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A B S T R A C T   

Ethylmalonic encephalopathy (EE) is a rare metabolic disorder caused by dysfunction of ETHE1 protein, a 
mitochondrial dioxygenase involved in hydrogen sulfide (H2S) detoxification. EE is usually a fatal disease with a 
severe clinical course mainly associated with developmental delay and regression, recurrent petechiae, ortho
static acrocyanosis, and chronic diarrhoea. Treatment includes antioxidants, antibiotics that lower H2S levels 
and antispastic medications, which are not curative. The mutations causing absence of the ETHE1 protein, as is 
the case for the described patient, usually entail a severe fatal phenotype. Although there are rare reported cases 
with mild clinical findings, the mechanism leading to these milder cases is also unclear. Here, we describe an 11- 
year-old boy with an ETHE1 gene mutation who has no neurocognitive impairment but chronic diarrhoea, which 
is controlled by oral medical treatment, and progressive spastic paraparesis that responded to Achilles tendon 
lengthening.   

1. Introduction 

Ethylmalonic encephalopathy (EE) (MIM #602473) is an autosomal 
recessive severe metabolic disorder of infancy affecting the brain, gas
trointestinal tract, and peripheral vessels. The disorder is characterized 
by neurodevelopmental delay and regression, prominent pyramidal and 
extrapyramidal signs, seizures, recurrent petechiae, orthostatic acro
cyanosis, and chronic diarrhoea [1]. Brain magnetic resonance imaging 
(MRI) shows widespread necrotic lesions in deep grey matter structures 
[2]. The onset and degree of severity of these symptoms vary from 
patient to patient, even with the same mutation, but mostly occur early 
in development [3]. 

EE is characterized by an unusual combination of biochemical 
findings, which include persistent lactic acidaemia, elevated con
centrations of C4 and C5 plasma acylcarnitine species, markedly ele
vated urinary excretion of ethylmalonic acid (EMA), and elevated C4–6 
acylglycines, notably isobutyrylglycine and 2-methylbutyrylglycine. In 
2004, the EE locus was identified by autozygosity mapping in a region 

on chromosome 19, and the gene was identified and termed ETHE1, for 
Ethylmalonic Encephalopathy gene 1 [4]. ETHE1 is a 30-kDa poly
peptide located in the mitochondrial matrix, which functions as a 
homodimeric, Fe-containing, sulfur dioxygenase (SDO) involved in the 
catabolic oxidation of hydrogen sulfide (H2S) to sulfate [5]. 

Low concentrations (< 125 μM) of H2S has many physiological 
functions in healthy humans, including signalling between neurons, 
cardioprotection, heart rate regulation, vasorelaxation, angiogenesis, 
and antioxidant, anti-inflammatory and cytoprotective effects in the 
epithelium. H2S is synthesized through cystathionine β-synthase (CBS), 
cystathionine γ-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase 
(3-MST) from cysteine, and a rather relevant amount is synthesized also 
by intestinal bacteria (Fig. 1). Although H2S acts in traces as a cyto
protective agent, at high concentrations, it is a powerful toxic agent that 
inhibits some important enzymes with antioxidative and energy-pro
ducing effects. Cytochrome c oxidase, carbonic anhydrase, and short- 
chain acylCoA dehydrogenase (SCAD) are the main enzymes which 
impairment causes clinical and laboratory findings during H2S 
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intoxication [6]. 
A major mitochondrial enzymatic pathway is responsible for the 

removal of H2S from tissues. H2S is initially fixed by a membrane-bound 
sulfide quinone oxidoreductase (SQR). The electrons extracted from 
H2S enter the respiratory chain at the level of the quinone pool (UQH/ 
UQ), are then transferred to complex III (cIII), and are finally fixed by 
cytochrome c oxidase (complex IV, cIV) to molecular oxygen with the 
formation of water. Sulfur dioxygenase (SDO/ETHE1), present as an Fe- 
binding dimer in the mitochondrial matrix, oxidizes the sulfur atom of 
H2S fixed in a persulfide moiety (H2SO3) to sulfite (SO3

2−) in a reaction 
that includes molecular oxygen and water (Fig. 1). Sulfite is further 
oxidized into sulfate (SO4) by sulfite oxidase [4]. These systems are 
likely to have an important physiological function in maintaining the 
low tissue concentrations of H2S. Impaired activity of ETHE1-SDO leads 
to the accumulation of H2S in critical tissues, which inhibits short-chain 
acyl-CoA dehydrogenase (SCAD), therefore accounting for EMA acid
uria and high levels of C4 and C5 acylcarnitines; COX deficiency causes 
diffuse hypoxic tissue damage and SCAD deficiency causes elevated 
lactate and EMA in plasma, both resulting in severe oxidative stress and 
faulty bioenergetics [5]. H2S directly damages endothelial cells and 
alters the vessel tone determining vasodilation, thus accounting for the 
petechiae, orthostatic acrocyanosis and mucosal damage with chronic 
diarrhoea. 

2. Case report 

An 11-year-old boy was referred to the hospital with spastic para
paresis and intractable diarrhoea from 5 years of age. He was the first 
child of consanguineous parents with an unremarkable family history. 
He was born at term, following an uneventful pregnancy and delivery. 
His birth weight was 3250 g (50th–75th percentile), and his height was 
53 cm (75th–90th percentile). He was breastfed until six months after 
birth. During weaning, he began complaining of nutrition therapy-re
sistant diarrhoea. Endoscopy and colonoscopy were performed con
sidering food allergies or malabsorption syndromes. Both were normal. 
He began walking at 14 months of age. He was assessed at the ortho
paedics unit because of frequent falls, and metabolic tests were sug
gested. 

Upon physical examination, the only finding was spasticity in the 
lower limbs. The patient had normal neurodevelopmental progression. 
Plasma lactate was within normal levels. Metabolic tests showed 
slightly elevated C5-carnitine (0.39 μmol/L; n.v. 0.31–0.01) in plasma 
and elevated ethylmalonic acid (EMA) (46 mmol/mol creatinine; 
n.v. < 8.4), isovaleryl glycine (19 mmol/mol creatinine; n.v. 0), and 

isobutyryl glycine (10 mmol/mol creatinine; n.v. < 1,6). When mild 
clinical findings and these metabolites were evaluated together, they 
suggested SCAD deficiency. Brain MR imaging was performed to re
concile the unexpected lower limb spasticity with SCAD deficiency. 
Brain MRI and spectroscopy results were normal. The rest of the bio
chemical and metabolic work-up was unremarkable. EMG did not in
dicate muscle or nerve involvement. We repeated the analyses because 
the EMA excretion was rather low compared to canonical EE and ob
tained the same metabolic profile. For a conclusive diagnosis, mutation 
analysis revealed homozygosity for a c.3G  >  T (p.Met-1-Ile-) mutation 
in the ETHE1 gene. ETHE1 gene sequence analysis was done with MiSeq 
next generation sequencing (NGS) platform (Illumina, San Diego, CA, 
USA). Genomic DNA isolation was done according to the manufacturer's 
standard procedure with Anatolia magnetic bead kit (Anatolia, Turkey). 
Since this mutation is responsible for the severe phenotype, parental 
genetics and functional tests were performed to confirm the diagnosis. 
Western blot analysis of ETHE1 indicated that the protein was virtually 
absent in mutant skin fibroblasts (Fig. 2) showing only a very faint 
band. We can't exclude the presence of a shorter ETHE1 protein starting 
at a second methionine at position 28, which could not be visualised 
with the western blot conditions utilized. 

The patient received oral metronidazole (MTZ) and N-acetylcysteine 
(NAC) for 6 months. This regimen caused abdominal pain and 

Fig. 1. The pathways of H2S synthesis and removal (CBS: cystathionine β-synthase; CSE: cystathionine γ-lyase; CAT: cysteine aminotransferase; 3-MST: 3-mer
captopyruvate sulfurtransferase; SQR: sulfide quinone oxidoreductase; SDO/ETHE1: sulfur dioxygenase; SUOX: sulfite oxidase; TST: thiosulfate sulfur transferase; 
GSH: glutathione; UQ: quinone; cIII: complex III; cIV: complex IV). 

Fig. 2. Virtual absence of ETHE1 protein in the case according to western 
blotting. 
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discomfort. He was then given a supplementary probiotic agent 
(Saccharomyces boulardii CNCM I-745®) at the dosage 5 billion colony- 
forming units that limited the number of bowel discharges. To prevent 
oxidative damage due to H2S, coenzyme Q10 and riboflavine therapy 
were added to the therapeutic protocol. As a result of all these treat
ments, some clinical and biochemical benefits were observed as the 
EMA levels decreased. He never experienced a metabolic attack or 
encephalopathic coma (Table 1). Diarrhoea was under control, with 
marked amelioration of his quality of life, but spastic paraparesis pro
gressively worsened. Lengthening of the Achilles tendons allowed him 
to walk without support, although muscle weakness persisted. Muscle 
strength was supported by regular physiotherapy, in addition to med
ical treatment. In the 2-year follow-up after the operation, rapid growth 
in height caused some deterioration in walking. However, this dete
rioration did not prevent him from walking without support. Currently, 
he has normal cognitive development with an IQ of 104, with good 
proficiency. 

3. Discussion 

EE is a metabolic disorder characterized by an unusual combination 
of specific and unique clinical phenotypes and biochemical features, 
leading to characteristic psychomotor retardation, chronic mucoid 
diarrhoea and relapsing petechiae with acrocyanosis. The biochemical 
profile includes lactic acidaemia, elevated plasma C4 and C5 acylcar
nitines as well as C4–6 acylglycines and markedly increased urinary 
excretion of ethylmalonic acid. EE is caused by homozygous or com
pound heterozygous mutations in the ETHE1 gene, which is located on 
chromosome 19q13 and encodes a mitochondrial matrix sulfur dioxy
genase. The association of ETHE1 gene mutations with the disease was 
reported by Tiranti et al. [4] in 2004. c.3G  >  T (p.Met-1-Ile-) mutation 
in the ETHE1 gene has also been identified by the tiranti as a severe 
mutation [5]. Since then, there has been an increase in the number of 
associated mutations and reported cases. No genotype-phenotype cor
relations have been shown with biallelic pathogenic variants to date. 
Clinical heterogeneity exists even in cases with the same mutation [7]. 
Despite the fact that the majority of typical cases have severe findings, 
some atypical individuals have also been reported [7,8]. It is also 
known that there are a few cases with mild atypical findings, whose 
diagnosis is often delayed until adolescence or adulthood [9]. 

Western blot analysis of the ETHE1 protein indicated that some of 
the missense mutations are associated with the presence of the protein, 
suggesting that the mutant amino acid impairs catalytic function [5]. 
Concentrations of EMA and other short-chain acylglycines were found 
to be lower in these mild cases than in severe cases, but it has been 
shown that metabolites increase rapidly in blood and urine during acute 
attacks. While it is understandable that there are mild clinical findings 
due to the presence of some detectable ETHE1 protein, it is difficult to 
explain the cases where the protein is absent, as in our case. The mu
tation in our case is a known loss-of-function change usually associated 
with a severe phenotype [4]. Accordingly, in our patient fibroblast cell 
line, the ETHE1 protein was undetectable by western blot analysis. 
Thus, additional genetic factors, including the activation of alternative 
pathways for the disposal of H2S, such as that involvement of cysteine 
dioxygenase, must play a compensatory role in this case. It is hard to 
explain why the clinical phenotype and biochemical findings are so 
mild when there is no synthesized ETHE1 protein. Although these three 
systems are said to have an equally important function in maintaining 
physiologically relevant tissue concentrations of H2S, the pathways may 
not be equally effective in each person. Interactions among antioxidant 
mechanisms have been reported in H2S detoxification [10]. 

Individual genetic differences, such as modifying genes or sup
pressor genes, may be other or additional influencing factors. The 
possibility of significant environmental factors or alternative non- 
ETHE1-related genetic factors influencing mutant gene expression must 
be considered. Another explanation is that the amount of ETHE1-pro
tein produced can differ among tissues. The important difference in this 
case compared with other cases is that there was no pathology detected 
by brain MRI, whereas in other cases with milder symptoms, typical 
signs of brain disease were observed by MRI. 

Treatment is mostly supportive, including antioxidants, antispastic 
medications, muscle relaxants, and antiepileptic drugs [11,12]. Among 
these drugs, NAC and metronidazole are prominent in treatment due to 
their H2S-reducing effects. NAC is a cell-permeable precursor of glu
tathione (GSH), an abundant compound in mitochondria, where it acts 
as one of the physiological acceptors of the sulfur atom of H2S via SQR 
[10,13,14]. Metronidazole is an antibiotic widely used to combat 
anaerobic infections by reducing the bacterial load in the large intes
tine, which is a major source of H2S [15]. The beneficial effects of both 
agents have been shown in most of the affected cases [10,14], but to 

Table 1 
Clinical and laboratory findings for the case.           

0 days 1 month 6 months 1 year 2 years 3 years 4 years 

NAC-MTZ NAC-MTZ NAC-MTZ CoQ10-B2 NAC-MTZ CoQ10-B2 NAC-MTZ CoQ10-B2 NAC-MTZ CoQ10-B2 operation  

Clinic 
Spastic paraparesis ++ ++ ++ ++ +++ +++ + 
Diarrhoea (times/day) 15-20 15 10 4 4 3 2  

Laboratory 
ethylmalonic acid (U)† 46 36 10 23 31 28 19 
n.v.  < 8.4⁎ 

isovaleryl glycine (U) 19 16 16 3 1.5 2.4 – 
n.v. 0⁎ 

isobutyryl glycine (U) 10 8.4 6.6 4.1 2 3.5 0.12 
n.v. < 1.6⁎ 

methylsuccinic acid (U) 1.6 0.4 – 0.8 1 0.16 – 
n.v.  < 4.4⁎ 

2-methylbutyrylglycine (U) 0.8 – – – 0.4 0.21 – 
n.v. 0⁎ 

C4-Carnitine (P)⁋ 1.26 1.08 1.15 1.2 1.2 1.25 1 
n.v. 0-1.3⁎⁎ 

C5-Carnitine (P) 0.39 0.32 0.29 0.27 0.3 0.31 0.25 
n.v. 0.31- 0.01⁎⁎ 

Lactate (P) 14 15 12 13 15 17 11 
n.v. 4.5-19.8⁎⁎⁎ 

⁎mmol/mol creatinine; ⁎⁎μmol/L; ⁎⁎⁎mg/dl; ⁋ plasma; † urine  
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date, curative treatment has not been achieved. Antioxidant cocktails 
have been tested, but their benefit is controversial [16] despite the 
observation that an untargeted metabolic approach on EE fibroblasts 
demonstrated an alteration of the redox state [17]. In our case, we 
observed laboratory and clinical benefits of such a cocktail when given 
in addition to NAC and metronidazole. Gene therapy and liver trans
plant, reported in some publications, are not routine treatments, and 
their effects encouraging, but the numbers of cases is insufficient to 
prove unequivocally their efficacy [18,19]. In addition to chronic 
treatments, cases that benefit from continuous dialysis renal replace
ment therapy (CRRT) in acute metabolic coma have been reported [9]. 
The Achilles tendon lengthening operation, performed on our patient to 
reduce the progressive lower limb spasticity that occurred despite 
medical treatments, improved his quality of life. This interventional 
method is suggested to improve the quality of life, especially in cases 
with good neurocognitive development. 

4. Conclusion 

Ethylmalonic encephalopathy can occasionally occur with a late 
onset and mild clinical symptoms, in addition to the severe clinical 
presentation that is more frequently observed. The metabolic profile 
may be subtle and thus create difficulty in the diagnosis of these mild 
cases. It can be argued that the response of these cases to antioxidant 
treatments is more obvious than that of more severe cases, and their 
prognosis is better. Our case allowed us to evaluate and discuss an 
unusually mild presentation of ethylmalonic encephalopathy, despite 
the absence of ETHE1 protein in functional tests. 
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