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Abstract—We tested the hypothesis that the renin inhibitor aliskiren ameliorates organ damage in rats transgenic for human
renin and angiotensinogen genes (double transgenic rat [dTGR]). Six-week-old dTGR were matched by albuminuria (2
mg per day) and divided into 5 groups. Untreated dTGR were compared with aliskiren (3 and 0.3 mg/kg per day)-treated
and valsartan (Val; 10 and 1 mg/kg per day)-treated rats. Treatment was from week 6 through week 9. At week 6, all
groups had elevated systolic blood pressure (BP). Untreated dTGR showed increased BP (202�4 mm Hg), serum
creatinine, and albuminuria (34�5.7 mg per day) at week 7. At week 9, both doses of aliskiren lowered BP (115�6 and
139�5 mm Hg) and albuminuria (0.4�0.1 and 1.6�0.6 mg per day) and normalized serum creatinine. Although
high-dose Val lowered BP (148�4 mm Hg) and albuminuria (2.1�0.7 mg per day), low-dose Val reduced BP
(182�3 mm Hg) and albuminuria (24�3.8 mg per day) to a lesser extent. Mortality was 100% in untreated dTGR and
26% in Val (1 mg/kg per day) treated rats, whereas in all other groups, survival was 100%. dTGR treated with low-dose
Val had cardiac hypertrophy (4.4�0.1 mg/g), increased left ventricular (LV) wall thickness, and diastolic dysfunction.
LV atrial natriuretic peptide and �-myosin heavy chain mRNA, albuminuria, fibrosis, and cell infiltration were also
increased. In contrast, both aliskiren doses and the high-dose Val lowered BP to a similar extent and more effectively
than low-dose Val. We conclude that in dTGR, equieffective antihypertensive doses of Val or aliskiren attenuated
end-organ damage. Thus, renin inhibition compares favorably to angiotensin receptor blockade in reversing organ
damage in dTGR. (Hypertension. 2005;46:569-576.)
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Renin is the rate-limiting step in the generation of angio-
tensin II (Ang II).1 Thus, inhibiting this step reduces Ang

II levels. Historically, renin inhibitors have not been clini-
cally successful because of lack of potency or bioavailability.
The new nonpeptidic renin inhibitor aliskiren is a potent
human renin inhibitor (IC50�0.6 nmol/L).2 Because renin
displays species specificity for its substrate, human renin
inhibitors cannot be tested efficiently in conventional hyper-
tensive rat models. To circumvent this problem, transgenic
rats and mice were developed harboring the human renin and
the human angiotensinogen genes.3,4 Human renin does not
effectively cleave rat angiotensinogen, and similarly, rat renin
cleaves human angiotensinogen poorly.5 Consequently, the
single transgenic rats and mice (ie, transgenic for either
human angiotensinogen or renin) are normotensive. How-
ever, when cross-bred, the double transgenic rat (dTGR)
offspring develop hypertension with severe organ damage
and do not live beyond the seventh or eighth week of age. We

extensively studied these animals; the injury features nuclear
factor �B (NF-�B) and activator protein-1 transcription factor
activation, upregulation of surface adhesion molecules, cyto-
kines, and the influx of inflammatory cells.6–9 This investi-
gation is the only animal study using the human renin
inhibitor aliskiren to test the efficacy of the compound in
preventing progression of pre-existing albuminuria and target
organ damage. The only other conceivable model might be
the marmoset, a small primate. However, those animals must
first be made hypertensive, which has not been done to our
knowledge. For various reasons, the marmoset is unsuitable.
Our protocol examined the possibility of ameliorating target
organ injury, a phenomenon not yet shown for aliskiren.

Methods
All procedures complied with guidelines from the American Physi-
ology Society, and a local review board approved the study (permis-
sion No. G237/02). Male dTGR were allowed to develop hyperten-
sion and were placed in metabolic cages at 5.5 weeks of age. Systolic
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blood pressure (BP; tail-cuff) and 24-hour albumin excretion
(ELISA; CellTrend) were measured as described previously.7,8 The
dTGR were matched at week 6 in terms of 24-hour albumin
excretion and distributed in 5 groups of 19 rats each. Treatments
began when the rats were 6 weeks of age. The rats received vehicle
treatment, aliskiren at 0.3 mg/kg per day and 3 mg/kg per day (by
subcutaneous minipump), and valsartan (Val) at 1 mg/kg per day and
at 10 mg/kg per day (given in the food). Val doses were selected on
the basis of a previous study showing that 10 mg/kg per day of Val
provided complete end-organ protection (D.N. Müller, unpublished
data, 2004). The 1 mg/kg per day dose of Val was selected as a
subthreshold treatment to reduce mortality yet only minimally effect
BP and organ damage. We knew from previous studies that vehicle-
treated animals would not survive beyond 8 weeks of age, and thus,
this low-dose Val group would then serve as a control group at 9
weeks. This study was not designed to compare the effects of
aliskiren to either dose of Val. Echocardiography (M-mode tracings
in the short axis and tissue-Doppler imaging; n�5 to 6 per group at
weeks 7 and 9) was performed with a 15-MHz phased-array
transducer under isoflurane anesthesia.10 Three measurements per
heart were determined, averaged, and statistically analyzed. M-mode
was performed in a LV short axis and measured according to the
leading-edge method. Total wall thickness was calculated as sum of
septum and left ventricular (LV) posterior wall.

Tissue Doppler measures the velocity of the longitudinal cardiac
movement at the basal septum, allowing assessment of diastolic
filling. Tissue Doppler measurements were performed with the
sample volume in the basal septum in a 4-chamber view. Velocity
range, gain, and filter settings were optimized to detect low veloci-
ties, and the pulsed-wave Doppler spectrum was displayed at
200 mm/s. The measurements represent velocities of peak early (Ea)
and late (Aa) diastolic expansion velocities. The Ea/Aa ratio is
reported as an index of diastolic function.10

Rats were killed at 9 weeks of age by decapitation. Serum was
collected for further analysis. Kidneys and hearts were removed and
washed with ice-cold saline, blotted dry, and weighed. Serum
samples were used to measure Ang I formation toward assessing the
efficacy of renin inhibition by aliskiren. Human renin estimated as de
novo Ang I formation was measured by the in vitro enzyme-kinetic
assays described by Bohlender et al.11 Samples were incubated for 1
hour in the presence and absence of the renin inhibitor remikiren
(1 �mol/L) with an excess of human angiotensinogen. The reaction
was stopped by the addition of (1 �mol/L) remikiren. De novo Ang
I production was calculated as the difference between untreated
sample and remikiren-treated sample (ng/mL per hour). Tissue Ang
I and II levels were measured after SepPak extraction and high-
performance liquid chromatography (HPLC) separation by radioim-
munoassay.12 A known amount of 125I-Ang I was added as an internal
standard before the extraction procedure, and the recovery of
125I-Ang I after HPLC separation was used to correct for losses
(maximally 20% to 30%) that occurred during extraction and
separation.12

Tissue preparation and immunohistological techniques were per-
formed as described previously.7 Sections were incubated with
primary antibodies against rat monocytes/macrophages (ED-1; Se-
rotec), collagen IV (Paessel), major histocompatibility complex II�
(MHC II�), CD4�, CD8�, OX62, and CD86� cells (all BD
Pharmingen). Scoring of infiltrated cells was performed using the
program KS 300 3.0 (Zeiss). Fifteen different areas of each kidney
(n�5 in all groups) were analyzed. A mean score for each animal
was computed and used to derive a group mean score. Analyses were
conducted without knowledge of the specific treatment. Collagen IV
expression was presented in arbitrary units (0 to 5�) based on the
staining intensity.

For RT-PCR, LV mRNA was isolated with TRIZOL (Gibco Life
Technology). RT-PCR for �-MHC and �-MHC as well as for atrial
natriuretic peptide (ANP) was performed in 25-�L SybrGreen PCR
Master Mix (Applied Biosystems) containing 0.3 or 0.9 mol/L
primer and 1 �L of the reverse transcription reaction in a 5700
Sequence Detection System (Applied Biosystems). Thermal cycling
conditions comprised an initial denaturation step at 95°C for 10

minutes, followed by 95°C for 15 s and 65°C for 1 minute for 40
cycles. mRNA expression was standardized to the hypoxanthine
phosphoribosyl transferase gene as a housekeeping gene (primer
sequences available on request).

Data are presented as means�SEM. Statistically significant dif-
ferences in mean values were tested by ANOVA and BP and
albuminuria by repeated ANOVA, followed by Scheffé test. Mor-
tality was examined using a Kaplan–Meier analysis. A value of
P�0.05 was considered statistically significant (Statview statistical
software).

Results
The Kaplan–Meier survival curves (Figure 1A) show a 100%
mortality rate for the 19 vehicle-treated dTGR at 8 weeks.
Five of 19 1 mg/kg per day Val-treated dTGR died by 9
weeks, whereas no 10 mg/kg per day Val-treated nor 0.3 or 3
mg/kg per day aliskiren-treated dTGR died (P�0.05). The
24-hour urine albumin excretion (Figure 1B) averaged
2.0�0.2 mg per day in all dTGR groups before randomiza-
tion. The 24-hour urine albumin excretion of Sprague Dawley
rats at this time point was 0.2�0.05 mg per day (data not
shown; P�0.05). At 7 weeks, albuminuria in untreated dTGR
was increased to 36.4�4.6 mg per day. By the end of the
study, albuminuria had increased in the 1 mg/kg per day Val
dTGR group. Albuminuria remained constant (10 mg/kg per
day Val) or actually decreased to 1.6�0.6 mg per 24 hours or
0.4�0.2 mg per 24 hours in the 0.3 mg/kg per day and 3
mg/kg per day aliskiren (P�0.05) groups. Serum creatinine
was maintained at normal levels by aliskiren doses and
high-dose Val (Figure 1C). Systolic BP increased (Figure 1D)
in the vehicle-treated dTGR and 1 mg/kg per day Val dTGR
groups but decreased in the other groups. The 3 mg/kg per
day aliskiren-treated group completely normalized BP at all
times to the level of nontransgenic Sprague Dawley rats. We
assessed renal fibrosis by immunostaining against collagen
IV. Increased collagen IV expression of the Bowman’s
capsule and tubular basement membranes was observed in 1
mg/kg per day Val (Figure 1E). Collagen IV semiquantifica-
tion demonstrated that high doses of aliskiren and Val were
slightly more effective compared with 0.3 mg/kg per day
aliskiren. The 1 mg/kg per day Val group showed the highest
score (a score of 5� for dTGR�1 mg/kg per day Val, 1� for
dTGR�3 mg/kg per day aliskiren, 1� for dTGR�10 mg/kg
per day Val, and 3� for dTGR�0.3 mg/kg per day aliskiren).

Using an in vitro enzyme-kinetic assay, we next deter-
mined whether the capacity of serum samples to generate
Ang I was altered by treatment of dTGR with the different
aliskiren doses. Therefore, we incubated serum samples with
an excess of human angiotensinogen. De novo Ang I forma-
tion was dose-dependently reduced in both aliskiren groups
compared with both Val groups (Figure 2A). We also
measured renal Ang I and II. The 10 mg/kg per day Val dose
and both aliskiren doses reduced renal Ang I and II content
(Figure 2B and 2C).

At death, the cardiac hypertrophy index score (Figure 3A)
decreased in the 10 mg/kg per day Val, 0.3 mg/kg per day
aliskiren, and 3 mg/kg per day aliskiren groups (P�0.05).
However, the cardiac hypertrophy index was significantly
lower in 3 mg/kg per day aliskiren treated compared with 10
mg/kg per day Val-treated dTGR. Echocardiography shows a
1 mg/kg per day Val animal with concentric hypertrophy and
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wall thickness of 3.4 mm with a normal LV end-diastolic
diameter (Figure 3B). Treatment with aliskiren (3 mg/kg
per day) or 10 mg/kg per day Val reduced wall thickness to
2.2 mm and 2.7 mm, respectively (Figure 3C). Tissue
Doppler measurements (Figure 4A and 4B) showed an

Ea/Aa ratio of 0.68�0.1 in the 1 mg/kg per day Val group,
whereas 10 mg/kg per day Val improved Ea/Aa quotient
(1.0�0.1). High and low aliskiren doses increased Ea/Aa
values (1.4�0.1 and 1.5�0.1, respectively), demonstrating
improved diastolic filling. We also investigated untreated

Figure 1. A, Survival of dTGR treated
with aliskiren (Alisk; 0.3 or 3 mg/kg per
day), Val (1.0 or 10 mg/kg per day), or
vehicle. None of the 19 vehicle-treated
dTGR survived beyond week 8. Fourteen
of 19 1 mg/kg per day Val-treated dTGR
survived beyond week 9. All dTGR
receiving 10 mg/kg per day Val, 0.3
mg/kg per day Alisk, or 3 mg/kg per day
Alisk survived the 3-week experimental
period (P�0.05). B, Baseline albumin
excretion of 2.0 mg per 24 hours. The 10
mg/kg per day Val and 0.3 mg/kg per
day Alisk doses effectively prevented the
progression of albuminuria, whereas 3
mg/kg per day Alisk actually reversed
albuminuria to 0.4�0.2 mg per 24 hours.
C and D, 10 mg/kg per day Val, 0.3
mg/kg per day Alisk, and 3 mg/kg per
day Alisk show normal serum creatinine
and BP. E, Renal collagen IV was
reduced in 10 mg/kg per day Val and
both Alisk doses. Results are
mean�SEM (n�10 to 14; *P�0.05 vs
other groups; #P�0.05 vs all other
groups; ‡vs 10 mg/kg per day Val).

Figure 2. A, Alisk doses reduced the capacity of serum samples to generate Ang I, measured by in vitro enzyme-kinetic assays. The 3 mg/kg per
day Alisk dose was more effective compared with 0.3 mg/kg per day Alisk. B and C, Renal Ang I and II levels. The 10 mg/kg per day Val dose and
both Alisk doses reduced renal Ang I and II. Results are mean�SEM (n�4 to 8; *P�0.05 vs other groups; #P�0.05 vs all other groups).
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dTGR at week 7 just before death and found increases in
LV thickness (3.5 mm) and Ea/Aa ratio of 0.48�0.1,
indicating diastolic dysfunction (data not shown).

With RT-PCR, we examined �-MHC mRNA and
�-MHC expression in the left ventricles (Figure 5A
through 5C). The 10 mg/kg per day Val treatment and both
aliskiren treatments prevented the shift from �-MHC
expression to the fetal �-MHC isoform. LV ANP mRNA
expression was reduced by both aliskiren treatments com-

pared with 1 mg/kg per day Val-treated dTGR. The 10
mg/kg per day Val dose reduced the expression of this
gene, but not to a significant degree.

To measure markers of tissue inflammation, we quantified
macrophage (Figure 6A), CD4 T cell (Figure 6B), CD8 T cell
(Figure 6C), dendritic cell (Figure 6D), CD86� cell (Figure 6E),
and MHC II� cell (Figure 6F) infiltration in the kidneys. The 10
mg/kg per day Val, 0.3 mg/kg per day aliskiren, and 3 mg/kg per
day aliskiren doses prevented cell infiltration completely.

Figure 3. Cardiac hypertrophy index,
M-mode echocardiography of LV sep-
tum, and posterior wall of dTGR at 9
weeks of age are shown. A, 10 mg/kg
per day Val, 3 mg/kg per day Alisk, and
0.3 mg/kg per day Alisk all reduced the
cardiac hypertrophy index in 9-week-old
dTGR. The 3 mg/kg per day Alisk dose
was more potent compared with 10
mg/kg per day Val. B, A 1 mg/kg per day
Val rat with severe septal and posterior
wall hypertrophy. The 10 mg/kg per day
Val dose reduced septal and posterior
wall hypertrophy substantially. The 0.3
mg/kg per day Alisk and 3 mg/kg per
day Alisk doses also reduced LV hyper-
trophy; the 3 mg/kg per day dose nor-
malized LV dimensions. C, Quantification
of the LV wall thickness. Results are
mean�SEM (n�10 to 14).
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Discussion
This study demonstrates that the human renin inhibitor
aliskiren can inhibit BP and organ damage even after organ
damage has occurred and hypertension has been established.
Thus, aliskiren and high-dose Val are capable of not only
ameliorating but also reversing albuminuria and reducing
mortality in dTGR. Our findings also underscore the utility of
the dTGR model for studying human renin inhibitors in rats.
Our positive control in this study was the Ang II type 1 (AT1)
receptor blocker Val. We showed previously that treatment
with Val or angiotensin-converting enzyme (ACE) inhibitor
effectively protects dTGR from organ damage.13 In the
current study, we selected 2 doses for Val: a low 1 mg/kg per
day subthreshold dose chosen solely to prolong survival until
the ninth week and a 10 mg/kg per day dose. Aliskiren was
administered by constant infusion, maintaining plasma con-
centrations of the agent at constant levels. Val was adminis-

tered in the food. Thus, we did not address the differences in
pharmacokinetic properties or renin-angiotensin system–
blocking potencies of the 2 agents. Therefore, we cannot
conclude that aliskiren was more effective than Val. Both
treatments were highly effective.

We used echocardiography to assess the benefit of renin
inhibition on LV wall thickness and function. The data
showed that the 1 mg/kg per day Val animals had severe LV
hypertrophy with marked diastolic dysfunction (diastolic
heart failure). The LV hypertrophy was markedly ameliorated
with 10 mg/kg per day Val and with both aliskiren doses. We
found that the compounds resulted in regression of hypertro-
phy compared with historic measurements obtained in
7-week-old dTGR.14 However, despite the apparent regres-
sion of cardiac hypertrophy, diastolic dysfunction was still
present in dTGR receiving high-dose Val. Both aliskiren
doses markedly improved diastolic dysfunction, with 3 mg/kg
per day aliskiren resulting in the lowest wall thickness values

Figure 4. Tissue Doppler assessment of
diastolic filling in dTGR at 9 weeks of
age is given. Ea wave (early diastolic fill-
ing) and the Aa wave (atrial contraction)
of the same animals as in Figure 3 were
measured at the same time point. The 1
mg/kg per day Val dose shows a deeper
Aa than Ea wave, indicating a severe di-
astolic dysfunction (Ea/Aa�0.66). The 10
mg/kg per day Val dose still showed
similarly deep Ea and Aa waves indicat-
ing diastolic dysfunction (Ea/Aa 1.0). The
0.3 mg/kg per day and 3 mg/kg per day
Alisk doses show deeper Ea than Aa
waves, indicating appropriate diastolic
filling (Ea/Aa�1.5).
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and the best diastolic filling. Furthermore, the effects of
aliskiren on gene expression of LV �-MHC and �-MHC
isoforms, as well as on ANP, are consistent with the cardio-
protective effects that were observed with this renin inhibitor.
The results demonstrate a molecular effect of renin inhibition
on the myocardium. Moreover, the normalization of the
number of infiltrated inflammatory cells in the kidney is
consistent with the renoprotective effects that were observed
with this agent.

Renin inhibitors prevent the formation of Ang I and Ang II
and so may act differently from AT1 receptor blockers and
ACE inhibitors. We found that aliskiren reduced renal Ang I
and II levels. Val, at high doses, reduced renal Ang II levels
in agreement with studies by Nussberger et al15 and Campbell
et al.16 Most likely, this decrease relates to the fact that Ang
II bound to the AT1 receptor is protected from degradation.17

AT1 receptor blockade will reduce such binding, thus increas-
ing tissue Ang II metabolism. Studies from Navar et al18

provided an alternative explanation. These investigators dem-

onstrated that AT1 receptor blockers inhibited Ang II uptake
into the kidney. However, normally, this mechanism accounts
for �20% of total renal Ang II.19 A third reason might be that
angiotensinogen is under control of the transcription factor
NF-�B.20 We showed earlier that NF-�B is activated in our
model and can be reduced by Val.6 Therefore, high-dose Val
might have affected human angiotensinogen levels and
thereby Ang I and II formation. Additional studies are needed
to elucidate this issue.

Early renin inhibitors were stable peptide-like analogues of
the scissile peptide bond of angiotensinogen. These com-
pounds decreased BP in salt-depleted marmosets,21 at least as
effectively as ACE inhibitors.22 However, they were poorly
absorbed, rapidly eliminated, and not suitable for clinical use.
Wood et al used a combination of crystal structure analysis of
renin-inhibitor complexes and computational methods to
design novel, low–molecular weight renin inhibitors without
the peptide-like backbone of the earlier compounds.2 Their
design and approach led to the development of aliskiren.
Wood et al showed that aliskiren lowered BP in rats,
marmosets, and hypertensive human subjects.2,23 Nussberger
et al compared aliskiren with enalapril in human volunteers,
demonstrating decreased plasma and urinary aldosterone
levels, induced natriuresis, and unchanged potassium excre-
tion with aliskiren therapy.24 Stanton et al compared aliskiren
(37.5, 75, 150, and 300 mg per day) to losartan (100 mg per
day) in a 4-week blinded study of 226 hypertensive patients.
Aliskiren was well tolerated and lowered BP as effectively as
losartan.25 Together, these human data underscore the notion
that aliskiren may provide an alternative to ACE inhibitors
and AT1 receptor blockers. In this regard, Hollenberg et al
performed pioneering studies on early renin inhibitors
(enalkiren and zankiren) and renal blood flow on human
subjects. They found that renin inhibitors and Ang II antag-
onists induced renal vasodilation to a greater extent than did
ACE inhibition,26 despite their expectation that ACE inhibi-
tion might be superior in inducing vasodilation through kinin
generation. Thus, renin inhibition may confer renoprotection
(through vasodilation) beyond that of ACE inhibition.

Our investigations into the mechanisms related to Ang
II–induced organ damage have implicated reactive oxygen
species generation, adhesion molecule upregulation, cytokine
and chemokine release, and the initiation of NF-�B, activator
protein-1, and NF-AT–dependent gene expression.6,7,9 Ex-
ploring the effect of aliskiren on these parameters was beyond
the scope of the current study and will be the subject of future
investigations. BP reduction is definitively an important issue
for target organ protection. Nevertheless, we believe that high
BP is not the sole cause for damage. We published previously
that blockade of the renin-angiotensin system compared to
BP lowering with triple therapy of hydralazine, hydrochloro-
thiazide, and reserpine, was more protective than merely
lowering BP.27 We also demonstrated in this model that
anti-inflammatory treatment prevented renal damage despite
BP levels of 200 mm Hg.7 In that study, dexamethasone
raised BP but nonetheless reduced mortality to 0.

Perspectives
Our animal data suggest that aliskiren is able to ameliorate
established organ damage. Particularly impressive were the

Figure 5. The effects of treatment on markers of cardiac hyper-
trophy in 9-weeks-old dTGR are shown. A, Dose-related
increase in �-MHC mRNA expression with the respective treat-
ments, accompanied decreases in �-MHC (B) mRNA expres-
sion. C, Dose-related decrease in LV ANP mRNA expression
with respective treatments. Results are mean�SEM (n�6 each).
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effects on ventricular filling. In humans, aliskiren blocks
plasma renin activity, reduces BP, and reduces plasma aldo-
sterone levels and aldosterone excretion.24,25 The current
animal data suggest that renin inhibition in humans will
provide a valuable addition to antihypertensive treatments
that interrupt the renin-angiotensin system.
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