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Aim: Abdominal aortic aneurysm (AAA) is a lethal and multifactorial disease. To prevent a rupture and 
dissection of enlarged AAA, prophylactic surgery and stenting are currently available. There are, however, no 
medical therapies preventing these complications of AAA. Statin is one of the candidates, but its efficacy on AAA 
formation/progression remains controversial. We have previously demonstrated that nanoparticles (NPs) 
incorporating pitavastatin (Pitava-NPs)—clinical trials using these nanoparticles have been already conducted—
suppressed progression of atherosclerosis in apolipoprotein E-deficient (Apoe－/－) mice. Therefore, we have tested 
a hypothesis that monocytes/macrophages-targeting delivery of pitavastatin prevents the progression of AAA.

Methods: Angiotensin II was intraperitoneally injected by osmotic mini-pumps to induce AAA formation in 
Apoe－/－ mice. NPs consisting of poly(lactic-co-glycolic acid) were used for in vivo delivery of pitavastatin to 
monocytes/macrophages.

Results: Intravenously administered Pitava-NPs (containing 0.012 mg/kg/week pitavastatin) inhibited AAA 
formation accompanied with reduction of macrophage accumulation and monocyte chemoattractant protein-1 
(MCP-1) expression. Ex vivo molecular imaging revealed that Pitava-NPs not only reduced macrophage 
accumulation but also attenuated matrix metalloproteinase activity in the abdominal aorta, which was 
underpinned by attenuated elastin degradation.

Conclusion: These results suggest that Pitava-NPs inhibit AAA formation associated with reduced macrophage 
accumulation and MCP-1 expression. This clinically feasible nanomedicine could be an innovative therapeutic 
strategy that prevents devastating complications of AAA.

death after rupture) 2). Prophylactic surgical 
intervention has been the only effective strategy for 
AAA rupture and aneurysm-related death. In addition, 
AAA increases the risk of aortic dissection that also 
causes sudden death. In recent years, endovascular 
therapies using stent grafts are increasing due to their 
less invasiveness. Evidence from large randomized 
trials reported that endovascular repair of AAA was 

Introduction

Abdominal aortic aneurysm (AAA) is a 
frequently observed vascular disease in aged humans. 
In the United States, rates of ruptured aortic aneurysm 
range from 0.71 to 11.03 per 1000 person-years1). 
Risk of rupture dramatically increases when diameters 
of the enlarged aorta exceed 5.5 cm (an 85% risk of 
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NPs in Apoe－/－ mice with a high-fat diet and 
angiotensin II infusion25). Flow cytometry analysis 
a f ter  intravenous inject ion of  PLGA-NPs 
incorporating fluorescent marker demonstrated that 
PLGA-NPs were predominantly delivered to 
monocytes in the peripheral blood and monocytes/
macrophages in the vascular wall with atherosclerotic 
lesions. Especially, in the vascular wall, selectivity to 
monocytes/macrophages was over six times higher as 
compared with neutrophils or lymphocytes. We have 
developed PLGA-NPs incorporating pitavastatin (Pitava-
NPs) and demonstrated their favorable effects on critical 
limb ischemia26), pulmonary hypertension27), plaque 
destabilization/rupture28), and ischemia-reperfusion 
injury of the heart29, 30), in which inflammation 
promotes their pathogenesis.

Therefore, this study aims to test the hypothesis 
that nanoparticle-mediated delivery of pitavastatin to 
monocytes/macrophages inhibits the progression of 
AAA. To test this hypothesis, Apoe－/－ mice fed a high-
fat diet and infused with angiotensin II were 
prepared31). To enhance the anti-inflammatory effects 
of pitavastatin, pitavastatin-loaded PLGA-NPs were 
prepared, and their efficacy on AAA was examined.

Materials and Methods

Ethics Statement
The study protocol was reviewed and approved 

by the Ethics Committee of Animal Experiments, 
Kyushu University Graduate School of Medical 
Sciences. This investigation conforms to the US 
National Institutes of Health guidelines (Guide for 
the Care and Use of Laboratory Animals). Blood 
collection and euthanasia were carried out by cervical 
dislocation after anesthesia with ketamine/xylazine (50 
mg/kg and 1 mg/kg). Depth of anesthesia was 
monitored by the toe pinch reflex test.

Preparation of PLGA Nanoparticles (NPs)
A lactide/glycolide copolymer (PLGA) with an 

average molecular weight of 20,000 and a lactide to 
glycolide copolymer ratio of 75:25 (Wako Pure Chemical 
Industries, Osaka, Japan) was used for formulation of 
NPs. PLGA-NPs incorporated with fluorescein 
isothiocyanate (FITC; Dojindo Laboratories, Kumamoto, 
Japan) or pitavastatin (Kowa Pharmaceutical Co. Ltd., 
Tokyo, Japan) were prepared by a previously reported 
emulsion solvent diffusion method in purified water32, 33). 
PLGA was dissolved in a mixture of acetone and 
ethanol. Then, FITC or pitavastatin was added to this 
solution. The resultant PLGA-FITC or PLGA-
pitavastatin solution was emulsified in polyvinyl alcohol 
solution with stirring at 400 rpm using a propeller-

associated with a significantly lower operative 
mortality than open surgical repair3, 4). However, there 
is no long-term benefit of endovascular stent grafting 
in patients with AAA5, 6). In addition, there are 
limitations in stent grafting including anatomical 
requirements. Therefore, there remain unmet needs to 
develop novel medical therapies preventing AAA 
formation and progression.

To develop effective and innovative therapeutics, 
it is necessary to explore the detailed mechanisms of 
AAA formation. The pathobiology of AAA is 
characterized by multiple factors: oxidative stress, 
inflammation, matrix degradation, and apoptosis of 
medial/adventitial smooth muscle cells (SMCs)7-9). In 
terms of inflammation, accumulation of activated 
monocytes/macrophages promotes degradation of 
extracellular matrix through synthesis and release of 
several proteinases including matrix metalloproteinases 
(MMPs), which results in the expansion/rupture of 
AAA10, 11). Several animal experiments suggest that 
monocyte/macrophage-mediated inflammation could 
be a novel therapeutic target12). For example, siRNA-
mediated gene silencing of leukocyte C-C chemokine 
receptor 2 (CCR2) inhibited angiotensin II-induced 
AAA formation13). D-series resolvins inhibit AAA 
formation through skewing macrophages toward an 
anti-inflammatory phenotype14). Clinically available 
drugs have also been tested in animals. HMG-CoA 
(3-hydroxy-3-methyl-glutaryl-CoA) reductase inhibitor 
has vasculoprotective and anti-inflammatory properties 
independent with its lipid-lowering effects15). In 
angiotensin II-infused mice, high-dose simvastatin 
and atorvastatin inhibit expansion of the abdominal 
aorta accompanied with reduction of macrophage 
accumulation16, 17). However, whether statins prevent 
AAA formation remains controversial18, 19). In humans, 
there are several reports about statin therapy in AAA 
patients. Some observational clinical studies and meta-
analysis have shown that statins delayed AAA growth 
and mortality in patients with small AAA20-22), but its 
efficacy on AAA expansion and rupture is still obscure 
due to lack of randomized controlled trials.

Recently, we have developed a nanotechnology-
based drug delivery system (NanoDDS)23). We have 
formulated nanoparticles composed of poly(lactic-co-
glycolic acid) polymers (PLGA-NPs)24). PLGA-NPs 
have the following advantages as a drug carrier: (1) 
deliver incorporated agents to monocytes/macrophages 
and sites with increased vascular permeability (e.g., 
inflamed sites and tumor tissues) after intravenous 
administration and (2) release incorporated agents 
after delivery to the target cells (intracellular DDS). 
We have previously demonstrated in vivo distribution 
of monocyte/macrophage-targeting delivery of PLGA-
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the left ventricle. Abdominal aortas were isolated and 
either fixed in 10% neutral buffered formalin for 
histological and immunohistochemical analysis or 
OCT compound (Sakura Finetechnical Co. Ltd., 
Tokyo, Japan, 4583) and stored at －80℃ for 
biochemical analysis.

To examine the effect of Pitava-NPs on AAA 
formation, animals were divided into four groups at 
the beginning of angiotensin II infusion: (1) no 
treatment group, (2) FITC-NP group (0.1 mg 
PLGA/200 µl PBS), (3) pitavastatin-only group (0.012 
mg pitavastatin/200 µl PBS), and (4) Pitava-NP group 
(0.1 mg PLGA/0.012 mg pitavastatin/200 µl PBS). 
NPs were administered by weekly intravenous 
injection.

Histopathology and Analysis of AAA
Whole aorta was harvested and suprarenal lesion 

of the aorta was embedded in paraffin or OCT 
compound for immunohistochemical analysis. 
Sections were cut at 3 µm and 5 µm for paraffin- and 
OCT-embedded sections, respectively. To evaluate 
abdominal aorta longitudinally, three sets of serial 
sections obtained at 500 µm intervals were stained 
with elastica van Gieson (EVG). Other sections were 
used for immunostaining. Abdominal aortic diameter 
was measured at suprarenal lesion of the aorta 
(between celiac and right renal artery). Severity of 
AAA formation was determined by its macroscopic 
appearance of the abdominal aorta based on the 
following scale modified from the previously 
published data (Supplementary Fig.1A)35): type I, 
aorta with no dilatation or thrombus; type II, dilated 
lumen in the suprarenal region of the aorta with no 
thrombus; type III, remodeled tissue in the suprarenal 
region that frequently contains thrombus; type IV, a 
pronounced bulbous of type III that contains 
thrombus; and type V, a form in which there are 
multiple aneurysms containing thrombus, some 
overlapping, in the suprarenal area of the aorta. Elastin 
degradation was determined by the EVG stain based 
on the following grade according to the previously 
published data (Supplementary Fig.1B)36): grade 1, 
well-preserved elastic lamina; grade 2, one of the 
elastin layers was degraded; grade 3, two or more of 
the elastin layers were degraded; and grade 4, 
degradation with all elastin layers.

Immunohistochemistry
Serial arterial sections were deparaffinized, and 

endogenous peroxidase was blocked by incubation 
with 0.3% H2O2 in methanol for 5 min. For antigen 
retrieval, sections were boiled for 20 min in citrate 
buffer (pH=6.0). After blocking with 3% skim milk, 

type agitator with three blades (Heidon 600G; Shinto 
Scientific, Tokyo, Japan). After the system was agitated 
for 2 h under reduced pressure at 40℃, the entire 
suspension was centrifuged (20,000 g for 20 min at 
－20℃). After the supernatant was removed, purified 
water was added and mixed with the sediment. The 
wet mixture was then centrifuged again to remove the 
excess polyvinyl alcohol and the unencapsulated 
reagent that could not adsorb onto the surfaces of the 
NPs. After this process was repeated, the resultant 
dispersion was freeze-dried under the same conditions. 
Unencapsulated-NP (empty-NP) was also prepared. 
The FITC- and pitavastatin-loaded PLGA-NP 
contained 5.0% (w/v) FITC and 12.0% (w/v) 
pitavastatin, respectively. The mean particle size was 
analyzed by the light scattering method (Microtrack 
UPA150; Nikkiso, Tokyo, Japan). The average 
diameter of the PLGA-NP was 231 nm and 159 nm 
for FITC-NP and Pitava-NP, respectively. The surface 
charge (zeta potential) was also analyzed by Zetasizer 
Nano (Sysmex, Hyogo, Japan) and was found to be 
anionic (−16.7 mV and −4.0 mV for FITC-NP and 
Pitava-NP, respectively).

Experimental Animals
Male Apoe－/－ mice (C57BL/6J genetic background) 

were purchased from Jackson Laboratory (Bar Harbor, 
ME). Animals were maintained on a 12-h light-dark 
cycle with free access to normal rodent chow and 
water.

Diet Preparation
A high-fat diet (HFD) that contained 21% fat 

from lard and was supplemented with 0.15% (wt/wt) 
pure cholesterol (Oriental yeast, Tokyo, Japan) was 
prepared according to the formula recommended by 
the American Institute of Nutrition. They contained 
constituents such as casein, cystine, corn starch, 
sucrose, cholic acid, mineral mixture, vitamin mixture, 
powdered cellulose, choline bitartrate, and tert-
butylhydroquinone.

Experimental Protocol
At 16–18 weeks of age, mice began to receive 

HFD. After 4 weeks of experimental diet, all mice 
were infused with angiotensin II dissolved in saline at 
1.9 mg/kg per day (1320 ng/kg/min) or phosphate-
buffered saline (PBS) via osmotic mini-pump (Alzet, 
Cupertino, California, AP2004) for 4 weeks34). 
Systolic blood pressure and heart rate were measured 
by the tail-cuff method before and 4 weeks after 
angiotensin II infusion. Mice were euthanized with 
intraperitoneal injection of pentobarbital at 28 days after 
pump implantation. Blood samples were collected via 
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Results

Nanoparticles Were Delivered to Mac-3-Positive 
Macrophages in the Aortic Wall After Intravenous 
Administration

We have previously reported that PLGA-NPs are 
predominantly delivered to peripheral monocytes and 
macrophages in the aortic wall after intravenous 
injection, although part of NPs are delivered to 
neutrophils and lymphocytes25). In the vascular wall of 
suprarenal aorta, a predilection region of angiotensin 
II-induced AAA, distribution of PLGA-NPs was 
examined using PLGA-NPs incorporating fluorescent 
marker, FITC (FITC-NPs). Double immunofluorescent 
staining by anti-FITC and anti-Mac-3 antibody 
revealed that Mac-3-positive macrophages were 
colocalized with FITC-positive cells, suggesting that 
FITC-NPs were delivered to macrophages in the 
vascular wall (Fig.1).

Nanoparticle-Mediated Delivery of Pitavastatin to 
Monocytes/Macrophages Inhibits AAA Formation

Pitava-NPs containing 0.4 mg/kg pitavastatin 
calcium were weekly administered by tail vein for 4 
weeks to examine the therapeutic effects on AAA 
formation. As we previously reported, Pitava-NPs have 
no significant effects on serum lipid profiles such as 
total cholesterol and triglyceride, blood pressure 
(systole/diastole), and heart rate after intravenous 
injection 28). Pitava-NPs significantly reduced 
enlargement of the abdominal aorta determined as the 
maximum abdominal diameter at suprarenal level as 
compared with FITC-NPs, while pitavastatin failed to 
reduce the enlargement as compared with no 
treatment group (Fig.2A). The severity of AAA was 
graded based on gross findings including luminal 
dilatation, thrombus formation, and the shape of 
aortic expansion (Supplementary Fig.1A). Although 
pitavastatin attenuated the severity grade of AAA to 
some extent (Fig.2B), it was noteworthy that AAA 
formation, defined as ＞1.5 mm dilatation of the 
aortas38), was markedly inhibited by Pitava-NPs. To 
clarify the pharmacokinetics of NP treatment, we 
measured the tissue concentration of pitavastatin in 
the liver and aorta of Pitava-NP group. The substantial 
tissue concentration of pitavastatin was detected in the 
liver (Supplementary Table 1), while that of 
pitavastatin in the aorta was almost below the 
detection limit because the sample size of the aorta 
was too small for high-performance liquid 
chromatography (Supplementary Table 2).

sections were incubated overnight at 4℃ with the 
respective antibodies: anti-mouse Mac-3 antibody 
(dilution 1:100, Santa Cruz Biotechnology Inc., Santa 
Cruz, California, sc-19991) and anti-mouse MCP-1 
antibody (dilution 1:200, Santa Cruz Biotechnology 
Inc., Santa Cruz, California, sc-1785) followed by 
incubation with biotin-conjugated secondary 
antibodies. The sections were then washed and treated 
with avidin-peroxidase. The sections were developed 
using the DAB substrate kit (Wako Pure Chemical, 
Tokyo, Japan), and nuclei were counterstained with 
hematoxylin. A single observer blinded to the 
experimental protocol performed quantitative analysis. 
All images were captured with a Nikon microscope 
equipped with a digital camera (HC-2500) and 
analyzed by using Adobe Photoshop 6.0 (Adobe 
Systems, San Jose, California) and Scion Image 1.62 
for Windows (Scion, Frederick, Maryland) software. 
In each case, the average value for four to five 
locations or sections for each animal was used for 
analysis.

Immunofluorescent staining was performed with 
frozen sections. FITC was stained with anti-FITC 
antibody (Abcam plc, Cambridge, UK), and nuclei 
were stained with VECTASHIELD Antifade 
Mounting Medium with DAPI (Vector Lab, 
Burlingame, CA). Fluorescent images were captured 
by confocal laser microscopy (Olympus FV1000) and 
analyzed by a single observer as described above.

Near-Infrared Fluorescence Molecular Imaging
Ex vivo fluorescence molecular tomography 

(FMT) was performed to evaluate macrophage 
accumulation and matrix metalloproteinase (MMP) 
activity as previously reported25, 37). We used near-
infrared fluorescent nanoparticles: Aminospark 680 
(Ex/Em=673/690 nm) and MMPSense 750 FAST 
(Ex/Em=749/775 nm) (PerkinElmer Inc., Waltham, 
MA, NEV10142, and NEV10168). These nanoparticles 
were administered via tail vein 24 h before imaging. 
After harvest of the heart and aorta, fluorescent signals 
from these nanoparticles were captured by dual-
channel FMT (FMT2000, PerkinElmer, Inc.).

Statistical Analysis
All data are expressed as median±interquartile 

range. The statistical analysis of differences between 
two groups was assessed using Mann–Whitney U-test, 
and the statistical analysis of differences among more 
than two groups was assessed by Kruskal–Wallis test 
with Dunn’s multiple comparison tests. Categorical 
valuables were assessed by Fisher’s exact test. P value of 
less than 0.05 was considered to be statistically significant.
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with Pitava-NPs that we provided, which was 
consistent with our finding39). Pitava-NPs significantly 
reduced macrophage accumulation in non-AAA 
lesion, but failed to reduce MCP expression 
significantly because medial SMCs were still MCP-1 
positive even after treatments with Pitava-NPs 
(Fig.3A).

Macrophage accumulation was also observed ex 
vivo using a near-infrared fluorescence (NIRF) 
molecular imaging. Nanoparticles consisting of an 
iron oxide core were intravenously injected to visualize 
macrophage accumulation in the aneurysmal lesion. 
Fluorescent signals emitted by accumulating probes 
were observed in enlarged abdominal aorta, which was 
significantly attenuated by Pitava-NPs (Fig.3B).

Nanoparticle-Mediated Delivery of Pitavastatin to 
Monocytes/Macrophages Reduces MCP-1 Expression 
and Macrophage Accumulation

Immunohistochemical analysis revealed 
accumulation of Mac-3-positive macrophages in the 
media and the intramural space of the enlarged aorta 
in FITC-NP group. MCP-1 was observed in the 
macrophages and medial SMCs (Fig.3A). Pitava-NPs 
significantly reduced the accumulation of Mac-3-
positive macrophages and MCP-1 expression in total 
lesion of the abdominal aorta. Other investigators 
showed reduced mRNA levels of MCP-1 in the aorta 

Fig.1. PLGA nanoparticles are delivered to Mac-3＋ macro-
phages in suprarenal aorta after intravenous adminis-
tration

Nanoparticles incorporating fluorescent marker (FITC-NPs) were 
intravenously injected in mice after high-fat diet feeding (8 weeks) 
and angiotensin II infusion (4 weeks). Abdominal aorta was har-
vested 24 h later and distribution of nanoparticles was identified 
by immunofluorescent staining (FITC, Mac-3). Scale bars indicate 
50 µm.

Fig.2. Effects of Pitava-NP on expansion and severity of 
AAA in Apoe－/－ mice

A, A quantitative result of abdominal diameters measured at supra-
renal abdominal aorta. N=7, 9, 12, and 11 for No Tx, FITC-NP, 
Pitava, and Pitava-NP, respectively. No Tx, no treatments. The 
data were reported as the median±interquartile range using by 
Kruskal–Wallis test with Dunn’s multiple comparison tests. B, 
Severity grade of the abdominal aortas. N=16, 9, 12, and 11 for 
No Tx, FITC-NP, Pitava, and Pitava-NP, respectively. P value was 
calculated by Fisher’s exact test.
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focused on elastin degradation and analyzed 
histopathologic features of abdominal aortic lesions. 
In FITC-NP group, intramural hematoma was 
observed adjacent to the disrupted elastin layers. On 
the other hand, elastin layers were well-preserved in 
Pitava-NP group. Elastin degradation score tended to 
reduce in Pitava-NP group (Fig.4A and Supplementary 

Pitava-NP Inhibits Elastin Degradation and MMP 
Activities in the Aneurysmal Aortic Lesions

Proteinases including matrix metalloproteinases 
(MMPs), cathepsins, and elastases degrade 
extracellular matrix and promote enlargement of the 
aorta40-42). Especially, loss of elastin causes enlargement 
and rupture of the aneurysmal aorta43). Hence, we 
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Fig.3. Nanoparticle-mediated delivery of pitavastatin to monocytes/macrophages suppresses macrophage accumulation to the 
aneurysmal aorta

A, Left panels: photomicrographs of suprarenal abdominal aorta stained with anti-Mac-3 antibody. The scale bar indicates 50 µm. Right pan-
els: photomicrographs of suprarenal abdominal aorta stained with anti-MCP-1 antibody. Lower graphs indicate the results of quantitative 
analysis in total and non-AAA lesion. N=7 and 10 for total lesion and N=3 and 10 for non-AAA lesion, respectively. The data are reported as 
the median±interquartile range using Mann–Whitney U-test. B, Ex vivo, near-infrared fluorescent imaging showing macrophage accumula-
tion. Fluorescent nanoparticles with iron oxide core were injected by tail vein 24 h before imaging. Right graph shows quantitative data of flu-
orescent signal counts. N=6. The data were reported as the median±interquartile range using Mann–Whitney U-test.
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cleaved by MMPs including MMP-2, MMP-9, and 
MMP-12. Ex vivo fluorescent molecular tomography 
demonstrated increased MMP activity in the 
aneurysmal aorta. Pitava-NP significantly attenuated 
MMP activity in the aorta (Fig.4B).

Fig.1B).
We then evaluated MMP activities in the aorta 

by NIRF imaging using MMP-activatable probe 
named MMPSense. MMP-12 is  known as 
macrophage elastase and both MMP-2 and MMP-9 
have elastolytic properties during the development of 
AAA44, 45). MMPSense emits near-infrared signal when 

Fig.4. Pitava-NPs inhibit elastin degradation and MMP activities in the aneurysmal aorta

A, Upper panels: photographs and photomicrographs of suprarenal abdominal aortas. Sections were stained with elastica van Gieson (EVG) 
solution. Asterisk shows intramural hematoma. The scale bar indicates 1 mm and 50 µm for magnified image. Lower panel: elastin degrada-
tion score of the abdominal aortas. N=7 and 10 for FITC-NP and Pitava-NP, respectively. The data were assessed by Fisher’s exact test. B, Ex 
vivo, near-infrared fluorescent imaging showing MMP activities. Nanoparticles with quenched and MMP-activatable fluorescence were 
injected by tail vein 24 h before imaging. Right graph shows quantitative data of fluorescent signal counts. N=6. The data were reported as 
the median±interquartile range using Mann–Whitney U-test.
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among commercially available statins51).
Nanoparticle-based drug delivery systems can 

improve the pharmacokinetics of pitavastatin by 
promoting delivery to phagocytic monocytes/
macrophages and escaping delivery to non-targeted 
tissues24, 25, 27, 28, 50). We have already demonstrated in 
vivo distribution of the intravenously injected 
PLGA-NP in hyperlipidemic and angiotensin 
II-infused Apoe－/－ mice25). In the study, we have 
clarified that FITC-NPs were delivered to monocytes, 
neutrophils, and part of lymphocytes in the peripheral 
blood by intravenous injection and retained longer 
than FITC solution. FITC-NPs were predominantly 
delivered to circulating monocytes and macrophages 
in the aorta with atherosclerotic plaques. While FITC 
signal reaches the peak 2 h after injection of FITC-
NPs and is also detected reduced by half 2 days later 
in the blood, FITC signal reaches the peak 2 days after 
injection and remained in the vascular wall over 7 
days after injection. Based on these results, we 
intravenously administered Pitava-NPs once a week. 
Weekly intravenous treatment with Pitava-NPs 
inhibited AAA formation associated with reduced 
macrophage infiltration without affecting serum 
cholesterol and triglyceride levels.

To elucidate the mechanisms underlying the 
therapeutic effects of Pitava-NP in AAA, we examined 
macrophage-mediated inflammation in the abdominal 
aorta. Pitava-NP significantly reduced macrophage 
accumulation in the media and intramural space of 
the abdominal aorta. MCP-1 expression of the 
abdominal aorta was colocalized with lesional 
macrophages and medial SMCs in the control group. 
We have already reported that Pitava-NP reduced 
MCP-1 gene expression and MCP-1-induced 
chemotaxis using monocyte/macrophage-like cells28). 
All of these data suggested that accumulating 
macrophages express MCP-1 and then the MCP-1 
might accelerate monocyte infiltration to the vascular 
wall leading to a vicious cycle of macrophage-
mediated inflammation, which was ameliorated by 
Pitava-NPs. We analyzed macrophage accumulation 
and MCP-1 expression not only in total lesion but 
also in non-AAA lesion, because it is more reasonable 
to exclude AAA lesion to provide insights into 
understanding mechanisms. Although Pitava-NP 
failed to abrogate MCP-1 expression in non-AAA 
lesion since MCP-1 was still observed in the medial 
SMCs even in Pitava-NP group, reduced MCP-1-
induced chemotaxis by Pitava-NP might involve the 
mechanism of the reduced macrophage infiltration to 
the arterial wall even in the presence of MCP-1. 
Hence, NP-mediated inhibition of MCP-1 could be a 
mechanism underlying these therapeutic effects of 

Discussion

In this study, we demonstrated that NP-mediated 
delivery of pitavastatin to monocytes/macrophages 
inhibits angiotensin II-induced AAA formation in 
hyperlipidemic mice. The following are the major 
findings of this study: (1) PLGA-NPs were delivered 
to macrophages in the vascular wall of suprarenal aorta 
after intravenous injection; (2) Pitava-NP markedly 
inhibited AAA formation; (3) Pitava-NP reduced 
macrophage accumulation and MCP-1 expression in 
the vascular wall; and (4) Pitava-NP tended to inhibit 
elastin degradation, accompanied with attenuated 
MMP activities.

Patients with AAA diameter over 50 mm 
undergo surgical repair/replacement of the enlarged 
aorta to prevent rupture of AAA46). In recent years, 
less invasive endovascular surgery has become a 
common procedure, but a certain number of patients 
are not indicated to surgeries due to anatomical 
reasons or systemic conditions. Furthermore, there are 
no effective therapeutic options in patients with AAA 
diameter between 30 and 50 mm. The efficacies of 
currently available medicine (e.g., statins, β-blocker, 
ACE inhibitor/ARB, and other antihypertensive 
drugs) on AAA progression and its complications 
remain controversial22, 47). In experimental animals, 
various medical agents, including MMP inhibitor, 
JNK inhibitor, and NF-κB decoy, are tested as 
therapeutics for AAA, and their efficacies are 
reported48, 49), but these agents have to overcome many 
steps including toxicity tests before the clinical 
application, which needs a significant amount of time 
and cost.

Statins exert their therapeutic effects by several 
mechanisms including anti-inflammatory and anti-
oxidative effects, besides their lipid-lowering effects. 
Serum total cholesterol concentration itself is reported 
not to be associated with the progression of AAA48). 
However, the therapeutic effects of statins remain 
controversial and are not consistent in both animal 
and clinical studies. Animal studies have suggested a 
possibility that each statin has different effects on the 
pathobiology of AAA16, 17, 50), which may cause 
inconsistent results of clinical studies. In addition, 
pharmacokinetics of each statin is different, and drug 
concentration in target tissues might not be sufficient 
in several clinical trials.

Considering these possibilities, we used a 
pitavastatin-loaded polymeric nanoparticle as a 
therapeutic agent for AAA in this study. We adopted 
pitavastatin as loaded statin for this nanoparticle 
because this compound demonstrates the most potent 
inhibitory effects on HMG-CoA reductase activity 
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Supplementary Materials and Methods

Ethics Statement 
The study protocol was reviewed and approved 

by the Committee on the Ethics of Animal 
Experiments, Kyushu University Graduate School of 
Medical Sciences. This investigation conforms the US 
National Institutes of Health guidelines (Guide for 
the Care and Use of Laboratory Animals). Blood 
collection and euthanasia were carried out by cervical 
dislocation after anesthesia with ketamine/xylazine (50 
mg/kg and 1 mg/kg). Depth of anesthesia was 
monitored by the toe pinch reflex test. 

Preparation of PLGA Nanoparticles (NPs)
A lactide/glycolide copolymer (PLGA) with an 

average molecular weight of 20,000 and a lactide to 
glycolide copolymer ratio of 75:25 (Wako Pure 
Chemical Industries, Osaka, Japan) was used for 
formulation of NPs. PLGA-NPs incorporated with 
f luorescein isothiocyanate (FITC; Dojindo 
laboratories, Kumamoto, Japan) or pitavastatin (Kowa 
Pharmaceutical Co Ltd, Tokyo, Japan) was prepared 
by a previously reported emulsion solvent diffusion 
method in purified water1, 2). PLGA was dissolved in a 
mixture of acetone and ethanol. Then, FITC or 

pitavastatin was added to this solution. The resultant 
PLGA-FITC or PLGA-pitavastatin solution was 
emulsified in polyvinyl alcohol solution with stirring 
at 400 rpm using a propeller-type agitator with 3 
blades (Heidon 600G; Shinto Scientific, Tokyo, 

Japan). After the system was agitated for 2 hours 
under reduced pressure at 40℃, the entire suspension 
was centrifuged (20,000 g for 20 minutes at －20℃). 
After the supernatant was removed, purified water was 
added and mixed with the sediment. The wet mixture 
was then centrifuged again to remove the excess 

polyvinyl alcohol and the unencapsulated reagent that 
could not adsorb onto the surfaces of the NPs. After 
this process was repeated, the resultant dispersion was 
f r e e ze -d r i ed  unde r  th e  s ame  cond i t i on s . 
Unencapsulated-NP (empty-NP) was also prepared. 
The FITC- and pitavastatin-loaded PLGA-NP 
contained 5.0% (w/v) FITC and 12.0% (w/v) 
pitavastatin, respectively. The mean particle size was 
analyzed by the light scattering method (Microtrack 
UPA150; Nikkiso, Tokyo, Japan). The average 
diameter of the PLGA-NP was 231 nm and 159 nm 
for FITC-NP and Pitava-NP, respectively. The surface 
charge (zeta potential) was also analyzed by Zetasizer 
Nano (Sysmex, Hyogo, Japan) and was found to be 
anionic (-16.7 mV and -4.0 mV for FITC-NP and 
Pitava-NP, respectively).

Experimental Animals
Male apolipoorotein E-deficient (Apoe－/－) mice 

(C57BL/6J genetic background) were purchased from 
Jackson Laboratory (BarHarbor, ME). Animals were 
maintained on a 12-h light-dark cycle with free access 
to normal rodent chow and water.

Diet Preparation
A high-fat diet (HFD) that contained 21% fat 

from lard and was supplemented with 0.15% (wt/wt) 
pure cholesterol (Oriental yeast, Tokyo, Japan) were 
prepared according to the formula recommended by 
the American Institute of Nutrition. They contained 
the following constituents: casein, cystine, corn starch, 
sucrose, cholic acid, mineral mixture, vitamin mixture, 
powdered cellulose, choline bitartrate, and tert-
butylhydroquinone.

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. At 16-18 weeks of age, mice began 
to receive HFD. After 4 weeks of experimental diet, 
all mice were infused with angiotensin II dissolved in 
saline at 1.9 mg/kg per day (1320 ng/kg/min) or 
phosphate buffered saline (PBS) via osmotic mini-
pump (Alzet, Cupertino, California, AP2004) for 4 
weeks3, 4). Systolic blood pressure and heart rate were 
measured by the tail-cuff method before and 4 weeks 
after angiotensin II infusion. Mice were euthanized 
with intraperitoneal injection of pentobarbital at day 
28 of angiotensin II infusion for analysis. Blood 
samples were collected via the left ventricle. 
Abdominal aortas were isolated and either fixed in 10 
% buffered formalin for histological  and 
immunohistochemical analysis or OCT compound 
(Sakura Finetechnical Co Ltd, Tokyo, Japan, 4583), 
and stored at －80℃ for biochemical analysis.

To examine the effect of nanoparticle-mediated 
monocyte-selective delivery of pitavastatin on AAA 
formation, animals were divided into 4 groups at the 
beginning of angiotensin II infusion: (1) no treatment 
group; (2) FITC-incorporated NP group (0.1 mg 
PLGA/ 200 µl PBS); (3) Pitvastatin-only group (0.012 
mg Pitavastatin/ 200 µl PBS); and (4) Pitavastatin-
incorporated NP group (0.1 mg PLGA/ 0.012 mg 
Pitavastatin/ 200 µl PBS). NPs were administered by 
weekly intravenous injection. The dose of 
pitavastatin-NP used in this study was selected because 
the effectiveness was confirmed in hind limb ischemia 
model reported in a prior study5).
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Histopathology and Analysis of AAA
Whole aorta was harvested and suprarenal lesion 

of the aorta was embedded in paraffin or OCT 
compound for immunohistochemical analysis. 
Sections were cut at 3 µm for paraffin-embedded 
sections and 5 µm for OCT-embedded sections. To 
evaluate abdominal aorta longitudinally, three sets of 
serial sections obtained at 500 µm intervals were 
stained with elastica van Gieson (EVG). Other 
sections were used for immunostaining. Abdominal 
aortic diameter was measured at suprarenal lesion of 
aorta (between celiac and right renal artery). Severity 
of AAA formation was determined by its macroscopic 
appearance of abdominal aorta based on the following 
scale modified from the previously published data 
(Supplementary figure IA)6): Type I, aorta with no 
dilatation or thrombus. Type II, dilated lumen in the 
suprarenal region of the aorta with no thrombus. Type 
III, remodeled tissue in the suprarenal region that 
frequently contains thrombus. Type IV, a pronounced 
bulbous of type III that contains thrombus. Type V, a 
form in which there are multiple aneurysms 
containing thrombus, some overlapping, in the 
suprarenal area of the aorta. Elastin degradation was 
determined by the EVG stain based on the following 
grade according to the previously published data 
(Supplementary figure IB)7): Grade 1, well preserved 
elastic lamina. Grade 2, one of elastin layers was 
degraded. Grade 3, two or more of elastin layers were 
degradated. Grade 4, degradation with all elastin 
layers.

Immunohistochemistry
Serial arterial sections were deparaffinized, and 

endogenous peroxidase was blocked by incubation 
with 0.3 % H2O2 in methanol for 5 minutes. For 
antigen retrieval, sections were boiled for 20 minutes 
in citrate buffer (pH=6.0). After blocking with 3% 
skim milk, sections were incubated overnight at 4℃ 
with the respective antibodies: anti-mouse macrophage 
antibody (Mac-3; dilution 1:100, Santa Cruz 
Biotechnology Inc, Santa Cruz, California, sc-19991), 
and anti-mouse MCP-1 antibody (dilution 1:200, 
Santa Cruz Biotechnology Inc, Santa Cruz, California, 
sc-1785) followed by incubation with biotin 
conjugated secondary antibodies. Then the sections 
were washed and treated with avidin-peroxidase. The 
sections were developed using the DAB substrate kit 
(Wako purechemical, Tokyo, Japan) and nuclei were 
counterstained with hematoxylin. A single observer 
who was blinded to the experiment protocol 
performed quantitative analysis. All images were 
captured with a Nikon microscope equipped with a 
digital camera (HC-2500) and analyzed by using 

Adobe Photoshop 6.0 (Adobe Systems, San Jose, 
California) and Scion Image 1.62 for Windows (Scion, 
Frederick, Maryland) software. In each case, the 
average value for 4 to 5 locations or sections for each 
animal was used for analysis.

Immunofluorescent staining was performed with 
frozen sections. FITC was stained with anti-FITC 
antibody (Abcam plc, Cambridge, UK) and nuclei 
were stained with VECTASHIELD Antifade 
Mounting Medium with DAPI (Vector Lab, 
Burlingame, Ca). Fluorescent images were captured by 
confocal laser microscopy (Olympus FV1000) and 
analyzed by a single observer as described above.

Near-Infrared Fluorescence Molecular Imaging
Ex vivo fluorescence molecular tomography 

(FMT) was performed to evaluate macrophage 
accumulation and matrix metalloproteinase (MMP) 
activity as previously reported8, 9). We used near-
infrared fluorescent nanoparticles; Aminospark 680 
(Ex/Em=673/690 nm) and MMPSense 750 FAST 
(Ex/Em=749/775 nm) (PerkinElmer, Inc., Waltham, 
MA, NEV10142 and NEV10168). These nanoparticles 
were administered via tail vein 24 hours before 
imaging. After harvest of the heart and aorta, 
fluorescent signals from these nanoparticles were 
captured by dual channel FMT (FMT2000, 
PerkinElmer, Inc).

Measurements of Statin Tissue Concentration in 
the Liver and Aorta

For pharmacokinetic analyses, Pitava-NPs (0.1 
mg PLGA/ 0.012 mg Pitavastatin/ 200 µl PBS) were 
intravenously injected. After euthanization at the 
indicated time points, tissue homogenates were 
prepared and diluted in methanol. Pitavastatin 
concentrations in the liver and aorta were determined 
by high-performance liquid chromatography-tandem 
mass spectrometry (LC/MS/MS) as follows: separation 
of the sample was performed on a 150×2 mm, 5 µm 
analytical column (Develosil C30-UG-5, Nomura 
Chemical) at 40℃ over 7 minutes with a flow rate of 
0.2 mL/min. The high-performance liquid 
chromatography was next coupled to tandem mass 
spectrometry by positive turbo ion spray (5500 V).

Statistical Analysis
All data are expressed as median±interquartile 

range. The statistical analysis of differences between 
two groups was assessed with Mann-Whitney U-test, 
and the statistical analysis of differences among more 
than two groups was assessed by Kruskal-Wallis test 
with Dunn’s multiple comparison tests. Categorical 
valuables were assessed by Fisher’s exact test. P value of 
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less than 0.05 was considered to be statistically 
significant.
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Supplementary Fig.1.

A, Severity grade of abdominal aortic aneurysm formation. B, Elastin degradation grade of 
abdominal aortic aneurysm formation.

Supplementary Table 1. Tissue concentration of pitavastatin in the liver in Pitava-NP group

2 hours (N=3) 6 hours (N=3) 24 hours (N=3)

Concentration (ng/g) 24.3±4.4 5.4±1.5 N.D.

The data are expressed as the mean±SEM. N.D. indicates not determined (values less than the lower limit of quantification (2.5 ng/g)).

Supplementary Table 2. Tissue concentration of pitavastatin in the aorta in Pitava-NP group

2 hours (N=3) 6 hours (N=3) 24 hours (N=3)

Concentration (ng/g) 10.7 N.D. (3.6＞) 9.5
N.D. (3.6＞) N.D. (5.0＞) N.D. (2.5＞)
N.D. (7.1＞) N.D. (5.0＞) N.D. (3.6＞)

N.D. indicates not determined (values less than the indicated lower limit of quantification).
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