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Abstract

Advanced glycation end-products are a complex and
heterogeneous group of compounds that have been
implicated in diabetes related complications. At pre-
sent it is not known if they are the cause or the conse-
quence of the complications observed. We discuss the
chemistry of advanced glycated end-product forma-
tion and their patho-biochemistry particularly in rela-
tion to the diabetic microvascular complications of
retinopathy, neuropathy and nephropathy as well as
their role in the accelerated vasculopathy observed
in diabetes. The concept of carbonyl stress as a cause
for advanced glycated end-product toxicity is men-
tioned. We discuss alterations in the concentrations
of advanced glycated end-products in the body, par-

ticularly in relation to changes occuring with age, dia-
betes and its complications such as nephropathy.
Problems relating to current methods of advanced
glycated end-product detection and measurement
are highlighted including the lack of a universally es-
tablished method of detection or unit of measure-
ment. Agents used for the treatment of advanced gly-
cated end-product accumulation are reviewed, with
an emphasis on the results of the recent phase III tri-
als using aminoguanidine and diabetes related com-
plications. [Diabetologia (2001) 44: 129-146]
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Diabetes is a common condition with multiple com-
plications. There has been much work done to elabo-
rate on the aetiology, prevention and treatment of di-
abetes related complications. The DCCT [1] and
UKPDS [2] studies have emphasised the role of tight
glucose control as being important in reducing dia-
betic microvascular disease in Type I (insulin-depen-
dent) diabetes mellitus (DCCT) and Type II (non-in-
sulin-dependent) diabetes mellitus (UKPDS). The
relation between tight glucose control and macrovas-
cular complications is, however, not clear [3]. Recent-
ly the importance of blood pressure control in reduc-
ing diabetic microvascular complications has been
shown [4]. Apart from these factors, damage induced
by hyperglycaemia involves a complex interaction
between many influences including genetic predispo-
sition, smoking, BMI, dyslipidaemia and alterations
in coagulation factors [3]. The presence of advanced
glycation end-products (AGE) is closely related to
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hyperglycaemia and their patho-biochemistry could
explain many of the changes observed in diabetes re-
lated complications.

The study of AGE represents one of the most
promising areas of research today. Although the ini-
tial chemistry behind their formation has been known
since the early 1900’s, it is only in the last 20 years or
so that important work has been done to elaborate
on this. The chemical processes and pathways that ul-
timately lead to AGE formation have, however, yet
to be fully clarified [S]. As our knowledge of AGE
chemistry increases it is becoming apparent that not
all AGE have been isolated, whereas those that have
been characterised are both complex and heteroge-
nous.

Apart from diabetic microvascular disease, AGE
have also been implicated in a wide and seemingly
disparate range of pathologies such as connective tis-
sue diseases particularly in rheumatoid arthritis and
neurological conditions such as Alzheimer’s disease
and end-stage renal disease (ESRD) [6-8]. Whether
they are the cause of such pathologies or merely a
by-product is not known.

In vitro work has mostly shown AGE to be part of
complex interactions within oxidative stress and vas-
cular damage, particularly in atherosclerosis [9] and
in the accelerated vascular damage that occurs in dia-
betes, as well as in other conditions such as ESRD
[10, 11]. Histopathological studies have shown AGE
accumulation in a variety of tissue types, including
coronary atheroma, renal cortex, mesangium and
glomerular basement membrane [12], as well as the
dermal layer [13], amyloid plaques in Alzheimer’s
disease [14], cartilage in rheumatoid arthritis [15],
cardiac muscle, lung and liver [16].

Apart from their presence in a wide variety of
body tissues, AGE have also been identified from ex-
ogenously derived sources such as tobacco [17] and
certain foods, particularly those that are heated [18].
What contribution these exogenously derived AGE
make to AGE patho-biochemistry has not been ex-
plained.

Despite their complexity and widespread patho-
logical distribution, the currently known AGE pro-
duce the same chemical outcome. That is, the forma-
tion of covalent cross-links between proteins, which
are thought to be one of the central underlying pro-
cesses by which they cause damage [19].

Even though many questions concerning AGE
chemistry have yet to be defined, a further complica-
tion is that currently there is no universally accepted
method to detect AGE, no internal standards, nor
an internationally recognised standard unit of mea-
surement. Consequently, this makes comparisons of
results between different laboratories difficult.

As characterising AGE is proving to be a chal-
lenge, therapeutic modalities to deal with their conse-
quences are being investigated. Outcomes of AGE
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treatment could therefore shed light as to their physi-
ological significance. One such drug that might do
this is aminoguanidine, which cleaves AGE-induced
chemical cross-links. Animal studies and recently re-
ported phase III trials using this drug have shown
some promise in limiting the progression of a number
of diabetes related complications such as retinopathy,
neuropathy and nephropathy [20-24].

Formation and Structure of AGE

Reducing sugars such as glucose, react non-enzymati-
cally with amino groups in proteins, lipids and nucleic
acids through a series of reactions forming Schiff
bases and Amadori products to produce AGE
(Fig.1). This process, also known as the Maillard re-
action was described in the early 1900’s, when it was
noted that amino acids heated in the presence of re-
ducing sugars developed a characteristic yellow-
brown colour [5, 9].

Advanced glycation occurs over a period of weeks,
thereby affecting long-lived proteins. Structural com-
ponents of the connective tissue matrix or basement
membrane, such as collagen, are prime targets but
can also include myelin, complement C3, tubulin,
plasminogen activator and fibrinogen [20, 25]. In ura-
emia, however, which is associated with very high
concentrations of AGE accumulation, even shorter
lived compounds such as lipid constituents and nucle-
ic acids are affected [26].

Glycation is concentration-dependent in the early
rather than later stages of the Maillard reaction and
so it is enhanced in diabetes [27, 28]. The formation
of AGE is catalysed by transitional metals and is in-
hibited by reducing compounds such as ascorbate
[29]. Glucose has the slowest glycation rate, whereas
intracellular sugars, such as glucose-6-phosphate and
fructose, form AGE at a faster rate [12]. If oxidation
accompanies glycation then the products formed are
also known as glycoxidation products. The AGE
pentosidine and N¢-[carboxymethyl]-lysine (CML)
are such examples (Fig. 1) [12, 30].

Of importance in the Maillard reaction is the for-
mation of reactive intermediate products during
Amadori rearrangement. These compounds are
known as a- dicarbonyls or oxoaldehydes and include
such products as 3-deoxyglucosone (3-DG) and
methylglyoxal (MGO) [31-33]. The 3-DG is formed
by non-oxidative rearrangement and hydrolysis of
Amadori adducts [33] and from fructose-3-phosphate
which is a product of the polyol pathway (Fig.1) [34,
35]. The latter has been implicated as one of the
mechanisms that leads to hyperglycaemia induced
damage in diabetes [35, 36]. Methylglyoxal is also
formed from non-oxidative mechanisms in anaerobic
glycolysis [37] and from oxidative decomposition of
polyunsaturated fatty acids [38]. In addition, MGO
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Fig.1. Glucose and AGE formation pathways incorporating
the polyol pathway and AGE formation by the a-oxoaldehy-
des glyoxal, methyl glyoxal and 3-DG. 3-DG, 3-deoxygluco-
sone; MGO, methylglyoxal, CML, N-¢-(carboxymethyl)lysine;
CEL, N-¢-(carboxyethyl)lysine; DOLD, deoxyglucasone-ly-
sine dimer; MOLD, methyl glyoxal-lysine dimer; GOLD, gly-
oxal-lysine dimer

can be derived from fructose by fragmentation of tri-
ose phosphate or the catabolism of ketone bodies
and threonine [39]. Although such products have
been derived principally by non-oxidative means,
they might paradoxically induce oxidative stress and
cellular apoptosis [40].

Methylglyoxal, 3-DG and glyoxal have recently
been proposed to be formed from all stages of the gly-
cation process (Fig. 1) [39] by degradation of glucose
or Schiff’s bases in early glycation, or from Amadori
products such as fructosamine in the intermediate
stages of glycation. Thus a-oxoaldahydes could be
considered as important focal points of how glucose
can go on to form AGE by the classical Maillard reac-
tion, the polyol pathway, as well as from in vivo fac-
tors such as the catabolism of ketone bodies and thre-
onine, and lipid peroxidation.

The accumulation of reactive di-carbonyl precur-
sors or of glycoxidation or both and lipoxidation
products is termed carbonyl stress [41, 42]. That is,
the accumulation of carbonyl precursors whether
they go on to form oxidative AGE such as CML
and pentosidine or non-oxidative AGE derived
from 3-DG [deoxyglucasone-lysine dimer (DOLD)]
or MGO [Methyl glyoxal lysine dimer (MOLD)]
[43]. This recently described phenomenon of car-
bonyl stress has been observed in both diabetes
and uraemia and has been implicated in the acceler-
ated vascular damage observed in both conditions

[9].
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The structure of some AGE have been identified
including CML, pentosidine and pyralline (Fig.2).
Furoyl-furanyl imidazole (FFI),was considered an
AGE but has subsequently been shown to be an arte-
fact of sample preparation [32]. The known AGE are
immunologically distinct and coexist on different car-
rier proteins such as albumin, haemoglobin, lens crys-
talline and LDL cholesterol [29]. In blood 90% of
pentosidine and CML are protein bound to albumin
with 10 % being free [44].

Pentosidine and CML are the best characterised as
AGE and are referred to as glycoxidation products.
Evidence for this comes from in vitro experiments in
which anti-oxidants resulted in a reduction in CML
formation [45]. Metal catalysed oxidation of polyun-
saturated fatty acids in the presence of proteins can
also lead to CML formation suggesting that lipid oxi-
dation has a role in AGE formation [46, 47]. There-
fore, CML could serve as a general bio-marker of ox-
idative stress resulting from carbohydrate and lipid
oxidation reactions [48].

Glycated haemoglobin. Glycation of haemoglobin
forms HbA, . which has been described as an Amado-
ri product [25] but it is not an AGE [49]. It is an indi-
cator of glycaemia from the preceding 6 to 12 weeks,
whereas advanced glycation reflects a process that
can occur over a longer period.

Exogenous AGE

Tobacco and Food derived AGE. The formation of
AGE is usually endogenous but can be derived from
exogenous sources such as tobacco smoke or food
[17, 18, 50]. Although it is well recognised that ciga-
rette smoking can lead to vascular disease, what role
exogenous AGE have in contributing to this process,
especially in diabetes, is not known. Nevertheless to-
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Fig.2. Structure of the AGE CML, pentosidine and MOLD

bacco derived AGE have been observed in lens crys-
talline and coronary artery vascular walls [17]. Al-
though the mechanism of AGE formation from ciga-
rette smoke and the types of AGE formed are not
known, animal studies examining tendon collagen
suggest they contain carbonyl groups [50].

Heat treatment of food results in non-enzymatic
browning, otherwise known as the Maillard reaction
[18]. Because of the heterogenous nature of chemical
moieties and the lack of sensitive methodologies,
quantifying the contribution of exogenous or food-
derived AGE has been difficult [51]. Oral bio-avail-
ability is, however, thought to be low ( ~10%), sec-
ondary to poor absorption from the gastrointestinal
tract, as AGE cross-link formation is resistant to en-
zymatic or chemical hydrolysis [51]. It has been pro-
posed that the accumulation of food derived AGE in
uraemia can act as glycotoxins resulting in cytokine
generation and histological changes showing glomer-
ular damage [52]. Whether the same is true for diabe-
tes is not known.
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Unfortunately, dietary based studies can be con-
founded by the type and amount of food consumed
and give no insight into the specific AGE responsible
for the damage observed. More work is required to
differentiate between endogenous and exogenously
derived AGE and then relate this to histological dam-
age observed.

AGE and Cross-link formation

Despite the heterogeneity of AGE structures, a com-
mon consequence of their formation is covalent
cross-link formation. Proteins affected by this process
are usually stable and long lived, such as collagen.
The chemistry behind cross-link formation is com-
plex and not fully understood but is thought to in-
volve lysine residues [53]. This is supported by in vit-
ro work using the agent phenacyl thiozolium bromide
which is said to cleave chemical cross-links between
two lysine residues [21]. Physiological cross-linking,
which also tends to involve collagen, is better under-
stood and requires the enzyme lysyl oxidase. There
is, however, no evidence that this type of cross-linking
is involved in the accelerated cross-linking seen in di-
abetes mellitus with AGE [53]. The pathological
cross-link formation induced by AGE leads to in-
creased stiffness of the protein matrix, hence imped-
ing function as well as increasing resistance to remov-
al by proteolytic means, which in turn affects the pro-
cess of tissue remodelling. These changes occur with
advancing age and are accelerated in diabetes [28,
54, 55]. Histological studies support these findings,
using human aortas obtained from post-mortem ex-
aminations and showed a correlation between AGE
tissue accumulation and aortic stiffness [56]. In addi-
tion, immunostaining methods using specific antibod-
ies have shown increased accumulation of the AGE
pyrraline, crossline and pentosidine (considered to
be a good bio-marker of AGE cross-linking), in the
kidneys of diabetic subjects [27, 28, 57].

Physiological consequences of cross-link forma-
tion include sclerosis of renal glomeruli, thickening
of the capillary basement membrane and atheroscle-
rosis development [53]. Atherosclerosis is thought to
involve not only cross-linking but also trapping of lip-
oproteins by AGE formed on the matrix component
of vessel walls [12]. This impairs cholesterol efflux
from the vessel wall leading to lipoprotein accumula-
tion and macrovascular disease [29].

AGE and their interaction with AGE receptors

Several AGE receptors have been identified and in-
clude macrophage scavenger receptor Types I and II,
receptor for AGE (RAGE), oligosaccaharyl trans-
ferase-48 (AGE-R1), 80K-H phosphoprotein (AGE-
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R2) and galectin-3 (AGE-R3) [58]. They are ex-
pressed on a wide range of cells including smooth
muscle cells, monocytes, macrophages, endothelial
cells, podocytes, astrocytes and microglia [59]. The
expression of some of these receptors is increased in
diabetes, for example, galectin-3 expression is in-
creased in diabetic animal models [60]. Similarly
RAGE expression is increased in the blood vessels
and kidneys of diabetic patients as opposed to control
subjects [61, 62]. The best characterised AGE recep-
tor is RAGE, which is a multiligand member of the
immunoglobulin superfamily [63]. The RAGE recep-
tor is thought to act as a scavenger and mediate intra-
cellular signalling. Using immunostaining methods it
has been located on endothelial cells, specifically in
areas of atherosclerosis [61, 63]. In vitro studies have
shown that AGE-RAGE binding on macrophages
and microglia leads to oxidant stress and activation
of the transcription factor NF-xB (Fig.3) [62, 64, 65].
This process involves the activation of the p21™/
MAP kinase signalling cascade, which then activates
NF-xB. Evidence for this comes from inhibition of
p21™s which blocks NF-xB activation [62]. The NF-
xB is a free radical sensitive transcription factor that
modulates gene transcription for endothelin-1,
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VCAM-1, tissue factor and thrombomodulin [12]. It
has also been linked to states of anti-oxidant deple-
tion induced by AGE, with a reduction in glu-
tathione, vitamin C and nitric oxide [66]. Further evi-
dence of an interaction between AGE and the NF-xB
pathway can be shown from in vitro studies using hy-
aluronic acid, which is a glycosaminoglycan polymer
that inhibits AGE-induced activation of NF-xB and
NF-xB regulated release of IL-1a, IL-6 and TNFa
[67].

Although these studies require confirmation, it ap-
pears that AGE-RAGE interaction leading to oxi-
dant stress could be of importance at sites of inflam-
mation. Evidence for this comes from studies looking
at phagocytes at sites of inflammation showing that
they generate CML through myeloperoxidase — a
haem protein released by activated phagocytes [68].
This pathway is independent of hyperglycaemia and
might explain the presence of AGE in atherosclerotic
lesions found in non-diabetic subjects as well as in pa-
tients with inflammatory conditions such as rheuma-
toid arthritis.

Animal studies using soluble RAGE, which blocks
the RAGE receptor, has shown a suppression of vas-
cular lesion formation as well as a reduction in vascu-
lar permeability and hence dysfunction [69]. This pro-
cess is independent of lipid and glycaemic changes
suggesting that other mechanisms, such as AGE ac-
cumulation, are important in contributing to vascular
disease.

A “two hit“ model has been proposed to explain
vascular dysfunction involving AGE [69]. It involves
an initial AGE-RAGE interaction resulting in cellu-
lar activation and inflammation, followed by lipopro-
tein accumulation in atherosclerosis, leading to
chronic inflammation and further accelerated athero-
sclerosis.

Despite in vitro work little is known about the in
vivo ligands of RAGE, or the other putative AGE re-
ceptors [33]. Currently there are three known major
ligands for RAGE including AGE, amphoterin (a
member of the high mobility group proteins) and
amyloid S-peptide, which is thought to be important
in the pathogenesis of Alzheimer’s disease [70]. A re-
cent study examining amphoterin-RAGE interaction
found that amphoterin, a neurite outgrowth-promot-
ing protein, is thought to influence the migration of
immature and malignant cells [71]. This has been re-
cently shown using animal models where blockage of
amphoterin-RAGE signalling resulted in suppression
of tumour growth [72]. Currently AGE-RAGE inter-
action is thought to occur by a separate and distinct
signalling pathway to that of amphoterin-RAGE in-
teraction [62].
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Post AGE-receptor effects at the tissue level

Most research on AGE has centred on diabetes melli-
tus and its complications. It is well recognised that di-
abetes is associated with premature atherosclerosis
[58] and that endothelial dysfunction and oxidative
stress play an important part in this, as manifested
by increased concentrations of markers of endothe-
lial dysfunction such as intracellular adhesion mole-
cule-1 (ICAM-1), platelet endothelial cell adhesion
molecule-1 (PECAM-1) and endothelial leucocyte
adhesion molecule-1 (ELAM-1) [73]. Hyperglycae-
mia also seems to have a causal role in vascular dys-
function but its mechanism is not clear. A number of
hypotheses have been proposed including alteration
of redox potentials, the sorbitol hypothesis and non-
enzymatic glycation [29, 74].

Non-enzymatic glycation is accelerated in hyper-
glycaemic conditions but also occurs in the non-dia-
betic state. The process of advanced glycation itself
is not harmful, only the products of it [75]. In addition
the rate of accumulation of these end-products is re-
lated to the severity of complications observed. For
diabetic patients this relates to neuropathy, nephrop-
athy, retinopathy and lens disorders [20, 28, 32, 76].
Although there is increasing evidence for AGE in-
volvement in these complications there have yet to
be definitive human studies to confirm these observa-
tions [32, 58]. For instance, healthy older non-diabet-
ic subjects have greater tissue AGE accumulation
than younger insulin-dependent diabetic subjects
who have microvascular complications [32]. This
could suggest that it is perhaps the rate of accumula-
tion rather than the absolute concentration of AGE
that is important. Despite these reservations there is
in vitro and diabetic animal model evidence that
AGE accumulation has a number of important con-
sequences at the tissue level (Table 1). These include
lipid peroxidation and endothelial dysfunction [12,
20] and inappropriate cellular activity with cytokine
release [20, 77]. Alterations in cell spreading [55]
and other structural changes such as cross-link forma-
tion have also been described [20, 27, 32, 77, 78].

AGE metabolism

It has been proposed that the principal mechanism
for the degradation of AGE modified tissues and
cells is specific AGE receptors on tissue macrophages
[79]. After degradation small soluble AGE peptides
are released and subsequently cleared by the kidney.
It follows therefore, that effective elimination is de-
pendent on a normal creatinine clearance. Any dete-
rioration in renal function results in AGE accumula-
tion which can lead to endothelial perturbation and
hence vascular disease [12]. More recently it has
been suggested that scavenger receptors expressed
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by liver sinusoidal cells such as kupffer and endothe-
lial cells are important mediators in the endocytic up-
take of AGE protein from the plasma [80]. Defects in
this system or the over production of AGE or both
could therefore contribute to AGE accumulation in-
dependently of renal function [78].

In vitro studies have proposed that insulin also
contributes to AGE elimination from the plasma via
the IRS and phosphatidyl-inositol-3-OH kinase (P13
kinase) pathway [78]. This pathway is thought to be
vasculo-protective, leading to a rise in nitric oxide as
well as facilitating insulin-mediated glucose transport
in adipocytes and skeletal muscle [81]. Liver endothe-
lial cells expressing macrophage scavenger receptors
(MSR) showed an insulin-mediated increase in endo-
cytic uptake of labelled AGE. This effect was sup-
pressed by wortmannin, a PI3 kinase inhibitor. Just
how insulin receptor signalling couples PI3 kinase to
AGE uptake is not known but it is thought to result
in an acceleration of MSR mediated endocytic inter-
nalisation, vesicle transport, lysosomal degradation
and subsequent exocytosis of AGE proteins [78]. Al-
though these observations need to be confirmed in
vivo, they contribute to our understanding of insulin
function, AGE physiology and could represent a
way to control AGE concentrations in diabetic sub-
jects.

AGE concentrations in diabetes, chronological age
and renal failure

Diabetic animal models have shown that AGE con-
centrations increase within a few weeks after the ani-
mal is rendered diabetic and that this increase is sys-
temic, occurring in the kidneys, skin and vascular tis-
sue [33]. A study using rats rendered diabetic after
streptozotocin (STZ) injection found that the AGE
content (as measured by ELISA), increased in lens
tissue, renal cortex and aorta after only 5 weeks.
Compared with control rats the AGE-renal content
in the diabetic rats was 16-fold greater [82]. Studies
using animal models have examined the time re-
quired to produce pathological changes; for example,
exogenous AGE were given to animals in concentra-
tions sufficient to achieve plasma concentrations
equivalent to diabetic animals. After 5 months the re-
nal AGE content was 50% greater compared with
the control animals. Histology of the kidney showed
a 50% expansion of the glomerular volume, base-
ment membrane widened and increased mesangial
matrix, indicating statistically significant glomerular
sclerosis compared with controls [83].

Under normal conditions advanced glycated hae-
moglobin (Hb-AGE) accounts for 0.42 % of circulat-
ing haemoglobin but this increases to 0.75% in dia-
betic subjects [25]. In a phase I clinical trial, 1200 mg
a day of aminoguanidine reduced Hb-AGE by 28 %
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after 28 days in subjects with diabetes (Type I and
Type 11), for an average of 20 years.

Using HPLC methods, the concentrations of AGE
such as CML and pentosidine rise with age and are ap-
proximately doubled in diabetes, correlating with the
severity of diabetic microvascular disease [27]. Other
studies [6] using ELISA methods to measure serum
AGE found increased concentrations in children with
Type I diabetes before reaching puberty (14.5 +2.8
U/ml) compared with age-matched control children
(11.4 +£2.9 U/ml), p<0.01. Adolescents with mi-
crovascular disease had higher concentrations
(17.9 + 2.4 U/ml), compared with those with uncom-
plicated diabetes (15.7 + 2.3 U/ml) and control adoles-
cents of the same age (12.2 + 1.9 U/ml). Adolescents
with proliferative retinopathy had the highest concen-
trations ( > 20 U/ml) of AGE. This study is important
because it shows that AGE exist in very young chil-
dren ( < 6 years) and that even at this early age diabet-
ic children have much higher concentrations of AGE.
In contrast, a study using a fluorimetric immunoassay
to measure serum AGE in children with Type I diabe-
tes compared with control children matched for age,
found that the Type I diabetic children had significant-
ly higher concentrations than the control children
(14.4 £ 3.5 U/ml vs 11.7 + 3, respectively, p < 0.002)
[84]. No correlation was found between serum AGE
and age or duration of diabetes. In addition there
were also nosex differences. The lack of an association
between AGE and chronological age could be due to a
less sensitive assay than those using HPLC or ELISA
techniques, which have shown that AGE such as
CML for example, rise linearly with age. This is true
whether they are measured in serum, skin collagen or
lens tissue [11,27, 85-87].

The AGE concentrations have been compared in
diabetic subjects with or without ESRD. Some of the
earlier studies using ELISA methods found that dia-
betic subjects with ESRD had up to a 100-fold in-
crease in serum AGE, compared with those with nor-
mal renal function [79, 88]. Other studies have sup-
ported these results by showing increases in serum
pentosidine in diabetic subjects of two and a half
times and in ESRD up to 23-fold [9]. In addition,
pentosidine concentrations have been found to in-
crease with age among subjects with normal renal
function [89].

Using radioreceptor methodology, arterial wall
AGE have been measured in autopsy samples from
subjects with or without diabetes and renal disease
[25]. The authors reported the highest concentrations
of AGE in diabetic subjects with ESRD (21.3 U/mg
protein), followed by diabetic subjects without renal
disease (14.5 U/mg protein). Both groups were statis-
tically significantly higher than the control group (3.6
AGE U/mg protein) [90].

Apart from CML and pentosidine, pyrraline and
3-DG have been measured in normal and pathologi-
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cal states. Using HPLC and GC-MS methods pyrra-
line was detected in human skin and plasma in picom-
olar concentrations [91]. Similarly, it has been esti-
mated that under normal conditions several milli-
grams of 3-DG are produced a day, and it is readily
detoxified to 3-deoxy fructose and excreted in the ur-
ine [92]. The concentrations of 3-DG as measured by
HPLC, has been shown to be 314 ng/ml in control
subjects, 778 ng/ml in uncomplicated diabetes, and
1235 ng/ml in diabetics with renal disease (defined as
a urinary albumin excretion rate of > 200 mg a day)
[25].

Tissue AGE concentrations using immunohisto-
chemical methods tend to be arbitrarily quantified,
using — as representing zero staining and + + + to sig-
nify the most intense staining. Using these methods
AGE have been identified in a variety of tissues and
cells such as fatty streaks, macrophages and smooth
muscle cells. Subjects with vascular disease and dia-
betes often show an intense staining [93].

Measurement of AGE

Although there is experimental evidence for AGE
accumulation with age and under certain pathological
states such as diabetes, it is difficult to compare re-
sults between laboratories. Moreover, there are now
a number of AGE which are structurally heteroge-
neous making it difficult to ensure that the AGE de-
tected is relevant to the complications observed in
vitro or in vivo. To date AGE measurement is con-
fined to investigative laboratories. Currently there is
no commonly accepted or widely used method to de-
tect AGE, nor any commercially available kits. Al-
though there is no universally established unit of
measurement, it has recently been proposed to adopt
a universal unit of measurement for different labora-
tories to compare results [94]. The lack of internal
standards leaves assays open to error which require
a high degree of accuracy and reproducability for
each sample run. Currently the most common meth-
ods used for detection are HPLC [16, 88], ELISA
[79, 95] and immunohistochemistry [96]. Recently, a
monoclonal antibody which recognises CML, called
6D12, has become commercially available [97, 98].

Consequences of AGE formation in diabetes

Hyperglycaemia has been implicated in the accelerat-
ed vascular damage associated with diabetes, which
eventually manifests microvascular complications
such as retinopathy, neuropathy, nephropathy and
macrovascular disease [55, 83]. Although the mecha-
nisms leading to such complications are not fully un-
derstood, three pathways have been proposed: acti-
vation of protein kinase C isoforms, the aldose reduc-
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Table 1. AGE effects at the tissue and cellular level

R.Singh et al.: Advanced glycated end-products

Lipid peroxidation
endothelial dysfunction
T Reactive oxygen species production } T lipid

| Superoxide Dismutase function peroxidation

1 Nitric Oxide

. } T vasoconstriction
T Endothelin-1

Stimulation of inappropriate cellular activity
T VCAM-1

T Secretion of cytokines IL-1, TNF-3, IGF-1A
T Mitogenesis
T Chemotaxis of mononuclear cells

T T-cell stimulation and Interferon-y production

Structural changes

T tissue remodelling
and thickening of
the basement
membrane

T Disruption of molecular order and changes in surface charge e.g. by causing conformational changes in:

a) lens crystalline resulting in T opacity and blindness

b) collagen changes leading to premature ageing as seen in diabetes mellitus

T Irreversible cross-linking between proteins

T Cell membrane and matrix changes as in diabetic kidney disease leading to mesangial matrix secretion and vascular permeability leading

to glomerulosclerosis

T Interference of cell-matrix interaction affecting adhesion and spreading

Thrombosis and fibrinolysis
T Tissue Factor

1 Thrombomodulin

T Platelet aggregation and fibrin stabilisation, possibly mediated by AGE effects on PG-I, (anti-thrombotic prostacyclin), which |, as well
as AGE effects on PAI-1 (a serine protease inhibitor of fibrinolysis), which increases

{ Platelet survival

T Platelet “stickiness* following glycation of platelet glycoprotein receptors IIB and IITA

! Reduced sensitivity of fibrin/fibrinogen to plasmin following glycation

| Reduced heparin catalysed thrombin activity following glycation of anti-thrombin III

tase pathway and AGE formation [25, 36, 83]. Evi-
dence for their role comes from the use of a protein
kinase inhibitor such as LY333531 [99], the aldose re-
ductase inhibitor ponalrestat [100] and use of the sol-
uble extracellular domain of RAGE [101]. All these
reduced diabetic complications, albeit in diabetic ani-
mal models.

Hyperglycaemia increases production of reactive
oxygen species and leads to a state of oxidative stress
[102]. Oxidants such as the superoxide anion, hydro-
gen peroxide and lipid peroxides cause damage by
oxidation, fragmentation and cross-linking [25]. For-
mation of AGE also induces free-radical production
as well as depleting nitric oxide concentrations [28],
leading to oxidative stress [102, 103]. As nitric oxide
is vasodilatory and has antiproliferative effects on
vascular smooth muscle [25], AGE accumulation
could therefore result in vascular thickening with
loss of elasticity, hypertension and endothelial dys-
function (Table 1). Further evidence for AGE-associ-
ated vascular damage comes from cross-linking of
sub-endothelial structural proteins such as collagen
and laminin. This is thought to affect tissue remodel-
ling resulting in activation of smooth muscle prolifer-

ation as well as increasing vascular permeability [25,
104] (Table 1). These changes are important in the
pathophysiological features associated with diabetes
[102].

Other important features of AGE-induced vascul-
opathy include effects on coagulation and fibrinolysis
(Table 1); specifically, reduced platelet survival and
increased aggregation [105, 106], alterations in coagu-
lation factors such as anti-thrombin-III, tissue factor
and thrombomodulin [12], and effects on fibrin stabil-
isation [107]. The end result is the promotion of a
procoagulant state. A similar state might also occur
in diabetes which is associated with alterations in
von Willebrand factor and platelet function, as well
as attenuation of fibrinolysis with hyperfibrinogen-
aemia and alterations in coagulation factors such as
factor VII [3].

Diabetic retinopathy. Diabetic retinopathy is a com-
mon condition affecting 90% of diabetic subjects
with background retinopathy and 8 to 26 % with pro-
liferative retinopathy after 25 years of diabetes [25].
It is characterised by abnormal vessel development
leading to haemorrhages, ischaemia and infarctions.
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Specific morphological and functional changes in-
clude basement membrane thickening, loss of peri-
cytes and increased permeability [29]. Accumulation
of AGE might contribute to this state of vaculopathy
by increasing retinal endothelial cell permeability re-
sulting in vascular leakage [108]. Vessel wall thicken-
ing and coagulation, leading to occlusion and ischae-
mia [109] as well as induction of growth factors such
as VEGF, resulting in angiogenesis and neovasculari-
sation have also been described [110]. In animal stud-
ies intravitreal injection of VEGF has resulted in sim-
ilar changes to those seen in non-proliferative diabet-
ic retinopathy, mostly manifesting with hyperperme-
ability of the retinal vessels, leading to oedema, reti-
nal haemorrhages, microaneurysm formation and
vessel occlusion [111]. A study comparing post-mor-
tem human retinas between diabetic subjects with
background and proliferative retinopathy and non-
diabetic subjects, found that CML and VEGF immu-
noreactivities were distributed around blood vessels
in diabetic retinas [111]. None of the control subjects
showed CML or VEGF immunoreactivity. Whereas
VEGTF expression was greater in subjects with prolif-
erative retinopathy, CML accumulation was, howev-
er, no different in background or proliferative retin-
opathy. These data suggest that CML could have a
role in VEGF expression in retinopathy but other
mechanisms could also be important. For instance
VEGF expression is increased in ischaemia [111]
and it is recognised that AGE and diabetes have det-
rimental effects on coagulation factors resulting in is-
chaemia and occlusion [3]. Thus the effects of AGE
could be indirect and accumulation might not have
to mirror VEGF expression.

Immunohistochemistry has been used to examine
the spatial and temporal distribution of AGE in dia-
betic and non-diabetic rat retinas [112]. The two
AGE examined were CML (a glyoxidation product)
and a recently characterised imidazolone type AGE,
AG-1 (a non-oxidative AGE). The CML immunore-
activity was greater in diabetic rats than in control
rats and was mostly present in neurological elements
(ganglion cell, plexiform layer) of the retina. The
AG-1 was not found in control rats but localised ex-
clusively to the vasculature of diabetic retinas. In
rats with advanced retinopathy, however, both AGE
were distributed throughout the retina. We show
that CML is present in normal retinas and increased
in diabetes. The AG-1 localisation to the vasculature
could be explained by the fact that early diabetic reti-
nal damage occurs initially in the microvasculature.
Further studies are required to clarify the physiologi-
cal significance of these findings.

In vitro studies have shown that AGE modifica-
tion of retinal basement membrane results in reduced
retinal pericyte proliferation but increased retinal en-
dothelial cell proliferation. These effects are ob-
served in diabetics and along with AGE effects on ni-
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tric oxide depletion, reactive oxygen substance pro-
duction and changes in vessel elasticity, could explain
AGE effects on microvascular structure and function
[113].

Further evidence for the role of AGE in diabetic
retinal vasculopathy comes from diabetic animal
model studies using aminoguanidine [29]. These
have shown a reduction in microaneurysm formation,
endothelial proliferation and pericyte loss. Other
studies using diabetic hypertensive rat models have
also shown that aminoguanidine inhibited the devel-
opment of accelerated diabetic retinopathy [113].

Indirect evidence for AGE involvement in diabet-
ic retinopathy comes from studies examining CML
and pentosidine accumulation in skin collagen. These
showed that AGE accumulation was associated with
the severity of retinopathy and the development of
early nephropathy [28], independent of age, sex and
duration of diabetes.

Cataract formation. Not only are diabetic subjects
more likely to develop cataracts but they also occur
at an earlier age. Although the underlying mecha-
nisms leading to cataract formation in diabetic sub-
jects has yet to be explained, glycation of lens crystal-
lin and the Na* /K* -ATPase pump is thought to be
important [114]. A recent report suggests that chan-
ges in lens crystallin due to glycation and subsequent
oxidation plays a major part [115]. In addition, in vit-
ro work has shown that glycation lowers Na* /K* -AT-
Pase activity leading to alterations in ion and water
concentrations, which could in turn lead to osmotic
stress and cataract formation [114].

Further evidence for AGE involvement in cataract
formation comes from the use of pyruvate, which in
animal studies protects the lens from oxidation and
the formation of high molecular weight crystallin ag-
gregates by inhibiting AGE formation [114].

Diabetic neuropathy. Diabetic neuropathy is both
common and complex in its aetiology and manifesta-
tions. All the major nervous systems in the body can
be affected including the central, autonomic and pe-
ripheral nervous systems. As with retinopathy, dia-
betic neuropathy manifests according to the concen-
trations of diabetic control and duration [25]. A num-
ber of complex interactions are involved in producing
diabetic neuropathy including metabolic abnormali-
ties (polyol pathway, oxidative stress and advanced
glycation), functional abnormalities (reduced nerve
conduction volume and blood flow), and structural
abnormalities (axonal degeneration, fibre demyelina-
tion and neuronal apoptosis) [35].

The AGE have been implicated in nerve damage
with much work done on the aetiology of Alzheimer’s
disease and the glycation of amyloid-f protein, which
is a precursor of the senile plaque seen in this condi-
tion [116]. As with diabetic retinopathy there is evi-
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dence of vascular dysfunction and that includes accu-
mulation of AGE in the vasa nervorum leading to
wall thickening, ischaemia, occlusion [117] and mye-
lin damage with segmental demyelination [35]. In vit-
ro studies show that glycation of axonal cytoskeletal
proteins such as tubulin, actin and neurofilament re-
sults in slowed axonal transport, atrophy and degen-
eration [35, 118]. In addition, glycation of laminin,
an important constituent of Schwann cell basal lami-
nae, impairs its ability to promote nerve fibre regen-
eration [118, 119]. Advanced glycation has also been
reported to affect growth factors such as fibrin and
nerve growth factors, causing a loss of function [12,
120]. What effect these largely in vitro changes have
on physiological manifestations has yet to be deter-
mined. Studies examining AGE effects on peripheral
nerves from diabetic rats have, however, shown re-
ductions in sensory motor conduction velocities and
nerve action potentials as well as reductions in pe-
ripheral nerve blood flow [113]. All these changes
have been prevented by pre-treatment with amino-
guanidine [113].

Immunoperoxidase staining methods for CML
have been used to compare peripheral nerves from
both human diabetic and control subjects [121]. This
detected CML in the perineurium, endothelial cells,
pericytes of endoneurial microvessels as well as in
myelinated and unmyelinated fibres of diabetic sub-
jects compared with control subjects. There was also
a correlation between the intensity of CML accumu-
lation and myelinated fibre loss suggesting a possible
role for advanced glycation in diabetic neuropathy.
Despite these observations no direct link could be
made between the observed pathological changes in
the nerve and localization of AGE accumulation.
The authors suggested that the AGE-perineurial in-
teraction could alter the endoneurial microenviron-
ment and microcirculation by inducing oxidative
stress and so disrupting the perifasicular diffusion
barrier which perineural cells are said to maintain
and which is important for normal function.

Although not specifically examining diabetic sub-
jects, a recent study on the cause of amyotrophic lat-
eral sclerosis, a form of motor neurone disease, has
suggested that accumulation of the dicarbonyls
MGO and 3-DG can lead to neurotoxicity as a result
of reactive oxygen species generation [122]. Such a
situation could also occur in diabetic nerve damage
secondary to AGE accumulation, which itself is asso-
ciated with oxidative stress and reactive oxygen spe-
cies production. In vitro studies using cultured spinal
motor neurones have shown a protective effect using
aminoguanidine, presumably by utilising its anti-oxi-
dant properties which results in the augmentation of
glutathione, an important intracellular anti-oxidant.
This effect partly explains why aminoguanidine can
slow the progression of diabetes-related neuropathy
in animal models [76].
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AGE and nephropathy. Expansion of the extracellu-
lar matrix is one of the dominant histological features
of diabetic nephropathy and can lead to basement
membrane thickening, vascular leakage and glomeru-
losclerosis [29, 123]. Animal studies have shown that
glomerular hypertrophy is associated with an over ex-
pression of type IV collagen, laminin B1, TGF-f and
platelet derived growth factor, all of which can be
ameliorated by aminoguanidine treatment [29, 123].
These effects can be achieved independently of glu-
cose control [124].

Considered to be an important mediator in diabet-
ic nephropathy, TGF-£ is known as a prosclerotic cy-
tokine, which stimulates the synthesis of collagen ma-
trix components such as fibronectin, laminin and pro-
teoglycans [123]. Both hyperglycaemia and AGE in-
crease TGF-f concentrations [125]. Studies using dia-
betic rats and an AGE inhibitor OPB 9195, showed a
reduction in the progression of diabetic nephropathy
by blocking type IV collagen formation as well as
the overproduction of TGF-§ and VEGEF. The
VEGTF is produced by podocytes and mesangial cells
and is said to also have effects on glomerular prolifer-
ation and possibly increased glomerular capillary per-
meability [126].

In vitro studies using rat mesangial cells have re-
cently shown that exposure to AGE-rich proteins re-
sulted in mesangial oxidative stress and activation of
protein kinase C-f (II) [103]. These results show that
activation of protein kinase C isoforms have been im-
plicated in the pathogenesis of diabetic complications
in diabetic animal models and that blocking it has re-
sulted in reductions in albuminuria [103].

A number of AGE such as CML, pyralline and
pentosidine have been identified in the renal tissue
of diabetic patients with or without ESRD [11], with
AGE accumulation increasing with severity of dia-
betic nephropathy [11]. Immunohistochemistry using
diabetic rat models has shown AGE accumulation in
the glomerular extracellular matrix, with concentra-
tions rising with age and more rapidly with diabetes
[127, 128].

Further evidence for AGE accumulation and
glomerular injury comes from recently reported
phase III trials using pimagedine (the generic form
of aminoguanidine), which suggest that therapy di-
rected at AGE could be important in slowing diabetic
nephropathy in optimally treated Type I diabetic sub-
jects [22]. In a double blind, randomised, placebo-
controlled trial using pimagedine given as 150 mg or
300 mg twice a day, 690 subjects with Type I diabetes
and moderate renal impairment showed a statisti-
cally significant reduction in total urinary protein af-
ter 36 months compared with the placebo group
(-0.6 gm a day vs -0.3 gm a day respectively,
p <0.001). Paradoxically, the effect was greater in
the lower dose group compared with the higher dose
group.
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Fig.4. Carbonyl intermediates and their fate in diabetes or
uraemia

Diabetic nephropathy and the concept of carbonyl
stress. Carbonyl stress represents the accumulation
of reactive di-carbonyls such as 3-DG and MGO,
whether because of substrate increase, reduced
detoxification, or renal clearance [129]. Such inter-
mediates can go on to form AGE or during accumu-
lation, as in carbonyl stress, they can cause damage
themselves (Fig.4). Evidence for carbonyl stress in-
duced pathology, which is largely in vitro, includes
stimulation of osteoclast bone absorption [130, 131],
proliferation of vascular smooth muscle, stimulation
of monocyte chemotaxis and macrophage recruit-
ment [41]. This suggests that they influence tissue re-
pair and remodelling and apoptosis [33].

Reactive carbonyl accumulation leading to carbo-
nyl stress has been proposed as a cause for glomerular
damage and the accelerated vascular damage ob-
served in subjects with diabetes mellitus and ESRD
(Fig.4) [42]. This is evident from detection of carbo-
nyls using spectrophotometric assays, showing that
uraemic subjects have higher blood concentrations
than control subjects, but with values falling after di-
alysis [41]. In ESRD, concentrations rise, however,
whether or not subjects are diabetic, suggesting that
hyperglycaemia is not a pre-requisite for accumula-
tion [132].

Continuous ambulatory peritoneal dialysis and
haemodialysis can only clear the free rather than the
albumin bound forms of pentosidine and CML, sug-
gesting the importance of molecular weight in clear-
ance [133]. In addition after transplantation, AGE
concentrations fall as the glomerular filtration rate
and creatinine clearance rise. This has prompted the
notion that the dramatic improvement in survival fol-
lowing transplantation might depend on a reduction
in AGE induced toxicity [83], which some suggest is
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partly due to carbonyl overload secondary to carbon-
yl stress [132].

AGE, lipids and diabetic atherosclerotic disease. Dia-
betes is one of the major independent risk factors for
cardiovascular disease [3]. The AGE have effects on
lipids, lipid metabolism and the development of ath-
erosclerosis, which could influence diabetes related
vascular disease.

Using ELISA and immunohistochemistry AGE
have been observed in fatty streaks, atherosclerotic
lesions, lipid containing smooth muscle cells and
macrophages from diabetic subjects [83, 85, 93, 134].
A correlation between tissue AGE concentrations
and the severity of atherosclerotic lesions has also
been shown [93]. The AGE accumulation in the ex-
tracellular matrix of atheromatous arteries might re-
sult in enhanced sub-intimal protein and lipoprotein
deposition with covalent trapping of LDL as well as
nitric oxide depletion [93, 135].

Animal studies using soluble RAGE, to block the
RAGE receptor, resulted in suppression of vascular
lesion formation and reduced vascular permeability
[68]. These responses occurred independent of lipid
and glycaemic changes suggesting that other mecha-
nisms are important for vascular lesion formation.

Susceptibility to atherosclerotic lesion formation
by AGE has been shown by in vitro studies indicating
endothelial dysfunction manifesting as changes in
vascular permeability, coagulation and increased ad-
herence or migration of macrophages and T-lympho-
cytes into the intima, with the initiation of a pro-
longed sub-inflammatory response [32, 58, 93]. En-
dothelial migration of monocytes, considered to be
one of the first steps in atherogenesis, is dependent
on the up-regulation of vascular cell adhesion molec-
cule-1 (VCAM-1) expression [136]. Advanced glyca-
tion end-products have been shown to increase
VCAM-1 expression by activating of NF-xB [136].
Recent in vitro work has shown that a-lipoic acid, a
natural anti-oxidant, can reduce AGE induced en-
dothelial expression of VCAM-1 and hence mono-
cyte binding to the endothelium [136].

Low-density lipoproteins can exist as oxidised
LDL, glycated LDL and glycoxidated LDL. Ad-
vanced glycation end-products linked to lipids has
been shown to initiate oxidative modification with
the formation of oxidised LDL and VLDL [19, 135,
137]. In diabetes a greater portion of LDL is glycated
and oxidised [3, 19, 76, 77]. The LDL receptor does
not recognise modified LDL, which is taken up by
macrophage scavenger receptors (MSR) or AGE re-
ceptors resulting in lipid-laden foam cells in the arte-
rial intima and the promotion of atherosclerosis
[138]. Using ELISA methods a positive correlation
has been shown between arterial wall AGE and
AGE modified LDL in the blood among diabetic
subjects [93].
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Under conditions of hyperglycaemia, glycation of
HDL function can reduce paraoxonase activity,
which is an HDL-associated ester hydrolase impor-
tant for the prevention of LDL oxidation. A recent
in vitro study [139] has reported a 65 % reduction in
paraoxonase activity after glycation of HDL, as well
as a decreased ability of both glycated HDL and
paraoxonase to prevent monocyte adhesion to aortic
endothelial cells. This is an important initial event
leading to the development of atherosclerosis. The
authors acknowledge that glycation took place under
conditions of extreme hyperglycaemia (25 mmol/l
glucose) and therefore might not reflect physiological
conditions. They did, however, show a 40 % reduction
in paraoxonase activity in subjects with Type 11 diabe-
tes and coronary artery disease compared with non-
diabetic subjects with coronary heart disease
(p <0.0001), albeit in a small number of patients.

Recently it has been shown that Lp(a) — an inde-
pendent risk factor for cardiovascular disease under-
goes glycation in diabetic subjects [140]. From in vitro
studies glycation of Lp(a) attenuates fibrinolysis by
inducing expression of PAI-1 and reducing genera-
tion of tissue type-plasminogen activator. Treatment
with aminoguanidine normalises these effects.

Treatment targeting AGE

Exogenous AGE. Although methods to reduce or im-
pair AGE formation centre around drug therapy, oth-
er treatment modalities should be considered such as
modifiying the intake of food and tobacco derived
AGE [51]. The reduction of exogenously derived
AGE requires, however, further clarification as we
are currently not certain of the significance between
these AGE and AGE associated pathology.

Endogenous AGE. Therapeutic interventions for re-
ducing AGE formation should target AGE forma-
tion by reducing cross-link formation [12]. In addition
a reduction in AGE deposition might be achieved us-
ing cross-link breakers or by enhancing cellular up-
take and degradation. Other strategies could include
receptor inhibition of AGE using neutralising anti-
bodies or suppression of post-receptor signalling, us-
ing antioxidants. The development of inhibitors,
however, might be difficult as AGE are complex and
heterogenous. Similarly the complex reactions in-
volved in the advanced glycation process which occur
over several stages are not fully understood. In addi-
tion in vitro work might not translate to in vivo activ-
ity and the AGE selected might not be of physiologi-
cal importance [141].

To date the most promising agent under investiga-
tion is aminoguanidine. Diabetic animal models using
aminoguanidine have shown a reduction in diabetes
related complications such as retinopathy, neuropa-
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thy and nephropathy [21, 142]. Specifically, reduc-
tions in retinal microvessel formation, albuminuria
and the prevention or decrease in motor and sensory
nerve conduction velocity have been reported [20].
Recent work using baboons rendered diabetic after
the use of streptozotocin, however, did not find that
aminoguanidine ameliorated abnormalities in nerve
function [118]. Of note, this study examined nerve
changes in early diabetes ( <5 years duration), sug-
gesting that AGE-induced damage is more relevant
at later stages of the disease.

In vitro work has shown that aminoguanidine can
act as an antioxidant, quench hydroxyl radicals and
cleave cross-links (Table 2) [143]. In addition, amino-
guanidine has been reported to lower total cholester-
ol, LDL cholesterol and triglycerides in diabetic sub-
jects independent of glucose control [19]. It has also
been shown to reduce the accumulation of food-de-
rived AGE [144]. Using rats fed a standard diet and
AGE-ovalbumin, urine AGE increased from 26 %
to 50 % after adding aminoguanidine to the diet. At
the same time, tissue bound AGE in the kidney and
liver fell from more than 60 % to less than 15%. The
mechanism by which aminoguanidine achieves these
results is not known but could involve cross-link
cleavage leaving more “free“ AGE to be excreted
by the kidney. Confirmation of this work in humans
is required to determine if the increased excretion of
AGE has any effect on complications such as diabetic
microvascular disease. Carefully controlled dietary
intervention studies are also required to determine
whether antioxidants are effective in reducing AGE.

A recent phase III trial using pimagedine, has
shown beneficial affects on the progression of retin-
opathy and lipid concentrations [23], in addition to
the affects on diabetic nephropathy progression in
optimally treated Type I diabetic subjects (Table 3)
[22]. The reduction in retinopathy progression (95 %
had advanced retinopathy) after 12 months of fol-
low-up was significantly decreased only in the high
dose group (300 mg twice a day) compared with the
low dose (150 mg twice a day) and placebo groups.
Both treatment groups showed, however, statistically
significant reductions in total cholesterol and LDL
but not HDL after 12 months of treatment. These ob-
servations were independent of glycaemic control
with HbA,. values being comparable between all
groups.

The side effect profile showed a number of unex-
pected results. A small number of subjects developed
flu like symptoms and half became anaemic. This was
also noted in placebo patients making it difficult to
ascribe this observation entirely to pimagedine thera-
py and could depend on the anaemia of chronic dis-
ease, which could occur in subjects with moderate re-
nal impairment. Early reports on the use of amino-
guanidine described, however, blood picture changes
resembling pernicious anaemia [145]. Of greater con-
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Table 2. Possible agents for use in AGE treatment
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Drug or Agent Chemical Type Method of action
Aminoguanidine Hydrazine — Traps reactive di-carbonyls impeding conversion to AGE
— Prevents cross-link formation
— Inhibits free radical formation, lipid peroxidation and oxidant induced apoptosis
N.B Large quantities can generate H,0O, and so inhibit Catalase.
Depletion of essential carbonyls in the body can also occur e.g. Vitamin B6
Vitamin C and E Antioxidants — Inhibit oxidative conversion involved in di-carbonyl and AGE formation
Nicarnitine — Reduces diabetic retinopathy in rats
AT17 Monoclonal antibody — Acts on Amadori adducts containing albumin with evidence of retarding devel-
opmentof diabetic nephropathy in diabetic animal models
Pyridorin An Amadorin also — Inhibitor of the conversion of Amadori intermediates to AGE
known as Pyridoxamine
PTB? Thiazolium Compound - A cross-link breaker that could cleave di-ketone bridges between 2 adjacent car-
bonyl groups which could form intermolecular cross-links
OPB-9195° Synthetic Thiazolidine — (Reduced) AGE accumulation in glomeruli and progression of diabetic glomer-
Derivative ulosclerosis in rat Type I diabetes models. Thought to work by suppressing TGF-
p and VEGF expression
2,3 DAP¢ — In vitro work using rat diabetic models showed AGE accumulation and mesen-
teric vascular hypertrophy
Losartan Angiotensin IT receptor - (Reduction) of serum AGE in rat remnant kidney model. Mechanism unknown,
inhibitor but was independent of blood pressure changes
Pyruvate a-keto acid — Hypothesised to prevent glycation of protein competitively by forming a Schiff

base between free keto groups and free amino groups in proteins. Also inhibits
oxidative conversion of the initial glycation product to an AGE.

2 phenacyl thiazolium bromide
b 2-Isopropyldenehydrazone-4-oxo-thiazolidin-5-ylacetanalide
¢2,3-diamino phenazine

Table 3. Summary of Phase III trial results using pimagedine
in optimally treated Type I diabetic subjects

Placebo Low dose High dose
150 mg BD 300 mg BD
Retinopathy progres- 16 % 11% 8%
sion (%) p0.112 p 0.044

Mean baseline total cholesterol
5.92 mmol/l LDL cholesterol 3.95 mmol/l

Lipid reductions

Total cholesterol 0.14 0.56 0.48
(mmol/1) p <0.001 p =0.008
LDL cholesterol 0.3 0.59 0.61
(mmol/) p=0.012 p =0.009

Side effects profile

Flu like illness with 5% 11% 13%
reversible liver

function tests

Anaemia (%) 33% 50% 40%
Induction of ANA® 29 % 39% 53%
Induction of 22% 31% 55%

MPO-ANCA® (%)

2 antinuclear antibody
® myeloperoxidase-antinuclear cytoplasmic antibody

cern was the development of anti-nuclear antibodies
and myeloperoxidase-anti-nuclear cytoplasmic anti-
bodies especially in the high dose group, with three
subjects developing crescentic glomerulonephritis.
One recovered but two developed ESRD [24]. Gen-

erally lower dose therapy was well tolerated with a
side effect profile comparable to placebo. These re-
sults imply that patients using pimagedine require
assessment of full blood counts and autoimmune sta-
tus before and during therapy. Measures of vasculitic
activity including erythrocyte sedimentation rate,
C-reactive protein, and urinary sediment as well as
physical examination also need to be considered. In
addition aminoguanidine is known to inhibit di-
amine oxidase, which catalyses deamination of diam-
ines such as histamine [145]. This has the possibility
of raising histamine concentrations with the atten-
dant vascular and respiratory side effects. To date,
there are no reports of increased histamine, or in-
duced side effects secondary to aminoguanidine
therapy.

Although early studies using diabetic rats treated
with aminoguanidine have recorded higher rates of
pancreatic and renal neoplasms [25], there are no re-
ports so far, on antibody generation. Aminoguanidine
is, however, a hydrazine derivative as is hydralazine
[146], which itself is associated with antihistone and
antinuclear cytoplasmic antibody production as well
as a clinical situation similar to lupus [147]. Although
the mechanism for auto-antibody production as a re-
sult of hydrazine-hydrazine derivative therapy is not
known, there is some evidence that it could involve
T-lymphocyte function associated antigen-1 over ex-
pression and autoreactivity [148].
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Based on the current phase III trial outcomes and
considering the side-effect profiles there is no greater
benefit in taking the higher dose of pimagedine. It is,
however, not known how well the drug would work
in patients who are not optimally treated, if treatment
should be initiated at the time of diagnosis of diabetes
or if a longer follow-up period would have separated
outcome measures in the 2 treatment arms. Similarly
studies would need to be extended to the population
of Type 1I diabetic subjects. Recent studies using the
angiotensin II receptor inhibitor Losartan (Table 2),
have shown reduced serum AGE concentrations in
normotensive sub-totally nephrectomized rats [149].
This effect was independent of blood pressure and
could have been mediated by improvements in renal
function after therapy. Further studies are required
to determine the effect of AIl inhibitor use on AGE
excretion in subjects with normal renal function and
blood pressure.

In vitro and animal models have shown the effec-
tiveness of other agents to reduce AGE accumulation
(Table 2). These agents act by inhibiting oxidant ac-
tivity such as vitamin C [142] and nicarnitine [150],
others by cleaving cross-link formation such as
phenacyl thiazolim bromide [141, 151-153] or by di-
rectly inhibiting the conversion of Amadori interme-
diates to AGE, such as pyridorin [138]. Agents such
as OPB-9195 [123], 2,3 di-amino phenazine (2, 3
DAP) [154], pyruvate [115] and the monoclonal anti-
body A717 [155] also have effects on AGE accumula-
tion, but their mechanism of action has not been fully
determined (Table 2). Apart from aminoguanidine,
all these agents are still at the experimental stage.

In vitro studies using four agents that might inhibit
hyperglycaemia, induced damage have recently been
reported [36]. Specifically they looked at three path-
ways which can lead to diabetic complications such
as the formation of AGE, the aldose reductase path-
way and activation of protein kinase and hence NF-
»B [36]. Using bovine aortic endothelial cells and
conducting experiments examining the tricarboxylic
acid cycle in mitochondria, they showed that mito-
chondria could be the source of excess superoxide
production as a result of hyperglycaemia. After the
use of four inhibitors: thenoyltrifluoroacetone, which
inhibits complex II in the mitochondrial electron
transport chain; and carbonyl cyanide m-chloro-
phenylhydrazone, uncoupling protein-1, and manga-
nese superoxide dismutase, which are uncouplers of
oxidative phosphorylation, they were able to show a
reduction in hyperglycaemic-induced intracellular
AGE formation, sorbitol accumulation as well as pro-
tein kinase and NF-xB activation. Although this is
only a preliminary report, these experiments suggest
that mitochondrial superoxide overproduction could
play a central part in diabetes related complications
and agents directed at reducing superoxide concen-
trations, or dismutating it could be of benefit.
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In conclusion there is increasing evidence of the
presence of AGE in a diabetes and its complications.
Animal and in vitro studies have shown that AGE af-
fect cellular signalling, activation of transcription fac-
tors and subsequent gene expression. A number of
receptors for AGE have been identified but their
physiological roles need to be determined. The role
of AGE and specifically which particular AGE is in-
volved in the aetiology of diabetic micro and macro-
vascular complications is, however, yet to be estab-
lished. Despite these concerns recent phase III trial
results, using pimagedine, suggest that reducing
AGE accumulation could benefit subjects with Type
I diabetes. Further trials are required in Type II dia-
betic subjects and patients with ESRD with or with-
out diabetes. The possibility of effective therapeutic
intervention stresses the importance of detecting
AGE and advancements in measuring AGE using re-
liable methods will help determine the role they have
in the pathogenesis of many diseases, especially dia-
betes and its complications.
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