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Abstract

Aluminum is present in all biospfere it does not 
have any essential known function, although it 
had shown toxicity at high concentration towards 
laboratory animals, plants and humans. Its 
content is higher in brain patients with Alzheimer 
Disease (AD) and in people with renal failure. It is 
not clear if aluminum accumulation is a cause or 
consequence of AD. Due to aluminum had shown 
inhibition on enzymes present on human organism 
and these ones are related with symptoms and AD 
characteristic structures as neuritic plaques and 
neurofibrillary tangles, some studies were conducted 
with α-chymotrypsin, acetylcholinesterase and 
superoxide dismutase enzymes. Michaelis Menten 
apparent constants (Kmapp) were calculated for the 
first-time trough Lineweaver-Burk plots using screen 
carbon electrodes with immobilized α-chymotrypsin, 
acetylcholinesterase and superoxide dismutase. 
Aluminum showed enzymatic inhibition at µmolar 
level. Competitive Kmapp increased with aluminum 
concentration confirming aluminum inhibition on 
tested enzymes. Main literature reviewed about 
selected enzymes, coupled with experimental 
evidence let us to conclude that, it is possible to set a 
link between these enzymes and Alzheimer disease. 
Three hypotheses established to explain toxic 
effect of metals are related with aluminum action on 
selected enzymes.

Keywords: Aluminum toxicity; Enzymes inhibition; 
α-chymotrypsin; Acetylcholinesterase; Superoxide 
dismutase; Alzheimer disease.

1. Introduction

Aluminum does not have any essential known role 
in living organisms. Toxicity have been reported on 
aquatic organisms increasing with pH lower values 
[1,2]. While in plants it has accumulative effect 
crossing membrane of terrestrial plants roots by ion 
bonding with a carriers such as citrate and malate 
[3,4]. Its presence reduces root growth and uptake 
of Ca and Mg, increasing rigidity of cell walls [5,6]. 

Exposure to aluminum leads to changes in plants 
genes expression, interfering with assimilation/
speciation of essential metals at cellular level, 
disrupting cell redox balance and increasing the 
accumulation of reactive oxygen species (ROS) [7]. 
Laboratory animals fed with Al high diets, decrease 
food intake, weight, Mg absorption, also Fe and 
ferritin burden change. These results suggest altered 
regulation of Fe metabolism [8,9].

Humans are exposed to aluminum contamination 
from natural and anthropomorphic sources, water 
and food are part of daily intake [10,11]. Vulnerable 
populations such as infants and people who use 
antacids or have kidney failure, are more exposed 
to its toxic effects [12,13]. Its accumulation increases 
with age and in brain’s patients with AD, high levels 
of aluminum were found [11,14,15]. Aluminum from 
various sources is complexed by food constituents 
in gastrointestinal tract. In this place it is absorbed 
in stomach or proximal duodenum, by endogenous 
ligands action [16,17]. Pyruvate also enhanced 
transport process [18]. Exogenous ligands enhance 
the intestinal absorption of aluminum in rats due to 
increased mucosal permeability [19-21]. Transported 
aluminum accumulates in neurons [22]. Owing to 
aluminum content in AD brains is higher; and ferritin 
is altered, it is considered interfering with normal 
cellular iron homeostasis disturbing associated 
processes in nervous system and brain [23].

2. Aluminum Enzyme Inhibition and 
Alzheimer's Disease

The first reported case of AD occurred in Frankfort 
where aluminum was used to refine drinking water 
process and features of disease were described [24]. 
Evidence suggests that AD patients have a higher 
blood aluminum level after ingestion of aluminum 
citrate. After 26Al administration in a glass of water, 
it is found in brain, supporting evidence that living 
brain tissue intakes aluminum from bloodstream. 
Therefore, brain aluminum is not an imprint of its 
passive absorption in diseased cells or in apoptosis 
process [24,25]. Its effects on DNA, protein synthesis 
and cholinergic neurotransmission, are similar to AD 
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diminished functions, enhancing oxidative damage 
induced by Fe on hippocampal neurons, cerebellum 
and myelin, contributing to neurodegenerative 
disorders [26-28]. AD is characterized by 
neurofibrillary tangles and amyloid plaques, these 
structures obviously reduce function of acetylcholine 
receptors with decreased functions of dendrite, axon 
and synapses [29]. Aluminum inhibits scavenger 
enzymes of free radicals as superoxide dismutase 
(SOD) and glutathione peroxidase promoting 
oxidative cell stress.

Three hypotheses related with AD have been issued 
for metals toxic effect as aluminum on the human body. 
These are amyloid cascade, metal ion and oxidative 
stress. It is possible to set a link between AD and some 
aluminum inhibited enzymes. Aluminum action on the 
enzyme chymotrypsin and serine group proteases 
resembles AD symptoms [30,31]. Aluminum enables 
hyper phosphorylation of proteins components from 
β-amyloid plaque, contributing to its aggregation 
[32]. In addition, to non-enzymatically manner, 
phosphorylates human τ protein in vitro and induces 
protein aggregation of pairs helical filaments (PHFs) 
increasing their resistance to proteolytic degradation 
[33]. τ normal protein is replaced by τ abnormal protein, 
which increases with aluminum concentration [34,35]. 
On laboratory animals, aluminum administration 
produces deficits in learning and memory related to 
poor metabolism of acetylcholine [36,37]. Effects of 
aluminum on central nervous system are inhibition of 
synaptic transmission and impaired synapse formation 
[38]. Proposed aluminum action on tested enzymes is 
depicted in Figure 1.

3. Aluminum and Amyloid Cascade 
Hypothesis

Amyloids proteins are the main extracellular neurotoxic 

substances of AD. These ones are accompanied by 
other intra neuronal structures named neurofibrillary 
tangles (NFTs) [39]. Models have been proposed to 
explain toxicity of Al (III), they considered aluminum 
inhibition of the proteolytic activity of serine proteases 
as trypsin and α-chymotrypsin promoting buildup 
of plaque β-amyloid and NFTs formation [40,41]. 
It has been found that injection of paired filaments 
of β-amyloid protein and aluminum within the brain 
of mice induces stable codeposits of β-amyloid 
and α-chymotrypsin [42]. A thermodynamic model 
showed that Al(III) interacts with liposomes into two 
binding sites, the first with the polar head of the 
phospholipids, and the second with peripheral sites, 
modifying structure membrane, inducing apoptosis 
in human lymphocytes [43-45]. Accumulation of 
protein β-amyloid (Aß) oligomers starts intracellular 
indicating early toxicity [46]. At Al3+ presence 
occurs accumulation of Al3+-β-amyloid hydrophobic 
aggregates, which evolve to polymer aggregates 
due to increase in the conformation of β sheet [47]. 
Aggregates have a higher permeability through the 
blood brain barrier, Aß intracerebral accumulation 
happens. It had been showed Aß-Al3+ complexes 
display more aggregation than Aß protein [48]. 
Aluminum β-amyloid linkage causes a conformational 
change, increasing resistance to cathepsin D 
degradation, inhibiting neuritic plaque proteolysis, 
due to steric interference of Aß-Al3 +peptide [26,49]. 
Aß is derived from precursor proteins; these ones 
contain a homologous part a high degree, to bovine 
pancreatic trypsin inhibitor (BPTI), which also inhibits 
α-chymotrypsin. At AD brain, Al3+ favors proteolytic 
process that generates β-amyloid precursor [31]. Due 
α-chymotrypsin-BPTI linkage is favored by Al(III) uM 
concentrations, its proteolytic capacity is decreased, 
increasing amyloid plaque deposit [47,50,51].

PHFs with NFTs are typical AD structures. PHFs 

Figure 1: Relations between Al(IIII); β amyloid and neuritic plate accumulation, τ protein and neurofibrillary tangles, metallic 
imbalance, neurodegeneration and oxidative stress mediated by free radicals. 
Source: taken from [90]
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are formed from abnormal τ protein isoforms of low 
molecular weight, there are found in microtubules, 
they are hyperphosphorylated at different sites. 
Phosphorylation results of a higher activity of kinase 
and lower of phosphatase. Al(III) ion induces a non-
enzymatic catalysis of a covalent bond, incorporating 
phosphate ion of the nitrogenous bases in τ protein 
[33]. Phosphate linkage with Al(III) produced NFTs 
as irreversible process, larger τ protein oligomers are 
formed with Al3+ [52,53]. Aluminum administration to 
mice damages hippocampus and pyramidal cells lack 
of microtubules [54]. Low Al(III) concentration showed 
mixed inhibition on current oxidation of synthetic 
substrates benzoyl tyrosine ethyl ester (BTEE) and 
acetyl tyrosine ethyl ester (ATEE). Amperometric 
measurements were performed with screen printed 
carbon electrodes (SPCEs) with α-chymotrypsin 
immobilized on electrodes (Figures 2 and 3) [55,56].

4. Aluminum and Metal Ion Hypothesis

Impaired metal homeostasis occurs in AD; particularly 
Zn, Cu and Fe, with Aß imbalance resulting. Iron 
levels have been reported higher in AD neurons 
than neurons healthy individuals [57]. Transferrin 
transports iron and aluminum, but AD patients, 
transferrin carries more iron leaving more available 
aluminum in blood serum able to reach brain, ferritin 
too is higher in AD patients than in controls and 
complexes with aluminum, slowing iron uptake [58]. 
Amyloid precursor protein (APP) cascade is regulated 
and reacts with metal ions. There are two reservoirs 
of metal ions, the "free" (loosely bound) and capable 
to form chelates and the strongly bonded to protein or 
amino acid residues [59]. Zinc ion involved in amyloid 
cascade presents changes between its content 
in hippocampus of AD patients and cerebrospinal 
fluid of Parkinson's patients, suggesting that 
reserves free zinc/bound are changing constantly 
[36,60,61]. Endogenous metals as copper, iron, zinc 
and exogenous as aluminum may be involved as 

Figure 2: Lineweaver-Burk plot α-chymotripsin biosensor in presence of increasing Al(III) concentrations, initial volume 
5000 µL of NaOAC pH 7.8, CaCl2 10 mM; Eap = 0.8 V vs. Ag/AgCl.

Figure 3: Lineweaver-Burk plot de α-chymotripsin biosensor in presence of increasing Al(III) concentrations, initial volume 
5000 µL of NaOAC pH 7.8, CaCl2 10 mM, 40 mM NaCl; Eap = 0.7 V vs. Ag/AgCl. 
Source: adapted from [56]
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factors/cofactors in neurodegenerative processes 
[61]. Therapeutic strategies that restore metals 
homeostasis can delay development and modify the 
neurodegenerative processes associated with AD. 
This fact, strengths metal role in disease [62-64]. 
There are changes in endogenous homeostasis of 
Ca, Cu, Zn and Al metals in brain and liver tissue of 
laboratory animals. Al, Zn contents in hippocampus 
are higher and are lower in the cortex, but Cu and 
Ca decrease compared to controls [65]. Zn has been 
linked to enzymes involved in amyloid cascade and 
Cu is (SOD) enzyme cofactor [66]. Hippocampal 
cell cultures show different toxicity to different 
aluminum citrate complexes confirming transporters 
role [67]. AD patients were found to improve using 
Desferrioxamine (DFO), chelating agent of aluminum 
and iron, low intramuscular doses of DFO were 
used to reduce iron and aluminum excess in renal 
dialysis patients [68,69]. Health policies can take 
account existing information on the involvement of Al 
in AD to reduce its toxic effects [70]. The prevention 
and treatment of AD has focused in the use of 
antioxidants as resveratrol, saffron and curcuma, 
which counteract Al toxic effects and are used with 
anticholinergic drugs [39]. Aluminum content is 
higher in AD brains and patients show inhibition signs 
of ACE activity in cholinergic synapses. Response to 
aluminum injections in brain rats was degeneration of 
cholinergic terminals in cortex and hippocampus and 
inflammation. Therefore interference with cholinergic 
functions may be modes by aluminum may cause 
deficits of learning and memory and contributes 
to pathological processes in AD [71]. Aluminum 
inhibition on acetylcholinesterase was showed by 
mean of SPCEs using acetylthiocholine iodide (ATI), 
like Figure 4 where slope and also Km app values 

increase with Al (III) concentration [72]. 

5. Aluminum and Oxidative Stress Hypothesis

Age, environment and genetic factors accumulate 
defects on genes, then mitochondria functions 
decrease producing neurological disorders and 
neurons apoptosis starts. ROS and reactive nitrogen 
species (RNS) produce free radicals causing mutation 
and oxidative stress [73,74]. A defense against stress 
are SOD enzyme isoforms SOD-1 (intracellular) 
and SOD-3 (extracellular) which depend on Cu(I)/
Cu(II) and Zn(II) in their active sites respectively [75]. 
SOD mutations cause amyotrophic lateral sclerosis 
(ALS), that has similarities with AD, highlighting the 
importance of oxidative stress in neurodegenerative 
processes [76,77]. Metal ions involved in oxidative 
stress in AD are also involved in the appearance and 
disappearance of ROS and RNS in cell media [78,79]. 
Aβ-Al complexes aggregation produces mitochondrial 
dysfunction, because it increases activity of enzymes 
involved in the electron transport chain in mitochondria 
and ROS production. It also promotes neuronal 
cytoskeleton alterations, stimulating increased 
expression of enzymes that causes neurons 
conformational changes [80]. Aluminum can activate 
ROS generation and initiate AD inflammatory cascade 
producing oxidative stress and neurological damage 
[81]. There is possibility that Al3+ forms a stabilized 
complex AlO2

2+• -superoxide which reduces Fe3+ to 
Fe2+, which in turn is oxidized to Fe3+ to generate (OH•) 
radicals through Fenton reaction. Reaction between 
complex Al-superoxide and Fe3+ is spontaneous, loss 
of an electron is produced from the radical ion in AlO2

2+• 
-superoxide complex and molecular oxygen and Al3+ 

dissociates in a cyclical process. Other species such 

Figure 4: Lineweaver-Burk plot of AChE/AuNPs/SPCE biosensor in presence of aluminum and without aluminum, initial 
volume 5000 µL of Britton Robinson pH 7.8; Eap =0.8 V vs. Ag/AgCl. 
Source: adapted from [72]
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as Al(O2•)(H2O)5]
2+, [Al(O2•)(OH)(H2O)4]

+ and [Al(O2•)
(OH)2(H2O)3], follow this same consideration. It is 
suggested that oxidizing activity of Al3+ in biological 
systems occurs through the mechanism of superoxide 
formation and recovering initial species of Al3+ and Fe3+ 

[82]. Interactions between aluminum and iron, which 
is initiator of oxidation processes have been studied 
in brain tissues by measuring ROS generation rates, 
combined use of Al2(SO4)3 y FeSO4 enhances the 
rate of appearance of ROS, ferritin presence which 
is linked to the bioavailability of mitochondrial iron 
produces Fe2+ excess, and oxygen presence creates 
free radicals that induce protein modification, lipid 
peroxidation and neuritic plaque formation [83,84]. 
Aluminum action on Deoxyribonucleic Acid (DNA) 
alters gene expression [85]. Sensitive enzymes to 
redox processes in Tricarboxylic Acid (TCA) cycle 
and oxidative phosphorylation are dramatically 
diminished by exposure to aluminum [86]. Aluminum 
is concentrated in brain regions affected in AD as the 
amygdala, cerebral cortex and hippocampus, where 

NFTs are found [87,88]. Aluminum phosphorylates 
proteins and alters their capacity to be transported 
along the axon, therefore Aß precursor accumulates 
within the axon and distends it [89]. Inhibition of Al (III) 
on SOD was tested on Epinephrine (EPI) substrate 
using palladium nanoparticles and superoxide 
dismutase enzyme immobilized on screen printed 
carbon electrodes modified with Tetrathiafulvalene 
(TTF), namely Pd/SOD/SPCTTFEs and competitive 
inhibition was obtained in presence of increasing Al 
(III) concentrations as it is shown in Figure 5. Slope of 
inverse of amperometric current vs inverse substrate 
concentration increases with Al(III) concentration 
accordingly with known enzymatic theory principles 
[90]. 

In Table 1 Km apparent inhibition values obtained 
for α-chymotrypsin, acetylcholinesterase and 
superoxide dismutase enzymes immobilized on 
SPCEs are shown. Al(III) exhibits its inhibitory action 
on tested enzymes at low concentrations.

Figure 5: Lineweaver-Burk plot of SOD/PdNPs/SPCE biosensor in presence of Al(III) and without aluminum, initial volume 
5000 µL of Britton Robinson pH 6.0;  Eap = 0.2 V vs. Ag/AgCl.

pH/ Potential/Al(III) 
Condition SPCE Modification Enzyme/Substrate Kmapp Value

7.8; 0.8 V

Without Al
Al(III) 1.42 × 10−5 M
Al(III) 2.74 × 10−5 M

Gold NPs α-chymotrypsin/
BTEE

[55]

(3.6 ± 0.6) × 10-5 M
(4.5 ± 0.6) × 10-5 M
(8.3 ± 0.5) × 10-5 M

7.8; 0.7 V

Without Al
Al(III) 7.25 × 10−6 M
Al(III) 2.74 × 10−5 M

Gold NPs α-chymotrypsin/
ATEE

[56]

(1.2 ± 0.1) × 10-4 M
(2.4 ± 0.1) × 10-4 M
(4.5 ± 0.3) × 10-4 M

7.8; 0.7V

Without Al
Al(III) 7.12 × 10−6 M

Gold NPs Acetylcholinesterase/ ATI
[72]

(3.1 ± 0.3) × 10−3 M
(3.9 ± 0.3) × 10−3 M

5.0; 0.2V

Without Al
Al(III) 7.25 × 10−6 M
Al(III) 2.18 × 10−5 M

Palladium NPs Superoxide dismutase/ EPI

[90]

(1.5 ± 0.3) × 10−3 M
(5.0 ± 0.4) × 10−3 M
(1.2 ± 0.3) × 10−2 M

Table 1: Km apparent values obtained for tested enzymes with SPCEs.
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6. Conclusion

AD is influenced by genetics, environmental factors, 
foods ingest and oxidative stress. It is difficult to 
judge if aluminum body burden found in AD is cause 
or consequence of disease. Role of aluminum on 
inhibited enzymes related with biological process 
that favors protein abnormal accumulation was 
demonstrated on α-chymotrypsin. Another important 
enzyme acetylcholinesterase related with nervous 
impulses transmission was inhibited in the presence 
of aluminum. Aluminum inhibition on SOD strengthens 
aluminum role in oxidative stress. At first screen 
printed electrodes modified with α-chymotripsin, 
acethyl cholinesterase and SOD were used to 
estimate Michaelis Menten inhibition constants. All 
tested enzymes were inhibited at very low aluminum 
concentration showing that aluminum enzymatic 
toxicity starts early and accumulates inside human 
body developing visible toxicity symptoms along life. 
Inhibitor effect is showed by increasing Kmapp values 
with Al (III) increasing concentration accordingly with 
enzymatic inhibition theory 
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