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Background: The biochemical and genetic characteristics of four very-long-chain acyl-coenzyme A dehydrogenase deficiency (VLCADD) patients, clarifying their pathogenic genetic factors and evaluating the application value of genetic diagnosis in the early diagnosis of VLCADD, are reported and discussed in this article.
Methods: Patients underwent blood tandem mass spectrometry (MS/MS), urine gas chromatography (GC/MS), and high-throughput sequencing technology. New variants were analyzed for pathogenicity using bioinformatics software. Swiss-PdbViewer software was used to predict the effect of variants on the structure of the very-long-chain acyl-CoA dehydrogenase (VLCAD) protein.
Result: A total of four VLCADD patients were diagnosed. They revealed elevated levels of C14, C14:1, C14:2, C14:1/C2, C14:1/C10, and C14:1/C12:1. Two patients were early-onset neonatal cases and died during infancy and the neonatal period, respectively. Seven kinds of variants were detected, including four novel variants. Bioinformatics software revealed that the variants were harmful, and the Swiss-PdbViewer results suggest that variation affects protein conformation.
Conclusion: This study identified four novel ACADVL gene variants. These findings contribute to the understanding of the genetic basis and pathogenesis of VLCADD. Meanwhile, the study enriches the genetic mutation spectrum and the correlation between genotypes and phenotypes of VLCADD, indicating that genetic diagnosis plays an essential role in the early diagnosis and treatment of VLCADD.
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1 INTRODUCTION
Very-long-chain acyl-CoA dehydrogenase deficiency (VLCADD; OMIM 201475) is a rare autosomal recessive inherited disorder of fatty acid oxidation. It is caused by a congenital defect in the encoding gene, ACADVL (OMIM 609575), of very-long-chain acyl-CoA dehydrogenase (VLCAD), which leads to long-chain fatty acid oxidation disorders (Aoyama et al., 1993; Strauss et al., 1995). VLCAD is the first key enzyme in mitochondrial fatty acid β oxidation on the inner mitochondrial membrane. VLCAD undergoes catalytic dehydrogenation of acyl CoA containing 14–18 carbons, and fatty acid β oxidation is completed under the catalysis of multiple enzymes. Acetyl-CoA is produced at the same time, and it participates in the tricarboxylic acid cycle for energy supply. It can also form ketone bodies in the liver, generating energy during exercise, hunger, stress, and other conditions. VLCAD provides energy sources for essential organs such as the skeletal muscles, heart, and liver (El-Gharbawy and Vockley, 2018). VLCAD deficiency results in impaired fatty acid β oxidation, energy supply disorders, and accumulation of long-chain acylcarnitines, thus producing toxic effects on the heart, liver, skeletal muscle, and other organs, causing a series of related clinical symptoms and signs, which can lead to sudden death in severe cases (Vianey-Saban et al., 1998).
VLCADD was first reported by Bertrand et al. (1993), with apparent ethnic and regional differences. The prevalence rate of VLCADD in Europe and America is 1/100,000–1/30,000 (Rovelli et al., 2019), and the prevalence rate of VLCADD in Asia ranges from 1/1400,000 to 1/380,000 (Shibata et al., 2018). The disease is rare in China, with a population prevalence of 1/236,655–1/70,424 (Division of Biochemistry and Metabolism et al., 2022). The clinical manifestations of VLCADD are complex, with strong (substantial) phenotypic heterogeneity, and can occur from newborns to adults. According to the age of onset and clinical manifestations, VLCADD can be divided into three types (Arnold et al., 2009; Division of Biochemistry and Metabolism et al., 2022): 1) the early-onset form is the most severe and begins in infancy, and often has myocardial involvement. This type is dangerous and has a high mortality rate in children. It is characterized by hypoketotic hypoglycemia, feeding difficulties, respiratory distress, sudden neonatal death, hypertrophic and dilated cardiomyopathy, arrhythmias, pericardial effusion, and multi-organ failure; 2) the infantile form, also known as the hepatopathy form, has a late infantile or childhood onset. It is of moderate clinical severity and often presents with recurrent episodes of hypoketotic hypoglycemia and abnormal liver function. It usually manifests itself only after the first episode of infectious disease, followed by secondary episodes of hypoglycemia, rarely accompanied by myocardial damage; and 3) the late-onset form, also known as the myopathy type, occurs in adolescence or adulthood. The myopathy type is mild and has the best prognosis. Generally, there are no myocardial disease and hypoglycemia, and the main manifestations are rhabdomyolysis and myoglobinuria after exercise, infection, or starvation.
VLCADD patients are given high-carbohydrate and low-fat diets, limit the intake of long-chain fatty acids, supplement medium-chain triglycerides, avoid fasting and hunger, prevent fat decomposition, ensure that their body has enough calories and energy, maintain stable blood sugar levels, and ensure symptomatic treatment and treatment of complications (Strauss et al., 1995; Nurjanah et al., 2023; Al Bandari et al., 2024).
At present, tandem mass spectrometry (MS) is often used to detect the elevation of C14:1 as a specific diagnostic indicator (Wood et al., 2001; Zytkovicz et al., 2001). A growing number of children with VLCADD could be found in neonatal screening with the wide application of tandem mass spectrometry. The false-positive rate of MS/MS is very high, and it is usually difficult to distinguish true positives, heterozygous carriers, and false positives, which indicates the limitations through biochemical testing (Boneh et al., 2006; Schymik et al., 2006; Burrage et al., 2016). Sometimes, diagnosis may be missed if future examination is not conducted.
Clinical characteristics, biochemical tests, and genetic results of four patients with VLCADD were analyzed in this study at the Beijing Neonatal Disease Screening Center to explore the genetic etiology, genotype, and phenotype correlation of VLCADD in order to improve the understanding, diagnosis, and treatment level of this disease.
2 METHODS AND MATERIALS
2.1 Medical records and ethical sight
Case 1: a female child, who was 21 days old at first diagnosis, was admitted to the Beijing Neonatal Disease Screening Center due to high C14:1 levels observed by tandem mass spectrometry. The child was delivered via cesarean section at 41 weeks, with height of 50 cm and weight of 3,300 g. Her mother had no special conditions during pregnancy. The child was admitted to the ICU of the Pediatric Research Institute for treatment due to crying and frequent vomiting of milk at 3 months and died 7 days later.
Case 2: a female child was born through vaginal delivery, with height of 50 cm and weight of 3,400 g. The child died suddenly 2 days after birth due to hypoglycemia, acidosis, and abnormal liver and kidney function. Her peripheral blood was sent to the Beijing Neonatal Disease Screening Center for tandem mass spectrometry screening and genetic detection.
Case 3: a male child, 14 days old at first diagnosis, was admitted to the Beijing Neonatal Disease Screening Center due to high C14:1 levels observed by tandem mass spectrometry. The child was 38 weeks and born through vaginal delivery, with height of 49 cm and weight of 3,130 g, good nursing after birth, normal complexion, and sensitive response. In the mother’s first pregnancy, the fetus appeared in fetal arrest due to trisomy 7.
Case 4: a male child, 17 days old at first diagnosis, was admitted to the Beijing Neonatal Disease Screening Center due to high C14:1 levels observed by tandem mass spectrometry. The child was 40 weeks and born through vaginal delivery, with height of 53 cm and weight of 3,520 g, good nursing after birth, normal complexion, and sensitive response.
The parents of all the mentioned patients had normal phenotypes, no consanguineous marriage, and no family history of genetic or infectious disease. The Beijing Obstetrics Gynecology Hospital of Capital Medical University Ethics Committee approved this study (2022-KY-087-01), and all family members (or guardians) provided informed consent.
2.2 Blood tandem mass spectrometry
After 72 h of birth with a fully breastfed newborn, at least eight times, the heel blood spots were collected for tandem mass spectrometry detection. A 3-mm diameter of blood spots was taken from each specimen and the TQD tandem mass spectrometer (TQ Acquisition Mass Spectrometer, Waters, United States) was used. Non-derivative screening kits (non-derivative MSMS Kit, PerkinElmer, United States) were used to detect amino acids and acylcarnitine in the samples.
2.3 Gas chromatography–mass spectrometry
A measure of 5–10 mL of fresh urine was collected from the patients, and urine was treated by removing urea, adding an internal standard, removing protein, vacuum drying, performing trimethylsilane derivatization, etc. The organic acids, amino acids, and other components in urine were analyzed using gas chromatography–mass spectrometry (Shimadzu GCMS-QP2010), and the detection peaks were qualitatively and quantitatively analyzed.
2.4 High-throughput sequencing and bioinformatics analysis
Libraries of genomic DNA samples were sequenced on the AmCareSeq-2000 sequencer (AmCare Genomics Lab, Guangzhou, China). The average coverage depth was 100–200 ×, with >96% of the target regions covered by at least 20 reads. The experimental procedures were as follows: DNA extraction, genomic library preparation, hybridization capture, computer sequencing, data filtering, and analysis. The variants were cross-checked in the Human Gene Mutation Database (HGMD; http://www.hgmd.cf.ac.uk/ac/index.php) to know whether the identified variants are novel or already reported.
2.5 Primer designing and pathogenic variant confirmation
The results of candidate pathogenic variants screened by high-throughput sequencing showed that the ACADVL (NM_000018.4) gene sequence was obtained from the University of California Santa Cruz (UCSC) (http://genome.ucsc.edu). The standard procedures involved performing PCR amplification using the Primer 5.0 design tool to design specific PCR primers (Supplementary Table S1); the PCR amplification was performed according to standard procedures. The PCR products were purified and processed through DNA sequencing. The sequencing results were analyzed using CodonCode Aligner software, along with parental origin verification.
2.6 Predictive analysis of pathogenicity
Functional prediction of missense mutant loci was performed using Sorting Intolerant From Tolerant (SIFT; http://www.sift.jcvi.org/), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2), MutationTaster (http://www.mutationtaster.org/), and REVEL (https://sites.google.com/site/revelgenomics/). Variant frequencies were determined in the 1000 Genomes Project, ExAC (http://exac.broadinstitute.org/), and gnomAD (http://gnomad-sg.org/) database. Finally, the American College of Medical Genetics and Genomics (ACMG) 2019 guidelines were used to interpret variants.
Swiss-Pdb viewer software was used to predict the evaluation of the crystal structure of the mutant proteins. The protein structures of VLCAD (PDB ID: 2UXW) were acquired from the PDB and combined with Swiss-Pdb viewer 4.1.0 software to visualize the protein structures and predict the effect of the variant sites on the tertiary protein structures.
3 RESULTS
3.1 Clinical characteristics
This study reported four VLCADD cases: two males and two females; all four cases were born at full term. Case 1 appeared to have an acute metabolic crisis 3 months after birth and died in infancy, and case 2 developed an acute metabolic crisis 2 days after birth and died in the neonatal period.
The two cases belong to the neonatal early-onset form (Table 1). Case 2 was the sample tested after the death of the child. Case 3, currently 4 months old, with height of 62 cm and weight of 7 kg, is able to lift and roll over, and has overall good development. There were no clinical symptoms such as hypoglycemia, cardiac abnormality, and liver enlargement. Milk powder rich in medium-chain fatty acids was used for feeding. Case 4, currently over 2 months old, with height of 60.5 cm and weight of 6 kg, has overall good development. There were no clinical symptoms such as hypoglycemia, cardiac abnormality, and liver enlargement. The current feeding method combined breast milk and milk powder rich in medium-chain fatty acids (Table 1).
TABLE 1 | Clinical and genetic characteristics of patients recruited in this study.
[image: Table 1]Blood tandem mass spectrometry screening of cases 1, 2, 3, and 4 showed significant elevation in C14, C14:1, C14:2, C14:1/C2, C14:1/C10, and C14:1/C12:1 levels (Table 2). The GC/MS results of case 3 showed that adipic acid, octametic acid, and 2-hydroxyadipic acid levels were slightly elevated; the GC/MS results of case 4 showed that glutaric acid, adipic acid, octametic acid, azelaic acid, lactic acid, pimelic acid, 2-hydroxysebacic acid, and 2-hydroxyadipic acid levels were significantly elevated (Supplementary Table S2).
TABLE 2 | Test results of blood tandem mass spectrometry.
[image: Table 2]3.2 Gene sequencing results
High-throughput sequencing revealed that case 1 carried compound heterozygous variants c.218T>C (p.Glu73Ser) and c.1292A>G (p.Asp431Gly) of the ACADVL gene (Figure 1A). Case 2 carried compound heterozygous variants c.1332 + 1G>C and c.862_870del (p.Phe288_Gly290del) of the ACADVL gene (Figure 1B). Case 3 carried compound heterozygous variants c.1349G>A (p.Arg450His) and c.553G>A (p.Gly185Ser) of the ACADVL gene (Figure 1C). Case 4 carried compound heterozygous variants c.480C>A (p.Tyr160*) and c.1349G>A (p.Arg450His) of the ACADVL gene (Figure 1D). Sanger sequencing confirmed that all four families followed an autosomal recessive inheritance pattern.
[image: Figure 1]FIGURE 1 | Sequencing analysis of all available members in four families with VLCADD. (A) In family 1, the patient’s parents were heterozygous carriers of c.218T>C (p.Glu73Ser) (paternal) and c.1292A>G (p.Asp431Gly) (maternal) in the ACADVL gene, respectively. (B) In family 2, the patient’s parents were heterozygous carriers of c.1332 + 1G>C (paternal) and c.862_870del (p.Phe288_Gly290del) (maternal) in the ACADVL gene, respectively. (C) In family 3, the patient’s parents were heterozygous carriers of c.1349G>A(p.Arg450His) (paternal) and c.553G>A (p.Gly185Ser) (maternal) in the ACADVL gene, respectively. (D) In family 4, the patient’s parents were heterozygous carriers of c.480C>A(p.Tyr160*) (paternal) and c.1349G>A (p.Arg450His) (maternal) in the ACADVL gene, respectively. Black arrows point to the mutation sites.
3.3 Pathogenicity prediction analysis
Variants c.218T>C (p.Glu73Ser), c.1332 + 1G>C, c.862_870del (p.Phe288_Gly290del), and c.480C>A (p.Tyr160*) are four novel variants that have not been reported (Table 1). These four novel variants had strong pathogenicity and were highly consistent with the patient’s clinical phenotype, which supports it as pathogenic evidence.
All missense variants indicated as pathogenic were analyzed using SIFT, PolyPhen-2, MutationTaster, and REVEL (Supplementary Table S3). Meanwhile, all the mutation-related diseases were highly consistent with the patient’s clinical phenotype, which was the supporting pathogenic evidence.
Swiss-Pdb software was used to predict the effect of missense mutation on protein conformation in VLCAD (Figure 2A).
[image: Figure 2]FIGURE 2 | Three-dimensional structure of VLCAD (wild type and mutant). (A) Overall structure of the VLCAD protein. The chain of VLCAD is highlighted in yellow. The location of the missense mutations (p.Glu73Ser, p.Tyr 160*, and p.Gly185Ser) is mapped to the regions of the protein in blue. The location of the missense mutations (p.Asp431Gly and p.Arg450His) is mapped to the regions of the protein in red. (B) The p.73Phe missense mutation changes the structure of the side chain. (C) The p.431Asp missense mutation changes the hydrogen bond link between adjacent amino acids and the structure of the side chain. (D) The p.450Arg missense mutation changes the structure of the side chain. (E) The p.185Gly missense mutation changes the structure of the side chain.
c.218T>C (p.Glu73Ser): in the three-dimensional structure of the human VLCAD protein, phenylalanine at position 73 forms hydrogen bonds with glycine at position 76 and methionine at position 77 (Figure 2Bi). The variant c.218T>C in the ACADVL gene resulted in non-polar phenylalanine at position 73 becoming polar serine. The structure of the side chain is changed (Figure 2Bii).
c.1292A>G (p.Asp431Gly): in the three-dimensional structure of the human VLCAD protein, aspartic acid at position 431 forms hydrogen bonds with tryptophan at position 427 and glutamine at position 435 (Figure 2Ci). The variant c.1292A>G in the ACADVL gene results in the substitution of aspartic acid at position 431 by glycine, which changes not only the hydrogen bond link between adjacent amino acids but also the structure of the side chain and the tertiary structure of the protein (Figure 2Cii).
c.1349G>A (p.Arg450His): in the three-dimensional structure of the human VLCAD protein, arginine at position 450 forms hydrogen bonds with glycine at position 447, arginine at position 453, and aspartic acid at position 454 (Figure 2Di). The variant c.1349G>A in the ACADVL gene causes arginine at position 450 to be replaced by histidine, which changes the structure of the side chain (Figure 2Dii).
c.553G>A (p.Gly185Ser): in the three-dimensional structure of the human VLCAD protein, glycine at position 185 forms hydrogen bonds with threonine at position 260 (Figure 2Ei). The variant c.553G>A in the ACADVL gene results in glycine at position 185 being replaced by serine, which changes the structure of the side chain (Figure 2Eii).
4 DISCUSSION
Although fewer VLCADD cases are reported in China, the mortality rate is extremely high and seriously threatens the health of infants and children (Division of Biochemistry and Metabolism et al., 2022). Neonatal metabolic disease screening has included VLCADD as a major disease, and the disease can be effectively screened and diagnosed by tandem mass spectrometry combined with gene sequencing to achieve early screening, diagnosis, and treatment.
VLCADD is an autosomal recessive genetic disease. The pathogenic gene ACADVL (MIM 609575) is located on chromosome 17p13.1, containing 20 exons and 19 introns. The total length of the gene is 5.4 kb, encoding 655 amino acids. As of April 2023, 429 variants in the ACADVL gene have been included in the HGMD. There are various variants, including missense mutations, nonsense mutations, splicing mutations, and frameshift mutations; among them, missense mutations account for the largest proportion, accounting for 57.58% of the total variants, 20.28% of the frameshift variants, 11.66% of the splicing variants, and 10.48% of other variants.
In this study, four patients with VLCADD were diagnosed through high-throughput sequencing to identify their genetic causes. Seven kinds of variants were detected, with a total of eight variants, including four missense mutations, c.218T>C (p.Glu73Ser), c.1292A>G (p.D431G), c.1349G>A (p.Arg450His), and c.553G>A (p.Gly185Ser); one splicing mutation, c.1332 + 1G>C; one nonsense mutation, c.480C>A (p.Tyr160*); and one in-frame mutation, c.862_870del (p.Phe288_Gly290del). Four novel variants were detected. SWISS software was used to analyze the three-dimensional structure of the protein with incorrect meaning variation, and the results showed that c.218T>C (p.Glu73Ser), c.1349G>A (p.Arg450His), and c.553G>A (p.Gly185Ser) led to changes in the side chain structure (Figures 2B, D, E). The variant c.1292A>G (p.Asp431Gly) led to changes in the structure of connected hydrogen bonds and side chains (Figure 2C), which eventually led to changes in the three-dimensional structure of the protein.
Case 1 was a newborn with neonatal early-onset form and carried two missense variants, c.218T>C (p.Glu73Ser) and c.1292A>G (p.Asp431Gly) (Figure 1A). The patient appeared to have an acute metabolic crisis 3 months after birth and died in infancy (Table 1). The variant c.218T>C (p.Glu73Ser) is a novel variant; the adjacent location variation c.215C>T (p.Ser72Glu) has been reported (Zhang et al., 2014). The patient presented with symptoms at 5 months of age, including hepatomegalysis, hypotonia, growth retardation, and recurrent diarrhea. ECG analysis showed no apparent abnormality. He died of an acute infection at 8 months, and the patient’s sister died of similar symptoms when she was 6 months old. Genetic testing found that the patient carried compound heterozygous variants, Arg450His and Ser72Glu, and we hypothesized that both Ser72Glu and Glu73Ser might be associated with early neonatal onset. The variant c.1292A>G (p.Asp431Gly) is a reported variant (Bu and Pan, 2016). The proband in the report was screened by tandem mass spectrometry on day 14 after birth as vomiting and drowsiness had developed, which is early onset in newborns. Genetic testing revealed that the patient in the report carried 1843C>T (p.Arg615*) and c.1292A>G (p.Asp431Gly) compound heterozygous variants. From these two cases, we speculate that c.1292A>G (p.Asp431Gly) may be related to early onset in newborns.
Case 2 carried a compound heterozygous variant c.1332 + 1G>C and c.857_865del (p.Phe288_Gly290del) in the ACADVL gene (Figure 1B), developed acute metabolic crisis 2 days after birth, and died in the neonatal period (Table1). Splicing variant c.1332 + 1G>C leads to premature protein termination and loss of enzyme activity. Although the patient carried an in-frame variant, which will not lead to a severe condition, she was still onset and died during the neonatal period. We speculate that this may be because the 286–289 amino acids are located in the catalytic domain of the protein; the catalytic domain, the catalytic center of VLCAD proteins, is used to catalyze the synthesis of long-chain fatty acid β oxidation reaction and is the most important structural domain of VLCAD proteins. So, after the variant, it seriously affects the binding or catalytic function.
Case 3 carried the compound heterozygous variant c.1349G>A (p.Arg450His) and c.553G>A (p.Gly185Ser) of the ACADVL gene (Figure 1C). The enzyme activity of c.553G>A (p.Gly185Ser) is about 29% (Hoffmann et al., 2012). Two patients with the compound heterozygous variants c.553G>A (p.Gly185Ser)/c.878G>A (p.Gly294Glu) and c.553G>A (p.Gly185Ser)/753-2A>C (p.Asn252_His293del), respectively, had the phenotype of infantile form and neonatal early-onset form (Gobin-Limballe et al., 2010). The variant c.753-2A>C (p.Asn252_His293del) is a common variant in Italian VLCADD patients, and incorrect splicing leads to the degradation of VLCAD mRNA, so we infer that c.553G>A (p.Gly185Ser) should not cause a severe phenotype.
The variant c.1349G>A (p.Arg450His) has numerous case reports. A patient was diagnosed with VLCADD 33 days after birth and recurrent rhabdomyolysis at 11 months. At present, following the patient up to 5.8 years of age with no other symptoms mentioned in the literature showed that the patient might have a relatively good prognosis. The patient carries a homozygous variant of c.1349G>A (p.Arg450His) (Kang et al., 2018). A 14-year-old Japanese girl presented with recurrent myalgia with elevated serum creatine kinase levels after moderate exercise. She was clinically diagnosed with myopathy-type VLCADD (Fukao et al., 2001). This patient first presented with clinical symptoms at 6 years of age and did not present with hypoglycemic liver enlargement and cardiomyopathy. Sequencing revealed that the patient had a compound heterozygous variant in the ACADVL gene Ala416Thr and Arg450His. The enzyme activity of the Ala416Thr mutant was 10%–20% of that of the wild type, and the Arg450His mutant was 0%–5% of that of the wild type. Arg450His showed 5% normal-to-low residual VLCAD activity at 30°C; however, the p.Arg450His variant had no significant activity at 37°C, indicating that the homozygous p.Arg450His variant is a mild variant sensitive to temperature in vitro, which may be associated with the milder phenotype of VLCADD (Fukao et al., 2001; Li et al., 2020). Among the six VLCADD patients treated at Peking University First Hospital, three were found to carry Arg450His variants, which may be a high-frequency variant in the Chinese population (Li et al., 2020).
In this study, cases 3 and 4 carried a variant of c.1349G>A (p.Arg450His). According to the genotype and phenotypic correlation analysis, although cases 3 and 4 were predicted to be late-onset form, case 4 carried the nonsense variant c.480C>A (p.Tyr160*), so the phenotype of the child should be closely monitored.
There was a significant correlation between the genotype and phenotype of VLCADD. The nonsense variant of the ACADVL gene can cause the complete loss of enzyme activity, resulting in severe clinical phenotypes. The occurrence of deletions or insertions and splicing variants will cause premature termination of the protein. The result is similar to that of a nonsense variant, which can cause a severe cardiomyopathy type. In the literature, 81% of truncated variants (nonsense and splicing) are associated with the cardiomyopathy type (Andresen et al., 1999; Miller et al., 2015). However, a missense variant or in-frame variant can leave some residual enzyme activity, with mild symptoms. Moreover, 82% of hepatopathy type and 93% of myopathy type are missense variants or in-frame variants (Spiekerkoetter et al., 2009). Some studies have shown that certain variants in the gene are associated with phenotypes. The variants c.848T>C (p.Val283Ala), c.227G>A (p.Arg76Glu), and c.1349G>A (p.Arg450His) are considered to be associated with mild VLCADD. The variants c.1405C>T (p.Arg469Trp) and c.1358G>A (p.Arg53Gln) may be associated with severe VLCADD (Andresen et al., 1999; Spiekerkoetter et al., 2009; Miller et al., 2015; Fukao et al., 2001; Miller et al., 2015; Li et al., 2020).
Based on literature reports, it is possible to conduct an association analysis between the genotype and phenotype, but it cannot be too simplistic to directly use the genotype to determine the clinical phenotype. A study has found that siblings carrying the same variant may also have different onset times and symptoms, indicating that it is difficult to accurately predict the clinical disease course and outcome using genetic variants (Watanabe et al., 2018). Meanwhile, the enzyme activity is not only related to the type of gene variant but also may be affected by external conditions such as temperature, which can only be used for reference analysis. Even if a patient carries two missense variants, it does not indicate a good prognosis (Gregersen et al., 2001; Pena et al., 2016). Two of the cases in this group died, and all four alleles were missense variants. Therefore, the prognosis could not be judged by the genotype alone. At the same time, our sample size is relatively small, so it is necessary to establish a Chinese VLCADD cohort database, which is more instructive for the analysis of the genotypic and phenotypic correlations.
Although this disease can be screened early, for early-onset children, early onset carries a high risk of death in the neonatal period. Therefore, early screening is particularly important for disease screening and diagnosis. Tandem mass spectrometry detection is essential for diagnosing VLCADD, and an elevation in C14:1 levels is the most sensitive indicator of VLCADD. Meanwhile, the sensitivity and specificity of C14:1/C12:1 are better than that of C14:1 and other acylcarnitine ratios, which is more valuable for the early detection of disease (Division of Biochemistry and Metabolism et al., 2022). Gene diagnosis can be carried out in time for children with C14:1 increase but less than 1 umol/L in neonatal screening (Bleeker et al., 2019; Wood et al., 2001). High-throughput sequencing technology is used to explore the genetic etiology of VLCADD and establish the correlation between the genotype and phenotype, which is crucial for the rapid diagnosis of disease, early symptomatic intervention, and prenatal testing.
5 CONCLUSION
In conclusion, a detailed analysis of the clinical conditions and gene variants of four cases of VLCADD was conducted in this study, four novel pathogenic variants of the ACADVL gene were found through genetic testing, the ACADVL gene mutation spectrum was enriched, and the correlation between the genotype and phenotype of four cases was analyzed. VLCADD is a preventable and curable genetic metabolic disease, and the prognosis varies among different types of patients. In this study, two patients had cardiomyopathy type and died during infancy and the neonatal period, respectively. Therefore, early identification of the cardiomyopathy type is necessary.
This study suggests that clinicians should pay more attention to genetic testing, use high-throughput sequencing technology to quickly identify the cause of disease, and enhance the efficiency of disease diagnosis. Clinical trials should actively carry out neonatal screening and early diagnosis so that VLCADD patients can receive timely and effective treatment and improve the survival rate and quality of life of children.
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