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reduction of stroke and cardiovascular complications (1). Ca channel blocker is widely
used as the blood pressure-lowering agents. However, it has been reported that Ca chan-
nels blocker increases heart rate with lowering blood pressure. Among the Ca channels
blockers, cilnidipine is known not to increase the heart rate and plasma norepinehrine
concentrations in spite of the strong blood pressure lowering effects (2—4). Cilnidipine
is a long-acting dihydropyridine calcium channel blocker by inhibiting L-type calcium
channels directly associated with vascular tone, and N-type calcium channels related to
sympathetic nervous activity (5—7). Whereas cilnidipine inhibits N-type calcium chan-
nels, it has not been well established whether cilnidipine decreases the sympathetic
nerve activity and increases the parasympathetic nerve activity in the patients with
hypertension.

Analysis of spontaneous heart rate and blood pressure variability offers insights into
different features of autonomic control of circulation (8), including the arterial baroreflex
regulation (9). In this context, heart rate spectral powers in the so-called high-frequency
(HF; 0.15-0.40 Hz) and low-frequency (LF; 0.04-0.15 Hz) regions and blood pressure
spectra powers in the LF regions have been repeatedly reported to provide relevant
information (8, 10-12). The LF power of blood pressure was reported to be increased in
parallel with the sympathetic nerve activation (13). Furthermore, the baroreflex control is
one of the key mechanisms responsible for the short-term control of blood pressure.
Impairment of this reflex has been found in a number of conditions, such as aging (14),
heart failure (15), post-myocardial infarction (16), and the impairment of baroreflex sensi-
tivity (BRS) is known as the predictive factor of mortality in hypertension (17). Baroreflex
sensitivity was originally assessed by intra-arterial measurement of the change in pulse
interval following a pharmacologically induced change in blood pressure. However, for
some time now, noninvasive monitoring of blood pressure using finger plethysmography
has been available (18), and is an accepted method for tracking beat-to-beat changes
in blood pressure (19). Added to this, a further method for measuring BRS has been devel-
oped, which assesses spontaneous changes in blood pressure and pulse interval, and does
not require pharmacological manipulation of blood pressure-spectral analysis (20,21).
However, it has not been determined whether the cilnidipine improves the impaired
BRS or not.

Therefore, the aim of the present study was to evaluate the effect of cilnidipine on the
sympathetic nerve activity, parasympathetic nerve activity, and BRS in the patients with
hypertension. We evaluated the sympathetic and parasympathetic nerve activity using the
analysis of systolic blood pressure and heart rate variability, and BRS was measured by
the spontaneous sequence method.

Materials and Methods

Subjects

The present study was conducted prospectively on 10 outpatients with hypertension
(5 males and 5 females; mean age: 58.6 years; range 4474 years) whose blood pressure
was over 140/90 mmHg. No patients were currently receiving anti-hypertensive medica-
tion and all of them were newly diagnosed. Patients with the secondary hypertension
were excluded. All studies were performed between 9 and 11 a.m., with each subject
examined at the same time of day on each visit to reduce the possible influence of circa-
dian variation in BRS. This study was performed in a quiet room, and every effort was
made to keep stimuli to a minimum during the study period. Each subject gave informed
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consent to the experimental procedures, which was approved by the ethics committee of
our institution.

Measurement of Blood Pressure and Heart Rate

Subjects lay supine, and were rested for a minimum of 15 minutes prior to assessment.
Each subject then underwent periods of blood pressure and heart rate monitoring. Blood
pressure monitoring was performed using the TaskForce Monitor 3040i (CNSystems,
Graz, Austria). The cuff was attached to a finger of the left hand and supported at heart
level. Electrocardiogram electrodes were attached to the chest. After a minimum period of
5 minutes, and once a reading of blood pressure and heart rate had stabilized, three con-
secutive, S-minute recordings were made of the blood pressure and electrocardiogram
tracing. Noninvasive brachial blood pressure readings were taken with an appropriate-
sized cuff.

Spectral Analysis for Systolic Blood Pressure and Heart Rate

Spectral analysis was performed using an adaptive auto-regressive model to provide
power spectra for both systolic blood pressure (SBP) and R-R interval (RRI). Low
Frequency power of SBP was computed by integrating the spectra between 0.04 and 0.15 Hz,
and HF power of RRI was computed by integrating the spectra between 0.15-0.40 Hz.
Parasympathetic nerve activity was represented by the normalized unit of HF component
of RRI (HFnuRRI), and sympathetic nerve activity was represented by the normalized unit
of LF component of SBP (LFnuSBP).

Measurement of Baroreflex Sensitivity by Spontaneous Sequence Method

Sequence analysis detected sequences of three or more beats in which there was either
an increase in SBP and pulse interval (Up sequence) or a decrease in SBP and pulse
interval (Down sequence). Baroreflex sensitivity was estimated as the mean slope of the
up sequences (UP BRS), the down sequences (Down BRS), and also the mean slope
of all sequences (Sequence BRS) (20,21). Previous reports showed that this protocol
measures BRS accurately in animals compared to standard pharmacological techniques
(20,21).

Administration of Cilnidipine

Cilnidipine was administered at a dosage of 10-20 mg (10-mg group and 20-mg group)
once daily after breakfast according to the guidelines of the treatment with hypertension of
the Japanese Society of Hypertension (JSH2004). All the patients were placed on mono-
therapy with cilnidipine.

Statistical Analysis

All values were expressed as the mean + SEM. The student’s paired #-test was used to
analyze the changes of variables between pre- and post-treatment with cilnidipine.
Differences in variables between the groups were analyzed by one-way ANOVA. A value
of p <0.05 was considered statistically significant.
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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=1%5) (n=15)
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) 805 766 NS
AST/ALT (IU/L) 26 £11/27+13 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) 92 £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 55+0.6 NS
BNP (pg/ml) 38+ 14 32+11 NS
Left ventricular ejection fraction (%) 709 72 +8 NS

Cardio-thoracic ratio(%) 54 %8 51%8 NS
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Table 2
Changes in blood pressure, heart rate, and autonomic function
in the patients with 10-mg group

Pretreatment Cilnidipine 10 mg
n=25) (n=15) P
Systolic blood pressure (mmHg) 161 £13 137+ 13 <0.05
Diastolic blood pressure (mmHg) 100 +5 87+4 <0.05
Heart rate (bpm) 805 767 NS
HF-RR (ms2) 102 £ 63 106 £ 58 NS
HFnuRR (%) 39+6 4216 NS
LF-SBP (mmHg?2) 07103 0.5+£0.5 NS
LFnuSBP (%) 56+5 49+ 4 <0.05
Baroreflex sensitivity (ms/mmHg) 142£2.6 16.2£4.8 NS
Table 3

Changes in blood pressure, heart rate, and autonomic function
in the patients with 20-mg group

Pretreatment Cilnidipine 20 mg
n=25) (n=5) P
Systolic blood pressure (mmHg) 157412 120+ 13 <0.05
Diastolic blood pressure (mmHg) 98+ 8 815 <0.05
Heart rate (bpm) 766 73+6 NS
HF-RR (ms2) 92+44 102 £ 66 NS
HFnuRR (%) 39+3 44 +2 <0.05
LF-SBP (mmHg2) 0.6+0.4 04103 NS
LFnuSBP (%) 63x6 504 <0.05
Baroreflex sensitivity (ms/mmHg) 13.6+2.9 202+2.1 <0.05
Table 4

Degree of changes in blood pressure, heart rate and autonomic function
in the patients with 10-mg and 20-mg group

Cilnidipine 10 mg Cilnidipine 20 mg
(n=5) (n=5) P
Systolic blood pressure ~15% -24% <0.05
Diastolic blood pressure -13% -17% <0.05
Heart rate —5% —4% NS
HFnuRR +7% +13% <0.05
LFnuSBP -12% -12% <0.05

Baroreflex sensitivity +14% +49% <0.05
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Discussion

In the present study conducted among patients with essential hypertension, cilnidipine
produced a significant reduction in blood pressure with the inhibition of sympathetic
nerve activity and the improvement of impaired baroreflex control. This study was the
first to report that cilnidipine treatment achieved the inhibition of sympathetic nerve activity
and the improvement of the impaired baroreflex control in the patients with hypertension.
These results suggest that cilnidipine is preferable for the treatment with hypertension
among the Ca channel blockers.

Epidemiological studies have demonstrated that a higher heart rate is associated with
a long-term risk of cardiovascular mortality, independent of other cardiac risk factors (22).
Therefore, anti-hypertensive drugs that do not increase the heart rate would seem to be
preferable. It has been reported that the treatment with short-acting Ca channel blockers
may not prevent cardiovascular disease (23,24). Accordingly, long-lasting Ca channel
blockers that exert less influence on the sympathetic nervous system are now recom-
mended for the treatment of hypertension. Amlodipine and cilnidipine, which were known
as long-acting Ca channel blockers, were reported not to increase heart rate. Eguchi et al. (27)
reported that cilnidipine did not cause reflex tachycardia, and that cilnidipine, but not
amlodipine, significantly decreased the ambulatory BP level without causing an increase
in heart rate. In this study, cilnidipine did not increase heart rate, and caused a significant
decrease in the LFnuSBP, as the marker of the sympathetic nerve activity. Our results of
the sympatho-inhibitory effects of cilnidipine were similar to the previous reports which
calculated the sympathetic nerve activity by other methods. From these results, cilnidipine
is considered to be the preferable drug with the sympatho-inhibtory effect among the Ca
channel blockers.

In this study, BRS was improved in the patients with hypertension treated with high-
dose cilnidipine. A previous study reported that BRS values calculated by sequence analy-
sis had reasonable reproducibility when up and down sequences were combined (25), and
we measured the BRS by sequence analysis. It has been reported that BRS is impaired in
the patients with hypertension (17,26-29), and that BRS is the predictive factor of mortal-
ity and cardiovascular events (17). The results of this study suggest that cilnidipine is
preferable for the treatment of hypertension among the Ca channel blockers. Previous
studies suggested BRS measured by the sequence method was impaired in the patients
with hypertension (5-12 ms/mmHg) (27-29), and BRS obtained in this study was consid-
ered to be higher compared to that in those previous studies. This difference may be due to
the patients’ characteristics in this study. The patients in this study had no complications
and their hypertension was in early stages.

The mechanisms in which cilnidipine inhibits the sympathetic nerve activity may
be due to suppressing the release of catecholamines from sympathetic nerve endings by
blocking the N-type calcium channels distributed widely in sympathetic nerves (30).
Recent studies have demonstrated the beneficial effect of cilnidipine on cardiac sympa-
thetic nerve activity and cardiovascular morbidity (31-33). Sakata, Yoshida, and
Obayashi reported that cilnidipine suppressed cardiac sympathetic overactivity while
amlodipine had little suppressive effect (32). The effect of cilnidipine on heart rate
might be due to not only long-acting effects but also to a reduction in sympathetic nerve
activity. The mechanisms in which cilnidipine improved the BRS has not been deter-
mined in this study. Our previous study in animal models indicated that sympatho-
inhibition causes the improvement of BRS in hypertensive model rats (26). Further
clinical studies are necessary.
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There are several limitations in this study. First, this study was a small-size, nonran-
domized study. To establish the sympatho-inhibitory effect and improvement of BRS of
cilnidipine, a randomized study is required. Second, the ages of the patients in this study
were relatively young, and none of them had organ damage due to hypertension. Whether
the treatment with cilnidipine causes the beneficial effects in this study in the older and
complicated patients with hypertension has not been determined. Third, we determined
the effects of cilnidipine on autonomic function for only 6 months, and only at two points,
before and after 6 months. The blood pressure-lowering effect of cilnidipine is determined
in several days after the initiation of administration (3). In the present study, we examined
the effects of cilnidipine on the autonomic function at only two points pre—administration
and after 6 months. From the results of the present study, we have not determined whether
the mechanisms of the action of cilnidipine is similar between several days and 6 months
after the initiation of cilnidipine. Furthermore, the effects of cilnidipine on the autonomic
function for longer periods must be determined.

Conclusion

The treatment with cilnidipine for essential hypertension produced a significant reduction
in blood pressure with the inhibition of sympathetic nerve activity and the improvement of
impaired baroreflex control. These results suggest that cilnidipine is preferable for the
treatment of hypertension among the Ca channel blockers.
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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

Restoration 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.!2
These nonoptimal clinical results were in contrast to the
results obtained in animal experiments and small open-label
clinical trials.3# 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,'0-'3 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.'4!5 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)!8:12 and augment collateral growth in
ischemic heart and limb in experimental animals.20?! In
addition, statins attenuate atherosclerosis formation2223 and
have little potential risk of tumor angiogenesis in contrast to
angiogenic growth factors.2* 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 196+29 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 (HUVECSs) 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.2s 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.2’

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 (e-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 pm.

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 SkKMC (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 IITA). 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,'8:26 but the EPC number in the
circulating blood was not increased in the present study
(supplemental Figure IIIB and IIIC). 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. *P<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

Downloaded from atvb.ahajournals.org at KYUSHU UNIVERSITY on May 14, 2010



800 Arterioscler Thromb Vasc Biol June 2009

sustained intracellular drug delivery and good efficacy. The NP
is likely retained in the cytoplasm where release of the encap-
sulated drug occurs slowly in conjunction with the hydrolysis
of PLGA.'S Overall, the nanotechnology platform for cell-
selective delivery to the vascular endothelium using NP may
be useful as an innovative strategy for therapeutic neovascu-
larization and other intractable diseases.

Another important feature of this study is that a single
administration of statin-NP containing pitavastatin (0.4 mg/
kg) into vascular endothelial cells effectively increased ther-
apeutic neovascularization with no serious side effect in
murine model of hindlimb ischemia. Sata et al>* reported
that systemic daily administration of pitavastatin (1 mg/kg
per day X 49 days=49 mg/kg) has significant therapeutic
effects in mice with hindlimb ischemia. In the present study,
we confirmed the study of Sata et al2* by showing that oral
daily administration of pitavastatin for 14 days (1 and 10
mg/kg per day X 14=14 and 140 mg/kg, respectively) had
significant therapeutic effects, as did statin-NP (0.4 mg/kg).
Therefore, our NP-mediated delivery system seems to be as
effective at an approximately 100-times lower dose than the cumu-
lative systemic dose. Furthermore, measurement of the tissue
and serum concentrations of pitavastatin confirmed the effec-
tive local retention of statin-NPs in ischemic skeletal muscles
in vivo. NP-mediated delivery of pitavastatin accelerated
angiogenic activity of human endothelial cells in vitro.
Therefore, it is possible that after NP-mediated endothelial
delivery, pitavastatin was slowly released from the NPs into
the cytoplasm along with PLGA hydrolysis, resulting in
significant therapeutic effects.

Clearly, the therapeutic neovascularization induced by
statin-NPs resulted from the pleiotropic effects, because
pitavastatin-NPs had no effect on serum lipid levels. Our
experiments with mice treated with a NOS inhibitor and
eNOS™/~ mice support the essential role of the eNOS
pathway in the mechanism underlying the therapeutic effects
of NP-mediated cell-selective delivery of statin. Consistent
with the results of other investigators,'820.21.26 we demon-
strated that pitavastatin-NP increased the activity of vascular
eNOS and PI3K/Akt (as shown in supplemental Figure V) in
association with an increased expression of endogenous
multiple angiogenic growth factors that are involved in
angiogenesis (VEGF) and arteriogenesis (FGF-2, MCP-1).27
These therapeutic effects afforded by the NP-mediated cell-
selective delivery of statin were not associated with a further
increase in circulating EPC. Intramuscular injection of solu-
ble pitavastatin alone at high doses (4 and 20 mg/kg) has no
therapeutic effect, suggesting a specific advantage of endo-
thelial cell selective delivery of pitavastatin by the PLGA NP
formulation. These findings suggest that pitavastatin-NP
acted locally on ischemic vascular endothelium to induce
therapeutic neovascularization and are consistent with the
notion that NP-mediated endothelial cell-selective delivery of
statin produces a well-harmonized integrative system to form
functionally mature collaterals via controlled expression of
endogenous multiple angiogenic growth factors and signals,
allowing for a more effective model for an integrative
approach to therapeutic neovascularization.

There is a major limitation to the present study. First, we
examined only a single dose of statin-NPs. It is difficult to
obtain a dose-response relationship of this NP system in small
animals. For translation of our present findings into clinical
medicine, further studies are needed to define the dose-
response relation in large animal models. This point is
important because statins are reported to exert a double-edged
role in angiogenesis signaling.2® Although such antiangio-
genic effects of statins at high dose did not occur in a murine
model,2* this must be examined in large animal models.
Second, we only examined the therapeutic effects of a single
intramuscular injection of statin-NP. Whether repetitive de-
livery of statin-NP at an optimal dose over time produces
greater therapeutic effects remains to be investigated.

In conclusion, this platform nanotechnology of vascular
endothelial cell-selective delivery of statin is a promising
strategy toward more effective and integrative nanomedicine
in patients with severe organ ischemia, and represents a
significant advance in therapeutic neovascularization over
current approaches. The nanotechnology platform may be
developed further as an “integrative” approach for therapeutic
neovascularization, and extended to target other molecular
signals specific to vascular endothelial cells.
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Pulmonary Hypertension

Nanoparticle-Mediated Delivery of Nuclear Factor kB Decoy
Into Lungs Ameliorates Monocrotaline-Induced Pulmonary
Arterial Hypertension

Satoshi Kimura, Kensuke Egashira, Ling Chen, Kaku Nakano, Eiko Iwata, Miho Miyagawa,
Hiroyuki Tsujimoto, Kaori Hara, Ryuichi Morishita, Katsuo Sueishi, Ryuji Tominaga, Kenji Sunagawa

Abstract—Pulmonary arterial hypertension (PAH) is an intractable disease of the small pulmonary artery that involves multiple
inflammatory factors. We hypothesized that a redox-sensitive transcription factor, nuclear factor kB (NF-«B), which regulates
important inflammatory cytokines, plays a pivotal role in PAH. We investigated the activity of NF-«B in explanted lungs from
patients with PAH and in a rat model of PAH., We also examined a nanotechnology-based therapeutic intervention in the rat
model. Immunohistochemistry results indicated that the activity of NF-«B increased in small pulmonary arterial lesions and
alveolar macrophages in lungs from patients with PAH compared with lungs from control patients. In a rat model of
monocrotaline-induced PAH, single intratracheal instillation of polymeric nanoparticles (NPs) resulted in delivery of NPs into
lungs for =14 days postinstillation. The NP-mediated NF-xB decoy delivery into lungs prevented monocrotaline-induced
NF-kB' activation. Blockade of NF-kB by NP-mediated delivery of the NF-«xB decoy attenuated inflammation and
proliferation and, thus, attenuated the development of PAH and pulmonary arterial remodeling induced by monocrotaline.
Treatment with the NF-«xB decoy NP 3 weeks after monocrotaline injection improved the survival rate as compared with
vehicle administration. In conclusion, these data suggest that NF-xB plays a primary role in the pathogenesis of PAH and,
thus, represent a new target for therapeutic intervention in PAH. This nanotechnology platform may be developed as a novel
molecular approach for treatment of PAH in the future. (Hypertension. 2009;53:877-883.)

Key Words: pulmonary hypertension m lung m inflammation m leukocytes

ulmonary arterial hypertension (PAH) is an intractable
disease of the small pulmonary arteries that results in a
progressive increase in pulmonary vascular resistance, right
ventricular failure, and, ultimately, premature death.'-3 Be-
cause its mortality remains high even after the introduction of
prostacyclin infusion therapy (which has raised the 5-year
survival rate to =50%), the development of a more effective
and less invasive therapy for PAH is urgently needed.
Recent evidence suggests:an important: role of monocyte
chemoattractant protein: (MCP) 1-medidted inflammation in
the mechanism of PAH.4-3 However, the therapeutic benefits
of MCP-1 blockade were not optimal for clinical applica-
tion.>¢ During the inflammatory process of PAH,. several
inflammatory factors (eg, MCP-1, interleukin [IL] 1, IL-6,
and tumor necrosis factor [TNF] ) are overproduced, leading
to a vicious circle.!=> A redox-sensitive transcription factor,
nuclear factor kB (NF-«B), is known to regulate expression
of chemokines such as MCP-1 and multiple inflammatory
cytokines such as IL-6 and TNF-a. Blockade of NF-«B: by
transfection of NF-kB “decoy” oligodeoxynucleotides may
attenuate the vascular pathology associated with reduced

expression of NF-kB-dependent genes.®-!2 However, no
previous study has addressed the specific role of the NF-xB
pathway in the pathogenesis of PAH. Therefore, we hypoth-
esized .that controlled local delivery of NF-«B decoy into
lungs, targeting a battery of multiple important inflammatory
cytokines, would be a favorable therapeutic approach for PAH.
To this end, we have recently developed bioabsorbable poly-
meric nanoparticles (NPs). formulated from a poly-(ethylene
glycol)-block-lactide/glycolide copolymer (PEG-PLGA).13-15

The primary aim of this study was to investigate the role of
the NF-xB pathway in the pathogenesis: of PAH. We first
examined the activity of NF-«B in patients with PAH. We
then used a rat model of monocrotaline (MCT)-induced PAH
to examine whether NP-mediated ~delivery of the NF-«B
decoy can attenuate the development of PAH.

Methods

Histopathologic and Immunohistochemical
Examination of Human Lungs

Human lung tissue was obtained from autopsy specimens from 4
patients whose deaths were attributed to idiopathic PAH and 2
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patients whose deaths were attributed to nonlung disease (Figure S1,
available in the online data supplement at http://hyper.ahajournals.
org). Additional details are provided in the online data supplement.

Preparation of NPs

The NF-xB decoy oligodeoxynucleotides labeled with or without
fluorescein-isothiocyanate (FITC) were prepared as described previ-
ously.!e.1! The decoy is directed against the NF-xB binding site in
the promoter region that corresponds with NF-xB-responsive genes
and works to inhibit binding of this transcription factor to the
promoter region.!0.!' PEG-PLGA NPs encapsulated with FITC,
NF-«B decoy, or FITC-labeled NF-«B decoy were prepared using an
emulsion solvent diffusion method.!>!4 The average diameter of
PEG-PLGA NPs was 44 nm. To measure FITC release kinetics,
FITC-NP was immersed in Tris-EDTA buffer, and the released FITC
was measured. Additional details are provided in the online data
supplement.

In Vivo Experiments With a Rat Model of
MCT-Induced PAH

Rats were SC injected with 60 mg/kg of MCT, which induces severe
PAH within 3 weeks.516.17 In the prevention protocol, animals were
assigned to either an untreated control group or a group that received
a single intratracheal instillation of NF-«B decoy alone (50 ug),
FITC-NP (1000 pg of PEG-PLGA), or NF-«B decoy NPs (50 ug of
NF-kB decoy per 1000 pg of PEG-PLGA) immediately after MCT
(n=6. each). For intratracheal instillation, a volume of 0.1 mL of
phosphate buffer suspension of NP or NF-kB decoy was injected
gently into the trachea of animals accompanied by an equal volume
of air. The biodistribution of FITC in the lung was also examined 3,
7, and 14 days after intratracheal instillation of FITC only, FITC-
NPs, or FITC-labeled NF-«B decoy NPs in rats injected with MCT.
In the treatment protocol, rats were divided into 2 groups (rats treated
with a single intratracheal instillation of phosphate buffer and rats
treated with NF-«B decoy NPs; n=33 each) 21 days after MCT
injection, when severe PAH had been established.

Hemodynamic Measurements

Three weeks after MCT administration, the animals were anesthe-
tized with sodium. pentobarbital, and then polyethylene catheters
were inserted into the right ventricle (RV) through the jugular vein
and the carotid artery for hemodynamic measurements, RV systolic
pressure and systemic blood pressure were measured with a poly-
graph system (AP-601G, Nihon Kohden).5

Assessment of Right Heart Hypertrophy and
Pulmonary Arterial Remodeling
After: systemic. arterial and:RV. pressure had been. recorded, the
animals were euthanized, and the lungs and heart were isolated. The
RV wall was dissected from the left ventricle (V) and ventricular
septum (S). The wet weight of the RV and LV+S was determined,
and RV hypertrophy was expressed as follows: RV/(LV+S).3

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 the tracheal tube at a
pressure of 20 cm H,0. These specimens were processed for light
microscopy by routine paraffin:embedding. The degree of remodel-
ing (muscularization) of the small peripheral pulmonary arteries was
assessed by double immunohistochemical staining of the 3-um
sections with an anti-a-smooth muscle actin antibody (dilution
1:500, clone 1A4, Dako) and anti-platelet endothelial cell adhesion
molecule 1 (M-20) antibody (dilution 1:100, Santa Cruz Biotechnol-
ogy) modified from a protocol described elsewhere.'®

To assess the type of remodeling in the muscular pulmonary
arteries, microscopic images were analyzed. In each rat, 30 to 40
intra-acinar arteries were categorized as muscular (ie, with a com-
plete medial coat of muscle), partially muscular (ie, with only a
crescent of muscle), or nonmuscular (ie, with no apparent muscle).
The arteries were counted and averaged within a range of diameters
from 25 to 50 pm.

Histopathologic and

Immunohistochemical Analysis

The degrees of monocyte infiltration were evaluated by immuno-
staining with the ED-1 (analogue of human CD68) antibody against
monocytes. For quantification, a blind observer counted the number
of ED-1-positive cells in 10 fields.* Monocytes were also subjected
to immunostaining with antibodies against FITC, an epitope (a-p65)
on the p65 subunit of NF-«kB, or nonimmune mouse IgG. The a-p65
monoclonal antibody recognizes an epitope on the p65 subunit that
is masked by bound inhibitor of kB (I-«B).? Therefore, this antibody
exclusively detects activated NF-xB.!2

Electrophoretic Mobility-Shift Assays

Nuclear extracts were prepared from the whole-lung homogenates
using a nuclear extract kit (NE-PER Nuclear and Cytoplasmic
Extraction Reagents, Thermo Science) according to the manufactur-
er’s instructions. The protein was measured using a BCA Protein
Assay kit (Thermo Science). For NF-«B activation, a nonradioactive
electrophoresis mobility-shift assay kit (AY1030, Panomics) was
used according to the manufacturer’s instructions. Five pg of nuclear
protein were incubated for 30 minutes at room temperature with a
biotinylated oligonucleotide containing the NF-«B binding site, and
then the samples were separated on a nondenaturing polyacrylamide
gel and blotted onto a positively charged nylon membrane. After
blotting, the oligos on the membrane were fixed using a UV
cross-linker oven. Then, the membrane was incubated with
streptavidin-horseradish-peroxidase solution at room temperature for
15 minutes and with detection reagents for 5 minutes. Nuclear
proteins that were bound to the NF-«B binding site were detected by
chemiluminescence with the use of the LAS-1000 detection system
(Fujifilm).

Real-Time Quantitative RT-PCR

Real-time PCR amplification was performed with the rat cDNA with
the use of the ABI PRI8:21 PM 7000 Sequence Detection System
(Applied Biosystems), as described previously.'? TagMan primer/
probes for MCP-1, TNF-a, IL-1, IL-6, intercellular adhesion mole-
cule 1, and GAPDH, which served as the endogenous reference,
were purchased from Applied Biosystems (Assay-on-Demand gene
expression products Rn00580555, Rn99999017, Rn00580432,
Rn00561420, and Rn00564227 and TagMan Rodent GAPDH Con-
trol' Reagents, respectively).

Intracellular Delivery of NPs Incorporated With
an FITC-Labeled NF-«B Decoy to Human
Monocytes: and Pulmonary Arterial Smooth
Muscle Cells

The human monocyte cell line THP-1 was obtained from the German
Collection of Micro-organisms: and Cell Cultures and was used
between passages 4 and 8. Cells were cultured in RPMI 1640 with
10% FBS in & humidified atmosphere of 5% CO, in air. The cell
density was adjusted to 10° cells per milliliter in 1 mL of serum-free
medium in 35-mm-diameter dishes. The cells were serum deprived
24 hours before the experiment. The growth medium was replaced
with FITC-conjugated NF-«kB decoy encapsulated PEG-PLGA NP
suspension medium (0.5 mg/mL) and then further incubated for 1
hour. At the end of the experiment, the cells were washed 3 times
with PBS to eliminate excess NPs that were not incorporated into the
cells. Then, the cells were fixed with 10% cold methanol, and nuclei
were counterstained with propidium iodide. Cellular uptake of
FITC-conjugated NF-xB decoy-encapsulated PEG-PLGA NPs was
evaluated by fluorescence microscopy.

Human pulmonary artery smooth muscle cells (PASMCs) were
obtained from Cambrex Bio Science, Inc, and cultured as described
previously. Cells were used between passages 4 and 8. Human
PASMCs were seeded on chambered cover glasses and incubated at
37°C/5% CO, until the cells were subconfluent. The following
treatments were performed in the same manner.
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Lipopolysaccharide-Induced Activation of

Human Monocytes

Bacterial lipopolysaccharide (serotype 0111:B4; Sigma) was added
at 1 pg/mL to the cells as indicated for each experiment. NF-«B
decoy at 5 pg/mL, NF-«kB decoy-encapsulated NPs containing 0.1
mg/mL of PEG-PLGA NP and 5 pg/mL of NF-«kB decoy, or the
vehicle alone was added to the wells simultaneously. Four hours
later, the cells were washed 3 times with PBS. NF-kB pathway
activity was measured using a TransAM NF-«kB p65 ELISA-based
assay kit (Active Motif). Nuclear extracts of THP-1 were prepared
with the NE-PER kit (Pierce) according to the manufacturer’s
protocol. All of the procedures were carried out at 4°C. Protein
concentration was determined by BCA assay, and 20 pg of protein
from each sample were used in the assay. Samples were placed along
with 30 pL of binding buffer on a 96-well plate to which oligonu-
cleotides containing an NF-kB consensus binding site had been
immobilized. Plates were incubated for 1 hour on a shaker. During
this time, the activated NF-«B contained in the sample specifically
bound to this nucleotide. The plate was then washed, and the NF-«B
complex bound to the oligonucleotides was detected using a primary
antibody (100 pL diluted 1:1000 in antibody binding buffer for 1
hour) that is directed against the NF-kB p65 subunit. The plate was
then washed again, 100 pL of secondary antibody (diluted 1:1000 in
antibody binding buffer) conjugated to horseradish peroxidase was
added, and the plate was incubated for 1 hour. The plate was washed
again, and 100 pL of developing solution were added. The plate was
incubated for 4 minutes away from direct light, 100 pL of stop
solution were added, and the plate was read using a plate reader at
450 nm.

Human PASMC Proliferation Assay

Human PASMCs were seeded on 96-well culture plates at 1X10*
cells per well (n=6 per group) in smooth muscle cells—basal medium
with 10% FBS. After 24 hours, the cells were starved for 48 hours in
serum-free medium to obtain quiescent nondividing cells. After
starvation, 10% FBS was added. Also, a concentration of 1 mg/mL
of NF-kB decoy only, NF-«B decoy-encapsulated PEG-PLGA NPs
(0.05 mg/mL of PEG-PLGA and 1 mg/mL of decoy), or FITC-
encapsulated PEG-PLGA NPs was added to each well. Cells were
incubated for another 24 hours after addition of 5'-bromo-2'-
deoxyuridine. 5’-Bromo-2’'-deoxyuridine incorporation was evalu-
ated by an ELISA kit from Calbiochem.

Statistical Analysis

All of the results are expressed as the mean*+SEM. Statistical
analysis of differences was performed by ANOVA followed by
Bonferroni’s multiple comparison test. The survival rates were
determined by the Kaplan-Meier method. P<<0.05 was considered
statistically significant.

Results

Activation of NF-kB Expression in Patients With
PAG6H and in MCT-Induced PAH Rats
Localization of NF-«B activation was examined by immuno-
histochemical studies in lung tissue from patients using the
antibody against a-p65.° An intense immunoreactivity of
a-p65 was noted primarily in alveolar macrophages and to
some extent in small pulmonary arterial lesions (mainly in
smooth muscle cells in the medium) from 4 patients with
PAH (Figure 1A and Figure S1A). This NF-«B activation
was associated with positive staining of MCP-1 and IL-6. In
contrast, none at all of a-p65 was detected in 2 control
patients whose deaths were not attributed to lung disease
(Figure S1B).

In MCT-induced PAH rats, activation NF-«kB was noted
mainly in alveolar macrophages and weakly in pulmonary

Nanotherapy for Pulmonary Arterial Hypertension 879

A Patient1 NF-kB (a-p65)

Alveolar o o 3
macrophages| ' 37 L "t Th) /
pulmonary S
arterial lesions ; |
N 1
B Normal
control -
- NF-xB decoy! NF:xB detoy NP
NF-xB =) only y'\ e Wi y
(0-p65) e
C NF-kB-positive alveolar cells(cells/ 10HPF)
P<0.01
I NS I

150 e, *
100

50

=l [ 1| B

Normal PBS FITC NF-xB NF-xB
control NP  decoy only decoy NP

Figure 1. NF-kB activation in patients with PAH and rats with
MCT-induced PAH and the effect of intratracheal instillation of
NF-«B decoy NPs on NF-xB activation in rats. A, Micrographs
of cross sections of the lung from patient 1 stained immunohis-
tochemically with NF-kB (a-p65), MCP-1, and IL-6. Pictures
stained with nonimmune IgG control are shown in the inset.
Scale bar: 50 pm. B, Micrographs of cross sections of the lung
stained immunohistochemically with NF-xB («-p65) from normal
rats and PAH rats 7 days after MCT injection. Scale bar: 50 pm.
C, Effects of NF-kB decoy NPs on infiltration of NF-kB (a-p65)-
positive cells 7 days after MCT injection. Data are mean+SEM
(n=4 each). *P<0.01 vs PBS vs normal control.

artery lesions 7 days after MCT administration (Figure 1B
and 1C). An electrophoretic mobility-shift assay was per-
formed to detect the DNA binding activity of NF-«B (Figure
S2). The binding activity of the lung increased in rats after MCT
injection, which peaked on day 3 and decreased on day 7.

Effects of Intratracheal Treatment With NF-«B
Decoy NP on NF-kB Activation

Single intratracheal instillation of NF-«B decoy NPs, but not
FITC NPs or NF-kB decoy only, resulted in marked attenu-
ation of the increased NF-kB (a-p65) activity 7 days after
MCT injection (Figure 1B and 1C). Treatment with NF-«xB
decoy NP markedly attenuated the DNA binding activity of
NF-«B after MCT injection (Figure S2).

Because NF-kB was activated in alveolar monocytes and
small pulmonary arterial smooth muscle cells in animals and
humans with PAH, the effects of NF-kB decoy NPs on
NF-«B activity were examined in the human monocyte cell
line (THP-1) and in PASMCs in vitro (Figure S3). When
those cultured cells were incubated with FITC-labeled NF-«kB
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Figure 2. Localization of FITC after FITC-labeled NF-«B decoy
NPs postinstillation in the rat lung. A, Fluorescent micrographs
of cross sections from lung instillated with FITC only and FITC-
labeled NF-kB decoy NPs on day 3 postinstillation. Nuclei were
counterstained with propidium iodide (red). Scale bars: 100 pm.
B, Micrographs of cross sections stained immunohistochemi-
cally against FITC from lung instillated intratracheally with FITC-
NPs on days 7 and 14 postinstillation. Scale bars: 100 pm.

decoy NPs for 60 minutes, they were exclusively positive for
intracellular localization of FITC. Treatment with NF-«xB
decoy NPs, but not but with FITC-NPs only or NF-«B decoy
only, prevented NF-«B activation in THP-1 cells and atten-
uated proliferation of human PASMCs.

Localization of FITC-Labeled NF-kB Decoy NPs
in the Lung of MCT-Induced PAH

Localization of FITC was examined after a single intratra-
cheal instillation of FITC-labeled NF-«kB decoy NPs in
animals injected with MCT. Histopathologic examination of
lung sections showed that strong FITC signals were detected
only in FITC-NP-instillated lung 3 days after instillation,
whereas no FITC signals were observed in control nonin-
jected lungs or in lungs injected with FITC only (Figure 2A).
There were the FITC-positive cells in bronchi and alveoli,
alveolar macrophages, and small arteries. Immunofluorescent
staining revealed FITC signals localized mainly in small
arteries and arterioles, as well as in small bronchi and alveoli,
7 and 14 days after instillation of FITC-NPs (Figure 2B). FITC
signals were not detected in remote organs (liver, spleen, kidney,
and heart) on days 1, 3, and 7 (data not shown).

Effects of NF-kB Decoy NP on the Development of PAH
in the Rat Model of MCT-Induced PAH

As reported previously by us and by other investigators,3-16.17
the injection of MCT results in severe PAH (increased RV
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Figure 3. Effects of NF-«B decoy NPs on RV systolic pressure
and RV hypertrophy 3 weeks after MCT injection. A, RV systolic
pressure 21 days after MCT injection in 4 groups. Data are
mean=SEM (n=6 each). *P<0.05 vs normal control. B, RV hy-
pertrophy (the ratio of RV/[LV+S]) 21 days after MCT injection in
the different treatment groups. Data are mean+SEM (n=6 each).
*P<0.05 vs normal control.

systolic pressure and RV hypertrophy; Figure 3) associated
with small pulmonary arterial remodeling (Figure 4) and
increased infiltration of ED-1-positive monocytes (Figure 4)
3 weeks after MCT injection. Single intratracheal treatment
with NF-kB decoy NPs but not with NF-kB decoy only or
FITC-NPs attenuated the development of PAH (Figure 3),
small pulmonary arterial remodeling (Figure 4), and inflam-
mation (Figure 4).

Effects of NF-kB Decoy NPs on Expression of
Proinflammatory Factors
As reported previously,*+ MCT-induced PAH was associated

with increased gene expression of proinflammatory factors.
Treatment with NF-kB decoy NPs significantly reduced the
increased gene expression of MCP-1, TNF-«, and IL-18
(Figure 5). NF-kB decoy NPs tended to decrease the expres-
sion of IL-6 and intercellular adhesion molecule-1.

In Vitro NP Release Kinetics
An analysis of the in vitro FITC release kinetics from

FITC-NP showed an early burst of FITC release such that
~40% of the total amount ultimately released was present on
day 1, followed by sustained release of the remaining FITC
over the next 28 days (Figure S4).

Effects of NF-kB Decoy NPs on Survival
Treatment with NF-kB decoy NPs 21 days after MCT

injection significantly (P<<0.01) improved the survival rate
(Figure 6).
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Figure 4. Effects of NF-kB decoy NPs on small pulmonary arte-
rial remodeling and infiltration of monocytes. A, Representative
micrographs of nonmuscularized and fully muscularized small
pulmonary arteries stained immunohistochemically against the
endothelial layer (brown) and medial smooth muscle cells (blue).
Scale bar: 50 um. B, The percentage of fully muscularized small
pulmonary arteries in the different treatment groups. Data are
mean=SEM (n=6 each). *P<0.05 vs normal control. C, Repre-
sentative micrographs of pulmonary alveoli stained immunohis-
tochemically for ED-1-positive monocytes. Scale bar: 50 pm. D,
Infiltration of ED-1-positive monocytes into the lung (the number
of positive cells per 10 high-power field cross sections). Data
are mean*=SEM (n=6 each). *P<0.01 vs normal control.

Discussion
The present study demonstrates for the first time that intra-
tracheal instillation of PEG-PLGA NPs is an excellent system
for drug delivery of NF-«B decoy to the lung. The FITC
signals were detected not only in small bronchial tracts but
also in alveolar macrophages and small pulmonary arteries
for =14 days after a single instillation. After cellular uptake
of NPs, NPs might slowly release encapsulated decoy into the
cytoplasm as PLGA is hydrolyzed. This might protect the
encapsulated decoy from intracellular degradation before its
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arrival at the nuclear target. Our in vitro studies in cultured
human monocytes and pulmonary arterial smooth muscle
cells support this notion. Therefore, this platform nanotech-
nology may represent a novel NP-mediated drug delivery
system for treatment of severe lung diseases, including PAH.

The present study also reports a pivotal role of NF-kB in
the pathogenesis of PAH. Recently, Sawada et al'® and Huang
et al20 reported that systemic daily administration of pyrroli-
dine dithiocarbamate, a nonspecific inhibitor of NF-«B,
attenuated the development of MCT-induced PAH. Pyrroli-
dine dithiocarbamate is known to be a low molecular weight
thiol compound and has anti-inflammatory and antioxidant
activity independent of the NF-«B pathway. Indeed, in a
study by Huang et al,2° pyrrolidine dithiocarbamate treatment
had no effect on MCT-induced NF-kB activation. In contrast,
we found in the present study that NF-«B is activated in
alveolar macrophages and small pulmonary arteries associ-
ated with NF-«kB—dependent inflammatory factors (eg,
MCP-1, IL-1, and TNF-ea) in patients with PAH and rats with
MCT-induced PAH, and blockade of NF-«B activation by a
single intratracheal instillation of NF-«B decoy NPs reduced
inflammatory changes. These data suggest that NF-kB might
be pivotal in mediating inflammatory changes seen in PAH.

We also found that intratracheal instillation of NF-«B
decoy NPs prevented the development of PAH (increased RV
pressure, RV hypertrophy, and pulmonary artery remodeling)
in the prevention protocol. We and others have reported that
blockade of MCP-1 reduces vascular pathology after vascular
injury®2-25 and the development of PAH.56 In addition, as
we reported in human coronary artery smooth muscle cells in
vitro,'226 we found that NF-kB decoy NPs attenuated prolif-
eration of human PASMC:s in vitro. Therefore, the beneficial
effects of NF-«kB decoy NPs can be attributable to inhibition
of inflammation and smooth muscle cell proliferation result-
ing from reduced NF-«B activation.

Furthermore, we found that a single intratracheal treatment
of NF-«B decoy NPs 3 weeks after MCT injection improved
survival rate in the treatment protocol, suggesting that this
NP-mediated NF-«kB decoy delivery may have significant
therapeutic effects. We did not examine the therapeutic
effects of repetitive intratracheal instillation of NF-kB decoy
NPs, because it is technically difficult to perform multiple
intratracheal instillation of this NP system in rats and other
small animals. For translation of our present findings into
clinical medicine, further studies are needed to investigate
whether repetitive delivery of NPs into lungs produces
greater therapeutic effects over time.

Several points are worth mentioning with regard to poten-
tial clinical applicability. First, from a toxicological point of
view, no adverse reactions, eg, pulmonary inflammation,
after exposure to a single intratracheal instillation of FITC-
NPs (PEG-PLGA at 1 mg per body) or NF-kB decoy NPs
(NF-kB decoy at 50 pg per body in rats weighing 250 to
300 g) were noted in the rat model, suggesting that the NPs
used in this study may not cause an adverse reaction.
However, the 3-week observation period for this NP system
might be too short to determine its safety. Second, we
reported recently that neither intravenous injection of the
NF-kB decoy at 1 mg per body in monkeys nor deployment
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Figure 5. Effects of NF-xB decoy NPs on mRNA levels of various inflammatory and proliferative factors 21 days after MCT injection

{n=5 each). *P<0.01 vs normal control.

of an NF-«kB decoy-eluting stent (=600 pg per stent) in
rabbits showed systemic adverse effects.’? More important
are the findings of a clinical {rial that we completed recently
to test the feasibility and safety of the NF-kB decoy. The
decoy was transfected into the stented coronary artery sites at
doses of 1000, 2000, or 4000 pg per body via a channel
balloon catheter immediately after. successful percutaneous
coronary intervention in 18 patients with flow-limiting coro-
nary stenosis.?” The patients showed low restenosis rates and
no evidence of systemic adverse effects during the 6-month
observation period. These data support the notion that NF-«xB
decoy can be applied in a clinical setting. Third, this NP
system itself is not suitable for inhalant therapy, because it is

A single intratraheal instillation of
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Figure 6. Effects of NF-kB decoy NPs on survival rate. Survival

rate analyzed by the Kaplan-Meier method in vehicle and NF-«xB
decoy NP groups.

known that most inhaled NPs are exhaled rather than being
delivered into the lung.28 In contrast, microparticles with
aerodynamic diameters between 2 and 8 pm reach small
bronchi. However, the microparticles are easily recognized
and eliminated by the mucociliary clearance system and
alveolar macrophages immediately after they reach the small
bronchi.?8 In contrast, polymeric NPs escape the clearance
system of the lung when they are delivered into small bronchi
and are, thus, taken up by alveoli, macrophages, and pulmo-
nary small vessels. Therefore, to use this NP system for
inhalant therapy, we need to.develop the nanocomposite
microsized - particles?8: that - will- decompose - to: NPs: after
reaching the small bronchi.

Perspectives

This' study has shown that NF-«B is activated in pulmonary
arterial “lesions in patients with PAH and - in rats with
MCT-induced PAH, and blockade of NF-xB by NP-mediated
NF-«B decoy delivery not only prevented the development of
MCT-induced PAH in the prevention protocol but also
improved survival rate in the treatment protocol. These data
support the notion that NF-kB plays a pivotal role in the
pathogenesis of PAH and, thus, represents a new therapeutic
target for PAH. This nanotechnology platform may be devel-
oped as a more effective and less invasive nanomedicine in
PAH therapy.
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