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Glycation has been shown to induce aggregation of a wide spectrum of proteins including those implicated in the

pathogenesis of AD. A recent in vitro fluorescence study revealed a significant impact of glucose levels on Aβ1-40

aggregation, resulting in additional types of formed oligomers. Correspondingly, Aβ glycation was associated with

aggravation of amyloid neurotoxicity through up-regulation of RAGE and subsequent GSK-3 activation.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative condition of high prevalence in older age. In developed countries almost

10% of people over the age of 65 suffer from AD  and AD prevalence is increasing globally. During the upcoming

decades AD will contribute to an increased socio-economic burden and severe suffering for patients and caregivers.

Against this background, measures to modify the serious course of AD are urgently needed.

Most AD patients suffer from the sporadic form, the genetic AD accounting for less than 2% of diagnosed cases . Many

sporadic AD patients (almost 25%) are carriers of the ApoE4 allele of apolipoprotein E (chromosome 19) . The

mechanisms by which the ApoE4 allele contributes to AD and to increased levels of amyloid beta (Aβ) are unknown, yet

the same allele appears to be related to telomere shortening and accelerated aging . It is known that the import of

cholesterol into the neurons is achieved by apolipoprotein E (ApoE) via receptors low-density lipoprotein receptor-related

protein1 and 8 (LRP1 and LRP8) on the cell surface. It has been suggested that a co-causal factor for AD is changed

receptor function of LRP1 or LRP8, and that an underlying cause is inappropriate neuronal supply of cholesterol combined

with dysmetabolism of the copper chaperone APP (amyloid precursor protein) . In particular, the essential trace element

selenium (Se) is also transported as selenoprotein P (SELENOP) to the brain via a low-density lipoprotein receptor, viz.

the LRP8 receptor . In addition, another lipoprotein receptor (LRP1) is implicated in the clearance of Aβ from the brain to

the peripheral circulation . Interestingly, this clearance appears to be dependent on the ApoE isoform, as carriers of the

apoE4 allele exert reduced efflux of Aβ from the brain, as assessed in in vitro models . Combined with aging

hypertension, dyslipidemia and metabolic syndrome (MetS) are risk factors for developing sporadic AD .

Language problems and declining recall of recent events are early AD characteristics . These symptoms are attributed

to dysfunctions in the hippocampal area of the temporal lobe . Degenerations develop gradually in both the temporal

and parietal regions of the brain. These changes are accompanied by a deterioration of hippocampal cholinergic signaling

. In clinical medicine, acetylcholinesterase inhibitors have been adopted to alleviate synaptic dysfunction in AD, acting

by increasing acetylcholine levels at synaptic loci, however without arresting the disease progression . Symptomatic

relief is also achieved by memantine, a compound that acts by blocking the functional dominance of the transmitter N-

methyl-aspartate . However, transmitter dysfunctions observed in AD patients are not considered the initiating events in

the pathogenesis. Biochemical events initiating AD development most probably reside in some basic impairments of vital

intracellular proteins, e.g., the microtubule-associated proteins responsible for the neuronal integrity.

2. On Traditional Hypotheses for AD Etiology

However, in AD, a less soluble variant, the Aβ-peptide with 42 amino acids, usually referred to as Aβ, is formed in excess

and makes up the amyloid core in the characteristic precipitated plaques .

Pyroglutamate-modified Aβ peptides that are formed upon glutaminyl cyclase catalysis are strongly associated with AD

. Therefore, antibodies to pyroglutamate-modified Aβ peptides as well as glutaminyl cyclase inhibitors may be

considered as an additional immunotherapeutic approach to AD .
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The ubiquitin-proteasome system in neurons appears to be overloaded and deranged in AD, ultimately leading to cell

death. Oxidized proteins contribute to a pathologic overloading in aging. Cell deterioration and death lead to extracellular

escape of Aβ deposits. Age-related mitochondrial dysfunctions may accelerate the formation of protein oxidation products

.

Accumulation of damaged mitochondria is common in brain tissues from AD patients and in AD animal models, in addition

to autophagosomes, which seem to be formed at mitochondrial endoplasmic reticulum contact sites (MERCS)  together

with Aβ plaques . It has been hypothesized that formation of abnormal MERCS in AD might lead to mitochondrial

dysfunction due to an influx of calcium into mitochondria from the endoplasmic reticulum and Aβ aggregates blocking

mitochondrial export of Ca ++ , in addition to dysfunctional autophagosome synthesis . Physiologically, the major

pathway for removal of damaged mitochondria is the ATP-dependent ubiquitin proteasome pathway in addition to

mitophagy. A tempting hypothesis is that, together with the overloaded proteasome pathway, a defective mitophagy may

play a role in the AD etiopathogenesis .

3. Hypothesis Involving Metabolic Syndrome and Glycation

High levels of glucose in diabetes mellitus, as well as monosaccharides such as fructose and glyceraldehyde, react non-

enzymatically with sulfhydryl groups of proteins, lipids and nucleic acids, leading to the formation of advanced glycation

end-products (AGEs). Briefly, protein glycation is a series of non-enzymatic reactions collectively termed the Maillard

reaction  ( Figure 1 ). At the first step, reaction between the protein free amino group and carbonyl group of a reducing

carbohydrate (glucose) results in formation of a Schiff base that is subsequently rearranged to a more stable Amadori

product. The latter undergoes a series of rearrangement, oxidation and dehydration reactions in the formation of AGEs.

Another mechanism for AGE formation involves generation of reactive carbonyl species (glyoxal, methylglyoxal, 3-

desoxyglucosone) that interact with amino acid residues of proteins resulting in AGE formation .

Figure 1.  Schematic representation of the mechanisms of AGE formation through the Maillard reaction and reactive

carbonyl mediated protein modification. Briefly, the reaction between the protein free amino group and carbonyl group of a

reducing carbohydrate (glucose) results in formation of a Schiff base. The latter is subsequently rearranged to a more

stable Amadori product that yields AGEs including carboxymethyllysine (CML) or pentosidine in a series of reactions. In

addition, carbohydrate-derived reactive carbonyls that are formed from glucose and Schiff bases also interact with protein

molecules resulting in formation of numerous AGEs including glyoxal-derived di-lysine imidazolium crosslink (GOLD),

CML, glyoxal-derived hydroimidazolone (G-H1), methylglyoxal-derived di-lysine imidazolium crosslink (MOLD),

methylglyoxal-derived hydroimidazolone (MG-H1), desoxyglucosone lysine dimer (DOLD) and 3-deoxyglucosone-derived

hydroimidazolone 1 (3DG-H1). Formation of AGEs as well as carbohydrate-derived carbonyl species is stimulated by

redox metals including copper and iron, which are involved in Fenton chemistry, as well as by oxidative stress.

Irreversible modification of biological macromolecules during AGE formation results in alteration of its structure and

function, and AGEs also possess toxic properties . Glycation has been shown to induce aggregation of a wide

spectrum of proteins including those implicated in the pathogenesis of AD . A recent in vitro fluorescence study

revealed a significant impact of glucose levels on Aβ1-40 aggregation, resulting in additional types of formed oligomers

. Correspondingly, Aβ glycation was associated with aggravation of amyloid neurotoxicity through up-regulation of

RAGE and subsequent GSK-3 activation .
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The role of AGEs in AD may be mediated by up-regulation of the receptor for advanced glycation end-products (RAGE).

RAGE is a transmembrane protein of the immunoglobulin superfamily that in parallel with AGE interacts with multiple

ligands including high-mobility group protein (B)1, S100 protein and Aβ, to name a few. Activated RAGE is involved in a

variety of processes including inflammation, oxidative stress, apoptosis, autophagy, proliferation and migration .

Correspondingly, RAGE is considered to play a significant role in the pathogenesis of AD .

As for the mechanisms of the role of RAGE in neuroinflammation, recent studies have demonstrated that RAGE activation

may activate ERK1/2, JNK and p38 MAPK signaling, as well as ROS overproduction through NAPDH oxidase, with

subsequent induction of the NF-kB pathway . In turn, NF-kB activation was also shown to up-regulate RAGE

expression, thus maintaining the vicious circle of neuroinflammation .

4. The Role of Copper (Cu) and Iron (Fe) in Alzheimer’s Disease

The association of Fe with AD pathology is supported by the finding that high ferritin levels in cerebrospinal fluid (CSF)

correlated with the transition of mild cognitive impairment (MCI) into AD, as observed in a cohort study . Furthermore,

CSF ferritin levels were strongly associated with cognitive decline in carriers of the ApoE4 allele . Of interest is also the

observation that the binding of Fe and Cu ions to phosphorylated tau protein precedes the formation of intracellular

tangles . It is also known that cations of these same transition elements accumulate in AD plaques enhancing the

progression of the Aβ cascade .

Masaldan and colleagues have suggested that the complex pathological process of AD can be described as a ferroptosis

, underscoring a role of iron interactions in addition to lipid dysmetabolism in the generation of the characteristic AD

pathology.

Taken together, these data demonstrate that the redox metals Cu and Fe are involved in the complex AD pathogenesis.

Given their role in oxidative stress, as well as the earlier discussed involvement in glycation processes and AGE/RAGE

signaling in molecular mechanisms of AD, we propose that metals may play a significant role in AD etiology secondary to

their impact on AGE generation and subsequent toxicity.

Several studies have addressed the role of iron in AGE formation, which may also underlie the potential involvement of Fe

2+ in neurodegeneration. Specifically, the potential catalytic role of Fe 2+ in the formation of AGEs in type 1 collagen has

been clearly demonstrated . In patients with β-thalassemia major, serum iron and especially non-transferrin-bound iron

are typically elevated, and a positive correlation has been reported between this elevation and AGE (carboxymethyl-lysine

and pentosidine) concentrations . Correspondingly, in our recent experimental study Fe supplementation in obese rats

induced a significant accumulation of AGEs and especially of CML in the liver . Iron (Fe 3+ ) is capable of inducing

formation of DNA-AGE adducts, especially when combined with glyoxal and arginine . However, direct evidence

demonstrating the trilateral relationship between iron, AGE formation and Aβ accumulation and/or toxicity are lacking.
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