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Abstract
Aluminium is one of the most widely distributed elements of the Earth’s crust. Its routine use has resulted in excessive 
human exposure and due to the potential neurotoxic effects has attained a huge interest in recent years. Despite its ubiqui-
tous abundance, aluminium has no crucial biological functions in the human body. Oxidative stress and neuroinflammatory 
effects are attributed to its neurotoxic manifestations implicated in Alzheimer’s disease. In this review, we have discussed 
the neuroinflammatory and neurodegenerative events in the brain induced by aluminium exposure. We have highlighted the 
neurotoxic events caused by aluminium, such as oxidative stress, apoptosis, inflammatory events, calcium dyshomeostasis, 
Aβ deposition, and neurofibrillary tangle formation in the brain. In addition, the protective measures needed for prevention 
of aluminium-induced neuronal dysregulations have also been discussed.
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Introduction

Metals are naturally occurring elements, continuously 
released to the environment by natural events, that easily 
bioaccumulate in living organisms [1]. Due to the various 
anthropogenic interventions, such as industrial, domestic 
and agricultural use of the metal-containing compounds, 
its human exposure has significantly increased in various 
regions of the world [2]. Aluminium is the third most abun-
dant element present on the Earth’s terrestrial crust and is 
widely distributed in the environment. Several salt forms of 
aluminium such as chloride, hydroxide, phosphide, nitrite, 
silicate, and sulfate are used across different industries. 
These include the petroleum industry, glassware and ceram-
ics, fireworks and explosives, the cosmetics industry, the 
pharmaceutical industries, vaccines, and water purification 
[3]. Thus, the human population across the world is sig-
nificantly exposed to aluminium and its bioaccumulation in 

the brain has been linked to adverse neuroinflammatory and 
neurodegenerative effects.

Aluminium exposure in Alzheimer’s disease: 
epidemiological and clinical data

Aluminium has gained substantial attention because of its 
potential neurotoxic effects. It is redox inactive due to its 
single oxidation state (+3). Its exposure occurs mainly via 
drinking water, food, and air [4]. The toxicity of aluminium 
mainly takes place due to the increasing use of aluminium-
containing compounds via dialysates, parenteral nutrition, 
and vaccines. Due to such diverse exposure, its bioaccumu-
lation may occur in various body tissues, such as the liver, 
kidney, bones, and brain [5]. Aluminium does not signifi-
cantly attribute any physiological role, but its chronic expo-
sure may lead to neurodegeneration [6]. It accumulates in 
various brain regions including the prefrontal cortex, hip-
pocampus, corpus striatum, cerebellum, and brain stem [7]. 
Aluminium dysregulates the level of essential metals and 
forms insoluble precipitates, which gets accumulated in the 
exposed tissues resulting into molecular structural dam-
age and aggregation of cellular proteins, lipids, and DNA. 
Thus, chronic aluminium exposure may cause neurobehav-
ioral alterations along with pathological and biochemical 
changes in the brain [8]. Various epidemiological studies 
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have shown that aluminium has been etiologically linked 
to several neurological diseases including Alzheimer's dis-
ease (AD) [9, 10]. AD is the most debilitating, progressive 
form of neurodegenerative disorders leading to cognitive 
loss and dementia, particularly in the elderly population. 
According to World Health Organization (WHO), over fifty 
million populations are affected with dementia worldwide 
with around ten million new cases each year. The disease is 
characterized by a gradual decline in cognitive functions and 
progressive memory loss, visual–spatial disturbances, confu-
sion, and disorientation. The main pathological hallmarks 
of AD are extracellular Aβ accumulation and aggregation 
of neurofibrillary tangles (NFTs) leading to loss of synaptic 
function and neuronal aberration [11].

Existing pieces of evidence have provided a link between 
gradual aluminium accumulation in brain tissue and progres-
sion of AD pathology. In addition, a few clinical studies have 
also reported significantly increased levels of aluminium 
in brain tissue of AD patients [12]. However, a few other 
groups have failed to find significant differences between 
aluminium levels in the AD brain as compared to the age-
matched controls [13]. It has been shown that the circulatory 
aluminium level in cerebrospinal fluid (CSF) and serum are 
higher in AD patients as compared to healthy control sub-
jects [12]. The neurotoxic effects of aluminium have also 
been shown in dialysis patients in clinical studies. The alu-
minium salts added as a phosphate binder to the dialysate 
have shown elevated levels of aluminium in plasma and 
brain tissue [14] and these individuals exhibited progressive 
cognitive impairments and dementia [15]. This was mainly 
due to the slow removal of aluminum from the brain tissue 
and, the various biological processes affected by aluminum 
deposition in the brain [16]. Another study showed a positive 
correlation between cognitive impairment and aluminium 
intake in elderly subjects, suggesting its exposure as a risk 
factor for AD [17].

Pharmacokinetics and blood–brain barrier 
(BBB) transport of aluminium

The accumulation of aluminium in human body tissues 
occurs primarily through various food and dietary items. It 
has been found that the bioavailability of aluminium from 
food and beverages is about 0.1% and from drinking water 
is about 0.3%. The absorption of aluminium from the gas-
trointestinal tract primarily occurs in the duodenum [18] and 
it depends upon the salt ingested, pH, and levels of calcium 
and iron. The aluminium uptake is enhanced by citrate, lac-
tate, and fluoride salts and is diminished due to the presence 
of phosphates, silicates, phytate, and polyphenols [19, 20].

The pharmacokinetic distribution of aluminium occurs 
unequally in various tissues in humans and animals [21]. 

The actual accumulation of aluminium depends on the alu-
minium salt administered, species and route (i.e., intrave-
nous, intraperitoneal, or subcutaneous), and kidney function 
[22]. In healthy human subjects, the total aluminium content 
ranges from 30 to 50 mg/kg of body weight. The normal 
serum concentration is- 1–3 μg/L. The skeletal system and 
lungs have 50% and 25% of the 30–50 mg of total aluminium 
body burden, respectively. The primary route of aluminium 
excretion are kidney. The excretion through urine constitutes 
more than 95% of excreted aluminium [23]. The kidneys 
can eliminate all the absorbed aluminium unless there is an 
excess load. The complete elimination of aluminium from 
other organs and body tissues takes more time. Aluminium 
can be also marginally excreted through the bile. The unab-
sorbed aluminium is eliminated through gastrointestinal tract 
in feces, and the elimination half-life varies in the range of 
days to years, depending on the body storage compartment, 
from which it has to be eliminated [24].

Aluminium enters the brain through systemic circulation 
via three different routes, such as blood–brain barrier (BBB), 
choroid plexus, and the nasal cavity. However, only a very 
small amount of aluminium can enter the brain through the 
nasal cavity and choroid plexus [25]. The entry into the brain 
through BBB can occurs by diffusion or carrier-mediated 
process. The transport of aluminium in the brain through 
BBB occurs by transferrin receptor (Tf–Tfr) complex-medi-
ated endocytosis. Transferrin is the primary iron (Fe) bind-
ing protein (Tf–Fe3+) present in the plasma. Around 81% 
of the circulating aluminium can bind with transferrin and 
can get transported to the brain through Tf–Tfr complex to 
cross BBB.

Mechanistic understanding 
of the neurological effects of aluminium 
exposure in AD

Aluminium is recognized as a potential neurotoxin, as 
it is reported to adversely affect several important bio-
logical reactions in the brain including neurotransmit-
ter biosynthesis, synaptic transmission, oxidative stress, 
inflammatory responses, and neuronal development [26]. 
Aluminium has shown a strong affinity for phosphate 
groups of DNA leading to conformational changes of 
DNA [27]. Aluminium may alter expressions of neurofila-
ment-producing gene, neuron-specific enolase, transferrin 
receptor, RNA polymerase I, antioxidant genes (SOD1, 
glutathione reductase, etc.), amyloid precursor protein 
(APP), and β-secretase [28]. Aluminium may also tightly 
bind to several amino acids such as histidine, tyrosine, 
and arginine and promotes their phosphorylation, and oli-
gomerization of proteins due to its ionic structure. These 
structural and conformational changes may prevent their 
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biological degradation. The cross-linking of aluminium 
to phosphorylated amino acids may also accelerate its 
accumulation resulting in neuronal and glial apoptosis 
[26]. Several studies have reported aluminium-induced 
neuroinflammation and neurodegenerative changes in the 
brain tissue of animals (Table 1). 

Aluminium‑induced amyloid‑beta (Aβ) aggregation

Aluminium may alter conformational changes in beta-sheet 
structure of amyloid, which promotes its aggregation and 
fibril formation [47]. The long term administration of alu-
minium salts in drinking water to double transgenic mice 
has shown amyloid–precursor protein (APP) and tau protein 
over-expression; however, there was no significant altera-
tion of Aβ levels or pro-oxidant activity observed in these 

Table 1  Dose, duration, route of administration, and neurotoxic effects of aluminium exposure in animal models

Sl. No. Duration of study Route of administration and dose Effects of aluminium exposure References

1 3 months Oral, 50 mg/kg  AlCl3 weekly 3 times Reduction of antioxidant enzymes (catalase, glu-
tathione reductase and glutathione peroxidase), 
memory impairment and altered locomotor activity

[29]

2 3 months Oral, 10 mg/kg, aluminium lactate 8-OHDG formation in mitochondrial DNA in different 
regions of brain, increase in p53 expression,

[30]

3 3 months Oral, 50, 150 and 450 mg/
Kg,  AlCl3

Upregulation of, TNF-α, IL-6 and IL-1β mRNA, 
impaired learning and memory in developing rat

[31]

4 15 days Oral, 100 mg/kg  AlCl3 Reduced exploratory/working memory, motor deficits, 
cognitive dysfunction

[32]

5 6 weeks Oral, 100 mg/kg  AlCl3 Reduction of spatial memory, performance, anxiety, 
and motor dysfunction, reduced expression of cyclin-
dependent kinase5 (CDK5-enzyme implicated in the 
phosphorylation of tau proteins), oxidative stress and 
apoptosis

[33]

6 2 months Intraperitoneal, 4.2 mg/kg  AlCl3 Oxidative stress and progressive neural damage [34]
7 10 days Intraperitoneal, 10 mg/kg  AlCl3 Oxidative stress, altered mitochondrial bioenergetics 

in brain cells
[35]

8 6 weeks Oral, 100 mg/kg  AlCl3 Cognitive impairments, oxidative stress, and altera-
tions in the protein, increased levels of pTau, GFAP, 
Iba-1, IL-6, TNF-α, iNOS, NFκB, COX-2, CDK5, 
BDNF and STAT3

[36]

9 2 months Oral, 200 mg/kg  AlCl3 Neurobehavioral deficits, triggered lipid peroxidation 
(LPO), compromised AChE activity, reduced levels 
of SOD, catalase, GSH and histological alterations

[37]

10 5 days a week for 20 weeks Oral, 200 mg/kg Al-gluconate Hippocampal neuronal injury, cognitive impairment [38]
11 25 days Oral, 10 mg/kg Dementia, oxidative stress neurodegeneration [39]
12 3 months Oral, 150 mg/kg/day Cognition impairment and histopathological changes 

in hippocampus, increased MDA and 8-OHDG 
levels

[40]

13 2 months Oral, 300 mg/kg Neuronal loss, pyknosis in the CA1 and CA3 regions 
of the hippocampus, behavioral alterations, cognitive 
decline, increased oxidative stress and neuroinflam-
mation

[41]

14 42 days Intraperitoneal, 10 mg/kg Dementia, spatial memory alteration, oxidative stress, 
neuroinflammation

[42]

15 28 days Oral, 100 mg/kg expression of GFAP, loss of
Nissl substance, temporal cortical degeneration

[43]

16 3 months Oral, 50 mg/kg Elevated Ache activity, decreased  Na+K+ATPase 
activity

[44]

17 45 days Oral, 100 mg/kg Decrease AChE activity, increase in serum glucose, 
TG, TC, ALP and ALT. reduced glutathione, cata-
lase and glutathione reductase levels

[45]

18 42 days Oral, 250 mg/kg Decreased nAChE expression, spatial memory altera-
tion

[46]
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animals [48]. Practico et al. have shown that aluminium 
exposure through drinking water to APP transgenic mice 
promotes gradual accumulation of Aβ plaques and oxida-
tive stress in the cortex [49]. In addition, it has also been 
demonstrated in-vitro that aluminium salts may promote Aβ 
aggregation [50].

Aluminium‑induced tau aggregation

A higher level of environmental aluminium has been related 
to the pathological alterations in CNS, such as NFTs and 
neuronal dysfunctions [4]. Protein phosphatase 2A (PP2A), 
a major phosphate-removing enzyme in the brain, may pre-
vent tau aggregation and formation of NFT [51]. During the 
progression and development of AD, the activity and expres-
sion of PP2A are shown to be decreased [52]. Another study 
found that 14-3-3ζ protein has a high affinity for aluminium 
in hippocampal tissue. The 14-3-3ζ protein forms complex 
with tau protein and can prevent its hyperphosphorylation. 
However, this is destabilized due to aluminium exposure 
leading to binding of 14-3-3ζ with aluminium (Fig. 1). In 
addition, the level of tau hyperphosphorylation is induced 
in aluminium-exposed dendrites and may lead to synap-
tic dysfunction. This explanation may provide one of the 
mechanistic evidence for aluminium-induced neurotoxicity 
in AD [53].

Aluminium and cholinergic dysfunction

The cholinergic functions in the brain are primarily 
dependent on the modulation of the neurotransmitter 

acetylcholine (ACh). ACh is degraded in the synaptic 
cleft by acetylcholine esterase (AChE) after its release 
from the presynaptic nerve terminals [54]. Therefore, any 
alterations in AChE levels may result in the modulation 
of neurobehavioral changes [55]. Aluminium is shown to 
affect the cholinergic changes by altering the synthesis 
and degradation of ACh [56]. It also interferes with the 
binding of ACh to the muscarinic acetylcholine receptors 
(mAChRs) and nicotinic acetylcholine receptors (nAChRs) 
[46]. Aluminium exposure has shown distinct cholinergic 
dysfunction in different regions of brain tissue and induc-
tion of neurobehavioral alteration in male albino rats [57].

Aluminium‑induced apoptosis

Aluminium activates caspase-3 and DNA fragmentation 
by inducing the release of mitochondrial cytochrome-c, 
decreased expression of Bcl-2 in mitochondria and endo-
plasmic reticulum, and mitochondrial Bax translocation. 
The cytochrome-c may bind to apoptosis protease activat-
ing factor-1 to induce caspase-9 and caspase-3 activation 
[58]. The cytochrome-c may also lead to Bax transloca-
tion to mitochondria through modulation of the transition 
pores. These cytotoxic stimuli trigger the mitochondrial 
changes responsible for the initiation of the primary events 
in apoptosis [59]. Moreover, it has also been shown that 
aluminium can induce neuronal apoptosis through stress-
activated protein kinase or c-Jun N-terminal kinase acti-
vation (Fig. 2) [60]. Aluminium exposure has also caused 
cellular shrinkage, hyper-condensed and damaged chroma-
tin, characteristic features of apoptosis [61].

Fig. 1  Aluminium induces 
tau hyperphosphorylation and 
its aggregation leading to the 
formation of neurofibrillary 
tangles. Aluminium binds to 
14-3-3ζ protein, destabilizes tau 
proteins causing its aggregation 
and cell death
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Fe2+/Ca2+ dyshomeostasis

Aluminium competes with iron for iron-binding proteins, 
such as ferritin, transferrin, and iron regulatory protein 
(IRP). The IRP regulates and prevents free  Fe2+ forma-
tion, which further causes free radical generation [62]. 
Aluminium influences the expression of iron-binding pro-
teins leading to elevated iron concentration [63]. It also 
increases the uptake of iron by the glial cells [64]. Thus, 
aluminium may affect the expression and homeostasis of 
iron, IRPs, and IREs. The APP mRNA contains IRE as 
well as ferritin regulated by iron [65], which exhibit fer-
roxidase activity [66]. Aluminium exposure also induces 
iron-mediated lipid peroxidation and oxidative stress in-
vitro and in-vivo [67].

Aluminium can also cause neuronal damage by disrupting 
calcium homeostasis. It can delay the closure of voltage-
dependent calcium channels and may block calmodulin 
(CaM)-dependent  Ca2+/Mg2+-ATPase. It helps in the extru-
sion of excess intracellular calcium and protects against 
excitotoxicity. In-vivo exposure of aluminium was shown to 
elevate glutamate and decrease γ-aminobutyric acid (GABA) 
levels in the brain, leading to excitotoxic damage [68]. Alu-
minium induces an elevation in the level of resting and peak 
 Ca2+ concentrations in neuronal cytoplasm, inhibition of 
phosphoinositide 4,5-biphosphate  (PIP2) hydrolysis. This 
may result in less inositol triphosphate  (IP3) availability for 
downstream signaling and protein kinase C (PKC) activa-
tion; and a slower rate of  Ca2+ removal from the cytoplasm. 
Thus,  Ca2+ dyshomeostasis and alteration of  Ca2+ signaling 

could result due to neuronal aluminium accumulation 
(Fig. 3) leading to neuronal dysfunction [69].

Aluminium‑induced neuronal oxidative stress

Oxidative stress is one of the major contributing factors 
involved in the progression of several neurodegenerative 
diseases including AD [49]. Despite redox-inactive status, 
many studies have suggested that aluminium has strong pro-
oxidant activity [70]. Aluminium salts may cause oxidative 
stress-related changes, such as enhanced lipid peroxidation, 
increased 4-HNE formations. Exposure to aluminium chlo-
ride (50 mg/kg/day, oral for 30 days) showed alterations in 
antioxidant enzymes and increased lipoprotein tissue dam-
age in the brain [71]. Aluminium promotes mitochondrial 
damage through generation of toxic free radicals  (OH−) 
and may lead to decrease in the activity of glutathione 
peroxidase, catalase, and SOD, aggravating neuronal dam-
age through oxidative stress in AD [72]. Aluminium may 
potentiate an increase in glutamate-induced excitotoxicity 
in neurons [73]. These devastating cellular and impaired 
mitochondrial alterations have an additive effect on exci-
totoxicity [74], and are responsible for the disturbances of 
tissue-protective mechanisms against excitotoxicity [75].

Mechanism of neuroinflammation due to aluminium 
exposure

The neuroinflammatory response is primarily triggered 
by the activation of the microglial cells in the brain. This 

Fig. 2  Mechanism of alumin-
ium-induced mitochondrial cell 
death and apoptosis through 
caspase 3 pathway and JNK 
pathway in Alzheimer’s disease
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aggravates the accumulation of Aβ and NFTs, the core path-
ological features of AD [76]. The proinflammatory effects 
of aluminium exposure are initiated by oxidative stress and 
the generation of free radicals [77]. Aluminium upregulates 
pro-inflammatory signaling encoding genes [78]. It has been 
shown that aluminium exposure increases transcription and 
translation of pro-inflammatory cytokine TNFα, IL-1β and 
macrophage inflammatory protein-1α (MIP-1α) in a concen-
tration-dependent manner resulting in exacerbation of neu-
roinflammation [77]. Chronic exposure of aluminium sulfate 
in drinking water in mice has been shown to induce systemic 
inflammation characterized by increased serum IL-6, TNFα, 
C-reactive protein (CRP), and pro-inflammatory microRNAs 
(miRNA-9, miRNA-125b, and miRNA-146a) triads. These 
elevated levels of biomarkers indicate progressive chronic 
inflammation in exposed animals [3]. The prolonged expo-
sure to low aluminium concentration may also induce glial 
fibrillary astrocytic protein (GFAP) in the frontal cortex of 
the brain, which is an indicator of astrocytic immune acti-
vation [79]. In brain injury, aluminium has been shown to 
induce proinflammatory cytokines, TNF-α, IL-1β, intracel-
lular  Ca2+, and oxidative stress [78].

Approaches used to alleviate 
aluminium‑induced neurotoxicity in AD

Several approaches aiming to ameliorate aluminium-
induced oxidative stress, mitochondrial dysfunction, and 
neuroinflammation have been reported in the literature. 

These approaches include chelation therapy and sup-
plementation of antioxidants or pharmaceutical agents 
(Fig. 4).

Chelation therapy

A chelator is a molecule that possesses electron-donating 
functional groups for the formation of a bond with the metal 
ion [80]. The metal toxicity can be efficiently treated with 
the therapeutic use of a suitable chelator. Such an agent must 
be able to form a stable complex with a toxic metal, and 
should facilitate its elimination from its biological targets 
to reduce the associated toxic effects of its bioaccumulation 
[81].

Deferoxamine (DFO) is one of the iron chelators, used 
in aluminium toxicity, because it can form a stable DFO–Al 
complex [82]. The Kidney Disease Outcomes Quality Ini-
tiative (KDOQI) has recommended DFO for aluminium 
overload in the treatment of dialysis patients [83]. It has 
been shown that the treatment with DFO in rabbits lead 
to a partial reversal of aluminium-induced neurofibrillary 
degeneration [84]. Another study showed that DFO and 
1,2-dimethyl-3-hydroxypyrid-4-one (L1) and 1-(p-methyl 
benzyl)-2-ethyl-3-hydroxypyrid-4-one (MeBzEM) were 
most effective in enhancing the urinary aluminium excre-
tion in rats through chelation [85]. Ascorbate and Feralex-G, 
either alone or in combination with DFO, have successively 
been introduced as a molecular shuttle chelation therapy for 
aluminium intoxication [86].

Fig. 3  Mechanism of alumin-
ium-induced iron and calcium 
dyshomeostasis in neuronal 
cells
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Antioxidant therapy in aluminium toxicity

Vitamin C is one of the common antioxidants, that helps 
to scavenge reactive oxygen species by the rapid electron 
transfer mechanism. Hence, vitamin C has a protective effect 
against age-related cognitive deterioration in AD [87]. It 
has also exhibited tissue-protective properties in alumin-
ium-induced toxicity in-vivo [88]. Vitamin E is another 
lipid-soluble antioxidant, and its dietary supplementation 
decreased the levels of GFAP, S100B, and proinflammatory 
markers (TNF-α and IL-1β) in the hippocampus and cortex 
of male Wistar rats. The co-treatment of vitamin E with 
aluminium lactate (10 mg/kg for 4 weeks by intraperitoneal 
route) decreased aluminium burden across different regions 
of brain tissues and an increase in glutathione and catalase 
levels [89, 90].

Melatonin prevents the damage of cell membrane caused 
by lipid peroxidation through free radical scavenging activ-
ity. It prevents Aβ generation, fibril formation and protects 
against Aβ-mediated neuronal toxicity through its antioxi-
dant activity. Melatonin efficiently attenuates tau hyperphos-
phorylation in AD [91]. In aluminium exposed isolated syn-
aptosomes, melatonin supplementation lowers protein and 
lipid peroxidation in a concentration-dependent manner [92].

Curcumin has demonstrated potent anti-inflammatory, 
antioxidant and anticancer activities in-vitro and in-
vivo [28, 93, 94]. It can inhibit aluminium-induced Aβ42 

fibrillation and neurotoxicity [93]. It has been shown to 
alleviate aluminium-induced neurotoxicity at electrophysi-
ological, biochemical, and behavioral levels [94]. Another 
known antioxidant, alpha-lipoic acid (α-LA) is a well-
known fatty acid, used as a supplement in neurodegenera-
tive disorders and peripheral neuropathies. α-LA allevi-
ates the neurotoxic effects of reactive oxygen species in 
the brain due to its antioxidant properties. α-LA improves 
learning and memory by increasing the expression of cho-
line acetyltransferase (ChAT), M1, and M2 genes in the 
hippocampus and amygdala in mice [95, 96]. N-acetyl 
cysteine (synthetic GSH precursor) has been shown to 
restore the elevated lipid peroxidation levels and antioxi-
dant defence system in brain tissues of rats, exposed to 
aluminium chloride (100 mg/kg, oral) [97].

Furthermore, several plant constituents such as flavo-
noids have been found to exert a protective effect against 
aluminium-induced neurotoxicity. Fisetin can attenuate 
aluminium chloride-induced modulation of lipid peroxi-
dation, glutathione, and antioxidant enzyme status in mice 
[98]. Naringin, a flavanone glycoside protects against alu-
minium chloride (100 mg/kg, oral, 6 weeks) induced oxi-
dative mitochondrial damage in rat brain [99]. Hesperidin, 
a flavoglycone attenuates aluminium-induced neurotoxic-
ity by decreasing proinflammatory markers such as TNF-α, 
IL-6, IL-1β, IL-4 and prevents microglial activation in the 
hippocampus and cortex [100].

Fig. 4  Various approaches used for amelioration of aluminium-induced neurotoxicity
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Drug therapy

Meloxicam is a cyclooxygenase (COX) inhibitor used as a 
non-steroidal anti-inflammatory drug (NSAID) and prevents 
cerebral neuronal damage by decreasing lipid peroxidation, 
malondialdehyde (MDA) level [101] through modulation 
of COX-2 mRNA expression in aluminium-exposed mice 
[101]. Another COX inhibitor, ibuprofen has been shown to 
attenuate aluminium-induced neurite loss and synaptic dys-
function [102]. Ginkgo biloba has shown protection against 
neurotoxic effects by regulation of MDA and GSH in brain 
tissue in a sub-chronic aluminium-exposed rat model [103]. 
However, it has been demonstrated that co-administration of 
vitamins or antioxidants with a chelator may produce more 
beneficial therapeutic effects [47]. The oral administration 
of either hydroxyethylenediaminetriacetic acid (HEDTA) 
or citric acid prior to aluminium nitrate exposure showed 
moderate therapeutic efficacy by the alteration of oxidative 
stress in the brain. Although, their combination exerted bet-
ter therapeutic protection in the same model [4].

Discussion and future perspectives

Aging is one of the major risk factors for the accumulation 
of aluminium in the brain and may lead to the progression of 
several neurodegenerative diseases, such as AD. Aluminium 
is one of the proven and incontrovertible neurotoxins. Alu-
minum has been shown to produce neurotoxicity by diverse 
mechanisms such as it promotes the formation and accumu-
lation of insoluble Aβ and hyperphosphorylated tau. Excess 
of insoluble Aβ contributes to the development and progres-
sion of AD. In addition, aluminium also mimics the deficit 
of cortical cholinergic neurotransmission in AD. Further-
more, aluminium induces iron and calcium dyshomeostasis 
in the brain, and thereby facilitates oxidative stress, neuronal 
injury, and apoptotic cell death. Thus, disruption of basic 
cell processes in the brain may mediate primary molecular 
mechanisms of aluminium-induced neurotoxicity.

To minimize the risk of aluminium-induced neurotoxic-
ity, it is necessary to clearly understand the mechanism by 
which the burden of aluminium significantly increases in 
the brain. Thus, approaches for the avoidance of continuous 
repeated exposure of aluminium seem to be more prudent. 
However, the approaches to reduce the consequent oxida-
tive stress, neuronal damage, molecular, structural, and 
functional biomarkers seem to be more viable, if significant 
bioaccumulation of aluminium in brain tissue has occurred. 
In addition, the facilitation of accumulated aluminium excre-
tion to reduce the total body burden of aluminium may also 
offer some therapeutic hope to halt the progression of AD. 
These approaches may prove to be clinically significant to 

improve the manifestations of the risk of aluminium-induced 
neurotoxicity in AD.

Conclusion

Aluminium is one of the widely recognized neurotoxicants 
and exerts its neurotoxic effects through exacerbation of oxi-
dative stress and neuroinflammation due to its accumula-
tion in brain tissue. Several mechanistic pieces of evidence 
related to the aluminium-induced toxicity have been dis-
cussed in the literature; however, the exact mechanism for 
neurotoxicity is a matter of further debate. Neuronal inflam-
mation and oxidative stress are thought to be the causative 
factors for aluminium-induced neurotoxicity in the patho-
genesis of AD. Specific therapeutic targeting of various neu-
roinflammatory mechanisms and oxidative stress parameters 
could be effective for the treatment of aluminium induced 
neurodegenerative disorders. The therapeutic use of several 
natural antioxidant products either alone or with other drugs/
disease-modifying agents may provide significant beneficial 
effects. However, the molecular mechanisms of the neuro-
protective effect of these agents remain to be elucidated. 
Further studies are required to understand the exact mecha-
nisms and development of better therapeutic strategies for 
aluminium-induced neurotoxicity.
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