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Abstract: Oleanolic acid (OA) is a triterpenoid found in various fruits and vegetables and used
in traditional Chinese medicine. OA plays a crucial role in the treatment of several cancers, but
poor water solubility, low permeability, and significant efflux have limited its widespread clinical
use. Vitamin E-D-o-tocopheryl polyethylene glycol succinate (vitamin E-TPGS) and Pluronic
P105 were used to improve the solubility and permeability and to decrease the efflux of OA.
OA-loaded mixed micelles were prepared by ethanol thin-film hydration. The physicochemical
properties of the micelles, including zeta potential, morphology, particle size, solubility, drug
loading, and drug entrapment efficiency were characterized. OA release from micelles was slower
than that from the free drug system. OA uptake by A549 non-small-cell lung cancer (NSCLC)
cells was enhanced by the micelles. A tumor model was established by injecting A549 cells
into nude mice. In vivo imaging showed that OA-micelles could accumulate in the tumors of
nude mice. Additionally, smaller tumor size and increased expression of pro-apoptotic proteins
were observed in OA-micelle-treated mice, indicating that OA-micelles are more effective than
free OA in treating cancer. In vitro experiments were performed using two NSCLC cell lines
(A549 and PC-9). Cytotoxicity evaluations showed that the half-maximal inhibitory concen-
trations of free OA and OA-micelles were 36.8+4.8 and 20.9+3.7 UM, respectively, in A549
cells and 82.747.8 and 56.7+4.7 uM, respectively, in PC-9 cells. Apoptosis assays revealed
that the apoptotic rate of OA-micelle-treated A549 and PC-9 cells was higher than that of cells
treated with the same concentration of free OA. Wound healing and transwell assays showed
that migration and invasion were significantly suppressed in OA-micelle-treated cells. Immu-
nofluorescence and Western blot analyses confirmed that the epithelial-mesenchymal transition
was reversed in OA-micelle-treated cells. Mixed micelles are a promising nano-drug delivery
system for lung cancer treatment.

Keywords: oleanolic acid, Pluronic P105, vitamin E-TPGS, polymer—drug conjugate, NSCLC

Introduction

Lung cancer is one of the leading causes of mortality in the world and has a rapidly
increasing incidence.' The symptoms of early-stage lung cancer are not obvious, and
clinical diagnosis is often not made until an advanced stage. Therefore, there is a high
metastasis and mortality rate in patients. Current chemotherapeutic strategies lack
broad specificity and efficacy. Although surgical resection is an alternative treatment
for lung cancer, prognoses are poor and the survival rate is extremely low. Therefore,
lung cancer remains a serious threat to both health and quality of life.?
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Non-small-cell lung cancer (NSCLC) is the most
common lung cancer type and accounts for 85%-90% of
lung cancer. Thus, it is important to research and develop an
effective therapeutic method to treat NSCLC. In addition to
current chemotherapeutic strategies and surgical resection,
some natural products have emerged as effective anticancer
agents. Oleanolic acid (OA; Figure 1) is a natural product
with potential antitumor activity and can induce apoptosis
in many tumor cell lines, including those of the breast, lung,
and liver.> Unfortunately, the poor water solubility and low
permeability of OA have limited its use.® Therefore, it is
necessary to select an appropriate nano-drug delivery system
to increase the solubility of OA and to reduce the oral first
pass effect and improve bioavailability.

Mixed micelles are emerging as new drug delivery
vehicles. Recently, mixed micelles have been used to
improve the solubility and bioavailability of hydrophobic
drugs. Therefore, mixed micelles could be used to overcome
the current limitations of OA use in the treatment of cancer.
Vitamin E-D-a-tocopheryl polyethylene glycol succinate
(vitamin E-TPGS) and Pluronic P105 (P105) were used as
surfactants to improve the solubility and permeability and to
decrease the efflux of OA. TPGS is an efflux inhibitor with a
water-soluble amphiphilic molecular structure.” The ethylene
oxide—propylene oxide (EO-PO) triblock copolymers have
been extensively investigated. P105 isa PEO, ~PPO, ~PEO,,
triblock copolymer with a molecular weight of 6,500 Da and
the potent ability to sensitize multidrug-resistant tumors and
the capacity to encapsulate hydrophobic drugs.®’ OA-loaded
P105/TPGS mixed micelles (OA-micelles) were prepared
using a thin-film hydration method and possessed the
aforementioned advantages. Thus, nanotechnological and
nanoscale materials exhibit a considerable potential for
increasing solubility and enhancing absorption of drugs.
Apoptosis plays a central role in antitumor therapy. The
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Figure | Chemical structure of oleanolic acid.

apoptosis-inducing effect of free OA and OA-micelles in
two NSCLC cell lines, A549 and PC-9, was compared. The
results show that OA-micelles significantly reduce tumor size
in vivo and inhibit invasion, migration, and the epithelial—
mesenchymal transition (EMT) in vitro. Overall, the TPGS
and P105 mixed micelle is an appropriate drug delivery
system for OA to treat NSCLC.

Experiments

Materials

OA (purity >98%) was purchased from YuanYe
Bio-Technology Co., Ltd (Shanghai, People’s Republic of
China). Pluronic P105 was purchased from Sigma-Aldrich
(St Louis, MO, USA). TPGS was purchased from Alad-
din Biochemical Technology Co., Ltd (Shanghai, People’s
Republic of China). Milli-Q water (Millipore, Bedford,
MA, USA) was used throughout the research. Ethanol
was purchased from Nanjing Chemical Reagent Co., Ltd
(Nanjing, People’s Republic of China). All reagents were
of analytical grade. Dulbecco’s Modified Eagle’s Medium
(DMEM) and fetal bovine serum (FBS) were purchased from
Life Technologies AG (Solothurn, Switzerland). Coumarin 6
(C6), 4’ ,6-diamidino-2-phenylindole (DAPI), 1,1’-dioctadecyl-
3,3,3",3’-tetramethyl indotricarbocyanine iodide (DiR)
dimethyl sulfoxide (DMSO), and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma-Aldrich. Ethanol, phosphate-buffered saline
(PBS), and trypsin—ethylene diamine tetraacetic acid (EDTA)
were supplied by Nanjing Jiancheng Bioengineering Institute
(Nanjing, People’s Republic of China).

Animals
Male nude mice (4 weeks old, 20+2 g) were purchased from
the SLAC Lab Animal Center of Shanghai (Shanghai, People’s
Republic of China). All animals were maintained under
specific pathogen-free conditions at 20°C-24°C, 50%—70%
humidity, and 12 h/12 h light-dark cycle in the Animal
Laboratory Center of Jiangsu Research Institute of Traditional
Chinese Medicine. All animal experiments were reviewed
and approved by the Animal Care and Use Committee of the
Animal Laboratory Center of Jiangsu Research Institute of
Traditional Chinese Medicine and adhered to the guidelines
of the Guide for the Care and Use of Laboratory Animals.
The nude mice tumor model was developed by sub-
cutaneously injecting 200 uL of A549 cell suspension at
~2x10° cells/mouse into the right flank of each nude mouse."
When the tumor volume reached 100-200 mm?, mice were
randomly divided into four groups with six mice in each group.
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Two groups of mice were used as micelles and free OA treat-
ment groups, another group was used as the positive control
group, and the last group was used as the blank group.

Preparation and characterization of

OA-loaded mixed micelles

Preparation of OA-loaded mixed micelles

OA-loaded mixed micelles were prepared by the solvent
evaporation method. Then, 120 mg of TPGS and 80 mg of
P105 were dissolved in 8 mL of acetone. OA (7 mg) was
slowly added to the above solution. The solution was evapo-
rated by a vacuum of —0.1 PMa at 50°C until the ethanol
had evaporated. Next, 5 mL of deionized water was added
to the bottle and shaken until a clear solution formed. The
resultant mixture was filtered through a 0.22 um polyether-
sulfone syringe filter into a sterile tube, and micelles were
successfully prepared.!!

Characterization of OA-loaded mixed micelles
Particle size, polydispersity, and zeta potential of OA mixed
micelles were determined by dynamic light scattering using a
Malvern system (Malvern ZE SA, Worcestershire, UK); the
micelles were equilibrated at 25°C for 5 min before testing.'
The results are shown as the average of three experiments.

Morphology characterization

The morphology of OA-micelles was observed with a trans-
mission electron microscope. Diluted OA-micelles were
placed on a copper grid and dried under vacuum pressure.
Dried micelles were stained with 3% phosphotungstic acid
for 30 s, and the micelle morphology was examined.'?

Determination of encapsulation efficiency and

drug loading

To determine the encapsulation efficiency (EE) of OA in
micelles, drug-loaded micelles were dissolved in acetonitrile
and the solution was filtered with a 0.45 um syringe filter.'
The OA content was analyzed by high-performance liquid
chromatography (HPLC). The mobile phase was acetonitrile
and double-distilled water (9:1, v:v) at a flow rate of
1 mL/min. The analysis was performed using a C18 column,
and the temperature was maintained at 30°C." The EE (%)
and drug loading (DL) (%) of the OA-micelles were deter-
mined by the following equation:

OA weight measured in nanomicelles

EE% = x100%

OA weight added in nanomicelles
preparation

The weight of OA
The weight of OA and polymer

DL% = x100%

Cell line and culture

The A549 human lung cancer cell line was purchased from
KeyGen Biotech Co., Ltd. (Nanjing, People’s Republic of
China). A549 cells were cultured in high-glucose DMEM,
supplemented with 10% FBS, at 37°C in a 5% CO, atmo-
sphere.' The medium was changed every other day. When
the cells reached 90% confluence, they were trypsinized with
0.25% trypsin—EDTA and subcultured."”

In vitro drug release

In vitro release of OA from micelles was investigated in a
simulated blood pH environment (pH 7.4). The experiment
was performed as previously described.!® Briefly, 1 mL
of OA-micelles (1.5 mg OA equivalent) was diluted with
9 mL PBS to a total volume of 10 mL; 1 mL of this micelle
suspension was used to determine the initial OA concentra-
tion, and the remaining 9 mL was poured into a dialysis
bag (3,500 Da). The dialysis bag was sealed and immersed
in 50 mL of PBS (pH 7.4) containing 0.2% Tween 80 to
maintain sink conditions. The experiment was performed in
triplicate at 37°C with shaking at 100 rpm for 96 h. Samples
of 1 mL each were withdrawn at preset time intervals (0, 1, 2,
4,8, 12,24,36,48, 60, 72, 84, and 96 h) and replaced with
the same volume of PBS containing 0.05% Tween 80 each
time. The samples were analyzed by HPLC.

Targeting test of micelles

Male nude mice were subcutaneously injected in the right
flank with 5x10° A549 cells. When the mean tumor diameter
reached ~6 mm, mice were injected intravenously with
micelles containing a near-infrared fluorescence probe, DiR.
Each nude mouse was injected with 0.2 mL of 5 ug/mL DiR.
The fluorescence distribution in nude mice was detected at
1, 4, 8, 24, and 48 h after injection."”

In vitro cellular uptake

In order to determine the affinity between NSCLC cells and
micelles, the following experiment was performed. Cells
in the logarithmic growth phase were seeded in 24-well
plates at a density of 5x103 cells/well and cultured for 24 h.
C6 (10 mg), TPGS (120 mg), and P105 (80 mg) were dis-
solved in ethanol (5 mL) and dialyzed against three changes
of water for 6 h. The unentrapped C6 was removed by
filtration through a 0.45 um membrane, and the C6-loaded
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micelles (C6-micelles) were obtained.”® C6-micelles were
diluted with DMEM to a concentration of 10 uM and added
to the plates. The cells were subsequently cultured at 37°C for
2 h following which the medium was promptly discarded, and
cold PBS was added to the plates to terminate cellular uptake.
The cells were washed three times and fixed with anhydrous
ethanol at 4°C for 30 min and incubated with DAPI (5 ng/
mL) for 10 min.*! The cells were washed with PBS and
observed under a fluorescence microscope (Olympus Corp.,
Tokyo, Japan).

Anticancer study and mechanism study of
OA-micelles

Anticancer study of OA-micelles

Male nude mice (18-20 g) were housed six mice per group in
the animal research laboratory in standard conditions in top-
filtered cages. This study and experimental protocols were
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Jiangsu Province Academy of Chinese
Medicine. Mice were injected subcutaneously with 200 uL
of A549 cell suspension (1x10° cells) into the right flank.?
When the mean tumor diameter reached ~6 mm, the tumor-
bearing mice were randomly divided into four groups. Each
of the four groups received one of the following treatments
by tail vein injection daily for 7 days: normal saline, OA
(0.1 g/kg), OA-micelles (0.1 g/kg), or cisplatin. All mice were
sacrificed by cervical dislocation at day 14, and the tumors
were immediately harvested and measured. Tumor volume
was calculated using the following formula:

V =a®>xbl2,

where a is the smallest diameter and b is the largest
diameter.

Tumors were fixed in 4% paraformaldehyde for immu-
nohistochemical analysis.

Immunohistochemical analysis

Tumor tissues fixed in 4% paraformaldehyde were pro-
cessed and trimmed, embedded in paraffin, and sectioned
to a thickness of ~10 um. Sections were dewaxed and
rehydrated with freshly distilled water. Sections were
stained with rabbit antihuman polyclonal caspase-3, Bax,
and Bcl-2 antibodies (Abcam, Cambridge, MA, USA).
Sections were washed in PBS, incubated at room tem-
perature for 10 min, and stained with diaminobenzidine for
10 min and washed for 5 min. Samples were stained with
hematoxylin. Samples were dehydrated and mounted for
microscopic examination.?

In vitro activity of OA-micelles

In vitro cytotoxicity study

In vitro cytotoxicity was determined by MTT assay. A549
cells were seeded in 96-well plates at 5,000 cells/well in
100 pL of high-glucose DMEM medium containing 10%
FBS. Cells were incubated at 37°C with 5% CO, and 95%
relative humidity for 24 h. The medium was removed and
replaced with OA, OA-micelles, and blank micelles at various
concentrations. The cells were subjected to the MTT assay
after 24 h. The results at 570 nm were presented to assess cell
inhibitory rate and inhibitory concentration values.?*

Cell apoptosis assay

Apoptosis induction assays were performed with A549
and PC-9 cells treated with blank micelles, OA, and OA-
micelles. First, Annexin V—fluorescein isothiocyanate
(FITC)/propidium iodide (PI) stain was used to quantify
apoptosis. Cells were plated on 6-well plates at a density of
1x10° cells/well and grown for 24 h. After 24 h, the medium
was removed and the cells were exposed to medium con-
taining blank micelles, OA, or OA-micelles. The cells were
collected using pancreatin with no EDTA and stained with
the Annexin V-FITC/PI Detection Kit as per instructions.
Cells were analyzed using flow cytometry.?

In vitro migration and invasion assays
Wound healing assays were performed using monolayer A549
and PC-9 cells. Monolayer A549 and PC-9 cells were wounded
by scratching with 200 UL pipette tips and washed with pre-
warmed PBS to eliminate non-adhered cells. Cells were incu-
bated for 24 h, and then fresh serum-free DMEM containing
blank micelles, free OA, or OA-micelles was added. The blank
DMEM served as control.?® After 24 h, images were taken using
an OLYMPUS digital camera with an inverted microscope.
The transwell invasion assay was performed as previously
described.”” Cells were treated with free OA or OA-micelles
for 24 h. The bottom chambers were filled with DMEM with
10% FBS. The top Matrigel-coated chambers were seeded
with DMEM containing 1x10° A549 or PC-9 cells. Cells were
allowed to migrate for 24 h. Non-migrated cells were scraped
off, and the migrated cells were fixed with methanol and stained
with 0.05% crystal violet. Migrated cells were photographed
with a light microscope and quantified by manual counting.
The percentage of migrated cells inhibited by OA-micelles,
relative to the DMEM-treated well, was calculated.

Western blot
A549 cells treated with free OA, OA-micelles, or the DMEM
(control) were washed with PBS and lysed with RIPA lysis
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buffer (62.5 mM Tris [pH 6.8], 1% sodium dodecyl sulfate
[SDS], 10% glycerol, and 5% B-mercaptoethanol).?** The
lysates were boiled for 5 min. Equal amounts of protein were
separated by SDS-polyacrylamide gel electrophoresis and
transferred to Immobilon membranes (Millipore) for each
treatment. Membranes were blocked with 4% skim milk for
1 h. Membranes were incubated with primary antibodies (1:500
dilution and washed three times with Tris-buffered saline
Tween-20 [TBST]). Membranes were incubated with the cor-
responding secondary antibodies for 1 h.***? Visualization of
the protein bands was achieved using enhanced chemilumines-
cence protein bands. G:BOX chemiXR5 was used for imaging.
Protein bands were quantified by densitometric analysis using
the Gel-pro Analyzer.

Immunofluorescence analysis

The immunofluorescence analysis was utilized to determine
the alteration of E-cadherin and N-cadherin as previously
described. A549 and PC-9 cells were seeded on 6-well plates
and cultured overnight, after which cells were treated with
free OA and OA-micelles. After another 24 h incubation,
each sample was rinsed three times with PBS for 5 min and
fixed with 4% polyoxymethylene before being treated with
0.5% Triton X-100. Cells were immunostained with primary
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antibody at 4°C overnight before being blocked with 5%
bovine serum albumin for 1 h. The coverslips were incubated
with DAPI for 10 min at room temperature in a darkroom
after being rinsed three times with PBS. Finally, the coverslips
were resuspended in PBS for detection, and the polymeriza-
tion of tubulin was imaged using an IN Cell Analyser.*

Statistical analysis

Data are presented as the mean + standard deviation. The
statistical significance of treatment outcomes was assessed
using Student’s #-test (two-tailed); P-values <0.05 were
considered statistically significant in all analyses.

Results

Preparation and characterization of the
OA-micelles

Highly soluble OA-micelles were developed by single-step
solvent evaporation method as previously reported.** TPGS
and P105 were dissolved in a ethanol and then combined
with OA powder to evaporate in a rotary evaporator. Dur-
ing this process, OA and TPGS/P105 self-assembled into
micelles, which encapsulated OA in the core part. Mean-
while, compared with the free OA, the micelles’ formation
had a significant inhibitory effect on the efflux (Figure 2).%

OA-micelles

Thin film
hydrate

<P ——
<=

<P

Cell
membrane
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Figure 2 Preparation scheme of OA-micelles via the self-assembly method and different phenomena between OA-micelles and free OA in the cell.
Abbreviations: EtOh, ethyl alcohol; OA, oleanolic acid; P105, Pluronic P105; TPGS, D-a-tocopheryl polyethylene glycol succinate.
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Figure 3 Characterization of OA-micelles.

Notes: (A) Size distribution spectrum of OA-micelles; (B) zeta potential spectrum of OA-micelles; and (C) transmission electron micrograph of OA-micelles

(bar 100 nm).
Abbreviation: OA, oleanolic acid.

The size distribution, zeta potential, and transmission electron
micrograph are shown in Figure 3A. The size distribution
spectrum showed that the OA-micelles were monodispersed
and had a narrow particle size distribution (polydispersity
index =0.1310.03). The OA-micelles had an average diameter
of 95.7£3.6 nm in aqueous phase and a DL of 3.5% and an
EE 0f93.6%x0.05%. The zeta potential of OA-micelles was
—8.61£0.4 mV (Figure 3B). Spherical OA-micelles in the dry-
ing phase measured ~80-90 nm under electron microscope
(Figure 3C). The dehydration and shrinkage of micelles dur-
ing sample processing may result in smaller diameters than
those obtained by the dynamic light scattering technique.*®

In vitro drug release

PBS (pH 7.4) was chosen as a release environment to
simulate blood pH conditions. OA-micelles and free OA
were incubated in PBS containing 0.1% Tween 80 at 37°C
and the OA concentration was determined at several time
points. OA was released from the micelles at a much slower
speed than from free OA (Figure 4). Approximately 80% of
OA had been released from the dialysis bag containing free
OA at 24 h. Meanwhile, only ~40% was released from the
dialysis bag containing OA-micelles at the same time point
(Figure 4). The reason for this phenomenon is that the OA
contained within micelles is protected by the micelle core,

making it much more stable than free OA. Rapid release of
water-soluble drugs may induce drug precipitation or their
binding to plasma proteins in vivo, effectively resulting in
drug dilution and possibly leading to drug inactivation.’
Therefore, the slower release of OA from micelles can be an
advantage for the antitumor effect of OA in vivo.

Tumor targeting

Nanoparticle drug delivery systems will facilitate tumor cell
uptake. However, the maintenance time of drug accumulation

100 A

80

60 -

404

—o— Free OA

2
0 -8- OA-micelles

Cumulative release (%)

0 T L] T L] T L] 1 1
0 12 24 36 48 60 72 84
Time (h)

96 108 12

Figure 4 Cumulative release of OA from the OA-micelles and free OA in PBS
(pH 7.4).
Abbreviations: OA, oleanolic acid; PBS, phosphate-buffered saline.
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at the tumor site is another meaningful consideration for
clinical cancer therapeutics. DiR has been developed as a
popular fluorescent dye with strong absorption in the near-
infrared region and is almost nontoxic at low concentration,
making it suitable for in vivo fluorescence imaging 3% After
intravenous injection, DiR-loaded micelles are observed in
A549 tumor xenografts. Mice treated with DiR-micelles
showed a certain time-dependent increase in the fluores-
cence signals, especially at 24 h after injection (Figure 5).
These results suggest that the mixed OA-micelles probably
had a targeting efficiency.

Cellular uptake

C6 is a fluorescent dye widely used in cellular uptake experi-
ments as a substitute for hydrophobic drugs. In this study,
C6-micelles were prepared and used in A549 and PC-9 cells
for uptake experiments, and cell nuclei were stained blue
by DAPI (Figure 6A and B). The green fluorescence signal
in the C6-micelles group was significantly greater than that
of the free C6 group, indicating that the micelles facilitated
the uptake of C6 by A549 and PC-9 cells (Figure 6C). It can
be extrapolated that the uptake of OA will also be greatly
enhanced by the micelle delivery system.

In vivo antitumor efficacy

Nude mice inoculated with A549 cells were used to evaluate
the antitumor efficacy of OA-micelles in vivo. Representative
pictures of tumors from each group are shown in Figure 7A.
Tumor volume of the control group increased significantly,
while the growth in the cisplatin group and the OA-micelles
group was greatly inhibited (Figure 7B). The average tumor
volume of the group treated with free OA was close to that of
the vehicle group, and the tumor volume of the OA-micelles
group was significantly smaller than that of both the vehicle
group (P<<0.01) and the free OA group (P<<0.05). Tumors

7953 |

165.58

154.84

143.78
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were removed and weighed after the last injection. The
average weight of tumors from the OA-micelles group
mice was 1.4240.16 g, and the average weights of tumors
from the free OA group and the vehicle group mice were
2.23%0.26 and 3.87£0.29 g, respectively. The tumor weight
of'the OA-micelle-treated group was significantly lower than
that of the vehicle group (P<<0.01) and the free OA group
(P<<0.05) (Figure 7C). This indicates that the OA in the
micelle preparations had a significant antitumor effect. The
same conclusion through the tumor volume and the tumor
weight experiments was arrived at. There was no obvious
body weight loss in mice after intravenous administration
of OA-micelles and free OA (Figure 7D). However, the
body weight of mice in the group treated with cisplatin was
significantly reduced (P<<0.01) compared with other groups.
Therefore, OA-micelles appear to be a safe and efficient
antitumor treatment in tumor-bearing mice.

The relative levels of protein expression in the tumors
of mice receiving different treatments were assessed using
immunohistochemical staining. The average optical density
indicative of Bcl-2 expression was lower in the OA-micelles
group than in the vehicle (P<<0.01) and free OA groups
(P<0.05) (Figure 8). Bax and Caspase-3 proteins were
more highly expressed in the OA-micelles group than in
the vehicle or free OA groups. Additionally, the differences
between the levels of Bax and Caspase-3 expression in the
OA-micelles and free OA groups were statistically significant
(P<<0.05). Taken together, these results show that treatment
with OA-micelles enhanced the Bax/Bcl-2 ratio and increased
Caspase-3 expression, accelerating apoptosis in the tumors.

Cell cytotoxicity and apoptosis-inducing effects of
OA-micelles in NSCLC

The NSCLC cytotoxicity of OA-micelles, compared with free
OA, was studied in A549 and PC-9 cells. MTT assays showed

8 24
Time after injection (hours)

Figure 5 In vivo images of tumor-bearing mice after intravenous injection of DiR-micelles (n=3).

Abbreviation: DiR, |,1’-dioctadecyl-3,3,3’,3’-tetramethyl indotricarbocyanine iodide.
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Figure 8 Immunohistochemistry for Bax, Bcl-2, and Caspase-3 from A549 xenografts.
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that OA-micelles displayed a greater anticancer effect than free
OA at the same concentration in vitro. The IC,  of OA-micelles
was 20.943.7 and 56.744.7 uM for A549 and PC-9 cells, respec-
tively, and the IC, of free OA was 36.8+4.8 and 82.7+7.8 uM
for A549 and PC-9 cells, respectively (Figure 9).

Annexin V-FITC and PI staining assay is a way to detect
the apoptotic level of cells.*’ Previously, OA was reported
to induce apoptosis in various cell lines.** Here, a choice
was made to use the IC, of free OA for A549 and PC-9 cells
(36.8 and 82.7 uM, respectively). OA-micelles at the equiva-
lent drug concentration were used. After 24 h, the percentage
of apoptotic A549 and PC-9 cells treated with OA-micelles
was 67.67% and 71.37%, respectively (Figure 9C). A higher
percentage of apoptotic cells were observed in wells
treated with OA-micelles than those treated with free OA
(Figure 9C). These results indicate that the formation of
micelles could enhance the cytotoxicity of the free OA.

OA-micelles inhibited NSCLC cell migration and
invasion

To investigate the effect of free OA and OA-micelles
in NSCLC metastasis, cell migration and invasion were
examined by wound healing and transwell invasion assays,
respectively. In the following experiments, 15 and 30 uM of
OA-micelles (measured as OA concentration) were applied
to A549 and PC-9 cells, respectively. The wounds of NSCLC
cells treated with free OA and OA-micelles failed to close
after 24 h (Figure 10). The results showed that both OA-
micelles and free OA inhibited migration of NSCLC cells.
OA-micelles showed stronger migration inhibition than free
OA (P<0.05) in both A549 and PC-9 cells. The anti-invasive
capacity of OA-micelles was also greater than that of free
OA at the same concentration, as observed in a transwell
assay (Figure 10E-H).

International Journal of Nanomedicine 2016:1 |

submit your manuscript

6345

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Wu et al Dove
A 120 - B 120
X 100 X 100 1
2 80- 2 804
S 60 S 60
> >
3 40 4 g 40 A
20 20 4
0 1 T T T T T 0 T T T T T T
0.01 0.1 1 10 100 1,000 0.01 0.1 1 10 100 1,000
OA concentration (uM) OA concentration (uM)
| -o- Free OA -® OA-micelles
C Control Free OA OA-micelles
10¢ 104 104
1.57% 2.66% 3.27% 28.69% 2.76% 30.24%
10° 4 10° 4 10° 4
QT T T
% 3 102 - sl 2 102 1 3 102 4
< w [ [TH
10" - 10" 4 10" 4
100 19272% 3.05% (o | 4459% | T 23.45% Jo0
10° 10" 102 10° 10¢ 10° 10" 102 10°  10¢ 100 10" 102 10°  10*
FL4-H FL4-H FL4-H
10¢ 104 10¢
1.33% 2.52% 2.98% 22.55% 1.36% 36.79%
10° 4 10° 4 10°
@ I ¥ e | 3
O G 10°] G 10 it 9 10%
o o s 3
10" 4 107 4 1015
g S L Sl . T s
10° 92.65% 3.50% 1001.46.16% | 28.31% 100 127:27% | " 34.58%
10° 10" 102 10°  10°¢ 100 10" 102 10°  10¢ 100 10" 102 10°  10*
FL4-H FL4-H FL4-H

Figure 9 The in vitro antitumor activity of free OA and OA-micelles.

Notes: MTT assay of A549 (A) and PC-9 (B) cells; (C) flow cytometry of Annexin V and Pl staining. The cells were incubated with free OA and OA-micelles for 24 h. Data

are presented as mean * standard deviation (n=3).

Abbreviations: OA, oleanolic acid; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Pl, propidium iodide.

OA-micelles inhibited EMT of NSCLC cells

The EMT is a pivotal event in tumor progression during which
cancer cells undergo dramatic changes and acquire highly
invasive properties. Immunofluorescence microscopy was
used to explore the effects of OA-micelles on the expression
of E-cadherin and N-cadherin in NSCLC cells. Treatment
with OA-micelles increased the epithelial marker, E-cadherin,
and decreased the mesenchymal marker, N-cadherin, in both
cell lines (Figure 11). Similar results were obtained from
Western blot analysis. To uncover the molecular mechanism
of action of free OA and OA-micelles, the expression levels
of Caspase-3, ERK, and p-ERK in NSCLC cells were deter-
mined. After 24 h exposure to free OA and OA-micelles, the

levels of Caspase-3 and p-ERK increased, without any signifi-
cant change in total ERK levels. The increase in Caspase-3
and p-ERK was not as great in the free OA group compared
with that in the OA-micelles group (Figure 12). Furthermore,
the ratio of p-ERK/ERK increased considerably in the OA-
micelles group. A549 and PC-9 cells showed the same trend.
These data suggested an important role for ERK signaling in
the anti-metastasis effect of OA-micelles.

Discussion

Natural products, including paclitaxel, have been used in
the clinical treatment of various cancer types.***> OA has
also drawn extensive attention owing to its biological
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Figure 12 Western blot analysis of NSCLC cells treated with control media, free OA, and OA-micelles.

Notes: (A and B) Western blot analysis of the EMT-related proteins, Caspase-3 and p-ERK, in A549 and PC-9 cells. B-actin expression is shown as a loading control.
(C [A549] and D [PC-9]) The figures are representative of three independent experiments. The data are presented as mean + standard deviation. *P<<0.05, **P<<0.01.
Abbreviations: NSCLC, non-small-cell lung cancer; OA, oleanolic acid; EMT, epithelial-mesenchymal transition.

activity in cancer therapy. Unfortunately, the poor water
solubility, low permeability, and significant efflux of OA
have restricted its clinical use.* Recently, polymer micelles
and liposomes have been used as carriers in drug delivery
to overcome the shortcomings of drugs with low solubility.
An ideal carrier material for injection should be equipped
with characteristics that improve the scatter and stability
of drugs, enhance biological utilization, and accelerate the
absorbance of drugs. Additionally, inhibiting P-glycoprotein
(P-gp) efflux is a key property for solubilizers.*”* TPGS
possesses a lipophilic nonpolar head and a hydrophilic tail
and would be an ideal surface-active agent to provide a
high drug emulsification effect.’>! It has been reported that
a self-assembled mixture of micelles (TPGS—Icariside 11—
phospholipid complex) successfully improved the solubility

of Icariside II and alleviated efflux in Caco-2 cells.!® As
a pluronic excipient, P105 is a well-known polymeric
inhibitor of P-gp and functions via inhibiting ATPase
and fluidizing membrane.’>>* PEG/P105 micelles encap-
sulating doxorubicin could promote the radiosensitivity
of doxorubicin-resistant tumor cells.** P105 is a PEO, —
PPO,~PEOQ,, triblock copolymer with impressive tumor-
sensitizing capacity and can be a favorable component of
the micelles. Furthermore, Pluronic interaction promoted
the accumulation of mitochondrial reactive oxygen species
and cytochrome C in tumor cells, inducing apoptosis.®
Enhanced absorbability and reduced efflux greatly improved
the antitumor efficiency of OA-micelles. Meanwhile, drug
accumulation and retention in tumors may be another means
of improving antitumor efficiency, as demonstrated in the
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cellular uptake assays and in vivo imaging of DiR-loaded
micelles. The combined effect of the pluronic block poly-
mer and passively targeted drug-resistant tumors by block
copolymers may be the primary reason for the inhibition of
tumor growth in the OA-micelles treatment groups.

In a successful drug delivery system, the rate at which
the drug is released from preparations is important. Analysis
of OA release using a dialysis system showed that ~80%
of OA was released from the free OA treatment after 24 h,
while ~40% was released from the OA-micelle treatment over
the same time period. Although OA cannot be dissolved in
pure water, about half of OA in the OA-micelles was released
after 48 h, suggesting that OA could freely diffuse through
the dialysis membrane. This might be due to the crystalliza-
tion of free OA as a separate phase inside the micelle core,
leading to a slower drug release. Moreover, slow release can
reduce damage to the organ responsible for the metabolism
of the drug, leading to fewer side effects.

Lung cancer is one of the leading causes of cancer-related
deaths worldwide. Apoptosis, also known as programmed
cell death, is a physical phenomenon that eliminates unnec-
essary and cancerous cells. Inducing apoptosis is the most
widely used method used to treat cancer currently. The abil-
ity of internal or external stimuli to induce apoptosis is of
immense therapeutic potential. This study demonstrated that
OA inhibits tumor growth by inducing apoptosis. Another
approach used to treat cancer is to inhibit tumor cell invasion.
This study clearly shows that there is a significant difference
in the tumor volume and weight after treatment with OA-
micelles, and free OA, and the control treatment. Bcl-2, Bax,
and Caspase-3 play critical roles in apoptosis.*® Interestingly,
Bcl-2 and Bax are generally detected at the same time in the
progression of apoptosis, and the ratio of Bel-2/Bax reflects
the degree of apoptosis. Bax and Caspase-3 are pro-apoptotic
proteins and Bcl-2 plays an anti-apoptotic role. In nude mice,
the pro-apoptotic indicators, Caspase-3 and Bax, increased
after administration of OA-micelles. In vitro experiments also
revealed that the rate of apoptosis in NSCLC cells treated
with OA-micelles was significantly higher than that of cells
treated with the same concentration of free OA. Western blot
analysis showed a significant increase in Caspase-3 and the
Bax/Bcl-2 ratio after 24 h exposure to OA-micelles but not
after 24 h exposure to free OA or in the control.

The migration and invasion abilities of cancer cells
are major causes of disease progression in patients. In this
study, wound healing and transwell invasion assays were
used to study the anti-metastasis effects of OA-micelles on
NSCLC cells. A stronger inhibitory effect on cell migration
and invasion was observed in cells treated with OA-micelles

compared with those subjected to free OA and control treat-
ments. The EMT plays an important role in the invasion and
metastasis of tumors.>” The process is characterized by the
loss of polarity and connectivity between epithelial cells
and the acquisition of an interstitial cell phenotype under
the influence of numerous factors.”® During this process,
mesenchymal markers such as N-cadherin are upregulated,
and adhesion molecules such as E-cadherin are downregu-
lated. Western blotting and immunofluorescence analyses
were used to determine the expression levels of E-cadherin
and N-cadherin. The results showed that the expression of
E-cadherin was significantly increased and N-cadherin was
decreased in the OA-micelles group, inferring that OA-
micelles can affect the metastasis of NSCLC.

Conclusion

In this study, polymeric micelles loaded with OA were
prepared and characterized. OA-micelles displayed suitable
particle size, zeta potential, and in vitro release. In vivo
images indicated benign passive accumulation of micelles in
tumor tissues. The micelles can achieve better inhibition of
cell growth in vivo and have a stronger apoptosis-inducing
effect in NSCLC in vitro than free OA. Cell cytotoxic-
ity experiments and wound healing and transwell assays
showed increased antitumor efficacy of OA-micelles than
free OA in vitro. Western blot and immunofluorescence
analyses demonstrated that the degree of apoptosis in the
micelles group was higher than that of free OA. In conclu-
sion, OA-micelles displayed higher antitumor efficacy than
free OA in both A549 and PC-9 cells. Construction of OA-
micelles with TPGS/P105 can significantly enhance the OA
sensitivity of NSCLC and provide an effective method for
the treatment of lung cancer. Therefore, the micelles could
be used as a drug delivery carrier to improve the therapeutic
effects of OA. In addition, TPGS/P105 micelles may also
have the potential to increase the bioavailability of drugs
with poor solubility.
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