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Nephroprotection in Zucker diabetic fatty rats by vasopeptidase
inhibition is partly bradykinin B2 receptor dependent
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1 Vasopeptidase inhibition (i.e., the simultaneous inhibition of both angiotensin-converting enzyme
(ACE) and neutral endopeptidase) can ameliorate diabetic nephropathy. We investigated whether this
nephroprotection is mediated by the bradykinin B2 receptor.

2 Inall, 43 obese Zucker diabetic fatty (ZDF/Gmi-fa/fa) rats aged 21 weeks were separated into four
groups and treated for 26 weeks with either placebo, the bradykinin B2 receptor antagonist icatibant
(500 ugkg~'day~! s.c. infusion), the vasopeptidase inhibitor AVE7688 (45mgkg'day~' in chow), or
AVET7688 plus icatibant. Nephropathy was assessed as albuminuria at age 31 and 39 weeks, and by
histopathologic scoring at the end of the treatment period.

3 All animals had established diabetes mellitus (blood glucose >20mmoll™') and marked
albuminuria at baseline. Blood glucose was not influenced by any treatment. Icatibant alone did
not influence albuminuria (8.6+ 1.6 vs placebo 9.5+ 1.3mgkg 'h™'). AVE7688 reduced albuminuria
at week 31 markedly to 1.1+0.1mgkg 'h™' and reduced glomerular and tubulo-interstitial kidney
damage at week 47. In the AVE7688 plus icatibant group, proteinuria was significantly higher than in
the AVE7688 only group (2.04+0.6mgkg~'h™"), but still reduced compared to placebo. In addition,
icatibant partly antagonized the tubulo-interstitial protection mediated by AVE7688.

4 We conclude that vasopeptidase inhibition provides nephroprotection in rats with type II diabetic

nephropathy, which is partly mediated by bradykinin B2 receptor activation.
British Journal of Pharmacology (2004) 143, 27-32. doi:10.1038/sj.bjp.0705884

Keywords: Zucker diabetic fatty rat; diabetic nephropathy; vasopeptidase inhibition; AVE7688
Abbreviations: ACE, angiotensin-converting enzyme; AVE, AVE768S; Ica, icatibant; Plac, placebo; ZDF, Zucker diabetic fatty
Introduction

Diabetic nephropathy is a devastating disease characterized
by progressive impairment of glomerular function and,
ultimately, end-stage renal disease. As a result of the diabetes
epidemic in Westernized countries, the incidence of diabetic
nephropathy is predicted to increase substantially over the next
decade. In fact, type II diabetes has already become the most
common single cause for renal replacement therapy in most
industrialized countries (Ismail et al., 1999). Several landmark
trials have demonstrated convincingly that blockade of the
renin—angiotensin system, including inhibition of ACE, is
effective to retard the progression of diabetic nephropathy and
to prevent end-stage renal failure (Lewis et al., 1993; 2001;
HOPE Study Investigators, 2000; Brenner et al., 2001). Part
of the pharmacological action of ACE inhibitors is based on
inhibition of bradykinin degradation, leading to increased
stimulation of the bradykinin B2 receptor (Wirth et al., 1997).
Blockade of the bradykinin B2 receptor partially prevented the
cardiovascular benefits of ACE inhibition in different disease
models, demonstrating the pharmacological relevance of
bradykinin signaling in cardiovascular disease (for a review,
see Linz et al., 1995). As bradykinin is degraded by both ACE
and neutral endopeptidase, simultaneous inhibition of both
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enzymes by the novel vasopeptidase inhibitors is supposed
to increase renal bradykinin concentrations and protect the
diabetic kidney even more effectively than selective ACE
inhibition alone (Molinaro et al., 2002). However, the relative
role of bradykinin in the therapeutic action of vasopeptidase
inhibitors in diabetic nephropathy has not been investigated so
far. Recent data indicate that indeed, vasopeptidase inhibitors
may be superior over pure ACE inhibitors, possibly related to
their greater potency in increasing tissue bradykinin con-
centrations. The vasopeptidase inhibitor omapatrilat has
shown superior nephroprotection over selective ACE inhibi-
tion in nondiabetic nephropathy (Taal er al., 2001) and in a
hypoinsulinaemic, hypertensive model (Tikkanen ez al., 1998;
Davis et al., 2003). In the Zucker diabetic fatty (ZDF) rat,
a type II diabetes animal model, the vasopeptidase inhibitor
AVE7688 prevents nephropathy when treatment is started
early (Schifer er al., 2003) and reduces proteinuria when
diabetes and nephropathy are established (Schéifer ef al., 2004).
In order to further elucidate the mechanism behind these
nephroprotective effects, we investigated the effects of
AVE7688 on functional and morphological end points in a
setting of established diabetic nephropathy in the presence and
absence of the bradykinin B2 receptor antagonist, icatibant.
Our data indicate that the beneficial effects of vasopeptidase
inhibition in type II diabetic nephropathy are partially, but not
completely, mediated by the bradykinin B2 receptor.
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Methods
Animals

The animal experiments were performed in accordance with
the Aventis Laboratory Animal Science and Welfare (LASW)
guidelines and the German law for the protection of animals.
Male ZDF rats (Gmi ZDF fa/fa) were purchased from Charles
River, Sulzfeld, Germany. The animals were housed individu-
ally in standard cages; they received tap water ad [libitum
and standard chow containing 0.2% sodium and 19% crude
protein (Standard diet #1320, Altromin, Lage, Germany).

Groups

At age 21 weeks, after baseline measurements in a random
subset of the ZDF rats, the animals were randomly assigned
to one of four groups receiving either no specific treatment
(n=10, Plac), the bradykinin B2 receptor antagonist icatibant
(n=11, Plac+Ica), the vasopeptidase inhibitor AVE7688
(n=12, AVE), or AVE7688 plus icatibant (n =10, AVE + Ica).
Ica). AVE7688 was administered orally, pressed in chow at
a concentration of 450mgkg~'. Taking into account an ave-
rage daily food intake of approximately 40 gday ™' per rat, the
resulting daily dose of 45mgkg~'day~! was similar to the
one which prevented diabetic nephropathy in a previous study
(Schifer et al., 2003). Icatibant was continuously infused via
osmotic minipumps at a calculated rate of 500 ugkg='day~!,
a dose which had previously been demonstrated to yield
complete blockade of the bradykinin B2 receptor in rats
(Wirth et al., 1991). The minipumps were implanted sub-
cutaneously under isoflurane anaesthesia, as previously
described (Gohlke et al., 1994), and exchanged every 4 weeks.

Metabolism and renal function

Metabolic characterization was performed by collecting urine
over 24h in metabolic cages and by drawing blood samples
from the retro-orbital plexus under light anaesthesia (3-3.5 vol.
% isoflurane in 34:66vv~! N,O/O,) the following day. At
baseline, (age 21 weeks), these measurements were carried out
in a random subset of all animals (n=10). After 1 day, the
different treatments were started and the measurements
repeated in all animals at age 31 weeks. At age 39 weeks,
blood samples were again collected from the retro-orbital
plexus, but only a spot urine sample was taken to determine
urinary albumin — creatinine ratio as a measure of renal
function.

Haemodynamics

At age 39 weeks, heart rate and systolic blood pressure were
measured noninvasively using the tail-cuff method (TSE
GmbH, BP system V2.2, Bad Homburg, Germany) in all
animals. The animals were awake and had been accustomed
to the apparatus a few days before the measurements.

Post-mortem studies
At age 47 weeks, the rats were killed by quickly excising the

heart and kidneys under deep anaesthesia (ketamin
100mgkg™" and xylazine 2mgkg~" i.m.). In the two groups

which received AVE7688, additional blood samples were
drawn for determination of M108048, the major metabolite
of AVE7688. After removal, the kidneys were weighed and
fixed in 10% buffered formalin. Kidney weights were normal-
ized to body weight. Following standard haematoxylin—eosin
and periodic acid Schiff (PAS) staining, the incidence and
extent of glomeruloscerosis and tubular atrophy were assessed
on a semiquantitative scale. Briefly, glomerular damage was
scored as either normal appearance (zero points); focal-
segmental mesangial thickening in a few isolated glomeruli
(one point); mesangial thickening in several glomeruli (two
points); diffuse or nodular mesangial thickening, synechia with
Bowman’s capsule in many (but less than 50%) of glomeruli,
or scattered glomerular sclerosis (three points); same criteria
as before but present in more than 50% of glomeruli (four
points); or diffuse glomerulosclerosis and synechia with
Bowman’s capsule (five points). Tubulo-interstitial damage
was defined as either normal appearance (zero points); luminal
narrowing of a few tubules (one point); luminal narrowing and
thickening of the epithelial basement membrane (two points);
luminal narrowing and/or thickening of basement membrane
and mild small-cell infiltration (three points); more frequent
occurrence of the above criteria (four points); or diffuse
tubular atrophy and small-cell infiltration (five points). The
histopathological evaluation was carried out twice by one
investigator (H.-L. Schmidts) in a blinded fashion. The mean
value of the two evaluations was taken as the semiquantitative
score for each animal.

Laboratory measurements

Glucose (in whole blood) and creatinine (in serum and urine)
were quantified with standard kits (Roche Diagnostics) using
a Hitachi 912 E analyzer. Urinary albumin was quantified
using a fluorescence dye-binding assay (Mikroflural, Progen
Biotechnik GmbH, Heidelberg, Germany).

The activity of ACE was measured in the plasma using a
spectrophotometric assay. Hydrolysis of the tripeptide N-[3-(2-
furyl)acryloyl]-L-phenylanalyl-glycyl-glycin (FAPPG) into fur-
ylacryloyl — phenylalanine and glycin — glycin is catalysed by
ACE. The activity of the enzyme was determined by measuring
the decrease in absorption at A=340nm (Hitachi type 912
automatic analyzer) in comparison to known standards.

For determination of M108048, the plasma samples were
treated with 3N hydrochloric acid (1:10), cooled at 0°C and,
after mixing, frozen in a dry ice/ethanol bath and stored at
—20°C. Time between blood collection and freezing did not
exceed 45min. Samples were analysed by LC-MS/MS after
pretreatment with dithiothreitol for cleavage of disulphide
bonds.

Materials

AVE7688 and icatibant were manufactured by Aventis
Pharma. The chemical name of AVE7688 is 7-[[(25)-2-
(acetylthio)-1-ox0-3-methylpropyllamino]-1,2,3,4,6,7,8,12b-
octahydro-6-oxo0-(4S,7S,12bR)-pyrido[2,1-a][2]benzapin-4-car-
boxy-acid, its molecular weight is 432.5. The chemical name of
icatibant is D-arginyl-L-arginyl-L-prolyl-[(4R)-4-hydroxypro-
lyl]-glycyl-L-[3-(2-thienyl)analyl]-L-seryl-D-(1,2,3,4-tetrahydro-
isoquinnoline-3-yl-carbonyl)-L-[(3aS,7aS)-octahydroindol-2-yl-
carbonyl]-L-arginine, its molecular weight is 1304.6.
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All other reagents were purchased from commercial
suppliers in analytical grade quality.

Statistics

Differences were tested for statistical significance between the
placebo group and Plac+Ica, AVE and AVE +Ica groups,
respectively, and between the AVE and AVE + Ica groups. An
unpaired two-sided r-test was used. As corrections for multiple
testing (four tests) were carried out by the Bonferroni method,
P<0.0125 was considered significant. Data are presented as
mean +s.e.m.

Results

Fundamental biometric and laboratory data over time are
given in Table 1. In the placebo group, body weight tended
to decrease over time, despite an increase in food intake.
Concomitant treatment with icatibant increased body weight
in the placebo and AVE groups. This effect was not due to an
increased food intake in these groups. The marked elevation of
blood glucose at age 21 weeks indicates that the animals were
overtly diabetic from the beginning of the study. No treatment
significantly influenced blood glucose. Plasma ACE activity

Table 1 Biometric and laboratory parameters

was drastically reduced by AVE7688, to a similar extent in the
absence and presence of icatibant.

Systolic blood pressure was 16446, 155+5, 121+11 and
119+ 6 mmHg in the Plac, Plac+ Ica, AVE and AVE +Ica
groups, respectively. Both groups receiving AVE7688 had
lower blood pressures than Plac (P<0.0125), but there was
no difference between AVE and AVE + Ica. Heart rate was
31947, 313+7, 324+15, 316+ 12beatsmin~' in the Plac,
Plac +1Ica, AVE and AVE +Ica groups, respectively. There
were no differences between groups.

Renal functional parameters are given in Table 2. In the
placebo group, creatinine clearance increased from baseline
to age 31 weeks. This increase was ameliorated by AVE7688.
However, compared to baseline values at age 21 weeks,
creatinine clearance was increased at 31 weeks, despite chronic
treatment with the AVE7688. Urinary albumin excretion
increased markedly from age 21 weeks to 31 weeks in the Plac
and Plac + Ica groups. At week 31, AVE7688 had drastically
reduced albuminuria compared to placebo, whether expressed
as albumin excretion rate (Figure 1) or albumin—creatinine
ratio (Table 2). Moreover, the data on albumin—creatinine
ratio illustrate that the nephroprotective effect by AVE7688 is
maintained during prolonged treatment, up to age week 39
(Table 1). In the AVE + Ica group, albumin excretion rate at
week 31 was significantly higher (approximately twofold)

Age (weeks) Placebo Placebo + Ica AVE AVE+Ica
Body weight (g)

21 (baseline) 400+9

31 379+6 438+ 18* 388+ 10 423413
39 36248 414+ 16% 38449 406+ 13*
Food intake (gday™")

21 (baseline) 3542

31 S1+2 44+3 39+2 4342
39 ND ND ND ND
Blood glucose (mmoll™*)

21 (baseline) 31.5+1.1

31 32.7+0.8 28.7+1.2 299+1.1 31.440.9
39 347+1.2 329+1.2 33.340.8 33.1+1.3
Plasma ACE activity (UI"')

21 (baseline) ND

31 11242 101+4 10+ 3* 6+0.3*%
39 116+4 10143 10+ 1% 10+ 1%
*P<0.0125 vs Placebo; ND, not determined.

Table 2 Parameters of renal function

Age (weeks) Placebo Placebo + Ica AVE AVE+Ica
Creatinine clearance (mlkg='min~")

21 (baseline) 6.8+0.4

31 10.04+0.3 9.2+0.3 8.4+0.3* 8.7+0.4%
39 ND ND ND ND
Urinary albumin—creatinine ratio (mgmmol~"')

21 (baseline) 13314230

31 957 +102 1193+176 1354+ 12* 2114+60*
39 12574206 17324225 1014+17* 1724-41%*

*P<0.0125 vs Placebo; ND, not determined.
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Figure 1 Effect of AVE7688 and icatibant on albuminuria at age
31 weeks (after 10 weeks chronic treatment). Icatibant alone has no
effect on albuminuria but antagonizes part of the antialbuminuric
effect of AVE7688. Plac, Placebo group; Ica, icatibant. *P<0.0125
vs Plac; *P<0.0125 vs AVE.

compared to AVE alone, but still markedly reduced compared
to placebo (Figure 1). Similarly, the urinary albumin—
creatinine ratio tended to be higher in the AVE + Ica than in
the AVE alone group at weeks 31 and 39, but this effect was
not statistically significant (Table 2).

The plasma levels of M108048 were 2343 and 18 +3 ugl™
in the AVE and AVE + Ica groups, respectively. These concen-
trations were not different from each other. They exceed the
in vitro I1Csps for ACE (0.05nmoll~") and neutral endopep-
tidase (5.0nmol1™") (Schiifer et al., 2003) by approximately
one order of magnitude.

The kidney weights were reduced by AVE7688 (0.45+
0.02g(100g™") compared to Plac (0.534+0.02g(100g™")),
P<0.0125. Icatibant did not influence this effect (Plac+ Ica:
0.4740.02g(100g™"), P=NS vs Plac; AVE 4 Ica: 0.44+0.02 ¢
(100g™"), P=NS vs AVE).

Representative microscopic pictures of renal specimens from
a placebo and an AVE7688-treated rat are shown in Figure 2.
The maximum number of points in the semiquantitative
glomerular or tubulo-interstitial damage score that was
reached by any single animal was 3; higher degrees of damage
were not observed in the present study. The summary of the
histopathologic scoring of the kidneys is represented in
Figure 3. Icatibant alone had no effect on glomerular or
tubulo-interstitial damage. Compared to Placebo, AVE7688
reduced glomerular and tubulo-interstitial damage markedly.
In the presence of icatibant, the morphological benefit of
AVE7688 was reduced. This effect was statistically significant
with respect to tubulo-interstitial damage, but did not reach
statistical significance (P =0.29) with respect to glomerulo-
sclerosis.

Discussion

The present study demonstrates that the vasopeptidase
inhibitor AVE7688 ameliorates albuminuria and morphologi-
cal kidney damage when type II diabetes and nephropathy are
already fully established. The extent of the nephroprotective
effect is impressive, given a reduction of albuminuria by more
than 80% in the present study, which is independent of glucose
control. Data from recent studies indicate that vasopeptidase
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Figure 2 Histomorphological features of nephropathy in ZDF
rats. In the placebo group (panel a), segmental glomerular fibrosis
was frequently observed together with adjacent synechia and
rarefaction of the remnant glomerulus. A neighbouring tubulus
(arrow) is atrophic and shows thickening of basal membrane.
Diabetic nephropathy was ameliorated in the AVE7688 group, as
illustrated by two normal glomeruli in panel b. An adjacent tubulus
shows a few enlarged cells with a clear cytoplasm (Armanni—Epstein
cells, arrow), indicating a history of diabetes and glucosuria. Bars
indicate 50 um.
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Figure 3 Histopathological effects of chronic treatment with
AVE7688 and icatibant. Icatibant alone has no effect on morpho-
logical kidney damage, but antagonizes part of the tubulo-interstitial
benefit of AVE7688. Plac, Placebo group; Ica, icatibant. *P<0.0125
vs Plac; “P<0.0125 vs AVE.
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inhibition is superior over pure ACE inhibition in the
prevention and treatment of nephropathies of various origin
(Tikkanen et al., 1998; Taal et al., 2001; Davis et al., 2003;
Schéfer et al., 2003), but the exact reason for this extra benefit
has not yet been identified.

The vasoactive peptide bradykinin has recently been
implicated to play a major role in diabetic nephropathy, based
on its modulatory effect on intrarenal haemodynamics and its
antiproliferative effects. In addition, bradykinin is known to
be an important component of cardiovascular actions of ACE
inhibitors (Linz et al., 1995). Moreover, an upregulation of the
bradykinin B2 receptor has been described in streptozotocin-
treated, diabetic rats (Tschope er al., 1999). Bradykinin B2
receptor blockade has been demonstrated to antagonize the
benefit of ACE inhibitors, for example, in myocardial
hypertrophy (Linz & Schélkens, 1992; Rouleau et al., 2001),
endothelial dysfunction (Berkenboom et al., 1997), myocardial
ischaemia (Martorana et al., 1990) and uraemia (Amann et al.,
2000). As bradykinin is degraded by ACE and neutral
endopeptidase, the vasopeptidase inhibitors prevent the
degradation of bradykinin more effectively than pure ACE
inhibition, leading to higher tissue and plasma concentrations
(Blais Jr et al., 2001).

Interestingly, no investigations have been reported so far
on the relative role of bradykinin in the cardiovascular actions
of vasopeptidase inhibition. We hypothesized that part of the
nephroprotection afforded by vasopeptidase inhibition is
mediated by activation of the bradykinin B2 receptor. The
present study demonstrates that this is indeed the case. While
icatibant alone does not influence diabetic nephropathy,
albuminuria and morphological kidney damage are approxi-
mately 70-100% increased in the simultaneous presence of the
B2 antagonist and AVE7688 compared to AVE7688 alone.
Icatibant had no influence on systemic blood pressure, heart
rate or creatinine clearance. These findings make it unlikely
that the bradykinin B2 receptor-dependent nephroprotection
seen in the present study is mediated by systemic or local renal
haemodynamic effects.

Interestingly, icatibant partially antagonized the AVE7688-
mediated morphological improvement in the tubulo-intersti-
tium, but not significantly the glomeruli. This finding is in
good agreement with previous data in a model of renal
fibrosis. Schanstra er al. (2002) demonstrated that genetic
ablation (B2(—/—) mice) or pharmacological blockade of the
bradykinin B2 receptor increased renal interstitial fibrosis
following unilateral ureteral obstruction in mice, whereas
transgenic rats expressing increased endogenous bradykinin
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