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#K 1. Menkes WBROHAREE, HARSE L HAEREME, SIO—BBET—% L0

g
BT
- Menkes i E#E (571) (41)5% 22 %2@3%‘3{&& p s
HEERET —H*)
FEH EHE R F¥E
H AR AR 3 222 0.35 0.576
S 35 2.35
(kg) 36 8 2.52 0.31 2.53 0.944
37 12 2.69 0.20 2.72 0.659
38 8 2.83 0.26 2.94 0.255
39 3 2.79 0.17 3.10 0.085
AR ey 3 43.6 12 0.096
ey 35 457
(cm) 36 2 483 2.5 46.5 -
37 7 47.9 1.1 475 0.389
38 2 483 2.4 48.5 -
39 1 47.0 - 492 -
Hi AR FEEE 3 31.2 3.33 0.645
35 322
(cm) 36 2 32.0 - 326 -
37 5 32.0 1.34 33.1 0.410
38 1 330 33.4 -
39 1 325 33.5 -
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# 2. ERAFUUEK TENOEREZIT TV 5 Menkes 75 5 JE O E ORERFL(L

BE REAR  REAR AR BEAE 1 BEREL ke BERE 2 BENE 2 (kg)
D TRk 28 A 1 A RBE 1 SD* & SD*
1 3.0 4.0 A7, 109 5 A 3.0 6.0 -0.5 109.0 17.2 -2.0
2 3.0 4.0 BT, 39 A ARz T 3.0 5.4 -1.2 38.0 7.4 -3.9
3 2.0 4.0 FETC. 19 A A B AR 4.0 6.0 -1.2 - - -
DL RT
4 1.0 5.5 FETC. 56 %> BEELK R B 5.0 6.8 -1.1 56.0 10.4 -3.0
5 1.5 6.0 FET-, 43 7> A BEHUNE T 5.0 6.8 -1.1 .
6 4.0 8.0 17, 1155 208 5.0 7.9 -0.3 - -
7 0.0 6.5 ATE. 95 A 5.0 8.0 0.4 95.0 13.6 2.5
8 - - FETC. 30 A 6.0 6.5 -1.7
IE R BRI T
9 - FEL, 53 7> H BEEYL L 6.0 6.6 -1.6 52.0 9.5 -3.2
E2E N
10 2.0 7.0 FETC. T4 H A BER K AREA 7.0 6.8 -1.6 - -
11 4.0 6.5 FET. 76 > A BER R R B 7.0 6.9 1.4 - -
12 HTF, 26 h A 7.0 8.5 0.3 25.0 9.8 -1.7
R 1.0-4.0 4.0-8.0 3.0-7.0 5485 +0405 25.0-109.0 7.4-17.2 -17»b
-1.7 -3.9
*BEF—F  REMKBEBEER T 2 7 F A http'//www.pediatric-world.com/sd/nose/seicho.html, — : 7B
#£3. B AFUUHE TEROEE L5 T 5 Menkes 7 5 O &R ORIFE(L
BE OBEAE  REAR  BEARL R R BEYE 1 (cm) BE A2 BEHE 2 (em)
D WAL 23 45 1 ARHIE & SD* & SD*
1 3.0 4.0 3.0 1, 109 2 A 59.0 -0.7 109.0 96.0 -6.3
3 2.0 4.0 4.0 BT, 19 2 A RREREO 60.4 -2.3 -
DffifELE T
4 1.0 5.5 5.0 BT, 56 > H KR KRB - - 56.0 88.0 -4.0
5 1.5 6.0 5.0 FEL. 43 7> F FREEULE T 66.0 -0.2
7 0.0 6.5 5.0 EAE. 95 1A - 95.0 109.0 -3.0
9 - - 6.0 FET-, 53 o H b 62.6 -2.1 52.0 89.0 -3.2
AR AT
10 2.0 7.0 7.0 FETS, T4 H B R E R 60.5 -3.5 - -
11 4.0 6.5 7.0 FET, 76 0> A BRRE A 58.2 -4.5 25.0 79.0 -2.3
12 7.0 &, 26 00A 66.1 -1.2 - -
e 3.0-7.0 58.2- -024b  25.0-109.0  88.0- 235
66.1 4.5 109.0 -6.3

*BEF—F  REMBEEER T v 7 F A http//lwww.pediatric-world.com/teikyou/seicho.html
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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 accumulates in the blood-brain barrier and is not transported to neurons. To resolve this
issue, we investigated the effects of a combination therapy comprising copper and disulfiram, a
lipophilic chelator, in the macular mouse, an animal model of MD. Seven-day-old macular mice
treated subcutaneously with 50 pg of CuCl, on postnatal day 4 were used. The mice were given a
subcutaneous injection of CuCl, (10 pg) 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 noradrenaline 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.
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Introduction

Menkes disease (MD) is an X-linked recessive disorder caused by a defect in
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 cytosol and cannot
be excreted. Copper accumulation in the intestines results in copper absorption failure, leading to
overall copper deficiency 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 maturation [2—4]. Copper concentrations in the serum, liver, and brain of MD patients are
significantly lower, resulting in reduced activities of copper-dependent enzymes, such as
cytochrome ¢ oxidase, dopamine B-hydroxylase, and lysyl oxidase. Currently, parenteral
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. Therefore, copper delivery to neurons is the
most important objective in the treatment of MD-associated neurological degeneration [6].

We previously reported that a combination therapy comprising copper and
diethyldithiocarbonate (DEDTC) improved copper concentrations, cytochrome ¢ 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 toxicity [8-10]; thus, oral disulfiram is easily applicable in the clinical setting.
Here, we report the effects of a combination therapy comprising 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 controls were treated with a single
subcutaneous injection of cupric chloride solution (50 pg of CuCly) on postnatal day 4, because
macular mice die without this treatment. All mice were maintained 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 pg) 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 HNO; by
heating at 120°C, and the resultant residues were dissolved in 2 mol/L. HNOs. Serum samples were
wet-digested with concentrated HNO; by heating at 120°C. Copper concentration was analyzed
with a Hitachi Z-8100 atomic absorption 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 ¢ oxidase activity in the
mitochondrial solution was determined using the Cytochome ¢ Oxidase Assay Kit (Sigma-Aldrich,
St. Louis, MO). Protein concentration was determined using the Pierce BCA Protein Assay Kit

(Pierce, Rockford, IL).

Measurement of catecholamine and enzyme concentrations

Cerebrum and cerebellum were homogenized in 0.4 N perchloric acid and centrifuged at
4°C (12,000 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

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

Statistical analysis

Data are presented as meantstandard error (SE). The SE is computed from known sample
statistics, and it provides an unbiased estimate of the standard deviation of the statistic, thus we used
SE. Difference in body weight changes between two groups was analyzed using two-way repeated
measure ANOVA. Differences in copper concentration, CCO activity and catecholamine between
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, 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.

Consistent with a previous report [12], control macular mice exhibited low copper concentrations in



serum, liver, and brain, and high copper concentrations in the intestine and kidney. Copper
concentrations in the cerebellum, liver, and serum of treated macular mice were significantly higher
than those of control macular mice, suggesting 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 B-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
copper administration [14]. These findings indicate that copper cannot be incorporated into
dopamine B-hydroxylase in MD-affected cells due to ATP7A defects. Given that dopamine
B-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 P-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.

MD patients and macular mice exhibit high renal copper concentrations [1]. Indeed, control
macular mice exhibited a high concentration of copper in the kidney. The renal copper
. concentration 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
catecholamine 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 serious 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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