mL | Gibco. Dulbecco’s Modified Eagle
Medium: Ref 3196-021.
Fetal Bovine Serum (FBS) 30 15 mL Gibco Ref 10500-064
Horse Serum (HS) 10 5mL Gibco by life technologies. Ref 16050-122
Chicken embryo extract (CEE) 1 500 pl MP  biomedicals 092850145, fisher
scientific.
Fibroblast Growth Factor 0.0001 5ul Prepotech Murine FGF-basic AF-450-33-
(FGF) 10U
Penicillin-Streptomycin (PS) 0.001 50 ul Sigma P0781
DIFFERENTIATION MEDIUM
Component Final concentration | Volume for Reference
(%] 50mL
DMEM+Glutamax 97.9 48.95 mL Gibco. Dulbecco’s Modified Eagle
Medium: Ref 3196-021.
Horse Serum (HS) 2 1mL Gibco by life technologies. Ref 16050-
122.
Penicillin-Streptomycin (PS) 0.001 50 ul Sigma P0781
DIFFERENTIATION MEDIUM ON CR EXPERIMENTS
Component Final concentration | Volume for Reference
(%] 50mL
DMEM+Glutamax 97.9 48.95 mL Gibco. DMEM: Ref 3196-021.
Mice serum 2 1mL Self-produced
Penicillin-Streptomycin (PS) 0.001 50 ul Sigma P0781
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3.7 Skeletal muscle histology and immunochemistry

3.7.1 Skeletal muscle dissection, freeze and section.

Hind limbs and lower body were saturated with 70 % v/v ethanol and shaved using a scalpel,
shaved fur was removed with towel paper. The mouse was pinned onto a corkboard, pinned
with one forelimb through the palm. The contralateral hind limb was pinned through the dorsal
side of the paw. The tail was extended to the side and the contralateral hind limb to the opposite
side. An incision was made through the skin from knee to toe and the skin was cut down to the

paw, stopping just proximal to the digits. The skin and all connective tissue were removed to

reveal the underlying musculature and tendons.

Figure 17. Dissection and isolation of murine skeletal muscles from hindlimbs.
(A) The mouse was pinned in a cross arrangement. An incision was made through the skin from next to the ankle
stopping proximal to the knee. (B) TA and EDL tendons were sectioned close to their insertions. (C) The TA tendon
was pulled up to ease the muscle away from the underlying musculature and bone. Then, the TA was cut proximally,
close to the ventral crest to the tibia. Similarly, the EDL muscle was eased away, and the proximal tendon was
meticulously cut at the side of the knee. (D) In the posterior hindlimb, gastrocnemius (GA) and soleus muscles were
carefully liberated from the tibial bone after cutting the Achilles tendon. (E) The remaining muscles found from ankle
to knee were collected until only the fibula and tibial bones remained. (F) Quadriceps were dissected as well and
combined with the rest of the skeletal muscles collected for posterior mitochondrial isolation. Detailed representation
of skeletal muscle dissection. (Adapted from (158)).
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Carefully, the ends of the four distal tendons of the EDL muscle were cut out ensuring that all
tendons were present (Figure 17). After that, the distal tendon of the TA in the anteromedial
dorsal foot side was cut and gripped to carefully pull out the underlying musculature to finally
cut the tendon close to the knee with a scalpel. After that, EDL was gripped by the underlying

musculature by the distal tendon.

Muscles were embedded in Tissue-Tec® OCTTM (Sakura) in silver foil cubicles and frozen in liquid
nitrogen-cooled isopentane for further immunostaining. Previously, a beaker filled with
isopentane was introduced into a 1.8 L Dewar filled with liquid nitrogen until a frozen (white)
layer of isopentane was formed at the bottom of the beaker while liquid isopentane was at the
top of it. The foil cubicles held were submerged into the isopentane (only the base) until OCT

was frosted and become white (Figure 18). The foil cubicles were stored in dry ice and finally at
-802C.

t 9 ff’

Frozen muscle
in OCT

Figure 18. Skeletal muscle cryopreservation specifications

(A). Silver foil cubicles, skeletal muscle and OCT mounting avoiding OCT bubbles. (B). The skeletal muscle freezing
method introduces only the base of the silver foil cubicles into the frozen nitrogen to prevent muscle damage by cold.
(C). Skeletal muscle was cryopreserved in dry ice and stored at -802 degrees until cryosection was performed.

Previously to cryosection, frozen samples were equilibrated to the cryostat temperature (-20
oC) for 1 hour. Excess OCT was carefully removed with a mounted razor blade and the frozen
muscle was attached to a cryostat stub with extra OCT. Once, OCT added was frozen, the muscle
was secured to the cryostat stub, and the stub was attached to the object holder where the

muscle was localized in perpendicular to the cryostat blade (Figure 19).

Several sections of 60 um of thickness were done and discarded to eliminate the excess of OCT
and to reveal the muscle. Then, section thickness was adjusted to 12 um and the muscle was
sectioned until the whole transversal section of the tibial anterior was exposed. At this point,

cryosections were cut, adhered and melted onto the warmer slide. Stretching and folding of the
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cryosections were avoided by keeping a steady pressure. Muscle sections were revised under a
light microscope to check orientation and quality. Only when high-quality cryosections were

obtained, samples were collected for later analysis. Finally, dried slides were stored at -202C.
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Figure 19. Cross-sectioning process in skeletal muscle.

(A). A Leica CM1950 cryostat highlighting external controls and components. (B). Zoom on control panels. (C) Sample
holder and blade stage including controls to secure sample and blade orientation and position. (D) Tools needed for
sectioning: (1) brush, (2) razor and (3) fine forceps. (Adapted from (166)).

3.7.2 Pax7 associated with myofibers immunostaining

For immunostaining of Pax7 positive satellite cells (SCs) attached to myofibers, between 15 and
25 myofibers were analysed per mouse. Myofibers were isolated from EDL muscle with
enzymatic and mechanic digestion as detailed above and fixed with 1 mL of pre-warmed 4% PFA
w/v for 10 minutes at RT with gentle agitation. Next, the tube was stood vertically to allow
myofibers to settle and PFA was carefully removed. Fixed myofibers were washed three times

with PBS for 8-10 minutes and myofibers were stored in PBS at 42C.

PBS was removed and 1 mL of 0.5% (v/v) Triton X-100/PBS solution was added and incubated

for 10 minutes. Then, myofibers were washed three times with 1 mL of 0.5% (v/v) Tween/PBS

101



for 8 minutes and incubated for 90 minutes with a blocking solution (10% (v/v) goat serum in
0.25%(v/v) Tween/PBS) to avoid non-specific antibody binding. Myofibers were incubated with
Pax7 antibody (1:100) overnight at 42C. The next day, myofibers were washed three times with
0.25% (v/v) Tween/PBS for 8-10 minutes and incubated with the secondary antibody (1:400 v/v)
in 0.25% (v/v) Tween/PBS for 90 minutes at RT in dark. After that, myofibers were washed three
times with PBS and incubated with 500 ul of DAPI solution (diluted 1:1000 in PBS) for 8 minutes
at RT. Finally, myofibers were washed three times with PBS and transferred to a Petri dish
containing PBS, where individual myofibers were collected and dropped over a glass slide trying
that myofibers show a lineal orientation. The slides were placed on a flat surface and 50 pl of
glycerol 50% (v/v) (diluted in ddH,0) was added. A glass coverslip was lowered carefully over
the myofibers, avoiding trapping air bubbles and secured with nail varnish. Slides were viewed

under a fluorescence microscope.

3.7.3 Dystrophin immunostaining in muscle sections

Transversal cuts of TA muscle were prepared as described above. Slides were allowed to
equilibrate for 5 minutes at RT and evaporate any condensation. The slides were dry with
absorbent paper and the border was marked with a liquid-repellent slide marker pen. The rest
of the protocol was performed over a humidified slide chamber. The slides were washed 3 times
with PBS-T (0.1% v/v Triton X100) for 8 minutes. Muscle sections were blocked with blocking
solutions (PBS plus FBS 10% v/v) for 1 hour at RT and incubated overnight with 150-200 pl
primary antibody dissolved in blocking solution (Dystrophin 1:100 v/v). Next, slides were washed
three times with PBS-Triton (0.1% Triton X100 v/v) for 10 minutes. From this point, the rest of
the protocol was performed in darkness. The secondary antibody solution was added to the
slides (Alexa Fluor 488, diluted 1:1000 in blocking solution v/v) and incubated for two hours at
RT. Then, slides were washed three times with PBS-T (0.1% v/v Triton X100) for 5 minutes and
incubated with DAPI solution (1:1000 v/v) for 8 minutes. Finally, slides were washed with PBS
three times for 5 minutes, placed on a flat surface and mounted with 50 pl of glycerol 50% v/v
(diluted in ddH,0). A glass coverslip was lowered carefully over the stained section, avoiding
trapping air bubbles and secured with nail varnish. Slides were viewed under a fluorescence

microscope.

3.7.4 Myofibers typing immunostaining in muscle sections.

Slides from transversal TA muscle cut were obtained as previously detailed and stored at -802C.
Slides were allowed to equilibrate for 5 minutes at RT and evaporate any condensation. The
protocol was performed over a humidified slide chamber. Slides were washed for 5 minutes in

PBS and incubated with blocking solution for 1 hour at RT (10% FBS diluted in PBS v/v). Next, a
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cocktail of primary antibodies prepared in blocking solution was added (SC71 1:400 v/v and BFF3
1:100 v/v) and slides were incubated for 1 hour at RT. Then, slides were washed 3 times in PBS
for 5 minutes, and the rest of the protocol was performed in darkness. Secondary antibodies
cocktail was added to the slides and incubated for 1 hour at RT. After that, the slides were
washed 3 times for 5 minutes with PBS. Finally, slides were placed on a flat surface and 50 ul of
glycerol 50% v/v (diluted in ddH,0) was added. A glass coverslip was lowered carefully over the
stained section, avoiding trapping air bubbles. The coverslip was secured with nail varnish. Slides

were viewed under a fluorescence microscope.

3.7.5 Immunostaining of cells differentiate from satellite cells

Freshly isolated SCs were plated in a 96-well plate previously coated with Matrigel (1:10 in
DMEM+Glutamax v/v). SCs were cultured with the appropriate medium for each experiment
performed and at the specific time point, the cell culture medium was replaced by 150 pul of 4%

PFA w/v to fix the cells for 10 minutes on a rocker at RT.

Next, cells were washed with 200 ul PBS 1X three times for 5 minutes on a rocker to eliminate
any rest of 4% w/v PFA. Cells were permeabilised with 150 ul 0.1% Triton in PBS v/v for 15
minutes on a rocker at RT. Next, 150 ul of blocking solution was added per well and incubated
for 1 hour in a rocker at RT. The blocking solution was 5% FBS v/v in PBS. Subsequent, cells were
incubated with 75 ul of primary antibody diluted in blocking solution v/v overnight on a rocker
at 49C. The next day, cells were washed three times with PBS for 5 minutes. From this point, the
rest protocol was performed in darkness. Next, 75 ul secondary antibody diluted in blocking
solution was added per well and incubate for two hours on a rocker at RT. Finally, cells were
washed three times with PBS for 5 minutes. Cells were incubated with DAPI solution (1:1000

v/v) in PBS for 10 minutes on a rocker at RT and cells were stored at 42C in darkness.

Particularly, satellite cells were incubated with MyHC antibody to assess the differentiation from
SCs to myotubes. Several markers of differentiation were used to quantify the differentiation of
satellite cells such MyHC area, differentiation index, myotube length and branching capacity.
We also evaluate the growth of myotubes through the time-points studied with the equation of

the graph and the slope of the line.

3.7.6 Image acquisition and image analysis.
Cell imaging was performed using a Fluorescence Microscopy Zeiss Axio Imager M2, with a
Confocal Microscope Leica SPE and with a Stellaris Confocal Laser Scanning Microscope from

Leica.
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For image analysis, different automatic plugins or macros for analysis were used, as well as
semiautomatic methods that included manual correction steps. Moreover, for some analyses
where automatic or semi-automatic methods were not reliable, manual analyses were

performed. The image analysis system used will be detailed above:

e Analysis of MyHC area in differentiated myotubes from SCs. Myotubes were stained
with MyHC primary antibody and Alexa Fluor 488 was used as the secondary antibody.
Myogenic nuclei were stained with DAPI. An automatic method for the MyHC area was
used, the parameter was calculated with an R script recently published by the Peter
Zammit group (167). The script analyses the percentage of the image that was occupied
by MyHC which is a protein expressed in differentiated myotubes. The script reports an
image to check the green area and blue nuclei analysed.

o Differentiation index was determined in myotubes from SCs. Myotubes were stained
with MyHC primary antibody and Alexa Fluor 488 was used as the secondary antibody.
Myogenic nuclei were stained with DAPI. An automatic method was used to analyse the

fusion index in the myotubes differentiated from SCs. The method was recently

published as an R script by the Zammit group (167).
Original image introduced into the script

Processed image used for the analysis

()
[

Figure 20 Analysis method of MyHC staining

Analysis of MyHC area in myotubes differentiated from primary satellite cells culture. The method that
determines the MyHC area proportion and the differentiation index from images taken with the
Fluorescence Microscopy Zeiss Axio Imager M2 (objective 10X).

e Positive nuclei for proliferation markers were examined using a Fiji plugin that
automatically recognises positive nuclei for the specific marker and DAPI. It is necessary
to set the intensity values from which positive nuclei from the selected channels would
be quantified and apply the same settings to all images studied. The plugin was
developed by Johanna Pruller from the Zammit group (unpublished plugin).

e Central nuclei in transversal TA muscle cuts were studied to examine skeletal muscle

regeneration. Dystrophin was used to stain myofiber borders and DAPI was used to stain
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central and peripheral nuclei. The analysis was performed with an automatic plugin for
Fiji software that allows us to examine the number of central nuclei per myofiber. The
plugin also included specific steps to check that the image masks were correctly
performed. The plugin was developed by Alejandro Campoy from the Microscopy Unit

at CABD (unpublished plugin).

Dystrophin

Figure 21 Analysis method of central myonuclei study

For analysis of myofibers, borders were stained with dystrophin antibody (in green) and nuclei from the myofiber
were stained with DAPI (in blue). The complete transversal section was examined to assess the regeneration process
in the whole muscle. After the analysis, only central myonuclei were quantified and referred to as the total number
of myofibers.

e Analysis of Pax7 positive nuclei in isolated myofibers. Pax7 were stained with Pax7
antibody and incubated with Alexa Fluor 488 secondary antibody while nuclei were
stained with DAPI. The analysis was performed to check that positive nuclei per DAPI

were also positive for Pax7. The image acquired from the microscope was introduced in
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Fiji. First, both channels were united: “Image—> Colour-> Merge channels”, to check that
nuclei were positive in both channels: “Image—> Colour-> Channel tools”.

For the analysis of myofiber typing, the same area (2000x2000 pum) was selected from
each transversal TA muscle image including white and red TA area. Myofibers IIA were
stained in green, myofibers 1IB were stained in red and myofibers IIX were in black. To

IM

quantify the number of the different myofibers types (lIA, 1B and 11X) “oval” selection in

Fiji was used.

Myofiber lIx quantification
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Figure 22 Analysis method of myofiber typing study

Immunostaining to assess myofiber typing in transversal TA muscle cuts. Myofibers type IIX are in black, type llA in
green and type IIB in red. A section (2000x2000 um) from each mouse was quantified and the number of each
myofiber type was referred to the whole number of myofibers to obtain the proportion of the different myofiber

types.

For the analysis of the cross-sectional area on transversal TA muscle cuts a segmentation
process was implemented. Dystrophin was used to stain myofiber borders and DAPI was
used to stain nuclei. First, channels were separated by “Image—> Colour->Split channels”
to select the dystrophin channel. The picture was improved if it was worth

“Image—>adjust->Brightness and contrast—>auto”, “Process—>Enhance local contrast
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(not fast)”, “Process>Noise>Remove NANDS or outliers”. Next, the image was
transformed to white-black “Image—>adjust->threshold+click on dark background” and
now to close the myofiber perimeter “Plugins—=>MorpholibJ->Morphological
Filters>Closing + Disk + 5 pixels”. All myofibers from the muscle cuts were selected
“Analyse—> analyse particles+ include the particles in the ROI record” and the ROl was
loaded over the colour dystrophin image. The border of the myofiber was painted in
white using the paint tool from Fiji and the myofibers sharp edges in red, to check that
the mask was adequate to the original image. After that, the image was transformed to
8-bit type, the threshold was adjusted to select only what was painted in white or red.
Then, new particles were selected and pasted in the mask (white-black image previously
generated) to load the “Roi=>More—>fill”. Finally, the analysis was done in the mask

“Analyse—>analyse particles> select particle between 200-1500 um”.
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Figure 23 Analysis method of myofiber size

Method for myofiber size study includes an unprocessed image of the whole transversal section of TA muscle, a
processed image after Fiji correction and a zoom image of the processed image where every myofiber can be
individually analysed. The same analysis was perfect for the transversal muscle section of all mice studied to quantify
the dimensions of every single myofiber of the TA muscle.
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3.8 Mitochondrial respiration analysis.

3.8.1 Assessment of mitochondrial respiration in cells.

Seahorse was used to analyse the mitochondrial metabolism of myotubes derived from SCs.
Freshly isolated SCs were seeded at an optimal density of 30.000 cells per well onto the Seahorse
cell culture plate and allowed to grow for 24 hours in the proliferative medium. Then, this
medium was replaced by differentiation medium and left for 48 hours before running the assay.
Respiration experiments were determined with an XFe24 Extracellular Flux Analyzer (Seahorse
Bioscience) following the manufacturer’s instructions. To ameliorate the attachment of the cells
to the Seahorse plate, plate wells were coated with 500 pl of Matrigel (1:10 in DMEM+Glutamax
v/v) solution and incubated for 45 minutes at 372C to promote monolayer gel formation at the
bottom of the well. Oxygen consumption rate (OCR) was assayed using glucose as an energy

substrate while palmitoyl-DL-carnitine was used as an energy substrate in B-oxidation assays.
Oxygen Consumption Rate

The day before the assay, the cartridge was pre-hydrated with Seahorse XF Calibrant Solution
and incubated overnight at 372C without CO,. OCR assay was conducted in Agilent Seahorse XF
base medium (bicarbonate-free medium), supplemented with 2 mM D-glucose, 1 mM sodium
pyruvate and 2 mM L-glutamine. The medium was freshly prepared and adjusted to pH 7.4 with
NaOH at 37°C before use. Cells were washed twice with the medium of the assay and after that,
500 pl of the medium of the assay was added to each well and the plate was incubated for 1
hour at 372C without CO,. Meanwhile, the cartridge was loaded with the respiratory inhibitors
oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), antimycin A and
rotenone, which were diluted with assay medium and loaded respectively into ports A, B, C and
D of the XFe24 sensor cartridge. The final working concentrations of oligomycin A, FCCP and
antimycin A and rotenone were 4.0, 1.0, 5.0 and 1.0 uM, respectively. Finally, the cartridge was
inserted into the Seahorse Analyzer and calibrated. After that, the cell plate was also introduced

into the Seahorse Analyzer and the assay started.

OCR was measured on basal respiration and after consecutive injections of any of the different
inhibitors. After assays completion, cells were lysed in RIPA buffer for protein quantification
using the RC DC Protein Assay (Bio-Rad 5000122) was used to normalize the data and albumin
used as standard (Bio-Rad 5000007) (168).
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Parameters analysed:

e Non-Mitochondrial respiration: minimum rate measurement after injection of all
inhibitors.

e Basal respiration: respiration values on resting conditions. It is calculated by subtracting
the value of the last rate measurement before oligomycin injection from the non-
mitochondrial respiration.

e Maximal respiration: oxygen consumption after the addition of the uncoupler element
(FCCP), which allowed mitochondria to respire at maximum capacity, to compensate for
the loss of mitochondrial membrane potential. It was calculated by subtracting the value
of the maximum rate measurement after FCCP injection from the non-mitochondrial
respiration rate.

e Spare respiratory capacity: measurement of the cell’s capacity to respond to energetic
demand. It was calculated by subtracting the value of the maximal respiration from the
basal respiration

e Coupled or ATP-linked respiration: oxygen consumption coupled to ATP production. It
was obtained by subtracting the value of the last rate measurement before oligomycin

injection from the minimum measure after oligomycin injection.

The B-oxidation assay indicates the cell’s capacity to use exclusively fatty acids as energetic
substrates. The assay was performed in MAS buffer medium (sucrose [70mM], mannitol [440
mM], KH,PO,4 [100 mM], MgCl, [50 mM], EGTA [10 mM] and HEPES [20 mM]) adjusting the pH
to 7.2 with KOH at 372C before use. Cells were washed twice with the medium of the assay and
after the second wash, 500 ul of the medium was left in each well. The first injection was
digitonin plus malic acid [5 pg/ul and 2.5 mM]. The purpose of digitonin was to permeabilize the
cell membrane and allow inhibitors and substrates to arrive at the mitochondria. In the second
port, palmitoyl-DL-carnitine and ADP were injected [50 uM and 1mM] respectively. The third
injection was oligomycin at [4 uM] and the last port was loaded with Antimycin A plus rotenone
[5 UM and 1 uM] respectively. cells were lysed in RIPA buffer for protein quantification using the
RC DC Protein Assay (Bio-Rad 5000122) to normalize the data and albumin was used as standard
(Bio-Rad 5000007) (169). The fatty acid B-oxidation rate was calculated using the two-
consecutive measurements after the first injection (digitonin plus malic acid) and two

consecutive measurements after the second injection (palmitoyl plus ADP).
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Table 7 Preparation of injection solutions for the respiration assays in cells.

Oxygen Consumption Assay

[Injection . Recipe
Port Compound [Stock] Iiort] [Final] inhib Medium
A Oligomycin 4 mM 40 uM 4 uM 14.30 pL 1421.7 pL
B FCCP 20 mM 50 uM 5uM 3.90 pL 1556.10 pL
C Antimycin A 5mM 50 uM 5uM 16.90 pL 1551.94 uL
D Rotenone 1mM 10 uM 1uM 4.22 uL 1672.26 uL
B-Oxidation Assay
[Injection . Recipe
Port Compound [Stock] Port] [Final] inhib Medium
A Digitonin // 2.5mg/ul | 25ug/ul// | 2.5ug/ul 20uL// 2000 L
Malate //250 mM 25 mM //2.5mM 200 pL
Palmitoyl // 50 mM 500uM // | 50uM// 20uL//
B 2000 pL
ADP //100 mM 10 mM 1mM 200 pL
C Oligomycin 4 mM 40 uM 4 uM 20 pL 2000 pL
b Antimycin A 5mM// | 40uM//5 4uM// 16.90 uL // 1672.26 4l
// Rotenone 1mM 10 uM 1uM 4.22 L
Table 8 Protocol setting for the respiration assays in cells
Action Time (minutes) Repetition Port
Calibrate 15-20
Mix + Wait + Measure 3+2+3 X3
Inject A
Mix + Wait + Measure 3+2+43 X2
Inject B
Mix + Wait + Measure 3+2+43 X2
Inject C
Mix + Wait + Measure 3+2+3 X2
Inject D
Mix + Wait + Measure 3+2+3 X2

3.8.2 Assessment of mitochondrial respiration in isolated mitochondria from

skeletal muscle.

To assess mitochondrial metabolism and bioenergetics, we have set up a new protocol to

analyse respiration in freshly isolated mitochondria from mice’s skeletal muscles (158).

Buffers for mitochondria isolation and protein quantification were prepared fresh on the day of

the experiment. Maintaining the right pH throughout the whole procedure was crucial for

obtaining successful results. Buffers were adjusted with KOH to pH 7.2 and BSA containing

buffers were not measured with the pH meter. Commercial pure H,O at pH 7 was used to

prepare buffers.
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Table 9 Buffers preparation for mitochondrial isolation

Buffers for mitochondria isolation
10% (w/v) fatty-acid-free | 150 mg FFA BSA in 1.5 mL H,0 by inversion/rotatory wheel.

(FFA) BSA
1X Bradford reagent Dilute the commercial solution according to 1X concentration.
8X Mitochondria buffer 4.112 grams of sucrose and 763 mg of HEPES were dissolved in

15 mL of H,0. Adjust the pH to 7.2, 250 ul FFA BSA were added
(stock at 10% v/v) and QS to 20 mL with H,0

Isolation Buffer 1 (IB1) 400 pl of EDTA (stock at 0.5M), 784 mg of D-mannitol and 2.5
mL of 8X MB were dissolved in 15 mL of H,0. Adjust the pH to
7.2 and QS to 20 mL with H,0

Isolation Buffer 2 (I1B2) 30 pl of EGTA (stock at 0.5 M), 196 mg of D-mannitol and 625
ul of 8X MB were dissolved in 4 mL of H,0. Adjust the pH to 7.2
and QS to 5mL with H,0.

Resuspension Buffer (RB) 120 mg of sucrose, 191.3 mg of D-mannitol, 50 pl HEPES (stock
at 0.5M), 10 pl of EGTA (stock at 0.5M) were dissolved in 4 mL
of H,0. Adjust the pH to 7.2 and QS to 5 mL with H,0.

2X MAS-1 1.199 grams of sucrose, 2.8 grams of mannitol, 1ImL of KH,PO,
(stock 0.5M), 250 pl MgCl, (stock 1M), 200 pl of HEPES (0.5 M)
and 100 pl of EGTA (0.5M) were dissolved in 20 mL of H20.
Adjust the pH to 7.2 and QS to 25 mL with H,0

CAM+BSA 300 pL pyruvic acid (stock at 0.5 M), 30 pL of malic acid (stock
at 0.5 M) and 7.5 mL of 2X MAS-1 were diluted in 6 mL of H,0.
Adjust the pH to 7.2. 300 pL of BSA (stock at 10% v/v) were
added and QS to 15 mL with H,0

CAM-BSA 120 pL of pyruvic acid (stock at 0.5 M), 12 uL of malic acid (stock
at 0.5 M) and 3 mL of 2X MAS-1 were diluted in 2 mL of H,0.
Adjust the pH to 7.2 and QS to 6 mL with H0.

BOXM+BSA 12 pl of palmitoyl-L-carnitine (stock at 50 mM), 30 pL of malic
acid (stock at 0.5 M) and 7.5 mL of 2X MAS-1 were diluted in 7
mL of H,0. Adjust the pH to 7.2. 300 pL BSA (stock at 10% v/v)
were added and QS to 15 mL with H,0.

BOXM-BSA 4.8 uL of palmitoyl-L-carnitine (stock at 50 mM), 12 pL of malic
acid (stock at 0.5 M) and 3 mL of 2X MAS-1 were diluted in 2
mL of H,0. Adjust the pH to 7.2 and QS to 6 mL with H,0

1X Coupling Assay medium (CAM): Two different MAS-1-based buffers need to be prepared: 1)
CAM+BSA for proper CA assay, 2) CAM-BSA for preparing the assay inhibitors. It was important
to keep the 10:1 pyruvate: malate ratio. Since BSA sticks and could clog the injection ports,

inhibitors were diluted in BSA-free CAM.
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1X B-oxidation medium (BOXM): As in the previous cases, BSA-containing and BSA-free BOXM

solutions were prepared.

Table 10 Preparation of stocks of substrates and inhibitors for respiration assays

Stock Substance Diluted in Comments
concentration
0.5M Succinate Mili-Q water pH to 7.2 with KOH
0.5M Pyruvic acid Mili-Q water pH to 7.2 with KOH
0.5M Malic acid Milli-Q water pH to 7.2 with KOH
50 mM palmitoyl-L- 100% DMSO -
carnitine
4 mM rotenone 100% DMSO -
20 mM FCCP 100% DMSO -
100 mM ADP Milli-Q water. pH to 7.2 with KOH
4 mM Oligomycin 100% DMSO -
5mM Antimycin A 100% DMSO -

Muscle dissection, homogenization and mitochondrial isolation.

Materials and buffers were placed on the ice during the whole procedure to protect mitochondria
from damage. Three 50 mL beakers per sample were placed on ice and the following solutions
were added: beaker 1 (10 mL of PBS), beaker 2 (10 mL of 10 mM EDTA/PBS) and beaker 3 (4 mL
of IB1). Mice were euthanized by cervical dislocation. CO, euthanasia was avoided since it could
interfere with respiration analyses. Next, the hind limbs and the lower half of the body were
washed with 70% v/v ethanol. The hind limbs were carefully shaved using a scalpel. An incision
was made with the scalpel through the skin as shown in Figure 17. The skin griped with toothed
forceps and the underlying musculature eased away. All skeletal muscles from the ankle to the

knee from both hindlimbs were dissected as is detailed in Figure 17.

Muscles were rinsed in Beaker 1, and then in Beaker 2. All muscles were transferred to Beaker 3
and finely muscles were minced with sharp scissors. Then, the suspension was transferred to a C
Tube (purple lid, gentleMACS), always keeping it onice. The C tube was tightly closed and attached
upside down onto the sleeve of the gentleMACS Dissociator. Muscles were homogenized with the
1-minute program called m_mito_tissue_01. The homogenate was divided into two 2mL pre-
chilled microcentrifuge tubes and centrifuged at 700 x g for 10 minutes at 4°C in a tabletop
centrifuge to precipitate nuclei, cell debris and extracellular structures. Next, the supernatants
were transferred to new 2mL pre-chilled tubes, carefully avoiding fat and non-homogenized
tissue. The pellets were kept at -80°C for fragmentation purity determination (fraction N). The

supernatants were centrifuged at 10,500 x g for 10 minutes at 4°C to precipitate mitochondria.
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The supernatants were transferred to new 2mL pre-chilled tubes and labelled as SN1 (Supernatant
Number 1). The pellets were resuspended and combine both in 500pL total of IB2 in ice to wash
mitochondria and centrifuged at 10,500 x g for 10 minutes at 4°C. The supernatant was then
transferred to a new 2mL pre-chilled tube and labelled as SN2 (Supernatant Numb 2). The final
mitochondrial pellet was resuspended in 200uL of RB. Next, 10uL were quickly set aside for
protein quantification and 10uL of 10% FFA-BSA w/v was immediately added to the remaining
mitochondrial suspension to prevent damage. Protein concentration was determined with the

Bradford assay.
Preparation of the Agilent Seahorse XFe24 Analyzer assays

Initially, the sorvall centrifuge was prechilled with the swinging bucket microplate rotor and the
corresponding microplate adapters at 42C. The appropriate protocol was selected on the Wave
software from the Agilent Seahorse XFe24 and the volume of each inhibitor was added in each
port, the cartridge was introduced into the Seahorse Analyzer to start calibration. The
concentrated mitochondria suspension was centrifuged at 10,500 g for 10 minutes at 42C and the
mitochondria pellet was resuspended in 100 uL of 1X CAM+BSA or 1X BOXM+BSA, depending on
the protocol to be performed. Further, the concentrated mitochondrial sample was diluted to a
final concentration of 0.2 pg/uL in the corresponding assay medium. Next, 10 ug of mitochondrial
protein was seeded per well (50 puL of 0.2 ug/uL) in a pre-chilled XF24 cell culture microplate
placed on ice. In the background correction wells, just the corresponding assay medium was
added. The plate was centrifuged at 2,000 g for 20 minutes at 4°C in the previously prechilled
sorvall centrifuge and the remaining assay medium was warmed at 372C during microplate
centrifugation. After centrifugation, the plate was left on the bench for 5 minutes to temper. 450
pL of warm assay medium was added for a final volume of 500 uL per well at RT and the selected

assay was conducted.
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Table 11 Protocol setting for the respiration assays in isolated mitochondria.

Action Time (minutes) Repetition Port
Calibrate 15-20
Wait 10
Mix + Wait 1+3 X2
Mix 1
Measure + Mix 3+1 X2
Inject A
Mix 1
Measure 3
Mix 1
Inject B
Mix 1
Measure 3
Mix 1
Inject C
Mix 1
Measure 3
Mix 1
Inject D
Mix + Measure 143 X2

Table 12 Injection volumes in Seahorse for respiration assays

Port Volume injected Sto(c2k6pv\rlzpl>|2)r ed
A 50 ul 1300 ul
B 55 ul 1430 ul
C 60 pl 1560 pl
D 65 ul 1690 pl

Table 13 Preparation of Injection solutions for the respiration assays in mitochondria.

Coupling Assay

[Injection . Recipe
Poad Compound [Stock] Port] [Final] inhib CAM-BSA
A ADP 100 mM 50 mM 5mM 650 uL 650 uL
B Oligomycin 4 mM 31.6 uM 3.16 uM 113 puL 1418.7 pL
C FCCP 20 mM 60 uM 6 UM 4.68 uL 1555.32 uL
5 AntimycinA | 5mM//4 | 40uM// | 4uM// 13.52 uL// 1655.36 L
// Rotenone mM 50 uM 5uM 21.12 L
B-Oxidation Assay
[Injection . Recipe
Port Compound [Stock] Port] [Final] inhib BOX-BSA
A ADP 100 mM 40 mM 4 mM 520 puL 780 pL
B Oligomycin 4mM 31.6 uM 3.16 uM 11.3 uL 1418.7 ulL
C FCCP 20mM 60 UM 6 UM 4.68 uL 1555.32 uL
Antimycin A 5mM// 40 uMm // 4uM// 13.52 uL//
D 1668 uL
// Rotenone 4 mM 20 uM 2 UM 8.45 uL
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Interpretation of the results

Performing respiration analysis of isolated mitochondria allows us to study different parameters

of mitochondrial respiration:

e Basal respiration rate represents the mitochondrial respiration in the presence of the
substrates added to the assay medium. It was calculated by subtracting the values after
Antimycin A plus rotenone injection (non-mitochondrial O, consumption) from the basal
values.

e Mitochondrial State Ill represents ATP production from ADP and inorganic phosphate.
For State Il calculation non-mitochondrial O; consumption values were subtracted from
the values after ADP injection.

e Mitochondrial State IVo indicates the proton leak associated with the inhibition of ATP
synthase by oligomycin injection. It was calculated by subtracting the non-mitochondrial
0, consumption values from the respiration values post oligomycin injection.

e Mitochondrial State Illu shows the maximal respiratory capacity that mitochondria can
display. It was calculated by deducting non-mitochondrial O, consumption from
respiration post-FCCP injection.

e Respiratory control ratio (RCR) indicates the mitochondrial coupling and it was obtained

by division of State Illu between State IVo values.

3.9 Statistical analysis

Data were expressed as mean  SD. Data analysis was performed with GraphPad Prism 8.0
software. When a comparison between two groups was performed, an unpaired two-tailed t-
test with Welch’s correction was used. When more than two groups were studied, a one way (1
parameter studied) or two-way ANOVA (2 or more parameters studied) with Sidak’s, Tukey’s or
Dunnett’s multiple comparison post-hoc test was applied. P-values <0.05 were considered

statistically significant.
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4.1 CHAPTER 1: Embryonic development in Adck2 mouse model.

4.1.1 Introduction

Coenzyme Q deficiencies are characterized by a decrease in CoQ levels associated with a
mutation in any gene associated with the CoQ biosynthesis pathway (primary deficiency) or with
a mutation in another gene that alters somehow this pathway and secondarily leads to a CoQ
decrease (secondary deficiency), which could be related to respiratory chain defects, multiple
acyl-CoQ dehydrogenase decrease, ataxia and oculomotor apraxia. Early diagnosis is crucial so
that patients with CoQ deficiency can begin CoQ supplementation as soon as possible to reduce
damage associated with these syndromes. However, the diagnosis is normally performed when
the patients have already suffered damages and consequently, CoQ administration cannot
recover these established damages, allowing only a partial recovery or a delay in the progression

of the disease.

The main point of the present chapter is to check when the damages associated with a secondary
CoQ deficiency start and if they do during embryonic development, to analyse if these
alterations are already produced at the time of birth and to determine to what degree the
damage has already occurred. This idea is supported by the fact that a decrease in CoQ levels
during embryonic development could lead to a delay or an incomplete embryonic development
(169) (170). This could give rise to a new scenario for this type of syndromes, which would justify
the delay in diagnosis and the severe syndromes that some human patients present shortly after

birth.

For that reason, we decided to study biochemically, genetically, and physiologically the
embryogenesis and the development of our Adck2 model to set up when the damages star, what
is altered and how the organism is affected. To do that, two specific time points were established
along with embryonic development: firstly, one point at early development, nine to ten days
post coitum (DPC) depending on the test and the parameters to be analysed in the experiment,
and secondly, one point at late development, seventeen DPC. We analysed late development

instead of born pups to avoid loss of them during birth.

Moreover, we decided to study if a prenatal CoQio administration could prevent or reduce
damages associated with a deficiency in our model. As epigenetics could play a role in disease
progression through transgenerational inheritance (171)(172)(173), and to avoid such
alterations could affect the effect of CoQio administration, we decided to apply CoQuo
supplementation during two generations so that progenitors used for the experiments and their

offspring were maintained under CoQjo supplementation during the full length of their life. To
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our knowledge, this is the first study that analyses the longitudinal effect of CoQuo using prenatal

administration to evaluate the potential of CoQjo in mitochondrial diseases.
Gene expression is altered at 9-days of development

Initially, we decided to perform an analysis of the transcriptomic profile at an early stage of
development to explore if the mutation on the ADCK2 gene could be affecting the transcriptomic

profile of the mice since embryonic development.

All analysed embryos, both mutant and wild-type 9 DPC embryos, were obtained from the same
cross to avoid differences in developmental stages if several crosses were performed, from
which RNA and DNA were extracted independently with Trizol reagent. Once they were
genotyped correctly, we obtained 5 mutant and 3 wild-type embryos. Then, each RNA was used
to synthesize a cDNA probe to hybridise with independent Mouse Clarion D arrays from
ThermoFisher. After normalization and statistical analysis, only 29 deregulated genes appeared
deregulated significantly (p-value<0.05) more than 2-fold in the mutant (Figure 24A), although
some of the genes were non-coding sequences or without a full description. So, to obtain a
greater number of genes to be able for making the subsequent analysis to give a biological
meaning, we lowered the threshold of detection to 50% and 20% dysregulation of gene
expression, and we found that 118 genes were significantly deregulated more than 50% (figure

24B) and that more than 1000 genes appeared deregulated more than 20% (figure 24C).

We only found altered genes with small changes in the gene expression, although a functional
enrichment analysis revealed that most of them clustered into Gene Ontologies related to
structure and system development (figure 24D), indicating that gene dysregulation affected very

specific biological processes even though the changes were very small.

We believe that these small changes in gene expression could be due to we performed the
analysis in the whole embryo, thus we studied the whole cell population that would be involved
in the development of all tissues in the adult while some tissues in the adult mice did not show

damages.
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Figure 24. Gene expression analysis during the early development.

Gene expression of 9-DPC embryos was analysed by hybridization with Mouse Clarion D arrays (ThermoFisher).
Transcriptome Analysis Console software was used for normalization and statistical analysis. (A, B and C) Volcano plot
representing the Fold change versus p-value for each probe present in the array. Significant genes (p-value <0.05)
with an altered gene expression higher than 2-fold (A), 50% (B) or 20% (C) are coloured in red if activated, or in green,
if repressed. In grey, are coloured the non-significant genes and those significant genes with deregulation lower than
the threshold used for the analysis (only represented in A). (D) Functional enrichment analysis performed with
GORILLA software clusters the dysregulated genes into Gene ontologies: GO listed in green include repressed genes
and those listed in the red group the activated genes.

Somitogenesis is altered in ADCK2 mice and CoQyo prevents alterations

We had demonstrated that the transcriptomic profile at 9 DPC was slightly affected, finding only
small changes in the gene expression although most of the genes belong to Gene Ontologies

related to structure and system development.

We think that such small changes in gene expression could be because we perform the analysis
in the whole embryo, studying all cell populations involved in the development of all tissues,
including tissues in the adult mice that did not show damage. So, we hypothesise that if we
would have isolated cells that would develop skeletal muscle in adult mice, we would find more
and higher differences. To corroborate this idea, we decided to study the somitogenic process

to follow the progression and evolution of muscle progenitor cells.

We crossed our mutant mice with other mice that present an APZ reporter that allows the study
and analysis of two MRFs (Myf5 and Mrf4) along with the embryonic development by staining

at 10 DPC as has been described previously (147).
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Myf5 is one of the four Myogenic Regulatory Factors that control and regulate myogenesis.
Particularly Myf5 works as a transcriptional modulator controlling the transcription of genes
associated with muscle and regulates muscle differentiation, thus, Myf5 is an essential factor in
muscle formation. The dermomyotomal expression in the dorsal and ventral somites of Myf5
revealed aberrant development of some somites (figure 25). Particularly, we found that some
embryos showed damage on somite formation that could indicate an alteration in
somitogenesis, the process by which germ cells became body cells. We quantified the number
of damaged somites, finding that heterozygous mutant embryos present between 1 and 3
damaged somites compared with wild type embryos, which were not damaged (no significant
differences). Altered somites were not always the same, but they tend to be in the same region
along the anterior-posterior axis. Interestingly, these damages were decreased under the CoQuo
administration. We also found that the homozygous mutant was considerably delayed and did
not show nuclear staining of Myf5. These results indicate that mutant embryos at this
developmental stage present an inadequate somitogenesis process, which is improved when

embryos are supplemented prenatally with CoQuo.

Figure 25. Myf5 expression in skeletal muscle progenitors during early embryonic development.

Somites damages were quantified per embryo as an alteration in somite structure. Embryos were collected at 10 DPC
and fixed for posterior staining. Myf5 expression was studied by nuclear staining of the somites. CoQyq in
nanoparticles was dissolved in the water bottle, mean CoQio intake was estimated at 1-1.5 mg/day (33.33-50
mg/kg/day). Data represent the mean +/- SD. Unpaired two-tailed t-test and one-way ANOVA test were applied. P-
values <0.05 were considered statistically significant.
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In addition, we also study Mrf4 expression at 10 DPC, by which cytoplasmic staining of muscle
progenitor cells can be detected using the reporter BAC195APZ (figure 26). Mrf4 is another
transcription factor of the four Myogenic Regulator Factors, and it is a marker involved in muscle
differentiation. We found that 10 DPC embryos show an early hypaxial expression plus the
ventral and dorsal myotome and again, we found damages in somite structure indicating an
alteration in somitogenesis that could lead to aberrant development. We decided to quantify
the damages in the somites finding that the mutant embryos on standard conditions presented
between 1 and 2 damaged somites compared to the wild type embryos, which did not present
damage. Adck2 knockout embryos supplemented with CoQio showed a reduction in somites

damage. Altered somites were not exactly the same, but they tend to be in the same region.

Taking all these results together, mutant embryos show an incomplete somitogenic process at
this developmental stage altering the myotome development from early embryonic
development. Whereas when mutant embryos are supplemented prenatally with CoQug, these

embryos show a normal progression of the muscle progenitor cells.

Figure 26. Mrf4 expression in skeletal muscle progenitors during early embryonic development

Somites damages quantified per embryo as an alteration in somite structure. Embryos were collected at 10 DPC and
fixed for posterior staining. Mrf4 expression was studied by cytoplasmatic staining of the somites. CoQyo in
nanoparticles was dissolved in the water bottle, mean CoQio intake was estimated at 1-1.5 mg/day (33.33-50
mg/kg/day). Data represent the mean +/- SD. Unpaired two-tailed t-test and one-way ANOVA test were applied. P-
values <0.05 were considered statistically significant.
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Alteration of gene expression becomes tissue-specific as the development progresses

The results obtained lead us to analyse the transcriptomic profile in the later developmental
stage to set up the alteration degree on gene expression and the disease progression. So, we
decided to analyse these parameters at 17 DPC, and not in newborn pups to avoid loss of

offspring during birth.

Because the development is very advanced at 17 DPC and the organs are already formed, we
decided to perform the study in skeletal muscle, liver and brain due to the main tissue affected
in the adult mice is the skeletal muscle, the liver suffers metabolic mild damages and mice did

not suffer any damages in the brain (147).

First, we studied the transcriptomic profile in the skeletal muscle of embryos (Figure 27A) where
we observed that there was a significant (p-value < 0.05) huge gene deregulation with 814 genes
repressed more than 2-fold and 384 genes activated more than 2-fold. Then, we performed a
functional enrichment analysis with these genes finding a correlation between the Gene
Ontologies and the mutant phenotype (figure 27B). Activated genes were clustered into genes
ontologies related to the control of myogenesis control and oxygen transport, whereas
repressed genes were associated with structural components in the skeletal muscle such as
“cell-cell adhesion” or “keratin filament”, also, gene ontologies related to metabolic processes
and fatty acids metabolism were repressed including “fatty acid biosynthetic process” or “fatty-
acyl-CoA metabolic process”. In general, we could mention that the transcriptomic profile
represents changes that could indicate a bioenergetic alteration and deregulation of myogenesis
management and, that these alterations could potentially be affecting prenatal myogenesis,

which in turn would subsequently affect primary and secondary skeletal muscle formation.

128



A Muscle
Adck2 *+*vs Adck2*-

Poul s P Chanpe

Pt Ho)

= TS ares Ery s 1 528 e ey B =
Fain crange

814 genes repressed // 384 genes activated

Gene Ontology Term Enrichment muscle

|Gene Ontology Term 5-?0 ?|-5 U 2|5 5.0 ?.5 1?0

GO:2001016 positive regulation of skeletal muscle cell differentiation 75
GO:0005344 oxygen carrier activity 75
GO0:1901739 regulation of myoblast fusion 28
GO:0000904 cell morphogenesis involved in differentiation -3
GO:0098609 cell-cell adhesion -3
GO:0006633 fatty acid biosynthetic process -4
G0:0030149 sphingolipid catabolic process -7
G0:0005149 interleukin-1 receptor binding -9
GO0:0042761 verylong-chain fatty acid biosynthetic process -g
GO:0045095 keratin filament -9
GO:0035337 fatty-acyl-CoA metabolic process -10
GO:0035336 long-chain fatty-acyl-CoA metabolic process -15
GO:0046520 sphingoid biosynthetic process -1¢&
GO:0043616 keratinocyte proliferation -19
GO:0061436  establishment of skin barrier -21
GO:0008147  structural constituent of bone -29
GO:0060672 epithelial cell morphogenesis involved in placental branching -29

Figure 27. Gene expression in skeletal muscle during late embryonic development.

Gene expression of skeletal muscle in 17-DPC embryos was analysed by hybridization with Mouse Clarion D arrays
(ThermoFisher). Transcriptome Analysis Console software was used for normalization and statistical analysis. (A)
Volcano plot representing the Fold change versus p-value for each probe present in the array. Significant genes (p-
value <0.05) with an altered gene expression higher than 2-fold are coloured in red if activated, or in green if
repressed. In grey, are coloured the non-significant genes and those significant genes with deregulation lower than
the threshold used for the analysis. (B) Functional enrichment analysis performed with GORILLA software clusters the
deregulated genes into Gene ontologies: GO listed in green include repressed genes and those listed in the red group
contain activated genes.
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Transcriptomic profile in the brain showed an alteration in a very small number of genes (Figure
28A). 16 genes were repressed significantly (p-value <0.05) more than 2-fold and only 8 genes
appeared activated, with these genes any Gene Ontology appeared deregulated after clustering
the deregulated genes in the Functional Enrichment analysis. The lack of alterations found in the
brain highlight the idea that modifications could be tissue-specific, some tissues would be
affected, and other tissues would not. Additionally, it would be necessary to highlight that no

neurological damage has been reported in adult mutant mice (147).

The transcriptomic profile on the liver showed eighty-seven genes repressed and twenty-three
genes activated (Figure 28B). Gene ontologies deregulation analysis reveals that there was an
activation of gene ontologies associated with enzyme activities, cell cycle, or development.
However, gene ontologies repressed showed an important suppression of gene ontologies
related to fatty acids, cholesterol triglyceride process, or lipid transport such as “fatty acid
metabolic process”, “cholesterol metabolic process” or “plasma lipoprotein particle assembly”,
but we also found gene ontologies from other pathways repressed including “urea cycle”,
“tyrosine metabolic process” or “L-phenylalanine catabolic process” meaning that the
repression found in the liver could be also affecting other metabolic pathways (Figure 28C). In
general, the deregulation that the liver shows on gene expression was related to metabolic
processes and pathways. As skeletal muscle and liver share multiple pathways and are closely
connected, it could be proposed that changes found in liver gene expression could be derived

from the deep deregulation that suffers the skeletal muscle, as a consequence of the important

changes that occurred in skeletal muscle.
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Figure 28. Gene expression in liver and brain during late embryonic development.

Gene expression in the brain and liver of 17-DPCdpc embryos was analysed by hybridization with Mouse Clarion D
arrays (ThermoFisher). Transcriptome Analysis Console software was used for normalization and statistical analysis.
(A and B) Volcano plot representing the Fold change versus p-value for each probe present in the array. Significant
genes (p-value <0.05) with an altered gene expression higher than 2-fold (A and B) are coloured in red if activated, or
in green, if repressed. In grey, are coloured the non-significant genes and those significant genes with deregulation
lower than the threshold used for the analysis. (C) Functional enrichment analysis performed with GORILLA software
clusters the dysregulated genes into Gene ontologies: GO listed in green include repressed genes and those listed in

the red group the activated genes.
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CoQ;0 administration modulates skeletal muscle transcriptomic profile of 17-DPC embryos

As the main tissue affected was the skeletal muscle, we decided to study more deeply the
transcriptomic profile of skeletal muscle at seventeen DPC. First, we analysed the effect of CoQio
treatment on the transcriptomic profile of mutant embryos. We found that 412 genes were
repressed while 865 were activated more than 2-fold significantly (p-value). Considering the
previous analysis reported (wild type versus mutant), we could say that CoQio administration
can activate a lot of genes that previously were repressed (including GO collagen-containing
extracellular matrix or GO fatty acids metabolic process) while also could be modulating genes
that previously shown a neutral status (such as GO brown fat cell differentiation or GO cell
differentiation). After that, we decided to analyse the transcriptomic profile of mutant embryos
supplemented with CoQio versus wild type embryos to examine the recovery grade of the genic
expression in mutant embryos after CoQi0 administration. We found 625 repressed genes and
629 activated, indicating that CoQio administration led to the activation of a lot of genes in
mutant embryos, although some of the genes that were previously repressed are still

downregulated.

The modulation of GO by CoQi0 administration was also quantified in the Functional Enrichment
Analysis (figure 29) where can be observed the recovery of gene expression by CoQio
supplementation in the GO that initially was deregulated and now show a no deregulate status.
Some GO showed that CoQio administration recovers gene expression to wild type levels such
as in “collagen-containing extracellular matrix”. In other Gene Ontologies, we found an increase
in gene expression without reaching the wild type levels, such as the “intermediate filament-
based process”. More significantly, some Gene Ontologies that were not deregulated in mutant
embryos are now modulated by CoQio administration such as “brown fat cell differentiation” or
“cell differentiation”. These facts indicated that CoQio prenatal administration could be
recovering wild type gene expression and regulating new pathways to compensate for the

ADCK2 phenotype.

The transcriptomic profile of wild type embryos supplemented with CoQi0 was also studied to
examine the effect of CoQio over a no deregulate transcriptomic profile, the pathways that were
specifically modulated by CoQio independently of the genotype and the effect of ADCK2

mutation over the CoQio administration.

Interestingly, the comparison of wild type embryos versus wild type embryos plus CoQio
revealed important changes in gene expression where nine hundred thirty-three genes were

repressed and six hundred seventy-one were activated, highlighting the idea that CoQug
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administration during embryonic development can modulate gene expression. Finally, we also
compared wild type mice supplemented with CoQuo versus mutant embryos plus CoQuo to check
if CoQuo was able to modulate gene expression specifically in a function of the genotype of the
embryos. We observed that one hundred twenty-nine genes were upregulated while five
hundred eleven were down-regulated indicating that CoQio administration regulates gene
expression differently in mutant and wild type embryos that independently regulation could
explain some specific changes in the phenotype of the embryos or mice associated with CoQjo

administration that only occurred in mutant or wild type mice.

We also performed an intergroup comparison of gene ontologies to check the effect of CoQuo
administration on the different groups representing the number of the genes from the GOs that
were modulated and the enrichment. Particularly some gene ontologies such as “collagen-
containing extracellular matrix” or “fatty acid metabolic process” that initially were repressed in
mutant embryos versus wild type embryos while when CoQjo is administrated we can observe
that there is an upregulation in gene ontologies in mutant embryos supplemented with CoQjo.
However, we found that other gene ontologies that previously were repressed in the mutant
embryo, such as the “intermediate filament-based process”, were lightly activated when CoQjo
was administrated, although this gene activation was not enough to reach the wild type
expression levels and consequently, the gene ontology remains repressed when it was
compared to wild type embryos. More importantly, some gene ontologies that previously were
not deregulated, such as “brown fat cell differentiation” or “cell differentiation” are now
modulated by CoQio administration. These new regulations on GO could indicate that CoQio
intake could be working two ways, on the one hand, it can restore wild type expression in the
gene ontologies that previously were deregulated, but what is more significant is that CoQo

administration could modulate other pathways that are independently regulated by CoQup.
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Figure 29. Gene expression in muscle under CoQio administration during late embryonic development.

The figure above represents the transcriptomic profile of skeletal muscle from wild type embryos and mutant
embryos under standard conditions and supplemented prenatally with CoQio where we have done different
comparative analyses between the groups studied. Gene expression in skeletal muscle of 17-DPC embryos was
analysed by hybridization with Mouse Clarion D arrays (ThermoFisher). Transcriptome Analysis Console software was
used for normalization and statistical analysis. (A and B) Volcano plot representing the Fold change versus p-value for
each probe present in the array. Significant genes (p-value <0.05) with an altered gene expression higher than 2-fold
(A and B) are coloured in red if activated, or in green, if repressed. In grey, are coloured the non-significant genes and
those significant genes with deregulation lower than the threshold used for the analysis. (C) Functional enrichment
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analysis performed with R software clusters the dysregulated genes into Gene ontologies: GO listed in green include
repressed genes and those listed in red grouped the activated genes.

Later, we performed another functional enrichment analysis to determine the metabolic and
signalling pathways that were altered in the skeletal muscle of 17 DPC embryos and that could
be modulated by CoQio treatment (Figure 30). The analyses compared mutant versus wild type
(in black), mutant versus mutant supplemented with CoQio (in orange), and mutant
supplemented with CoQjo versus wild type (in yellow). Mutant embryos showed repression of
metabolic pathways associated with mitochondrial metabolism such as “Fatty acid
biosynthesis”, “Fatty acid transporters” and “Fatty acyl-CoA biosynthesis”, as well as repression
in metabolic pathways related to oxidative stress and redox capacity. In contrast, mutant
embryos supplemented with CoQio showed a general upregulation in the metabolic pathways
that previously were repressed, and specific activation of pathways highly associated with
mitochondria, such as “TCA cycle”, “Electron transport chain” o “NAD metabolism, sirtuins and

ageing”, suggesting that CoQao administration could be activating mitochondria pathways.

However, when mutant embryos plus CoQi are compared with wild type embryos, we observed
an upregulation of different metabolic pathways that were not so clear as in the previous
comparison, suggesting that CoQio was able to at least partially reverse gene expression in most
of the metabolic pathways. Moreover, CoQio could exert its function by activating the
mitochondria, since we found an activation of “Mitochondrial biogenesis”, “Assembly of
mitochondrial Complexes | and IV”, “ETC”, both “TCA and Urea cycles” and “the metabolism of
amino acids and glycogen”. Also, the “NAD metabolism, sirtuins and ageing” was highly

activated.

This analysis confirmed that mutant embryos presented repression in pathways associated with
mitochondria, energetic metabolism, and oxidative stress. Besides, mutant embryos prenatally

supplemented with CoQy activated these pathways and others associated with mitochondria.
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Figure 30. Functional enrichment analysis of signalling and metabolic from skeletal muscle of embryos at 17 DPC.
Analysis of mean gene expression and the enrichment of different metabolic pathways in skeletal muscle from
Adck2*/*, Adck2*- and Adck2*- +CoQ. Analysis was performed using gene expression obtained in the microarray
experiments to assess the potential effect of CoQ administration.
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To understand the mechanisms that drive the altered gene expression to be muscle and
mitochondria specific in the mutant embryo, we analysed the sequence of the promoter regions
of each regulated gene using the HOMER Motif Analysis to find the regulatory elements that
could play a role in this specific modulation of the gene expression (Figure 31) and the RNA

silencing by which gene expression is negatively regulated by non-coding RNAs (Figure 32).

First, we analysed the promoter regions of deregulated genes in mutant embryos compared
with wild type (Figure 31A) and we obtained that they were enriched in transcription factors
related to metabolisms such as VDR, Nr5a2 or Sfl and in transcription factors that modulate
myogenesis such as Pax7, Myf5, MyoD, ZBTB18, Hand2, Pitx1. Particularly, Nr5a2 regulates the
expression of cholesterol homeostasis and triglyceride synthesis. Pax7 modulates muscle stem
cells, myogenesis, and muscle regeneration. Myf5 and MyoD are two of the four Myogenic
Regulatory Factors that control myogenesis and skeletal muscle formation. Next, we analysed
the activated genes separately from the repressed genes. Promoter regions of repressed genes
were enriched in metabolic modulators, such as MaFA and Bach2, and regulators of myogenesis,
including MyoG. MaFA is related to insulin expression, while MyoG is another Myogenic
Regulatory Factor crucial for embryonic skeletal muscle formation and muscle cell
differentiation, which is also involved in atrophy in denervated muscle. Additionally, the
promoter region of upregulated genes was enriched in transcription factors associated with
myogenesis such as MyoD, Mef2c, Mef2a and MyF5. Mef2c controls myogenesis and regulatory
regions of muscle genes, Mef2a is related to muscle growth and Myf5 and MyoD control
myogenesis and skeletal muscle cell differentiation. Promoter regions of deregulated genes in
mutant embryos supplemented with CoQio compared to mutant embryos without treatment
were enriched in myogenesis modulators, such as Mef2c or Mef2d, and in embryonic regulators,
including Pitx1 or KLF14 (Figure 31B). Pitx1 is related to the development of the hindlimb while
Mef2c and Mef2d participated in muscle growth. Also, we analysed the activated genes
separately from the repressed ones, finding that only upregulated genes shared promoter
regions were enriched in Mef2d, Mef2c and Nr5a2. Nr5a2 is a nuclear receptor that acts as a key

metabolic sensor by regulating the expression of genes involved in lipid metabolism.

In summary, we found that promoters regions of deregulated genes were generally enriched in
transcription factors associated with metabolism and more importantly in myogenesis and
skeletal muscle formation supporting our previous results that indicate that mutant embryos
suffer alteration in prenatal myogenesis that lead to an incomplete skeletal muscle formation.
These changes in regulatory elements could explain the alterations found in gene expression

and the effect of CoQio administration.
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Figure 31. Analysis of regulatory elements enriched on promoter regions of deregulated genes.

(A). Adck2** versus Adck2*. (B). Adck2*/- versus Adck2*- +CoQyo analysis. Analysis of the promoter regions was
performed with the gene expression levels from the microarray experiment in skeletal muscle from embryos at 17
DPC. HOMER Motif Analysis software was used for promoter regions analysis in the deregulated genes. More
significant transcription factors found are shown.
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On the other hand, we found activation of a lot of small RNAs and microRNAs in mutant
embryos, which could be associated with the general gene repression that is shown in the
skeletal muscle of mutant embryos (Figure 32A). However, mutant embryos under CoQjo
administration exhibited repression of these small RNAs and microRNAs, which was
accompanied by an activation of the coding genes. These findings suggest the idea that the gene
repression found in mutant embryos depends at least on the action of small RNAs and
microRNAs, while CoQio could be modulating gene expression through small RNAs and

microRNASs repression.

RNA silencing refers to a family of gene silencing effects by which gene expression is negatively
regulated by non-coding RNAs. The mechanism by which RNA interferes with gene expression is
highly conserved in most eukaryotes and implies an endogenously expressed microRNA (miRNA)
that induces the degradation of messenger RNA with a complementary sequence. So that, to
quantify the implication of this mechanism in the modulation of gene expression we looked for
the putative miRNA that could modulate the repressed genes based on the sequence that could
be interfered with. Next, we performed the same search for the putative miRNA that could
regulate the activated genes. To continue, we clustered each miRNA with its putative genes and
compared the expression level of each miRNA with the mean gene expression of their
corresponding target genes (Figure 32B). These analyses were performed with the regulated
genes in mutant embryos compared to wild type, with the modulated genes by CoQio in the
mutant embryo, and with the regulated genes in mutant embryos treated with CoQio compared
to wild type. We can observe that mutant embryos presented a group of microRNAs active such
as mirl25b, mirlet7c, mirlet7f, mirl43, mirl46b, mirl5a, mir532, mir674 and mir3079, whereas
their target genes were repressed. Interestingly, CoQio administration induced repression of
these microRNAs that lead to the activation of their target genes, reaching wild type expression
levels in some cases. These analyses present a potential way by which CoQio administration
could be modulating gene expression during embryogenesis, skeletal muscle formation, and

contributing to the amelioration of the phenotype in mutant mice.
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muscle (ADCK2) vs muscle (WT)

Group Total Passed Filter Up-Regulated Down-Regulated
Coding 11264 447 54 393
Multiple Complex 15332 435 33 402
Small RNA 2728 283 280 3
Frecursor microRNA 1779 17 13 4
Ribosomal 388 1 1 0
Pseudogene 2758 0 0 0
NenCeding 31717 0 0 0
Unassigned 24 0 0 0
tRNA 16 0 0 0

muscle (ADCK2) +CoQ,, vs muscle (ADCK2)

Group Total Passed Filter Up-Regulated Down-Regulated
Ccding 11264 597 529 68
Multiple Ccmplex 15332 346 286 60
Small RNA 2728 267 18 248
Precursor micrcoRNA 1729 35 9 26
Ribosomal 388 7 1 &
tRNA 16 5 5 0
Pseudogene 2758 0 0 0
NenCoding 31717 0 0 a
Unassigned 24 0 0 0

miRNA gene expression

10 -

-10 -

Mir125b  Mirlet7c ~ Mirlet7f  Mirl03  Mirld3  Mirldeb  Mirl5a Mir532  Miré74  Mir203  Mir224  Mir302c  Mir3079  Mird67c
BKO-WT WKO(Q)}KO mKO(Q)-WT

Targets gene expression (mean)

Mirl2sh  Mirlet7c  Mirlet7f  Mirl03  Mirl43  Mirldeb  Mirl5a Mir532z  Mire74  Mir203  Mir224  Mir302c  Mir3079  Mirde7c

BKO-WT ®WKO(Q)-KO mWKO(Q)-WT

Figure 32. Analysis of miRNAs.

(A) Gene expression analysis of skeletal muscle of embryos at 17 DPC data obtained from the microarray experiments
in skeletal muscle from embryos at 17 DPC. (B) miRNAs regulation by Adck2 mutation and by CoQio obtained from
the microarray experiment. Figure 32B shows the association between microRNAs and the expression of the target
genes expression in skeletal muscle of 17 DPC wild type embryos versus mutant embryos in blue, mutant embryos
versus mutant embryos supplemented with CoQso in orange and wild type embryos versus mutant embryos plus
CoQqo in grey.
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Finally, we analysed the transcriptomic profile of wild type embryos prenatally supplemented
with CoQuo (Figure 33). CoQie administration modulates specifically some GO in wild type
embryos producing the activation of the same GO previously altered in mutant embryos under
the treatment, such as “cell differentiation”, while others were repressed like “intermediate

filament-based process”.

Interestingly, the analysis of mutant embryos supplemented with CoQio compared to wild type
under the same treatment revealed a wide gene activation in terms of several activated genes
and the degree of their activation compared to the repressed genes. This result could indicate
that some of the gene modulation displayed by CoQjo supplementation could be specific to the

genotype of the embryos.
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Figure 33 Gene expression in muscle from wild type embryos under CoQio administration during late embryonic
development.

The figure above represents the transcriptomic profile of skeletal muscle from wild type embryos and mutant
embryos under standard conditions and supplemented prenatally with CoQio where we have done different
comparative analyses between the groups studied. Gene expression in skeletal muscle of 17-DPC embryos was
analysed by hybridization with Mouse Clarion D arrays (ThermoFisher). Transcriptome Analysis Console software was
used for normalization and statistical analysis. (A and B) Volcano plot representing the Fold change versus p-value for
each probe present in the array. Significant genes (p-value <0.05) with an altered gene expression higher than 2-fold
(A and B) are coloured in red if activated, or in green, if repressed. In grey, are coloured the non-significant genes and
those significant genes with deregulation lower than the threshold used for the analysis. (C) Functional enrichment
analysis performed with R software clusters the dysregulated genes into Gene ontologies: GO listed in green include
repressed genes and those listed in the red group the activated genes.
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Embryo’s development status of embryos at 17 DPC

Finally, we performed a descriptive analysis of embryos through development. The visual aspect
of mutant embryos at 17 DPC on standard conditions showed several alterations (Figure 34A),
most of them related to the size, although they were also related to structural parts of the head,
like the eye. All these alterations were more pronounced in the homozygotic mutant, indicating
that development was more altered or highly delayed. In contrast, mutant mice on CoQio
administration did not show these pronounced alterations, although some of them seemed to
be also smaller than wild type embryos. Therefore, it seems that CoQio could be reversing the

alterations previously found during embryonic development.

To evaluate these changes during embryonic development, the embryos were weighed and
measured (Figure 34B). Weight analyses revealed that mutant embryos under standard
conditions had a lower weight compared with wild type embryos whereas mutant embryos
under CoQio administration tended to have a higher weight. Heterozygotic and homozygotic
mutant embryos on standard conditions were smaller than wild type embryos while again
mutant embryos with CoQio supplementation tended to be bigger. Consequently, we can
propose that mutant embryos are smaller than wild type while prenatal CoQio administration
tends to normalize the size and weight. We also analysed tibia length because it has been
reported to be a marker of body development (Figure 34C). Mutant embryos tended to have a
lower tibia length while mutant embryos under CoQy treatment normalized the tibia length by

the rest of our results.

Interestingly, we did not find differences in the tibia length in young mice after birth, although
old mice under treatment showed longer tibia in both genotypes, wild type and mutant (Figure
34D). This increase could be a consequence of the activation of gene expression related to

growth and differentiation, which is accentuated more with age.
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Figure 34. Analysis of late embryonic development.

(A) General aspect of embryos at 17 DPC including wild type, heterozygotic and homozygotic mutant embryos and
also supplemented with CoQa0. Embryos were photographed with a Leica DMC6200 camera coupled to an Olympus
SZX16 laboratory magnifier. Images were acquired a few minutes after embryos dissection. (B) Size and weight
measurements at 17 DPC. Size and weight were calculated from the images obtained using Fiji software for analysis.
(C) Tibia length at 17 DPC. The skeletal system was stained to study tibia length in embryos at 17 DPC. Embryos were
photographed with an OptikamB3 Digital Camera SN 558231 coupled to a Nikon SMZ1500 laboratory magnifier. (D)
Tibia length at three-month-old and two-year-old. Right lower limb was segmented from each animal and immersed
in NaOH 2% w/v for 7-9 to remove the skin, skeletal muscle and fat from the bones. CoQgo in nanoparticles was
dissolved in the water bottle, mean CoQio intake was estimated at 1-1.5 mg/day (33.33-50 mg/kg/day). Data
represent the mean +/- SD. A one-way ANOVA test was applied. P-values <0.05 were considered statistically
significant.

CoQy and CoQy levels during the embryonic development

Also, we measured the CoQ levels through development in mutant embryos at ten and
seventeen DPC (Figure 35). CoQs and CoQo were higher on 10-days embryos under prenatal
CoQyo administration, although we did not find differences between mutant and wild type at

this developmental stage.

Also, CoQg and CoQug levels were higher in skeletal muscle of 17-days embryos under CoQuo
administration. The fact that CoQs and CoQu levels were higher on embryos under CoQio
administration demonstrates that mammals’ embryos are capable of synthesizing their own

COQg.

Additionally, no significant differences were found between wild type and mutant embryos on
standard conditions on skeletal muscle at 17-days of development. This may be because it has
never been investigated whether CoQ deficiency begins during embryonic development or
because CoQg and CoQuq levels were measured in the total homogenate and not in an isolated

mitochondrial extract, where CoQ quantification could have been more precise.

145



CoQ9 levels CoQ10 levels

300+ p0.re2 100+
c T c p=0.1756
2 2 80- 04674
© p=0.0041 5 °
& 2004  p=0.0003 . a8 50
2 o, 2 1 00001 °
;E- ] J_ E - . J-
0 T 9 40 s
i o L®
£ 100 0 1 E T
=] 9_ 204 4
g ls | [ ]
0 1 1 L D

Adck2*  Adck2*-  Adck2 - Adck2*  Adck2  Adek2-

+CoQ10 +CoQ10 +CoQ10 +CoQ10 +CoQ10 +CoQ10

CoQ9 levels in muscle CoQ10 levels in muscle

200+ 30-
= p=0.0004 £ po0.0017
2 150{ ERER penoni: . £ B oo *
g S T S 201 o . T
£ 100- .L £ et
£ e IE
5 sl >|° s s 107
=) ols e
: Hw NI 16
0 ! v v M M 0 T T T T T
Adck2**  Adck2'  Adck2’ Adck2**  Adck2*-  Adck2/-
+CoQ,,  +CoQ;,  +CoQy +CoQ,, +CoQ,, +CoQ,
CoQ9/CoQ10 ratio CoQ9/CoQ10 ratio
8+ 15+
L ]
. ——
g 6 e .o [ e I
o
[=] .T o]
O 4
) 4 ° .il g * ¢ ﬂ;
e ] a
[=] Y o)
O 2. Py ¢+ (@]
0 0 . r r ; .
Adck2'/t  Adck2  Adck2’ Adck2*/* Adck2*- Adck2/-
+CoQy, +CoQy +CoQy +CoQ,, +CoQ,, +CoQ,,

Figure 35. CoQg and CoQ levels in embryos.

(A) CoQg and CoQyp levels in embryos at 10 DPC. CoQ was extracted from the whole wild type, Adck2*/- and Adck2-/-
embryos at 10 DPC on standard conditions and under CoQgo supplementation. (B) CoQg and CoQq levels in skeletal
muscle from wild type, Adck2*/- and Adck2”/- embryos at 17 DPC. Skeletal muscle from the four limbs was dissected at
17 DPC, skeletal muscle was meticulously separated from skin and bones. CoQg and CoQyq levels were examined by
HPLC after lipids extraction. (C) Ratio CoQqs/CoQyo in embryos at 10 DPC and in skeletal muscle from embryos at 17
DPC. The study of CoQg and CoQyo proportion was examined with the ratio CoQg/CoQyo. Data represent the mean +/-
SD. Unpaired two-tailed t-test and one-way ANOVA test were applied. P-values <0.05 were considered statistically
significant.
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4.1.2 Discussion chapter 1:

The main objective of the present chapter was to determine if pathological phenotype found in
the adult mice could start during embryonic development. Consequently, if damages of these
mitochondrial syndromes would start during embryonic development, the moment when
clinicians perform the diagnosis usually after birth, childhood or adulthood some irreparable
damages would have already occurred and the treatments could only recover partially or delay
the disease’s progress (174). Our hypothesis is in line with a previous study (170) where a
knockout mouse model for PDSS2 with a delay in glial cell growth and neuron progenitor
migration leads to an impairment on cerebellum formation during embryonic development,
even with an increase in apoptosis of neuroblasts. PDSS2 gene is involved in CoQ biosynthesis,
and it is associated with ataxia and central nervous system damage in adulthood in both patients
and mice. In our case, the phenotype of our mutant mice model is established during adulthood
where the main tissue affected is the skeletal muscle suffering a mitochondrial dysfunction. For
these reasons, we focus our study on this tissue during embryogenesis development.
Furthermore, we decided to establish two specific time points during embryonic development
for our study. Firstly, one point at early development, 9 DPC, and secondly, one point at late

development, 17 DPC.

It has been reported the potential usefulness of transcriptomic analysis on mouse models in the
design of disease diagnosis and treatments (175). So, we decided to perform such as analysis at
nine DPC to explore if the mutation on the ADCK2 gene could be affecting the transcriptome
profile of mice. We only found small changes in the gene expression and most of the genes
clustered on GO were related to structure and system development. We think that these small
changes in gene expression were due because we performed the analysis in the whole embryo,
including the whole cell population involved in the development of all tissues, although some
tissues did not show damage in the adult mice. We believe that if we would have isolated cells

that would develop skeletal muscle in adult mice, we would find more differences.

To corroborate this idea, we crossed our mutant mice with other mice that present an APZ
reporter that allows the study and analysis of two MRFs (Myf5 and Mrf4) along with the
embryonic development by colorimetric staining (176). Nuclear staining of MyF5 revealed
dermomyotomal expression in the dorsal and ventral somites at 10 DPC, whereas Mrf4
expression was cytoplasmic and showed an early hypaxial expression plus the ventral and dorsal
myotome at 10 DPC. In both cases, we found between 1 and 3 damaged somites in mutant
embryos, possibly due to inadequate somitogenesis, whereas these alterations were practically

absent in wild type. Embryos under CoQie administration did not present any of these
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alterations, indicating that CoQio treatment was able to restore the altered myotome

development since early developmental stages.

Next, we performed a transcriptomic study on skeletal muscle, liver and brain in a later stage of
development (17 DPC). We decided to focus on these tissues because the skeletal muscle was
the main tissue affected in the adult mice, the liver was mild-affected maybe due to the

metabolic compensation, and the brain did not suffer any damage (77).

Mutant embryos suffered important gene deregulation in skeletal muscle. The 814 repressed
genes were associated with structural development and bioenergetic metabolism, such as “fatty
acid biosynthesis process”, “fatty-acyl-CoA metabolic process”, “cell-cell adhesion” or “Keratin
filament”. However, the 384 activated genes were associated with “skeletal muscle
differentiation and “myoblast fusion”. These results demonstrated that the transcriptomic

profile of the skeletal muscle was already altered on 17-days embryos, indicating that the

damages found in adult mice could have been initiated during embryonic development.

However, the transcriptomic profile of skeletal embryos from 17 DPC embryos prenatally
supplemented with CoQyo revealed that most of the GO previously repressed were activated,
and even some GO reached wild type levels. Interestingly, CoQio activated new pathways

indicating that CoQiowas able to modulate gene expression in a specific way.

Later, we explored the factors that could be modulating the altered gene expression in the
muscle of 17-days embryos, and we found a correlation between activation of miRNA and gene
repression. Also, promoter regions of deregulated genes in mutant embryos were enriched in
transcription factors that modulate myogenesis including Pax7, Myf5, or MyoD and others
involved in metabolisms such as VDR, Nr5a2 or Sf1, whereas modulated genes by CoQup in
mutant embryos were enriched in transcription factors that regulate myogenesis including
Mef2c and Mef2d. These results support the idea that transcription alterations could be

modulated by transcription factors that control the myogenesis process.

The transcriptomic profile in the liver from mutant embryos at 17 DPC showed weak
deregulation with 87 genes repressed and 23 genes activated. Most of the Gene Ontologies
deregulated were associated with metabolic process indicating that the metabolic deregulation
found in mice are mainly related to fatty acids accumulation. The alteration found in the liver
could be associated with the huge deregulation presented by skeletal muscle and could be a side
effect of the damage to the skeletal muscle due to the close relationship between these two

tissues.
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The transcriptomic profile of the brain in 17-days embryos showed small gene deregulation with
only 16 repressed genes and 8 activated. We consider that the lack of deregulation of brain
tissue could also be associated with the lack of symptoms in the CNS described in adult mice

(77), indicating that the damage would be tissue-specific.

All these results together could explain the smaller size and the visual defects of the mutant
embryos, which could be related to delayed development, and emphasized the benefits of a
prenatal CoQyo treatment that tend to recover these defects. Furthermore, the evaluation of the
tibia length as a marker of development corroborated that mutant embryos tend to have
potential decreased development. All gene expression analysis were performed in heterozygous
mutant embryos due to homozygous mutant embryos were no viable and they died before birth,
also the human patient was heterozygous for the mutation, for these reasons we focused on the

heterozygous mutant mice.

Finally, we could conclude that mutant embryos suffer alterations during embryonic
development that condition the proper embryonic development resulting in an impairment of

prenatal myogenesis.
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4.2 CHAPTER 2: Postnatal myogenesis in the Adck2 mouse model.

4.2.1 Introduction

The results found during the study of embryonic development suggest that skeletal muscle
formation could be compromised. Consequently, to perform a close approximation to skeletal
muscle formation, we decided to study postnatal myogenesis using the primary culture of adult
muscle stem cells as a model. Embryonic myogenesis and adult muscle stem cell activation share
elements such as transcription factors and signalling molecules (138). Transcription factors that
regulate myogenic differentiation of the precursor cells in mammalian skeletal muscle are
similar to those observed during skeletal muscle development, including embryogenesis,

postnatal and juvenile stages, and skeletal muscle repairment and regeneration (101).

Furthermore, stem cells have important metabolic flexibility that allows them to shift from
glycolysis to oxidative phosphorylation during quiescence, self-renewal and differentiation,
highlighting the importance of different metabolic pathways in skeletal muscle stem cell
metabolism (177). As our heterozygous Adck2 knockout mice present a mitochondrial
dysfunction characterized by a decrease in CoQ levels, an impairment in the ETC and a defect in
fatty acids B-oxidation (77). We proposed that the different metabolic pathways that are
regulated during the myogenesis process could potentially be altered in SCs from our mutant

mice.

So, to determine how an altered metabolism can affect the myogenesis process, we decided to
study the proliferation and differentiation stages of SCs isolated from our mutant mice.
Additionally, as it was reported that clinical manifestations were more severe in the human
patient during ageing (77), analyses of postnatal myogenesis were performed on SCs from young
mice (three-month-old) and SCs from old mice (two-year-old). Furthermore, as we have
described in chapter 1 that the compromised prenatal myogenesis in ADCK2 embryos was
improved under CoQio administration, we decided to check the effect of CoQio administration
on SCs. Therefore, we described in this chapter SCs activation, proliferation, differentiation, and
specification from wild type and mutant mice, treated or not with CoQuo during both youth and

old ages.

Finally, we decide to support our in vitro analysis with in vivo study of postnatal myogenesis. For
this purpose, we studied skeletal muscle regeneration after 14 days post BaCl, injection into the
TA muscle. We used this approach due because BaCl, mimics the pathological elevations of
intracellular Ca%*, resulting in degeneration of myofibers and their posterior regeneration by SCs

(137). Again, based on the progressive clinical manifestations reported in the human patient, we
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decided to perform this experiment in young mice (three-month-old) and old mice (two-year-
old) treated or not with CoQio administration. In all cases, mice were sacrificed 14 days after
BaCl, injection and TA muscle was carefully dissected and frozen for immunohistochemical

analysis.

On balance, the present chapter is focused on the study of postnatal myogenesis through in vitro
and in vivo approaches, including ageing as a factor that could increase the severity of the

phenotype.
ADCK2 mice have fewer satellite cells attached to myofibers

First, we studied SCs when they were still attached to myofibers to quantify the number and
status of SCs in old mice. To do that, isolated and collagen free myofibers from the EDL muscle
were stained to quantify the SCs on their surface. SCs were distinguished from the rest because

they were Pax7 positive (Figure 36A).

Myofibers from aged wild type mice had almost twice as many SCs as those from the mutant
(mean value for WT was 4.08 and for mutant, 2.72), whereas myofibers from mutant mice
supplemented with CoQio showed an increase in the number of SCs (mean value was 4.18). No
differences were found between the number of SCs attached to myofibers in mutant mice
supplemented with CoQio showed compared to wild type animals (Figure 36B), which showed

the effectiveness of the treatment in the loss of SCs during ageing.

Next, we represented the distribution of the number of SCs per myofibers finding that mutant
mice had a higher proportion of myofibers with a lower number of SCs compared with wild type
(Figure 36B). More significantly, the profile of mutant myofibers supplemented with CoQio was
more similar to wild type. Wild type animals under CoQio supplementation very slightly

increased the number of SCs per myofibers without reaching significant differences.
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Figure 36. Satellite cells on myofibers from old mice.

(A) Representative images of Pax 7 staining for SCs quantification. DAPI was used to stain in blue all the nuclei from
the myofiber, whereas Pax7 was used to stain in green the nuclei of satellite cells. Myofibers were fixed in 4% PFA
after myofibers isolation. (B) Quantification and distribution of the number de SCs attached to myofibers. Each dot
represents the number of SCs per myofiber. Each bar shows the mean of SCs found in all myofibers extracted from
each EDL muscle. Five animals were used for this quantification. Data represent the mean +/- SD. A one-way ANOVA
test was applied. P-values <0.05 were considered statistically significant. Satellite cells population analysis in the
different groups studied. The global mean and mode for each genotype and treatment was for wild type, 4.08 SCs per
myofiber (mode=4); for Adck2*-, 2.78 (mode= 2), for wild type supplemented with CoQuq, 4.53 (mode=4); and for
Adck2*/- supplemented with CoQyo, 4.18 (mode=4).
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In vitro analysis reveals an alteration of myogenesis

We had demonstrated that myofibers of mutant mice had fewer SCs. To determine if this
reduction could affect myogenesis, we isolated SCs from young and old mice and we plated them
in a proliferative medium that contains high serum concentration to allow them to grow and
divide. Active SCs were distinguished from the rest because they were Pax7 positive, whereas
DAPI was able to stain the nuclei of all cells present in the culture (Figure 37A). Next, we
guantified the proportion of Pax7 positive cells along the time to determine the proliferative
status of SCs, which was defined as the Pax7/DAPI ratio. The study did not prolong more than

72 hours because SCs would start to differentiative after 3 days of culture.

No differences were found between SCs isolated from wild type and SCs from heterozygous
Adck2 knockout mice for 72 hours neither in young mice (Figure 37B) nor old mice (Figure 37C).
However, the number of Pax7 positive cells was higher in young mice compared with old mice
at all time points studied, indicating that SCs from young mice presented a higher proliferative

status.

To mimic CoQuo administration in the in vitro assays, 10 UM CoQ was added to the culture
medium of SCs extracted from supplemented animals. The proliferative status of SCs under
CoQuo supplementation seemed to be 10-20% higher in both genotypes, although the increase
was not significant concluding that CoQio administration to SCs could tend to intensify SCs

proliferative status.
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Figure 37. Myogenic proliferation on satellite cells.

Pax7 antibody staining was used to distinguish proliferative satellite cells and to determine stem cell identity through
consecutive cell division in proliferation conditions. Satellite cells were cultured with the proliferative medium. (A)
Representative images of Pax7 and DAPI positive cells. (B) Proliferation analysis during 72 hours in cells from young
mice. (C) Proliferation analysis during 72 hours in cells from young mice and old mice. The mean value was calculated
from 4 different wells and each dot represents the mean value of five random pictures taken from the same culture
well. Data represent the mean +/- SD. A one-way ANOVA test was applied. P-values <0.05 were considered statistically
significant.

Next, we determined the differentiation process of SCs by following the expression of the MyHC
protein, which allowed us to quantify the increase in the size of the newly formed myotube once
SCs started to differentiate. The differentiation was induced by a decrease in the serum

concentration in the medium and was followed every 24 hours for 5 days so that 5-time points
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were assayed (24, 48, 72, 96 and 120 hours). SCs were isolated from EDL muscle dissected from
three-month-old mice, both wild type and mutant in standard conditions and under CoQjo
administration. Then, individual myofibers were separated from the EDL muscle and later plated
to induce SCs activation. Finally, SCs were separated from myofibers and plated for
differentiation experiments. To mimic CoQio administration in the in vitro assays, 10 uM CoQyo
was added to the culture medium of SCs extracted from animals under treatment. The
differentiation process was quantified by measuring several markers of myotubes
differentiation, such as the increase in size (growth) and ramification. Representative images of
the differentiation process along the time for each of the groups studied are shown in young
(Figure 38) and old mice (Figure 40). The differentiation status was determined by quantification
of the MyHC area, length of the myotubes and their ramification capacity. Figure 39 shows the
differentiation parameters studied of myotubes from young mice, whereas Figure 41 represents

the results of myotubes from old mice.

Adck2*/* CoQ,, Adck2*/- CoQ,

Adck2*/+

24H

48H

72H

96H
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Figure 38. Differentiation process of satellite cells isolated from young mice.

Representative images of satellite cells differentiate into myotubes, differentiation to myotubes was induced by a
reduction in serum concentration. Fresh medium was replaced in each well every 48 hours to avoid nutrient
depletion. The final concentration of CoQyo was adjusted to 10 uM and it was replaced every 48 hours. DAPI was used
to stain in blue the nuclei of the myotubes, while differentiated myotubes were stained in green with a MyHC
antibody. The differentiation process was determined by following the increase of the MyHC area in myotubes at 24
(A), 48.(B), 72 (C), 96 (D) and 120 hours (E).

Cells from mutant mice presented lower MyHC area compared with those isolated from wild
type mice, and this difference became bigger as the differentiation progressed (Figure 39A).
However, the differentiation index did not show differences between mutant and wild type cells.
We did not find any significant effect associated with CoQio administration in these two

parameters.

We also analysed the length of the myotubes over 120 hours as another marker of
differentiation and myotube growth (Figure 39B), finding that myotubes from mutant mice were
shorter compared with myotubes from wild type mice. What is more spellbinding was that CoQyo
supplementation increased the length of myotubes in mutant mice, while the treatment did not

show any effect on the length of myotubes in wild type mice.

Finally, we also quantified the ramification capacity in the myotubes for 120 hours as another
marker of myotubes differentiation and growth (Figure 39C). Particularly, we quantified the
proportion of myotubes with two branches (linear myotubes without ramification), three
branches (1 ramification) or four branches (2 ramifications) in these samples. In agreement with
the rest of the measures performed, statistical analysis is shown in Table 14. We found that
mutant myotubes present a lower branching capacity and consequently a lower number of
ramifications compared with wild type myotubes in the final time points of the period studied.
Additionally, myotubes supplemented with CoQq isolated from mice treated with CoQi0 showed
anincrease in the branching capacity in the final points of the period studied. Branching capacity
occurred in mature myotubes and thus it was necessary to study this parameter longitudinally
to detect defects in the final stages of myotube differentiation. Initially, we did not find any
difference in the branching capacity of the myotubes of the different groups studied (Figure
39C), although it seems that mutant increases the proportion of ramified myotubes slower
compared to wild type myotubes, indicating impairment on differentiation in terms of
ramification capacity. Besides, CoQio addition increased the velocity of generated ramifications

in myotubes and, thus, could accelerate the differentiation process.
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Figure 39. Figure differentiation process analysis of satellite cells isolated from young mice.

Satellite cells from young mice were isolated and differentiated to myotubes for 120 hours. DAPI was used to stain in
blue the nuclei of the myotubes, while differentiated myotubes were stained in green with Myosin heavy chain
(MyHC) antibody. The differentiation process was determined by following the increase of MyHC expression by
immunostaining. Differentiation of satellite cells to myotubes is induced by a reduction in serum concentration. (A)
MyHC area. (B) Differentiation index. (C) Myotubes length. (D) Branching capacity. Data represent the mean +/- SD.
One-way ANOVA test was applied. P-values <0.05 were considered statistically significant.

Table 14 Statistic analysis of branching capacity in myotubes from young mice

Time point 24 hours

Branches 2 Branches 3 Branches 4

Comparison Significance | Comparison Significance | Comparison Significance
Adck2*/* vs ns Adck2*/+vs ns Adck2/+vs ns
Adck2*/* CoQao Adck2*/* CoQao Adck2*/* CoQao

Adck2+* vs ns Adck2*/+vs ns Adck2*/+vs ns
Adck2+/- Adck2+/- Adck2+/-

Adck2*/* vs ns Adck2*/* vs ns Adck2*/+ vs ns
Adck2*- CoQao Adck2*/- CoQuo Adck2*/- CoQuo

Adck2** CoQqovs | ns Adck2*/* CoQqovs | ns Adck2*/* CoQqovs | ns
Adck2*/- Adck2*/- Adck2*/-

Adck2** CoQqovs | ns Adck2*/* CoQqovs | ns Adck2*/* CoQuovs | ns
Adck2*/-CoQuo Adck2*/-CoQao Adck2*/-CoQao

Adck2*-vs ns Adck2*- vs ns Adck2*- vs ns
Adck2*- CoQyo Adck2*- CoQjio Adck2*- CoQyo

Time point 48 hours

Branches 2 Branches 3 Branches 4

Comparison Significance | Comparison Significance | Comparison Significance
Adck2*/* vs ns Adck2*/+vs ns Adck2/+vs ns
Adck2*/* CoQao Adck2*/* CoQuo Adck2*/* CoQao

Adck2*/* vs p=0.0005 Adck2+ vs ns Adck2/+ vs p=0.0240
Adck2+/- Adck2+/- Adck2+/-

Adck2*/* vs ns Adck2+ vs ns Adck2+ vs ns
Ade2+/' COQlo Ade2+/’ COQlo Ade2+/' COQlo

Adck2** CoQovs | p=0.0011 Adck2** CoQovs | p=0.0485 Adck2*/* CoQqovs | ns
Adck2+- Adck2*/- Adck2*/-

Adck2*/* CoQovs | ns Adck2*/* CoQqovs | ns Adck2*/* CoQuovs | ns
Adck2*/-CoQuo Adck2*/-CoQao Adck2*/-CoQao

Adck2*/-vs p=0.0175 Adck2*/-vs ns Adck2*/-vs ns
Adck2*- CoQyo Adck2*- CoQjio Adck2*- CoQyo

Time point 72 hours

Branches 2 Branches 3 Branches 4

Comparison Significance Comparison Significance Comparison Significance
Adck2*/* vs ns Adck2*/+vs ns Adck2/+vs p=0.0099
Adck2*/* CoQao Adck2*/* CoQao Adck2*/* CoQao

Adck2*/* vs ns Adck2+ vs ns Adck2/+ vs ns
Adck2+- Adck2+/- Adck2+/-

Adck2*/* vs ns Adck2+ vs ns Adck2+ vs p=0.0137
Adck2*- CoQao Adck2*/- CoQuo Adck2*/- CoQuo

Adck2** CoQqovs | ns Adck2*/* CoQqovs | ns Adck2*/* CoQqovs | ns
Adck2*- Adck2*/- Adck2*/-

Adck2*/* CoQiovs | ns Adck2*/* CoQqovs | ns Adck2*/* CoQuovs | ns
Adck2*/-CoQuo Adck2*/-CoQyo Adck2*/- CoQao

Adck2*-vs ns Adck2*- vs ns Adck2*- vs ns
Adck2*- CoQao Adck2*/- CoQuo Adck2*/- CoQuo

Time point 96 hours

Branches 2 Branches 3 Branches 4

Comparison Significance Comparison Significance Comparison Significance
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Ade2+/' COQ10

Ade2+/' COQ10

Ade2+/' COQlo

Adck2*/+ vs ns Adck2** vs ns Adck2*/* vs ns
Adck2*/* CoQyq Adck2*/* CoQo Adck2*/* CoQip

Adck2/+vs ns Adck2+* vs ns Adck2*/* vs ns
Adck2*/- Adck2*- Adck2*/-

Adck2*/+vs ns Adck2+ vs ns Adck2*/* vs ns
Adck2*/- CoQuo Adck2*- CoQio Adck2*/- CoQo

Adck2*/* CoQovs | p=0-0026 Adck2*/* CoQiovs | p=0-0014 Adck2*/* CoQqovs | ns
Adck2+/- Adck2+- Adck2+/-

Adck2*/* CoQqovs | ns Adck2** CoQuovs | ns Adck2*/* CoQqovs | ns
Adck2*/-CoQao Adck2*/-CoQao Adck2*/-CoQup

Adck2*- vs p=0.0044 Adck2*- vs p=0.0009 Adck2*/- vs ns
Adck2*/- CoQio Adck2*- CoQio Adck2*/- CoQuo

Time point 120 hours

Branches 2 Branches 3 Branches 4

Comparison Significance Comparison Significance Comparison Significance
Adck2*/+ vs p=0.0283 Adck2*/* vs p=0.0110 Adck2*/* vs ns
Adck2*/* CoQyo Adck2*+ CoQio Adck2** CoQyo

Adck2/+ vs p=0.0014 Adck2+ vs p=0.0129 Adck2*/* vs p=0.0091
Adck2*/- Adck2*- Adck2*/-

Adck2/* vs ns Adck2*/* vs ns Adck2*/* vs ns
Adck2*/- CoQuo Adck2*- CoQio Adck2*/- CoQuo

Adck2*/* CoQovs | p<0.0001 Adck2** CoQaovs | p<0.0001 Adck2** CoQovs | p=0.0044
Adck2+/- Adck2+- Adck2+/-

Adck2*/* CoQovs | p=0.0070 Adck2*/* CoQovs | p=0.0255 Adck2*/* CoQqovs | ns
Adck2*/-CoQao Adck2*/-CoQao Adck2*/-CoQp

Adck2*- vs p=0.0053 Adck2*- vs p=0.0056 Adck2*/- vs ns

Non significant (ns); Versus (vs).

To quantify this, we correlated these parameters along time to calculate the slope of the line as
a marker to measure the velocity of differentiation (Table 15). The slope of the line was always
slightly smaller in mutant myotubes than in the wild type, indicating that differentiation could
be affected in mutant mice. The effect of CoQio supplementation on mutant myotubes was only

clear in the myotube length and their ramification capacity.

Table 15 Differentiation analysis in myotubes from young mice

Parameter: MyHC area

Group The slope of the line R squared on the graph
Adck2* 0.1478 R?=0.5633
Adck2** +CoQaq 0.1763 R2=0.7982
Adck2- 0.1082 R? =0.4945
Adck2*/- +CoQuo 0.0948 R?=0.6329

Parameter: Differentiation Index

Group The slope of the line R squared on the graph
Adck2+ 0.2929 R?2=0.6292
Adck2*/* +CoQgo 0.3208 R?=0.8363
Adck2*/- 0.2426 R?=0.4681
Adck2*- +CoQao 0.1507 R?2=0.4143

Parameter: Myotubes length

Group The slope of the line R squared on the graph
Adck2* 0.6961 R*=0.2606
Adck2*/* +CoQup 0.7997 R?=0.4621
Adck2* 0.5693 R?=0.3094
Adck2*- +CoQyo 0.9511 R?=0.5591

Parameter: Ramificated myotubes
Group

The slope of the line R squared on the graph
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Adck2+* 0.112 R*=0.2857
Adck2*/* +CoQyq 0.1381 R?=0.3998
Adck2* 0.0552 R?=0.1998
Adck2*/- +CoQuo 0.1251 R*=0.441

We also studied the differentiation process of SCs isolated from old mice in both wild type and
mutant mice under standard conditions and under CoQio administration. Figure 40 showed

representative images of the myofibers along the differentiation process.

Adck2+/* Adck2*/* CoQy, Adck2+/- Adck2*/- CoQy,

24H

Figure 40. Differentiation process of satellite cells isolated from old mice.

Representative images of satellite cells differentiate into myotubes, differentiation to myotubes was induced by a
reduction in serum concentration. Fresh medium was replaced in each well every 48 hours to avoid nutrient
depletion. The final concentration of CoQso was adjusted to 10 uM and it was replaced every 48 hours. DAPI was used
to stain in blue the nuclei of the myotubes, while differentiated myotubes were stained in green with a MyHC
antibody. The differentiation process was determined by following the increase of the MyHC area in myotubes. (A)
Differentiation at 24 hours. (B) Differentiation at 48 hours. (C) Differentiation at 72 hours.

The analysis from old mice revealed that differentiated mutant cells presented a much lower
MyHC area compared with myotubes from wild type mice and that such differences got bigger
as differentiation progressed (Figure 41A). We also found that the differentiation index was
reduced in mutant cells indicating a lower proportion of differentiated cells. When mutant cells

were treated with CoQyo, they showed similar values to wild type cells in both parameters.

We also determined myotubes length as another marker of differentiation and myotube growth.

Myotubes from mutant mice showed a decrease in myotubes length compared with myotubes
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from wild type cells at later stages of differentiation (Figure 41B). Again, myotubes from mutant

mice supplemented with CoQyo that also received CoQio during the differentiation showed an

increase in myotubes length, reaching wild type myotubes levels.

Finally, branching capacity was also quantified as another marker of myotubes differentiation

and growth in terms of ramification. Initially, there were no differences between the groups

analysed, but as differentiation progresses, we discovered that myotubes from mutant mice

hardly branch out and still maintain a linear shape with only 2 ends compared with wild type

myotubes (Figure 41C), statistical analysis is shown in Table 16. In addition, mutant myotubes

treated with CoQjo displayed a ramification process similar to that of wild type myotubes with

also a similar proportion of branched myotubes.
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Figure 41. Differentiation process analysis of satellite cells isolated from old mice.
Satellite cells from old mice were isolated and differentiated to myotubes for 72 hours. DAPI was used to stain in blue
the nuclei of the myotubes, while differentiated myotubes were stained in green with Myosin heavy chain (MyHC)
antibody. The differentiation process was determined by following the increase of MyHC expression by
immunostaining. Differentiation of satellite cells to myotubes is induced by a reduction in serum concentration. (A)
MyHC area and differentiation index. (B) Myotubes length. (C) Branching capacity. Data represent the mean +/- SD.
A one-way ANOVA test was applied. P-values <0.05 were considered statistically significant.

Table 16 Statistic analysis of branching in myotubes from old mice

Time point 24 hours

Branches 2 Branches 3 Branches 4
Comparison Significance | Comparison Significance | Comparison Significance
Adck2*/* vs ns Adck2+ vs ns Adck2/+ vs ns
Adck2*/* CoQao Adck2*/* CoQao Adck2*/* CoQao
Adck2*/* vs ns Adck2+ vs ns Adck2/+ vs ns
Adck2+- Adck2+/- Adck2+/-

Adck2+/* vs ns Adck2+ vs ns Adck2+ vs ns
Adck2*- CoQyo Adck2*/- CoQp Adck2*- CoQyo
Adck2*/* CoQiovs | ns Adck2*/* CoQqovs | ns Adck2*/* CoQuovs | ns
Adck2+/- Adck2+/- Adck2+/-

Adck2** CoQovs | ns Adck2** CoQqovs | ns Adck2*/* CoQuovs | ns
Adck2*/-CoQyo Adck2*/- CoQao Adck2*-CoQup

Adck2*- vs ns Adck2*/- vs ns Adck2*- vs ns
Adck2*- CoQio Adck2*/- CoQp Adck2*/- CoQo

Time point 48 hours

Branches 2 Branches 3 Branches 4
Comparison Significance | Comparison Significance | Comparison Significance
Adck2*/* vs ns Adck2+ vs ns Adck2/+ vs ns
Adck2** CoQuo Adck2*/* CoQao Adck2*/* CoQag
Adck2*/* vs p=0.0100 Adck2*/* vs p=0.0141 Adck2*/* vs ns
Adck2+- Adck2+/- Adck2+/-

Adck2+/* vs ns Adck2+ vs ns Adck2+ vs ns
Adck2*- CoQio Adck2*- CoQag Adck2*- CoQyg
Adck2** CoQovs | p=0.0465 Adck2*+* CoQyovs | ns Adck2*+ CoQqovs | ns
Adck2+/- Adck2+/- Adck2+/-

Adck2*+ CoQiovs | ns Adck2** CoQiovs | ns Adck2*/* CoQiovs | ns
Adck2*-CoQag Adck2*/- CoQao Adck2*/- CoQao
Adck2*/-vs p=0.0005 Adck2*/-vs p=0.0008 Adck2*/- vs ns
Adck2*- CoQao Adck2*/- CoQup Adck2*/- CoQo

Time point 72 hours

Branches 2 Branches 3 Branches 4
Comparison Significance | Comparison Significance | Comparison Significance
Adck2*/* vs ns Adck2+ vs ns Adck2/+ vs ns
Adck2** CoQuo Adck2*/* CoQao Adck2*/* CoQao
Adck2*/* vs ns Adck2+ vs p=0.0035 Adck2+ vs ns
Adck2+- Adck2+/- Adck2+/-

Adck2+/* vs ns Adck2+ vs ns Adck2+ vs ns
Adck2*- CoQyo Adck2*/- CoQp Adck2*- CoQyo
Adck2*/* CoQqovs | p=0.0401 Adck2*/* CoQqovs | p=0.0271 Adck2*+ CoQqovs | ns
Adck2+/- Adck2+/- Adck2+/-

Adck2*+ CoQovs | ns Adck2** CoQqovs | ns Adck2*/* CoQuovs | ns
Adck2*/-CoQyq Adck2*/- CoQio Adck2*-CoQup

Adck2*/- vs p=0.0210 Adck2*/-vs p=0.0099 Adck2*/- vs ns
Adck2*- CoQyo Adck2*- CoQyo Adck2*- CoQio
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To quantify the differentiation process over time, we also correlated these parameters over time
to calculate the slope of the line as a marker to measure the velocity of differentiation (Table
17). Myotubes from old mutant mice present a much slower slope compared to wild type in all

the parameters analysed. And again, the differentiation was improved under the CoQio

administration.

Table 17 Differentiation analysis in myotubes from old mice

Parameter: MyHC area

Group The slope of the line R squared on the graph
Adck2*/* 0.0913 R*=0.617
Adck2*/* +CoQgo 0.0724 R2=0.583
Adck2* 0.0383 R?=0.2971
Adck2*/- +CoQqo 0.0493 R?=0.4292

Parameter: Differentiation Index

Group The slope of the line R squared on the graph
Adck2* 0.4199 R?2=0.7942
Adck2*/* +CoQgo 0.3087 R? =0.8805
Adck2- 0.3498 R?=0.6258
Adck2*/- +CoQap 0.2004 R2=0.3784

Parameter: Myotubes length

Group The slope of the line R squared on the graph
Adck2/* 2.2062 R?=0.5995
Adck2** +CoQuo 1.8922 R?2=0.5727
Adck2" 0.6097 R?2=0.1867
Adck2*/- +CoQup 2.4841 R?=0.9203

Parameter: Ramificated myotubes

Group The slope of the line R squared on the graph
Adck2*/* 0.4264 R?=0.6259
Adck2*/* +CoQyo 0.4835 R?=0.6755
Adck2- 0.1382 R?2=0.1292
Adck2*- +CoQyo 0.5153 R?=0.6430

On balance, these results demonstrated that myotubes from old mutant mice presented a delay
in differentiation compared with wild type, which led to smaller myotubes, and what is more
significant, administration of CoQio produced an increase in all the differentiation markers

analysed.
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Mitochondrial respiration in differentiated myotubes from satellite cells

Next, we analysed the mitochondrial respiratory activity in differentiated myotubes from
primary SCs obtained from young (Figure 42) and old mice (Figure 43). We analysed in both cases
wild type and mutant myotubes, including also cells from mice supplemented with CoQi0. To do
that, freshly isolated SCs were directly plated in the chamber of the Seahorse cell culture plate
and then differentiated to myotubes in the same plate of the assay. On the day of the assay,
myotubes were washed carefully with a washing medium, and once the experiment was
complete, cells were trypsinized and collected for protein quantification. So, we performed the
analysis on in vitro differentiated myotubes from SCs using different energy substrates to
stimulate the mitochondrial energetic metabolism, specifically glucose to stimulate the Krebs
cycle plus the ETC (Figure 42A and 43A), and palmitoyl-DL-carnitine to stimulate fatty acids
oxidation plus the ETC (Figure 42B and 43B).

Myotubes from young mutant mice showed a decrease in oxygen consumption when glucose
was used as an energetic substrate (Figure 42A). CoQio administration restored mitochondrial
respiration. However, no differences were found in basal respiration, neither proton leak nor
ATP between the different groups studied. Differences were found in the maximum respiratory
capacity and the spare capacity, while CoQio supplementation produced an increase in both

parameters in wild type and mutant myotubes.

When fatty acids oxidation was measured, we found a huge decrease in myotubes from mutant
mice (reduction of 80%) compared to those from wild type (Figure 42B), corroborating the
defect in B-oxidation that we previously described (77). CoQio supplementation increased 3-
times oxygen consumption and the use of palmitoyl as an energetic substrate in mutant
myotubes, although the treatment did not get the myotubes to reach the levels of the wild type
and the respiration was kept 40% lower. CoQio supplementation did not affect the respiration

of wild type myotubes.
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Figure 42. Analysis of mitochondrial respiration in myotubes from young mice.

(A) Oxygen consumption rate in myotubes isolated from young mice. (B) Fatty acids B-oxidation in myotubes isolated
from young mice. One representative experiment of two or three independent experiments is shown for each assay.
Oxygen consumption studies were performed in a Seahorse XFe24 Analyzer. The final concentration of CoQo was
adjusted to 10 uM and it was replaced every 48 hours. Oligomycin is an inhibitor of complex V. FCCP is a potent
mitochondrial oxidative phosphorylation uncoupler. Antimicyn A is an inhibitor of complex lIl. Rotenone is an inhibitor
of complex I. Digitonin was used to permeate the cell plasma membrane. Malate is a Krebs cycle intermediary and an
NADH inductor. ADP is a substrate of complex V. Palmitoyl-l-carnitine chloride is a substrate of fatty acids B-oxidation.
FA, fatty acids; FAO, fatty acids oxidation; OCR, oxygen consumption rate; FCCP, Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone. Data represent the mean +/- SD. One-way or two-way ANOVA tests were applied.
P-values <0.05 were considered statistically significant.

These differences got bigger when myotubes from old mutant mice were analysed. The oxygen
consumption rate using glucose as energy substrate demonstrated that mutant myotubes from
old mice have practically no basal respiration nor proton leak as OCR kept linear after the
addition of the inhibitors (Figure 43A). Also, the maximum respiration was 3-times lower than
control and there was no ATP production, whereas the spare capacity was reduced to half the
value shown by wild type myotubes. CoQio supplementation restored all these parameters
allowing mutant myotubes to reach the wild type values. CoQuo supplementation also improved

these parameters in wild type myotubes.
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We also found a huge reduction when palmitoyl was used as an energetic substrate (Figure 43B).

In contrast, myotubes obtained from old mice supplemented with CoQio experimented with an

improvement in mitochondrial respiration and practically reached the wild type values.
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Figure 43 Analysis of mitochondrial respiration in myotubes from old mice

(A) Oxygen consumption rate in myotubes in myotubes isolated from young mice. (B) Fatty acids B-oxidation in
myotubes isolated from young mice. One representative experiment of two or three independent experiments is
shown for each assay. Oxygen consumption studies were performed in a Seahorse XFe24 Analyzer. The final
concentration of CoQio was adjusted to 10 uM and it was replaced every 48 hours. Oligomycin is an inhibitor of
complex V. FCCP is a potent mitochondrial oxidative phosphorylation uncoupler. Antimicyn A is an inhibitor of
complex lll. Rotenone is an inhibitor of complex I. Digitonin was used to permeate the cell plasma membrane. Malate
is a Krebs cycle intermediary and an NADH inductor. ADP is a substrate of complex V. Palmitoyl-l-carnitine chloride is
a substrate of fatty acids B-oxidation. FA, fatty acids; FAO, fatty acids oxidation; OCR, oxygen consumption rate; FCCP,
Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone. Data represent the mean +/- SD. One-way or two-way ANOVA
tests were applied. P-values <0.05 were considered statistically significant.

Analysing all these results together, differences seem to be bigger in old mice, suggesting that
ageing could be making the phenotype in mutant cells more severe. On balance, mutant
myotubes present a defect in oxygen consumption using glucose or palmitoyl as substrates and

the defect is clearer when we analysed myotubes isolated from old mice. Interestingly myotubes
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treated with CoQyo that were isolated from mutant mice treated with CoQs0 showed an increase

in respiration using both substrates.
In vivo assessment of postnatal myogenesis in young and old mice

We have demonstrated that the myogenesis was altered in mutant myotubes. To evaluate if the
myogenesis process is compromised in vivo, we analysed the regeneration process after skeletal
muscle damage fourteen days after BaCl; injection. As it was mentioned before, BaCl; injection
into the skeletal muscle induced skeletal muscle damage and regeneration. BaCl, mimics the
pathological elevations of intracellular Ca?*, induces massive necrosis of myofibers, and
migration of neutrophils and macrophages that lead to inflammation and subsequent SCs
activation, which will grow into the damaged area to regenerate myofibers. Initially, SCs will be
activated, proliferate, and differentiate into myotubes. During this process, SCs occupy a central
position in the transversal section of the myofiber, being this a signal of regeneration. Finally,
the nuclei of matured myotubes in regenerated myofibers will be displaced into the periphery

and then myofibers will not show central myonuclei.

To perform the experiments, mice were anaesthetized for BaCl, injection and when they did not
show reflex response, which consists of evaluating if there is a loss of reflex on limb retraction
followed by relaxation of the abdominal muscles, then mice were prepared for injection. As we
previously found that alteration in in vitro studies was bigger when differentiation was assayed
for a longer time, we decided to study a later stage of in vivo regeneration, so that mice were
sacrificed 14 days post-injection (dpi) and TA muscles were dissected for immunostaining
analysis. Particularly, we decided to assess the final stage of the regenerative process by
analysing the presence and the number of central nuclei as markers of skeletal muscle
regeneration. Transversal cuts of TA muscle 14 days after BaCl, injection were stained using
dystrophin antibody to show the basal lamina in green, and with DAPI to stain the myonuclei in
blue. The whole transversal section was analysed to have a global vision of the muscle during
the regeneration process and to avoid problems related to the selection of specific areas of the
muscle section. We performed this assay to determine the effect of ADCK2 mutation over in vivo
skeletal muscle regeneration and the potential effect of CoQi0 administration. Also, as we found
that ageing could be a modulator in the severity of the phenotype of our mutant mice, we
decided to study 3-month-old young (Figure 44) and 2-year-old mice (Figure 46). Fourteen days
after BaCl, injection, myofibers that did not show central myonuclei could not have been
damaged, whereas myofiber with 2, 3 or 4 central myonuclei could be in the middle of the

regenerative process.
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Figure 44. In vivo assessment of satellite cell regeneration capacity in young mice

Representative images. Nuclei of the TA muscle sections were stained with DAPI in blue. The extracellular matrix of
the myofiber membrane was stained with an antibody that localizes dystrophin protein in green. When the
immunostaining where finished we carried the image acquisition with a Stellaris Confocal Laser Scanning Microscope
from Leica, for image analysis we perform an image segmentation analysis that allow us to study every single myofiber
of the whole skeletal muscle section (2000-2500 myofibers per muscle) and for myonuclei quantification, we used a
Fiji macro by which we can isolate and quantify the number of central myonuclei in every single myofiber of our
muscle image what ensure an automatic and quick method for analysis. CoQg in nanoparticles was dissolved in the
water bottle, mean CoQgo intake was estimated at 1-1.5 mg/day (33.33-50 mg/kg/day).
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Initially in young mice, we did not find differences in the proportion of central myonuclei
between wild type and mutant mice because both groups showed the same proportion of
myofibers with zero, one, two, three and four central myonuclei (Figure 45A). Nevertheless, we
detected that both groups under CoQie administration presented a lower proportion of
myofibers that exhibited two, three or four central myonuclei indicating that CoQio could be

either protecting against skeletal muscle damage or accelerating the dynamics of regeneration.

Later, myofiber cross-sectional area (Figure 45B), ferret diameter (Figure 45C) and perimeter
(Figure 45D) were determined in each myofiber that showed no central myonuclei, myofibers
that potentially would have been protected from BaCl,. No differences were found between
wild type and mutant mice under standard conditions, but interestingly an increase in cross-
sectional area, ferret diameter and perimeter were found in mice supplemented with CoQo.
The increase in the skeletal muscle size could be an indicator of accelerated skeletal muscle

regeneration or higher protection against muscle damage under CoQi administration.
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Figure 45. Distribution of central myonuclei and size analysis of myofibers with no central myonuclei in young mice.

(A) Distribution of central myonuclei. Nuclei of the TA muscle sections were stained with DAPI in blue. The
extracellular matrix of the myofiber membrane was stained with an antibody that localizes dystrophin protein in
green. Figures 40B, C and D also show the analysis of the myofibers size of myofibers that no present central
myonuclei and are considered matured regenerated myofibers. (B) CSA in young mice. (C) Feret diameter in young
mice. (D) Perimeter in young mice. Data represent the mean +/- SD. A one-way ANOVA test was applied. P-values
<0.05 were considered statistically significant.

Additionally, we decided to perform the same experiment using two-year-old mice to analyse

the response of our old heterozygous Adck2 knockout mice to BaCl; injection and also the effect

of longitudinal CoQio administration in response to skeletal muscle damage in old mice (Figure

46).
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Figure 46. In vivo assessment of satellite cell regeneration capacity in old mice.

Representative images. Nuclei of the TA muscle sections were stained with DAPI in blue. The extracellular matrix of
the myofiber membrane was stained with an antibody that localizes dystrophin protein in green. When the
immunostaining where finished we carried the image acquisition with a Stellaris Confocal Laser Scanning Microscope
from Leica, for image analysis we perform an image segmentation analysis that allow us to study every single myofiber
of the whole skeletal muscle section (2000-2500 myofibers per muscle) and for myonuclei quantification, we used a
Fiji macro by which we can isolate and quantify the number of central myonuclei in every single myofiber of our
muscle image what ensure an automatic and quick method for analysis. CoQug in nanoparticles was dissolved in the
water bottle, mean CoQy intake was estimated at 1-1.5 mg/day (33.33-50 mg/kg/day).




The proportion of central myonuclei in old mice after 14 days post BaCl; injection showed that
mutant mice presented a higher proportion of myofiber with 2, 3 or 4 central myonuclei
compared with wild type mice, whereas mutant mice supplemented with CoQio presented a
lower proportion of myofiber with 2, 3 or 4 central myonuclei (Figure 47A). No differences were
found between mutant mice under CoQio treatment and wild type animals. These results
suggest that a higher proportion of myofibers from mutant animals are still in the regeneration
process while a higher proportion of myofibers from both wild type and mutant mice under
CoQio administration have been regenerated or another explanation could be that fewer

myofibers have been damaged by BaCl, under CoQuo supplementation.

Also, myofiber cross-sectional area (Figure 47B), ferret diameter (Figure 47C) and perimeter
(Figure 47D) were determined in each myofiber that showed no central myonuclei. And again,
no differences were found between wild type and mutant mice under standard conditions, but
interestingly an increase in cross-sectional area, ferret diameter, and perimeter were found in
mice supplemented with CoQuo. These results could indicate that the accelerated skeletal muscle

regeneration was maintained through ageing in mice under CoQjo supplementation.
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Figure 47 Distribution of central myonuclei and size analysis of myofibers with no central myonuclei in old mice.

(A) Distribution of central myonuclei. Nuclei of the TA muscle sections were stained with DAPI in blue. The
extracellular matrix of the myofiber membrane was stained with an antibody that localizes dystrophin protein in
green. Figures 47B, C and D also show the analysis of the myofibers size of myofibers that no present central
myonuclei and are considered matured regenerated myofibers. (B) CSA in young mice. (C) Feret diameter in young
mice. (D) Perimeter in young mice. Data represent the mean +/- SD. A one-way ANOVA test was applied. P-values
<0.05 were considered statistically significant.

176



4.2.2 Discussion of chapter 2:
The present chapter studied myogenesis using adult muscle stem cells as a model where the
focus was to determine if alterations reported during embryonic myogenesis shown in the first

chapter would be reflected in postnatal myogenesis.

We studied SCs when they are still attached to myofibers to quantify the number and status of
SCsin young and old mice. After that, we isolated SCs and seeded them in a proliferative medium
that contains a high serum concentration. SCs were distinguished because they were Pax7
positive. We plated freshly SCs in a medium containing low serum to study the differentiation
process through several markers of myotubes differentiation, growth and ramification. As we
found differences during differentiation, we decided to perform bioenergetic analysis in these
cells, particularly, we chose to focus on respiration assays using different energetic substrates
to stimulate the Krebs cycle plus the ETC using glucose as substrate in the medium of the assay
or inciting B-oxidation plus the ETC using palmitoyl-L-carnitine as substrate. Finally, as we
discovered some differences in the last stages of myotubes differentiation probably associated
with the bioenergetic defect previously described in the mutant mice, we decided to support
our in vitro results with an in vivo experiment where we injected BaCl in the TA muscle and after
fourteen days mice were sacrificed, and the regeneration status was examined. We chose a later
stage of in vivo regeneration experiment because differences found in the in vitro approach were

higher in the later time points studied.

A previous study reported that SCs isolated from patients that suffer facioscapulohumeral
muscular dystrophy (FSHD) presented a defective myogenic differentiation leading to smaller
myotubes (167), particularly they performed a morphological study of the myotubes showing
hypotrophic myotubes with lower MyHC area. More importantly, in our project, we found that
myotubes differentiated from SCs of our mutant mice presented a lower MyHC area, but also a
lower myotubes length and a reduced branching capacity associated with a ramification defect.
Therefore, we think that these data could support the idea that myotubes from mutant mice
presented a morphological defect that results in hypotrophic myotubes. The alterations could
be associated with the defect reported in skeletal muscle formation during embryonic
development setting a reflection of embryonic myogenesis in our postnatal myogenesis
approximation. Besides, the differences reported were higher in myotubes from old mice
indicating that skeletal muscle from mutant old mice has a more severe phenotype suggesting
the idea that ageing could be an important factor in the phenotype of our heterozygous Adck2

knockout mice.
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In addition, the same study conducted a sequencing screening during the differentiation process
of myotubes obtained from FSDH patients to determine the establishment of the disease (167).
They reported the suppression of mitochondrial biogenesis through the peroxisome
proliferator-activated receptor-gamma coactivator 1-a (PGCla) as the cause of the hypotrophic
phenotype found in the myotubes from FSDH patients. This fact allows us to establish another
link between the result found in our in vitro differentiation experiments and the results of this
study suggesting that a decrease in the CoQ levels together with a defective fatty acids B-
oxidation associated with ADCK2 mutation leads to respiratory chain defects that could be the

cause of the hypotrophic status reported in the mutant myotubes.

Also, they reported a screening test to rescue the hypotrophic characteristics of the myotubes
using food supplements that counteract the defect found in their RNA-sequencing data,
including biochanin A, daidzein, or genistein (167). In our case, as a decrease in CoQ levels has
been previously associated with ADCK2 mutation (77) (178), we decided to dose our SCs with
CoQyp using the procedure that we described in the method section. We studied SCs isolated
from mice that have been supplemented with CoQio during their entire life, the SCs have been
differentiated under CoQio administration. CoQio administration produced an increase in the
parameters studied during the differentiation process and recovered the hypotrophic
phenotype, suggesting the idea that CoQi0 administration improved the postnatal myogenesis

defect report in our model.

To explain the mechanism by which mutant myotubes present a hypotrophic phenotype, a
recent article suggests that the cause could be the metabolism of SCS and how it has to shift
from glycolytic to oxidative as the SCs proliferate and differentiate into myotubes (177). Indeed,
they first proposed that the metabolism of SCs has an impact on regeneration, muscle disorders,
and ageing, and described that muscle SCs in proliferation present a glycolytic metabolism that
switches to oxidative when they differentiate, including oxidative phosphorylation and B-
oxidation (179) (180), and second, that mitochondrial oxidative metabolism could function as

an indicator of differentiating state of stem cells and as a modulator of the stem cell fate.

The metabolism of SCs and how it shifts from glycolytic to oxidative as the SCs proliferate and
differentiate into myotubes are summarized in Figure 48. Initially, the activation of SCs from
quiescence to proliferation is associated with a metabolic reprogramming from fatty acids
utilization to glycolysis characterised by a decrease in intracellular levels of NAD(*) and the
function of the histone deacetylase SIRT1 where alteration of this metabolic switch could

impaired myofiber size and muscle regeneration (181). Additionally, quiescent stem cells
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present activated genes related to fatty acids transport into the mitochondria and B-oxidation
while genes involved in glycolysis are repressed. Moreover, fatty acids oxidation is associated
with a low metabolic rate sustaining muscle stem cell regeneration capacity. Deregulation of
fatty acids oxidation incite overproduction of ROS connected with a premature myotubes
differentiation resulting in a hypotrophy phenotype, a reduction in differentiation markers and

skeletal muscle regeneration impairment (182).
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Figure 48. Myogenic metabolism of satellite cells during quiescence, activation, proliferation and differentiation.
Figure 49 shows the metabolic pathways used by satellite cells in quiescent, proliferation and differentiation.
Quiescent satellite cells display an oxidative metabolism that mainly relies on fatty acids B-oxidation in the
mitochondria leading to the synthesis of ATP, lipids, nucleotides and proteins. Satellite cells on proliferation are more
dependent on glycolytic metabolism where glucose is the main substrate used to produce ATP, pyruvate, lactate and
anabolic reactions. Proliferative cells show a non-active mitochondrion in this particular state. Satellite cells on
differentiation show an increase in dependency on oxidative pathways where mitochondria are activated and fuelled
by different substrates (Adapted from (177)).

In contrast, SCs in a proliferative state present anaerobic glycolysis associated with activation of
anaerobic glycolysis gene expression (181). Besides, the glycolytic component of skeletal muscle
stem cell is demonstrated by modulation of glycolysis through inhibition of lactate
dehydrogenase (LDH) which result in a decrease in proliferation whereas an increase in the
expression of lactate dehydrogenase A- subunit (LDHA) stimulate SCs proliferation and glycolysis
(183). In addition during differentiation, myotubes experienced another metabolic switch
promoting higher OXPHQOS, mitochondrial biogenesis and fatty acids B-oxidation, even an
improvement in respiration (181)(177). Besides, during differentiation SCs undergo high energy
demands, an increase in mitochondria biogenesis, mitochondria net complexity, alteration of

mitochondria ultrastructure that is supported by a more oxidative metabolism (184). An
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increase in differentiation coexists with a bigger myofiber mass that required functional

mitochondria to support a high energy demand (180).

Our results demonstrate that myotubes from mutant mice are smaller and present an impaired
differentiation process compared with myotubes from wild type mice due to the metabolic shift
that SCs must perform during differentiation could be compromised for the failure in the
activation of OXPHOS and fatty acids oxidation that particularly suffer our mutant mice.
Myotubes from mutant mice present lower respiration capacity indicating a defect in the
OXPHOS system and fatty acids oxidation and lower metabolic flexibility. And what is more
significant, we found that by supplementing the mutant mice and mutant myotubes with CoQyj,
we can improve mitochondrial respiration. Mutant plus CoQjo present higher respiration levels
using glucose and palmitoyl-L-carnitine as substrates, which results in a partial recovery of the
respiration capacity. Fatty acid B-oxidation is crucial for ATP production, particularly during
fasting periods, generating acetyl-CoA stimulating different pathways. Fatty acid B-oxidation is
associated with the CoQ pool at ETC by the heterodimeric electron-transferring flavoprotein
(ETF) and at the heterodimeric electron-transferring flavoprotein dehydrogenase (ETFDH) (185).
That could explain why CoQio administration could improve ETC machinery and the electrons

transport from fatty acyl-CoA to complex III.

Furthermore, our findings reported a lower capacity in old mutant myotubes in both assays,
indicating that the phenotype is more severe in cells isolated from old mice and that ageing

could make the phenotype more severe.

Additionally, we perform an in vivo approach to support our in vitro data to examine the skeletal
muscle regeneration in our mice, for this purpose we injected BaCl; into the TA muscle toinduce
massive necrosis of myofibers and the subsequent migration of neutrophils and macrophages
that will generate inflammation and later SCs activation, which will grow into the damaged area
to regenerate myofibers (186). We let the mice recover for 14 days to study the later stages of
myotubes differentiation where higher differences were found in vitro. In parallel, mice assigned

to CoQuo administration continued to receive CoQjo during the time of recovery.

During a normal process of muscle regeneration, SCs undergo sequential steps where initially
they are activated in response to the damage, proliferate, and differentiate later to replace the
damaged myofibers, resulting in small newly formed myofibers with centralized nuclei (135). So,
the number of centrally located nuclei is a well-established indicator of myofiber repair (136).

Finally, regenerated myofibers do not present central myonuclei and have their peripheral
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quiescent SCs for future activation. For that reason, the analysis of the dynamic central position

of the myonuclei was used to assess the regeneration process induced by BaCls.

The result obtained suggests that old mutant mice present an impaired skeletal muscle
regeneration which could indicate that mutant mice are more susceptible to muscle damage or
that SCs regeneration could be affected. Considering our in vitro results, we can propose that
myotubes of old mutant mice could present a hypotrophy phenotype that could result in
impaired skeletal muscle regeneration, and it could be associated with the bioenergetic defects
that we have previously shown with the in vitro respiration analysis. More significantly, mice
under CoQao administration showed a profile similar to wild type mice in the dynamic of central
myonuclei during skeletal muscle regeneration, with a higher proportion of zero or one central
myonuclei and a lower proportion of two, three, or four central myonuclei. These results could
indicate that longitudinal CoQi0administration could result in higher protection against skeletal
muscle damage and could improve skeletal muscle regeneration. As we demonstrated with our
in vitro approach, CoQio administration could be modulating the myotube differentiation
process resulting in bigger and more branched myotubes with a better bioenergetic profile,
because they showed higher oxygen consumption rate using glucose and palmitoyl-L-carnitine
as substrate. Consequently, we believe that CoQio administration could be improving skeletal
muscle regeneration outcoming in a higher proportion of mature myofibers fourteen days after

BaCl; injection.

As a summary, in this chapter, we have evaluated the postnatal myogenesis by in vitro and in
vivo assays in young and old mice under both standard conditions and under CoQio
administration. We obtained that heterozygous Adck2 knockout mice suffer a defect in
postnatal myogenesis, specifically in myotubes differentiation stages, and we showed that the
defect is associated with reduced mitochondrial respiration. The results obtained in this chapter
allow us to conclude that our heterogenic knockout Adck2 mice undergo inadequate postnatal

myogenesis due to an impairment in the mitochondrial oxidative metabolism.
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4.3 CHAPTER 3: Skeletal muscle decline in Adck2 mouse associated with ageing.

4.3.1 Introduction

This chapter is focused on understanding the progressive establishment of the phenotype in our
heterozygous Adck2 knockout mice, specifically the skeletal muscle decline associated with
ageing. For this objective, we performed experiments to determine skeletal muscle structure
and function in young mice (three-month-old) and old mice (two-year-old) because the skeletal
muscle was the main tissue affected in these mice (77). We hypothesized that the effect of
ageing on muscle, including sarcopenia and skeletal muscle atrophy, could be more evident in
mutant mice. A recent study that supports our hypothesis about the progressive decline,
described the mutant mice model for PDSS2, which present a primary CoQ deficiency (170).
These mutants were healthy at birth and even at 4.5 months old there was no evidence of
phenotype associated with ataxia, but slowly develop alterations in the central nervous system
and ataxia during adulthood around 1-year-old. This study supports our theory about
progressive damage that results in a more severe phenotype during ageing, which could be

standard in mitochondrial diseases characterized by a decrease in CoQ levels.

Moreover, due to the potential benefits of a prenatal CoQio administration during embryonic
development described in chapter 1 and the improvement of mitochondrial energy metabolism
and muscle stem cell’s function described in chapter 2, we decided to perform the longitudinal
study under CoQio administration to check if CoQyo intake could delay the progressive decline
that mutant mice could experience through ageing. Furthermore, we have studied
mitochondrial function focusing on the analysis of oxygen consumption in isolated mitochondria
from skeletal muscle, adding different substrates to the medium to promote different metabolic
pathways. For the mitochondrial respiratory analysis, we analysed young and old mutant mice
and animals supplemented with CoQio. There is preliminary evidence, as in senescence-
accelerate mouse prone 8 (SAMP8) (187), to suggest a progressive age-associated muscle
decline that could be treated with drugs that act on mitochondria, increasing OXPHOS activity
and mitochondrial biogenesis. The idea that a supplement that stimulates mitochondrial
respiration could preserve skeletal muscle and mitochondrial quality supports the idea that
prolonged CoQio administration could help during the progressive decline that suffers Adck2

mutant mice.

To our knowledge, this is the first longitudinal study to date that examines the effect of CoQuo

administration throughout the whole life of an organism including animals that suffer from
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mitochondrial dysfunction syndrome. In this way, our project would report new results about

CoQyo treatment in mitochondrial diseases.

The present chapter discusses the progressive skeletal muscle decline in our mutant mice and
the mitochondrial dysfunction, for this purpose, we decided to study the ageing process in our
mice model focusing on young mice (three-month-old) and old mice (two-year-old mice),
although for skeletal muscle function tests adult mice (10-12 month-old) and old adult mice (16-

18 month-old) were also included.
General decline associated with ageing in mutant Adck2 mice

Figure 49 shows the aspect of the mice through ageing, although there was no difference in
young mice, old mutant mice were affected by the ageing process in comparison with wild type
mice. Old mutant mice seemed to be more affected by ageing presenting bald spots on the fur
over the body and the colour of hair was more irregular, supporting our hypothesis that the
effect of ageing could be more severe in mutant mice. Moreover, old mutant mice on CoQjo
administration have a better aspect than mutant mice, CoQio administration could protect

mutant mice from these effects.

Figure 49. The visual aspect of mice during the ageing process.

(A). Representative images of young mice (3 month-old). (B). Representative images of old mice (2-year-old). Photos
of the animals were taken at the animal facility at CABD, UPO. Mice were lain face down to observe all bodies of mice.
CoQyp in nanoparticles was dissolved in the water bottle, mean CoQ intake was estimated at 1-1.5 mg/day (33.33-
50 mg/kg/day).
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Myofiber typing analysis in TA muscle

To understand why heterozygous Adck2 knockout mice are more affected by the ageing process,
we decided to analyse the physiology and anatomy of these animals. Firstly, we focused on the
structure of the skeletal muscle because of the myopathy that mutant mice suffer (77). Skeletal
muscle is formed by myofibers with distinct morphological, functional and metabolic
characteristics and myofibers can be categorised in function of specific features such as
contractile speed, metabolic function and MyHC content. Particularly, muscles from mammals
presents 4 different MyHC isoforms, three fast isoforms (MyHCIIA, MyHCIIX and MyHCIIB) and
one slow isoform (MyHCI) (188). Classification of skeletal muscle myofibers depend on the speed
of twitch and the metabolism of the myofibers: type | (slow-twitch and oxidative metabolism),
type IIA (fast-twitch and oxidative-glycolytic metabolism), type IIB (fast-twitch and glycolytic
metabolism) and type IIX that present intermediate properties between the type llA and IIB with
an intermediate metabolism and fatigue index (189). We studied the myofiber composition in
TA muscle of young (Figure 50) and old mice (Figure 52). The staining allows the identification
of myofibers type IlA, 1IX and IIB. Myofibers type IIA is considered more oxidative while
myofibers type IIB are considered more glycolytic. The myofibers type IIX are hybrid myofibers
with an intermediate metabolism. We photographed the whole transversal section of the TA
muscle and then we selected the same area (2000 um x 2000 um) of each image for
qguantification of the myofiber composition. The area selected included the red and white area

of the TA muscle, so we could study the metabolism and the myofiber composition in both areas.

No significant differences were found in myofiber composition in young mice (Figure 51), but
we could only report a tendency by which the mutant mice show a higher proportion of type IIB
myofibers, probably because TA muscle from young mutant mice tends to present a more
glycolytic metabolism. Additionally, CoQi0 administration was able to reverse this tendency, the

TA muscle of mutant mice under CoQuo supplementation a similar pattern to wild type mice.
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Figure 50. Representative images of myofiber typing in young mice.

Immunostaining analysis to determine myofiber composition in transversal sections from tibialis anterior (TA) muscle
from young mice (three-month-old). Myofibers type IIA, [IB and IIX appear in green, in red and in black. Cryosections
of TA muscle (12 um) were used for the immunostaining.
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Figure 51 Myofiber typing analysis in TA muscle from young mice
Myofiber composition was analysed in TA muscle from three-month-old mice. Type IIA, 1IB and IIX appear in green,

red and black. Data represent the mean +/- SD (N=4-7). A one-way ANOVA test was applied. P-values <0.05 were
considered statistically significant.

However, old mutant mice showed a decrease in oxidative myofibers type Il1A and an increase in
hybrid type 11X myofibers (Figure 53). These results demonstrated that old mutant mice have a
higher glycolytic myofibers content in the TA muscle compared with old wild type mice. The
point that young mutant mice present a higher number of myofibers type 11B while old mutant
mice present a higher proportion of hybrid myofibers type 11X and less proportion of oxidative
type IlA could indicate that ageing induces a change in myofiber typing in our mutant mice

increasing hybrid type 11X myofibers to the detriment of oxidative IIA, probably due to the
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impairment of mitochondrial oxidative metabolism. Interestingly, as with young mice, old
mutant mice supplemented with CoQio present a composition similar to wild type mice,
demonstrating that CoQio administration could prevent the myofiber change due to ageing in

mutant mice.

Adck2*/* +CoQy,
A,

Figure 52. Representative images of myofiber typing in old mice.

Immunostaining analysis to determine myofiber composition in transversal sections from tibialis anterior (TA) muscle
from old mice (two-years-old). Myofibers type IIA, 1IB and IIX appear in green, in red and in black. Cryosections of TA
muscle (12 um) were used for the immunostaining.
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Figure 53 Myofiber typing analysis in TA muscle from old mice
Myofiber composition was analysed in TA muscle from two-years-old mice. Type IIA, IIB and |IX appear in green, red

and black. Data represent the mean +/- SD (N=5-7). A one-way ANOVA test was applied. P-values <0.05 were
considered statistically significant.

Cross-sectional analysis of TA muscle to determine myofibers size

Next, we performed a cross-sectional analysis of the myofibers of TA muscles. The analysis of
myofiber size was performed by staining the basal lamina with dystrophin antibody and
myonuclei with DAPI (Figure 54 for young mice and Figure 56 for old mice). After image
acquisition in a fluorescence confocal microscope, a segmentation process was done as detailed
in the Methods section to examine myofiber size. All the myofibers from the TA muscle were
studied, and three parameters were determined for each myofiber: area, diameter and
perimeter. However, there were no significant differences in young mice (Figure 55), indicating

that there was no difference in the size of the muscle TA.
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Figure 54. Representative images of tibialis anterior muscle in young mice.

Nuclei of transversal tibialis anterior (TA) muscle sections were stained with DAPI in blue. The extracellular matrix of
the myofiber membrane was stained with an antibody that localizes dystrophin protein in green. Image acquisition
was carried out in a Stellaris Confocal Laser Scanning Microscope from Leica, for image analysis we perform an image
segmentation analysis that allows us to study every single myofiber of the whole skeletal muscle section (2000-2500
myofibers per muscle).
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Figure 55. Analysis of myofiber size on transversal cuts from young mice.

(A) Cross-sectional area. (B) Feret diameter. (C) Perimeter. Analysis of 4-5 mice per group. Myofibers basal lamina
was stained with dystrophin antibody while nuclei were stained with DAPI. Image acquisitions were performed using
a Stellaris Confocal Laser Scanning Microscope from Leica. The whole section of the TA muscle was recorded and all
the myofibers from the TA muscle were examined, around 2000-2500 myofibers were quantified and between four
or five mice per group were studied. Data represent the mean +/- SD (N=4-5). A one-way ANOVA test was applied. P-
values <0.05 were considered statistically significant.

To continue, we analysed the cross-sectional cuts of old mice. We found that the size of
myofibers of mutant mice was smaller than myofibers from the wild type, whereas myofibers
from old mutant mice under CoQjo administration were bigger than myofibers from mutant mice
without treatment and did not show any difference concerning the wild type. So, we can
propose that old mutant mice suffer a decrease in myofiber size associated with ageing, which

could be avoided under CoQo supplementation.
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Figure 56. Representative images of tibialis anterior muscle in old mice

Nuclei of transversal tibialis anterior (TA) muscle sections were stained with DAPI in blue. The extracellular matrix of
the myofiber membrane was stained with an antibody that localizes dystrophin protein in green. Image acquisition
was carried out in a Stellaris Confocal Laser Scanning Microscope from Leica, for image analysis we perform an image
segmentation analysis that allows us to study every single myofiber of the whole skeletal muscle section (2000-2500
myofibers per muscle).

On balance, we have found that the TA muscle of heterogenic knockout Adck2 mice presents an
age-dependent mitochondrial bioenergetic failure which leads to the TA muscle presenting a

higher content of glycolytic myofibers, with a smaller myofiber size and a much less oxidative




metabolism. In contrast, CoQ1o administration can reverse the decline observed in the skeletal

muscle.
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Figure 57. Analysis of myofiber size on transversal cuts from old mice.
(A). Cross-sectional area. (B) Feret diameter. (C). Perimeter. Analysis of 4-5 mice per group. Myofibers basal lamina
was stained with dystrophin antibody while nuclei were stained with DAPI. Image acquisitions were performed using
a Stellaris Confocal Laser Scanning Microscope from Leica. The whole section of the TA muscle was recorded and all
the myofibers from the TA muscle were examined, around 2000-2500 myofibers were quantified and between four
or five mice per group were studied. Data represent the mean +/- SD (N=4-5). One-way ANOVA test were applied. P-

values <0.05 were conside

red statistically significant.
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Adck2 mutant mice suffer a decline in exercise performance associated with ageing

Based on the previous results obtained in the present chapter, we decided to study muscle
strength performance through ageing. Particularly, we have decided to focus on two different
tests that evaluate muscle strength in vivo the weights test and the Grip Strength test for two
and four limbs. We assumed the in vivo analysis was necessary because the main tissue affected
in our mice model was skeletal muscle, thus we thought that these tests could be an appropriate
approach to evaluate longitudinally skeletal muscle function throughout ageing. To avoid too
much exposure of the mice to these tests and a potential learning experience, the test was
performed every six months, first to the age of 3-6 month-old (young mice), secondly at 9-12
month-old (adults), thirdly at 15-18 month-old (old adult) and finally at 22-24 month-old (old

mice).

The analyses revealed that there were not many differences between the young mice, although
the decrease in strength associated with ageing mutant mice was more aggressive than in wild
type mice, leading to old mutant mice with a significant decrease in strength. This fact agrees
with the rest of the results obtained in this chapter, indicating that ageing could have more
severe effects on mutant mice. Interestingly, longitudinal administration of CoQio reduced the
decrease in strength as can be visualized in the grip strength and weights tests results (Figure

58).
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Figure 58. Skeletal muscle performance through the ageing process

(A). Weights test. (B) Grip strength test for two limbs. (C) Grip strength test for four limbs. All tests were performed
under the same experimental conditions. Data represent the mean +/- SD (N=4-15). A one-way ANOVA test was
applied. P-values <0.05 were considered statistically significant.
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To quantify the decline in strength associated with ageing we correlated the mean value
obtained in each test along the time and calculated the slope of the line (Table 15). We observed
that the decline in vivo strength was more pronounced in mutant mice than in wild type. The
values showed that mutant mice lost strength 9% faster than wild type in the weights test and
more than 2-fold faster in the grip strength with two and four limbs. CoQio administration
ameliorated the loss of strength in mutant mice under treatment so that these animals showed
better strength values than non-supplemented wild type mice. The strength loss was more than
2-fold slower than wild type in the weights test and more than 3-fold and 7-fold slower in the
grip strength with two and four limbs respectively. CoQio administration improved, even more,

these parameters in the wild type and almost completely protected the animals against loss of

strength because the slope of the line was almost cero in the grip strength.

Table 18 Physical exercise analysis in mice through ageing

Parameter: Weights test

Group The slope of the line R squared on the graph
Adck2** -0.0034 R2=0.1411
Adck2* +CoQao -0.0036 R?2=0.1626
Adck2"" -0.0037 R?2=0.1751
Adck2*- +CoQio -0.0013 R?2=0.0136

Parameter: Grip strength in two limbs

Group The slope of the line R squared on the graph
Adck2** -0.00016x R?=0.07622
Adck2** +CoQao -0.00001x R2 =0.00066
Adck2*" -0.00033x R?=0.32095
Adck2* +CoQuo -0.00005x R? =0.00995

Parameter: Grip strength in four limbs

Group The slope of the line R squared on the graph
Adck2** -0.00028x R?2=0.12637
Adck2** +CoQao 0.00001x R? =0.00015
Adck2*" -0.00064x R? = 0.55984
Adck2*- +CoQio -0.00004x R? =0.00330
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Next, we also analysed the metabolic phenotype of our mice through ageing using the
PhenoMaster from TSE Systems as is described in the material and methods section. The analysis

was performed longitudinally in our mice colony including young, adult, old adult and old mice.

Figure 59 represents the oxygen consumption and Figure 60 carbon dioxide production
normalized by BW. Young mice did not show much difference in the parameters studied, but
interestingly when ageing progresses, we observed that mutant mice exhibit higher values than
wild type mice, indicating bioenergetic deregulation associated with ageing (Figures 59D and
60D). The respiratory exchange ratio (RER) was also studied (figure 61). This value is calculated
based on O, consumption and CO; production and indicated the energetic substrate that the
organism is metabolizing. A higher RER value (close to 1) denoted that carbohydrates are being
used as an energetic substrate while a lower RER (close to 0.7) demonstrates that fatty acids are
being used. Again, mutant mice experienced a deregulation associated with ageing by which old
mutant mice present a higher RER than wild type mice indicating a defect in fatty acids

metabolism that promotes a higher use of carbohydrates (Figure 61D).

To continue, we examined heat production (Figure 62) and the voluntary physical activity of the
mice (Figures 63 and 64). Initially, we examined the heat production by indirect calorimetry that
could indicate a deregulated metabolism, old mutant animals present a higher heat production
compared with wild type mice, suggesting the idea old mutant mice suffer potential bioenergetic
deregulation (Figure 62D). Regarding the voluntary activity of mice, we quantified the number
of times that mice break the beam of light at the upper-level Z (Figure 63). This measurement
counts the number of times that the mice stand on their hind legs, being an indicator of skeletal
muscle system health over ageing. We found that mutant mice presented a lower Z count over
ageing compared with wild type mice (Figure 63D). Furthermore, mutant mice supplemented

with CoQuo presented a higher Z level over ageing suggesting a positive effect of CoQ,0 on ageing.

Besides, we also studied the voluntary wheel running of our mice as a measurement of voluntary
aerobic exercise capacity during ageing (Figure 64). Mutant mice present a lower physical
capacity compared with our wild type mice during ageing whereas CoQio administration could

counteract the decrease in voluntary running capacity (Figure 64D).
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Figure 59 02 consumption through the ageing process

02 consumption measured with the automated home cage phenotyping system is shown for a three-night/day
period. Young (A), adult (B), old-adult (C) and old (D) mice were studied. CoQio was added to the water bottle of mice
under CoQyg administration conditions. The first 36 hours from every experiment were considered the acclimatization
periods and were not used for the analysis. Data represent the mean +/- SD (N=5-8). A one-way ANOVA test was
applied. P-values <0.05 were considered statistically significant.
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CO2 production measured with the automated home cage phenotyping system is shown for a three-night/day period.
Young (A), adult (B), old-adult (C) and old (D) mice were studied. CoQio was added to the water bottle of mice under
CoQyp administration conditions. The first 36 hours from every experiment were considered the acclimatization
period and were not used for the analysis. Data represent the mean +/- SD (N=5-8). A one-way ANOVA test was
applied. P-values <0.05 were considered statistically significant.
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Figure 61 Respiratory Exchange Ratio through the ageing process

Respiratory Exchange Ratio (RER) measured with the automated home cage phenotyping system is shown for a three-
night/day period. Young (A), adult (B), old-adult (C) and old (D) mice were studied. CoQio was added to the water
bottle of mice under CoQo administration conditions. The first 36 hours from every experiment were considered the
acclimatization periods and were not used for the analysis. Data represent the mean +/- SD (N=5-8). A one-way
ANOVA test was applied. P-values <0.05 were considered statistically significant.

203



.A Heat production B

Heat production

30 304
=l —
kS o
£ -
E] £
g E
=
5+ T T T T T T
Night Day Night Day Night Day =
Night Day Night Day Night Day
Heat production quantification Heat production quantification
p=0.0173 p=0.0383
30 227 p=0.0100 30+ —
p=0.0131 p=0.0391 p=0.0096 p=0.0092
—— p=0.0072 —— p=0.0004
254 . 259 e
_ S -
e
% 20- ® e, L ) 3
£ T T o =
= .
154 @ . o ° .
Night Day Night Day Night Day
Heat production
30+
254
} g
z £
© @
g ]
5 5 T T T T T T
Night Day Night Day Night Day Night Day Night Day Night Day
Heat production quantification Heat production quantification
30+ p=0.0383 30
p=0.0096 p_n—angz p=0.0140
= ] p=0.0029
25 p=0.0004 - 25 pe0.0287
2 = ] p<0.0001 p=0.0043
£ 204 f‘; p=0.0001 p=0.0005 P=0.0188
§ g 15 p<o 0001 p'“ 0005 p=0.0040
"15- e
10
Night nght Day nght nght Day nght Day N|ght Day
+/+ +/=
— Adck2"! — Adck2" 1 Adck2*/* [ Adck2*-
— Adck2*'* coQ10 — Adck2*"CcoQ10 I Adck2*/* CoQ10 [ Adck2*/-CoQ10

Figure 62 Heat production through the ageing process

Heat production measured with the automated home cage phenotyping system is shown for a three-night/day period.
Young (A), adult (B), old-adult (C) and old (D) mice were studied. CoQo was added to the water bottle of mice under
CoQyp administration conditions. The first 36 hours from every experiment were considered the acclimatization
periods and were not used for the analysis. Data represent the mean +/- SD (N=5-8). A one-way ANOVA test was
applied. P-values <0.05 were considered statistically significant.
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Figure 63 Breaks Z-beam through the ageing process

Breaks of Z-beam measured with the automated home cage phenotyping system are shown for a three-night/day
period. Young (A), adult (B), old-adult (C) and old (D) mice were studied. CoQi was added to the water bottle of mice
under CoQig administration conditions. The first 36 hours from every experiment were considered the acclimatization
periods and were not used for the analysis. Data represent the mean +/- SD (N=5-8). A one-way ANOVA test was
applied. P-values <0.05 were considered statistically significant.
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Figure 64 Voluntary wheel-running activity through the ageing process

Voluntary wheel running activity consumption measured with the automated home cage phenotyping system is
shown for a three-night/day period. Young (A), adult (B), old-adult (C) and old (D) mice were studied. CoQso was added
to the water bottle of mice under CoQi administration conditions. The first 36 hours from every experiment were
considered the acclimatization periods and were not used for the analysis. Data represent the mean +/- SD (N=5-8).
A one-way ANOVA test was applied. P-values <0.05 were considered statistically significant.
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Mitochondrial respiration analysis reveals a bioenergetic defect.

We have demonstrated that the decrease in strength associated with ageing was higher in old
mutant mice and the damages that present skeletal muscle structure and physiology.
Consequently, all the results obtained led us to investigate mitochondrial function in old mice
to explain the defect found in skeletal muscle function and metabolism associated with ageing.
For that purpose, we developed an updated and detailed protocol to study respiration in
mitochondria isolated from skeletal muscle to evaluate ETC and OXPHOS function (158). We
decided to analyse the mitochondrial respiration in a mitochondrial enriched fraction freshly
isolated from the skeletal muscle of young and old mice. To do that, we homogenized the
skeletal muscle and isolated the mitochondria fraction with progressive centrifugations,
maintaining the intracellular osmosis level during the whole process to preserve mitochondrial
viability, using solutions that contain sucrose, mannitol and BSA as we previously described
(158). The pH of these solutions was meticulously adjusted to avoid changes that could affect

mitochondrial function.
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Figure 65 Mitochondrial purity during skeletal muscle mitochondria isolation process

(A). General protein profile stained with Comassie. (B). Mitochondrial protein purity profile including VDAC, TOMM?20,
mtTFA and TIMM23. (C). Non-mitochondrial markers include B-actin, Calnexin, Na+/K+ ATPase al, LDHA, HSP70 and
AKT. The different fractions obtained during mitochondria isolation were loaded and incubated with antibodies
against different proteins located in specific subcellular fractions. fraction N= non-homogenized tissue and nuclei;
SN1 = supernatant number 1: cytoplasm + organelles; SN2 = supernatant number 2: cytoplasm + organelles; VDAC =
voltage-dependent anion channel; TOMM20 = translocase of outer mitochondrial membrane 20; mtTFA =
mitochondrial transcription factor A; TIMM23 = translocase of inner mitochondrial membrane 23; LDHA = lactate
dehydrogenase A; HSP70 = heat shock protein 70; ER = endoplasmic reticulum
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We checked the purity of the mitochondrial fraction isolated for respiratory analysis, also
determined the contamination of other organelles or cell components in our mitochondrial
fraction. Figure 65A show the general protein profile of the different fractions isolated where it
was clear that every fraction displayed a specific protein profile indicating a different
composition. Figure 65B showed the mitochondrial purity with proteins from the outer and the
inner mitochondrial membrane and the mitochondrial nucleoid protein indicating that our
mitochondrial fractions contained the whole mitochondria. Figure 65C show the location of
different cellular components from the nuclei, the ER, the plasma membrane and the cytoplasm.
Where only little contamination of ER was detected in our mitochondrial fraction. In balance,
these results indicated that our fragmentation process was an adequate method for

mitochondrial isolation.

First, we analysed the mitochondrial respiration using isolated mitochondrial from skeletal
muscle of young mice. We used pyruvate plus malate as substrates in the coupling assay to
stimulate ETC fuelled by the Krebs cycle (Figure 66A), and palmitoyl-L-carnitine plus malate in
the B-oxidation to activate the ETC function associated with B-oxidation (Figure 66B).
Mitochondria from mutant mice showed lower respiration in both assays supporting the idea
that mutant mice have a compromised mitochondrial function. All parameters analysed were
highly affected in mutant mitochondria, like the basal respiration, the different states of
mitochondrial respiration (states lll and IV), the respiratory control ratio and the spare capacity.
In contrast, when we tested mitochondria from mutant mice supplemented with CoQao, we did
not find a decrease in any parameter compared with mitochondria from wild type mice,
indicating the effectiveness of CoQio administration. Moreover, we did not find changes in the
general protein profile of the mitochondrial fraction (Figure 66C), suggesting the idea that there

were no structural changes in mitochondria proteins.
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Coupling assay
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Figure 66. Respiratory analysis on isolated mitochondria from skeletal muscle of young muscle.
(A). Coupling Assay in mitochondria from young mice. (B). Fatty-acids B-oxidation in mitochondria from young mice.
(C). General protein profile from the different fractions obtained during the isolation process. The figure above shows
an analysis of mitochondrial respiration using isolated mitochondria from skeletal muscle of young mice. We used
pyruvate plus malate as substrates in the coupling assay to stimulate ETC fuelled by the Krebs cycle, but we used
palmitoyl-L-carnitine plus malate in the B-oxidation assay to activate the ETC function associated with B-oxidation.
One representative experiment of three independent experiments is shown. Data represent the mean +/- SD (N=4-
5). One-way or two-way ANOVA tests were applied. P-values <0.05 were considered statistically significant. Electron

transport chain (ETC).
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Also, mitochondria from old mutant mice exhibited lower respiration in both assays (Figure 67A
and 67B) supporting the idea that mutant mice have a compromised mitochondrial function. In
contrast, when we analysed mitochondria from mutant mice supplemented with CoQ1o, not only
we did no find alteration in respiration, but some parameters were increased in mitochondria
from mutant mice supplemented with CoQso, suggesting the idea that old mutant mice could
overpass to old wild type mice, as we found previously on strength. Furthermore, old mice
displayed changes in the protein profile of the mitochondria fraction supporting the idea that

mitochondrial protein composition could be different between the groups studied.

Finally, we performed an in vitro assay to quantify the activity of respiratory complexes assembly
in these mitochondrial fractions. To do that digitonin-solubilized mitochondria were examined
in a Blue Native Gel electrophoresis, both in-gel activity (Figure 68A) and western blot with
specific antibodies (Figure 68B). We did not find any differences between wild type and mutant
mice, but CoQio administration could increase the levels of isolate complex such as complex | or
even the assembly between different complexes including complexes I+lll>+1l,, suggesting that
longitudinal CoQio administration could modulate complexes assembly at the ETC. These results

could be associated with improvements in mitochondrial respiration.
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Figure 67. Respiratory analysis on isolated mitochondria from skeletal muscle in old mice.

(A). Coupling Assay in mitochondria isolated from old mice. (B). Fatty acids B-oxidation in mitochondria isolated from
old mice. (C). General protein profile from the different fractions obtained during the isolation process. Arrows
indicate proteins from the mitochondrial fractions that could change among groups. The figure above shows an
analysis of mitochondrial respiration using isolated mitochondrial from skeletal muscle of old mice. We used pyruvate
plus malate as substrates in the coupling assay to stimulate ETC fuelled by the Krebs cycle, but we use palmitoyl-L-
carnitine plus malate in the B-oxidation assay to activate the ETC function associated with B-oxidation. One
representative experiment of three independent experiments is shown. Data represent the mean +/- SD (N=4-5).
One-way or two-way ANOVA tests were applied. P-values <0.05 were considered statistically significant. Electron

transport chain (ETC).
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Figure 68. BNGE showing mitochondria complexes and supercomplexes assembly at the ETC

Mitochondria isolated from skeletal muscle of young and old mice and 100 pg of solution enriched in mitochondria
were loaded per sample. (A). Gel activity assay of complexes and supercomplexes |, Il and IV in isolated mitochondria
from skeletal muscle of young and old mice (B). Detection of the respiratory complexes and potential supercomplexes
after BNGE by immunoblotting to define bands for complexes and supercomplexes. Specific antibodies against
complexes I, II, Ill, IV and V were used. Independent blots are shown. Blue native gel electrophoresis (BNGE).
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Also, we measured the CoQg and CoQqo levels in these mitochondrial fractions (Figure 69). We
found that young and old mutant mice exhibit a decrease in both isoforms of CoQ levels related
to the mitochondrial defect displayed by mutant mice. However, prenatal CoQio administration
induces an increase in mitochondrial CoQuo levels in mutant mice, but also on CoQg, showing
that CoQuo could also promote an increase in CoQg biosynthesis. The increase of CoQ could be
associated with the improvement in mitochondrial function and working machinery obtained in

mutant mice under CoQi0 administration.
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Figure 69 Analysis of CoQ levels in mitochondria from skeletal muscle through ageing

(A) Determination of CoQg and CoQyp levels in mitochondria isolated from gastrocnemius muscle in young mice. Ratio
CoQq/CoQyo. (B) Determination of CoQg and CoQyo levels in mitochondria isolated from gastrocnemius muscle in old
mice. Ratio CoQs/CoQjo. Mitochondria were isolated by skeletal muscle homogenization and serial centrifugations,
after lipids extraction, CoQ levels were determined by HPLC as described in the materials and methods section. CoQio
in nanoparticles was dissolved in the water bottle, mean CoQjo intake was estimated at 1-1.5 mg/day (33.33-50
mg/kg/day). Data represent the mean +/- SD (N=4-8). A one-way ANOVA test was applied. P-values <0.05 were
considered statistically significant.
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4.3.2 Discussion of chapter 3:

The main objective of this chapter was to examine how the ageing process affects our mutant
mice and if CoQio administration could have any effect on ageing, focusing our study on the
mitochondria of skeletal muscle tissue. Ageing could be defined as the gradual loss of
physiological unity, resulting in impaired function and a rising vulnerability to death (140).
Ageing leads to a decrease in respiratory chain efficiency, rising electron leakage and decreasing
ATP production (190). Particularly, mitochondrial dysfunction associated with ageing in skeletal
muscle of mice has been shown to promote impaired mitochondrial respiration and sarcopenia
(191). Besides, mutations and deletions of mtDNA lead to a gradual dysfunction of the
respiratory chain and an accelerated ageing phenotype (192). Nonetheless, due to the high
impact of mitochondrial in accelerating the ageing process, interventions that improve

mitochondrial function could modulate ageing and lifespan (140).

About skeletal muscle, ageing declines the regenerative capacity of adult SCs, resulting in an
incomplete regeneration process. The stem cell decline could be associated with multiple types
of damage, such as changes in the niche of stem cells that decrease the performance of their
regenerative capacity, which leads to a deterioration of the muscle and a loss of its regenerative
capacity, and an increase in fibrosis that impedes a complete SCs activation and specification
and an adequate myogenic proliferation and cell differentiation (193). Moreover, the specific
age-related changes associated with the niche that contribute to the decline in the stem cell
functions are still unknown, but potentially affect the stem cell cycle and decrease their self-
renewing capacity, resulting in SCs depletion and loss of muscular regenerative capacity (194).
Undoubtedly, reducing the stem cell and niche ageing could repercuss on tissue regenerative
capacity so that an opportunity to improve tissue repair in the old organisms could be provide
slowing down the ageing process through different interventions to rejuvenate old niche of SCs
such as young medium, heterochronic parabiosis and defined factors (193). This reflection on
the rejuvenation of old SCs niche allows us to propose longitudinal CoQio administration to

promote the rejuvenation of adult muscle stem cells.

Particularly, the most important decline associated with ageing in skeletal muscle is sarcopenia,
which includes the diminish of skeletal muscle mass and function that contributes to immobility,
frailty and mortality in the old organisms. Sarcopenia is characterized by three different aspects:
reduced muscle strength, a decrease in muscle mass and reduced physical performance (195).
Sarcopenia has been associated with mitochondrial dysfunction that contributes to its
pathogenesis, including mitochondrial fragmentation and an alteration of their morphology and

mass (196). To counteract sarcopenia, a group of natural compounds, such as polyphenols, have
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been shown to alleviate sarcopenia and reverse skeletal muscle decline associated with ageing
modulating mitochondria metabolism (196). These compounds are found in fruit, nuts or berries
and could improve exercise capacity and muscle function in models of age-related decline
through mitochondrial respiratory capacity and preventing mitochondrial dysfunction (197).
Even, oligonol (lychee polyphenol) stimulates mitochondrial biogenesis, fusion/fission and
mitochondrial quality that leads to an increase in skeletal muscle mass, cross-sectional area and

grip strength in 32 week-old senescence mice (198).

We have shown that haploinsufficiency of the ADCK2 gene in humans produces slow and gradual
muscle weakness and myalgia at muscular exertion and rest conditioning the muscular capacity
of the patient (77). Several muscles were deeply affected presenting mitochondrial myopathy
and lipids droplets. And what is more significant, the skeletal muscle defect showed a slowly
progressive decline that gradually produced a progressive muscle weakness and incapacity
through ageing, reducing the walking capacity, incapacity to stand and the requirement of a
wheelchair and finally a die prematurely at 57 years old associated with dysfunction of torso

muscles (77).

In this chapter, we showed that ADCK2 mutation is associated with a progressive decline of
skeletal muscle mass and mitochondrial dysfunction. Initially, the visual aspect of the mice did
not show differences between groups in young mice, but old mutant mice presented a more
compromised aspect compared with wild type, presenting bald spots over the body and irregular

hair colour, while old mutant mice on CoQio supplementation present a better general aspect.

As the main tissue affected in our mutant mice was the skeletal muscle and because the
oxidative/glycolytic myofibers are essential for muscle function, we studied myofiber
composition in the TA muscle to determine the proportion of oxidative (type IIA), glycolytic (type
11B) and hybrid myofibers (type IIX). Young mutant mice tend to exhibit an increase in glycolytic
type 1IB myofibers, whereas old mutant mice displayed a lower proportion of oxidative type IIA
and anincrease in type IIX hybrid compared with wild type mice. Old mutant mice supplemented
with CoQy did not suffer a reduction in type [IA myofibers and exhibited a profile similar to the
wild type. Given the coordinate regulation of myofiber type and the mitochondrial function that
associates mitochondrial oxidative metabolism to shift in myofiber composition in slow-twitch
muscles (199) (200), the decrease in oxidative myofibers with ageing could be related to
mitochondrial dysfunction that suffers our mutant mice. Additionally, we can propose that
longitudinal CoQio administration counteracted the shift in myofiber typing promoting a more

oxidative myofiber typing composition in the TA muscle of our old mutant mice.
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Also, we analysed the size of myofibers, including their cross-sectional area, ferret diameter and
their perimeter. We did not find differences between mutant and wild type in young mice in
terms of myofiber dimensions, neither CoQio administration was able to modify myofiber size.
However, old mutant mice showed a decrease in myofiber size compared with wild type mice,
particularly in ferret diameter. This result allows establishing a potential defect in skeletal
muscle structure in old mutant mice associated with ageing, including skeletal muscle loss and
atrophy. Furthermore, when we analysed skeletal muscle from old mutant mice supplemented
with CoQyo, we discovered an increase in myofibers dimensions compared with old mutant mice
under standard conditions, especially on ferret diameter. Consequently, we can propose that
CoQyo supplementation could be alleviating the decrease in myofiber size in old mutant mice.
Our results are in agreement with previous studies that showed that compounds with
bioenergetic properties that modulate mitochondria could reverse or decreased skeletal muscle
sarcopenia associated with ageing including reduced myofiber size (197) (198). Based on these
results, skeletal muscle function seems to be affected in our mutant mice and the ageing process
is presented as a modulating factor, as it has been described with the creatine-kinase knockout
mouse model, where ageing was postulated to affect the physical capacity in a dependent

manner (201).

The exercise tests designed to evaluate muscle performance (grip strength test and the weights
test) showed no differences between mutant and wild type young mice, but an ageing decline
in strength in all tests performed was found, which was higher in mutant mice, suggesting that
these mice could suffer a deterioration in skeletal muscle function associated to ageing. The
results are in agreement with previous data that suggest that mitochondrial dysfunction could
be responsible for premature ageing and deregulated bioenergetic metabolism (201). In
contrast, mutant mice longitudinally supplemented with CoQio did not suffer this loss of skeletal
muscle strength associated with ageing, suggesting that CoQio supplementation could be
ameliorating skeletal muscle function through ageing. Our results corroborate previous data

where CoQio administration preserved muscle mass and grip strength (202).

Additionally, we also studied our mice through ageing in the PhenoMaster that allows an
automatic analysis of different parameters. Firstly, we examined oxygen consumption
normalized by body weight in young mice, adult mice, old adult mice and old mice. There was
no difference between wild type and mutant in young mice, but interestingly when mice get
older, we found an increase in oxygen consumption in mutant mice in comparison with wild type
mice which could mean deregulation in oxygen consumption in mutant mice associated with

ageing. In parallel, CO, production was also studied at different stages of ageing. There was no
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difference between young wild type and mutant mice. But, when mice get older, mutant mice
present a higher CO; production compared with wild type mice, but no effect was found in mice
supplemented with CoQuo. Finally, respiratory exchange ratio (RER) was also examined obtaining
no difference in young mice. However, old mutant mice exhibited a higher RER compared with
wild type mice potentially indicating that mutant mice suffer metabolic deregulation associated

with ageing.

We also analysed parameters associated with physical capacity. We studied the breaks Z beam
that quantifies the number of times that the mice break the infrared line from the top of the
cage by standing on two limbs in the different ageing stages. We did not find much difference in
the stages analysed, but interestingly mutant old mice showed a lower breaks Z-beam than old
wild type mice, possibly related to a lower skeletal muscle capacity to stand over two limbs.
However, both groups of mice on CoQio administration showed a higher number of breaks Z-
beam than old mutant mice. Furthermore, voluntary running capacity in the wheel was
quantified, we did not observe differences in young and adult mice. But old-adult and old mutant
mice presented a lower running capacity compared with old adult and old wild type mice
showing the physical incapacity of mutant mice could be associated with ageing. CoQio

administration could potentially improve the voluntary wild running in old mutant mice.

On the other hand, bioenergetic mitochondrial analysis on isolated mitochondria from skeletal
muscle demonstrated that young mutant mice presented impaired mitochondrial respiration
compared to wild type, indicating that young mutant mice suffer mitochondrial dysfunction.
Mitochondria from heterozygous Adck2 knockout mice supplemented with CoQio showed an
increase in respiration in both assays demonstrating that CoQio administration could recover
mitochondrial function in vivo, but young mutant mice did not reach wild type mice levels.
Nonetheless, when we performed these analyses in old mice, mutant mice displayed impaired
mitochondrial respiration in both assays compared with wild type mice and CoQio
supplementation recovered mitochondrial respiration in both assays reaching wild type levels.
Consequently, we found that mitochondrial respiration is deteriorated in mutant mice since
youthfulness and probably the impaired mitochondrial function over time could result in the
damages found in the skeletal muscle of old mice. More significantly, longitudinal CoQio
administration recovered mitochondrial respiration in young and old mice, particularly in old
mice reached wild type levels, suggesting that CoQio administration could reduce the impaired
mitochondrial bioenergetic and it could be associated with the improvements found in skeletal
muscle structure and composition found in old heterozygous Adck2 knockout mice

supplemented with CoQao. Importantly, we should mention that mitochondria enriched fraction
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from TA muscle of old mutant mice presented a different protein profile to the rest, indicating
that mitochondrial structure could be affected in two years old mutant mice. Also, the CoQ
content in these mitochondrial fractions was lower in mutant mice, both in young and old. We
measured CoQs and CoQyo levels, mutant mice presented lower levels of both isoforms. The
protein profile of aged mutant mice supplemented with CoQao was similar to that of the old wild

type mice.

In agreement with that, CoQi0 administration increased the amount of isolated complex | and
the assembly of complex | with the rest of the mitochondrial complexes, supporting the idea
that CoQyo could be improving the mitochondrial architecture. Also, mitochondria of mutant
mice supplemented with CoQio showed similar CoQ content to wild type mice, both in young

and old mice.

These results indicated that mutant mice begin to be affected from youth since compromised
mitochondrial function progressively resulted in ageing-associated skeletal muscle
deterioration. However, the mutant mice supplemented with CoQio showed an increase in both
isoforms, both in the juvenile and the elderly stages, and an improved mitochondrial function

that could counteract the damage to skeletal muscle associated with the ageing process.

In summary, we demonstrated in this chapter that our heterozygous Adck2 knockout mice
presented a decline in skeletal muscle associated with ageing and that damage could be related
to an impaired mitochondrial function. In contrast, we discovered that prolonged administration
of CoQuo could reverse alteration in aged skeletal muscle and maintain an adequate

mitochondrial function.
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4.4 CHAPTER 4: Caloric restriction approach to stimulate muscle metabolism in

Adck2 mouse model.

4.4.1 Introduction

Metabolism could be defined as the group of biochemical reactions and physicochemical
processes that occur at the cellular level of an organism. Mitochondrial diseases present
important deregulation of the metabolism that is directly connected with the phenotype
observed and the damages associated with these syndromes. On the other hand, CR is a potent
metabolism modulator that can induce adaptations at cellular levels regarding energetic supply,
specifically switching on from glucose to fatty acids and amino acids. CR promotes healthspan
and longevity and reducing the incidence of diseases associated with ageing (203). In
consequence, CR can modulate metabolism affecting directly mitochondrial activity, reporting a
huge number of beneficial adaptions to promote a more efficient metabolism and even

increasing healthspan.

The object of the present chapter was to examine the effect of CR on heterozygous Adck2
knockout mice because CR could promote mitochondrial adaptations to modulate their
deregulated metabolism. For this purpose, adult mice (6 month-old) were submitted to CR for 7
months. After that period, mice were sacrificed by cervical dislocation to analyse CR long term
adaptations. CR mice have access to the 60% of their normal food intake, so food intake was

reduced by 40%.

Initially, glucose and insulin homeostasis were analysed because these parameters are normally
modulated by CR and are considered markers of CR adaptations (204). Exercise tests were also
performed under CR because we previously described a reduced physical capacity in Adck2
mutant mice and additionally CR has been reported to promote adaptation in terms of physical
capacity (205) (206). Moreover, as CR has been shown to modulate skeletal metabolism, we
performed immunohistochemical studies on the transversal TA skeletal muscle cuts to study
myofiber composition due to CR has been shown to modulate myofiber typing in mice (205).
Moreover, analysis of respiration on isolated mitochondria was also determined to check if CR
could modulate mitochondrial physiology in vivo. Finally, we decided to develop an in vitro
model of CR specifically for skeletal muscle. For this purpose, we collected serum from our
mutant and wild type mice on ad libitum and on CR to culture adult muscle stem cells in presence
of this serum, to check if a CR microenvironment could modulate stem cell differentiation and

reproduce in vitro the adaptations that have been described in vivo (204) (205) (206).
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On balance, all the experiments performed in the present chapter were focused on evaluating
the mitochondrial metabolism of heterozygous Adck2 knockout mice or cells under CR and to

evaluate if adaptations modulated by CR in wild type mice were also reproduced in mutant mice.
Caloric restriction adaptation on weight, force production and muscle performance.

Six-month-old male wild type and mutant mice were on CR for seven months to induce long-
term caloric restriction adaptations, the weight of the animals was recorded weekly. The food
intake of CR mice was reduced to 60% of the mean baseline food intake. As control groups, age-

matched wild type and mutant mice were on ad libitum condition.

On the ad libitum diet, mutant mice showed a higher weight gain compared with ad libitum wild
type mice(Figure 70), while on CR only a small tendency by which mutant mice on CR seem to
lose lower weight (Figure 70B). The higher increase in the bodyweight of mutant mice and a

lower weight lost on CR could indicate a defect in metabolism.
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Figure 70. Characterization of caloric restriction adaptation on weight management.

(A). Weight analysis of wild type mice and Adck2*/- on ad libitum and CR diet along 30 weeks in grams. (B). Weight
changes wild type mice and Adck2*- on ad libitum and CR diet along 30 weeks on percentage. Mice were weighed
every week on Tuesday first hour in the morning (09:00 am). (N=7-15).
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In vivo force, production was assessed with different tests before CR intervention to determine
the basal situation and at the end of the studied period to evaluate CR adaptations on skeletal
muscle performance. Grip strength test and weights test were used to evaluate strength under
basal conditions obtaining that mutant mice present lower strength for two (Figure 71A) and
four limbs (Figure 71B) which could be indicative of a defect in mitochondrial skeletal muscle
function. Interestingly CR increased strength on wild type and heterozygous Adck2 knockout
heterozygous Adck2 knockout mice on both tests (Figure 71A, B and C), skeletal muscle on CR

could be more efficient in force production.

Aerobic capacity was also analysed with a treadmill specifically designed to promote oxidative
metabolism (Figure 71D), mice firstly run for a long period at low speed and after that speed
was gradually increased at a low rate over time. Initially, mice run at a low speed (10 m/min) for
20 minutes and after that speed is increased gradually by 1m/min every 4 minutes for 60
minutes to promote the oxidative metabolism experienced during long-distance races at low
speed. The time that mice were able to run, the maximum speed reached, and the total distance
travelled were quantified. The results before CR suggested that mutant mice presented lower
aerobic capacity on the treadmill again indicating a defect in oxidative pathways, whereas at the
end of the CR period mutant mice on CR presented higher values than mutant mice on ad libitum
similar to wild type mice. The increase observed in mutant mice on the treadmill test could mean
that CR could be improving oxidative metabolism, particularly the use of energetic substrates

such as fatty acids used during physical activities at a low intensity and long duration.

We also found that CR decreases heat production (Figure 72A) which could be associated which
the adaptation of metabolism produced by CR. We found that mice on CR have a higher
performance in the voluntary running wheel for three days, while mutant mice on ad libitum
run a lower distance than wild type mice on ad libitum (Figure 72B). On balance, adaptations
promoted by CR on wild type animals were also reproduced in heterozygous Adck2 knockout

mice on CR.
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Strength two limbs/weight (Basal)

Strength two limbs/ weight

Figure 71 Caloric restrictio(I:vRadaptationcsRon physical performance
Results for the two and four limbs grip strength tests, and the weight-lifting and aerobic treadmill tests are shown on
basal conditions before starting diet period and at end of the diet period (A, B, C and D). All experiments were
performed at the same time of the day to reduce variability associated with circadian rhythms. Mice were introduced
into the experimental room 30 minutes before starting any behavioural test for acclimation. Data represent the mean
+/- SD (N=5-15). Unpaired two-tailed t-test or one-way ANOVA tests were applied. P-values <0.05 were considered

statistically significant.
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Figure 72 Heat production and running wheel activity on caloric restriction conditions.

Heat production and running wheel voluntary activity measured with the automated home cage phenotyping system
is shown for a three night/day period. (A) Heat production is normalized by body weight (BW). (B). Voluntary wheel
running on caloric restriction condition expressed as distanced travelled. The phenotyping system allows to record of
in vivo parameters during the day and night periods including indirectly calorimetry analysis. The first 36 hours from
every experiment were considered the acclimatization periods and were not used for the analysis. Data represent the
mean +/- SD (N=5-8). A one-way ANOVA test was applied. P-values <0.05 were considered statistically significant.
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Metabolic adaptations are promoted by the caloric restriction on glucose and insulin

homeostasis.

Due to the implications of CR in glucose and insulin metabolism, we analysed glucose and insulin
in fasting conditions (Figure 73A). Fasting glucose levels were higher in mutant mice on an ad
libitum diet while both groups of animals on CR experienced a significant reduction in glucose
levels. Fasting insulin levels were also increased in mutant mice on ad libitum condition and
again, CR produced an important reduction in insulin levels in wild type and mutant mice.
Furthermore, the HOMA index, which is a marker of insulin resistance and is calculated from
glucose and insulin values, was higher in mutant mice on ad libitum condition. Particularly, CR
produced an important decrease in the HOMA index in both groups. In balance, the three
analyses reveal that mutant mice on ad libitum diet could be insulin resistant whereas mutant

mice on CR experienced an improvement in insulin sensibility and glucose homeostasis.

Next, glucose and insulin homeostasis and metabolism were examined in vivo after introducing
a stimulus. Initially, glucose homeostasis was examined with the glucose tolerance test (Figure
73B). In this regard, fasted animals were injected intraperitoneally with glucose and plasma
glucose levels were monitored every 15 minutes for 60 minutes and after that every 30 minutes
for 60 minutes post-injection. Mutant mice tended to have higher levels compared with wild
type mice on ad libitum and a gradual and maintained glucose decrease. On the other hand, wild
type and mutant mice on CR experienced a higher initial peak but a quicker decrease in glucose
level, we quantified the area under the curve finding that CR mice have a lower area under the
curve, probably indicating a faster glucose metabolism. CR stimulated a more efficient response
increasing the speed of plasma glucose uptake by the different tissues, this response could be

checked in the glucose tolerance test of our mutant mice on CR.

Insulin homeostasis was also checked with the insulin tolerance test (Figure 73C); therefore,
mice were injected intraperitoneally with insulin after a short fasting period and glucose was
controlled for 60 minutes after injection every 15 minutes. At first, mutant mice on ad libitum
presented a more maintained glucose decrease during the test compared with wild type. The
interpretation could be that intracellular fatty acids accumulation could be reducing Glut4
transport to the cell membrane (207) in response to the increment in insulin and, as
consequence, glucose input to the cell could be delayed. In contrast, both groups on CR
presented a more pronounced decrease in plasma glucose in response to insulin injection,

indicating a more efficient transport of Glut4 to the cell membrane.
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Besides, the generation of glucose in a fasted state from non-carbohydrate carbon substrates
through hepatic gluconeogenesis was examined with the pyruvate test where fasted mice are
injected with pyruvate and plasma glucose is controlled over 120 minutes (Figure 73D). At first,
mutant mice on ad libitum present a lower glucose level compared with wild type mice on ad
libitum indicating less efficient gluconeogenesis. Mice on CR presented a more maintained
profile over the test. When the area under the curve was quantified, mutant mice on ad libitum
presented a smaller value compared with wild type mice on ad libitum, but mutant mice on CR

presented an increase in the area under the curve obtaining a mean value similar to the wild

type.

Finally, insulin production after glucose injection was examined to understand if defects in
glucose and insulin homeostasis could be associated with insulin production or could be related
to the own metabolism of glucose and insulin. Insulin levels were measured on basal conditions
and after 20- and 40-minutes post glucose injection (Figure 73E). We found a tendency by which
mutant mice on ad libitum and CR presented higher levels of insulin production, but it is not
significant suggesting the idea that the differences observed in the other tests could be

associated with glucose and insulin metabolization and not with the production of insulin.

In summary, mutant mice on ad libitum presented a glucose and insulin deregulation that
promoted an insulin resistance status compared with wild type mice, whereas mutant mice in

CR present an improvement in insulin and glucose sensitivity similar to wild type condition.
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Figure 73. Glucose and insulin homeostasis on caloric restriction CR CR

(A) Fasting glucose and insulin, HOMA index. (B). Glucose tolerance test (GTT), glucose concentration in the blood
after glucose load and area under the curve (AUC). (C). Insulin tolerance test (ITT), plasma levels of glucose after
insulin injection and AUC quantification. (D). Pyruvate tolerance test (PTT). Glucose levels in the blood after pyruvate
injection and AUC quantification. (E) Plasma insulin after glucose intraperitoneal (IP) injection. Data represent the
mean +/- SD (N=4-5). A one-way ANOVA test was applied. P-values <0.05 were considered statistically significant.
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Mitochondrial adaptations to caloric restriction

Next, we performed a bioenergetic characterization to determine the effect of CR on
mitochondria metabolism. For this purpose, we isolated mitochondria from the skeletal muscle
to quantify CoQ levels by HPLC (Figure 74A). Mutant mice on ad libitum presented a decrease in
CoQg and CoQuo compared with wild type mice on ad libitum, as we have previously reported on
this project. CR increased CoQq and CoQyo levels on mitochondria isolated from skeletal muscle
while wild type on CR did not show any increase in CoQg or CoQio. Probably, the explanation
could be in the endogenous level of CoQ that the mitochondria can contain, which is at a
maximum level in the wild type mitochondria and a lower level in mutant mitochondria,
consequently, the effect of CR on CoQ biosynthesis stimulation was more pronounced in mutant
mice. Furthermore, CoQg and CoQyo ratio was also calculated to check if any of the two isoforms
was predominant over the other in any of the groups analysed in that case, but no significant
changes were found indicating that the increase was reported in mutant mice on CR was in the
biosynthesis of both isoforms. In all cases, CoQs content was 13 times higher than CoQyo in
purified mitochondria, being CoQs 93% of the total ubiquinone pool and CoQio only the

remaining 7%.

RER reflect the energetic substrate used in vivo by the mice. An RER close to 1.0 reflects a higher
use of carbohydrates as energy while an RER value close to 0.7 indicates a higher use of fatty
acids as energy substrate. When we analysed our mice in ad libitum, we observed that mutant
animals have higher RER values indicating a higher use of glycolytic pathways for energy
production (Figure 74B). When we analysed mice on CR, we found a total reorganization of RER
metabolism and circadian rhythm potentially associated with the CR model used where mice re-
feed the first hour in the morning. Mice on CR show an opposite profile to mice on ad libitum
indicating that when mice on ad libitum are using carbohydrate substrates mice on CR are using
fatty acids and vice versa. This reorganization could be associated with the metabolic changes
that we previously found on mice on CR. However, it would be important to highlight that both
groups of mice on CR showed higher extreme points indicating that mice on CR are more

efficient to use carbohydrates or fatty acids.

Moreover, ketone bodies production was examined in plasma, we found a decrease in the levels
of B-hydroxybutyrate in mutant mice on ad libitum compared with wild type, reflecting a defect
on fatty acids B-oxidation (Figure 74C). Mutant mice on CR tend to present higher B-

hydroxybutyrate levels than mutant mice on ad libitum.
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Free fatty acids levels were also determined, observing a reduction in mice with CR, which could
be probably stimulated by an increase in fatty acids transport inside of mitochondria on the

tissues associated with CR (Figure 74B).
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Figure 74 Bioenergetic and metabolic analysis on caloric restriction

(A). CoQg and CoQyo levels on mitochondria isolated from gastrocnemius muscle. Ratio CoQo/CoQuo (N=7-12). Skeletal
muscle was homogenized with a cell dissociator, mitochondria were isolated by serial centrifugations and after lipids
extraction, CoQg and CoQio were quantified by HPLC (B). Respiratory Exchange Ratio (RER) measured with the
automated home cage phenotyping system is shown for a three night/day period. (N=5-8). (C) B-hydroxybutyrate
levels and free fatty acids in plasma after mice were fasted for 12 hours (N=7-12). One representative experiment of
three independent experiments is shown. Data represent the mean +/- SD. One-way or two ways ANOVA test were
applied. P-values <0.05 were considered statistically significant.
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Finally, we performed respiration analyses on isolated mitochondria to study in vivo
mitochondrial metabolism in wild type and heterozygous Adck2 knockout mice under ad libitum
and CR conditions maintaining mitochondria alive and functional outside of the skeletal muscle
and we perform respiration analysis using different energetic substrates such as pyruvate plus
malate or palmitoyl-L-carnitine plus malate (Figure 75). We use different substrates in the assays
to stimulate different energetic pathways, pyruvate plus malate was used in the coupling assay
to stimulate the Krebs cycle plus ETC machinery whereas palmitoyl-L-carnitine plus malate were
used to stimulate fatty acids B-oxidation plus ETC machinery. Mitochondria isolated from
heterozygous Adck2 knockout mice ad libitum present lower respiration in the Coupling Assay
compared with mitochondria from wild type ad libitum (Figure 75A). Particularly State Illu and
Spare capacity were affected. More importantly, mitochondria isolated from mice on CR of both
genotypes presented higher respiration levels than the same genotype on an ad libitum diet,
indicating that CR could improve mitochondrial respiration. Particularly, mitochondria isolated
from mutant mice on CR displayed a huge increase compared with mitochondria isolated from
mutant mice on ad libitum. We also found a decrease in respiration in mitochondria isolated
from mutant mice compared with wild type mitochondria on B-oxidation assay (Figure 75B).
Even, we found differences in more parameters such as basal respiration, State Ill, State Illu and
Spare capacity, showing that mitochondria isolated from mutant mice could have a defect in

fatty acids B-oxidation and CR improved the B-oxidation on all respiratory parameters analysed.
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Figure 75 Respiration analysis on mitochondria isolated from skeletal muscle under caloric restriction

(A). Coupling assay on mitochondrial isolated from skeletal muscle on caloric restriction. (B) Fatty acids B-oxidation
on mitochondria isolated from skeletal muscle(N=5). One representative experiment of three independent
experiments is shown. Data represent the mean +/- SD. One-way or two ways ANOVA test were applied. P-values
<0.05 were considered statistically significant.

These results indicated that mutant mice presented an alteration in mitochondrial function. So,
we decided to examine mitochondrial complexes’ activity and assembly to determine if the
defects found in mutant mitochondria could be associated with an ETC disposition. Firstly, we
studied the maximum activity of each complex in total homogenate from skeletal muscle. CR
stimulated an increase in citrate synthase (Figure 76A) which was a marker of mitochondrial
mass suggesting that CR increased mitochondria mass on skeletal muscle in both genotypes. The
enzymatic activity of the different complexes was determined using specific substrates, resulting
in CR that could enhance the activity of complexes | and Il in both genotypes. Next, we studied
the gel-activity of complexes for complex I and complex IV running a Blue Native electrophoresis
where we did not find differences in the activity of complex | nor complex IV (Figure 76B). Finally,
we performed immunoblotting with specific antibodies for complex | and IV and we found an

increase in the isolated complex | isoform in mutant mice on CR and the association of
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complexes I+ll1,+l, in both groups of mice on CR (Figure 76C). These results are in agreement
with the enzymatic activity assays performed suggesting that CR stimulates complex | and
complex | potential associations, probably could be associated with higher activation of

mitochondria pathways resulting in a higher electron flow through ETC.
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Figure 76 Analysis of the complexes of the ETC under caloric restriction condition

(A). Spectrophotometric activity of complexes and citrate synthase activity on gastrocnemius muscle. Data represent
the mean +/- SD. A one-way ANOVA test was applied. P-values <0.05 were considered statistically significant. (B).
Mitochondria isolated from skeletal muscle were used, and 100 pg of solution enriched in mitochondria were loaded
per sample. Gel activity assay of complexes | and IV. Detection of the respiratory complexes and potential
supercomplexes after BNGE by immunoblotting to define bands for complexes and supercomplexes. Specific
antibodies against complexes | and V were used. Blue-native gel electrophoresis (BNGE).
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On balance, mitochondria from mutant mice on ad libitum present a mitochondrial dysfunction
characterized by lower mitochondrial CoQs and CoQyo levels and also by lower mitochondrial
respiration using pyruvate or palmitoyl-L-carnitine as substrates, which could be improved by
CR. We also found that CR could be increasing complex | activity and complex I+llI>+l, assembly

which could contribute to an improvement in ETC performance.

Metabolic profile modulation by caloric restriction in different tissues

Mutant mice showed a mitochondrial dysfunction characterized by lower mitochondrial
respiration with either pyruvate or fatty acids as substrates and lower CoQs and CoQgo levels. To
understand its implication in the general metabolism of the mice we studied the metabolomic
profile in muscle, liver and plasma from wild type and heterozygous mutant animals on CR and
an ad libitum diet. The results indicate that CR depicts a specific tissue effect about the damage
associated with the mutation in the ADCK2 gene (Figure 77A). CR modulates liver metabolism
similarly in wild type and mutant mice on CR compared with ad libitum mice. The liver of CR
mice is adapted to use energy from peripheral tissues for subsequently gluconeogenesis,
including increased levels of fatty acids and amino acids (essential, gluconeogenic and ketogenic
amino acids), and an elevation of metabolites of different energetic pathways (TCA cycle, urea
cycle and purines). Metabolic profile in plasma showed an elevation of TCA cycle metabolites
and amino acids in wild type animals under CR compared with ad libitum showing an adaptation
to fulfil energy demands for the different tissues. However, heterozygous Adck2 mutant mice
on CR did not exhibit the same increase in amino acids in plasma that was observed in CR wild
type mice. Muscle metabolites profile determination reveals that CR in wild type mice induce an
elevation in fatty acids, amino acids and TCA cycle metabolites in comparison with ad libitum CR
promoted the use of fatty acids and amino acids as energy substrate instead of glucose from

glycolysis.

Particularly, the metabolic profile in the liver shows that CR promoted the release of fatty acids
(FA) from adipose tissue, because of the levels of myristate, stearic acid, laureate, 2-
monopalmitic acid, adipic acid and cholesterol were increased (Figure 77B). Also, we found a
breakdown of proteins from skeletal muscle about an increase in levels of a wide range of amino
acids, including ketogenic (Phe, Tyr, lleu) and glucogenic (Gly, Thr, Asp, Met), branched-chain
(BCAAs, Val, lleu y Leu) and essential amino acids (e.g., Val, lleu, Leu, Met, Phe, Thr, Pro, Ala,
Met). Other metabolites elevated were glutamine, glutamate, 3-hydroxybutyrate (a ketone

body) and intermediaries of the TCA cycle such as citrate and isocitrate, which together with the
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increment of ornithine agreed with activation of both the urea cycle and the TCA cycle to
metabolize proteins. These data supported the idea that CR led to the mobilization of peripheral
energy deposits that the liver can subsequently be utilized for gluconeogenesis. Purines
elevation in CR were associated with ATP degradation suggesting a more efficient energy
metabolization. Liver from heterozygous Adck2 knockout mice on CR showed a partial
adaptation to reproduce the changes observed in wild type mice on CR increasing amino acids

levels, urea cycle intermediaries and purines.

Our results suggested that mitochondria from the liver on CR function mainly in catabolic mode
(Figure 77B), with fatty acid B-oxidation driving the TCA cycle. Additionally, a profile consistent
with anaplerotic replenishment via amino acids (both ketogenic and gluconeogenic) and the
urea cycle activation was observed in wild type and mutant mice on CR. Under these
circumstances, the anaplerotic filling of the TCA cycle together with the energetic fatty acids
fuelling of mitochondria rendered a metabolism relying less on glucose. The apparent decrease
of intermediaries of the glycolytic pathway and the increase in insulin sensitivity (e.g.,
significantly lower HOMA-IR index, fasting insulin and glucose in plasma) exhibited by the CR-
treated mice support this notion. In response to CR, the liver’s metabolites profile from wild
type and mutant mice showed an enhancement in fatty acids use as a fuel to provide energy to
the rest of energy-dependent tissues, suggesting a shift in hepatic substrate utilization toward

gluconeogenesis instead of glycolysis.

Metabolites profile in plasma of mice on CR suggested induction of catabolism by a breakdown
of proteins from skeletal muscle and an accumulation of metabolites for the TCA cycle in plasma
(Figure 77C). We found an accumulation of several amino acids in plasma, ketogenic (e.g. lleu)
and gluconeogenic (e.g. Gly), including branched-chain (BCAAs, Val, lleu, Leu) and essential (e.g.,
Phe and Trp) amino acids on CR wild type mice. However, these amino acids accumulation was
not so clear in Adck2 knockout mice on CR, suggesting the idea of the breakdown of skeletal
muscle proteins was not happening properly, TCA cycle metabolites were also elevated in the
plasma of mutant mice on CR, suggesting a mobilization of peripheral energy deposits that the
liver could use for gluconeogenesis. As a consequence of the catabolic metabolism adapted in
the liver of mice on CR, the TCA cycle metabolites were increased in plasma to feed the different
tissues of the organism of the mice on CR. Additionally, CR induced activation of metabolites

from purines and the urea cycle.

Metabolic profiles from skeletal muscle reveals that CR induced a series of adaptations that

correspond with metabolic changes associated with energy deprivation (Figure 77D). CR wild
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type mice exhibited an increase in fatty acids levels and TCA metabolites, and a decrease in
amino acids. In contrast, mutant mice on CR a higher elevation of fatty acids in the muscle in
comparison with mutant mice on ad libitum. Probably, the increase of fatty acids in the muscle
was related to fatty acids B-oxidation promoted by energy deprivation, indicating a metabolic

switch from glucose to the use of fatty acids as energy substrate.

In summary, a metabolomic study reveals that CR had a tissue-specific effect, affecting every
tissue in a specific way (Figure 77A). CR mice showed a metabolic switch to use fatty acids

instead of glucose as energy substrate.

Later, we validated the changes of some metabolites that were modulated by CR. We observed
that CR promoted similar adaptations in the liver in both mutant and wild type animals (78).
However, the changes promoted by CR on plasma (Figure 79B) and on skeletal muscle (Figure
79A) only occurred in some specific metabolites suggesting the idea that adaptation stimulated
by CR did not completely occur. Principal Component Analysis (PCA) on the metabolomic
analysis revealed that CR animals were displaced from mice on ad libitum in the three tissues
studied, indicating that CR could produce an important metabolic reorganization in the same

direction in both groups of mice (Figure 80).

236



A Caloric restriction

‘0‘. § ...O‘A
/ 4 XFFA
: v+ AAs
1 FRA : 4 4 TCA intermediaries
$4ALS —p /rea v
4 4urea cycle sy \cycl‘e/
#4Purines

44 Ketone bodies * Adck2+/+ CR
4 Adck2*/- CR

+XAAs
4 # TCA intermediaries

B C D

Stearic acid

_ (L group/WT group)-1 (L group/WT group)-1
Stearic acid I3 Leucine l
Myristate acid 2 \Vall !
aline
Fatty acids -Z—monopalmiticacid 1 o
B-oxidation Phenylalanine 0 X
Adipicacid 0 Proteolysis Fatty acids
L Cholesterol - Isoleucine 0.5 B-oxidation
Glycine 2 Tryptophan I'1
Phenylalanine I’3 [
Glycine
Tyrosine
soleucing Urea cycle Glutamicacid
Leucine ATP degradation Citruline
Proteolysis ; Ketone bodies |
Threonine roduction L 3-Hydroxybutiric acid
Aspartic acid p Proteolysis
. 2-Hydroxy-glutarate
Methionine
Lysine Fumarate
Proline TCAcyde Malate
Alanine Alpha-Ketoglutarate
Serine
Citrate
L Valine Ketone bodies [~
Urea cycle Glutamicacid Isocitrate production
Glutamine a :5 :g a
ATP degradation L Hypoxantine % % % %
Ketone bodies ; < 32 3 X
) 3-Hydroxy butyrate acid = 7 = D
production [~ Ia o TCAcyde
Citrate - X
Ornithine
TCAcycle Glucose
Fructose 6P
Pyruvate TTe » > >
L Lactate % % % %
P —— R R R R
2 o aa F F OF %
O 0 o 0 | In
RRRR 2%
S ": F
Q93

Figure 77. Metabolic profile in plasma, liver and muscle on calorie restriction conditions
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Figure 78 Functional validation and representation of metabolomics in liver
Metabolic profile in liver tissue (N=3-5). Data represent the mean +/- SD. A one-way ANOVA test was applied. P-values
<0.05 were considered statistically significant.
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Figure 79 Functional validation and representation of metabolomics in muscle and plasma

(A). Metabolic profile in muscle (N=3-5). (C). Metabolic profile in plasma (N=3-5). Data represent the mean +/- SD. A

one-way ANOVA test was applied. P-values <0.05 were considered statistically significant.
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PCA analysis on liver (A), plasma (B) and muscle (C). (N=3-5).

Myofiber typing modulation by caloric restriction

CR induces a metabolic switch to use oxidative pathways and fatty acids as energetic substrates
instead of glycolytic pathways and glucose, together with an induction of protein catabolism. To
examine if CR could lead to more oxidative metabolism in skeletal muscle, we studied the
myofiber composition on TA muscle in heterozygous Adck2 knockout and wild type mice under
CR conditions (Figure 81). This staining identifies myofibers type IIA, myofibers type IIX and
myofibers type IIB. AlImost all myofibers in TA are type Il myofibers, type IIA are more oxidative
myofibers while type IIB myofibers are more glycolytic myofibers. Myofibers type 11X are hybrid

myofibers that present a crossed metabolism.

Mutant mice on an ad libitum diet presented a lower proportion of oxidative myofibers type IIA
compared with wild type mice, while mutant mice had a higher proportion of hybrid myofibers
suggesting that mutant myofibers displayed a less oxidative profile (Figure 82). However, CR
changed myofiber typing to a more oxidative profile in both genotypes increasing the proportion
of myofibers type IIA to the detriment of the glycolytic type IIB myofibers. Particularly,
heterozygous Adck2 knockout mice on CR presented a profile similar to the wild type on CR and
increased the proportion of myofibers type IIA compared with the mutant mice on ad libitum

(Figure 82).
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Adck2*/* CR
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Figure 81 Representative images of myofiber composition on tibialis anterior (TA) muscle of mice under caloric
restriction

Immunostaining analysis to determine myofiber composition in transversal sections from tibialis anterior (TA) muscle
from adult mice (thirteen month-old). Myofibers type IIA, IIB and IIX appear in green, red and black. Cryosections of
TA muscle (12 um) were used for the immunostaining.

241



Fiber typing proportion

60-
p=0.0203 p=0.0245

p=0.0098 ® ] Adck2+/+
= 04 | _ [ Adck2*+ CR
2 [ Adck2+-
S 1 Adck2*/-CR
6.9 20-

TypellA Type lIX Type llB

Fiber typing proportion

Adck2*- CR

I A

e X
Adck2""

¢ = B
Adck2** CR
Adck2*"*

0 20 40 60 80 100

Figure 82 Myofiber composition in TA muscle from mice on caloric restriction
Myofiber composition was analysed in TA muscle from thirteen month-old mice. Type lIA, IIB and IIX appear in green,

red and black. Data represent the mean +/- SD (N=6-8). A one-way ANOVA test was applied. P-values <0.05 were
considered statistically significant.

Modulation of metabolic markers by caloric restriction

Gastrocnemius muscles were homogenized by sonication in RIPA buffer, after that protein
concentration was quantified. Finally, protein solutions were mixed with LB5X and DDT and

heated for 5 minutes at 95 2C to perform western blot analyses.

Although, protein levels of mitochondrial mass marker were not different between wild type
and Adck2*" mice on ad libitum diet, we found an upregulation in both groups of mice on CR
conditions for PGCla (Figure 83A). Moreover, Sirtl protein levels were upregulated in mice on
CR, indicating an adequate adaptation to fasting. Sirt3 protein, the main mitochondrial
deacetylase, was also increased in CR mutant mice (Figure 83A). AKT protein levels were

increased on samples of mice submitted to CR indicating a higher sensibility to insulin (Figure
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84), AMPKa and Foxol belong to a pathway activated during fasting, were upregulated in mice
on CR. The response observed in ERK levels on animals from CR groups could indicate an
activation of apoptosis. CR intervention induced lower levels of Foxo4 in skeletal muscle, which
leads to the observed effect on glucose homeostasis. The increase on ACAA2 levels on mice on
CR evidenced a higher fatty acids B-oxidation. These changes showed acclimatization to reduced

energy intake and fasting in skeletal muscle under CR (Figure 84).
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Figure 83 Modulation of metabolic markers associated with mitochondria.

(A). Protein levels of mitochondrial metabolic markers from gastrocnemius muscle homogenate. (B). Stain-free image
used as control for protein load. Data represent the mean +/- SD (N=3). A one-way ANOVA test was applied. P-values
<0.05 were considered statistically significant. Image Lab software was used for quantification analysing volume

intensity parameters.
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Data represent the mean +/- SD (N=3). A one-way ANOVA test was applied. P-values <0.05 were considered
statistically significant. Image Lab software was used for quantification analysing volume intensity parameters.
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Caloric restriction environment induces satellite cells differentiation

We have shown that CR was able to induce changes in myofiber composition and mitochondrial
metabolism towards a more oxidative metabolism. Previously in chapter 2, we described that
the differentiation process of SCs is affected in Adck2 mutant mice possibly associated with a
metabolic problem derived from a defect to carry out oxidative metabolism during
differentiation. Based on these results, we decided to develop an in vitro approach to examine
post-natal myogenesis under CR conditions to assess the potential effects of CR on SCs
differentiation. However, SCs isolated from mice on CR would not reproduce CR in vivo
adaptation because since almost 20 years ago it had been described that primary cell culture
from mice on CR would lose CR adaptations 72 hours after seeding (208), and consequently using

primary cells culture from mice on CR we would not be able to reproduce CR adaptation in vitro.

To reproduce CR in vivo adaptation, blood obtained from mice under CR and ad libitum
conditions was collected and after that serum was isolated from blood. Later differentiation of
SCs was induced with a differentiation medium that contains the serum from wild type and
mutant mice on ad libitum and CR. We decided to use serum from mice instead of commercial
serum and medium options due to we already identified on metabolomics analyses that there
are differences in plasma nutrients composition between wild type and heterozygous Adck2
knockout mice, and more significantly CR produce important changes in serum composition thus
reproducing completely in vivo adaptations we thought that serum from mice was the most

reliable option.

Group Satellite cells isolated from The serum used for the culture
experiment
1 Wild type mice on ad libitum Wild type on ad libitum
2 Wild type mice on ad libitum Wild type on CR
3 Mutant mice on ad libitum Mutant on ad libitum
4 Mutant mice on ad libitum Mutant on CR

Initially, we studied differentiation by the measure of myotubes growth MyHC area and
myotubes length for 72 hours (Figure 85). We found that myotubes from mutant mice cultivated
with serum from mutant mice on ad libitum grew less than myotubes from wild type mice
cultivated with serum from wild type mice on an ad libitum diet (Figure 86A). Furthermore,

myotubes from wild type and mutant mice that have been cultivated with serum from their
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respective CR mice present an increase in growth, suggesting the idea that CR serum

composition could be accelerating SCs differentiation and myotubes growth (Figure 86A).

We also determined the differentiation index (Figure 86A), to discriminate between
differentiated cells and non-differentiated cells. We found that myotubes from mutant mice
incubated with serum from mutant mice on ad libitum present a lower proportion of
differentiated cells compared with wild type myotubes cultivated with wild type ad libitum
serum at 72 hours meaning that differentiation could be delayed (Figure 86A). In contrast,
mutant myotubes with serum from CR mutant mice present an increase in differentiation,
indicating that serum composition could be important in myogenic differentiation. We also
calculated the ramification that the myotubes experienced during the differentiation process
(Figure 86B), statistical analysis is shown in Table 19. We obtained that mutant myotubes
incubated with the serum of mutant mice on ad libitum conditions present a lower proportion
of branched myotubes compared to wild type myotubes plus serum from wild type mice on ad
libitum. In addition, myotubes cultivated with serum from CR mice present a higher proportion
of branched myotubes pointing out that serum from CR mice increases the branching capacity

of the myotubes and could accelerate their differentiation process.

Ade2+/+ Ade2+/+ CR Adck2+/- Adck2+/. CR

24H#

48H

72H

Figure 85. Representative images of the differentiation process of satellite cells cultivated with serum from mice
Representative images of satellite cells differentiate into myotubes, differentiation to myotubes was induced by a
reduction in serum concentration. Fresh medium was replaced in each well every 48 hours to avoid nutrient
depletion. DAPI was used to stain in blue the nuclei of the myotubes, while differentiated myotubes were stained in
green with a MyHC antibody. The differentiation process was determined by following the increase of the MyHC area
in myotubes. (A). Differentiation at 24 hours. (B). Differentiation at 48 hours. (C) Differentiation at 72 hours.
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Figure 86. Differentiation process of satellite cells cultivated with serum from mice on ad libitum or CR diets.

Satellite cells were isolated and differentiated to myotubes for 72 hours. DAPI was used to stain in blue the nuclei of
the myotubes, while differentiated myotubes were stained in green with Myosin heavy chain (MyHC) antibody. The
differentiation process was determined by following the increase of MyHC expression by immunostaining.
Differentiation of satellite cells to myotubes is induced by a reduction in serum concentration. (A). MyHC area,
differentiation index and myotubes length analysis in myotubes differentiated from satellite cells. (B). Branching
capacity analysis in myotubes differentiated from satellite cells. Data represent the mean +/- SD. A one-way ANOVA
test was applied. P-values <0.05 were considered statistically significant.

Table 19 Statistic analysis of branchin capacity of myotubes under CR condition

Time point 24 hours

Branches 2 Branches 3 Branches 4

Comparison | Significance | Comparison | Significance | Comparison | Significance
Adck2** vs p=0.0398 Adck2*+ vs p=0.0281 Adck2+ vs ns

Adck2*/* CR Adck2*/+ CR Adck2+/* CR

Adck2** vs ns Adck2*/* vs ns Adck2*/+ vs ns

Adck2+- Adck2*/- Adck2*/-

Adck2*/* vs ns Adck2*/* vs p=0.0415 Adck2+ vs ns

Adck2*/- CR Adck2+/- CR Adck2+/- CR

Adck2*/* CR vs ns Adck2*/* CR vs ns Adck2*/* CR vs ns

Adck2+/- Adck2+/- Adck2+/-

Adck2*/* CR vs ns Adck2*/* CR vs ns Adck2*/* CR vs ns

Adck2+/-CR Adck2/-CR Adck2+/-CR

Adck2*- vs ns Adck2*/- vs ns Adck2*/- vs ns

Adck2*- CR Adck2*/- CR Adck2*/- CR

Time point 48 hours

Branches 2 Branches 3 Branches 4

Comparison | Significance | Comparison | Significance | Comparison | Significance
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Adck2*/+ vs ns Adck2** vs ns Adck2*/* vs ns
Adck2*/+ CR Adck2*+ CR Adck2*/* CR

Adck2/+vs ns Adck2+* vs ns Adck2*/* vs ns
Adck2*/- Adck2*- Adck2*/-

Adck2*/+vs ns Adck2+ vs ns Adck2*/* vs ns
Adck2*/- CR Adck2*/- CR Adck2*/- CR

Adck2*/* CR vs ns Adck2*/* CR vs ns Adck2*/* CR vs ns
Adck2+/- Adck2+- Adck2+/-

Adck2*/+ CR vs ns Adck2** CR vs ns Adck2*/* CR vs ns
Adck2*/-CR Adck2*/-CR Adck2*-CR

Adck2*- vs p=0.0145 Adck2*- vs ns Adck2*/- vs ns
Adck2*/- CR Adck2*/- CR Adck2*/- CR

Time point 72 hours

Branches 2 Branches 3 Branches 4
Comparison | Significance | Comparison | Significance | Comparison | Significance
Adck2*/+ vs p=0.0118 Adck2*/* vs ns Adck2*/* vs p=0.0488
Adck2*/+ CR Adck2*+ CR Adck2*/* CR

Adck2*+ vs p=0.0122 Adck2*/* vs ns Adck2+/* vs ns
Adck2*/- Adck2*/- Adck2*/-

Adck2** vs p=0.0008 Adck2*/* vs ns Adck2*/* vs p=0.0028
Adck2*/- CR Adck2*/- CR Adck2*/- CR

Adck2*/* CR vs p<0.0001 Adck2*/* CR vs p=0.0036 Adck2*/* CR vs p=0.0014
Adck2+/- Adck2+- Adck2+/-

Adck2*/* CR vs ns Adck2*/* CR vs ns Adck2*/* CR vs ns
Adck2*/-CR Adck2*/-CR Adck2*/-CR

Adck2*- vs p<0.0001 Adck2*- vs p=0.0019 Adck2*/- vs p<0.0001
Adck2*/- CR Adck2*/- CR Adck2*/- CR

Later quantify the velocity of differentiation of each SCs according to each serum by correlating
each of these parameters along time to calculate the slope of the line (Table 20). Mutant
myotubes cultivated on ad libitum presented a 50% slower growth and differentiation in the
MyHC area and a differentiation index 3-times lower than wild type myotubes on ad libitum,
whereas the myotube length was compromised by only 20%. On the other hand, mutant

myotubes on CR serum showed an increase in all the differentiation parameters analysed, being

the velocity of differentiation of these myotubes was even faster than wild type on CR.
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Table 20 Differentiation analysis in myotubes on CR conditions

Parameter: MyHC area

Group The slope of the line R squared on the graph
Adck2** ad libitum serum 0.1444x R?=0.764
Adck2*"* CR serum 0.16x R?=0.5363
Adck2*" ad libitum serum 0.096x R?=0.5793
Adck2*" CR serum 0.1814x R? =0.5098
Parameter: Differentiation Index

Group Slope of the line R squared on the graph
Adck2*"* ad libitum serum 0.146x R2=0.6411
Adck2** CR serum 0.1801x R2=0.5497
Adck2* ad libitum serum 0.0564x R?2=0.1649
Adck2”" CR serum 0.1767x R?2=0.4671
Parameter: Myotubes length

Group The slope of the line R squared on the graph
Adck2** ad libitum serum 2.2595x R? =0.8441
Adck2** CR serum 3.0836x R? =0.8406
Adck2*" ad libitum serum 1.8805x R2=0.86
Adck2" CR serum 3.4944x R?=0.8647
Parameter: Ramificated myotubes

Group The slope of the line R squared on the graph
Adck2** ad libitum serum 0.4157x R?2=0.8473
Adck2* CR serum 0.4289x R?=0.7696
Adck2*" ad libitum serum 0.2099x R?=0.6369
Adck2”" CR serum 0.5057x R? =0.8452

Finally, we studied the metabolism of the myotubes during differentiation to elucidate the
reason for these differences. Therefore, we analysed the mitochondrial respiration of the
myotubes, SCs were plated on the Seahorse plate, differentiation was induced directly in the
wells of the plate by adding its corresponding serum. Next, respiration was determined by
adding either two different energy substrates: glucose plus pyruvate and glutamine to
determine OCR (Figure 87A), or palmitoyl-L-carnitine to quantify fatty acids B-oxidation (Figure
87B). Mutant myotubes incubated with serum from mutant mice on ad libitum showed a lower
oxygen consumption rate when glucose was in the medium than myotubes from wild type mice
cultivated with serum from ad libitum wild type mice, the bigger difference was found in
maximum respiration. We found the same result in myotubes when palmitoyl-L-carnitine was
used as a substrate during the assay. Myotubes from mutant mice incubated with serum from
mutant mice on ad libitum presented a decrease in fatty acids B-oxidation compared with wild
type myotubes cultivated with serum from wild type mice on ad libitum, proposing the idea that
the defect observed in differentiation could be associated with alteration in fatty acids B-

oxidation. Serum from CR mice increased B-oxidation and OCR in myotubes in both genotypes.
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These results proposed the idea that the increase found in differentiation markers could be

associated with an improvement in mitochondrial respiration, fatty acids B-oxidation rate and

the capacity to use fatty acids as energetic substrates.
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Figure 87 Respiration of satellite cells under calorie restriction conditions.

(A). Oxygen consumption rate in myotubes differentiated from satellite cells. (B) Fatty acids B-oxidation rate in
myotubes differentiated from satellite cells. One representative experiment of two independent experiments is
shown for each assay. FA, fatty acids; FAO, fatty acids oxidation; OCR, oxygen consumption rate; FCCP, Carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone; CR, calorie restriction. Data represent the mean +/- SD (N=4-5). One-
way or two-way ANOVA tests were applied. P-values <0.05 were considered statistically significant.

On balance, we have developed an in vitro model using adult muscle stem cells, which can
reproduce CR adaptations that we have previously observed in vivo. Additionally, this model
allowed us to study skeletal muscle differentiation in a CR niche. We identified alterations in the
metabolism of myotubes that could be recovered with the addition of serum from CR animals,

suggesting the importance of the serum composition in skeletal muscle differentiation and

metabolism.
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4.4.2 Discussion of chapter 4:

The main objective of the present chapter was to examine the effect of a metabolic stress
inducer as a beneficial modulator of mitochondrial disease. For this purpose, we studied our
heterozygous Adck2 knockout mice under CR conditions. Adult mice (six-month-old) were
submitted to CR for seven months, after that mice (thirteen month-old) were sacrificed by
cervical dislocation. Initially, we did not find differences in weight loss between wild type mice
and mutant mice on CR, although both groups lost weight compared with their respective
controls on an ad libitum diet, demonstrating that the CR approach was properly working.
Besides, when we examined data of mice on ad libitum, mutant mice tend to gain weight

compared with wild type mice, suggesting a defect in energy metabolism.

We performed two exercise tests focused on skeletal muscle strength, the grip strength and the
weights lifting test, to evaluate the skeletal muscle function. On basal condition (before CR
period), mutant mice presented a decrease in skeletal muscle production in both tests,
indicating that probably mutant mice suffer a dysfunction in skeletal muscle. At the end of the
CR period, when long term CR adaptations would have occurred, mutant mice on ad libitum
presented a lower force production than wild type mice in both tests indicating that the defect
in skeletal muscle function continued. Nevertheless, both wild type and mutant mice on CR
presented an increase in force production in both tests showing an improvement in strength
associated with CR. Previously, it has been reported that CR could attenuate strength loss
associated with ageing and sarcopenia in mice using the grip strength test as an indicator of
force production, suggesting that temporal restriction of food in CR could be helpful to maintain
muscle function with ageing (205). In agreement, an improvement in the grip strength test on
mice on CR has been reported demonstrating the influence of CR on physical capacity (209).
Here, we could propose that CR could be promoting a more efficient skeletal muscle function
and a higher performance on the test to evaluate strength, being CR even useful to prevent loss

of strength associated with myopathy.

Furthermore, we developed a treadmill protocol to study aerobic metabolism in vivo where mice
are forced to run until exhaustion using a mild electric shock on a 102 uphill open treadmill. In
basal conditions, mutant mice showed a lower performance compared with wild type mice, as
well they did after the diet period on ad libitum condition, while mutant mice on CR displayed
an improvement in aerobic capacity. Additionally, the voluntary wheel running over three
periods day/night period was determined, finding that both groups at CR presented a higher
performance than ad libitum animals. Previously, the improvement in aerobic capacity in mice

on CR has been associated with an improvement on slow muscle myofibers capacity (205) and
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with higher efficiency in nutrients mobilization for physical activity (209). Our results were in
line with the previous benefits of CR over aerobic performance, but, CR improved aerobic
metabolism in our mutant mice, which presented a mitochondrial dysfunction, promoting a

more efficient mitochondrial metabolism.

On the other hand, it is well known the effect of CR on glucose and insulin tolerance (210). For
that reason, we checked the effect of CR on glucose and insulin homeostasis in our mutant mice
to examine if CR would promote more efficient energy metabolism. Initially, we found higher
levels of glucose and insulin in fasting conditions in Adck2 heterozygous mice, suggesting that
mutant mice on an ad libitum diet could present a potential insulin resistance while CR decreases
levels of glucose and insulin similarly in both groups, CR could improve glucose and insulin
sensitivity. Mutant mice on ad libitum presented a higher HOMA index that was also reduced in
both groups of mice on CR. Moreover, we decided to study glucose and insulin in vivo after the
induction with a series of stimuli, such as glucose, insulin or pyruvate. The glucose tolerance test
was used to examine glucose plasma elevation after glucose injection, mice on ad libitum
displayed a slower reduction in glucose curve compared with wild type mice indicating
inadequate glucose management. Mice on CR exhibited a quicker reduction in glucose levels
during the test, indicating that CR induces more efficient glucose homeostasis. The insulin
tolerance test is used to study glucose plasma levels after insulin injection. Mutant mice on ad
libitum presented a more moderate glucose level decrease compared with wild type mice,
denoting again a lower glucose sensitivity and the inefficient entrance of plasma glucose into
the cell. Besides, both groups of mice on CR presented a quicker reduction in glucose levels post
insulin injection, demonstrating a more effective response to insulin. Hepatic gluconeogenesis
was also evaluated with the pyruvate tolerance test as can be observed in Figure 73 when
pyruvate was injected, and glucose levels were monitored to determine the generation of
glucose from non-carbohydrate carbon substrates such as pyruvate. Mutant mice on ad libitum
showed a lower glucose production post-injection compared with wild type mice on ad libitum,
suggesting a defect in glucose homeostasis. CR produced an increase in glucose production in

mutant mice, indicating more effective glucose homeostasis.

CRis a modulator of glucose and insulin homeostasis (204), post-prandial glucose rise stimulates
insulin production in the pancreas to promote the uptake of plasma glucose by the different
tissues. Our results on wild type mice under CR corroborate previous studies where CR was
postulated to enhance glucose and insulin homeostasis (205), but what is more significant in our
study was that CR was able to improve the deregulate glucose and insulin homeostasis and

revert the altered profile, showing the potential effect of CR over glucose and insulin sensitivity.
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The results from metabolomics studies in the different tissues analysed (skeletal muscle, plasma
and liver) (Figure 77) suggested that the organism was adapted to food deprivation mobilizing
substrates from peripheral tissues to produce de novo energy to support essential processes to
fulfil energy demands. Particularly, the liver analysis reports the release of fatty acids and
proteins that could be used to produce energy under food deprivation relying less on glycolytic
substrates. Metabolomics data from the liver agree with the metabolomics found in plasma,
that evidenced an increase of metabolites in plasma from peripheral energy deposits. Skeletal
muscle displayed an increase on amino acids indicating a breakdown of muscle proteins to
produce energy substrates and higher levels of fatty acids demonstrating a switch from glucose
to fatty acids metabolism as it has been previously described on CR conditions (211). As
expected, CR modulated metabolites on the three tissues examined leading to adaptation to
fasting and reduced food intake enhancing metabolic flexibility and energy homeostasis, thus
CR reproduces metabolic hallmarks in the metabolomics in wild type mice (212). However, the
important point here is that CR promoted similar adaptations in Adck2 heterozygous mice

showing that CR could modulate the metabolic dysfunction experienced in mutant mice.

We also performed a bioenergetic analysis of CR focusing on mitochondria where we analysed
the CoQ levels on CR. Initially, mutant mice under ad libitum conditions presented a lower
mitochondrial CoQg and CoQyo levels than wild type in line with the previous study that links the
ADCK2 gene to the maintenance of CoQ levels (178) (77). More significantly, CoQs and CoQuo
levels were increased in our mutant mice on CR to almost reach wild type levels, suggesting that
CR could stimulate the endogenous biosynthesis of CoQ. In contrast, we did not find an increase
in CoQ levels in mitochondria of wild type mice on CR, probably because mitochondria from wild
type mice are already full of CoQ and at their maximum capacity. However, mitochondria from
mutant mice presented lower levels, then, we can detect the increase of CoQ stimulated by CR.
A previous study examined CoQ levels in skeletal muscle on CR reporting an increase in both
CoQg and CoQyo in skeletal muscle homogenate, and modulation of genes involved in CoQ
biosynthesis (143). Consequently, we could propose that CR could be upregulating CoQ

biosynthesis.

We analysed RER finding mutant mice on ad libitum conditions presented higher RER in the
day/night period suggesting an inadequate fatty acids metabolism compared with wild type
mice in ad libitum. However, mice on CR despite a complete opposite RER profile to mice on ad
libitum conditions, and what is more important, in both phases (day and night) CR mice showed
more extreme values, supporting the idea that mice on CR are more efficient on using different

energetic substrates, as it has been previously suggested (205).
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Furthermore, we performed an in vivo analysis of the bioenergetic metabolism in isolated
mitochondria from skeletal muscle. In the coupling assay, pyruvate plus malate were in the
medium, mitochondria from mutant mice on ad libitum displayed lower respiration capacity, a
lower State Illu and a lower spare capacity, whereas mitochondria from mutant mice on CR
displayed an increase in respiration, suggesting an improvement on respiration and
mitochondrial machinery. Additionally, in the B-oxidation assay, where the substrates were
palmitoyl-L-carnitine plus malate, mitochondria from mutant mice on ad libitum presented
lower respiration levels than mitochondria from wild type mice, supporting previous data that
indicate that mutant mice present a defective fatty acids Boxidation. More importantly, mutant
mice on CR presented an increase in respiration suggesting that CR could improve the oxidative
metabolism in mutant mice. To our knowledge, this is the first study that studies the effect of
CR on in vivo mitochondrial respiration, additionally, we found that CR was able to reprogramme

the deregulated mitochondrial metabolism from heterozygous Adck2 knockout mice.

The results suggest that CR could be regulating mitochondrial metabolism and skeletal muscle
function, thus we decided to study myofibers typing on TA muscle to check if CR could be also
modulating myofiber composition. Mutant mice on ad libitum presented a lower proportion of
oxidative myofibers type lIA and a higher proportion of hybrid myofibers type IIX compared with
wild type mice. CR produced an oxidative shift in myofiber composition inducing a higher
proportion of myofibers type IIA in both wild type and heterozygous Adck2 knockout mice. This
result suggested that CR could be inducing a more oxidate metabolism in skeletal muscle.
Additionally, metabolic protein markers activated during food deprivation were modulated in
skeletal muscle of mice on CR suggesting an upregulation of AMPKa pathway that could be
associated with the change of myofiber typing pattern found, an increase in oxidative pathway

and evidenced an acclimatization to fasting.

Our results led us to develop a CR in vitro model to study the effect of CR on the skeletal muscle
stem cell differentiation process. It has been described that CR improved skeletal muscle
regeneration (145), although its effects on SCs remain to be discovered. Furthermore, SCs
presented important metabolic flexibility to accommodate different metabolic substrates where
secondary metabolites could have important outcomes over SCs control (182). These facts drive

us to analyse the modification of SCs microenvironment by CR and its effects on their function.

Consequently, we decided to induce SCs differentiation in a microenvironment using freshly
isolated SCs that were plated in a differentiation medium containing serum isolated from the

different groups of mice studied. We periodically collected the serum of wild type and mutant
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mice on both ad libitum and on CR, to create a microenvironment that reflects the blood
composition of our mice, including the differences found in different metabolites and molecules
in the metabolomics profile. SCs exhibit metabolic flexibility during activation, specification,
proliferation and differentiation, displaying different metabolic shifts from several energetic
substrates during these stages (177). More significantly, we induced metabolic reprogramming

by adding the serum that would be specific to the genotype and the diet of mice.

The culture of cells with serum from caloric restricted rodents already reported improvement in
oxidative stress response and mitochondrial function in astrocytes (213) and increased tolerance
to stress by heat shock in murine melanoma cells (214) and primary hepatocytes culture (208).
Additionally, the incubation of myotubes with serum from young or old individuals could
modulate the myotubes diameter (215), showing that the composition of serum is crucial in the
myotubes differentiation process. Moreover, the effect of CR serum on the culture of SCs has
been never analysed. Besides, all previous studies mentioned, serum from wild type rats on CR
was used while in our study we have used the serum of wild type or mutant mice on ad libitum
or CR, thus every serum has the real composition of wild type and mutant mice on ad libitum or

CR conditions mimicking the real status of mice, even we can distinguish between genotypes.

As can be visualized in Figure 86, myotubes differentiated from mutant SCs cultured in serum
from mutant mice on ad libitum presented a lower MyHC area, but also a lower myotubes length
and reduced branching capacity associated with a ramification defect. Therefore, these data
could support the idea that myotubes from mutant mice cultured with the serum of ad libitum
mutant presented a morphological defect that resulted in hypotrophic myotubes. Nevertheless,
when we studied myotubes from mutant mice cultivated with serum from mutant CR mice we
found an increase in the different parameters studied, proposing the idea that CR serum could

decrease the hypotrophic phenotype.

SCs experienced a metabolic shift during differentiation becoming more dependent on OXPHOS
and fatty acids PB-oxidation than in glycolysis (177), exhibiting metabolic flexibility to
accommodate energetic needs. Additionally, secondary metabolites that modulate
reprogramming and alterations of the SCs environment could result in metabolic alterations
(177). Based on that, we thought that the different serums could be creating different
microenvironments for cell culture and particularly, serum from caloric restricted mice could
force the utilization of the metabolic pathways that are active during myotubes differentiation
(OXPHOS and fatty acids oxidation). For that reason, we performed mitochondria bioenergetic

assays to evaluate oxidative phosphorylation and fatty acids B-oxidation. Mutant myotubes
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cultivated with the serum of ad libitum mutant mice showed a decrease in oxygen consumption
when the glucose was used as substrate compared with wild type myotubes cultivated with
serum from wild type mice on ad libitum. More importantly, mutant myotubes cultivated with
serum from mutant mice on CR showed an increase in respiration levels, especially on maximum
respiration, indicating that serum from mice on CR could force the OXPHOS system from mutant
myotubes to work better. Nonetheless, we also quantified the fatty acids B-oxidation using
palmitoyl-L-carnitine as substrate, finding that mutant myotubes cultivated with serum from
mutant mice on ad libitum showed a decrease in palmitoyl oxidation whereas mutant myotubes
cultivated with the serum of mutant mice on CR increased fatty acids B-oxidation, suggesting
that the microenvironment supplemented with the serum of mutant mice on CR could be

efficiently improving the oxidative metabolism.

On balance, we developed an in vitro model of CR using adult muscle stem cells to describe a
defect in differentiation that leads to a hypotrophic phenotype and smaller myotubes, defects

that can potentially be related to the metabolic defects associated with ADCK2.
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5 CONCLUSIONS
Chapter 1

Damages in mutant Adck2 knockout mice start during embryonic development.

The alterations found during embryonic development are tissue-specific.

A prenatal CoQ administration palliates the damages associated with the ADCK2 gene
during embryonic development.

CoQyo administration could recover some defects associated with the ADCK2 gene, but

also could activate or repress new genes or pathways.

Chapter 2

Satellite cells differentiation is affected in our mutant mouse model, myotubes derived
from mutant satellite cells present a defective myogenic differentiation.

Differentiation defects could be associated with an incapacity of the mutant myotubes
to use oxidative metabolic pathways during the differentiation process.

Satellite cells derived from mice supplemented with CoQio present an improvement in
the differentiation process associated with better oxidative metabolism.

Damages found in mutant satellite cells are more severe in satellite cells from old mice.

Chapter 3

Mutant mice present a skeletal muscle decline associated with ageing resulting in a
change in the myofiber typing composition, myofiber size and a physical incapacity
through the ageing process.

CoQyo longitudinal administration could delay the damages found in the skeletal muscle
associated with ageing

Mutant mice present a defective in vivo mitochondrial respiration while CoQio could

recover the defect in mitochondrial respiration.

Chapter 4

Mutant mice present a deregulated glucose and insulin homeostasis, caloric restriction
enhances glucose and insulin sensitivity in mutant mice.

The caloric restriction could improve mitochondrial physiology on mutant mice,
ameliorating CoQ decrease and in vivo mitochondrial respiration.

Caloric restriction produces almost the same metabolic adaptations in different tissues

on wild type and mutant mice.

259



e Caloric restriction microenvironment on cell culture could enhance satellite cells

differentiation forcing different oxidative pathways.
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CONCLUSIONES

Capitulo 1

Los dafios del ratén Adck2 knockout empiezan durante el desarrollo embrionario.
Las alteraciones encontradas durante el desarrollo embrionario son tejido-
especificas.

La administracién prenatal de CoQ10 palia los dafios asociados con el gen ADCK2
durante el desarrollo embrionario.

La administracion de CoQ10 puede recuperar defectos asociados con el gen ADCK2,

pero también podria activar o reprimir otros genes o rutas.

Capitulo 2

La diferenciacién de células satélites esta afecta en el ratdn mutante, los miotubos
derivados de células mutantes presentan un defecto en la diferenciacién miogénica.
Los defectos en la diferenciacidn podrian estar asociados con la incapacidad de los
miotubos mutantes para usar rutas metabdlicas oxidativas durante el proceso de
diferenciacion.

Las células satélites derivadas de ratones suplementados con CoQ10 presentan una
mejora en el proceso de diferenciacién asociado con un mejor metabolismo
oxidativo.

Los dafios observados en las células satélites mutantes son mas severos en células

de ratones viejos.

Capitulo 3

Los ratones mutantes presentan un decible en el musculo esquelético asociado con
el envejecimiento que resulta en cambio en el tipo de fibras musculoesqueléticas,
en el tamano de la fibra y una incapacidad para la actividad fisica a lo largo del
envejecimiento.

La administracion longitudinal de CoQ10 podria retrasar los dafios encontrados en
el musculo esqueléticos asociados al envejecimiento.

Los ratones mutantes presentan un defecto en la respiracién mitocondrial in vivo
mientras la suplementacidon con CoQ10 podria recuperar el defecto de la respiraciéon

mitocondrial.

261



Capitulo 4

Los ratones mutantes presentan una desregulada homedstasis de la glucosa y la
insulina, la restriccidn caldrica podria mejorar la sensibilidad a la glucosa e insulina
en ratones mutantes.

La restriccion caldrica podria mejorar la fisiologia mitocondrial en ratones mutantes,
paliando el descenso de CoQ y mejorando la respiracion mitocondrial in vivo.

La restriccidon caldrica produce casi las mismas adaptaciones metabdlicas en los
diferentes tejidos en ratones wild type y mutantes

Un microambiente caracterizado por la restriccion caldrica en cultivo celular podria
mejorar la diferenciacion de las células satélites a través de diferentes rutas

oxidativas.
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