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Abstract Aims/hypothesis: Renal accumulation of AGEs
may contribute to the progression of diabetic nephropathy.
We evaluated the effect of ramipril (a pure ACE inhibitor)
and AVE7688 (a dual inhibitor of ACE and neutral endo-
peptidase) on renal accumulation of the advanced glyca-
tion end-product (AGE) 3-deoxyglucosone-imidazolone,
carboxymethyllysine (CML) and pentosidine, and on clear-
ance of CML in type 2 diabetes. Methods: Male Zucker
diabetic fatty rats (ZDF, Gmi-fa/fa) rats were treated from
age 10 to 37 weeks with ramipril (1 mg·kg−1·day−1),
AVE7688 (45 mg·kg−1·day−1) or without drug. Ramipril
and AVE7688 reduced albuminuria by 30 and 90%,
respectively. Results: ZDF rats showed increased renal ac-
cumulation of the AGE subtypes 3-deoxyglucosone-imid-
azolone, pentosidine and CML by about 40, 55 and 55%,

respectively compared with heterozygous, non-diabetic
control animals at the age of 37 weeks. AVE7688 but not
ramipril attenuated the renal accumulation of 3-deoxyglu-
cosone-imidazolone, pentosidine and CML and improved
CML clearance in ZDF rats. During glycation reactions in
vitro, AVE7688 also demonstrated potent chelating activity
and inhibited metal-catalysed formation of pentosidine and
CML. Conclusions/interpretation: Improved AGE clear-
ance and direct inhibition of AGE formation by chelation
may contribute to reduced accumulation of renal AGEs and
to the nephroprotective effects of vasopeptidase inhibition
in type 2 diabetes.
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Introduction

Diabetic nephropathy is characterised by glomerular,
tubular and tubulointerstitial injury, which is mediated
by a combination of haemodynamic and metabolic fac-
tors [1]. Hyperglycaemia increases oxidative stress, acti-
vates the polyol pathway and promotes the formation of
various kinds of advanced glyacation end-product (AGE)
[2]. AGEs are generated by the non-enzymatic reaction of
ketone or aldehyde groups of sugars with free amino
groups of proteins, lipids or nucleic acids, the so-called
Maillard reaction [3]. AGEs can be formed via oxidative
pathways (e.g. carboxymethyllysine [CML] and pentosi-
dine), via non-oxidative pathways (such as pyrraline),
or from highly reactive dicarbonyl precursors, such as
glyoxal, methylglyoxal and 3-deoxyglucosone (3-DG). For-
mation of 3-DG-imidazolone is highly specific for the 3-
DG precursor and thus a marker for the accumulation of
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carbonyl compounds [4, 5]. The detrimental effects of
AGEs in diabetic and non-diabetic nephropathy have been
intensively investigated recently [6]. In vivo, CML is the
most widely distributed AGE under oxidative conditions
and can exert cellular effects by binding to the AGE
receptor RAGE [7–9]. Its age-dependent tissue accumula-
tion is accelerated in patients with diabetes mellitus, and
serum CML levels correlate with loss of renal function in
diabetic patients [10–13]. Some highly reactive AGEs
(such as pentosidine) form irreversible cross-links with
collagen, which may contribute to structural changes in
the kidney [14].

It is well documented that ACE inhibitors are able to
delay diabetic nephropathy [15], but the mechanism of
action is not clearly understood. Recently, the ACE in-
hibitor ramipril was demonstrated to reduce renal and
serum AGE in a type 1 diabetic, hypertensive rat model
[16]. These data provide evidence for a previously un-
known mechanism of action of ramipril, beyond its direct
inhibition of the formation of angiotensin II. Dual inhib-
itors of ACE and neutral endopeptidase (or vasopeptidase
inhibitors) have shown their potential for even greater
nephroprotection compared with ACE inhibition alone in
different animal models of nephropathy [17, 18].

In the present study, we investigated for the first time
the effect of ACE inhibition and vasopeptidase inhibition
on the formation, accumulation and excretion of differ-
ent prototypical AGE subtypes in diabetic nephropathy.
We analysed the renal content and excretion of CML,
pentosidine and 3-DG-imidazolone after chronic treat-
ment with ramipril (a pure ACE inhibitor) or AVE7688
(a vasopeptidase inhibitor) in Zucker diabetic fatty (ZDF)
rats, an animal model of type 2 diabetic nephropathy. In
addition to the in vivo studies, we also investigated the
effect of ramipril and AVE7688 on AGE formation in
vitro and the metal-chelating activity of these drugs.

Materials and methods

Animal study Male Zucker diabetic fatty rats (ZDF/
Gmi-fa/fa) and their heterozygous (ZDF/Gmi-+/fa) lean
littermates were purchased from Charles River, Sulzfeld,
Germany. The animals were housed individually in stan-
dard cages in local facilities in Frankfurt-Hoechst. They
received standard chow (standard diet 1320; Altromin,
Lage, Germany) and tap water ad libitum. All animal ex-
periments were performed in accordance with current
Aventis Pharma Laboratory Animal Science and Welfare
guidelines and German law for the protection of animals.

ZDF animals were randomly assigned to three groups at
the age of 10 weeks. Fifteen ZDF rats did not receive an
active pharmacological treatment and were used as a con-
trol (ZDF control). A second group (n=15) received
1 mg·kg−1·day−1 ramipril in drinking water (ZDF ramipril).
The third group (n=14, ZDFAVE7688) received AVE7688
in standard chow at a concentration of 450 mg/kg. Taking
into account an average daily food intake of 40 g/rat, a
dose of approximately 45 mg·kg−1·day−1 was achieved.

The respective doses were chosen because they resulted in
similar inhibition of ACE activity during chronic treatment
in ZDF rats [19]. Heterozygous animals without active
treatment were used as non-diabetic, lean controls (n=17).
Blood was taken for metabolic parameters at different time
points from the orbital plexus under light anaesthesia (3.5
vol.% isoflurane in 34:66 [v/v] N2O/O2).

At the age of 22 weeks, four animals of each group
were killed and the kidneys were frozen in liquid nitrogen
for interim AGE analysis. The remaining animals were
studied at the age of 37 weeks. First, urine samples were
collected over 24 h in metabolic cages at 37 weeks of age.
Thereafter, the rats were anaesthetised with sodium pento-
barbital (50 mg/kg i.p.). Heart rate and systolic blood
pressure were then measured using a catheter-tip micro-
manometer (Millar Instruments, Houston, TX, USA). After
completion of the measurements, arterial blood samples
were drawn and the kidneys removed.

Glucose (serum), HbA1c and creatinine (serum and
urine) were quantified using standard kits (Roche Diag-
nostics, Mannheim, Germany) on a Hitachi 912E analyser
(Hitachi, Mountain View, CA, USA). Urinary albumin
was quantified using a fluorescence dye binding assay
(Mikro-fluoral; Progen Biotechnik, Heidelberg, Germany).

Tissue AGE analysis by dot-blot Kidney samples were
immediately frozen in liquid nitrogen and ground for
5 min in liquid nitrogen using a Freezer mill 6750 (C3
Analysetechnik, Haar, Germany). Ten milligrams of the
frozen organ powder was dissolved in 1 ml PBS buffer,
pH 7.4, containing 0.5 g/l Tween-20, 0.5 mmol/l phe-
nylmethylsulphonyl fluoride (Sigma-Aldrich Chemie,
Steinheim, Germany) and 1 μg/μl aprotinin (Roche Di-
agnostics). Samples were vortexed and treated with ultra-
sound (Sonoplus HD 2070; Bandolin, Berlin, Germany)
twice for 5 s to disintegrate cells. Cell debris was removed
by centrifugation.

The protein concentration of the resulting supernatant
was determined with a BSA standard using the Lowry
method (DC protein assay; Bio-Rad Laboratories, Her-
cules, CA, USA).

For dot-blot analysis, 10 μg kidney protein of each
sample (duplicates) was transferred under vacuum to a
nitrocellulose membrane (Schleicher & Schuell, Dassel,
Germany). AGE were detected with monoclonal AGE-
specific antibodies (anti-CML 011, anti-3-DG-imidazo-
lone JNH-27, anti-pentosidine 012; Biologo, Kronshagen,
Germany) at a concentration of 0.25 μg/ml. Conjugates
were visualised with anti-mouse alkaline phosphatase
antibody (1:20,000; Dianova, Hamburg, Germany) and
enhanced chemofluorescence detection (Amersham Pharma-
cia Biotech, High Wycombe, UK) using a Fluorimager
595 (Amersham Pharmacia Biotech). For data analysis,
Image-Quant software (Molecular Dynamics, Amersham,
Buckinghamshire, England) was used.

CML analysis by HPLC fluorescence Because AGE
analysis by dot-blot was only possible for kidney sam-
ples, we used HPLC fluorescence to detect CML in serum
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and urine samples from the 37-week-old animals. In ad-
dition, kidney samples from 22- and 37-week-old animals
were also analysed by HPLC fluorescence to compare dot-
blot and HPLC results. For sample hydrolysis, 500 μl of
urine or serum samples were incubated with 500 μl
sodium borate buffer (0.04 mol/l, pH 9.5) and 500 μl
sodium borohydride (1 mol/l in 0.1 mol/l NaOH), whereas
kidney samples were reduced by the use of 100 mg organ
powder and incubation with 1 ml 0.04 mol/l sodium borate
buffer and 1 ml 1 mol/l sodium borohydride. The samples
were incubated for 4 h at room temperature. Afterwards,
10 ml hydrochloric acid (concentrated HCl; Fisher Sci-
entific, Loughborough, UK) was added to the urine and
kidney samples or 1.5 ml concentrated HCl was added to
the serum samples. Hydrolysis was performed in screw-
capped flasks at 110°C for 20 h, sealed under nitrogen.
After hydrolysis, hydrochloric acid was removed by rotary
evaporation and samples were resolved in sodium borate
buffer (0.2 mol/l, pH 9.5) followed by membrane filtra-
tion (diameter 0.45μm;Millex-HV,Millipore, Schwalbach,
Germany).

Sample derivatisation for HPLC fluorescence measure-
ment was done as described previously [20].

Renal CML clearance was calculated from serum and
urinary CML as:

CML clearance ¼ CCML urine � V
�.

CCML serum

.
m

where CCML is the concentration of CML in urine and
serum (μg/ml), respectively, V

�
is the urinary flow rate (ml/

h) and m is body weight (kg).

Model in vitro studies on AGE inhibition BSA-AGEs were
produced by incubation of BSA (10 mg/ml; Sigma-
Aldrich) with 30 mmol/l ribose in 200 mmol/l sodium
phosphate buffer, pH 7.4, at 37°C for 5 days. To study
the effect of ramipril and AVE7688 on BSA-AGE for-
mation, their respective active metabolites ramiprilat and
AVE8048 were added to the mix at 1.25, 2.5, 5 or 10 mmol/
l. As negative control, BSA alone was also incubated at
37°C for 5 days in 200 mmol/l sodium phosphate buffer.
BSA and BSA-AGE from each sample were analysed us-
ing the Western blotting method. Samples were resolved
by SDS-PAGE and transferred onto a nitrocellulose mem-
brane (Amersham). AGE modification was detected by
monoclonal primary antibodies specific for AGEs (anti-
CML 011, anti-3-DG-imidazolone JNH-27, anti-pentosi-
dine 012; Biologo, Kronshagen, Germany; 0.25 μg/ml).
Conjugates were visualised using anti-mouse horseradish-
peroxidase-linked antibody (Cell Signaling, Beverly, MA,
USA) and subsequent enhanced chemiluminescence detec-
tion (Pierce, Rockford, IL, USA) using a FluorS Imager
(Bio-Rad). Computer-assisted densitometric analysis was
done using Image Quant software (Bio-Rad).

To normalise the Western blotting results, the same
amount of protein was loaded onto each lane, and the
amount of protein loaded in each lane was determined
by Ponceau S staining (Sigma-Aldrich). Ribose-modified

BSA was quantified by computer-assisted densitometric
analysis using the Image Quant software (Bio-Rad).

Evaluation of chelating activity of ACE and vasopeptidase
inhibitors We assessed the chelating activity of various
compounds by determining the concentration required
for half-maximal inhibition of the rate of copper-catal-
ysed auto-oxidation of ascorbate. Briefly, the compounds
were dissolved in metal-free (Chelex-treated) phosphate
buffer (50 mmol/l, pH 7.4) containing 1.5 μmol/l CuCl2
and 500 μmol/l ascorbate (final concentrations), as de-
scribed previously [21]. These conditions yielded a half-
life of ∼60 min for ascorbate. Aliquots were taken at 0,
30, and 60 min and added to HPLC vials containing
1 mmol/l diethylenetriaminepentaacetic acid. Ascorbate
concentration was then measured by reverse phase-HPLC
with absorbance detection (244 nm) and plotted as log
percentage ascorbate remaining in order to estimate the
half-life of ascorbate. Test compounds were prepared at
30 mmol/l concentration in DMSO (stock solution) and
diluted in 50 mmol/l phosphate buffer to yield the final
concentration. DMSO was adjusted to 1.7% (v/v) in all
reactions to correct for minor effects on DMSO on the
rate of oxidation of ascorbate. The analysis of the data is
summarised in the first Table.

Materials Ramipril and AVE7688 were manufactured
by Aventis Pharma. The chemical name of AVE7688 is
7-[[(2S)-2-(acetylthio)-1-oxo-3-methylpropyl]amino]-1,2,3,
4,6,7,8,12b-octahydro-6-oxo-(4S,7S,12bR)-pyrido[2,1-a][2]
benzapin-4-carboxy-acid, and its molecular weight is
432.5 g/mol [22]. AVE8048 is the active thiol form of
AVE7688. It is the major metabolite of AVE7688 in vivo
and is similarly active against ACE and neutral endopep-
tidase in vitro. AVE8048 was also synthesised by Aventis
Pharma. Ramiprilat is the active diacid metabolite from
ramipril formed by cleavage of the ester group.

All other reagents were purchased from commercial
suppliers in analytical grade quality.

Statistics Statistical comparisons between the different
groups were carried out using unpaired two-sided t-tests.
The lean control and the active treatment groups were
tested against the ZDF control. In vitro AGE inhibition
of AVE7688 and ramiprilat was tested against the control,
which was not treated with any compound. A p value of
less than 0.05 (after correction for multiple comparisons)
was considered significant.

Results

Functional parameters In the homozygous ZDF rats, dia-
betes mellitus was established at age 27 weeks (HbA1c>
8.5). At age 37 weeks the serum glucose and HbA1c
levels were increased in ZDF rats (p<0.01). Serum glu-
cose was unchanged in the AVE7688 group and slightly
decreased in the ramipril group at 37 weeks of age, com-
pared with the ZDF controls (Table 1). Development of
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diabetes was accompanied by a progressive increase in
albuminuria in ZDF controls (Table 1). Treatment with
ramipril reduced this diabetes-induced increase in albumin
excretion by approximately 30%. Urinary albumin ex-
cretion of ZDF rats at the age of 37 weeks was 14.23±
2.32 mg·kg−1·h−1, compared with 10.11±2.17 mg·kg−1·h−1

in the ramipril-treated group. AVE7688 completely pre-
vented the development of albuminuria in ZDF rats (1.49±
0.55 mg·kg−1·h−1 in the AVE7688-treated group, p<0.01
vs ZDF controls; Table 1).

The ZDF control rats had lower heart rates than their
lean littermates (232±14 vs 294±11 bpm, p<0.05), but
systolic pressure was not different (111±6 vs 103±8 mmHg,
p>0.05). Heart rate and blood pressure in both ZDF groups
with active treatment were not different from those in the
ZDF control group.

CML, pentosidine and 3-DG-imidazolone content in the
kidney Accumulation of the three AGE subtypes CML,
pentosidine and 3-DG-imidazolone was observed in the
kidney of ZDF rats. In the dot-blot analysis, signal in-
tensity increased from week 22 to 37 in ZDF rats by 23%
for CML (p<0.05), 40% for pentosidine (p<0.05) and 17%
for 3-DG-imidazolone. AVE7688 treatment reduced these
AGEs at 37 weeks by another 47, 28 or 45% below the
levels of 22-week-old rats. At 22 weeks of age, ZDF rat
kidneys had 15–30% higher and at 37 weeks of age 30–
50% (significantly) higher concentrations (p<0.01) of 3-
DG-imidazolone, pentosidine and CML compared with
lean control rats (Fig. 1). Ramipril treatment did not re-
duce 3-DG-imidazolone or pentosidine in 22- or 37-week-
old ZDF rats, respectively (Fig. 1), but it significantly
reduced renal CML in 37-week-old ZDF rats by 20%
compared with ZDF control rats (p<0.01). AVE7688 re-
duced 3-DG-imidazolone, pentosidine and CML content
in the kidney of 22-week-old ZDF rats by about 20–30%
(p<0.05 vs ZDF control). In 37-week-old AVE7688-
treated ZDF rats, 3-DG-imidazolone, pentosidine and CML
were reduced by about 60%, which was below the level in
lean control rats (p<0.01 vs ZDF control). Thus, long-term
treatment with AVE7688 was more effective in reducing
3-DG-imidazolone, pentosidine and CML than short-term
intervention.

CML detection with dot-blot was confirmed by HPLC
fluorescence using a CML standard (data not shown). Both
data sets showed comparable results, with a correlation
coefficient of r=0.8 and p<0.001.

CML content in serum and urine Serum CML was in-
creased approximately twofold in ZDF rats compared with

lean controls (0.26±0.05 vs 0.42±0.10 μg/ml, p<0.05).
Treatment with ramipril indicated a trend towards reduc-
tion of serum CML (0.33±0.06 μg/ml), but this change
was not statistically significant (Fig. 2a). In comparison,
AVE7688 completely inhibited this diabetes-induced in-
crease in serum CML (0.22±0.06 μg/ml, p<0.01 vs ZDF
control; Fig. 2a).

Increased serum CML levels in ZDF rats were
associated with increased concentrations of CML in the
urine. HPLC fluorescence measurement of CML in urine
indicated high CML excretion in 37-week-old ZDF rats
(1.30±0.26 μg/ml, p<0.01). Ramipril significantly reduced
urinary CML excretion to 0.92±0.28 μg/ml (p<0.05 vs
ZDF control) in 37-week-old rats and AVE7688 showed a
similar effect (0.84±0.13 μg/ml, p<0.01 vs ZDF control;
Fig. 2b).

Table 1 Metabolic and renal
functional parameters at the age
of 37 weeks

Data are mean±SEM
ap<0.01 vs ZDF control,
bp<0.05 vs ZDF control
n=10–13 per group

Lean control ZDF control ZDF AVE7688 ZDF ramipril

Serum glucose (mmol/l) 15.48±1.0a 44.87±1.26 45.32±2.01 40.88±1.40b

HbA1c (%) 4.7±0.03a 10.1±0.3 12.0±0.6b 9.9±0.4
Urinary flow (ml·kg−1·h−1) 0.8±0.04 15.1±1.4 19.2±1.6 16.2±1.3
Urinary albumin excretion (mg·kg−1·h−1) 0.08±0.01a 14.23±2.32 1.49±0.55a 10.11±2.17
Creatinine clearance (ml·kg−1·h−1) 268±13 271±16 269±14 328±19b

Fig. 1 Dot-blot analysis of AGE accumulation in the kidney. The
AGE 3-DG-imidazolone (black bars), pentosidine (white bars) and
CML (hatched bars) accumulated in the kidney of ZDF rats aged 22
weeks (a) and 37 weeks (b). This accumulation was prevented at
both time points by treatment with AVE7688, while ramipril had no
effect on 3-DG-imidazolone or pentosidine but led to a reduction of
CML in 37-week-old rats (a, b). Data are presented as percentage of
ZDF controls. *p<0.05 vs ZDF control, **p<0.01 vs ZDF control
(n=4 for 22-week-old animals, n=10–13 for 37-week-old animals)
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In the ramipril group, CML clearance was not changed
while creatinine clearance was slightly increased (Fig. 2c,
Table 1). In contrast, AVE7688 increased the serum CML
clearance from 48.18±10.97 ml·kg−1·h−1 in the control
group to 82.06±16.89 ml·kg−1·h−1 (p<0.01 vs ZDF con-
trol) in 37-week-old ZDF rats (Fig. 2c). This change was
observed in the absence of a difference in creatinine
clearance (Table 1).

In vitro AGE inhibition studies with ramipril and AVE7688
For all in vitro studies, we used the active metabolite of
ramipril or AVE7688 (ramiprilat, AVE8048). AGE for-
mation was induced by incubation of BSA with ribose at
37°C for 5 days. Pentosidine and CML formation was
detected by western blot analysis using specific monoclo-
nal antibodies. Unmodified BSA incubated at 37°C for 5
days was free of any pentosidine or CML modification
(Fig. 3a). No 3-DG-imidazolone could be detected in
ribose-BSA preparations using a monoclonal 3-DG-
imidazolone antibody (data not shown).

Ramiprilat had no effect on CML or pentosidine for-
mation, while incubation with AVE8048 (1.25–10 mmol/l)
inhibited formation of CML and pentosidine in a concen-
tration-dependent manner (Fig. 3a–c). Pyridoxamine also

showed dose-dependent inhibition of CML formation
(data not shown).

Inhibition of metal-catalysed oxidation of ascorbic acidAs
summarised in Table 2, all of the compounds tested
demonstrated chelating activity, based on inhibition of
metal-catalysed oxidation of ascorbate. Pyridoxamine and
ramiprilat were relatively weak inhibitors, requiring con-
centrations of 1 mmol/l and 3–5 mmol/l for 50% inhibition
of the rate of ascorbate oxidation, respectively. In contrast,
the estimated IC50 for AVE8048 was <10 μmol/l, in-
dicating strong metal-chelating activity (Table 2). Thus,
the copper binding constant for AVE8048 at physiological
pH was approximately 500-fold lower (stronger) than that

Fig. 2 CML in serum and urine. AVE7688-treated 37-week-old
ZDF rats showed decreased CML concentrations in serum (a) and
urine (b) as well as improved CML clearance (c). Total CML
concentrations were determined by HPLC fluorescence. *p<0.05 vs
ZDF control, **p<0.01 vs ZDF control (n=4–8 animals)

Fig. 3 Effects of AVE8048 and ramiprilat on in vitro AGE
formation. Formation of CML and pentosidine was determined by
western blotting (a) and is reported as relative percentage of the
appropriate control (ribose/BSA without compound) normalised to
the amount of loaded protein visualised by Ponceau S (b, c).
AVE8048 (black bars), the active metabolite of AVE7688, inhibits
in vitro CML (a, b) and pentosidine (a, c) formation from BSAwith
ribose, while ramiprilat (white bars) shows no effect (a, b, c). No
CML or pentosidine modification was found in unmodified BSA
(a). *p<0.05 vs control without drug; n=3 for all experiments
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of ramiprilat. None of these compounds had any effect on
the oxidation of ascorbate in the absence of copper, nor did
they alter the pseudo-first-order kinetics of the auto-
oxidation reaction (data not shown).

Discussion

Increased production and tissue accumulation of AGEs
have been linked to diabetic end organ damage including
diabetic nephropathy [23]. Consequently, any intervention
which decreases or prevents the deposition of AGEs in the
diabetic kidney offers the potential to attenuate the pro-
gressive loss of kidney function in diabetic patients.

We have previously shown that chronic vasopeptidase
inhibition by AVE7688 prevents diabetic nephropathy in
ZDF rats [19, 22]. The present study demonstrates that
AVE7688 also prevents accumulation of the AGEs CML,
pentosidine and 3-DG-imidazolone in the diabetic kidney,
which offers a mechanistic explanation for the profound
nephroprotective effects of vasopeptidase inhibition in the
diabetic kidney. Moreover, as all three representative AGEs
were reduced by AVE7688, the protective effect of vaso-
peptidase inhibition was broad-based and not limited to a
single pathway, such as oxidative, non-oxidative, or polyol-
dependent formation of AGEs.

Since AGEs are a heterogeneous group of compounds
and contribute to the development of diabetic nephropathy,
the three well-characterised AGEs CML, pentosidine and
3-DG-imidazolone were investigated. ZDF rats showed a
hyperglycaemia-induced increase in renal CML, pentosi-
dine and 3-DG-imidazolone, indicating broad-spectrum

effects on the chemistry and detoxification of reactive car-
bonyl compounds in diabetes. Elevated renal accumulation
of CML, pentosidine and 3-DG-imidazolone in diabetes
and diabetic nephropathy has also been reported in other
studies [24, 25]. However, this is the first time that an
increase in all three AGE subtypes has been demonstrated
in ZDF rats, an increase that was suppressed simultaneously
by drug intervention. In patients with diabetic nephropathy,
urinary excretion of CML is reduced, and insufficient
clearance may result in increased serum AGE concentra-
tions as well as tissue accumulation of AGEs [26–29]. This
is further supported by the fact that the AGE inhibitor
aminoguanidine improved renal function in diabetic ne-
phropathy, reduced tissue AGE deposits [30–32] and
increased urinary excretion of dietary AGEs [33]. In the
present study, we observed increased CML clearance in the
AVE7688 group, indicating that enhanced excretion may
contribute to the reduction of plasma and tissue levels of
CML. Moreover, this effect may be of clinical relevance,
particularly when the endogenous and/or exogenous sup-
ply of AGEs is increased and glomerular filtration is
impaired, such as in advanced stages of diabetic nephrop-
athy [34, 35]. The clearance of CML may be influenced by
changes in renal filtration, secretion, and reabsorption [36].
Interestingly, CML clearance was increased without chang-
es in glomerular filtration rate, indicating that specific
regulation of renal handling of CML may be involved. It
may be argued that the reduced AGE accumulation is the
consequence rather than the cause of nephroprotection. In
fact, nephroprotective agents often reduce proteinuria and
AGE accumulation at the same time. However, the
specific pathogenetic role of AGEs has been established
in animals fed a high vs low AGE diet [37], and phar-
macologically using a specific AGE crosslink breaker or
AGE inhibitors [32, 38, 39]. Therefore, although we can-
not prove directly the causal link between reduced AGE
content and proteinuria in the present study, it seems that
the reduction of tissue AGEs, e.g. via increased excretion,
contributes to the AVE7688-mediated nephroprotection.
Moreover, because pure ACE inhibition by ramipril did
not influence the CML clearance, it is tempting to spec-
ulate that mechanisms related to the inhibition of neutral
endopeptidase are responsible for this effect.

The ACE inhibitor ramipril has been demonstrated
previously to exert strong nephroprotective effects in dia-
betic patients [15]. A recent study in a type 1 diabetic
animal model [16] also revealed that reduction of albu-
minuria by ACE inhibition was associated with decreased
AGE fluorescence. Although specific AGE were not ana-
lysed in this study, the protective effect was similar to that
of the AGE inhibitor aminoguanidine [16]. Although we
used similar doses of ramipril in our study, ramipril only
slightly reduced renal CML accumulation and decreased
albuminuria by 30%. Differences in the disease models
(type 1 vs type 2 diabetes), resulting in different body
composition and, hence, drug metabolism and pharmaco-
kinetics, as well as differences in methods for AGE mea-
surement, may explain the quantitative differences between
our work and that of Forbes and colleagues [16]. Inter-

Table 2 Chelating activity of pyridoxamine, ramiprilat and
AVE8048

Drug concentration
(mmol/l)

Ascorbate remaining at 60 min (%)

Controla Pyridoxamine Ramiprilat AVE8048

38
0.01 96±1.33
0.1 42 97±1.33
0.5 45 99±0.64
1.0 50 38±0.23 99±0.46
5.0 66 59±0.40 98±2.02

The chelating activity was monitored using the ascorbate assay (see
Materials and methods)
Data for various compounds are shown as mean±SEM of three
independent incubations; data for pyridoxamine are based on long-
term quality control measurements and vary by less then 10% of
reported values
aThe control incubation contained only copper and ascorbate in
phosphate buffer; the calculated first-order rate constant (k1) for
oxidation of ascorbate was 0.016/min. The concentration required
for 50% inhibition of copper-catalysed oxidation of ascorbate
(IC50) was estimated graphically as the amount of the compound
required to inhibit the first-order rate of oxidation of ascorbate by
50%, yielding k1=0.008/min or 61% of ascorbate remaining at
60 min. These calculations yielded an IC50 of approximately
3 mmol/l for pyridoxamine, 3–5 mmol/l for ramiprilat and
<10 μmol/l for AVE8048
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estingly, the nephroprotective effect of ramipril in type 2
diabetic nephropathy seems to be limited to the reduction
of CML accumulation; pentosidine and 3-DG-imidazole
were not affected. Together with the modest (approxi-
mately 30%) reduction in albuminuria by ramipril, it is
tempting to speculate that the superior nephroprotection
mediated by vasopeptidase inhibition is related to the
broader effects of AVE7688 on AGE clearance and ac-
cumulation. The current dose of ramipril (1 mg·kg−1·day−1)
was chosen based on previous experience in spontaneously
hypertensive rats, in which this dose controlled blood
pressure and prevented target organ damage [40]. Howev-
er, the optimally effective doses in diabetic nephropathy
may differ from those in arterial hypertension. Therefore,
comparative statements based on single dose groups are not
valid, although there were no major systemic haemody-
namic effects in the present study. Also, plasma ACE
inhibition was almost complete in the ramipril as well as
the AVE7688 group in a recent parallel study [19]. Never-
theless, further studies on the local renal level will be ne-
cessary to identify the specific mode of nephroprotection
by AVE7688.

In addition to excretion, exogenous supply and endog-
enous formation of AGEs are important determinants of
serum AGE levels. Chronic exposure of rats to high levels
of exogenous AGE can induce morphological kidney
damage [33, 37]. In the present study, the composition of
the chow was controlled and average daily food intake was
similar across the groups, which excludes the confounding
effects of exogenous AGEs. Also, the decrease in serum
CML cannot be explained by a generally favourable in-
fluence of AVE7688 on glucose control, which could have
ameliorated the metabolic stress. Therefore, we addressed
potential compound-specific effects on the production of
AGE in vitro. We found that the active metabolite of
AVE7688 (AVE8048) but not that of ramipril (ramiprilat)
inhibited the formation of CML and pentosidine in vitro.
Recent investigations on antihypertensive drugs revealed
that renin–angiotensin system inhibitors, such as ACE
inhibitors and angiotensin II type 1 receptor blockers, also
inhibited AGE formation in vitro and in vivo [41, 42].
Unlike established AGE inhibitors such as aminoguani-
dine, which trap reactive carbonyl precursors, the ACE
inhibitors and angiotensin II type 1 receptor blockers,
which do not have carbonyl-reactive functional groups,
may inhibit the production of reactive carbonyl precursors
by chelating transition metals and inhibiting various oxi-
dative steps at both the pre- and the post-Amadori stage
[41, 42]. Therefore, we investigated the chelating potential
of the active metabolites of AVE7688 (AVE8048) and
ramipril (ramiprilat) and compared them with the AGE
inhibitors pyridoxamine and tenilsetam [21], using an
assay based on inhibition of copper-catalysed oxidation of
ascorbic acid. Compared with ramiprilat, AVE8048 was a
500-fold more potent inhibitor of copper-catalysed oxida-
tion of ascorbate, which indicates its potential to inhibit the
formation of AGEs directly through its chelating activity.
Since both CML and pentosidine formation from glucose
are affected by metal-catalysed glycoxidation reactions

[43, 44], the metal-chelating activity of AVE8048 may play
an important role in the inhibition of AGE formation and
provide additional protection to the diabetic kidney. Phar-
macokinetic measurements have shown a certain degree
of accumulation of the metabolites of both ramipril and
AVE7688 in the kidney, resulting in concentrations that
are 5- to 10-fold higher in the kidney than in plasma
(data not shown), so that they may have a more pronounced
local effect in the kidney. Cooper and colleagues [45] have
demonstrated recently that the copper chelator trientine has
a profound cardioprotective effect in diabetic rats. Al-
though they did not measure renal function or AGEs, their
data support the contribution of chelation in the superior
renoprotective effect of AVE7688, whose active metabolite
AVE8048 is also a potent copper chelator. At the same
time, this drug also inhibited the formation of 3-DG-imid-
azolone, which is produced by a non-oxidative pathway, so
that other mechanisms of action are probably also involved.

In summary, the present study suggests that AVE7688
provides renal protection beyond vasopeptidase inhibition
by inhibiting the formation of 3-DG-imidazolone, pento-
sidine and CML. There is also evidence that increased renal
CML clearance in association with improved renal function
may contribute to reduced accumulation of the specific
AGEs CML, pentosidine and 3-DG-imidazolone in dia-
betic nephropathy. Here we show for the first time that
AVE7688 also acts as an AGE inhibitor in vitro, proba-
bly through its metal-chelating activity. We conclude that
vasopeptidase inhibitors may have higher renoprotective
potential than agents that only interfere with the renin–
angiotensin system, and that AGE inhibition may be one
important contributor to this effect.
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