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Introduction 1.Foreword

This first section of the Introduction provides limits and context in which the scenario proposed for overproduction of 3-methylglutaconate (3-MG) in secondary 3-methylglutaconic acidurias (3-MGAs) should be understood. This scenario is based on established knowledge with, however, some links and imbrications still remaining hypothetical (Section 1.2. Overview of the scenario proposed for secondary 3-MGAs and other relevant sections). Some generalities on 3-MG are introduced as well as several considerations that do not necessarily appear in other sections of this review and are aimed at completing and supporting their contents.

Toxicity of 3-MG

In physiological conditions, 3-MG is a metabolite found in trace amounts in tissues and body fluids. In terms of toxicity, 3-MG induces oxidative stress and cerebral cortex injury in rats [START_REF] Leipnitz | Induction of oxidative stress by the metabolites accumulating in 3-methylglutaconic aciduria in cerebral cortex of young rats[END_REF], neurotoxicity being also proposed for other organic acids, 3-hydroxyisovalerate [2,3] and 3-methylglutarate [START_REF] Colín-González | Experimental Evidence that 3-Methylglutaric Acid Disturbs Mitochondrial Function and Induced Oxidative Stress in Rat Brain Synaptosomes: New Converging Mechanisms[END_REF], accumulating in primary 3-methylglutaconic aciduria (3-MGA) caused by 3-methylglutaconyl-CoA hydratase deficiency (AUH gene deficiency). These metabolites, along with the energetic impairment of leucine oxidation, have also been incriminated in hepato-and cardio-toxicity [START_REF] Da Rosa | Redox homeostasis is compromised in vivo by the metabolites accumulating in 3-hydroxy-3-methylglutaryl-CoA lyase deficiency in rat cerebral cortex and liver[END_REF][START_REF] Spergel | 3-Methylglutaconyl-Coenzyme-A Hydratase Deficiency and the Development of Dilated Cardiomyopathy[END_REF]. Interestingly enough, 3-methylglutarate is capable of causing mitochondrial dysfunction, impaired mitochondrial biogenesis and oxidative stress [START_REF] Colín-González | Experimental Evidence that 3-Methylglutaric Acid Disturbs Mitochondrial Function and Induced Oxidative Stress in Rat Brain Synaptosomes: New Converging Mechanisms[END_REF][START_REF] Ribeiro | Neurochemical evidence that 3-methylglutaric acid inhibits synaptic Na+,K+-ATPase activity probably through oxidative damage in brain cortex of young rats[END_REF], and these latter along with neural injury have been shown to fade under bezafibrate treatment [START_REF] Da Rosa-Junior | Bezafibrate In Vivo Administration Prevents 3-Methylglutaric Acid-Induced Impairment of Redox Status, Mitochondrial Biogenesis, and Neural Injury in Brain of Developing Rats[END_REF]. In this type of disorders, 3-MG and metabolites may increase not only in body fluids but also in tissues such as brain, contributing to tissue toxicity and pathogenesis [START_REF] Roland | Coupled brain and urine spectroscopy -in vivo metabolomic characterization of HMG-CoA lyase deficiency in 5 patients[END_REF].

Diagnostic value of 3-MG overproduction

1.1.2.1. In primary 3-MGA During leucine oxidation, 3-MG is intramitochondrially metabolised (produced and consumed) not in free but as a CoA ester form. As also mentioned below (Section 1.2.), primary mitochondrial defects which take place downstream of the formation of 3-MG-CoA cause, via hydrolysis of this ester, tissue accumulation of 3-MG which in turn may escape cells to be recovered in body fluids. In primary 3-MGA, accumulation of 3-MG completed by measurements of other organic acids virtually identifies the disease (Section 1.2.). In this respect, leucine oxidation and ketogenesis have as a common intermediate intramitochondrial HMG-CoA, the disrupted consumption of which (mitochondrial HMG-CoA lyase deficiency) may also lead to some 3-MG accumulation (Section 1.2.).

1.1.2.2.In secondary 3-MGAs

In contrast, in so-called secondary (non-canonical) 3-methylglutaconic acidurias (3-MGAs) (Section 1.2 and other relevant sections), accumulation of 3-MG, which never reaches the huge rises seen in 3-methylglutaconyl-CoA hydratase deficiency, should be considered as a symptom (marker) rather than as a disease (identifier). When linking diseases to a symptom (eg fever, headache, pain), their numbers may become high, frequency and intensity of the symptom may vary considerably from a disease to another and, for a same disease, from a patient to another. These general considerations apply to 3-MG in secondary 3-MGAs. In most of these diseases, 3-MG accumulations may be low and episodic. However, secondary 3-MGAs are often neuro-metabolic disorders and may affect heart and liver (see relevant sections). Clinical presentations of these diseases witness their basic underlying mitochondrial dysfunctions but also toxicity, in proportion of their accumulation, of 3-MG and 3methylglutarate mentioned above (Section 1.2 and other relevant sections).

Pathogenic considerations of 3-MG overproduction in secondary 3-MGAs 1.1.3.1. Overproduction instead of underconsumption

In secondary 3-MGAs, excess 3-MG represents an epiphenomenon expressed by many pathophysiological conditions having in common the capacity to accumulate 3-MG, either frequently or exceptionally, and in low or important proportions. In this scope, 3-MG may be considered as a marker of mitochondrial dysfunction, though not all mitochondrial dysfunctions give rise to overproduction of 3-MG. In contrast to primary 3-MGAs in which 3-MG accumulation is a result of deficient consumption due to downstream enzyme blockade, in secondary 3MGAs this accumulation is proposed to result from overproduction due to upstream overload by precursor metabolites. Note that leucine, the physiological amino acid precursor, does not feed 3-MG formation in secondary 3-MGAs in contrast to primary 3-MGA [START_REF] Wortmann | Leucine Loading Test is Only Discriminative for 3-Methylglutaconic Aciduria Due to AUH Defect[END_REF] (see Section 1.2.).

Feeding 3-MG overproduction via cellular pools of HMG-CoA

HMG-CoA (3-hydroxy,3'-methylglutaryl-CoA) is a two-step condensation of three acetyl-CoA moieties, and interestingly enough cytosol and peroxisomes, like mitochondria, are able to achieve this condensation; physiologically at high and low rates, respectively (Section 1.2. and other relevant sections). As mentioned just above, the inability of leucine to impact 3-MG levels in secondary 3-MGAs suggests that increased mitochondrial HMG-CoA formation is a priori out of cause (see also Section 1.2.), suggesting in these disorders that increased cytosolic and peroxisomal HMG-CoA formation might contribute to accumulation of 3-MG (the dehydration form of HMG). Cytosolic and relevant sections), zebrafish opa3 mutants reproduce major features of the human disease (including 3-MG overproduction) [START_REF] Kozol | Function Over Form: Modeling Groups of Inherited Neurological Conditions in Zebrafish[END_REF][START_REF] Pei | A model of Costeff Syndrome reveals metabolic and protective functions of mitochondrial OPA3[END_REF]. A murine model of this disease was also described with homozygous alteration of the OPA3 gene leading to 3-MG overproduction and other signs of Costeff syndrome [START_REF] Davies | A missense mutation in the murine Opa3 gene models human Costeff syndrome[END_REF].

Last but not least as regards to the proposed scenario of secondary 3-MGAs

Several considerations, which complete the scenario of secondary 3-MGAs proposed in the following section, are here briefly developed. An implicit feature of the scenario is the effective feeding of cytosolic acetyl-CoA pool. This may imply that sufficient (even if a priori lowered in most secondary 3-MGAs) mitochondrial acetyl-CoA is produced by mitochondrial oxidations and subsequently transferred to cytosol. This requires some effective activity of mitochondrial oxidations even in the case of reduced OXPHOS capacities and mitochondrial ATP synthesis. Although no longer considered in this review, secondary 3-MGAs might then witness mitochondrial dysfunction with adaptive mechanisms enabling metabolism and protein function to prevail on mitochondrial net energy contribution to whole cell energy status. Intrinsically, 3-MG in secondary 3-MGAs would witness still, though less, metabolic active mitochondria (capable of still feeding cytosolic pool of acetyl-CoA) despite a deficit in net energy production (capable of activating AMPK turning on feeding of peroxisomal from cytosolic pool of acetyl-CoA). Mitochondrial dysfunctions which would not meet this dual characteristic would not a priori induce 3-MG overproduction. 3-MG overproduction in secondary 3-MGAs might be aleatory since these two characteristics (i) efficacious mitochondrial metabolism and (ii) impaired energetic assisting of this metabolism by the underlying mitochondrial energetic dysfunction, are difficult to conciliate at a bioenergetic point-of-view. Also, it should be kept in mind that some mechanisms may compensate for other ones that might a priori appear to compromise the presented scenario. For instance, physiologically formed cardiolipins, which in the prototype secondary 3-MGA Barth syndrome are altered by tafazzin (TAZ) deficiency, have been recently shown to induce activation of pyruvate dehydrogenase, possibly via inhibition of pyruvate dehydrogenase kinase activity [START_REF] Li | Cardiolipin-induced activation of pyruvate dehydrogenase links mitochondrial lipid biosynthesis to TCA cycle function[END_REF]. This activation of pyruvate dehydrogenase has been proposed to link mitochondrial lipid biosynthesis to Krebs' cycle function by supplying this cycle with acetyl-CoA [START_REF] Li | Cardiolipin-induced activation of pyruvate dehydrogenase links mitochondrial lipid biosynthesis to TCA cycle function[END_REF]. Accordingly, in a secondary 3-MGA Barth syndrome model (mouse C2C12 myoblast cells with TAZ-knockout gene), pyruvate dehydrogenase activity is lowered by 50% with consequent reduction in acetyl-CoA formation from pyruvate [START_REF] Li | Cardiolipin-induced activation of pyruvate dehydrogenase links mitochondrial lipid biosynthesis to TCA cycle function[END_REF]. So, this might lead to conclude that acetyl-CoA from mitochondrial origin is lowered and consequently the feeding of cytosolic pool of acetyl-CoA mentioned above. Nevertheless, as also mentioned above, AMPK activation has been pointed in this pathogenic condition. On the other hand, it is long known that AMPK activation though reducing malonyl-CoA formation, alleviates CPT1 inhibition by malonyl-CoA and hence stimulates mitochondrial fatty acid oxidation [START_REF] Viollet | AMPK: Lessons from transgenic and knockout animals[END_REF]. Stimulation of this alternative acetyl-CoA-forming pathway might therefore compensate for lowered pyruvate dehydrogenase activity in the secondary 3-MGA Barth syndrome. Therefore, featuring AMPK activation in our present scenario of secondary 3-MGA is based on the following considerations. AMPK activation associated to ATP depletion in heart cells is observed in the prototype secondary 3-MGA Barth syndrome [24-27]. In this pathogenesis condition (immortalized lymphoblasts from Barth syndrome patients), AMP was shown to be increased [START_REF] Gonzalvez | Barth syndrome: cellular compensation of mitochondrial dysfunction and apoptosis inhibition due to changes in cardiolipin remodeling linked to tafazzin (TAZ) gene mutation[END_REF], which may contribute to increased AMP to ATP ratio a key activator of AMPK. AMPK activation is not only capable of freezing the essential of cytosolic utilisation of acetyl-CoA (see relevant sections) but may also stimulate intramitochondrial production of acetyl-CoA (see above). On the other hand, not only energetic impairment but also oxidative stress may be linked to mitochondrial dysfunction, and even if not systematic, trigger activation of AMPK, this latter being considered as a sensor of energetic status [34] and oxidative stress [START_REF] Hawley | Use of cells expressing gamma subunit variants to identify diverse mechanisms of AMPK activation[END_REF][START_REF] Jw Zmijewski | Exposure to hydrogen peroxide induces oxidation and activation of AMP-activated protein kinase[END_REF]. Compelling evidence indicates that AMPK is a guardian of metabolism and mitochondrial homeostasis [START_REF] Herzig | AMPK: guardian of metabolism and mitochondrial homeostasis[END_REF], which in most secondary 3-MGAs are altered. An additional interest in AMPK activation which may also complete our scenario of 3-MG overproduction in secondary 3-MGAs lies in the ability of 3-methylglutarate, a metabolite of 3-MG mentioned above, to induce oxidative stress and mitochondrial stress along with a rise in AMPKα1 [8], a key player in regulating metabolism and other cell events, an effect which may lead to increased phosphorylated AMPK and hence activated AMPK In all these disorders, mechanisms leading to accumulation of 3methylglutaconate still remain elusive. Working hypotheses have been previously proposed, based on pathways distinct from leucine oxidation and ketogenesis but, in most cases, alimenting in fine mitochondrial pool of HMG-CoA by analogy with genesis of 3-methylglutaconate in primary canonical 3-MGAs [START_REF] Su | Metabolic biology of 3-methylglutaconic acid-uria: a new perspective[END_REF]. At the opposite, non-canonical 3-MGAs, though they primarily affect mitochondrial proteins, might be disorders of extramitochondrial HMG-CoA metabolism, and subsequent alterations of extramitochondrial pools of HMG-CoA might be at the origin of 3-methylglutaconate. A convincing experimental support for this view lies in the evidence that, in contrast to primary canonical 3-MGAs, mitochondrial pool of HMG-CoA is not involved in secondary non-canonical 3-MGAs. This evidence is highlighted by response to leucine loading test which is only discriminative for primary but not secondary 3-MGAs [10] despites mitochondrial function is primarily affected in secondary 3-MGAs. This view is also consistent with the fact that 3-hydroxyisovalerate, a metabolite from mitochondrial origin, is not removed in excess in the urine from patients with secondary 3-MGAs.

Therefore, in non-canonical 3-MGAs, primary defects in mitochondrial metabolism may be considered as impacting management of extramitochondrial pools of HMG-CoA (considered below in this review). The proposed way is pipelining cytosolic acetyl-CoA towards peroxisomal instead of, as physiologically done, cytoplasmic pool of HMG-CoA. This may be induced by activation of AMPK signaling. As developed below in the text, AMPK activation, a cellular sensor to energy depletion, is known to be induced by a variety of physiological and pathological states including mitochondrial dysfunction. A mitochondrial dysfunction is found in all non-canonical 3-MGAs and in this context are corroborated to cause increased AMP to ATP ratio or partial to complete loss of functional ATP synthesis. These latter alterations may have many origins including alterations in ATP synthase and in cardiolipin metabolism, though other mechanisms may contribute. The unifying hypothesis accounting for these molecular mechanisms responsible for a rise in 3-methylglutaconate in noncanonical 3-MGAs is depicted in Fig. 2. Non-exhaustive diseases cited and set of successive metabolic events highlighted by the figure also provides the outlines of the review:

(1) introducing the non-canonical 3-MGAs (this section) A unifying basis is given to the metabolic origin of 3-methylglutaconate in non-canonical 3-MGAs. In most of these disorders, a primary mitochondrial defect in cardiolipin metabolism affects indirectly the activity of functional ATP synthase as may also do directly other primary mitochondrial defects. As a result, a signal of dysfunctional and energy depleted mitochondria triggers activation of the cellular energy sensor AMPK (AMP-dependent protein kinase), though other mechanisms may take place. This activation leads to a metabolic reprogramming with, among others, inactivation of cytosolic acetyl-CoA carboxylase (ACC) and of microsomal HMG-CoA reductase (HMGR) leading to inhibition of cholesterol and fatty acid syntheses. Another consequence of the dual enzyme inhibition is the pipelining of cytolasmic acetyl-CoA towards peroxisomal metabolism with a rise of intraperoxisomal HMG-CoA and subsequent generation of 3methylglutaconate. FAS, fatty acid synthase. The numbered panels of diseases and set of metabolic events provide the outlines of the review

Brief presentation of clinical, genetic and primary metabolic features of non-canonical 3-methylglutaconic acidurias

Clinics, genetic causes and primary metabolic function of mutated proteins in secondary noncanonical 3-MGAs are briefly presented. This brief account may be completed by more extensive considerations developed in works and reviews cited throughout the text. 

MELAS syndrome (Mitochondrial myopathy, encephalopathy, lactic acidosis and stroke) ([OMIM

# 540000], which belongs to the group of 3-methylglutaconic acidurias type IV) combines mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes with an onset of the disease usually in childhood between two and ten years of age [START_REF] Dimauro | GeneReviews® [Internet[END_REF]. Entry in the disease is characterized by episodes of generalized tonic-clonic seizures, associated with recurrent headaches and vomiting, often with signs evoking stroke-like attack, and triggered by an infectious/inflammatory context or a physical effort. Sometimes, however, initial signs are limited to chronic exercise intolerance or proximal limb weakness. Other chronic signs include a cardiomyopathy, hearing loss, sequels of recurrent stroke-like attacks with reduced vision and motor skills and with intellectual disability. MELAS syndrome is caused by pathogenic variants of the mitochondrial DNA (mtDNA) gene MT-TL1 with A-to-G transition at nucleotide 3243 (m.3243A>G) which represents the most common mutation, being recovered in 80% MELAS patients and for this reason usually referred to as MELAS mutation. mtDNA MT-TL1 gene encodes tRNA Leu(UUA/UUG) . Pathogenic variants in other mtDNA genes, notably MT-ND5, may be also causative of MELAS [START_REF] Dimauro | GeneReviews® [Internet[END_REF].

Increased urinary excretion of 3-methylglutaconic acid may be observed in patients [START_REF] De Kremer | Barth's syndrome-like disorder: a new phenotype with a maternally inherited A3243G substitution of mitochondrial DNA (MELAS mutation)[END_REF].

From a metabolic point-of-view, mtDNA MT-TL1 gene encodes mitochondrial tRNA Leu(UUA/UUG) (mtRNALeu(UUR)). This mitochondrial tRNA catalyzes leucine incorporation into mtDNA-gene products to 90% for mtND6, to 10-40% for mtND3, mtATP8, mtCOX2, mtND2, mtCyb, mtATP6 and mtCOX1 (11%), and to 8-10% for mtND1, mtND4, mtCOX3 and mtND5; incorporation of remaining is performed by m.tRNALeu(CUN) [START_REF] Janssen | Muscle 3243A-->G mutation load and capacity of the mitochondrial energy-generating system[END_REF]. mtDNA gene products physiologically requiring m.tRNALeu(UUR) are consequently affected in MELAS patients, with a drop in respiratory chain complex activities, notably for complex I, but also complex I plus complex IV with relative preservation of complex II and complex It is also likely that novel 3-MGAcausing disorders sill remain to be unraveled and will be reported in the future.

Links between primary genetic defects of non-canonical 3-MGAs and disruption of cardiolipin metabolism and/or ATP synthesis

Non-canonical 3MGAs are apparently associated with a mitochondrial dysfunction, exhibiting altered energy production or oxidative stress. One finding recovered in several but not all of these noncanonical 3MGAs is alteration in cardiolipin specifications ("cardiolipinome"). Cardiolipin is a particular phospholipid compound and a constituent of biological membranes . Cardiolipin synthase has no particular preferences for fatty acyl moieties of these substrates and therefore nascent cardiolipins may have many distinct fatty acyl composition, remodeling consisting therefore of yielding tissue specific mature cardiolipins. In humans, the preferred fatty acyl chain composition of mature cardiolipins is the tetralinoleyl form (4-fold a C18:2 fatty acyl chain, which is referred to a 72:8 cardiolipin). The remodeling is illustrated for the transacylase activity of tafazzin acting on a nascent cardiolipin having arbitrarily four fatty acyl-chains distinct from linoleyl acyl chain and converting it to a tetralinoleyl cardiolipin. TZN catalyzes each step of the remodeling steps 1 to 8. In oddnumbered steps, TZN catalyzes the formation of a monolysocardiolipin removing a fatty acyl chain (not finally retained in mature cardiolipin) from nascent or intermediary cardiolipin and transferring it on a lysophospholipid then (re)converted to a phospholipid. For even-numbered steps, TZN catalyzes the inclusion of a C18:2 fatty acyl chain in the unoccupied position of the monolysocardiolipin, this acyl chain being transacylated from a linoleylated phospholipid then converted to a lysophospholipid (which may potentially serve as a future acceptor for a fatty acyl-chain removed from a tetra acylated cardiolipin). Tetralinoleylated cardiolipin is not the sole product of taffazin-driven cardiolipin remodeling. This preferred mature cardiolipin is, indeed, not the only mature or remodeled cardiolipin form, cardiolipin remodeling leading to a cardiolipinome encompassing 20 to 180 cardiolipins, depending on the considered tissue. The plasticity of taffazin in regard to the spectrum of fatty acyl chains that may be transacylated under successive catalyzed reactions makes this protein a key player in generating the large variety of cardiolipin specifications contributing to the tissue specific cardiolipidome.

The principles of reactions depicted for conversion of nascent to tetralinoleylated cardiolipins may apply to the yield of many other homo (similar fatty acyl chain substitutions)-and hetero-(not homogenous fatty acyl chain substitutions) cardiolipins giving rise to the tissue specific cardiolipinome. For instance, murine tissues such as heart and skeletal muscle contain about 40 distinct cardiolipin species, 25 for liver and, for brain which have the largest cardiolipinome, 178 species [189], each species corresponding by definition to a distinct fatty acyl chain substitution pattern. This richness of acylation patterns of cardiolipin species make them unique signals taking place in cellular signaling and dialogue. Interestingly enough, two other proteins located in mitochondrial inner membrane might be needed for regulation and optimum efficacy of transacylase activity. These proteins partners of TZN include, as mentioned above, the interacting DNAJC19 and PHT2 [START_REF] Richter-Dennerlein | DNAJC19, a mitochondrial cochaperone associated with cardiomyopathy, forms a complex with prohibitins to regulate cardiolipin remodeling[END_REF]. Since DNAJC19 deficiency is causative of DCMA [START_REF] Davey | Mutation of DNAJC19, a human homologue of yeast inner mitochondrial membrane co-chaperones, causes DCMA syndrome, a novel autosomal recessive Barth syndrome-like condition[END_REF] and TZN gene (initially called G4.5. gene) of Barth syndrome [245], the interaction of the these two protein offers a coherent explanation for analogies long observed in clinical phenotypic features of DCMA and Barth syndrome as underlined by Davey et al. [67]. On the other hand, SERAC1 acts as a phospholipid transacylase which physiologically converts C16:0, C18:1 phosphatidylglycerol into C18:0, C18:1phosphatidylglycerol through removal of C16:0 and its replacement by a C18:0 fatty acyl-chain [START_REF] Wortmann | Mutations in the phospholipid remodeling gene SERAC1 impair mitochondrial function and intracellular cholesterol trafficking and cause dystonia and deafness[END_REF]. Its deficiency in MEGDEL syndrome leads to increased and decreased concentrations of its substrate(s) and product(s), respectively [START_REF] Wortmann | Mutations in the phospholipid remodeling gene SERAC1 impair mitochondrial function and intracellular cholesterol trafficking and cause dystonia and deafness[END_REF]. As a consequence, cardiolipin synthase is exposed to increased amounts of phosphatidylglycerol containing saturated or unsaturated fatty acyl moities of the two carbon chain lengths (C16 and C18) instead of only one chain length (C18). These changes impact the physiological spectrum of nascent and intermediary cardiolipins, and interestingly, cardiolipinome contains larger amounts of saturated or unsaturated C16 fatty acyl chains with a rise in 3C16/1C18 and 2C16/2C18 constitutive acyl chains [START_REF] Wortmann | Mutations in the phospholipid remodeling gene SERAC1 impair mitochondrial function and intracellular cholesterol trafficking and cause dystonia and deafness[END_REF]. This reflects the overload of the cardiolipin remodeling pathway by C16:0 (or C16:1), C18:1 phosphatidylglycerol accumulating under SERAC1 deficiency. This change in the cardiolipinome might affect cellular functions of cardiolipins and the cellular dialogue mentioned above. Deficiency of SERAC1, a protein physiologically located at ER-mitochondrial contact sites, leads to deficient supply of mitochondrial cardiolipin pathway by SERAC1 reaction products and hence impacts mitochondrial function leading to a mitochondrial dysfunction Though links between mutated proteins and alterations in cardiolipinome might be speculative, alterations of mitochondrial function and mitochondrial dysfunction have been also documented in other non-canonical 3-MGA disorders : (CLPB deficiency, Costeff syndrome, carbamoyl phosphate synthetase 1 deficiency and other urea cycle disorders, HTR2A deficiency) : CLPB (affected in CLPB deficiency), the caseinolytic peptidase B homolog, is a heat shock protein/chaperonin involved in disaggregation of mitochondrial and cytosolic proteins. As regards to its mitochondrial sublocalization, CLPB long considered as a protein of mitochondrial matrix, has received recent experimental support for its formal location in mitochondrial inner membrane (MIM) [START_REF] Lee | Molecular insights into the m-AAA protease mediated dislocation of transmembrane helices in the mitochondrial inner membrane[END_REF]. So, protein substrates of CLPB should be now considered as residing in mitochondrial inner membrane rather than in mitochondrial matrix. This view was by otherwise still adopted by Kanabus et al. [80] in their illustrated proposal for mechanisms of 3-methylglutaconic aciduria in CLPB deficient patients. Recent formal validation of this view by Lee et al. [212] obviously offers new perspectives in a consensus that disaggregase activity of CLPB on local protein substrates can regulate steady state concentrations of functional (non aggregated) forms of MIM proteins. Though still not firmly ruled out, alterations of cardiolipinome in CLPB patients did not receive experimental support under explorations of a limited number of cases [START_REF] Wortmann | CLPB mutations cause 3-methylglutaconic aciduria, progressive brain atrophy, intellectual disability, congenital neutropenia, cataracts, movement disorder[END_REF]. However, it can be proposed that alterations in the refolding of aggregated proteins (refolding requiring preliminary disaggregation) might have in part similar consequences as an altered folding which for some proteins mentioned above might result from a lack in cardiolipin-assisted interactions taking place in this process. In the wake of this statement, CLPB-deficient patients are known to exhibit a compromised mitochondrial energy production. Altered energy yield is argued by brain evocative findings and affected survival of glycinergic cells Deficiency in these OPA3-driven mitochondrial functions should also contribute to the pathogenesis of Costeff syndrome. Taken as whole, OPA3 deficiency might confer a reduced plasticity in mitochondrial bioenergetics and oxidative stress defenses with in conditions of high energy demands, a possible failure to respond adequately.

Carbamoyl phosphate synthetase 1 deficiency and other urea cycle disorders might affect

mitochondrial metabolism through increase in local ammonia concentrations. Indeed, high ammonia concentrations have been documented to cause increased oxidative stress, mitochondrial swelling and a drop in ATP contents in both brain and liver mitochondria [253], suggesting in these disorders a mitochondrial dysfunction affecting energetic metabolism.

Other disorders of the non-canonical 3-MGAs group including HTR2A deficiency have also been described as being associated to a mitochondrial dysfunction [87, 88, 216], HTR2A activation being physiologically endowed with antioxidant and anti-apoptosis properties [254].

Integrated view of mitochondrial events deficient in secondary 3-MGAs

Mitochondrial dysfunction associated to deficits responsible for non canonical 3-MGAs might establish a direct link between non canonical 3-MGAs and their expected ability to drive AMPK activation through mitochondrial energetic impairment though oxidative stress might also contribute. (Fig. 5). is an attempt to illustrate how the biochemical bases of secondary 3-MGAs (mechanisms mentioned and referred above in the text) might imbricate to lower mitochondrial synthesis of ATP or increase AMP to ATP ratios which may be sensed by cellular AMP-dependent protein kinase (AMPK) and activate this protein (see next section on AMPK activation). Some secondary 3-MGAs have been described or suspected to exhibit an increased AMP to ATP ratio (Fig. 5A), other with reduced ATP synthesis (Fig. 5B) and finally some disorders may severely jeopardize this mitochondrial ATP synthesis (Fig. 5C). The individidualization of these three panels appearing on Fig. 5, despite all these secondary 3-MGAs are susceptible to lower mitochondrial ATP, is based on differences in mechanisms and severity for this drop in ATP. For the prototype secondary 3-MGA Barth syndrome (Panel A), AMPK activation associated to ATP depletion has been observed in heart cells [24-27] but also AMP was shown to be increased, contributing to an increased AMP to ATP ratio to activate AMPK, in immortalized lymphoblasts from Barth syndrome patients [START_REF] Gonzalvez | Barth syndrome: cellular compensation of mitochondrial dysfunction and apoptosis inhibition due to changes in cardiolipin remodeling linked to tafazzin (TAZ) gene mutation[END_REF]. Nascent cardiolipins are produced by cardiolipin synthase and the mature cardiolipin which contains 4 linoleyl (C18:2) chains is obtained after remodeling (illustrated in Fig. 4). The profiling or the ensemble of the cardiolipin species (nascent, intermediary and mature cardiolipins) is referred to as cardiolipin specifications or cardiolipinome. As mentioned in relevant sections, mature cardiolipin, and in a more general context, the tissue physiological cardiolipinome, is essential for mitochondrial cristae formation, stabilization of supercomplexes formed from individual respiratory chain complexes and correct assemblage in mitochondrial inner membrane of ATP synthase and also correct positioning of cytochrome c in this membrane. Correct assembly and spatial orientation of these proteins in mitochondrial membrane allows optimal bioenergetic and ATP final production. In this respect, Figure 5 stresses that disease-disruption of cardiolipin remodeling (through impacting TFZ or other proteins influencing its activity and/or substrate availability) and mitochondrial and nuclear genes (ensuring activity and/or assemblage of mitochondrial proteins and especially of ATP synthase) may cause defects in mitochondrial energy production and hence in the activation of the cellular energy sensor, AMPK. A portion, generally low, of these proteins exists in the aggregated (inactive) form known to be promoted by inadequate protein folding and oxidative damages. Usually, aggregated proteins are committed to the proteasome. Alternatively, such aggregates are reversed back to active disaggregated forms through the involvement of local disaggregases among which, as mentioned in the relevant sections, the CPLB which is close to mitochondrial inner membrane proteins. 4). To be optimally active, physiological cardiolipin synthesis requires interaction with some other proteins including DNAJC19 (deficient in DCMA) and also requires a correct (quantitative and qualitative) supply in substrates (nascent cardiolipins) ensured by cardiolipin synthase. To this purpose, the latter enzyme and, in consequence TZN, needs normal activity of SERAC1. The deficiency of SERAC1 (MEGDEL syndrome) leads to qualitative alterations in the fatty acyl chains supplied to cardiolipin synthase with as a consequence qualitative alterations in nascent cardiolipins and cellular cardiolipinome. In all these disorders, quantitative and qualitative alterations which may affect cellular cardiolipinome may consequently impact the architectural role played by cardiolipins in mitochondrial inner membrane shape with consequent alterations in insertion and activity of local proteins. Panel B -Disorders which are not specifically linked to cardiolipin metabolism but which may address the same protein functions as those impaired under cardiopilin alterations. The link with the resulting decrease in mitochondrial ATP may physically involve or not the ATP synthase. The aggregated/disaggregated protein turn-over and role of disaggregases in the homeostasis of aggregated active forms of mitochondrial proteins is explained in the main text. Panel C -Direct severe alterations of proteins involved in mitochondrial ATP synthesis by some nuclear and mitochondrial pathogenic gene variants. MELAS syndrome, POLG1 and TMEM70 deficiencies may be associated with little or no effective mitochondrial ATP synthesis. Biological metabolic steps, in relation with the illustrated pathways, targeted in non-canonical 3-MGAs are pointed by a red lightning symbol. Yellow boxes indicate the common event within each panel which represents the mitochondrial dysfunction event sensed (yellow arrows) and promoting AMPK activation. Green text emphasizes optimization of the cell function resulting from concurrence of cellular events. Illustrated biochemical actors are not exhaustive and other nonexhaustive causative factors of non-canonical 3-MGAs (OPA3, CLPB and CPS1) are discussed in the main text. Abbreviations are defined in the main text or in previous figures.

AMPK activation as a cellular response to mitochondrial dysfunction

AMPK is a serine/threonine protein kinase which senses cell energetic status and is formed by three subunits, α β and γ, having catalytic, scaffolding and regulator-responsive properties, respectively, and existing in the form of α1 and α2, β1 and β2, γ1 γ2 and γ3 subunits [255-261]. In fact, AMPK subunits and organization in mammals parallels those of SNF1 and SnRK1 complexes from yeasts and plants, respectively, and an account for comparisons of these animal, plant and yeast protein complexes as regards to their structures, catalytic and regulatory subunit properties is given elsewhere [START_REF] Crozet | Mechanisms of regulation of SNF1/AMPK/SnRK1 protein kinases[END_REF][START_REF] Ghillebert | The AMPK/SNF1/SnRK1 fuel gauge and energy regulator: structure, function and regulation[END_REF] adding to ability of AMPK activation to increase availability of energetic substrates through degradation of intracellular components, the ability to remove dysfunctional mitochondrial and hence a potential source of ROS production and energetic inefficacy. In this respect and in regard to its function to remove dysfunctional mitochondria, mitophagy is considered as acting as an organelle quality control mechanism [280-285] and has been proposed as a therapeutic target and a mean to remove dysfunctional mitochondria to improve inherited mitochondrial disorders [START_REF] Villanueva Paz | Targeting autophagy and mitophagy for mitochondrial diseases treatment[END_REF].

As developed in the next section, we propose that AMPK activation induces metabolic changes susceptible to guiding cytoplasmic acetyl-CoA metabolism towards peroxisomal utilization and also, not further emphasized in this article, towards hyperacetylation of proteins and histones. Metabolic and cellular impact of hyperacetylation phenotype has been reviewed elsewhere with the role of acetyl-CoA as a cellular second messenger [287].

Impact of AMPK activation on diverting cytosolic acetyl-CoA towards peroxisomal instead of cytosolic pool of HMG-CoA

From the metabolic point of view, AMPK activation impacts many anabolic and catabolic pathways in negative and positive ways, respectively. These metabolic changes which result from direct enzyme phosphorylation and/or modulation of gene expression are aimed at switching down energy expenses and turning on energy production in order to palliate the reduced cell energy availability status Combined inactivations of cytosolic (and mitochondrial outer membrane) acetyl-CoA carboxylase(s) and microsomal HMG-CoA reductase under AMPK activation along with no concomitant inhibition of ATP citrate lyase, the enzyme which converts cytoplasmic citrate to acetyl-CoA may support pipelining of cytoplasmic acetyl-CoA units towards peroxisomes (Fig. 7). So, cytoplasmic acetyl-CoA is generated under conditions which preclude its use towards cholesterol and fatty acid syntheses. This notion needs to be shaded by the fact that cytoplasmic import of citrate (from mitochondrial origin) should be operational to aliment cytosolic production of acetyl-CoA. As a function of its cytoplasmic concentration, citrate may, however, partially reverse AMPK-driven inhibition of acetyl-CoA carboxylases, and vice-versa AMPK activation reducing allosteric activation of the carboxylase by citrate [332-335]. Ultimately, operationality under AMPK activation of ATP:citrate lyase activity may limit a local rise in citrate and hence may contribute to maintain an optimal AMPK-driven switching down of acetyl-CoA carboxylase(s), being aware that if ATP citrate lyase is not inactivated by AMPK, it may interact with the catalytic subunit of the kinase and inhibit its activity [START_REF] Lee | ATP-citrate lyase regulates cellular senescence via an AMPK-and p53-dependent pathway[END_REF]. Another important feature, as mentioned above, holds in the fact that fatty acid synthase itself is a downstream target of activated AMPK [START_REF] Foretz | AMP-activated protein kinase inhibits the glucose-activated expression of fatty acid synthase gene in rat hepatocytes[END_REF]. This enzyme, like other lipogenic proteins, is negatively regulated by the AMPK/SREBP1 signaling axis through notably pathways including mammalian target of rapamycin (mTOR) and liver X receptor Therefore, in support of our proposed scenario for non-canonical 3-MGAs, activated AMPK (through phosphorylation-mediated protein inactivation and/or downstream signaling-driven blunting of gene expression) may turn off both fatty acid synthesis (repression of acetyl-CoA carboxylase and also of fatty acid synthase) and cholesterol biosynthesis (impairment of microsomal HMG-CoA reductase). As a result, consumption of cytoplasmic acetyl-CoA is expected to be accordingly reduced. Local cytoplasmic conversions to acetoacetyl-CoA (cytosolic 3-oxoacyl-CoA thiolase) and hence HMG-CoA (cytosolic HMG-CoA synthase) remain, however, possible along with protein acetylation or other side reactions. Mechanisms for shuttling these CoA esters, essentially acetyl-CoA, towards peroxisomes are presented thereafter in the next section (7. Peroxisomal processing of cytosically unmetabolized acetyl moieties and 3-methylglutaconate synthesis). It is noteworthy that the metabolic context favoring channeling of cytoplasmic acetyl units towards peroxisomes, is associated with reduced cholesterol synthesis and with decreased fatty acid synthesis and this might explain why, in noncanonical 3-MGAs, patients are often reported with hypocholesterolemia. Moreover, literature data and considerations on ATP depletion caused by mitochondrial dysfunction of cardiomyocytes in Barth syndrome have highlighted concomitant activation of AMPK [24-27].

Peroxisomal processing of cytosically unmetabolized acetyl moieties and 3methylglutaconate synthesis

Transfer of acetyl-CoA from cytosol to peroxisomes

Transfer from cytosol to peroxisomes of the various cytoplasmic acetyl-CoA forms including acetyl-CoA, and its 2 and 3 acetyl moieties condensing forms, acetoacetyl-CoA and HMG-CoA, respectively, are discussed in regard to evidence for either occurrence or unlikeliness, with consequently a special emphasis on acetyl-CoA. In cytoplasmic space or at cytosolic aspects of subcellular membranes, conversion of acetyl-CoA to a shuttle metabolite (acetylcarnitine) which subsequently crosses peroxisomal membrane and which in peroxisomal matrix restitutes acetyl-CoA is considered along with direct peroxisomal membrane permeation by acetyl-CoA. The acetylcarnitine-based scenario requires to considering all cytosolic, peroxisome membrane and matrix reactions catalyzing reversible acetyl-CoA/acetylcarnitine interconversion whereas by-pass of this shuttle form needs to discuss only existing opportunities for adequate peroxisomal membrane transport of acetyl-CoA. Cytoplasmic conversion of acetyl-CoA to acetylcarnitine followed by peroxisomal transport of acetylcarnitine and back conversion to acetyl-CoA in peroxisomal matrix is a tenable scenario. Cytoplasmic acetylcarnitine formation may be catalyzed by carnitine acetyltransferase (CrAT) and more especially by organellar CrAT activities facing the cytosol. In fact, CrAT has been described in mitochondria, endoplasmic reticulum and peroxisomes Importantly, the balanced recycling of carnitine and coenzyme A is allowed by a combined carnitine/acylcarnitine exchange at the peroxisomal membrane, as it might be also achieved by peroxisomal membrane coenzyme A/acetyl-CoA exchanger which still remains hypothetic. Note also that the depicted exchanges polarized from cytoplasm to peroxisomes physiologically occur in the reverse way from peroxisomes to cytosol. The peroxisomal import instead of export of acetylmoities is driven by the lack of cytoplamic handling of acetyl-CoA because of blockade of fatty acid and cholesterol syntheses (see Fig. 7) secondarily to AMPK activation. AA : Acetoacetate, CrAT, carnitine acetyltransferase, CACT, peroxisomal carnitine acylcarnitine translocase, OCTN3, carnitine transporter 3.

Peroxisomal import and intraperoxisomal recovery of acetyl-CoA

Acetylcarnitine subject to peroxisomal membrane transport encompasses acetylcarnitine formed from cytoplasmic acetyl-CoA (through enzyme reactions facing cytosol mentionned above) but potentially also mitochondrial acetylcarnitine (formed from acetyl-CoA produced by mitochondrial metabolism). This latter reversible mitochondrial to peroxisomal shuttle of acetylcarnitine via cytosol is an alternative and by-pass to citrate-driven shuttling of mitochondrially formed acetyl units, and is allowed by both intramitochondrial Peroxisomal metabolism of unmetabolized mitochondrial and cytosolic acetyl units then starts with restitution of CoA esters, acetyl-CoA being regenerated back from acetylcarnitine through mainly the action of peroxisomal matrix carnitine acetyltransferase. Coupling of the latter activity with a carnitine acylcarnitine translocase rather than to the carnitine transporter-driven peroxisomal transmembrane transfer is metabolically advantageous and may be compared to the carnitinedependent entry of fatty acids in mitochondrial metabolism. Fig. 8 illustrates the proteins involved in exchanges of acetyl moieties between cytosol and peroxisomes as well as provides a view on the equilibrated balance of cofactor (CoASH and L-carnitine) recycling throughout the proposed pathway resulting in the rise of peroxisomal HMG-CoA pool and subsequent generation of organic acids accumulating in 3MGAs (Fig. 8 B andC). This latter segment of the proposed pathway is considered just thereafter.

Acetyl-CoA and key determinants in peroxisomal metabolism of HMG-CoA

As developed in the preceding subsection, acetyl-CoA from extraperoxisomal origin may be imported to peroxisomes by carnitine acetyltransferase activities present in or facing subcellular compartments. Different mechanisms of transfer of extraperoxisomal acetylcarnitine through peroxisomal membrane have been mentioned above with mechanisms highlighted in Fig. 8 and putatively offering equilibrated stoichiometry and optimal peroxisomal import of acetyl units.

The present major working hypothesis for non-canonical 3-MGAs lies in deficient cytoplasmic utilization of acetyl-CoA along with substantial fueling of the cytoplasmic acetyl-CoA pool by mitochondrially exported citrate. As a result of transfer mechanisms mentioned above, peroxisomal pool of acetyl-CoA would increase and then stimulate peroxisomal acetyl-CoA utilizing reactions. In these conditions, acetyl-CoA may feed the peroxisomal pool of HMG-CoA. 

Peroxisomal metabolic reactions responsible for the genesis of 3-methylglutaconic acid (and 3methylglutaric acid) in non-canonical 3-MGAs

In non-canonical 3-MGAs, the overload of peroxisomal metabolism by acetyl-CoA and hence HMG-CoA is proposed to lead to side reactions usually not occurring but taking place here as a result of abnormally high amounts of HMG-CoA which exceed capacity of physiological peroxisomal metabolism. It is proposed that excess HMG-CoA is converted to cis-and trans-3-methylglutaconic acid, and 3-methylglutaric as illustrated in Fig. 9. Therefore as highlighted by Fig. 9 and refered above in this section, peroxisomes contain all the enzyme equipment needed to convert intraperoxisomal HMG-CoA to acyl-CoAs, the hydrolysis of which may generate 3-methylglutatarate along with Δ 2 -trans and Δ 2 -cis forms of 3methylglutaconate, exactly and as recovered in urine from patients with non-canonical 3-MGAs.

Peroxisomal efflux mechanisms for 3-methylglutaconic acid (and 3-methylglutaric acid)

Once produced in the peroxisome, 3-methylglutaconic acid and other unesterified metabolites should escape the organelle to be released in cells and subsequently in body fluids including urine. The most likely protein candidate for the peroxisomal efflux of these organic acids is Pxmp2 mentioned above. This protein acts as a peroxisomal membrane filter permeable to molecules with a molecular weight inferior to 0. to freely diffuse through the Pxmp channel, this latter protein may be considered as a bona fide effective transporter of 3-methylglutaconate and 3-methylglutarate, then allowing their exit from the peroxisome and processing for removal in the urine.

Miscellaneous

Non-exhaustive alternative mechanisms for parts of the proposed scenario are considered. Calcium ATPase) along with inositol 1,4,5-triphosphate receptor (IP3 R) and ryanodin receptor (RyR) regulate calcium movements between cytoplasm and endoplasmic reticulum lumen. SERCA2 which buffers cytoplasmic changes in calcium concentration is inhibited by interaction ❶ with PLB (phospholamban, a protein phosphorylated and activated by PKA, protein kinase A) ①. SERCA2 (ATPaseA2) is also inhibited by interaction ❷ with HAX1 (HCLS1-associated protein X-1) which further acts by down-regulation of SERCA2. HAX1 deficiency causes Kostman disease in which no 3-methylglutaconic aciduria is observed. CLPB (caseinolytic peptidase B), like HAX1, is also supported to interact with SERCA2 (ATPaseA2) in an inhibitory way ❸ and its deficiency causes a clinical phenotype close to HAX1 deficiency with, however, 3methylglutaconic aciduria. It is proposed that in this case, alleviation of CLPB-mediated repression of SERCA2 (ATPase A2) caused by CLPB deficiency might result in an allosteric activation of SERCA2 similar to that induced by allosteric activating compounds. Such a compound-mediated allosteric activation of SERCA2 has been supported to cause activation ❹ of AMPK. The latter activation stimulates conversion of HMG-CoA reductase from active to inactive form ❺.

Concluding remarks

We propose that the genesis of non-canonical (secondary) 3-MGAs involves AMPK activation with accumulation of cytosically unmetabolized acetyl moieties. Portion of these cytosolically unmetabolized acetyl moieties might be diverted, through possible carnitine-dependent transfer, towards peroxisomes to form HMG-CoA. Abnormally high intraperoxisomal HMG-CoA concentrations might overload side metabolic reactions such as dehydration to enoyl-CoA further either hydrolysed by local thioesterases or reduced to acyl-CoA before hydrolysis. These latter peroxisomal reactions are suggested to generate metabolites recovered in the urine of patients with non-canonical 3-MGAs. 

AMPK ACTIVATION
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 381 Fig. 1 -Primary canonical 3-MGAs as disorders of mitochondrial HMG-CoA metabolism -Metabolic origin of 3methylglutaconate under defects of leucine oxidation and ketogenesis. Mitochondrial origins of 3-methylglutaconic acid have been documented in 3-methylglutaconyl-CoA hydratase⑥ and HMG-CoA lyase ⑦deficiencies (referred to as primary or canonical 3-methylglutaconic acidurias). Other numbered steps are branched-chain amino acid transaminase ①, mitochondrial branched-chain 2-oxoacid import ②, branched-chain 2-oxoacid dehydrogenase complex ③, isovaleryl-CoA dehydrogenase ④, ⑤, D-3-hydroxybutyrate dehydrogenase ⑧, acyl-CoA synthetase ⑨, carni[ne palmitoyltransferase 1 ⑩, carni[ne acylcarni[ne translocase ⑪, carni[ne palmitoyltransferase type 2 ⑫, mitochondrial inner membrane and matrix β-oxidation enzymes ⑬ including acetoacetyl-CoA thiolase ⑭, and HMG-CoA synthase ⑮. Non-canonical 3-MGAs include type II and other adding type groups of 3-MGAs [42, 52-55]. This growing-up family of disorders also share in common increased urine excretion of 3methylglutaconate without, however, accumulation of 3-hydroxyisovalerate [42]. They encompass approximately twenty inherited metabolic diseases. These diseases have known gene defects but for some of them they remain in search for a causative gene defect or at least an etiologic origin [42]. Non-canonical 3-MGAs [41,42, 52-55] include non exhaustively Barth syndrome [56-60], Costeff syndrome [29, 30, 61-63], MEGDEL (3-MEthylGlutaconic aciduria, Deafness, Encephalopathy, and Leigh-like) syndrome [54, 64-66], DCMA (Dilated CardioMyopathy with Ataxia) syndrome [67], MELAS (Mitochondrial myopathy, Encephalopathy, Lactic Acidosis and Stroke) syndrome [68], TMEM70 deficiency [42, 69-78], CLPB (CaseinoLytic Peptidase B homolog) deficiency [79-84], CPS1 (Carbamoyl Phosphate Synthetase 1) deficiency [85], POLG (also referred to as POLG1] (DNA Polymerase Gamma) deficiency [78, 86] and pathogenic variants of HTRA2 (High Temperature Requirement A2 protease) [87,88].In all these disorders, mechanisms leading to accumulation of 3methylglutaconate still remain elusive. Working hypotheses have been previously proposed, based on pathways distinct from leucine oxidation and ketogenesis but, in most cases, alimenting in fine mitochondrial pool of HMG-CoA by analogy with genesis of 3-methylglutaconate in primary canonical 3-MGAs [89]. At the opposite, non-canonical 3-MGAs, though they primarily affect mitochondrial proteins, might be disorders of extramitochondrial HMG-CoA metabolism, and subsequent alterations of extramitochondrial pools of HMG-CoA might be at the origin of 3-methylglutaconate. A convincing experimental support for this view lies in the evidence that, in contrast to primary canonical 3-MGAs, mitochondrial pool of HMG-CoA is not involved in secondary non-canonical 3-MGAs. This evidence is highlighted by response to leucine loading test which is only discriminative for primary but not secondary 3-MGAs [10] despites mitochondrial function is primarily affected in secondary 3-MGAs. This view is also consistent with the fact that 3-hydroxyisovalerate, a metabolite from mitochondrial origin, is not removed in excess in the urine from patients with secondary 3-MGAs.
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 2 presentation of clinical, genetic and primary metabolic features of non-canonical 3-MGAs (3) links between basic defects and dysfunctional mitochondria (partial to complete loss of ATP synthesis, increased AMP to ATP ratio), (4) integrated view of mitochondrial events deficient in secondary 3-MGAs, (5) AMPK activation as a cellular response to mitochondrial dysfunction, (6) impact of AMPK activation on diverting cytosolic acetyl-CoA towards peroxisomal instead of cytosolic pool of HMG-CoA, and (7) peroxisomal processing of cytosically unmetabolized acetyl moieties and 3methylglutaconate synthesis (7.1. Transfer of acetyl-CoA from cytosol to peroxisomes; 7.2. Peroxisomal import and intraperoxisomal recovery of acetyl-CoA; 7.3. Acetyl-CoA and key determinants in peroxisomal metabolism of HMG-CoA; 7.4. peroxisomal metabolic reactions responsible for the genesis of 3-methylglutaconic acid (and 3-methylglutaric acid) in noncanonical 3-MGAs; 7.5. Peroxisomal efflux mechanisms for 3-methylglutaconic acid (and 3methylglutaric acid).These aspects are completed by a section on alternative mechanisms of non-canonical 3-MGAs.

Fig. 2 -

 2 Fig. 2 -Metabolic origin of 3-methylglutaconate in secondary non-canonical 3-MGAs as disorders of extramitochondrial HMG-CoA metabolism.A unifying basis is given to the metabolic origin of 3-methylglutaconate in non-canonical 3-MGAs. In most of these disorders, a primary mitochondrial defect in cardiolipin metabolism affects indirectly the activity of functional ATP synthase as may also do directly other primary mitochondrial defects. As a result, a signal of dysfunctional and energy depleted mitochondria triggers activation of the cellular energy sensor AMPK (AMP-dependent protein kinase), though other mechanisms may take place. This activation leads to a metabolic reprogramming with, among others, inactivation of cytosolic acetyl-CoA carboxylase (ACC) and of microsomal HMG-CoA reductase (HMGR) leading to inhibition of cholesterol and fatty acid syntheses. Another consequence of the dual enzyme inhibition is the pipelining of cytolasmic acetyl-CoA towards peroxisomal metabolism with a rise of intraperoxisomal HMG-CoA and subsequent generation of 3methylglutaconate. FAS, fatty acid synthase. The numbered panels of diseases and set of metabolic events provide the outlines of the review

  [START_REF] Lewis | The physicochemical properties of cardiolipin bilayers and cardiolipin-containing lipid membranes[END_REF][START_REF] Schlame | Cardiolipin synthesis for the assembly of bacterial and mitochondrial membranes[END_REF][START_REF] Schlame | The role of cardiolipin in the structural organization of mitochondrial membranes[END_REF] with enrichment dependent on subcellular membrane site[START_REF] Tatsuta | Intramitochondrial phospholipid trafficking[END_REF]; it is highly abundant in mitochondrion especially in its inner membrane and in cardiac tissue [112,229-233], contributing to shape and architecture of mitochondrial cristae[START_REF] Ikon | Cardiolipin and mitochondrial cristae organization[END_REF][START_REF] Schlame | Biosynthesis, remodeling and turnover of mitochondrial cardiolipin[END_REF][START_REF] Tatsuta | Intramitochondrial phospholipid trafficking[END_REF][START_REF] Unsay | Cardiolipin effects on membrane structure and dynamics[END_REF]. Fig.3briefly illustrates impact on membrane curvatures induced by cylindrical to conical shape shift of common phospholipids upon increase of unsaturations of their two constitutive fatty acyl chains (Fig.3, Panel A). Four fatty acyl chain are incorporated in cardiolipin and with four linoleyl chains, the corresponding cardiolipin has an extremely conical configuration with a high potency to induce membrane invaginations and folds (Fig.3, Panel B). This characteristic is involved in the formation of mitochondrial cristae [135] and, among others, assemblage of ATP synthase [110,114,115], formation and stabilization of respiratory chain supercomplexes [98, 126-132] and interactions shaping conformations and gain of peroxidase activity of cytochrome C [148,161,162, 234-237].
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 3 Fig. 3 -Cylindrical to conical shape transition induced by unsaturation contents of fatty acyl chains in the form of common phospholipids (A) and involvement of extremely conical form of mature cardiolipins in inducing membrane invaginations and folds, normal mitochondrial cristae formation and inner membrane inclusion of assembled proteins and respiratory chain supercomplexes (B).The figure is commented in the text.
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 4 Fig.4-Final step in biosynthesis and tafazzin-driven remodeling of nascent cardiolipin. The last biosynthetic step of nascent cardiolipin (which contains 2 phosphate, 3 glycerol and 4 fatty acyl moieties) is catalyzed by cardiolipin synthase through a condensing reaction beteween CDP-diacylglycerol (which contains in addition to the cytidyl moiety, 1 glycerol, 2 phosphates, and 2 fatty acyl moieties) and phosphatidyl-glycerol (composed of 1 phosphate, 2 glycerol, and 2 fatty acyl moieties). Cardiolipin synthase has no particular preferences for fatty acyl moieties of these substrates and therefore nascent cardiolipins may have many distinct fatty acyl composition, remodeling consisting therefore of yielding tissue specific mature cardiolipins. In humans, the preferred fatty acyl chain composition of mature cardiolipins is the tetralinoleyl form (4-fold a C18:2 fatty acyl chain, which is referred to a 72:8 cardiolipin). The remodeling is illustrated for the transacylase activity of tafazzin acting on a nascent cardiolipin having arbitrarily four fatty acyl-chains distinct from linoleyl acyl chain and converting it to a tetralinoleyl cardiolipin. TZN catalyzes each step of the remodeling steps 1 to 8. In oddnumbered steps, TZN catalyzes the formation of a monolysocardiolipin removing a fatty acyl chain (not finally retained in mature cardiolipin) from nascent or intermediary cardiolipin and transferring it on a lysophospholipid then (re)converted to a phospholipid. For even-numbered steps, TZN catalyzes the inclusion of a C18:2 fatty acyl chain in the unoccupied position of the monolysocardiolipin, this acyl chain being transacylated from a linoleylated phospholipid then converted to a lysophospholipid (which may potentially serve as a future acceptor for a fatty acyl-chain removed from a tetra acylated cardiolipin). Tetralinoleylated cardiolipin is not the sole product of taffazin-driven cardiolipin remodeling. This preferred mature cardiolipin is, indeed, not the only mature or remodeled cardiolipin form, cardiolipin remodeling leading to a cardiolipinome encompassing 20 to 180 cardiolipins, depending on the considered tissue. The plasticity of taffazin in regard to the spectrum of fatty acyl chains that may be transacylated under successive catalyzed reactions makes this protein a key player in generating the large variety of cardiolipin specifications contributing to the tissue specific cardiolipidome.

  [START_REF] Wortmann | Mutations in the phospholipid remodeling gene SERAC1 impair mitochondrial function and intracellular cholesterol trafficking and cause dystonia and deafness[END_REF], MEGDEL cardiolipinome being associated with alterations in OXPHOS activities and adenylic nucleotide translocator function[START_REF] Mayr | Lipid metabolism in mitochondrial membranes[END_REF][START_REF] Mayr | Spectrum of combined respiratory chain defects[END_REF]. As mentioned above, DCMA,Barth and MEGDEL syndromes may affect respiratory chain complexes and ATP mitochondrial synthase and export activities through abnormal cardiolipinomes and resulting alterations in cardiolipin-assisted assemblage of subunit or protein complexes. MELAS (mutation in a mitochondrial gene coding for a mitochondrial tRNA) and POLG1 deficiency (mutation in a nuclear gene encoding the mitochondrial DNA polymerase) may directly affect contents and structures of individual subunits of these proteins, affecting mitmRNA translation and mitDNA replication, respectively [78,86,200-204]. TMEM70 deficiency affects directly the assemblage of ATP synthase, being a common cause of ATP synthase deficiency [41,69-78]. Defects in the other two nuclear ATP synthase assembly genes, ATP5 and ATP12, were also found to be causes of 3-MGA [209,248].
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 79 , and ability of CLPB to act in a rescue pathway dedicated to produce more mitochondrial energy in a model of energy impairment caused by ANT deficiency [79,249]. It has been suggested that OPA3 deficiency would enhance sensitivity of mitochondria to electron transfer chain inhibitors [30], oxidative stress and hypoxia [250] and medications known to impair mitochondrial function [53]. Moreover, OPA3 can regulate mitochondrial morphology [192,251] and has been found to control thermogenesis and abdominal fat mass in a murine model [252].
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 5 Fig. 5 -Integrated view of mitochondrial events, deficiency of which is associated with secondary 3-MGAs. This figure features through what main protein functions may, in secondary 3-MGAs, impact positively the AMP to ATP ratio (Panel A) and negatively ATP synthesis (Panels B and C), ATP depletion being also described for disorders of Panel A. These changes may be sensed by AMPK and activate this protein. Panel A -Direct and indirect alterations of cardiolipins. TFZ (deficient in Barth syndrome) plays a key role in mature cardiolipin synthesis (for detailed mechanisms, see Fig.4). To be optimally active, physiological cardiolipin synthesis requires interaction with some other proteins including DNAJC19 (deficient in DCMA) and also requires a correct (quantitative and qualitative) supply in substrates (nascent cardiolipins) ensured by cardiolipin synthase. To this purpose, the latter enzyme and, in consequence TZN, needs normal activity of SERAC1. The deficiency of SERAC1 (MEGDEL syndrome) leads to qualitative alterations in the fatty acyl chains supplied to cardiolipin synthase with as a consequence qualitative alterations in nascent cardiolipins and cellular cardiolipinome. In all these disorders, quantitative and qualitative alterations which may affect cellular cardiolipinome may consequently impact the architectural role played by cardiolipins in mitochondrial inner membrane shape with consequent alterations in insertion and activity of local proteins. Panel B -Disorders which are not specifically linked to cardiolipin metabolism but which may address the same protein functions as those impaired under cardiopilin alterations. The link with the resulting decrease in mitochondrial ATP may physically involve or not the ATP synthase. The aggregated/disaggregated protein turn-over and role of disaggregases in the homeostasis of aggregated active forms of mitochondrial proteins is explained in the main text. Panel C -Direct severe alterations of proteins involved in mitochondrial ATP synthesis by some nuclear and mitochondrial pathogenic gene variants. MELAS syndrome, POLG1 and TMEM70 deficiencies may be associated with little or no effective mitochondrial ATP synthesis. Biological metabolic steps, in relation with the illustrated pathways, targeted in non-canonical 3-MGAs are pointed by a red lightning symbol. Yellow boxes indicate the common event within each panel which represents the mitochondrial dysfunction event sensed (yellow arrows) and promoting AMPK activation. Green text emphasizes optimization of the cell function resulting from concurrence of cellular events. Illustrated biochemical actors are not exhaustive and other nonexhaustive causative factors of non-canonical 3-MGAs (OPA3, CLPB and CPS1) are discussed in the main text. Abbreviations are defined in the main text or in previous figures.
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 26466 Fig. 6 -Extramitochondrial pools of HMG-CoA Extramitochondrial pools include cytoplasmic and peroxisomal HMG-CoA. Cytoplasmic pool of HMG-CoA originates from acetyl-CoA essentially formed from cytoplasmic hydrolysis of citrate derived from mitochondrial metabolism. A cytosolic 3-oxoacyl-CoA thiolase ⑫ condenses two acetyl-CoA into acetoacetyl-CoA which under the action of cytoplasmic HMG-CoA synthase ⑬ reacts with a third acetyl-CoA to form HMG-CoA. This cytosolic pool of HMG-CoA may be directed by microsomal HMG-CoA reductase ⑭ towards mevalonate and hence isoprenoid and cholesterol synthesis Peroxisomal pool of HMG-CoA is formed from acetyl-CoA of local origin and essentially provided by peroxisomal β-oxidation routes ⑮. Peroxisomal acetoacetyl-CoA thiolase ⑯ condenses two acetyl-CoA into acetoacetyl-CoA which under the action of peroxisomal HMG-CoA synthase ⑰ reacts with a third acetyl-CoA to form HMG-CoA. Peroxisomal pool of HMG-CoA may serve ketogenesis purposes with the involvement of peroxisomal HMG-CoA lyase ⑱. Peroxisomes can only synthesize acetaoacetate but not, a priori, β-hydroxybutyrate due to the lack of peroxisomal D-3-hydroxybutyrate dehydrogenase. Peroxisomal HMG-CoA has also been proposed to feed isoprenoid and cholesterol biosynthesis. A peroxisomal HMG-CoA reductase ⑲, insensitive to statins, has been described in the literature. Its elative contribution to cholesterol synthesis vs microsomal HMG-CoA reductase might be limited. Other numbered steps are glycolysis ①, mitochondrial pyruvate import (VDAC for mitochondrial outer membrane and pyruvate carriers 1 and 2 for mitochondrial inner membrane) ②, pyruvate dehydrogenase ③, pyruvate carboxylase ④, citrate synthase ⑤, mitochondrial export of citrate (mitochondrial inner membrane citrate carrier and outer membrane VDAC) ⑥, ATP:citrate lyase ⑦, cytosolic malate dehydrogenase ⑧ and malic enzyme ⑨, cytoplasmic acetyl-CoA carboxylase ⑩, fapy acid synthase ⑪. Note the possibility for cytosolic/peroxisomal acetyl-CoA exchange ⑳ considered elsewhere in this hypothesis review.The roles of AMP (adenosine 5'-monophosphate) and kinase-driven phosphorylation in repressing microsomal HMG-CoA reductase, the enzyme which catalyzes the initial step of cholesterol biosynthesis, were documented concomitantly with their roles to lower acetyl-CoA carboxylase and prior to identify the kinase as being AMPK[START_REF] Carling | A common bicyclic protein kinase cascade inactivates the regulatory enzymes of fatty acid and cholesterol biosynthesis[END_REF][START_REF] Ferrer | Activation of rat liver cytosolic 3-hydroxy-3methylglutaryl coenzyme A reductase kinase by adenosine 5'-monophosphate[END_REF][START_REF] Munday | Identification by amino acid sequencing of three major regulatory phosphorylation sites on rat acetyl-CoA carboxylase[END_REF][START_REF] Sim | The low activity of acetyl-CoA carboxylase in basal and glucagon-stimulated hepatocytes is due to phosphorylation by the AMP-activated protein kinase and not cyclic AMP-dependent protein kinase[END_REF]. This physical interaction and phosphorylation by activated AMPK described for microsomal HMG-CoA reductase is strengthened by activated AMPK-driven phosphorylation of SREBP1c protein and down-regulation of SREBP1c gene expression[START_REF] Li | AMPK phosphorylates and inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in diet-induced insulin-resistant mice[END_REF]. SREBPs signaling is known to up-regulate several lipogenic enzymes including microsomal HMG-CoA reductase (for an expert review on these complex signaling mechanisms, see[START_REF] Shimano | SREBP-regulated lipid metabolism: convergent physiology -divergent pathophysiology[END_REF]), and therefore blunting by activated AMPK may contribute to the deep drop induced by AMPK on microsomal HMG-CoA reductase activity. An AMPK-driven reduction of reductase activity has been described to take place upon down-regulation of receptor activator of NF-κB ligand (RANKL) and upregulation of sclerostin in osteocytic MLOY4 cells [325] as well as in protective effects of curcumin against clozapine-induced lipid disturbances [326], Sechium edule shoot extracts against obesity and fatty liver [327,328], sulforaphane against obesity in obese mice [329], and Hibiscus sabdariffa polyphenols against hyperlipidemia [330]. On the other hand, inhibition by thyroid-stimulating hormone (TSH) of AMPK-driven reduction in liver reductase activity is involved in hypercholesterolemia associated to a rise in circulating TSH [331].
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 3377 Fig. 7 -Abnormal rise in peroxisomal HMG-CoA pool as a result of combined blockade of cytoplasmic acetyl-CoA carboxylase and microsomal HMG-CoA reductase Exclusion of the two major quantitative uses of cytoplasmic acetyl-CoA by cytoplasmic acetyl-CoA carboxylase (ACC) and microsomal HMG-CoA reductase (HMGR) unlocks availability of cytoplasmic acetyl-CoA for peroxisomal metabolism. Mitochondrial outer membrane acetyl-CoA carboxylase and protein acetylating reactions are not represented. The figure essentially highlights under these conditions changes in metabolic steps explaining that reduced availability of cytoplasmic acetyl-CoA for cholesterol and fatty acid syntheses are compensated by an abnormal rise in peroxisomal HMG-CoA. Numbered steps are ATP:citrate lyase ①, cytosolic 3-oxoacyl-CoA thiolase ②, cytoplasmic HMG-CoA synthase ③, microsomal HMG-CoA reductase ④, cytoplasmic acetyl-CoA carboxylase ⑤, fapy acid synthase ⑥, peroxisomal βoxidation pathways ⑩, peroxisomal acetoacetyl-CoA thiolase ⑪, peroxisomal HMG-CoA synthase ⑫, and peroxisomal HMG-CoA lyase ⑬. Peroxisomal HMG-CoA reductase and some other steps of peroxisomal metabolism appearing in Fig. 6 have been omitted. Steps ⑦,⑧ and ⑨ are peroxisomal import of cytoplasmic acetyl-CoA, acetoacetyl-CoA and HMG-CoA, and are discussed in the main text of the article. These steps ⑧ and ⑨ are a priori unlikely since they are currently considered to be not firmly excluded and are even questioned. In contrast, transfer ⑦ step is most likely especially in a carnitine-dependent assistance. The use of acetylcarnitine as the shuttle form of cytosolic unmetabolized acetyl-CoA to plenish peroxisomal pool of acetyl-CoA and local chanelling to HMG-CoA is most likely and is illustrated by Fig. 8.

  [START_REF] Colucci | Carnitine acetyltransferase: A review of its biology, enzymology, and bioorganic chemistry[END_REF][START_REF] Ramsay | A snapshot of carnitine acetyltransferase[END_REF], and alternative splicing contributes to the generation of CrAT with different subcellular localizations[START_REF] Corti | Divergent sequences in the 5' region of cDNA suggest alternative splicing as a mechanism for the generation of carnitine acetyltransferases with different subcellular localizations[END_REF]. For each organelle, a location of CrAT has been described inside and outside the matrix or lumen. Presence of CrAT inside organelles has as main function to release free CoASH from acetyl-CoA and hence in recycling CoASH to maintain CoA to acyl-CoA ratio favorable for metabolic reactions using CoA as a cofactor and being regulated by CoA to acyl-CoA ratio[START_REF] Colucci | Carnitine acetyltransferase: A review of its biology, enzymology, and bioorganic chemistry[END_REF][START_REF] Ramsay | A snapshot of carnitine acetyltransferase[END_REF]. As regards to organelle subcompartmentalization, mitochondrial CrAT has been described in both outer and inner mitochondrial compartments[START_REF] Brdiczka | Localization and function of external and internal carnitine acetyltransferases in mitochondria of rat liver and pig kidney[END_REF], and a membrane-bound CrAt with catalytic activity facing cytoplasm has been also described for endoplasmic reticulum[START_REF] Valkner | The sidedness of carnitine acetyltransferase and carnitine octanoyltransferase of rat liver endoplasmic reticulum[END_REF] and peroxisomes[START_REF] Antonenkov | Transfer of metabolites across the peroxisomal membrane[END_REF]. Function ascribed to cytosolically-facing organellar membrane-bound CrAT might lie in preparing acetylcarnitine, a substrate more suitable (4-fold smaller) than acetyl-CoA, for transmembrane transport. The intraorganellar CrAT by removing at the other side of the membrane acetylcarnitine through the inverse reaction (i.e. acetylcarnitine to acetyl-CoA conversion) might maintain a transmembrane acetylcarnitine concentration gradient favorable for transfer via the relevant transporters from one to the other side of the membrane[START_REF] Antonenkov | Transfer of metabolites across the peroxisomal membrane[END_REF]. This may be achieved by CrAT-driven acetylcarnitine concentration increase and decrease at intruding and extruding sides of the membrane, respectively. A nuclear CrAT has also been documented and its role has been associated with nuclear conversion of acetylcarnitine originating from mitochondrial matrix to acetyl-CoA for local acetylation purposes (nuclear histone acetylation)[START_REF] Madiraju | Mitochondrial acetylcarnitine provides acetyl groups for nuclear histone acetylation[END_REF]. Finally, another carnitine acyltransferase, namely carnitine octanoyltransferase (CrOT), has a substrate specificity, the spanning of which covers the C2 substrate acetyl-CoA, and therefore CrOT may, though a limited extent, catalyse acetylcarnitine-acetyl-CoA interconversions[START_REF] Miyazawa | Purification and properties of carnitine octanoyltransferase and carnitine palmitoyltransferase from rat liver[END_REF]. CrOT has been described in both peroxisomes[START_REF] Farrell | Properties of purified carnitine acyltransferases of mouse liver peroxisomes[END_REF] and microsomes[START_REF] Valkner | The sidedness of carnitine acetyltransferase and carnitine octanoyltransferase of rat liver endoplasmic reticulum[END_REF]. In peroxisomes, CrOT is located in both matrix [354-357] and at the cytosolic side of peroxisomal membrane[START_REF] Valkner | The sidedness of carnitine acetyltransferase and carnitine octanoyltransferase of rat liver endoplasmic reticulum[END_REF][START_REF] Healy | Enzymes of carnitine acylation. Is overt carnitine palmitoyltransferase of liver peroxisomal carnitine octanoyltransferase?[END_REF]. In microsomes, all the CrOT activity is found at the cytsolic side of endoplasmic membrane[START_REF] Cano | Expression of OCTN2 and OCTN3 in the apical membrane of rat renal cortex and medulla[END_REF]. Finally, as regards to peroxisomal matrix locations of CrAT and CrOT, direct soluble forms found within cytoplasm might derive from soluble vs particulate partition usually observed for peroxisomal enzymes, as largely documented for the prototype peroxisomal marker enzyme catalase which is both soluble and peroxisome-bound in many cell types. Even in the absence of such specific cytoplasmic CrAT and CrOT, peroxisome and endoplasmic reticulum membrane-bound CrAT and CrOT might feed substantial acetyl-CoA/acetylcarnitine interconversion in the cytoplasmic space. Of course, in the scope of peroxisomal import of cytosolic acetyl-CoA, interconversion of the latter to acetylcarnitine at the outer aspect of peroxisome membrane may benefit from local removal of the carnitine ester by local transmembrane transport of acetylcarnitine. Efficient transmembrane transport of acetylcarnitine relies on several peroxisomal membrane proteins. Membrane proteins susceptible to convey peroxisomal acetylcarnitine transmembrane transport include pore-forming protein, carnitine (OCTN3) and acylcarnitine (carnitine acylcarnitine translocase) transporters. These peroxisomal membrane transporters may act in specific or aspecific ways on acetylcarnitine. They promote the import in peroxisomal matrix of most cytosolic nonmetabolized acetyl-CoA with acetylcarnitine as a shuttling form. In peroxisomal matrix, local CrAT (and at a limited extent, CrOT) mentioned above may regenerate acetyl-CoA. OCTN3 is a carnitine transporter located in various membranes [360-362] including peroxisomal membrane[START_REF] Lamhonwah | OCTN3 is a mammalian peroxisomal membrane carnitine transporter[END_REF]. Its physiological role along with its possible involvement in the pathogenicity of Bowell disease has been discussed elsewhere[START_REF] Januszewicz | Organic cation/carnitine transporter OCTN3 is present in astrocytes and is up-regulated by peroxisome proliferators-activator receptor agonist[END_REF]. In regard to its substrate specificity, OCTN3 may support transmembrane transport of carnitine and acetylcarnitine in a Na + -independent way [360,361] and is stimulated by PPARα activation[START_REF] Lamhonwah | OCTN3 is a mammalian peroxisomal membrane carnitine transporter[END_REF][START_REF] Januszewicz | Organic cation/carnitine transporter OCTN3 is present in astrocytes and is up-regulated by peroxisome proliferators-activator receptor agonist[END_REF].Carnitine acylcarnitine translocase an enzyme which catalyzes the transmembrane exchange of acylcarnitine against carnitine [365-369] may use acetylcarnitine as substrate[START_REF] Pande | Carnitine-acylcarnitine translocase catalyzes an equilibrating unidirectional transport as well[END_REF]. Though its longknown location is mitochondrial inner membrane, this carrier has been also described as to localize in peroxisomal membrane[START_REF] Fraser | Submitochondrial and subcellular distributions of the carnitineacylcarnitine carrier[END_REF]. Other less specific peroxisomal membrane proteins susceptible to import acetylcarnitine in peroxisomal matrix encompass Pxmp2 and Pex11. Peroxisomal membrane Pxmp2 -forming channel has a diameter of 1.4 nm, is voltage-independent, displays weak cation selectivity with molecular weight under 600 Da[START_REF] Rokka | Pxmp2 is a channel-forming protein in Mammalian peroxisomal membrane[END_REF]. Peroxisomal membrane PEX11 -forming channel has a diameter of 0.6 nm, also displays moderate cation selectivity, and conducts solutes having molecular masses under 300-400 Da [372]. These apsecific Pxmp2 and PEX 11 channels should be therefore capable of contributing to the transmembrane transport of acetylcarnitine which is a water-soluble cation with a molecular weight of 203 Da. Carnitine-dependent import of cytosolic acetoacetyl-CoA and HMG-CoA, known to be produced from acetyl-CoA units by the successive action of cytoplasmic β-kethiolase and HMG-CoA synthase, respectively, is a priori a precluded mechanism in view of the lack of activity of carnitine acetyltransferase towards these CoA esters. Regarding peroximal import with membrane transporter handling of acetyl-CoA, acetoacetyl-CoA and HMG-CoA, it is unlikely that peroxisomal ABCD1, ABCD2 and ABCD3 involved in the entry of lipophilic CoA esters (CoA esters of very-long and long-chain straight and branched fatty acids and fatty acid dicarboxylic acids, and bile acid precursors in C27) might act on these C2, C4 and C6 CoA esters (for an account on the substrate specificities of peroxisomal ABCD proteins, see[START_REF] Morita | Peroxisomal ABC transporters: structure, function and role in disease[END_REF][START_REF] Van Roermund | A role for the human peroxisomal half-transporter ABCD3 in the oxidation of dicarboxylic acids[END_REF][START_REF] Van Roermund | Differential substrate specificities of human ABCD1 and ABCD2 in peroxisomal fatty acid β-oxidation[END_REF][START_REF] Wanders | The peroxisomal ABC transporter family[END_REF]). Moreover, it is well accepted that the "bulky" acetyl-CoA (like ATP and CoA) would little or not permeate peroxisomal membrane[START_REF] Antonenkov | Transfer of metabolites across the peroxisomal membrane[END_REF]. However, specific carriers may exist for these heavier molecules notably as recently highlighted for the peroxisomal SLC25A17 transporter and coenzyme A [377]: this transporter may load peroxisome matrix with coenzyme A, helping intraperoxisomal steps involving coenzyme A such as recovery of acetyl-CoA from acetyl-carnitine (facilitation of cytoplasm to peroxisomal matrix acetylcarnitine import). Fig.8A and B accounts for proteins catalyzing exchanges between cytosol and peroxisomes of acetyl moieties, and proposal of balanced exchanges in terms of carnitine and CoASH.

Fig. 8 -

 8 Fig. 8 -Carnitine-dependent import of cytoplasmically unmetabolized acetyl-CoA as a pathway with equilibrated recycling of carnitine and coenzyme A cofactors. A -Peroxisomal membrane proteins capable of transporting acetyl-carnitine, involved or adding as actors mentioned in panels B and C which are proposals for equilibrated exchanges of metabolites. B -Carnitine-dependent transfer of acetyl-CoA from cytosol to peroxisomes (note the balanced recycling of carnitine [CnOH] throughout carnitine acylcarnitine transferase and import reactions). C -Peroxisomal handling of acetyl-carnitine (acetyl-Cn), restitution of acetyl-CoA and its commitment in peroxisomal HMG-CoA synthesis (successive peroxisomal acetoacetyl-CoA thiolase and HMG-CoA steps), and metabolization of excess HMG-CoA to organic acids excreted in non-canonical 3-MGAs (note the balanced recycling of coenzyme A [CoASH] throughout carnitine acylcarnitine transferase, HMG-CoA synthesis and breakdown to organic acids).Importantly, the balanced recycling of carnitine and coenzyme A is allowed by a combined carnitine/acylcarnitine exchange at the peroxisomal membrane, as it might be also achieved by peroxisomal membrane coenzyme A/acetyl-CoA exchanger which still remains hypothetic. Note also that the depicted exchanges polarized from cytoplasm to peroxisomes physiologically occur in the reverse way from peroxisomes to cytosol. The peroxisomal import instead of export of acetylmoities is driven by the lack of cytoplamic handling of acetyl-CoA because of blockade of fatty acid and cholesterol syntheses (see Fig.7) secondarily to AMPK activation. AA : Acetoacetate, CrAT, carnitine acetyltransferase, CACT, peroxisomal carnitine acylcarnitine translocase, OCTN3, carnitine transporter 3.
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 378384 and intraperoxisomal [353, 385-387] CrAT activities. Due to the general reversibility of carnitine acyltransferase-catalyzed reactions, peroxisomal CrAT activity allows to convert back to acetyl-CoA all the acetylcarnitine imported inside peroxisomes by transmembrane mechanisms mentioned above. Intraperoxisomal acetylcarnitine to acetyl-CoA reversible conversions may be catalyzed by peroxisomal CrAT but little or not by peroxisomal CrOT which displays limited activity towards carnitine and CoA acetyl esters [388].

Fig. 9 -

 9 Fig. 9 -Proposed mechanisms for peroxisome management of disease-driven rise in intraperoxisomal acetyl-CoA and HMG-CoA (3-hydroxy,3-methylglutaryl-CoA) as the cause for increased yield of 3-methylglutaconic acid in non-canonical 3-methylglutaconic acidurias Mechanisms for peroxisomal conversion of abnormally high intraperoxisomal HMG-CoA (3-hydroxy, 3-methylgutaryl-CoA) to cis-and trans-3-methylglutaconic acid are proposed to involve enoyl-CoA hydratase component of peroxisomal bifunctional β-oxidation proteins (which are known to be capable of acting in the reverse way to (re)generate Δ 2 -transenoyl-CoA, see on this point additional comments in the main article text). Enoyl-CoA hydratase activity of peroxisomal L-⑤ (vs D ⑦) bifunctional protein is further suggested. This proposal is based on both dicarboxylyl-CoA nature and (S)-type conformation of HMG-CoA. In this conformation, which is physiologically produced by HMG-CoA synthases and converted by HMG-CoA reductases, the hydroxy group exhibited by the β-carbon of HMG-CoA is in the same configuration as the L-3hydroxy group found in the intermediates (3-hydroxydicarboxyl-CoA esters which are products of step ②) of perxosimal fatty dicarboxylyl-CoA β-oxidation, a pathway which involves peroxisomal L-bifunctional protein (an enzyme which catalyzes both depicted steps ② and ③). Once produced, 3-methylglutaconyl-CoA (Δ 2 -trans-enoyl-CoA form) may be hydrolysed by local thioesterases (also referred to as acyl-CoA hydrolases) ⑨ to release CoASH and trans-3-methylglutaconic acid which may be released in body fluids. In turn, Δ 2 -trans-enoyl-CoA form of 3-methylglutaconyl-CoA is also susceptible to be converted to its Δ 3 -cis-enoyl-CoA form by peroxisomal Δ 3 -cis, Δ 2 -trans-enoyl-CoA isomerase activity enabled by several peroxisomal proteins ⑧ through the puta[ve reversibility of the catalyzed reaction (see main text, for additional comments). Hydrolysis by thiosterases ⑨ of Δ 3 -cis-enoyl-CoA form of 3-methylglutaconyl-CoA generates cis-3methylglutaconic acid which, like its trans diastereoisomer, may be removed, excreted and recovered in urine. 3methylglutaryl-CoA might be also produced in peroxisomal management of abnormally high intraperoxisomal HMG-CoA and in this case one should consider reversal (⑥,reverse ①) of the acyl-CoA oxidase step ① by analogy with the known reversal of another peroxisomal H2O2-generating oxidase reaction, namely D-aminoacid oxidase, or in turn direct reduction by the peroxisomal enoyl-CoA reductase ⑭. Subsequent hydrolysis of 3-methyglutaryl-CoA by thioesterases ⑨ would produce 3-methylglutaric acid. Other numbered steps are peroxisomal 3-oxoacyl-CoA thiolase ④, peroxisomal HMG-CoA synthase ⑩, peroxisomal HMG-CoA lyase ⑪, peroxisomal HMG-CoA reductase with formation of (R)-mevalonate ⑫, hypothetical peroxisomal reduction of (R)-HMG-CoA to (S)-mevalonate ⑬. HMG-CoA is a dicarboxylyl-CoA ester. Peroxisomal β-oxidation can oxidize long-and medium-chain dicarboxylyl-CoAs [409-413]. Peroxisomes can also oxidize long-chain polyunsaturated dicarboxylic acids [414] as well as short-chain dicaboxylyl-CoA esters such as glutaryl-CoA [415,416]. Notably, purified peroxisomes were shown to oxidize glutaryl-CoA into glutaconyl-CoA and 3-hydroxyglutaryl-CoA [416]. HMG-CoA represents a 3-methylated form of 3-hydroxyglutaryl-CoA and hence might undergo peroxisomal β-oxidation steps similar to the latter. Peroxisomal dicarboxylic fatty acyl-CoA β-oxidation is catalyzed by the same proteins as monocarboxylic fatty acyl-CoA for the ACOX1 step and for the β-ketothiolase cleavage but requires the involvement of L-3-hydroxyacyl-CoA bifunctional protein (LBP) instead of the D-3-hydroxyacyl-CoA bifunctional protein (DBP) [409, 413]. Combined Δ 2trans enoyl-CoA hydratase activities of LBP and DBP have been documented to support acyl-CoA epimerization, a biochemical reaction meaning interconversion of D-and L-3-hydroxyacyl-CoAs [417-420]. During epimerization, L-3-hydroxyacyl-CoA (chiral metabolite) is converted to a Δ 2 -trans enoyl-CoA (achiral) by the reverse Δ 2 -trans enoyl-CoA hydratase activity of LBP and the Δ 2 -trans enoyl-CoA is converted to the D-3-hydroxyacyl-CoA through hydration by forward Δ 2 -trans enoyl-CoA hydratase activity of DBP [417-420]. When required, epimerisation of β-hydroxylated fatty acyl-CoA allows them to be channeled towards the adequate chiral form to continue β-oxidation and carbon-chain shortening. HMG-CoA is produced by HMG-CoA synthases in the form of (S)-3-hydroxy,3-methylglutaryl-CoA in which the 3-hydroxy group is placed in the back position of the molecule when seeing it with the
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 813 MGAs with hyperammonemiaDisorders with reduced utilization by CPS1 of intramitochondrial carbon dioxide/bicarbonate molecules might result in stimulations of intramitochondrial and other soluble adenylate cyclases which show sensitivity and activation by bicarbonate and calcium [435-440]. Through equilibration with cytoplasmic dioxide/bicarbonate levels, cytoplasmic soluble adenylate cyclase might be also secondarily stimulated. Carbon dioxide, because uncharged, may freely diffuse from a compartment to another due to relative permeability of biological membranes to this gas. Bicarbonate ion is physiologically yielded from carbon dioxide by carbonic anhydrases and is provided through this enzyme activity to the initializing step in ureagenesis, CPS1[START_REF] Häussinger | Hepatic urea synthesis and pH regulation. Role of CO2, HCO3-, pH and the activity of carbonic anhydrase[END_REF]. In fact, carbonic anhydrases exist under various isoforms distributed in mitochondrial matrix and cytoplasm, as well as other cellular compartments and in a membrane-bound form in extracellular space. They are involved in many physiological functions and their targeting is a therapeutic issue for many disorders and diseases including cancer [442-449]. Activation of cytoplasmic soluble adenylate cyclase induces a rise in cytosolic cAMP. Increased cAMP levels may activate PKA and trigger EPAC (Exchange Proteins directly Activated by CyclicAMP) activation [450] which both might, depending on tissue, drug or signaling context [451-456] lead to AMPK activation though on the opposite AMPK inhibition by cAMP may be observed under other circumstances [457-459].In MEGDEL syndrome and TMEM70 deficiency, the hypothetic mechanism mentioned above is unnecessary and likely to be unmet to achieve AMPK activation due to depletion of mitochondrial ATP levels found under MEGDEL syndrome and TMEM70 deficiency, and hence depletion of the substrate of adenylate cyclase activities. 8.2. CLPB deficiency SERCA2 (Sarcoplasmic/Endoplasmic Calcium ATPase) along with inositol 1,4,5-triphosphate receptor (IP3 R) and ryanodin receptor (RyR) regulate calcium movements between cytoplasm and endoplasmic reticulum lumen [460-468]. SERCA2 which buffers cytoplasmic changes in calcium concentration is inhibited by interaction with PLB (phospholamban, a protein phosphorylated and activated by PKA, protein kinase A) [469-474]. SERCA2 (ATPaseA2) is also inhibited by interaction with HAX1 (HCLS1-associated protein X-1) which further acts by down-regulation of SERCA2 [475-477]. HAX1 deficiency causes Kostmann disease in which no 3-methylglutaconic aciduria is observed [84, 478-481]. CLPB (caseinolytic peptidase B), like HAX1, is also supported to interact with SERCA2 (ATPaseA2) in an inhibitory way and its deficiency causes a clinical phenotype close to HAX1 deficiency with, however, 3-methylglutaconic aciduria [84]. Alleviation of CLPB-mediated repression of SERCA2 (ATPase A2) caused by CLPB deficiency might result in an allosteric activation of SERCA2 similar to that induced by allosteric activator compounds [482]. Such a compound-mediated allosteric activation of SERCA2 has been supported to cause activation of AMPK [482] (Fig. 10).

Fig. 10 -

 10 Fig. 10 -Non-canonical 3-methylglutaconic acidurias in CLPB deficiency explained by allosteric-like activation of SERCA2resulting from alleviation of physiological inhibitory interaction of CPLB with SERCA2. SERCA2 (Sarcoplasmic/Endoplasmic Calcium ATPase) along with inositol 1,4,5-triphosphate receptor (IP3 R) and ryanodin receptor (RyR) regulate calcium movements between cytoplasm and endoplasmic reticulum lumen. SERCA2 which buffers cytoplasmic changes in calcium concentration is inhibited by interaction ❶ with PLB (phospholamban, a protein phosphorylated and activated by PKA, protein kinase A) ①. SERCA2 (ATPaseA2) is also inhibited by interaction ❷ with HAX1 (HCLS1-associated protein X-1) which further acts by down-regulation of SERCA2. HAX1 deficiency causes Kostman disease in which no 3-methylglutaconic aciduria is observed. CLPB (caseinolytic peptidase B), like HAX1, is also supported to interact with SERCA2 (ATPaseA2) in an inhibitory way ❸ and its deficiency causes a clinical phenotype close to HAX1 deficiency with, however, 3methylglutaconic aciduria. It is proposed that in this case, alleviation of CLPB-mediated repression of SERCA2 (ATPase A2) caused by CLPB deficiency might result in an allosteric activation of SERCA2 similar to that induced by allosteric activating compounds. Such a compound-mediated allosteric activation of SERCA2 has been supported to cause activation ❹ of AMPK. The latter activation stimulates conversion of HMG-CoA reductase from active to inactive form ❺.

  

  

23,56,58,60,90-93]. Clinically

  

	2.1. Barth syndrome, [OMIM 302060, TAZ deficiency, 3-methylglutaconic aciduria type II], is an inborn error of metabolism resulting from mutations of TAZ (tafazzin) gene located on the X-chromosome (Xq28) [, affected subjects are male patients who develop a dilated cardiomyopathy often during the first decade of life and may present with proximal skeletal myopathy, neutropenia leading to enhanced susceptibility to infections and failure to thrive until adolescent/adult age transition. This disorder is characterized also by excess removal of 3-methylglutaconate in the urine [56-59]. From a metabolic point-of-view, tafazzin mutated in Barth's syndrome is a protein physiologically taking place in cardiolipin remodeling [94-105]. Nascent cardiolipins result from condensation of CDP-diacylglycerol and phosphatidiylglycerol by cardiolipin synthase [106-108]. They are polymers of three glycerol moieties separated by two phosphate groups placed as linkers, first and last glycerols being each substituted by two fatty acids. Nascent cardiolipins undergo a maturation process during which intramolecular fatty acyl chains may be replaced by others, mostly but not exclusively to obtain four unsaturated fatty acyl chains, mainly four linolenyl chains in the humans. Tafazzin is involved in remodeling nascent to mature cardiopin and acts through a transacylase mechanism, playing a key role in producing the large eventail of cardiolipin species needed for cell membrane architecture and interactions with membrane proteins [94-105]. Alternative routes may contribute to cardiolipin fatty acyl chain remodelling through catalyzes by enzymes using fatty acid CoA esters and lyso-cardiolipin as substrates and acting as acyltransferases. Taffazin catalysis is illustrated below in the review. Mature cardiolipins are incorporated in mitochondrial membranes, organize and are associated with ATP synthase [110-115], and are involved in the formation of respiratory chain supercomplexes [98, 116-122], stability, function and interactome of adenylic nucleotide translocator (ANT) [123], respiratory chain electron entry points [124] and incurvatures of mitochondrial inner membrane giving rise to mitochondrial cristae [125-128]. In Barth's syndrome, immature to mature cardiolipin conversion is negatively impacted [

58,95,105,129-134]. Cardiolipins

  

	may also interact with cytochrome c [135-151] and may endow this small haemic protein with a peroxidase activity which promotes cardiolipin oxidation and mitochondrial permeability transition pore complex formation
	[

141,144,152-164]. The

  key roles of cardiolipins have been largely documented in mitochondrial signaling pathways and, in contexts with pathway-specific proteins partners in apoptosis [

158, 165- 178] and in mitophagy [179-186]. Though

  

	pathologically altered cardiolipinomes may still provide mitochondrial inner membrane with incurvatures; deficiency in mature cardiolipin species affects some of the functions of normal cardiolipinome, impairing the respirasome with reductions of respiratory chain supercomplexes

formation [33,98,118, 187] and ATP synthase subunit synthesis and activity [115,188]. The role and variety of cardiolipins based on their fatty acid content have been recently reviewed in detail [189] and are further considered below in the review. 2.2. Costeff syndrome [OMIM

  

	mitochondrial metabolic dysfunction and reduced ATP synthesis on human permeabilized fibroblasts from Costeff patients [61] and others for normal ATP formation in a model of Costeff syndrome [29]. However, in this latter study, oxygen consumption was normal and most of the ATP was insensitive to the respiratory chain inhibitor antimycin A, suggesting its glycolytic origin [29].
	2.3. MEGDEL syndrome (3-MEthylGlutaconic aciduria, Deafness, Encephalopathy, and Leigh-like syndrome) [OMIM 614725, SERAC1 deficiency which belongs to the group of 3-methylglutaconic acidurias type IV] is a disorder caused by mutations in SERAC1 (SERine Active site -Containing protein 1) gene [64-66]. Affected children usually develop infectious episodes, hypoglycemia and lactic acidosis during neonatal period along with failure to thrive, deafness and retinal pigmentation, and Leigh syndrome signs including encephalopathy, hypotonia, spasticity and neurodevelopmental delay [54, 64-66]. This disorder is considered as a highly distinctive dystonia deafness syndrome and affects basal ganglia (caudate nucleus and putamen), a pathognomonic MRI finding being that part of dorsal putamen is spared by the degenerative process and appears as an "eye" on MRI [193]. Patients also present with elevated urinary excretion of 3-methylgluctaconic acid [54]. From a metabolic point-of-view, MEGDEL syndrome is characterized by deficiency of SERAC 1, a protein acting as a phosphatidylglycerol transacylase and located at interfaces between mitochondria and endoplasmic reticulum. Deficient function affects respiratory chain complexes and cholesterol trafficking [194]. Though SERAC 1 deficiency does not affect quantitatively total cell contents in cardiolipins, it affects qualitatively cardiolipin species with higher concentrations of cardiolipin-66:3, cardiolipin-66:4, cardiolipin-68:3, cardiolipin-68:4 and cardiolipin-68:5 (n:n' symbols referring to cumulated carbon atom contents and unsaturations conveyed by the phospholipid species, respectively). These cardiolipin species are derived from phosphatidylglycerol-34:1, a substrate physiologically converted by SERAC 1 to phosphatidylglycerol-36:1. The former accumulates (220% control values) and the latter phospholipid
	258501, OPA3 deficiency, 3-methylglutaconic aciduria type III] is a rare disease with an inherited autosomal recessive trait resulting from mutations affecting OPA3 gene (OPA3, OPticAtrophy type 3) [53]; dominant disease transmission of some mutations of the same gene are on the other hand recovered in part of patients with dominant optic atrophy (OMIM # 165300) [190]. The onset of Costeff syndrome occurs often in the young infancy with a progressive loss of the visual acuity and later on, usually in the first decade, choreo-athetosis develops along with other signs which may include spactic paraplegia, dsysarthria, nystagmus, intellectual disability and moderate ataxia. This disorder is also characterized by a 3-methylglutaconic aciduria associated with 3-methylglutaric aciduria [53]. 3-MGA in a child with an early bilateral onset of optic atrophy and choreaathetotic movements should prompt considering the diagnosis of Costeff syndrome [53]. From a metabolic point-of-view, the disease is characterized by the deficient function of OPA3 protein. There are at least 8 OPA genes and their gene products all correspond to proteins located in mitochondrial inner membrane and are ubiquitous [190]. Physiological roles of OPA3 and hence pathogenesis of Costeff syndrome are not fully understood. A role in energy metabolism and apoptosis is suggested by the study of OPA3 deficient conditions [190]. Interestingly, based on its aminoacid sequence and not function, OPA3 has been proposed to belonging to the family of mitofusins like is OPA1 [191]. Though OPA3 does not contribute to mitochondrial apoptosis, it might apparently potentiate it; on the other hand, its overexpression leads to mitochondria fragmentation whereas its deficiency leads to elongated mitochondria [192]. The effects of OPA3 deficiency on mitochondrial respiration and ATP production are still currently controversial, some data arguing for

species is low (20 % control values) in MEGDEL fibroblasts. Besides qualitative alterations of phosphatidylglycerol and cardiolipin, bis(monoacylglycerol)phosphate concentration is lowered to 40% control values

[START_REF] Wortmann | Mutations in the phospholipid remodeling gene SERAC1 impair mitochondrial function and intracellular cholesterol trafficking and cause dystonia and deafness[END_REF]

. Low concentrations of bis(monoacylglycerol)phosphate increase free cholesterol accumulating in late endosomes with accordingly accumulation of unesterified cholesterol in patients with MEGDEL syndrome

[START_REF] Wortmann | Mutations in the phospholipid remodeling gene SERAC1 impair mitochondrial function and intracellular cholesterol trafficking and cause dystonia and deafness[END_REF]

.

2.4. DCMA syndrome (dilated cardiomyopathy with ataxia) [OMIM 610198, DNAJC19 deficiency, 3methylglutaconic aciduria type V] associates early onset dilated cardiomyopathy with enlarged QT syndrome on ECG, arythmia and heart failure, non-progressive ataxia with a delay in motor skill and walking acquisitions, slow prenatal and postnatal growths causing failure to thrive, and 3methylglutaconic aciduria

[START_REF] Gibson | Multiple syndromes of 3methylglutaconic aciduria[END_REF][START_REF] Davey | Mutation of DNAJC19, a human homologue of yeast inner mitochondrial membrane co-chaperones, causes DCMA syndrome, a novel autosomal recessive Barth syndrome-like condition[END_REF][START_REF] Benson | Oculomotor apraxia and dilated cardiomyopathy with ataxia syndrome: A case report[END_REF][START_REF] Ojala | New mutation of mitochondrial DNAJC19 causing dilated and noncompaction cardiomyopathy, anemia, ataxia, and male genital anomalies[END_REF][START_REF] Ucar | Previously Unreported Biallelic Mutation in DNAJC19: Are Sensorineural Hearing Loss and Basal Ganglia Lesions Additional Features of Dilated Cardiomyopathy and Ataxia (DCMA) Syndrome?[END_REF]

. Patients may also present genital (cryptorchidia, hypospadias), ocular and liver abnormalities. Moderate intellectual disability may be observed as well as like in some other mitochondrial diseases, sensorineural hearing loss and bilateral basal ganglia lesions

[START_REF] Gibson | Multiple syndromes of 3methylglutaconic aciduria[END_REF][START_REF] Davey | Mutation of DNAJC19, a human homologue of yeast inner mitochondrial membrane co-chaperones, causes DCMA syndrome, a novel autosomal recessive Barth syndrome-like condition[END_REF][START_REF] Benson | Oculomotor apraxia and dilated cardiomyopathy with ataxia syndrome: A case report[END_REF][START_REF] Ojala | New mutation of mitochondrial DNAJC19 causing dilated and noncompaction cardiomyopathy, anemia, ataxia, and male genital anomalies[END_REF][START_REF] Ucar | Previously Unreported Biallelic Mutation in DNAJC19: Are Sensorineural Hearing Loss and Basal Ganglia Lesions Additional Features of Dilated Cardiomyopathy and Ataxia (DCMA) Syndrome?[END_REF]

. DCMA syndrome is caused by mutations in the DNAJC19 (DnaJ Heat Shock Protein Family (Hsp40) Member C19) gene

[START_REF] Davey | Mutation of DNAJC19, a human homologue of yeast inner mitochondrial membrane co-chaperones, causes DCMA syndrome, a novel autosomal recessive Barth syndrome-like condition[END_REF]

. Similarities between phenotype features of Barth and DCMA syndromes have been described

[START_REF] Davey | Mutation of DNAJC19, a human homologue of yeast inner mitochondrial membrane co-chaperones, causes DCMA syndrome, a novel autosomal recessive Barth syndrome-like condition[END_REF]

. From a metabolic point-of-view, DNAJC19 gene encodes a DNAJ domain containing protein which acts as a co-chaperone. More especially, DNAJC19 is a mitochondrial co-chaperone forming a complex with prohibitins

[START_REF] Richter-Dennerlein | DNAJC19, a mitochondrial cochaperone associated with cardiomyopathy, forms a complex with prohibitins to regulate cardiolipin remodeling[END_REF]

. Prohibitins are proteins residing in mitochondrial inner membrane and interactome studies of prohibitins have identified DNAJC19 as a partner of prohibitin 2. Prohibitin 2/DNAJC19 complexes are indispensable for normal cardiolipin acylation and failure to form these complexes, consecutively to reduced availability of either DNAJC19 or prohibitin 2, causes accumulation of altered acylation patterns of cardiolipinome, altering immature to mature cardiolipin conversion as tafazzin deficiency does. Regulation of tafazzin by prohibitin/DNAJC19 has been further supported to impact cardiolipin remodeling by tafazzin to a large extent

[START_REF] Richter-Dennerlein | DNAJC19, a mitochondrial cochaperone associated with cardiomyopathy, forms a complex with prohibitins to regulate cardiolipin remodeling[END_REF]

. DNAJC19-deficient cells share in common with TAZ-deficient cells mitochondrial cristae abnormalities and impaired cardiolipin specifications

[START_REF] Richter-Dennerlein | DNAJC19, a mitochondrial cochaperone associated with cardiomyopathy, forms a complex with prohibitins to regulate cardiolipin remodeling[END_REF]

. However, in the DCMA cell model with the deletion of DNAJC19, cardiolipins were only qualitatively modified without, in contrast to Barth syndrome, a decrease in the total amounts of mitochondrial cardiolipins

[START_REF] Richter-Dennerlein | DNAJC19, a mitochondrial cochaperone associated with cardiomyopathy, forms a complex with prohibitins to regulate cardiolipin remodeling[END_REF]

.

89, 221,222] and patients under statins [89, 223-225].

  In this respect, capacity of the mitochondrial energy-generating system measured by pyruvate (plus malate) oxidation rates in coupled and noncoupled conditions and by ATP yield resulting from pyruvate (plus malate) oxidation was found to correlate more closely than respiratory chain complex activities to load of MELAS mutation in patient tissues[START_REF] Janssen | Muscle 3243A-->G mutation load and capacity of the mitochondrial energy-generating system[END_REF]. From a metabolic point-of-view, CLPB belongs to the AAA+ (ATPases Associated with diverse cellular Activities) protein family[START_REF] Nakazaki | ClpB chaperone passively threads soluble denatured proteins through its central pore[END_REF][START_REF] Haslberger | Protein disaggregation by the AAA+ chaperone ClpB involves partial threading of looped polypeptide segments[END_REF]. The mutant CLPB is characterized by the loss of its ATPase activity. CLPB has been localized inside and outside mitochondria. For putative extramitochondrial function, known protein interaction networks of CLPB and experimental evidence would provide support for a physiological interaction of CLPB with ATP2A2, a protein also involved in apoptotic processes in Kostmann disease caused by HAX1 mutations and sharing phenotypic analogies with CLPB deficiency[START_REF] Wortmann | CLPB mutations cause 3-methylglutaconic aciduria, progressive brain atrophy, intellectual disability, congenital neutropenia, cataracts, movement disorder[END_REF]. HAX1 downregulates sarco/endoplasmic reticulum Ca 2+ -ATPase (SR Ca(2+)-ATPase 2 encoded by ATP2A2 (SERCA2) as likely would do CLPB, giving a basis for excessive apoptosis as a cause of disturbed hematopoesis in CLPB mutations as documented in Kostmann syndrome[START_REF] Wortmann | CLPB mutations cause 3-methylglutaconic aciduria, progressive brain atrophy, intellectual disability, congenital neutropenia, cataracts, movement disorder[END_REF]. For mitochondrial function, CLPB acts as a mitochondrial co-chaperone, and recent insight in mitochondrial inner membrane proteome provides evidence that this diaggregase is actually located in this membrane and, then, should not be longer considered as a matrix protein[START_REF] Lee | Molecular insights into the m-AAA protease mediated dislocation of transmembrane helices in the mitochondrial inner membrane[END_REF]. This revisited location of CLPB invites to considering that its deficiency might affect mitochondrial inner membrane composition and architecture, as well as folding of local proteins along with disaggregation of their misfolded forms.

	2.9. Mitochondrial DNA polymerase gamma deficiency [OMIM174763, POLG or POLG1 deficiency, which belongs to the group of 3-methylglutaconic acidurias type IV] results from mutations in POLG

V [200-204] and with, in a patient with MELAS/Kearn-Sayres overlap, pyruvate dehydrogenase deficiency [205].

2.6. Transmembrane protein 70 deficiency [OMIM 612418, TMEM70 deficiency which belongs to the group of 3-methylglutaconic acidurias type IV] is a mitochondrial disease caused by mutations in TMEM70, a nuclear gene encoding a mitochondrial inner membrane protein [41,

[START_REF] Cameron | Complex V TMEM70 deficiency results in mitochondrial nucleoid disorganization[END_REF][START_REF] Honzík | Mitochondrial encephalocardio-myopathy with early neonatal onset due to TMEM70 mutation[END_REF][START_REF] Houstek | TMEM70 protein -a novel ancillary factor of mammalian ATP synthase[END_REF][START_REF] Shchelochkov | Milder clinical course of Type IV 3-methylglutaconic aciduria due to a novel mutation in TMEM70[END_REF][START_REF] Spiegel | TMEM70 mutations are a common cause of nuclear encoded ATP synthase assembly defect: further delineation of a new syndrome[END_REF][START_REF] Stojanović | Mild form of 3-methylglutaconic aciduria type IV and mutation in the TMEM70 genes[END_REF][START_REF] Torraco | TMEM70: a mutational hot spot in nuclear ATP synthase deficiency with a pivotal role in complex V biogenesis[END_REF][START_REF] Tort | Screening for nuclear genetic defects in the ATP synthase-associated genes TMEM70, ATP12 and ATP5E in patients with 3-methylglutaconic aciduria[END_REF][START_REF] Wortmann | 3-Methylglutaconic aciduria--lessons from 50 genes and 977 patients[END_REF][START_REF] Wortmann | Biochemical and genetic analysis of 3-methylglutaconic aciduria type IV: a diagnostic strategy[END_REF]

. The disease is characterized by clinical signs reviewed notably by

Magner et al. [206] 

which are in order of decreasing frequency: in 80-100% patients, psychomotor delay, hypotonia, faltering growth, metabolic crisis, short stature and cardiomyopathy; in 60-70% patients, prematurity, microcephaly and dysmorphism, in 50% patients, neonatal respiratory failure, intra-uterine growth delay and genital abnormalities, and in 40 % or less patients, oligo/an-hydramnios, recurrent vomiting, persistent pulmonary hypertension of the newborn and pulmonary stenosis. Metabolic crises often develop during neonatal period and are characterized by lactic acidosis associated with hyperalaninemia, hyperuricemia, 3-methylglutaconic aciduria and hyperammonemia, the adequate management of which is essential for favorable outcome

[START_REF] Magner | TMEM70 deficiency: long-term outcome of 48 patients[END_REF]

. During metabolic attacks, 2hydroxyglutaric aciduria is also often observed

[START_REF] Magner | TMEM70 deficiency: long-term outcome of 48 patients[END_REF]

. From a metabolic point-of-view, TMEM70 deficiency results in the reduced function of TMEM70 (Transmembrane protein 70) and is the most common form of ATP synthase deficiency. Indeed, this mitochondrial inner membrane protein is physiologically involved in biosynthesis and assembly of ATP synthase (complex V). The ATP synthase is formed by a catalytic F1 subunit residing in mitochondrial matrix attached by two stalks with the FO transmembrane subunit embedded in mitochondrial inner membrane and acting as a proton pump. Eighteen distinct subunits are involved in ATP synthase structure, mitochondrial genes encoding subunits ATP6 and ATP8 of the FO component, nuclear genes encoding for all other ATP synthase subunits. Assemblage of ATP synthase subunits requires three ancillary proteins among which TMEM70

[START_REF] Hejzlarová | Expression and processing of the TMEM70 protein[END_REF]

. Assembled and hence functional form and activity of mitochondrial ATP synthase is deeply reduced under TMEM70 deficiency. Respiratory chain complexes I to IV are not deficient [69] and may even increase (complexes III and IV) as a compensatory mechanism

[START_REF] Havlíčková Karbanová | Compensatory upregulation of respiratory chain complexes III and IV in isolated deficiency of ATP synthase due to TMEM70 mutation[END_REF]

. Mitochondria cristae abnormalities (abnormal concentric shape with a loss of mitochondrial inner membrane invaginations) are also observed in this disorder

[START_REF] Cameron | Complex V TMEM70 deficiency results in mitochondrial nucleoid disorganization[END_REF]

. Overlapping clinics and 3-methylglutaconic aciduria were also reported in mutations of notably nuclear gene ATP5E which encodes for the F1 ε subunit of ATP synthase [209].

2.6. Carbamoyl phosphate synthetase 1 deficiency

[OMIM 608307, 237300, CPS1 deficiency] is a disorder of urea cycle. Neonates usually develop hyperammonemia and hence hyperammonemic encephalopathy with irritability, vomiting, seizures, and a lethargic state which may result in coma, and often death. Severe irreversible brain damages take place even under appropriate measures against accumulating ammonia. In this disorder, 3-methylglutaconic aciduria has been observed in patients as well as also to a moderate extent in other urea cycle disorders including Ornithine TransCarbamylase (OTC) deficiency and arginosuccinate lyase (ASL) deficiency

[START_REF] Wortmann | 3-Methylglutaconic aciduria--lessons from 50 genes and 977 patients[END_REF][START_REF] Rokicki | 3-Methylglutaconic aciduria, a frequent but underrecognized finding in carbamoyl phosphate synthetase I deficiency[END_REF]

. From a metabolic point-of-view, carbamoyl phosphate synthetase 1 (CPS1) deficiency is a disorder affecting the mitochondrial synthesis of carbamoylphosphate which provides the first of the two ammonia metabolized to urea by urea cycle. CPS1 supplies ornithine CarbamoylTransferase (OCT) with carbamoylphosphate which is formed by CPS1 from bicarbonate anion and ammonium in the presence of ATP. Urea cycle essentially occurs in the liver.

2.7. Caseinolytic peptidase B homolog

ClpB deficiency [OMIM 616271, CLPB deficiency, 3methylglutaconic acidurias type VII] is a disorder causing progressive brain atrophy, intellectual disability, developmental delay, congenital neutropenia, bilateral cataracts, movement disorder and 3-methylglutaconic aciduria [79-84]. CLPB gene encodes caseinolytic peptidase B homolog ClpB [83]. (also often referred to as POLG1) gene, one of nuclear genes (POLG, POLG2 and PEO1) responsible for mtDNA replication [78, 86]. POLG deficiency may exhibit a wide spectrum of clinical expression spanning from an early onset fatal infantile cerebrohepatic disease to a late onset (sometimes at the sixth decade) progressive external opthtalmoplegia [213], along with other presentations which may include myopathy, cardiomyopathy, hepatopathy, leukoencephalopathy, Alpers-Huttenlocher disease (psychomotor regression, intractable epilepsy and liver disease due to depletion of mitochondrial DNA), exercise intolerance and stroke like episodes [214] and neuropsychiatric signs among which ataxia, Parkinsonism, autism, bipolar disorders, panic disorders and schizophrenia [215].

From a metabolic point-of-view, POLG is responsible for replication of mtDNA and its deficiency is a cause of mitochondrial DNA depletion. Deficient production of proteins encoded by mtDNA impairs formation and is associated with deficient mitochondrial respiration and ATP synthesis. 3methylglutaconic aciduria has been also described in POLG deficient patients [78, 86].

2.10. Miscellaneous

Other defects than those considered in this section may be associated with a 3methylglutaconic aciduria without currently any underlying identified cause, and for this reason, referred to as not otherwise specified group of 3-methylglutaconic acidurias. Additional noncanonical 3-MGAs with well identified etiologies have been also described including HTRA2 deficiency [87, 88, 216], Sengers syndrome (MIM 212350) when driven by mutations in acylglycerol kinase (AGK) (MIM 610345) [217,218], an enzymic protein recently found to be also part of the human TIM22 protein import complex [219,220], Smith-Lemli-Opitz (SLO) syndrome (7-DHCR deficiency) [

.

  Of a high importance for the issues addressed by this review and shortly stated, AMPK is activated by many cellular triggers arousing from cellular low energy signals, regulating many cellular functions such as metabolism and energy-producing pathways dedicated to improve cell energetic status [37, 264-268]. It is notably activated under mitochondrial dysfunction [269-273]. AMPK activation can trigger autophagy via different convergent actions on signaling targets, including activating phosphorylation of ULK1/2 and inactivating phosphorylation of mTOR [

268, 274- 276].

  Mitophagy (mitochondria autophagy) is also promoted by AMPK activation [

277-280]

  

392-396].

  Peroxisomal HMG-CoA is involved in two metabolic pathways duplicated elsewhere in cells and for which the relative contribution of peroxisomes to overall cell activity still remains to be clarified. These peroxisomal HMG-CoA utilizing reactions have been described to contribute to ketogenesis and, as largely controversial, isoprenoid synthesis. For the latter route, peroxisomes have been reported to possess HMG-CoA reductase activities [397-401] as well as other activities in relation with the pre-squalene segment of cholesterol synthesis [402-405], these latter but not former being seriously questioned. Contribution of peroxisomal HMG-CoA to ketogenesis is enabled by peroxisomal HMG-CoA lyase [392, 406-408] but is limited to acetoacetate since peroxisomes do not exhibit 3-hydroxybutyrate dehydrogenase activity [350].

Key determinants in peroxisomal HMG-CoA metabolism are presented just below. Acetyl-CoA utilizing reactions enable peroxisomes to synthesize HMG-CoA. Like respective cytoplasmic and mitochondrial biosyntheses mentioned above in this review, this peroxisomal HMG-CoA synthesis occurs through two consecutive steps, i.e. condensation of two acetyl-CoA by peroxisomal acetoacetyl-CoA thiolase to form acetoacetyl-CoA [389-391] further condensing with an acetyl-CoA to form HMG-CoA through peroxisomal HMG-CoA synthase activity [

  6 kDa [371]. Pxmp2 allows free diffusion through peroxisomal membrane when molecular mass is up to 200-300 Da (small mono-and di-anionic metabolites including glycolate, pyruvate, 2-oxoglutarate) and more restricted diffusion for heavier molecular masses (lactobionate and AMP having molecular weights close to 350 Da) [371]. 3-methylglutaconate and 3-methylglutarate have structure, charge and size close to 2-oxoglutarate : the three metabolites are dianionic dicarboxylates having molecular weights of 144, 146 and 146, respectively. Since 2oxoglutarate was shown in the work of Rokka et al. [371]
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