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Abst ract : Abnormalit ies in the homeostasis of brain metals in AlzheimerÕs
disease (AD) can contribute to set up environmental conditions where §-amyloid
toxicity and deposition are promoted within areas at risk.  Recent studies in man
have descr ibed possible impl icat ions of copper in the AD pathogenesis. In
particular, evidence collected  in our laboratory in the past six years shows that
abnormalit ies in copper distribution originating from blood stream variations
correlate with functional and structural brain deficits in AD. Despite these works
supporting a damaging role of copper, new studies hypothesize a protective role. In
fact, some recent studies have shown that a decrease of serum copper in man
correlates with a worse neuropsychological performance. However, this apparent
discrepancy concerns the absolute serum copper levels and can be overcome by
considering the fraction of non-ceruloplasmin-copper (NCC).     
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SERUM COPPER IN ALZHEIMER DISEASE

A l zhei merÕs d i sease (A D) i s an i r r ev ersi bl e, p rogressi v e
neurodegenerat i v e d i sorder , character i zed  by  gradual  cogni t i v e
deterioration associated with abnormal behavior and personality changes,
which ultimately leads to dementia. Current research hypotheses propose
that oxidative stress and metal imbalance are potential factors leading to the
accumulation in the brain of §-amyloid (A§), the pathological hallmark of
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this disease. Although a bulk of evidence from in vitro and animal studies
confirms the implication of copper in the disease, a debate is growing on the
either toxic or protective role of this metal. In particular, some recent studies
have shown an increase of serum copper in the AD brain, [1] while others a
decrease [2]. However, i t seems to us that these discrepancies are only
apparent and concern the absolute serum copper levels; they could be
overcome simply by considering the exchangeable copper pool, not bound
to ceruloplasmin, namely non-ceruloplasmin-copper (NCC). 

Over the last 6 years our group has collected in vivo evidence in man of
the possible impl ication of copper in the pathogenesis of AD. We have
investigated copper, ceruloplasmin, iron, total hydro- and l ipoperoxides,
t ransfer r in levels, and ant ioxidant capaci ty  (Total  Radical  Trapping
Antioxidant capacity or TRAP) in the serum of patients affected by AD and
by vascular dementia (VAD), and in that of normal subjects [1]. In addition
w e have compared biological  var iables of serum oxidative stress w i th
functional and structural deficits in the AD brain, as well as cerebrospinal
markers of AD, by correlation analysis [1, 3]. Our initial results indicate that
serum copper levels were significantly higher in AD patients than in normal
elderly controls (Figure 1A) and VAD patients [1]. We found that copper,
among various peripheral markers of oxidative stress and trace metals,
could discriminate between AD patients and healthy individuals in a high
percentage of cases (95%) (Figure 1A).  An increase of 1 µmol/L in serum
copper, accounted for more than 80% of the risk attributed to the AD group,
while TRAP increments of 0.1 mmol/l decreased the risk by 37%. A serum
copper level of 16 µmol/L (1.02 mg/L) separated effectively AD cases from
controls with a specificity of 95%, and an approximate sensitivity of 60%. To
assess w hether copper changes in the serum of A D patients related to
abnormalities specific of this disease we analyzed the correlation between
copper  content  and  neuropsychol ogi cal  per formance, as w el l  as
cerebrovascular or atrophic burden, as estimated by volumetric brain MRI
and ul trasonography of the cerebral blood vessels [1]. Elevated copper
levels in particular, as well as low  TRAP capacity, were correlated w ith
neuropsychological deficits found in AD patients. Further studies revealed
that the fraction of serum copper not bound to ceruloplasmin was increased
in AD and not in controls [1]. A t the beginning of our investigation we
referred to this fraction as an Òunexplained copperÓ component in serum. In
fact, we defined as Òexplained copperÓ the quantity that was explained by
ceruloplasmin variation (calculated on the basis of the regression model of
copper variation upon ceruloplasmin measures in healthy controls), and as
Òunexplained copperÓ the residual from the subtraction of the explained
copper from the absolute copper  value in serum (Cu unexplained = serum
copper Ð Cu explained). With the regression model developed, [1, 3] we
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cal cu lated  that  on average a uni t  µmol / L  of  ceru lop lasmin can be
considered to account for 6.68 µmol/L copper explained by ceruloplasmin.
This parameter is consistent with the notion that ceruloplasmin contains six
copper atoms per molecule. M oreover, to fur ther ci rcumstantiate the
concept of Òexplained copperÓ, we compared the portion of copper bound
to ceruloplasmin (CB) - that can be calculated theoretically as follows: CB =
n * ceruloplasmin mg/L; n=0.0472 (µmol/mg) - with the explained copper
we estimated.  The mean value of the CB obtained in the control population
did not differ from the explained copper [1]. The unexplained copper could
thus be referred to as N CC.  N on-ceruloplasmin-copper is the serum
pathological  marker of Wi lsonÕs disease Ð the paradigmatic disease of
copper  accumulat ion and intoxicat ion [4] . M oreover , w e per formed
experiments on two separate pools of sera from 20 AD patients and 20
controls, which were filtered through a 10 kDa cut-off membrane to find a
filterable copper in AD. Hard data revealed that in patients the amount of
copper measured in the ultrafiltrate was higher than in controls. On these
basis, according to publ ished procedures, a ratio Free copper / Protein
Bound copper (F/ PB) % was obtained, which was 3.7 fold higher in AD
than in controls [3]. Non-ceruloplasmin-copper seemed to contribute to the
pathophysiology of AD, as an exchangeable molecule, which can reach the
brain due to its ability to easily cross the blood brain barrier (BBB). Data
from a recent study demonstrate that the NCC fraction well correlates with
CSF copper  and biological  markers of  A D [3] .  In fact , the ev idence
provided suggests an effect of an excess of serum copper on CSF copper
concentrations as well as §-amyloid (Figure 1B) and tau proteins burden [3].
Although past studies in man have found no differences in serum copper
levels between AD and controls, all studies by ours described above have
shown an increase, [1, 3]  while others a decrease of these levels [2].  This
apparent discrepancy is probably due to the fact that levels of absolute
serum copper w ere considered: w hen the N CC fraction is considered,
discrepancies are actually attenuated. For example, a value of 4 µmol/L of
NCC can be calculated from data reporting low levels of total serum copper
in AD [2]. This is substantially higher than 1.6 µmol/ L, which represents
the upper value of the NCC normal reference range in healthy populations
[4]. This suggests that i t is the ceruloplasmin-copper relationship that
represents the key to interpret copper findings in AD patients, rather than
absolute serum copper levels. Indeed, the values of NCC that could be
calculated from the data published by Kessler et al., (2006) [2] are very
similar to ours [1, 3]. 
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Figure 1
A. Serum copper levels (µmol/L) in individual controls and AD patients. The dotted
line indicates the proposed cut-off based on ROC curves (16 µmol/L). Controls were

below the cut-off; B. Scatter plots of the correlation between serum copper and §-
amyloid in the cerebrospinal fluid: in AD and healthy controls serum copper

inversely correlates with CSF §-amyloid in (log-linearized correlation: r=-0.38;
p=0.04); C. Scatterplots among the temporal delta and alpha 1 LORETA density

current and copper non-ceruloplasmin-copper (NCC) in healthy controls [open circle
(O)], MCI [open triangle ( ! )], AD [open square (o)]. Regression line is shown for the

total group (full line) and for the single groups (dashed lines). D. The non-
ceruloplasmin copper (NCC; p = 0.001) was higher and the ratio between albumin

and prothrombin time (alb/PT; p = 0.001) was lower in AD patients than in healthy
controls. Measures were expressed as z-score distributions. NCC = Empty box;

alb/PT = squared box.

More information was obtained by studying the relationships between
NCC w ith both EEG rhythms and l iver function. A  slow ing of the brain
rhythms typical of AD was found to correlate w ith copper abnormalities:
temporal delta (r= 0.37, p< 0.001) and alpha 1 (r= - 0.30, p= 0.005) EEG
rhythms correlates w ith higher levels of NCC  (Figure 1C). These EEG
modifications in AD somewhat resemble those of WilsonÕs disease, further
supporting the similarities of these two neurological diseases. Moreover, we
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investigated copper variables and liver markers of necrosis and of hepatic
function in relation to the patientsÕ main brain anatomical deficits to assess
whether excess of serum copper may occur in AD if the liver fails to clear
copper. We found that NCC correlated with a reduction in liver function,
both evaluated as albumin (alb)/Prothrombin time (PT) ratio (alb/PT; r= -
0.36, p=0.02) and free-bilirubin/Albumin-bound-bililirubin (free-bil/Alb-b-
bil; r= - 0.37, p=0.05). This finding supports the idea that the excess of serum
copper in A D, i .e., N CC, may or iginate from a disturbance of copper
transfer into the secretory pathway of hepatocytes, with a reduction of its
bi l iary excret ion. Indeed, A D pat ients had a low er l i ver  funct ion, as
revealed by the PT, alb and the PT/ alb measures (Figure 1D). A lthough
liver markers, as well as copper abnormalities in AD are w ithin normal
values Ð non specifically referred to the elderly Ð measures of NCC from
our and other laboratories are pathological, [1,2,3] since they are above the
upper value of the normal reference range in healthy population, similarly
to WilsonÕs disease [4].  In the same direction goes the observation that at
least a percentage of the MTA burden in AD could be attributed to a lower
liver function (rho = -0.440, p = 0.021), as occurs in WilsonÕs and in hepatic
encephalopathy. 

Clues of a direct role of copper in the pathogenesis of AD, rather than a
mere consequence of the disease process, can be deducted by reading a
number of clinical trials conducted over the past 15 years, [reviewed in 5] in
particular the Crapper McLachlan et al. study [reviewed in 5]. These trials
provide prel iminary and encouraging resul ts, indicating that Òmetal -
protein-attenuating-compounds (MPAC)Ó can positively modify the natural
history of AD. The chelating compound, desferrioxamine Ð challenged by
Crapper McLachlan, [reviewed in 5] demonstrated actual disease-slowing
effects. A similar trend has also been shown with the use of clioquinol by
Richies and collegues [reviewed in 5].

Treatment duration appears to be a fundamental  factor, as i t can be
expected w ith disease-modifying compounds rather than symptomatic
approaches. The administration of clioquinol to AD patients for 36 weeks
has provided encouraging results, yet these have been far less important
than those obtained by the use of desferrioxamine for 24 months. However,
clioquinol was w ithdrawn for oral use in 1970 because of its association
w ith subacute myelo-optic neuropathy, possibly caused by vitamin B12
deficiency. Metal-protein-attenuating-compounds w ith anti-copper effects
have been ini tial ly developed for their appl ication in WilsonÕs disease.
Penici l lamine and tr ientine, both acting as chelators, increase ur inary
excretion of copper, but their uti l i ty is associated w ith adverse effects in
WilsonÕs disease patients. Ammonium Tetrathiomolybdate or Zinc therapy
were developed as an effective anti-copper therapy for the initial treatment
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of WilsonÕs disease and could be a concrete therapeutic option, at least for
the ÒNCC pathologicalÓ phenotype of the disease. 
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