L))

Check for
updat

Review Article on Unresolved Basis Issues in Hepatology

Page 1 of 13

Therapeutic strategies in Wilson disease: pathophysiology and
mode of action
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Abstract: Wilson disease is a copper overload disease treatable with the chelators D-penicillamine and
trientine to enhance urinary excretion or with zinc which predominantly inhibits absorption. By lifelong
treatment a normal life expectancy and significant improvement of hepatic injury as well as neurologic
manifestation is achievable. Here we evaluate the mode of action for effective therapy of Wilson disease.
We postulate that there is no quantitative removal of copper from the liver possible. The therapeutic goal
is the removal of toxic free copper (non-ceruloplasmin, but albumin bound copper). This is achievable by
the induction of metallothionein which is accomplished by chelators and in particular by zinc. For control
of therapy the option of a direct measurement of free copper would be preferable over the less reliable
calculation of this fraction. A therapeutic challenge is still the full restoration of neurological deficits which
can hardly be reached by the available chelators. Whether bis-choline-tetrathiomolybdate as intracellular
copper chelator is an option has to be awaited. It is concluded that the goal of actual drug therapy in Wilson
disease is the normalization of free copper in serum.
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Introduction put a view on treatment mechanism in perspective. The key

Wilson disease is a rare (1:30,000 inhabitants) inherited question is whether chelators or zinc indeed remove copper
N )

. . . . o from the organism or turn toxic copper into harmless
copper overload disease of the liver due to impaired biliary g pp

copper excretion. It affects female as well as male individuals deposits.
and manifests mostly in late childhood or adolescence (1).
It is an autosomal recessive disorder due to mutation of the Methods

ATP7B gene located on the long arm of chromosomel3 at
position 14.3 (2).

Although the disease can be treated, the mechanism of
action for therapy is not completely understood. Therefore,
we describe here what is known about Wilson disease and

The literature was searched via PubMed according to the
listed key words. We considered German and English
original publications (basic science and clinical) and reviews
of the last 30 years.
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Physiology

The gene product is the ATPase which carries
cytoplasmatic copper to the trans-Golgi-network (TGN)
for incorporation into apoceruloplasmin with 8 copper
binding sites before it is released as ceruloplasmin at the
basolateral side of hepatocytes to the systemic circulation (2).
As copper containing oxidase it is responsible for transfer of
Fe’* to Fe’* which is incorporated into transferrin for iron
delivery to the system utilizing transferrin receptors (3).
When more copper is transported to the TGN it is released
by vesicular transport to the canalicular plasma membrane
for release into bile from where excess copper is excreted in
stool. Intestinal-released copper is hardly be reabsorbed due
to binding to bile acids, i.e., taurochenodeoxycholate (4,5).
Absorption from diet is carrier-mediated, transporting Cu’
via the copper transporter (Ctrl) at the apical site to cytosol
followed by intracellular binding to metallothionein and
release at the basolateral side of mucosal cells via ATP7A
(Menkes ATPase) (6). Since only Cu'is transportable, a
conversion of Cu’* to Cu" has to occur for cellular entry.
After release from mucosal cells copper is transported
bound to albumin via portal blood to the liver from where it
is extracted by Ctrl. Within hepatocytes the free cytotoxic
Cu" is bound after uptake to the Antioxidant protein 1
(Atox1) from where it is handled to ATP7B for translocation
to TGN (1). During phases of copper overload, excess
Cu’is transiently bound and stored in a complex with
metallothionein (1) (Figure I).

Pathophysiology

In Wilson disease almost 800 different mutations of the ATP7B
gene are known (7-9), which result in functional impairment
of copper transport to the TGN reaching from absent
ATP7B in TGN (mutation H1069Q) in exon 14) to failure of
Atox1 binding to this transporter, impaired transmembrane
translocation or release at the luminal side of TGN (Figure 2).
The remaining, non-transportable cytoplasmatic copper
piles up and is bound to metallothionein, the synthesis
of which is induced by copper (10). When the copper
binding capacity of metallothionein comes to its limit,
excess copper is also deposited within lysosomes where
due to the acid environment amorphous copper complexes
accumulate, potentially inducing free radical injury
(11,12). These complexes are detectable histologically
by Rhodamine staining (13). The toxic Cu'* damages the
lysosomal membrane, causes Cu'* overflow to cytoplasm
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and thus, cellular damage concomitant with release
to the circulation. The diminished copper transport
through ATP7B to TGN results also in lack of biliary
excretion and consequently hepatic copper overload (1).
In addition insufficient apoceruloplasmin loading with
copper results in its degradation. The resulting very low
ceruloplasmin plasma concentration calls in for albumin
as substitute to bind in addition to the copper absorbed
from the intestine also released copper from damaged
hepatocytes (Figure 1). However, the copper-binding
capacity of albumin is limited. It seems that copper is
only weakly bound and can dissociate for uptake in other
organs (14). Therefore, copper can be released via kidneys
to urine. This, non-ceruloplasmin bound (albumin-
associated), free copper is thought also to be capable to
pass to brain causing among other cerebral manifestation
mostly motoric impairment. It could be hypothesized
that copper penetrates at the site of plexus coroidei through
fenestrated endothelium into brain and accumulates
within the nearby basal ganglia. Other explanations for
basal ganglia destruction claim that it is due to structural/
functional consequences caused by the mutated ATP7B
because no neuronal copper deposition was noted in
respective animal studies (15,16). Mechanistically, the
consequent inhibition of ceruloplasmin biosynthesis due to
mutated ATP7B protein (in liver as well as in brain) disturbs
cellular iron release with excess intracellular iron deposition,
especially in the basal ganglia (17-19). Accordingly, it
needs further evaluation whether the mutated ATP7B or
copper/iron accumulation are responsible for neurological
manifestation. Copper and iron overload are potentially
reversible by liver transplantation due to concomitant
ceruloplasmin normalization. However, mutated ATP7B
remains and could explain persistent neurological symptoms.

Copper accumulation in the cornea appears as golden-
brown rings around the edge of the eye lenses are called
Kayser-Fleischer rings. They do not impair vision (1,20).
Copper accumulation in kidneys and heart are rarely
observed causing tubulopathy and cardiomyopathy,
respectively. Continuous hepatic injury eventually leads
to cirrhosis and portal hypertension. The enlargement
of the spleen causes accompanying thrombocytopenia
and sometimes leucopenia and anemia as consequence of
hypersplenism. In addition latent or overt hemolysis with
unconjugated hyperbilirubinemia can occur (20). This
Coombs-negative hemolysis is considered as a consequence
of Cu'-mediated erythrocyte injury (1). A prominent
hemolysis occurs frequently on the occasion of fulminant
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Figure 1 Physiology and pathophysiology of copper transport and metabolism. Under physiological conditions (left panel), copper uptake
in hepatocytes is initiated by the high affinity Ctrl from the apical side. In the cytosol, copper binds to the chaperon ATOX1 that handles

copper to ATP7B as transporter into the trans-Golgi network (TGN). There it is incorporated into apoceruloplasmin and released as

copper loaded ceruloplasmin via vesicular export at the basolateral plasma membrane into the blood stream. As alternative pathway, the non-

ceruloplasmin copper is secreted by exocytosis and via ATP7B at the canalicular membrane to bile. Non-transported copper is intermittently

stored in cytosol within metallothionein. In Wilson disease (right panel), functional ATP7B is missing resulting in backing-up of copper in

cytosol. When the metallothionein binding capacity is exceeded, the copper overspill is covered in lysosomes which eventually burst under

the burden of generated free radicals. It induces cell injury and release of free copper to blood.

Wilson disease with acute hepatic failure due to copper-
induced apoptosis (21). At this occasion, a concomitant
massive release of copper to the circulation occurs.

All of this leads to a plethora of symptoms (20) (Figure 3).
Systematic analyses of large patient-cohorts did not define
specific genotypes which are responsible for different
manifestations, e.g., mainly hepatic, neurologic, mixed
manifestations, fulminant or asymptomatic courses
(22-25). Moreover, of the different proteins involved in
copper metabolism, only ATP7B mutations were shown
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to be responsible for manifestation of human Wilson
disease (22,23). Even aceruloplasminemia is different to
the clinical presentation in Wilson disease. It reveals severe
iron deficiency and neurodegenerative features but normal
biliary copper excretion (24).

However, modulating epigenetic factors, are believed
to be responsible for the time and type of clinical
manifestation. One hypothetical option could be the
metallothionein gene family, the expression of which may
modulate intracellular free copper availability (26).
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Figure 2 The conformation of the ATP7B protein and marking of 2 prominent mutations. In humans the mature copper-transporting

ATP7B protein consists of 1,465 amino acid encompassing a copper binding domain with six copper binding sites, a phosphatase domain,

a phosphorylation domain, an ATP-binding domain, and a short stretch connecting the ATP binding domain to the eight transmembrane

segments (2,8). The positions of the two most common mutations R778L (located in the first transmembrane region affecting transport

of copper through the membrane) and H1069Q (located in the ATP binding site reducing ATP-mediated phosphorylation) are depicted.

However, it is also discussed that mutations induce protein misfolding resulting in endoplasmic-reticulum (ER)-associated degradation (9).

Diagnosis

Based on the pathophysiology, diagnostic criteria for
Wilson disease are: low ceruloplasmin, low serum copper,
elevated free (albumin-bound) copper [as calculated by
the formula: free copper = serum copper (pg/dL) minus
ceruloplasmin (mg/dL) x 3.15], and elevated urinary copper
excretion (Table 1) (27,28). Gold standard is the quantitative
determination of liver copper (27). Positive histological
Rhodamine stain identifies lysosomal copper aggregates (13).
Genetic analysis can be helpful to detect homozygous
or compound heterozygous disease causing mutations of
the ATP7B gene (23). A great number of mutations have
been reported that hamper the proper function of the
ATP7B. Actually more than 800 pathogenic variants in the
ATP7B gene have been identified, with single-nucleotide
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missense and nonsense mutations being the most common,
followed by small deletions, splice site mutations and small
insertion (29). Kayser-Fleischer rings are detectable in only
50% of the patients, but mostly (~80%) in neurological
cases (Tuble 1). According to the most relevant diagnostic
features a Wilson disease-specific score has been developed
(Table 2) (22). It is of further relevance whether and to what
level transaminases are elevated as indicator of liver injury.
Signs of cirrhosis reflect advanced chronic liver disease
even in young patients. A neurological work-up is required
to determine the extent of central nervous system (CNS)
manifestations. Finally it is important to evaluate whether
the patient has other disorders, particularly those affecting
the liver. For differential diagnosis copper overload
due to cholestasis, e.g., primary sclerosing cholangitis
(PSC) or primary biliary cholangitis (PBC) has to be
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Figure 3 Plethora of organ manifestations and symptoms in Wilson disease. In Wilson disease the symptoms are highly variable and can

affect liver, brain, kidney, eyes, heart, bone, blood system, and many other organs or tissues.

Table 1 Diagnosis of Wilson disease

Parameter Criteria to diagnose Wilson disease
Ceruloplasmin <0.2 g/L

Serum copper <70 pg/dL (12 pmol/L)

Urinary copper >60 pg/d (>0.94 pmol/d)

Free copper >15 pg/dL (0.23 pmol/dL)
D-penicillamine 500 Urinary copper increase to >1,600 pg/d
Liver copper >250 pg/d dry weight
Kayser-Fleischer-rings Sensitivity 50%; Specificity 95%
Genetic analysis Sensitivity 90%; Specificity 100%
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Table 2 Scoring system developed at the 8" International Meeting on Wilson’s disease, Leipzig 2001 [modified from (30)]

Typical clinical symptoms and signs Score
Kayser-Fleischer rings e Present: 2
e Absent: 0
Neurologic symptoms or typical imaging at brain magnetic e Severe: 2
resonance imaging o Mild: 1
e Absent: 0

Serum ceruloplasmin

e Normal (>0.2 g/L): 0

« Slightly reduced (0.1-0.2 g/L) : 1

o Drastically reduced (<0.1 g/L): 2

Coombs negative hemolytic anemia

e Present: 1

e Absent: 0

Liver copper (in the absence of cholestasis)

e >5x ULN (>4 pmol/g): 2

¢ 0.8-4 pmol/g: 1

e Normal (<0.8 pmol/g): -1

e Rhodamine-positive granules: +1 (if no quantitative liver copper is available)

Urinary copper (in the absence of acute hepatitis)

e Normal : 0

e 1-2x ULN: 1

e >2x ULN: 2

e Normal, but >5x ULN after one day challenge with 2x0.5 g DPA: 2

Abbreviations used: DPA, D-penicillamine; ULN, upper limit of normal.

considered beside other very rare disorders (31). The
aceruloplasminemia is not associated with Wilson disease
because there is an unimpaired biliary release of copper (32).
Heterozygous carrier of ATP7B mutations show only
a slight low ceruloplasmin and serum copper but a
normal urinary copper excretion (32,33). They do not
develop clinical symptoms, in particular liver damage
and neurological symptoms. Most likely heterozygous
carriers do not have elevation of free copper, because
phenotypic expression of the pathophysiology is mild, i.e.,
only marginal ceruloplasmin suppression. In cases with
only discrete low ceruloplasmin (<0.2 g/L), the calculation
of non-ceruloplasmin bound copper is not reliable. The
reason is that most laboratories determine ceruloplasmin
by an immunonephelometric method which measures both
ceruloplasmin and the biologic inactive apoceruloplasmin.
The enzymatic method (copper oxidase) is more
accurate (34). It is our experience that the calculation of free
copper is only valid at ceruloplasmin concentrations below

© Annals of Translational Medicine. All rights reserved.

0.1 g/L. Unfortunately, the direct measurement of the free
copper fraction is not available yet for routine laboratory
testing although it would be most desirable for diagnosis
and therapy monitoring (35).

Prognosis

The prognosis of untreated Wilson disease patients is poor
with a median life expectancy of 40 years (36).

Today with all of the available therapeutic regimens,
a normal life expectancy of patients with Wilson disease
is achievable (Figure 44) (20). In addition clinical,
neurological, and hematological symptoms improve during
treatment to a significant extent (Figure 4B,C,D) (20).
Exceptions are those indicating impaired liver function due to
cirrhosis and complications of portal hypertension (37). Most
challenging are neurologic disorders, which are only partial
reversed and in rare cases may even deteriorate which may be
due to inefficient access of present therapies to brain copper

Ann Transl Med 2021;9(8):732 | http://dx.doi.org/10.21037/atm-20-3090
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Figure 4 Therapeutic efficacy in therapy of Wilson disease. (A) The life expectancy of Wilson disease patients is normal if therapy is started

in a timely manner. Shown is the cumulative survival in 51 patients with Wilson disease compared with that of an age- and sex-matched

control population. The survival time was only slightly reduced during the early period of observation when liver transplantation was not

available for fulminant hepatic failure. Otherwise the survival rates were not different after 15 years of observation. Improvement of (B)

clinical, (C) neurological, and (D) hematological symptoms before after long-term treatment with the de-coppering drug D-penicillamine.

Data depicted were taken from (20).

and iron or due to the mutated neuronal ATP7B.

Therapy
Diet

A therapy with a low copper diet is inefficient because it
is very difficult to achieve a negative copper balance since
almost every food contains traces of copper to be absorbed
via Ctrl. However, it is recommended to avoid food rich
in copper to support medical therapy, like cacao, dark
chocolate, nuts, raisins, shellfish, oysters, inner organs like
liver and kidneys, dietary supplements such as spirulina, and

© Annals of Translational Medicine. All rights reserved.

shitake mushrooms (38).

Drug therapy of Wilson disease

It is a general shortcoming that for none of the therapies
applied in Wilson disease randomized controlled trials
(RCT) were performed. Most patients are treated with
copper chelators to remove copper from albumin (27).
D-penicillamine was the first copper chelator on the
market. It binds extracellular copper and excretes it via
kidneys to urine. Due to interference with pyridoxin action,
it has to be given in combination with 25-50 mg vitamin
B6. D-penicillamine is powerful to improve the disease (20).

Ann Transl Med 2021;9(8):732 | http://dx.doi.org/10.21037/atm-20-3090
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Table 3 Adverse events of D-penicillamine, trientine and zinc
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Occurrence time D-penicillamine

Trientine Zinc

Early e Fever
e Rash
Late e Cytopenia

¢ Nephrotoxicity

® Autoimmune disease
® Polymyositis

e Myasthenia gravis

¢ Collagen disorders

e Sensory polyneuropathy

¢ Aplastic and sideroblastic
anemias

¢ Dyspepsia

e Pancreatic enzyme elevation

Within 1-2 years the patients become normal in regard
to free copper (calculable at ceruloplasmin <0.1 g/L) and
normal urinary copper excretion determined after 2 days of
chelator cessation and urinary collection at 3™ days without
chelator (Table 1) (39). At that time transaminases should
also be normalized.

The dosage starts slowly with 300 mg/d and is increased
weekly by 300 mg up to 1,500 mg/d as required. After
reaching remission with normal free copper and urinary
copper excretion, therapy has to be maintained lifelong
at lowest possible doses (mostly 600-900 mg/d) (27). In
some cases (14%,) an initial deterioration of neurological
symptoms is observed, but the pathophysiology remains
unclear (40). One hypothesis claims that a sudden release
of copper from hepatic stores is responsible. Unfortunately,
this neurologic deterioration is difficult to reverse (40).
There is a number of other adverse events occurring in the
initial phase of treatment and on long term therapy (Table 3).
Initial allergic reaction can be copied by cessation of
D-penicillamine or a concomitant therapy with steroids. For
long-term treatment the adverse reactions and their severity
have to be weighed against the efficacy of therapy. Often
induction of autoimmune disorders of different degrees is
noted with elevation of antinuclear antibodies (ANA) (27). In
these cases therapy has to switch to trientine or zinc.

‘Trientine 2HCI is the chelator only for patients intolerant
to D-penicillamine (27). After slowly escalating doses it can
be increased to 1,800 mg trientine/d as required, while for
maintenance therapy 600-1,000 mg trientine/d are mostly
applied. Trientine 2HCI does not require the addition of vitamin
B6. It is as effective as D-penicillamine and has less adverse
events (40). Stll neurologic deterioration can occur and anemia

© Annals of Translational Medicine. All rights reserved.

has been reported (41-43). Since 2018, also trientine 4HCI is
available on the market (44). It can also only be prescribed
for patients intolerant to D-penicillamine.

Zinc is less dangerous in regard to adverse events (45).
Only abdominal discomfort was recorded which in severe
cases leads to its discontinuation. On the market are zinc
salts or better tolerable zinc-amino acid bound preparations.

The efficacy is established in particular for long term
maintenance therapy (46). As initial therapy it may slow
down the disease activity. For control of liver damage, it
was reported to be inferior to chelators (27,45-47). The
recommended dose for adults is 3x50 mg daily and for
children and adolescents 3x25 mg daily (48).

Only in rare cases zinc is combined with chelators, both
in reduced doses. It has to be provided separate from food
and chelators to avoid in gut intraluminal binding and, thus,
absorption. This requires a disciplinary drug intake schedule for
the patient. Exact evaluation of this recommended intake scheme
is not available and only based on theoretical consideration.

For determination of the therapeutic efficacy of zinc,
again free copper, urinary copper excretion (without
disruption of the therapy) and transaminase normalization
are valuable tools. In addition, urinary zinc can be
determined to prove the compliance of the patient.

In initial clinical trials, bis-choline-tetrathiomolybdate
(T'TM) is currently evaluated (49). It acts like a copper
chelator, operating within the cells by binding copper
associated to proteins in stable complexes which are excreted
via bile (50,51). It also seems to be taken-up into neurons
for recovery from copper induced cell damage by binding of
excess protein bound copper. In blood it binds albumin-bound
copper (50). The consequent disposal remains open. The

Ann Transl Med 2021;9(8):732 | http://dx.doi.org/10.21037/atm-20-3090
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clinical results in regard to neurological improvement were
impressive (49). However, in a substantial portion of patients
an elevation of transaminases was observed (49,50). This was
also the case in earlier studies using the T'TM ammonium
salt where in addition aplastic syndromes were reported (51).
It may be due to its intracellular availability. The new bis-
choline-T'TM is more stable than the TTM ammonium salt
and shows better bioavailability. Further trials with the new

bis-choline-TTM have to awaited and evaluated.

Other therapeutic strategies

In fulminant hepatic failure, liver transplantation is the
first choice of therapy. The success rate of the operation in
Wilson disease is rather high compared to other causes of
acute hepatic failure (52). Still a mortality rate of 10-20%
within the first year after transplantation is too high to
recommend this procedure for the general Wilson disease
population, particularly because good drug therapy options
are available which are associated with an unimpaired
prognosis compared to the normal age adapted population
(Figure 44) (20). Challenging is the observation that
with transplantation the liver disease is cured and does
not require further copper controlling therapy (30). The
question arises whether neurologic symptoms also disappear
due to normalization of ceruloplasmin in blood, while the
genetic defect in brain persists. Indeed the observations
of neurologic improvement after liver transplantation are
ambiguous (53).

Sophisticated gene therapy approaches for replacement
of the mutated ATP7B were successful in animal models of
Wilson disease (54-60). This is another promising approach
which should be explored in human Wilson disease.

As therapeutic goal remains the tackling of persistent
neurologic symptoms which are not always improved
by present therapies (Figure 4C). The reason may be
an insufficient targeting of chelators across the blood-
brain-barrier towards copper loaded neurons. There are
now attempts underway to generate blood-brain barrier
formulations which may gain access to the brain (61).

General consideration regarding therapeutic
goals

The goal of therapy could be the removal of excessive
copper. Whether this is realistic, remains open. The liver
copper content increases during manifestation of the disease
and in most cases does not change thereafter, even under

© Annals of Translational Medicine. All rights reserved.
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therapy (62,63).

Anectodical experience of liver copper determination during
therapy demonstrated no significant decrease of the copper
load although there are no robust data available. However, the
difference of urinary release (estimated mean of 250 pg/d under
long term chelator therapy) and copper absorption (estimated
mean of 100 pg/d) does not account for significant copper
depletion. Moreover, it has to be considered that excretion
under chelator therapy decreases with time of treatment.
Absorption depends on copper, zinc and fiber content in diet
and the therapy dependent metallothionein induction.

A conservative estimate of the liver copper content
assumes in Wilson disease 250 pg/g dry weight
corresponding to 1,050 pg copper/g wet weight (64) and a
median liver weight of 1.5 kg according to 1.575 g copper
(normal 0.29 g) in the liver. If a netto loss of 150 pg copper
per day would be achievable, e.g., by chelator therapy,
it would last 23.5 years to deplete copper from liver to
normal values. According to our experience urinary copper
excretion is normalized within about 2 years of chelator
therapy, when determined after a drug holiday for 2 days.
Thus, the persistent enhanced urinary copper excretion
under chelator therapy may not originate from the liver
but most likely from absorbed dietary copper which is
loosely bound to albumin (free copper) and chelated e.g., by
D-penicillamine for urinary excretion. Thus, it is unlikely
that copper can be depleted from the liver.

However, there is almost normalization of free copper in
serum concomitant with cessation of liver damage (significant
improvement or even normalization of transaminases).
Therefore it is concluded that the reduction of free copper
in serum is the better therapeutic goal which is realistic to
be achieved. To maintain a normal free copper, the chelator
therapy should be maintained at best with the lowest chelator
dose necessary, but it should never be discontinued. In case
the therapy is broken up it was shown to lead to elevated free
copper causing eventually fulminant Wilson disease with
acute liver failure within a median of 1-2 years (27).

Enhanced free copper excretion in urine is the one
obvious mode of action of chelator therapy. Moreover, the
reported induction of metallothionein is the other mode of
action of chelators to keep copper in an innocent bound state
in the liver (65,66). This can also be achieved efficiently by
oral zinc substitution mainly operating in the liver as well
as in the gut. In the intestine metallothionein bound copper
is lost by physiologic desquamation of mucosal cells every
3-5 days (67), which results in loss of copper from the
organism supporting the depletion of copper depositions
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similar as a copper free or reduced diet. This therapy is
considered less effective compared to the chelator-induced
loss in urine, at least at the beginning of treatment.

However, depletion of copper from the organism may
only be of minor significance and may not be achievable due
to pathophysiology and the above mentioned considerations.
For use of the most harmless maintenance therapy, zinc
would be preferred to chelator or new upcoming drugs with
potential more adverse events. However, zinc is known to
cause dyspepsia. Therefore, it should be taken in the least,
but effective dose of 3-times 50 mg.

It could even be considered whether consumption
of food rich in zinc may be of therapeutic use. This is
provocative because food rich in zinc is also declared as
avoidable in Wilson diseases (38,66,68). Consequently, only
acceptable are those with not as much copper: meat (except
liver and kidney), vegetables, dairy, eggs, whole grains
and potatoes (66,68). Food with high content of phytates
present in vegetables (i.e., vegan diet) inhibit absorption of
zinc and other minerals. Zinc sources from animal food are
best bioavailable: meat, dairy and eggs (68).

Discussion

We proposed in this review that the goal of therapy is the
removal of toxic copper, because it causes free radical injury
in the liver leading finally to cirrhosis. The occurrence
of excessive free copper is due to lack of transport of
cytoplasmatic copper to the T'GN for incorporation into
apoceruloplasmin as well as biliary excretion. The reason
behind this is the mutated ATP7B. The consequent
backlog of cytoplasmatic copper induces metallothionein
which binds toxic copper within a harmless complex. With
time, the liver is packed with copper. Indeed the maximal
liver copper content is observed in this accumulation
phase, where liver damage may not be present (normal
transaminases). Thereafter, any overspill of copper will end
in lysosomes which with time burst due to overload and free
radical injury. This causes cell damage and release of copper
to the circulation where it is loosely bound to albumin. This
“free” copper is easily dissociable for urinary excretion and
for deposition in other organs, e.g., the brain.

This proposed mechanism of therapeutic action to
remove the free copper does not necessarily require a
depletion of hepatic copper, which anyway would last a
couple of decades. There is certainly a reduction of the
copper burden possible, but for prevention of liver damage
may not be required. It can at present only be achieved by
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therapy with the chelators D-penicillamine and trientine
as well as with zinc. Remarkably, both strategies induce
metallothionein as the key protein for protection against
Cu'". It was reported that tetra-thiomolybdate as intracellular
chelator removes copper from metallothionein (“stripping”
effect). This could indicate that this metallothionein
remains open for copper binding. To remove free copper
as therapeutic aim is yet not commonly accepted. The
shortcoming of this hypothesis is the lack of experimental
evidence. It would be desirable to determine over the course
of treatment the actual free copper concentration and
correlate it to transaminases.

In case there is no irreversible liver damage, i.e.,
cirrhosis, one would predict a normalization of both
parameters (i.e., free copper and transaminases) at the same
time. The determination of the liver copper content would
most likely remain identical. However, to perform liver
biopsies only for this scientific purpose is not ethical. The
retrospective analysis of copper content values obtained for
different indications in Wilson disease patients could be
helpful.

The final therapeutic goal would be gene therapy.
However, in this field no real progress is visible at present.
The liver transplantation was considered as a gene therapy,
but only for the liver. It is possible that the establishment
of a normal copper metabolism with normal ceruloplasmin
prohibits damage through free copper. However, the
experiences of neurologic improvement after transplantation
are not unequivocal (53). There are positive and negative
outcomes reported. Improvement might be due to iron
and copper removal, whereas unchanged neurological
presentation could be due to already irreversible brain
damage or the interesting observation that the mutated
ATP7B per se leads to neuronal destruction (15,16).

Summary

It is a big achievement of the presently available drugs
to allow patients with Wilson disease a normal life
expectancy, although neurologic symptoms may persist.
The improvement of liver function tests is likely due to
removal of the toxic free copper. The direct determination
of this copper fraction in serum would be a desirable tool
to control the efficacy of the therapy (35). At present free
copper concentration can only be calculated, whereas
the normalization of urinary copper excretion is easily
determined and most reliable. The depletion of liver
copper is desirable but may not be realistic. As therapeutic
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tool, the chelators D-penicillamine and trientine as well
as oral zinc preparations are available. Unfortunately,
none of the available therapies have been examined in
RCT’s. Nevertheless, one of these therapies is mandatory
for Wilson disease patients. Indeed the therapy has to
be maintained lifelong with down titration to the lowest
effective dose. Adverse events are not frequent and most of
the patients tolerate them very well. Still a challenge is the
therapeutic tackling of persistent neurologic symptoms.
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