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Abstract
Background. Blockade of the renin–angiotensin–
aldosterone system (RAAS) does not completely prevent

progression of renal disease. Mineralocorticoid receptor
blockade provides additional renoprotection over ACE-
inhibition monotherapy. We examined the mechanisms
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underlying superior renoprotection in the subtotal nephrec-
tomy (SNX) model.
Methods. Sprague-Dawley rats were randomized into six
groups: (1) sham-op, (2) SNX without treatment, (3)
SNX + quinapril (Q), (4) SNX + spironolactone (S), (5)
SNX + combination therapy (Q+S), (6) SNX + combina-
tion hydrochlorothiazide + reserpin + hydralazine (HRH).
Albuminuria and blood pressure were monitored, and
kidneys were examined by morphometric and molecular
methods.
Results. In SNX rats, albumin excretion was significantly
higher than in sham-op rats. Blood pressure reduction was
not significantly different between the treatment groups.
All therapies (S, Q, Q+S and HRH) reduced albuminuria;
the values were lowest in animals treated with Q+S. The
volume density of glomerular matrix and the number of
mesangial cells were significantly increased in SNX and
were lowest in SNX treated with Q+S. The number of
podocytes was reduced in SNX, but was normalized in
SNX treated with Q+S. Glomerular volumes and podocyte
volumes were significantly higher in SNX than in sham-
op. Both volumes were reduced by all interventions, but
almost normalized by treatment with Q+S. Expression of
collagen IV, TGF-β1 and desmin was increased after SNX
and significantly reduced by treatment with Q and Q+S.
Conclusions. In subtotally nephrectomized rats, mineralo-
corticoid blockade provided additional renoprotection over
and above ACE inhibition. Such benefit was paralleled by
major changes in podocyte number and morphology and
was not blood pressure dependent.

Keywords: aldosterone; chronic kidney failure; progression of chronic
renal failure; renin–angiotensin system

Introduction

Progressive renal fibrosis is the common final pathway of
many kidney diseases [1,2]. The renin–angiotensin system
(RAS) plays an important role in this process and RAS
blockade ameliorates progression of renal fibrosis.

Besides the systemic RAS, local RAS operate indepen-
dent of the systemic RAS [3,4] in the kidney, i.e. in prox-
imal tubular cells, podocytes and mesangial cells [5,6]. In
animal experiments, administration of an ACE inhibitor re-
sults in almost complete inhibition of systemic angiotensin
II (ANG II) formation, while it has little or no effect on in-
trarenal ANG II production [7]. There is also evidence that
ANG II can be produced by alternative enzymes such as
chymases [8] that cannot be blocked by ACE inhibitor treat-
ment and that alternative ANG II producing pathways are
stimulated during systemic ACE inhibition [9]. These alter-
native pathways of intrarenal ANG II production may ex-
plain in part why even high doses of angiotensin-converting
enzyme (ACE) inhibitors alone cannot completely prevent
progressive renal damage. An alternative possibility is a
progressivie increase in aldosterone production, presum-
ably caused by non-ACE-dependent ANG II formation with
subsequent induction of aldosterone synthesis [10].

The role of aldosterone in the progression of renal disease
has recently attracted considerable attention. There is evi-
dence that aldosterone has direct effects on renal cells, inde-
pendent of ANG II, which contribute to progression of renal
disease [11,12]. Hostetter and collegues showed that aldos-
terone directly upregulates expression of the profibrotic fac-
tor TGF-β1 in the kidney [12]. Aldosterone also upregulates
the expression of plasminogen activator inhibitor-1 (PAI-1)
[13], which would favour fibrosis in renal structures, and
induces collagen IV synthesis of mesangial cells in vitro
[14] as well as expression of connective tissue growth fac-
tor (CTGF) and endothelin-1 [14]. Conversely, however, in
the classical rat remnant kidney model, aldosterone inhibi-
tion with spironolactone ameliorated proteinuria, but had
no effect on glomerulosclerosis [15].

In order to provide optimal renoprotection, a multidrug
approach has been proposed as appropriate [16], although
this may be difficult to prove in controlled prospective
studies [2,17]. However, there is some clinical [18] evi-
dence pointing in this direction and also some evidence
in experimental renal damage models with proteinuria
[19–21].

In the current study, we compared in the renal ablation
model the effects of monotherapy with an ACE inhibitor
(quinapril), mineralocorticoid receptor blocker (spirono-
lactone) and their combination with antihypertensive triple
therapy without specific effects on the RAS as controls. The
readouts were proteinuria, quantitative renal morphology
and the expression of molecules relevant in progression.

Methods

Experimental design and operative procedures

Twenty-week old male Sprague-Dawley (SD) rats weighing 350–400 g
were used (Charles River, Germany). All animals were housed under
standard conditions (light on 08:00–20:00 h; 40–70% relative humidity,
22 ± 1◦C), and had free access to water and chow (Altromin standard diet,
Lage, Germany). All procedures were in accordance with the guidelines
of the German Institutional Animal Care and Use Committee. The ani-
mals were subjected randomly to subtotal nephrectomy (SNX) (n = 56)
or sham operation (sham-op) (n = 12). The SNX animals were randomly
divided into six groups: (1) sham-op, (2) SNX untreated (n = 12/group);
(3) SNX + quinapril (SNX+Q) (n = 12/group); (4) SNX + spirono-
lactone (SNX+S) (n = 12/group); (5) SNX + combination quinapril +
spironolactone (SNX+Q+S) (n = 12/group); (6) SNX + hydrochloroth-
iazide + reserpin + hydralazine (SNX+HRH) (n = 8/group). Sham-op
animals were observed as controls.

The quinapril dose (Quinapril-HCT Hexal, Hexal, Germany) was
50 mg/kg body weight/day, the Spironolactone dose (as water soluble
potassium canrenoate Aldactone, Roche, Germany) 10 mg/kg body weight
and antihypertensive triple therapy hydrochlorothiazide, reserpine and hy-
dralazine were 1.25 mg/kg, 0.25 mg/kg and 4 mg/kg, respectively. All
medications were dissolved and applied in drinking water adjusting the
drug concentration according to fluid consumption. The untreated sham-
op and untretaed SNX received tap water. The duration of the experiment
was 12 weeks.

SNX was performed as described [22]. In brief, under isoflurane anaes-
thesia (Baxter, Germany), the animals were uninephrectomized, i.e. the
right kidney was decapsulated and removed. One week later, two-third
of the decapsulated left kidney was removed by resecting a specified
amount of cortical tissue, leaving the pelvis and the hilus intact. Dam-
age to the adrenals at decapsulation was carefully avoided. Tabotamp R©

(Ethicon, Switzerland) was used for haemostasis. The excised renal tissue
was weighed on an analytic scale. In sham-op animals, the kidneys were
only decapsulated.
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Functional measurements

Two and 3 months after surgery, 24-h urine was collected using metabolic
cages (Tecniplast, Buguggiate, Italy). At the end of the study, tail-cuff
blood pressure was measured in conscious animals by electrosphygmo-
manometry in conscious rats (TSE GmbH., Bad Homburg, Germany) [23].
Urinary albumin excretion was determined using a microplate sandwich
ELISA [24] modified by using a rabbit anti-rat albumin peroxidase conju-
gate. Blood urea nitrogen and serum creatinine levels were evaluated in a
Reflotron Plus laboratory machine with enzymatic reagents (Boehringer,
Mannheim, Germany).

Tissue preparation

Retrograde perfusion fixation of the kidney with 3% glutaraldehyde was
performed via the abdominal aorta [25]. The left remnants (or in sham-op
animals the left kidneys) were harvested for morphometric and stereologic
measurements. The kidneys were sectioned in a plane perpendicular to
the interpolar axis, yielding slices of 1 mm width. Ten small pieces of
the kidney were selected by area-weighted sampling and embedded in
Epon-Araldite. Semithin (1 µm) sections were prepared and stained with
methylene blue/basic fuchsine. The remaining tissue slices were embedded
in paraffin; 4 µm sections were stained with haematoxylin/eosin (HE) and
periodic acid-Schiff (PAS).

For immunohistochemical analysis, the experiment was repeated and
terminated perfusing the kidney with ice-cold NaCl (n = 9/group). One-
half of the saline-perfused kidneys were immersion fixed in 4% buffered
formaldehyde, embedded in paraffin and cut into 4 µm thick sections, the
other half were snap frozen in liquid nitrogen for real-time PCR analysis.

Morphological and stereological evaluation

All investigations were performed in a blinded manner, i.e. the observer
was unaware of the study group the animal belonged to.

Glomerular damage indices. The glomerulosclerosis index was assessed
on PAS-stained paraffin sections according to the scoring system (scores:
0–4) of El Nahas et al. [26]. The glomerular score of each animal was
derived as the arithmetic mean of 100 glomeruli using light microscopy
and a magnification of ×400. The tubular, interstitial and vascular damage
scores were assessed on PAS-stained paraffin sections using a similar
scoring system (score 0–4) at a magnification of ×100 as described in
detail elsewhere [27].

Glomerular geometry. The area density of the glomerular tuft (AAT) and
the volume density of glomeruli (VV) were measured by the point count-
ing method with point density = area density = volume density (PP =
AA = VV) using a 100-point Zeiss eyepiece (Integration-plate II; Zeiss
Co., Oberkochen, Germany) at a magnification of ×400 on the PAS sec-
tions. In addition, the number of glomeruli per area (NA) was counted.
For detailed description of analysis of glomerular geometry see [28].
Briefly, from the above data, the number of glomeruli per volume [NV =
(1/1.382) × (NA

1.5 × VV
0.5)] (corrected for tissue shrinkage: 45%) and

total cortex volume was calculated from kidney mass (KW), specific
weight of the kidney (SWK) and volume density of the cortex according
to VCortex = KW/SWK × VVCortex (VCortex) = (1/1.382) × (NA

1.5 ×
VV

0.5). From these parameters, the total number of glomeruli was de-
rived (NGlom = NV × VCortex). Finally, the mean glomerular tuft volume
(mVGlom = (1/1.382) × AT

1.5) was calculated from the total area of the
glomerular tuft and the cortex area (AT = AAT × Acortex). The number
of glomeruli (NGlom) per kidney was used to estimate the extent of sur-
gical nephron reduction, and the mean glomerular tuft volume (mVGlom)
was used to estimate the extent of glomerular enlargement. The glomeru-
lar mesangial matrix volume (VMatrix) was calculated as the fractional
mesangial matrix volume of the glomerular capillary tuft (points on the
matrix/points on the whole glomerular tuft) and is given as percent.

Glomerular capillaries. In five semithin sections per animal, glomerular
cell number and volume were analysed using an eyepiece for point count-
ing (see above) at a magnification of ×1000 (oil immersion). Briefly, the
length density of glomerular capillaries (LV: mm capillary/mm3 glomeru-
lar tuft volume) was determined according to the standard stereologic
formula (LV = 2QA: the number of capillary transects per area of the
capillary tuft). This parameter gives the average capillary length normal-
ized to glomerular volume—excluding the effect of hypertrophy; thus it

is a marker of glomerular capillary obliteration [28]. Furthermore, the
glomerular capillary length for the whole kidney (Lc), i.e. total capillary
length, was determined. The glomerular capillary tuft volume (VTuft) was
calculated as the fractional capillary tuft volume of the whole glomerulus
(points on the tuft/points on the whole glomerulus) and is given as percent.

Glomerular cellularity. The number per glomerulus and the mean vol-
ume of glomerular cells (podocytes, mesangial and endothelial cells) were
analysed in 15 glomeruli per animal. The mean cell number/glomerulus
(NC) was calculated from the cell density per volume (Ncv) and the vol-
ume density of the respective cell type (Vcv) according to the equation:
Ncv = κ/β × NcA

1.5/Vcv
0.5 with κ = 1 and β = 1.5 for podocytes and

1.4 for mesangial and endothelial cells. The respective mean cell volumes
were calculated according to the equation mVc = Vcv × Vglom [29].

Immunohistochemistry

Paraffin sections were prepared and incubated with antibodies, using the
avidin–biotin method [30], to detect desmin (anti-desmin monoclonal
mouse antibody, 1:50; DAKO), fibronectin (anti-fibronectin rabbit poly-
clonal antibody, 1:1000; Sigma, Germany), TGF-β1 (anti- TGF-β1 rabbit
polyclonal antibody, 1:100; Santa Cruz) and collagen IV (anti-collagen IV
rabbit polyclonal antibody, 1:40, Biotrend Chemicalien GmbH, Cologne,
Germany). Immunohistochemical reactivity was examined with light mi-
croscopy at a magnification of ×400. Semiquantitative scoring (scores
0–4; 0: no staining, 1: weak, 2: mild, 3: strong, 4: very strong staining)
was performed as described elsewhere [31].

Real-time PCR

Total RNA was isolated from kidney tissue using the SV Total RNA Isola-
tion System (Promega, Mannheim, Germany) according to the manufac-
turer’s instructions. RNA concentration was determined photometrically.

Reverse transcription was performed with the First Strand cDNA Syn-
thesis Kit (AMV) from Roche (Roche Diagnostics, Mannheim, Germany)
using 1 µg RNA and random primers (final concentration: 3.2 µg).

All PCR reactions were performed on a LightCycler (Roche Diag-
nostics) using the LighCycler-Faststart DNA Master SYBR Green I Kit
(Roche). The samples were quantified normalizing to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) expression. Primer sequences for
TGF-β1 were as follows: forward 5′-CACCATCCATGACATGAACC-3′,
reverse 5′-TCATGTTGGACAACTGCTCC-3′. Specificity of the PCR re-
action was confirmed with melting curve analysis. Every sample was
quantified using a gene-specific standard curve, and the mean value of
three different PCR runs was taken for statistical evaluation.

Statistics

Data are presented as mean ± SD. ANOVA followed by the Tukey post
hoc test and the Kruskal–Wallis test followed by Dunn’s test were used to
compare the groups.

Results

Animal data (Table 1)

The average body weight was similar in all groups initially
and at the end of the study. Although no pair-feeding proto-
col was used, measured food consumption and body weight
gain were not different between the groups.

The weight of the remnant kidney in all SNX groups
was greater than that of the left kidney in the sham group.
Remnant kidney hypertrophy was reduced by quinapril and
combination treatment (quinapril + spironolactone: Q+S),
but not by spironolactone monotherapy or by triple therapy
(hydrochlorothiazide + reserpin + hydralazine: HRH).

The reduction of haematocrit was not significantly af-
fected by any of the treatments. At the end of the study, the
Htk was similarly reduced in all treatment groups compared
to sham-op.
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Table 1. Body weight, kidney weight and laboratory values

Initial body Body weight Left kidney Haematocrit Blood Urea
Groups weight (g) at harvest (g) weight (g) (%) (mg/dl) Se Crea (mg/dl)

Sham (n = 12/group) 239.2 ± 8.6 557 ± 37 1.78 ± 0.12 43.2 ± 3.4 41.7 ± 7.5 0.46 ± 0.05
SNX (n = 12/group) 236.0 ± 5.5 574 ± 54 2.46 ± 0.23∗ 34.8 ± 6.3∗ 122 ± 47.3∗ 0.85 ± 0.13∗
SNX + Q (n = 12/group) 236.7 ± 5.8 554 ± 77 1.95 ± 0.28#,& 39.3 ± 3.4 90.5 ± 15.4∗,# 0.75 ± 0.06∗
SNX + S (n = 12/group) 236.0 ± 4.2 542 ± 44 2.43 ± 0.18∗ 38.3 ± 5.4 94.4 ± 20.4∗ 0.78 ± 0.07∗
SNX + Q + S (n = 12/group) 243.8 ± 2.5 540 ± 44 2.07 ± 0.22#,& 38.6 ± 5.3 85.7 ± 17.7∗,# 0.63 ± 0.07∗,#,&,$

SNX + HRH (n = 8/group) 238.5 ± 8.9 526 ± 36 2.52 ± 0.50∗ nd 86.3 ± 10.1∗,# 0.68 ± 0.05∗,#,&,$

ANOVA ns ns P < 0.0001 P < 0.05 P < 0.0001 P < 0.0001

∗P < 0.05 versus sham, #P < 0.05 versus SNX, &P < 0.05 versus SNX+S, $P < 0.05 versus SNX+Q.
Q, quinapril; S, spironolactone; HRH, hydrochlorothiazide+reserpin+hydralazine.
Data as mean ± SD.

Blood urea and creatinine concentrations were signifi-
cantly elevated in all SNX groups compared to sham-op.
Q, Q+S and HRH reduced urea concentrations, but creati-
nine was significantly lower only in Q+S and HRH.

Albuminuria and blood pressure (Table 2)

In untreated SNX, albumin excretion increased progres-
sively from 2 to 3 months after operation. At 2 months,
albumin excretion was lower in the Q and HRH groups, but
was lowest in the combination (Q+S) treatment group. At
3 months, albuminuria had doubled in SNX, but remained
low in Q-, S- and HRH-treated animals. The Q+S combi-
nation lowered albuminuria more effectively than Q, S or
HRH.

In SNX, blood pressure was elevated 3 months after op-
eration compared to sham-op. Both Q+S and HRH com-
bination therapies and Q monotherapy normalized blood
pressure, whereas monotherapy with S was less effective.

Indices of renal damage (Figure 1, Table 3)

In SNX animals, the glomerulosclerosis index was reduced
in all groups treated with Q; of note, combination treatment
(Q+S) was more effective than Q monotherapy.

The tubulointerstitial damage index was lower in all treat-
ment groups, but was lowest in rats on the combination
Q+S.

The vascular damage index was lower in SNX animals
treated with Q and Q+S, but not in animals treated with
monotherapy or the HRH combination.

The glomerular mesangial matrix volume was increased
2.5 fold in untreated SNX compared to sham-op. All treat-
ments (S, Q, S+Q, HRH) reduced mesangial matrix depo-
sition, but the combination Q+S was the most effective.

Glomerulus geometry and glomerular capillaries (Table 4)

The reduction of the number of glomeruli by SNX was
similar, documenting uniformity of the resection of renal
parenchyma.

In all SNX groups, a compensatory increase in glomeru-
lar volume was present. Glomerular hypertrophy was sig-
nificantly less in animals with Q and Q+S treatment. Treat-
ment with S and HRH had no effect.

The length density of glomerular capillaries was signif-
icantly less in SNX reflecting capillary loss or obliteration
as a result of glomerulosclerosis. Both Q and Q+S reduced
capillary loss to a similar extent, but S monotherapy and
HRH had no significant effect.

Cellular analysis of the glomeruli (Table 5)

The number of podocytes per glomerulus was markedly re-
duced in untreated SNX compared to sham, and podocyte
volume increased strikingly. Compared to SNX alone,
podocyte hypertrophy was reduced in all treatment groups.
However, only the anti-renin–angiotensin–aldosterone sys-
tem (RAAS) combination treatment (Q+S) was able to re-
duce podocyte volume to a level not significantly differing
from sham-op controls. In SNX animals, podocyte loss was
documented with a significant reduction in podocyte num-
ber compared to sham-op. Podocyte loss was reduced by
monotherapies, and prevented by anti-RAAS combination
treatment.

The number of endothelial cells were also strikingly
higher in untreated SNX compared to sham-op. Endothe-
lial cell proliferation was significantly reduced by quinapril
and combination treatment, but not by spironolactone. En-
dothelial cell volume was not affected by SNX or therapy.

Similarly, mesangial cell number was significantly el-
evated in untreated SNX. Spironolactone and HRH treat-
ment reduced mesangial proliferation. However, quinapril
monotherapy was more effective than HRH, but only
anti-RAAS combination treatment reduced mesangial pro-
liferation to the level of sham-op animals. Mesangial cell
volume was not significantly influenced by SNX.

Immunohistochemical and RT-PCR analysis (Tables 6
and 7)

Glomerular desmin staining, a marker of podocyte damage,
was markedly more intense in untreated SNX compared to
sham (Figure 2). Only quinapril and anti-RAAS combina-
tion treatment reduced desmin staining significantly. But
anti-RAAS combination treatment was the most effective
to prevent podocyte damage.

Glomerular and the tubulointerstitial collagen IV stain-
ing was significantly more intense (Figure 3) in un-
treated SNX compared to sham. Staining tended to be less
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Table 2. Albuminuria and Blood pressure

Albuminuria 2 months Albuminuria 3 months MABP 3 months
Groups post-OP (mg/day) post-OP (mg/day) post-OP (mmHg)

Sham (n = 10/group) 0.7 ± 0.6 1.4 ± 0.8 97 ± 8
SNX (n = 10/group) 27.8 ± 8.8∗ 59.3 ± 18.1∗ 127 ± 7∗
SNX + Q (n = 10/group) 13.1 ± 2.3∗,# 13.1 ± 11.8∗,# 93 ± 13#

SNX + S (n = 10/group) 18.2 ± 5.1∗ 26.7 ± 14.3∗,# 107 ± 7∗
SNX + Q + S (n = 10/group) 3.8 ± 2.1∗,#,&,$ 7.1 ± 3.3∗,#,&,$,§ 94 ± 6#

SNX + HRH (n = 6/group) 7.5 ± 9.6∗,#,& 27.4 ± 15.7∗,# 96 ± 6#

ANOVA P < 0.0001 P < 0.0001 P < 0.0001

∗P < 0.05 versus sham, #P < 0.05 versus SNX, &P < 0.05 versus SNX+S, $P < 0.05 versus SNX+Q, §P < 0.05 versus SNX+HRH.
MABP, mean arterial blood pressure; Q, quinapril; S, spironolactone; HRH, hydrochlorothiazide+reserpin+hydralazine.
Data as mean ± SD.

Table 3. Morphologic indices of renal damage

Glomerulosclerosis Tubulointerstitial Vascular Volume of mesangial
Groups index damage index damage index matrix (Vmatrix,%)

Sham (n = 10/group) 0.14 ± 0.07 0.20 ± 0.14 0.06 ± 0.04 7.6 ± 2.8
SNX (n = 10/group) 1.72 ± 0.48∗ 2.19 ± 0.56∗ 1.43 ± 0.14∗ 24.6 ± 3.9∗
SNX + Q (n = 10/group) 1.03 ± 0.20∗,# 1.15 ± 0.43∗,# 0.66 ± 0.49∗,#,& 13.9 ± 2.4∗,#

SNX + S (n = 10/group) 1.31 ± 0.20∗ 1.45 ± 0.28∗,# 1.43 ± 0.28∗ 19.1 ± 2.8∗,#

SNX + Q + S (n = 10/group) 0.69 ± 0.21#,&,$ 0.76 ± 0.25#,&,$ 0.63 ± 0.29∗,#,& 9.4 ± 2.1#,&,$

SNX + HRH (n = 6/group) 1.20 ± 0.14∗ 1.31 ± 0.24∗,# 1.35 ± 0.36∗ 18.1 ± 5.7∗,#

ANOVA P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001

∗P < 0.05 versus sham, #P < 0.05 versus SNX, &P < 0.05 versus SNX+S, $P < 0.05 versus SNX+HRH.
Q, quinapril, S, spironolactone; HRH, hydrochlorothiazide+reserpin+hydralazine.
Data as mean ± SD.

Table 4. Glomeruli: number, size and capillaries

Glomeruli Mean glomerular Length Total
Groups number/kidney volume ([× 106 µm3) density (mm/mm3) length (mm)

Sham (n = 8/group) 63 703 ± 12 663 1.09 ± 0.13 9.1 ± 1.7 21 141 ± 7909
SNX (n = 8/group) 24 881 ± 7208∗ 3.23 ± 0.63∗ 4.8 ± 0.9∗ 8267 ± 804∗
SNX + Q (n = 8/group) 29 229 ± 4443∗ 2.44 ± 0.08∗,# 6.6 ± 0.3∗ 11 353 ± 2895∗
SNX + S (n = 8/group) 23 555 ± 9050∗ 2.73 ± 0.44∗ 5.8 ± 1.3∗ 7502 ± 2047∗
SNX + Q + S (n = 8/group) 23 737 ± 3790∗ 1.81 ± 0.21∗,#,&,$ 7.3 ± 2.1∗,# 9748 ± 2698∗
SNX + HRH (n = 8/group) 26 657 ± 2902∗ 2.61 ± 0.37∗ 4.8 ± 0.8∗ 9915 ± 2163∗
ANOVA P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001

∗P < 0.05 versus sham, #P < 0.05 versus SNX, &P < 0.05 versus SNX+S., $P < 0.05 versus SNX+HRH.
Q, quinapril; S, spironolactone; HRH, hydrochlorothiazide+reserpin+hydralazine.
Data as mean ± SD.

Table 5. Cellular analysis of the glomerulus

Endothelial cells Mesangial cells Podocytes

Number/ volvo Mean Number/ volvo Mean Number/ volvo Mean
Groups glomerulus volume (µm3) glomerulus volume (µm3) glomerulus volume (µm3)

Sham (n = 8/group) 602 ± 122 53 ± 12 360 ± 66 52 ± 8 183 ± 28 375 ± 113
SNX (n = 8/group) 1354 ± 370∗ 42 ± 12 1231 ± 220∗ 47 ± 15 127 ± 14∗ 1620 ± 360∗
SNX + Q (n = 8/group) 773 ± 139#,& 56 ± 15 752 ± 62∗,# 53 ± 13 152 ± 7 951 ± 213∗,#

SNX + S (n = 8/group) 1335 ± 499∗ 49 ± 10 929 ± 172∗,# 45 ± 9 154 ± 35 1177 ± 506∗,#

SNX + Q + S (n = 8/group) 804 ± 152∗,& 50 ± 11 496 ± 29#,&,$,§ 56 ± 10 173 ± 12# 663 ± 195#

SNX + HRH (n = 8/group) 950 ± 165 62 ± 19 905 ± 160∗,# 49 ± 12 173 ± 31# 914 ± 223∗,#

ANOVA P < 0.0001 ns. P < 0.0001 ns. P < 0.01 P < 0.0001

∗P < 0.05 versus sham, #P < 0.05 versus SNX, &P < 0.05 versus SNX+S., $P < 0.05 versus SNX+Q, §P < 0.05 versus SNX+HRH.
Q, quinapril; S, spironolactone; HRH, hydrochlorothiazide+reserpin+hydralazine.
Data as mean ± SD.
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Fig. 1. Glomerular damage indices. (A) sham; (B) SNX; (C) SNX+Q; (D) SNX+S; (E) SNX+Q+S; (F) SNX+HRH. PAS staining, 200×
magnification.

intense in the quinapril and spironolactone groups, but was
significantly inhibited only in the anti-RAAS combination
treatment group.

Similarly, both glomerular and tubulointerstitial extra-
cellular fibronectin deposition were significantly elevated
in SNX animals compared to sham. Anti-RAAS combina-
tion treatment (Q+S) and Q monotherapy, but not spirono-
lactone monotherapy or HRH, reduced the intensity of fi-
bronectin staining.

TGF-β1 protein staining (Figure 4) was reduced signif-
icantly only by quinapril and the anti-RAAS combination
treatment Q+S and HRH. In the tubulointerstitial space,
only the combination tretament Q+S was able to reduce
TGF-β1 staining. Spironolactone alone was ineffective in
both compartments.

Accompanying deposition of fibrotic matrix, TGF-β1
mRNA expression in whole kidney samples (Table 7)
was markedly higher in SNX compared to sham. Only
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Table 6. Immunohistochemical results

Collagen IV Fibronectin TGF-β1

Tubulointerstitium Tubulointerstitium
Groups Glomeruli volvo Inter Glomeruli volvo Inter Desmin Glomeruli Tubulointerstitium

Sham (n = 9/group) 0.36 ± 0.16 0.41 ± 0.19 0.36 ± 0.15 0.36 ± 0.16 0.15 ± 0.08 0.12 ± 0.09 0.21 ± 0.13
SNX (n = 9/group) 2.01 ± 0.26∗ 1.91 ± 0.31∗ 1.95 ± 0.32∗ 1.94 ± 0.31∗ 2.41 ± 0.30∗ 1.59 ± 0.27∗ 1.51 ± 0.35∗
SNX + Q (n = 9/group) 1.55 ± 0.21∗ 1.51 ± 0.17∗ 1.44 ± 0.31∗,# 1.42 ± 0.26∗,# 1.19 ± 0.30∗,# 0.57 ± 0.16∗,#,& 0.62 ± 0.22∗,#

SNX + S (n = 9/group) 1.85 ± 0.20∗ 1.79 ± 0.18∗ 1.74 ± 0.33∗ 1.72 ± 0.22∗ 1.78 ± 0.28∗ 1.01 ± 0.13∗ 1.10 ± 0.33∗
SNX + Q + S 0.77 ± 0.23&,# 0.75 ± 0.14#,& 0.81 ± 0.38∗,# 0.92 ± 0.36∗,# 0.83 ± 0.29∗,# 0.39 ± 0.20#,& 0.41 ± 0.24#

(n = 9/group)
SNX + HRH nd nd 1.72 ± 0.29∗ 1.82 ± 0.32∗ Nd 0.69 ± 0.17∗,#,& 0.77 ± 0.13∗,#

(n = 9/group)
Kruskal–Wallis P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.001 P < 0.001

∗P < 0.05 versus sham, #P < 0.05 versus SNX, &P < 0.05 versus SNX+S, Kruskal-Wallis test.
Q, quinapril; S, spironolactone; HRH, hydrochlorothiazide+reserpin+hydralazine.
Data as mean ± SD.

Table 7. RT-PCR results

Groups TGF-β1

Sham (n = 9/group) 0.51 ± 0.08
SNX (n = 9/group) 1.12 ± 0.11∗
SNX + Q (n = 9/group) 0.89 ± 0.15
SNX + S (n = 9/group) 1.04 ± 0.19∗
SNX + Q + S (n = 9/group) 0.57 ± 0.29#

SNX + HRH (n = 9/group) nd
Kruskal–Wallis P < 0.0001

∗P < 0.05 versus sham, #P < 0.05 versus SNX, Kruskal-Wallis test.
Q, quinapril; S, spironolactone; HRH, hydrochlorothiazide+reserpin+
hydralazine.
Data as mean (mean expression relative to GAPDH) ± SD.

anti-RAAS combination treatment reduces TGF-β1 mRNA
expression significantly.

Discussion

This study in subtotally nephrectomized rats documents
that despite similar blood pressure reduction, the combi-
nation of a mineralocorticoid receptor blocker and an ACE
inhibitor caused more pronounced reduction of albuminuria
compared to ACE inhibitor alone or antihypertensive triple
therapy. In the background, combination therapy offered
significantly better protection of podocytes.

Although blood pressure control by antihypertensive
triple therapy without specific effects on the RAS reduced
renal function impairment, monotherapies targeting the
RAAS system were more effective, similarly to the well-
established theory of superior renoprotection of RAAS in-
hibition over non-specific antihypertensive therapy [32,33].

Monotherapy with the mineralocorticoid receptor
blocker caused some reduction of albuminuria and had a
beneficial effect on podocyte number and volume, but the
effect was less pronounced compared with that of ACE
inhibition.

Because the anti-albuminuric effect of combination treat-
ment with ACE inhibition and mineralocorticoid receptor
blockade was more pronounced than that of the respective

monotherapies, it is of note that the combination was associ-
ated with significantly less reduction of podocyte numbers,
podocyte volume, podocyte damage and desmin staining.

Green et al. [15] were the first to study in the renal
ablation model the renoprotective effect of spironolactone
at high doses in monotherapy.

The present finding that addition of low doses of spirono-
lactone to RAS blockade provides superior protection in
the renal ablation model complements previous studies
on the effect of such combination therapy in different re-
nal damage models, such as the THY1-glomerulonephritis
[19], the Adriamycin nephrotic syndrome [20] and diabetic
nephropathy [21,34,35]. The present study confirms these
findings in a non-inflammatory renal damage model and
extends the data by providing information on glomerular,
interstitial and vascular damage indices, detailed immuno-
histochemical analysis as well as morphometric analysis
of glomeruli and podocytes, specifically documenting less
podocyte lesions.

The interest in additional mineralocorticoid receptor
blockade in proteinuric patients with RAS blockade started
with an observation on eight patients with proteinuria of
different aetiologies who were already treated with an ACE
inhibitor; the authors found that addition of a low-dose
(25 mg/day) spironolactone caused dramatic lowering of
proteinuria within 4 weeks [17], which was not explained
by changes of blood pressure.

More recently, it has been reported (18) on patients with
non-diabetic nephropathy and heavy proteinuria who were
treated with an ACE inhibitor plus an angiotensin receptor
blocker that they did not respond sufficiently to such dual
blockade. Addition of spironolactone (triple blockade) ef-
fectively lowered proteinuria without changes in blood pres-
sure. In this observational series, spironolactone was more
effective than addition of trichlormethiazide or furosemide.

Since progressive fibrosis is a key factor in progression
of kidney damage, it is of interest that aldosterone has pre-
viously been shown to reduce progressive fibrosis at least in
part by reducing oxidative stress and ANG II independent
activation of NF-kappa-B [11,12].

Piecha et al. [36] have demonstrated a reversal of
glomerulosclerosis by a very high dose of losartan
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Fig. 2. Immunohistochemical staining of desmin. (A) sham; (B) SNX; (C) SNX+Q; (D) SNX+S; (E) SNX+Q+S; (F) negative control. 200×
magnification.

(250 mg/kg body weight/day), and found no further advan-
tage of combination with spironolactone, when a 4-week
treatment was initiated 8 weeks after induction of renal
fibrosis. The reversal of glomerulosclerosis was explained
by the reduction of NFkB signalling and consequent
elimination of TGF-beta upregulation and preservation of
VEGF production. Our present study further investigated
the involvement of double RAAS blockade in the SNX
model and demonstrates that progression was better inhib-

ited with combination therapy if initiated early after renal
damage. In the background, we found a significantly better
protection of podocyte number and damage by 12 weeks
of continuous double treatment with pharmacological
doses of RAAS inhibition initiated right after SNX versus
monotherapies.

Although higher doses of quinapril compared with the
usual pharmacologic application of the drug [37], and
slightly supra-pharmacologic (2–10× higher) doses of
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Fig. 3. Immunohistochemical staining of collagen IV. (A) sham; (B) SNX; (C) SNX+Q; (D) SNX+S; (E) SNX+Q+S; (F): negative control. 200×
magnification.

spironolactone (10 mg/kg /rat/ versus 1–5 mg/kg /hu-
man/[38]) were used in the present study, we did not ob-
serve any extra-RAAS effects by the applied doses. These
doses applied in the present study were established in a
dose adjustment pilot study. Even with much higher doses
of quinapril (100 mg/kg), spironolactone (80 mg/kg) and
combination, plasma potassium levels were normal (4–
5 mmol/l) in all rats. However, high doses of spironolactone
caused severe polyuria and dehydration of the rats.

Addition of mineralocorticoid receptor blockers to ACE
inhibitors or ARB raises safety issues when used in renal
patients. We emphasize that particularly because we had
elected for a low dose of spironolactone and extended the
observation period to 3 months. In the experiment of Greene
[15], the dose of spironolactone was 40-fold higher than in
the present study, and no effect was seen after 4 weeks
on the glomerulosclerosis index. Using sensitive morpho-
metric methods, we could document significantly less
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Fig. 4. Immunohistochemical staining of TGF-beta1. (A) sham; (B) SNX; (C) SNX+Q; (D) SNX+S; (E) SNX+Q+S; (F) SNX+HRH; (G) negative
control. 200× magnification.

mesenchymal matrix expansion even after low dose
monotherapy with the mineralocorticoid receptor blocker.

We conclude that in the renal ablation model, the com-
bination of mineralocorticoid receptor blockade on top of
ACE inhibition casued a more pronounced decrease of al-
buminuria and podocyte damage as compared to the re-
spective monotherapies or non-specific antihypertensive
triple-therapy.

Our data document that in the renal ablation model, treat-
ment with mineralocorticoid receptor blocker on top of
ACE inhibitor caused blood pressure-independent reduc-
tion of glomerular damage, particularly podocyte abnor-
malities, as well as tubulointerstitial injury.

If the data can be translated to humans, these observa-
tions could provide a rationale to add spironolactone to the
medication of patients with progressive renal disease who
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are unresponsive to or have escaped from RAS blockade.
However, the safety of this procedure in humans requires
further study.
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Abstract
Background. Hypoxia-induced tubulointerstitial injury
caused by loss of peritubular capillary (PTC) blood flow
may be associated with progressive renal disease. There-
fore, the maintenance of blood flow in PTCs may protect
against loss of renal function. A long-acting calcium chan-
nel blocker, azelnidipine, has been shown to be useful in the
treatment of progressive renal disease. However, its mech-
anism of action remains unclear. The aim of the present
study was to elucidate whether azelnidipine maintains PTC
blood flow and to compare it to nifedipine in its ability to
improve tubulointerstitial injury caused by angiotensin II
(AII) infusion in rats.
Methods. PTC blood flow was initially monitored using
a pencil-lens interval microscope before and after intra-
venous AII (30 ng/kg/min) infusion with or without azel-
nidipine (10 µg/kg/min). Next, Wistar rats were treated
with chronic infusion of AII (500 ng/kg/min) via an os-
motic minipump with or without azelnidipine (3 mg/kg/day,
orally) or nifedipine (60 mg/kg/day, orally) for 14 days,
and tubulointerstitial damage (PTC loss, interstitial fibro-
sis, tubular atrophy) was examined.
Results. PTC blood flow was reduced after AII infusion
but improved after a bolus injection of azelnidipine. Tubu-
lointerstitial damage observed in chronically AII-treated
kidneys was associated with hypoxic conditions, as indi-
cated by the measurement of hypoxia biomarkers (intra-
cellular hypoxyprobe-1 adducts). These tubulointerstitial
injuries in AII-infused rats were more effectively reduced
by azelnidipine than by nifedipine. The area showing hy-
poxic conditions in the kidney was also more reduced with
azelnidipine than nifedipine treatment.

Conclusions. Azelnidipine may increase PTC blood flow
and improve renal hypoxia and tubulointerstitial injury in-
duced by AII infusion.

Keywords: calcium channel blocker; hypoxia; peritubular capillary;
tubulointerstitial injury

Introduction

Tubulointerstitial injury is an important risk factor for pro-
gressive renal damage [1,2]. It is reported that ischaemia,
i.e. a decrease in tissue oxygen concentration caused by loss
of peritubular capillaries (PTCs) and a decrease in blood
flow in PTCs, is extensively involved in the pathogenesis of
tubulointerstitial injury [3–5]. Therefore, the maintenance
of blood flow in PTCs and the resultant improvement of
tissue hypoxia may prevent progression of renal damage.

Calcium channel blockers (CCBs) are the most com-
monly used antihypertensive agents. Their renoprotective
effects have been demonstrated in many studies using ex-
perimental models of renal damage, especially those of
hypertensive renal damage [6–8]. Recent large-scale clini-
cal studies, such as the Lipid-Lowering Treatment to Pre-
vent Heart Attack Trial and international Nifedipine GITS
study: Intervention as a Goal in Hypertension Treatment,
have shown that long-acting dihydropyridine CCBs effec-
tively suppress progression of renal damage [9,10]. Sev-
eral hypotheses have been proposed for the mechanism of
such renoprotective effects of CCBs; one of these proposed
mechanisms is the improvement of renal haemodynamics
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