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Vascular Medicine

Nanoparticle-Mediated Delivery of Pitavastatin Inhibits
Atherosclerotic Plaque Destabilization/Rupture in Mice by
Regulating the Recruitment of Inflammatory Monocytes

Shunsuke Katsuki, MD; Tetsuya Matoba, MD, PhD; Soichi Nakashiro, MD; Kei Sato, PhD;
Jun-ichiro Koga, MD, PhD; Kaku Nakano, PhD; Yasuhiro Nakano, MD; Shizuka Egusa, PhD;
Kenji Sunagawa, MD, PhD; Kensuke Egashira, MD, PhD

Background—Preventing atherosclerotic plaque destabilization and rupture is the most reasonable therapeutic strategy
for acute myocardial infarction. Therefore, we tested the hypotheses that (1) inflammatory monocytes play a causative
role in plaque destabilization and rupture and (2) the nanoparticle-mediated delivery of pitavastatin into circulating
inflammatory monocytes inhibits plaque destabilization and rupture.

Methods and Results—We used a model of plaque destabilization and rupture in the brachiocephalic arteries of
apolipoprotein E—deficient (ApoE~") mice fed a high-fat diet and infused with angiotensin II. The adoptive transfer
of CCR2"*Ly-6Che" inflammatory macrophages, but not CCR27- leukocytes, accelerated plaque destabilization
associated with increased serum monocyte chemoattractant protein-1 (MCP-1), monocyte-colony stimulating factor,
and matrix metalloproteinase-9. We prepared poly(lactic-co-glycolic) acid nanoparticles that were incorporated by
Ly-6G~CD11b* monocytes and delivered into atherosclerotic plaques after intravenous administration. Intravenous
treatment with pitavastatin-incorporated nanoparticles, but not with control nanoparticles or pitavastatin alone, inhibited
plaque destabilization and rupture associated with decreased monocyte infiltration and gelatinase activity in the plaque.
Pitavastatin-incorporated nanoparticles inhibited MCP-1-induced monocyte chemotaxis and the secretion of MCP-1
and matrix metalloproteinase-9 from cultured macrophages. Furthermore, the nanoparticle-mediated anti-MCP-1 gene
therapy reduced the incidence of plaque destabilization and rupture.

Conclusions—The recruitment of inflammatory monocytes is critical in the pathogenesis of plaque destabilization and rupture,
and nanoparticle-mediated pitavastatin delivery is a promising therapeutic strategy to inhibit plaque destabilization and
rupture by regulating MCP-1/CCR2~dependent monocyte recruitment in this model. (Circulation. 2014;129:896-906.)

Key Words: monocytes ® myocardial infarction ®m nanoparticles m plaque m statins, HMG-CoA

oronary heart disease is the leading cause of death world-

wide, and at least 7 million patients die of this disease each
year (386324 people in the United States alone).! Acute myo-
cardial infarction (AMI) is the most severe type of coronary
heart disease and the most frequent cause of heart failure, and
it impairs the quality of life and inflates medical costs. Timely
and successful revascularization therapy for AMI reduces
short-term mortality, and current standard medical therapy
with angiotensin-converting enzyme inhibitors and 3-blockers
ameliorates the development of post-myocardial infarction
heart failure. However, these recent advances in therapeutic
intervention for AMI are associated with an increased preva-
lence of heart failure with high long-term mortality, which
remains a serious concern.? In the United States, 5.1 million
people experienced heart failure in 2010, and 274601 people

died of heart failure in 2009." Therefore, there is an urgent
need for preventive treatment to avoid plaque destabilization
and rupture, which directly cause AMI.

Clinical Perspective on p 906

Rupture-prone unstable atherosclerotic plaques fea-
ture  monocyte/macrophage infiltration, lipid core
formation, and fibrous cap thinning by matrix metallo-
proteinases (MMPs).> Recent reports suggest that mono-
cytes are functionally polarized into at least 2 major
subsets: Inflammatory monocytes (CD14*CD16~ in
humans and Ly-6CM"CCR2*CX3CR1* in mice) and
anti-inflammatory monocytes (CD14*CD16* in humans and
Ly-6C**CCR2-CX3CR1"" in mice).* Inflammatory mono-
cytes are found in the peripheral blood of patients with AMI,3
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which suggests that they have a pathological role in plaque
destabilization; however, substantial proof for a causative role
of inflammatory monocytes in the pathogenesis of plagque
destabilization and rupture is lacking.

HMG-CoA reductase inhibitors (statins) lower serum cho-
lesterol levels and reduce cardiovascular events and mortality
by 32% to 37% in primary prevention trials®” and 24% to 30%
in secondary prevention trials.®® Data from clinical trials indi-
cate that although the intensive use of statins reduces serum
C-reactive protein levels and cardiovascular risk and attenu-
ates the progression of coronary artery plaque,'™’® the risk
reduction caused by on-label doses of statins remains insuffi-
cient to suppress AML!? In animals, plaque-stabilizing effects
have been observed after high doses of statins.'*'® Statins
exert multiple vasculoprotective effects on endothelial cells,
vascular smooth muscle cells, and monocytes.'**' Thus, we
hypothesized that the controlled delivery of statins to inflam-
matory monocytes and atherosclerotic plaques might optimize
the plaque-stabilizing effects of statins.

Recently, we developed a novel nanoparticle-mediated
drug-delivery system (DDS) that is formulated from bioab-
sorbable poly(lactic-co-glycolic) acid (PLGA) polymer, and
we reported that nanoparticles were taken up by a variety of
cells, such as monocytes, vascular smooth muscle cells, and
endothelial cells. In addition, the nanoparticle-mediated DDS
showed a significant enhancement in the therapeutic effects
on ischemia-induced neovascularization?®?* and pulmonary
arterial hypertension® in animal models compared with con-
ventional administration. Nanoparticles are rapidly taken up
by circulating monocytes and the mononuclear phagocytic
system after intravenous administration,”” and nano-sized
contrast agents accumulate in atherosclerotic plaques.?s To
the best of our knowledge, no prior studies have addressed
whether polymeric nanoparticles accumulate in unstable
atherosclerotic plaques after intravenous administration or
whether the nanoparticle-mediated delivery of pitavastatin
has therapeutic effects on plaque destabilization and rupture
in vivo. Therefore, we tested the hypotheses that (1) inflam-
matory monocytes play a causative role in plaque destabiliza-
tion and rupture and (2) the nanoparticle-mediated delivery
of pitavastatin inhibits plaque destabilization and rupture by
targeting inflammatory monocytes.

Methods

Experimental Animals

Male apolipoprotein E—deficient (ApoE™") mice on the C57BL/6J
genetic background were purchased from Jackson Laboratory (Bar
Harbor, ME). ApoE”-CCR27~ and ApoE“-CCR2** mice with the
same genetic background (C57BL/6J and 129/svjae hybrids) were
used.”” Animals were maintained on a 12-hour light-dark cycle with
free access to normal rodent chow and water.

Diet Preparation

A high-fat diet that contained 21% fat from lard and was supple-
mented with 0.15% (wt/wt) pure cholesterol (Oriental Yeast, Tokyo,
Japan) was prepared according to the formula recommended by the
American Institute of Nutrition. Additional details can be found in the
online-only Data Supplement.
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Experimental Protocol

The study protocol was reviewed and approved by the Committee
on the Ethics of Animal Experiments, Kyushu University Graduate
School of Medical Sciences. The 4 sets of animal experiments
are depicted in a schematic in Figure I in the online-only Data
Supplement). Brachiocephalic arteries were isolated with the aortic
arches. Isolated samples were fixed in 3.7% formaldehyde for his-
tological and immunohistochemical analyses or were snap-frozen
in liquid nitrogen and stored at —80°C for biochemical analysis.
Additional details for each experimental protocol can be found in the
online-only Data Supplement.

Histopathology and Immunohistochemistry
Histopathological and immunohistochemical evaluations were per-
formed to quantify atherosclerosis and examine both plaque mor-
phology and the mechanism of plaque destabilization and rupture.
Atherosclerotic plaques were stained with oil red O, and cross sec-
tions of the brachiocephalic arteries and aortic root were stained with
elastica van Gieson, antimacrophage surface glycoprotein Mac3, and
monocyte chemoattractant protein-1 (MCP-1). Additional details are
provided in the online-only Data Supplement.

Flow Cytometry

Leukocytes from peripheral blood and the spleen and peritoneal cells
were obtained from mice and analyzed with a FACSCalibur cytome-
ter (Becton-Dickinson Biosciences, San Jose, CA). Additional details
can be found in the online-only Data Supplement.

Preparation of PLGA Nanoparticles

PLGA nanoparticles encapsulated with FITC (FITC-NP), pitavas-
tatin (pitavastatin-NP) and 7ND plasmid (7ND-NP) were prepared
by use of an emulsion solvent diffusion method, as reported previ-
ously.?>** Additional details can be found in the online-only Data
Supplement.

In Vive Kinetics of the Nanoparticles

Excised aortas from the atherosclerotic mice were intravenously
injected with or without FITC-NP and were evaluated by stereo-
scopic and fluorescence microscopy. Sections of the brachiocephalic
artery were evaluated by fluorescence microscopy or were stained
with hematoxylin and eosin. Additional details can be found in the
online-only Data Supplement.

In Situ Zymography

Gelatinase (MMP-2/gelatinase-A and MMP-9/gelatinase-B)
activity was measured in unfixed frozen sections with quenched
fluorescein-labeled gelatinase substrate (DQ gelatin; Invitrogen,
Eugene, OR).?® Additional details can be found in the online-only
Data Supplement.

Gelatin Zymography

The lipopolysaccharide-induced gelatinase activity of RAW264.7
cells was measured with a gelatin Zymo electrophoresis kit (Primary
Cell, Hokkaido, Japan) according to the manufacturer’s directions.
Additional details can be found in the online-only Data Supplement.

Real-Time Quantitative Reverse-Transcription
Polymerase Chain Reaction

Real-time polymerase chain reaction amplification was performed
with mouse cDNA with the use of the ABI PRISM 7000 sequence
detection system (Applied Biosystems/Life Technologies, Carlsbad,
CA), as described previously.”” The polymerase chain reaction prim-
ers and TagMan probes we used can be found in the online-only Data
Supplement.
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Chemotaxis Assay

The chemotactic activity of THP-1 cells in response to MCP-1 was
measured by a Boyden chamber method, as described previously.*
Additional details can be found in the online-only Data Supplement.

Statistical Analysis

Data are expressed as mean+SE. For analysis of the number of bur-
ied/disrupted fibrous caps, differences were analyzed statistically by
ANOVA followed by the Dunn multiple comparison test, and dif-
ferences between 2 groups were analyzed with the Mann-Whitney
test. For the other analyses, differences were analyzed statistically by
ANOVA followed by post hoc Bonferroni or Dunnett multiple com-
parison tests. Differences between 2 groups were analyzed with an
unpaired ¢ test. P<0.05 was considered significant.

Results

Adoptive Transfer of Inflammatory Macrophages
Accelerated Plaque Destabilization and Rupture

To clarify the role of inflammatory monocyte/macrophages
in plaque destabilization and rupture, we first examined
whether the adoptive transfer of inflammatory macrophages
accelerates plaque destabilization and rupture in a murine
model. We collected thioglycollate-induced peritoneal leu-
kocytes from ApoE7-CCR2** mice that contained Ly-6CMe"
inflammatory macrophages and from ApoE”-CCR2”~ mice
that contained <5% inflammatory macrophages (Figure IIA
and IIB in the online-only Data Supplement).**! ApoE~~ mice
were assigned to the no-treatment group, the CCR2** inflam-
matory macrophage group (I1x10° peritoneal leukocytes

from ApoE”~CCR2** mice), or the CCR27~ leukocyte group
(1x10° peritoneal leukocytes from ApoE”-CCR27" mice).
The adoptive transfer of CCR2** inflammatory macrophages
tended to increase the incidence of disrupted/buried fibrous
caps. The adoptive transfer of CCR27~ leukocytes signifi-
cantly decreased the incidence of disrupted/buried fibrous
caps compared with that of CCR2** inflammatory macro-
phages (Figure 1A; Table 1). These results demonstrate that
inflammatory macrophages responsible for plaque rupture
are recruited from the circulation via MCP-1/CCR?2 signal-
ing, which suggests a role for peripheral Ly-6C"e" monocytes
as the precursor of inflammatory macrophages. Because
splenic monocytes show a phenotype comparable to that of
peripheral monocytes,*? we purified splenic monocytes from
ApoE™ mice fed a high-fat diet and examined whether the
adoptive transfer of splenic monocytes accelerated plaque
destabilization and rupture in the same model. We confirmed
=90% purity of splenic monocytes after negative selection
using magnetic cell separation, =85% of which expressed
a high level of Ly-6C (Figure IIIA in the online-only Data
Supplement). Consistent with the data from the adoptive
transfer of CCR2** peritoneal macrophages, the adoptive
transfer of splenic monocytes tended to increase the inci-
dence of disrupted/buried fibrous caps (P=0.056; Figure
IIIB in the online-only Data Supplement), which confirms
the detrimental role of inflammatory monocyte/macrophage
lineage in atherosclerotic plaque rupture (Figure IIIB in the
online-only Data Supplement).
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Figure 1. The adoptive transfer of inflammatory macrophages accelerated plaque destabilization and rupture. A, Top, Photomicrographs
of atherosclerotic plaques in the brachiocephalic artery stained with elastica van Gieson (EVG), the antimacrophage surface glycoprotein
Mac3, and monocyte chemoattractant protein-1 (MCP-1) in the no-treatment (N), CCR2+* inflammatory macrophage (), and CCR2~
leukocyte (L) groups. Arrowheads indicate disrupted/buried fibrous caps. Scale bar=100 pm. Bottom, Quantitation of the number of
disrupted/buried fibrous caps, fibrous cap thickness, and Mac3- and MCP-1-positive areas. Data are mean+SEM. *P<0.05, **P<0.01,
and ***P<0.001 vs CCR2*+ inflammatory macrophage group. B, Top, Photomicrographs of the intraluminal surface of the total aorta,
stained with oil red O. Bottom, Quantitation of the percentage of oil red O—positive area compared with total luminal surface area. Data
are mean+SEM. *P<0.05 vs CCR2** inflammatory macrophage group. C, Top, Photomicrographs of atherosclerotic plaques in aortic
root stained with EVG or Mac3. Bottom, Quantitation of plaque size and Mac3-positive areas. Scale bar, 200 um. Data are mean+SEM.
TP<0.05 vs CCR2** inflammatory macrophage group by 1-way ANOVA followed by Dunnett multiple comparison tests.
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