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SECONDARY COENZYME Q DEFICIENCY IN NEUROLOGICAL DISORDERS
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Coenzyme Q (CoQ) is a ubiquitous lipid serving essential cellular functions. It is the only component of the mitochondrial respiratory chain that can be exogenously absorbed. Here, we provide an overview of current knowledge, controversies, and open questions about CoQ intracellular and tissue distribution, in particular in brain and skeletal muscle. We discuss human neurological diseases and mouse models associated with secondary CoQ deficiency in these tissues and highlight pharmacokinetic and anatomical challenges in exogenous CoQ biodistribution, recent improvements in CoQ formulations and imaging, as well as alternative therapeutical strategies to CoQ supplementation. The last section proposes possible mechanisms underlying secondary CoQ deficiency in human diseases with emphasis on neurological and neuromuscular disorders.

should specify that despite the main CoQ in rodents is CoQ9, CoQ10 is used for the studies of supplementation in rodents. In the section, they sometimes use CoQ, sometimes, CoQ10, and it is confusing. We have specified in the text that the abbreviation CoQ is related to CoQ10. We use CoQ10 only when in the context of studies evaluation both CoQ9 and CoQ10, to avoid confusion. -Page 13. "In human HL-60 cells supplemented with CoQ9". Is it CoQ9 or CoQ10? CoQ9 was used in the study to selectively trace exogenous ubiquinone in human cells which express mainly CoQ10. -Section 3. page 14. The authors should specify that the studies in ref 78 refer to primary CoQ deficiency, and add references relative to Idebenone supplementation in CoQ deficiency, rather than in CI deficiency. We are not sure to understand this observation. Ref 78 (now 145) is a review that discuss the beneficial and toxic mechanisms of idebenone. We specify that Lopez and Wang studies refer to idebenone supplementation in primary CoQ deficiency, while Giorgio study explored the effect of QS10 on both CoQ deficiency and Complex I dysfunction.

-In the section relative to the 4-hydroxybenzoic acid analogs: "Similar strategies are not to expected to work in cases of global suppression of the CoQ biosynthesis". What does it mean? We specify in the text that 2,4 hydroxybenzoic acid is expected to work bypassing hydroxylation reactions, while cannot circumvent other reactions such as C1 decarboxylation, and therefore expected not rescue CoQ biosynthesis in cases of a generalized downregulation of CoQ biosynthetic enzymes such as in the case of Complex Q degradation, although this has not yet been formally demonstrated to the best of our knowledge.

-"has been shown to be able to rescue CoQ biosynthesis in human COQ6 knock out cells". Did it rescue biosynthesis, levels, or cell phenotype? We specified that supplementation rescued CoQ levels, CII+III enzymatic activities, mitochondrial respiration, and ATP levels -The authors should add the studies in COQ2 deficiency, where these compounds should not work but they do, indicating that the mechanism is not through rescue of CoQ biosynthesis Section 4.1 . We added this in the text as suggested.

-The last line of page 16. Please specify the mitochondrial disease of the patients enrolled in the trial. We specified in the text that the trial involved four myoclonus epilepsy and ragged-red fibers/MERRF, three mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes/MELAS, one chronic expernal ophthalmoplegia CPEO.

-Line 2 of page 17. "Improvements in the biochemical data". Do they mean respiratory chain activities? We specified that one study showed a small but significant decrease in lactic acid levels obtained 5 minutes in CoQ-supplemented patients compared to placebo but no change in muscle strength nor in platelet mitochondrial respiratory chain activities and that another study showed decreased serum lactate at 1 minute during exercise testing in CoQ-supplemented patients compared to placebo, but this change did not persist at 3 nor at ten minutes, not was associated with muscle strength improvements -Section 5.1 Page 25 last line "However, in these cases ….reduced activity of citrate synthase". Actually, mitochondrial mass is often increased in mtDNA depletion syndrome, as compensatory mechanism. Also, as correctly stated by the authors, citrate synthase is a Krebs cycle enzyme, thus when used as index of mitochondrial mass, should be validate by other indices, as TOMM20 or VIDAC, which are structural mitochondrial proteins. We have clarified that compensatory mitochondrial proliferation can be observed in mtDNA depletion syndromes in some cases. However, in the cited study (and in some cases also in our experience), CoQ deficiency highly correlated with reduced activity of citrate synthase. This finding, together with normal CII+III activity is consistent with reduced mitochondrial mass. We believe that the best quantitative markers for mitochondrial mass normalization would be citrate synthase and cardiolipin levels (this latter measure, to be validated in future studies), but we added as a semi-quantitative alternative estimation of TOMM20 or VDAC1 with western blot. -Section 5.3 Page 28. "Importantly, the inhibition of CoQ biosynthesis induced by these toxins". Do they actually inhibit CoQ biosynthesis, or are just associated with decreased CoQ levels? We clarified that available evidence indicate that these toxins seem to reduce CoQ levels. It is unclear if they reduce CoQ biosynthesis except for FFCP which leads to disassembly of a COQ5 containing complex. Also, in this section the authors suggest that secondary CoQ deficiency is not costant in respiratory chain dysfunction but either restricted to specific types or to extreme levels of mitochondrial dysfunction. What about the role of free complexes vs. supercomplexes, and the different pools of CoQ? We integrated some speculations about the role of free complexes vs. supercomplexes, and the different pools of CoQ, although it is not yet clear to which extent that may contribute to secondary CoQ deficiency.

-I suggest the authors to have the manuscript edited by a native English speaker We had the manuscript revised by a professional proof editor.

Reviewer #2 -The first question is to consider moving the review's sections in agreement with the title. In this review, neurological disorders are the core element. The suggestion is to move section 4 after section 2.2. Sections 2.1 and 2.2 are useful as introductory elements to section 4. Sections 2.3 and 3 are related to therapy and can explain the harness linked to neurological disorders. We modified the sequence of the sections as suggested.

-Authors introduced mitochondrial mass use to remove the bias produced in CoQ measurement in complex organs or tissues such as muscle or nervous system. This method applies to clinical practice in fibroblast that is a straightforward clinical sample, and in the biopsy of muscle, that can improve the diagnostic. However, the authors suggest that mitochondrial mass analysis can be crucial to avoid inconsistencies in CoQ depletion and human diseases. At this point, it would be interesting to add a specific commentary about the potential use of mitochondrial mass normalization of CoQ levels with the differentiation between primary and secondary CoQ deficiencies. We believe that normalization of CoQ content for mitochondrial mass is useful to distinguish CoQ pseudo-deficiency (caused by reduced mitochondrial mass) from true CoQ deficiency, whether primary or secondary. We hope this is clearer in the revised manuscript.

-It can be beneficial to write something about the usefulness of current disease models, fibroblasts, and muscle biopsies to study the neurological disorders caused by CoQ deficiency. Moreover, much better if new models are proposed. We specified in the last section that tissue samples from patients with neurological and mitochondrial diseases and mouse models with genetic modifications of proteins involved in mitochondrial complexes organization, mitochondrial morphology, and MAMS are valuable models to elucidate the molecular mechanisms of secondary CoQ deficiency in neurological diseases.

-Most studies about CoQ supplementation are done in murine models, in which the main form of CoQ is CoQ9, 90% compared to CoQ10. Authors discarded that exogenous CoQ10 can inhibit CoQ9 endogenous synthesis and even afirm that CoQ10 can do the opposite, increase the CoQ9 by interconversion of CoQ9 or biosynthesis activation. It is required a reference to support the first statement, and about the second one, the cited study, Smith 2006, analyzed CoQ10 supplementation in a model of deficiency and did not show the effect of CoQ10 supplementation in control mice. We modified the text specifying that oral CoQ10 supplementation in rodents does not decrease endogenous tissue levels of CoQ9, the predominant of CoQ form in these species. Conversely, oral CoQ10 supplementation has been found to increase both CoQ9 and CoQ10 in rodent brain in some, but not all studies. Conversely, parenteral CoQ10 supplementation decreases CoQ9 levels in brain, suggesting impaired biosynthesis. We specified that the effects of enteral and parenteral CoQ supplementation on endogenous CoQ biosynthesis in tissues, and in particular in brain and muscle tissues, need to be further investigated. In the study by Smith, we did not find data about the effects of CoQ10 supplementation in WT mouse brain. -In the text, the authors state that other lipophilic compounds with high chemical similarity to CoQ, such as vitamin E, can easily reach the brain. However, vitamin E concentration in tissues is low compared to CoQ, and it is no synthesized by cells. The effect of CoQ supplementation cannot be the same when the target tissue already contains the same molecule used in supplementation. For instance, recently has been published that during studies of CoQ supplementation in yeast KO for genes COQ2 and COQ3, the supplementation was possible only in the coq2 mutant, but no in coq3. We specified that CoQ is not a vitamin, so it needs endogenous biosynthesis unlike Vit E. However, Vit E is normally present in mitochondria, although in smaller concentrations compared to CoQ. What is highlighted in the text is the change in concentration of these molecules in brain and muscle mitochondria following supplementation (negligible for CoQ, significant for tocopherol). We discussed in the text a recent study that investigated proteins involved in distribution of exogenous ubiquinone in yeast by a genetic screening of coq2Δ yeasts supplemented with CoQ6 highlighting the requirement of the endocytic pathway in exogenous CoQ6 mitochondrial absorption in yeast.

-The author explains that coq3 yeast strain can produce CoQ intermediates in mitochondria competing for mitochondrial membrane spaces. The coq2 strains do not produce intermediates and therefore assimilate the exogenous CoQ easily. The statement about the positive effect of CoQ10 supplementation over CoQ levels needs to be clarified (10.1016/j.freeradbiomed.2020.04.029). We implemented this point and the suggested reference in the text indicating that in yeast, accumulation of CoQ6 intermediates caused by deletion of COQ3-9 hamper the rescue by CoQ6 supplementation of the respiratory capacity determining the growth under galactose medium. Conversely, coq1Δ or coq2Δ yeast do not accumulate CoQ6 intermediates and show almost complete rescue or respiratory capacity after CoQ6 supplementation.

Introduction

Some neurological and neuromuscular diseases have been linked to secondary coenzyme Q10 (hereinafter referred as CoQ) deficiency, raising exciting therapeutical expectations that still need to be supported by clinical trials. Here, we make an overview of CoQ roles, distribution and absorption in the nervous system and skeletal muscle, highlighting the current evidence and controversies about the prevalence of secondary CoQ deficit in neurological and neuromuscular diseases, with the aim of assisting investigators in conceiving future clinical trials with CoQ. Lastly, we propose possible mechanisms underlying secondary CoQ deficiencies.

CoQ distribution, localization, and uptake in brain and skeletal muscle

CoQ intracellular distribution

Coenzyme Q (CoQ), or ubiquinone, is a unique lipid with electron carrier capacity expressed in all cellular membranes, which dynamically shuttles between an oxidized and a reduced form through an unstable intermediary semiquinone form. The quinone head is responsible for its redox properties while the long hydrophobic polyisoprenyl tail is responsible for insertion in cell membranes. The length of the polyisoprenyl tail varies among organisms. CoQ10, the most abundant form of CoQ in humans, is composed of ten isoprene units, while CoQ9, the most abundant form in rodents, is composed of nine units. Intracellularly, CoQ is mostly abundant in the inner mitochondrial membrane, where it functions as an essential component of the respiratory chain. It works as an electron acceptor receiving electrons from multiple metabolic pathways including complex I (NADH-ubiquinone oxidoreductase), complex II (succinate-ubiquinone oxidoreductase), glycerol-3-phosphate dehydrogenase, sulfide quinone oxidoreductase, electron-transfer flavoprotein dehydrogenase (ETFDH), and dihydroorotate dehydrogenase. Electrons converging to CoQ are then transferred to cytochrome c through complex III (ubiquinol-cytochrome c oxidoreductase), and finally to molecular oxygen through complex IV (cytochrome c oxidase). An additional CoQ pool has also been reported in the outer mitochondrial membrane [1], but its precise physiological role is uncertain.

As the name indicates, ubiquinone is ubiquitously expressed in all membranes from other cell compartments, including lysosomes, Golgi apparatus, plasma membrane, and endoplasmic reticulum (ER) (Fig. 1A) [2,3]. The physiological roles of extramitochondrial CoQ are scarcely understood. Outside mitochondria, CoQ is reduced by several reductases [4].

Ubiquinol provides important protective functions against oxidative stress, both directly as an electron donor, and indirectly through the regeneration of other important antioxidants such as ascorbate and tocopherol [4]. In the plasma membrane, CoQ is reduced by ferroptosis suppressor protein 1 (FSP1, previously referred as AIFM2) to ubiquinol, thus providing protection against ferroptosis, a recently described form of regulated cell death associated with increased lipid peroxidation [5,6]. CoQ deficiency in cultured neuronal cells significantly impair lysosomal acidification through a still to defined mechanism [7]. Interestingly, germline Coq8 -/-mice, a model of autosomal recessive ataxia type 2 with defective CoQ biosynthesis and cerebellar ataxia, show remarkable neuronal Golgi abnormalities but preserve mitochondrial morphology, reinforcing the hypothesis that extra-mitochondrial CoQ pools play important, but still undefined, pathophysiological roles in neurological diseases [8]. Exogenous CoQ has been shown to induce significant gene expression changes both in vitro [9] and in vivo [10,11]. It is currently unknown whether this occurs through a direct impact of CoQ nuclear pools on gene expression or rather indirectly.

Unlike vitamins, CoQ dietary intake is marginal, and therefore maintenance of intracellular pools relies almost entirely on endogenous CoQ biosynthesis. The terminal steps of CoQ biosynthesis occur within mitochondria, as reviewed in detail in another chapter of this issue by Pagliarini group and elsewhere [12,13]. Moreover, extramitochondrial CoQ biosynthesis has been observed in Golgi apparatus and ER [14,15]. Dynamic relocation of endogenous CoQ from mitochondria to ER-Golgi and finally plasma membrane has been elegantly shown in HL-60 cells supplemented with the CoQ precursor [ 14 C-para-aminobenzoate] [16].

Moreover, addition of brefeldin A, an inhibitor of protein transport from ER to Golgi associated with pathological effects on both Golgi and the endocytic pathway [17], virtually abolished the [ 14 C-CoQ10] signal in the plasma membrane [16], suggesting that Golgi integrity and/or the endocytic pathway are required for the redistribution of endogenous CoQ from mitochondria to the plasma membrane. CoQ concentration in different organelles is most likely modified by a dynamic process reflecting cellular activity, a factor that might have contributed to the variable proportions of CoQ in different subcellular fractions reported by different studies [2,3].

CoQ in brain and muscle

CoQ concentration and the redox ratio between oxidized and reduced CoQ differ widely among different human tissues, the heart being the tissue with the highest CoQ concentration expressed per gram of tissue [18]. CoQ is also detectable at low concentrations in plasma, with normal values ranging between 0.4 and 1.91 μmol/l [19,20]. Despite its high metabolic activity, total CoQ levels of human brain are very low compared to other tissues, being about tenfold less than in the heart, and three times less than in skeletal muscle [18]. Differences in mitochondrial mass may contribute at least to some extent to these differences, as discussed below. Compared to most other tissues, the brain also falls apart for its particularly low proportion of reduced CoQ [18], the reason for this being currently unknown. CoQ red/ox decreases in skeletal muscle during ageing [21]; possible hypotheses involve increased oxidative stress [22], or mitochondrial dysfunction. Importantly, brain CoQ concentrations decline with ageing in both human and rodents [23]. CoQ concentrations vary significantly between different brain regions in rats and humans [23][24][25][26], being higher in the cortex and striatum and lower in the cerebellum and brain stem. These differences must be interpreted in the light of the striking cellular and molecular heterogeneity, and the relative differences in mitochondrial mass. For instance, mouse cerebellum displays very low copy numbers of mitochondrial DNA, reflecting a low mitochondrial mass [27]. Mass spectrometry imaging has recently been introduced to improve the spatial resolution of CoQ regional distribution up to 150 µm in the mouse brain [28]. However, available technologies do not currently make it possible to visualize or measure CoQ concentration within individual cells. As a consequence, we do not know to which extent CoQ levels vary between the different cell types that underly brain anatomy: neurons, astrocytes, microglia, oligodendrocytes and vessels. Metabolic activities, mitochondrial proteomes and mitochondrial DNA copy number vary widely among these cell types [29][30][31]. Moreover, brain diseases per se modify the cellular composition of the brain. Neurodegeneration typically leads to neuronal loss together with astrocytes and microglia proliferation in the affected areas. CoQ defects can involve only very specific cell types in the brain, which can escape detection when the whole brain is analyzed [8].

Therefore, novel technologies to investigate CoQ status at a single cell resolution in the nervous system are needed to improve our understanding of the role of CoQ in ageing and neurological disorders.

Although less complex than the brain, skeletal muscle tissue is also histologically heterogenous. Mammalian skeletal muscles are composed by different fiber types with distinct contractile and metabolic properties. Mitochondrial content and proteome vary widely among the different types of muscle fibers [32]. In a published extensive single cell proteomic dataset of mouse skeletal muscle, we noticed that the expression of several proteins involved in CoQ biosynthesis such as COQ3, COQ6, COQ7, COQ9 was much lower in glycolytic type 2B fibers than in oxidative type 1 and 2A muscle fibers [32]. Accordingly, significant differences in CoQ concentrations have been reported in glycolytic as opposed to oxidative turkey skeletal muscles [33]. To the best of our knowledge, this phenomenon has not been addressed in detail in humans, but can be reasonably expected to be conserved.

Different muscles contain variable proportions of slow and fast muscle fibers. This factor may explain why normal reference values of muscle CoQ content vary between different muscles, such as the deltoid and quadriceps [34]. Therefore, meaningful interpretation of CoQ status in skeletal muscle should take into account its fiber type composition.

Most studies report CoQ tissue concentrations measured per gram of wet tissue or milligram of protein without parallel evaluation of mitochondrial mass. Since cellular CoQ is most abundant in mitochondria as opposed to any other cellular organelles, differences in CoQ content in cells and tissues without reference to mitochondrial mass may strongly bias the conclusions [35,36], potentially contributing to inconsistencies surrounding the association between CoQ depletion and human diseases. This possible pitfall may be overcome by normalizing CoQ content to a mitochondrial mass marker, such as citrate synthase activity [37] or cardiolipin concentration [38], or at least by providing a parallel evaluation of mitochondrial mass, for instance with western blot analysis of mitochondrial proteins unrelated to the respiratory chain, such as VDAC1 or TOMM20. Therefore, for a meaningful interpretation of CoQ status in any tissue or pathological condition, CoQ concentrations should be related to mitochondrial mass or measured in isolated organelles, making it possible to discriminate between CoQ deficiency and CoQ pseudo-deficiency caused by mitochondrial mass reduction.

Secondary CoQ deficit in neurological diseases and mouse models

In this section we make an overview of neurological diseases or mouse models that have been associated with CoQ deficiency in skeletal muscle or the brain (Table ).

Secondary Coenzyme Q deficiency in mitochondrial diseases

Low levels of CoQ have been described in muscle biopsies or cultured fibroblasts from patients with several different types of mitochondrial diseases unrelated to primary defects in CoQ biosynthesis. Secondary CoQ defects have been found in some [34,[39][40][41], but not all [42] carriers of sporadic deletions, mutations and depletions of mitochondrial DNA, as well as in some patients with mutations in nuclear DNA genes encoding mitochondrial proteins, and even in several non-mitochondrial metabolic diseases [43]. The underlying mechanism is unclear, but at least in a proportion of cases the reduced CoQ content may be secondary to a decrease in mitochondrial mass [40,43], as we will discuss later.

Evidence supporting a benefit from CoQ supplementation in patients with mitochondrial disease unrelated to a CoQ biosynthesis defect is limited [44], as has been extensively reviewed elsewhere [45,46]. Some patients affected by mitochondrial diseases with an ascertained secondary CoQ defect in muscle have been reported to respond well to CoQ supplementation [34,42]. Despite these encouraging clinical observations, results of the few published double-blind clinical trials are inconsistent. These discrepancies may be due to the different trial designs, inclusion criteria, and outcome measures [47][48][49]. Only one, conducted in eight patients (four myoclonus epilepsy and ragged-red fibers/MERRF, three mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes/MELAS, and one chronic external ophthalmoplegia/CPEO), showed a significant improvement in a clinical endpoint such as muscle strength [48]. One study showed a small but significant decrease in serum lactic acid turnover obtained at 5 minutes after bicycle ergometer exercise in CoQ-supplemented patients compared to patients given a placebo, but there was no change in muscle strength nor in platelet mitochondrial respiratory chain activities [47]. Another study showed decreased serum lactate at 1 minute after exercise testing in CoQ-supplemented patients compared to patients given a placebo, but this change did not persist at 3 nor at ten minutes, nor was it associated with muscle strength improvements [49].

It should be noted that, in one of these trials, CoQ supplementation led to a limited, although significant, increase in serum CoQ levels (~30%), indicating limited intestinal absorption of the employed CoQ formulation [47], and that the CoQ dose employed in two of these trials [47,48] failed to increase CoQ skeletal muscle levels in another study [50]. Multiple confounding factors could have affected the outcome of these studies, including the intrinsic heterogeneity of mitochondrial diseases, the small sample size, the dose and bioavailability issues of the tested CoQ formulation, the lack of pre-selection of muscle CoQ deficiency as an inclusion criterium, the limited duration of the study, and the choice of clinically meaningful outcome measures. Despite very limited evidence, in view of its excellent tolerability, CoQ is widely prescribed to patients with mitochondrial diseases, independent of their genetic and biochemical defects, commonly as part of a 'multivitamin cocktail' [51]. Double-blind clinical studies with larger statistical power, use of novel formulations of CoQ with improved bioavailability, clinically-meaningful outcome measures, and preselection of patients with proven secondary muscle CoQ deficiency are warranted.

Electron-transferring flavoprotein dehydrogenase (ETFDH) deficiency

Mutations in the nuclear gene ETFDH encoding for electron-transferring flavoprotein dehydrogenase cause an autosomal recessive form of lipid storage myopathy which belongs to the multiple acyl-coenzyme A dehydrogenation deficiency spectrum (MADD, OMIM 231680). Clinical manifestations of ETFDH deficiency are typically characterized by a proximal myopathy and exercise intolerance with possible metabolic decompensation episodes that respond favorably to riboflavin supplementation [52]. ETFDH is a transmembrane protein inserted into the inner mitochondrial membrane implicated in fatty acid-oxidation that provides electrons to the respiratory chain via CoQ [53]. One study reported CoQ deficiency in muscles of patients with ETDFH mutations regardless of differences in mitochondrial mass [54]. The authors reported marked clinical improvements after supplementation with CoQ together with riboflavin, and few patients seemed to improve significantly with CoQ supplementation alone [54]. However, CoQ deficiency in the muscles of patients with ETFDH mutations was not always found [55,56]. A study carried out on a cohort of 34 patients with ETDFH mutations reported that CoQ levels in patient muscle were actually increased, rather than decreased, in comparison with controls, and this was explained by increased mitochondrial proliferation [57]. CoQ deficiency is altogether a possible but not constant complication of ETFDH deficiency. Although the first line treatment of MADD with ETFDH mutations is riboflavin, additional CoQ supplementation may be beneficial in some cases.

ADCK2 haploinsufficiency in humans and mice

A recent study has reported one case of a 50-year-old man affected by a progressive metabolic myopathy with histological and biochemical signs of both lipid storage and mitochondrial dysfunction [58]. Plasma levels of short-and medium-chain length acyl-carnitine species, lactic acid, alanine and urinary ethylmalonic acid were elevated. The activities of the respiratory chain complexes in muscle were all normal except for complexes I+III, which was decreased. Combined activities of complex II+III and CoQ levels were also reduced in cultured fibroblasts from both the index patient and his asymptomatic sister, both carrying a heterozygous truncating mutation in the ADCK2 gene leading to decreased ADCK2 mRNA and protein in fibroblasts. The patient's symptoms partially improved with CoQ supplementation. In order to confirm a functional role of ADCK2 in CoQ biosynthesis, the authors generated a heterozygous Adck2 knockout mouse model. Adck2 + / -mice recapitulated the human phenotype with impaired fatty acid oxidation, mitochondrial myopathy, decreased CI+III and CII+III enzymatic activities, and low CoQ content in skeletal muscle [58]. They observed decreased uptake of C 14 

Multiple system atrophy (MSA)

MSA is a progressive neurodegenerative disorder involving basal ganglia, brainstem, and cerebellum. It is clinically characterized by parkinsonism, cerebellar ataxia, pyramidal involvement and dysfunction of the autonomic nervous system. The pathogenesis is scarcely understood. Like Parkinson's disease (PD), MSA is characterized by a pathological aggregation of alpha-synuclein, but, unlike Parkinson's disease, this is typically prominent in oligodendroglia rather than in neurons. A multicenter linkage analysis study has linked MSA to variants in the COQ2 gene encoding for parahydroxybenzoate-polyprenyl transferase, an essential enzyme of CoQ biosynthesis [59]. COQ2 variants were found in rare familial cases of the diseases with autosomal recessive inheritance, and were associated with an increased risk of sporadic MSA in heterozygous carriers. Other groups have been unable to replicate these findings in other cohorts [60].

However, several studies provided biochemical evidence for a CoQ defect in MSA. A significant decrease in CoQ levels was found in post-mortem cerebellum of MSA cases (n = 20) in comparison with controls (n = 37) and other neurodegenerative diseases (n = 60) [61].

Interestingly, CoQ was not diminished in cases of cerebellar ataxias unrelated to MSA or in cases of MSA without cerebellar involvement, providing correlative support for the pathological role of the cerebellar CoQ defect in MSA [61]. Reduced concentration of CoQ in the cerebellum was confirmed to be specifically present in MSA patients (n = 12) but absent in controls (n = 12) or in patients with Parkinson's disease or an essential tremor [62].

Importantly, the CoQ defect (about 50%) was significant even after correction for citrate synthase activity, indicating that the defect was not secondary to reduced mitochondrial mass.

The authors found reduced protein expression of PDSS1 and COQ5, essential for CoQ biosynthesis, but no COQ2 mutations [62]. Decreased COQ2 and COQ7 expression was also found in disease-affected regions in MSA patients (n = 8) compared with controls (n = 10) [63]. Decreased complex II/III activity, an indirect biochemical sign of CoQ deficiency [64], associated with increased complex I and IV activities was also shown in the cerebellar white matter of MSA patients (n = 10), compared with controls (n = 10) and PD patients (n = 10) [65]. Low CoQ levels were also shown in the cerebrospinal fluid of MSA patients (n = 20) compared with a control group (n = 15) or with disease controls including PD (n=15) and progressive supranuclear palsy syndrome (n=10) [66] . Taken as a whole, these studies provide convincing evidence for a CoQ defect in the cerebellum of MSA patients.

Interestingly, other studies suggest a peripheral CoQ defect which is also outside the nervous system. CoQ was reduced in cultured fibroblasts from MSA patients (n=14) compared with controls (n=6), without a difference in mitochondrial mass [67]. Defects in CoQ levels and in mitochondrial respiration were also evidenced in induced pluripotent stem cell (iPSC)-derived neurons from a MSA patient exhibiting compound heterozygous COQ2 mutations [68]. These functional deficiencies were rescued by site-specific CRISPR/Cas9-mediated gene corrections. Lastly, several independent studies also identified reduced CoQ levels in the plasma of MSA patients [69][70][71]. Surprisingly, we did not identify any published clinical trials with CoQ supplementation in MSA. Nor did we identify clinical trials currently in progress at ClinicalTrials.gov. A case study reported a 60-year-old man carrying heterozygous COQ2 variants with an advanced stage of the disease affected by familial MSA [72], treated with 1200 mg / day ubiquinol over three years. Ubiquinol supplementation resulted in a marked CoQ increase in both plasma and serum. No significant clinical changes were observed during this period, but the cerebral metabolic rate of oxygen increased by approximately 30% upon treatment, suggesting improved mitochondrial respiration. Another case series reported an improvement in orthostatic hypotension in seven MSA patients treated with CoQ [73].

Viewed as a whole, descriptions of both rare forms of primary CoQ defects manifesting as MSA and sporadic cases with proven secondary CoQ deficit of unknown origin converge in pinpointing a role played by CoQ deficiency in the pathophysiology of MSA. Thus, randomized double-blind studies are warranted in order to test the efficacy of CoQ supplementation in MSA.

Secondary CoQ deficiency in cerebellar ataxias

Cerebellar ataxia is a common clinical phenotype of both primary and secondary CoQ deficiencies [74]. Ataxia oculomotor apraxia 1 (AOA1) is an autosomal recessive cerebellar ataxia caused by mutations in the APTX gene-encoding aprataxin, a ubiquitously-expressed nuclear protein playing a role in single-strand DNA break and ribonucleotide excision repair [75]. Clinically, it is characterized by cerebellar ataxia, oculomotor apraxia, severe neuropathy, low levels of blood albumin and increased blood cholesterol. The first family with pathogenic APTX mutations and secondary CoQ muscle deficiency was reported by Quinzii [76]. Interestingly, CoQ supplementation resulted in some degree of clinical improvement. Similar observations were made by an independent group, reporting muscle CoQ deficiency in five out of six AOA1 patients [77]. Respiratory chain activities were not affected in muscle, suggesting that the CoQ deficiency in these patients had little functional impact on mitochondrial respiration. Hypercholesterolemia and hypoalbuminemia were also altered in all patients. Since cholesterol and CoQ biosynthesis share a common pathway involving (HMG)-CoA reductase, the rate-limiting enzyme for the synthesis of the shared precursor mevalonic acid, the authors hypothesized that mutated aprataxin interferes with the regulation of the steroid pathway downstream HMG-CoQ, leading to higher levels of cholesterol and a lower level of CoQ [77]. Moreover, a fraction of APTX was shown to localize within mitochondria and APTX depletion in human SH-SY5Y neuroblastoma cells and primary skeletal muscle myoblasts reduced the activity of citrate synthase (CS) and mtDNA copy number while increasing mtDNA damage, raising the hypothesis whether reduced mitochondrial mass and defective mtDNA maintenance lead to AOA1 pathogenesis and secondary CoQ deficiency [78]. It was later shown that CoQ deficiency and mitochondrial dysfunction in patient fibroblasts and cell lines were not due to mtDNA alterations, but rather to transcriptional downregulation of multiple genes involved in CoQ biosynthesis (PDSS1, PDSS2, COQ2, COQ5, and COQ7) mediated by a reduced expression of nuclear respiratory transcription factors 1 and 2 (NRF1-2), secondary to the decreased expression of APE1, a binding partner of APTX involved in base excision repair and in transcriptional regulation of gene expression [79]. Therefore, CoQ deficiency and mitochondrial abnormalities in AOA1 might be a downstream response to genotoxic stress mediated by nucleo-mitochondria crosstalk [79].

Secondary CoQ deficiency has also been reported in two patients affected by autosomal recessive spinocerebellar ataxia-10 (SCAR10) caused by mutations in ANO10-encoding Anoctamin-10, a putative calcium-activated chloride channel expressed in the plasma membrane [80]. Patients presented with slowly-progressive ataxia and dysarthria leading to severe disability in the sixth decade. CoQ levels normalized per milligram of protein were low in muscle but normal in fibroblasts. Supplementation with CoQ had beneficial effects in both cases. To the best of our knowledge, the link between SCAR10 and secondary CoQ deficiency has not yet been validated in other case series, and the mechanism of CoQ deficiency is still unclear. Taken as a whole, these studies show that several genetic and acquired neurodegenerative diseases affecting cerebellum ultimately result in secondary CoQ deficiency.

CoQ deficiency induced by statins

Statins are inhibitors of HMG-CoA reductases that are widely used as cholesterol-lowering drugs. Use of statins can be associated with muscular side effects including isolated elevated serum creatin phosphokinase, muscle pain, and, less commonly, myopathy [81]. The incidence of statin-associated muscle complications varies greatly; according to studies, this ranges between 5% and 29% [82]. The pathogenesis is multifactorial and there has not yet been a complete understanding of it. Since mevalonate is reduced by statins and mevalonate is a shared precursor of both cholesterol and CoQ biosynthetic pathways, it has been hypothesized that statin-induced CoQ deficiency might play a role in statin-induced muscle toxicity. In mice, atorvastatin, but not pravastatin, induced CoQ deficiency independent from changes in mitochondrial density and mitochondrial dysfunction in skeletal muscle, both being rescued by CoQ supplementation [83]. A similar reduction was reported in mouse brain after lovastatin treatment [84]. In humans, statins induce a marked decrease of CoQ concentration in blood [85,86], which is to be expected since plasma CoQ levels correlate with LDL cholesterol levels. Conversely, the effects of statins on muscle CoQ pools are controversial [87][88][89], as has been reviewed elsewhere [90]. Importantly, simvastatin was associated in one study with a remarkable reduction in mitochondrial mass, which may have potentially contributed to some cases of statin-induced CoQ deficiency [91]. However, a recent study did not find significant differences in CoQ levels and mitochondrial mass in muscles from 64 patients taking simvastatin (25 suffering from muscle pain and 39 asymptomatic) and 20 untreated controls [92]. The benefit of CoQ supplementation in statininduced muscle toxicity is similarly controversial [93,94]. In our opinion, the inconsistency of these results may depend on the multifactorial pathogenesis of statin-induced side effects on skeletal muscle. For instance, statin therapy is rarely complicated by an autoimmune necrotizing myopathy associated with specific antibodies that target HMG-CoA reductases [95]. Interestingly, a case series has linked the use of statins with progressive cerebellar ataxia [96]. Patients noticed an improvement after statin withdrawal and treatment with CoQ (300 mg / day), and worsened again when put back under statin treatment. CoQ status was not evaluated, however, and these preliminary clinical observations need to be confirmed. In summary, statins can affect muscle tissue by multiple mechanisms, which may include reduced mitochondrial mass and, in rare cases, decreased CoQ.

Brain coenzyme Q deficit in a mouse model of Leigh syndrome: the Parl knockout mouse

Few studies have reported secondary CoQ defects in the nervous system of mouse models of neurological diseases. A slight decrease in CoQ (of approximately 20%) was reported in the R6/2 transgenic mouse model of Huntington's disease [97]. More substantial defects have been reported in Parl -/-mice. PARL is the only known intramembrane protease expressed in mitochondria, where it regulates important cellular functions by cleaving specific substrates in hydrophobic transmembrane domains [98]. This is highlighted by the observation that deletion of Parl or its orthologues in several organisms lead to severe phenotypes affecting lifespan [98,99]. We have recently reported that the cause of the lethal multisystem phenotype of Parl -/-mice is a striking neurodegeneration that recapitulates the neuropathological features of human Leigh syndrome [100]. Parl -/-brain mitochondria develop progressive mitochondrial ultrastructural abnormalities and bioenergetic defects characterized by a complex III dysfunction and, unexpectedly, severe CoQ deficiency without changes in mitochondrial mass [100]. A dramatic increase in the CoQ red/ox ratio was explained by the impaired expression of TTC19, a validated substrate of PARL required for the activity of Complex III. A deep proteomic analysis in purified brain mitochondria revealed a downregulation of several of the CoQ biosynthetic proteins. Time course experiments revealed that suppression of CoQ biosynthesis in Parl -/-brains is an early pathogenetic event, since severe downregulation of COQ4 is already noticeable at one week of age, before any evident clinical, pathological or bioenergetic phenotype. Since we did not find evidence supporting COQ4 as a substrate of PARL, by analogy with Coq5p for Oct1p in yeast [101], the molecular mechanisms are unclear and are currently under investigation. One hypothesis is that CoQ deficiency in Parl -/-brain mitochondria may derive from structural damage of the mitochondrial inner membrane leading to CoQ Complex disassembly and secondary CoQ biosynthesis defect [13].

CoQ deficiency treatment strategies

CoQ supplementation and absorption: the long journey from supplements to neuronal and muscle mitochondria

CoQ hydrophobicity leads to complete insolubility in water solutions, posing a significant problem of bioavailability. In the small intestine, only a fraction of CoQ is absorbed into enterocytes and transported with other lipids packed into chylomicrons along the lymphatic tissue [102] up to the systemic circulation; then it is distributed to the peripheral organs (Fig. 2A). Intestinal absorption follows complex non-linear kinetics [103]. The efficiency of the absorption phase is highly variable between healthy individuals and can be improved by the ingestion of fats [104], high dosages, and fractionation of the daily dose into multiple intakes [105]. Furthermore, it is dramatically influenced by specific chemico-physical features of the CoQ formulation. Purified CoQ powder is not absorbed, but modern pharmaceutical preparations have greatly improved intestinal CoQ absorption. Specific addition of carrier lipids, recrystallisation procedures [106], supplementation of reduced CoQ [107], emulsifiers [108,109], esterification [110], micro emulsification [111], and solubilization [112,113] increase several-fold the plasma CoQ levels after oral supplementation, indicating significant intestinal absorption. Despite this remarkable progress, a significant proportion of the supplemented CoQ is not absorbed in the gastrointestinal tract and is lost in feces. Effective intestinal absorption is necessary, although not necessarily sufficient, for the distribution of exogenous CoQ to peripheral organs by determination of a concentration gradient between the circulation and target tissues. Therefore, the intestinal absorption represents the first bottleneck step on the CoQ long path to the peripheral organs (Fig. 2A). Although several reports have indicated that ubiquinol has a better bioavailability compared to ubiquinone [113], the underlying reason is not clear since exogenous ubiquinone is reduced to ubiquinol early in the absorption phase, either inside enterocytes or during lymphatic transport. As a consequence, about 95% of CoQ circulates in plasma in the reduced form [18,22], and this proportion is not modified by supplementation of CoQ in either its oxidized or reduced form.

CoQ-containing chylomicron remnants are taken up by the liver and released again into circulation packed into LDL/VLDL lipoproteins, in a similar way to other lipophilic molecules [114,115]. Since a great quantity of the absorbed CoQ is retained in the liver [2,116], liver uptake represents a second significant limiting step in exogenous CoQ distribution (Fig. 2A).

Neuronal uptake of CoQ poses additional challenges due to the presence of the blood-brain barrier (BBB), which tightly regulates the exchanges of molecules between the circulation and the nervous system. The BBB is constituted by juxtaposition of endothelial cells, pericytes, basal lamina and astrocyte endfeet (Fig. 2B) [117], that selectively regulate exchanges between circulating blood and the cerebrospinal fluid (CSF) [117]. Remarkably, CoQ is detectable, albeit at low concentrations, in the cerebrospinal fluid of normal individuals, implying that it is secreted in this fluid [118]. Current experimental evidence regarding exogenous CoQ uptake in muscle and brain is largely based on animal models, in particular rodents. Previous studies investigating the tissue distribution of radiolabeled CoQ provided intraperitoneally-revealed remarkable differences in CoQ uptake in different tissues, ranging from high levels in liver and blood cells to low or undetectable levels in muscle and the brain [119]. Other studies also failed to demonstrate increased CoQ levels in the brain and muscle mitochondria following CoQ supplementation [2,24,[120][121][122]. Interestingly, the poor CoQ bioavailability in these organs sharply contrasted with good availability of alpha-tocopherol (Vitamin E), another lipophilic membrane antioxidant which is normally present in mitochondrial membranes, but, unlike CoQ, being a vitamin, it is not synthetized but needs to be absorbed from the diet [123]. Indeed, alpha-tocopherol levels increased in all tissues examined, and also within mitochondria following supplementation to rats [2]. Another study showed that prolonged oral supplementation in mice increased CoQ concentration in both muscle homogenate and mitochondria, but not in the brain [124]. However, other studies provided contrasting evidence revealing that exogenous CoQ could increase ubiquinone content in muscle and brain. Indeed, early pharmacokinetic experiments showed that [ 14 C]-CoQ injected intravenously into guinea pigs was redistributed to the brain, although this was to a lesser extent compared with other tissues [125]. Other studies also found that the administration of large chronic doses of oral CoQ in rats was capable of moderately increasing both tissue and mitochondrial CoQ levels in muscle and the brain [120,126]. Brain parenchymal and mitochondrial CoQ uptake is influenced by the ageing in rats, being almost absent in young rats [127,128] but significant in aged animals [128,129]. This was sufficient to rescue age-related brain mitochondrial respiratory decline, motor function and neuropathological changes after only one week of solubilized CoQ supplementation [128].

A couple of other studies described much more pronounced brain uptake of exogenous CoQ.

One reported an unprecedented increase by up to five folds in brain tissue CoQ concentrations in mice after only few hours after an oral supplementation of solubilized CoQ in a nanomicellar formulation [130]. The second disclosed a CoQ increase of up to 52% in the entire brain of the R6/2 transgenic mouse model of Huntington's disease after CoQ supplementation at very high doses, paralleling a dramatic increase in serum CoQ by up to 300 folds [97]. The reasons for the particularly high CoQ increment in the brain after supplementation reported in these two studies compared with the others are not clear.

Importantly, oral CoQ10 supplementation in rodents does not decrease tissue levels of CoQ9 [97,124,126,129], the predominant CoQ form in these species. Conversely, oral CoQ10 supplementation has been found to increase both CoQ9 and CoQ10 in the brain of rodents [97,126,129], suggesting either the interconversion of CoQ10 into CoQ9, or a stimulatory effect of exogenous CoQ10 on endogenous CoQ biosynthesis, although this was not observed by others [124].

Reduction of CoQ into CoQH2 slightly decreases its remarkable hydrophobicity, thus providing a conceptual rationale for a better absorption, at least at the intestinal level. To address this issue, a recent study compared the acute biodistribution of intravenous [11C]ubiquinol-10 versus [11C]-ubiquinone-10 by PET imaging in rats. The authors found an increased uptake of radiolabeled ubiquinol compared with oxidized ubiquinone for most tissues and the expected time-dependent reduction of ubiquinone into ubiquinol in vivo. For both CoQ isotopes, the percent dose/gram of tissue was high for liver, spleen and heart, and much lower, although still measurable, in the brain, muscle and testis [131], in line with the studies discussed above.

Few studies investigated the uptake of exogenous CoQ in the different brain regions. One study found that enteral supplementation of oxidized CoQ10 in mice during 14 weeks specifically increased the reduced form CoQ9 and CoQ10, exclusively in the cortex, without any effect in five other brain regions [26]. Plasma CoQ concentration before and after supplementation was unfortunately not reported for a useful comparison.

A recent study employed mass spectrometry imaging to gain further insights into CoQ brain tissue uptake with improved anatomical resolution [28]. Interestingly, the authors found that enteral ubiquinol supplementation for 2 weeks resulted in a larger -up to fourfold -increase in reduced CoQ10, while oxidized CoQ10 and both forms of CoQ9 did not change when the whole brain was considered. Interestingly, brain subregional analysis found striking heterogeneity in CoQ increments induced by ubiquinol, with the brainstem showing a very large increase in reduced Q10 and oxidized Q9. Strikingly, no form of CoQ could be detected in the cerebral cortex [28], in contrast with other studies showing opposite findings [26], namely high CoQ concentration in the cortex, which is consistent with the known high mitochondrial abundance in cortical neurons. The statistical analysis of this subregional analysis was unfortunately not specified [28].

A higher efficacy of ubiquinol compared with ubiquinone treatment has also been reported in the COQ9 deficient mouse, a well-characterized model of CoQ biosynthesis defect with neurological involvement [116]. In this study, oral supplementation with ubiquinol was more effective than ubiquinone in increasing CoQ in the brain, muscle, and mitochondria. Since CoQ appears in the circulation in a reduced form, whether supplemented in the oxidized or in a reduced form [132], the difference is likely due to improved intestinal absorption.

Until recently, CoQ has been only available in enteral formulations. This limitation is now overcome by results of a revolutionary study that identified, through the screening of FDAapproved drugs, the fungicide caspofungin, a mild surfactant, as a suitable vector for CoQ intravenous administration [133]. Caspofungin/CoQ injections in mice achieve unprecedented increases in CoQ plasma levels with no observable toxicity. After 10 daily intravenous injections, a dramatic increase in total CoQ was observed in the liver, spleen and lung, and a moderate increase in the heart, skeletal muscle and kidney in decreasing order. In the heart, a 50% increase in total CoQ was paralleled by an 8% increase in isolated mitochondria. In the brain, the total CoQ did not change, since the CoQ10 increase was balanced by a parallel CoQ9 decrease [133], raising the possibility of an inhibitory effect on endogenous CoQ biosynthesis. Whether the brain uptake penetration can be improved by prolonged injections has to be investigated, as well as the clinical efficacy of intravenous versus oral CoQ administration in primary and secondary CoQ deficiencies. The effects of enteral and parenteral CoQ supplementation on endogenous CoQ biosynthesis in tissues, and in particular in brain and muscle tissues, need to be further investigated.

In humans, there are currently no available data on the uptake of exogenous CoQ in the brain, and only limited data on the uptake of exogenous CoQ in skeletal muscle. One study has shown that CoQ levels do not increase in muscle tissue, nor in muscle mitochondria in healthy human individuals, but it should be noted that the duration of supplementation was short and was with low doses of CoQ resulting in moderately-increased plasma CoQ levels [134].

Current knowledge extrapolated from rodent studies suggests that chronic oral CoQ supplementation at large doses in appropriate formulations can increase CoQ levels in the whole brain and skeletal muscle to some extent. Nevertheless, extrapolations should be taken cautiously since differences between interspecies are expected. Recently, a study has provided novel important insights on how CoQ passes through an endothelial cell culture BBB model [135]. The authors found that, in the intact endothelial layer, there is no net passage of exogenous CoQ from serum, since CoQ influx mediated by scavenger receptor B1 (SR-B1) and advanced glycation end products (RAGE), is perfectly balanced by CoQ efflux mediated by LDL receptor-related protein (LRP-1) or other members of the low-density lipoprotein receptor family (Fig. 2C). Interestingly, induction of CoQ deficiency by para-aminobenzoic acid, a competitive inhibitor of CoQ biosynthesis, disrupts the integrity of this BBB model, leading to a net influx of exogenous CoQ from serum [135]. Although this observation needs to be further investigated in vivo, it might partially explain why neurological manifestations of primary CoQ defects sometimes, although not always, improve with CoQ supplementation in both mice [50] and humans [136], as also reviewed in this issue by Trevisson et al. Moreover, since the BBB itself is commonly disrupted in neurological diseases [117], it raises the interesting question as to whether CoQ brain absorption might be greater in neurological patients than in healthy individuals. Similarly, significant muscle uptake has been shown in CoQ-deficient Adck2 +/-but not in WT mice [58]. Therefore, CoQ uptake in the brain and muscle is potentially improved by CoQ deficiency itself, at least in some conditions.

Moreover, this study further opens the exciting hypothesis of possible pharmacological strategies to improve CoQ brain uptake by LDLR/LRP1 inhibitors.

Once absorbed intracellularly, supplemented CoQ is redistributed to different subcellular compartments joining endogenous pools in mitochondria, lysosomes, Golgi apparatus, plasma membranes and ER by scarcely understood mechanisms (Fig. 3A). This represents the fourth limiting step in exogenous CoQ absorption. A recent study investigated proteins involved in the distribution of exogenous ubiquinone in yeast by a genetic screening of coq2Δ yeasts supplemented with CoQ6 [137]. Six proteins were identified -three implicated in clathrinmediated endocytosis (Rvs161, Rvs167, Vps1), one GTPase involved in cytokinesis and vesicle transport (Cdc10), and two enzymes (the phosphatase Rts1, and the N-terminal acetyltransferase Nat3) [137]. This study confirms previous observations that highlighted the requirement of the endocytic pathway in exogenous CoQ6 mitochondrial absorption in yeast [138]. In human HL-60 cells supplemented with CoQ9, ubiquinone first accumulates in the endo-lysosomal fractions, followed by in the mitochondria and mitochondrial-associated membranes (MAMS), plasma membrane, and ER [16]. Interestingly, brefeldin A, a toxin with similar effects on Golgi and endosomes [17], led to the accumulation of exogenous Q9 in endo-lysosomes and significantly impaired its redistribution to other organelles, including mitochondria, MAMS, ER and most dramatically to the plasma membrane [16], which is consistent with the hypothesis of an important role in the endocytic pathway in the intracellular delivery of exogenous CoQ to organelles. Few studies have also investigated exogenous CoQ intracellular uptake in vivo, in particular in the liver, and have found a dramatic accumulation of exogenous Q in lysosomes [119] and/or in Golgi [2], much less than in mitochondria. Whether this similarly occurs in the brain and muscle has not been yet specifically evaluated, although we know, as discussed above, that CoQ can reach the brain and muscle mitochondria when supplemented at high doses, even if to a limited extent [124,126,129] . Taken as a whole, these data suggest that exogenous CoQ is distributed intracellularly to mitochondria and other organelles by membrane trafficking through endosomes/lysosomes/Golgi via mechanisms which are still unclear and deserve to be further investigated. We speculate that exogenous CoQ carried by lipoproteins could be taken up intracellularly by endocytosis, delivered to lysosomes via endosomes, and then delivered to other organelles in a similar fashion to cholesterol [139]. Endocytosis is a regulated process that allows cells to absorb proteins and other metabolites by invaginations of the plasma membrane that fuse with early endosomes, which either recycle their content back to the plasma membrane or are targeted to late endosomes and finally to lysosomes for degradation.

In addition, late endosomes can traffic their content with a broader network of organelles, including Golgi [140], ER [141], and mitochondria [142]. Moreover, a distinct more direct trafficking route between plasma membrane and mitochondria, independent of endosomes, has been reported via clathrin-mediated endocytosis [143].

A final limiting step is represented by the distribution of exogenous CoQ within mitochondria. CoQ has to pass through the outer mitochondrial membrane and the soluble intermembrane space in order to reach the respiratory chain embedded in the inner membrane.

The mechanisms underlying this process are currently unknown. Since CoQ is insoluble in water solutions, we speculate that this happens at contact sites between the inner and outer mitochondrial membranes (Fig. 3B).

In summary, the delivery of exogenous CoQ to intracellular targets of neurons and muscle fibers, namely the inner mitochondrial and the plasma membranes, is undermined by significant anatomical and physicochemical challenges. However, neuronal CoQ uptake may improve in conditions associated with BBB leakage such as ageing, CoQ deficiency, and neurological diseases. Moreover, innovative CoQ formulations create promising therapeutical scenarios for treating neurological and neuromuscular diseases associated with CoQ deficiency.

Alternatives to CoQ supplementation

In this section we will briefly summarize alternative strategies to CoQ supplementation that have been conceived to bypass CoQ bioavailability challenges.

Idebenone, a shorter synthetic analogue of CoQ, is the most widely-known and is currently an approved drug to treat Leber hereditary optic neuropathy in several countries [144]. Due to its smaller size, idebenone does not have to be incorporated in lipoproteins as does CoQ, and it has a better bioavailability in brain tissue. Unlike CoQ, it can pass through an in vitro model of intact BBB with a positive influx [135]. Despite these advantages and clear evidences of idebenone uptake in the brain and muscle, the bioavailability in these tissues is still limited [145]. Moreover, as reviewed in depth elsewhere, idebenone and CoQ have distinct cellular effects. Unlike CoQ, idebenone has been linked to pro-oxidant and cell death inducing effects in vitro [146], although it is supposed to work as an antioxidant in vivo and its use is considered to be safe for patients. More importantly, idebenone is not effective as an electron acceptor in the respiratory chain since it cannot restore mitochondrial respiratory defects caused by primary CoQ deficiency [147,148], and it inhibits mitochondrial respiration in neurons, but not in astrocytes, at least in vitro [149]. However, QS10, a normally-occurring metabolite of idebenone, has been demonstrated to partially restore respiration in CoQ deficient cells in contrast with idebenone, and has been demonstrated to be more efficient than idebenone in restoring respiration in zebrafish neurons treated with the complex I inhibitor rotenone [150]. Further works are needed to determine the efficacy of idebenone or its metabolites in respiratory chain defects in mammals in vivo.

MitoQ is a synthetic analogue of CoQ, which consists of a quinone attached to a positivelycharged 10-carbon chain, responsible for its accumulation inside the negatively-charged mitochondrial matrix in polarized mitochondria [151]. This molecule can penetrate into the brain, although to a limited extent [151]. However, although this compound retains potent mitochondrial antioxidant properties, it does not work as an electron acceptor in the respiratory chain [151]. MitoQ, but not CoQ, can modestly decrease mitochondrial hydrogen peroxide generation in skeletal muscle, without altering mitochondrial function in middleaged men [152].

A conceptually-different strategy is to provide bioavailable 4-hydroxybenzoic acid analogs that can be metabolized by the CoQ biosynthetic machinery bypassing early CoQ biosynthesis defects [153]. 2,4 hydroxybenzoic acid is distributed to mouse brain [154], and remarkably improves phenotypes of COQ7 and COQ9 deficient mice [122,154]. Vanillic acid, or 4hydroxy-3-methoxybenzoic acid, a nontoxic compound used as food additive, has recently been shown to be able to rescue CoQ levels, CII+III enzymatic activities, mitochondrial respiration, and ATP levels in human COQ6 knockout cells [155] by bypassing impaired CoQ biosynthesis. Similar strategies are useful in bypassing specific CoQ biosynthesis hydroxylation reactions, while they cannot circumvent other reactions such as C1 decarboxylation [153] and therefore cannot rescue CoQ biosynthesis in cases of a generalized downregulation of CoQ biosynthetic enzymes, such as in the case of Complex Q degradation.

Interestingly, supplementation of 2,4-hydroxybenzoic acid to Coq9 R239X mice, a mouse model of primary CoQ deficiency affected by lethal neurodegeneration, led to the spectacular improvement of neuropathological abnormalities and survival without any modification of brain CoQ level and bioenergetics. This positive effect of CoQ by-pass therapy seems related to non-cell autonomous or endocrine mechanisms by the reduction of the toxic intermediate demethoxyubiquinone and the improvement of bioenergetics exclusively in peripheral organs [154]. In yeast, the accumulation of CoQ6 intermediates caused by the deletion of COQ3-9 has been shown to hamper the rescue by CoQ6 supplementation of the respiratory capacity determining growth under galactose medium [137]. Conversely, coq1Δ or coq2Δ yeast does not accumulate CoQ6 intermediates and shows almost complete rescue of respiratory capacity after CoQ6 supplementation. Simultaneous deletion of either COQ1 or COQ2, which prevent the prenylation, in coq3Δ rescued the respiratory capacity in the presence of CoQ6 to levels comparable to either the coq1Δ or coq2Δ single mutants [137]. How CoQ6 intermediates hamper the positive effects of exogenous CoQ6 rescue in yeast is unclear and may depend on several mechanisms including both CoQ6 incorporation in the mitochondrial inner membrane, competition with endogenous CoQ6 at the level of the respiratory chain, or toxic cellular effects of the intermediates. It is not yet clear whether accumulation of demethoxyubiquinone in mammalian cells interfere with exogenous CoQ rescue [137]. The pathogenetic effects of the accumulation of CoQ intermediates justify a further investigation in both primary and secondary human CoQ deficiency.

Moreover, the supplementation of 4-hydroxybenzoic acid to COQ2 mutant fibroblast restores endogenous CoQ biosynthesis and protein expression of CoQ biosynthetic enzymes [156].

The mechanism is different from the bypass therapy discussed above since 4-hydroxybenzoic acid is the substrate of COQ2, which catalyzes the polyprenyl pyrophosphate tail attachment to 4-hydroxybenzoic acid. One hypothesis is that increasing substrate availability restores CoQ biosynthesis by improving COQ2 residual enzymatic activity.

Possible mechanisms of secondary Coenzyme Q deficiencies

The mechanisms underlying secondary CoQ defects are currently uncertain. In this section we will propose several hypotheses regarding possible mechanisms which participate to secondary CoQ deficiency in neurological diseases based on the available data obtained from different preclinical models.

CoQ levels and mitochondrial mass

Coenzyme Q is ubiquitous, but its concentration is highest in mitochondrial inner membranes.

As a result, CoQ concentration measured in whole cells/tissues, when expressed for whole cell protein concentration, is proportional to mitochondrial mass. Therefore, a common cause for low CoQ levels is the reduction of mitochondrial mass (Fig. 4A), representing a CoQ pseudo-deficiency.

Secondary CoQ deficiency has been described in muscle biopsies from patients with various mitochondrial respiratory chain defects, but it seems to be particularly frequent and pronounced in mtDNA depletion syndromes [40,157]. Although compensatory mitochondrial proliferation can be observed in mtDNA depletion syndromes, in this study, CoQ deficiency highly correlated with a reduced activity of citrate synthase, a Krebs cycle enzyme widely employed as a marker of mitochondrial abundance [38]. These results, together with unchanged complex II+III activity, strongly suggest that the CoQ deficiency was a secondary consequence of a reduction in mitochondrial content [158]. Unsurprisingly, the opposite has been shown: elevated levels of CoQ in samples derived from patients with neurological diseases, such as pyruvate dehydrogenase [159] or ETFDH deficiency [57], was proved to be caused by increased mitochondrial proliferation [57]. Failure to normalize for citrate synthase can lead to real cases of CoQ deficiency being missed since the latter can be associated with compensatory mitochondrial proliferation [37]. Therefore, we propose that CoQ status evaluation in any physiological or pathological condition should be always interpreted with a parallel analysis of mitochondrial content. Failure to normalize CoQ content to mitochondrial mass can explain some inconsistencies in the literature regarding CoQ deficiency in diseases.

Respiratory chain/CoQ Stoichiometry

Most of the reported cases of mitochondrial diseases with secondary CoQ defects are disorders of the mitochondrial genome expression: large scale mtDNA deletions, mtDNA depletion, point mutations in MT-TRNA or MT-TRNA amino synthetase [34,43] that affect the expression of mitochondrial-encoded respiratory chain complex subunits typically resulting in combined respiratory chain defects involving complex I, III, IV and ATP synthase function and assembly. Complexes I, III, and IV assemble into supercomplexes in variable stoichiometric combinations. CI-III superassembly partly segments CoQ in two pools [160,161]. Freely diffusing CoQ pools seems to be required for the electron transfer between free complexes, such as complex II, to complex III, while another fraction of CoQ seems associated with super complex I+III modulating NADH oxidation [160,161]. Supramolecular interaction between ETFDH and Complex III has also recently been demonstrated [162].

These observations raise the hypothesis that impaired supercomplexes assembly could cause a stoechiometric decrease in the amount of coenzyme Q.

Kuhl et al. performed an extensive comparative analysis of mitochondrial proteomes,

metabolomes, and transcriptomes from five mouse models harboring heart-and musclespecific deletions in genes regulating mtDNA maintenance (Twnk, Tfam), transcription (Polrmt) or translation (Lrpprc, and Mterf4) [163][164][165][166][167][168]. Unexpectedly, the authors found a shared severe CoQ deficiency (25% to 50% decrease) explained by a diffuse suppression of most intra-mitochondrial proteins required for Coenzyme Q biosynthesis, except PSSD2 and COQ8A. The expression of CoQ biosynthesis genes was not modified, indicating that the inhibition of CoQ biosynthesis occurred at the level of protein translation, stability, or turnover [163]. As an expected result of the underlying mitochondrial gene expression defect, these mice all share a decreased expression in respiratory chain complexes encoded by mtDNA. Similarly, secondary CoQ deficit has also been observed in 143B-ρ0 cells lacking mtDNA [169]. An impaired assembly of a high-molecular weight complex containing COQ5 has been reported in cybrids harboring the m.8344A>G mtDNA mutation causing impaired mitochondrial translation, secondary CoQ deficit, and clinically manifesting as myoclonic epilepsy with ragged red fibers (MERRF) [170]. As we discussed above, secondary CoQ deficiency in muscle can follow ETFDH mutations [54], which commonly translate into decreased protein expression of the electron-transfer flavoprotein dehydrogenase [171]. Taken as a whole, the decreased CoQ content can be a downstream consequence of combined respiratory chain defects linked to mitochondrial DNA expression defects or decreased ETFDH expression (Fig. 4B1).

Conversely, some cases of primary CoQ deficiency have been associated with secondary changes in the mitochondrial respiratory chain or associated CoQ reductases. In the Coq9 knockin (R239X) mouse model of impaired CoQ biosynthesis, the lack of a functional COQ9 protein causes CoQ deficiency, mitochondrial encephalopathy and a brain-specific loss of super complex assembly with complex III dimer accumulation [172]. A severe reduction of sulfide-quinone oxidoreductase was observed in several tissues, including muscle and the brain, of mouse models of primary CoQ defects [173], in Parl -/-brains associated with secondary COQ deficiency [100] as well as in fibroblasts form patients with primary CoQ defects [174].

Taken as a whole, these results highlight that CoQ and CoQ oxidoreductases are tightly coregulated to ensure a balanced stoichiometry. Therefore, defects of respiratory chain complexes and other CoQ oxidoreductases should be investigated in neurological diseases with secondary CoQ deficiency, and, vice versa, CoQ status should be evaluated with diseases associated with mitochondrial respiratory chain complex deficiencies to broaden our understanding of secondary CoQ deficiencies and the homeostatic mechanisms linking CoQ to the rest of the respiratory chain.

Mitochondrial metabolism and CoQ biosynthesis

Recent studies have provided novel insights into the impact of metabolic states on CoQ biosynthesis. COQ8A and COQ8B (previously termed ADCK3 and ADCK4) are putative ATP-dependent chaperones that facilitate the assembly of the CoQ complex and the de novo CoQ biosynthesis [175]. COQ8A is essential for the stability of CoQ proteins [8]. The stimulation of oxidative metabolism in HepG2 cells by replacing glucose-containing medium with a galactose-containing medium leads to a marked elevation of cellular CoQ content which is paralleled by a reciprocal increase in COQA and decreased COQB. Interestingly, the same reciprocal pattern has been observed in vivo in CoQ deficiency secondary to OXPHOS dysfunction caused by altered mitochondrial genome expression, since decreased COQ8A paralleled increased COQ8B expression [163]. These recent results suggest that COQ8A and COQ8B may be reciprocally regulated, depending on oxidative versus glycolytic metabolic switch. This process may adapt CoQ biosynthesis to metabolic requirements by modulating complex Q stability. Interestingly, this molecular response has not been observed in the brain mitochondria proteome from Parl -/-mice, which are characterized by severe OXPHOS deficits independent of mitochondrial genome expression [100].

In 143B cells, drastic energetic impairments induced by mitochondrial inhibitors, including antimycin A (a complex III inhibitor that abolishes oxidative phosphorylation), oligomycin (an ATP synthase inhibitor), and FCCP (a mitochondrial uncoupler that dissipates mitochondrial potential decreased CoQ levels) [169,170,176]. Importantly, CoQ deficiency induced by these toxins was not rescued by the addition of antioxidants, indicating that impaired mitochondrial energetics, rather than increased ROS production, caused secondary CoQ defect. The same group showed that FCCP treatment led to the impaired assembly of COQ5 into a high molecular weight complex [170]. On the other hand, brains of mice lacking TTC19, a protein required for UQCRFS1 turnover, have a partial loss of complex III catalytic activity [177] but normal CoQ levels [100], indicating that secondary CoQ defect is not constant in respiratory chain dysfunction but either restricted to specific conditions of mitochondrial dysfunction or to extreme, non-physiological levels of mitochondrial dysfunction such as those obtained with high doses of mitochondrial toxins. Taken as a whole, these results support the existence of specific molecular mechanisms that couple CoQ biosynthesis with mitochondrial metabolism. Further studies are required in order to investigate these mechanisms and to pinpoint their relevance in human diseases and mouse models with secondary CoQ deficiency.

CoQ biosynthesis and mitochondrial morphology

According to the currently accepted model, CoQ is produced by a multi-subunit complex associated with the matrix-side of the inner mitochondrial membrane [8,12,[178][179][180]. This CoQ synthome in yeast, or complex Q in human cells [181], is necessary for the function and stability of the CoQ enzymes, and ultimately ensures the de novo CoQ biosynthesis [12,182].

In a recent study, Subramanian and coauthors discovered that the components of the CoQ biosynthesis pathway selectively colocalize into discrete foci, also called CoQ domains, at the level of the inner mitochondrial membrane in both yeast and human cells [183]. These CoQ domains were strictly correlated with CoQ production and substrate flux. Parl -/-brain mitochondria are affected by a generalized suppression of CoQ biosynthesis enzymes, which is consistent with a CoQ complex destabilization [13] and severe mitochondrial morphology abnormalities [100]. Heart mitochondrial morphology and secondary CoQ biosynthesis defects were reported in the five cardiac-specific mouse models of defective mtDNA gene expression defects discussed above [163][164][165][166][167]. Taken as a whole, these recent observations lead to the hypothesis that the Q complex stability could also be affected by mitochondrial morphological alterations of the inner membrane leading to impaired CoQ biosynthesis and secondary CoQ deficiency (Fig. 4B2). We propose that this hypothesis should be scrutinized in mitochondrial diseases, which are commonly associated with cristae abnormalities [184,185], and other neurological and neuromuscular diseases associated with mitochondrial ultrastructural abnormalities [186].

CoQ biosynthesis and endoplasmic reticulum-mitochondria connection

Mitochondria-ER contact sites, also referred to as mitochondria-ER associated membranes (MAMS), regulate several crucial cellular functions such as calcium homeostasis, lipid metabolism, mitochondrial dynamics, autophagy and cell death [187]. These inter-organellar communication sites play important, although still scarcely understood, roles in several major neurological diseases, including amyotrophic lateral sclerosis, PD, Alzheimer's, and Huntington's diseases [187].

Recent studies in yeast have shown that CoQ domains are highly enriched adjacent to ERmitochondria contact sites [183,188]. In yeast, genetic manipulations of ERMES, the molecular tether between the ER and the outer mitochondrial membrane, induced the destabilization of the CoQ synthome, resulting in reduced mitochondrial late-stage intermediates and CoQ levels [188]. However, another study failed to identify a role played by ERMES proteins in the mitochondrial utilization of exogenous ubiquinone in yeast [137].

The importance of the ER-mitochondria contacts for CoQ complex stability, CoQ production and subcellular distribution deserve further exploration in mammals. In human HL-60 cells, endogenous CoQ synthesized using radiolabeled precursor was first detected in mitochondria and later incorporated into MAM and ER [16]. The addition of brefeldin A, an inhibitor of endoplasmic reticulum, to Golgi protein transport inhibited [ 14 C-CoQ10] accumulation in mitochondria, MAM, and ER [16], suggesting that inter-organellar communication/vesicle trafficking is essential for endogenous CoQ biosynthesis. The authors proposed that this might be attributed to the defective transit of CoQ precursors from the endoplasmic reticulum/Golgi to mitochondria. Similarly, the communication between mitochondria and ER plays an important role in cholesterol import in mitochondria [189]. These data raise the question of whether alterations in ER-mitochondria connections perturbs CoQ biosynthesis leading to secondary CoQ deficiency in human diseases (Fig. 4B3). MFN1 and MFN2 are dynamin-like GTPases involved in the fusion of outer mitochondrial membranes. Dominant MFN2 mutations are responsible for Type 2A Charcot-Marie-Tooth disease (CMT2A), an axonal form of inherited peripheral neuropathy [190]. In addition to its well-known role in mitochondrial dynamics, MFN2 is also involved in ER-mitochondria tethering [191].

Strikingly, inactivation of MFN2, but not MFN1, in the heart of a conditional mouse model and in mouse embryonic fibroblasts depleted mitochondrial CoQ pools [192]. Proteomic and metabolomics analyses indicated a severe post-transcriptional downregulation of the terpenoid biosynthesis. It remains to be established whether structural alterations of ER-mitochondria contact sites underly secondary CoQ deficiency in Mfn2 -/-cells and in tissues of patients suffering from CMT2A and other neurological diseases with secondary CoQ deficiency (Fig. 4B3).

Summary and conclusions

CoQ is an essential molecule with well-characterized functions in the mitochondrial respiratory chain, antioxidant defenses, and gene expression. Additional important roles in other organelles must be explored further.

The distribution of exogenous CoQ in the nervous system and muscle, and most importantly to the brain and muscle mitochondria, is limited by intrinsic limitation in bioavailability, which represents significant challenges for its use as a treatment for neurological diseases associated with CoQ deficiency. Despite these limitations, exogenous CoQ can partially increase brain and muscle CoQ concentrations if provided at high enough doses, and CoQ uptake may be potentially increased by deficiency of CoQ per se. Newer generation formulations of oral, and now intravenous, CoQ promise significant improvements. Recent data indicate wide differences in CoQ uptake in the different brain areas in mouse models, which deserve further investigations. Future technological advances are needed to explore cell-type specific differences in the brain and muscle CoQ uptake, and how the BBB affects neuronal uptake in vivo in both physiological and in neuropathological conditions associated with BBB disruption. Fundamental studies are needed to clarify further interorganellar trafficking of both endogenous and exogenous CoQ. The endocytic pathway seems to play a crucial role in the trafficking both of endogenous ubiquinone from mitochondria to other organelles and of exogenous ubiquinone to all organelles including mitochondria. Improving our knowledge of these mechanisms is crucial to pave the way toward better treatments of neurological diseases associated with CoQ deficiency. Secondary CoQ deficiency in the brain and muscle has been documented in a limited number of rare neurological disorders (Table ), where the efficacy of CoQ supplementation has barely been investigated. Thus, clinical trials that test the efficacy in these disorders of such improved CoQ formulations which are now available are needed. Conversely, many clinical trials were conducted on common neurological diseases, including Parkinson's disease [193],

Huntington's disease [194] and amyotrophic lateral sclerosis [195], without proven evidence of CoQ deficiency, which may at least partially account for the negative results. Interestingly, novel data indicate that CoQ-modifying treatment may have previously unrecognized beneficial effects that do not depend on the restoration of normal CoQ levels in affected tissues, but rather on remote non-cell autonomous effects [154].

We propose that mitochondrial mass should systematically be evaluated when assessing CoQ exchanges of molecules between the extracellular fluid of the central nervous system and the circulatory system [117]. It is composed by endothelial cells, astrocyte end-feet and pericytes.

It is not known how exogenous CoQ passes through these different cell populations.

Important differences in the CoQ uptake amongst different brain regions have been reported organelles [2,16,119]. This process involves the endocytic pathway in both yeast [137,138] and human cells [16]. Reviewer #1 -Section 2.3. Page 9, "CoQ CSF levels are decreased in multisystem atrophy". This sentence seems to be out of place here, or deserves an explanation.

We agree and we have deleted this sentence from this section.

-Page 9. After "Current experimental evidences….in particular rodents", the authors should specify that despite the main CoQ in rodents is CoQ9, CoQ10 is used for the studies of supplementation in rodents. In the section, they sometimes use CoQ, sometimes, CoQ10, and it is confusing.

We have specified in the text that the abbreviation CoQ is related to CoQ10. We use CoQ10 only when in the context of studies evaluation both CoQ9 and CoQ10, to avoid confusion.

- We added this in the text as suggested.

Response to Reviewers -The last line of page 16. Please specify the mitochondrial disease of the patients enrolled in the trial.

We specified in the text that the trial involved four myoclonus epilepsy and ragged-red fibers/MERRF, three mitochondrial myopathy, encephalopathy, lactic acidosis, and strokelike episodes/MELAS, one chronic expernal ophthalmoplegia CPEO.

-Line 2 of page 17. "Improvements in the biochemical data". Do they mean respiratory chain activities?

We specified that one study showed a small but significant decrease in lactic acid levels obtained 5 minutes in CoQ-supplemented patients compared to placebo but no change in muscle strength nor in platelet mitochondrial respiratory chain activities and that another study showed decreased serum lactate at 1 minute during exercise testing in CoQsupplemented patients compared to placebo, but this change did not persist at 3 nor at ten minutes, not was associated with muscle strength improvements -Section 5.1 Page 25 last line "However, in these cases ….reduced activity of citrate synthase". Actually, mitochondrial mass is often increased in mtDNA depletion syndrome, as compensatory mechanism. Also, as correctly stated by the authors, citrate synthase is a Krebs cycle enzyme, thus when used as index of mitochondrial mass, should be validate by other indices, as TOMM20 or VIDAC, which are structural mitochondrial proteins.

We have clarified that compensatory mitochondrial proliferation can be observed in mtDNA depletion syndromes in some cases. However, in the cited study (and in some cases also in our experience), CoQ deficiency highly correlated with reduced activity of citrate synthase. This finding, together with normal CII+III activity is consistent with reduced mitochondrial mass. We believe that the best quantitative markers for mitochondrial mass normalization would be citrate synthase and cardiolipin levels (this latter measure, to be validated in future studies), but we added as a semi-quantitative alternative estimation of TOMM20 or VDAC1 with western blot.

-Section 5. We integrated some speculations about the role of free complexes vs. supercomplexes, and the different pools of CoQ, although it is not yet clear to which extent that may contribute to secondary CoQ deficiency.

-I suggest the authors to have the manuscript edited by a native English speaker

We had the manuscript revised by a professional proof editor.

Reviewer #2

-The first question is to consider moving the review's sections in agreement with the title. In this review, neurological disorders are the core element. The suggestion is to move section 4 after section 2.2. Sections 2.1 and 2.2 are useful as introductory elements to section 4. Sections 2.3 and 3 are related to therapy and can explain the harness linked to neurological disorders.

We modified the sequence of the sections as suggested.

-Authors introduced mitochondrial mass use to remove the bias produced in CoQ measurement in complex organs or tissues such as muscle or nervous system. This method applies to clinical practice in fibroblast that is a straightforward clinical sample, and in the biopsy of muscle, that can improve the diagnostic. However, the authors suggest that mitochondrial mass analysis can be crucial to avoid inconsistencies in CoQ depletion and human diseases. At this point, it would be interesting to add a specific commentary about the potential use of mitochondrial mass normalization of CoQ levels with the differentiation between primary and secondary CoQ deficiencies.

We believe that normalization of CoQ content for mitochondrial mass is useful to distinguish CoQ pseudo-deficiency (caused by reduced mitochondrial mass) from true CoQ deficiency, whether primary or secondary. We hope this is clearer in the revised manuscript.

-It can be beneficial to write something about the usefulness of current disease models, fibroblasts, and muscle biopsies to study the neurological disorders caused by CoQ deficiency. Moreover, much better if new models are proposed.

We specified in the last section that tissue samples from patients with neurological and mitochondrial diseases and mouse models with genetic modifications of proteins involved in mitochondrial complexes organization, mitochondrial morphology, and MAMS are valuable models to elucidate the molecular mechanisms of secondary CoQ deficiency in neurological diseases.

- 

CoQ distribution, localization, and uptake in brain and skeletal muscle

CoQ intracellular distribution

Coenzyme Q (CoQ), or ubiquinone, is a unique lipid with electron carrier capacity expressed in all cellular membranes, which dynamically shuttles between an oxidized and a reduced form through an unstable intermediary semiquinone form. The quinone head is responsible for its redox properties while the long hydrophobic polyisoprenyl tail is responsible for insertion in cell membranes. The length of the polyisoprenyl tail varies among organisms. CoQ10, the most abundant form of CoQ in humans, is composed by ten isoprene units, while CoQ9, the most abundant form in rodents, is composed by nine units. Intracellularly, CoQ is mostly abundant in the inner mitochondrial membrane, where it functions as an essential component of the respiratory chain. It works as an electron acceptor receiving electrons from multiple metabolic pathways including complex I (NADH-ubiquinone oxidoreductase), complex II (succinate-ubiquinone oxidoreductase), glycerol-3-phosphate dehydrogenase, sulfide quinone oxidoreductase, electron transfer flavoprotein dehydrogenase (ETFDH), and dihydroorotate dehydrogenase. Electrons converging to CoQ are then transferred to cytochrome c through complex III (ubiquinol-cytochrome c oxidoreductase), and finally to molecular oxygen through complex IV (cytochrome c oxidase). An additional CoQ pool has also been reported in the outer mitochondrial membrane [1], but its precise physiological role is uncertain.

As the name indicates, ubiquinone is ubiquitously expressed in all membranes from other cell compartments, including lysosomes, Golgi apparatus, plasma membrane, and endoplasmic reticulum (ER) (Fig. 1A) [2,3]. The physiological roles of extramitochondrial CoQ are scarcely understood. Outside mitochondria, CoQ is reduced by several reductases [4].

Ubiquinol provides important protective functions against oxidative stress, both directly as electron donor, and indirectly through regeneration of other important antioxidants such as ascorbate and tocopherol [4]. In the plasma membrane, CoQ is reduced by ferroptosis suppressor protein 1 (FSP1, previously referred as AIFM2) to ubiquinol, providing protection against ferroptosis, a recently described form of regulated cell death associated with increased lipid peroxidation [5,6]. CoQ deficiency in cultured neuronal cells significantly impair lysosomal acidification through a still to defined mechanism [7]. Interestingly, germline

Coq8 -/-mice, a model of autosomal recessive ataxia type 2 with defective CoQ biosynthesis and cerebellar ataxia, show remarkable neuronal Golgi abnormalities but preserved mitochondrial morphology, reinforcing the hypothesis that extra-mitochondrial CoQ pools play important, but still undefined, pathophysiological roles in neurological diseases [8].

Exogenous CoQ has been shown to induce significant gene expression changes both in vitro [9] and in vivo [10,11] 

CoQ in brain and muscle

CoQ concentration and the redox ratio between oxidized and reduced CoQ differ widely among different human tissues, the heart being the tissue with the highest CoQ concentration expressed per gram of tissue [17]. CoQ is also detectable at low concentrations in plasma, with normal values ranging between 0.4 and 1.91 μmol/l [18,19]. Despite its high metabolic activity, total CoQ levels of human brain are very low compared to other tissues, being about tenfold less than in heart, and three times less than in skeletal muscle [17]. Differences in mitochondrial mass may contribute at least to some extent to these differences, as discussed later on. Compared to most other tissues, brain also falls apart for its particularly low proportion of reduced CoQ [17], the reason for this being currently unknown. CoQ red/ox decreases in skeletal muscle during ageing [20], possible hypotheses involve increased oxidative stress [21], or mitochondrial dysfunction. Importantly, brain CoQ concentrations decline with ageing in both human and rodents [22]. CoQ concentrations varies significantly between different brain regions in rats and humans [22][23][24][25], being higher in cortex and striatum and lower in cerebellum and brain stem. These differences have to be interpreted considering the striking cellular and molecular heterogeneity, and the relative differences in mitochondrial mass. For instance, mouse cerebellum displays very low copy numbers of mitochondrial DNA reflecting a low mitochondrial mass [26]. Mass spectrometry imaging has been recently introduced to improve the spatial resolution of CoQ regional distribution up to 150 µm in the mouse brain [27]. However, available technologies do not currently allow to visualize or measure CoQ concentration within individual cells. As a consequence, we don't know to which extent CoQ levels vary between the different cell types that underly brain anatomy: neurons, astrocytes, microglia, oligodendrocytes and vessels. Metabolic activities, mitochondrial proteomes and mitochondrial DNA copy number vary widely among these cell types [28][29][30]. Moreover, brain diseases per se modify the cellular composition of the brain.

Neurodegeneration typically leads to neuronal loss together with astrocytes and microglia proliferation in the affected areas. CoQ defects can involve only very specific cell types in brain, which can escape detection when whole brain is analyzed [8]. Therefore, studies

investigating CoQ status at a single cell resolution in the nervous system are needed to improve our understanding of the role of CoQ in ageing and neurological disorders.

Although less complex than brain, skeletal muscle tissue is also histologically heterogenous.

Mammalian skeletal muscles are composed by different fiber types with distinct contractile and metabolic properties. Mitochondrial content and proteome vary widely among the different types of muscle fibers [31]. We noticed in a published extensive single cell proteomic dataset of mouse skeletal muscle that the expression of several proteins involved in CoQ biosynthesis such as COQ3, COQ6, COQ7, COQ9 was much lower in glycolytic type 2B fibers than in oxidative type 1 and 2A muscle fibers [31]. Accordingly, great differences in CoQ concentrations have been reported in glycolytic vs oxidative turkey skeletal muscles [32]. This phenomenon has not been addressed in detail in human to the best of our knowledge, but can be reasonably expected to be conserved. Different muscles contain variable proportions of slow and fast muscle fibers. This factor may explain why normal reference values of muscle CoQ content vary between different muscles, such as deltoid and quadriceps [33]. Therefore, meaningful interpretation of CoQ status in skeletal muscle should take into account its fiber type composition.

Most studies report CoQ tissue concentrations measured per g of wet tissue or mg of protein without parallel evaluation of mitochondrial mass. Since cellular CoQ is most abundant in mitochondria than in any other cellular organelles, differences in CoQ content in cells and tissues without reference to mitochondrial mass may strongly bias the conclusions [34,35],

potentially contributing to inconsistencies about the association between CoQ depletion and human diseases. This possible pitfall may be overcome by normalizing CoQ content to a mitochondrial mass marker, such as citrate synthase activity [36], cardiolipin concentration, [37], or at least by providing a parallel evaluation of mitochondrial mass. Therefore, for a meaningful interpretation of CoQ status in any tissue or pathological condition, CoQ concentrations should be related to mitochondrial mass or measured in isolated organelles.

CoQ absorption: the long journey from supplements to neuronal and muscle mitochondria

CoQ hydrophobicity leads to complete insolubility in water solutions, posing a significant problem of bioavailability. In the small intestine, only a fraction of CoQ is absorbed into enterocytes and transported with other lipids packed into chylomicrons along the lymphatic tissue [38] up to the systemic circulation, then distributed to peripheral organs (Fig. 2A).

Intestinal absorption follows complex non-linear kinetics [39]. The efficiency of the absorption phase is highly variable between healthy individuals and can be improved by the ingestion of fats [40], high dosages, and fractionation of the daily dose into multiple intakes [41]. Furthermore, it is dramatically influenced by specific chemico-physical features of the CoQ formulation. Purified CoQ powder is not absorbed, but modern pharmaceutical preparations have greatly improved intestinal CoQ absorption. Specific addition of carrier lipids, recrystallisation procedures [42], supplementation of reduced CoQ [43], emulsifiers [44,45], esterification [46], micro emulsification [47], and solubilization [48,49], increase several folds the plasma CoQ levels after oral supplementation, indicating significant intestinal absorption. Despite these remarkable progresses, a great proportion of the supplemented CoQ is not absorbed in the gastrointestinal tract and gets lost in feces. Effective intestinal absorption is necessary, although not necessarily sufficient, for the distribution of exogenous CoQ to peripheral organs, by determination of a concentration gradient between the circulation and target tissues. Therefore, the intestinal absorption represents the first bottleneck step on CoQ long way to peripheral organs (Fig. 2A). Although several reports have indicated that ubiquinol has a better bioavailability compared to ubiquinone [49], the underlying reason is not clear since exogenous ubiquinone is reduced into ubiquinol early in the absorption phase, either inside enterocytes or during lymphatic transport. As a consequence about 95% of CoQ circulates in plasma in the reduced form [17,21], and this proportion is not modified by supplementation of CoQ in either its oxidized or reduced form.

CoQ containing chylomicron remnants are taken up by liver and released again into circulation packed into LDL/VLDL lipoproteins similarly to other lipophilic molecules [50,51]. Since a great quantity of the absorbed CoQ is retained in the liver [2,52], liver uptake represents a second significant limiting step in exogenous CoQ distribution (Fig. 2A).

Neuronal uptake of CoQ poses additional challenges due to the presence of the blood-brain barrier (BBB), which tightly regulates the exchanges of molecules between the circulation and the nervous system. The BBB is constituted by juxtaposition of endothelial cells, pericytes, basal lamina and astrocyte endfeet (Fig. 2B) [53] that selectively regulate exchanges between circulating blood and the cerebrospinal fluid (CSF) [53]. Remarkably, CoQ is detectable, albeit at low concentrations, in the cerebrospinal fluid of normal individuals, implying that it is secreted in this fluid [54]. Interestingly, CoQ CSF levels are decreased in multisystem atrophy [55]. Current experimental evidences regarding exogenous CoQ uptake in muscle and brain are largely based on animal models, in particular rodents. Previous studies investigating the tissue distribution of radiolabeled CoQ provided intraperitoneally revealed remarkable differences in CoQ uptake in different tissues, ranging from high levels in liver and blood cells, to low or undetectable levels in muscle and brain [56]. Other studies also failed to demonstrate increased CoQ levels in brain and muscle mitochondria following CoQ supplementation [2,23,[57][58][59]. Interestingly, the poor CoQ bioavailability in these organs sharply contrasted with the good one of alfa-tocopherol (Vitamin E), another lipophilic membrane antioxidant, which effectively increased following supplementation in all tissues examined, and also within mitochondria [2]. Another study showed that prolonged oral supplementation in mice increased CoQ concentration in both muscle homogenate and mitochondria, but not in brain [60]. However, other studies provided opposite evidences revealing that exogenous CoQ could increase ubiquinone content in muscle and brain content.

Indeed, early pharmacokinetic experiments showed that [ 14 C]-CoQ injected intravenously to guinea pigs was redistributed to brain, although to a lesser extent compared with other tissues [61]. Other studies also found that administration of large chronic doses of oral CoQ in rats were capable to increase moderately both tissue and mitochondrial CoQ levels in muscle and brain [57,62]. Brain parenchymal and mitochondrial CoQ uptake is influenced by ageing in rats, being almost absent in young rats [63,64], but significant in aged animals [64,65]. This was sufficient to rescue age-related brain mitochondrial respiratory decline, motor function and neuropathological changes after only one week of solubilized CoQ supplementation [64].

A couple of other studies described much more pronounced brain uptake of exogenous CoQ.

One reported an unprecedented increase up to five folds of brain tissue CoQ concentrations in mice after only few hours after an oral supplementation of solubilized CoQ in a nanomicellar formulation [66]. Few studies investigated the uptake of exogenous CoQ in different brain regions. One study found that enteral supplementation of oxidized CoQ10 in mice during 14 weeks increased specifically the reduced form CoQ9 and CoQ10, exclusively in cortex, without any effect in five other brain regions [25]. Plasma CoQ concentration before and after supplementation was unfortunately not reported for a useful comparison.

An elegant recent study employed mass spectrometry imaging to gain further insights in CoQ brain tissue uptake with improved anatomical resolution [27]. Interestingly, the authors found that enteral ubiquinol supplementation for 2 weeks resulted in a larger up to fourfold increase of reduced CoQ10, while oxidized CoQ10 and both forms of CoQ9 did not change when the whole brain was considered. Interestingly, brain subregional analysis found striking heterogeneity in CoQ increments induced by ubiquinol, the brainstem showing very large increase of reduced Q10 and oxidized Q9. Strikingly, no form of CoQ could be detected in the cerebral cortex, in contrast with other studies showing opposite findings [25], namely high CoQ concentration in cortex, consistent with the known high mitochondrial abundance in cortical neurons. The statistical analysis of this subregional analysis was unfortunately not specified [27].

A higher efficacy of ubiquinol compared to ubiquinone treatment has also been reported in the COQ9 deficient mouse, a well characterized model of CoQ biosynthesis defect with neurological involvement [52]. In this study, oral supplementation with ubiquinol was more effective than ubiquinone in increasing CoQ in brain, muscle, and mitochondria. Since CoQ appears in the circulation in the reduced form, whether supplemented in the oxidized or in the reduced form [69], the difference is likely due to improved intestinal absorption.

Until recently, CoQ has been only available in enteral formulations. This limitation is now overcome by results of a revolutionary study that identified, through the screening of FDAapproved drugs, the fungicide caspofungin, a mild surfactant, as a suitable vector for CoQ10

intravenous administration [70]. Caspofungin/CoQ10 injections in mice achieve unprecedented increases in CoQ10 plasma levels with no observable toxicity. After 10 daily intravenous injections, a dramatic increase in total CoQ was observed in liver, spleen and lung, and a one moderate in heart, skeletal muscle and kidney in decreasing order. In heart, a 50% increase in total CoQ was paralleled by a 8% increase in isolated mitochondria. In brain, total CoQ did not change, since CoQ10 increase was balanced by a parallel CoQ9 decrease [70]. Whether the brain uptake penetration can be ameliorated by prolonged injections has to be investigated, as well as the clinical efficacy of intravenous vs oral CoQ administration in primary and secondary CoQ deficiencies.

In humans, there are currently no available data the uptake of exogenous CoQ in brain, and only limited data in skeletal muscle. One study has shown that CoQ levels do not increase in muscle tissue, nor in muscle mitochondria in healthy human individuals, but it should be noted that supplementation duration was short and with low doses of CoQ resulting in moderately increased plasma CoQ levels [71]. Current knowledge extrapolated from rodent studies suggest that chronic oral CoQ supplementation at large doses in appropriate formulations can increase CoQ levels in whole brain and skeletal muscle to some extent.

Nevertheless, extrapolations should be cautious since interspecies differences are expected.

Recently, a study has provided novel important insights on how CoQ passes through an endothelial cell culture BBB model [72]. The authors found that in the intact endothelial layer there is no net passage of exogenous CoQ from serum, since CoQ influx, mediated by scavenger receptor B1 (SR-B1) and advanced glycation end products (RAGE), is perfectly balanced by CoQ efflux mediated by LDL receptor-related protein (LRP-1) or other members of the low-density lipoprotein receptor family (Fig. 2C). Interestingly, induction of CoQ deficiency by para-aminobenzoic acid, a competitive inhibitor of CoQ biosynthesis, disrupts the integrity of this BBB model, leading to a net influx of exogenous CoQ from serum [72].

Although this observation needs to be further investigated in vivo, it might partially explain why neurological manifestations of primary CoQ defects sometimes, although not always, improve with CoQ supplementation in both mice [50] and humans [73], as also reviewed in this issue by Trevisson et al. Moreover, since the BBB itself is commonly disrupted in neurological diseases [53], it raises the interesting question whether CoQ brain absorption might be greater in neurological patients than in healthy individuals. Similarly, significant muscle uptake has been shown in CoQ deficient Adck2 +/-but not in WT mice [74]. Therefore, CoQ uptake in brain and muscle is potentially improved by CoQ deficiency itself, at least in some conditions. Moreover, this study further opens the exciting hypothesis of possible pharmacological strategies to improve CoQ brain uptake by LDLR/LRP1 inhibitors.

Once absorbed intracellularly, supplemented CoQ is redistributed to different subcellular compartments joining endogenous pools in mitochondria, lysosomes, Golgi apparatus, plasma membranes and ER, by incompletely understood mechanisms (Fig. 3A). This represents the fourth limiting step in exogenous CoQ absorption. In human HL-60 cells supplemented with CoQ9, ubiquinone first accumulates in the endo-lysosomal fractions, followed by mitochondria and mitochondrial-associated membranes (MAMS), plasma membrane, and ER [16]. Interestingly, redistribution of exogenous Q is impaired by brefeldin A, an inhibitor of the ER to Golgi transport. Few studies have also investigated exogenous CoQ intracellular uptake in vivo, in particular in liver, and found dramatic accumulation of exogenous Q in lysosomes [56] and/or in Golgi [2], much less in mitochondria. Whether this similarly occurs in brain and muscle has not been yet specifically evaluated, although we know, as we discussed above, that CoQ can reach brain and muscle mitochondria to limited extent when supplemented at high doses [58,60,63]. Altogether, these data suggest that exogenous CoQ first accumulate in lysosomes/Golgi, and only later reach mitochondria and other organelles by still unclear mechanisms which deserve to be further investigated. We speculate that exogenous CoQ carried by lipoproteins could be taken up intracellularly by endocytosis, delivered to lysosomes, and then delivered to other organelles through inter-organellar contact sites, somehow similarly to cholesterol [75].

A final limiting step is represented by the distribution of exogenous CoQ within mitochondria. CoQ has to pass through the outer mitochondrial membrane and the soluble intermembrane space to reach the respiratory chain embedded in the inner membrane. The mechanisms underlying this process are currently unknown. Since CoQ is insoluble in water solutions, we speculate that this happens at contact sites between inner and outer mitochondrial membranes (Fig. 3B).

In summary, delivery of exogenous CoQ to intracellular targets of neurons and muscle fibers, namely the inner mitochondrial the plasma membranes, is undermined by significant anatomical and physicochemical challenges. However, neuronal CoQ uptake may improve in conditions associated with BBB leakage such as ageing, CoQ deficiency, and neurological diseases. Moreover, innovative CoQ formulations open up promising therapeutical scenarios for treating neurological and neuromuscular diseases associated with CoQ deficiency.

Alternatives to CoQ supplementation

In this section we will briefly summarize alternative strategies to CoQ supplementation that have been conceived to bypass CoQ bioavailability challenges.

Idebenone, a shorter synthetic analogue of CoQ is the most widely known and is currently an approved drug to treat Leber hereditary optic neuropathy in several countries [76]. Due to its smaller size, idebenone does not require to be incorporated in lipoproteins as CoQ, and it has a better bioavailability in brain tissue. At difference with CoQ, it can pass through an in vitro model of intact BBB with a positive influx [72]. Despite these advantages and clear evidences of idebenone uptake in the brain and muscle, the bioavailability in these tissues is still limited [77]. Moreover, as reviewed in depth elsewhere, idebenone and CoQ have distinct cellular effects. Idebenone, unlike CoQ, has been linked to pro-oxidant and cell death inducing effects in vitro [78], although it is supposed to work as an antioxidant in vivo and its use is considered safe in patients. More importantly, idebenone is not effective as electron acceptor in the respiratory chain since it cannot restore mitochondrial respiratory defects caused by CoQ deficiency [79,80], and it inhibits mitochondrial respiration in neurons, but not in astrocytes, at least in vitro [81]. However, QS10, a normally occurring metabolite of idebenone, has been shown to partially restore respiration in CoQ deficient cells in contrast with idebenone, and was more efficient than idebenone in restoring respiration in zebrafish neurons treated with the complex I inhibitor rotenone [82]. Further works are needed to determine the efficacy of idebenone or its metabolites in respiratory chain defects in mammals in vivo.

MitoQ is a synthetic analogue of CoQ, which consists of a quinone attached to a positively charged 10-carbon chain, responsible for its accumulation inside the negatively charged mitochondrial matrix in polarized mitochondria [83]. This molecule can penetrate in brain although to a limited extent [83]. However, although this compound retains potent mitochondrial antioxidant properties, it does not work as electron acceptor in the respiratory chain [83]. MitoQ, but not CoQ, can modestly decrease mitochondrial hydrogen peroxide generation in skeletal muscle, without altering mitochondrial function in middle-aged men [84].

A conceptually different strategy is to provide bioavailable 4-hydroxybenzoic acid analogs that can be metabolized by the CoQ biosynthetic machinery bypassing early CoQ biosynthesis defects [85]. 2,4 hydroxybenzoic acid is distributed to mouse brain [86], and remarkably ameliorates phenotypes of COQ7 and COQ9 deficient mice [59,86] 

Secondary CoQ deficit in neurological diseases and mouse models

In this section we make an overview of neurological diseases or mouse models that have been associated with CoQ deficiency in skeletal muscle or brain (Table ).

Secondary Coenzyme Q deficiency in mitochondrial diseases

Low levels of CoQ have been described in muscle biopsies or cultured fibroblasts from patients with several mitochondrial diseases unrelated to primary defects in CoQ biosynthesis.

Secondary CoQ defects have been found in some [33,[88][89][90], but not all [91] carriers of sporadic deletions, mutations and depletion of mitochondrial DNA, as well as in some patients with mutations in nuclear DNA genes encoding mitochondrial proteins, and even in several non-mitochondrial metabolic diseases [92]. The underlying mechanism is unclear, but at least in a proportion of cases the reduced CoQ content may be secondary to a decrease in mitochondrial mass [89,92] as we will discuss later.

Evidence supporting a benefit from CoQ supplementation in patients with mitochondrial disease unrelated to CoQ biosynthesis defect is limited [93], as reviewed in depth elsewhere [94,95]. Some patients affected by mitochondrial diseases with ascertained secondary CoQ defect in muscle have been reported to respond well to CoQ supplementation [33,91].

Despite these encouraging clinical observations, results of the few published double-blind clinical trials are inconsistent. These discrepancies may be due to the different trial designs and outcome measures [96][97][98]. Only one, conducted in eight patients, showed a significant improvement of a clinical endpoint such as muscle strength [97]. Two studies showed some improvements in biochemical data and exercise testing but not in clinically relevant endpoints [96,98]. It should be noted that in several of these trials [96,97], the CoQ dose was insufficient to increase CoQ skeletal muscle levels [99]. Multiple confounding factors could have affected the outcome of these studies including the intrinsic heterogeneity of mitochondrial diseases, the small sample size, the dose and bioavailability issues of the tested CoQ formulation, the lack of pre-selection of muscle CoQ deficiency as inclusion criterium, the limited duration of the study, and the choice of clinically meaningful outcome measures.

Despite very limited evidence, in view of its excellent tolerability, CoQ is widely prescribed to mitochondrial diseases patients, independently from their genetic and biochemical defects, commonly as part of a "multivitamin cocktail" [100]. Double-blind clinical studies with larger statistical power, use of novel formulations of CoQ with improved bioavailability, clinically meaningful outcome measures, and preselection of patients with proven secondary muscle CoQ deficiency are warranted.

Electron-transferring flavoprotein dehydrogenase (ETFDH) deficiency

Mutations in the nuclear gene ETFDH encoding for electron-transferring flavoprotein dehydrogenase lead an autosomal recessive form of lipid storage myopathy which belongs to the multiple acyl-coenzyme A dehydrogenation deficiency spectrum (MADD, OMIM 231680). Clinical manifestations of ETFDH deficiency are typically characterized by a proximal myopathy and exercise intolerance with possible metabolic decompensation episodes that respond favorably to riboflavin supplementation [101]. ETFDH is a transmembrane protein inserted into the inner mitochondrial membrane implicated in fatty acid-oxidation that provides electrons to the respiratory chain via CoQ [102]. One study reported CoQ deficiency in muscles of patients with ETDFH mutations regardless of differences in mitochondrial mass [103]. The authors reported marked clinical improvements after supplementation with CoQ and riboflavin together, and few patients seemed to improve significantly with CoQ supplementation alone [103]. However, CoQ deficiency in muscle of patients with ETFDH mutations was not always found [104,105]. A study on a cohort of 34 patients with ETDFH mutations, reported that CoQ levels in patient muscle were actually increased, rather than decreased, compared to controls, and this was explained by increased mitochondrial proliferation [106]. Altogether, CoQ deficiency is a possible but not constant complication of ETFDH deficiency. Although, the first line treatment of MADD with ETFDH mutations is riboflavin, additional CoQ supplementation may be beneficial in some cases.

ADCK2 haploinsufficiency in human and mouse

A recent study has reported one case of a 50 years-old man affected by a progressive metabolic myopathy with histological and biochemical signs of both lipid storage and mitochondrial dysfunction [74]. Plasma levels of short-and medium-chain length acylcarnitine species, lactic acid, alanine, urinary ethylmalonic acid were elevated. The activities of the respiratory chain complexes in muscle were all normal except for complexes I+III. 

Combined activities of complex II+III and

Secondary CoQ deficiency in cerebellar ataxias

Cerebellar ataxia is a common clinical phenotype of both primary and secondary CoQ deficiencies [121]. Ataxia oculomotor apraxia 1 (AOA1) is an autosomal recessive cerebellar ataxia caused by mutations in APTX gene encoding aprataxin, a ubiquitously expressed nuclear protein playing a role in single-strand DNA break repair. Clinically, it is characterized by cerebellar ataxia, oculomotor apraxia, severe neuropathy, low levels of blood albumin and increased blood cholesterol. The first family with pathogenic APTX mutations and secondary CoQ deficiency in muscle was reported by Quinzii [122]. Interestingly, CoQ supplementation resulted in some degree of clinical improvement. Similar observations were made by an independent group, reporting muscle CoQ deficiency in five out of six AOA1 patients [123].

Respiratory chain activities were not affected in muscle, suggesting that the CoQ deficiency in these patients had little functional impact on mitochondrial respiration.

Hypercholesterolemia and hypoalbuminemia were also altered in all patients. Since cholesterol and CoQ biosynthesis share a common pathway involving (HMG)-CoA reductase, the rate limiting enzyme for the synthesis of the shared precursor mevalonic acid, the authors hypothesized that mutated aprataxin interfere with the regulation of the steroid pathway downstream HMG-CoQ, leading to higher levels of cholesterol and lower level of CoQ [123]. Moreover, a fraction of APTX was shown to localize within mitochondria and APTX depletion in human SH-SY5Y neuroblastoma cells and primary skeletal muscle myoblasts reduced the activity of citrate synthase (CS) and mtDNA copy number while increasing mtDNA damage, raising the hypothesis whether reduced mitochondrial mass and defective mtDNA maintenance participate to AOA1 pathogenesis and secondary CoQ deficiency [124].

It was later shown that CoQ deficiency and mitochondrial dysfunction in patient fibroblasts and cell lines were not due to mtDNA alterations, but rather to transcriptional downregulation of multiple genes involved in CoQ biosynthesis (PDSS1, PDSS2, COQ2, COQ5, and COQ7) mediated by reduced expression of the nuclear respiratory transcription factors 1 and 2 (NRF1-2), secondary to decreased expression of APE1, a binding partner of APTX involved in base excision repair and in transcriptional regulation of gene expression [125]. Therefore, CoQ deficiency and mitochondrial abnormalities in AOA1 might be a downstream response to genotoxic stress mediated by nucleo-mitochondria crosstalk [125].

Secondary CoQ deficiency has also been reported in two patients affected by autosomal recessive spinocerebellar ataxia-10 (SCAR10) caused by mutations in ANO10, encoding Anoctamin-10, a putative calcium activated chloride channel expressed in the plasma membrane [126]. Patients presented with slowly progressive ataxia and dysarthria leading to severe disability in the sixth decade. CoQ levels normalized per mg of protein were low in muscle but normal in fibroblasts. Supplementation with CoQ had beneficial effects in both cases. The link between SCAR10 and secondary CoQ deficiency has not yet been validated in other case series, to the best of our knowledge, and the mechanism of CoQ deficiency is still unclear. Altogether, these studies show that several genetic and acquired neurodegenerative diseases affecting cerebellum ultimately result in secondary CoQ deficiency.

CoQ deficiency induced by statins

Statins are inhibitors of HMG-CoA reductases that are widely used as cholesterol-lowering drugs. Use of statins can be associated with muscular side effects ranging from isolated elevated serum creatin phosphokinase, muscle pain, and less commonly to myopathy [127].

The incidence of statin-associated muscle complications varies greatly, ranging between 5% and 29% according to studies [128]. The pathogenesis is multifactorial and incompletely understood. Since mevalonate is reduced by statins and mevalonate is a shared precursor of both cholesterol and CoQ biosynthetic pathways, it has been hypothesized that statin-induced CoQ deficiency might play a role in statin induced muscle toxicity. In mice, atorvastatin, but not pravastin, induced CoQ deficiency in skeletal muscle, independent from reduced mitochondrial content and dysfunction, which was rescued by CoQ supplementation [129].

Similar reduction was reported in mouse brain after lovastatin treatment [130]. In humans, statins induce a marked decrease of CoQ concentration in blood [131,132], which is expected since plasma CoQ levels correlate with LDL cholesterol levels. Conversely the effects of statins on muscle CoQ pools are controversial [133][134][135], as reviewed elsewhere [136].

Importantly, simvastatin was associated in one study with a remarkable reduction in mitochondrial mass, which may potentially contributed to some cases of statin-induced CoQ deficiency [137]. However, a recent study did not find significant differences in CoQ levels and mitochondrial mass in muscles from 64 patients taking simvastatin (25 suffering from muscle pain and 39 asymptomatic) and 20 untreated controls [138]. The benefit of CoQ supplementation in statin-induced muscle toxicity is similarly controversial [139,140].

Inconsistency of these results may depend, in our opinion, in the multifactorial pathogenesis of statin-induced side effects on skeletal muscle. Interestingly, a case series has linked the use of statins with progressive cerebellar ataxia [141]. Patients improved after statin withdrawal and treatment with CoQ (300 mg / day), and worsened again when put back under statin treatment. However, CoQ status was not evaluated, and these preliminary clinical observations need to be confirmed. Altogether, statins can affect muscle tissue by multiple mechanisms, which may include reduced mitochondrial mass and, in rare cases, decreased CoQ.

Brain coenzyme Q deficit in a mouse model of Leigh syndrome: the Parl knockout mouse

Few studies have reported secondary CoQ defects in the nervous system of mouse models of neurological diseases. A slight decrease of CoQ (about 20 %) was reported in the R6/2 transgenic mouse model of Huntington disease [67]. More substantial defects have been reported in Parl -/-mice. PARL is the only known intramembrane protease expressed in mitochondria, where it regulates important cellular functions by cleaving specific substrates in hydrophobic transmembrane domains [142]. This is highlighted by the observation that deletion of Parl or its orthologues in several organisms lead to severe phenotypes affecting lifespan [143]. We have recently reported that the cause of the lethal multisystem phenotype of Parl -/-mice is a striking neurodegeneration that recapitulate the neuropathological features of human Leigh syndrome [144]. Parl -/-brain mitochondria develop progressive mitochondrial ultrastructural abnormalities and bioenergetic defects characterized by a complex III dysfunction and, unexpectedly, severe CoQ deficiency [144] without changes in mitochondrial mass. A dramatic increase in CoQ red/ox ratio was explained by impaired expression of TTC19, a validated substrate of PARL required for the activity of Complex III.

A deep proteomic analysis in purified brain mitochondria revealed a downregulation of several of the CoQ biosynthetic proteins. Time course experiments revealed that suppression of CoQ biosynthesis in Parl -/-brains is an early pathogenetic event since severe downregulation of COQ4 is already noticeable at 1 week of age, before any evident clinical, pathological or bioenergetic phenotype. Since we did not find evidence supporting COQ4 as a substrate of PARL, by analogy with Coq5p for Oct1p in yeast [145], the molecular mechanisms are unclear and are currently under investigation. One hypothesis is that CoQ deficiency in Parl -/-brain mitochondria may derive from structural damage of the mitochondrial inner membrane leading to CoQ Complex disassembly and secondary CoQ biosynthesis defect [13].

Possible mechanisms of secondary Coenzyme Q deficiencies

The mechanisms underlying secondary CoQ defects are currently uncertain. In this section we will propose several hypotheses about possible mechanisms participating to secondary CoQ deficiency in neurological diseases based on available data obtained from different preclinical models.

CoQ levels and mitochondrial mass

Coenzyme Q is ubiquitous but its concentration is highest in mitochondrial inner membranes.

As a result, CoQ concentration measured in whole cells/tissues, when expressed for whole cell protein concentration, is proportional to mitochondrial mass. Therefore, a common cause for low CoQ levels is reduction of mitochondrial mass (Fig. 4A).

Secondary CoQ deficiency has been described in muscle biopsies from patients with various mitochondrial respiratory chain defects, but it seems to be particularly frequent and pronounced in mtDNA depletion syndromes [89,146]. However, in these cases, CoQ deficiency highly correlated with reduced activity of citrate synthase, a Krebs cycle enzyme widely employed as a marker of mitochondrial abundance [37]. These results, together with unchanged complex II+III activity, strongly suggest that the CoQ deficiency may be a secondary consequence of a reduction in mitochondrial content [147]. Unsurprisingly, the opposite has been shown: elevated levels of CoQ in samples derived from patients with neurological diseases, such as pyruvate dehydrogenase [148] or ETFDH deficiency [106],

turned out to be caused by increased mitochondrial proliferation [106]. Failure to normalize for citrate synthase can lead to miss real cases of CoQ deficiency since this latter can be associated with compensatory mitochondrial proliferation [36]. Therefore, we propose that CoQ status evaluation in any physiological or pathological condition should be always interpreted with parallel analysis of mitochondrial content. Failure to normalize CoQ content to mitochondrial mass can explain some inconsistencies in the literature regarding CoQ deficiency in diseases.

Respiratory chain/ CoQ Stoichiometry

As we discussed above, secondary CoQ deficiency in muscle can follow ETFDH mutations in [103], which commonly translate into decreased protein expression of electron-transfer flavoprotein dehydrogenase [149]. Most of the reported cases of mitochondrial diseases with secondary CoQ defect are disorders of the mitochondrial genome expression: large scale mtDNA deletions, mtDNA depletion, point mutations in MT-TRNA or MT-TRNA amino synthetase [33,92] that affect the expression of mitochondrial encoded respiratory chain complex subunits typically resulting in combined respiratory chain defects involving complex I, III, IV and ATP synthase. Kuhl et al. performed an extensive comparative analysis of mitochondrial proteomes, metabolomes, and transcriptomes from five mouse models harboring heart and muscle specific deletions in genes regulating mtDNA maintenance (Twnk, Tfam), transcription (Polrmt), or translation (Lrpprc, and Mterf4) [150][151][152][153][154][155]. Unexpectedly, the authors found a shared severe CoQ deficiency (25% to 50% decrease) explained by a diffuse suppression of most intra-mitochondrial proteins required for Coenzyme Q biosynthesis, except PSSD2 and COQ8A. Expression of CoQ biosynthesis genes was not modified, indicating that the inhibition of CoQ biosynthesis occurred at the level of protein translation, stability, or turnover [150]. As an expected result of the underlying mitochondrial gene expression defect, these mice all share a decreased expression in respiratory chain complexes encoded by mtDNA. Similarly, secondary CoQ deficit has been observed also in 143B-ρ0 cells lacking mtDNA [156]. Impaired assembly of a high-molecular weight complex containing COQ5 has been reported in cybrids harboring the m.8344A>G mtDNA mutation causing impaired mitochondrial translation, secondary CoQ deficit, and clinically manifesting as myoclonic epilepsy with ragged red fibers (MERRF) [157]. Altogether, decreased CoQ content can be a downstream consequence of combined respiratory chain defects linked to mitochondrial DNA expression defects or decreased ETFDH expression (Fig. 4B1).

Conversely, some cases of primary CoQ deficiency have been associated with secondary changes in the mitochondrial respiratory chain or associated CoQ reductases. In the Coq9 knockin (R239X) mouse model of impaired CoQ biosynthesis, the lack of a functional COQ9 protein causes CoQ deficiency, mitochondrial encephalopathy and a brain-specific loss of supercomplex assembly with complex III dimer accumulation [158]. A severe reduction of sulfide-quinone oxidoreductase was observed in several tissues including muscle and brain of mouse models of primary CoQ defects [159], in Parl -/-brains associated with secondary COQ deficiency [144], as well as in fibroblasts form patients with primary CoQ defects [160].

Altogether, these results highlight that CoQ and CoQ oxidoreductases are tightly co-regulated to ensure a balanced stoichiometry. Therefore, defects of respiratory chain complexes and other CoQ oxidoreductases should be investigated in neurological diseases with secondary CoQ deficiency.

Mitochondrial metabolism and CoQ biosynthesis

Recent studies have provided novel insights regarding the impact of metabolic states on CoQ biosynthesis. COQ8A and COQ8B (previously termed ADCK3 and ADCK4) are putative ATP-dependent chaperones that facilitate the assembly of CoQ complex and the de novo CoQ biosynthesis [161]. COQ8A is essential for the stability of CoQ proteins [8]. expression [150]. These recent results suggest that COQ8A and COQ8B may be reciprocally regulated, depending on oxidative vs glycolytic metabolic switch. This process may adapt CoQ biosynthesis to metabolic requirements by modulating complex Q stability. Interestingly, this molecular response had not been observed in brain mitochondria from Parl -/-mice, which are characterized by severe OXPHOS deficits independent from mitochondrial genome expression [144].

In 143B cells, drastic energetic impairments induced by mitochondrial inhibitors, including antimycin A-a complex III inhibitor that abolishes oxidative phosphorylation, oligomycin-an ATP synthase inhibitor, and FCCP-a mitochondrial uncoupler that dissipates mitochondrial potential decreased CoQ levels [156,157,162]. Importantly, the inhibition of CoQ biosynthesis induced by these toxins was not rescued by addition of antioxidants indicating that impaired mitochondrial energetics rather than increased ROS production caused secondary CoQ defect. The same group showed that FCCP treatment led to impaired assembly of COQ5 into a high molecular weight complex [157]. On the other hand, brains of mice lacking TTC19, a protein required for UQCRFS1 turnover, have a partial loss of complex III catalytic activity [163], but normal CoQ levels [144], indicating that secondary CoQ defect is not constant in respiratory chain dysfunction but either restricted to specific types or to extreme, non-physiological levels of mitochondrial dysfunction such as those obtained with high doses of mitochondrial toxins. Altogether, these results support the existence of specific molecular mechanisms that couple CoQ biosynthesis to mitochondrial metabolism. Further studies are warranted to investigate these mechanisms, and to pinpoint their relevance in human diseases with secondary CoQ deficiency.

CoQ biosynthesis and mitochondrial morphology

According to the currently accepted model, CoQ is produced by a multi-subunit complex associated with the matrix side of the inner mitochondrial membrane [8,12,[164][165][166]. This CoQ synthome, in yeast, or complex Q, in human cells [167], is necessary for the function and stability of the CoQ enzymes, and ultimately ensures the de novo CoQ biosynthesis [12,168]. In a recent study, Subramanian and coauthors discovered that the components of the CoQ biosynthesis pathway selectively colocalize into discrete foci, also called CoQ domains, at the level of the inner mitochondrial membrane in both yeast and human cells [169]. These

CoQ domains were strictly correlated with CoQ production and substrate flux. Parl -/-brain mitochondria are affected by a generalized suppression of CoQ biosynthesis enzymes, consistent with a CoQ complex destabilization [13] and severe mitochondrial morphology abnormalities [144]. Heart mitochondrial morphology and secondary CoQ biosynthesis defects were reported in the five cardiac-specific mouse models of defective mtDNA gene expression defects above discussed [150][151][152][153][154]. Altogether, these recent observations lead to hypothesize that the Q complex stability could also be affected by mitochondrial morphological alterations of the inner membrane leading to impaired CoQ biosynthesis and secondary CoQ deficiency (Fig. 4B2). We propose that this hypothesis should be scrutinized in mitochondrial diseases, which are commonly associated with cristae abnormalities [170,171], and other neurological and neuromuscular diseases associated with mitochondrial ultrastructural abnormalities [172].

CoQ biosynthesis and endoplasmic reticulum-mitochondria connection

Mitochondria-ER contact sites, also referred as mitochondria-ER associated membranes (MAMS) regulate several crucial cellular functions, such as calcium homeostasis, lipid metabolism, mitochondrial dynamics, autophagy and cell death [173]. These inter-organellar communication sites play important, although still scarcely understood, roles in several major neurological diseases, including amyotrophic lateral sclerosis, PD, Alzheimer, and Huntington diseases [173].

Recent studies in yeast have shown that CoQ domains are highly enriched adjacent to ERmitochondria contact sites [169,174]. In yeast, genetic manipulations of ERMES, the molecular tether between the ER and the outer mitochondrial membrane induced the destabilization of the CoQ synthome, resulting in reduced mitochondrial late-stage intermediates and CoQ levels [174]. These findings highlight the importance of the ERmitochondria contacts for CoQ complex stability, CoQ production and distribution, which deserve further exploration in mammals. In human HL-60 cells, endogenous CoQ10 synthesized using radiolabeled precursor was first detected in mitochondria and later incorporated into MAM and ER [16]. Addition of brefeldin A, an inhibitor of endoplasmic reticulum to Golgi transport, inhibited [ 14 C-CoQ10] accumulation in mitochondria, MAM, and ER [16], suggesting that inter-organellar communication is essential for endogenous CoQ biosynthesis. The authors proposed that this might be attributed to defective transit of CoQ precursors from endoplasmic reticulum/Golgi to mitochondria. Similarly, communication between mitochondria and ER plays an important role in cholesterol import in mitochondria [175]. These data raise the question of whether alterations in ER-mitochondria connections perturbs CoQ biosynthesis leading to secondary CoQ deficiency in human diseases (Fig. 4B3). MFN1 and MFN2 are dynamin-like GTPases involved in the fusion of outer mitochondrial membranes. Dominant MFN2 mutations are responsible for Charcot-Marie-Tooth disease type 2A (CMT2A), an axonal form of inherited peripheral neuropathy [176]. In addition to its well-known role in mitochondrial dynamics, MFN2 is also involved in ERmitochondria tethering [177]. Strikingly, inactivation of MFN2, but not MFN1, in the heart of a conditional mouse model and in mouse embryonic fibroblasts depleted mitochondrial CoQ pools [178]. Proteomic and metabolomics analyses pointed to a severe post-transcriptional downregulation of the terpenoid biosynthesis. It remains to be established whether structural alterations of ER-mitochondria contact sites underly secondary CoQ deficiency in Mfn2 -/- cells, in tissues of patients suffering from CMT2A and other neurological diseases with secondary CoQ deficiency (Fig. 4B3).

Summary and conclusions

CoQ Secondary CoQ deficiency in brain and muscle has been documented in a limited number of rare neurological disorders (Table ), where the efficacy of CoQ supplementation has been scarcely investigated. Conversely, many clinical trials were conducted on common neurological diseases including Parkinson disease [179], Huntington disease [180], and amyotrophic lateral sclerosis [181] without proven evidence of CoQ deficiency, which may be at least partially account for the negative results. Interestingly, novel data indicate that CoQ modifying treatment may have previously unrecognized beneficial effects that don't depend upon restoration of normal CoQ levels in affected tissues, but rather on remote non-cell autonomous effects [86].

We propose that mitochondrial mass should systematically be evaluated when assessing CoQ status, to avoid misinterpreting reduced mitochondrial mass as CoQ deficiency (CoQ pseudodeficiency) or missing CoQ deficiency when this is associated with mitochondrial proliferation. Respiratory chain function and complex expression, mitochondrial morphology and inter-organellar communications, in particular through MAMS, should be scrutinized as possible mechanisms of secondary CoQ deficiency in human diseases, since they appear to influence biosynthesis of CoQ and its subcellular distribution.

Legends to Figures

Fig. 1. Subcellular distribution of endogenous and exogenous CoQ. Intracellular distribution of endogenous CoQ in subfractionated rat liver [2]. For clarity reasons nuclear, peroxisomal and cytosolic CoQ pools have not been illustrated. Different organellar CoQ concentrations have been reported in another study [3]. 

Ataxia oculomotor apraxia 1 (AOA1)

Autosomal recessive cerebellar ataxia caused by mutations in the APTX gene encoding aprataxin. Characterized by cerebellar ataxia, oculomotor apraxia, severe neuropathy, low levels of blood albumin and increased levels of blood cholesterol.

CoQ deficiency in patients' muscle. Probably related to an alteration nucleomitochondria crosstalk with secondary reduced expression of CoQ biosynthetic genes.

CoQ deficiency reported by two independent groups. Citrate synthase activity low or not specified in some cases.

Clinical improvement reported in few cases.
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Statins-induced myopathy

Muscular side effects ranging from isolated elevated serum creatin phosphokinase, muscle pain, and less commonly to myopathy.

CoQ deficiency in skeletal muscle and brain of mice models and in patient' blood. Supposed effect of HMG-CoA reductase inhibition on CoQ biosynthesis. Controversial. CoQ deficiency might result in some cases from reduced mitochondrial mass.

The benefit of CoQ supplementation in statin-induced muscle toxicity remains controversial.
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Introduction

Some neurological and neuromuscular diseases have been linked to secondary coenzyme Q10 (hereinafter referred as CoQ) deficiency, raising exciting therapeutical expectations that still need to be supported by clinical trials. Here, we make an overview of CoQ roles, distribution and absorption in the nervous system and skeletal muscle, highlighting the current evidence and controversies about the prevalence of secondary CoQ deficit in neurological and neuromuscular diseases, with the aim of assisting investigators in conceiving future clinical trials with CoQ.

Lastly, we propose possible mechanisms underlying secondary CoQ deficiencies.

CoQ distribution, localization, and uptake in brain and skeletal muscle

CoQ intracellular distribution

Coenzyme Q (CoQ), or ubiquinone, is a unique lipid with electron carrier capacity expressed in all cellular membranes, which dynamically shuttles between an oxidized and a reduced form through an unstable intermediary semiquinone form. The quinone head is responsible for its redox properties while the long hydrophobic polyisoprenyl tail is responsible for insertion in cell membranes. The length of the polyisoprenyl tail varies among organisms. CoQ10, the most abundant form of CoQ in humans, is composed of ten isoprene units, while CoQ9, the most abundant form in rodents, is composed of nine units. Intracellularly, CoQ is mostly abundant in the inner mitochondrial membrane, where it functions as an essential component of the respiratory chain. It works as an electron acceptor receiving electrons from multiple metabolic pathways including complex I (NADH-ubiquinone oxidoreductase), complex II (succinate-ubiquinone oxidoreductase), glycerol-3-phosphate dehydrogenase, sulfide quinone oxidoreductase, electron-transfer flavoprotein dehydrogenase (ETFDH), and dihydroorotate dehydrogenase. Electrons converging to CoQ are then transferred to cytochrome c through complex III (ubiquinol-cytochrome c oxidoreductase), and finally to molecular oxygen through complex IV (cytochrome c oxidase). An additional CoQ pool has also been reported in the outer mitochondrial membrane [1], but its precise physiological role is uncertain.

As the name indicates, ubiquinone is ubiquitously expressed in all membranes from other cell compartments, including lysosomes, Golgi apparatus, plasma membrane, and endoplasmic reticulum (ER) (Fig. 1A) [2,3]. The physiological roles of extramitochondrial CoQ are scarcely understood. Outside mitochondria, CoQ is reduced by several reductases [4]. Ubiquinol provides important protective functions against oxidative stress, both directly as an electron donor, and indirectly through the regeneration of other important antioxidants such as ascorbate and tocopherol [4]. In the plasma membrane, CoQ is reduced by ferroptosis suppressor protein 1 (FSP1, previously referred as AIFM2) to ubiquinol, thus providing protection against ferroptosis, a recently described form of regulated cell death associated with increased lipid peroxidation [5,6]. CoQ deficiency in cultured neuronal cells significantly impair lysosomal acidification through a still to defined mechanism [7]. Interestingly, germline Coq8 -/-mice, a model of autosomal recessive ataxia type 2 with defective CoQ biosynthesis and cerebellar ataxia, show remarkable neuronal Golgi abnormalities but preserve mitochondrial morphology, reinforcing the hypothesis that extra-mitochondrial CoQ pools play important, but still undefined, pathophysiological roles in neurological diseases [8]. Exogenous CoQ has been shown to induce significant gene expression changes both in vitro [9] and in vivo [10,11]. It is currently unknown whether this occurs through a direct impact of CoQ nuclear pools on gene expression or rather indirectly.

Unlike vitamins, CoQ dietary intake is marginal, and therefore maintenance of intracellular pools relies almost entirely on endogenous CoQ biosynthesis. The terminal steps of CoQ biosynthesis occur within mitochondria, as reviewed in detail in another chapter of this issue by Pagliarini group and elsewhere [12,13]. Moreover, extramitochondrial CoQ biosynthesis has been observed

in Golgi apparatus and ER [14,15]. Dynamic relocation of endogenous CoQ from mitochondria to ER-Golgi and finally plasma membrane has been elegantly shown in HL-60 cells supplemented with the CoQ precursor [ 14 C-para-aminobenzoate] [16]. Moreover, addition of brefeldin A, an inhibitor of protein transport from ER to Golgi associated with pathological effects on both Golgi and the endocytic pathway [17], virtually abolished the [ 14 C-CoQ10] signal in the plasma membrane [16], suggesting that Golgi integrity and/or the endocytic pathway are required for the redistribution of endogenous CoQ from mitochondria to the plasma membrane.

CoQ concentration in different organelles is most likely modified by a dynamic process reflecting cellular activity, a factor that might have contributed to the variable proportions of CoQ in different subcellular fractions reported by different studies [2,3].

CoQ in brain and muscle

CoQ concentration and the redox ratio between oxidized and reduced CoQ differ widely among different human tissues, the heart being the tissue with the highest CoQ concentration expressed per gram of tissue [18]. CoQ is also detectable at low concentrations in plasma, with normal values ranging between 0.4 and 1.91 μmol/l [19,20]. Despite its high metabolic activity, total CoQ levels of human brain are very low compared to other tissues, being about tenfold less than in the heart, and three times less than in skeletal muscle [18]. Differences in mitochondrial mass may contribute at least to some extent to these differences, as discussed below. Compared to most other tissues, the brain also falls apart for its particularly low proportion of reduced CoQ [18], the reason for this being currently unknown. CoQ red/ox decreases in skeletal muscle during ageing [21]; possible hypotheses involve increased oxidative stress [22], or mitochondrial dysfunction. Importantly, brain CoQ concentrations decline with ageing in both human and rodents [23]. CoQ concentrations vary significantly between different brain regions in rats and humans [23][24][25][26], being higher in the cortex and striatum and lower in the cerebellum and brain stem. These differences must be interpreted in the light of the striking cellular and molecular heterogeneity, and the relative differences in mitochondrial mass. For instance, mouse cerebellum displays very low copy numbers of mitochondrial DNA, reflecting a low mitochondrial mass [27]. Mass spectrometry imaging has recently been introduced to improve the spatial resolution of CoQ regional distribution up to 150 µm in the mouse brain [28].

However, available technologies do not currently make it possible to visualize or measure CoQ concentration within individual cells. As a consequence, we do not know to which extent CoQ levels vary between the different cell types that underly brain anatomy: neurons, astrocytes, microglia, oligodendrocytes and vessels. Metabolic activities, mitochondrial proteomes and mitochondrial DNA copy number vary widely among these cell types [29][30][31]. Moreover, brain diseases per se modify the cellular composition of the brain. Neurodegeneration typically leads to neuronal loss together with astrocytes and microglia proliferation in the affected areas. CoQ defects can involve only very specific cell types in the brain, which can escape detection when the whole brain is analyzed [8]. Therefore, novel technologies to investigate CoQ status at a single cell resolution in the nervous system are needed to improve our understanding of the role of CoQ in ageing and neurological disorders.

Although less complex than the brain, skeletal muscle tissue is also histologically heterogenous.

Mammalian skeletal muscles are composed by different fiber types with distinct contractile and metabolic properties. Mitochondrial content and proteome vary widely among the different types of muscle fibers [32]. In a published extensive single cell proteomic dataset of mouse skeletal muscle, we noticed that the expression of several proteins involved in CoQ biosynthesis such as COQ3, COQ6, COQ7, COQ9 was much lower in glycolytic type 2B fibers than in oxidative type 1 and 2A muscle fibers [32]. Accordingly, significant differences in CoQ concentrations have been reported in glycolytic as opposed to oxidative turkey skeletal muscles [33]. To the best of our knowledge, this phenomenon has not been addressed in detail in humans, but can be reasonably expected to be conserved. Different muscles contain variable proportions of slow and fast muscle fibers. This factor may explain why normal reference values of muscle CoQ content vary between different muscles, such as the deltoid and quadriceps [34]. Therefore, meaningful interpretation of CoQ status in skeletal muscle should take into account its fiber type composition.

Most studies report CoQ tissue concentrations measured per gram of wet tissue or milligram of protein without parallel evaluation of mitochondrial mass. Since cellular CoQ is most abundant in mitochondria as opposed to any other cellular organelles, differences in CoQ content in cells and tissues without reference to mitochondrial mass may strongly bias the conclusions [35,36],

potentially contributing to inconsistencies surrounding the association between CoQ depletion and human diseases. This possible pitfall may be overcome by normalizing CoQ content to a mitochondrial mass marker, such as citrate synthase activity [37] or cardiolipin concentration [38], or at least by providing a parallel evaluation of mitochondrial mass, for instance with western blot analysis of mitochondrial proteins unrelated to the respiratory chain, such as VDAC1 or TOMM20. Therefore, for a meaningful interpretation of CoQ status in any tissue or pathological condition, CoQ concentrations should be related to mitochondrial mass or measured in isolated organelles, making it possible to discriminate between CoQ deficiency and CoQ pseudo-deficiency caused by mitochondrial mass reduction.

Secondary CoQ deficit in neurological diseases and mouse models

In this section we make an overview of neurological diseases or mouse models that have been associated with CoQ deficiency in skeletal muscle or the brain (Table ).

Secondary Coenzyme Q deficiency in mitochondrial diseases

Low levels of CoQ have been described in muscle biopsies or cultured fibroblasts from patients with several different types of mitochondrial diseases unrelated to primary defects in CoQ biosynthesis. Secondary CoQ defects have been found in some [34,[39][40][41], but not all [42] carriers of sporadic deletions, mutations and depletions of mitochondrial DNA, as well as in some patients with mutations in nuclear DNA genes encoding mitochondrial proteins, and even in several non-mitochondrial metabolic diseases [43]. The underlying mechanism is unclear, but at least in a proportion of cases the reduced CoQ content may be secondary to a decrease in mitochondrial mass [40,43], as we will discuss later.

Evidence supporting a benefit from CoQ supplementation in patients with mitochondrial disease unrelated to a CoQ biosynthesis defect is limited [44], as has been extensively reviewed elsewhere [45,46]. Some patients affected by mitochondrial diseases with an ascertained secondary CoQ defect in muscle have been reported to respond well to CoQ supplementation [34,42]. Despite these encouraging clinical observations, results of the few published doubleblind clinical trials are inconsistent. These discrepancies may be due to the different trial designs, inclusion criteria, and outcome measures [47][48][49]. Only one, conducted in eight patients (four myoclonus epilepsy and ragged-red fibers/MERRF, three mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes/MELAS, and one chronic external ophthalmoplegia/CPEO), showed a significant improvement in a clinical endpoint such as muscle strength [48]. One study showed a small but significant decrease in serum lactic acid turnover obtained at 5 minutes after bicycle ergometer exercise in CoQ-supplemented patients compared to patients given a placebo, but there was no change in muscle strength nor in platelet mitochondrial respiratory chain activities [47]. Another study showed decreased serum lactate at 1 minute after exercise testing in CoQ-supplemented patients compared to patients given a placebo, but this change did not persist at 3 nor at ten minutes, nor was it associated with muscle strength improvements [49].

It should be noted that, in one of these trials, CoQ supplementation led to a limited, although significant, increase in serum CoQ levels (~30%), indicating limited intestinal absorption of the employed CoQ formulation [47], and that the CoQ dose employed in two of these trials [47,48] failed to increase CoQ skeletal muscle levels in another study [50]. Multiple confounding factors could have affected the outcome of these studies, including the intrinsic heterogeneity of mitochondrial diseases, the small sample size, the dose and bioavailability issues of the tested CoQ formulation, the lack of pre-selection of muscle CoQ deficiency as an inclusion criterium, the limited duration of the study, and the choice of clinically meaningful outcome measures.

Despite very limited evidence, in view of its excellent tolerability, CoQ is widely prescribed to patients with mitochondrial diseases, independent of their genetic and biochemical defects, commonly as part of a 'multivitamin cocktail' [51]. Double-blind clinical studies with larger statistical power, use of novel formulations of CoQ with improved bioavailability, clinicallymeaningful outcome measures, and preselection of patients with proven secondary muscle CoQ deficiency are warranted.

Electron-transferring flavoprotein dehydrogenase (ETFDH) deficiency

Mutations in the nuclear gene ETFDH encoding for electron-transferring flavoprotein dehydrogenase cause an autosomal recessive form of lipid storage myopathy which belongs to the multiple acyl-coenzyme A dehydrogenation deficiency spectrum (MADD, OMIM 231680).

Clinical manifestations of ETFDH deficiency are typically characterized by a proximal myopathy and exercise intolerance with possible metabolic decompensation episodes that respond favorably to riboflavin supplementation [52]. ETFDH is a transmembrane protein inserted into the inner mitochondrial membrane implicated in fatty acid-oxidation that provides electrons to the respiratory chain via CoQ [53]. One study reported CoQ deficiency in muscles of patients with ETDFH mutations regardless of differences in mitochondrial mass [54]. The authors reported marked clinical improvements after supplementation with CoQ together with riboflavin, and few patients seemed to improve significantly with CoQ supplementation alone [54]. However, CoQ deficiency in the muscles of patients with ETFDH mutations was not always found [55,56]. A study carried out on a cohort of 34 patients with ETDFH mutations reported that CoQ levels in patient muscle were actually increased, rather than decreased, in comparison with controls, and this was explained by increased mitochondrial proliferation [57].

CoQ deficiency is altogether a possible but not constant complication of ETFDH deficiency.

Although the first line treatment of MADD with ETFDH mutations is riboflavin, additional CoQ supplementation may be beneficial in some cases.

ADCK2 haploinsufficiency in humans and mice

A recent study has reported one case of a 50-year-old man affected by a progressive metabolic myopathy with histological and biochemical signs of both lipid storage and mitochondrial dysfunction [58]. Plasma levels of short-and medium-chain length acyl-carnitine species, lactic acid, alanine and urinary ethylmalonic acid were elevated. The activities of the respiratory chain complexes in muscle were all normal except for complexes I+III, which was decreased.

Combined activities of complex II+III and CoQ levels were also reduced in cultured fibroblasts from both the index patient and his asymptomatic sister, both carrying a heterozygous truncating mutation in the ADCK2 gene leading to decreased ADCK2 mRNA and protein in fibroblasts.

The patient's symptoms partially improved with CoQ supplementation. In order to confirm a functional role of ADCK2 in CoQ biosynthesis, the authors generated a heterozygous Adck2 knockout mouse model. Adck2 + / -mice recapitulated the human phenotype with impaired fatty acid oxidation, mitochondrial myopathy, decreased CI+III and CII+III enzymatic activities, and low CoQ content in skeletal muscle [58]. They observed decreased uptake of C or in patients with Parkinson's disease or an essential tremor [62]. Importantly, the CoQ defect (about 50%) was significant even after correction for citrate synthase activity, indicating that the defect was not secondary to reduced mitochondrial mass. The authors found reduced protein expression of PDSS1 and COQ5, essential for CoQ biosynthesis, but no COQ2 mutations [62].

Decreased COQ2 and COQ7 expression was also found in disease-affected regions in MSA patients (n = 8) compared with controls (n = 10) [63]. Decreased complex II/III activity, an indirect biochemical sign of CoQ deficiency [64], associated with increased complex I and IV activities was also shown in the cerebellar white matter of MSA patients (n = 10), compared with controls (n = 10) and PD patients (n = 10) [65]. Low CoQ levels were also shown in the cerebrospinal fluid of MSA patients (n = 20) compared with a control group (n = 15) or with disease controls including PD (n=15) and progressive supranuclear palsy syndrome (n=10) [66] . Taken as a whole, these studies provide convincing evidence for a CoQ defect in the cerebellum of MSA patients.

Interestingly, other studies suggest a peripheral CoQ defect which is also outside the nervous system. CoQ was reduced in cultured fibroblasts from MSA patients (n=14) compared with controls (n=6), without a difference in mitochondrial mass [67]. Defects in CoQ levels and in mitochondrial respiration were also evidenced in induced pluripotent stem cell (iPSC)-derived neurons from a MSA patient exhibiting compound heterozygous COQ2 mutations [68]. These functional deficiencies were rescued by site-specific CRISPR/Cas9-mediated gene corrections.

Lastly, several independent studies also identified reduced CoQ levels in the plasma of MSA patients [69][70][71].

Surprisingly, we did not identify any published clinical trials with CoQ supplementation in MSA. Nor did we identify clinical trials currently in progress at ClinicalTrials.gov. A case study reported a 60-year-old man carrying heterozygous COQ2 variants with an advanced stage of the disease affected by familial MSA [72], treated with 1200 mg / day ubiquinol over three years.

Ubiquinol supplementation resulted in a marked CoQ increase in both plasma and serum. No significant clinical changes were observed during this period, but the cerebral metabolic rate of oxygen increased by approximately 30% upon treatment, suggesting improved mitochondrial respiration. Another case series reported an improvement in orthostatic hypotension in seven MSA patients treated with CoQ [73].

Viewed as a whole, descriptions of both rare forms of primary CoQ defects manifesting as MSA and sporadic cases with proven secondary CoQ deficit of unknown origin converge in pinpointing a role played by CoQ deficiency in the pathophysiology of MSA. Thus, randomized double-blind studies are warranted in order to test the efficacy of CoQ supplementation in MSA.

Secondary CoQ deficiency in cerebellar ataxias

Cerebellar ataxia is a common clinical phenotype of both primary and secondary CoQ deficiencies [74]. Ataxia oculomotor apraxia 1 (AOA1) is an autosomal recessive cerebellar ataxia caused by mutations in the APTX gene-encoding aprataxin, a ubiquitously-expressed nuclear protein playing a role in single-strand DNA break and ribonucleotide excision repair [75]. Clinically, it is characterized by cerebellar ataxia, oculomotor apraxia, severe neuropathy, low levels of blood albumin and increased blood cholesterol. The first family with pathogenic APTX mutations and secondary CoQ muscle deficiency was reported by Quinzii [76].

Interestingly, CoQ supplementation resulted in some degree of clinical improvement. Similar observations were made by an independent group, reporting muscle CoQ deficiency in five out of six AOA1 patients [77]. Respiratory chain activities were not affected in muscle, suggesting that the CoQ deficiency in these patients had little functional impact on mitochondrial respiration. Hypercholesterolemia and hypoalbuminemia were also altered in all patients. Since cholesterol and CoQ biosynthesis share a common pathway involving (HMG)-CoA reductase, the rate-limiting enzyme for the synthesis of the shared precursor mevalonic acid, the authors hypothesized that mutated aprataxin interferes with the regulation of the steroid pathway downstream HMG-CoQ, leading to higher levels of cholesterol and a lower level of CoQ [77]. Moreover, a fraction of APTX was shown to localize within mitochondria and APTX depletion in human SH-SY5Y neuroblastoma cells and primary skeletal muscle myoblasts reduced the activity of citrate synthase (CS) and mtDNA copy number while increasing mtDNA damage, raising the hypothesis whether reduced mitochondrial mass and defective mtDNA maintenance lead to AOA1 pathogenesis and secondary CoQ deficiency [78]. It was later shown that CoQ deficiency and mitochondrial dysfunction in patient fibroblasts and cell lines were not due to mtDNA alterations, but rather to transcriptional downregulation of multiple genes involved in CoQ biosynthesis (PDSS1, PDSS2, COQ2, COQ5, and COQ7) mediated by a reduced expression of nuclear respiratory transcription factors 1 and 2 (NRF1-2), secondary to the decreased expression of APE1, a binding partner of APTX involved in base excision repair and in transcriptional regulation of gene expression [79]. Therefore, CoQ deficiency and mitochondrial abnormalities in AOA1 might be a downstream response to genotoxic stress mediated by nucleo-mitochondria crosstalk [79].

Secondary CoQ deficiency has also been reported in two patients affected by autosomal recessive spinocerebellar ataxia-10 (SCAR10) caused by mutations in ANO10-encoding Anoctamin-10, a putative calcium-activated chloride channel expressed in the plasma membrane [80]. Patients presented with slowly-progressive ataxia and dysarthria leading to severe disability CoQ supplementation [83]. A similar reduction was reported in mouse brain after lovastatin treatment [84]. In humans, statins induce a marked decrease of CoQ concentration in blood [85,86], which is to be expected since plasma CoQ levels correlate with LDL cholesterol levels.

Conversely, the effects of statins on muscle CoQ pools are controversial [87][88][89], as has been reviewed elsewhere [90]. Importantly, simvastatin was associated in one study with a remarkable reduction in mitochondrial mass, which may have potentially contributed to some cases of statin-induced CoQ deficiency [91]. However, a recent study did not find significant differences in CoQ levels and mitochondrial mass in muscles from 64 patients taking simvastatin (25 suffering from muscle pain and 39 asymptomatic) and 20 untreated controls [92]. The benefit of CoQ supplementation in statin-induced muscle toxicity is similarly controversial [93,94]. In our opinion, the inconsistency of these results may depend on the multifactorial pathogenesis of statin-induced side effects on skeletal muscle. For instance, statin therapy is rarely complicated by an autoimmune necrotizing myopathy associated with specific antibodies that target HMG-CoA reductases [95]. Interestingly, a case series has linked the use of statins with progressive cerebellar ataxia [96]. Patients noticed an improvement after statin withdrawal and treatment with CoQ (300 mg / day), and worsened again when put back under statin treatment. CoQ status was not evaluated, however, and these preliminary clinical observations need to be confirmed. In summary, statins can affect muscle tissue by multiple mechanisms, which may include reduced mitochondrial mass and, in rare cases, decreased CoQ.

Brain coenzyme Q deficit in a mouse model of Leigh syndrome: the Parl knockout mouse

Few studies have reported secondary CoQ defects in the nervous system of mouse models of neurological diseases. A slight decrease in CoQ (of approximately 20%) was reported in the R6/2 transgenic mouse model of Huntington's disease [97]. More substantial defects have been reported in Parl -/-mice. PARL is the only known intramembrane protease expressed in mitochondria, where it regulates important cellular functions by cleaving specific substrates in hydrophobic transmembrane domains [98]. This is highlighted by the observation that deletion of Parl or its orthologues in several organisms lead to severe phenotypes affecting lifespan [98,99].

We have recently reported that the cause of the lethal multisystem phenotype of Parl -/-mice is a striking neurodegeneration that recapitulates the neuropathological features of human Leigh syndrome [100]. Parl -/-brain mitochondria develop progressive mitochondrial ultrastructural abnormalities and bioenergetic defects characterized by a complex III dysfunction and, unexpectedly, severe CoQ deficiency without changes in mitochondrial mass [100] CoQ hydrophobicity leads to complete insolubility in water solutions, posing a significant problem of bioavailability. In the small intestine, only a fraction of CoQ is absorbed into enterocytes and transported with other lipids packed into chylomicrons along the lymphatic tissue [102] up to the systemic circulation; then it is distributed to the peripheral organs (Fig. 2A).

Intestinal absorption follows complex non-linear kinetics [103]. The efficiency of the absorption phase is highly variable between healthy individuals and can be improved by the ingestion of fats [104], high dosages, and fractionation of the daily dose into multiple intakes [105]. Furthermore, it is dramatically influenced by specific chemico-physical features of the CoQ formulation.

Purified CoQ powder is not absorbed, but modern pharmaceutical preparations have greatly improved intestinal CoQ absorption. Specific addition of carrier lipids, recrystallisation procedures [106], supplementation of reduced CoQ [107], emulsifiers [108,109], esterification [110], micro emulsification [111], and solubilization [112,113] increase several-fold the plasma CoQ levels after oral supplementation, indicating significant intestinal absorption. Despite this remarkable progress, a significant proportion of the supplemented CoQ is not absorbed in the gastrointestinal tract and is lost in feces. Effective intestinal absorption is necessary, although not necessarily sufficient, for the distribution of exogenous CoQ to peripheral organs by determination of a concentration gradient between the circulation and target tissues. Therefore, the intestinal absorption represents the first bottleneck step on the CoQ long path to the peripheral organs (Fig. 2A). Although several reports have indicated that ubiquinol has a better bioavailability compared to ubiquinone [113], the underlying reason is not clear since exogenous ubiquinone is reduced to ubiquinol early in the absorption phase, either inside enterocytes or during lymphatic transport. As a consequence, about 95% of CoQ circulates in plasma in the reduced form [18,22], and this proportion is not modified by supplementation of CoQ in either its oxidized or reduced form. CoQ-containing chylomicron remnants are taken up by the liver and released again into circulation packed into LDL/VLDL lipoproteins, in a similar way to other lipophilic molecules [114,115]. Since a great quantity of the absorbed CoQ is retained in the liver [2,116], liver uptake represents a second significant limiting step in exogenous CoQ distribution (Fig. 2A).

Neuronal uptake of CoQ poses additional challenges due to the presence of the blood-brain barrier (BBB), which tightly regulates the exchanges of molecules between the circulation and the nervous system. The BBB is constituted by juxtaposition of endothelial cells, pericytes, basal lamina and astrocyte endfeet (Fig. 2B) [117], that selectively regulate exchanges between circulating blood and the cerebrospinal fluid (CSF) [117]. Remarkably, CoQ is detectable, albeit at low concentrations, in the cerebrospinal fluid of normal individuals, implying that it is secreted in this fluid [118]. Current experimental evidence regarding exogenous CoQ uptake in muscle and brain is largely based on animal models, in particular rodents. Previous studies investigating the tissue distribution of radiolabeled CoQ provided intraperitoneally-revealed remarkable differences in CoQ uptake in different tissues, ranging from high levels in liver and blood cells to low or undetectable levels in muscle and the brain [119]. Other studies also failed to demonstrate increased CoQ levels in the brain and muscle mitochondria following CoQ supplementation [2,24,[120][121][122]. Interestingly, the poor CoQ bioavailability in these organs sharply contrasted with good availability of alpha-tocopherol (Vitamin E), another lipophilic membrane antioxidant which is normally present in mitochondrial membranes, but, unlike CoQ, being a vitamin, it is not synthetized but needs to be absorbed from the diet [123]. Indeed, alpha-tocopherol levels increased in all tissues examined, and also within mitochondria following supplementation to rats [2]. Another study showed that prolonged oral supplementation in mice increased CoQ concentration in both muscle homogenate and mitochondria, but not in the brain [124]. However, other studies provided contrasting evidence revealing that exogenous CoQ could increase ubiquinone content in muscle and brain. Indeed, early pharmacokinetic experiments showed that [ 14 C]-CoQ injected intravenously into guinea pigs was redistributed to the brain, although this was to a lesser extent compared with other tissues [125]. Other studies also found that the administration of large chronic doses of oral CoQ in rats was capable of moderately increasing both tissue and mitochondrial CoQ levels in muscle and the brain [120,126]. Brain parenchymal and mitochondrial CoQ uptake is influenced by the ageing in rats, being almost absent in young rats [127,128] but significant in aged animals [128,129]. This was sufficient to rescue age-related brain mitochondrial respiratory decline, motor function and neuropathological changes after only one week of solubilized CoQ supplementation [128].

A couple of other studies described much more pronounced brain uptake of exogenous CoQ.

One reported an unprecedented increase by up to five folds in brain tissue CoQ concentrations in mice after only few hours after an oral supplementation of solubilized CoQ in a nanomicellar formulation [130]. The second disclosed a CoQ increase of up to 52% in the entire brain of the R6/2 transgenic mouse model of Huntington's disease after CoQ supplementation at very high doses, paralleling a dramatic increase in serum CoQ by up to 300 folds [97]. The reasons for the particularly high CoQ increment in the brain after supplementation reported in these two studies compared with the others are not clear. Importantly, oral CoQ10 supplementation in rodents does not decrease tissue levels of CoQ9 [97,124,126,129], the predominant CoQ form in these species.

Conversely, oral CoQ10 supplementation has been found to increase both CoQ9 and CoQ10 in the brain of rodents [97,126,129], suggesting either the interconversion of CoQ10 into CoQ9, or a stimulatory effect of exogenous CoQ10 on endogenous CoQ biosynthesis, although this was not observed by others [124].

Reduction of CoQ into CoQH2 slightly decreases its remarkable hydrophobicity, thus providing a conceptual rationale for a better absorption, at least at the intestinal level. To address this issue, a recent study compared the acute biodistribution of intravenous [11C]-ubiquinol-10 versus [11C]ubiquinone-10 by PET imaging in rats. The authors found an increased uptake of radiolabeled ubiquinol compared with oxidized ubiquinone for most tissues and the expected time-dependent reduction of ubiquinone into ubiquinol in vivo. For both CoQ isotopes, the percent dose/gram of tissue was high for liver, spleen and heart, and much lower, although still measurable, in the brain, muscle and testis [131], in line with the studies discussed above.

Few studies investigated the uptake of exogenous CoQ in the different brain regions. One study found that enteral supplementation of oxidized CoQ10 in mice during 14 weeks specifically increased the reduced form CoQ9 and CoQ10, exclusively in the cortex, without any effect in five other brain regions [26]. Plasma CoQ concentration before and after supplementation was unfortunately not reported for a useful comparison.

A recent study employed mass spectrometry imaging to gain further insights into CoQ brain tissue uptake with improved anatomical resolution [28]. Interestingly, the authors found that enteral ubiquinol supplementation for 2 weeks resulted in a larger -up to fourfold -increase in reduced CoQ10, while oxidized CoQ10 and both forms of CoQ9 did not change when the whole brain was considered. Interestingly, brain subregional analysis found striking heterogeneity in CoQ increments induced by ubiquinol, with the brainstem showing a very large increase in reduced Q10 and oxidized Q9. Strikingly, no form of CoQ could be detected in the cerebral cortex [28], in contrast with other studies showing opposite findings [26], namely high CoQ concentration in the cortex, which is consistent with the known high mitochondrial abundance in cortical neurons. The statistical analysis of this subregional analysis was unfortunately not specified [28].

A higher efficacy of ubiquinol compared with ubiquinone treatment has also been reported in the COQ9 deficient mouse, a well-characterized model of CoQ biosynthesis defect with neurological involvement [116]. In this study, oral supplementation with ubiquinol was more effective than ubiquinone in increasing CoQ in the brain, muscle, and mitochondria. Since CoQ appears in the circulation in a reduced form, whether supplemented in the oxidized or in a reduced form [132],

the difference is likely due to improved intestinal absorption.

Until recently, CoQ has been only available in enteral formulations. This limitation is now overcome by results of a revolutionary study that identified, through the screening of FDAapproved drugs, the fungicide caspofungin, a mild surfactant, as a suitable vector for CoQ intravenous administration [133]. Caspofungin/CoQ injections in mice achieve unprecedented increases in CoQ plasma levels with no observable toxicity. After 10 daily intravenous injections, a dramatic increase in total CoQ was observed in the liver, spleen and lung, and a moderate increase in the heart, skeletal muscle and kidney in decreasing order. In the heart, a 50% increase in total CoQ was paralleled by an 8% increase in isolated mitochondria. In the brain, the total CoQ did not change, since the CoQ10 increase was balanced by a parallel CoQ9 decrease [133], raising the possibility of an inhibitory effect on endogenous CoQ biosynthesis.

Whether the brain uptake penetration can be improved by prolonged injections has to be or other members of the low-density lipoprotein receptor family (Fig. 2C). Interestingly, induction of CoQ deficiency by para-aminobenzoic acid, a competitive inhibitor of CoQ biosynthesis, disrupts the integrity of this BBB model, leading to a net influx of exogenous CoQ from serum [135]. Although this observation needs to be further investigated in vivo, it might partially explain why neurological manifestations of primary CoQ defects sometimes, although not always, improve with CoQ supplementation in both mice [50] and humans [136], as also reviewed in this issue by Trevisson et al. Moreover, since the BBB itself is commonly disrupted in neurological diseases [117], it raises the interesting question as to whether CoQ brain absorption might be greater in neurological patients than in healthy individuals. Similarly, significant muscle uptake has been shown in CoQ-deficient Adck2 +/-but not in WT mice [58].

Therefore, CoQ uptake in the brain and muscle is potentially improved by CoQ deficiency itself, at least in some conditions. Moreover, this study further opens the exciting hypothesis of possible pharmacological strategies to improve CoQ brain uptake by LDLR/LRP1 inhibitors.

Once absorbed intracellularly, supplemented CoQ is redistributed to different subcellular compartments joining endogenous pools in mitochondria, lysosomes, Golgi apparatus, plasma membranes and ER by scarcely understood mechanisms (Fig. 3A). This represents the fourth limiting step in exogenous CoQ absorption. A recent study investigated proteins involved in the distribution of exogenous ubiquinone in yeast by a genetic screening of coq2Δ yeasts supplemented with CoQ6 [137]. Six proteins were identified -three implicated in clathrinmediated endocytosis (Rvs161, Rvs167, Vps1), one GTPase involved in cytokinesis and vesicle transport (Cdc10), and two enzymes (the phosphatase Rts1, and the N-terminal acetyltransferase Nat3) [137]. This study confirms previous observations that highlighted the requirement of the endocytic pathway in exogenous CoQ6 mitochondrial absorption in yeast [138]. In human HL-60 cells supplemented with CoQ9, ubiquinone first accumulates in the endo-lysosomal fractions, followed by in the mitochondria and mitochondrial-associated membranes (MAMS), plasma membrane, and ER [16]. Interestingly, brefeldin A, a toxin with similar effects on Golgi and endosomes [17], led to the accumulation of exogenous Q9 in endo-lysosomes and significantly impaired its redistribution to other organelles, including mitochondria, MAMS, ER and most dramatically to the plasma membrane [16], which is consistent with the hypothesis of an important role in the endocytic pathway in the intracellular delivery of exogenous CoQ to organelles. Few studies have also investigated exogenous CoQ intracellular uptake in vivo, in particular in the liver, and have found a dramatic accumulation of exogenous Q in lysosomes [119] and/or in Golgi [2], much less than in mitochondria. Whether this similarly occurs in the brain and muscle has not been yet specifically evaluated, although we know, as discussed above, that CoQ can reach the brain and muscle mitochondria when supplemented at high doses, even if to a limited extent [124,126,129] . Taken as a whole, these data suggest that exogenous CoQ is distributed intracellularly to mitochondria and other organelles by membrane trafficking through endosomes/lysosomes/Golgi via mechanisms which are still unclear and deserve to be further investigated. We speculate that exogenous CoQ carried by lipoproteins could be taken up intracellularly by endocytosis, delivered to lysosomes via endosomes, and then delivered to other organelles in a similar fashion to cholesterol [139]. Endocytosis is a regulated process that allows cells to absorb proteins and other metabolites by invaginations of the plasma membrane that fuse with early endosomes, which either recycle their content back to the plasma membrane or are targeted to late endosomes and finally to lysosomes for degradation. In addition, late endosomes can traffic their content with a broader network of organelles, including Golgi [140], ER [141],

and mitochondria [142]. Moreover, a distinct more direct trafficking route between plasma membrane and mitochondria, independent of endosomes, has been reported via clathrinmediated endocytosis [143].

A final limiting step is represented by the distribution of exogenous CoQ within mitochondria.

CoQ has to pass through the outer mitochondrial membrane and the soluble intermembrane space in order to reach the respiratory chain embedded in the inner membrane. The mechanisms underlying this process are currently unknown. Since CoQ is insoluble in water solutions, we speculate that this happens at contact sites between the inner and outer mitochondrial membranes (Fig. 3B).

In summary, the delivery of exogenous CoQ to intracellular targets of neurons and muscle fibers, namely the inner mitochondrial and the plasma membranes, is undermined by significant anatomical and physicochemical challenges. However, neuronal CoQ uptake may improve in conditions associated with BBB leakage such as ageing, CoQ deficiency, and neurological diseases. Moreover, innovative CoQ formulations create promising therapeutical scenarios for treating neurological and neuromuscular diseases associated with CoQ deficiency.

Alternatives to CoQ supplementation

In this section we will briefly summarize alternative strategies to CoQ supplementation that have been conceived to bypass CoQ bioavailability challenges.

Idebenone, a shorter synthetic analogue of CoQ, is the most widely-known and is currently an approved drug to treat Leber hereditary optic neuropathy in several countries [144]. Due to its smaller size, idebenone does not have to be incorporated in lipoproteins as does CoQ, and it has a better bioavailability in brain tissue. Unlike CoQ, it can pass through an in vitro model of intact BBB with a positive influx [135]. Despite these advantages and clear evidences of idebenone uptake in the brain and muscle, the bioavailability in these tissues is still limited [145].

Moreover, as reviewed in depth elsewhere, idebenone and CoQ have distinct cellular effects.

Unlike CoQ, idebenone has been linked to pro-oxidant and cell death inducing effects in vitro [146], although it is supposed to work as an antioxidant in vivo and its use is considered to be safe for patients. More importantly, idebenone is not effective as an electron acceptor in the respiratory chain since it cannot restore mitochondrial respiratory defects caused by primary

CoQ deficiency [147,148], and it inhibits mitochondrial respiration in neurons, but not in astrocytes, at least in vitro [149]. However, QS10, a normally-occurring metabolite of idebenone, has been demonstrated to partially restore respiration in CoQ deficient cells in contrast with idebenone, and has been demonstrated to be more efficient than idebenone in restoring respiration in zebrafish neurons treated with the complex I inhibitor rotenone [150].

Further works are needed to determine the efficacy of idebenone or its metabolites in respiratory chain defects in mammals in vivo.

MitoQ is a synthetic analogue of CoQ, which consists of a quinone attached to a positivelycharged 10-carbon chain, responsible for its accumulation inside the negatively-charged mitochondrial matrix in polarized mitochondria [151]. This molecule can penetrate into the brain, although to a limited extent [151]. However, although this compound retains potent mitochondrial antioxidant properties, it does not work as an electron acceptor in the respiratory chain [151]. MitoQ, but not CoQ, can modestly decrease mitochondrial hydrogen peroxide generation in skeletal muscle, without altering mitochondrial function in middle-aged men [152].

A conceptually-different strategy is to provide bioavailable 4-hydroxybenzoic acid analogs that can be metabolized by the CoQ biosynthetic machinery bypassing early CoQ biosynthesis defects [153]. 2,4 hydroxybenzoic acid is distributed to mouse brain [154], and remarkably improves phenotypes of COQ7 and COQ9 deficient mice [122,154]. Vanillic acid, or 4-hydroxy- 

Possible mechanisms of secondary Coenzyme Q deficiencies

The mechanisms underlying secondary CoQ defects are currently uncertain. In this section we will propose several hypotheses regarding possible mechanisms which participate to secondary CoQ deficiency in neurological diseases based on the available data obtained from different preclinical models.

CoQ levels and mitochondrial mass

Coenzyme Q is ubiquitous, but its concentration is highest in mitochondrial inner membranes.

As a result, CoQ concentration measured in whole cells/tissues, when expressed for whole cell protein concentration, is proportional to mitochondrial mass. Therefore, a common cause for low CoQ levels is the reduction of mitochondrial mass (Fig. 4A), representing a CoQ pseudodeficiency.

Secondary CoQ deficiency has been described in muscle biopsies from patients with various mitochondrial respiratory chain defects, but it seems to be particularly frequent and pronounced in mtDNA depletion syndromes [40,157]. Although compensatory mitochondrial proliferation can be observed in mtDNA depletion syndromes, in this study, CoQ deficiency highly correlated with a reduced activity of citrate synthase, a Krebs cycle enzyme widely employed as a marker of mitochondrial abundance [38]. These results, together with unchanged complex II+III activity, strongly suggest that the CoQ deficiency was a secondary consequence of a reduction in mitochondrial content [158]. Unsurprisingly, the opposite has been shown: elevated levels of CoQ in samples derived from patients with neurological diseases, such as pyruvate dehydrogenase [159] or ETFDH deficiency [57], was proved to be caused by increased mitochondrial proliferation [57]. Failure to normalize for citrate synthase can lead to real cases of CoQ deficiency being missed since the latter can be associated with compensatory mitochondrial proliferation [37]. Therefore, we propose that CoQ status evaluation in any physiological or pathological condition should be always interpreted with a parallel analysis of mitochondrial content. Failure to normalize CoQ content to mitochondrial mass can explain some inconsistencies in the literature regarding CoQ deficiency in diseases.

Respiratory chain/CoQ Stoichiometry

Most of the reported cases of mitochondrial diseases with secondary CoQ defects are disorders of the mitochondrial genome expression: large scale mtDNA deletions, mtDNA depletion, point mutations in MT-TRNA or MT-TRNA amino synthetase [34,43] that affect the expression of mitochondrial-encoded respiratory chain complex subunits typically resulting in combined respiratory chain defects involving complex I, III, IV and ATP synthase function and assembly.

Complexes I, III, and IV assemble into supercomplexes in variable stoichiometric combinations.

CI-III superassembly partly segments CoQ in two pools [160,161]. Freely diffusing CoQ pools seems to be required for the electron transfer between free complexes, such as complex II, to complex III, while another fraction of CoQ seems associated with super complex I+III modulating NADH oxidation [160,161]. Supramolecular interaction between ETFDH and Complex III has also recently been demonstrated [162]. These observations raise the hypothesis that impaired supercomplexes assembly could cause a stoechiometric decrease in the amount of coenzyme Q.

Kuhl et al. performed an extensive comparative analysis of mitochondrial proteomes, metabolomes, and transcriptomes from five mouse models harboring heart-and muscle-specific deletions in genes regulating mtDNA maintenance (Twnk, Tfam), transcription (Polrmt) or translation (Lrpprc, and Mterf4) [163][164][165][166][167][168]. Unexpectedly, the authors found a shared severe CoQ deficiency (25% to 50% decrease) explained by a diffuse suppression of most intramitochondrial proteins required for Coenzyme Q biosynthesis, except PSSD2 and COQ8A. The expression of CoQ biosynthesis genes was not modified, indicating that the inhibition of CoQ biosynthesis occurred at the level of protein translation, stability, or turnover [163]. As an expected result of the underlying mitochondrial gene expression defect, these mice all share a decreased expression in respiratory chain complexes encoded by mtDNA. Similarly, secondary CoQ deficit has also been observed in 143B-ρ0 cells lacking mtDNA [169]. An impaired assembly of a high-molecular weight complex containing COQ5 has been reported in cybrids harboring the m.8344A>G mtDNA mutation causing impaired mitochondrial translation, secondary CoQ deficit, and clinically manifesting as myoclonic epilepsy with ragged red fibers (MERRF) [170]. As we discussed above, secondary CoQ deficiency in muscle can follow ETFDH mutations [54], which commonly translate into decreased protein expression of the electron-transfer flavoprotein dehydrogenase [171]. Taken as a whole, the decreased CoQ content can be a downstream consequence of combined respiratory chain defects linked to mitochondrial DNA expression defects or decreased ETFDH expression (Fig. 4B1).

Conversely, some cases of primary CoQ deficiency have been associated with secondary changes in the mitochondrial respiratory chain or associated CoQ reductases. In the Coq9 knockin (R239X) mouse model of impaired CoQ biosynthesis, the lack of a functional COQ9 protein causes CoQ deficiency, mitochondrial encephalopathy and a brain-specific loss of super complex assembly with complex III dimer accumulation [172]. A severe reduction of sulfidequinone oxidoreductase was observed in several tissues, including muscle and the brain, of mouse models of primary CoQ defects [173], in Parl -/-brains associated with secondary COQ deficiency [100] as well as in fibroblasts form patients with primary CoQ defects [174].

Taken as a whole, these results highlight that CoQ and CoQ oxidoreductases are tightly coregulated to ensure a balanced stoichiometry. Therefore, defects of respiratory chain complexes and other CoQ oxidoreductases should be investigated in neurological diseases with secondary CoQ deficiency, and, vice versa, CoQ status should be evaluated with diseases associated with mitochondrial respiratory chain complex deficiencies to broaden our understanding of secondary

CoQ deficiencies and the homeostatic mechanisms linking CoQ to the rest of the respiratory chain.

Mitochondrial metabolism and CoQ biosynthesis

Recent studies have provided novel insights into the impact of metabolic states on CoQ biosynthesis. COQ8A and COQ8B (previously termed ADCK3 and ADCK4) are putative ATPdependent chaperones that facilitate the assembly of the CoQ complex and the de novo CoQ biosynthesis [175]. COQ8A is essential for the stability of CoQ proteins [8]. The stimulation of oxidative metabolism in HepG2 cells by replacing glucose-containing medium with a galactosecontaining medium leads to a marked elevation of cellular CoQ content which is paralleled by a reciprocal increase in COQA and decreased COQB. Interestingly, the same reciprocal pattern has been observed in vivo in CoQ deficiency secondary to OXPHOS dysfunction caused by altered mitochondrial genome expression, since decreased COQ8A paralleled increased COQ8B expression [163]. These recent results suggest that COQ8A and COQ8B may be reciprocally regulated, depending on oxidative versus glycolytic metabolic switch. This process may adapt CoQ biosynthesis to metabolic requirements by modulating complex Q stability. Interestingly, this molecular response has not been observed in the brain mitochondria proteome from Parl -/- mice, which are characterized by severe OXPHOS deficits independent of mitochondrial genome expression [100].

In 143B cells, drastic energetic impairments induced by mitochondrial inhibitors, including antimycin A (a complex III inhibitor that abolishes oxidative phosphorylation), oligomycin (an ATP synthase inhibitor), and FCCP (a mitochondrial uncoupler that dissipates mitochondrial potential decreased CoQ levels) [169,170,176]. Importantly, CoQ deficiency induced by these toxins was not rescued by the addition of antioxidants, indicating that impaired mitochondrial energetics, rather than increased ROS production, caused secondary CoQ defect. The same group showed that FCCP treatment led to the impaired assembly of COQ5 into a high molecular weight complex [170]. On the other hand, brains of mice lacking TTC19, a protein required for UQCRFS1 turnover, have a partial loss of complex III catalytic activity [177] but normal CoQ levels [100], indicating that secondary CoQ defect is not constant in respiratory chain dysfunction but either restricted to specific conditions of mitochondrial dysfunction or to extreme, non-physiological levels of mitochondrial dysfunction such as those obtained with high doses of mitochondrial toxins. Taken as a whole, these results support the existence of specific molecular mechanisms that couple CoQ biosynthesis with mitochondrial metabolism. Further studies are required in order to investigate these mechanisms and to pinpoint their relevance in human diseases and mouse models with secondary CoQ deficiency.

CoQ biosynthesis and mitochondrial morphology

According to the currently accepted model, CoQ is produced by a multi-subunit complex associated with the matrix-side of the inner mitochondrial membrane [8,12,[178][179][180]. This CoQ synthome in yeast, or complex Q in human cells [181], is necessary for the function and stability of the CoQ enzymes, and ultimately ensures the de novo CoQ biosynthesis [12,182]. In a recent study, Subramanian and coauthors discovered that the components of the CoQ biosynthesis pathway selectively colocalize into discrete foci, also called CoQ domains, at the level of the inner mitochondrial membrane in both yeast and human cells [183]. These CoQ domains were strictly correlated with CoQ production and substrate flux. Parl -/-brain mitochondria are affected by a generalized suppression of CoQ biosynthesis enzymes, which is consistent with a CoQ complex destabilization [13] and severe mitochondrial morphology abnormalities [100]. Heart mitochondrial morphology and secondary CoQ biosynthesis defects were reported in the five cardiac-specific mouse models of defective mtDNA gene expression defects discussed above [163][164][165][166][167]. Taken as a whole, these recent observations lead to the hypothesis that the Q complex stability could also be affected by mitochondrial morphological alterations of the inner membrane leading to impaired CoQ biosynthesis and secondary CoQ deficiency (Fig. 4B2). We propose that this hypothesis should be scrutinized in mitochondrial diseases, which are commonly associated with cristae abnormalities [184,185], and other neurological and neuromuscular diseases associated with mitochondrial ultrastructural abnormalities [186].

CoQ biosynthesis and endoplasmic reticulum-mitochondria connection

Mitochondria-ER contact sites, also referred to as mitochondria-ER associated membranes (MAMS), regulate several crucial cellular functions such as calcium homeostasis, lipid metabolism, mitochondrial dynamics, autophagy and cell death [187]. These inter-organellar communication sites play important, although still scarcely understood, roles in several major neurological diseases, including amyotrophic lateral sclerosis, PD, Alzheimer's, and Huntington's diseases [187].

Recent studies in yeast have shown that CoQ domains are highly enriched adjacent to ERmitochondria contact sites [183,188]. In yeast, genetic manipulations of ERMES, the molecular tether between the ER and the outer mitochondrial membrane, induced the destabilization of the CoQ synthome, resulting in reduced mitochondrial late-stage intermediates and CoQ levels [188]. However, another study failed to identify a role played by ERMES proteins in the mitochondrial utilization of exogenous ubiquinone in yeast [137].

The importance of the ER-mitochondria contacts for CoQ complex stability, CoQ production and subcellular distribution deserve further exploration in mammals. In human HL-60 cells, endogenous CoQ synthesized using radiolabeled precursor was first detected in mitochondria and later incorporated into MAM and ER [16]. The addition of brefeldin A, an inhibitor of endoplasmic reticulum, to Golgi protein transport inhibited [ 14 C-CoQ10] accumulation in mitochondria, MAM, and ER [16], suggesting that inter-organellar communication/vesicle trafficking is essential for endogenous CoQ biosynthesis. The authors proposed that this might be attributed to the defective transit of CoQ precursors from the endoplasmic reticulum/Golgi to mitochondria. Similarly, the communication between mitochondria and ER plays an important role in cholesterol import in mitochondria [189]. These data raise the question of whether alterations in ER-mitochondria connections perturbs CoQ biosynthesis leading to secondary CoQ deficiency in human diseases (Fig. 4B3). MFN1 and MFN2 are dynamin-like GTPases involved in the fusion of outer mitochondrial membranes. Dominant MFN2 mutations are responsible for Type 2A Charcot-Marie-Tooth disease (CMT2A), an axonal form of inherited peripheral neuropathy [190]. In addition to its well-known role in mitochondrial dynamics, MFN2 is also involved in ER-mitochondria tethering [191]. Strikingly, inactivation of MFN2, but not MFN1, in the heart of a conditional mouse model and in mouse embryonic fibroblasts depleted mitochondrial CoQ pools [192]. Proteomic and metabolomics analyses indicated a severe posttranscriptional downregulation of the terpenoid biosynthesis. It remains to be established whether structural alterations of ER-mitochondria contact sites underly secondary CoQ deficiency in Mfn2 -/-cells and in tissues of patients suffering from CMT2A and other neurological diseases with secondary CoQ deficiency (Fig. 4B3).

Summary and conclusions

CoQ is an essential molecule with well-characterized functions in the mitochondrial respiratory chain, antioxidant defenses, and gene expression. Additional important roles in other organelles must be explored further.

The distribution of exogenous CoQ in the nervous system and muscle, and most importantly to Secondary CoQ deficiency in the brain and muscle has been documented in a limited number of rare neurological disorders (Table ), where the efficacy of CoQ supplementation has barely been investigated. Thus, clinical trials that test the efficacy in these disorders of such improved CoQ formulations which are now available are needed. Conversely, many clinical trials were conducted on common neurological diseases, including Parkinson's disease [193], Huntington's disease [194] and amyotrophic lateral sclerosis [195], without proven evidence of CoQ deficiency, which may at least partially account for the negative results. Interestingly, novel data indicate that CoQ-modifying treatment may have previously unrecognized beneficial effects that do not depend on the restoration of normal CoQ levels in affected tissues, but rather on remote non-cell autonomous effects [154].

We propose that mitochondrial mass should systematically be evaluated when assessing CoQ accumulate in lysosome or Golgi and only to a lesser extent in mitochondria and other organelles [2,16,119]. This process involves the endocytic pathway in both yeast [137,138] and human cells 

  C-p-hydroxybenzoate in mouse embryonic fibroblasts, indicating defective CoQ biosynthesis. Sub-fractionation experiments showed an enrichment of ADCK2 in mitochondria. Supplementation with CoQ rescued CoQ levels to WT levels in muscle, reduced plasma lactate and improved motor performances. The author proposed that the mechanism could be related to the defective transport of lipids into mitochondria, translating into defective CoQ biosynthesis and fatty acid oxidation. ADCK2 is altogether a novel modulator of CoQ biosynthesis and fatty acid oxidation and ADCK2 mutations should be searched for in unexplained cases of lipid storage myopathies with secondary CoQ deficiency.
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 1 Fig.1. Subcellular distribution of endogenous and exogenous CoQ. Intracellular
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 2 Fig.2. Absorption phases of exogenous CoQ.
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 28 . (C) A recent study reported novel insights into CoQ absorption through an in vitromodel of the blood-brain barrier based on porcine brain endothelial and b.End3 cells [135]. In normal conditions with adequate intracellular CoQ levels, there is no net passage of CoQ through endothelial cells since CoQ influx, mediated by SRB1 and RAGE, is balanced by CoQ efflux in the opposite direction, mediated by the LRP1 RAP inhibitor. Induction of intracellular CoQ deficiency in the endothelial cells by para-aminobenzoic acid results in the leakage of the tight junctions between endothelial cells, increasing CoQ influx and translating into net-CoQ passage toward the supposed brain direction. For unknown reasons, SRB1 -but not RAGE or RAP-sensitive lipoprotein receptors -does not appear active in this condition.

Fig. 3 .

 3 Fig.3. Intracellular and intramitochondrial distribution of exogenous CoQ. (A) The

  The second disclosed a CoQ increase up to 52% in whole brain of the R6/2 transgenic mouse model of Huntington disease after CoQ supplementation at very high doses, paralleling dramatic increase of serum CoQ up to 300 folds[67]. The reasons for the particularly high CoQ increment in brain after supplementation reported in these two studies compared to the others are not clear. Importantly, exogenous CoQ10 supplementation does not inhibit endogenous CoQ biosynthesis. Conversely, CoQ10 supplementation increases both CoQ9 and CoQ10 in rodents brain, suggesting either the interconversion of CoQ10 into CoQ9, or a stimulatory effect of exogenous CoQ10 on endogenous CoQ biosynthesis[67].Reduction of CoQ into CoQH2 slightly decreases its remarkable hydrophobicity providing a conceptual rationale for a better absorption, at least at the intestinal level. To address this issue, a recent study compared the acute biodistribution of intravenous [11C]-ubiquinol-10 versus [11C]-ubiquinone-10 by PET imaging in rats. The authors found an increased uptake of radiolabeled ubiquinol compared to oxidized ubiquinone for most tissues and a timedependent reduction of ubiquinone into ubiquinol in vivo. For both CoQ isotopes the percent dose/gram of tissue was high for liver, spleen and heart, and much lower, although still measurable in brain, muscle and testis[68], in line with the studies discussed above.
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 41 CoQ supplementation and absorption: the long journey from supplements to neuronal and muscle mitochondria

  the brain and muscle mitochondria, is limited by intrinsic limitation in bioavailability, which represents significant challenges for its use as a treatment for neurological diseases associated with CoQ deficiency. Despite these limitations, exogenous CoQ can partially increase brain and muscle CoQ concentrations if provided at high enough doses, and CoQ uptake may be potentially increased by deficiency of CoQ per se. Newer generation formulations of oral, and now intravenous, CoQ promise significant improvements. Recent data indicate wide differences in CoQ uptake in the different brain areas in mouse models, which deserve further investigations.Future technological advances are needed to explore cell-type specific differences in the brain and muscle CoQ uptake, and how the BBB affects neuronal uptake in vivo in both physiological and in neuropathological conditions associated with BBB disruption. Fundamental studies are needed to clarify further interorganellar trafficking of both endogenous and exogenous CoQ. The endocytic pathway seems to play a crucial role in the trafficking both of endogenous ubiquinone from mitochondria to other organelles and of exogenous ubiquinone to all organelles including mitochondria. Improving our knowledge of these mechanisms is crucial to pave the way toward better treatments of neurological diseases associated with CoQ deficiency.
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 16 . This phase represents an additional important limiting step in exogenous CoQ distribution to tissue mitochondria. (B) The mechanisms of intramitochondrial distribution of CoQ are unknown. Since CoQ is insoluble in water solution, we speculate that a fraction of exogenous CoQ might reach the inner mitochondrial membrane by crossing the outer mitochondrial membrane in contact sites between both mitochondrial membranes. Similarly, endogenous CoQ is also trafficked in the opposite direction from mitochondria to the other organelles by still unclear mechanisms. The endomembrane system play an important role also in this circuit since brefeldin A virtually abolishes endogenous CoQ redistribution to plasma membrane[16].
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  A) Mitochondrial mass and CoQ level. Coenzyme Q is present in all cellular organelles but its concentration is highest in the mitochondrial inner membrane where it is a required component of the respiratory chain. Therefore, whole cell CoQ levels are proportional to mitochondrial mass. As a consequence, CoQ status in any physiological or pathological condition should be interpreted by means of a parallel analysis of mitochondrial content.Decreased mitochondrial mass in cells results in decreased CoQ concentration when the latter is determined in total cell lysate and normalized for total protein concentration, resulting in of the ER-mitochondria contacts for CoQ complex stability, CoQ production and distribution. Conditional inactivation of MFN2, a mitochondrial protein with both mitochondrial fusion and ER-mitochondrial tethering properties, in the heart of mice and in mouse embryonic fibroblasts causes CoQ depletion. These data raise the question of whether

	alterations in ER-mitochondria connections perturb CoQ biosynthesis leading to secondary
	CoQ deficiency in human diseases. CoQ: Coenzyme Q, Q8: CoQ8, SpCx: super complex, V2:
	complex V dimer, RC: respiratory chain, MAM: Mitochondrial Associated Membrane, ER:
	Endoplasmic Reticulum, OMM: Outer Mitochondrial Membrane, IMM: Inner Mitochondrial
	Membrane.

This phase represents an additional important limiting step in exogenous CoQ distribution to tissue mitochondria. (B) The mechanisms of intramitochondrial distribution of CoQ are unknown. Since CoQ is insoluble in water solution, we speculate that a fraction of exogenous CoQ might reach the inner mitochondrial membrane by crossing the outer mitochondrial membrane in contact sites between both mitochondrial membranes. Similarly, endogenous CoQ is also trafficked in the opposite direction from mitochondria to the other organelles by still unclear mechanisms. The endomembrane system play an important role also in this circuit since brefeldin A virtually abolishes endogenous CoQ redistribution to plasma membrane [16].

Fig. 4. Possible mechanisms of secondary Coenzyme Q deficiencies. (CoQ pseudo-deficiency. (B) Effects of respiratory chain complex stabilities, mitochondrial morphology and the ER-mitochondria connection on CoQ biosynthesis. 1) As a component of the respiratory chain, the main function of CoQ is to transfer electrons from complex I, complex II, ETFDH and other dehydrogenases to complex III. Studies on both human and mice models indicate that secondary CoQ deficiency can follow combined respiratory chain and ETFDH defects. We hypothesize that the levels of CoQ and respiratory chain enzymes are tightly co-regulated so as to ensure a balanced stoichiometry. 2) According to the current model, CoQ is produced by a multi-subunit Q complex which is necessary for the function and stability of the CoQ enzymes and ultimately the de novo biosynthesis of CoQ. Q complex selectively localizes into discrete foci or CoQ domains associated with the inner mitochondrial membrane. Abnormal mitochondrial cristae morphology is a pathological hallmark observed across many human genetic and sporadic diseases such as primary mitochondrial, neuro-degenerative and neuromuscular diseases. These inner-membrane morphological alterations might induce a Q complex destabilization, leading to impaired CoQ biosynthesis and secondary CoQ deficiency. 3) Recent studies in yeast have shown that CoQ domains are highly enriched adjacent to ER-mitochondria contact sites and have highlighted the importance

  CoQ9 endogenous synthesis and even afirm that CoQ10 can do the opposite, increase the CoQ9 by interconversion of CoQ9 or biosynthesis activation. It is required areference to support the first statement, and about the second one, the cited study,Smith 2006, analyzed CoQ10 supplementation in a model of deficiency and did not show the effect of CoQ10 supplementation in control mice.We modified the text specifying that oral CoQ10 supplementation in rodents does not decrease endogenous tissue levels of CoQ9, the predominant of CoQ form in these species. Conversely, oral CoQ10 supplementation has been found to increase both CoQ9 and CoQ10 in rodent brain in some, but not all studies. Conversely, parenteral CoQ10 supplementation decreases CoQ9 levels in brain, suggesting impaired biosynthesis. We specified that the effects of enteral and parenteral CoQ supplementation on endogenous CoQ biosynthesis in tissues, and in particular in brain and muscle tissues, need to be further investigated. In the study by Smith, we did not find data about the effects of CoQ10 supplementation in WT mouse brain. Here, we make an overview of CoQ roles, distribution and absorption in the nervous system and skeletal muscle, the current evidences and controversies about the prevalence of secondary CoQ deficit in neurological and neuromuscular diseases, with the aim to assist investigators in conceiving future clinical trial with CoQ. Lastly, we propose possible mechanisms underlying secondary CoQ deficiencies.

	1. Introduction
	Some neurological and neuromuscular diseases have been linked to secondary coenzyme Q
	(CoQ) deficiency, raising exciting therapeutical expectations that still need to be supported by
	clinical trials.
	-The author explains that coq3 yeast strain can produce CoQ intermediates in mitochondria
	competing for mitochondrial membrane spaces. The coq2 strains do not produce
	intermediates and therefore assimilate the exogenous CoQ easily. The statement about the
	positive effect of CoQ10 supplementation over CoQ levels needs to be clarified
	(10.1016/j.freeradbiomed.2020.04.029).

Most studies about CoQ supplementation are done in murine models, in which the main form of CoQ is CoQ9, 90% compared to CoQ10. Authors discarded that exogenous CoQ10 can inhibit -In the text, the authors state that other lipophilic compounds with high chemical similarity to CoQ, such as vitamin E, can easily reach the brain. However, vitamin E concentration in tissues is low compared to CoQ, and it is no synthesized by cells. The effect of CoQ supplementation cannot be the same when the target tissue already contains the same molecule used in supplementation. For instance, recently has been published that during studies of CoQ supplementation in yeast KO for genes COQ2 and COQ3, the supplementation was possible only in the coq2 mutant, but no in coq3.

We specified that CoQ is not a vitamin, so it needs endogenous biosynthesis unlike Vit E. However, Vit E is normally present in mitochondria, although in smaller concentrations compared to CoQ. What is highlighted in the text is the change in concentration of these molecules in brain and muscle mitochondria following supplementation (negligible for CoQ, significant for tocopherol).

We discussed in the text a recent study that investigated proteins involved in distribution of exogenous ubiquinone in yeast by a genetic screening of coq2Δ yeasts supplemented with CoQ6 highlighting the requirement of the endocytic pathway in exogenous CoQ6 mitochondrial absorption in yeast.

We implemented this point and the suggested reference in the text indicating that in yeast, accumulation of CoQ6 intermediates caused by deletion of COQ3-9 hamper the rescue by CoQ6 supplementation of the respiratory capacity determining the growth under galactose medium. Conversely, coq1Δ or coq2Δ yeast do not accumulate CoQ6 intermediates and show almost complete rescue or respiratory capacity after CoQ6 supplementation.

  group and elsewhere[12,13]. Moreover, extramitochondrial CoQ biosynthesis has been observed in Golgi apparatus and ER[14,15]. Dynamic relocation of endogenous CoQ from mitochondria to ER-Golgi and finally plasma membrane has been elegantly shown in HL-60 cells supplemented with the CoQ precursor [ 14 C-para-aminobenzoate][16].Moreover, addition of brefeldin A, an inhibitor of protein transport from ER to Golgi, virtually abolished [ 14 C-CoQ10] signal in the plasma membrane suggesting that Golgi integrity or trafficking between ER-Golgi is required for redistribution of CoQ from mitochondria to the plasma membrane. Most likely, CoQ concentration in different organelles is modified by a dynamic process reflecting cellular activity, a factor that may contribute to the variable proportions of CoQ in different subcellular fractions reported by different studies[2,3].

. It is currently unknown whether this occurs through a direct impact of CoQ nuclear pools on gene expression or rather indirectly. Unlike vitamins, CoQ dietary intake is marginal, and therefore maintenance of intracellular pools relies almost entirely on endogenous CoQ biosynthesis. The terminal steps of CoQ biosynthesis occur within mitochondria, as reviewed in detail in another chapter of this issue by Pagliarini

  any modification of brain CoQ level and bioenergetics. This positive effect of CoQ by-pass therapy seems related to non-cell autonomous or endocrine mechanisms by the reduction of the toxic intermediate demethoxyubiquinone and improvement of bioenergetics exclusively in peripheral organs[86].

	. Similar strategies are not
	expected to work in cases of a global suppression of the CoQ biosynthesis. Vanillic acid, or 4-
	hydroxy-3-methoxybenzoic acid, a nontoxic compound used as food additive, has been
	recently shown to be able to rescue CoQ biosynthesis in human COQ6 knockout cells [87], by
	bypassing impaired CoQ biosynthesis. Interestingly, supplementation of 2,4-hydroxybenzoic
	acid to Coq9

R239X 

mice, a mouse model of primary CoQ deficiency affected by lethal neurodegeneration, led to spectacular amelioration of neuropathological abnormalities and survival without

  Subfractionation experiments showed enrichment of ADCK2 in mitochondria. Supplementation with CoQ rescued CoQ levels to WT levels in muscle, reduced plasma lactate and improved motor performances. The author proposed that the mechanism could be related to defective transport of lipids into mitochondria, translating into defective CoQ biosynthesis and fatty acid oxidation. Altogether, ADCK2 is a novel modulator of CoQ biosynthesis and fatty acid oxidation and ADCK2 mutations should be searched in unexplained cases of lipid storage myopathies with secondary CoQ deficiency. -old man carrying heterozygous COQ2 variants with an advanced stage of the disease affected by familial MSA[119], treated with 1200 mg / day ubiquinol during three years.

	Ubiquinol supplementation resulted in marked CoQ increase in both plasma and serum. No
	significant clinical changes were observed during this period, but cerebral metabolic rate of
	oxygen increased about 30% on treatment, suggesting improved mitochondrial respiration.
	Another case series reported improvement in orthostatic hypotension in seven MSA patients
	treated with CoQ [120].
	Altogether, descriptions of both rare forms of primary CoQ defects manifesting as MSA and
	sporadic cases with proven secondary CoQ deficit of unknown origin converge in pinpointing
	CoQ levels were also reduced in cultured
	fibroblasts from both the index patient and his asymptomatic sister, both carrying a
	heterozygous truncating mutation in the ADCK2 gene leading to decreased ADCK2 mRNA
	and protein in fibroblasts. The patient symptoms partially ameliorated with CoQ
	supplementation. In order to confirm a functional role of ADCK2 in CoQ biosynthesis the However, several studies provided biochemical evidences for a CoQ defect in MSA. A
	authors generated a heterozygous Adck2 knockout mouse model. Adck2 + / -mice recapitulated significant decrease of CoQ levels was found in post-mortem cerebellum of MSA cases (n =
	the human phenotype with impaired fatty acid oxidation, mitochondrial myopathy, decreased 20), compared to controls (n = 37) and other neurodegenerative diseases (n = 60) [109].

CI+III and CII+III enzymatic activities, and low CoQ content in skeletal muscle

[74]

. They observed decreased incorporation of C 14 C-p-hydroxybenzoate in mouse embryonic fibroblasts indicating defective CoQ biosynthesis.

4.4. Multiple system atrophy (MSA)

MSA is a progressive neurodegenerative disorder involving basal ganglia, brainstem, and cerebellum, clinically characterized by parkinsonism, cerebellar ataxia, pyramidal involvement and dysfunction of the autonomic nervous system. The pathogenesis is scarcely understood. Like Parkinson disease (PD), MSA is characterized by pathological aggregation of alpha-synuclein, but unlike Parkinson disease, this is typically prominent in oligodendroglia rather than in neurons. A multicenter linkage analysis study have linked MSA to variants in COQ2 gene, encoding for parahydroxybenzoate-polyprenyl transferase, an essential enzyme of CoQ biosynthesis

[107]

. COQ2 variants were found in rare familial cases of the diseases with autosomal recessive inheritance, and associated with an increased risk of sporadic MSA in heterozygous carriers. Other groups have been unable to replicate these findings in other cohorts

[108]

.

Interestingly, CoQ was not diminished in cases of cerebellar ataxias unrelated to MSA, or in cases of MSA without cerebellar involvement, providing correlative support for the 60-yeara role of CoQ deficiency in the pathophysiology of MSA. Thus, randomized double-blind studies are warranted to test the efficacy of CoQ supplementation in MSA.

  is an essential molecule with well characterized functions in the mitochondrial respiratory chain, antioxidant defenses, and gene expression. Additional important roles in other organelles have to be explored further Distribution of exogenous CoQ in the nervous system and muscle, and most importantly to brain and muscle mitochondria, is limited by intrinsic limitation in bioavailability, which represent significant challenges for its use to treat neurological diseases associated with CoQ deficiency. Despite these limitations, exogenous CoQ can partially increase brain and muscle CoQ concentrations if provided at high enough doses, and CoQ uptake may be potentially increased by deficiency of CoQ per se. Newer generation formulations of oral, and now intravenous CoQ, promise significant improvements. Thus, clinical trials that implement these technological advances are needed. Recent data indicate wide differences in CoQ uptake in different brain areas in mouse models, which deserve further investigations. Future technological advances are needed to explore cell type specific differences in brain and muscle CoQ uptake, and how the BBB affect neuronal uptake in vivo. Fundamental studies are needed to clarify further intraorganellar trafficking of both endogenous and exogenous CoQ.

Secondary CoQ deficiency Clinical features Tissues / Biological fluids / Mechanisms Degree of certainty and mitochondrial mass evaluation Supplementation effects References Mitochondrial myopathies

  

			Mitochondrial myopathies caused by large scale	Skeletal muscle and skin fibroblasts.	CoQ deficiency described in	CoQ widely prescribed as part of a	33, 89-92, 96-
			deletions, mutations, and depletion of	CoQ deficiency due to impaired	very heterogeneous genetic	"cocktail" of vitamins with unknown	99
			mitochondrial DNA and mutations in nuclear genes	expression of respiratory chain complexes	and clinical forms.	benefit. Some cases reported variable	
			involved in mtDNA maintenance.	linked to mitochondrial DNA expression	Likely overestimation linked	clinical improvement with CoQ	
				defects, reduced mitochondrial mass, and	to associated mitochondrial	supplementation but inconsistent results	
				likely other mechanisms.	depletion.	in few double-blind clinical trials.	
	Electron-		Autosomal recessive lipid storage myopathy with	Skeletal muscle. Decreased expression of	CoQ deficiency in muscles	One study showing clinical	101,103-106
	transferring		proximal muscle weakness, exercise intolerance	ETFDH. CoQ deficiency due to reduced	regardless of differences in	improvements with CoQ, given before	
	flavoprotein dehydrogenase deficiency	and possible metabolic decompensation episodes. It responds to riboflavin supplementation.	expression of ETFDH.	mitochondrial mass controversial among studies. but	riboflavin.	
	ADCK2 myopathy	Lipid storage myopathy with mitochondrial	CoQ deficit in skeletal muscle and	Citrate synthase not	Partial amelioration with CoQ	
			abnormalities	fibroblasts in one patient and one	individually reported but no	supplementation.	
				asymptomatic mutation carrier. Similar	apparent changes in		
				clinical, pathological, biochemical	mitochondrial mass.		
				phenotypes in Adck2 +/-mice. Unknown			
				mechanism, hypothesized altered lipid			
				trafficking to mitochondria.			
	Multiple	system	Lethal neurodegenerative disorder characterized by	CoQ deficiency in patient's cerebellum,	CoQ defect confirmed by	Two cases studies showing partial	107-111,
	atrophy (MSA)	parkinsonism, cerebellar ataxia, pyramidal	cerebrospinal fluid, plasma, fibroblasts,	independent studies and in	beneficial effects. No published clinical	
			involvement and dysfunction of the autonomic	and iPSC-derived neurons. Mechanism	various biological samples,	trials with CoQ supplementation in	113,-122
			nervous system.	linked to mutations in COQ2 in very rare	even after mitochondrial	MSA, nor clinical trials currently in	
				hereditary MSA, or secondary	mass correction.	progress at ClinicalTrials.gov.	
				transcriptional repression of CoQ			
				biosynthetic genes in sporadic forms.			

  in the sixth decade. CoQ levels normalized per milligram of protein were low in muscle but normal in fibroblasts. Supplementation with CoQ had beneficial effects in both cases. To the best of our knowledge, the link between SCAR10 and secondary CoQ deficiency has not yet been validated in other case series, and the mechanism of CoQ deficiency is still unclear. Taken as a whole, these studies show that several genetic and acquired neurodegenerative diseases affecting cerebellum ultimately result in secondary CoQ deficiency.

	3.6. CoQ deficiency induced by statins
	Statins are inhibitors of HMG-CoA reductases that are widely used as cholesterol-lowering
	drugs. Use of statins can be associated with muscular side effects including isolated elevated
	serum creatin phosphokinase, muscle pain, and, less commonly, myopathy [81]. The incidence
	of statin-associated muscle complications varies greatly; according to studies, this ranges
	between 5% and 29% [82]. The pathogenesis is multifactorial and there has not yet been a
	complete understanding of it. Since mevalonate is reduced by statins and mevalonate is a shared
	precursor of both cholesterol and CoQ biosynthetic pathways, it has been hypothesized that
	statin-induced CoQ deficiency might play a role in statin-induced muscle toxicity. In mice,
	atorvastatin, but not pravastatin, induced CoQ deficiency independent from changes in
	mitochondrial density and mitochondrial dysfunction in skeletal muscle, both being rescued by

  . A dramatic increase in the CoQ red/ox ratio was explained by the impaired expression of TTC19, a validated substrate of PARL required for the activity of Complex III. A deep proteomic analysis in purified brain mitochondria revealed a downregulation of several of the CoQ biosynthetic proteins. Time course experiments revealed that suppression of CoQ biosynthesis in Parl -/-brains is an early pathogenetic event, since severe downregulation of COQ4 is already noticeable at one week of age, before any evident clinical, pathological or bioenergetic phenotype. Since we did not find

	evidence supporting COQ4 as a substrate of PARL, by analogy with Coq5p for Oct1p in yeast
	[101], the molecular mechanisms are unclear and are currently under investigation. One
	hypothesis is that CoQ deficiency in Parl -/-brain mitochondria may derive from structural
	damage of the mitochondrial inner membrane leading to CoQ Complex disassembly and
	secondary CoQ biosynthesis defect [13].

  investigated, as well as the clinical efficacy of intravenous versus oral CoQ administration in primary and secondary CoQ deficiencies. The effects of enteral and parenteral CoQ supplementation on endogenous CoQ biosynthesis in tissues, and in particular in brain and muscle tissues, need to be further investigated.In humans, there are currently no available data on the uptake of exogenous CoQ in the brain, and only limited data on the uptake of exogenous CoQ in skeletal muscle. One study has shown that CoQ levels do not increase in muscle tissue, nor in muscle mitochondria in healthy human individuals, but it should be noted that the duration of supplementation was short and was with low doses of CoQ resulting in moderately-increased plasma CoQ levels[134]. Current knowledge extrapolated from rodent studies suggests that chronic oral CoQ supplementation at large doses in appropriate formulations can increase CoQ levels in the whole brain and skeletal muscle to some extent. Nevertheless, extrapolations should be taken cautiously since differences

between interspecies are expected. Recently, a study has provided novel important insights on how CoQ passes through an endothelial cell culture BBB model

[135]

. The authors found that, in the intact endothelial layer, there is no net passage of exogenous CoQ from serum, since CoQ influx mediated by scavenger receptor B1 (SR-B1) and advanced glycation end products (RAGE), is perfectly balanced by CoQ efflux mediated by LDL receptor-related protein (LRP-1)

  Coq9 R239X mice, a mouse model of primary CoQ deficiency affected by lethal neurodegeneration, led to the spectacular improvement of neuropathological abnormalities and survival without any modification of brain CoQ level and bioenergetics. This positive effect of

	hydroxybenzoic acid. One hypothesis is that increasing substrate availability restores CoQ acid to CoQ by-pass therapy seems related to non-cell autonomous or endocrine mechanisms by the biosynthesis by improving COQ2 residual enzymatic activity.
	reduction of the toxic intermediate demethoxyubiquinone and the improvement of bioenergetics
	exclusively in peripheral organs [154]. In yeast, the accumulation of CoQ6 intermediates caused
	by the deletion of COQ3-9 has been shown to hamper the rescue by CoQ6 supplementation of the
	respiratory capacity determining growth under galactose medium [137]. Conversely, coq1Δ or
	coq2Δ yeast does not accumulate CoQ6 intermediates and shows almost complete rescue of
	respiratory capacity after CoQ6 supplementation. Simultaneous deletion of either COQ1 or
	COQ2, which prevent the prenylation, in coq3Δ rescued the respiratory capacity in the presence
	of CoQ6 to levels comparable to either the coq1Δ or coq2Δ single mutants [137]. How CoQ6
	intermediates hamper the positive effects of exogenous CoQ6 rescue in yeast is unclear and may
	depend on several mechanisms including both CoQ6 incorporation in the mitochondrial inner
	membrane, competition with endogenous CoQ6 at the level of the respiratory chain, or toxic
	cellular effects of the intermediates. It is not yet clear whether accumulation of
	3-methoxybenzoic acid, a nontoxic compound used as food additive, has recently been shown to demethoxyubiquinone in mammalian cells interfere with exogenous CoQ rescue [137]. The
	be able to rescue CoQ levels, CII+III enzymatic activities, mitochondrial respiration, and ATP pathogenetic effects of the accumulation of CoQ intermediates justify a further investigation in
	levels in human COQ6 knockout cells [155] by bypassing impaired CoQ biosynthesis. Similar both primary and secondary human CoQ deficiency.
	strategies are useful in bypassing specific CoQ biosynthesis hydroxylation reactions, while they Moreover, the supplementation of 4-hydroxybenzoic acid to COQ2 mutant fibroblast restores
	cannot circumvent other reactions such as C1 decarboxylation [153] and therefore cannot rescue endogenous CoQ biosynthesis and protein expression of CoQ biosynthetic enzymes [156]. The
	CoQ biosynthesis in cases of a generalized downregulation of CoQ biosynthetic enzymes, such mechanism is different from the bypass therapy discussed above since 4-hydroxybenzoic acid is
	as in the case of Complex Q degradation. Interestingly, supplementation of 2,4-hydroxybenzoic the substrate of COQ2, which catalyzes the polyprenyl pyrophosphate tail attachment to 4-
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The authors declare no conflicts of interest. pathological role of the cerebellar CoQ defect in MSA [109]. Reduced concentration of CoQ in the cerebellum was confirmed to be specifically present in MSA patients (n = 12), but absent in controls (n = 12), or in patients with Parkinson disease or essential tremor [110].

Importantly, the CoQ defect (about 50%) was significant even after correction for citrate synthase activity, indicating that the defect was not secondary to reduced mitochondrial mass.

The authors found reduced protein expression of PDSS1 and COQ5, essential for CoQ biosynthesis, but no COQ2 mutations [110]. Decreased COQ2 and COQ7 expression was also found in disease-affected regions in MSA patients (n = 8) compared to controls (n = 10) [111]. Decreased complex II/III activity, an indirect biochemical sign of CoQ deficiency [112], associated with increased complex I and IV activities was also shown in the cerebellar white matter of MSA patients (n = 10), compared to controls (n = 10) and PD patients (n = 10) [113]. Low CoQ levels were also shown in the cerebrospinal fluid of MSA patients (n = 20) compared to a control group (n = 15) or to disease controls including PD (n=15) and progressive supranuclear palsy syndrome (n=10) [55] . Altogether, these studies provide convincing evidence for a CoQ defect in the cerebellum of MSA patients.

Interestingly, other studies suggest a peripheral CoQ defect also outside the nervous system.

CoQ was reduced in cultured fibroblasts from MSA patients (n=14) compared to controls (n=6) without difference in mitochondrial mass [114]. Defects in CoQ levels and in mitochondrial respiration were also evidenced in induced pluripotent stem cell (iPSC)-derived neurons from a MSA patient with compound heterozygous COQ2 mutations [115]. These functional deficiencies were rescued by site-specific CRISPR/Cas9-mediated gene corrections. Lastly, several independent studies also identified reduced CoQ levels in plasma of MSA patients [116][117][118]. Surprisingly, we did not identify any published clinical trials with CoQ supplementation in MSA, nor clinical trials currently in progress at ClinicalTrials.gov. A case study reported a respiratory chain, MAM: Mitochondrial Associated Membrane, ER: Endoplasmic Reticulum, OMM: Outer Mitochondrial Membrane, IMM: Inner Mitochondrial Membrane.
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