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Abstract Different mutations in the copper trans-

porter gene Atp7b are identified as the primary cause

of Wilson’s disease. These changes result in high

copper concentrations especially in the liver and brain,

and consequently lead to a dysfunction of these

organs. The Atp7(-/-) mouse is an established animal

model for Wilson’s disease and characterized by an

abnormal copper accumulation, a low serum oxidase

activity and an increased copper excretion in urine.

Metallothionein (MT) proteins are low molecular

weight metal-binding proteins and essential for the

zinc homeostasis but also play a role for the regulation

of other metals, e.g. copper. However the molecular

mechanisms of MT in regard to Atp7b remain still

elusive. In this study we investigate the expression of

MT in the liver and duodenum of Atp7b(-/-) mice and

wildtype mice. Hepatic and duodenal expression of

MT was measured by real-time reverse transcription-

polymerase chain reaction and post-translational

expression was analyzed by immunoblot and

immunofluorescence. Expression of MT in liver und

duodenumwas significantly higher in Atp7b(-/-) mice

than in controls. Hepatic and duodenal copper, iron

and zinc content were also studied. Compared to

control hepatic copper and iron content was signifi-

cantly higher while hepatic zinc content was signif-

icantly lower in Atp7b(-/-) mice. In the duodenum

copper and zinc content of Atp7b(-/-) mice was

significantly lower than in controls. Duodenal iron

content was also lower in Atp7b(-/-) mice, but did not

reach statistical significance. The results of our study

suggest that metallothionein is elevated in the liver

and duodenum of Atp7b(-/-) mice.
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Introduction

Wilson’s disease is an autosomal recessively inherited

disorder of copper metabolism, caused by mutations in

the Atp7b gene on chromosome 13 (Bull et al. 1993;

Tanzi et al. 1993). The corresponding protein Atp7b is
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a Cu-ATPase. Being primarily expressed in the

hepatocytes Atp7b serves as a mediator for the

incorporation of Cu into ceruloplasmin and the

excretion of Cu from the liver into the bile (Lutsenko

et al. 2007). Therefore Wilson’s disease is character-

ized by an excessive copper accumulation in a number

of tissues, especially in liver and brain, which also

leads to the phenotypical characteristics of the disor-

der: neurological symptoms and hepatitis and/or

cirrhosis (Ferenci et al. 2003).

Established animal models for Wilson’s disease are

the Long Evans Cinnamon (LEC) rat (Wu et al. 1994),

the toxic milk mouse (Theophilos et al. 1996) and the

Atp7b(-/-) mouse (Buiakova et al. 1999; Huster et al.

2006). All these animal models are characterized by

hepatic copper accumulation and liver damage

(Buiakova et al. 1999; Okayasu et al. 1992). In

patients with Wilson’s disease liver copper concen-

trations become elevated during the evolution of the

disorder. The accumulated copper is thought to be

detoxified by metallothionein (MT) (Suzuki 1995).

MTs are low molecular weight (* 6–7 kDa) proteins

that are present in most cell types and bind unusually

high amounts of heavy metal ions such as Cu, Zn and

Cd (7–20 atoms/molecule). MT is mainly a cytoplas-

matic protein but it is also present in the nucleus

during development, cell proliferation and regenera-

tion (Nishimura et al. 1989; Tohyama et al. 1993). MT

is thought to be involved in the homeostasis of

essential metals, copper and zinc, as it is the major zinc

and copper binding protein in many tissues, and there

is a close relationship between tissue MT and zinc

content (Bremner 1991). In humans 11 isoforms of

MTs are described. The most widely expressed MT

isoforms in mammals, MT-1 and MT-2, are rapidly

induced in the liver by a wide range of metals, drugs

and inflammatory mediators. Although MT is thought

to play a crucial role in the metabolism, transport,

homeostasis and toxicity or detoxification of certain

metals, an unequivocally established function is still

lacking (Coyle et al. 2002). Previously it has been

shown that liver MT concentrations are

increased * threefold in patients with Wilson’s dis-

ease compared to controls (Mulder et al. 1992; Nartey

et al. 1987). Established therapeutic options for

patients with Wilson’s disease are D-penicillamine

(DPA), trientine and zinc salts. Induction of duodenal

MT expression is commonly accepted to play an

important role in zinc therapy for Wilson’s disease. It

is hypothesized that intestinal MT induction mediates

the decreased copper absorption observed during zinc

therapy for Wilson’s disease. However the molecular

mechanisms ofMTs in regard to the copper transporter

Atp7b are still unclear.

Therefore the aims of our study were to analyze

hepatic and duodenal MT expression of Atp7b(-/-)

mice compared to wildtype mice.

Materials and methods

Animals

The generation of Atp7b(-/-) mice has been described

previously (Buiakova et al. 1999). The Atp7b(-/-)

mice (with a genetic 129S1/Sv background) and the

wildtype 129S1/Svmice were housed at the University

of Heidelberg according to the guidelines of the

Institutional Animal Care and Use Committees and in

accordance with government guidelines. Male

Atp7b(-/-) and wildtype mice with an age of 13 weeks

were used for the experiments (n = 5 per group). Mice

were kept on a 12:12 light/dark cycle. Food (normal

chow diet containing 176 lg/g iron and 16 lg/g
copper) and water were provided ad libitum.

Animals were anesthetized with ketamine/xylazine

and systematically perfused with saline from the left

ventricle after thoracotomy to remove whole blood

from organs. Subsequently livers and duodenum were

removed and stored for further analysis.

Measurement of metal content

Iron, copper and zinc quantification in liver and

duodenal tissues using atomic absorption spec-

troscopy was performed as described previously

(Nicholson et al. 1989). Iron, copper and zinc

concentrations of tissues (mg/g of wet tissue) were

calculated from the results of this analysis (Widdow-

son et al. 1972; Widdowson and Spray 1951).

Quantitative RT-PCR

Total RNA was isolated from liver and duodenum

samples using the RNAeasyMini Kit (Qiagen, Hilden,

Germany) including DNAse digestion according to

manufacturer�s instructions. As previously described

(Herrmann et al. 2004;Muckenthaler et al. 2003), real-
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time quantification of mouse mRNA transcripts was

performed with a two-step RT-PCR using the

LightCycler system and the Relative Quantification

Software Version 1.0 (Roche Diagnostics, Mannheim,

Germany).

Sense and antisense primers for mouse MT-1 and

MT-2 were: MT-1, 50-ACT TGC ACC AGC TCC

TGC-30 and 50-CGT CAC ATC AGG CAC AGC-30;
and MT-2, 50-TCT CGT CGA TCT TCA ACC G-30

and 50-TGT CGG AAG CCT CTT TGC-30. Calibra-
tors were generated from EST clones from RZPD,

Berlin, Germany as described previously (14–16, Fe-

Paper). Calibrators for mouse MT-1 and MT-2 were

generated from EST clones IMAGE:476323,

IMAGE:4037047, and IMAGE:2651471, respec-

tively. Normalization to actin mRNA levels was

performed as previously described (Gehrke et al.

2003; Herrmann et al. 2004).

Western blotting

MT protein in mouse liver and duodenum was

analyzed by Western blotting. Frozen liver and

duodenal tissues (100 mg wet weight) were minced

and homogenized in 10 volumes of lysis buffer

(10 mM HEPES–NaOH(pH 7.2), 0.25 M sucrose,

5 mM EDTA) containing 1 mM phenylmethylsul-

fonylfluoride and proteinase inhibitors (Roche, Man-

nheim, Germany). The homogenates were centrifuged

for 10 min at 6009g at 4 �C. Total protein concen-

trations were determined on these homogenates using

the Bio-Rad (Bradford) protein assay (Bio-Rad, Her-

cules, CA) with bovine serum albumin as a standard.

Soluble protein (50 lg per lane) was separated on 15%
polyacrylamide gels and blotted onto PVDF mem-

brane (Bio-Rad, Munich, Germany) by standard

procedures. Membranes were blocked in 5% nonfat

dried milk (Bio-Rad) in PBS/PBST (139 mM NaCl,

2.7 mM KH2PO4, 9.9 mM Na2HPO4, and 0.05%

Tween 20) and were then incubated overnight with

primary antibodies. As primary antibodies for detec-

tion of MT the mouse monoclonal antibody UC1MT

(diluted 1:1000; Abcam, Heidelberg, Germany) was

used. Mouse monoclonal antibodies specific for a–
actin (1:10,000, Sigma, Munich, Germany) served as

loading control. After washing in PBST, immunore-

active proteins were visualized after incubation with

horseradish oxidase-conjugated secondary antibodies

goat anti-mouse antibody (diluted 1:7500; Santa Cruz

Biotechnology, Heidelberg, Germany) using ECL

immunoblotting detection reagents (Amersham Phar-

macia, Uppsala, Sweden). Molecular mass marker

used was PageRuler (Fermentas, St. Leon-Roth,

Germany).

Immunofluorescence analysis

Five micrometer thick serial cryostat sections were

used. After blocking with 3% bovine serum albumin in

PBS (pH 7.4) for 2 h at room temperature, sections

were incubated withMT goat polyclonal N-19 (diluted

1:300; Santa Cruz Biotechnology, Heidelberg, Ger-

many), overnight at 4 �C, followed by incubation with
Cy3-coupled secondary antibody (diluted 1:500;

Dianova, Hamburg, Germany). Nuclei staining was

done with Hoechst (diluted 1:10 for 10 min; Sigma,

Munich, Germany). Immunostaining was visualized

on a Leica fluorescence microscope equipped with a

high pressure mercury lamp and the appropriate filter

sets. Images were acquired with a digital camera and

processed with MetaVue software (Universal Imag-

ing; Visitron, Puchheim, Germany).

Statistical analysis

Data were expressed as means ± standard deviations.

We used the unpaired Student’s t test to evaluate the

differences in hepatic copper content and gene

expression level on real-time RT-PCR between

Atp7b(-/-) and wild-type mice. A P value less than

0.05 was considered significant. Statistical analyses

were performed with SPSS for Windows, release

10.05 (SPSS, Chicago, IL).

Results

Metallothionein is elevated in the liver

and duodenum of Atp7b(-/-) mice

Metallothionein is a low molecular metal binding

protein and essential in zinc homeostasis. MT is also

known to bind copper and iron. MT-1 and MT-2 are

the most widely expressed MT isoforms in mammals.

To determine whether metallothionein is involved in

our previous findings we measured the hepatic met-

allothionein expression on mRNA level by means of

quantitative real-time RT-PCR in relation to the
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expression levels of the housekeeping gene actin and

we could show that the hepatic MT-1 expression of

Atp7b(-/-) mice was more than 400-fold higher than

in wildtype mice (356.8 ± 134.37 MT-1/actin ratio

(9 10-1 vs. 0.84 ± 0.31 MT-1/actin ratio (9 10-1);

P\ 0.001; n = 5 per group) (Fig. 1a). And MT-2

expression in liver of Atp7b(-/-) mice was more than

900-fold higher than in wildtype mice

(137.86 ± 62.19 MT-2/actin ratio (9 10-2) vs.

0.14 ± 0.05 MT-2/actin ratio (9 10-2); P\ 0.001)

(Fig. 1b).

In the duodenum MT-1 was expressed on mRNA

level fivefold higher in Atp7b(-/-) mice when com-

pared to wildtype mice (12.08 ± 5.177 MT-1/actin

ratio (9 10-1) vs. 2.36 ± 1.81 MT-1/actin ratio

(9 10-1); P = 0.007) (Fig. 1c). And MT-2 expression

in duodenum of Atp7b(-/-) mice was 18-fold higher

than in wildtype mice (4.44 ± 2 MT-2/actin ratio

(9 10-2) vs. 0.24 ± 0.16 MT-2/actin ratio (9 10-2);

P = 0.003) (Fig. 1d).

In the next step we also investigated the MT

expression on protein level by western blotting. MT

expression in the liver was strongly detectable in

Atp7b(-/-) mice by immunoblot analyzes. In wildtype

mice there was significantly less MT expression

detectable (Fig. 2a). In the duodenum MT expression

was slightly stronger in Atp7b(-/-) mice than in

wildtype (Fig. 2b).

MT is mainly a cytoplasmatic protein but it is also

present in the nucleus during development, cell

proliferation and regeneration (Nishimura et al.

1989; Tohyama et al. 1993). To detect the localization

of metallothionein in duodenum and liver we per-

formed an immunofluorescence microscopy. As

shown in Fig. 3 there was a slightly stronger expres-

sion of MT (shown in red) detectable in the liver of

Atp7b(-/-) mice in comparison to wildtype mice

(Fig. 3a, b). The expression pattern of MT was

detectable in the cytoplasma and nucleus of the liver

in both groups. In the duodenumMT localizes more to

the cytoplasma than to the nucleus in both, Atp7b(-/-)

mice and wildtype mice (Fig. 3c, d).

Hepatic copper and iron concentrations are

elevated and hepatic zinc concentration is

decreased in Atp7b(-/-) mice

Total copper measurements were done in liver sam-

ples from male 13-week-old Atp7b(-/-) and wildtype

mice. As shown in Fig. 4a, Atp7b(-/-) mice showed a

52-fold higher hepatic copper content in liver than

wildtype mice (275.92 ± 27.93 vs. 5.32 ± 0.36 lg/g
of wet weight, P\ 0.001; n = 5 per group).

We also measured the iron concentrations of the

liver samples of both Atp7b(-/-) and wildtype mice.

The iron content of the liver was 2-fold higher in

Atp7b(-/-) mice compared to wildtype mice

(103 ± 18.60 vs. 60.6 ± 14.39 lg/g of wet weight,

P = 0.007) (Fig. 4b).

As the function of metallothionein is closely linked

to zinc, we also looked for the zinc concentration. In

the liver zinc content was also significantly lower in

Atp7b(-/-) mice (53.88 ± 1.72 vs.

93.44 ± 14.68 lg/g of wet weight, P\ 0.001) than

in controls (Fig. 4c).

Duodenal copper and zinc concentration are

decreased in Atp7b(-/-) mice

In the next step we measured the copper and iron

concentrations in the duodenum. As shown in Fig. 5a,

Atp7b(-/-) mice showed a copper content in the

duodenum that was only half as high than in wildtype

mice (11.98 ± 2.87 vs. 22.96 ± 6.83 lg/g of wet

weight, P = 0.018; n = 5 per group).

There was no significant difference of the duodenal

iron content in Atp7b(-/-) mice compared with

wildtype mice (235.14 ± 70.11 vs.

339.34 ± 135.04 lg/g of wet weight, P = 0.21)

(Fig. 5b).

As shown in Fig. 5c the zinc content in the

duodenum of Atp7b(-/-) mice was significantly lower

and only half as high as the zinc content in the

duodenum of wildtype mice (136.04 ± 19.52 vs.

294.02 ± 88.31 lg/g of wet weight, P = 0.008).

Discussion

Wilson’s disease is characterized by an extreme

accumulation of copper by mutations in the copper

transporter gene Atp7b (Tanzi et al. 1993). This leads

to cerebral and hepatic dysfunctions. Metallothioneins

are low-molecular-weight metal-binding proteins and

are thought to play an essential role in the zinc

homeostasis, prevention of heavy metal-induced cyto-

toxicity and protection against environmental stress,

but an unequivocally established function is still
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lacking (Coyle et al. 2002). Four major isoforms are

described for mammalian MTs: MT-1, -2, -3 and -4.

MT-1 and MT-2 only slightly differ in regard to their

amino acid sequences and are expressed in most of the

organs (Hamer 1986). Previously it has been described

that MT concentrations are increased * threefold in

patients with Wilson’s disease compared to controls

(Mulder et al. 1992; Nartey et al. 1987). Excessive

accumulated copper in the liver binds to metalloth-

ionein and only reacts in a toxic way if the binding

capacity of MT is exhausted and free copper occurs

(Sakurai et al. 1992a; Sugawara et al. 1991). However

the molecular mechanisms of MTs in regard to the

copper transporter Atp7b are still unclear and to

unravel the mechanisms, we investigated the MT

Fig. 1 Hepatic and duodenal expression of metallothionein 1

and 2 (MT) on mRNA level. Quantification was done by real-

time reverse transcription-polymerase chain reaction (RT-PCR)

and expressed in relation to actin. Data are expressed as

means ± standard error. a Hepatic MT1 expression of

Atp7b(-/-) mice compared with wildtype mice (n = 5 per

group). Hepatic MT1 expression is significantly higher in

Atp7b(-/-) mice compared with wildtype mice. b Hepatic MT2

expression of Atp7b(-/-) mice compared with wildtype mice.

Hepatic MT2 expression is significantly higher in Atp7b(-/-)

mice compared with wildtype mice. c Duodenal MT1 expres-

sion of Atp7b(-/-) mice compared with wildtype mice.

Duodenal MT1 expression is significantly higher in Atp7b(-/-)

mice compared with wildtype mice. d Duodenal MT2 expres-

sion of Atp7b(-/-) mice compared with wildtype mice.

Duodenal MT2 expression is significantly higher in Atp7b(-/-)

mice compared with wildtype mice

Fig. 2 Hepatic and duodenal expression of metallothionein 1

and 2 (MT) on protein level. a, bWestern Blots of liver (a) and
duodenum (b) homogenate (50 lg protein) of Atp7b(-/-) mice

and wildtype mice using mouse anti-MT (upper panel). Anti-

actin served as gel loading control (lower panel)
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expression in association to Atp7b and measured the

concentrations of copper, iron and zinc.

The results of our study showed significantly higher

concentrations of metallothionein in the liver of

Atp7b(-/-) mice compared to controls. These findings

are consistent with the results of Huster et al. who

reported a significant upregulation of MT1/2 in the

liver of Atp7b(-/-) mice on protein and mRNA level

(Huster et al. 2007) and in livers of adult toxic milk

mice, a mutant animal, which also serves as model for

Wilson’s disease, Mercer et al. could also show a

tenfold elevation in MT and MT1 mRNA levels

Fig. 3 Localization of metallothionein (MT) in liver and

duodenum. a–d Immunofluorescence staining of liver (a,
b) and duodenum (c, d) with anti-MT (red) in Atp7b(-/-) mice

(b, d) and wildtype mice (a, c). Cell nuclei were visualized with
Hoechst (blue). Scale bar 20 lm. (Color figure online)

Fig. 4 Hepatic copper (Cu), iron (Fe) and zinc (Zn) content of

13-weeks-old Atp7b(-/-) (n = 5) and wildtype mice (n = 5) of

the same age. a Hepatic Cu content of Atp7b(-/-) mice

compared with wildtype mice. Hepatic Cu content (lg/g wet

weight) is significantly higher in Atp7b(-/-) mice compared

with wildtype mice. b Hepatic Fe content of Atp7b(-/-) mice

compared with wildtype mice. Hepatic Fe content (lg/g wet

weight) is significantly higher in Atp7b(-/-) mice compared

with wildtype mice. c Hepatic Zn content of Atp7b(-/-) mice

compared with wildtype mice. Hepatic Zn content (lg/g wet

weight) is significantly lower in Atp7b(-/-) mice compared with

wildtype mice
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(Mercer et al. 1994). Nakazato et al. also reported

elevated serum and urinary levels of MT1/2 in Long-

Evans Cinnamon (LEC) rats, another model for

Wilson’s disease, and elevated serum MT1/2 levels

in patients with Wilson’s disease (Nakazato et al.

2012, 2014).

Increased concentrations of metal ions in organs

lead to an induction of metalloenzymes and metallo-

proteins. Therefore it seems to make sense, that the

excessive copper accumulation in the liver of

Atp7b(-/-) mice leads to an increased expression of

MT. Liver-MT as well as serum-MT are described to

be loaded with copper and are present as Cu-MT in

Wilson patients and LEC rats (Nakazato et al. 2014;

Sakurai et al. 1992a, b). The increased protein

expression of MT seems to be a physiologically

answer of the organism to answer the excessive copper

levels which occur in the liver and plasma during the

progression ofWilson’s disease at the stage of an acute

hepatitis. With MTs binding free copper in the liver

the toxic effect of this metal is reduced (Suzuki 1995).

Beyond the copper-binding capacity of MT free

copper starts increasing during the progression of

Wilson’s disease. Increased levels of free copper in the

liver cause cellular damage as free copper is able to

catalyze special reactions leading to an increased

generation of aggressive hydroxyl radicals, which play

an important role in inflammation and carcinogenesis

(Halliwell et al. 1992; Koizumi et al. 1998).

The intestine also expresses MT, but little is known

about the contribution of intestinal MT to normal

copper homeostasis. Our results showed a significantly

increased concentration of MT in the duodenum of

Atp7b(-/-) mice compared to controls. Similar to the

liver-MT the underlying mechanisms in the duodenum

might be due to the stimulation of metallothionein in

the duodenum, which functions as endogenous chela-

tor. In the cytosol of enterocytes MT binds newly

absorbed copper and zinc, prevents their absorption

from the gut into the circulation and consequently

reduces the uptake of copper and zinc in the duode-

num. Pierson et al. reported that ATP7b regulates

vesicular storage of copper in the intestine of mice and

could also show reduced copper storage pools in the

intestine of Atp7b(-/-) mice (Pierson et al. 2018). On

the other hand zinc is also an inductor of MT (Hamer

1986) and might affect Cu and Fe transport from the

gut into the circulation through competitive transport

mechanisms, but evidence for this mechanism is still

weak. Furthermore a competitive binding pattern of

Zn and Cu on MT could also explain the observed

lower hepatic Zn concentrations in Atp7b(-/-) mice.

And especially zinc salts are being used frequently as

therapeutic option for patients with Wilson’s disease

for decades. The intestinal MT induction seems to

mediate the decreased copper absorption observed

during zinc therapy for Wilson’s disease (Medici et al.

2002; Santon et al. 2003).

In conclusion our study showed a significantly

higher expression of metallothionein in the liver and

duodenum of Atp7b(-/-) mice in comparison to

wildtype mice and there is evidence that the elevated

concentration of metallothionein seems to be a

physiologically mechanism in Wilson’s disease to

Fig. 5 Duodenal copper (Cu), iron (Fe) and zinc (Zn) content

of 13-weeks-old Atp7b(-/-) (n = 5) and wildtype mice (n = 5)

of the same age. a Duodenal Cu content of Atp7b(-/-) mice

compared with wildtype mice. Duodenal Cu content (lg/g wet

weight) is significantly lower in Atp7b(-/-) mice compared with

wildtype mice. b Duodenal Fe content of Atp7b(-/-) mice

compared with wildtype mice. Duodenal Fe content (lg/g wet

weight) is lower in Atp7b(-/-) mice compared with wildtype

mice. c Duodenal Zn content of Atp7b(-/-) mice compared with

wildtype mice. Duodenal Zn content (lg/g wet weight) is

significantly lower in Atp7b(-/-) mice compared with wildtype

mice
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compensate and regulate the excessive copper

accumulation.
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