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Objective: The interaction between the renin-angiotensin system and toll-like receptors (TLRs) in the
pathogenesis of advanced atherosclerotic plaques is not well understood. We studied the effects of the
renin inhibitor aliskiren on the progression of advanced atherosclerotic plaque in apolipoprotein E-
deficient (ApoE�/�) mice with a special focus on plaque neovessel formation.Methods and results: Four-
wk-old ApoE�/� mice were fed a high-fat diet for 8 wks, and the mice were randomly assigned to one of
three groups and administered a vehicle, hydralazine, or aliskiren for an additional 12 wks. Aliskiren
reduced the atherosclerotic plaque area and plaque neovessel density. It increased the plaque collagen
and elastin contents, and reduced plasma angiotensin II levels and plaque macrophage infiltration and
cathepsin S (CatS) protein. Aliskiren also decreased the levels of AT1R, gp91phox, TLR2, monocyte
chemotactic protein-1, and CatS mRNAs in the aortic roots. Hydralazine had no beneficial vascular effects,
although its administration resulted in the same degree of blood pressure reduction as aliskiren. CatS
deficiency mimicked the aliskiren-mediated vasculoprotective effect in the ApoE�/� mice, but aliskiren
showed no further benefits in ApoE�/� CatS�/� mice. In vitro, TLR2 silencing reduced CatS expression
induced by angiotensin II. Moreover, aliskiren or the inhibition of CatS impaired the endothelial cell
angiogenic action in vitro or/and ex vivo. Conclusion: Renin inhibition appears to inhibit advanced
plaque neovessel formation in ApoE�/� mice and to decrease the vascular inflammatory action and
extracellular matrix degradation, partly by reducing AT1R/TLR2-mediated CatS activation and activity,
thus regressing advanced atherosclerosis.

© 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Increasing evidence shows that the renin-angiotensin system
(RAS) play a pivotal role in the pathogenesis of atherosclerosis-
based cardiovascular disease by stimulating a series of coordi-
nated cellular and molecular events in atherosclerotic lesions [1].
Angiotensin II (Ang II) is a major bioactive component of the RAS
and has been demonstrated to be a crucial mediator for athero-
sclerotic lesion development by inducing the production of reactive
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oxygen species and stimulating the expression of adhesion mole-
cules and chemokines through the activation of the angiotensin II
type 1 receptor (AT1R), thereby leading to endothelial dysfunction,
the accumulation of inflammatory cells, lipid deposition, and the
proliferation of vascular smoothmuscle cells (SMCs) [1]. Aliskiren, a
direct renin inhibitor which reduces the formation of angiotensin I
from angiotensinogen, suppresses Ang II biosynthesis at the first
step of the RAS [2]. A few experimental studies have reported the
anti-atherosclerotic effects of aliskiren at the early stage of
atherosclerosis [2,3]. However, the vasculoprotective action of
aliskiren's renin inhibition on advanced atherosclerosis and its
underlying mechanisms are not yet understood.

Recent advances in immunologic studies suggest that the toll-
like receptor (TLR) system plays an important role in the patho-
genesis of atherosclerosis [4]. Human atherosclerotic arteries
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showed increased expressions of TLR-1, -2, and -4, compared to
normal arteries [5]. The targeted deletion of TLR2 or TLR4 [6,7] or
their downstream adaptor protein MyD88 [6] inhibited athero-
sclerotic lesion formation in apolipoprotein E-deficient (ApoE�/�)
mice. TLR2 has been shown to play an important role in monocyte
activation and in stimulating the release of inflammatory chemo-
kines and cytokines, which are crucial processes in the progression
of atherogenesis [5]. Several lines of evidence indicate that RAS
activation induces vascular inflammation through a TLRs-
dependent signaling pathway [8]; however, the precise mecha-
nisms of the RAS and the TLR signaling pathways in the progression
of atherosclerosis remain unknown.

Neovascularization has been associated with advanced athero-
sclerotic plaque growth in diet-induced animal models [8,9].
Pharmacological inhibition of angiogenesis with endostatin and
angiopoietin-2 overexpression has been reported to lead to a
reduction of plaque neovascularization and growth [9]. Conversely,
a number of experimental studies have shown that the stimulation
of angiogenesis accelerates the progression of atherosclerotic pla-
que [10]. Angiogenic action stimulation has been closely linked to
the Ang II/AT1R signaling pathway and protease activation
(including matrix metalloproteinases (MMPs) and cysteinyl ca-
thepsins) [8,11e13]. Cysteine protease cathepsins have also been
implicated in the angiogenesis of pathophysiological conditions
[14,15]. Several previous studies showed that cathepsin S (CatS)
contributes towound repair- or tumor growth-related angiogenesis
[16,17]. However, the role of Ang II signaling in cathepsin
activation-induced plaque neovessel formation and the mecha-
nisms underlying the vasculoprotective action of the upstream
inhibition of the RAS remain unclear, especially in atherogenesis at
the advanced stage. To address these issues, we examined the effect
of aliskiren-mediated RAS inhibition on the pathogenesis of
advanced atherosclerosis in ApoE�/� mice, with a special focus on
the plaque neovessel formation associated with TLR-dependent
inflammation and cathepsin activation.

2. Materials and methods

2.1. Animals and treatment

All of the animal studies were conducted in accord with the
animal care guidelines of the Nagoya University Graduate School of
Medicine. Male ApoE�/� mice (C57BL/6 genetic background) were
purchased from the Japan SLC (Hamamatsu, Japan). The animals
were maintained in a 22 �C room with a 12-h light/dark cycle and
received drinking water ad libitum. For the experiments, 4-wk-old
male mice were fed a Western-type diet [18] containing 21.00% fat
from lard and 0.15% cholesterol for 8 wks, and the mice were
randomly assigned to one of three groups and administered vehicle
(control, n ¼ 8), hydralazine (25 mg mg/kg per day, in drinking
water, SigmaeAldrich; n ¼ 8) or aliskiren (25 mg/kg per day via a
subcutaneous [SC] mini-pump, Novartis, Basel, Switzerland; n ¼ 8)
for an additional 12 wks. In order to exclude the influence of mini-
pump implantation, the control group and hydralazine group mice
also underwent to a mini-pump implantation loaded with saline.
Systolic blood pressure (BP) and heart rate (HR) were determined
by using a tail-cuff pressure analysis system (Softron BP-98A,
Tokyo) in conscious mice. Three reliable recordings were taken
and used for the determination of systolic BP and HR.

In separate experiments, cathepsin S-deficient (CatS�/�) mice
(C57BL/6 background) were crossed with ApoE�/� mice (C57BL/6
background) to generate ApoE�/� CatS�/� mice. Male mice from
both genetic backgrounds (n ¼ 6 for each group) consumed an
atherogenic Western-type diet [18] from 10 wks of age for 20 wks
to allow the development of atherosclerotic lesions until sacrifice.
In another, separate experiment, aliskiren (25 mg/kg daily, by
mini-pump; n ¼ 4) or vehicle (saline; n ¼ 4) was administered to
ApoE�/� CatS�/� mice from 18 wks to 30 wks by supplementation
of the Western-type diet (from the age of 10 wks).

2.2. Tissue collection and processing

Mice were anesthetized by an intraperitoneal injection of
pentobarbital (50 mg/kg), and blood was collected from the cardiac
apex for analysis. For histological and immunohistochemical
staining, the hearts with aortic roots were dissected and immersed
in fixative for 24 h (4 �C) and embedded in paraffin. For the bio-
logical analysis, aortic roots were stored in liquid nitrogen and
RNAlater® solution (Life Technologies, Frederick, MD).

The cross-sections of the aortic root were analyzed according to
the modified method of Matsumoto et al. [19] with a small modi-
fication. Each heart was cut in a plane between the lower tips of the
right and left atria. The upper portion was embedded in paraffin.
The aortic root was then sectioned (4 mm) serially at 5-mm intervals
from the appearance of the aortic valve to the ascending aorta until
the valve cusps were no longer visible. Five cross-sections in each
aortic tissue were quantified for neointima and media, and the
results for each mouse were averaged.

2.3. Histological and immunohistochemical staining and
morphometry

Paraffin sections (4 mm) from the aortic roots were deparaffi-
nized in xylene, rehydrated in decreasing alcohol solutions, and
stained routinely with hematoxylin-eosin (H&E) staining, Elastica
van Gieson staining (EVG) for elastin, and Picrosirius Red (PSR)
staining for collagen as described [18]. We used the corresponding
sections on separate slides for the immunohistochemical staining
against macrophages (Mac-3; 1:100, BD Pharmingen, San Diego,
CA) and CD31 (1:100, BD Pharmingen), CatS (M-19) (1:50, Santa
Cruz Biotechnology, Santa Cruz, CA), a-smooth muscle cell actin
(ASMA; 1:100, SigmaeAldrich), and against monocyte chemotactic
protein-1 (MCP-1; 1:500, Novus Biologicals, Littleton, CO). The
positive areas for each stain were analyzed with BZ8000 analysis
software (Keyence, Tokyo, Japan) or MetaMorph imaging analysis
software (Molecular Devices, Sunnyvale, CA). Five cross-sections of
vessels in each aorta were quantified and averaged for each animal.
We set a threshold to automatically compute the positive areas for
each stain and then computed the ratio of the positive area to the
intimal area.

2.4. Human umbilical vein endothelial cells (HUVECs) culture and
stimulations

HUVECs were purchased from Clonetics (San Diego, CA) and
cultured in endothelial basal medium (EBM)-2 (Lonza, Walkers-
ville, MD) plus 10% fetal bovine serum (FBS) and endothelial growth
medium (EGM)-2 SingleQuots™ (Clonetics) in a humidified atmo-
sphere of 5% CO2 and 95% air. After being cultured in serum-free
EBM-2 for 24 h, the HUVECs were used for the following experi-
ments. The cells were treated with and without Ang II (100 nmol/L,
SigmaeAldrich) for 12 h and then subjected to quantitative real-
time polymerase chain reaction (PCR) for the examination of TLR
gene expression. To explore the mechanism of Ang II-induced CatS
expression, we pretreated HUVECs with or without several in-
hibitors, including the AT1R antagonist olmesartan (10 mmol/L), the
NADPH oxidase inhibitor apocynin (100 mmol/L), and the phos-
phatidylinositol-3-kinase (PI3K) inhibitor LY294002 (10 mmol/L,
Calbiochem, EMD Chemicals, San Diego, CA). We performed five
independent experiments in triplicate for each cell culture assay.



Table 1
Histological characterization of atherosclerotic lesions in the aortic roots of control,
aliskiren and hydralazine-treated mice.

Parameters Control Hydralazine Aliskiren

n ¼ 8 n ¼ 8 n ¼ 8

Intima (�103/mm2) 612 ± 19 588 ± 37 287 ± 30*
Media (�103/mm2) 306 ± 17 319 ± 25 300 ± 28
Intima/media ratio 2.10 ± 0.14 1.95 ± 0.14 0.96 ± 0.04*

The ratio of intima to media was calculated as the ratio of the intimal area to the
media area in lesional cross-sections of the heart aortic root of control, aliskiren and
hydralazine-treated groups. All of the results are presented asmean ± SEM. *P < 0.01
vs corresponding control groups.
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2.5. HUVECs small-interfering RNA transfection

Specific small-interfering RNA (siRNA) for TLR2 (siTLR2-I,
F#55313524-001/2; siTLR2-II, F#55313524-003/4) and CatS (siCatS,
#F52814467-001/2, #F52814467-003/4) and a negative control
siRNA (F#5219292-009/010) were purchased from SigmaeAldrich.
siLamin A/C (D0010500105; Dharmacon, Br�ebi�eres, France) was
used as a positive control. siRNA was transfected into cells as
described [20]. Briefly, 3.5 � 104 cells/well were grown on 6-well
plates in EGM-2 without antibiotics until 30%e50% confluence.
The siRNA solution was mixed with antibiotic-free Opti-MEM® I
Reduced Serum Medium containing Lipofectamine™ RNAiMAX
reagent (Invitrogen, Carlsbad, CA). The culture medium was
removed and replaced with 2.5 mL of antibiotic-free EGM-2 me-
dium, and then 500 mL of the transfection mix was added to each
well (final siRNA concentration: 100 nmol/L for each control siRNA,
100 nmol/L for each siTLR2). Transfected cells were incubated with
Ang II for 12 h and subjected to PCR assays.

2.6. Aortic ring culture for the angiogenesis assay

We performed an aortic ring assay for the quantification of
angiogenesis as described [21]. Briefly, we inserted the rings from
the aortas of CatSþ/þ and CatS�/� mice between two layers of type I
collagen gel (BD Biosciences) and cultured in EBM-2 in the presence
of vascular endothelial growth factor (VEGF) (20 ng/mL, Genzyme/
Techne, Cambridge, MA) with or without aliskiren (10 mM), CatS
specific inhibitor morpholinurea-leucine-homophenylalanine-
vinylsulfone phenyl (LHVS), (5 nM, Arris Pharmaceutical, South
San Francisco) or cathepsin non-specific inhibitor E64d (20 mM,
Calbiochem, San Diego, CA) for 7 days. We performed a quantitative
analysis of endothelial sprouts with the BZ8000 software. Endo-
thelial cell sprouting density is expressed as a percentage of pixels
per image occupied by vessels within a defined area.

2.7. HUVECs tubule formation assay

The tube formation assay was performed as described [20].
HUVECs (control and siRNA-transfected HUVECs with siTLR2 or
siCatS, 2 � 104 cells/well) were seeded into 24-well tissue culture
plates pre-coated with Matrigel (BD Biosciences) and cultured
overnight in EBM-2 containing VEGF (50 ng/mL) to induce tube
formation. Matrigel-induced tube formation was observed under a
phase-contrast microscope (IIX 70, Olympus, Tokyo). We used the
BZ8000 software to quantify the length of endothelial cell tubules
in five fields (100�) in each well.

2.8. Quantitative real-time polymerase chain reaction

We isolated total RNA from the aortic roots and the lysates from
HUVECswith the use of an RNeasy®Micro kit (Qiagen, Valencia, CA)
and subjected it to reverse transcription. The resulting cDNA was
subjected to a quantitative real-time PCR analysis with the use of a
Bio-Rad CFX96™ Real-Time PCR Detection System and Power
SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA)
or Applied Biosystems Prism 7500HT sequence detection system
using TaqMan gene expression assays according to the manufac-
turer's specifications (Applied Biosystems, Foster City, CA). We
calculated the changes in gene expression by the 2�DDCt method
and normalized the values to the levels of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). All samples were analyzed in
triplicate. TaqMan probes and primers are as follows: TNF-a:
Mm00443258_m1; iNOS: Mm00440502_m1; Arginase-1:
Mm00475988_m1; CD206: Mm00485148_m1; FIZZ1:
Mm00445109_m1; 18S ribosomal RNA: 4319413E. Primers for
SYBR® Green assay are shown in Online supplementary Table 1.

2.9. Western blotting analysis

Total extracted protein from aortic roots and HUVECs was
separated with 10% SDS-PAGE and then transferred to a poly-
vinylidene difluoride membrane (Amersham Pharmacia Biotech,
Buckinghamshire, UK). Nonspecific binding was blocked with 5%
skim milk/Tris-buffered saline with Tween for 1 h at room tem-
perature and then incubated with primary antibodies against TLR2
(H-175) and CatS (all from Santa Cruz, diluted 1:1000) at 4 �C
overnight. b-actin was loaded as control. The band intensity was
analyzed by densitometry using Image J software.

2.10. Biochemical analysis

We examined the plasma renin activity (PRA) using a radioim-
munoassay of generated Ang I (SRL renin kit, TFB Co., Tokyo). The
plasma Ang II concentrations were measured by a radioimmuno-
assay (human NEX-105 [125]I-Try4-Angiotensin II, Perkin Elmer
Life and Analytical Sciences, Boston, MA). The plasma total
cholesterol and triglyceride concentrations were determined with
enzymatic assay kits (Wako Pure Chemical Industries, Osaka,
Japan). The plasma glucose concentrations weremeasured using an
automatic glucometer (One Touch Ultra; LifeScan, Milpitas, CA). All
assays were performed in triplicate.

2.11. Statistical analysis

All measurements were conducted by two observers blinded to
the treatment of the mice. Data are expressed as means ± standard
error of the mean (SEM). Student's t-test (for comparisons between
two groups) and a one-way analysis of variance (ANOVA; for
comparisons of three or more groups) followed by the Bonferroni
post-hoc test were used for the statistical analyses. The HR and BP
data were subjected to a two-way repeated-measures ANOVA and
Bonferroni post hoc tests. SPSS software ver. 17.0 (SPSS, Chicago, IL)
was used. P-values <0.05 were considered significant.

3. Results

3.1. Effect of aliskiren on systolic BP, HR, plasma lipid profiles, and
the PRA and plasma Ang II levels

After 12 wks of treatment, aliskiren reduced the systolic BP in
the mice, but had no effect on their body weight (BW) or HR
compared to the corresponding values of the control group (Online
supplementary Table 2). Aliskiren also had no significant effect on
plasma total cholesterol, triglyceride, or glucose (Online
supplementary Table 2). However, the aliskiren-treated mice
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showed significant decreases in PRA and plasma Ang II. Except
lowering systolic BP, hydralazine treatment showed no effect on
these parameters as compared to the control group (Online
supplementary Table 2).

3.2. Aliskiren reduced the extent of atherosclerotic lesions and
neovessel plaque density and changed the plaque composition

The H&E staining showed that aliskiren treatment significantly
reduced the area of the neointima in the aortic lesional regions as
well as the ratio of the intima area to the media area compared to
that of the controls (P < 0.01; Table 1). Immunohistochemistry
revealed that aliskiren reduced the neovessel density of the
atherosclerotic plaques in the aortic roots (total neovessel
numbers: 7.9 ± 1.2 vs. 18.0 ± 1.7 mm2 in the aliskiren and control
groups, respectively; P < 0.01; Fig. 1). In contrast, hydralazine had
no effects on these parameters (Table 1, Fig. 1A and B).

As shown in Fig. 1A and C, aliskiren significantly increased the
interstitial collagen content of the neointima (45.0 ± 1.8% vs.
34.8 ± 2.2% in the aliskiren and control groups, respectively;
P < 0.01) as determined by PSR staining. In addition, the elastin
level of the neointimas determined by EVG staining remained
Fig. 1. Detection of neovessel density and collagen and elastin content of advanced atheros
with vehicle (control, n ¼ 8), aliskiren (25 mg/kg$d, n ¼ 8), or hydralazine (25 mg/kg$d,
immunostaining) and the content of collagen (PSR staining) and elastin (EVG staining). BeD
n ¼ 8) positive areas in atherosclerotic lesion intimas. The neovessel density data are exp
atheroma; M, media. Scale bars: 100 mm.
significantly higher in the aliskiren-treated mice compared to the
control mice (12.5 ± 0.7% vs. 7.8 ± 1.0%, respectively; P < 0.01;
Fig. 1A and D). Hydralazine had no effect on the plaque matrix
components.
3.3. Aliskiren decreased the vascular inflammatory action and CatS
expression in the aortic roots

As shown in Fig. 2A and B, the accumulation of macrophages
(Mac-3) was significantly suppressed by aliskiren treatment. Im-
munostaining revealed that aliskiren attenuated the levels of MCP-
1 protein (Fig. 2A and C). As shown in Fig. 2A and D, aliskiren
markedly decreased the CatS protein expression in the athero-
sclerotic plaques of the aortic roots, whereas hydralazine treatment
showed none of these beneficial effects compared to the control
group. In addition, aliskiren had no effect on the accumulation of
SMCs in the atherosclerotic plaques of the aortic roots (Fig. 2A and
E). Concomitantly, quantitative PCR revealed that aliskiren atten-
uated the mRNA levels of AT1R, gp91phox, TLR2, MCP-1, VCAM-1,
and CatS in the aortic roots compared to the control group
(Fig. 3AeF).
clerotic lesions in the aortic roots of apolipoprotein E-deficient (ApoE�/�) mice treated
n ¼ 8) for 12 wks. A: Representative images used to assess neovessel density (CD31
: Quantitative data for neovessel density (B, n ¼ 7), collagen (C, n ¼ 8) and elastin (D,
ressed as total numbers of neomicrovessels divided by the plaque area (in mm2). A,



Fig. 2. Histological characterization of advanced atherosclerotic lesions in aortic roots of the control, aliskiren, and hydralazine groups (n ¼ 8, each group). A: Representative
immunostaining images used to assess the content of macrophages (Mac-3) and MCP-1, CatS proteins, and a-smooth muscle cell actin (ASMA) SMCs. BeE: The positive areas in the
atherosclerotic lesion intimas for Mac-3 (B), MCP-1 (C), CatS (D), and ASMA (E) were quantified for each section. Results are expressed as the ratio (percentage) of the positively
stained area to the neointimal area. A, atheroma; M, media. Scale bars: 100 mm.
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3.4. Effect of aliskiren on macrophage M2 polarization in the aortic
roots

To determine the effect of aliskiren on macrophage polarization
in the atherosclerotic lesions, we evaluated M1-and M2-related
marker gene expressions in the aortic roots. The quantitative
real-time PCR analysis revealed that aliskiren reduced the expres-
sion of activatedM2 (arginase-1, CD206, FIZZ1) markers and had no
effect on the ratio of arginase-1 to iNOS as compared with the
control group (Online supplementary Fig. 1), indicating that alis-
kiren could not enhance macrophage M2 polarization.
3.5. CatS deficiency reduced the intimal neovessel density and
plaque growth

Compared to the control mice, the CatS�/� mice showed
reduced plaque growth and intimal neovessel density in the aortic
roots, as determined by immunohistochemical staining against
CD31 (Online supplementary Fig. 2AeC) [22]. We also observed a
lower level of macrophage accumulation (Online supplementary
Fig. 2A and D) and increased contents of collagen and elastin in
the atheroma plaques of the aortic roots in the ApoE�/� CatS�/�

mice (Online supplementary Fig. 3AeC). Furthermore, CatS defi-
ciency reduced the levels of TLR2 gene expression in the aortic
roots of the ApoE�/�mice (Online supplementary Fig. 3D). Aliskiren
treatment had no significant effect on the atherosclerotic lesion
growth or the neovessel formation of aortic roots in the ApoE�/�

CatS�/� mice (P > 0.05; Online supplementary Fig. 4).
In addition, quantitative real-time PCR revealed that although

CatS ablation reduced activated M1 markers (TNF-a and iNOS), it
showed no effects on activated M2 markers (arginase-1, CD206,
FIZZ1) as compared with ApoE�/� CatSþ/þ mice (Online
supplementary Fig. 5), indicating that CatS deficiency might not
affect M2 genetic program in atherosclerosis.
3.6. Ang II regulates CatS gene expression through TLR2 signaling
pathway

As shown in Fig. 4A and B, Ang II increased the TLR2 and CatS
mRNA expressions in the cultured HUVECs. As anticipated, siTLR2



Fig. 3. Aliskiren decreased the vascular inflammatory action and CatS expression in the aortic roots of ApoE�/� mice. AeF: A real-time PCR analysis was used to determine the
mRNA levels of AT1R, gp91phox, TLR2, MCP-1, VCAM-1, and CatS of the aortic roots of the control, aliskiren, and hydralazine groups (n ¼ 8 each). Values are mean ± SEM.

Fig. 4. Regulation of TLR2 and CatS gene expression in HUVECs. A: Real-time PCR analysis to detect TLR2 mRNA levels in HUVECs stimulated with or without Ang II (100 nmol/L) for
12 h (n ¼ 5). B: After pretreatment with or without olmesartan (Olm, 10 mmol/L), apocynin (Apo, 100 mmol/L) or LY294002 (LY, 10 mmol/L) for 30 min or transfection with siTLR2-I or
siTLR2-II (100 nmol/L), respectively, for 48 h, the HUVECs were cultured in the presence or absence of Ang II for 12 h and thenwere subjected to CatS gene assay (n ¼ 5, each group).
yP < 0.01 vs. Ang II (þ). C: Representative images show siTLR2 and siCatS reduces its targeted protein expression proteins in HUVECs transfected with non-siRNA, siTLR2 or siCatS,
respectively, for 48 h (n ¼ 4). D: Representative images and combined quantitative data for the siCatS-mediated suppression on CatS expression induced by Ang II in HUVECs. E, F:
Representative images and quantitative data for tubulogenesis (n ¼ 6). Values are mean ± SEM.
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Fig. 6. The proposed mechanism of aliskiren-mediated regression of advanced
atherosclerotic plaques in the ApoE�/� mouse model. Ang II, angiotensin II; AT1R,
angiotensin II type 1 receptor; TLR2, toll-like receptor 2; CatS, cathepsin S; ECM,
extracellular matrix.
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and siCatS suppressed the levels of TLR2 or CatS protein, respec-
tively (Fig. 4C). By comparison, siTLR2 also inhibited CatS protein
expression induced by Ang II (Fig. 4D). We next investigated the
mechanisms underlying the Ang II-mediated CatS expression in
HUVECs by examining the effect of several inhibitors on intracel-
lular signaling pathways. Pretreatment with the AT1R antagonist
olmesartan, the NADPH oxidase inhibitor apocynin, and the phos-
phatidylinositol 3-kinase inhibitor LY294002 reduced the expres-
sions of CatS mRNA stimulated by Ang II in HUVECs (Fig. 4B).
Similar to the Western blot assay, both siTLR2-I and siTLR2-II
significantly reduced CatS gene expression (Fig. 4B). By compari-
son, the non-target control siRNA had no effect on the TLR2 gene
expression induced by Ang II (data not shown).

3.7. Effect of aliskiren or TLR2 and CatS ablation on the angiogenic
action

Both siTLR2 and siCatS inhibited the VEGF-induced HUVEC
tubulogenic action (Fig. 4E and F). The ex vivo aortic ring culture
assays showed that CatS deficiency impaired VEGF-mediated aorta-
derived microvessel outgrowth (Fig. 5A and B). Furthermore, we
observed that aliskiren as well as cathepsin inhibitors (a specific
CatS inhibitor LHVS and non-specific cathepsin inhibitor E64d)
suppressed VEGF-induced angiogenic response of the aorta from
the CatSþ/þ mice (Fig. 5C and D).

4. Discussion

Previous experimental studies showed that direct renin inhibi-
tionwith aliskiren inhibits the development of early atherosclerosis
Fig. 5. Aliskiren reduced the angiogenic activity of aortic explants. Aortic rings were revers
Representative images and combined quantitative data for tubulogenesis in the aortas of Ca
were induced with 20 ng/mLVEGF in the presence or absence of aliskiren (10 mM) and Cat inh
for aortic ring microvessel sprouting area. Scale bars: 50 mm.
[2,3]. Here we have demonstrated that aliskiren has a vasculopro-
tective effect on advanced atherosclerosis. Our study showed that
Ang II inhibition by renin inhibitionwith aliskiren not only lessened
the progression of atherosclerotic lesions but also changed the
composition of the vascular wall such that it contained more
ed and cultured in serum-free EBM-2 medium with VEGF (20 ng/mL) for 7 days. A, B:
tSþ/þ and CatS�/� mice (n ¼ 6). Scale bars: 1 mm. C, D: Aortic rings from CatSþ/þ mice
ibitors (LHVS, 5 nM; E64d, 20 mM). Representative images (C) and quantitative data (D)
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extracellular matrix protein (collagen and elastin), changes that
predict greater stability of the atherosclerotic plaque. Renin inhi-
bition also reduced the diet-induced intimal neovascularization in
atherosclerotic plaques, which was accompanied by a reduced
accumulation of macrophages and reduced expression of CatS
associated with the reduction in TLR2 gene expression. More
notably, we showed that CatS deficiency lessened diet-induced
atherosclerotic plaque neovessel formation and growth, as well as
the levels of TLR2 mRNA and macrophage infiltration in ApoE�/�

mice. Our in vitro experiment also demonstrated Ang II induced
CatS gene expression via the TLR2-mediated signaling pathway.
Our proposal regarding the mechanisms underlying the aliskiren-
mediated renin inhibition in the reduction of atherosclerotic pla-
que neovessel formation and the improvement of established
atherosclerotic plaques is represented schematically in Fig. 6.

Ang II is suggested to be a key player in the pathogenesis of
atherosclerosis, by inducing the production of reactive oxygen
species and stimulating the expression of adhesion molecules,
chemokines, and proteases through activation of the AT1R [1,23].
Previous studies indicated that Ang II regulates TLRs expression
[24,25], and the engagement of TLRs on the cell surface by specific
ligands regulates monocyte/macrophage activation and leads to an
increase in the expression of proinflammatory mediators such as
MCP-1 [26]. A recent study showed that TLR2 signaling through
MyD88 plays a predominant role in inflammation and matrix
degradation in human atherosclerosis [27]. Here, we found that the
renin inhibitor aliskiren lessened the progression of atherosclerotic
lesions and resulted in reductions in plasma Ang II and in themRNA
levels of AT1R, gp91phox, TLR2, MCP-1, and VCAM-1 in athero-
sclerotic lesions. Thus, renin inhibition appears to reduce athero-
sclerotic lesions in ApoE�/� mice through its ability to attenuate
Ang II-AT1R/TLR2-mediated inflammatory chemokine and oxida-
tive stress production. It should be noted that hydralazine reduced
the blood pressure of the mice to the same extent as aliskiren but
had no vascular benefits compared to aliskiren. Moreover, the daily
administration of aliskiren at the dose used in this study had no
significant effect on the animals' lipid profiles. In addition, we have
shown that aliskiren reduced M2marker gene expressions and had
no effect on the ratio of iNOS to arginase-1 genes. These results
suggest that aliskiren-mediated advanced atherosclerotic plaque
regression is not attributable to blood pressure reduction, lipid
reduction, or M1/M2 polarization but rather to the pleiotropic ef-
fects of aliskiren.

Cysteine protease cathepsins have been implicated in a number
of pathologies associated with extracellular matrix (ECM) break-
down [14,28]. Here we found that Ang II inhibition with aliskiren
reduced ECM degradation as well as the mRNA and protein levels of
CatS in aortic roots. Several previous studies showed that CatS
contributes to angiogenesis in the process of wound repair or tu-
mor growth [16,17]. Here, in vitro, we observed that siTLR2 and
siCatS impaired the cultured HUVEC tubulogenic action. Our results
further confirm that CatS participates in angiogenesis by the ex vivo
aortic ring culture assays. Recent observations indicate that plaque
angiogenesis contributes to plaque instability and the rupture of
advanced atherosclerotic lesions in human aortas [29]. Here, we
found that aliskiren treatment also reduced plaque vessel forma-
tion. Combined with the previous findings, our results indicate that
the ability of renin inhibition to decrease CatS gene expression is
likely to have contributed to the observed reduction in neovessel
density and the stabilization of advanced atherosclerotic lesions in
ApoE�/� mice. This notion is further supported by our current ob-
servations that the atherosclerotic plaque neovessel density and
lesions were reduced in the ApoE�/� CatS�/� mice, and renin in-
hibition had no additional benefit on the atherosclerotic lesion
formation in the ApoE�/� CatS�/� mice. Collectively, these findings
suggest that the attenuation of neovascularization and ECM
remodeling by renin inhibition via the inhibition of CatS expression
represents a commonmechanism for the reduction of diet-induced
advanced atherosclerotic plaque growth and stability.

Previous studies showed that Ang II regulates the expression of
TLRs in vascular smooth muscle cells and dendritic cells [24,25]. A
single study demonstrated that TLR activation induces cysteine
protease CatK expression in cultured macrophages [30]. The pre-
sent data show that angiotensin inhibition with a renin inhibitor
reduces the mRNA levels of CatS and TLR2 in aortic tissues.
Consistent with this, we have also confirmed in vitro for the first
time that pretreatment with the AT1R antagonist olmesartan re-
duces the expression of Ang II-induced TLR2 and CatS mRNA.
Increasing evidence highlighted the importance of protease in-
duction through the activation of TLRs [8]. Here, we have further
demonstrated that siRNA targeting TLR2 reduced the CatS gene
expression induced by Ang II in HUVECs. Taken together, these
findings suggest that there might be crosstalk between the Ang II/
AT1R and TLR2 signaling pathways in vascular cells and that the
renin inhibition-mediated reduction of TLR2 expression might be
involved, at least in part, in the inhibitory effect of renin inhibition
on CatS gene expression. In 2009, Sun and colleagues reported that
several signaling pathways were involved in TLR-mediated CatK
expression in cultured macrophages [30]. Here we found that the
CatS expression induced by Ang II in HUVECs was inhibited by the
PI3K inhibitor LY294002, indicating that the PI3K/Akt signaling
pathway is involved in the Ang II-mediated regulation of CatS
expression.

In summary, our study provides new insights into the mecha-
nisms of renin inhibition in the improvement of advanced athero-
sclerosis. Renin inhibition appears to inhibit intimal
neovascularization in ApoE�/� mice and to decrease the vascular
inflammatory action and extracellular matrix degradation, partly
by reducing the AT1R/TLR2-mediated CatS activation, thus
regressing advanced atherosclerosis.
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