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Chapter 2

Abstract

Objective Aliskiren is the first commercially available, orally active, direct renin inhibitor
approved to treat hypertension. The renin-angiotensin system has been shown to be a
significant contributor to the development of hypercholesterolemia-induced atherosclerosis.
The aim of this study was to evaluate the anti-atherosclerotic and plaque stabilization effects
of aliskiren alone and in combination with atorvastatin.

Methods APOE*3Leiden.CETP mice (n=14-17/group) were fed a Western-type diet
(containing 0.25% cholesterol) alone or were treated with either aliskiren (15 mg/kg/day),
atorvastatin (3.6 mg/kg/day) or a combination of aliskiren and atorvastatin. Effects on
systolic blood pressure (SBP), total cholesterol, inflammation markers and atherosclerotic
size and composition were assessed.

Results Aliskiren reduced SBP (-19%, P<0.001) and atorvastatin reduced total cholesterol
(-24%, P<0.001). Atherosclerotic lesion area was reduced by aliskiren (-40%, P<0.01),
atorvastatin (-61%, P<0.001) and the combination treatment (-69%, P<0.001). Aliskiren
alone and together with atorvastatin decreased the number of T cells in the aortic root area
(-60%, P<0.01; -41%, P<0.05), as well as macrophage (-64%, P<0.001; -72%, P<0.001) and
necrotic area (-52%, P=0.071; -84%, P<0.001) in the lesion. Atorvastatin alone and together
with aliskiren decreased monocyte adherence (-43%, P<0.05; -51%, P<0.01) and monocyte
chemoattractant protein-1 (both -36%, P<0.01). The combination treatment decreased the
number of lesions (-17%, P<0.05) and E-selectin (-17%, P<0.05).

Conclusion Aliskiren inhibited atherosclerosis development and improved plaque stability
alone and in combination with atorvastatin, possibly via a mechanism involving T cells.
These results suggest a potential benefit of using aliskiren in a clinical setting, particularly in
combination with statin treatment.

Keywords APOE*3Leiden.CETP mice, aliskiren, atorvastatin, hypertension, atherosclerosis,
plaque stability
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Introduction

Atherosclerosis is a chronic inflammatory disease of multifactorial origin that may ultimately
lead to stenosis or thrombosis. 2 It is characterized by the development of atherosclerotic
lesions consisting of activated endothelial cells, inflamed smooth muscle cells (SMCs), lipid
accumulation, leukocytes, macrophages, foam cells, connective-tissue elements, calcified
regions and necrotic cores.?*

It is well known that hypertension is associated with increased cardiovascular risk and
progression of atherosclerosis.>” Endothelial dysfunction occurs secondary to hypertension
and/or hypercholesterolemia in the early stages of atherogenesis.® The effects of increased
renin-angiotensin system (RAS) activity on both blood pressure and the vascular endothelium
contribute to target organ damage and enhance cardiovascular risk. These effects include
vasoconstriction and remodeling of the resistance vessels.® Angiotensin Il is considered
a contributor to the development of hypercholesterolemia-induced atherosclerosis.'*
1 1t was found to be involved in inflammation, migration, proliferation and growth” *? by
regulating adhesion molecule expression, as well as cytokine, chemokine and growth factor
secretion.®® RAS activity is not only found in the circulation, but local RAS components have
also been detected in several tissues, including cardiovascular tissues.'**> Furthermore, RAS
activity was implicated in cholesterol synthesis, oxidation of low-density lipoprotein (LDL)
molecules, production of reactive oxygen species and SMC proliferation, as well as monocyte
activation and adhesion to the endothelium.® Beneficial effects of RAS blockers, including
angiotensin converting enzyme inhibitors (ACEi) and angiotensin Il receptor blockers (ARBs)
on atherosclerosis development have been observed in animal and human studies.’**® The
blockage of RAS appears to be an important factor in atherosclerotic plaque stabilization.”

RAS blockade by ACEi and ARBs may not be optimal due to the activation of feedback
mechanisms that result in increased plasma renin activity (PRA).* 2° Increased PRA has
been associated with four to six times higher mortality rates as a result of myocardial
infarctions and renal failure.’ Furthermore, a large longitudinal analysis recently revealed
additional side effects in patients with ARB + ACEi therapy.?! Direct renin inhibitors (DRIs)
have been suggested to be more effective than ACEi and ARBs in the prevention or reversal
of target organ damage and cardiovascular events? by blocking the RAS at the point of
origin and at its rate-limiting step.> 22 Furthermore, DRIs may exhibit less adverse effects
compared to other RAS blockers.’ 2 Aliskiren is the first commercially available, orally
active, non-peptide-like renin inhibitor approved for the treatment of hypertension. It
inhibits the catalytic activity of renin by binding to the active site of renin. The blockade
of renin with aliskiren may inhibit the feedback effects observed with ACEi and ARBs and
thereby, provide a more effective blockage of the RAS.*2 Clinical trials, including the ALLAY
(Aliskiren in Left-Ventricular Hypertrophy),?* the ALOFT (Aliskiren Observation of Heart
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Failure Treatment)® and the AVOID (Aliskiren in the Evaluation of Proteinuria In Diabetes)
studies,?® have shown beneficial effects of aliskiren on various markers of organ damage. A
decrease in atherosclerosis development with aliskiren monotreatment has been observed
in experimental studies.” >’ However, the effect of aliskiren on major clinical endpoints is
not yet known.

To mimic the clinical situation, we have evaluated the effects of aliskiren alone or in
combination with the 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase inhibitor,
atorvastatin, as statins may be considered as standard treatment for cardiovascular disease
(CVD). The purpose of this study is, therefore, to investigate the anti-atherosclerotic effects
of the renin inhibitor aliskiren, alone and in combination with atorvastatin, as well as its
effects on plague composition in APOE*3Leiden.CETP transgenic mice. These mice have
a human-like lipoprotein profile and develop atherosclerosis when fed a Western-type
diet (WTD).?® They also respond to treatment with anti-atherosclerotic drugs in a similar
way as humans and are, therefore, a suitable model for studying the effects of drugs on
hyperlipidemia and atherosclerosis.?33

Methods

Mice

Female heterozygous APOE*3Leiden.CETP transgenic mice, 8-12 weeks of age, from
the specific pathogen free breeding stock at TNO-Biosciences (Leiden) were used.
APOE*3Leiden mice, characterized by an enzyme-linked immunosorbent assay (ELISA) for
human apoE, were crossbred with cholesteryl ester transfer protein (CETP) transgenic mice
that express human CETP under control of its natural flanking regions.?® Animal experiments
were approved by the Institutional Animal Care and Use Committee of The Netherlands
Organization for Applied Research (TNO).

Experimental design and diets

Mice were fed on a regular chow until 8-12 weeks of age. During a 3-week run-in period, all
mice received a semi-synthetic modified WTD, containing 0.25% cholesterol, 15% saturated
fat and 40% sucrose (all w/w, final concentration). This resulted in moderately elevated
plasma cholesterol levels of 16.2 + 3.1 mmol/I. After matching into four groups of 14-17
mice each based on age, body weight and plasma lipid levels, the mice received WTD alone
(control group), or were treated with aliskiren (15 mg/kg/day), or with 0.0036% (w/w)
atorvastatin (3.6 mg/kg/day), or with aliskiren (15 mg/kg/day) plus atorvastatin (3.6 mg/
kg/day) for a period of 14 weeks. Aliskiren (provided by Novartis Institutes for Biomedical
Research) was dissolved in 0.9% saline and administered by osmotic mini-pumps from
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Alzet (model 2006 for first 6 weeks and thereafter model 1004 twice for 4 weeks) placed
subcutaneously on the back of the animals. Mini-pumps loaded with PBS were placed in the
control group and in the atorvastatin group. Atorvastatin was administered by admixture
to the diet. The atorvastatin dosage was increased from 0.0018% w/w to 0.0036% w/w
(3.6 mg/kg/day) after 3 weeks as a result of a non-significant reduction in total cholesterol
levels (-10%, P=0.084). The animals received food and water ad libitum. Body weight and
food intake were monitored throughout the study. The study was performed under blinded
conditions.

Plasma total cholesterol levels, lipoprotein profile and markers of inflammation

After a 4-h fasting period, EDTA plasma was collected every 3-4 weeks (Sarstedt, Nimbrecht,
Germany). Plasma total cholesterol levels (Roche Diagnostics, No-1489437) were measured
by a standard enzymatic method. After 8 weeks of treatment, pooled lipoprotein profiles for
total cholesterol and phospholipids were measured by fast protein liquid chromatography.3*
E-selectin levels and monocyte chemoattractant protein-1 (MCP-1) levels (R&D Systems
Inc., USA) were determined by ELISA at sacrifice according to manufacturer’s instructions.
Fibrinogen levels were determined by ELISA, using rabbit anti-rat fibrin monomer
immunoglobulin G as capture antibody and peroxidase-conjugated goat anti-mouse
fibrinogen immunoglobulin G (Nordic, Tilburg, The Netherlands) as detection antibody.
Mouse plasma with gravimetrically determined fibrinogen content was used for calibration.

Systolic blood pressure

To evaluate the effect of aliskiren, the systolic blood pressure (SBP) was measured in all
groups after 10 and 13 weeks of treatment by cuff-tail method using the Non-Invasive Blood
Pressure Monitor (Columbus Instruments, OH, USA). For each mouse, the blood pressure
was measured three times during one session.3*

Histological assessment of atherosclerosis

After the 14-week treatment period, all the mice were sacrificed and hearts were isolated,
formalin fixed and embedded in paraffin. They were then sectioned perpendicular to the
axis of the aorta, starting within the heart and working in the direction of the aortic arch.
Once the aortic root was identified by the appearance of aortic valve leaflets, serial cross
sections (5 um thick with intervals of 50 um) were mounted on 3-aminopropyl-triethoxy-
silane-coated slides.?* These sections were stained with hematoxylin-phloxine-saffron (HPS)
for histological analysis. For each mouse, the lesion area was measured in four subsequent
sections. Each section consisted of three segments. The average lesion area per cross section
was then calculated for each mouse.
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For determination of atherosclerotic lesion size and severity, the lesions were classified
into five categories according to the American Heart Association (AHA).3® 1) early fatty
streak: up to ten foam cells in the intima with no other changes, Il) regular fatty streak: ten
or more foam cells in the intima with no other changes, Ill) mild plaque: a fibrotic cap and
the presence of foam cells in the media, IV) moderate plaque: progressed lesions with an
affected media, but without loss of architecture in the media, V) severe plaque: the media is
severely affected and broken elastic fibers, cholesterol clefts, calcification and necrosis are
frequently observed.? 37 Per mouse, the percentage of all lesions found in the respective
categories was calculated. The total lesion area, number of lesions and undiseased segments
were calculated per cross section. Lesion severity as a percentage of lesion area was also
determined. Type I-lll lesions were classified as mild lesions and type IV-V lesions were
classified as severe lesions.

Mouse monocytes and T cells were immunostained with rabbit anti-mouse AIA31240 (1:
1000; Accurate Chemical and Scientific, New York, USA) and rat anti-human CD3 (1: 500; AbD
Serotec, Oxford, UK) which cross-reacts with mouse CD3, respectively. Macrophage area
was measured after immunostaining with rat anti-mouse Mac-3 (1: 50; BD Pharmingen, the
Netherlands). Collagen content in the plaque was quantified morphometrically after sirius
red staining. Mouse SMCs were immunostained with mouse anti-human alpha actin (1: 800;
DAKO, Glostrup, Denmark) which cross-reacts with mouse alpha actin. In each segment
used for lesion quantification, the number of monocytes adhering to the endothelium and
the number of T cells in the aortic root area were counted and the endothelium length
and the total aortic root area were measured. The length of the endothelium did not differ
between groups and there were no correlation between the number of T cells and the total
aortic root area per group. We, therefore, calculated the average number of monocytes and
T cells per cross section. Macrophage and collagen area were measured in the severe lesions
(type IV-V) and calculated per cross section and as a percentage of lesion area.” In addition,
SMC area in the superficial part of the severe lesions,** as well as necrotic area of the severe
lesions (type IV-V) were determined per cross section and as a percentage of lesion area.

Statistical analysis

Significance of differences between the groups was calculated parametrically by analysis of
variance (ANOVA) followed by post hoc analysis using the least significant difference (LSD)
test. Variables with a non-Gaussian distribution were logarithmically transformed. Due to
heterogeneity between groups, the variables, macrophage content (% of lesion area) and
necrotic area (% of lesion area) were analyzed by ANOVA using Brown-Forsynthe for overall
between groups test and the Dunnett’s T3 test for post hoc. Differences in lesion area were
corrected for blood pressure by analysis of covariance (ANCOVA). The treatment group was
the independent variable and blood pressure was the covariate. All groups were compared
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to the control group and the combination group was compared to the atorvastatin group.
Values are presented as means * standard deviations (SD). A P-value <0.05 was considered
statistically significant. In figures: *P<0.05, **P<0.01, ***P<0.001 as compared to the
control group and #P<0.05, ##P<0.01, ###P<0.001 as compared to the atorvastatin group.®*

Results

Aliskiren reduced blood pressure and atorvastatin lowered plasma cholesterol in
APOE*3Leiden.CETP mice

The APOE*3Leiden.CETP mice have SBP similar to wild-type control animals, thus
atherosclerosis development is not driven by hypertension in this model. However, to
verify the blood pressure-lowering effect of aliskiren, SBP was measured on two occasions
during the study. Aliskiren treatment and the combination treatment reduced SBP by
-19% (P<0.001) and by -15% (P<0.01), respectively, as compared to the control (103 + 10
mmHg). The combination treatment showed a -20% (P<0.001) reduction when compared
to atorvastatin treatment alone (Table 1). To confirm the cholesterol-reducing effect of
atorvastatin, plasma total cholesterol levels were measured and total cholesterol exposure
(mmol/I * time in weeks) was calculated for each mouse. The control group had an average
total cholesterol level of 15.5 + 2.1 mmol/I, which was reduced by atorvastatin treatment
alone and in combination with aliskiren treatment (both -24%, P<0.001). Similar reductions
in total cholesterol exposure were seen in the respective groups. Lipoprotein profiling
revealed that the reduction in total cholesterol was mainly confined to the very low-density
lipoprotein (VLDL)/LDL fractions (data not shown). Aliskiren, in turn, did not affect plasma
lipid levels when compared to the control group.

Table 1 The effect of aliskiren, atorvastatin and a combination of aliskiren and atorvastatin on plasma
total cholesterol levels and systolic blood pressure (SBP) over a treatment period of 14 weeks.

Average total Total cholesterol exposure Average SBP

cholesterol (mmol/l) (mmol/I * weeks) (mmHg)
Control 155+2.1 263 + 36 103+ 10
Aliskiren 144+4.1 248 + 38 84 + 10 ***
Atorvastatin 11.8 £3.0 *** 207 + 35 *** 109+12
Aliskiren + atorvastatin  11.8 + 2.1 *** 196 + 28 *** 88 + 12 **Hit

Values are means + SD (n=14-17 per group). **P<0.01 and ***P<0.001 as compared to control,
###P<0.001 as compared to atorvastatin.
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Aliskiren, atorvastatin and the combination treatment reduced atherosclerosis
development

After the 14-week treatment period, the mice were sacrificed to assess the effect of the
treatments on atherosclerotic lesion development in the aortic root. Representative
photomicrographs of atherosclerotic lesions are illustrated in Figure 1. First, the number
of lesions was counted per cross section (4.0 + 0.7 for the control) revealing no effect
of treatment with aliskiren or atorvastatin alone, whereas the combination treatment
decreased the number of lesions by -17% (P<0.05; Figure 2A). The total lesion area per cross
section was 233 + 136 *1000 um? in the control group (Figure 2B). In contrast to the number
of lesions, total lesion area was reduced by aliskiren (-40%, P<0.01), atorvastatin (-61%,
P<0.001) and the combination treatment (-69%, P<0.001), as compared to the control
group. The combination treatment did not significantly differ from atorvastatin treatment
alone. Lesion severity was also analyzed for each mouse, in which type I-Ill lesions represent
mild lesions and type IV-V lesions represent severe lesions. This showed that approximately
66% of the lesions in the control group were severe lesions in comparison to 50% in the
aliskiren group (P<0.05), 46% in the atorvastatin group (P<0.01) and 56% in the combination
group (N.S.; Figure 2C). Additionally, the percentage of undiseased segments was increased
by atorvastatin (+331%, P<0.001) and the combination treatment (+426%, P<0.001), as
compared to the control (3.6 £ 7.4%; Figure 2D).

Control Aliskiren

o

Atorvastatin Iiskiren + At rvtatin _

Figure 1 Representative photomicrographs of atherosclerotic lesions in the cross section of the aortic
root area in the four groups (hematoxylin-phloxine-saffron staining).
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We further analyzed whether aliskiren had anti-atherosclerotic properties beyond its
blood pressure-lowering qualities. We calculated, using an ANCOVA (with blood pressure
as covariate), that after adjusting for blood pressure the reduction in lesion area remained
significant for all groups (P<0.05; P<0.01; P<0.001, respectively; data not shown). This
indicated that aliskiren had beneficial effects, other than blood pressure-lowering alone.
Therefore, we further explored the nature of these effects in more detail, focusing on
inflammatory routes.
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Figure 2 The effect of aliskiren, atorvastatin and a combination of aliskiren and atorvastatin on
atherosclerosis development in aortic root area. The number of lesions (A) and total lesion area per
cross section (B), as well as the lesion severity as percentage of all lesions (C) and the percentage of
undiseased segments (D) were determined after 14 weeks of treatment. Lesion severity was classified
as mild (type I-1ll lesions) and severe (type IV-V lesions).

Alisk, aliskiren; Atorva, atorvastatin; ¥*P<0.05, **P<0.01 and ***P<0.001 as compared to control.

Aliskiren reduced functional markers of inflammation

Asaresultofthe crucial role ofinflammationinthe development of atherosclerosis, fibrinogen
levels, reflecting a general systemic inflammatory state, as well as the adhesion molecule,
E-selectin and the pro-inflammatory chemokine, monocyte chemoattractant protein-1
(MCP-1) were measured after 14 weeks of treatment (Table 2). Fibrinogen levels were not
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affected by any of the treatments, indicating absence of changes in systemic inflammatory
status. When compared to the control group (55 * 11 ng/ml), the only significant difference
in E-selectin levels was found in the combination group (-17%, P<0.05), revealing synergistic
effects of aliskiren as this was a reduction of -18% (P<0.05) as compared to the atorvastatin
group. MCP-1 levels were significantly reduced by -36% (P<0.01) in both the atorvastatin
group and the combination group when compared to the control group (92 + 21 pg/ml).

Table 2 The effect of aliskiren, atorvastatin and a combination of aliskiren and atorvastatin on plasma

inflammation markers.

E-selectin (ng/ml) MCP-1 (pg/ml) Fibrinogen (mg/ml)
Control 55+11 92 +21 2.1+£05
Aliskiren 62+17 91+44 2.0+0.7
Atorvastatin 56+ 13 59 + 24 ** 2.3+0.9
Aliskiren + atorvastatin 46 £ 7 *# 59 + 25 ** 2.1+0.7

The parameters were measured at the end of the study after 14 weeks of treatment. Values are means
+ SD (n=14-17 per group). *P<0.05 and **P<0.01 as compared to control, #P<0.05 as compared to
atorvastatin.

As a functional measurement of vessel wall inflammation, monocyte adherence to the
activated endothelium, as well as T cell abundance in the aortic root area were assessed.
Figure 3 illustrates representative photomicrographs of the monocyte (Figure 3A) and T
cell (Figure 3B) stainings, respectively. The average number of monocytes and T cells
per cross section for the control group were 6.1 + 3.6 and 14.9 + 9.5, respectively (Table
3). The atorvastatin and combination group showed a reduction in monocytes of -43%
(P<0.05) and -51% (P<0.01), respectively, whereas aliskiren alone did not affect monocyte
adherence. More interesting, aliskiren did affect the abundance of T cells in the aortic root
area when administered alone and together with atorvastatin (-60%, P<0.01; -41%, P<0.05,
respectively). Atorvastatin only tended to reduce the amount of T cells (P=0.084). Taken
together, these data indicate anti-inflammatory effects of aliskiren via a reduction in T cell
abundance and atorvastatin via a reduction in monocyte adherence. The anti-inflammatory
effect may be enhanced by the combination treatment via a dampening of endothelial
activation as reflected by decreased plasma E-selectin levels.
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Figure 3 Representative photomicrographs of mouse monocytes and T cells after immunostaining with
anti-mouse AIA31240 (A) and anti-human CD3 (B), respectively, as well as necrotic area (indicated by
arrows) after hemotoxylin-phloxine-saffron (HPS) staining (C).

Table 3 The effect of aliskiren, atorvastatin and a combination of aliskiren and atorvastatin on

functional markers of vessel wall inflammation.

Number of monocytes/ Number of T cells/

cross section cross section
Control 6.1+3.6 149+9.5
Aliskiren 59+3.7 6.0+ 4.5 **
Atorvastatin 35+£23* 7.6 £ 4.4 p=0.084
Aliskiren + atorvastatin 3.0+2.5 ** 89+6.7*

The number of monocytes adhering to the vascular endothelium and T cells in the aortic root area
were counted and calculated per cross section. Values are means + SD (n=14-17 per group). *P<0.05
and **P<0.01 as compared to control.
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Aliskiren alone and in combination with atorvastatin improved plaque stability

The composition of all lesions measured was assessed to evaluate the effects of aliskiren,
atorvastatin and the combination of aliskiren and atorvastatin on plaque stability. To this
end, macrophage and necrotic area as destabilization components and SMC area in the
cap, as well as collagen area as stabilization components were measured in the severe
lesions (type IV-V) and calculated per cross section and as a percentage of the lesion area.
Necrotic area was assessed after HPS staining (Figure 3C). Figure 4 illustrates representative
photomicrographs of macrophage content and SMC content in the cap after immunostaining
with anti-mouse Mac-3 and anti-human alpha actin, respectively and collagen content after
sirius red staining.

Macrophages SMC in cap Collagen

Control

Alisk

Atorva

Alisk +
Atorva

Figure 4 Representative photomicrographs of macrophage content and SMC content in the cap after
immunostaining with anti-mouse Mac-3 and anti-human alpha actin, respectively, and collagen
content after sirius red staining.

Alisk, aliskiren; Atorva, atorvastatin.
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Figure 5 demonstrates the effect of treatment on the various components of lesion
composition per cross section of the severe lesions (type IV-V). For the control group, the
macrophage area and necrotic area in the severe lesions were 29.7 + 20.3 *1000 um? and
11.1 + 7.9 *1000 um?, respectively. Aliskiren, atorvastatin and the combination treatment
reduced macrophage (-64%, P<0.001; -70%, P<0.001; -72%, P<0.001, respectively; Figure
5A) and necrotic area (-52%, P=0.071; -68%, P<0.01; -84%, P<0.001, respectively; Figure
5B). The combination treatment tended to reduce necrotic area to a greater extent than
atorvastatin treatment alone (-50%, P=0.094). There were no significant differences in SMC
area in the cap compared to the control (3.7 + 2.6 *1000 um?; Figure 5C).

After correcting for lesion size, aliskiren reduced macrophage content (-40%, P<0.01),
the combination treatment reduced necrotic area (-54%, P<0.05) and atorvastatin and the
combination treatment increased SMC content in the cap (+89%, P<0.01; +188%, P<0.001,
respectively). A significant difference between the atorvastatin and the combination group
(+52%, P<0.05) indicates a synergistic effect of the combination treatment on SMC content
in the cap. No changes in collagen content were detected between groups (data not shown).

The stabilization/destabilization ratio of the severe lesions was calculated by dividing the
sum of the SMC area in the cap and the collagen area by the sum of the macrophage and
necrotic area (Figure 5D). All treatments increased the stability of the lesions (+62%, P<0.05;
+75%, P<0.05; +109%, P<0.01, respectively). Similar increases in lesion stability were found
after correcting for lesion size (data not shown). Therefore, aliskiren, atorvastatin and the
combination treatment improved plaque stability. This effect of aliskiren was most potent
when combined with atorvastatin as evidenced by a reduction in necrotic area, as well as by
an increase in SMC content in the cap.
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Figure 5 The atherosclerosis development was further analyzed by measuring the lesion composition
of the severe lesions (type IV-V). A) Macrophage area per cross section. B) Necrotic area per cross
section. C) SMC area in the cap per cross section. D) Lesion stability of the severe lesions (type IV-V)
determined by the ratio of the stabilization factors (SMCs in the cap and collagen) to the destabilization
factors (macrophages and necrotic area).

Alisk, aliskiren; Atorva, atorvastatin; ¥*P<0.05, **P<0.01 and ***P<0.001 as compared to control.

Discussion

In the present study, the anti-atherosclerotic effects of aliskiren alone and in combination
with atorvastatin were evaluated in APOE*3Leiden.CETP mice. Aliskiren reduced SBP (~10-
20 mmHg) and atorvastatin reduced total cholesterol levels (~20-30%) in our study, which
are both in accordance with findings from previous clinical trials.?> 3 We demonstrated that
aliskiren reduced lesion size and severity and improved stability of the plaque, as illustrated
by a reduction in macrophage content. The combination of aliskiren and atorvastatin was
the most potent therapy in reducing the number and size of the lesions, as well as markers of
inflammation and in improving plaque stability as evidenced by a reduction in macrophage
and necrotic area, as well as by an increase in SMC content in the cap.
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Hypertension is an important risk factor for the development of atherosclerosis. In
accordance, numerous animal studies have found a decrease in atherosclerosis with or
without a decrease in blood pressure after treatment with various RAS blockers, including
ACEi and ARBs.® Possible mechanisms by which RAS blockers may reduce atherosclerosis
development described in animal and human studies include inhibition of oxidative stress,
endothelial dysfunction and inflammation.* 3 Nonetheless, changes in blood pressure as
a result of RAS manipulation appear to have a consistent, direct effect on the size of the
lesions.® Aliskiren reduced blood pressure in our study, which may be a possible mechanism
for the reduction in atherosclerosis development. However, it should be noted that the
APOE*3Leiden.CETP mice used in this study did not have elevated blood pressure and that
the atherosclerosis development is not driven by hypertension in this model. Moreover, the
reduction in atherosclerosis development observed by aliskiren remained after correcting
for blood pressure. We also demonstrated that other mechanisms besides blood pressure-
lowering, such as anti-inflammatory effects, were most likely involved in the reduction of
atherosclerosis development observed after aliskiren treatment. In line with our study,
aliskiren showed anti-atherosclerotic effects in Watanabe heritable hyperlipidemic (WHHL)
rabbits and in IdIr-/- mice beyond its blood pressure-lowering effects,'> 2’ confirming the
involvement of other mechanisms. In these studies, aliskiren was administered in higher
dosages compared to our study. In addition to monotreatment, we also administered
aliskiren in combination with a statin, which is considered as a standard treatment in
prevention of CVD and is, therefore, of clinical relevance. According to our data, aliskiren
did not significantly enhance the inhibitory activity of atorvastatin on lesion size. However, a
synergistic reduction in the number of lesions was found after the combination treatment.
This suggests that the combination of aliskiren and atorvastatin was particularly effective in
inhibiting early lesion formation, a process in which vascular inflammation plays an essential
role.

Thus, to explore the mechanism behind the atherosclerosis protective effect of
aliskiren in the current study, various inflammatory routes were assessed. The combination
treatment showed a synergistic reduction in E-selectin, a marker of vascular inflammation.
Aliskiren treatment alone had no effect on circulating MCP-1 levels, nor did it add to the
reduction observed with atorvastatin treatment. The number of monocytes adhering to the
endothelium, determined as a functional marker of vessel wall inflammation, confirmed
these findings. Previously, reductions in vascular cellular adhesion molecule-1 (VCAM-1),
intercellular adhesion molecule-1 (ICAM-1) and MCP-1 levels were described at substantially
higher dosages of aliskiren and plasma cholesterol levels (21 mmol/I versus 15 mmol/I
in the present study), leading to a more inflammatory-driven model.?” The lower dosage
of aliskiren and a less inflammatory-driven animal model used in our study may provide
possible explanations for the absence of these observations regarding certain markers of
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vascular inflammation. However, we found that aliskiren treatment alone and together with
atorvastatin treatment reduced T cell abundance in the aortic root area. The participation
of T cells in atherosclerotic lesion growth and destabilization has been extensively described
in the literature, in which recent evidence also suggests that T cells may be involved in
hypertension. The precise mechanism is still unknown.®® T cells have been shown to express
angiotensin Il receptors.*! It was also suggested, although not proven, that the presence of
activated T cells in a perivascular distribution may cause a local effect of cytokines that may
alter endothelial function.® In our study, we assessed the total number of T cells using a
general marker for T cells, namely CD3. We, therefore, determined the abundance of T cells
in the aortic root area and not the number of activated T cells in the vessel wall.

The presence of inflammation in the lesions plays a crucial role in plaque instability. On
the basis of postmortem examination, it is evident that an acute myocardial infarction is
provoked by sudden rupture of vulnerable plaques followed by thrombosis.*> A vulnerable
lesion is characterized by a thin, collagen-poor fibrous cap, decreased SMCs, increased
macrophage infiltration and a large necrotic core.? This type of lesion is referred to as a
thin-cap fibroatheroma.*® Patients with unstable plaque have higher incidents of new
coronary events. The therapeutic target has, therefore, shifted from enlargement of the
lumen towards stabilization of the plaque.* Therefore, additional to the lesion area, we also
investigated the composition of the plaque by performing histological analyses.

All treatments reduced macrophage and necrotic area as evidenced by data from the
current study. After correcting for lesion size, aliskiren treatment alone reduced macrophage
content and when combined with atorvastatin, also increased SMC content in the cap of
the more severe lesions. In addition, the combination treatment also reduced the necrotic
area. The protective effects of aliskiren on plaque stability were further supported by an
increase in the stabilization/destabilization ratio. Taken together, we demonstrated that
aliskiren can enhance plaque stability and that the combination treatment enhanced the
effects of atorvastatin alone, demonstrating beneficial effects of the combination treatment
over both monotreatments. There seems to be some apparent inconsistency in the
literature regarding the effects of aliskiren on lesion composition. Lu et al.*® found that renin
inhibition by aliskiren reduced atherosclerotic lesion development in IdIr-/- mice without
major alterations in cellular composition. In contrast, Nussberger et al.” demonstrated that
aliskiren can preferentially inhibit plaque vulnerability in a severe apoe-/- mouse model as
illustrated by both an increase in SMC content, as well as a decrease in macrophage content.
However, in the same publication, aliskiren had no effect on SMC content when SMCs
already comprise a substantial portion of the atherosclerotic plaque in a second, less severe
animal model.” Our results further suggest that aliskiren in combination with atorvastatin is
most effective at enhancing plaque stability by replacing necrotic core with smooth muscle-
containing fibrous lesion.
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In this study, we demonstrated the beneficial effects of aliskiren on atherosclerosis
development and plaque stability alone and in combination with atorvastatin in a pre-
clinical model of CVD, possibly via a mechanism involving T cells. These results suggest a
potential benefit of using aliskiren in a clinical setting, particularly in combination with statin
treatment. The effect of aliskiren on cardiovascular endpoints awaits further clinical trial

results.
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