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Abstract

In 1991, treatment with low dose intramuscular desferrioxamine (DFQ), a trivalent chelator that
can remove excessive iron and/or aluminum from the body, was reported to slow the progression
of Alzheimer’s disease (AD) by a factor of two. Twenty years later this promising trial has not
been followed up and why this treatment worked still is not clear. In this critical interdisciplinary
review, we provide an overview of the complexities of AD and involvement of metal ions, and
revisit the neglected DFO trial. We discuss research done by us and others that is helping to
explain involvement of metal ion catalyzed production of reactive oxygen species in the
pathogenesis of AD, and emerging strategies for inhibition of metal-ion toxicity. Highlighted are
insights to be considered in the quests to prevent potentially toxic effects of aluminum toxicity and
prevention and intervention in AD.

Keywords
Aluminum toxicity; Alzheimer’s disease; Antioxidants; Chelators; Inflammation; Oxidative stress

1. Evidence

1.1. The complex multifactorial nature of Alzheimer’s disease

Alzheimer’s disease [AD] is the most common form of dementia, accounting for 60—70% of
cases of neurological impairment in the elderly [1]. After the age of 65, its prevalence
approximately doubles every five years [2]. In 2001, the prevalence of dementia in persons
over age 60 was estimated by a Delphi consensus method to range from 1.6 to 6.6% [3,4].
By 2040, the total number of people in the world with dementia is expected to more than
triple relative to the number affected in 2001 [3,4]. AD affects the brain’s ability to perform
daily activities and to control thought, memory and language [5-8]. The disorder is
associated with gross changes in the brain and changes at the microscopic levels [4-6,8,9].
At the macroscopic level, AD brains are smaller than normal, folding of the cortex is
decreased, and ventricle size is increased. At the microscopic level, neuron count and
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synapse density are decreased, and the brain is riddled with amyloid plaques (diffuse and
neuritic) containing amyloid-beta (AB) peptides, a secretase-mediated breakdown product of
the amyloid precursor protein (APP), and neurofibrillary tangles containing excessive
amounts of hyperphosphorylated tau protein [1,4,8,9].

The AD brain also is characterized by markers of oxidative stress, neuroinflammation and
dysregulated inflammatory signaling (Section 1.3). The term oxidative stress refers to an
imbalance between the body’s production of free radicals and their neutralization by a
number of different means [10,11]. It may occur as the result of excessive ROS production,
reduced antioxidant defense or a combination of both. All of these processes may be
relevant in AD. It has been suggested that high energy demand from dependence on
oxidative metabolism plus a high concentration of polyunsaturated fatty acids, and relatively
low antioxidant enzyme activity, render the brain more vulnerable to oxidative insult than
most organs [12]. The term neuroinflammation refers to the “integrated response of all cells
within the central nervous system, including the neurons, macroglia, microglia and
infiltrating leukocytes” to both acute and pathological insults (pg 237) [13].
Neuroinflammation can be a cause or a consequence of excessive oxidative stress [13-18].
Different types of central nervous system or systemic infections also have been implicated in
AD (Table 2) [19-27]. As well, there is increasing recognition that epigenetic processes are
involved in AD and other neurodegenerative diseases [28,29]. The term epigenetic literally
means “above” genetics, and refers to processes that affect the expression of particular genes
in DNA but do not change the linear sequence of its nucleotides. Epigenetic processes
include methylation of DNA, alteration of the degree of chromosome compaction as the
result of modification to the tails of DNA-binding histone proteins, and regulation of gene
expression by non-coding RNAs such as micro RNAs (miRNAS) [28]. Certain brain-
abundant miRNAs, such as miRNA-125b and miRNA-146a, found to be specifically
elevated in AD brain, are also up-regulated in aluminum-stressed human brain cells in
primary culture [30, JIB, in press (this current journal)].

There is evidence for involvement of metal ions in AD pathogenesis, though this is complex
[31,32]. AD brain is characterized by unusual distribution of metal ions, including iron,
copper, zinc [31-33], and aluminum [34-36] in regions that are degenerating. However,
there is controversy as to whether average concentrations of these metals are significantly
altered in particular brain regions [37-39]. Furthermore, although complexes of Ap and
redox metals, especially iron, can be sources of reactive oxygen species (ROS) production in
vitro [40], it has been argued that metal iron binding by AR may play a protective role in
vivo [41]. Brain changes characteristic of advanced AD are likely not reversible [42].

Risk factors for the sporadic form of AD, which accounts for approximately 95% of cases
[4,9], include the aging process in combination with interaction between various genetic,
metabolic and environmental factors [4,9] (Table 1). The E4 allele of apolipoprotein E, the
major lipid carrier in the central nervous system, has been consistently identified as the
major genetic risk factor for AD, although it is not specific for this disorder [43—-45]. Other
genetic factors also are involved in AD [4,9]. The impact of E4 on disease risk may, in part,
be due to its influence on oxidative and/or immuno-inflammatory status [46]. Interest in
iron, copper and zinc in AD is topical [31-33,40]. Although aluminum involvement in AD is
still considered controversial, studies in various model systems continue to reveal toxic
effects from aluminum exposures equivalent to those experienced by humans in daily living
[39,47-50]. See also various publications in this issue.

Efforts to develop an effective treatment for AD have remained elusive. Drugs currently
licensed for use temporarily slow disease progression in some affected individuals but there
is no evidence that they delay or prevent onset of AD [4,42,51]. The reduction of oxidative
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stress has been a therapy target in clinical trials, but results have largely been negative, or
mild at best [9,52,53] (See other sources for approaches currently being considered in AD
[4,9,54-60].). While it is clear that oxidative stress is playing some contributory role to the
AD process [40], oxidative stress alone is likely not the only pathological insult that needs to
be targetted. We have shown that chelator/antioxidant combinations are synergistically more
effective than single chelators or antioxidants in antioxidant therapy approaches in metallo-
based in vitro models of AD [61,62] (see Section 1.4). The rationale for this combined
approach was based, in part, on results from a promising but neglected clinical trial of a
trivalent metal ion chelator called desferrioxamine in AD [63,64] (Fig. 1), and on known
properties of this chelator, which include not only metal sequestering but also generation of
radicals [65-71] (Table 3). The clinical trial of DFO is discussed next.

1.2. The successful but neglected 1991 trial of desferrioxamine in Alzheimer’s disease

revisited

In 1991, the intramuscular injection of low dose desferrioxamine mesylate (DFO;
desferoxamine; deferoxamine; Desferal) was found to reduce the rate of progression of AD
by a factor of two within a two-year period [63]. Furthermore, among 48 patients in the
study, there were no deaths in the DFO-treated group, but five deaths among those who were
not treated. In this study, the progression of AD was measured by a specially developed
videotaped behavior assessment instrument designed to obtain “a reliable and representative
sample of an individual’s level of functioning in his or her home repeatedly over an
extended time period” (pg 603) [64]. DFO is a licensed trivalent metal ion chelator that can
effectively remove excessive trivalent iron and aluminum from the body (Fig. 1, Table 3).

Twenty years later, this promising result still has not been followed up. In 1993 a large,
phase I11 trial approved by Health Canada was aborted because Ciba-Geigy reversed a
commitment to cover the drug cost. The reasons given were that intramuscular injection of
DFO was not well-tolerated and might interfere with patient compliance (though this was
not an issue in the phase Il trial), and that development of new drugs was needed. Other
drawbacks to DFO are its high cost, toxicity and short plasma half life [65]. Furthermore,
DFO is an orphan drug (i.e., it is produced with relatively little profit margin for the
application to transfusional iron overload resulting from rare disorders such as thalassemias,
and sickle cell anemia). Yet DFO continues to be used successfully in these latter disorders,
alone or in combination with other oral chelators [72].

Twenty years later, we still do not know why the DFO trial worked. Effects of treatment
with low dose intramuscular injection of DFO (125 mg twice per day, 5 days per week) were
compared to treatment with oral lecithin, or to no treatment [63]. Because treatment
administration involved significant personal interaction, and quality of interaction is
reported to ward off deterioration in AD [74], the possibility of a placebo effect cannot be
excluded.

Since the trial was completed, we know that iron and/or aluminum treatment of brain cells in
culture induces the production of ROS and ROS-driven changes in gene expression
characteristic of AD (see Sections 1.3 and 1.4 below). As already mentioned (Section 1.1)
we also know that DFO and an experimental trivalent metal ion chelator called Feralex-G
[75], especially in combination with other anti-oxidants, alleviates effects of metal ion stress
in studies with in vitro model systems [61,62]. Thus it is likely that in the clinical trial, DFO
inhibited metal-ion catalyzed oxidative stress.

Since the DFO trial was completed, ways in which metal ions amplify levels of ROS are
better understood [11,76,77] (Fig. 2). Iron-catalyzed ROS production is exacerbated by the
presence of other redox metals such as divalent copper, and by trivalent aluminum which is
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not [78]. Aluminum has no redox potential, nor is it powerfully attracted to sulfhydryl
groups [79]. However, it has an extremely high and unchanging 3+ charge density, and this
may be, in part, the basis for its promotion of Fenton chemistries in biological systems [29].
It has been suggested that aluminum on its own reacts with the superoxide anion oxidation
to form a superoxide semireduced radical ion that has greater oxidative power than
superoxide itself [77]. Further, aluminum also appears to impair mitochondrial bioenergetics
leading to the progressive accumulation of oxidatively modified cellular proteins [80]. Aside
from its role in ROS production, aluminum can affect cell functions in other ways [29,32]. It
rapidly promotes compaction of biological molecules [29]. It can affect the function of
hundreds of different proteins and enzymes [49], and the metabolism of calcium and
magnesium [32]. Finally, it binds to A-T rich regions of DNA and has been postulated to
play a role in gene silencing [29].

DFO is a hexadentate chelator that avidly forms complexes with “free” trivalent iron or
aluminum in a 1:1 ratio (Fig. 1). The term free refers to metal ions that are uncomplexed, or
that can be readily removed from ligands such as ferritin or hemosiderin. DFO is a large
molecule, but there is evidence that it crosses the blood-brain barrier [81]. Furthermore, in
tracer experiments with rats, prolonged treatment with DFO was able to modestly reduce
brain levels of aluminum [82].

Although DFO will remove excessive trivalent iron and/or aluminum from the body that is
free or loosely bound, it has a number of other important properties (Table 3). In
microenvironments containing excessive amounts of superoxide anion or peroxide, an
important biological function of DFO must include metal ion complex formation per se.
When fully sequestered by DFO, a trivalent metal ion is not able to catalyze production of
ROS via Fenton-related reactions (Fig. 2). Another important property of DFO that has been
demonstrated in rodents is its ability to induce hypoxia inducible transcription factor-1 and
erythropoietin, a brain neuroprotective factor [69] (Table 3). That effects of iron and/or
aluminum may have been altered by DFO in the clinical trial is strengthened by our studies
of aluminum loaded nuclei [61] and cultured brain cells [62; Sections 1.3 and 1.4 below].

As of 2011 there is no information about DFO effects on relative levels of iron or aluminum
in serum or urine of the AD patients in the clinical trial. However, in one unrelated study,
AD patients were found to have elevated serum aluminum concentrations [83]. In a study of
involvement of hemochromatosis mutations in sporadic AD, serum iron concentrations and
related markers of body iron status were found, on average, to be within the normal range
and not different from age and gender-matched healthy individuals [84]. To note is that
measurement of aluminum in serum (and other tissues) is fraught with difficulties [85].

Analysis of brain autopsy samples from a series of AD patients who had received different
total amounts of DFO prior to death indicated that extensive DFO treatment restored
aluminum levels to nearly normal values, but had no effect on the brain iron levels [64].
These tantalizing observations, which suggest selective removal of aluminum from the
brains of the treated patients, cannot be regarded as conclusive for two reasons. First, there
is controversy about whether brain aluminum levels are elevated or not in AD patients [34—
36,86]. Second, measurement of aluminum in brain tissue from patients treated with DFO
was not done with reference to control samples to which DFO had been deliberately added
to aid with interpretation of results.

The finding that side effects were neither serious nor frequent in the low dose DFO trial [63]
suggests that the treatment protocol used did not seriously interfere with important iron-
dependent processes in the AD brain, including normal functions of APP (Table 4) and/or
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AP (Table 5), or adaptive responses to infectious processes suspected of contributing to AD
(e.g., iron-withholding [97,98]).

Studies with the metal-binding antibiotic clioquinol [99] (and with the related compound
PBT2 [58]) support a role for metal catalyzed oxidative stress in AD as do experiments in a
drosophila model of AD [100]. These underscore the potential importance of interventions
based on metal chelation. Of relevance to the mechanism of action of clioquinol protection
is the finding that in yeast cells, clioquinol sequesters iron, copper and zinc at the level of
the plasma membrane [101]. This observation further emphasizes the potential importance
of metal ion sequestering for inhibition of metal catalyzed Fenton reactions (Fig. 2).

1.3. Iron and/or aluminum induce ROS and changes in gene expression in model systems
resembling those in AD

Abnormalities in metal-ion metabolism are implicated not only in AD but also in other
neurodegenerative conditions [10,102-104]. Evidence from model systems is converging
that metal ion exposure to aluminum or iron trigger changes in gene expression resembling
those in the AD brain that are preceded by ROS production. The short-term exposure of
mice to drinking water containing excessive aluminum induces pro-inflammatory processes
in the brain [105,106]. Furthermore, effects have been demonstrated in rat brain that are
aluminum specific [105]. Because mechanisms involved in such disturbances were not well-
understood, we examined effects of physiological concentrations of various metal sulfates
on ROS production and patterns of gene expression in cultured human brain cells
[30,62,107-110]. The addition of iron and/or aluminum sulfates to cells in culture induces
the production of ROS followed by changes in the expression of certain genes involved in
stress sensing, inflammation, and in initiation of apoptosis that also have been observed to
be upregulated in the brains of patients with moderate to late-stage AD [107]. Treatment
with iron and aluminum together had greater genotoxic effects than either iron or aluminum
alone. Evidence also was obtained for involvement of NF-kB (nuclear factor kappa-light
chain-enhancer of activated B cells) and certain microRNAs (miRNAs). These regulate
expression of specific sets of messenger RNA molecules (MRNAS) by binding to sequences
in their 3" untranslated regions. Furthermore, in cultures of brain glial cells (analogous to
macrophages in the peripheral circulation), aluminum sulfate but not iron sulfate, appears to
uniquely induce ROS-mediated up-regulation of an NF-kB-sensitive miRNA-146a that
down-regulates the expression of complement factor H (CFH), an important repressor of
inflammation [109]. This NF-kB-miRNA-146a-CFH signaling circuit is affected by Ap42
peptides in the same way as by aluminum sulfate, and the circuit also is abnormal in the AD
brain [110]. These findings underscore the concept that ROS induction by metal-catalyzed
reactions is important in the regulation of genetic and epigenetic systems that define the
essential mechanisms of AD pathogenesis.

1.4. Chelators and antioxidants in combination alleviate metal-induced oxidative damage
and inflammation in model systems

Because neurotoxic metal-induced oxidative damage to nervous tissue has been implicated
in several progressive neurodegenerative disorders as well as in AD (Section 1.3), and on
the basis of positive findings in the DFO trial (Section 1.2), we have explored the ability of
various agents to quench metal sulfate-induced production of reactive ROS and ROS-
sensitive gene expression using cultured human brain cells [108]. Antioxidants included
ascorbate, folic acid and phenyl butyl nitrone, a free radical trapping agent. Chelators
included DFO and a new chelator designed for oral use called Feralex-G [75] (Fig. 1).
Importantly, these reagents were found to quench ROS and also to inhibit the induction of
genes whose expression was upregulated by treatment with metal ions alone to various
degrees. Furthermore, when these reagents were used in certain combinations, synergistic
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effects were observed. These findings support the idea that specific anti-oxidants and metal
ion chelators when used together can effectively and synergistically quench ROS-mediated
induction of pathogenic gene expression induced by metal sulfates. Such effects may result,
in part, from the fact that metal chelators can have antioxidant properties in addition to
simply binding metals [73], and antioxidants (e.g., ascorbic acid) can have metal-chelating
activity. As well, we have proposed that a mechanism called “molecular shuttle chelation”
may be involved [61]. Low molecular weight chelators such as ascorbic acid may be able to
quickly penetrate the nucleus of cells, bind to metals in this compartment, diffuse to regions
accessible by larger chelators and transfer the metal to these molecules.

Subsequent studies have investigated the potential of naturally occurring antioxidants—
docosahexaenoic acid (the major omega-3 fatty acid found in neurons, and abundant in cold-
water oceanic fish oils), resveratrol (a polyphenol particularly abundant in red wine) and
curcumin (a polyphenol derived from the curry spice turmeric) to inhibit metal sulfate
induced genotoxic effects [30]. To note is that curcumin has been reported to counter
aluminum-induced enhancement of certain aging related biochemical processes in young
and old rats [111]. This is of potential relevance to AD since aging is a major risk factor for
AD (Table 1).

2.1. Future research directions in aluminum toxicity

The review of information in Part 1 has identified a number of challenges to address in
future research. First, because of aluminum’s unusual reactivity [29], and focal distribution
in brain tissue [34,36,64], there is urgent need for standardized protocols and methods of
analysis to use in the measurement of aluminum in fluids and tissues. Important
considerations include the need for appropriate aluminum standards [37], specification of
collection and storage containers, controlling for effects related to duration of sample
storage, how to representatively sample brain tissue, and how best to compare data
distributions with different patterns in test and control samples. When feasible in case/
control studies, paired design and analysis can control for effects of “environmental”
variables [112].

Second, ligand specific effects have been noted on aluminum incorporation and toxicity
[113]. Our studies have been conducted with aluminum sulfate, because this is the usual
contaminant in municipal drinking water. Others have used, for example, aluminum chloride
[47,48], aluminum maltol [113], or aluminum lactate [114]. Reasons for ligand specific
effects may be related to the hydrophilicity/hydrophobicity of the ligand, relative toxicity of
the ligand and how it is metabolized, and the tendency of aluminum salts to hydrolyze and
lower the pH. Relative effects of such factors need to be examined.

Third, studies of aluminum toxicity in cell culture systems and various animal models have
tended to use aluminum exposures considered analogous to those experienced by humans
[47,48]. Such exposures may not be appropriate for animals which have higher than human
metabolic rates [115]. Other variables for consideration are apparent traits of aluminum
resistance and aluminum sensitivity in mice. Earlier studies indicated that tissue distribution
of aluminum in mouse brain and degree of toxicity following aluminum exposure depend
markedly upon mouse strain. DBA/2 and CH3/2 strains are very sensitive to effects of
dietary aluminum whereas A/J, BALB/c and C57BL/6 strains show no response [116]. To
note is that CH3 mice have considerably higher serum levels of insulin-like growth factor-1
(IGF-1) than C57BL/6 mice and these strains also differ genetically at the IGF-1 locus
[117]. Insulin and IGF-1 function deteriorate with progression of AD [118]. Furthermore,
the IGF-1 pathway is known to be involved in neuronal protection, with dual effects on both
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AP and tau. Thus future studies might determine if the IGF-1 pathway is involved in defense
against aluminum toxicity.

Fourth, evidence continues to accumulate that silicic acid may be nature’s antidote to
aluminum toxicity, at least at low pH [119,120]. However, because aluminosilicates
precipitate, and aluminosilicate deposits have been found within amyloid plaques and
neurofibrillary tangles, it has been argued that AD and the amyotrophic lateral sclerosis/
Parkinson disease (ALS/PD) complex of Guam are diseases of aluminosilicates in the brain
[121]. Hence, consideration ought to be given to potentially toxic effects of silicic acid at
least in certain circumstances.

Studies with plants have highlighted protective effects of magnesium against aluminum
toxicity. A genome study of aluminum sensitive and aluminum resistant strains of soybean
showed that when administered concomitantly with aluminum at low pH, magnesium
ameliorated aluminum toxicity in the sensitive genotype by “(i) increasing the expression
level of several genes that are upregulated in the aluminum-treated, aluminum-tolerant
genotype in the absence of magnesium, and (ii) possibly saving energy by decreasing
expression of most genes relative to expression under Al stress” [122]. Given that
magnesium modulates APP trafficking and processing [123] and can counteract toxic effects
of Ca2+ fluxes [124], there would be merit applying metabolomics (measurement of by
products of metabolism in fluids and extracts) as well as genomics, to studies of aluminum
sensitive and aluminum resistant strains of mice and in vitro model systems of aluminum
toxicity and AD.

In addition to strategies highlighted in Section 1.4, other promising approaches to be further
explored in prevention of aluminum ion toxicity include treatment with vitamins B1 and B6
after metal-ion exposure [125]. Finally, because metal ion-catalyzed ROS production is not
only a problem per se, but likely also relevant to many different disorders and conditions as
well as AD, the testing of different chelators [57] (including DFO, which now exists in pill
form [126]), and the identification or development of new oral chelators is warranted. To
note is that depending upon the dose and time of administration of an oral metal ion chelator
relative to eating or drinking, consequences might include metal ion uptake or removal, or
metal redistribution.

2.2. Strategies for reducing population exposures to aluminum

Because excessive exposure to aluminum continues to be implicated in the development
and/or progression of AD and aging, as well as in other forms of human ill health
[47,48,50,102,104,123], intervention activity should focus on the prevention of potential
aluminum toxic effects. Persons with AD and adults with Down syndrome, who are at high
risk of developing dementia resembling AD 20 to 30 years earlier than in the general
population [9] may be particularly susceptible to oral exposures, since the ability of their gut
to inhibit aluminum uptake may be compromised [127,128]. Workers in the aluminum
industry and miners also are vulnerable as the result of breathing dust containing aluminum
or being exposed to it. Excessive exposure in babies can result from overambitious
immunization schedules [129] and from high levels of aluminum in prepared formula
[130,131]. There is increasing recognition of aluminum contamination in products used in
parenteral nutrition [132]. Jansson [133] previously indicated that regulatory agencies in
Canada and the U.S. placed aluminum on priority lists for toxicity evaluation. In 2006, the
Joint Food and Agricultural Organization/World Health Organization Expert Committee on
Food Additives (JECFA) significantly lowered the tolerable weekly intake from 7 mg/kg
body weight to 1 mg/kg body weight [134]. Followup to this report has not been consistent
among different countries. For example, as of 2011 in the U.S. aluminum-containing food
additives are “said” to be safe [135]. In Canada, the Bureau of Chemical Safety Branch of
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Health Canada’s Food Directorate initiated a review of aluminum in foods [136]. In
response to this directive, an international group of authors have published a technical report
about the toxicity of aluminum, aluminum oxide and aluminum hydroxide [115]. This
document is available in printed form and on the web, but the content has not yet been
prepared in a form that is meaningful to the average person. From this report it is clear that
excessive aluminum exposures from foods and medicines are likely to be more of a hazard
than from drinking water, which nevertheless is sometimes problematic.

On the basis of published and emerging scientific evidence, the neurotoxicity of
environmental aluminum is still an issue [47-50]. Creative ways are needed to increase
awareness of this problem and also to address it (Table 6). High on priority are labeling
products for human consumption or use with the aluminum content and its contribution to
the tolerable intake, as well as outreach and education at all levels. In addition, research
activities should continue to explore ways to reduce the level of aluminum or its
bioavailability in drinking water [120].

2.3. Future directions for Alzheimer’s treatment and prevention

There currently are no treatments for AD that slow down or prevent its development [4,9,
Section 1.1]. There is currently difficulty in the early diagnosis of AD, and diagnostic
techniques for AD need to be greatly improved [4,8]. As scientific publications continue to
support the hypothesis that aluminum toxicity is involved in AD [39,50], it would be
prudent to adopt strategies for preventing excessive aluminum exposures, and to continue
testing approaches for alleviation of metal-related toxic effects in efforts to treat or prevent
AD. With respect to clinical trials of AD, it has been argued that intervention efforts in AD
should focus on prevention [60]. We suggest that data analysis in AD prevention or
intervention trials include adjustment for known AD risk factors (Table 1). To consider as
well is the collection of blood, urine, and if possible, cerebrospinal fluid (CSF) for “add-on”
studies of biomarkers and mechanisms, with caution about the need for standardized
procedures and methods for measurement of aluminum concentrations in particular (Section
2.1).

This review has drawn attention to the idea that chelators as well as antioxidants and other
nutraceuticals (e.g., curcumin, dexahexaenoic acid, resveratrol) might not only help to
counter effects of aluminum (and other metal) toxicity, but also be relevant to prevention or
intervention in AD (Sections 1.4 and 2.2). As AD is an unequivocally complex neurological
disorder, it may take some time to derive adequate combinations of chelators, antioxidants
and nutraceuticals for use in clinical treatment of this insidious disease. Although excessive
ROS production is problematic, to consider in prospective studies is the need for adequate
ROS production to promote physiological adaptations to exercise [137] and also to maintain
immune activation [138]. We question if one reason for apparent “failure” of antioxidant
treatment for AD (see Section 1.1) is excessive dampening of hormetic levels of ROS that
keep our antioxidant and anti-inflammatory defenses primed. Because of the multifactorial
nature of AD (Section 1.1), interest continues to develop in the potential of lifestyle
modulation [4,9,139], nutritional approaches [4,9,56], natural substances such as the
hormone melatonin [140], and stage specific interventions that block causal events as well
as those involved in damage at later stages [54].

3. Review highlights
3.1. Evidence

1. Alzheimer’s disease (AD) is a complex, multifactorial disorder involving oxidative
stress and neuroinflammation. It may also involve CNS infection and epigenetic
processes. There is no effective treatment for AD (Section 1.1). One promising but
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neglected approach published in 1991 involved the intramuscular injection of a
trivalent metal ion chelator, desferrioxamine (DFO) (Section 1.2).

As of 2011, we still do not know why DFO treatment had a positive outcome in
AD. The hypothesis that DFO was alleviating iron and/or aluminum toxicity
remains viable (Section 1.2). Binding of metal ions by chelators in
microenvironments, in addition to outright elimination of metal ion-chelator
complexes from the body, and/or other properties attributed to DFO may be
important in AD protective effects (Section 1.2, Table 2).

Generation of ROS and ROS-linked changes in gene expression resembling those
in AD are induced by iron and aluminum sulfate in cultured brain cells and animal
models, supporting the idea that these metals are primarily involved in AD brain
pathogenesis (Section 1.3.).

Metal ion chelators and antioxidants (especially in combination) show promise for
alleviation or prevention of iron and aluminum toxicity in model systems (Section
1.4).

Insights for consideration in future research in aluminum toxicity include:
development of standard protocols for measuring aluminum in fluids and tissues;
consideration of possible effects of aluminum ligands on outcome; studies of
aluminum sensitive and aluminum resistant strains of animals, and co-application
of genomics metabolomics in aluminum toxicity experiments; investigation of the
potential toxicity of silicic acid in certain populations; use of Mg, and vitamins B1
and B6 in alleviation of aluminum toxicity (Section 2.1); testing of existing
chelators and development of new ones.

Excessive exposures to aluminum should be avoided to prevent potentially toxic
effects, especially in vulnerable populations. This will require the instigation of
new health policy directives, as well as directed educational and research initiatives
(Section 2.2; Table 6).

As of 2011, there is a general consensus that pleiotrophic intervention for AD
should be started as early as possible. There is currently difficulty in the early
diagnosis of AD, and diagnostic techniques for AD need to be greatly improved.
The design and analysis of clinical trials themselves could be improved by
adjustment for confirmed AD risk factors and use of add-on biomarker studies. If
pathogenesis is resulting from redox metal and/or aluminum toxicity, at least in
part, particular combinations of chelators, antioxidants and/or nutraceuticals may
be effective. Excessive antioxidant use may interfere with some favorable,
physiologically homeostatic, effects of ROS in maintaining the host activation of
antioxidant defenses and the immune system (Section 2.3).
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OH HN

Fig. 1.

Structures of desferrioxamine and Feralex-G. (A): DFO: deferrioxamine mesylate (USAN);
alternatively desferrioxamine mesilate (BAN). DFO is a commercially available siderophore
(molecule that sequesters iron from the environment) produced by Streptomyces pilosus. It
is a hexadentate chelator, and binds trivalent iron or aluminum in a 1:1 ratio. It is used in
many countries in the mesylate form to treat various forms of iron overload, and also
aluminum overload. A major drawback to its use is that it is effective only when
administered parenterally [65]. Image kindly provided by Andrzej Wilk, PhD, Senior
Scientific Liaison, US Pharmacopeia; CAS Number 138-14-7; DFO has a molecular
formula of Cy5H4gNgOg:CH403S; MW 657. (B): Feralex-G. Feralex-G is an experimental
oral chelator made from three natural substances—glucosamine (1), an amino acid, glycine
(1”) and maltol (1”) [76]. It was designed to enter cells via complexing of the glucosamine
“tail” with glucose transporters, and to be a safe replacement for DFO which is effective
only parenterally (i.e., by intramuscular, subcutaneous, or intravenous routes). Feralex-G is
bidentate and complexes with trivalent metal ions in the ratio of 3:1. Hydrophilicity of
Feralex can be altered by substitution of the amino acid linker. Image reproduced from
Kruck et al. [61] with permission. Feralex-G has a molecular formula of C13H13N>07; MW
344 [61,62,76].
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1.2°0,- + 2H" 9 H,0,+ 0,

2. Fe?* + H,0, 9 HO" + OH- + Fe®" (Fenton reaction)
3.'0,- + Fe** 9 02+ Fe2+

4.0,- + H,0, ¥ HO: + OH- + O, (Haber Weiss reaction)

Fig. 2.

Metal-ion driven production of reactive oxygen species. Reactive oxygen species (ROS)
include the superoxide radical (O,-), hydrogen peroxide (H,0O5), and the hydroxyl radical
(HO). HO is short-lived, reacting rapidly with lipids, DNA and proteins. Toxicity of O,
likely comes from reactions with H+, H,O», iron, or other metals, to form more reactive
ROS [11,77]. AI3* may react with superoxide to form the superoxide semi-reduced radical

ion Al.O%*, a more powerful pro-oxidant than superoxide [78]. Other redox metals, and non-
redox metals can amplify iron-catalyzed ROS production.
Adapted from Kelly et al. [11].
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Table 1

Major risk factors for sporadic Alzheimer’s disease.?
Adapted from Prasher et al. [9].

Increasing age

Predisposing genetic factors

. Gender; E4 allele of ApoE; other gene variants; Down syndrome; family history of AD
Environmental factors

. Years of education; second language (protective)

. Head injury (predisposing)
Predisposing metabolic abnormalities

. Diabetes; cardiovascular or cerebrovascular disease

a . . S . . . A .
Factors listed here are ones that might be controlled for in epidemiological studies of Alzheimer’s disease or in clinical treatment or prevention
trials in the opinion of the authors. As indicated in Table 2, various infections also are implicated in AD, though this topic is controversial.
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Table 2

Different infections implicated in Alzheimer’s disease. *

Agent Reference

Herpes simplex virus 1~ [19-21]
Chlamydia pneumoniae  [22,23]
Toxoplasma gondii [24]
Spirochetes [25]

Helicobacter pylori”™  [26]
Other agents [27]

*
Involvement of these infections is considered controversial as of 2011.

HA
Treating helicobacter for 5 years significantly deterred development of dementia in a population with a relatively low infection prevalence.
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Properties attributed to desferrioxamine.
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Forms complexes with Fe3* and AlI3*; complex formation constants are 1032 and 10% respectively
Forms complexes with Fe2*, Cu?*, Zn?*, and Ca2* with complex formation constants of 104 or below

Chelates free iron and iron bound to ferritin and hemosiderin but does not readily chelate iron in transferrin, hemoglobin, or other
iron containing proteins

Has a suppressant effect on lymphocytes

Inhibits iron-dependent production of free radicals

Affects eicosanoid synthesis

Generates a reactive nitroxide radical

Acts as a substrate for peroxidases

Acts as a lipid chain breaking antioxidant, independently of its iron chelating properties

Can inhibit the oxidative chemistry of peroxynitrite by reaction of the hydroxamic acid moieties with trans-peroxynitrous acid

“A known activator of the hypoxia-inducible transcription factor 1 (HIF- 1) and the subsequent transcription of erythropoietin. In the
brain, HIF-1 is a master switch of the transcriptional response to hypoxia, whereas erythropoietin is a potent neuroprotectant.”

Triggers inflammatory signal expression and production in certain types of human cells

Under conditions of non-iron overload, protects against oxidative stress by reducing ferryl heme (in ferryl myoglobin and
hemoglobin), and preventing formation of cytotoxic derivatives of myoglobin such as heme to protein cross-linking.

[65]
[65]
[65]

[65]
[66]
[66]
[66]
[66]
[67]
[68]
[69]

[71,72]
[73]
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Table 4

Some features and normal functions of APP.

Is a classical heat shock protein

Has an iron-regulatory region in the 5’UTR

APP balance is critical for normal neuronal development, connection of synapses, and dendritic spine development
Has H-ferritin-like ferroxidase activity that is dependent upon copper binding but is inhibited by zinc

Interacts with ferroportin, facilitating iron export from neurons

Binds heparin

Its trafficking is regulated by copper

[87]
[88]
[89]
[90]
[90]
[91]
[92]
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Table 5

Some normal functions of Abeta.

Enhances learning and memory [93]

Protects against oxidative stress at low concentrations  [94]

Binds Zn, Cu and Fe via histidine(s) [95]

Has antibacterial activity

[96]
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Some approaches for preventing excessive aluminum exposures.
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Health policies

. Preparing information sheets about sources of aluminum exposure (foods and beverages, medicines, vaccines, antiperspirants,
cosmetics, infant formula, cookware, drinking water, etc.)

. Labeling of products with aluminum content and contribution to the tolerable intake

. Initiating public health initiatives especially for vulnerable populations

. Reducing the concentration and bioavailability of aluminum in drinking water
Educational strategies

. Establishing authoritative websites; correcting misconceptions on others

. Distributing information sheets to teachers

. Introducing aluminum chemistry and biochemistry into courses in schools, colleges and universities
Research perspectives

. Engaging students in aluminum toxicity projects

. Conducting pilot research projects with existing grants

. Conducting surveys

. Developing new approaches for reducing the bioavailability of aluminum in drinking water
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