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Abstract
In the present study, we tested the hypothesis that chronic treatment with the direct rennin inhibitor aliskiren
improves the remodelling of resistance arteries in dTGR (double-transgenic rats). dTGR (5 weeks) were treated with
aliskiren (3 mg/kg of body mass per day) or ramipril (1 mg/kg of body mass per day) for 14 days and compared
with age-matched vehicle-treated dTGR. BP (blood pressure) was similarly reduced in both aliskiren-treated and
ramipril-treated rats compared with control dTGR (167 +− 1 and 169 +− 2 mmHg compared with 197 +− 4 mmHg
respectively; P < 0.05). The M/L (media-to-lumen) ratio assessed on pressurized preparations was equally reduced
in aliskiren-treated and ramipril-treated rats compared with controls (6.3 +− 0.5 and 6.4 +− 0.2% compared with
9.8 +− 0.4% respectively; P < 0.05). Endothelium-dependent and -independent relaxations were similar among the
groups. L-NAME (NG-nitro-L-arginine methyl ester) significantly reduced acetylcholine-induced dilation in drug-treated
dTGR. This effect was significantly more prominent in aliskiren-treated rats. eNOS (endothelial NO synthase)
expression showed a 2-fold increase only in aliskiren-treated dTGR as compared with controls (P < 0.01) and
ramipril-treated dTGR (P < 0.05). Plasma nitrite, as an index of NO production, was significantly increased in dTGR
treated with either aliskiren or ramipril compared with controls. Only aliskiren induced a 2-fold increase in plasma
nitrite, which was significantly greater than that induced by ramipril (P < 0.05). gp91phox expression and ROS
(reactive oxygen species) production in aorta were significantly and similarly reduced by both drugs. In conclusion,
equieffective hypotensive doses of aliskiren or ramipril reduced the M/L ratio of mesenteric arteries and improved
oxidative stress in dTGR. However, only aliskiren increased further NO production in the vasculature. Hence, in
dTGR, direct renin inhibition induces favourable effects similar to that induced by ACE (angiotensin-converting
enzyme) inhibition in improving vascular remodelling through different mechanisms.
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INTRODUCTION

The activation of the RAS (renin–angiotensin system) is a key
factor in the pathophysiology and development of hypertension,
and it is responsible in part for the hypertension-related func-
tional and structural alterations in the cardiovascular system [1].
Essential hypertension is characterized by small artery remodel-
ling and increased systemic vascular resistance. These changes

Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; AngII, angiotensin II; ARB, AT1 (AngII type 1) receptor blocker; BP, blood pressure; CSA, cross-sectional area; DHE,
dihydroethidium; dTGR, double-transgenic rats; eNOS, endothelial NO synthase; L-NAME, NG-nitro-L-arginine methyl ester; M/L, media-to-lumen; NOS, NO synthase; PRA, plasma renin
activity; PSS, physiological salt solution; RAS, renin–angiotensin system; ROS, reactive oxygen species; SBP, systolic blood pressure; SNP, sodium nitroprusside.
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might impact regional blood flow regulation and lead to increased
risk of end-organ damage. Increased M/L (media-to-lumen) ratio
of small resistance arteries is an index of vascular remodelling,
which is the most prevalent and possibly the earliest alteration
that occurs in the cardiovascular system of hypertensive subjects
[1,2], as it may precede the occurrence of endothelial dysfunction
[2]. There is evidence that reducing BP (blood pressure) with an-
tihypertensive agents, including ACEis (angiotensin-converting
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enzyme inhibitors) and ARBs {AT1 [AngII (angiotensin II)
type 1] receptor blockers}, improves cardiovascular outcomes
[3]. There is also evidence that RAS antagonists have a benefi-
cial effect on target organ damage independently of BP reduction
[1,4,5]. However, RAS blockade with ACEis or ARBs does not
ensure sufficient control of cardiovascular events [6]. Moreover,
optimized RAS suppression is difficult to achieve partly for the
‘escape phenomenon’ as well as because ACEis and ARBs ac-
tivate compensatory feedback mechanisms that result in renin
release and increased PRA (plasma renin activity) [7,8]. In con-
trast, the inhibition of renin, the rate-limiting step in the RAS
cascade, offsets active renin and prevents the formation of both
AngI (angiotensin I) and AngII [9]. Aliskiren is the first of newer
agents that inhibits renin [10], it is a potent and specific inhib-
itor of human renin, which leads to dose-dependent reduction in
PRA and AngII levels [10]. In experimental and clinical studies
aliskiren has demonstrated antihypertensive efficacy comparable
with or even superior to that of other classes of antihypertensive
drugs, including ACEis and ARBs [10,11].

Furthermore, aliskiren has also been shown to induce cardi-
orenal protection in experimental models of hypertension such
as the hypertensive dTGR (double-transgenic rat), harbouring
human renin and angiotensinogen genes [12]. Whether aliskiren
ameliorates hypertension-related functional and structural alter-
ations of small arteries remains to be investigated. We tested the
hypothesis that chronic treatment with aliskiren improves vascu-
lar remodelling in small arteries from dTGR.

MATERIALS AND METHODS

Animals
A total of 18 male dTGR (Harlan) harbouring genes for hu-
man renin and angiotensinogen, 5 weeks of age, were included in
the study. All procedures were conducted in accordance with the
guidelines for the experimental use of animals of the University
of Rome ‘La Sapienza,’ where the studies were carried out. Rats
were housed under conditions of constant humidity and temper-
ature and subjected to 12-h light/dark cycles. The rats were dis-
tributed into three groups of six rats each. A group was implanted
subcutaneously with osmotic minipumps (Alzet) infusing the se-
lective renin inhibitor aliskiren (3 mg/kg of body mass per day)
for 14 days. A second group was treated with the ACEi ramipril
(10 mg/kg of body mass per day) in drinking water for 14 days.
Treated rats were compared with age-matched control rats re-
ceiving vehicle. SBP (systolic BP) was measured by tail-cuff
methodology (model BP-2000; Visitech Systems), where the av-
erage of three pressure readings was obtained. Thereafter the mice
were killed. The serum was collected for further analysis. Aorta
was dissected, rinsed in ice-cold PSS (physiological salt solu-
tion; 120 mmol/l NaCl, 25 mmol/l NaHCO3, 4.7 mmol/l KCl,
1.18 mmol/l KH2PO4, 1.18 mmol/l MgSO4, 2.5 mmol/l CaCl2,
0.026 mmol/l EDTA and 5.5 mmol/l glucose, pH 7.4) and divided
in two segments. One segment (5 mm in length) was placed in
OCT and then frozen as described previously [13,14]. The second
segment was frozen for protein extraction.

Preparation and study of small arteries
Third-order superior mesenteric arteries (∼2 mm in length) were
dissected and placed in ice-cold PSS. The arteries were mounted
on two glass micro-cannulae in a pressurized myograph chamber.
Luminal pressure was set to 45 mmHg with a servo-controlled
pump [13]. Vessels were then equilibrated for 1 h with PSS that
was bubbled with 95 % air and 5 % CO2 to give a pH of 7.4, and
were heated to 37 ◦C. Endothelium-dependent and -independent
relaxations were assessed by measuring the dilatory responses to
cumulative doses of acetylcholine (10− 9–10− 4 mol/l) and SNP
(sodium nitroprusside) (10− 8–10− 3 mol/l) respectively, in ves-
sels precontracted with adrenaline (10− 5 mol/l). To evaluate NO
availability, the concentration–response curve to acetylcholine
was determined before and after 30-min pre-incubation with
the NOS (NO synthase) inhibitor L-NAME (NG-nitro-L-arginine
methyl ester; 10− 4 mol/l). The media and lumen dimensions
were measured with the intraluminal pressure maintained at 45
mmHg, in vessels deactivated by perfusion with Ca2 + -free PSS
containing 10 mmol/l EGTA for 30 min, as described previously
[15].

Protein extraction and Western blot analysis
Total protein from aorta cleaned from the connective tissue was
extracted from frozen tissues as described previously [13]. Protein
(30 μg) was separated by electrophoresis on a 10 % polyacryl-
amide gel and transferred on to a PVDF membrane. Non-specific
binding sites were blocked with 5 % (w/v) non-fat dried skimmed
milk powder in Tris-buffered saline solution with 0.1 % Tween 20
for 1 h at 24 ◦C. Membranes were then incubated overnight with
the following antibodies: anti-eNOS (endothelial NOS) (1:200
dilution at 4 ◦C; BD Bioscience) and anti-gp91phox (1:500 dilu-
tion at 4 ◦C; BD Bioscience). After incubation with secondary
antibodies, signals were revealed with chemiluminescence, visu-
alized by autoradiography and quantified densitometrically.

Oxidative fluorescent microtopography
The oxidative fluorescent dye DHE (dihydroethidium) was used
to evaluate in situ production of superoxide as described previ-
ously [13,14]. Unfixed frozen ring segments of aorta embedded
in OCT were cut into 5–10 μm thick sections and placed on a
glass slide. DHE (2×10− 6 mol/l) was topically applied to each
tissue section. Slides were incubated in a light-protected humidi-
fied chamber at 37 ◦C for 30 min and then coverslips were added
[13,14]. Images were obtained with a Leica fluorescent micro-
scope. The amount of DHE staining present in the vessel wall was
quantified (Northern Eclipse program; EMPIX Imaging) and ex-
pressed as a percentage of the DHE fluorescence per total surface
area [13,14].

Nitrate/nitrite colorimetric assay
Plasma nitrite, as an index of NO levels, was evaluated with a
colorimetric assay in plasma collected from dTGR. Duplicate
samples of plasma (80 μl) were incubated with nitrate reductase
for 3 h. The plasma NO concentration was determined using the
Greiss reaction by measuring combined oxidation products of
NO, plasma nitrite [NO2

− ] and nitrate [NO3
− ] with a colori-

metric assay (Cayman). Absorbance was read at 550 nm using a
plate reader (Bio-Rad Laboratories).
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Figure 1 BP of dTGR treated with aliskiren or ramipril
CTRL, vehicle-treated dTGR. ∗P < 0.05.

Chemicals
Acetylcholine, SNP, adrenaline and L-NAME were obtained
from Sigma Chemicals. The selective renin inhibitor antagonist
aliskiren was a gift from Novartis. All the agents were dissolved
in saline.

Data analysis
Results are presented as means +− S.E.M. and analysed by two-
way ANOVA or one-way ANOVA followed by the Newman–
Keuls test, for multiple comparisons. A Student’s t test was used,
where appropriate, for paired observations. P < 0.05 was con-
sidered statistically significant.

RESULTS

Renin displays high species specificity for its substrate; therefore
since dTGR expresses both human renin and angiotensinogen
genes, it is a suitable animal model to study the cardiovascular ef-
fect of aliskiren, which is an inhibitor of human renin [12]. dTGR
were treated with aliskiren or ramipril for 14 days. Vehicle-treated
dTGR were used as control. After 2 weeks of treatment SBP was
significantly reduced to a comparable degree by both aliskiren
and ramipril treatments as compared with vehicle-treated rats
(167 +− 1 and 169 +− 2 mmHg compared with 197 +− 4 mmHg re-
spectively; P < 0.05; reduction of − 15 and − 14 %; P < 0.001;
Figure 1).

The M/L ratio of mesenteric arteries was equally reduced after
2 weeks in aliskiren-treated and ramipril-treated dTGR compared
with control hypertensive dTGR (6.3 +− 0.5 and 6.4 +− 0.2 % com-
pared with 9.8 +− .04 % respectively; P < 0.05; Figure 2a). The
CSA (cross-sectional area) was slightly, albeit non-significantly,
reduced by both pharmacological treatments in mesenteric arter-
ies from dTGR compared with control rats (Figure 2b).

NO bioavailability is traditionally quantified by measuring
biologically inactive products of NO (nitrite and nitrate) or
acetylcholine-induced vasodilation with/without the NOS inhib-
itor L-NAME. Acetylcholine-dependent and SNP-dependent re-
laxations were similar in mesenteric arteries from control and

Figure 2 M/L ratio and CSA of mesenteric arteries from dTGR
CTRL, vehicle-treated dTGR. ∗P < 0.05.

drugs-treated dTGR (Figures 3a and 3b). The NOS inhibitor L-
NAME significantly reduced acetylcholine-induced dilation in
aliskiren-treated and ramipril-treated dTGR (Figure 3c). Never-
theless, the inhibitory effect of L-NAME was significantly more
prominent in mesenteric arteries from aliskiren-treated rats com-
pared with ramipril-treated rats (Figure 3c) (maximal inhibi-
tion − 24.8 +− 2.9 % compared with − 6.7 +− 2.9 % respectively;
P < 0.01), indicating improvement of eNOS function and an in-
crease in NO synthesis and/or bioavailability in this group. In the
control group, L-NAME slightly and not significantly reduced
acetylcholine-induced dilation (results not shown).

Plasma nitrite, an index of NO levels, was significantly in-
creased in dTGR treated with either aliskiren or ramipril as com-
pared with control rats (51.3 +− 2.1 and 42.8 +− 2.1 arbitrary units
compared with 27.6 +− 1.7 arbitrary units respectively; P < 0.01;
Figure 4b). Only aliskiren, however, induced a 2-fold increase in
plasma nitrite levels compared with the control. This effect was
significantly greater than the effect induced by ramipril (P < 0.05;
Figure 4b). Similarly, eNOS expression was increased by more
than 2-fold only in aliskiren-treated dTGR as compared with
control rats (P < 0.01; Figure 4a) and ramipril-treated dTGR
(P < 0.05; Figure 4a).

Superoxide generation in aorta was significantly and simil-
arly reduced by both aliskiren and ramipril in dTGR as com-
pared with control rats (P < 0.01; Figure 5b). The expression of
gp91phox, the major subunit of NADPH oxidase in the vasculature,
was significantly and similarly reduced by both aliskiren and

www.clinsci.org 185



C. Savoia and others

Figure 3 Concentration–response curves to SNP and acetylcholine in the absence or presence of L-NAME in dTGR
(a) Concentration–response curve to acetylcholine and (b) to SNP of noradrenaline-pre-contracted mesenteric arteries
from dTGR treated or not with aliskiren or ramipril. (c) Concentration–response curve to acetylcholine (ACH) with the NOS
inhibitor L-NAME in aliskiren- and ramipril-treated rats. ∗P < 0.05. CTRL, control.

Figure 4 NO bioavailability in dTGR
(a) eNOS expression in aorta of dTGR, the results are presented as
percentage of control (CTRL); (b) plasma nitrite production in dTGR.
CTRL, vehicle-treated dTGR.∗P < 0.05.

ramipril in aorta of dTGR as compared with control rats
(P < 0.05; Figure 5).

DISCUSSION

The major findings from the present study are that: (i) equieffect-
ive doses of aliskiren and ramipril similarly reduced M/L ratio of
small arteries of dTGR and similarly reduced ROS (reactive oxy-

gen species) production; and (ii) only aliskiren increased eNOS
expression and function, improving NO bioavailability in dTGR.

Blood vessels are remodelled in hypertension both structur-
ally and functionally. The changes that occur in their structure
and mechanical properties, as well as in vascular function, con-
tribute to BP elevation and complications of hypertension [1,16].
Through the increased production of AngII, RAS activation plays
a major role in the development of the functional and structural
alterations of resistance arteries in hypertensive subjects [1]. Ex-
perimental and clinical studies have demonstrated that vascular
remodelling of small resistance arteries may be normalized by
the treatment with drugs that antagonize the RAS (ACEis and
ARBs) [17]. This may be due in part to the reduction of BP as
well as to the antagonism of the AngII-mediated effects in the
vasculature, including vasoconstriction, cell growth and inflam-
mation [18,19]. In particular, ACEis have been shown to improve
vascular remodelling in hypertensive patients, independently of
BP control [18]. In small arteries from dTGR, the direct renin
inhibitor aliskiren improved the M/L ratio, an index of vascu-
lar remodelling, similarly to the ACEi ramipril. This effect was
only partly because of BP reduction. Indeed, both ramipril and
aliskiren equally and significantly reduced BP in dTGR as com-
pared with control rats. Nevertheless, the BP values remained
in the hypertensive range after 2 weeks of treatment. dTGR is
a model of severe hypertension with high renin plasma levels
[12,20]; therefore it is conceivable that the antihypertensive ef-
fect of both aliskiren and ramipril may be partially blunted after
2 weeks of treatment.

The remodelling of small resistance arteries may precede most
clinically relevant manifestations of target organ damage in es-
sential hypertension, including endothelial dysfunction [1,2,4]. It
has been shown, for instance, that almost all hypertensive patients
present vascular structural remodelling, although only some ex-
hibit endothelial dysfunction [1,2,4]. Endothelial function was
similar in dTGR treated either with vehicle or with aliskiren
or ramipril. It has been thought that endothelial dysfunction is
not present to the same degree in distinct vascular bed [21]. In-
terestingly, reduced NO release in response to stimuli plays a
central role in the pathophysiology of endothelial dysfunction
in the conduit arteries, whereas NO in the microcirculation may
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Figure 5 ROS production in dTGR
(a) gp91phox expression in aorta of dTGR, the results are presented as
percentage of control (CTRL); (b) DHE staining for ROS in aortic rings
of dTGR treated or not with aliskiren or ramipril. CTRL, vehicle-treated
dTGR. ∗P < 0.05.

primarily modulate tissue metabolism [22]. Endothelial function
is also regulated by the hyperpolarizing factor, which is modu-
lated by circulating vasoactive substances including acetylcholine
and bradykinin. It has been shown that circulating bradykinin
may modulate vascular tone and BP in animal models of hyper-
tension with high renin plasma levels [23]. Thus bradykinin may
exert a countervailing beneficial effect on endothelial function
in experimental models of high renin hypertension. Furthermore,
available evidence indicates that ACEis and ARBs do not improve
endothelium-dependent vasodilation in the peripheral resistance
arteries, although these drug classes are generally effective in
reversing vascular alterations in essential hypertension [24–27].

Hypertension-induced vascular remodelling is associated
with enhanced, proinflammatory response, cell growth and
fibrosis in the vascular wall [28,29]. AngII may promote vas-
cular fibrosis and remodelling via several mechanisms, including
the inhibition of eNOS activity [27]. Essential hypertension is

characterized by the reduction of eNOS activity [20,27,30]. Data
from clinical and experimental studies indicate that drugs that
enhance eNOS activity play a protective role in the cardiovas-
cular system through the increased NO production, [31,32]. NO
plays an anti-inflammatory role by counteracting oxidative stress
[33,34] and thus it may contribute to the improvement of car-
diovascular remodelling and endothelial function. Interestingly,
ramipril and alsikiren increased plasma nitrite in dTGR; how-
ever, only aliskiren increased eNOS expression and function and
therefore NO production. Thus aliskiren further enhanced NO
bioavailability in dTGR. This may contribute to the favourable
effect on vascular remodelling. Consistent with this, it has been
shown that aliskiren improved the impaired NO bioavailability by
increasing plasma NO concentrations in WHHL (Watanabe her-
itable hyperlipidaemic) rabbits, a model of atherosclerosis [35].
Moreover, aliskiren increased NO availability in the forearm res-
istance arterioles of hypertensive patients [36].

Vascular inflammation and remodelling induced by neuro-
hormonal systems including the RAS may involve the activa-
tion of intracellular signalling related to increased ROS produc-
tion [37]. In particular, oxidative stress is both a cause and a
consequence of hypertension and is a multisystem phenomenon
[1,37]. It promotes vascular remodelling, reduces NO bioavail-
ability and may amplify BP elevation in the presence of other
pro-hypertensive factors. A major source of cardiovascular ROS
is the non-phagocytic NADPH oxidase, which is a multimeric en-
zyme [36]. gp91phox is the major subunit of this enzyme. ACEis
and ARBs have demonstrated beneficial cardiovascular effects
through the reduction of ROS generation in experimental models
as well as in humans [37]. Similarly to ramipril, aliskiren reduced
ROS production and gp91phox expression in aorta of dTGR. Hence
the direct renin inhibitor aliskiren compares favourably with the
ACEi ramipril in reducing ROS production in the vasculature of
this model of hypertension with the high plasma renin level. Con-
sistent with our data, aliskiren was also able to reduce NADPH-
oxidase-induced ROS production in db/db mice [38] and in the
transgenic Ren2 Rats [39]. Moreover, it has been shown that
aliskiren may exert cardiovascular and renal protective effects in
different gene-manipulated mice [40–43]. However, owing to the
high species specificity of renin for its substrate the dosage of
aliskiren used in these animal models were higher as compared
with the dosage used in the present study.

The increase of ROS production and the reduction of NO
bioavailability may contribute to the hypertension-induced car-
diovascular damage. In dTGR, both aliskiren and ramipril
reduced ROS production; only aliskiren, however, improved
NO biosynthesis, which may contribute to increasing further
the NO bioavailability in dTGR. Thus it is conceivable that
aliskiren and ramipril may contribute to vascular protection
through different mechanisms, beyond BP reduction.

CLINICAL PERSPECTIVES
� Aliskiren represents an antihypertensive agent with a new

mechanism based on the inhibition of a catalytic activity of
the renin enzyme, which prevents the activation of the RAS
cascade.
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� In the present study, we have shown that, in dTGR harbour-
ing genes for human renin and angiotensinogen, direct renin
inhibition induces favourable effects similar to that induced
by ACE inhibition in improving vascular remodelling inde-
pendent of the degree of BP reduction. Thus cardiovascular
protective effects appear to be comparable with those of the
well-studied ACEis.

� The increased vascular NO bioavailability may contribute to
a protective action on vessels, which needs to be better char-
acterized in further studies.
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