
Non-enzymatic glycation involves the condensation
of free aldehyde groups of sugars with the amino
groups of proteins [1]. This reaction occurs very slow-

ly resulting in the formation of cross-linked, modified
long-lived proteins referred to as advanced glycation
end-products (AGEs) [2]. As a consequence of in-
creased substrate (glucose) availability, AGEs accu-
mulate in diabetes mellitus where they are believed
to be involved in the pathogenesis of long-term com-
plications as well as some of the manifestations of ag-
ing in normal subjects [3–6]. An inhibitor of advanced
glycation, aminoguanidine, has been shown to retard
or prevent the development of nephropathy [7], ret-
inopathy [8] and neuropathy [9] in the streptozoto-
cin-induced diabetic rat model.

Recently, a protein which can bind to AGEs has
been cloned from bovine lung [10, 11]. This protein
with significant homology to the IgG superfamily
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Summary Advanced glycation end products (AGEs)
are believed to play an important role in the develop-
ment of diabetic complications. AGEs are increased
in experimental diabetes and treatment with the in-
hibitor of advanced glycation end products, amino-
guanidine, has been shown to attenuate the level of
these products in tissues undergoing complications.
Recently, an AGE-binding protein has been isolated
from bovine lung endothelial cells and termed the re-
ceptor for advanced glycated end products (RAGE).
The present study sought to determine the distribu-
tion of AGE and RAGE in tissues susceptible to the
long-term complications of diabetes including the
kidney, eye, nerve, arteries as well as in a tissue resis-
tant to such complications, the lung. Using polyclonal
antisera both AGE and RAGE were found to co-lo-
calize in the renal glomerulus. AGE staining was
clearly increased with age and was further increased
by diabetes. Aminoguanidine treatment reduced
AGE accumulation in the kidney. Co-localisation of

AGE and RAGE was demonstrated in the inner
plexiform layer and the inner limiting membrane of
the retina and in nerve bundles from mesenteric ar-
teries. In the aorta, both AGE and RAGE were
found in the intima, media and adventitia. Medial
staining was increased in diabetes and was reduced
by aminoguanidine treatment. A similar pattern was
observed for RAGE in the aorta. In the lung,
RAGE was found widely distributed throughout the
lung whereas the distribution of AGE staining was
more limited, primarily localising to macrophages.
The co-localisation of AGEs and RAGE in sites of
diabetic microvascular injury suggests that this li-
gand-receptor interaction may represent an impor-
tant mechanism in the genesis of diabetic complica-
tions. [Diabetologia (1997) 40: 619–628]
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has been termed the receptor for advanced glycated
products or RAGE [12]. The present study sought to
explore possible sites of interaction of AGE products
and this receptor with a particular focus on tissues
and organs which are susceptible to long-term dia-
betic complications.

Materials and methods

Keyhole limpet hemocyanin (KLH) (Boeringher Mannheim,
Mannheim, Germany), 20 mg/ml, was incubated for 12 weeks
with 1 mmol/l glucose 6-phosphate to form AGE-KLH. Incuba-
tion was performed at 37 °C under dark room conditions using
glass vials containing 0.4 mmol/l sodium phosphate buffer
pH 7.4, 100 U/ml penicillin (Sigma St.Louis, Mo, USA), 40 mg/
ml gentamycin sulphate (Sigma) and 0.5 mmol/l EDTA (Sig-
ma). AGE-KLH was dialysed extensively against phosphate
buffered saline pH 7.4 (PBS) and stored at −70 °C prior to use.

Polyclonal antiserum was raised against AGE-KLH as fol-
lows. New Zealand white rabbits were inoculated with 1 mg
AGE-KLH in complete Freund’s adjuvant weekly for 6 weeks
with a 0.5 mg booster in incomplete adjuvant 2 weeks later
[13]. Antisera titre was determined by non-competitive ELISA
and by the Ouchterlony double diffusion assay [14]. With dot
blots and non-competitive ELISAs, the antiserum was shown
to bind to AGE-bovine serum albumin (BSA) glycated with
glucose 6-phosphate. AGE-RNase (using glucose), AGE-
poly-l-lysine and AGE-N-acetyl-l-lysine methyl ester (using
glucose 6-phosphate), AGE-human serum albumin (using glu-
cose or glucose 6-phosphate) but not to the unmodified pro-
teins, peptides or amino acids. Furthermore, the antiserum
does not detect carboxymethylysine (CML) or pentosidine.
These experiments also involved assessment of increasing con-
centrations of BSA-CML (up to 500 mg/ml) by radioimmu-
noassay provided by Dr. O.Bjerrum (Novo Nordisk, Bags-
vaerd, Denmark). Immunohistochemical studies were per-
formed on formalin-fixed, paraffin-embedded sections (4 mm)
of rat kidney, eye, lung and aorta. Sections were rehydrated
and treated with 1 % H2O2/methanol followed by incubation
in Protein Blocking Agent (Lipshaw-Immunon, Pittsburgh,
Penn., USA) for 20 min at room temperature. Sections were
then washed in PBS and incubated with biotinylated goat
anti-rabbit immunoglobulin (Dako, Carpinteria, Calif., USA)
followed by peroxidase conjugated strepavidin (Dako). Local-
isation of peroxidase conjugates was revealed using diamino-
benzidine tetrahydrochloride (DAB) as the chromogen. As a
control for anti-AGE immunoreactivity, AGEs formed by the
addition of glucose and BSA proteins and incubated for more
than 60 days at 37 °C were preincubated with AGE antiserum
and used in place of the AGE antiserum alone in the normal
staining procedure (Fig. 1 F).

To explore whether AGE staining reflected AGE levels in
vivo, AGE staining in glomeruli was quantitated in various rat
groups as outlined below. Male Sprague Dawley rats weighing
between 200 and 250 g were randomised to control or diabetic
groups. Rats were rendered diabetic via an intravenous injec-
tion of the beta-cell toxin, streptozotocin (55 mg/kg) and then
further randomised into untreated or aminoguanidine treated
(1 g/l in drinking water) groups. To be included in the study,
rats had to have blood glucose levels greater than 20 mmol/l
one week after induction of diabetes. Control rats were also
randomised into untreated or aminoguanidine-treated (2 g/l
in drinking water) groups. The doses of aminoguanidine used
were based on previous studies carried out in our laboratory

[7] and reflect the increased water consumption in diabetic
rats. Rats were killed 3 and 32 weeks after induction of diabe-
tes. Before killing, rats were weighed and blood taken for the
measurement of plasma glucose by the glucose oxidase meth-
od [15] and for glycated haemoglobin by a HPLC technique
(Biorad, Richmond, Calif., USA).

Staining for AGE was quantitated in the glomeruli of rat
kidneys, the major site of the renal lesion in diabetes, using a
videoimaging system, (Video Pro 32; Leading Edge, Bedford
Park, South Australia, Australia) connected to a Zeiss AXIO-
PHOT microscope (Stuttgart, Germany) [16]. The amount of
staining for AGEs was defined as the area of brown pigment
detected by the videoimaging system [17]. The degree of
AGE staining within glomeruli was expressed as a proportion,
which was calculated as the quotient of the area of the AGE
staining and the total glomerular area. This was defined by us-
ing the inner lining of the Bowman’s capsule as the outer mar-
gin of the glomerulus. From each rat, 50 randomly selected
glomeruli were quantitated. Measurements were performed
in a blinded manner by one observer (S.Y.). The coefficient of
variation for this method was 4.5 %.

To explore the presence of RAGE protein in the various
tissues, an antiserum to human recombinant RAGE (gift of
Dr. K Jansen, Merck Sharp and Dohme, West Point, Penn.,
USA) was used at a working concentration of 1/50. The de-
scription of this antiserum is as previously reported [18]. Since
RAGE is non-covalently bound to a molecule with sequence
identity to lactoferrin [12], studies were also performed with
an anti-lactoferrin antiserum (Sigma) at a working concentra-
tion of 1/50. Immunohistochemical studies were performed on
the adjacent sections to those stained with AGE antibody.
The methods used did not differ from those described above
for evaluation of AGE staining. As a control for anti-RAGE
immunoreactivity, positively stained tissues were subjected to
blocking experiments in which anti-RAGE antiserum was pre-
incubated with recombinant RAGE (gift of Dr. K Jansen, Mer-
ck Sharp and Dohme) at a concentration of 60–65 mg/ml for 3 h
at 37 °C (Fig. 2 C). Similarly designed experiments were per-
formed to assess the specificity of the staining to the anti-lacto-
ferrin antisera by preincubation with lactoferrin (Fig. 2 D).

Results

Metabolic parameters at the various timepoints are
shown in Table 1. Diabetic rats had reduced body
weight and had elevated plasma glucose and glycated
haemoglobin. Aminoguanidine treatment did not af-
fect body weight or glycaemic control.

Rat k idney. Figure 1 shows AGE staining renal glom-
eruli and in the tubointerstitium. The predominant
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Table 1. Body weight and glycaemic control at 32 weeks

Group n Body weight (g) Glucose
(mmol/l)

HbA1c (%)

Control 6 543 ± 20 4.9 ± 0.1 2.8 ± 0.3
Control + AG 6 537 ± 15 5.2 ± 0.3 2.4 ± 0.4
Diabetic 8 379 ± 24a 32.9 ± 1.2a 5.2 ± 0.5a

Diabetic + AG 8 329 ± 39a 35.6 ± 1.4a 5.6 ± 0.2a

Data are shown as mean ± SEM at week 32. a p < 0.01 vs con-
trol



site of AGE staining within glomeruli was to endo-
thelial cells in control rats (Fig. 1 A). Staining within
the glomeruli was increased over the 32-week study
period in control rats (Fig. 1B). There was an increase
in AGE staining within glomeruli from diabetic rats
(Fig. 1C) which was more clearly evident after 32
weeks of diabetes (Fig. 1D). This increase in AGE
staining was not observed in diabetic rats receiving
aminoguanidine (Fig. 1 E). Quantification of AGE
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Fig. 1. A–F Staining for AGEs in glomeruli from control rats
after 3 (A), and 32 weeks (B), diabetic rats after 3 (C) and 32
weeks (D) and diabetic + aminoguanidine rats after 32 weeks
(E). The negative control which includes pre-incubation with
excess AGEs is also shown (F). Magnification × 100



staining data in glomeruli confirmed this pattern
(AGEs staining; control, 21 ± 4%, control+amino-
guanidine, 25 ± 6 %, diabetic, 44 ± 4%, dia-
betic+aminoguanidine 27 ± 2%, n = 6/group,
p < 0.01 diabetic vs all other groups). Preincubation
of the antibody with AGEs resulted in no positive
staining (Fig. 1 F).

Staining for RAGE was observed in glomeruli as
well as in distal tubules and collecting ducts
(Fig. 2A). A similar pattern was observed with re-
spect to staining for lactoferrin in the kidney
(Fig. 2B). Tissue sections stained with RAGE or
lactoferrin were uniformly negative if preincubated
with recombinant RAGE or lactoferrin, respectively
(Fig. 2C and D).

L ung. AGE staining was predominantly localised to
the interstitium with prominent staining of alveolar

macrophages (Fig. 3 A). There was widespread stain-
ing for RAGE antigen in rat lung parenchymal tissue
(Fig. 3B). RAGE was detected in respiratory epithe-
lium, the lining of alveoli and bronchial cells.

Retina and nerves. Figure 4 depicts staining of both
AGE (Fig. 4 A–C) and RAGE (Fig. 4 D) in the retina.
AGE and RAGE were co-localized to the inner-lim-
iting membrane and inner plexiform layers of the ret-
ina. Although not readily quantifiable, there ap-
peared to be increased AGE staining in the inner
plexiform layers of diabetic rats (Fig. 4 B) which was
prevented by aminoguanidine treatment (Fig. 4 C).
Although RAGE co-localised with AGE in the ret-
ina, no clear-cut differences in RAGE staining in the
presence of diabetes could be detected. There was
also co-localisation of AGE and RAGE in nerve bun-
dles located in the adventitial layer of large arteries
including the mesenteric arteries (Fig. 5A and B).

A orta. Staining of AGE and RAGE was detected in
the intimal and adventitial layers of the aorta in con-
trol rats (Fig. 6A and B). Although there was mini-
mal staining of AGE in the smooth muscle layer of
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Fig. 2. A–D Staining for RAGE (A) and lactoferrin (B) in
control rat glomeruli. Negative controls for RAGE (C) and
lactoferrin (D) are also shown. Magnification × 100



T.Soulis et al.: Advanced glycation and diabetic complications 623

A B

Fig. 3. A, B Staining for AGEs (A) and RAGE (B) in control
lung. Magnification × 50

A B

C D

Fig. 4. A–D Staining for AGEs (A) in retina from control (A),
diabetic (B) and diabetic + aminoguanidine (C) rats. Staining
for RAGE (D) in control rat retina. Magnification × 100



control rats, AGE staining was prominent in this lay-
er in diabetic rats (Fig. 6C). Aminoguanidine treat-
ment prevented the increased AGE staining in the
medial layer (Fig. 6E). There was colocalisation of
staining to both AGE and RAGE antibodies in the
aorta. Furthermore, the effects of diabetes and
aminoguanidine on RAGE staining reiterated the
pattern observed with the AGE antibody (Figs. 6B,
D and F).

Discussion

This study has confirmed that advanced glycated pro-
teins and the receptor for AGEs (RAGE) are present
in sites which are commonly affected by diabetic
complications. AGE and RAGE are both detected
in the kidney, eye, nerve and blood vessels. A previ-
ous report has described the localisation of RAGE
in human and bovine tissues, but did not evaluate
whether the receptor co-localised with AGE proteins
[18]. The co-localisation of AGE and RAGE in the
retina, aorta, nerve and certain sites within the kidney
is consistent with a ligand-receptor interaction. If this
interaction represents a clearance mechanism for
AGEs, a pathway mediating diabetic vascular injury
or both remains to be delineated.

Long-lived proteins such as collagen are modified
by prolonged exposure to glucose resulting in AGE
formation. In diabetes, a state of chronic hypergly-
caemia, the accumulation of AGEs is accelerated
[19]. Proteins that have undergone advanced glyca-
tion have a characteristic fluorescence which may be
used for quantitation of AGEs [7]. However, it has
now been shown that AGEs represent a family of
protein adducts, some of which, such as CML do not
fluoresce [20].

The antisera to AGEs in the present study does
not detect CML. However, pilot studies by our group
have been performed using another antibody which
does detect CML. Both antibodies revealed similar
localisation of AGPs within the kidney (data not
shown). CML has been shown to be closely linked to
diabetic complications including nephropathy [20].
These findings are consistent with the results of a pre-
vious study which clearly shows accumulation of
CML-reactive proteins in the glomerulus in experi-
mental diabetes [21].

Previous studies by several groups have measured
AGE levels by immunoassay as well as by specific flu-
orescence in tissues undergoing diabetic complica-
tions [22, 23]. The advent of these antibodies to
AGEs has allowed immunohistochemical techniques
to localise AGE proteins in various sites [24–26].
The present study has extended these reports by
assessing the effects of age and diabetes on AGE ac-
cumulation in various tissues. It could be clearly
shown in the kidney that AGEs accumulate in the

glomerulus over time and that this phenomenon is ac-
celerated in diabetes. Furthermore, aminoguanidine
treatment attenuates glomerular AGE accumulation.
These immunohistochemical findings are consistent
with our recent report of AGE accumulation as mea-
sured by a specific radioimmunoassay in glomerular
homogenates from diabetic rats in the absence and
presence of aminoguanidine treatment [21]. In addi-
tion, in that study, the presence of AGEs in tubular
homogenates was detected. This is consistent with
the findings in the present study that the antisera to
AGEs also stained tubulointerstial structures.

It has been postulated that the accumulation of
AGEs contributes to the development of diabetic
nephropathy [27]. Several studies in our laboratory
have shown that the increased AGE levels in the dia-
betic kidney are associated with the development of
mesangial expansion and albuminuria [7, 21, 28].
Furthermore, aminoguanidine not only prevented
AGE formation in the kidney but also retarded the
development of albuminuria and mesangial expan-
sion. In the present study, AGE accumulation in
long-term diabetic rats was clearly evident in the
mesangial region of the glomerulus (Fig. 1D). In hu-
mans with diabetic nephropathy, AGEs have been
detected immunohistochemically within glomerulo-
sclerotic lesions [29].

Recently, an AGE binding protein known as
RAGE was cloned from bovine lung [11]. This
35 kDa polypeptide was found to bind with high af-
finity to an 80 kDa protein, identical in amino acid se-
quence to lactoferrin. Both these proteins can bind to
AGEs. It has been suggested that RAGE functions as
a cell surface receptor for AGEs and mediates their
cellular effects [30]. For example, AGE-induced in-
creases in expression of vascular cell adhesion mole-
cule-1 can be inhibited by either antibodies to
RAGE or soluble RAGE [31]. Using antibodies to
both RAGE and lactoferrin and staining adjacent
kidney sections, it could be clearly shown that the
lactoferrin-like and RAGE proteins are located at
the same sites within the kidney including distal tu-
bules and collecting ducts and to a lesser extent glom-
eruli. The co-localisation of the antibody staining for
both proteins is consistent with the previous report
that RAGE is non-covalently bound to the lactofer-
rin-like molecule [32]. RAGE expression has re-
cently been reported in the human kidney [33]. It is
intriguing that staining of RAGE appeared to be in-
creased in inflammatory forms of renal disease rather
than in diabetic nephropathy. This is compatible with
the results of the present study in which it was not
possible to clearly detect a difference in RAGE stain-
ing between control and diabetic kidney. However, a
recent preliminary report has suggested an increase
albeit modest in gene expression for RAGE in the di-
abetic kidney using reverse transcriptase-polymerase
chain reaction techniques [34]. Whether this increase
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in mRNA can be translated to an increase in RAGE
protein is as yet unknown.

Abel et al. [33] have suggested that the endoge-
nous ligand for this receptor may not be AGE pro-
teins. Consistent with these findings is the proposal
by Schmidt et al. [12] that the primary function of
RAGE may be as part of the immune response
and that the reaction to AGE protein is ‘acciden-
tal’. This is further suggested by the recent report
that one of the endogenous ligands for RAGE
may be amphoterin and that the interaction of am-
photerin with RAGE modulates neurite formation
[35].

AGEs may play a role in the genesis of experimen-
tal diabetic retinopathy. Hammes et al. have reported
in both normotensive [8] and hypertensive [36] dia-
betic rats that aminoguanidine prevented the devel-
opment of retinopathy, characterised by acellular
capillaries and pericyte loss. The co-localisation of
AGEs and RAGE within the retina may represent a
ligand-receptor interaction involved in the genesis of
diabetic retinopathy. There appeared to be increased
AGE staining in the retina from diabetic rats which
was not observed in the animals treated with amino-
guanidine. It has been difficult to quantify retinal
AGE levels although Hammes et al. [8] have sug-
gested that there is an increase in AGE levels in reti-
nal homogenates from long-term diabetic rats, as as-
sessed by the relatively non-specific fluorescence
method. There are as yet no reports of inhibition of
this interaction either with soluble receptor or anti-
bodies leading to amelioration or prevention of ex-
perimental diabetic retinopathy. AGE and RAGE
also co-localised in nerves consistent with a role for

advanced glycation in diabetic neuropathy. Amino-
guanidine has been reported to ameliorate both func-
tional and structural markers of nerve dysfunction in
diabetic rats [9, 37, 38].

An important finding in the present study was the
co-localisation of AGEs and RAGE in the aorta.
Many studies have focused on the central role of ad-
vanced glycation in diabetic vascular disease [23, 25].
Previous studies have reported increased AGE levels
in the aorta from diabetic rats and reduced AGE lev-
els if the rats received aminoguanidine [7, 39]. In the
present study, we have confirmed the presence of
AGEs in the aorta and that diabetes and aminoguani-
dine therapy influence aortic AGE levels. Using im-
munohistochemical techniques, AGEs have been
shown to be present in atheromatous plaques, partic-
ularly in the setting of diabetes [25].

Not only did AGE and RAGE co-localise in the
aorta but the pattern of staining for RAGE was similar
to that observed with AGE in the setting of diabetes
and aminoguanidine treatment. The similarity in the
pattern and intensity of AGE and RAGE staining in
these vessels suggests that AGE levels may modulate
RAGE expression in the aorta. Ritthaler et al. [40]
have recently shownthat in patients with a range of pe-
ripheral occlusive vascular diseases with or without di-
abetes there was enhanced endothelial RAGE ex-
pression in the blood vessels. It is feasible that in dia-
betes there is a further increase in RAGE expression
in blood vessels and that this phenomenoncould be in-
volved in the genesis of diabetes associated vascular
injury. Since AGEs and RAGE are present in blood
vessels in the absence of diabetes [40, 41] it is possible
that this ligand-receptor interaction may have a role
in the progression of atherosclerosis. Indeed, a prelim-
inary report has indicated that aminoguanidine treat-
ment will reduce lipid accumulation in the aorta from
cholesterol-fed non-diabetic rabbits [42].

The exact function of RAGE remains to be eluci-
dated. It has been suggested that RAGE promotes
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Fig. 5. A, B Staining for AGEs (A) and RAGE (B) in nerves
from the adventitial layer of the superior mesenteric artery.
Magnification × 100



AGE clearance from plasma since the administration
of a soluble form of RAGE, which acts functionally
as an antagonist, retards the clearance of radiolabel-
led AGE-albumin from plasma [43]. AGE proteins
may be cleared by other, possibly non-receptor medi-
ated mechanisms as suggested in a recent study as-
sessing AGE handling in the kidney [44]. That study
reported that the predominant site of clearance was
the proximal tubule, a site with minimal RAGE.
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Fig. 6. A–F Staining for AGEs in the aorta from control (A),
diabetic (C) and diabetic + aminoguanidine (E) rats. Staining
for RAGE in the aorta from control (B), diabetic (D) and dia-
betic + aminoguanidine (F) rats. Magnification × 100



Nevertheless, this does not exclude a role for RAGE
in the clearance of AGE proteins. One possibility is
that this ligand binding site acts as a clearance mecha-
nism for AGE proteins by breaking down the prod-
ucts into smaller peptides which could then be
cleared by the circulation via non-receptor mediated
mechanisms. Low molecular weight AGE peptides
which are formed after receptor internalisation have
been shown to remain reactive with protein side
chains and accumulate in diabetes, particularly in the
setting of renal failure [45].

The mechanisms by which AGE binding to its re-
ceptor may lead to the pathological features of dia-
betic complications have begun to be explored. For
instance, administration of AGE proteins to normal
mice results in upregulation of the prosclerotic cyto-
kine transforming growth factor (TGF)b in glomer-
uli, possibly mediating the increase in extracellular
matrix gene expression and glomerular hypertrophy
observed in this model [46]. In vitro studies by Doi
et al. [47] have suggested that platelet derived growth
factor (PDGF) may also mediate the increase in ex-
tracellular matrix production by mesangial cells on
exposure to AGE proteins. Indeed, recent studies in-
dicate that interventions which inhibit PDGF and
TGF-b prevent AGE stimulated collagen III produc-
tion by cultured mesangial cells [48]. However, the ef-
fect of PDGF may be mediated by stimulation of
TGF-b production. Other growth factors and cyto-
kines which are upregulated in response to AGEs in-
clude interleukin (IL)-1 [49], IL-6, tumour necrosis
factor (TNF)-alpha [49] and insulin-like growth fac-
tor-1 (IGF)-1 [50]. The precise mechanism by which
AGE binding alters gene transcription is unknown al-
though preliminary evidence suggests that AGE
binding to cells may lead to activation of the tran-
scription factor, NF-kb [31].

Although this study has focussed on RAGE, pre-
vious studies have isolated other receptors for
AGEs including 60 kDa and 90 kDa proteins from
rat liver macrophages [51]. More recently one of
these receptors has been shown to have homology
with the protein, galectin-3 [52]. The role of these
AGE binding proteins has not been fully delineated.
An analysis of the distribution of these proteins
which were not evaluated in the present study would
assist in the further understanding of the handling
and fate of AGE proteins in various pathophysiolo-
gical states.

Although the present study has clearly defined the
distribution of advanced glycated proteins and one of
their putative receptors, RAGE, the importance of
this ligand-receptor interaction in the genesis of dia-
betic complications remains unproven. Recent stud-
ies which blocked the action of RAGE using recom-
binant RAGE prevented the early increase in perme-
ability that is observed in diabetic rats [53]. Further
assessment of the functional and morphological

sequelae to interference of this receptor-ligand inter-
action with modalities such as recombinant RAGE
are warranted.
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