
Abstract

Aims/hypothesis. In a model of streptozotocin-induced
Type 1 diabetes mellitus in rats of 9 weeks duration,
we analysed time associations between the develop-
ment of hyperglycaemia, early and intermediate gly-
cosylation Amadori adducts, or AGE compared with
enhancement of oxidative stress and endothelial dys-
function.
Methods. Endothelial function was tested at several
stages of streptozotocin-induced diabetes and after
treatment with insulin, resulting in different concen-
trations of blood glucose, glycosylated haemoglobin
(an Amadori adduct), and AGE. Other animals were
studied antagonising the formation of AGE with ami-
noguanidine.
Results. Relaxation in response to acetylcholine
(1 nmol/l to 10 µmol/l) was tested in isolated seg-
ments from aorta or mesenteric microvessels. Impair-
ment of endothelium-dependent relaxations occurred
after 2 weeks of untreated diabetes. Preincubation of
vessels affected with 100 U/ml superoxide dismutase

improved the relaxations to acetylcholine, along the
time-course of the endothelial impairment. This indi-
cates the participation of reactive oxygen species on
diabetic endothelial dysfunction. The impairment of
endothelium-dependent relaxations was recovered af-
ter 3 more weeks of insulin treatment. Aminoguani-
dine treatment did not modify this pattern of develop-
ment. The time course of the rise and disappearance of
endothelial dysfunction showed a higher correlation
with glycosylated haemoglobin concentrations than
with blood glucose or serum AGE.
Conclusion/interpretation. Enhancement of early and
intermediate Amadori adducts of protein glycosyla-
tion was the factor showing a better relation with the
development of endothelium impairment. These re-
sults are consistent with a role for these products in
the development of diabetic vasculopathy. [Dia-
betologia (2003) 46:556–566]
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Endothelial dysfunction seems to be a key factor in the
development of diabetic vascular complications. The
impairment of endothelium-dependent vasodilatations
is an early event occurring in diabetic patients [1, 2, 3]
and animal diabetic models [4, 5, 6, 7]. Enhanced oxi-
dative stress in diabetes mellitus has been also shown
[8, 9], which can be detected by peroxidation products
[10] or by increased generation of reactive oxygen spe-
cies (ROS), mainly superoxide anions [11]. Indeed, en-
hanced oxidative stress is proposed to be a major cause
of diabetic endothelial dysfunction [12, 13].

There is also increasing evidence that diabetic endo-
thelial dysfunction and oxidative stress are a conse-



L. Rodríguez-Mañas et al.: Early and intermediate Amadori glycosylation adducts, oxidative stress 557

quence of hyperglycaemia [13, 14], as the control of
blood glucose is essential for the prevention of diabetic
vascular complications [15, 16, 17]. However, the spe-
cific mechanisms linking hyperglycaemia with oxida-
tive stress and endothelial dysfunction are not well un-
derstood. Some authors suggest that increased blood
glucose concentrations directly produce oxidative
stress and endothelium impairment [18, 19, 20, 21, 22,
23, 24]. Other investigators propose that hyperglycae-
mia can modify different enzymatic pathways, which
produce oxidative stress and cause the alterations of
endothelium. Aldose reductase, protein kinase C, en-
dothelin receptors, and poly(ADP-ribose) polymerase
are among the mechanisms suggested [25, 26, 27, 28].

In contrast, an important role has been proposed for
non-enzymatic protein glycosylation, a process that is
related to glucose concentration and duration of hy-
perglycaemia. Different products are formed during
the process of protein glycosylation. The terminal ad-
ducts of non-enzymatic glycosylation of proteins,
called advanced glycosylation end-products, induce
oxidant stress, quenching nitric oxide and producing
alterations of endothelial function [29, 30, 31]. How-
ever, early and intermediate products of non-enzymat-
ic protein glycosylation (Amadori adducts) can also
be involved in diabetic endothelial dysfunction. High-
ly glycosylated oxyhaemoglobin, a typical Amadori
adduct [32], impairs endothelium-dependent relax-
ations through the release of superoxide anions [33,
34, 35]. In streptozotocin-induced diabetic rats, a clear
correlation exists between the blood concentrations of
HbA1c and the development of endothelial dysfunc-
tion [36, 37]. Furthermore, in Type 1 diabetic patients,
the blood concentrations of Amadori albumin clearly
correlate with some markers of endothelial function,
nephropathy, and retinopathy [38].

The study of the possible mechanisms producing
oxidative stress-induced endothelial dysfunction in di-
abetes also requires assessing the time course correla-
tion between vascular dysfunction and the proposed
mechanism. Therefore, we studied a model of early
Type 1 diabetes (9-week streptozotocin-induced dia-
betic rats), analysing the time associations between the
development of oxidative stress and endothelial dys-
function with the presence of hyperglycaemia, high
blood HbA1c, or enhanced serum AGE concentrations.
Thus, the endothelial function was tested at several
stages of evolution since the disease was induced and
after additional treatment with insulin, leading to dif-
ferent concentrations of blood glucose, HbA1c and
AGE. Furthermore, in some animals the formation of
AGE was antagonised with aminoguanidine.

Subjects and methods

This work was carried out according to the European regula-
tions. The study was approved by the Local Committee of Re-
search.

Experimental animals. Insulin-dependent diabetes was induced
in 16-week-old male Sprague-Dawley rats (400 to 450 g) by a
single administration of streptozotocin (i.p. 60 mg·kg−1) dis-
solved in citric acid-trisodium citrate (0.1 mmol/l) buffer with
a pH of 4.5. After 72 h, tail blood samples were obtained and
glucose concentration was measured using a glucometer Accu-
trend (Boehringer Mannheim, Mannheim, Germany). Diabetes
induction was considered successful when glycaemia was
higher than 20 mmol/l. A group of rats were injected with 
saline solution and kept in identical conditions as control non-
diabetic animals.

According to different time schedule and insulin treatment,
experimental animals were separated into several groups of
rats: Week 0, untreated non-diabetic rats (n=23); Week 1, un-
treated diabetic rats with 1 week of evolution (n=5); Week 2,
untreated diabetic rats with 2 weeks of evolution (n=5); Week
3, untreated diabetic rats with 3 weeks of evolution (n=10);
Week 6, untreated diabetic rats with 6 weeks of evolution
(n=21); Week 7, diabetic rats untreated for 6 weeks with an
additional treatment with insulin during 1 week (n=5); Week 9,
diabetic rats untreated for 6 weeks with an additional treatment
with insulin during 3 weeks (n=11). Aminoguanidine-treated
rats were also divided into different groups, depending on time
and insulin administration: Week 0, non-diabetic rats treated
with aminoguanidine for 9 weeks (n=14); Week 6, diabetic rats
with 6 weeks of evolution treated with aminoguanidine (n=17);
Week 7, aminoguanidine-treated diabetic rats with 6 weeks of
evolution and 1 additional week treated with insulin (n=5);
Week 9, aminoguanidine-treated diabetic rats with 6 weeks of
evoluti0on and 3 additional weeks treated with insulin (n=11).

Insulin (12 U·kg−1·day−1) was administered by subcutane-
ous implants of bovine insulin (Linplant, Scarborough, Ontario,
Canada). These implants contain palmitic acid as vehicle and
were introduced without sutures under the dorsal skin of the
rats slightly anaesthetized with Ketolar (30 mg·kg−1, i.p.). Ev-
ery implant gradually releases the insulin, at a dose of two
units a day. Non-diabetic and untreated diabetic rats received
control implants of palmitic acid (Linplant). Aminoguanidine
(250 mg·kg−1·day−1) was added to drinking water.

Analytical determinations. At the time of the experiment, blood
glucose concentrations, blood HbA1c, and serum concentrations
of AGE were systematically determined. In some cases, tissular
concentrations of AGE were also measured in aortic vascular
wall homogenates. HbA1c was measured by immunoturbidimet-
ric assay [39]. Measurements of AGE were done according to a
previously described protocol [40] using polyclonal antiserum
to AGE epitopes, which were formed in vitro after the incuba-
tion of bovine pancreatic ribonuclease in the presence of
0.5 mol/l glucose for 60 days. This antiserum was obtained
from female New Zealand white rabbits receiving four primary
and one booster immunisation of ribonuclease or AGE-ribonu-
clease emulsified in Freund’s complete adjuvant [40]. The
AGE-antiserum was kindly provided by Dr. R. Bucala (Rocke-
feller University, New York, NY, USA). Antibody response was
monitored by ELISA (EL-340, Bio-Tek Instruments, Winooski,
V). The content of AGE was calculated by using AGE from bo-
vine sero-albumin as a standard antigen. Increasing concentra-
tions of bovine sero-albumin-AGE (0.001 to 0.1 mg/ml) were
used to establish a standard curve of antibody binding to the an-
tigen. The semilogarithmic transformation of these data yielded
a regression line with a r2=0.985. Results of serum AGE were
therefore expressed as equivalents of bovine sero-albumin AGE
per mg of serum protein (U/mg protein).

Drug effects on vascular tone of aortic isolated rings. Rats were
anaesthetised with 70 mg·kg−1 i.p. sodium pentobarbital and
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killed by bleeding. The aorta was carefully dissected, cleaned of
excess fat and connective tissue, placed in a Petri dish contain-
ing Krebs-Henseleit solution (KHS) at 4°C, and divided into cy-
lindrical segments of 4 to 5 mm in length. For isometric tension
recording, each vascular cylinder was set up in an organ bath ac-
cording to a method described previously [33]. The organ cham-
ber contained 5 ml of KHS at 37°C continuously bubbled with a
95% O2 and 5% CO2 mixture, which gave a pH of 7.4. Two hor-
izontally arranged stainless steel pins were passed through the
lumen of the vascular cylinder. One pin was fixed to the organ
bath wall while the other one was connected vertically to a strain
gauge for isometric tension recording. The isometric contraction
was recorded through a force-displacement transducer (Grass
FTO3C; Quincy, Mass. USA) connected to a Grass model 7D
polygraph. The segments were subjected to a tension of 1.5 g
(optimal resting tension, at which maximal contractile responses
to K+ were obtained), which was readjusted every 15 min during
a 90 min equilibration period before the drug was added.

At the beginning of the experiment, the vessels were ex-
posed to 75 mmol/l K+ to check their functional integrity. After
a washout period, each segment was contracted with the con-
centration of noradrenaline (NA, 10 to 30 nmol/l) required to
induce a contractile response equivalent to 55 to 65% of that
induced by K+. Once a stable plateau was reached, concentra-
tion-response curves to ACh (10 nmol/l to 10 µmol/l) were car-
ried out. Segments with relaxant responses to 10 µmol/l ACh
greater than 50% of the precontraction were considered to have
an intact endothelium [34]. In some cases, the curve to ACh
was done after incubating the segments for 15 min with super-
oxide dismutase (SOD; 100 U/ml). Removal of endothelium
with saponin (0.3 mg ml−1 in KHS oxygenated at 37°C) for
15 min [33] abolished relaxations to ACh. In other experi-
ments, concentration-dependent curves to sodium nitroprusside
(SNP; 10 nmol/l to 10 µmol/l) were also carried out.

Drug effects on vascular tone of mesenteric microvessels. The
mesentery was removed and placed in KHS. The third branch
mesenteric arteries were dissected in control and diabetic rats
(mean internal diameter ranged between 200 and 400 µm; non-
significant differences were observed among the different
groups of rats). The arteries were dissected free of connective
tissue under a light microscope and mounted as ring prepara-
tions on a small vessel myograph [41] capable of measuring
isometric tension. Arteries were bathed in KHS at 37°C contin-
uously bubbled with a 95% O2 and 5% CO2 mixture and their
passive tension and internal circumference were measured.
The arteries were then set to an internal circumference equiva-
lent to 90% of that which they would experience when relaxed
in situ under a transmural pressure of 100 mmHg [41]. Arteries
were then contracted with 125 mmol/l K+ (KKHS, equimolar
substitution of KCl for NaCl in KHS) for 2 min. Segments fail-
ing to produce a maximum active tension equivalent to a pres-
sure of 100 mmHg on the final contraction were rejected [36].

The bath was then washed three times with KHS and a fur-
ther 30 min washout period was allowed before the arteries
were contracted with the concentration of NA (1 to 2 µmol/l)
required to produce approximately 80% of the maximum 
response to KKHS. Relaxation to ACh was subsequently as-
sessed by adding increasing concentrations of the drugs at
2 min intervals (final bath concentrations 1 nmol/l to
10 µmol/l). In some cases, the curve to ACh was done after in-
cubating the segments for 15 min with SOD (100 U/ml). In
other experiments, concentration-dependent curves to SNP
(10 nmol/l to 10 µmol/l) were also carried out.

Drugs used. The composition of KHS (mmol/l) was NaCl 115,
CaCl2 25, KCl 4.6, KH2PO4 1.2, MgSO4

.7H2O 1.2, NaHCO3

25, glucose 11.1 and Na2EDTA 0.03. Drugs used were NA 
hydrochloride, ACh chloride, aminoguanidine, and CuZn su-
peroxide dismutase (EC 1.15.1.1) from bovine erythrocytes
(all of them from Sigma, St Louis, Mo. USA). Drug solutions
were made in distilled water except noradrenaline, which was
prepared in saline (0.9% NaCl)-ascorbic acid (0.01% w/v).

Statistical evaluation. Deviations from the mean regarding the
curves to ACh were statistically analysed using factorial two-
way ANOVA. Stepwise regressions were used to analyse the
relation between blood glucose, HbA1c, values, and those of
AGE with pD2 values for ACh, this later one defined as the
negative log of the effective dose required to produce half the
maximum effect. Student’s t test was used in the statistical
comparison of pD2 values (mean±SE). P values were adjusted
with Bonferroni correction for multiple comparisons. Signifi-
cance was considered at a p value of less than 0.05.

Results

The evolution of glycaemia and blood HbA1c concen-
trations during 9 weeks of development after induc-
tion of diabetes in Sprague-Dawley rats is shown
(Fig. 1). The animals were treated with insulin since
week 6 to week 9. The changes in HbA1c values were
produced at least 1 week later than the respective
modifications of blood glucose. The values of serum
AGE in these groups of rats are shown (Fig. 2), to-
gether with those of corresponding groups of animals
receiving 250 mg/kg aminoguanidine in drinking wa-
ter. Serum AGE enhanced in a time-dependent manner
during the 6 weeks of evolution of untreated diabetes.
After 3 additional weeks of insulin treatment there
was no significant reduction in serum AGE. The for-
mation of serum AGE, however, was markedly im-
paired when the animals received aminoguanidine

Fig. 1. Blood concentrations of glucose (●) and HbA1c (●●)
during 9 weeks after induction of diabetes in Sprague-Dawley
rats. In the 6th week, insulin implants were introduced 
(12 U·Kg−1·day−1). Data are means ± SEM. *p<0.001 vs Week
0; †p<0.001 vs Week 6
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(Fig. 2). The values of glycaemia and HbA1c in ami-
noguanidine-treated groups were similar to those ob-
tained in the analogous groups not receiving the drug
(Table 1).

The concentration of tissular AGE was measured in
aortic wall homogenates from rats of several groups
with and without treatment with aminoguanidine. In
rats not receiving the drug, the obtained values were
1.56±0.89, 1.65±0.60, and 1.83±0.83 U/mg protein,
respectively, for the Week 0, Week 3, and Week 6
groups (NS differences). In rats treated with amino-
guanidine, tissular AGE were 0.43±0.12 and
0.71±0.15 /mg protein, respectively, for the Week 0
and Week 6 groups (NS differences).

Isolated segments of aorta and mesenteric micro-
vessels obtained from the different animal groups
were contracted with 10 to 30 nmol/l and 1 to 2 µmol/l
NA, respectively. The contractile responses obtained
were similar in vessels from the different groups, ei-
ther with or without aminoguanidine treatment 
(Table 2). The preincubation of the vessels with
100 U/ml SOD did not alter the NA-evoked responses
in any of the groups (Table 2).

Fig. 2. Serum concentrations of AGE, in the absence (■■) or in
the presence (■) of 250 mg/Kg aminoguanidine in Sprague-
Dawley rats. In the 6th week, insulin implants were introduced
(12 U·Kg−1·day−1) *p<0.001 vs Week 0; †p<0.001 from the re-
spective group not receiving aminoguanidine. U means units of
serum AGEs expressed as equivalents of bovine sero-albumin
AGE

Table 1. Values of blood glucose and HbA1c in non-diabetic and streptozotocin-induced diabetic rats treated with aminoguanidine

Weeks Intervention Glycaemia (mmol/l) HbA1c (%)

0 Untreated non-diabetic with aminoguanidine 5.05±0.20 (14) 4.23±0.07 (14)
6 6 weeks of diabetes with aminoguanidine 30.16±1.07 b (17) 10.28±0.61 b (17)
7 6 weeks of diabetes with aminoguanidine plus 1 week of treatment with insulin 6.79±1.29 (5) 10.13±0.95 b (5)
9 6 weeks of diabetes with aminoguanidine plus 3 week of treatment with insulin 6.86±0.83 (11) 7.02±0.45 a (11)

Results are means ± SEM. Number of determinations are in parenthesis.
a p <0.05 and bp<0.001 vs Week 0.

Table 2. Contractions induced by noradrenaline in isolated vessels from non-diabetic and streptozotocin-induced diabetic rats. Ef-
fects of superoxide dismutase (SOD)

Weeks Intervention Aorta (mg) Mesenteric microvessels (mNewtons)

SOD SOD

0 Untreated non-diabetic 1464±44 (23) 1381±112 (5) 10.01±0.40 (23) 10.71±0.85 (5)
0 Untreated non-diabetic with aminoguanidine 1465±39 (14) 1430±81 (5) 9.01±0.36 (14) 9.74±0.56 (6)
1 1 week of untreated diabetes 1470±114 (5) 1342±84 (4) 10.41±1.36 (5) 10.46±0.94 (4)
2 2 weeks of untreated diabetes 1361±155 (5) 1312±130 (4) 12.18±1.22 (5) 11.52±1.09 (4)
3 3 weeks of untreated diabetes 1357±35 (10) 1293±120 (4) 10.71±0.95 (10) 12.11±0.87 (5)
6 6 weeks of untreated diabetes 1354±29 (21) 1322±61 (6) 11.4±0.5 (21) 11.9±1.0 (12)
6 6 weeks of diabetes with aminoguanidine 1434±37 (17) 1571±73 (6) 10.87±0.39 (17) 10.61±1.33 (5)
7 6 weeks of untreated diabetes plus 1 week 1556±22 (5) 1394±40 (4) 10.65±1.26 (5) 9,91±0.94 (4)

of treatment with insulin
7 6 weeks of diabetes with aminoguanidine 1625±72 (5) 1575±76 (4) 10.81±1.22 (5) 12.17±0.37 (4)

plus 1 week of treatment with insulin
9 6 weeks of untreated diabetes plus 3 weeks 1415±44 (11) 1386±46 (4) 10.97±0.90 (11) 11.07±0.73 (4)

of treatment with insulin
9 6 weeks of diabetes with aminoguanidine 1419±168 (11) 1379±101 (4) 10.08±0.72 (11) 10.89±1.24 (4)

plus 3 weeks of treatment with insulin

Results are means ± SEM of the averaged contractile responses corresponding to every animal. The respective number of rats is in
parenthesis
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The administration of ACh on pre-contracted iso-
lated vascular segments produced concentration-
dependent relaxations in aorta and mesenteric micro-
vessels. In the vascular segments from non-diabetic
rats, these relaxant responses did not change among
those animals aged between 16 to 25 weeks. In addi-
tion, the vasodilatations to ACh in vessels form non-
diabetic rats (Week 0) were not affected by preincu-
bating the tissues with 100 U/ml SOD (Table 3).

The evolution of endothelium-dependent relax-
ations during 6 weeks of untreated diabetes and 3 ad-
ditional weeks of insulin treatment are shown (Fig. 3,
4, Table 3). In both types of vascular segments, at
least 2 weeks of untreated diabetes evolution were re-
quired to obtain a reduction of ACh-induced vasodila-
tations, although blood glucose was increased from

the beginning of the disease (Fig. 3). Analogously, 3
weeks of treatment with insulin were needed to reach
a statistical significant recovery of endothelial func-
tion (Fig. 4). In aortic segments, preincubation with
SOD improved defective ACh-induced responses to
values similar to those obtained in non-diabetic rats,
while in mesenteric microvessels the recovery of the
relaxations by SOD was only partial (Table 3).

The evolution of endothelium-mediated responses
in rats receiving aminoguanidine in drinking water
during the 9 weeks of the experimental protocol are
shown (Fig. 5, Table 4). In non-diabetic rats, this drug
did not affect ACh-induced relaxations. After 6 weeks
of untreated diabetes a statistically significant impair-
ment of these responses were observed, similar to that
obtained in vessels from the analogous group not re-
ceiving aminoguanidine (Table 4). There was also a
recovery of endothelial function after insulin treat-
ment (Fig. 5). The responses to ACh in the presence
of SOD were rather similar to those obtained in the re-
spective groups without aminoguanidine in the case 
of aortic segments, while in mesenteric microvessels
SOD failed to improve ACh-induced relaxations 
(Table 4).

Table 3. Values of pD2 for acetylcholine in isolated vessels from non-diabetic and streptozotocin-induced diabetic rats. Effects of
superoxide dismutase (SOD)

Weeks Intervention Aorta Mesenteric microvessels

SOD SOD

0 Untreated non-diabetic 7.52±0.07 (15) 7.45±0.04 (5) 7.80±0.09 (13) 7.69±0.10 (4)
1 1 week of untreated diabetes 7.49±0.05 (5) 7.56±0.03 (4) 7.75±0.13 (5) 7.58±0.25 (4)
2 2 weeks of untreated diabetes 7.05±0.12 a (5) 7.39±0.08 c (4) 6.71±0.09 b (5) 7.02±0.08 a (4)
3 3 weeks of untreated diabetes 7.04±0.03 b (5) 7.35±0.06 c (4) 6.73±0.23 b (5) 6.96±0.23 a (4)
6 6 weeks of untreated diabetes 6.98±0.07 b (16) 7.32±0.05 d (6) 6.44±0.19 b (15) 6.98±0.22 a, c (4)
7 6 weeks of untreated diabetes 6.91±0.05 b (5) 7.43±0.7 d (4) 6.46±0.16 b (5) 7.01±0.10 a, c (4)

plus 1 week of treatment with insulin
9 6 weeks of untreated diabetes plus 7.34±0.05 (6) 7.34±0.06 (4) 7.77±0.12 (6) 7.85±0.26 (4)

3 weeks of treatment with insulin

pD2 indicates the −log mol/l of the required concentration of
acetylcholine to reach the half-maximal relaxation. Results are
means ± SEM of the averaged pD2 corresponding to every ani-
mal. The respective number of rats is in parenthesis.

a p<0.05 and bp<0.001 vs Week 0.
c p<0.05 and dp<0.001 vs value of respective group without
SOD

Fig. 3. Relaxant responses to acetylcholine (ACh) in aortic
segments (left) and mesenteric microvessels (right) from rats
with different stages of diabetes: Week 0, (●●); Week 1, (●);
Week 2, (■■); Week 3, (■); Week 6, (▲▲). The responses are ex-
pressed as the percentage of a previous contraction elicited by
noradrenaline. The values of these previous contractions and
the number of rats used for every curve are in Tables 2 and 3.
*p<0.001 vs Week 0
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Fig. 4. Relaxant responses to acetylcholine (ACh) in aortic
segments (left) and mesenteric microvessels (right) from rats
with different stages of diabetes: Week 0, (●●); Week 6, (●);
Week 7, (■■); Week 9, (■). The responses are expressed as the

percentage of a previous contraction elicited by noradrenaline.
The values of these previous contractions and the number of
rats used for every curve are in Tables 2 and 3. *p<0.05 and
**p<0.001 vs Week 0

Fig. 5. Relaxant responses to acetylcholine (ACh) in aortic
segments (left) and mesenteric microvessels (right) from rats
receiving 250 mg/Kg aminoguanidine in drinking water 1 week
prior to and during the 9 weeks of evolution after induction of
diabetes: Week 0, (●●); Week 6, (●); Week 7, (■■); Week 9,

(■). The responses are expressed as the percentage of a previ-
ous contraction elicited by noradrenaline. The values of these
previous contractions and the number of rats used for every
curve are in Tables 2 and 4. *p<0.05 and **p<0.001 vs Week
0; †p<0.001 vs Week 6

Table 4. Values of pD2 for acetylcholine in vessels from non-diabetic and streptozotocin-induced diabetic rats treated with amino-
guanidine. Effects of superoxide dismutase (SOD)

Weeks Intervention Aorta Mesenteric microvessels

Control SOD Control SOD

0 Untreated non-diabetic with aminoguanidine 7.42±0.06 (7) 7.50±0.06 (5) 7.96±0.20 (7) 8.07±0.26 (6)
6 6 weeks of diabetes with aminoguanidine 6.68±0.17b (11) 7.40±0.09d (6) 6.75±0.12b (10) 7.12±0.10b (6)
7 6 weeks of diabetes with aminoguanidine 7.08±0.09b (5) 7.66±0.08d (4) 6.91±0.14b (5) 6.99±0.14 (4)

plus 1 week of treatment with insulin
9 6 weeks of diabetes with aminoguanidine 7.41±0.11 (6) 7.53±0.08 (4) 7.65±0.23 (6) 7.69±0.20 (4)

plus 3 week of treatment with insulin

pD2 indicates the −log mol/l of the required concentration of
acetylcholine to reach the half-maximal relaxation. Results are
means±SEM of the averaged pD2 corresponding to every ani-
mal. The respective number of rats is in parenthesis.

ap <0.05 and bp<0.001 vs Week 0.
cp<0.05 and dp<0.01 vs value of respective group without SOD



562 L. Rodríguez-Mañas et al.: Early and intermediate Amadori glycosylation adducts, oxidative stress

The endothelium-independent vasodilatatory re-
sponses to SNP were tested in de-endothelialized aor-
tic segments as well as in mesenteric microvessels
from animals of Week 0, Week 3, Week 6, and Week 9
groups. Vessels from aminoguanidine-treated rats
from Week 0, Week 6, and Week 9 groups were also
studied. The relaxant responses to SNP were not mod-

ified by diabetes or insulin treatment in any studied
group (Table 5). However, the relaxations to SNP in
mesenteric microvessels were reduced similarly in
aminoguanidine-treated rats from all studied groups
(Table 5).

Finally, the specific pD2 averaged values for ACh
obtained in the aortic segments and mesenteric micro-
vessels from every studied rat were plotted against
blood concentrations of glucose, HbA1c, and AGE. In
this plot, blood glucose, blood HbA1c and serum AGE
were the independent variables and pD2 the dependent
one (Fig. 6). In both types of vessels, there was a
higher correlation between the pD2 for ACh and the
blood concentrations of HbA1c than with serum AGE
and blood glucose (Fig. 6).

Discussion

Our study shows the development of endothelial dys-
function and oxidative stress in an early model of
Type 1 diabetes mellitus, which closely resembles the
modification of the values of early or intermediate
glycosylation products during the evolution of the ex-
perimental protocol.

The impairment of the endothelium-derived re-
sponses have been described in isolated aortic rings
[6, 36, 42] and mesenteric microvessels [36, 43, 44]
from streptozotocin-induced diabetic rats, as well as 
in experiments in vivo [7, 37], which indicate that 
diabetic endothelial dysfunction is affecting either the
conductance and the resistance vasculature. Our re-
sults also agree with these previous works, whereas
the relaxant responses not mediated by the endotheli-
um were not affected.

An enhancement of oxidative stress in diabetes [8,
9], mainly by an increased generation of superoxide
anions [11, 36, 42, 45].is also widely accepted. In the
experimental conditions of this study, the preincuba-
tion of isolated aortic and mesenteric vascular seg-
ments with SOD modify ACh-induced responses only
in those groups in which endothelial dysfunction was

Table 5. Values of pD2 for sodium nitroprusside in segments from non-diabetic and streptozotocin-induced diabetic rats

Weeks Intervention Aorta Mesenteric microvessels

0 Untreated non-diabetic 8.32±0.25 (10) 7.78±0.07 (10)
0 Untreated non-diabetic with aminoguanidine 8.06±0.25 (7) 6.68±0.23a (7)
3 3 weeks of untreated diabetes 8.77±0.08 (5) 7.77±0.04 (5)
6 6 weeks of untreated diabetes 8.73±0.04 (5) 7.86±0.13 (6)
6 6 weeks of diabetes with aminoguanidine 8.10±0.18 (6) 6.91±0.10a (7)
9 6 weeks of untreated diabetes plus 3 weeks of treatment with insulin 8.82±0.05 (5) 7.90±0.06 (5)
9 6 weeks of diabetes with aminoguanidine plus 3 week 8.05±0.14 (5) 6.85±0.17a (5)

of treatment with insulin

pD2 indicates the −log mol/l of the required concentration of
sodium nitroprusside to reach the half-maximal relaxation. Re-
sults are means±SEM of the averaged pD2 corresponding to
every animal. The respective number of rats is in parenthesis.

a p<0.05 vs value of the analogous group without aminoguani-
dine

Fig. 6. Correlations between blood glucose, HbA1c, and serum
concentrations of AGE, and the pD2 values for acetylcholine
(ACh) in aortic segments (left) and mesenteric microvessels
(right) from the different groups of rats



present, but not in the vessels without endothelial dys-
function, supporting a link between oxidative stress
and endothelial dysfunction.

We analysed the time course of the alterations of
the endothelial function depending on the develop-
ment of diabetes. Some works in streptozotocin-
induced diabetic rats do not report any impairment of
endothelium-derived relaxations in isolated aortic seg-
ments during the first 2 weeks after diabetes was in-
duced [49, 50]. Using the same diabetic model, other
studies on intestinal arterioles [43] or hindquarter
haemodynamics [7] indicate endothelial dysfunction 8
to 14 days after streptozotocin administration. We ob-
served statistically significant impairments of ACh-in-
duced relaxations after 2 weeks of diabetes both in
mesenteric microvessels and aortic segments, al-
though the alterations were less pronounced in this 
later vasculature. However, using a similar experimen-
tal protocol in isolated aortic segments, another study
did not observe alterations in the ACh-induced relax-
ations after 2 weeks of diabetes [49]. A possible ex-
planation could be that we used older animals, as well
as a higher dose of streptozotocin to induce diabetes,
which lead to a more aggressive form of diabetes that
produces earlier endothelial dysfunction.

Moreover, the discrepancies between studies on the
development of diabetic endothelial dysfunction are
also probably reflecting differences between conduc-
tance and resistance vessels. In quantitative terms, the
magnitude of the alterations of endothelium-depen-
dent relaxations in aortic segments was rather modest
in our experiments, while the responses observed in
mesenteric microvessels were more evident. Further-
more, the recovery of the relaxations by SOD was not
the same; the mesenteric microvessels were less sensi-
tive to the action of the enzyme, while the responses
in aortic segments were fully recovered in all the
cases.

The vascular endothelial dysfunction developed in
streptozotocin-induced diabetic rats can be recovered
after 8 to 12 weeks of treatment with insulin [51], or
with a pancreatic islet transplantation [52]. In these
studies, the improvement of endothelial function was
accompanied by a parallel improvement in metabolic
control, estimated by HbA1c values [52] or by the 
extinction of glycosuria or ketonuria [51]. In our labo-
ratory, we have shown a close relation between the
presence of endothelial dysfunction and the metabolic
control of the disease [36, 37]. We confirm that treat-
ment with insulin is able to recover the impairment of
the endothelial function produced by diabetes. Thus, 3
weeks of treatment were required to obtain a full re-
covery of vasodilatatory responses.

The protocol designed for this study established a
possible time relation between diabetic endothelial
dysfunction and the presence of high glucose and pro-
tein glycosylation adducts in blood. Some authors in-
dicate that increased glucose itself is a source of free

radicals that leads to endothelium dysfunction [18, 19,
20, 21, 22, 23, 24]. Our results, however, clearly indi-
cate that high glucose by itself is not directly related
to the impairment of endothelium-dependent relax-
ations. Indeed, 1 week after diabetes induction the
blood glucose concentrations reached around
25 mmol/l and, despite this high glycaemia, ACh-
induced response was not affected in aorta or in me-
senteric microvessels. Furthermore, 1 week after in-
troduction of insulin treatment glycaemia was below
normal values but endothelial dysfunction was still
present. These results disagree with studies reporting
an impairment of endothelial function in vessels from
non-diabetic animals incubated in very high concen-
trations of glucose (20 to 50 mmol/l) [18, 19, 20, 21,
22, 23, 24]. Nevertheless, in agreement with our find-
ings, other authors have reported a good preservation
of endothelial relaxations in short-term diabetes 
(1 week) induced by streptozotocin in rats [53], or af-
ter subacute (1 day) hyperglycaemia in humans [54].

Our data seem to be more consistent with the hy-
pothesis that diabetic endothelial dysfunction is relat-
ed to processes that require several weeks of evolu-
tion, such as protein glycosylation. AGE have been
described as a source of free radicals in diabetes [30].
In addition, some reports have indicated the ability of
AGE to quench nitric oxide, proposing these com-
pounds as the mediators of defective endothelial 
relaxations in diabetes [29, 31]. Our results, however,
do not support a very relevant role for AGE as pro-
moters of endothelial dysfunction, at least in a short-
term diabetic model. Thus, the impairment of endo-
thelium-dependent relaxations started 2 weeks after
diabetes induction, whereas serum AGE were still
low. Furthermore, 3 weeks after insulin treatment
there was a clear recovery of ACh-induced vasodila-
tations, while serum AGE were still high.

To further analyse the role of AGE, additional
groups of rats were treated with aminoguanidine in
drinking water. This drug seems to inhibit the forma-
tion of AGE mainly by reacting with Amadori-derived
fragmentation adducts in solution [52]. Therefore, the
formation of Amadori adducts during protein glycosy-
lation is supposed to be unaffected by aminoguanidine
[31, 55, 56]. The administration of aminoguanidine
during one month to diabetic patients reduces circulat-
ing AGE, without altering HbA1c values [32, 56]. Sev-
eral studies indicate that treatment of streptozotocin-
induced diabetic rats with aminoguanidine prevents
the development of diabetic retinopathy [57] and car-
diomyopathy [58], as well as the impairment of endo-
thelium-dependent relaxations to ACh [29, 59]. Some
investigators, however, suggest that the effects of ami-
noguanidine could reflect inhibition of nitric oxide
synthases rather than preventing AGE formation [60].
In our experimental conditions, aminoguanidine treat-
ment did not alter ACh-evoked relaxations in vessels
from non-diabetic rats, indicating that endothelial pro-
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duction of nitric oxide is not inhibited. However, ami-
noguanidine treatment reduced the SNP-induced vaso-
dilatations in mesenteric microvessels, suggesting it
could interfere with the vasoactive responses, at least
in the resistance vasculature. In diabetic animals, ami-
noguanidine treatment did not restore the impaired
ACh-induced responses, and there was a decrease of
endothelial relaxation that was recovered only after 3
weeks of insulin treatment. Aminoguanidine clearly
reduce serum AGE in all diabetic groups of rats, sug-
gesting they are not related to the induction of endo-
thelial alterations.

The lack of a relevant role for circulating AGE as
mediators of endothelial dysfunction can be a conse-
quence of the short duration of the disease in this ex-
perimental model. The evolution of streptozotocin-
induced diabetes is not longer than 9 weeks, which is
a rather acute model of the disease. In a seminal work
[29], diabetic endothelial dysfunction was studied dur-
ing 1-year diabetes evolution, while aminoguanidine
treatment was analysed for a 2-month period. Tissue
AGE seem to be more important than circulating AGE
in the development of diabetic vascular complications
[31]. During the 6 weeks of untreated diabetes de-
signed in this experimental protocol, either with or
without aminoguanidine, we did not find changes in
vascular tissue AGE, suggesting that the possible 
enhancement of these compounds in the vascular wall
would require diabetes to be further developed. Some
works indicate that renal and vascular tissue AGE can
increase even after 5 weeks of diabetes [61, 62]. How-
ever, a recent review [63] states the difficulties to
compare AGE determinations between laboratories,
indicating that the time required for these compounds
to produce pathological changes is usually of several
months.

As an alternative and/or complementary hypothe-
sis, we have proposed that endothelial dysfunction
during the first weeks or months of diabetes evolution
could be related with the presence of early and/or in-
termediate glycosylation Amadori adducts [33, 34,
35]. We found a close correlation between the blood
concentrations of HbA1c, a well known Amadori ad-
duct [32], and the development of endothelial dys-
function in streptozotocin-induced diabetic rats [36,
37]. In agreement with this, other authors provide evi-
dence that early glycosylation Amadori-modified pro-
teins, namely Amadori albumin, correlate with mark-
ers of diabetic endothelial dysfunction [38]. Thus,
Amadori albumin can be associated with diabetic
nephropathy, and it can be localised in retinal capillar-
ies from diabetic patients [38]. Furthermore, all these
studies are also consistent with the idea that oxidative
stress observed in patients or diabetic animals is di-
rectly related to the metabolic control of the disease
[33, 34, 35, 36, 37, 38, 46, 47, 48].

We further confirm the correlation between the
blood concentrations of HbA1c and the presence of en-

dothelial dysfunction. In both aortic and mesenteric
vessels, the impairment and the recovery of endotheli-
al function occurred when the HbA1c values increased
or decreased, respectively. There was a clear correla-
tion between endothelial dysfunction and the blood
concentrations of HbA1c, whereas the correlation with
AGE and blood glucose was low. Therefore, it seems
that the enhancement of Amadori adducts is the factor
offering a better relation with the development of en-
dothelium impairment, at least in this experimental
model of diabetes.

There are clinical data consistent with our experi-
mental results. Oxidative stress is an event that can be
observed very early in children and adolescents with
Type 1 diabetes mellitus [64]. In addition, the progres-
sion of microalbuminuria to proteinuria in a large
group of Type 1 diabetic patients has been analysed
[65]. This study concluded that the risk of albuminuria
progression can be reduced by improving glycaemic
control only if HbA1c is maintained below 8.5%.
Moreover, below that value, the risk declines as the
HbA1c value decreases; in addition, the range between
7% and 8.5% is critical for the development of pro-
teinuria [65]. Of note, these percentages of HbA1c are
the same that are found required to induce superoxide
anion-mediated endothelial dysfunction in human mi-
covessels [35], as in streptozotocin-induced diabetic
rats to develop endothelial dysfunction [36, 37] and
similar to those obtained in our experiments. Further-
more, in agreement with all these data, recent epide-
miological studies indicate that HbA1c is an important
risk factor for cardiovascular mortality in the general
population [66].

In conclusion, we show that circulating concentra-
tions of HbA1c resembles the time course of diabetic
endothelial dysfunction. Although we do not provide
definitive evidence for a causal link between this
Amadori adduct and endothelium impairment, these
results support the proposal of a relevant role for this
and other early and intermediate products of protein
glycosylation in the development of diabetic vascu-
lopathy.
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