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Advanced glycation end products (AGEs) are a series of stable compounds produced under non-enzymatic conditions by the amino groups of biomacromolecules and the free carbonyl groups of glucose or other reducing sugars commonly produced by thermally processed foods. AGEs can cause various diseases, such as diabetes, atherosclerosis, neurodegeneration, and chronic kidney disease, by triggering the receptors of AGE (RAGEs) in the human body. There is evidence that AGEs can also affect the different structures and physiological functions of the skin. However, the mechanism is complicated and cumbersome and causes various harms to the skin. This article aims to identify and summarise the formation and characteristics of AGEs, focussing on the molecular mechanisms by which AGEs affect the composition and structure of normal skin substances at different skin layers and induce skin issues. We also discuss prevention and inhibition pathways, provide a systematic and comprehensive method for measuring the content of AGEs in human skin, and summarise and analyse their advantages and disadvantages. This work can help researchers acquire a deeper understanding of the relationship between AGEs and the skin and provides a basis for the development of effective ingredients that inhibit glycation.
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INTRODUCTION

Advanced glycation end products (AGEs) are brown substances formed in the late stage of glycation reaction between glucose or other reducing sugars and free amino groups in proteins, nucleic acids or lipids. They were first proposed by the French chemist Maillard in 1912 (1). The accumulation of AGEs is associated with the development or exacerbation of many degenerative processes or diseases (2), including diabetes (3), cardiovascular disease (4), cataracts (5), Alzheimer’s disease (6), etc., and exacerbations involve Pathology of oxidative stress mechanisms and accelerated ageing processes (7). In 1981, Monnier and Cerami (8) discovered that glycation is related to the living system. Skin interstitial tissue and collagen accelerate ageing under the influence of non-enzymatic browning, which has attracted widespread attention. Multiple comprehensive studies have found that AGEs strongly affect the dynamic balance of the skin and are a pathogenic factor for skin complications of chronic metabolic diseases (9), such as diabetic skin ulcers, infections, and non-healing wounds (10), and are the reason for the frequent occurrence of skin problems in the modern population. Studies have shown that (11–13) with the increase in the AGE content in the skin, volunteers developed skin problems such as yellowing, browning, poor elasticity, and deeper wrinkles. Researchers gradually understood that the effect of AGEs on the skin should not be underestimated. This article summarises the molecular mechanisms by which AGEs induce skin problems from the perspective of skin composition and structure, provides a systematic and comprehensive method for measuring the human skin AGE content, summarises and analyses the advantages and disadvantages of these methods, and finally discusses the prevention and inhibition of AGEs. It provides theoretical basis and new insights for researchers to develop AGE inhibitors that will relieve skin lesions of patients and improve the skin condition of the population.



BRIEF BIOCHEMISTRY OF ADVANCED GLYCATION END PRODUCTS


Formation of Advanced Glycation End Products

The Maillard reaction is the main pathway for the formation of AGEs (Figure 1), and it is divided into three stages. The first stage is the condensation of the carbonyl group of the reducing sugar with the amino acid carbonyl amine to form a Schiff base, which is rearranged by an Amadori reaction to form a stable Amadori product (14). Amadori products undergo rearrangement and degradation and are converted into highly reactive dicarbonyl compounds such as methylglyoxal (MGO), glyoxal (GO), and 3-deoxyglucosone (3-DG) (15). These carbonyl intermediates directly interact with free amino groups in proteins, resulting in a high degree of physiological damage (16). In addition to the aforementioned pathways, these carbonyl intermediates are also generated by the Wolff pathway, namely, the metal-catalysed auto-oxidation and dehydration of glucose (17). Moreover, unstable Schiff bases generate GO, MGO, and 3-DG through reverse aldol condensation and oxidative decomposition, also known as the Namiki pathway (18, 19). In organisms, dicarbonyl compounds are produced through physiological metabolic pathways, such as the formation of tricarbon phosphate and fructose-3-phosphate from glucose via the polyol pathway, which is degraded to form MGO and 3-DG (20). Alternatively, MGO, GO, and other substances are produced through lipid peroxidation. Intermediates (such as fructose 6-phosphate, glucose 6-phosphate, etc.) produced by the glycolytic pathway are also involved in the formation of dicarbonyl compounds (21). The final formation of AGEs is mainly mediated by two pathways. The first pathway is that Amadori products directly generate AGEs through the Hodge pathway, namely, through oxidative degradation or oxidative rearrangement (22), mainly including [N-(carboxymethyl)lysine] (CML), pentosidine, and glucosepane. The second pathway is that dicarbonyl compounds react directly with lysine residues and arginine residues on proteins to form AGEs. Notably, MGO production also increases AGE-derived cross-linking under conditions of high oxidative stress (23).
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FIGURE 1. The main pathway for the formation of AGEs. The condensation of the carbonyl group of the reducing sugar with the amino acid carbonyl amine forms a Schiff base, which is rearranged by an Amadori reaction to form a stable Amadori product. Some Amadori products are converted to AGEs by the Hodge pathway, and others are oxidized and cleaved to active dicarbonyl compounds. Active dicarbonyl compounds are further cross-linked with proteins to generate AGEs. These carbonyl intermediates are also generated by the Wolff pathway, Namiki pathway, and Polyol pathway.




Structure and Properties of Advanced Glycation End Products

At present, approximately 20 AGEs have been detected in human skin (24). AGEs are classified according to their cross-linking structure and fluorescence characteristics (25) into three categories (Figure 2): (1) fluorescent, cross-linked; (2) non-fluorescent, cross-linked; and (3) non-fluorescent, non-cross-linked types. Four of them, pyrraline, pentosidine, CML, and carboxyethyl-lysine (CEL), have been extensively studied as important AGEs (26, 27).
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FIGURE 2. Classification of advanced glycation end products. AGEs are classified according to their crosslinking structure and fluorescence characteristics into three categories. (A) Fluorescent, cross-linked. (B) Non-fluorescent, cross-linked. (C) Non-fluorescent, non-cross-linked.




Sources of Advanced Glycation End Products in the Skin

The sources of AGEs in the skin are mainly divided into endogenous production and exogenous intake. Endogenous AGEs are produced and accumulate in the skin during normal physiological metabolism with ageing, or in diseases associated with inflammatory responses or chronic metabolic disorders. Exogenous AGEs are derived from the diet, cigarette smoke, ultraviolet light, and air pollution.


Endogenous Advanced Glycation End Products

Conventional endogenous AGEs are spontaneously formed and accumulate in the body under physiological metabolic conditions during normal ageing, and the reaction process is slow due to the absence of enzymes (3). The levels of AGEs (CML, CEL, and pentosides) in skin collagen increase linearly with age (28–30). Verzijl et al. (30) showed that the long turnover time of collagen in skin is the main reason for the accumulation of AGEs.

Inflammatory reactions or chronic metabolic disorders such as diabetes mellitus (DM) and chronic renal failure are important sources of endogenous AGEs. The long-term high blood sugar state in patients with DM is a key factor promoting the formation of AGEs (31), and the production and accumulation of AGEs is one of the main mechanisms of diabetes complications (32). In patients with renal failure, reduced elimination of water-soluble, low-molecular weight AGEs and high levels of oxidative stress also contribute to the accumulation of AGEs (33). Some scholars proposed the theory of “common soil” (34–36). AGEs accumulate in large quantities in organisms and “guide” obesity, diabetes and diabetic complications by inducing insulin resistance syndrome (IR), producing metabolic disorders and pathogenic environmental factors. Endogenous AGEs appear faster and accumulate more extensively, further forming a feed forward-driven pathological cycle that mediates a series of metabolic dysfunctions.

The fluorescence level of AGEs in the skin has been shown to determine the survival rate of patients on dialysis (37, 38), is an important marker of cardiovascular mortality in patients with chronic kidney disease (CKD) (38, 39), and has been used to measure the risk of DM complications (40). The content of AGEs in the skin of haemodialysis patients is significantly higher than that of healthy individuals (33, 41). Patients with severe psoriasis (42), diabetes and insulin resistance (IR) syndrome (43, 44), and systemic lupus erythematosus (45, 46) exhibit exacerbated production of endogenous AGEs, and the levels of AGEs in their skin were higher than those in the control group due to their persistent chronic inflammation, hyperglycaemia, or oxidative stress. In clinically, due to the differences in AGEs expression among these diseases that the skin fluorescence AGEs can utilised to predict the occurrence of diseases such as diabetes, renal or cardiovascular diseases (47).

Oxidative stress is an important factor contributing to the formation of endogenous AGEs. When organisms are under oxidative stress for a long time, the body’s original defence mechanisms are exhausted and ROS are over-produced and accumulate, resulting in increased levels of reactive aldehydes and their derivatives and eventually leading to the massive production of endogenous AGEs and ALEs (advanced lipoxidative end products) (48). On the other hand, AGEs trigger various physiological and pathological responses by activating the receptor of Advanced glycation end products (RAGE) (49), and activate NADPH oxidase to increase ROS levels. ROS are involved in the process of monosaccharide autoxidation and play a role in the development and stabilisation of cross-links of early glycation products (50).



Exogenous Advanced Glycation End Products

The intake of exogenous AGEs mainly is mainly derived from food and is called food-derived advanced glycation end products (dAGEs). The Maillard reaction of food during high-temperature cooking (grilling, frying, baking, etc.) produces a large amount of dAGEs, which are closely related to the colour, flavour, and taste of food (51). A Rotterdam study indicated that the intake of dAGEs was positively correlated with the content of AGEs in the skin (52). With the development of society and changes in the dietary habits of the population, the consumption of this highly processed food has increased exponentially, and AGEs may be the most important factor in the link between modern diet and health (26, 53).

Cigarette smoke is also an important source of exogenous AGEs (54). Dickerson and Janda (55) showed that the tobacco metabolite nornicotine is involved in the synthesis of Amadori products, causing abnormal protein glycation, and the skin AGEs fluorescence value (SAF) of smokers is significantly higher than that of non-smokers (56). The skin AGE levels of breastfed infants in the smoking group were higher than those in the non-smoking group (57).

Ultraviolet rays and air pollution also increase the content of skin AGEs (27, 36). The AGE content increased in fibroblasts treated with fly ash simulated granular air pollution (58). The dermal CML content of sun-exposed skin is more than 10% higher than that of sun-protected skin, and UV light further promotes the accumulation of CML and pentosides in the skin by inducing oxidative stress (59, 60).




Metabolic Pathways of Advanced Glycation End Products

Organisms activate multiple glycation defence systems to prevent AGE-mediated cytotoxicity, and protect human tissues from glycation-induced damage by promoting the metabolism of AGEs and their precursors to repair and eliminate glycation products. These pathways include the glyoxalase system, fructose amine 3-kinase (FN3K) repair enzyme, ubiquitin-proteasome system (UPS) and autophagy system (61, 62). The glyoxalase system, FN3K, reduces the formation of precursor compounds of AGEs. Glyoxalase I catalyses the transformation of dicarbonyl compounds such as MGO, GO and glutathione to D-lactyl glutathione, which is converted into the non-toxic compound D-lactate through the action of glyoxalase II and excreted (63–65). FN3K is an enzyme that repairs Amadori products. It phosphorylates fructose-conjugated lysine residues to destabilise them from proteins, thereby separating the binding of sugars to proteins to effectively deglycosylate proteins (66). The UPS and the autophagy system are pathways for the elimination of AGEs in organisms (67, 68). The UPS plays an important role in the protein quality control mechanism and is responsible for maintaining the normal functioning of cells by removing damaged proteins. The two systems independently or cooperatively remove AGEs (69), but the specific mechanism of AGE removal remains unclear (61).




VARIOUS ADVANCED GLYCATION END PRODUCTS DAMAGE DIFFERENT LEVELS OF THE SKIN STRUCTURE

Several studies have indicated that AGEs accumulate after they are produced in the human body, which leads to the destruction of skin tissues by regulating gene expression, destroying protein structures, binding to RAGEs, mediating a series of signalling pathways, and affecting the apoptosis and differentiation of skin-related cells. AGEs affect all levels of the skin, causing inflammation, ageing, yellowing and other issues. We demonstrate the consequences of AGEs on the epidermis of the skin in Figure 3, and those of the dermis of the skin are shown in Figure 4. Table 1 summarises the effects of AGEs on each layer of the skin and the corresponding molecular mechanisms.
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FIGURE 3. The effect of AGEs on the epidermis of the skin. (A) AGEs obstruct skin wound healing. (B) AGEs reduce the contents of ceramide (CER) and cholesterol (CHOL) in the epidermis, eventually leading to a reduction in skin lipid content. (C) AGEs destroy the keratinocyte cell structure in the epidermis. (D) AGEs promote the production of melanin in melanocytes.
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FIGURE 4. The effect of AGEs on the dermis of the skin. AGEs and collagen are cross-linked, causing the protein to brown and the fibers to deform. Elastin fiber becomes thinner, less rigid, and loses its biological properties. Glycosylated vimentin leads to the loss of fibroblasts’ contraction ability and the inability to maintain the basic cell shape. AGEs bind to RAGE receptors to regulate gene expression and mediate a series of signal pathways.



TABLE 1. The effects of advanced glycation end products (AGEs) on various layers of the skin and their molecular mechanisms.
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The Effect of Advanced Glycation End Products on the Epidermis


Advanced Glycation End Products Cause Impaired Skin Barrier Function

As a firm structure on the surface of the skin, the skin barrier has the ability to limit water loss and maintain an important shielding function and consists of the stratum corneum and sebaceous membrane. An in vitro study by Yokota et al. (70) showed that AGEs reduce the contents of ceramide (CER) and cholesterol (CHOL) in the epidermis by reducing the expression of ceramide synthase (CERS3). This is similar to the results of Park et al. (71)’s research based on rats. Under the stimulation of glycation, the synthesis of epidermal CHOL in rat’s decreases, which leads to a decrease in the lamina, thereby delaying the self-repair of the barrier. Studies by Lee et al. (72) have shown that glycation causes the function of epidermal structural proteins (filaggrin, transglutaminase-1) to be affected, causing damage to the skin barrier. From in vitro and in vivo experiments, there is sufficient evidence at the molecular level to show that under the influence of glycation, the skin barrier is damaged and cannot maintain its protective functions.



Advanced Glycation End Products Destroy the Keratinocyte Cell Structure in the Epidermis

Keratinocytes, as the main constituent cells of the epidermis, play an important role in skin health. Studies have shown that keratinocytes under the influence of glycation are disordered in the epidermal layer, which leads to cytoplasmic vacuolation (73). Experiments by Park et al. (71) showed that the integrity of the stratum corneum decreases when lipid synthesis in the epidermis is reduced. A 3D skin model after glycation showed that α1 integrin and β6 integrin in the epidermal cell basal layer were overexpressed under the influence of AGEs (74, 75). As a result, the stratification of keratinocyte cells was disordered, the cytoplasm was vacuolated, and the stratum corneum became thin.



Advanced Glycation End Products Promote the Production of Melanin in Melanocytes

Research by Lee et al. (76) showed that AGEs secreted by keratinocytes under ultraviolet irradiation combined with RAGEs and through the ERK and CREB signalling pathways, increased MITF expression and tyrosinase activity and ultimately promoted the production of melanin in melanocytes. The mechanism of AGEs and RAGEs may contribute to preventing photoageing.



Advanced Glycation End Products Obstruct Skin Wound Healing

Diabetes patients produce more glycation end products than non-diabetic individuals and often suffer from foot ulcer complications. Zhu et al. (77) studied the effect of AGEs on the production of MMP-9 in HaCaT cells, and the results showed that AGEs upregulate the expression of MMP-9 in cells through the RAGE-MAPK-ERK1/2 or p38 pathway. Further, the overexpression of MMP-9 affects skin wound healing. Pageon et al. (74) using a full-thickness restructuring skin model, also proved that the 9activity of MMP-9 was increased under AGE stimulation.




The Influence of Advanced Glycation End Products on the Dermis


Advanced Glycation End Products Promote Fibroblast Apoptosis

In photoageing fibroblasts, AGEs accelerate deposition and accumulation in the skin by reducing the expression of the CatD enzyme, which reduces the ability to degrade AGEs, thereby further accelerating photoaging (78). A study showed that CML, as the most abundant AGE in the human body, activates ROS, induces the expression of p38/JNK, activates the FOXO1 transcription factor, and ultimately leads to fibroblast apoptosis (79).

The interaction between AGEs and fibroblast membranes causes changes in cell function. AGEs increase the fluidity of cell membranes and liposome membranes and change their hydrophobicity. Sodium hyaluronate (HA) decreases with increasing AGEs (80). A study in diabetic model mice pointed out that mast cells in type 2 diabetic mice release histamine and increase the production of hyaluronidase, which leads to a decrease in the synthesis of HA (81). This may explain the fact that diabetic patients are prone to suffer from dry skin under long-term high-sugar conditions.

RAGEs have the highest expression level in skin fibroblasts. In the human body, both exogenous and endogenous AGEs trigger various physiological and pathological responses by activating RAGEs. After AGEs directly cross-link or indirectly bind to cell surface receptors, they activate MAPK signalling molecules, including p38, phosphatidylinositol 3-kinase (PI3K)/Akt, MAPK/ERK, and JIKs, and the combination of AGEs and RAGEs also increases ROS production. ROS production is the most important induction mechanism of the inflammatory response. ROS activation increases the levels of the nuclear factor kB (NF-kB) transcription factor (82). RAGEs activate NF-κB through a signalling pathway (83), thereby stimulating ROS upregulation and inducing the expression of RAGEs, creating a positive feedback loop. The results of these events include upregulation of inflammation, induction of oxidative damage, interference of cell movement, and changes in cell metabolism (22, 49). In a long-term high glucose environment, HMGB1 acts as a RAGE agonist after binding, induces the expression of the TRPV1 protein, sensitises neurons, and easily induces pain (84).



Advanced Glycation End Products Destroy Fibre Contracture in the Dermis

Advanced Glycation End Products easily accumulate in the extracellular matrix of the dermis, changing the balance between the synthesis and degradation of the extracellular matrix and ultimately leading to impaired skin homeostasis. The recombinant skin model established by Pageon showed increased activity of matrix metalloproteinases (MMP-1, MMP-2, and MMP-9) after glycation stimulation (74). The skin model of Lee et al. (72) also confirmed that under glycation, matrix degrading enzymes (MMP-1) and extracellular matrix (ECM) synthesis (collagen, elastin, etc.) are reduced, leading to degradation of the ECM. The results of Lohwasser et al. (85) also confirmed that AGEs change the expression of ECM-related genes in fibroblasts. Under AGE stimulation, HFF produces excessive MMP-2, and the basement membrane was destroyed.

The extracellular matrix is rich in longevity proteins, collagen, vimentin, elastin, etc. After AGEs are produced, they easily bind and cross-link proteins. Under long-term accumulation, the protein structure is destroyed and the fibres are deformed, making them unable to maintain biomechanical properties and functions.

Collagen is one of the structures most easily attacked by AGEs. Due to the irreversibility of non-enzymatic cross-linking and the low turnover of collagen, AGEs gradually accumulate on collagen over time, which causes the collagen to brown and the skin to turn yellow. After collagen and AGEs are cross-linked, the fibre deformation reaches more than 80% of all tissue deformation, resulting in a loss of obvious stress relaxation behaviour (86). The full-thickness restructuring skin model of Lee et al. (88) showed that the yellowness of the skin increases with increasing AGEs (CML). Laughlin et al. (87) collected female skin samples to determine the content of AGEs, and the number of AGEs was significantly higher in people with dull and yellow skin.

Elastin cannot avoid cross-linking with AGEs. Lee et al. (88) developed a face glycation imaging system to study the correlation between facial skin elasticity and AGEs in healthy women, and the results showed that facial elasticity was negatively correlated with the cheek skin glycation index. The reasons may be thinning of the elastin fibres saccharified under confocal microscopy, a decrease in hardness, and the loss of elastin’s biological properties (89).

Kueper et al. (90) first determined that vimentin is the main target of CML in fibroblasts, and studies have shown that the accumulation of CML-vimentin can be found in the living skin fibroblasts of elderly donors. The modification of vimentin by CML leads to the loss of fibroblast contraction and ultimately accelerates the ageing process.





SKIN ADVANCED GLYCATION END PRODUCTS MEASUREMENT METHODS

When researching glycation reactions, experimenters usually use high-performance liquid chromatography (HPLC), gas chromatography (GC), mass spectrometry (MS), and enzyme-linked immunosorbent assays (ELISAs) to determine the content of AGEs. These methods mostly target biological samples such as serum, tissue, and urine. For more than 10 years, there have been several methods for measuring the content of AGEs in human skin, and these methods are non-invasive, real-time, and convenient. We describe and analyse the methods for measuring the content of skin AGEs and summarise the advantages and disadvantages of these methods in Table 2.


TABLE 2. Different methods for measuring the content of advanced glycation end products (AGEs) in human skin and their advantages and disadvantages.
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The autofluorescence reader (AFR), a real-time, non-invasive instrument for measuring the skin AGE content by using skin autofluorescence spectroscopy, was developed by Meerwaldt et al. (91). According to the determination of the content of fluorescent AGEs in skin biopsies by AFR and HPLC, the data are obviously related. However, the AFR instrument cannot detect non-fluorescent AGEs, cannot rule out the interference of other fluorophores in the skin, and the accuracy of the results is affected by the skin colour depth.

A multiphoton microscope (MPAF) was used by Ghazaryan et al. (92) to scan skin tissue in depth and laterally to extract multiphoton autofluorescence, second harmonic generation (SHG) intensity and spectral data information. Combining two-photon microscopy and spectroscopic analysis technology, MPAF can non-invasively locate, image and quantify skin glycosylated tissue, providing real-time monitoring of the spatial and temporal effects of glycation on skin tissue.

Confocal Raman spectroscopy (CRS) was used by Pereira et al. (93) to determine the presence and differences in AGE content by identifying the reference spectra of the main AGEs present in human skin. This method can measure the content of AGEs in full-thickness skin tissue and explore the molecular mechanism of skin glycation through temporal and spatial spectral changes.

Raman signal spectroscopy was used by Shi et al. (94) to study the effect of collagen glycation. This method examines collagen fibres after decellularisation of the dermal matrix in mice and detects changes in collagen caused by non-enzymatic glycation. It is also the first research method to detect changes in the molecular structure of collagen after glycation in vivo.

The facial glycation imaging system (FGIS) was developed by Lee et al. (88) for the determination of the human facial skin glycation index. After the system collects facial images, it uses image analysis algorithms to calculate the autofluorescence of AGEs and the total skin reflectance to give the skin glycation index. It is also the first measurement method that is not limited to the forearm, allowing for the measurement of AGEs on human facial skin.

The above methods are primarily established on the basis of spectroscopy, whereas ELISA is widely used to study biological samples (the activity and spectra of tissue, etc.) (72). This method is relatively simple and inexpensive and does not require complicated experimental equipment. However, this method is invasive, and its accuracy depends on the experimenter and the specificity of the antibodies used in commercial kits. In addition, only one target can be tested at a time.



PATHWAYS INHIBITING ADVANCED GLYCATION END PRODUCTS

Globally, researchers are developing AGE inhibitors using different methods to improve various chronic metabolic diseases and skin complications caused by AGEs (95, 96). The inhibition of AGEs is divided into three strategies. The first reduces AGE production by inhibiting the AGE formation pathway and prevents the damage of AGEs to the skin at the source. The second reduces the accumulation of AGEs in human tissues by catabolizing and removing the generated AGEs (61); the third disrupts the signalling mediated by the AGE-RAGE axis.


Inhibitory Pathway Before Advanced Glycation End Products Formation

At present, the inhibition mode and potential action sites of the AGE formation pathway mainly include seven methods (as shown in Figure 5 and Table 3 ABCDEFG): A. maintain and stabilise the protein structure; B. chelation of transition metals; C. capture and block dicarbonyl compounds; D. neutralise, inhibit and scavenge free radicals; E. activation of the glyoxalase detoxification system; and F. inhibition of aldose reductase.
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FIGURE 5. The mechanisms of AGEs inhibition. (A) Maintain and stabilize the protein structure. (B) Chelation of transition metals. (C) Capture and block dicarbonyl compounds. (D) Neutralize, inhibit, and scavenge oxidative free radicals. (E) Activation of the glyoxalase detoxification system. (F) Inhibition of aldose reductase. (G) Activation of the proteolytic system. (H) Regulation of AGE-RAGE signal transduction. (I) Disruption of protein cross-linking.



TABLE 3. Compounds that inhibit the formation of advanced glycation end products (AGEs) and their mechanisms based on the categories of inhibitory pathways.
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A. Maintain and Stabilise the Protein Structure

The free Lys or Arg residues of proteins and glucose carbonyl carbonylamines condense to form Schiff bases, which are subsequently rearranged by an Amadori reaction to form more stable products and finally form AGEs (97). Among them, lysine residues are the sites most prone to glycation in proteins, and sugars have higher affinity for arginine, cysteine and lysine residues (98, 99). Some natural compounds inhibit AGE production by stabilising the protein structure through competitive binding to the glycation site of the protein. Phytosterols (PS) inhibit AGE formation by interacting with the lysine residues of bovine serum albumin (BSA), preventing the binding of reducing sugars to proteins (100). Liu et al. (101) showed that anthraquinones interact with amino acid residues in human serum albumin (HAS), maintain the protein structure, and inhibit the glycation reaction induced by MGO and GO. Folic acid (FA) binds to HSA, is stabilised by hydrophobic interactions and hydrogen bonds, and exhibits significant anti-glycation activity (102).



B. Chelation of Transition Metals

The metal ions Fe2+, Cu2+, and Fe3+ with catalytic oxidation activities catalyse the oxidation of proteins and other substances and generate free radicals through a process mediated by glucose, which significantly increases the rate of AGE accumulation (103). For example, the auto-oxidation of glucose catalysed by metal ions generates α-dicarbonyl compounds via the Wolff pathway (104). Pyridoxamine (PM) inhibits the oxidative degradation step after Amadori products are formed by binding metal ions to generate complexes, reducing AGE production (105). Price et al. (106) showed that common AGE inhibitors used in vitro, such as phenacylthiazolium bromide (PTB) and phenacyldimethylthiazolium bromide (PMTB), display significant Cu2+ chelation activity, which is the main mechanism for inhibiting the formation of AGEs.



C. Capture and Block Dicarbonyl Compounds

Glycosylated carbonyl intermediates are a class of compounds responsible for the formation of most AGEs and ALEs, and are important intermediates of Wolff pathway, polyol pathway and Namiki pathway, as well as the precursor structure of AGEs such as CML and CEL, which determines the amount of endogenous AGEs that forms (3). The reactivity is much higher than that of glucose and is associated with a high degree of physiological damage called carbonyl stress, which is collectively referred to as RCS (107, 108). Aminoguanidine (AG) (109) captures the carbonyl group formed by oxidative cleavage of Amadori products through nucleophilic addition reaction and prevents rearrangement and subsequent degradation. Carnosine reduces the contents of CML and pentoglycoside in skin by reducing the number of MGO reactive groups (110). Many studies have shown that the anti-glycation activity of flavonoids is strongly correlated with its molecular structure. The number and position of hydroxyl groups on the A and B rings, namely, 3′-, 4′ -,5′- and 7 hydroxyl groups, improve the anti-glycation activity. Epicatechin gallate (ECG) captures MGO through the hydroxyl groups on ring A to form an ECG-MGO adduct that inhibits glycation (111). The three and five positions of the phloside A ring (112) and the C-6 and C-8 positions of the quercetin A ring (113) are the main active centres for scavenging the dicarbonyl compounds MGO and GO.



D. Neutralise, Inhibit, and Scavenge Oxidative Free Radicals

Oxidative radicals are the most important participants in glycation reactions. Antioxidants protect the protein structure from damage and inhibit the highly reactive precursor compounds of AGEs (carbonyl compounds) that result from sugar chain cracking or lipid peroxidation. Neutralising, inhibiting, and scavenging free radicals, and reducing oxidative stress and ROS production are important approaches to inhibit AGEs (114, 115). According to published data, polyphenols are common anti-glycation active substances, and their ability to inhibit glycation reactions is related to their antioxidant properties (116). Wu et al. showed that the antioxidant activity of lotus seedpod and its metabolites was positively correlated with its antioxidant capacity, and antioxidant activity may be the basis of the AGE inhibitory effect (116, 117). Studies have shown that red grape skin extract (RGSE) (118) may prevent oxidative damage to proteins and reduce the formation of AGEs through its powerful antioxidant properties, reducing ROS formation. Milk thistle flower may reduce the CML content of skin explants by scavenging free radicals and reduce skin wrinkles (119). The red maple leaf phenolic extract possesses anti-glycation activity, reduces MGO-induced oxidative stress in HaCaT cells, and protects the skin (120).



E. Activation of the Glyoxalase Detoxification System

The glyoxalase system is a metabolic pathway that exists in epidermal keratinocytes and dermal fibroblasts and consists of glyoxalase I, glyoxalase II, and reduced glutathione as a cofactor. Glyoxalase I catalyses the transformation of dicarbonyl compounds such as MGO, GO, 3-DG, and glutathione into D-lactyl glutathione, which is converted into the non-toxic molecule D-lactate that is excreted from the body under the action of glyoxalase II. Glyoxalase detoxification system inhibit carbonyl stress and maintain the low tolerance level of dicarbonyl compounds. It is a powerful defence system against glycation reactions in the human body (63, 64). Studies have shown that Pterostylus membranaceus (PTS) (121) and Lithospermum erythrorhizon root (122) activate the glyoxalase defence system by upregulating the glyoxalase I (GLO-1) expression level and increasing the glutathione (GSH) content, thus reducing the production of AGEs and improving the skin condition.



F. Inhibition of Aldose Reductase

Aldose reductase (AR) is a key and rate-limiting enzyme in the polyol pathway. In the polyol pathway, glucose is catalytically reduced to sorbitol, converted to fructose and its metabolites, which are more reactive in glycation, and subsequently rapidly converted to α-dicarbonyl compounds (123). Therefore, controlling the flux of the polyol pathway by inhibiting AR is one of the effective methods to reduce the formation of AGEs. The isolation of chemicals with AR inhibitory activity from plant extracts is the focus of many researchers (124). Pumpkin polysaccharide contains a functional carboxyl group necessary to inhibit AR, interacts with residues on the side chain of the enzyme through its own hydrogen bonds, and interacts with the positively charged nicotinamide ring on the coenzyme through ionic bonds to finally inhibit AR and reduce the formation of AGEs (125). Naringenin binds to the NADPH binding site of AR to form a stable complex, and interacts with the key residues Trp20 and His 10 of AR to inhibit the reactivity of AR (126).




Inhibitory Pathway After the Formation of Advanced Glycation End Products

For exogenous AGEs ingested by people through the diet, air and other routes, as well as endogenous AEGs formed by various pathways in the body, the accumulation of AGEs in human tissues is usually reduced by catabolism and elimination (61), or the signal transmission and protein cross-linking mediated by the AGE-RAGE axis are destroyed (127). These processes interrupt and inhibit AGE formation and subsequent damage to the skin. The inhibitory mode and mechanism include the following three methods: G. activation of the proteolytic system; H. regulation of AGE-RAGE signal transduction; and I. disruption of protein cross-linking.


G. Activation of the Proteolytic System

The UPS and autophagy are known to effectively remove and degrade damaged and misfolded proteins (67, 68). The UPS plays an important role in protein quality control and is responsible for maintaining normal cellular functions by removing damaged proteins. AGEs are often involved in the formation of cross-linked and aggregated proteins and directly inhibit UPS activity (67). Laughlin et al. (87) showed that an Nymphaea alba flower extract, which is an autophagy agonist, removed and recovered AGEs that accumulated in the skin, thereby improving dull and ageing skin.



H. Regulation of AGE-RAGE Signal Transduction

The first pathway by which AGEs damage skin is by binding to RAGE, activating P13K-AKT, MAPK-ERK, JAK2-STAT1 and other signalling pathways, and inducing the expression of NK-κB, FOXO1 and a large number of pro-inflammatory, and pro-apoptotic factors, such as TNF-α, IL-6, and IL-1β. The expression of RAGE in keratinocytes is closely related to persistent acute skin inflammation (128) and induces skin cell apoptosis, skin injury, and senescence (129). Therefore, the identification of RAGE as a therapeutic target to reduce the harm of AGEs to skin is of great importance and has broad research prospects.

Aptamers are short single-stranded DNA or RNA molecules that bind with high affinity and specificity to a variety of target proteins (130). Yamagishi et al. (131) showed that specific DNA aptamers of AGEs dose-dependently inhibit AGE-RAGE binding, thus blocking the AGE-RAGE signal. However, its safety and efficacy as a therapeutic tool require further exploration.

Regulation of RAGE expression by phytochemicals is a common method. Resveratrol significantly decreases RAGE expression and upregulates AGE scavenger receptor A (SR-A) expression by activating PPAR-γ, thus blocking AGE-RAGE signalling (132). Bombax ceiba L. calyx regulates the expression of RAGE and reduces the oxidative stress response, thus ameliorating the cellular dysfunction caused by AGEs (133).

Soluble RAGE (SRAGE), including AGE-R1/OST-48, AGE-R3/Galectin-3 and some scavenger receptors (MSR-AII, MSR-Bi, and CD36), have also been detected in the circulation and body fluids. AGE-R1 is considered the receptor mediating AGE turnover and clearance (134). These receptors compete with RAGE to block the range of effects of AGE-RAGE signalling on the skin (135). Lin et al. (136) found that curcumin induces AGE-R1 expression by inhibiting ERK activity and upregulating PPAR-γ, and it reduces some of the harmful effects induced by AGEs.



I. Disruption of Protein Cross-Linking

Advanced glycation end products form and bind to long-lived proteins in the skin, cross-linking them, damaging their structure, deforming their fibres, and eventually resulting in a loss of their biological properties. Therefore, further skin damage caused by AGEs may be reduced by investigating AGE-collagen cross-linking inhibitors and rupture agents. Studies have shown that chebulic acid (CA) (137) both inhibits age-collagen cross-linking and disrupts the cross-linked structure, but the mechanism of action remains unclear. Phenolic and tannic compounds in marine algae significantly inhibit the formation of AGEs and break the cross-links between AGEs and collagen (138).




Different Pathways Can Inhibit Advanced Glycation End Product Accumulation

Advanced glycation end product inhibitors are divided into two main categories: synthetic and natural inhibitors. The chemical synthesised inhibitors include aminoguanidine, quinine, TZDS, and metformin, which inhibit AGEs; however, these compounds are associated many side effects and safety issues, such as reduced liver function, anaemia, vomiting, gastrointestinal disease, diarrhoea, dizziness, headache, flu and lupus symptoms, and anti-neutrophil cytoplasmic antibody-associated vasculitis (139). The inhibition of AGEs by natural bioactive substances has aroused the interest of researchers worldwide. These substances are harmless, have fewer side effects and less toxicity, and enable the use of technological progress, making them the research direction with the most potential and trend of AGE inhibitors (140).

According to published data on AGE inhibitors, most of the inhibitory mechanisms are attributed to chelation by transition metals, blocking the capture of highly active dicarbonyl compounds, and neutralising the suppression of oxygen free radicals. Few reports have assessed methods to treat AGEs that have been formed. In the early literature, AGEs were presumed to be unable to be removed and irreversible after they were generated. However, in recent years, preliminary progress has been achieved in developing strategies to eliminate the harm caused by AGEs. Research in this direction is also currently an urgent need and a promising research direction.

At present, in the exploration and development of AGE inhibitors, some researchers have confirmed that the inhibitor exerts a positive effect on related skin diseases or conditions by inhibiting the glycation reaction, such as ameliorating systemic lupus erythematosus, skin complications of diabetes, and systemic scleroderma, delaying ageing, and accelerating wound healing. AGE inhibitors are expected to be a new therapeutic agent to improve the skin condition of people and the skin complications of chronic metabolic diseases.




CONCLUSION

In recent years, AGEs have been studied mainly as markers of diseases such as diabetes and key substances in the theory of carbonyl stress ageing. Comprehensive studies have shown that AGEs not only reduce skin elasticity, accumulate pigments, and produce appearance changes such as wrinkles but also destroy the skin barrier, cause the apoptosis of skin-related cells, and induce inflammation. In addition, AGEs are irreversible and difficult to metabolise. As AGEs accumulate year-by-year, the skin undergoes profound changes from the inside to the outside.

By examining the molecular mechanisms of ageing in different skin structures, we found that the skin is affected mainly through two aspects. The first is through cross-linking with long-lived proteins, which destroys the protein structure, deforms fibres, and ultimately causes the protein to lose its biological function. The second is via a series of signalling pathways mediated by AGEs binding to RAGEs, which then regulates gene expression.

There have been many studies on AGEs, but most of them have been in the context of diabetes, atherosclerosis, and liver diseases. People have gradually discovered that the impact of AGEs on the skin should not be underestimated, but research on the mechanisms of these effects is relatively scattered. This article summarises the formation and characteristics of AGEs, focussing on the molecular mechanisms by which AGEs affect the composition and structure of normal skin substances at different skin layers and induce skin issues. Based on the many skin problems induced by AGEs and the complicated mechanism, we also identified prevention and inhibition pathways, discussed systematic and comprehensive methods for measuring the content of AGEs in human skin, and summarised and analysed their advantages and disadvantages. This paper helps researchers acquire a deeper understanding of the relationship between AGEs and the skin and provides a basis for the development of effective ingredients that inhibit glycation.
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Mechanism

(i) Decreased expression of ceramide synthase CERS3
reduces the content of ceramide (CER) and
cholesterol (CHOL) in the epidermis

(i) Reduced epidermal lipid synthesis

(iii) The function of structural proteins (filaggrin,
transglutaminase-1) is affected

(i) The stratification of keratinocytes in the epidermis is
disordered and the cytoplasm is vacuolated

(ii) With the reduction of epidermal lipid synthesis, the
integrity of the stratum corneum decreases

(i) AGEs bind to RAGEs, activate ERK and CREB
signalling pathways, and increase MITF expression
and tyrosinase activity

() The RAGE-MAPK-ERK1/2 or p38 pathway
upregulates the expression of MMP-9 in cells

(i) In the cell: expression of the CatD enzyme is
reduced, ROS activation, expression of p38/JNK is
induced, and the FOXO1 transcription factor is
activated

(ii) Cell membrane: The fluidity of the cell membrane
and liposome membrane increases; mast cells
release histamine and the production of
hyaluronidase increases, and sodium hyaluronate
HA reduces AGE-RAGE-MAPKs (p38, PI3K/Akt,
ERK, JIKs), increases the production of ROS,
activates the expression of the NF-kB transcription
factor HMGB1, and after binding to RAGEs,
induces the expression of the TRPV1 protein

() The activities of the matrix metalloproteinases
MMP-1, MMP-2, and MMP-9 all increase, which
changes the expression of ECM-related genes in
fibroblasts

(ii) Cross-linking with collagen, vimentin, and elastin,
and long-term protein accumulation

Symptoms

(i) The skin barrier is destroyed

(i) Decrease lamina, delaying the self-repair of the skin
barrier

(iii) The function of related proteins to establish the skin
barrier is destroyed

(i) Loose skin structure
(i) Thinning of the epidermis

(i) The production of melanin in melanocytes is
promoted and the skin is prone to photoaging

(i) The overexpression of MMP-9 affects skin wound
healing

(i) AGEs accelerate their deposition and accumulation
in the skin, which further accelerates the
senescence caused by photoaging; fibroblast
apoptosis

(ii) Inflammation

(iii) Skin sensitivity to pain

(i) Changes the balance between the synthesis and
degradation of the extracellular matrix, which
ultimately leads to impaired skin homeostasis

(i) Destruction of the protein structure and fibre
deformation, making them unable to maintain their
biomechanical properties and functions

(i) The browning of collagen causes skin yellowing,
the loss of fibroblast contraction ability, and
ultimately accelerates the ageing process

(iv) Skin sensitivity to pain
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