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ABSTRACT

The association of ataxia, hypergonadotropic hy-
pogonadism and hearing loss is extremely rare. Consid-
erable heterogeneity exists in the literature of the neu-
rological manifestations, age of onset, clinical severity
and associated abnormalities. We describe a 24-year-
old woman with secondary hypergonadotropic amen-
orrhea, early-onset progressive spinocerebellar ataxia
(SCA), late-onset sensorineural hearing loss and nor-
mal intelligence and compare it with reported cases.

Keywords: Cerebellar ataxia, Hearing loss, Sen-
sorineural, Premature ovarian failure

INTRODUCTION

The association of hypogonadism and cerebellar
ataxia (Gordon Holmes syndrome) was first recog-
nized as a distinct, rare, autosomal recessive syndrome
in 1907 [1]. In the majority of cases the gonadal defi-
ciency is secondary to decreased pituitary production
of gonadotropins.

The association of hypergonadotropic hypogonad-
ism in females and sensorineural hearing loss (SNHL)
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in females and males was first described in 1951 as Per-
rault syndrome (PS), which is an extraordinary genetic
syndrome that is inherited in an autosomal recessive
manner. Affected females have streak gonads in place of
their ovaries and they consequently have primary amen-
orrhea. Some patients also have neurological manifesta-
tions, including mild mental retardation and cerebellar
and peripheral nervous system involvement. The exact
frequency of the neurological abnormalities seen with
PS cannot be ascertained since several reports did not
include a description of either a normal or abnormal neu-
rological examination. More recent studies have asked
whether the neurological signs in some of the patients
are a coincidental finding or part of the syndrome [2-4].
Some researchers proposed a possible classification of
PS to type I, static and without neurological disease, and
type II, with progressive neurological disease [5].

We here document a patient with association of
ataxia hypergonadotropic hypogonadism and hearing
loss (AAHH). Our patient could be classified as atypi-
cal type II PS due to her secondary amenorrhea and
progressive neurological deficits. But to avoid confu-
sion with the overlapping syndromes, we preferred to
use the terminology of the AAHH instead of type II
PS, and ascribe this association as a completely differ-
ent clinical entity.

As a result of our literature search, we realized
that there was huge variability in the clinical severity,
neurological picture, age at onset, endocrine findings,
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progression of symptoms, presence of associated ab-
normalities and proposed pathogenetic mechanisms of
the reported cases. We also realized that AAHH is ex-
tremely rare and also part of well described autosomal
recessive syndromes other than PS [6-9] (Table 1).

LITERATURE SEARCH

A Medline, PubMED and Cochrane Library
search of Perault syndrome in the (English) literature,
cited between the years 1970 and 2011, was performed
to make differential diagnosis of our case. The medical
subject headings (MESH) terms and established ab-
breviations of Perrault syndrome, hypergonadotropic
amenorrhea, sensorineural deafness and ataxia were
included to collect the relevant citations. In addition, a
hand search of pertinent references was performed.

Amor et al. [3] reviewed the cases of the rare as-
sociation of ataxia with hypergonadotropic hypogo-
nadism (AAH) and documented only 15 cases. In this
study, additional to the Amor et al. [3] association, the
cases with hearing loss were also reviewed. Including
the patient in the present report, 14 cases with AAHH
have been documented in the literature, sometimes
with additional abnormalities (Table 2) [4,5,10-19].

This review aimed to summarize the actual
knowledge about the genetic background, pathomech-
anisms, clinical manifestations, diagnostic approach-

es and therapeutic strategies concerning AAHH. The
purpose of our study was to make physicians familiar
with the constellation of clinical findings suggestive of
syndromes associated with AAHH.

CASE REPORT

A 24-year-old Caucasian female was admitted to
the Reproductive Medicine Outpatient Clinic with pri-
mary infertility for 2 years as the chief complaint. Writ-
ten informed consent was obtained from our patient for
the publication of this case report and any accompany-
ing images. She showed normal growth and develop-
ment and manifested age-appropriate pubertal devel-
opment. Her menarche started when she was 12 years
old, and the cycles were regular until she was 18 years
old. Neurological symptoms began in the first decade
of life with disequilibrium, poor balance with falling
and dysarthria. Two years later clumsiness in fine fin-
ger movements and writing developed. Her symptoms
progressed and she experienced several falls, but could
walk without walking aids. Her menses became irregu-
lar and stopped when she was 22 years old and she was
diagnosed as having premature ovarian insufficiency.

Her parents were unrelated. Her father was a
healthy man who died at 66 years of age. Her 69-year-
old mother was said to be healthy until she was di-
agnosed as having Parkinson’s disease. There was no

Table 1. Autosomal recessive syndromes associated with ataxia hypergonadotropic hypogonadism and hearing loss.

Autosomal Recessive Amenorrhea | Neurological Manifestations Associated Abnormalities
Syndromes
Perrault syndrome primary nystagmus, sensory polyneuropathy, right bundle branch block, Marfanoid
mental retardation, delay in walking, habitus, pes equinovarus, short stature,
early frequent falls scoliosis
Richards-Rundle primary peripheral muscle wasting, nystagmus, | kyphosis or scoliosis, talipes
syndrome dementia, mental retardation equinovarus, claw-hand, ketoaciduria
Alstrém syndrome primary - blindness, nystagmus, photophobia,
dilated cardiomyopathy, multi organ
failure, type 2 diabetes mel-litus, short
stature, growth hormone deficiency,
alopecia
Mitochondriopathies primary epilepsy, sensory neuropathy cardiomyopathy, short stature, cataracts,
diabetes mellitus, diabetes insipidus,
dysphagia, renal failure, mental
retardation
Wolfram’s syndrome primary neurogenic bladder diabetes mellitus, diabetes insipidus,
(DIDMOAD) optic atrophy, psychiatric illnesses
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Table 2. Case reports associated with ataxia, hypergonadotropic hypogonadism and hearing loss.

Reference | Amenorrhea |Onset of Ataxia | Neurological Manifestations Associated Abnormalities
(years) (in years)

10 primary 2 nystagmus pes equinovarus, short stature, growth

hormone deficiency

11 primary not reported mental retardation -

12 (case 4) |primary 4 grand mal seizures, nystagmus -

13 primary not reported dyspraxia, choreatic movements, |amelogenesis imperfecta
mental retarda-tion, sensory
neuropathy

14 primary infant epilepsy optic atrophy

15 primary 1 mental retardation, saccadic retinal dystrophy
dysmetria

3 (case 1) secondary (16) |20 nystagmus -

3 (case 2) secondary (14) |30

4 primary 13 - prognathism

16 (case 2) |secondary (13) |9 dysarthria, ophthalmoplegia, sinus tachycardia, right ventricular
borderline mental retardation, hypertrophy
reduced muscle strength, joint
hyper-laxity, hyperextensibility
polyneuropathy, nys-tagmus,
dysarthria, mental retardation,
severe atrophy of the vermis and
cerebellar hemispheres

16 (case 3)* |primary 5-10 polyneuropathy, nystagmus, short stature, cubitus valgus, short Sth

20 dysarthria, mental retardation, meta-carpals, high-arched palate and

5 severe atrophy of the vermis and | micrognathia, scoliosis, pes cavus
cere-bellar hemispheres

18 primary not reported - -

19 (case 2) | primary 2 nystagmus, ophthalmogia, bilateral| progressive flexion of the phalanges
ptosis, neurophathy, mental of the 5Sth finger of the right hand,
retardation behavioral changes

This study  |secondary 9 nystagmus, peripheral pes equinovarus
polyneuropathy

* Case 3 of [16] was also reported by Pierce et al. [5] and Pallister and Opitz [20].

evidence of spinocerebellar ataxia (SCA) or hypogo-
nadism or of neurological, endocrinological, ocular or
skeletal disease in the family except that her 34-year-
old unmarried brother who had a hearing problem
and ataxia that started at 7 years of age. Her 22- and
20-year-old sisters were normal.

Clinical examination revealed a lean young woman
of normal intelligence and appearance with normal sec-
ondary sexual characteristics and normal height (164
cm). Her external genitalia were those of a normal fe-
male, without clitoris enlargement. Breast development
was at Tanner stage 5, and pubic hair development at

Tanner stage 4. There was no hirsutism or abnormal pig-
mentation. She presented no clinical signs of Turner syn-
drome. She was normocephalic with no facial dysmor-
phism. She had mild dysarthria and bilateral cerebellar
ataxia affecting mainly the lower limbs. Muscle tone and
power were normal in the limbs, with reflexes having re-
duced amplitude. There was mild dysmetria in the upper
limbs on finger-nose testing. Sensation was reduced to
light touch, pinprick and vibration. On electromyogra-
phy, axonal sensorimotor peripheral polineuropathy was
detected in the lower limbs. She had an abnormal gait
and club foot deformity which led to poor balance with
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falling and skin problems in the lower limbs. There was
horizontal gaze-evoked nystagmus bilaterally. The diag-
nosis of grade 1 SCA was made after clinical examina-
tion by an experienced neurologist (CGE).

She did not approve of molecular analysis for ex-
pansions at the SCA 1, 2, 3, 6, 7 and Friedreich’s ataxia
loci since her primary complaint was her infertility and
not her neurological problems and the results would
not change the treatment she would receive. Neither
optic nerve atrophy nor cataracts were detected on fun-
doscopic examination. On ultrasound examination of
the pelvis, the uterus was normal and the ovaries were
slightly reduced in size. There was no cerebellar atro-
phy and the sella turcica was normal on magnetic reso-
nance imaging. There was no kyphosis or scoliosis.

Endocrinological assessment showed markedly
raised serum levels of luteinizing hormone: 35.9 U/L,
follicle stimulating hormone: 110.6 U/L and low es-
tradiol: 14 pg/ml (normal ranges: 5-60 U/L, 5-30 U/L
and 20-240 pg/ml, respectively) indicating a hypergo-
nadrophic form of hypogonadism. Adrenal and thyroid
function, hematological and biochemical studies and
autoimmune panels were within normal levels. Re-
sults of metabolic evaluation were normal, including
vitamin E, folate and B12 levels, a-fetoprotein, very
long chain fatty acids and phytanic acid, lysosomal
enzymes, amino and organic acids. Serum ammonia
levels were normal with arterial pH measurements
showing no signs of an acidosis. Serum CK and lactate
levels were also normal. An echocardiogram (ECG)
showed no prolonged Q-T interval. Smell testing was
normal. Her karyotype was 46XX.

On audiometry, pure tone threshold assessment
revealed bilateral SNHL in the mid and high frequen-
cies (>3.5 kHz) (Figure 1). Tympanometry was not-
mal. She was not advised to use a hearing aid. There
were no previous risk factors for hearing loss.

DISCUSSION

We here document a patient with an unusual pat-
tern of AAHH because of her secondary amenorrhea
and normal intelligence. She also had nystagmus and
clinical and electrophysiological evidence of a pro-
gressive peripheral motor and sensory neuropathy, and
club foot deformity. We compared our case with the
reported cases of this association.

It is discussed in the literature whether AAHH is
part of a separate clinical entity or should be included
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Figure 1. Pure-tone audiometry showing bilateral sen-
sorineural hearing loss in bass frequency.

within the spectrum of PS. Some cases were designat-
ed as variants of Gordon Holmes type ataxia [12], oth-
ers reported as a variant of PS [2,5,10,13,15,16,18,19],
others reported as an association [3,4], and others re-
ported as a recessive disorder comprising ovarian dys-
genesis and sensorineural deafness, with neurological
abnormalities present in a minority of cases [20].We
preferred to use the term AAHH instead of type II PS,
as did Amor et al. [3] and Georgopoulos et al. [4].

As in our patient, the time of the clinical diagnosis
of AAHH in most cases took place after the apparition
of a secondary amenorrhea or a delayed puberty in a
deaf female. The mean age at diagnosis was 22 years
in the literature.

Our patient had no facial dysmorphism, optic at-
rophy, epilepsy, skeletal or other endocrinolgical prob-
lems. This ruled out Richards-Rundle, Alstrom, Mari-
nesco-Sjogren’s syndromes, Blepharophimosis-ptosis-
epicanthus inversus syndromes mitochondriopathies
and Wolfram’s syndrome [diabetes insipidus, diabetes
mellitus, optic atrophy and deafness (DIDMOAD)].
Kallman’s syndrome was also ruled out as there was
no smell disorder. The normal serum vitamin E levels
excluded ataxia due to isolated vitamin E deficiency
or hypobetalipoproteinemia. The normal serum very
long chain fatty acids and phytanic acid levels exclud-
ed Zellweger syndrome and Refsum’s disease. The
normal serum CK and lactate levels excluded coen-
zyme Q10 (CoQ10) deficiency. Serum ammonia levels
were normal with arterial pH measurements showing
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no signs of an acidosis. This excluded multiple acyl-
CoA dehydrogenase deficiency or glutaric aciduria
type II [21-25]. Since her karyotype was 46XX, ovar-
ian dysgenesis was not attributed to a chromosomal
abnormality.

Our patient manifested age-appropriate pubertal
development. Her secondary amenorrhea was atypical
since most of the reported cases of AAHH, manifest-
ed by primary amenorrhea. Other reported secondary
amenorrhea cases of AAHH, were sisters in the study
by Amor et al. [3] and patient 2 in the study by Fiu-
mara et al. [16]. In PS, the cardinal manifestation is
primary amenorrhea and an ovarian dysgenesis has
been reported in all female cases. There are a few
more reported secondary amenorrhea cases of PS but
they have no ataxia. Marlin et al. [19] reported that the
amenorrhea was primary in 24/28 PS patients but can
also occasionally be secondary. The exact frequency
of the secondary amenorrhea cases seen with PS can-
not be ascertained since several reports did not include
a description of either secondary or primary amenor-
rhea. The same problem is also present for the associ-
ated neurological problems.

Moreover, Fiumara et al. [16] reported that girls
with PS generally have menarche and a few regular
initial periods before becoming amenorrheic, thus
suggesting that ovaries develop to some extent, then
undergo progressive atrophy but they did not explain
how they reach such a conclusion. The present case
and those of Amor et al. [3], were similar in that they
had secondary amenorrhea and their intelligence was
normal, contrary to the mental impairment in PS,
Richards-Rundle syndrome and other case reports
[5,11,13,15,16,19]. However, our case differs from
those of Amor et al. [3], as her onset of neurological
symptoms was in childhood. A childhood onset of neu-
rological symptoms was the common feature in all of
the previous reports.

DIFFERENTIAL DIAGNOSIS

Phenotypic overlap and inter familial variabil-
ity make the hereditary ataxias a notoriously difficult
group of disorders to classify. New gene loci, which
are linked to SCAs, are discovered every other day.
Endocrine dysfunction is a common clinical feature
in these patients, with hypogonadism occurring in ap-
proximately 5% [26]. The same problem is also pres-
ent for SNHL, which is a component of more than 400
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syndromes, and, so far, more than 30 genes associated
with syndromic hearing loss have been identified. To
date, more than 70 loci have been reported for non
syndromic deafness, including approximately 40 auto-
somal dominant, 30 autosomal recessive, and eight X-
linked, and approximately 30 genes have been cloned.
Mutations in GJB2, the gene that encodes the connexin
26 protein, are the most common cause of recessive
deafness in the United States, and dominant low-fre-
quency SNHL is most commonly caused by mutations
in the Wolfram’s syndrome 1 gene. Usher syndrome
is the most frequent cause of combined deafness and
blindness in the industrialized world [27].

Association of ataxia and hypergonadotropic hy-
pogonadism and hearing loss is extremely rare and
part of well described autosomal recessive syndromes
other than PS [6-9] (Table 1). Other syndromes that
exhibit two or more signs of AAHH are: trinucleotide
repeats disorders; fragile X syndrome (CGG repeat),
Friedreich’s ataxia (GAA repeat) and five SCAs (1, 2,
3, 6 and 7) (CAG repeat), myotonic dystrophy (DM/
Curschmann-Steinert disease), proximal myotonic
myopathy (PROMM or Ricker’s syndrome) (CTG
repeats) [28], ciliopathies; Alstrom syndrome, Bardet-
Biedl syndrome [29], the neurodegenerative mito-
chondriopathies; Huntington’s disease, Charcot-Ma-
rie-Tooth (CMT), Leber’s hereditary optic neuropathy,
Kearns-Sayre syndrome (KSS), maternally inherited
Leigh syndrome (MILS), and the neuropathy, ataxia,
and retinitis pigmentosa (NARP) syndrome and oth-
er mitochondriopathies; Wolfram’s syndrome [30],
muscle lipid diseases; lipid storage myopathy (LSM),
multiple acyl-CoA dehydrogenase deficiency, glutaric
aciduria type II, and neutral lipid storage disease with
myopathy, B-oxidation cycle defects and deficiencies
of carnitine palmitoyltransferase II (CPTH) and very
long chain acyl-CoA dehydrogenase (VLCAD) [31].
Refsum’s disease (phytanic acid storage disease),
and Zellweger syndrome (cerebro-hepato-renal syn-
drome), Uscher, Alport, Cockayne, Flynn-Aird, Hurler
(MPS-1), Kearns-Sayre (CPEO), Norrie, 4H (hypomy-
elination with hypogonadotropic hypogonadism and
hypodontia), Sohval-Soffer, Crandall, Woodhouse-
Sakati, Marinesco-Sjogren’s, CAPOS syndromes, ga-
lactosemia and hereditary motor sensory neuropathies
(HSMN)[16,23,33-38].

In a few reports, several moleculer analyses have
been made for the differential diagnosis of these pa-
tients: Pierce et al. [5] applied whole-exome sequenc-

81



BJMG

PERRAULT SYNDROME TYPE II

ing to identify the gene responsible for PS and found
mutations in 17p-hydroxysteroid dehydrogenase type
4 [also known as D-bifunctional protein (HSD17B4/
DBP)], which is also detected in Zellweger syndrome
[23]. They have also found mutations in mitochondrial
histidyl tRNA synthetase HARS2 [38]. Nishi et al.
[10] found no evidence of mitochondrial disease on a
muscle biopsy, including respiratory enzyme assays;
no ragged red fibers were found on muscle biopsy and
there was only mild type IIB atrophy, a non specifc
finding in many types of upper motor neuron lesions.
In the evaluation by Fiumara et al. [16] none of the
known mitochondrial or CMT mutations were present
in the DNA of patient 1. Muscle biopsy showed atro-
phy with fat replacement. They also performed sural
nerve biopsy in one patient (SM) and found severe
loss of myelinated fibers with segmental demyelina-
tion and remyelination and scattered axonal degenera-
tion suggestive of a form of hereditary motor sensory
neuropathy (HSMN). Mitochondrial testing on patient
1 (LK) for MELAS 3243, SNHL-1555 and -7445 also
did not show any of the mutations known to cause
the mitochondrial encephalomyopathy, lactic acido-
sis, and stroke-like episodes or some form of SNHL
[16]. Marlin et al. [19] sequenced the whole mito-
chondrial genome, GJB2 (the most frequent form of
isolated hearing impairment), AOA1, POLG, FRDA,
(genes implicated in ataxia or ophthalmoplegia) and
FOXL?2 (a gene responsible for a premature ovarian
failure), and did not find any mutation in patient 2. In
one female with this association, partial deficiency of
the mitochondrial enzyme cytochrome ¢ oxidase was
demonstrated by De Michele et al. [12]. Gironi et al.
[39] reported two brothers who had late-onset progres-
sive ataxia and hypergonadotropic hypogonadism as-
sociated with muscle CoQ10 deficiency.

Before starting further laboratory investigations,
we think clinical and neurological examinations must
be fully performed in such cases. Long-term follow up
is very important in these patients since some clinical
manifestations appear later in life. It is also important
to collect details on the general health, hearing, men-
strual history and to report the presence of morpho-
logic abnormalities of the ear, eye, face, or other organ
systems, mental retardation, ataxia, epilepsy, Parkin-
son’s disease, autism of the relatives from both parental
lines. It is also relevant to check for consanguinity and
family ethnic background. This simple approach will
provide the opportunity to recognize associated syn-

82

dromes and evidence of the basis behind the initiation
of further laboratory investigations. The assessment
of a patient with AAHH requires a multidisciplinary
approach and must include advice and support to the
parents, and genetic counseling aimed at optimizing
the use of the most adequate clinical resources. The
laboratory tests must be confirmed according to clini-
cal suspicion. Before making costly molecular analy-
ses, simple blood tests for glucose, vitamin E, folate
and B12 levels, a-fetoprotein, very long chain fatty
acids and phytanic acid, lysosomal enzymes, amino
and organic acids serum ammonia, arterial pH levels,
and X-rays of the skeleton should be done. Performing
ECG, muscle biopsy, measurement of mitochondrial
enzyme cytochrome ¢ oxidase and muscular CoQ10
levels and DNA analysis for trinucleotide expansions
atthe SCA 1, 2, 3, 6, 7 and Friedreich’s ataxia loci, and
looking for mutations in HSD17B4 for a number of
similar cases will give valuable information about the
pathogenesis and differential diagnosis of this associa-
tion. The late-onset of SNHL in many reported cases
underlines the need for careful examination of acoustic
acuity in cases of cerebellar ataxia and hypogonadism.
The audiograms are also important to guide patient
rehabilitation.

The pathogenetic mechanism of AAHH is not yet
fully understood. Considerable heterogeneity exists
in the literature on the neurological manifestations,
onset age, progression of symptoms, clinical sever-
ity and presence of associated abnormalities such as
mental retardation (PS, Richards-Rundle syndrome)
[5,11-15,19], epilepsy (mitochondriopathies) [12,14],
nystagmus [3,10,12,19, present study], cataract, optic
atrophy, retinal dystrophy or blindness (Alstrom and
Wolfram’s syndrome, mitochondriopathies) [14,15],
and endocrine anomalies (Wolfram’s, Alstrom, Rich-
ards-Rundle syndromes, mitochondriopathies) [10],
short stature (Alstrom syndrome) [5,10], cardiac anom-
alies (PS and mitochondriopathies) in this association.
This heterogeneity may be reflecting different degrees
of severity within the entity of ovarian dysgenesis and
neurological impairment and favors the hypothesis that
AAHH is a heterogeneous syndrome. It is therefore
very unlikely that cerebellar ataxia and hypogonadism
are linked to a common genetic defect. As the phys-
iopathology of PS is still unknown, the question re-
mains whether one gene is implicated in all the differ-
ent clinical forms of PS (with and without neurological
symptoms) or if there are at least two different genes
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responsible for two different clinical entities. It is more
reasonable to ascribe this association as a clinical en-
tity with a different, yet not fully understood, pathoge-
netic mechanism in which the involvement of different
genotypes may lead to the same or similar phenotypic
manifestations. Association of ataxia hypergonadotro-
pic hypogonadism and hearing loss could be caused by
both a malfunction of the mitochondria and of myeli-
nation. Depending on the genes involved, it may have
autosomal recessive or mitochondrial inheritance. The
inter familial variation of both the severity of hearing
loss and the onset of amenorrhea, and neurological
symptoms in individuals with AAHH may turn out to
be due to environmental or genetic factors influencing
the effect of mutations.

Proposed Causative Pathogenic Mechanisms
Were as Follows:

1) Polymorphisms within the mitochondrial ge-
nome might lead to impaired energy generation and
to an increased amount of reactive oxygen species,
having susceptibility in several diseases. Mitochondria
produce most of the cell’s supply of adenosine triphos-
phate (ATP), by means of the oxidative phosphoryla-
tion machinery, which comprises electron transport
chain (ETC) and ATP synthase. The ETC dysfunction
leads to reduced ATP production, impaired calcium
buffering and increased generation of reactive oxygen
species (ROS). Mitochondria have their own DNA;
the mitochondrial DNA (mtDNA) carries 37 genes: 22
encoding for mitochondrial transfer RNAs (tRNAs)
(for the 20 standard amino acids, plus an extra gene for
leucine and serine), two for ribosomal RNAs (rRNAs)
and 13 encoding for polypeptides subunits of com-
plexes of the respiratory chain system, seven of these
belong to complex I or NADH dehydrogenase (ND1,
ND2, ND3, ND4, ND4L, ND5, ND6), one to complex
III or cytochrome c reductase, three to complex IV or
cytochrome ¢ oxidase (COX I, COX II and COX III)
and two to complex V or ATP synthase (ATPase6 and
ATPase8). Increased production of ROS damages cell
membranes and further accelerates the high mutation
rate of mtDNA. Mitochondrial genetics differs from
Mendelian genetics in three major aspects: maternal
inheritance, heteroplasmy and mitotic segregation.
Mitochondria are inherited in humans via the female
line, transmitted as a non recombining unit by mater-
nal inheritance [40].

There is significant evidence that the pathogen-
esis of several neurodegenerative diseases, including
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Parkinson’s disease, Alzheimer’s disease, Friedreich’s
ataxia, multiple sclerosis and amyotrophic lateral scle-
rosis, may involve the generation of reactive oxygen
species and/or reactive nitrogen species associated
with mitochondrial dysfunction [40]. Leipnitz et al.
[41] reported that oxidative stress is elicited in vitro
by phytanic acid (Phyt) that accumulates in Refsum
disease and other peroxisomal diseases. Phytanic
acid increased thiobarbituric acid-reactive substances
(TBA-RS) levels, carbonyl content and sulthydryl
oxidation, and decreased concentrations of glutathione
(GSH). This effect was prevented by the antioxidants
a-tocopherol and melatonin, suggesting the involve-
ment of free radicals [41].

In one female with this association, partial de-
ficiency of the mitochondrial enzyme cytochrome c
oxidase was demonstrated by De Michele et al. [12].
Primary MCPs are either due to sporadic or inherited
mutations in nuclear or mitochondrial DNA located
genes. The MCPs should be considered in any patient
with unexplained progressive multi system disorder in
addition to AAHH [9].

2) It can be related to the defect of a gene pro-
ducing a protein or other product that affects both
granulosa cells, neurons and hearing function. Pro-
teins mentioned in the literature were wolframin, ush-
erin, myosin, harmonin, cadherin 23, protocadherin
15, SANS, whirlin, VLGR1b Clarin-1, D-bifunctional
protein (DBP) GPR98 proteins, connexin 26, neuronal
proteins, mitochondrial protein, protein zero, norrin,
huntington, frataxin, MKS1 and meckelin.

In fragile X-associated tremor/ataxia syndrome
(FXTAS), which is one of the most common single-
gene forms of gait ataxia and tremor in older males;
pre mutation in FMR1 causes the gene to make ab-
normally increased amounts of messenger RNA. This
can be toxic to certain brain cells. A similar toxic
mechanism might impair ovarian function and lead to
hypergonadotropic hypogonadism [42]. Mutations in
the SIL1 gene on chromosome 5q31 cause Marines-
co-Sjogren’s syndrome and the loss of SIL1 function
results in accumulation of unfolded proteins that are
harmful to the cell [43].

Mutations in the GALE genes on chromosome
1p36-p35, GALKI1 genes on chromosome 17q24,
and GALT genes on chromosome 9p13 cause galac-
tosemia. In galactosemia, hypergonadotropic hypogo-
nadism may be due to toxic effect of galactose or its
metabolites to the ovarian parenchyma [44].
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Friedreich’s ataxia and Huntington’s disease are
classified in the neurodegenerative mitochondriopa-
thies and trinucleotide repeat disorders. Friedreich’s
ataxia is caused by a GAA repeat expansion and muta-
tions in the FXN gene on chromosome 9 that encodes
frataxin. Frataxin is a mitochondrially targeted protein
that is an iron chaperone and plays a role in mitochon-
drial iron handling which requires ETC constituents
[45,46].

Huntington’s disease is caused by a CAG repeat
expansion in one copy of the Huntingtin gene on chro-
mosome 4, which encodes a protein called huntingtin
that has been shown to physically associate with mito-
chondrial membranes and interfere with mitochondrial
calcium handling. Huntingtin has been proposed to
interfere with mitochondrial biogenesis by disrupting
peroxisome proliferator activated receptor y coactiva-
tor 1 a (PGC-1a), a transcription co-activator that fa-
cilitates mitochondrial biogenesis [47,48].

A mutation in the NDP gene causes Norrie disease.
This gene encodes a secreted protein with a cystein-
knot motif that activates the Wnt/B-catenin pathway.
The protein forms disulfide-linked oligomers in the ex-
tracellular matrix. For the normal development of the
eye and other body systems, norrin is believed to be
crucial. Norrin also appears to be crucial in the special-
ization of the cells of the retina and the establishment
of a blood supply to the inner ear and the tissues of the
retina [49].

Mutations in HSD17B4 type 4 leads to a fatal
form of Zellweger syndrome and may be PS [5,23]. D-
bifunctional protein (DBP) and multifunctional protein
2 (MFP-2) encoded by HSD17B4, is a multi functional
peroxisomal enzyme involved in fatty acid -oxidation
and steroid metabolism [5,23].

The WFSI1 or wolframin gene provides instruc-
tions for making the wolframin protein which is locat-
ed in the endoplasmic reticulum. More than 30 WFS1
mutations have been identified in individuals with a
form of non syndromic deafness called DFNA6. Re-
searchers have identified more than 100 WFS1 muta-
tions that cause Wolfram syndrome. Some mutations
delete or insert DNA from the WFS1 gene. As a result,
little or no wolframin is present in cells. Other muta-
tions replace one of the amino acids used to make wol-
framin. These mutations appear to reduce wolframin
activity dramatically [50].

The USH2A gene encodes usherin protein and
possesses laminin epidermal growth factor as well as
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fibronectin type III domains. Laminins are the ma-
jor non collagenous components of basement mem-
branes that mediate cell adhesion, growth, migration
and differentiation. The discovery of three putative
missense mutations (C319Y, N346H and C419F) in
the laminin type VI domain of this protein mark this
region for a potentially significant functional role in
the cochlea and retina. Netrins are small diffusable
proteins that control guidance of central nervous sys-
tem commissural axons at the midline and periph-
eral motor axons. A homolog of netrin in C. elegans,
UNC-6, is one of the cues in the extracellular matrix
that guides dorsoventral migrations of pioneer axons
and migrating cells along the body wall on the epi-
dermis [51].

Mutations in 35delG, GJB2, the gene that encodes
the connexin 26 protein a gap junction protein that is
assumed to be a component of the potassium recycling
pathway in the inner ear, are the most common cause
of recessive deafness in the United States. To date, 48
recessive and seven dominant disease-causing GJB2
mutations have been identified in the 35delG allele,
and is particularly common in Caucasian populations
[52].

Charcot-Marie-Tooth disease (when associated
with essential tremor and ataxia, called Roussy-Levy
syndrome), which is the most common inherited neu-
rological disorder, is caused by mutations that cause
defects in neuronal proteins. The most common cause
of CMT (70-80% of cases) is the duplication of a large
region in chromosome 17p12 that includes the gene
PMP22. Some mutations affect the gene MFN2, which
codes for a mitochondrial protein [53].

3) An inherited unstable trinucleotide repeat
disorder, which is caused by an expansion of repeti-
tive three bases in the causative gene, likely shares a
common pathogenesis caused by the gain of a toxic
function of the expanded polyglutamine tract and neu-
rodegeneration. Fragile X syndrome (CGG repeat),
Friedreich’s ataxia (GAA repeat) and five SCAs (1, 2,
3, 6 and 7) (CAG repeat), myotonic dystrophy (DM/
Curschmann-Steinert disease), proximal myotonic
myopathy (PROMM or Ricker’s syndrome) (CTG re-
peats) Huntington’s disease (CAG repeat), major psy-
chosis [28,54].

Recent findings in genetic research have sug-
gested that a large number of genetic disorders, both
genetic syndromes and genetic diseases, that were not
previously identified in the medical literature as re-
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lated, may, in fact be related in the gene-typical root
cause of the widely-varying, phenotypically-observed
disorders.

Mutations in HSD17B4 (also known as D-bifunc-
tional protein), which leads to a fatal form of Zell-
weger syndrome, have recently also been proposed
as the first identified genetic cause of PS by Pierce et
al. [5] and de Launoit et al. [23]. Alstrom syndrome
is a ciliopathy [29]. Other known ciliopathies include
primary ciliary dyskinesia, Bardet-Biedl syndrome,
polycystic kidney and liver disease, nephronophthisis,
Meckel-Gruber syndrome and some forms of retinal
degeneration [55].

Gempel et al. [25] reported that the electron trans-
ferring flavoprotein dehydrogenase (ETFDH) gene,
previously shown to result in another metabolic dis-
order, glutaric aciduria type II (GAII), leads to a sec-
ondary CoQ10 deficiency. Their results indicated that
the late-onset form of GAII and the myopathic form of
CoQ10 deficiency are allelic diseases.

Aguglia et al. [56], described two brothers with
Marinesco-Sjogren’s syndrome, both of whom also
had very low serum vitamin E concentrations with
an absence of postprandial chylomicrons. Findings
on electron microscopy of the intestinal mucosa were
consistent with a chylomicron retention disease. They
also suggested that both chylomicron retention disease
and Marinesco-Sjogren’s syndrome are related to de-
fects in a gene crucial for the assembly or secretion of
the chylomicron particles, leading to very low serum
levels of vitamin E.

PROPOSED TREATMENT
MODALITIES

Individuals with Refsum disease are commonly
placed on a Phyt-restricted high-calorie diet and avoid
the consumption of fats from ruminant animals and
certain fish. Recent research has shown that CYP4
isoform enzymes could help reduce the over-accumu-
lation of Phyt in vivo. Plasmapheresis and vitamin A
supplementation are other medical interventions used
to treat patients. Sodium 4-phenylbutyrate induces
peroxisome proliferation and improves biochemical
function (very long chain fatty acid B-oxidation rates
and very long chain fatty acid and plasmalogens lev-
els) in fibroblast cell lines from patients with milder
peroxisome biogenesis disorder phenotypes [57,58].
Perera et al. [59] recently proposed intestinal lipase
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inhibitor, Orlistat, as a novel therapeutic approach to
Refsum disease. Leipnitz et al. [60] reported that oxi-
dative stress elicited in vitro by Phyt was prevented
by the antioxidants a-tocopherol and melatonin. Both
DHEA and clofibrate induce peroxisomes and theoreti-
cally could be used in the treatment of Zellweger syn-
drome and PS [61].

In the myopathic form of CoQ10 deficiency, car-
nitine supplementation and a low-protein low-fat diet
were ineffective, and associated with further worsen-
ing of symptoms. But combined CoQ10 supplementa-
tion with riboflavin (100 mg/day), resulted in marked
and rapid improvement of symptoms. Gironi et al. [39]
also reported two brothers who had late-onset progres-
sive ataxia and hypergonadotropic hypogonadism as-
sociated with muscle coQ10 deficiency improved on
high-dose CoQ10 supplementation. Although there is
no current standard treatment, the use of ascorbic acid
has been proposed for the treatment of CMT disease,
and has shown some benefit in animal models [62].
Recent studies of prospects for gene therapy that adds
the proper protein back (gene replacement) are ongo-
ing in many diseases such as Usher syndrome [63].
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