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Abstract

Chronic allograft injury (CAl) is a major cause of late graft
failure with a multifactorial pathogenesis; however, in dif-
ferent experiments an inhibition of the renin-angiotensin
system by angiotensin-converting enzyme inhibitors and
angiotensin Il type 1 receptor blockers ameliorated the
progression of chronic renal disease. Different concepts
supposed thataldosterone isinvolved in development and/
or progression of renal diseases via interaction with a non-
epithelial mineralocorticoid receptor (MR), e.g. reducing
neointima formation. Our examinations therefore targeted
on the effects of the aldosterone synthase inhibitor fadro-
zole and the MR antagonist spironolactone compared to ve-
hicle in an established rat model of CAl. In our model of CAl,
neither the aldosterone biosynthesis inhibitor nor a direct
MR blockade had a positive effect on renal CAlin rats. Fadro-
zole- and spironolactone-treated animals demonstrated a
higher proteinuria value, pathologically elevated potassi-

um values, higher tubulointerstitial damage and markedly
increased heart weight/body weight as compared to vehi-
cle. Our observations also suggest that inhibition of the MR
or the biosynthesis itself had a bad influence on the amount
of sclerotic glomeruli and tubulointerstitial damage. The
positive effects of inhibition of aldosterone as described in
cardiac models could not yet be detected in kidney recipi-

ents. Copyright © 2012 S. Karger AG, Basel

Introduction

Chronic allograft injury (CAI) remains the main rea-
son for long-term renal transplant failure [1]. CAI is a
multifactorial process and is caused by both alloantigen-
dependent and alloantigen-independent factors. Short-
term graft survival is based on the one hand on new im-
munosuppressive agents and new operation and preser-
vation techniques. On the other hand, research has
focused on improving HLA mismatches reducing acute
rejection which limits the development and progression
of CAI respectively. However, improvements in long-
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term graft survival could not be obtained. Histologically
CAl s characterized by glomerulopathy, tubular atrophy;,
interstitial fibrosis and vasculopathy [2]. The initial graft
damage is mediated by ischemia and reperfusion [3].
Other reasons are surgical trauma and alloantigen-relat-
ed factors such as acute rejection which influence the
cause and progression of CAI. CAI is based on different
pathogenetic factors which cannot be influenced effec-
tively at the moment [3]. However, in different experi-
ments an inhibition of the renin-angiotensin system by
angiotensin-converting enzyme inhibitors and angioten-
sin II type 1 receptor blockers ameliorates the progres-
sion of chronic renal disease [4].

Another approach in CAI could be to block the min-
eralocorticoid receptor (MR), the receptor for the hor-
mone aldosterone. Beyond the classic effects of promot-
ing renal sodium retention and potassium/magnesium
loss, it is well documented that aldosterone for example
causes myocardial and perivascular fibrosis which can
lead to vascular damage, endothelial dysfunction and de-
creased vascular compliance [5]. Therefore, the renin-an-
giotensin-aldosterone system plays a major role in the de-
velopment of for example hypertension and heart failure,
and is therefore a key target for therapeutic interventions
5].

Considering the success of MR antagonists and the es-
tablished role of aldosterone in various diseases, for ex-
ample cardiac fibrosis, cardiac remodeling, chronic heart
failure or the progression on chronic kidney disease, dif-
ferent examinations were started to search for drug can-
didates that interfere with aldosterone in a manner block-
ing its receptor or decreasing aldosterone biosynthesis
and the role on CAI [5-7]. This aroused renewed interest
in aldosterone-related pharmacology in cardiovascular
diseases and also aroused the interest of nephrologists to
transform the ideas on kidney diseases, especially trans-
planted kidneys [8].

Different examinations supposed that aldosterone is
involved in development and/or progression in renal dis-
eases via interaction with a non-epithelial MR [9, 10]. In
different animal models, blockade of MR reduced for ex-
ample neointima formation or renal ischemia reperfu-
sion injury in transplantation [11-13].

Therefore a new approach in aldosterone pharmacol-
ogy is not only to block the receptor but also to inhibit the
biosynthesis of aldosterone itself [14, 15]. Recently, fadro-
zole (FAD) 286A (a racemate also known as FAD or
CGS16949A), the R-enantiomer of FAD, a non-steroidal
aromatase inhibitor, has been identified as an aldosterone
biosynthesis inhibitor [13, 15]. It was shown to reduce al-
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dosterone levels in rats and to (partially) prevent angio-
tensin-II-induced mortality, cardiac remodeling, and re-
nal damage in transgenic human renin and angiotensin-
ogen-overexpressing rats [6, 8, 16, 17]. However, only a
small amount of information exists on aldosterone syn-
theses inhibitors with respect to CAI [18].

The majority of the experimental studies on CAI have
been conducted by using the model in the Fischer 344 to
Lewis rat combination [19]. In this model we studied
among others the influence of immune and non-immune
mechanisms of chronic graft loss, the contribution of
ischemia/reperfusion injury on CAI and also the initial
parenchymal injury caused by cold ischemia as the main
responsible factors for chronic tubulointerstitial damage
[19-21]. Fischer 344 and Lewis rats are two inbred strains
which are considered haploidentical and differ only at
minor histocompatibility (non-MHC) loci. These suppo-
sitions led us to examine the effects of FAD and the MR
antagonist spironolactone (Spiro) compared to vehicle
(VEH) in a well-established rat model of chronic trans-
plant dysfunction.

Materials and Methods

Kidneys of male Fisher 344 rats (RT1lvl) (170-210 g) (Charles
River, Sulzfeld, Germany) were transplanted into male Lewis rats
(RT11) (170-210 g) (Charles River). The left native recipient kid-
ney was removed and the left donor kidney was orthotopically
transplanted by end-to-end anastomosis of renal artery, vein, and
ureter under inhalative anesthesia with isoflurane. All animals
received cyclosporin A subcutaneously (1.5 mg/kg/day; Sigma-
Aldrich, Taufkirchen, Germany) from day 0 to 10 after transplan-
tation, when the remaining right kidney was removed. Animals
received no other immunosuppressive drugs.

Initially 8 animals were assigned to each medication group
and 6 animals to the control group. However, in some groups,
animals died due to early posttransplantation reasons before
medication application. In the end we assigned the animals to five
groups: 5 animals were assigned to the AT1 group (AT1 receptor
antagonist candesartan (Cand), 5 mg/kg/day); 8 were assigned to
the MR antagonist group (MR antagonist Spiro 100 mg/kg/day);
6 were assigned to the combination therapy group of Cand (5 mg/
kg/day) and MR antagonist (MR antagonist SPIRO 100 mg/kg/
day), and 5 were assigned to the FAD group (MR antagonist 5 mg/
kg/day); the control group with 6 animals received 0.9% NaCl
(VEH). Dosage was chosen referring to the experiments in reduc-
ing cardiac fibrosis [6]. Medication was administrated orally by
daily gavage.

We evaluated the effects of FAD on plasma aldosterone levels
as well as urinary aldosterone excretion rate and compared their
effectiveness versus the MR antagonist Spiro. The different treat-
ments were applied for long-term treatment from day -7 to week
24 after transplantation. The observation ended after 24 weeks.
In the respective groups, administration of the substances was
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initiated 7 days before transplantation in donors and recipients to
achieve the maximum pharmacodynamic effect at transplanta-
tion.

Serum creatinine levels were analyzed by an automatic labora-
tory analyzer (Synchron CX5; Beckman Coulter, Krefeld, Ger-
many). Mean arterial blood pressure (MAP) was measured intra-
arterially before the removal of the graft by a digital analyzer
using a pressure transducer (Siemens, Munich, Germany). Mea-
surement was performed under standard conditions at 24°C
room temperature between 09:00 and 12:00 h.

Morphological Studies

Paraffin-embedded tissue sections were stained with hema-
toxylin and eosin (HE) to evaluate tubulointerstitial damage. CAI
was graded according to parameters adapted from the Banff 97
classification: 0 = no signs of CAIL grade 1 = mild CAI (mild fi-
brosis and tubular atrophy, 5-15% of section); grade 2 = moderate
CAI (moderate fibrosis and tubular atrophy, 16-50% of section),
and grade 3 = severe CAI (severe fibrosis and tubular atrophy,
>50% of section). Grading for tubulointerstitial damage included
also vasculopathy with mild vasculopathy (intimal proliferation
with luminal obstruction <25%), moderate vasculopathy (lumi-
nal obstruction >25-50%), and severe vasculopathy (luminal ob-
struction >50% of section). Glomerulosclerosis was analyzed by
counting sclerotic and normal glomeruli of the section and given
as the percentage of sclerotic glomeruli.

Macrophage infiltration was evaluated with the alkaline phos-
phatase anti-alkaline phosphatase complex (Dako, Glostrup,
Denmark) after incubation of cryostat sections (4 mm) with
mouse anti-CD68 (Serotec, Wiesbaden, Germany) and secondary
rabbit anti-mouse IgG followed by development with Fast Red
chromogene solution (Dako). Cells with positive staining were
counted and infiltration was graded: 0 = <5, 1 = 6-25, 2 = 26-50,
and 3 =450 cells/field of view. At least 20 fields of view per section
and per specimen were evaluated at 400X magnification.

Statistical Analysis

Data are expressed as mean £ SEM. Data were tested using
the x? test or Mann-Whitney U test. Bonferroni’s method was ap-
plied to avoid inflation of type I error in multiple testing settings.
A global p value of <0.05 was considered significant. All tests were
performed two-tailed. Data were analyzed using the SPSS version
15.0 (SPSS GmbH, Munich, Germany).

Results

Proteinuria after 24 Weeks of Transplantation

Transplanted animals receiving VEH demonstrated a
stable proteinuria up to 16 weeks after transplantation.
Thereafter a significant rise until week 24 in proteinuria
was detected (p < 0.01). However, single treatment of the
MR blocker Spiro or the aldosterone biosynthesis inhibi-
tor FAD did not reduce proteinuria as well compared to
VEH during this time period. Moreover, FAD- and Spi-
ro-treated animals demonstrated a significantly higher
proteinuria value as compared to VEH at week 24 (p <
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Fig. 1. Effect on proteinuria using MR antagonism and aldoste-
rone synthesis inhibition from week 4 to week 24 with the corre-
sponding medication. Values represent standard variation and
statistically significant values are indicated (* p < 0.01).

0.01). Especially FAD- and Spiro-treated animals present
a progradient proteinuria starting from week 8 and 12
weeks after transplantation, respectively, which acceler-
ates explicitly from week 20 to 24 (fig. 1).

Animals receiving long-term angiotensin receptor
blockade with Cand and combined Cand/Spiro treat-
ment demonstrated less proteinuria throughout the ob-
servation, reaching significance (p < 0.01) starting from
week 16 until week 24 of observation compared to VEH
and FAD or Spiro. This might be the reason why an over-
lap of proteinuria could be documented in figure 1 in
week 24 in the Cand/Spiro and the Spiro group. One rea-
son could be the observed tubulointerstitial damage and
accelerated glomerulosclerosis, especially in the Spiro
and FAD groups.

Sodium, Potassium and Serum Creatinine Levels after

24 Weeks of Transplantation

All groups irrespective of treatment presented stable
serum sodium levels within the physiological range (so-
dium 135-145 mmol/l). Serum potassium was lowest in
the Cand group. In contrast, Spiro-, FAD- and Cand/Spi-
ro-treated animals showed higher potassium values than
VEH-treated rats. In the case of Spiro- and FAD-treated
animals, potassium levels were significantly pathologi-
cally elevated (p < 0.05). With respect to 24 h urinary so-
dium excretion, all groups showed comparable values ex-
cept for FAD-treated rats which demonstrated a reduced
urinary sodium concentration. This pattern was identical
for urinary potassium excretion (table 1).
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Table 1. Effect using MR antagonism and aldosterone synthesis inhibition referring to the basic data in serum and urine with the cor-

responding medication, including mortality rates

VEH Spiro FAD Cand Cand+Spiro

Na serum, mmol/l 139+2.2 141 £2.8 143+1.3 138+5.3 136 +18.5

K serum, mmol/l 5.0+0.3 6.9+3.5 5.6+0.6 47%0.5 53%£04
Aldosterone serum, mmol/l 14*1.0 59%1.0 0.3%0.5 09%*1.5 1.1x0.1

Na urine, nmol/l 0.5%£0.2 0.6%£0.3 0.2%0.1 04%£0.1 04%£0.1

K urine, nmol/l 1.9+0.3 1.8+0.4 1.3x0.1 21x1.0 1.8+0.2
Aldosterone urine, nmol/l 04*04 05%1.0 0.2+0.1 02%0.2 04*1.0

Serum creatinine, mg/dl 1.5%£0.3 2.1%x0.52 4.8%0.92 0.9%0.32 1.0+£0.45
Mortality rates

until week 24 all animals lived  all animals lived 3 animals died at week  all animals lived  all animals lived

until week 24 until week 24

16, 2 at week 24 until week 24 until week 24

Statistically significant values are highlighted in bold (ANOVA with post hoc Dunnett vs. vehicle group; Spiro and FAD p < 0.05).

Table 2. Effect using MR antagonism and aldosterone synthesis inhibition referring to the basic data with the corresponding medica-
tion, including the histological grading of tubulointerstitial damage and glomerulosclerosis

VEH Spiro FAD Cand Cand+Spiro

BW, g 458.2+48 401.3£90 366.8 £103 478.7x9 4543 £24.1
KW/BW, g/kg 3.6%0.2 42%05 4.0x0.7 4.2%0.3 41%0.1
HW/BW, g/kg 24%0.2 3.0x0.6 32%0.6 22%0.1 23%0.2
MAP, mm Hg 103.0£3.3 99.5x4.6 92.6%x2.5 85.1%2.7 89.4+2.4
Tubolointerstitial p<0.01 p<0.05 p<0.05
Damage

No damage 0 0 0 1 0

Grade 1 4 2 1 1 3

Grade 2 2 2 3 2 3

Grade 3 0 4 1 0 0
CD68 macrophage infiltration

cells/field of view 33%15 58%2.6 48*1.8 1.3£0.6 3.0x1.9
Glomerulosclerosis, % 68.9+10.2 63.9%72 98.2*+1.8 459143 67.9%6.7

Statistically significant values for glomerulosclerosis are highlighted in bold (ANOVA with post hoc Dunnett vs. VEH group; Cand
p < 0.05; FAD p < 0.01). Significance for tubulointerstitial damage is also included (Spiro p < 0.01, FAD p < 0.05, Cand p < 0.05).

Serum creatinine rates were stable in the VEH, Cand
and Cand/Spiro groups. Related to the elevated potassi-
um levels, creatinine parameters were also significantly
higher in the FAD and Spiro groups (p < 0.05).

Aldosterone Levels after 24 Weeks of Transplantation

Cand in monotherapy or in combination with Spiro
had no effect on the serum aldosterone concentration. In
contrast, Spiro monotherapy resulted in markedly elevat-
ed serum aldosterone, whereas the aldosterone synthase
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inhibitor FAD resulted in reduced aldosterone concen-
tration. Urinary aldosterone concentration was compa-
rable in VEH- and Spiro- or Cand/Spiro-treated animals,
but tended to a non-significantly reduced level in Cand-
or FAD-treated animals (table 1).

Body Weight after 24 Weeks of Transplantation

Throughout the groups, body weight (BW) was com-
parable except for FAD-treated animals which developed
a BW lower than VEH-treated rats (table 2). Animals
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treated with Spiro and Cand/Spiro tended to develop also
a lower BW than animals with Cand antagonist or VEH
treatment. VEH-treated animals tended to a smaller kid-
ney weight/body weight ratio (KW/BW) as compared to
all other treatment groups. With respect to cardiac hy-
pertrophy, Cand-treated rats tended to a lower heart
weight/body weight (HW/BW) as VEH-treated rats,
whereas Spiro- and FAD-treated rats showed a markedly
increased HW/BW.

Blood Pressure after 24 Weeks of Transplantation

MAP was highest in the VEH group (table 2). Cand-,
Cand/Spiro- and FAD-treated animals had a lower MAP
compared to VEH, whereas Spiro-treated animals had a
similar MAP as VEH rats.

Grade of CAI CTD after 24 Weeks of Transplantation

VEH animals developed mild tubulointerstitial dam-
age which was significantly (p < 0.05) less intense in
Cand-treated rats, whereas FAD- (p < 0.05) and Spiro-
treated (p < 0.01) animals tended to have enhanced and
significantly more tubulointerstitial damage compared
to VEH and Cand, respectively. Cand/Spiro was compa-
rable to VEH but not statistically significant. The same
pattern was observed with respect to CD68-positive mac-
rophages infiltrating the tubulointerstitium (table 2).
However, differences in CD68 infiltration did not reach
significance.

The glomerular pattern showed a high number of scle-
rotic glomeruli in the VEH group. Glomerulosclerosis
was significantly (p < 0.05) less prominent after Cand
treatment. Spiro or the combination Cand/Spiro had no
influence on the amount of sclerotic glomeruli. However,
FAD-treated animals had a significantly (p < 0.01) en-
hanced number of sclerotic changes as compared to VEH.
In fact, nearly all glomeruli were sclerotic. The extended
sclerotic lesions were associated with the fact that 3 ani-
mals died until week 16.

Interstitial fibrosis was ameliorated in the Cand group
compared to VEH. Spiro or FAD had no positive influ-
ence on the amount of interstitial fibrosis. The combina-
tion of Cand/Spiro showed the highest grade of intersti-
tial fibrosis.

Discussion
This study demonstrates that in our model of CAI,

neither a direct MR blockade nor a biosynthesis inhibitor
had a positive effect on renal CAIin rats. On the contrary,
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FAD- and Spiro-treated animals demonstrated a higher
proteinuria value, significantly and pathologically elevat-
ed potassium values, higher tubulointerstitial damage fi-
brosis and markedly increased HW/BW as compared to
VEH.

In some cardiac models the usage of aldosterone re-
ceptor antagonists showed their ability to prevent and re-
verse cardiac fibrosis and led to the supposition of reduc-
tion of interstitial fibrosis in transplanted kidneys [13, 16,
17]. In previous examinations it was detected that aldo-
sterone also had an influence on fibroblast activation and
the production of collagen in rat renal fibroblasts. It was
suggested that a blockade of the aldosterone pathway has
a positive impact on interstitial fibrosis as detected in
some cardiac models [13, 24].

In the present study, the direct MR blockade presents
the effects as expected: Spiro monotherapy resulted in
markedly elevated serum aldosterone, whereas the uri-
nary aldosterone concentration tended to have a non-sig-
nificantly reduced level in Spiro-treated animals. Both
are typical characteristics of the feedback mechanism af-
ter blockade of the MR [5].

In our examination a receptor blockade of aldosterone
with Spiro had no positive effect on tubulointerstitial
damage fibrosis. The supposed positive effects could not
be confirmed in Spiro-treated transplanted kidneys com-
pared to VEH (fig. 2a, b) [6, 19, 23]. On the other hand,
several animals treated with Spiro demonstrated severe
tubulointerstitial damage. This finding was not present
in glomeruli, therefore suggesting that the damage in this
group was predominantly presented in the tubulointer-
stitial area. As Spiro leads to an augmented aldosterone
level due to a positive feedback loop, MR-independent
mechanisms could be involved in the damage [9]. In this
context, elevated potassium levels augment rat renal MR
selectivity via 11B3-hydroxysteroid dehydrogenase [24].
As Spiro-treated rats had an elevated potassium level, this
influence on the salt-water homeostasis may have further
augmented tubulointerstitial damage. Also, a combina-
tion therapy of Cand and Spiro presented no beneficial
effect on glomerulosclerosis or tubulointerstitial damage
tibrosis.

In the present study the direct aldosterone biosynthe-
sis inhibitor also presents an effective treatment as ex-
pected: the usage of FAD resulted in a reduced serum
aldosterone concentration, whereas the urinary aldoste-
rone concentration tended to non-significantly reduce
the level in FAD-treated animals. As opposed to Spiro-
treated animals, no augmented tubulointerstitial damage
was present and potassium levels remained normal in
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Fig. 2. Histological effect using MR antagonism and aldosterone synthesis inhibition. a A representative image
of VEH with HE staining presenting glomerulosclerosis (short arrows) and interstitial fibrosis (long arrows).
b, c HE staining with glomerulosclerosis (short arrows) and interstitial fibrosis (long arrows).

FAD-treated animals. However, severe glomerulosclero-
sis was observed in these animals involving nearly all
glomeruli (fig. 2¢). This stands in contrast to the finding
of the effective inhibition of aldosterone biosynthesis by
FAD. As the idea of beneficial effects of reduced aldoste-
rone level has been repetitively demonstrated, this find-
ing is unexpected. The histological sclerosis was associ-
ated with an enhanced number of transplanted rats dying
during the second month of FAD treatment. We therefore
suggest a mechanism which may be rather associated by
drug effects. Indeed, the pharmacokinetics of FAD could
explain these results [25, 26]. After oral administration
a rapid, completely absorbed (mean bioavailability of
99.9%) and extensive distribution to tissue could be de-
tected [14, 26]. Approximately 60% are bound to plasma
proteins, mainly to albumin. The major route of elimina-
tion is metabolism by CYP-450 in the liver into an inac-
tive carbinol metabolite [14, 26]. Renal impairment is not
described with an increased T}/, as seen in a hepatic im-
pairment, but there may be toxic metabolites that can lead
to a fast glomerulosclerosis as observed in our model.
However, there are no data about transplanted rats and
renal impairment, or if the inactive metabolites interact
with for example immunosuppressant or impaired kid-
ney function [15, 26]. Further examinations therefore
have to be made with regard to interactions of pharma-
cokinetics in kidney recipients. A small effect could be
seen in FAD-treated animals, respectively to the blood
pressure. They had a lower MAP compared to VEH,
whereas Spiro-treated animals showed a similar MAP as
VEH rats. The reduced blood pressure in FAD-treated
animals can be explained by the reduced aldosterone bio-
synthesis [13].
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Another observation could be made of the heart and
body weight after transplantation. Spiro- and FAD-treat-
ed rats showed a markedly increased HW/BW ratio
caused by arenal-heart feedback mechanism of the renin-
angiotensin-aldosterone system blockade, which islinked
to reduced organ survival. This is in line with the protec-
tive effects of both drugs in cardiac hypertrophy and fi-
brosis, suggesting a small cardio-beneficial effect after
all.

Conclusion

To conclude, our study demonstrates that at the mo-
ment a positive effect of Spiro or FAD on renal CAlin rats
could not be detected. Especially the higher rates of tubu-
lointerstitial damage in Spiro and glomerulosclerosis in
FAD-treated rats can lead to severe side effects in kidney
recipients. Further examinations had to be made to use
the positive effects of direct or indirect inhibition of al-
dosterone for kidney recipients as described in cardiac
models.
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