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Abstract

Streszczenie

Alzheimer’s disease is the leading cause of dementia and represents a growing global health challenge. The disease is
neuropathologically defined by extracellular amyloid beta deposits and intracellular neurofibrillary tangles composed of
hyperphosphorylated tau protein. However, decades of research demonstrate that these hallmarks alone cannot fully account
for the clinical and biological complexity of Alzheimer’s disease. Advanced glycation end-products, formed through non-
enzymatic glycation and oxidation of proteins, lipids, and nucleic acids, have emerged as key contributors to
neurodegeneration. Advanced glycation end-products accumulate progressively with age, and their formation is intensified
by hyperglycaemia and oxidative stress. Their presence has been demonstrated in both senile plaques and neurofibrillary
tangles. By irreversibly modifying long-lived proteins, advanced glycation end-products alter their structural and enzymatic
properties, promote amyloid aggregation, and predispose tau to hyperphosphorylation. Importantly, their interaction with
the receptor for advanced glycation end-products initiates signalling cascades that amplify oxidative stress, inflammation,
mitochondrial dysfunction, and synaptic impairment. Beyond their direct neuronal effects, advanced glycation end-products
link Alzheimer’s disease with systemic comorbidities such as diabetes, vascular disease, and chronic kidney disease, all of
which further increase dementia risk. Clinical studies report elevated levels of advanced glycation end-products in serum,
cerebrospinal fluid, and brain tissue of Alzheimer’s disease patients, suggesting their utility as potential biomarkers.
Therapeutic strategies, including advanced glycation end-products inhibitors, cross-link breakers, receptor for advanced
glycation end-products antagonists, antioxidant compounds, and dietary interventions, are currently under investigation,
although their clinical efficacy remains limited. This review highlights the multifaceted role of advanced glycation end-
products in the pathogenesis of Alzheimer’s disease, underscores their clinical relevance, and points to future research
directions in diagnosis, prevention, and treatment.

Keywords: Alzheimer’s disease, receptor for advanced glycation end-products, amyloid beta, tau protein, advanced glycation
end-products

Choroba Alzheimera jest najczestsza przyczyng otepienia i stanowi narastajacy globalny problem zdrowotny.
Neuropatologicznie definiujg ja zewnatrzkomdrkowe ztogi amyloidu beta oraz wewnatrzkomérkowe splatki neurofibrylarne
zbudowane z hiperfosforylowanego biatka tau. Wieloletnie badania wykazuja jednak, ze zmiany te nie ttumacza w petni
zlozonosci klinicznej i biologicznej choroby. Produkty zaawansowanej glikacji, powstajace w wyniku nieenzymatycznej
glikacji i oksydacji biatek, lipidéw oraz kwaséw nukleinowych, wylonily sie jako istotne czynniki neurodegeneracji. Gromadza
si¢ one stopniowo wraz z wiekiem, a ich powstawanie nasila si¢ w warunkach hiperglikemii i stresu oksydacyjnego.
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Advanced glycation end-products in the pathogenesis of Alzheimer’s disease: a review

Ich obecnos¢ wykazano zaréwno w blaszkach starczych, jak i w splatkach neurofibrylarnych. Poprzez nieodwracalne
modyfikacje dlugo zyjacych biatek produkty zaawansowanej glikacji zmieniajg ich strukture i funkcje enzymatyczna,
sprzyjaja agregacji amyloidu oraz predysponuja biatko tau do hiperfosforylacji. Co istotne, interakcja tych produktow
z receptorem koncowych produktéw zaawansowanej glikacji inicjuje kaskady nasilajace stres oksydacyjny, stan zapalny,
dysfunkcje mitochondridéw i zaburzenia synaptyczne. Poza bezpo$rednim wptywem na neurony produkty zaawansowanej
glikacji facza chorobe Alzheimera z chorobami wspoétistniejacymi, takimi jak cukrzyca, schorzenia naczyniowe i przewlekta
choroba nerek, ktére dodatkowo zwiekszaja ryzyko otepienia. Badania kliniczne wykazuja podwyzszone st¢zenia tych
produktéw w surowicy, ptynie mézgowo-rdzeniowym oraz tkance mézgowej pacjentéw z choroba Alzheimera, co wskazuje
na ich potencjat jako biomarkerdw. Strategie terapeutyczne — obejmujace inhibitory produktéw zaawansowanej glikacji,
zwigzki rozrywajace mostki krzyzowe, antagonistow receptoréw koncowych produktéw zaawansowanej glikacji,
antyoksydanty oraz interwencje dietetyczne - s3 obecnie przedmiotem badan, cho¢ ich skutecznos¢ kliniczna pozostaje
ograniczona. Niniejszy przeglad podkresla wieloaspektowa role produktéw zaawansowanej glikacji w patogenezie choroby
Alzheimera, ich znaczenie kliniczne oraz kierunki dalszych badan w diagnostyce, profilaktyce i terapii.

Slowa kluczowe: choroba Alzheimera, receptory koncowych produktéw zaawansowanej glikacji, amyloid beta, biatko tau,

produkty zaawansowanej glikacji

INTRODUCTION

Izheimer’s disease (AD) has emerged as one of

the greatest medical, social, and economic chal-

lenges of the 21* century. It is the leading cause
of dementia, affecting over 50 million individuals world-
wide, and its prevalence is expected to triple by 2050 in par-
allel with global demographic shifts (Prince et al., 2015).
Clinically, the disorder is characterised by an insidious on-
set and progressive decline in memory, executive function,
language, and other cognitive domains, ultimately leading
to complete dependency and premature death (Wimo et al.,
2013). From a societal perspective, costs associated with
AD are immense, exceeding one trillion US dollars annu-
ally when direct medical care, institutionalisation, and in-
formal caregiving are considered (Selkoe and Hardy, 2016).
The disease also imposes profound emotional and psycho-
logical burdens on patients and caregivers, further ampli-
fying its impact.
Neuropathologically, AD is defined by two cardinal lesions:
extracellular deposition of amyloid beta (Ap) peptides form-
ing senile plaques, and intracellular accumulation of hyper-
phosphorylated tau protein in the form of neurofibrillary
tangles (NFTs) (Cummings et al., 2019). These aggregates are
accompanied by widespread synaptic dysfunction, glial acti-
vation, mitochondrial impairment, and neuronal loss (But-
terfield and Halliwell, 2019). The amyloid cascade hypothesis,
which postulates that Ap accumulation is the primary driver
of subsequent tau pathology and neurodegeneration, has
dominated the field for decades (Li et al., 2012). However, de-
spite extensive efforts to target amyloid or tau therapeutically,
clinical outcomes have remained disappointing (Srikanth
et al,, 2011). These limitations underscore the complexity of
AD and highlight the importance of additional pathological
processes, including oxidative stress, metabolic dysfunction,
and chronic inflammation (Singh et al., 2001).
Among the many molecular contributors to AD, advanced
glycation end-products (AGEs) have gained significant
attention. Initially recognised as harmful byproducts of
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hyperglycaemia in diabetes mellitus, AGEs are now under-
stood as active participants in aging and neurodegenera-
tion (Vistoli et al., 2013). By irreversibly modifying long-
lived proteins, lipids, and nucleic acids, AGEs impair their
structural and functional integrity. In the brain, AGE ac-
cumulation promotes amyloid aggregation, tau hyperphos-
phorylation, mitochondrial dysfunction, and neuroinflam-
mation (Ott et al., 2014). Furthermore, AGEs exert their
effects through their principal receptor, the receptor for
advanced glycation end-products (RAGE), which triggers
oxidative and inflammatory cascades (Thornalley, 2006).
The AGE-RAGE axis is therefore increasingly viewed as
a central pathway linking metabolic disturbances with neu-
rodegenerative processes.

BIOCHEMISTRY OF AGEs

The formation of AGEs is a complex, multistep biochem-
ical process that begins with the non-enzymatic glycation
of free amino groups on proteins, lipids, or nucleic acids
by reducing sugars such as glucose and fructose. This se-
quence of reactions, known as the Maillard reaction, pro-
ceeds through three general stages (Uribarri et al., 2010).
First, reducing sugars condense with amino groups to form
a reversible Schiff base. Second, the Schiff base undergoes
rearrangement into a more stable Amadori product. Third,
these intermediates undergo oxidative cleavage, dehydra-
tion, and further rearrangements, ultimately giving rise to
a diverse array of irreversible AGEs (Bohlender et al., 2005).
The chemical diversity of AGEs is immense, encompassing
fluorescent and non-fluorescent adducts, cross-linking struc-
tures, and reactive intermediates. Prominent examples in-
clude Ne-carboxymethyllysine (CML), Né-carboxyethyllysine,
pentosidine, and methylglyoxal-derived hydroimidazolones
(Smith et al., 1994). These compounds differ in their reactiv-
ity, stability, and biological effects. For instance, CML is one
of the most abundant AGE:s in tissue and serves as a gener-
al biomarker of glycation and oxidative stress (Liith et al,,
2005). Pentosidine, a fluorescent AGE, contributes to protein
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cross-linking and tissue stiffness, while methylglyoxal deriv-
atives are highly reactive and potent inducers of cellular dys-
function (Kikuchi et al., 2002).

In the brain, AGE formation is facilitated by the organ’s
high metabolic rate, abundant lipid membranes susceptible
to peroxidation, and relatively limited antioxidant defences
(Yan et al., 1994). Endogenous AGE accumulation increas-
es with age and is further accelerated by hyperglycaemia,
oxidative stress, and mitochondrial dysfunction (Hernan-
dez and Avila, 2007). Exogenous AGEs are derived primar-
ily from dietary sources, particularly foods cooked at high
temperatures (e.g. grilling, frying, roasting), and from to-
bacco smoke (Ahmed, 2005). Although gastrointestinal ab-
sorption of dietary AGEs is relatively modest (estimated at
10%), chronic exposure contributes significantly to system-
ic levels (Brownlee, 1995).

Detoxification pathways exist to limit AGE accumulation.
The glyoxalase system, consisting of glyoxalase I and II,
metabolises reactive carbonyl intermediates such as meth-
ylglyoxal, thereby preventing their conversion into AGEs
(Minch et al., 1997). Additional mechanisms include en-
zymatic degradation of glycated proteins and receptor-me-
diated clearance of AGEs. However, the efficiency of these
systems declines with age and under pathological condi-
tions, shifting the balance toward accumulation (Bierhaus
and Nawroth, 2009).

AGEs IN AD PATHOLOGY

AGEs contribute to AD pathology through multiple, inter-
connected mechanisms. Histopathological studies of post-
mortem AD brains reveal that AGEs accumulate in both se-
nile plaques and neurofibrillary tangles, implicating them
directly in hallmark lesions of the disease (Deane et al., 2003).
AP peptides are highly susceptible to glycation. AGE-mod-
ified AP displays enhanced aggregation kinetics, forming
oligomers and fibrils more readily than unmodified pep-
tides (Zhang et al., 2025). Furthermore, glycated A is re-
sistant to proteolytic degradation, leading to increased
persistence in brain tissue (Sasaki et al., 1998). These modi-
fications exacerbate AP-mediated neurotoxicity by impair-
ing synaptic function, inducing oxidative stress, and dis-
rupting calcium homeostasis (Salahuddin et al., 2014).
Animal studies confirm that administration of glycated AP
results in greater cognitive impairment compared to un-
modified peptide (Yamagishi et al., 2006).

Tau protein is also a target of glycation. AGE-modified tau
exhibits reduced affinity for microtubules, resulting in cy-
toskeletal destabilisation and impaired axonal transport
(Dareowolabi et al., 2025). Moreover, glycation predispos-
es tau to hyperphosphorylation by kinases such as GSK-3,
further accelerating tangle formation (Galasko et al.,
2014). The combination of glycation and hyperphosphor-
ylation produces aggregates that are insoluble, neurotox-
ic, and resistant to clearance (Kandimalla et al., 2017).
The coexistence of glycated and phosphorylated tau in
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NFTs strongly suggests a synergistic role of glycation in tau
pathology.

AGEs also disrupt broader aspects of neuronal homeosta-
sis. By cross-linking extracellular matrix proteins, they im-
pair synaptic plasticity and receptor mobility (Lovestone
et al., 2014). They inactivate proteasomes and autophagic
pathways, leading to the accumulation of misfolded pro-
teins (Takeuchi et al., 2007). Additionally, AGE accumula-
tion generates ROS through redox cycling, which damages
DNA, proteins, and lipids (Da Moura Semedo et al., 2017).
Oxidative stress in turn accelerates further AGE formation,
establishing a self-perpetuating pathological cycle (Olufun-
milayo et al., 2023).

Glial cells are also profoundly affected by AGE accumula-
tion. Microglia exposed to AGEs adopt a pro-inflammatory
phenotype, releasing cytokines such as TNF-a, IL-1B, and
IL-6 (Tomiyama et al., 2010). Astrocytes similarly respond
with reactive gliosis, disrupting glutamate homeostasis and
exacerbating excitotoxicity (Montine et al., 2011). Togeth-
er, these processes create a chronic neuroinflammatory state
that amplifies neuronal dysfunction and loss.

THE AGE-RAGE AXIS

RAGE is a transmembrane protein belonging to the immu-
noglobulin superfamily. It is characterised by its ability to
bind multiple ligands, including AGEs, Af, S100 proteins,
and high-mobility group box 1 (Szablewski et al., 2017).
Under physiological conditions, RAGE expression in the
brain is relatively low, but in AD and other chronic diseases,
it becomes markedly upregulated (Petersen and Jack, 2009).
The AGE-RAGE interaction activates a wide array of in-
tracellular signalling cascades. One of the most important
is the nuclear factor kappa B (NF-«xB) pathway, which pro-
motes transcription of pro-inflammatory genes (Li et al.,
2013). Activation of mitogen-activated protein kinases and
Janus kinase/signal transducers and activators of transcrip-
tion further amplifies inflammatory and apoptotic processes
(Miinch et al., 1997). Engagement of NADPH oxidase gen-
erates reactive oxygen species (ROS), compounding oxida-
tive stress (Dong et al., 2011). Collectively, these processes
establish a vicious cycle of inflammation, oxidative damage,
and neuronal injury.

Of particular relevance to AD, RAGE is expressed at the
blood-brain barrier, where it facilitates the transport of cir-
culating AP into the brain (Yan et al., 2009). This not only
increases amyloid burden but also creates a feedback loop,
as AP itself can bind to RAGE, perpetuating downstream
signalling. In neurons, RAGE activation alters calcium ho-
meostasis and synaptic transmission, while in glial cells it
drives chronic activation and cytokine release (Yamagishi
et al,, 2007). Animal studies demonstrate that pharmaco-
logical or genetic blockade of RAGE reduces amyloid de-
position, diminishes neuroinflammation, and improves
cognitive performance (Sayas et al., 2021). These findings
highlight RAGE as a promising therapeutic target.
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LINKS WITH COMORBIDITIES

The contribution of AGEs to AD cannot be fully appre-
ciated without considering comorbid conditions that in-
fluence their formation. Type 2 diabetes mellitus (T2DM)
is particularly relevant. Chronic hyperglycaemia ac-
celerates AGE formation, while insulin resistance im-
pairs neuronal metabolism (Ko et al., 2015). Epidemio-
logical studies demonstrate that T2DM nearly doubles
the risk of developing dementia, including AD (Sato
et al., 2006). AGEs also impair insulin signalling in neu-
rons, leading some to describe AD as a form of “type 3 di-
abetes” (Bohlender et al., 2005).

AGE:s additionally play an important role in vascular pa-
thology. By cross-linking collagen and elastin, they in-
crease vascular stiffness and promote hypertension (Matt-
son, 2004). They damage endothelial cells and reduce nitric
oxide availability, thereby impairing cerebral blood flow
(Ledesma et al., 2003). Since cerebrovascular dysfunction
is a well-established contributor to cognitive decline, the
vascular effects of AGEs constitute another mechanism
through which they exacerbate AD risk.

Other comorbidities, including chronic kidney disease
(CKD) and obesity, also promote AGE accumulation. CKD
reduces renal clearance of AGEs, leading to systemic build-
up (Kepp, 2012). Obesity and metabolic syndrome, char-
acterised by oxidative stress and low-grade inflamma-
tion, further accelerate AGE generation (Yaffe et al., 2004).
The convergence of these comorbid factors amplifies AGE
burden and compounds the overall risk of AD.

CLINICAL RELEVANCE

AGEs are increasingly studied as potential biomarkers for
AD. Elevated AGE levels have been detected in serum,
cerebrospinal fluid, and post-mortem brain tissue of AD
patients (Ott et al., 2014). Specific AGEs such as CML and
pentosidine correlate with cognitive decline and disease
severity (Miinch et al., 2000).

Several methods exist for measuring AGEs. Immunoas-
says such as ELISA enable detection of specific AGE epit-
opes, while liquid chromatography coupled with mass spec-
trometry provides precise quantification (Raghavan, 2024).
Autofluorescence spectroscopy, which exploits the fluores-
cent properties of certain AGEs, offers a non-invasive means
of assessing tissue AGE burden (Hu et al., 2013). Skin auto-
fluorescence has been proposed as a surrogate marker of sys-
temic AGE accumulation, although its clinical utility in AD
remains under investigation (Vasdev et al., 2007).
Importantly, the interpretation of clinical studies investi-
gating AGEs in AD is complicated by substantial heteroge-
neity in measurement methodologies. Different analytical
approaches - such as fluorescence-based assays, immuno-
chemical techniques targeting specific AGE epitopes, mass
spectrometry-based quantification, and tissue-specific ver-
sus systemic assessments — capture distinct subsets of AGE
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structures and vary markedly in sensitivity and specifici-
ty. As a result, reported AGE levels are often not directly
comparable across studies, which may partly explain incon-
sistencies in clinical correlations with cognitive decline or
disease severity. Moreover, circulating AGEs may not ful-
ly reflect cerebral AGE burden, further limiting their diag-
nostic value. Greater methodological standardisation and
careful consideration of analytical differences are therefore
essential for translating AGE measurements into reliable
clinical biomarkers for AD (Ahmed, 2005).

While promising, the diagnostic use of AGEs faces several
challenges. Variability in detection methods, the hetero-
geneity of AGE structures, and confounding by comorbid
conditions complicate interpretation. Standardisation of as-
says and longitudinal studies are needed to validate AGEs
as reliable biomarkers.

THERAPEUTIC STRATEGIES

The recognition of AGEs as active mediators of AD pathol-

ogy has spurred exploration of therapeutic strategies target-

ing AGE formation, accumulation, and signalling. Several
approaches have been investigated:

1. AGE formation inhibitors - Compounds such as amino-
guanidine, pyridoxamine, and carnosine scavenge reac-
tive carbonyl intermediates, thereby preventing AGE for-
mation (Goldberg et al., 2004). Although aminoguanidine
showed efficacy in preclinical studies, its clinical devel-
opment was halted due to safety concerns. Pyridoxamine
and carnosine remain promising candidates.

2. AGE cross-link breakers — Alagebrium is the most ex-
tensively studied compound in this class. It disrupts pre-
formed AGE cross-links, improving vascular elasticity
in both animal models and human studies (Reddy et al.,
2023). Its potential CNS effects are less explored, but the
concept of breaking AGE cross-links remains attractive.

3. RAGE antagonists — Azeliragon, a small-molecule RAGE
inhibitor, advanced to phase III clinical trials for AD
but failed to meet efficacy endpoints (Nass et al., 2007).
Nevertheless, evidence from animal studies strongly sup-
ports the therapeutic value of RAGE blockade, suggest-
ing that more selective or combinatorial approaches may
be beneficial (Vlassara and Palace, 2002).

4. Antioxidants and natural compounds - Polyphenols
such as resveratrol, curcumin, and epigallocatechin gal-
late (EGCG) possess both antioxidant and anti-glycation
properties (Ramasamy et al., 2011). These compounds
reduce AGE accumulation and suppress RAGE-mediat-
ed inflammation in preclinical models. Clinical evidence
is less robust but remains encouraging.

5. Lifestyle and dietary interventions — Reducing dietary
intake of AGEs by limiting highly processed and high-
temperature-cooked foods decreases systemic AGE bur-
den (Kitazawa et al., 2005). Adherence to diets rich in
fruits, vegetables, whole grains, and unsaturated fats -
such as the Mediterranean and DASH diets - correlates
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with reduced AD risk (Puglielli et al., 2003). Physical
exercise improves insulin sensitivity and reduces oxida-
tive stress, indirectly lowering AGE formation (Shuvaev
etal., 2001).

CONCLUSIONS AND PERSPECTIVES

AGEs are no longer considered passive metabolic byprod-
ucts but active drivers of neurodegeneration. By modify-
ing AP and tau, impairing proteostasis, generating oxidative
stress, and activating RAGE, AGEs occupy a central role in
AD pathogenesis. They also link AD to metabolic and vas-
cular comorbidities, reinforcing their significance as both
biomarkers and therapeutic targets (Kuhla et al., 2006).
Future research must address several priorities. First, stan-
dardised methods for AGE detection are needed to ensure
reproducibility across studies. Second, longitudinal analy-
ses should clarify whether AGE accumulation precedes the
clinical onset of AD, thereby establishing predictive value.
Third, therapeutic strategies require refinement. Although
clinical trials of RAGE antagonists have yielded disappoint-
ing results, the strong preclinical rationale warrants con-
tinued exploration. Combining antiglycation agents with
anti-inflammatory and antioxidant therapies may pro-
vide synergistic benefits (Cai et al., 2016). Lifestyle modi-
fications, particularly diet and exercise, should be integrat-
ed into preventive strategies, given their safety and broad
health benefits (Park et al., 2020).

In conclusion, targeting AGEs represents a promising par-
adigm shift in AD research and therapy. Expanding be-
yond the amyloid-tau framework to include metabol-
ic and inflammatory drivers offers new opportunities for
disease modification. As the global burden of AD contin-
ues to rise, innovative approaches addressing AGEs and the
AGE-RAGE axis may prove pivotal in mitigating the dev-
astating impact of this disease.
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