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The Long-Term Effect of Angiotensin II Type 1a 
Receptor Deficiency on Hypercholesterolemia-

Induced Atherosclerosis

Hideyuki ETO1), Masaaki MIYATA1), Takahiro SHIRASAWA1), Yuichi AKASAKI1), 

Narisato HAMADA1), Aya NAGAKI1), Koji ORIHARA1), Sadatoshi BIRO1), and Chuwa TEI1)

Angiotensin II type 1 receptor may contribute to atherogenesis by facilitating the proliferative and inflam-

matory response to hypercholesterolemia. In the present study, we investigated the long-term effect of

angiotensin II type 1a receptor (AT1a) deficiency on hypercholesterolemia-induced atherosclerosis by the

use of AT1a-knockout (AT1a-KO) mice and apolipoprotein E–knockout (apoE-KO) mice. AT1a-KO were

crossed with apoE-KO, generating double-knockout (D-KO) mice. Mice were fed a standard diet and ana-

lyzed at 25- or 60-weeks-old. The quantification of atherosclerotic volume in the aortic root revealed that the

atherosclerotic lesions of D-KO mice were significantly smaller than those of apoE-KO mice at 25-week-old

(0.81±0.16 mm2 vs. 1.05±0.21 mm2, p<0.001) and at 60-week-old (0.89±0.11 mm2 vs. 2.44±0.28 mm2,

p<0.001). Surprisingly, there was no significant difference in atherosclerotic lesion size of D-KO mice at 25-

and 60-week-old, suggesting that AT1a deficiency completely protected against the age-related progression

of atherosclerosis. The amounts of collagen and elastin, the expression of p22phox, serum amyloid P (SAP),

matrix metalloproteinase (MMP)-2, and MMP-9, and the number of apoptotic cells of D-KO mice were lower

than those of apoE-KO mice. Furthermore, we confirmed that the expression of procollagen α 1(I), procol- 

lagen α 1(III), tropoelastin, p22phox, SAP, MMP-2, and MMP-9 decreased in cultured vascular smooth muscle

cells from D-KO mice compared with those of apoE-KO mice. In conclusion, AT1a deficiency reduces ath-

erosclerotic lesion size of apoE-KO mice and protects against the age-related progression of atherosclero-

sis. Reduction of oxidative stress, apoptosis, and MMP expression in atherosclerotic lesions by AT1a

deficiency may contribute to plaque size. (
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Introduction

 

Angiotensin II (Ang II) is a potent vasoconstrictor, and, apart
from its effects on blood pressure, it is strongly implicated in
the pathogenesis of atherosclerosis. Oxidative stress and
inflammation, triggered by Ang II, are involved in the initia-
tion and progression of atherosclerosis (

 

1

 

–

 

3

 

). Ang II elicits
production of superoxide anion, a reactive oxygen species

(ROS), from arterial endothelial cells (EC) and smooth mus-
cle cells (SMC) (

 

4

 

). Ang II can also increase expression of
proinflammatry cytokines such as interleukin (IL)-6 and
monocyte chemoattractant protein (MCP)-1 in arterial SMC
and the leukocyte adhesion molecule, VCAM-1, in EC (

 

5

 

–

 

7

 

).
Angiotensin II type 1 receptor (AT1) may contribute to

atherogenesis by facilitating the proliferative and inflamma-
tory response to hypercholesterolemia. AT1 blockers (ARB)
and angiotensin-converting enzyme (ACE) inhibitors normal-
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ize oxidative stress and endothelial dysfunction, and they
reduce the progression of atherosclerosis (

 

8

 

, 

 

9

 

). Several stud-
ies using various animal models have shown that blocking the
actions of Ang II by ACE inhibitors or ARB is effective in
preventing the progression of atherosclerosis (

 

9

 

). Recently, it
was reported that AT1 deficiency significantly reduced
hypercholesterolemia-induced atherosclerosis in apolipopro-
tein E (apoE)–knockout (apoE-KO) mice at 19-weeks-old
(

 

10

 

) or in low density lipoprotein (LDL) receptor deficient
mice at 20-weeks-old (

 

11

 

). However, the long-term effect of
angiotensin II type 1a receptor (AT1a) deficiency on hyper-
cholesterolemia-induced atherosclerosis has not been
reported. AT1-KO mice did not show any atherosclerotic
lesion themselves. Therefore, AT1a-KO mice were crossed
with apoE-KO mice in order to generate double-knockout (D-
KO) mice. We compared the atherosclerotic lesion and
expression of factors that are related to plaque vulnerability
between the apoE-KO and D-KO mice at 25- and 60-week-
old. Furthermore, to address the role of AT1 in atherogenesis,
we performed cell culture experiments using vascular smooth
muscle cells (VSMCs) explanted from the medial layer of
aortas from the D-KO or apoE-KO mice.

 

Methods

 

Generation of AT1a

 

–/–

 

/ApoE

 

–/–

 

 D-KO Mice

 

ApoE-KO mice on a C57BL/6 background were donated by
Dr. Jan L Breslow (Rockefeller University, New York, USA),
and AT1a-KO mice on a C57BL/6 background were obtained
from Tanabe Seiyaku Co. Ltd. (Osaka, Japan). ApoE-KO
mice were crossed with AT1a-KO mice, and heterozygous
knockout mice were crossed until homozygous D-KO mice
were obtained. Genotypes for apoE and AT1a were deter-
mined by polymerase chain reaction amplification of DNA
isolated from the tail. These mice were fed a standard diet,
and water was available ad libitum. The study protocol was
approved by the ethics committee of the Graduate School of
Medicine, Kagoshima University. This study conformed to
the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publica-
tion No. 85-23, revised 1996).

 

Measurements of Heart Rate, Blood Pressure,
Cholesterol, and 8-Isoprostane

 

D-KO and apoE-KO mice were compared in this study.
Before sacrifice, the heart rate and blood pressure of con-
scious restrained mice were measured using a tail-cuff sys-
tem. At the age of 25 or 60 weeks, mice were anesthesized
with pentobarbital (80 

 

μ

 

g/kg, i.p.) after measuring body
weight, and blood was drawn from the left ventricle of anes-
thesized mice. The mean blood pressure was calculated from
the systolic and diastolic blood pressure. Plasma total- and
high density lipoprotein (HDL)-cholesterol were measured

with an enzymatic kit (Cat.#DR-2100, DR-2210, Kainos Lab-
oratories, Inc., Tokyo, Japan).

To clarify the production of oxidative stress, 8-isoprostane
(a plasma indicator of oxidative stress) was determined using
plasma from the apoE-KO and D-KO mice using an 8-Iso-
prostane EIA Kit (Cat.#516351, Cayman Chemical, Ann
Arbor, USA) as described previously (

 

12

 

).

 

Genotyping by PCR

 

AT1a genotyping used the following primers: antisense, 5

 

′

 

-
ATCCTAAAGATGTCATCATTTC-3

 

′

 

 and sense, 5

 

′

 

-ATG
GATTTTGAACAGTGTTG-3

 

′

 

. Resultant wild-type and
deficient allele bands were 770 bp and 1,134 bp, respectively
(data not shown). ApoE genotyping used the following prim-
ers: antisense, 5

 

′

 

-GCCTAGCCGAGGGAGAGCCG-3

 

′

 

 and
sense, 5

 

′

 

-GCCGCCCCGACTGCATCT-3

 

′

 

. Resultant wild-
type and deficient allele bands were 155 bp and 245 bp,
respectively (data not shown).

 

Tissue Preparation and Lesion Assessment

 

Animals were anesthesized with pentobarbital (80 

 

μ

 

g/kg, i.p.)
and perfused with phosphate-buffered saline (pH 7.4) fol-
lowed by 10% neutral-buffered formalin through a catheter
placed in the left ventricle. The heart with aortic root was
fixed in 10% neutral-buffered formalin, embedded in O.C.T.
compound (O.C.T.; Sakura Finetechnical Co., Tokyo, Japan)
and frozen at 

 

−

 

80

 

°

 

C. Frozen sections were cut into 10-

 

μ

 

m
sections and fixed to glass slides. The slides were stained with
oil red O. All sections were examined under a microscope,
and the lipid-staining aorta and total area of the histological
sections were measured (
 

13
 

).
For en face preparations, the aorta was dissected from the

aortic valve to the iliac bifurcation and fixed in 10% neutral-
buffered formalin. The aorta was opened longitudinally and
pinned on a board. To identify atherosclerotic lesions, the
aorta was stained with oil red O. It has been reported that the
extent of atherosclerosis in the entire aorta (expressed as per-
cent of surface area) reflects the extent of atherosclerosis in
the aortic root (expressed as average lesion area per section)
of apoE-KO mice and LDL receptor deficient mice (

 

14

 

).
For histological analysis of the extracellular matrix (ECM)

and immunohistochemical staining, the hearts and aortas of
mice were carefully removed, fixed in 10% neutral-buffered
formalin, and embedded in paraffin. Azan staining for col-
lagen and Victoria blue staining for elastin were carried out to
assess matrix production.

 

Immunohistochemical Analysis

 

Immunohistochemical staining was carried out on paraffin-
embedded sections as described previously (

 

15

 

). After depar-
affinization and hydration of specimens, endogenous peroxi-
dase activity was blocked, and the specimens were fixed by
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immersion in 0.3% H

 

2

 

O

 

2

 

 in methanol for 20 min. Immunohis-
tochemical staining was performed with a goat polyclonal
antibody against human muscle actin (Cat.#sc-1615, Santa
Cruz Biotechnology, Santa Cruz, USA), a goat polyclonal
antibody against human CD-64 (Cat.#sc-7642, Santa Cruz
Biotechnology), a goat polyclonal antibody against human
p22phox (Cat.#sc-11712, Santa Cruz Biotechnology), a goat
polyclonal antibody against mouse serum amyloid P (SAP;
Cat.#sc-18312, Santa Cruz Biotechnology), a goat polyclonal
antibody against human matrix metalloproteinase (MMP)-2
(Cat.#sc-6838, Santa Cruz Biotechnology), a rabbit poly-
clonal antibody against human MMP-9 (Cat.#sc-10737, Santa
Cruz Biotechnology), a goat polyclonal antibody against
human angiotensin II type 2 receptor (AT2; Cat.#sc-7420,
Santa Cruz Biotechnology), a rabbit polyclonal antibody
against human activated caspase-3 (Cat.#557035, Santa Cruz
Biotechnology), and a goat polyclonal antibody against
human apoptosis inducing factor (AIF; Cat.#sc-9416, Santa
Cruz Biotechnology) using the labeled streptavidin biotin
complex method (Cat.#424141, 424151, Simple-stain MAX-
PO kit, Nichirei, Tokyo, Japan). After blocking with 10% rab-
bit or goat serum, slides were incubated overnight with a pri-
mary antibody at 4

 

°

 

C in a moisture chamber. Slides were
washed with Tris-buffered saline (TBS) and incubated with a
biotinylated secondary antibody at room temperature for 30
min. After washing with TBS, slides were incubated with
streptavidin at room temperature for 30 min and visualized
with 3,3

 

′

 

-diaminobenzidine.

 

Cell Experiments

 

Primary VSMCs were explanted from the medial layer of
apoE-KO or D-KO aortas as described previously (

 

16

 

). They
were cultured in 75 cm

 

2

 

 flasks at 37

 

°

 

C in a humidified atmo-
sphere of 95% air and 5% CO

 

2

 
, and the medium was changed

every 3 d. The growth medium consisted of Dulbecco’s mod-
ified Eagle Medium (D-MEM; Cat.#31600-034, Invitrogen,
Carlsbad, USA) supplemented with 10% fetal bovine serum
(FBS; Cat.#12303-500M, SAFC Biosciences, Wicklow, Ire-
land), 100 units/mL penicillin, and 100 mg/mL streptomycin
(Cat.#15140-122, Invitrogen). VSMCs used for experiments
were from the third to the fifth passages.

Reverse-transcription polymerase chain reaction (RT-PCR)
was performed as described previously (

 

17

 

). Total RNA for
use in RT-PCR was isolated using the Mini RNA isolation kit
(Cat.#R1005, ZYMO RESEARCH, Orange, USA). For
cDNA synthesis, 1 

 

μ

 

g of total RNA was reverse-transcribed
with random hexamers using SuperScript II RT (Cat.#18064-
022, Invitrogen). The transcribed cDNA was amplified by
PCR with specific primers for procollagen 

 

α

 

1(I), procollagen

 

α

 

1(III), tropoelastin, p22phox, SAP, MMP-2, MMP-9, and
glyceraldehydes-3-phosphate dehydrogenase (GAPDH).
Two specific primer pairs corresponding to published
sequences were used to amplify procollagen 

 

α

 

1(I) (5

 

′

 

-
CAGCCGCTTCACCTACAGC-3

 

′

 

 and 5

 

′

 

-AATCACTGT
CTTGCCCCAGG-3

 

′

 

) (

 

18

 

), procollagen 

 

α

 

1(III) (5

 

′

 

-
TCCAACTGCTCCTACTCGCC-3

 

′

 

 and 5

 

′

 

-GAGGGCCTG
GATCTCCCTT-3

 

′

 

) (

 

18

 

), tropoelastin (5

 

′

 

-GGTGCGGTG
GTTCCTCAGCCTGG-3

 

′

 

 and 5

 

′

 

-GGGCCTTGAGATACC

 

Fig. 1.

 

Hemodynamic parameters, body weight, and cholesterol concentration. There was no significant difference in mean
blood pressure (A), heart rate (B), total cholesterol concentration (C), HDL-cholesterol concentration (D), or body weight (E)
between apoE-KO and D-KO mice at both 25- and 60-week-old. There was no significant difference in mean blood pressure,
total- and HDL-cholesterol concentration, or body weight between 25- and 60-week-old in both apoE-KO and D-KO mice. How-
ever, heart rate at 60-week-old was significantly higher than that at 25-week-old. *p<0.05 vs. 25-week-old apoE-KO mice,
**p<0.05 vs. 25-week-old D-KO mice.
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CCAGTG-3

 

′

 

) (

 

19

 

), p22phox (5

 

′

 

-TGGGCGGCTGCT
TATGGT-3

 

′

 

 and 5

 

′

 

-GTTTGTGTGCCTGCTGGAGT-3

 

′

 

)
(

 

20

 

), SAP (5

 

′

 

-CTCAGACAGACCTCAATCAG-3

 

′

 

 and 5

 

′

 

-
TCAGCAATACCAGAGGAGGA-3

 

′

 

) (

 

21

 

), MMP-2 (5

 

′

 

-
ACCCAGATGTGGCCAACTAC-3

 

′

 

 and 5

 

′

 

-TACTTT
TAAGGCCCGAGCAA-3

 

′

 

) (

 

22

 

), MMP-9 (5

 

′

 

-ATGATG
GAGGAGAAGCAGTC-3

 

′

 

 and 5

 

′

 

-AGGTGAAGGGAA
AGTGACAT-3

 

′

 

) (

 

23

 

), and GAPDH (5

 

′

 

-CAGGAATTCGGT
GAAGGTCGGAGTCAAGGG-3′ and 5′-AGTGGATCC
GGTCATGAGTCCTCCCAGGAT-3′) (24). The PCR ampli-
fication protocol included 35 cycles of denaturing, annealing,
and elongation with Taq polymerase (Cat.#R001A,
TAKARA BIO Inc., Shiga, Japan). Equal amounts of PCR
products were subjected to electrophoresis through 1.5% aga-
rose gels and visualized with ethidium bromide. The quantifi-
cation of procollagen α1(I), procollagen α1(III), tropoelastin,
p22phox, SAP, MMP-2, MMP-9, and GAPDH mRNA was
analyzed by real-time PCR using LightCycler FastStart DNA
Master SYBR Green I Kit (Cat.#3003230, Roche Diagnostics
K.K., Tokyo, Japan) as described previously (25). GAPDH
expression was used as a reference for quantification of the
respective mRNAs.

Western Blotting

For Western blotting of collagen type I and elastin, proteins
were extracted from apoE-KO and D-KO aortas as reported
previously (17). The aorta was ground to a fine powder under
liquid nitrogen and incubated in ice cold 0.1% Triton lysis
solution (10 mmol/L HEPES [pH 7.4], 50 mmol/L sodium
pyrophosphate, 50 mmol/L NaF, 5 mmol/L EDTA, 5 mmol/L
EGTA, 50 mmol/L NaCl, 100 mmol/L Na3VO4, 0.1% Triton
X-100, 500 mmol/L PMSF, and 10 mg/mL leupeptin) for 30
min.

For Western blotting of p22phox, SAP, MMP-2, MMP-9,
activated caspase-3, and AIF, cytoplasmic and nuclear pro-
teins were extracted from cultured VSMCs of apoE-KO and
D-KO using the Protein and RNA Isolation System
(Cat.#1921, Ambion Inc., Austin, USA).

Insoluble matter was removed by centrifugation, and the
protein concentration was measured by a bicinchoninic acid
assay (PIERCE Biotechnology Inc., Rockford, USA). West-
ern blotting was performed with a NuPAGE™ Electrophore-
sis System (Cat.#NPO322BOX, Invitrogen) as reported
previously (17). Briefly, 10-μg protein samples were resus-
pended in reduced sample buffer, electrophoresed on a 4–
12% Bis-Tris gel (Invitrogen) with MOPS running buffer,
blotted to nitrocellulose membrane, and sequentially probed
with a goat polyclonal antibody against human collagen type
I (Cat.#sc-27954, Santa Cruz Biotechnology), a goat poly-
clonal antibody against elastin (Cat.#sc-17581, Santa Cruz
Biotechnology), a goat polyclonal antibody against human
p22phox (Cat.#sc-11712, Santa Cruz Biotechnology), a goat
polyclonal antibody against mouse SAP (Cat.#sc-18312,
Santa Cruz Biotechnology), a goat polyclonal antibody

Fig. 2. Atherosclerotic lesions. A: Representative oil red O
stained cross-sections of the aortic root of apoE-KO mice (a)
and D-KO mice (b) at 60-week-old. B: Quantification of ath-
erosclerotic volume in aortic root. Atherosclerotic lesions in
D-KO mice were significantly smaller than those in apoE-
KO mice at 25- and 60-week-old. *p<0.001 vs. 25-week-old
apoE-KO mice, **p<0.001 vs. 25-week-old apoE-KO mice,
***p<0.001 vs. 60-week-old apoE-KO mice. C: Oil red O
stained en face preparation of longitudinally opened aortas
of a 60-week-old apoE-KO mouse (c) and a D-KO mouse (d).
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Fig. 3. Extracellular matrix. A: Extracellular matrix was analyzed in atherosclerotic lesions of the aortic root in apoE-KO (a, e)
and D-KO mice (b, f) at 60 weeks of age. The amount of collagen detected by Azan staining (b, d) and the amount of elastin
detected by Victoria blue staining (f, h) in atheromas or non-atherosclerotic aortas of D-KO mice were less than those of apoE-
KO mice. The arrows indicate internal elastic lamina. B: Western blotting for collagen type I (i) and elastin (j) of aorta. C: Den-
sitometry of Western blots for collagen type I and elastin protein of aorta. The amounts of collagen type I and elastin proteins of
D-KO mice were less than those of apoE-KO mice. *p<0.01 vs. apoE-KO mice, **p<0.05 vs. apoE-KO mice.
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against human MMP-2 (Cat.#sc-6838, Santa Cruz Biotech-
nology), a rabbit polyclonal antibody against human MMP-9
(Cat.#sc-10737, Santa Cruz Biotechnology), a rabbit poly-
clonal antibody against human activated caspase-3
(Cat.#557035, Santa Cruz Biotechnology), and a goat poly-
clonal antibody against human AIF (Cat.#sc-9416, Santa
Cruz Biotechnology). Either horseradish peroxidase–conju-
gated rabbit anti-goat antibody (Santa Cruz Biotechnology)
or donkey anti-rabbit antibody (Santa Cruz Biotechnology)
was then added, and the secondary antibody was detected by
autoradiography using enhanced chemiluminescence
(Cat.#RPN2132, ECL Plus, GE Healthcare UK Ltd., Little
Chalfont, UK). GAPDH expression was used as a reference
for quantification of the respective proteins.

Statistical Analysis

All calculated data are presented as the mean±SD. Statistical
significance was evaluated using unpaired Student’s t-test for
comparisons between two groups. A probability value of
p<0.05 was considered statistically significant.

Results

Hemodynamic Parameters, Body Weight, Choles-
terol Concentration, and 8-Isoprostane

At both 25- and 60-week-old, there were no significant differ-
ences in mean blood pressure, heart rate, total- and HDL-cho-
lesterol concentrations, or body weight between the apoE-KO
and D-KO mice. In both apoE-KO and D-KO mice, although
there was no significant difference in mean blood pressure,
total- and HDL-cholesterol concentrations, or body weight
between 25- and 60-week-old, the heart rate at 60-week-old
was significantly higher than in those at 25-week-old (Fig. 1).

The plasma concentration of 8-isoprostane in the D-KO
mice was significantly lower than that in the apoE-KO mice
at 60-week-old (135.7±18.1 vs. 230.7±36.0 pg/mL, p<0.05).

Atherosclerosis and Extracellular Matrix

We analyzed atherosclerotic lesions in aortic roots and ECM
production in both the aortic root and aorta. Figure 2A shows

Fig. 4. Immunohistochemical staining for muscle actin (a, c) and CD-64 (b, d) of apoE-KO (a, b) and D-KO mice (c, d) at 60
weeks of age. Muscle actin is a marker for VSMCs, and CD-64 is a marker for macrophages. The immunoreactivity of muscle
actin was detected in apoE-KO and D-KO at 60-week-old, but the immunoreactivity of CD-64 was only slightly apparent. The
arrows indicate internal elastic lamina.

a b

c d
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representative oil red O stained cross-sections of the aortic
root of apoE-KO and D-KO at 60-week-old. Figure 2C dem-
onstrates oil red O stained en face preparations of longitudi-
nally opened aortas of 60-week-old apoE-KO and D-KO
mice. The atherosclerotic area of D-KO mice was smaller
than of apoE-KO mice. The quantification of atherosclerotic
volume in the aortic root revealed that the atherosclerotic
lesion of D-KO mice was significantly smaller than that of
apoE-KO mice at 25-week-old (0.81±0.16 vs. 1.05±0.21
mm2, p<0.001) and at 60-week-old (0.89±0.11 vs.
2.44±0.28 mm2, p<0.001). Surprisingly, there was no signif-
icant difference in atherosclerotic lesion size of D-KO mice at
25- and 60-week-old, and AT1a deficiency completely pro-
tected against the age-related progression of atherosclerosis
(Fig. 2B).

We analyzed the ECM in atherosclerotic lesions of the aor-
tic root. Azan staining for collagen and Victoria blue staining
for elastin were carried out to assess matrix production.
Expression of collagen type I and elastin proteins in aorta was
quantitatively analyzed by Western blotting. The amount of
collagen and elastin in atheromas of D-KO mice was less than
that of apoE-KO mice (Fig. 3).

Immunohistochemistry

In order to analyze factors that are related to plaque vulnera-
bility, immunohistochemical staining was performed using
primary antibodies against muscle actin, CD-64, p22phox,
SAP, MMP-2, MMP-9, or AT2. Muscle actin is a marker for
VSMCs, and CD-64 is a marker for macrophages. p22phox is
an essential component of nicotinamide adenine dinucleotide
phosphate (NAD(P)H) oxidase, which causes oxidative
stress. SAP is highly inducible during the acute-phase
response in mice and is a marker for inflammation. MMP-2
and MMP-9 may be co-related with plaque stability in athero-
sclerotic lesions.

The immunoreactivity of muscle actin was detected in ath-
erosclerotic lesions of apoE-KO and D-KO mice at 60-week-
old, but the immunoreactivity of CD-64 was only slightly
apparent (Fig. 4). Thus, the majority of cells in the atheroscle-
rotic lesions in old mice were found to be VSMCs, not mac-
rophages. The immunoreactivities of p22phox, SAP, MMP-2,
and MMP-9 in atherosclerotic lesions of D-KO mice were
lower than those of apoE-KO mice (Fig. 5a–h). Furthermore,
using immunohistochemistry, we analyzed the expression of
AT2, which can act as an antagonist of AT1 responses such as
blood pressure, vascular reactivity, and apoptosis. We
hypothesized that the absence of AT1 may lead to a compen-
satory up-regulation of AT2. However, AT2 expression in
atherosclerotic lesions of D-KO mice did not differ from
those of apoE-KO mice (Fig. 5i, j).

Cell Experiments

To confirm the precise effect of AT1 on the expression of pro-

collagen α1(I), procollagen α1(III), tropoelastin, p22phox,
SAP, MMP-2, and MMP-9 in VSMCs, we performed cell
culture experiments using VSMCs explanted from the medial
layer of aortas from apoE-KO or D-KO mice. mRNA expres-
sion of these molecules was evaluated by RT-PCR and real-
time PCR. Decreases in mRNA expression of procollagen
α1(I), procollagen α1(III), tropoelastin, p22phox, SAP,
MMP-2, and MMP-9 were found in VSMCs of D-KO mice
compared with apoE-KO mice (Fig. 6A, B).

We also performed Western blotting to analyze the protein
expression of p22phox, SAP, MMP-2, and MMP-9 in cul-
tured VSMCs. The level of protein expression of these mole-
cules decreased in D-KO mice compared with apoE-KO mice
(Fig. 6C).

Apoptosis

We analyzed apoptosis in atherosclerotic lesions of D-KO
and apoE-KO mice at 60-week-old by immunohistochemis-
try. The expression of activated caspase-3 and AIF in athero-
sclelotic lesions decreased in D-KO mice compared with
apoE-KO mice. Moreover, expressions of activated caspase-3
and AIF of cultured VSMCs from D-KO mice were lower
than those from the apoE-KO mice (Fig. 7).

Discussion

AT1 may contribute to atherogenesis by facilitating prolifera-
tive and inflammatory responses to hypercholesterolemia. To
clarify the long-term effect of AT1 in atherogenesis, AT1a-
KO mice were crossed with apoE-KO mice, resulting in D-
KO mice. Although there was no significant difference in
blood pressure or total- and HDL-cholesterol concentrations
between D-KO and apoE-KO mice, the atherosclerotic
lesions of D-KO mice were significantly smaller than those of
apoE-KO mice. The amount of collagen and elastin, the
expression of p22phox, SAP, MMP-2 and MMP-9, and the
number of apoptotic cells in atherosclerotic lesions of D-KO
mice were lower than those of apoE-KO mice. However, AT2
expression in atherosclerotic lesions of D-KO mice did not
differ from AT2 expression in the lesions of apoE-KO mice.
Furthermore, we confirmed that the expression of procollagen
α1(I), procollagen α1(III), tropoelastin, p22phox, SAP,
MMP-2, and MMP-9 decreased in cultured VSMCs of D-KO
mice compared with apoE-KO mice.

Ang II activates NAD(P)H oxidase, which is a major
source of ROS production by vascular cells (26). Oxidative
stress initiates several processes involved in atherogenesis,
including expression of adhesion molecules, stimulation of
VSMC proliferation and migration, apoptosis in the endothe-
lium, oxidation of lipids, activation of matrix metalloprotein-
ases, and altered vasomotor activity (27, 28). We confirmed
that AT1 deficiency reduced the plasma concentration of 8-
isoprostane.

Vascular NAD(P)H oxidase consists of a cytochrome b558,
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Fig. 5. Immunohistochemical staining for p22phox (a, b), SAP (c, d), MMP-2 (e, f), MMP-9 (g, h), and AT2 (i, j) of apoE-KO (a,
c, e, g, i) and D-KO mice (b, d, f, h, j) at 60-week-old. The immunoreactivities of p22phox, SAP, MMP-2, and MMP-9 of D-KO
mice (b, d, f, h) in atherosclerotic lesions were less than those of apoE-KO mice (a, c, e, g). However, the immunoreactivities of
AT2 of D-KO mice (j) in atherosclerotic lesions did not differ from those of apoE-KO mice (i). The arrows indicate internal elas-
tic lamina.
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Fig. 6. A: The expression of mRNA for procollagen α1(I), procollagen α1(III), tropoelastin, p22phox, SAP, MMP-2, and MMP-
9 in cultured VSMCs from apoE-KO and D-KO mice by RT-PCR. B: Expression of mRNA for procollagen α1(I), procollagen
α1(III), tropoelastin, p22phox, SAP, MMP-2, and MMP-9 in cultured VSMCs from apoE-KO and D-KO mice by real-time PCR.
Decreases in the mRNA expression of these molecules were seen in VSMCs from D-KO mice in comparison with apoE-KO mice.
C: Western blotting for p22phox (a), SAP (b), MMP-2 (c), and MMP-9 (d) in cultured VSMCs from apoE-KO or D-KO mice. C
shows that the level of protein expression of these molecules decreased in the D-KO mice in comparison with the apoE-KO mice.
*p<0.01 vs. apoE-KO mice, **p<0.05 vs. apoE-KO mice.
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which is composed of p22phox and gp91phox subunits and
three cytosolic components, rac, p47phox, and p67phox (29).
Ang II was found to activate p47phox via AT1 (30). In addi-
tion, ARB was reported to inhibit p22phox mRNA expression
caused by mechanical stretching and in patients with diabetes
mellitus (31, 32). We also showed that AT1a deficiency in
apoE-KO mice inhibited the expression of p22phox at 60
weeks of age.

Superoxide dismutase (SOD) prevents increases in vascular
ROS. In addition, activation of AT1 has been reported to con-
tribute to a decrease in the expression of extracellular SOD,
and ARB increased the serum SOD activity in patients with

hypertension (33, 34). Although we did not measure the SOD
activity in the present study, AT1a deficiency might increase
the SOD activity and prevent age-related atherosclerosis in
the apoE-KO mice.

AT1 deficiency was reported to have a striking effect in
reducing hypercholesterolemia-induced atherosclerosis in
apoE-deficient mice at 19-week-old (10) and LDL receptor
deficient mice at 20-week-old (11). However, the effect of
AT1a deficiency on apoptosis, matrix production, or MMP in
atherosclerosis of apoE-KO mice has not been previously
determined. The present study is the first report demonstrat-
ing that AT1 deficiency reduces atherosclerosis in apoE-KO

Fig. 7. A: Immunofluorescence staining for the analysis of apoptosis in atherosclerotic lesions of apoE-KO (a, c) and D-KO
mice (b, d) at 60-week-old. The expression of activated caspase-3 (a, b) and AIF (c, d) decreased in D-KO mice compared with
apoE-KO mice. B: Western blotting for activated caspase-3 (e) and AIF (f) of cultured VSMCs from apoE-KO or D-KO mice. C:
Densitometry of Western blots for activated caspase-3 and AIF of cultured VSMCs from apoE-KO or D-KO mice. The level of
protein expression of these molecules decreased in D-KO mice in comparison with the apoE-KO mice. *p<0.05 vs. apoE-KO
mice, **p<0.01 vs. apoE-KO mice.
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mice via a reduction of oxidative stress, apoptosis, matrix
production, and MMP expression at 60-week-old.

Ang II stimulation of AT1 has been reported to inhibit apo-
ptosis in cultured VSMCs, and we expected that AT1 defi-
ciency would increase apoptosis in atherosclerotic lesions.
However, the expression of activated caspase-3 and AIF
decreased in atherosclerotic lesions of D-KO mice in compar-
ison with apoE-KO mice at 60-week-old. In addition, there is
no report that demonstrates stimulation of apoptosis in athero-
sclerotic lesions by the clinical use of ARB. We speculate that
the reduction of oxidative stress may lead to the inhibition of
apoptosis in the atherosclerotic lesions of D-KO mice.

Acute coronary syndromes result from fissure, erosion, or
rupture of vulnerable atherosclerotic plaques. The character-
istics of a vulnerable plaque include a large lipid pool, an
abundance of inflammatory cells and mediators, a reduced
smooth muscle cell and collagen content, and a thin overlying
fibrous cap (35). Not only do lipids in the atheroma create
mechanical instability, but biologically active lipids partici-
pate in promoting oxidative stress and inflammatory
responses. Keidar et al. (36) reported that an AT1 antagonist
inhibited LDL lipid peroxidation and atherosclerosis in apoE-
KO mice. Blocking AT1 may play an important role in the
attenuation of atherogenesis.

Although the reduction of ECM production in the aorta
leads to aortic distensibility, decreased ECM production in
atheromas may cause plaque vulnerability. However, a reduc-
tion of oxidative stress, apoptosis, and MMP in atheromas by
AT1a deficiency may contribute to plaque stabilization.

Daugherty et al. (11) reported that AT1 deficiency reduces
hypercholesterolemia-induced atherosclerosis in LDL recep-
tor deficient mice. Absence of AT1a has the potential to lead
to a compensatory change in AT2 abundance. However, AT2
mRNA expression was not altered, and Ang II type 1b recep-
tor (AT1b) mRNA expression was increased in the aorta of
AT1a-deficient mice. They showed that AT1a deficiency in
LDL receptor deficient mice had no significant effect on sys-
tolic blood pressure. Our study also demonstrated that AT1a
deficiency in apoE-KO mice had no significant effect on
blood pressure. We hypothesize that AT1a deficiency may
reduce hypercholesterolemia-induced atherosclerosis inde-
pendent of blood pressure changes.

Similar to the results reported by Daugherty et al. (11), we
also observed no compensatory up-regulation of the AT2
mRNA expression in the atherosclerotic lesions of D-KO
mice. Moreover, lack of any effect of AT2 deficiency on the
atherosclerotic lesion area in the LDL receptor deficient mice
has also been reported (11). Therefore, we speculate that AT2
does not contribute significantly to atherosclerosis in mice.

In conclusion, AT1a deficiency reduced atherosclerotic
lesion size of apoE-KO mice and protected against the age-
related progression of atherosclerosis. Reduction of oxidative
stress, apoptosis, and MMP in atheromas by AT1a deficiency
may contribute to plaque size.
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