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Resumen 

La mitocondria es uno de los orgánulos celulares más fascinantes. Está 

formada por una bicapa lipídica y hay de entre cientos a miles de copias por 

célula. La mitocondria actúa como la central energética de la célula, por lo que 

es necesaria para la generación de energía que la célula necesita para llevar a 

cabo una correcta actividad. Además, es un orgánulo indispensable para 

muchos procesos metabólicos. Debido a esto, un defecto en la mitocondria, 

producido principalmente por mutaciones en genes que codifican proteínas 

mitocondriales, podría desencadenar en alguna de las llamadas enfermedades 

mitocondriales (MD). 

Las enfermedades mitocondriales son un grupo raro de enfermedades 

neurometabólicas que son extremadamente complejas y encuadran un grupo 

heterogéneo de desórdenes genéticos que resultan en una fosforilación 

oxidativa alterada, incluyendo la cadena de transporte de electrones 

mitocondrial (mtETC), produciendo defectos en la producción de energía 

celular que se da en forma de adenosina trifosfato (ATP). Las enfermedades 

mitocondriales afectan a 12,5 de cada 100.000 (1 de cada 8.000) personas. El 

tratamiento de estos pacientes es difícil ya que, en la mayoría de los casos, no 

hay intervenciones posibles que proporcionen una perspectiva real de cura, y 

la mayoría de las opciones terapéuticas se limitan a cuidados paliativos.  
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Una afección considerada como MD es la deficiencia primaria de Coenzima 

Q (CoQ), que puede estar asociada a diferentes presentaciones clínicas. En 

muchos casos, incluso los tratamientos con los mejores resultados fallan en la 

mejora de la bioenergética mitocondrial y/ o características fenotípicas en los 

modelos de ratón, como el aumento de peso o fuerza, y, en consecuencia, no 

hay mejoría en la calidad de vida o supervivencia. Por lo tanto, es de vital 

importancia encontrar opciones terapéuticas con mayor efectividad. 

El tratamiento convencional se basa en la administración exógena de altas 

dosis de CoQ10. Este tratamiento, sin embargo, tiene efectos limitados en un 

alto porcentaje de pacientes debido a diferentes factores: 1) la baja absorción 

y biodisponibilidad de la CoQ10 exógena, junto con su baja capacidad para 

cruzar la barrera hematoencefálica (BBB); 2) la falta de efecto sobre la 

acumulación de metabolitos intermedios en la síntesis de CoQ (es importante 

destacar que algunos de estos metabolitos, p. ej., la demetoxiubiquinona, 

pueden contribuir al fenotipo de enfermedad al inhibir la transferencia de 

electrones en la mtETC); y 3) la falta de efecto sobre el Complejo Q y la 

biosíntesis endógena de CoQ. Debido a esto, la terapia utilizando CoQ10 

exógena no induce ningún cambio en los niveles de CoQ9. 

En el modelo de ratón Coq9R239X, el cual desarrolla una encefalopatía 

mitocondrial fatal debido a la deficiencia en CoQ, hemos probado el potencial 

terapéutico del ácido β-resorcílico (β RA), un análogo estructural del ácido 4-
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hidroxibenzoico (4-HB), precursor de CoQ y del ácido salicílico, usado como 

antiinflamatorio. El β-RA mejoró notablemente los caracteres fenotípicos, 

morfológicos e histopatológicos de la encefalopatía, consiguiendo un aumento 

significativo en la supervivencia. Estos efectos se debieron a la disminución de 

los niveles de DMQ9 y a una mejoría de la bioenergética mitocondrial en los 

tejidos periféricos. Sin embargo, ni la biosíntesis de la CoQ, ni la función 

mitocondrial, cambiaron en el cerebro después de la terapia, lo que sugiere que 

algunas interacciones endocrinas entre los tejidos periféricos y el cerebro 

pueden estar induciendo la reducción de la astrogliosis y la espongiosis, así 

como una regulación secundaria downstream de los genes promotores de la 

inflamación relacionados con astrocitos. Debido a que los resultados 

terapéuticos del tratamiento con β-RA fueron superiores a los de la 

suplementación con CoQ10, su uso en la clínica debería considerarse en las 

deficiencias de CoQ. Igualmente, antes de aplicar el tratamiento de β-RA en la 

clínica, deben desarrollarse estudios de seguridad y dosis-respuesta incluidos 

en un ensayo clínico. 

En este sentido, el b-RA, como otros derivados de los ácidos 

hidroxibenzoicos, son compuestos fenólicos naturales que se utilizan con fines 

médicos. Algunos de estos compuestos (p. ej., ácido salicílico), sin embargo, 

han reportado toxicidad en condiciones particulares, pero los mecanismos de 

esta toxicidad siguen siendo desconocidos. En la segunda parte de este estudio, 
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se llevó a cabo una evaluación del efecto de una dosis alta de b-RA, 

aproximadamente 1 g/kg de peso corporal/día en ratones, la misma dosis 

utilizada previamente para el tratamiento preclínico de la deficiencia de CoQ, 

en animales wild-type. Además, se probó el potencial terapéutico de una dosis 

más baja de b-RA, tres veces menor que la dosis alta, tanto en animales wild-

type, como en nuestro modelo de ratón Coq9R239X de encefalopatía 

mitocondrial causada por deficiencia de CoQ. Los resultados demuestran que, 

la dosis alta de b-RA, previamente utilizada para el tratamiento preclínico de 

la deficiencia de CoQ, induce toxicidad hepática, renal y cerebral en animales 

wild-type con una alteración en los perfiles transcriptómicos y proteómicos 

mitocondriales. Esos efectos tóxicos dependen del uso del b-RA en la vía 

biosintética de la CoQ. En el caso de la dosis baja de b-RA, se disminuye 

drásticamente la toxicidad en animales wild-type, preservando la capacidad 

terapéutica en los ratones Coq9R239X. En conjunto, nuestros resultados 

muestran nuevos efectos tóxicos producidos por los HBA, además de 

proporcionar una perspectiva traslacional segura para el uso del b-RA en el 

tratamiento de las deficiencias de CoQ. 

Por ultimo, la CoQ está involucrada en muchos otros procesos metabólicos, 

recibiendo electrones de otras enzimas de vías metabólicas diferentes. Así, 

actúa como cofactor de la dihidroorotato deshidrogenasa (DHOH), que está 

implicada en la síntesis de novo de pirimidinas; en la transferencia de 
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electrones mediada por flavoproteína (ETF), que recibe electrones de la b-

oxidación de ácidos grasos;  en la glicerol 3-fosfato deshidrogenasa 

mitocondrial (G3PDH), que conecta la glucólisis, la OXPHOS y el 

metabolismo de los ácidos grasos; en la colina deshidrogenasa (CHDH), que 

participa en el metabolismo de la glicina; en la prolina deshidrogenasa (PDH), 

que está relacionada con el metabolismo de la prolina y la arginina; y en la 

sulfuro:quinona oxidoreductasa (SQOR), enzima catalítica de la vía 

metabólica de oxidación del sulfuro de hidrógeno (H2S). Sobre esta última 

enzima, nuestro grupo, junto con el grupo de la Dra. Catarina Quinzii en Nueva 

York, han publicado recientemente dos estudios independientes que muestran 

que la deficiencia en CoQ disminuye severamente los niveles de SQOR. Esta 

disminución de SQOR conduce a un defecto en la oxidación del H2S, lo que 

conduce a la acumulación de este y un agotamiento del sistema de glutation. 

Así, una modulación de la disponibilidad de aminoácidos sulfurados en la 

dieta, como fuente de H2S podría proporcionar beneficios terapéuticos. Para 

probar esto, tratamos los ratones Coq9R239X con N-acetilcisteina (NAC), un 

aminoácido sulfurado que además puede estimular la biosíntesis de glutatión, 

o con una dieta con restricción de aminoácidos sulfurados (SAAR). Sin 

embargo, tras los tratamientos, no encontramos ningún cambio en el sistema 

de glutation ni en las enzimas del metabolismo del sulfuro de hidrógeno. En 

consecuencia, la supervivencia o el fenotipo de nuestros ratones mutantes no 
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mejoraron. En general, estos datos prueban la ineficacia de la modulación de 

la disponibilidad de aminoácidos sulfurados en el rescate de la patología en los 

ratones Coq9R239X, y confirman que el metabolismo del sulfuro influye en los 

niveles de glutatión, pero de forma independiente a la disponibilidad de 

aminoácidos sulfurados.  
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Summary 

Mitochondrion is one of the most fascinating organelles of the cell. It is 

formed by a lipid bilayer and it is present in hundreds to thousands of copies 

per cell. It acts as the powerplant of the cell and, therefore, it is necessary for 

the generation of the energy needed for the activity of the cell. Furthermore, it 

is a critical organelle for many metabolic processes. Because of it, a defect in 

mitochondria, mainly produced by mutations of genes encoding mitochondrial 

proteins, could triggers some of the so-called mitochondrial diseases (MD).  

MD are a group of rare neurometabolic disorders that are extremely 

complex and refer to a heterogeneous group of genetic disorders resulting from 

abnormal oxidative phosphorylation, including the mitochondrial electron 

transfer chain (mtETC) and leading to defective cellular energy production in 

the form of adenosine triphosphate (ATP). MD affect 12.5 per 100,000 

(1/8,000) persons, and the management of these patients remains difficult 

since, in most cases, there are no interventions that provide a realistic prospect 

of cure, and the therapeutic options for these disorders are mostly limited to 

palliative care and remain woefully inadequate. The treatment of MD is, in 

most cases, still limited to a palliative care.  

An affection considered as MD is primary CoQ deficiency, which can be 

associated to different clinical presentations. In many cases, even the 
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treatments with the best results still fail in improving the mitochondrial 

bioenergetics and/or phenotypic features on mouse models, as weight or 

strength gaining, and consequently, the quality of life or survival are not 

improved. So, it is of vital importance to find therapeutic options that approach 

to a real cure for these patients. 

The conventional treatment is based in the exogenous administration of high 

doses of CoQ10. This treatment, however, has limited effects in a high 

percentage of patients due to different factors: 1) the low absorption and 

bioavailability of the exogenous CoQ10, together with its low capacity to cross 

the Blood Brain Barrier (BBB); 2) the lack of effect over the accumulation of 

intermediate metabolites in the synthesis of CoQ (importantly, some of these 

metabolites, e.g. Demethoxyubiquinone, may contribute to the disease 

phenotype by inhibiting the transfer of electrons in the mtETC); and 3) the lack 

of effect over the Complex Q and the endogenous biosynthesis of CoQ. For 

that reason, CoQ10 therapy does not induce any change in the levels of CoQ9. 

 In the Coq9R239X mouse model with fatal mitochondrial encephalopathy 

due to CoQ deficiency, we have tested the therapeutic potential of β‐resorcylic 

acid (β‐RA), a structural analog of the CoQ precursor 4‐hydroxybenzoic acid 

(4-HB) and the anti‐inflammatory salicylic acid. β‐RA noticeably rescued the 

phenotypic, morphological, and histopathological signs of the encephalopathy, 

leading to a significant increase in the survival. Those effects were due to the 



 Summary 

 

 

11 

 

 

 

 

decrease of the levels of DMQ9 and the increase of mitochondrial bioenergetics 

in peripheral tissues. However, neither CoQ biosynthesis nor mitochondrial 

function changed in the brain after the therapy, suggesting that some endocrine 

interactions may induce the reduction of the astrogliosis, spongiosis, and the 

secondary down‐regulation of astrocytes‐related neuroinflammatory genes. 

Because the therapeutic outcomes of β‐RA administration were superior to 

those after CoQ10 supplementation, its use in the clinic should be considered 

in CoQ deficiencies. Somehow, to apply the β‐RA treatment into the clinic, the 

safety and dose–response studies included in a clinical trial should be first 

developed.  

b-RA, as other hydroxybenzoic acids derivatives, are natural phenolic 

compounds that are being used for medical purposes. Some of these 

compounds (e.g. salicylic acid), however, have reported toxicity in particular 

conditions but the mechanisms of this effect remain obscure. In this study, we 

used biased and unbiased approaches to evaluate the effect of a high dose of 

b-RA, approximately 1g/kg body weight/day in mice, previously used for the 

preclinical treatment of CoQ deficiency, in wild-type animals, and to test the 

therapeutic potential of a lower dose of b-RA, three time less than the high 

dose, in both wild-type and our mouse model Coq9R239X of mitochondrial 

encephalopathy caused by CoQ deficiency. We show that the high dose of b-

RA, previously used for the preclinical treatment of CoQ deficiency, induces 
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hepatic, renal and cerebral toxicity in wild-type animals, with a disruption in 

transcriptomic profiles and mitochondrial proteomes. Those toxic effects are 

dependent of the metabolic use of b-RA in the CoQ biosynthetic pathway. 

Thus, the low dose of b-RA, dramatically decreases the toxicity in wild-type 

animals, preserving the therapeutic capability in Coq9R239X mice by 

modulating CoQ metabolism. Collectively, our results highlight novel toxic 

mechanisms of HBAs and provide a safe translational perspective for the use 

the b-RA in the treatment of CoQ deficiencies.  

Besides, CoQ is involved in many other metabolic processes, receiving 

electrons from enzymes of other metabolic pathways. CoQ is cofactor of the 

dihydroorotate dehydrogenase (DHOH), which is involved in the synthesis de 

novo of pyrimidines; the electron transfer flavoprotein (ETF), which receives 

electrons from the fatty acids b-oxidation; the mitochondrial glycerol 3-

phosphate dehydrogenase (G3PDH), which connects glycolysis, OXPHOS 

and fatty acids metabolism; the choline dehydrogenase (CHDH), which is 

involved in the glycine metabolism; the proline dehydrogenase (PDH), which 

is related with proline and arginine metabolism; and the sulfide:quinone 

oxidoreductase (SQOR), catalytic enzyme of the sulfide oxidation metabolic 

pathway. So, it is possible that a defect in CoQ could affect any of these 

pathways and influence in the pathology. In fact, our group, together with the 

group of Dr. Catarina Quinzii in New York, have recently published two 
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independent studies that show that CoQ deficiency severely decreases the 

levels of SQOR. Thus, the decrease in SQOR leads to an impairment of H2S 

oxidation, leading to accumulation of H2S and depletion on the glutathione 

system. Consequently, the modulation of sulfur amino acids availability in the 

diet, as sources of H2S could provide therapeutic benefits. Thus, we treated 

Coq9R239X mice with N-acetylcysteine (NAC), which is a sulfur amino acid 

and it can stimulate glutathione biosynthesis, or a diet with sulfur amino acids 

restriction (SAAR). However, we did not find any changes in the glutathione 

system or sulfide metabolism enzymes after the treatments. Consequently, the 

survival or phenotype of the mutant mice were not improved. Globally, these 

data probe the inefficiency of the modulation of sulfur amino acids availability 

in rescuing the pathology in Coq9R239X mice and confirm that sulfide 

metabolism influences the levels of glutathione, independently of the sulfur 

amino acids availability. 
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1. INTRODUCTION 

1.1 THE MITOCHONDRION 

1.1.1 GENERAL DESCRIPTION  

Mitochondrion is one of the most fascinating organelles of the cell. It is 

formed by a lipid bilayer and it is present in hundreds to thousands of copies 

per cell. It acts as the powerplant of the cell and, therefore, it is essential for 

the generation of the energy needed for the activity of the cell. Furthermore, it 

is a critical organelle for many metabolic processes   (Gorman et al, 2016; 

Nunnari & Suomalainen, 2012; Spinelli & Haigis, 2018). 

1.1.2 ORIGINS   

Mitochondria have existed for more than a billion years, but it was not until 

the middle of the nineteenth century that they were officially recognized in 

cells, at first, as a grainy appearance in the cell cytoplasm when observed by 

light microscopy. The anatomist Kölliker (1856) observed mitochondria in 

muscle cells in the 1850s, while Altman (1890) suggested that his “bioblasts” 

(granules microscopically observable throughout the cell) were symbionts, a 

fact that Schimper (1883) had suggested for chloroplasts 7 years earlier. This 

idea was taken further and developed by Mereschkowsky (1905). The name 

mitochondrion was first coined by Benda (1898), and it comes from two Greek 
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words, mitos (thread) and chondros (granule), which describes the appearance 

of mitochondria during spermatogenesis. In the following years, many people 

speculated on the role of mitochondria in the cell, with Warburg, (1913) 

recognizing the particulate nature of cell respiration, and Keilin, (1925) 

associating the cytochrome system with cellular structures. The first direct 

evidence for this functional association depended on the isolation of the 

mitochondria from the rest of the cell, which became possible in the 1930s. 

The first isolations of mitochondria by cell fractionation were made by Bensley 

and Hoerr (1934), and, following this breakthrough, the path opened for studies 

of the biochemical reactions occurring in mitochondria (Martin, 2007). 

Even, the evolutionary origin of mitochondria is interesting and still 

nowadays remains unconcluded. From the classical point of view, two possible 

models have been described. First, the autogenous model, which hold that the 

nucleus and cytoplasm formed through evolutionary changes in a single 

prokaryotic lineage and a latter event originated mitochondria by splitting off 

a portion of DNA from this nucleus and evolved by membranes vesicles from 

cytoplasm (Baum, 2015; Martin, 2007). With the arrival of modern 

biochemical technics, the analysis of mitochondrial DNA and structures, and 

its similarities with bacteria, the second model was proposed as the 

endosymbiosis theory of Lynn Margulis. According to this theory, a bacterial 

specie merged with another host microbe, presumably an archaeon, by 
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phagocytosis and stablished a symbiosis relationship between and giving rise 

to eukaryotes (Margulis, 1970). Anyway, nowadays it remains unclear the 

organisms involved or the direction of the relationship of this protoorganism, 

parasitism, commensalism, mutualism, symbiosis but there is a general 

agreement that the mitochondria have descend from a free-living bacterium 

(Martin, 2007; Zachar & Boza, 2020) (Introduction figure 1). 

 
Introduction Figure 1. Basic steps of endosymbiosis and organellogenesis. (Zachar & 

Boza, 2020) 
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1.1.3 STRUCTURE 

Mitochondrion has been described as a membranous organelle that contains 

about 1,500 proteins in vertebrates. It is organized in four main compartments: 

the outer membrane, the intermembranes space, the inner membrane and the 

matrix (Zhao et al, 2013).  

The outer membrane is similar to the eukaryotic bilayer membrane, with a 

composition of 50/50 protein/phospholipids. The outer membrane features 

make it a semi-permeable barrier to the cytosol (<5000-10000 MW) (Cogliati 

et al, 2016). This outer membrane contains different kind of channels that 

allow the interchange of molecules between the cytosol and the mitochondrion, 

as voltage dependent channels (VDACs) and porins, to control the movement 

of small molecules. For bigger molecules, e.g. proteins, the mitochondria 

precursors use the translocation outer membrane (TOM) complex (Brown et 

al, 2020). The outer membrane can stablish connection with other cell parts, 

as other mitochondria, the endoplasmic reticulum, the nucleus or ribosomes 

(Zhao et al., 2013) (Introduction figure 2).  

The intermembranes space is a compartment with low amount of proteins. 

The proteins of intermembranes space are involved in different kind of 

processes as apoptosis, inner membrane remodeling (e.g. OPA1) or protein 

importation (Zhao et al., 2013) (Introduction figure 2).  
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Contrary to the outer membrane, the inner membrane is less permeable to 

ions and molecules, letting pass just a few of molecules, as the oxygen. The 

remaining molecules can only pass through the membrane with the help of 

specific membrane transporters, each of which is specific to a particular ion or 

molecule. This allows mitochondria to maintain an electrochemical membrane 

potential through the inner mitochondrial membrane (IMM) (van der Laan et 

al, 2016). The IMM has a higher protein content 80/20 protein/phospholipids 

(similar to the bacterial membranes) compared to the outer membrane, within 

its you can find oxidative phosphorylation system (OXPHOS), uncoupling 

proteins, translocase of the inner membrane system (TIM) proteins, etc. This 

membrane separates the intermembranes space and the mitochondrial matrix; 

and form invaginations around the matrix, the so called mitochondria cristae, 

where the oxidative phosphorylation occurs (Kuhlbrandt, 2015) (Introduction 

figure 2). 

The last compartment, the mitochondrial matrix, represent almost the 70% 

in protein amount of the organelle. The matrix contains proteins involved in 

different enzymatic reactions pathways as krebs cycle, fatty acid oxidation and 

heme synthesis proteins (Kuznetsov & Margreiter, 2009). Also located in the 

matrix are the mitochondrial DNA (mtDNA) and the ribosomal machinery for 

the transduction of mitochondrial genes (Introduction figure 2).  
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Introduction Figure 2. Compartment of the mitochondrion. Image modified from 

(Scheffler, 2007). 

1.1.4 MITOCHONDRIAL GENOME 

mtDNA is a small, double stranded, circular, bacterial like, DNA that, in 

mammals, ranges from 16-18 kbs (16.5 in human) and consists of a guanine 

rich strand (heavy strand) and a cytosine rich strand (light strand). The amount 

of mtDNA varies from 2 to 15 copies in each cell, resulting in thousands of 

copies per cell (Satoh & Kuroiwa, 1991). mtDNA encodes 2 ribosomal RNA 

and 22 transference RNA, needed for the own transcription of this mtDNA; 

and 13 subunits of OXPHOS complexes, 7 for complex I, 1 for complex III, 3 

for complex IV and 2 for complex V. Complex II subunits are entirely encoded 

by nucleus DNA (Wallace, 2016) (Introduction figure 3).  

OUTER MEMBRANE

INNER MEMBRANE

CRISTAE

MATRIX

INTERMEMBRANES SPACE
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Introduction Figure 3. Human mitochondrial genome (Gorman et al., 2016). 

1.1.5 FUNCTION 

As mentioned before, the main function of the mitochondria is to provide 

the cell with the necessary energy for its activity, in form of ATP. Besides the 

ATP synthesis, mitochondria are essential organelles for the metabolism and 

cell biology since they are involved in diverse process as Krebs cycle, amino 

acids metabolism, lipid metabolism, sulfide metabolism, urea cycle, 

gluconeogenesis, and ketogenesis; in addition, they are needed for other 
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cellular processes as thermogenesis, homeostasis, cell cycle progression, redox 

status, immune response or apoptosis (Gorman et al., 2016; Nunnari & 

Suomalainen, 2012; Spinelli & Haigis, 2018).  Nevertheless, many processes 

that occur in mitochondria are not totally understood, and further research is 

required to understand the complexity and importance of this organelle. 

In fact, mitochondria are considered the main metabolic center of the cell 

thanks to the control over multiple cellular processes. They are dynamic 

organelles that changes depending on the stress, the ambient and even 

according to the tissue type. Depending on the tissue, the mitochondrion can 

use different types of substrates or synthesize a variety of compounds. For 

example, mitochondria are involved in the urea cycle, and sulfide cycle in the 

liver, gluconeogenesis in the liver and kidney, beta-oxidation of lipids in 

skeletal muscle or ketone bodies in the brain (Liesa & Shirihai, 2013) 

(Introduction figure 4). 
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Introduction Figure 4. Mitochondrial Function (Pfanner et al, 2019). 

1.1.5.1 The OXPHOS system  

The OXPHOS system is a group of proteins and molecules that are located 

in the IMM. Their main final function is to create the necessary energy for the 

correct operation of the cell. Each main functional protein is formed by 

different subunits, so they are called complexes. Additionally, there are two 

electron mobile carriers, Coenzyme Q (CoQ) and cytochrome c. The five 

protein complexes with their particular functions are: 

- Complex I or NADH ubiquinone oxidoreductase, which transfers 

electrons from NADH to CoQ (or Ubiquinone), pumping also protons 

(H+) to the inner membrane space. 
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- Complex II or Succinate dehydrogenase, which transfers electrons 

from Succinate (via flavin adenine dinucleotide (FAD)) to CoQ. 

- Complex III or CoQH2-cytochrome c reductase, which obtains the 

electrons from the CoQ and transfer them to cytochrome c, pumping 

also H+ to the inner membrane space. 

- Complex IV or cytochrome c oxidase, which takes the electrons from 

cytochrome c and transfer them to oxygen, producing 2 molecules of 

water, pumping also H+ to the inner membrane space. 

- Complex V or ATP synthase complex, which uses the H+ gradient 

generated in the inner membrane to generate ATP from ADP, 

introducing the H+ into the mitochondrial matrix again. 

Basically, the oxidative phosphorylation is an indispensable cellular process 

divided in three processes. First, it transfers electron from reducing equivalent 

(as NADH or FADH2, obtained from diverse metabolic processes as 

Glycolysis, Citric acid cycle or b-oxidation of fatty acid…) to oxygen; second, 

coupled to the electron transfer, CI, CIII and CIV  pump protons to the inner 

membrane space, causing a proton motive force across the IMM; and third, this 

proton motive force produced is used to convert ADP to ATP using the ATP 

synthase (Enriquez, 2016) (Introduction figure 5).  
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Introduction Figure 5. OXPHOS system. Image extracted from Biorender.  

1.1.5.2 Supercomplexes 

The physical and functional organization of the OXPHOS system has long 

been discussed during years. Three main models have been proposed: 

The solid model: This model proposes that the mitochondrial respiratory 

chain components were tied forming a rigid supramolecular structure that 

allowed the transference of the electrons from one component to other giving 

a maximum efficiency to this structure. In 1963 this model won wide 

acceptance since Chance and collaborators proposed the concept of Oxysome: 

‘’a functional unit for electron transfer and oxidative phosphorylation” 

(Chance et al, 1963; Keilin & Hartree, 1947) (Introduction figure 6). 
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The fluid model: The first non-official fluid model was proposed by Green 

and Tzagoloff in 1966. It postulates that in the mitochondrial respiratory chain 

there are rigids components as the complexes and mobile components as the 

CoQ or cytochrome c that were in charge of the electron transfer from the rigid 

components. Later, Hackenbrock presented a number of experiments that 

showed a high degree of  molecules motive freedom of the IMM and proposed 

the first official fluid model also called ‘’random collision model’’, where he 

said: ‘’The IMM is a fluid-state rather than a solid-state membrane and... all 

membrane proteins and redox components which catalyze electron transport 

and ATP synthesis are in constant and independent diffusional 

motion...’’(Green & Tzagoloff, 1966; Hackenbrock et al, 1986) (Introduction 

figure 6). 

The plasticity model: The pioneers of this model were Schägger and Pfeiffer 

who published in 2000 the first analysis of yeast and bovine mitochondrial 

preparations by blue native gel electrophoresis (BNGE), describing the 

formation of supercomplexes, a supramolecular organization that joined the 

mitochondrial individual complexes in one single structure (Introduction 

figure 6). The plasticity model postulates that the individual complexes can be 

found individually or in association in different combinations depending on 

the energetics needs of the cell (Schagger & Pfeiffer, 2000). The grade of 

association between individual or tied complexes varies according to the cell 
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type or the metabolic status. Since individual complexes and supercomplexes 

have been demonstrated to be functional (Enriquez, 2016), it has been 

proposed different advantages for the supercomplexes, i.e.: better stability; 

lower ROS production, since the supercomplexes can enclose reactive 

intermediaries inside them; or a better mobilization of the electron transfer 

from the transporters, CoQ or cytochrome c, to their targets (Acin-Perez et al, 

2008).  

In addition, it has been demonstrated that the formation of supercomplexes 

is a dynamic mechanism that allow the cells to adapt to different source of 

carbon or different physiological or environmental conditions, e.g. hypoxia or 

thermogenesis. For example, in a starving situation, with more active b-

oxidation of fatty acids, the formation of SCs involving CI is reduced, letting 

the CIII free and accessible for the incoming electrons from the FADH2 

(transferred by the CII) (Lapuente-Brun et al, 2013).  

The fail in this system can cause a pathological situation that can derivate 

in a mitochondrial disease. Besides, it has been probed that there is a tight 

connection between the different components of the mitochondrial respiratory 

chain, so, a defect in one component could affect other component, 

destabilizing all the system (Enriquez, 2016). Anyway, much effort in research 
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is still needed to achieve a better understanding of this complex system and the 

relation between its components.  

 

Introduction Figure 6. Supercomplexes Models. Image modified from (Enriquez, 2016).  

1.1.5.3 Coenzyme Q 

CoQ forms the “Q-junction”, which has a central role in the OXPHOS 

system and other metabolic pathways. It receives electrons from different 

components, including complex I and II; and it donates electrons to complex 

III.  

1.1.5.3.1 History 

CoQ was first isolated in 1955 from an unsaponifiable fraction of horse and 

pig’s gut (Festenstein et al, 1955). Two years later, Crane was able to isolate 
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mitochondria from beef heart,  describing the presence and function of CoQ in 

the respiratory chain (Crane et al, 1957). In 1958, Wolf determined its 

structure, as an unusual lipid formed by a benzoquinone ring joint to an 

isoprenoid chain to be inserted into biological membranes (Turunen et al, 

2004; Wolf et al, 1958). In 1961, Mitchell included the CoQ in his 

chemiosmotic theory for its role in cellular respiration and received the 

chemistry Nobel prize in 1978 thanks to its theory. 

In 1969, the importance of this lipid was corroborated with the studies of 

Ernster and collaborators in submitochondrial particles. They observed the 

deactivation and reactivation of NADH and succinate dehydrogenase activity 

when quinones were depleted and reincorporated into submitochondrial 

particles (Ernster et al, 1969). 

The synthesis and distribution of CoQ were initially attributed to the IMM, 

where it could act in the transport of electrons from complex I and II to III 

(Lenaz et al, 2007).  

 Later studies described other functions associated with its redox 

capabilities in extramitochondrial membranes (Santos-Ocana et al, 1998). 

Nowadays, the role and applications of CoQ has been studied in different fields 

of research, including  aging, sport physiology, immune system, 

cardiovascular diseases, metabolic syndrome and MD, among others (Alcazar-
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Fabra et al, 2018; Diaz-Casado et al, 2019; Hernandez-Camacho et al, 2018; 

Martinez-Rodriguez et al, 2020). 

1.1.5.3.2 Structural, physical and chemical proprieties of Coenzyme Q 

CoQ, chemically 2,3-dimethoxy-5-methyl-6-(polyprenyl)-1,4-

benzoquinone, is a lipophilic molecule formed by a benzoquinone ring 

hydroxylated in 1,4 position, which provides its redox caracteristics; and 

attached to a lateral isoprenoid chain that confers hydrophobicity and the 

solubility in polar solvents. It is more soluble as less isoprene units form the 

isoprenoid chain (Crane & Dilley, 1963) (Introduction figure 7). 

 
 

Introduction Figure 7. CoQ structure and redox status. Figure modified from (Alcazar-

Fabra et al, 2016).  

In nature exists different types of CoQ according to: 

- Number of isoprenes of lateral chain: The length can vary between 

species. The reason of this variability is still unknow but we can find 6 
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units of isoprene (CoQ6) in the yeast Sacharomyces cerevisae, 8 units 

(CoQ8) in the bacillus Escherichia coli, 9 units (CoQ9) in 

Caenoradbditis elegans and 10 units (CoQ10) in the yeast 

Schizosaccharomyces pombe. However, some species can possess 

different kinds of CoQ together as CoQ9 and CoQ10 in mice, human or 

zebrafish; or CoQ7, CoQ8, CoQ9 and CoQ10 in Pneumocystis 

(Kawamukai, 2009; Sul & Kaneshiro, 2001). 

- The redox state: In the fully oxidized state is called ubiquinone (CoQ) 

which has two keto groups in position para. The addition of a proton 

and an electron originates the ubisemiquinone form (CoQH-). The 

addition of the second proton and electron originates the totally reduced 

form, the ubiquinol (CoQH2) which has two hydroxyl groups (Crane & 

Dilley, 1963). (Introduction figure 7). 

1.1.5.3.3 Biosynthesis and distribution of CoQ 

The biosynthetic pathway of CoQ has long been studied in eukaryotes and 

procaryotes (Abby et al, 2020; Kawamukai, 2016; Payet et al, 2016). It has 

been partially characterized by the identification of biosynthetic intermediates 

accumulated in strains of Saccharomyces cerevisiae mutants deficient in CoQ 

(Turunen et al., 2004). At least 14 genes (COQ1-COQ11, YAH1,ARH1 and 

PTC7) are currently known to encode proteins involved in CoQ biosynthesis 

in yeasts (Payet et al., 2016; Stefely & Pagliarini, 2017; Tran & Clarke, 2007). 
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The function of many of these proteins in other eukaryotes cells is analogous 

to that of yeasts and is therefore known, while others, such as COQ4, COQ8, 

COQ9, COQ10 o COQ11 have to been deeper studied (Stefely & Pagliarini, 

2017)  

CoQ biosynthesis begins with the formation of hydroxybenzoic acid to 

which a polyisoprenoid lipophilic tail is attached. The aromatic precursor of 

the benzoquinone ring is 4-HB derived from tyrosine or phenylalanine 

(Kawamukai, 2016; Pierrel, 2017), and it is known to be synthesized in the 

cytosol, and, therefore, the ring must be imported into the matrix through an 

unidentified transporter (Stefely & Pagliarini, 2017). On the other hand, the 

polyisoprenoid chain is formed by the addition of isopentenyl diphosphate 

molecules from the mevalonate pathway to the farnesil or geranyl-geranyl 

diphosphate in multiple steps catalyzed by the polyprenyl diphosphate 

synthase or Coq1 (Grunler et al., 1994) (Figure 3). Once the polyisoprenoid 

chain is synthesized, it is condensed with 4-HB by a reaction catalyzed by 

PHB-polyprenyl transferase or Coq2p, causing an intermediate molecule 

called 3-hexaprenyl-4-hydroxybenzoic acid (in S. Cerevisiae). Nine other 

enzymes, COQ3-8A and B, COQ9 and COQ11, are found in human, in the 

IMM and modify the CoQ quinone ring through regulation or catalyzation of 

hydroxylation, methylation and decarboxylation reactions (Awad et al, 2018; 
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Diaz-Casado et al., 2019; Luna-Sanchez et al, 2015; Tran & Clarke, 2007) 

(Introduction figure 8). 

The order in which the following aromatic ring modification reactions occur 

is speculative. Thus, the proposed ring modifications currently begin with 

hydroxylation, followed by O-methylation and decarboxylation to form the 6-

methoxy-2-polyprenile phenolic intermediate. Then two hydroxylation steps, 

a C-methylation and an O-methylation, are required to fully generate the CoQ 

(Tran & Clarke, 2007). 

 

Introduction Figure 8. Coenzyme Q byosinthetic proteins (Alcazar-Fabra et al., 2018). 
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1.1.5.3.3.1 Complex Q 

The biosynthesis of CoQ commit:  

1. The synthesis of benzoquinone ring.  

2. The synthesis of the isoprenoid chain. 

3. The condensation of both molecules. 

4. The later modifications of the benzoquinone ring. 

These processes mainly happen in the mitochondria and involves many 

proteins. Some of these proteins interact each to the other and form a protein 

complex denominated CoQ synthome or complex Q, which is essential for the 

CoQ biosynthesis, improving the catalysis or the scape of possible toxic 

intermediaries as DMQ (Yang et al, 2011). The proteins involved in the CoQ 

biosynthesis are (Introduction figure 9): 

COQ1 or trans-polyprenile diphosphate synthase (PDSS1/2 in humans), 

which catalyzes the formation of the polyisoprenoid chain, being responsible 

for the specific length in different species (Okada et al, 1996). COQ1 is 

peripherally associated with the IMM on the matrix side (Barros et al, 2005). 

COQ2 or 4-HB: polyprenyltransferase, which catalyzes the covalent bond 

between the 4-HB ring and the polyisoprenoid chain, generating the first 

membrane-binding intermediate, 4-hydroxy-3-polyprenylbenzoic acid (Tran 
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& Clarke, 2007). This protein behaves as an integral membrane protein, 

associated with the IMM on the matrix side. 

COQ3, which catalyzes O-methylation steps in the biosynthetic pathway. It 

is a peripheral protein associated with the matrix on the side of the IMM (Poon 

et al, 1999). 

COQ4, which is located in the matrix, attached to the IMM (Belogrudov et 

al, 2001), and is essential for the synthesis of CoQ. Although its exact function 

in the biosynthetic pathway is currently unknown, it has been hypothesized 

that acts as scaffold protein to attach proteins and lipids (Awad et al., 2018; 

Stefely & Pagliarini, 2017). 

COQ5 or 2-methoxy-6-polyprenyl-1,4-benzoquinone methyltransferase, 

catalyzes the single step of C-methylation, generating the intermediate 2-

methoxy-5-methyl-6-polyprenyl-1,4-benzoquinone. It is located in the matrix, 

stuck to the IMM (Baba et al, 2004). 

 COQ6, which is exclusively involved in C5-hydroxylation of HHB or 3-

hexaprenyl 4-aminobenzoate but not in C1 or C6. It is located peripheral to the 

IMM on the side of the matrix (Gin et al., 2003). 
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COQ7, which catalyzes the hydroxylation of DMQ to 5-hydroxyquinone. It 

has an interfacial location in the IMM (Berthold & Stenmark, 2003; Stenmark 

et al, 2001). 

 COQ8A or ADCK3 and COQ8B or ADCK4, which are atypical kinases 

that phosphorylates other biosynthetic proteins (as COQ3, COQ5 and COQ7), 

stabilizing the multiprotein complex and increasing CoQ synthesis. It has been 

hypothesized that they both have regulatory functions. Besides, it has been 

speculated an ATPase function. However, it has to be deeper studied to 

confirm these proprieties (Stefely & Pagliarini, 2017).   

COQ9, which physically interacts with COQ7, since Coq9 mutant mice 

have reduced levels of COQ7 and accumulation of DMQ, the substrate for 

COQ7. Thefore, COQ9 is essential for the stability and activity of COQ7 

(Garcia-Corzo et al, 2013). Later, crystallography analysis confirmed that 

COQ9 is associated to COQ7 (Lohman et al, 2014). In addition, it is able to 

bind to lipids, so it is thought that it could provide the DMQ to the protein 

COQ7 (Garcia-Corzo et al., 2013; Luna-Sanchez et al., 2015). It is peripheral 

associated with the IMM on the matrix side (Hsieh et al, 2007).  

COQ10 (COQ10A and COQ10B in humans) seems not to be part of the 

complex Q and is thought not to be directly involved in CoQ biosynthesis, as 

null coq10 mutants in yeasts have CoQ levels close to wild-type (Barros et al., 
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2005). However, it seems to be important for the functionality of the CoQ. It 

contains a conserved lipid-binding domain, capable of binding CoQ. It has 

been hypothesized that COQ10 could act as a lipid chaperone involved in 

transferring CoQ from one side to the other within the mitochondrial 

membrane (Barros et al., 2005; Kawamukai, 2009). 

COQ11, which seems to be part of complex Q but it is not essential for the 

biosynthesis (Allan et al, 2015). It has been observed that COQ11 has 

homology with NDUFA9, an auxiliary subunit of Complex I in humans 

important for complex stability, but its relation or function is yet unknown 

(Awad et al., 2018).  

Yah1 and Arh, ferredoxin and ferredoxin oxidase, respectively, which may 

transfer electrons to COQ6. However, the functions of their mammalian 

analogues, FDX2 and FDXR, are still unknown (Awad et al., 2018).  

PTC7 is a phosphatase that regulates COQ7 (Acosta et al, 2016). 

Therefore, the complex Q involves many protein and steps that must to be 

regulated in different ways: transcriptionally, by transcription factors; post-

transcriptionally, by modulation of the transcripts of COQ; post-

transductionally, by proteases or phospho-dephosphorylations; and by 

modulation of the own complex Q (Brea-Calvo et al, 2009; Hidalgo-Gutierrez 

et al, 2019; Lapointe et al, 2018; Martin-Montalvo et al, 2013). 
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Introduction Figure 9. Coenzyme Q byosinthetic proteins (Awad et al, 2020). 

1.1.5.3.3.2 CoQ localization 

At membrane level: Once the lipids of the mevalonate pathway, including 

ubiquinone, have been synthesized, they will take different intramembranous 

positions that will be responsible for the membrane properties. The 

polyisoprenoid side chain of ubiquinone is located in the hydrophobic central 

region of the lipid bilayer. It is thought that this position destabilizes the 

membrane, promoting an increase in its fluidity and permeability. On the other 

hand, the benzoquinone ring is exposed on the inner or outer face of the 

membranes, depending on its functional requirement (Kawamukai, 2016; 

Stefely & Pagliarini, 2017). 

At cellular level: Ubiquinone is mainly located in the IMM along with the 

other components of the electron transport chain, where it performs its electron 

transport function. In addition, it is present in all cell membranes, such as the 
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plasma membrane and endomembranes (Kalen et al, 1987; Stefely & 

Pagliarini, 2017; Takahashi et al, 1993), indicating its involvement in multiple 

cellular functions. 

The presence of CoQ in extramitochondrial membranes suggests the 

existence of membrane-linked mechanisms of synthesis and/or distribution. 

This fact is supported by the finding of enzymatic activity in endoplasmic 

reticulum, Golgi apparatus and peroxisomes (Kovacs et al, 2002; Tekle et al, 

2002). However, the existence of mitochondrial recognition sequences in 

genes involved in biosynthesis and, its products located in mitochondria but 

not in other organelles, indicates that the biosynthesis of CoQ is completed in 

the mitochondria and is transported to other membranes (Baba et al., 2004; 

Belogrudov et al., 2001; Jiang et al, 2001). 

A study in human cells (HL-60) corroborated this idea, in experiments using 

radiolabeled CoQ precursor to observe the intracellular distribution of the 

newly synthesized CoQ10 and CoQ9. The study concluded that the first location 

of endogenous CoQ is the mitochondria. The study also suggested that a 

Brefeldin A-sensitive pathway is then used to distribute CoQ to other 

extramitochondrial membranes. On the other hand, the exogenous CoQ is 

incorporated into the endolysosomal fraction and is subsequently transported 

to the mitochondria following the route previously mentioned (Fernandez-

Ayala et al, 2005). 



Agustín Hidalgo Gutiérrez 

 

 

 

42 

 

 

 

 

1.1.5.3.4 CoQ functions: 

As indicated, CoQ is a ubiquitous molecule that is present in every cell 

membrane, where it has different functions.  

1.1.5.3.4.1 The role of CoQ in the mitochondrial respiratory chain. 

CoQ is an essential component of the mitochondrial respiratory chain. It is 

located in the IMM where it acts as an electron carrier from complex I and 

complex II to complex III (Figure 5) (Alcazar-Fabra et al., 2016) (Introduction 

figure 10). 

This transfer of electrons is favored by the formation of the previously 

mentioned supercomplexes, in which CoQ is an essential component. Their 

participation allows a flow of electrons from NADH or succinate to molecular 

oxygen coupled to a flow of protons into the intermembrane space that 

generates an electrochemical gradient, which is used by ATP synthase for the 

synthesis of ATP (Acin-Perez et al., 2008; Enriquez, 2016). 

Besides of the classical electron flux direction from CI to CoQ and to CIII, 

it has been probed that in some particular physiological conditions, e.g. a shift 

from glucose to fatty acids that increases electron flux through FAD, the CoQ 

can be saturated and generate reactive oxygen species (ROS). To prevent this, 

CoQ serves as a sensor and the electron transport flux is inverted from CoQ to 
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CI.  This mechanism produces a local increase of ROS that oxidizes CI 

subunits triggering its degradation and the subsequent degradation of CI to 

allow the transfer of FAD to CoQ. Therefore, CoQ acts as a metabolic sensor 

of the metabolism of complexes/supercomplexes (Guaras et al, 2016).  

1.1.5.3.4.2 CoQ and uncoupling proteins (UCP). 

There are some evidences that CoQ may have other functions that are not 

directly related to the electron transport chain. One of them is to function as a 

cofactor in the activity of UCP. These are proteins located in the IMM that 

translocate H+ from the intermembrane space to the mitochondrial matrix. 

Therefore, and alluding to their name, they decouple the proton gradient 

(generated in the respiratory chain) from the oxidative phosphorylation, 

releasing the energy in the form of heat without production of ATP. This 

mechanism is used by mammals in brown fat to maintain body temperature in 

low temperature situations (Nedergaard et al, 2001). 

Echtay and collaborators. showed that CoQ is a mandatory cofactor for 

UCPs overexpressing different types of UCPs in liposomes of E. coli. 

Liposomes were unable to transport H+ in the absence of CoQ and transport 

was reactivated by adding CoQ to membranes in the presence of fatty acids. In 

addition, chain length and CoQ oxidation status are important for transport 

activation, with short-chain CoQs being less effective (Echtay et al, 2001; 
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Echtay et al, 2000). However, these initial studies of the role of CoQ in the 

function of the UCPs gave rise to a further later studies in cell cultures that 

questioned the physiological role of CoQ in the activity of the UCPs (Esteves 

et al, 2004; Jaburek & Garlid, 2003). 

1.1.5.3.4.3 CoQ and the mitochondrial permeability transition pore 

(mPTP). 

The electrochemical gradient, generated during electron transfer in the 

IMM, is maintained by the low permeability to ions and solutes of the 

membranes. The passage of molecules through the internal membrane appears 

to be regulated by a series of channels and ionic transporters that together are 

called mPTP, which is a voltage-dependent and Ca2+ sensitive channel that, 

among other thing, plays a key role in apoptosis (Green & Reed, 1998). Several 

studies have shown that the isoprenoid tail length of CoQ analogues modulates 

the permeability of mPTP (Fontaine et al, 1998). In this way, CoQ10, with a 

long chain of isoprenes, prevents the opening of the channel, avoiding the 

depolarization of the membrane potential, ATP depletion, activation of 

caspase-9 with cytochrome c release and DNA fragmentation in keratinocytes 

under apoptotic stimuli (Bentinger et al, 2010; Papucci et al, 2003). 

1.1.5.3.4.4 CoQ as antioxidant. 
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Most mitochondrial oxygen consumption is coupled to ATP synthesis, 

while a small percentage (about 1-2%) forms ROS by reacting with electrons 

scaping from the respiratory chain. These ROS can function as intracellular 

markers at physiological concentrations, but under pathophysiological 

conditions, where the production of ROS is highly elevated, these ROS react 

with different biomolecules such as DNA, proteins and lipids, oxidizing them 

and causing cell damage in a process known as oxidative stress (D'Autreaux & 

Toledano, 2007).  

To counteract an increase in oxidative stress, a series of cellular antioxidant 

systems are activated to prevent or repair the damage caused. These 

antioxidants are classified into enzymes, such as, superoxide dismutase, 

glutathione peroxidase, catalase, thiredoxin reductase and peroxiredoxin 

(Holmgren & Bjornstedt, 1995); or non-enzymes, such as, vitamin C and E, 

carotenoids, glutation, α-lipoic acid, flavonoids, melatonin and 

CoQH2(Chahbouni et al, 2010; Ibrahim et al, 1997). 

CoQ is a powerful antioxidant that protects lipids against oxidative damage 

and maintains other antioxidants in their reduced forms (Alcazar-Fabra et al., 

2018). In vitro studies on submitochondrial particles have revealed that CoQH2 

is capable of inhibiting peroxidation (Bentinger et al, 2007; Takayanagi et al, 

1980). Other studies also show how CoQH2 can prevent oxidation to proteins 
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(Forsmark-Andree et al, 1995). As well as DNA, both in vitro and in vivo 

(Ernster & Dallner, 1995). 

1.1.5.3.4.5 Other functions 

CoQ can act as cofactor, receiving electrons from enzymes of other 

metabolic pathways. CoQ is cofactor of the dihydroorotate dehydrogenase 

(DHOH), which is involved in the synthesis de novo of pyrimidines; the 

electron transfer flavoprotein (ETF), which receives electrons from the fatty 

acids b-oxidation; the mitochondrial glycerol 3-phosphate dehydrogenase 

(G3PDH), which connects glycolysis, OXPHOS and fatty acids metabolism; 

the choline dehydrogenase (CHDH), which is involved in the glycine 

metabolism; the proline dehydrogenase (PDH), which is related with proline 

and arginine metabolism; and the SQOR, the main catalytic enzyme of the 

sulfide oxidation metabolic pathway (Alcazar-Fabra et al., 2018; Enriquez, 

2016; Enriquez & Lenaz, 2014) (Introduction figure 10).  

 

 

Introduction Figure 10. Integration of the Coenzyme Q in the electron transport chain 

(Diaz-Casado et al., 2019). 
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1.1.5.3.4.6 Sulfide metabolism 

Hydrogen sulfide (H2S) is a molecule in gas state that is essential for cell 

metabolism since it can modulate many processes as cell proliferation, 

angiogenesis, neural development, redox status and apoptosis (Quinzii et al, 

2017).  In mammals, the H2S equilibrium is maintained by 2 processes:  

• The generation of H2S (or transulfuration pathway), where H2S is 

obtained by the desulfuration of cysteine or homocysteine produced 

by the cystathionine β-synthase (CBS) and cystathionine γ-lyase 

(CSE) in the cytosol. H2S can also be produced by the mitochondrial 

or cytosolic enzyme 3-mercaptopyruvate sulfurtransferase (3-MST) 

in a reaction that uses 3-mercaptopyruvate as substrate (Kabil et al, 

2014).  

• The catabolism of H2S (or oxidation pathway), which occurs 

entirely in the mitochondria, where H2S is oxidized in three or four 

steps to thiosulfate or sulfite. The pathway is initiated by the SQOR, 

which catalyzes the formation of thiosulphate (SSO3
-2) from 

hydrogen sulfide (H2S) and sulfite (SO3-2), using CoQ as an electron 

acceptor (Figure 6). The thiosulphate (SSO3
-2) formed reacts with 

glutathione (GS-) to form glutathione persulfide (GSS-) in a reaction 

catalyzed by thiosulphate sulfotransferase (TST). Glutathione 
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persulfide (GSS-) is oxidized by dioxygenase persulfide (SDO) 

producing sulfite (SO3
-2) and glutathione (GS-). This sulfite (SO3

-2) 

may be used again by the SQOR or produce sulfate (SO4
-2) with the 

simultaneous oxidation of cytochrome c in a reaction catalyzed by 

sulfite oxidase (SO). Alternatively, it has also been described that 

SQOR can directly catalyze the formation of glutathione persulfide 

(GSS-) using hydrogen sulfide (H2S) and glutathione (GS-) as 

substrate and CoQ as electron acceptor (Kabil et al., 2014) 

(Introduction figure 11). 

 

Introduction Figure 11. Influence of the Coenzyme Q in the sulfide metabolism pathway. 

Figure modified from (Quinzii et al., 2017). 
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Oxidation and transulfuration pathways are interconnected to provide a 

regulation of levels of H2S. Motteawa and colleagues showed this close 

connection between both pathways in patients with Crohn diseases who had 

increased numbers of microbial producers of H2S and a reduction of the H2S 

catabolic pathways in the gut. In fact, the same group demonstrated the 

importance of the H2S oxidation in Crohn disease. They reduced the colitis 

coursed in the mice affected by Crohn disease by the administration of H2S 

scavengers (Mottawea et al, 2016).  

Sulfide metabolism is close related to CoQ, since it acts as cofactor of its 

first oxidation enzyme, SQOR. It has been proposed that, through SQOR, H2S 

could act as electron donor to CoQ in the mitochondrial respiratory chain, in a 

similar way that NADH or FADH2 use mitochondrial CI and CII, respectively 

(Modis et al, 2013). This system would work at lower H2S concentration (1-

10uM). However, in high concentrations (>10uM), H2S could act as 

respiratory chain inhibitor through the inhibition of the heme a of the 

cytochrome C or the short-chain acyl CoA dehydrogenase   (Di Meo et al, 

2011; Lagoutte et al, 2010; Pedersen et al, 2003).  

1.2 RARE DISEASES 

Rare diseases are numerous, heterogeneous in nature and geographically 

disparate, defined, in the European Union (EU), as those diseases affecting 
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fewer than 1 per 2,000 persons. Most of them are associated to a lack of 

available and effective treatment and a lack of research to discover such 

treatments. There are thousands of these diseases and, if we count them 

together, affect to a 6%-8% of the population, being the total number of 

affected persons between 27 and 36 millions in EU, which makes them a real 

problem for the health system. Some of the rare diseases include autosomal 

dominant, autosomal recesive, chromosomal anomaly, x-linked recesive, x-

linked dominant, multigenic/multifactorial, both autosomal dominant and 

recesive, both autosomal and x-linked, other multiple inheritance, unknown 

factors and the called MD (Introduction figure 12). The lack of proper 

treatments to cure these diseases leads to a really considerable high cost in 

palliative cares (Angelis et al, 2015; Nguengang Wakap et al, 2020). 

 

Introduction Figure 12. Influence of the Coenzyme Q in the sulfide metabolism pathway 

(Nguengang Wakap et al., 2020). 

1.2.1 MITOCHONDRIAL DISEASES 
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 MD are a group of rare neurometabolic disorders that are extremely 

complex and refer to a heterogeneous group of genetic disorders resulting from 

abnormal oxidative phosphorylation, including the mtETC and leading to 

defective cellular energy production in the form of ATP (Gorman, 2019). 

Totally, it has been estimated the presence of about 1500 genes coding 

mitochondrial proteins. Actually, it has been experimentally identified 1158 

proteins located into mitochondria (MitoCarta2.0, (Calvo et al, 2016)). MD 

can be caused by mutations in nuclear or mtDNA. In some special cases, it has 

been described de novo mutations both in nuclear or mtDNA, although they 

are not very frequent (King et al, 2018) (Introduction figure 13). In the case of 

mtDNA, the situation is even more complex since every cell has many copies 

of DNA and one copy can be mutated but other not, and, therefore, different 

levels of mutated copies can be found in a single cell. This concept is called 

‘’heteroplasmy’’ and its value is important for the development of the clinical 

symptoms. MD can appear at any stage of life, and, normally, has 

multisystemic effect, so  there are many clinical syndromes included as MD, 

divided in: a) childhood-onset MD, like Leigh Syndrome, Ataxia neuropathy 

spectrum (ANS), Alpers-Huttenlocher syndrome (AHS), Sengers syndrome, 

Congenital lactic acidosis (CLA) among others; and b) adult-onset MD, like 

Leber hereditary optic neuropathy (LHON), Kears-Sayre syndrome (KSS), 

Myoclonic epilepsy with ragged red fibres (MERF) and  Mitochondrial 



Agustín Hidalgo Gutiérrez 

 

 

 

52 

 

 

 

 

neurogastrointestinal encephalopathy (MNGIE), among others (Gorman et al., 

2016) . Other affection considered as MD is primary CoQ deficiency, which 

can be associated to different phenotypes (Emmanuele et al, 2012). MD affect 

12.5 per 100,000 (1/8,000) persons, and the management of these patients 

remains difficult since, in most cases, there are no interventions that provide a 

realistic prospect of cure, and the therapeutic options for these disorders are 

mostly limited to palliative care and remain woefully inadequate (Gorman, 

2019; Wang et al, 2016). In many cases, even the treatments with the best 

results still fail in improving the mitochondrial bioenergetics and/or 

phenotypic features on mouse models, as weight or strength gaining, and 

consequently, the quality of life or survival are not improved (DiMauro et al, 

2013; Wang et al., 2016). So, it is of vital importance to find therapeutic 

options that approach to a real cure for these patients.  
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Introduction Figure 13. Mitochondrial diseases and the genes involved. Modified from 

(Craven et al, 2017). 

1.2.1.1 CoQ deficiency 

Considering the multiple and critical functions of CoQ, it is reasonable to 

think that a deficit in this molecule should cause a MD. Ogasahara and 

colleagues. described the first cases of CoQ deficiency in two siblings who, 

after a normal early development, showed exercise intolerance and muscle 

- Mitochondrial DNA genes. 
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weakness in the legs. At five years of age, both had myoglobinuria and brain 

involvement, and, individually, one suffered convulsion and, the other, 

cerebellar syndrome. After the muscle biopsy study, these patients were found 

to have a severe CoQ deficiency with a marked OXPHOS defect. In addition, 

the presence of ragged red fibers and accumulation of lipid drops in type I 

fibers, both characteristic of mitochondrial myopathies, were detected 

(Ogasahara et al, 1989). Since then, more than 200 CoQ-deficient patients, in 

more than 130 families, with a wide range of clinical phenotypes, have been 

identified and published. Somehow, it has been estimated a much higher 

incidence of these defects using modern techniques of large-scale sequencing 

data, predicting about 124,000 patients over the world (Hughes et al, 2017).  

Genetically, CoQ deficiency is associated with an autosomal recessive disorder 

that is clinically manifested by a heterogeneous picture that, classically, has 

been grouped into five large phenotypes: 

1. Encephalopathy characterized by brain involvement and recurrent 

myoglobinuria.  

2. Childhood multisystem disorder with encephalopathy usually 

associated with nephropathy and involvement of other organs.  

3. Cerebellar ataxia with atrophy of the cerebellum.  

4. Isolated myopathy.  

5. Steroid-resistant nephrotic syndrome. 
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Nowadays, however, the classification is not completely adequate since 

some clinical phenotypes are wider and, for example, it has not yet described 

any isolated myopathy (Alcazar-Fabra et al., 2018). 

 The manifestation of these phenotypes is predominantly early (82% < 13 

years, including 23% in childhood < 12 months). But cases have also been 

identified in adolescence (7% between 13 and 18 years), as well as in adulthood 

(11% > 18 years) (Emmanuele et al., 2012). CoQ deficiency may be caused by 

mutations in genes directly involved in its biosynthesis, in which case it is 

called primary CoQ deficiency (Alcazar-Fabra et al., 2018).  

Within this type, it has been described patients with molecular defects in 

PDSS1 (Mollet et al, 2007), PDSS2 (Lopez et al, 2006; Sadowski et al, 2015), 

COQ2 (Justine Perrin et al, 2020; Mollet et al., 2007; Procopio et al, 2019; 

Quinzii et al, 2006; Sadowski et al., 2015; Wu et al, 2019), COQ4 (Brea-Calvo 

et al, 2015; Caglayan et al, 2019; Chung et al, 2015; Sondheimer et al, 2017), 

COQ5 (Malicdan et al, 2018), COQ6 (Heeringa et al, 2011; Justine Perrin et 

al., 2020; Sadowski et al., 2015), COQ7 (Wang et al, 2017), COQ8A (Gerards 

et al, 2010; Horvath et al, 2012; Lagier-Tourenne et al, 2008; Mollet et al, 

2008), COQ8B (Adan Lanceta et al, 2020; Ashraf et al, 2013; Maeoka et al, 

2020; Sondheimer et al., 2017; Song et al, 2020) COQ9 (Danhauser et al, 

2015; Duncan et al, 2009; Smith et al, 2018) and FDX2 (Gurgel-Giannetti et 

al, 2018). These mutations affect to different systems but, because of the low 
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number of patients and the different clinical manifestation, it is difficult to 

explain why mutations in the same genes causes different phenotypes. Besides, 

there are patients with CoQ deficiency and mutations in genes that are not 

related to ubiquinone biosynthesis. These cases have been described as 

secondary CoQ deficiency, and it can involve any of the CoQ functions or its 

connection to other metabolic pathways, being more common than those 

involving a primary CoQ deficiency. Low levels of CoQ have been described 

in, nuclear or mtDNA, OXPHOS diseases and in a high number of diseases 

involving different mutations that are not related with the mtETC. For instance, 

secondary CoQ deficiency has been described in ataxia and oculomotor 

apraxia due to mutation in APTX (Quinzii et al, 2005), in isolated myopathy 

due to mutations in ETFDH (Gempel et al, 2007), in cardiofaciocutaneous 

syndrome due to mutations in BRAF (Aeby et al, 2007), in MD due to 

mutations in other genes of OXPHOS system (Kuhl et al, 2017), or in Leigh 

syndrome associated to a defect in PARL (Spinazzi et al, 2019). The pathology 

in these diseases are caused mainly by its original pathology involving 

muscular or central nervous system. So, the mechanism by which the CoQ 

levels are reduced remains unknown. It has been hypothesized that multiple 

factors may participate in decreasing the levels of CoQ, such as an error on the 

formation of the complex Q linked to mtETC, an increase of oxidative stress, 

interferences with CoQ biosynthesis pathways or a degeneration of the 
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mitochondria (He et al, 2014; Miranda et al, 1999). Besides, CoQ deficiency 

can be present in other common diseases as cirrhosis, fibromyalgia, 

cardiomyopathies or in muscle and adipose tissue of patients with insulin 

resistance (Diaz-Casado et al., 2019; Fazakerley et al, 2018; Rahman et al, 

2012; Yubero et al, 2016). Also, Yubero and collaborators, described CoQ 

deficiency in patients with mtDNA depletion syndrome (Yubero et al., 2016). 

In addition, it has been recently published CoQ deficiency in plasma from 

phenylketonuric patients and patients with mucopolysaccharidoses (Montero 

et al, 2019). However, not all patients with these diseases develop CoQ 

deficiency and it is not known why some patients are more susceptible than 

others to develop it, although some studies point out to genetic factors, such as 

certain polymorphisms. Besides, the symptoms associated to secondary CoQ 

deficiencies vary according to the original pathology of the patient, although 

muscular and neurological manifestations (muscle weakness, hypotonia, 

exercise intolerance, myoglobinuria or ataxia) are frequent. Therefore, from 

the point of view of molecular diagnosis, genetic analysis is necessary to 

differentiate between primary and secondary CoQ deficiency (Desbats et al, 

2015) (Introduction figure 14). 
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Introduction Figure 14. Organs and systems affected in CoQ defficiency patients 

(Alcazar-Fabra et al., 2018). 

 1.2.1.1.1 Pathological mechanisms associated to CoQ deficiency: 

experimental studies 

In order to understand the pathophysiological consequences of CoQ10 

deficiency, some studies have been conducted in skin fibroblasts from patients 

with CoQ10 deficiency in the last decade. Firstly, Geromel and collaborators. 

showed that fibroblasts of two brothers with deficiency in CoQ10 of unknown 

genetic etiology, showed slight defects in mitochondrial respiration and growth 

rate, but no evidence of increased production of superoxide anion, lipid 
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peroxidation or apoptosis were found (Geromel et al, 2001). Later on, Lopez-

Martin et al. showed that fibroblasts of two brothers with mutation in COQ2 

presented an enzymatic deficit of the CoQ-dependent mitochondrial complexes 

and a reduction in cell growth rate that was normalized after 24h of treatment 

with CoQ10 (10 μM) (Lopez-Martin et al, 2007). On the other hand, in Dr. 

Hirano’s laboratory, a study was carried out using fibroblasts with mutations 

in COQ2, PDSS2 and COQ9 previously described (Duncan et al., 2009; Lopez 

et al., 2006; Quinzii et al., 2006). In metabolic conditions dependent on 

oxidative phosphorylation, the results showed clear differences between 

mutants, i.e., mutants in PDSS2 and COQ9, with 10-15% CoQ10, showed a 

marked reduction in ATP synthesis, but no signs of oxidative stress or 

alterations of antioxidant systems (Duncan et al., 2009; Lopez et al., 2006). In 

contrast, mutants in COQ2, with 30-50% CoQ10, showed a partial reduction in 

ATP synthesis, a significant increase in the production of ROS, accompanied 

by lipid and protein oxidation, and cell death (Quinzii et al, 2010; Quinzii et 

al, 2008). The relationship between CoQ levels, bionergetics defect and 

oxidative stress has also been confirmed through the pharmacological 

inhibition of CoQ biosynthesis with 4-HB analogues (Duberley et al, 2013; 

Quinzii et al, 2013). Likewise, Rodríguez-Hernández and colleagues 

confirmed that fibroblasts in patients with CoQ10 deficiency (30%) caused by 

COQ2 mutation have an increase in ROS (Rodriguez-Hernandez et al, 2009). 
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In addition, they showed an activation of the mitochondrial transition pore that 

triggers in apoptosis and that the induction of the autophagy would act as 

protection against apoptosis (Rodriguez-Hernandez et al., 2009). In order to 

overcome the limitations of in vitro systems, as can be the limited information 

that they provide about tissue specificities, the first ubiquinone-deficient 

mouse model was published in 2001 by two independent groups due to the 

absence of Coq7, which encodes the COQ7 protein, an enzyme that, as we 

have mentioned, catalyzes the hydroxylation of DMQ  producing 5-hydroxy-

UQ (Levavasseur et al, 2001; Nakai et al, 2001; Stenmark et al., 2001). 

Unfortunately, the knock-out mouse (KO) for Coq7 was embryologically 

lethal (less than 10.5 days) because of a neurogenesis failure (Nakai et al., 

2001). Electron microscopy studies showed elongated mitochondria, with 

elongated lysosomes, containing traces of mitochondrial membranes. 

Biochemical studies showed that the absence of Coq7 caused the accumulation 

of DMQ. Interestingly, mitochondrial respiration decreased by only 40%, 

despite of the total absence of ubiquinone and embryonic lethality, suggesting 

that DMQ may have some functionality in electron transport. However, in 

yeasts, DMQ does not show the ability to function as an electron carrier, either 

in the mitochondrial respiratory chain or as an antioxidant agent (Levavasseur 

et al., 2001; Nakai et al., 2001; Padilla et al, 2004). Besides, Dr. Morgan’s 

group described a possible toxic effect of accumulation of DMQ by 
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exchanging the quinones pools between wild type and Coq7 mutant worms, 

that accumulates DMQ. The results revealed an inhibition of CI + III after the 

replenish of wild type quinones with the quinones from Coq7 mutants (Yang 

et al., 2011). Therefore, it is conceivable that other functions of ubiquinone 

could significantly contribute to the pathogenesis of ubiquinone deficiency. In 

any case, the mitochondrial pathogenesis of these mice was confirmed by Dr. 

Shirasawa’s group, revealing that embryonic cells of these mice showed a 

significant increase in apoptosis, a reduction in membrane potential and ATP 

levels. Those abnormalities were partially restored with the supplementation 

of 25 μM of water-soluble CoQ10 for 5 hours (Takahashi et al, 2008). The 

absence of in vivo models, which recapitulated human clinical phenotypes, was 

the reason for our group to generate and characterize a single mouse model 

deficient in CoQ due to a mutation in the Coq9 gene, the same one presented 

by the patient described by Dr. Rahman’s group (Duncan et al., 2009; Garcia-

Corzo et al., 2013). The Coq9 (Coq9R239X) knock-in mouse has a R239X 

change, truncating the 75 terminal amino acids of the COQ9 protein and 

producing certain levels of a truncated protein due to an inefficient Nonsense-

mediated mRNA decay (NMD) that is not able to fully degrade the mutated 

mRNA (Luna-Sanchez et al., 2015). The presence of the truncated protein 

destabilizes the multiprotein complex of CoQ synthesis, so the brain, 

cerebellum, heart, muscle, kidneys and liver from Coq9R239X mice showed a 
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reduction of 70-85% of CoQ9 and CoQ10 levels with an accumulation of DMQ 

(the substrate for COQ7), a metabolite intermediate in CoQ biosynthesis. The 

CoQ deficit causes a specific decrease in the levels of the free III complex in 

the brain, which triggers a reduction in mitochondrial respiration and ATP 

synthesis, accompanied by increased oxidative stress and neuronal death 

mediated by apoptosis independent of the caspase pathway. This neuronal 

death was accompanied by severe reactive astrogliosis and spongiform 

degeneration, especially evident in the brain-stem, which caused reduction in 

the animal body weight, paralysis of the limbs between the 3-6 months of age 

and premature death due to cardiorespiratory arrest (Garcia-Corzo et al., 2013) 

(Introduction figure 15). To understand the clinical heterogeneity of CoQ 

deficiency, our group has characterized another model with a different 

mutation in the Coq9 gene, which produces a premature stop codon in amino 

acid 95 (Coq9Q95X model), inducing a complete absence of the COQ9 protein 

due to a total efficiency of the messenger RNA degradation mechanism 

mediated by NMD to eliminate aberrant mRNA. This total absence of COQ9 

does not induce destabilization of the CoQ synthesis multiprotein complex 

observed in Coq9R239X and, consequently, Coq9Q95X mice have a less severe 

CoQ deficiency, leading to a mild myopathy with exercise intolerance in 

females (Luna-Sanchez et al., 2015) (Introduction figure 15). Therefore, the 

two models generated recapitulate two of the clinical phenotypes that are 
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present in patients with CoQ10 deficiency and that are common in other MD, 

myopathies and encephalomyopathies. 

 

Introduction Figure 15. Example of different pathology involving different mutations of 

the same gene (Luna-Sanchez et al., 2015). 

Importantly, two independent studies showed that CoQ deficiency, either in 

vitro in human cells or in vivo in mouse model, severely decreases the levels 

of SQOR, the first enzyme in the mitochondrial H2S oxidation pathway. Thus, 

the decrease in SQOR leads to an impairment of H2S oxidation, leading to 

accumulation of H2S and depletion on the glutathione system (Luna-Sanchez 

et al, 2017; Ziosi et al, 2017). Altogether, these alterations could be influencing 

in the pathomechanisms associated to CoQ deficiency. On fact, other 

molecular defects in the mitochondrial H2S oxidation pathway have been 
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identified (Quinzii et al., 2017). Specifically, mutations in ETHE1, SUOX and 

SQOR cause encephalopathies (Friederich et al, 2020; Mudd et al, 1967; 

Tiranti et al, 2009). Curiously, mutations in ETHE1 are associated to CIV 

deficiency because of the accumulation of sulfide metabolites. Besides, the 

encephalopathic phenotype of ETHE1 mutant mice is partially rescue (Viscomi 

et al, 2010), with the supplementation of N-acetylcisteine (NAC), a sulfur 

amino acid and precursor of glutathione.  

1.2.1.1.2 Experimental treatments for CoQ deficiency. 

The most rational therapeutic approach for CoQ deficiency is the 

supplementation with exogenous CoQ10. Studies in human skin fibroblasts 

from patients with primary CoQ deficiency would support this rational 

approach. Rodríguez-Hernández and collaborators used CoQ10 deficient 

fibroblast due to COQ2 defect and found a slight increase in II+III complex 

activity after the treatment with 100 μM CoQ10 for 72 hours (Rodriguez-

Hernandez et al., 2009). In the same way, Lopez and collaborators found that 

the levels of ATP and the ATP/ADP ratio were normalized in CoQ10 deficient 

fibroblast with mutations in PDSS2, COQ2 and COQ9 after the administration 

of 5 μM ubiquinone-10 for 1 week but not for 24 h (Duncan et al., 2009; Lopez 

et al, 2010; Lopez et al., 2006; Quinzii et al., 2006). In contrast, treatment with 

short-chain ubiquinone analogues such as CoQ2 or Idebenone, had no effects 
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on mitochondrial bioenergetics (Lopez et al., 2010). Consequently, the 

outcome of these in vitro studies suggested that: a) exogenous CoQ10 has a 

prolonged pharmacokinetics to restore respiratory chain activity in CoQ10-

deficient cells (Bentinger et al, 2003), a factor that may contribute to the late 

clinical response to the oral supplementation of CoQ10 (Montini et al, 2008) 

and suggest that high doses of CoQ10 must be administered; and b) short-tail 

ubiquinone analogs cannot substitute CoQ10 in the mitochondrial respiratory 

chain revealing the importance of the decaprenyl tail.   

In vivo,  a mouse model with spontaneous mutation in Pdss2, CoQ 

deficiency and fatal nephropathy (Peng et al, 2004) was treated with 

hydrosoluble CoQ10 at a dose of 200-400mg/kg body weight/day in the water. 

The treated mice did not show a substantial increase their tissue levels of CoQ10 

but an improvement in the development of nephritis was observed. Thus, the 

authors suggested that the therapeutic mechanism was due to a reduction in 

oxidative stress (Saiki et al, 2008).  Later on, our group evaluated the 

administration of water-soluble CoQ10H2 (ubiquinol-10) in the Coq9R239X 

mouse model. Although survival improved, still 50% of the Coq9R239X mice 

treated with ubiquinol-10 died before 6 months of age (Garcia-Corzo et al., 

2013). Thus, due to its poor bioavailability, the therapeutic effects of 

exogenous CoQ10 are limited in some cases, especially in those involving the 

nervous system because  of the presence of the BBB (Emmanuele et al., 2012). 



Agustín Hidalgo Gutiérrez 

 

 

 

66 

 

 

 

 

Therefore, novel therapeutics approaches are required to get better outcomes 

in the treatment of patients with CoQ deficiency.  

1.2.1.1.3 Treatment of patients with CoQ deficiency. 

Primary CoQ deficiency is considered one of the few treatable MD, 

although not all cases are successfully treated (Introduction table 1). As 

mentioned, the conventional treatment is the oral supplementation with high 

doses of CoQ10, but the response to the treatment is very variable among 

patients, being in certain cases ineffective, especially in those patients with 

neurological symptoms (Introduction table 1).  A high concentrations of CoQ10 

was able to stop the progression of encephalopathy in a patient with the 

multisystem variant of the disease (Rotig et al, 2000); another case with 

mutation in the COQ2 responded positively to the CoQ10 supplementation 

(Montini et al., 2008); six patients with myopathy improved after CoQ10 

supplementation, while another 28 patients with mutations in the ETFDH, 

coursing with CoQ10 deficiency, improved only with the addition of a 

riboflavin treatment (Gempel et al., 2007); other patient with myopathy due to 

COQ7 mutation reduced its symptoms by the treatment with CoQ10 (Freyer et 

al, 2015); and two more patients with mutations in COQ4 seemed to be 

positively responsive to treatment with CoQ10 (Caglayan et al., 2019) 

(Introduction table 1).   
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In contrast, CoQ10 supplementation was less effective in some forms of 

ataxia, such as those caused by the mutations in the COQ8A (=ADCK3) (Mollet 

et al., 2008) (Lagier-Tourenne et al., 2008); also, a homozygous patient for the 

COQ9 mutation experienced a decrease in blood lactate during CoQ10 therapy 

but did not slow the progress of neurological and cardiac symptoms, leading 

to death at two years of life (Duncan et al., 2009); in other patients with 

neurological symptoms harboring mutations in COQ2, COQ4 or COQ9 

experimented only mild improvements in the neurological symptoms, and died 

at early age (Brea-Calvo et al., 2015; Danhauser et al., 2015; Jakobs et al, 

2013) (Introduction table 1).  

The reason why treatment fails in some cases is unclear. A key aspect, 

would be the early diagnosis of the disease that would enable an early start of 

treatment (Yubero et al, 2017; Yubero et al, 2018) (Introduction table 1). The 

optimal CoQ10 dose and formulation used would be another factor to consider. 

According to clinical experiences in recent years, the recommended dose of 

CoQ10 for patients with CoQ10 deficiency is 2,400 mg daily in adults and up to 

30 mg/kg/day in children. Another important aspect to consider in the 

inefficiency of the therapy is the low absorption and bioavailability of CoQ10 

when administered orally exogenously, which limits the intramitochondrial 

increase of CoQ10, especially in the brain and cerebellum because of the extra 

difficulty of crossing the BBB (Emmanuele et al., 2012). In any case, the 
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results of these studies lead the search for alternative therapies that can increase 

the efficacy of the treatment. 

 
Introduction table 1. Primary CoQ Deficiiency. Its clincal manifestations and its response 

to exogenous CoQ treatment.  

Extracted and modified from (Alcazar-Fabra et al., 2018) collected up to 2018. Fams: Families; 

Pats: Payients; NK:Not Known; y: years; m: months; d: days; h: hours; (*): Death. ESRD: 

End-stage regal disease. Until now has been described other two patients with mutations in 

COQ4 (Caglayan et al., 2019), two patients with mutations in COQ6 (Justine Perrin et al., 

2020), five patients with mutations in COQ8B (Song et al., 2020) that positively responds to 
CoQ treatment. In the counterpart, it was described other patient with mutation in COQ2 that 

did not respond to CoQ treatment (Wu et al., 2019). 

 

Gen 
Fams/ 
Pats. 

Age 
Manifestation 

 CoQ Treatment 
Effects Start Last Examination 

PDSS1 2/3 First years 
1.5yo* (1) 

14-22yo (2) 

Encephalopathy (2), peripheral neuropathy 
(2), optical atrophy (2), deafness (2), 
nephrotic syndrome and ESRD (1), 

valvulopathy (2) 

NK 

PDSS2 5/7 
< 1yo (6) 
2yo (1) 

8mo* (2) 
8yo*(1) 

8-12yo (2) 
NC (2) 

Leigh syndrome (1), encephalopathy (1), 
cerebellar ataxia (3), deafness (4), 

retinopathy (2), optical atrophy (1), nephrotic 
syndrome (7), ESRD (2), cardiomyopathic 

hypertrophy (2) 

Yes (2). Not benefits 

COQ2 18/22 

< 2yo (15) 
16-18yo (2) 

70 (1) 
NK (4) 

< 2yo* (9) 
2-4yo (5) 
12yo (1) 

23-37yo (2) 
71yo (1) 
NK (4) 

Encephalopathy (7), cerebellar atrophy (1), 
MELAS (1), retinopathy (2), optical atrophy 

(1), nephrotic syndrome (17), ESRD (8), 
tubulopathy (1), muscle weakness (1), 

cardiomyopathic hypertrophy (3) 

Yes (9). No benefits (2). 
No deterioration (2). 

Improved renal function 
(4). Improved 

neuromuscular function (1) 

COQ4 11/14 
Birth (13) 
10mo (1) 

< 4d* (6) 
1m-2yo* (5) 

3yo (1) 
18yo (1) 
NK (1) 

Encefalopatía (7), atrofia cerebelar (1), 
neuropatía periférica (1), sordera (1), 

miopatía (1), fallo cardiaco (2), hipertrofia 
cardiomiopática (7) 

Yes (3). No benefits (1). 
Muscle enhancement (1). 
Improved lactic acidosis 

and heart function (1) 

COQ5 1/3 
Childhood 

(3) 14-22yo (3) Cerebellar ataxia (3), cerebellar atrophy (1) 
Yes (3). Improving ataxia 

(3) 

COQ6 19/26 
< 1.5yo (9) 
2-6yo (13) 

NK (4) 

5-6yo* (2) 
17yo* (1) NK* 

(2) 
6mo-11yo (14) 

NK (7) 

Cerebellar ataxia (1), deafness (16), optical 
atrophy (1), nephrotic syndrome (23), ESRD 

(15), muscle weakness (2), 

Yes (4). Proteinuria 
enhancement (3). Renal 

function enhancement (1). 
Growth retardation 
enhancement (1) 

COQ7 2/2 < 1yo (2) 6-9yo (2) 
Peripheral neuropathy (2), deafness (2), renal 

failure (1), muscle weakness (2), 
cardiomyopathic hypertrophy (1) 

Yes (2). No deterioration 
(2) 

COQ9 3/6 Birth (6) 

Nac.* (2) 
12h* (1) 
3d* (1) 
18d* (1) 
2yo* (1) 

Encephalopathy (2), Leigh syndrome (2), 
cerebellar atrophy (1), tubulopathy (1), 

cardiomyopathic hypertrophy (1) 

Yes (3). No benefits (2). 
Lactate plasma reduction 

(1) 

COQ8A/ 

ADCK3 
29/45 

1-4yo (24) 
5-11yo (13) 
14-27yo (8) 

22yo* (1) 
26yo* (1) 
3-7yo (2) 

15-50yo (40) 
81yo (1) 

Cerebellar atrophy (44), cerebellar ataxia 
(43), MELAS (6), encephalopathy (1), 

deafness (2), visual impairment, myopathy 
(1), muscle weakness (7), exercise 
intolerance (8), cardiomyopathy (1) 

Yes (18). No benefits (8). 
Improves ataxia (4). 
Stabilises ataxia (1). 

Improves motor capacity 
(2). Improves fatigue (1) 

COQ8B/ 

ADCK4 
38/74 

< 1-10yo 
(29) 

11-21yo 
(38) 

23-32yo (7) 

15yo* (1) 
25yo* (1) 
29yo* (1) 
1-9yo (6) 

10-20yo (51) 
21-39yo (14) 

Encephalopathy (1), seizures (4), nephrotic 
syndrome (63), ESRD(45), chronic kidney 

disease (17), muscle weakness (1), 
cardiomyopathic hypertrophy (2), heart 

failure (1), cardiomyopathy (1) 

Yes (28). No benefits (7). 
Proteinuria enhancement 

(17). Fatigue enhancement 
(1). Renal function 

stabilization (1). NC (2) 
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1.2.1.1.4 Alternative treatments for CoQ deficiency using analogs of 4HB  

As we mention above, the biosynthesis of CoQ occurs in a complex 

biosynthetic pathway, in which the 4-HB is the initial substrate. This precursor 

of the benzoquinone ring of CoQ is first prenylated and then, a total of seven 

reactions (one decarboxylation, three hydroxylations, and three methylations) 

produce the fully substituted benzoquinone ring of CoQ. The molecular 

understanding of the CoQ biosynthetic pathway is now allowing the design of 

alternative therapies with the aim of increasing the endogenous CoQ 

biosynthesis. One of the hydroxylation steps is catalyzed by COQ7, a 

hydroxylase that needs another protein, COQ9, for its stability and normal 

function (Garcia-Corzo et al., 2013; Lohman et al., 2014; Luna-Sanchez et al., 

2015). The hydroxyl group incorporated by COQ7 into the benzoquinone ring 

is already present in the b-Resorcylic acid (b-RA) or 2,4-dihydroxybenzoic 

acid (2,4-diHB) molecule. Therefore, β-RA is a 4-HB analog that can be 

theoretically used in the CoQ biosynthesis pathway in order to bypass a defect 

of the hydroxylation step catalyzed by COQ7. This strategy was partially 

successful in vitro in COQ7 null yeasts, as well as in mice and human 

fibroblasts with mutations in COQ7 or COQ9 (Freyer et al., 2015; Luna-

Sanchez et al., 2015; Wang et al, 2015; Wang et al., 2017; Xie et al, 2012). 
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The same principle has been demonstrated in vitro with the use of 3,4-

hydroxybenzoic acid (3,4-diHB) or vanillic acid (VA) in COQ6 null yeasts 

(Doimo et al, 2014b). Furthermore, a recent study has shown that 

supplementation of 4-HB increases the levels of CoQ biosynthetic proteins and 

fully restores endogenous CoQ10-biosynthesis in COQ2-deficient cells lines 

(Herebian et al, 2017). 
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2. HYPOTHESIS & OBJECTIVES 

Primary and secondary CoQ deficiencies constitute a mitochondrial 

syndrome with heterogeneous clinical presentations, involving different 

pathomechanims. The conventional treatment is based in the exogenous 

administration of high doses of CoQ10. This treatment, however, has limited 

effects in a high percentage of patients due to different factors: 1) the low 

absorption and bioavailability of the exogenous CoQ10, together with its low 

capacity to cross the BBB; 2) the lack of effect over the accumulation of 

intermediate metabolites in the synthesis of CoQ (importantly, some of these 

metabolites, e.g. DMQ, may contribute to the disease phenotype by inhibiting 

the transfer of electrons in the mtETC); and 3) the lack of effect over the 

Complex Q and the endogenous biosynthesis of CoQ. For that reason, CoQ10 

therapy does not induce any change in the levels of CoQ9. 

Based on previous studies in vitro, we hypothesize that b-RA may have 

superior therapeutics outcomes because of three different reasons: 1) it is a 

water-soluble compound of low molecular weight, having, therefore, better 

absorption and bioavailability than CoQ10; 2) it may bypass a defect in COQ7 

or COQ9; and 3) it has the ability to modulate the Complex Q in order to 

minimize the accumulation of toxic intermediates, e.g. DMQ, and maximize 

CoQ biosynthesis, increasing the levels of both CoQ9 and CoQ10. In addition, 
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we believe that the reduction in SQOR activity and accumulation of H2S, as a 

consequence of the low levels of CoQ, are another pathomechanisms 

associated to CoQ deficiency. Thus, the modulation of the availability of sulfur 

amino acids in the diet, as sources of H2S, could provide therapeutic benefits. 

 

Hypothesis Figure 1. Possible bypass therapy using b-RA in the Coq9R239X mice. 

To test those hypothesizes we propose to develop the following specific 

aims (SAs): 

SA1: To test, in vivo, the efficacy of b-RA in the treatment of primary CoQ 

deficiency due to mutations in Coq9. 
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SA2: To perform a dose-response study with b-RA in the Coq9R239X mouse 

model and their wild-type littermates. 

SA3. To evaluate the therapeutic potential of NAC supplementation and a 

diet with sulfur amino acids restriction in the Coq9R239X mouse. 
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3. MATERIALS & METHODS 

3.1 EXPERIMENTAL DESIGN 

Coq9+/+ and Coq9R239X mice were used in the study, all of them having a 

mix of C57BL/6N and C57BL/6J genetic background.  The Coq9R239X mouse 

model (MGI: 5473628) was previously generated and characterized (Garcia-

Corzo et al., 2013). All animal manipulations were performed according to a 

protocol approved by the Institutional Animal Care and Use Committee of the 

University of Granada (procedures numbers 18/02/2019/016 and 

16/09/2019/153) and were in accordance with the European Convention for 

the Protection of Vertebrate Animals used for Experimental and Other 

Scientific Purposes (CETS # 123) and the Spanish law (R.D. 53/2013). Mice 

were housed in the Animal Facility of the University of Granada under an SPF 

zone with lights on at 7:00 AM and off at 7:00 PM. Mice had unlimited access 

to water and rodent chow. Unless stated otherwise, the analytical experiments 

were done in animals at 3 months of age, with the exception of the animals at 

“terminal stage” that range from two to five months of age. 

β‐Resorcylic acid (β‐RA) was given to the mice in the chow at two different 

concentrations: 1% (high dose), and 0.33% (low dose). For a particular 

experiment, we doubled the high dose by adding b-RA into the drinking water 

at a concentration of 5 mg/ml, neutralizing the water with sodium bicarbonate. 
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A mix of β‐RA and 4-HB (at a concentration of 0.5% each one) was also 

provided in the chow for particular experiments. Mice began receiving the 

assigned treatments at 1 month of age (except in the some exception, in which 

the treatments started at 2 or 6 months of age) and the analyses were done at 

the age indicated for each case. Also, a pilot survival study was done with b-

RA in Ndufs4 knockout mice, which show microgliosis and 

neuroinflammation (Quintana et al, 2010). Animals were randomly assigned 

in experimental groups. In addition, to check whether the availability of sulfur 

amino acids affects sulfide metabolism in CoQ10 deficiency, Coq9R239X mice 

(MGI: 5473628) were treated with L-NAC, added to drinking water at a 

concentration of 1%. Separately, mice were treated with sulfur amino acids 

restriction (SAAR) diet containing 0.15% Methionine and 0% Cystine, 

compared to control diet containing 0.6% Methionine and 0.42% Cystine. Data 

were randomly collected and processed as well. 

The body weights were collected once a month. The motor coordination 

was evaluated by rotarod test at different months of age. Systolic blood 

pressure (SBP) and heart rate (HR) were measured in conscious, prewarmed, 

and restrained mice by tail-cuff plethysmography (Digital Pressure Meter LE 

5001, Letica S.A., Barcelona, Spain) as described previously (Gomez-Guzman 

et al, 2014). Briefly, mice were held in a plastic tube, and their tail was put 

through a rubber cuff, and the cuff was inflated with air. The pressure level at 
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which the first pulse appeared, after blood flow had been interrupted with the 

inflated cuff, was designated SBP. At least fifteen determinations were made 

in every session, and the mean of the lowest ten values within 5 mmHg was 

taken as the SBP level. HR values were obtained as average of several 

determinations simultaneously to SBP level. 

The therapeutic potential of β-RA was also assessed in zebrafish embryos 

treated with the neurotoxin 1-methyl-4-phenyl- 1,2,3,6-tetrahydropyridine 

(MPTP), which is used to induce key features of Parkinson Disease, including 

CI inhibition and neuroinflammation (Diaz-Casado et al, 2018). The embryos 

were exposed to MPTP from 24 hpf to 72 hpf, and β-RA was added to the wells 

from 72 hpf to 120 hpf. After completing the experiment protocol, at 120 hpf, 

the mortality rate was calculated as the percentage of dead embryos with 

respect to total embryos. Oedema, the most common malformations, as well as 

tail and yolk abnormalities were macroscopically quantified (Diaz-Casado et 

al., 2018). 

3.2 HEMOGRAM, PLASMA AND URINE ANALYSIS  

Blood samples were collected in K3-EDTA tubes using a golden rod lancet 

and the submandibular vein of mice as puncture site. The hemograms were 

obtained using a Mythic 22 CT in an automated hematology analyzer. The 

plasma was extracted from blood samples by centrifugation at 4,500g for 10 
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minutes at 4ºC. Biochemical analysis from urine and plasma were developed 

in a biochemical analyzer Bs-200 (Shenzhen Mindray Bio-Medical Electronics 

Co., Ttd) and reagents from Spinreact. 

3.3 HISTOLOGY AND IMMUNOHISTOCHEMISTRY 

Tissues were fixed in formalin and paraffin embedded. Multiple sections 

(4 μm thickness) were deparaffinized with xylene and stained with 

hematoxylin and eosin (H&E) or Masson's trichrome. Immunohistochemistry 

was carried out in the same sections, using the following primary antibodies: 

anti-GFAP (Millipore, MAB360) and anti-Iba-1 (Wako, 019-19741). Dako 

Animal Research Kit for mouse primary antibodies (Dako Diagnóstico S.A., 

Spain) was used for the qualitative identification of antigens by light 

microscopy. The detection of carbonyl groups as a marker of protein oxidation 

was performed using a commercial kit (OxyIHC™ Oxidative Stress Detection 

Kit (S7450, Millipore) (Garcia-Corzo et al., 2013). 

Type I and type II skeletal muscle fibers were examined through 

histochemical detection of cytochrome oxidase (COX) and succinate 

dehydrogenase (SDH) enzymes activity (Tanji & Bonilla, 2008).  

Sections were examined at 40–400 magnifications with a Nikon Eclipse Ni-

U microscope, and the images were scanned under equal light conditions with 

the NIS-Elements Br computer software. 
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3.4 IN VIVO MRI AND PROTON MRS 

MRI and MRS studies were conducted with a 7 T horizontal bore magnet 

Bruker Biospec TM 70/20 USR designed for small animal experimentation. 

Mice were anesthetized by spontaneous breathing of 0.4–2.0 % (0.4-0.6 % in 

Coq9R239X and 1.5-2.0% in Coq9+/+) isofluorane and oxygen mixture through a 

nose cone using a MSS (Medical Suplies and Services) veterinary anesthesia 

unit. The mice were placed in an MRI-compatible cradle and their body 

temperature was maintained at 37ºC by a water bath circulation system. A 

pneumatic pillow and an accompanying pressure transducer monitored their 

respiratory rates. Both temperature and breathing were recorded by a small 

animal monitoring system. Anesthesia was adjusted to obtain a respiratory rate 

of about 40-60 breaths per minute. Following localizer scans, high- resolution 

axial and coronal T2-weighted datasets were acquired in order to visualize any 

cerebral or structural atrophy and to investigate for potential focal pathologies. 

A fast-spin echo sequence was used to acquire inter-leaved multislice T2-

weighted, high-resolution mouse brain images with TR/TE = 2500 / 33 ms, 

field-of-view = 20 x 20 mm, slice thickness = 0.7 mm, inter-slice gap 1⁄3 0.3 

mm, and 48 excitations per phase-encoding step. The data were zero-filled to 

yield a final image with 78 x 78 µm in-plane resolution. Water-suppressed 

point-resolved spectroscopy was acquired in order to glean the metabolic status 

from the mouse brain. The MRI dataset was collected with the following 
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settings: a voxel size of 2 × 2 × 2 mm, a bandwidth of 3 kHz, 2048 acquisition 

points, a TR period of 2500 ms, a TE period of 144 ms and 256 averages. The 

voxel was centered in the brainstem region. (Diaz et al, 2012).  

3.5 TRANSCRIPTOME ANALYSIS BY RNA-seq 

The RNeasy Lipid Tissue Mini Kit (Qiagen) was used to extract total RNAs 

from the braintem of five animals in each experimental group. The RNAs were 

precipitated and their quality and quantity assessed using an Agilent 

Bioanalyzer 2100 and an RNA 6000 chip (Agilent Technologies). The cDNA 

libraries were then constructed using the TruSeq RNA Sample Prep Kit v2 

(Illumina, Inc.) and their quality checked using an Agilent Bioanalyzer 2100 

and a DNA 1000 chip (Agilent Technologies). The libraries were Paired End 

sequenced in a HiSeq 4000 system (Illumina, Inc.). We aimed for 4 to 5 Giga 

Bases outcome per sample. The quality of the resulting sequencing reads was 

assessed using FastQC. The GRCm38.p5 fasta and gtf files of the reference 

mouse genome were downloaded from the Ensembl database and indexed 

using the bwtsw option of BWA (Linden et al, 2012). BWA, combined with 

xa2multi.pl and SAMtools (Li et al, 2009), was also used for aligning the 

sequencing reads against the reference genome, and HTSeq was used for 

counting the number of reads aligned to each genomic locus (Mishanina et al, 

2015). The alignments and counting were carried out in our local server 



Material & methods 

 

 

85 

 

 

 

following the protocols as described (Brzywczy et al, 2002; Di Meo et al., 

2011). 

After elimination of the genomic loci that aligned to less than 5 reads in less 

than 5 samples and normalization of the read counts by library size, the 

differential gene expression was detected using the Generalized Linear Model 

(glmLRT option) statistic in EdgeR (Hine et al, 2015). We used a 0.05 p-level 

threshold after False Discovery Rate correction for type I error. The heatmap 

figure was made using the heatmap function in R (https://www.r-project.org/). 

Annotation of the differentially expressed genes was obtained from the Mouse 

Genome Informatics (http://www.informatics.jax.org/). 

The transcripts that filled the inclusion criteria were then subjected to gene 

classification, using a databank based on hand-curated literature mining for 

specific protein–protein interactions and regulatory networks (Ingenuity 

Pathway Analysis (IPA); Ingenuity Systems, Redwood City, CA, USA). The 

general canonical pathways, biological functions and diseases implicated for 

the significantly changed transcripts by Ingenuity Pathway Analysis were 

evaluated and P-values <0.01 were considered significant. Further, specific 

functional networks based on published knowledge on protein–protein 

interactions and regulatory networks were constructed by Ingenuity Pathway 

Analysis (Raimundo et al, 2009). 
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3.6 MITOCHONDRIAL PROTEOMICS ANALYSIS  

Both Coq9+/+ mice and Coq9+/+ mice under 1% of β‐RA supplementation 

were sacrificed and the brain and kidneys were removed and washed in saline 

buffer. The tissues were chopped with a scissors in 3 ml HEENK (10 mM 

HEPES, 1 mM EDTA, 1 mM EGTA, 10 mM NaCl, 150 mM KCl, pH 7.1, 300 

mOsm/l) containing 1 mM phenylmethanesulfonyl fluoride (from 0.1 M stock 

in isopropanol) and 1x protease inhibitor cocktail (Pierce). The tissues were 

homogenized using a 3 ml dounce homogenizer (5 passes of a tight-fitting 

teflon piston). Each homogenate obtained was rapidly subdued to standard 

differential centrifugation methods until the mitochondrial pellet was obtained 

as described in elsewhere (Liu et al, 2018). Briefly, the homogenate was 

centrifuged at 600 g for 5 min at 4 °C (twice), and the resultant supernatant 

was centrifuged at 9,000 g for 5 min at 4 °C. The final pellet, corresponding to 

a crude mitochondrial fraction, was resuspended in 500 ul of HEENK medium 

without PMSF or protease inhibitor (Liu et al., 2018). Protein concentration 

determined (using Bradford dye (BIO-RAD) and a Shimadzu 

spectrophotometer), resulting in approximately 3 mg protein for renal 

mitochondria and 1.5 mg for cerebral mitochondria. To verify the content of 

the mitochondrial fraction, Complex IV activity was determined by optical 

absorption of the difference spectrum at 550 nm, as previously described 

(Luna-Sanchez et al., 2017). 
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The purified mitochondria were spin down to remove previous buffer and 

lysis buffer (1% sodium deoxycholate SDC in 100 mM tris at pH 8.5) was 

added to the pellets. Samples were boiled for 5 minutes at 99ºC to denature all 

the proteins and then sonicated by micro tip probe sonication (Hielscher 

UP100H Lab Homogenizer) for 2 min with pulses of 1s on and 1s off at 80% 

amplitude. Protein concentration was estimated by BCA assay and 200 µg 

were taken of each sample. 10 mM tris (2-carboxyethyl) phosphine and 40 mM 

chloroacetamide (final concentration) at 56 ºC were added to each of these 200 

µg for 10 minutes in order to reduce and alkylate the disulfide bridges. After 

this step, samples were digested with LysC (Wako) in an enzyme/protein ratio 

of 1:100 (w/w) for 1 h, followed by trypsin (Promega) 1:50 (w/w) overnight. 

Protease activity was quenched by acidification with trifluoroacetic acid (TFA) 

to a final pH of ∼2. Samples were then centrifuged at 5,000g for 10 minutes, 

in order to eliminate the insoluble SDC, and loaded on an OASIS HLB 

(Waters) 96-well plate. Sample were washed with 0.1% TFA, eluted with a 

50/50 ACN and 0.1% TFA, dried by SpeedVac (Eppendorf, Germany), and 

resuspended in 2% formic acid prior to MS analysis. 5 µg were taken from 

each sample and pooled in order to be used for quality control for MS (1 QC 

was analyzed every 12 samples) and to be fractionated at high-pH for the 

Match between runs. 
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All samples with the QC and 7 high-pH fractions were acquired using an 

UHPLC 1290 system (Agilent Technologies; Santa Clara, USA) coupled on-

line to an Q Exactive HF mass spectrometer (Thermo Scientific; Bremen, 

Germany). Peptides were first trapped (Dr. Maisch Reprosil C18, 3 μm, 2 cm 

× 100 μm) prior to separation on an analytical column (Agilent Poroshell EC-

C18, 2.7 μm, 50 cm × 75 μm). Trapping was performed for 5 min in solvent A 

(0.1% v/v formic acid in water), and the gradient was as follows: 10% –  40% 

solvent B (0.1% v/v formic acid in 80% v/v ACN) in 95 min, 40– 100% B in 

2 min, then the column was cleaned for 4 minutes and equilibrated for 10 min 

(flow was passively split to approximately 300 nL/min). The mass 

spectrometer was operated in a data-dependent mode. Full-scan MS spectra 

from m/z 300-1600 Th were acquired in the Orbitrap at a resolution of 120,000 

after accumulation to a target value of 3E6 with a maximum injection time of 

120 ms. The 15 most abundant ions were fragmented with a dynamic exclusion 

of 24 sec. HCD fragmentation spectra (MS/MS) were acquired in the Orbitrap 

at a resolution of 30,000 after accumulation to a target value of 1E5 with an 

isolation window of 1.4 Th and maximum injection time 54 ms. 

All raw files were analyzed by MaxQuant v1.6.10 software (Cox & Mann, 

2008) using the integrated Andromeda Search engine and searched against the 

mouse UniProt Reference Proteome (November 2019 release with 55412 

protein sequences) with common contaminants. Trypsin was specified as the 
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enzyme allowing up to two missed cleavages. Carbamidomethylation of 

cysteine was specified as fixed modification and protein N-terminal 

acetylation, oxidation of methionine, and deamidation of asparagine were 

considered variable modifications. We used all the automatic setting and 

activated the “Match between runs” (time window of 0.7 min and alignment 

time window of 20 min) and LFQ with standard parameters. The files 

generated by MaxQuant were open from Perseus for the preliminary data 

analysis: the LFQ data were first transformed in log2, then identifications 

present in at least N (3/5) biological replicates were kept for further analysis; 

missing values were then imputed using the standard settings of Perseus. For 

the volcano plot we set as threshold p-value of 0.01 and 1 for the difference in 

log2 of the LFQ values. IPA analysis was performed as described above 

(Raimundo et al., 2009). 

3.7 MITOCHONDRIAL RESPIRATION 

 To isolate fresh mitochondria, mice were sacrificed and the organs were 

extracted rapidly on ice. Brain was homogenated (1:10, w/v) in a respiration 

buffer C (0.32 M Sucrose, 1 mM EDTA-K+, 10 mM Tris-HCl, pH7.4) at 500 

rpm at 4 °C in a glass-teflon homogenizer. The homogenate was centrifuged 

at 13,000 x g for 3 min at 4 ºC. The Supernatant (s1) was kept on ice and the 

pellet was re-suspended in 5 ml of buffer A and centrifuged at 13,000 x g for 

3 min at 4 ºC. The subsequent supernatant (s2) was combined with s1 and 
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centrifuged at 21,200 x g for 10 min at 4 ºC. Mitochondrial pellet of this step 

was re-suspended in 0.85 mL extraction buffer A containing 15% Percoll, 

poured into ultracentrifuge tubes containing a Percoll gradient formed by 1 ml 

40% Percoll and 1 ml 23% Percoll in buffer A, and centrifuged at 63,000 x g 

for 30 min at 4ºC. Pure mitochondria, corresponding to the fraction between 

23% and 40% Percoll, were collected, washed twice with 1 ml of buffer A at 

10,300 x g for 10 min at 4ºC. Mitochondrial pellets were suspended in MAS 

1X medium. Kidney was homogenated (1:10, w/v) in a respiration buffer A 

(250 mM Sucrose, 0.5 mM Na2EDTA, 10 mM Tris and 1 % free fatty acid 

albumin) at 800 rpm in a glass-teflon homogenizer. Then, homogenate was 

centrifuged at 500 x g for 7 min at 4 ºC and the supernatant was centrifuged at 

7,800 x g for 10 min at 4 ºC. The pellet was then resuspended in respiration 

buffer B (250 mM Sucrose, 0.5 mM Na2EDTA and 10 mM Tris) and an aliquot 

was used for protein determination. The remaining sample was then 

centrifuged at 6,000 x g x 10 min at 4ºC. The pellet was resuspended in buffer 

A and centrifuged again at 6,000 x g x 10 min at 4ºC. The final crude 

mitochondrial pellet was re-suspended in MAS 1X medium.  

Mitochondrial respiration was measured by using an XFe24 Extracellular 

Flux Analyzer (Seahorse Bioscience) (Rogers et al, 2011). Mitochondria were 

first diluted to the needed concentration required for plating in cold MAS 1X 

(3,5 ug/ in brain; 2 ug/well in kidney). Next, 50 ul of mitochondrial suspension 
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was delivered to each well (except for background correction wells) while the 

plate was on ice. The plate was then centrifuged at 2,000 g for 10 min at 4°C. 

After centrifugation, 450 ul of MAS 1X + substrate (10 mM succinate, 2 mM 

malate, 2 mM glutamate and 10 mM pyruvate) was added to each well. 

Respiration by the mitochondria was sequentially measured in a coupled state 

with substrate present (basal respiration or State 2), followed by State 3o 

(phosphorylating respiration, in the presence of ADP and substrates); State 4 

(non-phosphorylating or resting respiration) was measured after the addition 

of oligomycin when all ADP was consumed, and then maximal uncoupler-

stimulated respiration (State 3u). Injections were as follows: port A, 50 ul of 

40 mM ADP (4 mM final); port B, 55 ul of 30 ug/ml oligomycin (3 ug/ml 

final); port C, 60 ul of 40 uM FCCP (4 uM final); and port D, 65 ul of 40 uM 

antimycin A (4 uM final). All data were expressed in pmol/min/lg protein.  

3.8 CoQ-DEPENDENT RESPIRATORY CHAIN ACTIVITIES 

Coenzyme Q‐dependent respiratory chain activities were measured in tissue 

samples of brain, kidney, skeletal muscle and heart. Tissue samples were 

homogenized in CPT medium (0.05 M Tris-HCl, 0.15 M KCl, pH 7.5) at 

1,100 rpm in a glass–Teflon homogenizer. Homogenates were sonicated and 

centrifuged at 600 g for 20 min at 4 °C, and the supernatants obtained were 

used to measure CoQ-dependent respiratory chain activities (CI + III and 

CII + III) as previously described (Barriocanal-Casado et al, 2019). To test 
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whether b-RA works as a CoQ substitute in the mitochondrial respiratory 

chain, we also measure the CI-III activity after adding 50 uM b-RA. The results 

were expressed in nmol reduced cyt c/min/mg prot. 

3.9 EVALUATION OF SUPERCOMPLEXES FORMATION BY BNGE 

 BNGE was performed on crude mitochondrial fractions from mice kidneys 

and brain. Mitochondrial isolation was performed as previously described 

(Garcia-Corzo et al., 2013). One aliquot of the crude mitochondrial fraction 

was used for protein determination. The remaining samples were then 

centrifuged at 13,000 × g for 3 min at 4 °C. The mitochondrial pellets were 

suspended in an appropriate volume of medium C (1 M aminocaproic acid, 50 

mM Bis-Tris-HCl [pH 7.0]) to create a protein concentration of 10 mg/ml, and 

the membrane proteins were solubilized with digitonin (4 g/g) and incubated 

for 10 min in ice. After 30 min of centrifugation at 13,000 ×g (4 °C), the 

supernatants were collected, and 3 μL of 5% Brilliant Blue G dye prepared in 

1 M aminocaproic acid was added. Mitochondrial proteins (100 μg) were then 

loaded and run on a 3–13% gradient native gel as previously described (Garcia-

Corzo et al., 2013). After electrophoresis, the complexes were electroblotted 

onto PVDF membranes and sequentially tested with specific antibodies against 

CI, anti-NDUFA9 (Abcam, ab14713), CIII, anti-ubiquinol-cytochrome c 

reductase core protein I (Abcam, ab110252) and VDAC1 (Abcam, ab14734).  
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3.10 SAMPLE PREPARATION AND WESTERN BLOT ANALYSIS IN 

TISSUES 

For Western blot analyses in mouse tissues, samples were homogenized in 

T-PER® buffer (Thermo Scientific) with protease inhibitor cocktail (Pierce) at 

1,100 rpm in a glass–Teflon homogenizer. Homogenates were sonicated and 

centrifuged at 1,000 × g for 5 mins at 4°C, and the resultant supernatants were 

used for Western blot analysis. For Western blot analyses in brain 

mitochondria, the pellets containing the mitochondrial fraction were re-

suspended in RIPA buffer with protease inhibitor cocktail. 60 ug of protein 

from the sample extracts was electrophoresed in 12% Mini-PROTEAN 

TGX™ precast gels (Bio-Rad) using the electrophoresis system mini-

PROTEAN Tetra Cell (Bio-Rad). Proteins were transferred onto PVDF 0.45-

µm membranes using a mini Trans-blot Cell (Bio-Rad) or Trans-blot Cell (Bio-

Rad) and probed with target antibodies. Protein–antibody interactions were 

detected with peroxidase-conjugated horse antimouse, anti-rabbit, or anti-goat 

IgG antibodies using Amersham ECL™ Prime Western Blotting Detection 

Reagent (GE Healthcare, Buckinghamshire, UK). Band quantification was 

carried out using an Image Station 2000R (Kodak, Spain) and a Kodak 1D 3.6 

software. Protein band intensity was normalized to VDAC1 (mitochondrial 

proteins), and the data expressed in terms of percent relative to wild-type mice 

or control cells (Luna-Sanchez et al., 2015). The following primary antibodies 
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were used: anti-SQRDL (Proteintech, 17256-1-AP), anti-TST (Proteintech, 

16311-1-AP), anti-CBS (Proteintech, 14787-1-AP), anti-PDSS2 (Proteintech, 

13544-1-AP), anti-COQ2 (Origene, TA341982), anti-COQ4 (Proteintech, 

16654-1-AP), anti-COQ5 (Proteintech, 17453-1-AP), anti-COQ6 (Proteintech, 

12481-1-AP ),  anti-COQ7 (Proteintech, 15083-1-AP), anti-COQ8A 

(Proteintech, 15528-1-AP), anti-FGF21 (Abcam, ab171941) anti-VDAC1 

(Abcam, ab14734), anti-GPx (Abcam, ab125066) and anti-GRd (Santa Cruz 

Biotechnology, sc‐32886). 

3.11 QUANTIFICATION OF CoQ9 AND CoQ10 LEVELS IN MICE 

TISSUES 

CoQ9 and CoQ10 from mice tissues were extracted by mixing tissue extracts 

with 1- propanol. After 2 min vortex, the solution was centrifuged at 13,000 

rpm for 5 min. The resultant supernatant was injected in a HPLC system 

(Gilson, WI, USA) and the lipid components were separated by a reverse phase 

Symmetry C18 3.5 µm, 4.6 x 150 mm column (Waters, Spain), using a mobile 

phase consisting of methanol, ethanol, 2- propanol, acetic acid (500:500:15:15) 

and 50 mM sodium acetate at a flow rate of 0.9 ml/min. The electrochemical 

detector consisted of an ESA Coulochem III with the following setting: guard 

cell (upstream of the injector) at +900 mV, conditioning cell at –600 mV 

(downstream of the column), followed by the analytical cell at +350 mV (32). 
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CoQ9 and CoQ10 concentrations were estimated by comparison of the peak 

areas with those of standard solutions of known concentrations. The results 

were expressed in pmol CoQ/mg prot. 

3.12 QUANTIFICATION OF β-RA AND 4-HB LEVELS IN MICE 

TISSUES   

Tissues from mice were homogenized in water. The homogenate samples 

were then treated with a solution of methanol/water (80:20, v/v), shaked for 1 

minute, sonicated for 15 minutes and then centrifuged at 5,000g for 25 minutes 

at 4ºC (Borges et al, 2017).  

The supernatants were analyzed using a Thermo Scientific™ UltiMate™ 

3000 UHPLC system (Waltham, Massachusetts, United States), consisting of 

an UltiMate™ 3000 UHPLC RS binary pump and an UltiMate™ 3000 

UHPLC sample manager coupled to a Thermo Scientific™ Q Exactive™ 

Focus Hybrid Quadrupole-Orbitrap™ detector of mass spectrometer (MS/MS) 

with an electrospray ionization in negative mode (Waltham, Massachusetts, 

United States). The analytical separation column was a Hypersil GOLD™ 

C18, 3 μm, 4.6 × 150 mm column (Thermo Scientific™) and the flow rate was 

0.6 ml/min. The mobile phase consisted of two solutions: eluent A (H2O + 

0.1% Formic acid, MS grade, Thermo Scientific™) and eluent B (acetonitrile 

+ 0.1% Formic acid, MS grade, Thermo Scientific™). Samples were eluted 
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over 30 min with a gradient as follow: 0 min, 95% eluent A 0-25 min, 70% 

eluent A; 25-25.1 min, 95 % eluent A; 25.1-30 min, 95% eluent A. Capillary 

and auxiliary gas temperatures were set at 275 and 450 °C, respectively. Sheath 

gas flow rate used was at 55 arbitrary units, auxiliary gas flow rate used was at 

15 arbitrary units, sweep gas flow was used at 3 arbitrary units. Mass 

spectrometry analyses were carried out in full scan mode between 110 and 190 

uma. To quantify the levels of 4-HB and b-RA, we use a standard curve with 

both compounds at a concentration of 100 ng/ml, 10 ng/ml and 1 ng/ml. 

3.13 QUANTIFICATION OF PRO-INFLAMMATORY MEDIATORS 

IN MURINE RAW 264.7 MACROPHAGES AND BRAINSTEM 

EXTRACTS   

Concentrations of interleukin (IL)-1β, IL-2, interferon-g (IFN-g), tumor 

necrosis factor-α (TNF-α) and growth regulated oncogene-α (GRO-α) were 

quantified in duplicates in the supernatant of the cell culture of murine RAW 

264.7 macrophages and brainstem tissue using ProcartaPlexTM Multiplex 

immunoassays (eBioscience), as previously described and according to the 

manufacturer instructions (Hinz et al, 2000; Reichmann et al, 2015).  

3.14 STATISTICAL ANALYSIS 

Number of animals in each group were calculated in order to detect gross 

~60% changes in the biomarker’s measurements (based upon alpha=0.05 and 
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power of beta=0.8). We used the application available in: 

http://www.biomath.info/power/index.htm. Animals were genotyped and 

randomly assigned in experimental groups in separate cages by the technician 

of the animal facility. Most statistical analyses were performed using the Prism 

6 scientific software. Data are expressed as the mean ± SD of six-ten 

experiments per group. A one-way ANOVA with a Tukey’s post hoc test was 

used to compare the differences between three experimental groups. Studies 

with two experimental groups were evaluated using unpaired Student’s t-test. 

A P-value of < 0.05 was considered to be statistically significant. Survival 

curve was analyzed by log-rank (Mantel-Cox) and the Gehan-Breslow-

Wilcoxon tests. The statistical tests used for the transcriptomics and 

proteomics analyses are described in their respective section. 

3.15 DATA AVAILABILITY 

RNA‐Seq data were generated as described above. The files have been 

uploaded to the National Center for Biotechnology Information (NCBI) 

database. Submission ID: SUB7245113; BioProject ID: PRJNA623208; 

http://www.ncbi.nlm.nih.gov/bioproject/623208.  

The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange (http://proteomecentral.proteomexchange.org) Consortium 

via the PRIDE partner repository with the dataset identifier PXD018311.
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Part of the results showed in this thesis form part of the following international 
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10.15252/emmm.201809466. Article awarded with best paper of the 
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4. RESULTS 

4.1 CoQ DEFICIENCY ALTERNATIVE THERAPY: 4-HB 

ANALOGUE. b-RESORCYLIC ACID 

4.1.1 THE TREATMENT WITH b-RA RESCUES THE PHENOTYPE 

OF Coq9R239X MICE 

We previously demonstrated that Coq9R239X mice have reduced size and 

body weight, and die between 3 to 7 months of age (Garcia-Corzo et al., 2013). 

Moreover, we proved that ubiquinol-10 treatment induces biochemical and 

histopathological improvements in the brain of Coq9R239X mice (Garcia-Corzo 

et al, 2014). These improvements leaded to a significant increase in the 

survival of Coq9R239X mice treated with ubiquinol-10, compared to the 

Coq9R239X mice. While the Coq9R239X mice reached a maximum age of 7 

months, with a median survival of 5 months of age, the Coq9R239X mice treated 

with ubiquinol-10 reached a maximum age of 17 months, with a median 

survival of 13 months of age (Fig 1A). Interestingly, the therapeutic effect of 

oral b-RA supplementation resulted in an even greater increase in the survival 

of Coq9R239X mice, reaching a maximum lifespan of 25 months of age, with a 

median survival of 22 months of age (Fig 1A). Therefore, the extension in the 

lifespan achieved by b-RA in Coq9R239X mice reached values close to the 

lifespan in wild-type mice (Fig 1A). Analysis using the log-rank (Mantel-Cox) 
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and the Gehan-Breslow-Wilcoxon tests show significant differences (p < 

0.0001, and p = 0.0017, respectively) between Coq9R239X mice and Coq9R239X 

mice treated with b-RA (Fig 1A). Moreover, if the b-RA treatment started at 

3 months of age (symptomatic period) instead of 1 month of age 

(asymptomatic period), 100% of the treated mice remained alive at 14 months 

of age (Fig 3B).  
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Figure 1. Survival and phenotypic characterization of Coq9R239X mice after b-RA 

treatment. 
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A  Survival curve of the Coq9+/+ mice, Coq9R239X mice and Coq9R239X mice after b-RA 

treatment and Coq9R239X after ubiquinol-10 treatment. The treatments started at 1 month of 

age. 

B  Survival curve of the Coq9R239X mice and Coq9R239X mice after b-RA treatment started at 3 

months of age. 

C, D  Body weight of males (C) and females (D) Coq9+/+ mice, Coq9R239X mice and Coq9R239X  

mice after b-RA treatment. 

E, F  Rotarod test of male and female Coq9+/+ mice, Coq9R239X mice and Coq9R239X  mice after 

b-RA treatment.  

G  Blood pressure of Coq9+/+ mice, Coq9R239X mice and Coq9R239X mice after b-RA treatment. 

Data from male and female mice are represented together. 

H  Comparative image of a Coq9R239X mouse and a Coq9R239X mouse after b-RA treatment at 

4 months of age. 

Data are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; Coq9R239X or Coq9R239X 

after b-RA treatment versus Coq9+/+. +P < 0.05; Coq9R239X versus Coq9R239X after b-RA 

treatment (one-way ANOVA with a Tukey’s post hoc test; n = 13–24 for each group). 

The striking increase in survival was in parallel of/accompanied by a 

phenotypic improvement. Coq9R239X mice treated with b-RA showed a slight 

increase in the body weight, although the values did not reach the wild-type 

levels (Fig 1C and D). The motor coordination tested by rotarod assay showed 

a decrease in the latency to fall in Coq9R239X mice compared to Coq9+/+ mice. 

The treatment with b-RA significantly attenuated the motor phenotype in 

Coq9R239X mice, both in males and females (Fig 1E and F). The treatment also 

normalized the blood pressure (Fig 1G), while the blood cells and hemoglobin 

levels did not change in the experimental groups (Fig 2). The general health 

improvement of Coq9R239X mice treated with b-RA was remarkable and their 

healthier aspect, compared to the untreated Coq9R239X mice, was visible and 

could be easily appreciated (Fig 1H). 
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Figure 2. Hemogram after  b-RA treatment. 

A-H  (A) Total blood cells, (B) number of platelets, (C) Hemoglobin levels, (D) percentage 

of lymphocytes, (E) percentage of monocytes, (F) percentage of neutrophils, (G) percentage 

of eosinophils and (H) percentage of basophils in Coq9+/+ mice, Coq9R239X mice and Coq9R239X 

mice after b-RA treatment. Data are expressed as mean ± SD. (one-way ANOVA with 

Tukey’s post hoc test; n = 6–10 for each group). No changes were observed after the treatment. 

4.1.2 THE TREATMENT WITH Β‐RA INDUCES A REDUCTION IN 

THE HISTOPATHOLOGICAL SIGNS OF THE ENCEPHALOPATHY 
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Because of the striking effect of the treatment on the survival and health 

status of the Coq9R239X mice, we performed a histopathological evaluation of 

the brain, the main symptomatic tissue. The spongiform degeneration and 

reactive astrogliosis characteristic in the diencephalon and the pons of the 

Coq9R239X mice (Fig 3B1, E1, H1 and K1; Fig 4) (Garcia-Corzo et al., 2013), 

compared to Coq9+/+ mice (Fig 3A1, D1, G1 and J1; Fig 4), almost 

disappeared after the b-RA treatment (Fig 3C1, F1, I1 and L1; Fig 4). The 

microglia distribution did not show any difference between the three 

experimental groups (Fig 3M1 to R1; Fig 4). Moreover, the increased protein 

oxidation observed in the diencephalon of Coq9R239X mice (Fig 3T1), 

compared to Coq9+/+ mice (Fig 3), was attenuated in Coq9R239X mice treated 

with b-RA (Fig 3U1).  

 

Coq9R239X 

+ b-RA 

Coq9R239X  

Coq9+/+  

Coq9R239X 

+ b-RA 

Coq9R239X  

Coq9+/+  
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Figure 3. Pathological features in the brain of Coq9R239X mice after b-RA treatment. 

A1-F1  H&E stain in the diencephalon of Coq9+/+ mice (A1 and D1), Coq9R239X mice (B1 and 

E1) and Coq9R239X  mice after b-RA treatment (C1 and F1). 

G1-L1  Anti-GFAP stain in the diencephalon of Coq9+/+ mice (G1 and J1), Coq9R239X mice (H1 

and K1) and Coq9R239X  mice after b-RA treatment (I1 and L1). 

M1-R1 Anti-Iba1 stain in the diencephalon of Coq9+/+ mice (M1 and P1), Coq9R239X mice (N1 

and Q1) and Coq9R239X mice after b-RA treatment (O1 and R1). 
S1-U1  Protein oxidation in the diencephalon of Coq9+/+ mice (S1), Coq9R239X mice (T1) and 

Coq9R239X  mice after b-RA treatment (U1). 

A2-C2  Magnetic Resonance Images of the diencephalon of Coq9+/+ mice (A2), Coq9R239X mice 

(B2) and Coq9R239X  mice after b-RA treatment (C2). 

D2-F2  Magnetic Resonance Images of the pons of Coq9+/+ mice (D2), Coq9R239X mice (E2) 

and Coq9R239X  mice after b-RA treatment (F2). 

 G2-I2  Lactate peak in the brain of Coq9+/+ mice (G2), Coq9R239X mice (H2) and Coq9R239X  

mice after b-RA treatment (I2). 

 

The improvements in the histopathological features were further 

corroborated by magnetic resonance imaging (MRI). Brain injuries were 

observed in the diencephalon and the pons of Coq9R239X mice (Fig 3B2 to E2; 

Fig 4). In Coq9+/+ mice and Coq9R239X mice treated with b-RA, however, we 

did not detect any sign of brain injury (Fig 3A2 and D2, and C2 and F2; Fig 

4), suggesting that the treatment normalized the cerebral structure.  

Nevertheless, the cerebral lactate levels, that are increased in Coq9R239X 

mice (Fig 3H2) compared to Coq9+/+ mice (Fig 3G2), remained increased in 

Coq9R239X mice after the treatment (Fig 3I2).  

In the skeletal muscle, the cytochrome c oxidase (COX) and succinate 

dehydrogenase (SDH) stainings showed an increase in type II fibers in 



Agustín Hidalgo Gutiérrez 

 110 

Coq9R239X mice. After the treatment with b-RA, the proportion of type I and 

type II fibers was normalized (Fig 5). 

 

Figure 4. Structural changes and distribution of astrocytes and microglia in the pons of 

Coq9R239X mice after b-RA treatment. 

A-F  H&E stain in the pons of Coq9+/+ mice (A and D), Coq9R239X mice (B and E) and 

Coq9R239X  mice after b-RA treatment (C and F). 

G-L  Anti-GFAP stain in the pons of Coq9+/+ mice (G and J), Coq9R239X mice (H and K) and 

Coq9R239X  mice after b-RA treatment (I and L). 

M-R  Anti-Iba1 stain in the pons of Coq9+/+ mice (M and P), Coq9R239X mice (N and Q) and 

Coq9R239X  mice after b-RA treatment (O and R). 

S-Y  Magnetic Resonance Images of the diencephalon of Coq9+/+ mice (S and W), Coq9R239X 

mice (T and X) and Coq9R239X  mice after b-RA treatment (U and Y). 
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Figure 5. COX and SDH staining of grastrocnemius pons of Coq9R239X mice after b-RA 

treatment. 

A–C  COX stains in gastrocnemius of Coq9+/+ mice (A), Coq9R239X mice (B), 

and Coq9R239X mice after β‐RA treatment (C). 

D–F  SDH stain in gastrocnemius of Coq9+/+ mice (D), Coq9R239X mice (E), 

and Coq9R239X mice after β‐RA treatment (F).Data information: “I” indicated fiber types I and 

“II” indicates fiber types II. 

 

4.1.3 TRANSCRIPTOMICS PROFILE REVEALS A REDUCTION IN 

THE NEUROINFLAMMATORY GENES 

Next, we carried out an RNA-Seq experiment on brainstems from the three 

experimental mice groups, e.g. Coq9+/+, Coq9R239X and Coq9R239X treated with 

b-RA. The over 9x109 bases of the 101-bases sequencing reads aligned to 

27291 loci of the reference mouse genome. As Fig 6A shows, 298 genes were 

over-expressed in the Coq9R239X mice compared to the Coq9+/+ mice, while 
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161 were under-expressed. On the other hand, 187 genes were over-expressed 

in the Coq9R239X mice compared to the Coq9R239X mice treated with b-RA, 

while 160 were under-expressed (Fig 6A). When comparing the pathways to 

which these differentially expressed genes belong, we observed a noticeably 

higher presence of genes belonging to inflammation signaling pathways in the 

Coq9R239X mice compared to the b-RA treated Coq9R239X or Coq9+/+ mice (Fig 

6B). 

Of the 459 genes whose expression is significantly altered in Coq9R239X 

mice compared to Coq9+/+, 27 were significantly altered in Coq9R239X mice 

treated with b-RA compared to Coq9R239X mice. Interestingly, among these 

27 genes, the ones that were over-expressed in Coq9R239X mice, compared to 

the Coq9+/+ mice, became under-expressed in Coq9R239X mice treated with b-

RA, compared to Coq9R239X mice, and viceversa (Fig 6C). Thus, the levels of 

these 27 genes were normalized. Most of these genes showed higher 

expression in Coq9R239X mice compared to Coq9+/+ mice, and they mainly have 

inflammation and immune-related functions.  For example, the inflammatory 

genes Bgn (biglycan), Ccl6 (chemokine C-C motif ligand 6), Cst7 (cystatin 

F), Ifi27l2a (interferon, alpha-inducible protein 27 like 2A), Ifitm3 (interferon 

induced transmembrane protein 3), Itgax (integrin alpha X) and Vav1 are up-

regulated in Coq9R239X mice and normalized after the treatment.  
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Figure 6. Effect of the b-RA treatment on genes expression profiles and 

neuroinflammatory-ralated features. 

A  Global differences in the levels of gene expression between experimental groups. 

B Only pathways with more than one gene significantly altered in Coq9R239X compared to 

Coq9+/+ mice are considered for this figure (more details in Data file S1). The Y-axis 

represents the percentage of genes corresponding to a pathway in the sample of genes whose 

expression level is significantly altered in a comparison between mice samples. 

C Heatmap showing the comparative landscape of the expression level per sample of the 27 

genes whose expression was altered by the mutation and normalized by the b-RA treatment. 

The column numbers correspond to the different samples and the row names are genes codes 

composed of the ENSEMBL gene ID and the gene symbol (between parentheses). The green 

means comparatively higher, red means comparatively lower and black means no difference 
in expression level. 

D  iNOS expression levels in RAW cells after stimulation with LPS.  

E  Cytokines levels in the culture supernatant of RAW cells after stimulation with LPS;  

F  Cytokines levels in the brainstem of Coq9+/+ mice, Coq9R239X mice and Coq9R239X mice 

treated with b-RA. 

G, H  Mortality rate (G) and (H) percentage of malformations in zebrafish embryos treated 

with MPT and the effect of b-RA treatment. 

I  Survival curve of Ndufs4 knockout mice and Ndufs4 knockout mice treated with b-RA. 

Data are expressed as mean ± SD. *P < 0.05; **P < 0.01; **P < 0.001; LPS or LPS + b-RA 

versus control; also Coq9R239X or Coq9R239X after b-RA treatment versus Coq9+/+. +P < 0.05; 

LPS or LPS + b-RA versus control; also Coq9R239X after treatment with�b-RA versus 

Coq9R239X (one-way ANOVA with a Tukey’s post hoc test; n = 5–7 for each group). 
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4.1.4 b-RA DOES NOT DIRECTLY ACT AS ANTI-INFLAMMATORY 

AGENT  

Because the transcriptomics profile uncovers a possible involvement of 

neuroinflammation in the therapeutic effect of b-RA, and since this molecule 

is an analogue of the anti-inflammatory salicylic acid, we tested whether b-

RA may have a direct anti-inflammatory action. First, we incubated RAW 

cells with 1 µg/ml LPS, which induces a NF-kB-mediated inflammatory 

response, as it is shown by the induction of iNOS (Fig 6D) and the release of 

IL-1b, IL-2 and TNF-a (Fig 6E). The pre-incubation with b-RA, however, 

did not modify the cellular iNOS expression (Fig 6D) or the cytokines levels 

in the cells supernatants (Fig 6E). Second, we quantified the cytokines levels 

in the brainstem of the three animals’ experimental groups. The levels of IL-

1b, IL-2, IFN-g, Gro-a and TNF-a did not experience major changes (Fig 6F). 

Third, we tested whether b-RA may increase the survival in two models of 

neuroinflammation and early death due to mitochondrial Complex I 

deficiency, i.e. the zebrafish embryos treated with MPTP, which mimics 

Parkinson Disease (Diaz-Casado et al., 2018); and the Ndufs4 knockout 

mouse model,  which mimics Leigh Syndrome (Quintana et al., 2010). In both 

cases, the treatment with b-RA did not induce any change in the animal 
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survival (Fig 1, G and I) or the presence of malformations (Fig 6H). Because 

the inhibition of mTORC1 may mediate the anti-inflammatory actions of 

salicylates (Cameron et al, 2016), we also quantified the S6RP/S6R ratio as a 

marker of mTORC1 activity. Consistently with the other data, the b-RA did 

not modify the S6RP/S6R ratio in the brain (Fig 7A) and the kidneys (Fig 7B) 

of Coq9R239X mice treated with b-RA, suggesting that this molecule does not 

inhibit mTORC1 in vivo. Overall, these results do not support a direct role of 

b-RA in the repression of the typical neuroinflammatory pathways. 

 

Figure 7. Assessment of the potential capacity of b-RA to inhibit mTORC1. 

A–B  S6PR/S6R ratio in the brain (A) and the kidneys (B) of Coq9+/+ mice, Coq9R239X mice 

and Coq9R239X mice treated with b-RA. 

 
 

4.1.5 b-RA IMPROVES MITOCHONDRIAL BIOENERGETICS IN 

PERIPHERAL TISSUES OF Coq9R239X MICE  
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The persistent lactate peak observed in the brain spectroscopy after the b-

RA treatment suggests that the treatment does not have any effect on 

mitochondrial bioenergetics in the brain. To confirm this premise, we 

evaluated the mitochondrial function in the brain, but also in the kidneys, 

muscle and heart (tissues clinically important in CoQ deficiency syndrome) of 

Coq9+/+ mice, Coq9R239X mice and Coq9R239X mice treated with b-RA.  



          Results  

 

 

117 

 

Figure 8. Tissue-specific differences in mitochondrial function after b-RA treatment in 

Coq9R239X mice. 

A, F, K, M  CoQ-dependent Complex I + III activities in brain (A) and kidneys (F), skeletal 

muscle (K) and heart (M) 

B, G, L, N  CoQ-dependent Complex II + III activities in brain (B) and kidneys (G), skeletal 
muscle (L) and heart (N). 
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C, H, O  Representative Western blot and quantitation of Western blot bands of SQOR in 

mitochondrial fractions of brain (C) and homogenates extracts from kidneys (H) and heart 

(O). 

D, I BNGE followed by C-III immunoblotting analysis of mitochondrial supercomplexes in 

brain (D) and kidneys (I). 
E, J   Mitochondrial Oxygen Consumption rate (represented as State 3o, in the presence of 

ADP and substrates) in brain (E) and kidneys (J). Coq9+/+ mice, Coq9R239X mice and Coq9R239X 

mice after b-RA treatment were included in all graphs. Data are expressed as mean ± SD. *P 

< 0.05; **P < 0.01; Coq9R239X or Coq9R239X after b-RA treatment versus Coq9+/+. +P < 0.05; 

Coq9R239X versus and Coq9R239X after b-RA treatment (one-way ANOVA with a Tukey’s post 

hoc test; n = 6–9 for each group). 

In the brain of the mutant mice, the activities of the CoQ-dependent 

mitochondrial Complexes I+III (CI+III) and CII+III, the levels of SQOR, the 

assembly of CIII into the supercomplexes (SC) and the mitochondrial oxygen 

consumption rate (OCR) were significantly decreased (Fig 8A to E) compared 

to the values of wild-type animals. The b-RA treatment did not induce any 

change in those parameters in the brain of Coq9R239X mice (Fig 8A to E). In 

the kidneys of the mutant mice, the activity of the CI+III, the levels of SQOR 

and the OCR were significantly decreased (Fig 8F to J), compared to the 

values of wild-type animals. These changes were not due to a potential 

capability of b-RA to act as an electron carrier in the mitochondrial 

respiratory chain because the CI+III activity did not change after adding 50 

µM b-RA (Fig 9). The b-RA treatment normalized the CI+III activity and 

induced a significant increase of SQOR levels and the OCR (Fig 8F to J). On 

the contrary, assembly of CI into the supercomplexes did not change in any 

experimental group (Fig 10A and B). In the skeletal muscle of the mutant 
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mice, the activity of the CI+III was significantly decreased while the CII+III 

activity did not change (Fig 8K and L), compared to the values of wild-type 

animals. The b-RA treatment normalized the CI+III activity (Fig 8K). In the 

heart of Coq9R239X mice, the activities of the CI+III and CII+III, as well as the 

levels of SQOR were significantly decreased (Fig 8M to O), compared to the 

values of wild-type animals. Again, the b-RA treatment partially normalized 

the CI+III, CII+III activities and the levels of SQOR, although partially in this 

case (Fig 8M to O). Therefore, these results illustrate tissue-specific responses 

to b-RA treatment in the mitochondrial bioenergetics. 

 

Figure 9. Effect of the addition of 50 µM b-RA into the reaction mix for measuring 

CI+III activity in isolated mitochondria from kidneys. 
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Figure 10. Mitochondrial complex I superassembly in the brain (A) and kidneys (B) of 

Coq9+/+ mice, Coq9R239X mice and Coq9R239X mice after b-RA treatment. 

 

4.1.6 β-RA REDUCES DMQ9 IN PERIPHERAL TISSUES OF Coq9R239X 

MICE  

Coq9R239X mice present widespread deficiency of CoQ9 (major CoQ form 

in rodents) and CoQ10 (minor CoQ form in rodents). Because COQ9 protein 

is needed for the COQ7 hydroxylation reaction, Coq9R239X mice also show 

accumulation of DMQ9, the substrate of COQ7 (Garcia-Corzo et al., 2013). 

To test whether the general health improvement after b-RA treatment was due 

to the effects of this compound on CoQ biosynthesis, and to check whether the 

tissue-specific differences in mitochondrial bioenergetics were due to 

variances in the CoQ metabolism, we measured the levels of CoQ9, CoQ10 and 

DMQ9 in the most relevant tissues. As previously reported, the levels of CoQ9 

(Fig 11A, E, I, M and Q) and CoQ10 (Fig 11B, F, J, N and R) were severely 

decreased in the brain (Fig 11A and B), kidneys (Fig 11E and F), liver (Fig 

11I and J), skeletal muscle (Fig 11M and N) and heart (Fig 11Q and R) of 

Coq9R239X mice. In parallel, the levels of DMQ9 were significantly increased 

in the same tissues (Fig 11C, G, K, O and S) and, therefore, the DMQ9/CoQ9 

ratios were significantly increased (Fig 11D, H, L, P and T) in Coq9R239X mice. 

After the treatment with b-RA, the levels of CoQ9 significantly increased only 
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in the kidneys (Fig 11E), but not in the other tissues (Fig 11A, I, M and Q) of 

the mutant mice. CoQ10 also showed a trend toward increased levels in the 

kidneys of Coq9R239X mice after b-RA treatment (Fig 11F), although in the 

other tissues the levels of CoQ10 did not change after  b-RA treatment (Fig 

11B, J, N and R). Importantly, the levels of DMQ9 and, consequently, the 

DMQ9/CoQ9 ratios were significantly decreased in the kidneys (Fig 11G and 

H), liver (Fig 11K and L), skeletal muscle (Fig 11O and P) and heart (Fig 11S 

and T) of Coq9R239X mice treated with b-RA, suggesting that b-RA exerts an 

influence in the CoQ biosynthetic pathway. In the brain, however, the b-RA 

treatment did not induce changes in the levels of DMQ9 or DMQ9/CoQ9 ratio 

(Fig 11C and D). Taken together, these results suggest that the improvement 

of mitochondrial bioenergetics occurs only in the tissues with decreased 

DMQ9/CoQ9 ratio after the treatment. 
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Figure 11. Tissue-specific differences in the levels of CoQ9, CoQ10 and DMQ9, and in the 

DMQ9/CoQ9 ratio after b-RA treatment in Coq9R239X mice. 

A-T  Levels of CoQ9  (A, E, I, M, Q), CoQ10 (B, F, J, N, R) and DMQ9 (C, G, K, O, S), as well 

as and DMQ9/CoQ9  ratio (D, H, L, P, T) in brain (A-D), kidney (E-H), liver (I-L), skeletal 

muscle (M-P) and heart (Q-T) of Coq9+/+ mice, Coq9R239X mice  and Coq9R239X  mice after b-

RA treatment. Data are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; 

Coq9R239X or Coq9R239X after b-RA treatment versus Coq9+/+. +P < 0.05; ++P < 0.01; +P < 

0.001; Coq9R239X versus Coq9R239X after b-RA treatment (one-way ANOVA with a Tukey’s 

post hoc test; n = 5–6 for each group). 

To check whether the levels of CoQ9 and DMQ9 can be further modified 

during the time of the treatment or with a higher dose of b-RA, we also 

quantified the levels of both quinones in tissues of mice after 9 month of 

treatment or with the double dose of b-RA. The results showed that the levels 

of DMQ9 levels and the DMQ9 ratio were decreased in these two other 

experimental variants (Table 1 and Fig 12 and 13). However, no major 



          Results  

 

 

123 

differences were found in the results obtained under three experimental 

situations. 

Table 1. Relative levels CoQ9 and DMQ9/CoQ9 ratio in tissues of mice treated with b-

RA. 

 
The measurements were done in tissues of mice under three experimental conditions: 1) two 

months after the treatment with b-RA at a dose of 1 g of b-RA/kg b.w./day (upper segment 

of the table); 2) nine months after the treatment with  b-RA at a dose of 1 g of b-RA/kg 

b.w./day (intermediate segment of the table); and 3) one month after the treatment with  b-

RA at a dose of 2 g of b-RA/kg b.w./day (lower segment of the table). The fold change values 

have been calculated by dividing the results in Coq9R239X mice and Coq9R239X mice treated with 

b-RA.  

 

  

1 g of b-RA/kg b.w./day - 2 months after treatment 

Coq9+/+ Coq9R239X Coq9R239X + b-RA Fold change 

CoQ9 (% 

relative to 

Coq9+/+) 

Brain 100 14.34 ± 2.51 9.07 ± 2.36 0.63 

Kidney 100 2.00 ± 0.47 6.87 ± 1.29 3.43 

Skeletal muscle 100 7.85 ± 1.47 10.58 ± 4.26 1.34 

DMQ9/CoQ9 

Brain 0 1.21 ± 0.23 1.97 ± 0.71 1.63 

Kidney 0 6.14 ± 0.6 0.65 ± 0.26 0.11 

Skeletal muscle 0 0.65 ±0.09 0 0 

  

1 g of b-RA/kg b.w./day - 9 months after treatment 

Coq9+/+ Coq9R239X Coq9R239X + b-RA Fold change 

CoQ9 (% 

relative to 

Coq9+/+) 

Brain 100 - 9.91 ± 4.16 - 

Kidney 100 - 7.29 ± 2.8 - 

Skeletal muscle 100 - 8.28 ± 2.36 - 

DMQ9/CoQ9 

Brain 0 - 1.06 ± 0.5 - 

Kidney 0 - 0.32 ± 0.07 - 

Skeletal muscle 0 - 0 - 

  

2 g of b-RA*kg b.w./day - 1 month after treatment 

Coq9+/+ Coq9R239X Coq9R239X + b-RA Fold change 

CoQ9 (% 
relative to 

Coq9+/+) 

Brain 100 11.47 ± 6.47 8.53 ± 2.56 0.74 

Kidney 100 3.79 ± 2.27 9.67 ± 5 2.55 

Skeletal muscle 100 8.96 ± 3.58 15.95 ± 7.11 1.78 

DMQ9/CoQ9 

Brain 0 0.92 ± 0.48 0.87 ± 0.17 0.95 

Kidney 0 6.59 ± 0.96 0.26 ± 0.13 0.04 

Skeletal muscle 0 0.87 ± 0.61 0 0 
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Figure 12. Tissue-specific differences in the levels of CoQ9, CoQ10 and DMQ9, and in the 

DMQ9/CoQ9 ratio after 9 months of b -RA treatment in Coq9R239X mice. 

A-T  Levels of CoQ9  (A, E, I, M, Q), CoQ10 (B, F, J, N, R) and DMQ9 (C, G, K, O, S), as well 

as and DMQ9/CoQ9  ratio (D, H, L, P, T) in brain (A-D), kidney (E-H), liver (I-L), skeletal 

muscle (M-P) and heart (Q-T) of Coq9+/+ mice and Coq9R239X  mice after b -RA treatment. 

Note that data from Coq9R239X mice are not shown since 100 % the animals are dead at 7 

months of age.  Data are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; 

Coq9R239X or Coq9R239X after b -RA treatment versus Coq9+/+. +P < 0.05; ++P < 0.01; +P < 

0.001; Coq9R239X versus Coq9R239X after b -RA treatment (one-way ANOVA with a Tukey’s 

post hoc test; n = 3-4 for each group). 
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Figure 13. Tissue-specific differences in the levels of CoQ9, CoQ10 and DMQ9, and in the 

DMQ9/CoQ9 ratio after 1 month of b-RA treatment at a dose of 3 g/kg b.w./day. 

A-T  Levels of CoQ9  (A, E, I, M, Q), CoQ10 (B, F, J, N, R) and DMQ9 (C, G, K, O, S), as well 

as and DMQ9/CoQ9  ratio (D, H, L, P, T) in brain (A-D), kidney (E-H), liver (I-L), skeletal 

muscle (M-P) and heart (Q-T) of Coq9+/+ mice and Coq9R239X  mice after b-RA treatment. 2x 

= double dose. Data are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; 

Coq9R239X or Coq9R239X after b-RA treatment versus Coq9+/+. +P < 0.05; ++P < 0.01; +P < 

0.001; Coq9R239X versus Coq9R239X after b-RA treatment (one-way ANOVA with a Tukey’s 

post hoc test; n = 3–4 for each group). 

Because the tissue-specific differences observed in DMQ9/CoQ9 ratio after 

b-RA treatment could be due to the bioavailability of this compound in the 

tissues after oral supplementation, we quantified the levels of b-RA in 

Coq9R239X mice after oral supplementation and compared the data to those 

obtained after acute intraperitoneal (i.p.) administration. The compound was 

detected in all the examined tissues, including the brain, by both oral and i.p. 

administration (Table 2 and Fig 14). The highest values of b-RA were found 
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in plasma and kidneys, while the results in brain and liver were similar (Table 

2 and Fig 14). In the non-treated animals, b-RA was not detected, except in 

the kidney of one animal (Table 2 and Fig 14). The other hydroxybenzoic acid 

detected in the samples was the 4-HB, but no statistic differences were found 

between the experimental groups (Table 3). Therefore, the bioavailability of 

b-RA does not completely explain the tissue-specific differences in CoQ 

metabolism since brain and liver showed similar levels of b-RA. 

Table 2. Levels of 4-HB in plasma and tissues of the mutant mice after oral or i.p. 

administration of b-RA.  

 

 

Genotype 
Administration 

Route 

Time of 

sample 

collection 

Number of samples 

with detected levels 

of 4-HB 

Type of 
Samples 

Levels of 4-HB 
(pg/mg prot) 

Coq9
+/+

 not treated 7:30-9:00 2/3 Brain 90.63  22.89 

Coq9
R239X

 not treated 7:30-9:00 3/3 Brain 78.69  2.35 

Coq9
R239X

 oral 7:30-9:00 6/6 Brain 82.35  48.91 

Coq9
+/+

 not treated 7:30-9:00 3/3 Liver 61.08  14.53 

Coq9
R239X

 not treated 7:30-9:00 2/3 Liver 39.16  6.24 

Coq9
R239X

 oral 7:30-9:00 6/6 Liver 82.30  35.73 

Coq9
+/+

 not treated 7:30-9:00 3/3 Kidney 144.72  76.52 

Coq9
R239X

 not treated 7:30-9:00 3/3 Kidney 105.78  40.93 

Coq9
R239X

 oral 7:30-9:00 6/6 Kidney 139.86  37.5 
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Figure 14. Representative chromatographs showing the peak of b-RA in mice tissues 

and plasma after the treatment. 

A-D  Chromatographs for b-RA in tissues and plasma from Coq9+/+ mice; (E to H) 

Chromatographs for b-RA in tissues and samples from Coq9R239X, (I to L) Chromatographs 

for b -RA in tissues and samples from Coq9R239X after b-RA treatment. 
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Table 3. Levels of b-RA in plasma and tissues of the mutant mice after oral or i.p. 

administration of b-RA 

 
i.p. = intraperitoneal; UND = undetected  

 

4.1.7 THE EFFECT OF b-RA OVER CoQ BIOSYNTHETIC 

PATHWAY IS PARTIALLY MEDIATED BY A STABILIZATION OF 

THE COMPLEX Q  

To try to understand the mechanism involved in the reduction in the levels 

of DMQ9 observed after b-RA treatment, we quantified the levels of main 

CoQ biosynthetic proteins. The levels of PDSS2 and COQ2, which do not 

form part of the Complex Q, did not experience major changes in the brain 

(Fig 15A and B), kidneys (Fig 15C and D) and heart (Fig 15E and F) of the 

Genotype 
Administration 

Route 

Time of sample 

collection 

Number of samples 
with detected levels 

of b-RA 

Type of 

Samples 

Levels of b-RA 

(µg/mg prot) 

Coq9
R239X

 not treated 7:30-9:00 0/3 Brain UND 

Coq9
R239X

 oral 7:30-9:00 3/8 Brain 21.3  1.32 

Coq9
R239X

 i.p. 
30 min after 

injection 
3/3 Brain 14.49  2.17 

Coq9
R239X

 not treated 7:30-9:00 0/3 Liver UND 

Coq9
R239X

 oral 7:30-9:00 6/8 Liver 37.34  14.28 

Coq9
R239X

 i.p. 
30 min after 

injection 
3/3 Liver 20.91  6.21 

Coq9
R239X

 not treated 7:30-9:00 1/3 Kidney 21.9 

Coq9
R239X

 oral 7:30-9:00 8/8 Kidney 163.08  133.84 

Coq9
R239X

 i.p. 
30 min after 

injection 
3/3 Kidney 89.74 34.81 

Coq9
R239X

 not treated 7:30-9:00 0/2 Plasma UND 

Coq9
R239X

 oral 7:30-9:00 5/5 Plasma 360.71  265.29 

Coq9
R239X

 i.p. 
30 min after 

injection 
3/3 Plasma 116.3 13.62 

 



          Results  

 

 

129 

three experimental groups, and only a decrease in the COQ2 levels was 

appreciated in the kidneys of Coq9R239X mice (Fig 15D). The levels of COQ4, 

COQ5, COQ6, COQ7 and COQ8A, which are components of the Complex Q, 

were consistently decreased in the brain (Fig 16A to F), kidneys (Fig 16G to 

K) and heart (Fig 16L to P) of Coq9R239X mice compared to the same tissues 

in Coq9+/+ mice. Interestingly, the treatment with b-RA induced a trend 

toward increase on the levels of COQ4, COQ5, COQ6 and COQ8A in the 

kidneys (Fig 16G, H, I, K) and heart (Fig 16L, M, N, P), but not in the brain 

(Fig 16A, B, D, F). On the contrary, the levels of COQ7, which physically 

interacts with COQ9, were not modified by the b-RA treatment in any of the 

three tissues (Fig 16D, J, T). Overall, these results suggest that b-RA may 

induce the stabilization of the Complex Q, resulting in a decrease in the 

DMQ9/CoQ9 ratio. 
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Figure 15. Effect of b-RA treatment in the tissue levels of CoQ biosynthetic proteins not 

involved in Complex Q. 

A-F  Representative images of western blots of the CoQ biosynthetic proteins PDSS2 and 

COQ2 and the quantitation of the protein bands in the brain (A and B), kidneys (C and D) and 

heart (E to F) of Coq9+/+, Coq9R239X and Coq9R239X mice treated with b-RA. Coq9+/+ mice, 

Coq9R239X mice and Coq9R239X mice after b-RA treatment were included in all graphs. Data 

are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; Coq9R239X or Coq9R239X 

after b-RA treatment versus Coq9+/+. +P < 0.05; Coq9R239X versus and Coq9R239X after b-RA 

treatment (one-way ANOVA with a Tukey’s post hoc test; n = 4–6 for each group). 
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Figure 16. Effect of b-RA treatment in the tissue levels of CoQ biosynthetic proteins 

involved in Complex Q. 

A-P  Representative images of western blots of the CoQ biosynthetic proteins COQ4, COQ5, 
COQ6, COQ7 and COQ8A and the quantitation of the protein bands in the brain (A-F), 

kidneys (G-K) and heart (L-P) of Coq9+/+, Coq9R239X and Coq9R239X mice treated with b-RA. 

Coq9+/+ mice, Coq9R239X mice and Coq9R239X mice after b-RA treatment were included in all 
graphs. Data are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; Coq9R239X or 

Coq9R239X after b-RA treatment versus Coq9+/+. +P < 0.05; Coq9R239X versus and Coq9R239X 
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after b-RA treatment (one-way ANOVA with a Tukey’s post hoc test; n = 4–6 for each 

group). 

 

4.1.8 THE LEVELS OF DMQ9 CONTRIBUTE TO THE DISEASE 

PHENOTYPE.   

The results of the previous sections suggest that the DMQ9/CoQ9 ratio is a 

key factor in the disease phenotype. To validate those results, we calculated 

the DMQ9/CoQ9 ratio in the tissues of two additional experimental models: 1) 

the Coq9Q95X mouse model, which have widespread CoQ deficiency without 

compromising the lifespan (Luna-Sanchez et al., 2015); and 2) the Coq9R239X 

mice treated with ubiquinol-10, which show an increase in the levels of CoQ10 

(Garcia-Corzo et al., 2014), resulting in an increase in the lifespan (Fig 1A); 

yet, this increased lifespan is not comparable to the one observed under b-RA 

treatment (Fig 1A). Our results show that, at one month of age, the 

DMQ9/CoQ9 ratios in the tissues of Coq9Q95X mice were significantly lower 

than in the tissues of Coq9R239X mice (Fig 17A and B; Fig 18). At three month 

of age, the DMQ9 almost disappeared in the tissues of Coq9Q95X, but not in 

Coq9R239X mice (Fig 17C and E; Fig 18). In Coq9R239X mice, the treatment with 

ubiquinol-10 did not affect the levels of DMQ9 and, therefore, the 

DMQ9/CoQ9 ratios were still high in all tissues, while the CoQ10 was increased 
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(Fig 18E and F; Fig 19). Therefore, those results corroborate the correlation 

between DMQ9/CoQ9 ratio and the severity of the disease phenotype. 

 

Figure 17. DMQ9/CoQ9 ratio in other experimental conditions. 

A  DMQ9/CoQ9 ratio in tissues from Coq9R239X and Coq9Q95X mice at 1 month of age.  

C  DMQ9/CoQ9 ratio in tissues from Coq9R239X and Coq9Q95X mice at 3 months of age.  

E  DMQ9/CoQ9 ratio in tissues from Coq9R239X mice and Coq9R239X mice treated with 
ubiquinol-10 during two months.  

B, D, F  Representative cromatographs showing the different quinones in the kidneys. Data 

are expressed as mean ± SD. ***P < 0.001; Coq9Q95X versus Coq9R239X. (one-way ANOVA 

with a Tukey’s post hoc test; n = 5–7 for each group). 

 



Agustín Hidalgo Gutiérrez 

 134 

 



          Results  

 

 

135 

Figure 18. Representative chromatographs showing the peak of DMQ9 in tissues from 

Coq9+/+ and Coq9Q95X mice at 1 and 3 months of age. 

A-L  (A to D) Chromatographs in the cerebrum; (E to H) Chromatographs in the kidneys; (I 

to L) Chromatographs in the heart. The DMQ9 peak is only detected in cerebrum, kidneys and 

heart of Coq9Q95X mice at 1 month of age (B, F and J). 

 

Figure 19. Representative chromatographs showing the peak of DMQ9 in tissues from 

Coq9R239X mice and Coq9R239X mice treated with ubiquinol-10 (Q10H2) during two months. 

A-F  (A and B) Chromatographs in the cerebrum; (C and D) Chromatographs in the kidneys; 
(E and F) Chromatographs in the heart. The treatment with ubiquinol-10 did not modify the 

levels of DMQ9. 

 

4.1.9 STEROIDS HORMONES OR FGF21 DO NOT MEDIATE THE 

TISSUES COMMUNICATION UNDER COQ DEFICIENCY. 
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Because our data suggest that the modification of CoQ metabolism in 

peripheral tissues induces a reduction in the brain pathology in Coq9R239X mice 

treated with b-RA, we tried to identify a circulating signal molecule that may 

provide this tissue communication (e.g. kidney-brain, muscle-brain, heart-

brain or liver-brain). With that purpose, we quantified the steroids hormones, 

since some steps of their biosynthesis are localized in mitochondria; and 

FGF21, a recently identified biomarker for mitochondrial myopathies 

(Lehtonen et al, 2020). The results did not show any differences in the levels 

of corticosterone between the three experimental groups, both in males and 

females (Fig 20A and B). In male Coq9R239X mice, the levels of 

androstenodione and testosterone were significantly lower than those in male 

Coq9+/+ mice (Fig 20C and D). After b-RA treatment, the levels of both 

hormones were still lower than those in control animals (Fig 20C and D).  

The levels of FGF21 in the target organ, the brain, were similar in Coq9+/+ 

and Coq9R239X mice, while a slight increase was detected in the precursor form 

in Coq9R239X mice treated with b-RA, compared to Coq9R239X mice (Fig 20E). 

In the liver, the main secretory organ of FGF21, the levels of FGF21 (both the 

precursor and the mature form) were similar in the three experimental groups 

(Fig 20F).  
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Figure 20. Figure S12. Levels of steroid hormones and FGF21.  

A-F  (A and B) Corticosterone levels in blood of male and female mice, respectively; (C) 

Androstenedione levels in blood of males mice; and  (D) Testosterone levels in blood of males 

mice. (E and F) FGF21 levels in mice brains (E) and livers (F). Coq9+/+ mice, Coq9R239X mice 

and Coq9R239X mice after b-RA treatment were included in all graphs. Data are expressed as 

median. *P < 0.05; **P < 0.01; Coq9R239X and Coq9R239X after b-RA treatment mice versus 

Coq9+/+ mice. ++P < 0.01; Coq9R239X versus Coq9R239X after b-RA treatment (Mann-Whitney 

test; n = 6-8 for each group). 
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4.2 TOXIC OR THERAPEUTIC? - THE DOSE-DEPENDENT 

EFFECTS OF b-RESORCYLIC ACID DEPEND ON 

MITOCHONDRIAL METABOLISM 

4.2.1 THE HIGH DOSE OF b-RA INDUCES DETRIMENTAL 

EFFECTS IN THE PHENOTYPE OF WILD-TYPE ANIMALS, WITH 

SEVERE MORPHOLOGICAL AND FUNCTIONAL ALTERATIONS 

IN THE LIVER, KIDNEYS AND BRAIN.  

We have demonstrated that b-RA rescues the encephalopathic phenotype 

in a mouse model of primary CoQ deficiency. In the previous study, b-RA 

was administered in the chow at 1%, which gives a dose of 1-3 g/kg bw/day, 

referred from now as “high dose”. Unexpectedly, this dose of b-RA 

significantly reduces the survival in wild-type mice when the supplementation 

starts at 1 month of age (Fig 21A). This mortality increase is independent of 

the moment when the supplementation starts (Fig 22A and D), but it seems to 

be affected by sex as males (Fig 22B and E) start to die later than the females 

(Fig 22C and F). The effect of the high dose of b-RA is also observed in the 

animals’ body weight, with a significant decrease after the first month of 

supplementation, both in males (Fig 21B) and females (Fig 21C). 

Nevertheless, the motor coordination, measured by the rotarod test, is not 
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compromised, neither in males (Fig 21D) nor in females (Fig 21E). 

Nonetheless, the equilibrium is partially lost in approximately 5% of the 

treated mice , suggesting an involvement of the CNS. Two-five days before 

death, the animals show a “terminal stage” manifested by a decrease of more 

than 50% of the body weight and a decreased ambulation (Fig 21F and G). 
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Figure 21. Survival and phenotypic characterization of Coq9R239X mice after b-RA 

treatment. 
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A  Survival curve of the Coq9+/+ mice and Coq9+/+ mice under 1% of b-RA supplementation. 

The treatments started at 1 month of age. 

B,C  Body weight of males and females Coq9+/+ mice and Coq9+/+ mice under 1% of b-RA 

supplementation. 

D,E  Rotarod test of male and female Coq9+/+ mice and Coq9+/+ mice under 1% of b-RA 

supplementation.  

F  Body weight of males and females Coq9+/+ mice and Coq9+/+ mice under 1% of b-RA 

supplementation at “terminal stage” (TS), at 2-5 months of age. 

 G  Comparative image of a Coq9+/+ mouse and a Coq9+/+ mouse supplemented with 1% of 

b-RA at 3 months of age. Data are expressed as mean SD. *P < 0.05; **P < 0.01; ***P < 

0.001; Coq9+/+ mice under 1% of b-RA supplementation versus Coq9+/+. (t-test; n = 5–34 for 

each group). 
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Figure 22. Survival curve of Coq9+/+ mice and Coq9+/+ mice under 1% of b-RA 

supplementation, comparing the outcomes attending at the moment that the 

supplementation begins. 

A-F  The treatments started at 1 month, 2 months or 6 months of age. Results of both sex 

(A,D), males (B,E) or females (C,F); in a general view (A-C) or normalizing the data attending 

to the moment that the treatment started (D-F). 

The phenotypic changes observed in the wild-type animals supplemented 

with the high dose of b-RA are mainly due to structural and functional 

alterations in the liver, kidneys and brain. The livers of the treated mice have 

a fibrotic appearance and smaller size (Fig 23B to C), compared to the 

untreated animals (Fig 23A). Morphologically, they show bigger and 

binuclear hepatocytes with altered organization (Fig 23D to I), that become 

more evident in the animals at the terminal stage (Fig 23H to I). Accordingly, 

the activities of GOT, GPT and AP are increased in the plasma of wild-type 

animals supplemented with the high dose of b-RA at the terminal stage (Fig 

23J to L), indicating that the damage to the liver is very severe at that moment. 

Also, the levels of bilirubin in plasma and uric acid in urine are increased in 

wild-type animals supplemented with the high dose of b-RA at the terminal 

stage (Fig 23M to O), although the levels of urea in urine are more variable 

(Fig 23N). The kidneys of the treated animals, especially those at the terminal 

stage, show a yellowish appearance (Fig 23P to R) and, morphologically, they 

show severe tubular degeneration, with necrotic areas, vacuolization and signs 

of fibrosis (Fig 23S to X). Accordingly, the levels of creatinine (Fig 23Y) are 



          Results  

 

 

143 

increased in plasma of wild-type animals supplemented with high dose of b-

RA at the terminal stage, while the levels of albumin are decreased (Fig 23Z), 

all being signs of kidney disease. In the urine, the levels of total proteins and 

albumin are increased (Fig 23AA to AB), which may indicate a problem in the 

glomerular filtration. The levels of creatinine and phosphorous do not change 

under b-RA supplementation (Fig 23AC to AD). However, the levels of 

calcium are increased in wild-type animals supplemented with high dose of 

b-RA, while the opposite effect is observed in the levels of magnesium (Fig 

23AE to AF); and the urine pH decreases in the wild-type animals 

supplemented with 1% b-RA at the terminal stage (Fig 23AG). These data 

may also indicate that the supplementation with the high dose of b-RA 

induces a disruption of the tubular homeostasis in wild-type animals. Despite 

all these pathophysiological features, the levels of hemoglobin and the counts 

of the different blood cells remain unaltered under the supplementation with 

high dose of b-RA (Fig 24).  
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Figure 23. Morphological and physiological evaluation of the kidneys and the liver of 

Coq9+/+ mice under 1% b-RA supplementation. 
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A-C  Visual appearance of the liver from Coq9+/+ mice, Coq9+/+ mice under 1% of b-RA 

supplementation and Coq9+/+ mice under 1% of b-RA supplementation at terminal stage (TS). 

D-I  H&E and Masson’s Trichrome stains in the liver from Coq9+/+ mice, Coq9+/+ mice under 

1% of b-RA supplementation and Coq9+/+ mice under 1% of b-RA supplementation at 

terminal stage (TS). 

J-M  Markers of hepatic function in the plasma from Coq9+/+ mice and Coq9+/+ mice, Coq9+/+ 

mice under 1% of b-RA supplementation and Coq9+/+ mice under 1% of b-RA 

supplementation at terminal stage (TS). GOT = glutamate-oxaloacetate transaminase; GPT = 

glutamate-pyruvate transaminase; AP = alkaline phosphatase. 

N-O  Markers of hepatic function in the urine from Coq9+/+ mice, Coq9+/+ mice under 1% of 

b-RA supplementation and Coq9+/+ mice under 1% of b-RA supplementation at terminal 

stage (TS). 

P-R  Visual appearance of the kidney from Coq9+/+ mice, Coq9+/+ mice under 1% of b-RA 

supplementation and Coq9+/+ mice under 1% of b-RA supplementation at terminal stage (TS). 

S-X  H&E and Masson’s Trichrome stains in the kidney from Coq9+/+ mice, Coq9+/+ mice 

under 1% of b-RA supplementation and Coq9+/+ mice under 1% of b-RA supplementation 

at terminal stage (TS). 
Y,Z  Markers of renal function in the plasma from Coq9+/+ mice and Coq9+/+ mice, Coq9+/+ 

mice under 1% of b-RA supplementation and Coq9+/+ mice under 1% of b-RA 

supplementation at terminal stage (TS).  

AA-AF  Markers of renal function in the urine from Coq9+/+ mice, Coq9+/+ mice under 1% of 

b-RA supplementation and Coq9+/+ mice under 1% of b-RA supplementation at terminal 

stage (TS). Data are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; Coq9+/+ 

under 1% of b-RA supplementation or Coq9+/+ under 1% of b-RA supplementation at TS 

versus Coq9+/+. +P < 0.05; ++P < 0.01; +++P < 0.001 Coq9+/+ under 1% of b-RA 

supplementation at TS versus Coq9+/+ under 1% of b-RA supplementation (t-test; n = 5–17 

for each group). 
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Figure 24. Hemogram of Coq9+/+ and Coq9+/+ mice under 1% of b-RA supplementation. 

A-H  (A) Total blood cells, (B) number of platelets, (C) Hemoglobin levels, (D) percentage 

of lymphocytes, (E) percentage of monocytes, (F) percentage of neutrophils, (G) percentage 

of eosinophils and (H) percentage of basophils of Coq9+/+ mice and Coq9+/+ mice under 1% 

of b-RA supplementation.  

The size of the brains of the wild-type animals treated with the high dose 

of b-RA is smaller than that of the untreated animals (Fig 25A to C), 

especially at the terminal stage (Fig 25C). In the diencephalon, the high dose 
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of b-RA induces a mild increase of small vacuoles at the terminal stage (Fig 

25F), compared to treated (Fig 25E) and untreated (Fig 25D) Coq9+/+ mice. 

Also, mild proliferation of astrocytes is observed (Fig 25G to I), especially at 

the terminal stage (Fig 25I). Other tissues, such as spleen and heart, are smaller 

but, together with the gut, they do not show major morphological alterations 

(Fig 26). Since some spongiosis and astrogliosis are observed in diencephalon 

and the brainstem, we also performed RNA-Seq of the brains from untreated 

and treated animals, followed by a multi-dimensional transcriptome analyses 

in the datasets, aiming at the identification of diseases, functions, canonical 

pathways and networks that are altered by the supplementation with the high 

dose of b-RA. Our analyses reveal that the high dose of b-RA induces 

changes in the expression of genes associated to neurological diseases and 

brain damage. The canonical pathway analysis of the differentially regulated 

genes showed enrichment of pathways related to endoplasmic reticulum, such 

as unfolded protein response (Hsp90b1, Hspa5, Hsph1, Srebf1, Xbp1), 

endoplasmic reticulum stress (Hsp90b1, Hspa5, Xbp1), FXR/RXR activation 

(Agt, Apod, Foxa1, Foxa2, IL33, Srebf1) and LXR/RXR activation (Agt, 

Apod, Cyp51a1, IL33, Srebf1) (Fig 27). The analysis also reveals enrichment 

of pathways related to the metabolism of monoamine neurotransmitters (Fig 

27), mainly those associated to serotonin receptor signaling (Gch1, Slc18a2, 

Slc6a4, Tph2) and dopamine receptor signaling (Drd2, Drd4, Gch1, Slc18a2, 
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Slc6a3) (Fig 27). Interestingly, monoamine neurotransmitters derivate from 

phenylalanine, tyrosine and tryptophan, share a common pathway with the 

biosynthesis of 4-HB, the natural precursor of CoQ (Fig 25).  

Therefore, the morphological, functional and transcriptomic analyses point 

out that the liver, kidneys and brain of wild-type animals are negatively 

affected by the supplementation of the high dose of b-RA.  

 

Fig 3 J

K
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Figure 25. Morphological evaluation of the brain and changes in the cerebral 

transcriptome in Coq9+/+ mice under 1% of b-RA supplementation. 

A-C  Visual appearance of the brain from Coq9+/+ mice, Coq9+/+ mice under 1% of b-RA 

supplementation and Coq9+/+ mice under 1% of b-RA supplementation at terminal stage (TS). 

D-I  H&E stain and anti-GFAP stains in the diencephalon from Coq9+/+ mice, Coq9+/+ mice 

under 1% of b-RA supplementation and Coq9+/+ mice under 1% of b-RA supplementation 

at terminal stage (TS). 

J  Network based on the enriched canonical pathways in brain of Coq9+/+ mice after 1% b-

RA treatment.  

K  Schematic summary of the pathways for the biosynthesis monoamine neurotransmitters 
and 4-HB, the natural precursor of CoQ, indicating the common use of tyrosine.  

 

Figure 26. Morphological and histological features from spleen, heart and gut of Coq9+/+ 

and Coq9+/+ mice under 1% of b-RA supplementation. 

A  Visual appearance of spleen, heart and gut of Coq9+/+ mice and Coq9+/+ mice under 1% of 

b-RA supplementation. 

B-G  H&E stain in the spleen from Coq9+/+ mice and Coq9+/+ mice under 1% of b-RA 

supplementation. 

H-M  H&E stain in the heart from Coq9+/+ mice and Coq9+/+ mice under 1% of b-RA 

supplementation. 

N-S  H&E stain in the gut from Coq9+/+ mice and Coq9+/+ mice under 1% of b-RA 

supplementation. TS = terminal stage. 

B

C

D

E H

I

J

K

L

M

N

O

P

R

S

Q

Coq9+/+

Coq9+/+ + 

1% b-RA 

TS 

Coq9+/+ + 

1% b-RA

F

G

H&ECoq9+/+

Coq9+/+ 

+ 

1% b-RA TS
©

√

A
Coq9+/+ 

+ 

1% b-RA
©

√



Agustín Hidalgo Gutiérrez 

 150 

 

Figure 27. Heatmap and enriched canonical pathways from brain of Coq9+/+ and Coq9+/+ 

mice under 1% of b-RA supplementation. 

Heatmap showing the diseases and biological functions that are stimulated or repressed by the 

supplementation of 1% of b-RA in the brain of Coq9+/+ mice. Orange means that a significant 

number of genes that are related with that particular function of disease are upregulated in the 

brain Coq9+/+ mice supplemented with 1% of b-RA; blue means that a significant number of 

genes that are related with that particular function of disease are downregulated in the brain 

Coq9+/+ mice supplemented with 1% of b-RA 

Top twenty enriched canonical pathways in the brain of Coq9+/+ mice after 1% b-RA 

treatment. 

 

4.2.2 THE HIGH DOSE OF b-RA AFFECTS THE HOMEOSTASIS OF 

THE MITOCHONDRIAL PROTEOME AND CoQ METABOLISM IN 

WILD-TYPE ANIMALS. 

To further profile the molecular consequences of b-RA toxicity, we 

performed quantitative proteomics on mitochondrial fractions of brain and 
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kidneys from wild-type mice treated with the high dose of b-RA and untreated 

wild-type mice. In the brain, 143 mitochondrial proteins are differentially 

expressed (Fig 28A), 35 over-expressed and 108 under-expressed (Fig 28B), 

in wild-type mice treated with the high dose of b-RA, compared to untreated 

wild-type mice. Among those proteins, PARL, a protein that causes CoQ 

deficiency when it is dysfunctional (Spinazzi et al., 2019), is under-expressed 

in the treated wild-type animals, while COQ4 (Belogrudov et al., 2001), a CoQ 

biosynthetic protein is over-expressed (Fig 28B). Canonical pathway (Fig 

28C; Fig 29A) analysis show enrichment of pathways of mitochondrial 

dysfunction, oxidative phosphorylation and sirtuin signaling, all these related 

with the altered functions of Complex I assembly, transmembrane potential, 

protein synthesis, generation of free radicals and apoptosis. 
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Figure 28. Mitochondrial proteome alterations in the brain and the kidneys of Coq9+/+ 

mice after 1% b-RA treatment. 
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A,F  Venn diagram of significantly changed mitochondrial proteins in the brain (A) and the 

kidneys (F) from Coq9+/+ mice after 1% of b-RA treatment.  

B,G  Volcano plot of mitochondrial proteins altered in the brain and the kidneys from Coq9+/+ 

mice under 1% of b-RA supplementation, compared to non-supplemented Coq9+/+ mice. 

Green represents the most overexpressed proteins and red the most underexpressed protein.  

C,H  Top five enriched canonical pathways in the cerebral (C) and renal (H) mitochondrial 

proteomes from Coq9+/+ mice after 1% of b-RA treatment. Dotted line: Adjusted p = 0.05. 

Parentheses indicate the number of proteins changed in that category per total number of 

proteins classified in that category. Green means the percentage of proteins upregulated in the 

specific category. Red means the percentage of proteins downregulated in the specific 
category. 

D,I  Top five enriched biological functions in the cerebral (D) and renal (I) mitochondrial 

proteomes from Coq9+/+ mice after 1% of b-RA treatment. Dotted line: Adjusted p = 0.05. 

Blue means that the category is expected to be activated according to the z-score; orange 

means that the category is expected to be inhibited according to the z-score. 

E,J  Schematic figure of the most important changes in the mitochondrial proteomes from the 

brain (E) and the kidneys (J) from Coq9+/+ mice after 1% of b-RA treatment.  

In the kidneys, 442 mitochondrial proteins are differentially expressed (Fig 

28F), 300 over-expressed and 142 under-expressed (Fig 28G), in wild-type 

mice treated with the high dose of b-RA, compared to untreated wild-type 

mice. Canonical pathway analysis show enrichment of pathways of 

mitochondrial dysfunction, sirtuin signaling, necroptosis and fatty acid 

oxidation, among others (Fig 28H, Fig 29). This is consistent with an 

inhibition of lipid metabolism and energy production (Fig 28I). It is also 

remarkable that more than 80 of the altered proteins are directly related to 

mitochondrial protein synthesis, and most of them are upregulated (Fig 28I to 

J). Furthermore, we need to point out that the CoQ biosynthetic proteins 

COQ3, COQ6 and COQ8A are upregulated in wild-type animals 

supplemented with the high dose of b-RA, probably as a compensatory 

response.  
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Figure 29. Network of canonical pathways, associated to the mitochondrial proteome, 

altered in the brain and the kidneys of Coq9+/+ mice under 1% of b-RA supplementation. 

A  Network based on the canonical pathways altered in the mitochondrial proteome of the 

brain from Coq9+/+ mice under 1% of b-RA supplementation.  

B  Network based on the canonical pathways altered in the mitochondrial proteome of the 

kidneys from Coq9+/+ mice under 1% of b-RA supplementation. 

To try to understand why b-RA produces toxic effects in wild-type mice but 

therapeutic outcomes in Coq9R239X mice, we quantified the tissue levels of b-

RA, as well as the levels of the natural CoQ precursor, 4-HB. As expected, a 

significant amount of b-RA is detected in the brain (Fig 30A) and the kidneys 

(Fig 31B), as well as in other tissues (Fig 31), of the treated animals, being the 

levels higher in the animals at the terminal stage.  Importantly, the levels of 

b-RA are higher in the treated wild-type mice than in the treated Coq9R239X 

mice, especially at the terminal stage (Fig 30A to B and Fig 31). Additionally, 

the tissue levels of 4-HB are also higher in the treated wild-type mice than in 

the treated Coq9R239X mice (Fig 30C to D and Fig 31), except in the brain (Fig 

30C). Thus, the higher levels of 4-HB in the wild-type animals may limit the 

use of b-RA by the CoQ biosynthetic pathway and, therefore, induce the 

accumulation of b-RA. However, certain amount of b-RA must be used by 

the CoQ biosynthetic pathway since a mild reduction of CoQ9 and/or CoQ10 

is observed in the brain (Fig 30E to F), the skeletal muscle (Fig 31H to I) and 

the heart (Fig 31O) of the animals treated with the high dose of b-RA, 

although the decrease is not statistically significant in the kidneys (Fig 30H to 
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I), liver (Fig 31C to D) and heart (Fig 31P). Additionally, small amounts of 

DMQ9, an intermediate in the CoQ biosynthetic pathways that may inhibit the 

transfer of electrons in the Q junction (Yang et al., 2011) are detected in the 

kidneys (Fig 30J), liver (Fig 31E) and skeletal muscle (Fig 31J) of the animals 

treated with the high dose of b-RA, but not in the brain (Fig 30G) or the heart 

(Fig 31Q). Those mild changes in the levels of CoQ and DMQ do not 

compromise the activities of the CoQ-dependent mitochondrial complexes I + 

III and II + III in any tissue (Fig 30K to N; Fig 31K to L and R to S). 
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Figure 30. CoQ metabolism and mitochondrial function in response to 1% b-RA 

supplementation in the brain and the kidneys from Coq9+/+ mice. 

A,B  Levels of b-RA in the brain (A) and the kidneys (B) from Coq9+/+ mice, Coq9+/+ mice 

under 1% of b-RA supplementation, Coq9R239X mice and Coq9R239X mice under 1% of b-RA 

supplementation. 

C,D  Levels of 4-HB in the brain (C) and the kidneys (D) from Coq9+/+ mice, Coq9+/+ mice 

under 1% of b-RA supplementation, Coq9R239X mice and Coq9R239X mice under 1% of b-RA 

supplementation. 
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E-J  Levels of CoQ9, CoQ10 and DMQ9 in brain (E-G) and kidneys (H-J) from Coq9+/+ mice 

and Coq9+/+ mice under 1% of b-RA supplementation. 

K-N  Complex I + III (CI + III) and Complex II + III (CII + III) activities in the brain (K-L) 

and the kidneys (M-N) from Coq9+/+ mice and Coq9+/+ mice under 1% of b-RA 

supplementation. Data are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; 

Coq9+/+ under 1% of b-RA supplementation or Coq9+/+ under 1% of b-RA supplementation 

TS versus Coq9+/+. +P < 0.05; ++P < 0.01; +++P < 0.001 Coq9+/+ under 1% of b-RA 

supplementation TS versus Coq9+/+ under 1% of b-RA supplementation (one-way ANOVA 

with a Tukey’s post hoc test or t-test; n = 5–7 for each group). 
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Figure 31. CoQ metabolism and mitochondrial function in the liver, skeletal muscle and 

heart from Coq9+/+ mice under 1% b-RA supplementation. 

A,B  Levels of 4-HB and b-RA in the liver from Coq9+/+ mice, Coq9+/+ mice under 1% of b-

RA supplementation, Coq9R239X mice and Coq9R239X mice under 1% of b-RA treatement. 

C-E  Levels of CoQ9, CoQ10 and DMQ9 in the liver from Coq9+/+ mice and Coq9+/+ mice 

under 1% of b-RA supplementation. 

F,G  Levels of 4-HB and b-RA in skeletal muscle of Coq9+/+ mice, Coq9+/+ mice under 1% 

of b-RA supplementation, Coq9R239X mice and Coq9R239X mice after 1% of b-RA treatment. 

H-J  Levels of CoQ9, CoQ10 and DMQ9 in the skeletal muscle from Coq9+/+ mice, Coq9+/+ 

mice under 1% of b-RA supplementation. 

K,L  Complex I + III (CI + III) and Complex II + III (CII + III) activities in skeletal muscle 

from Coq9+/+ mice, Coq9+/+ mice under 1% of b-RA supplementation. 

M,N  Levels of 4-HB and b-RA in the heart from Coq9+/+ mice, Coq9+/+ mice under 1% of 

b-RA supplementation, Coq9R239X mice and Coq9R239X mice under 1% of b-RA treatment. 

O-Q  Levels of CoQ9, CoQ10 and DMQ9 in the heart from Coq9+/+ mice, Coq9+/+ mice under 

1% of b-RA supplementation. 

R,S  Complex I + III (CI + III) and Complex II + III (CII + III) activities in the heart  from 

Coq9+/+ mice, Coq9+/+ mice under 1% of b-RA supplementation. Data are expressed as mean 

± SD. *P < 0.05; **P < 0.01; ***P < 0.001; differences versus Coq9+/+. +P < 0.05; ++P < 

0.01; +++P < 0.001 differences versus Coq9+/+ after 0.33% of β-RA treatment. (one-way 

ANOVA with a Tukey’s post hoc test or t-test; n = 5–7 for each group). 

TS = terminal stage 

 

4.2.3 A LOWER DOSE OF b-RA AVOIDS ITS TOXIC EFFECTS IN 

WILD-TYPE ANIMALS, MAINTAINING ITS POTENTIAL TO 

REDUCE THE PHENOTYPIC AND HISTOPATHOLOGICAL SIGNS 

IN Coq9R239X MICE. 

Because of the severe toxicity of the high dose of b-RA in wild-type 

animals, we decided to test the effect of a lower dose of b-RA in both wild-

type and Coq9R239X mice. This low dose is a third of the dose previously used, 

i.e. 0.33 % of b-RA in the chow, which gives a dose of 0.3-1 g/kg bw/day. 

The low dose of b-RA does not affect the survival of Coq9+/+ mice (Fig 32A), 
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although the animals body weight is reduced in both males and females (Fig 

32B to C). In Coq9R239X mice, the treatment with the low dose of b-RA 

increases the survival (Fig 32A), although that increase is less intense than the 

one reported with the high dose of b-RA. Also, the locomotor activity and 

coordination increase in Coq9R239X mice treated with the low dose of b-RA, 

compared to the untreated Coq9R239X mice, while the treatment does not affect 

the results of the rotarod test in wild-type animals (Fig 32D to E). 

Consequently, both Coq9+/+ and Coq9R239X mice treated with the low dose of 

b-RA have a healthy appearance. 
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Figure 32. Survival and phenotypic-morphological characterization of Coq9+/+ and 

Coq9R239X mice after 0.33% of b-RA treatment. 

A  Survival curve of Coq9+/+ mice, Coq9+/+ mice under 0.33% of b-RA treatment, Coq9R239X 

mice and Coq9R239X mice under 0.33% of b-RA treatment. The treatments started at 1 month 

of age. 

B,C  Body weight of males (B) and females (C) of Coq9+/+ mice, Coq9+/+ mice under 0.33% 

of b-RA treatment, Coq9R239X mice and Coq9R239X mice under 0.33% of b-RA treatment. 
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D,E  Rotarod test of males (D) and females (E) of Coq9+/+ mice, Coq9+/+ mice under 0.33% 

of b-RA treatment, Coq9R239X mice and Coq9R239X mice under 0.33% of b-RA treatment.  

F-K  H&E and Masson’s Trichrome stains in the liver of Coq9+/+ mice (F,H,J) and Coq9+/+ 

mice under 0.33% b-RA supplementation (G,J,K). 

L-Q  H&E and Masson’s Trichrome stains in the kidneys of Coq9+/+ mice (L,N,P) and 

Coq9+/+ mice under 0.33% b-RA treatment (M,O,Q). 

R-Z  H&E stain (R-U) and anti-GFAP stain (V-Z) in the diencephalon of Coq9+/+ mice 

(R,T,V,I) and Coq9+/+ mice under 0.33% b-RA supplementation (S,U,X,Z). 

AA-AH  H&E stain (AA-AD) and Anti-GFAP stain (AE-AH) in the diencephalon of 

Coq9R239X mice (AA,AC,AE,AG) and Coq9R239X mice under 0.33% of b-RA treatment 

(AB,AD,AF,AH). Data are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; 

differences versus Coq9+/+. +P < 0.05; ++P < 0.01; +++P < 0.001 differences versus Coq9+/+ 

under 0.33% of b-RA treatment (one-way ANOVA with a Tukey’s post hoc test or t-test; n 

= 4–36 for each group). 

Morphologically, the low dose of b-RA does not produce significant 

alterations in the liver (Fig 32F to K), kidneys (Fig 32L to Q) and brain (Fig 

32R to Z) of wild-type animals, and the blood and urine markers of renal and 

hepatic functions are similar between the treated and untreated groups (Table 

4).  In Coq9R239X mice, the most important histopathological features, i.e. the 

spongiosis (Fig 32AA to AC) and astrogliosis (Fig 32AE to AG), are 

decreased under the treatment with the low dose of b-RA (Fig 32AB to AD 

and AF to AH). Therefore, the therapeutic effect of the low dose in mutant 

animals is similar to the therapeutic effect previously described for the high 

dose. 
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Table 4. Markers of hepatic and renal function in the plasma and urine from Coq9+/+ 

mice and Coq9+/+ mice under 0.33% of b-RA supplementation. 

 
GOT = glutamate-oxaloacetate transaminase; GPT = glutamate-pyruvate transaminase; AP = 

alkaline phosphatase. 

 

4.2.4 THE THERAPEUTIC EFFECT OF THE LOW DOSE OF b-RA IS 

DUE TO THE REDUCTION OF THE DMQ/CoQ RATIO IN 

PERIPHERAL TISSUES OF Coq9R239X MICE, LEADING TO A 

BIOENERGETICS IMPROVEMENT. 

The decrease in the levels of DMQ was previously described as the main 

therapeutic mechanism of the high dose of b-RA in the treatment of Coq9R239X 

PLASMA 

  

Coq9+/+ Coq9+/+ + 0.33 % b-RA 

Mean ± SD 

GOT (U/L) 76.20 ± 21.75 66.95 ± 8.48 

GPT (U/L) 41.70 ± 19.63 25.20 ± 9.81 * 

AP (U/L) 24.58 ± 17.86 18.77 ± 15.49 

Urea (mg/dl) 143.60 ± 147.93 5.97 ± 13.28 * 

Creatinin (mg/dl) 0.50 ± 0.17 0.41 ± 0.086 

Abumin (g/dl) 2.98 ± 0.11 2.90 ± 0.089 

Bilirrubin (mg/dl) 1.28 ± 0.22 1.15 ± 0.26 

URINE 

  

Coq9+/+ Coq9+/+ + 0.33 % b-RA 

Mean ± SD 

Albumin (g/dl) 0.06 ± 0.026 0.03 ± 0.021  

Total Protein (g/dl) 0.80 ± 0.46 0.72 ± 0.21 

Creatinin (mg/dl) 31.39 ± 7.71 30.40 ± 4.24 

Urea (mg/dl) 78.96 ± 125.65 3.72 ± 1.54 

Uric Acid (mg/dl) 1.80 ± 1.70 1.72 ± 0.82 

Phosphorus (mg/ml) 66.63 ± 26 77.02 ± 18.14 

Calcium (mg/dl) 7.83 ± 4.83 6.79 ± 3.07 

Magnesium (mg/dl) 5.47 ± 0.77 5.65 ± 1.77 
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mice. We have then checked whether the low dose of b-RA induces a similar 

effect on the CoQ biosynthetic pathway. In general, b-RA interferes with CoQ 

metabolism in peripheral tissues but not in the brain.  In Coq9R239X mice, the 

low dose of b-RA induces a mild increase in the levels of CoQ9 in the kidneys 

(Fig 33E) and in the levels of CoQ10 in the kidneys (Fig 33F) and the skeletal 

muscle (Fig 34D), compared to the untreated Coq9R239X mice. However, the 

levels of CoQ9 and CoQ10 did not change in the brain, skeletal muscle and 

heart of Coq9R239X mice after the b-RA treatment (Fig 33A and B; Fig 34A to 

F). Remarkably, the levels of DMQ9 and, consequently, the DMQ9/CoQ9 ratio, 

are significantly decreased in the kidneys (Fig 33G and H), liver (Fig 34G and 

H), skeletal muscle (Fig 34I and J) and heart (Fig 34K and L) of the Coq9R239X 

treated with the low dose of b-RA, compared to untreated Coq9R239X mice. 

However, the low dose of b-RA does not reduce the levels of DMQ9 or 

DMQ9/CoQ9 ratio in the brain of the Coq9R239X mice (Fig 33C and D), as 

happened for the treatment with the higher dose of b-RA. Therefore, the effect 

of the low dose of b-RA on CoQ metabolism in both Coq9+/+ and Coq9R239X 

mice is similar to the effect showed above and described for the treatment with 

the high dose of b-RA. In the Coq9+/+ mice, the low dose of b-RA induces 

very mild changes in the tissue levels of CoQ9, CoQ10 and DMQ9 (Fig 33A to 

H and Fig 34A to L).  
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The tissue-specific reduction in the levels of DMQ on Coq9R239X mice 

seems to correlate with the increase of b-RA levels, since the levels of b-RA 

are higher in the kidneys (Fig 33K), liver (Fig 34M) and heart (Fig 34Q), but 

not in the brain (Fig 33I) and skeletal muscle (Fig 34O), of the treated 

Coq9R239X mice compared to the treated Coq9+/+ mice. However, the levels of 

4-HB do not increase in response to the treatment with the low dose of b-RA 

in either Coq9+/+ or Coq9R239X (Fig 33J and L; Fig 34N,P,R).  
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Figure 33. CoQ metabolism and mitochondrial function in the brain and the kidneys 

from Coq9+/+ mice, Coq9+/+ mice after 0.33% of b-RA treatment, Coq9R239X mice and 

Coq9R239X mice under 0.33% of b-RA treatment. 

A-H  Levels of CoQ9, CoQ10, DMQ9 and the ratio DMQ9/ CoQ9 in the brain and the kidneys 

from Coq9+/+ mice, Coq9+/+ mice under 0.33% of b-RA treatment, Coq9R239X mice and 

Coq9R239X mice under 0.33% of b-RA treatment. 
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I-L  Levels of b-RA and 4-HB in the brain and the kidneys from Coq9+/+ mice, Coq9+/+ mice 

under 0.33% of b-RA treatment, Coq9R239X mice and Coq9R239X mice under 0.33% of b-RA 

treatment. 

M-P  Complex I + III (CI + III) and Complex II + III (CII + III) activities in the brain and the 

kidneys from Coq9+/+ mice, Coq9+/+ mice under 0.33% of b-RA treatment, Coq9R239X mice 

and Coq9R239X mice under 0.33% of b-RA treatment. 

Q,R  Mitochondrial Oxygen Consumption rate (represented as State 3o, in the presence of 

ADP and substrates) in the brain and the kidneys from Coq9+/+ mice, Coq9R239X mice and 

Coq9R239X mice under 0.33% of b-RA treatment. Data are expressed as mean ± SD. *P < 0.05; 

**P < 0.01; ***P < 0.001; differences versus Coq9+/+. +P < 0.05; ++P < 0.01; +++P < 0.001 

differences versus Coq9+/+ after 0.33% of β-RA treatment. &P < 0.05; &&P < 0.01; &&&P < 

0.001 differences versus Coq9R239X (one-way ANOVA with a Tukey’s post hoc test or t-test; 

n = 3–7 for each group). 

Bioenergetically, the treatment with the low dose of b-RA does not 

produce any changes in the brain in either Coq9+/+ or Coq9R239X mice (Fig 

33M,N,Q), but it induces an increase of the activities of complexes I + III and 

II + III (Fig 33O and P), as well as of the mitochondrial respiration in the 

kidneys of the treated Coq9R239X mice (Fig 33R), compared to the untreated 

Coq9R239X mice. These data are comparable to the data showed before for the 

treatment with the high dose of b-RA. Other tissues do not experience major 

changes in mitochondrial bioenergetics (Fig 34S to V).  
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Figure 34. CoQ metabolism and mitochondrial function in the liver, skeletal muscle and 

heart from Coq9+/+ mice, Coq9+/+ mice under 0.33% of b-RA treatment, Coq9R239X mice 

and Coq9R239X mice ander 0.33% of b-RA treatment. 

 

A-F  Levels of CoQ9 and CoQ10 in the liver (A,B), skeletal muscle (C,D) and heart (E,F) from 

Coq9+/+ mice, Coq9+/+ mice under 0.33% of b-RA treatment, Coq9R239X mice and Coq9R239X 

mice under 0.33% of b-RA treatment. 

G-L  Levels of DMQ9 and DMQ9/CoQ9 ratio in the liver (G,H), skeletal muscle (I,J) and heart 

(K,L) from Coq9+/+ mice, Coq9+/+ mice under 0.33% of b-RA treatment, Coq9R239X mice and 

Coq9R239X mice under 0.33% of b-RA treatment. 

M-R   Levels of b-RA and ���� in the liver (M,N), skeletal muscle (O,P) and heart (Q,R) 

from Coq9+/+ mice, Coq9+/+ mice under 0.33% of b-RA treatment, Coq9R239X mice and 

Coq9R239X mice under 0.33% of b-RA treatment.  

S-V  Complex I + III (CI + III) and Complex II + III (CII + III) activities in the skeletal muscle 

(V,W) and heart (X,Y) from Coq9+/+ mice, Coq9+/+ mice under 0.33% of b-RA treatment, 

Coq9R239X + mice and Coq9R239X mice under 0.33% of b-RA treatment. Data are expressed as 

mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; differences versus Coq9+/+. +P < 0.05; ++P 

< 0.01; +++P < 0.001 differences versus Coq9+/+ after 0.33% of β-RA treatment. &P < 0.05; 
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&&P < 0.01; &&&P < 0.001 differences versus Coq9R239X (one-way ANOVA with a Tukey’s 

post hoc test or t-test; n = 5–6 for each group). 

 

4.2.5 CO-ADMINISTRATION OF 4-HB MODIFIES THE EFFECTS OF 

b-RA 

Our data suggest that either the toxic effect of b-RA in Coq9+/+ mice or the 

therapeutic results in Coq9R239X mice can be modulated by 4-HB, since both 

4-HB and b-RA compete to enter in the CoQ biosynthetic pathway through 

the activity of COQ2. To check this premise, we supplemented Coq9+/+ and 

Coq9R239X mice with an equal amount of 4-HB and b-RA incorporated into 

the chow. Interestingly, the co-administration of 4-HB and b-RA suppresses 

the inhibitory effect of b-RA over CoQ9 (Fig 35A to E) and CoQ10 

biosynthesis (Fig 35F to J) in all tissues of the Coq9+/+ mice (compared to Fig 

33 and 34, 36). Even more, the levels of CoQ9 increases in the brain (Fig 35A) 

and the kidneys (Fig 35B) of the Coq9+/+ mice treated with the combination of 

4-HB and b-RA, compared to the untreated Coq9+/+ mice. In Coq9R239X mice, 

the untreated and treated groups show similar levels of both CoQ9 (Fig 35A to 

E) and CoQ10 (Fig 35F to J). Importantly, the reduction of the levels of DMQ9 

and of the DMQ9/CoQ9 ratio induced by b-RA (Fig 33 and 34) in Coq9R239X 

mice is suppressed by the co-administration of 4-HB and b-RA (Fig 35K to T 
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and 36). Consequently, the co-administration of 4-HB and b-RA does not 

induce an increase of survival of Coq9R239X mice (Fig 35U). Together, these 

data confirm that the adequate levels of 4-HB are essential for the toxic or 

therapeutic effect of b-RA in Coq9+/+ or Coq9R239X mice, respectively. 

 

Figure 35. Co-administration of 4-HB suppresses the effects of b-RA treatment in 

Coq9+/+ and Coq9R239X mice. 

A-E  Levels of CoQ9 in the brain, kidneys, liver, skeletal muscle and heart from Coq9+/+ mice, 

Coq9+/+ mice under 0.5% of 4-HB + 0.5% of β-RA treatment, Coq9R239X mice and Coq9R239X 

mice under 0.5% of 4-HB + 0.5% of β-RA treatment. 
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F-J  Levels of CoQ10 in the brain, kidneys, liver, skeletal muscle and heart from Coq9+/+ mice, 

Coq9+/+ mice under 0.5% of 4-HB + 0.5% of β-RA treatment, Coq9R239X mice and Coq9R239X 

mice under 0.5% of 4-HB + 0.5% of β-RA treatment. 

K-O  Levels of DMQ9 in the brain, kidneys, liver, skeletal muscle and heart from Coq9+/+ 

mice, Coq9+/+ mice under 0.5% of 4-HB + 0.5% of β-RA treatment, Coq9R239X mice and 
Coq9R239X mice under 0.5% of 4-HB + 0.5% of β-RA treatment. 

P-T  Ratio DMQ9/ CoQ9 in the brain, kidneys, liver, skeletal muscle and heart from Coq9+/+ 

mice, Coq9+/+ mice under 0.5% of 4-HB + 0.5% of β-RA treatment, Coq9R239X mice and 

Coq9R239X mice under 0.5% of 4-HB + 0.5% of β-RA treatment. 

U  Survival curve of Coq9R239X mice under 0.5% of 4-HB + 0.5% of β-RA treatment. Data are 

expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; differences versus Coq9+/+. 

+P < 0.05; ++P < 0.01; +++P < 0.001 differences versus Coq9+/+ after 0.5% of 4-HB and 0.5% 

of β-RA treatment. &P < 0.05; &&P < 0.01; &&&P < 0.001 differences versus Coq9R239X 

(one-way ANOVA with a Tukey’s post hoc test or t-test; n = 5–10 for each group). 
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Figure 36. Representative chromatographs showing the peaks of CoQ9 and DMQ9 in the 

kidneys.  

A  Chromatographs for CoQ9 in the kidney of a Coq9+/+ mouse, Coq9+/+ mouse under 0.33% 

of b-RA treatment and Coq9+/+ mouse under 0.5% of 4-HB + 0.5% of b-RA treatment.  
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B  Chromatographs for CoQ9 and DMQ9 in the kidney of a Coq9R239X mouse, Coq9R239X mouse 

under 0.33% of b-RA treatment and Coq9R239X mouse under 0.5% of 4-HB + 0.5% of b-RA 

treatment.  

 

 

4.3 SULFIDE METABOLISM AND CoQ DEFICIENCY 

4.3.1 MODULATION OF SULFIDE METABOLISM TO PREVENT 

THE PATHOLOGIC FEATURES IN Coq9R239X MICE 

To assess the effects of different sulfur amino acids availability on SQOR 

levels in vivo, we measured SQOR levels in the kidney of Coq9R239X mice 

under supplementation with NAC, a sulfur-containing amino acid, or a diet 

with SAAR, since the kidney has a very active sulfide metabolism and it has 

reduced levels of SQOR in Coq9R239X mice. To evaluate whether the 

transsulfuration pathway may adapt to the changes on SQOR levels, we also 

quantified the levels of CBS. The levels of SQOR are significantly lower in 

the kidneys of Coq9R239X mice than in the kidneys of Coq9+/+, and they are not 

rescued by NAC or SAAR supplementation (Fig 37A). Besides, in the kidneys 

of Coq9R239X mice, the levels of CBS were slightly increased compared to 

Coq9+/+ mice and this change was maintained under supplementation with 

NAC or SAAR (Fig 37B). Therefore, there is an  inverse correlation between 

SQOR and CBS. In addition, we checked the glutathione  metabolism. The 
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kidneys of Coq9R239X mice, showed decreased levels of total glutathione, and 

that decrease is preserved after the supplementation with NAC or SAAR (Fig 

37C). Moreover, the GSSG/GSH ratio is reduced in untreated Coq9R239X mice, 

as well as in Coq9R239X mice treated with NAC or SAAR, compared to Coq9+/+ 

mice (Fig 37D). The levels of the glutathione enzymes, GPx and GRd, are 

mildly decreased in the three experimental groups of Coq9R239X mice, 

compared to Coq9+/+ mice, although the decrease is statistically significant 

only in the case of GPx in untreated Coq9R239X mice (Fig 37E). These results 

indicate that CoQ10 regulates the levels of SQOR in vivo, independently of the 

sulfur amino acids availability. Since NAC or SAAR did not induce any 

change on sulfide metabolism, the survival of Coq9R239X mice were not 

improved after those treatments (Fig 37F).  
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Figure 37. Sulfide metabolism oxidation (SQOR) and transulfuration (CBS) proteins 

levels, and subsequent survival, are independent of the sulfur amino acids availability in 

mice tissues.  
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A,B  SQR and CBS protein levels (A and B) in  kidneys of  Coq9+/+, Coq9R239X and Coq9R239X 

under NAC or SAAR treatment mice.  

C  Survival of  Coq9R239X and Coq9R239X under NAC or SAAR treatment mice (C). Data are 

expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; Coq9R239X and Coq9R239X 

under NAC or SAAR treatment versus Coq9+/+ mice. (one-way ANOVA with a Tukey's post 

hoc test; n = 5-16 for each group). 
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5. DISCUSSION 

5.1 b-RA SUPLEMENTATION AS ALTERNATIVE THERAPY FOR 

PRIMARY CoQ DEFICIENCY.  

The treatment of primary or secondary mitochondrial diseases is, in most 

cases, still limited to a palliative care. Primary and secondary CoQ deficiencies 

constitute a mitochondrial syndrome with heterogeneous clinical 

presentations, involving different pathomechanims. The conventional 

treatment is based in the exogenous administration of high doses of CoQ10. 

This treatment, however, has limited effects in a high percentage of patients 

due to different factors: 1) the low absorption and bioavailability of the 

exogenous CoQ10, together with its low capacity to cross the BBB; 2) the lack 

of effect over the accumulation of intermediate metabolites in the synthesis of 

CoQ (importantly, some of these metabolites, e.g. DMQ, may contribute to 

the disease phenotype by inhibiting the transfer of electrons in the mtETC); 

and 3) the lack of effect over the Complex Q and the endogenous biosynthesis 

of CoQ. For that reason, CoQ10 therapy does not induce any change in the 

levels of CoQ9. 

 In this study, we identify a novel treatment for primary CoQ deficiency. 

The treatment is based on the administration of b-RA, which reduces the 

molecular, histopathologic, and clinical signs of mitochondrial 
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encephalopathy in a mouse model of encephalopathy associated with CoQ 

deficiency. The remarkable increase of survival after b-RA treatment was 

superior to that observed after ubiquinol-10 treatment, and the therapeutic 

effect was succeeded even if the treatment started in a symptomatic period. 

The striking increase in animal survival and the general health improvement 

after the b-RA treatment was achieved even though the levels of CoQ and 

mitochondrial function were not increased in the brain, which is the most 

relevant tissue for the development of the disease. In peripheral tissues, 

however, b-RA induced a decrease in the DMQ9/CoQ9 ratio, resulting in a 

bioenergetics improvement that may exert a key influence on the brain 

pathology. Accordingly, we provide additional data about the DMQ9/CoQ9 

ratio in the Coq9Q95X mouse model and in Coq9R239X mice treated with 

ubiquinol-10, and both cases support the importance of the DMQ9/CoQ9 ratio 

in the progression of the clinical symptoms associated with CoQ deficiency 

syndrome. 

The initial hypothesis for this study was that b-RA could be used in the 

CoQ biosynthetic pathway and bypasses the defect in COQ9-COQ7, 

increasing the endogenous levels of CoQ (Luna-Sanchez et al., 2015; Pierrel, 

2017). However, our results show that the bypass effect would be limited 

because only the kidneys, the tissue with higher levels of b-RA, showed a 

moderate increase in the levels of CoQ in the mutant mice after the treatment. 
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Nevertheless, the levels of DMQ9 were significantly decreased not only in the 

kidneys but also in the skeletal muscle, liver, and heart. Those results hint that 

the CoQ biosynthetic pathway might use b-RA as a substrate whose Km is 

probably higher than the natural substrate, 4-HB, and for that reason the 

reduction of the DMQ9 levels is not accompanied by an increase of CoQ9 in 

tissues where the b-RA does not reach a threshold (Pierrel, 2017). Also, the 

stabilization of the Complex Q may contribute to this effect, since the levels 

of COQ4, COQ5, COQ6, and COQ8A were slightly increased in the kidneys 

and heart after b-RA treatment. Consistent with those results, 4-HB or vanillic 

acid induced an increase of the CoQ biosynthetic protein in vitro (Herebian et 

al., 2017). Also, b-RA was able to rescue the decreased levels of COQ5, but 

not COQ3 or COQ7, in a  glomerular podocytes-specific ADCK4 mutant mice 

(Widmeier et al, 2020). Moreover, we must also consider that the b-RA 

administration was able to increase the levels of CoQ9 in renal and cardiac 

mitochondria, as well as in muscle tissue in a conditional Coq7 KO model, 

which lacks COQ7 protein (Wang et al., 2015; Wang et al., 2017). 

Nevertheless, the cerebral CoQ9 levels after b-RA supplementation were not 

determined in the conditional Coq7 KO mice (Wang et al., 2015; Wang et al., 

2017). Also, the levels of CoQ were not shown in two recent reports about the 

theraputic effects of b-RA in two glomerular podocytes-specific Coq6 and 

Adck4 knockout mice (Widmeier et al, 2019; Widmeier et al., 2020).  Because 
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Coq9R239X mice has reduced levels not only of COQ7 but also of COQ4, 

COQ5, COQ6, and COQ8A (Luna-Sanchez et al., 2015), it is also possible 

that the limitation of the b-RA to generally increase the CoQ9 levels in 

Coq9R239X mice could be due to the disruption of the Complex Q observed in 

this mouse model. The combination of both arguments could explain the lack 

of effect over the CoQ biosynthesis pathway in the brain. In either case, our 

data on the Coq9R239X mouse model together with those obtained in the Coq6, 

Coq7 and Adck4 conditional KO models indicate that it is possible to influence 

the CoQ biosynthesis in vivo with the use of the appropriated 4-HB analog(s). 

These results partially corroborate previous data in vitro using mutant yeasts 

and human skin fibroblasts derived from patients with primary CoQ deficiency 

(Doimo et al, 2014a; Freyer et al., 2015; Herebian et al., 2017; Luna-Sanchez 

et al., 2015; Ozeir et al, 2011; Pierrel, 2017; Wang et al., 2017; Xie et al., 

2012). 

While the levels of CoQ9 and CoQ10 were doubled in the kidneys of 

Coq9R239X mice after the treatment, the levels reached after the treatment were 

barely 5% of the wild-type levels. The reduction in the DMQ9 levels after the 

therapy, and as a consequence, the DMQ9/CoQ9 ratio, was more important in 

terms of absolute values, as well as more consistent because the response was 

similar in all peripheral tissues. Importantly, the decrease in DMQ9/CoQ9 ratio 

in peripheral tissues (like kidneys, heart, and muscle) was enough to increase 
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the CoQ-dependent complexes activities up to normalizing the mitochondrial 

respiration. Therefore, the effect of the b-RA treatment in the function of the 

renal, muscular, and cardiac mitochondria must be due to the reduction of the 

DMQ9/CoQ9 ratio. In line with it, the altered renal function of the Coq6 and 

Adck4 glomerular podocytes-specific KO models were rescued by the 

treatment with b-RA but no quinone levels, DMQ or CoQ, were shown 

(Widmeier et al., 2019; Widmeier et al., 2020). While DMQ is not commercial 

available to develop more direct experiments, Yang and collaborators were 

able to exchange the quinone pools between the mitochondria from wild-type 

and Clk-1 (= Coq7) mutated worms, demonstrating that DMQ9 was the 

responsible of the inhibition of the electron transfer from complex I to 

ubiquinone in the mitochondrial respiratory chain (Yang et al., 2011), 

probably due to the competition of CoQ and DMQ for the same binding site, 

together with the inability of DMQ to transfer electrons (Arroyo et al, 2006). 

Our results in mice suggest that DMQ could also inhibit the electron transfer 

from complex II to ubiquinone, a fact that was not observed in worms (Yang 

et al., 2011). Those differences may reflect the diverse structure and 

functionality of the mitochondria in different organisms, tissues, and cell types 

(Vafai & Mootha, 2012). Thus, our study points out the importance of the 

DMQ9/CoQ9 ratio in the disease phenotype, a fact that is further supported by 

several evidences: (i) The Coq9Q95X mouse model has low levels of DMQ9 and 
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higher levels of CoQ biosynthetic proteins (compared to the Coq9R239X mouse 

model), and the lifespan is not compromised; (ii) the treatment with ubiquinol-

10 in Coq9R239X mice does not change the DMQ9 levels and its therapeutic 

effects are significantly lower than those after b-RA treatment; (iii) the 

reduction in the DMQ9 levels in the Coq7 conditional KO mice after b-RA 

therapy may also contribute to the increased survival observed in this mouse 

model, although the phenotype of this mouse model were not profound 

described (Wang et al., 2015); and (iv) patients with high levels of DMQ10 in 

the samples used for the diagnostic (muscle and/or skin fibroblasts) are 

associated to severe clinical presentations (Danhauser et al., 2015; Duncan et 

al., 2009; Freyer et al., 2015; Smith et al., 2018; Wang et al., 2017). 

Because the levels of CoQ9 and DMQ9 did not change in the brain of the 

Coq9R239X mice after the treatment, this tissue did not experience any 

improvement in the mitochondrial function after b-RA therapy. However, 

even if the treatment does not have any detectable effect at the cerebral 

mitochondria, the Coq9R239X mice showed a clear and profound reduction in 

the spongiform degeneration, reactive astrogliosis, and oxidative damage, 

leading to an absence of brain injuries after the b-RA therapy. Those effects 

are, therefore, independent of the CoQ9 and DMQ9 levels in the brain. Thus, 

two complementary hypotheses could explain the therapeutic effects of b-RA 
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in the brain of Coq9R239X mice. First, b-RA may have CoQ-independent 

functions with therapeutic potential for mitochondrial encephalopathies. The 

transcriptomics data showing a decrease in the expression levels of some 

inflammatory genes, and the fact that b-RA is a structural analogue of 

salicylic acid (Gomez-Guzman et al., 2014), would support this hypothesis. 

However, our experimental data do not support this hypothesis because: (i) 

The microglia distribution and the cytokines levels did not experience major 

changes between Coq9R239X mice and Coq9R239X mice treated with b-RA; (ii) 

b-RA did not reduce iNOS expression or cytokines release in RAW cells 

stimulated with LPS; (iii) b-RA did not have therapeutic effects in 

pharmacological or genetic models of neuroinflammation, e.g., the MPTP-

induced zebrafish model of Parkinson disease and the Ndufs4 mouse model of 

Leigh syndrome; and (iv) b-RA did not inhibit mTORC1 in vivo. Thus, the 

changes in the expression levels of some inflammatory genes may reflect the 

reduction in the astrogliosis. In fact, some genes associated with chemokine 

(e.g., C-C Motif Chemokine Ligands family) and cytokine signaling (e.g., 

Cd14, Ifitm3, Hmox1), immune response (Nurp1), cell cycle (e.g., Eif4bpp1), 

cell adhesion (e.g., Ecm1, Igfb4), and lipid metabolism (e.g., Ch25) have been 

also associated to reactive astrogliosis (Colombo & Farina, 2016; Zamanian 

et al, 2012) and, therefore, the reduction observed in these genes could be due 

to the reduction in the astrogliosis. Our data also suggest that, similarly to other 
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mitochondrial encephalopathies (Lax et al, 2012; Tegelberg et al, 2017), the 

neuroinflammation associated with microglia activation is not an important 

factor in the mitochondrial encephalopathy associated with CoQ deficiency. 

The second hypothesis is that the reduction in DMQ9/CoQ9 ratio in 

peripheral tissues and the subsequent improvement of mitochondrial 

bioenergetics may provide some tissue–brain cross-talk in order to reduce the 

astrogliosis, spongiosis, and its associated brain injury. While we were not 

able to reveal how the peripheral tissues communicate with the brain in this 

situation, a recent study about gene therapy in a mouse model of Leigh 

syndrome also suggests that the correction of the gene defect in peripheral 

tissues is important to reduce brain pathology (Di Meo et al, 2017). The studies 

about the kidney–brain, heart–brain, or liver–brain cross-talk, as well as the 

presence of a gut–brain axis, would support the concept of an influence of 

peripheral tissues in the brain pathology, and reactive astrogliosis in particular 

(Butterworth, 2016; Mayo et al, 2014; Miranda et al, 2017; Rothhammer et al, 

2017; Rothhammer et al, 2016; Thackeray et al, 2018). 

In conclusion, our study shows that b-RA is a powerful therapeutic agent 

for the mitochondrial encephalopathy due to CoQ deficiency, a disease that is 

increasingly diagnosed with exome sequencing, with an estimation of more 

the 124,000 cases worldwide (Hughes et al., 2017). The therapeutic results are 
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greater than those obtained by the classical oral CoQ supplementation because 

of the decrease of the DMQ/CoQ ratio. Therefore, b-RA should be 

preferentially considered for the treatment of human CoQ10 deficiency with 

accumulation of DMQ10, as it has been reported in patients with mutations in 

COQ9, COQ7, or COQ4 (Danhauser et al., 2015; Duncan et al., 2009; Freyer 

et al., 2015; Smith et al., 2018; Wang et al., 2017) but also in cells under 

siRNA knockdown of COQ3, COQ5 and COQ6 (Herebian et al., 2017).  

Moreover,  the positive therapeutic effects of b-RA in Coq6 and Adck4 

glomerular podocytes-specific KO mice also suggest that this molecule could 

be used as a therapy in cases of COQ6 and COQ4 mutations, although the 

therapeutics mechanisms need to be elucidated (Widmeier et al., 2019; 

Widmeier et al., 2020). Similar principles could be applied for 3,4-

hydroxybenzoic acid, vanillic acid, 2-methyl-4-hydroxybenzoic acid, or 2,3-

dimethoxy-4- hydroxybenzoic acid in the cases of mutations in COQ6, COQ5, 

or COQ3 (Gigante et al, 2017; Heeringa et al., 2011; Herebian et al., 2017; 

Pierrel, 2017; Ribas et al, 2014; Yoo et al, 2012), respectively. Furthermore, 

4-HB analogs may provide therapeutic effects in other conditions, e.g., 

mitochondrial disorders, since secondary CoQ deficiency due to decreased 

levels of CoQ biosynthetic proteins have been recently reported in various 

mouse models of mitochondrial diseases (Kuhl et al., 2017); or metabolic 

diseases due to insulin resistance since secondary CoQ deficiency due to 
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decreased levels of CoQ biosynthetic proteins have been recently described in 

in vitro insulin resistance models and adipose tissue from insulin-resistant 

humans (Fazakerley et al., 2018). To apply the b-RA treatment into the clinic, 

the safety and dose–response studies included in a clinical trial should be first 

developed. Nevertheless, b-RA is a natural compound that is used as a flavor 

by the food industry (Adams et al, 2005), and its administration in wild-type 

mice at high doses does not have detrimental effects on the survival (Wang et 

al., 2015). Therefore, the safety study has a good prognosis and would allow 

the use of this compound at least as a compassionate option in cases of severe 

CoQ deficiencies due to mutations in COQ4, COQ6, COQ7, COQ9 or ADCK4 

(Hidalgo-Gutierrez et al., 2019; Wang et al., 2015; Widmeier et al., 2019; 

Widmeier et al., 2020). 

 

5.2 DUAL EFFECTS OF b-RA: THE INFLUENCE OF CoQ 

METABOLISM. 

Some HBAs, e.g. salicylic acid, are used in the clinic and long track records 

in their use are available. Toxicity has been reported with the use of high doses 

of salicylates in pediatric population, inducing Reye’s syndrome, a condition 

with non-precisely defined pathomechanisms. b-RA is another HBA with 

therapeutic potential, since, as previously mentioned, recent preclinical studies 
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have shown it to have powerful therapeutic effects in CoQ deficiency models 

caused by mutations in Coq6, Coq7, Adck4 or Coq9 (Hidalgo-Gutierrez et al., 

2019; Wang et al., 2015; Widmeier et al., 2019; Widmeier et al., 2020). Those 

studies have used high doses of oral b-RA but a detailed study about the 

effects of these high doses of b-RA in wild-type animals has not been 

developed. The only data about b-RA toxicity is, one article published in 1958 

that described that the administration of b-RA to patients with rheumatic fever 

at the oral dose of 5,330–6,000 mg per day for up to 16 days did not have 

severe side effects (Clarke et al, 1958). However, the treatment used in the 

rheumatic fever patients were up to 16 days and, in the case of the CoQ 

deficient mutants mice, the treatment used is cronic (Hidalgo-Gutierrez et al., 

2019; Wang et al., 2015; Widmeier et al., 2019; Widmeier et al., 2020). 

Besides, another article, published in 1976, stablished that the median lethal 

dose (LD50) of b-RA is 800 mg/kg body weight in rats (Grady et al, 1976). 

The LD50 data would been in agreement with our results, since the high dose 

of b-RA, corresponding to more than 1g/kg body weight/day in mice, induces 

severe morphological, molecular and biochemical alterations in the kidneys, 

liver and brain of wild-type mice, leading to premature death. 

b-RA (or 2,4-diHB) is an analog of salicylic acid (or 2-HB), and toxicity 

associated to high doses of salicylates induces Reye’s syndrome in the 
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pediatric population. Reye’s syndrome is clinically manifested by an 

impairment of the liver function, with abnormal mitochondria and 

dysfunctional fatty-acid oxidation, and encephalopathy with various degrees 

of neurological impairment (Belay et al, 1999; Casteels-Van Daele et al, 2000; 

Hurwitz et al, 1987). Some cases also show acute renal failure with enlarged 

vacuoles (Hin et al, 1990; Mor et al, 1979). Since the kidney is the organ that 

accumulates more b-RA, this acute renal failure with enlarged vacuoles is a 

common feature in the animals treated with b-RA at terminal stage. Thus, the 

toxicity of b-RA reported here share some of the pathological features of 

Reye’s syndrome, as it was also reported by benzoic acid (McCune et al, 

1982). Importantly, our data demonstrate that the toxicity of b-RA depends 

on the levels of 4-HB, the natural precursor of CoQ biosynthesis. The levels 

of 4-HB are increased in response to the high levels of b-RA, probably as a 

compensatory mechanism to preserve CoQ biosynthesis, a fact that cannot be 

tested because the biosynthetic steps of 4-HB biosynthesis from tyrosine in 

mammals have not been characterized yet (Pierrel, 2017). b-RA and 4-HB 

compete to enter into the CoQ biosynthetic pathway through the activity of 

COQ2, but the km for 4-HB must be lower than the km for b-RA (Pierrel, 

2017). Thus, the higher levels of 4-HB observed in the treated wild-type 

animals, compared to the untreated wild-type and Coq9R239X mice, may limit 

the use of b-RA in the CoQ biosynthetic pathway, and, consequently, it could 
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induce a greater accumulation in cells and tissues of wild-type mice than in 

those of Coq9R239X mice. Since our results show that the toxicity of b-RA is 

dose-dependent, this accumulation of higher levels of b-RA must contribute 

to its pathological consequences and may explain the absence of toxicity in 

Coq9R239X mice and Coq9+/+ treated with the low dose of b-RA. 

Consequently, the toxicity of other HBAs that have been tested in vitro for the 

treatment of CoQ deficiency, e.g. vanillic acid (Doimo et al., 2014b; Herebian 

et al., 2017), must be evaluated. Furthermore, these data are also important 

because Reye’s syndrome may share this CoQ biosynthesis-dependent 

mechanism, since an early study from Dallner’s group showed that the 

supplementation of acetylsalicylic acid to rats interferes with CoQ 

biosynthesis in the liver, kidneys and muscle (Aberg et al, 1996). 

Even more important, our study identifies novel potential molecular 

mechanisms through the first transcriptomics and mitochondrial proteomics 

analyses developed on the brain and the kidneys in response to an HBA. 

Specifically, we show that b-RA induces a marked reduction in the levels of 

Complex I subunits in the brain, a fact that may be related to the interaction of 

the b-RA with the Fe-S cluster of mitochondrial Complex I, inducing an 

increased generation of free radicals and apoptosis (Battaglia et al, 2005). All 

these alterations in the mitochondrial proteome may induce ER stress and the 

activation of unfolded protein response (Kim et al, 2008; Restelli et al, 2018), 
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as reflected in the transcriptomic analysis. Moreover, we have detected an 

over-expression of genes related with the metabolism of the monoamine 

neurotransmitters, which derivate from phenylalanine or tyrosine, like the 4-

HB, the natural precursor of CoQ. Since the levels of 4-HB are increased in 

the wild-type animals treated with the high dose of b-RA, we can speculate 

that the stimulation of the synthesis of 4-HB could influence the synthesis of 

monoamine neurotransmitters and, consequently, induces an overexpression 

of the transporters/receptors of these neurotransmitters. 

Additionally, the analysis of the renal mitochondrial proteome reveals key 

molecular alterations that contribute to understand the toxicity induced by b-

RA: 1) the increase in the levels of nuclear-encoded subunits of mitochondrial 

Complex I, probably as a compensatory mechanism to the interaction of the 

b-RA with the Fe-S cluster of mitochondrial Complex I (Battaglia et al., 

2005), leading to its partial inhibition (Sandoval-Acuna et al, 2012); 2) the 

decrease in the levels of enzymes involved in fatty acids oxidation, which is 

common in the salicylic acid or benzoic acid toxicity (Begriche et al, 2011; 

McCune et al., 1982); 3) the induction of apoptosis through the upregulation 

of proapoptotic proteins and downregulation of anti-apoptotic proteins 

(Barnett & Cummings, 2019); and 4) the increase of several components of 

the mitoribosome, without changes in the mitochondrial-encoded subunits, a 

mechanism that, to our knowledge, has not been reported for other drugs that 
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induce mitochondrial toxicity (Barnett & Cummings, 2019; Begriche et al., 

2011; Krahenbuhl, 2001). This stimulation of the mitoribosome could also 

reflect a compensatory mechanism to the mitochondrial toxicity or, 

alternatively, could be related to the induction of apoptosis since some 

mitoribosomal proteins have also a role in promoting apoptosis in human 

diseases (Cavdar Koc et al, 2001; Gopisetty & Thangarajan, 2016).  

Considering the toxic effects of b-RA reported here, we tried to identify a 

dose of b-RA that has therapeutic effects in Coq9R239X mice but has no toxic 

effects in wild-type animals. A third of the dose initially used preserved a 

powerful therapeutic effect, avoiding the pathophysiological consequences in 

wild-type animals. The data from wild-type animals that were treated with this 

lower dose of b-RA are similar to those reported by other groups (Hidalgo-

Gutierrez et al., 2019; Wang et al., 2015; Widmeier et al., 2019; Widmeier et 

al., 2020), and manifest the dose-dependent effects of b-RA from both the 

toxicological and therapeutic points of views. Furthermore, our results 

demonstrate that the effects of b-RA depend on its competition with 4-HB in 

the CoQ biosynthetic pathways, and confirm that the reduction on the 

DMQ/CoQ ratio in peripheral tissues is a key factor in the treatment of CoQ 

deficiency due to mutations in COQ9. 



Agustín Hidalgo Gutiérrez 

 196 

 

Overall, this study shows a dose-dependent toxicity of the b-RA in the 

kidneys, liver and brain of wild-type animals, and presents novel molecular 

mechanisms of mitochondrial toxicity of this natural compound. Remarkably, 

these dose-dependent effects depend on CoQ metabolism and the underlying 

mechanisms could be common to other HBAs used in the clinic and 

experimentally. Accordingly, an accurate and early genetic diagnosis is 

required to initiate the treatment with b-RA in patients with CoQ deficiency, 

and the monitorization of renal and hepatic blood markers is highly 

recommended in the patients that initiate the treatment. Also, the potential use 

of b-RA in secondary CoQ deficiencies, as reported in other genetic diseases 

or insulin resistance (Aeby et al., 2007; Fazakerley et al., 2018; Kuhl et al., 

2017; Quinzii et al., 2005; Yubero et al., 2016), must require, at least, further 

research and a gradual adjustment of the dose. Therefore, the data of the 

present work are relevant for the future translation of the treatment with b-

RA and other HBAs into the clinic. 

5.3 MODULATION OF SULFIDE METABOLISM AS THERAPEUTIC 

APPROACH FOR PRIMARY COQ DEFICIENCY.  

Our group, together with the group of Dr. Catarina Quinzii, have recently 

demonstrated, in two independent studies, that CoQ deficiency severely 

decreases the levels of SQOR, the first enzyme in the mitochondrial H2S 



 Discussion          

 

 

197 

 

oxidation pathway, leading to accumulation of H2S and depletion on the 

glutathione system (Luna-Sanchez et al., 2017; Ziosi et al., 2017). 

Accordingly, the reduction in SQOR activity, accumulation of H2S and 

reduction in the levels of GSH are additional pathomechanisms associated to 

CoQ deficiency. Therefore, therapeutic interventions aiming to modulate 

those metabolic pathways, as the availability of sulfur amino acids in the diet, 

as sources of H2S, may provide therapeutic outcomes. Thus, we treated 

Coq9R239X mice with NAC, which can also stimulate glutathione biosynthesis, 

or a diet with SAAR. 

Our results showed that the decreased levels of SQOR and increased levels 

of CBS in the kidneys of Coq9R239X mice, were preserved after the 

supplementation with NAC or SAAR diet. Those results contradict to those in 

yeasts, where the addition of cysteine reduces the H2S production with CoQ 

deficiency, suggesting that H2S and cysteine biosynthetic pathways are 

coordinately regulated by feedback mechanisms (Zhang et al, 2008). Also, our 

data are not in agreement with a recent study in mouse, where SAAR increased 

the expression of the enzyme CSE in the liver, resulting in increased H2S 

production and decreased levels of GSH (Hine et al., 2015).  Therefore, the 

low levels of CoQ may limit the effects of NAC or SAAR diet, in sulfide 

metabolism, in mice.  



Agustín Hidalgo Gutiérrez 

 198 

 

While the sources of cysteine are apparently different in mammals, the 

therapeutic effects of NAC, a prodrug of L‐cysteine utilized to increase GSH, 

in ETHE1 knockout mice suggest that mitochondrial sulfide oxidation 

pathway may exert some influence on GSH metabolism (Viscomi et al., 2010). 

However, neither NAC supplementation of SAAR diet were able to counteract 

the decrease in glutathione levels in the kidneys of Coq9R239X mice. Also, the 

levels of the glutathione enzymes, GPx and GRd, were mildly decreased in the 

three experimental groups of Coq9R239X mice, compared to Coq9+/+ mice, 

although the decreased was statistically significant only in the case of GPx in 

untreated Coq9R239X mice. Therefore, our results suggest that sulfide 

metabolism influences the levels of glutathione, independently of the sulfur 

amino acids availability; and that GSH metabolism could not be modulated by 

sulfur amino acids availability under CoQ deficiency. 

Finally, we checked whether NAC supplementation or the SAAR diet could 

influence the survival of Coq9R239X mice. However, no therapeutic effects 

were observed after the treatments. Therefore, we were not able to reproduce 

the therapeutic effects reported by NAC in the ethylmalonic encephalopathy 

due to mutations in ETHE1, both in patients and in the mouse model, where 

the levels of H2S were reduced and the GSH levels increased (Sahebekhtiari 

et al, 2019; Tiranti et al., 2009).



           

 

 

 

 

 

 

 

 

 

 

 

CONCLUSSIONS 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



          Conclusions 

 

 

201 

 

 

6. CONCLUSIONS  

1. β‐RA is a powerful therapeutic agent for the mitochondrial 

encephalopathy due to Coq9 mutation, with better results than those 

obtained by the conventional oral CoQ supplementation. 

2. The therapeutic effect of β‐RA is mainly due to a decrease of the 

DMQ/CoQ ratio. Therefore, β‐RA should be preferentially considered 

for the treatment of human CoQ10 deficiency with accumulation of 

DMQ10, as it has been reported in patients with mutations in COQ9, 

COQ7, or COQ4, but also in cells under siRNA knockdown of COQ3, 

COQ5 and COQ6. 

3. A high dose of b-RA is toxic for the kidneys, liver and brain of wild- 

type animals, leading to premature death. However, a third of that dose 

is safe for wild-type animals, while preserving the therapeutics effects 

in Coq9R239X mice. These dose-dependent effects of b-RA depend on 

CoQ metabolism.  

4. An accurate and early genetic diagnosis is required to initiate the 

treatment with b-RA in patients with CoQ deficiency and, the 

monitorization of renal and hepatic blood markers is highly 

recommended in the patients that initiate the treatment. 
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5. The sulfide metabolism influences the levels of glutathione, 

independently of the sulfur amino acids availability. 

6. The modulation of sulfur amino acids availability does not produce 

therapeutic effects on Coq9R239X mice. 
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