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Ethylmalonic encephalopathy (EE; OMIM #602473) is an autosomal recessive disorder char-
acterized by (1) progressive neurologic impairment, including global developmental delay with
periods of regression during illness, progressive pyramidal and extrapyramidal signs, and seizures;
and (2) generalized microvascular damage, including petechial purpura and chronic hemorrhagic
diarrhea. It leads to premature death. EE is caused by mutations in ethylmalonic encephalopathy
protein 1 (ETHE1), and more than 60 different mutations have been reported.1,2 ETHE1
encodes a mitochondrial sulfur dioxygenase involved in the catabolism of hydrogen sulfide
(H2S).

2 Impairment of sulfur dioxygenase leads to the accumulation of hydrogen sulfide and its
derivatives (thiosulphate) in various body fluids and tissues. Higher concentration of H2S is toxic
and induces direct damage to cell membranes. It inhibits cytochrome c oxidase (COX), increases
lactic acid and short-chain acyl-COA dehydrogenase, and leads to elevation of ethyl malonate and
C4/C5 acylcarnitine in muscle and brain.2 We describe the clinical phenotype and MRI, path-
ologic, and biochemical findings of a patient with EE from India who had a novel homozygous
c.493 G>C (p.D165H) variation in ETHE1.

Clinical case
The proband was born to consanguineous parents (first cousins) during the eighth month of
gestation (figure 1A). Postnatally, he required admission to the intensive care unit because of poor
feeding and “sepsis.” He attained early developmental milestones on time. At 7 months, he
developed vomiting, altered sensorium, generalized seizures, and global regression following
a febrile illness. He had hyperammonemia (179.7 μmol/L; reference range: 16–60 μmol/L).
Brain MRI showed altered signals in the dorsal pons, which were hyperintense in T2-weighted
imaging and isointense on fluid-attenuated inversion recovery. He was treated with antibiotics,
antiviral and antimalarial agents, and anticonvulsants, alongwith IV immunoglobulin based on the
presumed diagnosis of acute disseminated encephalomyelitis, and he recovered gradually. From 3
years and 10months of age, he gradually regressed in all domains. At the time of first evaluation at
our center at 52months of age, he had head circumference of 48 cm (3rd centile), height of 87 cm
(<3rd centile), and weight of 10.2 kg (<3rd centile) and skin rash (figure 1B). Ocular fundi were
normal. There were contractures at hamstrings and tendo-Achilles and generalized spasticity,
exaggerated stretch reflexes, and extensor plantar responses along with involuntary movements in
the form of dystonia, with a component of chorea (video 1).

Elevated serum lactate was observed on multiple occasions (38.2, 42.7, and 53.4; reference range:
4.5–20mg/dL), while serum ammonia wasmildly elevated on 2 occasions (58.0, 71.0, 74.0 μmol/
L; reference range: 16–60 μmol/L). Screening for inborn errors of metabolism showed normal
amino acids and acylcarnitine profile. Gas chromatography–mass spectrometry for organic acids
in urine carried out on 2 occasions showed normal results at 4 years of age and mild elevation of
ethylmalonic acid (EMA) (4.5-fold) at 5 years of age (figure e-1A, doi.org/10.5061/dryad.
6c9h1k7). The patient received anticonvulsant (levetiracetam), antispasticity agent (baclofen),
biotin, carnitine, coenzyme Q , and multivitamins. During follow-up, he made interim de-
velopmental progress (figure 1A). Serial MRIs of the brain between 11months and 5 years of age
are depicted in figure 1C.
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Figure 1 Clinical features and MRI, pathologic, biochemical, and genetic observations in a patient with ethylmalonic
encephalopathy

(A) Schematic representationof the clinical course. (B) Patchy erythematous skin rashover the trunkandextremities. (C) Axial sectionsof brainMRI show ill-defined areas
ofalteredsignal intensity in theperiventricular region,adjacent frontalhorns,andatriaof lateral ventriclesbilaterallywithmildpaucityofwhitematterat11monthsofage.
At 52 months, brain MRI shows bilaterally symmetrical, patchy hyperintensity in caudate and putamina, without evidence of diffusion restriction or bleed and subtle
hyperintensity in the dorsal pons. A small focus of enhancement is noted in the right caudate head. Bilaterally symmetrical hyperintensity is also noted in the
periventricularwhitematter.BrainMRIat60monthsofageshowsthepersistenceofhyperintensity incaudateandputaminaandsubtlehyperintensity in thedorsalpons.
Theextentand intensityof enhancement inpostcontrast sequenceshas increased. (D) Transversely cut skeletalmuscle tissueshows (a)normal succinatedehydrogenase
(SDH) (×200) and (b) normal cytochrome c oxidase (COX)–SDH (×200) staining pattern; (c) sections from biopsy showmild variation in fiber size on hematoxylin & eosin
stain (×200) and (d, e) SDHandCOX-SDH reveal reduced intensity (×200). (f) Electronmicroscopy showselectron-dense structure in themitochondria (arrow; ×12,000). (E)
Sequence electropherogram of c.493 G>C variation shows (arrow) wild-type in control, homozygous mutant in patient, and heterozygous in father and mother. (F)
Western blot analysis of skeletal muscle extracts of ETHE1 protein shows a very low level of expression in the patient compared to control; OXPHOS complex I, II, and IV
was reduced and CIII had mild reduction in the patient compared to control. VDAC was used as loading control. ADC = apparent diffusion coefficient; DWI = diffusion-
weighted imaging; FLAIR = fluid-attenuated inversion recovery; ICU = intensive care unit; PROM = premature rupture of membranes; T2W = T2-weighted.
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Muscle biopsy sections stained for oxidative enzymes–
succinate dehydrogenase (SDH) and combined in COX-
SDH showed reduced intensity (figure 1D, d and e).
Ultrastructurally, electron-dense inclusions were noted in
mitochondria (figure 1Df). Respiratory chain complex assays
showed an isolated deficiency of complex IV in the muscle
(9.47% of the normal mean value), and remaining complexes I
(36.5%), II (33.07%), and III (147.06%) were normal.

Exome sequencing showed a novel homozygous missense
c.493 G>C (p.D165H) variation in ETHE1 (figure 1E), which
was validated by Sanger sequencing. Both parents were het-
erozygous carriers (figure 1E), suggesting an autosomal re-
cessive mode of inheritance (figure e-1B; doi.org/10.5061/
dryad.6c9h1k7). This variation was highly conserved across the
species (figure e-1C) and was predicted to be deleterious by in
silico tools (Sorting Intolerant From Tolerant, PROVEAN,
and Polyphen-2). This variation was not found in 180 healthy
controls or the 1000 Genomes Project, Exome Aggregation
Consortium (ExAC), or Genome Aggregation Database
(gnomAD).Western blot analysis revealed lowETHE1 protein
level in the patient (figure 1F). OXPHOS complex
I (NDUFB8), II (SDHB), and IV (MTCO1) were markedly
reduced, with mild reduction in complex III (UQCRC2)
protein levels as compared to control (figure 1F).

Discussion
EE was first described in Italy and the causative gene, ETHE1,
was identified in 2004.1 It is located on chromosome 19 and
encodes a member of the metallo-β-lactamase family contain-
ing iron proteins involved in the mitochondrial sulfur dioxy-
genase pathway.1,2 Since the identification of ETHE1, several
point mutations and deletions have been described worldwide,
with most patients belonging to Mediterranean or Arab
ethnicity.

Patients with EE typically manifest with global delay and pro-
gressive neurologic deterioration leading to death within the
first decade of life.1 The clinical course in our patient was
marked by normal development up to 7 months of age, fol-
lowed by periods of neuroregression. Atypical clinical features
have been described, including intrafamilial variability.3–5 The
characteristic features of EE noted in our patient included
failure to thrive, seizures, spasticity, skin lesions, and worsening
with intercurrent infection. Mucocutaneous manifestations
arise from microvascular injury and include relapsing petechiae
over the trunk, cutis marmorata over extremities, hemorrhagic
suffusion over mucosal surfaces, and orthostatic acrocyanosis of
distal extremities.1,5 Recurrent vomiting, hemorrhagic diarrhea,
features of connective tissue disorder (vascular fragility and
joint hyperextensibility), hydronephrosis, undescended testes,
and cardiac anomalies are other systemic manifestations of EE.3

BrainMRI shows patchy hyperintense and enhancing lesions in
basal ganglia typical of EE.2,3 Other reported abnormalities
include hyperintensities of the brainstem, dentate nuclei, and

cerebellar white matter, restricted diffusion, cortical atrophy,
widened subarachnoid spaces, diffuse leukoencephalopathy,
and congenital anomalies such as tethered cord and Chiari I
malformation.2,5

The biochemical markers of EE include lactic acidosis, el-
evated C4&C5 plasma acylcarnitines, and high EMA, iso-
butyryl glycine, and 2-methyl butyryl glycine in the urine.1

In our patient, the serum lactate level was persistently ele-
vated, but urinary excretion of EMA and serum C4 and C5
acyl carnitines were normal. A report from Italy showed the
absence of EMA during intercritical phases and the authors
suggest that ETHE1 gene evaluation is required even in the
absence of biochemical abnormalities.4 Accumulation of
toxic compounds (sulfide) in EE causes inhibition of COX
activity and degradation of COX subunits and mitochon-
drial dysfunction.1 In our patient, the enzyme activity of
SDH and COX-SDH showed reduced intensity coupled
with an isolated deficiency of complex IV activity in the
skeletal muscle. Furthermore, the ultrastructural study
showed presence of electron-dense inclusions within the
matrix of mitochondria.

Exome sequencing analysis revealed a novel homozygous
missense c.493 G>C variation, leading to p.D165H of exon 4
in the patient, and the parents were heterozygous carriers.
This variation is conserved and predicted to be pathogenic by
in silico analysis. Western blot analysis for ETHE1 was low,
suggesting impaired catalytic activity. OXPHOS protein
complexes I, II, and IV were reduced significantly, with mild
reduction of complex III protein levels. This suggested that
the p.D165H variation resulted in OXPHOS dysfunction. It is
important to establish an early diagnosis as it helps in
prognostication.

The differential diagnoses of EE include many disorders in
view of the overlapping clinical and biochemical findings.
Clinically, EE has been shown to masquerade as a hema-
tologic disorder, meningococcemia, connective tissue
disorder, septic shock, and encephalitis because of the
hemorrhagic lesions, diarrhea, encephalopathy, and articu-
lar hyperlaxity. Persistent ethylmalonic aciduria, apart from
EE, is noted in short-chain acyl-CoA dehydrogenase de-
ficiency, glutaric aciduria type 2, and some forms of mito-
chondrial respiratory chain enzyme deficiency. Precise
diagnostic algorithm should be followed to differentiate
these disorders from EE.

Multiorgan dysfunction in EE requires management by a team
of specialists. Treatment is largely supportive and includes use
of antispasticity medications, muscle relaxants, anti-
convulsants, and early institution of physiotherapy to prevent
contractures. Adequate nutrition and hydration should be
ensured during diarrheal episodes. Partial benefit with ribo-
flavin and coenzyme Q10 treatment has been reported.6 Diet
restricted in sulfur-containing amino acids has been shown to
improve the clinical outcome and biochemical markers.7
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The combined use of metronidazole and N-acetylcysteine has
been used to control the H2S overload, the toxic mechanism
implicated in patients with EE.8 N-acetylcysteine acts as
a physiologic acceptor of the sulfur atom of H2S while met-
ronidazole reduces the sulfide producing bacterial load in the
large intestine. Plasma thiosulfate levels could be determined
to measure the adequacy of treatment. Continuous renal re-
placement therapy has been used to treat acute metabolic
compensation.9 Orthotopic liver transplantation is emerging
as a new therapeutic option for EE.2 Targeted adeno-
associated virus–mediated ETHE1 gene transfer has been
shown to improve both clinical course and metabolic abnor-
malities in a mouse model.10

We report a case of EE with a novel pathogenic variation c.493
G>C(p.D165H) in ETHE1 with mild and inconsistent ele-
vation of EMA and normal C4/C5 acylcarnitine. These
findings support and expand the knowledge of the causative
mutation in EE.
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