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Abstract: Evidence indicates that patients with Alzheimer’s dementia (AD) show signs of copper
(Cu) dyshomeostasis. This study aimed at evaluating the potential of Cu dysregulation as an AD
susceptibility factor. We performed a meta-analysis of 56 studies investigating Cu biomarkers in
brain specimens (pooled total of 182 AD and 166 healthy controls, HC) and in serum/plasma (pooled
total of 2929 AD and 3547 HC). We also completed a replication study of serum Cu biomarkers
in 97 AD patients and 70 HC screened for rs732774 and rs1061472 ATP7B, the gene encoding for
the Cu transporter ATPase7B. Our meta-analysis showed decreased Cu in AD brain specimens,
increased Cu and nonbound ceruloplasmin (Non-Cp) Cu in serum/plasma samples, and unchanged
ceruloplasmin. Serum/plasma Cu excess was associated with a three to fourfold increase in the risk
of having AD. Our replication study confirmed meta-analysis results and showed that carriers of the
ATP7B AG haplotype were significantly more frequent in the AD group. Overall, our study shows
that AD patients fail to maintain a Cu metabolic balance and reveals the presence of a percentage of
AD patients carrying ATP7B AG haplotype and presenting Non-Cp Cu excess, which suggest that
a subset of AD subjects is prone to Cu imbalance. This AD subtype can be the target of precision
medicine-based strategies tackling Cu dysregulation.
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1. Introduction

Alzheimer’s dementia (AD) is a multifactorial condition for which a new disease-
modifying therapy, aducanumab, has been recently approved by FDA, even though post-
approval studies have been requested to demonstrate its clinical efficacy [1-3]. Hallmarks
of AD are extracellular deposits of the beta-amyloid protein (A{3), intraneuronal aggregates
of the Tau protein, and reactive gliosis [4,5]. Many modifiable risk factors contribute to
shaping the disease onset and progression [6]. In their analysis of primary prevention of
AD, Norton et al. 2014 [6], extending studies from Barnes and Yaffe 2011 [7], excluded
some potential modifiable risk factors from their estimation of a population-attributable
risk (PAR) based on relative risks from existing meta-analyses and prevalence of these risk
factors [1]. PAR for dietary factors and metal imbalance has been in fact impeded since
data regarding population prevalence of abnormal values were missing in the literature.
Unfortunately, this initial gap contributed to hampering the full exploration of the hypothe-
sis that metals might be modifiable risk factors for AD. Almost a decade ago, a novel metal
hypothesis [8] and several meta-analysis studies (reviewed in [9]) had triggered a new in-
terest in the pathogenic interaction between metals, mainly iron (Fe), copper (Cu), and zinc
(Zn), and a set of AD-related proteins (primarily belonging to the Amyloid beta-Precursor
Protein (ABPP)/Af system). Cu is an essential micronutrient, the catalyst or component of
many metalloproteins or enzymes that help to control cellular life and energy production
in a variety of biological systems. Nonbound ceruloplasmin (Non-Cp) Cu (also known as
‘free copper’) is the fraction of Cu in serum/plasma that does not bind to ceruloplasmin,
the main protein that carries Cu in the blood (reviewed in [9]). The expansion of the blood
pool of Non-Cp Cu is toxic as, in this form, the metal can cross the blood-brain barrier
(BBB), accumulate as “labile Cu” in the brain [10], and participate in a variety of harmful
and cell-damaging activities [9], as exemplified by Wilson’s disease (WD), a rare autoso-
mal recessive disorder caused by mutations of ATP7B, the gene encoding for ATPase7B,
a Cu pump located in hepatocytes, and endothelial cells of the BBB. Normally, Cu acts
beneficially as a catalyst and critical component of metalloproteins and enzymes essential
for cellular and brain functioning, such as the systemically important antioxidant Cu/Zn-
Superoxide dismutase (SOD1), and cytochrome C oxidase, which produces neuron energy
in the mitochondria. However, when not properly bound, Cu undergoes redox cycling
reactions with O, resulting in the catalytic production of reactive oxygen species (ROS)
of which H,O, can diffuse through cell membrane and then produce the very reactive
hydroxyl radical (HOw), catalyzed by Cu (Fenton-type reactions) [11]. In the past decade,
many studies have uncovered a link between AD pathogenesis and Cu dysmetabolism
(reviewed in [12]): ABPP/Af are Cu binding proteins with a potential role as natural Cu
buffering proteins, and Cu?* binding dramatically changes AP aggregation propensity,
structure, and toxicity [13], with a plethora of effects spanning from reducing energy pro-
duction in mitochondria to altering synaptic function and cognitive deterioration (reviewed
in [12]), as revealed by preclinical models of chronic Cu exposure [14-17]. Furthermore,
mutations in the genes involved in Af3 buildup and processing (ABPP, PSEN1/PSEN2)
have been reported to disturb the metal-buffering ARPP/Af system [12]. The ATPase7B
pump loads Cu onto nascent ceruloplasmin in hepatocytes and onto the glycophosphatidyl
inositol ceruloplasmin in astrocytes (reviewed in [12]). Defects in these processes lead to
increased release of Non-Cp Cu in the blood and activate cell-damaging events related to
AD (reviewed in [12]).

Meta-analysis on Cu in brain specimens [18] and serum samples [19] as well as on
serum Non-Cp Cu [20] and ceruloplasmin [21] have been published, but they appear a
little dated. Furthermore, despite this vast literature, the scientific community has not
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yet reached consensus on the role played by Cu in AD. Indeed, the topic and the clinical
significance of Cu in AD are still considered controversial, probably as many studies on
brain specimens have reported decreased Cu values in AD, while those on circulating Cu
reported increased values, allowing contrasting interpretations. To help clarify the evidence,
we aimed at summarizing the available case-control studies produced on brain and on
circulating Cu in AD in a comprehensive meta-analysis to determine the associations of a
panel of Cu biomarkers with the disease.

We also performed a replication study intended at evaluating levels of serum Cu,
Non-Cp Cu, ceruloplasmin concentrations, ceruloplasmin activity, ceruloplasmin specific
activity (iCp/eCp), and the Cu to ceruloplasmin ratio (Cu:Cp) in a sample of 97 AD
patients and 70 healthy controls (HC). Individuals were screened for the two functional
single nucleotide polymorphisms (SNPs) rs1061472 and rs732774 of ATP7B [11], associated
with an increased risk for AD [22]. The role played by these SNPs was reported in a recent
study [23]. The SNP amino-acid substitutions K832R and R952K modulate the ATPase7B
properties in vitro and alter serum Cu status in vivo. rs1061472 and rs732774 ATP7B SNPs
primarily affect the ATPase7B abundance and reduce its trafficking in response to elevated
Cu [23].

2. Materials and Methods
2.1. Meta-Analysis
2.1.1. Search Strategy

To identify appropriate studies for the meta-analysis, we followed the procedural steps
indicated by Cochrane (http://www.cochrane-handbook.org; accessed date 1 July 2019).
To this aim, we entered in PubMed the keywords “Alzheimer’s disease”, “Alzheimer’s
dementia”, “Cu”, “serum”, “plasma”, “brain”, “metals”, and their combinations and
selected studies published from January 1984 to July 2020. We also identified other studies
by using the “Scopus” and “ISI Web of Knowledge” databases. In addition to the reviewing
of contents of this first selection of studies, we ran through their reference lists to search for
additional studies via Google Scholar. We considered only studies that took into account
comparative analyses between AD and HC that were reporting original results in peer-
reviewed journals. In most studies, the severity of the AD-related cognitive decline was
assessed by the Mini-Mental State Examination (MMSE). The target of our meta-analysis
was the comparison, between AD patients and HC, of Cu levels as reported in the selected
dataset of papers.

2.1.2. Data Extraction and Manipulation for Meta-Analysis

Two review authors (MC and IS) independently extracted data from the included stud-
ies by collecting them in an excel sheet. Any divergence was resolved through discussion.

Overall, we extracted the number of participants in each group of each selected study,
characteristics of participants (age and sex), and type of study. Concerning the parameters
of interest, we extracted means and standard deviations (SD) related to the AD and HC
groups. When this information was not available, we tried to extract medians and intervals
(range or interquartile range) and insert them into the tables.

When median and IQR or Min-Max were extracted, data manipulation was necessary
to estimate mean SD. From these values, means and SD were calculated by methods
published by Hozo et al. [24] or Wan et al. [25]. SD was also calculated in line with the
indication of the Cochrane Handbook [26].

2.1.3. Statistical Procedures Applied to Run Meta-Analysis

Four studies of meta-analysis were performed that took into consideration (i) levels of
Cu in the brain, (ii) both Cu and (iii) Non-Cp Cu, and (iv) ceruloplasmin in serum/plasma
of the two study groups (AD and HC). Meta-analysis was performed by applying a random-
effects model to obtain a pool of standardized mean difference (SMD) by the method of
Hedges. Both study-wise and group-wise analyses were performed. The data heterogeneity
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was evaluated via Cochran’s Q test and quantified through the 12. The I? describes the rate
of variation across studies due to heterogeneity rather than chance. The parameter ranges
from 0 (indicating no heterogeneity) to 100 (equal to maximal heterogeneity).

A 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 [26].

In a meta-analysis of Cu in the brain, subgroup analysis was performed stratified for
the hippocampus, amygdala, a not well defined ‘cerebral cortex” area, and frontal cortex.

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

In a meta-analysis of total copper and Non-Cp Cu, meta-regression analysis was
performed to evaluate the effect on the pooled SMD of the difference in mean age between
HC and AD patients.

A p-value < 0.05 was considered statistically significant. All statistical analyses were
performed with STATA v10.

2.2. Replication Study Investigating Differences in Serum Cu Biomarkers between AD and HC
2.2.1. Subjects Analyzed in the Replication Study

Ninety-seven consecutive AD patients and 70 cognitively normal individuals were in-
cluded in a replication study. Alzheimer’s disease patients [27,28] with a Mini-Mental State
Examination (MMSE) score of 25 or less [29] 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. Healthy
controls were individuals with no sign of neurological disorders and with normal cognitive
function, selected mainly among spouses. Exclusion criteria were conditions affecting
Cu metabolism, evaluated on the basis of past medical history as reported in detail else-
where [30]. Participants in the replication study underwent blood sampling while fasting,
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.

2.2.2. 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.

2.2.3. 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 calibrated against
the international reference preparation (ERM 470) [31], 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 [32] adapted from our laboratory for multiple biochemical analyzers Horiba
Pentra 400 (ABX Diagnostic, Montpellier, France) and described in detail elsewhere [33].
Serum Cu concentration was estimated with the colorimetric assay of Abe et al. (Randox
Laboratories, Crumlin, UK) [34] and confirmed in 30% of samples by atomic absorption
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spectrophotometry measurements using an AAnalyst 600 (Perkin-Elmer, Norwalk, CT,
USA) equipped with graphite furnace, as described in detail elsewhere [35].

Non-ceruloplasmin Cu was calculated from the equation provided by Walshe (ap-
pendix of [36]), based on the measures of concentration of total Cu and Cp in serum.
Equivalent data can be obtained calculating Non-Cp Cu from mg/L of ceruloplasmin and
considering the conversion of 3.15 ug/Cu for mg of ceruloplasmin [36].

The Cu:Cp [20] was calculated as reported by Twomey et al. [37]. These authors
provided the following equation:

[Cu umol/L] * [132,000 (g/mol)]/[Cp (mg/dL) * 10].

As we previously discussed in detail [20], the plausible theoretical values of Cu:Cp,
which can be effectively measured in specimens of HC, should range between 6-8, even
though this ratio can yield diverse values. A 6-8 range obtained in HC for Cu:Cp assures
we obtain a more reliable non-ceruloplasmin Cu value when applying the Walshe’s for-
mula [20,36], since Cu and ceruloplasmin are in the in the correct stoichiometry for Cu and
ceruloplasmin based on the evidence that each ceruloplasmin molecule has 6-8 sites for Cu
atom binding.

2.2.4. Statistical Analyses Applied to the Replication Study

Continuous data were presented in terms of mean SD or, if they were not normally
distributed, of median (IQR: Q1-Q3). The assumption of normality was verified using a
Shapiro-Wilk test and normal Q-Q plot. Logarithmic transformation of non-Cp Cu values
was applied (natural log of the absolute value of non-Cp Cu multiplied for sign of non-Cp
Cu values) to reduce the error variability and better approximate normal distribution.
Categorical data were presented as frequencies (percentage, %). Differences between
healthy controls and AD patients in sex or haplotype AG were evaluated by a Chi-square
test. Difference in age between the two diagnosis groups was tested by a t-test; differences in
MMSE were evaluated by a nonparametric Mann-Whitney test. Differences in biochemical
variables were evaluated by an ANCOVA model, adjusting for sex and age. Pearson’s
correlation coefficient was calculated to quantify the relation between age and biochemical
variables.

2.2.5. 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 [22]. The pre-
designed SNP genotyping assay IDs are ID_C_1919004_30 (rs1061472) and ID_C_938208_30
(rs732774) (Applied Biosystems, Inc, Waltham, Massachusetts, USA). DNA extraction from
4 AD patients and genotyping of additional 2 AD patients and 1 control failed.

The Quanto program showed that the study had an 85% power to detect an effect of
odds ratio (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.

2.2.6. 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. Student’s t-test and the
Chi-square (x?) 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
W], Morrison JM 2006; http:/ /hydra.usc.edu/gxe).

Allele, genotype, and haplotype frequencies along with the Hardy—Weinberg equilib-
rium were evaluated using Plink (Plink v1.07; http:/ /pngu.mgh.harvard.edu/~purcell/
plink/; accessed date 1 July 2019) and SPSS 21.0. Permutation tests were used to correct
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multiple testing errors with 1000 simulations. Haplotypes with frequencies greater than
5% were considered in the analyses.

3. Results
3.1. Meta-Analysis

Our first selection produced an output of 2437 studies (Figure 1). After screening
titles and abstracts and the exclusion of the non-relevant studies, 75 articles remained.
Out of this pool, we ran an additional screening and looked for manuscripts that reported
Cu values, expressed as means and SD, obtained from AD and HC subjects. Sixty-nine
full-text articles were assessed for eligibility. We excluded from the original 69 one study
that did not report SD [38], one that reported a geometrical mean [39], and two that did
not report the absolute value of Cu levels [10,40]. We also excluded the study by Alimonti
et al. [41] because the data partially overlapped with some shown in a paper by Bocca and
colleagues [42]. To minimize the potential bias produced by data published from a single
group, we included only a limited number of studies from ‘Fatebenefratelli research group’.
Out of the 13 studies from the group, we chose five [35,43-46] since these (i) employed
different methods for the analysis of Cu, ceruloplasmin, and Non-Cp Cu; (ii) employed
samples from populations living in different geographical areas of the country (Italy);
and (iii) were performed by three independent laboratories. On the remaining 56 studies
(Figure 1, Table 1, Tables S1-S3, Supplementary Material), we carried out both study-wise
and group-wise analyses. Finally, as an additional control, a supplementary analysis was
performed in which all the studies produced by the Fatebenefratelli research group were
pooled together and considered as a single study (Figure S1, Supplementary Material). The
evaluation of the quality of the studies was assessed by the Newcastle-Ottawa Scale. The
maximum number of stars was eight. The average score was equal to 5. Since there is
not yet a standard cut-off, we applied arbitrary cut-off: 0—4 poor quality, 5-6 fair quality,
and >7 high quality. On this basis, 20.5% of the studies had a high quality, 47.7% fair, and
31.8% poor.

2437 Studies identified after database searching
Pubmed =143
Scopus=1493
ISI Web of Science =801

2362 articles after screening titles and abstract:
notrelevant

6 articles were excluded after application
ofthe exclusion criteria

69 full-text articles were assessed for elegibility

13 full articles excluded with reasons:
Studiesthatdid non reported SD=1;

Studiesthat reported a geometricalmean=1
Studiesthat did not reported exact Cu values=2;
Studies that reported data from overlapping population=1;
To minimize the effect of data published from a single group=8

56 full articles were included inthe meta-analysis

Figure 1. Flow diagram employed from the screening and selection of the analyzed Cu studies
Table 1.
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Table 1. Studies included in the meta-analysis of brain Cu in Alzheimer’s dementia.
Alzheimer’s Dementia Healthy Controls
. . Meta-Analysis
Study (Authors, Year) Country Brain Region y Mean Age Cu ue/ M A C
Classificati 8 ug/'g ean Age u uglg
assification N Sex (F) (SD) (SD) N Sex (F) (SD) (SD)

Plantin et al., 1987 [47] Sweden temporal lobe hippocampus 5 1.8 (0.7) 6 3.1(0.6)
Corrigan et al., 1993 [48] UK hippocampal tissue hippocampus 12 10 79.5(9.2) 45 (2.2) 12 4 78.5 (9.0) 5.1(1.1)
Loeffler et al., 1996 [49] USA frontal cortex frontal cortex 12 794 (1.7) 7.8 (0.6) 7 75.7 (2.8) 6.8 (1.0)
Amygdala Amygdala 10 3 80.4 2.7(0.9) 11 8 81.7 4.1 (1.0

Hippocampus hippocampus 2.3 (0.6) 3.2(0.7)

Deibel et al., 1996 [50] USA superior and middle cerebral cortex 3.2(0.6) 4.0 (0.6)

temporal

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 [51] 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 [52] Australia neocortical tissue cerebral cortex 10 7 81.6 (11) 2.3 (1.0) 14 12 82.8 (11.2) 2.8 (0.9)
Magaki et al., 2007 [53] USA frontal cortex frontal cortex 8 6 78 (12) 3.9(0.3) 6 2 72 (11.0) 6.9 (1.2)
Hippocampus hippocampus 15 9 3.78 (8.9) 12 6 84 (6.7) 7.4 (2.1)

Akatsu etal,, 2012 [54] Japan Amygdala Amygdala 18 11 87.5(7.6) 4309.1) 16 10 85.9 (7.3) 8.3 (3.9)
Graham et al., 2014 [55] UK Brodman area 7 cerebral cortex 42 21 83(7.2) 19.3 (2.9) 26 13 81.7 (6.2) 225 (4.3)
Szabo et al., 2016 [56] USA frontal cortex frontal cortex 14 78 2.1(0.7) 15 88 2.4 (0.7)
Xu et al., 2017 [57] New Zealand Hippocampus hippocampus 9 4 72 (60-80) 2.18(1.26) 13 5 73 (61-78) 4.06 (1.59)
Scholefield et al., 2020 [58] UK Cingulate gyrus frontal cortex 9 6 83 (61-89) 2.72 (0.95) 9 3 89 (82-95) 3.58 (2.19)
Scholefield et al., 2020 [58] New Zealand Cingulate gyrus frontal cortex 9 4 72 (60-80) 2.98 (1.33) 9 2 73 (61-78) 4.64 (2.11)
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3.1.1. Meta-Analysis of Cu Data from Brain Tissues

Eighteen studies were identified in the primary screening; after the application of the
exclusion criteria described above, six were excluded [59-64]. Clinical data, demographic
information limited to age, sex, ethnicity, and cerebral area of the metal measurements were
obtained from 182 AD and 166 HC subjects and described in Table 1. Cu concentrations
in AD and HC subjects were analyzed and regionally stratified to investigate changes in
the hippocampus (five studies), amygdala (two studies), the whole cortex (four studies),
the frontal cortex (five studies), and the cerebellum (one study) [50] (Figure 2). The
standardized mean difference (SMD) differed and was equal to —0.74 (95% CI —1.05, —0.43;
p < 0.001), thereby indicating that Cu levels were depleted in most regions of the brain in
the AD group (Figure 2).

Cu Cu
N Cu SD N Cu SD %
Study (Authors, year) PY AD Mean AD AD HC  Mean HC HC SMD (95% Cl) Weight
Hippocampus :
Corrigan et al 1993 12 45 22 2. 53 11 —— -0.33 (-1.14, 0.47) 6.64
Akatsu et al 2012 15 378 8.9 12 74 21 — -0.52 (-1.29, 0.26) 6.88
Deibel et al 1996 10 23 6 1 32 7 + -1.32 (-2.28, -0.36) 557
Plantin et al 1987 5 1.8 7 6 31 6 _ -1.84 (-3.36, -0.31) 3.09
Xu etal 2017 9 218 126 13 406 1.59 + -1.23 (-2.17, -0.29) 572
Subtotal (l-squared =26.7%, p =0.244) Q -0.89 (-1.38, -0.40) 27.90
1
Amygdala 1
Akatsu et al 2015 18 43 9.1 16 83 39 — ot -0.55 (-1.23, 0.14) 7.56
Deibel et al 1996 10 27 9 1 41 1 —_—— -1.41 (-2.39, -0.43) 549
Subtotal (l-squared =50.0%, p =0.157) Q -0.90 (-1.74, -0.07) 13.05
1
Frontal cortex :
Szabo et al 2016 14 21 ¢ 15 24 7 — 042 (-1.15, 0.32) 7.16
Magaki et al 2007 8 39 3 6 6.9 1.2 el : -3.48 (-5.33, -1.63) 229
Loeffler etal 1996 12 78 6 ¢ 6.8 1 1 —_— 1.25(0.21, 2.28) 5.16
Scholefield et al. - Manchster 2020 9 272 95 9 358 219 —1 -0.49 (-1.43, 0.46) 572
Scholefield et al. - Auckland 2020 9 2.98 133 9 464 21 + -0.90 (-1.88, 0.09) 547
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Saquitti et al 2007 9 51 16 10 68 15 —_—— -1.05 (-2.02, -0.07) 5.50
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Figure 2. Standardized mean difference (SMD) computed from the studies on Cu brain levels (ug/g) in AD patients and

HC subjects. 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 (CI). The diamond represents the pooled

estimate based on the random-effects model, with the center representing the point estimate and the width indicating the

associated 95% CI.

We also analyzed data from five studies focused on the hippocampus (Table 1) from a
pool of 51 AD and 54 HC subjects. These studies reported normal or lower Cu levels in
AD patients when compared to HC. The pooled SMD was = —0.89 (95% CI —1.38, —0.399;
p < 0.001), while the heterogeneity was I? = 26.7% (p = 0.244).
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The amygdala was considered only in two studies for a total of 28 AD and 27 HC
subjects (Table 1). One study reported lower Cu concentrations in AD patients when
compared to HC [50]; in this group, the pooled SMD was equal to —0.90 (95% CI —1.74,
—0.07; p = 0.033). The heterogeneity was moderate (1> = 50%, p = 0.157).

Five studies reported data collected from the frontal cortex of 52 AD and 46 HC
subjects. While a study by Magaki and colleagues [53] reported lower Cu levels in AD
brains, a paper by Loeffler and colleagues indicated Cu increases in brain samples from
AD patients [49]. However, when the authors normalized Cu concentrations to the tissue
protein content, Cu levels resulted lower in AD when compared to HC subjects. In this
subset, the pooled SMD was = —0.63 (95% CI —1.69, 0.43; p = 0.245) and an elevate
heterogeneity was observed (I? = 81.3%, p < 0.001).

Data on the whole cerebral cortex were obtained from four studies (Table 1). All these
studies reported lower Cu levels in AD patients when compared to HC subjects. However,
the difference was evident only in two studies [51,55] with a pooled SMD equal to —0.76
(95% CI —1.12, —0.40; p < 0.001) and a heterogeneity I? = 0% (p = 0.631).

3.1.2. Meta-Analysis of Cu in Serum/Plasma

Thirty-five studies on serum Cu and an additional nine studies on plasma were
selected (Figure 3 and Tables S1-S3, Supplementary Material).

The analysis was performed initially considering studies on serum and plasma sepa-
rately.

The results on serum samples showed significantly higher Cu values in AD pa-
tients than in HC (SMD = 0.54; 95% CI 0.23, 0.85; p = 0.001) and a high heterogeneity
(I2 = 95.8%; p < 0.001). In fact, 17 studies reported higher value in AD patients than in
HC [35,44-46,65-76] and two studies showed lower Cu values in AD than in HC [77,78],
while the remaining studies reported no significant results.

The results on plasma samples showed no significant difference (SMD = 1.11; 95%
CI—0.06, 2.27; p = 0.062) and a high heterogeneity (I> = 98.2%; p < 0.001). In fact, three
studies reported no significant results [79-81]. One study reported higher Cu values in AD
patients than in HC [82-85] and two showed lower Cu values in AD than in HC [86,87].

We then carried out a comprehensive meta-analysis including both serum and plasma
samples. Data came from 2929 AD patients and 3547 healthy controls (46 studies). Patient
samples ranged from 5 to 385 individuals. The mean age of the participants was >70 years,
except for a few studies that investigated younger subjects (Table S1, Supplementary
Material). The percentage of women in the AD group ranged from 20% to 100%. The
analyzed population was Caucasian in 20 studies, Asian in 17, and Argentinean in 1 study.
Both study-wise and group-wise analyses showed higher serum/plasma Cu levels in AD
patients when compared to HC subjects (SMD = 0.66, 95% CI 0.34, 0.97, p < 0.001; Figure 3).
A supplementary analysis in which all studies carried out by ‘Fatebenefratelli research’
group were pooled together and taken into account as a single study, confirmed higher
serum/plasma Cu levels in AD patients when compared to HC subjects (SMD = 0.64,
95% CI 0.31, 0.93, p < 0.001; Figure S1, Supplementary Material). Heterogeneity was high
(I2 = 95.9%; p < 0.001).

The funnel plot (Figure S2, Supplementary Material) appeared asymmetrical, but
asymmetry was not relevant (Egger test: beta = 1.30, SE = 2.21; p = 0.560). The meta-
regression revealed that the difference in the mean age between AD and HC subjects did
not affect the analysis (beta = —0.01, SE = 0.019; p = 0.714). The difference of the SMD for
Cu in serum/plasma was 0.66 and therefore the formula,

SMD = %3 VImOR, 1)

delivered an OR = 3.30 (95% CI 1.86, 5.85), indicating that a pmol/L unit increase in
serum/plasma Cu resulted in fourfold higher odds in AD patients than in HC individuals.
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Figure 3. Standardized mean difference (SMD) computed from the studies on Cu serum/plasma levels (umol/L) in AD patients and HC subjects. 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 (CI). The diamond represents the pooled
estimate based on the random-effects model, with the center representing the point estimate and the width indicating the associated 95% CI. In panel (A) is the study-wise analysis; in
panel (B) is the group-wise analysis. Abbreviations: PY, publication year; N, number; SD, standard deviation; HC, healthy controls.



Biomolecules 2021, 11, 960 11 of 23

3.1.3. Meta-Analysis of Non-Cp Cu

Eighteen studies were taken into consideration (Figure S4 and Table 53, Supplementary
Material). Data originated from 1595 AD and 2399 HC subjects. The patient sample size
ranged from 28 to 385 individuals; the control sample size ranged from 20 to 716 (Table S3,
Supplementary Material). Results indicated that AD subjects had higher levels of Non-Cp
Cu compared to HC subjects (SMD = 0.32, 95% CI 0.06, 0.57, p = 0.014; Figure 4). There
was a high heterogeneity among the included studies (12 = 91.5%; p < 0.001). To check for
possible publication bias, we performed a funnel plot (Table S5, Supplementary Material)
which revealed no evidence of asymmetry, as confirmed by the Egger test (b = —1.98,
SE =2.19; p = 0.380).

N Non-CpCu NonCpCu N Non-Cp Cu  Non-Cp Cu %

Study (Authors, year) AD MeanAD  SD AD HC MeanHC  SDHC SMD (95% Cl) Weight

1
Molaschietal. 1996 31 5 27 421 1 36 —r—— 0.11(-0.25,0.48) 559
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Agarwal etal. 2008 50 4.9 37 5 75 41 _ : -0.67 (-1.07, -0.26) 5.45
Brewer et al. 2010 28 55 18 29 63 25 - E -0.37 (-0.89,0.16) 4.98
Amal et al. 2010 110 38 45 79 2 28 : _— 093(062,123) 579
Lopez etal. 2013 36 36 21 33 16 3 — 0.78(029,127) 512
Rembach etal. 2013 152 -1 27 716 -6 31 —t E -0.13(-0.31,0.04) 613
Park et al. 2014 64 704 19 67 673 215 ——— 0.15(-0.19,0.50) 566
Siotto et al. 2016 84 21 1.8 58 1.5 15 —_—— 0.36 (0.02,069) 568
Squitti et al. 2017 89 231 164 147 168 246 —o:— 0.29(0.02,055) 591
Talwar et al. 2017 108 5 52 159 1.4 1.91 : e — 0.99(0.74,125) 592
Puetal. 2017 125 107 3437 40 4972 214 —— 0.18 (-0.18,0.54) 562
Rozzini et al. 2018 44 57 34 28 3 1 E ————— 098(0.48,148) 507
Shere et al. 2018 44 537 1.8 52 725 2.3 _ ; -0.90 (-1.32, -0.48) 5.38
Squitti et al. 2018 385 22 212 336 4 208 1 — 0.86(0.70,1.01) 617
Present study 97 198 229 70° - 87 1.59 -E—o— 0.55(0.23,086) 576
Overall (l-squared = 91.5%, p = 0.000) @ 0.32 (0.06,0.57)  100.00

|
NOTE Welgnts are from random effects analy5|s :

T T
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Figure 4. Standardized mean difference (SMD) computed from the studies on Non-Cp Cu(umol/L) in AD patients and HC
subjects. 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 indicating the
associated 95% CI. Abbreviations: PY, publication year; N, number; SD, standard deviation; HC, healthy controls.

We ran a sensitivity analysis taking into account the Cu:Cp ratio as a Cu index
for internal quality control to verify the ceruloplasmin calibration. The ratio provides
information about the actual stoichiometry between Cu and ceruloplasmin in the specimens.
As we discussed elsewhere [20], a 6-8 Cu:Cp range in HC individuals allows us to obtain
more reliable Non-Cp Cu values when applying the Walshe’s formula [20,36]. On this basis,
seven studies reporting in HC subjects a Cu:Cp ratio lower than 6 and higher than 8 were
excluded from the meta-analysis (Figure 5). By excluding these seven studies, the pooled
AD sample was included 1082 subjects and the pooled HC sample 1289 subjects. The result
was SMD = 0.59 (95% CI 0.38, 0.81; p < 0.001) and the heterogeneity 12 =79.7% (p < 0.001).
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Figure 5. Standardized mean difference (SMD) computed from the studies on Non-Cp Cu(umol/L) in AD patients and

HC subjects when 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 center representing the point estimate and the width indicating the associated 95% CI. Abbreviations: PY,

publication year; N, number; SD, standard deviation; HC, healthy controls.

The meta-regression revealed that the difference in the mean age between AD patients
and HC did not affect the analysis (beta = 0.34, SE = 0.19; p = 0.095). The difference of the
SMD for Non-Cp Cu in serum/plasma was 0.32, which delivered OR = 1.79 when applying
Formula (1), indicating that for a umol/L unit increase in Non-Cp Cu, there was a twofold
increase in odds of having AD compared to HC. Considering the results of the sensitivity
analysis, SMD = 0.59 gave OR = 2.91 (95% CI 1.99, —4.35; p < 0.001), indicating that for a
umol/L unit increase in Non-Cp Cu, there was a threefold increase in odds of having AD
compared to HC.

3.1.4. Meta-Analysis of Ceruloplasmin in Serum/Plasma

Seventeen studies were included in the meta-analysis (Table S3, Supplementary Mate-
rial). Data were from 1551 AD patients and 2371 HC. There was no difference in cerulo-
plasmin levels between AD patients and healthy controls (SMD = 0.04, 95% CI —0.11, 0.19
(p = 0.589); Figure 54 Supplementary, Materials). A high heterogeneity among the included
studies was revealed (I? = 75.3%, p < 0.001). No publication bias was observed (beta = 0.48,
SE = 1.34; p = 0.727; Figure S5, Supplementary Material). The meta-regression did not show
a relevant effect of the difference in the mean age between AD patients and HC subjects
(beta = 0.088, SE = 0.12; p = 0.487).

3.2. Replication Study of Changes in Serum Cu Biomarkers in AD and HC Subjects

A total of 167 participants were recruited for this study (97 AD and 70 HC; Table 2).
While ceruloplasmin did not correlate with age, a slightly positive association between age



Biomolecules 2021, 11, 960

13 of 23

and specific activity of ceruloplasmin (r = 0.244; p = 0.002), Non-Cp Cu (r = 0.311; p < 0.001)
and Cu:Cp ratio (r = 0.28; p < 0.001) was observed (Table 2).

Table 2. Demographics and biological variables of participants to the replication study investigating variations of Cu

markers in the serum of AD subjects and healthy controls.

Alzheimer’s Healthy
Dementia Controls Statistics p-Value
N=97 N=70
Demographic variables
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 (Q1-Q3) 19 (15-23) 29 (27.3-30) <0.001 *
Biological variables
Cu (umol /L) mean (SD) 15.8 (3.76) 14.6 (2.95) F(1,163) = 6.69 * 0.011
Ceruloplasmin (mg/dL) mean (SD) 29.3 (4.89) 29.2 (4.08) F(1,163)=1.13* 0.289
_ : *,&,T
Non: Ceru(lif;llsls;“ﬁ)“ Cu median(Q1-Q3) 1.4 (0.6-2.8)  0.75(—0.16-1.71)  F(1,163) = 9.88 * 0.002
Ceruloplasmin activity (IU) mean (SD) 117.9 (26.13) 110.4 (18.06) F(1,163) =10.21* 0.008
eCp:iCp ratio mean (SD) 4.0 (0.51) 3.8 (0.44) F(1,163) =7.02 * 0.009
Cu:Cp ratio mean (SD) 7.1(0.74) 6.6 (0.93) F(1,163) =10.21 # 0.002

# All analyses were adjusted for sex and age; * non-parametric Mann-Whitney test; & logarithmic transformation was applied as described in
method section;  mean (SD) value of Non-Cp Cu in AD patients was 2 (2.29) umol/L and that in HC was 0.9 (1.59) umol /L [F(1, 163) = 11.23,

p =0.001].

The two study groups were no different for sex distribution, even though men
were prominent in the AD group (HC 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 correct for this potential bias, all the analyses
were corrected for sex and age. In HC subjects, the correlation between ceruloplasmin
concentrations and serum Cu levels was 0.86 (p < 0.001), the correlation between ceruloplas-
min 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-Cp Cu and the Cu:Cp ratio was 0.97 (p < 0.001). The Cu:Cp ratio in HC was 6.6
(0.81), thereby demonstrating a good agreement between Cu and ceruloplasmin, allow-
ing the application of Walshe’s formula [36]. Among the variables under study, total
serum Cu, Non-Cp Cu, and the Cu:Cp ratio were higher in AD patients (Table 2), and
44% of AD patients had values of Non-Cp Cu higher than 1.6 pmol/L (upper limit of
normal) [36,88,89].

The genetic study analyzed the allele, genotype, and haplotype distribution of ATP7B
rs732774 and rs1061472 in association with the main demographic and clinical charac-
teristics of 91 AD patients and 69 HC (genotype data from six AD patients and one HC
were not available; Table 3). A difference between AD patients and HC was found when
analyzing genotype frequencies for rs732774 (adjusted p-values = 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 HC (92% vs.78%; adjusted p-values = 0.011, OR = 3.33, 95% CI 1.28,
8.70; Table 3).
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Table 3. Genetic characteristics of the investigated AD patients and HC subjects.

Healthy AD Chi-Square Odd Ratio
Controls
rs732774 n Freq n Freq Value df p Pcorrect Value 95% CI
Alleles
A 78 0.57 113 0.62
G 60 0.43 69 0.38 1.011 1 0.315 0.409
Total 138 1.00 182 1.00
Genotypes
AA 24 0.35 29 0.32
AG 30 0.43 55 0.60 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 0.92 6.529 1 0.011 0.011 3.33 1.28 8.70
Allele G 45 0.65 62 0.68 0.151 1 0.698 0.799 1.14 0.59 2.21
Healthy AD Chi-Square Odd Ratio
Controls
rs1061472 N Freq N Freq Value df p Pcorrect Value 95% CI
Alleles
A 64 0.46 72 0.40
G 74 0.54 110 0.60 1.492 1 0.222 0.315
Total 138 1.00 182 1.00
Genotypes
AA 17 0.25 10 0.11
AG 30 0.43 52 0.57 5.762 2 0.056 0.097
GG 22 0.32 29 0.32
Total 69 1.00 92 1.00
Carriers
Allele A 47 0.68 62 0.68 46 x 1076 1 0.998 1.000 1.00 0.51 1.96
Allele G 52 0.75 81 0.89 5.212 1 0.022 0.031 2.65 1.13 6.21

n subjects in the analysis = 160; AD = 91, healthy controls = 69.

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

Finally, we built the haplotypes of the two polymorphisms and observed that cluster
genotype frequencies were different between AD and HC (adjusted p-values = 0.022); in
particular, AG haplotype carriers were more frequent in the AD group (89% vs. 75%;
adjusted p-values = 0.012, OR = 3.30, 95% CI 1.26, 8.69).

A univariable binary logistic regression model was applied to evaluate the effect of
biochemical variables on the probability of having AD. The model also took into considera-
tion AG haplotype, age, and sex (Table 4). A multivariable analysis was performed that
included the biochemical variables with a p-value < 0.10 at the univariable analysis. The
model revealed an effect of Non-Cp 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 pmol/L unit increase in Non-Cp 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 less consistent (95% CI
0.99, 6.28; p = 0.053) with respect to the result obtained in the univariable model (OR =2.7
95% CI 1.13, 6.23, p = 0.026), with a probability of having AD that was about 2.49 times
higher in the individual carriers of the AG haplotype compared to the GA /GA haplotype
carriers, likely due to the limited number (only 27) of individual carriers of the GA/GA
haplotype; Table 3).
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Table 4. Results of a uni- and a multivariable binary logistic model developed to evaluate the effect
of molecular variables on the probability of having AD.

Univariable Analysis Multivariable Analysis *
OR 95% CI p-Value OR 95% CI p-Value
Sex (M vs. F) 1.99 0.99-3.98 0.051 2.51 1.13-5.56 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-Cp Cu 1.4 1.14-1.70 0.001 1.32 1.06-1.64 0.012
eCp:iCp ratio 2.86 1.36-6.0 0.006 217 0.96-4.91 0.062
Cu:Cp ratio 1.17 0.46-3.01 0.74
Haplotypes *
AGvs. GA/GA 2.7 1.13-6.23 0.026 2.49 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 in the multivariable analysis. Cu and eCp were not included to avoid the multicollinearity with
Non-Cp Cu and eCp:iCp ratio, respectively. * The analysis was carried out on 160 individuals. OR, odds ratio; CI,
confidential Interval.

4. Discussion

We have conducted a quantitative meta-analysis, using non-overlapping data from
approximately 6991 participants from 56 studies, to help clarify available evidence on the
levels of Cu in AD. Overall, our results indicate that Cu decreases in AD brain specimens
(pooled total of 182 AD and 166 healthy controls HC), that Cu (pooled total of 2929 AD and
3547 HC) and Non-Cp Cu (pooled total of 1595 AD and 2399 HC) increase in serum/plasma
samples, and that ceruloplasmin does not change. Circulating Cu excess is associated with
a three to fourfold increase in the risk of having AD. The replication study confirms
meta-analysis results and shows that carriers of the AG haplotype of the ATP7B gene are
significantly more frequent in the AD group. As a whole, these data provide a concise
and organic picture of copper imbalance in AD that can allow a new interpretation of the
role played by the metal in the disease: that brain Cu decreases coexisting with circulating
Cu increases mirror the processes that take place in WD, another condition associated
with neurodegenerative processes and Cu dysregulation. WD is characterized by the
presence of higher than normal Non-Cp Cu values, a change that is an established WD
biomarker [88,89]. Furthermore, in the early stages, WD is characterized by normal or even
low levels of Cu in the brain, as reported in some studies on the toxic milk mouse [90]
and on the Long Evans Cinnamon rat, two preclinical WD models [91]. In line with the
analogy between the two diseases, functional SNPs of ATP7B [23], also known as the WD
gene, have been associated with increased susceptibility to AD in a subset of patients [92],
in line with current results on the distribution of the rs732774 and rs1061472 ATP7B AG
haplotype. Thus, current meta-analysis shows that some distinct, Cu-related, molecular
changes that have hitherto been considered peculiar to WD are also present in AD patients,
thereby providing biological plausibility to our results [12,20].

The analysis of data obtained from brain specimens shows a regional Cu imbalance
that affects the hippocampus, amygdala, frontal cortex, and several additional areas of the
cerebral cortex. The data reveal a high heterogeneity that was present particularly in the
frontal cortex and is likely due to differences in the magnitude of the effect size and the
methodology used to assess Cu in each study.

The meta-analysis investigating differences in Cu and Non-Cp Cu levels in serum/plasma
indicate increased levels of Cu and reveal a high degree of heterogeneity.

We checked for heterogeneity due to differences in the methods applied to assess Cu
concentrations in serum/plasma and four “classes of method” were identified: Atomic
absorption spectroscopy (AAS, 14 serum studies; 3 plasma studies), colorimetric methods
(12 serum studies), inductively coupled plasma mass spectrometry (ICP-MS, 9 serum
studies; 4 plasma studies), and energy dispersive X-ray fluorescence (EDXREF, 2 plasma
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studies). The analysis revealed that the heterogeneity could not be explained by difference
in the methodology applied to Cu assessment. Furthermore, within each class of method, a
high degree of heterogeneity was observed.

However, a more intriguing explanation for heterogeneity in line with the results
of the replication study can be built taking into consideration that the data suggest the
presence of a skewed percentage of AD subjects who exhibit increased Non-Cp Cu levels
(higher than 1.6 umol/L, the upper limit of normal) [36,88,89], thereby indicating a subset
of AD subjects who are particularly prone to Cu dysmetabolism (reviewed in [9]). The
presence of this Cu-related subset of AD patients with Non-Cp Cu values higher than
1.6 umol/L can explain the increased levels of serum/plasma Cu and Non-Cp Cu found in
the meta-analysis. Moreover, previous studies have demonstrated increased levels of Non-
Cp-Cu in 50% of AD patients (reviewed in [9]). The use of Non-Cp Cu as an AD biomarker
has a 95% specificity but, unfortunately, only a 40-50% sensitivity [43]. Therefore, Non-Cp
Cu is not suitable as a diagnostic biomarker for the disease. Nevertheless, Non-Cp Cu has
prognostic value and can be helpful in intercepting the conversion from Mild Cognitive
Impairment (MCI) to symptomatic AD in a subset of patients who exhibit peripheral
signs of Cu imbalance [93]. Thus, Non-Cp Cu levels can be employed as an inclusion
and stratification criterion for eligibility assessment in early phase II clinical trials testing
anti-Cu therapy.

Of high clinical relevance, taking into account the SMD resulting from the current
study, our data reveal that the probability of having AD increases four times for each umol/L
unit increment of peripheral Cu and three times for each pmol/L unit increase in peripheral
Non-Cp Cu, in line with previous retrospective [94] and prospective studies [93,95].

Results of the replication study confirm the meta-analysis outcomes, revealing in-
creased Non-Cp Cu levels in a new independent population of AD patients. The genetic
study, with a power of 85%, showed that A rs732774 and G rs1061472 and the AG ATP7B
haplotype were more frequent in our AD patients. The multivariable model built on these
data indicates that Non-Cp Cu was associated with a 1.32-fold increased risk for AD for
each umol/L unit increase. The ATP7B AG haplotype was associated with an increased risk
of having AD in the univariable model. These results should be taken with caution as the
small number of GA/GA carriers reduced the strength of the association when computed
in the multivariable model (Table 4). In a final analysis, Non-Cp Cu is determined to be the
strongest factor associated with the probability of having AD.

What are the biological processes underlying these intriguing results? Non-Cp Cu is a
low molecular weight pool of exchangeable Cu compounds circulating in the bloodstream
that easily crosses the BBB and becomes toxic when exceeding 1.6 umol/L [36,88], fueling
the labile Cu reservoir in the brain. A consistent number of in vivo studies in preclinical
AD models demonstrated that small amounts (around 0.13 ppm) of Cu ingested through
drinking water can double Non-Cp Cu levels, reduce the cerebrospinal fluid clearance
of A [96] increase levels of Cu in the hippocampus, increase A3 production, enhance
oxidative stress, and generate behavioral and cognitive deficits in diverse experimental
settings (recently reviewed in [97]). ABPP/Af are Cu/Zn binding proteins with dual role
as potential natural Cu/Zn buffering proteins or as toxic compounds due to overload of
metal-Af [12]. We recently proposed a new model that can explain how Cu misplacement
and dysregulation might accelerate the onset and progression of AD [12]. According to
the model, the AD Cu misbalance can be described by the presence of a single control
variable—a critical, location-dependent, Cu dissociation constant, Kg. [12]. The loss of
functional Cu from protein-bound pools is key to decreased energy production and im-
paired oxidative stress control. The loss of functional Cu from protein-bound pools is
characterized by a reduced pool of divalent Cu(Il) with K4 < Kg.. The gain of redox-toxic
function can be described as the existence of more Cu with K4 > K4.. In serum/plasma,
a Kge ~ 10712 M is estimated as the critical threshold, whereas at synapses, the K4 value
could be ~10~? M. At synapses, the threshold is close to Kq values for Cu(Il)-binding to
Ap, prion protein, APP, and x-synuclein [12]. The data of the current meta-analysis sup-
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port the proposed model based on an altered Cu K4, present in AD. The shift toward the
build-up of an increased pool of loosely bound Cu can facilitate the activation of Cu-driven
bioenergetic abnormalities in mitochondria, impair glucose utilization, increase oxidative
stress, inflammation, calcium dyshomeostasis, and interfere with the balance of other brain
metals such as Fe and Zn [12]. The altered Cu availability also has relevant synaptic effects
by interfering with critical proteins that are involved in Cu buffering and functioning
of glutamatergic synapses [12]. These processes might facilitate the aggregation of Af3
oligomers in insoluble plaques and favor the formation of amyloid plaques short-circuiting
the neuronal networks to which those synapses belong. Cu also affects the function and
structure of crucial Cu proteins such as prion proteins, a-synuclein, cytochrome C oxidase,
SOD1, ceruloplasmin, ATPase7B, metallothioneins, and dopamine beta-hydroxylase [12],
and can drive the intracellular accumulation of phosphorylated Tau due to the presence of
Cu-binding sites on the protein [98].

Evidence of the role of Cu in AD collected so far, along with data presented in current
study, can substantiate the merit of evidence-based medicine to guide decision-making
in prevention of AD with regard to Cu dysfunction. The report on Drinking Water of
2000 [99] refers that heterozygote carriers of ATP7B mutations for WD represent 1% of
general population and that these people might have some abnormalities in Cu regulation
in relation to Cu leaching from drinking water pipelines. Consistently, as presented in
the current study, individuals who are carriers of the G allele in rs1061472 and the A
allele in rs732774 have increased levels of Non-Cp Cu in general circulation and other
Cu abnormalities linked to an increased risk of AD. These considerations are suggestive
of the fact that carriers of WD ATP7B heterozygosity or carriers of AD related ATP7B
SNPs might be sensitive to Cu exposure and be at risk for developing dementia. We feel
that the theoretical framework of Cu imbalance in AD together with current evidence
demonstrating that a body Cu dysfunction contributes to increasing the risk of AD is robust
and can justify dietary and lifestyle changes to reduce this risk. Implementing a low Cu diet
to regain Cu balance or, if using multiple vitamin supplements, to choose those without
Cu, as per expert committees’ suggestions [100], might be simple and practical actions to
take in the attempt to decrease the chance to developing AD when Cu imbalance has been
assessed, which can be easily carried out by means of measuring serum non-Cp Cu excess
(values higher than 1.6 pmol /L) [100,101]. This recommendation is based on the fact that
lifestyle and dietary changes may be justified not only in cases in which available evidence
proves risk beyond any doubt, but even in cases in which evidence of risk is substantial.
Nevertheless, as per the established modifiable risk factors, reducing the risk does not
necessarily mean prevention, and individuals who adopt dietary changes to reduce their
risk may still develop dementia, but have lower chances with respect to those who had not
taken any measures.

However, we believe that the ultimate proof that can elucidate if Cu plays a causative
role in AD would be a Phase II clinical trial set at testing therapeutic strategies aimed
at counteracting Cu misbalance. In that regard, we are involved in an ongoing phase II
clinical trial (PTC-19-60232) that employs a zinc-based therapy on MCI individuals who
show signs of Cu dysregulation (Non-Cp Cu levels > 1.6 umol).

The current study has several limitations: (i) case-control investigations might be
affected by varying levels of bias owing to the quality of study evaluation; (ii) the het-
erogeneity was a problem that may have affected the precision of the overall results
in this meta-analysis; (iii) a potential sampling bias as most of the studies adopted the
NINCDS-ADRDA criteria [27,102] that are less stringent than the currently employed IGW-
2 criteria [28]; and (iv) the lack of APOE genotypes. Furthermore, (v) the study did not
analyze data of Cu biomarkers in cerebrospinal (CSF), because the data was too extensive
to be reported in this concise presentation, even though a recent investigation reported that
CSF ceruloplasmin levels predict cognitive decline and brain atrophy in people with under-
lying A pathology [103]. Finally, (vi) the current study has not addressed the causation
issue.
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5. Conclusions

Notwithstanding its limitations, the meta-analysis results appear robust, since they
have been based on a high number of studies, most with big sample sizes, and low
variability in the composition of the control groups. As a whole, our results reinforce the
often under-recognized importance of Cu imbalance in AD. This investigation provides
data that may help to modify the general take on Cu involvement in the disease by the AD
community and hopefully overcome controversy about the role played by this metal in
AD. Furthermore, the study proposes that Cu dyshomeostasis could be considered as an
AD susceptibility factor and that it is mainly present in a subset of AD patients who can
benefit from precision-medicine therapeutic strategies set at targeting this phenomenon.
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