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Background: Previous evidence indicates that Alzheimer’s disease (AD) patients
exhibit signs of copper dyshomeostasis. However, a meta-analysis of all eligible
copper studies on brain and serum/plasma, aimed at establishing whether copper
dyshomeostasis can be considered as an AD susceptibility factor, has never been
performed.

Methods: We performed several meta-analyses of 51 studies of levels of copper
markers in serum/plasma (pooled total of 2592 AD and 3335 controls), and in brain
specimens (pooled total of 155 AD and 135 controls). We also performed a replication
study of serum biomarkers of copper status (copper, ceruloplasmin, ceruloplasmin
specific activity, non-ceruloplasmin copper, and copper to ceruloplasmin ratio) in 97 AD
patients and 70 controls screened for rs732774 and rs1061472 of ATP7B gene
(encoding for the copper transporter ATPase7B).

Results: Our meta-analyses show that brain copper is decreased (p<0.01) while
serum/plasma copper (p<0.001) and non-ceruloplasmin copper are increased
(p<0.001) in AD patients compared with healthy controls, while ceruloplasmin levels
don’t change. The excess of serum/plasma copper is associated with a 3 to 4-fold
increase of the risk of contracting AD. Our replication study confirmed the meta-
analyses results and the increased frequency of the mutated alleles ATP7B rs732774
and rs1061472 in AD (pcorrect=0.012).

Conclusions: Overall, the results show that AD patients fail to maintain a correct
metabolic balance of copper that appears to be linked to the ATP7B gene. This
suggests an urgent need for precision medicine approaches that, by fully
contemplating the heterogeneity of AD, may target specific biological subsets rather
than broad clinical entities.
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cover letter
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Editor-in-Chief

Prof. John H. Krystal, MD

Yale University, School of Medicine
and VA Connecticut Healthcare System,
West Haven, Connecticut, United States

Dear Prof. Krystal,

In the attachment, please find the manuscript ‘Copper imbalance in Alzheimer’s disease: meta-
analyses of serum, plasma, brain studies, and a replication study accounting for ATP7B gene
variants’ that we are submitting to Biological Psychiatry for consideration as an Archival Report.

Since your Journal covers a broad range of topics related to thepathophysiology and treatment of
major neuropsychiatric disorders we hope thatour clinical neuroscience contribution that also
addresses genetic and environmentalrisk factor, as copper exposure, and Alzheimer’s disease might
be ofinterest. Current meta-analysis updates data of copper in the brain presented in a 2011 (Schrag
et al Prog Neurobiol2011) paper and integrate them by extending meta-analyses of copper in the
blood/serum, showing the global picture of copper misbalance in Alzheimer’s disease. The main
findings of the study, a rigorous systematic analysis that we think can make a significant contribution
to thefield, support the notion that copper dyshomeostasis is a contributing feature of Alzheimer’s
disease brain. Our data also provide the rationale for a phase Il clinical trial, funded by the
Alzheimer’s Association (number PTC-19-602325;EudraCT No.: 2019-000604-15), and in which we
are evaluating the tolerability and efficacy of a zinc-based approach to block the cognitive decline of
a subset of subjects suffering from Mild Cognitive Impairment who also show signsof copper
dysmetabolism. The choice of employing a zinc-based approach moves from the analogous therapy
that is used to treat the copper dysregulation that is driving the onset and the progression of Wilson
disease.

The content of the paper has not been published or submitted for publication elsewhere. The
manuscript conforms to Ethical Adherence, grants availability of data and all authors have contributed
significantly and are in agreement with the content of the manuscript. Specifically, Rosanna Squitti,
Mariacarla Ventriglia, Stefano Sensi and Mauro Rongioletti performed conceptualization; Rosanna
Squitti, Mariacarla Ventriglia, Cristian Bonvicini Alfredo Costa, Giulia Perini and Ilaria Simonellli
also contributed to data curation and formal analyses; Rosanna Squitti, Giuliano Binetti, Luisa
Benussi, Roberta Ghidoni, Giacomo Koch, Barbara Borroni, Alberto Albanese, Stefano Sensi
significantly contributed in writing the original draft, review and editing.

We hope you will find the study suitable for publication in Biological Psychiatry.
Warm regards,

Rosanna Squitti and Stefano Sensi

Molecular Markers Laboratory

IRCCS Istituto Centro San Giovanni di Dio- Fatebenefratelli
Via Pilastroni, 4





25125 Brescia, Italy
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Abstract

Background: Previous evidence indicates that Alzheimer’s disease (AD) patients exhibit signs of
copper dyshomeostasis. However, a meta-analysis of all eligible copper studies on brain and
serum/plasma, aimed at establishing whether copper dyshomeostasis can be considered as an AD

susceptibility factor, has never been performed.

Methods: We performed several meta-analyses of 51 studies of levels of copper markers in
serum/plasma (pooled total of 2592 AD and 3335 controls), and in brain specimens (pooled total of
155 AD and 135 controls). We also performed a replication study of serum biomarkers of copper
status (copper, ceruloplasmin, ceruloplasmin specific activity, non-ceruloplasmin copper, and
copper to ceruloplasmin ratio) in 97 AD patients and 70 controls screened for rs732774 and

rs1061472 of ATP7B gene (encoding for the copper transporter ATPase7B).

Results: Our meta-analyses show that brain copper is decreased (p<0.01) while serum/plasma
copper (p<0.001) and non-ceruloplasmin copper are increased (p<0.001) in AD patients compared
with healthy controls, while ceruloplasmin levels don’t change. The excess of serum/plasma copper
is associated with a 3 to 4-fold increase of the risk of contracting AD. Our replication study
confirmed the meta-analyses results and the increased frequency of the mutated alleles ATP7B

rs732774 and rs1061472 in AD (Pcorrect=0.012).

Conclusions: Overall, the results show that AD patients fail to maintain a correct metabolic balance
of copper that appears to be linked to the ATP7B gene. This suggests an urgent need for precision
medicine approaches that, by fully contemplating the heterogeneity of AD, may target specific

biological subsets rather than broad clinical entities.





INTRODUCTION

Alzheimer’s disease (AD), the most common neurodegenerative disorder, is a multi-factorial
condition for which an effective therapy is still missing. Hallmarks of AD are extracellular deposits
of the beta-amyloid protein (Ap), intraneuronal aggregates of protein Tau and reactive gliosis.
Many modifiable risk factors, including diabetes, midlife hypertension, midlife obesity, physical
inactivity, depression, smoking and even low educational and personal realization levels (1) concur
in shaping the disease’s onset and progression. Several seminal epidemiological studies have been
published but they have neglected the investigation of a possible role of dietary factors and metal
imbalance in modulating AD, since data of their prevalence were missing in the literature (1). This
omission has likely contributed to the fact that metals have never been considered as modifiable risk
factors of AD. Almost a decade ago, however, a novel metal hypothesis (2) and several meta-
analyses (3-6) have triggered a new interest in the interaction between some metals (mainly iron,
copper and zinc) and AD-related proteins (primarily the APP/Ap system).

Copper (Cu) is an essential micronutrient, catalyst or component of many metallo-proteins
as well as enzymes involved in systems that span from connectivity to brain function and help to
control physiological cellular life and energy production. Non-ceruloplasmin Cu is the fraction of
Cu in serum/plasma that does not bind to ceruloplasmin, the protein that carries Cu in the blood
[review in (7)]. The expansion of non-ceruloplasmin Cu in plasma is toxic since it can cross the
blood brain barrier (BBB) and increase the labile pool of the metal in the brain. In fact, this is what
happens in Wilson disease, a rare autosomal recessive disorder caused by mutations of the ATP7B
gene. ATPase7B (encoded by ATP7B) is a Cu pump located in the hepatocyte and the endothelial
cells at BBB. The pump loads Cu onto nascent ceruloplasmin in the hepatocyte and onto the
glycophosphatidyl inositol ceruloplasmin expressed in the astrocyte [review in (8)]. Defects in this
process are associated to an increased release of non-ceruloplasmin Cu in the blood [review in (8)].

Here we report on new meta-analyses specifically focused on Cu metabolism in the brain

and serum/plasma of AD patients and healthy controls. Moreover, we describe a replication study of
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serum Cu and non-ceruloplasmin Cu, ceruloplasmin concentration, ceruloplasmin activity,
ceruloplasmin specific activity (iCp/eCp), and Cu to ceruloplasmin ratio (Cu:Cp), along with
genotyping of the 2 functional single nucleotide polymorphisms (SNPs) rs1061472 and rs732774

of ATP7B (9), in a sample of 97 AD patients and 70 healthy controls.

METHODSAND MATERIALS

Meta-analyses

Search strategy

To identify appropriate studies for meta-analysis, we followed the procedural steps indicated by

Cochrane (http://www.cochrane-handbook.org). We entered the keywords “Alzheimer’s disease”,

9 ¢¢ b 13 2 ¢

“copper”, “serum”, “plasma”, “brain”, “metals” and their combinations in PubMed and selected
studies from 1984 to 2019. We also identified other studies by using “Scopus” and “ISI Web of
Knowledge” databases. Besides, reviewing the contents of this first selection, we also evaluated
their reference lists to search for additional studies via Google Scholar. We considered only papers
showing comparative analyses of AD and healthy populations, presenting original results and
published in peer-reviewed journals. In most studies, the severity of the AD patients’ cognitive
decline had been assessed by a Mini-Mental State Examination (MMSE, (10)). The target of our
meta-analysis was the comparison, between AD patients and controls, of the Cu weighted means
reported in the selected papers.

Our first selection consisted of 54 studies. At this point, we further required that manuscripts
explicitly present Cu mean and standard deviation values for both patient and control groups. From
the first selection, one study that did not report standard deviation values (11) has been excluded
and one that did not report the exact value of Cu levels (12) was dropped. We excluded the study by
Alimonti et al. (13) because it was conducted partially on the same sample as the study by Bocca

and colleagues (14). We also included data from 721 subjects investigated in our previous studies
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(15) excluding the studies from our laboratory in which the patient samples partially were
overlapped.

At this point, our selection had been reduced to 51 studies: 10 on Cu in brain (Table 1), 37 on Cu in
serum and 4 in plasma (Table 1 and Table 2 Supplementary material); 18 studies of the latter
section reported data on non-ceruloplasmin Cu in serum and on ceruloplasmin (Table 2)]. We
performed separate meta-analyses of: Cu in brain, Cu in serum and plasma pooled together, non-
ceruloplasmin Cu and ceruloplasmin in serum plasma pooled together.

Of these 10 studies in brain, we also performed a meta-analysis stratified on the basis of the
functions of different areas of brain: hippocampus, amygdala, frontal cortex, cerebral cortex,

cerebellum.

Data extraction for Meta-analysis
All the steps for studies selection, data extraction and statistical procedures applied in the meta-

analysis are reported in the Supplementary Materials.

Replication study
Human Subjects

The study was approved by the Local Ethics Committees (approval number 53/2016), and all
subjects signed an informed consent (approval number 2/1992; 26/2014). Ninety-seven AD patients
(16, 17) [with a Mini-Mental State Examination (MMSE) score of 25 or less(10)] and 70 cognitively
normal individuals were included in the replication study. Procedures applied for fasting blood
sample collections, biochemical and genetic investigation, as well as the statistical analyses applied

in the replication study, are described in Supplementary Materials.

RESULTS





Demographic and Cu data from the studies selected for our meta-analyses of brain Cu are
listed in Table 1. Demographic data from the studies selected for our meta-analyses of Cu, non-
ceruloplasmin Cu, and ceruloplasmin in serum/plasma are reported in Table 1 Supplementary
material. Biochemical indices of the studies included in the meta-analyses of Cu in serum/plasma
are reported in Table 2 Supplementary material, while those evaluated in the meta-analyses of

non-ceruloplasmin Cu and ceruloplasmin status are shown in Table 2.

Meta-analyses of Cu in brain tissues

Sixteen studies were identified in the primary screening; 6 were excluded (refer to Table 1),
after the application of the exclusion criteria. Clinical data and demographic information limited to
age, sex, and cerebral area of the metal measurements are reported in Table 1. The pooled sample
was made of 155 AD samples and 135 control samples. Figure 1 shows Cu concentrations stratified
for the hippocampus, amygdala, an undefined ‘cerebral cortex’ area, and the frontal cortex. Only
one study analyzed the cerebellum (18). The standardized mean difference (SMD) was statistically
significant and equals to -0.77 (95% CI -1.16 to -0.38; p<0.001), thereby indicating that Cu levels
were depleted in the AD group in most regions (Figure 1).

We also analysed data from 4 studies focused on the hippocampus (18-21) with a pooled
sample made of 42 AD patients and 41 controls. All these studies reported lower Cu levels in AD
patients when compared to healthy controls but statistical significance was achieved only in 2
studies (18, 21) (SMD=-0.89, 95% CI from -1.54 to -0.24; p=0.007). The heterogeneity was not
significant (1>=45.8%, p=0.136).

The amygdala was considered only in 2 studies (18, 19) for a total of 28 patients and 27
controls. One study reported significantly lower Cu concentrations in AD patients compared to
controls(18); the pooled SMD in this group was statistically significant (SMD=-0.94, 95% CI from

-1.82 t0 -0.07; p=0.035). The heterogeneity was moderate and not significant (1?=55%, p=0.136).





Three studies reported data collected from the frontal cortex (22-24), for a pooled of 34 AD
and 28 controls. While Magaki and colleagues (22) reported significantly lower levels of Cu in the
AD brain, Loeffler and colleagues indicated Cu increases (24). In this subset, the pooled SMD was
not significant (SMD= -0.80, 95% CI from -2.96 to 1.36; p=0.468) and an elevate heterogeneity
was observed (12=91.2%, p<0.001).

Data on the cerebral cortex were obtained from 4 studies (18, 25-27). All these studies
reported lower levels of Cu in AD patients than in healthy controls, even though the difference was
statistically significant only in 2 studies (25, 27), where the pooled SMD was -0.78 (95% CI from -
1.14 to -0.41; p<0.001). The heterogeneity was not significant (1°=0%; p=0.619).

Only one study reported data about Cu concentration in the cerebellum (18).

In general, the high heterogeneity emerging from the analysis was due to differences in the

magnitude of the effect size and the methodology used to assess Cu in each study. There was no

significant difference among the different brain areas, (Test for subgroups x? (4)=0.57, p=0.97).

Meta-analyses of Cu in serum/plasma

Data regarding the 37 studies on serum Cu and the 4 studies investigating plasma are shown
in Figure 2 and Table 1 and Table 2 Supplementary material. Data were from 2592 AD patients
and 3335 healthy controls. Patient samples ranged from 5 (28) to 385(15) individuals. The mean
age of the participants was>70 years, except for a few studies (29-32) that investigated younger
subjects. The percentage of women in the AD group ranged from 20% (28) to 100% (33). The
analyzed population was Caucasian in 20 studies, Asian in 17, and Argentinean in one study (34).
Figure 2 shows increased Cu levels in serum/plasma in the AD group (SMD = 0.64, 95% CI 0.33-
0.96, p < 0.0001). Heterogeneity was high (1>= 96.3%; p<0.001).

The funnel plot (Figure 1 Supplementary material) appears asymmetrical, but asymmetry
is not statistically significant (Egger test: beta=0.77, SE=2.10; p=0.716). Meta-regression revealed

that the difference in mean age between AD patients and healthy control had no effect on the





analysis (beta=-0.05, SE=0.32; p=0.300). The difference of the SMD for Cu in serum/plasma was

0.64 so that the formula

SMD = VInOR
delivers OR=3.19. This indicates that a umol/L unit increase of serum/plasma Cu generates 4-fold

higher odds in AD patients as compared to healthy controls.

Meta-analyses of non-ceruloplasmin Cu

Data regarding the 18 studies included in the meta-analysis are reported in Figure 3 and
Table 2. Data were from 1595 AD subjects and 2399 healthy controls. The patient sample size
ranged from 28 (35, 36) to 385(15) individuals and the control sample size from 20 (37) to 716 (38).

Results, shown in Figure 3, indicate that AD subjects had higher levels of non-
ceruloplasmin Cu than healthy controls (SMD = 0.32, 95% CI1 0.06-0.57, p =0.014). There was
high heterogeneity among the included studies (1> = 91.5%; p<0.001). The heterogeneity was likely
due to the difference in the methodology applied to quantify the levels of Cu. In order to check for
possible publication bias, we performed a funnel plot (Figure 2 Supplementary material) that
revealed no evidence of asymmetry, as confirmed by the egger test (b=-1.98, SE=2.19; p=0.380).

We ran a sensitivity analysis taking into account the Cu:Cp ratio as a Cu index for internal
quality control verification of ceruloplasmin calibration that provides information about the actual
stochiometry between Cu and ceruloplasmin in the specimens. As we previously discussed in detail
(6), 6-8 range obtained in healthy controls for Cu:Cp allows to obtain a more reliable non-
ceruloplasmin Cu value when applying Walshe’s formula (6, 39) (see Methods Section). On this
basis, 7 studies with a Cu:Cp ratio lower than 6 and higher than 8 in healthy controls were excluded
from the meta-analysis (29, 35, 36, 38, 40, 41) (Figure 4). By excluding these 7 studies, the pooled
AD sample was made of 1082 and the pooled healthy control sample of 1289 subjects. The result

was SMD = 0.59 (95% CI 0.38-0.81) and remained significant (p < 0.001) (1>=79.7%, p<0.001).





Meta-regression revealed that the difference in mean age between AD patients and healthy controls
had no effect on the analysis (beta=0.34, SE=0.19; p=0.095). The difference of the SMD for non-

ceruloplasmin Cu in serum/plasma was 0.32 which delivers OR=1.79 when applying the formula

SMD = VInOR
indicating that for a pmol/L unit increase of non-ceruloplasmin Cu there was an a ca. 2-fold
increase in odds of having AD compared to healthy controls. Considering the results of the
sensitivity analysis, SMD=0.59 gives OR=2.91, indicating that for a umol/L unit increase of non-

ceruloplasmin Cu there was a 3-fold increase in odds of having AD compared to healthy controls.

Meta-analysis of ceruloplasmin in serum/plasma

Data regarding the 17 studies included in the meta-analysis are reported in Figure 3
Supplementary material and Table 2. Data were from 1551 AD patients and 2371 healthy
controls. Results reported in Figure 3 Supplementary material show no difference in
ceruloplasmin levels between AD patients and healthy controls [SMD=0.04, 95% CI -0.11 to 0.19
(p=0.589)]. There was a high heterogeneity among the included studies (1>=75.3%, p<0.001).

No significant publication bias was observed (beta=0.48, SE=1.34; p=0.727; Figure 4
Supplementary material). The meta-regression did not show a significant effect of the difference

in mean age between AD patients and healthy controls (beta=0.088, SE=0.12; p=0.487).

Replication study

A total of 167 participants were recruited for this study (97 patients and 70 healthy controls).
The demographic and serum variables of Cu are shown in Table 3. The two groups were different
for age and sex (Table 3). While ceruloplasmin did not correlate significantly with age, a slightly
positive association between age and specific activity of ceruloplasmin (r=0.244; p=0.002), non-

ceruloplasmin Cu (r=0.311; p<0.001) and Cu:Cp ratio (r=0.28; p<0.001) was observed.
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The two study groups were no different for sex distribution, even though approaching the
significance threshold [healthy control men: 22.9% (16/70) vs. AD men: 37.1% (36/97)]; Chi
square =3.85, df (1) p = 0.050), and Cu, ceruloplasmin levels and activity were found to be different
between men and women. To account for this potential bias, all the analyses were corrected for sex
and age. In healthy controls, the correlation between ceruloplasmin concentrations and serum Cu
levels was 0.86 (p<0.001), the correlation between ceruloplasmin concentrations and ceruloplasmin
activity values was 0.75 (p<0.001), the correlation between ceruloplasmin activity and serum Cu
levels was 0.77 (p<0.001) and between non-ceruloplasmin Cu and the Cu:Cp ratio was 0.97
(p<0.001). Cu:Cp ratio in healthy controls was 6.6 (0.81), thereby demonstrating good agreement
between Cu and ceruloplasmin, allowing the application of Walshe’s formula(39). Among the
variables under study, total serum Cu, non-ceruloplasmin Cu and the Cu:Cp ratio were higher in
AD patients (Table 3).

Allele, genotype and haplotype distribution of ATP7B rs732774 and rs1061472 along with
main demographic and clinical characteristics of the 91 AD patients and 69 healthy controls
(genotype data from 6 AD patients and 1 healthy control were not available, see method section in
Supplementary material) participating in the genetic study are reported in Table 4.

A difference between patients and controls was found when analyzing genotype frequencies
for rs732774 (pcorrect=0.032). As for allele carrier frequencies (AA+AG), carriers of at least one A
allele were more frequent in the AD group compared to controls (92% vs.78%; pcorrect=0.011,
OR=3.33 95%Cl: 1.28-8.70; Table 4).

As for rs1061472, no differences emerged between the two study groups (pcorrect=0.097),
while carriers of at least one G allele (GG+GA) were more frequent in the patient group (89%
VS.75%; Peorrect=0.031, OR=2.65 95%ClI: 1.13-6.21).

Finally, we built the haplotypes of the two polymorphisms and observed that cluster

genotype frequencies were significantly different between AD and controls (Pcorrect=0.022); in
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particular, AG haplotype carriers were more frequent in the AD group (89% vs. 75%; pcorrect=0.012,
OR=3.30 95%ClI: 1.26-8.69).

To evaluate the effect of biochemical variables on the probability of being susceptible to
AD, an univariable binary logistic regression model was applied. The model also took into
consideration carriers and non-carriers of the AG haplotype, age, and sex (Table 5). A
multivariable analysis was performed that included the model biochemical variables with a p
value<0.10 at the univariable analysis. The model revealed a significant effect of non-ceruloplasmin
Cu on the probability of having AD with an increased risk of 1.32 times (95% CI 1.06-1.64;
p=0.012) for each pumol/L unit increase in non-ceruloplasmin Cu when keeping all other
independent variables constant. In the multivariable model, the effect of the AG haplotype on the
probability of having AD was borderline significant, with a probability of having AD about 2.49
times higher in individuals carrying the AG haplotype compared to GA/GA haplotype carriers (95%

C10.99-6.28; p=0.053; only 27 individuals were GA/GA carriers; Table 5).

DISCUSSION

The results of our meta-analyses and the replication study show that decreased Cu levels in
brain regions as the hippocampus, amygdala, and cerebral cortex characterize the AD group. The
AD cohort also exhibited increased levels of Cu and non-ceruloplasmin Cu in serum/plasma,
despite no changes in ceruloplasmin levels. Distinction between brain Cu deficiency and excess
non-ceruloplasmin Cu breaks down in the notion of a systemic AD Cu dyshomeostasis that features
both aspects directly, being two facets of the same biological process (6, 8).

The meta-analyses investigating differences of Cu and non-ceruloplasmin Cu levels in the
serum/plasma fractions revealed high heterogeneity. The phenomenon is possibly explained by
either methodological heterogeneity or the presence of a skewed percentage of AD subjects with
increased levels of non-ceruloplasmin Cu in the study cohorts. As a matter of fact, previous studies

have shown that the use of non-ceruloplasmin Cu as a biomarker to identify AD patients resulted in
12





a 95% specificity but only a 40-50% sensitivity. Therefore and non-ceruloplasmin Cu is not a
suitable AD diagnostic biomarker. Nevertheless, as previously indicated (42-46), non-ceruloplasmin
Cu can well serve as a susceptibility/risk and stratification biomarker for a subset of AD patients
susceptible to Cu exposure.

Given the obtained SMD, the probability of having AD increases 4 times for each umol/L
unit increment of Cu and 3 times for each pmol/L unit increase in non-ceruloplasmin Cu in
serum/plasma. These findings are in line with previous retrospective (47) and prospective studies
(46, 48).

Results of our replication study confirm the findings of the meta-analyses, indicating increased non-
ceruloplasmin Cu levels in an independent cohort of AD patients who were compared with healthy
control individuals. Moreover, we found that the functional SNPs rs732774 and G rs1061472 as
well as the derived AG haplotype of ATP7B (9) were more frequent in AD patients. The
multivariate model indicated that non-ceruloplasmin Cu may explain a 1.32-fold increased risk of
AD for each pmol/L unit increase. The effect of ATP7B AG haplotype on the risk of having AD,
even though significant in the univarable model, was borderline when considering a multivariate
model (Table 3). The last analysis suffered from the small size of the subjects sample even though
the genetic study was not underpowered.

Which are the biological processes underlying these intriguing results? Non-ceruloplasmin Cu is a
low molecular weight pool of Cu in the bloodstream that easily crosses the BBB and that is toxic
above a certain cut-off [higher than 1.6 pumol/L (39, 49)]. Increased labile Cu within the brain can
potentially underlie a number of the pathological abnormalities common to AD and other
neurodegenerative disorders. Labile Cu can help drive aggregation and accumulation of AP peptide
and plaque formation, as well as drive intracellular accumulation of phosphorylated tau due to the
presence of Cu-binding sites on these proteins. Furthermore, Cu imbalance can facilitate
bioenergetic abnormalities in mitochondria, impaired glucose utilization, oxidative stress,

inflammation, calcium dyshomeostasis, and heterogeneously disturbed iron, Cu, and zinc levels of
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the brain [review in (8)]. An important role for abnormal Cu balance is also major effects on key
proteins implied in Cu buffering and functions at the synapses during glutamatergic transmission.
This has been reported for AB, prion protein, a-synuclein, cytochrome C oxidase, superoxide
dismutase 1, ceruloplasmin, ATPase7B, metallothioneins and dopamine beta-hydroxylase and
recently reviewed in (8), further sustaining the Metal Hypothesis of AD (2) postulated some years
ago. The authors proposed that the AD pathogenesis is driven by the interaction of Ap with metals
at glutamatergic synapses that facilitates the aggregation of the oligomers in insoluble plaques,
short-circuiting the entire neuronal network to which those synapses belong. Overall, Cu
homeostatic machinery in the brain is a complex pathway and it seems that when the metal balance
in some brain areas is sufficiently disrupted (12) it can eventually facilitate oxidative stress,

mitochondrial and autophagic dysfunctions and neurodegeneration [review in (8)].

The systemic Cu imbalance in AD may occur with mechanisms that share some similarities with the
ones described in Wilson disease, as shown for serum and urine indicators (15). Wilson disease is
typified by excess non-ceruloplasmin Cu and in early stages by normal or even low level of Cu-
bound proteins in the brain, as reported in studies on the toxic milk mouse (50) and the Long Evans
Cinnamon rat, 2 preclinical models of Wilson disease (51). In line with the analogy between the 2
diseases, functional SNPs of ATP7B (9) (also known as the Wilson disease gene) have been
associated with increased susceptibility to AD in a subset of patients (44, 52-55), as confirmed by
current results on the distribution of the ATP7B AG haplotype. It should be stressed, though, that
Cu dyshomeostasis in AD patients has a different aetiology, is less severe than in Wilson disease
and pertains to a subset of individuals (56). However, given the multiple neurotoxic activities
exerted by unregulated Cu in the brain, the metal is a contributing element in the multi-factor
pathogenesis of AD increasing the global susceptibility to the disease in those susceptible to Cu

exposure.
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The current study has several limitations. The major ones concern the lack of APOE
genotypes. Another limit concerns the potential sampling bias of the investigated subjects as most
of the studies evaluated in the meta-analyses adopted the NINCDS-ADRDA criteria (16, 57) for
patient selection. These are less stringent than the currently employed IGW criteria (17).
Notwithstanding its limitations, this study modifies the general view in the AD community
proposing that Cu dyshomeostasis may be an AD susceptibility factor. Furthermore, our results
indicate that the issue of Cu dyshomeostasis deserves attention and can be a valid therapeutic
avenue to explore by precision medicine approaches that contemplates the heterogeneity of disease
to target specific biological subsets rather than broad clinical entities. To this aim, the present team
is currently involved in a phase II clinical trial funded by the Alzheimer’s Association (number
PTC-19-602325; EudraCT No.: 2019-000604-15), set at investigating the role of a zinc-based
therapy (a measure employed in analogy with Wilson disease therapy) as a way to delay the
cognitive decline in mild cognitive impairment due to AD subjects who exhibit non-ceruloplasmin

Cu higher than normal values (0.1-1.6 umol/L (49)).
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FIGURE LEGENDS

Figure 1. Standardized mean difference (SMD) computed from the studies on Cu brain levels
(ng/g) in Alzheimer’s disease patients and healthy controls. SMDs between patients and controls
are represented by squares, whose sizes are proportional to the sample size of the relative study. The
whiskers represent the 95% confidence interval (Cl). The diamond represents the pooled estimate
based on the random effects model, with the centre representing the point estimate and the width the
associated 95% CI.

The forest plot of the meta-analysis of brain Cu in AD revealed no variation (2 studies for the
hippocampus area, 1 for the amygdala, 1 for frontal cortex, 2 for cerebral cortex and 1 for
cerebellum), decreased values (2 for the hippocampus area, 1 for the amygdala, 1 for frontal cortex,
2 for cerebral cortex) as well as increased values (a study in the frontal cortex) of Cu in the brain
that as a whole results in a Cu depletion in the brain as indicated by the overall diamond at the left

of the zero line.

Figure 2. Standardized mean difference (SMD) computed from the studies on Cu
serum/plasma levels (umol/L) in Alzheimer’s disease patients and healthy controls.

SMDs between patients and controls are represented by squares, whose sizes are proportional to the
sample size of the relative study. The whiskers represent the 95% confidence interval (Cl). The
diamond represents the pooled estimate based on the random effects model, with the centre
representing the point estimate and the width the associated 95% CI.

Most of the studies carried out in serum/plasma demonstrated increased values (26 studies) or no
variation (13 studies) while only 2 studies reported decreased values of Cu in serum/plasma of AD
patients in comparison with healthy controls. As a whole, the forest plot of the meta-analysis
reveals increased values of Cu in serum/plasma of AD patients in comparison with healthy controls

as indicated by the diamond at the right of the zero line.
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Figure 3. Standardized mean difference (SMD) computed from the studies on non-
ceruloplasmin Cu (umol/L) in Alzheimer’s disease patients and healthy controls.

SMDs between AD subjects and controls are represented by squares, whose sizes are proportional to
the sample size of the relative study. The whiskers represent the 95% confidence interval (Cl). The
diamond represents the pooled estimate based on the random effects model, with the centre
representing the point estimate and the width the associated 95% CI.

Most of the non-ceruloplasmin Cu studies carried out in serum/plasma demonstrated increased
values (10 studies) of non-ceruloplasmin Cu in serum/plasma while 6 studies reported no variation,
and 2 studies decreased values of non-ceruloplasmin Cu in AD patients in comparison with healthy
controls. As a whole, the forest plot of the meta-analysis reveals increased values of non-
ceruloplasmin Cu in serum/plasma of AD patients in comparison with healthy controls as indicated

by the diamond at the right of the zero line.

Figure 4. Standardized mean difference (SMD) computed from the studies on non-
ceruloplasmin Cu (umol/L) in Alzheimer’s disease patients and healthy controls, considering
studies with a Cu:Cp ratio lower than 6 and higher than 8.

SMDs between AD subjects and controls are represented by squares, whose sizes are proportional to
the sample size of the relative study. The whiskers represent the 95% confidence interval (CI). The
diamond represents the pooled estimate based on the random effects model, with the centre
representing the point estimate and the width the associated 95% CI.

Most of the non-ceruloplasmin Cu studies carried out in serum/plasma demonstrated increased values
(9 studies) of non-ceruloplasmin Cu in serum/plasma while 2 studies reported no variation values of
Cu in serum/plasma of AD patients in comparison with healthy controls. As a whole, the forest plot
of the meta-analysis reveals increased values of non-ceruloplasmin Cu in serum/plasma of AD

patients in comparison with healthy controls as indicated by the diamond at the right of the zero line.
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The sensitivity analysis suggests the relevance of the Cu:Cp as a quality control of Cu status
measurements (58). Two studies reported increased levels of non-ceruloplasmin Cu in AD and MCI

subjects using direct methods of non-ceruloplasmin Cu assessment (45, 59).
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Table 1. Effect of Alzheimer’s disease on brain Cu levels

Alzheimer's patients

Healthy controls

Study (Authors, year) Country Brain region Meta-analysis N° Sex (F) Mean age (DS) Cu N° Sex (F) Mean age (SD) Cu
classification pg/g (DS) ng/g (DS)
Plantin et al, 1987 (21) Sweden temporal lobe hippocampus 5 1.8(0.7) 6 3.1(0.6)
Corrigan et al, 1993 (20) UK hippocampal tissue hippocampus 12 10 79.5(9.2) 45(22) 12 4 78.5 (9.0) 51(1.1)
Loeffler et al, 1996 (24) USA frontal cortex frontal cortex 12 79.4 (1.7) 7.8(0.6) 7 75.7 (2.8) 6.8 (1.0)
amygdala amygdala 10 3 80.4 27(09) 11 8 81.7 4.1 (1.0)
hippocampus hippocampus 2.3(0.6) 3.2(0.7)
Deibel et al, 1996 (18)  USA superior and middle temporal cerebral cortex 3.2(0.6) 4.0 (0.6)
inferior parietal cerebral cortex 3.8(0.9) 4.1 (0.6)
cerebellum cerebellum 5.1(0.1) 5.7 (1.0)
Squitti et al, 2007 (27)  Italian cortical tissue cerebral cortex 9 84.6 5.1(1.6) 10 80.2 (6.8) 6.8 (1.5)
Religa et al, 2006 (26)  Australia neocortical tissue cerebral cortex 10 81.6 (11) 23(1.0) 14 12 82.8 (11.2) 2.8 (0.9)
Magaki et al, 2007 (22) USA frontal cortex frontal cortex 8 78 (12) 3.9(.3) 6 72 (11.0) 6.9 (1.2)
Akatsu et al, 2012(19)  Japan hippocampus hippocampus 15 87.5 (7.6) 3.78(8.9) 12 6 84 (6.7) 7.4(2.1)
amygdala amygdala 18 11 43(09.1) 16 10 85.9 (7.3) 8.3(3.9)
Graham et al, 2014 (25) UK Brodman area 7 cerebral cortex 42 21 83(7.2) 19.3(2.9) 26 13 81.7 (6.2) 22.5(4.3)
Szabo et al, 2016 (23) USA frontal cortex frontal cortex 14 78 2.1(0.7) 15 88 2.4 (0.7)

Sixteen studies were identified in the primary screening; 6 were excluded (60-65) after the application of the exclusion criteria.
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Table 2. Indices of serum Cu status in all the 18 studies analyzed in the non-ceruloplasmin Cu (Non-Cp Cu) and ceruloplasmin (Cp) meta-analyses

Alzhimer's disease Health controls
Study ., Female Mean age MMSE Cupmol/L Cp mg/dl  Non-Cp Cu ., Female  Mean age MMSE Cp Non-Cp Cu Cu:Cp
e N (o) (SD) (SD) (SD) (SD)  pmolL(SD) N (%) (SD) (o) ~ ConmoVLODY T umoyr(sp)  ratio
Rozzinietal, 2018(0) 44 6l%  771(76)  181(56)  183(35) : 057(034) 28  43%  761(84)  29.3(10) 16 (3.3) : 03 (0.12) na
squitietal 2018(15) 385 73%  76(25) 05 152(13-17)% 274(52)  22(21) 336  60%  65(35) 132(113-15) 27.1(50)  0.4(21) 65
Shere et al, 2018 (32) 44 54%  683(97) 137(66)  161(37) 226(49)  54(L8) 52  48%  657(76)  295(L1)  182(44)  233(47)  72(23) na
Squitt o ol 2018 (45) B0 675% 73(85)  16(47) 159389 @il 231(L64) 147 527 49(127) 29 (1) 1604639 0%  L168(249) 638
Tawaretal 20173y 108 3%  688(02) 135(G7)  221(96) 36103 5062 159 4%  632(75)  282(L5)  187(0) 309 14(19) 67
284 46%  734(60) 198(33)  169(64)  22(52)  65(221)
Pu etal, 2017 (36) ** 42 4% 758(67) 135(30)  203(67)  17(48)  121(01) 40  47%  742(65)  242(33)  163(65)  24(54) 276 8.96
55 45%  77.8(65)  562(L1)  213(69)  15(41)  135(17.0)

Siotto et al, 2016 (66) 84 69%  77(87) <5 155(33) 282(43) 21(18) 58  47%  645(18) 14(23) 26337  15(15) 7
Park et al, 2014 (40) 64 50%  750(54) 17.9(51)  284(47) 233(41)  T0(L9) 67  55%  734(53)  242(38)  267(50) 217(49)  67(22) 103
Lopez et al, 2013 (67) 36 55%  77.7(53)  207(44)  158(29) 259(41)  36(21) 33  64%  740(50)  289(13)  138(37)  258(43)  16(30) 7.06
Rembachetal, 2013 (38) 152 59%  77(79)  189(3)  139(27) 316(79) -06(27) 716 58%  690(68)  289(12)  146(9  3L7(79)  -06(3.1) 597
Breweretal, 2010 (35) 28 46% 76.2 24 (3.9) 17(24)  244(30) 5518 29  69% 68.6 208(07) 18431  257(37)  63(25) 9.45
Arnal et al, 2010 (34) 10 se% 7066 222(31)  156@1) o7 38(48) 79 4 T78@7)  278(LY) 12702  265(0)  02@9) 634
Agarwaletal 2008 29) 50 38%  600(1L6) 141(76)  246(48)  416(96)  49(37) 50 3%  553(109) 212(50)  288(80)  7.5(4.1) 968
Zappasodietal 2008 37) 54 B1%  737(87)  195@38)  151(34) 276(59) 21(25) 20 65%  715(92) 28 129(30)  27(3)  02(25) 631
Sedighietal, 2006 41) 50 48% 76.4 143(46)  217(31) 27.7(96) 86(33) 50  50% 67.8 25.8 208(25)  311(54)  62(22) 885
Snaedaletal, 1008 (68) 44 73% 743(5389) 159(6-28)  19.1(39) 382(68)  11(29) 44 matched  matched 194(22) 38381  13(30) 6.69
Molaschi etal, 1096 (33 31 100%  77.2(24) 189(34) 388(71) 057 421 100%  77.6(23) 193(38)  406(91)  01(36) 627
Present study o7 64%  704(70) 17.9(58)  163(46) 29.4(47) 239(34) 73  T1%  671(9.2) 283 148(32)  295(43)  086(L8) 66

*25-75th percentiles. **Data were pooled for the analyses.
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Table 3: Demographic characteristics of participants to the replication study and comparison of serum Cu biological variables between AD

and healthy controls.

Alzheimer’s -
disease Healthy controls Statistics P value
N=97 N=70
Sex, M % (n/subjects) 37.1% (36/97) 22.9% (16/70) 0.05
Age mean (SD) 71.1(7.18) 65.9 (7.53) 0.01
MMSE median (25-75th percentile) 19 (15-23) 29 (27.3-30) <0.001*
mean (SD) 15.8 (3.76) 14.6 (2.95) F(1, 163)=6.69" 0.011
Cu (umol/L) median(25-75th percentile)  14.9 (13 - 18.3) 14'Z6%22')58'
mean (SD) 29.3 (4.89) 29.2 (4.08) F(1, 163)=1.13" 0.289
Ceruloplasmin& (mg/dL) : ] . 28.6 (25.7 - 28.8 (26.47 -
median(25-75th percentile) 32.25) 32.17)
Non-ceruloplasmin mean (SD) 2 (2.29) 0.9 (1.59) F(1, 163)=11.23" 0.001
Cu**(umol/L) median(25-75th percentile) 1.4(0.6-28) 0.75(-0.16-1.71)
— #
_ N mean (SD) 117.9 (26.13) 110.4 (18.06) F(1, 163)=10.21 0.008
Ceruloplasmin activity (1U) 112.6 (101 - 110.5 (96.8 -
median(25-75th percentile) 129) 123.03)
eCp-iCp ratio mean (SD) 4.0 (0.51) 3.8 (0.44) F(1, 163)=7.02* 0.009
p-1%-p median(25-75th percentile) 3.9 (3.69 - 4.31) 3.8 (3.50 - 4.06)
— #
Cu:Cp ratio mean (SD) 7.1 (0.74) 6.6 (0.93) F(1, 163)=10.21 0.002
median(25-75th percentile) 6.8 (6.44-7.09) 6.6(6.45-6.9)

#*All analyses were adjusted for sex and age; *non-parametric Mann-Whitney test; *logarithmic transformation was applied.
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Table 4. genetic characteristics of the patients under study

Healthy controls AD Chi-square Odd Ratio

rs732774 n Freq n Freq Value df p Peorrect  Value 95% CI

Alleles

A 78 057 113 0.62

G 60 0.43 69 038 1011 1 0.315 0.409

Total 138 1.00 182 1.00

Genotypes

AA 24 0.35 29  0.32

AG 30 0.43 5 060 7.857 2 0.020 0.032

GG 15 0.22 7 0.08

Total 69 1.00 91 1.00

Carriers

Allele A 54 0.78 84 092 6529 1 0.011 o0.011 3.33 1.28 8.70

Allele G 45 0.65 62 068 0151 1 0.698 0.799 1.14 059 2.21
Healthy controls AD Chi-square Odd Ratio

rs1061472 N freq N freq Value df p Peorrect ~ Value  95% CI

Alleles

A 64 046 72 040
G 74 054 110 060 1492 1 0222 0315

Total 138 100 182 1.00

Genotypes

AA 17 025 10 011

AG 30 043 52 057 5762 2 0056 0.097

GG 22 032 29 032

Total 69 100 92  1.00

Carriers

Allele A a7 o068 62 068 010 1 0908 1000 1.00 051 1.96
Allele G 52 075 81 089 5212 1 0022 0031 265 113621

n subjects in the analysis= 160; AD= 91, healthy controls= 69
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Table 5. Results of a uni- and a multivariable binary logistic model developed to evaluate the
effect of molecular variables under study on the probability of having AD

Univariate analysis

Multivariate analysis*

OR 95% ClI pvaluee OR 95% Cl pvalue

Sex (M vs F) 1.99 0.99-3.98 0.051 251 1.13-556 0.023
Age 1.06 1.01-1.1 0.008 1.03 0.98-1.08 0.193
Cu 1.11 1.01-1.22 0.037
iCp 1.01 0.94-1.08 0.845
eCp 1.02 1.0-1.032 0.045
non-ceruloplasminCu 1.4 1.14-1.70 0.001 132 1.06-1.64 0.012
eCp:iCp ratio 2.86 1.36-6.0 0.006 2.17 0.96-491 0.062
Cu:Cp ratio 1.17 0.46-3.01 0.74
Haplotypes*

AGvs GA/IGA 27 1.13-6.23 0.026 249 0.99-6.28 0.053

Table notes:

Biochemical variables with a p value<0.10 at the univariable analysis (bold values in the table) were included into the

multivariable analysis.

Cu and eCp were not included to avoid the multicollinearity with non-ceruloplasmin Cu and eCp:iCp ratio respectively.

*The analysis was carried out on 160 individuals; OR: odds ratio; CI: confidential Interval
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Supplemental information

METHODS AND MATERIALS

Meta-analyses

Search strategy

To identify appropriate studies for meta-analysis, we followed the procedural steps indicated by

Cochrane (http://www.cochrane-handbook.org). We entered the keywords “Alzheimer’s disease”,

99 ¢¢ 29 <¢ 2 ¢

“copper”, “serum”, “plasma”, “brain”, “metals” and their combinations in PubMed and selected
studies from 1984 to 2019. We also identified other studies by using “Scopus” and “ISI Web of
Knowledge” databases. Besides, reviewing the contents of this first selection, we also evaluated
their reference lists to search for additional studies via Google Scholar. We considered only papers
showing comparative analyses of AD and healthy populations, presenting original results and
published in peer-reviewed journals. In most studies, the severity of the AD patients’ cognitive
decline had been assessed by a Mini-Mental State Examination (MMSE, (1)). The target of our
meta-analysis was the comparison, between AD patients and controls, of the Cu weighted means
reported in the selected papers.

Our first selection consisted of 54 studies. At this point, we further required that manuscripts
explicitly present Cu mean and standard deviation values for both patient and control groups. From
the first selection, one study that did not report standard deviation values (2) has been excluded and
one that did not report the exact value of Cu levels (3) was dropped. We excluded the study by
Alimonti et al. (4) because it was conducted partially on the same sample as the study by Bocca and
colleagues (5). We also included data from 721 subjects investigated in our previous studies (6)
excluding the studies from our laboratory in which the patient samples partially were overlapped.
At this point, our selection had been reduced to 51 studies: 10 on Cu in brain (Table 1), 37 on Cu in
serum and 4 in plasma (Table 1 and Table 2 Supplementary material); 18 studies of the latter

section reported data on non-ceruloplasmin Cu in serum and on ceruloplasmin (Table 2)]. We
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performed separate meta-analyses of: Cu in brain, Cu in serum and plasma pooled together, non-
ceruloplasmin Cu and ceruloplasmin in serum plasma pooled together.

Of these 10 studies in brain, we also performed a meta-analysis stratified on the basis of the
functions of different areas of brain: hippocampus, amygdala, frontal cortex, cerebral cortex,

cerebellum.

Data extraction for Meta-analysis

To performed the meta-analyses, from each selected study mean and standard deviation (SD) of the
parameters of interest in AD and control groups were extracted. Data manipulation was necessary
when median and IQR or Min Max were extracted. From these values, the mean and standard
deviation applying Hozo et al.’s methods (7) or Wan et al.” method (8) were calculated. The

standard deviations were also calculated following the indication of the Cochrane Handbook (9).

Statistical procedures applied to run Meta-analyses

Five meta-analysis were performed considering: Cu in brain, Cu, non-ceruloplasmin Cu and
ceruloplasmin in serum/plasma.

Meta-analysis was performed applying a random effects model to obtain a pooled estimate of
Standardized Mean Difference (SMD). The heterogeneity was evaluated via the Cochran’s Q test
and quantified through the 12. The 12 describes the rate of variation across studies due to
heterogeneity rather than chance, ranging from 0 (no heterogeneity) to 100 (maximal
heterogeneity).

Funnel plot was used to investigate publication bias. The Egger’s test for funnel plot asymmetry
was used only when there were at least 10 studies included in the meta-analysis (9).

In meta-analysis of Cu in brain, subgroup analysis was performed stratified for hippocampus,

amygdala, a not well defined ‘cerebral cortex’ area, and frontal cortex.





In meta-analysis of non-ceruloplasmin Cu, a sensitivity analysis was performed excluding studies
that have a Cu:Cp ratio in healthy controls lower that 6 and higher than 8.

In meta-analysis of Cu and non-ceruloplasmin Cu and ceruloplasmin in serum/plasma, meta
regression analysis was performed to evaluate the effect on the pooled SMD of the difference in
mean age between healthy controls and AD patients.

A p value<0.05 was considered statistically significant. All statistical analyses were performed with

STATA v10.

Replication study

Subjects analyzed in the Replication study

The study was approved by the Local Ethics Committee (approval number 53/2016). Subjects signed
informed consent (approval number 2/1992; 26/2014). Nighty-seven AD patients and 70 cognitively
normal individuals were included in a replication study (Table 3). Alzheimer’s disease patients [(10,
11) and Mini-Mental State Examination (MMSE) score of 25 or less (1)], were enrolled by two
specialized Neurological and Dementia care Centers in Italy: the Memory Clinic of the IRCCS Istituto
Centro San Giovanni di Dio, Fatebenefratelli, Brescia, Italy, and Dipartimento di Scienze del Sistema
Nervoso e del Comportamento, Universita di Pavia, Istituto Neurologico Nazionale IRCCS C.
Mondino, using common standardized clinical protocols and guidelines. Participants to the
Replication study underwent to blood sampling at fast, analyses of an extensive panel of Cu
metabolism markers composed by serum Cu, non-ceruloplasmin Cu, ceruloplasmin concentration,
ceruloplasmin activity, ceruloplasmin specific activity (iCp/eCp), ceruloplasmin to Cu ratio (Cu:Cp)

ratio, DNA extraction and genotyping of ATP7B rs1061472 and rs732774.

Sample collections






Fasting blood samples were collected in the morning and sera samples were separated by
centrifugation (3000 rpm, 10 min, and 4 °C). They were then divided into 0.5 mL aliquots and rapidly
stored at -80°C. Biological samples, isolated according to standard procedures, were stored at
Fatebenefratelli Biobank (IRCCS Centro San Giovanni di Dio Brescia, Italy) and IRCCS Mondino.
The subjects’ samples were shipped to Ospedale Fatebenefratelli ‘San Giovanni Calibita’, Isola

Tiberina, Rome, Italy for blinded biochemical analyses.

Biochemical investigation applied for the Replication study

The aliquots were thawed just before the assay. Concentration of Cp was measured with
immunoturbidimetric assay (Futura System SRL, Rome, Italy) and was calibrated against the
international reference preparation (ERM 470) (12), performed in duplicate on the multiple
biochemical analyzer Horiba Pentra 400 (ABX Diagnostic, Montpellier, France).

The activity eCp was measured following an automation of the Schosinsky o-dianisidine eCp assay
(13) adapted from our laboratory for multiple biochemical analyzers Horiba Pentra 400 (ABX
Diagnostic, Montpellier, France) and described in detail elsewhere (14). Serum Cu concentration
was estimated with the colorimetric

assay of Abe et al. (Randox Laboratories, Crumlin, UK) (15) and confirmed in 30% of samples by
atomic absorption spectrophotometry measurements using an AAnalyst 600, Perkin-Elmer,
Norwalk, CT, USA, equipped with graphite furnace, as described in details elsewhere (6).
Non-ceruloplasmin Cu was calculated from the equation provided by Walshe (appendix of (16)),
based on the measures of concentration of total Cu and Cp in serum. Equivalent data can be
obtained calculating non-ceruloplasmin Cu from mg/L of ceruloplasmin and considering the
conversion of 3.15 pg/Cu for mg of ceruloplasmin (16).

Cu:Ceruloplasmin ratio (Cu:Cp) (17) was calculated as reported in Twomey et al. (18). These
authors provided the equation as follows:

[Cu pmol/L]* [132000 (g/mol)] / [Cp (mg/dL)*10].





As we previously discussed in details (17), the plausible theoretical values of Cu:Cp, which can be
effectively measured in specimens of healthy controls, should range between 6-8, even though this
ratio can yield diverse values. A 6-8 range obtained in healthy controls for Cu:Cp assures to obtain
a more reliable non-ceruloplasmin Cu value when applying the Walshe’s formula (16, 17), since Cu
and ceruloplasmin are in the in the correct stoichiometry for Cu and ceruloplasmin, based on the

evidence that each ceruloplasmin molecule has 6 to 8 sites for Cu atom binding.

Statistical analyses applied to the Replication study

Continuous data were presented in terms of mean (Standard deviation, SD) or, if they were not
normally distributed, of median (IQR: Q1-Q3). Logarithmic transformation of non-ceruloplasmin
Cu values were applied, because of the presence of negative values.

Categorical data were presented as frequencies (percentage, %). Differences between healthy
controls and AD patients in Sex or Haplotype AG were evaluated by Chi-square test. Difference in
age between the two diagnosis groups was tested by T-test; differences in biochemical variables
were evaluated by ANCOVA model adjusting for sex and age. Pearson’s correlation coefficient was

calculated to quantify relation between age and biochemical variables.

Procedures applied to run the Genetic studies

Genomic DNA was purified from peripheral blood using the conventional method for DNA
isolation (QLAamp DNA Blood Midi kit). Genotyping of rs1061472 and rs732774 was performed
by the TagMan allelic discrimination assay as described in (19). The predesigned SNP genotyping
assay IDs are ID_C_ 1919004 30 (rs1061472) and ID_C 938208 30 (rs732774) (Applied
Biosystems, Inc). DNA extraction from 4 AD patients and genotyping of additional 2 AD patients

and 1 control failed.





Quanto program showed that the study had an 85% power to detect an effect of OR > 2.0 for a
MAF ranging between 0.440 and 0.46 considering a general (co-dominant) model, based on an

alpha of 0.05 and assuming AD prevalence 5.0% in the general population.

Statistical Analyses applied for the Genetic studies

Demographic and clinical characteristics in our patient sample were described either in terms of
mean= SD, if quantitative, or in terms of proportions. The student’s t test and the chi-square (?) test
were used to compare the characteristics of patient and control groups using the package SPSS 21.0.
To calculate the power of our sample, we used the Quanto 1_2_4 program (Gauderman WJ, Morrison

JM 2006); http://hydra.usc.edu/gxe)

Allele, genotype and haplotype frequencies along with the Hardy-Weinberg equilibrium were
evaluated using Plink (Plink v1.07; http:// pngu.mgh.harvard.edu/~purcell/plink/) and SPSS 21.0.
Permutation tests were used to correct multiple testing errors with 1,000 simulations. Haplotypes with

frequencies greater than 5 % were considered in the analyses.



http://hydra.usc.edu/gxe



Table 1 Supplementary material. Demographic data of the eligible studies for meta-analysis of copper markers in serum/plasma

Alzheimer's disease

Healthy controls

References (Authors, year) N° Sex (%F) Mean age MMSE Mean N° Sex (%F) Mean age MMSE Mean
(SD) (SD)/ Median (SD) (SD)/ Median
(25-75t1 (25-75t

percentile) percentile)

Rozzini et al. 2018 (20) 44 61% 77.1(7.6) 18.1 (5.6) 28 43% 76.1 (8.4) 29.3 (1.0)

Squitti et al. 2018 (6) 38  73% 76 (2.5) <25 336 60% 65 (3.5)

Squitti et al. 2017 (21) 89 67.5% 73 (8.5) 19 (4.7) 147 52% 49 (12.7) 29 (1)

Shere et al. 2018 (22) 44 54% 68.3 (9.7) 13.7 (6.6) 52 48% 65.7 (7.6) 29.5 (1.1)

Talwar et al. 2017 (23) 108  39% 68.8 (9.2) 13.5 (5.7) 159  48% 63.2 (7.5) 28.2 (1.5)

Pu et al. 2017 (24) 28 46% 73.4 (6.0) 19.8 (3.3) 40 47% 74.2 (6.5) 24.2 (3.3)

Pu et al. 2017 (24) 42 45% 75.8 (6.7) 13.5 (3)

Pu et al. 2017 (24) 55 45% 77.8 (6.5) 5.6 (1.1)

Siotto et al. 2016 (25) 84 69% 77 (8.7) <25 58 47% 64.5 (18) <25

Paglia et al. 2016 (26) 34 74% 72.4 (7.5) 12.3(8.2) 40 63% 65.5 (6.4) 29.6 (0.7)

Koc et al. 2015 (27) 45  49% 77.7 (9.3) 33 51% 73.2 (10.6)

Wang et al. 2015 (28) 83 64% 74 (7.1) 83 63% 72.2 (7.5)

Gonzalez-Dominguez et al. 2014 (29) 30 60% 80.9 (4.5) 30 57% 74 (5.7)

Singh et al. 2014 (30) 100  39% 62.7 (7.2) 100  39% 59.7 (8.1)

Park et al. 2014 (31) 89 54% 77.8 (6.6) 118 58% 69.9 (5.9)

Azhdarzadeh et al. 2013 (32) 30 20

Azhdarzadeh et al. 2013 (32) 50 50

Lopez et al. 2013 (33) 36 55% 77.7 (5.3) 20.7 (4.4) 33 64% 74 (5.0) 28.9 (1.3)

Rembach et al. 2013 (34) 152 59% 77 (7.9) 18.9 (5.3) 716 58% 69 (6.8) 28.9 (1.2)

Huang et al. 2013 (35) 28 86% 83 (6.8) 15.6 (4.2) 19 74% 79.9 (7.0) 23.1 (5.5)

Mueller et al. 2012 (36) 14  64% 80.6 (2.7) 19  47% 75.6 (4.0)

Brewer et al. 2010 (37) 28 46% 76.2 24 (3.9) 29 69% 68.6 29.8 (0.7)

Baum et al. 2010 (38) 44 66% 74.3 (8.7) <30 41 49% 79.1 (6.0) <30

Arnal et al. 2010 (39) 110  56% 70 (5.6) 22.2 (3.1) 79 48% 77.8 (3.7) 27.8 (1.1)

Vural et al. 2010 (40) 50 54% 72 (6.8) 50 52% 65.1 (7.1)





Agarwal et al. 2008 (41) 50 38% 59.9 (11.6) 14.1 (7.6) 50 34% 55.3 (10.9)

Zappasodi et al. 2008 (42) 54 81% 73.7 (8.7) 19.5 (3.8) 20 65% 71.5(9.2) 28 (1.7)
Sevym et al. 2007 (43) 98 66% 72.1(6.7) 76 59% 70.3 (5.7)

Sedighi et al. 2006 (44) 50 48% 76.4 14.3 (4.6) 50 50% 67.8 25.8 (1.5)
Bocca et al. 2005 (5) 60 67% 74.6 (6.4) 2-28 44 75% >45

Smorgon et al. 2004 (45) 8 79 (5) 11 78 (9.0)

Ozcakaya and Delibas 2002 (46) 27 29% 72.3 (6.5) 16.8 (1.3) 25 36% 64.4 (7.2) 28.2 (2.4)
Squitti et al. 2002 (47) 79 68% 745 (7.4) 17.3 (4.9) 76 57% 70.1 (10.8) 27.7 (2.2)
Gonzalez et al. 1999 (48) 51 71% 74.5 (2.3) 40 45% 70.3 (4.0)

Molina et al. 1998 (49) 26 46% 73.1(8.2) 13.2 (5.7) 28 43% 70.8 (7.3)

Snaedel et al. 1998 (50) 44 73% 74.3 (53-89) 15.9 (6-28) 44  matched matched

Molaschi et al. 1996 (51) 31  100% 77.2 (2.4) 421  100% 77.6 (2.3)

Mattiello et al. 1993 (52) 21 71% 81 (6) 10 50% 82 (2.0)

Basun et al. 1991 (53) 24 71% 75 (8) 28 57% 78 (3.0)

Jeandel et al. 1989 (54) 55 73% 81.7 (5.7) <25 24 40%

Kapaki et al. 1989 (55) 5 20% 54 28 36% 46

Shore et al. 1984 (56) 10 30% 63.7 (8.4) 10 70% 61.9 (8.0)

Present study 97 64% 70.4 (7.0) 17.9 (5.8) 73 0.77 67.1(9.2) 28.3 (1.9)






Table 2 Supplementary material. Serum or plasma Cu levels in Alzheimer’s disease patients and
in healthy controls

Alzhimer's disease Healthy controls
Study Sample N° Cu, pmol/L (SD) N° Cu, pmol/L (SD)
Rozzini et al. 2018 (20) serum 44 18.3 (3.5) 28 16.0 (3.3)
Squitti et al. 2018 (6) serum 385 15.2 (13-17)* 336 13.2 (11.3-15)*
Squitti et al 2017 (21) serum 89 15.9 (3.59) 147 16.04 (6.39)
Shere et al. 2018 (22) serum 44 16.1 (3.7) 52 18.2 (4.4)
Talwar et al. 2017 (23) serum 108 22.1(9.6) 159 18.7 (7.0)

28 16.3 (6.4)
Puetal. 2017 (24) ** serum 42 20.3 (6.7) 40 16.3 (6.5)
55 21.3(6.9)

Siotto et al. 2016 (25) serum 84 15.5 (3.3) 58 14.0 (2.3)
Paglia et al. 2016 (26) serum 34 12.8 (3.2) 40 11.1 (3.8)
Koc et al. 2015 (27) serum 45 14.2 (10.5) 33 15.9 (11.7)
Wang et al. 2015 (28) serum 83 19.0 (3.6) 83 16.1 (2.8)
Gonzalez-Dominguez et al. 2014 (29) serum 30 17.5 (4.2) 30 16.5 (3.2)
Singh et al. 2014 (30) serum 100 18.3 (0.5) 100 14.9 (0.3)
Park et al. 2014 (31) serum 89 18.0 (3.0) 118 17.0 (3.2)
Azhdarzadeh et al. 2013 (32) serum 30 17.0 (3.1) 20 15.6 (2.2)
Azhdarzadeh et al. 2013 (32) serum 50 15.8 (1.5) 50 15.1(1.9)
Lopez et al. 2013 (33) serum 36 15.8 (2.9) 33 13.8 (3.7)
Rembach et al. 2013 (34) serum 152 13.9 (2.7) 716 14.6 (2.9)
Huang et al. 2013 (35) serum 28 15.9 (3.5) 19 16.4 (3.0)
Mueller et al. 2012 (36) serum 14 19.1 (1.0) 19 16.9 (0.6)
Brewer et al. 2010 (37) serum 28 17.0 (2.4) 29 18.4 (3.1)
Baum et al. 2010 (38) serum 44 16.2 (3.5) 41 15.3 (2.7)
Arnal et al. 2010 (39) plasma 110 15.7 (0.8) 79 12.7 (0.9)
Vural et al. 2010 (40) plasma 50 20.7 (2.9) 50 22.5(2.9)
Agarwal et al. 2008 (41) serum 50 24.6 (4.8) 50 21.2 (5.0)
Zappasodi et al. 2008 (42) serum 54 15.1 (3.4) 20 12.9 (3.0)
Sevym et al. 2007 (43) serum 98 16.7 (2.9) 76 15.4 (2.1)
Sedighi et al. 2006 (44) serum 50 21.7 (3.1) 50 20.8 (2.5)
Bocca et al. 2005 (5) serum 60 15.2 (3.8) 44 14.3 (3.1)
Smorgon et al. 2004 (45) serum 8 22.9 (3.9) 11 16.7 (1.3)
Ozcakaya and Delibas 2002 (46) serum 27 12.0 (0.2) 25 12.1(0.2)
Squitti et al. 2002 (47) serum 79 18.3 (5.7) 76 13.7 (2.6)
Gonzalez et al. 1999 (48) serum 51 16.6 (0.5) 40 15.4 (0.4)
Molina et al. 1998 (49) serum 26 15.1 (3.5) 28 14.5 (4.1)
Snaedel et al. 1998 (50) serum 44 19.1 (3.9) 44 19.4 (2.2)
Molaschi et al. 1996 (51) serum 31 18.9 (3.4) 421 19.3 (3.8)
Mattiello et al. 1993 (52) plasma 21 18.8 (0.2) 10 18.8 (0.2)
Basun et al. 1991 (53) plasma 24 17.0 (3.9) 28 16.7 (3.0)
Jeandel et al. 1989 (54) serum 55 22.0 (6.1) 24 21.2 (4.1)

Kapaki et al. 1989 (55) serum 5 14.2 (3.8) 28 16.2 (2.2)





Shore et al. 1984 (56) serum 10 18.3 (4.2) 10 18.6 (1.6)
Present study serum 97 16.3 (4.6) 73 14.8 (3.2)

*25-75th percentiles. **Data were pooled for the analyses. SD: standard deviation
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Figure 1 Supplementary material. Funnel plot suggested no presence of publication bias in the
studies of Cu in serum/plasma evaluated in Alzheimer’s disease and healthy controls.

Funnel plot with pseudo 95% confidence limits

© \
i
I\
e |V
K ¢
o [®
®
.f.: b
N ee o /e
®/ \ °
) I...'l
g \ .
= o \
0
1 ! \
W f |
i \
< ;® \
I \
e \ L4
I \
o |/ 1 ™
I \
! \
i \
[ I [ I [
0 2 4 6 8

SMD of Cu





Figure 2 Supplementary material: Funnel plot suggested no presence of publication bias in the
studies of non-ceruloplasmin Cu in serum/plasma evaluated in Alzheimer’s disease and healthy

controls.

Funnel plot with 95% confidence limits
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Figure 3 Supplementary material. Standardized mean difference (SMD) computed from the
studies on ceruloplasmin (mg/dL) in Alzheimer’s disease patients and healthy controls.

Cp
N Cp sD N Cp Cp %
Authors & PY AD MeanAD AD HC MeanHC SD HC SMD (95% CI)  Weight
i
Molaschi etal. 1996 31 38.8 7.1 421 406 9.1 : -0.20 (-0.57, 0.16) 5.73
Snaedel etal 1998 44 382 68 44 383 8.1 — -0.01 (-0.43, 0.40) 520
Sedighi et al. 2006 50 27.7 96 50 311 54 B — E -0.44 (-0.83, -0.04) 5.41
Agarwal et al. 2008 50 416 96 50 288 8 ! ——%—— 145(1.01,1.89) 498
Zappasodi et al. 2008 54 276 59 20 27 53 f 0.10 (-0.41,062) 434
Amal et al. 2010 110 252 10.7 79 265 7 : -0.14 (-0.43, 0.15) 6.53
Brewer etal. 2010 28 24.4 3 29 257 37 : -0.39 (-0.91,0.14) 4.25
Rembach et al. 2013 152 316 79 716 317 79 - -0.01 (-0.19,0.16) 767
Lopez etal. 2013 36 259 41 33 258 43 —!— 0.02 (-0.45, 050) 470
Park et al. 2014 64 2329 408 67 2167 489 : 0.36 (0.01,0.70) 5.94
Siotto et al. 2016 84 282 43 58 263 37 E—o— 0.47 (0.13,0.81)  6.00
Pu et al. 2017 125 18 818 40 24 54 —— -0.08 (-0.44, 0.28) 583
Squitistal. 2017 89 2878 550 147 30.48 10.38 - -0.19 (-0.46, 0.07) 6.80
Talwar etal. 2017 108 36.1 93 159 366 10.8 —ol-:— -0.05 (-0.29, 0.20) 7.00
Squitti stal 2018 385 27.4 517 336 27.1 5.02 - 0.06 (-0.09, 0.21) 7.91
Shere etal. 2018 44 226 49 52 233 47 : -0.15 (-0.55, 0.26) 5.36
Present study 97 293 489 70 292 4.08 — 0.02 (-0.29,0.33) 6.34

1
Overall (I-squared = 75.3%, p = 0.000) <D 0.04 (-0.11, 0.19) 100.00
I
1
I
L

NOTE: Weights are from random effects analysis

-1.89 0 1.89

SMDs between AD subjects and controls are represented by squares, whose sizes are proportional to
the sample size of the relative study. The whiskers represent the 95% confidence interval (CI). The
diamond represents the pooled estimate based on the random effects model, with the centre
representing the point estimate and the width the associated 95% CI.

Most of the ceruloplasmin studies carried out in serum/plasma demonstrated no variation (15
studies), while 2 studies reported increases and a study decreased values of ceruloplasmin in AD
patients in comparison with healthy controls. As a whole, the forest plot of the meta-analysis
reveals no variation of ceruloplasmin in serum/plasma of AD patients in comparison with healthy
controls as indicated by the diamond that touch the zero line. This result further confirm that the
increase in serum/plasma Cu can be explained by the increased levels of non-ceruloplasmin Cu
fraction, as depicted in previous studies and in the current dedicated meta-analyses.





Figure 4 Supplementary material. Funnel plot suggested no presence of publication bias in the
studies of ceruloplasmin in serum/plasma evaluated in Alzheimer’s disease and healthy controls.

Funnel plot with 95% confidence limits
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3. SUBMISSION DATE:
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SECTION 2 DRUG DEVELOPMENT NEED STATEMENT

Describe the drug development need that the biomarker is intended to address, including (if applicable)
the proposed benefit over currently used biomarkers for similar context of uses (COUs).

Alzheimer’s Disease (AD) is the most common cause of dementia. The disease is typified by misfolding of
specific proteins that are associated with extracellular deposits of the beta-amyloid protein (AB) [1, 2] and
aberrant aggregation of pathological forms of the intraneuronal protein Tau [3]. Despite a wealth of
knowledge on the AB cascade mechanisms involved in AD, current treatments fail to show undoubtedly full
efficacy. Reconsideration of the multifactorial nature of the disease is needed to develop effective
prevention and drug strategies.

A recent study by Boyle and colleagues [4] shows the relative contributions of specific neuropathologies to
cognitive loss at the individual level, indicating that many neurodegenerative processes synergistically take
place in the brain of individuals affected by dementia, and suggests the urgent need for precision medicine
approaches that embrace the heterogeneity of disease to target specific biological subsets rather than broad
clinical entities.

In their analysis of primary prevention of AD, Norton et al. excluded from their estimation of a population-
attributable risk based on relative risks from existing meta-analyses [5] some potentially modifiable risk
factors. Among these excluded risks were dietary factors and metal imbalances, whose data about
prevalence were missing in literature. However, at least seven meta-analyses (Table 1) demonstrated that
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AD patients fail to maintain a physiological balance of copper (also reported as Cu through the text), showing

excess copper and Free Copper in the serum [6-11] and copper depletion in the brain [8].

IGEA RESEARCH CORPORATION

TABLE 1 MOST UPDATED META-ANALYSES OF COPPER IN ALZHEIMER’S DISEASE

Copper Sample |Studies Number Number of|Trend p Value
Reference Biomarker |Sources |Analyzed |of AD Cases |Controls
(Author, Journal,
year)
Li et al., Front Aging|Copper serum 35 2128 2889 increase [<0.0001
Neurosci 2017 [6]
Squitti et al., J|Free serum/pl |10 599 867 increase [<0.001
Alzheimer’s Dis 2014|Copper asma
[9]
Bucossi et al,, J|Copper serum/C |5 116 129 no diff in
Alzheimer’s Dis 2011 SF* CSF,
[7] increase

in serum

Schrag et al., Prog|Copper brain 7 115 123 decrease |=0.0003
Neurobiol 2011 [12]

*CSF: cerebrospinal fluid

These studies revealed a composite pattern of copper imbalance with plasmatic increases of Free Copper
higher than normal values. As it is becoming increasingly appreciated, many diseases have subtypes with
markedly different prognoses or responses to a specific treatment. The critical determination of whether a
patient has a particular medical condition for which treatment may be indicated or whether an individual
should be enrolled in a clinical trial studying a particular disease, is among the scopes of biomarkers directed
to detect subtypes of diseases. New therapeutic strategies with the highest potential to generate advances
in clinical practice for multifactorial chronic diseases, including multi- or comorbidity, including AD, ready
for further development are those based on precision medicine, with treatments, being tailored to the
individual patient. The summary report of the "Stratification biomarkers in personalized medicine"
workshop, Brussels 10-12 June 2010 states that: ‘..Personalized medicine may be defined as “a medical
model using molecular profiling technologies for tailoring the right therapeutic strategy for the right person
at the right time, and determine the predisposition to disease at the population level and to deliver timely
and stratified prevention”. In this context, the use of biomarkers can help identifying patients that are more
likely to respond favorably to a given therapy. Until now, biomarkers have been used in clinical practice to
describe both normal and pathological conditions. Increasingly, they find application in order to stratify
different patient groups in terms of clinical response, to develop personalized, preventive or therapeutic
strategies...’. In this regard, data from our group supports the idea that Free Copper can be employed, on
the basis of a specific cut-off, as biomarker instrumental for the stratification of AD patients in two subsets
of AD individuals (Table 2) [9, 13-17].
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TABLE 2 CLINICAL AND GENETIC EVIDENCE AT THE BASIS OF FREE COPPER AS A STRATIFICATION MARKER

THAT IDENTIFY A COPPER AD (CUAD) SUBTYPE

AD High| Normal
Study Design and Reference Patients|Cu |Cu AD [results
The High Free Copper group had a lower
power in all bands (0.2-48 Hz) in the parietal
AD patients were stratified based on a cortices (p=0.019) and a more limited alpha
Free Copper cut off (1.6 umol/L) and band (8-13 Hz) power in the sensory lobes
compared for resting EEG-derived (temporal, occipital, and parietal p>0.05
eLORETA cortical rhythms. 67 31 36 consistently) than the Normal
(Tecchio et al.,, Curr. Alzheimer Res. nonceruloplasmin-Cu AD group. When
2016) [17] corrected for MMSE, the Free Copper levels
correlated with a reduction of high-
frequency brain activity (from high alpha to
gamma, 10.5-48 Hz).
AD patients were stratified based on a
Free Copper cut off (1.6 umol/L) and The two groups differed for global atrophy.
compared for medial temporal lobe More specifically, AD patients within the high
atrophy, global atrophy periventricular|66 39 27 Free Copper group had a less severe burden
hyperintensities, deeper of global atrophy.
hyperintensities, and infratentorial
hyperintensities indices. (Squitti et al.,
Curr. Alzheimer Res. 2017) [15]
AD patients were stratified based on a The two AD subgroups did not differ
Free Copper cut off (1.9 umol/L) and regarding APOE4 frequency allele, while they|
compared for single-locus and did differ for allele, genotype, and haplotype
haplotype of rs1801243, rs1061472,287 176 |111 frequencies of rs1061472 A > G and rs732774
and rs732774 ATP7B genetic variants C>T. The haplotype containing the AC alleles
and the APOE4 genotype (Squitti et al., appeared more frequently in AD patients
Mol. Neurobiol. 2017) [16] with normal Free Copper (43 vs. 33%), while
the haplotype containing the GT risk alleles
appeared more frequently in the higher Cu
AD subtype (66 vs. 55%).
147 healthy subjects, 36 stable MCI, Free Copper was 1.5 times higher in AD
and 89 AD patients were analyzed for patients (regarding the upper value of the
Cu abnormalities and sensitivity and reference interval) than in healthy controls.
specificity of Free Copper was Healthy, MCI, and AD subjects were
evaluated through ROC* curves. differentiated through a direct Free Copper
(Squitti et al., Clin. Chem. Lab. Med. method [area under the curve (AUC)=0.755].
2017) [18] 89 51 |38 Considering a 95% specificity and a 1.91

umol/L  cut-off, the sensitivity of
nonceruloplasmin-Cu for distinguishing AD
patients from healthy controls was 48.3%

(confidence interval 95%: 38%-58%).
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*ROC, receiver operating characteristic curves depict the likelihood of a given test to be excellent, good, or
worthless. The accuracy of the test depends, in this case, on the probability that a subject randomly selected
from AD group has a nonceruloplasmin-Cu value higher than that of a subject randomly selected from the
healthy control group. The accuracy is measured by the AUC of the ROC curve. An AUC=1 represents a
perfect test, a value of 0.5 represents a worthless test, and values in the 0.7-0.8 range considered fair.

These AD sub-sets differ in terms of:

i) frequencies of the functional single nucleotide polymorphisms (SNPs) [19] rs1061472 A > G and
rs 732774 G > A, as well as frequency of derived GA risk haplotype [16];

ii) electroencephalographic (EEG)-derived brain cortical rhythms, with the High Free Copper group
showing a lower power in all bands (0.2-48 Hz), in the parietal cortices (p=0.019) and a reduced
alpha band (8-13 Hz) power in the sensory lobes (temporal, occipital, and parietal; p<0.05) when
compared to the normal Free Copper AD group [17];

iii) neuroimaging indices of cerebral atrophy and neurovascular burden, having AD patients within
the High Free Copper group a less severe burden of global atrophy (p=0.042) [15].
iv) Additionally, other authors showed a peculiar case-report of an AD patient with 11C-labeled

Pittsburgh Compound-B PET positive and a [18F] fluorodeoxyglucose PET altered with a typical
AD topography and carrying Kayser-Fleischer rings - pathognomonic of Wilson Disease — that
strongly supports the existence of a Copper metabolic subtype of AD [20] (herein indicated as
Cu-AD subtype).

In close analogy, we propose the same rationale for the stratification of patients with mild cognitive
impairment due to AD (MClI), a prodromal stage of AD, with the aim at predicting the conversion to AD [21].
The stratification of MCl individuals in two groups on the basis of a cut-off revealed that subjects with values
higher than a designed Free Copper cut-off had a hazard conversion rate (50% of conversion in 4 years) that
was ~3x higher than those with values lower than the cut-off (<20% in 4 years).

On this basis, Free Copper can be employed, in association with the standard criteria, as a minimally invasive
and cost-effective prognostic biomarker for AD, meeting all the requirements of the “precision medicine”
manifesto. It can serve as a prognostic biomarker [21-24] aimed at identifying MCl individuals who are more
likely to develop symptomatic AD [7, 21, 22, 25, 26] and can be used as an inclusion criterion for eligibility
assessment in clinical trials testing anti-copper based therapy to delay or prevent AD [27].

As it will be discussed later, the proposed prognostic biomarker has demonstrated a fair sensitivity in
detecting which individuals with MCI will convert to Cu-AD [21] and high specificity (95%) in detecting
patients affected by Cu-AD due to copper exposure [18]. Qualifying Free Copper as a prognostic biomarker
for AD will support future drug development programs for prevention of the Cu-AD subtype [15-17].

Free Copper test as an inclusion criterion for phase Il clinical trial employing anti-copper based drugs is
intended to set the innovation in drug development program based on biomarker science applied to Cu-AD
subtype. On this side, therapeutic interventions, as for example anti-copper based therapy already in the
market for Wilson disease, the paradigmatic disease of Free Copper accumulation and intoxication, can be
re-purposed, for potential beneficial effects on MCI people exhibiting higher than normal values of Free
Copper.

Free Copper, as inclusion criterion for patient selection in early clinical trial, will pave the way for new anti-
copper-based drug developmental programs, exclusively dedicated to individuals with copper homeostasis

7
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dysfunction who will likely benefit of regaining copper balance in their body. Furthermore, people at high
risk of dementia with a normal value of Free Copper can be excluded early from such therapeutic or
prevention interventions, avoiding undesired side effects, and waste of precious time with a treatment
unlikely to succeed. Innovation will be the precise definition of target population for the treatment with
anti-copper based therapies.

The likelihood of success of this drug development program is sustained by evidence-based medicine, which
supports the use of knowledge acquired by clinical investigations (Table 3), large populations studies, (please
refer Table 4) and meta-analyses (please refer to Table 1)

TABLE 3. CLINICAL STUDIES ANALYZING CU AND ATP7B GENE VARIANT LINK TO ALZHEIMER’S RISK AND THE
ASSOCIATION WITH THE SUBJECTS’ CLINICAL STATUS

Risk
(OR,
RR,

Serum Copper and Risk for Alzheimer's Disease HR) |[CI95 %
Copper level was higher in subjects with AD than in control
subjects and correlated with poor neuropsychological
performance and medial temporal lobe atrophy. (Squitti et
al., Neurol. 2002) [28]

Copper level was higher in subjects with AD than in patients
with vascular dementia (VaD) (Squitti et al., Neurol. 2003) [29]
Free Copper was higher in AD than in healthy controls and
VaD and correlated with poor neuropsychological
performance. (Squitti et al., Neurol. 2005) [30]

Free Copper was higher in AD than in healthy controls;
cerebrospinal (CSF) B-amyloid and h-Tau correlated with
serum Free Copper; copper in the CSF was partially
dependent on the serum Free Copper (t = 2.2, p =0.04). Mini-
Mental State Examination (MMSE) and verbal memory scores
correlated positively with B-amyloid (r = 0.46, p = 0.002) and
inversely with nonceruloplasmin-Cu (=0.45, p 0.003).
(Squitti et al., Neurol. 2006) [25]

Subjects p Value

76 AD vs 79
healthy subjects
48 AD vs 20 VaD
subjects

1.36 -
2.43
1.28 -
3.31

1.8 p<0.05

2.06 p<0.003

47 AD vs 44 healthy subjects

and 24 VaD subjects P<0.001

28 AD vs 25 healthy subjects |P<0.001

Free Copper predicted the annual change in MMSE; when the
annual change in MMSE was divided into <3 or 23 points, Free
Copper was the only predictor of a more severe decline.
(Squitti et al., Neurol. 2009) [22]

81 AD subjects,
1-year
longitudinal
study

1.23

1.03-
1.47

p<0.022

Significant inverse correlation of the serum levels of Free
Copper with both MMSE and attention-related
neuropsychological tests scores. (Salustri et al., Clin
Neurophysiol. 2010) [31]

64 healthy subjects

p<0.05

Free Copper was higher in MCI than in healthy subjects.
(Squitti et al., J. Alzheimer Dis. 2011) [23]

83 MCl subjects,
100 healthy
subjects

1.22

1.05-
1.41

p<0.01
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Copper level showed a significant increase in the serum of AD
and MCI compared to control (p=0.038). (Lopez et al., J.
Alzheimer’s Dis. 2013) [32]

36 AD, 18 MCI vs 25 healthy,

subjects

p<0.05

Free Copper increased the risk of having AD; when combined
in an algorithm with sex, APOE, Cp/Tf, TAS, the ability to
discriminate AD patients vs. controls was high (ROC¥,
AUC=0.9). (Squitti et al., Curr. Alzh. Res. 2013) [33]

93 AD, 45 VabD,
48 healthy
subjects

3.21

1.53-
6.71

p<0.002

Free Copper was a predictor of conversion to AD: MCI
subjects with nonceruloplasmin-Cu levels >1.6 umol/L had a
hazard conversion rate (50% conversion in 4 years) that was
~3 higher than those with values <1.6umol/l (<20% in 4
years). (Squitti et al., Ann. Neurol. 2014) [21]

131 MCI
subjects, 6 years
longitudinal
study

3.3

1.21-
9.24

p=0.02

Free Copper levels higher in MCl and AD with respect to
control (p<0.0001). (Rozzini et al., J. Alzheimer’s Dis. 2018)
[24]

44 AD and 36 MCl vs 28

healthy subjects

p<0.001

Free Copper and Cu:Cp resulted higher in AD and in Wilson
disease than in healthy controls; while nCp-Cu was similar
between AD and Wilson disease, Cu:Cp was higher in Wilson
disease. 24 h urinary copper excretion in AD patients (12.05
ug/day) was higher than in healthy controls (4.82 pg/day);
77.8% of the AD patients under D-penicillamine treatment
had a 24 h urinary excretion higher than 200 pg/day,
suggestive of a failure of copper control. (Squitti et al., J. Trace
Elem. Med. Biol. 2018) [26]

385 AD, 9 Wilson disease, 336

healthy subjects

p<0.0001

Free Copper does not change in frontotemporal lobar,
degeneration (FTLD) (Squitti et al., J. Alzheimer’s Dis. 2018)
(34]

85 FTLD, 55 healthy subjects

p <0.001

ATP7B gene variants and risk for Alzheimer's disease

Specific genetic variants in the ATP7B gene, namely
rs1801243 (OR = 1.52, 95% Cl = 1.10-2.09), rs2147363 (OR=
1.58, 95% Cl = 1.11-2.25), rs1061472 (OR= 1.73, 95% CI =
1.23-2.43), and rs732774 (OR= 2.31, 95% Cl = 1.41-3.77)
increased the risk of having AD. (Squitti et al., Rejuvenation
Res. 2013) [35]

285 AD vs 230
healthy subjects

2.3

1.41-
3,77

p<0.001

Wilson disease-causing variant rs7334118 in linkage
disequilibrium with the intronic rs2147363 (associated with
AD risk) was detected in two AD patients but in no healthy,
individuals. However, this Wilson disease mutation did not
explain the observed genetic association of rs2147363.
Conversely, in silico analyses of rs2147363 functionality

286 AD vs 283

highlighted that this variant is located in a binding site of a

healthy subjects

1.3

1.06-

1.69

p=0.015
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transcription factor and is associated with regulatory,
functions. (Bucossi et al., J. Alzheimer’s Dis. 2013) [36]

Haplotype TGC in specific genetic variants in the ATP7B gene,
namely rs1801243, rs1801249, rs1801244, and rs1801243
was associated with an increased risk of having AD. (Liu et al.,;120 AD vs 111 2.54-
J. Biol. Regul. Homeost. Agents 2013) [37] healthy subjects5.16 [10.5 |p<0.001
*ROC, receiver operating characteristic curves depict the likelihood of a given test to be excellent, good, or
worthless. The accuracy of the test depends, in this case, on the probability that a subject randomly selected
from AD group has a nonceruloplasmin-Cu value higher than that of a subject randomly selected from the
healthy control group. The accuracy is measured by the AUC of the ROC curve. An AUC=1 represents a

perfect test, a value of 0.5 represents a worthless test, and values in the 0.7-0.8 range are fair.

TABLE 4. EPIDEMIOLOGICAL STUDIES OF COPPER AND COGNITION

Type ofNumber |Results p value
Reference analysis of Cases
(Author, year) analyzed
Morris et al.|Longitudinal|3718 Among people whose diets were high in saturated|<0.01
2006 [38] , 9 vyears|(CHAP |and trans fats, higher copper intake was associated
follow-up |study) |with a faster rate of cognitive decline (those
Participants in the highest fifth of copper intake
combined with a diet high in saturated fats, lost
cognition at a rate of 19 years in a period of 6 years,
thus the cognitive decline was three times higher
than expected)
Lam et al. 2008|Cross- 1551 In women, copper concentrations had inverse linear|<0.001
[39] sectional, |(Rancho |associations with Buschke total, long and short-term
and  cores|Bernardo |recall and Blessed scores (cognitive test).
on 11 of 12|Study)
cognitive
function
tests Plasma
analysis
Shen et al.|Copper Chinese |Relative risk of mortality in the regions with the|<0.001
2014 [40] concentrati |general |highest copper concentrations (60-80 mg/kg) was
on in soil in|populatio|high [OR: 2.63 (95% Cl: 2.626-2.642)]
relation to|n, from
annual 1991-
mortality of{2000, in
AD 26
concentrati |provinces
on , 3
districts

10
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Zhou et al. 826 Significant association between high copper levels
2016 [41] children |and poorer working memory in boys
(unstandardized regression coefficient (b) = -0.099,
robust standard error (s.e.) = 0.009, t =-10.99, p =
0.008, 95% CI (-0.138, -0.060).
Kicinski et al. A two-fold increase in blood Cu was associated with
2015 [42] a 0.37 standard deviation decrease in sustained
attention (95% Cl: -0.67 to -0.07, p=0.02) and 0.39
standard deviation decrease in short-term memory
(95% Cl: -0.70 to -0.07, p=0.02).
Pujol et al. 2836 The results establish an association between
2016 [43] children |environmental copper exposure in children and
aged alterations of basal ganglia structure and function.
from 8 to
12 years.

Takeuchi et al.|gray matter|924 Cu in hair associates with aberrant cognitive
2019 [44] volume healthy |functions, greater rGMV in extensive areas, greater
(rGMV), young MD (which are indicative of low density in brain
mean adults  |tissues) in subcortical structures in healthy young
diffusivity adults
(MD), and
cognitive
performanc
e
Alemany et al. 1,645 ATP7B rs1061472 (P for interaction 0.016) and
2017 [45] scholar |ATP7B-rs1801243 (P for interaction 0.003)
children |polymorphisms modified the association between
from the|indoor copper exposure and inattentiveness.
BREATHE
project

Furthermore, results from studies using experimental models (Table 5), and pilot clinical trials (Table 6)
challenging anti-copper-based intervention point out to the biological plausibility of a copper imbalance

linked to cognitive decline.

TABLE 5 ANIMAL MODELS OF COPPER NEUROTOXICITY INDUCED BY ALTERED DIET

Authors, year

Animal model

Dose and route | Duration | Effects

11
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Sparks and Schreurs
2003 [46]

New Zealand
white rabbits

12 mg/L Cu in
DW + 2%
cholesterol - oral

10 weeks

Accumulation of AR in
brain; deficit in complex
memory acquisition

Sparks et al. 2006 | Beagle dogs 200 mg/L CuSO4 | 4 months | Extracellular AB
[47] in DW + high fat deposits
diet - oral
Lu et al. 2006 [48] Kumming strain | 0.21 mg/L Cu in | 8 weeks | Cognitive deficits;
mice DW + 2% neuronal apoptosis
cholesterol -
oral
Arnal et al. 2013 | Wistar rat 3 mg/L Cuin tap | 2 months | Increased oxidative
Arnal, 2013 #1024} water + 2% stress in brain;
cholesterol - increased Free copper
oral in hippocampus;
increased AB (1-42)/ AB
(1-40) in cortex and
hippocampus
Arnal et al. 2013 Wistar rat 3 mg/LCuintap | 8 weeks | Slight nut noticeable
[49] water + 2% change in visuo-spatial
cholesterol - memory
oral
Yao et al. 2018 Tg2567 mouse | 0.1 mg/L copper | 3 months | Significant deposit of AR
[50] in drinking water and senile-plaque
and 2% formation in
cholesterol in hippocampus and
the food temporal cortex regions
Abolaji et al. 2020 D. Cu2+ (1 mM) 7 days reduced survival
[51] melanogaster
flies
Lamtai et al. 2020 Rat CuCly (0.25 | 8 weeks | Working memory,
[52] mg/kg, 0.5 spatial learning and
mg/kg and 1 memory were

mg/kg) injected
intraperitoneall
y

significantly impaired in
rats treated with Cu at
dose of 1 mg/kg

12
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Models of copper neurotoxicity in genetically compromised animals

Authors, year Animal model | Dose and route | Duration | Effects

Sparks et al. 2006 | Watanable 0.13 mg/L Cu in | 10 weeks | Accumulation of AB in

[47] rabbits DW - oral superior temporal
cortex and
hippocampus

Sparks et al. 2006 | PS1/APP 0.12 mg/L Cu in | 6 weeks | Deposition of AB

[47] transgenic mice | DW- oral

Singh et al. 2013 [53] | APP sw/0 mice | 0.13 mg/L Cu in | 90 days Increase  brain AP

DDW- oral production; increased

neuroinflammation;
memory impairment;
increased Cu levels in
brain capillaries and
parenchyma

Yu et al. 2014 [54] 3xTg-AD 250 mg/L CuSO4 | 6 months | Memory impairment

in drinking water

13
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TABLE 6. CLINICAL TRIAL TESTING ANTI-COPPER-BASED THERAPIES ON COGNITION AND ALZHEIMER’S DISEASE

Authors, year Treatment Sample size Design Clinical outcomes
Van Rhijn et al. 1990 | Zinc-sulphate and | A total of 15 AD | Dietary Improved performance on the anomalous
[55] sodium selenite supplementation sentences repetition

study

test, colored progressive
matrices, graded naming test

and digit copying test

Crapper Mclachlan et | Desferrioxamine A total of 48 AD | Single-blind trial Slowing of clinical deterioration,
al. 1991 [56] mesylate (metal
chelator) increased activities of daily living in

the treatment group

Constantinidis 1992 | Zinc- 5 presenile AD Follow-on study Improved memory, understanding,
[57] hydrogenaspartate
5 senile AD communication, and social interaction in 8
patients
Potocnik et al. 1997 [58] | Zinc-methionine 4 AD Open-labelled  pilot | Improved performance

study (12 months)
on the cognitive tests

Squitti et al. 2002 [59] D-penicillamine A total of 18 AD | Double-blind, No widespread benefit on cognitive outcomes;
(Copper chelator) placebo-controlled 6 | placebo patients did not worsen in the 24
(treated: months trial weeks follow-up; peroxides in serum from

placebo 1:1)

patients taking D-penicillamine decreased by

14





LOI — FREE COPPER IN AD

IGEA RESEARCH CORPORATION

29% with respect to their t0 evaluation found
(F1,16 = 4-52; P = 0-049).

Ritchie et al. 2003 [60] | Clioquinol A total of 36 | Double-blind, No effect on cognitive outcomes at any of the
probable AD placebo-controlled, time points assessed. Significant improvements
parallel group | in MMSE when the groups were stratified by
(treated: randomized 36 weeks | their level of impairment at baseline; plasma AB
placebo 1:1) study declined in the treated group and increased in
the placebo group
Maylor et al. 2006 Zinc-gluconate 387 healthy | Randomized double- | Few significant benefits in visual memory,
(Zenith) older adults blind placebo- | working memory, attention and reaction time
[61] controlled 6 months | were obtained using the Cambridge Automated
study Neuropsychological
Lannfelt et al. 2008 [62] | PBT2 (copper/zinc | A total of 78 | Phase Il, double-blind, | No significant difference in the
ionophore) Early AD randomized, placebo- | Neuropsychiatric Test Battery (NTB); dose-
controlled 12 months | dependent reduction of AB concentrations in
(treated: trial the CSF and positively impacted on two
placebo 1:1 executive function component tests showing
significant improvement over placebo in the
PBT2 250 mg group: category fluency test (2.8
words, 0.1 to 5.4; p=0.041) and trail making
part B (—48.0's, —83.0 to —13.0; p=0.009).
Faux et al. 2010 [63] PBT2 (copper/zinc | 40 AD Phase Il double-blind, | Improvement on NTB Composite or Executive

ionophore)

randomized, placebo-
controlled 12 weeks
trial

Factor z-scores

15
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Brewer 2012 [64]

Zinc (Adeona) 150
mg/day,

A total of 42 AD
mild-moderate
AD patients
(treated:

Phase Il double-blind,
randomized, placebo-
controlled 12 weeks
trial.

No significant effect on primary clinical
outcome; post hoc analyses limiting the
analysis to those patients aged 70 years and
older (14 zinc treated patients vs. 15 placebo

(placebo = 15,
PBT2 = 25), and
27 subjects 12-
month (placebo
=11, PBT2 = 16)

targeting amyloid beta
with PBT2 in AD, 12-
month phase in a
double-blind and a 12-
month open label
extension phase trial
design.

placebo 1:1) _ patients) revealed statistically significant better
Primary outcome: | -oonition scores in the zinc-treated patients vs
ADAS-Cog controls in ADAS-Cog (p=0.037) and CDR SOB (P
% 0.032), with near significant results in MMSE
(p=0.07)
Villemagne et al 2017 | PBT2 (copper/zinc|40 AD (12-|A randomized, | There was no significant difference between
[65] ionophore) month double- | exploratory molecular | PBT2 and controls at 12 months, likely due to
blind phase) | imaging study | the large individual variances over a relatively

small number of subjects
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Qualifying Free Copper as a prognostic biomarker will support future drug development for prevention and
treatment of the Cu-AD subtype [15-17].

SECTION 3 BIOMARKER INFORMATION AND INTERPRETATION

Alzheimer’s disease is one of the most common forms of dementia in the elderly. A bulk of evidence
connects copper abnormalities to AD pathogenesis. A subset of patients affected by AD, or its prodromal
form known as MCI, fails to maintain a physiological balance in the metabolisms and distribution of copper,
thereby generating Free Copper increases in serum. The evaluation of Free Copper in serum is employed as
a biomarker for Wilson disease, a paradigmatic condition of Cu-driven toxicosis. In close analogy with Wilson
disease, assessment of Free Copper can be exploited as a cost-effective prognostic biomarker useful for the
identification of individuals at-risk of Cu-related abnormalities that can facilitate AD pathogenesis. This
approach can be employed as an eligibility criterion for clinical trials aimed at testing Cu-related
interventions against AD.

1. BIOMARKER NAME:
e Biomarker name: Free Copper

e Abbreviated short name for biomarker (or names if multiple): Free Copper (Free Cu) or Copper
not bound to ceruloplasmin in serum or non-ceruloplasmin Copper.

e |dentify biomarker type: Molecular

e For molecular biomarkers, please provide a unique molecular ID: Free Copper

2. ANALYTICAL METHODS:

Name and briefly describe analytical methods used in raw measurement(s) of the biomarker(s).

The IGEA Free Copper test is a method for direct measurement of Free Copper in serum ultrafiltrate
by inductively coupled mass spectrometry (ICPMS) as described in [66]. A two-step approach is
employed to assess Free Copper: the first step separates the copper bound to ceruloplasmin and
other cuproenzymes from the pool of loosely bound species of copper (procedure depicted in SOP
in Attachment B). The second involves the measurement of copper levels in the filtrate by ICPMS,
obtaining ICPMS reports that are used without any transformation.

3. MEASUREMENT UNITS AND LIMIT(S)OF DETECTION:
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Free Copper measurements units are umol/L. Also, pg/dL are reported (being umol/L= 0.1574
ug/dL). Free Copper IGEA is accurate (95% recoveries), linear (nine concentration levels and 2
replicates at each level was tested 1.1-20 pg/dL [1.8-3.2 uM umol/L]), and precise (coefficient of
variation, <6.8%); the limit of black (LOB) estimated is 0.0002 umol/L and the limit of detection
(LOD) is 0.0397 umol/L. Details about LOB and LOD performances are depicted in Section 11.

4. BIOMARKER INTERPRETATION AND UTILITY

Describe the application/conversion of the raw biomarker measurement in order for the
biomarker outcomes to be used for the COU and provide the description and derivation of
clinical interpretative criteria used to include:

a. Post-analytical application/conversion of biomarker raw measure to the applied measure:
briefly describe how the raw biomarker measurement is used/applied. Describe if the raw
measure is used directly or if there is further processing of the raw measurement into a
multi-component panel, a scoring system, or alternatively; further manipulation or
transformation of the raw biomarker measurement using modeling, simulation, application
of formula(e), other algorithms, or combination with other clinical information. Describe
how the process is designed, including software. List the elements, inputs and output(s) of
the conversion, including a description of units, if applicable.

Biomarker raw values are used directly, without any transformation. Raw measurements
indicate quantitative level expressed in umol/L of Free Copper in serum.

b. Describe rationale for post-analytical elements used as inputs in application or conversion
of the raw biomarker measurement.

Not applicable

c. Clinical Interpretive Criteria: describe the cut-off values, cut points/thresholds,
boundaries/limits or other comparators used in the interpretation of the biomarker
measurement or its applied/converted form to draw an actionable conclusion based on the
biomarker result.

Since the early 90s, the clinical implications of different Free Copper circulating in serum have
been evaluated for their implications in health and disease [67]. The main clinical application
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has been in Wilson disease, the paradigmatic disease of Free copper toxicosis or accumulation
and cut-offs have been identified [18, 68-70] (Table 7).

TABLE 7 INTERPRETATION OF FREE COPPER IN SERUM AND CLINICAL IMPLICATIONS IN HEALTH AND DISEASE

Cut-off | Range Study Interpretation Article citation Similar range
population citations
0.1-1.6 Healthy controls | Normal reference | [18, 68-70] [23, 33, 68, 71, 72]
um intervals
1.6 uM | 1.61- 2.4 | Copper subtype | MCI and | [15-17, 21, 26] [16, 18]
uM of Alzheimer Alzheimer’s disease
patients with
copper subtype
2.31 2.31-3.9 n.a Probable Wilson | [68] [73]
uM uM disease;
3.9 UM | >3.9 uM n.a. Wilson disease [68] [73]

Free copper cut-off values for discriminant analyses of Alzheimer’s disease versus healthy controls, of
Wilson disease patients versus healthy controls, and of stable mild cognitive impairment (MCI) versus MCI
converter.

Reference intervals have been established in healthy controls. For example, a method for the direct
measurement of Free Copper in serum ultrafiltrate by ICPMS, developed and validated for commercial use
for Wilson disease in 2009 [69], identified a reference interval of 0.1-1.6 umol/L. This reference interval was
determined parametrically with 137 healthy adult (20-59 years) blood donors. Moreover, the method was
accurate (94%—109% recoveries), linear (0.08-126 umol/L]), and precise (coefficient of variation, <15% over
the analytic measurement range). Another fluorescent direct method (IGEA Pharma NV patent) was
developed in 2017 for AD [18]. It was linear (0.9-5.9 uM), precise (CV of 9.7% for low and 7.1 % for high
measurements) and had a good recovery. A reference interval of 0-1.9 uM was determined in 147 healthy
adult blood donors. The Intraclass correlation with a gold standard method for Free Copper, namely Free
copper calculated Walshe’s index was 0.75 (Cl 95% 0.69-0.80). Free Copper was 1.5 times higher in AD
patients than in healthy controls. Healthy, MCl and AD subjects were differentiated through this Free Copper
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method [AUC=0.755; cut-off 1.91 umol/L, 95% specificity, sensitivity 48.3% (Cl 95%: 38%-58%)]. The
likelihood ratio was 9.94 for positive test results (LR+) and 0.54 for negative test result (LR-) [18]. The low
sensitivity of Free Copper may limit its utility in drug development. However, a drug development program
based on the presence of Free Copper above a designated cut off will have a low chance of including patients
for whom that strategy would be inappropriate. Even if the low sensitivity might mean that not every patient
for whom that strategy would be beneficial would be captured, it would prevent the exposure to treatment
risks (especially in a clinical trial setting) to patients who might otherwise not expect the same benefits based
on the Free Copper stratification.

As summarized in Table 7, in healthy and MCI patients, Free Copper concentrations of 1.6 umol/L through
2.4 umol/L indicate a risk for development of AD [21]. In contrast, values below this range do not associate
with increased AD risk in these populations, and values above it are associated with Wilson Disease [26, 68,
73].

SECTION 4 CONTEXT OF USE STATEMENT (500 CHARACTERS)

Serum Free Copper is intended to serve as a prognostic biomarker for conversion from mild cognitive
impairment (MCI) [21-24] to symptomatic Alzheimer’s disease (AD) typified by copper imbalance [7, 21, 22,
25, 26]. In association with the standard amnestic MCl criteria, it can serve as a minimally invasive and cost-
effective prognostic biomarker for MCl that may be used as an inclusion criterion for eligibility assessment
in clinical trials testing anti-copper based therapy to delay or prevent AD [27].
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SECTION 5 ANALYTICAL CONSIDERATIONS

General description of what aspect of the biomarker is being measured and by what method (e.g.,
lesion number or specific measure of organ size by imaging, serum level of an analyte, change in the

biomarker level relative to a reference such as baseline).

Free Copper concentration in serum, measured in vitro, is the proposed basis for assessing increased risk for
AD and specifically for as predictive of the conversion from MCI to full AD. In serum, most of the copper is
structurally bound to ceruloplasmin, the main body copper protein, which is generally thought to account
for 85-95% of human serum copper and other proteins that as a whole constitute a pool of firmly-bound
species of copper [74]. The remaining is historically defined as ‘Free’ Copper and is a pool of loosely bound
species of copper in serum composed of different compounds (Table 8).

TABLE 8 COPPER DISTRIBUTION IN HUMAN SERUM
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Pool of copper in serum

Serum proteins or
compounds

Notes

Pool of firmly
bound species of
copper in serum

Cuproenzymes: proteins
that bind copper with
high affinity in high-
coordinate binding site

Ceruloplasmin

Extracellular
Superoxide
Dismutase (SOD3)

Ferroxidase Il

Factor V and VIl
(blood coagulation
protein)

Amine oxidases

Pool of loosely
bound species of
copper in serum

Proteins and compounds
that bind copper with low
affinity or low-coordinate
flexible geometries that
enable transfer

Albumin

Alpha-2-
macroglobulin

Small
Carriers

Copper

Cu-Metallothionein

other protein or chelator

Alpha-2-macroglobulin

Not always present

(Kd 10717— 10719)
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Genetic, physiological, and pathological conditions, as well as drug therapy, can alter the concentration of
the pool of loosely bound species. Accordingly, an accurate measurement of Free Copper could represent
a significant diagnostic tool for those conditions in which dysregulation of the cation is critical for disease
progression. As a matter of fact, novel quantitative approaches should aim at avoiding misleading
conclusions based on ‘total’, bulk copper measurements that disregard abnormalities in the concentrations
of the carrier proteins. In agreement Free Copper is a key biomarker for Wilson disease but has recently
acquired additional clinical applications. Direct method developed for the experimental determination of
Free Copper is generally performed in two steps: the first consists of the separation of the copper bound to
ceruloplasmin and the other cuproenzymes of the pool of firmly-bound species of copper from the pool of
loosely-bound species of copper (solid phase extraction or ultrafiltration). The second involves the
measurement of copper levels in the filtrate. Further methodological differences are based on the copper
measurement technique employed (Table 9) and on the procedures set to isolate the pool of loosely bound
species. Table 10 provides details on the different methods employed so far.
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TABLE 9 ANALYTICAL METHODS FOR COPPER MEASUREMENTS

Analytical methods for copper measurements

an ion signal proportional to the concentration. ICP-MS is also capable
of monitoring isotopic speciation for the ions of choice. The
concentration of a sample can be determined through calibration with
certified reference material such as single or multi-element reference
standard. ICP-MS is used in the medical and forensic field, specifically
toxicology.

metal image
option

Advantages | Disadvantages
Atomic absorption spectrometry (AAS) [75] Low High precision,
interference, | one metal at a
AAS [75]relies on Beer-Lambert law: the electrons of the atoms in the easy to use, | time
atomizer can be promoted to higher orbitals for a short amount of time low cost | detection, not
by absorbing a set quantity of energy provided by the light at a given analysis useful for
wavelength. This wavelength is specific to a specific electron transition (apart from | isotope
for a particular element; consequently, each wavelength corresponds instrument analysis,
to only one element. This gives the technique its elemental selectivity. cost) sample is
From the differences between the quantity of energy (the power) totally
applied to the flame (the atomizer), and the remaining quantity disrupted
transmitted to the detector, it is possible to calculate how many of
these transitions took place, and thus get a signal that is proportional
to the concentration of the element analyzed.
Inductively coupled plasma-mass-spectrometry (ICP-MS) [76] High power | High skill
detection technical level
ICP-MS is a highly sensitive mass spectrometry technique that can (ppb), required,
measure a range of metals and several non-metals at concentrations multiple sample is
below one part in 10'%. An inductively coupled argon plasma is metals totally
employed to atomize and ionize the sample. For coupling to mass detection, disrupted,
spectrometry, the ions from the plasma are extracted through a series useful  for | high cost
of cones into a mass spectrometer, usually a quadrupole. The ions are isotope analysis
separated based on their mass-to-charge ratio and a detector receives analysis,

Colorimetric method (Abe) [77]

Automated colorimetric methods use the chemical reaction of serum
copper with organic reagents.

The Abe method [77]is an automated colorimetric method based on
the use of the water-soluble chromogenic color reagent, 4-(3,5-
dibromo-2-pyridylazo)-N-ethyl-N-sulfopropylaniline (DiBr-PAESA). This
compound forms a chelate with copper (Il) in Sodium Dodecyl Sulfate

Applied on
commonly
used
automatic
analyzers,
easy to use,

low cost

not for isotope
analysis,
sample is
totally
disrupted
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solution, that is measured by a spectrophotometer at 580 nm. The
method is linear (at least 5 mg/L), the lower limit of detection is
0.1mg/L; within-run coefficient of variation CVs are 1.6% and 3.3% for
copper concentrations of 1.03 and 0.72 mg/L, respectively (n = 10
each); between-run CV is 2.8% at 1.22 mg/L (n = 14). Results of Abe
method (y) correlated well with those determined by standard AAS
techniques (x): y =0.99x - 0.02 mg/L; Syx=0.08; r =0.977; n = 56. Squitti
etal. [28] reported good correlation of copper concentrations between
Abe and AAS methods (Pearson’s correlation, r= 0.89, p<0.001). Iron,
zinc, cadmium, cobalt, and lead do not interfere
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TABLE 10 COMPARISON OF CURRENTLY EXISTING METHOD FOR FREE COPPER MEASUREMENTS

Method Easiness’ Reliability Affordability? | Disease Results Limitation Related
Authors Application articles
(year)
Noubah et | Serum, Moderate | Good n.a. Pregnancy Free copper was | Obsolete
al 1990 [78] | ultrafiltration (10 | difficult Precision, CV < (Normal, not different method

KDa) + ETAAS? 11.5% pregnant  and

cord blood)

Kulipa- Plasma, EDTA | Moderate Not reported n.a. Breast cancer Authors report | Time
Rantala et | incubation, difficult that the method is | consuming,
al 1996 [79] | ultrafiltration (10 sensitive and | academic

KDa) +PIXE* precise setting
Favier et al | Serum, Moderate | Not reported n.a. Healthy controls | Reference values | Obsolete
1998 [80] ultrafiltration difficult method

(25KDa, EDTA®) +

AAS®
Bohrer et al | Serum, solid phase | Difficult Not reported Moderate- Wilson disease | The solid phase | Time
2004 [81] exctraction+AAS Utility extraction consuming,

(compared  with Moderate- method academic

ultrafiltration 20 Expense performed better, | setting

kDa +AAS and two methods

have a good
agreement

Inagaki et | Serum pre- | Easy n.a. Healthy controls | Author report the | Not direct | [83]
al 2000[82] | treatment with method is simply | method’;

Chelex-1007 +ICP- and reliable time

Mms® consuming,

academic
setting
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Squitti et al | Indirect method, | Easy n.a. Higher-Utility | Alzheimer’s Free copper is | NDML® [18, 23,
2006 [25] known as Walshe's reliability Moderate- disease. higher in 26, 31,
index [70] based relate to the | Expense Mild  cognitive | Alzheimer’s 84, 85]
on the subtraction Ceruloplasmin impairment. disease, Wilson [9, 15,
of the quantity of and Copper Wilson disease disease and Mild 21, 33,
the copper bound measurement Frontotemporal | Cognitive 86-88]
to ceruloplasmin methods Lobar Impairment [89-94]
from the total Degeneration. individuals than in
concentration of Healthy controls | healthy controls
copper in the and
blood serum frontotemporal
Lobar
degeneration
individuals
Buckley et | Plasma, Difficult Repeatable Higher-Utility | 6 lactating cows, | The method yields | Time [95]
al 2008 [95] | ultrafiltration and stable Higher- 2 humans reliable, consuming,
(10KDa) + ICP-MS Expense physiologically academic
with isotope meaningful setting
composition results
analysis
McMillin et | plasma/serum, Moderate | Good precision | Higher-Utility | Wilson disease Free copper | Not more in
al 2009 [69] | ultrafiltration difficult CV <15% Moderate- increases in | the market
(30KDa) + ICP-MS Expense; Wilson  disease
Clinical patients
pathology
Lab setting
El Balkhi et | Plasma  heparin, | Moderate | Repeatable Higher-Utility | Wilson disease Free copper | ETAAS is | [96]
al 2011[71] | EDTA incubation, | difficult and stable Moderate- increases in | time
ultrafiltration (30 Expense Wilson  disease | consuming
KDa) + ETAAS patients
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Lai et a | Plasma, Ultrasonic | Moderate | Not reported Moderate- Cerebral Free copper | Dialysis [98]
2016 [97] Oscillation Dialysis | difficult Utility ischemic stroke | increases in | membrane
membrame (25 Moderate- patients ischemic  stroke | was made in
KDa) + AAS Expense patients house
Squitti et al | Direct method: | Moderate | Good, Higher-Utility | Alzheimer’s Free Copper in | Fluorescent | [16, 99]
2017 [99] size exclusion solid | difficult Precision, Moderate- disease; increased in | probability
phase extraction + Repeatability Expense. stratification Alzheimer’s
coumarin level high CV | Clinical Alzheimer’s disease patients
fluorescent probe =5.7% pathology disease; Type Il | and in patients
specific to Cu (ll) Lab setting diabetes affected by
Copper AD that is
characterized by
higher frequency
of rs1061472 and
rs732774 of the
ATP7B gene [35,
98, 100, 101]
Rozzinietal | Serum, Moderate | Good Moderate- Alzheimer’s Free copper | AAS imply | [102]
2018 [24] ultrafiltration difficult Precision, Utility disease, Mild | increases in | time
(30KDa) + AAS CV<3% Moderate- cognitive Alzheimer’s consuming
Expense Impairment disease and Mild
Cognitive
impairment
individuals
Lauwens et | Copper Speciation | Challenging | Not reported Higher-Utility | Alcoholic Free copper | Time [104]
al 2018 | in Serum and EDTA Higher- Cirrhosis increases in | consuming,
[103] incubation Expense Alcoholic Cirrhosis | academic
ultrafiltration setting
(30KDa) +ICP-MS
with isotopic
composition
analysis
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Guillaud et | Plasma EDTA, | Moderate Good, Moderate- Wilson disease Relative Time
al 2018 | EDTA incubation | difficult Precision Utility exchangeable consuming,
[105] ultrafiltration Repeatability Moderate- Copper higher in | academic
(30KDa) + ETAAS level high CV | Expense Wilson disease setting
=5.1%
Squitti et al | Serum, EDTA | Moderate | Good Higher-Utility | Diabetes Type | | Free copper is | Favorable [106]
2019 [66] incubation, difficult Precision, Moderate- increased  even | cost-
ultrafiltration CV <5% Expense; though not | effective
(100KDa) + ICP-MS Clinical reaching the
pathology statistical
Lab setting threshold
(p<0.003)
Ajsuvakova | Copper speciation | Challenging | Not reported Higher-Utility | Parkinson 0.18-0.3 KDa of | Time n.a.
et al 2019 | serum using HPLC- Higher- disease Free copper | consuming,
[107] ICP-MS*0 Expense increases in | academic
Parkinson’s setting
disease
Solovyev et | Copper speciation | Challenging | Not reported Higher-Utility | Wilson disease Free copper | Time n.a.
al 2020 | serum and Higher- increases in | consuming,
[108] ultrafiltration Expense Wilson disease academic
EDTA 30KDa + setting

SAX-ICP-MS-MS™!

Notes of the Table:
! Easiness scale: challenging, difficult, moderate difficult, easy.

2 Affordability scale: Lower-Utility Lower-Expense; Moderate-Utility Moderate-Expense; Higher-Utility Moderate- Expense; Higher-Utility Higher-

Expense

3 ETAAS: Electrothermal Atomic Absorption Spectroscopy

4EDTA: ethylenediaminetetraacetic acid. The incubation of the serum with EDTA for 1 hour followed by ultrafiltration of the diluted serum includes
both small amino acid complexes fraction copper and the labile fraction of copper complexed to albumin and transcuprein. This copper has been
firstly reported by El Balky and colleagues as exchangeable copper (CuUEXC) and corresponds to non-ceruloplasmin copper. EDTA effectively chelates
copper, including that loosely bound to ceruloplasmin, albumin, transcuprein and amino acids and form copper chelates that are small enough to
be easily transferred to ultrafiltrate, while the rest of macromolecules are excluded. Moreover, the addition of EDTA prevents the adsorption of Cu
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on the ultrafiltration membranes since in the EDTA-Cu chelate the copper ion is located in the center of the complex. The amount of EDTA used
does not disturb the structural copper in ceruloplasmin.
> PIXE: proton-induced X-ray emission
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The method used for measuring Free Copper concentration in serum, briefly reported in [66] and
depicted in the details in the standard operating procedure (section 11), consists in filtering serum
samples through an Amicon Ultra centrifugal filter unit after incubation for 1 hour with
Ethylenediaminetetraacetic acid (EDTA)-disodium salt dehydrate (Sigma, cat. Number E5134-50G),
according to previous published methods [69, 96].

In previous studies of ours we have confirmed data provided by literature concerning the change in
the biomarker levels relative to a reference such as baseline [18, 21, 33]. More specifically, we
gained that in AD and MCI patients, Free Copper concentrations of 1.6 uM through 2.4 uM indicate
a risk for development of AD [14] (Table 7).

If this biomarker involves an index/scoring system, please provide information about the
elements and weighting of the elements. Include a rational for how the index/scoring system
was developed.

Not applicable

Brief description of sample source, matrix (base material and any additives), stability and
composition of biomarker.

We used commercial serum samples, a Pooled Human AB Serum Off the clot, catalog number 20636,
from Innovative Research, Inc. USA and internal healthy human standards purchased from SIGMA-
ALDRICH (Catalog number H4522). Laboratory serum samples were collected from donors into BD
Vacutainers Rapid Serum tubes with thrombin and in BDMicrotainer collection tubes with Gold
closure (with clot activator/SST gel). The usual volume of finger-dropped blood was around 500 pL.
Tubes were immediately centrifuged for 15 minutes at 2500 rpm (1321 g) at 4°C. Serum (200-250
uL) was collected and stored refrigerated for same or next day processing.

Stability experiments were carried out for 3 different Free Copper concentrations after storing them
at room temperature, refrigerated temperature, -80°C and at 40°C are detailed in Table 11.

TABLE 11 IGEA FREE COPPER TEST STABILITY

Stability at room temperature
Sampl
Room o Mea % Sample % Sample Mea %
Temperatur n Recover Mean | Recover n Recover
L Medi
e ow y ediu y high conc y
conc m conc
Neat 0.62 0.63 1.46 1.45 1.83 1.85
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0.63 1.43 1.87
0.59 0.59 |94 1.49 1.48 (102 1.86 1.85 | 100
4 hours
0.59 1.47 1.84
0.57 0.58 |92 1.46 1.47 |101 1.88 1.88 | 102
24 hours
0.59 1.47 1.87
0.59 0.59 |94 1.63 1.6 110 1.95 1.97 [106
48 hours
0.59 1.56 1.98
0.7 0.71 |112 1.76 1.77 |122 2.24 2.29 |123
96 hours
0.71 1.77 2.34
0.61 0.62 |98 1.45 1.47 |101 1.89 1.9 |102
1 week
0.63 1.48 1.91
Stability in the refrigerator (2-7°C)
Sampl Sample Sample
Refrigerat € Mea % %
& % Recovery Mean | Recover Mean R°
or Low | Mediu y High ecovery
conc m conc conc
0.6 0.61 1.46 145 1.83 1.85
Neat
0.62 1.43 1.87
0.6 0.6 98 1.49 1.48 |102 1.86 1.85 (100
4 hours
0.6 1.47 1.84
0.57 0.58 |95 145 1.45 |100 1.85 1.84 (99
24 hours
0.58 1.44 1.82
0.59 0.59 |97 1.49 1.51 (104 1.93 1.93 104
48 hours
0.59 1.53 1.93
0.62 0.62 |102 1.61 1.62 |111 2.03 2.02 (109
96 hours
0.61 1.62 2.01
0.56 0.57 |93 1.57 1.58 |109 2.02 2.03 |110
8 days
0.58 1.58 2.03
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0.73 0.73 119 1.8 1.84 (127 2.31 2.35 |127
14 days
0.72 1.87 2.39
0.88 0.9 147 2.03 2.06 [142 2.6 2.63 |142
21 days
0.91 2.08 2.66
1.14 1.13 | 185 2.34 2.31 |159 2.84 2.9 157
28 days
1.11 2.27 2.96
Stability at -80°C (freezer; start 10/8/2019)
Sampl Sample % Sample %
-80°c |€ Mea |%
f R Mean | Recover Mean | Recover
reezer Low n ecovery | podiu y . y
High conc
conc m conc
0.57 0.57 1.43 1.43 1.79 1.8
baseline
0.57 1.43 1.81
0.61 0.62 (109 1.45 1.47 |103 1.89 1.9 105
1 week
0.63 1.48 1.91
0.7 0.71 |125 1.42 1.45 |101 1.9 1.91 106
2 weeks
0.71 1.47 1.91
0.68 0.66 (116 1.57 1.52 |106 1.73 1.78 99
1 month
0.63 1.46 1.82
0.72 0.72 (126 1.51 1.44 |101 1.7 1.74 97
3 months
0.71 1.36 1.78
Value Value
rep 1 rep 1 Valuerep 1
6 months
Value Value
rep 2 rep 2 Value rep 2
Value Value Value rep 1
12 repl rep1
months Value Value Value rep 2
rep 2 rep 2 P
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Value Value
Valuerep 1
18 rep1l repl
months Value Value Value rep 2
rep 2 rep 2 P
Stability at 40°C
Sample % Sample % Sample %
40°C Mean | Recover Mean | Recover Mean | Recov
L y M y H ery
0.62 0.63 1.46 1.45 1.83 1.85
Neat
0.63 1.43 1.87
a 0.6 0.6 95.23 1.51 1.5 103 1.93 1.92 103
hours | 5 6 1.49 1.91
24 0.64 0.66 |105 1.88 1.89 |130 2.3 2.28 123
hours | 5 65 1.9 2.26
48 0.76 0.78 (123 2.12 2.08 (143 2.57 2.6 140
hours | 5 79 2.04 2.62
96 1.06 1.09 |173 2.79 2.81 |193 3.57 3.54 191
hours |4 45 2.82 3.51

Analytical validation plan: description of measurement tool and device calibrations,

validation study design with statistical analysis plan (SAP) or performance data (e.g.

sensitivity, specificity, accuracy, and/or precision of the assay or method).

Procedures from Clinical and Laboratory Standards Institute (CLSI) were employed for the

validation of the IGEA Free Copper test. In particular, the EP05-A3 (Evaluation of Precision of

Quantitative Measurements Procedures; Approved Guideline — Third Edition), the EP06-A

method evaluation (Evaluation of the Linearity of Quantitative Measurement Procedures: A

Statistical Approach; Approved Guideline), EP17-A (Protocols for determinations of Limit of

Detection and Limit of quantitation; approved guidelines) and Recovery were applied.

StatisPro Methods evaluation software (from CLSI version 3.02.2) was used for these

analyses. Results of these testing procedures are reported in detail in the Attachment B

together with the SOP of the method reporting details about test procedures and reference

materials for calibrations.
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Once the SOP and analytical validation plan is finalized, describe how you will use this process to
validate the final version of the measurement tool.

We are planning to complete CLSI validation of the Free Copper test for verification of performance
for precision and trueness, applying the testing procedures, as follow:

EP09c (Measurement of Procedure Comparison and Bias Estimation Using Patient Samples), EP24-
A2 (Assessment of the Diagnostic Accuracy of Laboratory Tests Using Receiver Operating
Characteristic Curves; Approved —Second edition) and EP28-A3c (Defining, Establishing, and
Verifying Reference Intervals in the Clinical Laboratory; Approved Guideline —Third Edition)

More specifically our validation plan includes:
1. Comparison of the Free Copper Test with the standard/reference method (EP9A3).
2. Definition of the confidence intervals (28A3C).

3. Discrimination test to distinguish between diseased (AD patients) and non-diseased individuals
to identify separation cut offs. To identify the discriminating value we need to test non-diseased
subjects and subjects with AD (EP24-A2). Our plan is to enroll at least the same number of non-
diseased subjects and subjects with AD. As indicated in article [109], the sample size for each group
of diseased and non-diseased in estimating the accuracy (area under the curve, AUC) changes in
dependence of the configurations of AUC and marginal errors with 95% confidence level.
Hypothesizing an AUC=0.85 with errors d=0.07 or d = 0.10, 77 or 38 AD patients would be needed,
respectively. However, a more plausible scenario based on our previous results could be an AUC of
0.65 with an error d = 0.10: in this case, 59 patients with AD and 59 non-diseased individuals would
be needed. This scenario would be in agreement with previous reports of ours showing Free Copper
as a stratification biomarker [18, 23, 33].
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SECTION 6 CLINICAL CONSIDERATIONS

Describe how the biomarker measurement is used to inform drug development. Please provide a
decision tree to guide how the biomarker information would be used in drug development or a
clinical trial.

Free Copper is intended to serve as a serum prognostic biomarker that indicates the potential for
individuals to develop symptomatic AD typified by copper imbalance [7, 9, 15-18, 21, 22, 25, 26]
and for the eligibility assessment for clinical trials testing anti-copper based interventions to
delay or prevent AD [27]. Free Copper can be considered an efficacy biomarker in early clinical
trials employing anti-copper-based therapies, as for example Zinc therapy. During Zinc therapy,
measurement of serum Free Copper, which should approach normal range (lower than 1.6
umol/L) will ensure the biochemical efficacy of the treatment. To monitor Zinc overtreatment,
ceruloplasmin (Cp in Figure 1) level, that is considered a good surrogate measure of body copper
status, and blood cell counts can be employed as markers of treatment tolerability, since the
initial indication of Zinc overtreatment is a mild anemia and/or leukopenia. Figure 1 depicts how
Free Copper can be employed either as a biomarker for eligibility assessment or as an efficacy
biomarker in decision tree to guide information during drug development in clinical trials testing
anti-copper based interventions to delay or prevent AD. As inclusion criterion, Free copper will
set the stage for precision medicine drug development program (Figure 1).
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FIGURE 1 DECISION TREE WITH FREE COPPER AS TARGET OF EFFICACY AND CP AS TOLERABILITY
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Figure 1: The diagram above depicts decision tree. Free Copper is intended as a serum prognostic
biomarker for eligibility assessment for clinical trials testing interventions in MCl individuals to delay
or prevent AD: 1.6 umol/L cut-off is an inclusion criterion for eligibility. The decision tree show how
Free Copper can be employed as an efficacy biomarker in early clinical trial in Zinc therapy. During
Zinc therapy, the measurement of serum Free Copper, which should approach normal range (lower
than 1.6 pumol/L) will ensure the biochemical efficacy of the treatment. To monitor Zinc
overtreatment, ceruloplasmin (Cp in Figure 1) level, that is considered a good surrogate measure of
body copper status, can provide information about a possible copper deficiency occurring in the
subject. A value lower than 10 mg/dL will not be allowed. Ceruloplasmin will be considered a
tolerability marker to monitor copper deficiency during Zinc therapy: low levels of ceruloplasmin
precede anemia (normal values of ceruloplasmin: 20-50 mg/dL). A third type of measurement
informative about the safety of Zinc therapy is blood cell counts. The initial indication of Zinc
overtreatment is a mild anemia and/or leukopenia, that is easily correctable by lowering the dose,
or if more severe, temporarily stopping drug administration. This is rarely seen at ceruloplasmin
levels over 10 mg/dL but is more frequently seen between 5 and 10 mg/dL, and is much more
common at ceruloplasmin levels below 5 mg/dL. Thus, during Zinc therapy, ceruloplasmin levels
lower than 10 mg/dL should not be allowed.

Describe patient population or drug development setting in which the biomarker will be used.

The Free Copper biomarker can be used as inclusion criterion in phase Il clinical trial aimed at
demonstrating that anti-copper therapy can delay or arrest cognitive decline progression in MCI
individuals exhibiting values of Free copper higher than 1.6 umol/L [7, 9, 15-18, 21, 22, 25, 26]. To
this regard we are setting a phase Il clinical trial funded by the Alzheimer’s Association (number PTC-
19-602325; EudraCT No.: 2019-000604-15) employing a zinc-based therapy.

The patient population description:

i) Individuals with MCI: Eligible individuals for phase Il clinical trial testing anti-copper-

based treatments are MCI subjects according to current diagnostic criteria that are
summarized herein. The inclusion and exclusion criteria for amnesic MCl are based on
previous studies [110-117] and are as follows:

a) Inclusion criteria for MCI:

1. Objective memory impairment on neuropsychological evaluation, as identified by the
partner, with or without complaints by the participant.

2. Memory impairment as indicated by scores below the cut-off level on The Free and Cued
Selective Reminding Test (FCSRT). FCRST is a memory test that allows to evaluate
“amnestic syndrome of the hippocampal type” and successfully differentiate patients
with AD from any other memory disorders that are seen in depression, frontal lobe
dysfunction, subcortical dementias, or vascular dementias [118].

3. Normal activities of daily living as documented by the history and evidence of
independent living.
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4. A Clinical Dementia Rating Score of 0.5 [119];
5. MMSE scores between 24 and 30 [120].

b) Exclusion criteria for MCl:

1. Mild AD.
Evidence of concomitant dementia, such as frontotemporal form, vascular dementia,
reversible dementias (including pseudo-depressive dementia), fluctuations in cognitive
performance, and/or features of mixed dementias.

3. Evidence of concomitant extra-pyramidal symptoms.
Clinical and indirect evidence of depression, as revealed by Geriatric Depression Scale
scores higher than 13.

5. Other psychiatric diseases, epilepsy, drug addiction, alcohol dependence, and use of
psychoactive drugs.

6. Current or previous uncontrolled or complicated systemic diseases (including diabetes
mellitus), tumors or traumatic brain injuries

In addition to MCI criteria reported above, eligible subjects have to comply with inclusion criteria
of ‘amyloid positivity’ (positive to AB PET [18F] florbetapir, or [18F] florbetaben or [18F]
flutemetamol) or positive to AB 1-42, holo-Tau (h-Tau) and phosphorylated-Tau (p—Tau)

cerebrospinal (CSF) markers] and ‘Free copper positivity’ (Free Copper >1.6 umol/L) and others as

depicted below:

6. 50-80 years old. If Women, in menopause for at least 2 years.

7. Free Copper serum concentration > 1.6 umol/L;

8. Stable presence of the informant family member.

9. Release of written informed consent prior to participation in the study.

10. Capacity of full compliance with the protocol requirements (i.e.: assumption of the
medicine per os, etc.).

11. Brain MRI performed within 12 months preceding or at the Screening Visit.

12. Evidence of cerebral amyloidosis by scanning with Florbetapir (18F)-PET within 12
months or positive for CSF biomarkers of AD.

Clinical validation: provide information to support biological and clinical relevance of the
biomarker as applied in the COU:

Free Copper is already recognized as a key diagnostic marker for Wilson disease [26, 68, 73] and is
also associated with a worse cognitive performance in normalcy [31] and in MCI [18, 21, 23, 24, 32,
121].
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In two different follow-up studies, we reported that subjects with values of Free Copper higher than
1.6 umol/L had a higher risk for a more severe cognitive decline and a faster rate of deterioration
with respect to subjects with normal Free Copper [122, 123], demonstrating Free Copper utility to
individuate people with the potential to develop symptomatic AD and a worse prognosis. The
proposed prognostic biomarker has demonstrated a fair sensitivity in detecting which individuals
with MCI will convert to Cu-AD [21] (Table 12)

TABLE 12 SENSITIVITY AND SPECIFICITY OF FREE COPPER FOR THE CONVERSION FROM MCI TO AD

Cutoff SE SP corrected o (19506
classified

Total sample 0.68 0.56-0.79
>1.6 72.70% 55.90% 62.00%
>2.0 63.60% 64.40% 64.10%
>2.4 5150% 72.90% 65.20%

APOE E4 neg 0.71 0.56-0.86
>1.6 77.80% 54.80% 61.70%
>2.0 66.67% 64.30% 65.00%
>2.4  61.10% 73.80% 70.00%

APOE E4 pos 0.65 0.45-0.85
>1.6 66.67% 58.80% 62.50%
>2.0 60.00% 64.7% 62.50%
>2.4  40.00% 70.60% 56.30%

Based on data published on [21]; SE: sensitivity; SP: specificity; AUC: area under the curve of of
the ROC curve. An AUC=1 represents a perfect test, a value of 0.5 represents a worthless test, and
values in the 0.7-0.8 range considered fair

Existing meta-analysis supported that AD patients exhibit signs of copper dyshomeostasis. However,
a meta-analysis of all eligible copper studies on brain and serum/plasma, aimed at establishing
whether copper imbalance can be considered as an AD risk factor, has never been performed.

To fill this gap we are in the process of analyzing through meta-analyses multiple AD studies
performed on copper in serum/plasma and in brain specimens from 1984 [124]. To identify
appropriate studies for our meta-analysis, we followed the procedural steps indicated by Cochrane
(http://www.cochrane-handbook.org). Figure 2 shows that in AD patients brain copper deficiency
(about 14% less than normal, Figure 2A) coexists with copper excess in the bloodstream (about
10% than normal, Figure 2B) that is explained by increased levels of Free copper (Figure 2C). These
observational data show an overall copper imbalance in AD that support metal changes as one of
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the drivers of AD pathology. On the basis of the standardized mean difference (SMD), gained from
the meta-analysis, applying the

SMD = VInOR
formula, serum/plasma Free copper generates 3-fold higher odds in AD patients as compared to
healthy controls [124].

FIGURE 2. OVERALL META-ANALYSES OF COPPER IN AD.
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A

Study (Authors,
year)

Corrigan et al 1993
Alkatau et al 2012
Alkatau et al 2012
Szabo et al 2016
Deibel et al. 1996
Deibel et al. 1996
Deibel et al. 1996
Graham et al 2014
Religa et al 2006
IMagaki et al 2007
Plantn et 1987
Squitti et al 2007
Loeffler et al. 1996

Brain region

Hippocampus
Hippocampus
Anygdala
Frontal cortex
Temporal cortex
Inferior parietal
Cerebellum
Brodman area 7
MNeocortical
Frontal cortex
Temparal lobe
Corticaltissue
Frontal cortex

Overall (I-squared=A3.7%, p=0.0001)

C

Studv {Authors. vear)

Molaschi et al 1996

Snaedel et al. 1998

Zappasod et al 2008

Arnal et al. 2010
Lopez etal 2013
Siotto et al 2016
Squitti et al 2017
Tabwar et al 2017
Rozzini et al. 2018
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FIGURE 2. OVERALL META-ANALYSES OF COPPER IN AD. Standardized mean difference (SMD)
computed from the studies on copper brain levels (ug/g; panel A), on copper serum levels (umol/L;
panel B) and on serum Free copper (umol/L; panel C) in Alzheimer’s disease patients and healthy
controls. SMDs between patients and controls are represented by squares, whose sizes are
proportional to the sample size of the relative study. The whiskers represent the 95% confidence
interval (Cl). The diamond represents the pooled estimate based on the random effects model, with
the centre representing the point estimate and the width the associated 95% Cl.

Panel A, copper in brain specimens: Results indicate that AD subjects had lower levels of copper in
the brain than healthy controls [SMD=-0.77 (95% Cl -1.16 to -0.38); p<0.001]; there was substantial
heterogeneity among the included studies (12=63.7%; p<0.001). Panel B, copper in serum/plasma:
AD subjects had higher levels of copper in serum than healthy controls [SMD =0.65 (95% Cl 0.32 to
0.98); p< 0.001]; there was considerable heterogeneity among the included studies (12=96.4%;
p<0.001). Panel C, Free copper in serum: Results indicate that AD subjects had higher levels of Free
copper in serum/plasma than healthy controls (SMD =0.60 (95% Cl 0.37 to 0.83; p<0.001); there was
considerable heterogeneity among the included studies (12=81.5%; p<0.001).

Copper changes in the brain may be associated with dysregulation of copper metabolism in blood.
More specifically, 20% labile copper elevation in the brain [125] has been attributed to
bloodstream excess Free copper [25, 26]. Free copper is redox active and if the pool is expanded in
bloodstream because of a disorder in copper metabolism, it becomes toxic, since it crosses the
BBB. In AD patients, it reaches values commonly found in Wilson disease [26], a rare inborn error
of copper metabolism and a paradigm of Free copper toxicosis and accumulation as discussed
above. Wilson disease is caused by loss of function mutations in both copies of the ATP7B gene
encoding for the ATPase7B protein, a copper-transporting ATPase essential for delivering copper
to copper enzymes in Golgi apparatus (e.g. holo-ceruloplasmin) (reviewed in [14]) that results in a
plethora of biochemical and clinical traits in the affected individuals (hepatic, neurologic or
psychiatric symptom presentation). Some of these traits are also expressed in the Cu-subset of AD
patients. Cu-AD subtype share some features with Wilson disease that can be summarized as
follows:

a) Free copper in serum higher than 1.6 umol/L (higher than the upper value of normal
reference range 0.1-1.6 umol/L [68]) [26];

b) Increased frequencies of some functional SNPs (rs732774 and rs1061472) and other gene
mutations (rs2147363 rs7334118) associated with regulatory function in ATP7B and with
excess Free copper [16, 19, 101];

c) Decreased values of ceruloplasmin specific activity [72];

d) Increased values of the inactive and copper-free form of ceruloplasmin (apo-
ceruloplasmin) in the CSF [126], brain and in serum [127];

e) Increased values of copper excretion in the urine, thought sensitively lower than Wilson
disease [26];

f) Abnormalities of liver function (though sensitively lower than Wilson disease) associated
with increased Free copper levels [88];

g) Kayser-Fleischer rings - pathognomonic of Wilson Disease — that have been described in a
peculiar case-report of an AD patient exhibiting 11C-labeled Pittsburgh Compound-B PET
positive and a [18F] fluorodeoxyglucose PET altered with a typical AD topography [20];

h) Decreased values of copper in the brain [127](Table 2; Figure 2), in line with the Long Evan
Cinnamon (LEC) rat, a preclinical model of Wilson disease that show decreased values of
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copper in the brain coexisting with increased values of Free copper excess in the
bloodstream [128].

Our hypothesis is that genetic heterogeneity (e.g. presence of the mutated alleles in the
functional SNPs ATP7B rs732774, rs1061472 (their haplotypes) [19] and additional ATP7B
undefined multiple rare mutations) associated to copper exposure might contribute to the
global susceptibility for AD. In a theoretical paper we presented the hypothesis positing ATP7B
gene as potential harbor of multiple rare variants that can account for the missing
hereditability of sporadic AD [129]. A genome wide association study (GWAS) identified loci
affecting essential metal metabolism [130] in two regions on chromosome 1 as having
significant association on copper concentrations in erythrocytes, even though genes in this
region do not code for proteins associated with copper metabolism. This GWAS did not find
significant association between the above reported SNPs in the chromosomal region where
ATP7B is located and AD as we anticipated by our theoretical article [129]. In fact, the GWAS
outcome can be explained by the paradigm “common disease — common gene variants”, which
is currently the basis for GWAS. This paradigm hardly detects rare variants, which are instead
supposed to account for the missing hereditability of complex diseases, especially if referred to
the ATP7B gene, which is a high polymorphic gene, as previously described [129]. Subsequent
studies of ours in 2013 [35, 36] indicated that SNPs in transmembrane domains detected in
ATP7B gene may have a stronger association with AD risk than variants in copper-binding
domains. The analysis of ATP7B informative SNPs confirms our previous hypothesis about the
absence of ATP7B in the significant loci of GWAS of AD [129] and the genetic association study
suggests that transmembrane and adenosine triphosphate (ATP) domains in the ATP7B gene
may harbor variants/haplotypes associated with AD risk.

ATP7B mutations have a complex interaction with copper take-in from the diet (foods,
supplements and drinking water) as documented by the study of Siaj and colleagues [131]. The
study demonstrated that the preclinical model of Wilson disease LEC rat has an early and rapid
onset of fulminant hepatitis on a high-copper dietary regimen, but it survives long term on a low-
copper dietary regimen. This means that life style habits have an effect on ATP7B mutations
penetrance. Furthermore, modifiers genes as ATOX 1 and COMMD-1 are known as influencer of
copper status. Moreover, additional factors other than genetics have effects on the level of Free
copper as it happens other clinical conditions (neurological conditions [97], but also breast cancer
[79] and alcoholic cirrhosis [103], and particularly in diabetes [66, 99].

In diabetes, as well as in the AD brain, advanced glycation end-product (AGES) formation is
facilitated by copper and iron: non-enzymatic protein glycation caused by glucose in Maillard
reactions, when rearranged, generate Amadori compounds that facilitate oxidation, cyclization,
and condensation reactions that generate the AGEs [132]. Copper accelerate AGEs formation that
also promote protein glycoxidation [133]. AGEs damage arterial wall in diabetes and facilitate a
progressive Cu-trapping potential [134] in a vicious cycle of oxidative stress contributing to the
pathogenesis of diabetic complications. As discussed in a recent review [106], in AD and
atherosclerosis, a large amount of AB in the plaques is found in the form of AGEs [135], and it has
been demonstrated that AB, sugars, and Cu take part in oxidative stress mechanisms of AD: AP
glycation by sugars generates the free radical superoxide anion (O~2), that reacting with Cu?*, is
converted to a hydroxyl radical (HOe®), which is the source of oxidative stress in AD [136].

As a whole this evidence suggest that Free copper is a superior prognostic marker with respect to
genetic analysis of the ATP7B gene at this stage of the research: detection of Free copper levels
higher than the designed cut-off has an immediate clinical meaning (refer also to Wilson disease)
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since it crosses the BBB and speeds some early events of AD changes that can be summarized as

follows:
i)
i)

i)

iv)

v)

vi)

vii)

viii)

disturbance of the compartmentalization of metals in neurons and glia [137];
accumulation of AB peptide and plaque formation, as well as copper can drive
intracellular accumulation of h-Tau and p-Tau due to the presence of Cu-binding sites
on these proteins [138];

Metal-dependent protein aggregation that is one of the main pathways of abnormal
protein handling [139]

increased intra-synaptic copper, and lead to dys-regulation of the glutamatergic
synapse due to binding of copper to the glutamate receptor: labile copper can disrupt
amyloid precursor protein (APP) capacity to reduce Cu(ll) to Cu(l) and enable Ctrl to
facilitate ATPase7B translocation of copper into synaptic vesicles, hampering copper
released at the synaptic cleft as part of the glutamatergic transmission in the
hippocampus at the pyramidal CA1 synapse (reviewed in [13]);

loss of functional copper in protein-bound pools that reduces energy production and
oxidative stress control mainly into the brain (reviewed in [13]);

oxidative stress, since copper and iron are the main elements associated with Haber-
Weiss and Fenton chemistry, driving reactive oxygen species formation, including the
highly reactive hydroxyl radical [140]; oxidative damage to lipids, proteins and other
molecules is a major feature of the neurodegenerated brain [140];

abnormal copper handling in mitochondria. Copper is critical to normal function
(respiration) of mitochondria, essential for neuronal activity, and mis-appropriation of
copper (either too little, or mis-localized) can lead to impaired electron transport chain
function (cytochrome c) and diminished neuronal energy. Conversely, abnormal
localization of copper can increase oxidative stress from mitochondria [141];

Cu detrimental effects on neuro-immune function: copper is a key element for normal
functional activation of microglia, the resident immune cell of the brain; recent studies
have demonstrated an important role for abnormal microglia behavior in AD and other
forms of neurodegeneration; excess copper can drive abnormal pro-inflammatory
microglial activation; alternately, limiting copper can lead to impaired early (beneficial)
responses of microglia; as described here, copper is central to many (most) of the key
pathological changes that occur in the AD and abnormal copper metabolism likely has a
major impact on these processes [142];

AGES formation in the AD brain, as discussed above.

Describe how normal or other reference values are established, provide study design(s), analytical

plan, etc.

Reference interval (0—1.6 pmol/L) was determined parametrically with 137 healthy adult (20-59

years) blood donors [69] and confirmed by another reference interval (0-1.9 uM) determined in 147

healthy adult blood donors [18]. Established literature reports normal values of Free Copper below
1.6 umol/L (Table 7)

As depicted in Section 5 (analytical consideration) our analytical plan for Free Copper validation

includes:

1. Comparison of the Free Copper Test with the standard/reference method (EP9A3).
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2. Definition of the confidence intervals (28A3C).

3. Discrimination test to distinguish between diseased (AD patients) and nondiseased individuals to
identify separation cut offs. To identify the discriminating value, we need to test nondiseased
subjects and subjects with AD (EP24-A2).

Benefits and Risks of applying the biomarker in drug development or a clinical trial.

Patients with AD are heavy users of long-term care services, especially nursing homes, with
estimated annual costs upward of tens of billions of dollars nationwide. Much of the fiscal burden
is borne by state and federal governments — and thus taxpayers — through the Medicaid and
Medicare programs. Disease prevention and treatment, even though targeting only a percentage of
individuals, could reduce these costs and be beneficial in term of care for individuals and their
families.

Free Copper is intended to be part of a drug development program tailored to individuals with the
potential to develop AD on the basis of their susceptibility for copper imbalance: applying anti-
copper based prevention programs or interventions could save millions or even billions of dollars
while simultaneously improving care.

Among the anti-copper based treatment, Zinc therapy has replaced D-penicillamine as first-line
therapy for Wilson disease, because of its safe profile. New guidelines reflect the paradigm shift in
treatment that has occurred in recent years for Wilson disease [143], and has been recently
foreseen for AD as well [144, 145].

The use of zinc in AD patients has been studied in several trials (Table 6) and has the ultimate goal
of counteracting amyloid dysregulation by mobilizing copper from AB plaques, to promote the
redistribution of metals from the brain to the bloodstream. Furthermore, zinc supplementation is a
powerful driver for neurotrophic signaling and neuronal plasticity mediated by increased levels of
the Brain-derived neurotrophic factor (BDNF) [146] and that AD patients suffer for a slight zinc
deficiency, as per existing meta-analyses [11, 147].

Such a treatment will take advantage of the availability of zinc drugs in the market at low cost with
beneficial effects in terms of timing of drug availability for the public and limited costs for the Health
Care System.

The utility of our biomarker relays in the stratification of people with an increased susceptibility to
the AD based on copper abnormalities who can benefit of specific preventive or treatment
intervention directed to reduce the toxicity of copper in the body. In a drug developmental program
focusing on the hypothesis that anti-copper based therapy might halt the development of dementia
in early stage patients, even should such treatments become available, systematically screening the
over-50 population for Free Copper would only become cost-effective.

Describe any current knowledge gaps, limitations and assumptions in applying the biomarker
in drug development or a clinical trial.
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Zinc therapy is based on the use of zinc compounds at a dosage of 100-150 mg/day that induces
body copper balance to become negative, reverting copper compartmentalization and distribution
from the blood to organs and tissues, including the brain [148, 149]. Zinc is an essential trace
element that is tightly bound to proteins and peptides and acts as a crucial component for proper
protein folding or as the catalytic/co-catalytic element required for the activity of many enzymes.
Regardless of the ligand, zinc blocks the intestinal absorption of copper from the diet and
reabsorption of endogenously secreted copper such as that from the saliva, gastric juice and bile,
facilitating the production of metallothionein’s in the enterocyte, a protein that binds copper. Zinc
reduces copper absorption by potentiating 25-fold expression of metallothionein’s, thereby
preventing its serosal transfer into the blood, reducing Free Copper pool expansion in serum. Being
a low molecular weight copper pool, excess Free Copper crosses the BBB, partaking into
neurodegeneration processes. The metallothionein - bound copper in the enterocyte is then lost in
the stool following desquamation of the intestinal cells. On this basis, Zinc (dosage 100-150 mg/day)
has been used since 1958 in the treatment of Wilson disease, the paradigmatic disease of copper
accumulation and intoxication, typified by increased levels of Free Copper.

Initial studies of Zinc supplementation in AD patients were originally undertaken by Constantinidis
[57, 150, 151] and also later suggested by Burnet [152] (Table 6). A recent review [27] summarizes
findings on the potential beneficial effect of Zinc therapy on cognitive decline, that derive essentially
by studies with a small sample size. For example, a study evaluating 10 AD individuals treated in a
period from three months to a year showed improvement in memory: for 8 patients, improvement
of memory, understanding, communication, and social contact were evident [57, 150, 151]. Another
study carried out on 4 individuals suggested modest improvements on MMSE after 3 months [58]
and another on altered brain waves activities [153]. A subsequent phase Il clinical trial carried out
by George Brewer [64] on 42 AD patients revealed in a post-hoc subset analysis in the oldest three
qguartiles of the patient sample significant improvements in some cognitive domains [64].
Furthermore, the ZENITH study, a randomized double-blind placebo-controlled study carried out in
387 healthy older adults (aged 55-87 years) taking an oral dose of 0, 15, or 30 mg/day zinc, revealed
an effect in both the treatment groups, consisting in a significant treatment vs. time interaction for
spatial working memory errors (requiring frontal and temporal lobe activation), although long-term
benefit was unclear [154, 155]. All the studies (depicted in Table 6) did not employed Free Copper
as an inclusion criterion for eligibility to participate to the clinical trial, this representing a major
limitation, and furthermore, they were hampered by having a small sample size and an advanced
patient disease stage.

All these issues and shortcomings can be easily addressed and resolved by maximize the possibility
of early intervention, investigating individuals diagnosed as MCI [110-117] and who have values of
Free Copper higher than 1.6 umol/L (normal reference range 0.1 - 1.6 umol/L; [70]), and evaluating
the power of the study and calculating the size of the sample on the basis of the primary clinical
outcome.

As previously discussed, the low sensitivity of Free Copper may limit its utility in drug development.
However, in a clinical trial setting, it would prevent the exposure to treatment risks to patients who
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might otherwise not expect the same benefits based on treatments aimed at regaining copper
balance in the body.

48





LOI — FREE COPPER IN AD IGEA RESEARCH CORPORATION

SECTION 7 SUPPORTING INFORMATION

Provide underlying biological process or supporting evidence of association of the biological process
with the biomarker.

Copper is an essential trace metal controlling human physiology. Brain cells use copper during
development, and it is indispensable in vital processes such as respiration, energy production,
formation of myelin sheath around neurons, synthesis of neurotransmitters, immune system
responses, collagen and pigment synthesis and wound healings.

The underlying biological processes of the association of Free Copper with AD becomes clearer when
considering the biological processes underlying copper altered metabolism occurring in Wilson
disease. Wilson disease is a paradigmatic disease of copper-related toxicosis. The ATP7B mutations
result in the defective functioning of the ATPase7B copper pump affecting the loading of copper
into the nascent hepatic ceruloplasmin [64, 148, 156, 157]. Wilson disease is also characterized by
the increased extrusion of Free Copper from the liver. The increased levels of Free Copper promote
metal accumulation in the liver, the cornea (where Cu produces the pathognomonic Kayser-
Fleischer rings), the brain, and other organs of Wilson disease patients. The pool of Free Copper is
exchanged with albumin, a2-macroglobulin, peptides, and low molecular weight amino acids (Table
8). Blood Free Copper levels above the physiological value of 1.6 pumol/L [68-70, 73] cross the BBB
and accumulates in crucial brain areas such as the basal ganglia, thalamus, and upper brainstem
[158]. The increased copper uptake in the brain is coupled with a decrease in cation extrusion by
the endothelial cells of the BBB, thereby enhancing the copper dysregulation of the brain. The
damaging effects of Free Copper occur primarily through the production of oxidative stress
(reviewed in [14]) via Fenton-like and Haber-Weiss reactions [159, 160]. Copper is buffered by the
astrocytes that belong to the neurovascular unit and are located in the proximity of the BBB
(reviewed in [14]). Long-term exposure to high copper levels results in astrocytes impairment,
which reverberates on nearby cells of the brain, including neurons and oligodendrocytes, and help
in the production of neurodegenerative processes [158]. Similar mechanisms may occur in the
subset of AD patients showing serum Free Copper excess, as detailed in Section 6 Clinical
considerations.

A study, particularly, is of interest since it reported Wilson disease and AD share similarities achieved
by a diresct comparison of serum copper, ceruloplasmin, Free Copper and Cu:Cp in 385 AD patients,
336 healthy controls and 9 newly diagnosed Wilson disease patients [26]. Moreover, data of 24h
copper urinary excretion in 24 Wilson disease patients under D-penicillamine treatment and in 35
healthy controls were compared with results of AD patients participating to a D-penicillamine phase
Il clinical trial previously published [59]. After adjusting for sex and age, serum Free Copper and
Cu:Cp resulted higher in AD and in Wilson disease patients than in healthy controls (both p<0.001).
24h urinary copper excretion in AD patients (12.05ug/day) was higher than in healthy controls
(4.82pg/day; p<0.001). 77.8% of the AD patients under D-penicillamine treatment [59] had a 24h
urinary excretion higher than 200 pg/day, suggestive of a failure of copper control [26].
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Copper dyshomeostasis in AD is less severe compared to that in Wilson disease that shows increased
levels of copper in the brain. However, this refers to the final stage of the disease when the patient
has died, and post-mortem inspection is done. The number of studies investigating copper brain
values in Wilson disease is scanty, mainly case reports, with only three bigger surveys [161-163].
Generally, it is reported that 40% of Wilson disease patients have levels of brain copper higher than
normal [164, 165]. Long Evan Cinnamons rat and toxic milk mouse are two animal models of Wilson
disease bearing natural mutations of the ATP7B gene [166]. They share many of the pathological
and biological features of the human disease [166], expressively excess Free copper, even though
they rarely show any apparent neurological abnormalities [164]. Never-the-less, they can be help to
explain the dynamics and progression of copper imbalance and build-up in Wilson disease brain. In
both LEC rat and toxic milk mouse brain copper is normal (toxic milk [166]) or significantly lower
(LEC [128]) than in the wild-type animal up to the age of 20 (LEC) or 48 weeks (toxic milk), in line
with decreased levels of brain copper in AD as shown in meta-analysis (Table 1; Figure 2). In animal
models of Wilson disease, copper build up in the brain (about 6 times higher than normal) occurs in
the final stages and corresponds to the most severe phase of the disease that precedes death, when
huge quantities of copper are released from the damaged hepatocytes and then settles in the brain
[166]. The picture gleaned from copper meta-analyses in AD (Table 1; Figure 2), consisting of Free
copper excess in serum/plasma and decreased levels of copper in the brain finds biological
plausibility in the models of Wilson disease depicted above that set copper imbalance in AD as a
very early (mild severity) stage of the Wilson disease. This hypothesis is anecdotally substantiated
by the case report of a patient diagnosed with probable AD and presenting copper build-up in
Kayser-Fleischer rings [20].

Summary of existing preclinical or clinical data to support the biomarker in its COU (e.g.,
summaries of literature findings, previously conducted studies).

Searches performed on ‘Scopus’ research engine employing the terms «Copper» and «Alzheimer’s
disease» retrieved 3,009 documents (Figure 3); the stratification by ‘subject area’ reveals that 26%
of the papers published come from the biochemistry area, 17 % from medicine, 16% from
Neuroscience, 13% from chemistry and 9.2% from pharmacology. A brief summary of this literate is
provided herein.

FIGURE 3: OVERVIEW OF THE LITERATURE ON THE TOPIC «COPPER» AND «ALZHEIMER’S DISEASE»
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Journal subject area (n. publications;%)

H Other (356; 6.8%)

B Multidisciplinar journals (83; 1.5%)

m Agricultural and biological sciences (99; 1.8%)
Psychology (159; 2.8%)

B Chemical engineering (177; 3.2%)

B Material sciences (181; 3.2%)

B Pharmacology toxicology and pharmaceutics (517; 9.2%)

B Chemistry (708; 12.6%)

W Neuroscience (887; 15.8%)

W Medicine (970; 17.3%)

M Biochemistry, genetics and molecular biology (1459; 25.7%)

Figure 3: Pie chart illustrating the literature published on the topic «Copper» and «Alzheimer’s
disease». Search on the Scopus research engine retrieved 3,009 scientific articles; the stratification
by 'subject area' reveals that 25.7% of the paper published comes from the Biochemistry area, 17.3
% from Medicine, 15.8 % from Neuroscience, 12.7% from Chemistry and 9.2% from Pharmacology.

The Alzheimer’s disease and copper connection: review of the biochemistry literature

Biochemistry studies investigating copper imbalance in AD have been centered on inorganic and
coordination chemistry and primarily focused on the interaction between copper and AB or the AB
APP, a Cu-binding molecule [160]. The APP/AB system plays a critical role in the pathogenesis of
AD. Recent evidence indicates that the proteins are also critically involved in the transport of
neuronal copper at the synapse where the ion acts as modulator of learning and memory processes
(reviewed in [13, 14, 167]). Loosely bound copper contributes to AB oligomer formation and its
precipitation within amyloid plaques (reviewed in [13]). In parallel, the redox properties of the
metal, are critically involved in the production of oxidative damage and lipid peroxidation [168-171].
Robust evidence indicates that: 1) APP is a copper protein that binds and reduces copper from Cu(ll)
to Cu(l) [160], thereby facilitating Cu-induced toxicity in cell cultures and oxidative stress through
the production of H,0; [172]; 2) AB plaques are highly enriched in metals like copper or zinc [160,
173, 174]; 3) in preclinical AD models, AB plaques can be dissolved by copper chelating agents [146,
173]. Of note, the interaction between copper and AP is also likely to occur strategically in the
synaptic cleft where both are available at high concentrations (reviewed in [13]). Moreover, recent
evidence implicates altered copper homeostasis in tau pathology, the other key hallmark of AD. In
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vitro and in vivo findings suggest that copper promotes tau deposition by modulating kinases
involved in peptide phosphorylation and by triggering self-aggregating conformational changes
[175], thereby resulting in the formation of misfolded, high molecular weight tau adducts.

The Alzheimer’s disease copper connection: a review of the medical literature

Most of the AD-Cu related studies published in the medical area are focused on the evaluation of
copper levels in a variety of organs and biological matrices like serum, plasma, cerebrospinal fluid,
brain, hair, or nails. Meta-analyses (Table 1) of these data have provided consistent results
supporting the notion that AD patients fail to maintain a correct metabolic balance and distribution
of copper in the body, mainly consisting in serum Free Copper excess [9], decreased levels of copper
in the brain [12], along with copper increases in serum/plasma [6, 7, 9-11] (Table 1), despite the lack
of concurring changes in ceruloplasmin levels [8]. The copper increase in serum can be explained
by the occurrence of increased levels of Free Copper [26] (Table 2). These clinical findings led to the
hypothesis that: “...there are 2 neurodegenerative diseases with abnormalities in Cu metabolism: (a)
the juvenile form with degeneration in the basal ganglia (Wilson disease) and (b) the age related
form with cortical neurodegeneration (Alzheimer's disease)... [144].

In the AD brain, the progressive increase of labile (Free) copper pool is consistent with the parallel
presence of an expanded pool of Free Copper in the blood [25, 125].

Copper disturbance in AD can be described by a loss of functional copper from protein-bound pools
that reduces energy production and oxidative stress control, and a gain of redox-toxic function that
is described by a bigger pool of copper loosely bound to proteins (reviewed in [13]).

As described before, in patients with AD, Free Copper correlates with the appearance of changes in
brain activity [17, 85, 176], signs of brain atrophy [15, 30], pathological CSF levels of AB and tau
protein [25], a worse prognosis [22] and it increases the susceptibility to AD approximately threefold
[21, 33]. Increased levels of Free Copper have been also associated with worse cognitive
performances in patients affected by MCI [21, 23] as well as deficits in cognition in healthy age-
matched subjects [31]. Altered copper levels have been also linked to functional and structural
changes like brain rhythms alterations assessed with EEG [21, 23, 24, 177] as well as atrophic [28]
and cerebrovascular pathological burden [15]. Substantial evidence shows that changes in Free
Copper levels in the serum, plasma, CSF, and brain tissue of AD patients are associated with the
increased occurrence of cognitive deficits and faster transition from different stages of the AD
continuum (reviewed in [14]).

Genetic evidence lends further support to the AD-Cu liaison. Free Copper is associated with higher
frequency of specific variants of the ATP7B gene that increase the risk for AD [16, 19, 35-37, 98, 100,
129, 178-183] (Table 2, Table 3, Table 4). The gene variants rs1061472 and rs732774 of ATP7B are
SNPs that modify expression and function of the ATPase7B protein inducing a decrease in the
activity of ceruloplasmin [19, 72, 126, 180] and are associated with a higher risk of AD and a higher
fraction of Free Copper in serum [19, 100, 180].
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Alzheimer’s disease copper connection: review of the neuroscience literature

A number of scientific articles evaluating measurements of electrical activities in cell cultures
models have been included in this category (reviewed in [184] and in [167]). A bulk of evidence
comes from studies in experimental models focused on the investigation of the causative correlation
of copper and Free Copper in AD development and progression (reviewed in [185] and [186]; Table
5).

At least four lines of evidence converge towards a key role played by copper imbalance in shaping
the course of the disease.

First, copper has been shown to be highly enriched in the core of senile plagues of AD transgenic
models, a finding reminiscent of what observed in human brain samples [187].

In a seminal study published in 2003, Sparks and Schreurs demonstrated that, in a cholesterol fed
rabbit model of AD, adding trace amounts of 0.12 ppm (0.12 mg/L) copper to distilled drinking water
resulted in significantly enhanced cognitive waning. It also exacerbated amyloid plaque deposition
to that of control animals [46]. This finding was somehow provocative, as it led to concerns about
the content of copper in drinking water leached from copper pipelines. Other studies in the line,
demonstrates that copper supplementation in drinking water worsen AB- and tau-pathology leading
to deterioration of cognitive performances [188]. The study by Singh et al (2013) [53] provided
specific emphasis on the causative role that Free Copper might play in AD onset and progression
[53]. Singh et al. [53] studied normal mice (wild type) and a mouse model of AD (ABPP transgenic
mice) exposed to 0.13 ppm of copper sulfate for 90 days levels of copper via drinking water, which
doubled plasma concentrations of Free Copper. This caused either a reduction of CSF AB clearance
across the BBB in wild-type mice, or an identical effect, along with an increase in AB production in
the transgenic mice. This study searched for and provided evidence of an increase of Free Copper
as a vehicle of this metal, able to pass through the BBB filter, reach the brain, and partake in the AD
cascade, thus, proposing the concept that that Free Copper is a causative risk factor for AD.
Mechanistically, increased Free Copper levels reduce AR clearance and trigger aberrant activation
of CDKS5, a kinase involved in tau hyperphosphorylation [46, 188].

Indirect evidence for an involvement of copper in AD pathogenesis comes from the use of anti-
copper-based therapies as copper chelating agents and Zinc therapy (Table 6). In vivo
administration of these compounds markedly and rapidly reduced AB accumulation and cognitive
deficits in mouse models of AD [173, 174, 189]. Of note, a recent report showed that zinc
administration, here employed as in Wilson disease to reduce systemic copper absorption, was
effective in reducing tau phosphorylation in a transgenic mouse model of tau pathology [188]. The
approach, although sub-optimal as does not account for the sole effect of zinc on brain functioning
[146, 190], further support the idea that a drug development program focusing on anti-copper
based treatments could be beneficial to counteract AD.

Finally, some reports, taking advantage of a PET-based copper tracer (**Cu-GTSM), identified overt
signs of altered copper metabolism in TASTPM and ABPP/PS1 transgenic mice, two widely employed
models of AD-like amyloidosis [191]. The studies also provide the tools for testing the relevance of
copper tracers in Neuroimaging settings.
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Summary of any planned studies to support the biomarker and COU. How will these studies
address any current knowledge gaps?

1) To expand on the findings above, we are conducting a meta-analysis of the available data
and a replication study of Free Copper in AD accounting for ATP7B gene variants (Figure 2; [124]).
The meta-analyses is based on published studies comparing Free Copper in AD patients to healthy
controls in the following three sets: data on Free Copper in serum and plasma pooled together,
Copper in brain tissue, and in serum alone. The replication study evaluates the Free Copper levels
in AD patients and healthy controls in association with ATP7B rs1061472 and ATP7B rs732774
variant frequency, in order to evaluate the effect of Free Copper on the probability to have AD in
carriers of the ATP7B risk haplotype. These studies will allow us to refine and reinforce our
understanding of the connection between Free Copper, AD and the gene variants rs1061472 and
rs732774 of ATP7B and will provide a basis for further prospective studies.

2) Outside her IGEA Research activity R. Squitti is engaged to an Italian research consortium to
carry out a no-profit Phase Il clinical trial proof-of-concept funded by the Alzheimer’s Association
(number PTC-19-602325; EudraCT No.: 2019-000604-15) to validate the hypothesis that regaining a
normal level of Free copper (0.1-1.6 umol/L) in MCl individuals exhibiting Free copper levels higher
than 1.6 umol/L will delay or stop the MCI progression to symptomatic AD. Results from this study
will be hopefully available in 4 years and if successful immediately provide a cure for a Cu-MCI/AD
subset of patients, since Zinc is already available in the market at a very low cost. Through a 24
months prospective, randomized, double blind, parallel, placebo controlled phase Il clinical trial,
with Zinc therapy in MCI, the proposal is aimed at:

Aim 1: demonstrating a reduction of the rate of conversion from MCI to full AD along with the
clinical worsening in the Zinc treated subjects;

Aim 2: establishing Free copper as a biomarker of a specific Cu-MCI/AD subtype;
Aim 3: identifying genetic variants, which can predict response to Zinc treatment.

Inclusion criteria: MCl subjects who exhibit Free copper higher than 1.6 umol/L and either positive
AD-related biomarkers (AR peptides, h-Tau, p-Tau in CSF) or evidence of brain amyloidosis by
Florbetapir (18F)-PET scanning.

Study design: Zinc dosage: 135 mg/day of elemental zinc for 11 weeks then 67.5 mg/day till the end
of the trial. Sample size: 65 (placebo)+130 (Zinc treated) =195 MCI will allow to detect differences
at two sided alpha level of 0.05 with a power of 0.80. 10% attrition so the sample size is 215 using
Cognitive Composite 2 (CC2; [192]) as primary outcome at 0, 6, 12, 18 and 24 months. EFFICACY
PRIMARY OUTCOME: CC2 [192]. Efficacy secondary outcomes: i) cognitive: a neuropsychological
battery including revised ADAS-Cog, RBANS, MMSE, DAD, CDR-SoB e RUD), ii) biochemical (Free
copper, zinc, iron, copper, transferrin, ceruloplasmin); iii) Rare variants as well as common
polymorphisms in ATP7B and MT gene encoding for metallothioneins and APOE4 will be related to
the response to treatment.

Please describe alternative comparator, current standard(s), or approaches.

Several methods have been set up for the measurement of Free Copper in serum so far, based on

different techniques (Table 9, Table 10). A first differentiation can be made based on not direct and

direct methods. Not direct methods, as for example the widely used mathematical algorithm known

as Walshe’s index [70], are based on the subtraction of the calculated quantity of the copper bound

to ceruloplasmin from the total concentration of copper in the blood serum; briefly: CB =
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ceruloplasmin (mg/dL) * 10* n; n=0.0472 (umol/mg); Free Copper = absolute serum copper — CB.
This calculation expresses Free in umol/L and is based on the fact that ceruloplasmin binds 6 atoms
of structural copper, which is equivalent to ceruloplasmin containing 0.3% copper (weight
percentage of copper in Cp): [6 (atoms of Cu) ¥*63 mass atom U (Cu molecular weight)/132 KDa (Cp
molecular weight)] * 100=0.3% [70]; this algorithm is applied in Wilson disease as per established
guidelines [68].

Regarding the direct method, the experimental determination of Free Copper is generally
performed in two steps: the first consists of the separation of the copper bound to ceruloplasmin
and the other cuproenzymes of the pool of firmly-bound species of copper from the pool of loosely-
bound species of copper [solid phase extraction or ultrafiltration). The second involves the
measurement of copper levels in the filtrate.

Other differentiations can be made based on the copper measurement technique employed and,
on the procedures, employed to isolate the pool of loosely bound species. Table 9 provides details
about the different methods employed so far. As reported in Table 9, the most used analytical
methods for measuring total serum copper (bound and free) are: atomic absorption spectrometry
(AAS), X-ray fluorescence spectrometry (XRF), ICP-MS, and colorimetric or fluorescent probe
automated methods. Advantages and disadvantages of the metal assessment techniques are briefly
discussed in Table 9. While AAS and ICPMS have high costs and need specialized technical personnel
or staff and generally represent facilities in Department Academic infrastructures, the colorimetric
methods have a higher affordability and easiness deriving from their application on automated
biochemical analyzers used in a clinical setting, also in small size clinical pathology laboratories. On
the other hand, AAS and ICMPS techniques provide very high sensibility and precision data, even
further the clinical application needs.

The gap between the advantages and disadvantages has narrowed since the early 2000s, as much
as ICP-MS equipment at relatively lower costs and with fewer needs for specialized personnel have
been introduced on the market. Starting from the years 2005 several new methods have been
developed for the measurement of Free Copper. Different groups faced this issue also focusing on
different clinical applications (Table 10). Not only academic research but also the implementation
of methods with potential clinical applications started to be pursed. The first device that has been
proposed in the market has been the McMillin method in 2009 [69], focused on the clinical
application of Wilson disease. If on the one hand, Free Copper as a biomarker of Wilson disease had
had certainly a high impact on clinical management of a severe and insidious disease as Wilson
disease that has a spread range of disease presentation (from hepatic to psychiatric and neurological
symptoms), on the other hand, Wilson disease is a rare disease, so the method had low commercial
revenues, and this impacted on resources and efforts spent on further commercial developments.
Therefore, most of the interest in Free Copper implementation and applications came back to the
academic setting with new developments starting from 2018, employing some highly sophisticated
technique of copper speciation, able to be distinguished single copper components in the Free
Copper pool. Most of these new techniques employing high-performance liquid chromatography
(HPLC) - ICP-MS that are challenging in terms of amount of technical expertise needed to perform
the method, and also in terms of high costs, even though the amount of data and information they
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provide is very high level and exceeding the clinical application needs. In parallel to the technological
evolution on the method for detection of Free Copper previously discussed, development in terms
of clinical application has been implementing starting from 2005. A number of studies from different
groups connected copper and Free Copper to the etiology of Alzheimer’s disease and other
neurological disorders [149]. In 2014, data about AD have been collected and evaluated through
meta-analyses demonstrating an increase of Free Copper in the disease [9]. In most of these studies,
the not direct methods, as for example the Walshe’s index [70], has been employed, since they had
a clinical setting basis, thus applied method inherited from Wilson disease clinical practice. These
findings fueled interest in developing Free Copper methods with easiness and affordability
advantages to allowing the clinical application, as for example a new fluorescent method [18]
proposed in the market in Italy in 2015 (06 — Dispositivo diagnostici in vitro 1102010600 -Copper Cu;
CE certification). The IGEA Free Copper tool has been implemented to overcome the fluorescent
method drawback derived from shortage fluorescence decay and lability of the fluorescent probe.
The IGEA Free Copper tool employs ICP-MS technology plus ultrafiltration and it has been adapted
to assess Free copper in small serum volumes that can be easily collected and transported for testing
in a centralized laboratory.
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SECTION 8 PREVIOUS QUALIFICATION INTERACTIONS AND OTHER APPROVALS

We had applied previously in an obsolete format (#DDTBQP000098) that was subsequently

withdrawn.
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SECTION 10 LONG TERM OBJECTIVES/GOALS

Please provide biomarker development effort as part of a longer-term goal, please summarize your
long- term objectives.

We will spend efforts to set up a research network of centers among the best excellence in the field
devoted to degenerative dementias. The network will be responsible for conducting future multicenter
trials and represents an ideal setting to capture large volumes of invaluable biological and clinical, as
well as neuroimaging data. Our perspective contrasts with the limited translational research use of
biomarkers in most prior clinical trials, recognizing precision medicine as a unique opportunity to
maximize data science and landmark investments with the long-term goal of tailoring preventive and
treatment interventions on the individual needs of people at risk to develop AD (Figure 3).

PLANNED ACTIVITIES TOWARD LONG TERM OBJECTIVES

Our long-term objective include determination of a new therapeutic approach based on Zinc therapy to
delay the insurgence of AD in MCI subjects susceptible to copper exposure.

Activity 1 (Obj 1.1), US based Phase Il clinical trial with Zinc therapy: to demonstrate a reduction of the
rate of conversion from MCI to full AD along with the a slowing of clinical worsening in MCI subjects
treated with 100-150 mg/day Zinc, in a two years phase Il, double blind, placebo controlled clinical trial
of 215 MCI with Free Copper higher than 1.6 puMol; primary clinical outcome: Cognitive Composite 2
(CC2) [192]; inclusion criterion: CSF AB and Tau positive; Free Copper higher 1.6 umol/L). Duration: 36
months divided in existing site activations (2 months); screening phase (10 months); Double blind phase
2 (24 months); statistical analyses (2 months).

Activity 2 (Obj 1.2): To confirm that Free copper as the elective biomarker of a specific MCI-AD subtype
susceptible to copper exposure and responding to Zinc therapy (12 months).

Activity 3 (Obj 1.3): to identify genetic variants, which can predict response to the Zinc treatment, by
employing a target sequencing approach; main candidates genes: ATP7B and MT genes encoding for
proteins that control copper and zinc level/transport (copper chaperons/transporters, and
metallothioneins) (12 months).

SCIENTIFIC SERVICE AND INFRASTRUCTURE DEVELOPMENT (SSID):

SSID1: creation and activation of a new clinical pole for performing Phase Il clinical trial with Zinc
therapy as anti-copper-based treatment in MCI subjects with Free copper >1.6 umol/L

SSID2: creation and activation of a new Centralized Laboratory where to apply translational research
applied to precision medicine

SSID2.1: creation and activation of a new Centralized Laboratory

SSID2.2: development of a new patentable product or array based on genetic and biochemical
assessments to typify MCI-AD subjects affected by copper dyshomeostasis who can take clinical benefit
from the administration of a Zinc therapy
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FIGURE 3. LONG-TERM OBJECTIVE PLAN
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SECTION 11 ADDITIONAL INFORMATION

ATTACHMENT 1 - CLSI VALIDATION (FREE COPPER ICPMS IGEA METHOD)

ATTACHMENT 1

CLSI VALIDATION
Free Copper ICPMS IGEA method

Analysis was made by analyze-it as suggested by the
Clinical and Laboratory Standards Institute

CLSI

Direct Measurement of Free Copper in Serum Ultrafiltrate

IGEA Research Corporation
2600 SW 3rd Avenue 350,
Miami, FL 33129

Dr. Valentine Negrouk (Technical Expert)
Dr. Valentina Panetta (Statistical Expert)
Dr. Rosanna Squitti (Final Review and Approval Authority)
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The CLSI validation section of free copper ICPMS IGEA method includes following sections as
described below:

e Introduction

e Precision (EP05-A3)

e Linearity (EP06-A)

e Limit of detection (EP17-A)
e Recovery

INTRODUCTION

The IGEA Free Copper test is a method for direct measurement of Free Copper in serum
ultrafiltrate by inductively coupled mass spectrometry (ICPMS). Procedures from Clinical and
Laboratory Standards Institute (CLSI) were employed for validation of the Free Copper IGEA
test. In particular, the EP05-A3 (Evaluation of Precision of Quantitative Measurements
Procedures; Approved Guideline — Third Edition), the EPO6-A method evaluation (Evaluation of
the Linearity of Quantitative Measurement Procedures: A Statistical Approach; Approved
Guideline), EP17-A (Protocols for determinations of Limit of Detection and Limit of quantitation;
approved guidelines) and Recovery were applied. StatisPro Methods evaluation software (from
CLSI version 3.02.2) was used for these analyses.

PRECISION (EP05-A3)
A 20X2X2 design was used to evaluate precision, considering 20 non consecutive days, 2 runs per day
and 2 replicates per runs.

Evaluation was made on

a) sample with “average” value with mean=1.21 umol/L

b) sample with low value with mean = 0.86 pmol/L

c) sample with high value with mean=2.08 umol/L
A single reagent lot and a single calibrator lot are used, and all testing is performed with a single
instrument at a single site

Two-way ANOVA show a good precision (CV<5%) in three groups with a higher precision in the group
with higher values

Attachment 1 Table 1 Precision (A)

Precision
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Within Within
Repeatability Repeatability Laboratory Laboratory
Mean SD cv SD cv
1.209 0.048 4.0% 0.061 5.0%
Exact / MLS
Component | % of Total SD 95% Cl cv
Repeatability 63.8% 0.048 0.040 to 0.062 4.0%
Between Run 14.0% 0.023 0.000 to 0.049 1.9%
Within Day 77.8% 0.053 0.045 to 0.069 4.4%
Between Day 22.2% 0.029 0.000 to 0.052 2.4%
Within Laboratory 100.0% 0.061 0.053 to 0.077 5.0%
Attachment 1 Table 2 Precision (B)
Precision
Within Within
Repeatability Repeatability Laboratory Laboratory
Mean SD cv SD Ccv
0.862 0.035 4.1% 0.059 6.8%
Exact / MLS
Component | % of Total SD 95% ClI cv
Repeatability 36.0% 0.035 0.029 to 0.045 4.1%
Between Run 18.3% 0.025 0.000 to 0.045 2.9%
Within Day 54.3% 0.043 0.036 to 0.057 5.0%
Between Day 45.7% 0.040 0.021 to 0.064 4.6%
Within Laboratory 100.0% 0.059 0.050 to 0.078 6.8%
Attachment 1 Table 3 Precision (C)
Precision
Within Within
Repeatability Repeatability Laboratory Laboratory
Mean SD cv SD Ccv
\ 2.080 0.056 2.7% 0.092 4.4%
Exact / MLS
Component | % of Total SD 95% ClI cv
Repeatability \ 37.8% 0.056 0.046 to0.072 2.7%
Between Run \ 12.8% 0.033 0.000 to 0.063 1.6%
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Within Day 50.6% 0.065 0.055 to0.085 3.1%
Between Day 49.4% 0.064 0.038 to00.102 3.1%
Within Laboratory \ 100.0% 0.092 0.077 to0.122 4.4%

LINEARITY (EP06-A)
Nine concentration levels and 2 replicates at each level was tested

Attachment 1 Figure 1 and Attachment 1 table 4 show concentrations level used and data distribution.
Regression models (table 5) show that factor of second or third order are not significant.

3.4 A

3.2 -

2.8 A

Linear fit

2.6 A
+ Mean

Free copper umol

2.4 A

2.2 A

1.8 \
26 29 32 35 38 41 44 47 50
Dilution

Attachment 1 Figure 1 Linearity

Attachment 1 Table 4 Concentration level and linearity

Relative
Dilution Linear fit Nonlinear fit Nonlinearity 95% ClI nonlinearity

26 | 1.827 - - - to- )
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29
32
35
38
41
44
47
50

2.000
2.174
2.347
2.520
2.693
2.867
3.040
3.213

IGEA RESEARCH CORPORATION

to -
to -
to -
to -
to -
to -
to -
to -

No 2nd/3rd order polynomial fit is statistically better than a linear fit at the 5% significance level.

Attachment 1 Table 5 regression models

Fit Model
Linear fit
RMSE | 0.121
Parameter | Estimate SE t DF p-value
Constant | 0.3255 0.14239 2.29 16 0.0362
X | 0.05775  3.6715E-03 -256.64 16 <0,0001
2nd order polynomial fit
RMSE | 0.125
Parameter | Estimate SE t DF p-value
Constant 0.4129 0.78564 0.53 15 0.6069
X 0.05295 0.042550 -22.26 15 <0,0001
X2 6.313E-05  5.5764E-04 0.11 15 0.9114
3rd order polynomial fit
RMSE | 0.127
Parameter | Estimate SE t DF p-value
Constant | 3.155 4.5581 0.69 14 0.5002
X | -0.1750 0.37550 -3.13 14 0.0074
X2 0.006212 0.010078 0.62 14 0.5475
X3| -5.393E-05  8.8262E-05 -0.61 14 0.5509

LIMIT OF DETECTION (EP17-A)

Sixty measurements (12 replications on 5 samples) on blank and 60 measurements (12 replications on 5

samples) on low-levels samples were carried out. Alpha and Beta error were fixed at 5%.

The LOB estimated is 0.0002 and the LOD is 0.0397
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Attachment 1 Table 6 detection limits
Detection Decision

Critical value

N Mean SD Alpha (LoB)
Blank material \ 60 0.00010 0.00008 5% 0.0002
Detection Limit
Detection
N Pooled SD Beta limit (LoD)
Non-blank material ‘ 60 0.02387 5% 0.0397

RECOVERY

Nine replications were used to evaluate recovery in samples added with 0.5 umol/L, 1 umol/L, 2 umol/L,
3 umol/L e 5 umol/L, compared with the one added with only water. Recovery rate range between 95%
and 96% with a median value of 95%

Attachment 1 Table 7 Recovery

Recovery %
Standard Free Copper serum + 0.5 umol/L 96
Standard Free Copper serum + 1 umol/L 95
Standard Free Copper serum + 2 umol/L 95
Standard Free Copper serum + 3 umol/L 94.6
Standard Free Copper serum + 5 umol/L 95
Mean Value 95
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ATTACHMENT 2- CLINICAL LABORATORY IMPROVEMENT AMENDMENTS (CLIA)

ATTACHMENT 2

Clinical Laboratory Improvement Amendments (CLIA)

IGEA Research Corporation
2600 SW 3rd Avenue 350,
Miami, FL 33129

By IGEA RESEARCH CORPORATION
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é E CENTERS FOR MEDICARE & MEDICAID SERVICES ; i
CLINICAL LABORATORY IMPROVEMENT AMENDMENTS
CERTIFICATE OF ACCREDITATION
LABORATORY NAME AND ADDRESS CLIA ID NUMBER
o IGEA RESEARCH CORPORATION 1002106042
2600 SW 3RD AVE STE 350
A MIAMI, FL 33129 EFFECTIVE DATE A
03/22/2019
LABORATORY DIRECTOR EXPIRATION DATE
RAJAM GIDWANI M.D. 03/21/2021
Pursuant to Section 353 of the Public Health Services Act (42 U.S.C. 263a) as revised by the Clinical Laboratory Improvement Amendments (CLIA),
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ATTACHMENT 3- STANDARD OPERATING PROCEDURE (SOP)

ATTACHMENT 3

Standard Operating Procedure (SOP)

Direct Measurement of Free Copper in Serum Ultrafiltrate

IGEA Research Corporation
2600 SW 3rd Avenue 350,
Miami, FL 33129

Dr. Valentine Negrouk (Technical Expert)
Dr. Valentina Panetta (Statistical Expert)
Dr. Rosanna Squitti (Final Review and Approval Authority)
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The standard operating procedure for direct measurement of free copper in serum ultrafiltrate
includes following sections as described below:

e Purpose
e Introduction
e Specific Procedure
0 Blood Samples and Serum
0 Electronic Registration
e Back End Specifications — Box Manager and Technician Workflow
0 Equipment and Materials
0 Reagents and Media
0 Preparation of Solutions
0 Procedure of Free Copper Measurement
e Protocol
O Waste Disposal Procedures
0 Chemical Waste Consists of Two Types of Waste
0 Medical or Biohazardous Waste
0 Glass Recycling
e Emergency Procedures
0 Spills and Splashes
Biological Spill Kit
Sample Delivery Overload
Contingency Plan in the Case of Extraordinary Event
Earthquake, and Fire in the Immediate Vicinity
Health Emergencies (Ambulatory)
Health Emergencies (Unconscious)
O Reminders
e References

O 0O O0OO0OO0Oo

Purpose

The presented SOP is required to establish a procedure of the direct measurement of Free Copper
in patient’s blood serum complying with The Good Clinical Practice (GCP) and other internal
procedures and guidelines.

Introduction

Copper (also reported as Cu through the text) is an essential trace metal that is a required co-factor
for the formation and function of many vital enzymes and pathways, such as for example
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hemoglobin and carbohydrate metabolism. By redox cycling between Cu(Il) and Cu(l), the metal
facilitates numerous enzymes in their catalytic reactions [14]. Copper is crucial for central nervous
system development and correct neurophysiology, taking part in brain homeostasis through
pathways governed mainly by the two copper-transporting P-type ATPases (copper-ATPases),
encoded by the genes ATP7A and ATP7B. ATPase7B is expressed in the endothelial cells of the
blood cerebrospinal fluid (CSF) barrier where facilitates copper transport into the CSF, as well as
copper sequestration into the choroid plexus [14].

Defects of ATP7B gene cause an inborn error of copper metabolism known as Wilson disease, a
rare autosomal recessive disorder that leads to an altered distribution of copper in the body. Wilson
disease is typified by a severe depletion of copper bound to proteins, the most relevant of which is
ceruloplasmin, binding 70-95% of copper in the blood, and an increase in the fraction of copper
not bound to proteins, referred as ‘Free” Copper (also known as non-ceruloplasmin Cu). In Wilson
disease, ATP7B mutations cause the failure of copper incorporation into ceruloplasmin and other
copper proteins and enzymes [14], while the Free Copper in serum becomes expanded, bleeding
from the liver, and accumulating in some brain areas, and in the cornea forming the Kayser-
Fleischer rings in the eye. Free Copper a low molecular weight exchangeable copper pool
(exchanged among albumin, 02 macroglobulin, peptides and amino acids) with a low molecular
weight [193]. When it it exceeds the normal values of 1.6 umol/L in the blood, it is toxic as it
crosses the blood brain barrier (BBB) and causes oxidative stress and tissue damage (reviewed in
[14]). Less outstanding Free Copper excess might also be associated with Alzheimer’s disease
(AD), cancer, preeclampsia, dilated cardiomyopathy, inflammation, and biliary obstruction, and
total parenteral nutrition [14, 21, 69, 194-196]. A number of studies indicate that AD patients and
mild cognitive impairment (MCI, a prodromal stage of AD) subjects suffer from a mild copper
dysregulation, with some features shared with Wilson disease, even though the diseases have
different aetiology [14]. In AD, neuronal damage is mainly associated with a peptide, named
amyloid beta (AP) that forms plaques in specific areas of the brain, and with the presence of Tau
proteins that form tangles of filaments within neurons preceding the AP extracellular plaque
formation. Numerous in vitro and animal studies show that Free Copper facilitates the formation
of AP plaques and oxidative stress in the brain associated with neurodegeneration (reviewed in

[14]).

Furthermore, recent meta-analyses demonstrate that patients with AD fail to maintain a
physiological balance and distribution of copper in the body and show increased copper levels in
serum along with an overall copper depletion in the brain, associated to increased levels of Free
Copper in serum (reviewed in [14]). In the AD brain, the progressive increase of the Free Copper
pool is consistent with the parallel increase of the Free Copper pool in the blood, even though the
total copper content, represented by copper bound to proteins, is decreased, especially in the
cerebral cortex [14]. In patients with AD, Free Copper correlates with the appearance of changes
in electroencephalography (EEG) brain activity, signs of brain atrophy, pathological CSF levels of
AP and Tau protein, a worse prognosis and an increase in the susceptibility to AD of approximately
threefold (reviewed in [14]).

Free Copper is also associated with higher frequency of specific variants of the ATP7B gene that

increase the risk for AD [14]. The gene variants rs1061472 and rs732774 of ATP7B are functional
single nucleotide polymorphisms (SNPs) that modify properties of ATPase7B protein and are
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associated with a higher risk of having AD and a higher fraction of Free Copper in serum even in
normalcy [197]. Increases in Free Copper pertains to a percentage of AD patients, a copper-related
AD subtype called ‘CuAD’, characterized by high Free Copper levels, and showing peculiar
clinical, genetic and neurophysiological characteristics [14].

Increased levels of Free Copper are also found in patients MCI [14]. During the very early stages
of cognitive complaints, it accounts for an increased relative risk and for a faster rate of conversion
to AD (in a 6-year survey period) [21]. Slightly elevation of Free Copper also in healthy controls
associates with a worse cognitive performance [31].

The existence of CuAD is supported by EEG-derived brain cortical rhythms alterations, reduced
in all bands in the parietal cortices, and in alpha band in sensory lobes in CuAD with respect to
AD with non-ceruloplasmin copper within normal limits.

Direct measurement of the Free Copper concentrations in human blood serum may provide a useful
tool for the screening, diagnosis, and monitoring of AD and the other pathologies associated with
abnormal levels of Free Copper [69].

Specific Procedure

The presented SOP was based on the protocol established in the process of preliminary research
and development conducted in IGEA Research Corporation. The whole protocol was developed
according [69, 71, 79, 96] with some modifications.

BLOOD SAMPLES AND SERUM:

Blood samples should be delivered by FedEx mail in BDMicrotainer collection tubes with Gold
closure (with clot activator/SST gel). The usual volume of finger-dropped blood used is around
500 pL. Tubes should be immediately registered and centrifuged for 15 minutes at 2500 rpm (1321
g) at 4°C. Serum (200-250 pL) should be collected and stored at refrigerator for the same or next
day processing). Preliminary research showed that serum stored in refrigerator up to 5 days gave
us the same quantity of free cooper as samples processed at the day of delivery. As internal healthy
human standard, we used serum purchased from SIGMA-ALDRICH (Catalog number H4522).

ELECTRONIC REGISTRATION:

The medical assistant (Box Manager) should be responsible for electronic and hard copy
registration of the delivered blood samples. For the electronic registration, the following are
required:
A. Date of a given sample.
B. Date of the day when a given sample was sent.
C. Check showing that this given sample was processed to serum the same day
(show time of processing).
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D. Check showing that this given sample was placed into the refrigerator in A rack
which should be processed the same or next day (rack should be signed with an
indication of the day when sample should be processed for ICP-MS.

Date of ICP-MS processing.

Result (concentration of free copper in patient’s serum expressed in pg/dL).
Indication of sample serum leftover, volume, date of deposition and number of the
box were sample was deposited.

® T m

Back End Specifications — Box Manager and Technician Workflow

a)
b)

c)
d)

e)
f)
9)
h)
i)
)
k)

1)

Kit arrives at the laboratory.

Box Manager (BM) takes care of the kit management after the arrival at the lab and
completes the Kit registration process.

BM logs into his/her account with his/her username and password.

BM opens the envelop and checks the box integrity.

If the box is broken the BM selects the “Broken Kit Email” to be sent by the CRM system;
If the kit box is broken the Box goes into an “Invalid Kits Box”.

If not “c”, BM opens the kit. If the blood tube is missing or broken, BM selects the “Missing
or Broken Blood Sample Email”. The kit goes into the “Invalid Kits Box”.

If not “e”, BM checks consistency between the box and the tube’s serial number.

If numbers are not consistent BM selects the “Inconsistent Serial Numbers email” to be
sent to both serial number customers. The kit goes into the “Invalid Kits Box”.

If not “g”, and the serial numbers are consistent, BM controls that the tube contains at least
500 ml of blood (value to be verifies with biologist).

If the tube does not contain enough blood, the BM select the “Missing Sample Specification
email”. The kit goes into the “Invalid Kits Box”.

If not “i”, BM adds the kit into the system from his/her account by clicking on the “Add a
Kit” button.

m) BM clicks on the “Add a Kit” button, inserts the kit’s serial number, the receiving date and

p)
Q)

the customer’s blood collection date. The system automatically inserts the “Expiring Date”
as the Customer Collection Blood date + 72 hours. Box Manager clicks on “Register Kit”
button.

If the kit has not been registered by the customer on Alz1l.com/kit the BM will receive a
“Warning Message” on the screen. The kit is be saved with status “Not Registered” and
goes into a “Invalid Kits Box”.

If the Blood Sample is expired the BM will receive a “Warning Message” on the screen.
The Box Manager selects the “Blood Conditions Email” to be sent to the customer by the
CRM system. kit is to be saved with status “Expired” and goes into a “Invalid Kits Box”.
The Kit will be registered, and its status will be “To Be Centrifuged”;

BM stores valid and registered kits into refrigerator (around 4°C) by the expiration date
generated by the system.

After completing the registration process of all the “regular” kits the BM collects all the
Invalid Kits for registration.
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All accounts of BMs have a username and password with secure logins. Accounts can be edited,
blocked, deleted. Password can be retrieved. The system collects basic stats on the BM activities.
Time of activity and number of kits processed, number of valid and invalid kits (with specific

s) BM clicks on the “Add a Kit” button. BM inserts the kit serial number and the receiving
date. He clicks on the button “Add”. The system displays a pop up: “Do you want to register
this kit as invalid”. BM confirms and the Kit enters into the system with the “Invalid” status.

reasons.) Stats on total kits are available aggregated by date as well.

Invalid kits will be registered as valid kits, but will be saved as “Invalid”

EQUIPMENT AND MATERIALS:

A. EQUIPMENT:

CONO O WN B

. Eppendorf Refrigerated Centrifuge 5810R

. Eppendorf table-top centrifuge Mini-Spin Plus

. Analytical Balance (Fisher Science Education)

. Mini-Vortex (Fisher Scientific)

. Micropipettes (1-10 pL, 10-100 pL, 100-1000 pL) (Eppendorf)
. Millipore Water Purification System “Simplicity”

. New Brunswick Premium -86°C Freezer

. Refrigerator “Frigidaire”

B. SUPPLIES AND MATERIALS:

[N

CONO O A~ WN

. Storage bottles, 125 ml, 250 ml, 500 ml and 1000 ml (Fisher

Scientific)

. Parafilm

. Eppendorf Tubes 1.5 ml
. Eppendorf Tubes 2.2 ml
. Eppendorf micropipettes tips (1-10 pL, 10-100 pL, 100-1000 pL)
. Weigh Boats (Fisher Scientific)
. 15 ml tubes for ICP-MS analysis (Thermo-Fisher, cat. number ASX-560)

. Amicon Ultra 0.5 ml Ultracel 100k (Millipore Amicon, cat. Number UFC510096)

REAGENTS AND MEDIA:

1.
2.
3.
4.
5.

Nitric Acid TraceMetal Grade (Fisher Scientific, cat. Number A509- P500)

EDTA-disodium salt dehydrate (Sigma, cat. Number E5134-50G

Copper standard 1000 pg/mL (SPEX CertiPrep, cat. Number CLCU2-2M)
Yttrium internal standard 10 pg/mL (SPEX CertiPrep, cat. Number CLY2-1AM)

Distilled Water, Type | (DW-1)

PREPARATION OF SOLUTIONS:
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All solutions used for this procedure must be clearly labeled with name of the solution, the
preparation and the expiration date.

1. Solution of EDTA - 3g/L or 8mM: Weighted 300 mg of EDTA-disodium salt and solved in
100 ml of DW-1.

2. Solution of 2% nitric acid: Added to 980 ml of DW-1 20 ml of Nitric Acid TraceMetal
Grade. Mix well.

3. Solution of 2% nitric acid with Yttrium internal standard: Added 1 ml of Yttrium internal
standard (10000 pg/L) to 99 ml of 2% nitric acid. Mix well.

4. 100 times concentrated standard copper solution 1 (10* pg/L): Mixed 10 uL of Copper
standard (1000 pg/mL) with 990 pL of 2% nitric acid. Mix well.

5. 100 times concentrated standard copper solution 2 (10° pg/L): Mixed 100 pL of 100 times
concentrated standard copper solution 1 with 900 pL of 2% nitric acid. Mixed well.

6. 100 times concentrated standard copper solution 3 (10? pg/L): Mixed 100 pL of 100 times
concentrated standard copper solution 2 with 900 pL of 2% nitric acid. Mixed well.

PROCEDURE OF FREE COPPER MEASUREMENT:

The copper is determined using an iCAP Q ICP-MS manufactured by ThermoFisher, which is
calibrated for copper measurements (copper 65) for the range from 0.1 to 10.0 pg/dL (0.0157-
1.57 umol/L). The technician should be dressed in a laboratory coat and required gloves.

o~ w

o

Protocol:

Mix 50 pL of serum with 50 pL of EDTA solution (EDTA disodium salt dehydrate, conc.
3g/L) and incubated 1h at room temperature.
Add 400 pL of twice diluted EDTA solution, mix and load 500 pL of mixture into filtration
insert of 100kD centrifugal filter unit Amicon Ultra-0.5 ml.
Centrifuge 30 min at 7000xg in Eppendorf Mini Spun plus at room temperature.
Volume of filtrate should be around 400 pL. Mix well.
300 pL of filtrate mix with 900 pL of 2% nitric acid containing 100 pg/L of yttrium (as
internal standard). Final dilution factor will be 40.
For background control sample instead of filtrate add 300 pL of water.
For standard curve take 3 background control samples and add 12 pL of concentrated
solutions of copper in 2% nitric acid. For final concentrations:

a) Standard 1 - 100 pg/L use 10000 pg/L.

b) Standard 2 - 10 pg/L use 1000 pg/L.

c) Standard 3 - 1 pg/L use 100 pg/L.
Every sample should be measured by ICP-MS 3 times. Final result used to be an average of 3
measurements.
Every sample should be measured by two parallel probes. Good result should be within 10%
deviation. If deviation is more than 10%, test must be repeated.

WASTE DISPOSAL PROCEDURES:
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Hazardous waste in this clinical laboratory can be represented by chemical waste and biohazard
waste.

CHEMICAL WASTE CONSISTS OF TWO TYPES OF WASTE:

1. Wash down drains with excess water:
a) Concentrated and dilute acids and alkalis.
b) Harmless soluble inorganic salts (including all drying agents such as CaCl2, MgSO4,
Na2S04, P205).
c) Alcohols containing salts (e.g. from destroying sodium).

2. It should be noted that no material on the "Red List" should ever be washed down a drain.
This list includes following elements: antimony, arsenic, barium, beryllium, boron,
cadmium, chromium, cobalt, copper, lead, mercury, molybdenum, nickel, selenium, silver,
tellurium, thallium, tin, titanium, uranium, vanadium and zinc.

MEDICAL OR BIOHAZARDOUS WASTE:

1. Liquid human and animal waste, including blood and blood products and body fluids as
well as used plastic disposables (pipette tips, Eppendorf tubes, 15 ml or 50 ml centrifuge
tubes).

2. Sharps (syringes and needles) shall be disposed of by a certified waste hauler. Place
discarded needles and syringes into an approved MSU sharps container. An approved
sharps container is one that is leak proof, puncture — resistant, closable, bears the
biohazard symbol and is manufactured as a sharp’s container.

Biohazardous as well as “Red List” chemical waste must be accumulated and stored within
laboratory space until removed by Environmental Health and Safety (EHS) and must be:
Collected in a container that is compatible with its contents under all conditions that it might be
subjected to during accumulation, storage, and shipment.

Handled only by personnel trained in the requirements of these hazardous waste rules.

Removed from the accumulation area within three days if the quantity of any one waste exceeds
fifty-five gallons. (From a safety perspective, no more than five gallons should be accumulated in
a laboratory or shop.)

Labeled with the words "hazardous waste," the waste identification number (see below), the
chemical description, and concentration(s).

If the waste does not meet the description as listed below, label it with the words "Non RCRA
Waste", the chemical description and concentration(s).
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GLASS RECYCLING:

For environmental reasons the recycling of glass is encouraged, but only certain items of waste
glass produced within laboratories are acceptable for recycling. Each laboratory should have a
bin for recyclable glass. Only clean glass bottles such as those in which chemicals are received
and broken or waste plate glass are allowed. All broken laboratory glassware, items significantly
contaminated by chemicals, sample tubes, droppers and glass wool must be disposed of as
controlled waste. The recycling service will refuse to empty a recycling container if any of these
prohibited items is discovered in it.

Emergency Procedures:

SPILLS AND SPLASHES:

1. Cover the spill immediately with absorbent material

(gauze, cotton mat, paper towel) then flood with 0.5% Sodium

Hypochlorite solution.

Notify the buddy and safety officer immediately.

The buddy should mark the area with warning sign.

4. Allow 10 minutes contact time then gently clean the area of the spill in a circular motion
starting from the outer edges towards the center.

5. If there are broken glass or sharps, use forceps to pick-up the pieces and absorbent
material.

6. If splashes are suspected, decontaminate the area within 1 meter of the spill, including
vertical surfaces (e.g. walls and sides of equipment).

wn

BIOLOGICAL SPILL KIT:

1. Biological spills kits should be available and readily accessible in the laboratory area.

Which should contain at least:
A) Enough absorbent material (Gauze, cotton mat, or paper towel) and decontaminating
agent (0.5% Sodium Hypochlorite solution) to cover

an area of 1 meter in radius.

B) Autoclavable, leak-proof bags to contain waste from clean-up

procedure.

C) Long handle forceps.

D)Warning signs, marker or label.

SAMPLE DELIVERY OVERLOAD:

In case of sample delivery overload, we have to consider two scenarios:

1. Delivery overload at the end of the working day, but at the beginning or at the middle of the
week. Samples could be:

a) Placed in the refrigerator till next day.
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b) Centrifuged, serum should be separated from clotted blood (all operation takes 20-25
minutes), serum could be left in the refrigerator till next day and blood clot placed into -800C
freezer.

2. Delivery overload at the end of the working week. Somebody should come next day (extra
hours), centrifuge sample, serum should be separated from clotted blood (all operation takes 20-
25 minutes), serum could be left in the refrigerator till next working day (up to 2-3 days) and
blood clot placed into -800C freezer.

CONTINGENCY PLAN IN THE CASE OF EXTRAORDINARY EVENT:

In any case technician/technologist must separate serum from blood clot within 24 hours from
delivery arrival (if it was mailed less than 42 hours ago) and please them separately in the deep
freezer (-80°C).

EARTHQUAKE, AND FIRE IN THE IMMEDIATE VICINITY:

1. Secure samples by closing the door of the BSC.

2. Remove outer gloves.

3. Grab a bottle of decontaminating agent.

4. lsolate your team (buddy and safety officer) and decontaminate before removing the
PPE.

Inform ICC nurse for appropriate post exposure treatment.

Inform local emergency responding units of the hazardous

material left behind.

o o

HEALTH EMERGENCIES (AMBULATORY):

1. Stop all work and notify immediately the buddy and the safety officer.
2. Leave the area, Doff PPE and perform hand hygiene.
3. Inform ICC and proceed to EHS for management.

HEALTH EMERGENCIES (UNCONSCIOUS):

1. Stop all work and notify immediately the buddy or safety officer.

2. Secure samples.

3. Remove outer gloves.

4. Grab a bottle of decontaminating agent (one per person)

5. Carry unconscious person outside of the laboratory area.

6. Call for emergency health services.

7. Check for breathing.

8. If the person is breathing, Disinfect and doff PPE’s then move to a clean area.

9. If the person is not breathing, perform cardiac massage according to HEMS guidelines
without removing PPE’s.
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REMINDERS:

1. Eye wash station should be available and readily accessible in the laboratory area.

2. First aid kits should be available and readily accessible near the laboratory area.

3. Fire extinguisher and fire blanket should be available and readily accessible near the
laboratory area.

References

e Please refer to section 10
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ATTACHMENT 4- SUPPORT LETTER AD

ATTACHMENT 4

Support Letter from Voluntary Association: Friends of
Alzheimer ONLUS

Associazione di Volontariato Associazione Amici Alzheimer ONLUS

Sede Operativa: Via delle Baleari, 127 — 00121 Roma
C.F. 97642920587

By Claudia Martucci
President of the Association
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Associazione di Volontariato

Associazione Amici Alzheimer
ONLUS
Sede Operativa: Via delle Baleari, 127 — 00121 Roma
C.F. 97642920587

November 25, 2019
Dear FDA-BQP qualification program,

On behalf of Associazione Amici Alzheimer Onlus, | would like to offer our firm support for IGEA
Research Corporation’s application for the qualification of Free Copper as a risk biomarker for
Alzheimer's Disease.

The social, economic, and personal costs of Alzheimer's Disease globally are well documented, and there
remain significant scientific challenges that must be met to develop effective treatment and prevention
techniques.

We believe that Free Copper’s connection to Alzheimer’s Disease represents an exciting new avenue for
early identification of persons at risk. FDA biomarker qualification would grant further recognition to the
compelling literature about Free Copper as an Alzheimer’s risk factor and give an advantage to future
research that may impact as many as half of all Alzheimer’s cases. IGEA Research, with scientific and
technical experts standing at the forefront of innovation in this field, is well positioned to support this
application and pursue further advances in the fight against Alzheimer’s.

We appreciate your careful consideration of IGEA Research’s promising application as another step
toward worldwide relief from Alzheimer’s Disease.

Sincerely

Claudia Martucci
President

M{é /}?}Wﬁ

Sito: www.associazioneamicialzheimer it e-mail: associazioneamicialzheimer@email com

95





LOI: FREE COPPER IN AD IGEA RESEARCH CORPORATION

ATTACHMENT 5- SELECT PUBLICATIONS

ATTACHMENT 5

Copies of Select Publications and Literature

Scientific Support for Use of Free Copper in Alzheimer’s disease (AD)

IGEA Research Corporation
2600 SW 3rd Avenue 350,
Miami, FL 33129

Dr. Rosanna Squitti (Final Review and Approval Authority)
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1. Introduction

Every day, thousands of people across the world are estimated
to develop Alzheimer's Disease (AD) [1,2]. Despite its enormous
prevalence and tragic consequences, currently available treat-
ments only delay the disease by typically a few months [3,4],
and the many recent failures of leading drug candidates have put
renewed emphasis on alternative, more complete causal disease
mechanisms [5-10]. The disease manifests first as mild cognitive
impairment characterized by a gradual loss of episodic memory
and leads to a slow, continuous impairment of cognitive abilities
and life quality [3,11-13]. Neuron loss initiates in the cerebral cor-
tex and commonly in the hippocampus [14].

Diagnosis of AD requires the observation of deposits of senile
plaques outside the neurons and neurofibrillar tangles inside neu-
rons [12,13]. The plaques contain oxidized and metal-bound
B-amyloid (AB) peptides arranged in regular p-sheet fibril struc-
tures [15-17]. AD occurs most commonly with no apparent family
history as “sporadic AD” (SAD); only a very small percentage
relates to inherited mutations within a family, i.e. “familial AD”
(FAD) [18]. FAD is caused by mutations in the genes coding for
the B-amyloid precursor protein (APP) [19] and the presenilin
isoforms PS1 and PS2; AB is produced from APP by the action of
B- and 7y-secretases [20,21], and PS1/2 is the catalytic subunit of
v-secretase which produces AP from APP together with
B-secretase [22-26]. Thus, AB is centrally implied both by
biochemical hallmarks and genetic risk factors, leading to the dom-
inance of the amyloid hypothesis in current drug development
efforts [15,27,28].

Other biochemical hallmarks include molecular oxidative stress
[29], impaired glucose utilization [30,31], and disturbed concentra-
tions of metal ions, notably calcium [32-34], zinc [14,35,36], cop-
per [37-41], and iron [42,43]. Each of these hallmarks have
associated theories of pathogenesis assuming them to be causative,
e.g. the tau [44-47], metal ion [48,49] and oxidative stress [50,51]
hypotheses. Age is however the main risk factor of the disease [52]
and should accordingly be central to any disease mechanism.

This review focuses on copper’s increasingly recognized role in
AD. Copper’s importance to the central nervous system (CNS) is
well-known and involves processes such as catecholamine synthe-
sis, neurotransmission, adenosine triphosphate (ATP) synthesis,
antioxidant defense, and myelin formation, which are briefly
reviewed below and discussed elsewhere in detail [14,53-56]. Cop-
per is crucial for CNS development and takes part in complex reg-
ulatory networks of proteins and pathways that maintain CNS
homeostasis via the two copper-transporting P-type ATPases
(copper-ATPases) [57,58]. In recent years, it has become increas-
ingly clear that impaired copper control plays a role in AD develop-
ment and progression, mainly via an increase in serum Cu not
bound to ceruloplasmin (noncp-Cu) [55]. Increases in noncp-Cu
pertains to a percentage of AD patients, a copper-related AD sub-
type, which we call ‘CuAD’, characterized by high noncp-Cu levels
and showing peculiar clinical characteristics linked to a perturbed
copper homeostasis. These changes in noncp-Cu can be merged
with the physical chemistry of copper-binding proteins which is
also strongly related to AD [49,56,59,60]; the merging of these
two fields to produce a united, consistent view of CuAD is the pur-
pose of the present review paper.

2. The amyloid hypothesis and its main problems

The parallel between the plaque deposits in AD and the protein
deposits in Creutzfeldt-Jakob disease inspired the hypothesis that
the plaques in AD might be pathogenic [61]. When these plaques
were found to consist primarily of aggregated AB peptides, the

basis for the amyloid hypothesis was established [62] and further
supported by the three major genetic risk genes of FAD coding
for PS1/PS2 and APP [15,27,63].

The amyloid hypothesis is a “gain-of-function” hypothesis, i.e. it
proposes that Af attains a toxic function in the brain that leads to
disease [27,64]. Earlier it was commonly named the “amyloid cas-
cade hypothesis”, emphasizing a quantitative overload of toxic Ap
leading to AD [15,63]. The AB deposits in brains typically represent
several years of total AB production [65]. Accordingly, drugs are
pursued that prevent the formation of amyloids either by molecu-
lar interaction with AB [66-69] or by modulating its formation
[70-76].

PS1 mutations often produce lower amounts of all Ap isoforms
than the wild type protein [20,77,78]. The 99-residue C-terminal
fragment of APP (C99, produced by cleavage of APP by
B-secretase (BACE1), is subsequently trimmed by <y-secretase in
consecutive steps [79], resulting in Ap peptides that vary in length,
most notably AB4o and AB4 [7,77], and the FAD mutations affect
the precision of this cleavage [80,81] and tend to increase
AB42/AB4o ratios [78,82-85], which, rather than any absolute
amount of AB4, or AP4g, is the main consistent feature of FAD
mutations [28,78,86]. The long amyloids harbor additional
hydrophobic amino acids and are thus more prone to aggregation
[87,88] and more toxic to cells as these two features tend to corre-
late [15,89,90]. Thus, the current version of the amyloid hypothesis
rests not on the total Ap levels, but rather the local surplus of AB,;
leading to disease. The importance of the AB4,/AB4o ratio is sup-
ported by its correlation with clinical age of onset of PSEN1 muta-
tion carriers [91].

Many (estimated 20-40%) cognitively normal older people pos-
sess enough senile plaques [92] to satisfy currently applied AD
diagnostic criteria [93,94]. The measured signatures of neurode-
generation and cognitive decline do not correlate significantly with
plaque load [4,64]. Neuron loss generally begins in specific parts of
the brain (e.g. hippocampus) but APP and AB is broadly distributed,
implying other disease modifiers [95,96]. Rather than the plaques
themselves, the intracellular soluble oligomers of AB are particu-
larly toxic and are considered the pathogenic culprits in the cur-
rent version of the amyloid hypothesis [97-102].

The toxicity of AB oligomers depends substantially on their
structure and size [103-105], and the specific pathogenic forms
that allegedly causes AD remain unknown [90,106,107]. Also the
mechanisms of action remain unknown although many have been
suggested [108], including general seeding of protein misfolding
[87,98,109], toxic redox reactions in their metal-bound forms
[110-113], and AB forming membrane channels that facilitate
metal ion transport [114-118].

The physiological structures of AP peptides are central for
understanding their aggregation and natural functions
[7,15,88,119]. The structural disorder of the peptide [120] makes
measured toxicity very dependent on concentration, pH, ionic
strength, co-solvents, and the time scale of the experiment per-
formed [89,121]. Whereas aggregated fibrillar Af attains a regular
B-sheet structure as seen in senile plaques, the free AB monomer
has a disordered coil-dominated structure with only a small
amount of helix and B-strand [120,122-124] as reflected in struc-
tural models with PDB codes 1BA4 [125], 11YT [122], 2LFM [126],
1Z0Q [123], and 1AML [127] (Fig. 1). However, in non polar
co-solvents such as hexafluoroisopropanol and close to mem-
branes, the helix content of AR monomers increases [127]. When
AB is in a membrane-like chemical environment, the C-terminal
of AB forms an extended, potentially membrane-spanning helix,
an observation that fits well with the widely documented mem-
brane channel properties of Ag [115,117,128-130]. The conforma-
tion, aggregation tendency, and potential function of AR monomers





170 K.P. Kepp, R. Squitti/Coordination Chemistry Reviews 397 (2019) 168-187

A B
2LFM.pdb IBA4.pdb
100% H,0 Water-micelle

environment

IIYT.pdb
Apolar
environment

il

Fig. 1. AB structures derived from NMR experiments: A) AB4o in water (PDB: 2LFM) [126]. B) AB4o in a micelle membrane-mimicking environment (PDB: 1BA4) [125]. C) AB42
in an apolar environment (20% water, 80% hexafluoroisopropanol) (PDB: 1IYT) [122]. N-terminals are shown in blue, and C-terminals in red.

Copper-binding sites in the E2
domain of APP (PDB: 3UMK)

CuBD of APP (PDB: 2FK1)

Cytochrome c oxidase (PDB: 5262)

£

Superoxide dismutase 1 (PDB: 2C9V)

Domain 2 of ATP7A (PDB: 1S6U)

Fig. 2. Established copper sites in some key proteins of the brain: (A) and (B) Copper-binding sites in the E2 domain of APP (PDB: 3UMK) [139]. (C) Copper (center, orange) in
CCO (PDB: 5Z62) [140]. (D) Copper in the CuBD of APP (PDB: 2FK1) [141]. (E) Superoxide dismutase 1 (PDB: 2C9V) [142]. (F) Domain 2 of ATP7A (PDB: 1S6U) [143].

and oligomers depends on the coordination environment imposed
by metal ions [131-133], as discussed further below.

3. Brain copper homeostasis

Copper is an essential trace metal that is required for the activ-
ity of many enzymes and proteins; its homeostasis has been
reviewed many times before but is briefly summarized below
[14,134,135]. The redox cycling between its Cu(ll) and Cu(I)

oxidation states is utilized by numerous enzymes [14,136]. Copper
is mostly transported and buffered in its Cu(I) state intracellularly,
as for example bound to metallothioneins (MT), copper-
transporter 1 (Ctr1), and ATPases ATP7A/B, but is functionally
important as Cu(Il) [137,138]. Vital functions involving copper
directly in the catalytic active site include energy production via
ATP synthesis in the mitochondria (cytochrome ¢ oxidase, CCO),
antioxidant defense (superoxide dismutase 1 and 3, SOD1 and
SOD3), collagen maturation (lysyl oxidase), pigment synthesis
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Fig. 3. Simple overview of synaptic copper homeostasis. (A) Normal healthy brain. (B) CuAD brain. The main differences are shown as red copper and red crosses of probable
impaired pathways. CCO = cytochrome c oxidase; SOD1 = Superoxide dismutase 1; MT = metallothionein; PrP = prion protein; CP = ceruloplasmin. In CuAD (B), genetic (APP,
PSEN1, or ATP7B) or life-style-induced changes in copper transport and balance leads to increased labile Cu, which disrupts ATP production (CCO), antioxidant defense

(SOD1), and synaptic transmission.

(tyrosinase), and white and red blood cell production via hemoglo-
bin synthesis and iron redox regulation (ceruloplasmin,
hephaestin) [14,137].

Examples of established copper sites in relevant proteins are
shown in Fig. 2A-2F. Most notably are the two copper sites in
the extracellular E2 domain of APP (Fig. 2A and 2B), one having a

4-histidine coordination sphere similar to that in SOD1 (Fig. 2E),
and the other E2 copper binding in a trigonal coordination geome-
try to one histidine, a carboxylate group of a glutamate residue,
and a solvent water, with a potential coordinating methionine
near-by [139]. Another copper site in APP is the so-called copper
binding domain (CuBD) [144]; this copper binds two histidines
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and a tyrosine and two solvent molecules in a distorted trigonal
bipyramidal geometry (Fig. 2D) [141]. CCO, which is the terminal
protein in the electron transport chain and thus required for
energy production, contains both a Cua and Cug center. The Cug
is coordinated by three histidines and is located uniquely close to
a heme iron to assist in 4-electron-reduction of O, (Fig. 2C)
[140]. Finally, the copper site in the ATPase is characterized by
coordination to two cysteines in a distorted solvent-exposed coor-
dination geometry; this structure is from solution NMR and thus
less detailed (Fig. 2F) [143].

In the brain, copper is also centrally involved in catecholamine
synthesis via dopamine pB-hydroxylase (DBH), catecholamine
degradation via monoamine oxidase (MAO), neuropeptide synthe-
sis via peptidylglycine a-amidating monooxygenase, glutamatergic
synapse modulation, excitotoxicity, and myelin formation
[14,135]. Via its antagonistic relationship to zinc managed by the
metallothioneins, copper also affects zinc levels and associated
processes [38,145-148], which again affects calcium levels
[149,150]. Via ceruloplasmin, copper modulates iron uptake and
distribution by influencing the oxidative state of iron, since cerulo-
plasmin catalyzes the oxidation of Fe(Il) to Fe(Ill), which is then
loaded into transferrin [54,151].

As discussed in detail below, the chemical and pathological fea-
tures of disease tend to converge in the synapse. A simplified view
of the copper homeostasis at the synapse is displayed in Fig. 3. The
healthy normal situation is shown in Fig. 3A. The integral mem-
brane protein Ctrl imports Cu(l), which is then loaded onto
copper-dependent enzymes via chaperone proteins such as
copper-chaperone for SOD1 (CCS) and MTs. The two copper-
transporting ATPases are encoded by the genes ATP7A and ATP7B.
Both ATPase7A and ATPase7B remove excess Cu from cells, control
influx of copper into vesicles, whereas primarily ATPase7B delivers
Cu for incorporation into Cu-dependent enzymes. In the gastroin-
testinal tract, copper is pumped out by ATPase7A and then trans-
ported to the liver bound to albumin or o2 macroglobulin or
amino acids via the portal vein. In the liver, ATPase B incorporates
copper into ceruloplasmin. The majority of the plasma copper is
strongly bound to ceruloplasmin (called here cp-Cu), whereas the
remainder is loosely bound and is exchanged among albumin, o-
2-macroglobulin, amino oxidases, ferroxidase(Il), SOD3, metalloth-
ioneins, and amino acids (called here noncp-Cu) [135,152,153].

In the central nervous system (CNS), astrocytes appear to play
an important role in copper transport from the blood and cere-
brospinal fluid (CSF) to the neurons [154,155], at the astrocyte foot
(Fig. 3A). At this site ATPase7A and ATPase7B control brain copper
balance, starting from the early phases of development [156].
ATPase7A is expressed before birth, primarily in the hippocampus
and cerebellum [157], then its levels decline. The protein is
involved in synaptogenesis and axonal outgrowth and contributes
to seizure resistance in hippocampal CA2 pyramidal cells [157].
ATPase7A is expressed in the basolateral membrane. While in the
enterocyte it controls copper absorption into the body, in the
endothelial cell of the blood brain barrier (BBB) it facilitates copper
transport from the blood to the brain [158] and modulates
synapses of glutamatergic neurons [159]. Inactivation of ATPase7A
in Menkes disease disturbs the transport of Cu into the brain,
which leads to neurodegeneration [155,160]. ATPase7B is
expressed at the apical side of endothelial cells of the blood cere-
brospinal fluid barrier and facilitates copper transport into the
CSF, as well as copper sequestration into the choroid plexus
[156]. ATPase7B is expressed mainly in the hippocampus, in the
cerebellum and brain cortex, and acts as a mediator of the synthe-
sis of the Cu-dependent enzymes mentioned above [160].

Several other proteins locate at neuronal membranes and bind
copper, most notably APP, a-synuclein (a-syn), and the prion pro-
tein (PrP), a glycoprotein located at synapse [161-163]. PrP is

involved in copper uptake and efflux, and the metal facilitates PrPc
internalization [164,165]. The interplay between copper and PrP
appears to modulate glutamatergic transmission [166-169], and
PrP also binds to AB [170]. Moreover, the binding of copper to
the PrP increases its conversion to the infectious protease-
resistant, B-sheet-rich form of the protein [171-173].

Much of the bioinorganic chemistry of neuronal copper occurs
at the synaptic cleft, where Cu(ll) is released from the postsynaptic
terminal upon stimulation of the N-methyl-p-aspartate receptor
(NMDAR) during glutamatergic neurotransmission (Fig. 3A). Cu
(1) is presumably in a ‘free’ form when it is released at the synaptic
cleft and modulates glutamate neurotransmission by down-
regulating the NMDAR activity [156]. Copper is also released from
presynaptic vesicles during transmission [174] in a recycling pro-
cess regulated by PrP [159,167,168,175-178], which is a natural
synaptic Cu(Il) binding protein [164,166,171,172]. Due to the small
volume of the synaptic cleft, Cu(Il) can transiently reach micromo-
lar concentrations and peak levels can be up to 100-fold higher
[166].

While actual “free” exchangeable copper in the cytoplasm is
virtually negligible at concentrations as low as 1078 M
[14,179,180], the distinction between loosely bound and strongly
bound copper is important. The strongly bound pool of copper is
characterized by a tight coordination geometry of non-solvent
ligands as seen in active sites of copper proteins [137]. In the
plasma this fraction is mainly bound to ceruloplasmin (cp-Cu).
The remaining plasma Cu (noncp-Cu) is loosely bound to albumin,
o-2-macroglobulin (transcuprein), and random peptides and
amino acids and exchanged among them [136] and comes out from
the liver; this type of copper crosses the BBB, is chelatable and
engages in toxic Fenton-like reactions that produce very reactive
radicals such as hydroxyl, which can contribute to oxidative stress
in the aging neuron [14,179,181,182].

4. The critical K4 of CuAD

To differentiate the pathological and physiological Cu(Il) pools,
we use a threshold (or critical) dissociation constant K§: Since Kq =
[Cu][P]/[CuP] where P is the copper protein, [Cu] is the “free” cop-
per concentration and [CuP] is the complex, a small K4 corresponds
to strong binding, whereas a large K, represents copper that is rel-
atively exchangeable. The Cu(I) oxidation state binds generally
much more strongly to proteins, reaching attomolar Ky
(~107' M or lower) in high-affinity copper storage and transport
proteins such as MTs and Ctr1[183]. Since the copper concentra-
tions and the affinities of the copper proteins vary with redox state
and location, the relevant K§ is context-dependent, and we thus
focus on the K§ of Cu(lI) at the synapse which reflects the discussed
pathology. Evidence suggests that dyshomeostasis will spread
from location to location, as described below for the impact of
ATP7B variants on brain copper homeostasis [184-186]. The
threshold K§ represents the affinity that separates, for the metal
ion in the given location, the exchangeable solvent-accessible cop-
per (all copper bound with Ky > K§) from the strongly bound, inac-
cessible copper (all copper bound with Ky < K§). K§ is a constant of
the redox state and location, whereas concentrations of the two
pools of copper can vary. We define the copper dyshomeostasis
as the situation where the ratio [Cu](Kq>K§)/[Cu](Kq<K§)
increases.

As mentioned, the concentrations of copper vary by orders of
magnitude dependent on redox state and location, and the amount
of exchangeable copper varies according to the Ky of the local
copper-proteins. In blood serum, the moderate-affinity copper-
proteins albumin (10-15% of copper [187], mostly exchangeable,
Kq<107'2M [188]) and o-2-macroglobulin (5-15% of copper,
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which exchanges with albumin, K4 ~ 1072 M [189]) and the high-
affinity ceruloplasmin (40-70% of copper, not exchangeable,
K4 =10"1> M) ensure very little exchangeable Cu(Il). The threshold
of exchangeable Cu(Il) in this location is then arguably close to Ky
of albumin (K§ ~10712 M).

However, at the pathologically relevant synaptic cleft we argue
that K§~10"°M: First, average [Cu®'] at the synapses (100-
250 uM)[190] is ~100-1000-fold that of the CSF (0.3-0.5 pM)
[191] and the extracellular space (~1 uM) [192] and the exchange-
able [Cu?*] vary by 100-fold during synaptic transmission, whereas
it is kept small and constant in blood and CSF. Second, Ky is surpris-
ingly similar, typically 0.1-10 nM, for the disordered proteins sus-
pected to be involved in synaptic Cu(Il) transport and regulation,
all being main culprits of neurodegenerative diseases, i.e. Ap, PrP,
and a-synuclein [193,194]. We argue that this is not a coincidence
but reflects the K§ at the synapses. Third, the amount of copper in
AP plaques (~440 pM) [17] is similar to the average [Cu®'] at the
synapses (100-250 uM) [190] indicating that the K4 of AB is close
to the threshold value for synaptic [Cu?*]. Fourth, micromolar Kq
values (107® M) in typical assays represent unspecific binding of
labile metal ions such as Zn(Il) with small binding free energy
[14,193]. For Cu(lII) at the same concentrations as Zn(Il), a thresh-
old K§ value 1000-fold smaller (~10~° M) can be argued from K4
of complex formation to typical N-donor and O-donor ligands, i.e.
the Irving-Williams series [195]. Fifth, we argue that the if ratio
[Cu](Kg > K§)/[Cu](Kq < K§) is increased in the blood as measured
directly by noncp-Cu, this will also affect the ratio in other places.
One example that we discuss further below is the analogy with
failed copper incorporation into nascent ceruloplasmin upon
defects of the ATP7B gene that cause Wilson’s disease (WD), an
autosomal recessive disease distinct from AD but with some bio-
chemical features being similar to CuAD [54,160,196,197].

The K4 of the involved copper proteins may change by mutation
or post-translational modification such as oxidations of sulfur
ligands, and this will accordingly change the proposed pathogenic
ratio [Cu](Kq > K§)/[Cu](Kq < K§). Most notably, AB exists in vivo in
various modified forms, with emphasis on N-terminal modified
peptides of the type AB4_x. Since these modifications affect the pri-
mary copper binding site, they also affect the Ky of copper and can
reach much higher affinity than the full peptide and thus be func-
tionally important [198-203].

The definitions above have centered on the thermodynamic
binding equilibria of Cu(Il). Cu(ll) binding may be under kinetic
control if release of copper becomes rate-limiting for equilibrating
the copper pools described above. The lability is the appropriate
term if the ligand-metal interaction is kinetically controlled, mea-
sured as the life time of the ligand’s association with the metal ion
or the rate constant of ligand substitution [204]. The thermody-
namic (Kq) and kinetic (lifetime) definitions of pathological metal
ions thus potentially differ, as indicated by some recent studies
[205]. For high-affinity copper sites in proteins, kinetic control of
copper pools may arise from barriers to release copper depending
on the steric and electronic nature of the ligands. However, for the
low-affinity synaptic proteins with Kq ~10~1° M-10~° M, exchange
is very fast. NMR relaxation recently showed that the pathogenic
A2V mutation of AB exchanges Cu(ll) much faster than the protec-
tive A2T and wild type AB, despite having similar Ky values [206],
suggesting a role of kinetics over thermodynamics in Cu(Il) buffer-
ing. Rapid changes in [Cu?*] at the synapses can produce other bar-
riers than induce kinetic control despite fast metal-ligand
dissociation, for example due to slow vesicle copper release or
membrane transport at the synapses. Under such conditions, low
affinity proteins such as the synaptic AB, o-syn and PrP, will be
much more adequate in restoring the copper pools, as copper is
rapidly released from these sites on the timescale of synaptic
transmission, supporting of a relatively high K§ at the synapses.

5. Clinical evidence: copper dyshomeostasis in AD

Metal ion imbalances are a consistent feature of AD
[15,33,34,37,50,104,182]. Several meta-analyses focusing on cop-
per have been performed during the last 10 years merging data
from more than 35 studies [207-211]; the most updated studies
are shown in Table 1. The meta-analysis of copper in the brain
shows that AD patients have lower levels of copper in their brains
than healthy controls [185]. Meta-analyses monitoring the serum/-
plasma show increased copper in AD patients vs. controls
[207,210-213]. This latter increase can be explained by the fact
that the chelatable portion of copper (noncp-Cu) is increased in
AD patients [209], in analogy with WD. A recent study comparing
directly WD and AD patients showed that while the two diseases
differ in terms of serum copper and ceruloplasmin levels, they
share increased levels of noncp-Cu, indicative of a failure a copper
control [197]. Expansion of the weakly bound Cu(Il) in AD coin-
cides with decreased levels of functional protein-bound Cu(lIl) in
the brain [208], as has been found in autopsy studies [214]. Anal-
ysis of copper in cerebral cortex Brodmann areas 22 and 46 showed
reduced copper in AD patients, associated with 20% increase of
labile copper in the same Brodmann areas [214], as also confirmed
in other studies [214,215]. The results for copper differ from those
for many other metal ions, including Zn, implying their possible
antagonistic relationship [216].

While there is some disagreement on the ceruloplasmin con-
centration levels in AD [217], data on ceruloplasmin activity,
which importantly reflect fully constituted copper-bound protein,
are univocal, and largely similar for all the reported studies
[151,191,217-220]. Ceruloplasmin is a 132 kDa multicopper oxi-
dase that acts as an acute phase reactant scavenging oxygen-
derived free radicals during inflammation states
[54,187,221,222]. Ceruloplasmin is mainly synthesized in hepato-
cyte, where the ATPase 7B protein loads six copper atoms into
apo-ceruloplasmin, generating an active holo-ceruloplasmin that
is then transferred into blood circulation. It is also expressed in
the kidney, mammary gland, placenta, and choroid plexus in the
brain [187]. A ceruloplasmin isoform linked to the cell membrane
by glycophosphatidyl inositol (GPI) is expressed endogenously by
the CNS and is abundant in astrocytes in the vicinity of neurons
[223]. A key process catalyzed by ceruloplasmin is the oxidation
of Fe?* to Fe3*, which reduces the availability of Fe?*, promoting
instead iron transport to various organs by transferrin, which
accepts only Fe®* [224]. Ceruloplasmin also scavenges H,0, thus
preventing the production of dangerous oxygen species [225].
Holo-ceruloplasmin synthesis strictly depends on the amount of
available copper in the liver [224] and on ATPase7B function
[135,187]. Consequently, reduced copper availability or ATPase7B
protein dysfunction increases the fraction of apo-ceruloplasmin,
which has no ferroxidase capability and is rapidly degraded in
plasma [135,187].

The specific activity of ceruloplasmin decreases in AD and
higher values in serum were shown to reduce risk of the disease
[217]. The holo-form of ceruloplasmin in CSF [191], along with
ceruloplasmin activity in serum [217,220] are decreased in AD
patients. Low-molecular-weight fragments of ceruloplasmin
derived from apo-ceruloplasmin degradation have been detected
in AD samples and are suggestive of a defective activity of the
ATPase7B copper pump [226]. Same mechanisms can be applied
to the brain, positing a defective loading of the metal into other
copper proteins and enzyme. Supporting this notion, AD risk vari-
ants of ATP7B (rs732774 and rs1061472) have been found to cause
abnormalities in the expression [227] and function of the ATPase7B
[57]. As a whole this evidence suggests a disturbed activity of
ATPase7B in loading the metal in copper proteins and enzymes
in AD at liver but also at brain level.





Table 1

List of the most updated meta-analyses of copper in Alzheimer’s disease, in developmental disorders, and epidemiological studies of copper in cognition.”

Most updated meta-analyses copper in Alzheimer’s disease

Reference (Author, year) Cu biomarker Tissues sample sources Studies analyzed Number of AD Cases Number of controls Trend p value
Li et al. 2017 [211] Cu Serum 35 2128 2889 Increase <0.0001
Squitti et al. 2014 [209] nCp-Cu Serum/plasma 10 599 867 Increase <0.001
Bucossi et al. 2011 [207] Cu Serum/CSF 5 116 129 No diff in CSF, increase in serum

Schrag et al. 2011 [208] Cu Brain 7 115 123 Decrease =0.0003

Meta-analyses of copper in neurodevelopmental disorders

Reference (Author, year)

Condition

Tissues sample sources

Studies analyzed

Number of Cases analyzed Number of controls Results

Saghazadeh et al. 2018 [409]
Saghazadeh et al. 2015 [409]

Febrile seizures
Epilepsy

Epidemiological studies of copper and cognition

Serum/plasma 4

Serum/plasma 10

99 92
934 899

Cu increases in patients
No changes in Cu

Reference (Author, year) Type of analysis Number of Cases analyzed Results p value
Morris et al. 2006 [234] Longitudinal, 9 years follow-up 3718 (CHAP study) Among persons whose diets were high in saturated and trans fats, higher copper intake was associated <0.01
with a faster rate of cognitive decline (participants in the highest fifth of cu intake combined with a diet
high in saturated fats lost cognition three times faster than expected)
Lam et al. 2008 [235] Cross-sectional, and cores on 11 of 1551 (Rancho Bernardo Study) In women copper concentrations had inverse linear associations with Buschke total, long and short-  <0.001
12 cognitive function tests Plasma term recall and Blessed scores (cognitive test).
analysis
Shen et al. 2014 [233] Copper concentration in soil in Chinese general population, from relative risk of mortality in the regions with the highest copper concentrations (60-80 mg/kg) was high  <0.001
relation to annual mortality of AD 1991 to 2000, in 26 provinces, 3 [OR: 2.63 (95% CI: 2.626-2.642)]
districts
Zhou et al. 2016 [410] 826 children Significant association between high copper levels and poorer working memory in boys
(unstandardized regression coefficient (b) = —0.099, robust standard error (s.e.) = 0.009, t = —10.99,
p=0.008, 95% CI (—0.138, —0.060)
Kicinski et al. 2015 [237] A two-fold increase in blood Cu was associated with a 0.37 standard deviation decrease in sustained
attention (95% CI: —0.67 to —0.07, p=0.02) and 0.39 standard deviation decrease in short-term
memory (95% CI: —0.70 to —0.07, p = 0.02)
Pujol et al. 2016 [387] 2836 children aged from 8 to The results establish an association between environmental copper exposure in children and P <0.001
12 years. alterations of basal ganglia structure and function
Takeuchi et al. 2019 [238]  gray matter volume (rGMV), mean 924 healthy young adults Cu in hair associates with aberrant cognitive functions, greater rGMV in extensive areas, greater MD P <0.0001
diffusivity (MD), and cognitive (which are indicative of low density in brain tissues) in subcortical structures in the healthy young for rGMVs

Alemany et al. 2017 [411]

performance

1645 scholar children from the
BREATHE project

adults
ATP7B 151061472 (P for interaction 0.016) and ATP7B-rs1801243 (P for interaction 0.003)
polymorphisms modified the association between indoor copper exposure and inattentiveness

@ Risk is reported as OR = Odds ratio; CI = Confidence Intervals.
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Elevated levels of noncp-Cu in serum increase the risk of AD by
approximately three-fold [228,229] and contribute to a worse
prognosis of the patients [230]. Some AD patients display increased
levels of noncp-Cu correlating with altered patterns of electrical
brain activity and brain atrophy, along with pathological levels of
AB and tau-protein in the CSF, and more severe clinical outcome
[55]. In one study, subjects with mild cognitive impairment
(MCI) with elevated noncp-Cu levels have a 3-fold increased prob-
ability of AD and faster conversion to AD [212]. Total copper and
the ratio of copper to non-heme iron distinguished progressive
MCI subjects from cognitively stable MCI subjects in a five-year
follow-up study [37]. Other cross-sectional studies also demon-
strated that noncp-Cu is higher in MCI than in healthy controls
[219,231,232]. Large population studies suggest that copper imbal-
ances occur at early stages of cognitive loss and AD development,
and copper in the soil has been associated with increased mortality
relating to AD (Table 1) [233].

Aside from AD, other studies have related copper levels to cog-
nitive performance: A high copper diet combined with high levels
of trans- and saturated fatty acids associated with a 3-fold increase
in loss of cognition (Table 1, [234]). High copper plasma concentra-
tions have been associated with loss of cognitive performance in
normal women (Table 1) [235], and a poorer working memory
and attention in children [236] and adolescents [237] (Table 1). A
recent study found that copper in hair correlates with low cogni-
tive abilities, high regional gray matter volume over widespread
areas of the brain, and larger indices of low density in brain tissues
(Table 1) [238]. As a whole, these studies indicate that elevated
noncp-Cu is associated with loss of cognitive performance. These
indications are further supported by a study investigating a neu-
ropsychological battery of 19 tests in a cohort of healthy elderly
women [239].

Several studies indicate that noncp-Cu may serve as a biomar-
ker for specific sub-group of AD [240]. AD patients stratified on
the basis of a noncp-Cu cut-off [219] have different clinical
[241,242] and genetic features that relate to the frequency of speci-
fic variants of the ATP7B gene [243]. This evidence supports the
existence of a detectable metabolic subtype of AD associated to
copper abnormalities AD [240], called here CuAD. The AD risk vari-
ants of ATP7B (rs732774 and rs1061472) have been found to cause
abnormalities in the expression [227] and function of ATPase 7B
[57].

Many in vitro or in vivo studies have increased our knowledge
about the likely causative mechanisms of copper dysregulation in
AD [39,40,49]. In vivo studies in animal models demonstrated that
small amounts (0.13 ppm) of Cu ingested through drinking water
double plasma concentrations of noncp-Cu, reduce CSF AB clear-
ance via the BBB in wild type mice, and increase AB production
in a mouse model of AD [244].

It is known from many studies that cholesterol can enhance Af
pathology in models of disease [245-248]. However, it was found
that this tendency varied depending on the quality of water given
to the animals, such that distilled water gave less pathology com-
pared to tap water [249]. Strong evidence for a direct link between
copper homeostasis and Ap-related AD pathology came from the
report that the reason is probably that trace amounts of Cu(ll)
(0.12 ppm) in water induce AB accumulation and senile plaque-
like structures in the hippocampus and temporal lobe of
cholesterol-fed rabbits, with associated retardation of learning
ability [250]. These findings were later confirmed in another study
with controls against other metal ions, Zn and Al, with no such
effect [251]. These findings fit well with in vitro AB aggregation
seen in many studies being caused by trace metals in contaminated
laboratory glassware [252].

A further indication of Cu dyshomeostasis in AD comes from the
fact that MT expression changes in AD [253,254|. These small

cysteine-rich proteins naturally bind and buffer the concentrations
of copper and zinc [145,179,255]. The MTI and MTII isoforms are
found in almost all organs, whereas MTIII is predominantly
expressed in the CNS. MTIII possesses a unique neuronal growth
inhibitory activity distinct from the MTI and MTII isoforms
[145,256]. MTI/MTII biosynthesis is induced by a range of factors
including glucocorticoids, cytokines, reactive oxygen species, and
metal ions. Expression levels of the three isoforms differ in AD:
MTI and MTII expression is increased in AD [256], stimulated prob-
ably by the presence of free radicals, metal ions, and cytokines
[256-258], whereas MTIII levels are decreased, notably in the tem-
poral cortex [259]. MTIII shows extracellular growth inhibitory
activity that antagonizes the ability of AD brain extract to stimu-
late survival and neuritic sprouting [260]. By a not fully understood
mechanism, the extracellular Zn;MTIII can protect neurons from
toxic AP, through an interaction of free Cu(Il) and Cu(IlI) bound to
AB [257,261]. Accordingly, MTIII, but not MTI and MTII, have been
reported to protect neuronal cells from Cu(ll)-amyloid toxicity
[257,258]. Similar mechanisms have been observed also for o~
Syn and PrPSc proteins [258]: in vitro studies have demonstrated
interaction of Zn,-MTIIl and Cu(ll)-containing o-Syn and PrPSc
indicating that Zn;MTIII can be neuroprotective via copper transfer
[257].

6. Biochemical evidence: APP/Ap and copper transport

As expected from their major presence, APP and the APP-like
proteins APLP1 and APLP2, serve natural roles in neurons. APP-
knockout reduces synaptic proliferation [262]. Knockout of both
APP and APLP2 simultaneously is lethal and indicates an important
role of APP/APLP2 [263,264] with a partial ability of mutual com-
pensation [265]. The proteins are particularly important for synap-
tic function and affects synaptic plasticity [266-269] and are
essential for hippocampus function and spatial learning of mice
[270].

AB also seems to have normal functions in neurons [271-274].
Nanomolar concentrations tend to be neurotrophic, whereas
micromolar concentrations as seen in cell assays are toxic
[273,275]. The existence of a therapeutic window of AR may
explain observations of both loss- and gain of function in AD,
depending on study conditions [273,276,277]. Inhibition or deple-
tion of AB4o by secretase inhibitors or antibodies is lethal to neu-
rons [278]. Ap depletion has also been shown to impair neuronal
activity in mice [271]. More specifically, AB monomers seem to
protect against copper- and iron-induced toxicity [272] and extra-
cellular ApB increases vesicle release probability in hippocampal
synapses [274]. Together with the findings for APP, these findings
point to an important role of APP/AB at the synapses.

Most of the proteins central to AD, including APP, AB, o-
secretase, and the matrix metalloproteases that mainly degrade
AB, have copper or zinc sites [14,279]. APP has multiple established
metal binding sites [182,280-282] (Fig. 2A, 2B, and 2D). The large
extracellular part of APP contains the copper-binding domain
(CuBD) [141,144,283]. A Zn(Il) site is located within residues
181-200 of APP [284]. In addition, several other Cu(Il) and Zn(II)
sites are present in the E2 domain of APP-like proteins [139,285].

APP can reduce bound Cu(II) to Cu(I) [286], suggesting that APP
may aid in transporting Cu(I) across the membrane similar to other
proteins that enable Ctr1 Cu(I) transport, which requires a copper
(I) reductase to bind Cu(l); in analogy to this function of APP,
Ctr1 is cleaved from the membrane upon high concentration of
copper to prevent uptake of copper [287]. Noteworthy, APP abla-
tion in APP knock-out mouse model facilitates massive copper
increases in the liver (80%) and in the brain (40%) [288]. This per-
turbation of copper efflux linked to APP ablation can be associated
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with an impairment of copper incorporation into copper proteins
and the consequent increase of noncp-Cu that can reach the brain
(up to 40%) [288] Previous data indicate that 3% of serum noncp-Cu
crosses the BBB in living AD patients [289], and consistent findings
indicate a direct interaction of copper with AB in the CNS
[244,250,290].

Further evidencing a function of APP in copper transport, APP
knockout in cultured neurons leads to reduced sensitivity to cop-
per toxicity [291]. In addition, overexpression of APP can both lead
to increased Cu(Il) reduction and uptake in cells [292]; however,
overexpression can also cause intracellular copper deficiency in
mouse brains [293], indicating that APP, either directly or by its
cleavage product A, also contributes to copper export. Other stud-
ies have shown that copper export caused by APP can be reduced
by copper-chelators such as clioquinol [294]. The specific copper-
binding domain of APP reduces toxicity from copper exposure
[295], indicating a sensing-transport function to maintain intracel-
lular copper concentrations at adequate levels. Inhibition of copper
transporters increase AB and decrease expression of Ap-degrading
zinc proteases [296].

Interestingly, this copper buffering function is regulated by cal-
cium levels: APP cleavage is regulated by increases in calcium con-
centration [297]. Secreted APP fragments can protect the neurons
against excitotoxicity and reduce intracellular calcium [298]. In
contrast to its plausible role in reducing Cu(Il), C-terminal APP
instead increases intracellular calcium levels which causes
glutamate-based excitotoxicity [299]. Thus the buffering effect of
APP/AB on copper and calcium seems to be antagonistic. Copper
exposure to aged mice leads to AB accumulation and down-
regulation of low-density lipoprotein receptor-related protein 1
(LRP1) [244], which is a transporter of AR [300] that also controls
APP trafficking and processing [301,302]. However, dietary copper
can also reduce Ap production [303], and copper deficiency directly
changes APP processing and A secretion [304].

AB is a genuine metal-binding peptide with a typical N-terminal
metal-binding sequence including three histidines (His-6, His-13,
and His-14 using AR numbering [59,305]. Only two of them (His-
6 and either His-13 or His-14) are thought to bind Cu(Il) at any
instance, and several ligand environments of the predominantly
square-planar complex exists depending on pH [59,113,305-
307]. At low pH (~6), only one histidine may bind Cu(Il) probably
due to protonation of the other [308]. Metal ions such as Cu(Il) and
Zn(II) mostly form 1:1 complexes with AB [282,309-311]. The Ky
for copper depends on the conditions of measurement but is
approximately 1071°-10-7 M [56,113,138,203,206,280,306,312-3
14], about 2-3 orders of magnitude more strongly binding than
Zn(II), in accordance with the Irving-Williams series of metal ion
binding [14,195].

Metal binding generally changes the aggregation tendency of
AB, in some cases favoring fibrillar aggregates and in other cases
oligomers [14,49,310,315-319]. The metal-rich fibrils resemble
the senile plaques characteristic of AD [123,206]; however the Cu
(II) bound states resemble early oligomers before aggregation, as
estimated from thioflavin T assays [206,307]. The fibrils making
up the senile plaques consist mainly of such extended sheets,
packed with metal ions [17,123,320]. The coil-helix transition in
low-dielectric environments (Fig. 1A-1C) provides a structural
rationale for its membrane channel function [116,128,321,322].
AB is known to form metal ion channels in membranes
[116,117,128,130,323-325]. Such interaction involves conforma-
tional transition from disordered to helix, as favored upon Cu(II)
binding [326] and facilitated by membrane-like micelle environ-
ments [122]. In combination, these various facts provide the
structural-chemical basis for the suggested function of AB as a nat-
urally disordered Cu(Il) transport peptide [60], in agreement with
the biochemical evidence of a copper-APP/AB relationship cited

above. Metal binding most likely increases the ability of the pep-
tide to associate with membranes, since the hydrophilic charged
N-terminal becomes helical and less charged upon metal binding
(from —3 to —1 when binding a divalent metal ion) [327].

As mentioned, AB is toxic and aggregation-prone at micromolar
concentrations in typical assays [328,329]. However, this concen-
tration corresponds to typically one year of total production and
is 1000-fold higher than the normal sub-nanomolar concentrations
(1071 M) of AB [330,331]. Thus, the threshold concentration range
separating beneficial and harmful Ap is 10~7-10~2 M. Considering
that AB typically forms 1:1 complexes with a Kq of Cu(ll) of
1071107 M, 2-3 orders of magnitude more strongly than
Zn(II), one can expect synaptic AB to buffer the Cu/Zn ratio in the
synapses at 1/1000-1/100 approximately; this ratio is arguably
important upon Zn and Cu release during glutamatergic
neurotransmission.

B-secretase (BACE1) initiates production of AB by cleaving its N-
terminal from APP [332]. The transmembrane region of BACE1 con-
tains a highly conserved copper binding site [333-335]. Overex-
pression of BACE leads to reduced SOD1 activity due to loss of
intracellular protein-bound copper [334,335]. Similarly, copper
exposure leads to increased APP expression and Ap formation by
action of a copper sensing protein (CUTA) that interacts with the
B-cleavage site of APP [336]. Recent work suggests that BACE1
functions via trimer formation upon cystine bridge formation to
compartmentalize copper within the cell [337].

Further support for an in vivo relationship between APP/AB and
copper comes from chelation studies. A variety of metal chelators,
typically large complex phenolic N- and O-donor systems such as
clioquinol [338], coumarin [339] and benzylideneindanone [340]
derivatives, and myricetin [341] reduce amyloid plaque formation
[342], down-regulate APP expression and lower AB production
with associated loss of intracellular loosely bound copper [343].
Strong metal chelators such as EDTA (estimated Kq ~107!° M from
log K¢ = 18.8) reduce y-secretase activity and thereby, production
of AB [344]. Metal chelators reduce Ap levels in cultured cells
[345,346] and in Drosophila expressing human Ap [347], and at
the same time such chelators can improve the cognition of mice
[348].

7. Molecular mechanisms of copper toxicity in CuAD

The mechanisms relating copper translocation in compartments
prone to the disease are both loss of function (loss of bound copper
in enzymes involved in anti-oxidant stress and energy production)
and gain of function (induced protein aggregation, toxic redox
activity of Cu-complexes), and both processes eventually con-
tribute to neuronal death [60,277]. Even though the detailed mech-
anisms of these complex processes are still elusive, the many data
reviewed in this work suggest that they act in concert in some AD
patients.

Recent work shows that noncp-Cu has 95% specificity in detect-
ing AD patients affected by CuAD [219], characterized by higher
frequency of rs1061472 and rs732774 of the ATP7B gene, associ-
ated with susceptibility to AD due to copper exposure [243]. These
gene variants are functional single nucleotide polymorphisms that
modify expression and properties of ATPase7B [227]. ATPase7B
loads copper onto nascent ceruloplasmin in the hepatocyte and
onto the glycophosphatidyl inositol (GPI)-ceruloplasmin expressed
in the astrocyte, and slight defects in this process associated with
ATP7B rs1061472 and rs732774 may explain the increased release
of noncp-Cu in the blood [209] and decreases in ceruloplasmin
expression and activity in both blood and CSF [135,187,191,217]
and probably alterations in the expression of additional copper
proteins of the brain [156].
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Focusing first on the gain of toxic functions, when the pool of
exchangeable copper increases in blood (as noncp-Cu) and in the
brain, it may change the conformations of many intrinsically disor-
dered proteins, as widely documented by Cu(II) binding leading to
oligomer seeding and aggregation of AB
[102,133,206,252,307,319,349,350]. Cu(ll) may also engage in
Fenton-like chemistry after reduction to Cu(l) in the reducing cell
[14,351,352]. Overload of Cu(II)-AB molecules is also probable, par-
ticularly at the synapses where both are available at much higher
than normal concentrations [53,159,274,353]. These complexes
by themselves also have both redox-toxic and potentially benefi-
cial effects [181,199,206,314,354]| that are so far not well under-
stood in context, and separating the negative and positive effects
of Cu(II)-AB (and other metal-AB complexes) is of major impor-
tance [60,277]. Efforts to modulate the aggregation tendency and
redox toxicity of both amyloids alone and Cu(Il)-Ap complexes
are accordingly of major current interest [74,75,355-359].

One underlying systemic variable of neurons that could poten-
tially unify the risk factors of metal ion and protein dyshomeosta-
sis is thus energy. The brain uses half of its energy for
glutamatergic signaling and perhaps 30% of the remaining energy
for protein synthesis and degradation. Cognition and memory are
defined by energy requirements unique to the brain and are much
more expensive in humans than rodents, ranging from 34% in
rodents to 74% in humans [360,361|. The energy production
decreases and the energy cost of maintenance grow monotonously
with aging, providing a direct rationale for the age trigger of dis-
ease [362-364], with energetic abnormalities and energy efficiency
(diabetes risk factors) being hallmarks of AD [365-367].

The catalytic reduction of molecular oxygen (0,) to water (H,0)
by CCO generates the electrical gradient used by the mitochondria
to create ATP, and mitochondrial dysfunction and associated qual-
ity control, which occurs upon impaired energy production, is a
hallmark of AD and other neurodegenerative diseases [363,368-
370]. If copper is lost from the bound functional pools, mainly from
CCO, this energy production will be impaired, such that energy sur-
plus for cognition may ultimately be affected. At the same time,
noncp-Cu can increase stress of misfolded proteins that in turn
can increase the cost of turnover [371,372]. AB’s role in this vicious
circle may possibly be to restrain and buffer the increased levels of
oxidative stress and the disruption of the ionic gradients due to
copper dysfunction (Fig. 3B).

8. Analogies to other Cu-related diseases

WD is the paradigmatic disease of noncp-Cu overload in tissues
and organs caused by failure of copper incorporation into cerulo-
plasmin in the hepatocyte [196,240]. Upon ATP7B mutations
noncp-Cu increases in the liver, brain, and the cornea of the eye
(Kayser-Fleischer rings), producing oxidative stress and tissue
damage [135,373]. As a consequence WD has a broad spectrum
of symptom presentation. About one third of cases present with
liver disease, another third with neurological manifestations, and
the last third involves psychiatric and behavioral abnormalities
[196,374-380]. In WD brains, the labile component of Cu is
increased and deposition occurs particularly in the basal ganglia,
associated with gliosis, neuronal loss [381] and features that
resemble Parkinson‘s disease [382].

Mass screening in Korea suggests that WD may be much more
common than previously estimated and reach 1:3000-1:1500
cases [377,383]. In line with this, a recent study reported an
unexpected rate of about 1 in 40, higher than the 1:90 previously
reported, of ATP7B heterozygote mutation carriers in UK, yielding
a prevalence of 1 per 7000 inhabitants [377,384]. The large dis-
crepancy between the estimated genetic prevalence of WD based

on ATP7B mutation frequency and the number of clinically diag-
nosed WD patients, which is significantly lower, motivates the
hypothesis that ATP7B mutations may increase the likelihood of
other neurological or mental disorders, e.g. AD. In line with this
hypothesis, some ATP7B mutations have been identified in AD
patients [385]. Multiple ATP7B variants modify copper homeostasis
and the risk of the disease, and at least in a percentage of patients,
specific loci of the ATP7B (primarily K952 and R832) contribute to
the global susceptibility of developing AD (CuAD) [386]. ATP7B
Genetics appears to drive a large part of the association between
copper abnormalities and brain development and function. The
BREATHE project highlights an interaction between specific ATP7B
variants (including ATP7B R832) and alterations of basal ganglia
structure and its function in the brain [387] (Table 1). Multiple
ATP7B gene variants apparently interplay with diet or life style to
modify susceptibility and disease phenotype, and could thus pro-
vide correlations to nutrition during aging, when the copper
requirements are reduced relative to other phases of life [388].

9. Combining the facts into a simple model of AD due to copper
dyshomeostasis

The many studies of the role of copper at the synapse suggest
that APP can play a role in reducing Cu(Il) to Cu(I) to enable Ctr1
function, and that ATP7A/B can facilitate copper translocation into
vesicles, which can then be released at the synaptic cleft as part of
the glutamatergic transmission that occurs also in the hippocam-
pus at the pyramidal CA1 synapse [159,167,174] (Fig. 3A). In this
model PrP and APP can serve as buffer proteins that control [Cu
(II)] within the synaptic space, where it can reach micromolar con-
centrations and is subject to major variations [166,389]. The
threshold binding strength of these Cu(Il) ions at the synapse is
of the order of 10~° M, which is, incidentally, also the typical neu-
ronal concentration of AB, which also tends to localize at synapses
[353,390]. AB binds copper preferably with 1:1 stoichiometry
[199,203,305,391] and interacts with the membranes to form cal-
cium channels [115,116,128,324].

The evidence summarized above strongly suggest that copper
dyshomeostasis can interfere with this basic synaptic process in
at least a subset of AD patients. We define this dyshomeostasis
as a change from strongly bound synaptic copper pools (Kq < 10~°
M) to loosely bound pools (Kq > 10~° M) over time, with a corre-
lated excess noncp-Cu in the blood. The resulting change in the
proposed pathogenic ratio [Cu](Kq > K§)/[Cu](Kq < K§) would make
it more difficult for the copper buffer proteins to restore copper
pools. A concomitant loss of functional bound copper in copper
proteins will impair SOD1 activity and ATP synthesis by CCO, caus-
ing energy depletion and oxidative stress (Fig. 3B). The disruption
of copper homeostasis at the synapse can affect the synaptic
strength: Application of physiologically relevant concentrations
of 1 pM CuCl, in rat hippocampal slices inhibited long-term poten-
tiation, which is one of the basic processes of learning and memory
[392]. Similar pathology is observed in rats fed with a high copper
diet [393] or injected with copper [394].

A previous model of copper involvement in AD [240] held that
the neurovascular unit has a primary role in regulating the trans-
port of copper from the blood to the interstitial space in the brain.
The concentration of Cu in the interstitial space is primarily con-
trolled by the astrocytes and the other cells of the neurovascular
unit [155]. ATPase7B and ATPase7A and Ctr1 have primary control
over Cu levels (Fig. 3A). Specific variants in the ATP7B gene (e.g.
1s1061472 and rs732774, but additional variants may exist) affect
the expression and function of the ATPase7B pump [57,136,227]
(Fig. 3B). Overtime, ATP7B dysfunction may increase noncp-Cu in
serum plasma and reduce the copper loaded into copper proteins
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(including transporters) and enzymes, as exemplified by reduced
ceruloplasmin specific activity [135,187,191,217]; in the brain
these processes can correspond to copper depletion and probably
a general loss of function of copper proteins including ATPase7B,
CCO, SOD1, DBH, and MAO [156]. In particular, DBH catalyzes the
formation of noradrenaline from dopamine. Midbrain cate-
cholamine diffuse neurotransmitter systems have broad effects
that affect the entire cerebral cortex. Apart from the disturbed
equilibrium of the neurotransmitters (dopamine, noradrenaline,
serotonin) which almost certainly would affect brain function,
increased levels of dopamine may contribute to oxidative stress
via autoxidation and MAO activity, generating H,0, that can
directly react with noncp-Cu in Fenton-type reactions producing
the extremely reactive hydroxyl radical (OH.) [14,395].

The many data indicating that the natural APP/AB function
relates to copper (and possibly zinc) transport at the synapses
put the amyloid hypothesis in close and logic relationship to the
model described above. Since the APP/AB system aids copper trans-
port at the synapses, the disruption of AB levels by PSEN or APP
mutations would contribute to a disturbance of the copper home-
ostasis, as indicated in Fig. 3B [60,277,396]. In this model, APP and
PSEN mutations, the main genetic risk factors of familial early-
onset AD, cause disease by a partial loss of function that manifests
at high age when the overall copper homeostasis is already
stressed. We also note that mutations in SOD1 cause Amyotrophic
lateral sclerosis [397-399], a severe motor neuron disease which
we speculate, because of its many clinical similarities to AD, share
some of the pathways shown in Fig. 3B, notably those relating to
copper-constituted functional SOD1.

10. Conclusions

From the evidence collected it is clear that copper dysfunction
pertains to a percentage of AD patients, a condition we call here
CuAD. This copper dysfunction can explain a fraction of the global
susceptibility for AD. In addition to the pathological and clinical
evidence, there is also substantial biochemical support for a strong
link between copper status and APP/AB, with current evidence
pointing toward a function in copper transport across neuronal
membranes, either directly or indirectly, as a support of Ctr1. Thus
the main hallmark of AD, AB, is a proficient copper binding peptide
with a very broad range of data now documenting how copper
binds and modifies AP structure, aggregation, and toxicity.

For the subset of AD associated to copper dysfunction, causes
relate to four processes that can be summarized as follows: i)
increased frequency of specific ATP7B variants, ii) increased levels
of noncp-Cu, and iii) decreased specific activity of ceruloplasmin;
iv) decreased protein-bound copper into the brain, such as cerulo-
plasmin, ATPase7B, MT, CCO, SOD1, and DBH [400-403]. These
processes can influence each other but standing alone they can still
increase the risk of the disease. They can trigger a cascade of pro-
cesses that involve neurotransmitter alteration, oxidative stress,
and disruption of energy production, eventually leading to cell
death. Large population studies and meta-analyses support the
proposed pathways shown in Fig. 3.

We suggest that the transition from bound functional copper to
“free” chelatable noncp-Cu is defined by a location-dependent
threshold binding constant for pathogenicity which is approxi-
mately K§~10"'2M in blood and K§~10"°M in synapses, where
stronger binding represents innocent functional copper and
weaker binding represents, at least to some extent, the redox-
active gain-of toxic function. A large reduction potential of the
Cu(Il) concomitant with access to reductants such as ascorbate
produces the Cu(I) state that may undergo Fenton-like reactions
[404]; it is quite interesting that Cu(Il)-AB, which is also a weakly

bound copper-system, can do the same [202,405]. At oxidative
conditions hydroxyl radicals are not formed to a great extent
[352] but in the reducing environment of neurons they are likely
to do so, as well as reacting with sulfur groups of proteins [404].
This threshold represents the shift form specific (controlled and
contained) to nonspecific binding in physical chemical binding
assays [14,193]. The Kq4 of Ap for copper is 10~° M which is strong
enough to bind and sequester the “free” copper but weak enough
to release it after transport. Copper binding to Ap changes its con-
formation and increases its hydrophobicity, probably thus enabling
interaction with membranes. Mutations in PSEN1 and PSEN2 that
cause FAD change the production of Ap peptides which may affect
the specific transport capacity of copper-AB across the neuronal
membrane [60].

Finally, we would like to emphasize that Professor Brewer,
based on epidemiological and demographic data that are com-
pletely orthogonal to the chemical, genetic and clinical data pre-
sented here, has put forward a theory that a subset of sporadic
AD can be caused by increased copper exposure. He reaches this
suggestion based on data from developed and industrialized coun-
tries with and without copper piping in a historical context and
from toxicological studies of the AB pathology induced by normal
copper exposure in drinking water [406-408]. Given that the bio-
chemical mechanisms would be similar to those described here
and thus strongly documented, we suggest that this possible con-
tribution to sporadic AD is explored further.
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Copper and Zinc Dysregulation in
Alzheimer's Disease

Stefano L. Sensi

Alzheimer’s disease (AD) is one of the most common forms of dementia.
Despite a wealth of knowledge on the molecular mechanisms involved in AD,
current treatments have mainly focused on targeting amyloid B (Ap) produc-
tion, but have failed to show significant effects and efficacy. Therefore, a
critical reconsideration of the multifactorial nature of the disease is needed.
AD is a complex multifactorial disorder in which, along with Ap and tau, the
convergence of polygenic, epigenetic, environmental, vascular, and meta-
bolic factors increases the global susceptibility to the disease and shapes its
course. One of the cofactors converging on AD is the dysregulation of brain
metals. In this review, we focus on the role of AD-related neurodegeneration
and cognitive decline triggered by the imbalance of two endogenous metals:
copper and zinc.

The Changing Landscape of Alzheimer’s Disease

AD is one of the most common forms of dementia. Despite a wealth of knowledge on the
disease mechanisms, no disease-modifying drugs are available, and AD treatment is limited to
symptomatic intervention. The overall failure of the therapeutic attempts tested so far suggests
that a critical reappraisal of the AD paradigm is required.

The leading hypothesis on AD pathogenesis has been framed within the ‘amyloid cascade’
construct [1]. According to the model, the disease is set in motion by the damaging interaction
of AB peptides (see Glossary) with hyperphosphorylated tau proteins (p-tau). The cascade
has been the target of many therapeutic attempts, but this amyloid-centered approach has
mostly failed so far [2], thereby prompting a critical reconsideration of the role of amyloid in AD
[3,4]. Recent findings have shown that signs of brain amyloidosis, although necessary, are not
sufficient to promote sporadic AD [5]. AR deposition, assessed with positron emission tomog-
raphy (PET) and amyloid-sensitive radioligands (e.qg., florbetapir, florbetaben, flutemetamol, and
the Pittsburgh compound B), is a useful marker for predicting the clinical course of the
autosomal-dominant AD forms, which account for ~5% of AD cases. However, amyloid-
PET is inconclusive in sporadic AD [6] because 20-40% of cognitively competent older
individuals exhibit abnormal amyloid deposition [5,7]. Furthermore, many cognitively normal
subjects are found to show postmortem signs of amyloid burden that fulfill the pathological
criteria for AD, and 25-30% of patients clinically assessed as having probable AD lack brain
amyloidosis [5,8].

Given these amyloid-related uncertainties, a more rational approach toward AD is to consider
the disease as a multifactorial disorder. AD, rather than an amyloid-driven monolithic entity, is a
complex process in which, along with A and tau, the convergence of many polygenic,
epigenetic, environmental, vascular, and metabolic factors increases susceptibility to the
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disease and shapes its pathogenic course [3]. In that regard, it is now commonly accepted that
the AD brain, in addition to AB and tau-related hallmarks, also exhibits signs of oxidative stress,
metal ion imbalance, mitochondrial dysfunction, neuroinflammation, metabolic deficiencies,
and macro- and microvascular alterations.

Over the past two decades, a growing body of evidence, including in vitro and in vivo preclinical
studies, meta-analyses, large epidemiology population studies, as well as ‘omics’ evidence,
has indicated that one of the potentially modifiable risk factors for dementia is the age-related
imbalance of metal homeostasis. Copper (Cu) and zinc (Zn) are essential biological metals
found at high micromolar concentrations in cortical tissue and released in free ionic forms upon
neural activity. Compelling evidence indicates a strategic role for Cu and Zn dysregulation in the
AD brain, a phenomenon recapitulated by the ‘metal hypothesis’ of AD [9]. The hypothesis does
not assume toxicological exposure to the metals, but rather a failure of endogenous regulatory
mechanisms that leads to functional deprivation in some cell compartments, and toxic excess
in others.

Cu Regulation in Physiology and Disease

Cu is an essential transition metal that acts as a catalyst for a plethora of biological processes
(see [10] for an extensive review). The processes of Cu absorption, distribution, and storage are
finely regulated in mammals (Figure 1) and the derangement of these processes has important
detrimental systemic effects [11]. Dietary or acquired Cu dysregulation results in severe
neurological manifestations, as found in Menkes’ disease (MD) or Wilson’s disease (WD;
Box 1). MD is a rare genetic disorder in which mutations in genes encoding the Cu-transport
protein ATP7A lead to Cu deficiency and promote abnormalities of the central nervous system
(CNS). WD is arare inborn error of Cu metabolism that leads to the toxic build-up of the metal in
tissues and organs, hepatic failure, and neurodegeneration [12,13]. Cu pool intervention, by
supplementation in MD or by reducing Cu adsorption in WD, modifies the course of these
diseases.

The liver acts as the critical organ controlling Cu homeostasis (Box 1). The correct handling of
Cu is regulated by the activity of two classes of protein: (i) cuproenzymes that use Cu as a
cofactor; and (i) Cu trafficking proteins that transport the metal. However, Cu shows functional
duality. Cu, when not used for vital catalytic functions, takes part in Cu(ll)/Cu(l)-driven redox
cycles and generates hydroxyl radicals ((OH) through the activation of cyclic Haber Weiss and
Fenton reactions [14]. It is well established that Cu that is not bound to ceruloplasmin (nCp-
Cu) is associated with this redox-mediated toxicity. nCp-Cu comprises 5-10% of the plasma
Cu and is in dynamic equilibrium with albumin, peptides, and amino acids. nCp-Cu permeates
tissues and organs, including the brain, where it constitutes the ‘labile’ Cu pool [15].

The activity of ATP7B (an ATPase that, in hepatocytes, controls Cu loading into nascent
ceruloplasmin [Cp]) is critical for maintaining the body levels of Cu. In AD, the reduced activity of
ATP7B is associated with increased nCp-Cu levels (reviewed in [16]; Figure 1), while mutations
in both copies of the gene gives rise to WD [12,13].

The neurobiological activity of Cu is complex. Cells overloaded with Cu accumulate the metal in
mitochondria [17], and alterations of mitochondrial Cu participate in neurodegenerative pro-
cesses and apoptotic signaling [18,19]. Cu elevations have also been observed in lysosomes,
the organelles involved in autophagy, a critical mechanism in the context of AD because
impairment of the autophagy and/or lysosome pathways results in the detrimental accumula-
tion of AR and tau adducts [20,21]. In addition, Cu is involved in glial apoptosis, and its synaptic
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dysregulation promotes memory and learning dysfunctions [19]. Cu affects synaptic functions
because the metal is released from Cu-containing vesicles in the cleft of excitatory synapses
[22]. Once released, Cu acts, post synaptically, as a high-affinity blocker of the N-methyl-D-
aspartic acid receptor (NMDAR), modulating NMDAR functions as well as the activity of the
glutamatergic «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR),
thereby producing a marked inhibition of glutamate-mediated neurotransmission [22].

Cu and Amyloid Dysmetabolism

Cu significantly affects the amyloid cascade, where it interacts with the amyloid precursor
protein (APP) through a Cu-binding domain [23] (Box 2). Increased Cu concentrations coloc-
alize within AR and neurofibrillary tangles, and regulate APP expression [9,24,25]. The interac-
tion of AR peptides with Cu and other metals has been proposed to promote gain-of-function
activities that are instrumental in the development of AR neurotoxicity [26] (Box 2). In this
context, the AB-mediated ‘Cu toxicity’ originates from the modulation of reduction-oxidation
(redox) cycles, an activity that, through production of H,O,, generates oxidative stress [27],
leading to the formation of A oligomers and their precipitation within plaques as well as lipid
peroxidation [27]. In preclinical AD models, dietary ingestion through drinking water of small
amounts of Cu double the plasma concentrations of nCp-Cu and also affect AR production
[28]. The breakdown of Cu homeostasis also participates in the formation of AR advanced
glycation end-products (AGEs), toxic molecules that are found in the AD brain and in patients
with diabetes [29]. AB glycation with sugars generates free radical superoxide anions (O, ™) that,
by reacting with Cu, are converted into hydroxyl radicals (OH) and contribute to AD-related
oxidative stress [30]. More recently, a loss-of-function model of Cu-related toxicity has been
proposed (Box 2). The model is based on the defective capability of the APP-AB complex to
handle Cu, thereby leading to the extrusion of excess Cu across membranes [31].

Cu in Cognitive Impairment

Substantial evidence shows that changes in Cu levels in the serum, plasma, cerebrospinal
fluid (CSF), and brain of patients with AD are associated with the occurrence of cognitive
deficits and the transition from different stages of the AD-related spectrum [32]. Recent meta-
analyses [33-36] indicated that patients with AD fail to maintain a physiological balance and
distribution of the metal and show increased Cu levels in the serum [33-35] along with an
overall Cu depletion in the brain [36] (Table 1). These studies revealed the presence of a
composite pattern of Cu dysregulation where selective plasmatic increases of nCp-Cu [34]
occur along with serum decreases of Cu bound to proteins [37]. These studies pinpoint the
importance of the nCp-Cu specific pool rather than the bulk Cu concentrations. The mea-
surement of nCp-Cu is not devoid of technical conundrums [38]. Limitations of the indirect
Walshe’s index have been partially resolved by new methods that allow direct measurements
of nCp-Cu levels (reviewed in [39]). A recent study demonstrated a commonality between a
subset of patients with AD and patients with WD, namely that both sets showed increased
blood levels of nCp-Cu (Box 1) [40].

Increased levels of loosely bound Cu are found in soluble fractions of the AD cerebral cortex
[41]. Furthermore, in the AD brain, the progressive increase of the nCp-Cu pool is consistent
with the parallel presence of an expanded pool of exchangeable nCp-Cu in the blood [34,42]. In
patients with AD, several clinical studies have demonstrated that increased levels of nCp-Cu
correlate with the appearance of changes in electroencephalography (EEG)-recorded electrical
brain activity, signs of brain atrophy, pathological CSF levels of AR and tau protein, and more
severe clinical courses (reviewed in [43]). The association between altered Cu metabolism and
AD is further supported by genetic data indicating that the increased frequency of specific
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Glossary

Amyloid B (AB): protein fragments
derived from the proteolytic and
amyloidogenic cleavage of the
amyloid precursor protein (APP). The
peptides are the primary constituent
of senile plaques.

Ceruloplasmin: a 151-kDa protein
with ferroxidase activity responsible
for Cu transport in the bloodstream.
Excitotoxicity: neuronal death
mechanisms activated by the
overstimulation of the excitatory
neurotransmitter glutamate.

Matrix metalloproteinases
(MMPs): a class of Zn-containing
endopeptidases involved in an array
of biological functions, including
dendritic spine remodeling and
maturation of neurotrophic
molecules, such as BDNF.
Memantine: a US Food and Drug
Administration (FDA)-approved drug
used to treat AD. The drug works as
a low-affinity blocker of the
jonotropic glutamatergic receptor
NMDA.

Menkes’ disease (MD): a genetic
disorder caused by mutations of the
gene encoding the Cu-transporter
ATP7A and leading to Cu deficiency.
Metallothioneins (MTs): a class of
low-molecular-weight proteins
enriched in cysteine residues and
that bind endogenous and
exogenous metals.
Metal-protein-attenuating
compounds (MPACs): a class of
drugs used to disrupt the damaging
interaction between AR and some
metal ions, Zn and Cu in particular,
and to restore the phasic tonic
activities exerted by these metals at
the synaptic cleft.

Necrosis, apoptosis, and
autophagy: forms of cell death
triggered by different endogenous
and/or exogenous stimuli and
executed by specific and unique
molecular pathways.

Omics: disciplines (i.e., genomics,
proteomics, metabolomics, or
ionomics) characterizing the function
and interaction of single groups of
molecules (i.e., genes, proteins,
metabolites, or ions, respectively) in
health and disease-related
conditions.

Reactive oxygen and nitrogen
species (ROS and RNS): unstable,
extremely reactive chemical species
containing oxygen or nitrogen. ROS
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Figure 1. Copper (Cu) Physiology and Pathology in the Brain. The neurovascular unit (NU; blue-outlined box) has a critical role in the regulation of brain Cu. The
figure depicts Cu-related trafficking occurring at the critical intersection offered by the blood-brain barrier (BBB) and the NU. The CTR1 transporter controls the Cu
exchange from the bloodstream and endotelial cells and astrocytes. In parallel, the two transporters, ATP7A and ATP7B, promote the metal extrusion from endotelial
cells to the bloodstrean (ATP7B) or the interstitial fluid (ATP7A). Inside astrocytic feet ATP7B also promotes Cu loading into glycosylphosphatidylinositol-linked
ceruloplasmin (GPI-Cp), thereby having an important role in keeping the intracellular Cu concentrations at bay [(A) green circle]. In the Alzheimer’s disease (AD) brain [(B)
red circle], evidence indicates that ATP7B polymorphisms, such as the K832R variant, negatively impact Cu loading into nascent GPI-Cp, thereby promoting damaging
Cu accumulation inside astrocytic feet. Mutant ATP7B also affects Cu export from endothelial cells and contributes to Cu dysregulation.
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Box 1. Wilson’s Disease as a Model of Cu-Related Toxicosis

The liver is the primary organ for the control of Cu homeostasis. Cu is a highly reactive metal, safely delivered to target
sites by Cu-trafficking proteins (also known as chaperones). WD is a paradigmatic disease for Cu toxicosis and
accumulation. The disorder is characterized by a genetic defect in both copies of the ATP7B gene (which encodes a Cu-
transporting ATPase controlling Cu homeostasis) located in the Golgi apparatus of liver and brain cells [12,13]. Defective
ATP7B functioning leads to an expansion of the plasmatic Cu pool not bound to ceruloplasmin (\Cp-Cu, also known as
‘free copper’). nNCp-Cu accumulates in the liver, brain, cornea (leading to the characteristic Kayser—Fleischer rings), and
other organs of patients with WD, thereby producing oxidative stress and tissue damage. One-third of patients with WD
exhibit signs of liver failure, another third neurological manifestations, and the final third behavioral abnormalities [112].
Patients with Cu-dysregulated AD or WD show commonality of some of the clinical features of these diseases, as well as
Cu mislocation in the brain and serum, thereby suggesting neurodegenerative mechanisms that are shared between the
two neurological conditions.

The Cu-AD connection has been empirically further substantiated by a case report of a patient who, although presenting
with Kayser—Fleischer rings (a typical sign of WD), failed the diagnostic criteria for WD but showed cognitive impairment
and neuroimaging features (AB-positive PET scan, '®F-fluorodeoxyglucose [FDG]-PET hypometabolism, and brain
atrophy) compatible with probable AD [113].

The precise mechanisms of the alterations in Cu compartimentalization that occurs with WD and in a subset of patients
with AD are still not completely known. Cu trafficking is of particular importance in the critical milieu offered by the
neurovascular unit (NU; blue box Figure 1 in main text). CTR1, ATP7Am and ATP7B actively participate in the
physiological Cu transport occurring at the NU (green circle in Figure 1 in main text). ATP7B polymorphisms, such
as the K832R variant, negatively impact these mechanisms, thereby increasing the Cu pool that is loosely bound to
proteins and becomes available for citotoxic mechanisms occurring at the NU, ultimately affecting the brain Cu balance.
Mutant ATP7B also affects Cu export from endothelial cells, thereby contributing to Cu dysregulation (red circle in
Figure 1 in main text).

increase the susceptibility to AD approximately threefold [43]. Furthermore, patients with MCI
and elevated nCp-Cu levels show a hazard rate of conversion to AD three times higher than
MCI with normal nCp-Cu values [32]. Further support for the role of Cu in the modulation of
cognition derives from large population studies demonstrating that alterations in Cu balance
are associated with increased risk for cognitive decline [46,47]. Of note, Cp is also essential
for Fe metabolism, another critical modulator of neurodegeneration [48]. The intersection
between the two metals is relevant because Fe dyshomeostasis, similar to Cu mislocation, is
a critical modulator of AR dysmetabolism and promotes cytotoxic effects that overlap with
those triggered by Cu [48]. However, Fe dysregulation also triggers the unique phenomenon
of ferroptosis, a mechanism with an important and emerging role in neurodegenerative
processes and AD [48-50].

Cu Dysregulation as a Biomarker of a Subtype of Patients with AD

The evidence mentioned earlier suggests that, in a subset of patients, Cu abnormalities serve as
a biomarker for the disease and have a role in its progression [51]. In recent years, direct
methods to detect the toxic component of nCp-Cu associated with AD have been developed,
and it was recently demonstrated that Cu dysregulation affects 50-60% of patients with MCl or
AD [45,52]. The process appears to be specific in a subpopulation of AD who are carriers of
selective ATP7B gene variants [53]. Further characterization of this Cu-related AD subtype
revealed that this subset showed distinct EEG-derived brain activity alterations and neuroim-
aging features [51,54]. In analogy with WD, it is conceivable that, in the AD brain of a selected
subset of patients showing increased levels of nCp-Cu, the mislocation of Cu promotes active
mechanisms of neuronal toxicity. It is also possible that, in the larger group of patients with AD
devoid of nCp-Cu alterations, collateral signs of Cu dysregulation are secondarily driven by the
main molecular determinants (AR and tau) of the disease and have a minor, accessory,
pathogenic role.
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Box 2. Cu, Zn, and Intrinsically Disordered Proteins

The ‘amyloid cascade hypothesis’ posits that aberrant accumulation of the A peptide in the brain is the initial step in AD
pathogenesis [1]. AB is a 37-43-amino acid peptide derived from the proteolytic cleavage of the amyloid precursor
protein (APP), a synaptic membrane protein the physiological role of which remains elusive. The sequential processing
of APP by B- and y-secretases leads to the formation and release of AR peptides in the CNS extracellular space. AR
belongs to the broad family of intrinsically disordered proteins (IDPs), a class of proteins with an undefined 3D structure
that binds Cu and other metals. AB4o and AR are flexible peptides with small a-helix and B-sheet structures and are
the two most abundant forms of AB. These proteins bind Cu and Zn [25,70]. The senile plaques of AD brains are highly
enriched with Zn and Cu, suggesting that the two metals participate in AR dysmetabolism and neurotoxicity [69]. By
contrast, sequestration within plaques of the two metals can reduce their bioavailability and prevent their physiological
activities.

Two alternative models describe how Cu can affect AR neurotoxicity. In the gain-of-function model, Cu acts as a critical
trigger for the AB-driven production of ROS. In that capacity, the metal, through its redox properties, can participate in
the AB-mediated generation of H,O,. The loss-of-function model proposes that AR peptides act as protective buffers
against the toxic availability of metals within the brain [31]. According to this model, AR works as a physiological chelator
that exports excess Cu across membranes, thereby protecting neurons from Cu overload. The defective Cu chelation
may also lead to the loss of soluble, metal-binding, functional AB monomers, which, in turn, aggregate in toxic oligomers
and then in fibrils.

With some analogies with Cu, Zn also participates in AR dysmetabolism. Zn binding to AB in the synaptic cleft prevents
the tonic and phasic physiological modulation of excitation and inhibition exerted by Zn on glutamatergic and
GABAergic receptors (see also Box 3) [58]. Several lines of evidence indicate that AR sequesters the chelatable Zn
that is released upon synaptic activity. In addition, AR can compete for Zn and detach the cation from the catalytic site of
synaptic metalloenzymes (i.e., MMPs), thereby impairing their enzymatic activity at the cleft. Although Zn is not a redox
metal, the cation can indirectly promote the oxidative stress found in AD because the metal is a central player in
excitotoxicity-driven generation of damaging reactive oxygen species (ROS). Glutamate- and AB-driven as well as the
Zn-dependent ROS production trigger further Zn mobilization from intracellular pools (i.e., MTs) and activate a feed-
forward cascade involving a mixture of necrosis, apoptosis, and autophagy [58].

Zn Regulation in Physiology and Disease

Zn is found in structural or labile forms in the CNS. In close analogy with Cu, structural Zn is
tightly bound to proteins and peptides, and acts as a crucial component for proper protein
folding or as the catalytic/co-catalytic element required for the activity of many enzymes [55].
Labile, ‘free’ Zn is either stored in the lumen of intracellular organelles, such as mitochondria,
lysosomes, endoplasmic reticulum (ER), and Golgi apparatus, or bound to metallothioneins
(MTs), a class of reactive oxygen species (ROS)- and pH-sensitive metal-binding proteins
[56]. Under physiological conditions, cytosolic Zn concentrations are kept in the picomolar to
the low nanomolar range [57], and the mobilization of this free Zn serves as a second
messenger for intracellular signaling. However, a surge in Zn levels (in the nanomolar range)
promotes neurotoxicity [58]. The tight control of Zn levels is achieved by the concerted activity
of a series of Zn transporters (ZnTs), ‘Zrt-, Irt-related’ proteins (ZIPs) as well as by mobi-
lization from intra- and extracellular Zn stores and binding proteins [59]. Pathological con-
ditions, such as transient global ischemia, status epilepticus, brain trauma, and excitotoxicity,
build up the metal concentrations in neurons through its trans-synaptic influx. Additional
accumulation of intraneuronal Zn occurs upon the ROS- and pH-driven mobilization from
intracellular pools, such as MTs, mitochondria, lysosomes, and ER [58]. These intraneuronal Zn
rises are critical to set in motion necrosis, autophagy, and apoptosis [58].

The role of Zn, and mitochondrial dysfunction in triggering and shaping pathways of neuronal
death has been extensively investigated [58,60,61]. Zn enters mitochondria upon a steep
electrochemical gradient (Ap), accumulates within the organelles, and potently disrupts their
function, ultimately leading to irreversible organelle damage [568,61,62]. Zn triggers the per-
meabilization of the mitochondrial membrane through the activation of the mitochondrial
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Table 1. Meta-Analyses and ROC Studies Evaluating Essential Metals in AD?

Study authors

Wang et al.

Schrag et al.

Squitti et al.

Li et al.

Du et al.

Paglia et al.

Squitti et al.

Lopez et al.

@Abbreviations: AD, Alzheimer’s disease; Cu, copper; Fe, iron; Mn, manganese; nCp-Cu, copper not bound to ceruloplasmin; Vn, vanadium; Zn, zinc.
PAdj-Cp Cu, adjusted Cu concentration method [38].

Statistical
analysis

Meta-analysis

Meta-analysis

Meta-analysis

Meta-analysis

Meta-analysis

ROC

ROC
ROC

Metal

Fe

zn

Cu

Fe

zn

Cu

nCp-Cu

Cu

Adj-Cp Cu”

Cu
Mn/Cu
nCp-Cu
Cu

Tissues sample
sources

Serum

Serum

Serum

Brain

Brain

Brain
Serum/plasma
Serum/plasma
Serum/plasma
Serum

Serum

Serum

Serum

Serum

Serum

Serum

Serum

Serum

Serum

No. of studies
analyzed

18
17
27
14
10
7

10
27
14
25
22
35
10

AD cases/con-
trols analyzed

1035/1273
862/1705
1768/2514
206/251
166/118
115/123
599/867
1393/2159
879/1712
1379/1664
1027/1949
2128/2889
5561/1134
34/40
34/40
34/40
34/40
89/147
36/33

°ROC, receiver operating characteristic curve indicates the diagnostic ability of a binary classifier system.
9AUC, the area under the curve. ROC curves depict the likelihood of a given test to be excellent, good, or worthless. The accuracy of the test depends on how well it discriminates, within a group, in this case
patients with AD versus healthy subjects. The accuracy is measured by the AUC of the ROC curve. An AUC = 1 represents a perfect test, a value of 0.5 represents a worthless test, and values in the 0.7-0.8

range are considered to be fair.

®After the exclusion of two studies due to heterogeneity in the analyzed cohorts.

Meta-analysis
trend

No change
Decrease
Increase
No change
No change
Decrease
Increase
Increase
Increase
Decrease
Decrease
Increase

Decrease

P value

0.086
<0.001
<0.001
0.76
0.291
0.0003
<0.001
<0.001
0.006
0.001°
0.0005
<0.0001
0.015

Area under
ROC® curve”

0.89
0.83
0.70
0.93
0.755
0.676

P value

<0.001
<0.001
<0.001
<0.001
<0.001
0.015

Refs

(39]

(36]

(34]

(33]

[104]
[105]

[52]
[106]
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permeability transition pore (MPTP), a key and conserved effector of cell death. MPTP opening
promotes the release and/or production of proapoptotic factors, such as cytochrome c,
apoptosis-inducing factor (AIF), and AN-Bcl-X, [62,63]. These Zn-dependent adverse effects
on mitochondrial functioning and energy production may contribute to the deficient energetic
balance found in the AD brain [64].

Zn can also target many cytosolic pathways to promote cellular demise, including the activation
of apoptotic signaling cascades, the modulation of plasma membrane channels, and the
depletion of metabolic substrates [58]. Unlike Cu, Zn is not a redox metal but, nevertheless
can indirectly promote oxidative stress through the activation of ROS- and reactive nitrogen
species (RNS)-generating enzymes, such as 12-lipoxygenase, NADPH oxidase, and the
neuronal isoform of nitric oxide synthase (NNOS) [58]. These pathways promote a deadly
convergence in which 0, — and NO' lead to the formation of neurotoxic ONOO ™~ (peroxynitrite).
Of note, Zn-driven ROS and RNS generation promotes further Zn release from intracellular
redox-sensitive stores, likely MTs, thereby exacerbating the Zn dyshomeostasis in a self-
perpetuated feed-forward loop [58,65].

Zn, the Amyloid Cascade, and Beyond

Changes in Zn levels occur in AD and affect amyloid-dependent and -independent mecha-
nisms critical for the disease progression [26] (Boxes 2 and 3 ). Studies of postmortem AD
brains have shown variations in levels of proteins and transporters involved in Zn homeostasis
[66]. These processes correlate with the disease progression and severity of cognitive
impairment [67]. Clinical studies assessing levels of serum Zn in patients with AD resulted
in a heterogeneous set of results [33,68]. Meta-analyses support the notion that Zn is
decreased in the disease (Table 1). However, CSF assays or postmortem brain tissue analysis
failed to provide a definitive answer on the amount of Zn found in AD [36]. The liaison between
Zn and AB dysmetabolism dates back to the early 1990s, when the ‘Zn hypothesis for AD’ was
formulated, a concept that was later framed within the AD ‘metal hypothesis’ [9,26].

Ex vivo observations have confirmed that Zn is highly enriched within senile plaques [69].
Recent evidence indicates a complex interplay between Zn and AB. Genetic and pharmaco-
logical manipulations show that AR peptides sequester Zn and deplete synapses from the

Box 3. Cu and Zn in Synaptic Plasticity

Synaptic plasticity is the molecular correlate of learning and memory. The process is finely regulated by the concerted
activity of a plethora of positive and negative modulators (i.e., ionotropic and metabotropic receptors, second
messengers, protein kinases, phosphatases, etc.). Zn and Cu participate in the shaping of synaptic plasticity
[22,58]. Zn is stored within vesicles at the terminals of some, but not all, glutamatergic synapses. The cation is
particularly abundant in strategic locations such as the hippocampal Mossy Fiber (MF)-CA3 synapse contacts, which is
a key circuit for memory-related processes. The cation is also released at the Schaffer collateral (SC)-CA1 synaptic
contacts. Once in the cleft, synaptically released Zn reaches postsynaptic terminals and interacts with, and modulates,
an array of receptors. Zn exerts an adverse effect on NMDARs and GABAAR, and, to a lesser extent, AMPARSs [58]. The
cation also activates a metabotropic G-coupled Zn2*—sensing receptor (ZnR), which in turn promotes an intracellular
signaling cascade that is involved in synaptic plasticity [96]. More recently, Zn has emerged as a critical contributor to the
shaping of neurotrophic signaling [84,85,88,94]. The cation is required for MMP-dependent maturation of BDNF (see
Figure 2 in main text). Moreover, Zn acting as MMP cofactor affects the dendritic spine and synapse remodeling through
the degradation of the extracellular matrix, a critical step for spine enlargement and structural plasticity. The Cu activity at
the synapse overlaps with Zn [22,58]. In fact, Cu is released from presynaptic vesicles in an action potential- and calcium
(Ca)-dependent manner. Once in the cleft, the cation exerts an adverse effect on NMDARs, AMPARs, GABAAR, and
voltage-gated Ca channels (VGCCs). The synaptic Cu effect negatively modulates plasticity and long-term potentiation
(LTP). Intriguingly, Cu, through interference with MMP-9 activity via mechanisms that remain unknown, has also been
described, in vitro, as a modulator of the BDNF/TrkB neurotrophic axis.
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Figure 2. Pleiotropic Activities of Copper (Cu) and Zinc (Zn) in Shaping Synaptic Plasticity and Neuronal Death. The figure illustrates a glutamatergic
synapse upon (A) physiological conditions, (B) amyloid beta (AB)-driven synaptic deficits, or (C) in a synergistic Alzheimer’s disease (AD) model, in which AB converges
with excitotoxicity to promote synaptic failure and neuronal death. (A) Cu and Zn are released, along with glutamate, upon synaptic activity. In the cleft, the two metals
modulate excitatory neurotransmission by inhibiting the activity of the ionotropic receptors N-methyl-D-aspartic acid receptor (NMDAR) and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR). Synaptic Zn also shapes the proper functioning of the neurotrophic brain-derived neurotrophic factor (BDNF)/TrkB
axis because the metal is an essential cofactor for the activity of matrix metalloproteinases (MMPs). MMPs are a class of extracellular enzymes that promote the

(Figure legend continued on the bottom of the next page.)
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metal physiological activities, including the tonic-phasic modulation of NMDARSs or its activity as
a cofactor for matrix metalloproteinases (MMPs) [9,58,70] (Figure 2; Boxes 2 and 3). The
notion that synaptic Zn deprivation contributes to AD-related dysfunction is corroborated by the
AD-like phenotype observed in aging ZnT3-knockout (KO) mice [71], a transgenic model that is
devoid of presynaptic vesicular Zn. Recent preclinical findings provided evidence that Zn may
also modulate tau pathology by a phosphorylation-independent pathway, in which Zn directly
binds the protein and promotes its aggregation [72] and/or a pathway in which elevations of
intra- and extraneuronal Zn trigger aberrant tau phosphorylation by inhibiting the protein-
phosphatase 2A (PP2A) [73] and activating tau phosphorylating kinases (i.e., GSK-38, ERK1/2,
and cJdunK) [74,75]. These mechanisms ultimately lead to a net increase in phospho-tau
adducts that may exacerbate tau pathology in AD.

Vascular Disorders, Cu, Zn, and Excitotoxicity

The failures of most AD clinical trials aimed at targeting AR and the growing skepticism towards
a dogmatic interpretation of the ‘amyloid hypothesis’ have prompted a more complex and
synergistic view of the disease mechanisms [3]. For instance, cerebrovascular pathology is
present in most patients with late-onset AD [76]. Vascular-related white matter lesions,
alterations of the neurovascular unit, and cortical microinfarcts are common comorbidity
features, especially in the oldest patients [77]. Cu and Zn can modulate these processes.

As for Cu, a series of longitudinal cohort studies has indicated the association between the risk
for vascular diseases or mortality and altered levels of Cu and Cp [78]. Studies have also
revealed an increased likelihood for vascular diseases related to Cu [79,80].

By contrast, Zn is an essential player in excitotoxicity (@ damaging mechanism therapeutically
addressed in patients with AD with the NMDAR blocker memantine), which represents a
critical point of convergence between vascular-dependent dysfunctions and AR and tau
pathology [81]. Historically, excitotoxicity has been described as a process driven by the
overactivation of glutamatergic receptors, especially NMDARSs, an injurious cascade of events
that triggers aberrant elevations in cytosolic calcium (Ca) and Ca-dependent generation of
ROS/RNS, mitochondrial dysfunction, and increased potassium channel activity, ultimately
leading to the activation of necrotic, proapoptotic, and autophagy-related pathways [82]. A
substantial body of evidence now supports the notion that dysregulation of brain Zn is an
essential contributor to the process. Evidence accumulated over the past 30+ years has
demonstrated that the alteration of the brain Zn homeostasis is not only an accomplice, but also
a coleading actor in the glutamate-driven murder case [60,83].

Yin and Yang of Brain Zn: Modulation of Neurotrophic Signaling
Similar to Cu, Zn has dual activities. As mentioned earlier, Zn is not only a potent modulator
of amyloid metabolism, but also a regulator of neurotransmission, neurotrophism, and

Cell

REVIEWS

maturation of proBDNF in mature BDNF. mBDNF binds with high affinity to the TrkB receptor and activates neuroprotective and/or plasticity-related signaling. Cu
positively modulates this cascade by favoring MMP activity. (B) In AD, AB sequesters Cu and Zn, thereby blocking the physiological processes described in (A).
Decreased Cu and Zn levels in the cleft can alter glutamatergic neurotransmission and promote synaptic deficits. Amyloid can remove Zn from synaptic enzymes,
including MMPs, thereby leading to impaired BDNF-related signaling. (C) AB can act in synergy with glutamate to exacerbate the synaptic damage and neuronal loss. In
the proposed model, the AB-driven sequestration of Cu and Zn is paralleled by the excessive synaptic release of glutamate and the two metals. In this scenario, the
reduced Cu- and Zn-mediated inhibition of glutamate receptors coupled with decreased neurotrophic signaling potentiates the neurotoxic effects associated with the
glutamatergic overdrive. (D) Reactive oxygen species (ROS) generated from AB-Cu and calcium (Ca) influx through ionotropic glutamatergic receptors and promote the
intraneuronal released of Zn because the cation is mobilized in a ROS- and reactive nitrogen species (RNS)-dependent manner from metallothioneins (MTs). In the
cytosol, Zn impairs mitochondrial functioning, promotes the release of proapoptotic factors, and induces autophagy by favoring lysosomal membrane permeabilization

(LMP) and the release of lysosomal proteases.
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synaptic plasticity (Box 3). Supporting the notion of a complex regulation of brain functions
by the metal, Zn supplementation has been found to positively affect neurotrophic signal-
ing and, in particular, the activation of the brain-derived neurotrophic factor (BDNF)-TrkB
axis [68,84,85] (Figure 2; Box 3). Neurotrophins are a class of proteins involved in neuronal
survival, growth, and plasticity. Defective neurotrophic signaling has been associated with
several neurodegenerative disorders, including AD [86]. Zn supplementation counteracted
the decrease of BDNF levels in a murine AD model by promoting the Zn-dependent and
MMP-mediated maturation of inactive proBNDF to its mature and functional form [85].
Moreover, in preclinical murine models, brain Zn deficiency or chelation, if occurring upon
development, have been linked to reduced levels of synaptic plasticity-related proteins and
the presence of cognitive impairment [71,87,88]. Of note, in contrast to mature BDNF,
proBDNF promotes impairment in synaptic transmission and participates in neuronal
death-related processes. proBDNF release inhibits GABAergic transmission [89], a finding
that, along with the inhibitory effects of A oligomers on BDNF maturation [90], provides a
novel mechanism for the altered neuronal excitability observed in AD models and patients
with AD [91]. Thus, a Zn-dependent defective BDNF maturation may have significant
consequences for brain functioning. In that context, the Zn-mediated modulation of
MMPs, BDNF, and TrkB signaling may critically impinge on the course of neurodegenera-
tive processes and symptoms. Furthermore, genetic or pharmacological enhancement of
MMP activity, and MMP-9, in particular, reduces cognitive decline in AD models by
decreasing AR oligomers [85,92]. Thus, the Zn-mediated increase in MMP activity may

Table 2. Preclinical and Clinical Evidence for Zinc Supplementation
Study authors  Zinc formulation ~ Animal study or AD® cohort  Dose Duration QOutcome Refs
Phase | clinical trials in animal studies

Corona et al. Zinc sulfate 3 x Tg-AD mice (AB- and 30 mg/l in tap 11-13 months Improved spatial memory, [85]
tau-pathology) water mitochondrial functioning, and
neurotrophic signaling; reduced AB
and tau pathology

Harris et al. Zinc acetate Tg2576 mice (AB- 29/l 6 months Reduced AB pathology; no [107]
pathology) behavioral changes

Flinn et al. Zinc carbonate CRND8/E4 (AB-pathology 10 mg/l in tap 4 months Negative effect on cognition and AR [108]
and APOEH4 risk factor) water pathology

Phase | and |l clinical trials in humans

Constantinidis  Zinc bis-DL- 10 patients 3 x 50 mg/day 3-12 months Improved memory, understanding, [109]
hydrogen communication, and social
aspartate interaction
Potocnik et al.  Zinc methionine 4 patients 2 x 10 mg/day 1 year MMSE and ADAS-Cog [110]
improvements
Brewer reaZinc 42 patients 150 mg/day 6 months Post-hoc analysis in patients aged 70 [103]

years and older revealed statistically
significant improvement in in ADAS-
Cog and CDR-SOB scores and near-
significant results in MMSE scores

Maylor et al. Zinc gluconate 387 healthy older 30 mg/day 6 months A significant treatment x time [111]
individuals interaction for aspects of CANTAB;
long-term benefits unclear

@Abbreviations: AB, amyloid B; AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s disease assessment scale-cognitive subscale; CDR-SOB, clinical dementia rating
scale; CANTAB, Cambridge neuropsychological test automated battery; MMSE, mini-mental state examination.
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have a dual beneficial effect. The process not only promotes BDNF maturation, but also
participates in the clearance of small AR adducts, thereby favoring the production of
nontoxic AB byproducts [93]. Manipulation of the Zn-MMP-BDNF axis also affects synaptic
plasticity and may contribute to the appearance of neuropsychiatric symptoms [88,94]. Zn
deficiency may alter the levels of proBDNF and affect plasticity, and has been found to
correlate with the onset of depressive symptoms, while Zn supplementation has antide-
pressant effects obtained mainly through the potentiation of BDNF signaling [95]. Also
worthy of further exploration is the role of Zn as a neurotransmitter through the activation of
its metabotropic receptor mZnR/GPR39 [96]. The receptor, by enhancing the inhibitory
tone or reducing neurotransmitter release, acts as a negative modulator of neuronal activity
[96], a mechanism potentially involved in the hyperexcitability observed in AD [91].

Targeting Cu and Zn Dysregulation

The issue of metal dysregulation has been the target of therapeutic attempts. The use of
metal-protein-attenuating compounds (MPACs) provides a complex array of actions
that are at the same time potentially beneficial or detrimental and remain a matter for debate
[97]. Broad chelation of Cu and/or Zn can not only positively modulate the beneficial
solubilization of amyloid plaques [9], but also promote the detrimental sequestration of
the two cations at the synaptic cleft, thereby negatively affecting neurotransmission as well
as the neurotrophic axis [88].

Clioquinol (CQ) and PBT2, two MPACs, have been used with the aim of restoring Zn and Cu
homeostasis in preclinical AD models as well as in patients with AD. In preclinical AD
models, the two MPACs have been found to be effective in reducing AR and tau pathology
as well as to decrease the cognitive deficits of the animals [98,99]. CQ and PBT2 have also
been used in two clinical trials and reported to show beneficial effects on AD-related
molecular biomarkers and cognition [100,101]. A PBT2-based Phase Il trial, the IMAGINE
trial, conducted on a small cohort of patients with prodromal or mild AD, was at first thought
to have produced only a small reduction in hippocampal atrophy in the treated group [49]. A
further revision of the results revealed that the lack of major beneficial cognitive effects was
likely due to a suboptimal randomization of the study participants, their variable outlook in
terms of amyloid load, as well as the small size of the study cohort. These findings reinforce
the need for more stringent and personalized patient recruitment criteria to clarify the
therapeutic potential of this class of MPACs. For instance, the use of a recently developed
MPAC-derived radioligand opens the possibility to dissect the critical issue of the regional
regulation of these two metals and help the more selective recruitment of study subjects
[102]. In that regard, so far, MPAC trials have not been designed to include patients with
clear signs of Cu dysregulation, thereby critically neglecting a subset of patients who could
have benefitted the most from this therapeutic approach. Thus, a more promising approach
is offered by selectively targeting subsets of patients with AD and/or MCI showing signs of
nCp-Cu dysregulation. Preclinical and clinical evidence indicates that Zn supplementation
can be a feasible and cost-effective line of intervention to restore the brain Cu balance
(Table 2). Zn supplementation, a mainstay in the treatment of patients with WD, diminishes
nCp-Cu levels by affecting Cu absorption through an increased mucosal block in the gut. In
a small-sized AD cohort, the use of Zn at 150 mg/day was found to induce a negative body
Cu balance, thereby possibly reverting the Cu compartmentalization and distribution from
the blood to organs and tissues, including the brain [103]. Zn may also positively affect
neurotrophic signaling and synaptic plasticity (Box 3). To date, only a few small clinical
studies have evaluated the effects of Zn supplementation in AD (Table 2). Thus, large-scale
trials are urgently needed.
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Concluding Remarks and Future Perspectives

The changing landscape of AD opens new opportunities. In line with the multifactorial nature of
the disease, growing and robust evidence indicates that further exploration of the AD-related
metal dysregulation offers valuable therapeutic avenues. The use of MPACs or any other line of
intervention aimed at targeting biometals faces essential challenges (also see Outstanding
Questions). Further tinkering will be required to engineer compounds that can only act within a
narrow dynamic range of concentration, and show selectivity of action in preferred regional
and/or subregional localizations or target selected cellular population. A neurocentric bias has
so far neglected the study of metal balance in critical cells involved in the control of the
neurovascular unit and inflammation, such as astrocytes, microglia, and pericytes. The timing
of intervention also appears to be critical. The potential of these new therapeutic approaches
strongly depends on a conceptual leap forward and the willingness to move away from the
reductionist assumption that there is only one AD and a ‘silver bullet’ to treat it. In line with a
more up-to-date interpretation of the disease status, including AD as the result of the joint
dysfunction of several health-related networks, targeting metal dysregulation may be a not-for-
all therapy, but rather an option for selected subtypes of patients with AD who are more prone
to metal imbalance.
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Outstanding Questions

Is there only ‘one’ AD or is the condi-
tion instead the personalized, individ-
ual-specific, convergence of the
network disequilibrium of many
health-related systems and networks?

The  one-size-fits-all  therapeutic
approach has failed. Would it be more
useful to target selected subgroups of
patients identified by specific molecu-
lar and/or genetic pedigrees?

Will nanotechnological advances allow
the targeting of metal imbalance in
selected cellular subpopulations as
well as subcellular localizations?

When is the most appropriate time to
approach the issue of metal
imbalance?
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Excess of serum copper not related to
ceruloplasmin in Alzheimer disease

R. Squitti, PhD; P. Pasqualetti, PhD; G. Dal Forno, MD, PhD; F. Moffa, PhD; E. Cassetta, MD;
D. Lupoi, MD; F. Vernieri, MD; L. Rossi, PhD; M. Baldassini, MD; and P.M. Rossini, MD

Abstract—Objective: To assess the role of serum copper in relation to ceruloplasmin and other peripheral markers of
inflammation in Alzheimer disease (AD). Methods: The authors studied serum levels of copper, ceruloplasmin, and
transferrin, as well as total peroxides, antioxidants, and other peripheral markers of inflammation in 47 patients with AD,
24 patients with vascular dementia (VaD), and 44 healthy controls. Biochemical variables were related to the patients’
and controls’ clinical status. Results: The authors found that copper (p < 0.001), peroxides (p = 0.026), and ceruloplasmin
(p = 0.052) were increased and TRAP was decreased (p = 0.006) in patients with AD, while no other markers of
inflammation were altered. The calculation of the ratio between copper and ceruloplasmin suggested the presence in the
serum of AD patients, but not of VaD or normal controls, of a large pool of non-ceruloplasmin-bound copper. Conclusions:
Changes in the distribution of the serum copper components, consisting of an increase of a copper fraction not explained
by ceruloplasmin, seem to be characteristic of Alzheimer disease and may be implicated in the pathogenesis of the disease.

NEUROLOGY 2005;64:1040-1046

Trace metals such as zine, copper, and iron, and
oxyradicals are reactive species involved in the neu-
rodegeneration of Alzheimer disease (AD)."? Both
iron and copper can catalyze Fenton’s reactions, gen-
erating a flux of reactive oxygen species that can
damage functional and structural macromolecules.?
The toxicity of beta-amyloid (AB) may also depend on
copper-mediated free radical generation, and on
copper- and zinc-induced deposition of amyloid
plaques, as demonstrated by in vitro studies and in
animal models of AD.?¢ We recently reported a per-
turbation of copper homeostasis specific to AD pa-
tients, consisting of elevation of serum copper levels
and increased activity, in red blood cells, of the cop-
per enzyme superoxide dismutase.”°

Dysfunction of redox status and trace metals ho-
meostasis could be related to an inflammatory re-
sponse. Significant changes in copper absorption,
transport, metabolism, or excretion do occur in in-
flammation, where plasma copper levels rise, along
with levels of the acute phase copper-protein cerulo-
plasmin, the main carrier of fasting serum copper.*!
Ceruloplasmin is in fact increased due to an aug-
mented rate of its hepatic synthesis and secre-
tion.'»'2 Much evidence supports the presence, in
AD, of an inflammatory component leading to brain

Additional material related to this article can be found on the Neurology
Web site. Go to www.neurology.org and scroll down the Table of Con-
tents for the March 22 issue to find the title link for this article.

tissue damage, possibly through activated glia.* In
addition there is yet somewhat controversial evi-
dence of a concomitant inflammatory response in the
general circulation of patients with AD.415

In order to assess the role of peripheral markers of
redox trace metals in a putative inflammatory re-
sponse in AD, we studied serum levels of copper,
transferrin, total hydro- and lipoperoxides, and anti-
oxidants, as well as a number of peripheral markers
of inflammation, including ceruloplasmin. In addi-
tion, in order to identify changes most specific to
patients with AD, we compared the results of the
same assays in patients with vascular dementia
(VaD).

Methods. Forty-seven patients with AD (mean age 75.6), 44
cognitively normal individuals (mean age 71.1), and 24 patients
with VaD (mean age 77.4) were included in the study (table 1); the
groups were slightly different for sex and age, thus all statistical
analyses were covaried for these two confounders. Both the AD
patient sample, consisting of individuals with a clinical diagnosis
of probable AD (National Institute of Neurological and Communi-
cative Disorders and Stroke—Alzheimer’s Disease and Related Dis-
orders Association criteria),'® and VaD patients, who met National
Institute of Neurological Disorders and Stroke—Association Inter-
nationale pour la Recherche en I’Enseignement en Neurosciences
criteria,' as well as brain MRI criteria suggestive of microangio-
pathic (small vessel) pathology,'® had a Mini-Mental State Exam-
ination (MMSE)" score of 25 or less and were mild to moderate.
AD and VaD patients underwent neurologic, neuroimaging (MRI
or CT), and extensive neuropsychological evaluation, as well as
routine laboratory tests. Duration of disease since onset of symp-
toms was 27 months (range 6 to 96) for AD and 24 (range 6 to 72)
for VaD. The control group consisted of elderly volunteers with no
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Table 1 Characteristics of the study groups

AD VaD

Controls patients patients Overall significance
No. of subjects 44 47 24
M/F 24/20 12/35 13/11 x? = 10.471; df = 1; p = 0.005
Age, y, mean (SD) 71.1(11) 75.6 (7.7) 77.4 (7.0) F(2,112) = 4.624; p = 0.012
APOE ¢4 frequency, % 5.3 19.3 16.6 x2 = 7.106; df = 2; p = 0.035
MMSE, mean (SD) 28.1(1.3) 18.6 (4.7) 22.7 (3.6) F(2,103) = 112.25; p < 0.001
Disease duration, mo, median (min—max) 33 (12-120) 24 (8-72) Mann-Whitney U = 191.5, p = 0.398

AD = Alzheimer disease; VaD = vascular dementia; MMSE = Mini-Mental State Examination.

clinical evidence of neurologic or psychiatric disease. Twelve pa-
tients with AD and five patients with VaD had either poor quality
MRISs or contraindications to the examination (e.g., metal prosthe-
ses); therefore, a CT scan was done to exclude other treatable
causes of dementia. Six patients with AD and one patient with
VaD did not complete the neuropsychological test battery. All
controls underwent a neurologic examination and MMSE, yet only
16 agreed to undergo extensive neuropsychological testing and 12
consented to MRI.

Criteria for exclusion of both patients and controls were condi-
tions known to affect copper metabolism and biologic variables of
oxidative stress (e.g., diabetes mellitus, inflammatory diseases,
Hodgkin’s disease, recent history of heart or respiratory failure,
chronic liver or renal failure, malignant tumors, alcohol abuse), on
the basis of past medical history and screening laboratory tests.
These tests included complete blood count, erythrocyte sedimenta-
tion rate (ESR), cholesterol, triglycerides, ferritin and fibrinogen
levels, serum protein electrophoresis, renal function (creatinine,
BUN), fasting glucose, electrolytes, vitamin B12, folic acid, and
uric acid levels; thyroid function tests (thyroxin, triiodothyronine,
and thyrotropin levels); liver enzymes (SGOT and SGPT), cardiac
enzymes (CPK, LDH), bilirubin levels; serology for syphilis; and
urine analysis. Patients and controls with abnormal values for
thyroid, liver, kidney, or cardiac functions were also excluded from
the study.

The study was approved by the local Institutional Review
Board and all participants or legal guardians gave written, in-
formed consent.

Biochemical and molecular investigations. Sera from fasting
blood samples were collected in the morning and rapidly stored at
—80 °C. Serum copper concentration was measured following the
method of Abe et al. (Randox Laboratories, Crumlin, UK),?° and by
an A Aanalyst 300 Perkin Elmer atomic absorption spectropho-
tometer equipped with a graphite furnace with platform HGA
800.5 Measurements of biologic variables of oxidative stress are
described in detail elsewhere.?* Briefly, hydro- and lipoperoxide
content was assessed by d-ROMs test (Diacron, Italy) and ex-
pressed in arbitrary units (U.CARR), 1 U.CARR corresponding to
0.08 mg/100 mL of hydrogen peroxide.?? Normal range was be-
tween 230 and 310 U.CARR.??? Total Radical Trapping Antioxi-
dant capacity or TRAP was assayed by the TAS kit (Randox
Laboratories), based on published methods.?* The serum refer-
ence range is 1.30 to 1.77 mmol/L.2** Transferrin and ceruloplas-
min were measured by immunoturbidimetric assays (Roche,
Diagnostic, Germany) utilizing a goat anti-human transferrin an-
tibody in TRIS/HCI buffer,?* and a rabbit anti-human ceruloplas-
min antibody in phosphate buffer.?

All biochemical measures were automated on a Hitachi 912
analyser (Roche Diagnostics) and performed in duplicate. APOE
genotyping was performed according to established methods.?® Se-
rum protein electrophoresis was carried out by means of the Beck-
man Paragon SPE agarose system with densitometric
quantitation of the protein fraction (Analis, Namur, Belgium).
Interleukin-1 B (IL-1B) and tumor necrosis factor a (TNFa) from
serum were assessed with ELISA methods (DRG Instruments
GmbH, Germany) based on appropriate and validated sets of
monoclonal antibodies.?’*

Cognitive evaluation. Neuropsychological testing included the
MMSE,"” the Mental Deterioration Battery (MDB),* the Digit
Span,®® and the test of Corsi as described elsewhere.®3

MRI evaluation. Brain MRI was performed using a 1.5 Tesla
superconductor magnet. The imaging protocol consisted of axial
T2 W double spin echo (SE) sequences and T1 W SE images in
axial, coronal, and sagittal planes, with 5 mm slice thickness and
intersection gap = 0.5 mm. MR images were evaluated by two
experienced neuroradiologists blinded to the patients’ diagnoses or
laboratory results, approaching total agreement (95%). Atrophy
and white matter changes lesions were graded following standard-
ized visual rating scales on plain MRI.?*** The degree of medial
temporal lobe atrophy was evaluated with a ranking procedure
and validated by linear measurements of the medial temporal lobe
including the hippocampal formation and surrounding spaces oc-
cupied by CSF, following standardized criteria (five-point rating
scale of medial temporal lobe atrophy [MTA]).?! Generalized brain
atrophy (ventricular and sulcal atrophy) was rated as present (1)
or absent (0; global atrophy). The visual rating scale of white
matter changes included the anatomic distribution as well as the
severity of the lesions. Based on anatomic distribution, a distinc-
tion was made between areas of periventricular hyperintensities
(PVH) (caps and rims) and deeper hyperintensities (including
frontal, parieto-occipital, and temporal white matter hyperintensi-
ties [DWMH]; basal ganglia hyperintensities [BGH]; and infraten-
torial hyperintensities [ITH]). Large vessel cortical infarcts in the
anterior, posterior, and medial cerebral artery were also evalu-
ated. Presence of mass lesions and lobar hemorrhages were exclu-
sion criteria from the study.’>%*

Ultrasonographic examination of the cerebral vessels. The ca-
rotid and vertebral arteries were studied by means of color coded
duplex ultrasonography (7.5 MHz probe; Acuson, Aspen) according
to standardized criteria.”® Detailed description of the sonographic
procedures has been previously reported.® Particular attention
was paid to detect both presence and degree of stenosis of athero-
sclerotic plaques in the carotid and vertebral arteries. The intima
and media thickness (IMT) from the distal portion of the CCA was
investigated in detail in each patient according to previous stud-
ies.® Intracranial vessels were also examined by transcranial
Doppler (TCD Multidop T TCD- DWL, Germany), according to
previously described methods.?”

Statistical analyses. AD and VaD patients and controls were
described in terms of main demographic, genetic, and cognitive
characteristics and statistically compared with analysis of vari-
ance (ANOVA) F, x2, or Mann—-Whitney tests. Both age and sex
were considered as covariates in all parametric statistical
analyses.

In order to assess the role of the copper and the other biologic
variables in separating patients with AD, VaD, and healthy sub-
jects, discriminant analysis was performed. Of note is that copper
values were entered after logarithmic transformation. The analy-
sis involved a linear combination of the independent variables
that discriminates between the a priori defined groups, minimiz-
ing the misclassification rates. The findings of the discriminant
analysis were verified by means of percentages of correct classifi-
cation (both in the whole sample and after eliminating one case at
a time according to the leave-one-out procedure).

The relationship between copper and ceruloplasmin was stud-
ied by means of polynomial regression analysis. This technique
allowed us to choose the appropriate model, and, subsequently,
two copper measures were calculated: copper explained and cop-
per not explained by ceruloplasmin.

Eta-squared (the proportion of the dependent variable variance

March (2 of 2) 2005 NEUROLOGY 64 1041





Table 2 Serum copper, peroxides, TRAP, and transferrin concentrations in healthy controls, patients with AD, and patients with VaD

Controls, AD patients, VaD patients,
n =44 n = 47 =24 ANOVA
Copper, pmol/L 12.6 (2.5) 17.2 (5.9) 12.9 (2.3) F(2,108) = 13.025, p < 0.001
Ceruloplasmin, mg/dL 26.5 (4.7) 30.1(5.9) 26.8 (5.6) F(2,95) = 3.057, p = 0.052
Peroxides, U.CARR 299 (68) 348 (64) 329 (56) F(2,109) = 3.779, p = 0.026
TRAP, mmol/LL 1.39(0.14) 1.28 (0.14) 1.32(0.17) F(2,108) = 5.391, p = 0.006
Transferrin, g/L 2.7(0.4) 2.5 (0.5) 2.7 (0.6) F(2,104) = 1.318, p = 0.272

Values are mean (SD). Based on an analysis of covariance model with age and sex as covariates.

TRAP = Total Radical Trapping Antioxidant capacity; AD = Alzheimer disease; VaD = vascular dementia; ANOVA = analysis of

variance.

accounted for by the differences among groups) was also used as
association measure.

Finally, correlation analyses between biologic variables and
neuropsychological scores (Pearson’s r), and MRI atrophy and vas-
cular measurements (Spearman’s rho) were performed.

A p value less than 0.05 was considered significant in all sta-
tistical analyses, except when a correction for multiple compari-
sons was appropriate. Tukey’s test was used when the
homogeneity of variances could be assumed. When the variances
were statistically heterogeneous, the Games-Howell procedure
was applied. In order to avoid redundancies, the p values of the
ANOVA (differences between controls, AD, and VaD) are reported
in table 2 while the p values of the pairwise comparisons (adjusted
for multiple comparisons) are reported in the text.

We used the SPSS 11.5 for Windows statistical software pack-
age (SPSS Inc., Chicago, IL).

Results. Patients and controls differed for age, controls
being younger than patients with VaD (Tukey’s p = 0.019)
and patients with AD (age overlap provided a Tukey’s p of
0.054) (see table 1). The groups were not balanced for sex,
since the proportion of women in the AD group was higher
(76% vs 46% both in VaD and controls). AD and VaD
patients did not differ for disease duration. The three
groups differed for MMSE, as revealed by all pairwise com-
parisons (Tukey’s p < 0.001). No differences for fasting
glucose, vitamin B12, folic acid and uric acid levels, ESR,
bilirubin levels, cholesterol, triglycerides, complete blood
count, and hypertension among groups were evident.
APOE €4 allele was more frequent in both AD and VaD
patients.

Table 2 summarizes the data of copper, ceruloplasmin,
peroxides, TRAP, and transferrin in patients with AD,
VaD, and controls. Although the results on copper shown
here were obtained by the colorimetric method,?® those ob-
tained by atomic absorption spectrophotometry assays
were superimposable (intraclass correlation coefficient for
consistency = 0.89, p < 0.001). Copper (p < 0.001) and
peroxides (p = 0.008) were increased in patients with AD
compared to controls (see table 2). Peroxides were higher
in patients with VaD vs controls, though the difference did
not reach significance (p = 0.058).

TRAP was always lower in both groups of patients in
comparison to controls (p = 0.004 for AD and p = 0.036 for
VaD). The difference in ceruloplasmin content between AD
and controls was 2.730 (95% CI: lower bound = —0.130,
upper bound = 5.591), and that between VaD and controls
was 0.003 (95% CI: lower bound = —3.011, upper bound =
3.061; p = 0.987). However, after correcting for age and
sex, the increase of ceruloplasmin observed in patients
with AD only approximated significance (p = 0.052). None
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of the oxidative and trace metal species measured corre-
lated with age, except for transferrin, which was inversely
correlated (r = —0.20, p = 0.037).

Discriminant analysis was applied to assess the poten-
tial implication of indices of copper metabolism in AD. In
particular, we developed a model to identify which biologic
(copper, ceruloplasmin, peroxides, and TRAP) and demo-
graphic variables (age and sex) could discriminate among
patients with AD, patients with VaD, and controls. This
procedure automatically identified two functions as linear
combinations of the biologic variables. Function 1 was ob-
tained combining three biologic variables high in the AD
group—that is, copper, peroxides, and ceruloplasmin—that
clearly separated AD patients from healthy controls (see
figure E-1, Function 1 on the Neurology Web site at www.
neurology.org). The second linear combination (Function 2)
provided by the discriminant procedure was due almost
exclusively to the TRAP contribution to the statistical
model. This function distinguished patients with VaD from
controls, TRAP being lower in the VaD group.

As a whole, this discriminant analysis was adequate in
differentiating patients with AD from controls (correct
classification of 80%, cross-validated, 73%), but not in sep-
arating patients with VaD from controls (correct classifica-
tion rate of 69%, cross-validated, 59%). The discriminant
power between AD and VaD could be improved, however,
by adding MRI indices of white matter changes and atro-
phic burden (correct classification rate of 90%, cross-
validated, 79%). This analysis could not be applied to
controls because of insufficient neuroimaging data. The most
valuable variables in group discrimination were DWMH and
copper. DWMH alone could discriminate AD from VaD with
a classification rate of 77%, reaching 84% when copper levels
were included in the analyses. The contribution of other
variables was small (approximately 6%) and the total cor-
rect classification rate approached 90%.

In order to address the disequilibrium between the
measured biologic markers, two ratios were calculated:
copper:transferrin and copper:ceruloplasmin. ANOVA
[F(2,106) = 19.53; p < 0.001] and post hoc Games-Howell
comparisons indicated that the copper:transferrin ratio
was higher in AD vs controls and VaD (p < 0.001; figure
1). Comparisons of copper:ceruloplasmin ratios with
ANOVA [F(2,94) = 5.91; p = 0.004] and post hoc Games-
Howell comparisons confirmed higher values in patients
with AD (p = 0.028 vs controls, p = 0.015 vs patients with
VaD). Comparisons between controls and patients with
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Figure 1. Mean values (=1 SEM) of copper:ceruloplasmin
ratio (A) and copper:transferrin ratios (B).
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VaD showed similar values for both ratios (p = 0.953 and
p = 0.999; see figure 1).

In order to explain the physiologic relationship between
ceruloplasmin and copper we applied both lowess nonpara-
metric and polynomial regression models to data obtained
from the control group. After eliminating control subjects
with abnormal influence statistics, the simple linear re-
gression provided high goodness-of-fit. Pearson’s r resulted
equal to 0.75, indicating that about 56% of copper variabil-
ity could be explained by ceruloplasmin. We calculated
that, in healthy subjects, for each 10 points of ceruloplas-
min levels increase, copper is expected to increase by 3.28
points (95% CI = 2.15 to 4.41). On the basis of this physi-
ologic relationship, we computed two copper measures: the
first, copper explained by ceruloplasmin, corresponds to
the theoretically expected level of copper, given a cerulo-
plasmin level; the second, copper not explained by cerulo-
plasmin, corresponds to the residual copper with respect to

5- —————————————————————————————————————————————————
P p=.004 L p=.004 [
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3. _________________________________________________
TR
p=.166
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Figure 2. Mean values (=1 SEM) of copper explained by
ceruloplasmin (open circle) and copper not explained by
ceruloplasmin (filled circle) in the three groups of subjects.
Data are expressed in terms of deviations from controls’
means. Eta-squared resulted equal to 0.06 (p = 0.056) for
copper explained by ceruloplasmin and 0.14 (p = 0.001)
for copper not explained by ceruloplasmin. Post hoc
Tukey’s comparisons vs Alzheimer disease are reported.

the regression line determined in controls. When both
measures of copper levels were entered in the discriminant
analysis, copper not explained by ceruloplasmin was able
to differentiate AD from both VaD and controls (0.610,
highest correlation with canonical discriminant function
1). Copper explained by ceruloplasmin, instead, did not
contribute to the discriminant model (correlation coeffi-
cients = 0.05 with canonical discriminant function 1 and =
0.08 with canonical discriminant function 2). The higher
discriminant power of copper not explained by ceruloplas-
min is illustrated in figure 2, where data were normalized
with respect to the controls’ mean.

No inflammatory processes were determined to be spe-
cific to AD in our patient sample, as the markers of inflam-
mation we analyzed did not differ among the three groups
(see table E-1 on the Neurology Web site at www.
neurology.org).

Elevated copper and oxidative stress inversely corre-
lated with performance on most neuropsychological mea-
sures, namely immediate and delayed recall (Rey’s
Auditory Verbal Learning Test), Phonemic Verbal Fluency,
Copy Drawing, Copy Drawing with Landmarks, and
Raven’s Progressive Matrices (table 3), confirming what
was previously reported.® No correlation was instead
present between cognitive testing and physiologic indices
of peripheral inflammation, namely albumin, ESR, IL-1B,
TNFa, and serum «l, o2, and vy fractions (results not
shown). Correlation analysis from the Doppler examina-
tion revealed that no patient with AD had abnormal flow
velocity in the cerebral arteries examined by Duplex
sonography and TCD (results not shown). Moreover, none
of the biochemical variables assayed correlated with ultra-
sound indicators of cerebrovascular burden, namely pres-
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Table 3 Correlation between outcomes of neuropsychological examination and copper, ceruloplasmin, peroxides, TRAP, and transferrin

Neuropsychological
test Copper (n) Ceruloplasmin (n) Peroxides (n) TRAP (n) Transferrin (n)
MMSE r = —0.335; —0.355; —0.359; 0.249; —0.099;
p = 0.003; (79) p = 0.002 (73) p = 0.001 (80) p = 0.027 (79) p = 0.392 (77)
RAVLT Immediate r = —0.154; r = —0.163; r = —0.072; r = 0.191; r = 0.010;
Recall p = 0.187 (75) p = 0.181 (69) p = 0.534 (76) p = 0.100 (75) p = 0.930 (73)
RAVLT Delayed r = —0.222; r = —0.249; r = —0.238; r = 0.277; r = —0.048;
Recall p = 0.056 (75) p = 0.039 (69) p = 0.038 (76) p = 0.016 (75) p = 0.688 (73)
Digit span r = —0.048; r = —0.192; r = —0.083; r = —0.028; r = —0.138;
p = 0.684 (75) p = 0.114 (69) p = 0.476 (76) p = 0.812 (75) p = 0.245 (73)
Corsi Test r = —0.154; r = —0.139; r = —0.240; r = 0.014; r = —0.287;
p = 0.196 (72) p = 0.261 (67) p = 0.041 (73) p = 0.904 (73) p = 0.016 (70)
Immediate Visual r = —0.240; r = —0.237; r = —0.166; r = 0.019; r = —0.051;
Memory p = 0.042 (72) p = 0.056 (66) p = 0.161 (73) p = 0.873(72) p = 0.677 (70)
Raven’s Progressive r = —0.288; r = —0.319; r = —0.324; r = 0.085; r = —0.082;
Matrices p = 0.014 (72) p = 0.009 (66) p = 0.005 (73) p = 0.480 (72) p = 0.501 (70)
Verbal Fluency r = —0.309; r = —0.252; r = —0.167; r = 0.164; r = 0.052;
p = 0.007 (75) p = 0.037 (69) p = 0.150 (76) p = 0.159 (75) p = 0.665 (73)
Sentences r = —0.256; r = —0.147, r = —0.103; r = 0.015; r = —0.110;
Construction p = 0.038 (66) p = 0.259 (61) p = 0.406 (67) p = 0.904 (67) p = 0.388 (64)
Copy Drawing r = —0.336; r = —0.187; r = —0.219; r = —0.087; r = —0.081;
p = 0.005 (69) p = 0.140 (64) p = 0.068 (70) p = 0.473 (70) p = 0.516 (67)
Copy Drawing with r = —0.292; r = —0.301; r = —0.360; r = 0.074; r = 0.027;
Landmarks p = 0.016 (68) p = 0.016 (63) p = 0.002 (69) p = 0.548 (69) p = 0.830 (66)

r = Pearson correlation coefficient. Significant at the 0.005 level (two-tailed, after Bonferroni’s adjustment). TRAP = Total Radical
Trapping Antioxident capacity; MMSE = Mini-Mental State Examination; RAVLT = Rey’s Auditory Verbal Learning Test.

ence of carotid plaque or stenosis, except for the IMT
values that correlated with APOE €4 genotype (Spearman
rho = 0.358; p < 0.005). Analyses of MRI data showed that
presence of supratentorial atrophy (enlarged sulci, wid-
ened lateral and third ventricles) and atrophy of the tem-
poral lobes (reduction in hippocampal volume) was
prominent in AD subjects, while white matter changes and
other deep-seated hyperintensities were more prevalent in
VaD (see table E-2). Control subjects’ values were consis-
tent with those found in normal aging. Among MRI mea-
surements and serum oxidative-trace metals values, there
was a negative correlation between isolated MTA and
TRAP (Spearman rho = —0.451, p = 0.001). Deep-seated
ischemic changes, namely BGH, correlated with APOE €4
genotype (Spearman rho = —0.251, p = 0.049). Correlation
analyses of €4 allele status with the biologic variables of
oxidative stress and trace metals for all participants
showed that presence of the APOE €4 allele correlated only
with lower TRAP concentrations, [t(99) = —2.91, p =
0.004].

Discussion. The results of this study show that
the portion of serum copper unexplained by cerulo-
plasmin, as calculated on the ratio between cerulo-
plasmin and copper levels in healthy controls, can
discriminate subjects with AD from both normal con-
rols and subjects with VaD better than copper ex-
plained by ceruloplasmin. This finding demonstrates
an alteration of the ratio between copper and cerulo-
plasmin in this disease. Ceruloplasmin, an «-2 glob-
ulin with ferroxidase and copper transport functions,
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is a marker of both plasma copper status and inflam-
mation.’>?® We had previously reported a relative el-
evation of total serum copper in AD,® although levels
were within the usual reference range for copper of
10 to 22 pmol/L.?° Also another study analyzing indi-
ces of copper metabolism in AD showed that the
ceruloplasmin-copper relationship probably repre-
sents the key issue in interpreting in vivo copper
studies on AD,?%4° rather than absolute serum copper
levels, making less relevant the discrepancy among
studies that did®*' or did not find differences in se-
rum copper levels in AD.*>% Normally, over 90% of
human serum copper is considered to be tightly
bound to ceruloplasmin,** even though some au-
thors!* suggested a value closer to 60% for
ceruloplasmin-bound copper, similar to our study.
The rest of the copper would be distributed among
transcuprein (12%), albumin (12%), aminoacids (e.g.,
histidine), and small molecular weight complexes
(0.5 to 5%), named exchangeable component. Studies
on transgenic mouse models show that copper can
bind and interact with APP (or AB), which has been
proposed to function as a copper/zinc metalloprotein,
part of a failing metal homeostatic mechanism in
AD.%46 In particular, copper-binding APP has been
hypothesized to represent a means for removing ex-
cess copper from brain tissue.**"*® The excess of se-
rum copper we estimated in AD could be explained
by an efflux from cortical cells, as also proposed by
some authors,*” which would also explain why the





rise observed is mainly due to copper unbound to
ceruloplasmin, rather than the bound fraction bio-
synthesized, in fact, in the liver. This hypothesis is
coherent with the APP-/- knockout mouse model,
where absence of APP, proposed to balance cell cop-
per concentration, is causative of the 40% increase in
brain copper observed. Alternatively our results
could be described by a failure of copper incorpora-
tion into APP in the liver.*> In the APP-/- mouse
model copper increases by 80% in the liver and 40%
in the brain, while apparently no serum variations
are found.*® This situation closely resembles Wilson’s
disease, a degenerative condition where copper me-
tabolism abnormalities are key to the pathogenesis,
even though serum copper levels are within the nor-
mal range. In this disease, in fact, the
micronutrients-associated fraction—that is, the ex-
changeable serum copper component—is extremely
elevated.*® In Wilson’s disease copper is bound to
small molecules that can easily reach organ tissues
and cross the blood—brain barrier, which normally
functions as an effective mechanism to control redox
metals brain tissue levels.?*5! In studies on the dis-
tribution of copper among serum components in pa-
tients with cancer, variations in the four serum
fractions were found and some patients with very
high level of low-molecular weight copper were de-
scribed. The increase in ceruloplasmin unexplained
copper calculated in our patients with AD is far from
the unbound copper estimated in Wilson’s disease,
yet it approaches the levels described in patients
with cancer and it could be toxic, partaking in AB-
mediated toxicity of AD, as it can easily cross the
blood—brain barrier.’* In addition, our findings are
coherent with the proposed activity of APP in balanc-
ing copper concentrations.*>#¢ A recent report showed
that ingestion of low concentrations of copper (2 pm)
added to drinking water markedly impairs biometals
homeostasis and increases brain parenchymal A in
rabbits fed cholesterol-supplemented diets.?? The
specific increase in total serum copper in our pa-
tients with AD was in the micromolar range, yet
some authors have suggested that even increases in
the nanomolar range could have an impact on AD
pathogenesis.*” Although we could not look, in vivo,
for direct evidence of a toxic effect or a change in
brain AR burden, we developed a statistical approach
to assess the potential implication of copper in the
pathogenesis of AD. Our aim was to estimate the
specificity of the biologic indices of copper metabo-
lism and oxidative stress in discriminating patients
with AD from healthy and demented controls, and
correlating them to the most relevant clinical charac-
teristics of the disease. According to the discriminant
analysis model, when patients with AD are com-
pared to controls the biologic variables of trace met-
als and oxidative stress can correctly classify 80% of
subjects. When the model is applied to AD and VaD
populations and the MRI indices are included in the
canonic function, they can discriminate 90% of pa-
tients. Indeed, a correlation between AR burden in

CSF and copper in the serum is also suggested by
preliminary evidence from our laboratory (manu-
script in preparation).

While copper discriminates patients with AD from
both controls and patients with VaD, the increase in
peroxides seems to be reflective of a pro-oxidant
status caused by an increase in redox copper. The
decrease of TRAP, which is aspecific and is seen in
both patients with AD and patients with VaD, may
either reflect a primary defective antioxidant mecha-
nism, conferring susceptibility to all dementias, or,
on the contrary, may be secondary to brain tissue
degeneration.

The e4 frequencies of our patients with AD
(19.3%) and healthy elderly controls (5%), much
lower than frequencies in Northern Europe and the
United States, are similar to those reported by stud-
ies documenting a dramatic decrease of the e4 fre-
quency from Northern to Southern Europe, and even
from Northern to Southern Italy.>*5* In addition, our
patients with VaD show an €4 frequency relatively
comparable to the patients with AD, as previously
reported in other Italian samples.?>* The overlap in
APOE alleles frequencies in Italian patients with
VaD and patients with AD, in addition to a geo-
graphic variation in the influence of this genotype
over AD susceptibility, may reflect the partial neuro-
pathologic and pathogenetic overlap between the two
nosologic categories in general, as also documented
by the ongoing debate over the adequacy of the inter-
national criteria used to distinguish AD from
VaD_57,58

Much evidence suggests a role of inflammatory
processes in AD pathogenesis, as well as a concomi-
tant peripheral inflammatory response.®® The con-
comitant increase in our patients with AD of the copper
fraction explained by ceruloplasmin, a marker of in-
flammation, suggests that at least in part our findings
could relate to general inflammatory mechanisms, de-
spite the lack of significant differences in other periph-
eral markers of inflammation.

Our main finding is the probable existence in AD
of an excess of copper not bound to ceruloplasmin, a
serum component that might play a role in ApB-
mediated toxicity to the brain.>' This serum copper
component should also be sought in other neurode-
generative disorders. A study evaluating the reliabil-
ity of copper in discriminating AD from Parkinson
disease is currently in progress, and will help deter-
mine whether copper-mediated pathogenetic mecha-
nisms are specific to AD.
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Objective: Meta-analyses show that nonbound ceruloplasmin (non-Cp) copper (also known as free or labile copper)
in serum is higher in patients with Alzheimer disease (AD). It differentiates subjects with mild cognitive impairment
(MCI) from healthy controls. However, a longitudinal study on an MCI cohort has not yet been performed to assess
the accuracy of non-Cp copper for the prediction of conversion from MCI to AD during a long-term follow-up.
Methods: The study included 42 MCI converters and 99 stable MCI subjects. We assessed levels of copper, cerulo-
plasmin, non-Cp copper, iron, transferrin, ferritin, and APOE genotype. A multiple Cox regression analysis—with
age, sex, baseline Mini-Mental State Examination, APOE4, iron, non-Cp copper, transferrin, ferritin, hypercholestero-
lemia, and hypertension as covariates—was applied to predict the conversion from MCI to AD.
Results: Among the evaluated parameters, the only significant predictor of conversion to AD was non-Cp copper
(hazard ratio = 1.23, 95% confidence interval = 1.03-1.47, p=0.022); for each additional micromole per liter unit
(umol/l) of non-Cp copper, the hazard increased by ~20%. Subjects with non-Cp copper levels >1.6umol/| had a haz-
ard conversion rate (50% of conversion in 4 years) that was ~3X higher than those with values <1.6umol/l (<20% in
4 years). The rate of conversion was similar between APOE4 carriers and noncarriers (p = 0.321), indicating that the
non-Cp copper association was independent of APOE4.
Interpretation: Non-Cp copper appears to predict conversion from MCI to AD. These results encourage healthy life
style choices and dietary intervention to modify this risk.

ANN NEUROL 2014;75:574-580

munestic mild cognitive impairment (MCI) is charac- amyloid [Aff] 1-42 peptide and tau proteins), have been

terized by memory impairments that do not yet tested as predicting markers of the conversion from MCI

warrant the diagnosis of dementia, and it is considered a
precursor of Alzheimer disease (AD), due to the high
rate of progression from MCI to AD. Sensitive cognitive
tests, coupled with cerebrospinal markers of AD (ie, f-

to AD.'™ The cause of AD appears to be closely related
to aggregation and deposition within the brain of the Af
peptide in oligomers and plaques and of tau proteins in
neurofibrillary tangles, as has been claimed in the
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“amyloid cascade,” which is the most popular Alzheimer
hypothesis.* This hypothesis has taken many forms, as
new details about the disease emerge. For example, in
addition to the Af oligomers and toxic tau aggregates,
oxidative damage, aberrant inflammation, or impaired
energy metabolism have been included among the patho-
genic pathways involved in the disease cascade. Recently,
researchers have discovered an important role played by
iron, copper, and zinc metabolism in the pathogenesis of
AD.”” These metals are essential for life, but they
become dangerous when their regulatory mechanisms
fail. We recently demonstrated that, by combining infor-
mation from copper and iron studies, it is possible to
sensitively and specifically distinguish AD patients from
healthy controls and subjects with other forms of
dementia."”

It has been reported that the homeostasis of these
metals is already altered in MCI, regarding the serum
copper portion not bound to ceruloplasmin. Nonbound
ceruloplasmin (non-Cp) copper increased in MCI sub-
jects, and its levels were in-between those of healthy con-
trols and those of AD patients."’

Recent studies have indicated that the alteration of
copper homeostasis (non-Cp copper normal values are
0-1.6umol/l)'* is one of the pathogenic mechanisms of
AD. This suggests that the diet—gene interplay is at the
basis of the copper phenotype of sporadic AD."’

In a 5-year follow-up study,'® researchers demon-
strated that total copper and the ratio of copper/non-
heme iron clearly distinguished progressive MCI subjects
from cognitively stable MCI subjects."* In this study, we
have explored the hypothesis that a deregulation of the
non-Cp copper pool in serum could be a determinant of
the variability of the cognitive decline in those MCI sub-
jects converting to AD.

Subjects and Methods

Subjects were recruited at the Department of Neuroscience of the Fate-
benefratelli Hospital, Isola Tiberina, Rome, and at the Memory Clinic
of the IRCCS Istituto Centro San Giovanni di Dio, Fatebenefratelli,
Brescia, Italy, using a common standardized clinical protocol.'’ Local
institutional ethics committees approved the study. All participating
subjects gave written informed consent to be included in the study, in
line with the Code of Ethics of the World Medical Association (Decla-
ration of Helsinki) and the standards established by the authors’ institu-

tional review board.

Assessments and  evaluations of the participating subjects
occurred at baseline visit and at 6-month intervals. The visit at which
the subject exhibited a clinical worsening sufficient to fulfill AD criteria
(National Institute of Neurological and Communicative Diseases and

Stroke—Alzheimer’s Disease and Related Disorders Association)'”!® w.

as
considered the time of AD conversion, and consequently the subject’s
follow-up period was calculated as the time difference of this visit from

the baseline; if the subject did not convert, the MCI diagnosis remained
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until the end of the study. The inclusion and exclusion criteria for
amnestic MCI were based on previous seminal studies.'”° Briefly, cri-
teria were as follows: (1) objective memory impairment on neuropsy-
chological evaluation, as defined by performances >1.5 standard
deviation below the mean value of age- and education-matched controls
for a test battery including Busckhe-Fuld and Memory Rey tests
revealed at screening; (2) confirmation of the memory impairment in
the subsequent baseline visit (baseline maximum duration: 3 days, to
collect fasting blood samples); (3) normal activities of daily living as
documented by the history and evidence of independent living; and (4)
a clinical dementia rating score of 0.5. The exclusion criteria for MCI
included: (1) mild AD; (2) evidence of concomitant dementia, such as
frontotemporal form, vascular dementia, reversible dementias (including
pseudodepressive dementia), fluctuations in cognitive performance, and/
or features of mixed dementias; (3) evidence of concomitant extrapyra-
midal symptoms; (4) clinical and indirect evidence of depression, as
revealed by Geriatric Depression Scale scores >13; (5) other psychiatric
diseases, epilepsy, drug addiction, alcohol dependence, and use of psy-
choactive drugs, including acetylcholinesterase inhibitors or other drugs
that enhance cognitive functions; and (6) current or previous uncon-
trolled or complicated systemic diseases (including diabetes mellitus) or
traumatic brain injuries.!

Additional exclusion criteria were conditions known to affect
copper metabolism and biological variables of oxidative stress on the
basis of past medical history and screening laboratory tests; this is
reported in detail elsewhere.”!

We also excluded patients with a history of stroke, presence of
focal neurological signs, ischemic lesions or severe corticosubcortical leu-
koencephalopathy on brain magnetic resonance scans, presence of athe-
rosclerotic  plaques and hemodynamically significant stenosis or
occlusion in cerebral (neck and intracranial) arteries, or history of coro-
nary artery disease (myocardial infarction, angina, coronary artery
angioplasty, or bypass surgery) or cardiac arrhythmias (atrial flutter or
fibrillation) and history of peripheral arteriopathy. Blood was drawn on

the same day of the clinical interview.

Biochemical and Molecular Investigations

Patients had samples drawn at their baseline visit. Fasting blood
samples were collected in the morning and the serum was
quickly stored at —80°C for blind biochemical measurements.

We measured copper by spectrometry,' using an A Ana-
lyst 600 PerkinElmer (Waltham, MA) atomic absorption
spectrophotometer.

We analyzed the ceruloplasmin with an immunotur-
bidimetry assay (Horiba ABX, Montpellier, France). To better
circumstantiate the immunoturbidimetry assay used for non-Cp
copper calculation, we determined the serum ceruloplasmin oxi-
dase activity with o-diansidine dihydrochloride as a substrate
spectrophotometrically. The methodological details are reported
in a previous study.*

For the non-Cp copper calculation, we used values of cer-
uloplasmin obtained immunologically.** More precisely, for
each serum copper and ceruloplasmin pair, we computed the
amount of copper bound to ceruloplasmin (CB) and the
amount of non-Cp copper, following standard procedures.'?
Briefly: CB = ceruloplasmin (mg/dl) X 10 X n; n=0.0472
(umol/mg); Non-Cp copper = absolute serum copper — CB."?
This calculation expresses non-Cp copper in pmol/l and is
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based on the finding that ceruloplasmin binds 6 atoms of struc-
tural copper, which is equivalent to ceruloplasmin containing
0.3% copper (weight percentage of copper in Cp: [6 (atoms of
Cu) X 63 mass atomic units (Cu molecular weight)/132kDa
(Cp molecular weight)] X 100=0.3%; more details are
available  at  hetp://www.j-alz.com/letterseditor/index.html#
March2013). Thus, for a patient with a serum absolute (or
total) copper concentration of 17.3umol/l and a serum cerulo-
plasmin concentration of 33mg/dl, the bound copper concen-
tration equals 33 X 10 X 0.0472 =15.6umol/l, and the
non-Cp copper concentration is 17.3 — 15.6 = 1.7umol/L."?

Measurements of the other biological variables of metals
are described in detail elsewhere.'” We used an immunotur-
bidimetry assay to analyze transferrin and ferritin levels, and
ferene to analyze iron. All of these reagents were from the ABX
Pentra series from Horiba ABX. All biochemical measures were
automated on a Cobas Mira Plus (Horiba ABX) and performed
in duplicate. APOE genotyping was performed according to
standard methods.”® Among the study population, 13 cases
were not analyzed for APOE, because it was not possible to
assess the genotype (due to insufficient DNA, n=8; insuffi-
cient blood samples, n =2; and polymerase chain reaction fail-
ure, n = 1).

Data Analysis

We started to recruit MCI patients in 2005 and followed up
with them through 2013, observing an attrition rate of 10%
per year. The minimum follow-up was 2 years, whereas the
patient with the longest follow-up was observed for 6 years. To
recognize as significant (at a 2-sided alpha level of 0.05) a haz-
ard ratio (HR) of 2 between those patients with non-Cp copper
>1.6umol/l and those with non-Cp copper <1.6umol/l (where
the annual hazard rate was assumed to be ~5%), we planned
to recruit at least 140 MCI subjects to reach an adequate power
(0.8). We further assumed that the whole sample was equally
distributed below and above 1.6umol/l.

Because the aim of the study was to see whether and how
the incidence of conversion to AD is related to non-Cp copper,
we applied a multiple Cox regression analysis, taking into
account demographic, clinical, and metal metabolism measures.
To control the risk of overfitting, we limited the number of
candidate predictors performing different regression analyses
with different subsets. More precisely, to avoid multicollinearity,
we refrained from entering correlated variables into the same
subset (eg, because copper, ceruloplasmin, and non-Cp copper
are linked through a linear function, we considered copper and
ceruloplasmin to belong to one subset and non-Cp copper to
another). In this way, the event per variable (EPV) ratio was
maintained at >5. Nevertheless, EPV was not high and
remained below the suggested rule of thumb of 10. Thus, the
stability of our prognostic models could not be considered
optimal.

Risk proportionality was checked through the conven-
tional methods (dependency of partial residuals, log — log
plots). The number of events different from conversion to AD
and censoring was very low (5 patients had a diagnosis of vas-
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TABLE 1. Baseline Characteristics, MMSE Scores,
and Metal Studies in the 141 Subjects with Mild
Cognitive Impairment Participating in the Study

Characteristic Value
Age, yr, mean (SD) 70.8 (8.1)
Sex, No. women [%] 66 [47]
Risk factors, %
Hypertension 23
Hyperlipidemia 20

APOE &4 frequency, No. [%] 43/128 [33.6]

Biological variables in serum
at baseline, mean (SD)

Copper, pmol/l 14.8 (2.9)
Cp, mg/dl 27.7 (5.2)
Cp activity, 1U/1 105.2 (21.7)
Non-Cp copper, umol/l 1.8 (2.2)
Iron, ug/dl 100.0 (63.3)
Tf, g/l 2.5 (0.7)
Ferritin, ng/ml 141.2 (145.9)
Cp/Tf ratio 12.4 (6.7)
Cognitive evaluation
MMSE score, mean (SD) 27.2 (1.5)

Cp = ceruloplasmin; MMSE = Mini-Mental State Examina-
tion; SD = standard deviation; Tf = transferrin.

cular dementia during follow-up, and they were not considered
in the analysis). Therefore, no attempt to apply a competing
risk model was made.

To provide additional information potentially useful for
clinicians, we entered non-Cp copper both as a continuous and
as a dichotomous variable (predefined cutpoint = 1.6 umol/l).

Results

Subjects’ Description

The main baseline demographic, biochemical, and clini-
cal features of subjects enrolled in the study are reported
in the Table. The frequency of allele &4 of the APOE
gene (APOE4) was 33.6%. Seventy-eight subjects (55%)
had non-Cp higher  than
(>1.6 umol/l)."?

copper levels normal

Prediction of Cognitive Decline

Forty-two of 141 subjects (30%) converted to AD during
the follow-up observational period. According to a Cox
regression model—with sex, age, baseline MMSE,
APOE4, iron, non-Cp copper, transferrin, ferritin,
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hypercholesterolemia, and hypertension as covariates—
(sex, age, and baseline MMSE were entered as forced terms
to adjust for their association), the only significant predic-
tor of conversion to AD was non-Cp copper (HR = 1.23,
95% confidence interval [CI] =1.03-1.47, p =0.022).
For each additional umol/l unit of non-Cp copper, the
hazard increased by ~20%. None of the other variables
entered in the model had probability values consistently
>0.15. Because non-Cp copper is a derived measure, we
tested the model by removing non-Cp copper and entering
as candidate predictors both components (copper and Cp).
No variable passed the entry criteria (p < 0.05).

When non-Cp copper was considered as a binary
variable (with respect to the cutoff of 1.6umol/l), its
association was still significant (HR=3.34, 95%
CI=1.21-9.24, p = 0.020). This indicated that the haz-
ard rate of MCI subjects with non-Cp copper
>1.6umol/l was ~3X higher than of those with values
<1.6umol/l. As shown in the Figure, 1 of 5 subjects
with high non-Cp copper values converted to AD within
1.5 years of baseline evaluation (compared to >4 years
for patients with low non-Cp copper). That is, the first
20% of conversion occurred 2.5 years earlier in MCI
subjects with high non-Cp copper. In addition, the
median conversion time was ~4 years in the first group
and was not estimable in the second.

To compare APOE4 with non-Cp copper in pre-
dicting MCI conversion to AD, we classified our patients
as carriers (of at least 1 copy) or noncarriers of the
APOF4 genotype. Among the 128 subjects analyzed, the
rate of conversion was similar between APOFE4 carriers
and noncarriers (HR=14, 95% CI=0.7-2.8,
p=0.321). The non-Cp copper association with AD
conversion was independent with respect to the APOE4
association, as indicated by the lack of interaction
(»=0.989), and by the confirmation of the significant
association of non-Cp copper (p = 0.036) when APOF4
was entered as a stratification variable.

The lack of a correlation between partial residuals
and time (»=0.002, »=0.990) and the linearity and
parallelism of a log — log plot indicated that the propor-
tionality assumptions were not violated.

Discussion

The most important result of this study is that a deregu-
lation of non-Cp copper has an association with the rate
of clinical conversion from MCI toward AD full demen-
tia in an MCI cohort that received clinical follow-ups for
6 years. Our current findings show that higher levels of
non-Cp copper, in the very early stages of cognitive com-
plains, could account for a faster rate of conversion to
AD. This is in line with a previous study."* Our data
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Proportion of MCI| without conversion to AD
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FIGURE 1: Probability of remaining at mild cognitive impair-
ment (MCI) status during the follow-up, according to non-
bound ceruloplasmin (non-Cp) copper levels (open circles,
<1.6; closed circles, >1.6). Half of the patients in the group
with high non-Cp copper values converted to Alzheimer dis-
ease (AD) after approximately 4 years. At approximately
the same interval, <20% of low non-Cp copper MCI patients
developed AD.

parallel those published in 2009,* demonstrating that
non-Cp copper can predict the clinical worsening of an
AD cohort followed for 1 year. Two seminal studies have
been published on the predictive values of Af markers
and tau proteins in cerebrospinal fluid (CSF) for predic-
tion of AD conversion."? Non-Cp copper has been dem-
onstrated to correlate well with these markers of AD in
CSE?* These findings, along with the current results,
suggest a link between metal abnormalities and Aff cas-
cade in the early stages of the clinical worsening. Our
study has a longer observational period than those studies
focusing on CSF markers."? This shows that, over a 4-
year period, 50% of subjects with higher levels of non-
Cp copper definitely declined to full dementia. Non-Cp
copper detection in serum allows us to obtain useful
information for the identification of MCI subjects at a
higher risk for a rapid and pronounced conversion to
AD by means of a simple blood test.

To estimate the risk posed by APOE4 in MCI con-
version to AD full dementia, numerous studies have been
carried out, with results not always significant.”’
Recently, these studies have been evaluated in a meta-
analysis,” demonstrating a final significant association
between APOE4 and MCI conversion to AD. More spe-
cifically, although 2 studies have demonstrated that
APOF4 leads to a greater decline in MCI subjects con-
verting to AD,”*?” an additional 6 studies have demon-
strated that cognitive decline and progression to AD is
not strongly related with APOE4.'>*** Our current

results are in line with the meta-analysis conclusions, as
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we have observed an increase in the percentage of posi-
tive events among the APOE4 carriers.

Our conclusion regarding the association of non-Cp
copper with cognitive worsening is supported by a recent
and elegant experimental study demonstrating that chronic
exposure to even moderately elevated levels of copper can
be dangerous and can be associated with AD pathology.”
More precisely, extending previous findings pioneering a

3435 these authors have

role of copper in AD etiology,
demonstrated that consuming 0.13mg/l of copper in
drinking water for 90 days can double non-Cp copper
plasma concentrations in wild-type mice.*> Moreover, they
demonstrated that non-Cp copper, which selectively regu-
lates low-density lipoprotein receptor—related protein 1
(LRP1), decreased Af clearance across the blood—brain
barrier in wild-type mice and increased Af production
and neuroinflammation in a mouse model of AD.*

Evidence-based medicine supports the use of
knowledge acquired studying populations of patients to
guide decision making in clinical practice. Thus, inter-
vention to control the risk of cognitive worsening due to
non-Cp copper could be immediately adopted on the
basis of 4 meta-analyses having already been published
between 2011 and 2013,5¢3° along with a large epide-
miological study, the Chicago Health and Aging Pro-
ject,40 published in 2006, that demonstrates the
association of copper with worsening cognition. More
precisely, the Chicago Health and Aging Project demon-
strated a borderline correlation in a cohort of 3,718 sub-
jects between copper intake and cognitive performance.
Specifically, those subjects with a higher copper intake,
along with a higher intake of saturated and unsaturated
trans fats, experienced a cognitive decline equivalent to
19 additional years of aging.*’

As a whole, this evidence supports the idea that
changes toward a safer diet in those subjects with an

® in conformity with the

ascertained copper dysfunction,’'
recommended dietary allowance (RDA) for copper
(released by the Food and Nutrition Board of the Insti-
tute of Medicine of the National Academies, 2001),
could be adopted immediately. Copper enters the body
mainly through dietary intake (food =75%, drinking
water = 25%). RDA for copper is 0.9mg/day, whereas
the tolerable upper intake level has been set at 10mg/day
(Food and Nutrition Board of the Institute of Medicine
of the National Academies, 2001). These values are quite
impressive if one considers that 100g of liver contains
14mg of copper, with a mean rate of absorption of 30%.
However, a scientific consensus will be finally and fully
achieved only after a controlled clinical trial tests the
proof of concept that a reduction in copper absorption
can change the clinical history of cognitive decline.
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We have previously performed a pilot clinical trial
examining the efficacy of the copper chelator D-
penicillamine in AD.*' The study was terminated early
because of ethical reasons, because 50% of the patients
complained of moderate to severe adverse events.
Although the D-penicillamine study was a disappoint-
ment from a clinical point of view, biochemical effects
consisting of a decrease of H,0, concentrations, which
together with copper acts as a mediator of free radical
toxicity in AD, have been revealed.®”*' The main
important lesson to be learned from that study regards
side effects of aggressive molecules, such as D-
penicillamine, which strip and sequester copper from
vital enzymes and proteins regulating processes essential
for life and causing adverse events. Conversely, zinc ther-
apy, as established in Wilson disease clinical care, is
remarkably safer. More precisely, one of the biological
effects of zinc in our body is to potentiate the decrease
of copper absorption through the mucosal block. Zinc
can induce a 25-fold increase of the expression of metal-
lothioneins, which tightly bind atoms of copper and trap
them into enterocytes that are eliminated through exfoli-
ation with stools, thus preventing copper transfer into
the blood. During therapy with a dosage of 150mg/day
of zinc, body copper balance becomes negative, reverting
copper compartmentalization and distribution from the
blood to organs and tissues, including the brain. The
screening of the MCI subjects on the basis of non-Cp
copper serum concentrations is mandatory for personal-
ized health care. Copper metabolic dysfunction is a con-
dition exhibited only by a percentage of AD patients,
estimated to be approximately 60% of AD patients and
50% of MCI subjects.

The present results demonstrate that copper pheno-
type is recognizable early in the disease course. Defining
this disease phenotype provides interventions tailored to
this specific AD profile. This will prevent ineffective and
even potentially dangerous adverse events deriving from
treating with zinc therapy AD patients not exhibiting the
copper phenotype.

The considerations are as follow: (1) the tolerability
of zing; (2) a criterion of a non-Cp copper inclusion
higher than normal reference values, which is mandatory
for subject selection, as suggested by current data; (3) the
size of the sample, which should be large enough to ver-
ify the hypothesis proposed; and (4) the choice of the
MCI condition as the study population, allowing evalua-
tion of the early stages of mental disabilities, which can
more easily be reversed by the treatment. All of these
considerations should be addressed in designing a new
clinical trial that could provide a significant step forward
beyond the D-penicillamine study.
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Abstract Meta-analyses show that serum copper non-bound-
to-ceruloplasmin (non-Cp-Cu) is higher in patients with
Alzheimer’s disease (AD). ATP7B gene variants associate
with AD, modulating the size of non-Cp-Cu pool. However,
a dedicated genetic study comparing AD patients after strati-
fication for a copper biomarker to demonstrate the existence of
a copper subtype of AD has not yet been carried out. An
independent patient sample of 287 AD patients was assessed
for non-Cp-Cu serum concentrations, rs1801243, rs1061472,
and 15732774 ATP7B genetic variants and the APOE4 geno-
type. Patients were stratified into two groups based on a non-
Cp-Cu cutoff (1.9 uM). Single-locus and haplotype-group
analyses were performed to define their frequencies in depen-
dence of the non-Cp-Cu group. The two AD subgroups did
not differ regarding age, sex, MMSE score, or APOE4 fre-
quency allele, while they did differ regarding non-Cp-Cu con-
centrations in serum, allele, genotype, and haplotype frequen-
cies of 151061472 A>G and rs732774 C>T after multiple
testing corrections. AD patients with a GG genotype had a
1.76-fold higher risk of having a non-Cp-Cu higher than
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1.9 umol/L (p=0.029), and those with a TT genotype for
15732774 C>T of 1.8-fold (p=0.018). After 100,000 permu-
tations for multiple testing corrections, the haplotype contain-
ing the AC alleles appeared more frequently in AD patients
with normal non-Cp-Cu [43 vs. 33 %; Pm=0.03], while the
haplotype containing the GT risk alleles appeared more fre-
quently in the higher non-Cp-Cu AD (66 vs. 55 %;
Pm=0.01). Genetic heterogeneity sustains a copper AD met-
abolic subtype; non-Cp-Cu is a marker of this copper AD.

Keywords Alzheimer’s disease - Copper - Ceruloplasmin -
Non-ceruloplasmin-copper - Free copper - ATP7B

Introduction

Alzheimer’s disease (AD) is the most common form of de-
mentia in the elderly. It is the result of complex interactions of
predisposing genes, biochemical variables, and environmental
factors, including metals (copper, iron, and zinc primarily).
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Copper abnormalities in AD associate with oxidative stress,
and both local (in the brain) and systemic metal dysfunction
have been reported to contribute to the disease cascade [1, 2]
in a pathway involving beta amyloid production and clearance
[3], along with a strong enhancement of beta amyloid toxicity
caused by the properties of copper oxidation-reduction [1, 4].

Blood copper can be differentiated into two pools. The
larger pool comprises about 85-95 % of the total,
encompassing copper covalently bound to the ceruloplasmin.
The smaller pool comprises copper more loosely bound to
albumin and various small molecules. This copper pool is
called non-ceruloplasmin copper (non-Cp-Cu, or ‘free’ cop-
per). Because of its relatively loose binding to the albumin and
small peptide and amino acid pool in the blood, it is available
to meet tissue needs in the body. If the non-Cp-Cu pool ex-
pands, the copper becomes toxic. This is what occurs in the
case of Wilson’s disease, the paradigmatic disease of non-Cp-
Cu toxicosis, or accumulation [5, 6].

A number of studies have also demonstrated non-Cp-Cu
involvement in AD [3, 7-9]. In living patients with AD, the
non-Cp-Cu pool is larger than it is in the age-matched controls
[10]. The size of the non-Cp-Cu pool correlates negatively
with measures of cognition and cerebrospinal fluid markers
[7, 11-13]. It correlates positively with the rate of cognition
loss over time [14] and with the risk of patients converting
from mild cognitive impairment—the precursor state to AD to
full AD [8, 15, 16]. These studies tie copper toxicity closely to
the pathogenesis of loss of cognition in AD [17, 18].

Recent meta-analyses confirm that metal abnormalities oc-
cur even at the systemic level [9, 19-22]. Zinc seems to be
lower [22] and both copper and non-Cp-Cu are higher in the
serum of AD patients than in healthy controls [23]. Recent
genetic evidence has revealed a locus of susceptibility for
AD in the gene that codes the master protein regulating copper
excretion and the size of the non-Cp-Cu pool in serum: the
ATP7B gene [24-27]. Mutations in the ATP7B gene typically
cause Wilson’s disease, which is an autosomal rare recessive
disorder characterized by defective copper excretion [5, 6] and
labile copper accumulation in the brain, even though the total
brain copper amount is decreased [28].

In addition, it has recently been reported that AD shares many
features with Wilson’s disease, in terms of its etiology and poten-
tial treatment [1, 29, 30]. The existence of a subtype of AD [31],
typified by the breakdown of copper homeostasis, is associated
with ATP7B genetic variants [23]. In a previous study, we inves-
tigated the effect of certain A7P7B gene alleles on the size varia-
tion of the non-Cp-Cu pool, after the stratification of the subject
sample into two classes based on a non-Cp-Cu cutoff [27].

Herein, we have carried out an independent replication
study of 1s1801243 A>C (exon 2), 151061472 A>G (exon
10), and rs732774 C>T (exon 12) to verify whether the ge-
netic distribution differs between the two AD groups as a
result of stratification with a non-Cp-Cu cutoff of 1.9 umol/L.

@ Springer

Material and Methods

Two hundred eight-seven AD patients (mean age 81.0) were
included in the study. The AD patient sample consisted of
individuals with a diagnosis of probable AD (NINCDS-
ADRDA criteria [32, 33]) who had a Mini-Mental State
Examination (MMSE) score of 25 or less [34]. Subjects were
recruited at the Memory Clinic of the IRCCS Istituto Centro
San Giovanni di Dio, Fatebenefratelli, Brescia, Italy.

The AD patients underwent neurologic neuroimaging
(MRI or CT) and an extensive neuropsychological evaluation,
as well as routine laboratory tests, to determine whether they
had conditions known to affect copper metabolism and bio-
logical variables of oxidative stress (e.g., diabetes mellitus,
inflammatory diseases, a recent history of heart or respiratory
failure, chronic liver or renal failure, malignant tumors, or a
recent history of alcohol abuse).

Local institutional ethics committees approved the study. All
participating subjects gave written informed consent to be in-
cluded in the study, in line with the Code of Ethics of the World
Medical Association (Declaration of Helsinki) and the stan-
dards established by the Authors’ Institutional Review Board.

Our study poses the working hypothesis that people with
AD—whose non-Cp-Cu pool sizes have been altered—have a
diverse distribution of rs1801243, rs1061472, and rs732774
ATP7B frequencies with respect to AD people who have a
non-Cp-Cu within normal limits.

Non-Cp-Cu was measured with a new CE certified test
(C4D test, 2012 CE certified test code n. 1211662 [35]).
With respect to the normal reference values 0—1.6 pmol/L
reported for non-Cp-Cu, as calculated with the Walshe formu-
la [36], we used a value of 0—1.9 pumol/L herein, which was
estimated in a cohort of 250 healthy subjects [35]. The upper
reference limit (95 %) for the healthy population has been set
to 1.90 umol/L (its 90 % Cl is equal to 1.78-2.06 [35]). To test
this hypothesis, we then considered a cutoff of 1.9 pmol/L and
divided the AD patients into two subgroups: a “high non-Cp-
Cu” AD group, comprising 176 patients who have non-Cp-
Cu>1.9 umol/L) and a “normal non-Cp-Cu” AD group, com-
prising 111 AD patients with non-Cp-Cu<1.9 umol/L. Then,
we analyzed the informative single nucleotide polymorphisms
(SNPs) in these two AD groups in terms of allele, genotype,
and haplotype distributions. A second step of the study sought
to test whether the ATP7B variants under study could modu-
late the size of the non-Cp-Cu pool.

Biochemical and Molecular Investigations

Fasting blood samples were collected in the morning. Serum
was separated and quickly stored at —80 °C for the blind bio-
chemical measurements of the non-Cp-Cu pool by the C4D
test [35] performed at Biofordrug Srl, Spin-off, Universita
degli studi di Bari “A. Moro.” Briefly, 100 uL of serum was
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charged on a solid exclusion chromatography column (ultra-
high molecular weight polyethylene) and eluted at a flow rate
of 200 puL/min. Only the fraction containing non-Cp-Cu was
collected into a micro-plate reader 96/wells, and the fluores-
cent probe was added at a final concentration 10.5 M and then
read in Victor3 fluorimeter at 380-nm excitation and 495-nm
emission wavelengths.

Genotyping

Genomic DNA was extracted from whole blood using a meth-
od based on an organic deproteinization reagent [37]. The
ATP7B SNPs were genotyped with one SNaPshot assay.
Firstly, 200 ng of DNA of every samples was amplified in
the GeneAmp® PCR System 9700 (Applied Biosystem) in a
Reaction Buffer, 4 mmol/L MgCl,, 0.16 mmol/L dNTPs,
0.4 umol/L primers (Table 1), and 0.5 U Taq (BIOLINE) in
25 uL of total volume. Polymerase chain reaction (PCR) con-
ditions were the initial denaturation and activation step of
5 min at 95 °C, 30 cycles of 30 s at 95 °C, 30 s at 60 °C
(rs1801243) or 62 °C (rs1061472 and 1s732774), and 30 s at
72 °C, as well as a 5-min final elongation step at 72 °C.

The same PCR conditions were used to amplify the APOFE
fragment, adding 2.5 pl of DMSO for each reaction and set-
ting a 60 °C melting temperature. Both APOE SNPs were
genotyped in a single SNaPshot assay. The SNaPshot analyses
were performed according to the manufacturer’s instructions,
with specific primers (Table 1) and were evaluated on an
ABI3100x1 Genetic Analyzer. Electrophoresis results were
analyzed using GeneMapper~ ID Software v4.0.

Statistical Analysis

Demographic and clinical characteristics in our patient sample
were described either in terms of mean+standard deviation
(SD), if quantitative, or in terms of proportions. The student’s ¢
test and the chi-square (y?) test were used to compare the
characteristics of high non-Cp-Cu AD and normal non-Cp-
Cu AD groups using the package SPSS 21.0. The estimation

Table1 PCR primers

of power to detect an association between ATP7B and the
“copper group” was evaluated using the Power of Genetic
Analysis (PGA) package. The minimum detectable effect with
odds ratios (OR) was calculated in a general (codominant)
model, based on an alpha of 0.05 and a copper abnormality
prevalence (in terms of non-Cp-Cu values higher than normal)
equal to 5 % in the general population. With this sample size,
we have an 80 % power to detect an OR of 1.5 if the risk allele
frequency is >30 %.

Allele and genotype frequencies and the Hardy-Weinberg
equilibrium were evaluated using Plink (Plink v1.07; http://
pngu.mgh.harvard.edu/~purcell/plink/ [38]) and SPSS 21.0.
The differences in the genotype distributions between high
non-Cp-Cu AD and normal non-Cp-Cu AD groups were
assessed through the x? test. To account for multiple tests, we
used the Single Nucleotide Polymorphism Spectral
Decomposition (SNPSpD) program to correct the significance
threshold, taking into account the linkage disequilibrium (LD)
between SNPs [39]. The experiment-wide significance thresh-
olds required to keep the type I error rate at 5 % are 0.03. So,
this threshold has been taken into account to claim the statistical
significance of the results after multiple testing corrections.

Logistic regression was used to calculate ORs and 95 %
confidence intervals (CI) for the association between ATP7B
SNPs and non-Cp-Cu AD groups. Because the mode of in-
heritance was unknown, different genetic models were con-
sidered: dominant (one copy of the allele is sufficient to in-
crease the disease risk) and recessive (two copies of the allele
are necessary to increase the disease risk).

The distribution of haplotypes was compared in normal
and high non-Cp-Cu AD groups with a x? test in
HaploView [40] and Plink [38]. Permutation tests were
used to correct multiple testing errors with 100,000 sim-
ulations. ORs and 95 % CIs were computed for each
haplotype and compared to the most common haplotype
with Plink. Haplotypes with frequencies greater than
1 % were considered.

Univariate ANOVA analyses were applied to determine the
differences in terms of non-Cp-Cu values among AD patients

PCR Primers Forward

Reverse

ATP7B-rs1801243
ATP7B-rs1061472-1s732774
APOE-112-158

SNaPshot Primers
ATP7B-rs1801243
ATP7B-rs1061472
ATP7B-1s732774
APOE-112

APOE-158

Forward

5" AGCTCCTAGGGGTTCAAAGT 3’
5" TAACAGCTGGCCTAGAACCT 3’
5" CCAAGGAGCTGCAGGCGGCGCA 3’

5'ACTGCACCAGGCGGCCGC 3’

5" CAAGGAAAGTTTGCAGGATT 3’

5" TGAATAATTAAAGCCCAGTGAA 3’

5" GCCCCGGCCTGGTACACTGCCA 3’

Reverse

5" AGCTCTGAGTTCTTCTGGGCTAATTACAG 3’

5'GTGCAGCGGGGCGATATCGTCA 3’

5" CAAGGCATTCAACTTACAGGAAAGTAT3’

5" ATGCCGATGACCTGCAGAAG 3’

@ Springer
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stratified for ATP7B genetic variants. Post hoc comparisons
were calculated through the Fisher’s least significant differ-
ence (LSD) test.

Results

The main demographic and clinical characteristics of the pa-
tients participating in this study are reported in Table 2. One
hundred seventy-six AD patients with high non-Cp-Cu and
111 AD patients with normal non-Cp-Cu AD resulted after
the stratification of the sample in two groups on the basis of
the non-Cp-Cu cutoff. The two AD subgroups clearly differ in
terms of their non-Cp-Cu status, while they did not differ in
terms of age, sex, MMSE score, or APOFE4 frequency allele,
even though normal non-Cp-Cu AD group had an increased
frequency of the APOE4 allele without reaching the statistical
threshold (p =0.092; Table 2).

We selected a set of genetic markers as informative SNPs
of the ATP7B’s genetic structure validated in some previous
studies [23, 25, 41].

All the genotype frequencies of ATP7B SNPs in this AD
population were within the ranges previously reported in the
data available on http://hapmap.ncbi.nlm.nih.gov [26, 27, 41].

Allele frequency distribution of rs1061472 A>G (exon 10)
and rs732774 C>T (exon 12) ATP7B SNPs differed between
high non-Cp-Cu AD and normal non-Cp-Cu AD individuals,
while rs1801243 A>C (exon 2) did not (Table 3).
Specifically, for rs1061472 A>G (exon 10) substitution, the
risk allele G had a frequency of 65.6 % in the high non-Cp-Cu
AD individuals and 55 % in the normal non-Cp-Cu AD group
(»=0.010; Table 3). For rs732774 C>T (exon 12), the risk
allele T had a frequency of 66.2 % in AD individuals with
high non-Cp Cu AD and a frequency of 56.3 % in the normal
non-Cp-Cu AD group (p=0.017; Table 3). Also, genotype
frequencies for both rs1061472 A>G and rs732774 C>T
differed between the two groups (Table 3). Specifically, the
GG 151061472 A>G genotype was 43 % in high non-Cp-Cu

Table 2  Characteristics of the AD groups stratified for non-Cp-Cu

AD individuals, while it was 30 % in normal the non-Cp-Cu
AD group, (p=0.029; Table 3). Moreover, the TT genotype
for rs732774 C>T (exon 12) had a frequency of 44 % in the
high non-Cp-Cu AD group, as opposed to 30 % in normal
non-Cp-Cu AD individuals (p=0.018; Table 3).

To verify whether ATP7B variants adequately explain the
increased risk of having non-Cp-Cu values higher than normal
in AD, linear regression models were performed assuming the
copper group as the dependent and the ATP7B SNPs as the
independent variables. A significant association between
rs1061472 A>G (exon 10) and rs732774 C>T (exon 12)
and the non-Cp-Cu groups was revealed, with the recessive
model better fitting the genetic distributions between the two
groups. Specifically, AD patients with a GG genotype had a
1.76-fold higher risk of having a non-Cp-Cu higher than
1.9 umol/L (OR 1.76, 95 % CI 1.059-2.908; p=0.029).
Conversely, AD patients with a TT genotype for rs732774
C>T (exon 12) had a 1.8-fold higher risk of having a non-
Cp-Cu higher than 1.9 pmol/L [OR=1.838; 95 % CI 1.110-
3.44; p=0.018].

After the single-locus analysis, we performed haplotype-
group association analyses to investigate whether ATP7B hap-
lotypes frequencies differ in terms of the dependence of the
‘non-Cp-Cu group’ factor. We also aimed to determine the
percentage of the risk of having copper abnormalities
(Table 4). rs1801243 A>C (exon 2), 1s1061472 A>G (exon
10), and rs732774 C>T (exon 12) were in LD, with a high
association (Fig. 1), confirming previous reports [26] and data
reported for HapMap populations. The haplotype block with
the three SNPs was 24 kb, while the one with the SNPs
rs1061472 A>G (exon 10) and rs732774 C>T (exon 12)
was less than 1 kb and had a higher association (Fig. 1).

After 100,000 permutations for multiple test corrections,
the three SNP haplotype blocks containing the AAC alleles
showed a statistical difference between the two AD groups,
with the AAC haplotype appearing more frequently in AD
patients with normal non-Cp-Cu (43 vs. 33 %; Pm values
are obtained by 100,000 permutation multiple tests correction,

AD patients, high ~ AD patients, normal Significance of the comparison ~ Whole AD group
non-Cp-Cu non-Cp-Cu between groups (p)
Number of subjects 176 (61.3) 111 (38.7) 287
Sex [n of F] (F%) 118 (67) 76 (68.5) p'=080 194 (67.6)
Age [years] mean (SD) 80.7 (6.9) 81.5 (6.8) p=034 81.0 (6.8)
APOEA allele frequency [%)] 24.7 31.5 p'=0.092 27.4
Carriers of at least one APOF4 allele [n] (%) 74 (42) 58 (52) 132 (46)
MMSE [score] mean (SD) 11.9 (7.5) 11.5(6.7) p=059 11.7(7.2)
Education [years] mean (SD) 6.2 (3.6) 6.2 (3.4) p=0.97 6.2 (3.5)
Non-Cp-Cu [pmol/L] mean (SD) 2.5(0.5) 1.6 (0.3) p<0.0001 2.1 (0.6)

p indicates ¢ test significance, and p' indicates x> test nonparametric test significance
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Table 3  Allele and genotype distribution of A7P7B variants AD groups stratified for non-Cp-Cu

ATP7B genetic variant AD patients, high AD patients, normal p value (x°) OR (95 % CI)
non-Cp-Cu (n=176) non-Cp-Cu (n=111) p value
151801243 A>C
Allele A, n (%) 161 (45.7) 117 (52.7) p=0.10
Allele C, n (%) 191 (54.3) 105 (47.3)
AA, n (%) 36 (20) 27 (24) p=0.15 1.25 (0.71-2.20); p=0.44*
AC, n (%) 89 (51) 63 (57)
CC, n (%) 51(29) 21 (19) 1.75 (0.98-3.11); p=0.057°
151061472 A>G
Allele A, n (%) 121 (34.4) 100 (45) p=0.01
Allele G, n (%) 231 (65.6) 122 (55)
AA, n (%) 20 (11) 22 (20) p=0.037 1.93 (0.99-3.73); p=0.051*
AG, n (%) 81 (46) 56 (50) 1.76 (1.06-2.91); p=0.029°
GG, n (%) 75 (43) 33 (30)
15732774 C>T
Allele C, n (%) 119 (33.8) 97 (43.7) p=0.017
Allele T, n (%) 233 (66.2) 125 (56.3)
CC, n (%) 20 (11) 19 (17) p=0.047
CT, n (%) 79 (45) 59 (53) 1.61 (0.82-3.18); p=0.17"
TT, n (%) 77 (44) 33 (30) 1.84 (1.11-3.44); p=0.018°

A p value<0.03 is considered significant according to multiple test correction, according to single nucleotide polymorphism spectral decomposition

(SNPSpD)
# Dominant Model (wt/mut +mut/mut vs wt/wt)

®Recessive model (mut/mut vs wt/mut + wt/wt)

Pm=0.03; Fig. 2). It was the same considering the two SNP
haplotype blocks, with the AC haplotype appearing more of-
ten in AD patients with normal non-Cp-Cu (43 % vs. high
non-Cp-Cu 34 %; Pm=0.024).

Furthermore, the three SNP haplotype blocks containing
the risk alleles at each SNP locus (CGT) were differently
distributed between the two AD groups, even though they
did not reach the statistical threshold (53 vs. 45 %;
Pm=0.07; Table 4). However, when considering the two
SNP haplotype blocks, the GT haplotype was significantly
different; the GT haplotype was more frequent in higher
non-Cp-Cu AD than in normal non-Cp-Cu AD group [66 %
vs. normal non-Cp-Cu 55 %; OR 1.57; 95 %CI (1.1-2.5);
Pm=0.01; Table 4; Fig. 2].

A second aim of the study was to investigate whether
the ATP7B variants under scrutiny could modulate the
size of the non-Cp-Cu pool. We classified all the AD
under study as carriers or non-carriers of at least one
allele of each ATP7B risk allele. The groups were com-
pared for non-Cp-Cu by ANOVA separately. While
rs1801243 A>C (exon 2) had no effect on the size of
the non-Cp-Cu pool, carriers of at least one G in
rs1061472 A>G (exon 10) and of one T in rs732774
C>T (exon 12) had increased values of non-Cp-Cu
(Table 5). Furthermore, the size of the non-Cp-Cu pool
differed at the significance threshold (»p=0.05) when

considering classification, since the genotype, both ho-
mozygous GG (LSD post hoc comparison, p=0.017)
and heterozygous AG (p=0.033) at rs1061472 A>G
(exon 10), had higher values of non-Cp-Cu than homo-
zygous AA (Table 5). For rs732774 C>T, the size of
the non-Cp-Cu pool differed regarding genotype distri-
bution (not reaching the significance threshold,
p=0.062), and the risk genotype homozygous TT had
an increased size of the non-Cp-Cu pool that was great-
er than the homozygous CC (LSD post hoc comparison,
p=0.019).

We compared the size of the non-Cp-Cu pool in the AD
patients stratified for the ATP7B risk haplotypes identified.
Specifically, we divided the entire AD population into classes
that depended on the number of copies (0, 1, 2) of the GT
haplotype carried. ANOVA revealed that the three AD classes
differed in terms of non-Cp-Cu values [F(2284)=3.64,
p=0.048]. Carriers of the GT haplotype in a single [138 AD
carriers, non-Cp-Cu mean (SD)=2.16 umol/L (0.6);
p=0.035] or in a double copy (107 AD carriers, 2.2 umol/LL
(0.61); p=0.016) had higher values of non-Cp-Cu than non-
carriers [42 of AD patients non-carries, 1.94 pmol/L (0.46),
LSD post hoc comparison].

Stratification for APOFE¢4 frequency revealed that carriers
of at least one APOE¢4 allele had a lower age of disease onset
(»=0.011) and a higher familiarity (p=0.037), but they did
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Table 4  Frequency and associations between haplotypes of ATP7B and copper dyshomeostasis in AD
rs1801243 rs1061472 rs732774 AD AD p value OR (95% Pm
(A>C) (A>G) (C>T) patients patients CDh value
High Normal
Non-Cp- | Non-Cp-
Cu Cu
C G T 0.53 0.45 Reference Reference 0.07
A A C 0.33 0.43 0.026 1.55 (1.06 - 0.03
2.27)
g A G T 0.12 0.09 0.71 0.90 (0.50 - 0.61
z 1.61)
% C A C 0.010 0.011 0.93 1.09 (0.18 - 1
E’ 6.62)
E
& G T 0.66 0.55 Reference Reference 0.01
<
A C 0.34 0.43 0.015 1.57 (1.09 - 0.024
2.24)
A T 0.006 0.018 0.13 3.75 (0.67 - 0.26
21.15)

After 100,000 permutations for multiple test corrections, four haplotypes with a frequency higher than 1 % resulted from the A7P7B rs1801243 (A>C),
rs1061472 (A> G), and 1s732774 (C>T) in linkage disequilibrium considering a three SNP haplotype block analysis. When considering a two-SNP
haplotype block [from rs1061472 (A>G) to rs732774 (C>T)], three haplotypes resulted (gray). Pm values are obtained by 100,000 permutation
multiple (Pm) for multiple tests correction. A p value <0.03 is considered significant according to multiple test correction, according to single nucleotide

polymorphism spectral decomposition (SNPSpD)

not differ for ATP7B alleles or haplotypes (consistently
p>0.2). Even though not reaching the statistical threshold,
the APOE4 carries had lower levels of non-Cp-Cu
(p=0.061), reflecting the result of the different distribution
of the APOE4 allele in the two AD groups stratified on the
basis of non-Cp-Cu cutoft (p=0.092; Table 2).
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Fig. 1 rs1801243 A>C (exon 2), 151061472 A>G (exon 10), and
1s732774 C>T (exon 12) were in linkage disequilibrium (LD), with a
high association among them
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Discussion

The main result of this study is that single-locus and
haplotype-group associations for rs1061472 A>G (exon 10)
and 15732774 C>T (exon 12) ATP7B SNPs differed in AD
patients who were stratified into two groups on the basis of a
non-Cp-Cu cutoff, after multiple test corrections. These results
demonstrate that the two AD groups were genetically different
in terms of their ATP7B variant distributions. As was exten-
sively discussed in a previous paper [23], to prove the exis-
tence of a subtype of a disease, four different strategies should
be taken into account. Among them, the identification of a
specific biomarker that distinguishes the cases, classifying
them into sub-groups that are then compared for demographic,
clinical, genetic, or biological variables, is definitely a suitable
strategy. The current study has explored this exact hypothesis
[23]. The results demonstrate the existence of a high copper
subtype of AD. In the same line, even though not reaching the
statistical threshold, the heterogeneity in terms of APOE4 al-
lele distribution between the two AD groups sustains our
working hypothesis. Moreover, this study has provided an
independent replication of the results of a previous investiga-
tion of ours, in which we compared AD patients and healthy
controls [27].

As a multifactorial disease, the sporadic late onset form of
AD has a complex heritability, and the genes ascertained to be
associated with AD account for only a small proportion of the
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A AAC protective ATP7B haplotype
for Copper AD

= High Non-Cp-Cu AD group m Normal Non-Cp-Cu AD group

B GT risk ATP7B haplotype
for Copper AD

-

m High Non-Cp-Cu AD group m Normal Non-Cp-Cu AD group

Fig. 2 Haplotypes with increased or decreased risk for copper Alzheimer’s
disease (AD). The pie charts show the frequency distribution (percentage) of
the ATP7B haplotypes between the high non-Cu-Cp AD group (dark blue)
and the normal non-Cp-Cu AD group (light blue). a Protective haplotype:
the AAC haplotype appears more frequently in AD patients with normal
non-Cp-Cu (43 vs. 33 %; Pm values are obtained by 100,000 permutation
for multiple test correction, Pm = 0.03). b Risk haplotype for copper AD: the
GT haplotype appears more frequently in the higher non-Cp-Cu AD than in
normal non-Cp-Cu AD group [66 % vs. normal non-Cp-Cu 55 %; OR 1.57;
95 % CI (1.1-2.5); Pm = 0.01) (color figure online)

genetic contribution to AD. While the role of APOE4 has been
established, and we confirm in the current dataset an effect on the
age of onset and familiarity, the involvement of the ATP7B gene
is still under investigation. Previous genetic association studies
demonstrated that A7P7B contributes to global susceptibility to
AD [25-27, 42]. In line with previous investigations, about 60 %
of AD patients evaluated in the current study had values of non-
Cp-Cu higher than normal [43]. These AD patients had a diverse
frequency of some common ATP7P SNPs (Table 3), and the
results of the second facet of this study (Tables 4 and 5) confirm
that they have effects on the size of the non-Cp-Cu pool, which in
turn has been demonstrated to have a close link to the disease
onset and progression [8, 13, 14].

We have demonstrated that, even after multiple test correc-
tions, the haplotype AAC was more frequent in the normal
non-Cp-Cu AD, engendering a protective effect on the prob-
ability of having higher levels of non-Cp-Cu, and that the
haplotype with the GT risk alleles was more frequent in high
non-Cp-Cu AD patients (Table 4); their probability of having
a non-Cp-Cu pool larger in size than normal increased by
approximately 60 %.

While the rs1801243 (exon 2) does not seem to be
associated with increased levels of non-Cp-Cu pool,
rs1061472 A>G (exon 10) and rs732774 C>T (exon
12) appear to be strongly associated with each other
and with the copper AD. They also have a significant
effect on the size of the non-Cp-Cu pool.

Table 5 ATP7B modulation of

the size of the non-Cp-Cu pool in ATP7B genetic variant No. of AD carriers (%) Non-Cp-Cu (umol/L) p value (%)

AD patients mean (SD)
rs1801243 A>C
Non-carriers of C allele 63 (22) 2.06 (0.55) F(1285)=1.262; p=0.262
At least one C allele 224 (78) 2.16 (0.61)
AA genotype 63 (22) 2.06 (0.55) F(2284)=0.742; p=0.48
AC genotype 152 (53) 2.15(0.61)
CC genotype 72 (25) 2.19 (0.61)
151061472 A>G
Non-carriers of G allele 42 (14.6) 1.94 (0.46) F(1285)=5.854; p=0.016
At least one G allele 245 (85.4) 2.17 (0.61)
AA genotype 42 (14.6) 1.94 (0.46) F(2284)=3.022; p=0.05
AG genotype 137 (47.7) 2.16 (0.61)
GG genotype 108 (37.7) 2.19 (0.61)
15732774 C>T
Non-carriers of T allele 39 (13.6) 1.94 (0.48) F(1285)=5.080; p=0.025
At least one T allele 248 (86.4) 2.17 (0.61)
CC genotype 39 (13.6) 1.94 (0.48) F(2284)=2.814; p=0.062
CT genotype 138 (48.1) 2.15(0.61)
TT genotype 110 (38.3) 2.20 (0.61)

A p value <0.03 is considered significant according to multiple test correction, according to single nucleotide
polymorphism spectral decomposition (SNPSpD). Carriers of the risk allele/genotype at each SNP were com-

pared for non-Cp-Cu levels
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Allele frequency distributions reported in our current and
past studies [26, 42] are in line with those reported in internet-
available databases [1000 genomes on NCBI, Hap-map (avail-
able on http://hapmap.ncbi.nlm.nih.gov)] and in previous
investigations [41]. In the population Caucl (31 individuals),
Cauc2 (60 unrelated controls), and Cauc3 (66 unrelated
controls) in NCBI, the frequency of the allele G of 151061472
is 58, 50, and 64 %, respectively, and on average, it is very close
to 54 %. This conforms to what we found previously, when
analyzing a sample of 230 healthy control subjects [26] and is
close to the frequency of 51 % reported for the CEU population
(90 subjects) of the HapMap project [41]. The frequency of this
allele in AD patients increases to 61 %, as reported in our
previous study analyzing a population of 285 AD patients [26]
and has been confirmed in the current AD dataset (61 %). It is
worth noting that the stratification for copper abnormalities that
we have applied in this study revealed an increased frequency,
reaching 65 % in the high non-Cp-Cu AD and 55 % in the AD
patients without signs of copper dysfunction. Similarly for
15732774 C>T (exon 12), the risk allele T has a frequency of
59, 50, and 65 % in Caucl, Cauc2, and Cauc3, respectively. On
average, it is close to 52 %, which corresponds to what we
found in our previous study on 230 healthy control subjects
[26]. This frequency is very close to the frequency of 51 %
reported for the CEU population of the HapMap project [41].
The frequency of this allele in AD patients was 59 % in our
previous study [26] and 61 % in the current one, which becomes
66 % when considering the sole high non-Cp-Cu AD, indicating
an AD heterogeneity and the value of the stratification of AD
patients on the basis of copper abnormalities.

As was previously showed [8, 26], at difference from report-
ed in the past for total serum copper [2], the study in this AD
population confirmed no significant correlation between the
size variation of the non-Cp-Cu pool and the APOE genotype,
suggesting independent pathogenic pathways for ATP7B and
APOE. Moreover, even though it did not reach the statistical
threshold, the APOE4 allele appeared more frequently in the
normal copper AD (Table 2), suggesting the heterogeneity of
the two AD populations even in terms of APOE4 distribution.

The ATP7B gene codes for a copper-pump in the Trans
Golgi network of the hepatocyte, which controls copper ex-
cretion through the bile and copper incorporation into nascent
ceruloplasmin [44]. More specifically, based on findings on
the ATP7B mutation in inbred LEC rats that develop Wilson’s
disease, the ATP7B copper pump has been demonstrated to
alter copper transport at more than one cellular site, influenc-
ing copper entry into lysosomes and copper excretion into the
bile. Moreover, the ATP7B copper pump loads copper into
nascent ceruloplasmin, accounting for the pleiotropic effects
of the gene on copper homeostasis [44, 45].

Although guidelines report that Wilson’s disease is an
established monogenic disorder that acts upon ATP7B muta-
tions, heterogeneity in the clinical phenotype has been observed,
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even among patients harboring mutations that affect the mutant
protein similarly (e.g., different truncation mutations in the same
region of the gene or exactly the same set of mutations in two or
more sibs, as reviewed in [23, 46]). A direct effect of diet on the
severity of the biochemical lesion and the clinical phenotype is
shown by studies in LEC rats demonstrating an early and rapid
onset of fulminant hepatitis for a high-copper dietary regimen
but long-term survival for a low-copper dietary regimen. In
addition to diet, recent observations sustain evidence that mod-
ifying loci can modulate the phenotype resulting from the aber-
ration in the ATP7B gene. Two of the candidate genes that might
play the role of a modifier locus are the copper chaperones
ATOX1 [47] and MURRI1 (renamed COMMDI1) [48]. All these
factors have an effect on the severity of the copper homeostasis
breakdown and impact the clinical phenotype and age of onset
of the disease. As a result, the diagnosis of Wilson’s disease
depends on a number of clinical and copper signs [49]. In fact,
a variety of clinical and biochemical signs can refer to Wilson’s
disease: hepatic disturbances as well as neurological, psychiat-
ric, hematological, renal, or osteochondrosis symptoms [17].
The age of onset varies from childhood to adulthood, and late-
onset Wilson’s disease (over 70 years of age) has been docu-
mented [17]. About 20 % of people with Wilson’s disease have
a psychiatric presentation, and cognitive impairments have been
described as seriously disturbing people with advanced or un-
treated Wilson’s disease, often unrecognized patients, present-
ing, generally, executive function complaints [17].

For a second facet of our current study, we demonstrated
that the specific ATP7B gene variants under investigation ef-
fect the size of the non-Cp-Cu pool. Diet and modifier genes
corroborate these effects in individuals exhibiting a suscepti-
bility for non-Cp-Cu abnormalities.

On the one hand, the significant differences in terms of allele,
genotype, and haplotype frequencies of the ATP7B genetic var-
iants under investigation demonstrated a genetic heterogeneity
of the two AD populations generated by the use of the biomark-
er (C4D test) typifying the copper subtype of AD. On the other
hand, a 10 % difference in the distribution of the ATP7B gene
variant frequencies puts forward the existence of additional loci
in the same gene, as well as on potential modifier genes, along
with a relevant effect of diet. As a matter of fact, the ATP7B
gene is a large gene (more than 500 Wilson’s disease mutations
and 800 SNPs have been reported), and in a previous study, we
extensively demonstrated a LD association with the loci under
investigation in the current study, with unknown spots within
the gene region coding the transmembrane domains of the
ATP7B ionic pump (Block 1 rs732774-rs1061472 [26]).
These still elusive and probably rare loci in the A7P7B, along
with those in ATOX] and COMMD] genes, can considerably
impact the probability of having copper AD (reviewed in [2]).

The involvement of ATP7B in AD onset [18] has been
questioned. Some researchers argue that, when homozygous,
carriers of ATP7B mutations show a huge increase in their
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labile circulating copper pool (as exemplified by Wilson’s
disease). Specifically, an author claimed [18] that Wilson’s
disease patients could be generally considered to be free from
detectable complaints in cognition: at most, they have behav-
ioral problems which can give the impression of cognitive
loss, but it is not real cognitive loss [18]. However, ATP7B
homozygotes are treated (or die while they are still young),
and the copper overload is eliminated, thus annulling the ef-
fect of the ATP7B gene on the risk of cognitive complaints.
Conversely, heterozygotes have a mild copper overload that
lasts a lifetime, and this can affect cognition in the elderly [2,
8-10, 13, 14, 17, 18]. As demonstrated for other genes asso-
ciated with monogenic forms of Parkinson’s disease (e.g.,
GTP-Chl, Parkin, PINK 1, Dardanin, SMPD19), we posit that
ATP7B specific loci in the recessive autosomal mendelian trait
cause a monogenic disease with a low penetrance (Wilson's
disease); heterozygosity in individuals can be a risk factor for
the sporadic form of copper AD.

A limit of our study is the size of the sample. A larger
patients’ sample would have allowed us to reach the signifi-
cant threshold for the difference of the two AD groups in
terms of APOE4 frequency. An additional limitation pertains
to the fact that our results remain informative of the presence
of hidden hot spots for AD susceptibility in specific ATP7B
gene regions and provide no information about the potential
effects of modifier genes and diet. A dedicated DNA sequenc-
ing study to identify these mutations is in progress.

This line of evidence, along with findings from meta-
analyses [9, 19-21], large population studies [50-52],
in vitro models of copper toxicity in the beta amyloid disease
cascade [1, 4], and animal models of the disease [3], supports
biomarker science applied to copper AD. Biomarker science
sets the stage for developing drugs that can be used to take
control of disease-causing molecular pathways before clinical
symptoms develop. For example, a drug, along with sugges-
tions to the public for disease prevention aimed at correcting
risk factors, as recently reported [53], would delay the onset of
AD by some years and save billions in direct health costs [54].

The potential benefits for copper AD also appear enormous
in terms of precision medicine, which can take advantage of the
experience acquired in Wilson’s disease. However, a controlled
clinical trial testing the “proof of concept” that a reduction in
copper absorption can change the clinical history of AD cogni-
tive decline would grant a full scientific consensus (in progress).
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Excess of nonceruloplasmin serum
copper in AD correlates with MMSE,
CSF p-amyloid, and h-tau

R. Squitti, PhD; G. Barbati, PhD; L. Rossi, PhD; M. Ventriglia, PhD; G. Dal Forno, MD, PhD;
S. Cesaretti, PhD; F. Moffa, PhD; I. Caridi, MD; E. Cassetta, MD; P. Pasqualetti, PhD; L. Calabrese, PhD;
D. Lupoi, MD; and P.M. Rossini, MD

Abstract—Objective: To assess whether serum copper in Alzheimer disease (AD) correlates with cognitive scores,
B-amyloid, and other CSF markers of neurodegeneration. Methods: The authors studied copper, ceruloplasmin, total
peroxide, and antioxidants levels (TRAP) in serum; B-amyloid in plasma; and copper, B-amyloid, h-tau, and P-tau in the
CSF of 28 patients with AD and 25 healthy controls, in relation to clinical status. Results: Serum copper (p < 0.0001),
peroxides (p = 0.002), a copper fraction unexplained by ceruloplasmin (p < 0.0001), and CSF h-tau (p = 0.001) were
increased in AD, whereas serum TRAP (p = 0.03) and CSF B-amyloid were decreased (p < 0.0001). Plasma B-amyloid
increased with age in healthy controls (r = 0.6; p = 0.05). CSF markers of AD correlated with serum copper variables. CSF
copper was partially dependent on the serum copper fraction unexplained by ceruloplasmin (¢t = 2.2, p = 0.04). CSF
B-amyloid seemed to be related to serum copper (r = —0.46; p = 0.002). Mini-Mental Status Examination scores correlated
positively with B-amyloid (» = 0.46, p = 0.002) and inversely with copper unexplained by ceruloplasmin (r = —0.45, p =
0.003). Conclusions: The authors’ results confirm the existence of changes in copper component distribution, particularly
the copper fraction unexplained by ceruloplasmin and support the hypothesis of a B-amyloid and copper connection in
Alzheimer disease.

NEUROLOGY 2006;67:76-82

Metals, such as zinc, copper, and iron, and oxidative
stress are likely involved in the neurodegeneration of
Alzheimer disease (AD).'> Both iron and copper can
catalyze a flux of reactive oxygen species that can
damage functional and structural macromolecules in
the brain.?® The toxicity of B-amyloid and tau pro-
teins may depend on copper-mediated free radical
generation and on copper- and zinc-induced deposi-
tion of amyloid plaques.®” B-Amyloid seems to be a
high-affinity copper protein that binds copper when
purified from AD brains.” Although the large body of
in vitro and animal models supporting the role of
copper in AD, only few in vivo studies on patients
have been carried out so far. We previously reported
that the ceruloplasmin-copper relationship, rather
than absolute serum copper levels, could represent a
key issue in interpreting in vivo copper findings in
AD.?1% Even though a dysfunction in serum copper

Additional material related to this article can be found on the Neurology
Web site. Go to www.neurology.org and scroll down the Table of Con-
tents for the July 11 issue to find the title link for this article.

balance has been previously shown to correlate with
a patient’s clinical status, this has never been inves-
tigated in relation to other biologic and clinical
markers of neurodegeneration in AD.®

In this study, we sought to estimate the correla-
tion between the excess of serum copper not related
to ceruloplasmin and documented candidate markers
of neurodegeneration in AD, namely, CSF B-amyloid
and tau proteins, as a means to verify the clinical
significance of increased unexplained copper in AD;
moreover, the relationship with other established
neuropsychological markers of disease was also car-
ried out in the same subjects.

Methods. Twenty-eight patients with AD (mean age 71.4 years)
and 25 elderly controls (mean age 70 years) were included in the
study; the groups did not differ in sex and age (table 1). The AD
patient sample consisted of individuals with a diagnosis of proba-
ble AD according to National Institute of Neurological and Com-
municative Disorders and Stroke-Alzheimer’s Disease and Related
Disorders Association criteria!* and a Mini-Mental Status Exami-
nation (MMSE)' score of 25 or less. Patients with mild cognitive
impairment (MCI) were excluded from the study. AD patients
underwent neurologic, neuroimaging (brain MRI), and extensive
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Table 1 Demographic characteristics of the investigated groups

AD patients Controls Significance
No. of subjects 28 25
Sex, M/F 8/20 8/17 x? =0.07%df = 1;p = 051
Age, y, mean (SD) 71.4 (8.6) 70 (9.6) Fy 507 = 0.33; p = 0.57
MMSE, mean (SD) 155 (6.2) 284 (1.2) F, 5, = 114.8; p < 0.0001

* Chi-square test; significant at the p = 0.05 level.
T Analysis of variance F test; significant at the p = 0.05 level.

neuropsychological evaluation as well as routine laboratory tests
in order to exclude other types of dementia. The control sample
consisted of 25 healthy volunteers with no clinical evidence of
neurologic and psychiatric disease. Criteria for exclusion of both
patients and controls were conditions known to affect copper me-
tabolism and biologic variables of oxidative stress (e.g., diabetes
mellitus, ongoing inflammatory diseases, recent history of heart or
respiratory failure, chronic liver or renal failure, malignant tu-
mors, and a recent history of alcohol abuse). We found no evidence
of blood-brain barrier (BBB) dysfunction as estimated by the albu-
min ratio between CSF and serum (data not shown). Although a
neuroimaging (MRI or CT) examination was done in all AD pa-
tients to exclude other treatable causes of dementia, for 16 of
them and eight controls, an extensive MRI study was performed
(data not shown). Briefly, volumetric analysis of the hippocampus
was visually performed by scoring every patient according to the
width of the choroid fissure and the temporal horn, following the
criteria of a rating scale of temporal lobe atrophy previously re-
ported (5-point rating scale of medial temporal lobe atrophy
[MTA]).®* MRI revealed that atrophy of the medial temporal lobes
with a reduction in hippocampal volume (score 2 to 4) was promi-
nent in AD, whereas control subjects’ MTA visual rating scale
values were 0 or 1.

Nine patients with AD did not complete the extensive neuro-
psychological test battery. All healthy controls underwent a neu-
rologic examination and an MMSE, yet only few cooperated with
extensive neuropsychological testing. An investigation of
B-amyloid content in plasma was performed in 20 AD patients and
14 healthy controls whose ethylenediamine tetraacetic acid
(EDTA) plasma sample was available. The subgroups did not dif-
fer in sex and age, and MMSE and biologic variables differences
were confirmed (data not shown).

The study was approved by the local institutional review
board, and all participants or legal guardians signed an informed
consent.

Biochemical and molecular investigations. Sera from fasting
blood samples and CSF by lumbar puncture were collected in the
morning, centrifuged, and rapidly stored at —80 °C until analysis.
All participants underwent lumbar puncture; however, for four
AD patients and five controls, the CSF sample was not sufficient
for copper measurements. Copper concentration was measured
following the method of Abe et al.’* (Randox Laboratories, Crum-
lin, UK) and by an A Aanalyst 300 Perkin Elmer atomic absorp-
tion spectrophotometer equipped with a graphite furnace with
platform HGA 800.'* Measurements of biologic variables of oxida-
tive stress are described in detail elsewhere.'*® Briefly, hydro-
and lipoperoxide content was assessed by d-ROMs test (Diacron,
Italy) and expressed in arbitrary units (U.CARR), with 1 U.CARR
corresponding to 0.08 mg/100 mL hydrogen peroxide.'* Normal
range was between 230 and 310 U.CARR.***¢ Total radical trap-
ping antioxidant capacity, or TRAP, was assayed by the TAS kit
(Randox Laboratories), based on published methods.!” The serum
reference range is 1.30 to 1.77 mmol/L."»'7 Ceruloplasmin was
measured by immunoturbidimetric assays (Roche Diagnostic, Ger-
many) using a rabbit anti-human ceruloplasmin antibody in phos-
phate buffer.’® CSF levels of total tau protein (h-tau), Thr 181
phosphorylated tau protein (P-tau), and B-amyloid 1-42 both in
CSF and EDTA plasma were determined by ELISA (INNOGE-
NETICS, Belgium).1*2t

All biochemical measures from serum samples were automated
on a Hitachi 912 analyzer (Roche Diagnostics) and performed in
duplicate.

Cognitive evaluation. Neuropsychological testing included the
MMSE,"” and the Mental Deterioration Battery,?>?* as described

elsewhere.® The battery, which comprises seven neuropsychologi-
cal tests investigating the functional efficiency of language, verbal
memory, visual memory, logical reasoning, and constructional
praxis areas of cognition, was compressed into three factors pro-
viding information of three main cognitive domains: factor 1
(visuospatial), factor 2 (verbal memory), and factor 3 (language).**
Because these three factors were demonstrated to account for 75%
of total variance, we lost only 25% of the total information pro-
vided by the complete battery and obtained a clear reduction of
the variables to be evaluated.

Statistical analyses. Patients with AD and controls were de-
scribed in terms of main demographic and cognitive characteris-
tics and statistically compared with analysis of variance F and x?
tests.

A linear regression model between serum copper and cerulo-
plasmin, previously described,® was applied, and the two derived
copper measures, copper “explained” and copper “unexplained” by
ceruloplasmin, were calculated for each subject. Further linear
regression models were calculated to evaluate CSF copper varia-
tions depending on the unexplained fraction of copper and to esti-
mate serum copper dependence on B-amyloid changes in CSF.

Correlation analyses between biologic variables in the serum
and in the CSF and between biologic variables and neuropsycho-
logical scores were performed (Pearson’s r). As stated in the cogni-
tive evaluation section, a data reduction was performed before
applying statistical tests. A better cases-to-variables ratio could be
obtained and, thus, a reduction of both type I (alpha inflation) and
type II error (to not recognize a true difference or a true correla-
tion). Therefore, exact p values were reported and no attempt to
further control the alpha inflation was applied.

The statistical software package SPSS 13.0 for windows (SPSS
Inc., Chicago, IL) was used for all analyses.

Results. Patients and controls did not differ in sex and
age, but differed on the MMSE (p < 0.0001) (table 1). None
of the oxidative and metal species measured correlated
with age and sex (data not shown).

The data on copper, ceruloplasmin, peroxides, and
TRAP in the serum of AD patients and controls is summa-
rized (see table E-1 on the Neurology Web site at www.
neurology.org). Although the results for copper shown here
were obtained by the colorimetric method,'® those obtained
by atomic absorption spectrophotometry assay were super-
imposable (intraclass correlation coefficient for consis-
tency = 0.9, p < 0.0001). Copper (p < 0.0001) and peroxides
(»p = 0.002) in serum were increased in AD patients com-
pared to controls, whereas TRAP was decreased (p = 0.03).

To assess the copper-ceruloplasmin relationship in se-
rum, we calculated a linear regression considering copper
as the dependent variable in the control group (regression
slope 0.51; 95% CI: 0.19 to 0.83). The estimated association
was superimposable with the one reported in a previous
study.® Thus, to further improve the accuracy of the
copper-ceruloplasmin relationship, we re-estimated the re-
gression on a larger set of healthy controls, consisting of 25
subjects recruited in the present study and 44 subjects
enrolled in the previous one (see figure E-1).2 The regres-
sion model, valid on average in the range of the healthy
controls evaluated, was now y(pmol/L explained copper) =
4.4 X (pmol/L ceruloplasmin) + 4.5; and the ratio between
the explained copper, calculated with this equation, and
pmol/L concentration of ceruloplasmin was consequently
6.68 (0.3), mean (SD). Therefore, on average, in the
healthy subjects analyzed, 1 pmol/L ceruloplasmin can be
considered to account for 6.68 pmol/L. explained copper.
This value is consistent with the notion that ceruloplasmin
contains six copper atoms per molecule.?> Moreover, to fur-
ther circumstantiate our concept of “explained copper,” we
compared the portion of copper bound to ceruloplasmin
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Table 2 Markers of CSF in controls and AD patients: Mean (SD)

AD patients, Controls,
n =28 n =25 ANOVA
B-Amyloid (ng/mL) 0.26 (0.11) 0.5 (0.25) Fi45 = 19.86
p < 0.0001
h-tau (ng/mL) 0.48 (0.27) 0.27 (0.14) Fy40 = 1168
p = 0.001
P-tau (ng/mL) 0.05 (0.03) 0.06 (0.06) Fy45 = 1.004
p =03
CSF copper (pmol/L) 0.4 (0.14) 0.44 (0.15) Fy 40 = 0.91%
p =035

* Number of Alzheimer disease patients is 24 and the number of healthy
controls is 20.

(CB), which can be calculated theoretically as follows?¢:
B = n * ceruloplasmin mg/L; n = 0.0472 (pwmol/mg), with
the explained copper as we estimated. The mean value
(SD) of the CB obtained in our control population was 12.4
(1.9) and did not differ from the mean value (SD) of the
estimated explained copper 13 (1.3) (¢ test; p = 0.061). By
subtracting the explained copper from the total serum cop-
per, the unexplained copper value can be estimated (Cu
unexplained = serum copper — Cu explained). The unex-
plained copper could thus be referred to as
“nonceruloplasmin-bound copper” (NCC).262° The ex-
plained and unexplained copper were calculated for each
serum copper and ceruloplasmin pair. Both serum copper
explained and unexplained by ceruloplasmin were higher
in AD patients (explained, F, 4,3 = 4.38, p = 0.04; unex-
plained, F, 45 = 19.09, p <0.0001). In an attempt to vali-
date the concept of a copper fraction unbound to
ceruloplasmin that could cross the BBB in AD, experi-
ments were performed on two separate pools of sera from
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20 AD patients and 20 controls that were filtered through
a 10-kd cutoff membrane. Hard data revealed that in AD,
the amount of copper measured in the ultrafiltrate by ab-
sorption spectroscopy was higher than controls. On these
bases, according to published procedures,?® a free copper/
protein-bound copper (F/PB) ratio (%) can be obtained,
which was 3.7-fold higher in AD than in controls (prelimi-
nary results).

In table 2 comparisons of the biologic variables evalu-
ated in the CSF for the two groups of subjects are summa-
rized. Copper values reported have been obtained by
atomic absorption spectrophotometry. Levels of h-tau were
increased (p = 0.001), whereas B-amyloid was decreased
(p < 0.0001) in AD patients. CSF copper and P-tau did not
differ between groups. Even if not reaching the signifi-
cance threshold, a positive correlation between copper and
B-amyloid, both measured in the CSF, could be evidenced
in the AD population only (r = 3.93, p = 0.064).

The data set analyzed in table 2 (see also table E-1) was
then elaborated to address correlations between biologic
variables in the serum (total copper and total peroxides)
and neurodegenerative AD markers in the CSF (B-
amyloid, h-tau, and P-tau; figure and table 3). Serum cop-
per correlated inversely with B-amyloid (r = —0.35; p =
0.02), a correlation driven by the controls ( = —0.6, p = 0.02)
(figure, A), and positively with h-tau (r = 0.43; p = 0.003;
figure, B) in the CSF. Total peroxides in the serum corre-
lated with CSF h-tau (r = 0.4; p = 0.03; figure, C). A
correlation of peroxides with copper was also found in se-
rum (r = 0.95; p < 0.0001 figure, D). When correlations
between B-amyloid and tau protein burdens in CSF and
explained and unexplained copper in serum were taken
into account, it appeared that they were driven by the
serum copper unexplained fraction (table 3). Moreover, ap-

Figure. Scatter plots of the correlations
between the biologic variables under
study; AD patients (W) and controls (A).
(A) Serum copper inversely correlates

with B-amyloid in the CSF (log-
linearized correlation: r = —0.38; p =
0.04); (B) serum copper positively corre-
lates with h-tau in CSF (r = 0.4; p =
0.03; (C) total serum peroxides corre-
late with CSF h-tau (r = 0.4; p =
0.02); (D) total peroxides strongly corre-
late with serum copper (r = 0.95; p <
0.01).
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Table 3 Correlations between copper explained and unexplained
by ceruloplasmin in the serum and CSF markers of
neurodegeneration

Table 4 Correlation of neuropsychological examination scores
with copper, markers of neurodegeneration in CSF, and biologic
variables of copper metabolism in the serum

CSF
B-Amyloid h-tau P-tau
(ng/mL) (ng/mL) (ng/mL)
Serum (n = 42) (n = 43) (n = 43)
Copper explained
(pmol/L)
r -0.1 -0.21 -0.12
p 0.52 0.18 0.43
Copper unexplained
(pnmol/L)
r —0.46 0.49 -0.21
p 0.002 0.001 0.17

Pearson correlation coefficient (r) significant at the 0.05 level.

plying a regression model that assumes B-amyloid in the
CSF as the independent variable and copper as the depen-
dent one, an increment of copper depending on CSF
B-amyloid decreasing amount in the CSF could be quanti-
fiable only in healthy controls (linear regression model, ¢t =
—-2.6,p = 0.03).

The relationship between CSF copper and the two se-
rum copper fractions was also investigated. We found that
copper in the CSF was positively associated only with the
unexplained copper (r = 0.41; p = 0.03). To test the hy-
pothesis of CSF copper variations depending on the unex-
plained fraction of copper, we developed a regression model
that assumes the unexplained copper as the independent
variable and the CSF copper as the dependent one. With
this model, a unit micromolar increase in unexplained cop-
per in the serum produces an expected 0.03-uM increase of
copper in the CSF in AD patients (linear regression model,
t = 2.2, p = 0.04). The same model did not reach signifi-
cance in the controls (¢ = 2.2, p = 0.06).

Plasma B-amyloid positively correlated with age (r =
0.6; p = 0.05) in healthy controls; therefore, age was used
as covariate in the statistical analysis. Plasma B-amyloid
was lower in AD patients (0.03 * 0.02 ng/mL) than in
healthy controls (0.05 * 0.02 ng/mL; F, 35, = 6.42, p =
0.02). The analysis of correlations between plasma
B-amyloid and the other biologic variables under study
revealed a positive association with CSF B-amyloid (r =
0.42, p = 0.02), driven by controls. In the AD group, a
plasma B-amyloid increase corresponded to an increase in
total serum copper (r = 0.53, p = 0.029) that could be
ascribed to the fraction of copper unexplained by cerulo-
plasmin (r = 0.54, p = 0.03).

Correlations were also found between cognitive domain
deficit measures and biologic variables (table 4). In partic-
ular, factor 1 (visuospatial ability) correlated with CSF
copper (r = —0.524, p = 0.05, only 14 cases available for
correlation, table 4). Higher scores of factor 2 (verbal mem-
ory) corresponded to higher B-amyloid concentrations in
the CSF (r = 0.43, p = 0.03) and to lower levels of unex-
plained copper in the serum (r = —0.45, p = 0.04); when
factor 2 was split into its neuropsychological components,
higher Rey’s Delayed Recall Test scores corresponded to
higher soluble CSF B-amyloid concentrations (r = 0.45,

Factor 2
Factor 1 (verbal  Factor 3
(visuospatial) memory) (language) MMSE

B-Amyloid (ng/mL)

r 0.03 0.43 0.19 0.46

P 0.92 0.03 0.37 0.002

n 17 25 24 43
h-tau (ng/mL)

r -0.28 —-0.33 -0.26 -0.29

p 0.27 0.11 0.22 0.06

n 17 25 24 44
P-tau (ng/mL)

r 0.20 0.23 0.26 0.16

P 0.45 0.26 0.22 0.29

n 17 25 24 43
CSF copper (umol/L)

r —0.524 -0.039 —-0.324 —0.001

P 0.05 0.869 0.176 0.99

n 14 20 19 42
Copper explained

(pmol/L)

r 0.26 —-0.08 0.10 -0.27

P 0.35 0.72 0.68 0.07

n 14 21 20 43
Copper unexplained

(pmol/L)

r -0.37 -0.45 -0.41 -0.45

P 0.20 0.04 0.07 0.003

n 14 21 20 43

Pearson correlation coefficient (r) significant at the 0.05 level.

MMSE = Mini-Mental Status Examination.

p = 0.023) and to lower unexplained serum copper (r =
—0.52, p = 0.01). It is worth noting that verbal memory,
the function investigated by the Rey’s Delayed Recall Test,
is the main cognitive function impaired in AD. MMSE
score was evaluated as an independent variable: results
showed that a higher MMSE score corresponded to higher
B-amyloid concentrations in both CSF (r = 0.46, p = 0.002)
and plasma (r = 0.48, p = 0.005) and to lower copper

unexplained by ceruloplasmin in the serum (r = —0.45,
p = 0.003).
Discussion. An excess of serum copper signifi-

cantly correlates with biologic markers of neurode-
generation in the CSF of patients with AD. In
particular, data suggest that the inverse dependence
of serum copper on B-amyloid content in the CSF
occurred mainly in the control population, whereas
the variations of CSF copper amount depending on
the nonceruloplasmin-bound fraction were promi-
nent in AD.
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The present in vivo study can provide information
on the physiologic and dynamic aspects of copper
metabolism, focusing on the move of this metal from
serum to brain via a low molecular weight compo-
nent and from brain to serum via an APP B-amyloid—
mediated mechanism.

Copper bound to low molecular weight complexes
can penetrate into erythrocytes and hepatocytes and
also into brain cells.?! The move of nonceruloplasmin
copper from serum to brain is best exemplified by
Wilson’s disease in which impairment upon mutation
of ATPase7B, which is needed in the liver for the
incorporation of copper into ceruloplasmin and for
the excretion of copper into the bile, results in the
absence of holoceruloplasmin synthesis and liver
copper overload. When the capacity for copper he-
patic storage is exceeded, cell death ensues, and cop-
per is released into the blood in the form of low
molecular weight complexes, which results in deposi-
tion of copper in extrahepatic tissues, namely, cornea
(with the formation of the diagnostic Kaiser- Fleis-
cher rings) and brain.?>*? Here it is demonstrated in
patients with AD that the amount of serum copper
unbound to ceruloplasmin may be associated with
the copper contained in the CSF, as revealed by the
regression model expressing that, in AD, 1 pM of
unexplained copper in the serum accounts for
0.03-pM increase in copper content in the CSF. The
idea of a move of copper from brain to serum via an
APP B-amyloid—mediated mechanism finds support
in a recent biologic model hypothesizing that copper
binding to APP in the extracellular milieu could fa-
vor the processing of the APP-copper complex in a
nonamyloidogenic pathway, resulting in a reduction
in B-amyloid in the CSF and copper removal from
the neuronal tissue via the bloodstream.?* In our
study, the inverse dependence of serum copper on
CSF B-amyloid in the healthy controls fits nicely
with the APP molecular model of copper transport, if
one considers that the portion of copper from the
brain is removed into the blood via APP binding,
entering the nonamyloidogenic pathway.

Two opposite fluxes of copper can, therefore, be
supposed to influence copper content in the brain: 1)
a blood-to-brain inward flux, corresponding to the
labile fraction of serum copper, that can diffuse or
even be transported across the BBB by copper trans-
porter 1-CTR1,%* and by ATPase7A (the Menkes’ dis-
ease copper-transporter)?s; 2) a brain-to-blood APP-
driven outward flux, leading to a reduction in
B-amyloid concentrations in the CSF.3?

Although copper bound to low molecular weight
compounds represents only a small fraction of serum
copper in AD,? excessive levels over time could deter-
mine an increase in brain-soluble copper, even con-
sidering that the brain has strict conservation
mechanisms for this metal.?®3” Indeed, it is known
that the day-to-day and week-to-week variation in
serum copper is insignificant.?®4° Thus, in AD, the
inward copper flux, postulated based on the regres-
sion model of CSF copper elevation depending on
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ceruloplasmin unbound copper, could be considered a
chronic condition, resulting in a continuous supply of
the copper brain reservoir. This small continuous
supply would determine an increase in CSF copper
content that is not actually measured in the CSF of
AD patients (table 2). Indeed, the majority of previ-
ous studies have reported no change in the CSF,*-4
and no change in or even decreased copper levels in
the brain of AD patients,*'** suggesting that an
additional process restraining the increase in soluble
copper in the AD brain might be operating.*¢4” This
could presumably occur via B-amyloid buffering for
copper excess, binding and precipitating this metal
in amyloid plaques, removing it from the CSF,*4°
and decreasing B-amyloid itself in the CSF of AD
patients. Our data are in line with recent evidence in
cholesterol-fed rabbits showing that ingestion of ~2
pM of copper in drinking water markedly changed
the brain B-amyloid burden with no variation of se-
rum ceruloplasmin levels,?® suggesting that ingested
copper supplied the serum exchangeable copper pool.

Copper in AD binds B-amyloid peptide with high
affinity and reduces Cu(Il) to Cu(I), resulting in cat-
alytic generation of peroxides (H,0,) and B-amyloid
aggregation.® Current results show elevated levels of
peroxides, a strong effect of copper on the generation
of peroxides (figure, D), and a positive correlation
between peroxides and h-tau protein concentrations
in the CSF, suggesting a direct effect of oxidative
stress on brain tissue damage in AD.%*' Further-
more, in line with previous reports,®> a correlation
between serum copper and increased h-tau concen-
trations in the CSF is found, as a further suggestion
for a neurotoxic copper effect because h-tau is re-
leased in the extracellular milieu as a cell death
byproduct.

Data on plasma B-amyloid content in AD are con-
troversial and require large patient groups.>3-5
Therefore, our results, in line with the evidence that
B-amyloid increases with age,?*55%¢ could be only in-
formative about the relationship occurring between
B-amyloid content in plasma and in CSF. The corre-
lation found between B-amyloid levels in CSF and in
plasma in healthy controls, a correlation that disap-
pears in AD, might suggest impaired transport of
B-amyloid through the BBB in AD, as already report-
ed.?”?® The connection between copper and B-amyloid
metabolism is also supported by the observation
that, in AD, the exchangeable fraction of copper in
serum is positively associated with plasma
B-amyloid, further supporting the proposed role of
B-amyloid itself as a candidate chaperone of copper.>®
This is also in agreement with the finding that treat-
ment with the copper-binding compound clioquinol
in AD patients determines a decrease in plasma
B-amyloid levels.5¢

Higher levels of CSF B-amyloid concentrations
corresponded to higher MMSE scores, similar to pre-
vious reports,’>¢! indicating greater impairment and
disease severity in patients with lower CSF
B-amyloid levels. In the same patient sample, we
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found that the higher the unexplained copper in the
serum was, the lower the MMSE score was, stressing
the potential role of this metal as a marker of disease
and disease severity. Moreover, higher factor 2 (ver-
bal memory) scores, a neuropsychological function
considered most representative of the typical impair-
ment of AD, corresponded to higher B-amyloid con-
centrations and lower levels of copper unexplained
by ceruloplasmin in the serum. Although we are far
from demonstrating disease causality, the present
results support the idea that an excess of exchange-
able serum copper when crossing the BBB and inter-
acting with both B-amyloid and tau proteins might
contribute to cognitive decline in AD. Current data
replicate, in a new set of patients, our previous find-
ings of greater impairment and disease severity in
patients with higher levels of copper,®!41562 also rein-
forcing evidence from other groups of a negative cor-
relation between plasma copper and cognitive
function in AD.% Moreover, the study presented sup-
ports the results of copper chelation pilot studies on
human subjects, showing positive clinical effects on
cognitive loss in AD.?2566¢ The fact that worse cogni-
tive performance is accompanied by higher levels of
serum copper found indirect support also from the
evidence that cognitive disturbances in Wilson’s dis-
ease, seemingly directly related to cerebral copper
intoxication, are improved by chelation treat-
ment.?®%> Qur current findings appear to be at vari-
ance with those of a recent study of some authors,*
who reported that higher levels of serum copper cor-
respond to better cognitive performances in a small
cohort of patients with AD when excluding patients
with AD in the highest plasma copper tertile. How-
ever, in contrast to our procedures, the report of
those authors* did not include data from a healthy
control group. Therefore, it is not possible to compare
data from the two studies.

Our subject sample, despite its relatively small
size, was carefully selected, aiming at the exclusion
of vascular dementia, MCI, mixed and other demen-
tias and focusing on a group with likely similar
pathogenetic mechanisms. This study has a number
of limitations, which include the need for AD selec-
tion with possible sampling bias (i.e., mild cases may
be underrepresented); the lack of other dementias
and neurodegenerative diseases, not permitting sim-
ilar abnormalities in conditions other than AD to be
conclusively ruled out; the insufficient number of
neuroradiologic studies in patients and controls to
carry out correlations with the biochemical markers
under study. All these considerations certainly war-
rant the extension of the current investigation to
other patient populations.

The present study, despite the described limita-
tions, supports the hypothesis of B-amyloid implica-
tion in the move of copper from the brain to serum,
demonstrates an excess of unbound copper in AD,
and reveals a potential toxic interaction of this ex-
changeable copper component with B-amyloid and
tau protein metabolism.
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Longitudinal prognostic value of serum “free”

copper in patients with Alzheimer disease

ABSTRACT

Background: Serum copper not bound to ceruloplasmin (‘free”) appears slightly elevated in pa-
tients with Alzheimer disease (AD). We explored whether a deregulation of the free copper pool
can predict AD clinical worsening.

Methods: We assessed levels of copper, iron, zinc, transferrin, ceruloplasmin, peroxides, total
antioxidant capacity, free copper, and apolipoprotein E genotype in 81 patients with mild or mod-
erate AD, mean age 74.4, SD = 7.4 years, clinically followed up after 1 year. The association
among biologic variables under study and Mini-Mental State Examination (MMSE) (primary out-
come), activities of daily living (ADL), and instrumental activities of daily living (IADL) (secondary
outcomes) performed at study entry and after 1 year were analyzed by multiple regression.

Results: Free copper predicted the annual change in MMSE, adjusted for the baseline MMSE by
means of a linear regression model: it raised the explained variance from 2.4% (with only sex, age, and
education) to 8.5% (p = 0.026). When the annual change in MMSE was divided into <3 or =3 points,
free copper was the only predictor of a more severe decline (predicted probability of MMSE worsening
23%: odds ratio = 1.23; 95% confidence interval = 1.03-1.47; p = 0.022). Hyperlipidemic patients
with higher levels of free copper seemed more prone to worse cognitive impairment. Free copper at
baseline correlated with the ADL and IADL clinical scales scores at 1 year.

Conclusions: These results show an association between copper deregulation and unfavorable
evolution of cognitive function in Alzheimer disease. Further research is needed to establish
whether copper is an independent risk factor for cognitive decline. Neurology® 2009;72:50-55

GLOSSARY

AD = Alzheimer disease; ADL = activities of daily living; BBB = blood-brain barrier; CB = ceruloplasmin; Cl = confidence
interval; IADL = instrumental activities of daily living; MMSE = Mini-Mental State Examination; OR = odds ratio.

Alzheimer disease (AD) is a form of dementia which progresses at different rates in different
patients. Factors influencing or predicting the progression are not well understood.

In a previous article, we reported that the ceruloplasmin-copper relationship, rather than
absolute serum copper levels, represented the key to interpreting in vivo copper findings in
AD." In particular, we discussed a deregulation of that relationship consisting of an increase in
the serum copper portion that did not bind to ceruloplasmin, namely “free” copper,? also
correlating with the typical deficits and markers of the disease.’> Our observations were re-
cently confirmed by two other groups, one in the Netherlands* and one in the United States
(Althaus J, personal communication). In particular, data from the latter study indicated that
the free copper level in AD sera was nearly twice that in normal sera (AD 2.27 = 0.16 umol/L;
normal 1.56 = 0.29 umol/L). Normally, the majority of human serum copper tightly binds to
ceruloplasmin.” The remaining copper—i.c., free copper—is distributed and exchanged
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among albumin, amino acids (e.g., histidine),
and small molecular weight complexes (0.5—
5%; normal value <1.6 wmol/L),> which can
easily cross the blood—brain barrier (BBB).¢

Most studies of diagnostic markers focus
on the early diagnosis of AD. Fewer studies
have aimed at the identification of prognostic
markers that influence the variation in rate of
decline after patients have received the diag-
nosis of AD and little is known about the de-
terminants of the variability.

In this study, we explored the hypothesis
that a deregulation of the free copper pool in
serum could be a determinant of the variabil-
ity of the progression of cognitive decline in a
group of patients with mild or moderate AD.

METHODS A total of 107 patients with probable AD accord-
ing to National Institute of Neurological and Communicative
Disorders and Stroke—Alzheimer’s Disease and Related Disorders
Association,” showing mild or moderate cognitive impairment
(score =2 of the Clinical Dementia Rating)® and a Mini-Mental
State Examination (MMSE)” score of 25 or less (range 16-24),
were recruited in two specialized dementia care centers: the De-
partment of Neuroscience, Fatebenefratelli Hospital, Isola Tibe-
rina, Rome, Italy, and the IRCCS, Fatebenefratelli Hospital of
Brescia, Italy.

Criteria for exclusion were conditions known to affect copper
metabolism and biologic variables of oxidative stress on the basis of
the past medical history and screening laboratory tests, reported in
detail elsewere.! We also excluded patients with a history of stroke,
presence of focal neurologic signs, severe subcortical leukoencepha-
lopathy, presence of hemodynamically significant neck and intracra-
nial arteries stenosis or occlusion, or cardiopathy.

When admitted to the study, patients underwent a struc-
tured clinical interview, a neurologic examination, brain MRI,
an extensive neuropsychological assessment, biochemical mea-
surements, and apolipoprotein E (APOE) genotyping. Blood
was drawn on the same day of the clinical interview. Follow-up
was performed 12 months after inclusion in the study. During
this period, patients received the acetylcholinesterase inhibitor
donepezil (5 mg daily for 3 months and then 10 mg daily) and
compliance to the therapy was checked periodically by means of
telephone contacts and visits performed at 3-month intervals.

Progression of cognitive decline was evaluated by means of
the MMSE (primary outcome) and activities of daily living
(ADL) and instrumental activities of daily living (IADL) (sec-
ondary outcomes) performed at study entry and at the end of the
follow-up period.

The study was approved by the local ethical committee. All
patients or caregivers gave written consent to be included in the

study.

Biochemical and molecular investigations. Patients’ fast-
ing blood samples were collected in the morning and serum was
rapidly stored at —80°C. Serum copper concentration was esti-
mated following the method of Abe et al. (Randox Laboratories,
Crumlin, UK)'" and by an A Analyst 300 Perkin Elmer atomic
absorption spectrophotometer equipped with a graphite furnace
with platform HGA 800 (Foster City, CA).!! Ceruloplasmin was

analyzed by immunoturbidimetry assay (Horiba ABX, Montpel-
lier, France).' For each serum copper and ceruloplasmin pair we
computed the amount of copper bound to ceruloplasmin (CB)
and the amount of copper not bound to ceruloplasmin (free
copper) following standard procedures (appendix 1 of reference
5: “Calculation of ‘free copper’ concentration”)’; briefly: CB =
ceruloplasmin (mg/dL) X 10 X n; n = 0.0472 (umol/mg); free
copper = absolute serum copper — CB.> This calculation ex-
presses free copper in umol/L and is based on the notion that
ceruloplasmin contains 0.3% copper.” Thus, for a patient with a
serum absolute (or total) copper concentration of 17.3 umol/L and
a serum ceruloplasmin concentration of 33 mg/dL, the bound cop-
per concentration = 33 X 10 X 0.0472 = 15.6 umol/L, and the
free copper concentration = 17.3-15.6 = 1.7 pmol/L.

Moreover, we have recently set up an automated procedure
to measure ceruloplasmin oxidase activity which utilizes
o-diansidine dihydrochloride as a substrate, according to previ-
ous methods.'>™ In fact, it is well known that values of cerulo-
plasmin obtained immunologically, as we showed them in this
study, result in higher values than those obtained enzymatically,
i.e., monitoring the protein’s oxidase activity.”'*!% This is be-
cause the apo-form of ceruloplasmin is biologically inactive.’ In
normal controls, the two detection methods showed a significant
correlation (data not shown), as also reported by other au-
thors.>'*!* However, quantification of ceruloplasmin by the en-
zymatic method based on standard ceruloplasmin solutions has
not been considered by the majority of previous authors," be-
cause of its cost, the variable purity of commercially available
ceruloplasmin, and the general recommendation to report serum
enzymes in International Units."* We have tried to quantify the
amount of ceruloplasmin starting from the protein’s oxidase ac-
tivity with a commercial standard (Human Serum Ceruloplas-
min, Sigma-Aldrich), but the spectroscopic inspection of the
latter revealed a decay in the protein peak of absorbance in day-
to-day assays (data not shown), decreasing our confidence in
using the enzymatic detection to quantify the protein amount,
necessary to estimate the free copper value.

Measurements of the other biologic variables of oxidative stress
are described in detail elsewhere.” Briefly, hydro-peroxide content
was assessed by d-ROMs test (Diacron, Italy) and expressed in arbi-
trary units (U.CARR), 1 U.CARR corresponding to 0.08 mg/100
mL of hydrogen peroxide. Normal range was between 230 and 310
U.CARR.!¢ Total radical trapping antioxidant capacity, or TRAP,
was assayed by the TAS kit (Randox Laboratories, Crumlin, UK),
based on published methods."” The serum reference range is 1.30—
1.77 mmol/L."7 Transferrin level was analyzed by immunoturbi-
dimetry assay,'® and iron using Ferene."” All these reagents were
ABX Pentra from Horiba ABX (Montpellier, France). Zinc levels
were measured using the specific complexant 5-Br-PAPS [(2-5-
bromo-2-pyridylazo)-5-(N-propyl-N-sulfo-propylamino) phenol]*
according to manufacturer’s instructions (Zinc, Sentinel Diagnos-
tic, Milan, Iraly).

All biochemical measures were automated on a Cobas Mira Plus
(Horiba abx, Montpellier, France) and performed in duplicate.

APOE genotyping was performed according to standard

methods.*!

MRI evaluation. Brain MRI was performed using a 1.5 Tesla
superconductor magnet. The imaging protocol consisted of axial T2
W double spin echo sequences and T1 W spin echo images in axial,
coronal, and sagittal planes, with 5 mm slice thickness and intersec-
tion gap = 0.5 mm. An extensive MRI evaluation was performed
(data not shown). Briefly, the spin echo technique and T1 W, T2
W, and fluid-attenuated inversion-recovery sequences detected pos-
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Table 1 Baseline characteristics, Mini-Mental
State Examination (MMSE) scores,
and circulating copper metabolism
evaluation (baseline and at 1 year) of
the 81 patients with Alzheimer

disease
Characteristics Values
Age, y, mean (SD) 74.4(7.4)
Sex, % men 17
MMSE score, mean (SD) 20.5(3.5)

Risk factors, %

Hypertension 36
Hyperlipidemia 13
Smoking 33
Cardiopathy 9

MRI findings, %

Subcortical infarcts (grade ) 44.5
Medial temporal lobe atrophy 71
Drugs, %
Antihyperlipidemia agents 23
Statins 24
Oral hypoglycemic agents 11
Antiplatelet aggregation agents 43
Antihypertensive drugs 39
B-Blockers 11
Calcium antagonists 17
Diuretics 14
APOE £4 frequency (%) 24.5

Biological variables of copper in
serum, mean (SD)

Basal copper (umol/L) 15.6(3.5)
Basal ceruloplasmin (mg/dL) 27.7 (6.3)
Basal free copper (umol/L) 2.5(2.9)

Cognitive evaluation, mean (SD)
Basal MMSE scores 20.5(3.5)
One-year MMSE scores 17.3(4.7)

sible white matter lesions. These were graded according to published
protocols.?> Only patients without vascular lesions (grade 0) or with
small subcortical focal lesions defined as high signal intensity areas
on T2-weighted images, but isointense with normal brain paren-
chyma on T1-weighted images and classified as grade I (44.5%;
table 1), were included. Volumetric analysis of the hippocampus
was visually performed by scoring every patient according to the
width of the choroid fissure and the temporal horn, following the
criteria of a rating scale of temporal lobe atrophy previously reported
(five point rating scale of medial temporal lobe atrophy [MTA]).!2
MRI revealed that atrophy of the medial temporal lobes with a re-
duction in hippocampal volume (score 2—4) was prominent (71%j

table 1) in the patients.

Statistical analyses. Formal sample size calculation was not
performed because this was an exploratory study of possible cor-
relation between metal and oxidative biologic variables and im-

pairment and severity of progressive cognitive decline. However,
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we considered as relevant a bivariate correlation of 0.40 (corre-
sponding to 16% of accounted variance) and calculated that a
sample size of 50 patients would result in a power of 86% (with
bilateral « at 0.05).

The aim of the study was to see whether and how severe the
progression of cognitive decline was in relation to metal and
oxidative biologic variables alterations. Attaining this goal was
best served by a regression model. A multiple regression analysis
was applied to test the potential confounding role of demo-
graphic characteristics (sex, age, and education) and vascular risk
factors (hypertension, smoking habits, and hyperlipidemia),
then the linearity of the relationship between metal and oxidative
biologic variables alterations and severity of progression of cogni-
tive impairment was tested using a polynomial regression and the
best-fitting model (maximum R ? and significant R 2 change vs
the previous model) was chosen.

To provide additional information potentially useful for cli-
nicians, outcome cognitive variables were dichotomized in two
groups: above or equal to 3 points MMSE decrease (severe cog-
nitive decline) and below 3 (milder cognitive decline). Impair-
ment was evaluated using a logistic regression model. Odds
ratios (ORs) and corresponding 95% confidence intervals (Cls)

were calculated.

RESULTS Patients. Eighty-one of the 107 subjects
completed the follow-up after 1 year. The main base-
line demographic and medical characteristics of these
patients are reported in table 1, along with evalua-
tions of free copper and MMSE at baseline and at the
1 year follow-up. Patients were affected mainly by
hypertension (36%), cardiopathy (9%), hyperlipid-
emia (13%), diabetes (11%), and smoking (33%).
The most frequent drugs taken by patients were anti-
platelet aggregation agents (43%), statins (24%), and
antihypertensive drugs (39%), mostly represented by
calcium antagonist (17%). During the study, all pa-
tients received acetylcholinesterase inhibitors. Allele
APOE &4 frequency was 24.5%. The APOE &4 allele
was more prevalent in patients born in northern Italy
(35%) than in central/southern Italy (17%; p = 0.013).
Patients at baseline had mild to moderate dementia
(MMSE: mean = 20.5, SD = 3.5).

Sixty-five percent of patients had a higher than
normal free copper (<1.6 umol/L).> Patients who
were carriers of the APOE &4 allele had higher levels
of free copper than noncarriers (data not shown).!!

After 1 year, MMSE decreased by 3.2 points (SD =
3.9; p < 0.001; table 1).

Prediction of cognitive decline. Baseline cognitive sta-
tus could be the first predictor of cognitive deteriora-
tion. In consideration of this, the annual change in
MMSE was adjusted for the baseline MMSE by
means of a linear regression model, even though only
4% of change variance was accounted for by baseline
measurement. We then analyzed the correlations be-
tween cognitive decline at 1 year and the biologic
variables under study. The analysis revealed that the
higher the annual change in MMSE, the higher both
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Table 2 Correlations between annual change in
Mini-Mental State Examination and
biological variables of metals and
oxidative stress in serum

Serum biological variable of metals and Annual change

oxidative stress at baseline in MMSE
Copper
Pearson correlation 0.219*
Significance (two-tailed) 0.050
No. 81
Zinc
Pearson correlation -0.218
Significance (two-tailed) 0.103
No. 57
Iron
Pearson correlation 0.058
Significance (two-tailed) 0.640
No. 68
Transferrin
Pearson correlation -0.111
Significance (two-tailed) 0.347
No. 74
Ceruloplasmin
Pearson correlation —-0.001
Significance (two-tailed) 0.990
No. 81
Free copper
Pearson correlation 0.256"
Significance (two-tailed) 0.021
No. 81
Peroxides
Pearson correlation -0.051
Significance (two-tailed) 0.649
No. 81
Total r:adical trapping antioxidant
capacity
Pearson correlation 0.169
Significance (two-tailed) 0.137
No. 79

*Correlation is significant at the 0.05 level (two-tailed).

the absolute copper and free copper (table 2), while
the MMSE at baseline did not correlate with copper
biologic variables (all p values >0.17). The relation-
ship between copper variables and cognitive decline
was studied further: when the annual change in
MMSE was entered as a dependent variable in a lin-
ear regression model, free copper proved to be a sig-
nificant covariate, since it raised the explained
variance from 2.4% (with only sex, age, and educa-
tion) to 8.5%. In particular, the slope of the regres-
sion was b = 0.316 (SE = 0.140; p = 0.0206)

indicating that about 3 wmol/L units of free serum
copper explained a one-point loss on the annual
change in the MMSE. To better quantify our model
the analysis of influential statistics was applied (based
on changes in regression coefficients and on leverage
measures): this analysis indicated that the exclusion
of outlier cases with a potentially detrimental effect
on the regression model did not change the relation-
ship between free copper and MMSE changes (data
not shown).

We also observed an effect of hyperlipidemia on
cognitive decline. Hyperlipidemia was associated
with a 2.6 point loss on the annual change in
MMSE. Hyperlipidemia accounted for 4.8% of re-
sidual variance (p = 0.058). Hyperlipidemic patients
with higher levels of free copper seemed more prone
to higher cognitive impairment.

When the annual change in MMSE scores were
divided into <3 or =3 points, the multiple logistic
regression indicated that free copper was the only
predictor of more severe decline; for each additional
pmol/L unit of free copper, the odds of MMSE
worsening increased by about 23% (OR = 1.23;
95% CI = 1.03-1.47; p = 0.022). Those patients
from the current study panel who had a value of free
copper higher than 2.1 pumol/L had an increased
probability of worsening than those patients who had
their free copper values below such levels (figure).

Diabetes had no effect in explaining cognitive
decline even after adjusting for free copper values
(p >0.2).

Drug treatment effects were taken into account in
the analysis. Concentrations of free serum copper
[4(79) = 3.746; p < 0.001] and cognitive decline
[4(79) = 3.716; p = 0.005] were lower in those pa-
tients who were administered with calcium antago-
nists. When this effect was included in the multiple
regression analysis, free copper could not enter the
model for prognosis evaluation.

Free copper correlated with the ADL and IADL
clinical scales which evaluate the disabilities in daily
living of the patients. At baseline, higher levels of free
copper corresponded to lower ADL scores at the
1-year evaluation (tho = —0.299, p = 0.018). The
higher were free copper levels, the lower were IADL
scores either at baseline (tho = —0.0349, p = 0.001)
or at 1 year (tho = —0.359, p = 0.004).

DISCUSSION The most important result of this
study suggests that a deregulation of free copper
could determine the variability of the progression of
cognitive decline in AD. However, the implication of
free copper in this disease was based on correlative
studies. Therefore, the present study does not allow a
conclusive interpretation about a causal pathophysio-
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Predicted probability of MMSE worsening

Figure Model to predict the probability of Mini-Mental State Examination
(MMSE) worsening in patients affected by Alzheimer disease (AD)
according to “free” serum copper levels
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‘Free’ copper (Z-score)

Circles represent the value of free serum copper of the patients. The line represents the
model of the predicted probability of MMSE worsening. Free copper levels in individual
patients with AD are expressed in z-score, i.e., in terms of standard deviations from their
mean value. Those patients from the current study panel who had a z-score higher than
—0.138, corresponding to a free copper value of 2.1 umol/L, had an increased probability to
worsen than those patients who had their free copper values below such levels.
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logic effect of serum copper abnormalities on cogni-
tive decline. Our current findings show that higher
levels of free copper could explain a decline in
MMSE scores.

In spite of the relatively low percentage of ex-
plained variance of free copper, the most interesting
aspect of our study is the possibility of obtaining use-
ful information for identification of patients with
AD at higher risk for a rapid and pronounced evolu-
tion of cognitive impairment by means of a simple
blood test. The majority of studies report that there is
heterogeneity in the progression of AD. The severity
of cognitive impairment at baseline,? as well as hip-

24

pocampal atrophy,? are suggested to be important
predictors of progression. With regard to those pa-
tients with a free copper dysfunction, estimated to be
65% of our patients, a free copper value higher than
normal seems to represent a determinant of progres-
sion variability. In particular, a value of free copper
higher than 2.1 uwmol/L increased the probability of
loss of 3 points in a year on the MMSE. These results
are consistent with the hypothesis that even a small
increase of the serum low molecular weight copper,
i.e., free copper, can be of significance, particularly
over a long period of time. In fact, free copper is
potentially toxic as it can promote oxidative stress,?
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because this low molecular weight copper can easily
cross the BBB and supply the brain with a continu-
ous flux of noxious redox copper.

This interpretation is supported by results of an
experiment with mice to test the effects of radio-
copper [67Cu(IT)] brain uptake during a single
passage through the telencephalon-diencephalon
microcirculation which demonstrates that net
brain copper uptake parallels the increase of the
free copper level in the injectate, starting from a
concentration of Cu (II) of 3.2 ng/mL, corre-
sponding to 0.05 wmol/L.?

In the present study, changes in ADL and
IADL—which predict future functional decline, in-
stitutionalization, and death—were evaluated in rela-
tion to copper status. Patients with higher levels of
free copper at baseline seemed to have a faster and
more pronounced evolution of disabilities, in parallel
with the progression of cognitive decline.

Our data indicate that hyperlipidemia was the
only risk factor associated with MMSE worsening.
Even though it is relevant in a small number of pa-
tients, we demonstrated an interaction between free
copper and hyperlipidemia on cognitive decline in
agreement with other authors who used different
study design approaches.?”2¢

The impact of serum copper on cognitive de-
cline in this study was not affected by age, sex, or
education.

We have tried to control confounders by selecting
patients with no evidence of additional pathologic
conditions, and by taking into account cardiovascu-
lar risk and drug treatment. In this patient sample we
noted that subjects who were taking a calcium antag-
onist therapy had lower levels of circulating free cop-
per. A possible explanation is a diminished rate of
copper absorption at the intestinal level.

This study has a number of limitations, which
include the shortage duration of the clinical follow-
up, the need for patient selection that possibly re-
sulted in sampling bias, and the refusal to perform
follow-up evaluation by some patients that reduced
the number of subjects initially involved in the study.
Another interesting result of this study concerns the
possibility that a therapeutic intervention aimed at
metal levels could have favorable practical implica-
tions for the management of AD.?” Therapeutic
strategies available for copper’s diseases, i.e., Wilson
disease, at least in a subgroup of patients with AD
with impaired copper metabolism, deserve further
study.
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Abstract

Background: Meta-analyses indicated the breakdown of
copper homeostasis in the sporadic form of Alzheimer’s
disease (AD), comprising copper decreases within the
brain and copper increases in the blood and the pool not
bound to ceruloplasmin (non-Cp Cu, also known in the
literature as “free” copper). The calculated non-Cp Cu
(Walshe’s) index has many limitations.

Methods: A direct fluorescent method for non-Cp Cu
detection has been developed and data are presented
herein. The study included samples from 147 healthy sub-
jects, 36 stable mild cognitive impairment (MCI) and 89
AD patients, who were tested for non-Cp Cu through the
direct method, total serum copper, ceruloplasmin concen-
tration and o-dianisidine ceruloplasmin activity. The indi-
rect non-Cp Cu Walshe’s index was also calculated.
Results: The direct method was linear (0.9-59 uM),
precise (within-laboratory coefficient variation of 9.7%
for low and 7.1% for high measurements), and had a good
recovery. A reference interval (0-1.9 uM) was determined
parametrically in 147 healthy controls (27-84 years old).
The variation of non-Cp Cu was evaluated according to age
and sex. Non-Cp Cu was 1.5 times higher in AD patients
(regarding the upper value of the reference interval) than
in healthy controls. Healthy, MCI and AD subjects were
differentiated through the direct non-Cp Cu method [areas
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under the curve (AUC)=0.755]. Considering a 95% speci-
ficity and a 1.91 umol/L cut-off, the sensitivity was 48.3%
(confidence interval 95%: 38%—-58%). The likelihood ratio
(LR) was 9.94 for positive test results (LR+) and 0.54 for
negative test result (LR -).

Conclusions: The direct fluorescent test reliably and accu-
rately measures non-Cp Cu, thereby determining the prob-
ability of having AD.

Keywords: Alzheimer’s disease; ceruloplasmin; copper;
metal; mild cognitive impairment; non-ceruloplasmin
copper.

Introduction

Copper is an essential metal and a co-factor in numer-
ous physiological proteins and enzymes that grant cell
functioning and central nervous system development.
It serves as a catalyst for reduction-oxidation (redox)
reactions in ubiquitous or tissue-specific enzymes for a
number of molecular pathways, including energy genera-
tion, hematopoiesis, and iron homeostasis. In the liver,
the protein ATP7B loads copper into nascent ceruloplas-
min, a ferroxidase which structurally binds the 85%-95%
serum copper [1]. Residual serum copper is bound to low
molecular weight molecules (e.g. amino acids like histi-
dine, or peptides) or to albumin. This fraction represents
an exchangeable pool of circulating copper, referred to
as copper non-bound to ceruloplasmin (non-Cp Cu) also
named “free copper” in the literature. It is bioavailable
for tissues and organs, including the brain, as it easily
crosses the blood-brain barrier. The copper pump ATP7B
is also physiologically involved in redirecting copper from
the brain to the blood [2, 3]. Changes in the metal oxida-
tion state can affect the redox status of the entire cell or
matrix and can trigger radical-mediated toxicity. The para-
digm of non-Cp Cu overload is Wilson’s disease (WD), a
rare monogenic recessive disorder caused by more than
500 mutations in the A7P7F gene. Mutations in the gene
generate a defective ATP7B, which cannot supply copper
to the Golgi apparatus [4]. The metal is either not properly
loaded into ceruloplasmin or excreted through the bile [5].
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Copper and ceruloplasmin dysregulation affect the
pathogenesis of both Alzheimer’s disease (AD) [6, 7] and
Parkinson’s disease [8].

The value of the systemic non-Cp Cu index is routinely
calculated by measuring the copper and ceruloplasmin
pair in a serum sample. The amount of copper bound to
ceruloplasmin (CB) and the amount of non-Cp Cu (histori-
cally named “free copper”) can be computed following
standard procedures [9]. This index (known as Walshe’s
index [9]) has some limitations, including paradoxical
results of negative non-Cp Cu values, and is not as reliable
as a direct assay. We addressed these issues in a previous
study [7] (information available at http://www.j-alz.com/
node/182). For this reason, a new patented method for
direct non-Cp Cu detection in serum through a fluorescent
probe has been set-up [10].

Validation data for the CE mark in Europe (C4D test,
2012 CE certified test code no. 1211662), the normal refer-
ence range interval, and detection in AD and mild cogni-
tive impairment (MCI) subjects are reported herein.

Materials and methods
Subjects

Serum samples from 147 healthy subjects were obtained by the Blood
Donors Unit of Fatebenefratelli Hospital (Isola Tiberina, Rome, Italy).
The healthy volunteers were screened for neurological, psychiatric,
and cardio-cerebro-vascular diseases. A minimental state examina-
tion (MMSE) test [11] was conducted. An additional 48 healthy sub-
jects (26 F), of a mean [standard deviation (SD)] age of 61.9 years
(10.5) ranging from 28 to 76 years were recruited from the IGEA
Research Corporation (Miami, FL, USA) between September 2015 and
May 2016 and were separately evaluated for non-Cp Cu values meas-
ured with the direct fluorescent method in IGEA Research Corpora-
tion Laboratories, confirming values of non-Cp Cu in another healthy
control group.

Mild cognitive impairment and AD subjects (36 and 89, respec-
tively) were recruited from the Department of Neuroscience of
Fatebenefratelli Hospital. Recruitment from the Ifalian centers was
carried out hetween February 2013 and April 2014. Details about
the clinical protocols for MCI and AD diagnosis were reported else-
where [6, 12]. Patients and controls with diabetes, abnormal values
of thyroid, liver, kidney and cardiac functions were excluded from
the study, as were patients with a history of stroke, focal neurological
signs, severe subcortical leukoencephalopathy, hemodynamically
significant neck and intracranial artery stenosis or occlusion, or
cardiopathy.

Blood was drawn the morning after an overnight fast, collected
in a test tube (Vacutainer® BD Thrombine) containing an activator of
coagulation, and quickly stored at — 80 °C.

All procedures involving experiments on human subjects com-
plied with the ethical standards of the Committee on Human Experi-
mentation of our institution and the Helsinki Declaration of 1975
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(revised 2008). Blind procedures for data collection and analysis
were applied. Serum were collected with tubes certified to be free of
trace elements (VWR, Metal-Free Centrifuge Tubes). A 500 pL serum
aliquot of the subjects recruited from the Fatebenefratelli Hospital,
was shipped to the Spin-off Biofordrug Laboratory University “Aldo
Moro” of Bari, Italy, for direct fluorescent non-Cp Cu measurements.
Measurements of serum copper, ceruloplasmin concentration and
activity were performed in the Laboratory of Biology, Fatebenefratelli
Foundation, Fatebenefratelli Hospital.

Assay

The direct fluorescent non-Cp Cu test is an in vitro method with two
steps [10]: step (i) a size exclusion solid-phase extraction (SPE) flow
system separates the portion of low molecular weight non-Cp Cu pre-
sent from the protein-bound copper; step (ii) a coumarin fluorescent
probe specific to Cu(l1) is added to the eluate from the previous step,
and a direct fluorescent assay is performed on a micro-plate device.
When the probe captures the labile non-Cp Cu - as a Cu(Il) - from
small peptides and amino acids, there is a decay in its fluorescence
emission, proportional to non-Cp Cu concentration.

During the step (i) serum is loaded to a SPE chromatography
(ultra-high molecular weight polyethylene; micro-column with a
resevoir of 3 mL capacity). The stationary phase is compressed with
6 mL physiological solution (0.9% NaCl) using a peristaltic pump
(ISMATEC IPC, Cole-Parmer GmbH, Germany) at a flow rate of 500
WL/min. Serum (200 uL) was charged on the column and eluted at a
flow rate of 200 uL/min. The fraction eluted, containing non-Cp Cu,
is collected in polypropylene tubes. During step (ii) 50 uL of the frac-
tion eluted (in duplicate) is co-incubated with the fluorescent probe
at a final concentration of 10> M into the well of a 96-well micro-
plate reader, and the complex is read in a Victor3 fluorimeter (Perkin
Elmer), at excitation and emission wavelengths of 380 and 495 nm,
respectively. The fluorescent probe interacting with Cu(Il) present in
the eluate of step (i) switches off the fluorescent probe. The inten-
sity of the decay of the fluorescent emission is proportional to the
quantity of non-Cp Cu present in the original specimen. Studies were
performed to evaluate potential copper contamination originating
from disposable material and interference [10]. Because hemoglobin
has an intrinsic fluorescence, collecting serum samples correctly is
fundamental to avoiding hemolysis. The fluorescent chelator is inac-
tive towards other bivalent ions like Zn(II), Fe(IT), Mg(II), and Ca(II).
Indeed, the formation constant (Kf) is 10 times higher for Cu(Il).
Therefore, the probe is unable to bind other ions in biological fluid.

The Spin-off Biofordrug Laboratory University “Aldo Moro” of
Bari, Italy, and the IGEA Research Corporation Laboratories share
the same Standard Operation Procedures,

Biochemical and molecular investigations: standard
copper studies

Total serum copper levels were analyzed in a graphite furnace
atomic absorption spectrophotometer (Perkin Elmer A Analyst
600). The samples and calibration standards for copper measure-
ment were 1: 20 dilutions with 0.2% HNO, in 0.1% Triton. Commer-
cial copper calibrators were used as standards (1.000 mg/L) through
serial dilution, and samples were evaluated according to a standard

Brought to you by | Washington University in St. Louis
Authenticated
Download Date | 1/12/17 10:27 AM





DE GRUYTER

curve [13]. A seronorm™ (SERO AS, Norway) was employed as Qual-
ity Control.

Ceruloplasmin concentration was measured with an immuno-
turbidimetry assay (Futura System, Srl, Italy). Serum ceruloplasmin
oxidase activity (with o-dianisidine dihydrochloride as a substrate)
was measured spectrophotometrically, as described in a previous
study [5]. Both the ceruloplasmin concentration and ceruloplasmin
activity measures were automated on a Pentra 400 (Horiba ABX,
Montpellier, France) and performed in duplicate.

For the non-Cp Cu index calculation we used values of ceru-
loplasmin obtained immunologically [9]. For each serum copper
and ceruloplasmin pair, we computed the amount of copper bound
to ceruloplasmin (CB) and non-Cp Cu, following standard proce-
dures (Appendix 1: “Calculation of ‘free copper’ concentration™)
[9]: CB (umol/L)=ceruloplasmin (mg/dL)*10*n (umol/mg); where
n=0.0472 umol/mg is obtained from the molecular weight of copper,
63.546 (g/mol) divided by the molecular weight of Cp, 132 kDa. Finally:
non-Cp Cu (umol/L) =absolute serum copper (umol/L) — CB (umol/L).

The normal reference range with this index has been set
lower than 1.6 umol/L in previous studies [9, 14]. This calculation
expresses non-Cp Cu in umol/L because ceruloplasmin binds 6(-8)
atoms of structural copper, which are equivalent to ceruloplasmin
containing 0.3% copper (weight percentage of copper in Cp); more
details are available at http://www.jalz.com/letterseditor/index.
html#March2013.

Copper : Ceruloplasmin (Cu:Cp) is an index (dimensionless
value) that effectively determines the ceruloplasmin calibration, pro-
viding information about the actual stoichiometry between copper
and ceruloplasmin in the specimens, The Cu:Cp ratio was calcu-
lated as reported by Twomey et al. [15], whose equation is as follows:
[copper uM]* [132000 g/mol]/[Cp mg/dL*10(4)].

Twomey et al. [15] proposed that 6.6 is the theoretical optimal
mean value of this ratio in healthy subjects.

Testing procedures

Procedures from the Clinical and Laboratory Standards Institute
(CLSI) were employed, including the EP05-A [16], the EP06-A method
evaluation [17], EP17-A [18], and EP15-A2 [19]. StatisPro Method evalu-
ation software (from CLSI version 3.02.2) was used for these analyses.

Test precision was evaluated on 20 observations (10 runs, 5 days,
two replicates per run), separately for low (mean 1.25) and high (mean
3.18) levels, with a 95% confidence level and an acceptance criterium
of 10% max imprecision. Replication studies were performed at the
IGEA Research Corporation. Linearity was tested on seven levels of
CuCl, (0.9, 1.1, 2.0, 2.5, 4.5, 5.4, and 5.9 umol/L) with two replicates and
an acceptance criterium of 5% non linearity. The parametric limit of
blank (LoB=mean blank+1.645 SD blank) and non-parametric limit
of detection (LoD) were calculated from software on five samples (12
replicates), considering alpha and beta errors at 5%.

Recovery was determined hy adding five different concentra-
tions (0.5, 1, 2, 3, and 5 umol/L) of CuCl, as reference material to a
standard seronorm (SERO AS) after SPE [step (ii) of the procedure].
Nine replicates of the resulting mixtures at each concentration were
analyzed. The mean percentage of recovery was calculated.

Reference intervals for the direct fluorescent non-Cp Cu val-
ues in the larger Italian sample of healthy controls were calculated
through non-parametric CLSI procedures [20].

Squitti et al.: Direct assay for serum non-ceruloplasmin copper = 3

Statistical analysis

Linear and quadratic regression statistical models were imple-
mented to test comparability between fluorescent direct non-Cp Cu
and the calculated Walshe’s index non-Cp Cu values, and R? change
was used to evaluate fitness. Piecewise regression was used to evalu-
ate breakpoints. Intraclass correlation and a 95% confidence inter-
val (95% CI) were calculated to test consistency. Analysis of variance
(ANOVA) was used to evaluate the influence of sex and age on flu-
orescent direct non-Cp Cu, and the age-adjusted value was calcu-
lated as: Age-adjusted non-Cp Cu=non-Cp Cu —[0.009 * (age-49.05)]
umol/L.

Correlation analyses were performed (Pearson’s r). ANOVA was
used to evaluate discriminant validity among controls, MCI, and AD
patients. Receiver operating characteristic (ROC) curves were used to
evaluate the diagnostic accuracy of both fluorescent direct non-Cp
Cu and calculated Walshe’s index values in discriminating subjects
grouped on the basis of the diagnosis: their areas under the curve
(AUC) were compared. Diagnostic sensibility (SE) for the discrimina-
tion of AD patients vs. healthy controls and MCI subjects (and its 95%
CI) were calculated considering a specificity (SP) of 95% and the upper
reference limit value. Positive and negative likelihood ratios (LR) were
calculated, using SPSS v 16 statistical software (IBM Corporation).

A p-value < 0.05 was considered statistically significant.

Results

One hundred and forty-seven healthy controls (77 women,
52.7%), mean (£SD) age 49+12.7 years old (25-84) with
MMSE score 29+1, 36 MCI subjects (26 women, 70.3%),
mean age 73+ 8.3 years old (35-85), MMSE 24 +2.5 and 89
AD patients (52 women, 67.5%), mean age 73+ 8.5 (50-86),
MMSE 19+4.7 were recruited. In healthy controls, the
correlation between: ceruloplasmin concentrations and
serum copper levels was 0.939 (p < 0.001), between activity
values and serum copper levels was 0.971 (p<0.001), and
between ceruloplasmin concentrations and ceruloplas-
min activity values was 0.930 (p<0.001); (Figure 1A-C,
respectively). The Cu:Cp mean ratio in healthy controls
was 6.8 (SD=0.95), demonstrating a good accordance
between copper and ceruloplasmin allowing the applica-
tion of the Walshe’s formula.

The direct fluorescent non-Cp Cu test showed an
appropriate precision with a within-laboratory coefficient
of variation (CV) of 9.7% for low measurements and 7.1%
for high measurements (Table 1). We replicated the calcu-
lation of the within-laboratory CVs at the IGEA Research
Corporation Laboratory and obtained similar results
(alow CV of 9% and a high CV of 5%).

The linearity of the method is shown in Figure 2.

The LoB is 0.0492 nmol/L and the delta percentile LoD
is 0.349 umol/L.
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Figure 1: Scatter plots of Cu and Cp concentration (A), Cu and Cp activity (B), Cp concentrations and Cp activity (C), Walshe’s index and

direct non-Cp Cu (D).

Table 1: Non-Cp Cu direct test precision of measured method on

20 observations (10 runs, 5 days, two replicates per run).

SD 95% Cl CV  Allowable
total SD

Level high
Repeatability 0.18 0.13-0.32 5.7% -
Between-run 0.13 4.2% -
Between-day 0.00 0.0% -
Within-laboratory 0.23 0.17-0.36 7.1% 0.32

Level low

Repeatability 0.09 0.06-0.15 7.0% -
Between-run 0.07 5.7% =
Between-day 0.00 0.0% -
Within-laboratory 0.11 0.08-0.18 9.0% 0.12

The mean recovery for the added concentration of
CuCl, equaling 0.5, 1.0, 2.0, 3.0, and 5.0 pmol/L was 112.5%.
A better R>-value was found using quadratic, rather
than linear, regression (from 0.525 to 0.591, p<0.001),

analyzing comparability between the non-Cp Cu direct
fluorescent assay and the data calculated with Walshe’s
index (Figure 1D). Piecewise regression identified zero
as a breakpoint. Negative values (information available
at http://www.j-alz.com/node/182) found in non-Cp Cu
(calculated with Walshe’s formula) were not considered
in the regression and correlation analyses. The Intraclass
correlation was 0.75 (CI 95%, 0.69-0.80). The mean (SD)
difference between the two methods was 0.003 (0.86), and
Table 2 and Figure 1D show a good linearity fit.

The healthy subject sample was analyzed to evaluate
the reference interval on the test. Non-Cp Cu values were
slightly influenced by age (p=0.035, 1>=0.035), but not by
sex (p=0.359). The age effect did not differ between men
and women (p=0.428). A mean increment of 0.09 pumol/L
every 10 years was estimated. The upper reference limit
(95%) was 1.91 pmol/L (CI 90%, 1.78-2.06).

The mean (SD) value of non-Cp Cu measured with the
direct fluorescent method in the 48 healthy US subjects
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Figure 2: Linearity of new direct fluorescent method measuring non-Cp Cu.

Table 2: Linearity of measured method.

Level Mean Linear fit Non Non Allowable
linear fit  linearity  nonlinearity
1 0.85 0.88 - - 0.04
2 1.10 1.07 - - 0.05
3 2.00 1.96 = = 0.10
4 2.45 2.45 - - 0.12
5 4.30 4.42 - - 0.22
6 5.35 5.31 - - 0.27
7 5.85 5.80 = — 0.29
A
3.0 - B
T Non-Cp copper
(measured)
2A T Non-Cp copper
(calculated)
2.0 -
a .
l Z
g E
1.5 + %
@
1.0 E
0.5 =
[ I I
Healthy MCI AD

was 1.7 (0.2) ymol/L (range 0.07-2.19 pmol/L). In this
confirmatory healthy subjects sample, only two individu-
als had non-Cp Cu higher than 1.91 pmol/L, ratifying the
consistency of 1.91 umol/L individuated as the upper refer-
ence limit for healthy subjects.

Both, the values of the Walshe’s index and the direct
fluorescent method for non-Cp Cu detection from the
Italian samples were analyzed for their reliability in dis-
criminating subject groups on the basis of the diagnosis.
As shown in Figure 3A, healthy subjects, MCI, and AD
patients were well discriminated by the Walshe’s index of

ROC Curve
1.0 -

0.8 -

I
o
7

o
~
L

— Non-Cp copper
(measured)

—— Non-Cp copper
(calculated)

Reference line

0.0 ¥ 1 1 I I 1
0.2 0.4 0.8 1.0

1-Specificity

Figure 3: Walshe’s and direct Non-Cp Cu mean value in healthy, MCl and AD (A), ROC curves of direct (AUC=0.755) and Walshe’s non-Cp Cu

(AUC=0.687) discriminating healthy vs. AD (B).
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non-Cp Cu [F(2,265)=17.702, p<0.001, n2=0.119] and by
the direct fluorescent non-Cp Cu method [F(2,265) = 32.536,
p <0.001, n?=0.196]. Comparing healthy subjects and AD
patients, the direct fluorescent method showed a better
AUC than the Walshe’s index (0.755 vs. 0.687, Figure 3B).
Considering a 95% SP and 1.91 pumol/L cut-off, the SE is
48.3% (CI 95%, 38%—-58%). The LR for positive test results
(LR +) was 9,94, and the LR for negative test results (LR -)
was 0.54. Figure 4 shows a distribution of direct fluores-
cent method values for healthy control subjects, MCI and
AD patients.

Discussion

Non-Cp Cu concentration in serum represents the active
fraction of copper in circulation that could eventually
lead to the accumulation of labile copper in tissues and
organs. The most dramatic clinical example of this copper
overload is WD. The evidence demonstrated that copper
is also involved in AD pathology. Meta-analyses indicated
the breakdown of copper homeostasis in AD, consisting of
copper decreases in the brain [21], copper increases in the
blood [22], and copper increases in the serum fraction of
non-Cp Cu [7]. Increases in the non-Cp Cu pool when brain
copper decreases in AD is biologically plausible on the basis
of the Long Evans Cinnamon rat model of WD. These rats
exhibit an inbred A7F7F mutation, and, as a consequence,
they have increased non-Cp Cu in serum, decreased total
copper in the brain, and increased redox active labile
copper in the brain [23]. James and colleagues [24] demon-
strated decreased levels of total copper in the AD brain in
those areas where the redox active labile copper fraction
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Figure 4: Distribution of actual measured non-Cp Cu values in AD,
MCI and healthy controls.
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was increased. The parallel between the two neurological
disorders strongly suggests a copper failure occurring also
in AD. As a multifactorial or complex disease, AD includes
a broad spectrum of phenotypes [25], among which the
“copper AD” phenotype is credited [26-30]. This finding is
further substantiated by current data, demonstrating via
a direct measurement method the existence of non-Cp Cu
abnormalities in AD and MCI subjects.

Excesses of non-Cp Cu in serum have been associ-
ated with a decline in cognitive function, with levels of
B-amyloid [31] and Tau proteins in cerebrospinal fluid, and
with synaptic loss in AD, as revealed by electroencephalog-
raphy studies [32], with cognitive worsening in longitudi-
nal studies [6, 12]. The Walshe’s formula was very useful in
these studies; however, it has some limitations [7] briefly
reported upon as follows: (1) it assumes that ceruloplasmin
is saturated, that ceruloplasmin and copper measurements
are in the correct accordance (Cu:Cp) [15], and that the
amount of copper bound to proteins other than ceruloplas-
min is negligible. (2) Ceruloplasmin analytic methods are
known to produce variable results in laboratories. (3) Ceru-
loplasmin is overestimated by immunologic assay, which
generates negative values of non-Cp Cu if the Cu: Cpratio is
notin the correct range [9, 15]. (4) The ceruloplasmin activity
assay measures the holo-form of ceruloplasmin; even more
reliable than the immunologic assays, it can not be used in
the non-Cp Cu calculation, because commercial ceruloplas-
min standards for conversion of activity into concentration
are not recommended as a result of their variable purity [5,
6]. The use of Cu: Cp has been proposed to overcome such
problems, providing an internal control for the accordance
between copper and ceruloplasmin necessary to correctly
apply Walshe’s formula [15, 33]. However, Cu:Cp may
behave differently, depending on the ceruloplasmin assay,
as the measurement of activity of this protein is not stand-
ardized [33].

Previously published methods for direct detection of
non-Cp Cu [14, 34] have demonstrated a certain feasibil-
ity. In line with the test named “free copper” by McMillin
and colleagues [14], we have demonstrated the feasibility
of separating the fraction of labile non-Cp Cu from total
copper in serum. The R*coefficient of regression of 0.5
corresponds to the fact that the direct technique meas-
ures the Cu(Il) specifically, while the Walshe’s calculated
method combines Cu(Il) and Cu(l). With respect to the
McMillin’s “free copper” test [14], the fluorescent method
presented is specific to Cu(Il); it is also faster and cheaper
and could be employed easily for diagnostics. The fluo-
rescence signal is detected on 96-well plates quickly with
a fluorimeter, an instrument that is easy to use and set in
diagnostic laboratories.
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Current data demonstrate that the direct method
for non-Cp Cu detection is more accurate than Walshe’s
index in differentiating AD patients from healthy controls.
More precisely, setting the false positive proportion at
5% (SP =95%), the SE of the direct measurement method
reaches almost 50% vs. 29% of the calculated non-Cp Cu.
MCI subjects had values of non-Cp Cu between healthy
controls and AD patients, as per previous reports [35, 36].

Overall, the direct fluorescent method reveals an indis-
putable superiority over non-Cp Cu index assessments.

Diagnostic accuracy related to the ability of non-Cp
Cu to discriminate between AD patients and healthy con-
trols demonstrated that it is not sensitive for AD diagno-
sis, but that the test has a validity in the definition of a
specific subset of AD patients. In accordance with previ-
ous literature, the copper imbalance appears to be related
to a percentage of AD patients and MCI subjects ranging
from 50% to 65% [29, 30, 37]. In the current investigation,
upon setting a cut-off of 1.91 umol/L, the accuracy of the
test was evaluated at 48% SE and 95% SP, in line with pre-
vious literature [12, 29, 30, 37].

The LR + estimated in the current subject sample was
close to 10, indicating a significant contribution to the
diagnosis of the test, while the LR — was 0.54, reflecting the
test’s ability to discriminate only a subset of AD patients.

The data presented show that the direct fluorescent
test reliably detects non-Cp Cu variation and offers great
contributions in diagnosing copper failure disorders. It
could be used to identify subjects at a higher risk for cog-
nitive decline regarding the disturbed copper metabolism,
in line with previous reports [12, 38]. The test could be also
very useful as diagnostic tool for WD, in the scoring for
the diagnosis of this rare disease [39]. Studies investigat-
ing the accuracy of this test in discriminating copper AD
[29] in other clinical settings, along with studies deter-
mining how well the test detects WD copper failure, are
in progress.
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Abstract. The fraction of copper not bound to ‘ceruloplasmin seems altered in Alzheimer’s disease (AD). We have
addressed this notion evaluating all the studies carried out from 1996 until March 2013 by means of meta-analysis.
We performed our analysis on diverse indices evaluating the relationship between copper and ceruloplasmin in gen-
eral circulation, namely ‘Non-Cp copper’, ‘% Non-Cp copper’, and °‘Adjusted copper’. For Non-Cp copper and
% Non-Cp copper, the correct stoichiometry between copper and ceruloplasmin (6—8 atoms of copper for each ceruloplas-
min molecule) in healthy controls has been adopted as criterion for the study to be included in the meta-analysis evaluating
data with the canonic Walshe’s formula for Non-Cp copper. Copper to ceruloplasmin ratio (Cu:Cp), which is an internal qual-
ity control check for ceruloplasmin calibration, was used as an index of the actual stoichiometry in the specimens. Adjusted
(Adj-Cp) copper, even though less reliable, was calculated, allowing the evaluation of all the studies selected. An additional
meta-analysis of systemic total copper was re-calculated accounting for all the studies carried out from 1983 to March 2013.
Ten studies were analyzed in the meta-analysis for Non-Cp copper and % Non-Cp copper reaching a pooled total of 599 AD
subjects and 867 controls. For Adj-Cp copper, 14 studies were analyzed with a pooled total of 879 AD and 1,712 controls. 27
studies were considered for systemic total copper meta-analysis, with a pooled total of 1,393 AD and 2,159 controls. All the
copper indices analyzed were significantly higher in AD subjects compared to healthy controls.

Keywords: Alzheimer’s disease, ceruloplasmin, copper, metal, plasma, serum

INTRODUCTION copper. Besides the academic or theoretical nature

of the debate, it is necessary to reach an interdisci-

The Journal of Alzheimer’s Disease has recently
welcomed a debate on the robustness of copper as
a biomarker of Alzheimer’s disease (AD) (avail-
able at http://www.j-alz.com/node/182). The debate
focused on the portion of copper not bound to ceru-
loplasmin, also known as ‘free’ copper or labile

*Correspondence to: Rosanna Squitti, PhD, Department of Neu-
roscience, AFaR - Ospedale Fatebenefratelli, 00186 Rome, Italy.
Tel.: +39 06 6837 385; Fax: +39 06 6837 300; E-mail: rosanna.
squitti @afar.it.

plinary consensus regarding the role of copper not
bound to ceruloplasmin as a risk factor for AD. Pub-
lished studies addressing the hypothesis of copper
not bound to ceruloplasmin dysfunction in AD have
been based on heterogeneous samples, with diverse
ethnic and geographical populations, as well as dif-
ferent methodological approaches, which are sensitive
to ceruloplasmin calibration. These limitations influ-
ence statistical power which impact on the validity
and utility of these measures across different research
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centers. Meta-analysis can help bridge these caveats
by comparing all the covariates.

Copper is essential for life, but when inappropriately
compartmentalized can catalyze oxidative stress, via
Fenton and Haber-Weiss chemistry. Text books [1, 2]
report that 85-95% of systemic copper is bound to
ceruloplasmin (i.e., it is a ceruloplasmin-bound cop-
per) and that the remaining copper, corresponding
to 0—1.6 wmol/L is loosely bound to and exchange-
able among albumin, transcuprin, various peptides,
and amino acids and consequently, represents a pool
of bioavailable copper for cells and tissues. These
values refer to copper not bound to ceruloplasmin mea-
sured after an overnight fast, since copper from foods,
after digestion through gastrointestinal secretions in
the upper gastrointestinal tract reaches the liver via
the portal circulation in the form of low-molecular-
weight-soluble complexes of copper, mainly bound
to amino acids, small peptides, micronutrients, and
albumin. Copper not bound to ceruloplasmin has been
proposed to be a superior marker of serum copper sta-
tus [3]. It is effective in distinguishing patients with
copper metabolic disorders, such as Wilson’s disease,
arare but treatable autosomal recessive disease caused
by mutations in the ATP7B gene.

Ceruloplasmin binds 6-8 atoms of copper, six struc-
turally mounted in the holo-form of the protein, and
an additional two easily exchangeable [4]: from this
derives the correct stoichiometry for copper and ceru-
loplasmin. This evidence has been confirmed using
size exclusion inductively coupled mass spectrome-
try (SE-ICPMS) and from crystal structure analysis
[4-6]. Walshe [7] provides an equation for Non-Cp
copper calculation (appendix of [7]) based on the mea-
sures of copper and ceruloplasmin in serum. Walshe’s
formula assumes that the amount of copper in cerulo-
plasmin is approximately 0.3% g/g of ceruloplasmin,
corresponding exactly to 6.23 atoms of copper bound
to ceruloplasmin. Through the text we use the term
‘Non-Cp copper’ to referring to the fraction of copper
not bound to ceruloplasmin when it is calculated with
the canonical Walshe’s formula [7].

Copper:Ceruloplasmin (Cu:Cp) is an additional cop-
per index which serves as a useful internal quality
control verification of ceruloplasmin calibration, and
provides information about the actual stoichiometry
between copper and ceruloplasmin in the specimens.
A Cu:Cp value of 6.6 has been advocated as the the-
oretical optimal ratio for healthy subjects [8]. From
the knowledge that the correct stoichiometry for cop-
per and ceruloplasmin is 6-8 atoms of copper per
ceruloplasmin molecule [4-6], the plausible theoreti-

cal values of Cu:Cp, which can be effectively measured
in specimens of healthy controls, should range between
6-8, even though this ratio can yield diverse values. On
this basis, we decided to apply the criterion of having
a correct stoichiometry for copper and ceruloplasmin
within the 6-8 range for healthy controls, for a study
to be included in the meta-analyses of Non-Cp copper
[7] and % Non-Cp copper [8, 9] (data calculated with
the Washe’s formula). We used the mean value of the
Cu:Cp obtained in healthy controls as an index of the
actual stoichiometry for copper and ceruloplasmin in
those specimens. In other words, we used the Cu:Cp
ratio as an index to verify how close the actual stoi-
chiometry measured in the healthy control specimens
was to the theoretical correct one. In fact, not fulfilling
the criterion of 6-8 copper/ceruloplasmin stoichiom-
etry results in Non-Cp copper in the negative range
(for a stoichiometry below 6) and in an overestimation
of Non-Cp copper (for a stoichiometry above 8). Cau-
tion should be also taken when applying the Walshe’s
formula [7] to copper and ceruloplasmin pairs with a
stoichiometry below 6.23, since it also yields results in
the negative range. Conversely, when estimating cop-
per non-bound to ceruloplasmin with diverse indices,
we do not adopt any internal criterion. In fact, sev-
eral different mathematical approaches using serum
copper and ceruloplasmin levels have been proposed
as markers of copper status, for example, the Cu:Cp
ratio itself [8]. In addition, the ‘% of Non-Cp copper’
and the ‘adjusted copper’ (Adj-Cp copper) [10] formu-
lae have been proposed. Even though they are similar,
these indices reflect the diverse biochemical relation-
ship linking copper and ceruloplasmin. Specifically,
the Cu:Cp is a valid cross-check of the reliability of
the measures of copper and ceruloplasmin obtained in
the specimen as detailed above [8]. The Adj-Cp copper
is an index of serum copper status clinically equivalent
to Non-Cp copper [10]: it adjusts the value of copper
concentration to that of ceruloplasmin. This strategy
overcomes the issues associated with estimating how
many copper atoms are bound to each ceruloplasmin
molecule, and consequently, even though less robust,
indicates copper not bound to ceruloplasmin status,
overcoming the negative values for Non-Cp copper that
can be found, as well as age and gender variations in
ceruloplasmin concentration.

Despite the proposed utility of Cu:Cp, Non-Cp cop-
per, and % Non-Cp copper, as well as Adj-Cp copper
for clinical interpretation of a copper dysfunction,
these measures suffer largely from the methodolog-
ical caveats related to the immunological methods
used to quantify ceruloplasmin concentration, since
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antibodies against the holo-form of ceruloplasmin
(containing 68 atoms of copper) cross-react with frag-
ments of the apo-form of the protein, a copper depleted
form of ceruloplasmin, which is rapidly cleaved and
removed from general circulation. The cross-reaction
determines an overestimation of ceruloplasmin con-
centration [3, 7, 8].

We have previously published meta-analyses, a sta-
tistical method that combines the results of different
studies, to address the question if total serum copper
is changed between AD subjects compared to healthy
controls [11, 12]. Here we present meta-analyses of
systemic Non-Cp copper, % of Non-Cp copper, and
Adj-Cp copper data, clinically equivalent indices of
copper not bound to ceruloplasmin, in AD and healthy
controls, considering all the studies, evaluating both
copper and ceruloplasmin in general circulation, pub-
lished from 1996 until March 2013, also accounting for
the confounding factors described above. Moreover,
we have re-run a meta-analysis of systemic total cop-
perin AD [11, 12] adding any newly published studies,
and discussed all these results in the context of recent
meta-analytic data published on copper concentrations
in the AD brain. A critical evaluation based on meta-
analytic data about copper and copper not bound to
ceruloplasmin in AD, and their tentative elaboration in
a holistic perspective is reported herein.

METHODS

To identify eligible studies for meta-analysis, we
entered the keywords “Alzheimer’s disease”, “copper”,
“ceruloplasmin”, “free copper”, “Non-Cp copper”,

“serum”, metals” and their combinations into PubMed
(ncbi.nlm.nih.gov/pubmed/) and selected studies from
1996 to 2013. We also identified other studies using
the “Scopus” and “ISI Web of Knowledge” databases.
After reviewing the contents of this first selection, we
also reviewed their reference lists to search for addi-
tional studies via “Google Scholar”.

We only considered papers showing comparative
analyses_of AD and healthy populations, present-
ing original results, and published in peer-reviewed
journals. In all included studies, the severity of the
AD subjects’ cognitive decline had been assessed by
Mini-Mental State Examination (MMSE, [13]). The
primary aim of our meta-analysis was the comparison
of the Non-Cp copper values between AD subjects and
controls.

Our first selection consisted of 18 studies [14-30].
At this point, we further required that articles explic-
itly report the means of Non-Cp copper values or of
copper and ceruloplasmin, together with standard devi-
ations for both patient and control groups. When not
provided by the authors, the variance was calculated
with standard procedures. Specifically, the variance
was calculated with the formula for the calculation of
the variance of the linear combination of two variables,
which are not independent of each other. From the
first selection, four studies from our laboratory were
excluded since their patient samples partially over-
lapped [26, 28-30].

For the studies analyzed with the Walshe’s for-
mula in the Non-Cp copper and % Non-Cp copper
meta-analyses, the additional criterion of the correct
stoichiometry for copper and ceruloplasmin, i.e., hav-

Demographic data of the eligible studies for meta-analyses

References AD Healthy controls p value
N°  Gender (%F) Mean age (y) MMSE N°  Gender (%F) Mean age (y) MMSE

Molaschi et al. [18] 31 100% 77.2+24 421 100% 77.6+£2.3 nd
Snaedel et al. [21] 44 72.7% 743+10.7 159 (6-28) 44 72.7% 743+ 11 nd
Squitti et al. [24] 47 74.5% 75.6+7.7 18.6 4.7 44 45.5% 71.1+£11 28.1+1.3  0.001
Squitti et al. [22] 28 71.4% 714+8.6 155+6.2 25 68% 70+£9.6 284+1.2 <0.001
Sedighi et al. [20] 50 48% 76.4 143+4.6 50 50% 67.8 258+ 1.5 nd
Squitti et al. [26] 51 78.4% 73+8 19.24+42 53 66% 70+ 10 28.5+1.2 0.002
Agarwal et al. [14] 50 38% 599+11.6 14.1+£7.6 50 34% 5532+ 11 nd
Zappasodi et al. [27] 54 81.5% 73.7+8.7 19.5+3.8 20 65% 71.5+9.2 28+1.7 0.013
Arnal et al. [15] 110 58.2% 74.7+4.1 16.6+£2.3 79 48% 77.8+£3.7 28.6+0.9 <0.05
Brewer et al. [16] 28 46% 76.2+11.6 24+391 29 69% 68.6 £6.3 29.84+0.7 0.24*
Squitti et al. [23] 105 78% 74+8 19.6+4.6 100 57% 69+9.7 255+ 1.3 <0.001
Squitti et al. [25] 93 77% 75.14 £8.7 48 48% 70.29 £9 <0.001
Lopez et al. [17] 36 55.5% 77.7+£5.3 20.7+4.4 33 63.6% 74+£5.0 289+1.3 nd
Rembach et al. [19] 152 59.9% 77+£7.9 19.3+52 716 57.5% 69 +6.8 289+12 p>0.05

MMSE, Mini Mental State Examination; p value, the significance reported by the authors in their studies relatively to the comparison for Non-Cp
copper between AD patients and healthy controls; nd, not determined in the original study by the authors. *% of Non-Cp copper between AD

and healthy controls reported by the authors is p=0.01.





812 R. Squitti et al. / Meta-Analysis of Non-Cp Copper in AD

ing the internal quality control check of ceruloplasmin
calibration ratio in healthy controls within the 6-8
range, had to be fulfilled [8]. This criterion was based
on the evidence that each ceruloplasmin molecule has
6 to 8 sites for copper atom binding and was verified
considering the actual Cu:Cp in healthy subjects spec-
imens. Four studies were not included for Non-Cp and
% Non-Cp copper meta-analyses since they did not ful-
fill this internal quality control check of ceruloplasmin
calibration [14, 16, 19, 20].

Cu:CP ratio was calculated as reported in Twomey
et al. [8]. These authors provided the equation
as follows: [copper pM]* [132000 g/mol] / [CP
mg/dL*10%].

In the studies beyond ours in which the authors
did not report the value of Non-Cp copper, we com-
puted the amount of copper bound to ceruloplasmin
and the amount of Non-Cp copper following standard
procedures (Appendix 1 of [7]: “Calculation of ‘free
copper’ concentration”); briefly: CB (copper bound
to ceruloplasmin) =ceruloplasmin (mg/dL) * 10% n;
n=0.0472 (wmol/mg); Non-Cp copper = total serum
copper — CB [7].

Additionally, we compared Adj-Cp copper in
the meta-analysis incorporating data froml14 studies
(Tables 1 and 2), and total copper in a meta-analysis
including data from 27 studies [14-20, 2227, 31-44]
(Table 3).

Adj-Cp copper was calculated as reported by
Twomey et al. [10], who provided the formula which
follows: [Adj-Cp copper](pmol/L)=[total copper]
(pmol/L) — 0.052 x [ceruloplasmin (mg/L)]+17.5
(pwmol/L).

In order to evaluate the influence of differences in
percentages of females or the mean age in each cohort
on Non-Cp copper concentrations, we carried out a
meta-regression, assuming the unified estimation of
Non-Cp copper as a variable of response and the dif-
ferent sample composition as an explicative variable.

Statistical analysis

Data was entered into STATA 10.1. Meta-analysis
was performed, where appropriate, using a random-
effects model to obtain summary statistics for the
overall difference in copper. We computed the Stan-
dardized Mean Difference (SMD), which standardizes
the outcome for each individual study to the effect size
found in terms of the standard deviation observed in the
study. SMD is generally used as a method for pooling
data from different scales. We evaluated heterogene-
ity via the Cochran’s Q test and quantified through the

I. The I? describes the rate of variation across studies
due to heterogeneity rather than chance, ranging from
0 (no heterogeneity) to 100 (maximal heterogeneity).
To evaluate the influence of the subjects’ mean age and
gender on study effect size, we used meta regression.
All results are reported with 95% confidence intervals
(CI) and all p-values are two-tailed. Publication bias
was evaluated with funnel plot and the “Trim and Fill”
procedure that tests how the effect size will shift, when
the apparent bias was removed. More precisely, funnel
plotis a simple scatterplot of the differences of the esti-
mates (Non-Cp copper, % Non-Cp, or Adj-Cp copper)
between AD patients and healthy controls estimated
from individual studies (horizontal axis) against the
standard error of the estimates (vertical axis) [45].

Trim-and-Fill is a funnel-plot-based method to test
and adjust for publication bias in meta-analysis. The
procedure estimates the number of unpublished hidden
studies and then corrects the meta-analysis by imput-
ing the presence of these missing studies to yield an
unbiased pooled estimate [46].

RESULTS

Demographic data from the 14 studies eligible in
our meta-analyses are listed in Table 1. Biochemical
indices of copper status of the same studies are reported
in Table 2.

Meta-analyses of Non-Cp copper and % Non-Cp
copper

Among the 14 studies reported in Table 2, only 10
fulfilled the Cu:Cp criterion (Fig. 1, Table 2). The sub-
ject samples obtained from these 10 studies reached
a pooled total of 599 subjects and 867 healthy con-
trols. The patient sample size ranged from 31 [18] to
105 [23] and control sample size from 20 [27] to 421
[18]. The mean age of the patient groups was >70. The
percentage of female AD subjects ranged from 56%
[17] to 100% [18]. There was a moderate heterogene-
ity among the included studies (12 = 64.6%), therefore
it was decided to perform a model for casual effects.
Results, shown in Fig. 1, indicate that AD subjects had
higher levels of Non-Cp copper than healthy controls
(SMD =0.63, 95% CI 0.419-0.842, p <0.0001).

In order to check for a possible publication bias,
we performed a funnel plot (Fig. 2) that suggested
an asymmetry confirmed by the Trim-and-Fill pro-
cedure. This method indicated that two hypothetical
studies were missing. The statistical significance of
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Squitti et al (2005) 47 2.9 448 “ 09 213 —_— 0.81(0.38, 1.24) 9.65
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Amaletal (2010) 110 381 455 9 2 284 — 0.91(0.60, 1.21) 1203
1
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Squittietal (011) 105 278 270 100 .78 239 —_—— 0.78 (0.50, 1.08) 12,41
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T
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NOTE: Weights are from random effects analysis :
L
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Fig. 1. Standardized mean difference (SMD) computed from the studies of Non-Cp copper (mol/L) using random-effect meta-analysis. SMDs
between AD subjects and controls are represented by squares, whose sizes are proportional to the sample size of the relative study. The whiskers
represent the 95% confidence interval (CI). The diamond represents the pooled estimate based on the random effects model, with the center
representing the point estimate and the width the associated 95% CI. Heterogeneity Chi-squared =25.41 (d.f.=9), p=0.003. I? (variation in
SMD attributable to heterogeneity) = 64.6%. Estimate of between-study variance Tau-squared =0. 0724; Test of SMD =0: z=5.85, p=0.000.
Dashed line represents the weighted mean value of all the studies analyzed. The solid line represents the zero of the difference (A) between AD
and healthy controls. Studies overlapping the zero line are not different between AD and controls in terms of Non-Cp copper. Studies on the
right of the solid line show higher Non-Cp copper in AD compared to healthy controls. Studies on the left of the solid line show lower Non-Cp
copper in AD compared to healthy controls. No studies showed lower levels of Non-Cp copper in AD compared to healthy controls.

these two studies fell into the low statistical signif-
icant area (p>0.10), suggesting studies showing a
non-significantly difference of Non-Cp levels between
AD and healthy controls were missing. Therefore, the
observed asymmetry in the funnel plot was plausible
due to the publication bias. Adding these hypotheti-
cal studies in the analysis, we reached a SMD =0.571
(95% CI 0.376-0.767) which remains significant
(»=0.0001). We ran an additional analysis collaps-
ing all the studies from AFaR Fatebenefratelli in
a sole study with a weighted mean value (Fig. 3).
This meta-analysis confirmed higher levels of Non-Cp
copper in AD subjects compared to healthy controls
(SMD =0.51, 95% CI 0.154-0.866, p = 0.005). More-
over, when considering only one study from Squitti and
colleagues [23], Non-Cp copper was still higher in AD
subjects compared to healthy controls (SMD=0.51,
p=0.01; I-squared = 82.5%).

When the % Non-Cp copper was considered,
AD subjects were different from healthy controls
(»<0.0001), with an increase of 11% Non-Cp copper

when considering the 10 studies, and 9.5% Non-
Cp copper when considering the analysis with the
weighted study of AFaR Fatebenefratelli (p =0.021).

Meta-analysis of Adj-Cp copper

Although Adj-Cp copper is not a robust measure,
as it does not take into account the correct stoichiom-
etry, it still has the advantage of being calculated on
the basis of copper and ceruloplasmin concentrations
in the same specimen (see Methods), independently of
the verification of ceruloplasmin calibration [10]. This
analysis, comprehensive of all 14 studies (Tables 1 and
2), reached a pooled total of 879 AD subjects and 1,712
healthy controls. This meta-analysis indicated higher
levels of Adj-Cp copper in AD compared to healthy
controls (p=0.004; Fig. 4). However, when consid-
ering the analysis with the weighted study of AFaR
Fatebenefratelli, or considering a single study from
Squitti and colleagues [23], there was no difference
in Adj-Cp copper (p =0.230).
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Fig. 2. Funnel plot suggested the presence of publication bias. This result was confirmed by the Trim-and-Fill procedure. Two hypothetic studies
should be expected to resolve asymmetry, reaching an SMD =0.571 (95%CI 0.376-0.767), which remains significant (p =0.0001) (a). These
hypothetical studies would fall in the low significant area and the obtained results do not provide sufficient evidence to doubt the validity of the
findings (b). The solid vertical line represents the standardized mean difference (SMD), the diagonal lines represent the 95% confidence limits,
and the points in the square are the studies filled by trim and fill.

authotyear nad cufreem ad sd_cufreead n_ctl cufreem_ctl sd_cufree_ctt SMD (35%Cl)  Weight
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NOTE: Weights are from random effects analysis

Fig. 3. Standardized mean difference (SMD) computed from the studies on Non-Cp copper (wmol/L). SMDs between AD subjects and controls
are represented by squares, whose sizes are proportional to the sample size of the relative study. The whiskers represent the 95% confidence
interval (CI). The diamond represents the pooled estimate based on the random effects model, with the center representing the point estimate
and the width the associated 95% CI. FBF: represents all the studies from AFaR Fatebenefratelli collapsed in a sole study with a weighted
mean value. Heterogeneity Chi-squared=25.14 (d.f.=4), p=0.000. I> (variation in SMD attributable to heterogeneity) = 84.1%. Estimate of
between-study variance Tau-squared =0.13; Test of SMD =0: z=2.81, p=0.005.

We ran additional checks for Non-Cp copper or Adj- age by meta-regression separately and observed that
Cp copper to evaluate the effect of gender, age, and both these factors do not account for the results. For
ethnicity. We analyzed the contribution of gender and Non-Cp copper, we observed a non-significant effect
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Fig. 4. Standardized mean difference (SMD) computed from the studies on ADj-Cp copper (umol/L). SMDs between AD subjects and controls
are represented by squares, whose sizes are proportional to the sample size of the relative study. The whiskers represent the 95% confidence interval
(CI). The diamond represents the pooled estimate based on the random effects model, with the center representing the point estimate and the width
the associated 95% CI. Heterogeneity Chi-squared=112.72 (d.f.=13), p=0.0001. 12 (variation in SMD attributable to heterogeneity) = 88.5%.
Estimate of between-study variance Tau-squared =0.26; Test of SMD =0: z=2.92, p =0.004.

for gender (p=0.167) or age (p =0.447) on the pooled
estimates. We obtained the same results considering
Adj-Cp copper (p =0.098 and p = 0.480) for gender and
age, respectively.

Controlling for geographic differences, we ran meta-
analyses stratifying studies on the basis of the ethnicity
of the populations analyzed. Concerning Non-Cp cop-
per, all the studies entered in the original meta-analysis
(Fig. 1) have been carried out in European populations,
thereby limiting the geographic effect. Concerning
Adj-Cp copper there was only one study carried
out in a Median-Asian ethnic population [20] and
one in a central Asian ethnic group [14], while the
remaining 12 studies were all from a European eth-
nicity. Considering meta-analysis in this European
restricted group of studies, Adj-Cp copper was higher
in AD subjects than in controls (SMD =0.46,p =0.001;
1> =84.8%), however, the meta-analysis of Adj-Cp
copper considering the weighed AFaR study resulted
in no significant differences (SMD =0.228; p=0.136;
1> =91.8%). Assuming that ethnic heterogeneity of the
Australian population [47] analyzed by Rembach and
colleagues [19] prevented the inclusion of this data

among the European cohorts, 11 studies were included.
This analysis resulted in a significant pooled estimate
(SMD=0.527, p <0.001) with a moderate heterogene-
ity across the studies (I2=70.3%), indicating that AD
subjects had higher Adj-Cp copper than controls, also
when considering the weighed AFaR Fatenenefratelli
study (SMD =0.370; p=0.042; 2= 85.1%). Finally,
also taking into account the moderate to high hetero-
geneity across all the studies (I” ranging from 70% to
85%), a geographic effect seemed unlikely.

On the basis of the observed asymmetry in the funnel
plot, we applied the trim-and-fill procedure to verify
possible bias due to publication. The procedure esti-
mated four missing studies and after adjusting the
analysis for these missing studies, we obtained a no
significant pooled estimate (SMD =0.207, p=0.128).

Meta-analyses of total copper

To complete our investigation we re-ran the meta-
analyses published by Ventriglia et al. [12], including
all the additional studies published until March 2013.
Demographic data of the 27 studies included in our
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meta-analysis are listed in Table 3. The subject samples
obtained from these studies reached a pooled total of
1,393 AD subjects and 2,159 controls.

The results shown in Fig. 5 confirmed higher levels
of total copper in AD subjects than in healthy controls
(»<0.0001). Even when we ran an additional analysis
collapsing all the studies from AFaR Fatebenefratelli
in a sole study with a weighted mean value, the results
confirmed higher levels of total copper in AD subjects
than in healthy controls (p =0.05).

On the basis of the observed asymmetry in the funnel
plot we applied the trim-and-fill procedure to ver-
ify possible bias due to publication. Meta-regression
revealed that neither gender nor age had an effect on
the analysis.

DISCUSSION

The main result of our meta-analyses is that cop-
per not bound to ceruloplasmin appears significantly
increased in AD subjects when compared to healthy
controls. This result was sustained when; 1) the meta-
analysis was carried out using Non-Cp as well as the
% of Non-Cp copper; ii) when using Adj-Cp copper,
a clinically equivalent measure of copper not bound
to ceruloplasmin (although less rigorous), iii) when
total copper was evaluated, and iv) when all the stud-
ies from AFaR Fatebenefratelli were grouped in a
sole weighted study. Moreover, studies from the AFaR
Fatebenefratelli group containing some redundant data
were excluded at the beginning (see Methods), and
consequently the meta-analyses presented here has no
overlapping samples, reducing the bias of our anal-
ysis. Methods for ceruloplasmin measurements have
been changed during the course of our studies started in
2002; specifically, we have employed Roche, as well as
Horiba ABX and Futura System ceruloplasmin assays.
Even when considering the additional check of replac-
ing all the studies by AFaR with a sole weighted study,
Non-Cp copper, % of Non-Cp copper, and total cop-
per in general circulation remained higher in AD when
compared to healthy controls, also taking into account
that the random-effects estimate gives greater relative
weight to a smaller study. In fact, the weight of the
AFaR Fatebenefratelli studies, when collapsed in a sole
study, is heavily underestimated. For example, the esti-
mated weight of Non-Cp copper of the AFaR study was
23.73% but this study accounted for a number of AD
patients 3.4 times higher than the second main larger
study, which is the Arnal et al. study [15] that has a
weight of 21.08% (Fig. 3). Similarly, the weight of the

AFaR Fatebenefratelli study in terms of total copper
has been estimated as 5.93%;, but this study accounted
for a number of AD subjects 4 times higher than the
second main larger study, which is the Rembach et al.
study [19] and has a weight of 5.86%.

Meta-regression revealed there was no significant
effect from age or gender in the analysis.

Generalizing the results of current meta-analyses, it
can be inferred that the increase in Non-Cp copper can
account for the increase in total copper observed in AD
subjects. This increase is slight, ranging around 10%
of Non-Cp copper, but it is significant.

Results of the meta-analyses of Non-Cp copper were
univocal, with none of the studies reporting Non-Cp
copper decreases in AD compared to healthy controls,
and only two studies [18, 21] reporting no variation.
Howeyver, in one of these, the Snaedal and colleagues
study [21], the authors reported a significant decrease
in ceruloplasmin activity in AD subjects, suggesting
there is a decrease in concentration of the holo-form of
ceruloplasmin and consequently higher levels of Non-
Cp copper, even though not quantifiable.

Among the others considered in the Adj-Cp copper
evaluation, superimposable results were achieved by
the Brewer et al. study [19]. In fact, these authors also
found a significant decrease in ceruloplasmin activity
in AD subjects than in controls. The study by Agar-
wal et al. [14] was the only one reporting decreased
levels of Adj-Cp copper in AD. However, in their
original study, Agarwal and colleagues [14] reported
higher levels of total copper in AD than in healthy con-
trols. Moreover, in this study, close to 30% of healthy
controls had higher copper levels than normal refer-
ence range values [48]. This finding is consistent with
an increase in total copper linked to ceruloplasmin
upregulation, possibly due to inflammatory processes,
suggesting not negligible additional inflammatory con-
ditions affecting at least 30% of the control subjects.
Also the study by Brewer et al. [16] resulted in no
change in Adj-Cp copper, even though the authors
reported a significant increase in terms of % of Non-
Cp copper in AD. These data illustrates how copper
status indices address the diverse biochemical relation-
ship linking copper to ceruloplasmin. Furthermore, this
data suggests there is an altered relationship between
copper and ceruloplasmin in AD in most of them,
despite an additional study reporting no difference in
Adj-Cp copper from the Australian Imaging Biomark-
ers and Lifestyle Study of Aging (AIBL) [19]. At the
same time, these four studies [14, 16, 19, 21] high-
light the limitations of immunological methods which
appear to impact the quality of their ceruloplasmin
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authotyear N_pat cumoll_psatsd_cu_pat n_ctr cumoll_ctr sd_ctr

%
SMD (95% C)  Weight

Shore et al 10 18.25 4.25 10 18.57 1.6 —0—:— -0.10 (-0.97, 0.78)2.55
Jeandel etal 55 2203 6.134 24 2124 4.1 —t 0.14 (-0.34, 0.62) 3.76
Kapakietal 5 14.15 3.77 28 16.2 22 ———— : -0.81 (-1.79, 0.16)2.30
Basun et al 24 17 3.9 28 16.7 3 —'0:— 0.09 (-0.46, 0.63) 3.55
Mattiello et al 21 18.8 .16 10 18.8 .16 —dr—{— 0.00 (-0.75, 0.75) 2.90
Molaschi et al 31 18.87 3.41 421 193 3.8 —r— | 0.11 (-0.48, 0.25)4.11
Molinaetal 26 15.1 3.46 28 14.47 4.1 '——0—:— 0.16(0.37,0.70) 3.58
Gonz?ezetal 51 16.625 3.55 40 16.37 258 _.+_ 0.39(0.02,0.81) 3.95
Squitti et al 79 18.35 5.7 76 13.7 26 ! —— 1.04(0.70, 1.37) 4.19
Ozcankaya et al27 11.97 1.3 25 1211 15 —0—:— -0.10 (-0.64, 0.45)3.55
Smorgon etal 8 2292 39 11 16.68 127 : + 223(1.02,3.44) 1.80
Bocca et al 60 15.21 38 44 14.31 3.1 ——01— 0.25(-0.14, 0.64) 4.03
Squitti et al 47 17.2 59 44 126 25 | —— 1.00 (0.56, 1.43) 3.89
Sedighi etal 50 217 3.1 50 208 25 -—OI— 0.32(-0.08,0.71) 4.02
Squitti et al 28 16.2 32 25 12.8 23 : —— 1.19(0.60, 1.78) 3.41
Sevymetal 98 16.7 29 76 15.4 21 —:'0— 0.50 (0.20, 0.81) 4.27
Squitti et al 51 16.1 53 53 13 28 —— 0.73(0.33, 1.13) 4.01
Agarwal etal 50 24.57 4.76 50 21.15 4.9 ':—*_ 0.70 (0.30, 1.11) 3.99
Zappasodi et al 54 151 3.4 20 129 3 —:—0— 0.68 (0.14, 1.18) 3.61
Armal et al 110 15.62 3.08 79 12.74 2 I — 1.22(0.90, 1.53) 4.25
Vural et al 50 2067 2388 50 225 28 —_— : 0.64 (-1.04, 0.245.00
Baum et al 44 16.2 3.5 41 15.3 27 ——.j— 0.28 (-0.14,0.71) 3.92
Breweretal 28 16.9 24 29 18.4 31 — : -0.53 (-1.06, -0.00B.60
Squitti et al 105 16 37 100 14 27 +—r— 0.61(0.33,0.89) 4.34
Rembach etal 152 13.9 27 716  14.32 29 — : -0.15 (-0.32, 0.03)4.56
Lopez et al 38 16.83 28 33 13.82 3.7 —e—.— 0.61(0.13, 1.09) 3.74
Squitti (2013) 93 16.82 5.13 48 1275 213 —— 0.70 (0.34, 1.06) 4.13
Overall (I-squared = 84.8%, p = 0.000) <> 0.38 (0.17, 0.59) 100.00
1
NOTE: Weights are from random effects analysis :
| |
-3.44 o 344

Fig. 5. Standardized mean difference (SMD) computed from the studies on total copper (wmol/L). SMDs between AD subjects and controls are
represented by squares, whose sizes are proportional to the sample size of the relative study. The whiskers represent the 95% confidence interval
(CI). The diamond represents the pooled estimate based on the random effects model, with the center representing the point estimate and the width
the associated 95% CI. Heterogeneity Chi-squared=171.11 (d.f. =26), p=0.000. I> (variation in SMD attributable to heterogeneity) = 84.8%.
Estimate of between-study variance Tau-squared =0.24; Test of SMD =0: z=3.59, p=0.0001.

measurements, as exemplified by their Cu:Cp ratio
(see Table 2). Two additional considerations can be
made for the study of Snaedal et al. [21] and for the
AIBL study [19]. The Snaedal et al. [21] study indi-
cates that despite even reaching a valid Cu:Cp ratio,
immunological detection still overestimates cerulo-
plasmin quantification, since these authors reported
decreased levels of ceruloplasmin activity in their AD
cohort. Thus, Non-Cp values showed in current meta-
analyses are very conservative, pointing out the need
to overcome calculations developing new devices to
allow a direct measure of Non-Cp copper in serum [49,
50]. Moreover, the AIBL study is the only one with
a Cu:Cp ratio below 6. The speculation that genetic
factors may account for diverse ceruloplasmin estima-
tions in the Australian cohort, cannot be discharged
aprioristically. In particular, ethnicity may explain this
result [47]. Serum ceruloplasmin levels are affected
by genetics [51], and among human populations,

Australians show a very complex genetic distribution
[47]. This is borne out by considering the results of the
meta-analyses run excluding the AIBL study data [19],
whereby exclusion of ethnic heterogeneity resulted
in decreases from I>=91.8% to I =70%. Additional
metal studies on Australians are needed to confirm or
discharge this hypothesis.

To further address the evidence of copper dyshome-
ostasis in AD, we have re-run the meta-analysis of total
copper considering all the studies published on this
matter from 1983 to March 2013, updating our pre-
vious meta-analysis of 2012 [12]. This meta-analysis
revealed that total copper is higher in AD subjects than
in healthy controls, even when all the studies from
AFaR Fatebenefratelli were grouped in one study with
a weighted mean value.

Some considerations about heterogeneity of the
results can be done at this point. Even though it was
still higher if considered as whole of the data pre-
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sented, Non-Cp copper heterogeneity, as expressed by
Higgins [52], fell in the moderate range (2 =64.6%).
Conversely, 12 values higher than 75%, i.e., falling in
the high range of heterogeneity were obtained for Adj-
Cp copper (I> =88.5%) and total copper (I> = 84.8%)
(Figs. 4 and 5). Even though methodological weakness
can account for a % of this heterogeneity, additional
factor have to be taken into account, for example,
genetics which can affect metal levels [53]. Moreover, a
heterogeneity associated with disease can be taken into
account. Expressively, in the Italian population copper
dysfunction was estimated in about 60% of subjects
with AD [48]. This is not in contrast with Australian
AD subjects cohort analyzed in the AIBL study. In fact,
recent investigations on complex diseases, such as AD,
proposed that multiple and independent pathogenic
pathways can modulate the same pathologic condition
[54], therefore numerous factors may account for dif-
ferent percentage of disease risk in populations with
diverse ethnicity or living in varied environments.
Data presented in our study concern meta-analyses
of systemic measurements of copper and some its
related indices in AD subjects and controls. Recently,
a meta-analysis of copper levels in the AD brain has
been performed [55], demonstrating decreased levels
of total copper in the more affected areas of the AD
brain. This result has recently been replicated [50],
demonstrating lower copper concentration in Brodman
Area 46 (BA46) and in the temporal lobe (BA22) of the
AD brain. Howeyver, in the same study, these authors
demonstrated that labile copper, which resembles Non-
Cp copper in serum, is increased in BA46 and BA22
areas of 25% of AD subjects compared to healthy
controls. Results from the James et al. study [50] con-
firm the results of current meta-analyses supporting
the notion of an increased concentration of Non-Cp or
labile copper in serum and in the brain of AD subjects,
even though levels of total copper appear unchanged
or decreased in the brain. Yet some of this data is
in disagreement with data achieved from studies on
total copper measurements in serum or plasma, which
agreed with an increase of total copper. However, it
should be considered that at autopsy, AD neurode-
generative processes, not excluding those based on
oxidative stress via metals in Fenton and Haber Weiss
chemistry, have already damaged the brain, and unfor-
tunately, no information about copper concentration
in the areas close to death is feasible, and after death
what remains is atrophy. In this framework, informa-
tion from living subjects are still critically valuable
and appear reliable to demonstrate a toxic impact of
some metals especially when associated with clinical

and functional information about the cognitive status
of the patient. Numerous studies have demonstrated
a link between copper toxicity and cognitive decline
in AD subjects (reviewed in [56]). Moreover, the sup-
plementation of an oral therapy of copper to subjects
with AD in a phase 2, proof of concept, clinical trial
by Kessler et al., 2008 was unsuccessful [57]. Con-
versely, an extensive number of studies since 1990
demonstrated that the hypermetallation of amyloid-3
peptides can cause oxidative stress, HoO; production,
and A plaques (reviewed in [56]).

In conclusion, meta-analytic strategies largely con-
clude there is a systemic copper dysfunction in AD.
This evidence is supported by observed increased lev-
els of labile copper within the brain [50], which can
account for cognitive decline as demonstrated by stud-
ies of systemic copper studies on AD living subjects
[56]. Recent additional results from genetic studies
sustain this evidence [58, 59], supporting the holis-
tic perspective of a copper dysfunction as a risk factor
affecting a percentage of AD subjects. A positive impli-
cation of this finding is that perturbation in copper
homeostasis may be amenable to treatment with anti-
copper agents in those AD subjects showing a copper
altered metabolism.
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Abstract: Background: Meta-analyses show that copper non-bound to ceruloplasmin (non-Cp Cu, also
known as ‘free’ copper) in serum is higher in a percentage of Alzheimer’s disease (AD) patients. Ge-
netic heterogeneity in AD patients stratified on the basis of non-Cp Cu cut-off sustains the existence of a
copper AD metabolic subtype.

Objective: In order to find evidence of the existence of a detectable metabolic subtype of AD associated
to copper abnormalities, we explore the hypothesis of a neuroimaging pattern heterogeneity in an ho-

mogenous and well characterized AD population classified in two groups by the stratification of patients

ARTICLE HISTORY on the basis non-Cp Cu cut-off.
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Method: We assessed levels of copper, ceruloplasmin, non-Cp Cu, cerebrospinal levels of total Tau pro-
tein (h-tau), Thr 181 phosphorylated tau protein (P-tau) and B-amyloid 1-42, and APOE4 genotype in 66
por AD patients and compared neuroimaging indices of a visual rating scale of cerebral atrophy and
10.2174/15672050146661 70623125156 neurovascular burden in AD patients stratified in ‘Normal’ and ‘High’ non-Cp Cu groups.

Results: The stratification for non-Cp Cu originated AD groups which did not differ for medial temporal
lobe atrophy, periventricular hyperintensities, deeper hyperintensities (including frontal, parieto-
occipital and temporal white matter hyperintensities), infratentorial hyperintensities indices, while they
differed for global atrophy. More specifically, AD patients within the high non-Cp Cu group had a less
severe burden of global atrophy (p=0.042).

Conclusion: This neuroimaging heterogeneity between AD groups is suggestive of the existence of a
copper metabolic subtype of AD; non-Cp Cu appears a good marker of this copper AD.

Keywords: Neuroimaging heterogeneity, copper not bound to ceruloplasmin (non-Cp Cu), Alzheimer’s disease, free copper,
global atrophy.

1. INTRODUCTION which exists primarily as a complex disease. In this form,
polygenic and epigenetic factors, which interact with the
environment, contribute to increase the risk of the disease
onset. The major risk factors are age and familiarity, and
modifiable factors include diabetes mellitus, midlife hyper-
tension, midlife obesity, physical inactivity, depression, life-
time prevalence of major depressive disorder, smoking, low
educational attainment. The evidence of the impact of essen-
tial, primarily copper, and some environmental metals, as for
example lead (Pb), on the risk of having AD in relation to
genetic and epigenetic regulation of key genes connected to
neurodegeneration and oxidative stress is growing in the
latest years [1; 2].

Alzheimer’s disease (AD) is the most common form of
dementia in the elderly. Based on the evidence of the mono-
genic familial forms, the key mediator of AD pathology has
been settled as brain amyloid-f peptides (AP) that form di-
mers and oligomers, leading to aggregates, responsible for
the altered function of neural cells and neurodegeneration,
accompanied by the intracellular aggregates of phosphory-
lated tau protein forming neurofibrillary tangles. These auto-
somal-dominant forms of AD accounts for about 5% of
cases, at difference from the sporadic late onset form (95%),
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The discovery of a copper binding domain on the amy-
loid precursor Protein (APP) in the latest *90 started research
investigating the interaction of this essential metal with A
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[3]. Enhanced concentrations of copper have been reported
to co-localize within both A and neurofibrillary tangles [4],
and to regulate APP expression [5]. More recently, meta-
analyses, large population [6, 7] and longitudinal cohort [8,
9] studies demonstrated copper imbalance as a risk factor for
AD. The robust and consistent findings provided by meta-
analyses pointed out to the breakdown of copper homeosta-
sis, consisting in a copper decrease in the AD brain [10], a
total copper increase in the blood [11, 12], and an increase of
the component of copper in serum not bound to ceruloplas-
min (non-Cp Cu) [11]. In the same line, large population
studies demonstrated that copper in the soil correlated with
an increased rate of mortality for AD in China [7], and that
increased consumption of copper supplements increased the
rate of total mortality [13], as well as the risk for cognitive
decline, estimated in 19 years of further aging, when associ-
ated with a high trans-saturated fat diet [6].

At the cell level copper homeostasis is mainly regulated
by Human copper transporter (hCtr)l, which facilitates cop-
per influx within the cell and the ATP7A and ATP7B efflux
pumps. In the liver, the ATP7B pump loads copper into nas-
cent ceruloplasmin at the trans-Golgi network and releases
excess of intracellular copper in to the bile.

Mutations in the ATP7B gene are responsible of Wilson’s
disease, which is characterized by a drop of ceruloplasmin,
the spillage of toxic low molecular weight non-Cp Cu into
the blood-stream and its accumulation in tissues and organs,
including the brain. The blood-serum fraction of non-Cp Cu
is redox active, and makes up 5-10% of total copper in serum
in normal condition [14]. If the non-Cp Cu pool becomes
expanded, this copper becomes toxic, as exemplified by Wil-
son’s disease [15] and reported in AD [11].

hCTR1 mutation cause striking neonatal defects, mimick-
ing a copper deficiency, while Menkes’s and Wilson’s dis-
ease are copper metabolic disorders, which show serious
neurological symptoms [16]. They are the result of sex in-
heritance mutations of the ATP7A4 gene on chromosome X
(Menkes’ disease) and autosomal recessive inheritance of
ATP7B mutations on chromosome 13 (Wilson’s disease).
The copper deficiency due to the impaired copper transport
into and within the developing brain related to the Menkes’
disease results in demyelination and neurodegeneration,
whereas brain non-Cp Cu accumulation in Wilson’s disease
is associated with dystonia, dysarthria, depression, cognitive
deterioration, personality change, psychosis and schizophre-
nia [17].

Since 2002 we studied metal status in AD observing
copper alterations in AD patients resembling copper meta-
bolic abnormalities typical of Wilson’s disease [14]. In two
different follow-up studies, we reported that subjects with
higher levels of non-Cp Cu had higher risk for a more severe
cognitive decline and a faster rate of deterioration with re-
spect to subjects with normal non-Cp Cu [8, 9]. Recently we
demonstrated that AD patients have different clinical and
genetic features when they are stratified on the basis of a
non-Cp Cu cut-off. More precisely, specific ATP7B gene
variants have single-locus and haplotype frequency differ-
ently distributed in AD patients with higher levels of non-Cp
Cu than in AD patients with normal values of this copper
marker [2]. The same heterogeneity has been demonstrated
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when comparing another AD population for electroencepha-
lographic (EEG)-derived brain activity alterations [18]. As a
whole the heterogeneities found, especially that in genetics,
speak in favor of the existence of a copper subtype of AD
that is detectable by a copper marker (i.e. non-Cp Cu), which
typifies a subgroup of AD individuals. Moreover, a peculiar
case-report of an AD patient with 11C-labeled Pittsburgh
Compound-B PET positive and a [18F] fluorodeoxyglucose
PET altered with a typical AD topography and carrying Kay-
ser-Fleischer rings - pathognomonic of Wilson’s Disease -
strongly support the existence of a copper phenotype of AD
[19]. Current study was exactly designed to explore the hy-
pothesis of a neuroimaging pattern heterogeneity in an ho-
mogenous and well characterized AD population classified
in two groups by the stratification of the patients on the basis
non-Cp Cu cut-off to find further evidence of the existence
of a detectable metabolic subtype of AD associated to copper
abnormalities.

2. METHODS

2.1. Standard Protocol Approvals, Registrations, and
Patient Consents

Local institutional ethics committees approved the study.
Subjects or their guardians gave written informed consent, in
line with the Code of Ethics of the World Medical Associa-
tion (Declaration of Helsinki) and the standards established
by the Authors’ Institutional Review Board.

2.2. Subjects

The subject sample consisted of 66 AD patients
(NINCDS-ADRDA criteria) [20-22] which a Mini-Mental
State Examination (MMSE) score of 25 or less [23]. Patients
underwent a structured clinical interview, a neurological
examination, brain magnetic resonance imaging (MRI); an
extensive neuropsychological assessment, which included
the Mental Deterioration Battery (MDB) [25] the Digit Span
[26] and the test of Corsi [25], as well as routine laboratory
tests [26].

Sixty three % of this sample patients has been analyzed
in a previous study [27].

2.3. Biochemical and Molecular Investigations

Total serum copper was measured by spectrometry, using
an A Analyst 600 Perkin Elmer atomic absorption spectro-
photometer [9]. Ceruloplasmin concentration was measured
with an immunoturbidimetry assay (Horiba ABX, Montpel-
lier, France). Ceruloplasmin concentration measures were
automated on a Cobas Mira Plus (Horiba ABX, Montpellier,
France), and performed in duplicate. For each serum copper
and ceruloplasmin pair, we computed the amount of copper
bound to ceruloplasmin (CB) and the amount of non-Cp Cu,
following standard procedures (Appendix 1: “Calculation of
‘free copper’ concentration”) [28]. Briefly: CB = ceru-
loplasmin (mg/dL) * 10* n; n=0.0472 (pmol/mg); ‘free’
copper = absolute serum copper — CB [28]. This calculation
expresses non-Cp Cu in pmol/L and is based on the fact that
ceruloplasmin binds 6 atoms of structural copper, which is
equivalent to ceruloplasmin containing 0.3% copper (weight
percentage of copper in Cp): [6 (atoms of Cu) *63 uma (Cu
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molecular weight)/132 KDa (Cp molecular weight)] *
100=0.3%; more details are available at http://www.j-
alz.com/letterseditor/index.html#March2013. CSF levels of
total Tau protein (h-tau), Thr 181 phosphorylated tau protein
(P-tau) and B-amyloid 1-42 were determined by ELISA (IN-
NOGENETICS, Belgium) [29]. APOE genotyping was per-
formed according to established methods [30].

2.4. MRI Evaluation

Brain MRI was performed using a 1.5 Tesla supercon-
ductor magnet. The imaging protocol consisted of axial T2
W double Spin Echo (SE) sequences and T1 W SE images in
axial, coronal, and sagittal planes, with 5 mm slice thickness
and intersection gap = 0.5 mm. MR images were evaluated
by two experienced neuroradiologists, blind to the patients’
diagnoses and laboratory results. Atrophy and white matter
lesions were graded following standardized visual rating
scales on plain MRI [31-33]. The degree of medial temporal
lobe atrophy (MTA) was evaluated with a ranking procedure
and validated by linear measurements of the medial temporal
lobe including the hippocampal formation and surrounding
spaces occupied by CSF, following standardized criteria
(five point rating scale of MTA) [27; 32]. Generalized brain
atrophy (ventricular and sulcal atrophy) was rated as present
(=1) or absent (=0; global atrophy; Fig. 1). The visual rating
scale of white matter changes included the anatomical distri-
bution as well as the severity of the lesions. Based on ana-
tomical distribution, a distinction was made between areas of
periventricular hyperintensities (PVH) (caps and rims) and
deeper hyperintensities (including frontal, parieto-occipital
and temporal white matter hyperintensities - DWMH; basal
ganglia hyperintensities - BGH; and infratentorial hyperin-
tensities - ITH). Large vessel cortical infarcts in the anterior,
posterior and medial cerebral artery were also evaluated.
Presence of mass lesions and lobar hemorrhages were exclu-
sion criteria from the study [27, 31, 34]. MR images were
evaluated by two experienced neuroradiologists, blind to the
patients’ diagnoses and laboratory results. The agreement
between the two neuroradiologists was >93% measured cal-
culating inter-rate agreement kappa coefficient (MTA:
k=0.98 (Standard Error=0.02), p<0.001; PVH: k=0.93%
(SE=0.04), p<0.001; DWMH: k=0.93 (SE=0.04), p<0.001;
BGH: k=0.94 (SE=0.04), p<0.001; ITH: k=1 (SE=0),
p<0.001; Global Atrophy: k=1 (SE=0), p<0.001.

Our study pertains biomarker science and poses the
working hypothesis that an homogeneous population of AD
patients display neuroimaging heterogeneity when they are
stratified in two groups on the basis of a copper marker.

To test this hypothesis, we have considered a cut-off of
non-Cp Cu of 1.6 pmol/L (normal values 0-1.6 pmol/L [28]]
and divided the AD patients into two subgroups: a ‘Normal
non-Cp Cu’ group, composed of 27 AD patients with non-Cp
Cu<l1.6 pmol/L, and a ‘High non-Cp Cu’ group, of 39 pa-
tients (who have non-Cp Cu >1.6 pmol/L).

2.5. Statistical Analyses

Normality of distributions was tested with Shapiro-Wilk
test. Categorical data are expressed as percentages, and con-
tinuous variables as mean = SD or median (interquartile
range, 25"-75" percentiles), as appropriate. To compare
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High non-Cp Cu AD and normal non-Cp Cu AD, parametric
(Student’s t-test) and non-parametric (Chi-square- x2) tests
were applied. A p value < 0.05 was considered statistically
significant. All analyses were performed with SPSS 16.0
(SPSS Inc., Chicago). To demonstrate the existence of a sub-
type of a disease four strategies can be taken into account: 1.
identification of a bimodal distribution of the biomarker of
interest in the patient population; 2. the response to a specific
therapy; 3. cluster analysis; 4. the identification of a specific
biomarker that distinguishes the cases, classifying them in
sub-groups that are then compared for demographic, clinical,
genetic, or biological variables. If groups are different and
heterogeneity between them can be detected, then this speaks
in favor of a disease subtype.

3. RESULTS

Sixty-six AD patients were included in this study. Demo-
graphic and biological variables of the AD patients under
study are reported in Table 1.

The patients were stratified on the basis of a non-Cp Cu
cut-off, 27 AD patients were included in the normal non-Cp
Cu group [non-Cp Cu mean (standard deviation, sd): 0.26
(1.5)] and 39 in the high non-Cp Cu group [non-Cp Cu mean
(sd): 3.5 (1.6); p<0.001].

The two AD subgroups did not differ for age, sex,
MMSE score, and APOE4 frequency allele (Table 2), while
they differed for copper (p<0.001), which was increased in
AD patients of the high non-Cp Cu group in comparison
with those of the normal non-Cp Cu AD.

The neuroimaging evaluations revealed that MTA was
observed in 41% of normal non-Cp Cu AD, and in 59% of
high non-Cp Cu AD, without significant differences between
the two groups (p = 0.14). Table 3 reports the comparisons
between the two copper AD groups for the neuroimaging
indices evaluated. The normal and high non-Cp Cu AD
groups were similar for MTA, PVH, DWMH scores, while
they differed for presence of global atrophy (p=0.042, Fig.
2). About ITH, 100% of patients of the high non-Cp Cu AD
group presented a score equals to 0 and 96.3% of the normal
non-Cp Cu AD patients. More specifically, AD patients
within the high non-Cp Cu group had a less severe burden of
global atrophy and BGH, even though the differences in the
BGH did not reach the statistical threshold (p=0.052).

4. DISCUSSION

There is a growing recognition of the impact of either es-
sential or environmental metals as risk factors contributing to
the global susceptibility for AD.

The main result of current study consists in reporting that
a homogeneous population of AD patients display neuroi-
maging heterogeneity when they are stratified in two groups
on the basis of a copper marker, namely non-Cp Cu, support-
ing the existence of a copper metabolic subtype of AD. Even
though the differences observed are small and need to be
confirmed in bigger patients’ samples, they are instrumental
to show heterogeneity within a population representative of a
homogeneous clinical entity [22], with a similar range of
MMSE. Coherently with this clinical picture, the MRI pro-
file appears homogenous, but differences appear when the





4  Current Alzheimer Research, 2017, Vol. 14, No. 00

Squitti et al.

1A

GLOBAL ATROPHY =0

SLICE TEMPORAL HORNS
OF LATERAL VENTRICLES

NO ATROPHY

SLICE BODY OF LATERAL
VENTRICLES

SLICE CONVEXITY

VENTRICLES’S
ECTASIA
COMPATIBLE
WITH AGE
(AMPLITUDE
AT THE UPPER
LIMITS OF
NORMAL)

SULCI’S EC-
TASIA COM-
PATIBLE WITH
AGE
(AMPLITUDE
AT THE UPPER
LIMITS OF
NORMAL)

1B

GLOBAL ATROPHY =1

SLICE TEMPORAL HORNS
OF LATERAL VENTRICLES

ECTASIA
OF SULCI OF
CONVEXITY

ECTASIA

OF TEMPORAL
HORNS

SLICE BODY OF LATERAL
VENTRICLES

1o
10}

SLICE CONVEXITY

ol

Fig. (1). To assess global atrophy a 2-point rating scale was used. A) global atrophy = 0: no atrophy or ventricles’ or sulci’s ectasia compati-
ble with age (amplitude at the upper limits of normal values). B) global atrophy =1: ectasia of the sulci of convexity or ectasia of the temporal
horns. Images were Axial Se T1w.

stratification for copper abnormalities is applied and two
subgroup are created on the basis of a non-Cp Cu cut-off,
demonstrating our working hypothesis and extending previ-
ous findings on this topic [8, 9, 18, 35, 36]. Some authors
[37] showed in a large, multicenter study that visual rating
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Table 1. Characteristics of the overall AD patients under study.
Whole AD group
(n=66)
Sex [n of F] (F%) 53 (80.3)
Age [years] mean (Standard Deviation, SD) 75.6 (8.0)
APOE4 allele frequency [%] (at least one copy) 23 (34.8)
MMSE [row score] median (25"-75" percentiles) 21 (17-23)
MMSE [adjusted score*] mean (SD) 18.8 (3.54)
Education [years] mean (SD) 7.5 (4.6)
B-Amyloid (ng/mL) 0.39 (0.18)
P-Tau (ng/mL) 0.05 (0.03)
H -Tau (ng/mL) 0.467 (0.231)
non-Cp Cu [pmol/L] mean (SD) 1.9 (2.5)
Copper [pmol/L] mean (SD) 14.5 (3.0)
Ceruloplasmin [mg/dL] mean (SD) 26.8 (5.1)
*adjusted for age and education years [59].
Table 2. Characteristics of the AD groups stratified for non-Cp Cu.
AD patients, high non-Cp Cu AD patients, normal p value
(n=39) non-Cp Cu
(n=27)
Sex [n of F] (F%) 31(79.5) 22 (81.5) p=0.840%*
Age [years] mean (SD) 74.8 (8.1) 76.4 (10.2) p=0.481
APOE{ allele frequency [%] (at least one 15 (38.9) 8(29.6) p=0.446
copy)
MMSE [score] median (25"-75" percen- 21.0 (16.3-23) 20.0 (17-24) p=0.999**
tiles)
MMSE [adjusted score] mean (SD) 17.88 (5.83) 18.44 (3.24) P=0.780
Education [years] mean (SD) 6.5(4.4) 8.4 (4.3) p=0.274
B-Amyloid (ng/mL) 0.412 (0.19) 0.367 (0.17) p=0.313
P-Tau (ng/mL) 0.052(0.24) 0.056 (0.038) p=0.575
H -Tau (ng/mL) 0.487 (0.27) 0.453 (0.2) p=0.562
Copper [pmol/L] mean (SD) 16.3 (2.9) 12.7 (2.8) p<0.001
Ceruloplasmin [mg/dL] mean (SD) 26.6 (6.0) 27.0 (4.6) p=0.300

*chisquare test.**Mann-Whitney test; Standard Deviation (SD).

presence of cortical atrophy and of cerebrovascular lesions
differed between the two groups, even though the latter just
approaching the significant threshold. More specifically, in
patients with increased levels of non-Cp Cu cortical atrophy
was less frequent, and they exhibited a less severe pattern of
white matter hyperintesities, specifically located in the basal

ganglia structurers. White matter hyperintesities are consid-
ered to be etiologically related to cerebral small vessel dis-
ease and are important substrates for cognitive impairment
and functional loss. They are characterized by partial loss of
myelin, axons, and oligodendroglial cells, mild reactive as-
trocytic gliosis, sparsely distributed macrophages as well as
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Table 3. Neuroradiological variables of the AD groups stratified for non-Cp Cu.

AD patients, high AD patients, normal p value
non-Cp Cu non-Cp Cu
(n=39) (n=27)

MTA, mean; median (25"-75" percentiles) 1.85;1(0-1) 3.44;1(0-2) p=0433
Global atrophy, present n (%) 3 (7.7%) 7 (25.9%) p=0.042*

'"PVH, mean; median (25"-75" percentiles) 1.1; 0 (0-2) 2;0(0-4) p=0.218
DWMH, mean; median (25"-75™ percentiles) 1.8;0(0-2) 3.4;1(0-4) p=0.288
*BGH, mean; median (25"-75" percentiles) 0.6; 0 (0-0) 1.8;0 (0-2) p=0.052
*ITH score equals to 0 n (%) 39 (100%) 26 (96.3%) p=0.409

All p values are referred to Mann-Whitney test. *chi square test. Table legend:

Atrophy and white matter changes lesions were graded following standardized visual rating scales on plain MRI [24-27]. Generalized brain atrophy (ventricular
and sulcal atrophy) was rated as present (=1) or absent (=0; global atrophy).

The degree of medial temporal lobe atrophy (MTA ) was evaluated with a ranking procedure and validated by linear measurements of the medial temporal lobe
including the hippocampal formation and surrounding spaces occupied by CSF, following standardized criteria (five point rating scale, score: 0-4). The visual
rating scale of white matter changes included the anatomical distribution as well as the severity of the lesions. Based on anatomical distribution, a distinction
was made between areas of periventricular hyperintensities (PVH) (caps and rims 'PVH: 0 = absent; 1 = < 5 mm; 2 = 6-10 mm) and deeper hyperintensities
(including frontal, parieto-occipital and temporal white matter hyperintensities - ’DWMH: 0 = no abnormalities; | =<3 mm,n<5; 2=<3 mm,n>5;3 =4-
10 mm, n £3; 4 =4-10 mm, n >3; 5 = 10mm, n >1; 6 = confluent); basal ganglia hyperintensities (including caudate nucleus, putamen, globus pallidus, thala-
mus - *BGH; 0 = no abnormalities; ] =<3 mm,n <5;2 =<3 mm, n>5; 3 =4-10 mm, n <3; 4 =4-10 mm, n >3; 5= 10mm, n >1; 6 = confluent) and infraten-
torial hyperintensities (cerebellum, tronco — ‘ITH). Large vessel cortical infarcts in the anterior, posterior and medial cerebral artery and presence of mass
lesions and lobar hemorrhages were exclusion criteria from the study.
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Fig. (2). Association between Global atrophy in AD patients stratified on the basis of non-Cp Cu cut-off. Patients within the group of high
non-Cp Cu have a lower percentage of cortical atrophy with respect to AD patients with non-Cp Cu in the normal range.

stenosis resulting from hyaline fibrosis of arterioles and sclerosis [38]. Data presented indicate a different degree of
smaller vessels [38]. Nowadays, the most accepted opinion is structural brain injury in the two AD groups, which was se-
that white matter hyperintesities represents incomplete verer in the normal non-Cp Cu. Conversely, the two sub-

ischemia mainly related to cerebral small vessel arteriolo- groups were similar from a cognitive point of view, as re-
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vealed by their MMSE scores. This suggests an anticipation
of the ‘functional’ cognitive decline with respect to the
‘structural’ brain injury in those subject having copper meta-
bolic abnormalities (for the same structural damage, indi-
viduals with high non-Cp Cu would have a severer cognitive
impairment). Numerous findings, indicating that oxidative
stress precedes AD neurodegeneration and structural brain
damage (reviewed in [39]), are in line with notion. In fact,
having serum non-Cp Cu concentrations higher than normal
values point out to a homeostatic copper failure, which can
manifest in various biochemical defects of copper metabo-
lism [affecting e.g. ceruloplasmin activity, iron oxidative
state, activity of dopamine beta hydroxylase or Cu/Zn super-
oxide dismutase 1 (SOD1) [40]] as it is exemplified in Wil-
son’s disease, and increasing knowledge demonstrates also
in AD [18, 36, 41-45]. Moreover, non-Cp Cu is redox active
and, in the suitable milieu, it catalyzes oxidative stress via
Fenton like and Haber Weiss reactions. It generally crosses
the brain blood barrier and it has been reported to be in-
creased in the brain areas more damaged by the disease [42].

Our observations need verification in bigger patients’
samples and future investigations to explore the biological
process at the basis of the associations observed.

As a multifactorial or complex disease, AD includes a
broad spectrum of phenotypes, [18, 36, 46].

As shown in other studies and confirmed in current pa-
tient sample, about a half of patients with AD have copper
abnormalities [9, 18, 27, 36]. In another study on this topic,
we investigated the frequencies of some specific variants of
the ATP7B gene - informative of the structure of the gene -
in AD patients with high and normal copper [36]. A risk
haplotype (GT in rs1061472, rs732774) in ATP7B resulted
more frequent in the high copper AD. However, it was pre-
sent only in 66% of the patients with copper AD metabolic
subtype, suggesting either the existence of other genetic
variants (including Wilson’s disease mutations), or addi-
tional pathways controlling copper homeostasis that can play
a role in raising the risk of having AD linked to the break-
down of copper homeostasis.

Based on mass screening studies performed in Korea,
data about Wilson’s disease prevalence have be recently
questioned, suggesting that Wilson’s disease might be much
more common than estimated in the past (1984), passing
from 1:30,000 to 1:1500 or 1:3000 cases [17, 48, 49]. In line
with this finding, a more recent study reported an unexpected
rate of about 1 in 40, higher than 1:90, that was the rate pre-
viously reported, of ATP7B heterozygote mutation carriers in
UK population, predicting a prevalence of 1 case in 7000
inhabitants [17, 48, 49]. The large discrepancy from the es-
timated genetic prevalence of the disease and the number of
clinically diagnosed Wilson’s disease patients, which is sig-
nificantly lower, raises concerns about the possibility that a
number of 4TP7B mutations might account for an increased
likelihood of having AD.

The regulation of copper metabolism is controlled at the
homeostatic maintenance of #CTRI mRNA, which is regu-
lated by the transcription factor SP1. SP1 is a copper-sensing
transcriptional activator of ACTRI - but controls other gene
expression related to AD (e.g. APP and MAPT gene) - and is
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regulated by copper depletion and copper-replete conditions
[50]. Very recent works demonstrated the impact of SP1
transcription factor in neurodegeneration processes linked to
epigenetic regulation activated by exposure to heavy metals,
primarily Pb, in early life, by diet or pesticides. This line of
research arose from the hypothesis that exposure to lead be-
fore ’80 - when the metal was extensively used in gasoline
and other commercial products - could have effects on public
health, being the lead-poisoning known since ancient ro-
mans. Consistent and robust findings about the cumulative
lead dose on trajectories of cognitive decline have been pro-
vided by the Baltimore Memory Study (BMS) [51], demon-
strating the association of tibia lead concentration with cog-
nitive decline in adults aged 50-70 years. Experimental mod-
els of Pb exposure in early life produced latent overexpres-
sion in old age of SPI, APP and MAPT mRNA, and the re-
lated increased synthesis of SP1, APP, and of the microtu-
bule-associated protein tau (MAPT) protein [1, 52, 53]. The
overexpression of SP/ in old life might have some effects on
the regulation of copper homeostasis, increasing the influx of
copper in the body through activation of the biosynthesis of
hCTRI1. This additional epigenetic mechanism can contrib-
ute to the susceptibility to copper homeostatic abnormalities
associated to AD. In line with this literature, some authors
proposed that the increasing prevalence of AD can be influ-
enced by copper plumbing use in developed countries and by
the ingestion of copper (II) from the diet associated with an
increase consumption of meat or with diabetes through ad-
vanced-glycation end-products (AGEs) ingestion and forma-
tion as glucose derivatives [54-56]. The combination of the
findings reported support of a tie link between genetic and
environmental risk factors through epigenetic modification
which can account for the etiology of this specific sporadic
form of AD.

The influence of environmental hits and their interaction
with genetic and epigenetic factors is the focus of recent in-
vestigations aimed at disentangle the complexity of the gene-
environmental interaction. Gene controlling copper metabo-
lism are regulated by, and in turn strongly influence the lev-
els of copper bioavailable in our body.

The complexity of these interactions prompt to the de-
velopment of hypothetical models, which provides mecha-
nistic explanation for the contribution of gene-environmental
interactions contributing to the onset of sporadic form of
AD. The epigenome-based latent early-life associated regula-
tion (LEARn) is an hypothetical model focused on the ef-
fects that accumulated environmental hits can produce on
epigenome [57, 58].

On the basis of the information provided, a ‘two hits’ la-
tency model of disease progression appears appropriate to
explain increasing evidence of cross-sectional and longitudi-
nal studies of environmental (Pb) and essential metals (cop-
per) associated with a worsen cognitive state, even through
their combined effects .

Even though this study has the limitation of small sample
size and the observations reported have to be confirmed in
bigger samples, it shows the potential of non-Cp Cu classifi-
cation of AD people, in terms of preventive or therapeutic
interventions based of tools able to counteract copper dy-
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shomeostasis, which can improve the chance on a percentage
of patients, sparing expense and side effect.

CONCLUSIONS

Data presented show a mild neuroimaging heterogeneity
in two subgroups of AD patients originated by the stratifica-
tion of a very homogeneous population of AD patients based
on a cut-off marker of copper failure, i.e. non-Cp Cu in gen-
eral circulation. Differences consist in a lesser degree of
global atrophy in the group with higher levels of non-Cp Cu,
suggesting an anticipation of the cognitive decline with re-
spect to the structural brain injury in those subject with a
deregulation of copper homeostasis, which results in oxida-
tive stress. Copper imbalance can be activated by ATP7B
gene variants or by environmental insults in early life which
affect SPI gene expression, or more likely by different de-
grees of their combined effects [2].
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