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ABSTRACT

Purpose In this paper, a novel liposomal formulation of pacli-
taxel modified with octaarginine (R8) was fabricated and the
therapeutic efficacy of it on pulmonary arterial hypertension was
evaluated.

Methods Octaarginine-modified stealth liposomes loaded with
PTX (R8-PTX-LIP) were prepared and characterized. Vector
cytoxicity and anti-proliferation ability of different formulations
on primary cultured VSMCs were determined with MTT assay.
The uptake capacity of VSMCs on different formulations were
evaluated by flow cytometry, and the influences on cytoskeletons
of liposomes were investigated by cytoskeleton staining with
rhodamine-phalloidin. The biodistribution of liposomes were
imaged by a CCD camera using a near-infrared fluorophore
DiD. The therapeutic efficacy of different PTX-formulations of
PAH was evaluated by hemodynamic measurement, right ven-
tricular hypertrophic parameters and vessel diameters.

Results The cellular uptake of R8 modified liposomes (R8-LIP)
was improved noticeably compared with other groups. All
liposomes did not exert cytotoxicity on VSMCs in 24 h. R8-
PTX-LIP exhibited the strongest inhibitory effect on the prolif-
eration of VSMCs among all the formulations (p <0.001). R8-

PTX-LIP could reverse the phenotype transformation, and inhibit
cell migration. mPAP (RV/LV+S) and the wall thickness of small
distal pulmonary arteries of rats treated with R8-PTX-LIP were
significantly lower than those from other groups (p <0.001).
Conclusions In conclusion, the drug delivery system of R8-
modified paclitaxel-loaded liposomes we established showed
pronounced inhibitory effect over VSMCs proliferation and
cytoskeleton formation in vitro, a stronger pulmonary delivery
ability in vivo, and was effective on PAH, showing the potential
for pulmonary drug delivery system for PAH treatment.
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ABBREVIATIONS

Chol Cholesterol

CLp Conventional liposomes

FBS Fetal bovine serum

LV+S The left ventricular and septum
MCT Monocrotaline

mPAP Mean pulmonary arterial pressure
NIR Near-infrared
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PAH Pulmonary arterial hypertension
PAP Pulmonary artery pressure
PEG-LIP PEG modified liposomes

PEG-PTX-LIP  Sterically stabilized paclitaxel loaded
liposomes

PTX Paclitaxel

PVR Pulmonary vascular resistance

R8 Octaarginine

R8-LIP R8 modified liposomes

R8-PTX-LIP R8-modified paclitaxel-loaded liposomes

RV The right ventricular

RVALV+S) Ratio of Right Ventricular Weight to Left
Ventricular Plus Septal Weight

TLC Thin layer chromatography

VSMCs Vascular smooth muscle cells

WT% The percent medial wall thickness

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a common clinical
disorder in cardiovascular field. It is a syndrome resulting
from restricted flow through the pulmonary arteries, which
leads to pathological increases in pulmonary artery pressure
(PAP) and pulmonary vascular resistance (PVR), and ulti-
mately right heart failure or death (1). Multiple pathogenic
pathways have been implicated in the development of PAH,
and the evidences from pathology have proved that pulmo-
nary vascular remodeling is one of the basic pathological
characteristics of this disorder (2). The proliferation and
migration of vascular smooth muscle cells (VSMCs) could
be the core link of pulmonary vascular remodeling (3).
Therefore, how to delay or reverse the pulmonary vascular
remodeling is the key point of therapeutic strategy on PAH,
and VSMCs are considered to be an important target be-
cause of their critical role in the developing of PAH.
Paclitaxel (PTX) has shown significant anti-tumor activ-
ity against several tumors such as breast cancer, advanced
ovarian carcinoma, lung cancer, head and neck carcinoma,
and acute leukemias when administered systemically (4). In
addition, PTX also has been used in drug-eluting stents to
prevent restenosis in the field of interventional cardiology.
PTX was found to interfere with VSMCs’ migration and
proliferation at nanomolar levels i vitro (5). The target for
PTX appears to be microtubules, which are important
members of the cytoskeleton and play critical roles in several
cellular functions, such as cell division, cell migration, and
the maintenance of cell shape (6). PTX disrupts the mitosis
and inhibits cell proliferation by steadying polymerized mi-
crotubules and enhancing microtubule assembly (7). Cell
replication is blocked predominantly in the G¢/G; and
Go/M phases of the cell cycle. PTX is highly lipophilic,

which enables it to penetrate cell membrane easily and
hence promotes rapid cellular uptake. Therefore, PTX
had been identified as a promising antiproliferative agent
and could be a promising candidate in therapeutic strategy
on PAH. However, due to its low solubility in water, it is
usually administered dissolved in Cremophor EL and etha-
nol, which are associated with vehicle toxicity and cause
serious side effects (8). Therefore, it is quite necessary to
develop an effective and safe delivery system for PTX.

Liposomes have been widely used in pulmonary drug
delivery for multiple applications including solubilization,
sustained release, cellular and intracellular targeting, and
minimization of toxicity (9). Drug loaded liposomes injected
via tail vein are captured by reticuloendothelial system,
vascular endothelial cells, and VSMUCs in deep lung during
the pulmonary circulation. Modifying the surface of lipo-
somes with ligands would further enhance the uptake of the
carrier system by the lung cells, increase the drug concen-
tration in the lungs while reduce the drug concentration in
the system, and finally reduce side effects. Liposome is
considered as a good candidate for pulmonary drug delivery
owing to its characteristics, such as ability to load hydro-
philic and hydrophobic drugs, superficial modified possibil-
ity, chemical similarity with lung surfactant, good
compatibility and low toxicity.

To improve the cellular uptake of liposomes, modifica-
tions on the surface were usually carried out. Octaarginine
(R8) 1s a member of cell penetrating peptides, consisting of
eight arginines (10,11). Recent studies have shown that,
modification of liposomes with R8 could enhance the cellu-
lar uptake (12—14).

In this study, a novel liposomal formulation for pulmo-
nary drug delivery was fabricated and characterized. The
R8-modified liposomes were designed to load PTX in the
phospholipid bilayers and to enhance cellular uptake of this
drug, with its inhibitory effect on the proliferation of
VSMCs investigated. We evaluated the biodistribution in
lung and the treatment efficacy of this novel drug delivery
system on PAH, and all the results clearly suggested that the
liposomal formulation could be a promising candidate for
treating this disease.

MATERIALS AND METHODS
Materials

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide (polyethylene glycol)-2000] (ammonium salt)
(DSPE-PEGg00-Mal), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene glycol)-
2000] (ammonium salt)(DSPE-PEGyqg), and FITC-PE were
purchased from Avanti Polar Lipids, Inc (Alabaster, AL,
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USA). MTT, SPC and Cholesterol (Chol) were purchased
from Kelong Chemical Reagent Company (Chengdu,
China). Octaarginine (R8) was synthesized by Chengdu
Kai Jie Bio-pharmaceutical Co. Ltd. (Chengdu, China).
Paclitaxel (PTX) was purchased from AP Pharmaceutical
Co., Ltd (Chongqing, China). DID was obtained from
Biotium (Hayward, CA, USA). Rhodamine-labeled
phalloidin, PDGF-BB, Monocrotaline (MCT) were pur-
chased from Sigma-Aldrich (St Louis, MO, USA).
Methanol, chloroform, and the other reagents were all
analytical grade.

Animals

Male Sprague—Dawley rats were purchased from West
China animal center of Sichuan University (Sichuan,
China). All animal procedures for this study were approved
by the Experiment Animal Administrative CGommittee of
Sichuan University.

Synthesis of R8 Peptide Conjugated PEG;qo-Lipid
(R3-PEG2000-Lipid)

The material was synthesized as previously described with
some changes (15). R8 and DSPE-PEGyyg0-Mal (molar
ratio: 1.5:1) were mixed in chloroform/methanol (v/v=2:1)
at room temperature with gentle stirring for 48 h.
Triethylamine was employed as a catalyst. Thin layer chro-
matography (TLC) was applied to monitor the reaction
process. When DSPE-PEGgggo-Mal disappeared on TLC,
the mixture was evaporated under vacuum, the residue was
re-dissolved with chloroform, the insoluble material was
filtered, and the supernatant (DSPE-PEGy(((-R8) was evap-
orated again under vacuum and stored at —20°C.

Conjugation of the peptide to DSPE-PEGy(po-Mal was
confirmed by determining the molecular weight of the
resulting DSPE-PEG-R8.

Preparation and Characterization of Liposomes

Lipid compositions of the prepared liposomes were as fol-
lows: (1) R8 modified liposomes (R8-LIP),
SPC/Chol/DSPE-PEGy00/DSPE-PEG9gp0-R8 (molar ra-
tio 59:33:3:5); (2) PEG modified liposomes (PEG-LIP),
SPC/Chol/DSPE-PEGygg (molar ratio 59:33:8); (3) con-
ventional liposomes (CLIP), SPC/Chol (molar ratio 67:33).
To label the lipid phase, FITC-PE or DID were incorpo-
rated at 5 mol% of total lipid. Liposomes were formed by
thin film-ultrasonic method. In brief, a lipid film was pro-
duced by rotary evaporation of all lipids in chloroform. The
films were left under vacuum for 2 h. Hydration buffer, PBS
pH 7.4 was then added to produce a concentration of
10 pumol/3 ml of lipid. The lipid suspensions were
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intermittently sonicated with a probe sonicator at 80 W
for 2 min. Paclitaxel and lipid ingredients, at a drug-to-
lipid molar ratio of 1:40, were dissolved in chloroform to
prepare drug-loaded liposomes following the steps described
above. The free drug was removed using a Sephadex-G50
column, and the pellets were collected. Samples were dilut-
ed with pure water, and the mean diameters and zeta-
potentials of liposomes were measured by Malvern
Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK).

The envelopment efficiency of liposomes was determined
by HPLC (1200 Series, Agilent, USA) as follows. Liposome
suspensions before or after the passage of Sephadex G-50
column were collected respectively as sample A and sample
B. 1 ml of each samples was dissolved by adding 1 ml of
methanol. After centrifugation, 20 ul of each solution was
injected into a C;g column with a mobile phase of
acetonitrile-water (55:45). The envelopment efficiency of
liposomes was measured at 227 nm by detecting the UV
adsorption of paclitaxel.

Primary Culture of VSMC and Immunohistochemical
Identification

Vascular smooth muscle cells (VSMCs) were obtained by
primary cell culture. Male Sprague—Dawley (SD) rats, ap-
proximately weighing from 100 g to 140 g (West China
animal center of Sichuan University) were sacrificed, and
pulmonary artery was taken out immediately. Connective
tissue, tunica intima and tunica adventitia of the tissue were
peeled under the asepsis condition, and then the tissue was
cut into pieces of 1~2 mm®. When tissue blocks clung to cell
culture flask after 1 h, Dulbecco’s modified Eagle’s medium
(Gibco, USA) containing 20% fetal bovine serum (FBS,
Gibco, USA) was added. Cells would migrate from blocks
to the bottom of bottles at 37°C in a humidified incubator
with 5% COg in 4~6 days. Trypsin (HyClone, USA) was
used 1n the cell passaging. Experiments were performed with
the cells from third to sixth generations.

VSMCs were purified and identificated by immunocyto-
chemistry. VSMCs were fixed with 4% paraformaldehyde,
and then incubated with primary antibody (Anti-alpha
smooth muscle Actin antibody) at 37°C for 1 h. The sec-
ondary antibody was Peroxidase-conjugated affinipure goat
anti-rabbit IgG. Cells were counterstained with hematoxy-
lin. Sections were examined by microscope, and positive
cells were counted within the same field of vision to evaluate
the cell purity.

Quantification of Cell Uptake of Liposomes by VSMC

To compare the cellular uptake of R8-LIP, PEG-LIP and
CLIP, 5% 10° cells/well VSMC cells were seeded on a 6-
well plate. The culture medium was refreshed, and then,
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R8-LIP, PEG-LIP and CLIP labeled with FITC-PE were
respectively added and incubated for 2 h at 37°C. At the
end of the incubation, the culture medium was removed,
and the cells were washed with ice-cold PBS (pH 7.4)
supplemented with heparin for three times. Then, the cells
were trypsinized and collected. Subsequently, the cells were
washed twice by centrifugation (2,500 rpm, 4°C, 8 min) and
were suspended in 1 ml of heparin-PBS. Finally, cells were
suspended in 0.5 ml of PBS and were analyzed by a flow
cytometer.

Cytotoxicity and Anti-Proliferative Activity Against
VSMCs

It has been reported that the anti-proliferation of PTX on
VSMCs is dependent on concentration, and the optimal
concentration is at 10~ 100 nmol/L ™" (5,16). According to
the EE%, the lipid amounts of R8-LIP and PEG-LIP re-
quired for loading PTX 5 nmol/L, 25 nmol/L, 50 nmol/L,
75 nmol/L, 100 nmol/L were calculated, and denoted by
R8-LIP-5, R8-LIP-25, R8-LIP-50, R8- LIP-75, R8-LIP-
100, PEG-LIP-5, PEG-LIP-25, PEG-LIP-50, PEG-LIP-75,
PEG-LIP-100. Cytotoxicity of these formulations was eval-
uated with MTT assay.

VSMCs were incubated in 96-well plates at a density of
1x10° cells/well. The adhering VSMCs were starved for
24 h with serum-free media. VSMCs in three wells cultured
without liposomes were designed as the control, and other
wells were divided into ten groups described above. All of
the groups were cultured for a further 24 h with different
formulations. MTT at a concentration of 5 mg/ml was
added to each well cultured for 4 h, and then the media
was replaced by DMSO (150 pl) in wells incubated for
10 min. Absorbance at 490 nm was measured with Micro-
plate Reader. The percentage survival was calculated by the
following formula. Each assay was repeated in triplicates.

S] sample

100
Abs 0"

percentage survival =
control

Anti-proliferative activity was also evaluated with MTT
assay. VSMCis were incubated in 96-well plates at a density
of 110 cells/well. The adhering VSMCs were starved for
24 h with serum-free media. Then, the wells were divided
into five groups. All of the groups were cultured for a further
48 h with the presence of 20 ng/ml PDGF-BB, and four of
them were treated respectively with R8-modified paclitaxel-
loaded liposomes (R8-PTX-LIP), sterically stabilized pacli-
taxel loaded liposomes (PEG-PTX-LIP), free paclitaxel, and
ethanol solvent at the same time, and one group only
cultured with PDGF-BB was designed as the control. The
concentration of paclitaxel administered in these groups was
100 nmol/ml. The following treatment was the same with

the procedures described above, and the percentage inhibi-

tion was calculated by the following formula: percentage

[Abs] Ab

control [

[Abs]
peated in triplicates.

inhibition = e 3 100% . Each assay was re-

control

Cytoskeleton Staining with Rhodamine-Phalloidin

Cytoskeleton of VSMCs was stained with Rhodamine-
Phalloidin as described (17). VSMCs were seeded on slides
in six-well plates until=80% confluence. After serum depri-
vation for 24 h, cells were incubated at 37°C for a further
24 h with the experimental medium containing the treat-
ments including R8-PTX-LIP, PEG-PTX-LIP, R8-LIP,
PEG-LIP, free paclitaxel and ethanol solvent in the presence
of PDGF (10 ng/ml). The concentration of paclitaxel ad-
ministered in these groups was 100 nmol/ml. In addition,
another two groups with and without PDGF (10 ng/ml)
respectively were designed, and were named PDGF-BB
group, and blank group respectively. Cells were fixed and
rendered permeable with 4% formaldehyde: 0.2% Triton
X-100, washed with phosphate-buffered saline (containing
1% BSA), incubated with rhodamine-phalloidin for 30 min
at 37°C, and examined by confocal microscopy.

Ex Vivo DID Dye Fluorescence Imaging

In order to evaluate the biodistribution of R8-LIP and PEG-
LIP, lioposomes were labeled with DID, a near-infrared
(NIR) fluorophore as previously described (18). For in vivo
optical imaging, SD rats (100 g-150 g, West China animal
center of Sichuan University) were injected intravenously via
vena caudalis with DID-loaded liposomes. Ex vwo fluores-
cence imaging was performed at the time points including
5 min, 30 min, 1 h, 2 h, 4 h, 12 h and 24 h after probe
injection. The animals were sacrificed by perfusion of sodi-
um chloride in the heart, and were fixed in 4% paraformal-
dehyde. The whole lung were removed and placed into a
whole-mouse imaging system. As DID fluorescent tag was
used to localize the liposomes, the 644 nm excitation filter
and the 665 nm emission filter were selected. Images were
captured by the CCD camera embedded in the imaging
system (Quick View 3000, Bio-Real, AUSTRIA).

Evaluations of the In Vivo Therapeutic Efficacy

The experimental protocols and treatments were operated
as previously reported (19). All experiments were approved
by the Animal Policy and Welfare Committee of the
Sichuan University. Sixty adult male Sprague—Dawley rats
(300 g~ 350 g, obtained from West China animal center of
Sichuan University) were divided into 6 groups randomly,
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ie, normal group, sham operation group, model group,
R8-LIP-PTX group, PEG-PTX -LIP group, and free pac-
litaxel group.

MCT was dissolved in 0.5 mol/L HCI and then adjusted
to pH 7.4 with 0.5 mol/LL NaOH solution. Rats were
housed with a 12/12-hour light/dark cycle and given water
and standard rat diet ad lbitum.

All the groups except the normal group and the sham
operation group were suffered pneumonectomy plus MCT
injection. On the 1st day, rats were injected atropine sulfate
(50 ng/kg) subcutaneously in the left hindlimb and anesthe-
tized by an intraperitoneal injection with 10% chloral hy-
drate (400 mg/kg). Then, left pneumonectomy was
performed as described (19). On the 7th day, rats were
mjected in the nape with monocrotaline (MCT) (60 mg/kg)
subcutaneously. The sham group suffered every step above
but left pneumonectomy plus MCT. On the 4th week, drug
intervention was performed by injecting intravenously v
vena caudalis according to different groups, ie, R8-PTX-
LIP group, PEG-PTX-LIP group, free paclitaxel group and
normal group which were treated with 0.9% saline. The
sham group and model group were treated with nothing.
Paclitaxel (2 mg/kg) were administered to rats (16).

As for the hemodynamic measurement, 1 week after the
administration, all rats were injected tropine sulfate
(50 pg/kg) and anesthetized with 10% chloral hydrate.
The experimental protocols were performed as previously
described (20). The right jugular vein was separated, and
cuted with a surgical scissor. A polyethylene catheter
connected with a pressure transducer (BIOPAC) was
inserted into the vein and passed through the right ventricle
into the pulmonary artery to measure mean pulmonary
arterial pressure (mPAP). The intravascular location of the
catheter tip was monitored by pressure tracing.

To evaluate the right ventricular hypertrophy of rats, the
RV/(LV+S) was measured. After hemodynamic measure-
ment, the rats were sacrificed humanly by cervical disloca-
tion, and hearts and lungs were harvested. The right
ventricular (RV) wall was freed from the left ventricular
and septum (LV+S), and dried with absorbent paper.
Weight of the two was measured separately. Then,
RV/(LV+S) was calculated.

The right lungs were flushed with 0.9% saline infused via
the pulmonary artery, fixed with 10% formalin v the
airways, and embedded in paraffin for further experiments.
Tissue blocks were routinely processed into 4 um paraffin
sections, and stained with hematoxylin-cosin for light
microscopy.

Vessel diameters of at least 20 pulmonary arterioles
(<200 pm) were determined at ~400 magnifications. The
external diameter and medial wall thickness were mea-
sured using a calibrated eyepiece micrometer. The per-
cent of medial wall thickness (WT%) of each artery was
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calculated by using the following formula as previously

described (21,22).
Medial wall thickness

WT% =2 %
’ External diameter

x 100%

Statistical Analysis

The statistical significance of differences between groups
was evaluated by one-way analysis of variance (ANOVA),
followed by Bartlett’s test formultiple comparisons. A
P value <0.05 was considered as statistically significant.

RESULTS
Characterization of the Liposomes

TOF MS ES+ confirmed the formation of DSPE-PEGg-
R8 (Mw calculated=4176, Mw observed =4255). Observed
value of molecular weight was very close to the calculated
value of molecular weight, so we determined that the prod-
uct was DSPE-PEGq00-R8.

In this study, CLIP and PEG-LIP were control groups
without R8-modification. Transmission electron microscopy
of R8-LIP exhibited uniform spherical appearance, demon-
strating the successful formation of the liposomes (Fig. 1). As
shown in Table I, the average diameters of the three types of
liposomes were less than 150 nm, and the PDI were less than
0.3. PTX loaded liposomes had an increased size, and R8-
PTX-LIP increased to (156+2) nm, with no significant
change in PDI. The charge distributed around the lipo-
somes vesicles were negatively charged, and R8-LIP pos-
sessed slightly negative charge. The envelopment efficiencies
of R8-PTX-LIP and PEG-PTX-LIP were all over 80%.

Fig. | Transmission electron microscopy of R8-LIP (x50,000).
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Table I The Average Size and Zeta-Potential of Different Liposomes (n = 3)

Average Polydispersity zeta-potential

size (nm) index (PDI) (mV)
R8-LIP 128+7.5 0.25+0.016 —2.57+0.48
PEG-LIP 108+4.8 0.28+0.013 —4.65+£0.41
CLIP 130+3.5 0.23+0.025 -30.11+£1.13

VSMCs Immunohistochemical Identification

Immunohistochemistry showed that the majority of cells in
Fig. 2 were stained positively, and the cytoplasm was brown.
Microscopic counts of VSMCiss showed that the purity was
greater than 90%.

Quantification of Cellular Uptake of Liposomes
by Flow Cytometric Analysis

After 2 h of incubation, the fluorescence values of VSMCs were
measured by flow cytometer. Results showed that the fluores-
cence values in groups were significantly different as follows: R8-
LIP group > CLIP group > PEG-LIP group (Fig. 3). Among all
the groups, the internalization of liposomes modified with R8
was the most evident. The fluorescence value of R8-LIP group
was 10 times and 6 times higher compared with those of PEG-
LIP group and CLIP group respectively. We concluded that the
cellular uptake of R8-LIP was improved noticeably by R8
modification compared with unmodified PEG-LIP and CLIP.

The curve represent (from left to right): blank, PEG-LIP
group, CLIP-group, and R8-LIP group.

Cytotoxicity and Anti-Proliferative Effects
against VSMCs

Cytotoxicity of liposomes was evaluated by M'TT. Data (in
Fig. 4) showed that all liposomes did not exhibit cytotoxicity

Fig. 2 Immunohistochemical identification of VSMCs.
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Fig. 3 Quantitative evaluation of different groups uptake by VSMCs.

on VSMCs in 24 h. In our study, the vehicles were safe for
further w vitro and wn vivo studies.

Figure 5 represented the anti-proliferative effect of each formu-
lation on VSMCs. The results from MTT assay showed that the
R8-PTX-LIP exhibited the strongest inhibitory effect on the prolif-
eration of VSMCis among all formulations. The percentages inhi-
bition of R8-PTX-LIP group, PEG-PTX-LIP group, free paclitaxel
group, and ethanol solvent group were 64%, 36%, 29%, 10%,
respectively. The percentage inhibition of R8-PTX-LIP group
indicated that the anti-proliferative effect of the drug-loaded lipo-
somes was markedly elevated by the modification with R8.

Effects on Cytoskeleton From Formulations

The assemble of F-actin in VSMCs treated with different
liposomal preparations was observed by confocal microscopy.
PDGF-BB induced the phenotype of VSMCs to transform
from contractile type to synthetic type, which leading to prolif-
eration and migration (23-26).To achieve cell migration, the
amount of F-actin increased, and F-actin assembled stress fibers
massively. As shown in Fig. 6¢, intensive fluorescence represent-
ed that PDGF-BB (10 ng/ml) stimulated the expression of I-
actin significantly, and the stress fibers consisting of F-actin ran
through the cell long axis in dense bundles. Other groups
except blank group, free paclitaxel group and R8-PTX-LIP
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Fig. 4 The cytotoxicity of

liposomes on VSMCs. MC00% T
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group shared the similar characteristics with PDGF-BB group.
The expression of F-actin in free paclitaxel and R8-PTX-LIP
group decreased evidently compared with others, and R8-
PTX-LIP showed the strongest effect on F-actin. The stress
fibers consisting of F-actin enabled cell motion; thus the alter-
ation of cytoskeleton property means preventing cell migration.
The observation of VSMCs phenotype showed that only the
cells treated with R8-PTX-LIP obviously represented a elon-
gated and spindle-shaped as contractile VSMCs. The cell
shapes of blank group and PTX group were more regular than
those of other groups except R8-PTX-LIP group. Treating
with PTX alone did not achieve the level of phenotype trans-
formation as R8-PTX-LIP did. The cells of other groups except

80.00% s
~§ EA R8-LIP loaded
= . 3 R8- caded group
60.00%
g ° B9 SSLIP loaded group
5 ) B3 free paclitaxel group
=4 40.00% - MM ethanol sobvent group
S
H
e
L
[

R8-loaded-LIP &roup
&3 PEG-loaded-LIP group
B2 free paclitaxel group
O ethanol solvent group

il

Proliferation inhibition rate

Groups

Fig. 5 Anti-proliferative effect by directly applying each formulation for
48 h (n=5, ***<0.001).
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the three groups including blank group, PDGF-BB group, and
PTX group were typically synthetic VSMCs, which were irreg-
ular, less elongated and cobblestone morphology. This result
showed that R8-PTX-LIP could reverse the phenotype trans-
formation through the influence on cytoskeleton.

Ex vivo Fluorescence Imaging

Nowadays, near-infrared (NIR) fluorescence imaging is consid-
ered as a potential tool for imaging (27,28). The NIR fluores-
cence imaging offers advantages such as nonradioactivity and
high sensitivity compared with conventional techniques
(15). At the wavelength of DID, light penetrated relatively
deeply into the tissues. 5 min after the injection, a significantly
stronger fluorescent signal was detected in lungs of R8-LIP
group compared with those of PEG-LIP group and blank
group. The fluorescent signal in R8-LIP group accumulated
to a high level in 1 h, and maintained strong fluorescence for
24 h, whereas weak signals exhibited in the lungs of control
animals treated with PEG-LIP during the same period of time
(Fig. 7). R8 on the surface of R8-LIP might enhance the
cellular uptake ability of this vehicle. However, in PEG-
LIP group, PEGygyy with high density restricted the
interaction between the PEG-LIP and cellular mem-
brane. The stronger cellular uptake ability might be
the reason why we found more fluorescence signals in

R8-LIP group.
Evaluations of the In Vivo Therapeutic Efficacy

One week after the administration, mPAP of rats from differ-
ent groups were measured and analyzed. mPAP were signif-
icantly decreased in R8-PTX-LIP group compared with those
of model group, PEG-PTX-LIP group and free paclitaxel
group (p<0.001). mPAP of R8-PTX-LIP group were 55%,
63% and 66% of model group, PEG-PTX-LIP group and
free paclitaxel group respectively. mPAP of R8-PTX-LIP
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Fig. 6 Cytoskeletons of VSMCs
with different treatments.

(@) Blank; (b) ethanol solvent;
(c) PDGF-BB; (d) free paclitaxel;
(e) R8-PTX-LIP; (f) PEG-PTX-
LIP; (g) R8-LIP; (h) PEG-LIP

group was closed to normal group and sham group, but
mPAP of PEG-PTX-LIP group and free paclitaxel group
decreased slightly (Fig. 8). These data indicated that the
paclitaxel-loaded liposomes modified with R8 prevented the
increase of mPAP effectively in rats developing severe PAH.
To determine the RV/(LV+S) of different groups, hearts
from different groups were harvested for the determination
and comparison of RV/(LV+S). RV/(LV+S) of R8-PTX-
LIP group was significantly lower than those of model group,
PEG-PTX-LIP group and free paclitaxel group (p<0.001).
RV/(LV+S) of R8-PTX-LIP group was decreased with
46%, 40% and 49% compared with those from model
group, PEG-PTX-LIP group and free PTX group respec-
tively. This parameter of R8-PTX-LIP group was closed to
those of normal group and sham group (Fig. 9). These data
indicated that the paclitaxel-loaded liposomes modified with

5min

30min 1h

RS8-LIP group

Max: 4717

(IS A S A AN A A

.

R8 inhibited the increasing of RV/(LV+S) remarkably in
rats developing severe PAH.

To evaluate the histological changes, we examined the
pulmonary arteries of the lung specimens, and calculated the
WT%. Evidence of rats developing severe PAH with the
incrassate blood vessel wall was readily observed in histolog-
ical sections prepared from model rats (in Fig. 10c), and
pulmonary artery in model group was more thicker than those
of normal group and sham group (in Fig. 10a, b). We also
observed a significant decrease in wall thickness of pulmonary
arteries of R8-PTX-LIP group (in Fig. 10d) compared with
model group. To some extent, the treatment strategies with
PEG-PTX-LIP or free PIX both exhibited an ability to
inhibit the thickening of blood vessel wall (in Fig. 10e, f), but
the therapeutic effects were not so significantly as R8-PTX-
LIP group. WT% (in Fig. 11) showed the same trend.

Zh 4h 8h 12h 24h

S NS NS N |

Fig. 7 Ex vivo imaging of lung given different DID-loaded liposomes via tail vein.
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model group
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q £ normal group

D R8-loaded-LIP group
PEG-loaded-LIP group
free PTX group

mPAP{mmHg)

Groups

Fig. 8 Mean pulmonary artery pressure of rats (n= 10, *** <0.001).

Histopathological examinations of lung tissues revealed that,
the walls of distal pulmonary arteries from R8-PTX-LIP rats
were thin significantly compared with those of control groups.

DISCUSSION

PAH lead to an increase in pulmonary vascular resistance,
right heart failure and death. The pathobiology of PAH in-
volves a remodeling process in distal pulmonary arteries, as
well as vasoconstriction and  sifu thrombosis. VSMCs play
important roles in the pulmonary vascular remodeling pro-
cess, which made them to be a critical target in treating PAH.

PTX has proved itself an excellent anti-tumor agent
against several tumors (4) i vitro study, n viwo study and for
clinical application (31). In clinic, besides the anti-tumor
activity, PTX has been incorporated in drug-cluting stents

b model group
0.8 8 normal group
/S’E B3 shame group
5 0.8 mo free PTX group
S 0.4- B R8-loaded-LIP group
s PEG-loaded-LIP group
0.24
0.0-

1.0
model group

084 B8 shame group
& B normal group
; 0.6 @ R8-loaded-LIP group
2 PEG-loaded-LIP group
i 0.4+ free paclitaxel group

0.2

0.0 B

Groups

Fig. 9 RV/LV+S) of different groups (n= 10, ***p <0.001).
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to prevent restenosis in the field of interventional cardiology
(29). The mechanism of PTX action on cell is unique. The
target of PTX is microtubules, which are important mem-
bers of the cytoskeleton and play critical roles in several
cellular functions, such as cell division, cell migration, and
the maintenance of cell shape (6). PTX disrupts the mitosis
and inhibits cell proliferation by steadying polymerized mi-
crotubules and enhancing microtubule assembly (7). Cell
replication is blocked predominantly in the GO/G1 and
G2/M phases of the cell cycle. In PAH, VSMCs perform
an abnormal prolifercation which is the characteristics of
tumor cells. Therefore, PAH seems like a“tumor”in cardio-
vascular field. Compared to the rather higher concentration
applied in cancer therapy (Taxol® at the concentration of
6 mg/mlL), it has been reported that the optimal concentra-
tion for the inhibition of proliferation of PTX on VSMCs is at
10~100 nmol/L (5,16). In this case, PTX can be a promising
drug used in therapy of PAH considering the drug could
inhibit VSMCs proliferation which is a core point in PAH
process, and liposomes is the suitable carrier for PTX.

In this study, we developed a lung-targeted liposomal
system modified with R8 to treat PAH. The nanomolar
levels of PTX is reported to exhibit inhibition on VSMCs
proliferation and migration (5), which is much lower than
the dose used in tumor therapy, with little cytotoxicity on
normal tissue cell. Since the liposomes modified with R8
loaded with paclitaxel for the treatment of PAH has not
been reported elsewhere, the PTX-R8-LIP was designed
and developed in our study.

Injected wvia tail vein, drug loaded liposomes are captured
by reticuloendothelial system, vascular endothelial cells, and
VSMCs in deep lung during the pulmonary circulation.
Modifying the surface of liposomes with ligands would fur-
ther enhance the uptake of the carrier system by the lung
cells, increase the drug concentration in the lungs while
reduce the drug concentration in the system, and finally
reduce side effects. PTX has shown significant anti-tumor
activity against several tumors such as breast cancer, ad-
vanced ovarian carcinoma, lung cancer, head and neck
carcinoma, and acute leukemias when administered system-
ically (4). In clinic, besides the anti-tumor activity, PTX has
been incorporated in drug-eluting stents to prevent restenosis
in the field of interventional cardiology (29). Therefore, PTX
can be a promising drug used in therapy of PAH considering
the drug could inhibit VSMCs proliferation which is a key
component in PAH pathological process, and liposomes is a
suitable carrier for PTX. In this study, we developed a lung-
targeted liposomal system modified with R8 to treat PAH.

The particle size is one of the most important formula-
tion parameter for pulmonary drug delivery system. Larger
particles about 4~7 pm incline to deposit in the airways,
while smaller particles (1~3 pm) and those in submicron
range (<1 pm) reach the lower airways and deeper lung (9).
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Fig. 10 Liposomes inhibits thickening in pulmonary arterioles (HE staining, magnification X 400). (@) Normal group; (b) Sham operation group; (c) Model

group; (d) R8-PTX-LIP group; (e) PEG-PTX-LIP group; (f) Free PTX.

Therefore the proper size of liposomes influences the deliv-
ery activity in lung. In our study, the sizes of prepared
liposomes were all about 100~200 nm, which provided a
suitable particle size for pulmonary drug delivery.
Liposomes at this range could reach deeper lung (9), and
achieved a lung delivery ability. The size of PEG-LIP was
smaller than that of R8-LIP, and the reason was that DSPE-
PEGyggo in the liposomes brought about the stabilizing
effect, which hindered the interactions between liposomes.
The liposomes we prepared with size within 200 nm and
PDI less than 0.3 were considered adequate for further
vitro and in viwo studies. As for the zeta-potentials, we’ve
screened a series of formulations for this R8-modified lipo-
somes with the content of R8 ranging from 1%-5%, but all
of them exhibited zeta-potentials around —2.5 mV in pure
water and —0.5 mV in PBS. Although not positive, the zeta
potential of these R8-LIP (around —2.5 mV) were all slightly
higher than the PEG-LIP (around —4.5 mV), indicating the

model group

shame group

B normal group

MM R8-loaded-LIP group
PEG-loaded-LIP group
free paclitaxel group

WT%

Groups

Fig. Il 'WT% of pulmonary arterioles. (n= 10, **p <0.01).

possible influence of R8 on the surface charge of the lipo-
somes. Zeta-potentials of liposomes were measured by
Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd.,
UK) and it could be influenced by many factors such as pH
and ionic strength. Different sources of lipid materials in-
cluding the cholesterol and SPC might also render the zeta-
potential different from previous observations. Though it
presented slightly negative charge, R8-LIP possessed signif-
icant capability of cellular uptake comparing with
unmodified liposomes as the previous observations.

CLIP performs an ability of cellular uptake with the charge
on surface interaction with cellular membrane, but it is cleaned
up quickly . vwo. To prolong the time of liposomes circulation in
vivo, PEGogop was applied to drug delivery systems. Liposomes
modified with PEGygo are frequently used in delayed or con-
trolled formulation researches (30). Just as every coin has two
sides, PEG-LIP obtained the poor cellular uptake at the same
time, which might be due to the presence of PEGggg with high
density on the surface of liposomes. The existence of PEGog
prevents the interaction between cell and PEG-LIP. So, in the
vitro study, Iig. 3 showed that CLIP possessed better cellular
uptake ability than PEG-LIP. R8-LIP is PEG-LIP modifying
with R8, and this formulation owns the two dominances: long-
circulating characteristics and excellent endocytosis.

PTX has proved itself an excellent anti-tumor agent in vitro
study, @ viwo study and for clinical application (31). The
mechanism of PTX action on cell is unique. The target of
PTX is microtubules, which are important members of the
cytoskeleton and play critical roles in several cellular functions,
such as cell division, cell migration, and the maintenance of
cell shape (6). PTX disrupts the mitosis and inhibits cell
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proliferation by steadying polymerized microtubules and en-
hancing microtubule assembly (7). Cell replication is blocked
predominantly in the G¢/G; and Go/M phases of the cell
cycle. In PAH, VSMCs perform an abnormal prolifercation
which is the characteristics of tumor cells. So, PAH seems like
a “tumor” in cardiovascular field. Compared to the higher
concentration applied in cancer therapy (Taxol® at the con-
centration of 6 mg/mL), it has been reported that the optimal
concentration of PTX for the inhibition of proliferation
of VSMCis is at 10~100 nmol/L (5,16) According to the
mechanism of PTX, we supposed that PTX might prevent
VSMCs proliferation in a low concentration (10~
100 nmol/L) which was much lower than the dose used in
tumor therapy, with little cytotoxicity on normal tissue cell.
The nanomolar levels of PTX is reported to exhibit inhibition
on VSMCis proliferation and migration (5), and PTX is con-
sidered to be a promising anti-proliferation agent. Base on its
anti-proliferation ability, the application of PTX is designed
and developed. PTX drug-eluting stents has been used in
clinic (32-34). We loaded PTX in R8-LIP, and this PTX
formulation inhibited the proliferation of VSMCis effectively.
PEG-PTX-LIP and free PTX both forbade the cell prolifer-
ation, and the anti-proliferation ability of R8-PTX-LIP with
the excellent endocytosis was much stronger. This result indi-
cated that the vehicle we designed was effective in vitro.

Results from pathology reveal that complete vascular inti-
ma is very important for normal VSMCis phenotype-keeping.
Injuries of vascellum allows VSMCs to get in touch with
growth factors in blood, mainly PDGF. PDGF is a powerful
mitogen and chemokines, which can significantly stimulate
proliferation and migration in endothelial cells and VSMCs
(36). The influence of PDGF on VSMCis has been demon-
strated in animal experiments (35). In normal VSMCs, PDGF
is hard to measure, but its expression significantly increased
when vascellum was damaged or micro-environment changed
(37). PDGF has three subtypes: PDGF-BB, PDGF-AA and
PDGF-AB. PDGF-BB has been reported to induce VSMCs to
transform from the contractile type to the synthetic type,
accompanying with cell proliferation and migration (38). It is
well known that PDGF-BB plays an important role in the
development of atherosclerosis, restenosis after angioplasty,
hypertension and other vascular remodeling (36). In our stud-
y, PDGF-BB was used to induce VSCMs proliferation and
migration to simulate the abnormal VSMCs in PAH. Cell
shapes in Fig. 6¢ showed that PDGF-BB induced the trans-
formation of VSMCis into synthetic type which were less
elongated and cobblestone morphology, but cells treated
with R8-PTX-LIP were contractile VSMCs, which were
elongated and spindle-shaped described previously(38). R8-
PTX-LIP could reverse the phenotype transformation, and it
might be effective on PAH.

The ex vivo NIR fluorescent imaging showed the qualita-
tive biodistribution of liposomes in lungs, and revealed the
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lung delivery properties of each formulation more scientifi-
cally and directly. After injection, R8-LIP group and PEG-
LIP group both showed fluorescent signal accumulation in
lung, but the fluorescence intensity of each group was quite
different. Compared with PEG-LIP group, R8-LIP group
accumulated in lung at a very short time (5 min), and
maintained strong fluorescence for 24 h. This results dem-
onstrated that decoration of liposomes with R8 enhanced
their cellular uptake, and R8-LIP was considered adequate
for pulmonary drug delivery.

Left pneumonectomy plus MCT has been used exten-
sively to demonstrate drug effectiveness in prevention and
treatment of PAH. Hemodynamic factors have profound
influences on blood vessels. mPAP had been tested in this
animal model previously, and it increased to 50 mmHg (18).
In our study, mPAP in model group was 60 mmHg, which
was quite close to the reported value, indicating that PAH
model we established was successful. The VSMCs prolifer-
ation caused pulmonary vascular remodeling, and blood
pressure in PAH was abnormal finally. R8-PTX-LIP had
better pulmonary drug delivery ability than PEG-PTX-LIP
and free PTX, therefore, R8-PTX-LIP could accumulate in
VSMCs more effectively. R8-PTX-LIP assisted PTX load-
ing in the lipid bilayers to accumulate in VSMCs, and
inhibited the cell proliferation. So mPAP of R8-PTX-LIP
group decreased significantly in all treatment groups, and it
was similar as normal group and sham group. Although
PEG-PTX-LIP could accumulate in lung, this carrier had
poor cellular uptake ability, and it did not have effective
influence on VSMCs. PEG-PTX-LIP group showed a sim-
ilar therapeutic effect with free PTX. Overall, mPAP
showed that the R8-PTX-LIP could play a significant ther-
apeutic effect on PAH.

With pulmonary artery pressure increased, the right heart
load was increased at the same time. Right ventricular (RV)
pressure overload causes right ventricular hypertrophy in
PAH. Alterations in RV function always cause the associated
cardiac dysfunction. Due to global neurohormonal adapta-
tions and mechanical ventricular interaction, dysfunction in
RV could affect left ventricular (LV) function as well. Rats
model with monocrotaline (MCT)-induced RV hypertrophy
were established to study LV function, RV function and their
interaction. Results revealed that structural changes of the
RV and LV resulted in depressed LV diastolic function
during RV hypertrophy (39). It is important to take the
thickening of RV into consideration, and RV/(LV+S)
should be evaluated in PAH. RV/(LV+S) had been tested
in this animal model previously, and it increased to 0.8
(18).In our study, RV/(LV+S) in model group was 0.7 %
0.02, which was consistent with previous report.. Data from
RV/(LV+S) revealed the same conclusion as above that R8-
PTX-LIP could play a significant therapeutic effect on PAH
in rats.



The Potential Efficiency of R8-PTX-LIP on PAH

2061

CONCLUSION

The drug delivery system of R8-modified paclitaxel-loaded
liposomes we established showed pronounced inhibitory ef-
fects over VSMCs proliferation and cytoskeleton i vitro, a
stronger pulmonary delivery ability i vivo, and was effective
on PAH. Therefore PTX-R8-LIP proved itself a very poten-
tial pulmonary drug delivery system for PAH treatment.
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