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Abstract Ethylmalonic encephalopathy (EE) is caused by
mutations in the ETHE1 gene. ETHE1 is vital for the
catabolism of hydrogen sulfide (H2S). Patients with
pathogenic mutations in ETHE1 have markedly increased
thiosulfate, which is a reliable index of H2S levels.
Accumulation of H2S is thought to cause the characteristic
metabolic derangement found in EE. Recently introduced
treatment strategies in EE, such as combined use of
metronidazole (MNZ) and N-acetylcysteine (NAC), are
aimed at lowering chronic H2S load. Experience with
treatment strategies directed against acute episodes of
metabolic decompensation (e.g., hemodialysis) is limited.

Here we present an unusually mild, molecularly confirmed,
case of EE in a 19-year-old male on chronic treatment with
MNZ and NAC. During an acute episode of metabolic
decompensation, we employed continuous renal replace-
ment therapy (CRRT) to regain metabolic control. On
continuous treatment with NAC and MNZ during the
months preceding the acute event, plasma thiosulfate levels
ranged from 1.6 to 4 mg/mL (reference range up to 2 mg/
mL) and had a mean value of 2.5 mg/mL. During the acute
decompensation, thiosulfate levels were 6.7 mg/mL, with
hyperlactatemia and perturbed organic acid, acylglycine,
and acylcarnitine profiles. CRRT decreased thiosulfate
within 24 h to 1.4 mg/mL. Following discontinuation of
CRRT, mean thiosulfate levels were 3.2 mg/mL (range,
2.4–3.7 mg/mL) accompanied by clinical improvement with
metabolic stabilization of blood gas, acylcarnitine, organic
acid, and acylglycine profiles. In conclusion, CRRT may
help to regain metabolic control in patients with EE who
have an acute metabolic decompensation on chronic
treatment with NAC and MNZ.

Introduction

Ethylmalonic encephalopathy (EE; OMIM #602473) is
generally considered a rare autosomal recessive neuro-
metabolic disorder of infancy but presents with wide
clinical heterogeneity. It is clinically characterized by
neurodevelopmental delay and regression, prominent pyra-
midal and extrapyramidal signs, recurrent petechiae, ortho-
static acrocyanosis, and chronic diarrhea (Drousiotou et al.
2011). It was first described by Burlina et al. in 1991, but it
was not until 2004 that Tiranti et al. mapped its genomic
locus to the ETHE1 gene (OMIM #608451) on chromo-
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some 19q13 (Burlina et al. 1991; Tiranti et al. 2004). The
ETHE1 gene encodes a 30-kDa polypeptide (ETHE1),
which is a non-heme, iron-dependent, mitochondrial matrix
sulfur dioxygenase that is involved in the catabolism of
hydrogen sulfide (H2S). It catalyzes the oxidation of
glutathione persulfide (GSSH) to give glutathione and
persulfite (Kabil and Banerjee 2012; Pettinati et al. 2015).

GSSH þ O2 þ H2O ���!hETHE1
GSHþ SO2�

3 þ 2Hþ

This reaction is a vital part of the H2S catabolic pathway, as
it generates the glutathione (GSH) that is needed for the
extraction of sulfur atoms of the intermediately produced
thiosulfate (Hildebrandt and Grieshaber 2008; Jackson et al.
2012).

Hydrogen sulfide is a colorless, water-soluble gas-
otransmitter with physiologic roles in CNS signaling, heart
rate regulation, blood pressure regulation, and inflammation
(Kimura and Kimura 2004; Nagai et al. 2004; Qingyou
et al. 2004; Whiteman et al. 2004; Xu et al. 2008; Bucci
et al. 2010; Elsey et al. 2010). In mammals, H2S can be
endogenously produced from L-cysteine taken up by diet or
synthesized via trans-sulfuration of serine by L-methionine,
but most of the H2S load stems from intestinal anaerobes
(Viscomi et al. 2010; Di Meo et al. 2015). Under steady-
state conditions, tissue concentrations of H2S are generally
in the low nanomolar range, but patients harboring biallelic
pathogenic mutations in ETHE1 were found to have
markedly elevated levels of thiosulfate, which can be used
as a stable and readily measurable index of H2S levels
(Viscomi et al. 2010). The accumulated H2S inhibits short-
chain acyl CoA dehydrogenase (SCAD) and cytochrome c
oxidase (COX) activities, causing the characteristic, but far
from specific, biochemical changes observed in patients
with EE, namely, ethylmalonic acid (EMA) aciduria,
sometimes with mild elevations of short-chain acylglycines
also detected in the urine organic acid profile (ethylmalonic
acid, methylsuccinic acid, isobutyrylglycine, and iso-
valerylglycine), increased levels of plasma C4- and C5-
acylcarnitines, and elevated plasma lactate (Tiranti et al.
2009). The ensuing metabolic derangement is thought to
cause damages to the intestinal mucosa and the endothelia
and lead to alterations of the blood vessel tone, thereby
resulting in the main clinical features of EE (e.g., chronic
hemorrhagic and/or mucoid diarrhea, petechial purpura
with edematous acrocyanosis, and progressive neurological
failure with pyramidal signs).

Treatment

There are several reports in the literature of patients that
have been diagnosed with EE through newborn screening,
during routine medical referral, or through a known family

history, which contributed to our understanding of chronic
management of this disease (Grosso et al. 2002; McGowan
et al. 2004; Zafeiriou et al. 2007; Mineri et al. 2008; Pigeon
et al. 2009; Dionisi-Vici et al. 2016; Tavasoli et al. 2017;
Boyer et al. 2018). This has led to the introduction of new
treatment strategies, such as the combined use of antibiotics
and N-acetylcysteine (NAC), which is aimed at lowering
the chronic H2S load (Viscomi et al. 2010). Metronidazole
(MNZ) is a commonly used bactericidal nitroimidazole that
is broadly active against aerobic and anaerobic bacterial
species (Perencevich and Burakoff 2006). N-acetylcysteine,
on the other hand, is a cell-permeable precursor of GSH,
which is needed as an acceptor of sulfur atoms in H2S
catabolism (Atkuri et al. 2007). Notably, a recent report by
Boyer et al. suggests that a diet restricted in sulfur-
containing amino acids, in addition to medical treatment,
results in further improvement in clinical outcomes and
biochemical markers in patients with EE identified on
newborn screening (Boyer et al. 2018). Despite these
advances, our knowledge of chronic management of EE
remains scant, due to the rarity of the disease and the fact
that many cases of EE described in the literature presented
within the first year of life in context of an acute metabolic
decompensation with an almost invariably lethal outcome.

Here we describe our experience with the use of
continuous renal replacement therapy (CRRT) to lower
plasma sulfide levels in an unusually mild clinical course of
EE in a 19-year-old male, who nonetheless presented with
an acute metabolic decompensation, despite chronic treat-
ment with antibiotics and NAC. To the best of our
knowledge, the use of continuous veno-venous hemodialy-
sis was reported only once before in a case of EE to remove
EE-associated metabolites during liver transplant surgery
(Dionisi-Vici et al. 2016).

Case Report

Our patient is a 19-year-old man with an atypical mild form
of EE. He was initially seen at the department of Medical
Genetics at 10 years of age because of long-standing spastic
paraplegia, dysarthria, and Arnold-Chiari malformation
type I of unclear etiology. He was also regularly followed
at the department of Pediatric Neurology for treatment of
his spastic paraplegia with a baclofen pump. He had no
history of diarrhea or acrocyanosis. The clinical features are
summarized in Table 1. His parents are a non-consanguine-
ous couple from Serbia, and he has an older healthy brother.

First Hospitalization

At 16 years of age, he was admitted to the pediatric ICU for
generalized spasticity and trismus in the context of an upper
respiratory tract infection. Metabolic work-up revealed
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elevated C4-carnitine on plasma acylcarnitine profile,
although without substantial elevation of C5-carnitine, and
moderately elevated EMA on urine organic acid profile on
three consecutive measurements (72, 29, and 42 mmol/mol
creatinine, reference range <11) along with slightly
elevated methylsuccinic acid levels and variable slight
elevations of short-chain acylglycines. Plasma lactate was
within the normal range on multiple samples. The rest of
the metabolic work-up was unremarkable. An MRI of the
brain showed bilateral and symmetric increased T2 signal-
ing in the basal ganglia and cerebellum (Fig. 1a, b).
Magnetic resonance spectroscopy (MRS) of the basal
ganglia demonstrated a corresponding high lactate peak
not shown. Sanger sequencing of the ETHE1 gene
identified a homozygous missense variant (c.79C>A; p.
Gln27Lys) for which both parents were carriers. Interest-
ingly, the same mutation (in heterozygous status with
another known pathogenic variant) was described in two
sisters with EE, also coming from former Yugoslavia
(Pigeon et al. 2009). The acute management during this
admission was supportive with IV fluids, dextrose, and
carnitine, and, based on his biochemical profile, MNZ and
NAC were added for treatment of suspected EE. After
discharge and upon molecular confirmation, chronic treat-
ment with MNZ 500 mg tid (1 week on, 1 week off) and
NAC at 100 mg/kg/day divided tid was initiated, and
plasma thiosulfate levels were measured regularly to assess
metabolic control. Over the next 12 months, his plasma

thiosulfate levels ranged from 1.6 to 4 mg/mL (reference
<2 mg/mL), and he demonstrated significant improvement
in mobility and speech.

Second Hospitalization with Acute Metabolic
Decompensation

At 17 years of age, the patient was admitted to the pediatric
psychiatric ward for an episode of suicidal ideation. During
the admission, he developed a severe metabolic decompen-
sation with encephalopathy, new-onset focal seizures, fever,
and high lactate with no identifiable trigger and, while on
sufficient caloric intake, required intubation and admission
to intensive care. His plasma thiosulfate levels increased
from 2.5 to 6.7 mg/mL, and plasma lactate levels were as
high as 14.8 mmol/L (reference range 0.6–2.4). Quantita-
tive urine acylglycine profile analysis (Bherer et al. 2015)
showed elevations of several C4, C5, and other species,
with butyrylglycine (C4) at 16.95 mmol/mol creatinine
(reference range, 0.01–0.15 mmol/mol creatinine) being
the most markedly elevated during the acute episode.
Table 2 summarizes laboratory investigations pre, post,
and during the acute events, while Supplementary Table 1
summarizes results for EMA, other organic acids, and
acylglycine profile from multiple samples collected during
the acute episodes and on other occasions. Plasma
acylcarnitine profiling persistently showed C4-carnitine
elevation in all samples. Multiple other acylcarnitines were
elevated only at the time of this acute episode, although
notably C5-carnitine was never substantially elevated (see
Table 2). Figure 2 summarizes the MRI images taken
during this episode, which demonstrated new evidence of
acute and chronic brain injury (Fig. 2a–c). While trying to
identify the underlying trigger of this acute episode, it was

Table 1 Summary of clinical features

Clinical features reported in EE Absent or present (� or +)

Failure to thrive �
Retinal lesions with tortuous vessels n/a

Orthostatic acrocyanosis �
Chronic diarrhea �
Petechiae �
Coma/encephalopathy During metabolic

decompensation

Developmental regression �
Developmental delay +

Intellectual disability +

Pyramidal symptoms +

Ataxia +

Hypotonia �
Seizures During metabolic

decompensation

Hyperintense lesions in the basal
ganglia on MRI

+

Other clinical features not reported in
EE

Trismus During first hospitalization

n/a not assessed

Fig. 1 MRI brain images during the first hospitalization. (a) T2-
weighted image demonstrating signal hyperintensity at the level of the
basal ganglia (black arrow). (b) T2-weighted image demonstrating
signal hyperintensity at the level of the cerebellum (white arrow)
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noted that the subcutaneous baclofen pump was empty, and
concerns were raised about the possibility of a baclofen
intoxication. Notably, continuous EEG recordings showed
moderate to severe disturbance of cerebral activity with
patterns suggestive of baclofen toxicity (e.g., triphasic
waves, frontal intermittent rhythmic delta activity alternat-
ing with faster rhythms in the theta and alpha range) (Sutter
et al. 2018). This could not be confirmed by measurement
of CSF baclofen levels, which were undetectable. Notably,
the CSF sample was drawn only on day 5 of the acute
event, 2 days after initiation of CRRT, due to the patient’s
clinical instability.

Despite intensive supportive management (IV fluids,
dextrose, MNZ, NAC, carnitine, and appropriate caloric
intake) over 3 days, there was worsening of the patient’s
clinical and metabolic state, reflected by increasing lactate
levels. Although his renal function remained intact (serum
creatinine 63 mmol/L with good urine output), additional
treatment with CRRT was initiated on day 4 and continued

for 96 h in the form of continuous venovenous hemodiafil-
tration (CVVHDF). The CVVHDF prescription included a
blood flow of 200 mL/min, dialysate flow of 1.2 L/h, and
replacement flow of 1.2 L/h. This rapidly lowered thiosul-
fate, lactate, and other biochemical parameters to baseline
levels and allowed us to regain metabolic control (Fig. 3 and
Supplementary Table 1). The improved metabolic state was
accompanied by a reversal of the encephalopathy and
restoration of consciousness. Over the following weeks, the
patient continued his recovery and could regain much of his
functionality.

Discussion

To this day, more than 80 patients have received a
molecular diagnosis of EE (Tiranti et al. 2004, 2006;
Mineri et al. 2008; Drousiotou et al. 2011; Tiranti and
Zeviani 2013). The natural history of the disease was
thought to be invariably fatal with onset in the first

Table 2 Summary of main biochemical parameters

Clinical status

Lactate
(plasma)
(0.6–2.2)a

Thiosulfate
(plasma) <2b

Plasma acylcarnitinesc Urine organic acids d and acylglycines e

C4
(0.06–0.44)

C5
(0.03–0.24)

EMAf

(<11)
Isobutyryl
(0.08–1.59)

Butyryl
(0.01–0.15)

Isovaleryl
(0.14–2.98)

First hospitalization 1 – 2.4 0.47 72 – – –

First hospitalization 1.4 – 6.71 0.92 – – – –

Stable interim
period

2.0 1.5 1.02 0.17 – – – –

DODg – 12 days 1.7 1.6 – – – – – –

DOD1g,h 7.7 3.3 1.14 0.19 100 7.48 16.95 8.32

DOD2g,h 10.6 5.4 – – – – – –

DOD3g,h 14.3 6.7 – – – – – –

DOD4g,h,i 14.8 – – – – – – –

DOD5g,h,i 12.9 1.4 – – – – – –

DOD6g,h,i 9.7 2.7 0.71 0.19 13 0.90 0.85 2.65

DOD7g,h 5.9 3.7 0.80 0.18 18 – – –

DOD8g,h 3.6 2.4 1.14 0.20 20 – – –

DOD9 2.3 – – – – – – –

Stable <2.2 3.6 – – – – – –

a Lactate – highest day level is indicated. Concentrations expressed in mmol/L; reference values shown in parentheses; italic values are above
reference range
b Thiosulfate, analysis by ion chromatography (NMS labs, USA). Concentrations expressed in mcg/mL; reference values shown; italic values are
above reference range
c Acylcarnitines. Concentrations expressed in umol/L; reference values shown in parentheses; italic values are above reference range
d Urine organic acids. Concentrations expressed in mmol/mol creatinine; reference values shown in parentheses; italic values are above reference
range
e Urine acylglycines. Concentrations expressed in mmol/mol creatinine; reference values shown in parentheses; italic values are above reference
range
fEMA ethylmalonic acid
gDOD day of decompensation
h Received IV carnitine
i Received CRRT
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2–4 months of life, which is followed by progressive
clinical deterioration with psychomotor regression and
complete absence of neurological improvement. However,
the two sisters (monochorionic twins) reported by Pigeon
et al., harboring one of the same mutations as our patient,
had a milder disease course suggesting a genotype-
phenotype correlation (Pigeon et al. 2009). Like our patient,
both sisters lacked the characteristic features of EE, such as
petechiae, orthostatic acrocyanosis, or chronic diarrhea. Of
note, despite them being monochorionic twins, their clinical
courses differed markedly; one had an episode of coma at

3 years of age, had spastic quadriparesis at 10 years of age,
and could not speak, while the other sister had pyramidal
symptoms mostly limited to the lower extremities and was
able to speak two languages. As mentioned by Pigeon et al.,
this observation highlights the marked clinical heterogene-
ity displayed in EE. Insight into the biochemical nature of
EE has led to the advent of new treatment strategies aimed
at lowering the chronic H2S load (e.g., MNZ and NAC).
Recently, Dionisi-Vici et al. convincingly reported the
successful use of liver transplantation as an effective
therapeutic approach in reverting the natural course of an

Fig. 2 MRI brain images during the second episode of acute
metabolic decompensation. (a) T2-weighted images demonstrated
interval atrophy and central necrosis of the known basal ganglia
abnormality with a new area of hyperintensity (white arrow) and
corresponding diffusion restriction along the posterior putamina. (b)
At the level of the cerebellum, there was abnormal symmetric
hyperintensity in the dentate nuclei and the inferior cerebellar

subcortical white matter (white arrow). (c) Multivoxel MRS demon-
strated an inverted lactate peak in the basal ganglia and centrum
semiovale at 1.3 ppm. The inverted lactate peak on MRS corresponds
to an elevated tissue lactate. At 1.3 ppm, lactate resonates with a
characteristic double peak at long echo times but is superimposed on
the lipid band. By using an intermediate echo time of 135–145 ms, the
lactate peak will be inverted, allowing it to be distinguished
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otherwise fatal neurological disease (Dionisi-Vici et al.
2016). However, experience with treatment strategies
directed against acute episodes of metabolic decompensa-
tion (e.g., hemodialysis) in patients with milder disease
forms, who may not qualify for liver transplantation, is
limited, except for a recent report of the use of IV NAC in a
patient with an acute episode of EE in the context of
meningococcemia (Kilic et al. 2017). Here we share our
experience with an unusually mild clinical course of EE in
a 19-year-old male, who presented with two acute episodes,
one being an acute metabolic decompensation. His second
episode was characterized by increasingly elevated lactate
levels and metabolic deterioration, as reflected by levels of
plasma thiosulfate and other biochemical parameters,
despite intensive supportive management. To regain control
of his metabolic state, we successfully employed CRRT to
lower plasma sulfide levels. Given the small size of
thiosulfate (112 D), these anions are readily removed by
convection from hemofiltration and/or diffusion from
dialysis; therefore, our patient received both modalities
delivered as CVVHDF. Importantly, CRRT removes NAC
but has no appreciable effect on the removal of MNZ
(Hernandez et al. 2015; Roberts et al. 2015). It is suggested
that the dose of intravenous NAC should be doubled during
dialytic therapies. Notably, when we measured baclofen in
CSF, levels were undetectable. It is important to point out
that the CSF sample could only be obtained on day 5 of the
acute episode. Around 70–80% of baclofen is excreted in

the urine, and about 15% is metabolized in the liver. The
elimination half-life is about 5 h in CSF but has been
reported to increase up to 35 h in overdose (Meulendijks
et al. 2015). However, given that CRRT is known to
improve baclofen clearance, it is conceivable that, after
5 days, most of the baclofen may have been eliminated
(Roberts et al. 2015).

In conclusion, CRRT may help to regain metabolic
control in patients with milder courses of EE with an acute
metabolic decompensation who are on chronic treatment
with NAC and MNZ and fail to respond to conventional
supportive measures.
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