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Abstract
BACKGROUND
Multiple acyl-CoA dehydrogenase deficiency (MADD) is an uncommon autosomal recessive disorder of mitochondrial fatty acid beta-oxidation. Syncope is a transient loss of consciousness due to acute global cerebral hypoperfusion. Late-onset MADD with syncope has not been reported previously.

CASE SUMMARY
We report a 17-year-old girl with exercise intolerance and muscle weakness. She felt palpitation and shortness of breath after short bouts of exercise. She also suffered from a transient loss of consciousness many times. Muscle biopsy showed lipid storage. Genetic mutation analysis indicated a compound heterozygous mutation c.250G > A (p.A84T) and c.872T > G (p.V291G) in the ETFDH gene. The results of Holter electrocardiogram monitoring showed supraventricular tachycardia when the patient experienced a loss of consciousness. After treatment with riboflavin and carnitine, muscle weakness and palpitation symptoms improved rapidly. No loss of consciousness occurred, and the Holter electrocardiogram monitoring was normal.

CONCLUSION
Late-onset MADD with supraventricular tachycardia can cause cardiac syncope. Carnitine and riboflavin supplement were beneficial for treating the late-onset MADD with cardiac syncope. Attention should be paid to the prevention of cardiac syncope when diagnosing late-onset MADD.
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Core tip: Multiple acyl-CoA dehydrogenase deficiency (MADD) is an uncommon autosomal recessive disorder of mitochondrial fatty acid beta-oxidation. Syncope is a transient loss of consciousness due to acute global cerebral hypoperfusion. Late-onset MADD with syncope has not been reported previously. Here, we present a case of late-onset MADD with cardiac syncope, which suggested that we should pay attention to the monitoring of cardiac function and the prevention of cardiac syncope when we diagnose and treat late-onset MADD. Carnitine and riboflavin supplement were beneficial for treating the late-onset MADD with cardiac syncope.

INTRODUCTION
Multiple acyl-CoA dehydrogenase deficiency (MADD) is an autosomal recessive inherited metabolic disorder that is also known as glutaric aciduria type II. MADD is mainly caused by mutations in the ETFA, ETFB, or ETFDH genes. Among them, ETFDH gene mutations have been reported to be the major cause of MADD. Mutations in the ETFA, ETFB, and ETFDH genes result in the deficient function of the alpha and beta subunits of the electron transfer protein (ETF) or electron transfer flavoprotein ubiquinone oxidoreductase (ETF-QO)[1,2]. Additionally, mutations in the SLC52A, SLC25A32, and FLAD1 genes can also lead to MADD[3,4]. The clinical phenotype is heterogeneous and can be divided into two forms of phenotype: Neonatal-onset and late-onset. Neonatal-onset MADD is severe and predominantly characterized by non-ketotic hypoglycemia, hepatomegaly, metabolic acidosis, hypotonia, severe encephalopathy, and cardiac damage[5]. Late-onset MADD mainly features proximal limb and neck muscle weakness, fatigue, and myalgia[5]. Diagnosis is based on urine organic acid and serum acyl-carnitines. However, the diagnosis of late-onset MADD remains challenging due to the atypical elevation of acyl-carnitine levels, secondary carnitine deficiency, and a narrow detectable period[6,7].
Syncope is a clinical syndrome characterized by a transient loss of consciousness. The main reason for this is temporary and self-terminating global cerebral hypoperfusion. The characteristics of syncope are abrupt onset, short duration, and spontaneous occurrence. The premonitory symptoms of syncope include dizziness, blurred vision, and limb weakness. The transient loss of consciousness is always combined with hypotension, paleness, and a cold sweat, sometimes with limb jerks and the incontinence of urine or feces. The transient loss of consciousness always recovers within several minutes. Syncope is classified into two categories: Reflex syncope and cardiac syncope. Reflex syncope affects up to 40% of the population. A tilt table test is an important diagnostic tool for reflex syncope[8]. Cardiac syncope is the second most common syncope and includes arrhythmic syncope and cardiac organic syncope. Both bradyarrhythmias and tachyarrhythmias may predispose individuals to arrhythmic syncope. Cardiomyopathy, valvular disease, and coronary heart disease can lead to cardiac organic syncope. A 12-lead electrocardiogram (ECG) can be used to diagnose arrhythmic cardiac syncope. Holter ECG monitoring is of more value if syncope is very frequent. Syncope is also needed to distinguish epileptic seizures, functional transient loss of consciousness, and a group of rare causes[9].
This is the first report of late-onset MADD with cardiac syncope. In this report, we describe a patient presenting with exercise intolerance, muscle weakness, palpitation, and a transient loss of consciousness. A diagnosis of late-onset MADD with cardiac syncope was finally made.

CASE PRESENTATION
[bookmark: _Hlk29056016]A 17-year-old girl had experienced exercise intolerance and general fatigue for 4 years. Over those 4 years, she always felt palpitation and shortness of breath after short bouts of exercise. Within the past year, she had started to have progressive proximal limb weakness and myalgia. The symptoms above gradually worsened and then “dropped head syndrome” occurred. She received vitamin therapy for approximately half a year and showed significant improvement. Then, she stopped the vitamin therapy by herself. She presented with proximal limb weakness again after short bouts of exercise, with severe palpitation, but without chest tightness, chest pain, or chest discomfort. Within the past year, she had experienced a transient loss of consciousness several times, presenting with paleness, cold sweats, and blurred vision. This loss of consciousness lasted 1-2 min every time. The patient once had a loss of consciousness on the supine, the blood pressure was 122/76 mmHg, and the loss of consciousness lasted about 1 min.

History of present illness
The patient had no previous medical history.

Personal and family history
None.

Physical examination
[bookmark: _Hlk29067403]The heart rate was 120 bpm. The blood pressure was 118/75 mmHg. No abnormalities were observed in the general physical examination. The Medical Research Council muscle strength scores were as follows: Proximal limbs (4/5) and neck flexion (2/5). Deep tendon reflexes were not elicited. Sensory examination was intact to pinprick.

[bookmark: _Hlk29072638]Laboratory examinations
[bookmark: _Hlk29072698][bookmark: _Hlk29055569][bookmark: _Hlk29072583]The following serum biochemistry markers were abnormal: ALT was 157 U/L (7-40 U/L) and AST was 114 U/L (13-35 U/L). Serum CK, LDH, electrolytes, total protein, lactic acid, creatinine, and urea nitrogen were within normal limits. The free carnitine level was 4.40 (normal range: 10-60 mmol/L), and the serum acyl-carnitine analysis suggested decreased C2 (4.10 mmol/L; normal range: 6-30 mmol/L), C3 (0.27 mmol/L; 0.5-4 mmol/L), and C4DC (0.17 mmol/L; 0.2-1.2 mmol/L) levels and increased C16 (C16:1: 0.22 mmol/L, 0.02-0.2 mmol/L; C16:2: 0.07 mmol/L, 0-0.05 mmol/L) levels compared to the normal limits. Organic acid analysis was normal. Motor and sensory nerve conduction studies in the four limbs showed normal results. A needle electromyogram showed mildly decreased motor unit action potentials in the left quadriceps femoris, biceps femoris, and tibialis anterior muscle. The 12-lead ECG was normal when she had a physical examination before the limb weakness. The Holter ECG monitoring showed supraventricular tachycardia before treatment, and the heart rate was 158 bpm (Figure 1A). The Holter ECG monitoring showed supraventricular tachycardia when the patient presented with a loss of consciousness, and the heart rate was 184 bpm (Figure 1B). After the treatment, the Holter ECG was normal. Cardiac MRI did not show abnormal lipid deposition in cardiomyocytes. The echocardiography did not show ventricular hypertrophy or dilatation. There was no abnormal discharge in the interictal electroencephalogram. Our patient underwent two tilt table tests before and after treatment. No abnormality was found in the two-tilt table test. Fatty liver was noticed in the abdomen on ultrasound examination.

Muscle pathology
The histochemical staining of all the muscular sections demonstrated similar outcomes. Hematoxylin and eosin staining showed muscle fibers with mild variability in size. Some myofibers were modified by small vacuoles, which were most mainly seen in type I fibers (Figure 2A). On modified Gomori trichrome staining, occasional atypical ragged red fibers were observed (Figure 2B). Oil red O staining showed predominant lipid accumulation in type I fibers (Figure 2C).

Gene sequencing
After receiving informed consent, we sequenced ETFDH, ETFA, ETFB, SLC52A, SLC25A32, FLAD1, and mitochondrial genes. Compound heterozygous mutations were identified in the ETFDH gene: c.250G>A (p.A84T) and c.872T>G (p.V291G). The c.872T>G (p.V291G) variant was inherited from her mother and the c.250G>A (p.A84T) variant from her father. The two mutations had been already reported previously. The variants c.250G>A (p.A84T) and c.872T>G (p.V291G) had a very low allele frequency in the 1000 genomes database, ExAC database, and gnomAD database. No other mutations were identified in ETFA, ETFB, SLC52A, SLC25A32, FLAD1, and mitochondrial genes (Figure 3).

FINAL DIAGNOSIS
Late-onset MADD with syncope.

TREATMENT
The patient was initially treated with riboflavin (30 mg/d), L-carnitine (1 g/d), coenzyme Q10 (50 mg/d), and β-adrenergic blockers.

OUTCOME AND FOLLOW-UP 
After 2 wk, she presented with significant improvement in exercise intolerance, general fatigue, and muscle weakness, but palpitation and the loss of consciousness still occurred occasionally. After 1 mo, the muscle strength returned to nearly normal, and there were no symptoms of palpitations or the loss of consciousness. The Holter ECG monitoring was normal. The patient continued to take riboflavin (15 mg/d), L-carnitine (500 mg/d), coenzyme Q10 (50 mg/d), and β-adrenergic blockers.

DISCUSSION
Here, we report a case of late-onset MADD with syncope. The diagnosis of MADD was based on the symptoms of exercise intolerance, muscle weakness, and myalgia. The result of muscle biopsy indicated a typical myopathological pattern of lipid storage myopathy, which was greatly valuable in pinpointing the diagnosis of MADD. Finally, genetic screening provided definitive diagnostic evidence of late-onset MADD caused by mutations in the ETFDH gene[2].
However, the patient presented with significant palpitation and shortness of breath, predominantly after short exercise bouts. The Holter ECG monitoring showed supraventricular tachycardia. Some studies have shown that cardiac damage can be found in late-onset MADD, including cardiomyopathy and arrhythmia, which may lead to cardiomegaly, cardiac diastolic dysfunction, and heart failure[10-12]. In late-onset MADD, the mutation in ETFDH leads to abnormal ETF-QO structure, causing the dysfunction of different acyl-CoA dehydrogenases and defects in the transfer of electrons generated by dehydrogenation reactions. These lead to the accumulation of long-chain fatty acids and acyl-carnitine in different tissues. The accumulation of acyl-carnitine may result in low serum free carnitine levels, which may exacerbate the abnormalities of fatty acid oxidation in the tissues. Excessive accumulation of fatty acid and acyl-carnitine in cardiac myocytes can cause calcium overload, leading to abnormal myocardial electrical activity and arrhythmia. The abnormal deposition of acyl-carnitine in cardiac myocytes disturbs the Na+/K+-ATPase and increases its activity, leading to the excitation of the α-1-adrenergic receptor of cardiac myocytes and the destruction of the polarization, hyperpolarization, and depolarization of the cardiac myocardium. These can cause arrhythmia[13-15]. In our patient, the serum free carnitine level was decreased before treatment. After treatment, serum free carnitine returned to normal levels, and palpitation symptoms improved significantly. We thought that carnitine deficiency was a part of the essential cause of arrhythmia. Another study found that ETF-QO is an important mitochondrial enzyme of the respiratory chain responsible for passing electrons coming from β-oxidation to the complex of the respiratory chain, and the dysfunction of the ETF-QO protein affects the function of the mitochondrial respiratory chain, resulting in a decrease in ATP, the accumulation of a large number of reactive oxygen species, and abnormal cell excitability and electrical activity[16-18]. In this patient, abnormal mitochondria were found in the muscle biopsies, and we considered mitochondrial dysfunction as another potential cause of arrhythmia.
In addition to cardiac damage, the patient also presented with a transient loss of consciousness. The clinical manifestation of our patient was different from that of classic epilepsy[19]. To identify the causes of the transient loss of consciousness, tilt table testing was conducted. The results are inconsistent with the diagnostic criteria for reflex syncope[20]; thus, reflex syncope was ruled out. We noticed that the arrhythmia of our patient occurred at the onset of the disease, and she presented with a transient loss of consciousness accompanied by arrhythmia during the course of the disease. We thought that cardiac syncope may be the cause of the loss of consciousness. The Holter ECG monitoring showed supraventricular tachycardia when the patient presented with a loss of consciousness. Therefore, we considered that the supraventricular tachycardia was a cause of the cardiac syncope. For our patient, she did not present with palpitation, shortness of breath, or loss of consciousness, and the 12-lead ECG was normal before limb weakness. After the treatment with riboflavin, there were no symptoms of palpitations or the loss of consciousness and the Holter ECG monitoring was normal. We consider that the paroxysmal supraventricular tachycardia was less likely to be congenital. Some studies have shown that abnormal lipid storage in skeletal muscle may be associated with cardiac syncope but only in the neonatal-onset form[21]. Cardiac syncope has not been reported in patients with late-onset MADD. Currently, there is no definite conclusion about the mechanism of cardiac syncope caused by supraventricular tachycardia. Inadequate autonomic vascular responsiveness is now recognized as having a crucial role in most cases. In the episodes of supraventricular tachycardia, a shortened diastolic time leads to a decrease in left ventricular filling and an increase in sympathetic nerve tension, resulting in a decrease in ventricular volume. The excessive contraction of stimulated ventricular C fibers in the inferior and posterior walls of the left ventricle leads to the increased activity of the vagus nerve. Therefore, the increased activity of the vagus nerve is the main cause of syncope in supraventricular tachycardia[22]. Therefore, for our patient, the main cause of supraventricular tachycardia was the abnormal accumulation of long-chain fatty acids and mitochondrial dysfunction in cardiomyocytes, which affected the cardiac conduction system and resulted in cardiac syncope.
It was notable that the muscle strength and palpitation symptoms improved after treatment with riboflavin and carnitine, and the Holter ECG monitoring was normal. We inferred that riboflavin and carnitine were beneficial for MADD with arrhythmia. Carnitine can promote long-chain fatty acid oxidation in mitochondria[23]. This could reduce the production and toxicity of acyl-carnitine. In our patient, supraventricular tachycardia did not occur after carnitine supplementation, which showed that carnitine supplementation was significant in improving arrhythmia.

CONCLUSION
In conclusion, we report a late-onset MADD patient with cardiac syncope caused by a mutation in the ETFDH gene. The main reason for arrhythmia in our patient was a lack of free carnitine and mitochondrial dysfunction. Riboflavin and carnitine supplementation play an important role in MADD patients with arrhythmia. Therefore, attention should be paid to the monitoring of cardiac function and the prevention of syncope in the diagnosis and treatment of MADD.
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Figure Legends
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Figure 1 Holter electrocardiogram monitoring findings in the patient. A: Holter electrocardiogram monitoring showed supraventricular tachycardia before treatment, and the heart rate was 158 bpm; B: Holter electrocardiogram monitoring showed supraventricular tachycardia when the patient presented with a loss of consciousness, and the heart rate was 184 bpm.

[image: ]Figure 2 Myopathological findings in our patient. A: Hematoxylin and eosin staining. Muscular fibers were mild variable in size and some muscular fibers were moderated to small vacuoles; B: Modified Gomori trichrome staining showed atypical ragged red fibers; C: Oil red O staining showed predominant lipid accumulation mainly in type I fibers.

[image: ]
[bookmark: _GoBack]Figure 3 Result of gene sequencing about the patient and her parents. Electropherogram of the heterozygous mutation c.250G>A (p.A84T) and c.872T>G (p.V291G) in the ETFDH gene on the patient; electropherogram of the heterozygous mutation c.250G>A (p.A84T) in the ETFDH gene on her father; and electropherogram of the heterozygous mutation c.872T>G (p.V291G) in the ETFDH gene on her mother are shown (arrows and circles indicate mutation site).
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