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Abstract Metal dyshomeostasis in the brain (BMD) has
often been proposed as a possible cause for several neu-
rodegenerative disorders (NDs). Nevertheless, the precise
nature of the biochemical mechanisms of metal involve-
ment in NDs is still largely unknown. Mounting evidence
suggests that normal aging itself is characterized by, among
other features, a significant degree of metal ion dysme-
tabolism in the brain. This is probably the result of a
progressive deterioration of the metal regulatory systems
and, at least in some cases, of life-long metal exposure and
brain accumulation. Although alterations of metal metab-
olism do occur to some extent in normal aging, they appear
to be highly enhanced under various neuropathological
conditions, causing increased oxidative stress and favoring
abnormal metal-protein interactions. Intriguingly, despite
the fact that most common NDs have a distinct etiological
basis, they share striking similarities as they are all char-
acterized by a documented brain metal impairment. This
review will primarily focus on the alterations of metal
homeostasis that are observed in normal aging and in
Alzheimer’s disease. We also present a brief survey on
BMD in other NDs (Amyotrophic Lateral Sclerosis, Par-
kinson’s, and Prion Protein disease) in order to highlight
what represents the most reliable evidence supporting a
crucial involvement of metals in neurodegeneration. The
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opportunities for metal-targeted pharmacological strategies
in the major NDs are briefly outlined as well.
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Neurodegenerative disorders (NDs) include a group of
heterogeneous diseases often characterized by the deposi-
tion of proteins within neurons or brain parenchyma and/or
by oxidative stress exacerbation. These events typically
occur because of the failure of several proteins to fold
correctly, or to remain correctly folded, giving rise to many
different types of biological malfunctions such as mis-
folding and aggregation and, therefore, to many forms of
diseases (Soto and Estrada 2008). The substantial inability
to treat NDs most likely arises from the lack of a sufficient
understanding of their etiology, which hampers a clear
discrimination between the true causes and the conse-
quences of the neurodegenerative processes.

Along with many other etiological factors, metal ions
such as copper (Cu), zinc (Zn), iron (Fe), and aluminum (Al)
have been all advocated as modulators of the aggregation of
some specific proteins that are directly linked to these dis-
eases. In addition, many NDs show, among other features, a
common impairment of metal ion brain homeostasis. The
above metals, apart from Al, are fundamental for correct
brain functioning; however, at the same time they need to be
strictly regulated to avoid the triggering of detrimental cell
processes; indeed, depletion and accumulation of these
metals can lead both to abnormal interactions with proteins
or nucleic acids and to consequent cell damage. The brain,
therefore, strictly regulates the metal ion fluxes as there is no
passive transport of metal ions across the blood—brain barrier
(BBB). Thus, for the major NDs, the described metal
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imbalance is not simply and solely due to an increased
exposure to metals but, rather, to a more complicated
impairment in relevant homeostatic mechanisms.

Intriguingly, aging is considered as one of the most
relevant risk factors for NDs and accumulating evidence
has revealed a general age-related increase for the above
metals in the brain (see next paragraph). Brain metal
accumulation, especially for redox metals such as Cu and
Fe, leads to increased oxidative stress (with the production
of excess superoxide and hydroxyl radicals), and is asso-
ciated with severe neuronal damage in physiological aging
as well as in NDs (e.g., Alzheimer’s disease) (Butterfield
et al. 2007). In a way, metals may provide the link between
protein misfolding and aggregation, oxidative stress and
the cascade of biochemical alterations, eventually leading
to neuronal cell death. Consequently, the transport and the
distribution/accumulation processes of metals are of par-
ticular interest especially because NDs with a distinct eti-
ology could share some common pathogenetic pathways.
The essential role of metals for a variety of general cellular
functions is unanimously recognized, as well as the fact
that they are required by at least one quarter of all proteins
as cofactors (Ferrer et al. 2007).

Brain Metal Dyshomeostasis

Several excellent reviews dealing with metal ions physiol-
ogy have been published recently (e.g., Garrick and Garrick
2009 for Fe; Nakashima and Dyck 2009 for Zn). The issue
is so complicated that it is very difficult to effectively
summarize the countless aspects of the Cu, Fe, and Zn
metabolic pathways and for this reason we refer to those
specific reviews. In turn, the occurrence of metal dysregu-
lation or dyshomeostasis in the brain has been described by
a vast literature under a variety of conditions ranging from
normal aging to genetic diseases, from reduced metal sup-
plementation to excessive metal exposure and in relation to
a variety of NDs (Zatta 2003; Zatta et al. 2009). However,
the detailed significance of brain metal dyshomeostasis
(BMD) is still a matter of intense debate. It is generally
accepted that BMD can be defined in terms of the occur-
rence of relevant modifications of metal concentrations
either in the total mass of the brain or in specific brain areas
as a consequence of physio-pathological events. According
to this definition, the assessment of metal dyshomeostasis
would primarily depend on the obtainment of reliable and
unambiguous analytical data on brain tissues, mainly by
sophisticated techniques such as atomic absorption spec-
troscopy or inductively coupled plasma-mass spectrometry
measurements. Indeed, metal dyshomeostasis may arise
from an abnormal metabolic activity of a specific metal ion
due to either misallocation or the lack or insufficiency of
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specific metal binding proteins. This latter kind of dysho-
meostasis is far more difficult to establish given that either a
detailed metal speciation or a metal distribution studies are
required. Unfortunately, so far, the availability of adequate
sets of analytical and/or speciation data for brain metals is
disappointingly scarce, in that most studies report only
fragmentary and sporadic data which are sometimes con-
tradictory. The collection of reliable analytical data for
brain metals is complicated further by the extreme struc-
tural, functional, topographical, and architectural com-
plexity of the brain itself. Thus, the assessment of BMD is
currently founded on several independent, often unrelated,
qualitative indications rather than on conclusive quantita-
tive data. It follows that the new and systematic analytical
data on brain metal concentration distribution and specia-
tion are strongly required.

Metal Dysmetabolism in Aging

The aging process, though physiological in nature, has
been considered as a critical condition characterized by a
progressive deterioration of the overall homeostatic mech-
anisms. In the human brain, aging implies a variety of mor-
phological alterations which include enlargement of
ventricles and progressive decrease of brain weight (Bertoni-
Freddari et al. 2008). Moreover, a significant reduction in the
number of synapses has been reported for different regions of
the central nervous system (CNS) both in animals and in
humans, confirming that this is a characteristic feature of the
aging brain (Bertoni-Freddari et al. 1996). Thus, a distinction
between the neurological alterations occurring in normal
aged brains and in NDs is not always easy to identify.

Interestingly, it has been demonstrated in different ani-
mal species, including humans, that aging itself is charac-
terized by an alteration in brain metal content and specific
topographical distribution. The mechanisms responsible for
this imbalance are not clearly understood; therefore, one
possible explanation might lie in the age-induced pro-
gressive failure of metal controlling systems and ineffec-
tive functionality of physiological barriers (e.g., BBB,
gastrointestinal tract) due to cumulative errors occurring
throughout the course of life. Tarohda et al. (2004)
observed in rats a variation with age of manganese (Mn),
Fe, Cu, and Zn. The concentrations of each of these metals
were quite specific. Cross et al. (2006) showed, in aged
rats, reduced bulk transport of Mn from the olfactory bulb
to the anterior tract, highlighting a significantly decreased
rate of Mn transport when compared to young rats.

We also reported the analysis of Cu, Zn and Mn in
the brains of two series of young (8—16 months) and adult
(9—12 years) bovines. We found relevant age-dependent
differences in the distribution of Cu and Zn, the
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concentrations of which were markedly higher in older
animals. In contrast, Mn seemed to redistribute in the dif-
ferent cerebral areas rather than drastically change with
age, a fact that is most evident in basal and central regions
of the brain, including the hypothalamus, thalamus, and
corpus callosum (Zatta et al. 2008).

Metal distribution in relation to age has also been widely
analyzed in humans. Zn concentration in the brain is typ-
ically 150 pmol/l (Takeda et al. 2003). However, its dis-
tribution is not homogeneous since it is significantly higher
in gray than in white matter. Brain regions particularly rich
in this metal are the hippocampus, the amygdala, and the
cortex (Weiss et al. 2000). Even if during aging Zn dis-
tribution in the brain changes in relation to the region
considered, many studies have reported little or no decrease
in its levels in mice and humans (Del Corso et al. 2000).

Investigation of the Cu content in the aged human brain
has not yet allowed a definite conclusion to be reached.
However, normal aging seems to increase Cu levels in
several tissues, including the brain (Morita et al. 1994). The
highest concentrations of Cu were found in substantia nigra
(SN) and in other cerebellar regions (Rajan et al. 1997).

The total brain Fe, after the very early stage of life,
increases rapidly and remains stable for the rest of the
lifespan. According to the recent reports, it increases in the
aged brain (Stankiewicz and Brass 2009) particularly in SN
and globus pallidus (GP) (Gotz et al. 2004).

Al concentration during the lifespan appears to be
biphasic: there is an increase with age up to 40 years,
followed by a plateau up to 70 years. A second increase is
observed in the course of the eighth and ninth decade of life
(Roider and Drasch 1999). Of the different brain areas
analyzed, GP, SN, and nucleus ruber (NR) were found to
be the richest in Al in the aged population (Speziali and
Orvini 2003). It therefore seems that a breakdown of metal
regulation could be an inevitable consequence of aging.

Metal Dysmetabolism in NDs

The progressive loss of specific neuronal populations and
the extra-intra neuronal accumulation of protein deposits
produce dysfunctions which lead to neurodegeneration
(Jellinger 2003). It is generally accepted that NDs have a
multifactorial origin (e.g., genetic, environmental, and
endogenous factors) but that the “primum movens” still
remains elusive. Much literature suggests that, of the
numerous contributing factors, an altered metal metabolism
may accelerate/initiate the neurodegenerative process
(Allsop et al. 2008; Lovell 2009). Despite intense study of
the role of metals in NDs, it has not yet been convincingly
proven whether metal impairment could be an aggravating
factor or simply the consequence of neurodegenerative

progression. Nevertheless, this alteration is relevant and
common to different kinds of NDs, suggesting a high and
probably exclusive correlation. It is worth noticing that
NDs are also called conformational diseases, in that they
are characterized by altered protein conformations, which
give rise to different types of cellular dysfunctions (Drago
et al. 2008b). Direct interactions between these altered
proteins and several metal ions have been widely docu-
mented (Ricchelli et al. 2005, 2006, 2007; Kenward et al.
2007; Barnham and Bush 2008); it follows that metals
could play a role in the sequence of events which leads to
protein misfolding. In addition, aberrant interaction
between transition metals (e.g., Cu, Fe) and proteins might
be a source of reactive oxygen species (ROS) which con-
tribute to cell death.

It is also worth noting that several NDs share a common
alteration in the brain expression of metallothioneins
(MTs), a ubiquitous family of low molecular weight cys-
teine rich proteins. MTs fulfill different functions which
include homeostasis and transport of essential metals (Cu
and Zn), metal detoxification and protection against oxi-
dative stress (see Vasak and Meloni 2008). Therefore, as
MTs directly correlate with the buffering of metals, their
over-expression in NDs, and in aging (Fig. 1), may reflect a
protective endogenous response to a sub-chronic state of
oxidative stress (Zatta 2008).

Metal Dysmetabolism in Alzheimer’s Disease

Alzheimer’s disease (AD) is the most frequent cause of
dementia in the elderly. It is characterized by the abnormal
formation of extracellular senile plaques (SP), composed of,
in addition to other features, Af, and of intracellular neuro-
fibrillary tangles containing hyperphosphorylated tau protein
(Haass and Selkoe 2007; Igbal et al. 2009). Many studies
have implicated biometals in the development and/or pro-
gression of AD (Crichton et al. 2008) (Fig. 2). In analytical
studies, the hippocampus and amygdala were sites where the
concentrations of various elements were most frequently
found to be different between control and AD groups
(Speziali and Orvini 2003). Convincing results have shown
increased metal concentrations within the SP compared with
surrounding tissues both in transgenic mice (Rajendran et al.
2009), as well as in humans (Lovell et al. 1998).

Zinc

The potential role of Zn as a cofactor in the pathogenesis of
AD was strengthened when Lovell et al. (1998) found a Zn
enrichment in SP and a Zn elevation in the neuropil of AD
patients as compared to controls. These results were later
confirmed by several other research groups (Stoltenberg
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Fig. 1 MTs in young and old rat brain. a Quantification of total MTs
by a silver saturation method (as described in Zatta et al. 2008). MTs
level was significantly increased in cerebellum and hemisphere of
3-year-old rat compared to younger animals. b Immunohistochemical
studies showed an increased number of reactive astrocytes in the older
rat compared to the younger. This was shown with glial fibrillary
acidic protein (GFAP) as well as with MT I-II staining. GFAP-
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Fig. 2 Af oligomerization and metal ions. Af aggregation follows a
sequence which includes the formation of soluble, low molecular
weight oligomers. The aggregation process is extremely dynamic and
oligomers associated rapidly to form higher-order aggregates. Among
many other factors, metal ions (e.g., Al, Cu, Fe, and Zn) have been
shown to affect the pathways of A folding. The abnormal aggregation
of Ap could stimulate astrocyte activation as well as oxidative stress
events, which both result in impairment of neuronal functions
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reactive cells were present in all the sections of the two experimental
series, being the cytoplasm of astrocytes strongly positive especially
in the older series. The capillary vessels were only positive because
they were associated with astrocytes. Positive MT staining was found
in capillary vessels. In young rats we observed a total negativity to
MTs as compared with the old rats

et al. 2005; Miller et al. 2006). However, controversial results
have been published in an attempt to quantify Zn in AD serum
(Rulon et al. 2000; Dong et al. 2008) or cerebrospinal fluid
(CSF) (Molina et al. 1998; Gerhardsson et al. 2008).

Despite these controversial reports, studies on the role of
Zn in AD have shown that variation of brain Zn levels may
contribute to precipitate Af, giving rise to protease-resis-
tant unstructured aggregates which synergistically increase
A neurotoxicity (Cuajungco and Lees 1997; Bush 2003).
In addition, Zn binding to Af could also reduce Zn
availability at the synaptic cleft leading to deleterious
effects in terms of the role of Zn in neuronal signaling and
synaptic plasticity (see Frederickson et al. 2005). As a
second observation, several studies have supported the
hypothesis that vesicular Zn released in the synaptic cleft
during neurotransmission may be one contributing factor
for the recruitment of Af oligomers to synaptic terminals
(Deshpande et al. 2009).

Furthermore, when transgenic mice lacking Zn trans-
porter 3 (ZnT3) were crossed with Af-producing mice, a
marked decrease of the plaque load was observed (Lee
et al. 2002), suggesting that synaptic Zn may play a role in
enhancing Af aggregation and plaque deposition. More-
over, it is worth noting that MTs I and II were histo-
chemically found to be dramatically increased in astrocytes
of AD brains compared with those of controls (Zamb-
enedetti et al. 1998). Considering that Zn is an inducer of
this family of proteins, a correlation between Zn levels and
the pathology should be further investigated.
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Behavioral studies on transgenic mice examining the
effect of Zn supplementation reported an increased
impairment of spatial memory, but with a concomitant
unexpected reduction of Aff deposits (Linkous et al. 2009).
In contrast, compounds affecting Zn homeostasis have
been shown to decrease Aff brain deposition (Lee et al.
2004; Adlard et al. 2008).

Cuajungco and Faget (2003) conducted a good review of
several controversial findings and conclude in favor of a
paradoxical role for Zn in AD. It could indeed be that Zn is
released following oxidative/nitrosative stress factors
implicated in AD etiology. In turn, this Zn increase can
trigger neuronal death giving rise to a vicious cycle.

In any case, several aspects of the potential involvement
of Zn in AD pathogenesis remain unclear. Better under-
standing the correlation between Zn and AD is of key interest
given that Zn supplementation has been found to be pro-
tective in the treatment of age-related macular degeneration
(AREDS 2001) and it has been proposed as having beneficial
properties for the elderly (see Mocchegiani et al. 2005). In
any case, studies reporting the effect of Zn supplementation
in AD patients are still very scarce. Although it is difficult to
evaluate the real effect of Zn supplementation, given that
several other micronutrients were contextually adminis-
tered, much caution in designing Zn protocols is required. It
is well known that increased dietary Zn causes Cu deficiency
and that in turn, given that Cu is involved in Fe transport, it
can induce anemia (Salzman et al. 2002). Thus, if any Zn
supplementation therapy is proposed then a strict regulation
of other nutrients must be implemented.

Copper

The potential involvement of Cu in physiology (Kramer
et al. 2003) and pathology (Bush 2003) is even more
complicated. There is a general agreement with the
hypothesis that the AD brain could be characterized by an
excess of Cu in the extracellular space (Crouch et al. 2006),
since the metal ion accumulates in large quantities in the
SP (Lovell et al. 1998), and at the same time by an intra-
cellular decrease of Cu as compared to healthy control
brain. Nevertheless, the analytical data are often contro-
versial; Deibel et al. (1996) reported a general decrease in
total Cu brain level of approximately 20% in AD brain
compared to controls, even if other groups have failed to
confirm this data (Loeffler et al. 1996).

The link between AD and Cu metabolism could be
explained by the potential control exerted by Cu on Apf
levels. It has been demonstrated that exposing cells over-
expressing amyloid precursor protein (APP) to high Cu
levels results in a decrease of secreted Af (Borchardt et al.
1999). The same effect was obtained by elevating Cu levels
in the brain both by genetic method (Phinney et al. 2003) as
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Fig. 3 Potential interaction between APP and Cu. It has been
proposed that Af overproduction could stimulate Cu efflux from cell
cytoplasm, which consequentially causes the reduction of superoxide
dismutase 1 activity (SOD-1)

well as with dietary supplementation (Bayer et al. 2003) in
AD animal models. It has been proposed that an overpro-
duction of APP, and consequently of Af, can lead to a Cu
efflux from the cell which then causes a concomitant
reduction of the protective superoxide dismutase (SOD-1)
enzyme (Fig. 3). Thus, Cu supplementation, or better
proper delivery into the brain, could be beneficial (Bayer
et al. 2006). In this regard, Crouch et al. (2009) demon-
strated that increased intracellular Cu availability inhibited
the accumulation of Af oligomers and 7 phosphorylation.
Kessler et al. (2008) recently evaluated the effect of oral
Cu supplementation on AD CSF biomarkers in a pilot
phase 2 clinical trial. They reported a stabilizing effect of
the supplementation in terms of contrasting the decrease of
Api_4 in the CSF, which is generally reported in AD
patients compared to controls (Lewczuk et al. 2004).
However, this effect does not correspond to any improve-
ment in cognitive performance and, more generally, as
highlighted by Quinn et al. (2009), none of the above
studies have demonstrated a Cu deficiency in AD patients.

On the other hand, concomitantly with these observa-
tions, other studies reported that dietary Cu intake could
stimulate a cascade of detrimental effects on neuronal cells.
Cu binding to APP is likely to promote APP dimerization
and its localization into lipid rafts, where it is processed
more rapidly, generating Af peptides (Kawarabayashi
et al. 2004). In addition, Sparks and Schreurs (2003)
showed that the addition of Cu (0.12 ppm) to drinking
water (which is largely below the maximum contaminant
level for Cu, as fixed by the Environmental Protection
Agency at 1.3 ppm) exacerbated Af accumulation and
learning deficit in a cholesterol-fed rabbit model of AD,
thus suggesting that Cu may negatively influence Ap
clearance from the brain. The detrimental effect of com-
bining trace amounts of Cu and a cholesterol rich diet was
also confirmed in mice apparently caused, at least in part,
by the activation of the apoptotic pathway (Lu et al. 2006).
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More recently, epidemiological studies hinted that high Cu
dietary intake, associated with a high saturated and trans fat
diet, accelerated cognitive decline (Morris et al. 2006). Cu
was found to exert neurotoxic effects even if there was no
correlation with elevated cholesterol diet. Indeed, Kitazawa
et al. (2009) reported alteration of APP processing,
enhanced Af production and t phosphorylation in young
triple transgenic (3xTg-AD) mice after chronic Cu expo-
sure. In conclusion, it is still a matter of debate as to
whether Cu intake (both dietary as well as excess) can alter
APP and Af metabolism and with what results.

In relation to this matter, recent studies on AD patients
have evaluated a specific fraction of Cu in the serum,
namely the levels of non-ceruloplasmin bound Cu (called
“free”), which despite being extremely low, can cross the
BBB. It has been demonstrated that in AD patient serum
“free” Cu increases, and this correlates with the main
cognitive deficits of the disease (Squitti et al. 2005, 2006;
Babiloni et al. 2007). It has been proposed that about 3% of
the serum “free” Cu can enter the brain, potentially stim-
ulating Aff aggregation (Squitti et al. 2006). An interesting
case report compared serum Cu in a pair of elderly
monozygotic twins discordant for AD. The AD twin had a
44% increment of Cu and peroxide concentrations com-
pared to the non-AD twin (Squitti et al. 2004).

Overall, despite the large number of studies, the mech-
anism which links the potential Cu dysfunction to AD is
still currently unclear.

Iron

Much of the literature reports increased Fe levels and Fe-
binding proteins in the AD brain (Lovell et al. 1998;
Connor and Lee 2006; Cahill et al. 2009) and several
hypotheses have been proposed which attempt to clarify
this involvement (see Altamura and Muckenthaler 2009).
Smith et al. (2007) stated this could be a secondary effect
caused by, for example, increased heme oxygenase activity
in response to oxidative stress (Schipper, 2004). This could
be further strengthened by the fact that, despite being found
to interact with Af in vitro (Hu et al. 2006), Fe does not co-
purify with Af extracted from plaques (Opazo et al. 2002).
Most recently, other pathways have been explored; in
particular, it has been assumed that Fe could directly
influence Af production through the modulation of furin, a
ubiquitous enzyme, whose proteolytic activity is required
for many cellular processes, including o- and y-secretase
processing. According to Silvestri and Camaschella (2008)
high cellular Fe levels lower furin activity, which in turn
reduces a-secretase activity favoring - and y-secretase
activity with the consequent enhancement of Af produc-
tion. In accordance, the furin mRNA level was reduced in
AD brain patients (Hwang et al. 2006).
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A further correlation between Fe and AD is based on the
observation that oxidative stress markers are highly
expressed in AD-affected brain regions (e.g., Zambenedetti
et al. 1998) and this matches with the redox-active nature
of Fe. Fe-dependent ROS production is indeed able to
increase Fe cellular uptake (Pantopoulos and Hentze 1998)
which, in turn, could increase oxidative damage giving rise
to a vicious cycle.

Another aspect highlighted by Rogers et al. (2002a, b) was
the presence of a functional Fe-regulatory element in the 5'-
URT mRNA encoding the APP. Intracellular Fe levels were
shown to modulate APP synthesis in neuroblastoma cells,
while the addition of a Fe-chelator reduced APP levels.

In summary, although the mechanism for Fe accumu-
lation in AD is still unknown, it is necessary to consider Fe
as an important cofactor. It is also undeniable that diseases
directly related to increased levels of this metal (e.g.,
haemochromatosis) are not characterized by enhanced
deposition of SP, proving that it could be one of many
other contributing factors.

Aluminum

Since the 1970’s it has been hypothesized that exposure to Al
may enhance the pathogenesis of AD, mainly in genetically
predisposed subjects (Campbell 2006). Significantly raised
levels of Al were indeed reported in the parietal cortex of the
AD brain as compared with controls (Srivastava and Jain
2002; Yumoto et al. 2009). Moreover, early studies using
Laser Microprobe Mass Analysis (LAMMA) showed high
Al concentrations within the AD neurofibrillary tangles
(Good and Perl 1993; Bouras et al. 1997). Up until now, no
physiological role has been established for this element (Bala
Gupta et al. 2005). Some studies have summarized the
effects of occupational exposure to Al suggesting that it
induces relevant neurotoxic effects following acute or sub-
acute exposure (see Krewski et al. 2007).

Alfrey et al. (1976) described for the first time a neuro-
logical condition resembling AD dementia which was called
dialysis encephalopathy (DE). DE consists of an abnormal
accumulation of Al in the brain of uremic patients with renal
failure undergoing chronic dialysis, which occurs when tap
water, without any further purification, was used in the
dialysis process (Zatta et al. 2004; Zatta 2006). The effects of
Al on cognitive functions were reversible since DE patients
greatly improved following treatment with desferrioxamine
(DFO) (Yokel 1994). Once Al was removed from the
“dialysis bath” the DE practically disappeared. These find-
ings have given rise to widespread speculation as to whether
AD and Al could be linked, but no conclusive results were
established (Reusche 2003). Indeed, the epidemiological
results which addressed the problem of Al in drinking water
in connection with the incidence of AD were controversial
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(Reusche 2003). In addition, many nephrologists currently
use Al salts to decrease the hyperphosphatemia in uremic
subjects with no major incidence of AD among these patients
with respect to general population. Thus, Al itself cannot be a
sufficient trigger of AD and there must be another reason for
the potential AD—AI connection.

In this complex scenario, we have recently proposed that
the binding of Alto Af can promote a conformational change
which stabilizes the peptide in its oligomeric form (Drago
et al. 2008a; Zatta et al. 2009), considered by the recent
literature as the most toxic specie (Glabe 2005). Such A f—Al
metal complex showed a dramatic reduction in the seques-
tration in the brain microcapillaries and an increased high
permeability across BBB, a phenomenon that led to intra-
cerebral accumulation of Af—Al (Banks et al. 2006). Al
favors the exposure of peptide hydrophobic clusters which
results in a peculiar aggregation pattern compared to the
other metals tested (Cu, Fe, Zn). Furthermore, we have
demonstrated that in neuronal cell cultures exposed to dif-
ferent Af-metal complexes (AS—Cu, Af—Zn, Ap-Fe, and
Ap-Al), only the AS—Al complex was able to alter gluta-
mate-driven intracellular calcium (Ca) rises and to inhibit the
oxidative respiration in isolated rat brain mitochondria
(Drago et al. 2008c). Finally, Al dyshomeostasis was also
recently found in a triple transgenic AD mouse, the 3xTg-
AD: experiments employing mass spectrometry indicate
that, when compared with the distribution of other AD-rel-
evant metals (Zn, Cu, and Fe), Al is the only metal ion that
increased significantly in the cortex of 14-month-old 3 xTg-
AD mice (Drago et al. 2008c).

In summary, the potential involvement of Al in AD still
remains of great interest yet controversial along with many
other hypotheses on AD etiology (www.alzforum.com).

Finally, several other arguments pro and con the possi-
ble role of Al in AD are represented in the literature;
however, we pinpoint two aspects that necessarily have to
be considered before approaching this issue. Firstly, Al has
a complex hydrolysis pH-dependent chemistry in biologi-
cal systems which can account for many inconsistencies
reported in the literature on the effects of Al on animal or
cellular models. As an example, when Al inorganic salts
such as chloride, sulfate, hydroxide or perchlorate are
dissolved in water at a calculated concentration of 10 mM,
the analytical Al concentration in solution is about 50 pM.
The use of Al-lactate or Al-aspartate, however, increases
the soluble Al concentration to 50-330 pM (Zatta 2002).
Hence, the examination of the metal bioavailability under
physiological conditions has to be taken into account while
designing Al studies. Secondly, a distinction has to be
made between the concepts of neurotoxicity and neurode-
generation. Al has been aptly described as a neurotoxic
element (Zatta 2002) if it cannot be physiologically
excreted or it is in direct contact with the brain. Besides the

neurotoxicity of Al at high concentration, the role of this
metal ion in affecting pathways related to neurodegenera-
tive mechanisms should be further investigated.

Metal Dysmetabolism in Parkinson’s Disease (PD)

Parkinson’s disease (PD) is a fatal disease characterized by
a progressive and slow degeneration of neurons in SN, a
small area of dopaminergic cells located in the mid-brain
(Kaur and Andersen 2002). Dopamine depletion produces
several typical symptoms of PD such as bradykinesia,
resting tremor and postural dysfunction. Remaining neu-
rons display cytosolic inclusions called Lewy bodies. The
major component of Lewy bodies is a-synuclein which is a
soluble, acidic and natively unfolded protein (for a recent
review see Olivares et al. 2009). The cause of PD remains
unknown but mitochondrial dysfunction, oxidative dam-
age, environmental factors and genetic predisposition have
all been proposed as etiological factors (Sayre et al. 2005;
Olivares et al. 2009).

Several early epidemiological studies have also shown
that exposure to metals such as Cu, Zn, Mn, Fe, and Al can
be associated with increased incidence of PD (Powers et al.
2003). Furthermore, post-mortem analysis of PD brain
tissues revealed an increased concentration of Fe in nigral
neurons (Jellinger 1999) and of Al and Fe in Lewy bodies
(Hirsch et al. 1991) using various quantitative methods and
histochemical techniques (Zecca et al. 2004). Consistent
with these findings, Dexter et al. (1991) also found
increased total brain Fe levels as well as decreased ferritin
content. Fe may contribute to the progression of the
pathology by catalyzing oxidative reaction (Andersen
2004). In dopaminergic neurons Fe*" is likely to react with
hydrogen peroxide produced during deamination of dopa-
mine, thus producing reactive radicals which are detri-
mental to cells (Andersen 2004). In contrast, serum Fe was
found to be in reduced levels in PD as compared to control
subjects (Alimonti et al. 2007). Although the explanation
for this imbalance is unknown it has been proposed that it
has a role in enhancing free radical production (Faucheux
et al. 2003). As a matter of fact, the oxidation of methio-
nine residues represents a crucial factor in the formation of
soluble a-synuclein oligomers (Leong et al. 2009). More-
over, Fe and free radical generators (e.g., hydrogen per-
oxide and dopamine) have been found to stimulate the
production of intracellular aggregates containing o-synuc-
lein (Osterova-Golts et al. 2000). Hence, a recent study by
Bayir et al. (2009) proposed that a-synuclein may have a
dual function: preventing apoptosis through the oligomer-
ization of cytochrome c but that this is, at the same time,
associated with the formation of the peroxidase complex
representing a source of oxidative stress (Zhou et al. 2008).
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Indeed, increased oxidative stress and reduction in anti-
oxidative defense have been shown in SN of PD patients
(Sofic et al. 2006). It follows that oxidative stress has been
linked to both the initiation and the progression of PD, but
several findings suggest that the neurodegenerative process
starts with neurons being affected by some etiological fac-
tor, resulting in a cascade of events which include formation
of ROS (see Zhou et al. 2008 for a recent review).

The study of metals/a-synuclein interaction, besides
being associated with oxidative stress, has also been
stimulated by the findings that metals are able to induce
structural change in o-synuclein conformation. Many
studies have reported that enhanced o-synuclein aggrega-
tion in the presence of Cu (Binolfi et al. 2008) but also Al,
Fe, and Mn (Paik et al. 1997; Uversky et al. 2001) can
effectively cause acceleration in the rate of «-synuclein
fibril formation. The clinical significance of this interac-
tion, as well as the involvement of oxidative stress in the
etiology of the disease, deserve further investigation,
despite both being recognized as important pathophysio-
logical features.

Metal Dysmetabolism in Amyotrophic Lateral Sclerosis
(ALS)

Amyotrophic lateral sclerosis (ALS) is characterized by the
selective loss of upper and lower motor neurons resulting in
muscular atrophy, including respiratory muscles, complete
paralysis and death (Eisen 2009). The exact etiology of the
disease is unknown but approximately 10% of ALS cases
are caused by inherited mutations in gene encoding Cu/Zn—
superoxide dismutase 1 (SOD-1), a cytosolic enzyme with a
Zn and Cu binding site, which catalyzes the conversion of
superoxide radicals to hydrogen peroxide (Rosen et al.
1993). The remaining cases are sporadic, probably multi-
factorial, with environmental and genetic components
contributing to disease susceptibility (Eisen 2009).

The toxicity of SOD-1 mutants seems not to be due to
the loss of enzymatic activity, but rather to a toxic gain of
function (Boillée et al. 2006) (Fig. 4). Several studies
demonstrated that mutations in SOD-1 altered its metal
affinity or coordination (Goto et al. 2000) and in particular
decreased the affinity of SOD-1 for Zn up to 50-fold
compared to the wild-type form (Crow et al. 1997) and
increased the affinity for Cu (Lyons et al. 1996). SOD-1-
decreased affinity for Zn led to an increment in nitrotyro-
sine formation and induced apoptosis in cultured motor
neurons (Estevez et al. 1999) while Cu-increased affinity
enhanced Cu-mediated oxidative stress which may lead to
neuronal death (Said Ahmed et al. 2000). Moreover, recent
evidence has shown the presence of enhanced amyloid-like
aggregate formation (Oztug Durer et al. 2009) as well as
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Fig. 4 CuZnSOD and ALS. There are several different mutations
associated with familial ALS, but about 20% of these cases have a
defect in the gene encoding CuZnSOD. a The mutant enzyme
catalyzes H,0O,-dependent peroxidase-type reactions and forms
nitrating species from peroxynitrite. b Shape and dimension of
CuZnSOD active site channel (from Yim et al. 2003)

increased hydrophobicity (Tiwari et al. 2009) upon
removal of metals from SOD-1.

In addition to these in vitro findings, high Fe levels have
been reported in spinal neurons of ALS patients (Kasarskis
et al. 1995). Fe accumulation has been shown in a mouse
model of ALS both in neurons and glia but it has been
proposed that different molecular mechanisms may con-
tribute to Fe accumulation in these two cell types (Jeong
et al. 2009). Also serum ferritin levels were significantly
increased in ALS patients as compared to controls which
may reflect a general increase in stored Fe (Goodall et al.
2008). On the contrary, no differences were found in the
level of Fe in the serum (Goodall et al. 2008). Subraman-
iam et al. (2002) observed no alteration in total Cu content
in mutant SOD-1 transgenic mice, despite the fact that Cu,
Zn, and Ca chelators have been shown to be protective
(Petri et al. 2007).

All these findings suggest that the involvement of metal
ion imbalance in ALS cannot be excluded even if further
investigation is clearly necessary to establish its contribu-
tion in ALS development.

Metal Dysmetabolism in Prion Protein Disease (PrPD)

Prion protein disease (PrPD) is a group of fatal and rare
NDs which include Gerstmann-Straussler-Scheinker (GSS)
disease, kuru, fatal familial insomnia, sporadic and variant
form of Creutzfeldt-Jacob disease (CJD) (Wadsworth and
Collinge 2007). The common feature shared by these dis-
orders is the accumulation in the CNS of an abnormally
folded isoform (PrP5¢) of the cellular prion protein (PrP%)
(Fig. 5). PrP€ forms soluble monomers, while PrP5° forms
insoluble aggregates with increased f-sheet secondary
structure (Prusiner 1998). The etiology of the disease is still
elusive but recent investigations have hypothesized that
PrP¢ might provide neuroprotection (Nicolas et al. 2009)
which is suppressed with PrP5° (Harris and True 2006). In
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addition, PrP may be involved in neurotransmitter release
(Re et al. 2006).

The fact that PrP is able to bind Cu?* with moderate
affinity (Rachidi et al. 2003) suggests that it could be
involved in Cu metabolism (Sassoon and Brown 2003). An
increasing body of evidence suggests that the function of
PrP€ is that of an antioxidant and/or a Cu-sequestering
protein, active in the prevention of Cu toxicity in neurons
(Sassoon and Brown 2003). Thus, although PrP€ undeni-
ably binds Cu, it is unclear whether PrP*° acts in the same
way. Owing to this connection to Cu, many efforts have
been made to characterize the metal binding process and to
investigate more thoroughly the role of metal ions in
general in the etiology of the disease.

Miura et al. (1996) reported an increase in PrP o-helix
content in the presence of Cu. These kinds of studies gave
rise to many subsequent investigations. Nevertheless,
despite the huge number of published papers, no clear
conclusions on the relation between Cu and PrP have been
drawn and conflicting results have been reported.

It is generally accepted that PrP® expression can alter
Cu uptake into cells and enhance Cu incorporation into
superoxide dismutase (SOD) (Brown et al. 1999). Wells
et al. (2006) proposed that the physiological binding of Cu
to normal PrPC in the brain occurs only when the con-
centration of Cu increases locally as, for instance, during
depolarization. Furthermore, Cu itself has recently been
shown to induce expression of cellular PrP in primary cell
cultures, upregulating the expression of this protein both at
the cell surface, as well as within intracellular compart-
ments (Varela-Nallar et al. 2006). PrP€ also has the
capacity to bind other divalent metal such as Mn (Brown
et al. 2000). These findings stimulated the investigations on
metal ion alteration in PrPD human brains. Changes in the

levels of Cu and Mn bound to PrP5¢ were found in sporadic
CJD compared to PrP€ in normal subjects (Wong et al.
2001). Moreover, it was also observed that there was a
decrease of up to 50% of Cu and a tenfold increase of Mn
in brain tissues of CJD compared to controls (Wong et al.
2001). In addition, a group reported evidence for accu-
mulation of large amounts of Mn in the brain of both
animals and patients affected by the disease (Hesketh et al.
2007, 2008). Similarly, studies with recombinant PrP
demonstrated that binding of Mn produced a change in
protein conformation (Tsenkova et al. 2004). Overall these
studies indicate that the binding of metal ions to PrP could
be involved in the pathology (Thackray et al. 2002; Brown
2009). However, Waggoner et al. (2000) reported that brain
Cu levels and cuproenzyme activity in mice overexpressing
PrP levels were unaffected when compared to controls.
According to Pushie et al. (2009) this could be explained
by considering that Cu is not required for the propagation
of PrPSC, but only for its initial formation, and therefore, Cu
is not expected to be enriched in prion plaques. Accord-
ingly, the Cu chelator D-penicillamine seems to delay, and
not to cure, the onset of the disease (Sigurdsson et al.
2003). These contrasting results create uncertainty on the
putative role of Cu in PrPD (Zatta and Frank 2007) and
warrant further work to explore the connection existing
between PrP and metal ion metabolism.

The “Domino Effect”

When approaching ND it seems reasonable not to consider
metal dyshomeostasis as the only causative factor for dis-
ease etiology. However, in the context of the impairment of
the homeostatic mechanisms, largely reported in the aged
brain, this imbalance may play a relevant role in the pro-
gression of these pathologies. It also follows that the
imbalance of only one metal cannot be the exclusive trig-
gering factor, as for example, Cu excess as well as defi-
ciency have been well characterized in Wilson’s disease
and Menke’s disease, respectively. These genetic disorders
are described by a specific neurological scenario which is
different from the kind of impairment seen in, for example,
AD. Nevertheless, the above-mentioned biometals can all
interact with a key protein enhancing their neurotoxicity
(e.g., AP) or activating detrimental processing pathways.
The understanding of the real role played by metal
dyshomeostasis is greatly hindered by the scarce knowl-
edge of the mechanisms underlying these diseases. In any
case, there is no clear consensus about the real metabolic
state of the different metals in the diseases (e.g., Cu in AD).
Thus, for the main biometals supplementation, lowering as
well as redistribution strategies have all been proposed. We
think it must be highlighted that focusing only on a single
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metal as the culprit of the disease could be misleading or
reductive. The change of a single metal can indeed upset
the whole metal pool or part of it (e.g., the Cu deficiency
following Zn deficiency). This effect produced by modi-
fying the uptake or the metabolism of one single element as
the cause for the alteration in the physiological distribution,
concentration, and excretion of several other elements is
called “domino effect” and it must be taken into account
when proposing metal-modulating strategies as a thera-
peutic approach. Thus, if a single-metal modulating strat-
egy must be undertaken, it will also be important to
monitor the distribution of the other metals.

Opportunities for Metal-Targeted Treatments of ND

The extreme complexity and the multiplicity of the bio-
chemical processes leading to neurodegeneration make
identification of any useful therapeutic approach very dif-
ficult. As stated above, although metal imbalance is only
one aspect of the complex array of alterations observed in
ND, the use of chelating compounds aimed at restoring
correct metal homeostasis certainly deserves greater
attention as it is considered of potential benefit to patients
for slowing down the course of the disease.

Among recent possible treatments for ND, chelation
therapy, or more conceptually correctly “metal-targeted
therapy”, are rapidly emerging as a promising and effective
therapeutic option (see review Bolognin et al. 2009; Hegde
et al. 2009; Kim et al. 2009). The design of an effective
metal-targeted therapy should necessarily take into account
that metal dyshomeostasis associated with ND often does not
correspond to a relevant overload of a specific metal but
rather it is characterized by focal marked alterations of one
or more metals in specific brain areas. Sometimes such
alterations just consist of an abnormal metal distribution
inside the cell, with no evidence of changes in total metal
concentration. It should be highlighted that an effective
metal ligand has to efficiently remove the metal/s from target
proteins or tissues and destroy anomalous and deleterious
metal/protein interactions, but must not scavenge metals
from metalloenzymes and metalloproteins that physiologi-
cally require them for their correct functioning. If this hap-
pens, it is predicted that treatment-limiting toxicity occurs.

Hence, future research should aim to develop increas-
ingly sophisticated approaches directed at attenuating
abnormal protein/metal interactions without causing any
systemic metal depletion. Targeting, for instance, the metal
ligand to a specific and restricted brain area or to selected
brain tissues might be of great benefit and this goal might
be afforded by linking the chelator to appropriate nano-
structures showing a precise tropism for defined CNS
regions.
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Moreover, chelators (or metal ligands) should show an
acceptable degree of selectivity for the metal of interest
compared to the other biometals. Some significant selectivity
may be imparted by molecular design criteria inspired by
classical coordination chemistry and by “hard and soft acids
and bases” (HSAB) principles. Thus, several chelators are
now available which are capable of distinguishing between
Cu or Zn, on one hand, and Fe or Al, on the other. In contrast,
achieving a sufficient discrimination between Al and Fe or
between Cu and Zn is far more problematic, owing to the
close chemical similarity of these pairs of metal ions.

DFO and deferiprone (Fig. 6a, d, respectively) are
ligands which manifest a high selectivity for Fe that should
be primarily considered for iron removal in the case of
documented brain Fe overload. Deferiprone appears to be
the most appropriate ligand for brain Fe scavenging due to
its favorable physicochemical properties; indeed, it is
currently considered for treating those NDs where severe
Fe overload has been conclusively demonstrated (see for
instance neuroferritinopathy and aceruloplasminemia). It
seems obvious to extend this type of Fe chelation strategy
to the more important NDs showing less severe Fe accu-
mulation provided that the drug administration schemes are
finely adjusted and that much attention is paid to avoid
systemic Fe depletion.

On the other hand, clioquinol (CQ), trientine, and D-
penicillamine (Fig. 6b, c, e, respectively) are typical
ligands that show some selectivity for Cu and Zn. CQ, in
particular, embodies a paradigmatic story in the field of
metal targeted therapies of ND. Indeed, quite encouraging
results have been reported a few years ago in vivo upon CQ
treatment, with evidence of a significant slow down or even
a reversal of the cognitive decline in AD (Ritchie et al.
2003). Several studies were thus devoted to uncover the
mechanism of action of this apparently successful drug
(White et al. 2006). Remarkably in contrast to the initial
idea that CQ might work as a Cu chelator, it was demon-
strated that CQ may act as a metal protein attenuation
compound (MPAC) and even as an ionophore increasing
Cu cellular uptake (Cherny et al. 2001; White et al. 2006).
However, the scenario of the biochemical action of CQ and
derivatives appears to be more controversial and certainly
deserves further investigation (Bolognin et al. 2008).

Many encouraging results have been recently reached
both with the design of new molecules and with the
improvement of drug delivery systems. Remarkably, sev-
eral attempts have been made to design new ways to
deliver well-known molecules to specific brain areas. As an
example, Liu et al. (2005) proposed the use of nanoparti-
cles linked with metal chelators as a tool to overcome
limitations due to scarce lipophilicity of the molecule itself.
However, a greater understanding of the role of metals in
the etiology of these diseases is still required before metal
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Fig. 6 Chelator molecules.
Molecules proposed to chelate
metals for the treatment of
neurodegenerative diseases. a
DFO; b CQ; ¢ D-penicillamine;
d Deferiprone; and e Trientine
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ligand therapies can be effectively exploited as an effective
treatment option.

Conclusions

Metal ions such as Fe, Cu, Zn, and Al may play an
important role in the etiology of NDs either as triggers or as
modulators of pathology progression. Despite the wide
diversity in their etiopathogenesis, similar findings for
different NDs indicate overlapping mechanisms of
homeostatic failure for metal ions. The hypothesis of metal
involvement has generally gained considerable acceptance
but an unanimous agreement regarding the quantitative/
qualitative entity of this imbalance has not been reached.
Contrasting reports on the actual concentrations of the
mentioned metals in the brain (both in aging as well as in
ND) have been published and the goal of recognizing and

(E)

characterizing unambiguously their distribution patterns
has not been accomplished yet. Reasons for the several
analytical discrepancies may be numerous. Bearing in mind
that the neurodegenerative process is mainly the result of
collective and cumulative metabolic mistakes occurring
over decades of life (Liu et al. 2006), it is conceivable that
environmental and genetic factors might also account for
these inconsistencies and for the reported high variability.
Furthermore, the use of different experimental and meth-
odological approaches and the improvement of the tech-
nologies compared to early studies constitute other sources
of variability. Clarification of the role played by metal
dyshomeostasis will certainly add to the basic under-
standing of the neurodegenerative process, thus verifying
whether addressing metal dyshomeostasis may represent a
valuable therapeutic option.
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