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Research into the role of metals in Alzheimer’s disease
(AD) has rapidly advanced over the past two decades. Early
studies described controversial links between trace metals
and dementia. More recently, this concept has developed
further with the understanding that a range of biometals and
environmental metal toxins are likely to have a central role in
determining the onset, progression, and clinical outcomes of
AD and other forms of neurodegeneration. Key studies were
instigated in the early 1990s by Ashley Bush and colleagues,
demonstrating that metals such as zinc and copper were
critical in amyloid beta (Aβ) aggregation and (neuro)toxicity.
Subsequent studies on metals in AD have opened up vast
areas of research including the role for metals in amyloid
precursor protein (AβPP) metabolism and processing, Aβ
cleavage and degradation, synaptic Aβ-metal interactions,
and neuroprotection associated with modulation of metal
homeostasis.

In this issue we have provided a broad insight into some
of these exciting areas of research, and the conclusion seems
to be that a far greater level of understanding is still needed
to allow development of treatments to halt the progression
of AD. Tabner et al. and Kawahara and Kato-Negishi have
described how interaction of Aβ with metals such as copper
and iron is associated with (neuro)toxic action of small,
soluble Aβ oligomers, likely mediated through generation of
reactive oxygen species (ROS) and in particular, the highly
reactive hydroxyl radical. In a related article, Yang et al. have
provided valuable research into the importance of helical
sheet formation in ROS generation associated with copper
interactions. While metal interactions with Aβ are clearly

critical for its (neuro)toxic processes, metals also have a key
role in generation of Aβ. Ho et al. have described research
demonstrating that calcium and magnesium are required for
γ-secretase activity, which is the final cleavage step in Aβ
generation. An important, but still undefined role for iron
in AD is supported by the study described by Squitti et al.
where they associated ceruloplasmin/transferrin ratios and
transferrin saturation with cognitive decline and increased
oxidative stress in AD. A broad review by Salvador et al.
brings together an interesting overview of how neurons
handle iron and how iron dysregulation may lead to neuronal
degeneration in AD. Likewise, zinc has a clear and important
role in AD. It is involved in many processes central to the
disease, including AβPP and Aβ processing and degradation,
and zinc is released into the synapse where it can modulate
neurotoxic action of Aβ and glutamate neurotoxicity, two
factors that are closely associated with AD (Watt et al. and
Takeda).

B. Weiss takes us in a different direction, reviewing the
importance of exposure to environmental metals during
development and their possible association with AD later
in life. Such interactions may have key modulating roles in
neurodegeneration and have not been adequately investi-
gated. Of course, the aim of understanding metals in AD, like
any AD research, is primarily to form the basis of potential
therapeutic treatments. In relation to this, El Ghazi et al.
describe interesting interactions between metallothionein
and proteins associated with transport, signaling and chap-
eroning, highlighting the complexity of metal interactions
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with AD, both direct (Aβ-metal) and indirect, through met-
allothionein. Amadoruge and Barnham review the potential
modulation of membrane receptor function by metals. In
addition, Srinivasan et al. report on the potential use of
melatonin to provide neuroprotective action early in the
course of AD. Finally, the paper by Braymer et al. highlights
the importance of developing novel tools to investigate the
role of metals in AD and has described the generation of
molecules that may target Aβ and metals simultaneously. It is
hoped that the research and reviews described here will help
to update the AD research community on the state of play in
regards to metals in AD and offer insights into where future
research should be directed.

Anthony R. White
Peter Faller

Craig S. Atwood
Paolo Zatta
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Considerable evidence points to oxidative stress in the brain as an important event in the early stages of Alzheimer’s disease (AD).
The transition metal ions of Cu, Fe, and Zn are all enriched in the amyloid cores of senile plaques in AD. Those of Cu and Fe
are redox active and bind to Aβ in vitro. When bound, they can facilitate the reduction of oxygen to hydrogen peroxide, and of
the latter to the hydroxyl radical. This radical is very aggressive and can cause considerable oxidative damage. Recent research
favours the involvement of small, soluble oligomers as the aggregating species responsible for Aβ neurotoxicity. We propose that
the generation of reactive oxygen species (i.e., hydrogen peroxide and hydroxyl radicals) by these oligomers, in association with
redox-active metal ions, is a key molecular mechanism underlying the pathogenesis of AD and some other neurodegenerative
disorders.

1. Introduction

A large body of evidence supports an important role for
oxidative stress in the pathogenesis of several different neu-
rodegenerative diseases, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), the prion disorders, and motor
neuron disease. Under normal physiological conditions,
a balance would be anticipated between pro-oxidant and
antioxidant levels in brain tissue. However, should there
be an imbalance between the two, either as a result of
excessive pro-oxidant levels or deterioration in antioxidant
levels, a build up of reactive oxygen species (ROS) will occur,
resulting in oxidative damage. Evidence of oxidative damage
in AD and other neurodegenerative diseases has been found
in a whole range of studies via a number of established
markers (for recent reviews relevant to AD see, e.g., [1–4]).

Biometal ions, particularly those of Cu, Fe, and Zn,
are also implicated in neurodegenerative disease, including
AD (for some recent reviews see, e.g., [5–7], and references
quoted therein). These ions were found to be enriched in
the amyloid cores of senile plaques in AD sometime ago
(see [8] for a summary) and are important for a number of

reasons. Both Cu and Fe have two readily available oxidation
states (i.e., Cu(II) and Cu(I) and Fe(III) and Fe(II)) which
aid the transfer of electrons and are fundamental to redox
chemistry. Consequently they are readily available for protein
binding, can facilitate the Fenton reaction (illustrated in (2)
with respect to Fe ions), and are able to transfer electrons
to oxygen (to form H2O2). They are found as trace-level
contaminants in laboratory buffers [8] and are present as
impurities in synthetic Aβ [9]. It has been reported that even
trace concentrations of Zn(II), Cu(II), and Fe(III) are all
sufficient to enhance the Aβ(1–42) initiated seeding of Aβ(1–
40) aggregation [8].

In this paper, we focus our attention on two ROS, that is,
hydrogen peroxide (H2O2) and the hydroxyl radical (•OH).
H2O2 is a cytotoxic oxidant which is freely permeable across
cell membranes and consequently has effects that extend well
beyond its site of generation. It is, therefore, likely to be
responsible for global increases in oxidative damage. On the
other hand, the hydroxyl radical is quite different. It is readily
formed via Fenton chemistry from H2O2 (see (2)). It is very
reactive, with a reaction rate largely controlled by its rate
of diffusion and thus exerts its effects on a very local scale.
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Largely because of its high reactivity, it is also very unselective
in the site of attack and so will react with any biomolecule
that is immediately adjacent to its site of formation. The most
common reaction of •OH is hydrogen atom abstraction from
the biomolecule, leaving the latter with a radical centre. The
newly formed radical is then available to attack any other
local biomolecule in a reaction typical of a classical chain
reaction. These latter reactions will continue until such a
time as termination occurs.

Until recently, Aβ amyloid fibrils themselves were
believed to be an important toxic agent in AD. Support
for this idea is now under question and presently there
is growing interest in (a) the role of metal ions, and (b)
the involvement of early stage Aβ assemblies (i.e., soluble
oligomers) as the aggregating species potentially responsible
for neurodegeneration in AD. A hypothesis that brings these
two concepts together is the main focus of the remainder of
this brief article.

2. Metal Ions: The Direct Generation of
ROS and Aβ Oxidation

We now focus on the fascinating possibility that Aβ (and
possibly several other amyloidogenic proteins) might have
the ability to self-generate two important ROS, that is, H2O2

and •OH, during aggregation in vitro. In 1994, Behl et al. [10]
reported results suggesting that Aβ could cause increased
levels of H2O2 to accumulate in cells during incubation over
an extended period although the source of the peroxide was
not investigated. However, their results clearly indicate that,
at least in the case of Aβ(25–35), H2O2 levels go through
a maximum before subsequently declining. We believe this
latter finding to be significant and this aspect is discussed
further below.

Two key publications by Huang et al. followed in 1999
[11, 12]. These authors highlighted the direct generation
of H2O2 and •OH during the incubation of solutions of
both Aβ(1–40) and Aβ(1–42). They were able to establish
that Aβ binds to Cu, Fe, and Zn ions and that the bound
peptide can reduce Cu(II) to Cu(I) and Fe(III) to Fe(II). The
binding of these metal ions is most significant since they
are elevated in the amyloid deposits found in individuals
with AD [13, 14]. Huang and colleagues were further able
to show that the bound transition metal ions Cu(I) and
Fe(II) were able to reduce molecular oxygen to H2O2 thus
establishing the direct generation of the latter ROS during
peptide incubation. Finally, and of prime importance, is
that their results established that, when bound, both the Fe
and Cu ions are redox active (note that Zn ions are not
redox-active). This redox-active nature of the metal ion when
bound to the peptide enables the ready formation of •OH via
the well-known Fenton reaction. This latter observation has
important implications, as discussed in more detail below.
The essential reactions are

O2 + 2 Cu(I) + 2H+ −→ H2O2 + 2 Cu(II) (1)

Fe(II) + H2O2 −→ Fe(III) + •OH + −OH (2)

These two reactions have important consequences. The
reduction of oxygen to form H2O2 requires two electrons,
whilst the formation of •OH from H2O2 requires one
electron. It is clear that, in order for (1) and (2) to proceed,
the bound metal ion needs to be in its lower oxidation state
(i.e., either Cu(I) or Fe(II)). If the metal ions are in their
higher oxidation state (i.e., Cu(II) or Fe(III)) the necessary
conversion to their lower oxidation state requires an electron
source. In the absence of any other electron donor it is
possible that, (in vitro), the peptide itself could act as an
electron donor resulting in the formation of the peptide
radical cation:

Aβ/Cu(II) −→ (
Aβ
)•+

/Cu(I) (3)

The Aβ radical cation, thus formed, could then undergo
a variety of rapid rearrangement reactions resulting in
the formation of oxidation products consistent with those
commonly observed [1–4]. This process could continue
“long term” providing the bound metal ion: peptide complex
remains redox active; that is, there is an interchange between
the two oxidation states of the appropriate metal ion.
However, these reactions could be limited by an inadequate
supply of electrons and it has been questioned if the bound
peptide has the ability to act as an electron donor to Cu(II)
[15].

These results prompted us to carry out our own inves-
tigations, in which only impurity levels of Cu and Fe were
present in samples of Aβ [9, 16]. Purified synthetic Aβ has
significant metal ion content (estimated in our samples as
5.7 × 10−4 and 1.2 × 10−3 moles of Fe and Cu, resp., per
mole of Aβ(1–40)) and these levels would be augmented
by additional metal ions present in the buffers used [8, 9].
The experimental technique for H2O2 detection was quite
different to that employed by Huang et al. and was based
on electron spin resonance (ESR) spectroscopy. Here, H2O2

is converted to •OH via Fenton chemistry and the latter is
detected by employing a well-established spin-trapping agent
[9, 16]. Thus we were able to show, with many measurements
undertaken over an extended incubation period, that Aβ(1–
40), Aβ(1–42), and Aβ(25–35) can all self-generate H2O2

during incubation in solution. On the other hand, related
nontoxic peptides, such as the reverse peptide Aβ(40–1) were
inactive [9, 16]. Some typical ESR spectra obtained during
the incubation of different Aβ peptides are shown in Figure 1.

At about the same time, a further publication from
Opazo et al. [17] indicated that Huang’s earlier data were
flawed in the sense that a reagent required in their detec-
tion technique, tris(2-carboxyethyl)phosphine hydrochlo-
ride (TCEP), (which was present during incubation) was
found to act, in its capacity as nonbiological reduc-
ing agent, to significantly enhance the concentration of
H2O2 generated. Also, when several biological reducing
agents such as vitamin C, dopamine (DA), and L-3,4-
dihydroxyphenylalanine (L-DOPA) were added (separately)
they were found to also considerably enhance H2O2 levels,
although, except in the case of DA, measurements were
taken after only a single time point. These latter observations
are consistent with other research, covering several different
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0.75 mT

Figure 1: ESR spectra of the •OH adduct of 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) recorded after 48 h incubation of
(a) Aβ(1–40), (b) Aβ(1–42), (c) Aβ(25–35) (intensity ×1.5) and
(d) Aβ(40–1) at 37◦C and all at 100 μM. The intensity of the
spectra observed in (a), (b), and (c) varied with incubation
time as described in the text whereas in (d) no DMPO adduct
spectrum was observed after any period of incubation. Control
samples gave straight line spectra, such as that illustrated in (d),
at every time point examined. The experimental methodology,
reaction conditions, and ESR spectrometer settings are fully detailed
elsewhere [9, 16].

biological reducing agents [18–20]. The ability of these
biological reducing agents to act as an electron source for
the reduction in the oxidation state of the bound metal ions
reduces the necessity of the peptide itself to do so (3) and,
consequently, enhances the long-term formation of ROS,
especially the •OH radical, so increasing the potential for
oxidative damage.

It is apparent, however, that the presence of biological
(and other) reducing agents is not the only factor influencing
the amount of H2O2 generated as the metal ion : peptide ratio
is also significant [21]. For example, H2O2 production is very
much enhanced when the Cu(II) : peptide ratio in Aβ(1–40)
is increased from 0 : 1 to 1 : 1, and it is now apparent that
great care must be taken in assigning enhanced generation of
H2O2when both the reducing agent : Aβ and metal ion : Aβ
ratios are not examined separately. Also measurements
over an extended time period covering many time points
are required as these give information on H2O2 levels as
aggregation progresses.

We mentioned above that particular importance should
be attached to H2O2 generated via the bound peptide.
Not only is there a possibility of a direct reaction between
H2O2 and the bound peptide (and any other accessible
biomolecules) but also the conversion of H2O2 to •OH via
electron transfer from the bound metal ion is significant as
this would occur in the immediate vicinity of the peptide.
As outlined above •OH is extremely aggressive and will react
with adjacent molecules, including Aβ itself, with a reaction

rate virtually controlled by diffusion. A common reaction
is hydrogen atom abstraction, with the resulting peptidyl
radical undergoing subsequent internal transformation reac-
tions, resulting in oxidation products. If these reactions
do not terminate the radical centre then these peptidyl
radicals could themselves attack other peptide sites (again
via hydrogen atom abstraction) leading to further oxidative
damage until the radical centre is eventually terminated.

As noted above, there is now evidence that, in vivo, ROS
could be involved in the pathogenesis of AD (and other
neurodegenerative diseases) particularly under conditions
where antioxidant defences have deteriorated to the point
where they are unable to cope with the general ROS burden,
possibly as part of the normal ageing process. Under these
conditions not only could H2O2 undergo direct reaction
with any biomolecules encountered but, when arriving at
any appropriate site, such as a redox-active metal bound Aβ,
conversion to •OH in the immediate vicinity of the peptide
would lead to the aggressive reactions described immediately
above.

3. Hypothesis: Soluble Oligomers Are
the Optimal Generators of ROS

A key finding is that oxidative damage has been established
to occur as an early event in AD [22, 23] indicating that ROS
activity would be expected to be present during an early stage
of the Aβ aggregation process. Soluble oligomers are likely to
be the major type of Aβ aggregate present during this phase
[24] and so these species become the prime candidate for
involvement in early ROS generation.

Our own results, obtained during the early aggregation
of Aβ(1–40), agree with the above inference [25]. They show
that, in vitro, H2O2 is generated, during Aβ aggregation, as
a “pulse” during the same time period that atomic force
and electron microscopy images confirm the presence of
small oligomers. Our results reveal a time delay before any
H2O2 is observed, followed by a reasonably rapid increase in
levels which reach a maximum before slowly declining back
towards zero. The latter stage indicates that the rate of H2O2

removal (either through reacting directly with the peptide
or via Fenton chemistry to form •OH) exceeds the rate of
formation.

These observations raise a number of questions. In
particular, what form of Aβ is optimal for the generation
of ROS and why does the ability to generate H2O2 (and the
associated toxicity) appear to decrease as the size of the Aβ
aggregate increases beyond the oligomer stage?

Small soluble oligomers (such as dimers and trimers) will
have a greater mobility than larger aggregates and so will be
able to diffuse from their site of origin and insert into sur-
rounding cell membranes, causing local damage, including
reported changes in membrane permeability [27, 28]. The
ability to generate ROS could also be a particular property
of these small oligomers. A monomer bound to a single
metal ion may not be particularly active in the formation of
H2O2 if this reaction requires the synchronized transfer of
two electrons [29]. Rapid diffusion would prevent the close
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Dimer
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Nucleus

Protofibril Fibril

O2 + 2H+ H2O2

2e−
Mn
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Mn+1
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formation
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Figure 2: Soluble oligomers, together with their associated redox-active metal ions, are potentially responsible for the generation of H2O2. (a)
Stages of Aβ aggregation, assuming that soluble oligomers are “on pathway” to fibril formation. The optimal configuration for generation
of ROS may be at the small (low-n) oligomer stage. (b) Proposed mechanism for the generation of hydrogen peroxide. Here, Mn and
Mn+1represent Cu(I) and Cu(II), or Fe(II) and Fe(III). The generation of H2O2 requires the synchronized transfer of two electrons from the
bound metal ions and so reaction with the monomer is not favoured. Recent experimental evidence suggests that Cu ions remain bound to
Aβ even in mature amyloid fibrils [26] and so the lack of activity of higher-order aggregates [25] is possibly due to some metal ions becoming
sterically removed from any available O2 molecules.

proximity of two such monomers to oxygen, thus impeding
this reaction. Because the generation of H2O2 requires two
electrons, the formation of early-stage oligomers would be
expected to create a more favourable steric arrangement
for this process to occur. One possible reason why higher-
order aggregates, including mature amyloid fibrils, appear
to lose the ability to generate H2O2 in vitro [25] could be
that the supply of electrons becomes exhausted, although
it is likely that available reducing agents would be plentiful
in vivo. Another possible reason is that some of the metal
ions associated with Aβ fibrils could lose their redox activity.
The latter could be the result of a steric problem as the
aggregate reaches its solubility limit (and beyond). Here,
some metal ions could become sterically removed (i.e., hid-
den) from the O2 molecule, with H2O2 generation becoming
consequently more difficult. Under these circumstances,
it is quite reasonable to suggest that the most suitable
configuration for generating ROS lies within a range of
optimum oligomer sizes. The latter could also explain the
“time delay” observed in our aggregation experiments before
levels rise, reach a maximum, and then decay [25]. These
arguments lead us to hypothesize that ROS generation is
greatest during the period when small (low-n) oligomers are
the major species present. The many similarities between the
properties of the amyloidogenic proteins/peptides implicated
in other neurodegenerative diseases suggests that this type of
mechanism could also apply to other disorders such as PD,
the prion diseases and familial British dementia [9, 16, 25,
30–32].

Finally, it is becoming increasingly recognised that
H2O2 acts as a diffusible signaling molecule in the CNS
and is involved in the molecular mechanisms underlying
synaptic plasticity and memory formation [33, 34]. Thus,
the generation of ROS by soluble oligomers of Aβ could
also, potentially, explain their potent effects on long-term
potentiation (LTP), memory, and learning [35, 36].
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Whilst being environmentally abundant, aluminum is not essential for life. On the contrary, aluminum is a widely recognized
neurotoxin that inhibits more than 200 biologically important functions and causes various adverse effects in plants, animals,
and humans. The relationship between aluminum exposure and neurodegenerative diseases, including dialysis encephalopathy,
amyotrophic lateral sclerosis and Parkinsonism dementia in the Kii Peninsula and Guam, and Alzheimer’s disease (AD) has been
suggested. In particular, the link between aluminum and Alzheimer’s disease has been the subject of scientific debate for several
decades. However, the complex characteristics of aluminum bioavailability make it difficult to evaluate its toxicity and therefore,
the relationship remains to be established. Mounting evidence has suggested that significance of oligomerization of β-amyloid
protein and neurotoxicity in the molecular mechanism of AD pathogenesis. Aluminum may play crucial roles as a cross-linker in
β-amyloid oligomerization. Here, we review the detailed characteristics of aluminum neurotoxicity based on our own studies and
the recent literatures. Our aim is to revisit the link between aluminum and AD and to integrate aluminum and amyloid cascade
hypotheses in the context of β-amyloid oligomerization and the interactions with other metals.

1. Introduction

Aluminum (Al) is abundantly distributed in our environ-
ment, and compounds containing Al have been used in
manufacturing (e.g., clays, glasses, and alum) for centuries.
Despite its abundance, Al was first isolated as an element
in 1827, and its use as being a silvery metal began only
after 1886. Al is a new metal in this context. Because of its
beneficial characteristics such as a lightweight, nonmagnetic,
malleable, and ductile element, Al has a widespread and
important use in industrial applications and consumer
products. Al is also used in cooking utensils and in pharma-
cological agents including antacids and antiperspirants from
which the element enters the human body.

Al is not essential for life. On the contrary, Al is a well
established neurotoxin and is suspected to be linked with

various neurodegenerative diseases including Alzheimer’s
disease (AD), amyotrophic lateral sclerosis (ALS), and
Parkinsonism dementia in the Kii Peninsula and Guam [1],
and the Gulf War syndrome [2].

In particular, a possible relationship between Al and the
pathogenesis of AD has been discussed for several decades
[3–7]. AD is a severe senile type of dementia first reported in
1906. The pathological hallmarks of AD are the deposition
of extracellular senile plaques, intracellular neurofibrillary
tangles (NFTs), and the selective loss of synapses and neurons
in the hippocampal and cerebral cortical regions. The major
component of NFTs is the phosphorylated tau protein.
Senile plaques are largely comprised of β-amyloid protein
(AβP) [8]. The hypothesis that Al is an environmental
contributor to the pathogenesis of AD, termed the “alu-
minum hypothesis”, was proposed in the 1960s based on
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various neurotoxicological, analytical, and epidemiological
findings [9–11]. In spite of these findings, the aluminum
hypothesis has been the subject of much debate and criticism
for several decades. During this period, great progress was
made in AD research. Particularly, numerous studies have
supported the idea termed “amyloid cascade hypothesis”,
namely that the conformational changes of AβP and its
neurotoxicity play a central role in AD pathogenesis [12,
13]. Al3+ and other metals including Zn2+, Cu2+, and Fe3+

influence the oligomerization and conformational changes
of AβP as cross-linkers, and, therefore, their implications are
important in this context. Furthermore, increasing evidence
suggests the implication of these metals in the pathogenesis
of AD [14–16]. Al binds to various metal-binding proteins
and influences homeostasis of other metals.

We review here the detailed characteristics of aluminum
neurotoxicity based on our own studies and the recent
literature. Our aim is to update the various adverse effects
of Al and revisit the link between Al and AD based on new
findings on Al-induced conformational changes and metal-
metal interactions.

2. Neurotoxicity of Aluminum Update

2.1. Effects of Al on the Memory Disorder of Human: Historical
Overview. An association between Al poisoning and mem-
ory disorder in humans was first reported in 1921 [17]. Later,
it was shown that the intracerebral administration of Al
induced epilepsy in experimental animals [18]. As a compo-
nent of dialysis solutions or Al-containing pharmacological
compounds, Al is known to cause various dialysis-related
disorders, including osteomalacia (aluminum bone disease),
microcytic anemia, β2-microglobulin-associated amyloidosis
[19], and dialysis encephalopathy in hemodialysis patients
[20].

The accidental contamination of Al into drinking water
occurred and more than 20,000 persons were exposed to high
level of Al at 1988 in Camelford (Cornwall, UK). Residents
exposed to contaminated Al exhibited various symptoms
related to cerebral impairments such as loss of concentration
and short term memory in a 10-year follow-up study [21].

Martyn et al. reported a high incidence of AD in areas
with a high level of Al in the drinking water in England
and Wales [11]. A considerable number of studies have
provided evidence to support an association between AD and
Al in drinking water after this initial report [22]. Frecker
reported on a Norwegian area where high Al concentrations
in drinking water were linked with high dementia mortality
[23]. Neri and Hewitt found a positive relationship between
Al in drinking water and AD risk in Canada [24]. Forbes and
McLachlan demonstrated a greater risk of AD in Canadian
areas where concentrations of Al are high and those of
fluoride are low [25]. Rondeau et al. demonstrated that
high daily intake of Al was correlated with increased risk
of dementia or cognitive decline in a 15-year follow-up
French cohort study [26–28]. These studies suggest that Al
has adverse effects on human memories and causes dementia
when it enters the brain.

2.2. Effects of Al on the Central Nervous System In Vitro
or In Vivo. Despite it’s environmental abundance, Al is
not an essential element for living organisms, and no
enzymatic reaction requires Al. Al is reported to influ-
ence more than 200 biologically important reactions and
to cause various adverse effects on the mammalian cen-
tral nervous system (CNS) (Table 1). These include cru-
cial reactions for brain development such as the axonal
transport, neurotransmitter synthesis, synaptic transmis-
sion, phosphorylation or dephosphorylation of proteins,
protein degradation, gene expression, and inflammatory
responses.

Al exhibits only one oxidation state, Al3+. Al3+ has affinity
for negatively charged, oxygen-donor ligands. Inorganic and
organic phosphates, carboxylate, and deprotonated hydroxyl
groups form strong bonds with Al3+. Owing to these
chemical characteristics, Al3+ binds to the phosphate groups
of DNA and RNA, affecting DNA topology and influencing
the expression of various genes essential for brain functions.
Lukiw et al. reported that nanomolar levels of Al3+ were
sufficient to influence neuronal gene expression [33, 35].

Al3+ also binds to the phosphate groups of nucleoside
di- and triphosphates, such as ATP and can thus influence
energy metabolism. Furthermore, Al inhibits the functions
of various protein kinases and phosphatases.

Al3+ has very low ligand-exchange rate in comparison
to other metals. For example, the ligand-exchange rate of
Mg2+ is 105 times faster than that of Al3+, and therefore,
Al3+ inhibits enzymes with Mg2+ cofactors. Al3+ also inhibits
biological processes involving rapid Ca2+ exchange: the
exchange rate for Al3+ is 108 times slower than that of Ca2+.
These properties make Al useless in enzymatic reactions and
increase its half-life in the human body. We show the typical
effects of Al in Figure 1.

Al3+ has strong positive charges and a relatively small
ionic radius in comparison to other metal ions such as
Ca2+, Zn2+, and Na+ (Figure 2). Thus, Al3+ firmly binds to
metal-binding amino acids (histidine (His), tyrosine (Tyr),
arginine (Arg) etc.) or phosphorylated amino acids and
acts as a cross-linker; this property has made it useful as
a leather tanning agent. By binding to various proteins,
Al can cause the oligomerization of proteins, inducing
conformational changes that can inhibit their degradation
by proteases. Strong binding of Al3+ to phosphorylated
amino acids promotes the self-aggregation and accumulation
of highly phosphorylated cytoskeleton proteins, including
neurofilament and microtubule-associated proteins (MAPs),
and so forth [58].

Consequently, Al causes apoptotic death of neurons
and glial cells. Chronic administration of Al impairs long-
term potentiation (LTP), which is a form of synaptic
information storage well-known as a paradigm of memory
mechanisms. Al also impairs various enzymes including
those related to neurotransmitter synthesis and thus affects
the neurotransmitter content. Al3+ also inhibits voltage-
gated Ca2+ channels and neurotransmitter receptors, and
impairs synaptic transmission. Finally, Al causes spatial
memory deficit, influences emotional reactivity, and impairs
various brain functions related to learning and memory.
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Table 1: Effects of aluminum on the central nervous system.

References

(1) Nucleus and gene expression

Binding to DNA

Binds to histone-DNA complex and induces conformational changes of chromatin. [29]

Induces topological changes of DNA. [30, 31]

Altered gene expression

Induces decreased expression of neurofilament and tubulin. [32]

Induces altered expression of genes of neurofilament, APP, and neuron specific enolase. [33]

Induces decreased expression of transferrin receptor. [34]

Induces altered expression of RNA polymerase I. [35]

Induces downregulation of mitochondrial cytochrome c oxidase. [36]

Induces altered expression of calbindin-D28k. [37]

Induces decrease in the expression of nerve growth factor (NGF) and brain derived neurotrophic factor (BDNF). [38]

Induces expression of pro-inflammatory genes and pro-apoptotic genes. [39]

Induces elevated expression of APP. [40, 41]

Induces altered expression of oxidative stress marker genes (SOD1, glutathione reductase, etc.). [42]

Induces decreased expression of neprilysin. [43]

Induces altered expression of β-APP secretase (BACE1 and BACE2). [40, 44]

(2) Cellular functions

Energy metabolism

Inhibits the activity of hexokinase [45]

Inhibits the activity of phosphofructokinase [46]

Inhibits the activity of glucose-6-phosphate dehydrogenase [47]

Causes mitochondrial dysfunction and depletion of ATP [48, 49]

Decreases in activity and expression of TCA-cycle related enzymes (succinate dehydrogenase (SDH),
alpha-ketoglutarate dehydrogenase (KGDH), isocitrate dehydrogenase-NAD+ (IDH), fumarase (FUM), aconitase
(ACN), and cytochrome c oxidase (Cyt C Ox)).

[50]

Phosphorylation and dephosphorylation

Inhibits the activity of protein phosphatase. [51]

Increases the activity of protein kinase C and cytoskeleton proteins. [52]

Accelerates phosphorylation and accumulation of neurofilament. [53]

Enhances Ca2+/Calmodulin dependent protein kinase activity. [54]

Accelerates phosphorylation of MAP 2 and neurofilament. [55]

Inhibits dephosphorylation of tau. [56]

Induces nonenzymatic phosphorylation of tau. [57]

Abnormal accumulation of proteins

Causes the conformational change and the accumulation of neurofilament and MAP1A, MAP1B. [58]

Accelerates the phosphorylation of tau and its accumulation. [59]

Causes the accumulation of tau protein in neuroblastoma cells or in primary cultured neurons. [60, 61]

Causes the accumulation of tau protein in experimental animals. [33, 62, 63]

Causes neurofibrillary degeneration in vivo. [9]

Causes the accumulation of AβP in cultured neurons or in neuroblastoma cells. [64, 65]

Causes the accumulation of AβP in vivo. [44, 66, 67]

Neurotransmitter release

Inhibits glutamate release. [68]

Impairs synaptic transmission. [69, 70]

Inactivates glutamate dehydrogenase. [71]

Inhibits NMDA-type glutamate receptor. [72]

Inhibits choline acetyl transferase and tyrosine hydroxylase, glutamate decarboxylase. [73, 74]
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Table 1: Continued.

References

Influences acetyl-CoA and inhibits acetylcholine release. [75]

Activates monoamine oxidase. [76, 77]

Inhibits dopamine beta-hydroxylase. [78]

Inhibits uptake of serotonin and noradrenalin in synaptosomes. [79]

Channel inhibition

Influences the activities of Na+ channels and K+ channels. [80]

Enhances the voltage-activated Na+ channels. [81]

Inhibits the voltage-gated calcium channel. [70, 82]

Inhibits the IP3-mediated Ca2+ release. [83]

Others

Influences GTP binding proteins as aluminum fluoride. [84]

Inhibits GAP junction. [85]

Inhibits axonal transports. [86]

Binds to calmodulin and inhibition of calmodulin-binding enzymes. [87]

Induces inflammatory responses. [88]

(3) Membrane lipids

Peroxidation

Accelerates iron-induced membrane lipid peroxidation. [89]

Enhances lipid peroxidation in liposomes. [90]

Induces peroxidation of myelin lipids in vivo. [91]

Increases peroxidation products (malondialdehyde). [59]

Membrane properties

Causes the change the lipid/phospholipids profiles of myelin in vivo. [92]

Induces the change in membrane physical properties (surface potential, lipid fluidity, and lipid arrangement). [91]

Induces the change of membrane fluidity. [93]

(4) Higher functions

Cell death

Causes the apoptotic neuronal death. [94, 95]

Causes the apoptosis of astrocytes. [96]

Causes the death of motor neuron. [97, 98]

Behavior, learning, and memory, others

Inhibits long term potentiation (LTP). [99, 100]

Causes learning disorder or memory deficit in experimental animals. [101–103]

Influences electrical activity in hippocampus and inhibits spatial learning memory deficit in aging rats. [104]

Causes memory deficit in AD model mice. [105, 106]

Causes encephalopathy in dialysis patients. [20]

Causes encephalopathy in patients with renal failure. [107]

These adverse effects may be involved in the mechanisms that
underlie Al-induced memory disorder.

3. Link between Al and AD

3.1. Historical Overview of Aluminum Hypothesis and Argu-
ments. A link between Al and AD is supported on many
fronts, beginning in 1965 with the finding of Klatzo et al.
that the intracerebral administration of Al to experimen-
tal animals induced neurofibrillary degeneration and the
appearance of tangle-like structures that were similar to the

NFTs found in the brains of AD patients [9]. Crapper et al.
reported an increased level of Al in the brains of AD patients
[10]. In the 1970s, Al in dialysis solutions or pharmaco-
logical compounds was found to cause dementia in dialysis
patients (dialysis encephalopathy) [20]. As noted previously,
several epidemiological studies reported a high percentage
of AD cases in areas with high Al level in drinking water
[11, 19].

Despite supporting evidence, the aluminum hypothesis
of AD remains controversial and has been the subject of
much debate in the past few decades. There were at least
three arguments against the aluminum hypothesis. First,



International Journal of Alzheimer’s Disease 5

Blood brain barrier

Peroxidation

Energy production

Abnormal gene expression

Conformational
change

Phosphorylation
dephosphorylation

Cytoskeleton
protein

Inhibition of
enzymatic reactions

Enzymes

Al

AlATP

AlAl

Al

Ca, Mg

Al

Fe

Al

P

Figure 1: Effects of aluminum on the central nervous system. Major biological effects of Al on the central nervous system are depicted.

it has been argued that neurofibrillary changes in Al-
intoxicated animals (Al-NFTs) are different from those in AD
patients (AD-NFTs) [108]. Arguments cite morphological
and biochemical differences such as the lack of paired helical
filamental (PHF) structures, their different distributions in
nerve terminals, and the absence of immunoreactivity for
tau protein, which is the main component of NFTs in
AD patients. Second, there is no significant difference in
Al levels of AD patients and age-matched controls [109].
Third, the epidemiological studies on Al in drinking water
are immature and inconclusive [110]. However, most of
these criticisms were made in the 1990s. We would like to
reinvestigate these early arguments in the context of new
findings in the study of AD.

Regarding the first argument, more recent immunohis-
tochemical studies have indicated that depositions in the
brains of Al-intoxicated animals are stained with the anti-
tau antibody [62, 63]. The accumulation of tau protein
was reported in patients with dialysis encephalopathy [111],
and in Al-intoxicated cultured neuronal cells [60, 61]. Al
inhibits the dephosphorylation of tau [56] and enhances its
aggregation in vitro [112]. Furthermore, NFTs in some AD
patients have been shown to be composed of straight-type
filaments rather than PHF-type filaments as is observed in
Al-NFT [113]. These data indicate that attempts to discredit
the aluminum hypothesis on the basis of differences between
Al-NFTs and AD-NFTs are no longer tenable.

3.2. Accumulation of Al in AD Brain. Another argument
cites a lack of significant difference between Al levels in
AD patients and age-matched controls. One reason for the
controversy may be Al contamination of the solutions used

in the process of tissue fixation and staining. Therefore,
prior studies in fixed tissues cannot be relied upon for
precise measures of Al; quantitative analysis of nonfixed and
freshly frozen tissues is necessary. One such study showed
that the amount of Al in whole brains of AD patients
was not significantly different in comparison to controls
[114]. Landsberg et al. claimed that they could not detect
Al in senile plaques or NFTs using nuclear microscopy
[115]. However, this failure could simply be due to low
detection limits of their analytical method. Bouras et al. used
highly sensitive laser microprobe mass analysis (LAMMA)
with nonfixed brain samples and reported an accumulation
of Al in NFT-bearing neurons of AD brains [116]. An
accumulation of Al in both senile plaques and NFTs has been
reported in renal failure patients [117]. Recently, Yumoto et
al. analyzed Al using energy-dispersive X-ray spectroscopy
combined with transmission electron microscopy (TEM-
EDX), a method which yields a high-resolution and low
detection limit. Their detailed analysis demonstrated that Al
was present in cores of senile plaques at a concentration of
35–50 ppm [118].

3.3. Epidemiological Studies of AD and Al in Drinking Water.
Some epidemiological studies have failed to demonstrate the
relationship between Al and AD [119, 120]. However, there
are a number of possible explanations for this inconsistency,
particularly when considering the difficulty in making
side-by-side comparisons of epidemiological studies of Al
(e.g., intake estimations, effect of move, changes in water-
treatment processes, etc.). Using strict neuropathological
criteria to discriminate between AD patients and controls
(including histopathological verification), McLachlan et al.
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Figure 2: Cross-linking of protein by Al3+. Al3+ has a relatively small ionic radius (50 pm) with 3 positive charges; here it is compared to
other metal ions such as Zn2+ (74 pm), Ca2+ (99 pm), and Na+ (95 pm). These characteristics enable Al to be an effective cross-linker of
proteins.
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Figure 3: Secretion of AβP from APP and its oligomerization. AβP is secreted by the cleavage of the APP N-terminus by β-secretase (BACE),
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by 3 amino acids (Arg5, Tyr10, and His13). AβP monomers form random-coil structures. However, under aging conditions or the existence of
trace metals such as Al, Zn, and Cu, AβP self-aggregates and oligomerizes (dimmer to protofibrils), and then forms insoluble amyloid fibrils.
Although monomeric AβPs are not toxic, oligomeric AβPs induce marked neuronal death.
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Figure 4: Aggregation of AβP by Al and other metals. (A) Immunoblotting of AβP preincubated with Al and other metals. The solutions of
AβP(1–40) were incubated at 37◦C for 24 h with or without 1 mM of various metals, and were analyzed by SDS-PAGE and immunoblotting
using an antibody to AβP. Each lane contained 4 μg AβP(1–40). Lane a: control, b: AlCl3, c: ZnCl2, d: CuCl2, e: FeCl3, f: CdCl2, Modified from
[134]. (B) Deposition of AβP on surfaces of cultured neurons. Solutions of AβP(1–40) preincubated at 37◦C for 24 h (a), with 1 mM AlCl3

(b), or 1 mM ZnCl2 (c) were applied to cultured rat cortical neurons. After 2 days of exposure, cells were washed and double immunostained
with a polyclonal antibody to AβP (green) and a monoclonal antibody to MAP2 (red), and observed by laser confocal microscope. Scale bar:
50 μm, modified from [64].

found an elevated risk of histopathologically verified AD to
be associated with the consumption of higher concentrations
of Al in drinking water [121]. More detailed analysis revealed
an association between exposure to organic monomeric Al
and AD, even after adjustment for education level, family
history and presence of the apoE4 allele [122].

The amount of Al consumed in drinking water is
approximately 5% of the total daily intake. Thus, it is
possible that some factors that prevent or accelerate Al
absorption may exist in drinking water. Silicate in the water
was reported to interact with Al and prevent Al toxicity to
fish [123, 124]. Therefore, the level of silicate in drinking
water may also be important. In a French cohort study,
the relationship between Al and cognitive impairment is
suggested to be influenced by the silica concentration [29].
Cognitive impairment among women was correlated with
low concentrations of silica in drinking water [125].

In considering the above new lines of evidence about the
neurotoxicity and epidemiology of Al, it is difficult to agree
with the early criticisms of the aluminum hypothesis.

3.4. Effects of Al on the Oligomerization of AβP. In the
1990s when the early arguments were claimed, Al-induced
Alzheimer-like pathological changes were first attributed
to tau proteins (NFT). However, numerous biochemical,
toxicological, cell biological, and genetic studies have sup-
ported the “amyloid cascade hypothesis”, namely, that the
accumulation of AβP and its neurotoxicity play a central role
in the pathogenesis of AD [12, 13].

AβP is a small peptide of 39–43 amino acid residues,
secreted by cleavage of the amyloid precursor protein
(APP) N-terminus by β-APP cleaving enzyme (BACE) and
intramembrane cleavage of its C-terminus by γ-secretase.
Genetic studies of early-onset cases of familial AD indicated
that APP mutations and AβP metabolism are associated with
AD [126]. Yankner et al. reported that the first 40 amino acid
residues of AβP (AβP(1–40)) caused the death of cultured rat
hippocampal neurons or neurodegeneration in the brains of
experimental animals [127]. AβP is a hydrophobic peptide
with an intrinsic tendency to self-assemble and form SDS-
stable oligomers in aqueous solution. The monomeric form
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Figure 5: Modified aluminum hypothesis addressing the implications of Al and other trace metals in the pathogenesis of Alzheimer’s
disease. This model describes the implication of Al and other trace metals including Fe, Cu, and Zn in APP processing, generation and
oligomerization of AβP, and the neurotoxic effects caused by AβP. Details are descried in the text.

of AβP has a random coiled structure. Oligomeric AβPs have
β-pleated sheet structures and form insoluble aggregates,
termed amyloid fibrils. Neurotoxicity of AβP(1–40) peptides
was enhanced by the process of “aging” (aggregated under
incubation at 37◦C for several days) compared to freshly
prepared AβP(1–40) in cultured neurons [128], and were
correlated with its β-sheet contents [129]. Recent approaches
using size-exclusion chromatography, gel electrophoresis,

and atomic force microscopy have demonstrated that the
soluble oligomers are synaptotoxic and neurotoxic [130].
Figure 3 exhibits the oligomerization of AβP and its neuro-
toxicity.

Considering that AβP is secreted in the cerebrospinal
fluid (CSF) of young individuals as well as in aged or
dementia patients [146], factors that accelerate or inhibit
oligomerization may play essential roles in the pathogenesis
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Table 2: Al-induced conformational changes of various proteins.

Proteins References

Disease-related proteins

Alzheimer’s disease

AβP (1-40) [64, 131–134]

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV

AβP (1-42): [135, 136]

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

AβP (25-35): [137]

GSNKGAIIGLMV

APP [138]

Tau or hyperphosphorylated tau (PHF-tau) [32, 57, 139]

Perkinson’s disease and other diseases with Lewy body

α-synuclein (NACP) [140, 141]

Type 2 diabetes mellitus

Amylin: [142]

KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY

Familial British dementia

ABri: [143]

ASNCPAIRHPGNKPAVGTLICSRTVKKNIIGGN

Spinocerebellar ataxia

Ataxin 3 [144]

Dialysis-related arthropathy

β2-microglobulin [145]

of AD. Several factors such as peptide concentration, pH or
composition of solvents, and temperature can influence the
oligomerization processes [147].

Interestingly, rodent AβP exhibits less tendency to
oligomerization than human AβP in vitro [148] and the
accumulation of AβP is rarely observed in the brains of
rodents (rats or mice) as compared to primates (humans or
monkeys). As shown in Figure 3, the amino acid sequences
of human and rodent AβP are similar, but rodent AβP differs
from primate only 3 amino acids (Arg5, Tyr10, and His13)
from primate AβP. All 3 amino acids have the ability to
bind metals. Therefore, trace elements including Al3+ are
of particular interest as potential acceleratory factors and
may play important roles in the accumulation of AβP in the
human brain.

Table 2 summarizes the effects of Al3+ on conformational
changes of AβP and other various disease-related proteins.
Exley et al. first demonstrated by CD spectroscopy that Al
induces a conformational change in AβP(1–40) [131]. Al has
also been shown to promote the aggregation of 125I-labelled
AβP(1–40), with similar findings for Fe and Zn [132].
Bush et al. demonstrated that Zn2+ and Cu2+ caused the
oligomerization of AβP [149, 150]. However, role of Zn2+ in
AD is complex and enigmatic. Lovell et al. reported that zinc
has the protective effects against AβP-induced neurotoxicity
[151]. We have demonstrated that Zn2+ blocks AβP-channels
formed on membranes and inhibits the neurotoxicity [152].

We have developed a system for investigating AβP
oligomerization that involves immunoblotting and pre-
cipitation. Using this system, we have demonstrated that

Al enhances the polymerization of AβP(1–40) and forms
SDS-stable oligomers in vitro [64, 133, 134]. The aggregated
AβP(1–40) is redissolved by adding deferoxamine (DFO),
an Al chelator. The oligomerization induced by Al is more
marked than that induced by other metals, including Zn2+,
Fe3+, Cu2+, and Cd2+ (Figure 4(A)). Furthermore, while Al-
aggregated AβPs bind tightly to the surface of cultured
neurons and form fibrillar deposits, Zn-aggregated AβPs
are rarely observed on the surface of cultured neurons
(Figure 4(B)). These results suggest that Al-aggregated AβPs
have a strong affinity for membrane surfaces as a result
of minimal degradation by proteases. Indeed, Al has been
shown to inhibit the degradation of AβP as the result of con-
formational changes [43, 153]. Furthermore, AβP coupled
with Al is more toxic than normal AβP causing membrane
disruption or perturbation of neural Ca2+ homeostasis and
mitochondrial respiration [154–156].

The chronic application of Al caused the accumulation
of AβP in cultured neurons of rat cerebral cortex [64] and
in neuroblastoma cells [65]. Praticó et al. (2002) found
that orally administered Al caused a marked increase in the
amount of AβP both in its secreted and accumulated forms,
and increased deposition of senile plaques in AD-model mice
transfected with the human APP gene (Tg 2576) [66]. These
results are consistent with other studies demonstrating that
oral Al exposure causes the accumulation of AβP and impairs
spatial learning memory in AD-model mice [67].

Exposure to Al causes the accumulation of AβP and
induces adverse effects in humans as seen in the aftermath of
the accidental Al exposure in 1988 at Camelford [157]. The
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neuropathological case study of a 58 year-old woman who
was exposed to Al and died 15 years later with unspecified
neurological symptoms demonstrated the rare form of
sporadic cerebral amyloid angiopathy, which is characterized
by the deposition of AβP in blood vessels and has a causative
link with AD [158]. The deposition of high amounts of Al in
the patient’s brain was also observed.

Al has also been reported to bind and cause conforma-
tional changes in other AD-related proteins, including APP
[138], tau protein [32, 57], and PHF-tau protein [139] and
in proteins related to other neurodegenerative diseases such
as α-synuclein (Parkinson’s disease (PD) and dementia with
Lewy bodies; DLB) [140, 141], amylin (diabetes mellitus)
[142], ABri (familial British dementia) [143], and ataxin
3 (spinocerebellar ataxia type 3) [144], β2-microglobulin
(dialysis-related arthropathy) [145] (Table 2).

3.5. Metal-Metal Interactions in the Pathogenesis of AD. The
evidence now suggests that the significance of Al in the
pathogenesis of AD should be concerned. Other metals
usually share the binding site of one metal ion, although their
binding constants differ. Al binds to various metal-binding
proteins and influences metal homeostasis. The interactions
between Al and other metals should be considered owing
to the implications of various trace elements in the patho-
genesis of AD. Figure 5 illustrates the modified aluminum
hypothesis that accounts for the implications of Al and other
trace metals in AD pathology from the secretion of AβP to its
neurotoxicity as mentioned below.

3.5.1. Al3+ Affects Iron-Homeostasis and Generates Free
Radicals. Al has similar characteristics to iron (Fe) and
binds to Fe-binding proteins such as ferritin, transferrin,
iron regulatory protein (IRP) or to iron chelators such as
DFO. The iron responsive element/iron regulatory protein
(IRE/IRP) network regulates the production of iron binding
proteins which prevent the formation of free Fe2+, which
causes toxic free radicals [159]. In iron-deficient conditions,
IRP binds to IRE and regulates the expression of genes that
contain IREs in their mRNA, such as ferritin or transferrin.
As the concentration of free Fe2+ increases, the binding of
iron to IRP, expression of transferrin is downregulated and
that of ferritin is upregulated, and the amount of free Fe2+ is
thereby decreased. Al3+ also binds to IRP [34, 160], and thus
influences the expression of Fe-binding proteins with IREs in
their mRNA causing an elevated Fe concentration [161]. Al
also influences the uptake of iron into cultured neurons or
glial cells [34, 162]. Thus, Al3+ affects iron homeostasis and
the expression of various iron-regulated proteins with IREs.
Important findings are that APP mRNA contains an IRE as
well as ferritin, and its expression is regulated by iron [163].
Indeed, Al caused elevated expression of APP in experimental
animals [40, 41]. Recently, Duce et al. demonstrated that
APP has ferroxidase activity, which converts Fe2+ to Fe3+

and regulates free pro-oxidant Fe2+ concentrations [164].
They also found that Zn2+ inhibits the ferroxidase activity
of APP. APP also possesses copper/zinc binding sites in
its amino-terminal domain and in the AβP domain and

may be involved in homeostasis of these metals [165]. Al3+

stimulates Fe-induced membrane lipid peroxidation and
causes oxidative damage in vitro and in vivo, although Al3+

does not directly affect peroxidation [89, 90]. There are
other important findings implicating iron homeostasis in
AD pathogenesis. Iron related genes such as transferrin C2
or hemochromatosis were revealed to be risk factors for
AD [166, 167]. Imagawa et al. (1992) reported that iron
supplementation was effective for the recovery of cognitive
functions in AD patients [168].

3.5.2. Al3+ and Other Metals Enhance the Oligomerization
of AβP. An abnormal expression of APP could lead to an
increased secretion of AβP, and then enhance its accumula-
tion. Secreted AβP is usually degraded by various proteases
such as neprilysin within a short period. The downregulation
of neprilysin induced by Al can cause the accumulation
AβP [43]. Furthermore, AβP becomes oligomerized in the
presence of trace metals such as Al3+, Zn2+, Fe3+, and Cu2+,
could be resistant to proteases, and thus accumulates in the
brain.

3.5.3. Al3+ Impairs Calcium Homeostasis. AβP oligomers
could be readily incorporated into cell membranes, resulting
in the formation of ion channels [147]. A subsequent influx
of Ca2+ through these amyloid channels would lead to the
phosphorylation of tau, depletion of neurotrophic factors,
and the formation of free radicals, and so forth, with the
outcome of these effects being neuronal death. Al3+ blocks
various Ca2+ channels and influences Ca2+ homeostasis.
We found that Al also inhibits the increase in Ca2+ levels
induced by brain-derived neurotrophic factor (BDNF) [94].
As described previously, Al is implicated in most of these
neurodegenerative pathways such as dephosphorylation of
tau [56], depletion of neurotrophic factor [38], formation of
free radicals [89], and induction of neuronal death.

This working hypothesis may be useful in developing an
understanding of the link between AD and trace elements
including Al, Zn, Cu, and Fe. Considering the implications
of metals in AD pathogenesis, chelation therapy for AD
treatment is of great interest [169]. Clioquinol (quinoform),
a chelator of Cu2+ or Zn2+, inhibits oligomerization of AβP
and attenuates the accumulation of amyloid in the brains of
experimental animals. Clinical trials using its analogue PBT2
are under investigation [170]. DFO, a chelator of Al and Fe,
attenuates the decline of daily living skills in AD patients
[171]. Silicates, which couple with Al and reduce its toxicity,
are also candidates for chelation therapy in AD [172].

4. Conclusion: Al and Human Health

In this review, we have summarized the properties associated
with various aspects of Al neurotoxicity. There is growing
evidence for a link between Al and AD, and between other
metals and AD. Nevertheless, because the precise mechanism
of AD pathogenesis remains unknown, this issue is contro-
versial. However, it is widely accepted that Al is a recognized
neurotoxin, and that it could cause cognitive deficiency
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and dementia when it enters the brain and may have
various adverse effects on CNS. In general, the absorption
of metals by the gastrointestinal tract is widely variable
and is influenced by various factors including an individual
difference, age, pH, stomach contents [173]. Recent studies
using mass spectrometry of 26Al have demonstrated that
small, but a considerable amount of Al crosses the blood
brain barrier, enters into the brain, and accumulates in a
semipermanent manner [174, 175]. Therefore, Al can cause
severe health problems in particular populations, including
infants, elderly people, and patients with impaired renal
functions, and unnecessary exposure to Al should be avoided
for such patients [176].

In 1989, a joint FAO/WHO Expert Committee on Food
Additives (JECFA) recommended a provisional tolerable
weekly intake (PTWI) of 7.0 mg/kg body weight Al; however,
this was changed in 2007 to 1.0 mg/kg body weight because
of potential effects on the reproductive system and the devel-
oping nervous system. The characteristics of Al neurotoxity
are complex, and further research is needed especially in
relation to bioavailability, cellular effects, metabolism, and
metal-metal interactions.
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The neurotoxicity of Aβ is associated with the formation of free radical by interacting with redox active metals such as Cu2+.
However, the relationship between ion-interaction, ion-driven free radical formation, and Aβ conformation remains to be further
elucidated. In the present study, we investigated the correlation of Cu2+ interaction and Cu2+-driven free radical formation with
Aβ40 conformation. The Cu2+-binding affinity for Aβ40 in random coiled form is 3-fold higher than that in stable helical form.
Unexpectedly but interestingly, we demonstrate in the first time that the stable helical form of Aβ40 can induce the formation of
H2O2 by interacting with Cu2+. On the other hand, the H2O2 generation is repressed at Aβ/Cu2+ molar ratio≥1 when Aβ40 adopts
random coiled structure. Taken together, our result demonstrates that Aβ40 adopted a helical structure that may play a key factor
for the formation of free radical with Cu2+ ions.

1. Introduction

β-Amyloid (Aβ) peptide is the main cause of Alzheimer’s
disease (AD) [1, 2]. Aβ has two major types, Aβ40 and Aβ42,
which are derived from a ubiquitous type I transmembrane
protein—amyloid precursor protein (APP) by a two-step
secretase (β- and γ-secretase) pathway [3–5]. The amyloid
cascade hypothesis predicts that the aggregated Aβ peptides
in the brain have an early and essential role in the neuronal
degeneration that leads to dementia [1, 2, 6]. The aggregation
of Aβ occurs following a conformational conversion from
either α-helix or random coil to β-sheet in a time-dependent
manner, indicating that the formation of β-sheet structure is
the key step for the peptide aggregation [7, 8].

The formation of Aβ aggregates is modulated by several
factors, including metal ions [9, 10]. In amyloid plaques of
AD-affected brain, remarkably high concentration of metals,

such as Cu (400 μM), Zn (1 mM) and Fe (1 mM), has
been found [11, 12]. In vitro studies, micromolar levels of
Cu2+, Zn2+ and Fe3+ have been shown to sufficiently induce
protease-resistant aggregation and precipitation of Aβ [13].
Copper ions are bound to the three His residues of Aβ located
at the N-terminus, which forms a 3N1O square-planar motif
as verified by EPR spectroscopy [14]. Aβ/Cu2+ complexes
have been demonstrated to generate neurotoxic H2O2 from
O2• through Cu2+ reduction [15]. Copper-selective chelators
can dissolve Aβ deposits extracted from AD postmortem
brain specimens and reduce the level of free radical [16].

Curtain and his colleagues previously reported that the
addition of Cu2+ to oligomeric Aβ40 in a negatively charged
lipid membrane can induce Aβ peptides reinserted into lipid
membranes, convert Aβ conformation from β-strand into α-
helix, and cause the lipid peroxidation [17]. Their result is
the first study to show that instead of β-sheet, Aβ in α-helical
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form can also generate free radicals in the presence of Cu
ions. Recently, our group has characterized the conformation
of Aβ in the presence of Cu ions into three structural states,
stable helix, unstable helix, and random coil, in 40%, 25%,
and 5% TFE, respectively, [18]. Therefore, this provides
us a possibility to re-examine the relationship between Aβ
conformation, and Cu-driven free radical generation.

In the present study, we examined the correlation
between Cu2+ binding affinity, H2O2 formation, and Aβ40
conformation. It was found that both Cu2+ binding affinity
and H2O2 formation are well correlated with the confor-
mation of Aβ40. In general, Cu2+ ions can be bound to
the different structural forms of Aβ40. The copper-binding
affinity of Aβ40 in random coiled form is about 3-fold higher
than that of Aβ40 in stable helical form. For H2O2 formation,
our result shows in the first time that the generation of H2O2

can also be induced by Cu2+ and the stable helical form of
Aβ40. In contrast, in random coiled form, the formation of
H2O2 is inhibited by Aβ40.

2. Materials and Methods

2.1. Peptide Synthesis, Purification, and Sample Preparation.
The synthesis of full-length Aβ40 peptide was performed in
an ABI-433A solid-phase peptide synthesizer using the Fmoc
protocol. Cleavage and deprotection of the synthesized pep-
tide were performed by treatment with a mixture of triflu-
oroacetic acid/distilled water/phenol/thioanisole/ethaned-
ithiol. Then the peptide was extracted with 1 : 1 (v : v)
ether : H2O containing 0.1% 2-mercaptoethanol. The syn-
thesized Aβ peptides were purified on a reverse-phase C-18
HPLC with a linear gradient from 0% to 100% acetonitrile,
and the molecular weight of Aβ40 peptides and purity was
verified by an MALDI-TOF mass spectroscopy. One mg of
purified monomeric Aβ40 peptide was dissolved in 1 mL
100% trifluoroethanol (TFE) as stock solution.

2.2. Circular Dichroism (CD) Spectroscopy. A final Aβ peptide
concentration of 30 μM in either 5% or 40% TFE was pre-
pared from fresh peptide stock solution diluted in phosphate
buffer, pH 7.4, with or without the same concentration of
Cu2+. A thousand μM of Cu2+ stock solution was prepared
by dissolved CuCl2 salt in distilled H2O purged by N2

in a sealed flask and freshly diluted into the designed
concentration before it was used. CD spectra were recorded
using an Aviv spectropolarimeter equipped with a thermal
circulator accessory. All measurements were performed in
quartz cells with a path length of 0.1 cm. Data were collected
at wavelengths from 190 to 260 nm in 0.2 nm increments.
Every CD spectrum is reported as the average from at least
three individual samples. The reported CD spectra were
corrected using phosphate buffer, pH 7.4 for the baseline. All
measurements were carried out at 25.0± 0.2◦C.

2.3. Electron Paramagnetic Resonance (EPR) Spectroscopy. An
equal molar 300 μM of Aβ and Cu2+ in 30% glycerol phos-
phate buffer, pH 7.4, and 5% and 40% of TFE was employed
for spin counting purposes. EPR spectra were obtained at

X-band using a Bruker EMX ER073 spectrometer equipped
with a Bruker TE102 cavity and an advanced research system
continuous-flow cryostat (4.2–300 K). During EPR experi-
ments, the sample temperature was maintained at 10 K. The
microwave frequency was measured with a Hewlett-Packard
5246L electronic counter.

2.4. Tyrosine Fluorescence Spectroscopy. Tyrosine fluorescence
spectroscopy was used to investigate the binding affinity
for copper bound to Aβ. Aβ peptide stock solution was
diluted in phosphate buffer, pH 7.4 to a final peptide con-
centration of 10 μM with designed concentration of Cu2+.
All measurements were performed in a 96-well plate using
a microplate reader (FlexStation 3, MD). The excitation
and emission wavelengths were selected at 278 and 305 nm,
respectively. Reported data were the average obtained from
three individual samples and three repeated measurements
of each sample.

The binding affinity was calculated using the following
equation:

Fx
F0
= Ix − I∞
I0 − I∞ =

1

1 + Ka
[

Cu2+
]n , (1)

where I0 and Ix are the fluorescence intensity for free and
Aβ/Cu2+complex, respectively, I∞ is the fluorescence inten-
sity at saturation state, [Cu2+] is the copper concentration,
and n is the copper binding number. The related parameters
were fitted using nonlinear curve fitting program Micro-
Origin v6.0 (Microcal Software, Inc., Nothampton, MA). In
the initial fitting stage, the simplex method, which was set to
100 cycle runs, was used to calculate the initial parameter for
further nonlinear curve fitting. A 0.95 confidence level was
set to constrain the quality of curve fitting. The final fitting
parameters were obtained when the value of χ2 was less
than 0.05 and the parameters and errors for the parameters
reached the convergent and steady state.

2.5. Hydrogen Peroxide Assay. The production of H2O2 was
analyzed using the dichlorofluorescein diacetate (DCFH-
DA) assay [19]. Dichlorofluorescein diacetate was dissolved
in 100% dimethyl sulfoxide, deacetylated with 50% v/v
0.05 M NaOH for 30 min, and then neutralized (pH 7.4) to
a final concentration of 200 μM as stock solution. This stock
solution was kept on ice and in dark until use. The reactions
were carried out in Dulbecco’s PBS, pH 7.4, in a 96-well plate
(100 μL/well) containing different concentration of Aβ40,
30 μM CuCl2, TFE (5% and 40%), deacylated DCF (20 μM),
and horseradish peroxidase (5 μM) at 37◦C. For negative
control, an extra of 1.0 mM catalase (Aspergillus niger) was
used to quench H2O2. Measurements were performed on
the day of sample preparation. Fluorescence readings were
recorded on a microplate reader (MD, FlexStation 3), with
the excitation and emission wavelengths selected at 485 and
530 nm, respectively.

2.6. Turbidity Assay. UV/Vis turbidity assay was used to
detect the aggregation process of Aβ. 200 μL of 30 μM Aβ40
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in phosphate buffer, pH 7.4 containing either 5% or 40%
TFE was freshly prepared from stock solution. Fresh prepared
samples with or without 30 μM Cu2+ placed in a 96-well
plate were incubated at 37◦C. Turbidity was measured using
a microplate reader (MD, FlexStation 3) at a wavelength of
450 nm.

3. Results

The aim of this study is to examine the relationship between
Aβ40 conformation and other physical and chemical proper-
ties such as aggregation, Cu-binding affinity, and free radical
formation. In the present study, we applied 5% and 40%
TFE to mimic the conformation of Aβ40 in random coil and
stable helix, respectively, [18]. Therefore, the effect of TFE
on Cu2+ binding affinity and free radical generation has to be
evaluated. As depicted in supplemental data (see Supplemen-
tary Material available online at doi:10.4061/2011/607861),
the main effect of TFE on the system is only to quench
the DCF fluorescence intensity. Neither was the solubility of
Cu2+ ions nor the formation of H2O2 affected by TFE.

3.1. Secondary Structure of Aβ40 and Aβ40/Cu2+. First of
all, we characterized the structural state of Aβ40 with and
without Cu2+ in either 5% or 40% TFE using circular
dichroism (CD) spectroscopy. Figures 1(a) and 1(b) show
the CD spectra for Aβ40 and Aβ40/Cu2+ in 5% and 40%
TFE, respectively. It can be seen that, in 5% TFE, the pattern
of CD spectrum for Aβ40 in the presence of Cu2+ showed a
dramatic change compared to that for Aβ40 only, while the
CD spectra of Aβ40 with or without Cu2+ in 40% TFE did
not show any significant change. The secondary structure of
Aβ40 in 5% TFE changes from 63% random coil, 34% β-
sheet and 3% helix in Cu2+-free state to 45% random coil,
50% β-sheet and 5% helix in Cu2+-bound state, representing
that there is a structural conversion from random coil into
β-sheet. On the other hand, the conformation of Aβ40 with
or without Cu2+ in 40% TFE remains stable in which the
secondary structure is 74% helix, 14% β-sheet, and 12%
random coil in Cu2+-free state and 73% helix, 15% β-sheet,
and 12% random coil in Cu2+-bound state, indicating that
there is no conformational conversion of Aβ40 in 40% TFE
while adding Cu2+ ions.

3.2. Correlation of Aggregation and Aβ40 Structure. It has
been shown that Cu2+ ions are able to accelerate the
aggregation of Aβ40 [9, 15, 18, 20]. Hence, we characterized
the aggregation process of Aβ40/Cu2+ and Aβ40 in 5% and
40% TFE. The aggregation process of Aβ40/Cu2+ and Aβ40
in 5% and 40% TFE was analyzed by turbidity assay as shown
in Figure 2. In general, in both 5% and 40% TFE, Aβ40 in
the presence of Cu2+ was aggregated much faster than that
in the absence of Cu2+. Furthermore, the aggregation rate
in 5% TFE for both Aβ40/Cu2+ and Aβ40 was much faster
than that in 40% TFE. The aggregation process in 5% TFE for
Aβ40/Cu2+ and Aβ40 showed a typical sigmoidal profile. On
the other hand, the aggregation process in 40% TFE for Aβ40
with and without Cu2+ mostly stayed in the nucleation or the

early elongating stage within 24 hrs. The aggregation process
for Aβ40 and Aβ40/Cu2+ in 5% and 40% TFE echoes with
the result obtained in the analyses of secondary structure in
which the aggregation ability is correlated with the ability of
conformational formation of β-sheet [8].

3.3. EPR Spectroscopy of Aβ40/Cu2+ in 5% and 40%. In the
present study, we showed that the conformational states for
Aβ40/Cu2+ and Aβ40 in 5% are dramatically different, while
no such conformational change can be observed between
Aβ40/Cu2+ and Aβ40 in 40% TFE. Although Cu2+ ions have
been shown to be bound to Aβ in aqueous solution [14],
then, whether Cu2+ ions are bound to Aβ40 in 40% TFE
is needed to be investigated since the structural state for
Aβ40/Cu2+ and Aβ40 in 40% TFE shows no difference. To
address this issue, EPR spectroscopy was applied to explore
the interaction between Cu2+ and Aβ40 in 40% TFE. As
shown in Figure 3, the EPR spectra of Aβ/Cu2+ both in
5% and 40% TFE showed two major groups of hyperfine
peaks, while no hyperfine peak could be observed in the
EPR spectrum for Cu2+ alone, indicating that Cu2+ ions were
bound to Aβ40 in both 5% and 40% TFE. The pattern of
hyperfine peaks for Aβ40/Cu2+ in 5% and 40% TFE is similar,
but the position of hyperfine peaks in 40% TFE shifts to
low magnetic field. The related EPR parameters of g‖, A,
and g⊥ are 2.28, 156.8, and 2.06 for Aβ40/Cu2+ in 5% TFE,
respectively. The g‖ and g⊥ values in 5% TFE are very close to
those in the literature measured in aqueous condition [14],
representing that the binding geometry of Aβ40/Cu2+ in 5%
TFE should adopt a similar 3N1O coordination. On the other
hand, the related EPR parameters of g‖, A, and g⊥ are 2.40,
119.6, and 2.09 for Aβ40/Cu2+ in 40% TFE, indicating that
the copper-binding geometry is different from the 3N1O
mode and may be locally distorted in 40% TFE. Meanwhile,
the A value in 5% TFE is larger than that in 40% TFE. This
further indicates that the binding affinity of Cu2+ to Aβ40 in
random coiled form may be stronger than that to Aβ40 in
stable helical form.

3.4. Cu2+-Binding Affinity in 5% and 40% TFE. As shown in
EPR studies, Cu2+ can be bound to different structural forms
of Aβ40 with a different binding affinity. In order to further
elucidate the binding property of Cu2+, we applied the
tyrosine fluorescence spectroscopy to determine the Cu2+-
binding constant, since tyrosine 10 is the only fluorophore
in Aβ amino acid sequence and locates at the binding pocket,
in which the binding of Cu2+to Aβ40 may cause the change
of tyrosine fluorescence.

The titration curves of Cu2+ concentration versus tyro-
sine fluorescence intensity in 5% and 40% TFE are shown in
Figures 4(a) and 4(b), respectively. The binding constants,
Ka, were estimated using the equation as described in the
experimental section with molar ratio of Aβ : Cu2+ = 1 : 1,
that is, n = 1. The calculated Ka values are 0.14 μM−1 (R2 >
0.97) and 0.05 μM−1 (R2 > 0.96) for Aβ/Cu2+ in 5% and 40%
TFE, respectively. The Ka of Aβ40/Cu2+ in 5% TFE is around
3-fold higher than that in 40% TFE, suggesting that Cu2+ is
bound to random coiled form of Aβ40 more strongly than to
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Figure 1: Circular dichroism spectra of Aβ40 peptide with or without Cu2+ in (a) 5% TFE and (b) 40% TFE. The concentration for both
Aβ40 and Cu2+ used in measurements was 10 μM. It can be seen that the conformation of Aβ40 in 5% TFE shows a dramatic change in the
presence of Cu2+, while the conformation of Aβ40 in 40% TFE remains unchanged in the presence or absence of Cu2+.

0 5 10 15 20 25

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Tu
rb

id
it

y
(4

50
n

m
)

Time (hr)

5% TFE Aβ40/Cu2+

40% TFE Aβ40/Cu2+
5% TFE Aβ40
40% TFE Aβ40
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in 5% and 40% TFE measured by turbidity assay. (�) Aβ40/Cu2+ in
5% TFE, (�) Aβ40 in 5% TFE, (•) Aβ40/Cu2+ in 40% TFE, and (�)
Aβ40 in 40% TFE.

stable helical form of Aβ40 which is consistent with the EPR
studies.

3.5. Hydrogen Peroxide Formation in 5% and 40% TFE. It
has been demonstrated that Aβ40 coordinated with Cu2+ can
cause the reduction of Cu2+ and then induce the formation
of H2O2 from O2• in a catalytic manner [15, 20]. To examine
the relationship between free radical formation and Aβ40
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Aβ/Cu2+ + 40% TEF

Cu2+ + 5% TEF

Cu2+ + 40% TEF

Figure 3: EPR spectra for Cu2+ only, Aβ40/Cu2+ in either 5% or
40% TFE. The characteristic g‖ and g⊥ hyperfine peaks appeared in
5% and 40% TFE represent that copper ion coordinates with Aβ40
in a 3N1O mode. The characteristic bands in 40% TFE are slightly
shift downfield compared with the hyperfine peaks appeared in 5%
TFE, suggesting that Aβ40 adopts different conformation in 5% and
40% TFE.

conformation, DCF assay was used to detect the formation
of H2O2. Figures 5(a) and 5(b) show the plots of DCF
fluorescence intensity versus Aβ concentration in 5% and
40% TFE as incubated at 37◦C for 1 hr.

In general, results clearly show that the formation of
H2O2 is also correlated with Aβ40 conformation. In 5%
TFE, the H2O2 level was decreased with an increase of Aβ40
concentration. The level of H2O2 was reduced to zero when
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Figure 4: The binding affinity of Cu2+ to Aβ40 peptide in (a) 5% TFE and (b) 40% TFE measured by tyrosine fluorescence spectroscopy.
Insets in (a) and (b) show the Jot plot. The concentration of Aβ40 was 10 μM. The solid lines represent the fitting curve using the equation
as depicted in Section 2 with n = 1. The R2 values in (a) and (b) are all >0.96, and the χ2 values are <0.05.
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Figure 5: H2O2 generation assay for Aβ40 in (a) random coiled state (5% TFE) and (b) stable helical state (40% TFE). In (a), instead of
generating free radicals, Aβ40 shows to inhibit the generation of free radical. (�) 30 μM Cu2+ alone and (•) titration of Aβ40 with 30 μM
Cu2+. On the other hand, in stable helical structure (b), Aβ40 produces free radical with copper, in (�) 30 μM Cu2+ alone, (�) Aβ40 alone,
(•) titration of Aβ40 with 30 μM Cu2+, and (�) Aβ40 with 30 μM Cu2+ and 1 mM Catalase. All measurements were incubated at 37◦C for 1
hour.

the Aβ40/Cu2+ molar ratio ≥1, indicating that the formation
of H2O2 is inhibited when Aβ40 adopts the random coiled
form. Unexpectedly but interestingly, unlike the formation
of H2O2 which was inhibited in 5% TFE, the level of
H2O2 in 40% TFE was increased with an increase of Aβ40
concentration and was much higher than those of either Cu2+

or Aβ40 alone, suggesting that the formation of H2O2 was
induced when Aβ40 was in the stable helical form.

4. Discussion

According to amyloid cascade hypothesis, aggregated Aβ
is the main toxic species to cause the Alzheimer’s disease
[6]. The various forms of Aβ aggregate have been shown
to coordinate with redox active transition metals, such as
Cu2+ and Fe3+, and induce the generation of reactive oxygen
species [15, 20]. However, the correlation of copper-binding
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affinity, copper-driven aggregation, and free radical for-
mation with Aβ40 conformation still needs to be eluci-
dated.

For ion interaction, our results demonstrate for the first
time that Cu2+ ions can interact with both random coiled and
stable helical forms of Aβ40. As a larger A value and binding
constant obtained for Aβ40 in 5% TFE, the Cu2+-binding
affinity for random coiled form of Aβ40 is much stronger
than that for stable helical form of Aβ40. The possible
explanation may be attributed to the different flexibility of
Aβ40 conformation in 5% and 40% TFE. As shown in CD
spectra, the conformation of Aβ40 in 5% TFE is relatively
flexible and can easily convert structure from random coil
into β-sheet while coordinating with Cu2+. On the other
hand, the overall conformation of Aβ40 with or without
Cu2+ is relatively rigid and remains in stable helix in 40%
TFE, and only the local geometry of Cu2+-binding site is
distorted while interacting with Cu2+ ions as indicated by the
shift of g‖ value. Therefore, the interaction between Cu2+ and
Aβ40 is strong in 5% TFE and relatively weak in 40% TFE.
The binding affinity for stable helical form of Aβ40 is almost
3-fold lower than that for random coiled form of Aβ40.

The Cu2+-binding affinity can further be used to account
for the differences for Cu2+-driven aggregation between
random coiled and stable helical forms of Aβ40. It is well
known that the formation of β-sheet plays a key step for the
aggregation of Aβ40 [8]. As shown in the present study, the
conformation of Aβ40 in 5% TFE is much easier than that
in 40% TFE to convert into β-strand structure by Cu2+ ions.
Thus, in the presence of Cu2+, the random coiled form of
Aβ40 (in 5% TFE) aggregates faster and more severe than the
stable helical form of Aβ40 (in 40% TFE).

Unlike the cascade hypothesis that only β-sheet form
of aggregated Aβ can produce free radical, we demonstrate
that helical form of Aβ40 can also induce the formation
of H2O2. From the aggregation assay, this helical form
of Aβ40 may possibly exist as a monomer during the
early incubation period. Then, this further implies that
monomeric Aβ40 in stable helical form by coordinating with
Cu2+ can induce the formation of H2O2. In contrast, Aβ40
in random coiled form shows to inhibit the formation of
H2O2 during the early incubation period. The inhibition of
H2O2 formation becomes more significant with an increase
of Aβ40 concentration, and the formation of H2O2 further is
completely inhibited when the molar ratio of Aβ/Cu2+ molar
ratio ≥1. Our observation is consistent with a recent study
by Viles and his colleagues, in which they showed that, at
Aβ/Cu2+ molar ratio =1, the formation of H2O2 is inhibited
by both monomeric and fibrillar Aβ peptides [21]. Taken
together, it may suggest that helical structure may play a key
factor for the generation of H2O2 by Aβ40/Cu2+.

In summary, our present results demonstrate that both
ion interaction and copper-driven free radical formation are
well correlated with Aβ40 conformation. When Aβ40 adopts
a stable helical structure, the Cu2+ binding affinity is weaker,
and the free radical is produced. On the other hand, when
Aβ40 adopts a random coil in 5% TFE, the Cu2+ binding
affinity is stronger, and the formation of H2O2 is inhibited.
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Gamma-secretase is involved in the production of Aβ amyloid peptides. It cleaves the transmembrane domain of the amyloid
precursor protein (APP) at alternative sites to produce Aβ and the APP intracellular domain (AICD). Metal ions play an important
role in Aβ aggregation and metabolism, thus metal chelators and ligands represent potential therapeutic agents for AD treatment.
A direct effect of metal chelators on γ-secretase has not yet been investigated. The authors used an in vitro γ-secretase assay
consisting of cleavage of APP C100-3XFLAG by endogenous γ-secretase from rodent brains and human neuroblastoma SH-SY5Y,
and detected AICD production by western blotting. Adding metalloprotease inhibitors to the reaction showed that clioquinol,
phosphoramidon, and zinc metalloprotease inhibitors had no significant effect on γ-secretase activity. In contrast, phenanthroline,
EDTA, and EGTA markedly decreased γ-secretase activity that could be restored by adding back calcium and magnesium ions.
Mg2+ stabilized a 1,000 kDa presenilin 1 complex through blue native gel electrophoresis and size-exclusion chromatography. Data
suggest that Ca2+ and Mg2+ stabilize γ-secretase and enhance its activity.

1. Introduction

Gamma-secretase is a key protease activity involved in the
production of Alzheimer’s disease Aβ amyloid peptides
and in regulated intramembrane processing of a subset of
membrane receptors, including Notch (reviewed in [1]). Aβ
is proteolytically derived from the type I integral amyloid
precursor protein (APP) [2] by two sequential cleavages.
Shedding of the large APP ectodomain by β-secretase (β-
APP cleaving enzyme1, BACE1) [3] produces a 99 amino
acid membrane-tethered stub (β-secretase generated APP C-
terminal fragment, βCTF, or C99) that is further processed
by γ-secretase to liberate Aβ peptides in the extracellu-
lar/luminal space. γ-Secretase cleaves the transmembrane
domain of APP at multiple sites. Cleavage at the ε-site [4], at
position 49-50 according to numbering from Aβ N-terminus

mediates the cytosolic release of APP intracellular domain
(AICD) together with its binding partners and regulates
their nuclear translocation [5]. Further cleavages at the
ζ/(46-47) and γ/(40-41) sites generate Aβ40 [6]. Pathogenic
mutations in APP or in the presenilins result in shifting
of ε-cleavage to the (48-49) site and production of Aβ42

[7]. APP also undergoes ectodomain shedding by cleavage
within the Aβ domain by α-secretase, in a nonamyloidogenic
cellular pathway, followed by γ-secretase processing of the
corresponding membrane stub (C83) to release AICD and
a p3 fragment (reviewed in [8]).

γ-Secretase activity is contained within high molecular
complexes formed by assembly of four integral membrane
proteins, presenilin, nicastrin, Aph-1, and Pen-2 [9]. Gene
knockout experiments [10] and mutation of two con-
served aspartates [11] have revealed that the presenilins,
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either PS1 or PS2, are membrane proteases and constitute
the catalytic subunits of γ-secretase complexes.

The mechanism of γ-secretase and its modulation are
yet to be elucidated. We aimed to investigate the effect
of metal chelators on γ-secretase activity in vitro. Indeed,
biometals and metalloenzymes play an important role in
the metabolism of APP and Aβ. APP itself comprises two
zinc/copper binding sites, one of them located within the
Aβ sequence [12–14]. Although the precise function of APP
remains unclear, a wealth of experimental evidence indicates
that it plays a role in copper homeostasis [15]. The reduction
of Cu2+ to Cu+ by APP is accompanied by the production
of hydrogen peroxide resulting in oxidative stress [16]. Also,
metal ions, particularly copper, mediate Aβ oligomerization
and toxicity [17], therefore metal chelators and ionophores
are currently being evaluated as drug candidates for AD
treatment (reviewed in [18]). To support the merit of this
therapeutic approach, the copper chelator clioquinol (CQ)
has been shown to reduce Aβ deposition in the brain of an
AD transgenic mouse model [19].

Metals are also implicated in Aβ clearance as the
enzymes that metabolize Aβ peptides are zinc-dependent
(for a complete review, see [20]), in particular the insulin-
degrading enzyme (IDE) [21–24], neprilysin (NEP) [25–
27], and the matrix-metalloproteinases MMP2 and MMP9
[28–30]. Secretase processing of APP is also influenced by
metal ions since the α-secretase enzymes belong to the family
of ADAM proteases, which are zinc-metalloproteases [31],
and the β-secretase enzyme; BACE1 comprises a copper-
binding site within its cytoplasmic tail, which may regulate
its enzymatic activity [32].

In this paper, we have evaluated the direct effects of metal
chelators on γ-secretase in an in vitro assay using endogenous
enzyme extracted from guinea pig and mouse brains, or from
human neuroblastoma SH-SY5Y cells, together with C100-
3XFLAG substrate, an analogue of APP β-CTF.

2. Materials and Methods

2.1. Materials and Reagents. Adenosine 5′-triphosphate
disodium salt (ATP), ethylene glycol-bis[2-aminoethyl ether]-
N,N,N′,N′-tetraacetic acid (EGTA), glycerol, 5-chloro7-iodo
-8-hydroxyquinoline (clioquinol or CQ), D,L-thiorphan, P-
2714 protease inhibitor cocktail, [3-[(3-cholamidopro-
pyl)dimethylammonio-]-2-hydroxy-1-propanesulfonate]
(CHAPSO), M2 monoclonal antibody, and anti-FLAG M2-
agarose were purchased from Sigma-Aldrich (Sydney,
Australia). Glycerol, phosphoramidon and 1,10-phenanthro-
line were from Merck Biosciences (Victoria, Australia).
GM6001 (ilomastat) was obtained from Chemicon (Boronia,
Victoria, Australia). L-685,458 inhibitor was obtained from
Dr. Mark Shearman (Merck, Sharpe, and Dohme).

2.2. C100-3XFLAG Preparation and Purification. E. Coli
transformed with the C100-3XFLAG vector were grown
and induced for C100-3XFLAG expression as described
before [33]. The cells were harvested, resuspended in 50 mM
HEPES, 5 mM MgCl2, 5 mM CaCl2, 150 mM KCl, and pH

7.4, supplemented with 1% (w/v) P-2714 (Sigma) protease
inhibitor cocktail, and disrupted by sonication. Membranes
were isolated by centrifugation for 1 hour at 100,000 g,
and were resuspended in homogenisation buffer containing
1% (v/v) CHAPSO, using a Dounce homogenizer, followed
by repeated passages through syringe needles of decreasing
bore size. The resultant fine suspension was incubated for 1
hour at 4◦C, with end-over-end rocking, then centrifuged at
18,000 g for 1 hour at 4◦C, and the supernatant containing
the solubilized proteins was brought up to 10% glycerol
(v/v). C100-3FLAG was affinity-purified on anti-FLAG M2-
agarose column and the purified substrate was stored as
aliquots at −80◦C.

2.3. Preparation of γ-Secretase Activity. All steps were carried
out on ice and the centrifugation steps done at 4◦C. Guinea
pigs and mouse (C57/Bl6) brains were obtained from the
Animal Facility of the University of Melbourne Department
of Pathology as secondary tissue usage of excess animals.
Homogenates from whole brains, minus cerebellum, were
prepared as described previously [33]. The crude tissue
homogenate prepared in 20 mM HEPES, pH 7.4, containing
250 mM sucrose, and 1% protease inhibitor cocktail (with
no pepstatin), was centrifuged at 3,000 g for 30 minutes to
remove cellular debris. The supernatant was collected and
centrifuged further at 100,000 g for 1 hour in a L8-80M
ultracentrifuge equipped with a Ti70.1 rotor (Beckman-
Coulter). The pellet was washed with 20 mM HEPES,
150 mM KCl, and pH 7.4, and resuspended in the same buffer
plus 1% (v/v) CHAPSO, with mixing on a rotating platform
for 1 hour, at 4◦C. CHAPSO-extracted membranes were
removed by centrifugation at 18,000 g for 20 minutes The
supernatant, containing solubilized γ-secretase, was brought
up to 10% glycerol (v/v), and stored as aliquots at −80◦C.

Alternatively, SH-SY5Y cells were resuspended in 20 mM
HEPES, 80 mM KCl, and pH 7.3, supplemented with 1%
protease inhibitor cocktail, and homogenized by repeated
passages through a 25-gauge needle. The cell homogenate
was centrifuged at 1,000 g for 20 min to remove nuclei and
cell debris. The resultant supernatant was collected and
centrifuged for 1 hour at 100,000 g. The sediment pellet was
extracted with 1% CHAPSO.

2.4. Gamma-Secretase Assays. Purified recombinant sub-
strate (∼1.5 μM) and CHAPSO-solubilized membranes (5 μg
of guinea pig or mouse brain preparation, or 15 μg of
SH-SY5Y membrane extract) were incubated for 4 to
18 hours at 37◦C in presence of ATP (1.25 mM) and a
mixture of phosphotidyl-ethanolamine (PE) and phospho-
tidylcholine (PC) (50 ng each; Sigma-Aldrich) in a final
reaction volume of 20 μL of 20 mM HEPES (pH 7.4) and
0.5% CHAPSO, plus either 2 mM EDTA (buffer E) or
5 mM CaCl2, 5 mM MgCl2 and 150 mM KCl (buffer A).
Inhibitors were prepared as stocks in DMSO and used at
dilutions so that DMSO concentration in incubations was
no more than 2.5%. Incubations were terminated by adding
Laemmli SDS sample buffer and heating at 95◦C for 5
minutes. The samples were electrophoresed for 5 hours on
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Tris-tricine gels (two-layer, 10–15% acrylamide discontinu-
ous gradient) using a miniPROTEAN 3 system (Bio-Rad)
followed by electrotransfer to nitrocellulose (Trans-blot, Bio-
Rad). The blots were boiled in phosphate buffer saline, pH
7.4 (PBS) for 3 min prior to blocking for 1 hour with 0.5%
casein in PBS and probing with primary antibody for 2
hours. The blots were developed with the Super Signal West
Dura kit (Pierce, Rockford, Il) and exposed to a GeneGnome
digital imaging system (Syngene, Cambridge, UK). Data were
analysed using GeneTools software (Syngene). γ-Secretase
activity was expressed as the ratio of AICD signal to the
sum of C100 plus AICD signals after subtracting blank
values. Aβ was quantified by DELFIA as described before
[34]. In brief, plates were coated with mouse monoclonal
antibody G210 (specific for Aβ40) and developed with
biotinylated WO2 (anti-Aβ 1–16). Bound antibody was
detected with streptavidin-labeled Europium (Perkin Elmer,
Inc, Melbourne, Victoria). Results were calculated from a
standard curve obtained with Aβ40 synthetic peptide.

2.5. BN-PAGE Analysis. SH-SY5Y membrane extract (0.5%
CHAPSO), prepared as described above, was mixed with an
equal volume of 20 mM HEPES (pH 7.4) containing 0.5%
CHAPSO plus one of the following, 2 mM EDTA, 2 mM
EGTA, 5 mM MgCl2, or 5 mM CaCl2, and incubated for
18 hours at 19◦C. BN-PAGE sample buffer was added and
the samples resolved on 3–8% NuPAGE Tris-acetate gels
(Invitrogen) as described previously [35].

2.6. Size-Exclusion Chromatography. SH-SY5Y membrane
extracts (diluted to 0.5% CHAPSO) prepared as for BN-
PAGE were fractionated on a Superose-6 column (GE
Healthcare) equilibrated in 20 mM HEPES, 150 mM KCl
buffer, and pH 7.3 and eluted at a flow rate of 0.5 mL/min.
0.5 mL fractions were collected and analysed by western
blotting with 98/1 antibody [36].

3. Results

3.1. In Vitro γ-Secretase Assay. C100 substrate, expressed in
E. coli, is based on the human APP C-terminal sequence,
which corresponds to the C-terminal fragment produced
by β-secretase cleavage of APP (β-CTF, the direct precursor
to Aβ) plus N-terminal Met596. C100 is expressed with a
3XFLAG C-terminal tag to improve solubility, stability, and
detection of AICD [33]. Incubations of C100-3XFLAG with
γ-secretase preparations from guinea pig brain membranes
produced a 10 kDa C-terminal fragment that was inhibited
in a dose-response manner by two specific γ-secretase
inhibitors, L-685,458 [37], and DAPT [38] (Figure 1(a)).
AICD production was time dependent (Figure 1(b)). Detec-
tion of Aβwith WO2 shows an increased production between
2 and 4 hours but the results could not be quantified due
to high background and merging of the bands between the
lanes.

The effects of phospholipids and ATP were tested to
further validate the AICD detection assay and optimize
conditions. Adding phospholipids (PC and PE, 2.5 μg/mL

each) enhanced the production of AICD (Figure 1(c)), a
result consistent with reports by others [39, 40]. Adding
ATP (1.25 mM) to the γ-secretase/APP substrate reaction
was also found to cause an average 1.6-fold increase of
AICD production (Figures 1(d) and 1(e)), corroborating
the report by Fraering et al. [41] who used recombinant γ-
secretase solubilized from membranes of cells overexpressing
the γ-secretase components. The positive effect of ATP was
also obtained using γ-secretase preparations from SH-SY5Y-
membranes (data not shown).

3.2. Effect of Zinc and Copper Chelators on γ-Secretase
Activity. The effect of metal ion chelators and metallopro-
tease inhibitors on γ-secretase was evaluated using various
compounds (Figures 2(a) and 2(b)). The zinc chelators,
thiorphan and phosphoramidon, and the hydroxamate
inhibitor ilomastat, which is an inhibitor of α-secretase,
were all assayed at 250 nM, a concentration sufficient to
completely inhibit their target metalloprotease activities in
cells and tissues. There was no significant effect of these
compounds in the γ-secretase assay, although thiorphan
showed a trend for an increase in AICD signal. Thiorphan
is an inhibitor of neprilysin, which might be present in
the assay as it is associated with brain membranes. The
modest decrease in γ-secretase activity in the presence of the
copper chelator clioquinol was not statistically significant. In
contrast a 65% decrease in AICD production (P = .024;
N = 3) was observed in the presence of phenanthroline
(5 mM), suggesting that some metal ions facilitate γ-secretase
activity.

3.3. Metal Chelators of Broad Specificity Decrease γ-Secretase
Activity. The reduction of activity in the presence of phenan-
throline led us to test the effect of EDTA, another chelator
of broad specificity. Indeed, reports in the literature indicate
the use of alternative buffers for in vitro γ-secretase assays.
Notably, these involve the use of buffers that either contain
EDTA [41, 42], or that are supplemented with Ca2+ and Mg2+

[39, 40, 43–45]. Therefore, we compared both conditions in
our assay (Figures 3(a) and 3(b)). In the presence of EDTA,
AICD production was 28% of that in the presence of buffer
with Ca2+ and Mg2+ (P = .0002, N = 5). Measurement
of Aβ40 production by a sandwich ELISA (Figure 3(c))
showed that 0.035 ± 0.01 ng/mL Aβ40 was produced in the
presence of Ca2+ and Mg2+ whereas 0.011 ± 0.004 ng/mL
was produced in the presence of EDTA, further supporting
that Ca2+ and Mg2+ ions facilitate the processing of C100
by γ-secretase. Similar results were obtained when using
solubilised SH-SY5Y membranes as the source of γ-secretase,
with AICD production in the presence of EDTA being 30%
to that in the presence of Ca2+ and Mg2+ (Figures 3(d)
and 3(e)). Comparing incubations with and without Ca2+

and Mg2+ showed that the addition of these metal ions
ameliorates γ-secretase activity by 1.65-fold (P = .02,N = 3)
(Figures 3(d) and 3(e)). These data are consistent with those
obtained with phenanthroline, and suggest that adding Ca2+

and Mg2+metal ions facilitate γ-secretase cleavage of APP
substrate.
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Figure 1: Characterization of γ-secretase in vitro assay with guinea pig brain enzyme. ∼1 μg of purified recombinant C100-3XFLAG was
incubated with 2.75 μg of CHAPSO solubilised membranes of guinea pig brain in 20 mM HEPES buffer, pH 7.3, plus 3 mM CaCl2, 3 mM
MgCl2 and 150 mM KCl. The reactions were stopped by adding Laemmli buffer, boiled, and separated on Tris-Tricine gels. M2 (anti-
FLAG) antibody and WO2 (anti-Aβ 1–16) were used for western blot detection. (a) Production of an AICD fragment in the assay is
inhibited by the γ-secretase inhibitors, L-685,458 and DAPT. (b) Both AICD and Aβ are produced in the reaction and inhibited by L-
685,458. AICD signal increases in a time dependent manner over 20 h. Aβ signal is increased at 4 h compared to 2 h, but decreased at
20 h, possibly due to degradation. (Inc, incubation at 37◦C). (c) Positive effect of phospholipids on AICD production in the γ-secretase
assay. PC, phosphatidylcholine; PE, phosphatidylethanolamine. (d) Positive effect of ATP on the γ-secretase assay. ATP was added 1.25 mM
concentration. (e) Quantitation of three separate experiments using GeneTools Syngene software shows ∼1.6 fold enhancement of γ-
secretase activity in the presence of 1.25 mM ATP. The error bars represent SEM.

3.4. Ca2+ and Mg2+ Facilitate γ-Secretase Activity. To define
which of Ca2+ and Mg2+ ions were important for γ-secretase
activity, we tested the effect of EGTA that has much greater
affinity for calcium than magnesium. In the reactions carried
out with guinea pig or mouse γ-secretase activity, there
were similar levels of AICD produced in the presence of
EGTA than in the presence of EDTA (Figures 4(a) and 4(b)),
suggesting that Ca2+ions are required for the enhancement

of γ-secretase activity. When, reactions were prepared in the
presence of 2 mM EDTA and increasing concentrations of
CaCl2 or MgCl2 were added, both Ca and Mg ions individ-
ually restored AICD production to levels achieved with the
Ca and Mg buffer (Figure 4(c)). However, when Mg ions
were absent in the reaction, adding 3 mM calcium resulted in
precipitation of the C100 substrate. Therefore, both calcium
and magnesium are required for optimal assay conditions.
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3.5. Calcium and Magnesium Ions Stabilize a High Molecular
Weight γ-Secretase Complex. To determine if calcium and
magnesium ions had an effect on the size and stability of
γ-secretase complexes, SH-SY5Y membrane-extracts diluted
with 20 mM HEPES, and 150 mM KCl (pH 7.3) to a
CHAPSO concentration of 0.5% were incubated in the
presence of either 2 mM EDTA, 2 mM MgCl2, or 2 mM
CaCl2, and analyzed by BN-PAGE and western blotting for
PS1 (Figure 5(a)). In HEPES buffer, with no added calcium
or magnesium, and in the presence of EDTA or EGTA, PS1
was found mostly associated with a 350 kDa complex, and a
minor amount with a 450 kDa complex. In the incubations
with Mg2+, with or without ATP, presenilin was found
associated with a ∼450 kDa complex and also, in a small
proportion with a 1,000 kDa complex. In the presence of
Ca2+, PS1 was found mostly associated with the ∼450 kDa
complex. These data suggest that Ca2+ and Mg2+ ions
contribute to stabilization of γ-secretase complexes, possibly
in association with binding partners. Further analysis of PS1
γ-secretase complex sizes by gel filtration on a Superose-
6 column (Figure 5(b)) showed that, in the presence of

Mg2+ ions, most PS1 immunoreactivity is recovered in a
symmetrical peak in fractions corresponding to ∼1,000 kDa.
In the presence of EDTA, the peak of PS1 immunoreactivity
was less sharp and broader, suggesting decreased complex
stability.

4. Discussion

Biometal ions and metalloenzymes play an important role
in the metabolism of APP and Aβ, and the pharmaco-
modulation of copper levels in the brain represents a
promising therapeutic approach to treat AD [18]. Little is
known about the effect of metal ions on γ-secretase activity.
We found that the copper-selective chelator, clioquinol did
not significantly alter AICD production, suggesting that
copper is not directly involved in γ-secretase cleavage of
the APP substrate. This finding is consistent with our
previous report that CQ does not alter production of Aβ
in CHO-APP cells [28]. The zinc chelators, thiorphan and
phosphoramidon, and the α-secretase inhibitor, ilomastat,
showed no significant effect on the γ-secretase reaction.
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In contrast, γ-secretase activity was reduced in the presence
of EDTA and phenanthroline. EGTA had an effect compa-
rable to that of EDTA, indicating the possible involvement
of calcium ions in the assay. Adding back calcium or
magnesium to incubations carried out in the presence of
EDTA showed that both enhanced AICD production.

In vitro γ-secretase assays described in the literature
are carried out in alternative conditions, either in buffers
containing EDTA [42, 46], or in buffers supplemented with
Ca2+ and Mg2+ [39, 40, 43–45]. The γ-secretase assays
based on Aβ detection are usually carried out in the
presence of EDTA, probably to prevent metal-dependent self-
aggregation of the peptide that would interfere with antibody
capture in immunoassays, whereas the assays based on
western blot detection of AICD have been preferably carried
out in the presence of calcium and magnesium ions. Parallel
incubations in EDTA buffer and in buffer supplemented with
CaCl2, and MgCl2, revealed that AICD production was lower
by 70–78% in the presence of EDTA than in the presence of
Ca2+ and Mg2+. Aβ levels, detected by ELISA (Figure 3(c)),
were also higher in the presence of Ca2+ and Mg2+, suggesting
that the same effect of these ions applies to Aβ and AICD
production.

To investigate whether calcium and magnesium ions
influence the stability of γ-secretase complex, we used
both BN-PAGE analysis and gel filtration. These techniques
have been previously used to demonstrate that γ-secretase

activity associates with high molecular weight complexes
[44, 47]. In the present paper, fractionation of γ-secretase
preparations by BN-PAGE suggested that Ca2+ and Mg2+

ions stabilized association of PS1 with high molecular
weight complexes of 1,000 and 450 kDa, compared to ∼
350 kDa complexes observed in the presence of EDTA and
EGTA. When incubations with EDTA and without Ca2+ or
Mg2+were treated with a cross-linker prior to BN-PAGE,
the ∼1,000 complex was also detected in these incubations
(data not shown), suggesting that this 1,000 kDa form was
normally present but was less stable through electrophoresis
in the absence of Ca2+ and Mg2+ ions, and without cross-
linking. Size-exclusion chromatography also suggested that
Mg2+ ions stabilized HMW γ-secretase complexes. Although
only the four subunits, PS, nicastrin, Aph1, and Pen-2
are required for γ-secretase activity and formation of a
complex of ∼350 kDa, many proteins and other molecules
such as phospholipid and ATP have also been shown to
associate with γ-secretase complexes and to modulate their
activity [48]. For instance, a recent paper reports that PION
protein modulates the specificity of γ-secretase towards APP
[49]. Three-dimensional reconstruction of the γ-secretase
structure from electron micrographs of purified γ-secretase
has shown the presence of two weak-density lateral regions
[50] and it is tempting to speculate that these could
accommodate metal ions. Magnesium ions form complexes
with ATP and could mediate the interaction between ATP
and presenilin [40]. Alternatively, calcium and magnesium
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may play an accessory role by ordering membrane phos-
pholipids. Indeed, it has been reported that substituting
EDTA-containing buffer for a buffer supplemented with
calcium and magnesium help stabilize and isolate lipid
rafts [51]. γ-Secretase components associate with lipid rafts,
cholesterol-rich membrane regions where high γ-secretase-
specific activity has been detected [52, 53]. Furthermore,
experimental evidence indicates that lipids are important
for γ-secretase activity [44]. Therefore, calcium and mag-
nesium may facilitate movement of membrane domains
and substrate access to the γ-secretase active site. Structural
analysis by solid-state NMR and electron microscopy has
demonstrated that cations modulate phospholipid bicelle
size and that MgCl2 and CaCl2 stabilize large diameter
(500 Å) bicelle discs [54]. Thus, the increase in molecular
mass of γ-secretase that was observed when adding divalent
cations may be consistent with the association of a larger
number of detergent and phospholipid molecules with the
γ-secretase complex.

Considering that Aβ has been shown to form mem-
brane pores and disrupt neuronal calcium homeostasis by
increasing Ca2+ influx [55], elevated Aβ could contribute to
increased intraneuronal [Ca2+] that might in turn increase
γ-secretase activity and Aβ production. Thus, it will be
important to clarify how calcium and magnesium tune γ-
secretase activity as this may have potential implications in
AD pathogenesis.

5. Conclusions

Our study indicates that copper and zinc chelators have
no direct effect on γ-secretase activity in vitro. It also
demonstrates that chelators of broad specificity decrease
cleavage of APP C100 substrate. Furthermore, it shows
that Ca2+ and Mg2+ ions facilitate AICD production and
contribute to stabilizing HMW γ-secretase complexes. This
finding suggests that Ca2+ and Mg2 mediate molecular
associations that modulate γ-secretase activity.
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The link between iron and Alzheimer’s disease (AD) has been mainly investigated with a focus on the local accumulation
of this metal in specific areas of the brain that are critical for AD. In the present study, we have instead looked at systemic
variations of markers of iron metabolism. We measured serum levels of iron, ceruloplasmin, and transferrin and calculated
the transferrin saturation and the ceruloplasmin to transferrin ratio (Cp/Tf). Cp/Tf and transferrin saturation increased in AD
patients. Cp/Tf ratios also correlated positively with peroxide levels and negatively with serum iron concentrations. Elevated values
of ceruloplasmin, peroxides, and Cp/Tf inversely correlated with MMSE scores. Isolated medial temporal lobe atrophy positively
correlated with Cp/Tf and negatively with serum iron. All these findings indicate that the local iron accumulation found in brain
areas critical for AD should be viewed in the frame of iron systemic alterations.

1. Introduction

Alzheimer’s disease (AD) is a heterogeneous and progressive
neurodegenerative disorder representing the most common
cause of dementia in the elderly. The disease results from a
complex interaction between predisposing genes, biochem-
ical variables, and environmental factors [1]. The variant
E4 of the APOE gene (APOE4), for example, is widely
recognized to contribute to the risk of developing the more
common late-onset AD [2], while mutations in the genes that
encode presenilin 1 and 2 and the amyloid precursor protein
(APP) are known to be causative factors of a small percentage
of familial and early-onset AD cases.

There is also total agreement on the existence of a link
between AD and oxidative stress phenomena triggered by
transition metals. However, these phenomena have been
generally viewed as originating locally within specific brain
areas, and autonomously, that is, independently of systemic

influences. In this frame, authors have reported enhanced
iron concentrations in AD brains, both in autopsy brain tis-
sues and in cerebrospinal fluid (CSF) [3, 4], especially in the
basal ganglia (in vivo: [5, 6] autopsy: [7]), in the hippocam-
pus (in vivo: [6, 8]; autopsy: [9, 10]), neocortex (autopsy:
[7, 9, 11]), and around the senile plaques of amyloid beta
(Aβ) or the neurofibrillary tangles commonly found in AD
brains [12–15]. Authors have also reported altered local con-
centrations of specific proteins regulating iron levels, such as
ceruloplasmin [16–18], transferrin [7, 19], and ferritin [19].

Recently, a wider and somewhat complementary view
has emerged suggesting a relationship of AD with systemic,
rather than autonomous, changes of metal metabolisms.
Some pilot studies based on this view have focused primarily
on the genes of hemochromatosis (HFE) and of transferrin,
since they play a key role in iron homeostasis, but investi-
gations on circulating markers of iron metabolism are still
relatively scanty.
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In the present study, we focused on this aspect and stud-
ied systemic variations of markers of iron metabolism,
such as serum iron, ceruloplasmin, transferrin, transferrin
saturation, and ratio of ceruloplasmin to transferrin (Cp/Tf),
in a sample of AD patients and in one of healthy elderly
subjects.

2. Subjects and Methods

Forty-nine AD patients (mean age 75.6) and 46 cognitively
normal individuals (mean age 71.2) were included in the
study (see Table 1). The two samples were slightly different
in sex and age; consequently, when appropriate, all statistical
analyses were adjusted for these two confounders. The AD
patient sample consisted of individuals with a clinical diag-
nosis of probable AD based on NINCDS-ADRDA criteria
[20] and with a Mini-Mental State Examination (MMSE)
[21] score of 25 or less. All AD patients underwent neu-
rologic, neuroimaging (magnetic resonance imaging: MRI
or computed tomography: CT), and neuropsychological
evaluation, as well as routine laboratory tests. Average dis-
ease duration (from symptom onset) was 27 (range 6–96)
months.

The control sample consisted of elderly volunteers with
no clinical evidence of neurologic or psychiatric disease.

Twelve AD patients had either poor quality MRI or
reasons not to take it (e.g., metal prostheses). In these cases,
a CT scan was taken to rule out other causes of dementia.
Six AD patients did not complete the entire battery of
neuropsychological tests. The same AD cohort had been
investigated in a previous study [22].

All controls underwent a neurologic examination and
MMSE, but only 12 consented to MRI.

Criteria for exclusion of both patients and controls
were conditions known to affect metal metabolism and
biological variables of oxidative stress, for example, dia-
betes mellitus, inflammatory diseases, Hodgkin’s disease,
recent history of heart or respiratory failure, chronic liver
or renal failure, malignant tumors, and alcohol abuse,
assessed by tests including complete blood count, erythrocyte
sedimentation rate (ESR), cholesterol, triglycerides, ferritin
and fibrinogen levels, serum protein electrophoresis, renal
function (creatinine, blood urea nitrogen), fasting glucose,
electrolytes, vitamin B12, and folic acid and uric acid
levels; thyroid function tests (thyroxin, triiodothyronine, and
thyrotropin levels); liver enzymes (transaminases), cardiac
enzymes (creatine phosphokinase, lactate dehydrogenase),
bilirubin levels; serology for syphilis, and urine analysis.

Patients and controls with abnormal values of thyroid,
liver, kidney, and cardiac functions were also excluded from
the study.

The study was approved by the local IRB, and all partici-
pants or legal guardians gave written, informed consent.

2.1. Biochemical and Molecular Investigations. Sera from
fasting blood samples were collected in the morning and
rapidly stored at –80◦C. Methods for measuring biological
variables of metals and oxidative stress are described in

Table 1: Characteristics of the study groups.

AD patients Controls
Overall

significance

Number of
subjects

49 46

Sex M/F 11/38 25/21
χ2 = 10.15;

df = 1
P = .001

Age (years)
Mean (SD)

75.6 (7.7) 71.2 (10.8) t test; P = .023

ApoE ε4 allele
frequency (%)

19.6 4
Pearson’s = 6.4

P = .012

MMSE
Mean (SD)

19 (3.9) 28.2 (1.2) t test, P < .001

Disease duration
(months) Median
(min-max)

27 (6–96)

detail elsewhere [23]. Briefly, hydroperoxide content was
assessed by d-ROMs test (Diacron, Italy) and expressed
in arbitrary units (U.CARR), 1 U.CARR corresponding to
0.08 mg/100 mL of hydrogen peroxide. Normal range was
between 230 and 310 U.CARR [23]. Transferrin and ceru-
loplasmin were measured by immunoturbidimetric assays
(Roche, Diagnostic, Germany) utilizing a goat antihuman
transferrin antibody in TRIS/HCl buffer and a rabbit anti-
human ceruloplasmin antibody in phosphate buffer and iron
using Ferene [20, 21].

All biochemical measures were automated on a Hitachi
912 analyser (Roche Diagnostics) and performed in dupli-
cate. APOE genotyping was performed according to estab-
lished methods [24].

2.2. MRI Evaluation. Brain MRI was performed using a
1.5 Tesla superconductor magnet. The imaging protocol
consisted of axial T2 W double Spin Echo (SE) sequences
and T1 W SE images in axial, coronal, and sagittal planes,
with 5 mm slice thickness and intersection gap = 0.5 mm. MR
images were evaluated by two experienced neuroradiologists,
blind to the patients’ diagnoses and laboratory results, with
an agreement of about 95%. Atrophy and white matter
lesions were graded following standardized visual rating
scales on plain MRI [25–27]. The degree of medial temporal
lobe atrophy (MTA) was evaluated with a ranking procedure
and validated by linear measurements of the medial temporal
lobe including the hippocampal formation and surrounding
spaces occupied by CSF, following standardized criteria (five-
point rating scale of MTA) [26]. Generalized brain atrophy
(ventricular and sulcal atrophy) was rated as present (=1)
or absent (=0; global atrophy). The visual rating scale of
white matter changes included the anatomical distribution
as well as the severity of the lesions. Based on anatomical
distribution, a distinction was made between areas of
periventricular hyperintensities (PVH) (caps and rims) and
deeper hyperintensities (including frontal, parieto-occipital,
and temporal white matter hyperintensities: DWMH, basal
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ganglia hyperintensities: BGH, and infratentorial hyperin-
tensities: ITH). Large vessel cortical infarcts in the anterior,
posterior, and medial cerebral artery were also evaluated.
Presence of mass lesions and lobar hemorrhages was an
exclusion criteria from the study [27, 28].

2.3. Ultrasonographic Examination of the Cerebral Vessels.
The carotid and vertebral arteries were studied by means
of color-coded duplex ultrasonography (7.5 MHz probe;
Acuson, Aspen, USA) according to standardized criteria [29].
Detailed description of the sonographic procedures has been
previously reported [30]. Particular attention was paid to
detecting both presence and degree of stenosis of atheroscle-
rotic plaques in the carotid and vertebral arteries. The intima
and media thickness (IMT) from the distal portion of the
CCA was investigated in detail in each patient according
to previous studies [31]. Intracranial vessels were also
examined by transcranial Doppler (TCD Multidop T TCD-
DWL, Germany), according to previously described methods
[32].

2.4. Statistical Analyses. AD and controls were described in
terms of main demographic, genetic, and cognitive char-
acteristics and statistically compared with either T- or χ2-
square tests. Both age and sex effects were considered in the
statistical analyses. Correlation analyses between biological
variables, MMSE scores, MRI atrophy, and vascular mea-
surements (Spearman’s rho) were performed. A P value less
than .05 was considered significant in all statistical analyses.
The t test was used when the homogeneity of variances
could be assumed. When the variances were statistically
heterogeneous, the Games-Howell procedure was applied.

We used the SPSS 11.5 for Windows statistical software
package (SPSS Inc., Chicago).

3. Results

The two groups differed for MMSE scores (P < .001). No
differences for fasting glucose, vitamin B12, folic acid and
uric acid levels, ESR, bilirubin levels, cholesterol, triglyc-
erides, albumin, complete blood count, and hypertension
were detected between the two groups (data not shown).
APOE ε4 allele was more frequent in AD patients (Table 1).

None among the biological variables under study cor-
related with age, with the exception of ceruloplasmin (r =
0.355, P = .01) and peroxides (r = 0.215, P = .039), which
both increased with age (these two variables were corrected
for the age effect before entering the statistical analyses). No
variations on sex effect were found in our data.

Table 2 reports the values of serum iron, ceruloplasmin,
transferrin, transferrin saturation, and Cp/Tf in AD patients
and controls. Transferrin saturation (P = .033) and Cp/Tf
(P < .001) resulted increased in AD patients compared to
controls (Table 2).

Cp/Tf correlated positively with peroxide levels (r =
0.560, P < .001) and negatively with serum iron concen-
trations (r = −0.417, P < .001). Elevated values of ceru-
loplasmin, peroxides, and Cp/Tf inversely correlated with

Table 2: Serum levels of the investigated variables in AD patients
and controls (means (SD)).

AD patients
(n = 49)

Controls
(n = 46)

t test

Iron (ng/dL) 69.3 (27.79) 76.7 (23.6) P = .209

Ceruloplasmin
(mg/dL)

29.9 (5.8) 26.5 (4.6) P = .017

Peroxides
(U.CARR)

349 (63) 310 (56) P = .005

Transferrin
(g/L)

2.5 (0.52) 2.7 (0.35) P = .232

Transferrin
saturation (%)

33.9 (9.6) 30.5 (4.1) P = .03

Cp/Tf 12.4 (3.1) 10 (2.1) P = .001

After correction for age effect.

MMSE scores (Table 3). Correlation analysis from the
Doppler examination revealed that no AD patient had
abnormal flow velocity in the cerebral arteries examined by
Duplex sonography and TCD (results not shown). Moreover,
none of the biochemical variables assayed correlated with
ultrasound indicators of cerebrovascular burden, namely,
presence of carotid plaque or stenosis, except for the IMT
values that correlated with APOE ε4 genotype (Spearman
rho = 0.36; P < .01) confirming what was previously
reported [20]. Analyses of MRI data showed that presence
of supratentorial atrophy, (enlarged sulci, widened lateral,
and third ventricles), and atrophy of the temporal lobes
(reduction in hippocampal volume), was prominent in AD
subjects, while control subjects’ values were consistent with
those found in normal aging. Among MRI measurements
and serum oxidative-iron markers values, there was a neg-
ative correlation between isolated medial temporal atrophy
(MTA) and serum iron and a positive one between Cp/Tf
and MTA (Table 3). White matter changes and deep-seated
ischemic changes did not correlate with any metal marker as
well as peroxides.

4. Discussion

The results of our comparison between AD patients and
healthy controls show that major markers of circulating
iron status, such as ceruloplasmin, Cp/Tf, transferrin satu-
ration, and peroxides levels, are abnormal in AD patients.
This finding demonstrates that systemic alterations of iron
metabolism accompany the disease and indicate that the role
attributed by existing literature to local iron accumulations
in brain areas critical for AD should be rather viewed in
the frame of a wider systemic alteration. In this scenario,
antioxidant systems play of course a role. In the present AD
study, as we did previously with stroke patients [33], we used
the Cp/Tf ratio to represent the functionality of one of these
systems, the Cp-Tf system [31], which is otherwise difficult
to monitor biochemically [31].
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Table 3: Correlations between outcomes of MMSE, MTA evalua-
tion, and biological variables under study.

Spearman’s rho correlations MMSE MTA

Iron
rho = 0.121 rho = −0.393

P = .364 P = .008

n = 58 n = 45

Ceruloplasmin
rho = −0.265 rho = 0.184

P = .040 P = .225

n = 60 n = 45

Peroxides
rho = −0.329 rho = 0.184

P = .008 P = .211

n = 64 n = 48

Transferrin
rho = 0.113 rho = −0.269

P = .372 P = .065

n = 65 n = 48

Transferrin saturation
rho = −0.120 rho = 0.280

P = .336 P = .051

n = 66 n = 49

Ceruloplasmin/transferrin ratio
rho = −0.373 rho = 0.300

P = .004 P = .048

n = 59 n = 44

After correction for sex and age.

In the Cp-Tf system, ceruloplasmin catalyzes the oxida-
tion of ferrous iron (Fe2+) into ferric iron (Fe3+), by way of
the following chemical reaction:

4 Fe2+ + 4 H+ + O2 −→ 4 Fe3+ + 2 H2O. (1)

This is generally viewed as a “good” reaction both because
its byproduct is innocuous water and because, once trans-
formed into Fe3+, iron binds to transferrin by which it is
transported to cells. Ceruloplasmin-catalyzed iron oxidation
and removal from circulation by transferrin is a very impor-
tant process since it reduces the amount of Fe2+ available
for participation in Fenton’s reactions, whose byproducts
are instead extremely vicious. In fact, ferrous iron can also
convert hydrogen peroxide into the highly reactive radicals
OH• and OOH•:

Fe2+ + H2O2 −→ Fe3+ + OH• + OH− (2)

which, in turn, proceeds as follows:

Fe3+ + H2O2 −→ Fe2+ + OOH• + H+. (3)

In other words, if it were not oxidized and removed
by the coordinated ceruloplasmin and transferrin actions,
iron would cyclically produce highly reactive radicals, which
the circulating blood would then distribute all over the
organism. Nonetheless, it is important to keep in mind
that if, on one hand, this mechanism avoids or reduces
production of lethal oxidative species in general circulation
and allows the vital transport of iron to cells, on the other
hand, when iron moves into the cells, as it could be the case
for neurons, it can still cause brain damage if a concomitant
neuronal iron defective efflux does occur [34]. Evidence of

a defective iron efflux from neurons, linked to APP, was
reported in several studies on cell cultures and APP knockout
mice (APP−/−), in which APP expression is experimentally
suppressed [34, 35]. The ablation of APP, which is normally
expressed both in the brain and in a limited number of non-
neural tissues as platelets, liver, kidney, and heart [34, 35],
produces metal disbalance in these organs and tissues. In
particular, some authors [35] demonstrated an increase of
copper concentrations in the liver (80%) and in the brain
(40%) in APP−/− mice. Other authors [34] demonstrated
that APP ablation causes an iron increase of 26% in the
brain, 31% in the liver, and 15% in the kidney. They also
showed that, like ceruloplasmin, APP catalytically oxidizes
Fe2+ [34]. All together, these studies demonstrate that APP
plays a role in copper and iron mobilization, indicating that
its abnormalities in AD have either a systemic effect on
those metals’ homeostasis or a local effect on neuronal metal
efflux. Our current results of increased brain atrophy (MTA
scores) in AD patients are in support to this concept, as MTA
scores associate to either decreasing levels of serum iron or
increased values of Cp/Tf ratios. Both these results appear
coherent with the picture of an abnormal activation of the
Cp-Tf system in AD, the subtraction of iron from general
circulation, and its probable internalization into neural cells.
This eventually could cause neuronal death via generation of
oxidative stress in Aβ transition metal(s) reactions [2].

Finally, in the same direction go also our results on
MMSE scores, which worsen with increasing Cp/Tf ratios.

Ceruloplasmin increase and transferrin decrease concen-
trations were identified in diverse pathological conditions
as an important defense mechanism reflecting the body’s
resistance to an oxidant insult [36]. This is the case, for
example, in severe preeclampsia, where women have high
levels of lipid peroxidation and serum ceruloplasmin and low
levels of transferrin [37, 38], in acute stroke, where the Cp/Tf
correlates with the severity of the clinical status [33], or in
experimental hypercholesterolemia [36].

Ceruloplasmin increase and transferrin decrease concen-
trations are also reported as a sign of inflammation in a
number of conditions spanning from cardiac to psychiatric.
In fact, these proteins are acute phase reactants (positive and
negative, resp.), produced by the liver together with several
other proteins.

Another protein affecting iron homeostasis is HFE,
a membrane protein which controls iron absorption by
regulating the affinity of transferrin receptors on cell
membrane [39]. Specific mutations of the HFE gene cause
hemochromatosis, that is, an increased absorption of dietary
iron and its consequent over deposition in tissues and organs
[40]. Recently, a number of studies have shown various
relationships between AD and mutations of the HFE, as well
as the transferrin, genes but reported data are controversial
and far from univocal interpretation [41–46]. In a very recent
study of ours, we found that the synergy of altered markers
of iron status (iron levels, transferrin, transferrin saturation,
ferritin, and Cp/Tf ratio) and mutations of the HFE gene can
increase the probability of developing AD (submitted).

Overall, Cp-Tf antioxidant system represents the serum
capacity to sequester exchangeable metals (copper, iron) [36]
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which make a labile metal pool prone to partake in reactions
generating oxidative damage [47, 48]. Previous studies of
altered levels of this labile metal pool in AD, especially
referred to a serum increase of “free” copper, that is, the
quantity of copper which is not bound to ceruloplasmin,
sustain this concept [49, 50]. Support to this notion comes
also from a study of our laboratory showing lower cortical
responses in depressed patients who presented lower trans-
ferrin and higher free copper serum levels [51].

As a whole the data presented are in agreement with the
past key works by both Loeffer’s [16] and Castellani’s [17]
groups, who reported higher ceruloplasmin levels in brain
areas critical for AD. However, the relationship between
systemic processes and local effects in the brain is the main
focus of our laboratory’s work in progress.
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status and oxidative stress in severe and mild preeclampsia,”
Cell Biochemistry and Function, vol. 24, no. 3, pp. 209–215,
2006.

[39] R. E. Fleming, M. C. Migas, C. C. Holden et al., “Transferrin
receptor 2: continued expression in mouse liver in the
face of iron overload and in hereditary hemochromatosis,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 97, no. 5, pp. 2214–2219, 2000.

[40] J. R. Burdo, D. A. Antonetti, E. B. Wolpert, and J. R. Connor,
“Mechanisms and regulation of transferrin and iron transport
in a model blood-brain barrier system,” Neuroscience, vol. 121,
no. 4, pp. 883–890, 2003.

[41] B. Z. Alizadeh, O. T. Njajou, M. R. Millán, A. Hofman, M.
M. Breteler, and C. M. van Duijn, “HFE variants, APOE
and Alzheimer’s disease: findings from the population-based
Rotterdam Study,” Neurobiology of Aging, vol. 30, no. 2, pp.
330–332, 2009.

[42] L. Blázquez, D. De Juan, J. Ruiz-Martı́nez et al., “Genes related
to iron metabolism and susceptibility to Alzheimer’s disease in
Basque population,” Neurobiology of Aging, vol. 28, no. 12, pp.
1941–1943, 2007.

[43] D. Berlin, G. Chong, H. Chertkow, H. Bergman, N. A. Phillips,
and H. M. Schipper, “Evaluation of HFE (hemochromatosis)
mutations as genetic modifiers in sporadic AD and MCI,”
Neurobiology of Aging, vol. 25, no. 4, pp. 465–474, 2004.

[44] K. J. H. Robson, D. J. Lehmann, V. L. C. Wimhurst et al.,
“Synergy between the C2 allele of transferrin and the C282Y
allele of the haemochromatosis gene (HFE) as risk factors for
developing Alzheimer’s disease,” Journal of Medical Genetics,
vol. 41, no. 4, pp. 261–265, 2004.

[45] M. Sampietro, L. Caputo, A. Casatta et al., “The hemochro-
matosis gene affects the age of onset of sporadic Alzheimer’s
disease,” Neurobiology of Aging, vol. 22, no. 4, pp. 563–568,
2001.

[46] D. J. Lehmann, M. Worwood, R. Ellis et al., “Iron genes,
iron load and risk of Alzheimer’s disease,” Journal of medical
genetics, vol. 43, no. 10, article e52, 2006.

[47] B. Halliwell, “Free radicals and metal ions in health and
disease,” Proceedings of the Nutrition Society, vol. 46, no. 1, pp.
13–26, 1987.

[48] S. J. Van Rensburg, J. Van Zyl, D. Hon et al., “Biochemical
model for inflammation of the brain: the effect of iron and
transferrin on monocytes and lipid peroxidation,” Metabolic
Brain Disease, vol. 19, no. 1-2, pp. 97–112, 2004.

[49] R. Scacchi, L. De Bernardini, E. Mantuano, L. M. Donini, T.
Vilardo, and R. M. Corbo, “Apolipoprotein E (APOE) allele
frequencies in late-onset sporadic Alzheimer’s disease (AD),
mixed dementia and vascular dementia: lack of association
of ε4 allele with AD in Italian octogenarian patients,” Neuro-
science Letters, vol. 201, no. 3, pp. 231–234, 1995.

[50] J. C. De la Torre, “Alzheimer disease as a vascular disorder:
nosological evidence,” Stroke, vol. 33, no. 4, pp. 1152–1162,
2002.

[51] C. Salustri, F. Tecchio, F. Zappasodi et al., “Cortical excitability
and rest activity properties in patients with depression,”
Journal of Psychiatry and Neuroscience, vol. 32, no. 4, pp. 259–
266, 2007.



SAGE-Hindawi Access to Research
International Journal of Alzheimer’s Disease
Volume 2011, Article ID 720658, 9 pages
doi:10.4061/2011/720658

Review Article

Iron and Mechanisms of Neurotoxicity

Gabriela A. Salvador, Romina M. Uranga, and Norma M. Giusto

Instituto de Investigaciones Bioquı́micas Bahı́a Blanca, Universidad Nacional del Sur y Consejo Nacional de Investigaciones Cient́ıficas
y Técnicas, 8000 Bahı́a Blanca, Argentina

Correspondence should be addressed to Gabriela A. Salvador, salvador@criba.edu.ar

Received 13 September 2010; Accepted 10 November 2010

Academic Editor: Anthony R. White

Copyright © 2011 Gabriela A. Salvador et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The accumulation of transition metals (e.g., copper, zinc, and iron) and the dysregulation of their metabolism are a hallmark in
the pathogenesis of several neurodegenerative diseases. This paper will be focused on the mechanism of neurotoxicity mediated
by iron. This metal progressively accumulates in the brain both during normal aging and neurodegenerative processes. High
iron concentrations in the brain have been consistently observed in Alzheimer’s (AD) and Parkinson’s (PD) diseases. In this
connection, metalloneurobiology has become extremely important in establishing the role of iron in the onset and progression
of neurodegenerative diseases. Neurons have developed several protective mechanisms against oxidative stress, among them, the
activation of cellular signaling pathways. The final response will depend on the identity, intensity, and persistence of the oxidative
insult. The characterization of the mechanisms mediating the effects of iron-induced increase in neuronal dysfunction and death
is central to understanding the pathology of a number of neurodegenerative disorders.

1. Introduction

The so-called “biometals” (e.g., iron, copper, or zinc) are
known to play a fundamental role in numerous essential
metabolic processes, thus being considered as essential for
life. Metal ion homeostasis is maintained through highly
regulated mechanisms of uptake, storage, and secretion [1].
A specific set of transporters functions in each cellular com-
partment to provide a strict balance of transport activities
across their membranes. Nonbound copper and iron are
potentially harmful mainly due to their redox activities.
Normally, under healthy conditions, these metal ions are
bound to ligands (e.g., transferrin, ceruloplasmin), and they
are not found as free species. However, the release of free
ionic or exchangeable zinc and copper has been reported in
the synaptic cleft. In addition, zinc is also being increasingly
involved in several cellular reactions like calcium, and it has
been proposed as a new class of second messenger.

A loss or an abnormal metal homeostasis might cause
cellular death or severe dysfunction, and it has been recog-
nized as a triggering factor for different neurodegenerative
disorders such as Alzheimer’s (AD), Parkinson’s (PD), and

Huntington’s (HD) diseases as well as amyotrophic lateral
sclerosis (ALS) [2–6]. Although the etiology of these diseases
is still largely unknown, oxidative damage mediated by
metals has been thought to be a significant contributor
since metals such as iron, aluminum, zinc, and copper have
been observed to be dysregulated and/or increased in AD
brains and prone to generate a pro-oxidative environment
[7–11]. Taking into account the great amount of information
regarding the role of transition metals in cell biology,
this paper will be mainly focused on the role of iron in
neurodegeneration.

Loss of iron may cause neurological disease, and, in
opposition, its accumulation or abnormal interaction with
cellular components such as proteins, lipids, or nucleic acids
may also contribute to neurodegenerative disorders. The
intracellular pool of free iron, the labile iron pool (LIP), has
been well established to modulate the expression of various
proteins, including the amyloid precursor protein (APP)
[12, 13].

In the brain, the movement of metals across the blood-
brain barrier is highly regulated, and there is no passive
flux of metals from the circulation to the brain [1, 14].
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While iron, copper, and zinc are being increasingly impli-
cated in interactions with the major protein components
of neurodegenerative diseases, this is not merely due to
increased (e.g., toxicological) exposure to metals but rather
because of a breakdown in the homeostatic mechanisms that
compartmentalize and regulate metals [7].

The ability of iron to accept and donate electrons can
lead to the formation of reactive nitrogen and oxygen species
(the latter named “ROS” in this paper) which may trigger the
oxidative attack of tissue components, therefore contributing
to disease and perhaps aging itself [15, 16]. Increasing age
is the main risk factor associated with the appearance of
neurodegenerative diseases. Several studies in animals and
humans have reported a rise in brain iron as a function of
ageing [17, 18]. The vulnerability of the brain to abnormal
iron regulation has been demonstrated by the relationship
between the failure of ferroxidases, ceruloplasmin [19, 20],
ferritin [18, 21, 22], and frataxin [23, 24], iron accumulation
(IA), and the onset of neurodegenerative diseases.

2. Iron Accumulation in
Neurodegenerative Diseases

The accumulation of transition metals in the nervous system
is a common observation in different neurodegenerative
diseases that support a role of metals in these disorders
[25, 26]. Particularly, iron homeostasis has shown to be
altered [26, 27]. Excessive iron deposition has been reported
to occur in the central nervous system (CNS) in a number
of neurodegenerative pathologies such as AD, PD, ALS, and
neuroferritinopathies, among others [4, 28–33].

ALS is a neurodegenerative disorder characterized by
progressive paralysis of skeletal muscles and degeneration of
motor neurons in the spinal cord, brainstem, and cortex.
High levels of iron in the CNS of both familial and sporadic
forms of ALS have been reported [32, 34, 35]. However,
neither the mechanisms underlying iron accumulation nor
its complete role in the pathogenesis of the disease are clear.

Neuroferritinopathies, like neurodegeneration with
brain iron accumulation (NBIA), are defined as extrapyrami-
dal disorders [33] characterized by radiographic evidence of
focal iron accumulation in the brain [36]. These diseases are
progressive movement disorders caused by nucleotide
insertions in exon 4 of the ferritin light chain gene [37].
These patients show low levels of serum ferritin [22] and
abundant spherical inclusions in the brain, skin, kidney,
liver, and muscle [33] that are positive for iron, ferritin, and
ubiquitin staining [38].

Moreover, abnormal accumulation of iron is also con-
sidered to be involved in the pathogenesis of myelin dis-
eases such as multiple sclerosis (MS). Histochemical studies
have shown that abnormal iron deposits are observed in
reactive microglia, axons, neurons, and oligodendrocytes
in patients with MS [39, 40]. Indeed, ferritin levels are
increased in the CNS of mice with experimental autoimmune
encephalomyelitis, an animal model of MS [41], and in
the cerebrospinal fluid of MS patients [42, 43]. Since the
synthesis of ferritin can reduce toxic ferrous iron (Fe2+), the

elevated level of ferritin in autoimmune encephalomyelitis
mice and MS patients is considered to be cytoprotective [40].

Although iron has been demonstrated to have a potential
role in many diseases of the CNS, this paper will focus
mainly on the information regarding the role of iron in AD.
It is well known that transition metals provoke oxidative
stress by generating ROS through the Fenton reaction,
thus causing brain lipid peroxidation [44] and protein
oxidation [45, 46]. Interestingly, not only has iron been
involved in lipid and protein oxidation but also in DNA
damage. It has been shown that iron is able to oxidize DNA
bases, and it has been suggested that the accumulation of
this transition metal observed in some neurodegenerative
disorders could act by both increasing oxidative genome
damage and also preventing its repair [47]. Iron itself has
been related to neurotoxicity, and its accumulation, mainly
in the hippocampus and cortex, has been observed to occur
before AD lesions are detectable. Moreover, it has been also
demonstrated to accumulate both in AD senile plaques [48]
and in amyloid deposits in AβPP2576 transgenic mouse
model of AD [49]. Interestingly, Aβ insoluble aggregates have
been shown to be dissolved by metal chelators [50].

Oxidative stress is considered to be the earliest change in
the pathogenesis of AD, and high levels of oxidative stress
have been demonstrated to occur in the clinical precursor
of AD, known as mild cognitive impairment (MCI) [51,
52]. Coincidently, increased iron levels were found both in
the cortex and cerebellum from the preclinical AD/MCI
cases. Moreover, iron concentrations have been found to
be increased in the bilateral hippocampus, parietal cortex,
frontal white matter, putamen, caudate nucleus, thalamus,
red nucleus, substantia nigra, and dentate nucleus subregions
of patients with diagnosed AD and in normal elderly
patients [53, 54]. It is important to note that these brain
iron concentrations, particularly those in the parietal cortex
at the early stages of AD, have been found to positively
correlate with the severity of patients’ cognitive impairment
[53]. Although extensive evidence links the dysregulation of
iron homeostasis and AD, relatively little is known about
the resulting forms of iron that accumulate in the brain.
Numerous techniques have been developed in order to
characterize, locate, and quantify iron species and iron-
containing compounds in AD. For example, the use of iron
fluorescence together with synchrotron X-ray absorption
spectroscopy showed in situ iron accumulations containing
high concentrations of ferritin and magnetite in AD brain
tissue sections [55].

Alterations in iron metabolism with age have been
described, and they may involve iron uptake and release, stor-
age, and intracellular metabolism [56–59]. Although some
issues remain unclear, it is well known that the dyshomeosta-
sis of brain iron metabolism is one of the initial events that
trigger neuronal death in some neurodegenerative disorders
[60–63]. Existing evidence shows that these mechanisms
may well be altered by the ageing process with increased
(IA) in the brain as the final outcome [64–66]. Age-induced
IA has shown to be a consequence of the accumulation
of different iron-containing molecules in different brain
regions known to be particularly affected in disorders such



International Journal of Alzheimer’s Disease 3

as AD and PD [18, 56]. Cellular studies have shown that
iron is specifically accumulated in microglia and astrocytes
in the cerebral cortex, cerebellum, substantia nigra, and
hippocampus, and it is believed that this metal ion would be
involved in the neuroinflammation observed in AD and PD
[28]. The mechanism underlying IA in the brain is unclear
yet. However, one hypothesis holds that it is the blood brain
barrier dysfunction that is responsible for the exudation of
serum components, with iron among them [67]. Another
hypothesis with strong experimental support proposes that
IA is a consequence of the dysregulation of proteins that
govern metal homeostasis. Among candidates, it has been
demonstrated that the iron regulatory proteins (IREG)
participate in neuronal IA. Increased expression of IREG1
has been related with neuronal survival during IA [68]. In
addition, IREG2 knockout (Ireb2(−/−)) mice develop IA
in white matter tracts and nuclei in different brain areas
and display neurodegeneration signs in Purkinje cells [69].
Mutations in the divalent metal transporter 1 (DMT1) have
been shown to impair iron transport and to protect rodents
against neurotoxins like 6-hydroxydopamine, supporting a
critical role for DMT1 in iron-mediated neurodegeneration
[70]. Mitochondrial IA, loss of iron-sulfur cluster-containing
enzymes, and increased oxidative damage are known to occur
in yeast and mouse frataxin-depleted mutants as well as in
tissues and cell lines from Friedrich’s ataxia (FRDA) patients,
suggesting that frataxin may be involved in the export of iron
from the mitochondria, the synthesis of iron-sulfur clusters,
and/or the protection from oxidative damage [71]. The use of
Deferiprone (DFP, a chelator in clinical use for treating iron
overload) in FRDA cells has been found to reduce the mito-
chondrial LIP increased by frataxin deficiency [72]. A new
recently reported mitochondrial ferritin (MtFt) specifically
expresses in high energy-consuming cells, including neurons.
The overexpression of MtFt has been observed to lead to
a cytosolic iron deficiency and to significantly prevent the
alteration of iron redistribution and, consequently, neuronal
toxicity induced by 6-hydrodopamine [69].

Although the existing data clearly show a relationship
between iron metabolism, aging, and neurodegeneration,
more and deeper studies are needed to completely under-
stand the role of this transition metal in the onset and
progression of neurodegenerative diseases and neurological
age-related disorders.

3. Iron Interaction with
Amyloid Beta (Aβ) Peptide

Interestingly, IA, as well as oxidative stress in AD brains,
has been linked to altered Aβ deposition. It is well known
that Aβ accumulates in senile plaques in AD, and it has also
been demonstrated to participate in a positive feedback loop,
where oxidative stress leads to increased Aβ generation, and,
conversely, the mechanism of Aβ polymerization generates
oxidative stress which in turn enhances Aβ production [73].
Additionally, Aβ has been characterized as a metalloprotein
able to bind transition metals (e.g., zinc, iron, copper) via 3
histidine (positions 6, 13, and 14) and 1 tyrosine (position

10) residues located in the hydrophilic N-terminal part of
the peptide [74, 75], and in so doing Aβ would prevent
these potentially redox-active ions from causing oxidative
stress. Notably, the redox potential of iron is significantly
attenuated by Aβ, supporting a neuroprotective chelating
role for Aβ in AD pathogenesis [76, 77]. This particular
feature of Aβ could, at least in part, explain the enrichment
of these transition metals in AD plaques [48]. It has been
shown that not only ROS production induces Aβ aggregation
but also its ability to bind metal ions as well. Augmented
iron concentrations and oxidative stress have been found to
correlate with changes in the concentration of both soluble
and deposited Aβ [78]. Interestingly, the metal-dependent
generation of ROS by Aβ may be a good target for thera-
peutics. For example, chelation therapy with desferrioxamine
and clioquinol (which are iron and copper/zinc chelators,
resp.) has shown to induce clinical improvement in patients
with AD [79, 80]. Moreover, coincubation of Aβ from
postmortem AD brains with metal chelators has shown to
dissolve Aβ deposits [81]. In addition, both animal and
human studies with clioquinol have been found to reverse Aβ
deposition, improve cognition, general behavior and health,
and lower plasma Aβ levels [79, 82, 83].

Taken together, all these data clearly demonstrate that
a deeper understanding of the metal-related mechanisms
operating in neurodegenerative disorders such as AD is
needed, since it may provide insights into new therapeutic
approaches.

4. Neuronal Signaling during
Iron-Induced Neurotoxicity

Neurons have developed several mechanisms in response to
oxidative injury; one of them is the activation of signaling
pathways that promote death or survival. The extent and
duration of the oxidative insult as well as the cell type
injured are crucial factors in determining which pathways
are activated, their prevalence, and, in consequence, the final
cellular fate [84, 85]. In this aspect, metal-induced oxidative
stress has been implicated as the triggering factor of several
protective and proapoptotic signaling pathways in neurons
[7, 86].

Synapses are sites where the first manifestations of neu-
rodegenerative processes are likely to appear. Their vul-
nerability to iron-induced oxidative stress has been largely
demonstrated by the presence of membrane lipid peroxida-
tion, impairment of membrane ion-motive ATPases, glucose
and glutamate transport, and mitochondrial function [87].
In this regard, several key components of signaling pathways
like extracellular signal-regulated kinase (ERK), phospho-
inositide 3-kinase (PI3K), Akt, and glycogen synthase kinase
3β (GSK3β) are activated in situ in isolated synaptic
endings exposed to iron-induced oxidative injury [88, 89].
Moreover, several key biochemical events that are known to
occur in intact neurons undergoing apoptosis (i.e., exposure
of phosphatidylserine on the plasma membrane surface,
activation of caspase-3, mitochondrial calcium uptake, and
ROS accumulation) also occur in isolated synaptosomes
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exposed to iron-induced oxidative stress [90]. Synapse loss,
a key event in neurodegenerative disorders, might also
involve in situ apoptotic cascades that might occur before,
or independently of, neuronal death. This assumption is
supported by the appearance of degenerative morphological
changes in synapses preceding amyloid deposition and
neuronal degeneration [91]. However, mechanisms whereby
apoptotic events triggered by iron-induced oxidative stress in
synapses propagate to the cell body remain unknown.

Some cellular signaling pathways are clearly linked to
enhanced survival, while others are associated with cell
death. Hence, it has been suggested that the balance between
the magnitude of ERK and Jun kinase (JNK) activation is
key to determining survival. While this idea is still generally
accepted, more recent evidence suggests that ERK can
exert apoptotic influences, and JNK can exert antiapoptotic
influences during the cellular response to oxidative stress.

The presence of iron and Aβ provokes a marked decrease
in protein kinase C isoforms, reduced Akt serine/threonine
kinase activity, Bcl-2-associated death promoter (BAD)
phosphorylation, and enhanced p38 mitogen-activated pro-
tein kinase (MAPK) and caspase-9 and caspase-3 activation
[92–94]. In isolated synaptic endings, the coincubation with
iron and Aβ triggers the activation of Akt and ERK signaling
in an oxidation-dependent manner [95]. The phosphoryla-
tion and subsequent inhibition of GSK3β mediated by AMP-
activated protein kinase (AMPK) contributes to protecting
mitochondria against iron-catalyzed oxidative stress [96]. In
AD, abnormal activation of GSK3β pathway might play an
important role in neurodegeneration, and compounds such
as lithium that modulate GSK3β activity have been shown
to reduce Aβ production and tau phosphorylation in APP
transgenic mice [97].

Deferoxamine, a known iron chelator, has been shown
to block all the proapoptotic signaling events triggered by
Aβ-Fe. Moreover, Aβ alone has been shown not to activate
proapoptotic signaling, thus demonstrating that apoptotic
cell death can be only triggered by the presence of iron in
vitro [92–94].

Iron has been found to be required for long-term poten-
tiation in hippocampal CA1 neurons, and it is known to
participate in the stimulation of calcium release through ROS
produced via the Fenton reaction triggering the stimulation
of the ERK signaling pathway. These results support a
coordinated action between iron and calcium in synaptic
plasticity and raise the possibility that elevated iron levels
may contribute to neuronal degeneration through excessive
intracellular calcium increase caused by iron-induced oxida-
tive stress [98].

As previously mentioned, iron (alone or in combination
with Aβ) is able to activate different signaling cascades. The
activation of these signaling pathways is, in most cases,
a necessary upstream event for the activation of several
transcription factors (TFs). These TFs regulate the expres-
sion of specific genes that participate in cellular events
such as survival or death. Nuclear factor kappa B (NF-
κB) plays crucial roles in cellular resistance to oxidants and
survival. Although the knowledge of NF-κB gene targets in
neurons is limited, it has been demonstrated that this TF can

promote their survival and regulate synaptic plasticity [99].
The involvement of NF-κB in the inhibition of apoptosis
has been well established [100]. NF-κB plays a central
role in the induction of neuroprotective antiapoptotic gene
products, such as MnSOD and Bcl-2 that are known to
contribute to ischemic tolerance [101]. Activation of NF-
κB has also been associated with increased resistance of
neurons to apoptosis induced by iron exposure [102]. Levels
of p65 immunoreactivity have been reported to be increased
in neurons and astrocytes associated with Aβ plaques in
the brains of AD patients, suggesting an increased NF-κB
activation [103]. Exposure of cultured neurons to Aβ or
a secreted form of amyloid precursor protein (sAPP) has
shown to induce NF-κB activation, thus suggesting a role
for proteolytic products of APP in NF-κB activation in AD
[104]. Levels of NF-κB activity have been reported to be
increased in cholinergic neurons in the basal forebrain of AD
patients [105]. Others have established a correlation between
increased NF-κB activity and COX-2 gene transcription in
brain regions affected in AD patients [106]. In addition,
the inhibition of NF-κB transcriptional activity results in
increased vulnerability of neurons to death induced by Aβ
[107].

Hypoxia-inducible factor (HIF) is a TF that regulates
the expression of more than 60 genes. The expression of
genes relevant to iron metabolism such as ceruloplasmin,
transferrin receptor, transferrin, and heme-oxygenase 1
has been shown to be regulated by HIF [108–111]. Iron
chelation therapy that reduces the size of LIP has been
reported to induce the activity of this TF. Moreover, a new
multifunctional nontoxic, brain permeable iron chelator,
M30, has shown to activate the HIF-1alpha signaling pathway
in rat primary culture of cortical cells. M30 has also been
found to increase the expression levels of the transcripts
of brain-derived neurotrophic factor (BDNF) and growth-
associated protein-43 (GAP-43). In connection with AD,
M30 has been reported to enhance the levels of phospho-Akt
(Ser473) and phospho-GSK3β (Ser9) and to attenuate Tau
phosphorylation [112].

The activator protein-1 (AP-1) is another redox-sensitive
TF. AP-1 is known to participate in critical cellular processes
such as proliferation, differentiation, and survival. Strong
evidence supports the involvement of AP-1 in oxidative
stress signaling in neurons. In rat cortical neurons and
astrocytes, H2O2 has been demonstrated to activate MAPK
cascade [113]. Upstream of AP-1, c-Jun-N-terminal kinase
(JNK), and p38 (two stress-related MAPK) has also shown
to be activated by increases in the intracellular levels of
oxidants [114–116]. Both MAPK and AP-1 are implicated
in normal physiological functions of the brain. c-Jun, a
component of AP-1, has been recently attributed a dual role:
it is believed to mediate neurodegeneration and cell death
as well as participate in plasticity and repair mechanisms.
Moreover, upregulation of iron regulatory proteins and
DMT-1 isoforms after neuronal injury induced by kainate
has been found to be modulated by AP-1 in rat hippocampus
[117].

Activation of JNK signaling in neurons has shown to
increase stress resistance and to extend life span by the
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Figure 1: Relationship between the impairment of iron metabolism and neurodegenerative diseases. Impaired iron metabolism is a hallmark
in several neurodegenerative diseases such as Parkinson’s (PD) and Alzheimer’s (AD) diseases, multiple sclerosis (MS), amyotrophic lateral
sclerosis (ALS), and neuroferritinopathies. In the case of PD and AD, iron has been shown to play a key role in neuronal fate: depending
on the extent and intensity of the oxidative stress caused by the increase in the labile iron pool, it affects transcriptional activity and
signaling cascades that could participate in neuronal survival or death. Although a role for iron has also been observed in MS, ALS, and
neuroferritinopathies, the molecular events that lead to neuronal death are not fully understood.

activation of the forkhead transcription factor (FOXO)
family in Drosophila [118]. Recent studies have suggested
that MST1 mediates oxidative stress-induced neuronal cell
death by phosphorylating the transcription factor FOXO3
at serine 207, a site that is conserved in other FOXO
family members [119, 120]. All these data support the
hypothesis that FOXO signaling extends life span via
amelioration of oxidative damage and mitochondrial dys-
function in neurons. However, to date, there is no link
between FOXO signaling and iron-induced oxidative stress
in neurons. Understanding signal transduction networks
that participate in iron-induced neurotoxicity constitutes
one essential objective for the discovery of new drugs and
treatments aimed at the improvement and delay of AD
symptoms.

5. Concluding Remarks

In this paper, we summarize the latest knowledge about the
role of iron in neurodegeneration processes. Iron, a redox-
active transition metal, has been proposed as an important
contributing factor to the neuropathology of Alzheimer’s
disease. Even though increasing evidence points towards
iron participation in oxidative stress events and protein
aggregation, we are still far from totally comprehending the
role of this transition metal in the onset and progression
of neurodegenerative disorders (Figure 1). The advancement
in this field will be fundamental for the establishment of
new therapies intended for neuronal protection during iron
mismanagement conditions.
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Zinc, the most abundant trace metal in the brain, has numerous functions, both in health and in disease. Zinc is released into the
synaptic cleft of glutamatergic neurons alongside glutamate from where it interacts and modulates NMDA and AMPA receptors.
In addition, zinc has multifactorial functions in Alzheimer’s disease (AD). Zinc is critical in the enzymatic nonamyloidogenic
processing of the amyloid precursor protein (APP) and in the enzymatic degradation of the amyloid-β (Aβ) peptide. Zinc binds
to Aβ promoting its aggregation into neurotoxic species, and disruption of zinc homeostasis in the brain results in synaptic and
memory deficits. Thus, zinc dyshomeostasis may have a critical role to play in the pathogenesis of AD, and the chelation of zinc is
a potential therapeutic approach.

1. Introduction

Alzheimer’s disease (AD) is the most prevalent form of
dementia, which affects more than 37 million people world-
wide, with an estimated cost of $422 billion in 2009 [1, 2].
Moreover, the incidence of the illness and the prospect of
an aging population will result in rising social and economic
demands. AD is characterised by the presence of extracellular
amyloid plaques and intracellular neurofibrillary tangles
within the afflicted brain, which cause neuronal loss in
the neocortex, hippocampus, and basal forebrain, leading
to progressive cognitive and behavioural decline [3]. Zinc,
in addition to copper and iron, has been shown to be
involved in AD. Here, we review the current literature
relating to neuronal zinc metabolism and the way in which
zinc can modulate normal brain activity. We discuss also
the contribution of zinc to the formation, aggregation,
and degradation of the amyloid-β (Aβ) peptide and the
contribution of zinc to the pathogenesis of AD.

2. Physiological Role of Zinc in the Brain

As the most abundant trace metal in the brain, zinc is found
tightly associated with numerous proteins conferring either
structural or catalytic properties upon them [4]. However,
a significant amount of loosely bound, chelatable zinc can

be found sequestered in presynaptic vesicles forming a sub-
population of “zinc enriched” (ZEN) neurones [5, 6], which
co-release zinc with the neurotransmitter glutamate upon
excitation. The majority of these “gluzincergic” neurones [7]
have their cell bodies located in either the cerebral cortex or
the limbic structures of the forebrain [8], and so an extensive
network uniting limbic and cerebrocortical functions is
created [9]. This connection between zinc and glutamatergic
neurotransmission allows the ion to modulate the overall
excitability of the brain and also influence synaptic plasticity
[10].

The identification of synaptic zinc was first made by
McLardy over fifty years ago who identified that a band of
zinc dithizonate staining correlated with hippocampal mossy
fibre axons [7]. Since then, many more cerebrocortical path-
ways have been identified which contain zinc-rich synaptic
vesicles; indeed nearly 50% of the glutamatergic synapses are
actually “gluzincergic” in some parts of the cerebral cortex.
Significantly, only small amounts of chelatable zinc can
be determined in glutamatergic pathways which originate
outside the cerebral cortex or limbic systems.

Despite this extensive network of zinc-containing neu-
rons, little is known about how zinc homeostasis is
maintained within the neuron. There are two families of
zinc transporters: the ZnT family, which act to decrease
intracellular zinc concentrations by exporting zinc from the
cytoplasm to the lumen of organelles or the extracellular
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space, and the ZIP family, which import the metal from the
extracellular space or organellar lumen into the cytoplasm
[11]. Whilst many of the transporters have particular
distribution patterns, only ZnT3 expression is restricted to
the brain and the testis [12]. It is located in the vesicular
membrane [13] and is necessary to transport zinc from
the cytoplasm into the synaptic vesicle of the neuron. The
vesicular concentration of zinc correlates with the amount
of ZnT3 present [14]. Targeted disruption of ZnT3 in a
mouse model resulted in a complete lack of chelatable zinc
[15].

A number of approaches have been taken to confirm
that zinc is coreleased with glutamate from the presynaptic
bouton during neuronal excitation: imaging of zinc in bou-
tons before and after stimulation [16], analytical detection
of zinc released into perfusates [17], and direct imaging of
released zinc using fluorescent extracellular probes [18, 19].
This latter approach has provided the most definitive results.
An early study employed a reporter construct whose fluo-
rescence properties changed upon zinc binding. Stimulation
of organotypic cultures from rat hippocampus produced a
cloud of green fluorescence as the released zinc bound an
apometalloenzyme confirming the release of zinc from the
culture [17]. A later study by Quinta-Ferreira and colleagues
[20] demonstrated a release of zinc with each pulse of an
action potential. Whilst there is now no doubt that zinc is
released during synaptic activity, there is little consensus on
the amount or duration of its existence in the synaptic cleft
[21].

Following an intense burst of neuronal activity, the
release of glutamate and postsynaptic membrane depo-
larisation open a variety of zinc-permeable ion channels
which contribute to removing the ion from the extracellular
fluid. These include N-methyl-D-aspartate (NMDA) chan-
nels and calcium permeable α-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid (AMPA)/kainate channels. The
consequences of zinc acting on these receptors are diverse
and demonstrate the significance zinc has in modulating fast
excitatory glutamatergic transmission. Zinc can act to either
enhance or depress synaptic activity with varying degrees of
potency [21].

The most studied interaction is zinc with NMDA
receptors (NMDAR). Initially, zinc was thought to selec-
tively inhibit NMDAR-mediated neuronal activity by induc-
ing a voltage-independent noncompetitive inhibition that
decreased the probability of the channel being open [22–
24]. A voltage-dependent inhibition of NMDAR could be
observed at higher concentrations of zinc (>20 μM) and was
believed to be due to binding of the cation within the channel
pore [25]. With the cloning of NMDAR subunits, it was
confirmed that zinc could cause both voltage-independent
and voltage-dependent inhibition [26]. The exceptional
sensitivity of the GluN2A subunit towards zinc suggests
that even contaminating ions found in routine laboratory
solutions are sufficient to cause inhibition [27]. Significantly,
despite being responsible for inhibitory effects at NMDAR, it
has also been shown that NMDAR activation may provide
a route of influx for zinc contributing to toxic effects of
exposure [28] (Figure 1).
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Figure 1: Multiple mechanisms for zinc uptake following synaptic
release. Zinc and glutamate are released from a “gluzincergic”
synapse during neurotransmission. The actions of glutamate,
alongside membrane depolarisation, open a number of zinc-
permeable channels on the postsynaptic membrane which clear the
ion from the extracellular fluid. (1) AMPA receptors; (2) NMDA
receptors; (3) voltage-gated calcium channels; (4) TRPM7. (blue
pentagons) zinc ion and (green ellipses) glutamate molecule. For
simplicity, zinc-permeable channels are only shown on the post-
synaptic membrane.

Whilst it is thought that zinc exposure generally attenu-
ates NMDAR-mediated neurotoxicity, zinc has been shown
to potentiate AMPAR-mediated toxicity at suggested physio-
logical concentrations (50 μM). Originally, it was proposed
that the toxic effect was due to zinc influx via voltage-
gated calcium channels [29], with Lin et al. [30] showing
that desensitisation of AMPAR would explain such an
enhancement. Subsequently, it has been demonstrated that
zinc can carry currents directly via AMPAR, mostly via
the calcium-permeable subtype [31] (Figure 1). At high
supraphysiological doses (1 mM), zinc has been shown to
inhibit AMPAR [21, 32]. A few studies have also looked
directly at zinc-mediated inhibition of voltage-gated calcium
channels, as their proximity to vesicular release sites on the
presynaptic membrane suggests they could interact [33, 34].
Most recently, neurotoxicity has been attributed to transient
receptor potential metastatin 7 (TRPM7) channel activation
resulting in increased intracellular zinc [35] (Figure 1).

The significance of synaptically released zinc centres on
the amount that is released into the synaptic cleft upon
excitation. Some authors argue that the amount of zinc (10–
100 μM) released following an action potential arriving at
the glutamatergic bouton is high enough to bring about
the voltage-dependent inhibition of NMDAR and that there
would be no spillover onto neighbouring cells [36, 37]. Other
authors disagree, suggesting that the zinc concentration
would be sufficient to affect nearby cells [38]. It has also been
demonstrated that the zinc level (low nM) is only sufficient
to block the voltage-independent component of NMDAR
activity [39]. Alternatively, it could be that there is little or
no diffusible zinc released, supporting the notion that zinc
behaves in a “tonic” mode. Kay and Tóth [40] proposed
that zinc is exocytosed from the presynaptic membrane
and that instead of diffusing into the extracellular space it
remains tightly bound to an as-yet unidentified presynaptic
component. This would create a “veneer” [41] of zinc ions
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which would build up with synaptic activity or erode with
quiescence to modulate plasticity.

Thus, the implication is that there are three different
groups of zinc signals. First, “synaptic zinc” acts as a con-
ventional neurotransmitter, is contained within presynaptic
vesicles, and is released upon excitation and binds to a
variety of receptors on the postsynaptic membrane. The
downstream consequence of receptor binding is one of
tonic modulation of glutamatergic excitatory synapses. The
second type is similar to calcium signalling and occurs in
conjunction with synaptic zinc signalling. A transmembrane
flux of “synaptic zinc” from the extracellular space passes
through post-synaptic zinc-permeable ion channels. The
third is “intracellular zinc signalling” whereby existing
intracellular stores are released [7]. This class is difficult to
define and as yet has not been identified in neurons but has
been demonstrated in mast cells [42].

Therefore, zinc can be classified as an endogenous
modulator of synaptic transmission. It is found in synaptic
vesicles, released upon excitation, and has multiple synaptic
targets. The significant inhibitory effect of zinc on NMDAR,
alongside the crucial function of NMDAR in both neuro-
physiology and pathophysiology, advocates a vital role for
zinc in both healthy and diseased brains [21].

3. Role of Zinc in APP Processing

The most prominent lesions in the brain of AD sufferers are
the amyloid or “senile” plaques, which predominantly con-
sist of Aβ peptides derived from the proteolytic processing
of the amyloid precursor protein (APP). APP is an ubiqui-
tously expressed glycosylated transmembrane protein with a
large N-terminal extracellular domain, a single hydrophobic
transmembrane domain, and a small C-terminal cytoplasmic
domain. A specific and saturable binding site for zinc
(KD = 750 nM) has been reported in the cysteine-rich
region on the ectodomain of APP [44, 45]. It is hypothesised
that zinc could have a role in sustaining the adhesiveness
of APP during cell-cell and cell-matrix interactions [46,
47]. APP can be processed by one of two pathways: the
amyloidogenic pathway, leading to the production of Aβ, and
the non-amyloidogenic pathway (Figure 2(a)), reviewed in
[48].

In the amyloidogenic pathway, APP is sequentially
cleaved by the aspartyl protease, β-site APP-cleaving enzyme
1 (BACE1) forming the secreted APPβ (sAPPβ) fragment
and a membrane bound C-terminal fragment of 99 amino
acids (C99). The C99 fragment is then further processed
by the γ-secretase complex into APP intracellular domain
(AICD) and Aβ peptides, predominantly 40 and 42 amino
acids in length. It is these aggregation-prone Aβ peptides
which form oligomeric and fibrillar structures which deposit
in the brain and over time cause AD. The γ-secretase complex
comprises four components: presenilin (PS) 1 or 2, nicastrin
(Nct), presenilin enhancer 2 (PEN-2), and anterior pharynx
defective-1 (Aph-1) [49]. sAPPβ is involved in the pruning of
synapses during the development of central and peripheral
neurons [50] and AICD is known to be a transcription

factor for several genes, including the upregulation of the Aβ-
degrading enzyme, neprilysin (NEP) [51].

The predominant APP-processing pathway in healthy
brain is the nonamyloidogenic pathway where APP is cleaved
by the α-secretase within the Aβ region forming the secreted
APPα (sAPPα) fragment and the membrane-bound C-
terminal fragment of 83 amino acids (C83) (Figure 2(a)).
C83 is subsequently cleaved by the γ-secretase complex
generating AICD and p3 (Figure 2(a)). α-secretase activity
is attributed to the disintegrin and metalloprotease (ADAM)
family of zinc metalloproteases (reviewed in [48, 52]). The
ADAMs, along with the matrix metalloproteases (MMPs),
are members of the metzincin clan of metalloproteases
as they have a long zinc-binding consensus sequence
HEBXHXBGBXH (H, histidine, zinc ligand; E, catalytic
glutamate; G, glycine; B, bulky apolar residue; X, any amino
acid) which contains three zinc ligands [53]. Structurally,
the catalytic domain is globular and divided into two sub-
domains, with the active site cleft running between the two
[54]. The defining feature of the metzincins is the conserved
methionine residue which creates a 1,4-β-turn (Met-turn),
creating the catalytic cleft [53]. The catalytic zinc atom sits at
the bottom of the groove between the subdomains, with the
subsites in the groove determining specificity for particular
amino acid sequences in the substrate (reviewed in [52]).
A number of enzymes in this family, namely, ADAM9, 10,
17 (also known as TNF-α converting enzyme, TACE) and
19, are known to exert α-secretase activity, but it is unclear
which enzyme or enzymes are responsible for the α-cleavage
of APP in vivo [55–58]. ADAM10 appears to be the pre-
dominant enzyme as overexpression of functional ADAM10
in AD transgenic mice led to an increase in sAPPα and
reduced Aβ production, plaque deposition, and cognitive
deficits [59]. Although fibroblasts from ADAM10−/− mice
showed no deficiency in α-secretase activity, probably due to
compensation by ADAM17 [60], a recent detailed study has
provided strong evidence that ADAM10 is the physiologically
relevant constitutive α-secretase in primary neurons [61].

4. Role of Zinc in Aβ Degradation

In a healthy brain, the relatively small amount of Aβ-
constitutively being produced is rendered safe by Aβ degrad-
ing enzymes. The steady state levels of Aβ synthesis and
clearance in cerebrospinal fluid (CSF) are 7.6% and 8.3%
per hour, respectively [62]. A large number of candidate Aβ-
degrading enzymes have been identified, with the majority
being zinc metalloproteases. These include NEP, insulin-
degrading enzyme (IDE), endothelin-converting enzyme
(ECE) 1 and 2, MMP2, 3, and 9, and PreP (reviewed in
[43]). NEP, ECE1 and 2, and MMPs have the conserved zinc-
binding motif HEXXH (H, histidine, zinc ligand; E, catalytic
glutamate; X, any amino acid), and IDE and its homolog
PreP are both inverzincins, as they contain the inverted zinc-
binding motif HXXEH.

NEP appears to be the dominant Aβ protease [63–66],
and is capable of degrading monomeric and oligomeric Aβ
[63, 67] (Figure 2(b)). NEP knockout mice have significantly
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Figure 2: Zinc metalloprotease activity in APP processing. (a) In the amyloidogenic pathway, the transmembrane APP is cleaved first
by β-secretase (β) to form the soluble sAPPβ and the membrane-bound C99, which in turn is cleaved by γ-secretase (γ) to form AICD
and the amyloidogenic Aβ peptides. The Aβ peptides are degraded by a number of zinc metalloproteases including NEP and IDE. In the
nonamyloidogenic pathway, APP is cleaved first by the α-secretase (α) (zinc metalloprotease) to form the soluble sAPPα and the membrane
bound C83, which is then cleaved by γ-secretase (γ) to form p3 and AICD. Zinc metalloproteases depicted in red. Representative amino
acids from the degradation of Aβ are shown in single letter code. (b) Action of zinc metalloproteases on monomeric and aggregated forms of
Aβ (modified from [43]). Aβ: Amyloid β; AICD: APP intracellular domain; APP: Amyloid precursor protein; ECE: Endothelin-converting
enzyme; IDE: Insulin degrading enzyme; MMP: Matrix metalloprotease; NEP: Neprilysin.

elevated Aβ levels [68, 69] and more importantly, human
postmortem tissue analysis suggests that NEP expression is
inversely related to the extent of AD pathology [70–72]. IDE
is predominantly a cytosolic enzyme but has been found
extracellularly [73] and can only degrade monomeric Aβ
and not oligomers (Figure 2(b)), although it did lower the
net production of oligomers by cultured cells [74]. Even
though there are conflicting data regarding IDE and AD [75],
IDE knockout mice have elevated levels of endogenous Aβ
[76, 77]. There are two isoforms of ECE, 1 and 2, both of
which have similar catalytic activity, with ECE 1 being the
predominant isoform within the brain [65, 78]. However,
both ECEs are primarily localised to endothelial cells but
have been detected in neurons and glial [78]. The MMPs,
specifically MMP2 and MMP9, degrade fibrillar Aβ [79],
whereas PreP degrades monomeric Aβ. However, PreP is
confined to mitochondria, so it would therefore have limited
action on the majority of Aβ which is extracellular [80].

5. Zinc Binding to Aβ

High concentrations of zinc (up to 1 mM) have also been
found within amyloid plaques [81], which is thought to have
been released from glutamatergic synapses [82]. Aggregation
of the Aβ peptides can be rapidly induced in the presence
of zinc ions under physiological conditions in vitro [83, 84]
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Figure 3: Aβ peptide sequence with potential zinc binding sites
highlighted. Histidine residues are shown in blue and other
potential zinc-binding sites are shown in pink.

and studies on AD tissues show that zinc colocalised with
Aβ deposits [85]. The metal binding site for zinc on Aβ
is the same as the copper binding site and lies within the
N-terminal hydrophilic region, the first 16 residues [86]
(Figure 3). The majority of studies on zinc binding to Aβ
have utilised truncated peptides of 16 (Aβ1–16) and 28
(Aβ1–28) amino acids, as the binding region is situated
within these sequences [86]. Aβ1–16 does not aggregate
under moderate conditions [87–90], making it an ideal
model system, and Aβ1–28 can undergo aggregation and
fibril formation, but at significantly reduced rates, to the full-
length peptides [91]. Zinc binds to Aβ in a 1 : 1 stoichiometry
with a mononuclear binding site [84, 86–90, 92–94]. NMR
studies have shown that all three histidine residues (residues
6, 13 and 14; see Figure 3) are involved in zinc binding [87,
88, 90, 93, 95], with confirmation from mutational studies
[96, 97]. Other possible ligands have also been reported
as zinc coordination classically involves four to six ligands
[91]. The candidate ligands are Asp1 [91, 93], Arg5 [94],
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Ser 8 [93], Glu11 [90], and Tyr10 [95] (Figure 3) however,
Tyr10 has been ruled out [89] and Arg5 has been deemed
highly unlikely [91]. The carboxyl side chain of Glu11 is a
zinc ligand [88, 90] however, Asp1 is considered the most
attractive zinc ligand, either through its N-terminal amino
group and/or its side-chain carboxylate group [87, 88, 91,
93]. Raman spectroscopy has shown zinc binding to the Nτ
site of histidine side chains in senile plaques taken from AD
brains [98], but it is unclear if zinc only binds to free Aβ
peptides that subsequently aggregate or whether zinc binds
to Aβ in preformed plaques.

The reported apparent binding constants ( aKd) of zinc
to Aβ peptides vary from 1 to 300 μM (reviewed in [91]).
The published aKd values vary greatly due to the in vitro
conditions (e.g., buffer composition, pH), Aβ fragment, and
experimental method. The high aKd (20–300 μM) values
come from tyrosine fluorescence experiments however, even
these are contentious and hard to reproduce [99–101], and
any change in tyrosine fluorescence could be due to Aβ
aggregation rather than zinc binding [101]. Discounting
the tyrosine fluorescence measurements, the most likely
apparent aKd value for zinc binding to Aβ peptides is a range
of 1–20 μM [91]. The binding affinity of zinc for preformed
Aβ fibrils is approximately the same as of the peptides with a
aKd of 1–20 μM [89, 101].

6. Role of Zinc in Alzheimer’s Disease

Numerous studies have looked to address whether zinc levels
change with AD progression. It has been shown that there is a
significant increase in serum [102] and hippocampal [5] zinc
in AD patients compared to age-matched controls. Jiménez-
Jiménez et al. [103] demonstrated a significant decrease in
CSF zinc but could find no difference in serum zinc levels
between AD and age-matched controls. A decrease in serum
zinc has also been reported, though it is possible that some
of the AD patients included in one study were malnourished
[104, 105]. Overall, there is currently no consensus on what
happens to zinc concentrations in AD subjects though much
of the discrepancy could be put down to differences in patient
allocation, sample type, postmortem interval, or type of
analysis used.

Alternatively, a redistribution of zinc could be sufficient
to promote disease progression. Lovell and coworkers [106,
107] have mapped the expression levels of a number of
the ZnT zinc transporters in AD. ZnT-1, 4, and 6 were all
found to show increased expression in early stages of disease,
though ZnT-1 expression was decreased during mild cogni-
tive impairment [106, 107]. Although it is unknown whether
increased expression necessarily correlates with increased
activity, these changes in transporter level could result in
modified subcellular zinc concentrations. An increase in
ZnT6 would lead to an increase in zinc in the TGN [108]
which could reduce α-secretase activity [83].

It is well established that amyloid plaques contain
increased concentrations of copper, iron, and zinc [98, 109].
Whilst copper and iron appear to be primarily responsible
for the toxicity of Aβ via oxidative-stress-type mechanisms
[109, 110], zinc has a crucial role in Aβ aggregation which is

the most well-established contribution that zinc may have in
AD pathogenesis. Whilst the concentration of zinc required
for fibrillisation to occur is contentious, with concentrations
differing by 100-fold being suggested, zinc is an unequivocal
partner in the process [83, 111, 112]. In 2006, Dong and
co-workers were able to show that zinc could control the
rate of self-assembly of the Aβ peptides and go on to
regulate the amyloid morphology via specific coordination
sites [113]. Furthermore, it has been demonstrated that
zinc can spontaneously coordinate both intra-and inter-
molecular bridging between two peptides to promote Aβ
aggregation [114] and that synaptic zinc promotes Aβ
oligomer formation and their accumulation at excitatory
synapses [115].

Studies with synthetic Aβ showed that chelation chem-
istry could help solubilise amyloid plaques, with depletion
of zinc having a more marked effect on extracting Aβ than
depletion of copper [116]. Oral treatment with 5-chloro-7-
iodo-8-hydroxyquinoline (Clioquinol CQ) in Tg2576 mice
resulted in a 49% reduction in cortical amyloid deposition
[117]. Although CQ has a fairly low affinity (nM) for both
copper and zinc, it was still able to release the ions from
the Aβ binding site [118]. A pilot phase II trial in humans
showed a decrease in cognitive decline and a reduction in
plasma Aβ1−42 in moderately severe AD compared with
placebo control [119]. It has been suggested that although
CQ may chelate copper and zinc from metallated Aβ and
promote disaggregation, it may not completely holt the
aggregation process [120]. A second generation chelator
(PBT-2), with improved blood brain barrier penetration,
has just completed a phase II clinical trial in early AD with
promising results showing good tolerance, a reduction in
CSF Aβ and neuropsychological testing [121].

Recently, it has been shown that zinc can also accelerate
the aggregation of a Tau peptide under reducing conditions
[122]. Zinc inhibited the formation of intramolecular disul-
phide bonds but promoted intermolecular bonds between
key cysteine residues. Furthermore, zinc exposure has been
shown to increase the phosphorylation of PI3K and MAPK-
dependent pathways which are key players in Tau modifica-
tions [123].

The essential requirement for ZnT3 in loading zinc into
synaptic vesicles would suggest that this transporter could
have a major impact on zinc signalling in the neuron,
even regulating cognitive function. Whilst a lack of zinc
signalling in brain slices from ZnT3−/− mice confirmed
the vesicular origin of the released zinc, the mice failed to
express a cognitive phenotype. Initial studies detailed a 20%
reduction in total zinc level and a loss of histochemically
reactive zinc in the synaptic vesicle; however, there was no
impairment of spatial learning, memory, or sensorimotor
function [124]. The implication being that the vesicular zinc
is not required for cognitive function or that compensatory
mechanisms made up for the deficits. However, a follow-
up study demonstrated marked differences in learning and
memory when an older (6 month) cohort of mice was used
[125], suggesting that the lack of effect in the previous study
was due to the young age (6–10 weeks) of the mice and
highlights the importance of aging (the most significant risk
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factor) when modelling AD pathology. The results obtained
from the older ZnT3−/− cohort established a requirement for
zinc in memory function and the maintenance of synaptic
health upon aging. Adlard and colleagues proposed that
β-amyloid pathology could cause cognitive impairment by
trapping zinc within plaques rather than via a directly
toxic mechanism [125]. The zinc immobilisation by amyloid
would then have similar consequences as a loss of ZnT3
activity with a loss of zinc-dependent synaptic modulation
promoting cognitive decline

An alternative approach to minimising the consequences
of released zinc could be to promote mechanisms which
enhance reuptake. Recently, it has been shown that the
cellular form of the prion protein (PrPC) is an evolutionary
descendent of the ZIP family of divalent metal transporters.
In particular, ZIPs 5, 6, and 10 were found to have a “prion-
like” domain with significant structural similarity. As both
PrPC and the ZIPs bind divalent metal ions via histidine-rich
motifs contained with N-terminal repeating sequences, this
could suggest that PrPC is involved in zinc sensing, scaveng-
ing, or transport [126]. In agreement with that possibility,
we have shown that PrPC promotes zinc uptake (Watt et al.,
unpublished). Ensuring efficient clearance of extracellular
zinc from the synaptic cleft via PrPC would exploit an
existing physiological process. Furthermore, enhancing zinc
uptake would help prevent its ability to contribute to the
synaptic targeting of Aβ oligomers, thus preserving synaptic
function [115] and maintaining the proposed ferroxidase
activity of APP [127]. As PrPC levels decrease with age and
in sporadic AD [128], it is possible that zinc is cleared less
efficiently from the synaptic cleft enhancing aggregation of
Aβ and inhibiting APP ferroxidase activity to promote a pro-
oxidative environment. This would suggest that preserving
PrPC function during AD could provide multifactorial
benefits, an inhibition of BACE1 which would reduce Aβ
formation [129] and ensure efficient clearance of zinc from
the synaptic cleft to prevent aggregation of Aβ peptides, as
well as provide protection against oxidative stress [130, 131].

7. Conclusions

It is clear that zinc not only plays critical roles in the
structural and functional integrity of many proteins, but that
it also modulates the activity of glutamatergic synapses and
indeed may act as a neurotransmitter in its own right. Several
of the enzymes involved in processing APP and Aβ are zinc
metalloproteases, with an essential requirement for zinc in
their catalytic activity. Zinc binds to Aβ, promoting its aggre-
gation and thereby modulating its neurotoxicity. Although
zinc dyshomeostasis may contribute to the development of
AD, further work is required to clarify the molecular and
cellular mechanisms affected by zinc under both normal and
disease situations.
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[40] A. R. Kay and K. Tóth, “Influence of location of a fluorescent
zinc probe in brain slices on its response to synaptic
activation,” Journal of Neurophysiology, vol. 95, no. 3, pp.
1949–1956, 2006.

[41] A. R. Kay, “Evidence for chelatable zinc in the extracellular
space of the hippocampus, but little evidence for synaptic
release of Zn,” Journal of Neuroscience, vol. 23, no. 17, pp.
6847–6855, 2003.

[42] S. Yamasaki, K. Sakata-Sogawa, A. Hasegawa et al., “Zinc is a
novel intracellular second messenger,” Journal of Cell Biology,
vol. 177, no. 4, pp. 637–645, 2007.

[43] M. A. Leissring, “The AβCs of Aβ-cleaving proteases,” The
Journal of Biological Chemistry, vol. 283, no. 44, pp. 29645–
29649, 2008.

[44] A. I. Bush, G. Multhaup, R. D. Moir et al., “A novel zinc(II)
binding site modulates the function of the βA4 amyloid
protein precursor of Alzheimer’s disease,” The Journal of
Biological Chemistry, vol. 268, no. 22, pp. 16109–16112, 1993.

[45] A. I. Bush, W. H. Pettingell, M. De Paradis, R. E. Tanzi, and
W. Wasco, “The amyloid β-protein precursor and its mam-
malian homologues. Evidence for a zinc-modulated heparin-
binding superfamily,” The Journal of Biological Chemistry, vol.
269, no. 43, pp. 26618–26621, 1994.

[46] G. Multhaup, A. I. Busha, P. Pollweina, and C. L. Masters,
“Interaction between the zinc(II) and the heparin binding
site of the Alzheimer’s disease βA4 amyloid precursor protein
(APP),” FEBS Letters, vol. 355, no. 2, pp. 151–154, 1994.

[47] G. Multhaup, T. Ruppert, A. Schlicksupp et al., “Copper-
binding amyloid precursor protein undergoes a site-specific
fragmentation in the reduction of hydrogen peroxide,”
Biochemistry, vol. 37, no. 20, pp. 7224–7230, 1998.

[48] V. W. Chow, M. P. Mattson, P. C. Wong, and M. Gleichmann,
“An overview of APP processing enzymes and products,”
Neuromolecular Medicine, vol. 12, no. 1, pp. 1–12, 2010.

[49] D. Edbauer, E. Winkler, J. T. Regula, B. Pesold, H. Steiner, and
C. Haass, “Reconstitution of γ-secretase activity,” Nature Cell
Biology, vol. 5, no. 5, pp. 486–488, 2003.

[50] A. Nikolaev, T. McLaughlin, D. D. M. O’Leary, and M.
Tessier-Lavigne, “APP binds DR6 to trigger axon pruning
and neuron death via distinct caspases,” Nature, vol. 457, no.
7232, pp. 981–989, 2009.

[51] Ł. P. Słomnicki and W. Leśniak, “A putative role of the
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[69] W. Farris, S. G. Schütz, J. R. Cirrito et al., “Loss of neprilysin
function promotes amyloid plaque formation and causes
cerebral amyloid angiopathy,” American Journal of Pathology,
vol. 171, no. 1, pp. 241–251, 2007.

[70] H. Akiyama, H. Kondo, K. Ikeda, M. Kato, and P. L. McGeer,
“Immunohistochemical localization of neprilysin in the
human cerebral cortex: inverse association with vulnerability
to amyloid β-protein (Aβ) deposition,” Brain Research, vol.
902, no. 2, pp. 277–281, 2001.

[71] E. A. Eckman, S. K. Adams, F. J. Troendle et al., “Regulation
of steady-state β-amyloid levels in the brain by neprilysin
and endothelin-converting enzyme but not angiotensin-
converting enzyme,” The Journal of Biological Chemistry, vol.
281, no. 41, pp. 30471–30478, 2006.

[72] E. Hellström-Lindahl, R. Ravid, and A. Nordberg, “Age-
dependent decline of neprilysin in Alzheimer’s disease and
normal brain: inverse correlation with Aβ levels,” Neurobiol-
ogy of Aging, vol. 29, no. 2, pp. 210–221, 2008.

[73] W. C. Duckworth, R. G. Bennett, and F. G. Hamel, “A direct
inhibitory effect of insulin on a cytosolic proteolytic complex
containing insulin-degrading enzyme and multicatalytic
proteinase,” The Journal of Biological Chemistry, vol. 269, no.
40, pp. 24575–24580, 1994.

[74] K. Vekrellis, Z. Ye, W. Q. Qiu et al., “Neurons regulate
extracellular levels of amyloid β-protein via proteolysis by
insulin-degrading enzyme,” Journal of Neuroscience, vol. 20,
no. 5, pp. 1657–1665, 2000.

[75] S. Wang, R. Wang, L. Chen, D. A. Bennett, D. W. Dick-
son, and D.-S. Wang, “Expression and functional profiling
of neprilysin, insulin-degrading enzyme, and endothelin-
converting enzyme in prospectively studied elderly and
Alzheimer’s brain,” Journal of Neurochemistry, vol. 115, no.
1, pp. 47–57, 2010.

[76] M. C. Leal, V. B. Dorfman, A. F. Gamba et al., “Plaque-
associated overexpression of insulin-degrading enzyme in
the cerebral cortex of aged transgenic Tg2576 mice with
Alzheimer pathology,” Journal of Neuropathology and Experi-
mental Neurology, vol. 65, no. 10, pp. 976–987, 2006.

[77] B. C. Miller, E. A. Eckman, K. Sambamurti et al., “Amyloid-β
peptide levels in brain are inversely correlated with insulysin
activity levels in vivo,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 100, no. 10, pp.
6221–6226, 2003.

[78] A. P. Davenport, R. E. Kuc, and J. W. Mockridge,
“Endothelin-converting enzyme in the human vasculature:
evidence for differential conversion of big endothelin-3 by
endothelial and smooth-muscle cells,” Journal of Cardiovas-
cular Pharmacology, vol. 31, supplement 1, pp. S1–S3, 1998.

[79] K. J. Yin, J. R. Cirrito, P. Yan et al., “Matrix metalloproteinases
expressed by astrocytes mediate extracellular amyloid-β
peptide catabolism,” Journal of Neuroscience, vol. 26, no. 43,
pp. 10939–10948, 2006.

[80] A. Falkevall, N. Alikhani, S. Bhushan et al., “Degrada-
tion of the amyloid β-protein by the novel mitochondrial



International Journal of Alzheimer’s Disease 9

peptidasome, PreP,” The Journal of Biological Chemistry, vol.
281, no. 39, pp. 29096–29104, 2006.

[81] M. A. Lovell, J. D. Robertson, W. J. Teesdale, J. L. Campbell,
and W. R. Markesbery, “Copper, iron and zinc in Alzheimer’s
disease senile plaques,” Journal of the Neurological Sciences,
vol. 158, no. 1, pp. 47–52, 1998.

[82] J. Y. Lee, T. B. Cole, R. D. Palmiter, S. W. Suh, and J. Y.
Koh, “Contribution by synaptic zinc to the gender-disparate
plaque formation in human Swedish mutant APP transgenic
mice,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 99, no. 11, pp. 7705–7710, 2002.

[83] A. I. Bush, W. H. Pettingell, G. Multhaup et al., “Rapid
induction of Alzheimer Aβ amyloid formation by zinc,”
Science, vol. 265, no. 5177, pp. 1464–1467, 1994.

[84] K. H. Lim, Y. K. Kim, and Y. T. Chang, “Investigations
of the molecular mechanism of metal-induced Aβ (1–40)
amyloidogenesis,” Biochemistry, vol. 46, no. 47, pp. 13523–
13532, 2007.

[85] L. M. Miller, Q. Wang, T. P. Telivala, R. J. Smith, A. Lanzirotti,
and J. Miklossy, “Synchrotron-based infrared and X-ray
imaging shows focalized accumulation of Cu and Zn co-
localized with β-amyloid deposits in Alzheimer’s disease,”
Journal of Structural Biology, vol. 155, no. 1, pp. 30–37, 2006.

[86] S. A. Kozin, S. Zirah, S. Rebuffat, G. Hui Bon Hoa, and P.
Debey, “Zinc binding to Alzheimer’s Aβ(1-16) peptide results
in stable soluble complex,” Biochemical and Biophysical
Research Communications, vol. 285, no. 4, pp. 959–964, 2001.

[87] Y. Mekmouche, Y. Coppel, K. Hochgräfe et al., “Charac-
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Zinc is released from glutamatergic (zincergic) neuron terminals in the hippocampus, followed by the increase in Zn2+

concentration in the intracellular (cytosol) compartment, as well as that in the extracellular compartment. The increase in Zn2+

concentration in the intracellular compartment during synaptic excitation is mainly due to Zn2+ influx through calcium-permeable
channels and serves as Zn2+ signaling as well as the case in the extracellular compartment. Synaptic Zn2+ homeostasis is important
for glutamate signaling and altered under numerous pathological processes such as Alzheimer’s disease. Synaptic Zn2+ homeostasis
might be altered in old age, and this alteration might be involved in the pathogenesis and progression of Alzheimer’s disease; Zinc
may play as a key-mediating factor in the pathophysiology of Alzheimer’s disease. This paper summarizes the role of Zn2+ signaling
in glutamate excitotoxicity, which is involved in Alzheimer’s disease, to understand the significance of synaptic Zn2+ homeostasis
in the pathophysiology of Alzheimer’s disease.

1. Introduction

Over 300 proteins require zinc for their functions in microor-
ganisms, plants, and animals. Zinc powerfully influences cell
division and differentiation [1]. Zinc is essential for brain
growth and its function [2, 3]. Zinc concentration in the
adult brain reaches approximately 200 μM [4]. Extracellular
zinc concentration in the adult brain is estimated to be less
than 1 μM [5]. Zinc concentration in the cerebrospinal fluid
(CSF) is approximately 0.15 μM [6], while that in the plasma
is approximately 15 μM. Zinc transport from the plasma
to the cerebrospinal fluid is strictly regulated by the brain-
barrier system, that is, the blood-CSF barrier. The blood-CSF
barrier, in addition to the blood-brain barrier, is involved
in zinc homeostasis in the brain [7, 8]. Zinc is relatively
concentrated in the hippocampus and amygdala [9, 10]. The
biological half-life of zinc is relatively long in theses two areas
(hippocampus, 28 days; amygdala, 42 days). Zinc homeosta-
sis in the brain is closely associated with neurological diseases
including Alzheimer’s disease [11–13] and may be spatiotem-
porally altered in their pathogenesis and progression.

Approximately 90% of the total brain zinc exists as zinc
metalloproteins. The rest mainly exists in the presynaptic
vesicles and is histochemically reactive as revealed by Timm’s
sulfide-silver staining method [14]. Histochemically reactive
zinc is released along with neuronal activity; there is a large
number of evidence on zincergic neurons that sequester
zinc in the presynaptic vesicles and release it in a calcium-
and impulse-dependent manner [15–18]. In the rat brain,
Timm’s stain is hardly observed just after the birth, and
its intensity increases with brain development [19, 20],
indicating that histochemically reactive zinc is involved in
not only brain growth but also brain function. However,
impairment of spatial learning, memory, or sensorimotor
functions is not observed in zinc transporter-3-null mice,
which lack the histochemically reactive zinc in synaptic
vesicles [21]. Zinc transporter-3 is involved to zinc transport
into synaptic vesicles. Therefore, physiological significance
of histochemically reactive zinc in neuronal activity is still
poorly understood.

The hippocampus plays an important role in learning,
memory, and recognition of novelty [22]. The hippocampus
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receives major input from the entorhinal cortex via the
perforant pathway, the dentate granule cells project to the
CA3 pyramidal cells via the mossy fibers, and the CA3
pyramidal cells project to the CA1 pyramidal cells via the
Schaffer collaterals. The three pathways are glutamatergic
(zincergic), and terminals of them are stained by Timm’s
method [23]. Zinc concentration in the presynaptic vesi-
cles is the highest in the giant boutons of hippocampal
mossy fibers. All giant boutons of mossy fibers contain
zinc in the presynaptic vesicles, while approximately 45%
of Schaffer collateral/commissural pathway is zinc-positive
[24]. It has been reported that histochemically reactive
zinc serves as an endogenous neuromodulator of several
important receptors including the α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)/kainate receptor,
N-methyl-D-aspartate (NMDA) receptors, and γ-amino
butyric acid (GABA) receptors [25, 26]. The zinc may par-
ticipate in synaptic plasticity such as long-term potentiation
(LTP) and long-term depression (LTD) that is believed as the
mechanism of learning and memory [27–29].

The exact chemical form of histochemically reactive zinc
is unknown. The zinc released in the extracellular space
is estimated to serve in free form (Zn2+) [30]. The basal
Zn2+ concentrations are extremely low in both the extra-
cellular (∼10−8 M) and intracellular (cytosol) (<10−9 M)
compartments [31, 32]. Zn2+ concentration increases in
both compartments by excitation of zincergic neurons [33]
and serves for signaling [34, 35]. However, the extracellu-
lar and intracellular concentrations of Zn2+ reached after
synaptic excitation are obscure. Other organelles such as
the mitochondria and the endoplasmic reticulum including
the cytoplasm may participate in the increase in cytosolic
Zn2+ [36–38]. The mechanisms on Zn2+ homeostasis in both
compartments remain to be clarified [39, 40].

Zn2+ signaling is required for brain function, while
alteration of Zn2+ homeostasis may modify glutamate exci-
totoxicity, which is involved in Alzheimer’s disease. This
paper summarizes the role of Zn2+ signaling in glutamate
excitotoxicity to understand the significance of zinc as a
key-mediating factor in the pathophysiology of Alzheimer’s
disease.

2. Modulation of Glutamate Signaling by Zinc

ZnAF-2 is a membrane-impermeable zinc indicator and has
a low Kd value of 2.7 nM for zinc, and its fluorescence is
minimally changed in the presence of calcium, magnesium,
cadmium, nickel, or other heavy metals [41]. ZnAF-
2 DA, a diacetylated form of ZnAF-2, is taken up by
cells and hydrolyzed to ZnAF-2, which cannot permeate
the cell membrane. These two indicators make possible
an observation of Zn2+ dynamics in extracellular and
intracellular compartments. Zn2+ released from zincergic
neuron terminals is immediately retaken up by the same
terminals during tetanic stimulation and also taken up into
postsynaptic neurons [33, 35]. Calcium cannels such as
calcium-permeable AMPA/kainate receptors are involved
in Zn2+ influx during synaptic excitation [5, 31, 33, 35, 42]
(Figure 1). Because kainate receptors are abundantly

expressed in mossy fibers, they might be involved in zinc
influx into mossy fiber terminals [43].

Quinta-Ferreira and Matias [44, 45] report that Ca2+

influx into mossy fibers by tetanic stimulation is inhibited
by endogenous zinc. In the CA3 and CA1, furthermore,
Zn2+ released from zincergic neuron terminals suppresses the
increase in Ca2+ influx into the presynaptic terminals after
tetanic stimulation, followed by negative modulation of the
presynaptic activity (exocytosis) (Figure 2) [33, 35]. In an
experiment using synaptosomal fraction from rat hippocam-
pal CA3, Zn2+ inhibits glutamate release via activation of
presynaptic ATP-dependent potassium (KATP) channels [46].
Zn2+ released from zincergic neuron terminals may serve
for negative feedback mechanisms against glutamate release
in both the extracellular and intracellular compartments
(Figure 2).

3. Crosstalk of Zn2+ Signaling to Ca2+ Signaling
in Glutamate Excitotoxicity

In both the extracellular and the intracellular compartments,
it is possible that zinc signaling plays a neuroprotective role
against glutamate-induced excitotoxicity [46, 47]. Activation
of presynaptic kainate receptors is involved in the release
of zinc and glutamate from mossy fibers [48, 49], and
astrocytes also release glutamate [50]. Loss of astrocyte
glutamate homeostasis is a prerequisite for the excitotoxic
cascade, a phenomenon that is becoming recognized in
an increasing number of neurological disorders [51]. The
significance of zinc release in excess excitation of mossy fibers
is examined by regional delivery of glutamate (1 mM) to
the stratum lucidum, in which mossy fibers exist. Zn2+ may
negatively modulate Ca2+ mobilization in CA3 pyramidal
cells under the delivery [52]. Intracellular Ca2+ mobilization
via group I metabotropic glutamate receptor activation can
be also negatively modulated by Zn2+ signaling in CA3
pyramidal cells [34]. These findings suggest that Zn2+can
protectively act on glutamate excitotoxicity via crosstalk to
Ca2+ signaling.

In contrast, excess of intracellular Zn2+ is potentially
neurotoxic as well as excess of intracellular Ca2+ [53–60]
(Figure 2). The origin of the toxic zinc is a matter of debate
and seems to be not only the extracellular compartment
but also the intracellular compartment [61]. The exact
borderline of intracellular Zn2+ level between physiological
regulation and pathological effects remains poorly defined as
discussed later. Côté et al. [62] report that the neurotoxic and
neuroprotective actions of Zn2+ depend on its concentration
and that this dual action is cell type specific. Lavoie et al. [63]
report that intracellular zinc chelator influences hippocam-
pal neuronal excitability in rats. Furthermore, chelation of
endogenous zinc by CaEDTA causes a significant increase in
ischemic cell death in hippocampal slice cultures [46]. In an
in vivo microdialysis experiment, the increase in extracellular
glutamate concentration induced with high 100 mM KCl was
significantly enhanced in the presence of 1 mM CaEDTA in
both the control and zinc-deficient rats [64]. These findings
indicate that Zn2+ released from zincergic neurons may
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Figure 1: Changes in zinc signals in the extracellular and intracellular compartments in the hippocampal CA1 during tetanic stimulation.
(a) Hippocampal illustration and CA1 image with ZnAF-2. (b) High-frequency stimulation (HSF, 200 Hz, 1 s) was delivered to the Schaffer
collaterals in hippocampal slices stained with ZnAF-2 or ZnAF-2DA. The circle (around 10 μm in diameter) shown in Figure 1(a) is a
representative example of the region of interest. The data represents the changed rate (%) in fluorescent signals to the basal fluorescent
signal before the stimulation, which is expressed as 100%. The red bar indicates the period of electrical stimulation. (c) Tetanic stimulation
(200 Hz, 1 s) was delivered to the Schaffer collaterals in hippocampal slices immersed in ACSF (control), 1 mM CaEDTA in ACSF, or 10 μM
CNQX in ACSF. The data represents the changed rate (%) in fluorescent signal during tetanic stimulation to the basal fluorescent signal
before the stimulation, which is expressed as 100%. ∗∗∗P < .001, versus the basal level before the stimulation; ##P < .01, ###P < .001, versus
the control (stimulated in ACSF). This data is cited from the paper published by Journal of Neuroscience Research, 2007 [35].

reduce glutamate release under pathological condition and
protect hippocampal cells from the excitotoxicity (Figure 2).

4. Dietary Zinc Deficiency and
Glutamate Excitotoxicity

Extracellular glutamate concentration is estimated to be
around 2 μM in the brain, while glutamate concentration
in the synaptic vesicles is markedly high (∼100 mM) [65].
Excessive activation of glutamate receptors by excess of
extracellular glutamate leads to a number of deleterious
consequences, including impairment of calcium buffering,
generation of free radicals, activation of the mitochon-
drial permeability transition, and secondary excitotoxicity
[66, 67]. Glutamate excitotoxicity, a final common pathway
for neuronal death, is observed in numerous pathological

processes such as stroke/ischemia, temporal lobe epilepsy,
Alzheimer’s disease, and amyotrophic lateral sclerosis [68–
70]. The hippocampus is susceptible to glutamate excito-
toxicity, is enriched with glucocorticoid receptors [71], and
is a major target of glucocorticoids. Glucocorticoids may
potentiate glutamate excitotoxicity, followed by the increase
in neuronal death [72].

Dietary zinc deficiency readily decreases serum zinc level
in mice and rats, while it increases serum corticosterone
level through the increased hypothalamic-pituitary-adrenal
(HPA) axis activity [73]. Brain zinc concentration is hardly
decreased by zinc deficiency, while both histochemically
reactive zinc and extracellular zinc in the brain are sus-
ceptible to chronic zinc deficiency [64, 74–76] (Figure 3).
Excitability of zincergic neurons is potentially changed in
cooperation with corticosterone under zinc deficiency [27].
Thus, the increased secretion of corticosterone might be
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protectively serve for postsynaptic neurons under pathological
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Figure 3: Histochemically reactive zinc level and its relation to
the pathogenesis of Alzheimer’s disease. Zinc deficiency can reduce
histochemically reactive zinc levels, which are estimated to be
susceptible to aging. Zinc deficiency, as well as aging, seems to be
a risk factor for Alzheimer’s disease.

associated with the decrease in histochemically reactive zinc
and extracellular zinc under zinc deficiency. The increase in
extracellular glutamate induced by 100 mM KCl is poten-
tiated under zinc deficiency [64, 76]. Kainate and NMDA-
induced seizures are potentiated in young mice and rats after
4-week zinc deprivation, which decreases histochemically
reactive zinc [74, 77], and hippocampal cell death, which
is induced by treatment with kainate, is increased under
zinc deficiency [78]. These findings suggest that endogenous
zinc, especially histochemically reactive zinc, has a protective
action against glutamate excitotoxicity. The neurological
symptoms associated with glutamate excitotoxicity may be
aggravated by zinc deficiency.

Neuritic plaques, a pathological hallmark of Alzheimer’s
disease, are composed of β-amyloid that is precipitated
by zinc released from zincergic neurons [79–81]. Gluta-
mate excitotoxicity is associated with pathophysiology of
Alzheimer’s disease [67]. Glutamatergic signaling is com-
promised by β-amyloid-induced modulation of synaptic
glutamate receptors in specific brain regions, paralleling early
cognitive deficits [82]. Dietary zinc deficiency significantly
increases total plaque volume in APP/PS1 mice, a transgenic

mouse model of Alzheimer’s disease, suggesting that zinc
deficiency is a risk factor for Alzheimer’s disease [83].
Interestingly, no obvious changes in histochemically reactive
zinc levels are observed in zinc-deficient APP/PS1 mice.
It is possible that the HPA axis activity in APP/PS1 mice
is potentiated by zinc deficiency, like the case of normal
mice and rats. Serum glucocorticoids are associated with the
clearance of amyloid-beta peptide [84]. Thus, it seems to be
important to study the participation of glucocorticoids in the
β-amyloid plaque formation and degradation.

5. Zinc Homeostasis and Glutamate
Excitotoxicity in Old Age

Zinc concentration in the brain remains constant in aged
animals [85] and humans [4], whereas serum zinc level is
significantly lower in aged animals than in young animals
[86] and decreases with age in humans [87]. Histochemically
reactive zinc levels are also lower in aged animals than
in adult animals [88, 89]. Zinc transporter-3 expression,
which is correlated with histochemically reactive zinc levels,
is decreased with aging [90]. Thus, it is possible that
histochemically reactive zinc levels are reduced in normal
aging in humans [12, 90] (Figure 3). On the other hand,
serum glucocorticoid concentration is significantly higher in
aged animals [91]. The selective increase in the nocturnal
levels of cortisol is observed in aged humans [92]. The
increase in serum glucocorticoid level elicits some common
changes in both aging and zinc deficiency. In addition to
the decrease in serum zinc, the increase in the basal levels
of intracellular Ca2+ and modification of Ca2+ signaling
is observed in both aged [93, 94] and zinc-deficient [73,
77, 95] animals. It is likely that glucocorticoids influence
the dynamics of both zinc signal and calcium signal and
that the increased glucocorticoid secretion is associated
with dysfunctions in zinc deficiency and aging that may
increase the risk of diseases [28]. Aged animals and human
might be more susceptible to glutamate excitotoxicity that is
potentiated in zinc-deficient animals.

Insulin-degrading enzyme is a candidate protease in the
clearance of amyloid-beta peptide from the brain and its
levels are decreased in Alzheimer’s disease. Insulin-degrading
enzyme activity is known to be inhibited by glucocorticoid.
Serum cortisol is associated with the clearance of amyloid-
beta peptide [81] and the progression in subjects with
Alzheimer-type dementia [96, 97]. Correlations have been
reported between increases in HPA system activity and
dementia severity or hippocampal volume loss in individuals
with probable Alzheimer’s disease [96]. On the other hand,
serum zinc is decreased in progression of Alzheimer’s
disease [98]. Because zinc participates in amyloid-beta
plaque deposition [79–81, 99], this metal may play as a
key-mediating factor in the pathophysiology of Alzheimer’s
disease [100, 101]. Adlard et al. [90] report that cognitive
loss is observed in 6-month-old zinc transporter-3-null
mice, but not in 3-month-old zinc transporter-3-null mice.
Cognitive impairment is age-dependent in zinc transporter-
3-null mice, suggesting that long-term lack of synaptic zinc
is implicated in the pathology leading to Alzheimer’s disease
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(Figure 3). Because zinc transporter-3 expression is reduced
in the brain with Alzheimer’s disease [90], it is possible that
histochemical reactive zinc level is reduced in progression of
Alzheimer’s disease and that this reduction participates in
its pathophysiology. In contrast, histochemically reactive zinc
levels are not significantly changed in zinc-deficient APP/PS1
mice as described above [83]. Cognitive loss is potentially
observed prior to the decrease in histochemically reactive
zinc in zinc-deficient rats [102]. Judging from these data, it
is likely that the increase in HPA axis activity participates
in the pathogenesis and progression of Alzheimer’s disease
(Figure 3). This increase might be associated with the
decrease in histochemically reactive zinc levels.

The basal (resting) level of histochemical reactive
zinc/Zn2+ is estimated to be pico- to nanomolar in the
cytosolic compartment (8.1 < − log [Zn2+]“free” < 10) [103–
105]. The synaptic vesicles serve as a large pool of histo-
chemical reactive zinc in zincergic neurons. Other organelles
such as the mitochondria and the endoplasmic reticulum
might generally serve as the pool of histochemical reactive
zinc in neurons and glia cells [36, 106]. Metallothioneins
are also pools of Zn2+ [37, 38, 107]. On the other hand,
extracellular zinc concentration after tetanic stimulation is
estimated to range between 10 and 100 μM, because the
low-affinity site (IC50 ≈ 20μM at −40 mV) of NMDA
receptors is bound by zinc as an NMDA receptor blocker
[108]. Hippocampal LTP is multifunctionally modulated
in the presence of 5 μM ZnCl2 [43, 109–111], suggesting
that the concentration of endogenous zinc reaches very low
micromolar concentrations in the extracellular compartment
during the LTP induction. Judging from this estimation, it is
possible that zinc signal transiently increases to more than
100 times of the basal level in the cytosolic compartment.
Zn2+ might potentially reach submicromolar concentrations
(− log [Zn2+]“free” < 6) under pathological conditions [105].

In conclusion, the analysis on the relationship between
Zn2+ dynamics and glutamatergic (zincergic) neuron activity
in the brain in process of aging may be useful to find out
the strategy to prevent neurodegenerative disorders such as
Alzheimer’s disease [112].
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Contamination of the environment by metals is recognized as a threat to health. One of their targets is the brain, and the adverse
functional effects they induce are reflected by neurobehavioral assessments. Lead, manganese, and methylmercury are the metal
contaminants linked most comprehensively to such disorders. Because many of these adverse effects can appear later in life,
clues to the role of metals as risk factors for neurodegenerative disorders should be sought in the exposure histories of aging
populations. A review of the available literature offers evidence that all three metals can produce, in advanced age, manifestations
of neurobehavioral dysfunction associated with neurodegenerative disease. Among the critical unresolved questions is timing; that
is, during which periods of the lifespan, including early development, do environmental exposures lay the foundations for their
ultimate effects?

1. Introduction

In soliciting contributions for this special issue of the Inter-
national Journal of Alzheimer’s Disease, the editors featured
the metals copper, zinc, iron, and aluminum. Except perhaps
for aluminum, none of the four are considered to be major
environmental hazards for neurodegenerative disorders. The
three metals addressed in this paper provide a contrasting
view. Lead, organic mercury, and manganese are identified
as environmental risk factors for such disorders because of
the scale of their distribution. It is worth reviewing how
they achieved this status because such an appraisal may offer
a useful model for the ways in which we evaluate the heath
risks of other metals as well as those discussed here.

Environmental neurotoxicology adopted a view of the
coupling of metal exposure and disease determined by its
early connections to risk assessment. It approached its eval-
uations from angles dictated by legislation and regulation,
especially after passage, by the US Congress, of the Toxic
Substances Control Act (TSCA), signed into law in 1976.

As practiced by the US Environmental Protection Agen-
cy, and, in fact, by its counterparts in other nations, its
primary task is to determine the health risks of exposure to
environmental agents, quantify them, and then prescribe

exposure standards that offer an adequate margin of safety.
Although economic impacts are to be considered, typically,
because exposures to environmental chemicals offer no
health benefits, the health risks assume priority and exposure
standards are sought that offer a robust margin of safety. The
standards are not formulated specifically to protect against
clinical disorders such as Alzheimer’s disease. Instead, the
margin of safety is designed to provide a buffer against even
minimal adverse effects. The exposure criterion is designated
as the Reference Dose (RfD) and is defined as “An estimate,
with uncertainty spanning perhaps an order of magnitude,
of a daily oral exposure to the human population (including
sensitive subgroups) that is likely to be without an apprecia-
ble risk of deleterious effects during a lifetime.” This defini-
tion is pertinent to disease etiology because it underscores
the developing consensus that neurodegenerative disorders
may originate in events and circumstances that antedate,
even by decades, their overt clinical manifestations. Further,
the first indications of such a progression may take the
form of subtle, insidious, minimal toxic manifestations that
foreshadow the emergence of clinically apparent disorders
[1].

Long before the concept of environmental protection
arose, along with its regulatory machinery, all three metals
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Table 1: Age-specific incidence rates for Alzheimer’s disease. Mean
estimates are the averages of the smoothed age-specific incidence
curves from these studies [2].

Age, years Estimate

60 0.08

65 0.17

70 0.35

75 0.71

80 1.44

85 2.92

90 5.95

95 12.10

had been identified as neurotoxicants. Lead and mercury
had been acknowledged as poisons even in ancient texts.
Manganese came to be viewed as a neurological poison
in the 19th century. The new principles of environmental
protection changed the equation to a focus on early detection
of potential adverse effects.

The connection between the principles and practices
of environmental protection and the role of metals in
neurodegenerative disorders may seem superficially remote.
It is, in fact, one model for how we might formulate research
on that question and how to convert that research into
practice. That model emphasizes the early stages of the
progression to a clinical entity.

The perspective adopted by this paper adheres to that
approach. One way in which it might be depicted graphically
appears in Figure 1. It was formulated originally [3] to show
how even a small shift in the IQ distribution of a population
exposed to elevated levels of lead can create disproportionate
consequences at the extremes of the distribution. As shown
there, a 5% lowering of the mean (5 IQ points on standard-
ized tests) leads to a 57% increase in the proportion of the
population classified as “retarded,” a definition based on the
usual criterion of an IQ of 70. With a mean of 100, the usual
standardized mean, and a standard deviation (SD) of 15, as
on the Stanford-Binet, an IQ of 70 lies two SDs below the
mean.

Figure 1 is only a model for how to depict a specific
measure. A similar chart could be made for a component of
cognitive function such as memory. On a population basis,
most aspects of cognitive function decline with age. Accord-
ing to the analysis of Hedden and Gabrieli [4], these include
inductive reasoning, spatial orientation, perceptual speed,
and verbal memory. Vocabulary remains intact or improves.
Drag and Bieliauskas [5] also noted that vocabulary remains
resistant to aging and may even improve, but that both long-
term and short-term memory and processing speed decline.
All show distributions of scores that fit the model in Figure 1.

Assume, provisionally, that for a selected age group, we
plot a distribution of an ability, such as memory, as in
Figure 1. With progressively older age groups, the mean of
the distribution will shift to lower scores, which means that
an increasingly greater proportion of that population will
fall within what we might define as a zone of impairment.

We might define such a zone as that proportion two SDs
or more below the mean of a criterion group such as adults
25–45 years of age. With a typical normal or bell-shaped
distribution, the older the age group is, the greater will
be the impact of a specific shift in the mean, such as one
caused by an environmental exposure because a greater total
percentage of the age group will fall into the impairment
zone. Put another way, the exposure is not a direct cause
of the disease; rather, it shifts the population’s cognitive
performance toward scores that are characteristic of an older
population.

Neurodegenerative diseases follow a pattern, as exem-
plified by Alzheimer’s disease (AD), in which prevalence
increases with age. Brookmeyer et al. [2] calculated age-
specific incidence rates for AD from a body of data provided
by four studies. Their mean estimates are the averages of the
smoothed age-specific incidence curves from these studies.
Their predicted percentages of cases per age group appear
in Table 1. Hebert et al. [6], based on their studies of
three Chicago populations, show striking changes in the
proportions of individuals within three age groups (65–
74, 75–84, and >85) in the scores attained on the Mini-
Mental State Examination (MMSE), with a sharp rise in the
severe category in patients over 85 years of age. Thus, both
diminished cognitive function and AD follow an equivalent
age pattern. Were MMSE score distributions to be shifted
downward in an exposed population by, say, 5%, we could
legitimately interpret the exposure as a risk factor for AD.

In the following discussions of lead, manganese, and
mercury I will review data indicating that, at environmentally
relevant levels, such exposures augment the expected decline
in neurobehavioral function associated with aging. I will use
these data to argue that such exposures then constitute risk
factors for neurodegenerative disease states. That is, they
would not be labeled as the primary sources of these diseases.
Rather, (1) they elevate the likelihood that latent factors,
such as genetic predispositions, will find overt expression
or (2) they cause the clinical form of the disease to appear
earlier in the lifespan. For example, the onset of clinically
diagnosed AD is often preceded by a transitional phase
termed mild cognitive impairment (MCI). It describes a
condition in which neuropsychological function, particularly
memory, is compromised, but not enough to meet the
criteria for a clinical diagnosis of AD, recognizing that the
ultimate criterion for such a diagnosis is neuropathology. If
an environmental exposure itself is able to magnify MCI, it
would be considered a risk factor for clinically manifested AD
as well as a condition that diminishes the individual’s quality
of life.

2. Lead

Although identified as a neurotoxicant as long ago as the
second century BCE, its effects on neurobehavioral devel-
opment have generated the greatest volume of research
during the past five decades. Effects on adults occupy only
a small proportion of the contemporary literature, and
effects during advanced age an even smaller proportion.
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Figure 1: Showing the consequences of a shift in the population IQ
of 5 points (5%) in a population of 100 million. In most US school
districts, an IQ of 70 or lower (2 SDs below the mean) mandates
remedial action. (Based on Weiss [3]).

That imbalance is slowly undergoing a shift, one propelled
by increasing recognition of the health risks posed to
a ballooning population of the elderly. Among the risks
arousing the greatest concerns are those bearing on cognitive
function. Other clinical entities such as osteoporosis and
hypertension can be treated with drugs, which is a useful
property given that lead is a risk factor for hypertension,
coupled with the connections between hypertension and
multi-infarct dementia as well as with cognitive decline.
Cognitive dysfunction itself, at this stage of knowledge, lies
mostly outside the realm of pharmacotherapy.

The US Centers for Disease Control and Prevention
(CDC) has set a value of 10 micrograms of lead per deciliter

Table 2: Signs of manganese poisoning.

(i) Impaired coordination

(ii) Abnormal gait

(iii) Abnormal laughter

(iv) Expressionless face

(v) Weakness

(vi) Bradykinesia

(vii) Somnolence

(viii) Dysarthria

(ix) Difficulty walking

(x) Clumsiness

(xi) Lack of balance

(xii) Muscle pains

(xiii) Diminished leg power

of blood (μg/dL) as the level at which it recommends that
public health actions be initiated for young children because
of the recognized vulnerability of the developing brain. This
value is the latest in a progression of exposure criteria that
have evolved in parallel with accumulating information
about the scope of lead neurotoxicity and the low levels
at which neurotoxicity is observed. Gilbert and Weiss [7],
however, have argued that this value is too high and that
2 μg/dL is a more reasonable figure given that no discernible
threshold for lead toxicity has been established.

What can be gleaned from the current lead literature is
that older adults appear to be as vulnerable as children to
lead neurotoxicity. Muldoon et al. [8] measured neuropsy-
chological function in a cohort of elderly women and found
that levels as low as 8 μg/dL were significantly associated
with poorer cognitive function. As they noted, “even a slight
decrement in cognition would have a large public health
impact due to the large number of elderly at risk.”

Subsequent studies have relied more on measures of
skeletal lead than of blood lead because the half-life of
lead in the latter is about 35 days while the half-life in
the skeleton, depending on the assay location, can be as
much as two decades. Skeletal measures, based on X-ray
fluorescence (XRF) methods, have the virtue, in older adults,
of providing a historical and cumulative index of exposure
[9], a considerable advantage because lead is so embedded
in the environment that epidemiological studies cannot
readily distinguish the effects of recent from past exposures.
In one study [10], which surveyed nearly 1,000 adults in
Baltimore, Maryland, performance scores on a variety of
neuropsychological tests were found to be associated with
tibia lead concentrations (language, processing speed, eye-
hand coordination, executive functioning, verbal memory
and learning, and visual memory). The mean blood lead level
at the time of testing was 3.2 μg/dL.

In another study of an elderly population in Boston
[11], the investigators measured bone lead in about 1,100
men at various times between 1991 and 1999. In this
population, performance over this period on a battery of
neuropsychological tests worsened as bone lead increased.
The most robust effects were reflected by performance and
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MRI of Mn in globus pallidus

Unexposed Exposed

Figure 2: Magnetic resonance images of two monkeys, one exposed
to inhaled manganese and one contol. They show that manganese
achieves high concentrations in the global pallidus. Based on
Newland and Weiss [12].

reaction time scores on visuospatial/visuomotor tests. Here,
mean blood lead values lay in the range of 5 μg/dL. The
authors, in describing the rationale for their study and its
implications for AD, commented as follows: “Mild cognitive
impairment is more prevalent than AD and is receiving
increasing attention, not only as a possible intermediate stage
on the path to AD, but as an important deficit in its own
right.” The argument of Gilbert and Weiss [7] that acceptable
lead levels be reduced applies to adults as well as children.

Because women had been underrepresented in lead
studies, Weuve et al. [13] chose a population from the
Nurses Health Study, which began in 1976. Over 90% of
the participants have continued to participate, completing
mail questionnaires every two years. Nearly 600 women took
part in the current study and ranged in age from 47 to 74.
They underwent cognitive testing and bone and blood lead
assessment. Remarkably, mean blood lead values lay in the
2-3 μg/dL range. As noted by the authors, current values do
not reflect the much higher exposures that prevailed in the
past. Not until 1971 did the US Congress pass the Lead-Based
Paint Poisoning Prevention Act, and not until 1986 was the
phase out of lead from gasoline completed. As a result of this
action, mean US blood-lead levels declined by 78 percent
from 1978 to 1991. As noted earlier, however, the legacy of
earlier environmental lead exposures remains implanted in
the individual, either visibly in the skeleton, or epigenetically
[14] or covertly, as silent neural damage that is not revealed
until the compensatory capacity of the brain has been eroded
by aging [15].

Generally, cognitive assessment occurred five years fol-
lowing the exposure assessments. The tests were conducted
by trained nurses and administered by telephone interviews.
The assessment battery consisted primarily of memory tests.
As in the aging study in men, the concentration of lead
in tibia bone was associated with worse overall cognitive
performance. The authors translated this decrement into an
age effect as follows: “Specifically, the average decrement in
cognitive test scores we observed for each SD increase in tibia
lead corresponded to the decrement in scores we observed
for each 3-year increase in age among women in our study.”
Put another way, lead exposure induced premature aging, in
essence shifting the score distribution to lower values.

0 3 6 9 12 15

Start
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Onset
effects

50μg Hg/day

Delayed onset in primates

Years of age

(a)

1960 1963 1966 1969 1972 1975

End of acute
Minamata
outbreak

Reports
of “new
cases”

Late onset of Minamata cases

1960–1975

(b)

Figure 3: Depicting the phenomenon of delayed onset of neurotox-
icity with methylmercury in nonnuman primates (a) and (b) in the
Minamata population [18, 19].

Most neuropsychological tests are based on the needs
of clinical practice and were designed to assist in the
diagnosis in individual patients. Performance testing adopts
a different point of view, one stemming from the needs
of laboratory investigators, whose aim is to determine
the effects of some experimental procedures on a specific
behavior in a population sample. Proceeding from this
standpoint, van Wijngaarden et al. [16] assessed a group
of healthy subjects 55–67 years of age on a battery of
behavioral tests derived from procedures originally devel-
oped in the animal laboratory. These procedures, part of
the Cambridge Neuropsychological Test Automated Battery
(CANTAB), were selected because they had been shown
to reflect the kinds of impairment characteristic of AD.
They included delayed matching-to-sample (DMS), paired
associate learning (PAL), and spatial recognition memory
(SRM). In addition, the subjects completed the Montreal
Cognitive Assessment (MoCA) as an index of MCI.

As in other recent studies, the authors relied on XRF of
bone to capture an index of cumulative lead exposure. And,
following conventional practice, they corrected for a number
of covariates that might serve as confounders such as age,
smoking, alcohol use, body mass index (BMI), and others. In
this pilot sample of 47 subjects, the clearest associations with
exposure were seen with the DMS procedure, which calls
upon the subject to select, after a variable delay, one of four
complex visual patterns that matches a single test pattern
shown before the delay. A similar task revealed deficits
in nonhuman primates exposed chronically to manganese
[17]. The other two CANTAB tests (SRM and PAL) also
showed significant associations with bone lead, but not as
conspicuously as the DMS procedure. The MoCA inventory
showed only a weak association.
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Full Minamata syndrome

Partial Minamata syndrome

Latent MM Neurotoxicity

Figure 4: Schematic of scope of neurotoxic signs stemming from
exposure to methylmercury. The full syndrome, as in Table 3,
occurs with massive exposures. The primary current question,
a population question, arises from the possible occurrence of
subtle neuropsychological deficits that would only be evident with
systematic testing; that is, latent effects.

The message conveyed by these recent publications tells
us that historical and cumulative as well as current lead
exposure must be considered a risk factor for neurobehav-
ioral dysfunction, including a decline in cognitive perfor-
mance. Translating these findings into the model depicted
in Figure 1, it will be seen that lead exposure shifts the test
score distribution toward lower values. The result is that a
larger proportion of the population falls into the range of
markedly diminished cognitive function—a basic criterion
for dementia. Or, as noted earlier, because population indices
of cognitive function also decline with age, it shifts the scores
toward more advanced ages; that is, premature aging.

One other aspect of these data warrants comment,
although we have no direct evidence of their impact in
human populations. Environmental health specialists now
view as a principle the notion that toxic exposures during
early development create the foundation for adult disease.
A substantial literature in neurotoxicology testifies to the
validity of that principle for neurobehavioral function.
Recent research links developmental lead exposure to ele-
vated deposits of β-amyloid deposits in both aged rats [20]
and monkeys [21], leading the authors to propose a two-
stage model for the genesis of dementia. Stage one is triggered
by a condition such as lead exposure, which inscribes an
epigenetic footprint in the form of altered patterns of DNA
methylation. Stage two occurs late in life, possibly a result
of further stress, including diminished brain compensatory
capacity. Acting in concert, this combination of stressors is
postulated to evoke the pathogenic processes that underlie
dementia. Whether and how such a sequence eventually
results in impaired performance on behavioral tests late in
life is a question that warrants further exploration.

3. Manganese

Manganese (Mn) has been recognized as a neurotoxic metal
for over 150 years. Exposure to high levels of inhaled
manganese, as in miners working in an environment laden
with dust from manganese ore (MnO2), leads to a constel-
lation of psychological and motor symptoms depicted in
Table 2. The psychological changes are known as “locura

Table 3: Scope of methylmercury poisoning experienced in Japan
beginning in the 1950s. This syndrome became known as Minamata
Disease. Later, when the effects of prenatal exposure became
evident, a new category, Fetal Minamata Disease, was established.

SENSORY

(i) Paresthesia (numbness and tingling)

(ii) Pain in limbs

(iii) Visual disturbances (field constriction)

(iv) Hearing disturbances

(v) Asterognosis (discrimination by touch)

MOTOR

(i) Disturbances of gait

(ii) Weakness, leg unsteadiness, falling

(iii) Thick, slurred speed (dysarthria)

(iv) Tremor

OTHER

Headaches, rashes, “mental disturbance”

manganica” in the South American manganese mines where
manganism is endemic. Many of the motor and postural
signs are consistent with those of Parkinson’s disease (PD),
an overlap that has led to debates about whether manganese
neurotoxicity is truly a form of PD. Most observers agree that
the movement disorders induced by manganese exposure
and idiopathic Parkinsonism differ in fundamental respects.
PD patients typically walk with shuffling gait. In manganism,
patients may walk with an almost theatrical high-stepping
gait. Dopamine replacement can attenuate PD signs; it has
little effect on manganism. In PD, degeneration is seen
primarily in the substantia nigra; in manganism, it is seen
primarily in the globus pallidus.

Because manganese is paramagnetic, it can be localized
in the brain by magnetic resonance imaging (MRI). Figure 2
shows two images, one from a monkey exposed by inhalation
and one from a control subject [12]. The figure shows the
tendency of inhaled manganese to collect in the globus
pallidus. A similar pattern of distribution occurs in humans
as well [22].

The overtly observable manifestations of overt man-
ganese poisoning have obscured the more subtle, more
widespread consequences of low-level exposures, much as
the overt signs of Parkinson’s disease have tended to eclipse
its neuropsychological accompaniments such as cognitive
impairment and depression. In parallel, at lower levels of
exposure than those associated with mining, such as those
experienced by welders exposed to manganese fumes from
welding rods, or to fumes by workers in ferromanganese-
processing plants, or in areas where air or water levels are
elevated, the manifestations are far less dramatic. They do
not rise to the level of clinical detection. Instead, they require
the application of neuropsychological tests.

Two aspects of manganese neurotoxicity render it a
more difficult question to resolve than is the case with
lead and mercury. First, it is an essential element. It is
required to maintain health as well as to support growth and
development. It is present in our tissues and is necessary for
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certain biochemical reactions. Environmental levels cannot
be reduced to zero. Second, perhaps because it is an essential
element, no unambiguous biological marker, of the kind we
have for lead and mercury, is available. Blood Mn seems to
be the best commonly available index of exposure.

From the standpoint of general population risk, the main
questions posed by manganese exposure lie more in the
realm of neuropsychological function than in the realm of
motor function. It must be recognized, however, that the
two realms are intertwined. Both spatially and functionally,
the brain is highly interactive. Simply because the globus
pallidus is part of the basal ganglia does not isolate it from
cognitive pathways. For example, McNab and Klingberg [23]
demonstrated, with fMRI, how working memory depends on
pallidal and frontal cortical cooperation, so to speak.

Inhalation is the predominant mode of exposure leading
to neurotoxicity. For chronically exposed individuals, the
latency to clinical manganism is highly variable, dependent
on ambient concentrations, particle size, and individual
susceptibility. In some instances, it apparently surfaces long
after exposure has ceased. Because incipient poisoning may
be expressed primarily by subjective symptoms such as mood
changes, a connection to manganese is easily overlooked.
This is the rationale for neuropsychological testing. As
in other neurotoxic syndromes, systematic testing is more
sensitive than the typical neurological examination. It is
why the cognitive effects of manganese neurotoxicity were
virtually ignored until the last two decades. They were
submerged by the more blatant signs such as the motor
abnormalties and the striking emotional displays such as
hysterical laughing and weeping. More recently, however, we
have begun to realize that cognitive deficits remain and may
even worsen, years after exposure has ceased [24]. Perhaps
even more worrisome, cognitive and associated measures of
neurobehavioral function have been documented in children
[25]. Such losses, we now recognize, may persist for a
lifetime, perhaps lying dormant until advanced age.

The cognitive deficiencies embrace a variety of measures.
They include diminished attention, reduced scores on tests of
working memory, lower scores on intelligence tests, impaired
learning, and slowed response speed. The recent literature
expands these findings, as exemplified by two recent papers.

Diminished neuropsychological function (such as attention
and memory) is detectable at about the same exposure levels as
the motor deficits typically thought of as most characteristic of
manganism. Bowler et al. [24] examined 47 welders and 42
controls on a variety of tests: the Wechsler Adult Intelligence
Scale (WAIS-III), the Wechsler Memory Scale (WMS-III),
the Boston Naming Test, the Wide Range Achievement
Test (WRAT-3), Cancellation H, Trail Making Tests A and
B, Auditory Consonant Trigrams, Stroop (color naming)
test, Rey-Osterreith, Animal Naming, Controlled Oral Word
Association (COWAT), Test of Memory Malingering, Rey
15-item, Fingertapping, Grooved Pegboard, Dynamometer,
Visual Attention Test, and the Lanthony d-15 Color Vision
test. They saw diminished performance, among the welders,
in motor skills, visuomotor tracking speed and informa-
tion processing, working memory, verbal skills (COWAT),
delayed memory, and visuospatial skills.

Concentrations of manganese in the globus pallidus are
correlated with neuropsychological test performance. Chang
et al. [22] administered a battery of such tests to subjects
who had also been evaluated by MRI. To 43 asymptomatic
male welders and 29 age- and sex-matched healthy controls,
they administered the following tests: Digit symbol, auditory
verbal learning test (delayed recall), complex figure test
(copy and immediate recall), digit span, verbal fluency test,
Stroop test, grooved pegboard, finger tapping, and frequency
dispersion and harmonic index of tremor. They also assessed
olfactory function and mood. Welders attained lower scores
than controls on several cognitive tests, but, most interesting,
multiple regression analyses revealed pallidal index to be a
better predictor of performance in welders than blood Mn.
(Pallidal index was defined as the ratio of the signal intensity
of the globus pallidus to that of the subcortical frontal white
matter in axial T1-weighted MRI planes.).

Nonhuman primates are viewed as the most appropri-
ate animal model for studies of manganese neurotoxicity
because of their similarities to humans in brain anatomy and
neurobehavioral function. Two recent publications indicate
the depth and extent of understanding that can be achieved
by making use of these characteristics.

Schneider et al. [17] trained Cynomologous monkeys on
three memory tasks: spatial working memory (delayed posi-
tion choice), nonspatial working memory (delayed match-
to-sample), and reference memory (pattern discrimination).
Once trained, they were placed on a regimen of intravenous
manganese sulfate injections over a period of about 230
days. When tested at the end of this period, the treated
animals displayed mild deficits in spatial memory, greater
deficits in nonspatial memory, and no deficits in reference
memory. By analyzing regional Mn concentrations, the
experimenters determined a significant inverse relation-
ship between working memory task performance and Mn
levels.

In a direct quest for associations between manganese
exposure and Alzheimer’s disease, Guilarte [26] conducted
a gene array analysis of frontal cortex tissue from the same
animals. Of the 61 upregulated genes, the most highly
elevated was Amyloid-β Precursor-like Protein 1 (APLP1),
a member of the Amyloid Precursor Protein (APP) family.
Along with this finding, immunochemistry showed the
presence of Amyloid-β plaques, an unexpected finding given
that the subjects were only 6–8 years of age. In addition,
immunochemistry revealed the presence of α-synuclein
aggregates, which have been linked to PD as well as AD. These
findings, then, link the Mn-induced β-amyloid deposits to
impaired memory function in a species generally considered
to be an especially useful model for extrapolation to humans.

Because manganese exposure seems primarily to occur
via inhalation, I would be remiss in not observing current
data about the mechanics of ambient particulates. They
have received considerable attention as risk factors for
cardiovascular disease. We are now aware that the smallest
particles, termed ultrafine or nanoparticles, may directly
enter the central nervous system as they travel along the
olfactory nerve. In rats exposed to manganese oxide ultrafine
particles for 12 days, Elder et al. [27] found these particles
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Figure 5: Substantia nigra cell populations diminish with age, as
shown by McGeer et al. [31]. At about age 72, about 40% of the
cells have been lost. If the decline is accelerated by 0.1% per year,
such a loss would occur at about age 64.

translocating into the striatum, frontal cortex, and cerebel-
lum. This is an exposure pathway that needs considerably
more attention from the standpoint of neurodegenerative
disease [28, 29].

4. Methylmercury

An ecological disaster in Japan provided one of the earliest
signals about how chemical contamination of the envi-
ronment could engender major threats to human health,
particularly brain function. Perhaps even more than Rachel
Carson’s Silent Spring, which lamented the disappearance of
bird song [30], it framed its message in images of deformed
children and crippled adults. The chemical contaminant was
methylmercury and the site was in Japan, on the island of
Kyushu, in the small fishing village of Minamata. There,
beginning in the 1950s, the inhabitants began to suffer
from a strange neurological disease traced to methylmercury
contamination of fish and shellfish from Minamata bay. The
first cases were sporadic, but, with time, more and more
cases became evident and finally led to an investigation that
indicted mercury dumped into the bay by a chemical factory.
The clinical signs of methylmercury poisoning are listed in
Table 3.

The story has been told many times, but none as
graphically as in the photographic essay by E. Smith and
A. Smith [32]. Since then, methylmercury has been the
subject of several thousand scientific papers and still presents
numerous mysteries [33].

The overwhelming proportion of publications dealing
with methylmercury neurotoxicity is devoted to early brain
development [34, 35]. Although one of the earliest contri-
butions to methylmercury research reported that perinatal
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exposure in mice could induce adverse consequences that
might erupt eventually in advanced age [36], that portion of
the lifespan has still received relatively little attention.

The paucity of this literature fails to match the scope
of the problem. We are exposed to methylmercury almost
exclusively through fish consumption. One exception was the
mass poisoning in Iraq in 1971-1972, but its source was grain
treated with a methylmercury fungicide [37, 38]. Exposures
therefore tend to continue through a lifetime in those whose
diet includes fish. Even as a consequence of developmental
exposure alone, we must address the possibility that expo-
sures early in life may produce undetected, latent, or “silent”
damage that emerges only when the functional capacities
of the nervous system are challenged by other conditions,
such as aging [39, 40] as was noted earlier for the two-stage
(or two-hit) model for lead. Figure 3 shows two findings
bearing on this question. First, that for many years after the
first cases were documented, new cases continued to appear,
possibly because of the combination of aging and silent
damage. Second, in nonhuman primates exposed during
early development to lead [18] and methylmercury [19], a
long period elapsed before neurotoxic effects made an overt
appearance.

The most serious gap is in our understanding of
methylmercury’s possible effects on cognitive function dur-
ing aging lies in the domain of neuropsychological assess-
ment. Perhaps the absence of such data can be ascribed
to the most conspicuous signs of poisoning in adults;
that is, those listed in Table 3. They are so flagrant that
more subtle outcomes, such as cognitive dysfunction, were
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not pursued. No neuropsychologists were enlisted in the
numerous studies conducted by Japanese physicians and
scientists in the years following the onset of the poisoning.
Surveys of elderly Japanese in areas marked by elevated
exposures, as determined by biomarkers such as hair, or
less precisely, by geographic location, have tended to focus
on endpoints, such as paresthesias and ataxia, that are part
of a conventional neurological examination [41, 42]. In
two studies that evaluated subjective complaints, however,
“forgetfulness,” a cognitive term, emerged as a common
complaint [43, 44].

Once systematic neuropsychological assessments were
undertaken, however, they uncovered evidence of impair-
ment. Carta et al. [45] compared a group of 22 adult male
tuna fish eaters with 22 controls, both about 50 years of age,
on a neurobehavioral test battery. The tuna eaters exhibited
much higher levels of organic mercury in blood and hair.
Two cognitive tests differentiated the two groups statistically,
digit-symbol and color word reaction time, while overall
performance was inversely correlated with biomarker levels.

Chang et al. [46] took advantage of a Taiwanese pop-
ulation living in the vicinity of an abandoned chlor-alkali
factory; such factories typically use big tanks of elemental
mercury as an electrode. Fish in the area were heavily
contaminated because of previous mercury waste discharges
into the adjacent river where, as in most waterways,
microorganisms in bottom sediment convert the inorganic
mercury into the methyl species. Measures of total and
organic mercury in blood indicated somewhat elevated levels
compared to US residents, but close to those of residents
of the Faroe Islands and the Republic of Seychelles, both
sites of large prospective studies of methylmercury effects
on brain development [34, 35]. For the neurobehavioral
assessments, the authors relied upon the Cognitive Abilities
Screening Instrument (CASI) and the Mini-Mental State
Exam (MMSE). They then divided the population in two:
high blood and low blood methylmercury values. The two
groups achieved significantly different scores on the CASI
and MMSE, with the low ones superior. Although all the
subtests showed better scores by those with low values, three
subtests yielded significant differences on their own: remote
memory, recent memory, and mental manipulation.

The published literature contains other studies pointing
in the same direction. For example, Yokoo et al. [47], study-
ing an Amazonian population, found correlations between
hair concentrations of methylmercury with performance
on several neuropsychological tests. It seems, then, even
with this small group of studies, that adult brains are not
as resistant to methylmercury neurotoxicity, compared to
developing brains, as had been believed. Chronic exposure,
combined with the diminished performance associated with
aging, may account for this unexpected sensitivity.

All three studies present the same conundrum. As with
all fish-consuming populations, unless they are followed
from conception onwards, it becomes virtually impossible
to differentiate the effects of current exposure from those
occurring early in development.

The laboratory animal literature supports the view that
advanced age is a period during which the damage inflicted

by developmental or chronic exposure may first emerge.
Spyker [36] showed a variety of adverse effects such as
obesity, kyphosis, and impaired locomotion in old mice
exposed prenatally. Newland et al. [48, 49] found that
that the adult consequences of developmental exposure
in rats can be reflected in how precisely subjects adjust
to new behavioral demands. In nonhuman primates, Rice
[19] and Burbacher et al. [50] found enduring effects
of developmental exposure on coordination and sensory
function in monkeys that appeared only many years after
cessation of dosing.

The Minamata progression, from its first focus on clinical
poisoning to determining who was actually a victim to the
more recent question of subtle neuropsychological effects,
can be depicted by the pyramid in Figure 4, which actually
represents the kind of questions evoked by environmental
contaminants in general. It is often the case that only after
we see obvious signs of adverse effects do we begin to probe
further and to search for the predecessors of such effects.

5. Discussion

In 1956, in the midst of the continuing controversy over
the Minamata disaster, the Japanese government asked
Kumamoto University, located nearby, to undertake studies
of the outbreak. The researchers affirmed the connection
between the outbreak of the disease and methylmercury
contamination resulting from waste discharges into Mina-
mata Bay by the Chisso chemical plant. The question of
compensation for victims then arose: who was injured and
what was the evidence? In 1973, the Research Committee
on Minamata Disease of Kumamoto University described
its dilemma in assigning compensation in these terms as
follows:

“. . .the problem about the relationship between
a small amount of methylmercury pollution for
a long period and its accumulation in the brain
still remains obscure. . .Subclinical Minamata
disease was sometimes revealed by detectable
symptoms during the aging process. . .The sub-
clinical Minamata disease. . .could be called a
delayed type of Minamata disease in aged peo-
ple.”

This statement highlights the issues posed in this paper.
Neurodegenerative disorders such as Alzheimer’s disease are
disorders of aging, and the primary risk factor, except for
the familial form, is age. To what extent their etiology and,
perhaps more narrowly, their rate of progression or latency
to clinical emergence is fostered by environmental contami-
nants is all but unknown at present. We can, however, note
how aging intersects with neurotoxicant exposure [51]. Many
manifestations of neurotoxicity, such as impaired sensory
acuity, mimic the natural course of aging. Some adverse
effects may arise for the first time in advanced age because it
is a period of declining compensatory margins. With aging,
for example, synaptic density decreases [52, 53]. Attrition of
nerve cells also occurs naturally as the brain ages but is also
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accompanied by dendritic sprouting in those that remain.
Damage incurred earlier in life, as in mild polio infections
that seemed to fade, may emerge late in life in the form of the
postpolio syndrome. Could parallel processes be induced by
neurotoxicants such as methylmercury?

(i) Early development, it now seems clear, is not the only
life stage during which the brain exhibits intensified
responses to the adverse effects of chemicals. Vulnera-
bility to toxic processes rises again late in life; recovery
from damage is sluggish, and pharmacokinetic and
metabolic variables change with aging in ways that
recapitulate the imperfect defenses deployed by the
immature organism.

(ii) “Aging” is not a mechanistic explanation. Events
occurring during life must account for the changes.
Older brains are already high-maintenance proper-
ties, so that exposure to substances with neurotoxic
properties, such as certain metals, may accelerate the
process or exploit its dwindling capacities to resist
their effects. From this vantage point, toxicants can
act in three ways to depress function during advanced
age; they may interfere with brain development,
leaving a legacy of diminished redundancy not appar-
ent until it is further compromised during aging;
they may hasten the progressive erosion of function
observed with certain abilities; they may exert greater
effects in the aging brain because the aging nervous
system has already undergone a reduction in its
ability to withstand toxic challenges.

These arguments can be illustrated by Figures 5 and 6.
Figure 5 is based on data from McGeer et al. [31], which trace
the decline in substantia nigra cell number that occurs with
aging. Using the same rationale as that of Weiss and Simon
[39], it compares the McGeer data with two models of rate of
decline. One shows an additional acceleration of 1% per year,
the other one of 3% per year. At the 1% rate, remaining cell
number shows a fall of 40% at about age 64 while the baseline
rate of decline would not reach that level until age 72.

Figure 6 converts these speculative projections into
their public health implications. It plots the age-indexed
prevalence of Parkinson’s disease for a baseline population
against one that has been advanced by 5 years and another
that has been advanced by 10 years. At age 65, the prevalence
comes to about 700/100,000 for the baseline population.
For the population advanced by 5 years, the figure becomes
about 1,200/100,000. This phenomenon is what happens
with disorders whose prevalence increases with age [54].

Figures 5 and 6 convey the core message of this paper.
It misleads us to conceive of environmental contaminants
such as metals as causes of neurodegenerative diseases such
as AD. To truly establish such a classification requires data
from several biological levels ranging from epidemiology to
molecular mechanisms. With the three metals surveyed here,
however, the available information is sturdy enough that we
can label them as potential contributors or risk factors for
the onset or progression of the disorder. Given the paucity

of information we now possess about the etiology of neu-
rodegenerative disorders, they warrant further investigation
about their influence on aging.
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Metallothionein 3 (MT-3), also known as growth inhibitory factor (GIF), exhibits a neuroinhibitory activity. Our lab and others
have previously shown that this biological activity involves interacting protein partners in the brain. However, nothing specific is
yet known about which of these interactions is responsible for the GIF activity. In this paper, we are reporting upon new proteins
found interacting with MT-3 as determined through immunoaffinity chromatography and mass spectrometry. These new partner
proteins—Exo84p, 14-3-3 Zeta, α and β Enolase, Aldolase C, Malate dehydrogenase, ATP synthase, and Pyruvate kinase—along
with those previously identified have now been classified into three functional groups: transport and signaling, chaperoning and
scaffolding, and glycolytic metabolism. When viewed together, these interactions support a proposed model for the regulation of
the GIF activity of MT-3.

1. Introduction

In a comparative study, Uchida et al. found that brain extract
from Alzheimer’s disease (AD) patient had an enhanced
neurotrophic effect when compared to normal brain extract
[1]. This was subsequently attributed to the reduction of a
protein originally called, growth inhibitory factor (GIF). The
latter was first thought to be involved in the formation of
the senile plaques, which leads to the enhanced sprouting
and the exhaustion of the neurons and, therefore, increases
the susceptibility of the neurons to exocitotoxic substances
[2]. However, in a followup study, a correlation was found
between the reduction of the GIF activity and the presence
of neurofibrillary tangles and not with the senile plaques
[3]. Further isolation, purification, and sequencing of the
GIF revealed that it belonged to the metallothionein (MT)
protein family, the third isoform isolated and purified in this
family, thus the name metallothionein-3 (MT-3) [3].

MTs are a class of small (6-7 kDa) cysteine-rich (30%)
proteins binding both essential (Cu+ and Zn2+) and non-
essential (Cd2+, Ag+ and Hg2+) metal ions [4]. While metal
binding is very tight, there is a facile metal exchange between

MTs and other metalloproteins [5]. In mammalian species,
four isoforms are currently known, which are designated
as MT-1, 2, 3, and 4 [6]. MT-1 and 2 are expressed in
almost every organ, particularly high in the kidney and liver
and both exhibit similar properties as far as metal-binding
characteristics are concerned. MT-3 is expressed mainly in
the brain, though some studies have reported finding MT-3
in the kidney and some cancer cells [7]. MT-4 is expressed in
certain stratified tissues [8].

Since the discovery of MT-1 and MT-2, there have
been numerous publications describing the biochemical
characteristics and possible function of these isoforms
[9]. Although the essential physiological functions remain
elusive, MT’s have been shown to be involved in these vital
processes: (1) the modulation of free oxygen radicals and
nitric oxide [10], (2) apoptosis [11], and (3) homeostasis of
heavy metals [4]. All three physiological processes play a key
role in several diseases [9].

The binding of metal ions occurs, specifically through
cysteine thiolate bonds, in two separate domains. The N-
terminal domain, called β-domain, binds 3 divalent metals in
a Me3S9 tetrahedral coordination. The C-terminal domain,
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called α-domain, binds 4 divalent metals in a Me4S11

tetrahedral coordination [12, 13]. While MT-1 and MT-2
have been shown to be inducible at the transcriptional level
by the very heavy metals that they bind, such as Cd, Cu,
and Zn [14], MT-3 is not induced by metal ions. Indeed,
MT-3 and MT-1 respond differentially to zinc deprivation
of cells in culture with only MT-1 being downregulated in
these cells [15]. Thus, it is reasonable to conclude that MT-3
is not involved in metal ion homeostasis, as both the MT-1
and MT-2 isoforms appears to be [4, 14].

Studies have shown that the MT-3 β-domain was suffi-
cient to exhibit the GIF activity [16–18]. However, MT-3 by
itself does not exhibit GIF activity when added to neuronal
cell cultures. This activity is only expressed when combined
with brain extracts [17]. From this, one can conclude that
the inhibitory activity is invoked by specific interaction(s)
between MT-3 and other component(s) in the brain extract.
Indeed, we and others have previously described some other
components in the brain interacting with MT-3 [19–23].

Immunoaffinity chromatography is a highly sensitive
and selective method for the isolation of target proteins
and for the identification of protein-protein interactions
[20]. The results from these experiments presented in this
current paper represent a significant extension with 7 new
proteins positively identified interacting with MT3, along
with the 5 proteins identified in the preliminary mass spectra
analysis of the bands in the tryptic digested gel [21]. Selected
protein binding partners identified in Lahti et al. [21] were
validated using antisera available for the associated proteins.
A recent paper appeared by Chung et al. [24], which showed
the release of MT-1 and 2 from astrocytes and uptake in
neurons in response to brain injury. The mechanism of
the secretion of these two MT isoforms, however, is quite
distinct from the mechanism proposed here for MT-3. In
this paper, we present a detailed description of new proteins
found interacting with MT-3, which leads us to propose a
new model for the secretion of MT-3 from the astrocytes
and uptake in neurons, thus providing the first mechanistic
description of its neuroinhibitory activity.

2. Materials and Methods

2.1. Protein Extraction. Whole mouse (8–10 weeks) brains
(Swiss Webster, Pel-Freez) were used for total protein extrac-
tion. The brains were homogenized at a ratio of 2 : 1 (v/w)
in 10 mM MOPS, 10 mM NaCl, pH 7.0 containing 1 mM
PMSF and EDTA-free protease inhibitor cocktail (Roche).
The homogenate was then centrifuged at 30000 g, 4◦C for
30 min. The supernatant thus obtained was used for the MT-
3 protein complex purification.

2.2. Affinity Chromatography. Affi-Gel Hz (Biorad) was used
to immobilize the MT-3 antibody previously purified [25].
The supernatant was applied to the column and incubated
overnight. The nonbound fraction was then thoroughly
washed with the homogenization buffer. The column was
then rinsed with 10 mM MOPS, 150 mM NaCl pH 7.0
containing 1 mM PMSF and the protease inhibitor cocktail
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Figure 1: Washing steps for the immunoaffinity column. After
loading the column was washed with different salt concentration
until no protein was eluted (absorbance at 280 nm).

until no protein was eluted from the column (see Figure 1).
The MT-3 protein complex was then chaotropically eluted
using 10 mM MOPS, 3 M NaSCN, pH 7.0. The MT-3
protein complex was then concentrated using a spin-filter
with MWCO of 3 kDa and the buffer exchanged to the
homogenization buffer.

2.3. SDS-PAGE and In-Gel Trypsin Digestion. The MT-
3 protein complex fraction was then SDS-paged using
NuPAGE Novex 4–12% Bis-Tris gel and run for 30 min at
200 V using MES-SDS buffer (Invitrogen). The gel was then
silver-stained using an enhanced silver stain kit (Biorad).

Protein bands were excised using the Investigator Pro-
prep from Genomics Solutions. The digestion of the band
was done according to a modified procedure [26]. Briefly,
bands were excised and destained using 30 mM potassium
ferricyanide and 100 mM sodium thiosulphate, washed with
Milli-Q and then with 100% acetonitrile, followed by
SpeedVac for 30 min. Trypsin (sequence-grade modified
porcine, Promega) was then added to a final concentration
of 12.5 ng/μL in ice-cold 50 mM ammonium bicarbonate
containing 5 mM CaCl2. The mixture was incubated on ice
for 1 hour and then at 37◦C overnight. The supernatant was
removed and the gel slices washed once with 20 mM ammo-
nium bicarbonate for 20 min and then pooled together.
The gel slices were washed three times with 30 μL of 50%
acetonitrile/5% formic acid for 20 min each, and then pooled
with the previous supernatant.

The collected supernatant was then SpeedVac to near
dryness and subjected to cysteine reduction and alkylation.
This was done by rehydration in 10 mM DTT/100 mM
NH4HCO3 at 56◦C for 45 min. After cooling the sam-
ple to room temperature, alkylation was conducted using
freshly made 55 mM iodoacetamide, 100 mM NH4HCO3, for
30 min at room temperature in dark.
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Figure 2: 4–12% SDS-PAGE of the fractions collected from
the immunoaffinity chromatography of the normal mouse brain
homogenate. Lane 1: Markers, Lane 2: fractions collected with 3 M
NaSCN, 10 mM MOPS, pH 7.6.

2.4. Mass Spectrometry Analysis. MALDI-TOF data were
collected on a Biflex III instrument (Bruker Daltonics).
Full mass scans were collected, in the positive ion mode
between m/z 500 and 3500, for the peptide mixtures of
each sample placed on an anchor chip target. Each peak
list of measured peptide masses was then used to search
the National Center of Biotechnology Information (NCBI)
sequence database for protein identification using Mascot
(http://www.matrixscience.com/). Searches were performed
allowing modifications that included methionine oxidation
and carbamidomethyl addition, as well as up to 1 missed
cleavage site and up to 250 ppm mass error. Only hits with
P < .05 were considered positive hits, where P is the
probability that the observed match is a random event.

MS-MS experiments were preformed on a linear ion
trap (LTQ, Thermo Electron Corp., San Jose, CA) using
nanoscale microcapillary reversed-phase liquid chromatog-
raphy electrospray ionization tandem mass spectrometry
(LC-MS/MS). Peptide mixtures were auto sampled on a
Paradigm MS4 system (Michrom Bioresources, Inc., Auburn,
CA). Samples were desalted and concentrated on a Paradigm
Platinum Peptide Nanotrap precolumn (0.15 × 50 mm,
Michrom Bioresources, Inc.) and subsequently on a fused
silica microcapillary column (75 μm i. d.) packed in-house
with Magic C18AQ reversed-phase material on a flow
splitter (Michrom Bioresources, Inc.) at a flow rate of
approximately 250 NL/min. The samples were subjected to a
60 min (10–40% ACN) gradient and directly eluted into the
microcapillary column set to 2.0 kV. The LTQ was operated
in the positive-ion mode using data-dependent acquisition
methods initiated by a survey MS scan, which was followed
by MS/MS (collision energy of 29%) on the 4 most abundant
ions detected in the survey scan. M/Z values selected in
the survey scan for MS/MS were excluded for subsequence

MS/MS for 30 sec. The signal intensity threshold for an ion
to be selected for MS/MS was set to a lower limit of 1000.
Mass spectra were analyzed using BioWorks SeQuest Analysis
Software package (ABI, Inc., Foster City, CA). Proteins that
contained peptides with Sequest cross-correlation scores
greater than 2 and contained 2 or more peptides were further
examined manually.

3. Results

The analysis of the MT-3 protein complex(es) with SDS-
PAGE revealed the presence of about 16 bands (Figure 2).
Twelve proteins have been confidently identified thus far
using MALDI-TOF and MS/MS. All the proteins reported
previously to interact with MT-3 [19, 21] were reproducibly
detected. New proteins found in the current study include:
Exocyst complex component 8 (Exo84p), α and γ-enolase,
14-3-3 zeta, Malate dehydrogenase, Fructose-biphosphate
aldolase 3, and ATP synthase (Table 1). The low MW protein
region (<24 kDa) did not yield sufficiently significant scores
for protein identification with high confidence. Rab3A [22,
23] was not identified although a faint band was seen
in the gel with a MW of about 20 kDa. No significant
protein (P < .05) was found for this band when searching the
database, however the hit returned was for a GTP-binding
protein.

To confirm the ID of the newly identified proteins, we
conducted ESI-MS/MS on the trypsin digest of the bands.
Results were analyzed using Sequest software. The sequence
of the peptide was considered a positive hit if the cross-
correlation score (xCorr) was higher than 2 and the number
of matching ions higher than 60%. MS/MS results allowed
not only the confirmation of the proteins previously iden-
tified by MALDI-TOF, but also the specific isoform of the
proteins interacting with MT-3 (see supplemental material,
Tables 2 and 3 available online at doi:10.4061/2011/208634).
Moreover, the MS/MS allowed for the detection of proteins
that were not confidently detected with MALDI-TOF (val-
osin containing protein, HSP70 glucose-regulated protein
and protein 8, pyruvate kinase 3, tubulin alpha 3) each with
at least two peptides and an xCorr value higher than 2.

Table 1 summarizes the regrouped results of the MALDI-
TOF and MS/MS for all proteins identified and their known
function. This information allowed for the classification of
the partner proteins into three groups: (1) proteins that
are involved in transport, (2) chaperoning/scaffolding and
regulation, and (3) glucose metabolism related proteins
(metabolic enzymes). A brief description of a representative
protein from each group is provided below.

3.1. Group 1: Exocyst Complex Component 8 (Exo84p).
Exo84p is a component of the exocyst multiprotein complex
that plays an important role in targeting and docking the
secretory vesicle, containing proteins and lipids, at the
plasma membrane [27]. The exocyst multiprotein com-
plex is composed of Sec3p, Sec5p, Sec6p, Sec8p, Sec10p,
Sec15p, Exo70p and Exo84p [28]. The exocyst complex
plays an essential role in tethering secretory vesicles to
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specific domains of the plasma membrane for exocytosis
[29]. Exo84p plays a key role in the organization and the
polarized localization of the exocyst complex [29]. Exo84p
does interact with Sec5p and/or Sec10p [27], proteins that we
were not able to identify with confidence in our data. Exo84p
can also interact with Ras and Ral GTPase proteins similar
to Rab3a [30]. The Ral-binding domain of Exo84p adopts
a plekstrin homology (PH) domain fold, which consists
of a seven-stranded β-sandwich containing two orthogonal
antiparallel β-sheets and an abutting C-terminal α-helix
[28].

3.2. Group 2: DRP-2/CRMP2. Dihydropyrimidinase-Related
Protein 2 (DRP-2) is a protein that is related to dihyropy-
rimidinase and is usually referred to as collapsing response
mediator protein (CRMP2). Five isoforms of CRMPs exists
in humans (CRMP1–CRMP5), which are approximately
70% identical to each other. There is no known enzymatic
activity for the DRP-2 protein family, although it is 58%
identical to the human dihydropyrimidinase that catalyzes
the second step in pyrimidine degradation. DRP-2 is known
to be involved in neuronal differentiation, axonal guidance
and neuronal polarity. The protein is highly expressed in
the developing nervous system. Overexpression of DRP-2
induces the growth of numerous axons and it is also involved
in the maturation of neurites and preexisting dendrites to
axons [31]. DRP-2 binds to tubulin heterodimers promoting
microtubule assembly [32]. However, this binding is inacti-
vated by the phosphorylation of Thr514 by glycogen synthase
kinase 3β (GSK-3β) [33].

3.2.1. 14-3-3 Zeta. 14-3-3 proteins were first identified in
1967 during a study of the soluble acidic proteins from
mammalian brains [34]. They are small proteins (∼30 kDa)
that form both homo- and heterodimers. They include seven
isoforms in human cells. The importance of these proteins
was not recognized until later when it was discovered that
these proteins can activate tyrosine, tryptophan hydroxylases
and Raf and can inhibit protein kinase C [35]. 14-3-3 pro-
teins bind to specific phosphoserine or phosphothreonine
motifs (RSXpSXP and RXXXpSXP) in protein targets [36].
14-3-3 proteins can alter their target proteins using three
ways: (1) conformational change, (2) physical occlusion
of sequence-specific or structural protein features, and (3)
scaffolding [35]. They can, thereby, prevent the interaction
with other proteins, regulate the subcellular distribution of
proteins or protect proteins from proteolysis [37].

14-3-3 zeta modulates the action of proteins that are
involved in the cell cycle, transcriptional control, signal
transduction, intracellular trafficking and regulation of ion
channels [38]. Recently, 14-3-3 zeta was proposed to be a
“Sweeper” of misfolded proteins [39].

3.3. Group 3: Enolase. Enolase, also called 2-phospho-D-
glycerate hydrolase, is a metal-activated enzyme that cat-
alyzes the dehydration of 2-phospho-D-glycerate to phos-
phoenolpyruvate (pyruvate kinase substrate) [40]. In verte-
brates, three tissue-specific isoform are found: nonneuronal

Table 1: Proteins interacting with MT-3 identified with MALDI-
TOF and MS/MS, and their functions.

Protein ID
MALDI-

TOF
MS/MS Function

Exo84p x Transport

ATP synthase β subunit x x Transport

Valosin containing
protein

x

HSP 84 x x Chaperoning

HSP70 glucose-regulated
protein

x Chaperoning

HSP70 protein 8 x Chaperoning

Tubulin alpha 3 x Scaffold

γ-Actin x

β-Actin x x Scaffold

14-3-3 zeta x x Scaffold/regulation

Pyruvate kinase 3 x Glycolytic metabolism

γ-Enolase x Glycolytic metabolism

α-Enolase x x Glycolytic metabolism

Creatine Kinase BB x x Glycolytic metabolism

Aldolase 3 x

Aldolase 1 x x Glycolytic metabolism

Malate dehydrogenase x x Glycolytic metabolism

DRP-2 x x Neuronal growth

DRP-3 x

enolase (α), neuron-specific enolase (γ) and muscle-specific
enolase (β) [41]. Enolase exists in a physiological state as
a dimer, with the two monomer subunits oriented in an
antiparallel manner [40]. The dimerization process depends
on the two Mg2+ that are bound to the monomers and
the divalent metal ion plays a critical role in catalysis [40].
Although Mg2+ is the primary activator of enolase, the
enzyme also binds zinc strongly, which has a lower activity
[40].

Studies in yeast, vertebrates and mammalian cells have
shown that α-enolase may have other functions such as
thermal tolerance, growth control [42, 43], and hypoxia
tolerance [44]. Enolase also functions as a cell surface
receptor for plasminogen (PGn), which has a neurotrophic-
like effect on neurons and enhances the neurite outgrowth of
neocortical explants [42, 43, 45].

The cellular localization of α-enolase is known to be
predominantly cytosolic [46] and can translocate to the
plasma membrane in either the homodimeric (αα) or
heterodimeric (αγ) form. While the γ isoform is mainly
detected in cells of neuronal origin, the α isoform is widely
distributed among different tissues [47]. The αα isoenzyme
(nonneuronal) is expressed in many tissues, while the ββ
isoenzyme occurs exclusively in muscle. The γγ isoenzyme
(neuronal) is present in neurons and neuroendocrine tissues
[48].

The αγ and γγ isoforms are the predominant dimers
in the brain, representing the neuron-specific enolases [49].



International Journal of Alzheimer’s Disease 5

Specifically, the γ-type enolase subunit is mainly located in
neurons while α-type subunits are mostly found in glial cells
[49].

4. Discussion

MT-3 by itself is not toxic nor does it inhibit the growth
of neurons. Indeed, it maintains the survival of neurons in
culture [50]. MT-3 knockout mice show a higher suscep-
tibility to kainic acid induced neuronal injury, while mice
overexpressing MT-3 show enhanced resistance [51]. These
results suggest that MT-3 may play a neuroprotective role
against toxic substances. MT-3 is abundantly expressed in
astrocytes of normal brain [1, 52]. Moreover, when added
to neuronal cell cultures that are exposed to amyloid-β
peptides, MT-3 enhanced the resistance of the cells against
the amyloid-β toxicity. This activity is now known as the
MT-3 antiamyloid activity [53]. From these activities, one
can conclude that MT-3 needs to be secreted into the
extracellular milieu. Indeed, although MT-3 does not have
any signal sequence, a 23-day-old astrocytes cell culture did
secrete MT-3 into the media [50]. A recently published
results [24] showed a very important difference in the
secretion of MT-1 and 2 being triggered only in the presence
of Zn and Interleukin-1, neither of these factors have been
implicated in MT-3 secretion [50], which we propose is
mediated by one or more of the specific partner protein
interactions identified in this study.

The subcellular localization of MT-3 in rat brain astro-
cytes showed an association with organelles involved in
the secretion pathway-free ribosomes, rough endoplasmic
reticulum, small vesicles, the outer membrane of the
mitochondria, plasma membrane, and also around the
blood vessels [54]. The localization in neurons was mostly
found in the axons, dendrites, the synaptic vesicles, and
the postsynaptic densities [54]. It is, therefore, reasonable
to hypothesize that MT-3 may well be expressed in the
astrocytes. We propose that through its interaction with
some of the proteins that we have identified, MT-3 is
secreted to the extracellular milieu (blood vessels) and then
absorbed by the neurons. Strengthening this argument is the
fact that some of the proteins interacting with MT-3 are
in fact involved in the transport process: Rab3a, Exo84p.
Indeed, Exo84p is a subunit of the exocyst complex, which
is important in intracellular trafficking. In metazoa, Exo84p
has a PH domain towards its N-terminus. PH domains
share little sequence conservation, but all have a common
fold, which is electrostatically polarized. They are often
involved in targeting proteins to the plasma membrane,
with a few displaying strong specificity in lipid binding.
PH domains are found in cellular signaling proteins such
as serine/threonine kinase, tyrosine kinases, regulators of
G-proteins, endocytotic GTPases adaptors, as well as in
cytoskeletal associated molecules and in lipid-associated
enzymes. Exo84p can also interact with Ras and Ral GTPase
proteins similar to Rab3A [30]. Rabphilin3A, a downstream
effector of Rab3A that binds the GTP-bound form of Rab3A
[55], also binds 14-3-3, another protein found in the MT-
3 multiprotein complex [56]. 14-3-3 has also been shown

to interact with Sec23, a GTPase activating protein and a
component of the Sec23p-Sec24p heterodimeric complex of
the COPII vesicle coat, which is involved in ER to Golgi
transport in S. cerevisiae [57].

Based upon the above, a model for the secretion of
MT-3 is proposed. The secretion is regulated through the
“mitochondrial pathway” and involves MT-3’s interaction
with Rab3A, Exo84p and the exocyst complex, 14-3-3
zeta, and rabphilin3A (Figure 3, Left panel). Once MT-3 is
secreted, PGn and/or αγ-enolase could facilitate its uptake
by the neurons, which have been shown to uptake MT-1/2
[24]. Indeed, αγ-enolase is located on the cell surface of a
certain population of neurons and has been shown to interact
with the microglia-derived PGn, which has a neurotrophic-
like effect on neurons [43].

The neuronal MT-3 could then regulate the growth of the
neurons through either or both of the following mechanisms:
(i) Considering that MT-3 has a GIF activity, one could
speculate that MT-3 might inhibit PGn. This may well be
facilitated through the common interacting protein enolase.
(ii) DRP-2 is known to regulate neuronal differentiation,
axonal guidance and neuronal polarity. Moreover, DRP-2
is involved in the maturation of neurites and preexisting
dendrites to axons, and its overexpression induces the
outgrowth of numerous axons [31]. On the other hand, MT-
3 suppresses the neurite extension of neurons in the early
period of differentiation and suppresses cell death of more
differentiated neurons [50]. Based on this, we hypothesize
that through its interaction with DRP-2, MT-3 could regulate
the growth of the neurons (Figure 3, right panel).

The above model conforms to the neuroactivity of MT3
and its reported reduction in AD brain tissue [52], where
the above regulatory interactions would be disrupted. The
trigger might well be the oxidative stress or other hallmark
pathology associated with the disease: the neurofibrillary
tangles or the plaques. Most proteins found in the mul-
tiprotein complex(es) with MT3 have in fact been shown
to be altered in AD patients. 14-3-3 zeta is overexpressed
in the temporal cortex of patient with cognitive impair-
ment, leading to its implication in the AD neuropathology
[58]. Glyceraldehyde-3-phosphate dehydrogenase, pyruvate
kinase, malate dehydrogenase and 14-3-3 zeta were found to
be significantly oxidized both in rat brains and in cell cultures
that were exposed to amyloid-β42 [59, 60]. γ-enolase and
malate dehydrogenase were found to be downregulated in
the Tg2576 AD mouse model, whereas pyruvate kinase, α-
enolase, and DRP-2 were upregulated [61]. The expression
of DRP-2 in the hippocampal neurons promotes axon
elongation. This latter function seems to depend upon the
phosphorylation of DRP-2 by GSK-3β [31, 32, 62, 63].
14-3-3 zeta has been proposed to be an effector of tau
phosphorylation by GSK-3β and hyperphosphorylated DRP-
2 has been detected within neurofibrillary tangles from the
brains of Alzheimer’s disease patients [62, 64]. The hyper-
phosphorylation of DRP-2 could inhibit the interaction with
MT-3 leading to the alteration of the GIF activity of MT-
3 and, therefore, to the outgrowth of the neurons. It is
noteworthy, to reemphasize the positive correlation found
between the GIF activity and the neurofibrillary tangles [3].
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Figure 3: Schematic model of the interactions of MT-3 and its implication on the biological functions of MT-3. The hypothetical model
describes the process of secretion of MT-3, from the astrocytes into the extracellular milieu, through its interaction with Rab3A, 14-3-3 zeta,
Exo84p (Left panel). The uptake of MT-3 into the neurons and their growth regulation: uptake is facilitated through the interaction with
the plasminogen (PGn) and enolase (either, αγ or γγ). Once inside the neurons, MT-3 protects the neurons from the extension and the
outgrowth through its interaction with DRP-2. In Alzheimer’s disease, oxidative stress alters several proteins involved in the interaction with
MT-3, therefore potentially affecting the pathway of secretion and/or the uptake.

To summarize, novel new partner proteins for MT3
have been identified. The identities of a couple of these
associated proteins, 14-3-3 and Exo84p, provide a basis for
a biologically relevant model for the processing of MT3.
In view of the size of MT3, we favor an interaction model

involving multiple interactions as opposed to single complex.
The interaction model we envision is a thiol/disulfide
interchange model, which could involve one or more of the
many cysteines in MT3. Indeed, Rab3A, 14-3-3Z, Exo84p,
α-enolase, all have cysteines that could participate in this
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thiol/disulfide interchange model. In this regard, it is impor-
tant to note that published work [65] has established that the
beta domain of MT3 binds 4 copper leaving two cysteines
free to participate in such a mechanism. This is in contrast
to MT1 and 2, both of which bind either 3 zinc or 6 coppers
to the beta domain leaving no free cysteines to participate
in such a thiol exchange mechanism. The proposed model,
along with Rab3A [22, 23], promotes the secretion of MT3
from astrocytes. Now in the extracellular milieu, MT-3 is
positioned to function consistent with its reported activities:
the regulation of neuronal growth and the antagonism
of β-amyloid. Regulation of the growth of neurons could
be mediated through two possible mechanisms: (i) direct
inhibition of the PGn at the surface of neurons, or (ii) the
uptake of MT3 into neurons facilitated by the interaction
with enolase located in the cell surface of the neurons.
Once taken up by the neurons, MT-3 could then regulate
the growth of neurons through its association with DRP-
2. Further studies are in progress to validate this newly
proposed functional model for MT3’s role in regulating
neuronal growth.
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Alzheimer’s disease (AD) is a debilitating form of dementia. The hallmark protein associated with the disease is the amyloid beta
(Aβ) peptide. Aggregation of Aβ has been shown to depend on interactions with metals. The recent studies now demonstrate
that metals also play additional important roles in the disease process. Consequently, there may be benefit from modulating metal
homeostasis. However, the role and subcellular location of metals within neurons is not well understood. There is growing evidence
to suggest that metals can act at the site of cellular membrane receptors and affect cellular signaling by modulating the signal
transduction of those receptors. The glutamatergic and cholinergic receptor systems, both well-known neurotransmitter systems
affected in AD, have well-documented metal interactions, as do the tropomyosin-receptor kinase (Trk) family of receptors and
the epidermal growth factor (EGF) receptor. In this paper, the metal interactions with these membrane receptor systems will be
explored and thus the potential for membrane receptors as an intervention point in AD will be assessed.

1. Introduction

Alzheimer’s disease (AD) is the most common form of age-
related dementia [1, 2]. The key neuropathological features
include extracellular amyloid beta (senile) plaques (Aβ),
intracellular neurofibrillary tangles, chronic oxidative stress,
and disease progression leading to cognitive decline and
eventually neuronal cell loss [1, 2]. The cognitive decline
observed in AD has its roots at the synapse, the space between
neurons, through which they communicate. The synapse
is also the site at which the Aβ peptide, the characteristic
amyloid protein associated with AD, is believed to first
deposit [2]. It is also the site where Aβ may interact
with metals released as a consequence of glutamatergic
transmission. In the recent years, growing evidence points to
soluble Aβ oligomers being the toxic species [3] and whose
appearance correlates with disease progression [4, 5]. It has
also been hypothesized that small oligomers as opposed to
Aβ fibrils induce synaptic failure [6, 7], after experiments
showed Aβ oligomers to inhibit long-term potentiation

(LTP) [8–10], a biochemical model of synaptic strength
[11]. Furthermore, early memory loss associated with the
disease has been attributed to synapse loss occurring prior to
neuronal cell death [6, 7], and there are reports of a decrease
in synaptic protein levels in AD [12].

2. Metals, Aging, and Alzheimer’s Disease

The ability of life to utilize oxygen is dependent on the
chemistry of transition metal ions. Metal ions are able
to coordinate O2 enabling transport, and the ability of
transition metal ions to move between various oxidation
states allows the activation and ultimately utilization of
oxygen. If not properly regulated the same chemistry that
allows the transport and utilization of oxygen can have the
potential to generate reactive oxygen species (ROS). Metals
are integral for the function of enzymes and numerous
intracellular signaling proteins, and in a healthy individual,
the levels of these metals are highly regulated. With normal
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aging and more so in a neurodegenerative disease state,
such homeostatic mechanisms are postulated to become
perturbed, leading to aberrant metal-dependant enzyme
function, mitochondrial dysfunction, and the production of
ROS, all of which are well-known aetiologies associated with
AD.

The transition metals implicated in AD include copper
(Cu), zinc (Zn), and iron (Fe) [13]. These metals are
generally found ligand-bound, and not as free ions. Although
there do exist pools of metal that are coordinated to lower
affinity ligands and as such are readily exchangeable. There
is increasing evidence to suggest that Cu and Zn may exist
as free ions when released into the synapse as part of
the synaptic transmission process (reviewed in [1]). These
metals can reach up to micromolar levels in the synaptic cleft
[1], with Cu reaching 15 μM but Zn reaching up to 300 μM
in the mossy fibres of the hippocampus postaction potential
input [1, 14].

Aging is the main risk factor associated with all neurode-
generative diseases. Metal dyshomeostasis is an important
feature of AD and this may be related to aging. There
is an apparent state of intracellular Cu deficiency and an
extracellular increase in Cu and Zn, possibly due to the
metals binding to Aβ (reviewed in [1]). Binding of metals to
Aβ can promote aggregation of the peptide with pathological
consequences [15].

In the case of AD, the most common form of age-related
dementia [16, 17], a state of Cu imbalance, can also lead
to a dysfunction of vital cuproenzymes such as cytochrome
c oxidase (COX) of the electron transport chain, as well as
antioxidants such as superoxide dismutase (SOD1), resulting
in oxidative stress via the generation of reactive oxygen
species (ROS). Fe levels are also increased in the neuropil
of the AD brain [13] and can contribute to the production
of ROS and oxidative stress. Oxidative stress can ultimately
result in neuronal cell dysfunction, which can lead to a lack
of synaptic transmission.

There is growing evidence that suggests metals are able
to act on receptors at the cell membrane with the hypothesis
being that altered metal homeostasis affects cell signaling
due to outside-in signal transduction. In this paper, known
metal interactions with relevant membrane receptors will be
discussed and potential therapeutic implications to AD will
be assessed.

3. The Glutamatergic System and AD

The major neurotransmitter at excitatory synapses in the
brain is glutamate. The glutamatergic system of synaptic
transmission contains ionotropic and metabotropic glu-
tamate receptors, with the latter lacking a channel for
ion flux but instead glutamate binding induces a change
in the intracellular domain of the receptor, allowing for
intracellular signaling. Failure in glutamatergic transmission
is common in most neurodegenerative diseases, including
AD [18].

The ionotropic glutamate receptors are divided into
N-methyl-D-aspartate (NMDA) and non-NMDA receptors

with both receptor classes allowing the flux of ions whereby
an electrical signal is translated into a chemical signal.
The non-NMDA receptors (non-NMDARs) are α-amino-
3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) and
kainate receptors, with AMPA receptors (AMPARs) being
responsible for fast and transient synaptic transmission.
The role of the kainate family of ionotropic receptors
is less well understood however they are present pre-
and post-synaptically and maybe involved in neuron-glia
signaling [19], as well as being involved in the modulation
of synaptic transmission and plasticity [20]. Activation
of NMDARs by presynaptically released glutamate causes
calcium (Ca2+) entry which activates the Ca2+ depen-
dant kinase, Ca2+/calmodulin dependent-protein kinase II
(CaMKII) [21]. The activated CaMKII associates with the
NMDAR, leading to AMPAR phosphorylation [21–23].
This event encourages greater channel conductance of the
AMPAR, and more importantly AMPAR insertion upon an
LTP-inducing stimulus [21, 24, 25]. Soluble Aβ oligomers
bind to NMDAR in AD [26] and induce NMDAR internal-
ization [27]. There is further work indicating that binding
of CaMKII to the NMDAR channel is required for LTP
induction [28].

NMDARs are reported to interact directly with a suite
of intracellular proteins, adhesion and signaling molecules,
such as CaMKII, neuronal nitric oxide synthase (nNOS), and
F-actin (see [29]) and indirectly influence the activation of
cAMP response element-binding (CREB) and brain-derived
neurotrophic factor (BDNF) (see [30]) as well as intracellular
kinases such as extracellular signal regulated kinase (ERK),
glycogen synthase kinase 3 (GSK3), and Akt.

There is evidence to suggest that the NMDAR interacts
with amyloid peptides and their precursor proteins. For
example, patch clamp recordings of primary hippocampal
cultures from APP KO mice showed increased NMDAR-
mediated EPSCs [31]. Aβ has both direct and indirect
interactions with the receptor. It is postulated, as described
earlier, that small oligomeric species are the key toxic
elements in numerous amyloid diseases, such as AD [3].
These species have been shown to colocalize with the NR2B
NMDAR subunit in rat hippocampal slices [32]. These
species, as well as the Aβ peptide itself, interact with the
NMDAR and can induce an increase in intracellular Ca2+.
This in turn leads to membrane permeabilisation, a common
phenomena when amyloid proteins interact with the cell
membrane [33–36]. Aβ can also propagate the loss of
NMDARs from the cell surface [37]. A loss of NMDARs
from the synapse has been found in AD brains [38, 39].
Hoey et al. also recently reported that activation of synaptic
NMDARs promoted α-secretase mediated APP processing
and inhibited Aβ production in mouse primary cortical
neurons [40].

It has been shown that different Aβ oligomers can exert
different affects. In in vitro studies looking at the dentate
gyrus, Aβ1–40 was found to selectively increase NMDAR-
mediated transmission, whereas Aβ1–42 has been shown to
reduce NMDAR-mediated synaptic currents in the dentate
gyrus [41, 42]. Thus it is apparent that Aβ is able to influence
glutamatergic transmission via the NMDAR.
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Due to the implication of NMDARs in neurodegenerative
diseases, and especially AD, drugs that exploit the properties
of the receptor have been developed as potential therapeutics
for the disease. Excitotoxicity, caused by overstimulation of
NMDARs due to excessive glutamate release, is a common
cause of neuronal loss in most neurological insults including
stroke as well as neurodegenerative diseases, such as AD
[43]. As a result, NMDAR antagonists have become attractive
therapeutics for the potential treatment of these diseases with
memantine being utilized clinically, to treat AD patients.

4. The Glutamatergic System and Metals

The most extensive work done examining the glutamatergic
system and transition metals is via study of the NMDAR
and its metal interactions. Metals, especially Cu and Zn,
have been shown to have a modulatory effect on NMDAR
function within the glutamatergic system.

Zn is coreleased along with glutamate into the gluta-
matergic synapse [44–46], thus its role in signaling within the
brain may best be assessed in its role as a neurotransmitter. It
is well documented that the NMDAR possesses an inhibitory
Zn binding site on the NR2 subunit [47–50]. The equi-
librium dissociation constant (Kd) of Zn for the NMDAR
was reported to be 13 μM [51] but almost a decade later
extracellular Zn concentrations as low as 3 nM were shown
to be inhibitory of NR1-NR2A containing receptors [50].
Zn inhibits the NMDAR in both a voltage-dependent and -
independent manner with the affinity being higher in the lat-
ter, inferring that Zn binds at a different site on the receptor
to the voltage-dependent magnesium (Mg) channel blocking
site. Also, the IC50 of the voltage-independent Zn inhibition
is 50-fold lower in NR1-NR2A containing receptors than
NR1-NR2B containing receptors [50]. Zn released from
excitatory synapses in the hippocampus inhibits NMDARs
[52, 53]. Furthermore, synaptic Zn entry via glutamate
receptors into neurons in the CA3 region of the hippocam-
pus evokes LTP [54]. Interestingly, in the CA1 region of the
rat hippocampus, synapses containing presynaptic vesicular
Zn showed a decrease in postsynaptic AMPAR subunit levels
whilst NMDAR levels were unchanged [55]. This implies that
vesicular Zn could confer the behavior of a synapse during
synaptic transmission, further cementing the modulatory
role that Zn plays at the glutamatergic synapse.

A known interaction of the NMDAR with metals, is the
role it plays in Cu homeostasis within the cell. Schlief and
Gitlin have developed a model based on experiments in
mouse hippocampal neurons [56]. Upon NMDAR activation
by glutamate, Ca2+ enters into the cell, as previously dis-
cussed. This increase in Ca2+ within the cell having activated
an intracellular signaling cascade induces the Menkes ATPase
protein to translocate to a membrane bound compartment
to generate and replenish a readily releasable pool of Cu. An
increase in Ca2+ as a result of NMDAR activation can act
upon this novel pool and cause the extracellular release of Cu.
This released free Cu can then act back upon the NMDAR in
a functionally negative feedback fashion, to inhibit Ca2+ flux
and inhibit further Cu release. The Menkes ATPase protein is

required for Cu efflux [56], and translocation of the protein
as a result of NMDAR activation creates a link between
NMDAR activation and Cu homeostasis.

Further work from Schlief et al. demonstrated that Cu
treatment of hippocampal neurons showed a decrease in
the elevation of intracellular Ca2+, without affecting the
localization or distribution of NMDARs, suggesting that Cu
has a direct effect on NMDAR function [57]. As Cu2+ is
a potent electron acceptor, it can potentially catalyze S-
nitrosylation of NMDARs, resulting in a loss of secretable Cu
as in the case of Menkes Disease. This then leaves the cell
deficient in controlling NMDAR activation which may lead
to an increase in Ca2+ [56]. LTP studies on the CA1 region of
rat hippocampus showed reduced EPSCs by low micromolar
Cu concentrations [56].

Cu is released post-synaptically [58, 59] where as Zn is
believed to be co-released with glutamate, presynaptically,
into the synaptic cleft [60]. Cu and Zn can reach micromolar
concentrations within the synaptic cleft (see above) as
compared to glutamate which can reach low millimolar
concentrations after excitatory synaptic transmission [56].

These data taken together suggest that metals play an
important role in modulating NMDAR function.

5. The Cholinergic System and AD

Acetylcholine (ACh) is a neurotransmitter, which is impor-
tant in learning and memory networks [61, 62]. Cholinergic
receptors are receptors that respond to ACh. Cholinergic
receptors are divided into two categories, depending on
their exogenous agonists. This includes nicotinic recep-
tors (nAChR) whose exogenous agonist is nicotine, and
muscarinic receptors (mAChR) whose exogenous agonist is
muscarine. Both nAChRs and mAChRs are found in the
central nervous system and in the periphery; however the
neuronal subclasses of each receptor type will be discussed
in this paper.

Along with hallmark pathologies associated with AD for
example, presence of high levels of Aβ, there are also known
deficits in the cholinergic system in the AD brain [63–65].
Brain regions highly affected in AD, as the neocortex and the
hippocampus have significant changes to their cholinergic
innervation [64]. There are several reports of a loss of
cholinergic fibers and terminals in AD, as well as reductions
in cholinergic receptors [64, 66, 67]. The activities of the
two major cholinergic enzymes, choline acetyltransferase
(ChAT) and acetylcholinesterase (AChE), are reported to be
decreased in AD [68–70]. Reductions in ChAT activity are the
greatest [71, 72] and correlate with disease severity [68, 73].

The basal forebrain is where the origins of the cholinergic
neurons innervating the cortex lie. It is widely reported
that there is a loss of these cholinergic basal forebrain
neurons in the AD brain [69, 74, 75]. There is uncertainty
however, if this neuron loss occurs as result of Aβ toxicity
on the cortical cholinergic terminals causing retrograde
degeneration, or if the loss of cholinergic basal forebrain
neurons is a primary consequence of Aβ toxicity, with the
loss of cortical cholinergic innervation being a secondary
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consequence. Numerous transgenic mouse models and cell
lines have been used to attempt to delineate this. In aged
APP23 mice, there was a significant decrease in cortical
cholinergic fiber length but no loss of cholinergic basal
forebrain neurons when compared with aged-matched wild-
type neurons suggesting that deficit of cortical cholinergic
innervation in these mice is a local effect of Aβ which is
not caused by deficit of cholinergic basal forebrain neurons
[72]. A significant decrease in ChAT activity in the tissue of
APP23 mice with no significant effect on AChE levels, when
compared with aged-matched wild-type mice was shown.
Similar results were reported by Pedersen et al. where a
decrease in the activity of ChAT was observed with no effect
on AChE activity in SN56 cells, a mouse cell line derived from
basal forebrain cholinergic neurons [71]. They also showed
Aβ1–42 suppressed the synthesis of ACh in a nontoxic
manner with this reduction being prevented by cotreatment
with all-trans-retinoic acid, a compound formerly shown
to increase mRNA expression of ChAT in these cells [71],
indicating that Aβ can have non toxic effects on the basal
forebrain cholinergic neurons.

Aβ has also been shown to bind to neuronal α7 nicotinic
ACh (α7nACh) receptors with high affinity [76, 77] which
can cause a suite of toxic consequences. As previously
discussed Aβ binding to the NMDAR can cause inter-
nalization of the NMDAR and inhibit LTP. Snyder et al.
reported α-bungarotoxin, a specific α7nACh antagonist, to
reduce Aβ-induced NMDAR internalization, suggesting that
NMDAR function may be negatively affected by an Aβ-
α7nACh interaction [27]. Wang et al. recently showed in
synaptosomes prepared from both AD postmortem tissue
as well as frontal cortex slices from postmortem tissue
exposed to Aβ1–42 that S 24795, a partial α7nACh agonist,
can release Aβ from the Aβ-α7nACh complex allowing for
partial recovery of function of the α7nACh and the NMDAR
[78]. This demonstrated that disruption of the Aβ-α7nACh
interaction may be a mean of reducing pathophysiological
features of AD.

6. The Cholinergic System and Metals

There are a few reports of lead (Pb), aluminium (Al), and
cadmium (Cd) having an effect on the cholinergic system in
vitro and in vivo [79–81].

As Pb exposure can produce poor learning and deficits
in intelligence tests [82], the interaction of Pb with the
cholinergic system has been studied extensively as a mean
of discovering the mechanism of toxicity of Pb in the brain
which causes these neurological effects.

There are conflicting reports, however, on the affect of Pb
on the cholinergic system. Moingeon et al. reported that an
acute in vivo treatment of rats with the metal inhibits ACh
turnover, decreases ACh content in certain brain regions,
and induces a reversible increase in mAChRs in the striatum
and cortex [83]. However, this latter finding is refuted by
Schulte et al., where they had found there to be no major
effect of Pb on mAChRs in the frontal cortex of mouse brain
[84]. This finding was supported by Gotti et al., using an

in vitro model of both differentiated and undifferentiated
cholinergic neurons [85]. They also found that Pb increased
the number of nAChR binding sites, although Costa and Fox
had reported that chronic Pb exposure to decrease mAChRs
in the visual cortex alone of neonatal rats [79]. It is apparent
that the effect that Pb has on the cholinergic system is very
much dependant on the type of cholinergic receptor studied.

Al increased the number of mAChRs in cholinergically
differentiated IMR32 cells, a human neuroblastoma cell
line, whereas it had no effect on nAChRs, as measured by
α-bungarotoxin binding sites [85]. However Johnson and
Jope reported Al reduced the effects of an in vitro ACh
agonist, carbachol [80]. In the same paper, Cd increased
both the mAChR and nAChR expressions in cholinergically
differentiated and undifferentiated IMR32 cells.

As discussed, there are few studies investigating the role
of cholinergic receptors and metals, and of those that do,
few give conclusive outcomes and did not investigate other
metals associated with AD pathology such as Cu and Zn. As
a result, more work is required to determine if metals could
play a role in mediating the cholinergic deficits associated
with AD.

7. TrkB Receptors and AD

Tropomyosin-receptor kinase (Trk) receptors are necessary
for the survival, differentiation, and maturation of the
developing brain [86]. Trk receptors have been shown to
play a role in synaptic plasticity as well as in modulating
synaptic transmission [87, 88]. Furthermore a Trk receptor
family variant, the TrkB receptor, has been reported to be
important for LTP in CA1 neurons [89, 90]. The endogenous
agonists for TrkB receptors are brain-derived neurotrophic
factor (BDNF) and neurotrophin-4/5 (NT-4/5), with BDNF
being specific for TrkB receptors [91].

TrkB activation was traditionally believed to be via
neurotrophin binding, inducing TrkB receptor dimerisation
leading to phosphorylation of the cytoplasmic tyrosine
kinase tails. This mediates an elaborate signaling cascade
ultimately resulting in antiapoptotic outcomes [91, 92].
However Lee et al., showed that TrkB signaling can occur
independently of neurotrophin binding, through what is
known as “transactivation” by G protein-coupled receptor
(GPCR) ligands for example, adenosine and PACAP. Follow-
up studies revealed the role of Src kinase-tyrosine phos-
phorylation in intracellularly activating cell membrane and
intracellular TrkB receptors [93, 94].

There are reports of the TrkB receptor-BDNF pathway
being compromised in AD. In the hippocampus of AD
patients, a decrease in BDNF protein levels [95] as well
as a reduction in BDNF mRNA levels [96, 97] has been
reported. A decrease in BDNF protein levels in the entorhinal
and temporal cortex of AD suffers has also been described
[98]. Abnormal TrkB expression of full length and truncated
forms and altered distribution has been found in AD brains
[95, 99]. Ferrer et al. reported various changes in BDNF,
including truncated TrkB and full length TrkB in glial
cells, in neurons with hyperphosphorylated tau tangles and



International Journal of Alzheimer’s Disease 5

dystrophic neurons surrounding Aβ plaques from brains of
individuals with severe AD [100].

Although the most widely studied Trk receptor is the
TrkB receptor, recently Capsoni et al. (2010) reported that
TrkA beneficially activates Aβ accumulation in a transgenic
mouse model and discusses the role of proNGF, NGF, and
TrkA versus p75 neurotrophin receptor (p75NTR) in AD
neurodegeneration [101].

8. TrkB Receptors and Metals

There have been few studies looking into a possible role
for metals in TrkB signaling. Jung et al. reported that
treatment of cortical neuron cultures with micromolar Zn
concentrations can robustly activate TrkB as well as kinases
downstream of the receptor, such as Src, ERK, and Akt
[102]. The mechanism of Zn activating TrkB was found to
be an extracellular one, mediated by activation of matrix
metalloproteinases (MMPs) causing release of pro-BDNF by
the cells, which then gets converted to mature BDNF by
extracellular MMPs [93, 102]. In support of this, recently
Corona [103] reported the protective role of dietary Zn
supplementation in a transgenic mouse model of AD, where
Zn appeared to increase BDNF signaling by MMP activation.
In vitro, in PC12 cells, Zn has been shown to inhibit neurite
outgrowth by BDNF [104] but in cortical cultures, this
inhibition was only slight, revealing that the activation by Zn
overrides the potential BDNF/TrkB inhibitory effect [102].
Thus, Zn release from the glutamatergic synapse could play
an important role in activity-dependant activation of TrkB.

The same group later reported that Cu too was able
to activate TrkB in cortical neuron cultures in an MMP
dependent fashion [105]. Cu, like Zn, was able to activate Src
kinase, ERK, and Akt and increased the activity of MMP2
and MMP9, thereby catalyzing the conversion of pro BDNF
to mature BDNF [105]. They proposed that if Cu is released
at the synapse post-depolarisation as postulated by Hartter
and Barnea then as with Zn, there maybe physiologically
beneficial effects that could be mediated by both metals, such
as activation of TrkB signaling [58].

Huang et al. reported for the first time the ability of
Zn released by stimulated CA3 hippocampal neurons to
transactivate TrkB in vivo via Src kinase [106]. The activated
TrkB receptors then play an important role in LTP at
the mossy fiber-CA synapse. As previously discussed, TrkB
receptor signaling has been reported to be important in
hippocampal CA1 LTP, but this study puts forward a link
between Zn, TrkB, and hippocampal CA3 LTP. With LTP
known to be inhibited in AD, in an Aβ-NMDAR associated
manner, assessing the Zn, TrkB, and LTP link may provide an
interesting opportunity for therapeutic intervention in AD.

9. Membrane Receptors, Metals, and
Implications for AD

The membrane receptor systems described so far have
proposed roles in AD, and therefore metal interactions with
these membrane receptor families could provide beneficial

modulatory and intervention points, in the pursuit of the
amelioration of AD pathology. Work done within our group
has shown that Cu and Zn, delivered into the cell by the metal
chaperones CQ, PBT2, and CuGTSM, can cause activation
of phosphatidylinositol 3-kinase (PI3K) and the consequent
phosphorylation of Akt and GSK3 and the subsequent
activation of MAPK (ERK), all kinases previously discussed
as having antiapoptotic effects. This caused activation of
MMP2 leading to extracellular Aβ degradation [107–109].

CQ and PBT2 are 8-hydroxyquinoline metal ligands.
CuGTSM belongs to the metal bisthiosemicarbazone (M-
BTSC) family of metal-based drugs. They are stable, of a low
molecular weight, neutral and most importantly capable of
crossing cell membranes [108]. Due to their versatility in
vitro, their use has been widely adopted within our group.
CuGTSM has demonstrated therapeutic effects in an AD
mouse model and was found to affect cellular signalling
pathways central to AD as well as the amyloid proteins, Aβ
and tau [109].

Price et al. reported CQ coordinated to Cu activated epi-
dermal growth factor receptor (EGFR) in epithelial cells and
neurons [110]. This activation, by phosphorylation of EGFR,
did not require EGF or TGF-α making it ligand independent.
The phosphorylation was mediated by Src kinase and was
specific for Cu. Interestingly however, activation of EGFR
by CQ coordinated to Cu resulted in the activation of ERK
only, with no effects on PI3K-Akt or JNK but still resulted in
Aβ degradation by MMP activation. This would infer that
activation of ERK by intracellular bioavailable metals is a
necessary step in Aβ degradation, mediated by upregulation
of MMP.

We later reported the EGFR activation by CuGTSM and
ZnBTSCs in a glial cell line as well, but CuGTSM, in contrast
to CQ coordinated to Cu, did not phosphorylate EGFR in a
Src kinase-mediated manner, rather CuGTSM inhibited the
activity of protein tyrosine phosphatase (PTP). CuGTSM, as
with CQ coordinated to Cu, did however induce activation
of PI3K-Akt-GSK3, ERK, and JNK [111].

Whilst EGFR has not directly been linked to AD, the
pathway downstream of the receptor being activated by
an increase in intracellular Cu and Zn involves kinases
associated with AD and appears to be rather similar to TrkB
signalling. Thus EGFR and its metal interactions could be
an interesting area to investigate and provide clues on other
possible membrane receptors affected in AD.

10. Conclusion

In conclusion, an imbalance of transition metal levels in the
AD brain plays a neurotoxic role, but how and where this
imbalance affects signaling are not known. However, their
interactions with membrane receptors in the glutamatergic
system, TrkB and EGF signaling system, and to a lesser
extent in the cholinergic system infer a potentially important
effect on AD through these membrane receptor systems. This
may involve a combination of effects including inhibitory,
modulatory or activation of membrane receptor-mediated
functions that have an important role in AD. Therefore it is
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likely that the link between metals and membrane receptors
may offer a unique point of intervention in AD.
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Alzheimer’s disease (AD) is an age-associated neurodegenerative disease characterized by the progressive loss of cognitive function,
loss of memory and insomnia, and abnormal behavioral signs and symptoms. Among the various theories that have been put
forth to explain the pathophysiology of AD, the oxidative stress induced by amyloid β-protein (Aβ) deposition has received great
attention. Studies undertaken on postmortem brain samples of AD patients have consistently shown extensive lipid, protein, and
DNA oxidation. Presence of abnormal tau protein, mitochondrial dysfunction, and protein hyperphosphorylation all have been
demonstrated in neural tissues of AD patients. Moreover, AD patients exhibit severe sleep/wake disturbances and insomnia and
these are associated with more rapid cognitive decline and memory impairment. On this basis, the successful management of AD
patients requires an ideal drug that besides antagonizing Aβ-induced neurotoxicity could also correct the disturbed sleep-wake
rhythm and improve sleep quality. Melatonin is an effective chronobiotic agent and has significant neuroprotective properties
preventing Aβ-induced neurotoxic effects in a number of animal experimental models. Since melatonin levels in AD patients are
greatly reduced, melatonin replacement has the potential value to be used as a therapeutic agent for treating AD, particularly at
the early phases of the disease and especially in those in whom the relevant melatonin receptors are intact. As sleep deprivation
has been shown to produce oxidative damage, impaired mitochondrial function, neurodegenerative inflammation, and altered
proteosomal processing with abnormal activation of enzymes, treatment of sleep disturbances may be a priority for arresting the
progression of AD. In this context the newly introduced melatonin agonist ramelteon can be of much therapeutic value because of
its highly selective action on melatonin MT1/MT2 receptors in promoting sleep.

1. Introduction

Alzheimer’s disease (AD), a major age-associated neurode-
generative disease, is characterized by progressive loss of cog-
nitive function, loss of memory, impaired synaptic function,
and a massive brain cell loss that ultimately results in prema-
ture death. Although the exact cause of the disease is under
intense investigation, the prevailing hypothesis proposes that

the deposition of amyloid β-protein- (Aβ-)containing senile
plaques and of intracellular neurofibrillary tangles major
etiological factors in AD [1]. Deposition of amyloid plaques
causes cell death by inducing mitochondrial dysfunction
and oxidative stress [2]. Aβ deposition initiates the flavo-
enzyme-dependent increase of hydrogen peroxide (H2O2)
and lipid peroxides that increase free radical generation
[3, 4]. Neural tissues of AD patients exhibit increased levels
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of end products of peroxidation such as malondialdehyde,
4-hydroxynonenal, or carbonyls. Though Aβ contributes
directly or indirectly to neuronal degeneration, its potential
to cause AD depends on individual’s susceptibility to Aβ-
mediated toxicity [5].

Mitochondrial dysfunction plays an important role in
AD and the link among impaired mitochondrial function,
tau phosphorylation, and Aβ amyloidosis is increasingly
recognized as a major phenomenon in AD physiopathology
[2, 6, 7]. Aβ accumulation and neurofibrillary tangles
composed of tau protein induce functional deficits of the
respiratory chain complexes thereby resulting in mitochon-
drial dysfunction and oxidative stress (the “Aβ cascade
hypothesis of AD”). It is interesting to note that women are
more vulnerable to AD than men, presumably because the
mitochondria are protected by estrogens against Aβ toxicity
[8].

Indeed, aging and neurodegenerative diseases are accom-
panied by abnormal levels of oxidation of proteins, lipids,
and nucleic acids [9–11]. Mechanisms such as chronic
inflammation associated with the release of cytokines and
trace element neurotoxicity have also been suggested as pos-
sible contributory factors underlying the physiopathologic
events of AD [12–14]. Membrane disruption and induction
of apoptosis by caspase enzymes have also been implicated
[15].

In addition to cognitive and memory dysfunction, sleep-
wake and other circadian rhythm dysregulation, are com-
monly seen in AD [16–19]. These circadian rhythm distur-
bances are associated with disturbed melatonin rhythmicity
and decreased circulating and brain melatonin levels [20–
22]. It is hypothesized that the decreased levels of melatonin,
in fact, could contribute to the pathophysiology of AD in
view than melatonin combines chronobiotic with effective
antioxidant, anti-inflammatory, and antifibrillogenic prop-
erties [23].

Among the factors known to suppress the production
of melatonin by the pineal gland, hypoxia deserves to be
considered [24]. Reduced production of melatonin has been
reported to occur in other ischemic conditions such as
coronary artery disease or severe congestive heart failure [25–
27]. Hypoxia may play a role in the pathogenesis of AD as it
can induce formation of Aβ [28–30]. The role of hypoxia in
potentiating AD is supported by the observation that patients
suffering from cardiorespiratory disorders, cerebral ischemia
or stroke are much more susceptible to development of
dementias including AD [31]. It is remarkable that the daily
administration of melatonin reduces the hypoxia induced Aβ
generation in the rat hippocampus [32].

With this background, the replacement of brain mela-
tonin levels has been suggested as a way arresting the progress
of AD and for correcting the circadian and sleep-wake
disturbances associated with the disease. As melatonin is
a short-lived molecule having a limited duration of action
(half life = 0.54-0–67 h [33]), analogs with a high affinity
for melatonin receptors and a longer duration of action
have been synthesized with a potential therapeutic efficacy
to treat insomnia and psychiatric disorders like depression
and bipolar affective disorder [34]. Ramelteon was the first

of these molecules approved by the U.S. Food and Drug
Administration to be used in the treatment of insomnia [35]
and its potential use in AD together with that of melatonin is
discussed in this review article.

2. Melatonin in AD

Melatonin is synthesized both in the pineal gland and in a
number of peripheral organs and tissues by a process starting
with tryptophan conversion to serotonin (reviewed in [36]).
Serotonin is then acetylated to form N-acetylserotonin
by the enzyme arylakylamine N-acetyltransferase while N-
acetylserotonin is converted into melatonin by the enzyme
hydroxyindole-O-methyl transferase [37, 38]. Once formed
melatonin is not stored within the pineal gland it diffuses
into the capillary blood and the cerebrospinal fluid (CSF)
[39, 40]. CSF melatonin values are nearly 30 times higher
than those in the blood; thus, the brain tissue has a higher
melatonin concentration than any other tissue in the body
[41].

Regional distribution of melatonin in different areas
of the brain varies and early studies have shown that
hypothalamic melatonin concentrations are nearly fifty times
higher than in plasma [42–44]. While tissue melatonin
only exhibits a moderate circadian variation, circulating
melatonin exhibits most pronounced circadian rhythm with
highest levels occurring at night and very low levels during
daytime [36].

Circulating melatonin is metabolized mainly in the liver
via hydroxylation in the C6 position by cytochrome P450

monooxygenases (CYP1A2;CYP1A1) [45]. It is thereafter
conjugated with sulphate to form 6-sulfatoxymelatonin
(aMT6S), the main metabolite of melatonin in urine. In the
brain, melatonin is metabolized to kynuramine derivatives
like N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK)
[46, 47]. In several tissues melatonin is also nonenzymatically
metabolized to cyclic 3-hydroxy melatonin [48].

Melatonin is involved in the control of various physiolog-
ical functions such as circadian rhythmicity [49, 50], sleep
regulation [51, 52], immune function [53, 54], antioxidant
defense [55, 56], control of reproduction [57–59], inhibition
of tumor growth [60, 61], and control of human mood
[62, 63]. Melatonin participates in many of these functions
by acting through G-protein membrane receptors, the MT1

and MT2 melatonin receptors [64–66]. Nuclear melatonin
receptors belonging to the RZR/ROR α receptor class have
also been described [56, 67, 68]. Melatonin also acts directly
on the cells without the intervention of any of these receptors
by binding to intracellular proteins like calmodulin [69]
or tubulin [70]. In general, the free radical scavenging
action of melatonin does not involve receptors except for
the induction of synthesis of some antioxidant enzymes
like γ-glutamylcysteine synthase that involves RZR/ROR α
receptors [71].

In view of the involvement of oxidative stress in AD,
melatonin represents an interesting neuroprotective agent as
it antagonizes oxidative stress both in a direct and in an
indirect way [55, 56, 72, 73]. In the N2a murine neurob-
lastoma cell model Pappolla et al. [74] first demonstrated
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that coincubation of Aβwith melatonin significantly reduced
several features of apoptosis like cellular shrinkage or forma-
tion of membrane blubs. In a number of studies melatonin
prevented the death of neuroblastoma cells exposed to Aβ
[5, 75, 76].

Several animal models of AD have been used to study
the possible antoxidative and antiapoptotic actions of mela-
tonin in arresting neuronal lesions. Okadaic acid induces
physiological and biochemical changes similar to those seen
in AD. Increased levels of 4-hydroxynonenal in cultured
neuronal cells have been found following administration of
okadaic acid [77]. After the administration of antioxidants
like melatonin or vitamin C, the effects of okadaic acid
on NIE 115 neuronal cells were prevented effectively [78].
Melatonin was more effective than vitamin C, since it not
only prevented the free radical-induced damage with greater
efficiency but also increased the activity of the antioxidant
enzymes glutathione-S transferase and glutathione reductase
[78].

Several studies indicate that the apoptosis of astrocytes
contribute to the pathogenesis of AD (sees [79]). Astrocytes
exhibit tau phosphorylation and activation of stress kinases
as seen in AD pathology. They also produce apolipoprotein
E4 (apoE4) that aggravates Aβ neurodegenerative effects
[80, 81]. During interaction with Aβ, astrocytes lose control
over NO production leading to the neurotoxic peroxynitrate
formation. By treating the C6 astroglioma cells with mela-
tonin, the increase in NO production induced by Aβ was
effectively prevented [82].

3. Molecular Mechanisms of Melatonin’s
Anti-Amyloid Actions

Melatonin not only reduced apoptosis but also exerts its
antiamyloid actions through additional mechanisms. One of
them is by preventing Aβ-induced mitochondrial damage
and disruption of respiration. Melatonin administration
prevented Aβ action on mitochondrial DNA proteins and
level of lipid peroxidation [75]. In this aspect it is interesting
to note that melatonin’s metabolite AFMK also offered
protection from Aβ-induced mitochondrial oxidative stress
[83] although a higher concentration was needed.

Melatonin inhibits the formation of amyloid fibrils as
demonstrated by different techniques [84, 85]. The structural
analog of melatonin indole-3-propionic acid not only shares
the radical scavenging activity of melatonin [86] but also
exhibits similar or even higher antifibrillogenic activity [87].

Several lipoproteins can modulate fibrillogenesis [88].
Melatonin was shown to reverse the profibrillogenic activity
of apoE4 and to antagonize the neurotoxic combinations
of Aβ and apoE4 or apoE3 [83]. ApoE4 is also produced
by astrocytes and aggravates Aβ effects showing thereby
the mutual interaction of Aβ protein and apo-E4 in the
astrocyte-neuron interactions [81]. The antifibrillogenic
effects of melatonin and its metabolites were observed not
only in vitro but also in vivo in transgenic mouse models
[84, 89, 90]. Protection from Aβ toxicity was observed,
especially at the mitochondrial level.

As mentioned above, chronic intermittent hypoxia has
been shown to induce Aβ protein generation by upregulating
the APP processing enzymes BACE and PSEN-1 [28–30].
The daily administration of melatonin (10 mg/kg) prior to a
short-term hypoxia prevented the generation of Aβ protein
but it did not reduce the increase of HIF-1 transcription
factor induced by hypoxia [32]. Hence it was suggested that
melatonin’s neuroprotective effect against amyloid-β-peptide
was due to its direct free radical scavenging properties actions
[32].

Another manifestation of AD studied in experimental
models is the expression of protein hyperphosphorylation
and cytoskeletal disorganization. Calyculin A, an inhibitor of
protein phosphatases (PP), was used in neuroblastoma N2
cells to examine this point. Calyculin A resulted in activation
of glycogen synthase kinase 3 (GSK-3), a redox-controlled
enzyme involved in various regulatory mechanisms of the
cell, and the consequent hyperphosphorylation of tau [91].
Melatonin administration decreased oxidative stress and
tau hyperphosphorylation and reversed GSK-3 activation
showing thereby that it not only acts as an antioxidant but
also interferes with the phosphorylation system, particularly
stress kinases [91].

The inhibition of PP-2A and PP-1 brought about by
calyculin A caused hyperphosphorylation of tau and of
neurofilaments, synaptophysin loss, and spatial memory
retention impairment, an effect counteracted by the adminis-
tration of melatonin i.p. for 9 days before calyculin injection
[92]. Melatonin also partially reversed the phosphorylation
of the catalytic subunit of PP-2A at tyrosine 307 (Y307)
crucial site regulating the activity of PP-2A, and reduced
malondialdehyde levels induced by calyculin A [92]. Mela-
tonin also attenuated tau hyperphosphorylation induced by
wortmannin [93, 94] and isoproterenol [95].

Tyrosine kinase (trk) receptors, important elements of
the phosphorylation system, as well as neurotrophins, are
affected by Aβ and other oxidotoxins and melatonin normal-
ized in neuroblastoma cells trk and neurotrophin expression
[96]. Recent studies using organotypic hippocampal studies
confirmed that the presence of melatonin (25–100 μM)
prevented the cell damage induced by exposure to Aβ
reducing the activation of GSK-3β, the phosphorylation of
tau protein, and the Aβ-induced increases of TNF-α and
IL-6 levels [97]. The chronobiological aspects of melatonin-
Aβ interaction are underlined by a study describing the
protective effect of melatonin against the circadian changes
produced by Aβ25–35 microinjection into the suprachiasmatic
nuclei (SCN) of golden hamsters [98].

4. Potential Therapeutic Value of
Melatonin in AD

A number of studies in AD patients have indicated that
there is a profound disturbance in sleep/wake cycle associated
with the progression of the disease. Cross-sectional studies
reveal that sleep disturbances are associated with memory
and cognitive impairment. [16–19]. A severe disruption of
the circadian timing system occurs in AD as indicated by
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alterations in numerous overt rhythms like body tempera-
ture, glucocorticoids, and/or plasma melatonin [22, 99, 100].
The internal desynchronization of rhythms is significant in
AD patients [101, 102].

“Sundowning” is a chronobiological phenomenon
observed in AD patients in conjunction with sleep-wake
disturbances, including symptoms like disorganized
thinking, reduced ability to maintain attention to external
stimuli, agitation, wandering, and perceptual and emotional
disturbances, all appearing in late afternoon or early evening
[99, 103, 104]. Chronotherapeutic interventions such
as exposure to bright light and/or timed administration
of melatonin in selected circadian phases alleviated
sundowning symptoms like wandering, agitation and
delirium and also improved sleep-wake patterns of AD
patients [105].

A number of studies have revealed that melatonin levels
are lower in AD patients as compared to age-matched
control subjects [20–22, 106]. The decreased CSF melatonin
levels of AD patients were attributed to decreased mela-
tonin production. CSF melatonin levels decreased even in
preclinical stages (Braak stages-1) when patients did not
manifest cognitive impairment [107] suggesting thereby that
reduction in CSF melatonin may be an early marker (and
cause) for incoming AD. The decrease of melatonin levels
in AD was attributed to a defective retinohypothalamic tract
or SCN-pineal connections [108]. The impaired melatonin
production at night correlates significantly with the severity
of mental impairment of demented patients [109]. As AD
patients have profound deficiency of endogenous melatonin,
replacement of levels of melatonin in the brain could be a
therapeutic strategy for arresting the progress of the disease.
Melatonin’s neuroprotective and vasoprotective properties
would help in enhancing cerebral blood flow and would help
to improve the clinical condition of AD patients [23].

Sleep disturbances exacerbate memory and cognitive
impairment [110]. Therefore, optimization in management
of sleep disturbances is of paramount importance in treating
AD patients. In an initial study on 14 AD patients with 6–
9 mg of melatonin given for 2-3 year period it was noted
that melatonin improved sleep quality [111]. Sundowning,
diagnosed clinically, was no longer detectable in 12 out
of 14 patients. Reduction in cognitive impairment and
amnesia was also noted. This should be contrasted with the
significant deterioration of the clinical conditions expected
from patients after 1–3 year of evolution of AD [111, 112].

Several studies support the efficacy of melatonin in
treating sleep and chronobiologic disorders in AD patients
(Table 1). The administration of melatonin (6 mg/day) for 4
weeks to AD patients reduced nighttime activity as compared
to placebo [113]. An improvement of sleep and alleviation
of sundowning were reported in 11 AD patients treated
with melatonin (3 mg/day at bedtime) and evaluated by
using actigraphy [114]. Improvement in behavioral signs was
reported with use of 6–9 mg/day of melatonin for 4 months
in AD patients with sleep disturbances [115].

In a double blind study conducted on AD patients
it was noted that 3 mg/day of melatonin significantly
prolonged actigraphically evaluated sleep time, decreased

activity in night, and improved cognitive functions [119]. In
a multicenter, randomized, placebo-controlled clinical trial
of a sample of 157 AD patients with sleep disturbances,
melatonin or placebo was administered for a period of 2
months [120]. In actigraphic studies a trend to increased
nocturnal total sleep time and decreased wake after sleep
onset was noted in the melatonin-treated group. On subjec-
tive measures by caregiver ratings significant improvement
in sleep quality was noted with 2.5 mg sustained release
melatonin relative to placebo [120].

Negative results with the use of melatonin in fully
developed AD were also published. For example, in a study
in which melatonin (8.5 mg fast release and 1.5 mg sustained
release) was administered at 10.00 PM for 10 consecutive
nights to patients with AD, no significant difference was
noticed with placebo on sleep, circadian rhythms and,
agitation [124]. Although the lack of beneficial effect of
melatonin in this study on sleep could be attributed to the
short period of time examined, it must be noted that large
interindividual differences between patients suffering from a
neurodegenerative disease are not uncommon. It should be
also taken into account that melatonin, though having some
sedating and sleep latency-reducing properties, does not
primarily act as a sleeping pill, but mainly as a chronobiotic.

Since the circadian oscillator system is obviously affected
in AD patients showing severe sleep disturbances, the efficacy
of melatonin should be expected to depend on disease
progression. In a recent paper one of us summarized the pub-
lished data concerning melatonin treatment of AD patients
[125] (Table 1). Eight reports (5 open-label studies, 2 case
reports) (N = 89 patients) supported a possible efficacy
of melatonin: sleep quality improved and in patients with
AD sundowning was reduced and cognitive decay showed
less progression. In 6 double blind, randomized placebo-
controlled trials (N = 210) sleep was objectively measured
by wrist actigraphy and additionally neuropsychological
assessment and sleep quality were subjectively evaluated.
Sleep quality increased and sundowning decreased signif-
icantly and cognitive performance improved in 4 studies
(N = 143) whereas there was absence of effects in 2
studies (N = 67) [125]. Therefore, the question whether
melatonin has a causal value in preventing or treating
AD, affecting disease progression of the neuropathology
and the driving mechanisms, remains unanswered. Double-
blind multicenter studies are needed to further explore and
investigate the potential and usefulness of melatonin as an
antidementia drug. Its apparent usefulness in symptomatic
treatment, concerning sleep, sundowning, and so forth, even
in a progressed state, further underlines the need for such
decisive studies.

It has been shown that with degeneration of the SCN, the
master body clock, there is a decrease in the expression of
MT1 receptors so that strength of melatonin as a synchro-
nizing agent is reduced [126]. Moreover the input of neural
pathways involved in entrainment (synchronization) of the
central clock may become dysfunctional or less sensitive
during aging and even more so in AD [127]. In a large
multicentre trial only a nonsignificant trend to improvement
in the circadian rhythm disturbance of AD is when treatment
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Table 1: Clinical studies on melatonin efficacy in AD.

Design
Subjects
(M, F)

Treatment
Study’s

duration
Measured Results Reference

Open-label
study

10 (6, 4)
demented
patients

3 mg melatonin
p.o./daily at bed
time

3 weeks
Daily logs of sleep and
wake quality completed by
caretakers

Seven out of ten dementia patients
having sleep disorders treated with
melatonin showed a significant
decrease in sundowning and
reduced variability of sleep onset
time

[116]

Open-label
study

14 (8, 14)
AD patients

9 mg melatonin
p.o./daily at bed
time

22 to 35
months

Daily logs of sleep and
wake quality completed by
caretakers.
Neuropsychological
assessment.

At the time of assessment, a
significant improvement of sleep
quality was found. Sundowning was
not longer detectable in 12 patients
and persisted, although attenuated
in 2 patients. Clinically, the patients
exhibited lack of progression of the
cognitive and behavioral signs of
the disease during the time they
received melatonin.

[111]

Case report

Monozygotic
twins with
AD of 8
years
duration

One of the patients
was treated with
melatonin 9 mg
p.o./daily at bed
time.

36
months

Neuropsychological
assessment.
Neuroimaging.

Sleep and cognitive function
severely impaired in the twin not
receiving melatonin as compared to
the melatonin-treated twin.

[112]

Open-label,
placebo-
controlled
trial

14 AD
patients

6 mg melatonin
p.o./daily at bed
time or placebo

4 weeks
Daily logs of sleep and
wake quality completed by
caretakers. Actigraphy

The 7 AD patients receiving
melatonin showed a significantly
reduced percentage of nighttime
activity compared to a placebo
group

[113]

Open-label
study

11 (3, 8) AD
patients

3 mg melatonin
p.o./daily at bed
time

3 weeks
Daily logs of sleep and
wake quality completed by
the nurses.

Analysis revealed a significant
decrease in agitated behaviors in all
three shifts and a significant
decrease in daytime sleepiness.

[117]

Open-label
study

45 (19, 26)
AD patients

6–9 mg melatonin
p.o./daily at bed
time

4 months

Daily logs of sleep and
wake quality completed by
caretakers.
Neuropsychological
assessment.

Melatonin improved sleep and
suppressed sundowning, an effect
seen regardless of the concomitant
medication employed to treat
cognitive or behavioral signs of AD.

[115]

Randomized
double blind
placebo
controlled
cross over
study

25 AD
patients

6 mg of slow
release melatonin
p.o. or placebo at
bed time

7 weeks Actigraphy
Melatonin had no effect on median
total time asleep, number of
awakenings, or sleep efficiency.

[118]

Double-
blind,
placebo-
controlled
study

20 (3, 17)
AD patients

Placebo or 3 mg
melatonin
p.o./daily at bed
time

4 weeks
Actigraphy.
Neuropsychological
assessment.

Melatonin significantly prolonged
the sleep time and decreased activity
in the night. Cognitive function was
improved by melatonin.

[119]

Randomized,
placebo-
controlled
clinical trial

157 (70, 87)
AD patients

2.5 mg slow-release
melatonin, or
10 mg melatonin
or placebo at bed
time

2 months
Actigraphy. Caregiver
ratings of sleep quality

Nonsignificant trends for increased
nocturnal total sleep time and
decreased wake after sleep onset
were observed in the melatonin
groups relative to placebo. On
subjective measures, caregiver
ratings of sleep quality showed
improvement in the 2.5 mg
sustained-release melatonin group
relative to placebo.

[120]
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Table 1: Continued.

Design
Subjects
(M, F)

Treatment
Study’s

duration
Measured Results Reference

Open-label
study

7 (4, 3) AD
patients

3 mg melatonin
p.o./daily at bed
time

3 weeks
Actigraphy.
Neuropsychological
assessment.

Complete remission of daynight
rhythm disturbances or
sundowning was seen in 4 patients,
with partial remission in other 2.

[114]

Randomized,
placebo-
controlled
study

17 AD
patients

3 mg melatonin
p.o./daily at bed
time (7 patients).
Placebo (10
patients)

2 weeks
Actigraphy.
Neuropsychological
assessment.

In melatonin-treated group,
actigraphic nocturnal activity and
agitation showed significant
reductions compared to baseline.

[121]

Randomized,
placebo-
controlled
study

50 AD
patients

Morning light
exposure (2,500
lux, 1 h) and 5 mg
melatonin (n = 16)
or placebo
(n = 17) in the
evening. Control
subjects (n = 17)
received usual
indoor light
(150–200 lux).

10 weeks

Night time sleep variables,
day sleep time, day activity,
day : night sleep ratio, and
rest-activity parameters
were determined using
actigraphy.

Light treatment alone did not
improve night time sleep, daytime
wake, or rest-activity rhythm. Light
treatment plus melatonin increased
daytime wake time and activity
levels and strengthened the
rest-activity rhythm.

[122]

Case report

68-year-old
man with
AD who
developed
rapid eye
movement
(REM) sleep
behavior
disorder

5–10 mg melatonin
p.o./daily at bed
time.

20
months

Polysomnography
Melatonin was effective to suppress
REM sleep behavior disorder

[123]

Randomized,
placebo-
controlled
study

41 (13, 28)
AD patients

Melatonin (8.5 mg
immediate release
and 1.5 mg
sustained release)
(N = 24) or
placebo (N = 17)
administered at
10 : 00 P.M.

10 days Actigraphy.

There were no significant effects of
melatonin, compared with placebo,
on sleep, circadian rhythms, or
agitation.

[124]

was done using melatonin [120]. Because MT1 receptor
expression in the SCN is decreased it is certainly possible
that melatonin will be ineffective as a synchronizing agent
although it is possible that a higher dose of melatonin or a
more potent melatonin agonist such as ramelteon may be
useful. Another strategy could be exposure to bright light
[128] (see below).

5. Melatonin as a Therapeutic Agent for
Mild Cognitive Impairment

As outlined, melatonin acts at different levels relevant to
the development and manifestation of AD. The antioxidant,
mitochondrial, and antiamyloidogenic effects may be seen
as a possibility of interfering with the onset of the disease.
Therefore, early beginning of treatment may be decisive
[129].

Mild cognitive impairment (MCI) is an etiologically het-
erogeneous syndrome characterized by cognitive impairment
shown by objective measures adjusted for age and education
in advance of dementia [130]. Approximately 12% of MCI
converts to AD or other dementia disorders every year. Since
MCI may represent prodromal A,D it should be adequately
diagnosed and treated. Indeed, the degenerative process in
AD brain starts 20–30 years before the clinical onset of the
disease [130]. During this phase, plaques and tangles loads
increase and at a certain threshold the first symptom appears.
As already mentioned, CSF melatonin levels decrease even
in preclinical stages when the patients do not manifest any
cognitive impairment (at Braak stages I-II), suggesting that
the reduction in CSF melatonin may be an early trigger and
marker for AD. Therefore, MCI could be an appropriate
moment for initiating any melatonin treatment aiming to
affect progression of the disease. Studies on melatonin effect
on MCI are summarized in Table 2.
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Table 2: Clinical studies on melatonin efficacy in MCI.

Design Subjects (M, F) Treatment
Study’s

duration
Measured Results Reference(s)

Double-blind,
placebo-
controlled, crossover
study

10 (4, 6)
patients with
mild cognitive
impairment
(MCI)

6 mg melatonin
p.o./daily at bed
time

10 days
Actigraphy.
Neuropsychological
assessment.

Enhanced the rest-activity
rhythm and improved sleep
quality (reduced sleep onset
latency and in the number of
transitions from sleep to
wakefulness Total sleep time
unaffected. The ability to
remember previously learned
items improved along with a
significant reduction in
depressed mood.

[131]

Double-blind,
placebo-controlled
pilot study

26 individuals
with age-related
MCI

1 mg melatonin
p.o. or placebo
at bed time

4 weeks

Sleep questionnaire
and a battery of
cognitive tests at
baseline and at 4 weeks

Melatonin administration
improved reported morning
“restedness” and sleep latency
after nocturnal awakening and
also improved scores on the
California Verbal Learning
Test-interference subtest.

[132]

Open-label,
retrospective study

50 (13, 37) MCI
outpatients

25 had received
daily 3–9 mg of
a fast-release
melatonin
preparation p.o.
at bedtime.
Melatonin was
given in
addition to the
standard
medication

9–18
months

Daily logs of sleep and
wake quality. Initial
and final
neuropsychological
assessment.

Patients treated with
melatonin showed
significantly better
performance in
neuropsychological
assessment. Abnormally high.
Beck Depression Inventory
scores decreased in
melatonin-treated patients,
concomitantly with an
improvement in wakefulness
and sleep quality.

[133]

Randomized, double
blind,
placebo-controlled
study

354 individuals
with age-related
cognitive decay

prolonged
release
melatonin
(Circadin, 2 mg)
or placebo, 2 h
before bedtime

3 weeks

Leeds Sleep Evaluation
and Pittsburgh Sleep
Questionnaires,
Clinical Global
Improvement scale
score and quality of
life.

PR-melatonin resulted in
significant and clinically
meaningful improvements in
sleep quality, morning
alertness, sleep onset latency,
and quality of life

[134]

Long-term,
double-blind,
placebo-controlled,
2× 2 factorial
randomized study

189 (19, 170)
individuals with
age-related
cognitive decay

Long-term daily
treatment with
whole-day
bright (1000
lux) or dim (300
lux) light.
Evening
melatonin
(2.5 mg) or
placebo
administration

1 to 3.5
years

Standardized scales for
cognitive and
noncognitive
symptoms, limitations
of activities of daily
living, and adverse
effects assessed every 6
months.

Light attenuated cognitive
deterioration and also
ameliorated depressive
symptoms. Melatonin
shortened sleep onset latency
and increased sleep duration
but adversely affected scores
for depression. The combined
treatment of bright light plus
melatonin showed the best
effects.

[105]

Prospective,
randomized,
double-blind,
placebo-controlled,
study

22 (15, 7)
individuals with
age-related
cognitive decay

Participants
received 2
months of
melatonin (5 mg
o.o./day) and 2
months of
placebo

2 months

Sleep disorders were
evaluated with the
Northside Hospital
Sleep Medicine
Institute (NHSMI) test.
Behavioral disorders
were evaluated with the
Yesavage Geriatric
Depression Scale and
Goldberg Anxiety
Scale.

Melatonin treatment
significantly improved sleep
quality scores. Depression also
improved significantly after
melatonin administration.

[135]
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The first report on melatonin treatment of 10 MCI
patients (6 mg/day for 10 days) indicated that besides
enhancing the rest-activity rhythm and improved sleep
quality the ability to remember previously learned items
improved along with a significant reduction in depressed
mood [131]. In another double-blind, placebo-controlled
pilot study performed in 26 individuals with age-related
MCI, the administration of 1 mg melatonin or placebo at
bed time for 4 weeks resulted in improvement of sleep and
of scores on the California Verbal Learning Test-interference
subtest [132].

In a retrospective study of a group of 25 MCI patients
who received melatonin (3–9 mg per day) for 9 to 18 months
in comparison to a similar group of 25 MCI patients who
did not receive it [133], patients treated with melatonin
showed significantly better performance in a number of
neuropsychological tests. Abnormally high Beck Depression
Inventory scores decreased in melatonin treated patients,
concomitantly with an improvement in wakefulness and
sleep quality. The results suggested that melatonin could be a
useful add-on drug for treating MCI in a clinic environment
[133]. A follow up of that study has now been completed on
a group of 35 MCI patients receiving melatonin for 9 to 24
months with essentially similar results [125].

A randomized controlled trial on the effect of bright
light and melatonin on cognitive and noncognitive function
in elderly residents of group care facilities was published
[105]. The authors concluded that light has a benefit in
improving some cognitive and noncognitive symptoms of
MCI which was amplified by the conjoint administration of
melatonin. In other two similar studies, one of them using
the prolonged release preparation of melatonin (Circadin)
recently approved by the European Medicines Agency,
melatonin resulted in significant and clinically meaningful
improvements of sleep quality, morning alertness, sleep
onset latency and quality of life in old patients with mild
cognitive impairment [134, 135]. In these studies melatonin
treatment also improved mood. The evaluation of the
published data concerning melatonin treatment of MCI
that include 5 double blind, randomized placebo-controlled
trials, and 1 open-label retrospective study (N = 651)
all agreess in indicating that treatment with daily evening
melatonin improves sleep quality and cognitive performance
in MCI [125] (Table 2).

6. Use of Melatonin Agonist, Ramelteon in AD

As AD is associated with disturbed sleep/wake rhythms
and circadian rhythm disturbances, a melatonin agonist
with higher affinity to melatonin MT1 and MT2 receptors
with a longer duration would theoretically be beneficial in
tackling sleep-wake and circadian rhythm disturbances. In
this aspect, ramelteon, which is the first melatonin receptor
agonist approved by FDA with activity on MT1 and MT2

receptors, should be considered [136, 137].
The chemical structure of ramelteon is: (S)-N-[2-

(1,6,7,8-tetrahydro-2Hindeno[5,4-b]furan-8-yl)ethyl] pro-
pionamide. This melatonin receptor agonist has a chem-
ical formula C16H21NO2 with a molecular weight 259.34.

Receptor binding studies indicated that ramelteon has high
selectivity for MT1 and MT2 receptors, with little affinity
for quinone reductase 2 binding [138]. The selectivity of
ramelteon for MT1 has been found >1000-fold over that
of MT2 receptors. It is well known that melatonin exerts
its hypnotic effects through the activation of the MT1 and
MT2 melatonin receptors [139]. Although both MT1 and
MT2 receptors are involved in the regulation of sleep, the
selectivity of MT1 receptors by ramelteon suggests that it
targets sleep onset more specifically than melatonin [140].
Ramelteon has been found to have no affinity for benzo-
diazepine (BZP), dopamine, opiate, or serotonin receptor
binding sites [138]. Hence ramelteon has advantages over
other hypnotic drugs in not causing rebound insomnia,
withdrawal symptoms, or dependence which is common
with the activation of BZP, opiate, or dopamine receptors.

On oral administration, ramelteon is rapidly absorbed
with a Tmax of less than 1 hour [141]. The absolute
bioavailability of the oral formulation of ramelteon is less
than 2% (range 0.5% to 12%) [141]. It is metabolized mainly
in the liver via oxidation to hydroxyl and carbonyl groups
and then conjugated with glucuronide. CYP1A2 is the major
hepatic enzyme involved in ramelteon metabolism. Four
principal metabolites ramelteon, that is, M-I, M-II, M-III,
and M-IV, have been identified [141]. Among these, M-II
has been found to occur in much higher concentration with
systemic concentration being 20- to 100- fold greater than
ramelteon.

Ramelteon is rapidly excreted and its elimination is
significantly higher in elderly than in younger adults [142].
The influence of age and gender on the pharmacokinetics
and pharmacodynamics of ramelteon has been evaluated in
healthy volunteers following the administration of a single
dose of 16 mg of ramelteon. When compared to young
volunteers, ramelteon clearance was significantly reduced in
elderly volunteers and its half life significantly increased. No
significant effect of gender was observed [142]. The contri-
bution of ramelteon’s metabolites on the net pharmacologic
activity was also evaluated. Among the four metabolites
produced, the activity of M-II was to be about 30-fold lower
than that of ramelteon, but its exposure exceeds exposure to
ramelteon by a factor 30. It was thus suggested that M-II may
contribute to net clinical activity of ramelteon [142].

The subjective efficacy of ramelteon was evaluated in
clinical trials consisting of 829 elderly outpatients with
chronic insomnia; 701 patients (128 patients discontinued)
were treated for a period of 5-weeks with 4 mg and 8 mg
ramelteon [143]. Patients in both ramelteon groups reported
significant reductions in sleep onset latency (SOL) and
increases in total sleep time (TST). Continuation of this
study on 100 elderly patients established the efficacy of
ramelteon in improving TST and decreasing SOL [144].
A number of studies have now established the efficacy of
ramelteon in treating patients with chronic insomnia [145–
147].

Concerning the safety and adverse effects with ramelteon,
in a double blind placebo controlled study of rebound
insomnia (sleep latency after treatment discontinuation)
Roth and co-workers [143] evaluated each of the 7 nights
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Figure 1: Melatonergic agonists in AD. The multiple effects of melatonin discussed in the text and the different degree of overlap
(interrelations and mutual influences) are indicated by the respective intersections in the scheme.

of placebo run-out period. It was noted that during each of
the 7 nights, patients in both ramelteon treatment groups
(4 mg/day and 8 mg/day) maintained a similar or greater
reduction in sleep latency from baseline as compared to those
receiving placebo [143]. Withdrawal effects, as assessed by
a BZP withdrawal symptom questionnaire, did not differ
from the placebo group [143]. In another recent study it
was noted that ramelteon did not affect alertness or the
ability to concentrate, indicating no next-morning residual
effects [148]. The incidence of adverse effects in ramelteon-
treated patients in a 5 week study was found to be similar to
that of placebo-treated patients. The adverse effects included
mild gastrointestinal disturbances and nervous system effects
such as dizziness, headache, somnolence, depression, fatigue,
myalgia, and exacerbated eye pain [143].

Ramelteon not only has the potential in improving the
sleep quality of AD and other neurodegenerative patients
but can also offer neuroprotection as well in AD [149]. As
ramelteon is a melatonin agonist with more potency and
longer duration of action, it could act more efficiently than
melatonin in its actions against neurotoxic effects involved in
the pathogenesis of AD.

To what extent ramelteon reproduces the nonre-
ceptor mediated effects of melatonin is not known.
Ramelteon displays no relevant antioxidant capacity in
the ABTS radical cation assay, as compared to luzin-
dole or melatonin [150]. However, MT1/MT2 receptor-
mediated effects on the upregulation of several antioxidant
enzymes by physiological concentration of melatonin [151]
such as glutathione peroxidase, glutathione reductase, γ-
glutamylcysteine synthase, glucose-6-phosphate dehydroge-
nase, hemoperoxidase/catalase, Cu,Zn- and Mn-superoxide
dismutases (reviewed in [152–155] can well give the basis
for the use of ramelteon in AD. Since there are extensive
data indicating a loss of melatonin receptors in AD patients,
including the cerebral cortex and pineal gland (MT1 and
MT2 receptors) [156], the hippocampus [157] and retina

[158] (MT2 receptors) and the cerebrovascular system [159],
and SCN [126, 128] (MT1 receptors), the chances of
alleviating symptoms such as sundowning and disturbed
sleep by giving the MT1/MT2 receptor agonist may vanish
in late AD patients.

In addition, it has been suggested that melatonin and its
receptors participate in neurodevelopment and regulation of
neurotrophic factors [160]. In vitro studies have shown that
melatonin promotes the viability and neuronal differentia-
tion of neural stem cells and increases the production brain-
derived neurotrophic factor (BDNF) by acting through MT1

receptors [161]. In mouse cerebellar granule cells in culture
ramelteon increased the neural content of BDNF [162].
Therefore, if ramelteon treatment is capable of regulating
brain BDNF levels, it could be used as a possible therapeutic
agent in neurodegenerative diseases like AD for treating
symptoms other than sleep disturbances.

7. Concluding Remarks

As AD disease involves a complex physiopathology, it has
been suggested that monotherapy targeting early single steps
in this complex cascade process may not be of much help
[149]. Pleiotrophic drugs that can act independently by
different routes including antioxidant, antiinflammatory,
and antiamyloid effects would be much beneficial in the
treatment of AD and other neurodegenerative disorders.
Available evidence indicates suppression of GSK-3β over-
activity; neuroinflammation and mitochondrial impairment
are some of the combined strategies required in AD.

Melatonin is a pleiotropic molecule with antioxidant,
antiinflammatory and antinitridergic properties [56, 154,
163]. It has also a role in sleep induction, and this is
important in view that sleep deprivation is one of the
cardinal features seen in AD and other neurodegenera-
tive diseases. Sleep deprivation is associated with GSK-
3β activation [164], altered proteosomal processing [165],
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oxidative damage [166], impaired mitochondrial integrity
and function [167], and neurodegenerative inflammation
[168]. Therefore, improvement of insomnia in neurode-
generative conditions and particularly in AD is a good
practical approach for arresting the progression of the disease
(Figure 1).

Melatonin and particularly ramelteon can be greatly
beneficial in preventing the insomnia-induced damage of
neuronal cells and can be of therapeutic value in treating
AD. Owing to its potent effect on MT1 and MT2 recep-
tors, ramelteon activates sleep onset by influencing the
hypothalamic “sleep switch” downstream from the SCN
more efficiently than melatonin itself [35]. Multicenter,
placebo-controlled clinical trials using ramelteon are needed
to prove the efficacy of this drug in arresting the progression
or prevention of AD or remission in the early stages of AD
such as MCI.
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Alzheimer’s disease (AD) is a multifactorial neurodegenerative disease related to the deposition of aggregated amyloid-β (Aβ)
peptides in the brain. It has been proposed that metal ion dyshomeostasis and miscompartmentalization contribute to AD
progression, especially as metal ions (e.g., Cu(II) and Zn(II)) found in Aβ plaques of the diseased brain can bind to Aβ and
be linked to aggregation and neurotoxicity. The role of metal ions in AD pathogenesis, however, is uncertain. To accelerate
understanding in this area and contribute to therapeutic development, recent efforts to devise suitable chemical reagents that
can target metal ions associated with Aβ have been made using rational structure-based design that combines two functions
(metal chelation and Aβ interaction) in the same molecule. This paper presents bifunctional compounds developed by two
different design strategies (linkage or incorporation) and discusses progress in their applications as chemical tools and/or potential
therapeutics.

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder that is a growing worldwide health concern
among aging populations [1, 2]. Attempts to unravel the
underlying causes of AD have been made across a variety
of disciplines, but despite the recognition of the physical
and mental symptoms of the disease, little is understood
about its etiology and pathological development [1–4]. It has
been established, however, that accumulated amyloid-β (Aβ)
plaques and neurofibrillary tangles are two of the defining
pathological characteristics of AD [1–4].

One of the currently accepted hypotheses of AD, the
amyloid cascade hypothesis, states that Aβ and its aggregated
forms may cause the neurodegeneration observed in diseased
brains [1–7]. Aβ is a peptide (38–43 amino acids in length)
cleaved from the transmembrane amyloid precursor protein
(APP) by β- and γ-secretases [1, 3–7]. Once generated,
Aβ peptides can aggregate into oligomers, protofibrils, and
fibrils that adopt the well-organized β-sheet structure [1,
3, 4]. To date, the aggregation pathways and neurotoxicity

of Aβ have been extensively studied, but their involvement
in the pathology of AD remains elusive [1, 3, 4, 7–12].
Current evidence suggests that monomers and fibrils are
relatively benign, while soluble oligomers, including dimers,
are responsible for the neurotoxicity leading to dementia
[8, 9]. It also has been suggested that the formation of
amyloid plaques may be an effect rather than a cause of
AD development, and further insight into the biological role
of Aβ may help elucidate this aspect [10–12]. Thus far, Aβ
has been identified as a causative agent in AD and ongoing
studies regarding the role of the Aβ peptide may contribute
to the establishment of a fundamental understanding of AD
neuropathogenesis.

Metal ion dyshomeostasis and miscompartmentaliza-
tion also are thought to play a significant part in the
progression of AD [1, 3, 4, 13–23]. The role of metal
ions, including their effects on Aβ production/aggregation
and neurotoxicity, is a relevant but contentious topic in
the research field of AD. Particularly, Al, Fe, Cu, and Zn
have been found to be associated with Aβ plaques in the
brains of AD patients; however, like Aβ, how these metals
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participate in AD pathogenesis is still unclear [1, 3, 4, 13–
25]. It has been suggested that Al(III) can cause a change
in the Aβ conformation that stabilizes the oligomeric state
and increases surface hydrophobicity, which may cause an
increase in toxicity and membrane permeability [16, 19, 26].
The implication of Al(III) in AD has been debatable, as stud-
ies have been conducted using nonphysiological conditions
[16].

Recent interest in this field has focused on the association
of Fe(II/III), Cu(I/II), and Zn(II) with AD development
[1, 3, 4, 13–25]. Redox active Fe(II/III) and Cu(I/II)
bound to Aβ species can undergo Fenton chemistry lead-
ing to the generation of reactive oxygen species (ROS)
such as hydrogen peroxide and hydroxyl radical. ROS can
cause oxidative damage to biological molecules, which may
trigger neurodegeneration. An additional effect of these
ions, especially Cu(II) and Zn(II), in the AD brain is
the facilitation of Aβ aggregation upon binding to the
peptide. Elevated concentrations of Cu(II) and Zn(II) have
been observed in senile plaques [1, 4, 13–15, 24, 25]; in
particular, high concentrations of labile zinc are found in
the regions of the brain most affected by AD, the cortex
and hippocampus [4, 13–17, 19]. Although these metal
ions have been shown to be involved in Aβ aggregation
events, their direct interactions with the peptide are not
completely established. To understand metal coordination
properties of Aβ, structural investigations of metal-bound
Aβ species have been performed employing a wide range
of techniques such as nuclear magnetic resonance (NMR)
spectroscopy, electron paramagnetic resonance (EPR) spec-
troscopy, circular dichroism (CD) spectroscopy, and mass
spectrometry (MS) [3, 4, 18, 21, 22]. These studies have
suggested that the coordination of Cu(II) and Zn(II) in
Aβ species could occur via three histidine residues (H6,
H13, and H14) and possibly another N-terminal residue or
the peptide backbone. Structural characterization of metal
binding to Aβ is of great interest and has been reviewed
elsewhere [4, 18, 21, 22].

The involvement of metal ions in AD has been integrated
into the established amyloid cascade hypothesis to form
the “metal hypothesis of Alzheimer’s disease,” which states
that the interactions between metal ions and Aβ, as well as
abnormal metal ion homeostasis, are connected with AD
neuropathogenesis [3, 4, 13–23]. Based on this hypothesis,
disruption of metal-Aβ interactions via metal chelation
therapy has been proposed in order to reduce neurotoxicity
of metal-Aβ species and restore metal ion homeostasis
in the brain [1, 3, 4, 13, 15–17, 19, 27–35]. To date,
several chelators such as EDTA (N,N

′
-1,2-ethanediylbis[N-

(carboxymethyl)]glycine), clioquinol (CQ, 5-chloro-7-iodo-
8-hydroxyquinoline), and an 8-hydroxyquinoline derivative
(PBT2) have been utilized as agents for metal ion chelation
therapy in AD (Figure 1). Among these compounds, CQ and
PBT2 improved cognition in phase II clinical trials [30–33];
however, long-term use of CQ is limited by a side effect,
subacute myelo-optic neuropathy [36]. Overall, the studies
using these and other traditional metal chelating agents
have exhibited modulation of metal-induced Aβ events
including aggregation and neurotoxicity in vitro and in vivo,
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Figure 1: Chemical structures of EDTA (N,N
′
-1,2-ethaned- iyl-

bis[N-(carboxymethyl)]glycine), clioquinol (CQ, 5-chloro-7-iodo-
8-hydroxyquinoline), and cyclen (cyc, 1,4,7,10-tetraazacyclododec-
ane).

which suggests that the continued development of metal ion
chelation therapy is a valuable pursuit for AD.

To obtain a greater understanding of the role of metal
ions associated with Aβ and fashion potential therapeu-
tic agents for AD, improvement upon the metal ion
chelation therapy approach would be desirable. Current
efforts have been to apply rational structure-based design
toward construction of small molecules that are capable
of synergistically recognizing both metal ions and Aβ [4,
37–42]. This approach could improve the limitations of
the traditional metal chelating compounds (e.g., nonspe-
cific metal chelation and low blood-brain barrier (BBB)
permeability). The reported small molecules that have
bifunctionality (metal chelation and Aβ interaction) are
hybrids of a metal chelation moiety like EDTA, CQ,
or cyclen (cyc, 1,4,7,10-tetraazacyclododecane) (Figure 1)
and a known Aβ interaction scaffold, including ThT, the
KLVFF peptide, curcumin, IMPY, and p-I-stilbene (ThT
= thioflavin-T, 2-[4-(dimethylamino)phenyl]-3,6-dimethyl-
benzothiazolium; curcumin = (1E,6E)-1,7-bis(4-hydroxy-
3-methoxyphenyl)-1,6-heptadiene-3,5-dione; IMPY = 4-(7-
iodoimidazo[1,2-a]pyridin-2-yl)-N,N-dimethylaniline; p-I-
stilbene = N,N-dimethyl-4-[(1E)-2-(4-iodophenyl)ethen-
yl]benzenamine) (Figure 2) [4, 37–42]. Bifunctional small
molecules targeted to metal ions surrounded by Aβ species
have been developed following two different design prin-
ciples (Figure 3, Approach I: linkage of metal chelation
and Aβ interaction structural components; Approach II:
incorporation of a metal-binding site into an Aβ interacting
framework). The capability of these bifunctional compounds
to regulate metal-Aβ-involved events such as aggregation
and neurotoxicity in vitro and in vivo is promising for
further applications. The progress to date in the design and
utilization of these compounds is discussed herein.

2. Approach I: Linked Compounds

The “linked” compounds are those in which a structural
moiety for metal binding is connected to an Aβ interacting
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Figure 3: Overview of the two rational structure-based design
strategies currently used to develop small molecules having bifunc-
tionality (metal chelation and Aβ interaction). The first approach
is based on the connection of metal chelation and Aβ recognition
structural moieties (Approach I: linkage). The second approach is
direct incorporation of a metal chelation site into an Aβ interacting
framework (Approach II: incorporation).

molecule (Approach I, Figure 3). The linked bifunctional
moleculesXH1(N,N-bis[2-[[2-[[4-(2-benzothiazolyl) phen-
yl]amino]-2-oxoethyl](carboxymethyl)amino]ethyl]glycine),
cyc-KLVFF, and cyc-Curcumin are discussed in this paper
(Figure 4) [4, 37–40].

2.1. XH1. One of the small molecules most frequently used
to understand Aβ aggregation pathways is ThT (Figure 2)
[43–46]. Due to the ability of ThT to selectively bind to

aggregated amyloid forms and thereby generate a fluores-
cence response, it can be employed to monitor the degree
of Aβ aggregation. It has been proposed that ThT could
be a useful framework to pursue in the development of Aβ
imaging agents [47]. The application of ThT as a chemical
probe in vivo, however, is limited by its positive charge,
which impairs its ability to diffuse through the BBB [47–49].
Neutral ThT derivatives (Figure 2) prepared to alleviate this
limitation of ThT exhibited more favorable properties, such
as 600-fold higher lipophilicity and greater binding affinity
to Aβ [47]. These compounds also adhere to the restrictive
terms of Lipinski’s rules (low molecular weight (MW ≤
450), relatively lipophilic (c logP, calculated logarithm of
the octanol/water partition coefficient, ≤5), hydrogen-bond
donor atoms (HBD ≤ 5), hydrogen-bond acceptor atoms
(HBA ≤ 10), and small polar surface area (PSA ≤
90 Å2)), which, along with the calculated logBB, can be used
to predict BBB permeability [48, 49]. The modifications
of the neutral ThT derivatives have been conducted to
devise applicable in vivo imaging agents. One of the most
successful examples has been the preparation and utilization
of a carbon-11-labeled compound, Pittsburgh Compound
B (Figure 2), as an agent for positron emission tomography
(PET) [47, 50, 51]. This compound has shown high affinity
for Aβ, specificity for staining plaques, and good brain
entry and clearance. Overall, the ThT scaffold is an ideal
candidate for chemical modification in order to produce new
bifunctional molecules capable of targeting metal-Aβ species
(vide infra).

Dedeoglu et al. were the first to report a neutral ThT-
conjugated EDTA derivative, XH1 (Figure 4), for metal-
associated Aβ species [39]. Computational ligand/receptor
docking studies using XH1 indicated its specific interactions
with Aβ1−40. XH1 was able to decrease Zn(II)-induced
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amino]ethyl]glycine), cyc-KLVFF, and cyc-Curcumin that were designed by Approach I (Figure 3).

Aβ1−40 aggregation as well as APP expression in human SH-
SY5Y neuroblastoma cells, indicating the possible modifica-
tion of metal-Aβ interactions by XH1. Given these positive
results in vitro and no significant neurotoxicity at low
micromolar concentrations in living cells, XH1 was tested
further in the presenilin 1 (PS1)/APP transgenic mice model.
While no behavior differences were observed in mice treated
with XH1 for four weeks compared to those untreated,
the deposition of Aβ plaques and the concentration of
cortical Aβ were reduced in the treated mice. Therefore,
these observations suggest that XH1 may be BBB permeable.
Overall, the Aβ interaction and nontoxic nature of XH1
are a promising beginning for designing a new class of
bifunctional small molecules.

2.2. Cyc-KLVFF. “β-sheet blockers” that interfere with amy-
loidogenesis by interacting with the portions of the peptide
responsible for facilitating self-aggregation have been inves-
tigated [52–56]. The peptide sequence containing residues
16–20 (KLVFF) from the full-length peptide has been found
to be the most effective at hindering Aβ fibrillogenesis.
A bifunctional small molecule, cyc-KLVFF (Figure 4), was
fashioned by the coupling of the KLVFF peptide as the
amyloid recognition moiety with the metal chelator cyclen
(Figures 1 and 2) [40]. Cyclen is a macrocyclic metal chelator
that can modulate Aβ aggregation and neurotoxicity in vitro
and in cortical neuronal cells of C57BL6/J mice, and it has
been shown that cyclen-Co(III) complexes have proteolytic
activity [57, 58]. Cyc-KLVFF (Figure 4) was effective toward
reducing metal-triggered Aβ aggregation and neurotoxicity
including Cu(II)-induced ROS production in vitro and in
neuronal cell culture [40]. Aggregated forms of the peptide
also were cleaved upon incubation with cyc(Cu(II))-KLVFF

complex. Apo-cyc-KLVFF was nontoxic in primary mouse
N2a neuroblastoma cells and could recover the toxicity of
Aβ1−42 in cells pretreated with Cu(II). These results indicate
the potential of apo-cyc-KLVFF to sequester Cu(II) from
heterogeneous environments to protect against metal-Aβ
events. Cyc-KLVFF potentially is limited by nonspecific
cleavage of other Cu-containing proteins while BBB per-
meability may present an additional challenge due to the
high MW of the compound [40, 48, 49]. Taken together,
the design and studies of cyc-KLVFF suggest that the linkage
of two structural frameworks for Aβ interaction and metal
chelation (Approach I, Figure 3) could enhance reactivity
toward metal-Aβ species.

2.3. Cyc-Curcumin. Curcumin (Figure 2) has shown anti-
amyloidogenic, antioxidative, and anti-inflammatory prop-
erties [59–61]. The structure-activity relationships of Aβ
aggregation inhibitors based on curcumin have been studied,
and three necessary structural features were identified: the
presence of two terminal aromatic groups, the substitution
of these aromatics, and the length and flexibility of the
linker between the aromatic groups [62]. The reported
properties of curcumin could afford a strong prototype
recognition framework to incorporate into new bifunc-
tional small molecules. Another bifunctional small molecule
containing cyclen, cyc-Curcumin (Figure 4), was prepared
to evaluate the ability of other recognition frameworks to
function in this platform [40]. The corresponding metal
complex, cyc(Cu(II))-Curcumin, presented Aβ aggregation
inhibition and Aβ cleavage activity similar to cyc(Cu(II))-
KLVFF. The cyc(Cu(II))-Curcumin complex showed modest
rescue of Aβ-induced neurotoxicity. This compound demon-
strates that linking a nonpeptide Aβ recognition/interaction
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molecule to a metal chelation framework may exert a similar
effect on Aβ aggregation pathways, introducing another
avenue to develop bifunctional compounds targeted to
metal-Aβ species following Approach I.

3. Approach II: Incorporated Compounds

The second class of bifunctional small compounds reviewed
herein was designed based on direct incorporation of a
metal-binding site into the structural framework of an Aβ
recognition/interaction molecule (Approach II, Figure 3).
Utilizing Approach II, three categories of compounds have
been reported: (a) the ThT-based molecules, HBX, HBT, BM,
and their iodinated derivatives (HBX = 2-(2-hydroxyphenyl)
benzoxazole; HBT = 2-(2-hydroxyphenyl)benzothiazole; BM
= 2-(2-aminophenyl)benzimidazole), (b) the IMPY deriva-
tive (1) (1 = 2-[4-(dimethylamino)phenyl]imidazo[1,2-a]
pyridine-8-ol), and (c) the stilbene derivative (2) (2 =
N1,N 1-dimethyl-N4-(pyridin-2-ylmethylene)benzene-1,4-
diamine) (Figure 5) [37, 38, 41, 42].

3.1. ThT Derivatives. The neutral ThT derivative (Figure 2)
was used as a framework for designing bifunctional small
molecules studied by Rodrı́guez-Rodrı́guez et al. [41]. By
virtual screening of commercially available neutral ThT
derivatives containing a bidentate metal chelation site, small
molecules that could target metal ions surrounded by
Aβ were identified. The criteria applied to select desired
compounds required that their structures could be iodinated
and satisfy the restrictive terms of Lipinski’s rules, along
with logBB [41, 48, 49]. Their virtual screen identified 36
candidates, which were narrowed to three small molecules,
HBX, HBT, and BM (Figure 5(a)). The iodinated ver-
sions of these three compounds, HBXI, HBTI, and BMI
(Figure 5(a)), also were prepared and investigated due to
their potential contribution to the development of new
SPECT imaging agents (SPECT = single photon emission
computed tomography).

HBXI and HBTI were found to be primarily neutral
at physiological pH (e.g., 7.4), which indicates potential
BBB permeability in vivo while BMI existed in both the
protonated and neutral forms at this pH [41]. The solution
speciation studies regarding the binding affinities of Cu(II)
and Zn(II) to these compounds suggest their capability
to sequester metal ions associated with soluble forms of
Aβ. Inhibition of both Cu(II)- and Zn(II)-induced Aβ
aggregation was most significant for HBTI, while HBXI
and BMI showed a similar effect only for Cu(II)-triggered
Aβ aggregation. Also, fluorescence measurements were con-
ducted to assess the possible use of HBX, HBT, and their
iodinated analogues as potential in vivo biomarkers for
amyloid aggregates. Promisingly, HBX and HBT exhibited
stronger fluorescence responses with mature amyloid fib-
rils than Pittsburgh Compound B, used in clinical trials.
HBXI and HBTI demonstrate the potential for improving
radioisotopic detection of Aβ aggregates in the human brain
[41]. Taken together, the studies using small, neutral ThT
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Figure 5: Chemical structures of small molecules (a) HBX/HBXI,
HBT/HBTI, and BM/BMI, (b) 1, and (c) 2 that were constructed
employing Approach II (Figure 3) (HBX = 2-(2-hydroxyphenyl)
benzoxazole; HBT = 2-(2-hydroxyphenyl)benzothiazole; BM =
2-(2-aminophenyl)benzimidazole; 1 = 2-[4-(dimethylamino)phe-
nyl]imidazo[1,2-a]pyridine-8-ol; 2 = N1,N1-dimethyl-N4-(pyri-
din-2-ylmethylene)benzene-1,4-diamine).

derivatives suggest that bifunctional small molecules could
have multiple applications in AD diagnosis and therapy.

3.2. IMPY Derivative. The need for in vivo Aβ plaque
imaging molecules also has led to the development of a
ThT analogue, IMPY (Figure 2) [63–68]. This radiolabeled
iodinated ligand can be a useful SPECT reagent over some
current PET probes for a number of reasons including
practicality of administering the compound as well as cost
and availability of SPECT equipment in clinical settings
[64–66]. IMPY binds to Aβ1−40 aggregates with nanomolar
affinity and likely occupies a similar binding site as the
thioflavin dyes due to its planarity and hydrophobicity. IMPY
also has shown favorable pharmacokinetic properties in the
Tg2576 and PS1/APP transgenic mouse models as well as
safety in human patients [64–66]. The studies performed
thus far illustrate the promise of radiolabeled IMPY as an in
vivo SPECT imaging agent for potential diagnosis of AD in
human patients.

The positive outcomes from studies with IMPY suggest
that the modification of this framework to include a metal
chelation site could be effective for developing bifunctional
small molecules toward metal ions associated with Aβ. One
bifunctional IMPY derivative, 1, has been reported by Lim
and coworkers (Figure 5(b)) [42]. An OH functionality was
incorporated into the core framework of IMPY to generate
a metal chelation site. Additionally, the structure fulfills
the criteria of the restrictive terms of Lipinski’s rules and
the logBB values, indicating that it may be drug-like and
BBB permeable [48, 49]. Along with metal-binding studies
of 1 by UV-visible spectroscopy, two-dimensional (2D)
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1H-15N TROSY-HSQC NMR spectroscopy was employed
in order to understand the interaction of 1 with Aβ1−40

monomer (TROSY = transverse relaxation optimized spec-
troscopy; HSQC = heteronuclear single quantum correla-
tion). Changes in the shifts of the NMR spectrum indicated
that 1 interacts with Aβ residues including E11 and H13.
Based on the close proximity of these residues to the metal
chelation site (H6, H13, and H14) [3, 4, 18, 21, 22], 1
could possibly interact with metal ions in that portion of
the peptide. This implies that 1 may have the potential
to block Aβ fibrillogenesis from the monomeric state via
disruption of metal-Aβ interactions. Compared with the
traditional metal chelators CQ, phen (1,10-phenanthroline),
and EDTA, 1 more effectively inhibited Cu(II)-triggered
Aβ aggregation and disassembled Cu(II)-associated Aβ
aggregates [42]. Furthermore, 1 was able to modulate
ROS generated by Cu-Aβ species. Although this compound
showed cytotoxicity in human neuroblastoma cells at low
micromolar concentrations, the favorable reactivity toward
Cu(II)-associated Aβ aggregation pathways warrants further
chemical modifications of the IMPY scaffold for serving in
future investigations.

3.3. Stilbene Derivative. Stilbene derivatives (Figure 2) have
been widely devised and used as imaging agents for amyloid
plaques [69–71]. Overall, stilbene derivatives are small,
simple structures that could be labeled easily for in vivo
imaging applications. While trans-stilbene has low affinity
for Aβ aggregates, derivatives that contain electron-donating
functionalities such as p-N(CH3)2, p-OCH3, or p-OH groups
bind to Aβ with higher affinity. These characteristics have
made it an exemplar framework to modify for construction
of bifunctional molecules. Thus, Hindo et al. have recently
reported a stilbene derivative (2, Figure 5(c)) containing two
N donor atoms as a bidentate metal chelation site [42]. Based
on the restrictive terms of Lipinski’s rules and the calculated
logBB value, 2 satisfies the requirements for potential BBB
permeability [48, 49].

The stilbene derivative, 2, presented encouraging reactiv-
ity toward metal-Aβ species [42]. This molecule was shown
to interact with Cu(II) studied by UV-visible spectroscopy
and the interaction of the compound with Aβ1−40 monomer
was investigated using 2D 1H-15N TROSY-HSQC NMR
spectroscopy. Similar to 1, upon addition of 2 to the peptide
solution, the residues E11 and H13 were most significantly
shifted, which suggests close contact of 2 with the metal-
binding site in Aβ. The bifunctional compound 2 not only
controlled Cu(II)-induced formation of Aβ aggregation but
also disaggregated preformed Cu(II)-treated Aβ aggregates.
In addition, this compound attenuated ROS formation
by Cu-Aβ species, indicated no cytotoxicity up to high
micromolar concentrations, and, more importantly, was
capable of diminishing neurotoxicity of Cu-Aβ species in
human neuroblastoma cells. Though 2 has shown promising
results thus far, the instability of this compound in aqueous
media due to the susceptibility of the imine functionality
to hydrolysis would hinder its in vivo applications. There-
fore, structural modifications of 2 will lead to the next

generation of biologically compatible small molecules as
chemical tools and/or potential therapeutic agents for AD
[72].

4. Conclusion

Metal ions associated with Aβ have been suggested to be
related to AD neuropathogenesis; however, the detailed
mechanisms are not fully understood. To elucidate the
role of metal ions surrounded by Aβ and eventually to
diagnose, treat, and prevent AD, small molecules that
have bifunctionality (metal chelation and Aβ interaction)
have been designed as chemical tools and/or potential
therapeutic agents based on the two rational structure-
based design strategies. The first approach involves linking
two structural components for metal chelation and Aβ
interaction. According to this approach, XH1, cyc-KLVFF,
and cyc-Curcumin were constructed by combining the Aβ
recognition/interaction molecules (ThT, the KLVFF peptide,
or curcumin) with metal chelation moieties (EDTA or
cyclen). The second approach represents direct incorpora-
tion of N and/or O donor atoms for metal chelation into
Aβ interacting frameworks (ThT, IMPY, or p-I-stilbene)
producing HBX/HBXI, HBT/HBTI, BM/BMI, 1, and 2. The
bifunctional compounds described in this paper have shown
promising preliminary results toward metal-induced Aβ
aggregation and neurotoxicity in vitro and/or in vivo; how-
ever, comprehensive in vivo studies of these molecules would
be valuable. Common challenges of developing effective
small molecules in biological systems (in particular, in the
brain) include optimization of BBB permeability, stability,
and toxicity in order to accomplish their future applications.
Overall, the bifunctional small molecules discussed herein
have laid a foundation for the emerging field of rational
structure-based design of small molecules for targeting metal
ions surrounded by Aβ species and regulating metal-involved
Aβ events. Future endeavors in this area will provide inspira-
tion for uncovering details of the roles of metal-Aβ species in
AD neuropathogenesis and may offer insight into the appli-
cability to and understanding of other neurodegenerative
diseases.

Acknowledgments

This work was supported by generous startup funding and
a Rackham Faculty Grant from the Horace H. Rackham
School of Graduate Studies from the University of Michigan,
the Alzheimer’s Art Quilt Initiative (AAQI), as well as
the Alzheimer’s Association (NIRG-10-172326) (to M. H.
Lim). A. S. DeToma thanks the Graduate Assistance in
Areas of National Need Fellowship from the University of
Michigan. J.-S. Choi is grateful to the National Research
Foundation of Korea funded by the Korean Government
for a Postdoctoral Fellowship (NRF-2009-352-F00042). The
authors thank Nichole Schmidt for helpful assistance. J. J.
Braymer and A. S. DeToma contributed equally to this paper.



International Journal of Alzheimer’s Disease 7

References

[1] R. Jakob-Roetne and H. Jacobsen, “Alzheimer’s disease: from
pathology to therapeutic approaches,” Angewandte Chemie
International Edition, vol. 48, no. 17, pp. 3030–3059, 2009.

[2] M. Citron, “Alzheimer’s disease: strategies for disease modifi-
cation,” Nature Reviews Drug Discovery, vol. 9, no. 5, pp. 387–
398, 2010.

[3] A. Rauk, “The chemistry of Alzheimer’s disease,” Chemical
Society Reviews, vol. 38, no. 9, pp. 2698–2715, 2009.

[4] L. E. Scott and C. Orvig, “Medicinal inorganic chemistry
approaches to passivation and removal of aberrant metal ions
in disease,” Chemical Reviews, vol. 109, no. 10, pp. 4885–4910,
2009.

[5] J. A. Hardy and G. A. Higgins, “Alzheimer’s disease: the
amyloid cascade hypothesis,” Science, vol. 256, no. 5054, pp.
184–185, 1992.

[6] J. Hardy and D. J. Selkoe, “The amyloid hypothesis of
Alzheimer’s disease: progress and problems on the road to
therapeutics,” Science, vol. 297, no. 5580, pp. 353–356, 2002.

[7] G. Verdile, S. Fuller, C. S. Atwood, S. M. Laws, S. E. Gandy,
and R. N. Martins, “The role of beta amyloid in Alzheimer’s
disease: still a cause of everything or the only one who got
caught?” Pharmacological Research, vol. 50, no. 4, pp. 397–409,
2004.

[8] C. Haass and D. J. Selkoe, “Soluble protein oligomers in
neurodegeneration: lessons from the Alzheimer’s amyloid β-
peptide,” Nature Reviews Molecular Cell Biology, vol. 8, no. 2,
pp. 101–112, 2007.

[9] G. M. Shankar, S. Li, T. H. Mehta et al., “Amyloid-β protein
dimers isolated directly from Alzheimer’s brains impair synap-
tic plasticity and memory,” Nature Medicine, vol. 14, no. 8, pp.
837–842, 2008.

[10] H.-G. Lee, G. Casadesus, X. Zhu, A. Takeda, G. Perry, and M.
A. Smith, “Challenging the amyloid cascade hypothesis: senile
plaques and amyloid-β as protective adaptations to Alzheimer
disease,” Annals of the New York Academy of Sciences, vol. 1019,
pp. 1–4, 2004.

[11] S. J. Soscia, J. E. Kirby, K. J. Washicosky et al., “The Alzheimer’s
disease-associated amyloid β-protein is an antimicrobial pep-
tide,” PLoS ONE, vol. 5, no. 3, article no. e9505, 2010.

[12] J. J. Palop and L. Mucke, “Amyloid-β-induced neuronal
dysfunction in Alzheimer’s disease: from synapses toward
neural networks,” Nature Neuroscience, vol. 13, no. 7, pp. 812–
818, 2010.

[13] C. J. Maynard, A. I. Bush, C. L. Masters, R. Cappai, and
Q.-X. Li, “Metals and amyloid-β in Alzheimer’s disease,”
International Journal of Experimental Pathology, vol. 86, no. 3,
pp. 147–159, 2005.

[14] K. J. Barnham and A. I. Bush, “Metals in Alzheimer’s and
Parkinson’s diseases,” Current Opinion in Chemical Biology,
vol. 12, no. 2, pp. 222–228, 2008.

[15] A. I. Bush and R. E. Tanzi, “Therapeutics for Alzheimer’s
disease based on the metal hypothesis,” Neurotherapeutics, vol.
5, no. 3, pp. 421–432, 2008.

[16] J. A. Duce and A. I. Bush, “Biological metals and Alzheimer’s
disease: implications for therapeutics and diagnostics,”
Progress in Neurobiology, vol. 92, no. 1, pp. 1–18, 2010.

[17] F. Molina-Holgado, R. C. Hider, A. Gaeta, R. Williams, and P.
Francis, “Metals ions and neurodegeneration,” Biometals, vol.
20, no. 3-4, pp. 639–654, 2007.

[18] E. Gaggelli, H. Kozlowski, D. Valensin, and G. Valensin,

“Copper homeostasis and neurodegenerative disorders
(Alzheimer’s, prion, and Parkinson’s diseases and amyotrophic
lateral sclerosis),” Chemical Reviews, vol. 106, no. 6, pp. 1995–
2044, 2006.

[19] P. Zatta, D. Drago, S. Bolognin, and S. L. Sensi, “Alzheimer’s
disease, metal ions and metal homeostatic therapy,” Trends in
Pharmacological Sciences, vol. 30, no. 7, pp. 346–355, 2009.

[20] X. Zhu, B. Su, X. Wang, M. A. Smith, and G. Perry, “Causes of
oxidative stress in Alzheimer disease,” Cellular and Molecular
Life Sciences, vol. 64, no. 17, pp. 2202–2210, 2007.

[21] P. Faller, “Copper and zinc binding to amyloid-β: coor-
dination, dynamics, aggregation, reactivity and metal-ion
transfer,” ChemBioChem, vol. 10, no. 18, pp. 2837–2845, 2009.

[22] P. Faller and C. Hureau, “Bioinorganic chemistry of copper
and zinc ions coordinated to amyloid-β peptide,” Dalton
Transactions, no. 7, pp. 1080–1094, 2009.

[23] C. Hureau and P. Faller, “Aβ-mediated ROS production by
Cu ions: structural insights, mechanisms and relevance to
Alzheimer’s disease,” Biochimie, vol. 91, no. 10, pp. 1212–1217,
2009.

[24] M. A. Lovell, J. D. Robertson, W. J. Teesdale, J. L. Campbell,
and W. R. Markesbery, “Copper, iron and zinc in Alzheimer’s
disease senile plaques,” Journal of the Neurological Sciences, vol.
158, no. 1, pp. 47–52, 1998.

[25] L. M. Miller, Q. Wang, T. P. Telivala, R. J. Smith, A.
Lanzirotti, and J. Miklossy, “Synchrotron-based infrared and
X-ray imaging shows focalized accumulation of Cu and Zn
co-localized with β-amyloid deposits in Alzheimer’s disease,”
Journal of Structural Biology, vol. 155, no. 1, pp. 30–37, 2006.

[26] F. Ricchelli, D. Drago, B. Filippi, G. Tognon, and P. Zatta,
“Aluminum-triggered structural modifications and aggrega-
tion of β-amyloids,” Cellular and Molecular Life Sciences, vol.
62, no. 15, pp. 1724–1733, 2005.

[27] M. P. Cuajungco, K. Y. Fagét, X. Huang, R. E. Tanzi, and A. I.
Bush, “Metal chelation as a potential therapy for Alzheimer’s
disease,” Annals of the New York Academy of Sciences, vol. 920,
pp. 292–304, 2000.

[28] P. J. Crouch, A. R. White, and A. I. Bush, “The modulation
of metal bio-availability as a therapeutic strategy for the
treatment of Alzheimer’s disease,” The FEBS Journal, vol. 274,
no. 15, pp. 3775–3783, 2007.

[29] S. Bolognin, D. Drago, L. Messori, and P. Zatta, “Chelation
therapy for neurodegenerative diseases,” Medicinal Research
Reviews, vol. 29, no. 4, pp. 547–570, 2009.

[30] R. A. Cherny, C. S. Atwood, M. E. Xilinas et al., “Treatment
with a copper-zinc chelator markedly and rapidly inhibits
β-amyloid accumulation in Alzheimer’s disease transgenic
mice,” Neuron, vol. 30, no. 3, pp. 665–676, 2001.

[31] C. W. Ritchie, A. I. Bush, A. Mackinnon et al., “Metal-protein
attenuation with iodochlorhydroxyquin (clioquinol) targeting
Aβ amyloid deposition and toxicity in Alzheimer disease: a
pilot phase 2 clinical trial,” Archives of Neurology, vol. 60, no.
12, pp. 1685–1691, 2003.

[32] P. A. Adlard, R. A. Cherny, D. I. Finkelstein et al., “Rapid
restoration of cognition in Alzheimer’s transgenic mice with
8-hydroxy quinoline analogs is associated with decreased
interstitial Aβ,” Neuron, vol. 59, no. 1, pp. 43–55, 2008.

[33] L. Lannfelt, K. Blennow, H. Zetterberg et al., “Safety, efficacy,
and biomarker findings of PBT2 in targeting Aβ as a modify-
ing therapy for Alzheimer’s disease: a phase IIa, double-blind,
randomised, placebo-controlled trial,” The Lancet Neurology,
vol. 7, no. 9, pp. 779–786, 2008.

[34] M. B. Cardelli, M. Russell, C. A. Bagne, and N. Pomara,
“Chelation therapy. Unproved modality in the treatment of



8 International Journal of Alzheimer’s Disease

Alzheimer-type dementia,” Journal of the American Geriatrics
Society, vol. 33, no. 8, pp. 548–551, 1985.

[35] J.-Y. Lee, J. E. Friedman, I. Angel, A. Kozak, and J.-Y. Koh, “The
lipophilic metal chelator DP-109 reduces amyloid pathology
in brains of human β-amyloid precursor protein transgenic
mice,” Neurobiology of Aging, vol. 25, no. 10, pp. 1315–1321,
2004.

[36] J. L. Arbiser, S.-K. Kraeft, R. van Leeuwen et al., “Clioquinol-
zinc chelate: a candidate causative agent of subacute myelo-
optic neuropathy,” Molecular Medicine, vol. 4, no. 10, pp. 665–
670, 1998.

[37] C. Hureau, I. Sasaki, E. Gras, and P. Faller, “Two functions, one
molecule: a metal-binding and a targeting moiety to combat
Alzheimer’s disease,” ChemBioChem, vol. 11, no. 7, pp. 950–
953, 2010.

[38] L. R. Perez and K. J. Franz, “Minding metals: tailoring mul-
tifunctional chelating agents for neurodegenerative disease,”
Dalton Transactions, vol. 39, no. 9, pp. 2177–2187, 2010.

[39] A. Dedeoglu, K. Cormier, S. Payton et al., “Preliminary studies
of a novel bifunctional metal chelator targeting Alzheimer’s
amyloidogenesis,” Experimental Gerontology, vol. 39, no. 11-
12, pp. 1641–1649, 2004.

[40] W.-h. Wu, P. Lei, Q. Liu et al., “Sequestration of copper from
β-amyloid promotes selective lysis by cyclen-hybrid cleavage
agents,” Journal of Biological Chemistry, vol. 283, no. 46, pp.
31657–31664, 2008.

[41] C. Rodrı́guez-Rodrı́guez, N. Sánchez de Groot, A. Rimola
et al., “Design, selection, and characterization of thioflavin-
based intercalation compounds with metal chelating prop-
erties for application in Alzheimer’s disease,” Journal of the
American Chemical Society, vol. 131, no. 4, pp. 1436–1451,
2009.

[42] S. S. Hindo, A. M. Mancino, J. J. Braymer et al., “Small
molecule modulators of copper-induced Aβ aggregation,”
Journal of the American Chemical Society, vol. 131, no. 46, pp.
16663–16665, 2009.

[43] P. S. Vassar and C. F. A. Culling, “Fluorescent stains, with
special reference to amyloid and connective tissues,” Archives
of Pathology, vol. 68, no. 5, pp. 487–498, 1959.

[44] H. LeVine III, “Thioflavine T interaction with synthetic
Alzheimer’s disease β-amyloid peptides: detection of amyloid
aggregation in solution,” Protein Science, vol. 2, no. 3, pp. 404–
410, 1993.

[45] R. Leuma Yona, S. Mazères, P. Faller, and E. Gras, “Thioflavin
derivatives as markers for amyloid-β fibrils: insights into
structural features important for high-affinity binding,”
ChemMedChem, vol. 3, no. 1, pp. 63–66, 2008.

[46] C. Rodrı́guez-Rodrı́guez, A. Rimola, L. Rodrı́guez-Santiago
et al., “Crystal structure of thioflavin-T and its binding to
amyloid fibrils: insights at the molecular level,” Chemical
Communications, vol. 46, no. 7, pp. 1156–1158, 2010.

[47] W. E. Klunk, Y. Wang, G.-f. Huang, M. L. Debnath, D. P. Holt,
and C. A. Mathis, “Uncharged thioflavin-T derivatives bind to
amyloid-beta protein with high affinity and readily enter the
brain,” Life Sciences, vol. 69, no. 13, pp. 1471–1484, 2001.

[48] C. A. Lipinski, F. Lombardo, B. W. Dominy, and P. J. Feeney,
“Experimental and computational approaches to estimate sol-
ubility and permeability in drug discovery and development
settings,” Advanced Drug Delivery Reviews, vol. 46, no. 1–3, pp.
3–26, 2001.

[49] D. E. Clark and S. D. Pickett, “Computational methods for the
prediction of ‘drug-likeness’,” Drug Discovery Today, vol. 5, no.
2, pp. 49–58, 2000.

[50] W. E. Klunk, H. Engler, A. Nordberg et al., “Imaging brain

amyloid in Alzheimer’s disease with Pittsburgh compound-B,”
Annals of Neurology, vol. 55, no. 3, pp. 306–319, 2004.

[51] D. A. Wolk and W. E. Klunk, “Update on amyloid imaging:
from healthy aging to Alzheimer’s disease,” Current Neurology
and Neuroscience Reports, vol. 9, no. 5, pp. 345–352, 2009.

[52] C. Soto, E. M. Sigurdsson, L. Morelli, R. A. Kumar, E.
M. Castaño, and B. Frangione, “β-sheet breaker peptides
inhibit fibrillogenesis in a rat brain model of amyloidosis:
implications for Alzheimer’s therapy,” Nature Medicine, vol. 4,
no. 7, pp. 822–826, 1998.

[53] J. F. Poduslo, G. L. Curran, A. Kumar, B. Frangione, and C.
Soto, “β-Sheet breaker peptide inhibitor of Alzheimer’s amy-
loidogenesis with increased blood-brain barrier permeability
and resistance to proteolytic degradation in plasma,” Journal
of Neurobiology, vol. 39, no. 3, pp. 371–382, 1999.
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