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Results

Patients Characteristics

Table 1 shows the baseline characteristics of the two groups. There were no significant
differences in age, blood pressure, serum creatinine, and hemoglobin between 10-mg and
20-mg group of cilnidipine. None of the patients had the clinical side effects of cilnidipine.

Effects of Cilnidipine on Blood Pressure and Heart Rate

After the treatment with cilnidipine for 6 months, blood pressure was significantly
reduced in all patients, and the effect of blood pressure lowering was significantly greater
in 20-mg group than in 10-mg group (Tables 2, 3, and 4). Heart rate was not significantly
decreased in both groups after the treatment with cilnidipine (Tables 2, 3, 4).

Effects of Cilnidipine on Sympathetic and Parasympathetic Nerve Activity

After the treatment with cilnidipine for 6 months, LFnuSBP were significantly decreased
in both groups (Tables 2 and 3), and the suppressive effects were stronger in the 20-mg
group than in the 10-mg group (Table 4). While HFnuRRI was not significantly changed
in the 10-mg group (Table 2), it was significantly increased in the 20-mg group (Table 3).

Effects of Cilnidipine on Baroreflex Sensitivity

In the 10-mg group, BRS was not significantly changed between before and after the treat-
ment with cilnidipine (Table 2). However, in the 20-mg group, BRS was significantly
improved after the treatment with cilnidipine for 6 months (Table 3).

Table 1
Clinical profile of the patients in 10-mg and 20-mg group
10-mg Group 20-mg Group
(n=35) (n=53)
Age (year) 567 59+£8 NS
Systolic blood pressure (mmHg) 161 +13 157 £12 NS
Diastolic blood pressure (mmHg) 1005 98 £ 8 NS
Heart rate (bpm) 805 7616 NS
AST/ALT (IU/L) 26027+ 26+9/28+6 NS
Cr (mg/dL) 0.7+£0.2 0.8+0.2 NS
Total cholesterol (mg/dL) 182 +19 178 £ 22 NS
Triglyceride (mg/dL) 02 +33 88 £36 NS
LDL cholesterol (mg/dL) 110+ 14 108 £ 12 NS
HDL cholesterol (mg/dL) 46+7 48+ 6 NS
Glucose (mg/dL) 89+ 11 93+ 10 NS
HbAlc (%) 56+04 55106 NS
BNP (pg/ml) 38+ 14 32411 NS
Left ventricular ejection fraction (%) 70+£9 7218 NS
Cardio-thoracic ratio(%) 54+8 51+8 NS
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Therapeutic Neovascularization by Nanotechnology-
Mediated Cell-Selective Delivery of Pitavastatin Into the
Vascular Endothelium

Mitsuki Kubo, Kensuke Egashira, Takahiro Inoue, Jun-ichiro Koga, Shinichiro Oda, Ling Chen,
Kaku Nakano, Tetsuya Matoba, Yoshiaki Kawashima, Kaori Hara, Hiroyuki Tsujimoto, Katsuo Sueishi,
Ryuji Tominaga, Kenji Sunagawa

Objective—Recent clinical studies of therapeutic neovascularization using angiogenic growth factors demonstrated smaller
therapeutic effects than those reported in animal experiments. We hypothesized that nanoparticle (NP)-mediated
cell-selective delivery of statins to vascular endothelium would more effectively and integratively induce therapeutic

neovascularization.

Methods and Results—In a murine hindlimb ischemia model, intramuscular injection of biodegradable polymeric NP
resulted in cell-selective delivery of NP into the capillary and arteriolar endothelium of ischemic muscles for up to 2
weeks postinjection. NP-mediated statin delivery significantly enhanced recovery of blood perfusion to the ischemic
limb, increased angiogenesis and arteriogenesis, and promoted expression of the protein kinase Akt, endothelial nitric
oxide synthase (eNOS), and angiogenic growth factors. These effects were blocked in mice administered a nitric oxide

synthase inhibitor, or in eNOS-deficient mice.

Conclusions—NP-mediated cell-selective statin delivery may be a more effective and integrative strategy for therapeutic
neovascularization in patients with severe organ ischemia. (Arterioscler Thromb Vasc Biol. 2009;29:796-801.)

Key Words: nanotechnology m drug delivery system m statin m therapeutic neovascularization

Restomtion of tissue perfusion in patients with critical
ischemia attributable to coronary artery disease and
peripheral artery disease is a major therapeutic goal. Re-
cently, double-blind placebo-controlled clinical trials de-
signed to induce neovascularization by administering exoge-
nous angiogenic growth factors failed to demonstrate a
clinical benefit and produced some undesired side effects.!-
These nonoptimal clinical results were in contrast to the
results obtained in animal experiments and small open-label
clinical trials.?# The disappointing results of the clinical trials
of therapeutic angiogenesis may be attributable in part to less
effective transfection of the genetic materials or the rapid
washout of proteins. In addition, because the involvement of
multiple endogenous angiogenic growth factors is required
for the development of functional collaterals,>© the strategy of
simple intramuscular injection of an exogenous angiogenic
growth factor is limited. A high local concentration of
angiogenic growth factors increases the risks of edema,*?
angioma-like capillary formation,”-? atherosclerosis after vas-
cular injury,'®'* and tumor-angiogenesis.”® A controlled
drug delivery system (DDS) for an integrative approach to
therapeutic neovascularization would be more favorable.

To address this challenge, we developed a novel nanopar-
ticle (NP)-mediated DDS, formulated from the bioabsorbable
polylactide/glycolide copolymer (PLGA).'* The PLGA NP
offers the advantages of safety, delivery of encapsulated
drugs into the cellular cytoplasm, and slow cytoplasmic drug
release.'*!S PLGA NP are effectively and rapidly taken up by
vascular endothelial cells in vitro.'"® To our knowledge,
however, no prior studies have examined whether PLGA NPs
are useful as an endothelial cell-selective DDS in vivo.

We hypothesized that HMG-CoA reductase inhibitors,
so-called statins, are appropriate candidate drugs for this
integrative approach, because statins have a variety of pleio-
tropic vasculoprotective effects that are independent of their
lipid-lowering activity.!” Statins increase the angiogenic ac-
tivity of mature endothelial cells as well as that of endothelial
progenitor cells (EPCs)'8:1? and augment collateral growth in
ischemic heart and limb in experimental animals.2%2! In
addition, statins attenuate atherosclerosis formation??-23 and
have little potential risk of tumor angiogenesis in contrast to
angiogenic growth factors.>* Most of these beneficial effects
of statin on therapeutic neovascularization, however, were
observed after daily administration of high doses,'8-2! which
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may lead to serious adverse side effects in a clinical setting.
Because vascular endothelium plays a primary role in the
pathogenesis of ischemia-induced neovascularization, we hy-
pothesized that NP-mediated cell-selective delivery of statins
to the vascular endothelium would more effectively and
integratively induce therapeutic neovascularization.

The major aim of this study was to test the hypothesis that
selective NP-mediated delivery of statins to endothelial cells
can be an integrative approach to enhance therapeutic neo-
vascularization. We used a murine model of hindlimb ische-
mia to examine, (1) whether PLGA NPs are delivered
selectively to vascular endothelial cells in ischemic tissues;
and (2) whether NP-mediated delivery of statin is useful for
increasing therapeutic neovascularization.

Materials and Methods
Preparation of PLGA NPs

Anionic PLGA NPs encapsulated with fluorescein isothiocyanate
(FITC) or pitavastatin were prepared by a previously reported
emulsion solvent diffusion method in purified water. The diameter of
the PLGA NPs was 196229 nm. The PLGA NPs had a negative
surface charge (-15=10 mV). The FITC- and pitavastatin-loaded
PLGA NPs contained 5% (wt/vol) FITC and 5% (wt/vol) pitavasta-
tin, respectively. Additional details are provided in the supplemental
information (please see http://atvb.ahajournals.org.).

Intracellular Uptake and Intracellular Distribution
of NPs

Human umbilical vein endothelial cells (HUVECs) were obtained
and cultured in EGM-2. Human skeletal muscle cells (SkMCs) were
obtained and cultured in SkGM. Additional details can be found in
the supplemental information.

Angiogenesis Assay of Human Endothelial Cells
Angiogenesis assay of human endothelial cells was tested using a
2-dimensional Matrigel assay. Additional details are provided in the
supplemental information.

Animal Preparation and Experimental Protocol
Male 8-week-old C57BL/6J wild-type mice were used. After anes-
thesia, we induced unilateral hindlimb ischemia in the mice as
previously described.?* Immediately after the induction of ischemia,
animals were randomly divided into 4 groups; a control no treatment
group and the remaining groups received intramuscular injections of
FITC-NPs (NP group), pitavastatin at 0.4 mg/kg (statin only group),
or pitavastatin-NPs containing 0.4 mg/kg pitavastatin (statin-NP
group) into the left femoral and thigh muscles. Biochemical param-
eters listed in supplemental Table I were measured 3, 7, and 14 days
after treatment. Additional details are provided in the supplemental
information.

Limb blood flow measurements were performed using a laser
Doppler perfusion imaging (LDPI) analyzer (Moor Instruments).
The LDPI index was expressed as the ratio of the LDPI signal in the
ischemic limb compared to that in the normal limb.?3

Histological and Immunohistochemical Analyses
Histological and immunohistochemical evaluation was performed.
To determine capillary and arteriolar density, cross sections were
stained with anti-mouse platelet endothelial cell adhesion molecule
(PECAM)-1 antibody (CD31) and a-smooth muscle actin (a-SMA),
respectively. Additional details are provided in the supplemental
information.
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Figure 1. A, Representative light and fluorescent stereomicro-
graphs of gastrocnemius muscles from control nonischemic hind-
limb and from ischemic hindlimb. B, Fluorescent micrographs of
cross-sections from nonischemic muscle with no injection, ische-
mic muscles 14 days after the injection of FITC-NP, and expanded
view of boxed area of middle panel. Scale bars: 100 pum.

Western Blotting

Protein expression of Akt, eNOS, VEGF, FGF-2, and MCP-1 was
examined 7 days after the induction of hindlimb ischemia. Addi-
tional details are provided in the supplemental information.

Flow Cytometric Analyses of EPC Mobilization
Peripheral blood was obtained from mice 7 and 14 days after
hindlimb ischemia and analyzed with a FACS Caliber flow cytom-
eter (Becton Dickinson). Additional details are provided in the
supplemental Information.

Measurements of Statin Concentration in Serum

and Muscle Tissue

Statin concentration in serum and muscle were measured at prede-
termined time points using a column-switching high performance
liquid chromatography system. Additional details are provided in the
supplemental information.

Statistical Analysis

Data are expressed as means*SEM. The statistical analysis was
assessed using analysis of variance and multiple comparison tests.
Probability values less than 0.05 were considered to be statistically
significant,

Results

Cell-Selective Delivery of NPs In Vivo

Cellular distribution of FITC was examined 3, 7, and 14 days
after intramuscular injection of FITC-NP or FITC only. On
day 3 postinjection, strong FITC signals were detected only in
FITC-NP injected ischemic muscle, whereas no FITC signals
were observed in control nonischemic muscle or in ischemic
muscle injected with FITC only (Figure 1A). The FITC
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signals were localized predominantly in the capillaries and
arterioles. FITC signals were also detected in myocytes at this
time point. These data suggest that NP solution might
distribute to intra- and extracellular spaces of ischemic
skeletal muscle tissues immediately after intramuscular injec-
tion of NPs, and then the NP was uptaken by cells in injected
muscles (endothelial cells, smooth muscle cells, myocytes,
etc) or retained in extracellular spaces at this early time point.

On days 7 and 14, FITC signals remained localized
predominantly in capillaries and arterioles (Figure 1B). Im-
munofluorescent staining revealed FITC signals localized
mainly in endothelial cells positive for CD31, a marker of
angiogenesis, in FITC-NPs injected ischemic muscle 14 days
postischemia (supplemental Figure I). In contrast, no FITC
signals were observed in myocytes. FITC signals were not
detected in contralateral nonischemic hindlimb or in remote
organs (liver, spleen, kidney, and heart) at any time point
(data not shown).

Cellular Delivery of NPs Into Vascular Endothelial
Cells Versus Skeletal Myocytes In Vitro

Cellular uptake of NPs was examined in HUVECs and
SkMCs after incubation with FITC-NPs for 1 hour. The
number of FITC-positive cells was greater among HUVECs
than among SkMCs (supplemental Figure ITA). An inhibitor
of clathrin-mediated endocytosis, chlorpromazine (CPZ), did
not affect the magnitude of cellular FITC signals in SkMCs,
but reduced the magnitude in HUVECs (supplemental Figure
IIB). Long-term cell culture after 1-hour incubation with
FITC-NPs revealed cellular FITC signals in HUVECs on
days 3 and 7 postincubation (supplemental Figure IIC). In
contrast, no FITC signal was detected in SKMC (data not
shown).

Effects of Statin-NP on

Ischemia-Induced Neovascularization

Treatment with statin-NP that contains pitavastatin at 0.4
mg/kg, but not with FITC-NP or statin only, significantly
increased blood flow recovery on days 7 and 14 (Figure 2A
and 2B). The beneficial effects of statin-NP were not associ-
ated with significant changes in serum biochemical markers
(supplemental Table I), but angiogenesis and arteriogenesis
were significantly increased (Figure 2C). Examination of
hematoxylin-eosin-stained sections revealed no abnormal his-
topathologic findings (inflammation and fibrosis) among the
4 groups (data not shown). There was no significant differ-
ence in muscle fiber density among the 4 groups (data not
shown).

Single intramuscular injection of nonnanoparticulated sol-
uble pitavastatin at doses of 4 and 20 mg/kg exerted no effect
on blood perfusion after hindlimb ischemia (supplemental
Figure IIIA). Oral daily administration of pitavastatin at 0.4
mg/kg did not increase blood flow recovery, but pitavastatin
at 1.0 and 10 mg/kg significantly increased blood flow
recovery on day 14 (supplemental Figure IV).

Systemic daily administration of statins is reported to
increase EPC mobilization,'82¢ but the EPC number in the
circulating blood was not increased in the present study
(supplemental Figure IIIB and ITIC). No therapeutic effects of
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Figure 2. A, Representative laser Doppler perfusion imaging at
14 days postischemia. Arrow indicates ischemic limb. B, Quanti-
fication of blood flow recovery. C, Quantitative analysis of
angiogenesis and arteriogenesis. n=4 each. *F<0.01 vs no
treatment group.

statin-NP were observed in wild-type mice administered
L-NAME or in eNOS ™/~ mice (Figure 3A), suggesting that
eNOS-related signals are involved in the mechanism of
statin-induced enhancement of ischemia-induced neovascu-
larization (supplemental Figure V). Treatment with statin-NP
increased both phosphorylated eNOS and serine-threonine
specific protein kinase (Akt) in ischemic muscles compared
with nonischemic control and nontreated ischemic muscles at
7 days of treatment (Figure 3B). Immunohistochemistry
revealed that the increased eNOS and Akt activities were
localized mainly in microvascular endothelial cells (supple-
mental Figure VI).

Effect of Statin-NP on Endogenous Angiogenic
Growth Factor Expression

Immunohistochemistry was performed to examine the cellu-
lar localization of angiogenic growth factors in control and
statin-NP groups. On day 3, immunostaining for both vascu-
lar endothelial growth factor (VEGF) and fibroblast growth
factor-2 (FGF-2) was observed in skeletal myocytes and
blood vessels (supplemental Figure VII). On days 7 and 14,
the immunostaining intensity markedly decreased in skeletal
myocytes and blood vessels in the control group. In contrast,
positive immunostaining was observed in endothelial cells of
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Figure 3. A, Quantification of blood flow recovery in wild-type
(WT) mice with or without administration of L-NAME, a NOS in-
hibitor, and in eNOS™/~ mice. B, Western blot analysis of phos-
phorylated Akt and eNOS in ischemic and nonischemic muscles
7 days after ischemia. n=6 each. NS=not significant.

capillaries and arterioles in the statin-NP group on days 7 and
14. Western blot analysis revealed greater protein expression
of VEGF, FGF-2, and monocyte chemotactic protein-1
(MCP-1) in ischemic muscle in the statin-NP group than in the
no treatment group 7 days after hindlimb ischemia (Figure 4).
Interestingly, the increased expression of such angiogenic
growth factors by treatment with statin-NP was blunted in
mice administered chronically with L-NAME.

Effects of Statin-NP on Angiogenic Capacity of
Human Endothelial Cells In Vitro

Cotreatment with statin or statin-NP increased angiogenic
activity in HUVECs. The angiogenic activity of statin-NP
was greater than that of 10 nmol/L statin only (supplemental
Figure VIIIA). Pretreatment with statin only (24-hour incu-
bation of HUVECs with statin) had no angiogenic effects at
any dose. In contrast, pretreatment with statin-NP induced
significant angiogenic effects at 1 and 10 nmol/L compared
with the no-treatment control group (supplemental Figure

VIIIB).

Serum and Tissue Concentrations of Statin

Tissue concentrations of pitavastatin were greater in skeletal
muscles injected with statin-NPs than in those injected with
statin 6 and 24 hours after intramuscular administration,
whereas serum levels of pitavastatin were comparable be-
tween the 2 groups (supplemental Table II). The drug was not
detected in serum 1 and 3 days after injection.

Discussion
The application of nanotechnology-based drug delivery is
expected to have a major impact on the development of
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Figure 4. Effects of statin-NP on expression of VEGF, FGF-2,
and MCP-1 in ischemic muscle. Densitometric analysis of pro-
tein expression in ischemic muscles 7 days after ischemia.
Quantitative evaluation was expressed as a ratio of VEGF,
FGF-2, and MCP-1 to GAPDH. n=6 each.

innovative medicines. In the present study, selective NP-
mediated delivery of statin to vascular endothelial cells
increased neovascularization and improved tissue perfusion
in a murine model of hindlimb ischemia, indicating that this
novel cell-selective delivery system is feasible for therapeutic
neovascularization,

The most novel finding of this study is that FITC signals
were localized mainly in the vascular endothelium 7 and 14
days after injection of FITC-NP into ischemic skeletal mus-
cles in vivo. Several factors might be involved in mechanisms
of the cell-selective delivery of the NP at later time points.
First, increased endocytosis of NP in the endothelium may be
involved, which is based on our present experiments with
CPZ, an inhibitor of clathrin-mediated endocytosis. In addi-
tion, 1-hour incubation with FITC-NP resulted in long-term
and stable retention of NP in the human endothelial cells, but
not in skeletal myocytes in vitro. Second, decreased exocy-
tosis of the endothelium in the presence of ischemia might
also be involved. Third, after cellular delivery of NP via
endocyotosis, rapid escape of the NP from the endosomal
compartment to the cytoplasmic compartment may lead to
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Supplementary Table 2.
Tissue and serum pitavastatin concentrations after intramuscular injection of statin

time after injection

6 hours 1 day 3 day
Pitavastatin at 0.4 mg/kg
muscle (ng/g tissue) 305 + 80 81 =60 4+3
serum (ng/ml) 3115 ND ND
Statin-NP containing 0.4 mg/kg of pitavastatin
muscle (ng/g tissue) 2088 £ 412* 692 + 288* 9+5
serum (ng/ml) 3BT ND ND

Data are meantSEM (n=8 to 9 each). ND: not detected. *P<0.01 versus intramuscular

pitavastatin.
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Supplementary Figure Legends
Supplementary Figure I. Immunofluorescent staining of cross-sections from ischemic
muscle 14 days after FITC-NP injection stained with an endothelial marker, CD31 (red).
Inset left below is non-injected control muscle. Scale bars: 100 pm.

Supplementary Figure II. Cell-selective delivery of FITC-NP into vascular endothelial cells
versus skeletal myocytes. A, Fluorescent micrographs of HUVEC and SkMC incubated with
FITC-NP (0.1 mg/ml) for 1 hour and percentage of FITC-positive cells (n=5 each). Nuclei
were counter stained with PI. Scale bars: 100 um. B, Effects of chlorpromazine (CPZ) on
cellular distribution of NP in HUVEC and SkMC. Quantitative analysis of magnitude of
intracellular FITC fluorescence signals in 3 independent experiments are shown. *p<0.05,
**p<0.001 versus control condition. C, Fluorescent micrographs of HUVEC immediately after,
and 3 and 7 days after the 1 hour incubation with FITC-NPs. Inset left above is control
HUVEC without FITC-NP. Nuclei were counter stained with PI. Scale bars: 100 pm.

Supplementary Figure II1. A, Quantification of LDPI—derived blood flow recovery expressed
as the ratio of ischemic to normal limb at 7 and 14 days. Mice were injected with pitavastatin at
4 and 20 mg/kg into the ischemic muscle immediately after induction of hindlimb ischemia. N
= 5 to 6. NS=no significance. B, Representative scatter diagram of Sca-1/Flk-1-double positive
EPCs in peripheral blood analyzed by flow cytometry 14 days after induction of hindlimb
ischemia (circled region). C, Quantitative analysis of circulating EPCs expressed as percentage
of Sca-1/FIk-1 double positive cells to total leukocytes 7 and 14 days after ischemia. N =4 to 5
each. *p<0.05, **p<0.001 versus non-ischemic control group.

Supplementary Figure IV. Effects of oral daily administration of pitavastatin on
ischemia-induced neovascularization. Quantification of laser Doppler perfusion imaging
(LDPI)—derived blood flow recovery at 14 days. n=6 to 8. *p<0.05, **p<0.01 versus no
treatment group.

Supplementary Figure V. Schematic illustration of the effects of statins on intracellular
pathways. Mevalonate, the end product of the HMG-CoA, inhibits PI3K and the subsequent
phosphorylation of Akt and eNOS. Blockade of HMG-CoA reductase with statins is expected
to result in the increase of activity of Akt and eNOS.

Supplementary Figure VI. Representative micrographs of ischemic muscle sections stained
immunohistochemically with antibodies against phospho-Akt and phospho-eNOS at 14 days
after surgery. Scale bars: 100 pm.

Supplementary Figure VII. Effects of statin-NP on the protein expression of VEGF (A) and
FGF-2 (B) in ischemic muscle. Representative photographs of immunostaing of ischemic
muscles 3, 7, and 14 days after hindlimb ischemia. VEGF or FGF-2 (green) is located not only
within myocytes but within capillary or vascular endothelium (yellow) on day 7 and 14 in
statin-NP group. Nuclei were counter stained with DAPI (blue). Scale bars: 100 um.

Supplementary Figure VIII. Effects of statin-NP on angiogenic capacity of human
endothelial cells in vitro. A, Quantitative analysis of tube formation (tube length) of 4



independent experiments in co-treatment protocol. *p<0.01, **p<0.001 vs control. B,
Quantitative analysis of tube formation (tube length) of 4 independent experiments in
pre-treatment protocol. *p<0.05, **p<0.001 versus control.
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