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A B S T R A C T

Evidence for the neurotoxicity of extended exposure to low levels of aluminum salts is described using

an animal model treated with aluminum at low levels reflecting those found in some water supplies.

Emphasis is given to the potential role of aluminum in acceleration and promotion of some indices

characteristic of brain aging. These hallmarks include the appearance of excess levels of inflammation in

specific brain areas. Aluminum salts can increase levels of glial activation, inflammatory cytokines and

amyloid precursor protein within the brain. Both normal brain aging and to a greater extent, Alzheimer’s

disease are associated with elevated basal levels of markers for inflammation. These are not attributable

to obvious exogenous stimuli and may reflect the lifespan history of the organism’s immune responses. It

is possible that aluminum salts can act as a subtle promoter of such apparently unprovoked responses.

� 2010 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

NeuroToxicology
1. Introduction

This review on the potential neurotoxic hazard posed by
aluminum focuses on distinguishing between those aspects of
aluminum neurotoxicity that are widely accepted and not
controversial, and those aspects that are suggestive but not fully
established. The work of this laboratory over the past 12 years is
described and this falls into the latter classification, adding to the
body of evidence increasingly implicating aluminum as a
potentially hazardous environmental agent.

The most accepted facts relating to aluminum include: (i) it’s
widespread prevalence and level of human consumption, (ii) the
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known neurotoxicity of high levels of aluminum, and (iii) a
repeated epidemiological correlation between ingested aluminum
and the incidence of Alzheimer’s disease. Another relevant area of
widespread consensus is the tendency of the aging brain to express
elevated levels of inflammation and the further exacerbation of
this state in several neurodegenerative diseases.

Lessacceptedisthe evidencethataluminumcanbea causal factor
inpromotingAlzheimer’sdisease. Thisareahasbeenhandicappedby
earlier erroneous reports of heightened levels of aluminum in
amyloid plaques. Tissue aluminum levels are notoriously difficult to
determine and later more reliable findings leading to similar
conclusions have been overshadowed by these original reports.
The main objective of our more recent studies has been to study the
effects of extended exposure of experimental animals to levels of
aluminum that have relevance for the human population. Demon-
stration that these can provoke cerebral inflammatory responses
resembling those that are found with brain senescence, can provide a
mechanistic link to epidemiological reports.

http://dx.doi.org/10.1016/j.neuro.2010.05.009
mailto:scbondy@uci.edu
http://www.sciencedirect.com/science/journal/0161813X
http://dx.doi.org/10.1016/j.neuro.2010.05.009
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2. Aluminum is environmentally prevalent and ingested by
humans

Aluminum (Al) salts are used as a coagulant for purification of
drinking water and as a food additive. The most common form of
human exposure to Al3+ is absorption through the gastrointestinal
tract. The rate of absorption is approximately 0.22% (Priest et al.,
1988) and once in the blood, approximately 90% of the metal is
bound to transferrin (Soldado-Cabezuelo et al., 1997; Harris et al.,
2003). Al3+ can pass the blood–brain barrier by receptor-mediated
endocytosis of the Fe-carrier protein and in rats approximately
0.005% of the metal complexes enter the brain (Yokel et al., 2001).

Until recently aluminum in the environment was considered
harmless, because in solution, Al3+ salts form monomerichydroxy
compounds which start to form polymeric and colloidal particles
as the solution ages. Because of the formation of these insoluble
aluminum species, it was assumed that absorption would be
limited and thus the metal would be innocuous. However,
aluminum compounds have been shown to be toxic to animals
(Sparling and Campbell, 1997) and there has been a rising concern
over the metal’s potential adverse health effects (Lazerte et al.,
1997). The increasing prevalence of acid rain can lead to the release
of greater amounts of aluminum salts from insoluble minerals,
leading to greater bioavailability (Smith, 1996).

3. There is an epidemiological relation between chronic
aluminum exposure and the incidence of Alzheimer’s disease

The presence of excess aluminum in the brains of patients with
Alzheimer’s disease has been described. Earlier reports (Perl et al.,
1982) have been confirmed using more sophisticated analytical
procedures (Bouras et al., 1997; Andrasi et al., 2005). Elevated
aluminum levels have also been reported in other less common
neurological disorders such as the Guamanian Parkinsonian-ALS
constellation and Hallervorden-Spatz disease (Eidelberg et al.,
1987; Garruto et al., 1989). This has raised the question as to
whether the metal may play a role in several neurological disorders
(Kawahara, 2005). This issue is unresolved since several conflicting
reports exist (Xu et al., 1992). However, chelation therapy in order
to reduce the aluminum burden in Alzheimer patients, has been
reported as beneficial (McLachlan et al., 1991). In view of the many
adverse effects of deferoxamine, new Al-specific chelators for
potential use in AD treatment, have recently been developed (Shin
et al., 2003).

An increasing number of epidemiological reports relate the
aluminum content of drinking water with increasing incidence of
neurological disease. A study by McLachlan et al. (1996) correlated
the risk of developing Alzheimer’s disease with residing in areas
where aluminum concentrations in the municipal drinking water
are 100 mg/L or greater. A dose–response correlation between an
increasing concentration of Al in the drinking water and a higher
risk of developing Alzheimer’s disease (AD) was found. Another
study, looking at elderly populations exposed to Al3+ in drinking
water (100 mg/L), also reported a similar link between exposure
and the prevalence of AD (Rondeau et al., 2000). A comprehensive
literature survey has found 13 reports concerning a significant
association between residing in areas where aluminum concen-
trations in the municipal drinking water are high and an increase in
the incidence of AD, and a meta-analysis, integrating results from
many sources, reveals that this association is significant (Flaten,
2001). Meta-analysis has limitations as a methodology but these
findings have been confirmed in a recently published study
involving a 15-year follow-up of a large population (Rondeau et al.,
2009).

Correlative changes are never sufficient to imply causation.
Proposals have been made that aluminum entry into the brain is a
secondary epiphenomenon, consequent to damage to the blood–
brain barrier. However, dialysis encephalopathy can be treated
with deferoxamine with good results suggesting that Al is directly
neurotoxic (Abou-Donia, 1992). Treatment of aluminum-related
bone disease with deferoxamine which mobilizes bone-Al and
elevates serum Al3+, can precipitate dementia (Sherrard et al.,
1988). While this chelator is not specific for aluminum, in both
these instances, a causal relation between circulating Al3+ and
dementia is suggested.

We have found that some biological effects of colloidal
aluminum may resemble that of the toxic 25–35 b-amyloid
fragment (Yang et al., 1999). Interactions between aluminum and
transition metals may parallel those between amyloid and
transition metals, such as the ability of copper salts to effect
aggregation of b-amyloid (Atwood et al., 1998). Aluminum
suspensions like other colloids can attract transition metals to
their surfaces and this can promote valence flux leading to
production of reactive oxygen species (Bondy et al., 1998).
Aluminum complexes can also potentiate the rate of aggregation
of b-amyloid and enhance the toxicity of this peptide (Exley, 1997;
Bondy and Truong, 1999). Finally, dietary exposure to Al can
exacerbate Ab deposition and plaque formation in the brain of
transgenic mice over-expressing amyloid precursor protein (APP)
(Pratico et al., 2002), from which Ab is initially generated.
Alzheimer’s disease is characterized by brain depositions of the
toxic amyloid b-peptide (Ab) to form amyloid plaques. In the brain
of AD patients, reactive microglia, producing proinflammatory
cytokines and acute phase proteins, are associated with Ab-
containing neuritic plaques (Mrak et al., 1995; Styren et al., 1998).

There has been difficulty in development of a rationale
concerning mechanisms underlying aluminum neurotoxicity.
Various suggestions have been made, including the possibility
that insoluble aluminum complexes may induce glial activation
and macrophage activity (Evans et al., 1992; Garrel et al., 1994;
Shigematsu and McGeer, 1992). This is supported by the
observation that, in rats intracerebroventricularly injected with
Al3+, complexes of the metal accumulate largely in the striatum,
and this is accompanied by gliosis (Platt et al., 2001). Upon
postmortem analysis of a chronic renal failure patient using
phosphate-binding Al-hydroxy gels for a prolonged period,
increased proliferation of microglia and astrocytes in the same
region of the brain was also found (Shirabe et al., 2002). This
patient developed Al-induced encephalopathy 9 months prior to
death. Prior work from our laboratory has found that aluminum
increases cell proliferation, cytokine secretion, and NF-kB activa-
tion in human glioblastoma cells (Campbell et al., 2002). Levels of
activated NF-kB, accompanied by a significant increase in
inflammatory cytokines, are also increased in the brains of mice
following consumption of Al lactate in drinking water (Campbell
et al., 2004; Becaria et al., 2006). It is noteworthy that, when TNF-a
is elevated in many organs by a systemic inflammatory stimulus, it
remains elevated in brain much longer than in other tissues (Qin
et al., 2007).

4. Aluminum exposure may also promote the onset of
Parkinson’s disease

There is evidence relating aluminum exposure to Parkinson’s
disease. An epidemiological study has found a correlation between
this disorder and Al exposure (Altschuler, 1999). Al concentrations
are elevated in dopamine-related brain regions of PD patients
(Yasui et al., 1992) and occupational exposure to aluminum may
constitute a risk factor for PD (Gorell et al., 1999). In a case of
encephalopathy due to treatment with Al-hydroxy gels in renal
failure, postmortem analysis revealed gliosis to be especially
pronounced in striatal regions (Shirabe et al., 2002). PD is a
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disorder increasingly recognized as involving inflammatory events
(Selley, 2005), microglial activation and increased levels of
proinflammatory cytokines (Nagatsu and Sawada, 2005). Non-
steroidal anti-inflammatory drugs (NSAIDs) have been shown to
reduce the risk of developing PD (Hald and Lotharius, 2005).

There is some experimental evidence that Al exposure can
adversely affect the dopaminergic system. Extended exposure to
100 mM Al lactate increased striatal levels of the dopamine
metabolite, DOPAC (Li et al., 2008). This was accompanied by a
non-significant trend toward depressed levels of dopamine,
suggesting that exposure to Al may cause increased turnover of
dopamine. This led to testing the effect of challenge of Al-treated
mice with MPTP, a dopaminergic neurotoxin. While neither Al nor
MPTP treatment altered cortical activation levels of NF-kB, the two
stressors in combination significantly elevated levels of this
transcription factor. The p50 subunit of NF-kB was also higher
in animals treated with both toxicants. Similarly, treatment of mice
with both agents together but not to either alone, led to
pronounced astroglial activation in the circumventricular region
(Fig. 1). Thus, aluminum and MPTP interact synergistically in
enhancing dopamine turnover, levels of GFAP and activation of NF-
B (Li et al., 2008). There are reports of potentiation of MPTP effects
by other neurotoxicants including 3-niroproprionic acid (Ahuja
et al., 2008). It should be noted that astroglial activation can occur
in a time and dose-dependant manner using MPTP alone (Ho and
Blum, 1998). The rise of GFAP seen after MPTP treatment may be
more persistent in female mice (Ciesielska et al., 2009; Ookubo
et al., 2008), while all the mice used in our study were male. Also, it
is important to recognize that low-level inflammatory responses
including microglial activation can have beneficial effects in the
brain (Kriz, 2006).

A further study of potential interactions of Al and MPTP was
performed. Treatment with both toxicants together resulted in an
increase in the level of AP-1 binding to DNA and elevation of the
content of activated, phosphorylated JNK-1 (P-JNK) (Li et al., 2008).
A similar increase was seen with phosphorylated p38 in animals
[(Fig._1)TD$FIG]

Fig. 1. Immunofluorescent staining for GFAP in the periventricular area. Sections derived

dosed with both Al and MPTP (D). Bars represent 100 mm. Each section derived from a
treated with both Al lactate and MPTP. Such evidence of
mobilization of a specific transcription factor following activation
of a kinase signaling pathway was only found when both agents
were present together. This implies that aluminum and MPTP can
act synergistically. The utility of an acute challenge when
considering the consequences of extended exposures to low levels
of an environmentally prevalent xenobiotic agent, is evidenced by
this study. The findings suggest dopaminergic neuronal circuitry is
vulnerable to low levels of aluminum. This may be due to the
relatively high glial content in striatal areas and the globus
pallidus. It may also be related to the sensitivity of dopamine
neurons to oxidative damage.

5. Acute exposure to aluminum can cause clinical
neurotoxicity

Aluminum (Al) is the third most abundant element in the
earth’s crust but is not an essential trace metal for mammals.
However the concentrations in the body are sufficient to modify
the activity levels of several key enzymes and second messenger
pathways. Plasma concentrations of Al3+, as high as 0.4 mM, have
been reported in humans (Kausz et al., 1999) and orally ingested
aluminum salts have been shown to lead to the deposition of Al
compounds in the brain (Bowdler et al., 1979). Aluminum levels in
brain increase with age (Jansson, 2001). The possibility of Al3+

being a causative agent in neurodegenerative diseases was
originally raised by several findings suggesting that the metal is
not innocuous in a physiological milieu. The occurrence of
aluminum-induced dialysis encephalopathy in man following
hemodialysis, is accompanied by elevated levels of aluminum in
the brain (Russo et al., 1992) and recovery is facilitated by
application of an Al chelator (Erasmus et al., 1995). Aluminum-
induced encephalopathy has also been found in renal failure
patients, who have undergone bladder irrigation with 1% alum
(Phelps et al., 1999). These findings suggest that prolonged
exposure to the metal can have adverse consequences to human
from: control animals (A), Al-exposed mice (B), mice treated with MPTP (C) and mice

representative mouse from a group of three receiving identical treatment.
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Fig. 2. (A) Northern blot of TNF-a in the brain of Al-exposed mice. b-Actin was used to insure equal loading of all samples. Integrated density of the blots. b-Actin intensity

was used to adjust the values. (B) Levels of TNF-a in the cytoplasmic fraction of the brain after treatment with Al. Bars represent mean of six individual determinations � SE. *,

value is significantly different (p < 0.05) from the control.

[(Fig._3)TD$FIG]

Fig. 3. Cortical APP concentration in mice receiving 0, 10, or 100 mM Al lactate in

drinking water. Bars represent mean of six individual determinations � SE. *,

different (p < 0.05) from the control.
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health. The development of an encephalopathy, characterized by
cognitive deficits, in-coordination, tremor and spinocerebellar
degeneration, among workers in the aluminum industry (Polizzi
et al., 2002) also indicates that exposure to the metal can be
profoundly deleterious. Abnormal neurological symptoms have
been observed in several patients receiving intramuscular injec-
tions of Al-containing vaccines and the WHO Vaccine Safety
Advisory Committee has recognized that there may be a subset of
predisposed individuals who may be sensitive to Al-containing
adjuvant (Authier et al., 2001). When mice were injected with
adjuvants containing aluminum in amounts equivalent to those
given to US military service personnel, neuroinflammation and cell
loss were found in spinal cord and motor cortex, together with
memorial deficits were found (Petrik et al., 2007). Other sporadic
cases of aluminum poisoning include a seizure disorder of
accompanied by progressive cognitive decline, ataxia, and dysar-
thria consequent to the ‘cooking’ of a methadone solution in an
aluminum pot to reduce the volume followed by intravenous
injection. This led to very elevated levels of serum aluminum
(Friesen et al., 2006).

During a mishap in Camelford, England, Al levels in drinking
water supplies were several millimolar for several weeks and
subsequent behavioral testing of some of the affected population
revealing significant cognitive deficits (Altmann et al., 1999). These
clinical findings are paralleled in an animal model where systemi-
cally administered aluminum caused behavioral deficits including
in-coordination (Bowdler et al., 1979) and cognitive and morpho-
logical changes in the CNS of treated animals (Miu et al., 2004).

6. Elevated levels of intrinsic inflammation are associated with
neural aging and this is exacerbated in several
neurodegenerative diseases

Senescence of the brain is associated with increased levels of
factors reflecting inflammation (David et al., 1997; Streit et al.,
1999; Sharman et al., 2002; Sharman et al., 2004; Bondy and
Sharman, 2007). In age-related neurodegenerative disorders, such
as AD and PD, enhancement of inflammatory processes is thought
to significantly contribute to pathogenic events. The number of
activated astrocytes is increased in AD and these are associated
with senile plaques and with cerebral microvessels (Cullen, 1997).
In the hippocampus of AD patients, there is an up-regulation of
proinflammatory genes (Colangelo et al., 2002), and levels of
cytokines are elevated in the brain (Zhao et al., 2003) as well as
cerebrospinal fluid and plasma (Sun et al., 2003) of AD patients.
Such age-related increased neuroinflammation has adverse con-
sequences in that the brain is sensitized to the effects of infection
or stress (Sparkman and Johnson, 2008).
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Fig. 4. Microglial activation in the brain of Al lactate-exposed animals. (A) Control, (B) Al lactate (0.01 mM), and (C) Al (0.1 mM). FC, frontal cortex; CC, corpus callosum; CN/P,

caudate nucleus/putamen; GP, globuspallidus. 20� magnification.
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A very large proportion of the genes whose expression are
significantly increased with age, are related to immune function
(Sharman et al., 2004, 2007; Perreau et al., 2007). Thus, basal levels
of mRNA for IL-6 and TNF-a are over 10-fold higher in 26-month
old than in 5-month old B6C3F1 mice (Sharman et al., 2002), and
protein levels are correspondingly elevated. However, heightened
basal immune activity in the brain of the aged animal is not
accompanied by an elevated response to an inflammatory stimulus
of exogenous origin. In fact, the reactivity of the immune system to
such a material as lipopolysaccharide is considerably decreased in
the elderly mouse (Sharman et al., 2002). It is likely that
attenuation of the signal/noise ratio of immune defenses with
age, implies an impaired ability to mount an effective response to
pathogens. Chronically sustained low-level immune responsivity
is likely to produce adverse effects. The harmfulness of an extended
and ineffective immune response is well illustrated in the case of
lung where the continuing presence of mineral particles such as
silica leads to a futile phagocytic attack by alveolar macrophages
on such irresolvable foci, which ultimately leads to severe
pathological changes involving inflammatory cytokines (Hamilton
et al., 2008).

7. Low levels of aluminum in drinking water of experimental
animals, elevate basal levels of inflammatory activity within the
CNS

The above findings with the human glioblastoma cells, as well
as the epidemiological studies linking an increase in the risk of
developing AD in regions where the concentrations of Al3+ in the
drinking water are high, formed the rationale for conducting
experiments involving extended exposure of animals to relevant
levels of an aluminum salt in the drinking water. The selection of
levels of Al was based on reported levels of Al in drinking water
which can be as high as 10 mM in some municipal waters with
excursions up to 25–230 mM recorded in Ontario and Texas
(Nieboer et al., 1995; Forbes and Hill, 1998; Cech and Montera,
2000).

Adult mice were exposed for 10 weeks to low levels of
aluminum lactate in their drinking water and indices of an
inflammatory response in the brain were sought. All levels of
aluminum used did not affect body weight. Concentrations of
cytokines and their mRNAs were quantitated in cerebral homo-
genates and immunohistochemical techniques were used to allow
a more precise localization of changes occurring. Even at the lower
levels of aluminum used, inflammatory responses were apparent
(Campbell et al., 2004).

Levels of the inflammatory cytokines, TNF-a and IL-1a were
elevated in response to Al lactate in a dose-dependant manner and
for TNF-a this was associated with greater expression of the
corresponding mRNA (Fig. 2). Levels of amyloid precursor protein
(APP) were also significantly elevated (Fig. 3). Immunohistochemi-
cal evidence of enhanced astrocyte activation proportional to
aluminum dose, was found in the brains of the treated animals
(Campbell et al., 2004). A parallel result was found using a stain for
microglial activation (Fig. 4). All of these findings support the
concept of the active role for glia in the cerebral response to
aluminum. Furthermore, since TNF-a and IL-1a levels in the liver
or serum of treated animals were unchanged, these changes appear
to reflect a specific effect on the brain rather than a generalized
inflammatory response.

Both lipid peroxidation and nNOS in cortex were elevated
(Becaria et al., 2006). These may be considered to reflect pro-
oxidant changes. The effect of Al on lipid peroxidation was
especially pronounced, and significant even in the group receiving
the lowest content of Al in water (10 mM Al). nNOS is primarily an
index of neuronal oxidant events, while iNOS (to be used in future)
may primarily reflect glial activation.

There is also a recent report of the functional impairment of
spatial memory discrimination in rats following to prolonged
exposure to dietary aluminum corresponding to the urban
American dietary aluminum range (Walton, 2009). Thus the
inflammatory changes that we have found could result in cognitive
deficits.

8. Summary

While the potential of aluminum for promoting neurodegener-
ative disease remains controversial, the following statements,
which form the headings of the some of the above discussion, are
indisputable.

(i) Aluminum is environmentally prevalent and ingested by
humans.

(ii) Acute exposure to aluminum can cause clinical neurotoxicity.
(iii) Elevated levels of intrinsic inflammation are associated with

neural aging and this is exacerbated in several neurodegener-
ative diseases.

(iv) Low levels of aluminum in drinking water of experimental
animals, elevate basal levels of inflammatory activity within
the CNS.

The median age of the United States population is rapidly
increasing and there is expectation of a corresponding increase in
the incidence of Alzheimer’s disease, Parkinson’s disease and other
chronic neurodegenerative diseases. Aging forms an essential
platform for the development of such disorders and acceleration of
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the changes found with normal brain aging could promote their
clinical onset. One of the most rewarding approaches to mitigation
of the societal effects of these age-associated neurological diseases
lies in the identification and mitigation of extrinsic factors which
accelerate changes associated with normal cerebral senescence
that are not specifically associated with any neurological disease.
Aluminum is a strong candidate for consideration as a subtle
promoter of events typically associated with brain aging.
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