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Summary 
Epidemiological studies have confirmed that hyperglycemia is the most important factor in the onset and progress of 
vascular complications, both in Type 1 and 2 diabetes mellitus. The formation of advanced glycation end-products 
(AGEs) correlates with glycemic control. The AGE hypothesis proposes that accelerated chemical modification of 
proteins by glucose during hyperglycemia contributes to the pathogenesis of diabetic complications including 
nephropathy, retinopathy, neuropathy and atherosclerosis. Recent studies have shown that increased formation of serum 
AGEs exists in diabetic children and adolescents with or without vascular complications. Furthermore, the presence of 
diabetic complications in children correlates with elevated serum AGEs. The level of serum AGEs could be considered 
as a marker of later developments of vascular complications in children with Type 1 and 2 diabetes mellitus. The 
careful metabolic monitoring of young diabetics together with monitoring of serum AGEs can provide useful 
information about impending AGE-related diabetic complications. It is becoming clear that anti-AGE strategies may 
play an important role in the treatment of young and older diabetic patients. Several potential drug candidates such as 
AGE inhibitors have been reported recently. 
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Diabetes mellitus is increasing at an alarming 
rate, particularly the non-insulin dependent diabetes 
mellitus (Type 2 diabetes or NIDDM). In 1997, 124 
million people worldwide had diabetes, 97 % of these 
having Type 2 diabetes. By the year 2010, the total 
number of people with diabetes is estimated to reach 221 
millions (Amos et al. 1997). Although there is some 

variation in the distribution and occurrence of 
complications between insulin-dependent diabetes 
(IDDM or Type 1 diabetes) and Type 2 diabetes, both 
groups are highly prone to increase in number. The 
development of diabetic complications is a major cause 
of morbidity and mortality and is an ever-increasing 
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burden to healthcare authorities in both developed and 
developing nations. 

Large prospective clinical studies have shown 
a strong relationship between glycemia and diabetic 
microvascular complications in both Type 1 and Type 2 
diabetes. Both hyperglycemia and insulin resistance seem 
to have important roles in the pathogenesis of 
macrovascular complications (Anon 1993, 1998).  

Diabetes is characterized by high glucose 
concentrations that lead, via several mechanisms (the 
polyol pathway, hexosamine pathway, AGE pathway and 
protein kinase C) to increased production of free radical 
intermediates (Brownlee 2001, Bonnefont-Rousselot 
2002, Spitaler and Graier 2002). The resulting glycative, 
glycoxidative, carbonyl and oxidative stress can play 
a key role in pathogenesis of diabetes (Bonnefont-
Rousselot et al. 2000, Jakuš 2000, West 2000, Miyata 
2002).  
 
Hyperglycemia, glycation, glycoxidation and the AGE 
concept 

Epidemiological studies have confirmed that 
hyperglycemia is the most important factor in the onset 
and progress of diabetic complications. Hyperglycemia is 
generally accepted to be the major cause of diabetic 

microvascular complications and may play an important 
role in the development of macrovascular diseases. It is 
clear that hyperglycemia is a primary factor that initiates 
and promotes diabetic complications (Hanssen 1997). 
However, the exact mechanism of the deleterious effect 
of hyperglycemia on the small and large blood vessels is 
not known.  

Glycation has both physiological and 
pathophysiological significance. Under physiological 
conditions, glycation can be detected in the ageing 
process, and the reactions are more rapid and more 
intensive with frequently increased glucose 
concentrations. Acute and chronic hyperglycemia is 
known to enhance early, intermediate and advanced 
glycation. 

It is now thought that advanced glycation end- 
products (AGEs) and advanced lipoxidation end-products 
(ALEs) contribute to accelerated micro- and 
macrovasculopathy observed in diabetes. The enhanced 
formation of AGEs exists in the blood and tissues of 
diabetics and also in various pathophysiological states, 
such as atherosclerosis, Alzheimer´s disease, end-stage 
renal disease (ESRD), rheumatoid arthritis and liver 
cirrhosis (Šebeková et al. 2002) (Table 1).  

 
 

Table 1. The presence of AGEs in the serum and tissues in various diseases  
 

Disease 
 

Level 
in serum 

Accumulation 
in tissues 

Enhanced formation 
by glycation 

Enhanced formation 
by oxidative stress 

Diabetes mellitus 
Atherosclerosis 
ESRD 
Alzheimer´s disease 
Rheumatoid arthritis 
Liver cirrhosis 

↑ 
↑ 

↑↑↑ 
normal 

↑ 
↑ 

↑ 
↑ 
↑ 
↑ 
↑* 
↑ 

↑↑ 
↑↑ 
↑ 
↑ 
- 
- 

↑ 
↑ 

↑↑↑ 
↑ 
↑ 
↑ 

 
* synovial fluid 
 
 

The AGE concept proposes that chemical 
modification and crosslinking of tissue proteins, lipids 
and DNA affect their structure, function and turnover, 
contributing to a gradual decline in tissue function and to 
the pathogenesis of diabetic complications.  

AGE-modified proteins are formed from the 
covalent reaction between free amino groups of amino 
acids, such as lysine, arginine or protein terminal amino 
acids and oxo group of sugars (glucose, fructose, ribose 

etc.) to create, first, the Schiff base and then Amadori 
products of which the best known is HbA1c and 
fructosamine (fructoselysine) (Fig. 1). The AGE 
formation from fructoselysine involves the non-oxidative 
dissociation of fructoselysine to form new reactive 
intermediates that again modify proteins to form AGEs of 
various chemical structures (Figs 2 and 3). Alternatively, 
fructoselysine may decay releasing its carbohydrate 
moiety either as glucose or as more reactive hexoses, 
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such as 3-deoxyglucosone, which themselves may 
modify proteins. It has recently been found that glucose 
can probably autoxidize to form reactive cabonyl 
compounds (glyoxal and methylglyoxal) which may react 
with protein to glycoxidation products (Thornalley 1990, 
Lyons and Jenkins 1997). Thus, carboxymethyllysine 
(CML) moieties of proteins may be formed either from an 

oxidative modification of fructoselysine (Ahmed et al. 
1986) or from a reaction of glyoxal, the main dicarbonyl 
compound (Fig. 4). Recently it was shown that 
peroxynitrite can induce the formation of CML by 
oxidative cleavage of the Amadori product and also by 
the generation of reactive dicarbonyl compounds from 
glucose (Nagai et al. 2002). 

 

 
Fig. 1. The formation of Schiff base and Amadori compound. 
 
 

Thus, AGEs can arise from the decomposition of 
Amadori products, from fragmentation products of the 
polyol pathway and as glycoxidative products which all 
react with protein amino groups. 
 
Arguments for AGEs in microvascular complications 

It has been well documented that AGEs 
progressively accumulate on the tissues and organs which 
develop chronic complications of diabetes mellitus, such 
as retinopathy, nephropathy, neuropathy and also 
macrovascular disease atherosclerosis. 

There are three lines of evidence for the role of 
AGEs in microvascular complications. The first concerns 

the association between the accumulation of AGE-
modified proteins and the severity of microvascular 
complications in both diabetic animals and man (Sell et 
al. 1992, McCance et al. 1993, Beisswenger et al. 1995). 
The second stems from the fact that typical microvascular 
complications develop following injections of AGE-
modified proteins in non-diabetic animals (Vlassara et al. 
1994). The third line of evidence indicated that 
development and progression of microvascular 
complications is inhibited by aminoguanidine (Hammes 
et al. 1995, Soulis et al. 1997) and pyridoxamine 
(Degenhardt et al. 2002a,b, Stitt et al. 2002). 
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Early diabetic microangiopathy is characterized 
by vasodilation, increased blood flow and increased 
capillary permeability. AGE-modified proteins may lead 
to all these changes. They can also impair the binding of 

heparan sulfate to the extracellular matrix, which results 
in a loss of anionic sites and thus in an increase in 
endothelial permeability. 

 
 

 
Fig. 2. Pathways of AGEs formation. Wolff pathway – glucose may undergo metal-catalyzed autoxidation to produce reactive carbonyl 
precursors of AGEs, Namiki pathway – Schiff bases formed on reaction of glucose with protein, undergo reverse aldol reactions and 
autoxidative cleavage to produce AGE precursors, Hodge pathway – AGE precursors are formed by rearrangement and autoxidation of 
the Amadori product.  

 
 
Immunohistochemical analysis has demonstrated 

different AGEs in both glomerular and tubular cells in 
experimental and human diabetic nephropathy (Horie et 
al. 1997, Schleicher et al. 1999). It has been shown that 
AGEs are directly linked to an increased retinal vascular 
endothelial growth factor expression, a factor which is 
important in the development of proliferative retinopathy 
(Lu et al. 1998). 
 
Significant role of AGEs in atherosclerosis 

Lipids may also be modified by AGEs (Baynes 
and Thorpe 2000). AGE-modified substances, especially 
carboxymethyllysine (CML), have been found in 
atheromas by immunohistochemical and chemical 
analysis (Schleicher et al. 1999). AGE-modified proteins 
may be taken up by scavenger receptors. AGE-modified 
LDL have been identified in the serum. For instance, 
irreversible and reticulated LDL from the circulation 
binds to AGE-modified collagen of blood vessel walls. In 
the majority of blood vessels such reticular binding 
delays normal outflow of LDL particles which had 
penetrated the vessel wall and thus enhance cholesterol 
deposition in the intima. Such reticulation of AGEs 
increases lipoprotein deposition regardless of the plasma 
LDL level. This is followed by an accelerated 
development of atherosclerosis. Turk et al. (2002) 
showed a significant correlation between the content of 

AGEs measured by ELISA and circulating LDL 
containing immune complexes LDL-IC in Type 2 
diabetics with vascular complications that contribute to 
the development of atherosclerosis.  
 
The role of AGE receptors 

AGE receptors have been identified in 
macrophages, endothelial cells and several other cell 
types, and are implicated in protein turnover, tissue 
remodeling and inflammation (Schmidt et al. 2001, 
Vlassara 2001). The level of AGE proteins reflects the 
kinetic balance of two opposite processes: the rate of 
formation of AGEs and the rate of their degradation by 
means of AGE receptors. AGE protein binding to 
macrophage cell receptors causes a cascade of events in 
the homeostasis of blood vessel walls and their milieu by 
mediation of cytokines and tissue growth factors. AGE 
receptors participate in the elimination and change of 
aged, reticular and denatured molecules of extracellular 
matrix as well as other AGE molecules. However, AGE 
protein accumulation in diabetes mellitus may exceed the 
ability of their elimination due to hyperglycemia and the 
enhanced glycation process. It is possible that gene 
diversion in AGE receptors can explain variations in the 
level of AGEs and the differences in susceptibility to 
diabetic complications. 
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Fig. 3. Structures of some most important AGEs: pentosidine, argpyrimidine, carboxymethyllysine (CML), carboxyethyllysine (CEL), 
pyrraline, glyoxal-lysine dimer (GOLD), methylglyoxal-lysine dimer (MOLD) and crosslines. 

 
 
The role of AGE peptides (glycotoxins)  

Circulating AGEs are detoxified by various 
enzymes. In this process AGE peptides are released as 
degradation products, partly occurring through 
proteolysis of matrix components, commonly called 
glycotoxins. AGE peptides entering the blood circulation 

are highly reactive. When these glycotoxins are not 
eliminated by the kidneys, recirculating AGE peptides 
can generate new AGEs reacting with plasma or tissue 
components. At this stage glycation accelerates the 
progress of deterioration. 
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Fig. 4 The formation of carboxymethyllysine (CML) (Onorato et al. 2000).  

 
 

The role of oxidative stress in the creation of diabetic 
vascular complications  

What is the relationship between oxidative stress 
(OS) and AGEs in the production of micro- and 
macrovascular complications? OS may be involved in 
AGE formation, and AGEs may induce oxidative stress. 
The level of oxidizable substrates such as Amadori 
adducts, reactive carbonyl and dicarbonyl compounds and 
polyunsaturated fatty acids is increased in the blood and 
various tissues in diabetes. Many of the identified AGEs 
are glycoxidation products. CML modification of 
proteins is one of the major glycoxidation products 
formed in vitro by the reaction between glucose and 
proteins (Reddy et al. 1995). Many studies have 
investigated the accumulation of different AGEs (CML, 
pentosidine, pyrraline) in diabetic animals and man, and 
have correlated their results with diabetic microvascular 
complications. 

In most studies a correlation has been found 
between the severity of microvascular complications and 

the quantitative accumulation of AGEs, especially in the 
skin (Sell et al. 1992, McCance et al. 1993, Beisswenger 
et al. 1995). However, a large variability in accumulation 
has been reported. The relevance of skin measurements to 
diabetic complications is hitherto uncertain.  

Recent studies have suggested that nuclear  
NF-κB polymorphisms may be involved in the 
development of diabetic microvascular complications 
(Hegazy et al. 2001). This important transcription factor 
is involved in the response to OS and inflammation.  

It is evident that decreased antioxidative 
protection and simultaneous overproduction of free 
radicals occur in diabetic children (Dominguez et al. 
1998, Jakuš et al. 2000, Davison et al. 2002, Varvarovská 
et al. 2003). The changes in ascorbate, α-tocopherol and 
glutathione concentration are consistent with decreased 
antioxidant protection (Bonnefont-Rousselot et al. 2000, 
West 2000). The resulting enhanced OS as an imbalance 
between reactive oxygen species production and the 
antioxidant defense may be present in diabetes, but this 
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may be both a cause and an effect of tissue damage 
(Jakuš 2000). A supplementation with antioxidants has 
been proposed as complementary treatment, and some 
antidiabetic agents may have antioxidant propeties 
independently of their role in glucose control (Bonnefont-
Rousselot 2001). 
 
Serum measurements of Amadori products and AGEs in 
human diabetes 

Most Amadori albumin and serum AGEs 
research has been performed in diabetic animals with or 
without complications. It is therefore important to study 
especially human diabetes. 

Measurement of serum AGEs in human diabetes 
has been difficult to carry out because there is no 
consequently recognized standard. Therefore, different 
groups may not measure in exactly the same way. Serum 
levels of AGEs (s-AGEs) are measured 
spectrofluorometrically and by sensitive HPLC, LC/MS 
or GC/MS methods (Jakuš and Baynes 2001). Enzyme 
linked immunosorbent assays (ELISA) are now also 
available for various chemically defined s-AGEs, such as 
carboxymethylsine and pentosidine (Makita et al. 1992, 
Takeuchi and Makita 2001). The assessment of high-titer 
polyclonal and monoclonal anti-AGE antibodies has been 
applied successfully to ELISA and immuno-
histochemical studies. The competitive ELISA method is 
most frequently used for the measurement of AGEs 
concentrations in body fluids. The reaction principle is as 
follows: the immunoplate wells are overcoated by AGE-
antigen, and the serum containing an unknown quantity 
of AGE-antigen is incubated together with an anti-AGE 
antiserum. At the end of the incubation period the wells 
are treated with labeled secondary antibody enzyme. 
Then a substrate is added, which gives the absorbance 
difference to be measured. Competitive immunoreactivity 
of the samples is read from the calibration curve (Turk et 
al. 2001). 

Several investigators have addressed the 
following questions: a) Do measurements of serum 
Amadori albumin predict the progression of 
microvascular complications? b) Do measurements of 
serum AGEs predict the progression of microvascular 
complications? c) Can measurements of glycoxidation 
products in diabetes mellitus elucidate whether they play 
a role in diabetes? 

Amadori-albumin, a major glycated protein, is 
involved in experimental hyperglycemia-induced 
microvascular complications (Chen et al. 2000, 2001) and 

is associated with advanced nephropathy in Type 1 
diabetic humans. Recently, Schalkwijk et al. (2002) 
showed that Amadori albumin was associated with early 
nephropathy and with retinopathy status in Type 1 
diabetic patients and preceded an increase in albumin 
excretion rate, but not in the development or progression 
of retinopathy.  

Wolffenbuttel et al. (1996) have measured 
hemoglobin-AGE (Hb-AGE) in Type 2 diabetic patients 
before and after initial insulin treatment and found that 
Hb-AGE decreased in parallel according to blood glucose 
control. Hb-AGE did not correlate with HbA1c and 
diabetic retinopathy or nephropathy (Turk et al. 1998). It 
seems that Hb-AGE represents only the metabolic status, 
equally in subjects with or without diabetic 
microangiopathy. Makita et al. (1992) showed that the 
presence of diabetic complications in Type 1 diabetic 
patients correlates with the elevated s-AGEs and low 
expression of mononuclear cell AGE-receptor-1. Recent 
immunological studies have shown that the levels of 
s-AGEs correlate with pre-clinical stages of nephropathy 
and early retinopathy, and may thus prove to be useful as 
early biochemical markers of microangiopathy in patients 
with diabetes mellitus (Beisswenger et al. 1995). The 
increased level of s-AGEs has been shown to predict the 
progression of morphological changes (basal membrane 
thickness, mesangial fraction) in the kidney (Berg et al. 
1997a).  

In our study, spectrofluorimetrically measured 
s-AGEs were found to be increased in poorly 
metabolically controlled children with Type 1 diabetes 
mellitus and without vascular complications (Jakuš et al. 
2000, 2001). In Type 1 diabetes mellitus, only 
a significant correlation was found between s-AGEs and 
HbA1c (Jakuš et al. 2001, Kalousová et al. 2002). Recent 
observations suggest that pathological processes leading 
to late diabetic complications in children begin even 
before puberty. The level of serum AGEs could be 
considered as a marker of later developments of diabetic 
vascular complications. Careful metabolic monitoring of 
young diabetics together with monitoring of s-AGEs 
represent the best prevention of AGE-related diabetic 
complications. 

Significant elevation of glucose-derived s-AGEs 
measured by ELISA was associated with severe diabetic 
retinopathy in type 2 diabetic patients without renal 
dysfunction (Koga et al. 2002). However, no significant 
correlations were found here between serum levels of 
glucose-, glyceraldehyde-, or methylglyoxal-derived 
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s-AGEs and HbA1c levels, systolic and diastolic pressure, 
the age, the duration of diabetes, serum creatinine or 
blood urea nitrogen levels in Type 2 diabetic patients. 

Serum AGEs and serum CML (s-CML) have 
been found to be elevated in Type 1 (Berg et al. 1997a,b) 
and Type 2 diabetics (Kilhovd et al. 1998). However, 
spare data are available on the relationship between  
s-AGEs/s-CML and diabetic complications. CML is a 
dominant epitope in tissue-AGEs and s-AGEs. Possibly, 
the CML part or non-CML part in the serum might be 
relevant to diabetic complications. It has recently been 
shown that serum levels of another AGE product, 
pentosidine (s-pentosidine), is significantly higher in 
diabetic children (Type 1) despite normal renal function 

(Misselwitz et al. 2002). Serum AGEs and CML were 
also significantly elevated in children with chronic renal 
failure (CRF) and ESRD (Šebeková et al. 2001). Miura et 
al. (2003) showed that non-CML advanced glycation 
end-products are correlated to the severity of 
microvascular complications in patients with Type 1 
diabetes.  

AGEs can exert their immunogenicity. Turk et 
al. (2001) demonstrated the presence of AGE-immune 
complexes (AGE-IC) predominantly in the sera of Type 2 
diabetic subjects. Interactions of AGE autoantibodies 
with AGEs as a continuously produced antigen result in 
the formation of AGE-IC complexes that may play role in 
atherogenic processes. 

Recently, imidazolone has been identified in 
vivo. Specific immunoreactivity was detected in nodular 
lesions and expanded mesangial matrix of glomeruli as 
well as in atheromas (Niwa et al. 1997). This product of 
glycation, but not glycoxidation, may be a very important 
AGE product for the development of diabetic 
complications. 
 Taking into account the involvement of 
oxidative stress in the pathogenesis of diabetes, 
antioxidant or anti-AGE treatments are theoretically 
interesting proposals for adjunct therapy in diabetic 
patients. 
 
Advanced glycation end-product inhibitors 
 Advanced glycation end-product inhibitors 
(AGEIs) appear to show beneficial effects against 
diabetic complications in tissues. It is becoming clear that 

these anti-AGE strategies play an important role in the 
treatment of diabetic patients. Hitherto, two possible 
approaches are available. 

The first approach, concerns the inhibition of 
rearrangement from early to advanced glycation end-
products by means of aminoguanidine, Schiff base 
resorcylideneaminoguanidine (Jakuš et al. 1999), an 
aminoguanidine pyridoxal Schiff base adduct (Miyoshi et 
al. 2002),pyridoxamine (Khalifah et al. 1999, Onorato et 
al. 2000, Degenhardt et al. 2002a,b, Stitt et al. 2002), 
thiamine pyrophosphate (Booth et al. 1996), OPB-9195, 
penicillamine (Jakuš et al. 1994a,b), ACE inhibitors 
(Jakuš et al. 1999, Miyata et al. 2002, Forbes et al. 2002) 
and other synthetic and natural compounds with 
antiglycation, chelation and antioxidant activity 
(Hrnčiarová et al. 1998, Price et al. 2001). 

Unfortunately, clinical trials of aminoguanidine 
in diabetic patients have been suspended due to their 
adverse efffects. For example, aminoguanidine traps 
pyridoxal, so that its long-term administration in animals 
results in vitamin B6 deficiency and neurotoxicity.  

Pyridoxamine (PyridorinTM) is currently being 
investigated in phase 3 of clinical trials for the treatment 
of diabetic nephropathy and is now showing highly 
promising results (Degenhardt et al. 2002b). It is being 
reported that all doses of PyridorinTM are being well 
tolerated, with no serious adverse effects. Patients taking 
PyridorinTM exhibited a 32 % decrease from the baseline 
24-hour urinary albumin excretion on day 45. Three out 
of 12 patients taking PyridorinTM (300 mg/day) became 
converted from macro- to microalbuminuria by the end of 
the trial.  

The second approach concerns the breakdown of 
already existing AGEs with substituting thiazolium salts 
(Cooper et al. 2000). Intensive investigations of new 
compounds, which would break down already existing 
AGEs, have been recently started and tested in vivo.  
 
Acknowledgements 
This work was financially supported by Juvenile Diabetes 
Foundation Grant 996001 related to J.W. Baynes 
(Columbia, SC, USA), by grant A. Dubček 2002 at the 
University Complutense (Madrid, Spain) and by Grant 
1/0536/03 from the VEGA agency at the Ministry of 
Education of the Slovak Republic. 

 
References 
 
AHMED MU, THORPE SR, BAYNES JW: Identification of Nε-carboxymethyllysine as a degradation product of 

fructoselysine in glycated protein. J Biol Chem 261: 4889-4994, 1986. 



2004  Progress of Diabetic Vascular Complications   139  
   
AMOS AF, MCCARTY DJ, ZIMMET P: The rising global burden of diabetes and its complications: estimates and 

projections to 2010. Diabet Med 14 (Suppl 5): S1-S85, 1997. 
ANON - DIABETES CONTROL AND COMPLICATIONS TRIAL RESEARCH GROUP: The effect of intensive 

treatment of diabetes on the development and progression of long-term complications in insulin-dependent 
diabetes mellitus. N Engl J Med 329: 977-986, 1993. 

ANON - UK PROSPECTIVE DIABETES STUDY (UKPDS) GROUP. Intensive blood-glucose control with 
sulphonylureas or insulin compared with conventional treatment and risk of complications in patients with type 
2 diabetes (UKPDS33). Lancet 352: 837-853, 1998. 

BAYNES JW, THORPE SR: Glycoxidation and lipoxidation in atherogenesis. Free Radic Biol Med 28: 1708-1716, 
2000. 

BEISSWENGER PJ, MAKITA Z, CURPHEY TJ, MOORE LL, JEAN S, BRINCK-JOHNSEN T, BUCALA R, 
VLASSARA H: Formation of immunochemical advanced glycation endproducts precedes and correlates with 
early manifestations of renal and retinal disease in diabetes. Diabetes 44: 824-829, 1995. 

BERG TJ, BANGSTAD HJ, TORJESEN PA, OSTERBY R, BUCALA R, HANSSEN KF: Advanced glycation end 
products in serum predict changes in the kidney morphology of patients with insulin-dependent diabetes 
mellitus. Metabolism 46: 661-665, 1997a. 

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, 1997b. 

BONNEFONT-ROUSSELOT D: Antioxidant and anti-AGE therapeutics: evaluation and perspectives (in French). 
J Soc Biol 195: 391-398, 2001.  

BONNEFONT-ROUSSELOT D: Glucose and reactive oxygen species. Curr Opin Nutr Metab Care 5: 561-568, 2002. 
BONNEFONT-ROUSSELOT D, BASTARD JP, JAUDON MC, DELATTRE J: Consequences of the diabetic status on 

the oxidant/antioxidant balance. Diabetes Metab 26: 163-176, 2000. 
BOOTH AA, KHALIFAH RG, HUDSON BG: Thiamine pyrophosphate and pyridoxamine inhibit the formation of 

antigenic advanced glycation end-products. Biochem Biophys Res Commun 220: 113-119, 1996. 
BROWNLEE M: Biochemistry and molecular cell biology of diabetic complications. Nature 414: 813-820, 2001. 
CHEN S, CHEN MP, ZIYADEH FN: Amadori-glycated albumin in diabetic nephropathy: patophysiologic connections. 

Kidney Int Suppl 77: S40-S44, 2000. 
CHEN S, COHEN MP, LAUTENSLAGER GT, SHEARMAN CW, ZIYADEH FN: Glycated albumin stimulates TGF-

beta 1 production and protein kinase C actvity in glomerular endothelial cells. Kidney Int 59: 673-681, 2001.  
COOPER ME, THALLAS V, FORBES J, SCALBERT E, SASTRA S, DARBY I, SOULIS T: The cross-link breaker, 

N-phenacylthiazolium bromide prevents vascular advanced glycation end-product accumulation. Diabetologia 
43: 660-664, 2000. 

DAVISON GW, GEORGE L, JACKSON SK, YOUNG IS, DAVIES B, BAILEY DM, PETERS JR, ASHTON T: 
Exercise, free radicals, and lipid peroxidation in type 1 diabetes mellitus. Free Radic Biol Med 33: 1543-1551, 
2002. 

DEGENHARDT TP, ALDERSON NL, ARRINGTON DD, BEATTIE RJ, BASGEN JM, STEFFES MW, THORPE 
SR, BAYNES JW: Pyridoxamine inhibits early renal disease and dyslipidemia in the streptozotocin-diabetic 
rat. Kidney Int 61: 939-950, 2002a. 

DEGENHARDT TP, KHALIFAH RG, SCHOTZINGER RJ: Human pharmacokinetics and metabolism of oral 
Pyridorin™, a novel therapeutic for diabetic nephropathy. Diabetologia 45 (Suppl 2): 1133, 2002b. 

DOMINGUEZ C, RUIZ E, GUSSINYE M, CARRASCOSA A: Oxidative stress at onset in early type 1 diabetes in 
children and adolescents. Diabetes Care 21: 1736-1742, 1998. 

FORBES JM, COOPER ME, THALLAS V, BURNS WC, THOMAS MC, BRAMMAR GC, LEE F, GRANT SL, 
BURRELL LA, JERUMS G, OSICKA TM: Reduction of the accumulation of advanced glycation end product 
by ACE inhibition in experimental diabetic nephropathy. Diabetes 51: 3274-3282, 2002. 

HAMMES HP, STRODTER D, WEISS A, BRETZEL RG, FEDERLIN K, BROWNLEE M.: Secondary intervention 
with aminoguanidine retards the progression of diabetic nephropathy in the rat model. Diabetologia 38: 656-
660, 1995. 



140   Jakuš and Rietbrock  Vol. 53 
 
 
HANSSEN KF: Blood glucose control and microvascular and macrovascular complications. Diabetes 46 (Suppl 2): 

S101-S103, 1997. 
HEGAZY DM, O'REILLY DA, YANG BM, HODGIKNSON AD, MILLWARD BA, DEMAINE AG: NFκB 

polymorphisms and susceptibility to type 1 diabetes. Genes Immunol 2: 304-308, 2001. 
HORIE K, MIYATA T, MAEDA K, MIYATA S, SUGIYAMA S, SAKAI H, VAN YPERSOLE DE STRIHOU C, 

MONNIER VM, WITZTUM J, KUROKAWA K: Immunohistochemical colocalization of glycoxidation 
products and lipid peroxidation products in diabetic renal glomerular lesions. J Clin Invest 100: 2995-3004, 
1997. 

HRNČIAROVÁ M, ČÁRSKY J, JAKUŠ V, ZLATOŠ L, KUCHARSKÁ J, GVOZDJÁKOVÁ A.: Inhibition of 
erythrocyte lipid peroxidation in diabetic rats by aminoguanidine, resorcylideneaminoguanidine and their 
oxygen and sulphur analogs. Bratisl Lek Listy 99: 364-367, 1998. 

JAKUŠ V: The role of free radicals, oxidative stress and antioxidant systems in diabetic vascular disease. Bratisl Lek 
Listy 101: 541-551, 2000. 

JAKUŠ V, BAYNES JW: Chromatographic methods for assaying glycation, advanced glycation and glycoxidation In: 
Proceedings of the 11th International Symposium: Advances and Applications of Chromatography in Industry. 
Bratislava, August 27-31, 2001, p 5. 

JAKUŠ V, KEITA Y, STAY E, RIETBROCK N: Comparative study of inhibition of proteins glycation by various 
drugs with amino and sulphur groups. Eur J Clin Pharmacol 47: A103, 1994a. 

JAKUŠ V, FUHR U, RIETBROCK N: Inhibition of nonenzymatic glycation of human serum albumin by various drugs. 
Eur J Clin Pharmacol 47: A104, 1994b. 

JAKUŠ V, HRNČIAROVÁ M, ČÁRSKY J, KRAHULEC B, RIETBROCK N: Inhibition of nonenzymatic glycation 
and lipid peroxidation by drugs with antioxidant activity. Life Sci 65: 1991-1993, 1999. 

JAKUŠ V, BAUEROVÁ K, MICHALKOVÁ D, ČÁRSKY J: Values of markers of early and advanced glycation and 
lipoxidation in serum proteins of children with diabetes mellitus. Bratisl Lek Listy 101: 484-489, 2000. 

JAKUŠ V, BAUEROVÁ K., MICHALKOVÁ D., ČÁRSKY J.: Serum levels of advanced glycation end products in 
poorly metabolically controlled children with diabetes mellitus: relation to HbA1c. Diabetes Nutr Metab 14: 
207-211, 2001. 

KALOUSOVÁ M, ŠKRHA J, ZIMA T: Advanced glycation end-products and advanced oxidation protein products in 
patients with diabetes mellitus. Physiol Res 51: 597-604, 2002.  

KHALIFAH RG, BAYNES JW, HUDSON BG: Amadorins: novel post-Amadori inhibitors of advanced glycation 
reactions. Biochem Biophys Res Commun 257: 251-258, 1999. 

KILHOVD B, BERG TJ, TORJESEN PA, THORSBY P, HANSSEN KF: Formation of advanced glycation end 
products (AGEs) may participate in the development of coronary heart disease in patients with type 2 diabetes. 
Diabetologia 41 (Suppl 1): A302, 1998.  

KOGA K, YAMAGISHI S, OKAMOTO T, INAGAKI Y, AMANO D, TAKEUCHI M, MAKITA Z: Serum levels of 
glucose-derived advanced glycation end products are associated with the severity of diabetic retinopathy in 
type 2 diabetic patients without renal dysfunction. Int J Clin Pharmacol Res 22: 13-17, 2002. 

LU M, KUROKI M, AMANO S, TOLENTINO M, KIM I, BUCALA R, ADAMIS AP: Advanced glycation end 
products increase retinal vascular endothelial growth factor expression. J Clin Invest 101: 1219-1224, 1998. 

LYONS T, JENKINS AJ: Glycation, oxidation and lipoxidation in the development of the complications of diabetes 
mellitus: a carbonyl stress hypothesis. Diabetes Rev 5: 365-391, 1997. 

MAKITA Z, VLASSARA H, CERAMI A, BUCALA R: Immunochemical detection of advanced glycation 
endproducts. J Biol Chem 267: 5133-5138, 1992. 

MCCANCE, 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. 

MISSELWITZ J, FRANKE S, KAUF H, JOHN U, STEIN G.: Advanced glycation end products in children with 
chronic renal failure and type 1 diabetes. Pediatr Nephrol 17: 316-321, 2002. 



2004  Progress of Diabetic Vascular Complications   141  
   
MIURA J, YAMAGISHI S, UCHIGATA Y, TAKEUCHI M, YAMAMOTO H, MAKITA Z, IWAMOTO Y: Serum 

levels of non-carboxymethyllysine advanced glycation endproducts are correlated to severity of microvascular 
complications in patients with Type 1 diabetes. J Diabetes Complications 17: 16-21, 2003. 

MIYATA T: Alterations of non-enzymatic biochemistry in uremia, diabetes and atherosclerosis („carbonyl stress“). 
Bull Mem Acad R Med Belg 157: 189-196, 2002. 

MIYATA T, VAN YPERSELE DE STRIHOU C, UEDA Y, ICHIMORI K, INAGI R, ONOGI H, ISHIKAWA N, 
NAGAKU M, KUROKAWA K: Angiotensin II receptor antagonists and angiotensin-converting enzyme 
inhibitors lower in vitro the formation of advanced glycation end products: biochemical mechanism. J Am Soc 
Nephrol 13: 2478-2487, 2002. 

MIYOSHI H, TAGUCHI T, SUGIURA M, TAKEUCHI M, YANAGISAWA K, WATANABE Y, MIWA I, MAKITA 
Z, KOIKE T: Aminoguanidine pyridoxal adduct is superior to aminoguanidine for preventing diabetic 
nephropathy in mice. Horm Metab Res 34: 371-377, 2002. 

NAGAI R, UNNO Y, HAYASHI MC, MASUDA S, HAYASE F, KINAE N, HORIUCHI S: Peroxynitrite induces 
formation of Nε-(carboxymethyl)lysine by the cleavage of Amadori product and generation of glucosone and 
glyoxal from glucose: novel pathways for protein modification by peroxynitrite. Diabetes 51: 2833-2839, 
2002. 

NIWA T, KATSUZAKI T, MIYAZAKI S, MIYAZAKI T, ISHIZAKI Y, HAYASE F, TATEMICHI N, TAKEI Y: 
Immunohistochemical detection of imidazolone, a novel advanced glycation end product, in kidneys and aortas 
of diabetic patients. J Clin Invest 99: 1272-1280, 1997. 

ONORATO JM, JENKINS AJ, THORPE SR, BAYNES JW: Pyridoxamine, an inhibitor of advanced glycation 
reactions, also inhibits advanced lipoxidation reactions. Mechanism of action of pyridoxamine. J Biol Chem 
275: 21177-21184, 2000. 

PRICE DL, RHETT PM, THORPE SR BAYNES JW: Chelating activity of advanced glycation end-product inhibitors. 
J Biol Chem. 276: 48967-48972, 2001. 

REDDY S, BICHLER J, WELLS-KNECHT KJ, THORPE SR, BAYNES JW: Nε-(carboxymethyl)lysine is a dominant 
advanced glycation end product (AGE) antigen in tissue proteins. Biochemistry 34: 10872-10878, 1995. 

SCHALKWIJK CG, CHATUVERDI N, TWAAFHOVEN H, VAN HINSBERGH VW, STEHOUWER CD: Amadori 
albumin correlates with microvascular complications and precedes nephropathy in type 1 diabetes. Eur J Clin 
Invest 32: 500-506, 2002. 

SCHLEICHER ED, WAGNER E, NERLICH AG: Increased accumulation of the glycoxidation product Nε-
(carboxymethyl)lysine in human tissues in diabetes and ageing. J Clin Invest 99: 457-468, 1999. 

SCHMIDT AM, YAN SD, YAN SF, STERN DM: The biology of the receptor for advanced glycation end products and 
its ligands. Biochim Biophys Acta 1498: 99-111, 2001. 

SELL DR, LAPOLLA A, ODETTI P, FOGARTY J, MONNIER VM: Pentosidine formation in skin correlates with 
severity of complications in individuals with long-standing IDDM. Diabetes 41: 1286-1292, 1992. 

SOULIS T, COOPER ME, SASTRA S, THALLAS V, PANAGIOTOPOULOS S, BJERRUM OJ, JERUMS G: 
Relative contributions of advanced glycation and nitric oxide synthase inhibition to aminoguanidine-mediated 
renoprotection in diabetic rats. Diabetologia 40: 1141-1151, 1997. 

SPITALER MM, GRAIER WF: Vascular targets of redox signalling in diabetes mellitus. Diabetologia 45: 476-494, 
2002. 

STITT A, GARDINER TA, ALDERSON NL, CANNING P, FRIZELL, N, DUFFY N, BOYLE C, JANUSZEWSKI 
AS, CHACHICH M, BAYNES JW, THORPE SR: The AGE inhibitor pyridoxamine inhibits development of 
retinopathy in experimental diabetes. Diabetes 51: 2826-2832, 2002. 

ŠEBEKOVÁ K, PODRACKÁ L, BLAŽÍČEK P, SYROVÁ D, HEIDLAND A, SCHINZEL R: Plasma levels of 
advanced glycation end products in children with renal disease. Pediatr Nephrol 16: 1105-1112, 2001. 

ŠEBEKOVÁ K, KUPČOVÁ 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. 



142   Jakuš and Rietbrock  Vol. 53 
 
 
TAKEUCHI M, MAKITA Z: Alternative routes for the formation of immunochemically distinct advanced glycation 

end-products in vivo. Curr Mol Med 1: 305-315, 2001. 
THORNALLEY PJ.: The glyoxalase system: new developments towards functional characterization of a metabolic 

pathway fundamental to biological life. Biochem J 269: 1-11, 1990. 
TURK Z, MESIC R, BENKO B: Comparison of advanced glycation endproducts on haemoglobin (Hb-AGE) and 

haemoglobin A1c for the assessment of diabetic control. Clin Chim Acta 272: 159-170, 1998. 
TURK Z, LJUBIC S, TURK N, BENKO B: Detection of autoantibodies against glycation endproducts and AGE-

immune complexes in serum of patients with diabetes mellitus. Clin Chim Acta 303: 105-115, 2001. 
TURK Z, SESTO M, SKODLAR J, FERENCAK G, TURK N, STAVLJENIC-RUKAVINA A: Soluble LDL-immune 

complexes in type 2 diabetes and vascular disease. Horm Metab Res 34: 196-201, 2002. 
VARVAROVSKÁ J, RACEK J, STOŽICKÝ F, SOUČEK J, TREFIL L, POMAHAČOVÁ R: Parameters of oxidative 

stress in children with Type 1 diabetes mellitus and their relatives. J Diabetes Complications 17: 7-10, 2003. 
VLASSARA H: The AGE receptor in the pathogenesis of diabetic complications. Diabetes Metab Res Rev 17: 436-443, 

2001. 
VLASSARA H, STRIKER LJ, TEICHBERG S, FUH H, LI YM, STEFFES M: Advanced glycation endproducts induce 

glomerular sclerosis and albuminuria in normal rats. Proc Natl Acad Sci USA 91: 11704-11708, 1994.  
WEST IC: Radicals and oxidative stress in diabetes. Diabet Med 17: 171-180, 2000. 
WOLFFENBUTTEL BHR, GIORDANO D, FOUNDS HW, BUCALA R: Long-term assessment of glucose control by 

haemoglobin-AGE measurement. Lancet 347: 513-515, 1996. 
 
 
Reprint requests 
PharmDr. V. Jakuš, CSc., Department of Medical Chemistry, Biochemistry and Clinical Biochemistry, Faculty of 
Medicine, Comenius University, Sasinkova 2, 811 08 Bratislava, Slovak Republic. Fax: +421-2-59357557. E-mail: 
jakus@post.sk 
 


