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Aluminum as a toxicant

A Becaria, A Campbell and SC Bondy

Toxicology and Industrial Health 2002; 18: 309—320

www.tihjournal.com

Department of Community and Environmental Medicine, Center for Occupational and Environmental Health Sciences,

Irvine, CA 92697-1820, USA

Although aluminum is the most abundant metal in nature, it has no known biological function.
However, it is known that there is a causal role for aluminum in dialysis encephalopathy, microcytic
anemia, and osteomalacia. Aluminum has also been proposed to play a role in the pathogenesis of
Alzheimer’s disease (AD) even though this issue is controversial. The exact mechanism of aluminum
toxicity is not known but accumulating evidence suggests that the metal can potentiate oxidative and
inflammatory events, eventually leading to tissue damage. This review encompasses the general
toxicology of aluminum with emphasis on the potential mechanisms by which it may accelerate the
progression of chronic age-related neurodegenerative disorders. Toxicology and Industrial Health

2002; 18: 309-320.
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Introduction

Aluminum is the most abundant metal found in the
earth’s crust. However, it was not until 1825 that
the metallic form of the element was first isolated.
The metal has a long history of being used for water
purification and in medications. For example, in
ancient Rome, aluminum salts were used for the
purification of water, and in the Middle Ages it was
combined with honey for the treatment of ulcers
(Crapper and De Boni, 1980). Aluminum sulfate is
still used today as a flocculent in water purification
and aluminum salts are used in medications such as
antacids and buffered aspirin.

The advent of modern industry and the intro-
duction of a variety of chemicals into the atmo-
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sphere led to the formation of acid rains. These
have mobilized aluminum from the soil. Strong
mineral acids, such as sulfur and nitrogen oxyacids,
found in acid rain, can solubilize aluminum (Smith,
1996). Until recently it was generally believed that
this released aluminum is harmless to the environ-
ment. This is because in solution, AP" salts form
monomeric hydroxy compounds, which form poly-
meric and colloidal particles as the solution ages.
Because of the formation of these insoluble alumi-
num species, it was assumed that absorption would
be limited and thus the metal would be relatively
innocuous. However, aluminum has been shown to
be toxic to both plants (Kochian and Jones, 1997)
and animals (Sparling and Campbell, 1997).

In humans, aluminum plays a causal role in
dialysis encephalopathy, osteomalacia and micro-
cytic anemia. Furthermore, several studies have
suggested a possible link between aluminum neu-
rotoxicity and Alzheimer’s disease (AD). However,
there is much controversy regarding this relation-
ship (Campbell and Bondy, 2000).

10.1191/0748233702th157ca
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Sources of aluminum exposure

The main source of aluminum intake is food, where
the major contributors are products containing
aluminum as food additives, such as processed
cheese, baked goods and grain products. Alumi-
num-containing compounds are also used as pre-
servatives, coloring agents, and leavening agents
(Soni et al., 2001).

The presence of aluminum in drinking water is
due both to natural sources and to water purifica-
tion procedures. Water treatment generally in-
creases the content of soluble, low molecular
weight, chemically reactive, and possibly more
readily absorbed aluminum species.

Occupational exposure to aluminum occurs
mainly due to processing of the metal (Sjogren et
al. 1997). Antiperspirants containing aluminum
chlorohydrate are another source of exposure.
Vaccines, antacids, phosphate binders, dialysis,
and total parenteral nutrition solutions are com-
mon and can result in a significant increase in
aluminum exposure (Yokel and McNamara, 2001).

Aluminum chemistry

By weight, 8.3% of the earth’s crust is composed of
aluminum. It is the thirteenth element in the
periodic table and its electronic configuration is
Ne3s?3p'. A’ is the naturally occurring isotope
although there is an artificial radioactive AI*® with
a half-life of 7.2 x 10° years. Because of its long
half-life and the fact that it is a B and ¥ emitter, the
use of this isotope as a scientific probe is limited.

In most natural systems, a very small fraction of
aluminum is found as the simple AL jon. Thus,
the toxicokinetics of aluminum will depend on the
physical, chemical and biological properties of the
various AI’" complexes (Harris et al., 1997). The
solubility of AI’* is lowest at pH 6.2 but increases
with acidic or alkaline solutions and by some
complexing ligands (Soni et al., 2001).

In biological systems, the trivalent cation forms
extensive complexes with many available ligands.
Since aluminum has a high charge to radius ratio,
thermodynamically it is predicted that the metal
prefers electrostatic rather than covalent binding
(Berthon, 1996). The aqueous chemistry of alumi-
num is complicated because free A" hydrolyzes to

form a wide range of complexes with water. There
are three main categories of aluminum species
relevant to biological availability. These are mono-
meric, polymeric (formed through activation of
coordinated OH groups becoming deprotonated
and bridging between the metal centers), and
metastable polynuclear aluminum complexes, which
grow in size and ultimately form microcrystalline
gibbsite (Smith, 1996). At neutral pH, the salt
undergoes extensive hydrolysis and Al(OH); is
produced. As the solution ages, AI(OH), is also
present and this leads to precipitation of aluminum
in solutions. The pH of a solution determines the
aluminum species and ionic forms present (Corain
et al., 1996). Thus, in basic media, aluminum exists
as the anionic form while in acidic solutions it is
found in the cationic form. Since aluminum is a
very strong oxygen acceptor, it also tends to bind to
other oxygen donors such as citrate, phosphate,
lactic acid, oxalic acid, citric acid and catechola-
mines (Harris et al., 1996).

Aluminum toxicokinetics
Absorption

Aluminum is absorbed by several routes. These
include oral, intranasal, transdermal, and parent-
eral pathways. The bioavailability of aluminum
from drinking water is approximately 0.3% (Yokel
et al., 2001). In humans, exposure from food and
beverages containing aluminum comprise the major
daily intake. It is not known exactly what percen-
tage of the metal gets absorbed from food sources
because composition and acidity of the diet mod-
ulates availability of the metal.

Absorption of aluminum is increased by low pH,
which enhances the solubility of aluminum species.
The presence of small organic acids, such as citrate
and lactate, elevates the bioavailability of alumi-
num, whereas phosphorus and silicon appear to
reduce absorption (Yokel and O’Callaghan, 1997).
The mechanism by which organic acids enhance
aluminum absorption is likely to involve the
formation of an aluminum—organic acid complex.
Citrate is known to increase the gastrointestinal
absorbance of aluminum. In three human volun-
teers drinking a solution containing sodium citrate,
the peak increase in blood aluminum was approxi-

Downloaded from tih.sagepub.com at UNIV CALIFORNIA IRVINE on June 15, 2015


http://tih.sagepub.com/

mately 45-60 minutes after the peak increase in
blood citrate. Thus, citrate and other organic acids
may not form a complex with the metal but rather
may increase aluminum absorption through a
paracellular mechanism by opening tight junctions
that are present between mucosal cells (Taylor et
al., 1998).

It has been hypothesized that aluminum is
absorbed either transcellularly (internalization by
cell-mediated endocytosis, simple diffusion, or
facilitative diffusion through ion channels) or
paracellularly (between adjacent cells) from the
extracellular milieu (Exley et al, 1996). Soluble
gelatinous mucus in the gastrointestinal tract may
be important in the regulation of aluminum
absorption (Powell et al., 1999).

Aluminum may be capable of entering the brain
through the olfactory neurons located in the roof of
the nasal cavity, which project to the olfactory bulb.
The axons of these receptors form nerve bundles
that pass through the cribriform plate of the
ethmoid bone and synapse at the olfactory bulb.
Through a series of complex neuronal networks,
these cells then project to the olfactory cortex,
cortex and the hippocampus. These are the areas
that are most effected in AD. Absorption of
aluminum from the olfactory pathway has been
studied in rats exposed to aluminum acetylaceto-
nate. Aluminum deposits were found in the pons-
medulla, olfactory bulb and hippocampus of the
aluminum acetylacetonate treated rats (Zatta et al.,
1993). In another study, using nose-only exposure
to aluminum chlorohydrate, it was found that
aluminum distributed to the brain stem of rats
(Divine et al., 1999). These studies suggest that
olfactory nerve uptake and transneuronal distribu-
tion of aluminum is an important exposure route
for the brain.

Transdermal absorption of aluminum has been
reported after a single underarm application of *°Al
chlorohydrate. The absorption was found to be
0.012% of *°Al applied (Flarend et al., 2001).
Anane et al. (1995) demonstrated that shaved
mice, exposed dermally to low concentrations of
aluminum chloride for a period of 130 days, had
high aluminum content in both the brain and the
serum. In the brain, the metal principally accumu-
lated in the hippocampus. The fact that the mice
were shaved prior to application of the aqueous
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aluminum chloride solution may have enhanced the
systemic absorption of aluminum. Nonetheless,
aluminum-containing antiperspirants, especially if
applied to the skin after shaving, may be another
route by which aluminum can enter into the
systemic circulation.

Distribution

The chemistry of aluminum is similar to that of iron
and the metal is transported to tissues principally
by the iron-binding protein transferrin. Approxi-
mately 90% of the total aluminum is bound to this
transport protein and since it is only partly
saturated, all of the aluminum present in the serum
is bound (Harris and Sheldon, 1990; Cabezuelo et
al., 1997). The main mechanism by which alumi-
num enters cells is via transferrin receptor-mediated
endocytosis (Shi and Haug, 1990). The 10% of the
aluminum that is not bound to transferrin is
believed to be associated with low molecular mass
aluminum biocompounds. It is believed that alu-
minum-citrate is the predominant low molecular
mass species in the serum (Cabezuelo et al., 1997).

Intravenous aluminum exposure from dialysates,
total parenteral nutrition, vaccines and immu-
notherapy constitute a significant source of ab-
sorbed aluminum. In rabbits  injected
intramuscularly with 2®Al hydroxide or *°Al phos-
phate adjuvants, *°Al was distributed to multiple
organs, including the brain (Flarend et al., 1997).
The tissue distribution of aluminum in rats killed
three weeks after a single intravenous injection of
trace amounts of 26A1, was found to be 0.9% in
bone, 0.2% in kidney, 0.06% in liver, 0.03% in heart,
and 0.02% in brain and muscle (Walker er al.,
1994).

The brain is an important target organ for
aluminum toxicity. This metal is capable of crossing
the blood—brain barrier (BBB). Aluminum clear-
ance from brain is much slower than that of other
organs possibly due to the lack of neuron turnover.
The elimination half-life of aluminum from human
brain is calculated to be seven years (Yokel and
McNamara, 2001). Aluminum—protein complexes
are unlikely to permeate the BBB directly because
of their large size, although a possible mechanism is
by transferrin-receptor mediated endocytosis (Yo-
kel, 2002). Transferrin receptors are present on
brain capillary endothelial cells, choroid plexus
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epithelial cells, neurons, and also glial cells (Moos
and Morgan, 2000). Another mechanism of alumi-
num entry into the brain may be by nonspecific
processes such as diffusion or pinocytosis of small
molecules bound to the metal. The permeation of
aluminum into the brain could be a combination of
both specific and nonspecific processes (DeVoto
and Yokel, 1994). The concentration, particular
biochemical form, and localization of the metal
may be the ultimate determinant of toxicity.

Excretion

Since aluminum forms highly insoluble hydroxy
compounds in neutral pH, a substantial amount of
the dietary aluminum is excreted in the feces
without ever being absorbed. A recent study
demonstrates that much orally ingested aluminum
is recovered in the feces after seven days (Priest et
al., 1998). Once the metal is absorbed, it is either
excreted in the urine or in the bile. The liver is an
important early sink for absorbed aluminum and a
single dose of aluminum citrate by gavage is rapidly
cleared by the biliary system (Exley et al, 1996).
The favored route of aluminum excretion is depen-
dent on the route of administration and the dose of
the metal (Sutherland and Greger, 1998). For
normal dietary levels of aluminum exposure, the
biliary system appears to be the major route of
excretion while at about 1 mmol aluminum, this
system is saturated and renal excretion begins to
take an important role. Thus, a large aluminum
load, such as that often used in experimental
settings, requires excretion of the major proportion
of the aluminum by the urine. Approximately 90%
of the excretion of aluminum by the kidney takes
place 48 hours after exposure (Jouhanneau et al.,
1993).

Aluminum exposure and human health
effects

Osteomalacia

The skeletal system is a target for aluminum
toxicity. Rats fed diet drinks packaged in aluminum
cans had a higher concentration of aluminum in the
blood, liver and bone, as well as a weight reduction
in the femur, compared to rats fed diet soft drinks

packaged in glass bottles and distilled water
(Kandiah and Kies, 1994). Robertson et al. (1983)
reported an aluminum-induced osteomalacia in rats
chronically injected with aqueous aluminum chlo-
ride. This condition was worsened by both chronic
renal failure and parathyroid hormone deficiency.
Bone biopsy of a 39-year old woman with peptic
ulcer and gastritis without renal insufficiency, who
took large doses of an antacid containing a high
concentration of aluminum, revealed that 27.6% of
the total bone surface was composed of aluminum
deposits (Woodson, 1998).

Aluminum incorporates into the bone and causes
physiochemical mineral dissolution as well as cell-
mediated bone resorption (Bushinsky et al., 1995).
Another study substantiates this finding by demon-
strating that aluminum-induced osteomalacia is
due to disruption of bone mineralization and
resorption (Jablonski er al, 1996). Interestingly,
there is an increased risk of bone fragility fractures
in people suffering from senile dementia. Since
there is a higher concentration of aluminum in bone
biopsies from patients with AD, it has been
hypothesized that chronic aluminum intoxication
may play a role in the etiology of this neurodegen-
erative disease (Mjoberg et al., 1997).

Microcytic anemia without iron deficiency

Aluminum plays a role in the blood toxicity seen in
patients with chronic renal failure. Uremic patients
on chronic dialysis together with a phosphate
binding buffer regimen, can suffer from severe
aluminum intoxication and develop microcytic
anemia without iron deficiency (Short ez al., 1980;
Touam et al., 1983). To prove that the increase in
aluminum is the principal causative factor, Touam
et al. injected uremic rats with aluminum salts and
showed that there was a significant reduction in
both the hematocrit and the average hemoglobin
content of erythrocytes compared to uremic
rats injected only with saline. Aluminum may also
cause hemolysis by effecting peroxidative damage
of the erythrocyte cell membrane (Zaman et al.,
1993).

The adverse effect of aluminum in erythropoiesis
is not merely a secondary effect of renal failure.
Normal rats treated with different concentrations
of aluminum citrate develop a dose-dependent
increase in bone aluminum as well as a decrease
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in colony-forming units — erythroid development.
The latter parameter is used as a measure of the
ability of hematopoietic progenitor cells to develop.
The rats also had decreased haematocrit and a
shorter red blood cell life span compared with
control rats (Garbossa et al., 1998). Aluminum may
be directly affecting the bone marrow progenitor
cells and rendering them defective, or the metal
may be affecting the function of the mature cells by
damaging the cell membrane.

Neurologic deficits

In 1976, Alfrey et al. proposed aluminum salts as
the possible cause of encephalopathy in uremic
patients on chronic hemodialysis, who routinely
received aluminum-containing phosphate binders
(Alfrey et al., 1976). The study measured the
aluminum content of various tissues of control
subjects and uremic patients. In uremic patients,
muscle and bone had elevated levels of aluminum
(14.8 and 98.5 ppm, respectively) relative to control
subjects (1.2 and 2.4 ppm, respectively). Values of
aluminum in brain gray matter in a group of uremic
patients on dialysis who died of neurologic syn-
drome of unknown cause were 25 ppm, compared
to 6.5 ppm in a group of uremic patients on dialysis
who died of other causes, and 2.2 ppm in control
subjects. Symptoms of severe encephalopathy and
high brain aluminum concentration were also
reported in a uremic boy who was not undergoing
dialysis, but was treated with oral aluminum
hydroxide (Nathan and Pedersen, 1980). Another
case study further implicated aluminum as the
cause of the dialysis encephalopathy syndrome by
demonstrating that the symptoms completely dis-
appeared after oral aluminum intake was stopped
(Russo et al., 1991). In a more recent study, a
patient with advanced obstructive nephropathy
displayed symptoms of encephalopathy after con-
tinuous bladder irrigation with 1% alum for two
days, and these symptoms were associated with
elevated serum aluminum levels (Phelps et al.,
1999).

Studies in other populations also suggest alumi-
num induction of neurological damage. Infants
subjected to prolonged feeding with aluminum-
containing intravenous solutions exhibited im-
paired neurological development and increasing
aluminum exposure was associated with a reduction
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in the Mental Development Index, with an adjusted
loss of one point per day of intravenous feeding for
infants receiving the standard solutions (Bishop et
al., 1997).

‘Mclntyre Powder’ (finely ground aluminum and
aluminum oxide) was used as a prophylactic agent
against silicotic lung disease between 1944 and 1979
in miners in northern Ontario. A morbidity pre-
valence study conducted between 1988 and 1989
demonstrated that miners exposed to aluminum
performed less well on cognitive examinations
compared to unexposed workers. Furthermore,
the likelihood of scores in the impaired range
increased with duration of exposure (Rifat
et al., 1990). These studies have prompted con-
siderable investigation into the mechanisms by
which aluminum may be linked to neurodegenera-
tive events.

The aluminum and Alzheimer’s disease controversy

One of the first reports linking aluminum to AD
found that there was an elevated level of aluminum
in necropsy and biopsy samples of the brains of
patients with histopathologically confirmed AD
when compared to necropsy samples of normal
brains (Crapper et al., 1973). In contrast, a study
by McDermott et al (1979) found no significant
changes in the brain aluminum concentration of
patients with AD compared to normal age-matched
controls. However, the region with the highest
aluminum content was the hippocampus, which is
the most critical site for brain lesions in AD. These
authors also found an increase in aluminum con-
centration with increasing age. Another study
reported that the level of aluminum is not elevated
in the frontal cortex, temporal cortex, liver or the
head of femur of patients with AD (Bjertness et al.,
1996).

It has been proposed that the root of this
apparent discrepancy is in the methodology used
to measure the metal. If there is an elevated level of
aluminum in the brain of patients with senile
dementia, it could be confined to small areas which
are most affected. This increase may be masked
when bulk brain tissue is analysed (Savory et al.,
1997). Indeed, direct analysis of the aluminum
content in neurofibrillary tangles shows an increase
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in the concentration of the metal (Perl and Brody,
1998).

Epidemiologic studies indicate a positive rela-
tionship between AD frequency and aluminum
concentration in drinking water (Neri and Hewitt,
1991; Altmann et al., 1999). However, other studies
have been unable to confirm this association
(Wettstein et al., 1991; Martyn et al., 1997).
Subsequently, a Canadian study investigated the
effects of aluminum exposure through municipal
drinking water systems, using a 10-year residential
history. The study correlated the relative risk of
developing AD with residence in areas where the
concentration of aluminum in drinking water was
> 100 Mg/l (McLachlan et al, 1996). Similar
results were obtained in a French study that
included over 3700 subjects aged 65 and over, where
it was found that the adjusted relative risk for
dementia was 1.99 and that for AD was 2.14 in
subjects exposed to aluminum concentrations
> 0.1 mg/L (Rondeau et al., 2000).

Mechanisms of aluminum-induced
neurodegeneration

Oxidative stress

Oxidative stress is an event resulting from the
formation of reactive oxygen species (ROS), such
as hydrogen peroxide (H,O,) and the superoxide
radical (O, ). These species are genecrated by
electron leakage from enzymes involved in the
mitochondrial electron transport chain, which con-
tain transition metal ions at their active sites
(Halliwell 1992). Most of the cell damage caused
by ROS is due to their conversion into a relatively
short-lived but highly reactive intermediate such as
the hydroxyl radical (*OH), which can damage
DNA, as well as cytosolic and membrane-bound
macromolecules.

Oxidative events have frequently been linked to
neurodegenerative disorders such as AD (Zhou et
al., 1995; Smith, 1996; Marcus et al., 1998;
Nunomura et al., 1999); whether their presence is
the cause or the end result of the disease is
unresolved (Hensley et al, 1998). Smith et al
(1998) further established the association between
oxidative stress and components of the aging brain
by demonstrating that 4-hydroxynonenol, the anti-

oxidant enzyme heme oxygenase-I, and T-reactive
dystrophic neurites are all located at the periphery
of amyloid plaques. Events that chronically increase
the normal production of these reactive intermedi-
ates may lead to a reduction in antioxidant defense
and thus compromise cell integrity. Total plasma
antioxidant capacity is decreased in AD patients
while the activity of copper-zinc superoxide dis-
mutase in erythrocytes and the lymphocyte mRNA
level of manganese superoxide dismutase are sig-
nificantly increased perhaps due to compensatory
mechanisms (De Leo et al., 1998). The activity of
catalase and superoxide dismutase is decreased in
the brain of AD patients, together with an increase
in lipid peroxidation (Marcus et al., 1998). It has
been suggested that metals without redox capacity,
such as aluminum can make fatty acids more
available to attack by free radicals, thus facilitating
the propagation of lipid peroxidation (Oteiza et al.,
1993; Ohyashiki et al., 1998).

In isolated systems aluminum can potentiate the
ROS production by iron (Bondy and Kirstein,
1996) and copper (Bondy et al., 1998b). Fe and
Cu, which are present in most cell compartments,
are known to be pro-oxidant metals and aluminum
potentiates the capability of these transition metals
to produce oxidative stress. It is hypothesized that
colloidal aluminium may bind these metals and
thus modulate their ability to promote metal-based
oxidative events (Campbell ez al., 2001). This may
give further impetus to the concept that colloidal
compounds (including aggregated B-amyloid pep-
tide) may complex pro-oxidant metals, and thus
allow them to participate in Fenton reactions for a
longer period (Yang et al., 1999).

Aluminum treatment can exacerbate ROS for-
mation in vivo and in vitro. Intraperitoneal injec-
tion of aluminum gluconate increased the rate of
ROS formation in cortical tissue (Bondy et al.,
1998a), and the brain of rats treated with aluminum
lactate for four weeks showed an increase in lipid
peroxidation and a significant decrease in antiox-
idants (Julka and Gill, 1996). Exposure of cells to
aluminum sulfate increased ROS formation, ac-
companied with elevated mitochondrial activity
and glutathione depletion, in glial but not neuronal
cell lines (Campbell et al., 1999). Because alumi-
num salts, complexed to strong acids such as sulfate
and chloride, have a tendency to form colloidal
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particles as they age (Corain et al, 1996), it is
possible that the glial-specific aluminum-induced
increase in oxidative parameters is due to activation
of these cells by extracellular aluminum complexes.

Inflammatory response

The number of activated astrocytes is increased in
AD. These astrocytes are associated with both
senile plaques and cerebral microvessels (Cullen
1997). Cytokines such as interleukin (IL)-1, TL-6
and IL-8 are primarily synthesized by activated
microglia and macrophages in response to patho-
gens and trauma. Chronic production of these
chemotactic factors can result in cytotoxicity be-
cause they recruit and activate macrophages that
produce high concentrations of ROS (Dunn, 1991).
In the hippocampus of AD patients, there is an
upregulation of proinflammatory genes (Colangelo
et al., 2002) and the levels of the proinflammatory
cytokine IL-6 is elevated in the brain (Cadman et
al., 1994) as well as the cerebrospinal fluid (CSF)
and plasma (Sun et al., 2003) of AD patients. An
animal model of chronic inflammation induced by
infusion of lipopolysaccharide produces astrogliosis
as well as an increase in the levels of B-amyloid
precursor protein (APP), IL-1, and TNF® mRNA
levels. This is followed by hippocampal cell loss and
impairment of spatial memory. These changes
parallel those seen in the AD brain (Wegrzyniak
et al., 1998). Thus it may be that extended cerebral
inflammatory events can lead to neuronal cell loss
and subsequent neurodegeneration.

The ability of aluminum to promote peripheral
inflammation is unquestionable. This metal has a
long history of use as an adjuvant in vaccines. The
mechanism includes formation of a depot, efficient
uptake of aluminum-antigen particles by antigen
presenting cells, and stimulation of immune com-
petent cells of the body through activation of
complement, induction of eosinophilia and activa-
tion of macrophages (Gupta, 1998). Sensitization
can develop in individuals injected with vaccines
containing aluminum hydroxide as an adjuvant and
aluminum-induced inflammatory nodules are
formed in adults revaccinated for hepatitis B
(Cosnes et al., 1990). Alum-precipitate allergenic
extracts used for immunotherapy have also been
associated with subcutaneous nodule formation at
injection sites (Orfan et al., 1995). Administration
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of aluminum phosphate adjuvant induces transcrip-
tion of inflammatory markers, such as IL-2 recep-
tor gamma subunit, c-jun and c-fos in lymphoid
organs that are distant from the injection site
(Regnstrom et al., 2002). Authier et al (2001)
described a persistent local inflammatory reaction
to intramuscular injection of aluminum containing
vaccines in patients and accumulation of this metal
in macrophages at these sites. Furthermore, alumi-
num present in parenteral nutrition formula accu-
mulated in the liver of rats and produced
hepatobiliary dysfunction characterized by portal
inflammation (Demircan et al., 1998).

The ability of aluminum to cause an inflamma-
tory response in the brain has been reported both in
vitro and in vivo. Gene expression analysis of neural
cells exposed for 72 hours to aluminum maltolate,
led to a concentration-dependent increase in TNF-
% and macrophage inflammatory protein-1 alpha
(MIP-1%) (Johnson and Sharma, 2003). In glial
cells, a three-day aluminum treatment resulted in an
increase in TNF-% secretion together with activa-
tion of the immunologically relevant transcription
factor NF-KB (Becaria et al., 2003). Intraventricu-
lar injections of aluminum in the brain of adult
mice produced gliosis in the striatum of exposed
animals, a region where aluminum accumulated
(Platt et al, 2001). Chronic aluminum lactate
treatment increased glial fibrillary acidic protein
(GFAP) concentrations in the cerebral cortex of
rabbits (Yokel and O’Callaghan, 1997) and intra-
cisternal injection of aluminum maltolate in aged
rabbits induced NF-XB activation (Ghribi et al.,
2001). We have found that extended administration
of very low levels of aluminum in the drinking
water of mice (10 KM), paralleling those found in
some residential waters, can lead to microglial and
astroglial activation (Campbell er al., in press).
Thus the capability of aluminum to promote
various inflammatory events in the brain occurs
over a range of aluminum species and in a wide
range of experimental systems. A feature common
to all these studies was a relatively extended
exposure to aluminum. The neurotoxicity of alu-
minum may rely on its potential to chronically
upregulate inflammatory cascades and oxidative
events and this may eventually contribute to
progression of pathological processes in neurode-
generative diseases (Figure 1).
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Figure 1. Chronic exposure to Al leads to accumulation of the metal
in the brain. This then triggers activation of glial cells, which then
produce proinflammatory cytokines and ROS to resolve a stimulus that
the cells perceive as pathogenic. Prolonged secretion of these factors
can diminish neuroprotective mechanisms such as antioxidant defense
mechanisms, which lead to neuronal cell loss, eventually culminating
with neurodegeneration.

Conclusions

Many neurological disorders, as well as brain aging
in the absence of specific disease, are characterized
by enhancement of two processes. One of these is
the upregulation of inflammatory events in the
absence of a well-defined exogenous stimulus.
Unless triggered by an infection, the healthy
younger animal has very low basal levels of
inflammatory cytokines, inducible nitric oxide
synthetase and other indices of immune reactivity.
These indices are upregulated with age and are even
more prominently associated with neurodegenera-
tive disease. Aluminum salts may exacerbate such
intrinsic inflammatory activity by providing an
irresolvable chronic stimulus for microglial and
phagocytic activation within the brain.

The second process which is reported as elevated
in both the aging brain and especially in those
disorders associated with aging is increasing oxida-
tive damage to macromolecules due to enhanced
formation of active oxygen species. This trend can
be largely attributable to progressive deterioration
of the efficiency of mitochondrial oxidative phos-
phorylation. As described in this review, aluminum

has the potential to catalyse the formation of iron-
based oxidant events. This is also likely to be due to
the colloidal nature of aluminum salts at neutral
pH. Oxidative and inflammatory events associated
with reduced cerebral functioning are intimately
associated but the complex temporal and causal
relationships between them remain unclear.

Exposure to low levels of aluminum has been
regarded as harmless and reports to the contrary
have often been met with skepticism. The thrust of
the evidence described in this article is that, while
the acceleration of neurological deficits by low
levels of aluminum may be very difficult to
unequivocally demonstrate, there is a good experi-
mental basis to believe that such a hazard exists.
Significantly, our studies using a rodent model,
have not yet determined the ‘no observable effect’
levels of aluminum in drinking water (Campbell et
al., in press). Although deleterious effects of
aluminum are likely to be subtle and unspectacular,
there is a clear potential for the involvement of
large populations in these adverse health changes.
This constitutes an important reason for a detailed
re-examination of this issue.

It is well accepted that aluminum, when present
in the circulation in relatively high doses, can act as
a toxicant, especially with respect to bone, blood,
and the nervous system. Thus, although there is no
consensus as to whether dietary aluminum can lead
to elevations in plasma levels of this element that
are sufficient to lead to acute toxicity, both
epidemiological and experimental findings de-
scribed here strengthen the possibility that a
prolonged exposure to relatively low levels of
aluminum may be neurotoxic.
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