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DÉFICIT EN CARNITINE-ACYLCARNITINE TRANSLOCASE

Introduction

Le déficit en carnitine-acylcarnitine translocase (CACT) est une maladie héréditaire du métabolisme affectant la béta-oxydation mitochondriale des acides gras à chaînes longues, de transmission autosomique récessive, extrêmement rare (OMIM # 212138). Sa prévalence est cependant inconnue. Il s'agit d'une maladie le plus souvent révélée en période néonatale associant une hypoglycémie hypocétotique, une cardiomyopathie et/ou des troubles du rythme cardiaque, une hyperammoniémie et/ou une rhabdomyolyse. Elle est le plus souvent fatale. A ce jour, une cinquaintaine de patients ont été décrits depuis la première description par Stanley et al. en 1992[START_REF] Stanley | Brief report: a deficiency of carnitine-acylcarnitine translocase in the inner mitochondrial membrane[END_REF]. Son diagnostic se fait par l'étude du profil des acylcarnitines plasmatiques retrouvant une augmentation des acylcarnitines à chaînes longues (C14, C16:1, C16, C18:1, C18:2, C18-acylcarnitines) et de la chromatographie des acides organiques urinaires retrouvant une acidurie dicarboxylique (non spécifique).

Carnitine-Acylcarnitine Translocase

La CACT est une protéine mitochondriale composée de 301 acides aminés, avec trois domaines homologues d'environ 100 acides aminés communs avec d'autres protéines de transport mitochondrial. Son poids moléculaire est de 32,5kDa [START_REF] Indiveri | Identification and purification of the carnitine carrier from rat liver mitochondria[END_REF]. Les domaines sont repliés en motifs structurels similaires avec six alpha-hélices transmembranaires hydrophobes.

Elle est localisée sur la membrane interne de la mitochondrie, son activité nécessitant la présence de cardiolipine (phospholipide mitochondrial).

Figure 1 Représentation structurelle du produit du gène CACT avec corrélation de la structure du gène [START_REF] Iacobazzi | The structure and organization of the human carnitine/acylcarnitine translocase (CACT1) gene2[END_REF] La protéine est codée par le gène nucléaire SLC25A20 située sur le bras court du chromosome 3 (3p21.31) [START_REF] Viggiano | Assignment of the carnitine/acylcarnitine translocase gene (CACT) to human chromosome band 3p21.31 by in situ hybridization[END_REF]. Le gène comprend 9 exons et s'étend sur 16,5kb [START_REF] Iacobazzi | The structure and organization of the human carnitine/acylcarnitine translocase (CACT1) gene2[END_REF].

Elle est majoritairement exprimée dans le coeur, le muscle squelettique, le foie et en quantité infime dans les autres tissus comme le cerveau [START_REF] Huizing | Cloning of the human carnitine-acylcarnitine carrier cDNA and identification of the molecular defect in a patient[END_REF]. Un homologue, la protéine CACT-like (CACL) a été identifiée avec une expression dans les mêmes tissus que la CACT ainsi que dans le cerveau. Une équipe a rapporté son expression induite par l'hépatectomie partielle et par le jeûne dans la souris [START_REF] Sekoguchi | A novel mitochondrial carnitine-acylcarnitine translocase induced by partial hepatectomy and fasting[END_REF].

Transport de la Carnitine

Carnitine

La carnitine, du latin caro (chaire), ou 3-hydroxy-4-triméthylammonio-butanoate, a un rôle essentiel dans le métabolisme des acides gras. Il existe deux sources de carnitine, endogène (25%) ou exogène (75%) [START_REF] Vaz | Carnitine biosynthesis in mammals[END_REF]. Dans notre alimentation, la carnitine provient de la viande, les poissons et les produits laitiers, avec un apport exogène moyen de 2 à 12µmol/kg. Il existe également une réabsorption tubulaire, qui augmente si l'apport exogène en carnitine diminue. Ainsi, les personnes suivant un régime végétarien strict peuvent maintenir des taux normaux de carnitine [START_REF] Rebouche | Kinetics, pharmacokinetics, and regulation of L-carnitine and acetyl-Lcarnitine metabolism[END_REF]). Le foie a un autre transporteur, sodium-dépendant.

La production endogène est

Le rôle de la carnitine dans la dégradation cellulaire des acides gras a été souligné à partir des années 1950. Elle permet le transfert des acides gras à longue chaîne dans la matrice mitochondriale pour qu'ils y subissent la béta-oxydation.

La carnitine joue également un rôle essentiel dans la béta-oxydation peroxisomale des acides gras en particulier le C26, ainsi que des acides phytaniques et pristaniques, dans l'export de leurs produits (acétyl-CoA, propionyl-CoA, esters d'acyl-CoA à chaînes moyennes) [START_REF] Verhoeven | Phytanic acid and pristanic acid are oxidized by sequential peroxisomal and mitochondrial reactions in cultured fibroblasts[END_REF].

Cycle de la carnitine

La carnitine se lie aux acides gras à chaînes longues par la carnitine palmitoyl-transferase I (CPT-I) qui est localisée sur la face interne de la membrane externe mitochondriale. La CPT-I existe en trois isoformes, tissus spécifiques : foie (CPT-IA), muscle (CPT-IB), cerveau (CPT-IC).

Les acylcarnitines à chaînes longues sont ensuite transférés à travers la membrane interne par la carnitine acylcarnitine translocase (CACT) selon un échange 1:1 avec la carnitine, puis clivés sur la face interne de la membrane interne par la carnitine palmitoyl-transferase II (CPT-II).

Ainsi, la carnitine retourne dans le cytoplasme par la CACT pour un nouveau cycle tandis que l'acide gras à chaîne longue est reconjugué avec un CoA pour entrer dans la béta-oxydation mitochondriale.

La CPT II constitue un complexe avec la CACT [START_REF] Console | Carnitine/acylcarnitine translocase and carnitine palmitoyltransferase 2 form a complex in the inner mitochondrial membrane[END_REF] : les déficits en CPT-II et en CACT ont les mêmes marqueurs biochimiques. 

Etat nourri

A l'état nourri, le ratio insuline/glucagon est élevé, ce qui active la lipogénèse hépatique. La concentration de malonyl-CoA augmente, ce qui inhibe la CPT-I (étape limitante de la bétaoxydation des AG).

Jeûne

Lors du jeûne, le ratio insuline/glucagon est bas : la glycolyse produit des dérivés carbonés, l'acétyl-CoA carboxylase diminue et le niveau de malonyl-CoA diminue. La CPT-I est désinhibée, ce qui permet de débuter la béta-oxydation mitochondriale des AG provenant des triglycérides stockés dans les tissus adipeux.

Pendant les périodes de jeûne, les acides gras deviennent le substrat principal pour la production énergétique via leur oxydation dans le foie, le muscle cardiaque et le muscle squelettique. Le cerveau ne dispose pas de système d'oxydation des acides gras, mais oxyde les corps cétoniques dérivés des acétyl-CoA et acétoacétyl-CoA produits par l'oxydation hépatique des acides gras.

Homéostasie néonatale

La transition de la vie intra-utérine à la vie extra-utérine s'accompagne d'une modification majeure du métabolisme énergétique, avec une extinction brutale du principal carburant énergétique foetal que constitue le glucose. Le nouveau-né humain est capable de synthétiser du glucose à hauteur d'environ 6mg/kg/min [START_REF] Bier | Measurement of "true" glucose production rates in infancy and childhood with 6,6-dideuteroglucose[END_REF], ce qui est insuffisant pour les besoins énergétiques d'un nouveau-né à terme dès le premier jour de vie pour assurer sa croissance.

Ainsi, immédiatement après la naissance, on observe une augmentation majeure d'acides gras libres [START_REF] Novak | Postnatal Changes in the Blood Serum Content of Glycerol and Fatty Acids in Human Infants[END_REF]. En effet, en fin de gestation, le foetus accumule une quantité importante de tissus adipeux (représentant 10 à 15% du poids de naissance (PN)), source d'acides gras. En parallèle, il est nourri par un régime riche en lipides par le lait maternel.

A titre de comparaison, un jeûne de 2.5-4.5 heures d'un nouveau-né équivaut à celui d'un adulte de 8-16h ; un jeûne de 12h équivaut à celui d'un adulte de 72h environ, en terme de taux d'acides gras libres [START_REF] Bougneres | Lipid transport in the human newborn. Palmitate and glycerol turnover and the contribution of glycerol to neonatal hepatic glucose output[END_REF].

La période néonatale est donc une période critique qui nécessite l'utilisation des acides gras par leur béta-oxydation, ce qui en fait une période à risque pour les nouveau-nés ayant un déficit de la béta-oxydation des acides gras.

Déficits de la béta-oxydation des acides gras

Un dysfonctionnement de la béta-oxydation des acides gras mène à une accumulation d'acyl-CoA non oxydés. Certains groupes acyl sont excrétés dans les urines liés à la L-carnitine, la glycine ou acides libres.

Chaque étape de la béta-oxydation des acides gras peut être déficiente et a été décrite en pathologie humaine.

Les facteurs déclenchants sont classiquement les épisodes de jeûne, en particulier le jeûne physiologique de la naissance, la fièvre, les infections. 

Déficit en CACT

Le déficit en carnitine acylcarnitine translocase est une maladie rare et très sévère. Une cinquantaine de cas ont été décrits dans la littérature internationale depuis 25 ans. Il est probable que certaines morts subites néonatales soient des déficits de la béta-oxydation des acides gras comme le déficit en CACT, non diagnostiqués. Le but de notre étude est de décrire l'histoire naturelle de la maladie à partir de la cohorte française, et décrire les traitements testés ou discutés (efficacité des nouveaux traitements anaplérotiques, indication au défibrillateur, …) afin de permettre une meilleure prise en charge des patients, et accompagner les familles. 

Manuscript

INTRODUCTION

Background

Carnitine acylcarnitine translocase (CACT) deficiency is a rare inborn metabolic disease (OMIM 212138), resulting from recessive-inherited mutations in the SLC25A20 gene [START_REF] Viggiano | Assignment of the carnitine/acylcarnitine translocase gene (CACT) to human chromosome band 3p21.31 by in situ hybridization[END_REF]. The CACT belongs to the solute carrier family 25 on the inner mitochondrial membrane, and catalyses antiport exchange of long-chain acylcarnitines to the mitochondrial matrix and carnitine. This 301-amino-acid protein comports three homologous domains common with other mitochondrial carrier proteins [START_REF] Iacobazzi | The structure and organization of the human carnitine/acylcarnitine translocase (CACT1) gene2[END_REF]. Its activity is essential for mitochondrial fatty acid beta-oxidation (FAO), an essential source of energy during prolonged fasting and muscle and heart activity.

Long-chain FAO need to be shuttled into the mitochondrial matrix. This involves the carnitine palmitoyl-transferase I (CPT-I) on the external mitochondrial membrane, which transfers longchain fatty acids (acyl-CoA) to carnitine. Between the external and internal membrane, CACT exchanges the acylcarnitine for a carnitine and transfers the acylcarnitine to the mitochondrial matrix where carnitine palmitoyl-transferase II (CPT-II) cleaves the acyl groups from acylcarnitines to coenzyme A (CoA). The acyl-CoA then enters the beta-oxidation loop to generate acetyl-CoA. Thus, CACT deficiency results in impaired long-chain FAO and ketogenesis.

To date, less than fifty patients with CACT deficiency (CACTD) have been described. Its prevalence is estimated at 1:7,510,000 in Germany from newborn screening from 2002 to 2015 [START_REF] Shibata | Diversity in the incidence and spectrum of organic acidemias, fatty acid oxidation disorders, and amino acid disorders in Asian countries: Selective screening vs. expanded newborn screening[END_REF].

The first patients presenting with CACTD were described in 1992 [START_REF] Stanley | Brief report: a deficiency of carnitine-acylcarnitine translocase in the inner mitochondrial membrane[END_REF] as a neonatal disorder with cardiomyopathy, cardiac arrhythmia, hypotonia, abnormal liver function, and hypoketotic hypoglycaemia. Although rare, the prognosis is poor and often fatal.

Family histories frequently report death of siblings in the first days of life. Pre-eclampsia can occur during pregnancy [START_REF] Geven | Pre-eclampsia in a woman whose child suffered from lethal carnitine-acylcarnitine translocase deficiency[END_REF]. Metabolic workup features low free carnitine in plasma, elevated long-chain plasma acylcarnitines (C16-C18), hyperammoniemia, elevated liver enzymes and creatine kinase (CK), and dicarboxylic aciduria on urinary organic acids analyses (OA). Metabolic screening is undistinguishable from CPT-II deficiency [START_REF] Ventura | Quantitative acylcarnitine profiling in fibroblasts using [U-13C] palmitic acid: an improved tool for the diagnosis of fatty acid oxidation defects[END_REF]. Positive diagnosis is made by enzyme activity assay on culture fibroblasts [START_REF] Pande | Carnitineacylcarnitine translocase deficiency with severe hypoglycemia and auriculo ventricular block. Translocase assay in permeabilized fibroblasts[END_REF] and by molecular analyses of SLC25A20 gene [START_REF] Huizing | Cloning of the human carnitine-acylcarnitine carrier cDNA and identification of the molecular defect in a patient[END_REF].

Therapeutic management consists of fasting eviction with nocturnal continuous feeding, high carbohydrate diet, medium-chain triglycerides (MCT) as energetic support and carnitine supplementation [START_REF] Spiekerkoetter | Treatment recommendations in long-chain fatty acid oxidation defects: consensus from a workshop[END_REF]. More recent other therapies are being tested such as bezafibrate [START_REF] Vatanavicharn | Carnitine-acylcarnitine translocase deficiency: Two neonatal cases with common splicing mutation and in vitro bezafibrate response[END_REF], ketone bodies, or more recently triheptanoin diet [START_REF] Roe | Anaplerotic treatment of long-chain fat oxidation disorders with triheptanoin: Review of 15 years Experience[END_REF][START_REF] Vockley | Triheptanoin treatment in patients with pediatric cardiomyopathy associated with long chain-fatty acid oxidation disorders[END_REF]. Despite optimized management, most patients die in their infancy.

Objectives

We report all patients with confirmed CACT deficiency in France since initial description of the disease and a review of the previously reported cases in the literature. This study investigates the long term follow-up of patients with new therapeutic approaches.

METHODS

Study design, Setting

This was a retrospective, French national cohort study. Charts were retrospectively reviewed from January 2018 to July 2018, including clinical symptoms, biochemical and molecular parameters, decompensations, medical treatments and survival. Data collection was made until the death and included post-mortem findings, or until the last visit of the surviving patients. Some patients were previously published as case reports [START_REF] Pande | Carnitineacylcarnitine translocase deficiency with severe hypoglycemia and auriculo ventricular block. Translocase assay in permeabilized fibroblasts[END_REF][START_REF] Ogier De Baulny | Neonatal hyperammonemia caused by a defect of carnitine-acylcarnitine translocase[END_REF][START_REF] Brivet | Retrospective diagnosis of carnitineacylcarnitine translocase deficiency by acylcarnitine analysis in the proband Guthrie card and enzymatic studies in the parents[END_REF][START_REF] Nuoffer | Familial neonatal SIDS revealing carnitineacylcarnitine translocase deficiency[END_REF].

Participants

Patients with biochemical and/or molecular diagnosis of CACT deficiency who were followedup in French hospitals were eligible for this study. Patients whose records were lost were not included in the study. Deceased siblings of probands were not included when medical records were unavailable.

For review of literature, we searched MEDLINE for case reports and reviews of carnitineacylcarnitine translocase deficiency. We excluded reports without clinical data.

Variables

CACT deficiency was suspected on a suggestive clinical presentation, low plasma carnitine and high levels of long-chain acylcarnitine, and dicarboxylic aciduria on organic acid chromatography. Acylcarnitine profiles were analyzed from blood spots or blood samples by high-performance liquid chromatography tandem mass spectrometry. Studies of in vitro fatty acid oxidation in patients fibroblasts showed decrease of production of 14 CO2 from [1-14 C]palmitate and 3 H2O release from [9,l0(n)-3 H]-palmitate [START_REF] Pande | Carnitineacylcarnitine translocase deficiency with severe hypoglycemia and auriculo ventricular block. Translocase assay in permeabilized fibroblasts[END_REF]. Positive diagnosis was made on enzyme activity and/or molecular investigation by the Biochemistry Laboratory, Bicêtre Hospital, France. Enzyme activity assay were made on fibroblast cell lines following previously published methods [START_REF] Pande | Carnitineacylcarnitine translocase deficiency with severe hypoglycemia and auriculo ventricular block. Translocase assay in permeabilized fibroblasts[END_REF][START_REF] Brivet | Diagnosis of carnitine acylcarnitine translocase deficiency by complementation analysis[END_REF]. Molecular investigation was performed in the SLC25A20 gene [START_REF] Huizing | Cloning of the human carnitine-acylcarnitine carrier cDNA and identification of the molecular defect in a patient[END_REF][START_REF] Costa | Mutational spectrum and DNA-based prenatal diagnosis in carnitine-acylcarnitine translocase deficiency[END_REF]. Briefly, genomic DNAs were extracted from leucocytes. The nine coding exons and intron-exon boundaries of the gene were amplified by standard polymerase chain reaction (PCR) and analyzed by direct sequencing an automated ABI Prism 310 analyzer (Applied Biosystems). Mutations on the cDNA sequence of SLC25A20 (GenBank Accession No. Y10319.1; Refseq NM_000387) was described according to the Human Genome Variation Society recommendations (den Dunnen et al 2016).

Mild phenotype was described as absence of cardiomyopathy, no myopathy and detectable residual activity (around 5%) [START_REF] Morris | A patient with carnitine-acylcarnitine translocase deficiency with a mild phenotype[END_REF].

Bias

CACT deficiency can be undiagnosed, when neonates present sudden infant death or early acute cardiac arrest with no metabolic investigations, usually in a peripheral hospital.

Statistical analyses

Fisher's exact test was used to assess the association between qualitative variables. Mann-Whitney test or Student t test was performed when continuous variables compared groups.

Missing data were excluded from analyses.

Ethics

This work was submitted to the Commission Nationale de l'Informatique et des Libertés according to reference methodology MR-004 (CNIL declaration number 2206929v0).

RESULTS

Patients -Presenting Symptoms -Diagnosis

Between 1989 and 2018, 23 patients with CACTD were diagnosed by Bicêtre Biochemistry Department, AP-HP. Three clinical records were unavailable for analyses and were noneligible.

Twenty patients were included (17 families, 9 females, 11 males: Table 1). Four patients have been previously published in case reports [START_REF] Pande | Carnitineacylcarnitine translocase deficiency with severe hypoglycemia and auriculo ventricular block. Translocase assay in permeabilized fibroblasts[END_REF][START_REF] Ogier De Baulny | Neonatal hyperammonemia caused by a defect of carnitine-acylcarnitine translocase[END_REF][START_REF] Brivet | Retrospective diagnosis of carnitineacylcarnitine translocase deficiency by acylcarnitine analysis in the proband Guthrie card and enzymatic studies in the parents[END_REF][START_REF] Costa | Identification of the molecular defect in a severe case of carnitine-acylcarnitine carrier deficiency[END_REF][START_REF] Nuoffer | Familial neonatal SIDS revealing carnitineacylcarnitine translocase deficiency[END_REF].

Consanguinity was found in 11 cases (55%). Two mothers had history of miscarriage and nine patients had history of neonatal sibling death.

Patient were born from 1989 to 2017. Mean birth gestational age was 37.6 ± 1.7 weeks, mean birth weight (BW) was 2.830g ± 448g, mean height 47.4 ± 2.5cm, mean head circumference 33.2cm ± 1.1cm. Three neonates were hypotrophic (BW < 10 th percentile). Four patients were preterm (2 were twins at 34 weeks, 2 were from premature labour at 36 weeks). Five were born by C-section (4 had abnormal fetal rhythm, 1 mother had scarred uterus). During pregnancy, no mother presented with pre-eclampsia.

Presenting symptoms (Table 2)

Fifteen patients presented with neonatal onset and four patients were electively hospitalized following birth because of positive prenatal diagnosis (n=2) or suggestive family history of metabolic disorder. One patient presented illness at 2 months of age without identified trigger (patient #3). by studying CACT activity in parents' lymphocytes which were compatible with heterozygous status. Four patients had prior negative molecular investigation for CPT-II deficit for differential diagnosis.

Molecular investigations found 14 mutations in the SLC25A20 gene for 19 patients. Results are reported on Table 3 : 5 carried homozygous nonsense mutations, 8 carried homozygous missense mutations, 4 carried compound heterozygous mutations associating a nonsense variant and a missense variant, 1 carried heterozygous intronic mutation and missense mutation and 1 carried a homozygous intronic mutation.

All patients presented severe phenotype as they all presented cardiopathy, myopathy or low CACT activity (< 5%).

Mortality (Table 4)

Six patients died in their neonatal period (patients #1, 2, 7, 8, 10, 14). In this group of patients, mean age of death was 3 days [range 1-8 days] following their revelatory decompensation.

For the 14 patients who survived their neonatal period, median follow-up was 14 months (range 2 months-11 years).

Ten patients died, at a mean age of 18 months (range 2 months-5 years). Among these patients, one patient died following accidental stop of his continuous nocturnal feeding, with hypoglycaemia and seizures. Two died of sepsis (PAC infection, pneumonia). Other patients died of multiple organ failure (n=1), cardiogenic shock (n=1) or sudden death (n=3), or unknown (n=2). Ketone therapy did not prevent patients from metabolic attacks or death (see below).

To date, 4 patients have survived (mortality rate, 80%, Figure 4), including the two patients under triheptanoin regimen (see below). Currently the surviving patients have a mean age of 4.5 years old (range 11 months-11 years). Among them, one patient (#17) experienced two episodes of recuperated cardiac arrests following hypoglycaemia and adenoidectomy; he survives with psychomotor retardation. The oldest patient is 11 years-old (patient #11), and is currently following regular school with a part-time aid.

Occurrence of a nonsense mutation was statistically associated with death (p=0.04) but not with an early mortality in the neonatal period (p=0.3).

Follow-up

Clinical follow-up data with number of hospitalized decompensations is presented on Table 4.

On decompensation, all patient presented hyperammoniemia and rhabdomyolysis. Maximum observed CK level was 90,000U/L (age 7 months, patient #17), and ammoniemia was 730µmol/L (age 2.5 months, patient #3).

Apart from decompensation episodes, all patients presented permanent hepatomegaly. Muscle weakness was described for 2 patients. Five patients where noted to have psychomotor retardation: hypotonia, language retardation, delayed age of walk. Baseline electrocardiogram (ECG), when available (n=10), were normal and confirmed on holter ECG for two patients.

Out of the 9 patients who had presented cardiopathy on first decompensation, 5 had normalized baseline echocardiography, 1 still had cardiomyopathy by the age of 2. Another patient developed hypertrophy from the age of 2, and both of them were put under angiotensinconverting enzyme inhibitor treatment (captopril; patients #12 and #16).

We managed to obtain lifetime biochemical data for 3 patients (#12, #14, #16). Basal biochemical follow-up found for 3 patients elevated liver enzymes (lifetime AST, ALT mean: 250 and 171 U/L), normal to high CK value (lifetime mean: 380 U/L), hyperammoniemia (lifetime mean : 88.3µmol/L). Plasma acylcarnitines were obtained for 12 patients. All had low free carnitine (mean 6.0µmol/L ± 4.1µmol/L, normal range 9-40) requiring high dose of L-carnitine supplementation (see below). Acylcarnitines profile under MCT-regimen and treatment still found elevated long-chain acylcarnitine levels.

Long-term management

We obtained data on long-term management from patients who survived neonatal period (n=14).

Data on nutrition regimen was obtained for 12 patients. All had a regimen enriched with MCT (16 to 38% total calories intake) and high carbohydrates. All except one (at the choice of the parents) had continuous nocturnal feeding, 6 by gastrostomy (mean age of intervention: 6.8 months [0.8-17]). During day, they received initially feeding every 3 hours and distance between meals was progressively distanced to 4 to 6 hours at the age of 4 for those who survived. Currently, our 11-years-old surviving patient has 4 meal/day with continuous nocturnal feeding.

Twelve patients who survived their neonatal initial decompensation were put under L-carnitine (dose range: 15 to 500 mg/kg of body weight/day). Three patients suffered from side effects (diarrhea) and dose had to be lowered. Two patients who were not treated by L-carnitine died at 2 months of age. No significant difference was found between doses used between deceased patients (mean dosage : 224.3 mg/kg/day) and surviving ones (mean dosage : 140mg/kg/day; p=0.21).

Hyperammoniema was managed by hypoprotidic regimen (n=3), sodium benzoate (n=4, dose range 50 to 300mg/kg of body weight/day), sodium phenylbutyrate (n=2, dose range 200 to 450 mg/kg of body weight/day), carbamyl-glutamate (n=4, dose range 130 to 275 mg/kg of body weight/day). Carbamyl-glutamate did not improve ammoniemia level for patient #16 and was rapidly stopped for patient #17 after it was deemed ineffective.

Ketone bodies (sodium L-3-hydroxybutyrate, NaHB) were used for 6 patients (#12, #15-18, #20) with a dose from 400 to 1200 mg/kg of body weight/day in 5 intakes. For patients who survived neonatal decompensation, patients under ketone body therapy did not allow less decompensations per year than others (p=0.98) (Table 4).

Two patients required anaplerotic diet therapy with triheptanoin (replacing MCT) at the ages of 23 months (patient #17) and 2.5 years (#19) : patient #17 presented 10 decompensations before triheptanoin diet (0.43 episodes/months), 2 after (0.08 episodes/months). Patient #19 presented only one decompensation (influenzae infection) after triheptanoin introduction, while he had 4 decompensations before. They are surviving and triheptanoin evaluation is ongoing for both.

Three patients had central venous access (port-a-cath) put between the ages of 3 and 12 months. Four patients were followed for re-education (physical therapy, ergotherapy, psychomotricity).

Review of literature

We found 45 cases of CACTD in the literature, excluding French patients who are part of our cohort, reports without clinical data and publications in other language than English. Patients' characteristics and mortality are reported on Table 5 : 17 females, 24 males, with neonatal presentation for 38 of them (mean age at investigation, 2 days). For positive diagnosis, enzyme assay activity found decreased CACT activity for 27 patients; molecular diagnosis was performed for 32 patients. Based on these reports, we found a mortality rate of 71.1% (32/45).

Mean age of death was 7.7 ± 10,9 months.

Eleven patients had family history of sibling death and one mother had history of miscarriage.

Two mothers were reported to have pre-eclampsia during pregnancy. On initial presentation, 15 presented cardiomyopathy, 10 presented abnormal heart rhythm and 8 presented cardiac arrest. We found plasma ammonia level for 21 patients (mean: 451 µmol/L, range 154-1368), CK for 14 patients (mean: 6,261U/L, range 230-25,625). On follow-up, 5 patients were noted to have muscle weakness, 5 had psychomotor retardation and 6 had abnormal echocardiography (hypertrophic cardiomyopathy). Fourteen patients (31.1%) were started on L-carnitine following their initial decompensation (mean dose: 100 mg/kg of body weight/day, range 50-150). No patient received ketone therapy. Regimen was detailed for 25 patients and all had high carbohydrates and MCT diet. One patient received triheptanoin diet regimen at 10 months [START_REF] Mahapatra | Triheptanoin: A Rescue Therapy for Cardiogenic Shock in Carnitine-acylcarnitine Translocase Deficiency[END_REF]. This patient died at the age of 3 following upper respiratory tract infection. Three patients with CACTD were described with triheptanoin treatment in other reviews [START_REF] Roe | Anaplerotic diet therapy in inherited metabolic disease: therapeutic potential[END_REF][START_REF] Roe | Anaplerotic treatment of long-chain fat oxidation disorders with triheptanoin: Review of 15 years Experience[END_REF][START_REF] Vockley | Long-term major clinical outcomes in patients with long chain fatty acid oxidation disorders before and after transition to triheptanoin treatment--A retrospective chart review[END_REF], however they were not included in our study for lack of clinical data. Of them, one received triheptanoin diet since birth and died at the age of 7 months following rotavirus infection, another died following withdrawal of therapies after methylation disorder, and no follow-up data was available for the last patient.

DISCUSSION

We report a French cohort of 20 patients with carnitine acylcarnitine translocase deficiency, 5 of whom were already described in previous case reports. We found 45 other cases of CACTD patients with detailed clinical data in the literature, making a total of 65 patients. Prevalence was estimated only once, from newborn screening data in Germany from 2002 to 2015 at 1:7,510,000 [START_REF] Shibata | Diversity in the incidence and spectrum of organic acidemias, fatty acid oxidation disorders, and amino acid disorders in Asian countries: Selective screening vs. expanded newborn screening[END_REF], using liquid chromatography-tandem mass spectrometry. In France, we have identified 23 cases from 1989 to 2017, with a birth rate of approximately 800,000 newborn per year. This would make a prevalence of 1:1,000,000 births. This pathology is probably underdiagnosed and otherwise classified as sudden infant death. Suggestive family history and neonatal sudden infant deaths must be investigated to successfully diagnose this disease. As Roe titled, it is now also a "responsibility for the neonatologist" [START_REF] Roe | Inherited disorders of mitochondrial fatty acid oxidation: a new responsibility for the neonatologist[END_REF] to recognize neonatal fatty acid oxidation disorders. It must be known that it is possible to send an immediate post-mortem blood spot or to recover the blotting paper from newborn screening to analyze the acylcarnitine profile. Moreover, since most patients trigger a metabolic attack in the first or second day of life, expanded newborn screening, usually sampled at the 3 rd day of life, would be useless or too late for these patients.

In total, 75.4% had an acute neonatal presentation, between their first 72 hours of life, with main symptoms as malaise, difficulty feeding, hypotonia, hypoketotic hypoglycemia, rhabdomyolysis, hyperammoniemia, hypocalcemia and/or cardiac arrest. Patients who were immediately managed at birth with continuous glucose infusion did not present sign of metabolic attack, bypassing the process of fatty acids mobilization following birth.

Among combined patients from our cohort and our review, the mortality rate is of 73.8% (48/65) at a mean age of 9 months at the time of publication of the articles. We found in our cohort an association between a nonsense mutation and all-age mortality (and thus severe phenotype).

Liver involvement

Every patient presented liver involvement, with non-regressive hepatomegaly, and elevation of liver enzymes with time, as fatty acids accumulate in the liver. At this time, no hepatic transplantation was proposed for any patient.

Heart involvement

Cardiopathy (23 out of 65 patients at diagnosis) and arrhythmia (21/65) is a hallmark of this disease. This is explained by the energetic carence, and by the toxicity of long-chain acylcarnitines, which were shown to play a pivotal role in production of arrhythmias. Amphiphile, long-chain acylcarnitines incorporate the sarcolemma and elicit electrophysiological anomalies analogous to those seen in acute myocardial ischemia.

Reduction of the single-channel conductance of the inward-going rectifier potassium current by amphipathic lipid metabolites may account for automatic action potential discharges from the resting and plateau potentials, leading to ventricular tachycardia. Retardation of conduction velocities by the decrease of the excitatory sodium current could produce conduction anomalies and yield to reentry. Experimental evidence showed that increased level of long-chain fatty acids and their carnitine esters could promote arrhythmogenesis via direct activation of calcium channels [START_REF] Stanley | Carnitine disorders[END_REF], inducing cytotoxic calcium overload. Finally, amphipathic metabolites may interfere with the gap junctions and disturb the lipid-protein interface of the cell membrane and, thereby, impair gap-junction channels [START_REF] Datorre | Amphipathic lipid metabolites and their relation to arrhythmogenesis in the ischemic heart[END_REF][START_REF] Huang | Long-chain fatty acids activate calcium channels in ventricular myocytes[END_REF][START_REF] Bonnet | Arrhythmias and conduction defects as presenting symptoms of fatty acid oxidation disorders in children[END_REF]. This toxicity is the main reason this deficit can lead to a fatal outcome in case of metabolic attack.

In primary carnitine deficit (OCTN2 deficit), low free carnitine causes a reversible cardiomegaly. In our patients under supplementation, ventricular hypertrophy still developed for two patients.

One patient presented cardiac arrest following standard surgical procedure (patient #17, adenoidectomy). For this study we could not retrieve information about anesthetic drugs used for this procedure. He had prior surgery for port-a-cath insertion without complication. It is known that patients with long-chain fatty acids disorders, at risk of rhabdomyolyses, are contraindicated for halogen anesthetic agents, and depolarizing curares such as suxamethonium [START_REF] Krajcova | Effects of Propofol on Cellular Bioenergetics in Human Skeletal Muscle Cells[END_REF].

Muscular involvement

Patients did not necessarily present muscle weakness or fatigability (10.7%: 7/65 patients) but they all present acute episodes of rhabdomyolysis on decompensation. Rhabdomyolysis could be severe, with CK level as high as 90,000 U/L. Elevated CK levels may reflect the energetic deficiency, but also the fatty acids accumulation in skeletal muscles [START_REF] Longo | Disorders of carnitine transport and the carnitine cycle[END_REF]. It is notable that some patients at baseline, under MCT and high carbohydrate, could have normal CK levels.

Psychomotor retardation

We found 10 patients with psychomotor retardation in our cohort and 5 in the literature (23.1%; 15/65), however since few patients survived infancy, it is difficult to know the exact percentage of this symptom. It is certainly a consequence of hypoglycemia or anoxic-ischemic lesions from recuperated cardiac arrests, notably because ketone bodies, the main energetic substrates for brain in cases of hypoglycemia [START_REF] Longo | Disorders of carnitine transport and the carnitine cycle[END_REF], are lacking in this disease.

L-carnitine therapy

L-carnitine supplementation is debated. On the one hand, it could prevent long-chain acylcarnitine accumulation by increasing acyl compound transport out of the cell. It could also be a treatment for hypertrophic cardiomyopathy, given that in primary carnitine deficit, low free carnitine is a cause for reversible hypertrophic cardiomyopathy. Other use would be in the lowering the accumulation of acyl-CoA and restoring the CoA pool in the mitochondria. On the other hand, we could also argue that carnitine supplementation would form more long-chain acylcarnitine, and instead of trapping them inside the mitochondria, more long-chain acylcarnitine would form and incorporate sarcolemma with aggravation of the cardiac or muscular toxicity.

In our cohort, high dose of carnitine (up to 500mg/kg of body weight/day) to correct low free plasma carnitine did not prevent decompensations or death and provoked gastro-intestinal side effects. Such high doses of L-carnitine supplementation saturates tubular reabsorption and excess carnitine is eliminated through urine [START_REF] Rebouche | Kinetics, pharmacokinetics, and regulation of L-carnitine and acetyl-Lcarnitine metabolism[END_REF]). In our surviving patients, Lcarnitine supplementation was prescribed from 30 to 160 mg/kg of body weight/day. Thus, despite the absence of statistical difference, our study could suggest that L-carnitine supplementation should be administered with limited doses, disregarding plasma free carnitine levels. Hypocarnitinemia in severe patients could also be linked to excessive tubular excretion (data not shown).

Ketone therapy

According to our review of literature, no other patients than our 6 were put under ketone bodies therapy. The aim of this treatment was to provide another energy source for cells (O'Malley et al 2017), otherwise not provided by impaired long chain fatty acid oxidation.

Although started in the first month of life for 4/6 patients, this treatment did not prevent any patients from presenting metabolic attack, developing cardiomyopathy or from dying. This treatment being cumbersome with 5 takes a day and providing at the same time an important sodium load (as sodium DL-3-hydroxybutyrate), with patient possibly presenting cardiomyopathy, benefit-risk balance for pursuing this treatment remains questionable.

Triheptanoin diet

In our cohort, two patients were put under triheptanoin diet, replacing medium-chain triglycerides with an odd-chain oil. Supplementation with MCT oil provides a two-carbon substrate (acetyl-CoA) for the TCA cycle, but not a three carbon substrate, eventually leading to the depletion of the latter. Triheptanoin provides glycerol and heptanoic acid (or heptanoate) when ingested. Heptanoate (C7) does not require any protein from the carnitine shuttle to enter the mitochondrion. Presumably, it is converted to C7-CoA by a medium-chain acyl-CoA synthetase and undergoes a cycle of β-oxidation to pentanoyl-CoA, which requires the mediumchain acyl-CoA dehydrogenase (MCAD). The final product of C7 metabolism is acetyl-CoA the family. No other patient in this deficit were described with defibrillator procedure. This should maybe be discussed with cardiologists to avoid sudden arrhythmia and death.

Prenatal diagnosis

CACTD an extremely severe disease. Prenatal diagnosis is proposed using the molecular approach by direct sequencing of genomic DNA extracted directly from chorionic villus or amniotic fluid cells [START_REF] Costa | Mutational spectrum and DNA-based prenatal diagnosis in carnitine-acylcarnitine translocase deficiency[END_REF]. Before genetic analysis, biochemical approach was performed using measurement of oleic or palmitic acid oxidation in cultured amniocytes [START_REF] Chalmers | Mitochondrial carnitineacylcarnitine translocase deficiency presenting as sudden neonatal death[END_REF] or measurement of CACT activity in amniocytes [START_REF] Yang | Carnitine/acylcarnitine translocase deficiency (neonatal phenotype): successful prenatal and postmortem diagnosis associated with a novel mutation in a single family[END_REF]. This required a delay of several weeks until cultured trophoblasts or amniocytes are ready for analysis. Two patients in our cohort had prenatal diagnosis by enzyme assay activity, with refusal of pregnancy termination by parents: one died at the age of 2 years (patient #9) and the other is surviving at age 1.

CONCLUSION

This study presents a general review of carnitine-acylcarnitine translocase deficiency which remains a very severe disease, despite aggressive therapeutic management. We found a statistical association between nonsense mutations and all-age mortality. Knowing the presenting symptoms may improve the diagnosis of this rare disease by neonatologists. This also may improve its management, notably by the quick administration of triheptanoin, a new treatment that needs to be still evaluated, as other treatments such as TCM and ketone bodies did not prove their efficacy in the long term survival. The dose of L-carnitine supplementation also remains unresolved, notably its efficacy versus toxicity.

Principal author: no conflict of interest to declare. 

Conclusion

Cette étude présente la série française de patients avec déficit en CACT, et décrit l'utilisation 

  Hemolysis, Elevated Liver enzyme levels, Low Platelets level syndrome MCAD : Medium-Chain Acyl-CoA Deshydrogenase NAD/NADH : Nicotinamide Adenine Dinucleotide OCTN2 : Organic Cation/Carnitine Transporter 2 OMIM : Online Mendelian Inheritance in Man PDH : pyruvate déshydrogénase SCAD : Short-chain Acyl-CoA Deshydrogenase SLC : Solute Carrier TCL : triglycérides à chaînes longues TCM : triglycérides à chaînes moyennes VLCAD : Very Long Chain Acyl-CoA Deshydrogenase

  estimée à 1,2µmol/kg/jour. La carnitine est synthétisée par les reins, le foie et le cerveau. Les autres tissus dépendent de la carnitine circulante. La biosynthèse fait intervenir 4 étapes (Rubio-Gozalbo et al 2004) : 1. 6-N-triméthyllysine → 3-hydoxy-6-N-triméthyllysine (via la triméthyllysine hydroxylase) 2. 3-hydoxy-6-N-triméthyllysine → 4-N-triméthylaminobutyraldéhyde + glycine 3. 4-N-triméthylaminobutyraldéhyde → 4-N-triméthylaminobutyrate (ou butyrobétaine) 4. 4-N-triméthylaminobutyrate → carnitine (par la butyrobétaine hydroxylase). La carnitine se lie aux résidus acyls et joue un rôle dans leur élimination. Ce mécanisme est essentiel pour la détoxification d'acides organiques dans certaines aciduries organiques et explique le déficit secondaire en carnitine. Cette conjugaison de la carnitine aux groupements acyls forme des espèces d'acylcarnitines, dont le profil est un outil diagnostique pour les maladies héréditaires du métabolisme. La carnitine entre dans la cellule par le transporteur OCTN2 dans le coeur, le muscle et le rein.

Figure 2

 2 Figure2Navette mitochondriale de carnitine[START_REF] Tonazzi | Mitochondrial carnitine/acylcarnitine translocase: insights in structure/ function relationships. Basis for drug therapy and side effects prediction[END_REF] 

5. 1 .

 1 Déficit en OCTN2Le déficit en OCTN2 provoque le déficit primaire en carnitine, maladie autosomique récessive (OMIM #212140). La carnitine ne peut pas entrer dans les cellules et est excrétée dans les urines. Les patients qui ont un déficit primaire en carnitine se présentent, le plus souvent après un stress métabolique, avec des difficultés alimentaires, irritabilité, asthénie, hépatomégalie, hypoglycémie hypocétotique, hyperammoniémie et élévation des CPK. Il peut y avoir une atteinte cardiaque avec myocardiopathie (cardiomégalie, insuffisance cardiaque). Le diagnostic est évoqué devant une carnitinémie libre basse et une baisse de tous les acylcarnitines plasmatiques. La carnitinurie est élevée. Les parents hétérozygotes perdent 2 à 3 fois plus de carnitine dans les urines que les individus sains. Le diagnostic est génétique (étude du gène SLC22A5). Le traitement consiste en une supplémentation en carnitine, 100 à 400mg/kg/jour selon la carnitinémie et la tolérance clinique. Les effets secondaires de la carnitine sont digestifs avec inconfort et/ou diarrhée. 5.2. Déficit en CPT-I Seul le déficit en CPT-IA a été identifié chez l'homme (OMIM #255120). Les patients se présentent entre la naissance et 18 mois à l'occasion d'un jeûne ou d'un épisode infectieux avec trouble de la conscience et hépatomégalie. Le bilan retrouve une hypoglycémie hypocétotique, une hyperammoniémie, une cytolyse hépatique et une augmentation des acides gras libres. La carnitinémie est souvent élevée. La chromatographie des acides organiques urinaires retrouve des traces de cétones, une acidurie dicarboxylique avec augmentation de l'acide docécanédioique (C12) et la présence d'acide 3-hydroxyglutarique. Le profil des acylcarnitines plasmatiques retrouve une augmentation de la carnitine libre, des acylcarnitines à chaînes courtes et une diminution des acylcarnitines à chaînes longues. La confirmation diagnostique repose sur la mesure de l'activité enzymatique sur fibroblastes et l'étude moléculaire. 5.3. Déficit en CPT-II Il existe deux présentations du déficit en CPT-II : une néonatale (OMIM #600649) et une plus tardive dans l'enfance ou chez les jeunes adultes (OMIM #255110). La présentation néonatale se déroule dans les premiers jours de vie, avec détresse respiratoire, convulsions, altération de la conscience, hépatomégalie, cardiomégalie et arythmie cardiaque. Des signes dysmorphiques peuvent exister et on peut retrouver des anomalies de développement rénal et de migration neuronale. La forme adulte est avant tout musculaire : myalgies à l'effort, crampes, rhabdomyolyse avec myoglobinurie. Le bilan métabolique retrouve une acidurie dicarboxylique (CAOu), une carnitinémie libre basse et une augmentation des acylcarnitines à chaînes longues et du rapport (C16+C18:1)/C2. La confirmation diagnostique est réalisée par l'étude de l'activité enzymatique sur fibroblastes et par l'étude moléculaire du gène CPT-II. Le traitement consiste en une éviction du jeûne, un régime pauvre en acides gras à chaînes longues. 5.4. Déficit en CACT Le déficit en CACT ressemble en tous points au déficit en CPT-II. Les révélations sont le plus souvent néonatales dès le premier jour de vie avec convulsions, arythmies, apnées. Le bilan retrouve une hypoglycémie cétotique, une hyperammoniémie, une myolyse. Les investigations biochimiques retrouvent une carnitinémie libre effondrée et une augmentation des acylcarnitines à chaînes longues (C16-C18) dans le plasma et, comme pour le déficit en CPT-II, une augmentation du rapport (C16+C18:1)/C2. La chromatographie des acides organiques urinaires retrouve une acidurie dicarboxylique massive avec un excès d'espèces insaturées. Le diagnostic est confirmé par l'étude de l'activité enzymatique sur fibroblastes et par l'étude moléculaire du gène SLC25A20. 5.4.1. Physiopathologie Dans le déficit en CACT, les acylcarnitines à longue chaîne ne peuvent pas atteindre la matrice mitochondriale. Etant donné qu'il s'agit d'un antiport, la carnitine reste piégée dans la mitochondrie, ce qui explique la carnitine libre effondrée et l'augmentation des espèces à chaînes longues sur le profil des acylcarnitines.La béta oxydation des acides gras se déroule principalement dans le foie, le muscle et le coeur.En cas de situation de lipolyse, par exemple lors du jeûne, ou lors de situations de forte demande énergétique, on va avoir une accumulation des acides gras libres non métabolisés dans ces tissus, traduisant une stéatose. Une hépatomégalie est notée, voire une insuffisance hépatocellulaire. Il peut exister des douleurs musculaires ou une rhabdomyolyse, avec une destruction des cellules musculaire fragilisées par l'accumulation de vacuoles lipidiques, et/ou une cardiomégalie hypertrophique. Enfin, l'atteinte cardiaque s'explique par l'importance de l'oxydation mitochondriale des acides gras pour couvrir les besoins énergétiques du coeur. D'autre part, les acylcarnitines à chaînes longues ont une toxicité myocardique. Amphiphiles, les acylcarnitines à chaînes longues s'intègrent dans le sarcolemme et provoquent des anomalies électrophysiologiques semblables à celles d'une ischémie myocardique aiguë. Ces effets sont pluriels (réduction de la conductance du courant potassique, retard des vélocités de conductions par diminution du courant sodique excitateur, activation de canaux voltage dépendants, …) et vont provoquer des troubles du rythme cardiaque[START_REF] Corr | Prophylaxis of early ventricular fibrillation by inhibition of acylcarnitine accumulation[END_REF]. Enfin, le déficit primaire en carnitine (OCTN2) provoquant une hypertrophie cardiaque, il est possible que des taux faibles de carnitine puissent participer au remodelage myocardique. L'accumulation des acyl-CoA fait intervenir d'autres voies métaboliques comme la gammaoxydation dans le réticulum endoplasmique lisse qui permet la production d'acides dicarboxyliques. Le déficit intra-mitochondrial en acétyl-CoA bloque le cycle de Krebs (hyperlactatémie) ainsi que la synthèse du N-acétylglutamate, cofacteur essentiel du cycle de l'urée pour la carbamoylphosphate synthase, résultant en une hyperammoniémie. 5.5. Déficit en VLCAD La VLCAD se présente sous une forme sévère, avec myocardiopathie, atteinte hépatique, hépatomégalie et peut être à l'origine de morts subites. La forme modérée se traduit par des épisodes récurrents de rhabdomyolyse ou d'intolérance à l'effort. Le diagnostic est suspecté sur le profil des acylcarnitines avec une augmentation du C14:1-acylcarnitine et du rapport C14:1/C12:1. La CAOu retrouve une accumulation d'acides dicarboxyliques C6-C14. Le diagnostic est confirmé par l'étude moléculaire du gène ACADVL. 5.6. Déficit en LCHAD Le déficit en LCHAD se traduit par une atteinte cardiaque avec myocardiopathie, une atteinte hépatique, musculaire (hypotonie, accès récurrents de rhabdomyolyse), une neuropathie périphérique et une rétinopathie. Les mères porteuses de foetus atteints peuvent présenter un accident gravidique (HELLP syndrome) au 3 e trimestre de la grossesse. Le bilan retrouve une hyperlactatémie (inhibition de la PDH), une augmentation des C14-OH, C16-OH, C18-OH, C18:1-OH acylcarnitines, et sur la CAOu une augmentation des acides dicarboxyliques C6-C14 +/-hydroxylés. Le diagnostic est confirmé par l'étude moléculaire du gène HADHA. Le traitement consiste en un régime enrichi en TCM, pauvre en TCL ainsi qu'une éviction du jeûne.
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Only 8

 8 out of the 45 patients had mild phenotype as defined by Morris et al. Of them, 2 were electively hospitalized at birth and investigated because of suggestive or confirmed family history of fatty acid oxidation disorder.

8. 5 .

 5 Diagnostic prénatal Notre expérience a démontré qu'il était possible d'éviter la décompensation néonatale inaugurale avec des apports glucidiques continus dès la naissance pour les enfants suspects de trouble néonatal de la béta-oxydation mitochondriale des acides gras (par une histoire familiale), ou ayant fait l'objet d'un dépistage prénatal positif. Il est donc primordial d'investiguer des histoires familiales suspectes ou des morts subites néonatales (avec parfois des histoires maternelles de fausses couches spontanées) afin de réaliser le diagnostic et d'aider les familles. Ce diagnostic peut être fait par prélèvement post-mortem immédiat de sang sur papier buvard. Il est aussi possible de faire le diagnostic en investiguant les statuts des parents, autrefois en mesurant l'activité enzymatique des parents retrouvant chez chacun un profil d'activité compatible avec un statut hétérozygote. Cela pouvait s'avérer utile en cas d'absence de matériel biologique du cas index. Aujourd'hui, il est plus rapide de mener cette recherche par biologie moléculaire chez les deux parents du gène SLC2520. avaient une atteinte hépatique persistant malgré la pris en charge, clinique avec hépatomégalie, et biologique avec une élévation des enzymes hépatiques. Cela traduit l'accumulation d'acides gras dans le foie que la cellule ne parvient pas à métaboliser, et la carence énergétique. A ce jour, aucune transplantation hépatique n'a été proposée pour cette pathologie. Conséquence de la fragilité du tissu, une partie des patients pouvait décrire des douleurs musculaires, une myopathie ou une fatigabilité (7/65). 8.8. Atteinte neurologique Au total, 15/65 (23.1%) patients ont été décrits avec un retard psychomoteur, mais étant donné que de nombreux patients sont décédés dans les premiers mois de vie l'incidence de ce symptôme peut-être sous-estimée. Ce retard psychomoteur peut être provoqué par les hypoglycémies profondes et les arrêts cardiaques avec lésions d'anoxo-ischémie. Il est à noter que le cerveau ne peut utiliser dans le contexte d'hypoglycémie les corps cétoniques, puisque ceux-ci ne peuvent être fabriqués à partir des acides gras dans ce déficit. Il est difficile d'affirmer qu'il peut aussi s'agir d'une atteinte neurologique primitive, en l'absence de survie prolongée des patients. Notre patient survivant le plus âgé a aujourd'hui 11 ans ; il est scolarisé en CM2 avec aide d'une AESH (accompagnant des élèves en situation de handicap). Il a révélé sa maladie au deuxième jour de vie avec un malaise (hypotonie, hypothermie). Il a présenté 4 décompensations par la suite, toutes à l'occasion d'infections. de la L-carnitine fait débat. D'une part, la supplémentation pourrait permettre de corriger le déficit en carnitinémie libre, et améliorer l'hypertrophie myocardique. La supplémentation pourrait participer à la détoxification des acyls à longue chaîne et restaurer le taux de CoA intramitochondrial. D'autre part, il est possible que la mobilisation de ces acylcarnitines à longue chaîne augmente l'incorporation dans le sarcolemme, aggravant la toxicité cardiaque.L'utilisation de L-carnitine à haute dose (jusqu'à 500mg/kg/jour) n'a pas permis de diminuer le nombre de décompensations ni le décès, au prix d'effets secondaires avec diarrhées. Les enfants qui sont décédés avaient en moyenne des doses plus fortes de L-carnitine. Cette différence est non significative, mais étant donné la toxicité potentielle du traitement, il semble licite de proposer une supplémentation à dose limitée, sans forcément se fier au taux de carnitinémie libre. Cependant l'hypocarnitinémie dans les formes sévères pourrait aussi être liée à une fuite tubulaire qui existe chez ces patients (données non montrées).

  est possible via ponction de villosités choriales ou ponction de liquide amniotique, par diagnostic moléculaire. L'étude de l'oxydation de l'acide palmitoïque sur amniocytes en culture a été également proposée. Cette dernière technique prend plusieurs semaines, le temps de réaliser les cultures de trophoblastes ou d'amniocytes.

  de nouveaux traitements. L'utilisation des corps cétoniques, selon l'expérience française, semble inefficace pour prévenir les décompensations. L'utilisation d'un régime avec triheptanoïne, est peut-être plus prometteur, car il semble améliorer l'évolution d'un patient. Les doses de L-carnitine restent discutées compte-tenu du risque de troubles du rythme cardiaque. Les patients décédés recevaient davantage de L-carnitine que les patients non décédés, mais ils avaient aussi une tubulopathie non explorée dans cette étude. Enfin, les symptômes de révélation doivent être reconnus des néonatologistes afin d'investiguer ces patients, y compris en post-mortem, afin d'accompagner les familles et proposer un diagnostic prénatal pour les futures grossesses.

  

  

  Acylcarnitine profiles at diagnosis (Cn-acylcarnitine µmol/L)

	Ammonia Table Molecular investigations and enzyme activity (HGVS nomenclature) of French CACTD cohort 491 195 NA 250 409 128 dilation	of	NA haemorrhagic	543	80	NA
	Echocardiogra phy findings (µmol/L) Hepatic insufficiency AST* (IU/L) ALT* (IU/L) CK* (IU/L) Urinary organic acids 40 Hypoketotic hypoglycaemia Hypocalcaemia On-admission pH Lactate* (mmol/L) Ammonia* (µmol/L) Hepatic insufficiency ASAT* (IU/L) Patient # c.270delC Normal NA NA NA 196 4595 + + 7,3 1,9 688 + NA Allele 1 c.496C>T c.199-10T>G 35 Number of hospitalized decompensatio ns 1 Muscle weakness of Fatigability NA c.270delC Dicarboxylic NA -72 NA NA aciduria, 5-OH-hexanoic aciduria + NA NA NA NA NA NA Allele 2 exon 3 NA c.496C>T exon 5 c.199-10T>G intron 2 1 NA Psychomotor NA NA 10 15 20 25 30 Cn-acylcarnitine (µmol/L) c.94G>A c.532C>T exon 1, exon 5 NA NA NA NA NA + NA 7,38 8,5 NA + 500 Exon or intron 1 NA NA delay 5 Echocardiogra phy findings Hypo contractility; Right and left ventricular hypertrophy, Normal Normal ALAT* (IU/L) NA NA 68 CK* (IU/L) 3400 NA 29144 Urinary organic acids NA Dicarboxylic aciduria Dicarboxylic location aciduria, Lactic aciduria, 4-OH-phenyllactic aciduria c.94G>A c.532C>T exon 1, exon 5 c.496C>T c.496C>T exon 5 Baseline EKG NA NA NA Baseline echocardiograp hy NA NA NA C0 C2 C14:1 C14 C16:1 C16 C18:2 C18:1 Cardiomegaly , Enlarged Septum -200 152 640 Dicarboxylic aciduria + + 7,37 5,6 458 NA 119 Conseque nce p.F91fsX38 p.R166X exon 3, exon 3+4 skipping 2 NA NA p.D32N, No hypertrophy, Slight dilation, Altered left 45 NA NA p.R178X p.D32N, p.R178X p.R166X NA NA C18 Hypertrophic cardiomyopat hy, no heart failure + 54 36 640 Dicarboxylic aciduria + NA 7,22 6 NA NA NA In vitro CACT Null -Heterozygous activity Virchow-Left ventricular hypertrophy -NA NA 574 Normal Robin space. + + 7,31 4,2 198 -143 Reference (Hsu et al 2001) profile for the two parents (Brivet et al 1996) 2 3 NA NA NA -Null (Costa et Ventricular dysfunction with dyskinesia Small pulmonary hypertension NA 126 16596 2000 NA Dicarboxylic aciduria al 2003) Null (Costa et al 2003) < 2% (Costa et NA Normal NA Normal C16DC 0 (C16+C C18:1D 18:1)/C C 2 al 1999) NA NA Maximal CPK NA NA NA NA NA NA #9 4,00 0,00 Heterozygous profile for the two parents UI/L Maximal plasma NA NA NA 730 150 NA #13 1,24 3,28 0,18 0,78 0,97 10,05 3,06 #14 16,40 25,50 0,52 6,33 2,00 0,95 0,33 Cardiac arrest --+ ---Other symptoms Hypothermia, Nephromégal y Splenomegaly Diffuse haematomas Radiological findings US: Hyper echogenicity US: Small bilateral dilation of the occipital horns Hypoketotic hypoglycaemia + + NA NA --Hypocalcaemia -+ NA NA NA NA On-admission pH 7,4 7,18 NA 7,26 NA NA Lactate* (mmol/L) 2,6 0,6 NA 2,3 3,7 6 -30 -Dilated right ostium ventricular function Cardiac arrest -+ + + + -Other symptoms New cardiac arrest on day 11 Tubulopathy, Splenomegaly Radiological findings US: Hyper echogenicity of the grey central nuclei, thin corpus callosum MRI: Normal (day 7) US: Hyper echogenicity of the parietal white matter MRI: Ischemic sequelar right temporal gaps. Periventricula r white matter hypersignal. Discreet -32 -c.609-1G>A c.689C>G intron 6, exon 7 p.P230R 2% ammonia #15 2,90 0,00 c.532C>T c.533G>A exon 5 p.R178X, µmol/L #16 122,00 29,30 3,90 21,80 1,72 0,74 US: Ultrasound MRI: Magnetic resonance imaging AST: Aspartate aminotransferase p.R178Q c.397C>T c.397C>T exon 4 p.R133W c.533G>A c.533G>A exon 2 p.R178Q Other Medical history Nephromeg aly ----Hypertensio #19 0,60 1,80 3,00 17,70 0,60 4,20 1,30 0,6 0,3 0,00 n Age at last visit 8 days 1 day 2 months 2,5 months 2,5 months 6 months #20 7,21 13,20 0,14 0,73 0,62 4,28 0,23 2,11 1,55 0,48 ALT: Alanine aminotransferase CK: Creatine kinase NA: Not available * Maximum level during onset illness are reported c.62G>T c.62G>T exon 1 p.G21V c.713A>G c.713A>G exon 7 p.Q238R c.713A>G c.713A>G exon 7 p.Q238R c.532C>T c.713A>G exon 2, exon 7 p.R178X, p.Q238R c.532C>T c.532C>T exon 2 p.R178X c.110G>C c.110G>C exon 2 p.R37P c.533G>A c.533G>A exon 2 p.R178Q c.327_417del, c.417+1G>A c.327_417del, c.417+1G>A exon 4 p.S109Rfs*5 0 c.533G>A c.533G>A exon 2 p.R178Q / age of death Cause of death Pulmonary haemorrage Multiviscera l failure Sudden death Multiviscera l failure Unknown Sepsis Post-mortem findings Massive liver steatosis. Normal muscle tissue. Major liver steatosis ---Survival (percentage) Figure 3 Figure 4 Kaplan-Meier Survival Curve for French CACTD patients Age (months) NA necrosis. NA NA NA NA NA + NA NA 1,15 1142 NA 74 No 1 NA NA Normal 74 932 Dicarboxylic aciduria, traces of malonic acid NA NA NA NA + NA NA NA NA MRI: Periventricula r and subcortical hypersignal T2 of white matter. Multiple lesions of -1 day Sudden death Major liver, heart and muscle steatosis	Global hypo contractility -222 78 NA Dicarboxylic aciduria, Lactic aciduria, 4-hydroxy-phenyllactic, 3-hydroxy-phenylpyruvi + NA NA 6 380 NA 61 No 1 NA NA c aciduria Moderate biventricular dysfunction, tricuspid insufficiency, 46 659 Dicarboxylic aciduria, Lactic aciduria NA NA NA NA -US : Cerebral oedema + + 7,47 4,18 mitral insufficiency, inter-auricular communicatio n -MRI: Posterior ischemic lesions -5 days Arrythmia -	Interventricul ar NA NA NA NA Dicarboxylic aciduria NA NA 7,11 12,2 280 NA 77 No 5 NA -NA 437 34000 NA Normal Normal 190 110 communicatio n -Urinary tract infection US: Normal + NA NA NA + MRI: Bilateral hypersignal T1, cortico-subcortical bilateral lesions of ischaemic traits -2 years Accidental stop of nocturnal feeding -	NA + 596 109 NA --NA NA NA NA No 1 NA NA 27 13 174 Dicarboxylic NA NA aciduria, NA NA Krebs intermediary, 4-hydroxy-phenyllactic, 4-hydroxy-NA NA + + NA NA NA -phenylpyruvic aciduria -3 days Sudden death Liver and heart steatosis

8. Conclusions et perspectives

  Cela ne prend en compte les éventuelles fratries décédées dont nous n'avions pas d'information clinique, ni les éventuelles morts subites néonatales non expliquées et liées à des déficits de la béta-oxydation mitochondriale. Nous n'avons retrouvé qu'une seule évaluation de la prévalence de cette pathologie en Allemagne, basée sur une expérience de dépistage néonatal à 1/7 510 000, avec 1 seul cas diagnostiqué entre 2002 et 2015[START_REF] Shibata | Diversity in the incidence and spectrum of organic acidemias, fatty acid oxidation disorders, and amino acid disorders in Asian countries: Selective screening vs. expanded newborn screening[END_REF]. 'une pathologie létale : 73,8% de mortalité à un âge moyen de 9 mois. Dans notre cohorte française, de nombreux patients sont décédés en période néonatale. Il s'agissait des premiers patients diagnostiqués, à une époque où la pathologie était encore peu connue. Depuis les années 2000, les nouveaux patients survivent plus fréquemment après leur décompensation néonatale initiale, témoin d'une meilleure prise en charge conjointe par les néonatologistes, réanimateurs, cardiologues et métaboliciens.

	8.4. Mortalité
	Il s'agit d
	Dans notre étude, nous décrivons 20 patients atteints de déficit en CACT parmi les 23
	diagnostiqués en France, ainsi que 45 autres patients identifiés d'après une revue de la
	littérature, depuis la première description de cette pathologie en 1992. La cohorte française
	représente ainsi 30,1% de la cohorte mondiale publiée à ce jour.
	8.1. Prévalence
	Nos patients sont nés entre 1989 et 2017. Ainsi, en se basant sur une natalité française de
	800 000 nouveau-nés / an, nous pouvons estimer une prévalence à 1 cas pour 1 000 000
	naissances. 8.2. Dépistage néonatal
	Étant donné que ces patients décompensent en période néonatale immédiate, généralement dans
	les deux premiers jours de vie, le dépistage néonatal ne permettra probablement pas de prévenir
	les décompensations précoces. Il est à noter également la faible fréquence de cette maladie,
	rendant le dépistage néonatal questionnable pour cette indication.
	8.3. Présentation initiale
	L'hypoglycémie hypocétotique néonatale doit faire suspecter un déficit de la béta-oxydation
	mitochondriale des acides gras, de façon plus fréquente un déficit en MCAD. L'association
	avec trouble du rythme ou cardiopathie doit faire redouter une toxicité des acides gras à longue
	chaîne, et ainsi d'un déficit en CPT-IA, CPT-II ou CACT. Parmi les autres signes déjà connus
	de la maladie : hépatomégalie, difficultés alimentaires, hypotonie, convulsions, arrêt cardiaque,
	rhabdomyolyse, hyperammoniémie ; nous avons aussi retrouvé une hypocalcémie chez six
	patients.
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ABREVIATIONS

Revealing symptoms at onset were cardiac arrest (n=5), hypothermia (n=3), hypoglycemia (n=4), respiratory symptoms (n=2), feeding difficulties (n=1), hypotonia (n=2), malaise (n=1).

On examination at diagnosis, 12 were comatose, 17 had abnormal tonus (15 hypotonic, 2 hypertonic), 7 presented seizures, 4 had respiratory distress, 4 had feeding difficulties, 11 presented with hepatomegaly, 9 had cardiomyopathy, and 12 presented abnormal heart rhythm (Table 1). Three patients presented secondary cardiac arrest during hospitalization for diagnosis investigation.

Biological findings found hypoketotic hypoglycemia (n=18), hypocalcemia (n=6), acidosis (n=10). Mean maximal plasma lactate level was 4.8 ± 3.0 mmol/L (normal range 0.5-2.2), mean maximum plasma ammonia level 403.2 ± 283.1 µmol/L (normal range < 100), mean maximal CK level 7,554 [range 124-34,000] U/L (normal range < 180). Mean aspartate transaminase (AST) level was 166.2 [range 27-596] U/L (normal range < 40 U/L), alanine transaminase (ALT) 118.9 [range 13-437] U/L (normal range < 40 U/L). Four patient had liver insufficiency (prothrombin time < 50%). Metabolic workup found dicarboxylic aciduria (11/13), low free carnitine (8/8: mean 5.1 µmol/L, range 1.24-8), and elevated long-chain acylcarnitines suggestive of CPT-II or CACT deficiency (11/11, Figure 3).

Initial management

All patients received high glucose infusion. MCT diet was started in five patients. For hyperammonemia management, 7 patients received specific treatment (sodium benzoate n=4, glutamic acid n=2, exsanguinous-transfusion n=2, arginine n=1, hypoprotidic regimen n=3).

Twelve patients were started on L-carnitine treatment, with a mean dose of 130 [range mg/kg of body weight/day. Eleven patients had aggressive resuscitation therapy: mechanical ventilation (n=11), external cardiac massage (n=9), amines (n=8). Five received antiarrhythmic therapies (calcium gluconate n=4, isoprenaline n=1, external shock n=1).

Biochemical and molecular diagnosis

Out of 13 patients, organic acids analysis found dicarboxylic aciduria for 11 patients; 2 were normal. Elevated long-chain acylcarnitines (C14-C18) were found for all 11 patients who had plasma acylcarnitine profiles (Figure 3). Eleven patients had in vitro studies of FAO which showed abnormal pattern, suggestive of CPT-II or CACT deficiency (data not shown). Five patients had carnitine acyl-carnitine translocase assay: 4 had null CACT activity, 1 had < 2% activity. For two patients whose samples were unavailable, retrospective diagnosis was made and propionyl-CoA (three carbon), eventually converted to succinate to fuel the citric acid cycle. This effect, known as anaplerosis, maintains the appropriate substrate balance for the TCA cycle, improving energy generation for glyconeogenesis [START_REF] Vockley | Long-term major clinical outcomes in patients with long chain fatty acid oxidation disorders before and after transition to triheptanoin treatment--A retrospective chart review[END_REF]. In the review led by Vockley et al 2015, in the 20 patients with long chain fatty acid oxidation disorders, authors found a 67% reduction in hospitalization days/year in the period after start of triheptanoin and a trend towards a 35% reduction in the hospitalization rate. There was lower hypoglycemic events (although mitigated by patients' growth). Four patients had a dramatic improvement of cardiac function but one still went through to have heart transplant. However, triheptanoin could not prevent episodes of rhabdomyolyses. In the reported case of one CACTD patient put on triheptanoin diet [START_REF] Mahapatra | Triheptanoin: A Rescue Therapy for Cardiogenic Shock in Carnitine-acylcarnitine Translocase Deficiency[END_REF], the effect was dramatic with a 3-day improvement of a severe cardiogenic shock, and permitted the weaning of vasoactive amines (epinephrine, dopamine, dobutamine).

In our experience, patient #17, after history of 10 hospitalizations for decompensation, started triheptanoin at the age of 23 months and was hospitalized only twice since then, at the age of 29 and 32 months; patient growth could be a confounder effect (as older patients are less subjects to viral infections that can lead to decompensations). Triheptanoin also allowed to normalize his ammonia level that was always in the 80-130 µmol/L range despite use of multiple scavenger medications (benzoate phenylbutyrate, benzoate phenylacetate, carbamylglutamate). He is currently surviving at the age of 4 years old. We have little perspective on patient #19 as treatment was started recently.

Enteral and parenteral access

Six patients and 2 other in the literature review [START_REF] Roschinger | Carnitine-acylcarnitine translocase deficiency: metabolic consequences of an impaired mitochondrial carnitine cycle[END_REF]Iacobazzi et al 2004) received gastrostomy intervention. This provides an easier process than nasogastric tube for nocturnal enteral feeding, used to avoid fatty acid oxidation during nocturnal fasting. It should be proposed to families to improve quality of life, especially if the patient presents with orality disorder.

Three patients of our cohort had port-a-cath procedure. For patients with severe phenotype, who present with multiple decompensations, it should be considered to facilitate emergency management and protect patient's venous capital, especially since they have often difficult intravenous access on acute illness. Risk-benefice includes risk of material infection, such as one patient presented.

No patient was equipped with an internal defibrillator, but it was proposed for patient #16 because of sudden death in previous patients followed by the team and ultimately refused by 
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