
Extracellular matrix expansion and vascular hyper-
trophy have been implicated in the pathogenesis of
the microvascular complications of diabetes [1]. The

formation of long-lived non-enzymatically glycated
proteins has been postulated as a fundamental mech-
anism in the pathogenesis of these complications [2].
Aminoguanidine (AG) is a hydrazine-like compound
which inhibits the formation of advanced glycation
end-products (AGEs). This phenomenon has been
shown to occur in vivo. Aminoguanidine treatment
in humans leads to a reduction in AGE-haemoglobin
without influencing the Amadori product, glycated
haemoglobin [3]. Aminoguanidine has been shown
to retard the development of nephropathy and reti-
nopathy in experimental diabetes [4, 5]. More recent-
ly, it has been shown that aminoguanidine attenuates
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Abstract

Aims/hypothesis. Previous studies in our laboratory
have shown that the vascular changes in diabetes in-
clude hypertrophy of the mesenteric vasculature and
that this process can be attenuated by the inhibition
of advanced glycation with aminoguanidine. Since
aminoguanidine can also act as an inhibitor of nitric
oxide synthase, the effect of a novel inhibitor of ad-
vanced glycation end-products, formation that does
not inhibit nitric oxide synthase, known as 2,3 diami-
nophenazine (2,3 DAP) was evaluated.
Methods. Initially, in vitro assessment of the ability of
2,3 diaminophenazine to inhibit formation of ad-
vanced glycation products was performed. Subse-
quently, in vivo studies evaluating 2,3 diaminophen-
azine and aminoguanidine were carried out. Animals
were followed for 3 weeks after induction of diabetes
and randomised to no treatment, aminoguanidine or
2,3 diaminophenazine. Mesenteric vessels were
weighed and advanced glycation end-products were
measured by radioimmunoassay in vessel and kidney

homogenates. In addition, these products were as-
sessed in mesenteric vessels by immunohistochemis-
try.
Results. When compared with control animals, diabe-
tes was associated with an increase in mesenteric vas-
cular weight. Treatment of diabetic rats with amino-
guanidine or 2,3 diaminophenazine resulted in atten-
uation of vascular hypertrophy. Both aminoguanidine
and 2,3 diaminophenazine reduced the formation of
advanced glycation end-products as measured by ra-
dioimmunoassay and as assessed immunohistochemi-
cally in these vessels. This reduction was also ob-
served in the kidney.
Conclusion/interpretation. These data support the
concept that the effects of aminoguanidine in reduc-
ing diabetes associated vascular hypertrophy are via
inhibition of advanced glycation end-products depen-
dent pathways. [Diabetologia (1999) 42: 472±479]
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diabetes associated vascular hypertrophy in the mes-
enteric vascular tree [6]. Aminoguanidine also acts,
however, as an inhibitor of nitric oxide synthase [7]
and therefore, it has been difficult to determine if its
action in experimental diabetes is primarily related
to inhibition of AGE formation or to its action as a
nitric oxide synthase inhibitor. The advent of 2,3 dia-
minophenazine (2,3 DAP), which inhibits AGE accu-
mulation without inhibiting inducible nitric oxide
synthase (see later), allows us to explore the specific
role of inhibition of AGE formation in preventing di-
abetic vascular complications. This study has evaluat-
ed in vitro the effects of 2,3 diaminophenazine, on
AGE formation and on the ability of the agent to in-
hibit inducible nitric oxide synthase (iNOs). Further-
more, the study has examined the role of the process
of advanced glycation in the development of diabetic
vascular disease by evaluating the effects of AG as
well as the novel inhibitor of glycation, 2,3 DAP, in a
model of diabetic vascular disease.

Materials and methods

Chemical compounds. The synthesis of 2,3-diaminophenazine
has been described previously [8]. In brief, o-Phenylenediamine
(5.0 g) dissolved in water (250 ml) was mixed under stirring for
12 h at 20 °C with 75 ml ferric chloride (26 g anhydrous material
in water). The dark violet crystals formed were isolated. After
redissolving in water (125 ml) concentrated aqueous ammonia
(25 ml) was added and after further addition of water (125 ml)
and cooling the crystallized orange product was isolated. Am-
inoguanidine hydrogen carbonate and diaminoguanidine were
purchased from Fluka Chemicals, Buchs, Switzerland.

In vitro studies

Formation of AGEs on bovine serum albumin. Advanced gly-
cated bovine serum albumin (AGE-BSA) was prepared by in
vitro glycation of crystallized and lyophilized BSA (Fraction
V, low endotoxin, Sigma Chemicals, St. Louis, Miss, USA) by
incubation in the presence of 1 mol/l glucose in 0.5 mol/l sodi-
um phosphate buffer containing 1 mol/l EDTA, 1 mol/l
phenylmethylsulphonyl fluoride, 1 mol/l aprotinin and 1 mol/l
sodium azide for 120 days. The solution derived was then ster-
ilized by passage through a 0.2 mm millipore membrane and
the presence of AGEs confirmed by fluorospectrophotometry
(excitation 370 nm, emission 440 nm) [9]. Extensively AGE-
modified BSA was prepared by incubation of BSA, as above,
in 500 mol/l ribose at 37 °C in the dark for 90 days in the ab-
sence of iron or copper.

Formation of carboxy methyl lysine (CML) on proteins. Car-
boxy methyl lysine-BSA and CML-collagen were prepared as
described previously [10]. Briefly, CML-BSA was prepared us-
ing 0.2 mol/l phosphate, pH 8.0, as solvent for 1 ml 175 mg/ml
BSA (Fraction V, Sigma, 175 mg/ml) which was simultaneously
mixed with 0.5 ml. 0.3 mol/l glyoxylic acid (Sigma) and 0.5 ml
freshly prepared 0.9 mol/l sodium borohydride (NaBH3CN)
(Sigma, Chemicals, Clayton, Australia), and allowed to mix
for 10 min at 37 °C followed by dialysis against 2 l of phosphate

buffered saline (PBS) containing 0.1 % (w/v) NaN3 overnight
at 5 °C. Collagen Type VII (1 mg/ml), (Sigma, Chemicals, St.
Louis, Miss., USA) was suspended in 0.2 mol/l phosphate buff-
er at pH 8.0. 1556 ml of this solution was mixed with 100 ml
0.45 mol/l glyoxylic acid immediately followed by addition of
330 ml 0.9 mol/l NaBH3CN. The mixture was incubated at
37 °C for 16 h followed by dialysis as described above.

The purity of the CML-BSA preparation was assessed by
amino acid composition analysis on a modified Beckman 121
MB analyser (Beckman, Fullerton, Calif., USA) after hydroly-
sis in a closed vial with 6 mol/l HCl (111 °C for 24 h). Lysine
was the only amino acid residue modified by CML formation.
The CML-BSA preparation contained 20 CML-modified ly-
sine residues per molecule albumin corresponding to 34 % of
all of the available lysine residues. Agarose gel electrophoresis
[11] in 0.1 mol/l Tris and 0.038 mol/l glycine buffer at pH 8.7, of
the CML-BSA preparation, exhibited a faster anodic migra-
tion with a normal band width than native BSA, indicating
the presence of a homogeneous charge distribution among
the AGE-derivatized protein molecules.

Preparation of polyclonal anti-AGE antibodies. New Zealand
White rabbits were injected subcutaneously with 50 mg of
AGE-BSA (which was prepared as described above), emulsi-
fied in Freund's Complete Adjuvant, followed by 2 booster in-
jections with 20 mg AGE-BSA emulsified in Freunds Incom-
plete Adjuvant every 2 weeks. The animals were bled 10 days
after the last injection and serum was isolated. Protein A affinity
purified rabbit IgG was biotinylated by standard methodology.

Preparation of monoclonal AGE antibodies. Mice were immu-
nized by injecting subcutaneously 50 mg of AGE-BSA in
Freund's Complete Adjuvant followed by two injections with
20 mg of AGE in Freunds Incomplete Adjuvant. Highly re-
sponsive mice were boosted intravenously with 25 mg of pre-
pared AGEs and the spleens were harvested 3 days later.
Spleen cells were fused with the myeloma fox cell line as de-
scribed previously [12, 13]. Supernatants from derived clones
were screened for anti-AGE antibody production in an AGE
specific ELISA [14]. A monoclonal antibody, AGE1±2F161,
was purified by Protein A affinity chromatography.

Characterization of the polyclonal antibody. The major spe-
cificity of the polyclonal antibody for AGE products was found
to be the CML-epitope as confirmed by competitive RIA [15].
The AGE-ribonuclease (RNase) constitutes the tracer and
standard of the RIA [15]. The amount of AGE present was ex-
pressed as ng AGE-RNase equivalents. The minimum detect-
able dose was 250 ng/ml and the CV of the assay was 12 % at
2000 ng AGE-RNase [6]. Competition curves were generated
using increasing concentrations from 10±1000 ng/ml of anti-
gens including AGE-BSA, AGE-Rnase, carboxy methyl lysine
(CML)-collagen, CML-BSA, free pentosidine (donated from
V. Monnier, Cleveland, Ohio, USA), native BSA and native
RNase.

Native BSA and RNase did not inhibit tracer binding to the
antibody, whereas glycated proteins were shown to produce re-
producible inhibition curves. Measured in this way, the anti-
body recognises several other glycated species including
AGE-keyhole limpet haemocyanin and AGE-collagen, and it
detects CML modified collagen and CML modified BSA [16].
This indicates that the polyclonal antibody recognises the
CML epitope of AGEs [16]. The antibody does not, however,
detect pentosidine, an AGE that has been detected in vivo [17].

Assays for estimation of new AGE inhibitor potencies. Charac-
terization of the AGE inhibitor potency of selected test com-
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pounds was done by three in vitro methods. 1) HPLC AGE
Fluorescence. The AGE inhibitor potency of selected test com-
pounds was estimated by measuring the formation of fluores-
cence after 7 days of incubation (at 37 °C in the dark) of solu-
tions with the following composition: inhibitor compounds at
various concentrations, BSA (10 mg/ml in sodium phosphate
pH 7.4), ribose (100 mmol/l in sodium phosphate, pH 7.4). To
exclude fluorescence interference from AGE inhibitors, react-
ed material was separated on a Biosep Sec S3000 size exclusion
column (150 ´ 780 mm; Phenomenex, Torrance, Calif., USA).
Protein was detected at 280 nm and AGE fluorescence at 370
nm/470 nm in a standard flow cell on a Perkin Elmer 5 spectro-
photometer (Perkin Elmer, Norwalk, Conn., USA). The fluo-
rescence signal was related to the protein content measured
as the absorption at 280 nm. For reasons of comparisons the in-
hibition of fluorescence was normalized as follows: control
sample without added inhibitor was considered to reflect 0 %
inhibition. Accordingly complete disappearance of the fluores-
cence signal corresponded to 100 % inhibition. 2) Incorpora-
tion of 14C-lysine. The assay for evaluation of AGE formation
based on the inhibition of the incorporation of 14C-lysine into
protein [18] was done on selected test compounds. The compo-
sition of the incubations used was identical to those described
above for formation of AGEs on bovine serum albumin except
that 90 MBq (2.5 mCi) 14C-lysine was added per 400 ml incuba-
tion volume. The amount of incorporated radioactivity was de-
termined by spotting aliquots on filter paper followed by fixa-
tion in 5 % (v/v) trichloroacetic acid that was washed five times
and dried before counting in a beta counter. In a similar way to
that described above for the fluorescence measurement the ra-
dioactivity signal obtained for the control sample without add-
ed inhibitor was considered to reflect 0 % inhibition. Accord-
ingly, the radioactivity from a sample without ribose present
corresponded to 100 % inhibition. 3) Immunoassay for AGE
inhibitor screening. A microtitre based sandwich ELISA was
developed for characterization of test compounds with AGE
inhibitor activity in a three-step test procedure. The first step
in the test was the incubation of BSA and ribose together
with various concentrations of the test compound. In each in-
cubation series two extra samples were added as reference: a)
BSA and ribose without inhibitor (standard 0) and b) BSA
alone (standard 100). The second step was the measurement
of the amount of AGE generated by an ELISA technique. A
monoclonal antibody, AGE1±2F161, prepared against BSA/ri-
bose AGE, was used as the coating antibody (5 mg/ml) and a
polyclonal rabbit antibody, described above, was used as the
detecting antibody (1 mg/ml). Phosphate buffered saline (pH
7.2) with 0.05 % Tween 20 (v/v) was used to wash the ELISA
plates and the same buffer with 0.5 mol/l NaCl was used for
sample and reagent dilutions. To give a direct measurement
of the inhibition resulting from the presence of the test com-
pound, the ELISA was calibrated using serial dilutions. In this
way a standard curve giving the relation between per cent inhi-
bition (x-axis) and response (y-axis) could be determined. The
per cent inhibition resulting from a given concentration of test
compound was directly calculated from the absorbance of the
sample in the ELISA. In the last step, the concentration of
the test compound corresponding to 50 % inhibition (IC50)
was calculated by plotting per cent inhibition against drug con-
centration (Fig. 1).

Assessment of the ability of 2,3-diaminophenazine (NNC39±
0028) to inhibit NO synthase. In vitro studies were carried out
to determine if 2,3 DAP inhibited inducible NO synthase [19,
20]. This was assessed by measuring the conversion of 14C-argin-
ine to 14C-citrulline [20]. In brief, RAW (264.7) cell extracts
were used as a source of inducible NO synthase [21]. Cell ex-
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Fig. 1 A±C. The potency of inhibitors of AGE formation in vit-
ro on a model system of BSA incubated with ribose is com-
pared in these graphs A 2,3 DAP, B aminoguanidine and C dia-
minoguanidine. For each compound the inhibitor concentra-
tions in mmol/l used in the incubations are shown on the x-
axis, whereas the y-axis indicates the per cent inhibition of
AGE formation compared with incubation without inhibitor
added (0 % inhibition) and without ribose added (100 % inhi-
bition). ªElisaº denotes detection of formed AGE with anti-
bodies: * ª14C-Lysº (~) describes AGE formation as de-
scribed by 14C-Lysine incorporation into proteins and A ªFlu
HPLCº (&) describes AGE detection by fluorescence after
HPLC fractionation of reactants (for experimental details see
Materials and methods)



tracts were incubated with 14C-arginine for 1 h at 37 °C. The
generated 14C-citrulline was rescued from the media after addi-
tion of the cation exchanger resin, AGVX8 (200±400 mesh,
Biorad, Richmond, Calif., USA) and subsequent filtration.
The radioactivity in the range of 1000±20 000 dpm was mea-
sured on a Packard beta counter (Packard Instrument Compa-
ny, Meriden, Conn., USA). The final inhibitor concentrations
in the extract were in the range of 0.004 mmol/l to 8 mmol/l. To
further assess the degree of iNOs inhibition, nitrite production
by the cells was measured using the Griess reagent (Sigma) [19].

In vivo studies

Male Sprague Dawley rats aged 8 weeks, weighing between
200 and 250 g were randomized to receive streptozotocin
(STZ) at a dose of 45 mg/kg (diabetic) or citrate buffer alone
(control). Animals were then further randomized to receive ei-
ther no treatment, AG in drinking water (diabetic dose, 1 g/l;
control dose, 2 g/l) [4] or the AGE inhibitor 2,3 DAP (diabetic
dose, 20 mg/kg body weight/day in drinking water; control
dose, 40 mg/kg body weight/day in drinking water). All ani-
mals were given free access to standard chow containing 20 %
protein (Clark, King, Melbourne, Australia). Only STZ-treat-
ed animals with plasma glucose concentrations higher than
15 mmol/l 1 week after induction of diabetes were considered
diabetic and included in the study. All diabetic animals receiv-
ed 4 units insulin zinc suspension (Ultratard HM, Novo Nor-
disk, Bagsvaerd, Denmark) injected subcutaneously three
times a week to maintain body weight and improve survival.
Animals were killed at 3 weeks of age.

Immediately before killing, rats were weighed and systolic
blood pressure was determined by tail cuff plethysmography
[22]. Animals were killed by decapitation and blood collected
for determination of plasma glucose by a glucose oxidase tech-
nique and glycated haemoglobin (HbA1 c) by HPLC (Biorad).
Food and water intake were assessed weekly in animals which
had been placed in individual metabolic cages (Iffa Credo,
L'Arbresesle, France). The mesenteric vessels were then re-
moved and stripped of surrounding fat, connective tissue and
veins to yield the superior mesenteric arterial tree as described
previously [6]. The vessels were weighed in liquid nitrogen and
subsequently stored at ±80 °C.

Radioimmunoassay for quantification of AGE in mesenteric
vessels. Tissue homogenates from both mesenteric vessels and
kidney were obtained from a subset of animals studied at
3 weeks and assayed for AGEs by RIA, as carried out previ-
ously in our laboratory [15]. The antibody used in this assay
was directed against advanced glycated bovine serum albumin
(BSA) as described above. An AGE-RNase was used for prep-
aration of tracer and standards. The AGE-RNase was iodinat-
ed using lacto-peroxidase [23] and the AGE-RNase standards
were generated as a result of 6 months incubation of RNase
with 0.5 mol/l glucose in 0.2 mol/l phosphate buffer pH 7.2 at
37 °C. Collagenase extracted mesenteric vessel homogenates
were incubated with the AGE-BSA antibody and tracer for
5 h at room temperature [6]. Sheep anti-rabbit IgG was then
added and incubated overnight at room temperature. Precipi-
tation of proteins was carried out by addition of 8 % polyethyl-
ene glycol 6000. The minimum concentration of AGE-RNase
detectable was 250 ng/ml protein and the CV of this assay was
11.9 %, n = 4 at a concentration of 2 mg AGE-RNase/mg pro-
tein. The standard curve was generated with serial AGE-
RNase dilutions. Radioactivity was measured using a gamma
counter (Canberra Packard Instruments, St. Louis, Mo.,

USA) and the amount of AGEs present was expressed as
equivalents of ng AGE-RNase.

Assessment of AGE levels in vessels by immunohistochemistry.
To complement the results obtained by RIA and to localise
AGE accumulation within tissues, AGE staining of tissues
was assessed by an immunoperoxidase technique using the
polyclonal anti-AGE antibody described previously which
detects CML-containing proteins but not pentosidine [6].
Formalin-fixed paraffin embedded sections (4 mm) of the
mesenteric vessels were cut, placed on gelatinized slides, re-
hydrated and treated with 1 % H2O2/methanol followed by
incubation in Protein Blocking Agent (Lipshaw-Immunon,
Pittsburgh, Pa., USA) for 20 min at room temperature. Sec-
tions were then incubated with the anti-AGE antibody for
30 min at room temperature, washed in PBS and incubated
with biotinylated swine anti-goat, mouse, rabbit immuno-
globulin (DAKO, Carpinteria, Calif., USA) and peroxidase-
conjugated streptavidin (DAKO). Peroxidase conjugates
were subsequently localized using diaminobenzidine tetrahy-
drochloride as a chromogen. As a control for anti-AGE im-
munoreactivity, AGEs formed in vitro, as described above
were preincubated with anti-AGE antibody and used in
place of the AGE antibody alone in the normal staining pro-
cedure. Tissues treated in this manner showed no positive
staining [24].

Statistics

All data are shown as means ± SEM. Data were analysed by
ANOVA using the StatView II program (Abacus Concepts,
Berkeley, Calif., USA) on a Macintosh personal computer
(Apple, Cupertino, Calif., USA). Comparisons between group
means were analysed by Fisher's least significant difference
method. A p value of less than 0.05 was considered statistically
significant.

Results

In vitro characterisation of AGE inhibitors: AGE in-
hibition. A number of chemical compounds were se-
lected for characterisation of their ability to inhibit
AGE formation in the three test systems used, as de-
scribed in Materials and methods. On the basis of
the inhibitory effect observed in these three assays
one compound 2,3 DAP was selected for further stud-
ies. As shown by the inhibitor curves in Figure 1A the
in vitro effects of 2,3 DAP measured by HPLC-fluo-
rescence or 14C-lysine incorporation were very simi-
lar yielding IC50 values in the range of 30±40 mmol/l.
The IC50 obtained by the ELISA technique was less
than 10 mmol/l. The IC50 values obtained with amino-
guanidine by HPLC-fluorescence and 14C-Lysine in-
corporation varied from 0.02 mmol/l to 4 mmol/l
whereas the ELISA results for AG were approxi-
mately 0.5 mmol/l (Fig.1B). Diaminoguanidine also
inhibited AGE formation, as assessed by the three
different techniques. The IC50 for diaminoguanidine
was similar to AG and was less than 1 mmol/l
(Fig.1C).
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In vitro characterisation of AGE inhibitors: iNOs in-
hibition. The effect of 2,3-diaminophenazine on
iNOS was examined and compared with AG by eval-
uating the conversion of 14C-arginine to 14C-citrul-
line. The IC50 for inhibition of inducible NO synthase
for 2,3 DAP and AG were 0.5 mmol/l and
0.015 mmol/l, respectively. This represents a 33-fold

difference in inhibitory potency between the two
compounds. In addition, 2,3 DAP only inhibited
iNOs, as assessed by a 50% reduction in nitrite pro-
duction (IC50), at concentrations greater than
5 mmol/l.

Clinical variables. Table 1 depicts various biochemi-
cal variables from each of the different groups exam-
ined. Diabetes was associated with reduced body
weight compared with control rats. The treatment of
diabetic rats with AG and 2,3 DAP did not influence
body weight. Treatment of control rats with 2,3 DAP
did not affect body weight. Plasma glucose concentra-
tions and HbA1 c were raised in diabetic animals com-
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Table 1. Clinical characteristics

Group n Body weight
(g)

Plasma
glucose
(mmol/l)

Blood
pressure
(mm Hg)

HbA1c
(%)

Left kidney
weight (g)

Food intake
(g/24 h)

Water intake
(ml/24 h)

Control 10 353 ± 7 7.9 ± 0.4 113 ± 4 3.9 ± 0.1 1.2 ± 0.03 24 ± 2 42 ± 3

Control +
2,3 DAP

12 341 ± 10 5.9 ± 1.9 110 ± 3 4.0 ± 0.2 1.2 ± 0.02 22 ± 1 40 ± 3

Diabetic 16 223 ± 11a 32.1 ± 1.0a 126 ± 2a 12.7 ± 0.2a 1.2 ± 0.05 46 ± 5a 166 ± 20a

Diabetic +
AG

10 192 ± 16a 33.3 ± 2.2a 118 ± 3 11.9 ± 0.3a 1.1 ± 0.05 51 ± 4a 131 ± 14a

Diabetic +
2,3 DAP

21 223 ± 11a 33.3 ± 1.9a 117 ± 6 12.1 ± 0.3a 1.0 ± 0.06 42 ± 2a 148 ± 10a

Data are shown as means ± SEM. a p < 0.01 vs control
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Fig. 2 A±D. Mesenteric vessel weight. B Advanced glycation
end-products (expressed as ngAGE-RNase/ml) in mesenteric
vessels. C Glomeruli. D Renal tubules. All are shown as
means ± SEM. *p < 0.01 vs C; ² p < 0.01 vs D; **p < 0.05 vs
D + AG. C, control; D, diabetic



pared with control animals. Treatment of both con-
trol and diabetic rats with AG or 2,3 DAP did not in-
fluence glycaemic control. There was a modest in-
crease in blood pressure in diabetic rats which was
not observed in rats treated with AG or 2,3 DAP. Di-
abetic rats had increased food and water intake com-
pared with control animals. Food and water intake
were not affected by treatment with AG or 2,3 DAP.

After 3 weeks of diabetes, mesenteric vessel
weight was increased in diabetic rats compared with
control rats. Treatment of diabetic rats with AG or
2,3 DAP attenuated mesenteric vessel weight to-
wards values observed in control rats (Fig.2A). Mes-
enteric vessel weight in control rats was not influ-
enced by 2,3 DAP.

Advanced glycation end-product radioimmunoassay.
Levels of AGE, as measured by radioimmunoassay,
in mesenteric vessels and kidney at the end of the 3-
week experimental period are shown in Figure 3. Di-

abetes was associated with increased AGEs in mes-
enteric vessels (Fig.2B), glomeruli (Fig.2C) and renal
tubules (Fig.2D) compared with control animals.
Treatment of diabetic rats with AG or 2,3 DAP re-
duced mesenteric and renal AGEs to levels similar
to those observed in control rats. Levels of AGE
were not influenced by 2,3 DAP in control rats at
any of the sites evaluated.

Advanced glycation end-product staining. Mesenteric
blood vessels and kidney were stained at 3 weeks for
AGEs. These were localised to the medial layer of
blood vessels (Fig.3). There appeared to be more
AGEs present after 3 weeks of diabetes in the media
of mesenteric vessels. Treatment of diabetic animals
with AG or 2,3 DAP for 3 weeks reduced the amount
of AGEs present in blood vessels (Fig.3).

Discussion

This study explored the role of 2,3 DAP as an inhibi-
tor of AGE accumulation. In vitro studies clearly
documented inhibition of AGE formation, as as-
sessed by a range of different methods. In addition,
this compound inhibited AGE accumulation in vivo
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ControlA DiabeticB

Diabetic + AGC Diabetic + 2,3 DAPD

Fig. 3 A±D. Immunohistochemical staining for advanced gly-
cation end-products in mesenteric blood vessels from (A) Con-
trol, (B) Diabetic, (C) Diabetic + AG and (D) Diabetic + 2,3
DAP rats. Magnification ´ 40



in both blood vessels and the kidney, as assessed by
RIA and by immunohistochemistry. Finally, 2,3
DAP was compared with aminoguanidine in inhibit-
ing an AGE-dependent process, the development of
diabetes associated mesenteric vascular hypertrophy
[6]. Indeed, 2,3 DAP was as effective as AG in atten-
uating vascular hypertrophy, consistent with the pre-
viously postulated view that the actions of AG on
vascular growth are through AGE-dependent path-
ways.

It has been suggested previously that some of the
actions of AG could be due to this drug's ability to in-
hibit the various nitric oxide synthases and in particu-
lar the inducible isoform [7]. In our study, 2,3-diami-
nophenazine did not, however, inhibit inducible NO
synthase, as measured by two different approaches.
Firstly, by assessment of the conversion of arginine
to citrulline, there was a 33-fold superiority in the
ability of AG compared with 2,3 DAP to inhibit
iNOs in vitro. This difference needs to be considered
in the context of the in vivo studies where the dose
of AG given was 50-fold higher than the dose of 2,3
DAP. Secondly, by measuring nitrite formation in
RAW cells 2,3 DAP only inhibited iNOS at very
high concentrations of milimoles concentrations
(IC50 > 5 mmol/l). By contrast, AG is a more potent
inhibitor of iNOS with an IC50 of 170 mmol/l [25]. Fur-
ther evidence that the effect of AG on vascular hy-
pertrophy is due to inhibition of AGE accumulation
is suggested by a previous study which showed that
NG-nitro-l-arginine methyl ester (l-NAME), a com-
pound which inhibits all NO synthases, does not re-
produce this effect of AG on vascular structure [26].

The compound, 2,3 DAP was selected on the basis
of a screening procedure, using three different meth-
ods. The criterion for selection was the observation
of an inhibitory effect with all three methods having
IC50 values better or similar to the known AGE in-
hibitor, AG. Based on both in vitro and in vivo stud-
ies, 2,3 DAP is a powerful inhibitor of AGE accumu-
lation, possibly even more potent than AG. In vitro
studies using 14C-lysine incorporation and HPLC
AGE fluorescence suggested superiority of 2,3 DAP
over AG in preventing AGE formation. In the in
vivo studies, a similar pattern emerged with less
AGE accumulation in mesenteric vessels with 2,3
DAP compared with AG. Therefore, 2,3 DAP could
be a preferred molecule for assessment of the specific
role of AGE accumulation in the pathogenesis of dia-
betic complications. Firstly, it is at least as potent as
AG in preventing AGE formation and secondly, in
contrast to AG, it does not have potent inhibitory ef-
fects on inducible NO synthase.

Our study confirmed that there was an increase in
AGE in mesenteric vessels and in glomeruli and renal
tubules from diabetic rats. In blood vessels, the major
site of AGE accumulation appears to be in the medial
layer, as shown previously by our group [6, 24]. The

compound 2,3 DAP was at least as effective as AG
in reducing AGE accumulation in these vessels and
immunohistochemical studies showed that this effect
of 2,3 DAP on AGE accumulation in vivo was not
confined to blood vessels but was also observed in
the kidney (data not shown). As observed previously
by our group and others, diabetes is associated with
AGE accumulation both in renal tubules and glomer-
uli [16, 27]. It remains to be determined if 2,3 DAP
will also confer protection at the major sites of mi-
crovascular complications in diabetes such as the kid-
ney, retina and peripheral nerves as previously shown
for AG [4, 5, 28].

There was a modest increase in blood pressure in
diabetic rats shortly after induction of diabetes,
which, as has been observed previously by our group,
is attenuated by AG [26]. This action of AG is unex-
plained but might be related to the ability of this
agent to prevent AGE accumulation. It has been re-
ported that AGEs quench NO [29] and this could
lead to a rise in blood pressure which would be atten-
uated by agents which prevent AGE accumulation in
blood vessels. Indeed, the ability of 2,3 DAP to also
prevent this rise in blood pressure is consistent with
the view that this involves effects of both AG and
2,3 DAP on AGE-dependent pathways.

The multiple actions of AG include effects not
only on AGE formation and NO synthesis but also
on diamine oxidase [30]. Furthermore, it cannot be
excluded that other pathways, in addition to ad-
vanced glycation, could be inhibited by 2,3 DAP.
These include effects on lipid peroxidation and chela-
tion of redoxactive metals [31]. Previous studies by
our group have failed to document a statistically sig-
nificant effect of AG on the generation of thiobarbi-
turic acid reactive substances, a relatively crude
marker of peroxidation, or on plasma cholesterol
concentrations [32]. These pathways were not direct-
ly evaluated in the present study. The possibility that
AG has multiple actions has made it difficult for in-
vestigators to determine the relative roles of the vari-
ous biochemical pathways that are modulated by AG
therapy in the genesis of diabetic vascular complica-
tions and in mediating the protective effects of AG
on experimental diabetic retinopathy and nephropa-
thy. More potent inhibitors of advanced glycation
such as ALT 462 and ALT 486 have also been devel-
oped recently [33]. Their long-term effects in vivo on
diabetic complications have not, however, been fully
determined.
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