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ABSTRACT

Copper is an essential trace element whose recommended intake is met by most North American diets. However, incidence of new cases of

secondary copper deficiency is rising due to complications of gastric bypass surgery and high zinc exposure. Patients frequently are ataxic and

anemic. Anemia of copper deficiency was first described in the 19th century, but the underlying biochemistry remains unknown. Approximately

one dozen cuproenzymes have been characterized in mammals. Four of these are referred to as multicopper oxidases (MCO) due to their copper

binding geometries. They have iron oxidase activity (ferroxidase). These include the hepatic secreted protein ceruloplasmin representingw90%

of plasma copper, a splice-variant of ceruloplasmin originally characterized in brain linked by glycosylphosphatidylinositol (GPI) to membranes,

an intestinal enriched MCO named hephaestin, and newly described MCO in placenta called zyklopen. Limitation in available copper appears to

limit function of the MCO group exhibited as impaired iron flux due to the copper requirement of MCO for their ferroxidase activity. Dietary

copper deficiency is associated with lower levels of ceruloplasmin, GPI-ceruloplasmin, and hephaestin. Limitation of copper does not appear to

limit synthesis of MCO but rather their stability and turnover. However, there appears to be a disconnect between limitation in MCO function and

anemia, because humans and mice missing ceruloplasmin are not anemic despite hepatic iron overload and hypoferremia. Furthermore, anemic

copper-deficient mammals are not improved by iron replacement. This suggests that the anemia of copper deficiency is not caused by iron

limitation but rather impairment in iron utilization. Adv. Nutr. 2: 89–95, 2011.

Introduction
Copper, an essential trace metal, exists under physiological
conditions as both cuprous and cupric ion. As such, copper
can transfer single electrons, a useful catalytic function but
potentially deleterious for generating hydroxyl radical if it
interacts with hydrogen peroxide. Thus, it is no surprise
that the concentration of unbound copper is exceedingly
low. In fact, copper ions are driven to their final cellular des-
tination (cuproenzymes) by an affinity driven ligand ex-
change process (1). This careful copper homeostasis is
maintained by regulation of a Cu+ specific plasma mem-
brane transporter (CTR1),3 and several metallochaperones
[antioxidant 1 (ATOX1), copper] chaperone for superoxide
dismutase (CCS), and COX 17] that escort copper to the
trans-Golgi network to cytoplasmic superoxide dismutase
1 and to the mitochondrial intramembrane CuA and CuB

sites of cytochrome oxidase (2–4). This intrinsic set of gene
products helps ensure that only an appropriate amount of
copper is absorbed and transported to target proteins that re-
quire copper for their function.

Mammals require about one dozen cuproenzymes for
optimal health (Table 1). These copper-dependent oxidases
participate in a diverse set of reactions affecting many phys-
iological processes. These include pigmentation, cross-link-
ing of collagen and elastin, removal of a reactive oxygen
metabolite (superoxide), mitochondrial electron transport
to support oxidative phosphorylation, amine oxidation,
catecholamine biosynthesis, and neuropeptide activation.
Several cuproenzymes appear to have the same function act-
ing as a ferroxidase converting ferrous to ferric iron and are
thought critical in iron efflux and homeostasis.

In some cases, limitations of dietary copper, genetic cop-
per deficiency, or secondary copper deficiency lead to a phe-
notype correlated with altered cuproenzyme function.
Examples include hypopigmentation due to limited tyrosin-
ase and connective tissue defects due to limited lysyl oxidase.
However, mechanisms for other common phenotypes of
copper deficiency such as anemia remain unknown (5).
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Anemia of copper deficiency
Most nutritional science students learn that the essentiality
of copper for mammals was first reported by Hart et al.
(6) in 1928. This landmark paper demonstrated that copper,
in addition to iron, was necessary for hemoglobin produc-
tion in rats. However, credit should also to be recognized
for the 19th century pioneers who first described an anemia
in humans called chlorosis that responded to copper supple-
mentation. Details of this history are described elsewhere in
a comprehensive review (7). Although anemia (low hemo-
globin levels) remains a salient feature of copper deficiency
in humans, the mechanism remains unknown despite a gen-
erous supply of hypotheses. Importantly, cases of anemia of
copper deficiency are becoming more common.

In the past decade, nutritional awareness of dietary cop-
per needs has diminished since the North American DRI
were established to replace the Estimated Safe and Adequate
Daily Dietary Intake guidelines. This is because the Esti-
mated Safe and Adequate Daily Dietary Intake guidelines
(w3 mg/d) exceeded the average adult intake of copper
based on NHANES data, 1.3 mg/d, compared with the cur-
rent RDA, 0.9 mg/d. Extensive evaluation of copper expo-
sure in mammals suggests an optimal intake of copper
near 2.6 mg/d (8). This level is twice the current mean intake
of adults and nearly 3 times the RDA. This set point is also
considerably below the current upper level of 10 mg/d.
Thus, one point of current interest to the greater nutrition
community is to consider what are the apropos DRI for cop-
per for optimal health and to prevent anemia.

Many feel that current dietary copper intake is adequate,
because evidence of human copper deficiency is exceedingly
rare. Usually, the diagnosis of copper deficiency is deter-
mined in subjects with below normal plasma copper levels.
There are both genetic and environmental factors that can
cause this phenotype. Genetic diseases of copper homeosta-
sis that lead to hypocupremia include Wilson disease (muta-
tions in ATP7B, a protein necessary for metallation of
ceruloplasmin, the major plasma copper protein), Menkes
disease (mutations in ATP7A, a protein necessary for copper
efflux from intestine and for metallation of many secreted
cuproenzymes), and aceruloplasminemia [due to loss of ce-
ruloplasmin (CP)]. Wilson disease accounted for only 10%
of the cases of human hypocupremia in a comprehensive
recent review of clinical data (9). Many cases were due to
secondary impact of surgery or bowel disease, but, interest-
ingly, 23% of the causes of hypocupremia were of unknown
etiology. Recently, adult onset copper deficiency leading to
myeloneuropathy and anemia has become more noticeable.
One cause of this clinical situation is the increase in bariatric
surgery that has accompanied obesity treatment (10). Zinc
induced copper deficiency has also become an important
clinical concern (11). This increase in copper deficiency
needs to be diagnosed properly, so ineffective and potentially
harmful treatment with vitamin B-12 or iron does not hap-
pen. Treat copper deficiency with copper. Why does lack
of copper result in myeloneuropathy, panocytopenia, and

anemia? The answers are critical to patient health and long
term care.

Current status of knowledge
Multicopper oxidases
The most widely accepted hypothesis concerning mecha-
nisms to explain anemia of copper deficiency involves the
copper-iron interaction (5). This hypothesis argues that ane-
mia occurs because iron is not available for hemoglobin syn-
thesis in bone marrow, because copper is necessary for iron
absorption and release from stores. There are several multi-
copper oxidases (MCO) that could be involved.

MCO refer to a group of related proteins that contain
several moles of copper per protein, usually 6. These copper
atoms occupy different chemical geometries and are referred
to as types 1, 2, or 3 copper sites. MCO can oxidize several
substrates but physiologically are thought critical for their
ferroxidase activity (Fig. 1) (Table 1).

Ceruloplasmin
The first and best-characterized MCO is CP. CP was first de-
scribed in the 1940s as the blue plasma amine oxidase (12).
There are excellent reviews on CP structure and function
that describe much of the history of this plasma copper
binding protein (13). CP is a secreted glycoprotein produced
mainly by liver. Osaki and Frieden (14) postulated that CP
could act as a ferroxidase. This feature and the seminal stud-
ies of copper deficient swine suggested an explanation for
the copper-iron interaction and anemia (15). However, the
swine studies also revealed that iron supplementation could
not reverse the anemia, suggesting lack of iron was not the
key issue. Furthermore, others felt the function of CP was
copper transport, because it represents over 90% of plasma
copper. This theory was challenged when Cp2/2mice were
generated without evidence of abnormal copper metabolism
(16). The Cp2/2mice did demonstrate hepatic iron over-
load consistent with ferroxidase function, but, curiously,
Cp2/2 mice were not anemic (17).

Glycosylphosphatidylinositol-linked Cp
Several independent discoveries in the late 1980s and early
1990s greatly advanced our understanding of CP and the
function of MCO. First, humans lacking CP were reported

Figure 1 Ferroxidase activity of MCO. Ferrous iron transfers
electrons to the Type 1 copper binding site and ferric iron is
produced. The cuprous ion is reoxidized by losing electrons to
molecular oxygen bound at the Type 2 and Type 3 copper
centers. The net result of catalysis is oxidation of ferrous iron and
reduction of oxygen to produce ferric iron and water. Ferric iron
can then bind transferrin.
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in the literature (18). They had normal copper metabolism
but accumulated iron in selected organs such as liver and
brain. Studies in yeast discovered a MCO Cp homolog
Fet3 that was necessary for high affinity iron uptake, sup-
porting a role of MCO in iron flux (19). Building on the
idea that CP must play a role in brain iron biology, Patel
and David (20) reported that astrocytes contain a special
form of CP anchored to the membrane by a GPI-link
(GPI-CP). GPI-CP is produced as splice-variant of exons
19–20 and is 98% identical with the hepatic secreted form
of CP (sCP). The N-terminal peptapeptide is different and
GPI-CP contains an additional 25 amino acids (21). Recent
studies in multiple organs from rats and mice have reported
widespread expression of GPI-Cp at the mRNA level, with
the highest levels in kidney and spleen and lower expression
in liver (22). Protein expression was correlated with mRNA
level in 5 organs studied. Isolated cell studies also reported
GPI-Cp in Sertoli cells, leptomeningeal cells, and NK cells.
The putative function of GPI-CP is to act as a ferroxidase
in macrophages involved in iron efflux (5). It is estimated
that the rat liver expression of sCp is 90-fold higher than
GP1-Cp, whereas in spleen, mRNA expression levels of the
2 Cp variants is similar (22).

Hephaestin
Several natural mutations in mice aided in elucidating mo-
lecular details of iron absorption. One such mutant is the sla
(sex-linked anemia) mouse, which has a translocation defect
that prevents iron egress from the enterocyte. Vulpe et al.
(23) used a genetic approach and discovered the defective
gene product was a putative CP analogue with 50% identity
expressed highly in intestine they named hephaestin
(HEPH). HEPH is a MCO with transmembrane C-terminal
domain to anchor it. HEPH contains 86 additional amino
acids compared with CP. The phenotype of the sla mouse
is consistent with a ferroxidase function for Heph reflected
in intestinal iron retention. HEPH presumably works in
conjunction with ferroportin (FPN), the iron exporter nec-
essary to release iron from enterocytes, macrophages, and
hepatocytes (24).

Zyklopen
Dietary copper deficiency during pregnancy in rats results in
delivery of iron deficient pups (25,26). This suggests a role
for copper in placental iron transport. Early work in BeWo
cells, a placental model system, suggested the existence of
a membrane endogenous ferroxidase (27). Recent work
has now described a novel MCO enriched in placenta called
zyklopen (ZP) (28). ZP shares 46% identity with CP and
49% identity with HEPH. Like HEPH, ZP is predicted to
be tethered to the plasma membrane by its primary se-
quence. ZP has all 3 types of copper centers and has in vitro
ferroxidase and diamine oxidase activity. Immunohisto-
chemical results in rodents suggest that Zp may be present
in several organs, including retina, testes, kidney, and brain.
However, Zp was not detected in liver or enterocytes.

Collectively, these reports reveal the presence of at least 4
distinct MCO proteins in mammals: sCP, GPI-CP, HEPH,
and ZP. They are enriched in selective tissues but there is re-
markable overlap. For example, in brain, GPI-Cp, Heph,
and Zp all appear to be expressed. The function of these 3
MCO proteins in brain has not been established.

MCO role in iron flux
There is both nutritional and genetic evidence that MCO

proteins play an important role in iron egress from cells. The
most thorough data are for sCP, in part because it was dis-
covered 5 decades before the other MCO proteins.

Nutritional evidence was provided when administration of
exogenous Cp, but not an equivalent dose of copper, to cop-
per-deficient swine resulted in iron release from liver (29).
This data supported the original ferroxidase hypothesis of
Osaki that ceruloplasmin was capable and necessary for fer-
rous iron oxidation (14,30). There are many other compre-
hensive nutritional studies that have suggested a role for Cp
in iron mobilization (30). However, the strongest data came
from human participants lacking CP. Collectively, 3 families
have been described with aceruloplasminemia (31). These
participants all have iron accumulation in liver, brain, and se-
lected other organs. Generation of Cp 2/2 null mice by 3
separate genetic strategies has also confirmed a massive hepa-
tic iron overload in those mice lacking the Cp gene (17,32,33).

Support for a role of GPI-CP in iron flux is also suggested
by genetic evidence in aceruloplasminenic humans and Cp
2/2 mice that both develop brain iron overload as adults
(32). Others have suggested that GPI-Cp activity is necessary
to maintain the iron efflux protein FPN on the cell surface
(34). This indirect role for GPI-Cp would thus be mediated
by FPN stability rather than ferroxidase activity directly.

The phenotype of the sla mouse, enterocyte iron accu-
mulation, supports an iron efflux role for Heph in the GI
tract. Nutritional support for Heph function is also strong.
In copper-deficient rats there is a decrease in iron absorp-
tion, lower Heph expression, enterocyte iron accumulation,
and reversal by dietary copper repletion (35). Similar studies
in copper deficient mice also suggest a role for Heph in iron
transport across the gut (36).

Table 1 Mammalian cuproenzymes

Common name Putative function

Amine oxidase Signal transduction,
leukocyte adhesion

Cytochrome c oxidase ATP production
Dopamine-b-monooxygenase Norepinephrine synthesis
Extracellular superoxide dismutase Superoxide scavenging
Lysyl oxidase Connective tissue cross linking
Peptidylglycine a-amidating
monoxygenase

Neuropeptide maturation

Superoxide dismutase 1 Superoxide scavenging
Tyrosinase Melanin production
MCO (ferroxidases)
Ceruloplasmin Iron mobilization
GPI-ceruloplasmin Macrophage iron efflux
Hephaestin Intestinal iron efflux
Zykopen Placental iron efflux
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Data on placental iron efflux and Zp function are limited;
however, as indicated earlier nutritional gestational copper
deficiency results in iron deficient pups (25,26). It is logical
to assume that the MCO Zp requires adequate dietary cop-
per for function and when copper is limiting, iron delivery
to the fetus is reduced.

Impact of copper deficiency on MCO expression
Copper availability to cells may affect MCO synthesis and/or
stability in addition to being required for activity. Once
again, data on sCP expression is much more prevalent
than for the other MCO proteins. However, a consistent pat-
tern exists.

Holtzman et al. (37) developed specific antibodies that
could distinguish between apo- and holo- ceruloplasmin.
This allowed careful dissection of the impact of copper lim-
itation in rats on Cp abundance. Next, they showed that
copper deficiency was associated with lower plasma Cp pro-
tein, because apo-Cp was degraded faster than holo-Cp (38).
They also showed that in humans there was lower total CP
protein in copper-deficient infants, patients with Menkes
disease, and subjects with Wilson disease (39). All 3 human
conditions would limit holo-CP biosynthesis, although the
mechanisms would be different. Careful later studies in
rats demonstrated that Cp synthesis was not altered by die-
tary copper deficiency, suggesting no impact of low copper
on Cp transcription (40). This work was recently recon-
firmed using qRT-PCR in both copper-deficient rats and
mice (41). This later work also confirmed a dramatic (60–
90%) reduction in plasma sCp protein level using West-
ern-blot technology. These studies collectively support the
hypothesis that adequate liver copper is necessary to metal-
late apo-CP for release and that enhanced turnover of apo-
CP results in lower total immunoreactive sCP following cop-
per limitation.

Because sCP metallation depends on adequate copper de-
livery to liver and then to trans-Golgi, it is not surprising that
genetic knockout of intestinal or liver Ctr1 in mice results in
lower liver copper and lower holo-Cp in plasma (42,43). Like-
wise, analogous to the prior published data onWilson disease,
mice with deletion of Atp7B also secrete mainly apo-Cp (44).
sCp levels have not been evaluated in Atox12/2 mice.
ATOX1 is the metallochaperone that delivers copper from
CTR1 transport to the secretory pathway. Because murine
Atox1 deletion is associated with increased perinatal lethality,
it may be difficult to assess an effect on holo-Cp formation
(45). Liver copper is reduced in Atox1 null mice.

The impact of copper limitations on GPI-Cp has recently
been studied in both rats and mice (22). Data show a rapid
loss of GPI-Cp protein in spleen and to a lesser extent in
liver. In fact, after only 1 wk of diet, copper-deficient rat
spleen GPI-Cp levels were lower by nearly 60%. The reduc-
tion in spleen and liver GPI-Cp protein was detected with-
out change in GPI-Cp mRNA level, consistent with the
theory that apo-GP1-Cp is not stable and is degraded
rather than any impact of copper limitation on GPI-Cp
transcription.

Work in polarized colon carcinoma cells with the copper
chelator bathocuproine sulfonate (BCS) suggested the MCO
HEPH protein level was greatly reduced when copper was
lowered (46). This in vitro study also provided evidence
that HEPH underwent proteasome mediated degradation.
This seminal work was followed up by nutritional experi-
ments in both rats and mice, confirming that steady-state
levels of Heph are indeed lower following dietary copper de-
ficiency (35,36). In the mouse study, enterocyte Heph
mRNA level was evaluated and shown not to be altered by
copper deficiency, similar to other work previously dis-
cussed on sCp and GPI-Cp mRNA expression.

The 4th mammalian MCO, ZP, also seems to require ad-
equate copper for stability. A cell culture study with BeWo
cells and BCS reported lower ZP abundance with increasing
BCS exposure (28). Thus, adequate copper appears neces-
sary to form holo-MCO and stabilize protein structure
and decrease turnover for all 4 mammalian MCO.

Role of MCO in the anemia of copper deficiency
There is strong evidence, as discussed earlier, that CP is a fer-
roxidase, that copper deficiency results in near total loss of
ferroxidase activity, and that copper deficient rats exhibit
high liver iron levels, low plasma iron, and anemia. How-
ever, association does not prove causation. Thus, it was sh-
ocking when the initial reports on Cp2/2 mice failed to
detect any alteration in hemoglobin levels despite massive
hepatic iron overload (17). Furthermore, plasma iron levels
were normal in these Cp2/2mice. Two other labs have gen-
erated Cp 2/2 mice; both reported hepatic iron overload
but only in 1 mild anemia (Table 2) (32,33). Plasma iron
was reported lower in these 2 additional mouse knockout
studies, further confusing the issue. Also, mice derived
from the first Cp 2/2 experiment by Harris et al. (47)
were later showed to indeed have lower serum iron although
only modest anemia (Table 2). Thus, there appears to be a
disconnect between loss of murine MCO function (sCp
and GP1-Cp) and anemia and even consistent hypoferre-
mia. Further support for lack of connectivity between CP
and anemia of copper deficiency is shown in important hu-
man genetic data. The calculated hemoglobin concentration
of 6 patients with aceruloplasminemia was 12.4 6 1.71 g/
dL, a level consistent with lack of pronounced anemia
(18,48,49).

Table 2 Tabular ratios of iron status data in ceruloplasmin null
mice and wild-type mice (Cp 2/2 / Cp +/+)1

Research group2 1 2 3

Age at analysis, mo 3 16 5
Liver iron 4.4 10.6 3.4
Spleen iron NS NS ND
Serum iron 0.4 0.2 0.5
Hemoglobin 0.9 NS 0.8
1 Tabular ratios were calculated only when means were significantly different, NS =
not significant, P . 0.05, ND = not determined.

2 Research group 1 used mice back crossed to C57BL/6J (47). Research group 2 also
used mice back crossed to C57BL/6J (32). Research group 3 used mice back crossed
to Balb/c (33).
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Dietary copper deficient models also contribute to our
knowledge of the role of MCO in anemia. Both copper de-
ficient rats and mice on the same dietary protocols exhibit
lower hemoglobin compared with copper adequate controls
(50). Plasma from both copper deficient mice and rats con-
tain nondetectable sCp activity measured with o-dianisidine
and nondetectable ferroxidase activity using Western mem-
brane assay (41). However, plasma iron was only lower in
copper-deficient rats but not mice (41,50). How can mice
without detectable ferroxidase maintain normal plasma
iron? No plasma ferroxidase was detected in copper deficient
mice or Cp2/2 mice in 1 study using a Western-blot ap-
proach (41). Recent work from another group reported
that mice may have an additional plasma ferroxidase (51).
Early work on plasma ferroxidase in rodents and humans
following separation of proteins by gel permeation chroma-
tography detected ferroxidase activity assessed by holo-
transferrin assay in the void volume and coincident with
Cp amine oxidase activity in rats and humans but not
mice (52). Clearly, additional research will be necessary to
clarify this apparent difference between rodents. It should
be noted, however, that some investigators have detected
lower plasma iron in mice following dietary copper defi-
ciency (36). This is similar to the mixed outcomes on serum
iron in Cp 2/2 mice.

Perhaps as puzzling as the serum iron and hemoglobin
data is the fact that spleen iron is not elevated in Cp2/2
mice despite evidence of massive hepatic iron overload (Ta-
ble 2). Splenic macrophages play an important role in recy-
cling hemoglobin iron from phagocytized erythrocytes
during the daily iron cycle. If GPI-Cp functions as a ferrox-
idase in concert with Fpn, why is there no hyperaccumula-
tion of iron in spleen when GPI-Cp is absent? In 1-y-old
Cp 2/2 mice there was an augmentation in spleen iron
(17). However, the same mice at 3 mo did not reveal any
spleen iron augmentation (Table 2). Recent studies in cop-
per deficient rats reported markedly lower than normal
levels of spleen GPI-Cp protein (22). Interestingly, the
same study reported lower, rather than higher, spleen non-
heme iron levels, challenging the role of GPI-Cp in iron ef-
flux from splenic macrophages. Further, it was reported by
others that when challenged by phlebotomy, Cp 2/2 mice
had no impairment in releasing splenic iron stores (47).
The ability of copper deficient rat spleen to release iron in
the absence of GPI-Cp activity may be due in part to the
augmentation in splenic Fpn recently shown in 2 models
of copper deficiency (53). This augmentation in spleen
Fpn protein in the presence of diminished GPI-Cp is likely
because copper deficient rats exhibit very low levels of hep-
cidin, the liver hormone that can trigger Fpn degradation.
Thus, low hepcidin and high Fpn may help explain why
splenic iron is not trapped in copper deficient rats with di-
minished GPI-Cp.

There is clearly a copper dependent factor besides sCP
and GPI-Cp that is necessary to prevent anemia when cop-
per is limiting. Evidence to support this statement comes
from several genetic models. Despite the absence of holo-

Cp in tissue specific Ctr1 intestinal knockout mice and a
massive liver iron overload due to induced peripheral cop-
per deficiency, no anemia was detected (43). Hemoglobin
in the intestinal Ctr1 2/2 mice was 74 6 18 g/L compared
with 93 6 23 in wild-type mice. The reduction in sCp, aug-
mentation in liver iron, and degree of cardiac hypertrophy
were more severe than dietary copper deficient mice that ex-
hibit frank anemia (50). Brindled mice, a genetic model of
Menkes disease, die midway through lactation of severe cop-
per deficiency, but they are not anemic, although they have
greatly diminished Cp activity (54). Brindled mice do de-
velop anemia if their mothers are offered a copper deficient
diet, emphasizing the role of dietary copper in expression of
anemia (55).

There is also strong data that challenges the popular
thought that limitation in Heph function is associated
with anemia of copper deficiency. Copper deficiency in
mice was associated with intestinal iron elevation, lower
Heph levels, and anemia (36). However, others, using a sim-
ilar dietary approach, have shown that anemic copper-defi-
cient mice, despite a modest increase in intestinal iron
concentration, have unaltered whole body iron content
(50). This challenges the idea that limitation in the function
of Heph can explain anemia of copper deficiency. Data in
copper deficient rats also suggested a function for Heph in
explaining anemia. Copper deficient rats had impaired
iron absorption, increased intestinal iron, low Heph, and
anemia (35). However, when iron was administered by in-
jection to these copper deficient anemic rats to bypass the
gut blockade, animals remained anemic (56). This outcome
was similar to that described earlier for copper deficient
swine (15). Iron injection compared with copper injection
also failed to elevate hemoglobin in older copper deficient
mice (57).

It should be mentioned, however, that iron injection can
rescue the anemia of neonatal copper deficiency in both
mice and rats (58,59). This seems likely, because neonates
born to and nursed by copper deficient dams are truly
iron deficient. They derive less iron from placental trans-
port, presumably because the function of Zp is limited. Fetal
liver iron and whole body pup iron is lower in copper defi-
cient rats (25,26). Sucking pups are also deprived of iron, be-
cause milk iron is lower in copper deficient mouse and rat
dams (26,60,61). Puzzling, however, is the fact that placental
and mammary tissues from copper deficient dams show no
evidence of iron retention as one might predict if a MCO
was limiting (25,26).

Conclusions
Further research is necessary to set the safe and optimal in-
take of copper in humans. Copper is necessary for the cata-
lytic activity of about one dozen mammalian proteins that
affect many physiological systems. One consequence of die-
tary copper deficiency or impaired copper absorption is ane-
mia. Current hypotheses supporting the connection
between anemia and the ferroxidase activity of MCO pro-
teins are likely not correct. Total loss of sCP and GPI-CP
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does not lead to anemia. Reduced Heph function and ex-
pression results in intestinal iron retention, but iron injec-
tion does not reverse anemia. Copper deficient anemic rats
have low serum iron, but in mice, serum iron is often nor-
mal and anemia is more severe (50). Thus, as suggested in
another recent review, further studies on the copper depen-
dent factors in bone marrow seem prudent (5). Anemia
seems to result not from a failure to deliver adequate iron
but in a failure to utilize it properly.
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