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Preface

This book was generated following the VIII International Bart’s
Symposium entitled ‘Diabetic Complications: New Diagnostic Tools
and Therapeutic Advances’. These symposia are held annually at the
famous and ancient St Bartholomew’s Hospital in London and are part
of a series that was initiated in 1995. The Bart’s Symposium is a forum
for discussion of some of the most topically issues in the field of
diabetes.
The VIII Bart’s Symposium focused on some of the macrovascular
and microvascular complications of diabetes. Our success at preventing these complications is highlighted in the section discussing
modern therapy, which has changed dramatically even since the
Symposia series was started. As usual, we had a faculty of outstanding
international experts, and their views are presented in this volume. In
outlining the features and therapy of these diabetic complications, the
authors cover a wide range of disciplines from genetics, through
anatomy, physiology and pathophysiology to pharmacology.
We trust you will be interested and excited by this volume and the
developments it illustrates.
R David Leslie
Paolo Pozzilli
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chapter 1

Advanced glycated end
products as markers of
complications
Bernhard O. Boehm, Gabriele Lang, Wolfram Karges,
Peter Stahl and Rosemarie Kientsch-Engel

Introduction
Diabetes mellitus is recognized by the chronic elevation of the blood
glucose concentration (Report of a WHO Study Group, 1999).1 The
disease afflicts a large number of people from all social groups in
almost all populations throughout the world (Report of a WHO Study
Group, 1994).2 By the year 2000, more than 100 million people worldwide were affected by the disease and the number of patients is
expected to increase substantially in the coming decades.
Diabetes mellitus is a heterogeneous group of disorders characterized by a chronic elevated blood glucose level and the propensity to
the development of specific micro- and macrovascular complications.
Typical microvascular complications of the disease are diabetic
nephropathy and diabetic retinopathy. Macrovascular complications
lead to an increased risk for myocardial infarction, stroke and limb
amputations. The primary factor responsible for the development of
1
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diabetic complications is the increase in the level of glucose. The socalled glucose hypothesis has been proven in a number of recent
interventional trials, most prominently the Diabetes Control and
Complications Trial (DCCT) and the United Kingdom Prospective
Diabetes Study (UKPDS). Both trials have confirmed that more intensive management of blood glucose control reduces the incidence and
delays the progression of diabetic complications in type 1 and type 2
diabetes mellitus.3–6 However, subsequent analyses showed that there
was no glycaemic threshold for the development of microvascular
complications.7–8
Diabetes-specific microvascular complications are a major cause of
blindness, renal failure and nerve damage. Diabetes-accelerated atherosclerosis leads to an increased risk of myocardial infarction, stroke
and limb amputation. Glucose-mediated vascular damage of the eye is
still the main cause of visual disability arising in middle-aged and
elderly patients, at least in economically advanced societies. Hence,
understanding the biochemistry and molecular cell biology of diabetic
complications is an important issue. An understanding of the hyperglycaemia-induced processes may provide a framework for the development of novel test systems, allowing the determination of prognostic
markers as well as novel drugs for ameliorating or even preventing
diabetic complications.8,9
This review will focus on the role of glycated end products as
markers for diabetic complications. HbA1c appears to be an ideal prognostic marker reflecting glycation of proteins, suggesting that there is a
link between severity of complications and cumulative exposure to
hyperglycaemia. However, marked heterogeneity in the expression of
disease phenotypes (i.e. diabetic retinopathy) has been found, even
when patients with identical HbA1c levels are compared. A recent analysis from the DCCT showed that the progression rate in patients with
good metabolic control (i.e. HbA1c ≤ 6.87%) was almost 10%, whereas
almost 40% of patients with poor metabolic control (HbA1c ≥ 9.49)
revealed no significant changes over time.10 These findings and many
other observations emphasize the multifactorial nature of the pathogenesis of diabetic complications and formed the basis for a number of
2
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studies looking at genetic markers that may predict the disease phenotype.11,12 However, to date, no such genetic markers have been found
that can explain the heterogeneity observed. Therefore, the search is on
for novel markers that integrate the spontaneous reaction between
glucose (including other reducing sugars) and proteins, lipids and
nucleic acids, as well as oxidative processes. Current data reveal that
the major advanced glycation end product carboxymethyl-lysin (CML),
which mirrors not only glycation but also oxidative processes, predicts
the presence of microvascular complications.13

Biochemistry of advanced glycated end (AGE)
products
Advanced glycation products are reactive, cross-linking moieties that
are produced from the reaction of reducing sugars and the amino
groups of proteins, lipids, and also from nucleic acids. Endogenous
AGE products form when proteins or lipids interact with glucose or
other reducing sugars (Figure 1.1). Of considerable importance in diabetics as well as in normoglycaemic subjects is the in vivo oxidative
modification of lipids. Various phospholipid-linked AGEs can form
directly with glucose and other reducing sugars in vivo.14 Circulating
levels of oxidized low-density lipoproteins (LDLs) have been found to
be increased in patients with diabetes. Modified LDL molecules show
significantly impaired clearance kinetics due to an impaired binding to
the classical LDL receptor.15 Proof of an altered pathway of AGE-LDL
was found in a transgenic mouse model, in which mice expressed the
human LDL receptor under the control of the mouse metallothionein I
promoter. In addition, oxidized LDL (ox-LDL) is released from the
circulation by scavenger pathways, thus leading to the formation of
ox-LDL-enriched plaques in vessel walls.
Exogenous AGEs, which may be found to have increased value in
cases of impaired renal clearance, have been shown to contribute
significantly to the total amount of circulating so-called short-lived
AGE molecules. Reactive glycation end products are also present in
3
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Glucose
reducing sugars
Proteins
Lipids
AGEs

• Short-lived
Short-lived
AGE molecules
AGE molecules
• glycation of lipids (AGE-LDL)
• glycation of lipoproteins (AGE-ApoB)
• Long-lived
Long-lived
molecules
AGE AGE
molecules
• extracellular matrix
• vascular basement membranes

Figure 1.1 Formation of AGEs and metabolic effects. Glucose, as well as reducing
sugars, reacts with proteins and lipids to form advanced glycation end products. The
AGEs are bioreactive molecules. Glycation of lipids is a classical example of the
formation of short-lived AGE molecules. AGE-LDL and AGE-ApoB reveal altered
clearance characteristics compared to unmodiﬁed lipids. Long-lived AGE molecules form
at a higher rate than that predicted by ﬁrst order kinetics and include extracellular
matrix proteins and vascular basement membranes, thus leading to a reduced solubility
and decreased enyzmatic digestion.

aqueous extracts of tobacco and tobacco smoke and can rapidly react
with proteins to form AGE. Tobacco and tobacco smoke have been
referred to as exogenous ‘glycotoxins’ in view of their role in a
markedly accelerated vasculopathy.16 There is good experimental evidence that the glycotoxins found in tobacco and tobacco smoke are
responsible, at least in part, for the increased rate of atherosclerotic
vascular disease among cigarette smokers (Figure 1.2, 1.3).

AGEs and AGE receptors
Receptors for advanced glycation end products play an important role
in the clearance of these molecules. These receptors mediate the generation of transient effects of cell function and the irreversible progres4
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Receptordependent

Receptorindependent

Renal
clearance

transient, reversible effects on cell function
irreversible, progressive dysfunction

Figure 1.2 AGE receptor system and AGE receptor effects. AGEs are ligands for a
complex system of receptors. AGE-R1 and AGE-R3 are high-afﬁnity receptors for AGEs.
AGE-R2 has been suggested to play a role in ligand-induced signal transduction. RAGE,
a member of the immunoglobulin super gene family, plays an important role in induction
of the MAP kinase pathways and stimulates the NF-κB pathway, thus leading to
pro-inﬂammatory signalling. Data from mice suggest that the AGE-R1 pathway plays a
key role in renal clearance of AGEs. This speciﬁc AGE receptor system leads to a
transient, partially reversible effect on cell function and also directs irreversible,
progressive dysfunction in chronic hyperglycaemia.

sive dysfunction that may occur as a result of chronic hyperglycaemia.
AGE-R1 and AGE-R3 are responsible for high-affinity AGE recognition
and clearance. The receptor β-advanced glycation end products
(RAGE), which is a member of the immunoglobulin supergene family,
is important for AGE endocytosis and also for AGE turnover. CML, a
major AGE short-lived protein, is a ligand for this receptor. RAGE is
responsible for activation of the mitogen-activated protein (MAP)
kinase pathway and transcription factor NF-kappaB, thus acting in
favour of a pro-inflammatory milieu (Figure 1.2, 1.3).
5
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Figure 1.3 AGE receptor system in kidney failure. Blockade of renal clearance of
AGEs leads to an increased stimulation of AGE-R2 and RAGE receptor pathways, thus
augmenting cellular interactions and associated malfunctions.

Methods for measurement of AGEs
The first studies that measured non-enzymatic glycosylated serum
proteins used non-specific assays, including spectroscopy and colorimetric assays. Novel test systems have used, for example, the
immunological detection with specific anti-AGE antibodies.17 The
measurement of advanced glycation end products can still be performed by use of spectroscopy, which shows the coloured products
and the fluorescent advanced glycation products. Yellowing of the
long-lived crystalline lens reflects, for example, the phenomenon of
glycation-mediated protein ageing. Spectroscopy has been used
extensively to quantitate the accumulation of AGEs on long-lived
extracellular matrix proteins.18,19 Affinity chromatography, which
6
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specifically retains glycoslyated amino acids and peptides, has also
been used to analyse the quantity of non-enzymatic glycosylation.20
However, chromatography-based techniques need tedious preanalytical procedures, including protein digests, and have therefore
been studied in only a very limited number of patients in clinical
studies.21–23 Recently, ELISA-based techniques have been developed,
which make it much easier to study large sets of samples. Based on
the specific recognition of CML, a novel quantitative test system with
high specificity and sensitivity was recently developed (Figure 1.4).
Nε-[carboxymethyl]lysine has been identified by use of immunohistochemical analysis as a major constituent in skin, lung, heart,
kidney, arteries and the diabetic eye.24 Since CML is formed by oxidative cleavage of fructolysine and the reaction of protein with glyoxal,
it provides an integrative parameter for both oxidative stress and dysglycaemia.25 The CML molecule has recently been shown to act as a
ligand for RAGE and to activate cell signalling pathways and to modulate gene expression.26 It is the specific pathobiology of advanced
glycation end products that makes these molecules an attractive target
for research in diabetic complications.27

Assay: Competition test on microtitre plates principle:

Phase
Bi-BSAcoated
AGE incl.
with
CML-epitope
streptavidin

Figure 1.4

Mab
Substrate
CML
reaction
Peroxidase (ABTS)
-labelled

Novel competitive and quantitative AGE-CML assay.
7
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Diabetic eye disease as a marker for vasculopathy
Retinal microvascular abnormalities reflect damage from hypertension
and other microvascular processes. The abnormalities that have been
found to be associated with hypertension are the formation of microaneurysms and arteriovenous nicking. It has now become clear that
retinal microvascular abnormalities may also reflect macrovascular
complications. Recent data from the Atherosclerosis Risk in
Communities (ARIC) study support this hypothesis.28,29 The ARIC study
is an ongoing prospective, population-based cohort study, which
started in 1987. In this study, it was found that the arteriole-to-venule
ratio (AVR) was associated with any incident of myocardial infarction
in females (relative risk (RR) 1.37; 95% CI 1.08–1.72) and of acute
myocardial infarction (RR 1.5; 95% CI 1.1–2.04). No association of the
retinal microvasculature and cardiovascular complications has been
found in males thus far.29 Stroke, however, was found to be associated
with retinal changes in both sexes (RR 3.08 for microaneurysms (95%
CI: 1.42–6.68); RR 2.26 for blot haemorrhages (95% CI: 1.00–5.12)).
Overall, these data suggest that retinal changes provide a useful cerebrovascular risk stratification in males and females, and for cardiovascular events in females.28,29,30

Diabetic eye disease: the glucose hypothesis of
diabetic retinopathy and vascular complications
Clear-cut evidence exists for an association between poor glucose
control and the typical diabetes-associated complication, especially
diabetic retinopathy.31 Furthermore, duration of diabetes is an important predictor for the occurrence and progression of retinopathy, both
in younger and older diabetic patients. After 20 years with the condition, diabetic retinopathy can be detected in almost all patients with
type 1 diabetes mellitus (80–95%) and in the majority of type 2 diabetic patients (50–80%). In Wisconsin, USA, between 1980 and 1982,
after 15 years of having diabetes, 21% of patients had visual impair8
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ment and 6% were legally classified as blind.32 In Denmark, blindness
or severe visual handicap developed in about 3% of a cohort of
younger onset insulin-dependent patients followed for 40 years or
more.
Two large randomized prospective clinical trials showed the important role of glucose levels in the development of diabetic complications (‘glucose hypothesis’). The Diabetes Control and Complications
Trial (DCCT) studied the effects of intensive insulin therapy (ICT) in
type 1 diabetic patients.3 It showed that intensive insulin therapy can
reduce or prevent the development of retinopathy by 27% as compared with conventional therapy (primary prevention). In this trial, an
intensified insulin regimen significantly diminished the progression of
diabetic retinopathy (secondary prevention). Likewise, the United
Kingdom Prospective Diabetes Study (UKPDS) trial studied the role of
intensive treatment in newly diagnosed type 2 diabetic patients within
the UK5 on macro- and microvascular diabetic complications. Again,
lowering of blood glucose levels in type 2 patients with an intensified
treatment (insulin treatment and/or use of various oral agents) to a
median HbA1c level of 7.0% (a conventional diabetes therapy, resulted
in a median HbA1c level of 7.9%) decreased the probability of
microvascular complications by 25%.

Growth factors associated with development of
diabetic retinopathy
Although there is an entire cascade of molecular events related to the
development of neovascularization, only some of the factors that
modulate retinopathy are known. These signalling agents are related
to a complex pathway that leads to vascular dropout, ischaemia
and, ultimately, neovascularization. Growth factors such as growth
hormone (GH), insulin-like growth factor-I (IGF-I), epidermal
growth factor (EGF) and vascular endothelial growth factor (VEGF)
promote angiogenesis.33,34 However, the mechanism by which these
factors exert their effect as well as the role of cross-talk between
9
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these various pro-angiogenic molecules remains to be elucidated.35
Numerous other factors may also be associated with formation of
retinopathy but their role is less clear. In order to avoid the destructive side-effects of retinal photocoagulation, to improve vision preservation techniques, and armed with an increasing understanding of the
biochemical factors involved in diabetic eye disease, aggressive
studies are underway to treat diabetic retinopathy pharmacologically.
VEGF, also known as vascular permeability factor (VPF), has been
found to be a potent angiogenic, mitogenic and vascular permeabilityenhancing factor. VEGF has been implicated as a major causative
factor in diabetic retinopathy and levels have been found to be
markedly increased in advanced stages of diabetic eye disease.36,37
AGEs have also been found to act as promoting factors in animal
models of diabetic retinopathy. When AGE formation was inhibited by
use of aminoguanidine it became clear that the progression of the
disease was markedly inhibited.38,39 This effect is thought to result
from the specificity of aminoguanidine, thus inhibiting post-Amadori
advanced glycation reactions. To illustrate this specificity further,
HbA1c values are not influenced by treatment with the nucleophilic
hydrazine compound aminoguanindine, whereas AGE-Hb and AGELDL formation is inhibited.40,41 It is possible that AGE molecules act in
concert with the growth factor-mediated activation of the vasculature
via its specific AGE receptors, especially the RAGE receptor. This
interaction may also include a cross-talk of kinase-activating receptor
molecules.

Determination of advanced glycation end
products
Reducing sugars (i.e. glucose, fructose) react with protein amino
groups to form a diverse group of protein-bound moieties with
fluorescent and cross-linking properties. These so-called advanced
glycation end products have been determined initially by their AGEspecific fluorescence (excitation at 370 nm and emission at 440 nm).42
10
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Furthermore, HPLC-based techniques have been used to measure
AGEs in various tissues. The in situ determination of AGEs has been
performed by use of specific antibodies in immunohistochemical
detection analysis.43,38,39 However, such analytical techniques are
based on the use of invasive techniques; in the DCCT study, for
example, skin biopsies were studied.
For the analysis of long-lived AGE molecules, invasive techniques
must still be relied on; however, since short-lived AGE molecules have
major implications for diabetes-associated complications, novel techniques allowing the determination of distinct advanced glycation end
products in samples of a large size might be sought. To this end,
radioreceptor and ELISA-based techniques have been established for
the estimation of advanced glycation end products.44

Carboxymethyl-lysin assay – use in clinical samples
A novel ELISA based AGE assay was recently developed, which allows
the quantification of the major AGE molecule, i.e. carboxymethyllysine (CML). Specificity of the assay is due to the monoclonal antibody used which shows a specific binding to the epitope
6-(N-carboxymethlamino)caproate and which gives specific recognition of Nε–[carboxymethyl]lysine in the context of protein. No crossreaction was seen with underivatized lysine, glycine, alanine or
β-alanine. A very low cross-reactivity of 0.06% was seen with sarcosin.
Intra- and inter-assay variability is below 5%. Figure 1.4 illustrates the
novel test system.45
To study the predictive value of the novel test system a group of
type 2 diabetic patients was analysed. All the patients were required
to have controlled glycaemia and hypertension and a serum creatinine
level within the normal range. To omit other possible confounders
that may effect the stage of retinopathy or may induce additional
oxidative stress, only non-smokers were included in the study. The
control group was comprised of healthy blood donors with normal
glucose levels in random glucose measurements. The mean value of
11
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serum CML was 720 ng/ml in controls, and 820 ng/ml in diabetics
without proliferative retinopathy. The highest levels were found in the
patients with proliferative diabetic retinopathy with a mean value of
1182 ng/ml, which was significantly increased when compared to controls and diabetics without proliferative retinopathy.
When an arbitrary level of 1000 ng/ml of Nε–[carboxymethyl]lysine
was taken as a threshold value, only 7.3% of the controls had a
value above this; 73.3% of the type 2 diabetics with proliferative
retinopathy showed a CML level above that threshold, whereas only
15.8% of type 2 diabetics without that complication had levels above
1000 ng/ml (Figure 1.5). The difference was highly significant
between the three cohorts (P < 0.0001). In addition, Nε–[carboxymethyl]lysine serum levels from the control cohort could also
be used to establish categorial risk markers for the presence of proliferative retinopathy. A CML level of equal to or greater than
904 ng/ml (mean value of controls ±1 SD) revealed an odds ratio of
CML levels > 1000 mg/ml
100

Controls

Dm
–DR

Dm
+DR

P < 0.001
P < 0.001

80
% positive

P < 0.001
60

40

20

0

7.3

15.8

73.3

Figure 1.5 Prevalence of increased CML levels in controls and diabetic
patients with (+DR) and without (−DR) proliferative diabetic retinopathy.
DM, diabetes mellitus.
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