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Abstract: Advanced glycation end products (AGEs), also known as glycotoxins, are harmful compounds formed through non-enzymatic 

reactions between reducing sugars such as glucose, ribose, and fructose and amino groups in proteins, lipids, or nucleic acids. While 

AGEs are naturally produced in the body during normal metabolism (endogenous AGEs), they are also ingested through external 

sources, primarily via diet and smoking (exogenous AGEs). The formation of dietary AGEs (d-AGEs) is significantly influenced by food 

composition and processing factors, including heat exposure, cooking duration, humidity, pH, food additives, marination, and cooking 

methods. Higher temperatures and longer cooking times notably increase AGE levels in foods. These compounds are associated with 

various physiological toxicities and contribute to aging and the development of chronic diseases. This article explores the mechanisms 

of d-AGEs formation, their transport and toxic effects in the body, methods for detecting them, and strategies to inhibit their formation 

or intake. By raising awareness and providing practical inhibition methods, this work aims to reduce the health risks posed by dietary 

AGEs and support public health efforts. 
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1. Introduction 
Advanced glycation end products (glycotoxins) are 

formed as a result of the non-enzymatic reactions of 

carbonyl groups of reducing sugars such as glucose, 

ribose, fructose, and others and the terminal amino 

groups of proteins, lipids or nucleic acids (Wu et al., 

2013; Perrone et al., 2020; Vıcıl and Ulutaş, 2020). AGEs 

are a heterogeneous group of molecules that can form 

during the oxidation of lipids and proteins, Maillard 

reactions, and food processing (Yaman, 2021). AGEs, 

which have a yellow-brown color, are molecules that can 

alter the structure of proteins in both plasma and tissues 

(Demirel and Yıldıran, 2018). The main precursors of 

AGEs formed during the Maillard reaction steps are 

glyoxal (GO), 3-deoxyglucosone (3-DG) and 

methylglyoxal (MGO) (Çatak and Balcı, 2022). Advanced 

glycation end-products (AGEs) were originally identified 

by their ability to emit specific fluorescence and form 

cross-links between amino acids, such as crosslines, 

vesperlysines, and pentosidine. However, researchers 

have since discovered that other compounds like Nε-

(carboxymethyl) lysine (CML), pyrraline, MG-H1 (a 

product of methylglyoxal), Nε-(carboxyethyl) lysine 

(CEL), and argpyrimidine, are also considered AGEs, even 

though they do not form cross-links or emit fluorescence 

(Takeuchi et al., 2024). In Figure 1, the formation of 

reactive dicarbonyl compounds and resultant AGEs is 

illustrated. Sensory differences and browning occur in 

foods as a result of the Maillard reaction that happens 

during food processing such as grilling and frying (Wang 

et al., 2013; Öztürk and Garipoglu, 2022). 

 
 

Figure 1. Formation of reactive dicarbonyls and AGEs 

(Nowotny et al., 2015). 
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In the presence of excessive reducing sugars, 

biomolecules undergo a non-enzymatic reaction known 

as glycation, which involves proteins, lipids, and 

nucleotides. This process leads to the formation of 

covalent bonds between biomolecules and reducing 

sugars, termed Schiff bases. Through various reactions, 

such as rearrangement, oxidation/reduction, and 

cyclization, this process leads to the production of 

irreversible and heterogeneous compounds known as 

advanced glycation end-products (AGEs). These AGEs are 

frequently found as modified forms of aminoacids such 

as lysine, arginine, and cysteine (Lee et al., 2024). 

Fructosyllysine (FL) and Nϵ-(carboxymethyl)lysine 

(CML) are among the most abundant and widely studied 

Amadori products and advanced glycation end-products 

(AGEs) found in foods. FL is formed from the reaction 

between glucose and lysine, while CML can arise either 

through the rearrangement of FL or via reactions 

between lysine and reactive carbonyl compounds like 

glyoxal or 3-deoxyglucosone. Other common AGEs in 

foods include compounds such as pyrraline, Nϵ-

(carboxyethyl)lysine (CEL), hydroxymethylfurfural 

(HMF), and Nδ-(5-hydro-5-methyl-4-imidazolone-2-

yl)ornithine (van Dongen et al., 2022). The most 

frequently measured and best-studied AGEs are 

derivatives of carboxyethyl-lysine (CEL), carboxymethyl-

lysine (CML) and methylglyoxal (MGO) (Vasilj et al., 

2023). These AGEs are commonly studied not only 

because of their prevalence in biological systems but also 

due to their strong association with the development and 

progression of chronic diseases, particularly diabetes-

related complications. CML and CEL are stable end-

products that accumulate in long-lived proteins and 

tissues, making them reliable indicators of cumulative 

glycation and oxidative stress (Peyroux and Sternberg, 

2006; Ott et al., 2014). 

While dietary AGEs are naturally present in foods, their 

formation significantly increases with high-temperature 

cooking, low moisture, prolonged heat exposure, the 

presence of trace metals, and higher pH levels; these 

dietary AGEs and ALEs are important for consumer risk 

assessment because they can be absorbed through the 

gastrointestinal tract, potentially raising the body’s 

overall AGE levels (Srey et al., 2010). Therefore, cooking 

techniques such as roasting, grilling, and frying produce 

notably higher levels of dietary AGEs (dAGEs) compared 

to methods such as stewing, boiling, steaming, and 

poaching (Vasilj et al., 2023). It is observed that cooking 

methods in dry heat increase the formation of AGE 

compared to cooking methods in moist heat. It is 

indicated that the formation of AGE can be reduced by 

using high humidity, lower cooking temperatures, 

shorter cooking times, or acidic components such as 

vinegar or lemon juice (Akın and Özbek, 2022). 

Foods that are high in protein and fat, as well as 

processed and ultra-processed foods, tend to have high 

AGE content, especially when prepared at high 

temperatures and low humidity (Mendes et al., 2024). 

Heating times and different cooking methods play a 

crucial role in the formation of AGEs in foods. For 

example, 100 g of boiled chicken breast contains 1210 kU 

of CML, while the same amount of chicken, when fried at 

450°F for 15 minutes, contains 5828 kU of CML (Vasilj et 

al., 2023). Food items with the highest levels of AGEs per 

gram include processed foods like crackers, chips, and 

cookies. The reason behind this is the thermal processing 

of these foods and the addition of components such as 

vegetable oil, butter, eggs, cheese, and nuts, which 

markedly accelerate the formation of AGEs (Sharma et al., 

2015; Hu et al., 2022). Due to conflicting findings, there is 

no consensus on the AGE content in solid and liquid fats 

(Vasilj et al., 2023). In their study, Hu et al. (2022) stated 

that the proportions of sucrose, butter, and egg in butter 

cookies demonstrated a positive correlation with AGEs, 

highlighting that sucrose significantly promoted the 

formation of HMF and 3-deoxyglucosones (3-DG) (Figure 

2). In addition to these findings, Hu et al. (2022) reported 

that the high levels of sucrose and butter in cookies were 

particularly favored by panelists due to their appearance, 

taste, and aroma. 
 

 
 

Figure 2. The roles of various factors in the formation of 

AGEs and HMF in butter cookies (Hu et al., 2022; Created 

in BioRender. Karakütük, I. (2025b) 

https://BioRender.com/e31j367)  

 

2. Formation of d-AGES 
In 1953, scientist Hodge divided the Maillard reaction 

into 3 different stages. In the first stage the aldehyde 

group of reducing sugar react with amino group of 

protein to form an unstable complex known as a Schiff 

base adduct which over several days rearrange to form a 

product called Amadori product. The second stage, 

known as the intermediate stage, involves the 

transformation of the Amadori product into reactive 

dicarbonyl compounds such as glyoxal (GO), (3-DG) and 

methylglyoxal (MGO). In the late stage of glycation, the 

final irreversible and colored compounds, known as 

AGEs, are formed (Ho et al., 2010; Khan et al., 2020; Erim 

et al., 2022). The process of AGE formation is shown in 

Figure 3. 
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Figure 3. The formation of AGEs (Akın and Özbek, 2022; 
Created in BioRender. Karakütük, I. (2025c) 

https://BioRender.com/i45b405)  

 

Due to the considerable variations in AGE structures in 

vivo and their formation through complex reactions like 

dehydration, condensation, oxidation, and 

rearrangements, only a limited number of AGE structures 

have been identified so far. The structures of highly 

cytotoxic AGEs are still unknown. Four types of 

glyceraldehyde-derived advanced glycation end-products 

(GA-AGE) structures have been identified by means of 

proteomic analyses. These include pyridinium 

compounds derived from GA (GLAP), MG-H1, 

trihydroxytriazine, and argpyrimidine (Takeuchi et al., 

2024). 

The amino acids lysine, histidine, and arginine in proteins 

are more susceptible to glycation. Among reducing 

sugars, glucose demonstrate the lowest glycation rate, 

whereas sugars like fructose, glyceraldehyde-3-

phosphate, trehalose, and glucose-6-phosphate have 

higher rates of glycation (Akın and Özbek, 2022). 

 

3. Endogen and Exogenous AGEs 
There are basically two types of AGEs, which are 

endogenously produced and exogenously taken (Öztürk 

and Garipoglu, 2022). Endogenous AGEs are formed 

naturally within the body, with their levels increasing 

significantly under conditions such as hyperglycemia and 

oxidative stress. AGEs can also be obtained from external 

sources, particularly food, in which case they are referred 

to as dAGEs (Vasilj et al., 2023). AGEs can occur 

endogenously as a result of a series of complex enzymatic 

reactions in the organism. In addition, AGEs can be 

exposed exogenously through smoking or through food 

and therefore exogenous AGEs are called dAGEs (Yılmaz 

and Karabudak, 2016; Öztürk and Garipoglu, 2022).  

The main source of exogenous AGEs is diet and occurs 

commonly in complex foods rich in sugar and fat content. 

Exogenous AGEs are formed rapidly and in large amounts 

by non-enzymatic reactions during food processing like 

frying, baking and caramelization (Kuzan, 2021). The 

composition of foods, duration of exposure to heat, 

humidity in the environment, pH, food additives, 

marination, temperature and cooking methods are 

factors that affect the formation of AGEs. As temperature 

and time increase, the content of AGEs also increases 

accordingly (Yılmaz and Karabudak, 2016; Çatak and 

Balcı, 2022; Demirer and Yardımcı, 2022). The AGE 

content of meat products or oils that have been subjected 

to high heat processing, such as roasting or frying, is 

higher than carbohydrates that have been boiled for a 

long time (Yılmaz and Karabudak, 2016). Additionally, 

exogenous AGEs formed during the heat processing of 

foods are more chemically diverse than endogenous 

AGEs produced within the body. This greater 

heterogeneity of dietary AGEs makes it more difficult to 

fully understand their biological effects (Öztürk and 

Garipoglu, 2022). Many studies have shown that the 

highest AGE compounds in foods are found in high-fat 

foods such as chips, crackers and cookies (Yaman, 2021).  

Animal-derived foods, including beef, fish, cheese, 

poultry, and eggs, are noted to include the highest levels 

of AGEs per 100 grams of food. Vegetables and fruits 

generally contain lower levels of AGEs compared to meat 

(Vasilj et al., 2023). The number of AGEs per serving (5 

grams) in fat is generally higher compared to other food 

groups. Despite the lower AGE content in the meat group 

compared to the fats, the consumption quantity of the 

meat group is generally higher. Hence, a significant 

portion of the AGE intake originates from the meat group. 

It has been determined that when animal-derived foods 

are cooked using dry heat, there is an increase in AGE 

levels. Under the influence of heat, reducing sugars like 

glucose-6-phosphate within muscle cells react with the 

amino groups present in the structure of meat, resulting 

in an observed increase in AGE levels. It has been found 

that cheeses with higher fat content, such as Parmesan 

cheese, exhibit higher levels of AGEs compared to 

cheeses with lower fat content, such as mozzarella 

cheese. While cooking is known to promote the 

formation of new AGEs in foods, uncooked items like 

cheese can still contain high levels of AGEs. It is believed 

that the reason for this lies in the pasteurization process 

and the aging period applied to cheese (such as culturing 

or ripening), during which AGE formation occurs 

(Demirel and Yıldıran, 2018). 

The total amount of AGEs in the body comprises both 

endogenously formed AGEs and exogenously consumed 

AGEs through factors such as tobacco smoke, pollution, 

and certain foods (Ruiz et al., 2020). 

The same situation applies to animals kept as pets and 

consuming commercially produced feeds. The nutritional 

value and digestibility of amino acids, particularly lysine, 

in feed ingredients and diets vary depending on the 

applied heat treatment (Almeida, 2013). It has been 

observed that broiler chickens and piglets fed with heat-

damaged soybean meal experience a decrease in live 

weight and carcass weight compared to those fed with 

untreated soybean meal. 
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Furthermore, it has been determined that the adverse 

effects of heat damage on performance can be partially 

alleviated by adding crystalline aminoacids to the feeds 

(Almeida et al., 2014). In another study, it was observed 

that in cattle fed with heat-treated feeds, the formation of 

AGEs and MRP as a consequence of heating was also 

detected in the milk of the animals. However, cattle that 

did not consume processed feeds exhibited lower levels 

of glycated protein content in their milk (Schwarzenbolz 

et al., 2016). 

 

4. Physiological Toxicity of d-AGES 
Advanced Glycation End Products (AGEs) are harmful 

compounds commonly found in modern diets, 

particularly in processed foods, and have significant 

health effects. It was previously thought that the 

absorption of dietary AGEs was low and therefore had no 

significant effect on human health. However, recent 

studies have shown that AGEs taken with diet are 

absorbed in the body and may have significant negative 

consequences on human health (Demirel and Yıldıran, 

2018). The formation of endogenous AGEs is a normal 

metabolic process, however when excessively high levels 

of AGEs accumulate in tissues and the bloodstream, they 

can have pathogenic effects (Sharma et al., 2015; van 

Dongen et al., 2022). AGEs accumulate in healthy aging 

individuals, and this accumulation is more significant at 

high glucose concentrations. While the accumulation of 

AGEs in tissues is primarily linked to microvascular and 

macrovascular damage observed in diabetes, but it is also 

associated with other conditions including 

atherosclerosis, end-stage renal disease, Alzheimer's 

disease, rheumatoid arthritis, cataracts, sarcopenia, and 

various degenerative ophthalmic diseases, as well as 

vascular dementia, Parkinson's disease, and several other 

chronic diseases (Luevano-Contreras and Chapman-

Novakofski, 2010). The excessive accumulation of AGEs 

in body tissues contributes to high levels of oxidative 

stress and inflammation. Especially, it significantly leads 

to the pathogenesis of various chronic diseases like 

chronic kidney diseases, type 2 diabetes, and 

cardiovascular disorders (Uribarri et al., 2007; Shen et 

al., 2020; Akın and Özbek, 2022).  

AGEs contribute to the pathogenesis of chronic diseases 

associated with aging. These compounds and their 

precursors are naturally produced in the body during the 

aging process, but they are also found in heat-treated 

foods and cigarette smoke, leading to further AGE 

accumulation. Excessive endogenous production of AGEs 

has been linked to proinflammatory processes involved 

in conditions like atherosclerosis, insulin resistance, and 

vascular complications of diabetes. Though, there is less 

understanding regarding the effects and metabolic 

destiny of AGEs derived from the diet (Kellow and 

Coughlan, 2015).  Furthermore, AGEs are known as 

potential endocrine decayers due to their ability to 

intervene in hormone signaling (Qiang et al., 2024). 

In Figure 4, the binding of AGEs to RAGE, triggering a 

series of pro-inflammatory and pro-metastatic cellular 

signaling pathways, has been illustrated (Peterson and 

Ligibel, 2024). 
 

 

 

Figure 4. The binding of AGEs to RAGE, triggering a 

series of pro-inflammatory and pro-metastatic cellular 

signaling pathways (Peterson and Ligibel, 2024)  

 

It is estimated that individuals consume between 25 to 

75 mg of AGEs and 500 to 1200 mg of Amadori products 

daily through their diet (Öztürk and Garipoglu, 2022). 

However, the precise extent to which dietary AGEs are 

absorbed in the digestive system and enter circulation 

remains unclear (Luevano-Contreras and Chapman-

Novakofski, 2010). 

Some of the exogenous AGEs ingested with food are 

absorbed in the intestines and enter circulation, where 

they can accumulate in cells and tissues. Excessive 

accumulation of AGEs can lead to various health 

disorders. About 10% of AGEs consumed through diet 

are absorbed into circulation. Recent systematic reviews 

of clinical studies suggest that dAGEs may increase the 

risk factors associated with chronic diseases like 

inflammation, oxidative stress, and insulin resistance 

(Çatak and Balcı, 2022). The pathological effects of AGEs 

occur through two different mechanisms: AGE receptor-

mediated and AGE receptor-independent pathways. The 

former involves direct cross-linking of AGEs with body 

proteins, leading to structural deformity, while the latter 

induces inflammation through AGE-sensitive receptors 

(Erim et al., 2022).  

Scientific evidence suggests that AGEs contribute to 

cancer risk and outcomes by promoting inflammation, 

increasing reactive oxygen species, and causing 

metabolic dysregulation. Additionally, they play a role in 

shaping the tumor microenvironment (Peterson and 

Ligibel, 2024). Figure 5 illustrates diseases arising from 

various potential mechanisms triggered by the formation 

of AGEs and their associated health complications 

(Anwar et al., 2021). It is reported that AGEs exert 

harmful effects on cellular functions through a range of 

mechanisms, including the production of free radicals, 

alteration of enzyme activity, degradation of proteins or 

lipids, oxidation of lipids or nucleic acids, carbonyl stress, 

or interaction with AGE receptors on the cell surface 

(Singh et al., 2014). 
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Figure 5. The diseases arising from various potential 

mechanisms triggered by the formation of AGEs and their 

associated health complication (Anwar et al., 2021; 
Created in BioRender. Karakütük, I. (2025e) 

https://BioRender.com/l87g434)  

 

(Chilelli et al., 2013) reported that the effects of AGEs on 

diabetes primarily occur through two pathways. The first 

pathway involves AGEs directly causing cellular damage 

leading to pancreatic β-cell injury and disruption of 

insulin regulation. The second pathway entails AGE 

modification of mitochondrial respiratory chain proteins 

triggering the formation of reactive oxygen species (ROS) 

and establishing a vicious inflammatory cycle. 

In diabetes, the chronic high-glucose environment 

encourages the formation of AGEs. These AGEs 

accumulate in diabetic bones, leading to increased non-

enzymatic cross-linking within collagen fibrils. This 

disrupts intrafibrillar mineralization and causes 

disorganized mineral deposition on collagen fibrils, 

ultimately weakening bone strength. By inhibiting AGE 

formation, guanidines significantly enhance the 

microstructure and biomechanical strength of diabetic 

bone and accelerate bone fracture healing (Gao et al., 

2024). 

Glycation products and their receptors are frequently 

linked to higher morbidity and disease severity in 

various infectious conditions. For instance, a meta-

analysis by Chen et al. (2019) revealed an association 

between HbA1c levels and Helicobacter pylori infection. 

Research by Sprenger et al. (2017) found a significant 

increase in fluorescent AGEs in the skin of individuals 

infected with HIV-1. Andrades et al. (2012) demonstrated 

that plasma levels of CML and CEL were related to the 

severity of sepsis. Moreover, lower serum levels of 

soluble RAGE (sRAGE) have been correlated with both 

acute and chronic morbidities in children with 

bronchiolitis (Patregnani et al., 2021). Furthermore, 

sRAGE is being explored as a potential biomarker for 

sepsis and late-onset neonatal infections (Zolakova et al., 

2016). 

In addition to all this information, it is important to 

mention the therapeutic possibilities related to glycation, 

which include: (1) treatment with anti-RAGE antibodies, 

(2) treatment with soluble RAGE (AGE receptor) and (3) 

use of AGE inhibitors and (4) AGE blockers. Such 

strategies can notably decrease the occurrence of 

processes that cause diabetic complications 

(Bronowicka-Szydełko et al., 2024). 

 

5. Transport of d-AGES 
Studies have shown that the majority of free CML in the 

body is directly related to the dietary intake of dCML 

(Tessier et al., 2016). The total amount of AGE in an 

individual's body is expressed as the sum of 

endogenously produced AGE and exogenously produced 

AGE (Prasad et al., 2019). The reason AGEs cause 

diseases is that they bind abnormally to proteins in the 

body, disrupting their structure and rendering them 

unable to perform their functions, which consequently 

leads to the development of diseases (Karaköse, 2023). 

For these reasons, thoroughly understanding the 

absorption process and metabolism of AGEs in the body 

is of vital importance to comprehend how they affect 

diseases. 

It has been determined that nearly 10% of the advanced 

glycation end-products (AGEs) present in food and 

drinks are absorbed by the body. Nevertheless, only one-

third of these are excreted through urine and feces. The 

absorbed fraction remains within the body for a duration 

of up to 72 hours (Erim et al., 2022). Research conducted 

on adults reveals that approximately 10% of dietary-

derived advanced glycation end-products (AGEs) are 

absorbed, with two-thirds of the absorbed AGEs 

enduring within the body and one-third being eliminated 

through gastrointestinal processes or urinary excretion 

(Akın and Özbek, 2022). 

The elimination of AGEs from the body occurs through 

urine, and this also provides information about how 

much AGE has accumulated in the body. Although the 

excretion amounts of dAGEs vary among individuals, this 

variability significantly affects the diseases they may 

have. It is believed that when urinary excretion 

decreases, individuals may have diabetes and kidney 

disease (Karaköse, 2023). 

 

6. Inhibition Methods of d-AGES 
The association of AGEs with ailments occurs through 

increased oxidative stress by means of AGE-RAGE 

activation and/or suppression of the body's defense 

systems. Considering the detrimental effects of AGEs on 

health, reducing dietary AGE intake is the most 

appropriate method to prevent AGE-related health issues 

(Yalçın and Rakıcıoğlu, 2022).  

The pathways of glyoxalase, aldehyde dehydrogenase, 

aldose reductase and carbonyl reductase are defense 

mechanisms developed against methylglyoxal (MGO) 

formation in living organisms.  
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The glyoxalase system plays a pivotal role within cellular 

contexts as the main detoxification system used against 

MGO and other reactive carbonyl compounds (Vıcıl and 

Ulutaş, 2020). Alagebrium chloride, irbesartan, aspirin, 

carnosine, metformin, and calcium antagonists represent 

often utilized synthetic inhibitors of AGEs. Nonetheless, 

the use of synthetic AGE inhibitors may cause symptoms 

such as anemia, vomiting, dizziness, liver damage, 

gastrointestinal disorders, and headache (Khan et al., 

2020; Zhou et al., 2020). It has been reported that there 

is a strong connection between exposure to AGE 

(Advanced Glycation End-products) and impaired 

intestinal barrier function. One of the most well-known 

AGEs, the methylglyoxal-derived hydroimidazolone-1 

(MG-H1), has been shown to increase intestinal 

permeability in the human colon carcinoma cell line 

Caco-2 and to impair intestinal barrier integrity in mice 

(Lim et al., 2022). Sprague-Dawley rats fed a high-AGE 

diet for 18 weeks exhibited a significant increase in 

colonic permeability, as demonstrated by histological 

changes and the downregulation of tight junction 

proteins (TJs) like Occludin and Zonula Occludens-1 (ZO-

1) in the colonic tissue (Qu et al., 2017). A 24-week high-

AGE diet significantly impaired the integrity of the 

intestinal barrier, enhancing the movement of luminal 

molecules across the intestinal epithelium. This 

disruption was linked to a down-regulation of tight 

junction proteins (TJs), including Occludin and Claudin-1, 

in mice (Snelson et al., 2021). 

Within the glyoxalase enzyme system, comprised of 

glyoxalase-1 and glyoxalase-2 enzymes, this system is 

recognized as the glyoxalase system. Located within the 

cytosol of cells, it contains α-ketoaldehydes as substrates, 

catalyzing them with catalytic amounts of GSH and Glo1 

as cofactors. Reactive and non-cyclic α-ketoaldehydes are 

converted to α-hydroxy acids through the mediation of 

the glyoxalase system. Glyoxalase-1 catalyzes the 

isomerization of hemithioacetal, forming the structure of 

S-2-hydroxyacylglutathione. Hemithioacetal forms 

spontaneously in the presence of GSH. Glyoxalase-2, in 

contrast, converts the structure of S-2-

hydroxyacylglutathione into α-hydroxy acids and 

simultaneously regenerates the GSH consumed in the 

step catalyzed by Glyoxalase-1 (Villanueva, 2017). 

Numerous strategies have been explored to mitigate AGE 

interactions, including strategies to hinder AGE 

formation and AGE action, or disrupt pre-existing AGE 

cross-links. 

Additionally, in response to oxidative stress, the AGE-

RAGE signaling pathway triggers several intracellular 

pathways, culminating in the production of pro-

inflammatory cytokines (for example; TNF-α, IL-6, and 

TGF-β), vascular adhesion molecules (like ICAM-1, 

VCAM-1, and ET-1), and reactive oxygen species (ROS), 

hence reinforcing vascular inflammation. Specifically, 

when human aortic endothelial cells (HAECs) are 

cultured under hyperglycemic conditions, oxidative 

stress ensues through AGE-RAGE signaling activation. 

This, in turn, upregulates MAPK pathways and prompts 

NF-κB and AP-1 activation. These transcription factors 

are later implicated in the elevation of gene expression 

for lysyl oxidase (LOX), an ECM enzyme, and endothelin-

1 (ET-1), a vasoconstrictor protein. Subsequently, 

endothelial homeostasis is compromised, leading to 

cellular damage (Kosmopoulos et al., 2019) (Figure 6). 
 

 
 

Figure 6. Effects of AGE-RAGE signaling in platelets and 

endothelial cell function (Kosmopoulos et al., 2019; 
Created in BioRender. Karakütük, I. (2025f) 

https://BioRender.com/m27q949)  

 

Natural antioxidants and their alternatives are used as 

inhibitors of glycation reactions. It is stated that 

secondary metabolites abundant in fruits such as 

polyphenols also have inhibitory effects on AGEs (Zhao et 

al., 2022). In addition, the inclusion of these compounds 

can lead to results such as darker coloring in foods, 

increasing hardness and reduced taste compound 

production (Zheng et al., 2024). It has been reported that 

active compounds like miricitrin, ellagic acid, and 

quercitrin derived from Drosera tokaiensis tissue cultures 

exhibit strong inhibitory effects on AGEs (Tominaga et al., 

2020). In addition, it should be considered that quercetin, 

catechin, and caffeic acid added at low concentrations 

have been reported to decrease food CML formation 

more than high concentrations, while high 

concentrations of polyphenols can increase hydrogen 

peroxide formation. In this case, hydrogen peroxide 

accelerates the formation of CML from Amadori products 

by generating hydroxyl radicals through Fenton reactions 

(Yalçın and Rakıcıoğlu, 2022).   

In scientific terms, cooking is described as the transfer of 

energy from a heat source to food. This heat transfer 

aims to enhance the nutritional value and flavor of food, 

make it more digestible, and ensure the destruction of 

pathogenic microorganisms. Nevertheless, certain 

preparation and cooking methods may result in nutrient 

loss and a reduction in nutritional value, while some 

substances formed during cooking may render these 

foods harmful to health (Erim et al., 2022). 

It has been reported that the number of AGEs in foods is 

associated with cooking methods and cooking 

temperature. Furthermore, there is a noteworthy 

correlation between the AGE content in foods and the fat 

content and MGO level.  

https://www.sciencedirect.com/science/article/pii/S0925443919300067#f0005
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The highest AGE compounds in foods are reported to be 

found in high-fat foods such as chips, crackers, and 

cookies (Uribarri et al., 2010).  

When assessing the formation levels of AGEs based on 

cooking methods, the ranking typically proceeds as 

follows: oven roasting > deep frying > grilling > pan 

frying > boiling. Furthermore, the utilization of acidic 

marinades like tomato juice, vinegar, or lemon juice has 

been shown to potentially decrease AGE formation in 

meats by up to 50%. Notably, polyphenols, such as 

phenolic acids, flavonoids, stilbenes, and lignans, 

demonstrate anti-AGE properties (Akın and Özbek, 2022; 

Erim et al., 2022); Huang et al. (2024) demonstrated that 

resveratrol reduces oxidative stress and inflammation 

caused by AGEs in diabetic periodontitis through the NF-

κB signaling pathway in AGE-stimulated human gingival 

fibroblasts (HGFs). Increasing the consumption of low-

AGE foods such as whole grains, minimally processed 

dairy and meat products, fruits, and vegetables, while 

reducing the consumption of high-AGE foods such as 

grains, processed meat products, cheese, snack foods, 

and sugary beverages, decreases dietary AGE intake. 

Moreover, using moist heat cooking methods such as 

steaming, boiling, and simmering instead of dry heat 

cooking methods limits the formation of AGEs in foods. 

Polyphenols reduce AGE formation through mechanisms 

such as increasing antioxidant capacity, scavenging 

dicarbonyls, and breaking protein cross-links (Yalçın and 

Rakıcıoğlu, 2022). 

 

7. Detection Methods 
Many studies have been conducted to analyze AGEs in 

biological samples and foods, aiming to elucidate the 

main pathogenic mechanisms and understand whether 

the AGEs present in the human body originate from 

endogenous or exogenous sources (van Dongen et al., 

2022). 

A significant challenge in further exploring the risks 

associated with AGEs is the absence of a representative 

analytical system for detecting various AGEs in complex 

samples. Over the past decade, a range of separation and 

detection techniques have been employed to analyze 

AGEs. Separation methods include high-performance 

liquid chromatography-based techniques, such as ion 

pair chromatography, hydrophilic interaction 

chromatography, reverse phase liquid chromatography 

(RPLC and ion exchange chromatography). Detection 

methods used in these analyses include mass 

spectrometry (MS), fluorescence, and UV-Vis 

spectroscopy (Scheijen et al., 2016; Lee et al., 2024). 

Various analytical methods have been employed to 

quantify the advanced glycation end-products (AGEs) 

content in foods. The majority of studies have assessed 

the concentration of Carboxymethyllysine (CML) in foods 

using enzyme linked immunosorbent assay (ELISA) 

based techniques (Kellow and Coughlan, 2015). Both 

food and blood contain numerous AGE metabolites that 

can be quantified using ELISA. Other techniques for 

measuring AGEs include liquid chromatography, 

particularly tandem mass spectrometry (LC-MS/MS), 

which is considered the gold standard for AGE detection. 

However, due to the complexity of this method, ELISA is 

typically preferred for AGE measurement. Determining 

the exact AGE content in food is a complicated process 

that involves homogenizing and extracting individual 

food items, followed by testing AGE metabolites in the 

supernatant using ELISA. This approach has contributed 

to the development of a database containing the AGE 

values for 550 common foods. The most accurate 

measurement of serum AGE is obtained from fasting 

blood samples, as consuming a meal rich in AGEs can 

elevate AGE levels. Among the most commonly measured 

metabolites are carboxyethyl-lysine (CEL), methylglyoxal 

(MG), and carboxymethyl-lysine (CML). CML is the 

primary metabolite used in AGE food databases and is 

frequently studied in relation to diet and serum AGE 

levels, particularly concerning cancer (Peterson and 

Ligibel, 2024). 

The main factors contributing to a high AGE diet, adapted 

from dietary AGE analysis in the lung, prostate, colorectal 

and ovarian cancer screening trial, are represented by 

food groups in Figure 7 (Peterson and Ligibel, 2024). 
 

 
 

Figure 7. Contribution (%) of various food groups to 

dietary AGE intake (Peterson and Ligibel, 2024). 
*“Others” includes crackers, deserts, sugary drinks, and 

alcohol.  

 

The use of various methodologies across several studies 

has resulted in inconsistent and conflicting findings. 

Currently, there is no universally accepted method for 

the accurate measurement of numerous advanced 

glycation end-product (AGE) moieties. Frequently 

employed techniques include chromatography, high-

performance liquid chromatography (HPLC), 

fluorescence, and enzyme-linked immunosorbent assay 

(ELISA) (Peppa and Vlassara, 2005). Lee et al. (2024) 

developed a novel analytical method using RPLC-

electrospray ionization (ESI)-MS to target 14 different 

AGEs, addressing challenges such as chromatographic 

separation difficulties due to the high hydrophilicity, 

diversity, and structural similarities of AGEs. 
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They achieved high sensitivity and accuracy by 

employing pre-column dansyl chloride derivatization, 

which helped overcome the limitations of previous 

methods. In their study, they demonstrated the method's 

broad applicability by successfully identifying AGEs in 

three types of foods (beer, coffee, and sausage) and six 

distinct glycated protein types. They concluded that this 

analytical system would provide valuable insights into 

the pathogenesis of AGE-related diseases. 

 

8. Conclusion 
In summary, the detrimental impacts of dietary advanced 

glycation end-products (d-AGEs) are of significant 

concern within the processed food sector. Studies 

indicate that d-AGEs play a pivotal role in fostering 

chronic conditions like diabetes, cardiovascular issues, 

and neurodegenerative diseases. Processing techniques 

employed in the food industry, including high-

temperature cooking and prolonged storage, contribute 

to elevated levels of d-AGEs in processed foods. Efforts to 

minimize AGE formation should be increased by 

incorporating antioxidants comprising polyphenols in 

suitable proportions into foods with high AGE content 

and/or consumption levels, to sustain healthy eating 

habits and food preparation methods. Several inhibition 

methods, such as employing acidic components like 

lemon juice or vinegar, have shown potential in reducing 

the formation of d-AGE. Educating consumers about the 

detrimental effects of d-AGEs and reducing their 

consumption can lead to positive effects on public health. 
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