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ABSTRACT 

The Receptor for Advanced Glycation End Products (RAGE) is a multifunctional cell-surface 

receptor capable of binding a broad range of ligands, including advanced glycation end products 

(AGEs). While RAGE is constitutively expressed in various tissues, AGEs arise from non-

enzymatic reactions between reducing sugars and proteins, lipids, or nucleic acids. The AGE–

RAGE interaction activates multiple redox-sensitive and pro-inflammatory signaling pathways, 

thereby contributing significantly to ageing, chronic inflammatory conditions, and metabolic 

degenerative diseases. Consequently, targeting the AGE–RAGE axis has become an important 

focus of contemporary biomedical research. Although substantial progress has been made in 

elucidating this pathway and developing synthetic AGE–RAGE inhibitors, many of these agents 

present limitations related to safety, bioavailability, or therapeutic efficacy. Phytochemicals such 

as polyphenols, alkaloids, and tannins have exhibited promising antiglycation, antioxidant, and 

anti-inflammatory activities that may attenuate AGE–RAGE mediated cellular dysfunction. 

However, direct evidence of their capacity to inhibit RAGE at the receptor level remains limited. 

This review identifies critical knowledge gaps and demonstrates that structure-guided 

computational modeling combined with targeted experimental validation represents a promising 

strategy for the rational development of phytochemical-based RAGE modulators. These findings 

highlight the potential of natural products as safer and mechanistically informed therapeutic 

candidates for attenuating AGE–RAGE-mediated degenerative disease progression. 
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INTRODUCTION 

Ageing is a progressive process characterized by the gradual accumulation of chemical 

modifications and structural damage to biological macromolecules such as DNA, proteins, and 

lipids, leading to an irreversible decline in cellular and physiological functions (Zhang et al., 2025). 

This decline is primarily driven by molecular damage and imbalances in the body’s homeostatic 

mechanisms, often influenced by endogenous and exogenous chemical factors  (Choi et al., 2025). 

The chemistry of ageing is strongly associated with the free radical theory and the formation of 

advanced glycation end-products (AGEs) (Uceda et al., 2024a). Oxidative stress represents one of 

the most critical biochemical features of ageing. It results from the excessive production of reactive 

oxygen species (ROS) such as superoxide anions, hydroxyl radicals, and hydrogen peroxide by-

products of normal cellular respiration (Dash et al., 2025). This process is further enhanced in the 

presence of transition metals like iron and copper through Fenton-type reactions (Song et al., 

2024a). With advancing age, the body’s natural antioxidant systems, including glutathione, 

superoxide dismutase, and catalase, become less efficient, thereby intensifying oxidative stress  

(Jomova et al., 2023). Consequently, oxidation of deoxyribonucleic acid (DNA) (e.g., formation 

of 8-oxo-dG), proteins, and lipids occurs, producing aldehydic by-products such as 

malondialdehyde (MDA) and 4-hydroxynonenal (HNE), which can form covalent adducts with 

proteins and nucleic acids, leading to molecular dysfunction (Misra et al., 2025; Blouin and Saini, 

2024).  

The fundamental chemical interactions between ROS and biological macromolecules are 

central to cellular oxidative chemistry (Piras et al., 2016). During mitochondrial respiration, 

electrons escaping from the electron transport chain can react with oxygen to generate superoxide 

radicals (Napolitano et al., 2021). These radicals undergo dismutation to yield hydrogen peroxide, 

which in the presence of transition metals, produces highly reactive hydroxyl radicals via the 

Fenton reaction (Kanti Das., 2014). These radicals initiate lipid peroxidation by attacking 

polyunsaturated fatty acids in cell membranes, producing lipid radicals and hydroperoxides 

(Huang and Yang 2021). The subsequent decomposition of these hydroperoxides yields reactive 

aldehydes capable of cross-linking proteins and nucleic acids, thereby disrupting cellular integrity 

(Feng et al., 2024). Another major biochemical contributor to ageing is non-enzymatic glycation, 

a reaction between reducing sugars and free amino groups of lysine or arginine residues in proteins 

(Senatus and Schmidt, 2017). This process leads to the formation of unstable Schiff bases and 

Amadori intermediates that eventually rearrange into AGEs (Chen et al., 2024). AGEs impair 

biological function by inducing irreversible cross-links in long-lived structural proteins such as 

collagen, thereby decreasing tissue elasticity and resilience. Moreover, AGEs interact with the 

receptor for advanced glycation end-products (RAGE), a multi-ligand receptor that triggers 

oxidative stress and pro-inflammatory signaling cascades (Byun et al., 2017). RAGE activation 

also stimulates matrix metalloproteinases (MMPs), enzymes that degrade the extracellular matrix, 

accelerating tissue damage and skin ageing (Feng et al., 2024). 

Although ROS generation and AGE formation originate from distinct biochemical 

processes, they are closely interconnected. ROS promote glycation by facilitating oxidative 

conversion of Amadori intermediates into AGEs, a process known as glycoxidation 

(Pathomthongtaweechai and Chutipongtanate, 2020). Consequently, AGE formation, RAGE 



 

 

activation, and ROS generation form a self-propagating feedback loop that amplifies cellular and 

tissue ageing (Kinscherf and Pehar, 2022). The AGE–RAGE axis constitutes a crucial point of 

convergence through which chemical damage is converted into persistent biological signaling. A 

comprehensive synthesis of current knowledge on RAGE is therefore necessary to elucidate its 

role as a molecular amplifier of ageing-associated inflammation, oxidative stress, and tissue 

degeneration. Targeting the AGE–RAGE pathway has therefore become a central focus in anti-

ageing research (Li et al., 2025). The accumulation of AGEs and their interaction with RAGE 

activate signaling pathways implicated in degenerative disorders such as diabetes, cardiovascular 

disease, and neurodegeneration  (Wang et al., 2024). Inhibiting AGE formation, blocking RAGE 

activation, or interrupting downstream signaling could mitigate inflammation and tissue injury 

(Salazar et al., 2021). Importantly, these pathways can be modulated through pharmacological 

interventions as well as lifestyle factors such as dietary antioxidants, providing a practical 

framework for promoting healthy ageing (Chen, 2024). 

Following the discovery of the pathogenesis associated with the Maillard reaction and the 

identification of the AGE–RAGE signaling axis, considerable research efforts have been directed 

toward inhibiting these processes (Al-Abbasy et al., 2024). The early 2000s witnessed the 

development of synthetic AGE inhibitors such as aminoguanidine and pyridoxamine, as well as 

RAGE-antagonistic peptides (RAPs) engineered to block AGE–RAGE binding. These synthetic 

inhibitors often contain functional groups designed to interact with the RAGE binding pocket, 

mimicking the physicochemical properties of AGEs (Kong et al., 2025). Although these agents 

show therapeutic promise in mitigating age-related diseases, limitations including low 

bioavailability, poor specificity, and safety concerns have constrained their clinical utility 

(Ngcobo, 2025). Consequently, attention has shifted toward natural or biochemical inhibitors, 

which tend to offer greater tolerability, multi-target activity, and holistic physiological benefits 

(Láng et al., 2024).  

Naturally occurring compounds such as flavonoids, phenolic acids, and alkaloids, 

commonly found in dietary sources are biodegradable, better tolerated for long-term use, and 

possess multiple functional groups (hydroxyl, methoxy, and carbonyl) that enable free radical 

scavenging and protection against protein and DNA modification (Rodríguez-Negrete et al., 2024). 

Their antioxidant, anti-inflammatory, and metal-chelating properties further underscore their 

therapeutic potential (Gulcin, 2025). Therefore, this review aims to synthesize current knowledge 

on the molecular mechanisms underlying the AGE–RAGE signaling pathway, evaluate existing 

inhibition strategies, and highlight emerging prospects for phytochemical modulation as potential 

therapeutic interventions in ageing and degenerative diseases. By consolidating emerging 

biochemical, molecular, and computational evidence on AGE-RAGE modulation, rational design 

of next-generation anti-ageing interventions might be engendered. Revelations from this study 

may guide future studies toward mechanism-driven therapeutic developments, thereby facilitating 

the identification of safer long-term modulators of age-related signaling as well as support the 

translation of phytochemical-based strategies into clinically relevant anti-ageing frameworks. 

 

METHODS 

Review Design and Reporting Framework 

This review was conducted and reported using the guidelines provided by the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA, 2020). This framework was adopted 

to ensure transparency, reproducibility, and methodological rigor in the identification, screening, 



 

 

eligibility assessment, and inclusion of relevant literature. The PRISMA flow diagram illustrating 

the study selection process is provided in Figure 1. 

 

 

 

Literature Search Strategy 

A comprehensive and systematic literature search was performed across major academic 

databases, including PubMed, Scopus and the Web of Science as well as supplementary sources 

like Google Scholar and ResearchGate, to identify studies relevant to glycation chemistry, ageing, 

age-related diseases, advanced glycation end-products (AGEs), and their receptor (RAGE). 

Searches were conducted using Boolean operators and combinations of controlled and free-text 

keywords, including but not limited to: “advanced glycation end-products,” “AGE–RAGE 

signaling,” “glycation chemistry,” “oxidative stress,” “anti-glycation compounds,” 

“phytochemicals,” “natural inhibitors,” and “degenerative diseases.” 

The search was restricted to peer-reviewed articles published in English between January 2005 to 

January 2026 to ensure inclusion of contemporary and methodologically sound research. To 

enhance coverage, manual reference screening of relevant review articles and primary studies was 

also undertaken. 

 

Study Selection and Screening Process 

All retrieved records were imported into the Zotero reference management system (version 7.0.32), 

where automated and manual duplicate removal was performed prior to title and abstract 

screening. Study selection followed a two-stage screening process consistent with PRISMA 

recommendations: 

1. Title and abstract screening was conducted to exclude clearly irrelevant studies. 

2. Full-text assessment was subsequently performed to evaluate eligibility based on predefined 

inclusion and exclusion criteria. 

Screening and eligibility assessments were conducted independently by the authors, with 

discrepancies resolved through discussion and consensus. Only studies directly relevant to AGE–

RAGE mechanisms and anti-ageing biochemical processes were retained. 

 

Inclusion and Exclusion Criteria 
 

Studies were included if they met one or more of the following: 

• Provided mechanistic insight into the chemistry of ageing, AGE formation, or RAGE 

activation. 

• Examined biochemical, molecular, pharmacological, or computational aspects of the AGE–

RAGE axis. 

• Investigated inhibitory or modulatory strategies targeting AGE formation or AGE–RAGE 

interaction. 

• Reported structural, chemical, or biological properties of phytochemicals with antioxidant, 

anti-inflammatory, antiglycation, or metal-chelating activity relevant to AGE–RAGE 

modulation. 

 

Studies were excluded if they were: 

• Non-peer-reviewed sources (conference abstracts, editorials, commentaries). 



 

 

• Not directly related to molecular, biochemical, or mechanistic aspects of the AGE–RAGE 

pathway. 

• Lacking sufficient methodological detail or experimental validation. 

• Purely descriptive without mechanistic or analytical relevance. 

Methodological Quality and Risk-of-Bias Assessment 

All eligible studies were subjected to a structured qualitative appraisal in order to address 

methodological quality and potential bias. Experimental studies were evaluated based on criteria 

adapted from established risk-of-bias assessment tools, including: 

• Clarity of experimental design and objectives 

• Appropriateness of analytical or biochemical methods 

• Adequacy of controls and reproducibility of results 

• Consistency between reported data and conclusions 

 

Computational and theoretical studies were assessed for: 

• Validity of computational models and parameters 

• Transparency and reproducibility of methodological workflows 

Studies which failed to meet the minimum quality thresholds by our assessment were excluded 

during full-text screening. Given the mechanistic and qualitative nature of the review, quantitative 

risk-of-bias scoring and meta-analysis were not performed, consistent with PRISMA 

recommendations for non-interventional systematic reviews. 

 

Data Extraction and Synthesis 

Following PRISMA-guided screening, 313 records were initially identified. After duplicate 

removal and title/abstract screening, 200 articles were assessed at the full-text level. Out of these, 

117 studies met the inclusion criteria and were retained for qualitative synthesis. 

Data extraction focused on: 

• Chemical pathways of AGE formation 

• Structural and signaling features of RAGE 

• Molecular mechanisms of AGE–RAGE inhibition 

• Therapeutic and anti-ageing implications of phytochemical modulators 

A narrative and thematic synthesis approach was employed to integrate findings across 

biochemical, pharmacological, and computational domains. Results were organized into thematic 

sections encompassing AGE chemistry, RAGE structure and signaling, inhibition mechanisms, 

and emerging phytochemical strategies, enabling identification of mechanistic trends and critical 

knowledge gaps. 



 

 

 

Figure 1: Model of article screening (PRISMA 2020) 

CHEMISTRY OF AGEs FORMATION 

AGEs constitute a structurally heterogeneous group of biomolecules formed through complex non-

enzymatic reactions involving reducing sugars and nucleophilic sites on proteins, lipids, or nucleic 

acids (Perrone et al., 2020). Their diversity arises from the wide range of precursors and reaction 

intermediates participating in their synthesis (Sharma et al., 2015). Chemically, AGEs are 

characterized by the presence of highly reactive carbonyl functional groups, which confer both 

their chemical reactivity and biological activity, including their propensity to cross-link 

biomolecules and alter cellular signaling (Nagai et al., 2014). Once formed, AGEs are chemically 

stable and essentially irreversible, leading to their progressive accumulation within tissues over 

time (Sadeghi et al., 2023). The formation of AGEs primarily occurs through three fundamental 

biochemical pathways: the Maillard reaction, the polyol pathway, and lipid peroxidation, each 

contributing distinct intermediates and structural variants to the overall AGE pool. 

 

The Maillard Pathway 

The Maillard reaction is a non-enzymatic chemical process involving a condensation 

reaction between reducing sugars and amino groups of biomolecules such as proteins, peptides, or 

amino acids (Twarda-Clapa et al., 2022). Reducing sugars possess highly reactive free aldehyde 

or ketone groups, which readily react with the nucleophilic amino group of amino acid residues, 

initiating the early stages of AGE formation (Al-Abbasy et al., 2024). This initial reaction yields 

an unstable Schiff base intermediate, which subsequently undergoes an Amadori rearrangement, 

producing more stable intermediates known as Amadori products (El Hosry et al., 2025). The 

Amadori rearrangement involves an intramolecular shift in bonding that converts the initial imine 

linkage into a ketoamine structure, thereby stabilizing the intermediate (Smita. Burhade et al., 

2025). In glucose- and fructose-mediated reactions, the resulting rearrangements yield 

glucosamine and fructosamine derivatives, respectively (Takeuchi et al., 2010). The Amadori 



 

 

products formed during this process can undergo a cascade of dehydration, oxidation, and cross-

linking reactions, leading to the generation of chemically complex and biologically active AGEs 

with pathogenic potential (Ho et al., 2024). Once formed, these AGEs are highly stable and 

irreversible, contributing to their persistence and accumulation in biological systems. Under 

oxidative conditions, Schiff bases may also bypass the Amadori stage entirely through the Namiki 

pathway, directly yielding reactive dicarbonyl compounds that accelerate AGE formation (Thakor 

et al., 2024). 

 

 
Figure 2: Formation of AGEs from the Maillard Pathway 

 

The Polyol Pathway 

The polyol pathway represents an alternative metabolic route for glucose utilization that 

significantly contributes to the formation of AGEs. In this pathway, glucose or other aldoses are 

first reduced to sorbitol through the catalytic action of the enzyme aldose reductase, and 

subsequently oxidized to fructose by sorbitol dehydrogenase (Delannoy et al., 2025). This two-

step redox sequence not only alters carbohydrate metabolism but also enhances the generation of 

reactive carbonyl intermediates that promote glycation. The metabolic conversion of glucose to 

fructose via the polyol pathway increases AGE formation since fructose is a more potent glycating 

agent than glucose, reacting with amino residues at a markedly higher rate (Yamaguchi and Nagai, 

2025). Furthermore, excessive sorbitol accumulation within tissues can induce osmotic stress, 

cellular swelling, and secondary oxidative damage, all of which potentiate inflammatory signaling 

and lipid peroxidation. These conditions create a biochemical environment that amplifies AGE 

production and accelerates tissue injury  (Clarke et al., 2024). Thus, dysregulation of the polyol 

pathway not only contributes to AGE accumulation but also establishes a mechanistic link between 

hyperglycemia, oxidative stress, and inflammation, which are key processes underlying ageing and 

diabetic complications. 

 



 

 

 

Figure 3: Formation of AGEs from the polyol pathway 

 

The Lipid Peroxidation Pathway 

The lipid peroxidation pathway refers to the oxidative degradation of lipids, primarily 

polyunsaturated fatty acids (PUFAs), resulting from the attack of ROS such as hydroxyl radicals, 

superoxide anions, and peroxides on cellular membranes (Valgimigli, 2023). This chain reaction 

leads to the generation of lipid radicals and hydroperoxides, which can propagate further oxidative 

damage across cell membranes. The process compromises membrane integrity, alters cellular 

signaling, and disrupts metabolic homeostasis, events that collectively contribute to the 

biochemical manifestations of ageing and degenerative diseases (Zheng et al., 2024). Although the 

body possesses endogenous defense mechanisms, including antioxidant enzymes such as 

superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase, as well as non-

enzymatic antioxidants like vitamin E and coenzyme Q10, prolonged or excessive oxidative stress 

can overwhelm these protective systems (Pizzino et al., 2017). The resulting accumulation of lipid 

peroxidation by-products such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) 

induces secondary modifications in proteins and nucleic acids, further amplifying oxidative injury 

(Yang et al., 2024). Consequently, chronic lipid peroxidation represents a major biochemical 

pathway linking oxidative stress, AGE formation, and cellular senescence, underscoring its pivotal 

role in the ageing process and the pathogenesis of various chronic diseases. 

 

 
Figure 4: Formation of AGEs from the Lipid Peroxidation Pathway 

 

 

 

 



 

 

MAJOR BIOLOGICALLY RELEVANT AGEs IN HUMANS 

Despite the extensive structural diversity of AGEs described in-vitro, pathological 

relevance in humans appears to be restricted to a limited subset that forms efficiently in-vivo, 

accumulates in tissues, and is reproducibly linked to disease. The pathogenic relevance of AGEs 

is determined less by their chemical diversity than by their ability to accumulate in tissues and 

engage RAGE-dependent signaling pathways implicated in chronic inflammation and metabolic 

disease (Ramasamy et al., 2005). This distinction is critical, as AGEs are not biologically 

interchangeable; their pathological relevance is governed by formation kinetics, chemical stability, 

resistance to proteolytic turnover, tissue persistence, abundance in long-lived proteins, and their 

ability to perturb protein structure, mechanical properties, or cellular signaling pathways (Bierhaus 

and Nawroth, 2009). 

In human physiology and pathology, AGEs induce signaling effects through both receptor-

independent mechanisms such as protein crosslinking, altered enzymatic activity, and matrix 

stiffening and receptor-dependent mechanisms, most notably via engagement of the receptor for 

advanced glycation end products (RAGE) (Ramasamy et al., 2005). The biological significance of 

AGEs extends beyond mere chemical detectability, encompassing their in-vivo persistence, 

accumulation in long-lived biomolecules, and capacity to drive functional impairment and 

pathology (Ramasamy et al., 2012). The AGEs discussed below are classified according to the 

strength of evidence supporting their accumulation, biological activity, and clinical relevance in 

humans. 

 

AGEs with Established Clinical and Pathophysiological Relevance 

Among the large number of chemically defined AGEs, Nε-(carboxymethyl)lysine (CML), 

Nε-(carboxyethyl)lysine (CEL), glucosepane, and pentosidine are the most consistently detected 

in human tissues and biological fluids. These species are regarded as major drivers of AGE-

mediated pathology, preferentially accumulating in long-lived proteins such as collagen, elastin, 

lens crystallins, and basement membrane components, where limited turnover permits cumulative 

damage. Their formation is strongly accelerated by chronic hyperglycemia, oxidative stress, 

inflammation, and defective carbonyl detoxification (Sell et al., 2005a). CML and CEL are non-

crosslinking AGEs formed predominantly through glycoxidative and dicarbonyl-driven pathways, 

respectively. CML arises from oxidative cleavage of early glycation intermediates as well as from 

reactions involving glyoxal, while CEL is formed primarily through modification of lysine 

residues by methylglyoxal (Sugawa et al., 2024). Although these AGEs do not directly crosslink 

proteins, they serve as robust molecular markers of carbonyl stress and are strongly associated 

with metabolic and degenerative disorders, including diabetes mellitus, cardiovascular disease, 

chronic kidney disease, and age-related tissue dysfunction. Importantly, both CML and CEL are 

recognized ligands for RAGE, enabling them to couple protein glycation to downstream pro-

inflammatory, pro-oxidative, and pro-fibrotic signaling cascades (Khan et al., 2024). 

In contrast, glucosepane and pentosidine are bifunctional crosslinking AGEs that exert 

profound effects on tissue biomechanics and structural integrity (Bronowicka-Szydełko et al., 

2024). Glucosepane, the most abundant protein crosslink identified in human collagen, forms 

slowly through complex multistep reactions involving Amadori intermediates and reactive 

dicarbonyl species. Its exceptional chemical stability and resistance to enzymatic degradation lead 

to progressive accumulation with age, contributing to extracellular matrix stiffening, reduced 

vascular compliance, impaired cell–matrix interactions, and compromised tissue repair (Sell et al., 

2005b). Pentosidine, although less abundant than glucosepane, serves as a well-established 



 

 

fluorescent marker of cumulative glycation and oxidative stress and is frequently elevated in 

diabetic complications, renal failure, and inflammatory conditions (deRamon et al., 2022). 

 

AGEs with Emerging or Context-Dependent Biological Relevance 

 Several additional glycation products have been detected in human tissues and disease states 

beyond the dominant AGEs described above. These include Nε-(carboxymethyl)arginine (CMA), 

argpyrimidine, crossline, and vesperlysine. Many of these species arise preferentially under 

conditions of intense oxidative stress or elevated dicarbonyl flux and are often regarded as 

indicators of advanced glycoxidative damage rather than primary drivers of pathology (Ho et al., 

2024; Lin et al., 2012). Argpyrimidine is generated through methylglyoxal-mediated modification 

of arginine residues and has been identified in diabetic tissues and sites of inflammation (Gomes 

et al., 2005). Although it can induce conformational alterations in proteins and, under certain 

conditions, engage RAGE-dependent signaling, its comparatively low abundance suggests a 

limited contribution relative to dominant AGEs such as CML or glucosepane (Sadowska-Bartosz 

and Bartosz, 2015). Likewise, crossline and vesperlysine constitute structurally elaborate 

crosslinking AGEs that, despite their chemical interest, occur at low levels in human tissues. 

Current evidence suggests that these AGEs may modulate disease processes in a context-

dependent manner, potentially amplifying oxidative stress or inflammatory signaling under 

extreme metabolic dysregulation. However, their contribution to tissue dysfunction appears 

secondary to that of the dominant AGEs, and their precise roles remain incompletely defined. As 

such, they are best viewed as complementary markers and modulators of advanced glycation rather 

than central pathogenic entities (Santiago-Fernández et al., 2025). 

 

Lipoxidation-Derived AGEs and Related Carbonyl Adducts 

 Reactive aldehyde–derived protein adducts, including malondialdehyde–lysine (MDA-Lys) 

and 4-hydroxynonenal (4-HNE) conjugates, are often discussed alongside AGEs because of their 

overlapping biological effects and shared roles in oxidative stress–associated pathologies. 

However, these adducts are generated primarily through lipid peroxidation rather than 

carbohydrate-mediated glycation and are therefore more appropriately classified as advanced 

lipoxidation end products (ALEs) (Yammine et al., 2024). ALEs contribute significantly to protein 

dysfunction, membrane damage, inflammation, and cellular stress responses and may interact with 

AGE-responsive receptors. Their formation chemistry, structural features, and biological behavior 

are distinct from classical sugar-derived AGEs. Conflating AGEs and ALEs risks obscuring 

mechanistic clarity, particularly in studies focused on carbonyl stress pathways and receptor-

mediated signaling (Moldogazieva et al., 2019). Accordingly, ALEs should be regarded as parallel 

mediators of oxidative pathology that often coexist with AGEs in chronic disease states, rather 

than as core members of the AGE family in a strict biochemical sense. 
 

 

 

 

 

 

 



 

 

Table 1: Major biologically relevant AGEs 

AGE Precursor 

compound(s) 

Amino acids 

involved 

Biological 

significance 
 

 
Nε-(Carboxymethyl)lysine (CML) 

 

 

Glyoxal, Ascorbate 

oxidation products 

 

 

Lysine 

Most abundant AGE in 

human tissues; 

biomarker of oxidative 

stress, ageing, and 

diabetic complications; 

formed via 

glycoxidation and lipid 

peroxidation. 

 
Nε-(Carboxyethyl)lysine (CEL) 

 

 

 

Methylglyoxal 

 

 

Lysine 

Non-crosslinking AGE; 

indicates methylglyoxal 

stress; associated with 

diabetes, 

atherosclerosis, and 

metabolic disorders. 

 
 

Glucosepane 
 

 

 

 

 

 

3-Deoxyglucosone 

 

 

 

 

 

Lysine + 

Arginine 

 

 

Major protein crosslink 

in human collagen; 

accumulates in aged 

and diabetic tissues; 

increases tissue 

stiffness and reduces 

elasticity. 

 

 
Pentosidine 

 

 

 

 

 

 

Ribose or Pentose 

sugars 

 

 

 

 

 

Lysine + 

Arginine 

 

 

Fluorescent crosslink 

AGE; biomarker for 

diabetic and renal 

complications; 

contributes to vascular 

stiffness and oxidative 

stress. 

 

 
Nε-(Carboxymethyl)arginine (CMA) 

 

 

Glyoxylic acid 

 

 

Arginine 

Modifies the guanidino 

group of arginine; 

contributes to protein 

dysfunction and 

inflammatory signaling 

in oxidative stress 

conditions. 

  

 

 

 

 



 

 

 
Argpyrimidine 

 

 

 

Methylglyoxal 

 

 

Arginine 

Fluorescent AGE 

modifying guanidino 

group; found in neural 

and vascular tissues; 

contributes to 

endothelial dysfunction 

and neurodegeneration. 

 

 
Crossline 

 

 

 

 

Glucose 

 

 

 

Lysine + Lysine 

 

Fluorescent protein 

crosslink; promotes 

structural rigidity in 

long-lived proteins; 

associated with ageing 

and cataract formation. 

 

 
Vesperlysine A (VL-A) 

 

 

 

 

Glucose or 3-

deoxyglucosone 

 

 

 

Lysine + 

Arginine 

 

Fluorescent AGE 

isolated from aged skin 

collagen; contributes to 

tissue yellowing and 

oxidative damage. 

 

 
Malondialdehyde-lysine (MDA-Lys) 

 

 

 

Malondialdehyde 

 

 

Lysine 

Lipid peroxidation 

product; forms adducts 

with lysine residues; 

marker of oxidative 

stress, atherosclerosis, 

and inflammation. 

 

 
 

 

4-hydroxynonenal (4-HNE) 

 

 

PUFA oxidation 

 

 

Cysteine, Lysine, 

Histidine 

Highly reactive lipid-

derived aldehyde; 

forms adducts with 

proteins; cytotoxic and 

pro-inflammatory; 

involved in 

neurodegeneration and 

chronic diseases. 

 

 

RECEPTORS FOR ADVANCED GLYCATION END PRODUCTS (RAGE) 

RAGE is a multifunctional cell-surface receptor belonging to the immunoglobulin 

superfamily, characterized by its ability to recognize and bind a wide range of structurally diverse 

ligands, including AGEs, S100 proteins, HMGB1, amyloid-β, and pathogen-associated molecules 

(Cross et al., 2024). This broad ligand recognition capacity gives RAGE a dual functional identity 



 

 

in both physiological and pathological contexts (Radziszewski et al., 2024). Under normal or acute 

conditions, ligand-induced RAGE activation supports host defense mechanisms, promotes cell 

survival, and facilitates tissue repair by triggering stress-response and immune-modulatory 

signaling pathways (Deepu et al., 2024). In contrast, chronic or dysregulated activation of RAGE 

sustains a persistent cycle of oxidative stress, inflammation, and metabolic imbalance, thereby 

contributing to the progression of metabolic disorders, vascular dysfunction, neurodegeneration, 

diabetes and cancer (Chandimali et al., 2025; Giridharan et al., 2021; Ramasamy et al., 2022). 

RAGE exists primarily in two structural forms: the membrane-bound RAGE (mRAGE) 

and the soluble RAGE (sRAGE) (Adamu et al., 2024). mRAGE is the signaling-competent form 

responsible for mediating intracellular responses that promote cell survival, immune activation, 

and maintenance of tissue homeostasis during infection or injury (Watanabe and Son, 2021). 

Structurally, mRAGE comprises three extracellular immunoglobulin-like domains- the variable 

(V) domain and two constant domains (C1 and C2), followed by a single transmembrane helix and 

a short cytoplasmic tail essential for intracellular signal transduction (Radziszewski et al., 2024). 

Ligand recognition occurs predominantly in the V-domain, which contains conserved basic amino 

acid residues such as arginine and lysine that generate an electropositive surface, enabling strong 

interactions with negatively charged ligands (Ijaz et al., 2023; Olufunmilayo,  et al., 2023). In 

contrast, sRAGE functions as a natural decoy receptor. Lacking the transmembrane and 

cytoplasmic domains, it consists solely of the three extracellular domains (V, C1, and C2). sRAGE 

binds circulating RAGE ligands, thereby preventing their interaction with mRAGE and attenuating 

excessive inflammation and oxidative signaling (Yue et al., 2022). It is generated through either 

alternative mRNA splicing or proteolytic shedding of the extracellular domain of mRAGE (Ho et 

al., 2024). 

RAGE expression varies by cell type and developmental stage. It is highly expressed during 

embryogenesis, where it contributes to growth and differentiation, but its expression decreases 

significantly in adult tissues. Elevated RAGE levels in adults typically reflect pathological 

conditions characterized by heightened oxidative or inflammatory stress. 

 

AGE–RAGE SIGNALING PATHWAY 

The AGE–RAGE signaling pathway is initiated when AGEs interact with the RAGE, a 

process governed by a combination of electrostatic, hydrophobic, hydrogen-bonding, and aromatic 

interactions (Gutowska et al., 2023). RAGE’s structural flexibility and the presence of multiple 

ligand-binding surfaces across its extracellular domains enable it to recognize chemically diverse 

ligands (Comajuncosa-Creus et al., 2024). The V-domain, in particular, provides specificity 

through its arrangement of basic residues while still accommodating a broad range of negatively 

charged or aromatic ligands (Dascalu et al., 2024). AGE–RAGE binding occurs mainly through 

three interaction types: (i) ionic interactions between the electropositive residues of RAGE and 

electronegative AGE functional groups such as carboxylates, sulfates, and phosphates; (ii) 

hydrogen bonding between amine or hydroxyl groups on RAGE and carbonyl groups on AGEs; 

and (iii) π–π and cation–π interactions involving aromatic amino acid side chains and the ring 

structures of AGE molecules (Stevenson et al., 2023). As AGEs accumulate with aging, 

particularly in long-lived macromolecules such as collagen, these carbonyl-rich structures 

increasingly engage RAGE and initiate downstream signaling (Wang et al., 2024). Central to this 

pathway are the activation of NADPH oxidase and the amplification of protein glycooxidation. 

 

 



 

 

Upregulation of NADPH Oxidase 

NADPH oxidase (NOX) is a membrane-associated enzyme complex responsible for 

controlled production of reactive oxygen species (ROS) in physiological signaling (Schröder, 

2024). AGE–RAGE engagement activates NOX, triggering electron transfer from NADPH to 

molecular oxygen. Electrons released from the nicotinamide ring of NADPH as a hydride ion (H⁻) 

are relayed through the NOX complex to oxygen, producing superoxide radicals (O₂⁻•) and 

subsequently other ROS such as hydroxyl radicals (•OH)  (Liu et al., 2025; Bastos et al., 2025). 

Iron ions in the labile iron pool further amplify ROS production via Fenton chemistry  (Jomova et 

al., 2023).The resulting oxidative burst drives lipid peroxidation, protein oxidation, and DNA 

damage. Lipid peroxides weaken membrane integrity and decompose into toxic aldehydes 

including malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), which further propagate 

oxidative injury (Zhao et al., 2023). Oxidized proteins accumulate disulfides and sulfonic acids, 

leading to misfolding, aggregation, and loss of enzymatic function. DNA oxidation, particularly 

the formation of 8-oxo-2′-deoxyguanosine, promotes mutagenic mispairing, mitochondrial 

dysfunction, and impaired genomic repair which are hallmarks of aging and degenerative 

pathology (Zhao et al., 2023). 

 

Protein Glycooxidation and Cross-Linking 

AGE–RAGE activation also accelerates protein glycooxidation, promoting the formation 

of irreversible crosslinks in long-lived extracellular matrix proteins such as collagen and elastin. 

Major AGE-derived crosslinks including pentosidine, methylglyoxal-derived hydroimidazolone 

(MG-H1), and glucosepane, accumulate progressively and stiffen tissue structures (Meiliana et al., 

2024). Binding of AGEs to RAGE induces conformational changes that trigger a redox-sensitive 

intracellular cascade (Nair et al., 2019). Elevated ROS levels enhance the formation of new AGEs, 

establishing a self-amplifying loop in which oxidative stress increases glycation, and glycation 

increases oxidative stress  (Peng et al., 2024). Over time, this feedback cycle leads to persistent 

RAGE activation, extensive crosslinking of extracellular matrix proteins, reduced molecular 

mobility, and disruption of normal receptor–ligand dynamics. These processes contribute to the 

structural deterioration and functional decline characteristic of aging tissues (Bennici et al., 2024). 



 

 

 

Figure 5: The AGE–RAGE axis describes the interaction between accumulated advanced glycation 

end products and their cellular receptor, RAGE, triggering oxidative stress and pro-inflammatory 

signaling. This interaction creates a self-amplifying loop that promotes chronic inflammation, 

vascular dysfunction, and tissue degeneration 

 

MECHANISM OF AGE–RAGE AXIS INHIBITION 

Inhibition of the AGE–RAGE axis focuses on two complementary strategies: reducing the 

endogenous formation of AGEs and preventing the interaction of existing AGEs with the RAGE 

(Semchyshyn, 2024). The central goal is to either neutralize reactive glycation intermediates 

before they generate AGEs or to sequester AGEs in forms that render them incapable of binding 

to RAGE. Interventions targeting AGE formation generally act through carbonyl trapping, free 

radical scavenging, and metal chelation, three mechanistic pathways that collectively limit 

glycoxidative stress in biological systems (Yadav et al., 2023). From an anti-ageing perspective, 

these strategies tackle a key upstream knowledge gap by showing that AGE accumulation is not 

an unavoidable outcome of ageing, but a process amenable to chemical modulation. Elucidating 

the molecular mechanisms by which AGE formation can be suppressed establishes a rational basis 

for interventions aimed at decelerating the underlying biochemical drivers of ageing, rather than 

simply managing its downstream manifestations. 

 

Carbonyl Trapping 

Carbonyl trapping is a frontline defense against AGE formation because it directly intercepts the 

highly reactive carbonyl electrophiles particularly dicarbonyl compounds and methylglyoxal that 

drive early Maillard chemistry. These carbonyl species readily attack nucleophilic amino acid 

residues such as lysine and arginine, initiating irreversible AGE formation. Carbonyl trapping 

agents contain nucleophilic functional groups that rapidly react with these dicarbonyl 

intermediates to form chemically stable, non-toxic adducts, effectively neutralizing the glycation 

potential of the intermediates (Uceda et al., 2024b). By preventing carbonyl–protein interactions, 



 

 

this mechanism interrupts the Maillard reaction at its early stages, maintaining the integrity of free 

amino groups and substantially reducing downstream AGE accumulation (Hidalgo and Zamora, 

2023). This mechanistic insight addresses a critical research gap by demonstrating that early 

chemical interception of glycation intermediates can preserve protein integrity and retard the 

progressive structural deterioration of long-lived biomolecules that drive tissue ageing. 

 

Free Radical Scavenging 

Oxidative stress accelerates glycoxidation reactions and amplifies AGE production. Antioxidants 

counteract this process by donating electrons or hydrogen atoms to neutralize reactive oxygen 

species (ROS), thereby suppressing oxidative pathways that promote AGE formation. 

Polyphenols, particularly those enriched with hydroxyl-substituted aromatic rings, serve as highly 

effective free radical scavengers due to their ability to stabilize unpaired electrons and terminate 

radical propagation chains (Andrés et al., 2023). By reducing ROS levels, antioxidants lower 

glycoxidative pressure on proteins and lipids, creating a biochemical environment less conducive 

to AGE generation and RAGE activation. Importantly, this reinforces the concept that oxidative 

stress is not only a parallel ageing pathway but a catalytic accelerator of AGE–RAGE signaling, 

thereby positioning antioxidant modulation as a strategic lever in slowing ageing-related molecular 

damage. 

 

Metal Chelation 

Transition metals such as Fe²⁺ and Cu²⁺ catalyze oxidative steps in the Maillard reaction through 

Fenton-type reactions that generate hydroxyl radicals. Metal chelators inhibit AGE formation by 

binding these catalytic metal ions through electron-donating atoms especially oxygen or nitrogen, 

forming stable, inert complexes that prevent metal-mediated oxidation (Ohiagu et al., 2025). 

Compounds with ortho-dihydroxy (–OH) functional groups or phenolic structures bearing 

carboxylic acid substituents exhibit strong chelating capacity and effectively suppress metal-

induced glycation (Lee et al., 2023). This mechanism complements antioxidant and carbonyl-

trapping pathways by targeting a different but critical driver of glycoxidative stress. 

 

MODULATING THE AGE–RAGE SIGNALING  

Blocking the AGE–RAGE axis focuses on preventing the physical interaction between AGEs and 

their cellular receptor, RAGE, thereby suppressing downstream oxidative and inflammatory 

signaling. This strategy primarily involves the use of molecules that competitively occupy the 

ligand-binding pocket of RAGE, mimicking structural or chemical features of AGE ligands. 

Binding occurs through a combination of hydrogen bonding, ionic interactions, van der Waals 

forces, and hydrophobic effects that stabilize inhibitor–receptor interactions within the RAGE V-

domain  (Khateri et al., 2024). Among promising inhibitors, sulfonated flavonoid derivatives such 

as sulfoquercetin demonstrate significantly enhanced affinity for RAGE. Their negatively charged 

sulfonate and carboxylate groups form strong ionic interactions with conserved cationic residues 

(e.g., Arg and Lys) within the electropositive binding surface of the V-domain. These electrostatic 

interactions (Table 2) are complemented by the ability of flavonoid aromatic rings to engage in π–

π stacking and cation–π interactions with the aromatic amino acids in RAGE, further stabilizing 

the ligand–receptor complex (Arellanes-Lozada et al., 2023).  

In addition to ionic and aromatic interactions, many synthetic inhibitors are specifically 

designed to fit into the non-polar hydrophobic pockets of the receptor. Occupation of these pockets 

enhances binding affinity by reducing solvent exposure and maximizing van der Waals contacts. 



 

 

Because the V-domain possesses several hydrophobic and aromatic residues, these inhibitors can 

effectively outcompete endogenous AGEs for binding, thereby preventing receptor activation. 

Another important strategy for modulating AGE–RAGE signaling is the use of soluble RAGE 

(sRAGE) as a circulating decoy receptor. Although sRAGE does not inhibit the binding of AGEs 

to membrane-bound RAGE (mRAGE) directly, it reduces AGE–RAGE signaling by sequestering 

AGEs in the extracellular environment (Reddy et al., 2023). Unlike mRAGE, sRAGE lacks the 

transmembrane segment and the intracellular cytoplasmic tail required for signal transduction, 

meaning that AGE binding to sRAGE does not initiate downstream inflammatory or oxidative 

pathways (Rojas et al., 2024). Therefore, elevated levels of sRAGE serve a protective role by 

limiting the availability of AGEs for interaction with mRAGE. This underscores the fact that 

ageing-related inflammation and oxidative stress are not passive consequences of molecular 

damage but are actively sustained by ligand–receptor signaling, which is amenable to 

pharmacological modulation. 
 

Table 2: Reactive Groups Involved in AGE–RAGE Complex Formation 

RAGE (V-domain) Functional Groups Properties 

Arginine Guanidinium group Strongly basic, cationic at pH 7.4 

Lysine ε-Amino group Basic, cationic at pH 7.4 

Serine, Threonine –OH groups H-bond donors/acceptors 

Tyrosine, Phe Aromatic rings π–π stacking sites 

 

 

AGEs 

 

 

Functional Groups 

 

 

Properties 

Carboxymethyllysine –COOH Negatively charged 

Pyrraline, MG-H1 Imidazole, carbonyls H-bonding, polar 

Crosslinked AGEs Dicarbonyl bridges Reactive, electrophilic 

           

 

PHYTOCHEMICAL MODULATION OF THE AGE–RAGE PATHWAY 

 The interaction between AGEs and their cognate receptor (RAGE) constitutes a pivotal 

molecular nexus that amplifies oxidative stress, inflammation, and cumulative tissue injury across 

numerous metabolic, vascular, and age-associated pathologies. Engagement of RAGE by 

structurally diverse AGEs triggers a cascade of intracellular events including ROS overproduction, 

NF-κB activation, cytokine release, and sustained feedback upregulation of RAGE itself that 

perpetuate a chronic pro-oxidant and pro-inflammatory milieu. This self-reinforcing loop is now 

recognized as a central driver of diabetic complications, neurodegeneration, renal fibrosis, 

endothelial dysfunction, and accelerated biological ageing. Despite growing recognition of this 

axis, a critical gap remains in translating chemical insights into safe, long-term anti-ageing 

interventions capable of modulating AGE–RAGE signaling without adverse effects. 

Amid growing global interest in safer, naturally derived therapeutic candidates, phytochemicals 

especially polyphenols, alkaloids, and tannins have gained prominence for their capacity to 

modulate key biochemical determinants of glycoxidative stress (Montserrat Corona-España et al., 

2024). These plant-derived metabolites operate through multilayered and complementary 

mechanisms, making them uniquely suited for targeting the complex molecular architecture of the 

AGE–RAGE axis.  

 

Polyphenols 



 

 

Chemically, polyphenols are defined by aromatic ring systems bearing multiple hydroxyl 

(–OH) substituents, a structural arrangement that confers pronounced redox activity through facile 

electron and hydrogen atom donation. Representative compounds such as quercetin, catechin, and 

resveratrol possess conjugated π-electron systems and phenolic hydroxyl groups making them able 

to stabilize radical intermediates, thus underpinning their widely reported antioxidant effects. In 

in-vitro chemical and cell-free assays, these polyphenols efficiently scavenge reactive oxygen 

species and inhibit lipid peroxidation at low micromolar concentrations (typically 1–50 µM), while 

ortho- and para-dihydroxyl motifs enable chelation of redox-active transition metals (e.g., Fe²⁺, 

Cu²⁺), limiting Fenton-type radical generation (Láng et al., 2024).  

In cellular models, polyphenols demonstrate additional redox-dependent modulation of 

signaling pathways, though these effects are concentration-sensitive and context-dependent. 

Quercetin and catechin have been reported to suppress activation of redox-sensitive transcription 

factors such as NF-κB and AP-1 in inflammatory cell lines, typically at concentrations ≥10 µM, 

while resveratrol modulates AMPK- and sirtuin-associated pathways involved in metabolic stress 

responses (Lee et al., 2023; Ravindranath and Ravindranath, 2011; Wu et al., 2011). Importantly, 

these cellular responses are frequently accompanied by demonstrable decreases in intracellular 

oxidative stress, indicating that the observed modulation of signaling pathways is largely a 

downstream consequence of antioxidant action rather than the result of specific high-affinity 

receptor–ligand interactions (Terao, 2023). Evidence from in-vivo animal models supports a 

broader biological impact of polyphenols but also highlights pharmacokinetic constraints. Oral 

administration of quercetin, catechin, or resveratrol in rodents (commonly 10–100 mg/kg/day) 

reduces systemic markers of oxidative stress, inflammation, and microbial burden in disease 

models characterized by redox imbalance (Alharbi et al., 2025; Navarro-Cruz et al., 2024). These 

effects likely arise from the combined contribution of the parent compounds and their circulating 

metabolites, some of which may preserve residual antioxidant or metal-chelating activity. 

However, extensive biotransformation, rapid systemic elimination, and restricted tissue 

distribution substantially hinder straightforward translation of animal dosing outcomes to human 

therapeutic settings. Human data remain comparatively limited and largely indirect. While 

epidemiological and short-term intervention studies associate polyphenol-rich diets with reduced 

oxidative and inflammatory biomarkers, plasma concentrations of unmetabolized polyphenols 

typically remain in the low nanomolar to submicromolar range. At these levels, direct radical 

scavenging is unlikely to be the dominant mechanism, implying that long-term modulation of 

redox homeostasis may arise from cumulative, metabolite-driven, or adaptive biological responses 

rather than acute antioxidant chemistry. 

 

Alkaloids 

 Alkaloids characterized by the presence of nitrogen-containing heterocyclic rings, a feature 

that imparts basicity, electronic density, and a strong propensity for interaction with biological 

macromolecules. This chemical architecture distinguishes alkaloids from polyphenols and 

underlies their characteristic high-affinity binding to enzymes, nucleic acids, and neurotransmitter 

receptors. Representative compounds such as berberine, morphine, and caffeine illustrate the 

functional diversity of this class, spanning planar aromatic cations, rigid polycyclic scaffolds, and 

methylxanthine systems. These structural features enable alkaloids to engage biological targets 

primarily through π–π stacking, hydrogen bonding, electrostatic interactions, and intercalation-like 

behavior, rather than through direct redox chemistry (Srivastava and Singh, 2020). In in-vitro 

systems, alkaloids act as potent enzyme and receptor modulators, often at low micromolar or 



 

 

submicromolar concentrations. Berberine inhibits a range of enzymes involved in glucose 

metabolism, oxidative stress regulation, and inflammatory signaling, while also demonstrating 

affinity for DNA through groove binding and partial intercalation, leading to altered transcriptional 

activity (Zych et al., 2020). Caffeine, in contrast, exerts weaker direct enzyme inhibition but 

efficiently antagonizes adenosine receptors and modulates phosphodiesterase activity at higher 

micromolar concentrations (Pohanka and Dobes, 2013). Morphine shows limited enzyme 

inhibition but exhibits strong, selective binding to opioid receptors, highlighting that alkaloid 

bioactivity is dictated more by target specificity than by shared chemical reactivity. Antimicrobial 

effects observed in cell-free and microbial assays are frequently linked to enzyme inhibition or 

disruption of nucleic acid function rather than nonspecific cytotoxicity. 

 In cellular models, alkaloids predominantly exert indirect biological effects mediated by 

enzyme inhibition and receptor engagement, rather than direct scavenging of reactive species 

(García-Muñoz et al., 2024). Berberine suppresses inflammatory and metabolic signaling cascades 

by inhibiting kinases and transcriptional regulators downstream of enzyme-controlled pathways, 

while caffeine alters intracellular signaling by modulating cyclic nucleotide turnover and 

neurotransmitter receptor activity. These effects are typically observed at concentrations ranging 

from 5–50 µM, although sensitivity varies widely depending on cell type and target expression. 

Importantly, alkaloids often influence multiple signaling nodes simultaneously, reflecting their 

ability to interact with conserved structural motifs across different proteins (Jiang et al., 2024). 

Evidence from in-vivo studies confirm that alkaloids function as systemic modulators of metabolic 

and neural signaling with attendant pharmacokinetic constraints. Berberine administration in 

rodents (commonly 50–150 mg/kg/day) improves metabolic parameters, reduces inflammatory 

mediators, and indirectly attenuates oxidative and glycoxidative stress, effects attributed to enzyme 

inhibition and altered signaling rather than direct antioxidant activity (Ai et al., 2021). Caffeine, at 

physiologically relevant doses, exerts well-characterized neurostimulatory and metabolic effects 

through central and peripheral receptor modulation (Song et al., 2024b). Human data reinforce the 

view that alkaloids are pharmacologically potent but mechanistically selective agents.  

 

Tannins 

 Tannins represent a structurally distinct subgroup of polyphenols defined by highly 

polymeric phenolic frameworks bearing dense arrays of hydroxyl (–OH) groups, thus making them 

excellent candidates for metal ion coordination and macromolecular binding. Representative 

compounds include tannic acid, gallotannins, and ellagitannins, whose multiple galloyl or 

hexahydroxydiphenoyl units generate multidentate binding sites unavailable to low-molecular-

weight phenolics. This chemical architecture underlies the characteristic astringency of tannins 

and distinguishes their mode of action from monomeric antioxidants (Cosme et al., 2025a). In in-

vitro chemical and cell-free systems, tannins exhibit the strongest metal-chelating and protein-

binding capacity among plant phenolics, forming stable complexes with transition metals such as 

Fe²⁺ and Cu²⁺ at low micromolar concentrations. Through this mechanism, tannins effectively 

suppress metal-catalyzed redox cycling and hydroxyl radical generation, providing potent 

protection against oxidative damage. Concurrently, their ability to precipitate proteins through 

hydrogen bonding and hydrophobic interactions disrupts enzyme activity and structural protein 

function. These effects are robust and reproducible in simplified systems and are directly 

attributable to tannin polymer size and hydroxyl density rather than to specific receptor interactions 

(Karamać, 2009). 



 

 

 In cellular and microbial models, tannins demonstrate broad antioxidant, antimicrobial, and 

anti-inflammatory activity, though these effects are largely indirect and context-dependent. 

Antioxidant activity in cells is primarily linked to extracellular or membrane-proximal metal 

sequestration rather than intracellular radical scavenging, as the large molecular size of tannins 

limits passive cellular uptake (Camarda et al., 2026). Antimicrobial effects are consistently 

observed in-vitro, and are mediated through protein complexation at the microbial cell surface, 

enzyme inhibition, and disruption of membrane-associated processes. However, these same 

protein-binding properties can reduce selectivity and complicate mechanistic interpretation in 

complex biological systems. Studies on animals support a protective role of tannins against 

oxidative and microbial damage, particularly in gastrointestinal and inflammatory models. Dietary 

tannins and tannin-rich extracts reduce oxidative stress markers, inflammatory cytokines, and 

microbial burden in rodents, effects often attributed to local actions within the gut lumen and 

mucosal interface (Huang et al., 2018). Importantly, intact tannins show limited systemic 

bioavailability due to poor absorption and extensive interaction with dietary proteins and gut 

microbiota. As a result, biological effects observed in-vivo are increasingly understood to involve 

microbial metabolites (e.g., urolithins from ellagitannins) rather than the parent polymers (Cosme 

et al., 2025b). Accordingly, while tannins display strong mechanistic potential as modulators of 

glycoxidative stress, direct extrapolation to human AGE–RAGE inhibition remains unclear. Their 

contribution is more plausibly interpreted as indirect modulation of oxidative and inflammatory 

tone rather than as direct systemic AGE inhibitors, further highlighting the need for metabolite-

focused and tissue-level investigations. 

 
Table 3: Bioactive attributes of polyphenols, alkaloids, and tannins in oxidative/glycoxidative stress 

Feature Polyphenols Alkaloids Tannins 

Basic Structure Aromatic rings with 

multiple hydroxyl (-OH) 

groups 

Nitrogen-containing 

heterocyclic rings 

Polymeric phenolic 

structures with multiple 

hydroxyl groups 

Representative 

Compounds 

Quercetin, Catechin, 

Resveratrol 

Berberine, Morphine, 

Caffeine 

Tannic acid, 

Gallotannins, 

Ellagitannins 

Major 

Mechanism of 

Action 

Electron/hydrogen 

donation; free radical 

scavenging; metal 

chelation 

Enzyme and receptor 

binding; interference 

with DNA and proteins 

Metal ion complexation; 

protein precipitation; 

ROS suppression 

Primary 

Biological 

Activities 

Antioxidant, anti-

inflammatory, 

antimicrobial 

Neuroactive, 

antimicrobial, enzyme 

inhibitory 

Antioxidant, 

antimicrobial, anti-

inflammatory, 

anticarcinogenic 

Dominant 

Molecular 

Target 

ROS/RNS; transition 

metals 

Enzymes, DNA, 

neurotransmitter 

receptors 

Transition metals (Fe²⁺, 

Cu²⁺); microbial 

proteins 

Mode of 

Antioxidant 

Defense 

Radical scavenging and 

redox cycling 

Indirect modulation via 

enzyme inhibition 

Metal sequestration and 

protein complexation 

Comparative 

Strength 

Strong direct antioxidant 

and redox modulator 

Potent enzyme/receptor 

modulator 

Strongest chelating and 

protein-binding capacity 



 

 

Biological Niche Protection against 

oxidative stress and 

inflammation 

Regulation of metabolic 

and neural signaling 

Prevention of oxidative 

and microbial damage 

 

 

 

MECHANISTIC GAPS IN AGE–RAGE INTERACTIONS AND COMPUTATIONAL 

PERSPECTIVES IN DRUG DISCOVERY 

Although diverse mechanisms have been elucidated regarding the indirect modulation of AGE 

toxicity, no phytochemical has yet been conclusively demonstrated to directly block the interaction 

between AGEs and RAGE. Existing evidence suggests that these compounds primarily modulate 

upstream processes (e.g., inhibition of AGE formation, carbonyl scavenging) or downstream 

signaling pathways (e.g., suppression of ROS generation and inflammatory cytokines) rather than 

interacting at the receptor binding interface itself (Ceramella et al., 2024). This represents a notable 

gap in our pharmacological understanding, underscoring the need for targeted receptor-level 

investigations. Current computational approaches can provide a powerful strategy for exploring 

the potential of phytochemicals as direct RAGE antagonists. In-silico tools such as molecular 

docking, molecular dynamics (MD) simulations, and pharmacophore modeling can offer detailed 

insights into ligand–receptor interactions at the atomic scale. Docking studies focusing on the VC1 

domain of RAGE, the principal region involved in AGE recognition can reveal, binding affinities 

of phytochemicals, hydrogen bonding patterns, π–π and cation–π interactions with aromatic and 

basic residues, as well as structural compatibility and stability within the RAGE binding 

pocketSuch computational explorations have been implemented to assess phytochemicals and 

synthetic ligands (Ouamnina et al., 2024; (Ouamnina et al., 2024; Ikezu et al., 2025; Nwofor et al., 

2025). Incorporating MD simulations further enables the evaluation of complex stability, ligand-

induced conformational changes, and solvent dynamics over time. 

For computational predictions to achieve biological relevance, they must be validated through 

complementary experimental assays such as fluorescence quenching to measure RAGE–ligand 

interactions, surface plasmon resonance (SPR) for real-time affinity quantification, and isothermal 

titration calorimetry (ITC) to determine thermodynamic parameters. Such integrated validation 

would substantially advance the search for natural AGE–RAGE antagonists. 

 

CONCLUSION 

A growing body of evidence underscores the AGE–RAGE axis as a central biochemical driver of 

oxidative stress, chronic inflammation, and degenerative pathology across multiple organ systems. 

Its involvement in metabolic dysfunction, vascular remodeling, neurodegeneration, and tissue 

ageing highlights the pathway as a critical, modifiable node in disease progression. Despite 

significant advances in elucidating AGE formation routes, RAGE structural biology, and 

downstream redox-sensitive signaling, substantial mechanistic gaps remain particularly regarding 

ligand specificity, receptor dynamics, and the interplay between glycoxidation, lipid peroxidation, 

and cellular stress responses. Addressing these gaps will require integrated chemical, biochemical, 

and computational approaches capable of resolving molecular events with higher precision. 

Continued exploration of both endogenous defense mechanisms and exogenous modulators will 

be essential for developing safe, effective therapeutic strategies that interrupt AGE accumulation, 

dampen RAGE-mediated signaling, and ultimately mitigate the molecular processes that underpin 

ageing and degenerative disease. 
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