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Aggregation and subsequent conformational change of Alzheimer’s β-amyloid protein (AβP) enhance its neurotoxicity. Therefore, factors that inhibit or promote conformational changes of AβP play crucial roles in the pathogenesis of Alzheimer’s disease (AD). Moreover, recent studies have suggested that a common mechanism is based on
the diverse diseases termed “conformational diseases” including neurodegenerative diseases such as AD, prion
diseases, Parkinson’s disease, and Huntington’s disease. These diseases share similarity in the formation of β-sheet
containing amyloid fibrils by disease-related proteins and the introduction of apoptotic degeneration. Aluminum, an
environmental risk factor for AD, is a widely used cross-linker that causes conformational changes of AβP and other
proteins. This report reviews and discusses characteristics of aluminum-induced conformational changes of AβP and
their implication in pathogenesis of AD. Taking together our results and those of numerous other studies, we hypothesize that aluminum-induced conformational changes enhance the neurotoxicity of AβP and lead to development of
AD.
Key words —–— conformational disease, prion disease, aggregation, neurotoxicity, calcium homeostasis

INTRODUCTION
Alzheimer’s disease (AD) is a senile type dementia characterized by abnormal deposits of senile
plaques and neurofibrillary tangles (NFTs) in
patient’s brain. The major component of senile
plaque is β-amyloid protein (AβP). AβP is a small
peptide with 39–43 amino acid residues derived from
the proteolytic cleavage of a large precursor protein
(amyloid precursor protein; APP). Yankner et al. reported that the first 40 amino acid residues of AβP
(AβP[1–40]) caused the death of cultured rat hippocampal neurons.1) Recent genetic studies revealed
that the 21st chromosome of familial Alzheimer’s
patients possesses a single point mutation in the
codon for APP.2) These evidences support the idea
that accumulation of AβP and consequent neuro*To whom all correspondence should be addressed: Department
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Nobeoka-city, Miyazaki 882–8508, Japan. Tel.: +81-982-235706; Fax: +81-982-23-5708; E-mail: kawamasa@phoenix.ac.jp

degeneration caused by AβP may be based on the
molecular mechanism of AD.3) However, AβP has
an intrinsic tendency to polymerize and form insoluble aggregates with β-pleated sheet structures
in an aqueous solution. There is increasing evidence
that aggregation and subsequent conformational
changes of AβP enhance its neurotoxicity. Simmons
et al. demonstrated that the ratio of β-sheet structures of AβP[1–40] was correlated with its neurotoxicity.4) A longer peptide variant (AβP[1–42]) has
the characteristic of immediate polymerization compared to AβP[1–40]: it enhances aggregation of
AβP[1–40].5)
Considering that AβP exists in cerebrospinal fluid
(CSF) even during childhood and that its concentration is not elevated in the CSF of AD patients compared with that in controls,6) it is probable that factors that promote or inhibit aggregation of AβP play
crucial roles in its neurotoxicity (Fig. 1). As such
inhibitory factors, transthyretin, a protein colocalized
with AβP in CSF, was reported to bind to AβP and
thereby inhibit its aggregation.7) Non-aggregated AβP
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Fig. 1. Hypothesis Regarding the Metal-Induced Aggregation of AβP in the Pathogenesis of Alzheimer’s Disease
Secreted AβP is rapidly degraded by proteases in general. However, in the presence of factors that promote aggregation, AβP forms insoluble and
protease-resistant polymers and accumulates in the brain. AβP can incorporate into membranes directly, where it forms “amyloid channels” and disrupts
calcium homeostasis. The channels comprise peptide oligomers; therefore, polymerization of AβP enhances the provability of forming channels. The
abnormal influx of calcium through the amyloid channels can trigger various neurodegenerative pathways such as the phosphorylation of tau and the
generation of free radicals, leading to neuronal death and AD pathogenesis. The abnormal calcium influx through amyloid channels causes neuronal death
and may lead ultimately to AD.

is inferred to be degraded by the usual proteolytic
pathways. Several non-steroidal anti-inflammatory
drugs (NSAIDs) such as aspirin or ibuprofen were
reported to inhibit the aggregation of AβP.8) Recent
epidemiological studies have suggested that these
NSAIDs reduce the relative risk of AD.9) Rifampicin (an antibiotic), or β-sheet breaker peptide (a peptide analogue of AβP) were also reported to inhibit
polymerization of AβP and are considered to be candidates of drugs for AD treatment.10,11) On the other
hand, there are factors that promote the polymerization of AβP and thereby enhance the risk of AD. As
such factors, free radicals,12) incubation at 37°C,13)
and trace metals have been reported. Among them,

aluminum (Al) has attracted attention for its possible implication in AD based on numerous epidemiological and biochemical studies.14)
Effects of Aluminum on Conformational Changes
of A␤P
The aluminum ion (Al3+) possesses several peculiar chemical characteristics.15) Al3+ favors oxygendonor ligands, especially if they are negatively
charged. Inorganic or organic phosphates, carboxylate, deprotonated hydroxy groups are strong Al3+
binders. Furthermore, the ligand-exchange rate for
Al3+ is very low compared to other essential metals.
For example, Al3+ is reported to be 107 more effec-
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Fig. 2. Deposition of Al-Aggregated AβP on Cultured Neurons
Solutions of AβP[1–40] pre-incubated at 37°C for 24 hr, AβP[1–40] pretreated with AlCl3 1 mM, and AβP[1–40] pretreated with ZnCl2 1 mM were
applied to cultured rat cortical neurons. After 4 days, cultured neurons were washed out, double-immunostained with an antibody to AβP and an antibody
to MAP2, and observed under a confocal laser scanning microscope. Bar represents 50 µm.

tive than Mg2+ in the binding and polymerization of
tubulin. Thus, biological processes involving rapid
Ca2+ exchange could be inhibited by substitution of
the 108-fold slower Al3+. Also, Al3+ shares similarities with iron ion (Fe3+) and binds to Fe3+-binding
proteins such as transferrin. These chemical characteristics of Al3+ make it useless in metal-engaged
biological reactions, and therefore, Al is not essential in biological functions. Al is a widely used crosslinker as a tanning agent for leathers.
There are reports of Al3+-induced conformational
change of calmodulin.16) Strong binding of Al3+ to
phosphorylated amino acids promotes self-aggregation of highly phosphorylated cytoskeletal proteins
such as neurofilament or microtubule-associated
proteins (MAPs).17,18) Al3+ also binds to transferrin
and changes its conformation. Exley et al. demonstrated that Al caused conformational changes of
AβP[1–40] using circular dichroism spectroscopy.19)
Mantyh et al. reported that Al, Fe and zinc (Zn) promoted aggregation of 125I-labeled AβP[1–40].20) We
have developed a system for the investigation of AβP
polymerization involving immunoblotting and precipitation. Using that method, we found that Al enhances polymerization of AβP[1–40] and forms sodium dodecyl sulfate (SDS)-stable oligomers in
vitro.21,22) Aggregated AβP[1–40] was re-dissolved

by adding deferoxamine (DFO), a chelator of Al.
Polymerization induced by Al was more marked than
that by other metals including Zn, Fe, Cu, and cadmium (Cd). Furthermore, Al-aggregated AβPs tightly
bound to the surface of cultured neurons and formed
fibrillar deposits, whereas Zn-aggregated AβPs were
rarely observed on the surface of cultured neurons
after 4 days (Fig. 2).23) These results suggest that Alaggregated AβPs have strong affinity to membrane
surfaces and are scarcely degraded by proteases.
Although Al3+ firmly binds to adenosine triphosphate
(ATP), ATP enhanced Al-induced β-sheet formation
of AβP.24) Meanwhile, acetyl salicylic acid (aspirin)
reduced Al-induced aggregation of AβP.8)
Bush et al. argued that Zn2+ in the range similar
to that in CSF was sufficient to cause aggregation of
AβP.25) The binding of Cu2+ to AβP induced aggregation and caused rise to reactive oxygen species.26)
Furthermore, APP possesses copper/zinc binding
sites in its amino-terminal domain and in the AβP
domain.27) However, a large amount of Zn exists in
the brain and the high concentration (up to 300 µM)
of Zn2+ is secreted to synaptic clefts after neuronal
excitation.28) Thus, the implication of Zn-induced
AβP polymerization in the etiology of AD remains
elusive.
Abnormal deposits of AβP (senile plaques) are
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observed in aged humans, monkeys, and dogs, but
rarely found in rats and mice. Although the sequences
of rodent APP are approximately 96% similar to
human APP, three amino acid substitutions are found
in the A β P region of rodents: Arg 5 → Gly,
Tyr10 → Phe, and His13 → Arg.29) All of these residues have the ability to bind to metals. The Tyr and
Arg residues of transferrin are essential for its binding to Fe3+. Aggregation of AβP induced by Zn or
Cu was abolished by the methylation of its His residues.27) Therefore, it is probable that these metalbinding amino acid residues are crucial for metalinduced polymerization of AβP; their substitutions
might explain the lack of amyloid deposits in rodent
brains. We synthesized mutated AβP substituted these
metal-binding amino acid residues to investigate the
mechanism of Al3+ binding to AβP. We found that
Tyr10 is essential for Al-induced polymerization of
AβP.30)
Effects of Aluminum on Other Disease-Related
Proteins
Diverse human disorders are thought to arise
from the misfolding and aggregation of an underlying protein. Those diseases include neurodegenerative disorders such as AD, Parkinson’s disease, prion
encephalopathies, and triplet repeat disease (including Huntington’s disease), as well as cystic fibrosis
and systemic amyloidosis. Carrell and Lomas proposed the concept of “conformational disease,”
which may explain the same mechanism of development of these diseases.31) The underlying diseaserelated proteins exhibit similarities in terms of formation of amyloid fibrils with β-pleated sheet structures and the introduction of apoptotic degeneration.
Aggregation and fibrillation of α-synuclein has been
implicated in the formation of abnormal inclusions
(Lewy bodies) and has been considered as a key step
in the etiology of Parkinson’s disease and several
other neurodegenerative disorders (dementia with
Lewy bodies; DLB). Uversky et al. found that Al
and other metals markedly promoted the aggregation of α-synuclein.32) Furthermore, Al promotes
aggregation of APP33) and tau protein,34) which is a
major component of Alzheimer’s NFTs.
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ing Ca2+) ion channels.35) Characteristics of these
amyloid channels (“pores”) formed on neuronal
membranes were quite similar to those first reported
on artificial planar membranes.36,37) Conformational
analysis of AβP in membranes suggests that the 5to 8-mers of AβP[1–40] oligomerize and form a
channel structure across the membrane.38) AβP[1–
42] or other amyloidogenic peptides such as prion
protein fragment in prion diseases, human islet amyloid peptide (amylin) in type 2 diabetes mellitus,
polyglutamin in triplet repeat disease, and αsynuclein in Parkinson’s disease were reported to
form channels on artificial lipid bilayers.39) Table 1
summarizes the characteristics of amyloidogenic
peptides. Although these peptides have no similarities in their primary sequences, all peptides form
amyloid fibril structures with β-pleated sheets, possess cytotoxicity, and have ability to form ion channels. Meanwhile, although the sequence of rodent
amylin is approximately 95% similar to human
amylin, rat amylin has no ability to form amyloid
fibrils, to cause cytotoxicity, or to form ion channels.
Abnormal influx of Ca2+ into neurons through
these “amyloid channels” is inferred to trigger various neurodegenerative processes and apoptotic pathways. In fact, we have also demonstrated that AβP
causes an acute increase of intracellular calcium level
of neuronal cells and consequent cell death as expected. Furthermore, other amyloidogenic peptides
including prion protein fragment and human islet
amyloid peptide caused disruption of calcium homeostasis.40)
In light of these facts, we formed the following
hypothesis about the polymerization of AβP and
Alzheimer’s pathogenesis: Once channels were
formed on neuronal membranes, the abnormal influx of [Ca2+] triggers various neurodegenerative
pathways, and finally leads to AD. This hypothesis
coincides with the idea that amyloid fibers form cylindrical nanotubes constructed with β-sheet oligomers as shown by X-ray crystallography and electron microscope analysis.41)

CONCLUSION
Mechanism of A␤P Neurotoxicity
The precise mechanism underlying AβP-induced
neuronal death remains elusive. However, we have
found that AβP[1–40] directly incorporates into neuronal membranes and forms cation-selective (includ-

Although the link between Al and AD has been
discussed for several decades, it is still controversial. However, there is increasing evidence that suggests the implication of metals in AD pathogenesis.
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Table 1. Characteristics of Conformational Disease-Related Protein
Amyloidogenic protein or its fragment
peptide
AβP[1–40]
DAEFRHDSGYEVHHQKLVFFAE
DVGSNKGAlIGLMVGGVV

β-sheet
formation

Cyto
toxicity

Channel
formation

+

+

+

Prion disease

PrP106–126 (prion protein fragment)
KTNMKHMAGAAAAGAVVGGLG

+

+

+

Parkinson’s disease

NAC (α-synuclein fragment)
EQVTNVGGAVVTGVTAVAQKTVEGAG
SIAAATGFV

+

+

+

+

+

+

Disease
Alzhelmer’s disease

Triplet repeat disease

Polyglutamine
QQQQQQ——

Diabetes mellitus

Human amylin
KCNTATCATQRLANFLVHSSNN
FGAILSSTNVGSNTY

+

+

+

Rat amylin
KCNTATCATQRLANFLVRSSNN
LGPVLPPTNVGSNTY

−

−

−

A considerable number of epidemiological studies
has indicated an association between AD and Al in
drinking water.42) Recent studies have suggested that
clioquinol (quinoform), a metal chelator, was reported to inhibit accumulation of AβP and has been
examined as a candidate drug for AD.43) Heme deficiency induced by aging, iron-deficiency, vitamin
B6-deficiency, metals such as lead (Pb) or Al causes
mitochondrial and neuronal dysfunction.44) The polymorphism of the gene encoding transferrin is a risk
factor for AD.45) Iron supplement therapy is effective in attenuating the mental condition of AD patients.46) Al in the diet markedly increased the amount
of secreted AβP in the brains of transgenic mice transfected with the human APP gene; AβP accumulation
was also marked.47) Furthermore, we have reported
that Al influences the functions of brain-derived
neurotrophic factor which decreses in AD brain.48)
Therefore, it is difficult to deny the implication of
Al in AD pathogenesis. Our hypothesis suggesting
that Al induces conformational changes of AβP and
enhances the neurotoxicity could explain several
unsolved aspects of the relation between Al and AD.
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