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SUMMARY
Aldosterone is increased in diabetes and contributes to the development of diabetic nephropathy.
We hypothesized that reduction in aldosterone production in diabetes by amlodipine or aliskiren
improves diabetic kidney disease by attenuating renal oxidative stress and fibrosis.
Normoglycemic and streptozotocin-induced diabetes Sprague-Dawley rats were given vehicle,
amlodipine or aliskiren individually and combined for six weeks. At the end of study, we
evaluated BP, 24h urinary sodium (UNaV) and aldosterone excretion rates, renal interstitial fluid
(RIF) levels of nitric oxide (NO), cGMP and 8-isoprostane, and renal morphology. BP was not
significantly different between any of experimental groups. UNaV increased in diabetic animals
and was not affected by different treatments. Urinary aldosterone excretion increased in diabetic
rats receiving vehicle and decreased with amlodipine and aliskiren individually or combined. RIF
NO and cGMP levels were reduced in vehicle treated diabetic rats and increased with amlodipine
or aliskiren given individually and combined. RIF 8-isoprostane levels and renal immunostaining
for PAS and fibronectin were increased in vehicle treated diabetic rats and decreased with
aliskiren individually or combined with amlodipine. We conclude that inhibition of aldosterone by
amlodipine or aliskiren ameliorates diabetes induced renal injury via improvement of NO-cGMP
pathway, and reduction in oxidative stress and fibrosis, independent of BP changes.
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INTRODUCTION
Diabetes is associated with an increase of the renin-angiotensin system (RAS) activity
including aldosterone production (1,2). In addition to its physiological role in regulating
renal sodium and water reabsorption and potassium secretion in the distal nephron,
aldosterone promotes tissue inflammation, remodeling and fibrosis (3,4).

Aldosterone also plays a direct role in the production and activity of reactive oxygen
species, an important component for the development of tissue injury. Aldosterone was
demonstrated to inhibit the production of nitric oxide (NO) (5) and its second messenger
cyclic guanosine 3′,5′-monophosphate (cGMP) (6), and to enhance the renal production of
8-isoprostane, a marker for endogenous superoxide activity (7,8). In contrast, the inhibition
of aldosterone with mineralocorticoid-receptor antagonists suppressed oxidative stress and
inflammation (9,10). NO acts as an endogenous antioxidant that helps to prevent the
development of fibrosis. However, the relation between NO-cGMP pathway, oxidative
stress and the profibrotic actions of aldosterone in diabetic kidney is not well elucidated.
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The blockade of RAS with angiotensin converting enzyme inhibitors or angiotensin receptor
blockers is widely used to prevent or delay the development of diabetic nephropathy. The
therapeutic effects of these agents are attributed to the reduction in Ang II generation or
activity. However, it is not clear if other pharmacologic agents such as drugs used in
management of hypertension and reduce aldosterone production could reduce renal injury in
diabetes. In the present study, we compared the effects of the direct renin inhibitor aliskiren
that decreases angiotensin II and aldosterone production (15), and the dihydropyridine-type
calcium channel blocker (CCB) amlodipine that directly reduces aldosterone (13,14),
individually and combined, independent of changes in blood pressure, on NO-cGMP
pathway, oxidative stress and renal fibrosis. Recent studies suggested that the combination
of CCBs and RAS inhibitors have further beneficial effects on reduction of blood pressure
and proteinuria and improvement of endothelial function by enhancing NO production
(16,18). Amlodipine was demonstrated to reduce inflammation and fibrosis in different rat
models (19,20). However, the effects of amlodipine in slowing the progression of
albuminuria and its role on aldosterone production in diabetes are unclear.

In the present study, we evaluated the hypothesis that reduction of aldosterone production in
diabetes, induced by amlodipine or aliskiren treatment, directly enhances the renal
production of NO-cGMP and reduces diabetes-induced renal oxidative stress and fibrosis,
independent of changes in BP.

METHODS
Animal preparation

The University of Virginia Animal Care and Use Committee approved all study protocols.
24-h urine and renal interstitial fluid (RIF) collections, and kidneys tissues (21) were used in
the present study. In brief, male Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA) weighing 230 to 260 g were randomly allocatedinto groups (n = 10 each
group) of control (normal) and diabetes groups receiving vehicle, amlodipine or aliskiren
individually and combined. Diabetes was induced by intraperitoneal injection of 65 mg/kg
of STZ (Sigma-Aldrich, Saint Louis, MO). Normoglycemic control rats were injected with
an equal volume of sterile saline. Treatments were initiated the day after STZ injection and
given for a period of 6 weeks. Amlodipine (Novartis, East Hanover, NJ, USA) was
administered by oral gavage at a dose of 10 mg/kg/day. Aliskiren (Novartis, East Hanover,
NJ, USA) was infused at a rate of 10 mg/kg/day via osmotic minipump (models 2ML2 and
2ML4; Alzet, Cupertino, CA). The control and DM rats treated with amlodipine were
implanted with a sham osmotic minipump containing saline. For minipump implantation,
one day after STZ or vehicle injection, rats were anesthetized with the combination of
ketamine (80 mg/kg; I.P.) and xylazine (8 mg/kg; I.P.). The osmotic minipumps were
surgically implanted subcutaneously in the subscapular region of all rats.

Body weight, blood glucose, 24-h urinary sodium (UNaV) and aldosterone excretions, and
systolic blood pressure (SBP) monitoring

Body weight, blood glucose, 24-h urine collections, and SBP were obtained at baseline and
at the end of study. For blood glucose determinations, blood was collected from tail vein
after overnight fasting and glucose was measured usinga glucometer (Bayer HealthCare,
Mishawaka, IN). For urine collections, rats were placed in individual metabolic cages for a
period of 24-h. The volume of urine collected was determined gravimetrically and a urine
sample was kept at −80°C until assayed. Urinary sodium concentration of each sample was
measured using flame photometer IL 943 (Instrumentation Laboratory, Bedford, MA).
Urinary aldosterone excretion was determined by an aldosterone enzyme immunoassay
(EIA) kit-monoclonal (Cayman Chemical, Ann Harbor, MI). SBP was measured in non-
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anesthetized rats using a tail-cuff non-invasive multi channel blood pressure system (IITC
Life Sciences, Woodland Hills, CA). The mean values of the recorded SBP were calculated.

In vivo renal interstitial fluid (RIF) NO, cGMP, and 8-isoprostane collections
To determine the RIF levels of NO, cGMP, and 8-isoprostane, we constructed a
microdialysis probe as described elsewhere (20,22). At the end of study, RIF collections
were performed in each animal under sodium pentobarbital anesthesia (50 mg/kg I.P.;
Sigma) and a dialysis probe was placed in the renal cortex as previously described (21,22).

RIF storage and assays
The RIF collections were immediately stored at −80°C until assayed. RIF NO recovery
levels were measured using its stable metabolic products nitrate/nitrite fluorometric assay kit
(Cayman) and presented as μmol/min. RIF cGMP recovery levels were measured using a
cyclic GMP EIA kit (Cayman). RIF 8-isoprostane recovery levels were measured using a 8-
isoprostane EIA kit (Cayman). Both RIF cGMP and RIF 8-isoprostane are presented as
fmol/min.

Renal immunohistochemical staining
At the end of each experiment, animals were euthanized and kidneys were harvested. For
histological analyses, kidney was immersed in Bouin’s fixative solution (Sigma). The
kidney tissue blocks were embedded in paraffin and cut into 3-μm slices. After being
deparaffinized using xylene and ethanol dilutions and rehydration, the sections were
processed with Periodic acid-Schiff (PAS; Sigma) to evaluate renal fibrosis. For
immunohistochemical staining, kidney sections were incubated overnight at 4°C with
primary antibodies directed against mouse fibronectin monoclonal antibody (1:100 dilution;
sc-18825, Santa Cruz Biotechnology, Santa Cruz, CA). In the next day, sections were
incubated for 1-h with secondary antibody at room temperature. Negative controls were
included by omitting the primary antibody. The immunostaining images were captured by
light microscopy using a Qimaging Micropublisher 5.0 RTV camera coupled to a Zeiss
Axiophot microscopy (Carl Zeiss, Jena, Germany). Immunostaining quantification was
performed according to the previously published protocol (17).

Statistical analysis
Comparisons among different treatment groups were assessed by ANOVA followed by a
Tukey test for post-hoc comparisons. Data are expressed as mean ± SE. P<0.05 isconsidered
statistically significant.

RESULTS
Body weight, BP, blood glucose and 24h urine

At baseline, there were no significant differences in body weight, blood glucose, urine
output, and SBP between all groups. At the end of study, compared to normoglycemic
control group, body weight was significantly reduced in all diabetic groups. Compared to
baseline, fasting blood glucose and 24h urine volume of DM rats were significantly
increased. There were no significant differences in fasting blood glucose or 24h urine
volume between different treatments of the diabetic rats. At the end of study (Table 1),
UNaV was significantly increased in DM rats compared to normoglycemic controls.
However, there were no significant differences in UNaV between different treatments of DM
rats. Levels of SBP in normoglycemic controls at the end of study were not significantly
different from those of vehicle treated DM rats. There were no significant differences in
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SBP levels between different diabetic groups treated with amlodipine (112±1 mmHg) or
aliskiren (113±2 mmHg) alone and combined (112±0.3 mmHg).

Urinary aldosterone excretion in normal and DM rats
At the end of study, compared to normoglycemic control group, urinary aldosterone
excretion rate was significantly higher in vehicle treated DM rats (0.13 ± 0.02 vs. 1.89 ±
0.27 ng/day; P < 0.0001). There was a significant reduction in urinary aldosterone excretion
in DM rats treated with amlodipine (−53%, P < 0.001) or aliskiren (−43%, P < 0.01) alone
and combined (50%, P< 0.001) (Figure 1).

RIF NO, cGMP, and 8-isoprostane in normal and DM rats
RIF NO (Figure 2A) and RIF cGMP (Figure 2B) levels were significantly reduced (−35%
and −37% respectively, P < 0.04) in vehicle treated DM rats compared to normoglycemic
controls. In DM rats, RIF NO and RIF cGMP levels were significantly increased in response
to amlodipine (46% and 67%, P < 0.05), aliskiren (36% and 57% respectively, P < 0.04) or
their combination (72% and 115%, P < 0.01). Compared to aliskiren alone, combined
aliskiren and amlodipine caused further increase in RIF NO and RIF cGMP (26% and 37%,
P < 0.05 respectively). Compared to normoglycemic controls, RIF 8-isoprostane levels
(Figure 2C) were increased (49%, P < 0.01) in vehicle treated DM rats. 8-isoprostane levels
did not show significant changes with amlodipine but were significantly decreased with
aliskiren (−18%, P < 0.05) alone or combined with amlodipine (−22%, P < 0.02).

PAS and fibronectin immunostaining in normal and DM rat kidneys
Renal PAS and fibronectin immunostaining were mainly localized to renal glomeruli and
tubules, respectively. Compared to normoglycemic controls (Figure 3A), renal PAS staining
increased in kidney sections of vehicle treated DM rats (Figure 3B). Renal PAS staining was
reduced in DM rats treated with aliskiren alone (Figure 3C) or combined with amlodipine
(Figure 3E). Amlodipine alone did not influence PAS staining (Figure 3D). Compared to
normoglycemic controls (Figure 4A), renal fibronectin immunostaining, increased in vehicle
treated DM rats (Figure 4B). Renal fibronectin was reduced in DM rats treated with aliskiren
(Figure 4C) alone or combined with amlodipine (Figure 4E) but was not influenced by
treatment with amlodipine (Figure 4D).

DISCUSSION
Diabetes is associated with an increase of the RAS activity, including the production of Ang
II and aldosterone (1). In the kidney, aldosterone is a proinflammatory factor that induces
inflammation, fibrosis, mesangial cell proliferation and podocyte injury (4,23,24). In the
course leading to development of diabetic nephropathy, a major diabetes complication,
aldosterone plays a pivotal role in the pathophysiology of renal inflammation and fibrosis
(23,24). However, the influence of commonly used antihypertensive agents such as the CCB
amlodipine on the mechanisms involving aldosterone and lead to development of diabetic
nephropathy is not fully elucidated. In the present study, we compared the effects of the
calcium channel blocker amlodipine and the direct renin inhibitor on aldosterone production,
renal production of NO-cGMP, 8-isoprostane and fibrosis in STZ-induced diabetes rat
model. This rat model is characterized by normotensive levels of BP that was not influenced
by different treatments employed in this study. Absence of changes in BP throughout this
study eliminated the contribution of the antihypertensive effects of these drugs on diabetes
induced renal injury. Our results demonstrated that increased aldosterone production in
STZ-induced diabetic rats was associated with reduced NO-cGMP and increased 8-
isoprostane levels and fibrosis in diabetic kidney. Reduction of aldosterone production in
diabetes induced by amlodipine or aliskiren alone and combined improved renal interstitial

Matavelli and Siragy Page 4

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



levels of NO and cGMP. In addition, reduction of aldosterone with aliskiren alone or
combined with amlodipine reduced renal levels of 8-isoprostane and fibrosis.

CCBs, including amlodipine, lower BP by reducing intracellular calcium concentration in
vascular smooth muscle cells. In addition, these drugs have several pleiotropic effects as
inhibition of oxidative stress and aldosterone production (13–14). In animal models, CCBs
affected oxidative stress by increasing endothelial NO production and the superoxide
scavenging activity (25–26). They also attenuated plasma levels of isoprostanes and restored
NO availability in essential hypertensive patients (27) and improved NO-mediated
endothelial function in coronary artery disease patients (28). However, the effects of
amlodipine on diabetic kidney pathology are not well established.

Our current results demonstrated that increased aldosterone levels in diabetes were
associated with worsening of renal oxidative stress. In contrast, reduction in levels of
aldosterone, induced by amlodipine or aliskiren treatments, led to increased renal levels of
NO and cGMP. These observed changes in aldosterone production were independent of
variations in blood pressure or sodium concentration considering that UNaV, although
elevated in diabetic rats, was not affected by either amlodipine or aliskiren treatments. The
role of aldosterone in modulating the renal production of NO and cGMP was previously
demonstrated in studies using vascular smooth muscle cells (5,6). In addition, both
amlodipine and aliskiren were previously reported to improve impaired NO production
(29,30). We also demonstrated that inhibition of renin activity reduced renal levels of 8-
isoprostane. However, its production was not affected by treatment with amlodipine. 8-
isoprostane is widely used as a marker for endogenous superoxide activity and its production
is directly stimulated by multiple mechanisms including Ang II, inflammatory cytokines,
and aldosterone (8). The differences between amlodipine and aliskiren treatments on renal
production of 8-isoprostane could be related to their different effects on Ang II production.
The effects of aliskiren are mainly mediated by reduction in angiotensin II formation and
AT1 receptor stimulation. Amlodipine, in addition to reducing aldosterone production, it has
direct effects on inhibiting tissue oxidative stress and inflammation (20,25,26).

Increased oxidative stress is directly related to the development of renal fibrosis (31). In
diabetic kidney, increased levels of reactive oxygen species activate the production of the
transcription factor nuclear factor kappa B (NF-κB) that in turn stimulates the production of
the inflammatory cytokines leading to fibrosis (32). Recently, we demonstrated that
enhanced levels of renal Ang II in STZ-induced diabetic rats were associated with increased
renal expression of the transcription factor NF-κB and the renal levels of the inflammatory
cytokines tumor necrosis factor-α and interleukin 6. These changes were accompanied by
increased urinary albumin excretion (21). The influence of aldosterone on oxidative stress
was previously demonstrated in vivo. In these studies, aldosterone infusion increased the
production of reactive oxygen species in rat kidney and activated NF-κB and renal fibrosis
in Ang II infused rats (7,33). In contrast, administration of antioxidant drugs to aldosterone-
treated animals reduced oxidative stress and attenuated inflammation and collagen
accumulation in the kidney (7). In addition, the blockade of aldosterone action with
mineralocorticoid receptor antagonists (34,35) or aldosterone synthase inhibitors (36,37)
prevented the development of inflammation and fibrosis in different tissues, including the
kidney.

The main mechanisms by which aldosterone induces inflammation include promotion of
inflammatory cell infiltration and adhesion molecules and stimulation of reactive oxygen
species formation (4,37). The involvement of aldosterone in modulating inflammation
leading to fibrosis and remodeling was demonstrated in different tissues, including the heart,
vasculature, and kidney (4,10,24). Fibrosis is a major contributor to development of end
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stage renal disease in diabetes. In our current study, elevated aldosterone levels were
associated with increased PAS and fibronectin immunostaining in diabetic kidneys. These
factors were reduced in diabetic rats treated with aliskiren alone or combined with
amlodipine. The lack of effects of amlodipine alone on preventing increases in renal 8-
isoprostane in this diabetic animal model may have contributed to the absence of beneficial
effects of this drug on renal fibrosis.

CONCLUSIONS
We demonstrated that in diabetic kidney, reduction in the production of aldosterone induced
by the antihypertensive agents amlodipine or aliskiren, improved renal oxidative stress by
increasing NO-cGMP production. Combination therapy of amlodipine and aliskiren further
improved renal NO-cGMP levels. In addition, aliskiren alone or combined with amlodipine
reduced renal 8-isoprostane levels and fibrosis. These findings were independent of BP
changes. Our results suggest that reduction of aldosterone by amlodipine or aliskiren is an
important beneficial effect of these drugs to prevent the development of diabetic kidney
disease.
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Figure 1.
Urinary aldosterone excretion at the end of study of sham and streptozotocin-induced
diabetic (DM) rats treated with vehicle, amlodipine or aliskiren alone and combined. Data
are mean ± SEM. *P<0.05 vs. control; †P<0.05 vs. DM+Vehicle.
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Figure 2.
Renal interstitial fluid (RIF) levels of nitric oxide (NO; A), cGMP (B), and 8-isoprostane
(C) at the end of study in sham and streptozotocin-induced diabetic (DM) rats treated with
vehicle, amlodipine or aliskiren alone and combined. Data are mean ± SEM. *P<0.05 vs.
control; †P<0.05 vs. DM+Vehicle; ‡ P<0.05 vs. DM+Aliskiren.
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Figure 3.
Representative images of PAS staining in renal glomeruli (dark red). Sham (A) and
streptozotocin-induced diabetic rats treated with vehicle (B), amlodipine (C) or aliskiren (D)
alone and combined (E). PAS staining was increased in glomeruli of vehicle treated diabetic
rats, reduced with aliskiren alone or combined with amlodipine and not affected by
amlodipine alone treatment. x200 magnification.
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Figure 4.
Representative images of fibronectin (FN) immunostaining in renal tubular area (stained
dark brown). Sham (A) and streptozotocin-induced diabetic rats treated with vehicle (B),
amlodipine (C) or aliskiren (D) individually and combined (E). FN immunostaining was
increased in vehicle treated diabetic rats, reduced with aliskiren alone or combined with
amlodipine and not affected by amlodipine alone treatment. x200 magnification.
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