cleaned of excessive perivascular tissue, and frozen in
liquid nitrogen. Total RNA was reverse transcribed, and
the resultant cDNA was amplified by TagMan Real-Time
Reverse Transcription-PCR on the ABI Prism 7000
Sequence Detection as described previously.'®* The
respective PCR primers and TagMan probes were
designed from GenBank databases using a software
program (Applied Biosystems; Table 1). The results were
analyzed using the Sequence Detection Software
(Applied Biosystems) and expressed in arbitrary units
and adjusted for GAPDH mRNA levels.

Measurement of antibody productions in 7ND-
transfected animals

We examined whether anti-7ND IgG and IgM antibodies
were produced in 7ND-transfected monkeys. In all,
96-well plates (ELISA PLATE HTYPE, SUMITOMO
BAKELITE Co., Ltd.) were coated with 7ND protein
(0.1 pg/ml). Paired serum before and 7 or 28 days after
7ND transfection was incubated on each coated well
for 90 min at 37°C followed by incubation with HRP-
conjugated goat antibodies against monkey IgG or IgM
(Kirkegaard & Perry Laboratories) for 1-2 h at 37°C. TMB
one solution (Promega) was used, and the absorbencies
of each well were detected by using ELISA plate reader.

Statistical analysis

Data are expressed as the mean £s.e. Statistical analysis
of differences was compared by analysis of variance and
Bonferroni’s multiple comparison tests. A P-value of less
than 0.05 was considered to be statistically significant.
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Cholesterol-Lowering Independent Regression and
Stabilization of Atherosclerotic Lesions by Pravastatin and
by Antimonocyte Chemoattractant Protein-1 Therapy in
Nonhuman Primates

Shiro Kitamoto, Kaku Nakano, Yasuhiko Hirouchi, Yoshiro Kohjimoto, Shunichi Kitajima,
Makoto Usui, Shujiro Inoue, Kensuke Egashira

Objective — Anti-atherosclerotic effects of statins might be mediated partly by pleiotropic cholesterol-lowering independent
mechanisms. We used nonhuman primates and examined whether treatment with pravastatin or antimonocyte
chemoattractant protein-1 (MCP-1) therapy can induce regression and stabilization of established atherosclerotic lesions

through cholesterol-lowering independent mechanisms

Methods and Results— Advanced atherosclerosis was induced in the abdominal aorta and the common iliac artery of
cynomolgus monkeys by undergoing balloon injury and giving atherogenic diet for 6 months. At 6 months, the diet was
changed to normal chow, and the animals were allocated to 4 treatment groups: control vehicle group and other groups
treated with pravastatin (1 or 10 mg/kg) or with mutant MCP-1 gene transfection for additional 6 months. Each
compound was treated instead of the atherogenic diet, and cholesterol contents in pravastatin-treated groups were
adjusted to equalize plasma cholesterol level among groups. Pravastatin reduced neointimal formation in the aorta, but
not in the common iliac artery. Pravastatin reduced intimal macrophage area and other markers of plaque destabilization
in the common iliac artery. Equivalent inhibitory effects were observed in animals that received mutant MCP-1 gene
transfection. No serious side effects were noted by 2 therapeutic modalities.

Conclusion—This study demonstrated cholesterol-lowering independent regression and stabilization of established
atherosclerotic lesions by pravastatin and by anti-MCP-1 therapy in nonhuman primates. An anti-inflammatory
mechanism may be involved in the beneficial effects of pravastatin. (Arterioscler Thromb Vasc Biol. 2004;

24:1522-1528.)

Key Words: atherosclerosis ® 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors ® nonhuman primates
B inflammation B regression

here is clinical evidence that 3-hydroxyl-3-

methylglutaryl-coenzyme A reductase inhibitors (statins)
improve endothelial dysfunction and reduce the incidence of
atherosclerotic events such as myocardial infarctions and
ischemic strokes.!-4 Although anti-atherosclerotic effects of
statins are attributed to their lipid-lowering effects, it is
suggested that some of the beneficial effects of statins are
mediated by pleiotropic effects independent of cholesterol-
lowering.>-357 There is ample evidence that statins improve
endothelial dysfunctions® and reduce vascular inflammation
and oxidative stress!® by their cholesterol-lowering indepen-
dent effects. These data suggest the possibility that treatment
with statins has cholesterol-lowering independent anti-
atherosclerotic effects in humans. It is practically impossible,
however, to investigate such beneficial effects of statins in

clinical settings, because clinical doses of statins inevitably
lower serum cholesterol levels.

Nonhuman primate models may be useful to gain insight
into cholesterol-lowering independent anti-atherosclerotic ef-
fects of statins. There are at least 2 studies that had examined
cholesterol-lowering independent effects of statins on athero-
sclerosis in cynomolgus monkeys. Sukhova et al’! reported
that statins reduced markers of plaque destabilization, and
Williams et al’2 reported that pravastatin improved endothe-
lial dysfunction and reduced macrophage infiltration of cor-
onary arteries. These studies, however, failed to demonstrate
reduction or regression of atherosclerosis formation by st-
atins. One notable caveat in interpreting these previous
studies is that a high dose (20 or 40 mg/kg per day) of
pravastatins was used, which might cause serious side effects.
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In the present study, we aimed to investigate cholesterol-
lowering independent effects of pravastatin on regression and
stabilization of established atherosclerotic lesions in nonhu-
man primates (cynomolgus monkeys). For clinical implica-
tion, we selected at least a clinical dose of pravastatin (1
mg/kg per day). To obtain mechanistic data regarding anti-
inflammatory effects, we examined whether anti-
atherosclerotic actions afforded by pravastatin resemble those
obtained by antimonocyte chemoattractant protein-1
(MCP-1) therapy. Because recruitment of monocyte/macro-
phage is a major histopathologic finding in atherosclerosis, an
anti-inflammatory strategy targeting MCP-1 is considered to
be a reasonable approach for vascular inflammation leading
to atherosclerosis.’> We have recently devised a new strategy
of anti-MCP-1 gene therapy by transfecting plasmid cDNA
encoding a mutant MCP-1 gene into skeletal muscle.# This
mutant MCP-1, called 7ND, lacks the N-terminal amino acid
2 to 8 and has been shown to work as a dominant-negative
inhibitor of MCP-1. With this strategy, we have demonstrated
that blockade of MCP-1 signals reduces neointimal formation
after arterial injury in animals, including monkeys.15-17 We
report here that treatment with pravastatin or anti-MCP-1
therapy not only reduced plaque size but also changed
characteristics of plaques to more stable phenotype in cyno-
molgus monkeys with established atherosclerotic lesion
caused by arterial injury and hypercholesterolemia.

Methods

Experimental Animals

Forty-five 4-year-old male cynomolgus monkeys were used. The
study protocol was reviewed and approved by the Committee on the
Ethics of Animal Experiments, Kyushu University Graduate School
of Medical Sciences. A part of this study was performed at the
Station for Collaborative Research and the Morphology Core,
Kyushu University Graduate School of Medical Sciences.

Treatment and Tissue Preparation

All animals were fed a high-cholesterol diet (0.5% cholesterol and
6% com oil) for 6 months and received balloon injury of the
descending aorta and the right common iliac artery at 1 month after
the initiation of the diet. Nine animals were euthanized after 6
months of high-cholesterol diet and were considered the baseline
group. Thereafter, the diet was changed to normal chow, and the
animals were randomized to 4 groups as follows: (1) vehicle control
group (0.5% carboxymethyl cellulose sodium salt); (2) low-dose
pravastatin (1 mg/kg per day) group (low-P group); (3) high-dose
pravastatin (10 mg/kg per day) group (high-P group); and (4) 7ND
transfection group (n=9 each). In the animals treated with pravasta-
tin, 0.4% to 4% cholesterol solution was orally administered and
adjusted on a biweekly basis to make the serum cholesterol level
equal to that in the vehicle group.

To transfect 7ND gene, 7ND plasmid (2.5 mg/500 uL PBS) was
injected into the femoral muscle of the animals in the 7ND group
biweekly. To enhance transgene expression, all monkeys were
pretreated with intramuscular injection of bipuvacine (0.25 mg/kg) at
the injected site.!8 Human 7ND cDNA was constructed by recom-
binant polymerase chain reaction using a wild-type human MCP-1
cDNA as template and inserted into the BamHI (5') and Nofl 3"
sites of the pcDNA3 (Invitrogen) expression vector plasmid.’* We
have reported biological efficacy of 7ND gene transfer by in vivo
matrigel plug assay in monkeys.!® In brief, MCP-1-induced inflam-
matory angiogenesis in the plugs was suppressed until 14 days after
7ND gene transfer. All monkeys were enthanized with a lethal dose
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Figure 1. Experimental design and serum cholesterol levels. A,
Experimental design. B, Time courses of serum cholesterol lev-
els in the 4 treatment groups. *0.4% to 4% cholesterol solution
was orally administered in pravastatin-treated groups to equal-
ize plasma cholesterol level among 4 groups.

of anesthesia after 6 months of treatment for morphometric analysis
(Figure 1A).

After the monkeys were euthanized, the abdominal aortas and the
right iliac arteries were perfused with saline and fixed with the
solution of 95% ethanol and 1% acetic acid and were used for
histology and immunohistochemistry.

Histology and Immunohistochemistry

All tissues were dehydrated and embedded in paraffin, and serial
sections (5 um) of the abdominal aortas and the common iliac
arteries were prepared and mounted on slides. Some of these sections
were stained with hematoxylin-eosin, Elastica van Gieson, or Elas-
tica Masson. Interstitial collagens were stained by Picrosirius red
(Direct Red, Aldrich Chem) and photographed using a polarization
microscopy. The remaining sections were used for immunohisto-
chemical analysis. They were stained with an antibody for smooth
muscle cell (mouse anti-human HHF-35 antibody, DAKO, Kyoto,
Japan), macrophages/monocytes (mouse anti-human CD-68 anti-
body, DAKO), or nonimmune mouse 1gG (DAKO). After incubation
with appropriate biotinylated affinity-purified secondary antibodies
(DAKO), the sections were incubated with alkaline phosphatase-
labeled streptavidin solution (DAKO) and visualized using a fast red
substrate kit (DAKO). The sections were then counterstained with
Karachi-hematoxylin.

A single observer who was blinded to the experiment protocol
performed morphometry and cell counting. All images were captured
by an Olympus microscope equipped with a digital camera (HC-
2500) and were analyzed using Adobe Photoshop 6.0 and National
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TABLE 1. Body Weight and Biochemical Parameters in Experimental Groups

Baseline Vehicle Low-P High-P 7ND
Groups (n=9) n=9) n=9) (n=9) (n=9)
Parameters
Body weight 5.13+0.11 5.73+0.30 5.52+0.29 5.07+0.23 5.07+0.28
Total cholesterol (mg/dl) 47341 110=6* 118+9" 1037+ 1259
LDL cholesterol (mg/dl) 436+37 433 4714 47 4% 534*
Triglyceride (mg/di) 9+1 233" 212 2532+ 2122
AST (U 48+7 30=1* 282 292%* 39+10*
ALT (UL) 102 38+3% 363" 384+ 394"
CPK (UL) 645+176 18840 15014 13520 14412
Glucose (mg/dl) 60+2 592 61x2 58+2 80*2

Data are mean=SE. *P<0.05, **P<0.01 versus bassline group.
LDL indicates low density lipoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase; CPK,

creatine phosphokinase.

Institute of Health Image 1.62 Sofiware. Elastica-van Gieson stain-
ing, which stains elastic fiber, was used to delineate internal elastic
lamina for determination of the intimal area. The percent area of
extracellular lipid deposition (area dropped off in Elastica Masson
staining), macrophage accumulation (CD68-positive area), smooth
muscle cell area (HHF-35-positive area), and collagen deposition
(Picrosirius red staining area) were estimated.

Biochemical Analysis and Measurements
of Cytokines

Biochemical parameters listed in Tables 1 and 2 were measured by
SRL Inc, Japan. Chemokines including MCP-1, IL-8, and transform-
ing growth factor-B1 (TGF-B1) were measured using commercially
available enzyme-linked immunosorbent assay (ELISA) kits (Bio-
source International Inc).

Measurement of Antibody Productions in

7ND-Transfected Animals

We examined whether anti-7ND or anti-MCP-1 IgG and IgM
antibodies were produced in the 7ND transfected animals. Ninety-six
well plates were coated with 7ND protein (0.1 pg/mL) or with
human MCP-1 protein (0.1 ug/mL). Paired serum before and 7 or 28
days after 7ND transfection was incubated on each coated well for 90
minutes at 37°C, followed by incubation with HRP-conjugated goat
antibodies against monkey IgG or IgM (Kirkegaard & Perry Labo-
ratories) for 1 to 2 hours at 37°C. TMB one solution (Promega) was
used, and the absorbencies of each well were detected by using an
ELISA plate reader.

We also checked the presence of newly produced immunoglobu-
lins in the 7ND-transfected animals 11 and 17 months after trans-
fection. The control monkey serum and the 7ND-treated monkey
serum were diluted 500-fold, and the diluted serum was mixed with
an equivalent solution of 4% SDS in Tris buffer, and the solution was
boiled for 5 minutes. The treated protein solution was then electro-
phoresed on a 5% to 20% polyacrylamide gradient gel according to
the method of Laemmli. The developed protein bands on the gel
were visualized by staining with SYPRO Ruby. Molecular weight
was determined in comparison with the molecular weight markers.

Statistical Analysis

Data were expressed as mean+SEM. Differences between groups
were determined using 2-way analysis of variance and a multiple
comparison test. P<0.05 was considered to be statistically
significant.

Results

Clinical Status and Biochemical Parameters
All animals had no clinical signs (decreased spontaneous
motor action, decreased food consumption, diarrhea, limping,

and prone position) during experimental period and survived.
There was no significant treatment effect on body weight
among 4 groups (Table 1). Pravastatin treatment and 7ND
gene transfection had no adverse effects on biochemical
parameters, including CPK and liver transaminases (Table 1).
As designed, time courses of serum total cholesterol levels
and low-density lipoprotein cholesterol levels were compara-
ble among 4 groups (Figure 1B, P>0.10).

There were also no treatment effects on plasma renin
activity or angiotensin 11 in the pravastatin groups and 7ND
group (Table 2). Plasma MCP-1 levels in all groups decreased
with time. However, pravastatin treatment and 7ND gene
transfection had no treatment effect on cytokine concentra-
tions (Table 2).

Pravastatin-Induced Regression of Atherosclerotic
Lesions in Abdominal Aorta

There was no significant difference in the degrees of
neointimal formation (intimal area and intima/media ratio)
between the baseline group and the vehicle group. In
contrast, pravastatin treatment and 7ND gene transfer
significantly reduced neointimal formation of injured ab-
dominal aorta compared with the vehicle group (Figure 2,
Table 3). There was no difference in medial area among 4
treatment groups.

Pravastatin Changes Characteristics of
Atheromatous Plaques Composition

In common iliac arteries, although significant reduction of
intimal area was noted in the 7ND group, there were no
treatment effects on the intima/media ratio in the pravastatin
group and the 7ND group compared with the vehicle group
(Figure 3, Table 3).

Because neither pravastatin nor 7ND reduced the neo-
intimal formation in the common iliac arteries, we then
investigated the characteristics of plaque composition
(Figure 4). Macrophage infiltration into atherosclerotic
lesion was markedly less in the pravastatin groups and the
7ND group compared with the vehicle group. Percent areas
of lipid deposition were also reduced in the pravastatin
groups and the 7ND group compared with the vehicle
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TABLE 2. Time Course of Angiotensin Converting Enzyme Activity, Plasma Renin

Activity, and Plasma Concentrations of Angiotensin Il and Inflammatory

Cytokines in Experimental Groups

Weeks After Initiation of Treatment

Groups Baseline 1 12 24
ACE (UL) baseline 55+4 — _— —_
vehicle — 42+3 52+4 52+5
low-P — 484 56+5 605
high-P - 44+3 48=4 635
7ND - 50+4 58+5 59+5
Renin (ng/mL/hr) baseline 8+4 — — -
vehicle —_ 9+1 8+1 8+2
low-P — 8+1 102 72
high-P —_ 61 155 71
7ND —_ 5z=1 8=+1 8+4
Angiotensin Il (pg/mL) baseline 12+5 —_ — -
vehicle —_ 111 131 41+6
low-P — 7+2 12+2 34=+7
high-P —_ 92 172 40=+7
7ND — 8+2 164 29+8
MCP-1 (pg/mL) baseline 262+49 — — —
vehicle —_ 605+142 229+20 190+30
low-P —_ 4111 212224 194+28
high-P —_ 302+54 247+45 20424
7ND — 329+82 214+18 183+29
IL-8 (pg/mL) baseline 105+17 — —_ -
vehicle — 155+23 284+29 180+26
low-P — 152+18 247+33 17040
high-P —_ 139+19 236+42 25958
7ND —_ 185+18 197:36 276+63
TGF-B1 (ng/mL) baseline 47+6 — — —
vehicle — 59+6 49+3 60+4
low-P — 538 444 51+4
high-P — 49+6 50+9 50+7
7ND - 494 62+6 644

Data are mean=SE.

ACE indicates angiotensin converting enzyme; MCP-1, monocyte chemoatiractant protein-1; IL-8,
interleukin-8; TGF-B1, transforming growth factor-g1.

group. However, there was no significant difference in the
percent area of collagen and smooth muscle cells among 4
treatment groups.

Antibody Production in 7ND-Transfected Animals

In ELISA assay, IgG and IgM antibodies against 7ND protein
and wild-type MCP-1 protein were not detected after 7ND
transfection (n=6 each). The electrophoresis pattern of
the7ND-transfected monkey serum was almost consistent
with that of the control monkey serum, and the abnormal
bands of immunoglobulin heavy chain protein and light chain
protein were not observed in the electrophoresis result of the
7ND-transfected monkey serum compared with that of the
control monkey serum (Figure 5).

Discussion
A novel finding of this study was that compared with dietary
lipid-lowering therapy alone, additional treatment with pra-
vastatin induced regression of established atherosclerotic
lesions of the injured abdominal aorta in nonhuman primates.
In contrast, pravastatin did not reduce the size but induced
stabilization of atherosclerotic lesions of the common iliac
arteries, suggesting that the effects of the statin on regression
might differ according to the size/site of artery. Because of
our experimental design, these beneficial effects on regres-
sion and stabilization were independent of the cholesterol-
lowering effects of the statin. Overall, the present data
provide the notion that pravastatin treatment in addition to
strong dietary lipid-lowering can induce regression and
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medial area

intimal area

plaque stabilization of atherosclerotic lesions by mechanisms
beyond its cholesterol-lowering effects.

Previous studies in animals have not addressed cholesterol
independent regression of atherosclerosis by statins. As men-
tioned, 2 recent studies that examined effects of statins on
atherogenesis in cynomolgus monkeys!*2 showed no detectable
reduction in plaque size after statin treatment. Our model differs
from those models in several aspects that deserve discussion.
First, in addition to high-cholesterol diet, balloon injury was
performed in the present study. Balloon injury to hypercholes-
terolemic animals accelerates atheroma formation and makes
lesions more uniform in size.1®20 Importantly such injured
lesions resemble the so-called vulnerable plaque in humans
more closely, compared with the foam cells and macrophage-
rich lesions produced by hypercholesterolemia alone. Therefore,
it is possible that such “vulnerable” plaque was more sensitive to
pravastatin treatment. Second, we used relatively lower doses of
pravastatin (1 mg/kg and 10 mg/kg per day) compared with the
previous studies (20 mg/kg or 40 mg/kg per day). The low dose
(1 mg/kg per day) used in the present study is the range of
clinical doses. Therefore, the present data imply that a clinically
relevant dose of pravastatin can induce regression and stabiliza-
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Figure 2. Effects of pravastatin or 7ND
transfection on atherosclerosis in the
abdominal aorta. A, Representative pho-
tomicrographs of cross-sections of the
B vehcle injured abdominal aortas stained with
o low-p Elastica van Gieson in 4 treatment

= ::?P groups. Internal elastic laminae are out-
- lined with white. B, Intimal area, medial
area, and intima/media (I/M) ratio of the
injured abdominal aortas. *P<0.085,
“*P<0.01 versus vehicle group.

I/M ratio

tion of atherosclerotic lesions in nonhuman primates. Reasons
why the higher doses (10 mg/kg per day or more) of pravastatin
could not show greater action on regression and stabilization of
atherosclerosis in our present study and previous studies are not
clear. In preliminary experiments, we administered higher doses
(20 and 30 mg/kg per day) of pravastatin to hypercholesterol-
emic monkeys, which resulted in serious side effects such as
body weight loss and labdomyolysis leading to death (data not
shown). We speculate, therefore, that some toxic actions at high
doses of pravastatin might detract from beneficial effects of the
low dose of pravastatin in the present and those previous studies.
It has been shown that increased macrophage infiltration
and lipid deposition enhance plaque destabilization and that
increased interstitial collagens and smooth muscle cells in-
crease plaque stability.2? We show here that pravastatin did
not affect percent areas of collagen and smooth muscle cells
but did reduce the degrees of macrophage infiltration and
lipid deposition into atherosclerotic plaque of the common
iliac arteries. These data support the previous reports that
treatment with statins promotes transformation of destabi-
lized plaque of atheroma to more stable phenotype through
cholesterol-lowering independent actions.

TABLE 3. Histological Analysis of the Abdominal Aortas and the Common lliac

Arteries in Experimental Groups
Baseline Vehicle Low-P High-P 7ND
Groups (n=9) (h=9) (n=9) (n=9) (n=9)
Abdominal aorta
Intimal area (mm?) 1502 1.8+0.2 1.3x0.1* 1.2+0.1* 1.4x02*
Medial area (mm?) 1.920.1 2202 22+0.2 2101 23+02
1M ratio 0.8%0.1 0.920.1 0.6+0.1* 0.6+0.0" 0.6+0.1*
Common iliac ariery
Intimal area (mm?) 0.8+0.1 1.3+0.2 0.9x0.2 0.9+0.2 0.8+0.1*
Medial area (mm?) 1.0+0.0 1101 0.9+0.1 0.9=0.1 1.0+0.1
I/M ratio 0.8+0.1 1.5+04 1.1+02 1304 0.8+0.2

Data are mean=SE.

*P<0.05, *P<0.01 versus vehicle group.
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We131517.182225 have previously shown that blockade of
MCP-1 by 7ND gene transfer reduces neointimal formation after
mechanical injury and initiation and progression of hypercho-
lesterolemia-induced atherosclerosis by suppressing monocyte
infiltration and activation. We therefore examined whether the
observed effects of pravastatin were similar to those of 7ND
gene transfer and found that the effects of pravastatin on plaque
size and composition were comparable to those obtained by
IND gene transfer. Of note is that striking decreases in macro-
phage infiltration and lipid deposition were achieved by prava-
statin treatment and by 7ND gene transfer. Reduced local lipid
deposition might be the result of reduced macrophage infiltra-
tion. These data imply that pravastatin might function as local
anti-inflammatory or anti-MCP-1 therapy beyond its cholester-
ol-lowering effects. We further examined whether systemic
inflammatory process was involved and showed that there were
no treatment effects of pravastatin or 7ND gene transfer on
plasma concentrations of chemokines and cytokines listed in
Table 2. These data suggest that the observed beneficial effects
of pravastatin in the present study may not be mediated by its
inhibitory effects on plasma MCP-1, renin-angiotensin system,
and other systemic factors.
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Atherosclerotic Lesions 1527

Figure 3. Effects of pravastatin or 7ND
transfection on atherosclerosis in the
common iliac artery. A, Representative

7ND photomicrographs of cross-sections of
B vehicie the injured common iliac arteries stained
3 iow-P with Elastica van Gieson in 4 treatment
g *71;33? groups. Internal elastic laminae are out-

lined with white. B, Intimal area, medial

area, and intima/media (/M) ratio of the
1 injured iliac arteries. * P<0.05, ** P<0.01
versus vehicle group.

I/M ratio

No appreciable side effects were observed in animals treated
with pravastatin or those that received 7ND gene transfer. Thus,
ND gene transfer may be as safe as pravastatin, although
caution should be used when 7ND is used clinically. 7ND gene
transfer can be used clinically because the anti-MCP-1 gene
therapy for patients with severe forms of atherosclerotic vascular
disease and inflammatory disease cannot be treated successfully
by conventional therapeutic regimens.

In conclusion, this study demonstrates that compared with
strong dietary lipid lowering alone, additional treatment with
pravastatin induces regression and stabilization of established
atherosclerotic lesions in nonhuman primates through mech-
anisms beyond its cholesterol-lowering actions. The observed
effects of pravastatin were identical to those of anti-MCP-1
therapy. Thus, an anti-inflammatory mechanism may be
involved in the beneficial effects of pravastatin. This study
implies that compared with modest to moderate lipid-
lowering therapy with statins that have been conventionally
introduced to patients with hypercholesterolemia, stronger
dietary lipid lowering plus statin treatment may induce
significant regression and destabilization of human athero-
sclerotic lesions resulting in stronger reduction in athero-
thrombotic events in the patient.

R vehicle
3 low-P
£ high-p
3 7ND
i, Figure 4. Effects of pravastatin or 7ND
T ]  transfection on plague compositions of
atherosclerotic lesions of the common
iliac artery. *P<0.05, *P<0.01 versus
vehicle group.
% SMC
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Figure 5. Antibody production in 7ND-transfected animals. A,
ELISA assay of anti-ZND antibody (IgM and IgG) in paired serum
from 7ND-transfected monkeys. B, ELISA assay of anti-MCP-1
antibody (igM and IgG) in paired serum from 7ND-transfected
monkeys. C, The electrophoresis result of monkey serum. M
indicates marker; C1-3, serum from untreated monkeys; 1 to 3,
serum from monkeys 11 months after 7ND transfection; 4 to 6,
serum from monkeys 17 months after 7ND transfection.
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Scientific Contributions

Essential Role of Vascular Endothelial Growth Factor in
Angiotensin II-Induced Vascular Inflammation
and Remodeling

Qingwei Zhao, Minako Ishibashi, Ken-ichi Hiasa, Chunyan Tan, Akira Takeshita, Kensuke Egashira

Abstract— Angiotensin II (Ang II) upregulates vascular endothelial growth factor (VEGF) and activates vascular
inflammation. However, the decisive role of VEGF in Ang II-induced vascular inflammation and remodeling has not
been addressed. Ang II infusion to wild-type mice increased local expression of VEGF and its receptors in cells of aortic
wall and plasma VEGF, and caused aortic inflammation (monocyte infiltration) and remodeling (wall thickening and
fibrosis). Hypoxia-inducible factor-1a colocalized with VEGF-positive cell types. Blockade of VEGF by the soluble
VEGEF receptor 1 (sFlt-1) gene transfer attenuated the Ang Il-induced inflammation and remodeling. The sFlt-1 gene
transfer also inhibited the increased expression of VEGF and inflammatory factors such as monocyte chemoattractant
protein-1. In contrast, sFlt-1 gene transfer did not affect Ang Il-induced arterial hypertension and cardiac hypertrophy.
VEGF is an essential mediator in Ang Il-induced vascular inflammation and structural changes through its
proinflammatory actions. (Hypertension. 2004;44:264-270.)

Key Words: growth substances W arteriosclerosis ® remodeling m angiotensin II m endothelial growth factors

Activation of the renin-angiotensin system as a result of
impaired endothelial function plays an important role in
the initiation and progression of arteriosclerosis/atherosclero-
sis through multiple mechanisms.!> We have shown that
chronic inhibition of nitric oxide synthesis upregulates angio-
tensin II (Ang II) production and expression of Ang II type-1
(AT,) receptor, resulting in vascular inflammation and arte-
riosclerosis in a rat model. 147 Ang IT augments production of
inflammatory cytokines and chemokines by arterial wall cells
and monocytes.®-1° Furthermore, emerging evidence suggests
that Ang I is implicated in the process of angiogenesis.'! Ang
II is shown to upregulate vascular endothelial growth factor
(VEGF) and promote tumor-associated, VEGF-induced, is-
chemia-induced angiogenesis in vitro and in vivo.'2-*4 There
is no report, however, that addressed the role of VEGF in Ang
Il-induced vascular inflammation and structural changes
under in vivo conditions.

VEGEF is one of the most potent angiogenic factors known
to date and is thought to function as an endogenous regulator
of endothelial integrity.15-® Previous animals studies have
reported that local delivery of VEGF after endothelial injury
promotes endothelial regeneration, accelerates the recovery
of endothelium-dependent relaxation, and reduces neointimal
formation. 18 However, there is still a considerable debate over
the vasculoprotective versus pro-inflammatory/arteriosclerot-
ic effects of VEGF.18 There is emerging evidence that VEGF
induces migration and activation of monocytes through in-

duction of adhesion molecules or chemokines such as mono-
cyte chemoattractant protein-1 (MCP-1),1°20 and that VEGF
enhances neointimal formation by stimulating intraplaque
angiogenesis21-3 or by increasing inflammation.?* Therefore,
vasculoprotective versus proinflammatory/arteriosclerotic ac-
tions of VEGF remains to be inconclusive.

Accordingly, we aimed to determine the decisive role of
VEGF in Ang Il-induced vascular remodeling (medial thick-
ening and hypertrophy) in vivo. To determine the role of
VEGF in vivo, we used a soluble form of the VEGF
receptor-1 (sFlt-1) that blocks VEGF activity by directly
sequestering VEGF and by functioning as a dominant-
negative inhibitor against VEGF.252¢ We and other investi-
gators have demonstrated that intramuscular transfection of
sFit-1 gene effectively blocks VEGF, and thus quenches
activity of VEGF in vivo.?”28 We report here that sFlt-1 gene
transfer attenuated Ang II-induced vascular inflammation
and remodeling in mice. The present study seems to be the
first in vivo evidence for an essential role of VEGF in the
pathogenesis of Ang II infusion-induced vascular inflamma-
tion and remodeling.

Methods

Expression Vector

The 3.3-kb mouse sFlt-1 gene was obtained from a mouse lung
cDNA library5 and cloned into the BamH1(5") and Not1(3') sites of
the eukaryotic expression vector plasmid cDNA3 (Invitrogen).
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Experimental Animals

The study protocol was reviewed and approved by the Committee of
the Ethics of Animal Experiments, Kyushu University Graduate
School of Medical Sciences. A part of this study was performed at
the Kyushu University Station for Collaborative Research and the
Morphology Core, Kyushu University School of Medicine Sciences.

Treatments
Male C57BL/6] wild-type mice were purchased from Jackson
Laboratory (Bar Harbor, Me) and fed with commercial standard
chow. Mice at 8 to 10 weeks old were randomly divided into 5
groups: (1) the untreated control group; (2) ones receiving Ang II
infusion; (3) Ang II infusion plus sFlt-1 gene plasmid transfer; (4)
Ang II infusion plus empty plasmid cDNA3 transfer; or (5) Ang II
infusion and Ang II AT, receptor blocker (olmesartan at 3.5 mg/kg
per day, a gift from Sankyo Pharmaceutical Co, Tokyo, Japan) mixed
in chow. For Ang II infusion, the osmotic mini-pump (Alzet)
containing Ang II saline solution (discharging 1.9 mg/kg of Ang II
per day) was implanted in the peritoneal cavity under anesthesia with
ketamine (80 mg/kg IP) and xylazine (10 mg/kg IP). Treatment with
olmesartan started 3 days before Ang II administration was begun.
For gene transfer, either empty plasmid or sFlt-1 plasmid (150
1g/100 uL phosphate-buffered saline per mouse) was injected into
both sides of femoral muscles using a 27-gauge needle 1 day before
commitment of Ang II infusion, as we previously described.27.29.30
In all experiments, mice were euthanized at the indicated time
points of treatments for analysis. Venous blood was collected
immediately before the mice were euthanized. The aorta and hearts
were isolated and either fixed in 10% buffered formalin or snap-
frozen. Systolic blood pressure was measured by the
tail-cuff method.

Immunohistochemistry, Histopathology,

and Morphometry

Immunohistochemistry and histopathology were performed as de-
scribed previously.62° Some of formalin-fixed and paraffin-
embedded cross-sections of abdominal aorta were routinely stained
with hematoxylin-eosin or Masson-trichrome. The other sections
were subjected to immunostaining assay using antibodies against
mouse VEGF and its receptors, Flt-1 and Flk-1 (Santa Cruz Biotech),
macrophages (Mac-3; Serotec Inc, Raleigh, NC), proliferating cell
nuclear antigen (DAKO, Denmark), o-smooth muscle cell actin
(a-SMA; Bochringer Mannheim, Germany), hypoxia-inducible
factor- 1o (HIF-1¢a), CD31 (Santa Cruz Biotech), and von Willebrand
factor (Sigma Chemical).

Fluorescein FITC-conjugated or rhodamine-conjugated secondary
antibodies (Santa Cruz Biotech) were used for double-staining for
localization of cell types expressing VEGF and its 2 receptors, or for
coexpression of VEGF and HIF-1a. The degree of arteriosclerosis
(the medial thickness and perivascular fibrosis) and left ventricle
(LV) hypertrophy (LV-to-body weight ratios) on day 28 were
measured as described previously.457

TaqMan Real-Time Reverse Transcriptase-
Polymerase Chain Reaction

Transcripts of 1 ug total RNA from thoracic and abdominal aorta
were reverse-transcribed and the resultant cDNA was amplified by
TaqMan real-time reverse transcriptase—polymerase chain reaction
as previously described®® for the following genes: VEGF, Fit-1,
Flk-1, HIF-1a, B-type natriuretic peptide, MCP-1, CCR2 (MCP-1
receptor), inteleukin-1 (IL-1), IL-6, transforming growth factor -1
(TGF-B1), intercellular adhesion molecule-1, and vascular cell
adhesion molecule-1. The sequences of sense primers, antisense
primers, and the relevant probes were recorded (online Table 1
available at http://www.hypertensionaha.org). The probe and primers
of GAPDH were obtained from Applied Biosystems.

Plasma VEGF and sFlt-1 Measurements

The commercially available enzyme-linked immunosorbent assay
kits (Biosource International, Camarillo, Calif) were used to measure
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Figure 1. Local and systemic expression of VEGF during Ang Il
infusion. A, Time courses of Ang ll-induced morphological immu-
nohistochemical changes. Cross-sections of abdominal aorta
stained with Masson-trichrome (M-T) or with antibodies against
VEGF, its 2 receptors Flt-1 and FIk-1, and HIF-1« (positive staining
are yellow-brown) are shown. The micrographs at the right of each
immunohistochemical staining show negative staining with nonim-
mune IgG. *Luminal sides of aorta. The black lines indicate external
elastic lamina (EEL). Scale bar=50 pm. B, Time courses of mRNA
expression of VEGF and HIF-1a in aorta (Ac) and left ventricle (LV).
The mRNA value of VEGF or HIF-1a was normalized by GAPDH
mRNA in each sample (=6 to 8). *P<0.05, *P<0.01 vs the
untreated control. C, Time course of plasma VEGF level before and
after Ang Il infusion (n=6 to 8). *P<0.05, *'P<0.01 vs the untreated
control; TP<0.01 vs Ang Il group.
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mouse plasma VEGF and soluble Flt-1 according to the manufac-
turer’s instructions.

Statistical Analysis

Data are expressed as the mean=SE. Stafistical analysis of differ-
ences was compared by analysis of variance. Post hoc analyses were
performed using Bonferroni correction for multiple comparison tests.
P<0.05 was considered to be statistically significant.

Results

Expressions of VEGF, Flt-1, Flk-1, and HIF-1a
Compared with no staining in aortic sections from control
mice, intense immunohistochemistrical staining of VEGF,

Figure 2. Colocalization of cell types
with VEGF and its receptors through
immunofluorescent double-staining. A,
Some Mac-3-positive macrophages
recruited into the adventitia express
VEGF or its recepter Flt-1 (VEGF-R1) on
day 7. B, VEGF and HIF-1« colocalize in
same cell types on day 7. C, «-SM act-
in—positive cells in medial smooth muscle
cells, and adventitial myofibroblast-like
cells express VEGF or its receptors on
day 28. The white lines indicate EEL or
internal elastic lamina (IEL) of aorta.
Scale bar=50 pm.

Flt-1, and Flk-1 were seen in aortic sections from mice with
Ang I infusion mainly in inflammatory lesions (mononuclear
cell infiltration) of the adventitia at an early (days 3 and 7)
phase of Ang 11 infusion (Figure 1A). On day 28, cells in the
media also became positive with VEGF and its 2 receptors
(Figure 1A). Gene expression of VEGF markedly increased
in the aorta and LV. It peaked on day 7 and then spontane-
ously declined on day 28 (Figure 1B). Because HIF-1la is a
transcriptional factor for the control of VEGF expression,>
immunostaining and mRNA levels of HIF-la were then
examined. HIF-1a expression showed similar temporal and
special changes as those of VEGF (Figure 1A and 1B).



Zhao et al
A control Angli+sFit-1
Mac-3 :
B Mac-3 positive cells  PCNA positive cells
/section /section
‘3 * %
150 x ¥ 150+
1001 100
50 LY
0 0!
Angll - + + + Angll - + +
empty - - + - emply = e
sFit-1 - - - + sFit-1 = 0w

Figure 3. Effects of sFlt-1 gene transfer on inflammatory and
proliferative changes. A, Micrographs of aorta with immuno-
staining against Mac-3 and proliferating cell nuclear antigen
before or 7 days after treatments (positive cells in yellow—
brown). B, Summary of quantitative analysis in the untreated
control, Ang ll, Ang ll+empty plasmid, and Ang lI+sFit-1 groups
(n=6). *P<0.01 vs untreated control, 1P<0.01 vs Ang Il group.
Scale bar=100 pm.

Keeping with rapid upregulation of VEGF in vascular tissues,
serial measurements of plasma VEGF showed rapid and
persistent increase in the Ang 11 group (Figure 1C).

To localize VEGF and related signaling, immunofluores-
cent double staining was performed (Figure 2). On days 3 and
7, Mac-3—positive monocytes recruited to the adventitia and
outer layer of the media expressed VEGF and Flt-1 (Figure
2A), but did not express Flk-1 (data not shown). HIF-1a was
colocalized in the cell types expressing VEGF (Figure 2B).
On day 28, most a-SMA—positive smooth muscle cells in the
media expressed VEGF, and some a-SMA-positive cells in
the media expressed Flt-1 and Flk-1 (Figure 2C). Some
a-SMA-positive myofibroblastic cells in the adventitia ex-
pressed VEGF, Flt-1, and Flk-1 (Figure 2C).

No apparent angiogenesis, as detected by von Willebrand
factor or CD31 staining, was detected in the aortic wall of the
control, Ang 11, or Ang II+sFlt-1 groups (data not shown).
Furthermore, the endothelial layer of the aorta was preserved
in the 3 groups.

Effects of sFlt-1 on Vascular Inflammation

and Remodeling

Mac-3—positive monocytes and proliferating cell nuclear
antigen-positive proliferating cells were used as the markers
of inflammatory and proliferative changes. Infiltration of
monocytes and appearance of proliferating cells was mark-
edly increased in the aorta of mice receiving Ang II, partic-
ularly in the adventitia on days 3 and 7, which declined
spontaneously on day 28. These Ang Il-induced inflamma-
tory and proliferative changes in the aorta on day 7 were
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Figure 4. Effects of sFit-1 gene transfer on Ang ll-induced vas-
cular remodeling (medial thickening and perivascular fibrosis). A,
Micrographs of cross-sections of abdominal aorta stained with
Masson-trichrome on day 28 are shown. Summary of quantita-
tive analysis in untreated control, Ang I, Ang ll+empty plasmid,
and Ang lI+sFl-1 groups are presented (n=6 to 8). Scale
bar=100 pm. B, Micrographs of cross-sections of coronary
arteries stained with Masson-trichrome on day 28 are shown.
Summary of quantitative analysis in untreated control, Ang i,
Ang li+empty plasmid, and Ang ll-+sFI-1 groups are presented
(n=6 1o 8). *P<0.01 vs untreated control, TP<0.01 versus the
Ang |l group. Scale bar=50 pm.

markedly attenuated in Ang I1+sFlt-1 group, but not in the
Ang I1+empty plasmid group (Figure 3).

Compared with control mice, vascular remodeling (medial
wall thickening and perivascular fibrosis) developed in the
aorta and coronary arteries from mice received Ang II for 28
days, which was attenuated by sFlt-1 gene transfer but not by
empty plasmid transfer (Figure 4A and 4B).

To gain mechanistic insight, mRNA levels of a variety of
inflammatory cytokines, chemokines, and chemokine recep-
tors were examined by real-time polymerase chain reaction
on day 7 (Figure 5). The sFlt-1 transfection did not affect the
increased gene expression of RANTES, MIP-1a, or MIP-2,
but prevented or attenuated the increased gene expressions of
VEGF, Fit-1 Flk-1, MCP-1, CCR2, 1L-18, IL-6, TGF-81,
vascular cell adhesion molecule-1, intercellular adhesion
molecule-1, and HIF-1a (Figure 5). The sFlt-1 transfection
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also blunted Ang II-induced increases in plasma VEGF
(Figure 1C). Immunohistochemical study revealed that im-
munoreactive MCP-1, TGF-B1, VEGF, Flt-1, and Flk-1 were
increased in Ang II group on day 7 (Figure 6). In contrast,

control Angll  Angll+sFit-1
S e e L

Figure 6. Effects of sFit-1 gene transfer on immunoreactivities
of VEGF, Fit-1, Flk-1, MCP-1, and TGF-B81 on day 7 of Ang i
infusion (positive stains in yellow-brown). “Luminal sides of
aorta. These immunohistochemical experiments were repeated
in 5 sections from different animals, all with representative
results. The black lines indicate EEL. Scale bar=50 um.

Figure 5. Effects of sFli-1 gene transfer
on Ang ll-mediated induction of cyto-
kines and chemokines in aorta and left
ventricle on day 7 of Ang Il infusion.
*P<0.01, *P<0.05 versus untreated
control, 1P<0.01 vs the Ang Il group.

[Juntreated

Angli
Angll + sFit-1

such increased immunostaining was attenuated in aortic
sections from the Ang II+sFlt-1 group.

Plasma sFlt-1 Concentration

To assess transfection efficacy, plasma sFlt-1 concentration was
measured. In control mice, plasma sHlt-1 levels increased on
days 3, 7, and 14 (Table 1), indicating that sFlt-1 was released to
circulation from the transfected muscle. Similar increase in
plasma sFlt-1 levels was noted in mice infused with Ang II.

Systolic Blood Pressure and LV Hypertrophy
Systolic blood pressure was significantly increased in mice
receiving Ang Il compared with control. There were no signif-
icant differences in systolic blood pressure between Ang II and
Ang I1+sFlt-1 groups (Table 2). To assess the degrees of LV
hypertrophy, relative LV weight and B-type nafriuretic peptide
mRNA levels were determined on day 28 (Table 2). There were
no significant differences in Ang II~induced LV hypertrophy or
in the increase in B-type natriuretic peptide mRNA levels
between Ang II and Ang I1+sFlt-1 groups.

Effects of AT; Receptor Blocker on Vascular
Inflammation and Remodeling

Treatment with AT, receptor blocker prevented or markedly
attenuated Ang II-induced arterial hypertension, LV hyper-
trophy (Table 2), and increased immunostaining and gene
expression of VEGF, aortic wall inflammation, and arterio-
sclerotic changes (data not shown). These data suggest that
the Ang Il-induced increases in VEGF expression and
activity were mediated by Ang II AT, receptor stimulation.

TABLE 1. Plasma Concentirations of sFit-1
Time (day) After sFit-1 Transfection

Animal Groups Baseline 3 7 14

Untreated control 467+37 1087+182*  927+215* 64983
Ang ll Not measured 37023 39335 383+29
Ang II+sFii-1 Not measured 1006+22*  1207+24*  730+26"

Mean=SEM (n=6).
*P<0.01 vs. baseline in untreated control mice.
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TABLE 2. Systolic Blood Pressure, Relative Left Ventricle
Weight, and Brain Natriuretic Peptide Gene Expression

SBP (mm Hg)

LV/BW Ratio  BNP/GAPDH Ratio

Animal Groups Day 7 Day 28 (Day 28) (Day 28)
Unireated control  119+3 1205 4.360.12 1.04+0.06
Ang lI 1767 185+8*  5.12+0.20* 1.91=0.07*
Ang ll+ARB 113+61 117+9%+ 4.45+0.181 0.97+0.08t
Ang ll4-sFit-1 173+9* 180%x12* 5.06=0.11* 2.03+0.15*

SBP indicates systolic blood pressure; LV, left ventricle; BW, body weight;
BNP, B-type natriuretic peptide.

Mean=+SEM (n=6 to 8).

*P<0.01 vs. control; +P<0.01 vs. Ang Il.

Discussion

Ample evidence suggests that VEGF-mediated signals are
essential in Ang II-induced angiogenesis in vivo and endo-
thelial migration/proliferation in vitro.12-4 The functional
importance of VEGF in the mechanism of Ang II-induced
vascular inflammation and structural changes, however, has
not been addressed. We report here that sFlt-1 gene transfer
attenuated the Ang II-induced vascular inflammation and
structural changes (medial wall thickening and fibrosis) in
mice. Therefore, the present study provides the first in vivo
evidence to our knowledge for an essential role of VEGF in
the pathogenesis of Ang II infusion-induced inflammation
and remodeling.

We examined time-related changes in cell types express-
ing VEGF and its receptors during Ang II infusion. VEGF
was predominately expressed in the lesional monocytes
and proliferative myofibroblast, mainly in the adventitial
layer at early stages and in smooth muscle cells in the
media. This local VEGF expression was associated with
rapid and persistent increase in plasma VEGF level. In
addition, Flt-1 was increased in lesional monocytes and
medial smooth muscle cells at early stages and in medial
smooth muscle cells at later stages. No increase in Flk-1
expression was detected in monocytes or myofibroblasts,
whereas increased Flk-1 expression was noted in medial
smooth muscle cells only at later stages. Our present data
show that Ang II-mediated expressions of VEGF and its
receptors have a biological effect in inducing vascular
inflammation (monocyte infiltration) and proliferation, as
well as in causing vascular structural changes. Interest-
ingly, sFlt-1 gene transfer reduced increased local and
systemic expression of VEGF, suggesting that sFlt-1
transfection might inhibit VEGF activity at least by trap-
ping VEGF. Because sFlt-1 functions as a nonselective
inhibitor of Flt-1 and Flk-1, further studies are needed to
elucidate relative role of Flt-1 and Flk-1 in the pathogen-
esis of Ang Il-induced vascular pathobiology.

There are several reports demonstrating that VEGF is a
proinflammatory factor.2032 In the present study, we extended
those observations by showing that sFlt-1 gene transfer
attenuated Ang Il-induced increase in inflammatory factors
in vivo. Regarding the mechanism of VEGF-mediated vas-
cular inflammation, Yamada et al®® showed that MCP-1 is
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essential in VEGF-induced angiogenesis and inflammation.
Bush et al3* showed that Ang Il-induced vascular inflamma-
tion and arteriosclerosis was blunted in mice deficient of
MCP-1 receptor. MCP-1 has been shown to be the key
chemokine in mediating vascular monocyte-mediated inflam-
mation leading to vascular disease.?536 Taken together, it is
likely that sFlt-1 gene transfer blocked Ang Il-induced
vascular structural changes mainly by suppressing inflamma-
tion (monocyte recruitment and activation) and subsequent
production of growth factors. For example, VEGF-mediated
overexpression of TGF-81 might contribute to Ang II-
induced vascular fibrosis. Another interpretation alternative
to this conclusion is that increased VEGF and its receptors
acted directly on smooth muscle cells, resulting in structural
changes such as medial thickening. Several studies have
reported that VEGF has direct actions on proliferation/
migration of smooth muscle cells 3738 which may not be
mediated by inflammation (monocyte recruitment). It is
possible therefore that some of the mechanism by which
sFlt-1 gene transfer inhibited vascular structural changes
might not be caused by inflammation.

Regarding the mechanism of Ang Il-induced expression of
VEGF, we examined HIF-la expression because HIF-la
plays a major role in the control of VEGF expression. Richard
et al®! reported that Ang I induces VEGF production through
HIF-1a in vascular smooth muscle cells in vitro. In the
present study, we showed that Ang II infusion increased local
HIF-1a expression in vascular wall cells that colocalized in
VEGF-expressing cells types, suggesting that increased tran-
scription of HIF-1a is involved in Ang Il-induced expression
of VEGF.

It is noteworthy that sFlt-1 gene transfer did not affect Ang
Il-induced arterial hypertension or indices of left ventricular
hypertrophy. Arterial blood pressure was, however, measured
by the tail-cuff method, a method that cannot provide reliable
measure of the pressure changes associated with Ang 11
infusion. It is reported that arterial hypertension contributes to
Ang Il-induced vascular remodeling.3° Furthermore, the dose
of Ang II used in the present study was high, which is above
the range of physiological condition. Nevertheless, our pres-
ent observation suggests that VEGF may not be involved in
the mechanism of Ang Il-induced hypertension or cardiac

hypertrophy.

Perspectives

VEGEF is likely to be an essential mediator in Ang Il-induced
vascular inflammation and remodeling but is not involved in
Ang Il-induced cardiac hypertrophy. Our present data sup-
port the notion that VEGF acts as a proinflammatory and
proarteriosclerotic factor in Ang Il-induced hypertension.
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Rapid Communication

Bone Marrow-Derived Monocyte Chemoattractant Protein-1
Receptor CCR2 Is Critical in Angiotensin II-Induced
Acceleration of Atherosclerosis and Aneurysm Formation in
Hypercholesterolemic Mice

Minako Ishibashi, Kensuke Egashira, Qingwei Zhao, Ken-ichi Hiasa, Kisho Ohtani, Yoshiko Ihara,
Israel F. Charo, Shinobu Kura, Teruhisa Tsuzuki, Akira Takeshita, Kenji Sunagawa

Abstract—Angiotensin II (Ang IT) is implicated in atherogenesis by activating inflammatory responses in arterial wall cells.
Ang II accelerates the atherosclerotic process in hyperlipidemic apoE—/— mice by recruiting and activating monocytes.
Monocyte chemoattractant protein-1 (MCP-1) controls monocyte-mediated inflammation through its receptor, CCR2.
The roles of leukocyte-derived CCR2 in the Ang IT-induced acceleration of the atherosclerotic process, however, are not
known. We hypothesized that deficiency of leukocyte-derived CCR2 suppresses Ang Il-induced atherosclerosis.

Methods and Results—A bone marrow transplantation technique (BMT) was used to develop apoE—/— mice with and
without deficiency of CCR2 in leukocytes (BMT-apoE—/—CCR2+/+ and BMT-apoE—/—CCR2—/— mice). Com-
pared with BMT-apoE—/—CCR2+/+ mice, Ang II-induced increases in atherosclerosis plaque size and abdominal
aortic aneurysm formation were suppressed in BMT-apoE—/—CCR2—/— mice. This suppression was associated with
a marked decrease in monocyte-mediated inflammation and inflammatory cytokine expression.

Conclusion—Leukocyte-derived CCR2 is critical in Ang I-induced atherosclerosis and abdominal aneurysm formation.
The present data suggest that vascular inflammation mediated by CCR2 in leukocytes is a reasonable target of therapy
for treatment of atherosclerosis. (Arterioscler Thromb Vasc Biol. 2003;24:e174-¢178.)

Key Words: atherosclerosis m angiotensin I m inflammation ® leukocytes

hronic inflammatory processes have an important role in

atherosclerotic plaque progression, destabilization, and
subsequent rupture/thrombosis, resulting in acute coronary
syndrome.!? Therefore, identification of the critical inflam-
matory pathway involved in atherosclerotic plaque progres-
sion and destabilization might aid in the development of
novel therapeutic strategies to reduce atherothrombotic
events.

The renin-angiotensin system is now recognized as an
important therapeutic target of atherosclerotic vascular dis-
ease.3# Angiotensin II (Ang II) induces the production of
reactive oxidative species and stimulates the expression of
adhesion molecules (vascular cell adhesion molecule-1) and
chemokines (monocyte chemoaftractant protein-1 [MCP-

1]).>5 Infusion of Ang II into hypercholesterolemic mice
dramatically accelerates the atherosclerotic process, leading
to the development of extensive atherosclerotic plaque for-
mation and abdominal aortic aneurysm (AAA).%7 The Ang
II-mediated acceleration of atherogenesis is characterized by
the recruitment and activation of monocytes/macrophages
and the degradation of elastin and collagen layers, suggesting
that Ang 1T changes the lesion composition into a more
destabilized phenotype. MCP-1 is a C-C chemokine that
controls monocyte recruitment to the site of inflammation
through its receptor, C-C chemokine receptor (CCR) 2.8-10
We recently demonstrated that blockade of the MCP-1
pathway by transfection of mutant MCP-1 gene limits Ang
Il-induced progression and destabilization of atherosclerotic
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lesions in hyperlipidemic apoE—/— mice.!! We and others
also demonstrated that blockade or abrogation of MCP-1 or
CCR2 attenuates hyperlipidemia-induced atherosclerosis in
mice,!2-15 and that CCR2-deficient (CCR2—/—) mice display
reduced neointimal formation after arterial injury.1¢ Overall,
these studies provide ample evidence for a decisive role of
MCP-1/CCR2 in atherosclerosis formation, progression, and
destabilization.

The role of MCP-1 and/or CCR2 in atherogenesis might be
more complex. Ang II is thought to accelerate atherogenesis
by stimulating MCP-1 expression and function in multiple
cell types in atherosclerotic lesions such as endothelial cells,
smooth muscle cells, and leukocytes. Because CCR2 is
present in these cell types, activation of the MCP-1-CCR2
pathway mediates recruitment and activation of monocytes,!?
endothelial migration and angiogenesis,’®19 and migration/
proliferation of vascular smooth muscle cells.20 It is impos-
sible, however, to dissect the relative pathobiologic role of
leukocytes versus nonleukocyte cells in the arterial wall using
the systemic absence or blockade of MCP-1/CCR2. The aim
of this study was to address the role of CCR2 on leukocytes
in Ang II-mediated acceleration of the atherosclerotic pro-
cess. We used bone marrow cell transplantation (BMT)
techniques to create a murine model with a leukocyte-derived
CCR2 deficiency and demonstrated the essential role of
leukocyte-derived CCR2 in Ang Il-induced acceleration of
atherosclerotic processes.

Methods

Experimental Animals

Male apoE knockout mice were purchased from Jackson Laboratory
(Bar Harbor, Me). apoBE—/— CCR2—/— and apoE—/— CCR2+/+
mice with the same genetic background (C57BL/6J and 129/svjae
hybrids) were supplied by Dr Charo.!2

Experimental Protocol

The study protocol was reviewed and approved by the Committee on
the Bthics of Animal Experiments, Kyushu University Graduate
School of Medical Sciences. A part of this study was performed at
the Kyushu University Station for Collaborative Research and the
Morphology Core Unit, Kyushu University Faculty of Medical
Sciences.

To determine the specific role of CCR2 on leukocytes, we used the
BMT technique to create mice with and without a leukocyte-
selective CCR2 deficiency. At 8 weeks of age, BMT was performed
as described previously.2! Bone marrow cells were harvested from
femurs and tibias of either test (apoE—/—CCR2—/-) or control
(apoE—/—CCR2+/+) donor mice. The recipient apoE—/—
CCR2+/+ mice received 1X 107 bone marrow cells (0.3 mL) 4 hours
after whole body irradiation with 7 Gy of X-rays (200-KVp, 20-mA,
0.3-mm Cu filter) at 1 Gy/min. These 2 groups of mice are referred
to as BMT-apoE—/—CCR2—/— and BMT-apoE—/—CCR2+/+,
respectively. At 14 weeks of age, BMT-apoE—/—CCR2—/— and
BMT-apoE—~/—CCR2+/+ mice were infused with Ang II (1.9
mg/kg per day) or phosphate-buffered saline via osmotic mini-pump
(Alzet, Cupertino, Calif).2!

In all experiments, mice were euthanized on day 7 or 28 of
treatment for morphometric, immunohistochemical, and biochemical
analysis. Peripheral arterial blood was collected immediately before
the mice were euthanized. The aortas were isolated and either fixed
in 10% buffered formalin for histological and immunohistochemical
analysis or snap-frozen in liquid nitrogen (LN,) and stored at —80°C
for biochemical analysis. Systolic blood pressure was measured by
the tail-cuff method before and 28 days after treatment.
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Histology and Immunohistochemistry

To quantify the extent of the atherosclerotic lesions, the aortic arch
and the thoracic aorta was opened longitudinally, stained with oil red
O, and pinned out on a black wax surface. The percentage of the
plaque area stained by oil red O to the total luminal surface area was
determined.

To further quantify the atherosclerotic lesions in the aortic root,
serial cryostat sections (6 um) of the aortic root were prepared as
described.!# In brief, atherosclerotic lesions in the aortic root were
examined at 5 locations, each separated by 120 um, 4 to 5 serial
sections were prepared from each location. Some of these sections
were stained with Elastica van Gieson and oil red O (for lipid
staining). Elastica van Gieson staining was used to delineate the
internal elastic lamina for determination of the intimal area. The lipid
composition of the lesion was determined by calculating the percent
of the ail red O positive area to the total cross-sectional vessel wall
area. The remaining sections were used for immunohistochemical
analysis. Air-dried cryostat sections were fixed in acetone and
stained with the respective antibody: antimouse macrophage anti-
bodies (Mac-3; Serotec Inc, Raleigh, NC) and antihuman MCP-1
antibodies (Santa Cruz Biotechnology Inc, Santa Cruz, Calif). The
sections were then counterstained with hematoxylin. Respective
nonimmune IgGs (Dako) were used as negative controls. Similarly,
the number of macrophage accumulated into the aortic root lesion
was estimated.

A single observer blinded to the experiment protocol performed
quantitative analysis of atherosclerotic lesions. All images were
captured with a Nikon microscope equipped with a video camera and
analyzed using Adobe Photoshop 6.0 and National Institutes of
Health Image Software. In each case, the average value for 4 to 5
locations or sections for each animal was used for analysis.

Real-Time Reverse-Transcription Polymerase
Chain Reaction Analysis

Real-time polymerase chain reaction amplification was performed
with the mouse ¢cDNA using the ABI PRISM 7000 Sequence
Detection System (Applied Biosystems).2! The respective polymer-
ase chain reaction primers and TagMan probes were designed from
GenBank databases using a software program (Table I, available
online at http://atvb/ahajournals.org).

Flow Cytometry Analysis

Flow cytometry analysis was performed as described previously.2!
To determine CCR2 expression in monocytes, antibodies against
phycoerythrin-conjugated antimouse monocyte (CD80) (Becton
Dickinson Biosciences, San Jose, Calif), goat antimouse CCR2
(Santa Cruz Biotechnology Inc), and fluorescein isothiocyanate-
conjugated mouse antigoat IgG (Santa Cruz Biotechnology Inc) were
used. To determine CCR2 fluorescence intensity in Iymphocytes and
neutrophils, leukocytes were also stained using antibodies against
phycoerythrin-conjugated antimouse CD11b (Mac-1), cy-chrome—
conjugated antimouse T-cell receptor 8 chain monoclonal antibody
(Becton Dickinson Biosciences). In control experiments, fluorescein
isothiocyanate-conjugated nonspecific goat IgG was used to measure
nonspecific binding. Stained cells were analyzed by fluorescence-
activated cell sorter Calibur (Becton Dickinson Biosciences).

Plasma Measurements

Commercially available enzyme-linked immunosorbent assay kits
(Biosource International, Camarillo, Calif) were used to measure
plasma total cholesterol, triglyceride, low-density lipoprotein cho-
lesterol, and mouse MCP-1 according to the manufacturer’s
instructions.

Statistical Analysis

Data were expressed as mean+SEM. Statistical analysis of differ-
ences was compared by analysis of variance using Bonferroni
correction for multiple comparisons. P<0.05 was considered statis-
tically significant.
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Figure 1. Suppressed Ang ll-induced atherosclerotic lesions in
BMT-apoE—/— CCR2—/— mice. A, Histopathologic and immu-
nohistochemical pictures of atherosclerotic lesions. From the
top to bottom panels, photomicrographs of the intraluminal sur-
face of the aortic arch and thoracic aorta stained with oil red O,
those of atherosclerotic lesions in the aortic root stained with oil
red O, and those of atherosclerotic lesions in the aortic root im-
munostained with antimurine macrophage antibody (Mac-3). Bar
indicates 100 um. B, Quantitative comparison of atherosclerotic
lesion size (% of oil red O stained areg) in BMT-apoE—/
—CCR2+/+,BMT-gpoE—/—CCR2—/—, BMT-apoE—/—CCR2+/+
+ Ang I, and BMT-apoE—/—CCR2—/- + Ang |l groups. Data are
reported as mean+SEM. N=6 to 8. *P<0.05, “P<0.01 versus BMT-
apoE—/—CCR2-+/+ group. 1P<0.05, 11P<0.01 versus BMT-epoE—/
—CCR2+/+ + Ang |l group.

Results

Bone Marrow-Derived CCR2 Is Critical for Ang
I-Induced Acceleration of Atherosclerosis

To determine the role of BM-derived CCR2, Ang II was
infused in BMT-apoE—~/—CCR2+/+ and BMT-apoE—/—
CCR2—/— mice. As reported previously,!! Ang II infusion
accelerates atherosclerotic process in BMT-apoE—/—
CCR2+/+ mice. In contrast, Ang II-induced acceleration of
atherosclerosis was suppressed in BMT-apoE—/—CCR2—/—
mice (Figure 1A and 1B). In addition, Ang Il-induced aortic
inflammatory changes as well as lipid accumulation were
markedly attenuated in BMT-apoE—/—CCR2—/— mice
(Figure 1A and 1B).

Ang Il-induced gene and protein expression of MCP-1 was
examined 7 days after Ang Il-infusion. Ang II infusion
increased MCP-1 mRNA and immunoreactive MCP-1 levels
in the aortic root, which were similar between BMT- apoE—/—
CCR2+/+ and BMT-apoE—/—CCR2—/— mice (Figure 2A

{1 BMT-ApOE--CCR2+/+
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B BMT-ApoE-/-CCR2+/+ + Angll
BMT-ApoE-/-CCR2-/- +Angli
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Figure 2. MCP-1, CCR2, and cytokine expression. A, Photomi-
crographs of cross-sections of the aortic root stained immuno-
histochemically for MCP-1 on day 28. Bar indicates 100 um. B,
MCP-1 gene expression by real-time reverse-transcription poly-
merase chain reaction in the aorta on day 7. Data are expressed
as the ratio of MCP-1 mRNA to GAPDH mRNA. *P<0.01 ver-
sus BMT-apoE—/—CCR2+/+ group (n=6 each). C, CCR2 anti-
gen expression on peripheral blood circulating monocytes by
flow cytometry analysis. CCR2 gene expression of the aorta by
real-time reverse-transcription polymerase chain reaction on day
7. Data are expressed as the ratio of MCP-1 mRNA to GAPDH
mRNA. *P<0.05, **P<0.01 versus BMT-apoE—/—CCR2+/+
group; TP<0.05 versus BMT-apoE—/—CCR2+/+ + Ang |l
group (n=6 each). D, IL-18 and IL-6 gene expression by real-
time reverse-transcription polymerase chain reaction in the aorta
on day 7. Data are expressed as the ratio of MCP-1 mRNA to
GAPDH mRNA. *P<0.05, *P<0.01 versus BMT-apoE—/—
CCR2+/+ group; TP<0.05 versus BMT-apoE—/—CCR2+/+ +
Ang Il group (n=6 each).

and 2B). Aortic CCR2 gene expression was also suppressed
in BMT- apoE—/—CCR2—/— mice infused with and without
Ang IT (Figure 2C).

Ang Tl-induced changes in CCR2 antigen on circulating
leukocytes were examined by flow cytometric analysis on
day 7. Ang Il infusion increased CCR2 antigen on monocytes
in BMT-apoE—/—CCR2-+/+ mice, which was blunted in
BMT-apoE—/—C CR2—/— mice (Figure 2C). No CCR2
antigen was detected on lymphocytes or neutrophils in the
presence or absence of Ang II infusion (data mot shown).
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These cytometric data indicate that CCR2 antigen was ex-
pressed mainly on circulating monocytes whether Ang IT was
infused.

In BMT- apoE—/—CCR2+/+ mice, Ang II infusion en-
hanced gene expression of IL-6 and IL-18 in the aorta on day
7 (Figure 2D). The Ang Il-induced increases in IL-6 and
IL-1B gene expression were reduced in BMT-apoE—/—
CCR2—/- mice.

There were no significant differences in plasma MCP-1
levels between BMT-CCR2+/+ mice infused with or with-
out Ang II on day 28 (Table I). There were no significant
differences in Ang II-induced changes in systolic blood
pressure or serum lipid levels (Table II, available online at
http://atvb.ahajournals.org), suggesting that the observed ef-
fects of leukocyte-derived CCR2 deficiency cannot be ex-
plained by the effects on plasma lipids or Ang Il-induced
arterial hypertension. There were no significant differences in
plasma MCP-1 levels between untreated BMT-apoE—/—
CCR2+/+ and BMT-apoE~/—CCR2—/— mice on day 28
(Table II). In contrast, the plasma MCP-1 level dramatically
increased in BMT-apoE—/—CCR2—/— mice infused with
Ang II, compared with that in BMT-apoE—/—CCR2+/+
mice infused with Ang II.

Ang II-Induced AAA Formation Is Suppressed in
BMT-ApoE—/—CCR2—/— Mice

As reported by others,5” Ang II infusion induced AAA
formation associated with the recruitment and activation of
monocytes/macrophages into the adventitia and media and
the degradation of elastin and collagen layers (Figure 3A). In
separate experiments, to determine the effect of BM-derived
CCR?2 deficiency on Ang Il-induced aneurysm formation, we
quantified the incidence and measured the diameter of AAA.
Mice that displayed 10% increase in abdominal aortic diam-
eter were defined to have AAA. Compared with BMT-
apoE—/—CCR2+/+ mice, BMT-apoE—/—CCR2—/— mice
showed a significant reduction in the incidence of AAA
formation (9 of 10 BMT-apoE—/—CCR2+/+ mice had
AAAs versus only 1 of 10 for BMT-apoE—/—CCR2—/—
mice; P<0.01). Furthermore, the Ang II-induced increase in
maximum diameter of the abdominal aorta was not observed
in BMT-apoE—/—CCR2~—/— mice (Figure 3B).

Discussion
The important and novel finding of this study was suppressed
Ang Tl-induced acceleration of atherosclerotic process in
BMT-apoE—/—CCR2~/— mice. The present study, there-
fore, represents the first direct evidence for the critical role of
CCR2 on leukocytes, especially on monocytes, in Ang
T-induced acceleration of atherosclerosis.

BMT from apoE—/—CCR2—/— to apoE—/—CCR2+/+
mice was associated with blunted expression of CCR2 anti-
gen on circulating leukocytes, especially on circulating
monocytes. This BMT-apoE—/—CCR2—/— mice displayed
suppressed monocyte/macrophage infiltration and lipid accu-
mulation into the atherosclerotic lesions induced by Ang II
infusion. To elucidate the mechanism of suppressed Ang
D-induced inflammation in BMT-apoE—/—CCR2—/— mice,
we examined local and systemic expression of MCP-1. The
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Figure 3. Suppression of Ang Il-induced abdominal aortic aneu-
rysm formation in BMT-apoE—/—CCR2—/— mice. A, Photomi-
crographs of the gross appearance of the ascending aorta to
the abdominal aorta. There was significant abdominal aortic an-
eurysm formation in BMT-apoE—/—

CCR2+/+ mice infused with Ang I, whereas there was no an-
eurysm formation in BMT-apoE—/—CCR2—/— mice. B, Diame-
ters of the abdominal aorta. N=10 each. *P<0.01 versus BMT-
apoE—/—CCR2+/+ mice with no Ang Il infusion. $P<0.01
versus BMT-apoE—/—CCR2+/+ mice with Ang Il infusion.

lack of a detectable difference in Ang II-induced local MCP-1
expression between BMT-apoE—/—CCR2+/+ and BMT-
apoE—/—CCR2—/— mice suggests that suppression of Ang
l-induced inflammation might result from the lack of CCR2
on monocytes, but not the result of reduced expression of
MCP-1. The increase in plasma MCP-1 concentrations in
BMT-apoE—/—CCR2+/+ and BMT-apoE—/—CCR2—/—
mice infused with Ang IT might reflect compensatory local
overproduction of MCP-1 in any tissue, including vascular
tissues. The present data of attenuated gene expression of
inflammatory cytokines in the aorta from BMT-apoE—/—
CCR2—/— mice support the notion that activated lesional
leukocytes might produce inflammatory and growth-
promoting signals, which in turn lead to further acceleration
of atherosclerosis. Our present data suggest that anti-
inflammation caused by blockade of CCR2-mediated mono-



