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Abstract

Menkes disease (MNK) is an X-linked recessive disorder. Incidence of live-born infants with MNK is 2.8 per million live births in
Japan. The aim of this study was to observe congenital malformations (CMs) in MNK patients. Subjects comprised 35 Japanese
male patients with classical MNK who received copper histidine treatment. Patient clinical data were obtained anonymously from
medical records or medical record summaries by pediatrician’s retrospective review through a survey. We observed 21 different CMs
in 14 patients. Eight of these had a single CM, while six had multiple CMs. The most frequent CM was higher arched palate with
other CMs found in five patients. There was no relationship between CMs and mutations in the ATP7A gene. Using Mann—-Whitney
U tests, age at death was also significantly lower in MNK patients with CMs (P < 0.05), compared to those without CMs, even
though there was no significant difference of age onset, age at diagnosis and age at start of treatment with copper histidine between
both groups of patients. Sudden death occurred in three MNK patients with CMs only: two with congenital heart disease, and one

with microphallus.

© 2012 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Copper; Inherited metabolic disease; Menkes disease; Congenital malformations; Japanese

1. Introduction

Menkes disease (MNK, #OMIM 309400) is an X-
linked recessive disorder. The combined frequency of
live-born MNK patients in Denmark, France, the
Netherlands, the United Kingdom, and West Germany

Abbreviations: MNK, Menkes disease; CMs, congenital malforma-
tions
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was 1 per 298,000 live-born babies in the period 1976-
1987 [1]. Incidence of live-born infants with MNK is
2.8 per million live births from 1990 to 2003 in Japan
[2]. In Japan, three to four individuals with MNK are
born every year [2]. Onset of MNK occurs within three
months of birth in 52.2%, and within 4-9 months after
birth in 47.8% of patients with MNK [2]. While most
classical MNK patients die by the age of three years,
some survive until their teens with continued treatment
[3]. The gene responsible for MNK is ATP7A (GenBank
L06133.1), which is located at chromosome Xq13.3 and
encodes a copper-transporting ATPase (ATP7A) [4-6].
Mutations in the ATP7A4 gene or other abnormalities
in the genome or chromosomes associated with the
ATP7A gene were found in most, but not all MNK
patients [7-11]. In affected cells, copper transport by
ATP7A from the cytosol to the Golgi apparatus is

0387-7604/$ - see front matter © 2012 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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disturbed, resulting in a reduction of copper efflux, and
consequent reduction of activities of copper-dependent
enzymes. This can lead to neurological symptoms, hair
changes and abnormalities of connective tissue including
arterial tortuosity, bladder diverticula, gastrointestinal
polyps and abnormalities of bone. As orally-adminis-
trated copper cannot be absorbed due to ATP7A
dysfunction and accumulates in the intestine, a copper
deficiency in various tissues arises. Subcutaneous injec-
tions of copper-histidine complex, the currently
accepted mode of treatment, may prevent neurological
degeneration in some patients when treatment is initi-
ated soon after birth and prolong lifespan of patients
[3]. However, the current treatment does not help to alle-
viate connective tissue disorders caused by low activity
of a copper enzyme - lysyl oxidase.

To date, congenital malformations (CMs) in MNK
patients have not been reported details. In OMIM
(http://omim.org/entry/309400) head and neck of
MNK patients were described as microcephaly, brachy-
cephaly, Wormian bone and pudgy cheeks. The present
study analyzed CMs in MNK patients, which were con-
sidered to be unassociated with complications caused by
reduced activity of copper enzymes, such as lysyl oxidase
under current knowledge, and observed the relationship
between CMs and the genetic mutation. We compared
lifespan of treated MNK patients with and without
CMs.

2. Methods
2.1. Subjects

A total of 35 Japanese MNK patients were investi-
gated in the study. These patients were referred to the
Department of Pediatrics of Teikyo University School
of Medicine from 18 prefectures for counseling, copper
histidine treatment, and biochemical and/or molecular
pre- and post-natal diagnosis of MNK during 1990-
2009 [7-10,12-15]. These patients were treated for clas-
sical MNK, which was diagnosed by clinical examina-
tion, measurement of the copper concentrations in
cultured cells, and/or genetic mutation as previously
reported [7-10,12-15]. Genetic analysis performed in
the 5'-upstream region, each of the 23 exons, and the
adjacent intronic sequences of the ATP7A genes, as
described previously [7]. In Japan MNK patients were
supported by medical aid programs [16], and received
detail examinations including head magnetic resonance
imaging and computed tomography scan.

Three pairs of patients were siblings, while the
remaining patients were unrelated. Patient mortality sta-
tus included dead (n = 23), alive (10) and unknown (2).
Preparation of copper-histidine complex was according
to the same protocol [3]. The dose of copper histidine

parenterally administrated for one time was that could

keep serum copper and ceruloplasmin within a normal
range. The period of treatment with copper histidine
was 26-183 (mean + SD: 64.2 4+ 39.9 months, n=17)
months.

2.2. Clinical data and data analysis

Clinical data for all patients were anonymously
obtained from medical records or medical record sum-
maries by retrospective review of pediatrician in charge
of.

The study protocol was reviewed and approved by
the Ethics Board of the Teikyo University School of
Medicine. All participants provided a signed written
informed consent.

To compare age differences between patients with
CMs and those without CMs, the Mann—-Whitney U test
was performed, using the statistical package PASW®
Statistics 17.0 (SPSS Inc., an IBM Company, Chicago,
IL, USA).

3. Results

Among the 35 MNK patients, we observed a total of
21 different CMs in 14 MNK patients (Table 1). Eight of
these (8/14, 57.1%) had a single CM, while six (6/14,
42.9%) had multiple CMs. Eight CMs (8/21, 38.1%)
were minor, and the others (13/21, 61.9%) were major
anomalies. The minor anomalies included higher arched
palate, single transverse palmer crease, flat occiput,
micrognathia, congenital microblepharia, undescended
testis at birth, microphallus and accessory spleen
(Table 1). Most frequent CMs were higher arched palate
(five patients), single transverse palmer crease (three),
micrognathis (two), flat occiput (two), and congenital
microblepharia (two) (Table 1).

Age at onset, age at diagnosis, age at start of treat-
ment with parenteral copper histidine, age at death,
and age of alive patients (on August 31, 2009) are pre-
sented in Table 2. A comparison of MNK patients with
CMs and those without CMs revealed no significant dif-
ferences in age at onset, age at diagnosis, and age at start
of treatment with parenteral copper histidine, but age at
death was significantly different between these two
groups (P <0.05, Table 2).

Two unrelated patients with the same mutation
(R986X) were both born at 38 gestational weeks weigh-
ing more than 2500 g. They both received parenteral
copper histidine treatment at 6.5 months of age. One
had CMs and died at 32.5 months due to a bladder hem-
orrhage (Patient 3 in Table 1). The other had no CMs
and died at 59.0 months due to apnea. Another two
patients were siblings who had a mutation of Del
2429-2430delTT. Both were born at 36 gestational
weeks and weighed approximately 2300 g. The younger
brother, who was diagnosed prenatally with having a
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Table 1

Spectrum of congenital malformations (CMs) and mutations in the ATP7A gene in 14 patients with classical MNK.

Patient Congenital malformations Cause of death Age at death Mutation in the ATP7A4 gene

number (Month) [References]

1 Higher arched palate, congenital Unknown 17.0 IVS20+5G>A [7,9]
microblepharia, entropion, flat occiput,
and single transverse palmer crease

2 Higher arched palate, micrognathia, Sudden death 34.5 2491insA (F781FS826X)
patent ductus arteriosus, and accessory
spleen

3 Higher arched palate and single Bladder 325 3101C>T (R986X) [7-9,12]
transverse palmer crease hemorrhage

4 Higher arched palate and undescended Unknown Unknown 1730G>T (E529X) [7-9]
testis at birth

5 Higher arched palate, hypertrophic Alive - Not found, 46 XY [15]
pyloric senosis and hydrocele

6 Single transverse palmer crease, Stomach 57.5 IVS9+12insAATTG [9]
congenital microblepharia and flat hemorrhage
occiput, hypoplastic corpus callosum,
aplasia of inferior vermis

7 Cystic malformation in white matter of Infectious disease ~ 22.5 2429-2430delTT (S761FS770X) [9]
brain

8 Congenital complete A~V block Sudden death 45.0 IVS9+5G>C (8,9]
Microphallus Sudden death 13.0 Not found

10 Club foot Infectious disease 19.5 4177T>A and 4178A>T (S1344R and

11345F) [7,9]

11 Cystic malformation in lung Infectious disease ~ 22.5 1474delC [9]

12 Micrognathia Infectious disease 43.0 2298-2299insAluYa5a2 [9,10]

13 Cystic malformation in arachnoid mater  Alive - Not detected yet

14 Cerebellar hypoplasia Infectious disease 186.0 Not found

CM (Patient 7 in Table 1), died at 22.5 months due to
sepsis and overall bad health from a tumoral lesion in
his stomach. His older brother did not have any CMs,
but died at 69 months of age from an infectious disease.

No relationship was found between CMs and genetic
mutation (Table 1).

4., Discussion

In OMIM (http://omim.org/entry/309400) head and
neck of MNK patients were described as microcephaly,
brachycephaly, Wormian bone and pudgy cheeks. Horn
et al. mentioned high-arched palate as one of the MINK
symptoms [17]. However, to date, CMs in MNK
patients have not been reported details yet. This is the
first documentation of CMs in MNK patients in detail.
This information can be added to what we know about
MNK patients, which is that they often exhibit kinky
hair, hypopigmentation, a higher arched palate, micro-
gnathia, flat occiput and single transverse palmer crease.
These minor and major anomalies presenting at birth
are as clues for early diagnosis of MNK.

In this study, higher arched palate was most
observed, and micrognathia and flat occiput were also
observed. Along with the fact that microcephaly,
brachycephaly, and pudgy cheeks described in MNK
patients, it is considered that abnormal craniofacial

growth and development occurred during pregnancy,
although flat occiput was often considered as subjective
judgment.

The main causes of death among MNK patients with
or without CMs were infectious disease and abnormali-
ties of connective tissues, such as hemorrhage and rup-
ture of abdominal aorta (Tables 1 and 2). However,
sudden death occurred in MNK patients with CMs only,
especially in patients with congenital heart disease
(Table 1). Moreover, MNK patients often exhibit con-
nective tissue complications associated with lower activ-
ities of copper enzymes, such as osteoporosis, bladder
diverticula, gastroesophageal reflux disease, which
require surgical treatment [14,18,19]. It was reported
that micrognathia made intubation and anesthesia
extremely problematic [18,19], such that surgical inter-
vention for MNK patients with CMs is avoided or diffi-
cult, although micrognathia was a minor CM. MNK is a
rare disease, although we did not have enough number
of patients to do statistical analysis, it was easy to
understand that some CMs, such as congenital heart dis-
ease and micrognathia, lead to an inevitably shorter life-
span in these patients compared to patients without
CMs. Pediatricians should pay extra attention to com-
plications and CMs when treating MNK patients.

As some MNK patients do not have mutations in the
ATP74 gene (Table 1) [7-9,11], we wonder if CMs in
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Table 2

Median age (range) at onset, diagnosis, start of parenteral copper histidine treatment, at death and cause of death in MNK patients who had died.

Congenital Median age (range) months Cause of death (number of patients)
malformation At At At start of At Of alive
onset” diagnosis* treatment with death™ patients
parenteral copper (as of August 31,
histidine” 2009)
Yes 2.0 6.0 7.0 32.5 68.5 Infectious disease (4); Infectious disease
(n=13)* (0.0-9.0) (3.0-12.0) (3.0-15.0 (13.0-186.0) (m=1) and hemorrhage (1); sudden death (3);
(n=13) n=12) (n=13) (n=11) bladder hemorrhage (1); stomach
hemorrhage (1); unknown (2); (n = 12)
No 2.5 4.5 6.5 49.5 42.0 Infectious disease (5); central apnea (2);
(n=21) (0.0-6.0)  (0.0-33.0) (0.5-34.0) (38.0-97.0) (17.0-104.0) respiratory failure (1); rupture of
(n=18) (n=18) (n=19) (n=28) (n=9) abdominal aorta (1); sputum obliteration

in cannula (1); unknown (1); (n = 11)

# Data from patients who received prenatal diagnoses were excluded, with the exception of data pertaining to median age at death and cause of

death in patients with CMs.
* P> 0.05, Mann-Whitney U test.
™ P <0.05, Mann-Whitney U test.

MNK patients may provide some clues regarding the
pathological causes of MNK. However, even if patients
1-5 had the same CM in Table 1, that is, a high arched
palate, mutations in their ATP7A genes were not consis-
tent. Therefore, there was no association between CMs
and mutations in the ATP7A4 gene.
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ARTICLE INFO ABSTRACT

Menkes disease (MD) is a genetic neurodegenerative disorder characterized by copper deficiency due to a
defect in ATP7A. Standard treatment involves parenteral copper-histidine administration. However, the
treatment is ineffective if initiated after two months of age, because the administered copper accumu-
lates in the blood~brain barrier and is not transported to neurons. To resolve this issue, we investigated

Article history:
Received 1 March 2012
Accepted 30 April 2012

Keywords:' the effects of a combination therapy comprising copper and disulfiram, a lipophilic chelator, in the mac-
zﬂenkes disease ular mouse, an animal model of MD. Seven-day-old macular mice treated subcutaneously with 50 p.g
D?fjgrmm of CuCl; on postnatal day 4 were used. The mice were given a subcutaneous injection of CuCl; (10 p.g)

with oral administration of disulfiram (0.3 mg/g body weight) twice a week until eight weeks of age, and
then sacrificed. Copper concentrations in the cerebellum, liver, and serum of treated macular mice were
significantly higher than those of control macular mice, which received only copper. Mice treated with
the combination therapy exhibited higher cytochrome ¢ oxidase activity in the brain. The ratios of nora-
drenaline and adrenaline to dopamine in the brain were also increased by the treatment, suggesting that
dopamine B-hydroxylase activity was improved by the combination therapy. Liver and renal functions
were almost normal, although renal copper concentration was higher in treated macular mice than in
controls. These results suggest that disulfiram facilitates the passage of copper across the blood-brain
barrier and that copper-disulfiram combination therapy may be an effective treatment for MD patients.

© 2012 Elsevier GmbH. All rights reserved.

Cytochrome c oxidase
Blood-brain barrier

administration of copper-histidine is the standard treatment for
MD [1,5]. However, the treatment is ineffective if initiated after
two months of age, because the administered copper accumulates
in the blood-brain barrier and is not transported to neurons. There-
fore, copper delivery to neurons is the most important objective in
the treatment of MD-associated neurological degeneration [6].

Introduction

Menkes disease (MD) is an X-linked recessive disorder caused
by a defect in a copper-transporting ATPase (ATP7A). In humans,
ATP7A is expressed in almost all cell types except hepatocytes.
In normal cells, ATP7A is localized in the trans-Golgi network

and transports copper from the cytosol into the Golgi apparatus,
where copper is incorporated into secretory copper enzymes [1].
In MD-affected cells, however, copper accumulates in the cyto-
sol and cannot be excreted. Copper accumulation in the intestines
results in copper absorption failure, leading to overall copper defi-
ciency in the body, except in the kidney. Copper also accumulates
in the cells of the blood-brain barrier. Thus, copper cannot be
delivered from the bloodstream to neurons after barrier matura-
tion [2-4]). Copper concentrations in the serum, liver, and brain
of MD patients are significantly lower, resulting in reduced activi-
ties of copper-dependent enzymes such as cytochrome c oxidase,
dopamine B-hydroxylase, and lysyl oxidase. Currently, parenteral

* Corresponding author at: Department of Health and Dietetics, Teikyo Heisei
University, 2-51-4 Higashiikebukuro, Toshima-ku, Tokyo 170-8445, Japan.
E-mail address: kodamah2018@gmail.com (H. Kodama).

0946-672X/$ - see front matter © 2012 Elsevier GmbH. All rights reserved.
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We previously reported that a combination therapy compris-
ing copper and diethyldithiocarbonate (DEDTC) improved copper
concentrations, cytochrome c oxidase activity, and catecholamine
metabolism in the brain of macular mice [7]. A dimer of DEDTC,
disulfiram, has been used for the treatment of alcoholism and
cocaine addiction and as a modulator of cisplatin-induced toxic-
ity [8-10]; thus, oral disulfiram is easily applicable in the clinical
setting. Here, we report the effects of a combination therapy com-
prising copper injection and oral disulfiram on the macular mouse,
an animal model of MD [11].

Materials and methods

Animals

Male hemizygous macular mice and normal littermate con-
trols were treated with a single subcutaneous injection of cupric
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chloride solution (50 g of CuCl,) on postnatal day 4, because
macular mice die without this treatment. All mice were main-
tained under standard conditions. Macular mice were separated
into control and treated groups. The latter group was treated with
a subcutaneous injection of CuCl, (10 pg) and oral administration
of disulfiram (0.3 mg/g body weight) twice a week from the age of
7 days to 8 weeks, and then sacrificed. Control mice were given a
subcutaneous injection of CuCl, (10 ug) as above, but disulfiram
was replaced with double distilled water. Normal littermates were
used as normal controls. Body weights were measured twice a week
during the treatment period. The cerebrum, cerebellum, kidney,
liver, and intestines were dissected. Sera and tissues were stored at
~80°C until analysis. This study was approved by Teikyo University
School of Medicine Animal Ethics Committee (07-035).

Measurement of copper concentration

Tissue samples were dried at 120°C for 12 h and wet-digested
with concentrated HNO3; by heating at 120°C, and the resultant
residues were dissolved in 2 mol/L HNO3. Serum samples were
wet-digested with concentrated HNO3 by heating at 120 °C. Copper
concentration was analyzed with a Hitachi Z-8100 atomic absorp-
tion spectrophotometer (Hitachi Industries, Japan). All glassware
was washed with nitric acid to avoid metal contamination.

Assay for cytochrome c oxidase activity

Mitochondria were isolated from tissue samples immediately
after sacrifice using the Mitochondria Isolation Kit for Tissue
(Pierce, Rockford, IL). Cytochrome c oxidase activity in the mito-
chondrial solution was determined using the Cytochome c Oxidase
Assay Kit (Sigma-Aldrich, St. Louis, MO). Protein concentration was
determined using the Pierce BCA Protein Assay Kit (Pierce, Rock-
ford, IL).

Measurement of catecholamine and enzyme concentrations

Cerebrum and cerebellum were homogenized in 0.4 N perchlo-
ric acid and centrifuged at 4°C (12,000 x g, 5 min). Catecholamines,
including dopamine, noradrenaline, and adrenaline, in the
supernatant were analyzed using a catecholamine autoanalyzer
(HLC-8030; Toso Ind., Tokyo, Japan). Serum levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), blood
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Fig. 1. Body weight changes in control and treated macular mice from birth to 8
weeks of age. Weights are presented as mean (SE) (control macular mice: n=19;
treated macular mice: n=24). *p<0.05.

urea nitrogen (BUN), and creatinine were analyzed by Oriental
Yeast Co., Ltd. (Shiga, Japan).

Statistical analysis

Data are presented as mean + standard error (SE). The SE is com-
puted from known sample statistics, and it provides an unbiased
estimate of the standard deviation of the statistic. Differences in
body weight changes between the two groups were analyzed using
two-way repeated measure ANOVA. Differences in copper concen-
tration, CCO activity and catecholamine between the two groups
were analyzed using one-way repeated measure ANOVA (Tukey
post hoc test); p <0.05 was considered significant.

Results and discussion

As shown in Fig. 1, the weight gain in treated macular mice
was significantly higher than that of control macular mice after
week 7. Fig. 2 shows the copper concentration in tissues and serum.
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100

80
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serum
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Fig. 2. Copper concentrations in the cerebrum, cerebellum, liver, intestines, kidney, and serum of normal mice (n=5), control macular mice (n=19), and treated macular

mice (n=24). *p <0.05; *p<0.01.
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Consistent with a previous report [12], control macular mice exhib-
ited low copper concentrations in serum, liver, and brain, and high
copper concentrations in the intestine and kidney. Copper concen-
trations in the cerebellum, liver, and serum of treated macular mice
were significantly higher than those of control macular mice, sug-
gesting that disulfiram improved intestinal copper absorption. The
activity of cytochrome c oxidase, a copper-dependent enzyme, is
reduced in the brain of macular mice [12]. Combination therapy
improved cytochrome c oxidase activity (Fig. 3).

Dopamine B-hydroxylase is also a copper-dependent enzyme.
Copper is incorporated into dopamine 3-hydroxylase in the Golgi
apparatus in normal cells. Dopamine [3-hydroxylase activity is
decreased in the brain of the brindled mouse, an animal model of
MD [13]. Furthermore, even in patients with MD, the activity of
this enzyme is reduced and cannot be improved by parenteral cop-
per administration [14]. These findings indicate that copper cannot
be incorporated into dopamine -hydroxylase in MD-affected cells
due to ATP7A defects. Given that dopamine $-hydroxylase converts
dopamine to noradrenaline, which is subsequently metabolized to
adrenaline, the ratios of noradrenaline and adrenaline to dopamine
serve as indicators of dopamine B-hydroxylase activity. As shown
in Fig. 4, the ratios of noradrenaline and adrenaline to dopamine
were higher in treated macular mice, suggesting that dopamine
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Fig. 3. Cytochrome c oxidase (CCO) activity in the cerebrum and cerebellum of
normal mice (n=4), control macular mice (n=3), and treated macular mice (n=4).
*p<0.05.

B-hydroxylase activity was improved by the therapy. The results
of our study suggest that disulfiram facilitates copper transport
into the Golgi apparatus of affected cells, including cells in the
intestines and blood-brain barrier, thereby making it available to
copper-dependent enzymes.
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Fig. 4. Ratios of noradrenaline/dopamine and adrenaline/dopamine in the cerebrum (A and B) and cerebellum (C and D) of normal mice (n=7), control macular mice (n=7),

and treated macular mice (n=7). *p<0.05; **p<0.01.
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MD patients and macular mice exhibit high renal copper con-
centrations [1]. Indeed, control macular mice exhibited a high
concentration of copper in the kidney. The renal copper concen-
tration of treated macular mice was higher than that of control
macular mice. Serum creatinine levels were normal (normal,
0.08-0.24 mg/dL) in 23 treated mice; one treated mouse exhibited
a slightly higher serum creatinine level (0.3 mg/dL). Serum BUN,
AST, and ALT levels were normal in all treated macular mice. To
apply the combination therapy to patients with MD, the effects of
long-term combination treatment must be investigated in mouse
models of MD.

Conclusions

A combination therapy comprising copper injection and oral
disulfiram improved copper concentrations in serum, liver, and
brain, and enhanced cytochrome c oxidase activity and cat-
echolamine metabolism in the brain of the macular mouse,
a model of MD. These results suggest that the lipophilic
copper-disulfiram complex can penetrate cellular membranes,
including the blood-brain barrier and Golgi membranes, in
MD-affected cells, thereby making copper available to copper-
dependent enzymes. Connective tissue disorders, including arterial
abnormalities, bladder diverticula, and osteoporosis, are also seri-
ous problems in patients with MD. These disorders are caused by
reduced activity of lysyl oxidase, a secretory copper-dependent
enzyme. Thus, the copper-disulfiram combination therapy may
also be effective in treating connective tissue disorders associated
with MD.
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ARTICLE INFO ABSTRACT
Arﬁc{e history: The clinical and biochemical effects of disulfiram were evaluated in three boys with the disorders charac-
Received 2 March 2012 terized by copper deficiency due to the defect of ATP7A. Two suffered from Menkes disease (MD) and one

Accepted 2 April 2012 from occipital horn syndrome. Disulfiram was orally given, in addition to a parenteral administration of

copper-histidine in the case of MD patients. Serum levels of copper and ceruloplasmin slightly increased
in one MD patient, and he showed favorable emotional expression and behavior more often than before
according to his caretakers. However, no obvious changes were observed in the other two patients. Serum
ratios of noradrenaline to dopamine, and adrenaline to dopamine, which are thought to be the indica-
tors of dopamine B-hydroxylase activity, one of the copper requiring enzymes, were unaltered after
disulfiram treatment. No adverse effects were recognized during the treatment period in all patients.
Although the major improvement was not observed clinically or biochemically by disulfiram treatment
so far, the trial will be continued to see the possible effects in these disorders with copper transport
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defect.
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Introduction

A clinical phenotype of Menkes disease (MD) is characterized by
copper deficiency due to the functional loss of ATP7A, the copper
transporter, and occipital horn syndrome (OHS) is a milder form
of this defect. The current standard therapy for copper deficiency
is a parenteral administration of copper-histidine, however, the
treatment is not effective for neurologic symptoms or connective
tissue abnormalities, because administered copper is not trans-
ported across to the neurons nor to the trans Golgi network [1]. Only
if the treatment is started at the very early neonatal period when
the blood-brain barrier is still immature, and also in those with
residual function of ATP7A, it may modify the disease progression
[2].

Diethyldithiocarbamate (DEDTC), a lipophilic chelator, has
shown beneficial effects in macular mice, an animal model of MD,
on copper metabolism in the brain [3,4]. Therefore, DEDTC may
act to transport copper to neurons and to the Golgi apparatus
in the brains of the animals. Disulfiram, a dimer of DEDTC, is a
drug used for treatment of chronic alcoholism, and is immediately
converted to DEDTC in vivo, including in the human body. In the
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macular mouse, disulfiram showed similar effects to DEDTC, such as
increase in copper concentrations in the brain (unpublished data).
The purpose of this study is to evaluate clinical and biochemical
effects of disulfiram in patients with MD and OHS.

Patients and methods

Two patients with MD and a patient with OHS, aged between 10
and 19 years old, were enrolled in this study as shown in Table 1.
Two MD patients were clinically diagnosed during infancy, and
copper-histidine treatment was initiated immediately after the
diagnosis, but both are now bed-ridden, fed through nasogastric
tube, with seizures despite of several anti-epileptic medications.
Their diagnosis was later confirmed by genetic study. In patient 1,
deletion of two base pairs in exon 3 of the ATP7A gene caused frame
shift, resulting in premature termination of transcription. In patient
2, duplication of exon 3 to exon 5 reduced the estimated normal
protein production to 4% of normal [5]. The OHS patient was diag-
nosed at 4 years of age. His uncle also suffered from OHS, and died
36 years old due to respiratory failure. They shared the same splice
site mutation causing skipping of exon 6, which has been found also
in other OHS patients [6,7]. He is usually on a wheelchair, but can
walk slowly. He can communicate with others, and goes to work
at a place for handicapped people. He has had frequent episodes
of urinary tract infection due to the diverticulum of the bladder,
and needs self-catheterization. Their body weights at study initi-
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Table 1
Patients’ profiles.
Patient 1
Sex Male
Diagnosis MD
Birth date 10/Jan.{2001
Age at
Diagnosis 10m
Copper histidine start (present dosage) 10m (900 pg/w)
Disulfiram start 9y5m
ATP7A mutation Del 608AA

2 3

Male Male

MD OHS

11/Dec./1996 18/Jul./1992

8m 4y2m

8 m (6750 wg/w) -

13y8m 18y3m

Dup Ex3-5 del TAAG (IVS6, DS)

ation ranged 10-20kg in the MD patients, and 35kg in the OHS
patient.

Disulfiram was given orally once daily, starting with lower
dosages such as 30-60 mg per day, and then increased to the main-
tenance dosage of 100 mg per day. The dosage approved in Japan for
adults is between 100 and 500 mg per day. In the MD patients, the
dosage of copper-histidine administration and the amount of cop-
per in the formula diet (1.2-1.6 mg daily) were unchanged during
the study period.

Serum copper (Cu)and ceruloplasmin (Cp), catecholamines such
as noradrenalin (NAD), adrenaline (AD) and dopamine (DA), and
urinary vanillylmandelic acid (VMA) and homovanillic acid (HVA)
were measured regularly. If the Cu and Cp levels increase, it is
assumed that copper is transported through enterocytes. Cate-
cholamines were measured to see ratios of NAD to DA, and AD
to DA, and also to see a ratio of VMA to HVA. These ratios are
thought to be indicators of activity of dopamine (-hydroxylase,
which is one of secreting copper enzymes. If these ratios increase,
it is assumed that copper is transported into trans-Golgi network
and corporated into this copper requiring enzyme. Other mea-
surements included bone mineral density (BMD) by dual energy
X-ray absorptiometry to see probable connective tissue improve-
ment. In addition, as renal dysfunction is a concern as an adverse
effect by the treatment due to the accumulation of copper, serum
urea nitrogen and creatinine, and urinary (3-2 microglobulin were
measured.

Informed consent was taken from their parents, and the study
was approved by the Ethical Committee of Teikyo University Hos-
pital (No. 08-114).

Results and discussion

Serum levels of Cu and Cp are shown in Fig. 1. In patient 1,
both Cu and Cp were below the normal limits at the onset of
disulfiram, in spite of the copper-histidine treatment. The values
then increased after disulfiram treatment into the normal range,
and Cu has almost remained over 100ng/ml without changing
the dose of copper-histidine. In patient 2, serum Cu and Cp were
within normal ranges with copper-histidine administration, with
no apparent change after the addition of disulfiram. In patient 3
with OHS, both serum Cu and Cp were below the normal range
before treatment, and these values did not change after disulfiram
administration.

According to the parents of patient 1, he showed favorable emo-
tional expression and behavior, such as smiling, laughing, pulling
his nasogastric tube off, and so on, more often than before, shortly
after starting disulfiram, however, further clinical improvement
was not observed later on. In the other two patients, any beneficial
change was not recognized clinically.

The indices of dopamine B-hydroxylase activity, such as NAD
to DA, AD to DA, and VMA to HVA, were low before disulfiram
treatment. Since dopamine -hydroxylase catalyzes DA to NAD
conversion, the NAD to DA ratio is low when the activity of this
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Fig. 1. Serum copper (A) and ceruloplasmin (B) levels in the three patients. Arrows
indicate the start of disulfiram treatment. The normal values range between 80 and
130 mg/d! for copper, and between 20 and 35 mg/dl for ceruloplasmin.

enzyme is disturbed as in MD. However, these ratios did not change
after the treatment (NAD to DA ratio is shown in Fig. 2).

Lumbar BMDs before disulfiram in the two MD patients were
0.245 and 0.541 g/cm?, which were around 50% of the mean values
for their age, and 0.704g/cm? in the OHS patient, which was
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Fig. 2. Serum ratio of noradrenaline to dopamine in the three patients. Arrows
indicate the start of disulfiram treatment.
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about 70% of the mean. Low BMD is indicative of connective tissue
impairment, however, it is greatly affected by mobility. Therefore,
the very low values in the bed-ridden MD patients may be due
to immobilization. BMD slightly increased in patients 1 and 3,
whereas slightly decreased in patient 2 after the treatment.

Urinary -2 microglobulin, an index of renal tubular function,
which was quite high in the two MD patients with copper-histidine
treatment, and normal in the OHS patient, did not change after
addition of disulfiram, and serum urea nitrogen and creatinine lev-
els remained normal during the period. No other adverse effects
related to disulfiram have been recognized.

Thus, disulfiram treatment appeared marginally effective with
regard to serum Cuand Cpin patient 1, but notin two other patients,
and showed no beneficial changes in markers for dopamine
B-hydroxylase. Reasons for failure of a favorable outcome by disul-
firam treatment in the patients, in contrast to the previous animal
studies with DEDTC, might be the differences in blood-brain bar-
rier between humans and rodents, the observed rather small effects
in the previous studies, and the much smaller disulfiram dosage
used in this study than that of the animal studies. As blood-brain
barrier is known to be immature in the mouse, the effect of
DEDTC might have been modified by the immatureness. Increase
in the copper concentrations by addition of DEDTC in the mouse
brain was rather small, less than 50%, and the concentration was
still below half of the normal control [4], therefore, such small
effect may not cause clinical and biochemical improvement in
humans. The dose of DEDTC (or disulfiram) used in the animal
studies was 200 mg/kg body weight, which was more than 20-fold
larger than that used in this study. Future studies will be required
in younger patients with larger doses to clarify the effects of
disulfiram.

Conclusions

Although major improvement was not observed clinically or
biochemically by disulfiram treatment so far, the trial will be con-
tinued to see the possible effects in these disorders with copper
transport defect.
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Abstract

Genetic disorders of copper metabolism, including Menkes kinky hair disease (MD), occipital horn syndrome (OHS) and
Wilson’s disease (WD) are reviewed with a focus on the neurological aspects. MD and OHS are X-linked recessive disorders char-
acterized by a copper deficiency. Typical features of MD, such as neurologic disturbances, connective tissue disorders and hair
abnormalities, can be explained by the abnormally low activity of copper-dependent enzymes. The current standard-of-care for
treatment of MD is parenteral administration of copper-histidine. When the treatment is initiated in newborn babies, neurologic
degeneration can be prevented, but delayed treatment is considerably less effective. Moreover, copper—histidine treatment does
not improve connective tissue disorders. Novel treatments targeting neurologic and connective tissue disorders need to be developed.
OHS is the mildest form of MD and is characterized by connective tissue abnormalities. Although formal trials have not been con-
ducted for OHS, OHS patients are typically treated in a similar manner to MD. WD is an autosomal recessive disorder characterized
by the toxic effects of chronic exposure to high levels of copper. Although the hepatic and nervous systems are typically most
severely affected, initial symptoms are variable, making an early diagnosis difficult. Because early treatments are often critical, espe-
cially in patients with neurologic disorders, medical education efforts for an early diagnosis should target primary care physicians.
Chelating agents and zinc are effective for the treatment of WD, but neurologic symptoms become temporarily worse just after treat-
ment with chelating agents. Neurologic worsening in patients treated with tetrathiomolybdate has been reported to be lower than
rates of neurologic worsening when treating with other chelating agents.
© 2010 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Copper is an essential trace element for all living
organisms and functions as an integral component of
cuproenzymes, which include cytochrome C oxidase,
lysyl oxidase, dopamine-B-hydroxylase, superoxide dis-
mutase, tyrosinase, ascorbic acid oxidase and cerulo-
plasmin. When present in excess amounts, however, its
oxidative potential induces reactive free radical produc-
tion that results in cellular damage. Thus, the tight reg-

* Corresponding author. Tel.: +81 3 3964 1211x1494; fax: +81 3
3579 8212.
E-mail address: hkodama@med.teikyo-u.ac.jp (H. Kodama).

ulation of copper homeostasis, which is maintained by
mechanisms including uptake, transport, storage and
excretion of copper, is required. Disruptions to normal
copper homeostasis are evident in three human genetic
disorders: Menkes disease (MD), occipital horn syn-
drome (OHS) and Wilson’s disease (WD) [1]. Each dis-
ease is caused by the absence or dysfunction of
homologous copper-transporting ATPases. The respon-
sible gene for MD and OHS is the ATP7A gene, and the
ATP7B gene is responsible for WD [1]. These three dis-
eases exhibit neurologic disorders. However, the pathol-
ogy of MD and OHS is completely different from that of
WD; that is, MD and OHS are characterized by a cop-
per deficiency while WD is characterized by toxicity due

0387-7604/$ - see front matter © 2010 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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to an excess of copper. The reason for this difference is
related to the particular cell types in which the ATP7A
and ATP7B proteins are expressed. ATP7A is expressed
in almost all cells with the exception of hepatocytes,
whereas ATP7B is primarily expressed in hepatocytes.
Here we review MD, OHS and WD with a focus on neu-
rologic aspects.

2. Copper homeostasis

The average daily intake of copper in healthy adults
is about 2 mg. Ingested copper is absorbed from the
intestine into the blood, and the majority is then trans-
ported into the liver. The majority of copper in the liver
is excreted via the bile, but a small amount is excreted in
the urine. Fig. 1 shows the molecular mechanism of cop-
per metabolism in cells. Ctrl is a high-affinity copper
transporter located on the plasma membrane of the cells
and mediates copper uptake. Copper in the cytosol is
delivered to Cu/Zn superoxide dismutase in the cytosol,
to the Golgi apparatus, and to mitochondria by Ccs2,
HAHI (ATOXI1) and Cox 17, respectively, and are
generically named copper chaperones [1]. ATP7A and
ATP7B are localized to the trans-Golgi membrane and
transport copper from the cytosol into the Golgi appa-
ratus within cells. Copper transported into the Golgi
apparatus is excreted from cells as a part of copper
enzymes. ATP7A is expressed in almost all cells other
than hepatocytes, including those of the intestine, kid-
ney and components of the blood brain barrier; ATP7B
is mainly expressed in hepatocytes and acts to excrete
copper into the bile and blood [2,3].

Genetic disorders of copper metabolism in humans
manifest in the form of MD, OHS and WD (Table 1).

3. Menkes disease (MD) and occipital horn syndrome
(OHS)

3.1. Genetics

The phenotypic features of ATP7A mutations can be
divided in at least three categories; Classical MD with
death in the early childhood (generally called as MD),
mild MD with long survival, and OHS (the mildest fea-
tures) [4]. Inheritance of MD and OHS is X-linked reces-
sive; patients are typically male, and their mothers are
heterozygous carriers of the disease. The incidence of
MD in Japan is estimated to be 1/140,000 live male
births [5]. A small number of females with X-linked
chromosomal abnormalities have also been reported to
be affected by MD [1]. Patients with MD exhibit a large
variety of mutations in the ATP7A gene [1,6,7]. Moller
described that they had identified about 357 different
mutations [4].

OHS and mild MD are extremely rare. Major muta-
tions in the ATP7A4 gene in OHS and mild MD are

splice-site or missense mutations [4], and residual activ-
ity of ATP7A still exists [6,7].

3.2. Pathology

In MD-affected cells, copper accumulates in the cyto-
sol and cannot be excreted. Copper accumulation in the
intestine results in a failure of copper absorption, which
leads to copper deficiency in the body and reduces the
activity of copper-dependent enzymes. Copper also
accumulates in the components of the blood-brain bar-
rier and cannot be transported from the blood vessels to
neurons. The characteristic features of MD can be
explained by a decrease in the activity of copper-depen-
dent enzymes (Table 2).

Neurologic degeneration in MD is mainly caused by
decreased activity of cytochrome C oxidase in neurons.
In addition, subdural hemorrhage often occurs second-
ary to disorders of brain arteries due to decreased activ-
ity of lysyl oxidase, resulting in neurologic damage.
Hypotonia may be caused by reduced activity of cyto-
chrome C oxidase in the muscle [8].

Characteristics of OHS include connective tissue dis-
orders caused by a decrease in lysyl oxidase activity.

. 3.3. Clinical features

3.3.1. Neurologic manifestations

Characteristic clinical features including seizures,
delayed development, marked muscular hypotonia and
abnormal hair, become prominent between the ages of
2 and 4 months when copper deficiency becomes
advanced. Because clinical abnormalities are absent or
subtle in affected newborns, the diagnosis is difficult
prior to 2 months of age. As the disease progresses,
patients are bedridden and never smile. Most patients
with MD die by the age of 3 years, although some
patients survive into their teenage years [1,7].

Epilepsy is observed in most patients with MD.
Bahi-Buisson et al. reported the characteristics of epi-
lepsy as divided into three periods [9]. Focal clonic
status epilepticus and intractable infantile spasms are
observed in the early stage (median age: 3 months)
and intermediate stage (median age: 10 months),
respectively. Multifocal seizures, tonic spasms and
myoclonus are observed in the late stage (median
age: 25 months). Ozawa et al. also reported that infan-
tile spasms with EEGs containing hypsarrhythmic pat-
terns are observed in 50% of epileptic patients with
MD [10]. Brain MRIs of the patient shows brain atro-
phy and delayed myelination or demyelination. Sub-
dural hemorrhage/effusion is often observed (Fig. 2).
Magnetic resonance angiography shows a tortuosity
of intracranial and cervical blood vessels [1,7].
Additionally, 'H-magnetic resonance spectroscopy
("H-MRS) shows a lactate peak and a decrease in



