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m Abstract Ceruloplasmin is a serum ferroxidase that contains greater than 95% of
the copper found in plasma. This protein is a member of the multicopper oxidase family,
an evolutionarily conserved group of proteins that utilize copper to couple substrate
oxidation with the four-electron reduction of oxygen to water. Despite the need for
copper in ceruloplasmin function, this protein plays no essential role in the transport or
metabolism of this metal. Aceruloplasminemiais a neurodegenerative disease resulting
from inherited loss-of-function mutations in the ceruloplasmin gene. Characterization
of this disorder revealed a critical physiological role for ceruloplasmin in determining
the rate of iron efflux from cells with mobilizable iron stores and has provided new
insights into human iron metabolism and nutrition.
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INTRODUCTION

Ceruloplasmin was first isolated from plasma and characterized as a copper-
containing protein by Holmberg & Laurellin 1948 (39). Soon thereafter Scheinberg
& Gitlin demonstrated a marked decrease in the concentration of this protein in
serum samples from patients with Wilson disease, providing a biochemical test for
this disorder that is still in clinical use today (90). Frieden (78) demonstrated
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that ceruloplasmin is a ferroxidase, and this observation, taken together with
Cartwright’s (51) detailed nutritional studies in copper-deficient pigs, suggested a
role for ceruloplasmin in iron homeostasis. In 1984 Putnam determined the com-
plete amino acid sequence of human ceruloplasmin, revealing the single-chain
structure of this molecule (94). Solution of the crystal structure of ascorbate oxidase
by Messerschmidt permitted sequence alignment and delineation of the copper-
binding amino acids in ceruloplasmin (60). Isolation and characterization of ceru-
loplasmin cDNA clones confirmed the amino acid sequence obtained by protein
chemistry and demonstrated abundant expression of the ceruloplasmin gene in
the liver (48,101). An essential role for ceruloplasmin in iron metabolism was
established in 1995 with the identification of patients with aceruloplasminemia
(36, 105).

MULTICOPPER OXIDASES

Ceruloplasmin is a member of the multicopper oxidase family of enzymes. This
evolutionarily conserved group of proteins is characterized by the presence of
three types of spectroscopically distinct copper sites (59). Ceruloplasmin contains
three type | copper sites, and charge transfer between the cysteine ligand sulfur and
the copper at these sites results in strong absorption at 600 nm, conferring an intense
blue color to this protein (Figure 1). A single type Il copper is coordinated by four
imidazole nitrogens and is in close proximity to two antiferromagnetically coupled
type Il copper ions that absorb at 330 nm. The type Il and type Ill coppers form a
trinuclear copper cluster that is the site of oxygen binding during the catalytic cycle
(7). Resolution of the structure of human ceruloplasmin by X-ray crystallography
has confirmed the presence of this trinuclear cluster as well as the identity of each
of the amino acid copper ligands (107).

Multicopper oxidases utilize the facile electron chemistry of bound copper
ions to couple substrate oxidation with the four-electron reduction of dioxygen.
Electrons pass from the substrate to the type | copper and then to the trinuclear
copper cluster and subsequently to the oxygen molecule bound at this site (60).
Whereas the signature sequences encompassing the amino acid ligands for copper
are highly conserved amongst all multicopper oxidases, the substrates, the number
of type | coppers and precise mechanisms of intramolecular electron transfer vary
from protein to protein (55). Uniqgue members of this family of enzymes, which
include the well-characterized proteins laccase and ascorbate oxidase, are present
in bacteria, fungi, yeast, plants, worms, parasites, and mammals. Known substrates
of the multicopper oxidases include manganese, iron, nitrate, bilirubin, phenols,
and ascorbate. In addition to ceruloplasmin, several multicopper oxidases have
been identified as playing a critical role in iron homeostasis. Fet3 is a ferroxidase
essential for iron uptake in yeast, and hephaestinis a ceruloplasmin homologue that
is required for efficient iron efflux from the placenta and enterocytes in mammals
(6,99).
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Figure 1 Structural model of human ceruloplasmin based on X-ray crystallographic data
(107). The type |, I, and 11l coppers are indicated, as well as the site of the trinuclear copper
cluster.

GENE STRUCTURE AND EXPRESSION

Human ceruloplasmin is encoded in 20 exons encompassing approximately 65 kb
of DNA localized to chromosome 3g23-g24 (16, 37). A processed pseudogene
for human ceruloplasmin encoding the carboxyl-terminal 563 amino acids has
been identified and mapped by somatic cell hybridization to chromosome 8 (47).
Although this pseudogene is not expressed, the presence of this sequence in the
human genome must be considered in the design of any molecular diagnostic
testing for aceruloplasminemia. In hepatocytes, the human ceruloplasmin gene is
expressed as two transcripts of 3.7 and 4.2 kb, which arise from use of alterna-
tive polyadenylation sites within the 8ntranslated region (48, 101). Abundant
expression of these transcripts in the liver results in the 1046—amino acid protein
detected in serum. Nucleotide and amino acid sequence comparisons suggest that
serum ceruloplasmin and the serum clotting factors V and VIII constitute a fam-
ily of structurally related proteins (9). Ceruloplasmin is an acute phase reactant,
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and the serum concentration increases during inflammation, infection, and trauma
largely as the result of increased gene transcription in hepatocytes mediated by
the inflammatory cytokines (25). Cloning and characterization of ceruloplasmin
from rat and mouse reveals 90% amino acid identity with the human sequence and
similar patterns of gene expression in all three species (22, 44).

Although the liver is the predominant source of serum ceruloplasmin, extrahep-
atic ceruloplasmin gene expression has been demonstrated in many tissues includ-
ing spleen, lung, testis, and brain (2, 22, 44, 100). Within the human central nervous
system ceruloplasmin is expressed in astrocytic glia lining the brain microvascu-
lature, surrounding dopaminergic neurons in the substantia nigra, and within the
inner nuclear layer of the retina (45). Interestingly, recent studies demonstrate that
ceruloplasmin is synthesized as a glycophosphatidylinositol (GPIl)-anchored pro-
tein generated by alternative splicing of exons 19 and 20 in astrocytes and Sertoli
cells (23, 37, 80, 81, 86). Although the precise function of this isoform is unknown,
biosynthesis in these cell types suggests a role for this membrane-anchored form
of ceruloplasmin in the oxidation and mobilization of iron at the blood-brain
and blood-testis barriers. In addition to this GPI-linked isoform, a ceruloplasmin
MRNA arising from alternative splicing of exon 18 and predicted to resultin a pro-
tein with four additional amino acids has been detected in multiple extrahepatic
cell types, although a protein product arising from this mMRNA has not yet been
characterized (102).

METABOLISM

Both the secreted and GPI-linked isoforms of ceruloplasmin are synthesized with
six atoms of copper incorporated during biosynthesis late in the secretory pathway
(37,80, 87). Serum ceruloplasmin has a half-life of 5.5 days, and studies with ra-
dioactive copper demonstrate little or no copper exchange of ceruloplasmin-bound
copper following synthesis (28, 93). Although copper has no effect on the rate of
synthesis or secretion of ceruloplasmin, failure to incorporate this metal during
synthesis results in the secretion of an unstable apoceruloplasmin moiety that is de-
void of ferroxidase activity (30, 41, 42). In the normal adult about 10% of the total
circulating ceruloplasmin is found as the apoprotein, which is rapidly catabolized
with a half-life of about 5 hours (57). Consistent with these data, an increase in the
hepatic copper pool results in a sustained increase in the serum ceruloplasmin con-
centration, whereas a decrease as occurs in nutritional copper deficiency, results in
a marked decrease in serum ceruloplasmin (40, 77). Under normal circumstances
the hepatic copper pool is not rate-limiting for holoceruloplasmin synthesis, as
the serum ceruloplasmin concentration increases rapidly during infection, trauma,
and pregnancy while the ratio of apo to holoceruloplasmin is maintained (57).
Despite the fact that 90% of circulating serum ceruloplasmin is in the form of the
holoprotein, the observed differences in the half-lives of apo and holoceruloplas-
min indicate that under steady state conditions the rate of hepatic synthesis and
secretion of both apo and holoproteins is equivalent.
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Metabolic studies indicate that a single dose of dietary copper appearing in the
portal circulation following gastrointestinal absorption is rapidly cleared by the
liver with first pass kinetics. Within 24 hours about 10% of this dose reappears in
the plasma in newly synthesized ceruloplasmin, a finding that simply reflects the
relative abundance of this protein, as kinetic and metabolic studies reveal no direct
role for ceruloplasmin in copper transport or delivery to tissues (28, 61). The only
physiologically relevant mechanism for copper excretion is via the biliary tract,
and the amount of copper appearing in bile is directly proportional to the size of
the hepatic copper pool (29). Given the enormous capacity of the liver to increase
biliary copper excretion, hepatic copper overload is a rare occurrence in the normal
individual. As anticipated from earlier kinetic experiments, clinical and metabolic
studies in aceruloplasminemia reveal no essential role for this protein in biliary
copper excretion (26, 34).

Ceruloplasmin is detectable in the yolk sac and fetal liver of the human con-
ceptus by the fifth week of gestation (27). The serum concentration of this protein
increases throughout gestation, and kinetic studies indicate that this is entirely
due to endogenous synthesis without any significant transfer of maternal ceru-
loplasmin across the placenta (27). Clinical and experimental studies demon-
strate a significant diminution in biliary excretory capacity in the developing
human fetus and newborn infant (5). Consistent with this, the fetal and new-
born liver accumulates copper, and very little copper enters the secretory path-
way of the hepatocyte (89). As a consequence, the newborn liver synthesizes
and secretes mostly apoceruloplasmin, resulting in a decreased serum cerulo-
plasmin concentration in the newborn period. This decrease in serum cerulo-
plasmin concentration mitigates against the use of this protein as an indicator
of nutritional or genetic abnormalities of copper homeostasis in the newborn
period.

Electrophoretic variants of ceruloplasmin have also been identified that result
in a two- to fourfold difference in serum ceruloplasmin concentration (70). The
specific polymorphisms resulting in such variants have not been identified, and
the mechanism for the differences in serum concentration are unknown. Ceru-
loplasmin is a serum glycoprotein and undergoes N-linked glycosylation within
the hepatocyte prior to secretion. Heterogeneity of the carbohydrate chains of
ceruloplasmin has been noted between individuals, as have variations in the car-
bohydrate structure in the same individual following the acute phase response
(21, 56). Although N-linked glycosylation is not required for copper incorporation
during biosynthesis, these changes in carbohydrate structure may have functional
implications with regards to protein turnover or ferroxidase activity (87). Estrogen
increases the synthesis of many hepatic proteins including ceruloplasmin, and it
is well established that the serum ceruloplasmin concentration increases three- to
fourfold during pregnancy, although the ratio of apo and holoceruloplasmin re-
mains constant (50, 57). Reported associations of increased serum ceruloplasmin
concentration and coronary vascular disease likely reflect the acute inflammatory
nature of this disorder rather than any specific role for ceruloplasmin in vessel
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pathology (52). Many experimental tumors and cancer lines demonstrate signifi-
cant ceruloplasmin gene expression, and the serum ceruloplasmin concentration is
increased in certain malignancies; however, the significance of these observations
is unknown and the precise mechanisms for such increases are not well defined.

CELL BIOLOGY

The liver is the central organ of copper homeostasis, and within the liver hepato-
cytes are the primary site of copper metabolism. Hepatocytes are highly polarized
epithelial cells that regulate copper excretion into the bile dependent upon the in-
tracellular copper concentration. Wilson disease is an autosomal recessive disorder
resulting in hepatic copper accumulation. Identification of the molecular defect in
this disorder has permitted a detailed understanding of the cell biological mech-
anisms of copper homeostasis (54). Wilson disease results from the absence or
dysfunction of a copper transporting ATPase localized tdrdmes-Golgi network
of hepatocytes (88). This ATPase transports copper into the secretory pathway
for subsequent incorporation into ceruloplasmin and excretion into bile. When
the copper concentration in the hepatocyte increases, the Wilson ATPase traffics
from thetransGolgi network to a cytoplasmic vesicular compartment near the
canalicular membrane. Copper is then sequestered in this vesicular compartment,
and as the cytoplasmic copper concentration decreases, the Wilson ATPase returns
to thetrans-Golgi network while copper is excreted at the biliary canaliculus (43).
This copper-dependent movement of the Wilson ATPase provides for a unique
posttranslational mechanism that permits rapid and sensitive regulation of copper
homeostasis by hepatocytes. This mechanism also accounts for the observation
that loss-of-function mutations in the Wilson gene result in impaired biliary cop-
per excretion and decreased serum ceruloplasmin (88).

Genetic and biochemical studies 8accharomyces cerevisiaedicate that
under physiological conditions intracellular copper availability is extraordinarily
restricted (83). For this reason the delivery of copper to specific targets within the
cell is mediated by a family of proteins termed copper chaperones that provide
copper directly to specific proteins while protecting it from intracellular scavenging
(85). The cytoplasmic copper chaperone atox1 is required for the delivery of copper
to the secretory pathway via direct interaction with the Wilson ATPase itmahe
Golgi network (32, 49). Atox1 is thus directly in the pathway of copper delivery to
ceruloplasmin; consistent with this, mice deficient in atox1 demonstrate increased
mortality with evidence of impaired copper incorporation into cuproproteins in the
secretory pathway of most cells (31).

The mechanism of copper incorporation into ceruloplasmin is not well de-
fined. Genetic studies d. cerevisiaalemonstrate a requirement for both the
HT transporting V-type ATPase and the CLC chloride channel Gefl for copper
incorporation into the homologous multicopper oxidase fet3 (20, 24). Although
these experiments cannot distinguish between a requirement for these proteins in
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copper transporting ATPase function and direct copper incorporation into fet3,
biochemical studies reveal that an acidic environment equivalent to that found in
mammalian endosomes is required for holofet3 synthesis (17). This observation is
consistent with previous studies of the effect of decreased pH on copper exchange
in ceruloplasmin in vitro (87). Interestingly these same studies also demonstrate
that CI” is an allosteric modulator of copper incorporation into fet3, suggesting
that similar factors may be required for this process in mammalian cells (17).

The nature of the secretory compartment in which copper is incorporated into
ceruloplasmin is unknown. Fractionation studies and pulse-chase experiments in-
dicate that copper is incorporated into ceruloplasmin late in the secretory pathway
either at or beyond th&ansGolgi network (37, 74,87, 96). Recent studies of
a missense mutation that results in retention of ceruloplasmin in the endoplas-
mic reticulum support this concept and indicate that copper is not incorporated
into nascent apoceruloplasmin in this compartment (37). Because quality control
mechanisms ensure proper folding of newly synthesized ceruloplasmin prior to
exiting the endoplasmic reticulum, these data on the site of copper incorporation
suggest that additional events must occur to allow for metal acquisition by apo-
ceruloplasmin late in the secretory pathway. Further work is needed to elucidate
this process and to determine if common mechanisms exist for all cuproproteins
in the secretory pathway.

FUNCTION

In vitro ceruloplasmin is capable of catalyzing the oxidation of a number of dif-
ferent substrates, a finding that has created some confusion as to the physiologic
role of this protein. Frieden demonstrated that ceruloplasmin from human serum
had considerable ferroxidase activity and that this protein was able to mobilize
iron from perfused dog livers with the subsequent oxidation of ferrous iron and
incorporation of the ferric product into apotransferrin (78, 79). In a series of ele-
gant nutritional studies in pigs, Cartwright and his colleagues demonstrated that
copper deficiency results in a marked decrease in circulating ceruloplasmin with
concomitant iron accumulation in the liver and other tissues. The administration
of oxidase-active ceruloplasmin to these animals resulted in the prompt release of
iron into the circulation, which was detectable in circulating transferrin (51, 84).
Although these biochemical and nutritional studies suggested a role for ceruloplas-
min in iron homeostasis, the results were complicated by the presence of copper
deficiency, which results in pleiotropic features.

Further evidence supporting a role for ceruloplasmin in iron homeostasis came
from genetic studies designed to determine the mechanisms of iron uptake in
yeast. High-affinity iron uptake in this organism is dependent upon the presence
of the plasma membrane multicopper oxidase fet3 (6). This protein functions as
a membrane ferroxidase, oxidizing iron in the extracellular milieu for subsequent
uptake by the membrane iron permease ftrl (92). Subsequent investigations have
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identified a second multicopper oxidase-permease complex that is required for
iron transport in the intracellular vacuole of yeast (91, @amice are affected

with anemia secondary to impaired iron export from the intestine and placenta.
Recognition that the defective gene in these animals encodes a multicopper oxidase
with high homology to ceruloplasmin supported a role for these proteins in iron
homeostasis in mammals (99). Definitive evidence in support of a physiologic role
for ceruloplasmin in iron homeostasis came with the discovery of patients with
aceruloplasminemia (36, 105).

ACERULOPLASMINEMIA

Early clinical studies of ceruloplasmin identified individuals with a heritable de-
crease in serum ceruloplasmin concentration to 50% of normal (8, 10, 19). This
finding was not associated with any clinical abnormalities and was designated
as hereditary hypoceruloplasminemia (19). However, in 1987 Miyajima and col-
leagues reported on a 52-year-old Japanese woman with diabetes, retinal degen-
eration, and basal ganglia symptoms in association with a complete absence of
serum ceruloplasmin (67). Analysis of the serum ceruloplasmin concentration
in family members of the proband revealed an autosomal recessive inheritance.
Soon thereafter a report appeared on two brothers from Belfast with diabetes
and dementia, both of whom lacked detectable serum ceruloplasmin, and a sec-
ond Japanese family with similarly affected individuals (53, 73). Molecular ge-
netic analysis of these original patients demonstrated loss-of-function mutations
in the ceruloplasmin gene leading to the characterization of this disorder as aceru-
loplasminemia (36, 105). Subsequent studies have now identified a number of
unique ceruloplasmin gene mutations in affected patients and family members
(13,15, 35, 37, 38, 46, 66, 76, 95, 103, 104) (Figure 2).

Patients with aceruloplasminemia usually present in the fourth or fifth decade of
life with neurologic signs and symptoms that include various features of dementia,
dysarthria, and dystonia (53, 67, 73). These neurologic features are progressive in
most patients and are associated with significantiron accumulation in the basal gan-
gliathatis detected as a low-intensity signal on T1- and T2-weighted magnetic res-
onance imaging. Affected individuals usually have a history of insulin-dependent
diabetes mellitus atthe time of presentation, resulting from iron accumulationinthe
endocrine pancreas with progressive loss ofgteells in the islets of Langerhans
(73). Although visual symptoms are less common, ophthalmologic examination

Figure2 Mutationsidentifiedin aceruloplasminemia. The 20 exons of the ceruloplas-
min gene are indicated in the boxes with the site of specific mutations as indicated. The
nineteenth exon gives rise to the secreted isoform, and the twentieth exon, to the gly-
cophosphatidylinositol (GPI)-linked isoform. All identified mutations are referenced
in the text.
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often shows evidence of photoreceptor degeneration in the peripheral retina as
a consequence of iron deposition in this region. Despite limitation of the clin-
ical signs and symptoms to this triad of diabetes, neurologic features, and reti-
nal degeneration, all patients have evidence of abnormal iron homeostasis with
marked parenchymal iron accumulation in most tissues. Consistent with this sys-
temic abnormality in iron metabolism, most patients have a mild normochromic,
normocytic anemia with a serum iron concentration decreased to about half of
normal. Liver biopsy reveals significant iron accumulation in both hepatocytes
and macrophages, often in the range observed in primary hemochromatosis
(>1500 g/g dry weight). Although this degree of iron accumulation results in
significant hepatic injury and cirrhosis in hemochromatosis, patients with acerulo-
plasminemia have no evidence of liver injury and demonstrate normal hepatic
architecture on biopsy.

Consistent with the findings of hepatic iron accumulation in all patients with
aceruloplasminemia, the serum ferritin concentration is elevated at the time of
diagnosis, often to the range of 1000-2000 ng/ml. By the third decade of life oral
glucose tolerance tests are usually abnormal, even in asymptomatic patients, and
the hemoglobin AC levels are elevated; however, there are no detectable antiin-
sulin antibodies. Results of liver function tests such as serum transaminases are
also normal, and no other biochemical abnormalities are detected in the hema-
tological, renal, or endocrine system. Cerebrospinal fluid examination shows no
evidence of pleocytosis or hypoglycorrhachia but does reveal an elevation in iron
content and total protein (64). Pathologic examination of the brain reveals cavitary
degeneration of the basal ganglia, with obvious discoloration in this region (73).
Histological findings from these affected regions include abundant spongiform de-
generation and neuronal cell loss without evidence of inflammation or gliosos. A
10-fold increase in the iron content of the basal ganglia occurs, and Prussian blue
staining of this tissue reveals iron accumulation within both neurons and glia (73).

ACERULOPLASMINEMIA: DIFFERENTIAL DIAGNOSIS

The association of basal ganglia symptoms with absent serum ceruloplasmin may
lead to diagnostic confusion with Wilson disease. In such cases the finding of half-
normal serum ceruloplasmin concentrations in parents or siblings, as well as low
serum iron, elevated ferritin, diabetes, and evidence of brain iron accumulation
on magnetic resonance imaging will help to confirm the diagnosis of acerulo-
plasminemia. Patients with aceruloplasminemia may also be misdiagnosed with
hemochromatosis, especially if the abnormal iron parameters are noted prior to
the onset of neurologic symptoms. It is essential to distinguish between these
two diagnoses, as phlebotomy, the treatment of choice to reduce systemic iron
in hemochromatosis, has no effect on iron accumulation in aceruloplasminemia
and results in anemia, as patients are unable to mobilize reticuloendothelial cell
iron (38). When hemochromatosis is a consideration, measurement of the serum
transferrin saturation is useful, as this is elevated in hemochromatosis but decreased
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in aceruloplasminemia (38). Autosomal dominant inheritance of mutations in the
ferritin light chain gene also results in brain iron accumulation and a neurologic
picture of extrapyramidal symptoms that may be confused with aceruloplasmine-
mia (12). However, patients with this neuroferritinopathy have decreased serum
ferritin concentration with no evidence of systemic iron accumulation or diabetes.
Heterozygosity for aceruloplasminemia results in a half-normal serum ceruloplas-
min concentration butis not usually associated with signs or symptoms of abnormal
iron homeostasis. Although recent reports have noted neurologic abnormalities in
individuals with a mutation in one ceruloplasmin allele, the relationship of this
finding to the clinical features remains unclear (14, 65).

ACERULOPLASMINEMIA: MECHANISMS OF DISEASE

The impairment of iron homeostasis in patients with aceruloplasminemia is best
understood by examining the role of ceruloplasmin in the systemic iron cycle (3)
(Figure 3). Most of the iron used each day for hematopoiesis and other essential
needs is recycled from heme as erythrocytes are turned over within the reticu-
loendothelial system. Iron transported in the plasma bound to transferrin must be
oxidized prior to binding to this transport protein. Ceruloplasmin plays a critical
role in the iron cycle by establishing a rate of iron oxidation sufficient for iron
release from the reticuloendothelial system. The absence of serum ceruloplas-
min in patients with aceruloplasminemia leads to a slow accumulation of iron in
compartments where this metal is normally mobilized for recycling. This concept
can be readily appreciated in a murine model of aceruloplasminemia in which an
experimental situation is created in which either excess iron is delivered to the
reticuloendothelial system or the hematopoietic requirement for iron is increased
by phlebotomy (33). Consistent with these observations, the administration of
ceruloplasmin as fresh frozen plasma to patients with aceruloplasminemia results
in a rapid increase in serum iron (53, 104). Analysis of these experimental find-
ings also illustrates why phlebotomy is an inappropriate and harmful approach to
the iron overload in aceruloplasminemia. Patients with aceruloplasminemia have
only mild anemia and are able to maintain the iron cycle to a degree sufficient for
hematopoiesis, presumably owing to alternative oxidase sources in the plasma.
In addition to the slow accumulation of iron within the reticuloendothelial sys-
tem, the absence of serum ceruloplasmin also results in increased ferrous iron
in the plasma, which is rapidly removed from the circulation by the liver, pan-
creas, and other tissues. This process is analogous to what occurs in patients with
atransferrinemia, in which serum transferrin is absent, or primary hemochromato-
sis, in which transferrin binding capacity is exceeded (11). This non—transferrin-
dependentiron uptake is presumably mediated by DMT1, the divalent cation trans-
porter expressed in most tissues, which has been shown to be required for normal
intestinal iron uptake (4). This mechanism of iron uptake accounts for the accu-
mulation of iron in hepatocytes and pancredticells observed in patients with
aceruloplasminemia. In most situations 5% of the circulating serum ceruloplasmin
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rate of iron efflux via oxidation, which is required for binding to transferrin (T©) (ron
absorption in the enterocyte requires the apical membrane reductase (FeR) and the divalent
metal transporter-1 (DMT1), as well as the basolateral transporter Fp and the ceruloplasmin
homologue hephaestin (Hp). The role of hephaestin in enterocyte iron efflux is analogous to
that of ceruloplasmin in the reticuloendothelial system.
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concentration is sufficient to sustain a normal plasma iron turnover rate, which is
why abnormalities of iron homeostasis are rarely observed in patients with Wilson
disease (84). Aceruloplasminemia does not resultin impaired intestinal iron uptake
and transport, as the oxidation of iron necessary for this process is accomplished
by the homologous multicopper oxidase hephaestin (99).

Although ceruloplasmin is required for the efficient release of cellular iron,
the actual mechanism of transport of iron from cells is mediated by the polytopic
membrane protein ferroportin (IREG1, MTP1) (1, 18, 58) (Figure 3). Ferroportin
plays a key role in the absorption of iron by enterocytes and the release of iron
from the reticuloendothelial system; mutations in this gene result in an autosomal
dominant form of hemochromatosis (72, 75). As anticipated from the model dis-
cussed above, affected patients with ferroportin mutations differ from those with
primary hemochromatosis in that reticuloendothelial iron stores are increased, the
transferrin saturation is decreased, and phlebotomy is poorly tolerated.

I[ron accumulation in the central nervous system of patients with aceruloplas-
minemia does not arise from the increase in ferrous iron in the plasma, as accumu-
lation of brain iron is not observed in other disorders with elevated plasma ferrous
iron such as atransferrinemia or hemochromatosis. Ceruloplasmin does not cross
the blood-brain barrier, which implies a direct role for locally synthesized cerulo-
plasmin in central nervous system iron metabolism. Early developmental studies
have revealed biosynthesis of many plasma proteins in brain tissue, and consistent
with this observation astrocyte-specific ceruloplasmin gene expression has been
demonstrated throughout the cerebral microvasculature, surrounding dopaminer-
gic neurons in the substantia nigra and inlMi glia cells in the retina (44, 45, 71).
Biosynthetic studies indicate that ceruloplasmin is synthesized and secreted by
astrocytes, confirming these gene expression studies and suggesting that local
production of this protein is required for iron homeostasis in the central nervous
system (44). Ceruloplasmin translated from brain mMRNA in a Xenopus oocyte sys-
tem is not secreted; consistent with this, the majority of ceruloplasmin expressed
in the central nervous system is synthesized as a glycophosphatidylinositol (GPI)—
linked isoform (71, 81). The role of this isoform in iron homeostasis has not been
established, but the demonstration of copper incorporation into GPI-linked ceru-
loplasmin and the presence of ferroxidase activity by this protein suggests that this
membrane association may be critical in determining the rate of iron release from
storage cells within the central nervous system (37, 81).

The mechanisms of neurodegeneration in aceruloplasminemia are not well de-
fined. Presumably ceruloplasmin functions both to oxidize ferrous iron for incor-
poration into transferrin following transport of iron through the microvasculature
and to promote the release of iron from storage sites within the brain. This implies
a cycle of iron in the brain similar to but largely separate from that present in the
systemic circulation. Such a cycle would be useful in minimizing the effects of
systemic iron deficiency on brain function. The absence of ceruloplasmin might
result in glial cell injury from excessive iron accumulation with subsequent loss
of critical glial-derived neurotrophic factors. Alternatively, the accumulation of
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ferrous iron within the central nervous system might be expected to result in di-
rect oxidant-mediated injury to neurons, and consistent with this, affected patients
demonstrate evidence of increased lipid peroxidation and impaired fatty acid ox-
idation (62, 63, 69, 106). In either case, a role for iron accumulation is supported
by studies that demonstrate an amelioration of neurologic symptoms in severely
affected patients in association with a reduction of body iron stores following
chelation therapy (68). Neuronal injury in this disease may also result in part
from iron deficiency in specific cell types as the result of impaired mobilization
of iron from storage pools. In certain circumstances specific missense mutations
that result in impaired trafficking and ceruloplasmin retention within the endo-
plasmic reticulum may also contribute directly to the neuronal pathology through
conformation-induced cellular injury (37).

CONCLUSION

Although ceruloplasmin has been recognized as the major copper-containing pro-
tein in plasma for more than half a century, the past few years have witnessed
considerable progress in our understanding of the biological function of this pro-
tein. Given the critical role of iron in early cognitive development as well as re-
cent studies that implicate copper in a number of neurodegenerative diseases, the
recognition that ceruloplasmin plays an essential role in brain iron metabolism and
neuronal survival provides much needed molecular insight into the mechanisms of
iron homeostasis within the central nervous system (82, 97). Future studies must
now address the molecular details of ceruloplasmin ferroxidase function including
the mechanisms of ceruloplasmin-mediated iron release from cells and the specific
pathways of iron trafficking and recycling within the central nervous system.
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