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Abstract

Background and aims Mutations in FDXR gene, involved in mitochondrial pathway, cause a rare recessive neurological
disorder with variable severity of phenotypes. The most common presentation includes optic and/or auditory neuropathy,
variably associated to developmental delay or regression, global hypotonia, pyramidal, cerebellar signs, and seizures. The
review of clinical findings in previously described cases from literature reveals also a significant incidence of sensorimotor
peripheral polyneuropathy (22.72%) and ataxia (43.18%). To date, 44 patients with FDXR mutations have been reported.
We describe here on two new patients, siblings, who presented with a quite different phenotype compared to previously
described patients.

Methods Clinical, neurophysiological, and genetic features of two siblings and a systematic literature review focused on the
clinical spectrum of the disease are described.

Results Both patients presented with an acute—sub-acute onset of peripheral neuropathy and only in later stages of the disease
developed the typical features of FDXR-associated disease.

Interpretation The peculiar clinical presentation at onset and the evolution of the disease in our patients and in some cases
revised from the literature shed lights on a new possible phenotype of FDXR-associated disease: a peripheral neuropathy
which can mimic an acute inflammatory disease.

Keywords Peripheral neuropathy - FDXR - Phenotype

Abbreviations SEP Sensory-evoked potentials

CNS Central nervous system v Intra-venous

MRI Magnetic resonance CMAP Compound muscle action potential
CSF Cerebrospinal fluid SNAP  Sensory nerve action potential

BAEP  Brainstem auditory-evoked potentials
VEP Visual-evoked potentials

Highlights EEG Electroencephalogram

o FDXR disease spectrum includes a high incidence of cases
presented with ataxia and peripheral neuropathy, which can be
the predominant manifestation.

e Neurophysiological data suggest that peripheral polyneuropathy
in FDXR disease could be related to a primary nodal impairment.
e FDXR can present at disease onset with an acute/sub-acute FDXR mutations have been identified as cause of an auto-
flaccid paralysis mimicking acquired inflammatory peripheral somal recessive neurological disorder with a large spectrum

neuropathies. . .

o FDXR symptoms can be triggered by infections. of neurological presentations. The gene encodes for ferre-
o Genetic conditions can mimic acquired inflammatory peripheral doxin reductase, an enzyme involved in the biosynthesis of
neuropathies. iron sulfur clusters, essential to the mitochondrial pathway
[1]. Recent studies revealed that FDXR mutations cause
an abnormal iron accumulation in mitochondria of several

tissue, namely, the brain, heart, and liver, causing their
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dysfunction and, in central nervous system (CNS), neuro-
degeneration [2, 3].

To date, 44 patients with FDXR-associated disease have
been reported in the literature. The clinical presentation
was characterized by a wide range of neurological signs and
symptoms variably associated. Most of the patients had onset
in the first or second decade of life with optic and acoustic
neuropathy [1], either isolated or more rarely associated to
ataxia and/or hypotonia. A few patients suffered from a more
complex clinical phenotype with an earlier disease onset,
developmental delay or regression, pyramidal signs, micro-
cephaly, and seizures in addition to the typical features of the
disease, namely, acoustic and optic neuropathy. Recently, a
more severe clinical and neuroradiological presentations con-
sistent with Leigh syndrome was described [4].

We report here on two previously unreported cases who
presented with a quite different phenotype compared to so
far described patients. We also provide a systematic litera-
ture review focused on the clinical spectrum of the disease.

Materials and methods

The study adheres to the principles of the Code of Ethics
of the World Medical Association — Helsinki Declaration
and concerns data gathered during routine diagnostic activ-
ity. The study complied with the institutional regulations for
anonymized retrospective studies.

Genetic analysis methods

Genomic DNA was extracted from peripheral blood samples
taken from the two probands and their parents using standard
procedures. The exonic regions and flanking splice junctions
of the genome were captured using the Clinical Research
Exome v.2 kit (Agilent Technologies). Sequencing was done
on a NextSeq500 Illumina system with 150 bp paired-end
reads. Reads were aligned to human genome build GRCh37/
UCSC hg19 and analyzed for sequence variants using a cus-
tom-developed analysis tool. Additional sequencing tech-
nology and the variant interpretation protocol have been
previously described [5]. Coverage on target for the index
was > 10 x for 98.2% with a mean coverage of 210 X.

Results
Patient 1
He is the fourth child of eight siblings from consanguine-
ous parents native from Gambia. Family history was nega-

tive, and a normal psychomotor development was reported.
At the age of 9 years, he presented with recurrent nocturnal
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enuresis, and since the age of 10 years, the parent noticed
the onset of walking disturbances, for which he had not
been investigated. At 11 years of age, a sub-acute clinical
worsening was observed, since the boy developed marked
difficulties in autonomous gait and frequent falls over a
period of a few weeks, in association to lower limb pain.
At that time, the neurological examination showed lower
limbs proximal and mainly distal asymmetric muscle weak-
ness and reduced tendon reflexes. Brain and spinal cord
MRI, electroneurography, and cerebrospinal fluid (CSF)
protein and cell count were tested normal. Sensory-evoked
potentials (SEP) detected alterations of central conduction
at lower limbs with impaired cortical responses. The pos-
sibility of a sub-acute inflammatory acquired condition was
considered, and the boy was treated with intra-venous (IV)
methylprednisolone up to 10 mg/kg/day followed by oral
steroid with partial recover. Seven months later, he suffered
from a further worsening of gait and painful hyperesthesia
at distal upper and lower limbs. He repeated nerve con-
duction studies, which highlighted at first a reduction of
compound muscle action potential (CMAP) amplitude of
the lower limb motor nerves and a reduction of sensory
nerve action potential (SNAP) amplitude of upper limb
sensory nerves, which evolved, in the following assess-
ment, in a secondary chronic axonal damage, with a more
severe involvement of lower limbs. SEP confirmed marked
dysfunction along the spinal ascending pathways, and
motor-evoked potentials demonstrated an involvement of
descending ones. An auditory impairment was clinically
noted and brainstem auditory-evoked potentials (BAEP)
detected dysfunction of the brainstem acoustic pathway of
peripheral and retro-cochlear origin. Visual-evoked poten-
tials (VEP), as well as brain and spinal cord control MR
examination, were normal. The boy was treated again by
IV methylprednisolone followed by 2 cycles of IV immu-
noglobulin at a dose of 2 g/kg, with benefit on sensitive
symptoms and partial recovery of autonomous gait. He was
discharged with oral prednisone 1 mg/kg/day.

During the following years, the disease showed a slowly
progressive course with 1-2 episodes per year of exacerba-
tion with pain, hyperesthesia, and gait worsening, without
correlation with any triggering events except for the attempts
of corticosteroid therapy lowering. Treatment with steroids
and IV immunoglobulin where then repeated with only par-
tial benefit; azathioprine was started at 14 years of age with-
out effect in preventing the occurrence of further episodes
of deterioration.

Optic neuropathy was also documented for the first time
at 13 years: VEP and electroretinography showed reduced
amplitude and increase of latency and time dispersion, asso-
ciated with predominantly scotopic retinal alterations. Audi-
tory impairment worsened during years, and at 14 years of
age, he was fitted with hearing aid.
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From a diagnostic point of a view, a wide spectrum of
acquired and genetic conditions have been considered. CSF
repeated analysis did not show significant changes; several
metabolic, autoimmune, and infectious analyses have been
performed (plasma folate, vitamin B12, vitamin E, free
homocysteine, alanine, phytanic acid, ammonium, amino
acids, very long fatty acids, arylsulfatase A, galactocerebro-
side beta-galactosidase; urinary organic acids; lactate and
pyruvate on serum and CSF; serum anti-ganglioside GM 1
and GM2 antibodies; Borrelia, mycoplasma, EBV, HSV1-
2-6, CMYV, HZV, Coxsackie, echovirus, West Nile, HIV,
HTLV) showing normal results.

Patient 2

The patient is the younger sister of patient 1. She is a 7-year-
old previously healthy girl who was admitted at the hos-
pital because of severe abdominal pain, acute onset (over
4 days) of flaccid paralysis with loss of trunk control, and

Fig.1 MR examination
performed at the onset of
symptoms and at follow-up:

A axial T2-weighted image

at the level of craniocervical
junction demonstrates subtle T2
signal hyperintensities in the
posterior columns of spinal cord
(arrows). B Axial post-contrast
T1-weighted image at the level
of cauda equina shows contrast
enhancement of posterior roots
(arrows). C-D Follow-up MR
examination performed 1 year
later (same sections and tech-
nique, respectively, of A and B).
C Resolution of signal abnor-
malities in posterior columns. D
No more evidence of posterior
roots contrast enhancement

autonomous deambulation. Neurological examination dis-
closed mild dysarthria, diffuse hypotonia, upper limb hyper-
reflexia and proximal weakness, lower limb areflexia and
flaccid paralysis, dysesthesia, and pain in distal regions.
Nerve conduction study revealed reduced CMAP amplitude
of the upper limbs and reduced SNAP amplitude of the lower
limb sensory nerves, without signs of active denervation
at electromyographic assessment. VEP showed bilaterally
increased latency, reduced amplitude, and a disrupted wave
morphology. BAEP were normal. CSF cell count, glucose
and protein were normal. Serum IgG against SARS-COV2
were found positive. Brain MRI detected only slight chiasm
and optic nerves atrophy, while spinal cord MRI disclosed
T2 hyperintensities in the posterior columns and posterior
root contrast enhancement (Fig. 1A-B). EEG showed spread
theta—delta activity. The acute onset of axonal neuropathy
with MRI contrast enhancement of spinal root led to con-
sider the possibility of an acquired inflammatory peripheral
neuropathy. Treatment with IV IgG (400 mg/kg/day for 5
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consecutive days) was administered corresponding to a slow
improvement of strength gain in the upper and lower limbs.

At the second assessment of nerve conduction stud-
ies, performed 15 days later, nerve conduction parameters
returned to normal values. Considering some atypical clini-
cal and neurophysiological features, and given the history
of the older brother, the possibility of a genetic disorder was
suspected, and in parallel, an extensive biochemical work-up
excluding metabolic, autoimmune, and infectious diseases
has been performed (urinary porphyrin, porphobilinogen,
aminolevulinic acid (ALA), fecal porphyrin, erythrocyte
porphyrin, zinc protoporphyrins, dosage of delta-aminole-
vulinic acid dehydratase enzyme activity, plasma vitamin
B12, total plasma homocysteine, plasmatic copper and ceru-
loplasmin, plasmatic and urinary amino acid and urinary
organic acids, plasma lactate and pyruvate, serum and CSF
anti-ganglioside antibodies (anti-GM1 IgG, anti-GM1 IgM,
anti-GQ1b IgG, anti-GM2 IgG, anti-GM2 IgM, anti-GD1la
IgG, anti-GD1a IgM, anti-GD1b IgG, anti-GD1b IgM, and
anti-sulfatidies), CSF PCR of EBV, HSV1-2, VZV, CMV,
enterovirus). All these analyses were tested normal. A trio-
based whole-exome sequencing (WES) was performed
revealing an homozygous missense pathogenic variant on
the FDXR gene (c.463C>T, p.Argl55Trp) in the proband,
inherited from the healthy parents. This variant was already
reported in literature [2], and the frequency in the general
population is gnomAD MAF 4/282390. The same homozy-
gous mutation was detected in the affected brother.

Given the likely mitochondrial dysfunction underlying the
disease, we started a supplementation with Q10 coenzyme,
riboflavin, thiamine, and lipoic acid. At the last evaluation,
2 years after the onset, dysesthesia and four limb strength
were recovered, she regained head and trunk control, and
she was able to walk independently with wide base gait.
Moreover, follow-up MRI revealed no longer evidence of
root contrast enhancement and no more signal abnormalities
in posterior columns (Fig. 1C-D).

Literature review

A literature review, targeted to all published cases with
FDXR mutation, was conducted in PubMed. Search criteria
included “FDXR,” “ferredoxin reductase gene,” and “iron
sulfur.”

At the time of this paper drafting, 44 patients, from 35 dif-
ferent families, affected with FDXR-associated disease (sup-
plementary data Table 2) have been reported [1, 2, 4, 6-9].

Detailed description of clinical presentation is available
in 36 patients, of whom one suffered from an early-onset
severe multisystemic presentation with multiple malforma-
tions that lead to early death, and ten presented with a subtle
onset in the first years of life, a slowly progressive course,
with hypotonia, developmental delay, followed by signs
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of hearing and/or visual impairment in almost all cases. A
sub-acute onset is described in 19 patients whose symptoms
started in the first decade of life, with acoustic and/or visual
defects, ataxia, and nystagmus sometimes associated to
developmental regression. Six children had an abrupt onset
during infections, two of them presenting with ataxia and
two with signs of encephalopathy.

Across the various presentations of the disease spectrum, the
common main features included optic neuropathy (93.2%) and
acoustic neuropathy (50%). Sensorimotor peripheral polyneu-
ropathy has been described in 20.5% of patients. Most of the
patients developed, throughout the years, signs of neurologi-
cal and ophthalmological involvement, namely, ataxia (40.9%),
hypotonia (40.9%), pyramidal signs (22.7%), microcephaly
(15.9%), movement disorders (13.6%), seizures (6.8%), retinal
dystrophy (29.5%), nystagmus (18.2%), cataract (11.4%), and
ophthalmoplegia (4.5%).

Clinical manifestations associated with FDXR variants
are summarized in Table 1.

Brain MRI was reported to be normal in 38.6% of cases. The
other patients developed optic nerve atrophy (27.27%); basal
ganglia involvement with bilateral T2 hyperintensities in the
globus pallidus, thalami, and substantia nigra (15.91%); cere-
bellar atrophy/hypoplasia (13.63%); cerebral atrophy (11.36%);
thin corpus callosum (9.09%); and myelination delay (4.55%).

Table1 Clinical manifestations associate with FDXR vari-
ants (including reported cases from literature and patients reported in
this paper)

Clinical features %

Optic neuropathy 93.5
Acoustic neuropathy 50.0
Ataxia 43.9
Hypotonia 413
Developmental delay 39.1
Developmental regression 34.8
Retinal dystrophy 304
Peripheral neuropathy 23.9
Pyramidal signs 239
Speech issues 239
Nystagmus 17.4
Loss of deambulation 15.2
Microcephaly 15.2
Cataract 10.9
Encephalopathic episodes 10.9
Dystonia 8.7
Seizures 6.5
Ophthalmoplegia 43
Tremor 43

Table 1 summarizes all the clinical manifestations associated with
FDXR variants, listed in order of frequency in all the reported cases
both from literature and this paper
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Discussion

We described two new unreported FDXR-mutated siblings
presenting with acute onset of neurological disorder mimick-
ing an inflammatory condition.

To date, 44 cases with FDXR mutations have been
reported. The most common presentation includes optic and/
or auditory neuropathy, with onset in the first two decades
of life, in some cases associated to developmental delay or
regression, global hypotonia, pyramidal, cerebellar signs,
and seizures. Neuroimaging appeared normal or, in more
complex cases, characterized by cerebral and cerebellar
atrophy, basal ganglia abnormalities, delayed myelination,
and thin corpus callosum. Spinal cord atrophy and posterior
column T2 hyperintensity have been reported. A few cases
presenting clinical and radiological features fulfilling crite-
ria for Leigh disease have been described [4]. The clinical
presentation is therefore wide, but available data are still too
limited to define the presence of any genotype—phenotype
correlations. Interestingly, one of the previously described
patients shared the same pathogenic variants of our siblings
[2]. He presented with acute onset of ataxia in a context of
infection, with normal brain and spine MRI examinations,
progressing with episodes of intermittent ataxia up to per-
sistent gait abnormalities and visual impairment; some of
these features are similar to those of our cases; however,
neuroimaging was normal at the disease onset, and detailed
neurophysiological examinations were not described.

Sensorimotor peripheral polyneuropathy was the most
prominent signs in our patients. It has been reported only
in 20.5% of the patients, even if it is of note that almost half
of the cases presented with ataxia and/or gait impairment,
and it cannot be excluded that, at least in part of them, these
symptoms were caused by an undiagnosed peripheral neu-
ropathy not fully investigated.

Primary axonal impairment is described as the most com-
mon cause of peripheral neuropathy in mitochondrial disor-
ders [10, 11]. In both our patients, nerve conduction studies
showed at first a reduction in amplitude of CMAP and SNAP
which appears congruent with distal conduction block. In
patient 2, nerve conduction data quickly returned to normal
values, configuring a reversible conduction block, while in
patient 1, who had a longer follow-up, nerve conduction data
evolved progressively to a chronic axonal damage.

These features are strongly suggestive of the presence of
paranodopathy, a condition well described both in inflam-
matory and non-inflammatory peripheral neuropathies [12].
Some data suggest that paranodopathies can represent an
alternative mechanism of peripheral neuropathy in some
mitochondrial disorders, probably due to ischemic-like
depolarization of the axonal membrane consistent with dis-
ruption of energy-dependent process [13, 14]. Therefore,

taking into account the role in the mitochondrial pathway
of FDXR gene, we can suggest that a paranodopathy can be
the underlying mechanism in sensorimotor peripheral poly-
neuropathy in FDXR-associated disease.

In most of the cases described in literature, peripheral
neuropathy appeared in the last stages of the disease, while
in our patients, this was present since clinical onset. Of note,
in patient 2, this was the presenting feature with limb flaccid
paralysis, anterior and posterior root contrast enhancement
on spinal MRI, and neurophysiological signs of peripheral
nerve involvement, leading to consider the possibility of an
inflammatory causative mechanism, similarly to two other
cases from literature [6]. For this reason, an immunomodula-
tory treatment was started, and a concomitant improvement
of the clinical picture was observed in both siblings. The
reason of this improvement is not clear: it is possible that
it was only a chance association to treatment, as previously
observed in other genetic diseases [15] or that it was related
to the partial restoring of energetic demand after the reso-
lution of the infectious events that may have triggered the
relapses of the disease; it is to note that no positive response
to IV immunoglobulin was found in the case reported from
the literature [6]. Moreover, at least 15/44 published cases
(34%) displayed episodes of clinical deterioration triggered
by infections, and this was followed by spontaneous partial
recovery after the resolution of the intercurrent illness.

FDXR is a mitochondrial membrane protein implicated
in the biosynthesis of iron sulfur clusters, essential compo-
nents for the mitochondrial machinery function. It would not
therefore be surprising that the clinical picture has features
commonly observed in mitochondrial disorders and in other
disorders of Fe-S protein metabolism, such as Friedreich
ataxia. In most of the patients, a progressive course with
recurrence of relapses and remissions were observed, mostly
triggered by infections. This is frequently observed in the
course of mitochondrial disorders, but in the first stages of
the disease, it can be misdiagnosed with the acute onset of an
acquired inflammatory disorder. While mitochondrial disor-
ders are already well-known as possible differential diagno-
sis of acquired inflammatory conditions affecting CNS, our
two cases in addition to the other two previously published
[6] underline the importance of including FDXR mutation
in the differential diagnosis of inflammatory peripheral neu-
ropathies, especially when an acquired origin is ruled out or
not totally convincing.

In conclusion, FDXR biallelic mutations can be associated
to a wide spectrum of clinical presentation; our cases suggest
that peripheral neuropathy can be the predominant manifes-
tation and neurophysiological data suggest that it could be
related to a primary nodal impairment. In some case, periph-
eral neuropathy can be the presenting symptoms, and it can be
misdiagnosed as an acquired inflammatory condition.
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10072-023-06790-0.
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