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Introduction: Carnitine–acylcarnitine translocase deficiency (CACTD) is a rare and life-threatening autosomal recessive disorder of mitochondrial fatty acid oxidation caused by variation of the Solute carrier family 25 member 20 (SLC25A20) gene. Carnitine–acylcarnitine translocase is one of the crucial transport proteins in the oxidation process of mitochondrial fatty acids. In Asia, the c.199-10T>G splice site variation is the most frequently reported variant of SLC25A20. Patients with CACTD with c.199-10T>G variation usually present with a severe clinical phenotype.

Materials and Methods: Herein, we report a neonatal case of late-onset CACTD in mainland China. Symptoms emerged 61 days after birth; the patient presented with a severe metabolic crisis, and her clinical condition rapidly deteriorated, and she died of respiratory insufficiency and cardiac arrest at 61 days. We present the clinical and biochemical features of this patient and briefly review previously reported CACTD cases with c.199-10T>G variation.

Results: Acylcarnitine profiling by tandem mass spectrometry and high-throughput sequencing revealed that our patient was homozygous for the c.199-10T>G variation, confirming the diagnosis of CACTD. Histopathologic analysis of the liver by Prussian blue staining showed focal iron deposition in hepatocytes, and electron microscopy analysis revealed a large number of lipid droplet vacuoles in diffusely distributed hepatocytes.

Conclusion: The development of CACTD in our patient 61 days after birth is the latest reported onset for CACTD with SLC25A20 c.199-10T>G variation. Early recognition of symptoms and timely and appropriate treatment are critical for improving the outcome of this highly lethal disorder. Death from late-onset CACTD may be caused by the accumulation of long-chain fatty acids as well as iron deposition in the heart leading to heart failure.
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INTRODUCTION

Carnitine–acylcarnitine translocase deficiency (CACTD) (Online Mendelian Inheritance in Man #212138) is a rare and life-threatening autosomal recessive disorder of mitochondrial fatty acid oxidation (FAO) resulting from variation of the Solute carrier family 25 member 20 (SLC25A20) gene. Carnitine–acylcarnitine translocase (CACT) is one of the crucial transport proteins in the oxidation process of mitochondrial fatty acids. It mainly catalyzes the exchange of acylcarnitine and free carnitine on both sides of the mitochondrial inner membrane and plays an important role in the transport of long-chain (LC) acylcarnitine into mitochondria. The classic phenotype of CACTD includes neonatal hypoketotic hypoglycemia, hyperammonemia, cardiomyopathy, hepatopathy, and myopathy (1). The estimated incidence of CACTD is 1/60,000 in Hong Kong (2) and 1/76,894 in Hunan, China (3). The majority of reported CACTD cases have resulted in unexplained sudden death during the neonatal period (4, 5).

The SLC25A20 gene is located on 3p21.31 and contains nine exons (6). To date, at least 42 different pathogenic or possibly pathogenic variants of SLC25A20 have been identified that cause CACTD (Human Genome Mutation Database [HGMD] Professional 2018.4), including 20 missense or nonsense variations, 10 small deletions, 2 small insertions, 1 small indel, 4 gross deletions, and 5 splice site variations. In Asia, the c.199-10T>G splice site variation is the most frequently reported variant; patients harboring this variation typically present with a severe clinical phenotype (3).

In most cases, the c.199-10T>G variation affects children within a few days after birth. Here, we present the case of a female patient who developed symptoms of the disease 61 days after birth, which is the latest reported manifestation for this variant of SLC25A20. We describe the clinical, biochemical, histopathologic, and molecular characteristics of this patient and briefly review other cases of CACTD with the SLC25A20 c.199-10T>G variation that have been reported in the literature.



MATERIALS AND METHODS


Case Description

The female infant was the fourth fetus and third delivery for the mother and was born by cesarean section at 36 weeks gestation, with a birth weight of 2.2 kg. Her amniotic fluid was clean at birth, and she was breastfed after birth. The father was healthy, and the mother was a carrier of chronic hepatitis B virus, and they were not close relatives. The mother's first child was aborted for personal reasons; the second child, a boy, died on the day of birth of an unknown cause. The third child, a 5-year-old girl, is in good health. The family pedigree is shown in Figure 4. After birth, the child was diagnosed as a premature infant and hospitalized for 13 days. When discharged from the hospital, the child's general condition was good, and she showed good feeding behavior and reflexes. However, weight gain was not ideal, and the child's body mass was only 3.66 kg at 2 months. At 61 days, she was admitted to another hospital for 1 day due to fever; her responses deteriorated, and she was transferred to our hospital for further treatment. A physical examination conducted upon admission revealed poor response, lethargy, shortness of breath, and low muscle strength and tone in the extremities. Routine laboratory tests showed that the patient had hypoglycemia (glucose: 0.28 mmol/L) and elevated myocardial enzymes [creatine kinase (CK): 569 U/L; CK-MB: 136 U/L] and transaminases (alanine aminotransferase: 169 U/L; aspartate aminotransferase: 239 U/L). Even after symptomatic treatments such as increasing blood sugar, nourishment of the heart, and protection of the liver, the patient's condition gradually deteriorated. Five hours after admission, apnea and cardiac arrest occurred, accompanied by low peripheral capillary oxygen saturation (70%); several resuscitation attempts failed, and the patient died.

Heel blood and urine samples were collected for tandem mass spectrometry (MS/MS) and gas chromatography–mass spectrometry analyses. All mass spectrometry experiments were performed on a Waters TQD mass spectrometer (Waters, Milford, Massachusetts, USA). Data were acquired and analyzed with Waters MassLynx v4.1 software. The urine samples were treated with urea removal, internal standard add, protein removal, vacuum drying, and trimethylsilyl derivatization and then analyzed by JMS-Q1000GC GC-MS (JEOL, Japan) for such as organic acids, amino acids, carbohydrate, polyols, purines, and pyrimidines in the urine. After the child died, we immediately biopsied her liver with the consent of her parents. Liver tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 5 μm. Hematoxylin, eosin, Prussian blue, reticular fiber, masson, and picrosirius red staining were performed according to standard procedures.



Genetic Testing

This study was approved by the ethics committee of the Sixth Affiliated Hospital of Sun Yat-sen University (approval no. 2017ZSLYEC-105) and carried out after obtaining informed consent from the parents of the patient. Peripheral venous blood samples were obtained from the patient and her parents in 3-ml ethylenediaminetetraacetic acid anticoagulant tubes, and genomic DNA was extracted using the Solpure Blood DNA kit (Magen Biotechnology, Guangzhou, China). After DNA fragmentation, end-repair, amplification, and purification, the genomic library was established. Target genes were captured with the Clinical 4000 Pathogenic Gene Package (Guangzhou Jia-Jian Medical Testing, Guangzhou, China). The detection interval of the gene package for this syndrome included 4,047 related genes, and the 55,698 coding regions contained a total of 11,781,176 bases with an average coverage depth of 227 ± 143x, accounting for 99.6% of the coverage interval >10× and 99.5% of the coverage interval >20×. High-throughput sequencing was performed on a Nextseq 500 sequencing platform (Illumina, San Diego, CA, USA). Bioinformatics methods analyzed the sequencing results, and Sanger sequencing was performed to verify the positive loci of the patient, her parents, and her older sister. The reference human genome was hg19 (February 2009; University of California at Santa Cruz, Santa Cruz, CA, USA), and the data were interpreted according to the American College of Medical Genetics and Genomics guidelines.




RESULTS


Tandem Mass Spectrometry and Gas Chromatography–Mass Spectrometry

At the time of symptom emergence, the results of the MS/MS analysis revealed elevated levels of Gln, His, Met, Orn, C16, C22, and C24 and reduced levels of Glu, C0, C2, C3, C4-OH, C5, and C8 in the blood (Table 1). Gas chromatography–mass spectrometry analysis of the urine sample showed increased concentrations of several amino acids, 4-hydroxyphenyllactic acid, and pyrimidines.


Table 1. Tandem mass spectrometry results at the onset of carnitine–acylcarnitine translocase deficiency.
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Liver Pathology

Prussian blue staining showed focal iron deposition in hepatocytes, and examination of liver tissue by electron microscopy revealed many lipid droplet vacuoles in diffusely distributed hepatocytes containing round, square, and irregularly shaped crystals, consistent with fatty liver disease (Figures 1–3). Masson and Picrosirius red staining showed no proliferation of fibrous tissue; reticular fiber staining showed the preservation of the reticular scaffold of hepatocytes.


[image: Figure 1]
FIGURE 1. Hematoxylin and eosin staining of liver tissue from patient with CACTD. Extensive vacuolar degeneration was observed (100× magnification).
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FIGURE 2. Prussian blue staining of liver tissue from patient with CACTD. Iron deposition was visible in liver cells (100× magnification).
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FIGURE 3. Electron micrograph of the liver from patient with CACTD. (A,B) A large number of lipid droplet vacuoles were observed in diffusely distributed hepatocytes (2,000× magnification).




Results of Gene Sequencing

A homozygous c.199-10T>G splice site variation was detected in the SLC25A20 gene of the patient by high-throughput sequencing. Combined with the clinical manifestations, the child was diagnosed with CACTD. Both parents were heterozygous carriers of the variation and had no clinical symptoms. The c.199-10T>G variation was confirmed in all subjects by Sanger sequencing, which showed that the older sister of the patient was also a carrier (Figures 4, 5).


[image: Figure 4]
FIGURE 4. Pedigree of neonatal sudden death carnitine–acylcarnitine translocase deficiency. 1–4, Order of family members; □ normal male; ◦, normal female; ■ male patient; •, female patient; [image: yes], patient who died of CACTD; [image: yes], stillbirth or abortion; [image: yes], proband.



[image: Figure 5]
FIGURE 5. Homozygous variant of the c.199-10T>G splice site in the SLC25A20 gene of patient with CACTD. Both parents and older sister were heterozygous carriers of the mutation.




Literature Search Results

Using “Carnitine-acylcarnitine translocase deficiency,” “CACTD,” “SLC25A20 gene,” and “c.199-10T>G” as keywords, we searched the Online Mendelian Inheritance in Man database and PubMed HGMD up to May 2020 and found 12 reports on CACTD with the c.199-10T>G variation. The clinical features and prognosis of the 25 patients are shown in Table 2. Most of the patients developed symptoms within 3 days after birth. The most common symptoms were hypoglycemia and cardiac arrest. The case fatality rate was 96% (25/26). Clinical symptoms in our patient appeared at 61 days, which is the latest onset that has been reported to date for this variant of SLC25A20. The disease is mainly manifested as abnormal liver function and sudden cardiac arrest. The severe steatosis observed by histopathologic analysis of the liver suggests that our patient may have had an abnormal liver function before 61 days, masked by compensatory mechanisms. As the patient did not show obvious hypoglycemia, jaundice, or feeding intolerance, her parents did not bring her to the hospital for examination; therefore, the specific disease onset time could not be determined. One study examining the effect of the SLC25A20 c.199-10T>G variation on messenger RNA products found that it disrupted the second and third transmembrane domains of the protein, resulting in loss of translocase activity (17), which could explain the severe phenotype and high mortality associated with this variant.


Table 2. Characteristics of patients with carnitine–acylcarnitine translocase deficiency with c.199-10T>G mutation.
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DISCUSSION

CACTD is a rare autosomal recessive genetic disease characterized by LC FAO disorder. Five cases of CACTD were identified in ~500,000 newborns in Guangzhou, China, between 2016 and 2017, for an estimated incidence of at least 1:100,000 (18). The first case of CACTD was described in 1992, and only 55 cases have been reported worldwide in the two decades since (3). The first three cases of CACTD in the Chinese population were reported in Hong Kong (13). Two more cases were identified in 153,789 newborns screened over a 3-year period from 2015 to 2017 in Hunan province, China (3). To date, there have been 20 cases of CACTD in China, all with the c.199-10T>G variation. Children usually develop symptoms after a long period of starvation or infection; patients who develop symptoms in the neonatal period have a high fatality rate, whereas those who develop symptoms, later on have a good prognosis (19). In most reported cases, patients developed symptoms in the neonatal period, and their condition rapidly deteriorated, resulting in death; this was especially true in cases with the c.199-10T>G variation. In our patient, the disease developed slowly and manifested as sudden hypoglycemia, respiratory insufficiency, and cardiac arrest before death.

The causative gene of CACTD is SLC25A20, which is located on chromosome 3p21.31 and contains nine exons encoding 301 amino acids. To date, at least 42 different pathogenic or possibly pathogenic variations have been identified for CACTD (HGMD Professional 2018.4). The most common are the c.199-10T>G splice site variation, which is observed in patients from East Asia (Japan, China, and Vietnam), and the c.713A>G missense variation, which has been detected in patients of Middle Eastern origin. The c.199-10T>G variation is located in a protective lasso branching sequence of SLC25A20 intron 2 (6); according to the Exome Aggregation Consortium, it is a common hot spot variation in Asian populations that is detected at a frequency of 0.4‰. However, one study identified 11 carriers in sequencing data of 2,184 people in Guangxi Zhuang Autonomous Region, corresponding to a frequency of 5‰ (14), which is much higher than that in the Exome Aggregation Consortium database.

Routine biochemical tests of CACTD patients typically reveal hypoglycemia and elevated CK and liver enzymes, with a lack of specific diagnostic indicators. Early detection of the disease is mainly through neonatal genetic screening for metabolic diseases. The MS/MS results showed that extremely LC acylcarnitine (i.e., C16, C18, C16:1, C16:1-OH, C18:2, C18:1) accompanied by decreased or normal levels of C0 are indicative of CACTD. However, as the clinical manifestations of severe neonatal and infant carnitine palmityl transferase deficiency are similar to those of CACTD—including acylcarnitine changes in the MS/MS profile—genetic testing or enzymatic analysis is required for definitive diagnosis.

The main principles underlying the treatment of children with CACTD are to avoid malnutrition, prevent infection, and adhere to a high-carbohydrate/low-fat diet (18, 20). During the acute onset of CACTD, continuous high-speed intravenous infusion of glucose solution should be carried out in addition to the reduction of blood ammonia and the administration of other symptomatic and supportive treatments. Long-term treatment should be based on diet control, with supplementation of essential amino acids and fatty acids and the restriction of long-chain fatty acid (LCFA) intake. Screening for neonatal genetic and metabolic diseases can detect CACTD early on; however, although early treatment can improve survival, the prognosis of most children is extremely poor. Therefore, for carriers of an identified variation, a prenatal diagnosis should be performed when pregnancy is confirmed to prevent the birth of a fetus with the variation, which is essential for preventing and reducing the incidence of CACTD.

Our patient harbored the homozygous c.199-10T>G variation of the SLC25A20 gene, which generates a truncated protein, causing severe clinical phenotypes, including neonatal death (15). Mitochondrial FAO is a major source of energy during prolonged fasting and cardiac and skeletal muscle during long-term exercise (21). The carnitine cycle transfers LCFAs such as acylcarnitine from the cytosol into the intramitochondrial space where mitochondrial FAO occurs (1, 22). When fat is broken down under conditions of starvation, CACT deficiency can lead to the accumulation of toxic LC acylcarnitine in the heart, liver, or skeletal muscle, leading to heart failure, arrhythmia, and cardiac arrest (3). Newborns lacking CACT are particularly vulnerable in the first few postnatal days because of their low oral intake of nutrients and low glycogen reserves. Our patient survived for 2 months after birth, possibly because of frequent breastfeeding by her mother. Nonetheless, toxic LC acylcarnitine slowly accumulated in the patient's liver and heart, and the postmortem examination revealed iron deposition and severe steatosis in the liver.

Chronic liver disease can lead to iron metabolism disorder and excessive iron deposition in the body (23), which is associated with fatal complications such as cirrhosis and heart failure (24–26). Death from late-onset CACTD may be caused not only by the accumulation of LCFAs but also by iron deposits that lead to heart failure. We did not measure serum iron and ferritin levels or perform a histopathologic examination of the heart in our patient; therefore, the precise cause of death is unclear. The contribution of iron deposition to the pathogenesis of late-onset CACTD warrants further study, as it may provide insight into potential treatment strategies for late-onset CACTD.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/supplementary material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of the Sixth Affiliated Hospital of Sun Yat-sen University (approval number: 2017ZSLYEC-105). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This work was supported by the Science and Technology Foundation of Guangzhou, China (201604020154 and 201704020230).



REFERENCES

 1. Rubio-Gozalbo ME, Bakker JA, Waterham HR, Wanders RJA. Carnitine-acylcarnitine translocase deficiency, clinical, biochemical and genetic aspects. Mol Asp Med. (2004) 25:521–32. doi: 10.1016/j.mam.2004.06.007

 2. Hui J, Tang NL, Li CK, Law LK, To KF, Yau P, et al. Inherited metabolic diseases in the Southern Chinese population: spectrum of diseases and estimated incidence from recurrent mutations. Pathology. (2014) 46:375–82. doi: 10.1097/PAT.0000000000000140

 3. Yan HM, Hu H, Ahmed A, Feng BB, Liu J, Jia ZJ, et al. Carnitine-acylcarnitine translocase deficiency with c.199-10 T>G and novel c.1A>G mutation: two case reports and brief literature review. Medicine. (2017) 96:e8549. doi: 10.1097/MD.0000000000008549

 4. Korman SH, Pitt JJ, Boneh A, Dweikat I, Zater M, Meiner V, et al. A novel SLC25A20 splicing mutation in patients of different ethnic origin with neonatally lethal carnitine-acylcarnitine translocase (CACT) deficiency. Mol Genet Metab. (2006) 89:332–8. doi: 10.1016/j.ymgme.2006.06.009

 5. Lopriore E, Gemke RJ, Verhoeven NM, Jakobs C, Wanders RJ, Roeleveld-Versteeg AB, et al. Carnitine-acylcarnitine translocase deficiency: phenotype, residual enzyme activity and outcome. Eur J Pediatr. (2001) 160:101–4. doi: 10.1007/s004310000644

 6. Vatanavicharn N, Yamada K, Aoyama Y, Fukao T, Densupsoontorn N, Jirapinyo P, et al. Carnitine -acylcarnitine translocase deficiency: two neonatal cases with common splicing mutation and in vitro bezafibrate response. Brain Dev. (2015) 37:698–703. doi: 10.1016/j.braindev.2014.10.005

 7. Stanley CA, Hale DE, Berry GT, Deleeuw S, Boxer J, Bonnefont JP. Brief report: a deficiency of carnitine -acylcarnitine translocase in the inner mitochondrial membrane. N Engl J Med. (1992) 327:19–23. doi: 10.1056/NEJM199207023270104

 8. Chalmers RA, Stanley CA, English N, Wigglesworth JS. Mitochondrial carnitine acylcarnitine translocate deficiency presenting as sudden neonatal death. J Pediatr. (1997) 131:220–25. doi: 10.1016/S0022-3476(97)70157-4

 9. Hammond JW, Sim KG, Trenholm A, Stanley T, Wilcken B. Sudden death in infancy: Two New Zealand cases of carnitine/acylcarnitine translocate deficiency. J Inherit Metab Dis. (1998) 21:60.

 10. Costa C, Costa JM, Slama A, Boutron A, Vequaud C, Legrand A, et al. Mutational spectrum and DNA-based prenatal diagnosis in carnitine-acylcarnitine translocase deficiency. Mol Genet Metab. (2003) 78:68–73. doi: 10.1016/S1096-7192(02)00205-6

 11. Fukushima T, Kaneoka H, Yasuno T, Sasaguri Y, Tokuyasu T, Tokoro K, et al. Three novel mutations in the carnitine - acylcarnitine translocase (CACT) genein patients with CACT deficiency and in healthy individual. J Hum Genet. (2013) 58:788–93. doi: 10.1038/jhg.2013.103

 12. Lam CW, Lai CK, Chow CB, Tong SF, Yuen YP, Mak YF, et al. Ethnic-specific splicing mutation of the carnitine-acylcarnitine translocase gene in a Chinese neonate presenting with sudden unexpected death. Chin Med J. (2003) 116:1110–2.

 13. Lee RS, Lam CW, Lai CK, Yuen YP, Chan KY, Shek CC, et al. Carnitine-acylcarnitinetranslocase deficiency in three neonates presenting with rapid deterioration and cardiac arrest. Hong Kong Med J. (2007) 13:66–8.

 14. Fan X, Xie BB, Zhang Q, Yi S, Geng GX, Yang Q, et al. Analysis of four carnitine-acylcarnitine translocase deficiency cases caused by homozygous mutation of SLC25A20 c.199-10T>G. Zhonghua Er Ke Za Zhi. (2018) 56:545–9. doi: 10.3760/cma.j.issn.0578-1310.2018.07.014

 15. Tang C, Liu S, Wu M, Lin S, Lin Y, Su L, et al. Clinical and molecular characteristics of carnitine-acylcarnitine translocase deficiency: experience with six patients in Guangdong China. Clin Chim Acta. (2019) 495:476–80. doi: 10.1016/j.cca.2019.05.018

 16. Liu M, Li S, Liang Y, Gu X, Yang Q, Cai Y, et al. Clinical feature and gene mutation analysis of neonatal sudden death type carnitine-acylcarnitine translocase deficiency. Chin J Appl Clin Pediatr. (2019) 34:1496–9. doi: 10.3760/cma.j.issn.2095-428x.2019.19.014

 17. Hsu BY, Iacobazzi V, Wang Z, Harvie H, Chalmers RA, Saudubray JM, et al. Aberrant mRNA splicing associated with coding region mutations in children with carnitine-acylcarnitine translocase deficiency. Mol Genet Metab. (2001) 74:248–55. doi: 10.1006/mgme.2001.3235

 18. Spiekerkoetter U, Lindner M, Santer R, Grotzke M, Baumgartner MR, Boehles H, et al. Treatment recommendations in long-chain fatty acid oxidation defects: consensus from a workshop. J Inherit Metabo Dis. (2009) 32:498–505. doi: 10.1007/s10545-009-1126-8

 19. Vitoria I, Martín-Hernández E, Peña-Quintana L, Bueno M, Quijada-Fraile P, Dalmau J, et al. Carnitine-acylcarnitine translocase deficiency: experience with four cases in Spain and review of the literature. JIMD Rep. (2015) 20:11–20. doi: 10.1007/8904_2014_382

 20. Mahapatra S, Ananth A, Baugh N, Damian M, Enns GM. Triheptanoin: a rescue therapy for cardiogenic shock in carnitine-acylcarnitine translocase deficiency. JIMD Rep. (2018) 39:19–23. doi: 10.1007/8904_2017_36

 21. Iacobazzi V, Invernizzi F, Baratta S, Pons R, Chung W, Garavaglia B, et al. Molecular and functional analysis of SLC25A20 mutations causing carnitine-acylcarnitine translocase deficiency. Hum Mutat. (2004) 24:312–20. doi: 10.1002/humu.20085

 22. Indiveri C, Iacobazzi V, Tonazzi A, Giangregorio N, Infantino V, Convertini P, et al. The mitochondrial carnitine/acylcarnitine carrier: function, structure and physiopathology. Mol Aspects Med. (2011) 32:223–33. doi: 10.1016/j.mam.2011.10.008

 23. Bacon BR, Adams PC, Kowdley KV, Powell LW, Tavill AS, American Association for the Study of Liver Diseases. Diagnosis and management of hemochromatosis: 2011 practice guideline by the American association for the study of liver diseases. Hepatology. (2011) 54:328–43. doi: 10.1002/hep.24330

 24. Sukumaran A, Chang J, Han M, Mintri S, Khaw BA, Kim J. Iron overload exacerbates age-associated cardiac hypertrophy in a mouse model of hemochromatosis. Sci Rep. (2017) 7:5756. doi: 10.1038/s41598-017-05810-2

 25. Zhabyeyev P, Das SK, Basu R, Shen M, Patel VB, Kassiri Z, et al. TIMP3 deficiency exacerbates iron overload-mediated cardiomyopathy and liver disease. Am J Physiol Heart Circ Physiol. (2018) 314:H978–90. doi: 10.1152/ajpheart.00597.2017

 26. Murphy CJ, Oudit GY. Iron-overload cardiomyopathy: pathophysiology, diagnosis, and treatment. J Card Fail. (2010) 16:888–900. doi: 10.1016/j.cardfail.2010.05.009

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Chen, Cai, Li, Xiong, Liu, Ma, Xiao and Hao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fped-08-585646-g005.gif
CCTGCAAG GACTCACAG AAGC

Patient

Father

C CTGC AAG G AAT CACAG AAGC

Mother

CCTGCAAGG AATCACAGAAGC





OPS/images/fped-08-585646-i001.gif





OPS/images/fped-08-585646-g003.gif





OPS/images/fped-08-585646-g004.gif





OPS/images/fped-08-585646-t001.jpg
Species Concentration (xmol/L) Reference range

Gin 26.8 2.0-20.0
His 246.3 10.0-200.0
Met 42.8 8.0-38.0
Om 86.4 5.0-50.0
Glu 55 60.0-200.0
co 33 14.0-65.0
c2 26 6.0-30.0
c3 0.19 0.30-3.00
C4-OH 0.02 0.03-0.18
Cc5 0.05 0.06-0.30
c8 0.02 0.03-0.30
ci16 43 05-25
ci8 085 0.20-1.40
c20 0.12 0.02-0.12
c22 0.18 0.03-0.16

C24 027 0.02-0.12





OPS/images/fped-08-585646-i002.gif





OPS/images/fped-08-585646-i003.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Late-Onset Carnitine–Acylcarnitine Translocase Deficiency With SLC25A20 c.199-10T>G Variation: Case Report and Pathologic Analysis of Liver Biopsy



		Introduction



		Materials and Methods



		Case Description



		Genetic Testing







		Results



		Tandem Mass Spectrometry and Gas Chromatography–Mass Spectrometry



		Liver Pathology



		Results of Gene Sequencing



		Literature Search Results







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Pediatrics

Late-Onset Carnitine—Acylcarnitine
Translocase Deficiency With
SLC25A20 c.199-10T>G Variation:
Case Report and Pathologic
Analysis of Liver Biopsy





OPS/images/fped-08-585646-g001.gif





OPS/images/fped-08-585646-g002.gif





OPS/images/fped-08-585646-t002.jpg
Patient  Sex
1 F
2 M
3 F
4 F
5 M
6 M
7 M
8 M
9 F
10 M
11 M
12 F
13 M
14 F
15 M
16 M
17 M
18 F
19 M
20 F
21 M
22 F
23 M
24 F
25 M
26 M

F, female; M, male.

Country

China

China
China

Vietnam

Vietnam
Vietnam
Japan
Hong Kong,

China

HongKong,
China

Hong Kong,
China

Thailand

Thailand
China
China
China
China
China
China

China

China
China
China
China
China
China

China

‘Gene variant

©.199-10T>G Homozygous
variant

.199-10T>Gr+c. 120delT
Heterozygous variant
©.199-10T>G-+0.3260elG
Heterozygous variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant
.199-10T>G+0.576G>A
Heterozygous variant
©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant
©.199-10T>G+C.1A>G

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant
.199-10T>G/c.719-8_c.719-
1dupCCCCACAG

¢.199-10T>G/c.719-8_c.719-
1dupCCCCACAG
©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

©.199-10T>G Homozygous
variant

Age of onset

61 days

36h

27h

2 days

Within 3 days

Within 3 days

2days

41h

32h

28h

10h

2days

25min

52h

2 days

1.5 days

3days

30 days

1 days

1 day

3days

2days

2 days

2 days

2days

3days

Symptom

Hepatic dysfunction and
hypoglycemia

Seizures and respiratory
insufficiency

Lethargy, feeding
difficulties

Hypoglycemia

Hypoglycemia and
hypopnea
Unknown

Respiratory insufficiency
Cardiac artest
Cardiac artest

Respiratory insufficiency
and cardiomyopathy

Hypothermia followed by
cardiac arrest 60 after
birth

Lethargy, difficuly feeding,
and cardiac amest

Hypoglycemia, apnea,
and seizures

Hypoglycemia and
hypotension
Hypoglycemia
Hypoglycemia, seizures,
and apnea
Hypoglycemia
Hypoglycermia

Hypoglycemia

Hypoglycemia
Hypoglycemia

Lethargy

Lethargy and hypotonia
Lethargy and

hypoglycemia

Hypoglycemia, lethargy,
and hypotonia

Lethargy and cyanosis

Outcome

Died of respiratory insufficiency
and cardiac arrest 61 days after
bith

Died of respiratory failure at 37
months

Died 31 h after birth

Died of respiratory arrest 6
months after birth

Sudden death (unknown time)

Sudden death 2 months after
birth
Died at 33 months after birth

Died of cardiac arrest 3 days
after birth

Still alive and folowed up for 32
months after birth

Died of cardiac arrest 38h after
bith

Died of upper gastrointestinal
bleeding and metabolic
disorders at the age of 2 years
and 8 months

Died of cardiac arrest 4 months
after birth

Died of cardiac arrest 78h after
bith

Died of heart failure 6 days after
birth

Died of heart failure 3 days after
bith

Died of heart failure 2 days after
bith

Sudden death 4 days after birth

Sudden death 30 days after birth

Died 3 days after birth from
cardiogenic shock with
malignant ventricular arthythmia
and pulmonary hemorrhage
Died of cardiac arrest 8 days
after birth

Sudden death 2 months after
birth

Died of cardiac arrest 3 days
after birth

Died of respiratory distress and
arhythmia

Died of cardiac arrest 3 days
after birth

Died of heart failure 4 days after
birth

Died of arthythmia and heart
failure 3 days after birth
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