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Abstract
We examined the antihypertensive effects of valsartan, aliskiren or both drugs combined on
circulating, cardiac and renal components of the renin-angiotensin system (RAS) in congenic
mRen2.Lewis hypertensive rats assigned to: vehicle (n=9), valsartan (via drinking water, 30 mg/
kg/day; n=10), aliskiren (s.c. by osmotic mini-pumps, 50 mg/kg/day; n=10), or valsartan (30 mg/
kg/day) combined with aliskiren (50 mg/kg/day; n=10). Arterial pressure and heart rate were
measured by telemetry before and during two weeks of treatment; trunk blood, heart, urine and
kidneys were collected for measures of RAS components. Arterial pressure and left ventricular
weight/tibia length ratio were reduced by monotherapy of valsartan, aliskiren and further reduced
by the combination therapy. Urinary protein excretion was reduced by valsartan and further
reduced by the combination. The increases in plasma Ang II induced by valsartan were reversed
by the treatment of aliskiren and partially suppressed by the combination. The decreases in plasma
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Ang-(1–7) induced by aliskiren recovered in the combination group. Kidney Ang-(1–12) was
increased by the combination therapy while the increases in urinary creatinine mediated by
valsartan were reversed by addition of aliskiren. The antihypertensive and antiproteinuric actions
of the combined therapy were associated with marked worsening of renal parenchymal disease and
increased peritubular fibrosis. The data show that despite improvements in the surrogate endpoints
of blood pressure, ventricular mass and proteinuria, dual blockade of Ang II receptors and renin
activity is accompanied by worsening of renal parenchymal disease reflecting a renal homeostatic
stress response due to loss of tubuloglomerular feedback by Ang II.
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Introduction
The lessons learned from studies in humans and animals using angiotensin converting
enzyme (ACE) inhibitors showed the existence of alternate mechanisms for angiotensin II
(Ang II) generation, through either ACE escape or direct conversion of Ang I to Ang II by
chymase. These findings led to exploring the utility of therapies in which ACE inhibitors
and Ang II type1 receptor (AT1R) blockers (ARBs) were combined to optimize renin-
angiotensin system (RAS) blockade.1 Although the rationale for blocking the system at
multiple foci was compelling, the increased risk of acute dialysis and hyperkaliemia found
in the Ongoing Telmisartan Alone and in Combination with Ramipril Global Endpoint Trial
(ONTARGET)2 discouraged this therapeutic approach.3 The introduction of an orally active
direct renin inhibitor (DRI) created an opportunity to bypass the large reactive increase in
renin secretion induced by interruption of the Ang II negative feedback on renin release.4

Although aliskiren hemifumarate, the first orally effective DRI for the treatment of
hypertension, showed efficacy as an antihypertensive agent and in target organ protection, it
failed to suppress Ang II formation as the valsartan/aliskiren combination was more
effective than each drug alone.5 Enthusiasm for combined blockade of either ACE inhibitors
or DRI with ARB is now further questioned given the recent halting of the Aliskiren Trial in
Type 2 Diabetes Using Cardiovascular and Renal Disease Endpoints (ALTITUDE) trial6 in
which patients receiving the combination of aliskiren with either valsartan or an ACE
inhibitor (http://www.theheart.org/article/1331173.do) experienced an increased incidence
of nonfatal stroke, renal complications, hyperkalemia, and hypotension over 18 to 24 months
of follow-up.7

The complexity of the physiological mechanisms that participate in the expression of
angiotensin peptides is further underscored by the identification of an extended form of Ang
I –proangiotensin 12 [Ang-(1–12)]– by Nagata et al.8 Evidence that Ang-(1–12) acts as an
alternate pathway for Ang II production in rodents8–13 and human tissue14 led us to conduct
a rigorous investigation of the effect of combining aliskiren with valsartan on blood
pressure, the circulating and tissue RAS, and renal excretory function. These studies were
done in a congenic model of hypertension expressing increased tissue renin.15

Methods
Animals

Experiments in male 10 week-old mRen2.Lewis rats were performed in accordance with
National Institutes of Health guidelines and were approved by the Wake Forest University
animal care and use committee.
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Arterial pressure, heart rate and locomotive activity measurements
Continuous measures of arterial pressure and heart rate were obtained from telemetry probes
chronically implanted as reported previously.16 Delta mean arterial pressure (MAP) changes
were calculated as the difference between the 3-day MAP averages obtained during the
baseline period and the 7-day MAP average during the last treatment-week.

Treatment protocol
After a 2 weeks recovery period from telemetry probe implantation, rats were randomized to
receive either: (a) vehicle, (b) valsartan (30 mg/kg/day), (c) aliskiren (50 mg/kg/day), or (d)
both drugs [valsartan (30 mg/kg/day) and aliskiren (50 mg/kg/day)]. Valsartan was given in
the drinking water and aliskiren was subcutaneously delivered by osmotic mini-pumps
(ALZET® model 2M2L; DURECT Corp., Cupertino, CA). Pumps containing saline were
implanted to vehicle and valsartan groups. After two weeks treatment, animals were
decapitated and trunk blood, heart and kidneys were collected and processed as previously
described.15 Doses of aliskiren alone or combined with valsartan were shown to reverse
hypertension and cardiac hypertrophy in both transgenic m(Ren2)2717 and congenic
mRen2.Lewis hypertensive rats.16 Valsartan and aliskiren were a kind gift from Novartis,
Inc.

Biochemistry
Plasma renin activity (PRA), defined as the rate of Ang I generation from endogenous
substrate, was measured in incubated plasma treated with EDTA and PMSF to prevent the
degradation of the generated peptide. Plasma renin concentration (PRC) was defined as the
rate of Ang I generation from renin in samples incubated at pH 6.5 for 90 min with excess
exogenous angiotensinogen (Aogen) obtained from nephrectomized rat plasma.16

Ang-(1–12) in plasma, left ventricle and kidney cortex (groups: a, b, and d) were measured
by radioimmunoassay (RIA) by our collaborators (SN and JK), as described elsewhere8

while urinary Ang-(1–12), Ang II and Ang-(1–7) were measured in our laboratory.15,18 RIA
for urinary Ang-(1–12) was performed utilizing an antibody produced to the unique C-
terminus of rat Ang-(1–12) by coupling the N-terminal region to KLH via cysteine linkage.
The primary antibody was diluted to 1:20,000 in 50 mM HEPES (pH 7.4) 125 mM NaCl, 5
mM EDTA containing 0.5% BSA and 0.5% Triton-X to reduce non-specific absorption.
Varying concentrations of standard Ang-(1–12) [0.1 to 500 fmol] are incubated with the
antibody and 10,000 cpm of 125I-Ang-(1–12) in a total volume of 0. 5 ml overnight at 4°C.
The antibody-peptide complex was precipitated by addition of anti-rabbit IgG. The
sensitivity of the RIA for Ang-(1–12) is 2 fmol. Cross-reactivities of the Ang-(1–12) RIA
for Ang I, Ang-(1–9), Ang II and Ang-(1–7) are less than 0.01%. Urinary Aogen
concentration was measured by the enzyme-linked immunosorbent assay (ELISA) with a
total Aogen assay kit (Immuno Biological Laboratories, Minneapolis, MN).19 Serum ACE
activity was determined by incubation of the sample with radiolabeled 3H-Hip-Gly-Gly (pH
8.0) for 1 hour at 37° C.18

Analysis of gene expression by quantitative real-time PCR
Real-time PCR was performed to detect cardiac and renal mRNA expression levels for ACE
and ACE2 in group a, b, and d as described previously.20 Sequence-specific oligonucleotide
primers were designed according to published GenBank (www.ncbi.nlm.nih.gov/Genbank)
sequences. Expression levels are given relative to the geometric mean of the control group.
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Histology
Harvested kidney tissues were fixed in 4% paraformaldehyde for 24 h and then transferred
into 70% ethanol. After dehydration, the tissues were embedded into paraffin blocks, and
sectioned at 4 μm for histological examination. Paraffin sections of kidney tissue were
stained with Hematoxylin and Eosin (H-E). Immunostaining for α-SMA was performed as
previously described.21

Statistical analysis
All values are expressed as mean ± SEM. Mean arterial pressure and urinary parameters
were analyzed by two-way analysis of variance (ANOVA) followed by the Bonferroni’s
post hoc test. Other data were analyzed by one-way ANOVA followed by the Turkey’s post
hoc test. All data were analyzed using GraphPad PRISM (GraphPad, San Diego, CA,) with
P<0.05 considered statistically significant.

Results
The reductions in mean arterial pressure induced by the combination therapy were greater
than those produced by valsartan or aliskiren monotherapy (Figure 1). No treatment had an
effect on heart rate. While all three treatments reduced whole heart weight/tibia length
(WHW/TL) ratio and LV weight/TL (LVW/TL) ratios compared to vehicle-treated
mRen2.Lewis rats (Table 1), the combination treatment reduced LVW/TL ratio more than
each agent alone (Table 1). On the other hand, the combination of valsartan/aliskiren
increased kidney weight/body weight (KW/BW) and KW/TL ratios by 14% and 11%,
respectively, when compared to vehicle (Table 1).

Effects of Valsartan and Combination Therapy on RAS Components
Figure 2 shows the effects of the treatments on systemic RAS components. Valsartan and
combination therapy increased PRA compared to vehicle and aliskiren. Combination therapy
increased PRC by 14-fold compared to vehicle and this change contrasted markedly with the
reductions in PRA/PRC ratio found in rats treated with either aliskiren or valsartan alone.
Only the combination therapy induced increases in plasma Ang I levels while the large
increases in plasma Ang II produced by valsartan were suppressed in rats medicated with
aliskiren and partially reversed during combination therapy (Figure 2). Aliskiren reduced
plasma Ang-(1–7) level compared to other groups. Plasma Ang-(1–7)/Ang II ratio was
highest in the aliskiren group. Plasma Ang-(1–12) and tissue RAS components in group a, b,
and d are shown in Table S1. There were no differences in plasma Ang-(1–12) levels among
the three groups. Tissue concentrations of Ang-(1–12), Ang II and Ang-(1–7) in the LV
were not different among rats given vehicle, valsartan or the combined therapy (Table S1).
On the other hand, kidney cortex content of Ang-(1–12) was higher in rats given the
combination therapy compared to valsartan-treated rats, whereas both valsartan and the
combination therapy led to marked decreases in renal Ang II content (Table S1). The
treatments had no effect on renal Ang-(1–7) content (Table S1). Exposure to either valsartan
or the combination therapy had no effect on the cardiac expression of ACE and ACE2
mRNAs. Renal cortex ACE2 gene expression was not altered by valsartan and decreased in
rats medicated with valsartan/aliskiren.

Figure S1 shows a marked reduction in the urinary excretion of Aogen by valsartan,
aliskiren, or valsartan/aliskiren when compared to baseline values obtained either before
initiation of treatment or the vehicle-treated groups. Urinary Ang-(1–12) excretion was
similarly reduced by valsartan and the combination therapy and not changed in rats
receiving aliskiren. Only aliskiren reduced urinary Ang II levels compared to valsartan. The
decreases in urinary Ang-(1–7) excretion were similarly reduced in rats medicated with

Moniwa et al. Page 4

Hypertension. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



valsartan, aliskiren, or valsartan/aliskiren. In addition, urinary protein/creatinine ratio
correlated positively with kidney Ang II level and negatively with kidney Ang-(1–7)/Ang II
ratio (Figure S2).

Effects of RAS Blockade on Renal Excretory Function
The effects of treatments on renal excretory function are shown in Table 2. All drug-
treatments caused a mild reduction in water intake and comparative decreases in urinary
output. While valsartan or aliskiren increased urinary creatinine levels, the combination
treatment reversed these changes. 24 hours urinary protein excretion was decreased only in
the combination group, whereas urinary protein/creatinine ratio was reduced in valsartan and
the combination group but not in rats medicated with aliskiren. Moreover, the values of
urinary protein creatinine ratio in the combination group were significantly lower than that
in aliskiren group. Serum urea nitrogen and potassium was augmented only in rats
medicated with aliskiren or the combined treatment.

Renal Histological Changes Induced by the Treatments
Representative changes of the alterations present in the kidney of vehicle treated
mRen2.Lewis hypertensive rats and of those receiving valsartan, aliskiren or the combined
treatment are illustrated in Figure 3. The extension and number of basophilic areas with
tubular dilatation, signs of proliferation such as high nuclear to cytoplasm ratio and
increased mitotic figures are augmented in mRen2.Lewis rats treated with valsartan and
more drastically in rats with either aliskiren or the combination therapy. Although the
combination therapy was consistently associated with marked renal abnormalities, the
aliskiren group showed them as well although variability was noted among animals. Figure
5 also shows that the peritubular interstitium in the treated rats is expanded and occupied by
proliferating activated pericytes expressing α-smooth muscle actin leading to fibrosis. There
is also evidence of tubular proliferation and lymphocytic infiltrates that becomes more
prominent in mRen2.Lewis rats receiving aliskiren alone and the combination therapy.
Combination therapy is associated with extensive cortical (outer and inner cortex) areas
consisting of peritubular and periglomerular fibrosis, disorganized tubular proliferation, and
tubular dilatation/atrophy. Many congestive, enlarged glomeruli with aneurysmatic capillary
dilatations as well as some non-perfused (sclerotic) glomeruli are also observed in this
group. Abnormal glomeruli are visualized undergoing periglomerular and glomerular
sclerosis (Figure 3, panels B, E, H and I) and mesangial proliferation. Tubular dilation was
more prominent in the aliskiren and combined therapy groups (Figure 3, panels G, H and J).
In addition, Figure 4 shows increase in the number of cells in the afferent arterioles of the
treated groups, corresponding to renin cells.

Discussion
While confirming a beneficial effect of the combination therapy on the surrogate end-points
of blood pressure, cardiac hypertrophy, and proteinuria, we now show that these treatments
are associated with worsening of renal injury. The apparent improvement in the surrogate
end-point of protein excretion contrasted markedly with the increases in kidney weight, the
elevations in serum urea nitrogen and histological findings of worsening of
glomerulosclerosis with all three treatments, especially with the combination of valsartan/
aliskiren. We suggest that these new findings reflect the kidneys inability to autoregulate
renal blood flow following the "relative" hypotension and blockade of the actions of Ang II
on tubuloglomerular feedback mechanisms.22 We further suggest that the larger
antihypertensive response produced by the combination therapy may make the kidneys more
susceptible to hypoperfusion leading to regional tissue ischemia and fibrosis. In keeping
with this interpretation, Gomez and colleagues23–25 showed that progression of renal disease
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is associated with deterioration of the kidney microvasculature and/or the reenactment of
embryonic pathways, features that were present in the kidney of valsartan/aliskiren treated
rats. In agreement with these findings a previous study showed no additional renoprotective
actions of the combination therapy in m(Ren2)27 transgenic hypertensive rats.26 Thus, these
new results agree with clinical findings in which a multiloci blockade of RAS components
has a detrimental impact on renal function despite the apparent beneficial effects on
surrogate endpoints such as blood pressure and proteinuria. Altogether, the detailed
characterization of the effects of valsartan/aliskiren over those induced by valsartan or
aliskiren alone is in keeping with emerging data demonstrating that blockade of AT1Rs
together with either ACE or renin inhibition may negate the beneficial effects of selective
blockade of one of these pathways.2,3,7,26,27

As an experimental model of hypertension, the mRen2.Lewis rat retains the increased tissue
renin transgene expression derived from the backcross of the original m(Ren2)27 transgenic
hypertensive rat.15 The use of telemetry for assessment of the effects of therapies on blood
pressure and heart rate, a comprehensive quantitative evaluation of changes in RAS
components using procedures firmly established in our laboratory, and an independent and
blind assessment of histological findings are additional strengths of the reported research.
While the generalizability of our findings to human hypertensive disease has obvious
limitations, our data provides a window for understanding why dual RAS inhibition may
negate clinically the beneficial effects of selective blockade of Ang II or renin.2,3,7,26,27

The demonstration that valsartan/aliskiren reduced arterial pressure more than valsartan or
aliskiren alone in mRen2. Lewis hypertensive rats agree with previous human and animal
findings.5 Partial blunting of the increased plasma Ang II induced by valsartan and recover
of reduced plasma Ang-(1–7) induced by aliskiren in the combination group, may explain
the stronger antihypertensive and cardiac anti-hypertrophic actions of the combination
therapy. Overall, the effects of the treatments on plasma and tissue RAS components agree
with the existence of separate regulatory expression of the components in the circulating and
tissue compartments. In this study, the increases in both plasma Ang I and serum ACE
activity induced by the combined treatment may reflect a compensatory rise in renin
secretion due to blockade of the AT1R mediated negative feedback to renin production.
Since the increased serum ACE activity was associated with a reduction in the plasma Ang
II/Ang I ratio, these data confirm that the combination of valsartan/aliskiren causes an
upregulation of circulating ACE. Aliskiren is reported to have high affinity with human and
mouse renin but very low affinity with rat renin.28 Due to the release of the negative
feedback from AT1R, the combined therapy of valsartan/aliskiren causes a reactive rise in
secretion of rat renin, which is much less susceptible to inhibition by aliskiren as reported in
m(Ren2)27 transgenic hypertensive rats.28 In addition, this reactively increased renin acts to
attenuate the suppression of Ang I by aliskiren.29,30 The demonstration of increased number
of renin cells in the afferent arterioles of the treated groups (Figure 4) agree with the
observed increases in PRA, PRC and plasma Ang I found with the combination therapy. On
the other hand, the large increases in Ang I mediated by the combination therapy did not
result in augmented plasma Ang II levels since aliskiren effectively suppressed the increases
in plasma Ang II levels induced by valsartan. This may be explained through increased
ACE2 activity by aliskiren, reflecting the increase in plasma Ang-(1–7)/Ang II ratio.

The existence of non-renin dependent pathways for angiotensin peptides formation led us to
determine the effect of the treatments on plasma, cardiac and renal concentrations of Ang-
(1–12). Recent studies from this laboratory showed that both ACE and chymase account for
the production of Ang II from Ang-(1–12).9,14 Measurements of Ang-(1–12) in plasma and
cardiac tissue confirmed that its presence is not altered by administration of the treatments,
additional evidence for its independent regulation from renin.13 The increase in renal Ang-
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(1–12) induced by the combination therapy compared to valsartan-treated rats suggest that
renin inhibition upregulates alternative processing of Aogen to Ang-(1–12) by as a yet to be
identified enzymatic pathway. Further work is necessary to determine whether the increases
in Ang-(1–12) might be associated with the worsening of kidney injury.

The effects of the therapies on renal cortex content of the angiotensins showed a significant
reduction of Ang II in both valsartan and valsartan/aliskiren treated rats. Consistently,
Kobori et al.31 showed that Aogen is produced in proximal tubular cells as well as in the
liver and also found that systemic Ang II infusion increase Aogen in kidney and urine. The
decrease of renal ACE2 mRNA in the combination group may be explained by the
worsening of renal parenchymal disease as reported in human renal biopsies from patients
with chronic kidney disease.32

We conclude that while the combination of valsartan/aliskiren exerted a greater effect in
reducing blood pressure, cardiac hypertrophy, and proteinuria, improvements in these
surrogate endpoints are associated with aggravation of renal disease. The discrepant results
in terms of the surrogate end-points of blood pressure, cardiac hypertrophy, and proteinuria
compared to the morphological changes in the kidney provides now a mechanistic window
for understanding the adverse clinical outcomes reported with the use of dual RAS
inhibitors.

Perspective
The theoretical advantages of dual inhibition of RAS components using ACE or direct renin
inhibitors with ARBs is a logical approach for the management of hypertension as they act
synergistically in suppressing the reactive rise in plasma renin activity resulting from
blockade of AT1Rs. While previous studies in animals and hypertensive subjects suggested
that such combinations favorably affect blood pressure, adverse cardiac remodeling, and
proteinuria, their long-term effects on renal function and clinical events has failed to support
the merits of this therapeutic combination. Our detailed investigation of the effect of
combination therapy with valsartan and aliskiren in a renin-dependent hypertension model
showed a significant discrepancy among the merit of this combination in terms of the
surrogate end-points of blood pressure, cardiac hypertrophy, and proteinuria and the
progression of hypertension-induced renal damage. The results of this study suggest that
dual blockade of renin activity and AT1Rs prevents the activation of intrinsic renoprotective
mechanisms to compensate for the decreases in renal perfusion pressure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

1) What Is New?

The first direct demonstration in an experimental model of renin-dependent hypertension
that the merits of combining the AT1 receptor antagonist valsartan with a direct renin
inhibitor aliskiren is associated with worsening of renal parenchymal disease despite the
beneficial effects of this treatment on blood pressure, cardiac hypertrophy, and
proteinuria.

2) What Is Relevant?

These experimental findings now provide an explanation for the absence of any
additional cardiovascular protection and even worsening of renal function during dual
blockade of the renin angiotensin system.

3) Summary

Our studies in mRen2.Lewis congenic hypertensive rats medicated with valsartan or the
combination of valsartan/aliskiren demonstrated that the additional antihypertensive and
antiproteinuric effect of preventing a reactive rise in plasma renin activity does not
suppress cardiac content of angiotensin peptides while markedly lowering the renal
content of Ang II but not Ang-(1–7). In addition, the combination therapy is associated
with a mild increase in renal cortical content of Ang-(1–12) as well as causing large
decreases in urinary excretion rates of angiotensinogen, Ang-(1–12) and Ang-(1–7). The
deactivation of renin angiotensin system components in the kidney of valsartan/aliskiren-
treated rats is associated with worsening of renal parenchymal disease above the
structural changes that are induced by the hypertensive process in the vehicle-treated rats.
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Figure 1.
Time course of changes in mean arterial pressure in response to administration of vehicle,
valsartan, aliskiren, and valsartan/aliskiren (upper panel) and changes in mean arterial
pressure from baseline (lower panel) Values are means ± SEM. ***: P<0.001 vs vehicle,
†††: P<0.001 vs valsartan, §§§: P<0.001 vs aliskiren.
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Figure 2.
Effects of each treatment on systemic RAS components. Values are means ± SEM. *:
P<0.05 vs vehicle, **: P<0.01 vs vehicle, ***: P<0.001 vs vehicle, ††: P<0.01 vs valsartan,
†††: P<0.001 vs valsartan, §: P<0.05 vs aliskiren, §§: P<0.01 vs aliskiren, §§§: P<0.001 vs
aliskiren.
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Figure 3.
Hematoxylin-eosin stained sections of renal cortical tissue obtained from representative
vehicle (panels A, B, and C), valsartan (panels D, E, F), aliskiren (panels G, H, and I), and
valsartan/aliskiren (panels J, K, and L)-treated mRen2.Lewis hypertensive rats. At low
magnification vehicle treated mRen2.Lewis hypertensive rats shows an overall conserved
renal architecture (A), whereas valsartan (D and G) -treated mRen2.Lewis rats show
abnormal areas (arrows) with tubular proliferation, periglomerular and peritubular fibrosis
and tubular dilatation, more extensive in the aliskiren or the combined treatment groups (J).
Lymphocytic infiltrates surrounding tubules and vessels are observed in all groups (arrows
in panels B, E, H and K). Examples of periglomerular fibrosis and signs of
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glomerulosclerosis are shown in panels B, E, F, H and I. Areas consisting of high nuclear to
cytoplasm ratio, peritubular and periglomerular fibrosis and disorganized tubular
proliferation (basophilic areas) are small in the vehicle group (B and C) but are more
frequent and extended in the valsartan (E and F), aliskiren (H and I) and combined treatment
group (K and L). Most of the arteries/arterioles are fairly conserved (C, E and I, arrowheads)
but some are very abnormal denoting a hypertrophic response with thickening of the media
(panel K, arrowhead). Scale bar: A, D, G and J: 500 µm; B, C, E, F, H, I, K and L: 100 µm.
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Figure 4.
Hematoxylin-eosin stained sections of renal cortical tissue obtained from mRen2.Lewis rats.
Arrows point to juxtaglomerular hypertrophy presumably due to increase in the number of
renin cells in the afferent arterioles of the treated rats. Scale bar: 100 µm.
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Figure 5.
Immunohistochemical staining for α-SMA (brown) on kidneys sections obtained from
vehicle, valsartan, aliskiren, and combination-treated mRen2.Lewis hypertensive rats.
Kidneys from vehicle treated mRen2.Lewis rats showed the expected α-SMA expression in
the mural cells of the vasculature and occasionally in the peritubular interstitium whereas in
the treated groups there was an increase in the expression of α-SMA in the interstitium
(peritubular and periglomerular) indicating the activation of myofibroblasts leading to
fibrosis. Remarkably, the increase in interstitial expression of α-SMA was more significant
in the aliskiren and combined therapy groups. Scale bar: 200 µm.
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Table 1

Effects of treatments on heart and kidney weight

Variable
Vehicle
(n=9)

Valsartan
(n=10)

Aliskiren
(n=10)

Combination
(n=10)

WHW/BW (mg/g) 3.85 ± 0.06 3.10 ± 0.03*** 3.25 ± 0.08*** 3.02 ± 0.04***,§

WHW/TL (mg/mm) 36.8 ± 0.5 29.0 ± 0.4*** 30.7 ± 0.2***,† 28.1 ± 0.4***,§§§

LVW/BW (mg/g) 2.74 ± 0.04 2.10 ± 0.03*** 2.16 ± 0.05*** 1.97 ± 0.03***,§§§

LVW/TL (mg/mm) 26.2 ± 0.41 19.6 ± 0.24*** 20.4 ± 0.20*** 18.3 ± 0.29***,†,§§§

KW/BW (mg/g) 3.82 ± 0.05 3.95 ± 0.10 4.17 ± 0.12 4.35 ± 0.11**,†

KW/TL (mg/mm) 36.5 ± 0.4 36.9 ± 0.9 39.5 ± 1.1 40.5 ± 0.9*,†

WHW: whole heart weight, BW: body weight, TL: tibia length, LVW: left ventricular weight, KW: kidney weight. Values are means ± SEM.

*
: P<0.05 vs vehicle,

†
: P<0.05 vs valsartan,

§
: P<0.05 vs aliskiren,

**
: P<0.01 vs vehicle,

***
: P<0.001 vs vehicle,

§§§
: P<0.001 vs aliskiren
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Table 2

Renal Excretory Response to the Treatments

Variable
Vehicle
(n=9)

Valsartan
(n=10)

Aliskiren
(n=10)

Combination
(n=10)

Water intake, mL

Baseline 32.0 ± 1.2 30.7 ± 1.7 32.6 ± 3.3 30.9 ± 1.1

2-wks. 37.0 ± 2.4 24.0 ± 1.0***,# 23.7 ± 1.2*** 26.1 ± 0.6***,##

Urine volume, mL

Baseline 20.7 ± 1.1 20.4 ± 1.2 19.9 ± 3.2 20.4 ± 1.5

2-wks. 23.7 ± 2.9 14.8 ± 0.4** 14.2 ± 0.9** 15.4 ± 0.7***

Urine creatinine, mg/dL

Baseline 70.8 ± 7.7 67.1 ± 7.0 74.3 ± 7.1 70.6 ± 8.2

2-wks 88.0 ± 9.1 126.3 ± 10.8**,### 100.5 ± 2.7** 94.6 ± 6.2†

Urine protein, mg/24h

Baseline 21.0 ± 2.1 20.5 ± 1.7 23.3 ± 2.8 21.7 ± 2.0

2-wks. 23.8 ± 1.9 17.9 ± 2.3 23.5 ± 3.1 10.7 ± 0.9***,†,§§§,##

Protein/creatinine, mg/mg/24h

Baseline 32.1 ± 4.1 33.6 ± 4.3 31.8 ± 2.9 32.4 ± 3.5

2-wks 25.9 ± 1.7 14.8 ± 2.1*,### 23.7 ± 3.4 11.4 ± 0.8**,§,###

Serum urea nitrogen, mg/dL

Baseline      NA      NA      NA      NA

2-wks. 35.8 ± 2.7 38.0 ± 1.0 44.9 ± 2.1* 46.0 ± 2.4**,†

Serum creatinine, mg/dL

Baseline      NA      NA      NA      NA

2-wks. 0.45 ± 0.03 0.42 ± 0.03 0.42 ± 0.03 0.51 ± 0.04

Serum Na+ mmol/L

Baseline      NA      NA      NA      NA

2-wks. 140.3 ± 3.6 138.5 ± 1.3 139.0 ± 2.4 138.9 ± 0.8

Serum K+ mmol/L

Baseline      NA      NA      NA      NA

2-wks. 6.07 ± 0.19 6.55 ± 0.16 6.83 ± 0.13** 7.02 ± 0.16*

Creatinine clearance, mL/min

  Baseline      NA      NA      NA      NA

  2-wks. 2.83 ± 0.25 3.49 ± 0.63 2.37 ± 0.18 2.37 ± 0.18

Values are means ± SEM.

*
: P<0.05 vs vehicle,

†
: P<0.05 vs valsartan,

§
: P<0.05 vs aliskiren,

#
: P<0.05 vs basal,

**
: P<0.01 vs vehicle,
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##
: P<0.01 vs basal,

***
: P<0.001 vs vehicle,

###
: P<0.001 vs basal,

§§§
: P<0.001 vs aliskiren,

NA
: not applicable.
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