Wilson's disease (WD) is a rare liver disease charac-
terized by copper accumulation. Interestingly, iron over-
load has been observed in patients with WD without a
diagnosis of primary hemochromatosis. This association
has been recognized in the literature for almost two de-
cades.” Of the chronic liver diseases known to cause
secondary hemochromatosis, WD is classically not listed
among them. The prevalence of secondary hemochro-
matosis in patients with WD is unknown. Despite the
rarity of this disease, this knowledge is important be-
cause it yields therapeutic and monitoring implications
in patients with WD. This article will begin with a review
of the etiology and pathophysiology of WD, as well as
the iron overload syndromes, followed by an explana-
tion of the mechanism of secondary hemochromatosis
in patients with WD. Finally, the authors will discuss the
clinical implications of this knowledge with a focus on
therapeutics.
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HEPATIC METAL STORAGE DISORDERS:
COPPER AND IRON

The mechanisms of hepatic transport of copper and iron
are intimately related.” This relatedness can be observed in
pathological states.” WD is a disorder of copper metabo-
lism that is caused by mutations in the ATP7B gene, which
codes for a copper transport protein in the liver.*® The
absent or compromised ATP7B protein not only causes
copper accumulation in the liver and other organs but
also reduces the amount of circulating ceruloplasmin.*®
Normally, the ATP7B protein loads copper onto ceruloplas-
min, the primary means of copper transport throughout
the body (Fig. 1)."” In WD, the inability of the ATP7B pro-
tein to transport copper and thus facilitate its secretion
through the biliary system leads to copper accumulation
in the liver.®? Copper accumulation and toxicity lead to
hepatic, neurological, and psychiatric dysfunction, and
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FIG1 Normal copper and iron transportation. Schematic representation of normal copper transport in the liver. All blue arrows represent
normal physiological pathways. (7A) ATP7B loads copper onto Apo-ceruloplasmin. (2) This transforms it into the copper-carrying protein
Ceruloplasmin. (3) Ceruloplasmin is able to execute its ferroxidation. Ferroxidation is represented by the peach horizontal cylinder. Fe* is
then able to be transported throughout the body (iron transportation is represented by the orange arrow). (78) The curved brown arrow
represents ATP7B transportation of the excess copper. ATP7B transports excess copper into the bile (thick green arrow) for excretion.

if not addressed promptly, it can lead to life-threatening
liver failure.* Iron is another essential metal that can ac-
cumulate in the liver. Hemochromatosis describes an iron
overload syndrome that is classified as either primary (in-
herited), such as hereditary hemochromatosis (HH), or
secondary hemochromatosis, with the latter carrying a
broad differential.’®"" HH can be divided into HFE (high
Fe?*)-related HH or non-HFE-related HH.'® HH is an au-
tosomal recessive disease that results from mutations of
the HFE gene.'®'? These can be homozygous mutations
of C282Y or compound heterozygous mutations involving
C282Y and either H63D or S65C."° The HFE gene codes
the HFE protein, which is believed to increase the expres-
sion of hepcidin.'®'>'3 Mutations of the HFE gene can
thus reduce or limit hepcidin, a key iron regulator that
leads to iron overload.” Secondary causes of iron over-
load include iron-loading anemias, parenteral iron over-
load, and chronic liver diseases.'®"" Rarer miscellaneous
inherited forms of hemochromatosis include dysmetabolic
iron overload syndrome and aceruloplasminemia (ACP)."°
Iron overload and resulting iron deposition in the liver
cause tissue injury and lead to eventual fibrosis and cir-
rhosis if untreated.? Evidence of secondary iron overload
can be found in liver biopsies of patients with untreated
WD (Fig. 2).
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FIG 2 Hepatocellular siderosis in a patient with WD (Prussian
blue staining, original magnification x400).

WD AND IRON OVERLOAD

WD is a copper overload disorder that can potentially
result in secondary hemochromatosis. The pathophysi-
ological mechanism involves the properties of ceruloplas-
min, the important link between hepatic copper and iron
biochemistry.'* As aforementioned, ceruloplasmin is the
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primary means of copper transport throughout the body
and plays a key role in copper mobilization and secretion.””
% In addition to its copper-carrying property, ceruloplasmin
also has ferroxidase activity.'*

Copper is an essential cofactor of ceruloplasmin that
is required for its function, including ferroxidation." In
this context, ferroxidation is the process by which an
electron is removed from ferrous iron (Fe?*) to make fer-
ric iron (Fe®*).'® It is important to note that only ferric
iron is loaded onto transferrin, the iron transport pro-
tein.'®"” Thus, copper-containing ceruloplasmin con-
verts iron from Fe’* to Fe®*, which is needed for iron
transportation.' In patients with WD whose ceruloplas-
min lacks the copper cofactor, iron oxidation and, con-
sequently, iron transportation is disrupted (Fig. 3A).
Ultimately, low ceruloplasmin, which is found in WD,
leads to decreased amounts of circulating iron, increased
iron stores, and eventually iron accumulation in the liver
and other organs.'

The pathophysiology of ACP, a closely related diagnosis,
brings further clarity to the iron accumulation that can be
seen in WD. ACP is a rare autosomal recessive disorder
that is caused by loss-of-function mutations of the ceru-
loplasmin (CP) gene.'®'® ACP is classically characterized by
iron overload, and patients can present with neurological
symptoms from iron deposition in the brain.'®'® Diabetes
mellitus is usually the first manifestation of this disease,
and the median age of onset is 38.5 years.'® Neurological
symptoms signify iron deposition in the brain, and these
symptoms typically start in the fifth decade of life.’® At
the biochemical level, WD can be seen as a functional ACP
(Fig. 3B).

Understanding iron overload as a second-order effect
of the pathophysiology of WD is an important concept
that can influence therapy and disease monitoring.

THERAPEUTIC IMPLICATIONS

WD may be thought of as a primary copper disorder with
potential for secondary hemochromatosis. Concurrent pa-
thology may influence treatment options. The mainstay of
therapy for patients with WD s lifelong copper chelation
with or without zinc.?’ Copper chelators promote urinary
copper removal, whereas zinc reduces intestinal absorp-
tion of copper.?° pb-Penicillamine is a copper chelator that
promotes urinary excretion of copper but is associated
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with multiple side effects, making it difficult to tolerate.®
Trientine, like p-penicillamine, promotes excretion of cop-
per through the genitourinary system and is generally
better tolerated.?’ As previously mentioned, copper is an
essential cofactor for ceruloplasmin, which carries an im-
portant role in the transportation of iron by its ferroxidase
activity. Although removal of copper is the treatment goal
for WD, it risks impeding the iron-related function of ceru-
loplasmin by reducing the amount of copper, its cofactor.
This illustrates why patients treated with p-penicillamine or
trientine can experience hepatic iron accumulation.'®

Rather than chelation, zinc inhibits intestinal mucosal
absorption of copper.®%° Zinc is mainly used for mainte-
nance therapy instead of induction, although it is often
used in conjunction with chelation.®?° Human data have
shown that zinc, in addition to lowering copper levels,
reduces iron status.?'">> This was previously attributed to
the competitive interaction between zinc and iron at the
divalent metal ion transporter-1 (DMT1).2* Newer studies
have shown that zinc is not a substrate for DMT1, and
the likely site for competitive interaction is the transport
protein ZIP14.22%2> However, recent experiments using
enterocytes found that zinc induces the expression of both
DMT1 and FPN1, both of which facilitate iron intestinal
absorption.?*?® There remain conflicting data regarding
the effect of zinc on overall iron status, and further in-
vestigations are needed to better understand the complex
regulatory mechanisms in place.

Although zinc may induce iron absorption, copper is
required for iron export from enterocytes.!’** Hephaestin
is a homologue of ceruloplasmin in enterocytes, and its
ferroxidase activity is required for iron export into circula-
tion.!”?* Like ceruloplasmin, hephaestin needs its copper
cofactor for ferroxidation.'”** As discussed previously,
zinc blocks enterocyte copper absorption. In addition,
the amount of circulating copper-carrying ceruloplasmin
is already low in patients with WD, resulting in a low
total serum copper level.?” Because the enterocytes have
reduced copper, the ability of hephaestin to ferroxidize
iron for transport may be limited. Duodenal biopsies of
patients with WD treated with zinc found increased iron
concentrations in the mucosa.?® The increased iron in
the duodenal enterocytes supports the notion that there
is impairment in the mobilization of iron due to copper
scarcity. Authors of this study also found a considerable
increase in metallothionein concentrations, suggesting
that metallothionein production was protective against
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FIG 3 Copper and iron transportation in WD and ACP. (A) Schematic representation of the impaired copper and iron transportation in
WD. The red lightning bolt represents mutation. This panel illustrates the mutation of the ATP7B protein, the primary defect in WD. The
red bars represent the downstream effects of this protein mutation. In WD, ATP7B is unable to load copper onto Apo-ceruloplasmin (7A),
which prevents copper from being transported throughout the body (2). In addition, ATP7B is unable to facilitate the secretion of copper
through the bile, which further causes copper accumulation within the hepatocyte (7B). Furthermore, because Ceruloplasmin lacks copper,
it cannot ferroxidize iron (3). The impairment of ferroxidase activity is represented by the red bar across the peach cylinder. The dashed
lines represent downstream effects of impaired ferroxidation, leading to iron accumulation in the liver. (B) Schematic representation of the
impaired iron transportation in ACP. The blue lightning bolt represents the mutation of the protein Ceruloplasmin. The blue bar represents
the impairment of Ceruloplasmin’s ferroxidase activity. As in (A), the dashed lines represent the impaired downstream effects of this, which
is the inability of Ceruloplasmin to oxidize iron, which leads to impaired iron transport (3). In contrast with WD (A), the function of the
ATP7B protein is not impaired, and it is able to transport copper (74, 2). It retains the function of facilitating copper excretion through bile
(7B). Thus, copper accumulation is not typically associated with ACP, whereas iron accumulation is.

iron accumulation in the enterocytes.?® The relative con- Overall, despite the conflicting data, zinc monotherapy
tainment of iron in these enterocytes (that appear to pos- for lifelong maintenance therapy in patients with WD may
sess self-protective processes against iron accumulation) still be the preferable option over long-term copper chela-
supports the use of zinc in patients with WD despite their tion, particularly in those with evidence of iron overload.
induction of iron transporters. In patients with considerable iron overload, concurrent
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phlebotomy with copper chelation therapy should be
considered.’

According to clinical practice guidelines, patients with
WD should have their copper and ceruloplasmin levels,
as well as liver function tests, checked at least twice an-
nually.® Considering the association with secondary he-
mochromatosis, it is not unreasonable to monitor iron
indices regularly, particularly for those undergoing chela-
tion therapy."?°

CONCLUSION

Secondary hemochromatosis from WD has been recog-
nized in the literature for almost two decades.'? Because
of the rarity of WD, the association between iron overload
and WD is not commonly discussed and is absent from
practice guidelines as a rare cause of secondary hemo-
chromatosis. Knowing whether a patient with WD has
concomitant iron overload is important because it could
impact immediate and long-term therapy. Patients with
WD should have iron indices monitored on a regular basis.
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