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Pulmonary Hypertension

Nanoparticle-Mediated Delivery of Pitavastatin Into Lungs
Ameliorates the Development and Induces Regression of
Monocrotaline-Induced Pulmonary Artery Hypertension

Ling Chen, Kaku Nakano, Satoshi Kimura, Tetsuya Matoba, Eiko Iwata, Miho Miyagawa,
Hiroyuki Tsujimoto, Kazuhiro Nagaoka, Junji Kishimoto, Kenji Sunagawa, Kensuke Egashira

Abstract—Pulmonary artery hypertension (PAH) is an intractable disease of the small PAs in which multiple pathogenic
factors are involved. Statins are known to mitigate endothelial injury and inhibit vascular remodeling and inflammation,
all of which play crucial roles in the pathogenesis of PAH. We tested the hypothesis that nanoparticle (NP)-mediated
delivery of pitavastatin into the lungs can be a novel therapeutic approach for the treatment of PAH. Among the
marketed statins, pitavastatin was found to have the most potent effects on proliferation of PA smooth muscle cells in
vitro. We formulated pitavastatin-NP and found that pitavastatin-NP was more effective than pitavastatin alone in
inhibiting cellular proliferation and inflammation in vitro. In a rat model of monocrotaline-induced PAH, a single
intratracheal instillation of NP resulted in the delivery of NP into alveolar macrophages and small PAs for up to 14 days
after instillation. Intratracheal treatment with pitavastatin-NP, but not with pitavastatin, attenuated the development of
PAH and was associated with a reduction of inflammation and PA remodeling. NP-mediated pitavastatin delivery was
more effective than systemic administration of pitavastatin in attenuating the development of PAH. Importantly,
treatment with pitavastatin-NP 3 weeks after monocrotaline injection induced regression of PAH and improved survival
rate. This mode of NP-mediated pitavastatin delivery into the lungs is effective in attenuating the development of PAH
and inducing regression of established PAH, suggesting potential clinical significance for developing a new treatment
for PAH. (Hypertension. 2011;57:343-350.) ® Online Data Supplement

Key Words: pulmonary hypertension m nanotechnology m pitavastatin m inflammation m leukocytes

ulmonary artery hypertension (PAH) is an intractable

disease of the small PAs resulting in progressive in-
creases in pulmonary vascular resistance, right ventricular
(RV) failure, and ultimately premature death.!-2 Mortality
from PAH remains high, even after introduction of vasodila-
tor therapies such as prostacyclin infusion, endothelin recep-
tor antagonists, and phosphodiesterase inhibitors (which have
raised the 5-year survival rate to ~50%). Although these
drugs were originally developed for non-PAH vascular dis-
eases, they were introduced into treatment for clinical PAH
on the basis of the vasodilator hypothesis. Therefore, a new
idea that might lead to a breakthrough curative treatment for
PAH is urgently needed.

In addition to vasoconstriction, other multiple factors
(endothelial injury/apoptosis, obstructive vascular remodel-
ing, proliferation, and inflammation) play an important role in
the mechanism of PAH.!2 Therefore, we hypothesized that a
controlled, local delivery system targeting a battery of those
pathogenic factors intrinsic to PAH pathology would be a
favorable therapeutic approach with high translational poten-

tial to clinical medicine. In this respect, we focused on the
vasculoprotective effects of 3-hydroxy-3-methylglutaryl co-
enzyme A reductase inhibitors, the so-called statins. Statins
are known to increase expression and activity of endothelial
nitric oxide synthase (eNOS) and thus ameliorate endothelial
injury.3-6 Prior studies have reported that systemic adminis-
tration of statins attenuates monocrotaline (MCT)-induced
and hypoxia-induced PAH in animals.”® These beneficial
therapeutic effects of statins on PAH, however, were ob-
served after daily administration of high doses of statins, a
regimen that could lead to serious adverse side effects in the
clinical setting. However, not all studies have reported
beneficial effects of statins with regard to PAH in animal
models.!>!! We recently reported that (1) intratracheal ad-
ministration of bioabsorbable polymeric nanoparticles (NPs)
represented a novel drug delivery system into the lung; and
(2) NP-mediated delivery of a nuclear factor (NF)-«B decoy
into the lungs effectively inhibited NF-xB—mediated inflam-
mation and thus, attenuated the development and progression
of PAH in a rat model of MCT-induced PAH.!? This
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nanotechnology platform may optimize the efficacy and
minimize the potential side effects of drugs.

Therefore, the primary aim of this study was to test the
hypothesis that NP-mediated local delivery of statins to the
lung is an innovative therapeutic approach for PAH. Pitavas-
tatin was selected as the nanoparticulation compound because
this drug has shown the most potent beneficial effects on
human endothelial and smooth muscle cells in vitro compared
with other statins.'>!¢ We then used a rat model of MCT-
induced PAH and examined (1) whether this NP-mediated
delivery of pitavastatin into the lung is more effective than
intratracheal or systemic administration of pitavastatin in
attenuating the development of PAH and (2) whether this
NP-mediated delivery system induces regression of estab-
lished PAH.

Materials and Methods

Human PA Smooth Muscle Cell

Proliferation Assay

Human PA smooth muscle cells (PASMCs) were seeded on 96-well
culture plates at 10* cells per well in SmBM. After 24 hours of
starvation, 10% fetal bovine serum was added for cell stimulation. In
addition, various concentrations of statins (simvastatin, pitavastatin,
atorvastatin, losuvastatin, fluvastatin, and pravastatin) or vehicle
were added (n=6 per group). Statins were purchased, extracted from
products, and purified. Cells were incubated for another 24 hours
after addition of 5’-bromo-2’'-deoxyuridine, and 5’-bromo-2'-
deoxyuridine incorporation was evaluated by an ELISA kit from
Calbiochem.

In another set of experiments, a 1.0-mL suspension of pitavastatin
at 5 mg/mL, fluorescein isothiocyanate (FITC)-NP (1 mg/mL
lactide/glycolide copolymer [PLGA]), pitavastatin-NP containing
1.0 mg/mL PLGA and 5 mg/mL pitavastatin, or vehicle was added
to each well (n=6 per group). Cells were incubated for another 4
days, and the cells were fixed with methanol and stained with
Diff-Quick staining solution. A single observer counted the number
of cells per plate.

Preparation of PLGA-NP

A PLGA with an average molecular weight of 20000 and a
copolymer ratio of lactide to glycolide of 75:25 (Wako Pure
Chemical Industries, Osaka, Japan) was used as wall material for the
NP. PLGA-NP incorporated with FITC or pitavastatin (Kowa Phar-
maceutical Co Ltd, Tokyo, Japan) was prepared by a previously
reported emulsion solvent diffusion method in purified water.!5:16
PLGA was dissolved in a mixture of acetone and methanol. Then,
FITC or pitavastatin was added to this solution. The resultant
PLGA-FITC or PLGA-statin solution was emulsified in a polyvinyl
alcohol solution with stirring at 400 rpm by 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°C, the entire suspension was centrifuged (20 000g for
20 minutes at —20°C). 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. The FITC- and pitavastatin-
loaded PLGA-NP contained 13% (wt/vol) FITC and 13% (wt/vol)
pitavastatin, respectively. A sample of NP suspension in distilled
water was used for particle size analysis. The diameter of NPs was
196+29 nm. Surface charge (zeta potential) was also analyzed by
Zetasizer Nano (Sysmex, Hyogo, Japan) and was anionic (—15%10
mV at pH 4.4).

Experimental Animal Models

All experiments were reviewed and approved by the committee on
ethics on animal experiments, Kyushu University Faculty of Medi-
cine, and were conducted according to the guidelines of the Amer-
ican Physiological Society. Adult male Sprague-Dawley rats
(Charles River, Yokohama, Japan; 250 to 300 g body weight) were
injected subcutaneously with 60 mg/kg MCT (Wako), which induces
severe PAH in 3 weeks.!>!7

In a prevention protocol, animals were divided into 4 groups that
received intratracheal instillation of phosphate-buffered saline
(PBS), pitavastatin only (100 mg), FITC-NP (1 mg PLGA), or
pitavastatin-NP (100 ug pitavastatin per mg PLGA) immediately
after MCT injection. For intratracheal instillation, a 0.1-mL suspen-
sion of pitavastatin, FITC-NP, or pitavastatin-NP was injected gently
into the trachea of animals, accompanied by an equal volume of air.
This dose of pitavastatin was selected because we examined the
effects of intratracheal instillation of various concentrations and
volumes of pitavastatin suspension (10, 30, 100, or 300 ug per
animal in 0.05, 0.1, and 0.2 mL PBS) and confirmed that a 0.1-mL
suspension of pitavastatin containing 100 ug pitavastatin was an
optimal dose in our experiments. In a treatment protocol, rats were
divided into 4 groups that received intratracheal instillation of PBS,
pitavastatin only (100 mg), FITC-NP (1 mg PLGA), or
pitavastatin-NP (100 g pitavastatin per mg PLGA) 21 days after
MCT injection when severe PAH had already been established. In
another set of experiments, 3 other groups received systemic daily
oral pitavastatin at doses of 0.3, 1.0, 3.0, and 10 mg/kg, dissolved in
0.5% carboxymethyl cellulose, by gavage from the day of MCT
injection until the mice were euthanized on day 21.

Biodistribution of FITC-NP After Intratracheal
Administration Into the Lung

Biodistribution of FITC in the lung was examined in rats that
received intratracheal instillation of FITC-NP. Animals were eutha-
nized and the tracheas were exposed. The lungs were inflated with a
solution of 10% phosphate-buffered formalin (pH 7.4) by using a
catheter inserted into the trachea. The lungs were then removed en
bloc and placed into 10% phosphate-buffered formalin for a further
12 to 18 hours. After light and fluorescence stereoscopic photo-
graphs of the lungs were taken, the tissues were processed and
embedded in OCT compound, and cross sections of 5-um thickness
were prepared for detecting NP distribution by fluorescence pho-
tomicroscopy. The tissue specimens were also processed and em-
bedded in paraffin according to standard procedures, and 5-pum
sections were cut. Sections were further examined to detect NP
distribution by immunostaining.

Direct RV Pressure Measurements

Three weeks after MCT administration, the animals were anesthe-
tized with sodium pentobarbital, and polyethylene catheters were
then inserted into the right ventricle through the jugular vein and
carotid artery for hemodynamic measurements. RV systolic pressure
and systemic blood pressure were measured with a polygraph system
(AP-601G, Nihon Kohden).12:17

Echocardiographic Measurements of RV and

PA Hemodynamics

Transthoracic echocardiographic measurements (Vevo 2100 ultra-
sound system; Primetech Inc) were performed as described previ-
ously.'® Additional details are provided in the online-only Data
Supplement (available at http://hyper.ahajournals.org).

Assessment of Right Heart Hypertrophy and

PA Remodeling

After systemic arterial and RV pressures were recorded, the animals
were euthanized and the lungs and heart were isolated. The RV wall
was dissected from the left ventricle and ventricular septum. Wet
weight of the right ventricle and of the left ventricle plus ventricular
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septum was determined, and RV hypertrophy was expressed as RV
weight/(left ventricle plus ventricular septum weights).!217

The lungs were perfused with a solution of 10% phosphate-
buffered formalin (pH 7.4). At the same time, 10% phosphate-
buffered formalin (pH 7.4) was administered into the lungs via
tracheal tube at a pressure of 20 cm H,O. These specimens were
processed for light microscopy by routine paraffin embedding. The
degree of remodeling (muscularization) of small, peripheral, PAs
was assessed by double immunohistochemical staining of the 5-um
sections with an anti-a-smooth muscle actin antibody (dilution
1:500; clone 1A4, Dako) and anti-platelet endothelial cell adhesion
molecule-1 (PECAM-1) (M-20) antibody (dilution 1:100, Santa
Cruz).!> To assess the type of remodeling of muscular PAs, micro-
scopic images were analyzed. In each rat, 30 to 40 intra-acinar
arteries were categorized as muscular (those with a complete medial
coat of muscle), partially muscular (those with only a crescent of
muscle), or nonmuscular (those with no apparent muscle). counted,
and averaged within a range of diameters from 25 to 50 um.'2

Histopathologic and Immunohistochemical
Analysis of Rat Lungs

The degrees of monocyte infiltration were evaluated by immuno-
staining for ED-1 (analog of human CD68, Serotec). For quantifi-
cation, a blinded observer counted the number of ED-1-positive cells
in 10 fields. Sections were also subjected to immunostaining with
antibodies against FITC (1:1000; American Research Products,
Belmont, MA), an epitope (a-p65) on the p65 subunit of NF-kB
(1:100; Boehringer Mannheim, Roche Diagnostics, Basel, Switzer-
land), rabbit eNOS (ABR: PA1-037), murine inducible NOS (iNOS,
Transduction Laboratories), or nonimmune mouse I1gG (Dako). The
a-p65 monoclonal antibody recognizes an epitope on the p65 subunit
that is masked by bound inhibitor-«B."® Therefore, this antibody
exclusively detects activated NF-«B.'?

Real-Time Quantitative Reverse
Transcription—Polymerase Chain Reaction

Real-time polymerase chain reaction amplification was performed
with rat cDNA with the use of an ABI PRISM 7000 sequence
detection system (Applied Biosystems, Foster City, CA) as described
previously.!1* TagMan primers/probes for monocyte chemotactic
protein-1, tumor necrosis factor-a, interleukin (IL)-1B, IL-6, inter-
cellular adhesion molecule-1, and glyceraldehyde 3-phosphate dehy-
drogenase, which served as the endogenous reference, were pur-
chased from Applied Biosystems (Assay-on-Demand gene
expression products Rn00580555, Rn99999017, Rn00580432,
Rn00561420, and Rn00564227 and TagMan rodent glyceraldehyde
3-phosphate dehydrogenase control reagents, respectively).

Lipopolysaccharide-Induced Activation of

Mouse Monocytes

The mouse macrophage cell line RAW 264.7 was purchased. After
bacterial lipopolysaccharide (serotype 0111:B4, Sigma) at | pg/mL
was added to the cells, each 1.0-mL suspension of pitavastatin at 5
mg/mL, FITC-NP (1 mg/mL PLGA), pitavastatin-NP containing 1.0
mg/mL PLGA and 5 mg/mL pitavastatin, or vehicle was added to the
wells; 2 hours later, the cells were washed 3 times with PBS. NF-«B
pathway activity was measured with a TransAM NF-kB p65 ELISA-
based assay kit (Active Motif, Tokyo, Japan). Nuclear extracts of
RAW 264.7 cells were prepared with the NE-PER nuclear and
cytoplasmic extraction reagent kit (Pierce, Rockford, IL) according
to the manufacture’s protocol. Samples were placed, along with 30
uL of binding buffer, on a 96-well plate to which oligonucleotides
containing an NF-kB consensus binding site had been immobilized
for 1 hour on a shaker. During this time, the activated NF-«B
contained in the sample specifically binds to this nucleotide; then the
plate was washed and, by using a primary antibody (100 mL diluted
1:1000 in antibody binding buffer for 1 hour) that is directed against
the NF-kB p65 subunit, the NF-«kB complex bound to the oligonu-
cleotides can be detected. The plate was then washed again, and 100
uL of secondary antibody (diluted 1:1000 in antibody binding
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Figure 1. Localization of FITC-NP after instillation into the rat
lung. A, Representative light (left) and fluorescence (right) ste-
reomicrographs of whole lungs (upper) and transections (lower)
1 hour after intratracheal instillation of FITC-NP. B, Representa-
tive light (upper) and fluorescence (lower) stereomicrographs of
transections from control (nontreated) lungs and from lungs
instillated with FITC alone or FITC NP on day 3 after instillation.
C, Representative light (upper) and fluorescence (lower) ste-
reomicrographs of cross sections from lungs instillated with
FITC-NP on days 1, 7, and 14 after instillation.

buffer) conjugated to horseradish peroxidase was added for 1 hour.
The plate was washed again, and 100 uL of developing solution was
added. The plate was incubated for 4 minutes away from direct light,
100 pL of stop solution was added, and the plate was read with a
plate reader at 450 nm.

Western Blot Analysis

Protein was extracted from frozen lung tissues. Samples were
homogenized in lysis buffer containing 10 mmol/L Tris-HCI, pH 7.4,
50 mmol/L NaCl, 5 mmol/L EDTA, 1% Triton X-100, 50 mmol/L
NaCl, 30 mmol/L sodium phosphate, 50 mmol/L NaF, 1% aprotinin,
0.5% pepstatin A, 2 mmol/L. phenylmethylsulfonyl fluoride, and
5 mmol/L leupeptin and phosphatase inhibitor cocktail (Pierce). Cell
lysates (50 ug) were separated on 7.5% polyacrylamide gels and
blotted onto polyvinylidene difluoride membranes (Millipore Co,
Hercules, CA). Protein expression was analyzed by using antibodies
against eNOS (ABR: PA1-037) or actin (Sigma). Immune com-
plexes were visualized with horseradish peroxidase-conjugated
secondary antibodies. Bound antibodies were detected by chemilu-
minescence with the use of an ECL detection system (Amersham
Biosciences) and quantified by densitometry.
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Figure 2. Inhibitory effects of various statins on human PASMC proliferation. A, PASMC proliferation assay (% inhibition of 5'-bromo-
2'-deoxyuridine [BrdU] index) in response to various concentrgﬁons of various statins (n=6 per group). B, ICs, values and 95% Wald
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Measurements of Pitavastatin Concentration
Pitavastatin concentrations in serum and lung were measured at
predetermined time points by using a column-switching high-
performance liquid chromatography system, as previously report-
ed.20 In brief, the column-switching high-performance liquid chro-
matography system consists of 2 LC-10AD pumps, an SIL-10A
autosampler, a CTO-10A column oven, a 6-port column-
switching valve, and an SPD-10A UV detector (all from Shi-
madzu, Kyoto, Japan). The column temperature was maintained at
40°C. Preprepared serum or tissue homogenate sample solutions
were injected from the autosampler into the high-performance
liquid chromatography system, and detection of the statin in
sample solutions was performed at 250 nm with a UV detector.
The detected peak area was d with Lcsoluti fi
(Shimadzu).

Statistical Analysis

Data are presented as mean=SEM. S 1 analysis of differences
was performed by 1-way ANOVA and Bonferroni’s multiple com-
parison tests. The survival rates were determined by the Kaplan-
Meier method. Efficacy ratios (median inhibitory concentration
[ICsplvalues) of statins were tested with Wald tests in a 4-parameter
logistic-regression model. Point estimates and Wald 95% Cls for
1Cy, values were calculated. Statistical calculations were performed
with SAS preclinical package software version 9.1.3 (SAS Institute
Inc, Tokyo, Japan) and Prism Software version 4.0.1 (GrafPad). A
value of P<0.05 was considered statistically significant.

Results

Localization of FITC-NP in the Lung of Rats With
MCT-Induced PAH

Localization of FITC was examined after a single intratra-
cheal instillation of FITC-NP into animals injected with
MCT. Three days after instillation, strong FITC signals were
detected only in FITC-NP-instillated lungs, whereas no or
only faint FITC signals were observed in control noninjected
lungs and in lungs injected with FITC only (Figure 1). On
days 1, 7, and 14, FITC signals remained localized predom-
inantly in the lungs. There were FITC-positive cells in the
bronchi and alveoli, alveolar macrophages, and small arteries.
As we previously reported,'? i ini
revealed that FITC signals localized mainly in small arteries
and arterioles as well as in small bronchi and alveoli 14 days

o
luorescence

after instillation of FITC-NP (online-only Figure I). FITC
signals were not detected in remote organs (liver, spleen, and
heart) at any time point (data not shown).

Inhibitory Effects of Statins on Human

PASMC Proliferation

To implicate pitavastatin as a candidate statin for nanopar-
ticulation, the effects of statins on PASMC proliferation were
examined. In a human PASMC proliferation assay (percent
inhibition of 5’-bromo-2'-deoxyuridine index), hydrophilic
statins (rosuvastatin and pravastatin) elicited no inhibitory
effects, whereas other statins showed dose-dependent effects
(Figure 2A). The ICs, value of pitavastatin was lower than
that of simvastatin or atorvastatin (Figure 2B). The ICs, value
of pitavastatin tended to be lower than that of fluvastatin, but
there was no significant difference in the ICs, values between
the 2 statins.

Effects of Pitavastatin-NP on the Development of
PAH in the Rat Model of MCT-Induced PAH

An RV catheterization study confirmed that injection of MCT
led to severe PAH (increased RV systolic pressure) associ-
ated with small PA remodeling and increased infiltration of
EDI1-positive monocytes 3 weeks after MCT injection, as
previously reported.>1” Single intratracheal treatment with
pitavastatin-NP, but not with pitavastatin alone or FITC-NP,
attenuated the development of PAH, small PA remodeling,
and monocyte-mediated inflammation (Figure 3). The RV
systolic pressure of untreated normal controls (no MCT
injection) was 342 mm Hg (n=10). There were no signif-
icant differences in concentrations of pitavastatin in the lung
and systemic blood between pitavastatin-NP-treated and
pitavastatin-only groups (the Table).

Echocardiographic study showed that there were no signif-
icant changes in cardiac output or stroke volume among
untreated control and MCT-induced PAH rats (online-only
Table 1). Echo-derived estimation of RV systolic pressure and
pulmonary vascular resistance showed the development of
MCT-induced PAH and therapeutic effects of a single intra-
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Figure 3. Effects of pitavastatin (pitava)-NP on RV systolic pressure, small PA remodeling, and infiltration of monocytes 3 weeks after
MCT injection. A, RV systolic pressure in the 4 experimental groups. Data are mean=SEM (n=6 per group). B, Percentage of fully mus-
cularized small PAs in the 4 experimental groups. Data are mean*SEM (n=6 per group). C, Infiltration of ED1-positive monocytes into
the lung (the number of positive cells per 30 high-power-field cross sections). Data are mean+=SEM (n=6 per group). *P<0.01 vs

untreated control.

tracheal instillation of pitavastatin-NP, as reported by the RV
catheterization study.

The activity of lactate dehydrogenase was not detected in
bronchoalveolar lavage fluid. There were no significant
changes in activity of lactate dehydrogenase and various
biomarkers in lung tissue homogenates among untreated
control and MCT-induced PAH rats (online-only Tables II
and III).

Oral daily administration of pltavastaun at 0.3 mg/kg had
no significant effects on MCT-i d PAH, but pita

attenuated the increases in NF-kB (a-p65) activity induced
by MCT injection (Figure 4). Because NF-«kB was activated
in alveolar monocytes in MCT-induced PAH, effects of
pitavastatin-NP on NF-«B activity were examined in a
monocyte cell line (RAW 264.7 cells) in vitro. Treatment
with pitavastatin-NP, but not with pitavastatin only, attenu-
ated NF-«B activation in RAW 264.7 cells (online-only
Figure III). Because proliferation of PASMCs is increased in
ammals and humans with PAH, effects of pitavastatin and

at 1.0, 3.0, and 10 mg/kg significantly attenuated the devel-
opment of PAH (online-only Figure II).

Effects of Intratracheal Instillation of
Pitavastatin-NP on NF-«B Activation and

PAMSC Proliferation

As previously reported,'? immunohistochemically detectable
NF-«B activation was noted mainly in alveolar macrophages

p in-NP were d in human PASMCs in vitro.
Treatment with pitavastatin-NP, but not with pitavastatin
only, attenuated the proliferation of PASMCs (online-only
Figure IV).

Effects of Pitavastatin-NP on Expression of
Proinflammatory Factors

As previously reported,'? MCT-induced PAH was associated
with increased gene expression of proinflammatory factors.

and weakly in PA lesions 7 days after MCT admini
(Figure 4). A single intratracheal instillation of pitavastatin-
NP, but not of FITC-NP or pitavastatin alone, markedly

Table. Pitavastatin Concentrations in the Lung and Systemic
Blood After Intratracheal Administration of Pitavastatin (100 ug
per Animal) Only or Pitavastatin-NP Containing the Same Dose
of Pitavastatin

Time After Administration, h

I heal treatment with pitavastatin-NP significantly re-
duced the increased gene expression of monocyte chemotac-
tic protein-1, tumor necrosis factor-a, and IL-6 and tended to
decrease the expression of IL-18 and intercellular adhesion
molecule-1 (online-only Figure V).

Effects of Pitavastatin-NP on eNOS and

iNOS Expression

Because the protective effects of statins on PAH have been
reported to be attributable at least to the eNOS-related

P y,!t eNOS protein expression in the lungs was exam-
ined on days 3 and 21 after treatment. Western blot analysis
showed that MCT administration had no significant effect on
eNOS expression on days 3 and 21, compared with untreated
controls (Figure 5). Pitavastatin-NP, but not FITC-NP or
pitavastatin alone, increased the protein expression of eNOS
on day 3, whereas pitavastatin-NP showed no therapeutic

Groups 1 3 6 12 24 48 L
Pitavastatin-only

group

Lung, ng/g 11583  49*69 7x5  2*1 3+3 43

Serum, ng/mL  48+19  24+10 97  1x1 1x1 1%
Pitavastatin-NP

group

Lung, ng/g 16577 17+8 13+13  4x6 7x4 3+1

Serum, ng/mL  65+19  20=*5 7+4  2x1 1x1 1=x2
Data are mean+SEM (n=6 per group).

effects on eNOS expression on day 21 (Figure 5).
In contrast, iNOS is known to cause oxidant tissue injury
and accelerates the pathologic processes of PAH.2! Immuno-
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Figure 4. Effects of pitavastatin (pitava)-NP on NF-«xB activation. A, Photomicrographs of cross sections of lung stained immuno-
histochemically with NF-«B (a-p65) from normal rats and PAH rats 3 days after MCT injection. B, Effects of pitavastatin-NP on
infiltration of NF-«kB (a-p65)-positive cells 3 days after MCT injection. Data are mean*SEM (n=6 per group). *P<0.01 vs

untreated control.

histochemical expression of iNOS was not detected in lung
sections from untreated control rats. Immunostaining for
iNOS was noted mainly in alveolar macrophage and weakly
in PA lesions 3 days after MCT administration (online-only
Figure VI). Single intratracheal instillation of pitavastatin-
NP, but not of FITC-NP or pitavastatin only, markedly

A Normal pBS  FITC- Pitava Pitava-
control NP alone NP
eNOS | . —— .......l
actin
P<0.05
NS
L ear— |
% of normal control 150 NS
100
50
PBS FITC- Pitava- Pitava-
NP alone NP
B NS
% of normal control
100
50
0
PBS FITC- Pitava Pitava-

NP alone NP

Figure 5. Effects of pitavastatin (pitava)-NP on eNOS protein
expression. A, eNOS expression in the lung 3 days after
MCT injection. The eNOS level is shown as a percentage of the
internal-control actin level. n=6 per group. B, eNOS expression
in the lung 21 days after MCT injection. The eNOS level is
shown as a percentage of the internal-control actin level. n=6
per group.

attenuated the increase in iNOS activity induced by MCT
injection.

Effects of Pitavastatin-NP on Survival

In the treatment protocol, pitavastatin-NP significantly im-
proved survival rate: 42% in the PBS group (n=40), 39% in
the FITC-NP group (n=33), 40% in the pitavastatin-alone
group (n=40), and 64% in the pitavastatin-NP group (n=58;
Figure 6). In addition, pitavastatin-NP caused regression of
MCT-induced PAH (Figure 6).

Discussion

We recently reported that intratracheal instillation of a poly-
ethylene glycol-block-PLGA copolymer (PEG-PLGA) is an
excellent system for drug delivery to the lung.'> We found in
the present study that PLGA NPs were as effective as
PEG-PLGA NPs as an NP-mediated drug delivery system to
the lung. As we reported with PEG-PLGA NPs,'2 the FITC
signals were detected in small bronchial tracts, alveolar
macrophages, and small PAs for up to 14 days after a single
instillation of FITC-encapsulated PLGA NP.

Statins are known to ameliorate the effects of endothelial
injury/dysfunction by enhancing the activity of eNOS and
thus, exert multiple vasculoprotective effects on other cell
types (vascular smooth muscle cells, monocytes, etc).5 We
recently reported that NP-mediated pitavastatin delivery to
the vascular endothelium of ischemic skeletal muscles effec-
tively increased therapeutic neovascularization in a murine
model of hindlimb ischemia.'? In our previous study, the
beneficial effects of pitavastatin-NP were mediated by in-
creased activity of eNOS.!? Notably, NP-mediated delivery of
pitavastatin had greater angiogenic activity in human endo-
thelial cells in vitro compared with pitavastatin alone.'* We
therefore hypothesized that eNOS and downstream pathoge-
netic factors might be involved in the therapeutic effects of
NP-mediated pitavastatin delivery on MCT-induced PAH.
Among statins, pitavastatin was selected as the nanoparticu-
lation compound because this drug elicited the most potent
angiogenic effects in human endothelial cells'* and the most
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Figure 6. Effects of pltavastahn (pltava) -NP on RV systollc pr&ssure and survival rate. A, Survival curves analyzed by the Kaplan-Meier
method in PBS, FITC-NP, only, and p P groups. B, RV systolic pressure (in mm Hg) in the 4 experimental

groups 2 weeks after treatment (at week 5 after MCT injection).

potent inhibitory effects on human PASMC proliferation
(Figure 2) in vitro compared with other statins. We also found
that NP-mediated intracellular delivery of pitavastatin
showed greater inhibitory effects on PASMC proliferation
and on NF-«B activation in a monocyte cell line (RAW 264.7
cells) compared with pitavastatin alone (online-only Figures
IIT and IV). Collectively, these in vitro data suggest that
NP-mediated pitavastatin delivery is more effective than
pitavastatin in inhibiting PASMC proliferation and monocyte
activation and improving the deleterious effects of endothe-
lial injury/dysfunction.

The important novel finding of the present study is that a
single intratracheal instillation of pitavastatin-NP attenuated
the development of PAH (increased RV pressure, PA resis-
tance, and PA remodeling) associated with reduced activity of
NF-«kB and NF-kB-dependent inflammatory factors (for
example, monocyte chemotactic protein-1, IL-1, tumor ne-
crosis factor-a, iNOS, etc). In contrast, eNOS expression was
not reduced in the PBS group but was increased by day 3 only
but not by day21 (Figure 5), suggesting that eNOS plays a
minor role in the therapeutic effects of pitavastatin-NP,
Intratracheal instillation of pitavastatin alone at the same dose
had no therapeutic effect. Concentrations of pitavastatin in
the lungs and systemic blood were found to be similar
between animals treated with pitavastatin-NP and those
treated with pitavastatin only (the Table). These findings
suggest a specific advantage of NP-mediated delivery of
pitavastatin to induce therapeutic effects. Therefore, the
beneficial effects of pitavastatin-NP on MCT-induced PAH
in vivo can be attributable to the pleiotropic effects of
pitavastatin-NP, including inhibition of infl ion and cell
proliferation.

Prior studies have reported that daily oral administration of
statins at high doses beyond the clinical norm (a regimen that
could lead to serious adverse side effects in a clinical setting)
attenuates MCT- and hypoxia-induced PAH in animals.™
We thus examined whether NP-mediated pitavastatin deliv-
ery would be superior to daily oral administration of pitavas-
tatin alone in inhibiting MCT-induced PAH, and we found
that oral daily administration of pitavastatin at 0.3 mg/kg per
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day for 21 days (cumulative dose=25.2 mg per animal,
assuming the body weight of animals to be 250 g) had no
therapeutic effects, but the same regimen of pitavastatin at 1,
3, and 10 mg/kg per day (cumulative doses=84, 252, and 840
mg per animal, respectively) did show significant therapeutic
effects. Therefore, our NP-mediated delivery system (single
injection of 0.1 mg pitavastatin per animal) seems to be as
effective at an ~840-times lower dose than the cumulative
systemic dose.

It is noteworthy that a single intratracheal treatment with
pitavastatin-NP 3 weeks after MCT injection induced regres-
sion of PAH and improved survival rate. This finding is more
clinically significant than is the mere prevention of PAH.
These results suggest that this NP-mediated delivery of
pitavastatin may have beneficial therapeutic effects in pa-
tients with established PAH.

Perspectives

This mode of NP-mediated delivery of pitavastatin into the
lungs is more effective in attenuating the development of
MCT-induced PAH compared with intratracheal treatment
with pitavastatin alone or systemic administration of pitavas-
tatin, and treatment with pitavastatin-NP induced regression
of established PAH. For translation of our present findings
into chmcal medicine, more clinical studies are needed to
in hether pita in-NP by inhalation might be
effectlve in improving PAH.
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Materials and Methods
Echocardiographic measurements of RV and PA hemodynamics
Transthoracic 2-D, M-mode and pulsed-wave Doppler Echo were obtained with a 30
MHz transducer (Vevo 2100 ultrasound system; Primetech Inc). ! M-mode and 2-D
modalities were applied to measure RV free wall thickness during end diastole and RV
wall stress. These images were obtained from the right side of the rat, with the
ultrasonic beam positioned perpendicularly to the wall of the midthird of the RV.
PA diameter was measured at the level of pulmonary outflow tract during midsystole
using the superior angulation of the parasternal short-axis view. M-mode measurements
were performed from “leading edge to leading edge” (epicardial to endocardial) as
recommended by the American Society of Echocardiography.
Pulsed-wave Doppler was used to measure PA acceleration time (PAAT) and PA flow
velocity time integral. The Doppler sample volume was centrally positioned within the
main PA, just distal from the pulmonary valve with the beam oriented parallel to the
flow. The sweep speed for the Doppler flow recordings was 400-800 mmy/s. RV ejection
time was measured as the interval from the onset to the end of ejection in milliseconds.
Thereafter, pulmonary artery acceleration time normalized for cycle length, RV systolic
pressure, and pulmonary vascular resistance (PVR) were estimated. Stroke volume (SV),
CO, and cardiac index (CI) were also calculated.
Measurement of lactate dehydrogenase To examine cytotoxicity of intratracheal
treatment of pitavastatin-NP, the activity of lactate dehydrogenase (LDH) in
bronchoalveolar lavage fluid (BALF) and lung tissue homogenates was measured 7
days after MCT administration using an assay kit LDH (Wako Pure Chemical Industries,
Ltd.) according to the manufacturer's instructions in separate series of experiments.
Measurement of biomarkers by multiplex immunoassay Tissue concentrations of
various biomarkers in ling tissue homogenates were measured 7 days after MCT
administration using the Luminex LabMAP instruments (Table III), which was ordered
to biomarker analysis services of Charles River Inc
(http://www.criver.com/en-US/ProdServ/ByType/Discovery/Pages/PlasmaBiomarkerAn
alysis.aspx).

1. Urboniene D, Haber I, Fang YH, Thenappan T, Archer SL. Validation
of High-Resolution Echocardiography and Magnetic Resonance
Imaging Versus High-Fidelity Catheterization in Experimental
Pulmonary Hypertension. Am JJ Physiol Lung Cell Mol Physiol.
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Table S1. Echocardiographic characteristics of untreated control and MCT-induced

PAH rats in prevention study

MCT-induced PAH

untreated PBS FITC NP Pitava alone  Pitava-NP
parameters control

Cardiac output (mL/min) 120+ 17 97 £21 104 £20 102 £20 113 £16
Stroke volume (mL) 0.29+0.04 0.2440.05 0.26+£0.06  0.26+0.05 0.28+0.05
Heart rate 412 +26 408 £36 399 £39 397 £32 405 £25
(beats per minute)
PAAT/cl (x 100) 18 £1 7 £1* 71&1* T&1* 12 £1%F
eRVSP (mmHg) 20 £3 65 £11* 66 £9* 62 £7* 41 £5*F
PVR (mmHg/ml/min) 0.12+0.02 046 £0.20* 0.43 +0.12* 0.40 +0.01* 0.24 £0.05*F
RV wall thickness (mm)  0.64 £0.05* 1.16 £0.14* 1.05+0.10* 0.97 +0.06*  0.88 £0.09*}
RV wall stress 20 £5 48 £19* 56 +26* 48 +12%* 24 £8t

Data are the mean+ SEM (n=6 each).
*P< 0.05 versus untreated control group
1 P<0.05 versus PBS group.

Abbreviations: PAAT/cl = normalized pulmonary artery acceleration time; eRVSP =

estimated RV systolic pressure; PVR = pulmonary vascular resistance.
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Table S2. Lactate dehydrogenase activity in cell-free bronchial lavage fluid and lung
tissue homogenates 7 days after monocrotaline administration

monocrotaline
) Untreated PBS FITCNP  Pitava alone Pitava NP
Sample sites control group group group group
bronchial lavage fluid
(IU/mL) ND ND ND ND ND
Lung tissue
([U/ng protein) 8.6£3.4 2.8+1.1  10.9£6.0 5.7+4.6 11.8+4.9

Data are the meant SEM (n=6 each). ND = not detected (under limit of detection).
There is no significant difference (P=0.56) among 5 groups by one-way ANOVA.

Downloaded from hyper.ahajournals.org at KYUSHU UNIVERSITY on May 16, 2011



Table S3. Cytokines and other proteins in lung tissue homogenates 7 days after
monocrotaline administration

Untreated PBS FITCNP Pitavaalone Pitava NP
parameters unit control group group group group
Apo Al pg/mg  0.14+0.05 0.10+0.03 0.09+0.01 0.10+0.01 0.10+0.01
CD40 pg/mg N.D. N.D. N.D. N.D. N.D.
CD40 Ligand pg/mg 43+16 34+14 2543 30+8 39+13
CRP pg/mg 1.3+0.3 1.2+0.2 1.3+0.4 1.3£0.2 1.6+0.2
ET-1 pg/mg 61+36 67+29 61+18 64+15 56+15
Eotaxin pg/mg 49+12 53+15 40+8 45+17 63+11
EGF mouse pg/mg  0.54+0.21 0.55+0.21 0.40+0.08 0.44+0.09 0.44+0.07
Factor VII ng/mg  0.53+0.12 0.58+0.17 0.47+0.07 0.48+0.07 0.53+0.08
FGF-9 ng/mg  0.10+0.02 0.09+0.03 0.07+0.01 0.08+0.01 0.08+0.03
FGF-basic _ng/mg  0.21+0.04 0.21£0.06 0.17+0.04 0.22+0.04 0.24+0.04
GCP-2 Rat pg/mg 6.5+1.6 7.443.2 6.7£1.3 8.1£1.0 7.6+7
GM-CSF pg/mg N.D. N.D. N.D. N.D. N.D.
Haptoglobin  ug/mg  0.80+0.30 1.13+£0.40 1.04+0.26 1.19+0.12 1.18+0.25
IFN-gamma pg/mg  0.12+0.06 0.24+0.09 0.23£0.10 0.18+0.07 0.18+0.05
1P-10 _pg/mg 1.7+0.3 2.2+1.0 1.7+0.3 1.7+0.5 2.1£0.8
IL-1 alpha pg/mg 5.344.8 9.7+7.1 4.6+1.0 7.8+2.9 5.743.3
IL-1 beta ng/mg N.D. N.D. N.D. N.D. N.D.
1L-10 pg/mg 3.1x1.5 2.5+1.5 1.4+0.8 1.8+0.3 1.9+0.9
IL-11 pg/mg 9.84+5.6 6.1+1.6 6..1+4.8 5.9+1.0 6.8+2.0
IL-12p70 pg/mg 1.5+£0.4 1.3£0.4 1.2+0.4 1.0+0.1 1.2+0.4
IL-17A pg/mg 0.2+0.04 0.2+0.09 0.2+0.05 0.2+0.05 0.2+0.02
1L-18 ng/mg 0.2+0.1 0.2+0.1 0.2+0.1 0.2+0.0 0.2+0.1
1L-2 pg/mg 1.7+0.7 1.4+1.1 0.6+0.3 0.8+0.6 0.9+0.7
1L-3 pg/mg 1.1+0.5 0.9+0.3 0.9+0.4 0.7+0.3 0.8+0.2
1L-4 pg/mg N.D. N.D. N.D. N.D. N.D.
IL-5 ng/mg N.D. N.D. N.D. N.D. N.D.
IL-6 pg/mg N.D. N.D. N.D. N.D. N.D.
1L-7 pg/mg 3.9+0.7 3.542.0 3.4+0.8 3.0£0.3 3.2£0.6
LIF pg/mg  33.9+9.8 38.3£12.5 29.9+4.3 31.6+4.1 35.746.1
Lymphotactin _pg/mg  1.7+04 2.0+0.7 1.8+0.3 1.6+0.1 1.78+0.4
MIP-1alpha ng/mg  0.05+0.02 0.06+0.02 0.05+0.01 0.05+0.00 0.05+0.01
MIP-1beta pg/mg  26.7+7.6 36.8+13.2 30.9+13.2 27.1+5.2 28.2+5.8
MIP-2 pg/mg  1.7£1.0 1.3+0.3 1.5+£0.5 1.8+0.9 1.8+0.5
MIP-3 beta ng/mg 0.1+0.0 0.2+0.1 0.1+0.0 0.2+0.0 0.2+0.0
MDC pg/mg 145 11£3 1241 1545 15+3
MMP-9 pg/mg 1623 136 1343 1443 133
MCP-1 pg/mg 1442 1744 17+4 164 204
MCP-3 pg/mg 1243 14+4 1343 1343 164
MPO ng/mg 26+12 25+14 15+4 1545 2616
Myoglobin ng/mg 109+26 157+130 138+67 135+54 133+69
OSM pg/mg 9+2 1143 9+1 9+0.001 10£2
SAP pg/mg  0.007+0.002 0.007+0.002 0.006+0.001 0.008+0.001 0.008+0.001
SGOT ng/mg N.D. N.D. N.D. N.D. N.D.
SCF pg/mg 920+509 404+71 421+143 603+440 531£110
RANTES pgmg  0.82+0.51 0.55+0.35 0.56+0.50 0.56+0.31 0.56+0.25
TPO ngmg 0.41£0.09  0.39+0.15 0.32+0.11 0.23+0.14 0.27+0.08
TF ng/mg  0.15+0.03 0.15+0.05 0.1540.03 0.14+0.03 0.14+0.04
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TIMP-1 pg/mg 448 3.8+1.2 3.6+£0.8 3.5+0.5 3.6+0.6

TNF-alpha ng/mg 2.4+0.5 2.7+0.7 2.3+0.5 2.1£0.2 2.240.5
VCAM-1 ng/mg 4.8+1.0 5.4+1.8 5.241.0 5.2+0.9 5.840.7
VEGF-A pg/mg 749+297 759+281 9244317 791+181 689+214
vWF ng/mg 0.6+0.2 0.5+0.2 0.4+0.1 0.5+0.1 0.5+0.1

Data are mean = SEM (n= 6 each).

Multiplex immunoassay were peformed using the Luminex LabMAP instruments.

Apo Al (Apolipoprotein A1), CD (cluster of differentiation), CRP (C Reactive Protein),
EGF (Epidermal Growth Factor), FGF-9 (Fibroblast Growth Factor-9), FGF-basic
(Fibroblast Growth Factor-basic), GCP-2 (Granulocyte Chemotactic Protein-2),
GM-CSF (Granulocyte Macrophage-Colony Stimulating Factor), GST-a (Glutathione
S-Transferase alpha), IFN-g (Interferon-gamma), IgA (Immunoglobulin A), IL
(Interleukin), IP-10 (Inducible Protein-10), LIF (Leukemia Inhibitory Factor), MCP
(Monocyte Chemoattractant Protein), MDC (Macrophage-Derived Chemokine), MIP
(Macrophage Inflammatory Protein), MMP-9 (Matrix Metalloproteinase-9), MPO
(Myeloperoxidase), OSM (Oncostatin M), RANTES (Regulation Upon Activation,
Normal T-Cell Expressed and Secreted), SAP (Serum Amyloid P), SCF (Stem Cell
Factor), SGOT (Serum Glutamic-Oxaloacetic Transaminase), TIMP-1 (Tissue Inhibitor
of Metalloproteinase Type-1), TNF-a (Tumor Necrosis Factor-alpha), TPO
(Thrombopoietin), VCAM-1 (Vascular Cell Adhesion Molecule-1), VEGF (Vascular
Endothelial Cell Growth Factor), vWF (von Willebrand Factor). N.D. (Not Detected).
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FITC alone

Figure S1, Chen L, et al.
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Figure S1. Localization of FITC alone and FITC-NP post-instillation in the rat lung.
A, Fluorescent micrographs of cross-sections from lung instillated with FITC alone
and FITC-labeled NP on day 3 post-instillation. Nuclei were counterstained with
propidium iodide (red). Scale bars: 200 um and 20 um.
B, Micrographs of cross-sections stained immunohistochemically against FITC from
lung instillated intratracheally with FITC-NP on days 14 post-instillation.
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Figure S2, Chen L, et al.
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Figure S2. Effects of oral treatment of pitavastatin on right ventricular (RV)
systolic pressure 3 weeks after MCT injection. Data are mean &= SEM (n =6
each).
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Figure S3, Chen L, et al.

NF-xB activation in RAW cells
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Figure S3 Effect of pitavastatin-NP on NF-kB activation of monocyte cell line
(RAW cells)

Effects of pitavastatin-NP on LPS-stimulated activation of NF—xB (ELISA-
based DNA binding assay against NF-kB p65 subunit: arbitrary unit). Data are
mean & SEM (= 6 each).
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Figure S4, Chen L, et al.

FBS-induced proliferation of human pulmonary
artery SMC (% of control)
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Figure S4. Effects of pitavastatin-NP versus pitavastatin on FBS-induced
proliferation of human PASMCs (cell count per well). Data are mean &= SEM (n
= 6 each).
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Figure S5, Chen L, et al.
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Figure S5. Effects of pitavastatin-NP on mRNA levels of various
inflammatory and proliferative factors 21 days after MCT injection
(n =6 each). *P < 0.05 versus Normal. Data are mean =SEM. NS;
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