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Abstract

:

Very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency is a rare autosomal recessive long-chain fatty acid oxidation disorder caused by mutations in the ACADVL gene. The myopathic form presents with exercise intolerance, exercise-related rhabdomyolysis, and muscle pain, usually starting during adolescence or adulthood. We report on a 17-year-old boy who has presented with exercise-induced muscle pain and fatigue since childhood. In recent clinical history, episodes of exercise-related severe hyperCKemia and myoglobinuria were reported. Electromyography was normal, and a muscle biopsy showed only “moth-eaten” fibers, and a mild increase in lipid storage in muscle fibers. NGS analysis displayed the already known heterozygote c.1769G>A variant and the unreported heterozygote c.523G>C change in ACADVL both having disease-causing predictions. Plasma acylcarnitine profiles revealed high long-chain acylcarnitine species levels, especially C14:1. Clinical, histopathological, biochemical, and genetic tests supported the diagnosis of VLCAD deficiency. Our report of a novel pathogenic missense variant in ACADVL expands the allelic heterogeneity of the disease. Since dietary treatment is the only therapy available for treating VLCAD deficiency and it is more useful the earlier it is started, prompt diagnosis is essential in order to minimize muscle damage and slow the disease progression.
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1. Introduction


The ACADVL gene, located on chromosome 17p.13.1, encodes very long-chain acyl-CoA de-hydrogenase (VLCAD) [1]. This protein targets the inner mitochondrial membrane, where it catalyzes the initial step of the fatty acid beta-oxidation pathway, specifically the catalysis of 14- to 20-carbon acyl-CoAs in mitochondria [1].



VLCAD deficiency (VLCADD; OMIM #201475) is a very rare clinically heterogeneous disorder in which high plasma levels of long-chain acylcarnitine conjugates, especially the tetradecenoyl (C14:1) acylcarnitine, are found [1]. In the past, the estimated incidence was reported to range from 1 in 30,000 to 1 in 100,000 worldwide [1]. However, it seems to be much higher thanks to novel screening tools such as newborn screening (NBS), which can detect even milder forms that were previously difficult to diagnose [2,3,4]. According to the variable expression of the disease, three major phenotypes have been described [1,5]: infantile onset presents at birth or within the first months of life with hypertrophic cardiomyopathy, recurrent episodes of hypoketotic hypoglycemia, dicarboxylic aciduria, and hepatic failure which leads to a high mortality rate (50–75%) [1,5]; childhood onset occurs from late infancy to early childhood (around 4 years old), manifesting with recurrent episodes of hypoketotic hypoglycemia, dicarboxylic aciduria, and minimal or any cardiac involvement [1,4]; the later-onset phenotype is characterized by exercise-induced myoglobinuria, which may begin in childhood or early adulthood [1,5].



Missense mutations or in-frame deletions are usually associated with milder forms of VLCADD, while ACADVL null alleles are found in severe neonatal onset [5,6].



NBS based on blood spot acylcarnitine levels (typically C14:1 acylcarnitine) has given new information about the genotype–phenotype relationship and disclosed several novel pathogenetic variants [4,7].



VLCADD may benefit from a specific low-fat/high-carbohydrate diet, avoiding fasting and triheptanoin; a nutrition management guideline has already been published [8,9,10]. Since dietary treatment is more useful the earlier it is started, it is important to achieve an early diagnosis, which is difficult to obtain, especially in late-onset forms.



In this study, we report the case of an adolescent presenting with recurrent rhabdomyolysis episodes and harboring two heterozygous variants in the ACADVL gene, and we emphasize the importance of thinking about this disease in the differential diagnostic process to quickly reach a correct diagnosis and start the dietary treatment as soon as possible.




2. Case Presentation


The patient was a 17-year-old boy who was the third child of non-consanguineous Moroccan parents.



Familial history was characterized by maternal familiarity for hereditary cerebral cavernous angiomas.



The patient had an uncomplicated antenatal period and was born by caesarean section.



The neonatal examination was unremarkable. Growth and psychomotor development were regular.



At 5 years old, the patient started complaining of recurrent abdominal pain. As lactose intolerance was suspected, a dairy-free diet was introduced with no significant benefits.



At 13 years old, the patient was hospitalized for an acute onset of headache, vomiting, and intense myalgias in the lower limbs after a basketball game. He was diagnosed with acute myositis with rhabdomyolysis. In the following year, the patient suffered several mild episodes of inappetence and vomiting.



At 15 years old, after drinking alcohol, he experienced drowsiness, headache and emesis, painful abdomen, and nausea. Biochemistry laboratory tests showed elevation of CK levels (12394 U/L) and serum creatinine (0.91 mg/dL). Toxicological exams were negative except for ethanolemia (0.9 g/dL). Abdomen FAST-ultrasound was performed with no signs of hepato-splenomegalia. Hypertransaminasemia (aspartate transaminase 734 U/L, alanine transaminase 170 U/L) and increased levels of lactate dehydrogenase (LDH 751 U/L) were also observed. Immunological and infectious tests resulted negative. Blood morphology showed no abnormalities, excluding hemolytic anemia.



Electromyography of the four limbs did not show pathological patterns.



Muscle biopsy was performed on suspicion of metabolic myopathy. It showed a predominance of type 2 fibers, a few moth-eaten fibers at the oxidative stains (Figure 1A) and a minimal increase in lipid droplets in a few fibers from Sudan Black staining (Figure 1B). PAS staining was normal.



Next generation sequencing (NGS) by a 34-gene panel for metabolic myopathies revealed the heterozygote c.523G>C variant and the heterozygote c.1769G>A change in ACADVL (NM_001270447.1) both having disease-causing prediction and resulting in the amino acid changes p.Gly175Arg and Arg590Gln, respectively (Figure 2).



The healthy mother and father were heterozygous for c.523G>C and c.1769G>A, respectively.



Plasma acylcarnitine profile revealed high long-chain acylcarnitine species levels, especially C14:1.



A nutritional-based therapeutic approach was used in accordance with management recommendations for VLCADD [8]. Nutritional intervention aimed to minimize the production of abnormal fatty acid metabolites (limiting the intake of long-chain fatty acids, LCFAs) and provided a source of energy (medium-chain triglycerides, MCTs) which can bypass the enzymatic block [8].



Clear information about the dietary regimen was provided and the importance of avoiding going without food for extended periods of time was stressed.




3. Discussion


The ACADVL gene is about 8142 bp long (GRCh38.p14). It contains 23 exons, which encode for a protein with a 40-amino acid leader peptide, yielding a mature 615-residue protein [11,12]. Alternative splicing results in multiple transcript variants encoding different isoforms [11,12].



VLCAD differs from other acyl-CoAs dehydrogenases because it acts as a dimer and contains an additional stretch of 180 amino acids at its C-terminus that is comprised composed of an -helical bundle [13]. Glu-422 functions as the key catalytic residue [5]. A structurally dynamic subdomain of the VLCAD C-terminus is required for direct membrane interaction [13].



Around 180 pathogenic and likely pathogenic variants have been reported in ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar, accessed on 24 June 2023) while about 60 have been reported in the Global Variome shared LOVD database (https://databases.lovd.nl/shared/genes/ACADVL, accessed on 24 June 2023).



One of the variants identified in our patient, c.1769G>A, has been reported in ClinVar with interpretations ranging from uncertain significance (VUS) (one submitter) to pathogenic (five submitters). Mutation Taster classifies this variant as disease causing. The amino acid change p.Arg590Gln changes a wild-type positively R-charged amino acid with a polar amino acid in the C-terminal region, affecting protein folding and stability [14].



The second identified variant, c.523G>C, has not been reported in variant databases. It results in the amino acid change p.Gly175Arg leading to an arginine (positively R-charged) to glycine (non-polar) substitution. It is predicted to affect not only the helix domain but also the catalytic region.



Our description is useful for some reasons:



First, it expands the allelic heterogeneity of the disease by confirming the pathogenicity of the c.1769G>A substitution and by reporting a novel missense variant in ACADVL that can be classified as pathogenic. Moreover, we report a juvenile-onset VLCADD which is a rare and scarcely known condition. For this reason, it could be underdiagnosed, even though it should always be taken into account in the differential diagnosis of rhabdomyolysis in young adults.



Rhabdomyolysis is a life-threatening condition characterized by severe acute muscle injury resulting in muscle pain, weakness, and/or swelling with release of myofiber contents into the bloodstream, which develop over hours to days [15]. Serum CK levels exceeding five times the upper limit of normal are the cut-off usually accepted to define rhabdomyolysis [15]. Acute renal failure (ARF) is the most important complication, mostly related to moderate–severe rhabdomyolysis [15].



Diagnostic work-up of rhabdomyolysis should always rule out systemic or acquired etiologies such as muscle trauma, metabolic disturbances, endocrine disorders (e.g., hyperthyroidism), or medications [16,17]. Once all these causes are properly excluded, the patient’s history and their family history, along with a neurological examination, should guide the following diagnostic steps [16,17].



Exercise history should be investigated in cases of episodic or recurrent rhabdomyolysis [16]. A detailed description of the timing of the onset of symptoms during exercise is fundamental if metabolic myopathy is suspected [16]. Glycogen storage disorders should be suspected in cases of onset symptoms after short bursts of high-intensity exercise or isometric activity [17,18]. Symptoms onset after prolonged submaximal activity or fasting are suggestive of fatty acid oxidation disorders as a reflection of the metabolic switch of energy production from glycolysis to fatty acid metabolism [17,18].



Clinical manifestations of VLCADD range from severe systemic involvement to mild episodic symptoms, thus leading to frequent misdiagnosis or “non-diagnosis” [19]. Especially, the adult-onset phenotype may be clinically non-specific, and this results in a frequent diagnostic delay [19]. The patient is usually asymptomatic, and serum CK may be normal between acute attacks, thus inducing non-expert practitioners to rule out a muscular disease [15]. Even when a muscular disease is suspected, a muscle biopsy may show a very mild or absent accumulation of lipid, thus making a pathological diagnosis difficult [18].



The expanded usage of NBS based on dried blood spot acylcarnitine levels has raised awareness of VLCADD, and it is an efficient screening tool not only for early diagnosis of affected subjects but also for detecting unaffected carriers [7,20]. However, it represents only a recent screening tool, so it is important for clinicians to detect juvenile/adult patients that had no opportunity to be screened at birth or come from countries where NBS has not yet been introduced.



The most important issue is to think of VLCADD as a possible cause of rhabdomyolysis in adults. A correct exercise and timing onset analysis as well as the fasting-related onset of episodes may help in suspecting a fatty acid oxidation defect, and then a combination of confirmatory tests including the acylcarnitine profile and gene sequencing may achieve the correct diagnosis [18].



Based on age, severity, and clinical history, a specific dietary fat composition should be defined as part of the therapeutic approach. In this regard, evidence- and consensus-based guidelines for nutrition management have been developed recently [8].



If a dietary regimen is correctly introduced, no specific limitations in physical exercise are necessary so that VLCADD patients with a milder phenotype can be physically active with some precautions (e.g., hydration, consuming MCTs before exercise) [8].



Supplementation with L-carnitine is still debated because of the potential cardiac risk of accumulation of long-chain acylcarnitines, so it should be avoided in acute illness and in chronic management unless the free carnitine concentration is <10 μmol/L [8].



The potential benefit of higher protein intake in VLCADD is under investigation, as a few studies suggest it may improve body composition and metabolic stability [8,21].



Avoidance of fasting, having meals and snacks spaced throughout the day, is a general recommendation, and a maximum interval of 10 to 12 h of fasting is set after the first year of life [8].



Triheptanoin, an oral liquid triglyceride with three medium-odd-chain heptanoic acids, has been studied as a substitute for MCTs in the treatment of VLCADD, showing improvement in cardiac function, muscle strength, exercise tolerance, and/or reduction in metabolic decompensation [8,22,23]. In June 2020, it was officially approved in the USA as a treatment for long-chain fatty acid disorders [24]. Triheptanoin should be administered at mealtimes or snacks with a target daily dosage of up to 35% of the patient’s total prescribed daily calorie intake divided into 4 doses or more [24]. The most common adverse effects are gastrointestinal (vomiting, diarrhea, and abdominal pain) [25]. A Phase 3 randomized, double-blind trial on young VLCADD patients (up to 17 years old) is currently recruiting and aims to determine the effect of triheptanoin compared with MCT on major clinical events.



Bezafibrates are peroxisome proliferator-activated receptor (PPAR) pan-agonists that have shown potential improvement of fatty acid oxidation capacities in deficient VLCAD-fibroblasts by enhancing the residual level of mutant enzyme activity via gene expression stimulation [26,27]. However, results from clinical trials have been controversial, and further studies are required to assess their effectiveness in VLCADD [28,29,30].



Coenzyme Q10, an essential cofactor in oxidative phosphorylation in mitochondria and cell membranes, supports continuous oxidation–reduction cycles and acts as a major lipid-soluble antioxidant and anti-inflammatory agent through the regulation of gene expression [31]. In the past, its administration has shown improvement in the perception of fatigue in patients experiencing disease-related fatigue (e.g., fibromyalgia) and in healthy subjects [31]. Riboflavin, or vitamin B2, plays a role in mitochondrial energy metabolism and stress responses along with its derivates (flavin mononucleotide and flavin adenine dinucleotide) [32]. Administration of coenzyme Q10 and riboflavin in VLCADD is now limited to case reports in conjunction with other treatment modalities, but no randomized studies have proved their effectiveness [8,33,34].




4. Conclusions


In conclusion, clinicians should “think metabolic” in case of recurrent rhabdomyolysis in adolescence or young adults after exclusion of systemic or acquired etiologies. Since late-onset presentation is exceedingly rare, VLCADD is often not considered, and the patient is not referred to a neuromuscular disease center. Prompt diagnosis is essential for starting a specific diet early and avoiding prolonged fasting and strenuous exercise in order to minimize muscle damage and slow the disease progression.
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Figure 1. (A) Skeletal muscle biopsy revealing some “moth-eaten” fibers at NADH staining (asterisks). (B) Sudan Black staining showing only mild lipid droplets in scattered muscle fibers. 
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Figure 2. NGS results for the two heterozygote variants in the ACADVL gene and phylogenetic analysis for the related amino acid changes. (A) c.1769G>A; (B) c.523G>C; (C) phylogenetic analysis showed highly conserved residue Arg at the 590 site; (D) phylogenetic analysis showed highly conserved residue Gly at the 175 site. 
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