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Abstract: A great deal has been learned about the neurotoxicity of aluminum over the past two decades in terms of its 

ability to disrupt cellular function. Newer evidence suggests that a more central pathophysiological mechanism may be re-

sponsible for much of the toxicity of aluminum and aluminofluoride compounds on the brain. This mechanism involves 

activation of the brain’s innate immune system, primarily the microglia, with a release of neurotoxic concentrations of ex-

citotoxins and pro-inflammatory cytokines, chemokines and immune mediators. A large number of studies suggest that 

excitotoxicity plays a significant role in the neurotoxic action of a number of metals, including aluminum. Recently, re-

searchers have found that while most of the chronic neurodegenerative effects of these metals are secondary to prolonged 

inflammation, it is the enhancement of excitotoxicity by the immune mediators that is responsible for most of the metal’s 

toxicity. This enhancement occurs via a crosstalk between cytokine receptors and glutamate receptors. The author coined 

the name immunoexcitotoxicity to describe this process. This paper reviews the evidence linking immunoexcitotoxicity to 

aluminum’s neurotoxic effects.  

Keywords: Aluminum, aluminofluoride complex, excitotoxicity, immunoexcitotoxicity, microglial activation, nanoscaled alu-
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1. INTRODUCTION 

 Aluminum is the third most abundant metal on earth and 
compelling evidence suggest that it is a major neurotoxin 
and disrupter of neurological function. It has also been estab-
lished that aluminum is not essential to human metabolism at 
any concentration [1]. Humans are exposed to aluminum by 
a number of routes, including foods, industrial exposures, 
drinking water, pharmaceuticals and vaccines. While absorp-
tion from the gut is quite poor, that introduced via parenteral 
fluids and vaccines is completely absorbed and distributed 
throughout the body [2]. Interestingly, there appears to be a 
common mechanism by which aluminum and other known 
neurotoxic metals (i.e., manganese, mercury and lead) trigger 
and propagate their toxic actions within the central nervous 
system (CNS). This mechanism is immunoexcitotoxicity. 
This term was coined by the author to link previously de-
scribed interactions between the immune system and the 
excitotoxic mechanism [3]. The purpose of this review is to 
discuss the evidence linking immunoexcitotoxicity to alumi-
num’s neurotoxic effects. 

2. THE BASIC PRINCLIPLES OF IMMUNOEXCITO-
TOXICITY 

 The histological basis for immunoexcitotoxicity is the 
brain’s innate immune system, primarily involving microglia 
and astrocytes. Microglia make up 5 to 15% of the cells in 
the central nervous system (CNS) cortical grey matter, hip-
pocampus, olfactory telencephalon and basal ganglion [4]. 
Under normal conditions, the brain’s microglia exist in what 
has been referred to as a resting or ramified state, even  
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though these cells are far from resting [5-7]. In this mode, 
microglia are constantly extending and retracting pseudopo-
dia, sampling the surrounding microenvironment to assure 
homeostatic conditions are maintained. In this ramified state 
they can secrete basal levels of neurotrophic substances to 
maintain connectivity and the integrity of synapses and den-
drites and actively remove excess glutamate from the ex-
tracellular environment.  

 Microglia can activate rapidly in response to various dis-
turbances [8] Once activated, microglia can either assume a 
reparative/beneficial phenotype (and secrete a number of 
anti-inflammatory and trophic factors essential for neuronal 
survival), or a predominantly neurodestructive phenotype. 
The latter is characterized by secretion of pro-inflammatory 
cytokines, cytotoxic factors and excitotoxins [6-8]. In neu-
rodegenerative diseases such as Alzheimer’s (AD), Parkin-
son’s (PD), Huntington’s, Pick’s, HIV dementia, multiple 
sclerosis (MS) and amyotrophic lateral sclerosis (ALS), acti-
vated microglia are present in large numbers, a condition 
termed microgliosis, strongly implicating these cells in dis-
ease pathology [6]. Currently, the exact conditions determin-
ing whether microglial activation is detrimental or beneficial 
to neuronal survival are not clear [5,6].  

 The surface of the microglia contain a number of recep-
tors, including receptors for most of the neurotransmitters, 
pro- and anti-inflammatory cytokines, chemokines, interfer-
ons and major histocompatibility complex (MHC) class I and 
II receptors [6]. Microglia also contain characteristic recep-
tors called pattern recognition receptors (PRR), which are 
constitutively expressed to identify and bind various patho-
gen-associated molecular pattern sites (PAMPS) and other 
non-self molecules [6]. In addition, microglia also express 
toll-like receptors (TLRs), with TLR 1-9 of the 12 known 
TLRs being found on microglia membranes [9]. TLRs not 
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only recognize microbial antigens but also regulate the mag-
nitude and duration of the immune response. Recognition of 
various ligands by the PRR can initiate the generation and 
release of superoxide, via activation of nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase [10]. Due to the 
expression of these numerous immune markers, microglia 
are often referred to as the nervous system’s resident im-
mune cells [5,8].  

 When considering immunoexcitotoxicity one is con-
cerned with two events regulated by activated microglia: (i) 
pro-inflammatory cytokine/chemokine release; and (ii) re-
lease of excitatory amino acids, particularly glutamate. It is 
the excitotoxicity component rather than inflammation alone 
that appears to be the main pathological mechanism for ac-
tual damage to neurons and their processes. For example, 
research shows that even exposure to high concentrations of 
tumor necrosis factor (TNF)-  alone for 24 hours a day for 6 
days does not result in neuronal death [11]. In contrast, 
lipopolysaccharide (LPS) or TNF-  stimulation of macro-
phages induces robust neurotoxicity, which is completely 
inhibited by the N-methyl D-aspartate (NMDA) receptor 
antagonist MK-801 [11]. Both the glutaminase inhibitor 6-
diazo-5-oxo-l-norleucine (DON), and the gap junction in-
hibitor carbenoxolone (CBX), also inhibited LPS/TNF-  – 
induced neurotoxicity by effectively suppressing glutamate 
production by activated macrophages [11]. Altogether these 
observations suggest that inflammation alone is not necessar-
ily sufficient for brain injury, but rather it is the combination 
of inflammatory cytokines/chemokines and excitotoxins 
(e.g., glutamate) that are most injurious, in other words, im-
munoexcitotoxicity. 

 The excitotoxic cascade can be triggered by an excessive 
release of glutamate from microglia and/or astrocytes, with 
elevations in nitric oxide (NO), pro-inflammatory prosta-
noids and generation of a number of reactive oxygen and 
nitrogen species (ROS/RNS) [6,10,12,13]. NO elevations 
triggered by activation of inducible NO synthase (iNOS) 
increase reactions between NO and superoxide with an asso-
ciated accumulation of very destructive peroxynitrite [13]. 
Nitrogen and oxygen species also react with membrane lip-
ids resulting in generation of two highly destructive lipid 
peroxidation products, 4-hydroxynonenal (4-HNE) and ac-
rolein [14]. Peroxynitrite, 4-HNE and acrolein suppress mi-
tochondrial energy production, which dramatically increases 
the sensitivity to excitotoxicity. Under conditions of reduced 
energy production, even low levels of glutamate can become 
excitotoxic [15,16]. It should be noted that glutamate can 
also activate microglia and enhance cytokine-induced neu-
rodegeneration. Because of this, a self-perpetuating cycle is 
created in which inflammatory cytokines stimulate the re-
lease of glutamate while glutamate, in turn, stimulates the 
release of inflammatory cytokines. This mutual interaction 
between inflammatory mediators and the excitatory levels of 
glutamate further keeps the injured cells locked in a chronic 
neurodegenerative cycle [17]. 

3. MECHANISTIC BASIS FOR ALUMINUM-
INDUCED IMMUNOEXCITOTOXICITY 

 Studies have shown that microglia and astrocytes are 
sites of preferential aluminum accumulation and toxic action 

[18,19]. Of particular interest is the observation by Suarez-
Fernandez et al. that chronic aluminum exposure in mixed 
cultures of astrocytes and neurons results in significant as-
troglial apoptosis and associated neuronal loss [19]. Given 
that neurons are dependent on astrocytes for homeostatic 
control and antioxidant protection and that astrocytes play a 
critical role in regulating extracellular levels and transport of 
glutamate, one would not be surprised at this neurotoxic in-
terrelationship. That excitotoxicity secondary to a release of 
glutamate from the dying astrocytes is the main neurotoxic 
mechanism is suggested by the observation that neuronal 
death occurred in cultures containing approximately 10% 
astrocytes but not in near-pure neuronal cultures containing 
only 1% astrocytes [19].  

 Microglia and astrocytes are principal sources of gluta-
mate and immune cytokines in the brain and as such, play a 
significant role in immunoexcitotoxicity [6,7,10]. Both in 
vitro and in vivo studies provide indisputable evidence that 
aluminum can increase the levels of both pro-inflammatory 
cytokines and glutamate in the brain [20-25]. Increased ex-
pression of these compounds by aluminum in the brain thus 
likely reflects activation of glial cells.  

 Interestingly, TNF- , which is elevated with aluminum 
exposure, is a key cytokine triggering release of glutamate 
from microglia, which occurs by up-regulating glutaminase 
and gap junction hemichannels [22,26]. These observations 
point to a mechanism by which aluminum can induce immu-
noexcitotoxicity, a process based on deleterious interactions 
between inflammatory cytokines (i.e., TNF- ) and excito-
toxins (i.e., glutamate). Indeed, Matyja demonstrated that 
exposing organotypic cultures of rat hippocampus for 24 
hours to a combination of aluminum and glutamate, both in 
subtoxic concentrations, produced typical excitotoxic le-
sions, which predominantly consisted of mitochondrial ab-
normalities [27]. Separately, neither aluminum nor glutamate 
caused neuronal injury.  

4. THE ROLE FOR ALUMINUM VACCINE ADJU-
VANTS IN SEQUENTIAL SYSTEMIC IMMUNE 

STIMULATION: IMPLICATIONS FOR NEURODE-
GENERATIVE AND NEURODEVELOPMENTAL 

DISORDERS  

 Natural infections are known to activate brain microglia 
in absence of direct brain infection and both systemic infec-
tions and non-infectious systemic immune stimulation have 
been shown to worsen brain inflammation and neurodegen-
erative diseases, such as AD and PD [28-30]. Moreover, an 
early observation linking systemic immune stimulation to 
changes in behavior and neurological pathology has been 
called sickness behavior based on the common constellation 
of neurological symptoms associated with viral illnesses, 
such as the flu. These can include impaired cognition, poor 
memory, impaired learning, poor attention, social with-
drawal, irritability, reduced food and water intake and de-
pression. Twenty years of research on this phenomenon sug-
gest that it is caused by elevations in pro-inflammatory cyto-
kines and glutamate [31] and is mediated by activated mi-
croglia. 

 Given that the very nature of peripheral immune stimula-
tion can negatively influence brain function, it should not be 
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considered unreasonable to assume that such outcomes could 
also occur with administration of aluminum immune adju-
vants. Indeed, experimental evidence clearly shows that 
long-term persistence of aluminum adjuvants in humans re-
sults in cognitive dysfunction, affecting visual and verbal 
memory, as well as executive functions such as attention, 
working memory and planning [32]. The mode of action of 
aluminum vaccine adjuvants is still not entirely clear. Recent 
evidence suggest that the key to developing immunity fol-
lowing vaccination is activation of dendritic cells and that 
this occurs indirectly via immune system stimulation with 
aluminum-containing adjuvants [33]. Aluminum adjuvants 
are considered non-TLR type immune adjuvants, acting 
though local inflammation. It appears that aluminum adju-
vants induce chemokines in macrophages, monocytes and 
granulocytes, which in turn leads to cell recruitment at the 
injection site and conversion of monocytes into dendritic 
cells [33]. Moreover, aluminum adjuvants are known to acti-
vate some 312 genes, 168 of which play a role in immune 
activation and inflammation [34]. At least 13 cytokines and 
chemokines are produced within 4 hours of aluminum adju-
vant injection, including interleukin (IL)-1ß and IL-5 [35]. 
Such strong peripheral immune challenges can have an effect 
on brain immune activation. It is known, for example, that 
IL-1ß is the main stimulus for microglial activation [36]. 

 The mechanism by which systemic activation of brain 
microglia occurs is critical to understanding the effect of 
sequential immune stimulation with immune adjuvants, in-
cluding aluminum. When microglia are first exposed to a 
disturbance in homeostasis, they may assume a primed state 
in which their mRNA and membrane receptors are up-
regulated, but there is no increased release of cytokines, 
chemokines, interferons or excitotoxins [37]. Subsequent 
stimulation will activate these primed microglia with a hy-
per-responsive reaction, leading to a several fold higher con-
centration of released pro-inflammatory cytokines, chemoki-
nes and the release of three excitotoxins—glutamate, aspar-
tate and quinolinic acid (QUIN) [38].  

 The greatest aluminum exposure from vaccines occurs 
during initial vaccinations soon after birth and during early 
childhood. Should a child follow the recommended vaccine 
schedule for the United States, they will receive a total of 5 
mg of aluminum by 2 years of age from a total of 17 alumi-
num-adjuvanted pediatric vaccines [2]. Such repetitive and 
continuous exposure to aluminum from vaccines could in-
duce prolonged activation of microglia and subsequent re-
lease of glutamate and pro-inflammatory cytokines. Of spe-
cial concern is that aluminum in various forms, including 
adjuvant-aluminum, can accumulate in the brain [39-42].  

 There is growing evidence that both glutamate and im-
mune cytokines play crucial roles in various aspects of brain 
development [43,44]. Furthermore, the architectonic devel-
opment of the nervous system is carefully controlled by a 
programmed rise and fall of brain glutamate levels and re-
ceptor activation during development [43,45]. Perturbations 
of glutamate and cytokine levels by aluminum early in life 
could thus be extremely detrimental to normal brain devel-
opment.  

5. EVIDENCE FOR ALUMINUM-TRIGGERED IM-
MUNE AND INFLAMATORY RESPONSES IN THE 

CNS 

 Experimental observations demonstrate that aluminum 
levels relevant to human exposure from vaccines can directly 
activate both microglia and astrocytes as well as induce sig-
nificant inflammatory changes in the brain of rodent species 
[46,47]. A strong indication that aluminum can activate glial 
cells in humans comes from an autopsy case of aluminum 
encephalopathy [48]. In this case a 59-year old woman died 
following a nine months history of disorientation, memory 
loss, loss of emotional control, general convulsions and dis-
turbed consciousness. She was a chronic renal patient who 
took 3 g of hydroxy-aluminum gel per day for 15 years to 
control her serum phosphorus. X-ray microanalysis demon-
strated aluminum deposits in neurons of her cerebral cortex. 
Notably, neuropathological examination of the brain showed 
nerve cell atrophy and mild loss with stromal spongiosis, 
proliferation of astrocytes and microglia in the cerebral cor-
tex, basal ganglia and thalamus. No neurofibrillary tangles 
(NFT) were seen [48]. The slow evolution of this case sug-
gests a progressive accumulation of aluminum within neu-
rons and glia.  

 Other aluminum forms such as aluminosilicates have also 
been reported in diseased brains (i.e., in the cores of senile 
plaques of AD patients) [49]. Furthermore, Evans et al. using 
purified murine microglia exposed to aluminosilicate parti-
cles observed generation of ROS, indicating microglial acti-
vation [49]. 

 There is also evidence that systemically administered 
aluminum from drinking water can specifically activate 
TNF-  without activating other cytokines. Tsunoda et al. 
exposed male BALB/c mice to aluminum sulfate-containing 
drinking water ad libitum at concentrations of 0, 5, 25 and 
125 ppm aluminum for one month and found significant ex-
pression of TNF-  mRNA in the cerebral cortex [22]. Eleva-
tions in this cytokine followed a dose-dependent response. 
The source of the TNF-  was likely from activated micro-
glia. Importantly, these changes occurred at aluminum con-
centrations commonly encountered in public drinking water. 
Thus, the study by Tsunoda et al. [22] indicates that even 
very small amounts of aluminum can activate microglia in a 
pro-inflammatory mode.  

 Campbell et al. observed brain inflammation in animals 
exposed to aluminum lactate added to their drinking water 
[25]. The lowest concentration used in their study (0.01nM) 
was equivalent to that associated with AD and aluminum-
containing public drinking water. Unlike the above study, 
they found elevations in nuclear factor (NF)-kB and IL-1ß 
in the brains of the exposed animals, but no elevation in -
amyloid. Both studies found that systemic exposure to alu-
minum produced selective inflammation of the brain. 

 It has also been shown that aluminum in combination 
with other metals (e.g., copper) additively increases brain 
inflammation [50]. Interestingly, much like aluminum, other 
neurotoxic metals commonly found in the environment such 
as mercury, lead and manganese, have also been shown to 
activate glial cells, promote both inflammation and oxidative  
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stress in the brain [51-54]. It is worth emphasizing that all of 
these metal-induced neurotoxic effects are indicative of exci-
totoxic processes.  

 It is of significant concern that low-levels of environ-
mental aluminum are sufficient to induce neurotoxic out-
comes [25]. Moreover, experimental evidence shows that 
aluminum preferentially accumulates in the mitochondria 
and cell nucleus, which makes this metal very resistant to 
removal by chelation [55]. Obviously, long-term intracellular 
persistence of aluminum is likely to exacerbate its toxic ef-
fects. The difficulty of removing brain intracellular alumi-
num will lead to its progressive accumulation over a lifetime, 
eventually reaching a neurotoxic threshold sufficient to trig-
ger neurodegenerative disease processes [56].  

6. ALUMINUM ENHANCEMENT OF EXCITOTOX-
ICITY AND IMMUNOEXCITOTOXICITY 

 Aluminum has been shown to interfere with the action of 
membrane receptors (i.e., G-protein coupled receptors 
(GPCRs)), cell signaling pathways, alter DNA integrity and 
impair mitochondrial function, all of which will have an en-
hancing effect on both excitotoxicity in general and specifi-
cally immunoexcitotoxicity [17].  

6.1. Aluminum and Energy Metabolism 

 Aluminum is known to accumulate in the mitochondria 
and disrupt a number of mitochondrial functions leading to 
an energy deficit [57, 58], which by itself may not result in 
sufficient neuronal dysfunction or damage. However, several 
studies show that reductions in neuronal energy can dramati-
cally amplify excitotoxic injury [59-61]. Impairment of mi-
tochondrial function and energy metabolism by aluminum 
[57,58,62] would thus be expected to increase the sensitivity 
of neurons to excitotoxicity, and accelerate and potentiate 
neuronal damage. 

6.2. Aluminum and Glutamatergic Neurotransmission 

 Of particular importance is the effect of aluminum on cell 
signaling pathways, such as G-proteins, phosphotidyl inosi-
tol-specific phospholipase C (PI-PLC), protein kinase C and 
calcium homeostasis [63]. Strunecka et al. have shown that 
aluminum complexed with fluoride can act as a false activa-
tor of GPCRs [64]. Further, she proposes that because of the 
high affinity of fluoride for aluminum, this complex may 
occur spontaneously in body fluids. 

 Due to these effects, exposure to aluminofluoride com-
plexes is expected to have profound detrimental conse-
quences on brain functions. This is because metabotropic 
glutamate receptor (mGLuR) signaling, as well as that of 
many other neurotransmitters, is critically dependent on G-
protein receptor systems [65,66]. In general mGluRs en-
hance excitatory neurotransmission [67] and can therefore 
worsen excitotoxicity. Under physiological conditions they 
play an important role in long-term potentiation (LTP) and 
long-term depression (LTD) and can induce long-lasting 
changes in neuronal excitability [67]. High levels of 
mGLuR1 expression are seen in the hippocampus [67]. 
MAPK/ERK and MTOR/p70S6 cell signaling pathways are 

particularly important for regulating synaptic plasticity by 
Group I mGLuRs [68].  

 Group II (mGLuR 2/3) and Group III (mGLuR 4,6,7,8) 
are coupled to Gi/o proteins and inhibit adenyl cyclase, which 
directly regulates ion channels and other downstream signal-
ing partners via liberation of Gß  subunits [67]. Group II and 
III are most often localized pre-synaptically or on pre-
terminals of axons and in general inhibit glutamate release 
[67]. MGLuRs are found in virtually every brain region [67], 
thus adding incredible complexity to glutamate neurotrans-
mission. Both glutamate and mGluRs also play a critical role 
in brain development [69, 70]. Thus, alterations in the pat-
terns of activation of mGLuRs can have a profound effect on 
eventual brain physiology. By interfering with normal 
mGLuR function, aluminum and especially aluminofluoride 
complexes, could potentially cause malfunctioning of impor-
tant brain pathways. 

6.3. Aluminum and Calcium Homeostasis 

 Another way in which aluminum may contribute to neu-
ronal injury, particularly associated with AD is by interfer-
ence with calcium homeostasis, which is known to be per-
turbed in AD [63,71]. For example, aluminum can delay the 
closure of voltage-dependent calcium channels and block 
calmodulin (CaM)-dependent Ca

2+/
Mg

2+
-ATPase, which is 

responsible for the extrusion of excess intracellular calcium, 
one of the protective mechanisms against excitotoxicity [72]. 
El-Rahman exposed male albino rats to aluminum sulfate for 
35 days by gavage after which he examined their tissues for 
aluminum accumulation [24]. Aluminum accumulation as 
well as aluminum-induced neurotoxic effects were ob-
served in the examined brain sections of the treated animals, 
and were dose-dependent. Aluminum treated rats also 
showed a marked increase in brain glutamate levels while 
their -aminobutyric acid (GABA) brain levels were de-
creased, a condition that maximizes excitotoxic damage. The 
most significant changes in brain tissue included spongio-
form changes in neurons, especially within the hippocampus, 
nuclear deformity, and neurofibrillary degeneration, similar 
to NFTs in AD [24]. 

6.4. Aluminum and Oxidative Damage 

 Another link between aluminum toxicity and excitotoxic-
ity is found in the observation by Exley. For example, while 
aluminum in a non-redox metal, under certain conditions it 
can act as a pro-oxidant. Moreover, aluminum appears to 
react with the superoxide radical thus facilitating its destruc-
tive potential [73]. Experimental observations also indicate 
that formation of the superoxide plays a critical step in trig-
gering excitotoxicity-mediated neuronal death through gen-
eration of peroxynitrite [10].  

 Indeed, one of the primary destructive reactions in the 
excitotoxic cascade is the buildup of peroxynitrite, formed 
when elevated levels of superoxide react with NO, which is 
also produced during excitotoxicity [10]. Aluminum could 
also enhance excitotoxicity by inducing apoptosis of astro-
cytes, which are thought to be a primary site of aluminum 
accumulation [19]. Indeed, research evidence shows that, 
apart from providing a trophic support to neurons, astrocytes 
also play a crucial role in protecting neurons from excito-
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toxic damage, by mediating the clearance of excess gluta-
mate [74]. Aluminum has also been shown to dramatically 
lower neuronal reduced glutathione levels and astrocytes are 
the major source of glutathione for neurons [75]. High levels 
of glutamate also inhibit glutathione production intracellu-
larly by inhibiting the cystine/glutamate antiporter [17]. In 
addition, aluminum has been shown to impair gap junctional 
intercellular communication between astrocytes in culture 
[76]. 

6. 5. Aluminum and Brain Inflammation 

 Another interesting link to chronic brain inflammation, 
aluminum and excitotoxicity is the finding that aluminum 
produces a profound general decrease in nicotine binding 
involving all brain areas [77]. The nicotinic receptor (alpha7 
nicotinic acetylcholine receptor- nAchR) plays an important 
role in dampening brain inflammation and interference with 
cholinergic neurotransmission can increase brain inflamma-
tion [78]. This may be a major mechanism linking aluminum 
accumulations in the AD brain and chronic inflammation 
that goes beyond the neurotransmitter functions of acetyl-
choline.  

 Taken together, all of the above experimental observa-
tions indicate that by promoting oxidative damage and in-
flammation in the CNS, exacerbating excitotoxic damage by 
(i) increasing the levels of excitotoxic mediators and (ii) im-
peding their clearance, aluminum can both trigger and pro-
mote neuronal injury. Aluminum-induced microglial/astro-
cyte-mediated immunoexcitotoxicity combined with its di-
rect neurotoxic effects, makes this element a strong candi-
date for at least enhancing neurodegeneration associated with 
such disorders as AD, PD, ALS, HD, MS, viral encephalo-
pathies and CTE. Notably, all of these diseases have been 
previously linked to over-active glia [3,5-7,17,79]. 

7. ABSORPTION AND DISTRIBUTION OF BIO-
AVAILABLE ALUMINUM 

 When assessing aluminum’s potential toxicity, one must 
also consider absorption and distribution. While absorption 
from foods is considered to be quite small, under certain 
conditions this can be increased substantially. For example, 
organic acids and some amino acids increase aluminum ab-
sorption significantly. Increasing absorption is as follows: 
aluminum citrate> aluminum tartrate> aluminum gluconate> 
aluminum lactate> aluminum glutamate> AlCl3, AlSO4, 
aluminum nitrate [80].  

 Two forms of aluminum are of special concern: alumi-
num-L-glutamate and nanoscaled aluminum, both of which 
have high absorption from the gut and passage into the brain, 
as well as higher toxicity profiles than aluminum alone. Add-
ing to this concern is the fact that glutamate, both as a food 
additive and naturally occurring in foods, is common in the 
Western diet. Deloncle et al. injected Al-L-glutamate subcu-
taneously and i.v. for 5 weeks and demonstrated a significant 
increase in aluminum content in several areas of the animals’ 
brain, including the hippocampus, occipito-parietal cortex, 
cerebellum and striatum [81]. It is of considerable interest 
that 50% of the animals given subcutaneous injections of 
aluminum glutamate developed neurological disturbances 
such as trembling, equilibrium disturbances and convulsions, 

leading to death. This is suggestive of an excitotoxic effect. 
Supporting this conclusion, Deloncle et al. found significant 
elevations in glutamate in the occipito-parietal cortex of Al-
L-glutamate-treated animals. These observations suggest that 
the Al-L-glutamate complex is capable of crossing the BBB. 

 Nanoscaled aluminum has higher absorption rates than 
naturally found aluminum. Li et al. compared nanoscaled 
aluminum oxide with non-nanoscaled aluminum oxide in 
terms of their ability to activate microglia and astrocytes and 
found that nanoscaled aluminum oxide produced signifi-
cantly greater activation of glial cells than did non-
nanoscaled aluminum oxide [47]. Of note, nanoparticulate 
aluminum compounds are being used in a growing number 
of products as well as vaccines [82].  

 It is important to know what proportion of absorbed alu-
minum reaches the brain in comparison to other organs. To 
answer this question, Flarend et al. [83] injected New Zea-
land White rabbits intramuscularly with 

26
Al radiolabeled 

aluminum hydroxide and aluminum phosphate and traced 
aluminum distribution at 28 days post-injection in blood and 
urine samples as well as tissues, by utilizing accelerator mass 
spectrometry. The Al isotope appeared in the first blood 
sample at one hour for both adjuvants, but levels were 3x 
higher for the aluminum phosphate than the aluminum hy-
droxide. Tissue distribution profiles were the same for both 
compounds (kidney>spleen>liver>heart>lymph nodes> 
brain). Even though brain levels were low following a single 
injection, children are receiving multiple injections repeat-
edly during early life in addition to a lifetime of aluminum 
exposure from other environmental sources. Furthermore, 
substantial evidence shows that bio-available aluminum 
tends to accumulate in the brain over a lifetime [56,63]. 

8. CONCLUSION 

 The purpose of this review was to describe two mecha-
nism linking aluminum to neurodegenerative processes and 
neurological dysfunction—systemic activation of CNS mi-
croglia and immunoexcitotoxicity. The first of these mecha-
nisms, referred to as sickness behavior, has been extensively 
studied and provides both, a direct and indirect link between 
systemic immune activation, activation of CNS microglia 
and abnormal neurological symptoms. In an analogous fash-
ion, immune stimulation by aluminum adjuvants has also 
been shown to result in adverse neurological outcomes via 
activation of microglia, which are the brain’s resident im-
mune cells. Once activated, microglia become the main 
source of both pro-inflammatory immune cytokines and ex-
citotoxins such as glutamate. It is the interaction of cytokines 
and glutamate receptors that leads to immunoexcitotoxicity. 
Other than activating glial cells, aluminum also directly im-
pairs a number of energy related enzymes, promotes brain 
inflammation, oxidative damage, reduces the levels of brain 
antioxidants (i.e., glutathione) and disturbs calcium homeo-
stasis. All of these effects will amplify immunoexcitotoxic 
damage. In the immature and developing brain, immunoexci-
totoxicity might lead to a number of neurodevelopmental 
conditions, such as autism spectrum disorders and seizures. 
In the mature, and especially the aging brain, these mecha-
nisms can lead to progressive neurodegeneration, as seen 
with AD, PD and ALS.  



6    Current Inorganic Chemistry, 2012, Vol. 2, No. 1 Russell L. Blaylock 

 There is suggestive evidence that microglia can become 
stuck in a neurodestructive mode over long periods of time 
[5,17,79,84,85]. It may be that rather than chronic activation, 
it is the repeated stimulation of primed microglia that leads 
to chronic, progressive neurodegeneration. The presence of 
aluminum deposits within the neurons and glial cells could 
act as a continuous stimulus for immunoexcitotoxicity. There 
is now sufficient evidence from a great number of studies to 
call for a re-evaluation of the use of aluminum additives for 
human consumption or as immune adjuvants.  

9. ABBREVIATIONS 

AD = Alzheimer’s disease 

ALS = Amyotrophic lateral sclerosis 

CaM = Calmodulin 

CNS = Central nervous system 

GABA = -Aminobutyric acid 

GPCR = G-protein coupled receptor 

4-HNE = 4-hydroxynonenal 

IL = Interleukin 

iNOS = Inducible nitric oxide synthase 

LPS = Lipopolysaccharide 

LTD = Long-term depression 

LTP = Long-term potentiation 

mGLuR = Metabotropic glutamate receptor 

MHC = Major histocompatibility complex class 

MS = Multiple sclerosis 

NADPH = Nicotinamide adenine dinucleotide phos-
phate 

NF-kB = Nuclear factor kappa B 

NFT = Neurofibrillary tangles 

NMDA = N-methyl D-aspartate 

NO = Nitric oxide 

QUIN = Quinolinic acid 

PD = Parkinson’s disease 

PI-PLC = Phosphotidyl inositol-specific phospholi-
pase 

PRR = Pattern recognition receptors 

RNS = Reactive nitrogen species 

ROS = Reactive oxygen species 

TLR = Toll-like receptor 
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