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ABSTRACT

Advanced glycation endproducts (AGE) are a class of compounds resulting from
glycation and oxidation of proteins, lipids or nucleic acids. Glycation is the non-
enzymatic addition or insertion of saccharide derivatives to these molecules. This leads
to the formation of intermediary Schiff bases and Amadori products and finally to
irreversible AGE. This classical view has been modified in recent years with
recognition of the importance of oxidative and carbonyl stress in endogenous AGE
formation. AGE may also have exogenous sources, in certain foods and tobacco
smoke. A whole class of specific and non-specific receptors binding AGE has been
characterized. Apart from cross-linking of proteins by AGE, the effects of receptor
stimulation contribute to the development of chronic complications of conditions like
diabetes mellitus, renal failure, and atherosclerosis. Possible interventions to reduce the
effects of AGE accumulation include AGE formation inhibitors or breakers, or receptor
blockers, but possibly also dietary interventions.

Some of the problems with current assay or diagnostic techniques, and several
unresolved issues on the role of AGE in disease will be discussed. Our review will

focus on the clinical and pharmaceutical implications of these developments.

INTRODUCTION

Advanced glycation endproducts (AGE) are a diverse class of compounds resulting
from a glycation process under the strong influence of oxidative or carbonyl stress.
Although AGE were initially considered as a noxious byproduct with an adverse effect
on the function of proteins due to increased cross-linking, it has become evident that
AGE also bind and interact with several receptors, such as the receptor for advanced
glycation endproducts (RAGE) and also scavenger receptors like galectin-3 and CD36.
Binding of AGE to such receptors mediates intracellular signalling and induces
changes in cellular function, resulting in release of cytokines and growth factors. The
AGE-receptor interactions are now considered pivotal in the AGE-induced

pathogenetic changes.
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AGE accumulate with age on long-lived proteins, but at a more rapid rate in conditions
like diabetes mellitus and renal failure. Diabetes and renal failure may serve as
examples of increased AGE formation and breakdown, respectively, but in both
conditions the additional role of increased oxidative stress is evident. This review will
address in more detail the relation between AGE accumulation and chronic
complications of these and related conditions. We also review the developments of the
different strategies in reducing AGE accumulation. AGE formation inhibitors
(aminoguanidine, pyridoxamine and others), AGE breakers (ALT-711) and other

approaches to reduce AGE accumulation will be discussed.

SOURCES OF AGE FORMATION IN THE BODY

Endogenous AGE Formation

It was long believed that glucose, the type of sugar most abundantly contained in an
organism, was biologically inert. However, proteins, lipids and nucleic acids can be
modified non-enzymatically by glucose and other reducing sugars [1]. In the early
stages of AGE formation, the so-called Maillard reaction, the aldehyde groups of
reducing sugars react with amino groups of N-terminal amino acids or epsilon lysine to
form Schiff bases, which are then converted by the Amadori process into a more stable
ketoamine (Amadori product). In most proteins the source of the amino group is the
epsilonamino group of the amino acid lysine. Reducing sugars in solution exist in both
open-chain and ring (pyranose or furanose) forms. Only the open-chain structures react
with proteins. The proportion of the open-chain forms thus determines the reactivity of
the sugars in the Maillard reaction with a rank order of glucose < fructose < ribose,
with phosphorylated sugars such as intracellular glucose-6-phosphate, being more
potent than their unphosphorylated counterparts [2,3] as well. The reactivity of
intracellular, phosphorylated sugars is illustrated by a 13.8 fold increase in intracellular
AGE content after 1 week of incubation of endothelial cells in the presence of high
glucose [4]. Because the glycation process is concentration-dependent in the early
rather than later stages of the Maillard reaction, it is enhanced in hyperglycaemia [5,6].

During AGE formation, reactive intermediate products are formed [7,8]. These reactive
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intermediate products are also termed in the literature as: dicarbonyls, oxoaldehydes,
reactive carbonyl compound (RCO) or ,carbonyl stress, [9]. Well-known examples are
methylglyoxal (MGO) and 3-deoxyglucosone (3-DG) [10]. MGO can be formed from
oxidative decomposition of fatty acids, but non-oxidative mechanisms (anaerobic
glycolysis) predominate in its formation. Mitochondrial overproduction of reactive
oxygen species, with consequent inhibition of the glycolytic enzyme GAPDH and
increased triose phosphate levels have a central role in the formation of intracellular
MGO-derived AGE [11,12]. Overproduction of superoxide by the electrontransport
chain in mitochondria seems not only to be responsible for increased intracellular AGE
formation, but also acts as a common pathogenetic pathway for other mechanisms of
hyperglycaemia-induced damage like PKC activation, and polyol and hexosamine
pathway induction.

The enzyme glycoxalase may have an impairing role in AGE formation by
promoting the detoxification of dicarbonyls, as was recently described by Miyata [13].
AGE formation can also be influenced by reducing compounds such as ascorbate. In
vitro studies show that anti-oxidants reduce CML (Ne-carboxymethyllysine) formation.
Oxidation of polyunsaturated fatty acids in the presence of proteins can lead to CML
formation suggesting that lipid oxidation has a role in AGE formation [14]. In
inflammatory conditions like rheumatoid arthritis, increased AGE formation arises
without hyperglycaemia. An in vitro study showed that myeloperoxidase produced by
activated phagocytes, is able to form reactive carbonyls and CML [15]. Thus, besides
reducing sugars and peroxidation of lipids, myeloperoxidase seems to play an
additional role in the formation of AGE precursors and AGE. This could contribute to
the insights of the pathogenesis of various inflammatory diseases.

As a final point in this paragraph of endogenous AGE formation, genetic
factors might also contribute to the course of glycation. In a classical twin study, it was
found that the interclass correlations in the clinically well-known Amadori product
glycated haemoglobin (HbAlc) were considerably higher in monozygotic twins
compared with dizygotic twins, independent of an also demonstrable genetic effect on

fasting glucose levels [16]. Another mono- and dizygotic non-diabetic twin study
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found that, after adjusting for age, current glucose homeostasis and smoking, 28% of
the interindividual variation in lens protein autofluorescence was attributable to
hereditary factors (and shared environment for 58%, and non-shared environment for
14% [17]. Thus, there are indications that glycation levels are partly genetically

determined, but this area has not been extensively studied so far.

Exogenous Sources of AGE: Food and Smoking

The Maillard reaction leading to AGE formation was originally described for heating
food. AGE ingested with food are absorbed to a small extent, although the diversity of
AGE and assay problems quantification of AGE absorption from food is difficult. Oral
bioavailability is estimated to be in the order of 10%, the AGE-induced cross-link
formation is resistant to enzymatic or chemical hydrolysis [18]. The accumulation of
food derived AGE and alpha-oxoaldehyde AGE precursors has been assumed to
contribute to AGE derived deleterious effects. When AGE-modified albumin was
administered to healthy nondiabetic rats and rabbits [19], after 2-4 weeks animals
displayed diabetes-like vascular complications: a significant increase in vascular
permeability, significant mononuclear cell migration in subendothelial and
periarteriolar spaces and a defective endothelium-dependent and -independent
vasodilatation. Furthermore, glomerulosclerosis and albuminuria, comparable to
diabetic nephropathy are seen in control rats receiving daily injection with AGE [20].
Both animal studies showed the deleterious effect of exogenous AGE. An additional
human study showed that the daily influx of dietary AGE includes glycotoxins that
may constitute an added chronic risk for renal-vascular injury in DM [18]. Dietary
restriction of AGE food is discussed below under the Interventions paragraph.

Apart from the direct intake of AGE with food, meals can also influence AGE
accumulation and production by excursions in glucose levels. After a meal, diabetic
patients can exhibit a hyperglycaemic state, a so-called post prandial glucose excursion
(PPGE). These PPGE can even occur when blood glucose is tightly regulated. A study
showed that the so-called PPGE correlated well with MGO and 3-DG, two highly

reactive precursors of AGE formation [21].
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Tobacco smoke contains products that produced AGE-like fluorescence, protein
crosslinks, mutagenicity and increased AGE on plasma proteins [22]. Cigarette smoke
contains high concentrations of GO and MGO from the thermal decomposition of
saccharides. These are the likely important mediators of smoking associated AGE
formation. Increased serum AGE levels were found in diabetic smokers compared to

diabetic non-smokers [23].

REMOVAL OF AGE

The removal of proteins cross-linked with AGE depends on both the degradation of
AGE linked proteins to AGE-peptides by macrophages, and on the clearance of AGE
and AGE-peptides by the kidney [24-27]. Macrophages with special AGE receptors
engulf and subsequently transport AGE. Miyata et al. provides evidence for filtration
of the AGE-compound pentosidine through the glomeruli and the active reabsorption
of pentosidine in the proximal tubules [26]. After modification or degradation in the
proximal tubules pentosidine was finally cleared in the urine. These findings were
confirmed for AGE-peptides by Gugliucci et al. [27]. A fall in renal glomerular or
tubular function thus affects the capacity for AGE removal and result in higher blood
level of AGE and eventually tissue AGE accumulation.

Scavenger receptors in the liver Kupffer and endothelial cells may also result
in endocytic uptake of AGE proteins from the blood [28,29]. High serum AGE levels
have been reported in patients with liver failure [30]. The expression of the
macrophage scavenger receptor (MSR) which is involved in the endocytic AGE uptake
in liver endothelial cells, but perhaps also subsequent steps like lysosomal degradation,
may be increased by insulin [29]. It was recently reported that plasma AGE levels are
markedly elevated in liver cirrhosis and correlated with the severity of disease, while
serum CML levels correlated inversely with residual liver function [30]. Elevated
plasma CML levels markedly fell within 3 months after liver transplantation. This
suggests that the liver also has a function in removal of plasma AGE [31]. Perhaps this
occurs with the OST-48 or galectin-3 receptor, or the scavenger receptor (SR)-A or -B

for all of which expression in the liver has been reported [32-34].
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As for the rate of AGE removal after restoring normoglycaemia (by islet
transplantation) in previously diabetic animals, the results of Sensi et al. suggest that
reversal of accumulated tissue AGE takes many months to occur [35]. This may
explain discrepancies between circulating and tissue AGE levels which have been

reported, for example after kidney transplantation [36].

RATE OF AGE ACCUMULATION

Equilibrium levels of the reversible Schiff base and Amadori products are reached
within hours and days, respectively. AGE form over longer period of weeks but remain
irreversibly bound to amino groups. Using both immunohistochemical methods and
four monoclonal antibodies for specific AGE molecular structures (including CML and
carboxyethyllysine (CEL), but also as yet unknown epitopes), Ling et al. identified in
various organs in fetal rats already at 10 fetal days with increasing accumulation during
ontogeny [37]. The results suggest that CML as non-fluorescent, non-cross-linked
AGE starts earlier to accumulate than fluorolink, a fluorescent, cross-linked AGE.
Thus AGE accumulation starts very early, already in the fetal period. The Maillard or
browning reactions that eventually lead to cross-linking and denaturation of proteins
may occur with all proteins in the body, but long-lived proteins such as collagen, which
represents over 30 percent of body protein, accumulate chemical damage with age.
Other long-lived proteins include lens-proteins and nerve myelin, which together with
collagen are the most important targets for AGE formation. Next to these substrates
other forms of macromolecules containing a free amino group are susceptible to AGE
formation, like lipids and nucleic acids [38]. Especially in uraemia, associated with
very high AGE levels, such shorter lived compounds as lipid constituents are affected.
It must be pointed out that the dynamics of circulating AGE may be quite different: in
rats with acute renal failure CML levels (measured fluorometrically) increased
threefold within 48 hours [39]. The various pathways in the formation and removal of

AGE are summarized in Figure 1.
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EXAMPLES OF AGE

As mentioned before, the information on the chemical structure of AGE is limited. Of
the several dozens of AGE moieties only a minority has been characterized, even less
have been related to clinical human disease. In 1984 Pongor et al. first proposed a
structure for AGE. They suggested the fluorescent aromatic heterocyclic compound 2-
(2-furoyl)-4-(5)-(2-furanyl)-1-H-imidazole (FFI) generated through a condensation of
two Amadori products [40]. They also emphasized that FFI is likely to constitute less
than 1% of total AGE present in vivo. Sell and Monnier [41] identified a fluorophore
present on human dura mater collagen. This fluorophore was identified as an imidazo-
(4,5-b)-pyridinium ring with lysine and arginine side chains, named pentosidine. Two

other pyrrole-related compounds have now been identified. These are 1-alkyl-2-formyl-
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Figure 1. Steps and pathways in the formation and excretion of glyc(oxid)ation and lipoxidation
products (normal lines). Products of the diverse steps in AGE formation are able to stimulate
AGE formation themselves (broken lines).
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3.,4-diglycosylpyrrole (AGFP) and pyrraline (5-hydroxymethyl-1-neopentylpyrole-2-
carbaldehyde). CML, pentosidine and hydroimidazolone are known to be glycoxidation
products which means that they require oxidation reactions for their formation from
glucose. As these last three compounds are well characterized they are frequently used
as marker for AGE levels in plasma and in histological studies. The structure of
pentosidine and CML, but also of some other AGE like pyrraline, CEL and
imidazolone has been elucidated. A characteristic property of several AGE is their
fluorescence. CML is, however, non-fluorescent. CML may be a dominant AGE
antigen in tissue proteins [42,43]. The known AGE are immunologically distinct and
coexist on different carrier proteins such as collagen, albumin, haemoglobin, lens
crystalline, but also LDL cholesterol. Pentosidine and CML are well-known examples
of advanced glycoxidation products, resulting from combined glycation and oxidation.
In blood 90% of pentosidine and CML are bound to protein with 10% being free.
Under normal conditions Hb-AGE accounts for 0.42% of circulating haemoglobin but
this increases to 0.75% in diabetic subjects [44]. Hb-AGE concentration responded
slowly to intensive glycemic control and may reflect glycemic control over the
preceding 10-14 weeks rather than the 6-8 weeks indicated by HbAlc [45]. In early
studies, using ELISA for total AGE, up to 100 fold increases were reported in serum
AGE in diabetics with end stage renal disease (ESRD), in later studies 23-fold
increases in serum pentosidine in ESRD [46].

Nagai et al. recently described a new precursor of CML, glycolaldehyde (GA)-
pyridine, which was present in the cytoplasm of foam cells and extracellularly in the

central region of atheroma in human atherosclerotic lesions [47].

BIOLOGICAL EFFECTS OF AGE

Changed Protein Function by Conformational Changes, the Role of Cross-Linking

A common consequence of AGE formation is covalent cross-linking, mostly to
proteins. These cross-links may result in entrapment of proteins, lipoproteins and
immunoglobulins [2]. Cross-linking of collagen proteins, for example, contributes both

to the rigidity and the loss of elasticity of tissues, and increases resistance to proteolysis
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[48-51]. The latter process inhibits tissue remodelling. Among the consequences are
the thickening of capillary basement membrane observed in diabetes. This protein
modification is also responsible for crystalline lenses becoming opaque in cataracts, a
degenerative disease that is frequent in diabetic or aged persons. Glomerular sclerosis
is another consequence. These processes are discussed in more detail below.

Small soluble AGE peptides released into the circulation by macrophages after
degradation of AGE proteins may react and covalently bind to proteins such as
collagen and LDL. Such reactive intermediates from degraded AGE can form ,second
generation, AGE and so actively contribute to the biological AGE effects.

AGE-formation on the extracellular matrix results in a decreased elasticity and
increased thickness and rigidity of the vascular wall and in narrowing of the vessel
lumen.

Diminished arterial elasticity in humans with diabetes was related to enhanced
AGE-formation before [52]. AGE formed on vascular matrix proteins mediate
defective endothelium-dependent vasodilatation by quenching nitric oxide [53].
Moreover, incubations of rat aorta segments with high-glycosylated human
haemoglobin inhibited endothelium-dependent relaxation in this vessel [54]. At the
microvascular level, the toxic effect of AGE on retinal capillary pericytes and
endothelial cells was shown in vitro [55]. The functional effects of AGE on the
endothelium include inhibition of prostacyclin production and increased plaminogen
activator inhibitor 1 (PAI-1) and vascular endothelial growth factor (VEGF) production
[56,57]. AGE also induce the expression of the potent vasoconstrictor endothelin-1
[58]. Part of these latter effects may be due to more effects mediated by AGE receptors
than by conformational changes, as further discussed below.

Lipoprotein modification by AGE contributes to the dyslipidaemia frequently
observed in diabetic patients [1]. Such a modification of LDL in diabetes may render
the LDL particles more atherogenic, contributing to the atherogenic risk for diabetic
patients. Another consequence may be that lipoproteins are trapped by AGE formed on
the matrix components of the vascular wall, resulting in an impaired cholesterol efflux

and subsequently in vascular lipoprotein accumulation [59]. This has, however, been
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debated by others [60]. Glycated LDL also triggers endothelial transcription activators
like STAT-5 [61].

Induction of Oxidative Stress

AGE binding to cellular binding sites results in depletion of cellular antioxidant
defense mechanisms such as vitamin C and glutathione and the generation of oxygen
free radicals [62,63]. These mechanisms may also involve receptor stimulation. For
example, activation of NADPH oxidase in AGE-RAGE mediated generation of
reactive oxygen species in human endothelial cells [64]. Semicarbazide-sensitive amine
oxydase (SSAO) may have a contributory role by production of MGO [65]. Other
experiments showed a potentially important role for oxygen free radicals and NO in
mediating permeability and blood flow changes induced by AGE involving increased
protein kinase C activity and VEGF production [66]. An additional study confirmed
increased VEGF expression by AGE-albumin through the activation of hypoxia
inducible factor-1 (HIF-1)[67]. In diabetes, persistent hyperglycaemia causes increased
production of free radicals via the processes of autoxidation of glucose and non-
enzymatic protein glycation, discussed above, and via an enhanced flux of glucose
through the polyol pathway [68]. Oxidation of plasma lipids may stimulate
autoxidative reactions of sugars, enhancing damage to both lipids and proteins in the
circulation and the vascular wall. In this way, the cycle of oxidative stress and damage
is continued and reinforced. Bucala et al. first showed the effect of advanced
glycosylation on lipid oxidation [69]. Its role in accelerating atherosclerosis has been

discussed by Vlassara and by Bierhaus [2,70].

Receptor Stimulation and Post-Receptor Effects of AGE

AGE formation not only changes the physiological properties of proteins and other
molecules, but also induces cellular dysfunction through interaction with more or less
specific cell surface receptors. An increasing number of AGE-receptors has been

identified and characterized. These receptors include the receptor for AGE (RAGE),
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AGE-R1, AGE-R2 and AGE-R3, but also other receptors classified as scavenger
receptors (SR), SR-A and SR-B.

RAGE was identified in 1992 as a 35-kDa protein in bovine lung endothelial
cells, and is still considered as a representative AGE receptor on endothelial cells. It
belongs to the immunoglobulin superfamily [71,72]. In contrast to scavenger receptors,
binding of AGE to RAGE does not result in endocytosis of AGE, but results by
intracellular signalling in, abnormally sustained, activation of NF-kappa-B, and
subsequent expression of endothelial adhesion molecules and tissue factor [73,74].
Epithelial-myofibroblast transdifferentiation, an important step in the development of
tubulointerstitial fibrosis which is often observed in diabetic nephropathy, is caused by
AGE-RAGE interactions [75]. Enhanced RAGE expression also has been correlated
with nephropathy, retinopathy, neuropathy, autoimmune, and inflammatory disorders.
In the vasculature RAGE has been associated with the induction of apoptotic death
[76]. This action may be responsible for several complications related to diabetes,
including vascular leakiness and nonresponsiveness. Animal studies using soluble
RAGE to block the RAGE receptor also show a reduction in vascular permeability and
a suppression of vascular lesion formation. RAGE antibodies were also found by
Esposito et al. to prevent an increase in adhesion of peripheral blood mononuclear cells
during hyperglycaemia [77]. Not only AGE but also amphoterin and amyloid beta-
peptide are major ligands for RAGE. Amyloid beta-peptide is thought to be important
in the pathogenesis of Alzheimer’s disease; the role of AGE in this disease is discussed
below. At least 9 polymorphisms of the RAGE gene exist. One of these polymorphisms
(-429 C allele) has an increased prevalence in type 2 diabetes patients with compared to
those without retinopathy [78]. A low expression of the AGE-R1 gene in macrophages
from diabetic (type 1 like) mice, but also in fresh peripheral blood mononuclear cells
and in Epstein-Barr virus (EBV)-transformed cells from type 1 diabetic patients with
complications, together with elevated serum AGE levels, suggests that the normal
function of AGE R1 receptor in the turnover of AGE may be ineffective in these
patients, possibly by genetic influences [79]. Double transgenic mice with both

overexpression of human RAGE in vascular cells, and development of insulin-
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dependent diabetes had renal histological changes and increased serum creatinine and
albuminuria. The development of histological and functional diabetic nephropathy was
prevented with the AGE-inhibitor OPB-9195 [80]. Thus, the functional consequences
of RAGE binding depend not only on AGE levels, but also on variations in gene
polymorphism and expression. Galectin-3 is a lectin-like protein that has been
identified as a component of p90, a 90 kDa AGE-binding protein, originally identified
in the rat liver [81]. Galectin-3 modulates cell adhesion, cell cycle control, and mRNA
splicing. Galectin-3 may have a protective role against diabetic glomerulopathy, as
suggested by the increased AGE accumulation and accelerated glomerulosclerosis in
galectin-3 knockout mice made diabetic [82].

AGE which are negatively charged have been shown to bind to SR-A type |
and II. In these experiments AGE-BSA underwent active endocytosis upon binding to
SR-A [24]. Remarkably, CML does not bind to SR-A while glycolaldehyde-modified
proteins which generate CML do [47]. CD36, a highly glycosylated protein of 88kDa,
binds various ligands such as fatty acids, collagen, oxidized LDL and has recently been
shown to act also as an AGE receptor [83]. CD36 acts in adipocytes as a fatty acid
transporter and in macrophages as a receptor for oxidized LDL [84]. CD36 is
markedly expressed in the core of atherosclerotic lesions. CD36 is considered as an
important oxidized LDL receptor. AGE-binding to this receptor may contribute to the
acceleration of atherosclerotic lesions. Apart from modification of LDL-cholesterol by
LDL-AGE-formation which is much slower degraded in macrophages, as discussed
elsewhere in this paper, and apart from the effects on CD36 as an important receptor
for oxidized LDL, AGE may also more directly affect cholesterol metabolism by
binding to another scavenger receptor, the SR-B1. SR-B1 is very similar, if not
identical, to the one that internalizes acetyl LDL (and oxidized LDL) [34]. SR-B1 also
recognizes high density lipoprotein (HDL) and mediates its uptake [85]. SR-B1 is
considered to accelerate reverse cholesterol transport by promoting cholesterol efflux
from peripheral cells, for example from macrophages in the vascular wall, and
mediates selective uptake of HDL-cholesterol by hepatocytes. Ohgami et al. showed

that SR-B1 recognized AGE as a ligand. No cross-competition as ligands seems to
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exist between HDL and AGE-binding proteins. However, intracellular processing of
HDL may be affected by an interaction between SR-B1 and AGE [59]. AGE also affect
SR-B1 mediated cholesterol efflux but not SR-B1 independent cholesterol efflux. Thus
AGE seem to inhibit reverse cholesterol transport [86].

Expression of the different AGE receptors has been found on a wide range of
cell-types including monocytes, macrophages, endothelial cells, mesangial cells,

fibroblasts, smooth muscle cells and tubule cells [64,74,79,87].

MARKERS OF AGE AND PROBLEMS WITH CURRENT ASSAYS

Because the structure of AGE is complex and heterogeneous, measurement of tissue
and serum AGE has been difficult, and, as there is no recognized standard, different
groups may not be measuring in exactly the same way. Reproducibility of many assays
is rather poor. The limited knowledge on the specific structure of different AGE
moieties also makes it difficult to draw any firm conclusions on the relative toxicity of
different specific AGE. Table 1 summarizes the different markers of AGE and their
advantages and disadvantages. Classically fluorescence is the method used in many
clinical studies as a marker of AGE. AGE has a yellow brownish pigmentation with a
characteristic fluorescence pattern: excitation in the range 350-390 nm and
fluorescence emission at 440-470 nm. Applying fluorescence spectroscopy, AGE have
been measured in serum, urine and also in different kinds of tissues [88-90]. The
presence of other, non-AGE, fluorescent substances like NADPH and of non-AGE
protein adducts, such as glucose- or lipid-derived oxidation products, that exhibit
similar fluorescence spectra, as well as the interference by non-protein tissue
components, makes the specificity of this method low. Fluorescent quenching
associated with biological samples may also impede specificity. Furthermore, many but
not all AGE have fluorescent properties. Examples of non-fluorescent AGE are CML
and pyrraline [91,92]. The fact that most clinical data on the relation with AGE
accumulation have still been based on association with fluorescence makes this method

still valuable. However, tissue samples are required, which makes this invasive
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technique less suitable for repetitive AGE monitoring. Recently, Meerwaldt et al.
reported on a rapid, non-invasive measurement of skin autofluorescence to asses AGE
accumulation [93]. Although the above mentioned limitations of fluorescence still are
valid, this non-invasive technique is much more convenient. If a relation with clinical
data and its prognostic value are confirmed, this method might offer a feasible method
in patient care.

AGE with known structures, such as pentosidine and CML, can be measured
with a high degree of specificity using HPLC [94,95]. More sophisticated methods like
GCMS and LC-MS became recently available for the determination of AGE. These
methods are, however, quite time-consuming, require considerable training and, are
thus expensive. Furthermore, the AGE with a known biochemical structure might only
account for a small portion of the total amount of circulating and tissue AGE. Whether
the AGE with known structure are clinically relevant is not sure.

Less time intensive, cheaper and more feasible for clinical use, are
immunoassay methods, using antibodies against AGE. Nakayama first produced and
characterized antibodies raised against keyhole limpet haemocyaninebound AGE [96].
The result was a polyclonal anti-AGE antiserum that was used in an ELISA. Also, an
immunochemical detection of AGE in vivo was developed using antibodies raised
against bovine serum albumin (BSA)-AGE or RNase-AGE [97,98]. In this way, AGE
could be detected that were immunochemically different from characterized AGE such
as CML, pentosidine and pyrraline. Thus far it remains uncertain whether these
antibodies can identify all AGE produced in vivo. A common structure in AGE
modified macromolecules that interacts with polyclonal antibodies has been suggested
[97]. But, polyclonal antibodies against AGE-BSA or AGERNase failed to recognize
CML which is claimed to be a dominant AGE in human serum albumin and in tissue
proteins [99]. Another problem may be that factors in human serum interfere with the
measurement [100]. Roche Diagnostics (Penzberg, Germany) has developed a
commercially available competitive ELISA, using an anti-CML monoclonal antibody

4G9 [101,102].

50



Clinical relevance of AGEs

Although many different antibodies have been produced, reproducibility and sensitivity
remains a substantial problem. This is probably due to a lack of a well-defined set of
antigens. Before antibody assays can be used as a standard, reproducible synthesis of
well-defined antigens should be attained. A recent report demonstrated that shortterm
heating, as used in the heat-induced epitope retrieval technique in formalin-fixed,
paraffin-embedded tissue sections, results in artificial AGE formation and profoundly
affects CML formation. This may also have served as an artefact in
immunohistochemistry studies [103].

A competitive radioreceptor assay based on AGE-specific receptors on the
macrophage-like tumour cell line RAW 264.7 was developed earlier, but is also not
widely used, possibly due to the strong interference in this assay with polyanions such
as heparin [104].

As an indirect measure of AGE, collagen crosslinking has been proposed. The
extracellular matrix protein collagen is highly prone to AGE-formation. It has been
shown that the susceptibility of collagen to digestion by pepsin provide an index of
protein cross-linking [91,105]. In this method, often tissues are used with high amounts
of collagen, like rat tail tendon, to increase specificity of the measurement. Thus, this
method only provides an indication of tissue AGE accumulation. Moreover, some AGE
such as CML and pyrraline do not occur as crosslinks in proteins. Applying differential
scanning calorimetry (DSC), crosslinking can also be determined in tissues with less
collagen. Although this method will provide a quantitative method for determining the
crosslinking of collagen in vitro, it lacks the specificity to assess crosslinking in vivo.
Mentink et al. showed that DSC was able to detect a lower rate of crosslinking by
aminoguanidine in rat tendons (but not in rat skin) [106]. However, no effect of the
AGE breaker ALT-711 was found in either tissue with DSC. The advantage of DSC is
that it is quick and can be well quantified in comparison with methods like enzyme
digestibility.

Miyazaki recently attracted attention to the problems associated with preparing
AGE-BSA (bovine serum albumin) complexes that are used in ligand experiments for

scavenger receptors. Their preparations belong to the extensively modified preparations
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in comparison to those from some other laboratories [86]. Marked differences in ligand
activity to scavenger receptors may exist even when specific AGE like CML are
present in both of them. They suggested that the presence of glycolaldehyde may be
important for binding behaviour of AGE preparations to receptors.

Subramaniam warned against the widely used dichlorofluorescein assay to
assess cellular oxidant stress by microtiter plate assay because of MGO effects [107].
Hui et al. found that trace amount of redox-active metal ions in biological buffers may
induce oxidative stress and alterations in cellular functions which would otherwise be

possibly ascribed to AGE-proteins [108].

AGE IN DISEASE

A dynamic equilibrium seems to exist between AGE circulating in blood, AGE
accumulating in tissue and renal (and perhaps hepatic) clearance of AGE. It is no
surprise that AGE accumulation exceeds normal in patients with diabetes mellitus or
renal failure [109-112]. The association with various chronic complications of these
diseases is discussed below in more detail. AGE have also been reported to accumulate
in amyloid associated diseases such as dialysis related amyloidosis and Alzheimer
Disease, and in the plaques found in atherosclerosis. In the neurological field increased
local AGE accumulation has also been reported in amyotrophic lateral sclerosis.
Accumulation of AGE in cartilage has been linked to synovial inflammatory diseases,
including rheumatoid arthritis and osteoarthritis. 7able 2 shows an overview of all

diseases discussed in this paragraph with related references.

AGE Accumulation in Diabetes Mellitus (DM) and Chronic Complications

Increased concentrations of AGE have been associated with chronic complications in
cross-sectional studies in DM: AGE (CML, pentosidine, others) content of skin
collagen has been shown to be a risk marker for microvascular complications of
diabetes, independent of actual glucose or recent HbAlc values [113]. Serum AGE are
increased in diabetic patients compared to controls [46,114,115]. AGE concentrations

in serum, but also in kidneys, skin and vascular tissue may rise within 5 weeks after

52



Clinical relevance of AGEs

Table 2. Overview of diseases or complications in which AGE accumulation has been described
in the literature to play a pathogenetic role.

Diseases with increased AGE accumulation References
Diabetes Mellitus
Cardiovascular disease 35,47,116, 120, 167
Retinopathy, cataract 6, 121-132
Nephropathy 46, 80, 90, 121, 133-136
Neuropathy 137-142
Periodontitis 191, 192
Renal failure
Peritoneal dialysis 3, 147, 151
Hemodialysis 3, 150, 152-156
Kidney transplantation 36, 163-165
Dialysis related 76, 157-159
amyloidosis
Disturbed bone metabolism 160, 161
Atherosclerosis 109, 114, 166-174
Alzheimer disease 175-182
Amyotrophic lateral sclerosis 183, 184
Arthritis (Osteoarthritis, Reumatoid 185-187
arthritis)
Amyloidosis 188-190

making an animal diabetic, for example with STZ [96]. Serum AGE levels are higher
in both type 1 and type 2 DM, are already increased early in the disease, as shown in
prepubertal diabetic children to approximately 1.5-fold, and are associated with the
severity of retinopathy and nephropathy, but also with coronary heart disease in type 2
diabetes mellitus patients [116]. Hb-AGE rises from 0.42 to 0.75% in diabetic subjects
[44]. In patients with DM combined with ESRD serum AGE levels were increased
100-fold compared to diabetics with normal renal function, in another study serum
pentosidine was increased 23-fold in DM with ESRD [46,117]. Comparable rank
orders for subjects with DM and ESRD, DM without renal disease and controls have
been reported for arterial wall AGE content [46]. Vascular wall AGE content has been
semi-quantitatively found to be increased in subjects with DM and vascular disease,
being present in fatty streaks and macrophages [118].

When exogenous AGE are administered to rats to attain plasma levels
equivalent to those in diabetic rats the renal AGE content was 50% greater than in

control rats after 5 months, accompanied by a glomerular sclerosis with a 50%
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expansion of the glomerular volume, and with an increase in mesangial matrix and
capillary basement membrane thickness [119].

Sensi et al. investigated the effects of restoring normoglycaemia 4 months
after homologous islet cell transplantation in different organs of rats previously made
diabetic shortly or for longer periods before transplantation [35]. Only after a longer (8
months) preceding period of DM AGE content was elevated in all organs. In the eye
lens but not in the aorta AGE content was lower than in nontransplanted diabetic
control rat. This suggests that in DM prolonged time periods are an essential
prerequisite not only for the accumulation of AGE to develop, but also to be reversed.

In addition to the earlier discussed biological effects, AGE accumulation may
also contribute to dyslipidaemia in diabetes both by affecting the HDL receptor and by
AGE-modified LDL [1]. The modification of LDL in diabetes may render the LDL
particle more atherogenic, thereby increasing the atherogenic risk for diabetic patients.
Park and co-workers showed that administration of the soluble extracellular domain of
the receptor for AGE (RAGE) completely suppressed diabetic atherosclerosis in STZ-
diabetic apolipoprotein E-deficient mice, in a manner independent of the level of

glucose and lipids [120].

Diabetic Retinopathy and Cataract

Background diabetic retinopathy has developed after 25 years in almost all patients
with DM, a much lower percentage has then developed proliferative retinopathy (8 to
26%). CML and pentosidine skin collagen accumulation is associated with the severity
of retinopathy in type 1 diabetes patients, independent of age and diabetes duration [6].
In an autopsy study CML was present around retinal blood vessels in diabetics, but not
in controls. Furthermore it is shown that formation of AGE measured by ELISA in skin
biopsies are preceded and correlated with early manifestations of retinopathy as well as
nephropathy [121]. Immunohistochemical studies in rats have revealed that AGE
(CML) reactivity was increased in diabetic retinas [122-124]. No difference was
present between subjects with DM with proliferative retinopathy and those with

background retinopathy [125]. In two diabetic animal studies the AGE formation
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inhibitor aminoguanidine (see below) prevented microaneurysm formation, pericyte
loss, and the development of accelerated diabetic retinopathy, respectively [126,127].
Also the development of DM-related abnormalities of the retina could be prevented by
aminoguanidine, indicating a prominent role for AGE in this complication [122].
Glycation of lens crystalline, and subsequent oxidation, may play a major part
in accelerated cataract formation in DM. Alterations in Na+/K+-ATPase activity due to
glycation may contribute to this. Evidence for AGE formation has also been found in
the vitreous body using an AGE-specific ELISA, and was found to be related to age
and the presence of DM [128]. In the vitreous body of patients with diabetic
retinopathy and in a nondiabetic control group the increased levels of pentosidine in
diabetics are strongly related to VEGF and other cytokines [129]. AGE accumulation
has also been observed in the cornea of diabetic patients [130-132]. The formation of
AGE on fibronectin and laminin in Descemet’s membrane in the cornea of the eye
inhibited the attachment and spreading of endothelial cells . This may contribute to the
increased prevalence of corneal endothelial abnormalities in patients with DM [131].
Thus, several lines of evidence indicate a role for AGE in the development of several
forms of diabetes related eye disease, especially retinopathy, with a favourable effect of

aminoguanidine.

Diabetic Nephropathy

Diabetic nephropathy develops in approximately 40% of patients with DM. Multiple
studies have shown that AGE are important factors in the pathogenesis of nephropathy.
CML, pyrraline and pentosidine have all been found in increased quantities in kidneys
of patients with DM with or without ESRD [133]. AGE accumulation is related to the
severity of diabetic nephropathy. Animal studies in rats have immunohistochemically
shown AGE accumulation in the glomerular extracellular matrix. Expression of
proteoglycans which form an important constituent of the kidney extracellular matrix 1s
decreased in cultured kidney epithelial cells at CML-protein concentrations as found in
diabetes [134]. In fact, the hyaline depositions in the classical Kimmelstiel-Wilson

lesions of diabetic kidneys consist for a major part of AGE. Exposition to AGE-
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crosslinked proteins results in increased oxidative stress in rat mesangial cells and in an
increase in protein kinase C activity. Makita et al. showed that the increase in
circulating AGE-peptides of diabetic patients correlates with the severity of renal
function impairment [46]. Deuther-Conrad highlighted the toxic effect of the AGE-
peptides in cultured kidney epithelial and proximal tubular cells [135]. Overexpression
of RAGE in transgenic diabetic mice resulted in histological and functional changes of
diabetic nephropathy [80].

Pharmacological inhibition of AGE-formation by aminoguanidine prevented
the development of kidney lesions, albuminuria and mesangial expansion in diabetic
rats [90,136]. In human studies discussed in more detail below, aminoguanidine 150
mg twice a day reduced proteinuria significantly in a large (690 patients) study in
patients with type 1 DM and moderate renal impairment. As mentioned before,
Beisswenger and colleagues showed that formation of AGE measured by ELISA in
skin biopsies preceded and correlated with early manifestations of retinopathy as well

as nephropathy [121].

Diabetic Neuropathy

Using sensitive methods the large majority of patients (80-90%) with DM will
eventually develop symptoms or signs of diabetic polyneuropathy, a much smaller
percentage develops autonomic neuropathy. The important role of glycation in the
development of diabetic neuropathy has been recently reviewed [137]. In vitro, diverse
mechanisms involving AGE in neuropathy seem to play a pathogenetic role:
accumulation of AGE in vasa nervorum results in wall thickening, occlusion and
ischemia of nerves, and consequent myelin damage with segmental demyelination.
Glycation of the axonal cytoskeletal proteins such as myelin and neurofilament results
in slowed axonal transport and axonal degeneration [138]. Nerve fiber regeneration
may be reduced because the function of nerve growth factor and other growth factors
like fibrin, but also because laminin in Schwann cell basal laminas is glycated and
impeded in its function [139]. In animal studies aminoguanidine prevented AGE-

induced reductions in peripheral sensory nerve conduction velocity and action
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potentials [140,141]. In diabetic humans more CML is found in the perineurium, in
pericytes of endoneurial microvessels and in both myelinated and unmyelinated fibers,
with a correlation between CML accumulation and myelinated fiber loss [142].

Furthermore, aminoguanidine treatment reduced experimental diabetic
neuropathy, as shown by a significant improvement of the reduced motor nerve
conduction velocity, partially through the correction of the endoneurial
microcirculation [141].

Taking all this together, considerable evidence exists supporting that AGE

contribute prominently to the development and exacerbation of diabetic neuropathy.

AGE in Renal Insufficiency, Renal Replacement Therapy and Kidney Transplantation

Accumulation of reactive carbonyl compounds (RCO) and AGE is markedly increased
in plasma, serum and tissues of diabetic and non-diabetic patients with ESRD [143-
145]. This has also been shown by Meng et al. for CML levels in plasma and skin in
patients with chronic renal failure (CRF) both with and without diabetes [146]. Thus,
hyperglycaemia is not a prerequisite for AGE accumulation. High serum AGE levels
are also found in patients on hemodialysis (HD) or continuous ambulatory peritoneal
dialysis (CAPD), probably by the introduction of high concentrations of glucose in
dialysis fluids in CAPD (74-214 mM) [3,147]. Impaired clearance of AGE and AGE
precursors is responsible for this increased AGE accumulation. Although direct
evidence is insufficient, increased oxidizing conditions and the development of reactive
oxygen species might also accelerate the formation of AGE [8,148,149].
Polymorphonuclear leukocyte activation by uremic toxins and interaction with the
dialysis membrane in HD facilitate this. Diminished clearance of low molecular weight
precursors of AGE and diminished catabolism of AGE precursors may further
contribute to tissue AGE accumulation in CRF [3,150]. Lal et al. addressed the
question of AGE-dependent signaling in the mesangium and found evidence for an
important role of oxidative stress [149]. HD clears only the free and not the protein
bound forms of AGE. CAPD is associated with lower plasma pentosidine levels,

possibly by clearance of albumin-bound pentosidine in the peritoneum [3]. In rats
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structural and permeability changes of the peritoneum with increased nitric oxide
synthase expression are found associated with vascular deposits of AGE in chronic
uraemia [151]. As for the relation with cardiovascular complications in renal failure,
remarkably Schwedler et al. showed that circulating AGE levels (total fluorescent
AGE, and CML, both in serum) do not predict mortality in HD patients [152]. Plasma
pentosidine as an AGE and marker of ,carbonyl stress, was neither found to be related
to intima media thickness or atherosclerotic plaques in the carotids in HD patients
[153]. Schwedler et al. proposed that the benefit of high serum AGE levels might
reflect a better nutritional support, which improves survival. However, an alternative
explanation is that plasma or serum AGE levels may not adequately reflect tissue AGE
accumulation. Floridi et al. found that a shift from standard dialysis regimen 3 times a
week to daily HD resulted after 6 months in substantially lower plasma AGE levels
(pentosidine and two AGE peptides), but did not measure AGE in other tissues [154].
High concentrations of glucose (and alpha-oxoaldehydes) in dialysis fluids also
increase glycation. Vitamin-E coated dialysis filters prevented the rise in serum AGE
levels found with conventional polysulfone filters. After six months of HD with these
vitamin E coated filters, the pre-dialysis levels of AGE and other markers of oxidative
stress were reduced [155]. Very high flux polysulfone filters reduced pre-dialysis
serum values of free and protein-bound pentosidine and AGE peptides and beta2-
microglobulin (B2-MGQG) [156]. Several different AGE have been detected in B2-MG
amyloid deposits arising after chronic renal HD [157]. Amyloid deposits are found in
bone, articular cartilage, synovium, muscle and ligaments, giving rise to shoulder
periarthritis, carpal tunnel syndrome and flexor tendosynovitis. AGE-modified B2-MG
induces chemotaxis of monocytes and the production of cytokines (interleukin (IL) 1b,
IL-6 and TNFa ). AGE-modified B2-MG is cleared less than native B2-MG through
dialysis membranes [157]. Hou et al. showed that the local inflammatory response to
B2-MG amyloid deposits by monocytes/macrophages which is a characteristic
histological feature of dialysis-related amyloidosis (DRA), is dependent on delayed
apoptosis of monocytes by AGE-modified B2-MG [76]. These cytokines may stimulate
local production of B2-MG and bone destruction. RAGE expressed by synovial
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fibroblasts may mediate some of these responses involved in DRA [158]. CML-
haemoglobin has been proposed as a possible predictor of progression of bone cysts in
DRA [159]. Thus, at least a close relation between AGE accumulation in renal failure
and the development of dialysis related amyloidosis exists. As for the possible osseous
sequela of AGE accumulation, it should be added that pentosidine is related inversely
to parathyroid hormone (PTH) and bone alkaline phosphatase in HD patients. The
authors found this to be in agreement with AGE accumulation as a factor in reduced
bone turnover in dialysis patients [160]. Yamamoto also found that AGE-BSA in vitro
inhibits osteoblastic activity and inhibits PTH secretion in response to hypocalcaemia
[161].

Renal transplantation is considered to be the best therapy for lowering AGE in
patients with renal failure. Although a dramatic reduction in plasma AGE levels
following transplantation has been found, the levels remain higher compared with the
general population [162]. Studies to date, investigating the influence of kidney
transplantation on tissue AGE accumulation show contradictory results [36,163-165].
While most studies report a reduction of about 50%, the only prospective study showed
no significant reduction in tissue AGE. Despite the improvements in
immunosuppression and an excellent short-term transplant survival in kidney
transplantation, 10-year graft survival remains relatively poor with 50-60% (chronic
renal transplant dysfunction, CRTD) while cardiovascular morbidity and mortality also
remain high, and are associated with an increased prevalence of cardiovascular risk
factors. Perhaps persistently high levels of AGE in tissues, enhanced by sustained
oxidative stress, contribute to the development of CRTD. When AGE are administered
to healthy rats, CRTD-like lesions develop in the kidney [20]. At present, no data is

available on the long-term course of plasma and tissue AGE in human CRTD.

AGE ACCUMULATION IN OTHER DISEASES
Atherosclerosis
The accumulation of AGE in the vessel wall has also been related to lipoprotein

metabolism, as discussed above, and to the development of atherosclerosis [166]. AGE
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accumulation has been found by immunohistochemistry on the extracellular matrix
proteins and within macrophage- and smooth muscle cell-derived foam cells in
atherosclerotic plaques [114,167]. Normolipidemic and euglycaemic subjects with
atherosclerosis had increased AGE in the apolipoprotein B100, as did patients with
uraemia [1,118]. It was claimed that AGE-modified LDL had decreased clearance from
circulation and metabolism but this was a characteristic of LDL glycated to higher
extent than found physiologically [168]. The expression of the RAGE and scavenger
receptors were increased in atherosclerosis [169]. Interaction of AGE-modified
proteins with AGE receptors may stimulate cytokine and growth factor production that
sustains the development of the atherosclerotic plaques [109,170-172]. Atherosclerotic
lesions in apoE knockout mice that were accelerated under STZ-induced diabetic
conditions were significantly suppressed by intraperitoneal administration of a soluble
form of RAGE [120]. The process of atherosclerosis may also stimulate local AGE
formation. Activated macrophages in the intima make the local environment of
atheroma oxidizing, which may increase AGE formation. If glycation of LDL
stimulated its oxidation in vivo then glycation would be a critical initiating factor in
macrovascular disease. Currently, however, there is no agreement on this, although
glycated collagen stimulated peroxidation of membrane lipids in vitro [173,174]. Other
factors influence LDL oxidation - antioxidant and triglyceride content, for example -
and it is not yet clear how important glycation is compared to these. Once
atherosclerosis is initiated, however, increased formation of AGE within the locus of
the plaque and induction of AGE receptor expression is expected to sustain plaque

expansion.

Alzheimer’s Disease (AD)

AGE accumulation is found in senile plaques and neurofibrillary tangles of persons
with AD [175-177]. In the cerebrospinal fluid of patients with AD increased levels of
Amadori products on all the major proteins are found. This may contribute to increased
AGE deposition in the brain of AD patients [178]. Although Meli et al. reported

increased serum pentosidine levels, using HPLC, in patients with AD, so far no other
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evidence exists for systemic increases of AGE levels [179]. In contrast,
chromatographic analysis of acid hydrolysates of brain frontal cortex for CML and
pentosidine showed no significant increase in AD subjects, relative to controls.
Pyrraline and pentosidine were not detected in beta-amyloid or apolipoprotein-E
extracted from brain tissue of AD subjects, and immunohistochemistry with an anti-
AGE antibody showed no staining of senile plaques [180,181]. Data on RAGE
expression and binding in AD are also controversial. Thus, the role of AGE in AD is,
therefore, currently uncertain. It has been proposed that reactive carbonyls are
implicated as neurotoxic mediators of oxidative damage in the progression of AD and

so may result in AGE accumulation [182].

Amyotrophic Lateral Sclerosis (ALS)

In sporadic ALS, CML as a marker of lipid peroxidation or protein glycoxidation and
pentosidine as a marker of protein glycoxidation are increased along with markers of
lipid peroxidation immunohistochemically in the spinal cord in almost all motor
neurons and in reactive astrocytes and microglia/macrophages [183]. The authors
implicate the formation of CML, pentosidine or lipid peroxidation products in motor
neuron degeneration. A special familial form of ALS exists with superoxide dismutase-
1 (SOD-1) gene mutations, characterized by the presence of neuronal Lewy body-like
hyaline and astrocytic hyaline inclusions. Ultrastructurally these inclusions contain
granule-coated fibrils positive for a SOD-1 protein but also modified by AGE. The
formation of AGE-modified mutant SOD-1 is probably one of the mechanisms

responsible for the fibril formation [184].

Arthritis

Drinda et al. detected CML in the synovial tissue in patients with osteoarthritis and also
rheumatoid arthritis [185]. Adverse changes induced by AGE in the collagen network
in bone are associated with a loss of toughness of bone in elderly people [186]. De
Groot et al. found in in vitro experiments with cartilage from osteoarthritis or

rheumatoid arthritis patients that increased cartilage AGE reduced cartilage
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degradation by matrix metalloproteinases (MMP) in synovial fluid, suggesting that
aged cartilage is less sensitive to the MMP-mediated cartilage destruction that occurs
in osteoarthritis and rheumatoid arthritis. This may have effect on their rate of

progression [187].

Amyloidosis

In various types of amyloidosis abnormal amyloid fibril proteins are associated with
AGE accumulation [188]. Familial amyloidotic polyneuropathy (FAP), Portuguese
type, is caused by amyloid depositions of a mutated transthyretin, and is associated
with gastrointestinal symptoms like diarrhea, malabsorption due to severe dysmotility
of the gastrointestinal tract. RAGE has been implicated in amyloid toxicity, and
transthyretin amyloid fibrils have been shown to have affinity for RAGE and to induce
NF-kappaB activation and apoptosis (also see above for RAGE effects ). In autopsy
samples immunoreactivity for AGE and RAGE was found at the same sites as amyloid

deposits and transthyretin [189,190].

Periodontitis

AGE present in diabetic gingiva may be associated with a state of enhanced oxidant
stress, a potential mechanism for accelerated tissue injury [191]. The degree of
collagen crosslinking has a marked influence on bone regeneration of calvarial defects
in rat studies. This may suggest a negative role of AGE-crosslinked collagen on

recovery from periodontitis [192].

INTERVENTIONS

Different approaches may be used to counter AGE accumulation and its deleterious
effects. The first approach is to reduce the formation of AGE at one of the many steps
involved. This ranges from interventions aimed at reducing glucose levels in diabetes
to drugs specifically aimed at one of the late steps in the Amadori process. Recent
studies of the group of Vlassara et al. address the possibility to reduce AGE

accumulation by limiting the exogenous supply of AGE from food. Since smoking is
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another source of exogenous AGE and associated with increased AGE accumulation,
therefore smoking cessation is another candidate in this category. The second approach
is to increase breakdown of AGE. One drug, ALT-711, is now in advanced phase 11
studies as an AGE-breaker. The third approach aims to prevent the deleterious effects
of AGE. It includes interventions aimed at reducing protein cross-links, or at blocking

or competing for one or more of the different AGE receptors (summarized in Table 3).

Table 3. Interventions to reduce AGE accumulation.

Inhibition of AGE formation
Specific: aminoguanidine, OPB-9195, ALT-946, pyridoxamine (or other “Amadorins”)
Aspecific: metformine, cerivastatine, ACE-inhibitors, ATII-antagonists, other
pharmaceuticals that reduce oxidative stress

AGE breaker
ALT-711

AGE-RAGE interaction blockers

Reduction of exogenous AGE
ceasing tobacco use, low-AGE diet

Inhibitors of AGE Formation
As discussed above AGE formation is a complex process and under the influence of
diverse mechanisms like glycation and oxidative stress. This offers many opportunities
to prevent AGE formation. In fact, any treatment aimed at lowering glycation or
oxidative stress may be considered. Usually, however, attention is focused more on
interventions aimed at one of the steps in the Amadori process directly preceding AGE
formation. The drug attracting most attention has been aminoguanidine.
Aminoguanidine. In 1986 Brownlee et al. showed that aminoguanidine
prevented both the formation of fluorescent AGE and the formation of glucose-derived
collagen cross-links in vitro [193]. Furthermore, administration of the drug to diabetic
rats prevented fluorescent AGE-formation and cross-linking of arterial wall connective
tissue protein in vivo. Aminoguanidine reacts with Amadori-derived reactive
intermediates such as 3-deoxyglucosone. Incubation of model Amadori products with
aminoguanidine produces a triazine compound which prevents the further
rearrangement of intermediates to protein-protein and protein-lipid crosslinks [194].
Price et al. addressed the chelating activity of aminoguanidine and other AGE

inhibitors (carnosine, OPB-9195) and breakers (ALT-711). They conclude that rather
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than by trapping reactive carbonyl intermediates they act primarily as chelators and
antioxidants [195]. Aminoguanidine does not interfere with already formed AGE.
Aminoguanidine also reduces NO formation through inhibition of inducible NO-
synthase. Several studies claim that aminoguanidine selectively inhibits NO-synthase,
probably both the constitutive and the inducible form [196-200]. Furthermore,
aminoguanidine may act as a free radical scavenger and so reduce oxidative stress
[201,202]. Many studies have addressed its use in preventing diabetic micro- and
macrovascular complications. The beneficial effect of aminoguanidine is considered by
most authors to be mainly due to its direct effect on AGE formation. However,
dissociations between reductions in albuminuria and effects on skin AGE formation
have also been described [203]. Studies in diabetic animal show that aminoguanidine
treatment prevents or reduces the major long-term complications of diabetes,
nephropathy, neuropathy and retinopathy. Reduction of AGE accumulation,
albuminuria and kidney lesions were established [90,136,204,205]. It is remarkable
that the lesions at the tubulointerstitial level are improved by aminoguanidine
[206,207]. Increase in motor nerve conduction velocity, partially through correction of
endoneurial microcirculation, normalization of nerve blood flow and improvement of
nerve conduction were also found [141,208,209]. Diabetic retinopathy was inhibited by
aminoguanidine treatment, with prevention of abnormal endothelial cell proliferation
and microaneurysms, and reduction in pericyte dropout, even when in one of these
studies no effect of aminoguanidine on AGE (pentosidine in aorta and tail collagen,
Hb-AGE) [122,209]. Clinical studies with aminoguanidine or its generic form,
pimagedine, are still in progress.

In addition, aminoguanidine interferes with the development of atherosclerotic
lesions: increasing elasticity and decreasing fluid filtration in large arteries, decreasing
levels of total cholesterol, triglycerides and LDL-cholesterol in diabetic patients treated
with aminoguanidine [210].

Outside the field of diabetes aminoguanidine reduced aortic pulse wave
velocity in non-diabetic rats. Aminoguanidine seems to prevent the age-related increase

in wall stiffness, although no effects on wall stress or composition were found [211].
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As for toxicity, a small percentage of patients develops flu-like symptoms. During
longer use, macrocytic anaemia is found in a considerable percentage of patients and
antinuclear cytoplasmic antibodies may develop at high doses, which is clinically
associated with crescentic glomerulonephritis in three cases. Further side effects in
human trials included nausea and headache. The daily dosage of aminoguanidine is
usually 300 mg a day, taken with food. Aminoguanidine has a half life of only 4-hours,
so these dosages would be best administered over the day into split doses. Checks of
full blood counts and autoimmune antibodies are advised before and during treatment.
Other aminoguanidine-like compounds, without an influence on NO-synthase,
have recently been described. They exhibit similar effects as aminoguanidine: 2,3
diaminophenazine (NNC39-0028) attenuated the development of diabetic mesenteric
hypertrophy [212]; Oturai et al. found in STZ diabetic rats improved collagen
solubility, in contrast to the lack of effect of the AGE-breaker PTB (see below).
However, the increased urinary albumin excretion and the increased leakage in the eye
of labeled albumin were not reduced by either drug [213]. 4-amino-3-hydrazino-5-
isopropyl 4H-1,2,4-triazole and 3,5-diamino-4-hydroxy-benzoic acid dihydrochloride
increased tail tendon collagen solubility in treated rats [105]. OPB-9195 [(+/-)-2-
isopropylidenehydrazono-4-oxo-thiazolidin-5-yla cetanilide] inhibits both AGE and
advanced lipoxidation endproducts (ALE) formation probably by its ability to trap
reactive carbonyl compounds like GO, MGO and 3-DG [214]. It improved the delayed
motor nerve conduction velocity in diabetic rats, and reduced the expression of
immunoreactive AGE in the nerves [215]. ALT-946 was more potent than
aminoguanidine in diabetic rats in suppressing immunohistochemically measured AGE
production after 32 weeks. Albuminuria was equally reduced in the three groups
treated from week 0 to 32 with aminoguanidine, or from week—32 or 16-32 with
ALT-946 [216]. In a transgenic rat model with angiotensin II dependent hypertension,
along with STZ-induced diabetes and severe diabetic nephropathy ALT-946 and
aminoguanidine  both reduced glomerulosclerosis and glomerular AGE
immunolabeling. ALT-946 but not AG also reduced cortical tubular degeneration and

albuminuria. Thus even with a strong hypertensive stimulus for developing
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nephropathy in diabetic rats AGE formation inhibitors may protect against diabetic
nephropathy [217].

Pyridoxamine inhibits formation of AGE derived from the alpha-dicarbonyl
compound MGO in vitro [218]. It also reduces formation of lipoxidation end products
(ALE). It has this capacity at least in part by trapping reactive carbonyl intermediates
in the formation of AGE and ALE [219]. In diabetic rats pyridoxamine prevented after
29 weeks the development of structural changes of diabetic retinopathy and CML
accumulation in the retinal vasculature [220]. Diabetic nephropathy is also inhibited by
pyridoxamine to a similar extent as aminoguanidine in STZ-diabetic rats, associated
with a marked reduction of AGE/ALE, CML, CEL, cross-linking and fluorescence in
skin collagen [221]

In 1999, a novel group of inhibitors of the conversion of Amadori
intermediates to AGE, named "Amadorins" was described [222]. The therapeutic
potential of these drugs is currently being investigated. Other agents such as Carnosine
and Acetyl-L-Carnitine also prevent AGE formation. Carnosine (beta-alanyl-lhistidine)
is physiologically present in muscle and nervous tissues in many animals, especially
long-lived species [223]. As yet only in vitro studies found that N-acetylcysteine
suppressed CML production during prolonged incubations [224].

In a recent study it was demonstrated that ACE inhibition with ramipril and
aminoguanidine after 12 weeks equally reduced renal AGE accumulation, assessed by
immunohistochemistry and serum and renal fluorescence, in STZ-induced diabetic
animals. Both drugs prevented diabetes-induced increases in expression of RAGE and
also AGE R2, R3 receptors and NFkappaB. The link between inhibition of the renin-
angiotensin system and of AGE accumulation may reside in the reduction of oxidative
stress [225]. The inhibition of AGE production by interventions in the renin-
angiotensin system is confirmed by an in vitro study by Miyata et al. for the
angiotensin Il type 1 receptor antagonist olmesartan and the ACE-inhibitor
temocaprilat. In a comparison with nifedipine, both olmesartan and temocaprilat

inhibited the formation of pentosidine and CML [226]. An in vitro study with different
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calcium antagonists showed some antioxidative properties of calcium antagonists but
no inhibitory effect on the formation of AGE precursors [227].

Beraprost sodium, a prostacyclin analogue and cyclic-AMP-elevating agent,
was found to protect retinal pericytes with prevention of AGE-induced apoptotic cell

death from AGE-induced cytotoxicity through its antioxidative properties [228].

AGE-Breakers
In 1996, Vasan and colleagues described a new compound that cleaves glucose-derived
protein cross-links in vitro and in vivo [229]. Its action is based on the assumption that
AGE are formed in a pathway involving reactive a-dicarbonyl intermediates. The
AGE-breakers Nphenacylthiazolium bromide (PTB) or the chloride form developed by
Alteon ALT-711, 3-phenacyl-4, 5-dimethylthiazolium chloride, is able to break this a-
dicarbonyl bond, and can thereby remove established AGEcrosslinks (7able 3).
However, taking into account the high reactivity of these a-dicarbonyl bonds, a
crosslink containing this bond is not likely to occur. Because in vitro and in vivo
studies indeed confirm the ability of PTB to actually diminish AGE derived crosslinks,
therefore, future research should be focused on finding different mechanisms by which
PTB breaks AGE crosslinks. Wolffenbuttel et al. performed the first in vivo study in
rats, showing that chronic treatment with an AGE-breaker restored large artery
properties in experimental diabetes [230]. In a study in aging dogs ALT-711 1mg/kg
reversed the age-related increased stiffness of the myocardium within four weeks
[231]. Left ventricular stiffness was reduced by approximately 40%. Studies on the
effects of ALT-711 on older rhesus monkeys showed that an injection of 10 mg/kg
ALT-711, every other day for three weeks, improved vascular compliance and
elasticity [232]. The improved vascular compliance persisted over time, with maximum
improvement seen six weeks after the end of ALT-711 treatment, and a gradual return
to baseline 39 weeks after treatment was stopped.

After phase I clinical studies with ALT-711, Kass et al. described last year a
randomized, double blind, placebo controlled trial in 93 individuals over the age of 50,

with as selection criterion a systolic blood pressure > 140 mmHg and pulse pressure of
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at least 60 mmHg [233]. Treatment consisted of ALT-711 210 mg daily or placebo for
eight weeks, in addition to usual antihypertensive treatment. ALT-711 lowered pulse
pressure with 5.6 mmHg drops in the treated group compared to a -0.5 mmHg drop in
patients receiving placebo. ALT-711 significantly improved large artery compliance
and distensibility by 11% to 18%, compared to placebo. The drug is now tested in
several phase II trials in isolated systolic hypertension, addressing the vascular and left
ventricular effects (Alteon website: SAPPHIRE and SILVER trials) and in diastolic

heart failure.

AGE-RAGE Interaction Blockers
As discussed above, AGE-RAGE interactions may be important in numerous diseases.
Attempts to block the deleterious effects of AGE at the receptor level are still in an

experimental phase [74].

Prevention of other AGE-Induced effects

A novel approach in preventing deleterious effects of AGE has been proposed by

Okamoto. He wused incadronate to prevent AGE-induced angiogenesis from

microvascular endothelial cells probably by blocking protein farnesylation [234].
Cerivastatin, a lipid lowering drug from the class of statins, prevents the AGE-

induced increase in NF-kappaB and activator protein-1 activity, suppressed VEGF

mRNA upregulation in cultured endothelial cells [235].

Interventions Aimed at Reducing Exogenous AGE, Food and Smoking

Vlassara addressed the effect of food derived proinflammatory AGE on inflammatory
mediators in diabetic subjects by comparing otherwise comparable diets with a high
AGE content or with a 5-fold lower AGE content. Serum AGE, measured as CML-
sensitive ELISA, were approximately 70% higher on the high AGE compared to the
low AGE diet, AGE-LDL was approximately 40% higher. The levels of the endothelial
adhesion molecule VCAM-1and mononuclear tumor necrosis factor (TNF) alpha were

considerably higher during the high AGE diet [236]. Although the study was too small
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to draw definite conclusions, the results suggest that high AGE diets may result in
higher levels of inflammatory mediators in diabetes patients and so contribute to the
chronic complications. In apoE-deficient mice in whom a femoral artery injury had
been induced, a low AGE diet compared to a diet with a tenfold higher AGE content
resulted, 4 weeks after the injury in a decrease in neointima formation and a less
stenotic luminal area [237]. Markedly lower number of macrophages and a reduced
number of smooth muscle cells, associated with a 40% decrease in circulating AGE
levels and AGE deposition in endothelial cells, smooth muscle cells and macrophages
of the neointima in the low AGE diet mice were observed. The same group tested the
effects of a low AGE diet also in two diabetic mouse models for type 1 and type 2
diabetes, respectively. The mice on a low AGE diet had a marked reduction in the
diabetic nephropathy glomerular lesions and an extended survival [238]. In the renal
cortex expression of transforming growth factor-betal, laminin Bl mRNA and alpha-
IV collagen mRNA was lower in the low AGE diet group, along with reduced serum
and kidney AGE levels. The relation between diet and exogenous AGE load and
resulting (serum) AGE levels is not always straightforward: Sebekova expected to find
higher AGE levels in omnivores eating more heat-treated food would be higher than in
vegetarians cooking their food. However, plasma AGE levels (measured with ELISA
for CML, also plasma fluorescence) were higher in the vegetarians [239]. More
specific food substances, for example green tea extracts, have been tested for their
effect on protein glycation and oxidation in vitro [240]. Gugliucci found that in vitro
extracts of the flavonoid-rich herbal species Achyrocline saturoides and Ilex
paraguariensis inhibited the effects of the reactive carbonyl compound methylglyoxal

on heparin activation of antithrombin III and plasminogen activity [241].

CONCLUSIONS
AGE have evolved from noxious bystanders of long-time glycation to endproducts of
both oxidative and carbonyl stress. In association with the expansion in the biological

effects of AGE, this makes AGE the primary targets for pharmaceutical interventions.
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Pharmaceutical strategies can be aimed both at prevention of AGE formation and at

AGE breaking. A weak point remains the dearth of feasible AGE assay methods

available for clinical practice to monitor the effects of such pharmaceutical

interventions. Introduction of reproducible, easily available assays of tissue AGE

accumulation are warranted for a more focused application of treatment strategies.

REFERENCES

1.

70

Bucala R, Makita Z, Vega G, Grundy S, Koschinsky T, Cerami A, Vlassara H:
Modification of low density lipoprotein by advanced glycation end products
contributes to the dyslipidemia of diabetes and renal insufficiency. Proc Natl Acad Sci
USA 91:9441-9445, 1994

Bierhaus A, Hofmann MA, Ziegler R, Nawroth PP: AGEs and their interaction with
AGE-receptors in vascular disease and diabetes mellitus. I. The AGE concept.
Cardiovasc Res 37:586-600, 1998

Miyata T, Ueda Y, Yoshida A et al: Clearance of pentosidine, an advanced glycation
end product, by different modalities of renal replacement therapy. Kidney Int 51:880-
887, 1997

Giardino I, Edelstein D, Brownlee M: BCL-2 expression or antioxidants prevent
hyperglycaemia-induced formation of intracellular advanced glycation endproducts in
bovine endothelial cells. J Clin Invest 97:1422-1428, 1996

Furth AJ: Glycated proteins in diabetes. Br J Biomed Sci 54:192-200, 1997

McCance DR, Dyer DG, Dunn JA, Bailie KE, Thorpe SR, Baynes JW, Lyons TJ:
Maillard reaction products and their relation to complications in insulin-dependent
diabetes mellitus. J Clin Invest 91:2470-2478, 1993

Wells-Knecht MC, Thorpe SR, Baynes JW: Pathways of formation of glycoxidation
products during glycation of collagen. Biochemistry 34:15134-15141, 1995

Baynes JW, Thorpe SR: Role of oxidative stress in diabetic complications: a new

perspective on an old paradigm. Diabetes 48:1-9, 1999



Clinical relevance of AGEs

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Miyata T, van Ypersele dS, Kurokawa K, Baynes JW: Alterations in nonenzymatic
biochemistry in uremia: origin and significance of "carbonyl stress" in long-term
uremic complications. Kidney Int 55:389-399, 1999

Thornalley PJ, Langborg A, Minhas HS: Formation of glyoxal, methylglyoxal and 3-
deoxyglucosone in the glycation of proteins by glucose. Biochem J 344 Pt 1:109-116,
1999

Brownlee M: Biochemistry and molecular cell biology of diabetic complications.
Nature 414:813-820, 2001

Hammes HP: Pathophysiological mechanisms of diabetic angiopathy. J Diabetes
Complications 17:16-19, 2003

Miyata T, van Ypersele dS, Imasawa T et al: Glyoxalase I deficiency is associated
with an unusual level of advanced glycation end products in a hemodialysis patient.
Kidney Int 60:2351-2359, 2001

Fu MX, Requena JR, Jenkins AJ, Lyons TJ, Baynes JW, Thorpe SR: The advanced
glycation end product, Nepsilon-(carboxymethyl)lysine, is a product of both lipid
peroxidation and glycoxidation reactions. J Biol Chem 271:9982-9986, 1996
Anderson MM, Requena JR, Crowley JR, Thorpe SR, Heinecke JW: The
myeloperoxidase  system of human  phagocytes  generates  Nepsilon-
(carboxymethyl)lysine on proteins: a mechanism for producing advanced glycation
end products at sites of inflammation. J Clin Invest 104:103-113, 1999

Snieder H, Sawtell PA, Ross L, Walker J, Spector TD, Leslie RD: HbAlc levels are
genetically determined even in type 1 diabetes: evidence from healthy and diabetic
twins. Diabetes 50:2858-2863, 2001

Kessel L, Hougaard JL, Sander B, Kyvik KO, Sorensen TI, Larsen M: Lens ageing as
an indicator of tissue damage associated with smoking and non-enzymatic glycation -
a twin study. Diabetologia 45:1457-1462, 2002

Koschinsky T, He CJ, Mitsuhashi T, Bucala R, Liu C, Buenting C, Heitmann K,
Vlassara H: Orally absorbed reactive glycation products (glycotoxins): an
environmental risk factor in diabetic nephropathy. Proc Natl Acad Sci U S A 94:6474-
6479, 1997

Vlassara H, Fuh H, Makita Z, Krungkrai S, Cerami A, Bucala R: Exogenous advanced

glycosylation end products induce complex vascular dysfunction in normal animals: a

71



Chapter 3

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

72

model for diabetic and aging complications. Proc Natl Acad Sci U S A 89:12043-
12047, 1992

Vlassara H, Striker LJ, Teichberg S, Fuh H, Li YM, Steffes M: Advanced glycation
end products induce glomerular sclerosis and albuminuria in normal rats. Proc Natl
Acad Sci U S A 91:11704-11708, 1994

Beisswenger PJ, Howell SK, O'Dell RM, Wood ME, Touchette AD, Szwergold BS:
alpha-Dicarbonyls increase in the postprandial period and reflect the degree of
hyperglycemia. Diabetes Care 24:726-732, 2001

Cerami C, Founds H, Nicholl I et al: Tobacco smoke is a source of toxic reactive
glycation products. Proc Natl Acad Sci U S A 94:13915-13920, 1997

Baumgartl HJ, Hofmann H, Standl E: Erhohung der serum-AGEs (‘advanced
glycosylation endproducts') bei rauchern unter den Typ-1-Diabetikern. Diab Stoffw 5,
151: 1996

Araki N, Higashi T, Mori T et al: Macrophage scavenger receptor mediates the
endocytic uptake and degradation of advanced glycation end products of the Maillard
reaction. Eur J Biochem 230:408-415, 1995

Schinzel R, Munch G, Heidland A, Sebekova K: Advanced glycation end products in
end-stage renal disease and their removal. Nephron 87:295-303, 2001

Miyata T, Ueda Y, Yamada Y et al: Accumulation of carbonyls accelerates the
formation of pentosidine, an advanced glycation end product: carbonyl stress in
uremia. J Am Soc Nephrol 9:2349-2356, 1998

Gugliucci A, Bendayan M: Renal fate of circulating advanced glycated end products
(AGE): evidence for reabsorption and catabolism of AGE-peptides by renal proximal
tubular cells. Diabetologia 39:149-160, 1996

Smedsrod B, Melkko J, Araki N, Sano H, Horiuchi S: Advanced glycation end
products are eliminated by scavenger-receptor-mediated endocytosis in hepatic
sinusoidal Kupffer and endothelial cells. Biochem J 322 ( Pt 2):567-573, 1997

Sano H, Higashi T, Matsumoto K et al: Insulin enhances macrophage scavenger
receptor-mediated endocytic uptake of advanced glycation end products. J Biol Chem

273:8630-8637, 1998



Clinical relevance of AGEs

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sebekova K, Kupcova V, Schinzel R, Heidland A: Markedly elevated levels of plasma
advanced glycation end products in patients with liver cirrhosis - amelioration by liver
transplantation. J Hepatol 36:66-71, 2002

Horiuchi S: The liver is the main site for metabolism of circulating advanced
glycation end products. J Hepatol 36:123-125, 2002

Li YM, Mitsuhashi T, Wojciechowicz D, Shimizu N, Li J, Stitt A, He C, Banerjee D,
Vlassara H: Molecular identity and cellular distribution of advanced glycation
endproduct receptors: relationship of p60 to OST-48 and p90 to 80K-H membrane
proteins. Proc Natl Acad Sci U S A 93:11047-11052, 1996

Suzuki H, Kurihara Y, Takeya M, et.al. A role for macrophage scavenger receptors in
atherosclerosis and susceptibility to infection. Nature 386:292-296, 1997

Acton SL, Scherer PE, Lodish HF, Krieger M: Expression cloning of SR-BI, a CD36-
related class B scavenger receptor. J Biol Chem 269:21003-21009, 1994

Sensi M, Morano S, Sagratella E, Castaldo P et al: Advanced glycation end product
levels in eye lenses, aorta, and tail tendon in transplanted diabetic inbred Lewis rats.
Transplantation 72:1370-1375, 2001

Hricik DE, Wu YC, Schulak A, Friedlander MA: Disparate changes in plasma and
tissue pentosidine levels after kidney and kidney-pancreas transplantation. Clin
Transplant 10:568-573, 1996

Ling X, Nagai R, Sakashita N, Takeya M, Horiuchi S, Takahashi K:
Immunohistochemical distribution and quantitative biochemical detection of advanced
glycation end products in fetal to adult rats and in rats with streptozotocin-induced
diabetes. Lab Invest 81:845-861, 2001

Baynes JW: The Maillard hypothesis on aging: time to focus on DNA. Ann N'Y Acad
Sci 959:360-367, 2002

Sebekova K, Blazicek P, Syrova D, Krivosikova Z, Spustova V, Heidland A, Schinzel
R: Circulating advanced glycation end product levels in rats rapidly increase with
acute renal failure. Kidney Int Suppl 78:S58-S62, 2001

Pongor S, Ulrich PC, Bencsath FA, Cerami A: Aging of proteins: isolation and
identification of a fluorescent chromophore from the reaction of polypeptides with

glucose. Proc Natl Acad Sci U S A 81:2684-2688, 1984

73



Chapter 3

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

74

Sell DR, Monnier VM: Isolation, purification and partial characterization of novel
fluorophores from aging human insoluble collagen-rich tissue. Connect Tissue Res
19:77-92, 1989

Ikeda K, Higashi T, Sano H et al: N (epsilon)-(carboxymethyl)lysine protein adduct is
a major immunological epitope in proteins modified with advanced glycation end
products of the Maillard reaction. Biochemistry 35:8075-8083, 1996

Reddy S, Bichler J, Wells-Knecht KJ, Thorpe SR, Baynes JW: N epsilon-
(carboxymethyl)lysine is a dominant advanced glycation end product (AGE) antigen
in tissue proteins. Biochemistry 34:10872-10878, 1995

Makita Z, Vlassara H, Rayfield E, Cartwright K, Friedman E, Rodby R, Cerami A,
Bucala R: Hemoglobin-AGE: a circulating marker of advanced glycosylation. Science
258:651-653, 1992

Wolffenbuttel BH, Giordano D, Founds HW, Bucala R: Long-term assessment of
glucose control by haemoglobin-AGE measurement. Lancet 347:513-515, 1996
Makita Z, Radoff S, Rayfield EJ, Yang Z, Skolnik E, Delaney V, Friedman EA,
Cerami A, Vlassara H: Advanced glycosylation end products in patients with diabetic
nephropathy. N Engl J Med 325:836-842, 1991

Nagai R, Matsumoto K, Ling X, Suzuki H, Araki T, Horiuchi S: Glycolaldehyde, a
reactive intermediate for advanced glycation end products, plays an important role in
the generation of an active ligand for the macrophage scavenger receptor. Diabetes
49:1714-1723, 2000

Fu MX, Wells-Knecht KJ, Blackledge JA, Lyons TJ, Thorpe SR, Baynes JW:
Glycation, glycoxidation, and cross-linking of collagen by glucose. Kinetics,
mechanisms, and inhibition of late stages of the Maillard reaction. Diabetes 43:676-
683, 1994

Kent MJ, Light ND, Bailey AJ: Evidence for glucose-mediated covalent cross-linking
of collagen after glycosylation in vitro. Biochem J 225:745-752, 1985

Horiuchi S, Araki N: Advanced glycation end products of the Maillard reaction and
their relation to aging. Gerontology 40 Suppl 2:10-15, 1994

Dyer DG, Dunn JA, Thorpe SR, Bailie KE, Lyons TJ, McCance DR, Baynes JW:
Accumulation of Maillard reaction products in skin collagen in diabetes and aging. J

Clin Invest 91:2463-2469, 1993



Clinical relevance of AGEs

52.

53.

54.

35.

56.

57.

38.

59.

60.

61.

62.

Airaksinen KE, Salmela PI, Linnaluoto MK, Ikaheimo MJ, Ahola K, Ryhanen LJ:
Diminished arterial elasticity in diabetes: association with fluorescent advanced
glycosylation end products in collagen. Cardiovasc Res 27:942-945, 1993

Bucala R, Tracey KJ, Cerami A: Advanced glycosylation products quench nitric oxide
and mediate defective endothelium-dependent vasodilatation in experimental diabetes.
J Clin Invest 87:432-438, 1991

Rodriguez-Manas L, Arribas S, Giron C, Villamor J, Sanchez-Ferrer CF, Marin J:
Interference of glycosylated human hemoglobin with endothelium-dependent
responses. Circulation 88:2111-2116, 1993

Chibber R, Molinatti PA, Rosatto N, Lambourne B, Kohner EM: Toxic action of
advanced glycation end products on cultured retinal capillary pericytes and endothelial
cells: relevance to diabetic retinopathy. Diabetologia 40:156-164, 1997

Yamagishi S, Fujimori H, Yonekura H, Yamamoto Y, Yamamoto H: Advanced
glycation endproducts inhibit prostacyclin production and induce plasminogen
activator inhibitor-1 in human microvascular endothelial cells. Diabetologia 41:1435-
1441, 1998

Urata Y, Yamaguchi M, Higashiyama Y et al: Reactive oxygen species accelerate
production of vascular endothelial growth factor by advanced glycation end products
in RAW264.7 mouse macrophages. Free Radic Biol Med 32:688-701, 2002
Quehenberger P, Greten J, v-Riedesel J et al: Endothelin-1 is under control of the
transcription factors pS0/p65 (NF-B) and AP-1. Ann Hematol 70, A53:211: 1995
Ohgami N, Nagai R, Miyazaki A, lkemoto M, Arai H, Horiuchi S, Nakayama H:
Scavenger receptor class B type [-mediated reverse cholesterol transport is inhibited
by advanced glycation end products. J Biol Chem 276:13348-13355, 2001

Rashduni DL, Rifici VA, Schneider SH, Khachadurian AK: Glycation of high-density
lipoprotein does not increase its susceptibility to oxidation or diminish its cholesterol
efflux capacity. Metabolism 48:139-143, 1999

Brizzi MF, Dentelli P, Gambino R et al: STATS activation induced by diabetic LDL
depends on LDL glycation and occurs via src kinase activity. Diabetes 51:3311-3317,
2002

Schmidt AM, Hori O, Brett J, Yan SD, Wautier JL, Stern D: Cellular receptors for

advanced glycation end products. Implications for induction of oxidant stress and

75



Chapter 3

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

76

cellular dysfunction in the pathogenesis of vascular lesions. Arterioscler Thromb
14:1521-1528, 1994

Bierhaus A, Illmer T, Kasper M et al: Advanced glycation end product (AGE)-
mediated induction of tissue factor in cultured endothelial cells is dependent on
RAGE. Circulation 96:2262-2271, 1997

Wautier MP, Chappey O, Corda S, Stern DM, Schmidt AM, Wautier JL: Activation of
NADPH oxidase by AGE links oxidant stress to altered gene expression via RAGE.
Am J Physiol Endocrinol Metab 280:E685-E694, 2001

Mathys KC, Ponnampalam SN, Padival S, Nagaraj RH: Semicarbazide-sensitive
amine oxidase in aortic smooth muscle cells mediates synthesis of a methylglyoxal-
AGE: implications for vascular complications in diabetes. Biochem Biophys Res
Commun 297:863-869, 2002

Ido Y, Chang KC, Lejeune WS, Bjercke RJ, Reiser KM, Williamson JR, Tilton RG:
Vascular dysfunction induced by AGE is mediated by VEGF via mechanisms
involving reactive oxygen species, guanylate cyclase, and protein kinase C.
Microcirculation 8:251-263, 2001

Treins C, Giorgetti-Peraldi S, Murdaca J, Van Obberghen E: Regulation of vascular
endothelial growth factor expression by advanced glycation end products. J Biol
Chem 276:43836-43841, 2001

Giugliano D, Ceriello A, Paolisso G: Oxidative stress and diabetic vascular
complications. Diabetes Care 19:257-267, 1996

Bucala R, Makita Z, Koschinsky T, Cerami A, Vlassara H: Lipid advanced
glycosylation: pathway for lipid oxidation in vivo. Proc Natl Acad Sci U S A 90:6434-
6438, 1993

Vlassara H: Advanced glycation end-products and atherosclerosis. Ann Med 28:419-
426, 1996

Bucciarelli LG, Wendt T, Rong L et al: RAGE is a multiligand receptor of the
immunoglobulin superfamily: implications for homeostasis and chronic disease. Cell
Mol Life Sci 59:1117-1128, 2002

Schmidt AM, Stern DM: Receptor for age (RAGE) is a gene within the major
histocompatibility class III region: implications for host response mechanisms in

homeostasis and chronic disease. Front Biosci 6:D1151-D1160, 2001



Clinical relevance of AGEs

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Kislinger T, Fu C, Huber B et al: N(epsilon)-(carboxymethyl)lysine adducts of
proteins are ligands for receptor for advanced glycation end products that activate cell
signaling pathways and modulate gene expression. J Biol Chem 274:31740-31749,
1999

Bierhaus A, Schiekofer S, Schwaninger M et al: Diabetes-associated sustained
activation of the transcription factor nuclear factor-kappaB. Diabetes 50:2792-2808,
2001

Oldfield MD, Bach LA, Forbes JM et al: Advanced glycation end products cause
epithelial-myofibroblast transdifferentiation via the receptor for advanced glycation
end products (RAGE). J Clin Invest 108:1853-1863, 2001

Hou FF, Miyata T, Boyce J et al: beta-(2)-Microglobulin modified with advanced
glycation end products delays monocyte apoptosis. Kidney Int 59:990-1002, 2001
Esposito C, Fasoli G, Plati AR et al: Long-term exposure to high glucose up-regulates
VCAM-induced endothelial cell adhesiveness to PBMC. Kidney Int 59:1842-1849,
2001

Hudson BI, Stickland MH, Futers TS, Grant PJ: Effects of novel polymorphisms in
the RAGE gene on transcriptional regulation and their association with diabetic
retinopathy. Diabetes 50:1505-1511, 2001

He CJ, Koschinsky T, Buenting C, Vlassara H: Presence of diabetic complications in
type 1 diabetic patients correlates with low expression of mononuclear cell AGE-
receptor-1 and elevated serum AGE. Mol Med 7:159-168, 2001

Yamamoto Y, Kato I, Doi T et al: Development and prevention of advanced diabetic
nephropathy in RAGE-overexpressing mice. J Clin Invest 108:261-268, 2001

Vlassara H, Li YM, Imani F, Wojciechowicz D, Yang Z, Liu FT, Cerami A:
Identification of galectin-3 as a high-affinity binding protein for advanced glycation
end products (AGE): a new member of the AGE-receptor complex. Mol Med 1:634-
646, 1995

Pugliese G, Pricci F, lacobini C et al: Accelerated diabetic glomerulopathy in galectin-
3/AGE receptor 3 knockout mice. FASEB J 15:2471-2479, 2001

Ohgami N, Nagai R, Ikemoto M, Arai H, Kuniyasu A, Horiuchi S, Nakayama H:
Cd36, a member of the class b scavenger receptor family, as a receptor for advanced

glycation end products. J Biol Chem 276:3195-3202, 2001

77



Chapter 3

&4.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

78

Febbraio M, Hajjar DP, Silverstein RL: CD36: a class B scavenger receptor involved
in angiogenesis, atherosclerosis, inflammation, and lipid metabolism. J Clin Invest
108:785-791, 2001

Acton S, Rigotti A, Landschulz KT, Xu S, Hobbs HH, Krieger M: Identification of
scavenger receptor SR-BI as a high density lipoprotein receptor. Science 271:518-520,
1996

Miyazaki A, Nakayama H, Horiuchi S: Scavenger receptors that recognize advanced
glycation end products. Trends Cardiovasc Med 12:258-262, 2002

Tanaka N, Yonekura H, Yamagishi S, Fujimori H, Yamamoto Y, Yamamoto H: The
receptor for advanced glycation end products is induced by the glycation products
themselves and tumor necrosis factor-alpha through nuclear factor-kappa B, and by
17beta-estradiol through Sp-1 in human vascular endothelial cells. J Biol Chem
275:25781-25790, 2000

Makita Z, Bucala R, Rayfield EJ et al: Reactive glycosylation endproducts in diabetic
uraemia and treatment of renal failure. Lancet 343:1519-1522, 1994

Thome J, Munch G, Muller R, Schinzel R, Kornhuber J, Blum-Degen D, Sitzmann L,
Rosler M, Heidland A, Riederer P: Advanced glycation endproducts-associated
parameters in the peripheral blood of patients with Alzheimer's disease. Life Sci
59:679-685, 1996

Soulis-Liparota T, Cooper M, Papazoglou D, Clarke B, Jerums G: Retardation by
aminoguanidine of development of albuminuria, mesangial expansion, and tissue
fluorescence in streptozocin-induced diabetic rat. Diabetes 40:1328-1334, 1991
Brennan M: Changes in the cross-linking of collagen from rat tail tendons due to
diabetes. J Biol Chem 264:20953-20960, 1989

Hammer C, Braum E: Quantification of age pigments (lipofuscin). Comp Biochem
Physiol B 90:7-17, 1988

Meerwaldt R, Smit AJ, Navis GJ, van Roon AM, Graaff R, Gans RO: Increased skin
autofluorescence in diabetes mellitus and renal failure. Diabetologia 44, supp:A1046:
2000

Ahmed MU, Thorpe SR, Baynes JW: Identification of N epsilon-carboxymethyllysine
as a degradation product of fructoselysine in glycated protein. J Biol Chem 261:4889-
4894, 1986



Clinical relevance of AGEs

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Takahashi M, Hoshino H, Kushida K, Inoue T: Direct measurement of crosslinks,
pyridinoline, deoxypyridinoline, and pentosidine, in the hydrolysate of tissues using
high-performance liquid chromatography. Anal Biochem 232:158-162, 1995
Nakayama H, Taneda S, Mitsuhashi T et al: Characterization of antibodies to
advanced glycosylation end products on protein. J Immunol Methods 140:119-125,
1991

Horiuchi S, Araki N, Morino Y: Immunochemical approach to characterize advanced
glycation end products of the Maillard reaction. Evidence for the presence of a
common structure. J Biol Chem 266:7329-7332, 1991

Makita Z, Vlassara H, Cerami A, Bucala R: Immunochemical detection of advanced
glycosylation end products in vivo. J Biol Chem 267:5133-5138, 1992

Takanashi M, Sakurai T, Tsuchiya S: Identification of the carboxymethyllysine
residue in the advanced stage of glycated human serum albumin. Chem Pharm Bull
(Tokyo) 40:705-708, 1992

Dorrian CA, Cathcart S, Clausen J, Shapiro D, Dominiczak MH: Factors in human
serum interfere with the measurement of advanced glycation endproducts. Cell Mol
Biol (Noisy -le-grand) 44:1069-1079, 1998

Mellinghoff AC, Reininger AJ, Wuerth JP, Founds HW, Landgraf R, Hepp KD:
Formation of plasma advanced glycosylation end products (AGEs) has no influence
on plasma viscosity. Diabet Med 14:832-836, 1997

Gerdemann A, Lemke HD, Nothdurft A, Heidland A, Munch G, Bahner U, Schinzel
R: Low-molecular but not high-molecular advanced glycation end products (AGEs)
are removed by high-flux dialysis. Clin Nephrol 54:276-283, 2000

Miki HC, Nagai R, Miyazaki K, Hayase F, Araki T, Ono T, Horiuchi S: Conversion of
Amadori products of the Maillard reaction to N(epsilon)-(carboxymethyl)lysine by
short-term heating: possible detection of artifacts by immunohistochemistry. Lab
Invest 82:795-808, 2002

Radoff S, Makita Z, Vlassara H: Radioreceptor assay for advanced glycosylation end
products. Diabetes 40:1731-1738, 1991

Kochakian M, Manjula BN, Egan JJ: Chronic dosing with aminoguanidine and novel
advanced glycosylation end product-formation inhibitors ameliorates cross-linking of

tail tendon collagen in STZ-induced diabetic rats. Diabetes 45:1694-1700, 1996

79



Chapter 3

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

80

Mentink CJ, Hendriks M, Levels AA, Wolffenbuttel BH: Glucose-mediated cross-
linking of collagen in rat tendon and skin. Clin Chim Acta 321:69-76, 2002
Subramaniam R, Fan XJ, Scivittaro V et al: Cellular oxidant stress and advanced
glycation endproducts of albumin: caveats of the dichlorofluorescein assay. Arch
Biochem Biophys 400:15-25, 2002

Hui YY, McAmis WC, Baynes JW, Schaeffer RC, Jr., Wolf MB: Effect of advanced
glycation end products on oxidative stress in endothelial cells in culture: a warning on
the use of cells studied in serum-free media. Diabetologia 44:1310-1317, 2001
Schmidt AM, Hori O, Chen JX et al: Advanced glycation endproducts interacting with
their endothelial receptor induce expression of vascular cell adhesion molecule-1
(VCAM- 1) in cultured human endothelial cells and in mice. A potential mechanism
for the accelerated vasculopathy of diabetes. J Clin Invest 96:1395-1403, 1995
Kilhovd BK, Berg TJ, Torjesen PA: Formation of advanced glycation endproducts
(AGEs) may participate in the development of coronary heart disease in patients with
type 2 diabetes. Diabetologia 41, supp. 1:A302: 1998

Niwa T, Katsuzaki T, Miyazaki S et al: Immunohistochemical detection of
imidazolone, a novel advanced glycation end product, in kidneys and aortas of
diabetic patients. J Clin Invest 99:1272-1280, 1997

Miyata T, Wada Y, Cai Z et al: Implication of an increased oxidative stress in the
formation of advanced glycation end products in patients with end-stage renal failure.
Kidney Int 51:1170-1181, 1997

Monnier VM, Bautista O, Kenny D et al: Skin collagen glycation, glycoxidation, and
crosslinking are lower in subjects with long-term intensive versus conventional
therapy of type 1 diabetes: relevance of glycated collagen products versus HbAlc as
markers of diabetic complications. DCCT Skin Collagen Ancillary Study Group.
Diabetes Control and Complications Trial. Diabetes 48:870-880, 1999

Schleicher ED, Wagner E, Nerlich AG: Increased accumulation of the glycoxidation
product N(epsilon)-(carboxymethyl)lysine in human tissues in diabetes and aging. J
Clin Invest 99:457-468, 1997

Berg TJ, Dahl-Jorgensen K, Torjesen PA, Hanssen KF: Increased serum levels of
advanced glycation end products (AGEs) in children and adolescents with IDDM.
Diabetes Care 20:1006-1008, 1997



Clinical relevance of AGEs

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Aso Y, Inukai T, Tayama K, Takemura Y: Serum concentrations of advanced
glycation endproducts are associated with the development of atherosclerosis as well
as diabetic microangiopathy in patients with type 2 diabetes. Acta Diabetol 37:87-92,
2000

Papanastasiou P, Grass L, Rodela H, Patrikarea A, Oreopoulos D, Diamandis EP:
Immunological quantification of advanced glycosylation end-products in the serum of
patients on hemodialysis or CAPD. Kidney Int 46:216-222, 1994

Stitt AW, He C, Friedman S et al: Elevated AGE-modified ApoB in sera of
euglycemic, normolipidemic patients with atherosclerosis: relationship to tissue
AGEs. Mol Med 3:617-627, 1997

Friedman EA: Advanced glycation end-products in diabetic nephropathy. Nephrol
Dial Transplant 14 Suppl 3:1-9, 1999

Park L, Raman KG, Lee KIJ et al: Suppression of accelerated diabetic atherosclerosis
by the soluble receptor for advanced glycation endproducts. Nat Med 4:1025-1031,
1998

Beisswenger PJ, Makita Z, Curphey TJ et al: Formation of immunochemical advanced
glycosylation end products precedes and correlates with early manifestations of renal
and retinal disease in diabetes. Diabetes 44:824-829, 1995

Hammes HP, Martin S, Federlin K, Geisen K, Brownlee M: Aminoguanidine
treatment inhibits the development of experimental diabetic retinopathy. Proc Natl
Acad Sci U S A 88:11555-11558, 1991

Hammes HP, Brownlee M, Lin J, Schleicher E, Bretzel RG: Diabetic retinopathy risk
correlates with intracellular concentrations of the glycoxidation product Nepsilon-
(carboxymethyl) lysine independently of glycohaemoglobin concentrations.
Diabetologia 42:603-607, 1999

Stitt AW, Jenkins AJ, Cooper ME: Advanced glycation end products and diabetic
complications. Expert Opin Investig Drugs 11:1205-1223, 2002

Murata T, Nagai R, Ishibashi T, Inomuta H, Ikeda K, Horiuchi S: The relationship
between accumulation of advanced glycation end products and expression of vascular
endothelial growth factor in human diabetic retinas. Diabetologia 40:764-769, 1997
Chappey O, Dosquet C, Wautier MP, Wautier JL: Advanced glycation end products,

oxidant stress and vascular lesions. Eur J Clin Invest 27:97-108, 1997

81



Chapter 3

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

82

Brownlee M: Negative consequences of glycation. Metabolism 49:9-13, 2000

Stitt AW, Moore JE, Sharkey JA et al: Advanced glycation end products in vitreous:
Structural and functional implications for diabetic vitreopathy. Invest Ophthalmol Vis
Sci 39:2517-2523, 1998

Matsumoto Y, Takahashi M, Ogata M: Relationship between glycoxidation and
cytokines in the vitreous of eyes with diabetic retinopathy. Jpn J Ophthalmol 46:406-
412,2002

Ishino Y, Yokoi N, Yasuhara T, Yamasaki T, Koizumi K, Ikeda T, Kinoshita S:
Investigation of Corneal Autofluorescence in Diabetic Patients. Jpn J Ophthalmol
45:116, 2001

Kaji Y, Amano S, Usui T et al: Advanced glycation end products in Descemet's
membrane and their effect on corneal endothelial cell. Curr Eye Res 23:469-477, 2001
Sato E, Mori F, Igarashi S, Abiko T, Takeda M, Ishiko S, Yoshida A: Corneal
advanced glycation end products increase in patients with proliferative diabetic
retinopathy. Diabetes Care 24:479-482, 2001

Wagner Z, Wittmann I, Mazak I, Schinzel R, Heidland A, Kientsch-Engel R, Nagy J:
N(epsilon)-(carboxymethyl)lysine levels in patients with type 2 diabetes: role of renal
function. Am J Kidney Dis 38:785-791, 2001

Borrebaek J, Prydz K, Fjeldstad K, Vuong TT, Berg TJ, Holkov C, Kolset SO: The
AGE product N epsilon-(carboxymethyl)lysine serum albumin is a modulator of
proteoglycan expression in polarized cultured kidney epithelial cells. Diabetologia
44:488-494, 2001

Deuther-Conrad W, Franke S, Henle T, Sommer M, Stein G: In vitro-prepared
advanced glycation end-products and the modulating potential of their low-molecular
weight degradation products in IRPTC-A rat proximal-tubular derived kidney
epithelial cell line. Cell Mol Biol (Noisy -le-grand) 47 Online Pub:OL187-OL196,
2001

Kumari K, Murthy PS, Sahib MK: Monoaminoguanidine prevents sorbitol
accumulation, nonenzymatic protein glycosylation and development of kidney lesions
in diabetic rats. Experientia 47:252-254, 1991

Thornalley PJ: Glycation in diabetic neuropathy: characteristics, consequences,

causes, and therapeutic options. Int Rev Neurobiol 50:37-57, 2002



Clinical relevance of AGEs

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

Birrell AM, Heffernan SJ, Ansselin AD, McLennan S, Church DK, Gillin AG, Yue
DK: Functional and structural abnormalities in the nerves of type I diabetic baboons:
aminoguanidine treatment does not improve nerve function. Diabetologia 43:110-116,
2000

Federoff HJ, Lawrence D, Brownlee M: Nonenzymatic glycosylation of laminin and
the laminin peptide CIKVAVS inhibits neurite outgrowth. Diabetes 42:509-513, 1993
Cameron NE, Cotter MA, Dines K, Love A: Effects of aminoguanidine on peripheral
nerve function and polyol pathway metabolites in streptozotocin-diabetic rats.
Diabetologia 35:946-950, 1992

Sugimoto K, Yagihashi S: Effects of aminoguanidine on structural alterations of
microvessels in peripheral nerve of streptozotocin diabetic rats. Microvasc Res
53:105-112, 1997

Sugimoto K, Nishizawa Y, Horiuchi S, Yagihashi S: Localization in human diabetic
peripheral nerve of N(epsilon)-carboxymethyllysine-protein adducts, an advanced
glycation endproduct. Diabetologia 40:1380-1387, 1997

Miyata T, Sugiyama S, Saito A, Kurokawa K: Reactive carbonyl compounds related
uremic toxicity ("carbonyl stress"). Kidney Int Suppl 78:S25-S31, 2001

Weiss MF, Erhard P, Kader-Attia FA, Wu YC, Deoreo PB, Araki A, Glomb MA,
Monnier VM: Mechanisms for the formation of glycoxidation products in end-stage
renal disease. Kidney Int 57:2571-2585, 2000

Raj DS, Choudhury D, Welbourne TC, Levi M: Advanced glycation end products: a
Nephrologist's perspective. Am J Kidney Dis 35:365-380, 2000

Meng J, Sakata N, Imanaga Y, Takebayashi S, Nagai R, Horiuchi S:
Carboxymethyllysine in dermal tissues of diabetic and nondiabetic patients with
chronic renal failure: relevance to glycoxidation damage. Nephron 88:30-35, 2001
Degenhardt TP, Grass L, Reddy S, Thorpe SR, Diamandis EP, Baynes JW: Technical
note. The serum concentration of the advanced glycation end-product N epsilon-
(carboxymethyl)lysine is increased in uremia. Kidney Int 52:1064-1067, 1997
Nishikawa T, Edelstein D, Du XL et al: Normalizing mitochondrial superoxide
production blocks three pathways of hyperglycaemic damage. Nature 404:787-790,
2000

83



Chapter 3

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

84

Lal MA, Brismar H, Eklof AC, Aperia A: Role of oxidative stress in advanced
glycation end product-induced mesangial cell activation. Kidney Int 61:2006-2014,
2002

Niwa T: 3-Deoxyglucosone: metabolism, analysis, biological activity, and clinical
implication. J Chromatogr B Biomed Sci Appl 731:23-36, 1999

Combet S, Ferrier ML, Van Landschoot M et al: Chronic uremia induces permeability
changes, increased nitric oxide synthase expression, and structural modifications in
the peritoneum. J Am Soc Nephrol 12:2146-2157, 2001

Schwedler S, Schinzel R, Vaith P, Wanner C: Inflammation and advanced glycation
end products in uremia: simple coexistence, potentiation or causal relationship?
Kidney Int Suppl 78:S32-S36, 2001

Zoccali C, Mallamaci F, Asahia K et al: Pentosidine, carotid atherosclerosis and
alterations in left ventricular geometry in hemodialysis patients. J Nephrol 14:293-
298, 2001

Floridi A, Antolini F, Galli F, Fagugli RM, Floridi E, Buoncristiani U: Daily
haemodialysis improves indices of protein glycation. Nephrol Dial Transplant 17:871-
878, 2002

Satoh M, Yamasaki Y, Nagake Y et al: Oxidative stress is reduced by the long-term
use of vitamin E-coated dialysis filters. Kidney Int 59:1943-1950, 2001

Stein G, Franke S, Mahiout A, Schneider S, Sperschneider H, Borst S, Vienken J:
Influence of dialysis modalities on serum AGE levels in end-stage renal disease
patients. Nephrol Dial Transplant 16:999-1008, 2001

Randoux C, Gillery P, Georges N, Lavaud S, Chanard J: Filtration of native and
glycated beta2-microglobulin by charged and neutral dialysis membranes. Kidney Int
60:1571-1577, 2001

Hou FF, Jiang JP, Guo JQ et al.: Receptor for advanced glycation end products on
human synovial fibroblasts: role in the pathogenesis of dialysis-related amyloidosis. J
Am Soc Nephrol 13:1296-1306, 2002

Motomiya Y, Iwamoto H, Uji Y, Higashi T, Uchimura T, Maruyama I: Potential value
of CML-Hb in predicting the progression of bone cysts in dialysis-related
amyloidosis. Nephron 89:286-290, 2001



Clinical relevance of AGEs

160.

l161.

162.

163.

164.

165.

166.

167.

168.

169.

Panuccio V, Mallamaci F, Tripepi G et al: Low parathyroid hormone and pentosidine
in hemodialysis patients. Am J Kidney Dis 40:810-815, 2002

Yamamoto T, Ozono K, Miyauchi A, Kasayama S, Kojima Y, Shima M, Okada S:
Role of advanced glycation end products in adynamic bone disease in patients with
diabetic nephropathy. Am J Kidney Dis 38:S161-S164, 2001

Hricik DE, Schulak JA, Sell DR, Fogarty JF, Monnier VM: Effects of kidney or
kidney-pancreas transplantation on plasma pentosidine. Kidney Int JID - 0323470
43:398-403, 1993

Lee WK, Akyol M, Shaw S, Dominiczak MH, Briggs JD: Kidney transplantation
decreases the tissue level of advanced glycosylation end-products. Nephrol Dial
Transplant 10:103-107, 1995

Shaw S, Akyol M, Bell J, Briggs JD, Dominiczak MH: Effects of continuous
ambulatory peritoneal dialysis and kidney transplantation on advanced glycation
endproducts in the skin and peritoneum. Cell Mol Biol (Noisy -le-grand) 44:1061-
1068, 1998

Yoshida S, Yamada K, Hamaguchi K et al: Immunohistochemical study of human
advanced glycation end-products (AGE) and growth factors in cardiac tissues of
patients on maintenance dialysis and with kidney transplantation. Clin Nephrol
49:273-280, 1998

Kume S, Takeya M, Mori T et al: Immunohistochemical and ultrastructural detection
of advanced glycation end products in atherosclerotic lesions of human aorta with a
novel specific monoclonal antibody. Am J Pathol 147:654-667, 1995

Nakamura Y, Horii Y, Nishino T et al: Immunohistochemical localization of advanced
glycosylation end products in coronary atheroma and cardiac tissue in diabetes
mellitus. Am J Pathol 143:1649-1656, 1993

Schleicher E, Olgemoller B, Schon J, Durst T, Wieland OH: Limited nonenzymatic
glucosylation of low-density lipoprotein does not alter its catabolism in tissue culture.
Biochim Biophys Acta 846:226-233, 1985

Ritthaler U, Deng Y, Zhang Y et al: Expression of receptors for advanced glycation
end products in peripheral occlusive vascular disease. Am J Pathol 146:688-694, 1995

85



Chapter 3

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

86

Westwood ME, Thornalley PJ: Induction of synthesis and secretion of interleukin 1
beta in the human monocytic THP-1 cells by human serum albumins modified with
methylglyoxal and advanced glycation endproducts. Immunol Lett 50:17-21, 1996
Yang CW, Vlassara H, Peten EP, He CJ, Striker GE, Striker LJ: Advanced glycation
end products up-regulate gene expression found in diabetic glomerular disease. Proc
Natl Acad Sci U S A 91:9436-9440, 1994

Vlassara H, Brownlee M, Manogue KR, Dinarello CA, Pasagian A: Cachectin/TNF
and IL-1 induced by glucose-modified proteins: role in normal tissue remodeling.
Science 240:1546-1548, 1988

Sakata N, Imanaga Y, Meng J et al: Immunohistochemical localization of different
epitopes of advanced glycation end products in human atherosclerotic lesions.
Atherosclerosis 141:61-75, 1998

Baynes JW: The role of AGEs in aging: causation or correlation. Exp Gerontol
36:1527-1537, 2001

Dickson DW, Sinicropi S, Yen SH, Ko LW, Mattiace LA, Bucala R, Vlassara H:
Glycation and microglial reaction in lesions of Alzheimer's disease. Neurobiol Aging
17:733-743, 1996

Smith MA, Taneda S, Richey PL et al: Advanced Maillard reaction end products are
associated with Alzheimer disease pathology. Proc Natl Acad Sci U S A 91:5710-
5714, 1994

Vitek MP, Bhattacharya K, Glendening JM et al: Advanced glycation end products
contribute to amyloidosis in Alzheimer disease. Proc Natl Acad Sci U S A 91:4766-
4770, 1994

Shuvaev VV, Laffont I, Serot JM, Fujii J, Taniguchi N, Siest G: Increased protein
glycation in cerebrospinal fluid of Alzheimer's disease. Neurobiol Aging 22:397-402,
2001

Meli M, Perier C, Ferron C et al: Serum pentosidine as an indicator of Alzheimer's
disease. J Alzheimers Dis 4:93-96, 2002

Seidl R, Schuller E, Cairns N, Lubec G: Evidence against increased glycoxidation in
patients with Alzheimer's disease. Neurosci Lett 232:49-52, 1997

Tabaton M, Perry G, Smith M et al: Is amyloid beta-protein glycated in Alzheimer's
disease? Neuroreport 8:907-909, 1997



Clinical relevance of AGEs

182.

183.

184.

185.

186.

187.

188.

189.

190.

Picklo MJ, Montine TJ, Amarnath V, Neely MD: Carbonyl toxicology and
Alzheimer's disease. Toxicol Appl Pharmacol 184:187-197, 2002

Shibata N, Nagai R, Uchida K et al: Morphological evidence for lipid peroxidation
and protein glycoxidation in spinal cords from sporadic amyotrophic lateral sclerosis
patients. Brain Res 917:97-104, 2001

Kato S, Nakashima K, Horiuchi S et al: Formation of advanced glycation end-product-
modified superoxide dismutase-1 (SOD1) is one of the mechanisms responsible for
inclusions common to familial amyotrophic lateral sclerosis patients with SOD1 gene
mutation, and transgenic mice expressing human SODI1 gene mutation.
Neuropathology 21:67-81, 2001

Drinda S, Franke S, Canet CC, Petrow P, Brauer R, Huttich C, Stein G, Hein G:
Identification of the advanced glycation end products N(epsilon)-carboxymethyllysine
in the synovial tissue of patients with rheumatoid arthritis. Ann Rheum Dis 61:488-
492,2002

Wang X, Shen X, Li X, Agrawal CM: Age-related changes in the collagen network
and toughness of bone. Bone 31:1-7, 2002

DeGroot J, Verzijl N, Wenting-Van Wijk MJ, Bank RA, Lafeber FP, Bijlsma JW,
TeKoppele JM: Age-related decrease in susceptibility of human articular cartilage to
matrix metalloproteinase-mediated degradation: the role of advanced glycation end
products. Arthritis Rheum 44:2562-2571, 2001

Miyata T, Oda O, Inagi Ret al: beta 2-Microglobulin modified with advanced
glycation end products is a major component of hemodialysis-associated amyloidosis.
J Clin Invest 92:1243-1252, 1993

Sousa MM, Du YS, Fernandes R, Guimaraes A, Stern D, Saraiva MJ: Familial
amyloid polyneuropathy: receptor for advanced glycation end products-dependent
triggering of neuronal inflammatory and apoptotic pathways. J Neurosci 21:7576-
7586, 2001

Matsunaga N, Anan I, Forsgren S et al: Advanced glycation end products (AGE) and
the receptor for AGE are present in gastrointestinal tract of familial amyloidotic
polyneuropathy patients but do not induce NF-kappaB activation. Acta Neuropathol
(Berl) 104:441-447, 2002

87



Chapter 3

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

88

Schmidt AM, Weidman E, Lalla E, Yan SD, Hori O, Cao R, Brett JG, Lamster IB:
Advanced glycation endproducts (AGEs) induce oxidant stress in the gingiva: a
potential mechanism underlying accelerated periodontal disease associated with
diabetes. J Periodontal Res 31:508-515, 1996

Brunel G, Piantoni P, Elharar F, Benque E, Marin P, Zahedi S: Regeneration of rat
calvarial defects using a bioabsorbable membrane technique: influence of collagen
cross-linking. J Periodontol 67:1342-1348, 1996

Brownlee M, Vlassara H, Kooney A, Ulrich P, Cerami A: Aminoguanidine prevents
diabetes-induced arterial wall protein cross- linking. Science 232:1629-1632, 1986
Edelstein D, Brownlee M: Mechanistic studies of advanced glycosylation end product
inhibition by aminoguanidine. Diabetes 41:26-29, 1992

Price DL, Rhett PM, Thorpe SR, Baynes JW: Chelating activity of advanced glycation
end-product inhibitors. J Biol Chem 276:48967-48972, 2001

Hasan K, Heesen BJ, Corbett JA et al: Inhibition of nitric oxide formation by
guanidines. Eur J Pharmacol 249:101-106, 1993

Misko TP, Moore WM, Kasten TP et al: Selective inhibition of the inducible nitric
oxide synthase by aminoguanidine. Eur J Pharmacol 233:119-125, 1993

Griffiths MJ, Messent M, MacAllister RJ, Evans TW: Aminoguanidine selectively
inhibits inducible nitric oxide synthase. Br J Pharmacol 110:963-968, 1993

Wolff DJ, Lubeskie A: Aminoguanidine is an isoform-selective, mechanism-based
inactivator of nitric oxide synthase. Arch Biochem Biophys 316:290-301, 1995

Laszlo F, Evans SM, Whittle BJ: Aminoguanidine inhibits both constitutive and
inducible nitric oxide synthase isoforms in rat intestinal microvasculature in vivo. Eur
J Pharmacol 272:169-175, 1995

Kedziora-Kornatowska KZ, Luciak M, Blaszczyk J, Pawlak W: Effect of
aminoguanidine on the generation of superoxide anion and nitric oxide by peripheral
blood granulocytes of rats with streptozotocin-induced diabetes. Clin Chim Acta
278:45-53, 1998

Kedziora-Kornatowska KZ, Luciak M, Blaszczyk J, Pawlak W: Effect of
aminoguanidine on erythrocyte lipid peroxidation and activities of antioxidant

enzymes in experimental diabetes. Clin Chem Lab Med 36:771-775, 1998



Clinical relevance of AGEs

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

Degenhardt TP, Fu MX, Voss E et al: Aminoguanidine inhibits albuminuria, but not
the formation of advanced glycation end-products in skin collagen of diabetic rats.
Diabetes Res Clin Pract 43:81-89, 1999

Soulis T, Cooper ME, Vranes D, Bucala R, Jerums G: Effects of aminoguanidine in
preventing experimental diabetic nephropathy are related to the duration of treatment.
Kidney Int 50:627-634, 1996

Nyengaard JR, Chang K, Berhorst S, Reiser KM, Williamson JR, Tilton RG:
Discordant effects of guanidines on renal structure and function and on regional
vascular dysfunction and collagen changes in diabetic rats. Diabetes 46:94-106, 1997
Kelly DJ, Gilbert RE, Cox AJ, Soulis T, Jerums G, Cooper ME: Aminoguanidine
ameliorates overexpression of prosclerotic growth factors and collagen deposition in
experimental diabetic nephropathy. J] Am Soc Nephrol 12:2098-2107, 2001

Rangan GK, Wang Y, Harris DC: Pharmacologic modulators of nitric oxide
exacerbate tubulointerstitial inflammation in proteinuric rats. J Am Soc Nephrol
12:1696-1705, 2001

Kihara M, Schmelzer JD, Poduslo JF, Curran GL, Nickander KK, Low PA:
Aminoguanidine effects on nerve blood flow, vascular permeability,
electrophysiology, and oxygen free radicals. Proc Natl Acad Sci U S A 88:6107-6111,
1991

Kern TS, Engerman RL: Pharmacological inhibition of diabetic retinopathy:
aminoguanidine and aspirin. Diabetes 50:1636-1642, 2001

Huijberts MS, Wolffenbuttel BH, Boudier HA, Crijns FR, Kruseman AC, Poitevin P,
Levy BI: Aminoguanidine treatment increases elasticity and decreases fluid filtration
of large arteries from diabetic rats. J Clin Invest 92:1407-1411, 1993

Cantini C, Kieffer P, Corman B, Liminana P, Atkinson J, Lartaud-Idjouadiene I:
Aminoguanidine and aortic wall mechanics, structure, and composition in aged rats.
Hypertension 38:943-948, 2001

Soulis T, Sastra S, Thallas V et al: A novel inhibitor of advanced glycation end-
product formation inhibits mesenteric vascular hypertrophy in experimental diabetes.

Diabetologia 42:472-479, 1999

89



Chapter 3

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

90

Oturai PS, Christensen M, Rolin B, Pedersen KE, Mortensen SB, Boel E: Effects of
advanced glycation end-product inhibition and cross-link breakage in diabetic rats.
Metabolism 49:996-1000, 2000

Miyata T, Ueda Y, Asahi K et al: Mechanism of the inhibitory effect of OPB-9195
[(+/-)-2-isopropylidenehydrazono-4-oxo-thiazolidin-5-yla cetanilide] on advanced
glycation end product and advanced lipoxidation end product formation. J Am Soc
Nephrol 11:1719-1725, 2000

Wada R, Nishizawa Y, Yagihashi N et al: Effects of OPB-9195, anti-glycation agent,
on experimental diabetic neuropathy. Eur J Clin Invest 31:513-520, 2001

Forbes JM, Soulis T, Thallas V et al: Renoprotective effects of a novel inhibitor of
advanced glycation. Diabetologia 44:108-114, 2001

Wilkinson-Berka JL, Kelly DJ, Koerner SM, Jaworski K, Davis B, Thallas V, Cooper
ME: ALT-946 and aminoguanidine, inhibitors of advanced glycation, improve severe
nephropathy in the diabetic transgenic (mMREN-2)27 rat. Diabetes 51:3283-3289, 2002
Nagaraj RH, Sarkar P, Mally A, Biemel KM, Lederer MO, Padayatti PS: Effect of
pyridoxamine on chemical modification of proteins by carbonyls in diabetic rats:
characterization of a major product from the reaction of pyridoxamine and
methylglyoxal. Arch Biochem Biophys 402:110-119, 2002

Voziyan PA, Metz TO, Baynes JW, Hudson BG: A post-Amadori inhibitor
pyridoxamine also inhibits chemical modification of proteins by scavenging carbonyl
intermediates of carbohydrate and lipid degradation. J Biol Chem 277:3397-3403,
2002

Stitt A, Gardiner TA, Anderson NL et al: The AGE inhibitor pyridoxamine inhibits
development of retinopathy in experimental diabetes. Diabetes 51:2826-2832, 2002
Degenhardt TP, Alderson NL, Arrington DD et al: Pyridoxamine inhibits early renal
disease and dyslipidemia in the streptozotocin-diabetic rat. Kidney Int 61:939-950,
2002

Khalifah RG, Baynes JW, Hudson BG: Amadorins: novel post-Amadori inhibitors of
advanced glycation reactions. Biochem Biophys Res Commun 257:251-258, 1999
Hipkiss AR, Brownson C, Bertani MF, Ruiz E, Ferro A: Reaction of carnosine with

aged proteins: another protective process? Ann N Y Acad Sci 959:285-294, 2002



Clinical relevance of AGEs

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

Sakai A, Nakayama M, Numata M, Takesawa S, Nakamoto M: Sodium sulfite and N-
acetylcysteine: new additives to dialysate for inhibiting formation of glucose
degradation products and advanced glycation end-products. Adv Perit Dial 17:66-70,
2001

Forbes JM, Cooper ME, Thallas V et al: Reduction of the accumulation of advanced
glycation end products by ACE inhibition in experimental diabetic nephropathy.
Diabetes 51:3274-3282, 2002

Miyata T, van Ypersele dS, Ueda Y et al: Angiotensin II receptor antagonists and
angiotensin-converting enzyme inhibitors lower in vitro the formation of advanced
glycation end products: biochemical mechanisms. J Am Soc Nephrol 13:2478-2487,
2002

Sobala G, Menzel EJ, Sinzinger H: Calcium antagonists as inhibitors of in vitro low
density lipoprotein oxidation and glycation. Biochem Pharmacol 61:373-379, 2001
Yamagishi S, Amano S, Inagaki Y, Okamoto T, Takeuchi M, Makita Z: Beraprost
sodium, a prostaglandin 12 analogue, protects against advanced gycation end products-
induced injury in cultured retinal pericytes. Mol Med 8:546-550, 2002

Vasan S, Zhang X, Zhang X et al: An agent cleaving glucose-derived protein
crosslinks in vitro and in vivo. Nature 382:275-278, 1996

Wolffenbuttel BH, Boulanger CM, Crijns FR et al: Breakers of advanced glycation
end products restore large artery properties in experimental diabetes. Proc Natl Acad
Sci U S A 95:4630-4634, 1998

Asif M, Egan J, Vasan S et al: An advanced glycation endproduct cross-link breaker
can reverse age- related increases in myocardial stiffness. Proc Natl Acad Sci U S A
97:2809-2813, 2000

Vaitkevicius PV, Lane M, Spurgeon H et al: A cross-link breaker has sustained effects
on arterial and ventricular properties in older rhesus monkeys. Proc Natl Acad Sci U S
A 98:1171-1175, 2001

Kass DA, Shapiro EP, Kawaguchi M, Capriotti AR, Scuteri A, deGroof RC, Lakatta
EG: Improved arterial compliance by a novel advanced glycation end-product

crosslink breaker. Circulation 104:1464-1470, 2001

91



Chapter 3

234.

235.

236.

237.

238.

239.

240.

241.

92

Okamoto T, Yamagishi S, Inagaki Y et al: Incadronate disodium inhibits advanced
glycation end products-induced angiogenesis in vitro. Biochem Biophys Res Commun
297:419-424, 2002

Okamoto T, Yamagishi S, Inagaki Y, et al: Angiogenesis induced by advanced
glycation end products and its prevention by cerivastatin. FASEB J 16:1928-1930,
2002

Vlassara H, Cai W, Crandall J et al: Inflammatory mediators are induced by dietary
glycotoxins, a major risk factor for diabetic angiopathy. PNAS 99:15596-15601, 2002

Lin RY, Reis ED, Dore AT et al: Lowering of dietary advanced glycation endproducts
(AGE) reduces neointimal formation after arterial injury in genetically
hypercholesterolemic mice. Atherosclerosis 163:303-311, 2002

Zheng F, He C, Cai W, Hattori M, Steffes M, Vlassara H: Prevention of diabetic
nephropathy in mice by a diet low in glycoxidation products. Diabetes Metab Res Rev
18:224-237, 2002

Sebekova K, Krajcoviova-Kudlackova M, Schinzel R, Faist V, Klvanova J, Heidland
A: Plasma levels of advanced glycation end products in healthy, long-term vegetarians
and subjects on a western mixed diet. Eur J Nutr 40:275-281, 2001

Nakagawa T, Yokozawa T, Terasawa K, Shu S, Juneja LR: Protective activity of
green tea against free radical- and glucose-mediated protein damage. J Agric Food
Chem 50:2418-2422, 2002

Gugliucci A, Menini T: The botanical extracts of Achyrocline satureoides and Ilex
paraguariensis prevent methylglyoxal-induced inhibition of plasminogen and

antithrombin III. Life Sci 72:279-292, 2002





