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Institute of Medical Biochemistry
1st Faculty of Medicine, Charles University
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Abstract
As a result of oxidative and carbonyl stress, advanced
glycation end products (AGEs) are involved in the patho-
genesis of severe and frequent diseases and their fatal
vascular/cardiovascular complications, i.e. diabetes mel-
litus and its complications (nephropathy, angiopathy,
neuropathy and retinopathy, renal failure and uremic
and dialysis-associated complications), atherosclerosis
and dialysis-related amyloidosis, neurodegenerative dis-
eases, and rheumatoid arthritis. They are formed via
non-enzymatic glycation which is specifically enhanced
through the presence of oxidative and carbonyl stress,
and their ability to form glycoxidation products in pep-
tide and protein structures finally modulating or induc-
ing biological reactivity. Food can be another source of
AGEs; however, high serum AGEs in hemodialysis pa-
tients might reflect nutritional status better. Several
methods of renal replacement therapy have been stud-
ied in connection with the AGE removal, but unfortunate-
ly the possibilities are still unsatisfactory even if high flux
dialysis, hemofiltration, or hemodiafiltration give better

results than conventional low flux dialysis. AGEs are cur-
rently being studied in the patients on peritoneal dialysis
as their precursors can be formed in the dialysis fluid.
AGEs can cause damage to the peritoneum and so a loss
of ultrafiltration capacity. Many compounds give promis-
ing results in AGE inhibition (inhibition of formation of
AGEs, inhibition of their action or degradation of AGEs),
are tested for these properties, and eventually undergo
clinical studies (e.g. aminoguanidine, OPB-9195, pyri-
doxamine, antioxidants, N-phenacylthiazolium bromide,
antihypertensive drugs, angiotensin-converting enzyme
inhibitors and angiotensin II receptor-1 antagonists).

Copyright © 2004 S. Karger AG, Basel

In 1912, advanced glycation end products (AGEs)
were described for the first time by the French chemist
Maillard [1] who observed the formation of brown matter
when heating mixtures of sugars and amino acids. These
compounds were first studied by food chemists, but later
on they were shown to be at least partly responsible for the
development of diabetic complications [2, 3]. In addition,
their plasma levels were found to be markedly elevated in
uremic patients [4] and were described as new uremic tox-
ins [5]. Moreover they accumulate in the nervous tissue in
neurodegenerative diseases [6], and their significance is
also being discussed in other ailments and pathological
states, e.g. rheumatoid arthritis [7] or chronic pulmonary
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Fig. 1. Structure of AGEs.

diseases [8]. Nevertheless, AGEs are formed in the body
under physiological conditions and their formation in-
creases with the age [9].

General Characteristics

AGEs are a group of heterogenous substances that can
modify proteins both in plasma and tissues. The structure
of many AGEs is unknown, but some of them were
described as model AGEs and new AGE structures are
presently being characterized (fig. 1). However, only some
of them have pathophysiological function in the organ-
ism. The best known AGEs are: pentosidine, NÂ-carboxy-

methyllysine (CML), NÂ-carboxyethyllysine (CEL), glyox-
allysine dimer (GOLD), methylglyoxal lysine dimer
(MOLD), imidazolone (3-deoxyglucosone-arginine-imi-
dazolone), and pyrraline [10–12]. The yellow-brown pig-
mentation, fluorescence, and cross-linking ability are the
main characteristic properties of AGEs [13]. However,
some AGEs are non-fluorescent and are devoid of cross-
linking ability (e.g. CML) [12].

Formation of AGEs and Their Metabolism
Formation of AGEs as well as their degradation are

complex processes. AGEs are sometimes described as
Maillard products, as they are products of the classical
Maillard reaction (non-enzymatic glycations) [1]. Their
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Fig. 2. Formation of AGEs and reactive carbonyl compounds.
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formation is enhanced in the presence of oxidative and
carbonyl stress [14, 15]. In addition, food [16] and tobac-
co smoke [17] can represent exogenous sources of AGE
precursors. AGEs and their precursors can be detoxified
by specific enzymes, e.g. reductases [18, 19], degraded by
macrophages, excreted by the kidney [20] or may accumu-
late in tissues. Decreased renal function [4] as well as
altered liver function [21] may contribute to their in-
creased levels. The mechanisms mentioned above are
interconnected and determine the amount of AGEs in the
organism. In the following, we would like to briefly char-
acterize each of them.

Non-Enzymatic Glycation (Maillard Reaction). This
starts with the bonding of an aldehyde group of a reducing
sugar to an amino group of a protein. In this way, a revers-
ible Schiff base is formed. This phase depends on the
blood glucose concentration. The Schiff base can be rear-
ranged into an Amadori product (partially reversible)
which can be determined as fructosamine (mainly gly-
cated albumin) and glycated hemoglobin (fig. 2). Both are
routinely measured in patients with diabetes mellitus in
order to monitor long-term treatment. In the late phase,
during weeks or months, independent of the sugar con-
centration, via condensation, dehydration, fragmentation
and cyclization, AGEs arise [22]. AGEs can be formed
from various sugars, both intra- and extracellular (e.g. glu-
cose, fructose, threose, glucose-6-phosphate, glyceralde-
hyde-3-phosphate) [23, 24]. This classical pathway is
sometimes also called the Hodge pathway [25] and is
highly important mainly in diabetes mellitus.

Oxidative Stress. This is characterized as an imbalance
between reactive oxygen and nitrogen species or free radi-
cals and antioxidants in favor of free radicals. Oxidative

stress is enhanced both in hyperglycemia and uremia and
contributes to increased AGE formation [15, 18]. Auto-
oxidation of sugars as well as that of the Schiff base and
Amadori product can give reactive carbonyl compounds
which can form AGEs (so-called Wolf and Namiki path-
ways) [25]. Via reactive carbonyl compounds, lipoperoxi-
dation of polyunsaturated fatty acids can also result in
AGE formation. This pathway can even be enhanced by
metal-catalyzed reactions [26]. Due to these two forma-
tion possibilities, glycation and oxidation, the products
arising are sometimes called glycoxidation products [27].

Carbonyl Stress. In the last years, in addition to oxida-
tive stress, attention has also been given to carbonyl
stress, which is enhanced in uremia. Miyata et al. [18]
characterize carbonyl stress as a reactive carbonyl com-
pound overload, which can be caused by increased forma-
tion and/or decreased clearance or detoxification of reac-
tive carbonyl compounds [28]. These compounds are
highly reactive aldehydes (–CHO) or contain an ·-dicar-
bonyl group (–CO–CHO) [29]. Reactive carbonyl com-
pounds can be derived from carbohydrates, lipids, and
amino acids both by oxidative and non-oxidative path-
ways, can be detoxified by several enzymes and excreted
by the kidneys in relation to their function. Through auto-
oxidation of sugars and ascorbate, glyoxal, glycolaldehyde
and dehydroascorbate can be formed. Degradation of
fructose-3-phosphate and triosophosphates gives 3-deoxy-
glucoson and methylglyoxal (non-oxidative pathway).
Amino acids can be a source of glyoxal, methylglyoxal,
acrolein and glycolaldehyde [14]. These carbonyl com-
pounds react non-enzymatically with the amino group of
proteins, give rise to reversible Schiff base and, during
rearrangement, Amadori products and AGEs are formed,
e.g. CML, pentosidine, pyrraline, imidazolone, GOLD
and MOLD [18]. Polyunsaturated fatty acids as arachi-
donate can be a source of malondialdehyde, hydroxynon-
enal, acrolein and glyoxal, which have been known for
several years as lipoperoxidation products. Miyata et al.
[14] describe these compounds as reactive carbonyl com-
pounds as well. They can bind to proteins and so form
advanced lipoperoxidation end products (ALEs), e.g. ma-
londialdehyde lysine, hydroxynonenal and acrolein-pro-
tein adducts, as well as AGEs (e.g. CML) [14]. Removal of
reactive carbonyl compounds might rely on renal function
as they have a rather low molecular weight [30]. In addi-
tion, reactive carbonyl compounds can be detoxified by a
number of enzymes, e.g. aldose reductase, aldehyde dehy-
drogenase and glyoxylase which require redox coenzymes
(GSH or NAD(P)H) [19, 31]. Pentosidine and CML levels
in hemodialysis patients, in contrast to diabetic patients,
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do not correlate with the levels of fructosamine. This find-
ing seems to be related to the elevated AGE levels in ure-
mic patients, both diabetic and non-diabetic, which are
severalfold higher than in diabetic patients with normal
renal function. The elevation is supposed to be the conse-
quence of raised levels of reactive carbonyl compounds
apart from other above-mentioned mechanisms [14].

Food. Food can be another source of AGEs and their
precursors (that is why the term ‘glycotoxins’ was used for
AGEs). It was demonstrated in animal models that AGE
modified the diet for up to 12 months and chronic infu-
sion of AGEs resulted in accumulation of pigments in the
kidney and liver and in accelerated diabetes-like vascular
and renal lesions [16]. It is now accepted that only a minor
part (10%) of ingested AGEs, mainly low molecular
weight food-derived AGEs, is absorbed into the circula-
tion and from this about 30% is excreted via the kidney
and feces [32]. The drawback of most human and animal
studies is that artificial model AGE mixtures were admin-
istered. Moreover, food chemists claim that certain food-
derived AGEs even possess antioxidant properties, i.e.
free radical scavenging capacity in vitro [33]. The fate of
the majority of orally absorbed AGEs remains unclear. It
is questionable whether the absorbed AGEs exert their
antioxidant activities even after absorption into the circu-
lation and how the food-derived AGEs contribute to the
toxicity of endogenously formed AGEs. However, the
healthy kidney should remove part of the food-derived
AGEs efficiently, but the renal excretion of orally ab-
sorbed AGEs is markedly suppressed in decreased renal
function, e.g. diabetic nephropathy patients. Dietary re-
striction of AGE food intake may greatly reduce the bur-
den of AGEs in diabetic and renal failure patients and
possibly improve prognosis [16, 34, 35]. However, recent
clinical data surprisingly show that high AGE levels in
renal failure patients might better reflect the nutritional
status and indicate a better prognosis [36].

AGEs can bind to specific receptors on various cells.
After binding of AGE-modified proteins to macrophage
receptors, they are engulfed and degraded to small AGE
peptides which are released into the circulation and
excreted by the kidney [20, 37]. Urinary AGE clearance
correlates directly with creatinine clearance. In altered
renal function, their excretion is slowed down and these
fragments can react with various proteins, modify them
and so form the so-called second generation of AGEs.
This process is known as recyclation [20].

It is thought that free AGEs and AGE peptides are fil-
tered by renal glomeruli, reabsorbed in proximal tubuli
where they are degraded or modified and finally excreted

into the urine. Their clearance is 0.7 ml/min [38]. Unfor-
tunately, more than 90% of AGEs are protein-bound and
cannot undergo this process [39]. So they remain in the
body and modify tissue proteins.

Effects of AGEs and AGE–RAGE Interaction in the
Organism
Tissue accumulation of AGEs in the organism has sev-

eral toxic effects. Some effects are also ascribed to Ama-
dori adducts on proteins [40, 41]. AGEs can either direct-
ly damage the structure of the extracellular matrix, change
its physical and chemical properties and metabolism and
cause cross-linking [20], quench the action of nitric oxide
[23], induce lipoperoxidation [3, 42], or act via AGE-spe-
cific receptors. Several receptors for AGEs have been
described: RAGE (specific receptor for AGEs), P60/OST-
48 protein (AGE-R1), 80 K-H phosphoprotein (AGE-R2),
galectin (AGE-R3) and other AGE-binding proteins, such
as the scavenger receptor [43]. RAGE, the best known and
characterized, has been isolated and cloned from bovine
lung and has been classified as a member of the immuno-
globulin superfamily. RAGE can be expressed on the sur-
face of various cells (e.g. monocytes, macrophages, mes-
angial cells, neurons, endothelial cells, smooth muscle
cells and fibroblasts), sometimes after stimulation of
growth factors, e.g. TNF-· [43–48]. After interaction of
AGEs with their receptor, signaling involving P21ras,
MAP-kinase and nuclear factor-ÎB is activated [44, 49].
This is connected with oxidative stress [50]. Subsequent-
ly, the AGE–RAGE interaction results in the stimulation
of transcription of genes for cytokines and growth factors
(TNF, IL-1, PDGF, IGF-1, interferon-Á), and adhesion
molecules (ICAM-1, VCAM-1), stimulation of cell prolif-
eration, increase in vascular permeability, induction of
migration of macrophages, stimulation of endothelin-1
formation, downregulation of thrombomodulin, in-
creased synthesis of collagen IV, fibronectin and proteo-
glycans, increased synthesis of pro-coagulant tissue factor,
etc. [42, 44, 51].

RAGE also has other ligands (e.g. S100 protein, amy-
loid-ß peptide) and other functions, it is important for the
development of the central nervous system. During matu-
ration, its presence decreases. In adults, it is involved in
the regulation of anti-inflammatory processes [52]. Its
increased expression is connected with pathological
states, e.g. diabetic vasculopathy, nephropathy, retinopa-
thy and neuropathy, Alzheimer’s disease and immune
inflammation of the vessel wall [48, 50, 53].
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Specific Features of AGEs in Nephrology

In patients with decreased renal function, serum AGEs
are elevated severalfold more than in patients with dia-
betes mellitus and normal renal function. AGE fluores-
cence is increased 3- to 4-fold [54], CML 3-fold [55] and
pentosidine even 10-fold in comparison to healthy sub-
jects [4, 56]. The serum levels of AGEs correlate with the
accumulation of AGEs in the organs [57].

The AGE increase in renal insufficiency cannot only be
explained by their formation through the classical glyca-
tion pathway or their decreased renal excretion. Both oxi-
dative and carbonyl stresses seem to play an important
role in their formation [14]. Many experiments have
shown increased oxidative stress in renal failure, e.g.
increased serum levels of lipoperoxidation products [18]
as well as advanced oxidation protein products [58].
Moreover, the patients with end-stage renal disease often
have decreased antioxidant defense, enzymes and their
cofactors Zn, Se, and vitamins [59]. There is also evidence
for carbonyl stress in uremia, which is characterized by
reactive carbonyl compounds overload. Carbonyl com-
pounds derived from carbohydrates and lipids are
thought to be a source of both AGEs and ALEs. AGEs are
elevated both in patients with renal failure and in patients
on renal replacement therapy, both hemodialysis and con-
tinuous ambulatory peritoneal dialysis (CAPD) [4, 60,
61]. In addition to the classical mechanisms of formation,
the AGE increase in the patients on maintenance hemodi-
alysis is probably due to the interaction of blood with the
dialysis membrane, and in CAPD patients possibly due to
exposition to glucose and its degradation products in the
peritoneal dialysis fluid [62].

Similar to Miyata et al. [19], we observed enormous
levels of pentosidine in the serum of one hemodialyzed
patient (5-fold elevation in comparison to other hemodia-
lyzed patients and 50-fold elevation in comparison to
healthy subjects; unpubl. data). However, the characteris-
tic AGE fluorescence was similar to other hemodialyzed
patients. This rarity could be explained by glyoxylase defi-
ciency [19].

AGEs in Patients with Renal Insufficiency and
Diabetes mellitus
Glycoxidation in patients with renal insufficiency and

diabetes mellitus is enhanced due to hyperglycemia as
well as oxidative and carbonyl stress. The AGE increase
can be found both in the serum and tissues, and the serum
AGE level correlates with the severity of organ injury (glo-
merular lesions) [57]. They contribute to the development

of diabetic complications, nephropathy, micro- and mac-
roangiopathy, neuropathy, retinopathy, modification of
coagulation factors, etc. [20, 23, 45]. Diabetic nephropa-
thy is a typical late complication of poorly compensated
diabetes mellitus and its development depends on blood
glucose concentration. It is characterized by enlargement
of the mesangial matrix, deposits in the basement mem-
brane, increased vascular permeability, changing proteins
of the basement membrane with a subsequent change of
the charge and permeability, etc. [20, 23, 63].

Nevertheless, the view on their serum levels is still con-
troversial, as some authors report no difference in the
serum AGE level in the patients with and without dia-
betes mellitus on chronic dialysis treatment [9, 64, 65].
On the other hand, Makita et al. [38] and Vlassara [66]
described higher AGE levels in dialyzed patients with dia-
betes mellitus, which is in line with our finding in a large
cohort of patients [67]. We described the same magnitude
in difference of the serum fluorescent AGE levels between
hemodialyzed patients with and without diabetes mellitus
(22.7%) and patients with diabetes mellitus and normal
renal function and healthy subjects (22.6%). Our finding
indicates the same contribution of the presence of dia-
betes mellitus on the AGE level independent of renal
function [67]. However, unlike patients with type-1 dia-
betes with normal renal function [68], AGEs do not corre-
late with the parameters of compensation of the carbohy-
drate metabolism in diabetes mellitus, i.e. glucose and gly-
cated hemoglobin HbA1c. However, the composition of
AGEs in diabetic patients is different – Henle et al. [61]
described a significantly higher fluorescence of the low
molecular weigh fraction (bellow 2 kD) and higher pre-
dialysis plasma concentrations of the Amadori product
fructose lysine (a major precursor of CML) in hemodia-
lyzed diabetics. Similarly, Stein et al. [69] observed higher
pre-dialysis AGE peptide concentrations in the diabetic
group (contrary to pentosidine). The increased AGE level
in hemodialyzed patients with diabetes mellitus might
contribute to more pronounced complications and higher
morbidity and mortality.

AGEs and Long-Term Uremic Complications
Irreversible non-enzymatic modification of proteins

contributes to the development of complications associat-
ed with chronic renal failure and dialysis, mainly acceler-
ated atherosclerosis and dialysis-related amyloidosis [70,
71].

As for atherogenesis, AGEs accumulate in the vessel
wall and lead, e.g., to protein cross-linking. Increased pro-
duction of extracellular matrix in the intima causes thick-
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ening of the vessel wall and thinning of the lumen. More-
over, quenching of the vasodilatation effect of nitric oxide
as well as NOW/O2

–
W dysbalance lead to vasoconstriction.

Damage to endothelial cells and pro-coagulation activity
may lead to thrombosis. Macrophages are stimulated to
production of cytokines and growth factors, which are
responsible for vascular proliferation [20, 23]. In addi-
tion, AGE accumulation is hypothesized to be linked to
C-reactive protein (CRP) production which has been
shown to be a risk factor for cardiovascular mortality and
overall mortality in hemodialysis patients, but it is still
unknown whether CRP is involved in atherosclerosis
[72]. The complement system also seems to play a role in
the genesis of the microinflammatory state and athero-
genesis [73]. The action of complement is even poten-
tiated by glycation of its inhibitor protein CD 59 [74].
Moreover, pentosidine is associated with the monocyte
activation, which could contribute to accelerated rates of
complications and death [75]. Despite the relationship
between glycoxidation and inflammation shown in in
vitro studies, clinical studies give controversial results as
some investigators observed an association between
AGEs and cytokines or classical inflammatory markers
[58], while others did not [36, 76; for review see, 77]. We
also failed to demonstrate any relationship between pen-
tosidine and other fluorescent AGEs to inflammatory
markers (C3 and C4 factors of complement, CRP, serum
amyloid A protein, ·2-macroglobulin, fibrinogen and
pregnancy-associated protein A), probably due to a com-
plex reaction of the whole organism [78]. Pregnancy-asso-
ciated protein A was recently described as an exquisite
marker of acute coronary syndrome [79], which is why we
suppose that AGEs could better describe chronic long-
lasting damage than an acute one.

Additionally, low-density lipoprotein (LDL) particles
can undergo glycation as well. Glycated LDL is easily oxi-
dized and vice versa. AGE-modified LDL is engulfed by
macrophages slower than normal LDL and its lysosomal
degradation is slower than that of normal LDL [20, 80].
Accelerated atherosclerosis plays an important role both
in renal failure and diabetes mellitus as it increases the
cardiovascular risk.

Dialysis-related amyloidosis is another long-term ure-
mic complication. ß2-Microglobulin was proven histologi-
cally in amyloid deposits and can be modified by carbonyl
stress compounds, e.g. CML [81]. AGE modification of ß2-
microglobulin is responsible for monocyte/macrophage at-
traction which is followed by cytokine release and can
result in inflammatory bone and joint destruction which is
characteristic for dialysis-related amyloidosis [70].

AGEs: A Prognostic or a Confounding Factor?
Although it is generally accepted that AGEs take part

in the pathogenesis of diabetic as well as uremic and dialy-
sis-related complications (AGEs have shown several toxic
effects in in vitro studies and were found in atherosclerot-
ic plaques), high serum levels of AGEs in hemodialysis
patients were not linked to increased mortality [36]. Is
still remains to be elucidated whether high serum AGEs
represent only an epiphenomenon or whether they reflect
a better nutritional status [36]. Similarly, Stein et al. [82]
did not show AGEs as an independent risk factor for car-
diovascular events and left ventricular hypertrophy in
chronic renal failure patients.

Similarly, in patients after successful renal transplanta-
tion, AGE levels remain substantially elevated, not corre-
sponding to the improvement in renal function, although
this group of patients generally has a better prognosis if
compared with those on dialysis [83–86]. Even heart
transplantation is associated with a substantial rise in cir-
culation AGE levels if compared with both healthy con-
trols and patients with chronic heart disease [87].

AGEs and Renal Replacement Therapy
Hemodialysis and Other Extracorporeal Techniques.

Conventional methods are not efficient enough in AGE
clearance [54]. Short daily dialysis seems to be better in
AGE clearance than 4-hour dialysis three times a week
[88]. Moreover, dialysis membranes contribute to oxida-
tive stress according to their biocompatibility [89] and so
can potentiate formation of AGEs. High-flux dialysis
(biocompatible membranes) can bring better results in the
reduction of AGEs than low-flux dialysis [56]. They
reduce plasma pentosidine but not protein-bound AGEs
or Amadori products. So this reduction is most obvious in
the low molecular weight fraction [61]. According to Ja-
doul et al. [30], patients treated with polysulfone mem-
branes have lower plasma levels of both protein-linked
and free pentosidine than patients treated with other
membranes. Hemofiltration and hemodiafiltration have
slightly better results in AGE removal than hemodialysis
[90]. Promising results have been obtained by very high-
flux dialysis (such as superflux or polyamide), vitamin E-
coated low-flux dialyzers and convectional therapies [91].
LDL HELP apheresis (heparin-induced extracorporeal
LDL precipitation) may lead to enhanced AGE removal
[92].

CAPD. Elevation of AGEs can also be observed in peri-
toneal dialysis patients. In comparison to hemodialysis
patients, they have lower serum pentosidine levels, but
higher peritoneal pentosidine concentrations and similar
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pentosidine concentrations in the skin [60, 93]. The dif-
ference in the serum level may be explained by the higher
clearance of protein-bound pentosidine in peritoneal dial-
ysis than in hemodialysis [94]. A higher peritoneal con-
centration of pentosidine in peritoneal dialysis patients is
influenced by long-term exposure of the peritoneal mem-
brane to glucose from the dialysis fluids and its glycation
[60, 93–96]. AGE accumulation in the mesothelial layer,
in the adjacent coarse connective tissue and in the vascu-
lar walls of the peritoneum can be observed as early as 3
months after beginning the CAPD therapy [97]. The qual-
ity of the peritoneal membrane deteriorates progressively
with the duration of peritoneal dialysis and can lead to
increased permeability of the peritoneum [98], loss of
ultrafiltration capacity [94] and failure of peritoneal dial-
ysis [97, 99]. Heat sterilization of peritoneal dialysis fluids
induces the formation of glucose degradation products.
Many of these products are highly reactive precursors of
AGEs (e.g. 3-deoxyglycosone, ·-dicarbonyl compounds).
During dwell time these precursors can enter the body
leading to enhanced AGE formation in vivo [29, 62, 100–
102]. Keeping glucose separate from the electrolyte buffer
solution during heat sterilization, thus avoiding heat ex-
posure (but using sterile filtration), and mixing these dif-
ferent compartments immediately before use, significant-
ly reduces the concentration of highly reactive glucose
degradation products, i.e. carbonyl stress compounds
[29]. Lower but still significant levels of reactive carbonyl
components can also be achieved by using dialysis fluids
containing icodextrin and amino acids [99, 103]. In addi-
tion, treatment with non-glucose solutions may result in
‘washout’ of glycated protein from the peritoneal mem-
brane [94].

Kidney Transplantation. A beneficial effect of success-
ful kidney transplantation on the AGE level has been
observed [104]. Low molecular weight AGEs decline rap-
idly to almost normal levels [83, 84], while a drop in high
molecular weight AGEs is only moderate [84–86].

AGE Inhibitors

Many compounds give promising results in the AGE
inhibition (inhibition of formation of AGEs, inhibition of
their function or degradation of AGEs) and after having
been tested for these properties, eventually undergo clini-
cal studies.

Inhibition of AGE Formation
Aminoguanidine (Pimagedine). Aminoguanidine is

the drug most discussed. Its nucleophil hydrazine group
binds to the carbonyl group and so prevents cross-linking.
It inhibits the late phase of glycation and lipoperoxida-
tion. Aminoguanidine reduces albuminuria and prevents
the development of glomerulosclerosis, decreases thicken-
ing of glomerular basement membrane and mesangial
expansion in experimental studies. Its effects are not lim-
ited to the kidney, it also prevents cross-linking of pro-
teins in the lens and functional abnormalities in peripher-
al nerves, prevents accumulation of AGEs in tissues,
slows down the onset of vascular complications in retina,
etc. [23]. Unfortunately, its use is limited due to serious
side effects (induction of autoantibody formation, rapid
progressive glomerulonephritis and anemia) [105].

OPB-9195 (B2-Isopropylidenehydrazono-4-oxo-thia-
zolidine-5-ylacetanilinide). OPB-9195 belongs to a group
of thiazolidine derivatives. OPB-9195 reacts with the car-
bonyl groups thereby forming hydrazones. Although this
mechanism is similar to aminoguanidine, OPB-9195 is
expected to be more potent. In in vitro studies, OPB-9195
lowers pentosidine formation and in in vivo experiments,
it inhibits the neointima formation of rat carotid artery
[14, 106].

Amadorins. These were defined as inhibitors of the
conversion of Amadori intermediates to AGEs in the
absence of free or reversibly bound (Schiff base) sugar.
Pyridoxamine (pyridorine) was identified as the first
member of this class and its therapeutic potential is cur-
rently being investigated, and is now showing promising
results in animal models [25, 107].

Antioxidants. Antioxidants (e.g. GSH, lipoic acid, vita-
min E, etc.) are also being discussed for their possible role
in AGE inhibition as oxidative stress is involved in AGE
formation as well as in AGE–RAGE interaction and its
consequences. Many antioxidants were tried in experi-
ments and might eventually have some effect [14, 23,
106].

Benfotiamine. Benfotiamine, a liposoluble thiamine
derivative, inhibited formation of AGEs in diabetic rats.
It may offer protective effects on peripheral nervous tis-
sue against diabetic damage especially when administered
early in the course of the disease [108].

Antihypertensive Drugs. Angiotensin-converting en-
zyme inhibitors and angiotensin II receptor-1 antagonists
lower formation of AGEs in vitro as shown recently [109].
They do not trap reactive carbonyl precursors for AGE,
but impact on the production of reactive carbonyl precur-
sors for AGEs by chelating transition metals and inhib-
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iting various oxidative steps, at both the pre- and post-
Amadori steps. These data are in accordance with the
experimental studies on diabetic [110] and subtotally
nephrectomized rats [111] in which administration of
ramipril and losartan, respectively, attenuated the accu-
mulation of AGEs. Similar results were obtained after the
administration of ramipril to patients with non-diabetic
nephropathies [112].

An unsuspected AGE-lowering effect was also shown
by another antihypertensive drug, hydralazine. It is due to
both reactive carbonyl compound trapping and modifica-
tion of the oxidative metabolism [113]. Nifedipine, a cal-
cium channel blocker, does not exert an AGE-lowering
effect [109].

Drugs Cleaving AGE-Modified Proteins – Cross-Links.
N-phenacylthiazoliumbromide [23] or ALT-711 [114]
have also been tested. They might be effective in patients
with a massive tissue AGE accumulation, but further
studies are required to verify this ability.

The effects of AGEs caused by their interaction with
RAGE could be prevented by blockage of this receptor or

by binding of AGEs to the soluble receptor sRAGE [46,
115].

AGEs seem to be important in both clinical and experi-
mental medicine (diabetology, nephrology, neurology,
rheumatology, hepatology, and probably further speciali-
zations) as they take part in the pathogenesis of severe and
frequent diseases and their complications. Although a lot
has already been done in this area, further experimental
and clinical studies could bring more information about
their formation and mechanisms of action and clarify the
possibilities for the treatment of severe and frequent
pathological states.
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