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There is an increasing number of reports about new effects of aluminum on iron metabolism
in mammalian cells. In this review, based on our recent work and that by others, we describe
how aluminum disturbs iron homeostasis. The effects of aluminum may help to explain the
pathogenesis of neurodegeneration in Alzheimer’s disease.
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Introduction

Aluminum (Al) is the most abundant metal in the environment. Ingestion
from air, foods, water and medicine is unavoidable. Although no case has Al
been shown to have a definite biological function, it may substitute for
chemically similar elements in living cells. Chemically similar ions might have
a similar metabolism. Hence, Al competes with a similar metal, iron which
plays a critical role in mammalian cells. There are accumulating reports on
new effects of Al on iron metabolism in mammalian cells. The present review
includes recent topics on the relations between Al, iron metabolism-related
protein and iron regulatory proteins as well as neuronal cell death by Al
Advances during the last five to ten years on these issues are described.

2
Transport Mechanism of Aluminum in Mammalian Cells

2.1
Aluminum Transport by Transferrin-Dependent and -Independent Uptake

Mammalian cells take up iron by three kinds of iron (Fe) uptake systems; the
transferrin receptor (TfR)-mediated endocytosis, redox, and Tf-independent
iron uptake (Tf-IU) systems [1-7] (Fig. 1).
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Fig. 1. The three kinds of iron uptake systems in mammalian cells

TfR-mediated endocytosis is a well-known uptake system; Tf binds one or
two Fe atoms, but only diferric Tf (Fe,Tf) has a high affinity for TfR to be
taken up by the receptor-mediated endocytosis. This system uses a mobili-
zation pathway that involves endosomal acidification, reduction of ferric Fe,
and ferrous Fe transport [8]. Recently, it was clarified that divalent cation/
metal ion transporter (DCT1) or Nramp2 involves iron transport from the
endosome to the cytosol [9, 10]. Al resembles Fe in chemical characteristics;
ionic radius, charge density, and coordination number [11]. Therefore, Al
binds with Tf to form di—Al—Tf. Al bound to Tf even passes through the
blood-brain barrier to enter the neuronal cells via Tf receptor-mediated
endocytosis [12].

The redox system does not depend on endosomal acidification but needs
TfR. Fe,Tf first binds to TfR which is located in close proximity to the proton-
and electron-pumping NADH:Tf oxidoreductase. The Fe—Tf bond is destabi-
lized by proton efflux, making Fe’* susceptible to reduction. Fe** is trapped by
a plasma membrane binder and can be transported by a translocator [4]. As Al
is a simple trivalent cation incapable of redox changes, it may be theoretically
impossible that Al bound to Tf is taken up by a redox mechanism. Actually, no
reports on a redox-mediated process of Al bound to Tf have been made.

Although non-Tf-bound Fe uptake occurs in a variety of the cells, detailed
molecular mechanisms are unknown at present. However, we made a prelim-
inary experiment on the basic mechanism and found that Tf-independent Fe is
reduced at the plasma membrane prior to uptake, as the ferric reduction of Fe, Tf
taken up by the redox mechanism occurs at the same site [5, 13].

Al is taken up not only by receptor-mediated endocytosis but also by the
Tf-IU system (Fig. 2). Since Al has no suitable radionuclide, it has been
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difficult to verify that Al is taken up by mammalian cells. However, it was shown
using biochemical and molecular biology techniques that free Al salts can pass
through the plasma membrane to change a function of iron metabolism-
related protein in the cytosol of rat cortical cells after transport [14, 15].
Pretreatment of cells with uM levels of Al-nitrilotriacetate increased the T{-IU
system similarly as for Fe. Northern blot analysis showed that Al decreased the
Tf receptor mRNA level. Al also increased the cytosol aconitase activity with
increasing concentrations [14]. These results show that Al is transported by
the Tf-IU system to change a function of iron metabolism-related protein in
the cytosol of cortical cells. From the characterization of the Tf-IU system by
our group and other investigators, among of three uptake systems, the Tf-IU
system may contribute to metal accumulation in mammalian cells.

Gunshin et al. have cloned the divalent cation/metal ion transporter (DCT1
or DMT1). The translation product takes up free Fe**, Zn**, Mn**, Co**, Cd**,
Cu**, Ni**, and Pb** [9]. Since DCT1 mRNA have an IRE in the 3’ untranslated
region, the regulation mechanism of DCT1 mRNA is considered to be
analogous to the regulation of Tf-R mRNA. Although we can expect DCT1 to
take up Al by a Tf-IU, this Tf-IU may be different from the above-mentioned
Tf-IU because the former is down-regulated by accumulated metals and the
latter up-regulated. As summarized in Fig. 2, so far, it has been reported that
mammalian cells can taken up Al by Tf-dependent and -independent iron
uptake systems.

Although the molecular mechanism of metal uptake via the Tf-IU system is
unknown, there is a fair amount of experimental data on the characteristics of
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Fig. 2. Aluminum uptake by receptor-mediated endocytosis and transferrin-independent
iron uptake systems in mammalian cells
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multiple Tf-IU systems in various mammalian non-neuronal cells. From their
characteristics, these transport systems can be classified into two types: a
metal-induced and Ca®*-dependent type, e.g., human skin fibroblasts and
HeLa cells and a non-metal-induced and Ca2+-independent type, e.g., K562
cells [2]. The Tf-IU system of human skin fibroblasts is up-regulated by iron
salts. In HeLa cells and fibroblasts, divalent metal ions, such as Cu**, Zn**, and
Fe’* inhibit Fe’* uptake. By contrast, the K562 cell transport mechanism is
Ca’*-independent and not up-regulated by extracellular Fe salts. Uptake of
Fe’*-NTA by K562 cells was specifically inhibited by Cd** and Cu**, whereas
Mn?*, Co**, and Ni*" were ineffective. Quite recently, the presence of a non-
Tf-mediated uptake for Fe and Mn in glial cells has been reported [16].
However, the Tf-IU of both neuronal and glial cells has not been characterized.

2.2
Characterization of Transferrin-Independent Iron Uptake System
in Neuronal and Glial Cells

Therefore, we further examined the characteristics of the Tf-IU system in
primary neuronal and glial predominant systems (NP and GP) from rat
cerebral cortex thought to be involved in the accumulation of Al and Fe in the
brain [17]. The Tf-IU system in cortical cells exhibited properties similar to
those of HeLa cells and human skin fibroblasts in two regards: the dependence
on Ca®** and the up-regulation by transition metals. Comparing the charac-
teristics in NP and GP cells, there are no differences between them. However,
we found that GP cells are more remarkable than NP cells in terms of the
degrees of up-regulation of Tf-IU by Al, suppression of Tf-R mRNA
expression, and decrease of IRP/IRE complex by Al [15], suggesting that glial
cells rather than neuronal cells contribute to the metal accumulation and are
more resistant to oxidative stress caused by metals than neuronal cells. The
present study may help to explain the pathogenesis of neurodegeneration in
AD disorders caused by metal-generated oxidative stress [15].

In relation to our findings that Al up-regulates Tf-IU system in both
neuronal glial cells, Abreo et al. observed similar phenomena [18].

They describe the uptake and toxicity of Al, the effect of Al on Fe uptake,
and the expression of NFT protein in murine neuroblastoma cells (Neuro 2A).
Significant cell Al uptake and inhibition of cell growth were seen in Neuro 2A
cells at 1, 2, 3, and 4 days after plating in medium containing Al-Tf and
Al citrate. Al-loaded Neuro 2A cells showed increased rates of >’Fe and '*’I-Tf
uptake and total cellular Fe content at each day after plating compared with
control cultures. Significant increases in NFT protein staining were detected in
Al-exposed cells at 3 and 4 days in culture compared with controls. The
intensity of NFT staining in Al-loaded cells was directly proportional to the
time in culture. These results suggest that the accumulation of Al in Neuro 2A
cells resulted in increased uptake of Fe, inhibition of cell growth, and
expression of NFT protein, partially mimicking the pathological hallmarks of
Alzheimer’s disease.
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3
New Effect of Aluminum on Iron Metabolism in Mammalian Cells

3.4
Effect of Al on Iron Regulatory Protein-1 and -2 in Mammalian Cells

Iron regulatory proteins (IRPs) regulate the cellular iron level in mammalian
cells. IRPs are known as cytosol mRNA binding proteins which control the
stability or the translation rate of mRNAs of iron metabolism-related proteins
such as TfR, ferritin, and 5-aminolevulinic acid synthetase in response to the
availability of cellular iron [19-21] after uptake [5]. The regulatory mechanism
involves the interaction between the iron-responsive element (IRE) in the 3" or
5’ untranslated regions of the transcripts and cytosolic IRPs (IRP-1 and -2).
IRP-1 is an iron-sulfur (Fe-S) protein with aconitase activity containing a
cubane 4Fe-4S cluster. When Fe is replete, IRP-1 prevails in a 4Fe-4S form as a
holo-form and is an active cytoplasmic aconitase. As shown in Fig. 3, when Fe
is deplete, it readily loses one Fe from the fourth labile Fe in the Fe-S cluster to
become a 3Fe-4S cluster and in this state has little enzymatic activity [22, 23].

As it is less known whether IRP-1 modulates various non-Fe metals, we
examined whether treatment of homogeneously purified IRP-1 with non-Fe
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Fig. 3. Effect of aluminum on post-transcriptional regulation by iron regulatory protein-1
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metals decreased the affinity to IRE in RNA-band shift assays and increased
the aconitase activity. As results of these experiments, we showed that the
purified IRP-1 directly bind not only Fe, but Mn, Ni, Cu, Cd, and Hg. Also, in
competition experiments, non-Fe metals inhibited >’Fe incorporation into the
fourth labile position of the Fe-S cluster of IRP-1. In PLC hepatoma cells, metal
loading inactivated the binding activity and activated the enzyme activity.
Non-Fe metals also suppressed TfR mRNA expression in the cells. These
results suggest that various non-Fe metals modulate IRP-1 by conversion of a
3Fe-4S apo-form to a [1 non-Fe metal + 3Fe]-4S holo-form [24]. Therefore, as
shown in Fig. 4, we present a hypothesis that IRP-1 binds Al to form a [1 Al +
3Fe]-4S holo-form. It is an interesting question whether Al also binds IRP-1
in vivo and in vitro as Fe does. Actually, we have observed that Al binds to the
purified IRP-1 to increase its aconitase activity and decrease its mRNA binding
activity (Oshiro S, et al., unpublished data).

In contrast, IRP-2 possesses neither the Fe-S cluster nor aconitase activity
[25]. The binding activity of IRP-1 to IRE is modulated by intracellular Fe
levels.

With this objective in mind, we examined the effects of Al accumulated in
brain cells on the iron metabolism using primary cultures from the fetal rat
cerebral cortex. To examine the influence of Al on the iron metabolism, the
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interaction between Al accumulated in the cells and IRP-1 known as a cellular
iron regulator was examined by Northern blot analysis and assay of its
aconitase activity; Al decreased the Tf receptor mRNA level and increased the
aconitase activity of IRP with increasing concentrations. The increase of the
enzyme activities by Al was also observed in an in vitro experiment. These
results suggest that Al taken up by mammalian cells affects the iron metabolism
in the cells. Al seems to interact with IRP to regulate TfR expression.

IRP-2 is also one of the central regulators of iron homeostasis. IRP-2
regulates the expression of molecules involved in iron metabolism by binding
to IREs in the transcripts of those molecules in Fe depletion. IRP-2 is degraded
efficiently by the proteasome in Fe-replete cells. IRP-2 is oxidized and
ubiquitinated in cells before degradation. Moreover, Fe-dependent oxidation
converts IRP-2 into a substrate for ubiquitination in vitro. Excess Fe is sensed
by its ability to catalyze site-specific oxidations in IRP-2, oxidized IRP-2 is
ubiquitinated, and ubiquitinated IRP-2 subsequently is degraded by the
proteasome [26]. Yamanaka et al. reported that Al antagonizes the Fe-induced
decrease in IRE binding activity of IRP-2. Al also inhibits Fe-induced oxidation
of IRP2 in vitro. These results suggest that Al stabilizes IRP-2 by interfering
with the iron-catalyzed oxidation, which results in perturbation of iron
metabolism. The action of Al may involve selective targeting and removal of
oxidatively modified proteins that may contribute to the turnover of many
proteins degraded by the proteasome [27].

The IRP-1 is present at similar levels in both AD and control brains. In
contrast, IRP-2 co-localizes with redox-active Fe in NFT, senile plaque
neurites, and neuropil threads. Hence, alterations in IRP-2 might be directly
linked to impaired iron homeostasis in AD [28].

4
Implication of the Aluminum Effect in Alzheimer’s Diseases

4.1
Contribution of Paired Helical Filaments Tau to Plaque and Tangle Formation
in Alzheimer's Diseases by Al Modulation

The histopathological characteristics of the brain in Alzheimer’s diseases (AD)
are the presence of intraneuronal neurofibrillary tangles (NFT's), extraneuronal
amyloid-rich senile plaques, and a massive loss of neurons of the telen-
cephalon. Although amyloid proteins are unique to senile plaques, several
components are common to both senile plaques and NFTs: hyperphosphory-
lated tau proteins, ubiquitin, a1-antichymotrypsin, apolipoprotein E, heparan
sulfate proteoglycans, and Al and Fe [29]. Recent reports on Al and Fe
transport mechanisms and the relation between them in AD are reviewed
below.

Shin et al. probed interactions between paired helical filaments (PHF) tau,
Al salts, and other plaque and tangle components. They investigated the
in vivo interactions of PHF tau and AICl; with other plaque and tangle
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components by injecting PHF tau with and without AICl; into the rodent brain.
PHF tau co-injected with AICl; formed aggregates that persisted much longer
in the rat brain, and induced longer-lived co-deposits of A beta, ubiquitin,
ol-antichymotrypsin, and ApoE than did PHF tau alone. Injections of PHF tau
with AICl; also induced neurons near the injection site to acquire PHF tau-like
properties as monitored with antibodies that recognize defined PHF tau
epitopes containing phosphoserine residues. Injections of AICl; alone as well
as injections of normal adult and fetal CNS tau, several different synthetic
peptides, neurofilament proteins, ol-antichymotrypsin, haparan sulfate pro-
teoglycans, or ApoE with and without AICl; failed to induce co-deposits of A
beta or alter the immunoreactivity of tau in rodent neurons. To determine if Al
salts interact directly and specifically with PHF tau in situ, they pretreated
sections of AD hippocampus with 10 mM AICl; and then probed these sections
by immunohistochemistry with antibodies to PHF tau as well as to a number
of other plaque and tangle components. Preincubation of these sections with
AlCl; diminished PHF tau immunoreactivity in NFTs and senile plaques using
the PHF tau-specific antibodies, and PHF1, while the immunoreactivity of
other plaque and tangle proteins was not abolished. They also examined the
effects of AlCl; on PHF tau and normal adult human CNS tau in vitro. AlCl;
had no effect on normal adult human CNS tau, while increasing concentrations
of AICl; (from 0.1 to 1.0 mM) induced PHF tau to aggregate at the top of the
stacking gel, and at high concentrations (0.3 and 1.0 mM) of AICl;, PHF tau
completely failed to enter the gel. These studies suggest that Al binds to PHF
tau, induces these proteins to aggregate, and retards their proteolysis. Further,
since intracerebral injections of PHF tau with and without AICl; in rats appear
uniquely capable of inducing co-deposits of a number of proteins found in
authentic AD senile plaques and NFTs, they speculate that the contributions of
PHF tau to plaque and tangle formation in AD may be modulated by Al [30].

4.2
Effect of Al on Fe Uptake in Neuronal Cells

The uptake and toxicity of Al, the effect of Al on Fe uptake, and the expression
of NFT protein in murine neuroblastoma cells (Neuro 2A) were examined in
the following study. Significant cell Al uptake and inhibition of cell growth
were seen in Neuro 2A cells at 1, 2, 3, and 4 days after plating in medium
containing Al-Tf and Al citrate. Al-loaded Neuro 2A cells showed increased
rates of *’Fe and '*’I-Tf uptake and total cellular Fe content at each day after
plating compared with control cultures. Significant increases in NFT protein
staining were detected in Al-exposed cells at 3 and 4 days in culture compared
with controls. The intensity of NFT staining in Al-loaded cells was directly
proportional to the time in culture. There was no difference in malonodial-
dehyde levels measured in control versus Al-loaded Neuro 2A cells. These
results suggest that the accumulation of Al in Neuro 2A cells resulted in
increased uptake of Fe, inhibition of cell growth, and expression of NFT
protein, partially mimicking the pathological hallmarks of AD. This model
system may also be applicable for Al-induced dialysis dementia, because the Al
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concentrations at which cell toxicity occurred can be found in dialysis patients
[29]. This report supports our hypothesis [14, 15, 17].

4.3
Effect of Al on Fe Metabolism in AD Brain

As mentioned above, there are the profound relationships between Al and Fe
metabolism in mammalian cells; Al can bind proteins bound to Fe. Apo-Tf
binds to Al to form di-Al-Tf (Al,Tf). Al,Tf is recognized by TfR to be taken up
by brain cells. Al binds Fe storage protein, ferritin and also influences the
expression of ferritin mRNA. If this is a reliable phenomenon, Al is required to
interact with IRPs which post-trascriptionally regulate the expression of
ferritin or TfR mRNAs.

4.4
Amount of Al and Fe in Ferritin in AD Brain

One of two groups of rats was fed AICl; (100 uM) for 1 year in the drinking
water. Brain tissue contained about one-third of the amount of ferritin found
in the liver. While brain ferritin from normal rats contained 42.1 + 14.3 mol of
Al, that from the Al-fed group contained 115.4 + 48.3 mol of Al per mol of
ferritin. Liver ferritin from both groups contained similar amounts of both Al
and Fe, and the amounts were less than that found associated with brain
ferritin. Ferritin isolated from AD brains contained more Al and more Fe than
that from age-matched controls [31, 32].

4.5
Post-Transcriptional Regulation of Ferritin Heavy Chain in AD Brain

In the aging human brain, the concentrations of iron and its major storage
protein, ferritin, rise but the distribution of metal and protein remains non-
uniform. More ferritin could be isolated from the brains of humans who died
of AD than from age- and sex-matched controls. Also, brain ferritin of rats
chronically exposed to AICl; in their drinking water contained more Al and Fe.
Based on the above earlier observations, a more detailed study of human brain
ferritin was initiated. Ferritin was a component of senile plaques in AD.
Ferritin obtained from normal or AD brains was composed of 24 subunits
[70% heavy (H) chain; 30% light (L) chain]. The techniques of molecular
biology revealed the presence of an additional ferritin mRNA species for
the H subunit which was more abundant in the brain than in other human
tissues. It contained not only the entire sequence of 919 nucleotides of H chain
mRNA from liver but also an additional segment of 279 nucleotides in the
3’-untranslated region. The two mRNA seemed to arise by the use of an
alternate polyadenylation site of the same primary transcript. Ribonuclease
protection assays revealed that the concentrations of the longer mRNA in the
normal hippocampus and the hippocampus of patients with AD brains were
similar [32]. These results show that expression of ferritin H chain in AD brain



A New Effect of Aluminum on Iron Metabolism in Mammalian Cells 69

does not regulate at the transcriptional level but rather the post-transcriptional
level.

4.6
Acceleration of f-AP Generation by Al in AD Brain

Clauberg and Joshi presented an interesting hypothesis that Al accumulated in
AD brain accelerates the generation of $-AP [33]. The plaques from AD brain
contain f}-AP, al-antichymotrypsin, and Al. They examined the relation of all
three components of plaques to each other. The f-AP is derived by proteolytic
processing from f(-AP and some of these proteins contain a domain that is
highly homologous to the bovine pancreatic trypsin inhibitor. Bovine
pancreatic trypsin inhibitor also inhibits o-chymotrypsin and they showed
that Al affects both the activity and the inhibition of this enzyme. At pH 6.5, in
the presence of Al, the enzyme activity is doubled, and the inhibitor is only 1%
as effective as in the absence of the metal ion. The inhibition by BX-9, a
protease inhibitor prepared from protein components of amyloid plaques, is
also reduced by Al; so too is that by «l-antichymotrypsin but to a lesser
degree. In the Alzheimer brain, they propose that Al may accelerate proteolytic
processing of the a-amyloid precursor protein by suppression of the inhibitor
domain. Thus, the f-amyloid protein (-AP) may accumulate and initiate
plaque formation.

4.7
Aggregation and the Deposition of -AP by Al and Senile Plaques Formation

f-AP, which is the major component of senile plaques in the brains of AD, has
an intrinsic tendency to form insoluble aggregates. The aggregation of -AP
enhances its neurotoxicity and is assumed to play a key role in the amyloid
deposition. The plaques are predominantly composed of human f-AP ff A4, a
40-mer whose neurotoxicity is related to its aggregation. In physiological
buffers, Ca**, Co**, Cu®*, Mn**, Mg**, Na*, or K* at 10 mM had no effect on
the rate of § A4 aggregation. In sharp contrast, Al, Fe, and Zn under the same
conditions strongly promoted aggregation (rate enhancement of 100- to 1000-
fold). The aggregation of A4 induced by Al and Fe is distinguishable from
that induced by Zn in terms of rate, extent, pH-, and temperature-dependence.
High concentrations of certain metals may play a role in the pathogenesis of
AD by promoting aggregation of beta A4. The aggregation of -AP (beta 1-40)
is promoted by Al [34, 35]. Al concentrations of 15-80 ppm (0.5-3.0 mM)
were detected in tangle NFTs of AD [36]. Therefore, it is possible that Al
directly influences the process of aggregation and the deposition of senile
plaques.

Beta-amyloid precursor proteins (f-APPs) are normal components of the
human brain and some other tissues. Proteolysis of these, presumably by
serine proteases, generates a 39 to 42 amino acid-long peptide, a-AP. In AD
brains, f;-AP aggregates into plaque, the hallmark of AD brains. Some of the
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o-APPs also contain a 56 amino acid-long segment which inhibits serine
proteases. In vitro, at pH 6.5, Al activates f-chymotrypsin 2-fold and makes it
dramatically resistant to protease inhibitors such as bovine pancreatic trypsin
inhibitor (bPTI) or its mimic present in the 5-APPs [30].

4.8
Generation of Reactive Oxygen Species by Al

We observed active oxygen species in rat glial and neuronal cells after
treatment of Al- and Fe-NTA using an in vitro model of AD brain. Reactive
oxygen species (ROS) were measured by using a non-permeant chemilumi-
nescence probe, 2-methyl-6-(p-methoxyphenyl)-3,7-dihydroimidazol[1,2-a]-
pyrazin-3-one hydrochloride (MCLA) specific for superoxide (O, ) and singlet
oxygen (*0,) [37]. Rat neuronal predominant (NP) or glial predominant (GP)
cells were incubated with 50 uM Al- or Fe-NTA at 37 °C for 24 h, then washed
three times with PBS. While the cells were being incubated in PBS containing
25 uM MCLA at 37 °C, chemiluminescence was measured for 5 min. In
addition, to examine whether O, is produced by NP or GP cells after Al- or
Fe-loading, 0.5 uM Cu-Zn superoxide dismutase (SOD) was added to the
reaction mixture to examine the production of O; in these cells. Although
FeCl; forms O in cerebral cortex after intracortical injection it is not known
which of the cortical cells generates O,. To investigate the mechanism by
which the metal toxicity is expressed in these cells, ROS were measured using a
chemiluminescence analysis specific for O, and 'O,. In this experiment, we
assayed ROS extracellularly released from the cells after metal-loading using
MCLA reacting specifically with both ROSs.

For the generation of ROS by Fe-loading, the MCLA-dependent intensity in
GP or NP cells was 2.0- or 2.4-times as high as than that in each of the control
cells. The intensity in the NP cells with or without Fe treatment increased 3.8-
and 1.5- times over that in GP cells without treatment, respectively. The ROS
level in Fe-loaded NP cells was 2.0-times that of Fe-loaded GP cells.

For the generation of ROS by Al-loading, the amount of ROS generated by
GP or NP cells was 1.5- or 1.8-times than that by each of the control cells. The
intensity in the NP cells with or without Al-treatment increased 2.5- and 1.4-
times over that in GP cells without treatment, respectively. ROS level in
Al-loaded NP cells was 2.5-times higher than that of Al-loaded GP cells.
Al-loading generated less ROS than Fe-loading in both cells. In addition, to
examine whether O; is produced in these cells, SOD was added to the reaction
mixtures containing ROS. In Fe-loaded GP and NP cells, there was a 40 and a
54% decrease of chemiluminescence generated in Fe-loaded cells, respectively.
In Al-loaded GP and NP cells, there was a 27 and a 43% decrease compared to
GP or NP cells with Al-treatment.

For the generation of 'O,, it is known that 'O, is involved in oxidative
damage to membrane lipids in vitro, so it should be detectable [38]. Although
we could not clearly show the generation of 'O, in this experiment, a part of
the neuronal cell death we observed might be due to the cell toxicity of ROS.
Comparing the sensitivities of the cells to oxidative stress, GP cells were more
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resistant to Al and Fe toxicities than NP cells. Neurons are more vulnerable
than glia to insults such as ischemia, hypoxia, and brain trauma [39]. It was
also reported that the antioxidant capacity of neurons in culture is lower than
that of glial cells in culture [40]. Our findings are compatible with these
reports. The relation between the amount of ROS in both cells and the
viabilities of these cells may reflect the difference between the antioxidant
defense systems of both cells [15].

4.9
Activation of Transcription Factor by Oxidative Stress Generated
by Fe in Neuronal Cells

In in vivo and in vitro studies, Al can potentiate the oxidative stress produced
by Fe [41, 42]. Transcription factor, nuclear factor (NF)-«B is activated by
oxidative stress. The relevance of NF-xB to neurodegeneration is suggested by
a correlation between the amount of activated transcription factor NF-«xB and
a key inflammatory enzyme, COX-2, in both aging and AD temporal lobe
neocortex [43].

4.10
Effect of Al and/or Fe on Neuronal and Glial Cell Death

Savory et al. proposed that aging is an important factor in the susceptibility
of neurons to oxidative stress and to subsequent apoptosis [44]. They
demonstrated that aged rabbits treated intracisternally with Al maltolate
exhibit intense intraneuronal silver positivity indicative of the formation of
neurofilamentous aggregates, together with oxidative stress. These changes
occur in the CAl region of the hippocampus as well as in cerebral cortical
areas. Apoptosis, measured by the TUNEL in situ technique, co-localizes
with oxidative stress. Young animals treated with Al show few of these
alterations, while age-matched controls are essentially negative. Further
studies on the time course of these and related changes demonstrate that
oxidative stress and redox-active Fe accumulation in hippocampal neurons
occur very rapidly, within a period of 3 hours, and increased in intensity at
72 hours. Changes suggestive of apoptosis are seen by 24 hours and are
pronounced at 72 hours. In aged animals there is an initially intense
immunopositivity at 3 hours for Bcl-2, with negative staining for Bax. By
72 hours, when apoptosis is strongly evident, Bcl-2 is negative and Bax
strongly positive. In contrast to the aged rabbits, young animals treated
similarly with Al exhibit much less oxidative stress with no apoptosis, and
maintain Bcl-2 immunopositivity and negative Bax staining. These findings
strongly support the key role that oxidative damage plays in the process of
neurodegeneration and in the increased vulnerability to Al-induced injury in
the aged animal. These are novel observations which may have important
implications for aiding our understanding of the pathogenesis of the
neurodegeneration occurring in AD [44].
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4.11
Effect of Al on Glial Cell Death

Al exposure and apoptotic cell death have been implicated in several
neurodegenerative conditions including AD. For the apoptosis of astrocytes
by Al, the proportion of apoptotic cells and cell cycle distribution were
determined by flow cytometric analysis. Exposure to Al at low levels of 100
and 200 uM for up to 6 days did not result in apoptosis of the astrocytes.
This result is in agreement with our previous result [15]. A dramatic
blockage of apoptotic cells was found at 200 pM Al. However, at 400 pM, Al
markedly induced the apoptosis of astrocytes, which was associated with a
significant change in cell cycle distribution characterized by increase of G2/
M phase cells (128%). Measurements of the intracellular Ca** concentration
using the fluorescent calcium indicator dye Fluo-3 demonstrated a signif-
icant increase in the levels of intracellular Ca®* after Al treatment. However,
no differences were observed among Al-treated groups. These findings
suggest that Al induces and blocks selectively the apoptosis of astrocytes,
which depends upon the concentrations of Al. Increased intracellular Ca**
may not be the primary mechanism of Al-mediated apoptotic cell death
[45].

412
Apoptosis Pathway Induced by Al in Brain Cells

Neurodegenerative diseases, including AD are characterized by a progressive
and selective loss of neurons. Apoptosis under mitochondrial control has
been implicated in this neuronal death process, involving the release of
cytochrome ¢ into the cytoplasm and initiation of the apoptosis cascade.
However, a growing body of evidence suggests an active role for the
endoplasmic reticulum in regulating apoptosis, either independent of
mitochondrial, or in concert with mitochondrial-initiated pathways. Mem-
bers of the Bcl-2 family of proteins have been shown to either inhibit
apoptosis, as is the case with Bcl-2, or to promote it, as in the case of Bax.
Intracisternal administration of Al-maltolate to New Zealand white rabbits,
an animal system relevant to a study of human disease in that it reflects
many of the histological and biochemical changes associated with AD,
showed that Al-maltolate induces both cytochrome c translocation into brain
cytosol and caspase-3 activation. Furthermore, these effects are accompanied
by a decrease in Bcl-2 and an increase in Bax reactivity in the endoplasmic
reticulum [46].

413
Apoptosis of Astrocytes by Al

When the concentration of 1 mM of Al was incubated with cultured
astrocytes and neurons, Al accumulated both in neurons and astrocytes, and
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Al caused strong changes in the morphology of astrocytes, including
shrinkage of cell bodies and retraction of processes after 8-12 days
exposure. Exposures over 15-18 days reduced the astrocytes’ viability by
50%. The Al-induced degeneration of astrocytes involved the DNA frag-
mentation characteristic of apoptosis, and staining of Al-treated astrocytes
with the DNA-binding fluorochrome Hoechst 33258 revealed the typical
apoptotic condensation and fragmentation of chromatin. Al was also found
to be neurotoxic, causing first (4-6 days) abnormal clustering and aggre-
gation, and later (8-12 days) neuronal death. Interestingly, Al neurotoxicity
occurred in neuroglial cultures containing approximately 10% astrocytes but
not in near-pure neuronal cultures containing only 1% astrocytes. Staining
of co-cultured cells with Hoechst 33258 showed apoptotic condensation and
fragmentation of chromatin in Al-treated astrocytes but not in co-cultured
neurons. This study demonstrates that Al can induce the apoptotic
degeneration of astrocytes, and that this toxicity is critical in determining
neuronal degeneration and death. Al-mediated apoptosis of cultured
astrocytes may be also a valuable model system to study the mechanisms
underlying apoptosis in glial cells [47].

4.14
Protection of Oligodendrocytes by Heat Shock Proteins (HSP)
or Stress Proteins from Oxidative Stress

Heat shock proteins (HSP) or stress proteins serve as biomarkers to identify
the contribution of stress situations underlying the pathogenesis of
degenerative diseases of the CNS. Goldbaum et al. have analyzed by an
immunoblot technique the constitutive and inducible occurrence of stress
proteins in cultured rat brain oligodendrocytes subjected to heat shock or
oxidative stress exerted by hydrogen peroxide, or a combination of both
[48]. The data demonstrate that oligodendrocytes constitutively express
HSP32, HSP60, and the cognate form of the HSP70 family of proteins,
HSC70. After heat shock, HSP25, alpha B-crystallin, and HSP70 were up-
regulated, while after oxidative stress the specific induction of HSP32 and
alpha B-crystallin was observed. HSP32 represents heme oxygenase 1 (HO-
1), a small stress protein with enzymatic activity involved in the oxidative
degradation of heme which participates in iron metabolism [49, 50]. The
presence of the iron chelators phenanthroline or desferroxiamine (DFO),
which previously has been shown to protect oligodendrocytes from oxidative
stress-induced onset of apoptosis, caused a marked stimulation of HSP32
without affecting HSP70. This indicates that DFO possibly exerts its
protective role by directly influencing the antioxidant capacity of HO-1. In
summary, HSP in oligodendrocytes are differentially stimulated by heat
stress and oxidative stress. HO-1 has been linked to inflammatory processes
and oxidative stress [51], its specific up-regulation after oxidative stress in
oligodendrocytes suggests that it is an ideal candidate to investigate the
involvement of oxidative stress in demyelinating diseases.
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5
Conclusion

Mammalian cells take up iron (Fe) via three kinds of iron uptake systems:
transferrin (Tf) receptor-mediated endocytosis, redox, and Tf-independent Fe
uptake systems. As Al has similar chemical properties to Fe but is a simple
trivalent cation incapable of redox changes, the cells can take up Al by Tf
receptor-mediated endocytosis and Tf-independent iron uptake systems.
Mammalian cells modulate the intracellular levels of various metals by
interaction between iron regulatory proteins (IRP-1 and -2) and Fe-responsive
elements in untranslated regions of the mRNAs of Fe metabolism related
proteins. Al also directly binds a cellular iron sensor, IRP-1, to alter the
function of its aconitase and mRNA binding proteins in the same way as Fe
does. Al also antagonizes the Fe-induced decrease in IRE binding activity of
IRP-2 and inhibits Fe-induced oxidation of IRP-2 in vitro. Therefore, Al
stabilizes IRP-2 by interfering with the iron-catalyzed oxidation, which results
in perturbation of iron metabolism. Al may involve selective targeting and
removal of oxidatively modified proteins that may contribute to the turnover
of many proteins degraded by the proteasome [27]. The IRP-1 is present at
similar levels in both AD and control brains. In contrast, IRP-2 co-localizes
with redox-active Fe in NFT, senile plaque neurites, and neuropil threads.
Hence, alteration in IRP-2 might be directly linked to impaired iron
homeostasis in AD [28]. These new effects of Al in brain cells may be
concerned with a cause of Alzheimer’s disease. Apoptosis pathways in brain
cells are induced by Al and/or Fe to result in neuronal and/or glial cell death.
On the other hand, heat shock and stress proteins are induced for cell
protection. The apoptosis process by oxidative stress is inhibited by Fe
chelator or suppressed by some of stress proteins (e.g., heme oxygenase-1)
concerned with Fe metabolism. Therefore, it is considered to be important to
clarify at, the level of molecular biology, the relations between apoptosis
process, oxidative stress, and Fe metabolism in neuronal and glial cells. The
more information we have on Fe metabolism, the more will we be able to
deeply understand a new effect of Al in mammalian cells.

Acknowledgement. I am grateful to Dr. Tadashi Oshiro for editing of this manuscript.

6
References

1. Basset P, Quesneau Y, Zwiller J (1986) Iron-induced L1210 cell growth: Evidence of a
transferrin-independent iron transport. Cancer Res 46: 1644-1647

2. Inman RS, Wessling-Resnick M (1993) Characterization of transferrin-independent iron
transport in K562 cells. J Biol Chem 268: 8521-8528

3. Kaplan J, Jordan I, Sturrock A (1991) Regulation of the transferrin-independent iron
transport system in cultured cells. ] Biol Chem 266: 2997-3004

4. Thorstensen K, Romslo I (1988) Uptake of iron from transferrin by isolated rat
hepatocyte: A redox-mediated plasma membrane process. ] Biol Chem 263: 8844-8850



A New Effect of Aluminum on Iron Metabolism in Mammalian Cells 75

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Oshiro S, Nakajima H, Markello T, Krasnewich D, Bernardini I, Gahl WA (1993) Redox,
transferrin-independent, and receptor-mediated endocytosis iron uptake system in
cultured human fibroblasts. ] Biol Chem 268: 21586-21591

. Randell EW, Parkes ]G, Olivieri NF, Templeton DM (1994) Uptake of non-transferrin-

bound iron by both reductive and non-reductive processes is modulated by intracellular
iron. ] Biol Chem 269: 16046-16053

. Sturrock A, Alexander J, Lamb J, Craven CM, Kaplan J (1990) Characterization of a

transferrin-independent uptake system for iron in HeLa cells. J Biol Chem 265:
3139-3145

. Benjamin L (1994) Genes V. Oxford University Press, New York
. Gunshin H, Mackenzie B, Berger UV, Gunshin Y, Romero MF, Boron WF, Nussberger S,

Gollan JL, Hediger A (1997) Cloning and characterization of a mammalian proton-
coupled metal-ion transporter. Nature 388: 482-488

Fleming MD, Romano MA, Su MA, Garrick LM, Garrick MD, Andrew NC (1998)
Nramp2 is mutated in the anemic Belgrade (b) rat: Evidence of a role for Nramp2 in
endosomal iron transport. Proc Natl Acad Sci USA 95: 1148-1153

Ganrot PG (1986) Metabolism and possible health effects of aluminum. Environment
Health Perspect 65: 363-441

Roskams AJ, Connor JR (1990) Aluminum access to the brain: a role for transferrin and
its receptor. Proc Natl Acad Sci USA 87: 9024-9027

Oshiro S, Nakamura Y, Ishige R, Hori M, Nakajima H, Gahl, WA (1994) Reduction site
of transferrin-dependent and transferrin-independent iron in cultured human fibro-
blasts. ] Biochem 115: 849-852

Oshiro S, Kawahara M, Shirao M, Muramoto K, Kobayashi K, Ishige R, Nozawa K,
Hori M, Cai Y, Kitajima S, Kuroda Y (1998) Aluminum taken up by transferrin-
independent iron uptake affects the iron metabolism in rat cortical cells. ] Biochem 123:
42-46

Oshiro S, Kawahara M, Kuroda Y, Zhang C, Cai Y, Kitajima S, Shirao M (2000) Glial cells
contribute more to iron and aluminum accumulation but are more resistant to oxidative
stress than neuronal cells. Biochim Biophys Acta 1502: 405-414

Takeda A, Devenyi A, Connor JR (1998) Evidence for non-transferrin-mediated uptake
and release of iron and manganese in glial cell cultures from hypotransferrinemic mice.
] Neurosci Res 51: 454-462

Oshiro S, Nozawa K, Cai Y, Hori M, Kitajima S (1998) Characterization of a transferrin-
independent iron uptake system in rat primary cultured cortical cells. ] Med Dent Sci 45:
171-176

Abreo K, Abreo F, Sella ML, Jain S (1999) Aluminum enhances iron uptake and
expression of neurofibrillary tangle protein in neuroblastoma cells. ] Neurochem 72:
2059-2064

Klausner RD, Rouaoult TA, Harford JB (1993) Regulating the fate of mRNA: the control
of cellular iron metabolism. Cell 72: 19-28

Theil EC (1994) Iron regulatory elements (IREs): a family of mRNA non-coding
sequences. Biochem J 304: 1-11

Henze MW, Kuhn LC (1996) Molecular control of vertebrate iron metabolism: mRNA-
based regulatory circuits operated by iron, nitric oxide, and oxidative stress. Proc Natl
Acad Sci USA 93: 8175-8182

Hail DJ, Rouaoult TA, Harford JB, Kennedy MC, Bondin GA, Beinert H, Klausner RD
(1992) Cellular regulation of the iron-responsive element binding protein: disassembly
of the cubane iron-sulfur cluster results in high-affinity RNA binding. Proc Natl Acad Sci
USA 89: 11735-11739

Hail DJ, Rouaoult TA, Tang CK, Chin ], Harford JB, Klausner RD (1992) Reciprocal
control of RNA-binding and aconitase activity in the regulation of the iron-responsive
element binding protein: role of the iron-sulfur cluster. Proc Natl Acad Sci USA 89:
7536-7540



76

S. Oshiro

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

Oshiro S, Nozawa K, Hori M, Chun Zhang, Hashimoto Y, Kitajima S, Kawamura K
(2002) Modulation of iron regulatory protein-1 by various metals. Biochem Biophys Res
Comm 290: 213-218

Guo B, Yu Y, Leibold EA (1994) Iron regulates cytoplasmic levels of a novel iron-
responsive element-binding protein without aconitase activity. J Biol Chem 269:
24252-24260

Iwai K, Drake SK, Wehr NB, Weissman AM, LaVaute T, Minato N, Klausner RD, Levine
RL, Rouault TA (1998) Iron-dependent oxidation, ubiquitination, and degradation of
iron regulatory protein 2: implications for degradation of oxidized proteins. Proc Natl
Acad Sci USA 95: 4924-4928

Yamanaka K, Minato N, Iwai K (1999) Stabilization of iron regulatory protein 2, IRP2,
by aluminum. FEBS Lett 462: 216-220

Smith MA, Wehr K, Harris PLR, Siedlak SL, Connor JR, Perry G (1998) Abnormal
localization of iron regulatory protein (IRP) in Alzheimer’s disease. Brain Res 788:
232-236

Abreo K, Abreo F, Sella M, Jain S (1999) Aluminum enhances iron uptake and
expression of neurofibirillary tangle protein in neuroblastoma cells. ] Neurochem 72:
2059-2064

Shin R-W, Lee VM-Y, Trojanowsky JQ (1994) Aluminum modifies the properties of AD
PHFtau proteins in vivo and in vitro. ] Neurosci 14: 7221-7233

Fleming J, Joshi JG (1987) Ferritin: isolation of aluminum-ferritin complex from brain.
Proc Natl Acad Sci USA 84: 7866-7870

Joshi JG, Fleming JT, Dhar M, Chauthaiwale V] (1995) A novel ferritin heavy chain
messenger ribonucleic acid in the human brain. J Neurol Sci 134: 52-56

Clauberg M, Joshi JG (1993) Regulation of serine protease activity by aluminum:
implications for Alzheimer disease. Proc Natl Acad Sci USA 90: 1009-1012

Mantyh PW, Ghilardi JR, Rogers S, DeMaster E, Allen CJ, Stimson ER, Maggio JE (1993)
Aluminum, iron, and zinc ions promote aggregation of physiological concentrations of
beta-amyloid peptide. ] Neurochem 61: 1171-1174

Kawahara M, Muramoto K, Kobayashi K, Mori H, Kuroda Y (1994) Aluminum promotes
the aggregation of Alzheimer’s amyloid beta-protein in vitro. Biochem Biophys Res
Commun 198: 531-535

Good PF, Perl DP, Bierer LM, Schmeidler J (1992) Selective accumulation of aluminum
and iron in the neurofibrillary tangles of Alzheimer’s disease: a laser microprobe
(LAMMA) study. Ann Neurol 31: 286-292

Mashiko S, Suzuki N, Koga S, Nakano M, Goto T, Ashino T, Mizumoto I, Inaba H (1991)
Measurement of rate constants for quenching singlet oxygen with a Cypridina luciferin
analog (2-methyl-6-[p-methoxyphenyl]-3,7-dihydroimidazo [1,2-a]pyrazin-3-one) and
sodium azide. ] Biolumin Chemilumin 6: 69-72

Koga S, Nakano M, Uehara K (1991) Mechanism for the generation of superoxide anion
and singlet oxygen during heme compound-catalyzed linoleic acid hydroperoxide
decomposition. ] Biolumin Chemilumin 289: 223-229

Siesjo BK (1984) Cerebral circulation and metabolism. ] Neurosurg 60: 883-908
Makar TK, Nedergaad M, Preuss A, Gelbard AS, Perumal Cooper AJL (1994) Vitamin E,
ascorbate, glutathione, glutathione disulfide, and enzymes of glutathione metabolism in
cultures of chick astrocytes and neurons: Evidence that astrocytes play an important role
in antioxidative processes in the brain. ] Neurochem 62: 45-53

Campbell A, Bondy SC (2000) Aluminum induced oxidative events and its relation to
inflammation: a role for the metal in Alzheimer’s disease. Cell Mol Biol 46: 721-730
Bondy SC, Kirstein S (1996) The promotion of iron-induced generation of reactive
oxygen species in nerve tissue by aluminum. Mol Chem Neuropathol 27: 185-194
Lukiw WJ, Bazan NG (1998) Strong nuclear factor-kappaB-DNA binding parallels
cyclooxygenase-2 gene transcription in aging and in sporadic Alzheimer’s disease
superior temporal lobe neocortex. ] Neurosci Res 153: 583-592



A New Effect of Aluminum on Iron Metabolism in Mammalian Cells 77

44,

45.

46.

47.

48.

49.

50.

51.

Savory J, Rao JK, Huang Y, Letada PR, Herman MM (1999) Age-related hippocampal
changes in Bcl-2: Bax ratio, oxidative stress, redox- active iron and apoptosis associated
with aluminum-induced neurodegeneration: increased susceptibility with aging.
Neurotoxicology 20: 805-817

Guo GW, Liang YX (2001) Aluminum-induced apoptosis in cultured astrocytes and its
effect on calcium homeostasis. Brain Res 888: 221-226

Ghribi O, DeWitt DA, Forbes MS, Herman MM, Savory J (2001) Co-involvement of
mitochondria and endoplasmic reticulum in regulation of apoptosis: changes in
cytochrome c, Bcl-2 and Bax in the hippocampus of aluminum-treated rabbits. Brain Res
903: 66-73

Suarez-Fernandez MB, Soldado AB, Sanz-Medel A, Vega JA, Novelli A, Fernandez-
Sanchez MT (1999) Aluminum-induced degeneration of astrocytes occurs via apoptosis
and results in neuronal death. Brain Res 24: 835, 125-136

Goldbaum O, Richter-Landsberg C (2001) Stress proteins in oligodendrocytes: differ-
ential effects of heat shock and oxidative stress. ] Neurochem 78: 1233-1234

Poss KD, Tonegawa S (1997) Reduced stress defense in heme oxygenase 1-deficient cells.
Proc Natl Acad Sci USA 94: 10925-10930

Poss KD, Tonegawa S (1997) Heme oxygenase 1 is required for mammalian iron
reutilization. Proc Natl Acad Sci USA 94: 10919-10924

Oshiro S, Takeuchi H, Matsumoto M, Kurata S (1999) Transcriptional activation of
heme oxygenase-1 gene in mouse spleen, liver and kidney cells after treatment with
lipopolysaccharide or hemoglobin. Cell Biol Int 23: 465-474



