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Diabetic nephropathy is the leading cause of end-stage renal disease. Dopamine receptors are involved in the
regulation of renal hemodynamics and may play a role in diabetes-induced hyperfiltration. To test this
hypothesis, we investigated the renal effect of a dopamine D3 receptor antagonist (D3-RA) in hypertensive type
II diabetic SHR/N-cp rats. Lean and obese SHR/N-cp rats were randomly assigned to D3-RA, angiotensin-
converting enzyme inhibitor (ACE-i), or D3-RAþACE-i treatment or control conditions. Treated animals were
given the D3-RA A-437203 (10mg/kg/body weight (BW)/day) or the ACE-i trandolapril (0.3mg/kg BW/day) or a
combination of both. At 6 months following perfusion, fixed kidneys were analyzed by morphological and
stereological methods. Indices of renal damage (glomerulosclerosis, glomerulosclerosis damage index (GSI),
tubulointerstitial and vascular damage), glomerular geometry and functional variables such as urinary albumin
excretion, glomerular filtration rate, blood pressure, blood chemistry and BW were determined. The GSI (score
0–4) was significantly higher (Po0.05) in untreated diabetic animals (1.6270.3) compared to nondiabetic
controls (0.470.2) and the treatment groups (D3-RA: 0.3170.12; ACE-i: 0.2970.1; combination treatment:
0.1270.01). Urinary albumin excretion (mg/24h) was higher in untreated diabetic controls (102719) compared
to nondiabetic controls (31712) and the treatment groups (D3-RA: 44715; ACE-i: 41713; combination
treatment: 1578). Mean glomerular volume was higher in untreated diabetic animals compared to nondiabetic
controls and to the treatment groups. Desmin expression, a marker of podocyte damage, was elevated in
untreated diabetic controls and diminished in all treatment groups. These data suggest that in a model of type II
diabetes, the dopamine D3-RA had a beneficial effect on renal morphology and albuminuria, which was
comparable in magnitude to that of ACE-i treatment.
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In recent years, the efficacy of pharmacological
blockade of the renin–angiotensin system in dia-
betic nephropathy has been documented in experi-
mental1 and clinical studies.2

Although this intervention is effective, it fails to
abrogate progression of renal disease consistently
and completely. There is a dire need for additional

or alternative interventions. Several innovative
strategies have been proposed including blockade
of the aldosterone receptor or pharmacological
interference with the effects of cytokines and
chemokines. We reasoned that one further promis-
ing intervention might be blockade of the renal
effects of dopamine.

It is well known that dopamine, a central
and peripheral neurotransmitter, is synthesized in
non-neuronal tissues as well including renal tissue.
It could potentially play a role in maintaining
sodium balance by direct actions in the kidney and
indirect actions mediated via catecholamines or the
renin system. In the rat, juxtaglomerular cells are
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innervated by dopaminergic nerves and express the
D1A and D3 receptor subtypes.3–5 Activation of the
D1 receptor was reported to increase renin release.3

It has been shown in several species that dopa-
mine increases the glomerular filtration rate. More
recently, selective D2-type antagonists were demon-
strated to reverse glomerular hyperfiltration induced
by amino acids6,7 or experimental diabetic hypergly-
cemia.8 In addition, activation of the D3 receptor in
rats caused diuresis, natriuresis and increased
glomerular filtration.9

In the present study, we used the SHR/N-cp rat as
a hypertensive model of type II diabetes, which
develops severe glomerular lesions1 to investigate a
potential renoprotective action of a novel D3
receptor antagonist (D3-RA) compared to that of an
angiotensin-converting enzyme inhibitor (ACE-i) as
the gold standard.

Materials and methods

Animals (Table 1)

The SHR/N-cp rat is a novel model of type II
diabetes. The animals develop marked renal
lesions.10 This strain was generated by mating
obese Koletzky rats and hypertensive SHR rats.
The resultant progeny are either lean or obese. The
diabetic SHR/N-cp inherits obesity as an autosomal
recessive trait. As corpulent rats do not reproduce,
the rats are bred by mating of heterozygous animals.
Mating yields three genotype, but only two pheno-
types, that is, the homozygous (cp/cp) corpulent as
well as the heterozygous (cp/þ ) and homozygous
(þ /þ ) lean rats, in a ratio of 1:2:1. The develop-
ment of obesity is linked to reduced metabolic
expenditure of energy.10–12

For the present study, 6-months-old male SHR/
N-cp obese rats and their age-matched lean controls
were obtained from Vasarr (New York, USA) and
were housed at standard light cycle (light 0800–2000

hours daily), 40–70% relative humidity and
maintained at 22711C in standard box cages. All
animals were allowed free access to Standard
Purina chow (Naþ content: 0.25%; no. 5012; Purina
Mills, St Louis, MO, USA) and water throughout
the studies.

Experimental Protocol

The animals were randomly allotted to the following
eight experimental groups:

1. SHR/N-cp lean untreated control (n¼ 9).
2. SHR/N-cp leanþdopamine receptor blocker (D3-

RA) A-437203 (10mg/kg BW, n¼ 8).
3. SHR/N-cp leanþACE-i trandolapril (0.3mg/kg

BW, n¼ 13).
4. SHR/N-cp leanþACE-i-þD3-RA (n¼ 7).
5. SHR/N-cp obese untreated control (n¼ 7).
6. SHR/N-cp obeseþD3-RA (n¼ 9).
7. SHR/N-cp obeseþACE-i (n¼ 12).
8. SHR/N-cp obeseþD3-RAþACE-i (n¼ 7).

The drugs were administered in the drinking fluid
at concentrations calculated to deliver the above-
mentioned doses. Doses of used drugs were selected
based on data provided by ABBOTT from pilot
studies in diabetic rats (data not shown). Daily food
and water consumption were monitored and the
drug doses adjusted. Body weight (BW), blood
glucose and blood pressure (by tail plethysmogra-
phy) were measured at regular intervals. After 6
months, animals were kept in metabolic cages for
1 day to collect 24 h urine. Urinary albumin
excretion was measured using a rat-specific sand-
wich enzyme-linked immunoassay (ELISA) system
as described in detail elsewhere.13 Blood samples
were taken and the experiment was terminated after
6 months by retrograde perfusion via the abdominal
aorta1 under deep anesthesia. Cholesterol and
leptin concentrations were measured by Limbach
Laboratory (Heidelberg, Germany; courtesy Dr Roth).

Table 1 Animal data (at the end of the experiment)

Animal group BW (g) Kidney
weight (g)

Blood
glucose
(mg/dl)

Systolic
blood

pressure
(mmHg)

Albumin
excretion
(mg/24h)

Glomerular
filtration
rate (ml/
min)

Sodium
excretion
(mmol/l
per day)

Lean nondiabetic SHR/N-cp (n¼9) 457730*+y 1.7370.17 95711*+y 131721*+y 31712*+ 1.0170.05* 50717*
Lean nondiabetic SHR/N-cp+D3-RA (n¼ 8) 453726*+y 1.6570.14 89721*+y 119719*+y 8.175*+ 1.0270.09* 79714*
Lean nondiabetic SHR/N-cp+ACE-i (n¼13) 391771*+y 1.5370.29 89714*+y 85721*K 9.973*+y 1.270.05* 69718*
Lean nondiabetic SHR/N-cp+D3-RA+ACE-i (n¼ 7) 466727*+y 1.6770.13 9075*+y 83719*K 672*+y 1.370.3* 78710*

Obese diabetic SHR/N-cp (n¼ 7) 6397128 1.6870.13 167750 149725+y 102719y 0.270.17 121713
Obese diabetic SHR/N-cp+D3-RA (n¼7) 666760 1.7670.26 185767 87722* 44715*y 0.970.3* 89719*
Diabetic SHR/N-cp+ACE-i (n¼ 9) 626774 1.9170.21 147784 86723* 41713*y 1.070.4* 88716*
Diabetic SHR/N-cp+D3-RA+ACE-i (n¼12) 6337129 1.6970.33 125776 81713* 1578*+y 1.1670.3* 79733*
ANOVA Po0.05 NS Po0.05 Po0.05 Po0.05 Po0.05 Po0.05

NS¼not significant.
*Po0.05 vs obese control; +Po0.05 vs obese+ACE; yPo0.05 vs obese+combination; KPo0.05 vs lean control.
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Tissue Preparation

One kidney was harvested after perfusion with
Rheomacrodexs and ice-cold saline for immunohisto-
logical and in situ investigations. The other organs
were removed after continuous perfusion with
glutaraldehyde for morphometric investigations.1

The glutaraldehyde-perfused kidney was dissected
in a plane perpendicular to the interpolar axis,
yielding slices of 1mm width. In all, 10 small pieces
of this kidney were selected by area-weighted
sampling for embedding in Epon-Araldite. Semi-
(1 mm) and ultrathin sections (0.08 mm) were pre-
pared and stained with methylene blue/basic
fuchsin or citrate/uranyl acetate, respectively. The
remaining tissue slices were embedded in paraffin;
4mm sections were prepared and stained with
hematoxylin/eosin and PAS. For immunohistologi-
cal investigations, one-half of the NaCl-perfused
kidney was fixed in 4% buffered formaldehyde,
embedded in paraffin and cut into 2 mm thick
sections. For in situ hybridization, the other half of
the kidney was snap-frozen in liquid nitrogen-
cooled isopentane.

Morphological Investigations

Indices of renal damage (glomerulosclerosis,
tubulointerstitial and vascular damage)
The degree of sclerosis within the glomerular tuft as
an index of progression (glomerulosclerosis damage
index, GSI) was determined on PAS-stained paraffin
sections adopting the semiquantitative scoring sys-
tem proposed by El Nahas et al.14 Using light
microscopy at a magnification of � 400, the glomer-
ular score of each animal was derived as the mean of
100 glomeruli. The severity of glomerulosclerosis
was expressed on an arbitrary scale from 0 to 4 as
described elsewhere.14,15

Tubulointerstitial damage index (TBI) and vascu-
lar damage index (VDI) were assessed on PAS-
stained paraffin sections at a magnification of � 100
using a similar scoring systems with scores 0–4.16

Glomerular geometry
Area (AA) and volume density (VV) of the renal
cortex and medulla as well as the number of intact
glomeruli per area (NA) were measured using a Zeiss
eyepiece (Integrationsplatte II; Zeiss Co., Oberko-
chen, Germany) and the point counting method
(PP¼AA¼VV) at a magnification of � 400, described
in detail.17,18

Analysis of glomerular capillarization and
cellularity on semithin sections
On five semithin sections per animal, glomerular
capillarization and cellularity were analyzed using
the point counting method and a 100-point eyepiece
(Integrationsplatte II; Zeiss Co.) at a magnification of
� 1000 (oil immersion) as described previously.19

Briefly, the length density (Lv) of glomerular capil-
laries was determined according to the standard
stereological formula, Lv¼ 2QA (with QA being the
number of capillary transects per area of the
capillary tuft). Total length of glomerular capillaries
per one kidney (Ltotal) was then derived from Lv and
the total glomerular volume (Vglom) with Vglom¼
Vvglom�Vcortex. Glomerular cellularity (podocytes,
mesangial cell and endothelial cells) was assessed
by stereological techniques in at least 30 glomeruli
per animal from cell density per volume (Ncv) and
volume density of the cell type (Vcv) according to
the equation: Ncv¼ k/b�NcA

1.5/Vcv
0.5, with b for

podocytes¼ 1.5 and for mesangial and endothelial
cell¼ 1.4 and k¼ 1.20 The respective cell volume
was calculated with Vc¼Vcv�Vglom.

Immunohistochemical Investigations

Paraffin sections were reacted with antibodies using
the avidin–biotin method:13,21 PCNA (proliferating
cell nuclear antigen; a-PCNA monoclonal mouse;
Immunotech, Marseille, France; 1:150), TGF-b1
(anti-TGF-b1, rabbit polyclonal IgG; Santa Cruz
Biotechnology, Santa Cruz, CA, USA; 1:300), fibro-
nectin (a-fibronectin polyclonal rabbit; Sigma-
Aldrich Chemie GmbH, Steinheim, Germany; 1:10),
collagen IV (polyclonal rabbit; Biotrend, Cologne,
Germany), nephrin (pan to nephrin; Flaunders, NJ,
USA; 1:100) and desmin (a-desmin monoclonal
mouse; DAKO, Hamburg, Germany; 1:400). Cryostat
sections (5 mm) were prepared and were reacted
with antibodies using the avidin–biotin method:
PDGF-AB (platelet-derived growth factor; a-PDGF-
AB polyclonal goat; Upstate Biotechnology
Inc., Waltham, USA; 1:50), collagen I (polyclonal
rabbit; Chemicon, Tenecula, CA, USA; 1:2000) and
endothelin (a-ET-1 polyclonal rabbit; Biotrend,
Cologne, Germany; 1:20). PCNA immunohistochem-
istry was examined using light microscopy at a
magnification of � 400. In 50 glomeruli per kidney,
the number of PCNA-positive cells per glomerulus
as well as per glomerular and per tubulointerstitial
area were counted.

The immunohistological stains were analyzed by
two investigators masked to the allocation of the
animals to treatment groups; scoring was performed
as described in detail earlier.13

Semiquantitative RT-PCR for Renal ET-1 and TGF-b
mRNA Expression

The methods used have been described in detail
elsewhere.18,19 Briefly, total RNA (1 mg) was dis-
solved in 20 ml of a reaction mixture containing
4mM dATP, dCTP, dTTP and dGTP; 10U RNAsin
(Life Technologies BLR, Grand island, NY, USA);
100pmol random hexamers (Boehringer Mannheim
GmbH, Mannheim, Germany); PCR buffer (final
concentrations: 1.6mM (NH4)2SO4, 2.0mM Tris-
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HCl (pH 8.4), 1.5mM MgCl2); and 100U Superscript
reverse transcriptase (Life Technologies BLR). After
incubation at 421C for 45min, the enzyme was
denatured for 5min at 941C. Semiquantification of
ET-1 and TGF-b mRNA was carried out using
deletion mutants of the ET-1 and TGF-b cDNA as
internal standard. The amplifications of the mutants
resulted in PCR products of 300 bp for ET-1 and
302 bp for the TGF-b. The mutant cDNAs were
added to the PCR mixture after RT to complete with
the endogenous ET-1 0.4 pg (respectively TGF-b
0.05pg) of the plasmid was added to the PCR
mixture per sample. The PCR products were
separated in a 3% metaphorgel and scanned as TIF
data. The quotient of measured endogenous sample
and equivalent mutant was calculated by Scion-
Image-program (National Institute of Health, MD,
USA).

In Situ Hybridization for Renal TGF-b mRNA and
Collagen IV Expression

Non radioactive in situ hybridization using TGF-b
sense and antisense probes was performed in five
animals per group as described briefly: cryostat
sections (10 mm) were fixed with 3% paraformalde-
hyde/phosphate-buffered saline (5min, 41C, pH
7.0). Subsequently, the sections were dehydrated,
air-dried and stored at �201C.

Probe preparation and labelling
A 340 bp cDNA fragment of the TGF-b cDNA was
obtained from a PCR product using rat TGF-b-
specific primers after RT of rat kidney total RNA.20

The segment encoding the TGF-b gene was inserted
into the pGEM-T vector system (Promega Biotech.,
Madison, WI, USA). For preparation of the antisense
RNA probe, the plasmid was linearized with SpeI
and transcribed using T7 bacteriophage RNA poly-
merase. Linearization of the plasmid with NcoI and
transcription with SP6 RNA polymerase generated
the sense RNA probe. Digoxigenin-labelled RNA
probes were synthesized using a DIG RNA labelling
mix (Roche, Mannheim, Germany). The sections
were hybridized with 4ng of labelled probe in
buffer in a moist chamber. Hybridization of the
probe with native mRNA was allowed for 18h at
501C. Afterwards, several posthybridization steps
were performed. After posthybridization washes,
the sections were equilibrated in buffer I. Nonspe-
cific background staining was blocked by incubation
for 1 h with 0.5% blocking reagent/buffer I (Roche,
Mannheim, Germany). The hybridization products
were visualized by ELISA using alkaline phospha-
tase-conjugated sheep anti-digoxigenin-Fab frag-
ments (750U/ml; Roche Mannheim, Germany).
Following incubation at 41C overnight, unbound
conjugate was removed by two washes in buffer I
followed by equilibration of the sections in buffer II.
Nitroblue tetrazolium and 5-bromo-4-chloro-3-indo-

lylphosphate served as chromogens. Negative con-
trols included hybridization with the sense RNA
probe, incubation without probe for detection of
unspecific binding of the primary antibody and
omission of both probe and primary antibody.
Staining intensity was analyzed using the pre-
viously described semiquantitative scoring system
(scores 0–4).20

Collagen IV sense and antisense probes were
generously prevented by Professor J Floege and T
Ostendorf (Aachen, Germany).22

Statistics

Data are given as mean7s.d. After testing for normal
distribution, the Kruskal–Wallis test or one-way
ANOVA were chosen for analysis of variance,
followed by Duncan’s multiple-range test to test for
differences between groups. The results were con-
sidered significant when the probability of error (P)
was less than 0.05.

Results

Animal Data at the End of the Experiment
(Tables 1 and 2)

Nondiabetic control rats (lean) weighed signifi-
cantly less than untreated diabetic animals (obese).
Treatment with ACE-i or D3-RA had no influence on
BW. Blood glucose was significantly higher in
obese diabetic rats compared to both lean controls
and treated animals. Systolic blood pressure was
significantly higher in untreated obese animals
compared to lean controls and all treatment groups.
D3-RA treatment lowered blood pressure signifi-
cantly in obese, but not in lean animals. Urinary
albumin excretion was significantly lower in non-
diabetic lean compared to obese diabetic rats. ACE-i
and D3-RA reduced albuminuria in diabetic rats to a
similar extent. The combination of both interven-
tions in diabetic rats resulted in a significant
additive beneficial effect.

In untreated diabetic rats, the glomerular filtration
rate was significantly decreased; in contrast, sodium
excretion rate was increased compared to nondia-
betic controls. Both parameters were normalized in
treated groups. Plasma leptin levels were signifi-
cantly higher in diabetic animals compared to lean
animals and were significantly lowered by all
interventions. Triglycerides and cholesterol were
significantly elevated in diabetic animals compared
to lean controls and were lowered by ACE-i and
combination treatment only.

Morphological Investigations

Indices of renal damage (Table 3, Figure 1)
Diabetes was associated with a significantly
increased GSI in untreated rats (Table 3, Figure 1).
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In lean and obese rats, all pharmacological inter-
ventions reduced the GSI significantly and compar-
ably. The TBI was higher in diabetic rats compared
to nondiabetic animals. In treated animals, all
interventions lowered tubulointerstitial lesions,
but ACE-i and the combination treatment were
much more effective than D3-RA. The VDI was
higher in diabetic compared to nondiabetic rats and
all interventions.

The number of glomeruli per kidney was lower
in untreated lean and obese animals as compared
to the treatment groups. All three pharmaco-
logical interventions resulted in a significantly
higher number of glomeruli per kidney both
in the lean and the diabetic SHR/N-cp. Mean
glomerular volume was higher in untreated diabetic
compared to nondiabetic animals and compared to
the three intervention arms in lean and diabetic
SHR/N-cp.

The length density is an acknowledged indicator
of capillary obliteration and was lower in untreated
diabetic compared to nondiabetic rats and all
treatment groups.

In untreated diabetic compared to nondiabetic
rats, the mean number of podocytes per glomerulus
was lower and mean podocyte volume higher. In
diabetic rats, all interventions prevented loss and
hypertrophy of podocytes.

In diabetic rats, the endothelial cell number, the
mesangial cell number and the mesangial matrix
volume per glomerulus were higher compared
to nondiabetic lean animals and all intervention
groups.

Immunohistochemical investigations (Table 4,
Figures 2 and 3)
PCNA: Untreated diabetic animals had more PCNA-
positive glomerular cells (mostly podocytes) per
glomerular profile than nondiabetic lean controls. In
lean animals, treatment had no effect on the number
of PCNAþ cells. ACE-i and combination treatment
lowered the number of glomerular PCNAþ cells.
The D3-RA was less effective in this respect (see
Table 4).

The number of PCNA-positive tubulointerstitial
cells per view field was higher in untreated diabetic

Table 2 Blood chemistry (at the end of the experiment)

Animal group HbA1c (%) Leptin (ng/ml) Triglycerides
(mg/dl)

Cholesterol
(mg/dl)

LDL (mg/dl)

Lean nondiabetic SHR/N-cp (n¼ 9) 5.5670.75 3.1671.45*+y 65.6725.7*+y 88.4714.7* 22.177.4
Lean nondiabetic SHR/N-cp+D3-RA (n¼8) 5.1270.21 1.4370.92*+y 36.379.0*+y 81.3710.3* 22.173.5
Lean nondiabetic SHR/N-cp+ACE-i (n¼13) 4.7270.21 2.1571.42*+y 35.877.5*+y 79.3721.6* 12.474.5*
Lean nondiabetic SHR/N-cp+D3-RA+ACE-i (n¼ 7) 5.2970.37 1.5571.13*+y 38.1714.7*+y 71.977.7* 16.374.3*

Obese diabetic SHR/N-cp (n¼ 7) 5.2770.56 68.6722.84 513775.2+y 205742.0 31.875.9+

Obese diabetic SHR/N-cp+D3-RA (n¼7) 6.0470.92 19.679.29* 520747.8+y 192761.0 36.2736.8+

Obese diabetic SHR/N-cp+ACE-i(n¼9) 5.1270.32 25.275.3* 276745.6* 111734.3* 9.373.4*
Obese diabetic SHR/N-cp+D3-RA+ACE-i (n¼12) 5.9870.89 26.7719* 266724.9* 132734.6* 10.378.4*
ANOVA NS Po0.05 Po0.05 Po0.05 Po0.05

NS¼not significant.
*Po0.05 vs obese control; +Po0.05 vs obese+ACE; yPo0.05 vs obese+combination.

Table 3 Indices of renal damage and glomerular geometry

Animal group GSI (score
0–4)

TBI (score
0–4)

VDI (score
0–4)

Total number
of glomeruli

per one kidney

Mean
glomerular
volume

(�106mm3)

Lean nondiabetic SHR/N-cp (n¼ 9) 0.470.2*y 1.370.3* 0.5970.2* 3344674678+y 4.6770.17*+y

Lean nondiabetic SHR/N-cp+D3-RA (n¼8) 0.270.1* 0.8970.3* 0.4970.2* 4445472234*K 3.3170.21*K

Lean nondiabetic SHR/N-cp+ACE-i (n¼13) 0.270.2* 0.3770.1*# 0.2970.2* 4474871842*K 3.4570.4*K

Lean nondiabetic SHR/N-cp+D3-RA+ACE-i (n¼ 7) 0.170.4* 0.4570.1*# 0.3170.1* 5025475503*K 3.2170.21*K

Obese diabetic SHR/N-cp (n¼ 7) 1.6270.3+y 2.9870.4y 1.6870.28+ 3223678881+y 6.170.31+y

Obese diabetic SHR/N-cp+D3-RA (n¼7) 0.3170.12* 1.470.4*y 0.4170.2* 5262272194* 3.5470.23*
Obese diabetic SHR/N-cp+ACE-i(n¼9) 0.2970.1* 0.8970.1* 0.3170.1* 5158175714* 3.5170.21*
Obese diabetic SHR/N-cp+D3-RA+ACE-i (n¼12) 0.1270.1* 0.670.3* 0.2370.08* 5467673631* 3.1970.54*
ANOVA Po0.05 Po0.05 Po0.05 Po0.05 Po0.05

GSI¼ glomerulosclerosis index; TBI¼ tubulointerstitial damage index; VDI¼vascular damage index.
*Po0.05 vs obese control; +Po0.05 vs obese+ACE; yPo0.05 vs obese+combination; KPo0.05 vs lean control; #Po0.05 vs lean nondiabetic control.
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Figure 1 Representative sections of the kidney (PAS stain, magnification �200). (a) Untreated diabetic SHR/N-cp rat. Note marked
sclerosis and attachment of the capillary tuft to the Bowman’s capsule. The tubules are dilated, the epithelial cells are atrophic and the
lumen is filled with eosinophilic material. Note patchy interstitial fibrosis with scanty round cell infiltrates. (b) Untreated lean
nondiabetic control animal with regular glomerulus and normal tubulointerstitial tissue. (c) Diabetic SHR/N-cp treated with D3-RA. The
glomerular structure is almost normal, but some tubulointerstitial changes are still visible. (d) Diabetic SHR/N-cp treated with ACE-i.
Only minor mesangial matrix expansion in glomeruli and some inflammatory infiltrates are seen in the tubulointerstitium. (e) Diabetic
SHR/N-cp treated with the combination ACE-i plus D3-RA. Glomeruli and tubulointerstitium are virtually normal.
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compared to nondiabetic lean rats. The number
was lower in the ACE-i group and also combi-
nation treatment led to lower numbers of PCNAþ
glomerular cells in obese and lean rats. Again,
the D3-RA was less effective in this respect
(Table 5).

ET-1: ET-1 protein expression was higher in
podocytes and mesangial cells of untreated diabetic
rats compared to nondiabetic lean controls. In
nondiabetic rats, the pharmacological interventions
showed no significant effect, but in diabetic rats, all
three treatments lowered the expression of ET-1
significantly. Tubulointerstitial staining with ET-1
was significantly more pronounced in diabetic
compared to nondiabetic rats. In diabetic rats, the
expression of ET-1 on the protein level was lower in
the ACE-i and combination treatment groups only
(see Figure 2).

Fibronectin: Fibronectin staining (score 0–4)
was higher in glomeruli and tubulointerstitium
of untreated diabetic (glomerular: 2.7470.18;
tubulointerstitial: 2.9570.16) compared to non-
diabetic lean rats (glomerular: 1.1870.15; tubulo-
interstitial: 2.1570.12). None of the interventions
showed a significant influence on glomerular
and tubulointerstitial expression of fibronectin in
lean rats. In diabetic rats, all pharmacological
treatments lowered glomerular and tubulointersti-
tial expression of fibronectin (ACE-i—glomerular:
2.0270.08, tubulointerstitial: 1.9370.07; D3-RA—
glomerular: 2.2970.12, tubulointerstitial: 2.497
0.15; combination—glomerular: 2.1870.09, tubulo-
interstitial: 2.1270.19).

PDGF: Glomerular expression of PDGF-AB on the
protein level showed no significant difference
between the study groups. Tubulointerstitial expres-
sion of PDGF-AB was significantly (Po0.05) higher
in diabetic rats (0.8970.11) compared to lean
nondiabetic animals (0.3270.12). Interventions
had no influence in non-diabetic lean rats, but
tubulointerstitial PDGF-AB expression was lower in
diabetic rats after treatment with ACE-i (0.3170.09)

and combination (0.2970.04), but not with D3-RA
(0.6770.14).

TGF-b1: Glomerular and tubulointerstitial expres-
sion of TGF-b1 was higher in diabetic compared to
nondiabetic lean rats. In lean rats, the treatments
had no significant effect. In diabetic rats, all
intervention groups had significantly lower glomer-
ular and tubulointerstitial expression (Po0.05; see
Figure 4).

Desmin: Expression was virtually absent in podo-
cytes of nondiabetic lean rats (0.270.05) and was
higher in podocytes of untreated diabetic rats
(1.570.4), indicating early podocyte damage. Des-
min expression of podocytes was lower after treat-
ment with ACE-i (0.470.2), D3-RA (0.570.3) and
combination treatment (0.470.2).

Nephrin: Expression was visible in podocytes of
nondiabetic lean rats (0.9470.4) and was lower in
obese rats (0.4170.2). Nephrin expression was
higher in dopamine (1.1370.4), ACE-i (1.2170.2)
and combination treated animals (1.4570.3).

Collagen I: Glomerular expression of collagen I
was increased in diabetic obese rats (2.470.12)
compared to lean nondiabetic rats (1.2770.3). There
was no significantly effect of treatment in nondia-
betic lean rats, but in diabetic animals, all three
pharmacological interventions lowered collagen I
expression to a similar extent (ACE-i: 1.370.1; D3-
RA: 1.4370.4; combination: 1.570.4). Tubulointer-
stitial staining was also increased in obese rats
(2.2870.47) compared to nondiabetic lean animals
(1.7770.6). In lean animals, only ACE-i and combi-
nation treatment lowered expression (ACE-i:
1.1970.1; combination: 1.2670.4), but not D3-RA
(1.7170.4). In obese animals, all interventions led to
comparably lower tubulointerstitial expression for
collagen I (ACE-i: 1.2670.15; D3-RA: 1.2270.4;
combination: 1.2170.5).

Collagen IV (see Figure 3): Expression of glomer-
ular collagen IV was significantly higher in diabetic
animals compared to lean controls. There was no
effect of treatment in nondiabetic lean rats. In

Table 4 Glomerular cells, capillary convolute and matrix volume

Animal group Number of
podocytes

Volume of
podocytes

Mesangial cell
number

Number of
endothelial

cells

LV (length
density)
mm/mm3

Matrix
volume

Lean nondiabetic SHR/N-cp (n¼ 9) 264755* 395776* 258750* 368731*+y 624871032* 2.3271.6*
Lean nondiabetic SHR/N-cp+D3-RA (n¼8) 233759* 345745* 213748* 386723*K 894971299* 2.8270.11*
Lean nondiabetic SHR/N-cp+ACE-i (n¼13) 250734* 309734* 222737*# 399740*K 68747832* 1.970.3*
Lean nondiabetic SHR/N-cp+D3-RA+ACE-i (n¼ 7) 249753* 342732* 234714*# 389721*K 64007456* 1.8970.5*

Obese diabetic SHR/N-cp (n¼ 7) 144758+y& 641756 5897234y 230740+y 48907950 8.3972
Obese diabetic SHR/N-cp+D3-RA (n¼7) 357712* 4967144 299776*y 317732* 69077115* 3.570.55*
Obese diabetic SHR/N-cp+ACE-i(n¼9) 360737* 444748* 255747* 332768* 72987299* 2.570.4*
Obese diabetic SHR/N-cp+D3-RA+ACE-i (n¼12) 357745* 440781* 208731* 319754* 73397845* 2.670.5*
ANOVA Po0.05 Po0.05 Po0.05 Po0.05 Po0.05 Po0.05

*Po0.05 vs obese control; +Po0.05 vs obese+ACE; yPo0.05 vs obese+combination; KPo0.05 vs lean control; #Po0.05 vs lean nondiabetic control;
&Po0.05 vs obese+D3-RA.
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Figure 2 Effect of ACE-i and D3-RA on glomerular and tubulointerstitial endothelin-1 protein expression (immunohistochemistry,
magnification �300). (a) Diabetic SHR/N-cp untreated. Note marked glomerular expression of endothelin-1. (b) Nondiabetic lean animal
with no expression of endothelin-1. (c) Diabetic SHR/N-cp treated with D3-RA. Note low glomerular expression of endothelin-1, but
relatively high tubulointerstitial expression. (d) Diabetic SHR/N/-cp treated with ACE-i. Note scanty glomerular endothelin-1 expression.
(e) Diabetic SHR/N-cp animal treated with a combination of ACE-i and D3-RA. Note virtually absent glomerular and tubulointerstitial
expression of ET-1.
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contrast, in diabetic animals, all interventions
lowered collagen IV staining to a similar extent.
Tubulointerstitial collagen IV expression was sig-
nificantly higher in diabetic animals compared to

lean rats. Again, there was no significant effect of
treatment in nondiabetic lean animals. In diabetic
rats, ACE-i and combination treatment, but not
treatment with D3-RA lowered collagen IV expres-
sion significantly.

RT-PCR for TGF-b mRNA and ET-1 mRNA
TGF-b1 mRNA expression was increased in un-
treated diabetic rats (83.8723.7) compared to non-
diabetic untreated rats (39.7717.8). In nondiabetic
animals, there was no significant effect of treatment.
In diabetic rats, TGF-b1 mRNA expression was
lower in animals treated with ACE-i (35.9722), in
animals treated with D3-RA (32.2714.8) and com-
bination treatment (33.8718.7).

ET-1 mRNA was increased in obese untreated
animals (116737.1) compared to nondiabetic lean
controls (53.4718). In nondiabetic animals, there
was no significant effect of treatment. In obese
diabetic rats, all three pharmacological interven-
tions reduced ET-1 expression, but ACE-i and
combination treatment were significantly (Po0.05)
more effective than therapy with the D3-RA alone
(ACE-i: 50.6713.4; D3-RA: 88.5720.1; combination:
54.3723.5).

In situ hybridization for TGF-b mRNA and collagen
IV mRNA
The expression of TGF-b mRNA was higher in
podocytes and mesangial cells of untreated diabetic
rats compared to nondiabetic controls (score:
0.6270.03 vs 0.0770.02) or diabetic rats treated
with ACE-i (score: 0.2170.08), D3-RA (score:
0.270.11) or combination treatment (score:
0.1870.1). In the tubulointerstitial space expression
of collagen IV, mRNA was stronger in untreated
diabetic than in nondiabetic control rats (score:
0.9770.44 vs 0.12470.14) and in diabetic rats
treated with ACE-i or the combination or
ACEiþD3-RA (ACE-i: 0.1470.02; combination:
0.2670.16). Treatment with D3-RA alone had no
significant effect on expression of TGF-b mRNA in
the tubulointerstitial space: 0.6170.2.

Expression of collagen IV mRNA was higher in
podocytes and mesangial cells of untreated diabetic

Figure 3 (a and b) Effect of ACE-i and D3-RA on glomerular and
tubulointerstitial expression of TGF-b (a) and collagen IV (b) in
the diabetic and nondiabetic SHR/N-cp. &, Glomerular expres-
sion; ’, tubulointerstitial expression; K, Po0.05 vs diabetic
obese control; J, Po0.05 vs obeseþACE-i; m, Po0.05 vs
obeseþ combination. Glomerular and tubulointerstitial expres-
sion of TGF-b1 (a) was higher in untreated diabetic compared to
nondiabetic lean rats. In diabetic rats, all intervention groups had
significantly lower glomerular and tubulointerstitial expression
(Po0.05). Expression of glomerular collagen IV (b) was signifi-
cantly higher in diabetic animals compared to lean controls.
Tubulointerstitial collagen IV expression was significantly higher
in diabetic animals compared to lean rats. In diabetic rats, ACE-i
and combination treatment, but not treatment with D3-RA
lowered collagen IV expression significantly.

Table 5 Number of PCNA-positive glomerular and tubulointerstitial cells

Animal group PCNA-positive cells/glom. profile PCNA-positive cells/tubuloint. area

Lean nondiabetic SHR/N-cp (n¼ 9) 7.574.0* 2.7571.5*
Lean nondiabetic SHR/N-cp+D3-RA (n¼8) 9.7574.8* 2.2571.7*
Lean nondiabetic SHR/N-cp+ACE-i (n¼13) 8.475.7* 0.770.3*K

Lean nondiabetic SHR/N-cp+D3-RA+ACE-i (n¼ 7) 7.473.3* 0.770.3*K

Obese diabetic SHR/N-cp (n¼ 7) 59.878.0+y 42.3714.7+y

Obese diabetic SHR/N-cp+D3-RA (n¼7) 25.573*+y 31716.6y

Obese diabetic SHR/N-cp+ACE-i (n¼ 9) 7.172.7* 23.479.3*
Obese diabetic SHR/N-cp+D3-RA+ACE-i (n¼12) 5.672.2* 15.675.2*
ANOVA Po0.05 Po0.05

*Po0.05 vs obese control; +Po0.05 vs obese+ACE; yPo0.05 vs obese+combi; KPo0.05 vs lean control.
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Figure 4 Effect of ACE-i and D3-RA on glomerular and tubulointerstitial collagen IV mRNA expression (nonradioactive in situ
hybridization, magnification �300). (a) Nondiabetic control animal with virtually no collagen IV mRNA expression. (b) Untreated
diabetic SHR/N-cp with increased collagen IV mRNA expression. (c) ACE-i-treated diabetic SHR/N-cp with only minor collagen IV
mRNA expression. (d) D3-RA-treated diabetic SHR/N-cp with minor collagen IV mRNA expression. (e) Diabetic SHR/N-cp rat treated
with a combination of ACE-i and D3-RA and normal collagen IV mRNA expression.
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rats than in nondiabetic controls (score: 0.8370.08
vs 0.0670.08; Figure 4). In diabetic rats treated with
ACE-i (score: 0.0470.08), D3-RA (score: 0.1770.11)
or their combination (score: 0.0570.1), it was
significantly less as well. In the tubulointerstitial
space expression of collagen IV, mRNAwas stronger
in untreated diabetic animals than in nondiabetic
controls (score: 1.3370.18 vs 0.1270.14; Figure 4)
or treated diabetic rats (ACE-i: 0.1470.02; D3-RA:
0.6170.2; combination: 0.2670.16).

Discussion

The salient feature of the present study is the
observation that the D3-RA proved to be a remark-
ably effective renoprotective agent in a type II
diabetes animal model. Treatment with D3-RA
had a beneficial effect on glomerular filtration
rate, albuminuria, morphological indices of renal
damage (GSI, TBI and VDI) as well as on the number
of PCNA-positive cells in glomeruli and tubuloin-
terstitium and finally on the expression of media-
tors of renal damage (ET-1, collagen IV, TGF-b).
Treatment with the combination of an ACE-i with
D3-RA had an even significantly greater effect than
monotherapy.

Beneficial effects of a D3-RA are remarkable in
view of the known actions mediated by the D3
dopaminergic receptor. Disruption of the D3 recep-
tor increased renal renin production, and caused
renal sodium retention as well as renin-dependent
hypertension in one study.23 The ability of dopa-
mine to stimulate renin secretion is enhanced by a
low sodium diet and blunted by a high sodium
diet.24 A defective renal dopaminergic system seems
to be a major cause of renal malfunction in Dahl salt-
sensitive and spontaneously hypertensive rats: their
kidneys produce less dopamine. The natriuretic and
diuretic response to a sodium load is attenuated.25–27

In previous studies, D3-RA failed to change blood
pressure values. In the present study, we found an
antihypertensive effect of D3-RA, which was com-
parable in magnitude to the effect of an ACE-i. This
effect may contribute to the renoprotective action.
We believe, however, that the opposite is more
probable, that is, that the effect of D3-RA on renal
hemodynamics might have beneficially influenced
systemic blood pressure.

The effect of the D3-RA on albuminuria was
comparable in magnitude to that of monotherapy
with an ACE-i, while the combination showed
additive efficacy. This finding in diabetic animals
cannot be solely explained by blood pressure effects,
since in lean animals the D3-RA also reduced
albuminuria to a similar extent, although no change
in blood pressure was observed. Such an anti-
proteinuric effect is remarkable, since albuminuria
induced by high altitude hypoxia is increased by
dopamine. There is increasing interest in hypoxia as
a mediator of progressive renal damage.28,29 Studies

of Norman et al30 documented that hypoxia in-
creases matrix synthesis and decreases matrix
breakdown in the renal interstitium.

Diabetic patients have an impaired ability to
excrete sodium. It has been hypothesized that
defective renal tubular dopamine mobilization may
be responsible.31 A defective renal dopamine system
has been documented early in type I diabetic
patients and in individuals with familial hyperten-
sion.32

Glomerular hypertension/hyperfiltration plays a
major role in the development of diabetic nephro-
pathy.33 A D3 agonist caused a dose-related increase
of glomerular filtration rate by up to 20%.34

Conversely, D3-RAs decrease glomerular hyperfil-
tration in experimental diabetes in rats.35

The D3-RA had remarkable effects on the renal
structure. The glomerular volume was significantly
increased in the diabetic SHR/N-cp and decreased
in all pharmacological intervention groups. Since
perfusion pressure during fixation was rigorously
controlled, it is unlikely that the difference in
glomerular volume was an artifact. It is very
interesting that the D3-RA prevented not only the
decrease of glomerular number in untreated diabetic
animals compared to diabetic animals treated with
ACE-i alone or combined with the DR3-RA. The
latter prevented loss and hypertrophy of podocytes
as well. The hypothesis had been advanced that
dopamine D3 receptors are important modulators of
glomerular filtration and contribute to hyperfiltra-
tion in diabetes.35 Our results are in agreement with
this concept. In the glomerulus, strong D3 receptor
immunoreactivity was demonstrated in podocytes36

and less pronounced in mesangial cells.37 The latter
is relevant to the in vitro observation that angioten-
sin II induces a shape change of mesangial cells,
which is abrogated by dopamine.38 The expression
of D3 receptors on podocytes and mesangial cells is
also relevant with respect to our observation that
D3-RA prevented podocyte loss and mesangial cell
growth in diabetic animals.

In diabetic animals, monotherapy with the D3-RA
reduced glomerulosclerosis and vascular damage
and also prevented mesangial cell growth and
endothelial cell loss as effectively as an ACE-i.

The TBI was also somewhat lowered by the D3-
RA; howeverm far less than with an ACE-i. These
differences of the effect of a D3-RA were paralleled
by the known differences in the expression of D3
receptors. They are found in glomerular cells and in
proximal tubular epithelial cells, but not in cells of
the tubulointerstitial space. Presumably under the
stimulating influence of angiotensin II, cells in the
tubulointertitium express TGF-b and ET-1. This
finding explains the expected effect of ACE-i on
the expression of TGF-b and ET-1 confirmed in the
present study by immunohistochemistry, RT-PCR
and in situ hybridization. Combination treatment
led to numerically lower values of these parameters,
but this was not statistically significant.
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Podocyte damage was documented in our study
by expression of desmin, which is known to be a
sensitive marker of podocyte injury.39 All pharma-
cological interventions lowered podocyte damage.
Podocytes possess receptors for a variety of hor-
mones, including adrenergic beta (2) and dopamine
D(1) receptors, stimulation of which increases
cAMP,40 a potent regulator of actin assembly, cell
morphology and matrix production.40 D3 receptors
are expressed by podocytes as well, but not by
mesangial cells as documented by O’Connell et al36

using immunohistochemistry. This is one further
argument to assume that the beneficial effect of the
D3-RA on GSI and desmin staining is a direct action
of the antagonist and not an indirect result of altered
hemodynamics.

It has been suggested that filtration slit structure
injury and, in particular, podocyte loss contribute to
the progressive development of glomerulosclerosis
and albuminuria in diabetic nephropathy.41 Nephrin
is located in the slit diaphragm of the glomerular
podocyte barrier. Interestingly, ACE-i and D3-RB
increased the expression of nephrin to a similar
extent. It remains undecided, however, whether
increased expression of nephrin and decreased
expression of desmin in treated diabetic rats results
from lower blood pressure and less proteinuria or
whether it reflects a primary action of the D3-RA.

The SHR/N-cp rat is a model of type II diabetes,
with modest hyperglycemia, but marked obesity.
There is increasing evidence that obesity is a potent
risk factor for progression.42–44 In the present study,
obese SHR/N-cp rats had significantly higher
plasma leptin concentrations. Leptin is a potential
progression promoter45 and enhances the effect of
TGF-b.46,47 The action of leptin in some cells is
mediated by norepinephrine, a leptin-inducible
neurotransmitter. Against this background, it is of
interest that both ACE-i and D3-RA reduced leptin
concentrations in the present study.

In conclusion, the present experiments show a
beneficial action of D3-RA treatment on renal
changes in experimental type II diabetes, character-
ized by a lower albumin excretion and less structur-
al damage. These effects were comparable to those
achieved by ACE-i treatment. Since ACE inhibitors
fail to completely prevent progression in patients
with diabetic nephropathy, it would be of interest to
evaluate whether the combination of an ACE-i with
a D3-RA has superior efficacy in humans as well.
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