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Abstract

Glycative stress, caused by the accumulation of cytotoxic and irreversibly-formed sugar-derived
advanced glycation end-products (AGESs), contributes to morbidity associated with aging, age-
related diseases, and metabolic diseases. In this review, we summarize pathways leading to
formation of AGEs, largely from sugars and glycolytic intermediates, and discuss detoxification of
AGE precursors, including the glyoxalase system and DJ-1/Park7 deglycase. Disease pathogenesis
downstream of AGE accumulation can be cell autonomous due to aggregation of glycated proteins
and impaired protein function, which occurs in ocular cataracts. Extracellular AGEs also activate
RAGE signaling, leading to oxidative stress, inflammation, and leukostasis in diabetic
complications such as diabetic retinopathy. Pharmaceutical agents have been tested in animal
models and clinically to diminish glycative burden. We summarize existing strategies and point
out several new directions to diminish glycative stress including: plant-derived polyphenols as
AGE inhibitors and glyoxalase inducers; improved dietary patterns, particularly Mediterranean
and low glycemic diets; and enhancing proteolytic capacities of the ubiquitin-proteasome and
autophagy pathways that are involved in cellular clearing of AGEs.
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1. Introduction: AGE formation in biology

Glycative stress is etiologically related to accelerated aging and increased risk for multiple
diseases such as diabetes, cancer, kidney, ocular, and cardiovascular diseases [1,2]. During
glycative stress exogenous or endogenous advanced glycation end-products (AGESs) are
aberrantly deposited, promoting protein modifications and dysregulating signaling and
protein quality control pathways. These changes in the proteome and signaling lead to
inflammation, perturbed tissue physiology, and ultimately to the onset of diseases [3].
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AGESs comprise a heterogeneous group of compounds that arise via a non-enzymatic
reaction called glycation, a spontaneous post-translational modification in which a carbonyl
group of reducing sugars is covalently coupled to proteins, lipids and nucleic acids (Fig. 1).
First, highly reactive dicarbonyl metabolites are generated from sugars in circulation or
formed during the glycolytic process [4]. These precursors undergo the Maillard reaction, a
condensation between reducing sugars (e.g. glucose, fructose, ribose) and the free amino
groups of proteins, leading to the formation of reversible unstable Schiff bases that finally
may evolve into more stable Amadori products. Amadori products have the tendency to
undergo oxidation re-arrangement, dehydration, and cyclization, and over time, form the
dicarbonyl intermediates that react with arginine and lysine residues to irreversibly generate
crosslinked AGEs.

Different sources contribute to the accumulation of AGEs in multiple human tissues. Firstly,
there is an uptake of exogenous AGEs from dietary sources. The contribution of exogenous
AGEs to circulating AGE levels has been estimated at approximately 30% of the total AGEs
accumulated in the body [5]. Only 10% of consumed AGEs are intestinally absorbed and
one-third of these AGEs are quickly excreted in the urine within 48 h, thus removed from
the circulation [6-8]. Sugar intake also plays a central role. Thus the consumption of high
sugar content diets accelerates the formation of reactive dicarbonyls. Levels of dicarbonyls
compounds are usually lower than 150 nM in human plasma but deviations of these
homeostatic values due to the nutrition may lead to detrimental consequences [9]. Food
manufacturing processes or cooking methods can also dramatically increase the formation of
dietary AGEs and consequently increase AGE deposition in the body. To avoid the glycation
damage generated by circulating AGEs, efficient removal of AGEs via the renal system
plays a vital role to preserve the health of the tissues and organs [7].

Apart of the exogenous sources, increased cellular AGEs may come from formation of
dicarbonyls during glycolysis, a defective functionality of detoxification pathways, and/or
insufficient degradation of AGEs (Figs. 1, 2). In mammalian cells, dicarbonyl concentrations
range between 1 and 4 uM, approximately 10 fold the plasma level [7]. Multiple
detoxification systems are required to avoid AGE-mediated cytotoxicity [9,10].

In the present review we will systematically discuss the intracellular molecular pathways
that are available, at least in young tissues, to reduce glycative damage and how these
capacities are compromised during aging and age-related diseases. Current therapeutic
approaches and their limitations will be also discussed. We propose that dietary
manipulations by targeting these molecular routes provide ways to maintain health as well as
therapeutic alternatives for prevention of glycative stress.

2. Detoxification pathways: keeping the AGE concentration low

The formation of AGEs in vivo occurs mainly through the reaction of dicarbonyl derivatives.
The main reason is that, although less abundant than glucose, these dicarbonyls are far more
reactive [11]. The major glycating moieties formed during normal carbohydrate metabolism
are methylglyoxal (MGO), glyoxal, or 3-deoxyglucosone (3-DG) [4,7].
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Although MGO can be also found in food, the main source seems be the glycolysis
intermediates [7,10,12,13] (Fig. 1). In physiological conditions, the concentration of MGO is
maintained in the range of nM in human plasma but the levels of MGO may dramatically
increase in pathological conditions leading to impaired tissue functionality [9]. For example,
the level of MGO in the blood of diabetic patients (29.3 £ 5.5 pg/mL) has been shown to be
> 3-fold higher than in controls (8.5 + 0.5 ug/mL) [14]. MGO-derived AGEs have been
causatively associated with a plethora of aging-related diseases including Alzheimer’s
disease, Parkinson’s disease, arthritis, renal dysfunction and vascular failure [15].

Dicarbonyls are also derived from lipid metabolism. For example, glyoxal is a dicarbonyl
that can be generated directly from glucose oxidation and lipid peroxidation (Fig. 1).
Glyoxal has been reported to induce DNA damage [16] and may be found in high
concentration in oxidized dietary oils (as high as 33.3 + 5.2 nmol/g in sardine oil) [17].
Along with MGO, glyoxal can be detoxified by the enzymatic glyoxalase system. This
ubiquitous protective detoxification route converts MGO into lactate and glyoxal into
glycolate and utilizes reduced glutathione (GSH), Glyoxalase | (GLO1), and Glyoxalase 11
(GLO2) [18,19] (Fig. 1).

The third major dicarbonyl is 3-deoxyglucosone (3-DG). 3-DG can be formed from non-
oxidative rearrangement and hydrolysis of the Amadori product and by fructose-3-
phosphate, an intermediate of the polyol pathway [7]. High levels of 3-DG (as high as 2622
mg/L in balsamic vinegar) may be also found in food and high-glucose conditions [7,13].
Unlike MGO or glyoxal, levels of 3-DG cannot be minimized through the glyoxalase
pathway, thus requiring the action of other protective to maintain homeostatic levels of 3-
DG. In this case, 3-DG reductases, specific aldoketo reductases, play critical roles in
detoxification [7,20] (Fig. 1).

Some AGE precursors, such as fructosyl-lysine, are also derived from the direct degradation
of the Amadori products. Fructosyl-lysine cannot be removed via the glyoxalase system.
However, the presence of fructosamine 3-kinase (FN3K) phosphorylates fructosyl-lysine
residues causing them to be shed from proteins. Thus it acts as a protective mechanism in
kidney, blood and brain efficiently deglycating intracellularly protein bound and free
fructosyl-lysines [21]. Recently, the DJ-1/Park7 family has been characterized as a deglycase
enzyme, with abilities to repair early glycation intermediates and glycated guanine residues
in nucleic acids and nucleotides [22-24] (Fig. 1). The detoxification pathway of DJ-1/Park7
is similar to the glyoxalase system, albeit glutathione-independent, and with a broadened
range of substrates, including glycated amino acids and proteins [22,25] (Fig. 1).

Finally, these intermediates evolve into the final products, AGEs, which can be classified
into 3 different groups based on their chemical properties: fluorescent cross-linking AGEs
due to aromatic chemical structures (e.g. pentosidine), non-fluorescent cross-linking AGEs
(e.g. glucosepane) and non-fluorescent non-crosslinking AGEs (e.g. Ne-(carboxymethyl)-
lysine (CML), pyrraline or Ne-(carboxyethyl)-lysine (CEL)) [26]. Generally, AGEs are
irreversible adducts [27].
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Anti-glycation pathways generally only operate on intermediates of glycation. Once
generated, excessive AGEs accumulate and eventually become insoluble causing intense
changes in the subcellular metabolism. However, there are intracellular degradative
mechanisms that help clear these toxic adducts. Both the ubiquitin-proteasome system
(UPS) and autophagy have been reported to contribute to the removal of AGEs (Fig. 2) [28-
31]. They may operate autonomously or cooperatively. At present, there is little information
about the molecular processes and factors involved in the targeting of AGEs to these
degradative routes. In addition, it is remains unclear how these two proteolytic systems work
together in the intracellular detoxification of modified AGEs. The autophagic system might
play a role in the degradation of high-molecular complexes that cannot be or are not
removed by the proteasome [32]. Alternatively, autophagic clearance of AGEs might be a
compensatory mechanism due to the partial inhibition of UPS activity mediated by products
of glycation [28,33,34].

The importance of AGE detoxification pathways is well-illustrated in the context of normal
aging, even in the absence of hyperglycemia. For example, glycotoxins have been shown to
accumulate in aging diseases like Alzheimer’s disease, renal failure, and cardiac disease
[35]. AGE accumulation in these diseases is also found on pathologically linked proteins,
like Alzheimer’s disease associated tau or Parkinson’s disease association a-synuclein
[36,37]. It has been postulated that the age-dependent accumulation of glycotoxins might be
partially consequence of a gradual decrease of proteolytic capacities during normal aging
[29]. In addition, the loss of glyoxalase activity with age would exacerbate the formation of
reactive dicarbonyls resulting in a deleterious and additive effect on age-related defective
AGE clearance [7,38-41].

3. Biology of glycation related disease: intracellular and extracellular

The effects of AGEs are manifested in a cell-type and context-dependent fashion. In this
respect, it is important to distinguish between cell intrinsic (intracellular) consequences of
AGEs versus cell extrinsic (extracellular) consequences (mediated at least in part by RAGE
signaling, see Section 3.2.1 below), albeit many tissues and cell types may experience
stresses from both sources.

3.1. Intracellular AGE accumulation

All cells in the body are exposed to some degree of glycative stresses, which arise from
normal metabolic and glycolytic functions, within the cell and from the circulation. These
glycative stresses increase with aging and with hyperglycemia. As indicated above, cells
utilize a number of repair pathways to balance the formation and degradation of AGE
precursors and AGEs (Figs. 1, 2).

The abnormal accumulation of AGEs in a cell may lead to a variety of cell responses. These
include repair or removal of the damage, and/or apoptotic cell death. The consequences of
glycation in any given protein can also be variable. Many proteins are rendered functionally
inactive by AGE modification. A typical example is the aA-crystallin protein, which is a
target for glycation by pentosidine or CML on lysine 11 and 78 (Fig. 3) [42,43].
Consequently, intracellular AGE-modified aA-crystallin undergoes conformational changes
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leading to loss of its critical chaperone functions (Fig. 3), which then leads to widespread
protein aggregation, protein insolubility, proteinopathy and eventually cataract formation
[44-46]. Other proteins, like -yB-crystallin undergo aggregation in response to N-terminal
glycation, directly contributing to cataractogenesis (Fig. 3) [46—48]. Interestingly for a A-
crystallin, glycation of lysine residues competes with acetylation of the same residue, which
alters enzymatic properties [44].

Other cell types undergo more complex pathological responses to intracellular AGE
accumulation. These responses may have intercellular aspects and consequences. Retinal
pigmented epithelial cells are postmitotic support cells of the retinal photoreceptors, and are
among the most metabolically active cells in the body. Accumulation of AGEs in RPE cells
affects the ubiquitin-proteolysis system, as described above [28,49]. Impaired proteolysis in
RPE cells leads to accumulation of undigested photoreceptor outer segments, resulting in
lipofuscin accumulation, an additional source of glyoxal and MGO [50,51]. In turn, RPE
cells produce and secrete lipid-rich particles, which contribute to drusen formation and
development of age-related macular degeneration (AMD) [50]. In more extreme cases, RPE
cells undergo cell death or de-differentiation causing the more severe form of dry AMD,
geographic atrophy. Cell death in response to AGESs can be caspase-dependent or
independent and may occur in conjunction with mitochondrial dysfunction, heat-shock
response, and ER-stress [49,52-54]. Apoptosis downstream of AGEs can be prevented in
some contexts by the ER-stress inhibitor 4-phenylbutyric acid, suggesting that ER-stress
may be coordinating multiple responses to AGE accumulation [53,55].

Brain tissues are also impacted by intracellular AGE accumulation. Alzheimer’s disease
associated tau is stabilized by glycation on lysine residues, since the protein is no longer
properly targeted for ubiquitin-dependent proteolysis or otherwise undergoes structural
stability, potentially contributing to Alzheimer’s pathogenesis [56,57]. Similarly, a-
Synuclein is stabilized by glycation at the N-terminal region, altering its subcellular
localization, and thus promoting accumulation of toxic oligomers, potentially contributing to
Parkinsonian diseases [37].

3.2. Extracellular AGE accumulation

The extracellular milieu contains a diverse array of AGEs that originate from the diet,
metabolic processes, or from cellular breakdown products. Common circulating AGEs are
serum albumins, apolipoproteins, and free glycated amino acids. Glycation of serum
albumin causes structural changes to the protein, negatively affecting its antioxidant
functions and causes binding to and activation of RAGE, described below [58].

Extracellular matrix proteins are a common site of glycation, and a significant source of
circulating AGEs. Glycation of extracellular matrix proteins is also a common feature of
aging and diabetes, and an important contributor to the thickening of basement membranes
observed in diabetic complications [59]. Collagen proteins are a frequent target of glycation,
with the most abundant skin collagen AGE being the crosslinking glucosepane [60]. Skin
AGEs have been evaluated as prospective biomarkers for diabetic complications. In these
studies, MG-H1, CML, glucosepane, and a glucosepane precursor surrogate, furosine, were
shown to be strong risk factors for progression of diabetic retinopathy and neuropathy
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[60,61]. These associations were still significant upon correction for glycated hemoglobin
A1C, indicating unique roles for these AGEs apart from just acting as surrogates of
hyperglycemia, possibly as a basis for metabolic memory observed in diabetic
complications. Lens capsule proteins are also glycated upon aging, which contributes to
cataract formation and fibrosis [62].

3.2.1. RAGE-dependent signaling—The RAGE immunoglobulin-family
transmembrane protein is a major receptor for extracellular AGEs, as well as other classes of
proteins and molecules. Among the best characterized ligands of RAGE are CML protein
adducts, which are elevated in hyperglycemia and other stress conditions [63]. Activation of
the RAGE receptor leads to recruitment of DIAPHL to the C-terminal cytoplasmic tail of
RAGE, which leads to activation of at least three prominent signaling pathways: Ras/
MAPK/NF-xB, JAK/STAT, and Rac1/Cdc42 (Fig. 4) [64—-66]. These signal transduction
pathways initiate production of reactive oxygen species (ROS) via NADPH oxidase and
cause increased expression of pro-inflammatory modulators (e.g. IL-6, TNF-a.), pro-
angiogenic factors (e.g. VEGF-A, VCAM1), and RAGE itself, while downregulating
Glyoxalase 1, hence setting up a feed-forward amplification (Fig. 4) [67,68].

The importance of RAGE-dependent signaling in downstream disease pathogenesis from
AGEs has also been explored in animal models in which the gene encoding RAGE, Ager,
has been deleted, or where expression of dominant-negative RAGE proteins, either naturally
occurring soluble RAGE forms or C-terminal truncated forms of RAGE, have been
expressed [69-71]. Knock out of RAGE protects against diabetic complications like
glomerulosclerosis, albuminuria, and atherosclerosis [69—-71]. These studies have
demonstrated critical roles for RAGE in diabetes, cardiovascular disease, and
neurodegenerative diseases [67]. Cell types that express high levels of RAGE and are
therefore more likely to exhibit RAGE-dependent diseases include vascular endothelial cells,
pericytes, microglial cells, astrocytes, and neurons [67]. Interestingly, RAGE knockout mice
are resistant to many deleterious consequences of AGE accumulation, live normal lifespans,
and do not have any reported developmental or organ malfunctions [67].

Microvascular complications of diabetes commonly depend on RAGE signaling. In the case
of diabetic retinopathy, either in mouse models of type 1 or type 2 diabetes, deletion of Ager
protected against loss of retinal permeability, acellular capillaries, microglial activation, and
Mauller cell gliosis in the eye [72]. Surprisingly, pericyte loss, a common microvascular
complication of diabetes was not rescued by deletion of Ager, demonstrating the importance
of other RAGE-independent signals or a cell intrinsic function of AGE accumulation in
retinal pericytes [72]. Similar results were observed after expression of secreted RAGE
protein in diabetic mice [73]. In these experiments, systemic delivery of soluble RAGE
improved retinal blood-barrier function in diabetic mice, whereas RAGE overexpression in
the vasculature exacerbated blood-barrier function. Another target of RAGE signaling,
ICAM-1 (Fig. 4), increased with diabetes and RAGE overexpression, and led to leukostasis,
characterized by adherent leukocytes within the retinal vasculature. Leukostasis was
decreased by soluble RAGE, even in diabetic mice [73].
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An important caveat to experiments in which RAGE signaling is blocked is that loss of
RAGE causes increased expression of Glyoxalase 1 and reduces levels of glyoxal and MGO
[72,74]. Therefore, the exact mechanism By which RAGE contributes to disease
pathogenesis needs to be evaluated systematically, since RAGE on its own is pro-glycative.
Several targets of RAGE signaling can be queried genetically or pharmacologically, allowing
more mechanistic interpretations. For example, NADPH oxidase is inhibited by diphenylene
iodonium and apocynin or more specifically by rationally designed inhibitors [75], or can be
genetically targeted by deletion of gp91P19X. |oss-of-function NADPH oxidase studies
demonstrated that RAGE activation of NADPH oxidase is partly responsible for
complications of diabetic nephropathy, including proteinuria and mesangial expansion via
ROS-dependent pathways [76]. Macrophages deleted for the NADPH subunit gp92°10% did
not activate tissue factor, a pro-coagulant inflammatory response, to ovalbumin-AGEs [77].
RAGE signaling can also lead to ER-stress either directly or via ROS signaling and
activation of ER stress can potentiate RAGE-dependent responses [78]. This potential cross-
talk suggests pharmaceutical targeting of ER-stress may be helpful to ameliorate AGE stress.

3.2.2. Other extracellular AGE binding proteins—Extracellular AGEs have their
own distinct functions within the ECM, independently of RAGE engagement. Extracellular
AGEs can bind to and activate multiple extracellular or membrane-tethered proteins,
including Galectin-3, OST-48 (also known as AGE-R1), PRKCSH (also known as 80K-H
and AGE-R2), and SR-A [79].

AGE binding to Galectin-3 appears to have opposing outcomes, possibly depending on the
forms of Galectin-3 and cell type specific responses [80]. In the diabetic eye, deletion of
Galectin-3resulted in reduced blood-retina barrier dysfunction, reduced VEGF response,
and reduced endothelial tight junction integrity [81]. However, in the nearby RPE, which
expresses high levels of RAGE, overexpression of Galectin-3 reduced the VEGF response to
AGE exposure [82]. A similar contradictory finding was reporter in the kidney, where
diabetic Galectin-3knockout mice showed enhanced diabetic nephropathy, associated with
glomerulopathy, proteinuria, and mesangial expansion [83]. This study showed that
Galectin-3 knockout mice had increased levels of RAGE and increased accumulation of
renal AGEs, suggesting that Galectin-3 functions to oppose RAGE [83]. Other potential
AGE binding proteins were downregulated in Galectin-3 knockout mice, particularly
OST-48 and MSR-A (macrophage scavenger receptor A), indicating a functional balancing
act of pro-RAGE and anti-RAGE AGE binding proteins.

OST-48 remains poorly characterized, although it can function in an anti-RAGE mechanism
via inhibition of NADPH oxidase activation. This inhibition operates at multiple levels,
including preventing the NADPH oxidase subunit p47Pho* translocation to the cell
membrane via inhibition of RAGE signaling pathways [84]. However, in the context of liver
damage caused by a high AGE diet, overexpression of OST-48 was associated with
increased liver damage, hepatomegaly, and increased adiposity. Even in the absence of a
high AGE diet, overexpression of OST-48 increased the hepatic AGE content [85].
Macrophage scavenger receptor group A, SR-A, also appears to function as a negative and
positive regulator of RAGE signaling, depending on context. Diabetic mice lacking SR-A
have exacerbated diabetic retinopathy [86], yet are resistant to diabetic nephropathy [87].
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The observations noted above indicate that the pro-inflammatory, pro-angiogenic, and
oxidatively damage RAGE-dependent cellular response to AGEs are subject to a great deal
of context-dependent factors. RAGE knockout mice have not yet revealed critical
homeostatic functions [67]. Nevertheless, the evolution of RAGE signaling pathway was
selected for during mammalian evolution, largely via adaptive selection [88], and it is likely
that the diverse array of RAGE isoforms and other AGE receptors are designed to carefully
balance the response to accumulation of AGEs and their physiological causes.

4. Pharmaceutical treatment of AGE accumulation

4.1.

Accumulation of AGEs is a hallmark of many of the chronic diseases associated with high
morbidity and mortality, and remains a viable target for intervention. Several classes of
drugs have been developed and tested in various pre-clinical and clinical models to
determine their efficacy in treating diseases. Drugs can be categorized into those that target:
i) hyperglycemia, the most upstream cause of AGE accumulation, ii) AGEs themselves, and
iii) downstream ramifications of AGE accumulation. Examples of each of these categories
are discussed below.

Drugs to diminish hyperglycemia

The most direct way to target accumulation of AGEs is to prevent their formation. Decades
of attempting to treat diabetes pharmacologically have yielded many important drugs and
drug targets that attempt to normalize blood glucose concentrations. These range from drugs
that prevent glucose absorption in the intestine (e.g. acarbose) to drugs that enhance glucose
excretion from the kidneys (e.g. gliflozins), to those that promote insulin secretion from
pancreatic beta cells (e.g. meglitinides) to those that directly and indirectly target glucose
metabolic responses (e.g. metformin, thiazolidinediones). Metformin decreases hepatic
glucose production and enhances peripheral insulin sensitivity, whereas thiozolidinediones
diminish glucose catabolism by limiting transcription of enzymes involved in glucose
metabolism.

Several randomized clinical trials have been performed with a variety of drugs that target
glycemic control, many of them using AGEs as primary or secondary end-points. There are
several recurring themes that emerge from these studies, which are summarized in [89]. One
finding is that serum AGEs frequently show declines in association with improved glycemia,
and the nature of the drug does not seem to be as critical as the glycemic effect. For
example, metformin and pioglitazone (a thiazolidinedione) both lowered serum pentosidine
levels compared to controls (diet therapy, sulfonylurea + insulin) [90]. Similarly, metformin
and repaglinide (a meglitinide) both lowered serum 3-DG versus controls [91]. The effects
on 3-DG were dependent on the glucose-lowering effects of the drugs, despite different
mechanisms of action [91]. These two comparison studies argue that metformin’s function
in lowering serum AGEs is not due to its potential function as an inhibitor of early AGE
formation [92].

Another recurring theme from clinical trials in glucose-lowering drugs is that different
classes of AGEs and AGE precursors appear to be altered in different studies — sometimes
leading to directly conflicting findings from the literature. The study comparing metformin
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to repaglinide above showed reductions in serum 3-DG, whereas a study also in type 2
diabetics showed an effect of metformin on reducing plasma MGO but no effect on plasma
3-DG [93]. Differences in methodologies, patient baseline characteristics, and treatment
plans may also explain the opposing results. In general, there is a lack of consistent findings
between studies [89].

A different limitation in human studies has been the practical decision to sample AGEs in
serum or plasma. Steady-state levels of AGEs in circulation depend on dietary intake, rates
of urinary clearance, and the general homeostatic regulation of AGE formation vs.
breakdown. For this reason, intracellular AGE accumulation may be a more reliable
indicator of long-term formation of stable AGEs, but less helpful for evaluating efficacy of
glucose-lowering drugs. Indeed, studies that measure levels of AGE precursors and stable
protein-bound AGEs in the context of improved glycemia have generally shown better trends
for AGE precursors (e.g. MGO, 3-DG, fructosyl-lysine) than protein-bound AGEs (e.g.
CEL, CML) [89]. Most of the published clinical studies have limitations in terms of duration
of glucose-lowering treatments and the difficulty in knowing whether levels of serum AGE
products will correlate tightly with levels of stable AGE products in tissues relevant to
diabetic complications like the kidney, cardiovascular system, nerve cells, and eye.

4.2. Drugs to limit formation of AGEs

Multiple classes of drugs are capable of quenching AGE precursors, preventing the
formation of AGE-precursors. The prototypical molecules with these capabilities are
arginine analogs such as aminoguanidine and pyridoxamine, which, along with arginine
itself, can effectively scavenge AGE precursors or Amadori product-derived AGE precursors
[94]. A separate class of molecules is epitomized by alagebrium (ALT-711), which break
AGE cross-links. Other anti-AGE drugs work by targeting the structure of glycation target
proteins, making them less prone to glycation (e.g. limonene [95]).

Pre-clinical studies with AGE inhibitors have been largely positive, with reports of
amelioration of diabetic nephropathy, retinopathy, neuropathy, and CVD phenotypes in
multiple animal models [96]. In two related clinical trials, low- and high-dose
aminoguanidine treatments improved some aspects of diabetic nephropathy, including the
glomerular filtration rate and urinary proteinuria, while also providing protection against
diabetic retinopathy [97,98]. The clinical trials were not successful in meeting the goal of
preventing a doubling of serum creatinine. More significantly, some patients receiving high-
dose aminoguanidine developed glomerulonephritis and other patients reported adverse
events [97]. Finally, at the high doses necessary, aminoguanidine could potentially sequester
essential carbonyls like vitamin B6 from the body. Ultimately, clinical trials with
aminoguanidine were discontinued.

However, there are still opportunities for repurposing aminoguanidine in a clinical setting.
Combining different classes of anti-AGE compounds, aminoguanidine and limonene,
allowed effective anti-glycation activity using an almost 20x reduction in aminoguanidine
concentration, potentially bypassing the possible side effects observed prior [99]. Since
aminoguanidine functions by scavenging carbonyls, requiring high concentrations for
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efficacy, but requires intact kidney function for clearance, optimizing dosing of the drug is
most critical for any future success.

Pyridoxamine is a vitamin B6 metabolite that has been exploited widely as an AGE
inhibitor. Its mode of action appears similar to aminoguanidine, in that it can quench reactive
dicarbonyls and can reverse Amadori intermediates. Pyridoxamine has been tested clinically
for its ability to diminish diabetic complications, either alone or in combination with other
vitamins. Clinical results have been mixed. In a combined phase 2 trial, pyridoxamine
treatment improved serum creatinine levels in type 1 and type 2 diabetics with nephropathy,
while also slightly lowering serum CML and CEL levels [100]. The improvement in serum
creatinine was independent of changes in urinary albumin excretion, which was unchanged.
However, the phase 2 studies revealed adverse reactions in the treatment group, and a phase
3 trial, scheduled to be completed in early 2018 has been terminated (https://
clinicaltrials.gov/ct2/show/NCT02156843). An early shorter-term and small scale
interventional trail failed to show reductions in serum pentosidine or other oxidative stress
markers following 8-weeks of treatment with pyridoxamine and benfotiamine (a fat soluble
form of thiamine) [101]. Considering the mixed results obtained with glucoselowering drugs
(as described above), it would be helpful to re-analyze these clinical trials using a broader
set of AGE markers, with a bias toward AGE precursor levels.

Alagebrium appears to have performed better than aminoguanidine and pyridoxamine in the
clinical setting. Mechanistically, alagebrium was proposed to function as a breaker of AGE
cross-links, which was supported by findings that alagebrium could cleave AGE cross-linked
aA-crystallin from diabetic lenses in vitro [102]. However, alagebrium was not able to break
collagen cross-links from diabetic skin and tail samples [103]. It remains an open question
exactly how alagebrium functions as an AGE inhibitor, although pre-clinical studies support
this function. Alagebrium has also been found to effectively scavenge MGO in physiological
conditions [104]. Alagebrium has been tested clinically specifically in the context of
vascular dysfunction associated with hypertension or left ventricular hypertrophy, with
mostly mixed success and a small number of side-effects [105-108]. Nevertheless, largely
owing to financial decisions, alagebrium is neither being pursued for further clinical trials,
nor is it being distributed.

4.3. Drugs to modulate AGE responses

As discussed above, RAGE-dependent signaling is responsible for many of the pathogenic
consequences of AGE accumulation, and itself is largely dispensable for normal
development and aging. Therefore, inhibition of the RAGE pathway constitutes an attractive
target for treating diseases associated with AGE accumulation. Physiologically, several
RAGE inhibitors are generated via alternative splicing to generate RAGE molecules without
intracellular domains. On their own, these secreted and non-secreted RAGE isoforms act as
competitive inhibitors of RAGE signaling and can ameliorate several complications of
diabetes. However neither soluble RAGE nor blocking antibodies against RAGE can cross
the blood-brain barrier, limiting their clinical use in AGE-associated neuropathological
scenarios.
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Several RAGE inhibitor drugs have been generated, and some have advanced in clinical
studies, including PF-04494700 (or TTP488, Azeliragon), which is currently in Phase 3
trials for treatment of dementia in Alzheimer’s patients [109,110]. PF-04494700 acts
extracellularly by preventing the binding of a number of ligands to RAGE, including CML,
AB42, S100B, and HMGBL1 and is able to cross the blood-brain barrier [111]. Another
extracellular-acting RAGE inhibitor, FPS-ZM1, was capable of blocking RAGE signaling
mediated by AB42 as well as by BSA-AGEs [112,113]. Other drugs are being developed that
target the intracellular domain of RAGE that interacts with the RAGE-dependent signaling
modulator, DIAPHZ1, although these studies are still in the pre-clinical stages [114].

Some known anti-diabetic compounds appear to exert some of their efficacy via targeting
downstream events in the RAGE signaling cascade. Metformin, which acts to both lower
blood glucose and is a weak dicarbonyl scavenger, also dampens RAGE signaling via
AMPK-dependent blockage of ROS formation [115]. Compounds that target the well-
characterized pro-inflammatory pathways downstream of NF-xB may also be well-suited to
block some of the deleterious signals downstream of RAGE. Similarly, compounds that
target ER-stress may effectively ameliorate pro-apoptotic and pro-inflammatory responses
downstream of AGEs. A different approach to modulate RAGE signaling may be via
microRNAs, some of which are being developed as potential therapeutics. For example,
miR-5591-5p is downregulated by RAGE signaling and promoted cell survival and repair
when overexpressed [116]. Another microRNA that is downregulated by AGEs, miR-126 is
a negative regulator of IL-6 and TNF-a and prevents ROS and inflammation [117].

4.4. Current status of drug discovery

Drug discovery in the field of AGE inhibitors is still very active. Optimization of existing
compounds has been a particularly fruitful approach. Studies optimizing alagebrium or that
resemble heterocyclic Schiff bases have yielded new drug leads that may overcome some of
the challenges of existing compounds and function more effectively to remove AGEs
[118,119]. Other promising approaches include bi-functional drugs, which can target
multiple steps in AGE formation. An example is a hybrid molecule of glutathione diester
and mercaptoethylguanidine [120]. Upon penetration of the cell membrane, the hybrid is
cleaved into glutathione and mercaptoethylguanidine. The glutathione acts as an anti-oxidant
and ensures maximal glyoxalase function, while the mercaptoethylguanidine acts similarly
to amino-guanidine as a dicarbonyl scavenger.

5. New directions and approaches

In considering treatments for complex multifactorial diseases associated with AGE
accumulation, it is likely that a multifaceted approach will be most effective. Environmental
factors and modifications should be considered and implemented. Diet, nutrition, and
exercise can have significant benefit to patient outcomes and should always be considered as
primary interventions.
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5.1. Plant bioactives as AGE inhibitors

Diet and nutrition are capable of modulating numerous pathways that are capable of
converging on AGE homeostasis. For example, dozens of naturally occurring compounds,
including pyridoxamine (discussed above), can function as direct AGE inhibitors. Most of
the compounds described as activating Glyoxalase 1 via Nrf2-dependent pathways are also
food-derived bioactives (trans-resveratrol, sulforaphane, etc....). Plant-derived polyphenols
have been shown to have glucose lowering activities and in some cases direct AGE
inhibitory functions [27]. A phenolic acid, 3,5-di- O-caffeoyl-epi-quinic acid, from Erigeron
annuus was a potent AGE inhibitor that reduced BSA-AGE crosslinking and prevented
opacification of lenses ex vivo [121]. A trio of aromatic compounds from Pueraria lobate,
including puerarin, PG-3, and (+/-)-puerol B, was capable of inhibiting AGE formation in
vitro, with the isoflavone puerarin having an 1Cgg more than eight-fold lower than
aminoguanidine [122].

Despite the promising functions of plant-derived bioactives, it is not clear whether these
foods or bioactives, on their own, will deliver clinical advantage. It is unlikely that food
polyphenols could be consumed in high enough quantities or frequently enough to have
clinically meaningful results, and it is equally unclear whether naturally occurring
compounds will have a sufficiently safe and desirable profile when taken in therapeutic
doses. Nevertheless a promising direction of identifying bioactives with anti-AGE or
glucose-lowering properties is the idea of utilizing them in combination with bioactives
targeting different steps in the pathway.

5.2. Natural compounds targeting detoxification pathways

An alternative strategy to those described above is to enhance the naturally occurring
detoxification pathways for AGEs and AGE precursors. As discussed above, the glyoxalase
system is the primary mechanism for detoxifying reactive dicarbonyls. Aging and disease
are associated with reduced levels of Glyoxalase 1 and reduced levels of the critical cofactor
glutathione [7,39,40]. Therefore, compounds that increase Glyoxalase 1 activity, either
through increased transcription or post-translationally, or that increase levels of the reduced
form of glutathione should reduce de novo formation of AGEs, similarly to reducing
hyperglycemia.

Other detoxification systems are involved in reducing levels of dicarbonyls, including aldo-
keto reductases (which are particularly efficient in metabolizing 3-deoyxglucosone) and
aldehyde reductases. These enzyme systems are NADPH-dependent and can conceivably
have their capacity augmented to enhance AGE detoxification. Given the broadness of this
class of enzymes and their wide range of substrates, they have not been widely considered as
drug targets to treat AGE-related diseases.

An intriguing possibility derives from understanding the functions of the Nrf2 antioxidant
pathway. In response to oxidative stress, Nrf2 is stabilized, translocates into the nucleus, and
transcriptionally activates numerous cytoprotective genes that encode detoxification
enzymes and molecules with antioxidant properties. These genes include those involved in
glutathione synthesis (-y-glutamylcysteine ligase encoded by GCLC and GCLM), aldo-keto
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reductases (AKR1AL), glyoxalase 1, and other antioxidant enzymes [123,124]. One might
surmise that compounds known to act as Nrf2 agonists, like the naturally occurring broccoli-
sprout derived isothiocyanate, sulforaphane, would effectively lead to AGE detoxification.
Studies in cell culture support this hypothesis, whereby treatment with 2 uM sulforaphane
led to a 2-fold increase in Glyoxalase activity [124]. However, because of high cost and low
bioavailability, sulforaphane is not well-suited for human studies. An alternative formulation
was tested in a small human clinical study of overweight and obese patients [125]. This
formulation consisted of trans-resveratrol, which had been shown to activate Glyoxalase
activity in an Nrf2-dependent fashion [126] and hesperetin, a vasodilating flavonoid also
capable of activating Glyoxalase 1 via Nrf2-dependent activation [125]. Both trans-
resveratrol and hesperetin were well-tolerated by diet and had sufficient bioavailability to
activate Glyoxalasel leading to lower plasma MGO and MGO-derived AGES, improved
insulin sensitivity, and improved vascular function [125].

Other compounds have been identified that are capable of activating Glyoxalase 1 in an
Nrf2-dependent pathway, including butylated hydroxyanisole [127] and allyl isothiocyanate
[124]. However, there are concerns about long-term global Nrf2 activation, including
negative effects in the kidney and increased hypertension and mortality due to Nrf2-
mediated stimulation of the renal-angiotensin system [128]. Another limitation could be the
enhanced tumorigenesis in different disease models upon Nrf2 activation [129].
Furthermore, global upregulation of Glyoxalase 1 is not without consequence. Transgenic
mice overexpressing Glyoxalase 1 have increased anxiety, which appears to be due to
reduced levels of MGO in the brain, which acts as a GABA receptor agonist [130].
Therefore, limiting the range of Glyoxalase 1-inducing function may be critical for
maximizing benefit over side-effects. In this regard, restoration of normal physiological
Glyoxalase 1 activity and GSH levels should be prioritized.

5.3. Dietary patterns in disease prevention

Ultimately, our dietary pattern can be thought of as a large combinatorial approach to
maintaining health and the treatment of disease. Effective dietary patterns have been
identified for prolonging healthful life, the treatment of hypertension, metabolic disease,
age-related macular degeneration and others. The impact of diet in treating a complex
disease was epitomized in a recent study demonstrating that weight loss of > 10 kg at 12-
months led to remission of diabetes in 73% of patients aged 20-65 years [131]. A
Mediterranean diet also shows efficacy in treating diabetes, particularly in improving
glycemic control [132,133]. Other dietary patterns have been beneficial in treating diabetes,
although these effects have not been as well-reproduced through multiple cohorts as the
Mediterranean diet.

Glycemic control is most frequently measured via fasting blood glucose or HbA1C
concentrations. However, it would be expected that these same glycemic effects would lead
to reduced levels of AGE or AGE precursors in the circulation and in tissues as has been
demonstrated above for pharmaceutical treatments of diabetes. One might predict enhanced
effects due to the ability of the diet to impact multiple pathways in AGE formation and
reduce oxidative stresses. One study evaluated the Mediterranean diet with regards to serum
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CML and MGO levels, also evaluating RAGE and Glyoxalase 1 levels. Compared to a
Western-style diet with higher levels of saturated fats, the Mediterranean diet led to
decreased CML and MGO levels, reduced RAGE transcript levels, and increased Glyoxalase
1 transcript [134].

A feature of the Mediterranean diet, as described in the above study, is that it contains lower
levels of dietary AGEs, whereas typical Western diets have higher levels of AGEs [5].
Dietary AGEs may play important roles in determining physiologic levels of circulating and
tissue AGEs, and this is borne out in clinical studies evaluating the impact of high-AGE and
low-AGE diets. In a small trial of type 2 diabetics, a low-AGE diet compared to an isocaloric
normal diet over a 4-month duration led to decreased plasma insulin levels, decreased leptin
levels, and decreased levels of serum MGO and CML, while also lowering RAGE signaling
[135]. Similar improvements were noted in a small cohort of patients with chronic kidney
disease [136], as well as a slightly larger follow-up trial of obese individuals with metabolic
syndrome [137]. Improvements in insulin levels were observed in the absence of changes to
glycemic control, suggesting that dietary AGEs, and not those produced metabolically, may
be responsible for negative effects on oxidative stress, inflammation, and insulin resistance.

5.4. Glycemic index, AGEs, and chronic disease

The Mediterranean diet not only features higher amounts of n-3 polyunsaturated fats,
monounsaturated fats, lean protein, and lower amounts of dietary AGEs, but critically, it is a
low glycemic index diet. Although not necessarily a low carbohydrate diet, the quality of the
carbohydrates in the Mediterranean diet differs from the typical Western diet in consisting of
more whole-grain breads, cereals, and pastas and fewer processed starches and sugars. In the
majority of studies evaluating a low glycemic index dietary pattern, there is improved
glycemic control, reduced HbA1C levels, and lower risk for development of diabetes
[138,139]. Accordingly, low glycemic index diets lead to decreased levels of circulating
AGEs, particularly those of AGE precursors like fructosamine, and a reduced burden of
chronic disease [138,140,141].

The influence of different dietary patterns and dietary glycemic index was evaluated in the
context of age-related macular degeneration (AMD), a glycemia-associated chronic disease
associated with accumulation of AGEs [142,143]. Adherence to a Mediterranean diet or a
similar prudent dietary pattern was associated with a highly significant decrease in early and
late macular degeneration [144,145]. Low glycemic index diets were similarly protective
against AMD [146]. We developed an experimental animal model to evaluate the connection
between dietary glycemic index and accumulation of AGEs in AMD. High glycemic index
diets led to systemic accumulation of AGEs, as well as accumulation of AGEs in the eye
tissues directly affected by AMD along with other highly sensitive tissues to glycation
damage including brain or kidney [28,147,148]. We also identified the cross-linking AGE
glucosepane as a potential plasma biomarker of AMD [148]. Plasma glucosepane may also
be a biomarker of diabetes [149]. The accumulation of AGEs with a high glycemic index
diet was not irreversible. In mice that were initially fed high glycemic index diets, but
transferred to a lower glycemic index diet, tissue levels of multiple AGEs decreased in the
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eye and pathology was also limited [148]. Therefore targeting diet as a modifiable risk factor
for AMD may be therapeutic, possibly via an AGE-lowering property.

5.5. Targeting novel clearance pathways of AGEs

If detoxifying systems are unable to reduce the levels of reactive intermediates, the
accumulation and deposition of AGEs caused, for example, by a high glycemic diet, drives
tissue malfunction. AGEs interfere in the subcellular proteome by crosslinking proteins,
promoting oligomerization/fibril formation and inactivating vital cellular function leading to
molecular onset of diseases [150] (Fig. 2). To avoid cellular dysfunction, proteolytic systems
like the ubiquitin-proteasome system (UPS) and autophagy efficiently clear these toxic
compounds, however these activities decline during normal aging [151]. Furthermore, AGEs
directly inhibit the activity of the UPS, further potentiating proteostatic impairment
[28,34,49] (Fig. 2). Dietary manipulation could be utilized in order to preserve these
declining proteolytic capacities, thus reducing the deposition of AGEs in human tissues. For
example, caloric restriction or short-term intermittent fasting has been shown to upregulate
autophagy in several organisms leading to extension of the lifespan [152]. In addition,
different bioactive compounds present in the diet such as flavonoids, vitamins, triterpenoids,
or isothiocyanates have been proven to activate autophagy [153].

Animal studies have showed that low-glycemic nutritional options delaying sugar absorption
might help to control the level of proteolytic systems [29]. A low glycemic diet reduces the
formation of intermediates of AGEs, maintaining proteolytic capacities, which subsequently
clear AGEs to homeostatic levels (Fig. 2). Therefore, we propose that the consumption of
carbohydrates that result in smaller and/or more gradual rises in blood glucose (low
glycemic foods) might be exploited as an effective intervention for the prevention of AGE-
related diseases [154] (Fig. 2). Interestingly, trehalose, which is a low glycemic
disaccharide, has been proven to remove neurotoxic protein by activation of autophagy, and
may potentiate AGE remediation [155-158]. Alternatively, moderate exercise has been
shown to induce autophagy activity [159]. All these strategies may represent non-toxic and
low-cost suitable approaches to promote the intracellular clearance of AGEs in order to fight
diseases related to glycative stress.

6. Conclusions and outlook

AGE accumulation is associated with a large number of chronic diseases and contributes
significantly to morbidity and mortality. In this review, we discussed several mechanisms by
which glycation can be countered, using the intrinsic glyoxalase and glyoxalase-like
enzymes. Pharmacological inhibition of glycation, either upstream or downstream of AGE
formation may eventually become a practical route for treating chronic glycation-associated
diseases. Nevertheless, prevention of AGE accumulation through healthy low glycemic
dietary patterns and through the beneficial activation of proteolytic capacities using exercise
and dietary fasting will likely offer the best outcomes. There is still considerable opportunity
for new dietary bioactive compounds to be used to reduce glycation via inhibition of AGE
formation and enhancement of AGE detoxification. Reduction of AGE accumulation will
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not only preserve health of most organs and prevent diseases known to be associated with
AGE cytotoxicity, but also will likely enhance the overall health span.
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Fig. 1.

Fogrmation and detoxification of advanced glycation end-products (AGEs) from dietary
sugars. AGEs are derived by different pathways including Maillard reaction with the
generation of Schiff bases and Amadori products and reactions that involve oxaldehydes
(glyoxal, methylglyoxal, 3-deoxyglucosone) derived, in part, from glycolytic intermediates.
Fructosyl-lysine, a fructosamine, is an Amadori product that can further go on to form CML.
Detoxifying routes (highlighted in red) and AGEs (highlighted in purple) are shown. DHAP:
dihydroxyacetone phosphate; GSH: reduced glutathione; CML: Ne-(carboxymethyl)-lysine;
CMA: Ne-(carboxymethyl)-arginine; GOLD: glyoxal-derived lysyl dimer; 3-DG: 3-
deoxyglucosone; GH-1,2,3: glyoxal-derived hydroimidazolone; MGH-1,2,3: methylglyoxal-
derived hydroimidazolone; CEL: Ne-(carboxyethyl)-lysine; CEA: Ne-(carboxyethyl)-
arginine; MOLD: methylglyoxal-derived lysine dimer; dG: deoxyguanosine residue on
DNA; GdG: 3-(2’-deoxyribosyl)-6,7-dihydro-6,7-dihydroxyimidazo-[2,3- #]purin-9(8)one;
CMdG: N2-carboxymethyl-deoxyguanosine; MGdG: 3-(2"-deoxyribosyl)-6,7-dihydro-6,7-
dihydroxyimidazo-[2,3-6]purin-9(8)one; CEdG: N2-(1-carboxyethyl)-deoxyguanosine.
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Fig. 2.
Dietary glycative-stress induced accumulation of AGEs. Under low glycemia diets (LG,

left), intracellular proteolytic pathways are involved in the clearance of AGEs to preserve
cellular function. During normal aging or under high glycemia diets (HG, right), proteolytic
capacities are insufficient and AGEs accelerate the formation of aggregates/oligomers,
leading to the onset of age-related diseases.
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Fig. 3.

Glycation of crystallins in cataractogenesis. Direct glycation of a-crystallins and -y-
crystallins induces a loss of chaperone activity and aggregation, as examples of intracellular
and RAGE-independent glycative damage. DHAP: dihydroxyacetone phosphate.
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Fig. 4.
RAGE signaling in glycative stress. Interactions of exogenous or endogenous AGES in

circulation with RAGE in plasma membrane trigger different signaling routes responsible
for cytopathological responses, including apoptosis, inflammation, generation of reactive
oxygen species (ROS), angiogenesis, and vasopermeability.
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