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Cu is an essential nutrient for man, but can be toxic if intakes are too high. In sensitive populations, marginal over- or under-exposure can have

detrimental effects. Malnourished children, the elderly, and pregnant or lactating females may be susceptible for Cu deficiency. Cu status and

exposure in the population can currently not be easily measured, as neither plasma Cu nor plasma cuproenzymes reflect Cu status precisely.

Some blood markers (such as ceruloplasmin) indicate severe Cu depletion, but do not inversely respond to Cu excess, and are not suitable to indi-

cate marginal states. A biomarker of Cu is needed that is sensitive to small changes in Cu status, and that responds to Cu excess as well as

deficiency. Such a marker will aid in monitoring Cu status in large populations, and will help to avoid chronic health effects (for example,

liver damage in chronic toxicity, osteoporosis, loss of collagen stability, or increased susceptibility to infections in deficiency). The advent of

high-throughput technologies has enabled us to screen for potential biomarkers in the whole proteome of a cell, not excluding markers that

have no direct link to Cu. Further, this screening allows us to search for a whole group of proteins that, in combination, reflect Cu status. The

present review emphasises the need to find sensitive biomarkers for Cu, examines potential markers of Cu status already available, and discusses

methods to identify a novel suite of biomarkers.

Copper status: Copper excess: Copper deficiency: Public health: Biomarkers

Copper essentiality and toxicity

Cu is an essential micronutrient for man, but potentially toxic
when intake levels are too high. As a transition metal, it takes
part in a variety of biological reduction and oxidation (redox)
processes. This makes it important as a cofactor of many
redox enzymes, but Cu overload can also lead to participation
in the Fenton-type redox reaction and cause oxidative damage
to cells1.
Cu deficiency, especially during pregnancy, has widespread

effects. It can result in impaired heart and blood vessel devel-
opment and in brain malformation in the fetus2–4. Low Cu
levels have been linked with bone malformation during devel-
opment5,6, and may contribute to the risk of developing osteo-
porosis later in life7,8. A decrease in collagen stability9 and

impaired melanin synthesis can also be consequences of low
Cu status10,11. Cu deficiency has also been associated with a
weakened immune system and an increase in infections (for
a review, see Bonham et al.12), with a decline in cardiovascu-
lar health (for a review, see Uriu-Adams & Keen1) and
adverse alterations in cholesterol metabolism13–15. Further,
oxidative stress is a consequence of Cu deficiency1, and –
although controversial – low plasma Cu has been linked
with a faster decline in cognitive ability in Alzheimer’s dis-
ease16,17. Finally, Cu deficiency affects the metabolism of
other trace elements; most notably it perturbs Fe mobilisation
and can cause secondary Fe deficiency18. Because of the com-
plexity and variety of the symptoms, it is often difficult to
diagnose Cu deficiency, rather than other nutritional
deficiencies.
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Cu deficiency is extremely prevalent in malnourished
children19,20. A recent study in twenty-nine severely or
moderately malnourished children demonstrated that all
patients were Cu deficient at time of hospitalisation
(M Medina and M Araya, unpublished results). Sub-popu-
lations at an elevated risk of Cu deficiency include pregnant
and lactating women, as well as children during prenatal and
neonatal life and during breast-feeding. Disease conditions
such as gut absorption problems (coeliac disease, Crohn’s dis-
ease), or diseases of the immune system (for example, AIDS,
all autoimmune diseases) may pose a risk for Cu deficiency.
Since many foods high in Cu (liver, oysters, chocolate) are
high in fat and not considered part of a healthy lifestyle, Cu
deficiency may be a side effect of dieting, especially in
young women. Prolonged use of Zn supplements may cause
secondary Cu deficiency, as Zn causes an induction of metal-
lothioneins, which then also bind Cu21. Further, Zn and Cu
compete for intestinal uptake22–24. Excessive Zn intake has
been shown to cause secondary Cu deficiency in several
case studies25–27, and the consequences of supplementing
large segments of the population with moderate or high
doses of a single mineral are unknown.

Cu overload is much less likely than Cu deficiency, at least
in part since there are very efficient homeostatic mechanisms.
Possible targets of Cu overload are mainly the liver and the
brain. Cu overload, like Cu deficiency, can lead to cellular
oxidative stress. Patients with any liver disease (all forms of
hepatitis, alcohol abuse) are sensitive to Cu-related liver tox-
icity and diabetes has also been linked with high liver
Cu1,28. There are also subpopulations with a genetic predispo-
sition that may have an elevated risk of Cu accumulation.
These include patients suffering from Wilson’s disease (WD),
caused by mutations in the Cu ATPase ATP7B29. ATP7B is a
Cu pump responsible for Cu excretion, and WD patients
accumulate Cu to toxic levels. WD is an autosomal recessive
disorder, and occurs at a frequency of 1 in 30 000.

The prevalence of WD heterozygotes, individuals who carry
one WD and one healthy allele of ATP7B, is not known. Het-
erozygotes appear perfectly healthy, but they may have mild
abnormalities in Cu metabolism30. These individuals represent
a potential public health problem, as they are generally una-
ware of their condition. At least in principle, they could be
more sensitive to high Cu intake, but without good markers
of Cu status, no evidence is available.

Copper exposure and copper status in large populations

In man, Cu is supplied in the diet and to varying degrees by
drinking water from Cu piping. Good dietary sources of Cu
are organ meat (liver), some seafoods (oysters), chocolate
and cocoa products, nuts (mainly cashew) and seeds.
According to the US National Academy of Sciences (http://
math.ucsd.edu/,ebender/Health%20&%20Nutrition/Nutrition
/NAS.html), the RDA, or the adequate intake of Cu is 0·9mg
for the general population. The upper limit is 10mg. Pregnant
and nursing women need more Cu, with an RDA of 1mg and
an adequate intake of 1·3mg. The National Academy of
Sciences states that Cu deficiency is common, and experts
conclude from the ‘EU Voluntary Risk Assessment for
copper and copper compounds’ that Cu deficiency may be
more common than generally thought in Europe.

Despite the realistic possibility of widespread mild Cu
deficiency, many regulatory agencies, such as the Californian
Environmental Protection Agency, are concerned about poten-
tial Cu overexposure (for example, through drinking water).
However, Cu status in the population is not easily measured,
as neither plasma Cu nor plasma cuproenzymes reflects Cu
status31–33. Cu status is often estimated by intake and
exposure assessments. These are subject to the error inherent
to all dietary intake studies and, while suitable for the assess-
ment of macronutrient intake, may not be precise enough to
estimate intake of a dietary micronutrient.

The limit for Cu in drinking water according to the WHO is
2mg/l. This limit is not wholly adopted; for example, the US
limit is 1·3mg/l and many European countries have a limit of
1mg Cu/l. The reason for this inconsistency is a question of
regulatory principles. Local changes in the chemical properties
of drinking water (water hardness and pH) can also lead to
variations in Cu content of the water.

Regulators are currently not sure what limit makes drinking
water ‘safe to drink’ in all situations. Taken together with the
potentially large error of dietary Cu intake assessment, regula-
tors and public health professionals adopt a predominantly
conservative approach in Cu-exposure regulation. This
approach may not be suitable for an essential trace metal,
since a low intake of Cu is as dangerous as a too-high intake.

A good biomarker of Cu is needed, therefore, to monitor and
avoid chronic health effects in large populations, and to give an
‘early warning’ in sensitive populations (infants, pregnant or
lactating women, individuals with idiopathic or genetic changes
in metabolism, the elderly, disease), before any tissue damage
occurs. While it is possible to detect Cu deficiency or excess
in their extremes due to ensuing tissue damage (for example,
an increase in liver enzymes), it is currently not possible to
detect minor but biologically significant variations of Cu
status33,34. This situation poses an urgent need to develop a
‘diagnostic test kit’ of Cu status to satisfy regulators and to
ensure adequate public health decisions. The biomarker(s)
must be able to measure Cu status, including mild deficiency
and mild overload, sensitively and specifically.

Copper homeostasis: liver copper and regulation of plasma
copper levels

Newly absorbed Cu is transported from the intestine via the
portal vein directly to the liver. Here, Cu is stored and redis-
tributed to all other organs35,36. Cu status in the body is regu-
lated by both duodenal absorption and/or biliary excretion. As
long as exposure is within the homeostatic range, in healthy
adults high Cu exposure results in down regulation of Cu
uptake in the duodenum, and up regulation of biliary
excretion36–39. As a result, high Cu exposure or intake does
not necessarily cause an equivalent body ‘Cu load’. This is
one of the reasons why Cu status cannot be estimated by
exposure levels. Currently, the only precise indicator of Cu
load is the Cu content in the liver33,40, not something that
can be readily measured in human subjects.

Plasma Cu is very tightly regulated and does not correspond
to Cu status (liver Cu). Its measurement is made more com-
plex by the fact that most Cu in serum is in the protein ceru-
loplasmin (Cp), and its regulation may reflect regulation of the
protein, rather than of Cu levels.

Current biomarkers for copper status 677

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114507798951  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114507798951


Proteins binding copper and their role as biomarkers

Many enzymes require Cu for their function, covering a wide
range of biological processes. Some of the Cu-requiring
enzymes, binding proteins (both intra- or extracellular) and
the intracellular Cu chaperones are listed in Table 1. A large
number of enzymes need Cu, and many proteins bind and
transport Cu. However, no single protein reflects Cu status
precisely via its expression level.

Traditional markers of copper status

The traditional approach to the measurement of Cu status has
been to use cuproenzymes or total Cu levels in plasma as mar-
kers. However, about 95% of plasma Cu is bound to Cp41,
with the remainder bound by albumin or di-histidine com-
plexes. Cp is an azide-sensitive ferroxidase, and this character-
istic enzyme activity is clinically used to estimate plasma Cp
levels. It binds between six and eight Cu ions per mol-
ecule42,43. Cp is generally lower in men than in women44,45,
and is increased by oestrogen, pregnancy and the contracep-
tive pill. Cp also is an acute-phase reactant, explaining its
increase during inflammation, infections and rheumatoid
arthritis46. Being an acute-phase response protein, Cp
increases also in patients with myocardial complications and
in cancer patients47–49. Further, it is age dependent50 and sub-
ject to seasonal changes51. Due to these limitations, Cp cannot
be considered a marker for Cu excess52. Since serum Cu is a
reflection of Cp, the same limitations apply to serum Cu.

There is a wealth of data showing that Cp levels decrease in
severe Cu deficiency53. Cp may, therefore, be a good indicator
of Cu deficiency in man, especially when measured from the
individual baseline level.

Since Cp levels in plasma remain fairly stable when Cu
intake increases, it has been proposed that changes in Cu
load may be reflected by the non-Cp Cu fraction. However,
the available evidence does not support this idea. The non-
Cp fraction cannot be measured directly, and is usually esti-
mated by calculating the amount of Cu contained in Cp
(assuming that each Cp molecule contains a mean of six
atoms of Cu). This estimated amount is then subtracted from
total Cu in the serum. There are several flaws with this
approach. The result obtained is a direct function of Cp con-
tent in the plasma, with all the implied errors. For example,
when non-Cp Cu values are used in clinical practice, a signifi-
cant number of patients have ‘negative values’. This may be
caused by errors in Cp measurement or by the variability in
Cu atoms bound per Cp molecule, and strongly suggests that
non-Cp-bound plasma Cu is not a suitable biomarker for Cu.

Erythrocyte Cu,Zn superoxide dismutase (SOD)-1 has been
tested as a biomarker of Cu intake in several studies, but has
proven not to be either a reliable or sensitive indicator53. Eryth-
rocyte SOD1 activity in a human trial (men) appeared to be influ-
enced by carbohydrate components of the diet, as it was only a
good biomarker in a high-fructose diet, but not sensitive to Cu
intake if the Cu was fed in a maize-starch diet54. Other human
studies tested the value of erythrocyte SOD1 activity in men
and women, again with negative or equivocal results, for

Table 1. Overview of copper-binding proteins

Protein Function

Cu-requiring enzymes
Extracellular
Cp Plasma multi-copper oxidase necessary for Fe mobilisation; Cu binding and transport in plasma
Extracellular Cu,Zn SOD3 Involved in defence against reactive oxygen species
PAM Peptide post-translational activation, modification of many important neuropeptides
Amine oxidases A group of enzymes oxidising primary monoamines, diamines, and histamine
Lysyl oxidase Deaminates lysine and hydroxylysine residues in collagen or elastin; involved in formation of cross-links

Intracellular
CCO Mitochondrial protein and component of the electron transfer chain
Tyrosinase Catalyst of melanin and other pigment production
Dopamine b mono-oxygenase Involved in catecholamine metabolism, catalyses oxidation of 3,4-dihydroxyphenylethylamine to yield noradrenaline
Intracellular Cu,Zn SOD1 Involved in defence against reactive oxygen species)
Phenylalanine hydroxylase Catalyst of the oxidation of phenylalanine to tyrosine
Hephaestin Intracellular multi-copper ferroxidase

Cu-binding or -transporting proteins
Extracellular
Albumin Cu binding in plasma
Transcuprein Cu binding and transport in plasma
Blood clotting factors V and VIII Blood clotting

Intracellular
Metallothionein Cu storage and superoxide scavenging
Glutathione Metal detoxification
Cartilage matrix glycoprotein Contributes to the structural integrity of the connective tissue
ATP7A Cu transporter
ATP7B Cu transporter
Ctr1 Plasma membrane Cu transporter

Intracellular Cu chaperones
ATOX1 Delivery of Cu to the Cu ATPase ATP7A (Menkes protein) and ATP7B (Wilson protein)
CCS Delivery of Cu to SOD1
Cox17 Delivery of Cu to the mitochondria (chaperone for CCO)

Cp, ceruloplasmin; SOD, superoxide dismutase; PAM, peptidylglycine a-amidating mono-oxygenase; CCO, cytochrome C oxidase; Ctr, Cu transporter; CCS, Cu chaperone for
superoxide dismutase.
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example, a reduction of SOD1 activity in Cu depletion, but no
increase in Cu repletion55, or insensitivity to Cu supplemen-
tation38,52. Like Cp, SOD1 may indicate Cu deficiency, but is
not responsive to excess Cu. A further disadvantage in the
assessment of erythrocyte SOD1 is the lack of a standard
assay, making clinical measurement and comparison between
laboratories difficult. The fact that SOD1 is also an acute-
phase reactant and responds to a variety of health and stress con-
ditions probably also contributes to the variable results.

Platelet cytochrome C oxidase (CCO) has been investigated
as a biomarker for Cu status in a few studies. Male weanling
rats were fed diets containing increasing concentrations of Cu,
covering from a range of Cu deficiencies to a Cu-adequate
diet. A significant reduction of platelet CCO activity was
observed in animals receiving the 3mgCu/g diet, correlating
with a decrease of Cu levels in the liver56. In a study in post-
menopausal women fed a diet containing 0·57mgCu/d for
105 d, followed by a Cu-repletion period of 2mgCu/d for
35 d, CCO was the most sensitive marker, as compared with
plasma Cu, Cp or erythrocyte SOD1. Platelet CCO activity
dropped to 49% during Cu depletion, then increased back to
60% of the control level (entry level) during Cu repletion55.
It is currently unclear whether an increase in Cu status is par-
alleled by an increase in platelet CCO activity. CCO is a labile
enzyme, displaying large inter-subject variation, factors that
may limit its use in the field31.

Plasma diamine oxidase (DAO) activity was reported to be
decreased in rats fed marginal- and low-Cu diets57. This
decline was parallel to a drop in liver Cu, while other cuproen-
zymes remained unaltered. Reduced plasma DAO activity was
also found in Cu-deficient human subjects and in long-term
Cu-deficient rats58. These findings suggest plasma DAO may
be a very sensitive marker for marginal to marked Cu
deficiency. An increase in plasma DAO activity, however, is
indicative of tissue injury and used clinically for the detection
of injury of intestinal tissue59,60, excluding it from use as a
wide-range indicator of Cu status. Nonetheless, it may have
value as part of a suite of markers.

Liver aminotransferases are traditionally used as biomarkers
for high Cu status, since Cu is deposited in the liver, and
excess Cu results in liver tissue damage. In a recent trial,
Cu supplementation of 10mg/d was given for 60 d to a
study population with naturally high or low serum Cp. It was
shown that the liver aminotransferases glutamic-oxaloacetic
transaminase, glutamic-pyruvic transaminase and g-glutamyl-
transferase had increased in both groups in response to elev-
ated Cu intake after the 2-month loading period was
completed. While the increase was significant, liver amino-
transferases remained below the clinical cut-off level to indi-
cate liver pathology. This increase was transient, and not
associated with any liver dysfunction, indicating that these
markers may be useful in detecting excess Cu intake within
the subgroups carrying Cu-related polymorphisms (resulting
in a high- or low-Cp phenotype). Further studies to character-
ise these subgroups are clearly needed52.

In a similar trial on subjects with normally distributed
serum Cp levels, study participants ingested 2 to 6mgCu/l
in drinking water. Gastrointestinal symptoms increased in
the Cu-supplemented groups in a dose-dependent manner61,
which was interpreted as a consequence of acute Cu exposure.
However, there was no change in liver enzyme levels in the

serum. Further, since none of these liver enzymes respond to
Cu deficiency, they cannot be considered as reasonable candi-
dates for full-range biomarkers for Cu in a normal population.

A plasma cuproenzyme with potential to be used as a bio-
marker for Cu is peptidylglycine a-amidating mono-oxy-
genase (PAM), the advantage being that a small amount of
blood from a finger-prick sample may be sufficient to detect
changes. In individuals suffering from genetic Cu deficiency
(Menkes’ disease and occipital horn syndrome), plasma
PAM is Cu depleted, leading to a decrease in enzyme activity.
In vitro addition of Cu to blood samples from these patients
repletes PAM activity. This test shows an increased Cu stimu-
lation index of PAM in mild to severe Cu deficiency, when
compared with healthy controls62. PAM activity has been
shown to be generally lower in various models of Cu
deficiency in rodents63. PAM was suggested to be less sensi-
tive to endocrine changes than, for example, Cp, and may
be a useful marker for Cu deficiency during development
and childhood63. It has to be kept in mind that PAM has so
far only been tested in Cu deficiency, and its activity is unli-
kely to increase in parallel with elevated Cu.

Lysyl oxidase is a cuproenzme involved in the formation of
cross-links in collagen and elastin. Hence, high concentrations
of lysyl oxidase are found in connective tissues, such as
tendon and skin64. The functional activity of the enzyme in
tissue is decreased in dietary Cu deficiency64–67, probably
as a result of post-translational processing (Cu incorporation)
of the enzyme68. In parallel, increased dietary Cu causes acti-
vation of lysyl oxidase in chicken tendon69. Despite these
promising findings, the tissue expression pattern (connective
tissue) of lysyl oxidase is not suited for convenient accessibil-
ity. Its use as a biomarker in man is limited.

Expression of proteins, such as metallothionein in the
liver70 and Cu transporter-1 in several organs71, has been
shown to be regulated by Cu status. However, their value as
a biomarker is limited since they are located within organs
that are not readily accessible. If these candidates prove to
be regulated also in accessible tissues (blood erythrocytes
and monocytes, buccal cells), and if sufficiently sensitive
and reliable assays can be established, proteins expressed
highly in liver may serve as a biomarker for Cu.

Non-traditional biomarkers of copper status

Some components of the immune system have been suggested
as a potential biomarker of marginal Cu deficiency. IL-2, but
not TNF-a, was shown to increase in response to Cu sup-
plementation in individuals with naturally low plasma Cp
levels72. This suggests that IL-2 may be an identifier of a
sub-population with a low-Cp phenotype, and may serve as
a biomarker for elevated Cu in this subgroup. Many immune
markers (IL-2 production, neutrophil function, phenotypic
profiling of lymphocyte subsets and the blastogenic response
to T cell mitogens) have been shown to be sensitive to mild
Cu deficiency, and, what is more, Cu repletion has in many
cases restored their function to control levels (for a review,
see Bonham et al.12). The observation that in vitro activity
of T lymphocytes and neutrophils is suppressed by low Cu
intake in adult male rats, but not in females, suggests the
need for further investigation of immune markers in the
whole population73.
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Another potential marker of a mild decrease in Cu intake is
bone metabolism. A dietary intervention study in adult healthy
men showed that urinary pyridinoline and deoxypyridinoline,
both biomarkers of bone resorption, significantly increased
when the volunteers’ diet was switched from medium
(1·6mg Cu/d) to low (0·7mgCu/d) intake. Conversely, the
urinary bone resorption markers decreased when Cu intake
was elevated from low to high (6mgCu/d) levels. The volun-
teers were exposed to the experimental diets for 8 weeks.
Serum Cp was unaffected in this study74. These findings, how-
ever, were not confirmed in a similar study in females, where
Cu supplements of 0, 3 or 6mgCu/d during 4 weeks did not
affect urinary bone markers75. This discrepancy may be
explained by that fact that bone metabolism responds to sev-
eral dietary and other factors, such as vitamin D levels and
sunlight. The variety of factors influencing bone resorption
makes the interpretation of changes in those markers difficult.
While undoubtedly influenced by dietary Cu, bone markers
may be too complex to be useful as a Cu-specific biomarker.
Cu deficiency causes an elevation in blood lipopro-

teins13,76–79. Despite these findings, blood lipoprotein metab-
olism is not a promising biomarker for Cu status, as too many
other factors, such as diet and lifestyle, affect these
parameters.

Copper chaperones

The discovery of the first Cu chaperone in 1995 has revolutio-
nised our understanding of intracellular Cu trafficking80. After
Cu is transported across the plasma membrane, intracellular
Cu is carried via specific chaperone proteins to Cu-dependent
enzymes directly, or to compartments in which Cu-dependent
enzymes are matured. The three Cu chaperones identified to
date, and conserved from yeast cells to man, are listed in
Table 1. Cox17 delivers Cu to the mitochondria, where it is
ultimately incorporated into CCO. The Cu chaperone for
SOD (CCS) delivers Cu to the metal-binding site of Cu,Zn-
SOD in the cytosol and in the mitochondrial inter-membrane
space. Atox1 delivers Cu to the two mammalian P-type Cu-
transporting ATPases, ATP7A and ATP7B. This ensures
‘safe’ Cu trafficking, and is the basis for the observation
that, in a healthy cell and in a physiological environment, vir-
tually no Cu is unbound. In order to ensure safe intracellular
Cu delivery, chaperones need to respond to Cu exposure in
a very sensitive way. Chaperones are not present in plasma;
however, their expression in blood erythrocytes and white
cells offers a possibility for easy-access measurement.
The most promising candidate for accurate and sensitive Cu

status detection is the CCS. In a rat feeding study, CCS was
reported to be responsive to Cu-marginal and Cu-deficient
diets. CCS expression was measured with a specific antibody
(Western blot) and was shown to increase in a dose–response
fashion with a decrease in Cu intake in liver as well as in
blood erythrocytes81. CCS was also shown to respond to
mild secondary Cu deficiency (induced by Zn supplemen-
tation) in rats82. These finding are confirmed by a study in var-
ious models of Cu deficiency in mice and rats, where CCS
protein was demonstrated to be consistently elevated in Cu
deficiency83,84. This was concomitant with a decrease in
SOD1 level, and the authors suggested using erythrocyte
CCS:SOD1 for the determination of Cu deficiency.

Until recently, it was unclear whether CCS is negatively regu-
lated by excess Cu85. In a recent study, CCS expression was
measured by real-time RT-PCR in peripheral mononuclear
cells isolated from healthy men that were supplemented with
8mgCu/d for 6 months. Peripheral mononuclear cell CCS
mRNA transcripts decreased significantly in the Cu-treated
group after 6 months, strongly suggesting that this may be a
useful indicator of Cu exposure (M Suazo and M Araya, unpub-
lished results). A similar protocolwas applied to a subpopulation
of healthy adults, representing the 5% highest and lowest
extremes in the serum Cp concentration distribution curve. Per-
ipheral mononuclear cells were isolated from study participants
before and after exposure to a single daily does of 10mgCu for 2
months. No change in CCS expression was observed in the low-
Cp phenotype, but in the high-Cp individuals, CCS was
decreased significantly in response to the Cu supplementation
(M Suazo and M Araya, unpublished results). These data,
along with other studies of CCS in animals and cell lines with
Cu deficiency, support the idea that CCS is the most promising
potential marker for deficiency as well as excess states of Cu,
and call for its further characterisation.

Outlook

In summary, while some blood markers may indicate moder-
ate and severe Cu deficiency (Cp, erythrocyte SOD1, PAM,
DAO) there is no good marker for Cu excess, even at a
level where symptoms such as acute nausea and abdominal
pain are reported34,61.

Many of the potential markers of Cu status listed in Table 1
have not been tested yet. Rather than testing each of the cuproen-
zymes, Cu-binding proteins or Cu chaperones for potential use
as a Cu biomarker, the advent of high-throughput technologies
has made it possible to screen for potential biomarkers in the
whole proteome of a cell. This ‘non-hypothesis-driven search’
has the advantage of not excluding markers that have no direct
connection to Cu. Further, the screening allows us to search
for a group of proteins that, in combination, are reflective of
Cu status. Since Cu is involved in so many biological processes,
a good biomarker may be a very downstream product, with no
immediate role in Cu metabolism. This non-exclusive and
open approach may allow for the determination of a novel
type of biomarker: the biomarker suite.

The biomarker suite opens the door to another possibility: it
may be appropriate to develop different groups of sensitive bio-
markers for different population subgroups. Hypothetically, this
may lead to a suite of Cp, immunological markers and bone indi-
cators only for adult males73–75. For example, a suite may con-
tain metallothionein for use only in adults, but not neonates86.
PAM, in turn, may be introduced in a suite for Cu status
during development63. Finally, we expect that this approach
may be extended to the examination of other nutritional states
arising as a consequence of inappropriate nutrition.

References

1. Uriu-Adams JY & Keen CL (2005) Copper, oxidative stress,

and human health. Mol Aspects Med 26, 268–298.
2. Mieden GD, Keen CL, Hurley LS & Klein NW (1986) Effects

of whole rat embryos cultured on serum from zinc- and copper-

deficient rats. J Nutr 116, 2424–2431.

R. Danzeisen et al.680

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114507798951  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114507798951


3. Hawk SN, Uriu-Hare JY, Daston GP, Jankowski MA, Kwik-

Uribe C, Rucker RB & Keen CL (1998) Rat embryos cultured

under copper-deficient conditions develop abnormally and are

characterized by an impaired oxidant defense system. Teratol-

ogy 57, 310–320.
4. Keen CL, Hanna LA, Lanoue L, Uriu-Adams JY, Rucker RB &

Clegg MS (2003) Developmental consequences of trace mineral

deficiencies in rodents: acute and long-term effects. J Nutr 133,
Suppl. 1, 1477S–1480S.

5. Allen TM, Manoli AII & LaMont RL (1982) Skeletal changes

associated with copper deficiency. Clin Orthop Relat Res 168,
206–210.

6. Schmidt H, Herwig J & Greinacher I (1991) The skeletal

changes in premature infants with a copper deficiency (article

in German). Rofo 155, 38–42.
7. Conlan D, Korula R & Tallentire D (1990) Serum copper levels

in elderly patients with femoral-neck fractures. Age Ageing 19,
212–214.

8. Eaton-Evans J, Mcllrath EM, Jackson WE, McCartney H &

Strain JJ (1996) Copper supplementation and the maintenance

of bone mineral density in middle-aged women. J Trace Elem

Exp Med 9, 87–94.
9. Vadlamudi RK, McCormick RJ, Medeiros DM, Vossoughi J &

Failla ML (1993) Copper deficiency alters collagen types and

covalent cross-linking in swine myocardium and cardiac

valves. Am J Physiol 264, H2154–H2161.
10. Tomita Y, Kondo Y, Ito S, Hara M, Yoshimura T, Igarashi H &

Tagami H (1992) Menkes’ disease: report of a case and determi-

nation of eumelanin and pheomelanin in hypopigmented hair.

Dermatology 185, 66–68.
11. Petris MJ, Strausak D & Mercer JF (2000) The Menkes copper

transporter is required for the activation of tyrosinase. Hum Mol

Genet 9, 2845–2851.
12. Bonham M, O’Connor JM, Hannigan BM & Strain JJ (2002)

The immune system as a physiological indicator of marginal

copper status? Br J Nutr 87, 393–403.
13. Hing SA & Lei KY (1991) Copper deficiency and hyperlipopro-

teinemia induced by a tetramine cupruretic agent in rabbits. Biol

Trace Elem Res 28, 195–211.
14. al-Othman AA, Rosenstein F & Lei KY (1992) Copper

deficiency alters plasma pool size, percent composition and con-

centration of lipoprotein components in rats. J Nutr 122,
1199–1204.

15. Rayssiguier Y, Gueux E, Bussiere L & Mazur A (1993) Copper

deficiency increases the susceptibility of lipoproteins and tissues

to peroxidation in rats. J Nutr 123, 1343–1348.
16. Pajonk FG, Kessler H, Supprian T, et al. (2005) Cognitive

decline correlates with low plasma concentrations of copper

in patients with mild to moderate Alzheimer’s disease. J Alz-

heimers Dis 8, 23–27.
17. Kessler H, Pajonk FG, Meisser P, et al. (2006) Cerebrospinal

fluid diagnostic markers correlate with lower plasma copper

and ceruloplasmin in patients with Alzheimer’s disease.

J Neural Transm 113, 1763–1769.
18. Chen H, Huang G, Su T, Gao H, Attieh ZK, McKie AT, Anderson

GJ&Vulpe CD (2006) Decreased hephaestin activity in the intes-

tine of copper-deficient mice causes systemic iron deficiency.

J Nutr 136, 1236–1241.
19. Cordano A, Baertl JM & Graham GG (1964) Copper deficiency

in infancy. Pediatrics 34, 324–336.
20. Cordano A (1998) Clinical manifestations of nutritional copper

deficiency in infants and children. Am J Clin Nutr 67, Suppl. 5,
1012S–1016S.

21. Brewer GJ (2001) Zinc acetate for the treatment of Wilson’s

disease. Expert Opin Pharmacother 2, 1473–1477.
22. Wapnir RA & Balkman C (1991) Inhibition of copper absorption

by zinc. Effect of histidine. Biol Trace Elem Res 29, 193–202.

23. Arredondo M, Munoz P, Mura CV & Nunez MT (2003) DMT1,

a physiologically relevant apical Cu1þ transporter of intestinal

cells. Am J Physiol Cell Physiol 284, C1525–C1530.
24. Arredondo M, Martinez R, Nunez MT, Ruz M & Olivares M

(2006) Inhibition of iron and copper uptake by iron, copper

and zinc. Biol Res 39, 95–102.
25. Broun ER, Greist A, Tricot G & Hoffman R (1990) Excessive

zinc ingestion. A reversible cause of sideroblastic anemia and

bone marrow depression. JAMA 264, 1441–1443.
26. Kumar N, Gross JB Jr & Ahlskog JE (2003) Myelopathy due to

copper deficiency. Neurology 61, 273–274.
27. Sugiura T, Goto K, Ito K, Ueta A, Fujimoto S & Togari H

(2005) Chronic zinc toxicity in an infant who received zinc

therapy for atopic dermatitis. Acta Paediatr 94, 1333–1335.
28. Chen ML & Failla ML (1988) Metallothionein metabolism in

the liver and kidney of the streptozotocin-diabetic rat. Comp

Biochem Physiol B 90, 439–445.
29. Cox DW & Moore SD (2002) Copper transporting P-type

ATPases and human disease. J Bioenerg Biomembr 34,
333–338.

30. Marecek Z & Nevsimalova S (1984) Biochemical and clinical

changes in Wilson’s disease heterozygotes. J Inherit Metab

Dis 7, 41–45.
31. Milne DB (1998) Copper intake and assessment of copper

status. Am J Clin Nutr 67, Suppl. 5, 1041S–1045S.
32. Konig JS & Elmadfa I (2000) Plasma copper concentration as

marker of copper intake from food. Ann Nutr Metab 44,
129–134.

33. Araya M, Olivares M, Pizarro F, Gonzalez M, Speisky H &

Uauy R (2003) Copper exposure and potential biomarkers of

copper metabolism. Biometals 16, 199–204.
34. Pizarro F, Olivares M, Uauy R, Contreras P, Rebelo A & Gidi V

(1999) Acute gastrointestinal effects of graded levels of copper

in drinking water. Environ Health Perspect 107, 117–121.
35. Linder MC, Wooten L, Cerveza P, Cotton S, Shulze R & Lomeli

N (1998) Copper transport. Am J Clin Nutr 67, Suppl. 5,

965S–971S.

36. Turnlund JR, Keyes WR, Peiffer GL & Scott KC (1998) Copper

absorption, excretion, and retention by young men consuming

low dietary copper determined by using the stable isotope
65Cu. Am J Clin Nutr 67, 1219–1225.

37. Turnlund JR, Keyes WR, Anderson HL & Acord LL (1989)

Copper absorption and retention in young men at three levels

of dietary copper by use of the stable isotope 65Cu. Am J Clin

Nutr 49, 870–878.
38. Harvey LJ, Majsak-Newman G, Dainty JR, Lewis DJ, Langford

NJ, Crews HM & Fairweather-Tait SJ (2003) Adaptive

responses in men fed low- and high-copper diets. Br J Nutr

90, 161–168.
39. Araya M, Kelleher SL, Arredondo MA, Sierralta W, Vial MT,

Uauy R & Lonnerdal B (2005) Effects of chronic copper

exposure during early life in rhesus monkeys. Am J Clin Nutr

81, 1065–1071.
40. Hambidge M (2003) Biomarkers of trace mineral intake and

status. J Nutr 133, Suppl. 3, 948S–955S.
41. Harris ZL & Gitlin JD (1996) Genetic and molecular basis for

copper toxicity. Am J Clin Nutr 63, 836S–841S.
42. Holmberg CG & Laurell CB (1948) Investigations in serum

copper. II. Isolation of the copper containing protein, and a

description of some of its properties. Acta Chem Scan 2,
550–556.

43. Bielli P & Calabrese L (2002) Structure to function relation-

ships in ceruloplasmin: a ‘moonlighting’ protein. Cell Mol

Life Sci 59, 1413–1427.
44. Ganaraja B, Pavithran P & Ghosh S (2004) Effect of estrogen on

plasma ceruloplasmin level in rats exposed to acute stress.

Indian J Med Sci 58, 150–154.

Current biomarkers for copper status 681

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114507798951  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114507798951


45. Mendez MA, Araya M, Olivares M, Pizarro F & Gonzalez M

(2004) Sex and ceruloplasmin modulate the response to

copper exposure in healthy individuals. Environ Health Per-

spect 112, 1654–1657.
46. Gruys E, Toussaint MJ, Niewold TA & Koopmans SJ (2005)

Acute phase reaction and acute phase proteins. J Zhejiang

Univ Sci B 6, 1045–1056.
47. Senra Varela A, Lopez Saez JJ & Quintela Senra D (1997) Serum

ceruloplasmin as a diagnostic marker of cancer. Cancer Lett 121,
139–145.

48. Stassar MJ, Devitt G, Brosius M, Rinnab L, Prang J, Schradin T,

Simon J, Petersen S, Kopp-Schneider A & Zoller M (2001)

Identification of human renal cell carcinoma associated genes

by suppression subtractive hybridization. Br J Cancer 85,
1372–1382.

49. Wang KK, Liu N, Radulovich N, Wigle DA, Johnston MR,

Shepherd FA, Minden MD & Tsao MS (2002) Novel candidate

tumor marker genes for lung adenocarcinoma. Oncogene 21,
7598–7604.

50. Montagna O, Grosso R, Santoro A & Mautone A (1994) Plasma

levels of the serum antioxidants (uric acid, ceruloplasmin, trans-

ferrin) in term and preterm neonates in the first week of life

(article in Italian). Minerva Pediatr 46, 255–260.
51. Kanikowska D, Grzymislawski M & Wiktorowicz K (2005)

Seasonal rhythms of “acute phase proteins” in humans. Chron-

obiol Int 22, 591–596.
52. Araya M, Olivares M, Pizarro F, Mendez MA, Gonzalez M &

Uauy R (2005) Supplementing copper at the upper level of

the adult dietary recommended intake induces detectable but

transient changes in healthy adults. J Nutr 135, 2367–2371.
53. Feillet-Coudray C, Coudray C, Bayle D, Rock E, Rayssiguier Y

& Mazur A (2000) Response of diamine oxidase and other

plasma copper biomarkers to various dietary copper intakes in

the rat and evaluation of copper absorption with a stable isotope.

Br J Nutr 83, 561–568.
54. Reiser S, Smith JC Jr, Mertz W, Holbrook JT, Scholfield DJ,

Powell AS, Canfield WK & Canary JJ (1985) Indices of

copper status in humans consuming a typical American diet

containing either fructose or starch. Am J Clin Nutr 42,
242–251.

55. Milne DB & Nielsen FH (1996) Effects of a diet low in copper

on copper-status indicators in postmenopausal women. Am J

Clin Nutr 63, 358–364.
56. Johnson WT, Dufault SN & Thomas AC (1993) Platelet cyto-

chrome C oxidase activity is an indicator of copper status in

rats. Nutr Res 13, 1153–1162.
57. Kehoe CA, Faughnan MS, Gilmore WS, Coulter JS, Howard

AN & Strain JJ (2000) Plasma diamine oxidase activity is

greater in copper-adequate than copper-marginal or copper-

deficient rats. J Nutr 130, 30–33.
58. DiSilvestro RA, Jones AA, Smith D & Wildman R (1997)

Plasma diamine oxidase activities in renal dialysis patients, a

human with spontaneous copper deficiency and marginally

copper deficient rats. Clin Biochem 30, 559–563.
59. Luk GD, Bayless TM & Baylin SB (1980) Diamine oxidase

(histaminase). A circulating marker for rat intestinal mucosal

maturation and integrity. J Clin Invest 66, 66–70.
60. Luk GD, Vaughan WP, Burke PJ & Baylin SB (1981) Diamine

oxidase as a plasma marker of rat intestinal mucosal injury and

regeneration after administration of 1-b-d-arabinofuranosylcyto-

sine. Cancer Res 41, 2334–2337.
61. Araya M, Olivares M, Pizarro F, Gonzalez M, Speisky H &

Uauy R (2003) Gastrointestinal symptoms and blood indicators

of copper load in apparently healthy adults undergoing con-

trolled copper exposure. Am J Clin Nutr 77, 646–650.
62. Prohaska JR, Tamura T, Percy AK & Turnlund JR (1997) In

vitro copper stimulation of plasma peptidylglycine a-amidating

monooxygenase in Menkes disease variant with occipital horns.

Pediatr Res 42, 862–865.
63. Prohaska JR & Broderius M (2006) Plasma peptidylglycine

a-amidating monooxygenase (PAM) and ceruloplasmin are

affected by age and copper status in rats and mice. Comp Bio-

chem Physiol B Biochem Mol Biol 143, 360–366.
64. Rucker RB, Romero-Chapman N & Wong T (1996) Modulation

of lysyl oxidase by dietary copper in rats. J Nutr 126, 51–60.
65. Harris ED (1976) Copper-induced activation of aortic lysyl oxi-

dase in vivo. Proc Natl Acad Sci U S A 73, 371–374.
66. Romero-Chapman N, Lee J, Tinker D, Uriu-Hare JY, Keen CL

& Rucker RR (1991) Purification, properties and influence of

dietary copper on accumulation and functional activity of

lysyl oxidase in rat skin. Biochem J 275, 657–662.
67. Werman MJ, Barat E & Bhathena SJ (1995) Gender, dietary

copper and carbohydrate source influence cardiac collagen and

lysyl oxidase in weanling rats. J Nutr 125, 857–863.
68. Rucker RB, Kosonen T, Clegg MS, Mitchell AE, Rucker BR,

Uriu-Hare JY & Keen CL (1998) Copper, lysyl oxidase, and

extracellular matrix protein cross-linking. Am J Clin Nutr 67,
Suppl. 5, 996S–1002S.

69. Rucker RB, Rucker BR, Mitchell AE, Cui CT, Clegg M,

Kosonen T, Uriu-Adams JY, Tchaparian EH, Fishman M &

Keen CL (1999) Activation of chick tendon lysyl oxidase in

response to dietary copper. J Nutr 129, 2143–2146.
70. Yamada T, Suzuki Y, Agui T & Matsumoto K (1992) Elevation

of metallothionein gene expression associated with hepatic

copper accumulation in Long-Evans Cinnamon mutant rat. Bio-

chim Biophys Acta 1131, 188–191.
71. Kuo YM, Gybina AA, Pyatskowit JW, Gitschier J & Prohaska JR

(2006) Copper transport protein (Ctr1) levels in mice are tissue

specific and dependent on copper status. J Nutr 136, 21–26.
72. Munoz C, Lopez M, Olivares M, Pizarro F, Arredondo M &

Araya M (2005) Differential response of interleukin-2 pro-

duction to chronic copper supplementation in healthy humans.

Eur Cytokine Netw 16, 261–265.
73. Hopkins RG & Failla ML (1995) Chronic intake of a marginally

low copper diet impairs in vitro activities of lymphocytes and

neutrophils from male rats despite minimal impact on conven-

tional indicators of copper status. J Nutr 125, 2658–2668.
74. Baker A, Harvey L, Majask-Newman G, Fairweather-Tait S,

Flynn A & Cashman K (1999) Effect of dietary copper intakes

on biochemical markers of bone metabolism in healthy adult

males. Eur J Clin Nutr 53, 408–412.
75. Cashman KD, Baker A, Ginty F, Flynn A, Strain JJ, Bonham

MP, O’Connor JM, Bugel S & Sandstrom B (2001) No effect

of copper supplementation on biochemical markers of bone

metabolism in healthy young adult females despite apparently

improved copper status. Eur J Clin Nutr 55, 525–531.
76. Lei KY (1983) Alterations in plasma lipid, lipoprotein and apo-

lipoprotein concentrations in copper-deficient rats. J Nutr 113,
2178–2183.

77. Lefevre M, Keen CL, Lonnerdal B, Hurley LS & Schneeman

BO (1986) Copper deficiency-induced hypercholesterolemia:

effects on HDL subfractions and hepatic lipoprotein receptor

activity in the rat. J Nutr 116, 1735–1746.
78. Lee CC & Koo SI (1988) Effect of copper deficiency on the

composition of three high-density lipoprotein subclasses as sep-

arated by heparin-affinity chromatography. Biochim Biophys

Acta 963, 278–287.
79. Hamilton IM, Gilmore WS & Strain JJ (2000) Marginal copper

deficiency and atherosclerosis. Biol Trace Elem Res 78,
179–189.

80. Lin SJ & Culotta VC (1995) The ATX1 gene of Saccharomyces

cerevisiae encodes a small metal homeostasis factor that pro-

tects cells against reactive oxygen toxicity. Proc Natl Acad

Sci U S A 92, 3784–3788.

R. Danzeisen et al.682

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114507798951  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114507798951


81. Bertinato J, Iskandar M & L’Abbe MR (2003) Copper

deficiency induces the upregulation of the copper chaperone

for Cu/Zn superoxide dismutase in weanling male rats. J Nutr

133, 28–31.
82. Iskandar M, Swist E, Trick KD, Wang B, L’Abbe MR &

Bertinato J (2005) Copper chaperone for Cu/Zn superoxide dis-

mutase is a sensitive biomarker of mild copper deficiency

induced by moderately high intakes of zinc. Nutr J 4, 35.
83. Prohaska JR, Broderius M & Brokate B (2003) Metallochaper-

one for Cu,Zn-superoxide dismutase (CCS) protein but not

mRNA is higher in organs from copper-deficient mice and

rats. Arch Biochem Biophys 417, 227–234.
84. West EC & Prohaska JR (2004) Cu,Zn-superoxide dismutase is

lower and copper chaperone CCS is higher in erythrocytes of

copper-deficient rats and mice. Exp Biol Med 229, 756–764.
85. Southon A, Burke R, Norgate M, Batterham P & Camakaris J

(2004) Copper homoeostasis in Drosophila melanogaster S2

cells. Biochem J 383, 303–309.
86. Mercer JF, Grimes A & Rauch H (1992) Hepatic metallothionein

gene expression in toxic milk mice. J Nutr 122, 1254–1259.

Current biomarkers for copper status 683

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114507798951  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114507798951

