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Abstract: Aluminium (Al), the third most abundant element in the Earth’s crust, is extensively used in 

industrial processes, consumer products, and certain pharmaceuticals. Despite its non-essential role in human 

physiology, increasing evidence associates chronic aluminium exposure with neurotoxic effects, including 

oxidative stress, neuroinflammation, mitochondrial dysfunction, and cognitive impairment. Aluminium can 

cross the blood–brain barrier through transferrin-mediated and citrate-complex transport, accumulating 

preferentially in brain regions responsible for memory and learning. Experimental studies in rodents 

demonstrate dose- and time-dependent behavioural deficits, neuropathological alterations, and cholinergic 

system disruption. Factors influencing aluminium toxicity include dose, chemical form, exposure route, age, 

and renal function. Public health concerns persist regarding occupational, environmental, and dietary 

exposure, yet causal relationships with human neurodegenerative diseases remain debated. This review 

consolidates current evidence on aluminium sources, exposure pathways, mechanisms of neurotoxicity, 

behavioural outcomes, and research gaps, aiming to guide future studies and inform regulatory policies.  

 

Index Terms - Aluminium, Neurotoxicity, Oxidative stress, Blood–brain barrier, Neuroinflammation, 

Cognitive impairment, Environmental exposure, Mitochondrial dysfunction.  
 

I  . Introduction- 

 

Metals are naturally occurring elements with high atomic weight and density, typically greater than water. 

Their industrial, agricultural, medical, and domestic  applications have led to wide environmental dispersion, 

raising health and ecological concerns.[1] Metal toxicity depends on factors such as dose, exposure route, 

chemical form, and individual susceptibility. Toxic metals may damage cellular structures, including 

membranes, mitochondria, lysosomes, and nuclei, and can directly interact with DNA, causing structural and 

functional alterations.[2]  

Aluminium is present in trace amounts in mammalian tissues but is not considered essential. Its increasing 

association with neurological dysfunction highlights the need for in-depth investigation.[3] Due to its 

widespread use in catalysts, refining, cosmetics, and pharmaceuticals, aluminium exposure is virtually 

unavoidable.[4] While some aluminium compounds have therapeutic roles, such as phosphate binding in 

dialysis patients, long-term safety remains contentious.[5] Current research explores aluminium’s biochemical 

targets, its interaction with brain regions such as the hippocampus, and its potential role in neurodegenerative 

disorders.[6,7]  
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II . SOURCES AND HUMAN EXPOSURE TO ALUMINIUM :- 

1] Global prominence and neurotoxicity: 

 Aluminium is the third most abundant element in the Earth's crust.[1] 

 It is widely distributed in the environment and literature describes it as a major neurotoxin and 

disruptor of neurological function.[3,4] 

 Ongoing research aims to clarify its exact neurobiological mechanisms and long-term health 

implications.[5,6] 

 

2] Ubiquity in consumer products : 

 Aluminium is used in a broad range of everyday items, including cookware, beverage cans, and 

food packaging foils.[10,11] 

 It is also found in consumer products such as antacids, certain analgesics (e.g., some formulations 

of aspirin), vaccines (as adjuvants in some vaccines), and in trace amounts in fortified foods like 

flour.[4,10,12] 

 The body does not require aluminium as a nutrient, and dietary intake is mainly from processed 

foods, packaging, and consumer products.[3] 

 

3] Human exposure and risk factors : 

 Regular exposure occurs through diet, consumer products, and occupational settings.[2,4] 

 Higher exposure risk is associated with certain occupations: mining, metal fabrication, welding, 

and industries involving aluminium production or processing.[2,9] 

 Pesticide exposure can involve aluminium-containing compounds (e.g., aluminium phosphide), 

which have been linked to adverse health outcomes in agricultural workers.[2] 

 

4] Occupational and environmental exposure considerations : 

 In industrial settings, inhalation of aluminium-containing dust or fumes can contribute to 

respiratory and systemic exposure.[2,9] 

 Environmental exposure can arise from air, water, and soil contamination near industrial sites or 

areas with high historical aluminium usage.[1,6,12] 

 Individuals with impaired renal function may have altered aluminium handling and could be more 

susceptible to accumulation and toxicity.[5,14] 

 

5] Dietary and culinary implications : 

 Cooking with aluminium foil or aluminium cookware, especially for acidic or salty foods, can 

promote aluminium leaching into food. 

 Temperature, duration of cooking, and the acidic or salty nature of the food influence leaching 

rates.[10] 
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6] Health context and public health significance : 

 While aluminium is ubiquitous, the health impact depends on total exposure, bioavailability, and 

individual susceptibility.[3,4] 

 Some studies have explored associations between aluminium exposure and neurodegenerative 

conditions, but causal relationships and safe exposure levels remain topics of ongoing research and 

debate.[5,6] 

 Regulatory agencies vary in their assessment of safe exposure levels; ongoing surveillance and 

research continue to refine guidelines.[10,12] 

 

7] Notable study or data gaps to consider : 

 Many sources document potential routes and sources of exposure, but there is limited consensus on 

precise dose–response relationships and thresholds for adverse effects in the general 

population.[5,6] 

 There is a need for standardized methods to quantify dietary and occupational aluminium exposure 

and for longitudinal studies to assess long-term outcomes.[7,13] 

 

8] Practical recommendations (informational, non-prescriptive) : 

 For individuals concerned about aluminium exposure, practical steps include being mindful of 

using acidic foods with aluminium foil for extended periods and exploring alternative cooking 

materials (e.g - glass, stainless steel, parchment paper) for high-acid dishes.[10] 

 Occupational health measures should emphasize proper ventilation, protective equipment, and 

regular monitoring in workplaces with potential aluminium exposure.[9] 

 Public health messaging can focus on raising awareness about potential exposure sources and 

encouraging informed consumer choices.[2,4] 

 

III . NEUROTOXIC POTENTIAL OF ALUMINIUM :- 

 

1] Blood–brain barrier (BBB) entry : 

The BBB’s tight junctions between brain endothelial cells restrict paracellular diffusion. Endothelial cells 

lack fenestrations, fluid-phase endocytosis, and extensive receptor-mediated endocytosis under normal 

conditions. [3] Despite these barriers, metals including aluminium can reach the brain. Routes include 

diffusion and transporter-mediated mechanisms across the BBB, and possibly transfer via the choroid plexus 

CSF system, though most evidence points to BBB crossing rather than CP-CSF routes.[3,6] 

 

Two reported mechanisms for aluminium transport across the BBB: 

 Transferrin receptor–mediated transport: Transferrin-bound metals (e.g., Al3+) may be transported 

across endothelial barriers similarly to other metal ions.[3] 

 A metal transporter pathway for aluminium citrate or related complexes.[3,14] 
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 Aluminium can reach the brain through five major routes across cell membranes or epithelia: 

paracellular diffusion, transcellular transport, active transport, channel-mediated routes, and adsorptive 

or receptor-mediated endocytosis.[3,6] 

 

2] Brain vulnerability to oxidative stress : 

The brain is highly susceptible to oxidative stress due to high polyunsaturated fatty acid content, relatively 

low antioxidant capacity, abundance of redox active metals (e.g., iron, copper), and high oxygen 

consumption. Neurons and astrocytes drive most cerebral oxygen and glucose usage; brain accounts for a 

large fraction of total body oxygen consumption. Sources of reactive oxygen species (ROS) in the brain 

include NADPH oxidase, xanthine oxidase, mitochondria, and monoamine oxidase. Oxidative stress 

damages lipids, proteins, carbohydrates, and DNA, contributing to neuronal dysfunction and death.[4,5] 

 

3] Aluminium persistence and tissue distribution : 

Brain elimination half-life of aluminium is long (often cited >100 days), supporting accumulation in neural 

tissue over time. [3]Whole-body elimination is very slow, with estimates around several years (commonly ~7 

years), reflecting exchange between bone stores and circulating pools. Aluminium accumulates in the brain, 

kidneys, lungs, liver, and thyroid [5,6] it can interfere with calcium homeostasis and influence mineral 

metabolism.[14] 

 

4] Mechanistic pathways of aluminium toxicity in the brain : 

 Oxidative stress: aluminium can promote ROS production and overwhelm antioxidant defenses, 

causing lipid peroxidation, protein oxidation, and DNA damage.[4,5] 

 Calcium signaling disruption: interference with calcium homeostasis and mitochondrial function 

can affect energy metabolism and neuronal signaling 

 Neuroinflammation: aluminium exposure can activate microglia, amplifying oxidative and 

inflammatory responses.[4,5] 

 Metal interactions: aluminium can compete with essential divalent cations (e.g., Ca2+, Mg2+) and 

affect metalloenzyme activities and signaling cascades.[2,3] 

 Potential links to neurodegenerative processes: aluminium may contribute to amyloid processing, 

tau phosphorylation, and mitochondrial dysfunction in some models, though causal human 

evidence remains limited and contentious.[3,6] 

 

5] Exposure context and dose considerations : 

 Human exposure routes include: diet, aluminium-containing cookware and packaging, antiperspirants, 

certain medications (e.g., aluminium-based adjuvants in vaccines, antacids), and occupational exposure 

to aluminium dust or fumes 

 Dose, chemical form (e.g., Al3+), and duration influence bioavailability and tissue distribution. 

Inhalation can result in higher systemic uptake than some oral exposures. 
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 Individual susceptibility varies with renal function, age, nutritional status, and co- exposures to other 

metals or toxins.[5,7] 

 

6] Research and clinical considerations : 

In vivo and in vitro studies support aluminium-induced oxidative stress and neuronal injury, but translating 

findings to human risk is complex due to variability in exposure and genetic background. Biomarkers of 

exposure (blood, urine, tissue levels) and oxidative stress markers are used in research, but routine clinical 

testing for aluminium exposure is not standard. Risk management emphasizes minimizing unnecessary 

exposure, especially in vulnerable populations (e.g., kidney impairment, neonates, or high cumulative 

exposure).[5,7] 

 

7] Additional factors and context : 

Nutritional and environmental modifiers: iron, calcium, magnesium status, phytic acid intake, and other metal 

exposures can influence absorption and distribution. Transpor vehicles: transferrin and other ligands can 

modulate aluminium transport across the gut and into tissues; aluminium may accumulate in bone and other 

tissues. Public health and regulation: ongoing debates about safe exposure levels reflect long biological half-

lives and potential for accumulation over years.[2,3,5] 

 

8] Practical implications for research and policy : 

Longitudinal studies with well-characterized exposure data are needed to clarify dose–response relationships 

and potential thresholds for neurological effects. Standardized analytical methods for measuring 

aluminium[7,10] 

 

IV. BEHAVIOURAL AND NEUROPATHOLOGICAL EFFECTS :- 

 

1] Concept of neurotoxicity thresholds and dose–response : 

 

 Metals are often toxic when exposures exceed the body’s capacity to eliminate them, leading to 

accumulation. Aluminium shows a similar pattern: toxicity tends to increase with dose and duration 

 Animal studies report dose- and time-dependent effects on neurobehavior, with low or acute exposures 

sometimes having minimal effects, while higher or chronic exposures produce measurable deficits in 

learning, memory, and exploration 

 Important caveats: species differences, aluminium chemical form (Al3+, aluminium citrate, aluminium 

chloride, alumina), route of exposure (oral, intraperitoneal, intracerebral), and age at exposure all 

influence outcomes.[7] 
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1] Behavioral and cognitive outcomes in rodent models : 

 

 Aluminium chloride (AlCl3) in rats at higher doses or with longer exposure can impair learning and 

memory. Examples include 

 60 days of high-dose AlCl3 leading to deficits in spontaneous locomotor activity and performance in 

learning/memory tasks (e.g., Morris water maze, radial arm maze, passive avoidance) 

 Oral AlCl3 exposure producing weight loss, reduced exploratory behavior, cognitive decline, and 

anxiety-like symptoms.[7] 

 Behavioural assays commonly impacted include open-field tests (locomotion, exploration), Morris water 

maze (spatial learning), radial arm maze (working memory), and passive avoidance (memory) 

 Mechanistic links to behavior often involve cholinergic disruption, oxidative stress, neuroinflammation, 

and neuronal loss in memory-related regions such as the hippocampus 

 

1] Neuropathology and histology associated with aluminium exposure : 

Neurodegenerative-like pathology includes neuronal necrosis and apoptosis in cortex and hippocampus, 

gliosis, edema, and inflammatory cell infiltration. Aluminium exposure has been linked to accumulation of 

amyloid-β and tau-related changes in some models, and to histopathological features reminiscent of 

Alzheimer’s disease (plaques, tangles) in certain studies. Chronic exposure can induce dendritic spine loss, 

synaptic alterations, and demyelination in brain tissue.[5,7] 

 

2] Cellular and molecular mechanisms of aluminium-induced neurotoxicity : 

 Apoptosis: aluminium exposure activates intrinsic apoptotic pathways (altered Bcl-2 family proteins, 

cytochrome c release, caspase activation) and can cause DNA fragmentation 

 Oxidative stress: aluminium increases reactive oxygen species (ROS), lipid peroxidation (elevated 

MDA), protein oxidation, and depletion of antioxidant defenses (e.g., SOD, GST, glutathione) 

 

Fig 1 -Aluminium-Induced Neurotoxicity and Associated Neurological Disorders 
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 Cholinergic system disruption: aluminium reduces brain acetylcholine levels and decreases activities 

of choline acetyltransferase (ChAT) and acetylcholinesterase (AChE), which undermines cholinergic 

signaling critical for learning and memory 

 Neuroinflammation: exposure elevates pro-inflammatory cytokines (e.g., IL- 1β, IL-6, TNF-α) and 

inflammatory mediators (e.g., MHC II), contributing to synaptic dysfunction and cognitive 

deficits.[4,5,6,7] 

 Mitochondrial dysfunction and energy metabolism: aluminium can impair mitochondrial function, 

promoting further ROS generation and energy deficits in neurons 

 Gene expression and signaling: aluminium exposure can modulate apoptotic and survival pathways, 

including p53, BAX, caspases, and MAPK/Akt signaling, influencing cell fate 

 

3] Dose, duration, and routes of exposure in experiments : 

Common experimental approaches include intraperitoneal (i.p.) injection, oral administration, or chronic 

exposure via drinking water or diet, with doses ranging from sub-therapeutic to several tens or hundreds of 

mg/kg, depending on the study. Duration varies from days to several months; longer exposures tend to 

produce more pronounced neurobehavioral and histological changes. The chemical form matters: AlCl3, 

AlCl3 in water, aluminium citrate, and alumina nanoparticles can yield different absorption, distribution, 

and toxicity profiles.[7,10] 

 

4] Aluminium oxide (alumina) nanoparticles : 

Nanoparticles can cross biological barriers more readily and may elicit stronger neurobehavioral effects at 

lower exposures compared with bulk aluminium compounds. Reported effects include impaired learning 

and memory, altered locomotor activity, and neuroinflammation, with size- and dose-dependent 

relationships 

 

V. RESEARCH GAPS AND FUTURE DIRECTIONS 

 

 Standardized exposure measurement is lacking 

 Human longitudinal studies are required to establish dose–response thresholds 

 Translational challenges remain between animal models and human epidemiology 

 Policy guidelines need refinement considering aluminium’s long half-life and accumulation 

potential.[4,5,6] 
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CONCLUSION 

Aluminium exposure is inevitable due to its environmental prevalence and industrial applications. While 

experimental data strongly support its neurotoxic potential, especially through oxidative stress, 

neuroinflammation, and cholinergic disruption, definitive causal links in human neurodegenerative diseases 

remain inconclusive. Public health measures should focus on exposure minimization, particularly in 

vulnerable groups, while research should prioritise long-term epidemiological studies 
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