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A B S T R A C T

Neonatal-onset multiple acyl-CoA dehydrogenase deficiency (MADD type I) is an autosomal recessive disorder of
the electron transfer flavoprotein function characterized by a severe clinical and biochemical phenotype, in-
cluding congenital abnormalities with unresponsiveness to riboflavin treatment as distinguishing features. From
a retrospective study, relying mainly on metabolic data, we have identified a novel mutation, c.1067G > A
(p.Gly356Glu) in exon 8 of ETFDH, in three South African Caucasian MADD patients with the index patient
presenting the hallmark features of type I MADD and two patients with compound heterozygous
(c.1067G > A + c.1448C > T) mutations presenting with MADD type III. SDS-PAGE western blot confirmed
the significant effect of this mutation on ETFDH structural instability. The identification of this novel mutation in
three families originating from the South African Afrikaner population is significant to direct screening and
strategies for this disease, which amongst the organic acidemias routinely screened for, is relatively frequently
observed in this population group.

1. Introduction

Multiple acyl-CoA dehydrogenase deficiency (MADD, OMIM:
231680), also known as glutaric aciduria type II (GAII), is an autosomal
recessive metabolic disorder. Mutations in the ETFA, ETFB and ETFDH
genes result in the deficient function of alpha and beta subunits of the
electron transfer protein (ETF) or ETF-coenzyme Q oxidoreductase,
respectively. Dysfunction in either of these two flavoproteins leads to
compromised fatty acid and amino acid oxidation as well as choline
metabolism.

The MADD phenotype can be divided into three clinical classes: two
neonatal-onset forms with (type I) or without (type II) congenital
anomalies or a mild/delayed late-onset form (type III), which shows a
variable degree of response to riboflavin treatment [1–3]. The neonatal-
onset form has a poor prognosis, presenting within the first week(s) of
life with severe hypoglycemia, mild to severe hyperammonaemia, me-
tabolic acidosis, with or without dysmorphic features, hepatic-, cardiac-
and renal involvement. The phenotypic presentation of type III is highly
variable, characterized by episodic lethargy, vomiting, hypoglycemia,
metabolic acidosis with or without hyperammonaemia and

hepatomegaly. Painful myopathy can be progressive and abnormal lipid
storage and free carnitine depletion is commonly observed [1,3].

The biochemical characterization of MADD includes organic acid
and acylcarnitine profiling, which indicates, increased levels of ali-
phatic mono- and dicarboxylic acids, acylglycine conjugates as well as
an increase of C4-C18 acylcarnitines in blood [1]. Although mutations
are most frequently encountered in the ETFDH gene in the late-onset
form of MADD, for the most severe (type I) neonatal form of the disease
mutations in ETFDH, ETFA, and ETFB are found more or less in equal
frequency [2,3,4–8]

As mutation screening is not currently offered routinely in our
(South African) population, and since biochemical data through routine
metabolic screening suggests that MADD may be in the same order of
prevalence as other organic acidemias in South African populations
[9,10] we've begun to retrospectively investigate the molecular genetics
of MADD with metabolic data as the denominator. From the initial
explorative investigations in three Caucasian patients, we've identified
a novel pathogenic variant present in all three cases, with the homo-
zygous form in the index case presenting as a (type I) severe neonatal
onset form of the disease.
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2. Patients and methods

Informed consent was obtained as part of current studies with
ethical approval numbers 91/98 (University of Pretoria) and NW-
00170-13-S1 (North-West University). Table 1 summarizes the clinical,
biochemical and genetic features of the three patients.

2.1. Patient 1 (index patient)

The firstborn male child from non-consanguineous Afrikaner par-
ents presented shortly after birth with severe metabolic decompensa-
tion unresponsive to standard metabolic intervention. He was born
prematurely via cesarean section and needed admission to the intensive
care immediately after delivery. A loud systolic murmur was audible
and the chest X-ray showed a prominent right ventricle and absent
pulmonary conus. The ECG displayed an extreme right QRS axis and a
dysplastic pulmonary valve with a pulmonary outflow gradient mea-
suring 57 mmHG indicated a severe pulmonary stenosis. The foramen
ovale was patent with a right to left shunt and there was a large atrial
septum aneurism. The renal ultrasound showed dilated calyces in the
upper lobes more severely on the left indicating hydronephrosis.

After a relative normal 24 h complicated only with hyperlacta-
naemia and suspected hypothyroidism his condition rapidly deterio-
rated with persistent hypoglycaemia requiring high doses of in-
travenous glucose, metabolic acidosis and hyperammonaemia
(548 μmol/L). He needed intubation and ventilation on day 6 of life but
his condition deteriorated despite administration of riboflavin

(200 mg/kg/day) and L-carnitine (100 mg/kg/day). He developed a
bulging fontanel, sclerema neonatorum and convulsions and died on
day 9 of life. GC–MS organic acid profiling performed on urine at day 3
of life showed dicarbolic aciduria with the presence of various short and
medium chain acylglycine conjugates suggestive of MADD. The meta-
bolic excretion as well as early onset was indicative of a severe neonatal
phenotype with a very poor prognosis.

His family subsequently had a normal male child delivered after
prenatal diagnosis performed on chorionic villi showed the fetus was
heterozygous for the reported c.1067G > A mutation.

2.2. Patient 2

An eight year-old female patient presented with the complaint of
clumsiness, chronic fatigue, exercise intolerance, muscle weakness and
severe migrainous-like headaches. She was born at term from non-
consanguineous parents and had three normal siblings. Her early gross
motor development was normal and she was able to walk before the age
of one year. At the age of 17 months the parents observed that she had
poor head control related to muscle weakness. Since the age of three
years the weakness slowly progressed. Her body mass index for her age
was 13.3 and fell on z-score− 1.8 at the age of eight years. She had a
waddling gait and mild proximal muscle weakness, but she did not have
a Gower sign. Polyminimyoclonus resembling spinal muscular atrophy
was observed. The deep tendon reflexes were suppressed, but present.
She had no other cerebellar signs. Hypermobility of all her joints was
observed. Her general level of functioning was on the level of 6.5 years.

Table 1
Summary of clinical, biochemical and genetic features of patients.

Patient 1 (Index) Patient 2 Patient 3

Gender Male Female Female
Age of onset/death Week 1/Day 9 Year 2/undetermined (at least past 8 years) Year 4/23
Main clinical features Intra-uterine growth retardation

Multiple congenital anomalies:

• Cardiac lesions

• Hydronephrosis
Riboflavin unresponsive

Progressive muscle weakness
Hepatomegaly
Migraine
Exercise intolerance
Hypermobility
Riboflavin responsiveness undetermined

Progressive muscle weakness
Hepatomegaly
Migraine
Partially responsive to riboflavin

Routine Biochemistry:

• Metabolic acidosis Present Not present Present

• Glucose Normal-↓ Normal Normal-↓

• Ammonia ↑-↑↑↑ Not performed ↑-↑↑↑

• Urine ketones Absent Absent Absent

• Lactate/pyruvate Normal-↑ ↑↑ Normal-↑

• Transaminases ↑↑↑GGT, AST ↑AST, ALT ↑AST, ALT

• Creatine kinase Not performed Normal Normal-↑↑

• CBC findings Pancytopenia Normal Normal

Histology Not performed Muscle: cytoplasmic lipid accumulation in myofibres Liver: macrovascular steatosis, abnormal lipid storage

Metabolic findings in urine:

• Organic acids ↑Ethylmalonic acid
↑↑↑Dicarboxylic acids
↑↑↑Glycine conjugates
↑↑2-Hydroxryglutaric acid
↑↑↑Lactic acid
↑Krebs cycle intermediates

↑Ethylmalonic acid
↑Dicarboxylic acids
↑↑↑Glycine conjugates
↑2-Hydroxyglutaric acid

↑Ethylmalonic acid
↑Dicarboxylic acids
↑↑Glycine conjugates
↑2-Hydroxryglutaric acid
Normal-↑Lactic acid

• Acylcarnitines ↑C4-, C5, C5-DC
Low free carnitine

↑C4-, C5, C5-DC
Low free carnitine

↑C4-, C5, C5-DC, C8
Normal free carnitine

• Amino acids General amino aciduria with ↑↑
Sarcosine

↑↑Sarcosine, ↑↑Glycine ↑Sarcosine, ↑↑Glycine

Specialized investigations None Muscle respiratory chain enzymes deficient (CI, CIII,
CII + III, CIV); Muscle CoQ10 levels reduced

Oxidation of C16 and C14 fatty acids reduced in
fibroblasts (20% vs. controls mean; C16:C14 = 0.5) and
leukocytes (5% vs. controls mean; C16:C14 = 0.96)

ETFDH variant/s
(dbSNP)

c.1067G > A +/+; p.Gly356Glu
(novel)

c.1067G > A +/−; p.Gly356Glu
c.1448C > T +/−; p.Pro483Leu (377656387)

c.1067G > A +/−; p.Gly356Glu
c.1448C > T +/−; p.Pro483Leu (377656387)

C4: butyryl-/isobutyrylcarnitine; C5: isovalerylcarnitine; C5-DC: glutarylcarnitine: C8: octanoylcarnitine: CBC: complete blood count; AST: aspartate aminotransferase: ALT: alanine
aminotransferase; GGT: gamma-glutamyltransferase.
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She had hepatomegaly with mildly elevated liver enzymes. Renal
functions were normal, creatine kinase was normal and the lactate:-
pyruvate ratio was 16.3. The routine metabolic investigations showed
general dicarboxylic aciduria including acylglycine and acylcarnitine
conjugates. Spinal muscular atrophy was excluded: the patient did not
have a homozygous deletion in the telomeric region of the survival
motor neuron on exon seven. A muscle biopsy was performed for the
determination of respiratory enzyme analyses, after which the patient
and family was not responsive to any further follow up.

2.3. Patient 3

This patient was born at term from non-consanguineous parents
with one healthy sibling and no previous family history of neuromus-
cular disease. She initially presented with hypotonia and only started to
walk at the age of 20 months. The progressive myopathic phenotype of
unknown cause was confirmed at the age of two year after a compre-
hensive clinical evaluation. Metabolic decompensation was observed at
the age of three years when she was admitted with coma, severe hy-
perammonemia (394 μmol/L which decreased to 90 μmol/L after hos-
pitalization), hepatomegaly and hypoglycemia without urinary ketones.
No myoglobinuria were noted, but prerenal failure was suspected. Her
liver enzymes were elevated, together with elevated creatine kinase. A
liver biopsy indicated macrovascular steatosis with no necrosis. The
metabolic investigations showed increased levels of urine mono- and
dicarboxylic acid, acylglycine as well as short and long chain acylcar-
nitine conjugation. The latter in combination with general clinical
presentation of myopathy and liver involvement was suggestive of
MADD. She received riboflavin and L-carnitine treatment together with
a low protein diet and improved partially, waking up from the coma
and showing stronger motor function. Progressive deterioration of
muscular function did however occur and she suffered from episodic
migraines. Regular follow-up metabolic investigations were done to
assess her metabolic status, which showed moderate to limited bio-
chemical improvement after implementation of therapeutic interven-
tion. She did not present with cognitive impairment and became a fully
functional adult. She unfortunately died from a stroke-like episode at
age 23 before the genetic diagnosis was confirmed.

2.4. Metabolic and biochemical investigations

Metabolic investigations were performed essentially as described
before [11]. Respiratory chain enzyme activities and CoQ10 levels were
analyzed in muscle homogenates (600 ×g supernatants) for Patient 2
as described before [12,13] and normalized to citrate synthase (UCS).
Fatty acid oxidation of [9,10-3H] palmitic (C16) and myristic (C14)
acids were performed in fibroblasts and leukocytes for Patient 3 as
described before [14].

2.5. Mutation and protein analyses

The outcomes reported here are the results from a retrospective
investigation of selected cases, using next generation sequencing (NGS,
Ion Torrent) of candidate genes. Primary NGS data analysis and sec-
ondary data mining were conducted using an in-house bioinformatics
pipeline and web-based annotation tools such as Ensembl online VEP
runner [15] and data mining tools, including GEMINI (v0.18.0) [16]
OMIM, CliniVar, and available allele frequency data from the extensive
Exome Aggregation Consortium (ExAC) database. The potential pa-
thogenic variants identified and allelic distribution in all of these cases
were confirmed using Sanger sequencing and, as the c.1067G > A
variant is part of a homopolymeric region, also restriction length
fragment polymorphism (RFLP) analyses (Fig. 2S).

SDS-PAGE/western blot analysis were used to confirm the steady
state levels of muscle ETFDH and, due to the limited material available,
could only be done in Patient 2. Immunodetection using the antibodies

against ETFDH (Abcam, ab131376) and β-actin (Abcam ab8227) were
conducted and expression quantified against total protein load using
the procedures described for Bio-Rad's V3 workflow (Bio-Rad
Laboratories).

3. Results

Table 1 summarizes the clinical, biochemical and other specialized
investigations for the three cases. The following key findings for me-
tabolic, biochemical and genetic analyses are reported.

3.1. Metabolic and biochemical investigations

Routine and follow up metabolic investigations in urine throughout
the history of all three cases showed some of the hallmark metabolites
associated with MADD, notably dicarboxylic acids, ethylmalonic acid,
glutaric acid as well as acylcarnitines- (butyryl-, isovaleryl- and glu-
tarylcarnitine) and acylglycine (hexanoyl- isobutyryl-, isovaleryl and
suberylglycine) conjugates. Patient 1 had not undergone any biopsies at
time of his death. Based on her clinical features, Patient 2 was early on
selected to undergo a muscle biopsy for respiratory chain enzyme
analyses, which revealed combined complex I, III, II + III and IV defi-
ciencies. The follow up investigation of CoQ10 levels in 600 x g su-
pernatants showed significantly reduced levels at 0.86 nmol/UCS
(controls 2.680–8.470 nmol/UCS, n = 37). For Patient 3, with an early
suspicion of MADD, fatty acid oxidation confirmed the functional de-
ficiency with palmitic (C16) and myristic (C14) acid oxidations almost
equally reduced in fibroblasts and leukocytes.

3.2. Mutation and protein analyses

A c.1067G > A (p.Gly356Glu) variant on the ETFDH gene was
detected in homozygous form in Patient 1 (Fig. 2S). This variant do not
appear on any clinical or genetic databases, nor in literature consulted
and was shown to be heterozygous in both parents as well as in an
unaffected sibling. This novel variant is predicted to be deleterious by
the SIFT prediction software and disease causing by MutationTaster
prediction software. For both Patients 2 and 3, a previously docu-
mented c.1448C > T (p.Pro483Leu) mutation and the putative dele-
terious c.1067G > A variant was identified in heterozygous forms.
Although the patient and family of Patient 2 were lost to follow up, the
carrier status for the c.1067G > A variant was confirmed in mother
and sibling for Patient 3. SDS-PAGE-western blot analysis (Fig. 1) of the
steady state levels for ETFDH in the only available tissue material
(muscle from Patient 2) showed a significant (83%) reduction com-
pared to controls.

4. Discussion and conclusions

Three patients presenting with clinical and metabolic features of
MADD were retrospectively investigated to identify the possible genetic
cause for the disease. Targeting genes possibly involved, we identified a
novel pathogenic variant (c.1067G > A) in ETFDH in all three pa-
tients. This variant was homozygous in the index patient (Patient 1),
who presented with a MADD type I phenotype, and compound het-
erozygous with the well-documented pathogenic variant c.1448C > T
in two other (Patients 2 and 3). Although the trajectories of clinical and
further investigations were different, all three patients presented with
clear clinical and metabolic features indicative of MADD type I (Patient
1), or type III (Patient 2 and 3). Patient 1, homozygous for the novel
c.1067G > A variant, presented in first days of life with the most se-
vere (type I) neonatal onset clinical and metabolic features of MADD,
notably with congenital features and being unresponsive to riboflavin
treatment. Patient 2, presenting with a multi-systemic neuromuscular
features early in life, was initially diagnosed with a combined mi-
tochondrial respiratory chain disorder in her ninth year. A deeper
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investigation into CoQ10 involvement and metabolomics resulted in the
final MADD diagnosis and the genetic outcome presented here. Patient
3 where diagnosed with MADD early in life via metabolic and func-
tional fatty acid oxidation tests, and were able to follow riboflavin
treatment. In this case, having a variant associated with a riboflavin
responsive (c.1448C > T) and unresponsive form (c.1067G > A), it is
not surprising that this patient showed a partial responsiveness to ri-
boflavin.

A closer look at this previously undocumented c.1067G > A var-
iant, indicate a substitution of a highly conserved Glu for Gly at position
356, putatively affecting the FAD domain of ETFDH [17,18]. Com-
paring it to other type I mutations also do not highlight any evident
structural similarities that can inform on any molecular basis for its
pathogenicity. It is also notably the first associated with this severe
phenotype identified in exon 8 of ETFDH. We had the limitation of
having biological material for only one of the patients for further
structural ETFDH analysis (Patient 2, with the compound heterozygous
c.1067G > A + c.1448C > T variants). Considering that the homo-
zygous c.1448C > T variant is known to result in significantly reduced
ETFDH activity (± 30% of WT) and steady state stability (< 10% of
WT) under low riboflavin conditions [19], it can be concluded from the
structural analysis (Fig. 1) that the presence of the c.1067G > A var-
iant on the alternative allele to the c.1448C > T variant should have a
similar impact on the instability of the native ETFDH protein. We
propose that this result, in addition to the predictive parameters of the
variant and the genetics in these families, support the suggestion that
this novel variant can be added to the list of mutations causing a type I
MADD phenotype.

Finally in conclusion, from the limited family histories and genetics
that could be gathered from these three cases, no relation between these
families could as yet be established. Nevertheless, we believe it is rea-
sonable to suspect that a common founder for the c.1067G > A mu-
tation may have originated within this population group. The reasons
for this is, firstly, that all three of these patients originate from
Caucasian Afrikaner families, which is a southern African population
group having descended from Europe since the 17th century; and,
secondly, that this mutation has not yet been reported in the better-
screened European population groups from which the Afrikaner popu-
lation originated. Considering the possibility that this mutation, in
addition to the milder, riboflavin-responsive c.1448C > T mutation,
may have a relatively high frequency in MADD patients of this

population group, we propose that this mutation should be included in
screening strategies for families with a history of MADD in this and
other related population groups.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jns.2017.11.012.
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