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Abstract 

Multiple acyl-CoA dehydrogenase deficiency (MADD) is a rare fatty acids oxidation disorder 

which is often associated with deficiency of electron transfer flavoprotein dehydrogenase 

(ETFDH). In this study we reported clinical features and evaluation of expression profile of 

circulating muscle-specific miRNAs (myomiRs) in two MADD patients carrying different 

ETFDH gene mutations. Patient 1 was a compound heterozygote for two missense mutations. 

She showed a late onset MADD clinical phenotype and a significant increase of serum myomiRs. 

Patient 2, carrying a missense and a frameshift mutation, displayed early onset symptoms and a 

slight increase of some serum myomiRs. 
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 Deficiency of some enzymes involved in the fatty acids 

(FA) oxidation results in an impairment of FA 

breakdown. An abnormal storage of lipids, especially in 

skeletal muscle fibers, has been observed in several FA 

oxidation disorders.1 Multiple acyl-coenzyme A 

dehydrogenase deficiency (MADD) is a rare autosomal 

recessive defect of mitochondrial FA oxidation. MADD 

is due to mutations in several genes. The majority of 

patients carries mutations in ETFDH gene.2 ETFDH 

encodes electron transfer flavoprotein dehydrogenase 

(ETFDH), a β-oxidation enzyme which is involved in the 

electron transfer of respiratory chain. This protein has 

three main functional domains: FAD-binding domain, 

4Fe4S cluster and ubiquinone (UQ) binding domain.3 

Generally, mutations of ETFDH are associated with late 

onset MADD. Clinical symptoms are highly variable, 

and their severity seems to correlate with localization of 

mutations in different protein regions.2 The patients 

might present recurrent episodes of vomiting, metabolic 

acidosis, lethargy and muscle injury (proximal 

myopathy, myalgia and muscle weakness). It is important 

to evaluate clinical symptoms progression and risk 

factors involved in the evolution of myopathy. A massive 

excretion of several organic acids (glutaric, lactic, 

ethylmalonic, butyric, isobutyric, 2-methylbutyric and 

isovaleric acids) occurs in these subjects.4 Therapy with 

supplementation of riboflavin, L-carnitine and/or 

coenzyme Q10 and a special diet (poor in fat and protein) 

can determine a significant improvement of clinical 

conditions.2 Biochemical and bioinformatic analysis are 

available to predict the pathological effect of ETFDH 

mutations on protein function, and there is a genotype-

phenotype correlation. Moreover, the use of muscle 

imaging analysis (i.e CT scan and MRI) provides 

information on muscle damage progression.5,6 Several 

studies report the central role of small, non-coding RNA 

(called miRNAs) in the regulation of gene expression of 

many biological processes, including myogenesis.7 A 

particular class of miRNAs, named myomiRs, includes 

molecules expressed both in skeletal and cardiac muscle.8 

MyomiRs can be secreted by muscle fibers in serum by 

an active or passive process and they are called 

circulating myomiRs. MyomiR secretory activity during 

physical exercise or in neuromuscular disorders utilizes 

extracellular vesicles, microvesicles exosomes, high-

density lipoprotein. On the contrary, a passive release 

takes place as a result of myofiber necrosis (Figure 1a).8,9 

Canonical muscle-specific miRNAs are: miR-1, miR-

133a, miR-133b and miR-206. They show different 

expression profile in skeletal and cardiac muscle.10 There 
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are evidences that miR-1, miR-133a and miR-133b are 

present in both muscle types, while miR-206 is 

specifically expressed in skeletal muscle. miR-1 and 

miR-206 regulate myogenic differentiation, while miR-

133a and miR-133b stimulate cell proliferation.11 

Changes of serum myomiRs levels can be related to 

progression of the disease, the evaluation of myomiRs 

expression profile could be an important tool to verify 

progression of muscle damage.12,13 In this study we 

describe the correlation between clinical phenotype, and 

expression profile of circulating myomiRs in two 

unrelated MADD patients. 

Materials and Methods 

This study involves two MADD patients, which have 

previously described.14,15 Muscle examination was 

carried out using muscle computed tomography (CT) 

scan and muscle magnetic resonance imaging (MRI). 

Muscle pattern was ranked according to Mercuri scale. 

All procedures were approved by the local Institutional 

Review Board (IRB) committee and were conducted in 

 

 
Fig. 1.  MyomiRs secretion or passive release from skeletal muscle fibers to circulatory blood flow. In muscular 

disorders or during exercise an active secretion of myomiRs might occur through the formation of exosomes 

or microvesicles releasing the myomiRs in the blood. If myofiber necrosis occurs, myomiRs can be secreted 

directly in the blood for plasma membrane defects (a). Evaluation of fibro-fatty replacement in lower limbs 

of two MADD patients. CT scan of patient 1 showed marked fibro flatty replacement in one leg. Mercuri 

score of soleus and gastrocnemius muscles (red arrow) is 4 while the other leg muscles are spared (b). In 

thigh muscles, marked atrophy was observed, especially in posterior compartment and slight involvement on 

the other side (c). Muscle MRI of patient 2 showed no evident fatty infiltrations in leg muscle (d). Muscle 

atrophy and slight alteration of posterior thigh muscles was observed, i.e. semimembranosus and adductor 

magnus (red arrow) with fibro fatty replacement (e).  
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accordance with the ethical principles outlined in the 

Declaration of Helsinki. All patients signed a written, 

informed consent. Some bioinformatic software 

(ClustalW, SIFT, PolyPhen and I-Tasser) were used to 

analyze the effect of mutations on ETFDH protein 

function and structure. The NCBI reference sequence 

(NP_001268666.1) of the human ETFDH protein was 

used as the input for protein function investigation, while 

the porcine ETFDH structure, which has been obtained 

from x-ray crystallography analysis and shares 95% of 

homology with human aa sequence, was used to generate 

protein 3D models. After treatment, serum samples were 

obtained from both patients. Total RNA, including 

miRNAs, was obtained from 400 µl of serum using the 

miRNeasy Mini Kit (QIAzol). Expression profile of 

miRNAs was verified by real-time polymerase chain 

reaction (qRT-PCR), performed using 10 ng RNA as 

template and the CFX96™ Real-Time PCR detection 

System (Bio-Rad), with specific TaqMan MicroRNA 

Assay. The level of each miRNA was normalized to miR-

16, U6 snRNA, as internal controls, and miR-39-3p of 

Caenorhabditis elegans, as spike-in miRNA. The 

Wilcoxon-Mann–Whitney test was used to determine 

statistical significance which was defined as ∗P < 0.05. 

All studies were done in three separate experiments, each 

performed in triplicate. All data were expressed as the 

mean ± standard deviation. 

Results and Discussion 

Patient 1, 61-year old woman, presented a late onset of 

MADD. In particular, skeletal and respiratory muscle 

weakness occurred at 38 years. She was a compound 

heterozygote, carrying two missense mutations in the 

ETFDH gene (c.560C>T [p.A187V] and c.1027T>C 

[p.W343R]). Patient 2, now 54 years old, showed her first 

symptoms, i.e. recurrent episodes of vomiting, 

drowsiness, appetite loss, asthenia and acetonemic 

breath, at 2 years of age and a lipid storage myopathy at 

6 years of age. In this patient, genetic analysis revealed 

the c.560C>T (p.A187V) and the c.1285+1G>A 

(p.G429Dfs21*) ETFDH gene mutations (a missense and 

a splice site variant, respectively). Muscle evaluation 

showed type I vacuolated fibers in patient 2,15 and muscle 

atrophy in both patients. Moreover, CT scan and MRI 

displayed alterations of posterior thigh muscles (Figure 

1b-e). Both patients followed a low-fat, high-protein diet, 

supplemented with medium-chain triglyceride (MCT) 

oil, L-carnitine and riboflavin. This treatment decreased 

metabolic crisis and improved muscle injury. To 

elucidate the pathogenetic impact of mutations on 

ETFDH structure and activity, bioinformatic 

investigations were performed. ClustalW analysis system 

showed that both amino acids, A187 and W343, were 

localized in two highly conserved domains of ETFDH 

protein, thus indicating that they could affect enzyme 

function. This hypothesis was reinforced by PolyPhen-2 

and SIFT analysis, which predicted a deleterious effect 

of both mutations. In particular, PolyPhen-2 indicated a 

score of 1 (score from 0 to 1, ≥ 0.8 is probably damaging) 

and SIFT a score of 0 (score from 1 to 0, ≤ 0.05 is 

damaging). To verify whether the missense mutations 

altered protein structure, 3D models of ETFDH mutant 

proteins were obtained using I-Tasser software. 

ETFDH(A187V) was predicted to cause changes of 

secondary structure in the FAD-binding region, 

determining its incorrect folding (Figure 2a and b). The 

tridimensional structure prediction analysis of 

ETFDH(W343R) revealed a modification of the 

secondary structure in some amino acids located in the 

4Fe4S cluster and in the UQ-binding domain (Figure 2c 

and d). These alterations could only partially affect 

ETFDH conformation.  

 

 
Fig. 2.  Bioinformatic analysis of ETFDH mutant 

protein and evaluation of circulating 

myomiRs expression profile. a,b 3D 

structure of ETFDH(A187V), compared to 

ETFDH wild type. The p.A187V shows 

severe modifications of protein folding; c,d 

ETFDH(W343R) tridimensional model 

reveals partial alterations of enzyme 

structure, in comparison with native 

ETFDH; e Evaluation of serum myomiRs in 

MADD patients, compared to a control 

group. The bar graph representsmean 

values of circulating myomiRs. Control 

value is set to 1. *P ≤ .05 (*). C: pool of 

controls; P1: MADD patient 1; P2: MADD 

patient 2. 
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In patient 1, who carried two missense mutations, a late 

onset of MADD was diagnosed. Both these variants are 

predicted to determine an alteration of ETFDH folding. 

However, while the p.A187V modifies the FAD-binding 

domain, decreasing its capacity to interact with FAD16, 

the p.W343R missense variant behaves differently.  

The A187V mutation, in the first allele of patient 1, might 

result in a less stable protein than that produced by the 

second allele, carrying the W343R variation. Patient 2 

carried out the p.A187V and p.G429Dfs21* mutations. 

p.A187V might cause a strong reduction of ETFDH 

function. The frameshift mutation is likely going to cause 

nonsense mediated mRNA decay so no protein is 

probably made by this allele.17 Even if there is some 

residual mRNA the resulting protein is going to be 

unstable and rapidly degraded. The ETFDH genetic 

profile of this patient could be more compromised than 

in the first patient and this might explain the early onset 

and clinical symptoms. The evaluation of serum 

myomiRs profiles in MADD patients showed a 

dysregulation in both subjects (Figure 2e). Patient 1 had 

an upregulation of miR-1, miR-206 and miR-133b; while 

miR-133a had an expression level similar to control. In 

patient 2, an increase of miR-1 and miR-133a was 

observed, while miR-206 had normal expression level 

and miR-133b was downregulated. MyomiRs act as 

muscle regulators and their balance maintains muscle 

homeostasis under normal cellular conditions.11 MiR-206 

is implicated in muscle regeneration and maturation, and 

in skeletal muscle mass regulation.10 miR-1 and miR-206 

regulate myogenic differentiation, while miR-133a and 

miR-133b preserve cell undifferentiated state and 

stimulate muscle growth.18 In patient 1, the upregulation 

of miR-1, miR-206 and miR-133a suggests that muscle 

regeneration might be stimulated in this subject. In 

patient 2, with severe impairment of ETFDH activity in 

comparison with the first patient, the decrease of serum 

miR-133b amount and the normal levels of circulating 

miR-206 indicates less active regeneration. 

In conclusion, we report bioinformatic and serum 

myomiRs investigations in two MADD patients. 

Missense mutations may cause different degrees of 

ETFDH function impairment. The severity of MADD 

clinical phenotype, in particular marked atrophy of some 

muscles (i.e. posterior thigh muscle in both patients, 

soleus and   gastrocnemius muscles in the leg of patient 

1), is correlated with the decrease of ETFDH protein 

function and with dysregulation of circulating myomiRs 

expression profile. We suggest that in MADD, as well as 

in other muscle disorders, the level of serum myomiRs 

might represent a biomarker of skeletal muscle 

involvement. 
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