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metrexed, a new
. However, multidrug
cacy of chemotherapies

cancer MDR. Thus, pemetrexed-loa
(vitamin E TPGS) liposomes (li

Materials and method
gradient method. The cyto
antitumor activit
mall in size (160.77 nm), with a small polydispersity
y of liposomal pemetrexed was 63.5%, which is rather high
n liposomes. The IC, | of liposomal pemetrexed following treatment
cells (MCF-7 cells overexpressing ABCCS5) was 2.6-fold more effec-

be attributed to apoptosis through both extrinsic and intrinsic pathways.

usion: Liposomal pemetrexed represents a potential therapeutic approach for overcom-
ing breast cancer MDR.
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Introduction
Data from GLOBOCAN indicate that there were 1,677,000 new cases and 522,000
deaths from breast cancer worldwide in 2012, making it the most frequent cancer
among women.' Chemotherapy remains one of the primary treatments for breast
cancer. Pemetrexed is a new generation antifolate drug that has multitargeted activity
toward different enzymes, specifically thymidylate synthase, dihydrofolate reductase,
and glycinamide ribonucleotide formyl transferase.? Pemetrexed has shown superior
efficacy in five Phase II trials in locally advanced or metastatic breast cancer.’ This
drug has demonstrated a response rate of ~30% in advanced breast cancer patients
with minimal or no prior chemotherapy.?

Despite evidence of efficacy, development of multidrug resistance (MDR) to
chemotherapy represents a major obstacle.* MDR in cancer, referring to the ability of
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cancer cells to survive following treatment with a wide range
of chemotherapeutics, is one of the most important problems
in chemotherapy.* In drug-resistant cancer cells, there exists
overexpression of drug efflux pump proteins, comprising
members of the ATP-binding cassette (ABC) superfamily,
including P-glycoproteins (P-gp/ABCB1), breast cancer
resistance proteins (BCRP, also named ABCG2) and
ABCC subfamily (such as ABCC1-12).57 These proteins
significantly decrease the intracellular concentration of
chemotherapeutics, which is widely thought to be the most
common underlying basis of MDR.#

Drug efflux pump proteins, including BCRP and
ABCC11/MRP8, have been reported to be associated with
drug resistance to pemetrexed in a variety of cancers includ-
ing breast cancer.”!* ABCCS5, an ATP-dependent transporter,
has been found to be overexpressed in breast cancer skeletal
metastasis relative to primary breast tumors.!! Studies also
showed that patients with high expression of ABCCS5 tended
to have a worse prognosis.'>'* In our previous studies, we
found that ABCCS5 was significantly associated with breast
cancer chemotherapy resistance to pemetrexed, and breast
cancer cells transfected with ABCCS demonstrated MDR
properties (unpublished data, 2015).

Nanomedicine offers an unprecedented opportunity
rational drug delivery in cancer treatment and has emerge
as an innovative and promising alternative tcgmm

increasing e Tormulated drug.'? Several

nanocarriers as liposomes and polymeric or metallic
nanoparticles haWgliaeen engineered to evade or overcome
drug efflux through d#ig transporters, resulting in enhanced
drug retention in cancer cells.® Thus, we aimed to develop
pemetrexed-loaded TPGS liposomes to overcome drug
resistance in breast cancer.

Pemetrexed disodium is a water-soluble drug, and
evidence suggests that the encapsulation efficacy (EE) of
water-soluble drugs in liposomes is very low when formu-
lated using conventional lipid-hydration methods, due to the

small aqueous internal volume of liposomes.!* Active loading

approaches, including pH gradient loading, is a promising
method to load drugs with high EE.'> One pH gradient
loading technique, the calcium acetate gradient method, has
been found to be suitable for loading amphipathic weak acids
into liposomes.'* Considering that pemetrexed disodium is an
amphipathic weak acid, we hypothesized that this compound
can be effectively loaded into liposomes with high EE in
response to transmembrane calcium acetate gradients.

In this study, pemetrexed-loaded TPGS liposomes were
developed using the calcium acetate gradient method. The

pemetrexed-loaded TPGS liposome a characterized

Materials
Pemetrexed da
anjing, People’s Republic
soybean phosphatidylcholine

td. (Shanghai, People’s Republic of
1 was purchased from Sigma-Aldrich
0O, USA). Tocopheryl polyethylene glycol
inate (TPGS) was bought from Sigma-Aldrich Co.
11 Counting Kit-8 (CCK-8) was purchased from Dojindo
aboratories (Kumamoto, Japan).

Cell lines and culture

Human breast cancer MCF-7 cells (Shanghai Institutes for
Biological Sciences, Chinese Academy of Medical Sciences,
Shanghai, People’s Republic of China) and HEK293 cell
lines (ATCC® CRL1573™, purchased from American Type
Culture Collection [Manassas, VA, USA]) were grown in
Dulbecco’s Modified Eagle’s Medium (Hyclone Co., Ltd.,
Shanghai, People’s Republic of China) supplemented with
10% fetal bovine serum (Sigma-Aldrich Co.) and 1% anti-
biotics (100 U/mL penicillin and 100 mg/mL streptomycin)
at 37°C under 5% CO,.

Preparation of liposomes

The liposomes were prepared using the film dispersion
method. Briefly, liposomes were prepared using a molar
ratio of 47.4:42.6:10 for HSPC, cholesterol, and TPGS,
respectively. These materials were dissolved in chloroform
and mixed together. The mixed solution was evaporated at
65°C for 2 h to form a thin lipid film. Subsequently, 0.6 mM
calcium acetate solution (dissolved in distilled water) was
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slowly injected and distilled for 1 h. Then, the liposomes
were subsequently extruded through membrane filters with
pore sizes of 200 nm (twice) and 100 nm (twice) nm using
an extruder device (Avestin, Ottawa, ON, Canada) at 55°C.
Following this, excess calcium acetate was removed by
dialyzing against saline for 12 h using a dialysis membrane
(molecular weight cut-off [MWCO] 3500, Spectra/Por®)
(Spectrum Laboratories Inc., Rancho Dominguez, CA, USA).
Thereafter, the pemetrexed solution (10 mg/mL; dissolved in
distilled water) was injected into the dialysis membrane and
heated at 60°C for 30 min. After loading, free pemetrexed
was removed by dialyzing against phosphate-buffered saline
(PBS; 0.01 M, pH 7.4) for 2 h using the dialysis membrane
(MWCO 3500) at 25°C. The final liposomes were collected
and stored at 4°C.

The size and zeta potential of the liposomes, dispersed
in deionized water, were analyzed using the dynamic light
scattering (DLS) method, with the Zeta sizer Nano S 90
(Malvern Instruments, Malvern, UK). The pemetrexed EE
and drug loading was measured using high-performance
liquid chromatography (HPLC; L2000, Hitachi Co.,
Ltd., Tokyo, Japan) with a C18 column (Nova-Pak C18,
4.6x150 mm, Waters, Guyancourt, France), operated at 25°C

analyses
icction volume of

observed using a
H-600, HIT Ad@

persed lig@¥fome Y
adherc@@y v

v oved, and phosphotungstic acid hydrate (2%)

was added. A drying, the grid was observed using TEM.
In vitro drug release

The in vitro release of the liposomes was performed as
described below. Briefly, 1 mL of the liposome solution
was mixed with 9 mL PBS (0.01 M, pH 7.4) and placed
in a dialysis membrane (MWCO 3500). Then, the dialysis
membrane was introduced into a vial containing 100 mL
PBS (0.01 M, pH 7.4). The vial of samples was fixed in a
water bath, which was kept at 37°C with constant stirring.

At predetermined time intervals, 100 uL of the dialysate
was taken and replaced with 100 uL PBS (0.01 M, pH 7.4).
The amount of pemetrexed released into the dialysate was
determined using the reversed-phase HPLC method. Experi-
ments were carried out for up to 48 h.

Cellular uptake analysis by confocal

microscopy
Confocal studies were conducted to compare the in vitro
cellular uptake rates between native pemetrexed and lipo-

somal pemetrexed through an eng pathway. Briefly,

hich is a radio-
at 365 and
610 nm, respectively. e seeded onto
system Medical
ic ol China). After 24 h,

of either pemetrexed

Livefocus culture

araformaldehyde. Following this, cells were
ith PBS (0.01 M, pH 7.4) and stained with
-2-phenylindole dihydrochloride (DAPI;
1ch Co.) for 20 min to visualize the nuclei.
, the cells were carefully washed three times with
PBS (0.01 M, pH 7.4) and mounted under glass coverslips.
The fluorescence was visualized with a confocal microscope
(Leica TCS SP5; Leica Microsystems, Wetzlar, Germany)
using the 63x oil immersion lens for the detection of the
three fluorescent dyes at 370 nm excitation/470 nm emission
(blue, DAPI) and 365/610 nm (red, europium).

Generation of adenovirus

For recombinant adenovirus construction, the ABCCS gene
cDNA (Ad-ABCCS5) and the green fluorescence protein
gene cDNA (Ad-GFP; control) were cloned by polymerase
chain reaction and inserted into the pDC315-EGFP vector
(Hanbio Co., Ltd., Shanghai, People’s Republic of China),
under the control of the mouse cytomegalovirus promoter.
The pDC315-ABCCS5 and pBHGIloxE1,3Cre (33, 34) were
cotransfected into HEK293 cells using the LipoFiter™ trans-
fection reagent (Hanbio Co., Ltd.) to generate the recombi-
nant adenoviruses. The adenoviruses were propagated in the
HEK?293 cells. The recombinant Ad-ABCC5 and Ad-GFP
adenoviruses produced in the HEK293 cells were purified,
and the virus titer was measured using plaque assays. The
stock solutions of Ad-ABCCS5 and Ad-GFP used were both
1x10'° plaque formation unit (PFU)/mL.
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Cytotoxicity assay

The cytotoxic effects of the liposomal pemetrexed and
pemetrexed against the cells were measured using the
CCK-8 (Dojindo Laboratories). Briefly, MCF-7 cells were
seeded in 96-well plates with a density of 5x10° cells per
well. ABCCS5 was added to the appropriate wells to obtain a
multiplicity of infection (MOI) of 1,000. After 4 h, a series
of concentrations of liposomal pemetrexed or pemetrexed
were added to these cells. Then, the cells were incubated for
96 h at 37°C. Following this, cytotoxicity was evaluated by
adding 10 pL of CCK-8 solution to each well of the plate.
After incubation for 4 h, the absorbance was measured at
450 nm using the BioTek ELx800 Universal Microplate
Reader (BioTek, Winooski, VT, USA). The cell viability was
calculated by the formula: [(AE — AB)/(AC — AB)] x100%,
where AE, AC, and AB were defined as the absorbance of
experimental samples, untreated samples, and blank controls,
respectively. The IC,  values for liposomal pemetrexed
and pemetrexed were calculated using GraphPad Prism
version 5 (GraphPad Software, Inc., La Jolla, CA, USA).

Western blot
The effects of liposomal pemetrexed and pemetrexed on

MCF-7 cells after 72 h were investigated using West
blot analysis through the detection of bax and caspase-
Briefly, extracted proteins (80 Lg) were subjected

Cambridge, UK), cle
1:1,000; Abcal

e goat anti-rabbit IgG (final
OR Biosciences, Lincoln, NE, USA)
ary antibody. The bands were visual-

dilution 1:2,000; ¥
was used as the seco
ized using the Image Studio system (LI-COR Biosciences,
Lincoln, NE, USA).

Apoptosis assays

Apoptosis measurements were conducted using the Annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
apoptosis detection technique for MCF-7 cell lines and
standard methods provided by Dojindo Laboratories. Briefly,

1x10° cells were plated in 6-well plates. After drug treat-
ment with native pemetrexed or liposomal pemetrexed (3
pg/mL) for 72 h, cells were harvested by trypsinization and
centrifugation at 1,000 rpm for 3 min. Additionally, the cells
were washed twice with PBS (0.01 M, pH 7.4). Following
this, 100 uL of Annexin V-binding buffer was added to the
cells followed by the addition of 5 uL. of Annexin V-FITC (1
pg/ul) and 5 pL of PI (10 pg/uL). Cells were then incubated
at 25°C room temperature in the dark for 15 min. Apoptosis
was determined using flow cytometry (FACSCalibur; BD

Biosciences). All experiments were pgi in triplicate.

Hoechst 33342 staining

ethyl alcohol and acetic acid (4:1, 4°C)
bated with Hoechst 33342 (100 ng/mL
rk for 15 min at room temperature. Finally,
re washed with PBS for 5 min and observed using
uorescence microscope.

nimal studies

All Balc/b nude mice (female, 5 weeks, 18 g) were purchased
from the Shanghai Super B&K Laboratory Animal Corp. Ltd.
(Shanghai, People’s Republic of China) and were placed in a
specific pathogen-free environment with free access to food
and water. All the mice received care in compliance with
the criteria of the National Regulation on the Management
of Laboratory Animals. The animal study was approved by
the Research Ethics Committee of Xinhua Hospital affiliated
with Shanghai Jiao Tong University (Shanghai, People’s
Republic of China).

In vivo antitumor assays in mice

On day 0, 1x10” MCF-7 cells were injected subcutaneously
into the right armpit of each athymic nude mouse. When
tumors were ~100 mm?® in size on day 30, adenoviruses con-
taining ABCC5 (5x10° PFU) were injected into the tumors
of the mice to facilitate overexpression of ABCCS5 in the
tumor cells. As expected, examination of the frozen sections
showed the overexpression of ABCCS in tumors, as indicated
by diffused green fluorescence (Figure S1). When tumors
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were ~150 mm? in size in each group on day 35, the mice
were treated with intravenous injections (via the tail vein) of
liposomal pemetrexed (20 mg/kg pemetrexed), pemetrexed
(20 mg/kg pemetrexed), or the same dose of PBS from day
35 to 46. The tumor volumes (V) were measured using a
caliper once every day (V = width? x length/2).

In vivo imaging

MCEF-7 cells (1x107) were injected subcutaneously into the
right armpit of nude mice. When tumors were ~500—600 mm*
in size, the in vivo fluorescence imaging system was used to
observe the real-time distribution of DiR-loaded liposomes.
Mice were administered the DiR-loaded liposomes, at DiR
doses of 0.2 mg/kg, via tail vein injection, and scanned at 1, 4,
and 24 husing the Bruker MI SE (Bruker Biospin Corporation,
Woodbridge, CT, USA). Meanwhile, free DiR at a dose of
0.2 mg/kg was injected via the tail vein of mice and scanned
at 24 h. Then, the mice were killed via cervical dislocation
at 24 h, and the tumor, heart, liver, lungs, and kidneys were
harvested for ex vivo imaging.

Statistical analysis
Data in this study were analyzed using the statistic package
SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Student'@@8
(two-tailed) was used to conduct statistical analyses.
are expressed as mean = SD and P-values <
sidered significant.

Results
Characterization of li

that liposquT pcY
of ~104 d
size of 1151 pem?

ed from the DLS experiment (approximately

®Xed observed by TEM was smaller

one-third decre)). The reason is that the size of liposomal

pemetrexed obtained from the DLS experiment reflected the

Table | Characteristics of liposomes

Liposomes Size (hm) Zeta PDI
potential

(mV)
Liposomal pemetrexed 160.77+2.06 —1.40+0.65 0.08+0.01 63.5+2.17

EE (%)

Note: Data are expressed as mean + SD (n=3).
Abbreviations: EE, encapsulation efficacy; PDI, polydispersity.

hydrodynamic size, whereas TEM reflected the size of dried
liposomal pemetrexed. Thus, the observed decrease in size
was expected, since the hydration shell portion of the lipo-
somal pemetrexed was eliminated in TEM. The nearly neutral
zeta potential (—1.40 mV) indicated that liposomal pemetrexed
are less likely to interact with environmental factors through
electrical interaction, resulting in good stability in circulation.
The liposomal pemetrexed EE was found to be 63.5%, which
is rather high for water-soluble drugs in liposomes.

In vitro release
In vitro release of the drug frog

measured in physiological b®
Figure 1B, the release kj
with an initial quic

mpare the cellular uptake efficiency between
etrexed and pemetrexed, a time-dependent
ke study was performed on MCF-7 cells using
acal microscopy. As shown in Figure 2A, the red fluo-
rescence signal for free pemetrexed was barely detectable,
suggesting that uptake of pemetrexed was minimal when in
the form of free pemetrexed. Notably, when encapsulated in
liposomes, the red fluorescence of pemetrexed significantly
increased (Figure 2B). There were no significant discrepan-
cies in red fluorescence of liposomal pemetrexed among
the different time points (1, 2, and 4 h), suggesting that
liposomal pemetrexed entered MCF-7 cells and reached a
plateau within a short period of time. Similar results were
obtained in MCF-7+ABCCS5 cells, which were transfected
by adenoviruses containing ABCCS5 (Figure 3).

Transfection of adenovirus

As shown in Figure S2, Western blot demonstrated that
ABCCS expression was significantly upregulated in MCF-7
cells, after adenoviruses containing ABCCS were transfected
into these cells. The MCF-7 cells transfected with ABCC5
were defined as MCF-7+ABCCS5. The upregulation of
ABCCS5 confers MDR in MCF-7 cells.>”

Cytotoxicity assays
The cytotoxic effects of drugs were evaluated in MCF-7
and MCF-7+ABCCS5 cells using the CCK-8 assay. Both
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Figure | Characterization of liposomal pemetrexed. (A) Transmission electronic microscopy image of liposomal pemetrexed. Scalé
release kinetics of pemetrexed from liposomal pemetrexed dissolved in PBS (0.1 M, pH 7.4). The release of pemetrexed was
different time periods. Data are presented as mean £ SD (n=3).

Abbreviations: HPLC, high-performance liquid chromatography; PBS, phosphate-buffered saline.

(B) In vitro
hse HPLC at

liposomal pemetrexed and pemetrexed showed dose-
dependent inhibition of cell proliferation in MCF-7 and
MCF-7+ABCCS5 cells (Figure 4). Compared with pem-
etrexed, liposomal pemetrexed showed a left shift of the
dose-response curve, suggesting that the cytotoxic effect of
liposomal pemetrexed was higher than pemetrexed.

To calculate the cytotoxic effects more precisely, we
calculated the IC, of drugs in Table 2. The IC,  of p
etrexed in MCF-7+ABCCS cells was increased by 2.2-fo
compared to that in MCF-7 cells, suggesting t

measured using the Annexin V-FITC/PI staining
nique. As shown in Figure 5A, treatment with liposomal
emetrexed induced a significantly higher percentage of
11 apoptosis (20.7%) than pemetrexed (11.2%). To further
investigate the detailed mechanism underlying apoptosis
induced by liposomal pemetrexed, the expression levels of

B DAPI Europium Merge

1h
SMW 5})_}”71

50 pm

50 pm

Figure 2 In vitro cellular uptake of (A) pemetrexed and (B) liposomal pemetrexed in MCF-7 breast cancer cells examined using a confocal microscope. Nuclei were stained
with DAPI (blue). Pemetrexed was labeled with europium (red). Scale bars represent 50 um.
Abbreviation: DAPI, 4',6-diamidino-2-phenylindole dihydrochloride.

50 ym

50 pm 50 um 50 ym
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A DAPI Europium Merge B DAPI Europium Merge

50 ym 50 pm

50 um

2h
50 um
—

50 pm 50 um

50 um

50 ym

50 ym

50 pm

Figure 3 In vitro cellular uptake of (A) pemetrexed and (B) liposomal pemetrexed in MCF-7+ABCCS5 breast canc microscope. Nuclei were

stained with DAPI (blue). Pemetrexed was labeled with europium (red). Scale bars represent 50 um.
Abbreviation: DAPI, 4’,6-diamidino-2-phenylindole dihydrochloride.

the caspase-3, cleaved caspase-3, and bax were measured induced more apoptotic cells displaying
using Western blot. As shown in Figure 5B, the expression
levels of the caspase-3, cleaved caspase-3/8/9, and bax
increased after treatment with liposomal pemetrexed, sug-

gesting that liposomal pemetrexed induced apoptosjs via
aging in mice

e the distribution of liposomal pemetrexed in nude

extrinsic and intrinsic pathways.

mice bearing tumor xenografts, we loaded the fluorescent
DiR dye into the liposomes. DiR dye is a superior fluorescent
dye that we used to trace the distribution of nanoparticles
in our previous studies.”® Figure 6A shows the real-time
distribution of DiR-loaded liposomes or free DiR in nude
mice bearing tumor xenografts. Mice that did not receive any
DiR dye were used as controls. The free DiR injected into

B MCF-7+ABCC5
1.5 1
> 101
E
g
> 05
©
(&) [
|}
0 O I I I 1 1 0 0 T T T T 1
-3 -2 -1 0 1 2 -3 -2 —1 0 1 2
Concentration (ug/mL) Concentration (ug/mL)

| ® Pemetrexed M Liposomal pemetrexed |

Figure 4 The dose-dependent cytotoxicity induced by pemetrexed and liposomal pemetrexed in (A) MCF-7 and (B) MCF-7+ABCCS cells. The inhibition rate was calculated
relative to the respective controls. Data are presented as mean £ SD (n=3). *P<<0.05 for pemetrexed vs liposomal pemetrexed.
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Table 2 IC,  values (ug/mL) of the CCK-8 assay performed
during pemetrexed and liposomal pemetrexed treatment for
5 days in MCF-7 and MCF-7+ABCCS cells

Cell lines Pemetrexed Liposomal
IC,, (ug/mL) pemetrexed

MCF-7 0.167+0.009 0.026+0.005

MCF-7+ABCC5 0.370+0.011 0.145+0.010

Notes: The drug concentration that caused a 50% inhibition of the control growth
rate (IC,)) was calculated from a sigmoid plot by nonlinear regression analysis using
the generated equation. Data are expressed as mean + SD.

mice did not significantly accumulate in the tumors. Notably,
after intravenous injection of DiR-loaded liposomes, accu-
mulation in tumors occurred within 3 h. This gradually
increased and reached significant accumulation at 24 h,
indicated by the strong fluorescence signal observed around
the tumor mass.

To clearly observe fluorescence signals, the tumors and

major organs were excised and collected at 24 h following
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Figure 5 Cell apoptosis induced by pemetrexed or liposomal pemetrexed. (A) Cell apoptosis rate of MCF-7 cells measured by flow cytometry. MCF-7 cells were treated
with pemetrexed or liposomal pemetrexed (3 pg/mL) for 72 h and stained with Annexin V-FITC and PI. Data are presented as mean £ SD (n=3). *P<0.05. (B) The expression
of bax, caspase-3, -8, and -9 proteins in MCF-7 cells were detected after incubation with pemetrexed or liposomal pemetrexed with a 3 pg/mL concentration for 72 h.
An equal amount of cell lysate (20 ug of protein/lane) was analyzed using Western blot with glyceraldehyde-3-phosphate dehydrogenase as the loading control. (C) Images
of MCF-7 cells stained with Hoechst 33342. MCF-7 cells were treated with pemetrexed or liposomal pemetrexed (3 pig/mL) for 48 h and then stained with Hoechst 33342.

Scale bars represent 50 um.

Abbreviations: Blank, no drugs; Pem, pemetrexed; Lipo-pem, liposomal pemetrexed; FITC, fluorescein isothiocyanate; Pl, propidium iodide.
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A Blank DiR

administered DiR-loaded liposomes or free DiR, with a DiR dose of 0.2 mg/kg, via tail
Corporation, Woodbridge, CT, USA). Then, the mice were sacrificed via cervical disl
vivo imaging. (A) The real-time distribution of DiR or DiR-loaded liposomes in nude m

24 h postinjection.
Abbreviation: Blank, no drugs.

injection. The ex vivo fluorescent images further d
strated the significant accumulation of DiR-Iq

the tumor voluMe in untreated mice had increased by
5.3-fold, and the tumor volume in the pemetrexed-treated
mice had increased by 4.0-fold. The tumor volume in the
liposomal pemetrexed-treated mice increased by 2.5-fold.
The tumor volume of the liposomal pemetrexed-treated
group was significantly smaller than that of the other
groups (untreated =793 mm?, pemetrexed =606 mm?, lipo-
somal pemetrexed =368 mm?; liposomal pemetrexed vs

DiR-lipo 1 h

DiR-lipo 3 h DiR-lipo 24 h

6.6e+004

- 4.4e+004

- 2.3e+004

1.7e+003

il subcutaneously into the right armpit of nude mice.
€ distribution of DiR-loaded liposomes. Mice were
nned at |, 4, and 24 h using the Bruker MI SE (Bruker Biospin
tumor, heart, liver, lungs, and kidneys were harvested for ex
scence images of different organs harvested from the mice at

the tumor weight of the liposomal pemetrexed-treated group
was significantly lower than the other two groups (P<<0.01)
(Figure 7B).

Discussion
MDR in cancer is one of the most significant obstacles in
chemotherapy.* Thus, overcoming MDR has great potential
in increasing the therapeutic efficacy of cancer therapy.
Recently, nanomedicine approaches have emerged as a novel
strategy to overcome cancer drug resistance. In this study,
we developed pemetrexed-loaded TPGS liposomes using the
calcium acetate gradient method as a potential strategy to
overcome MDR to pemetrexed for breast cancer treatment.
Liposomal pemetrexed was observed to be small in size and
possessed high pemetrexed EE, homogenous distributions,
and sustained release. Most notably, liposomal pemetrexed
was found to efficiently deliver pemetrexed to both breast
cancer cells and MDR breast cancer cells, resulting in
enhanced therapeutic effects compared to free pemetrexed.
Among the nanocarriers, liposomes are the dominant
class of clinically approved nanomedicine products.'®
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lowing surf? vith poly(ethylene glycol).'

Recently, sever®g@posomes have been approved for clinical
use, including Dox¥g which was first approved in 1995.17
However, liposomes do have limited clinical utility as a con-
sequence of properties such as uncontrollable drug release,
instability in storage, and insufficient drug loading."* Specifi-
cally, due to their small aqueous internal volumes, liposomes
have a rather low EE for water-soluble drugs.' In this study,
for the first time, we encapsulated pemetrexed disodium in
liposomes with a high EE (63.5%) using the calcium acetate

gradient method, which is known to be suitable for loading

ted with the drugs (20 mg/kg pemetrexed or liposomal pemetrexed) via the tail vein once a day for
rve. (B) The excised tumors were weighed at the end point. The tumor weights of each group were
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amphipathic weak acids into liposomes.'> Considering that
this method is suitable for industrialized large-scale pro-
duction, liposomal pemetrexed has great pharmaceutical
potential in this respect.

The data presented here confirmed that liposomal
pemetrexed was efficiently bound and delivered to both
MCF-7 and MCF-7+ABCCS5 cells. Due to more effective
internalization, liposomal pemetrexed also demonstrated
higher cytotoxic effects on both MCF-7 and MCF-7+ABCCS5
cells. Compared with pemetrexed, the IC,  of liposomal
pemetrexed was reduced by 6.4-fold in MCF-7 cells and
2.2-fold in MCF-7+ABCCS cells, suggesting that liposomal
pemetrexed showed enhanced cytotoxic activity against
both breast cancer cells and MDR breast cancer cells. The
detailed molecular mechanisms underlying the enhanced
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cytotoxic effects of liposomal pemetrexed could at least
be partially attributed to apoptosis via both extrinsic and
intrinsic pathways.

The in vivo biodistribution study showed that DiR-loaded
liposomes significantly accumulated in tumors 24 h after
injection. In animal studies, liposomal pemetrexed treatment
in MCF-7+ABCCS5 xenograft models was associated with
higher anti-tumor effects than free pemetrexed treatment.
Our findings further elucidated the mechanisms by which
liposomal pemetrexed function to exert its antitumor activity.
First, long circulating liposomal pemetrexed accumulated
in tumors due to the enhanced permeability and retention
effect. Subsequently, liposomal pemetrexed was bound to and
internalized in tumor cells. After internalization, liposomal
pemetrexed readily released pemetrexed into the cytoplasm,
resulting in significant therapeutic effects.

One of the strengths of our study was that the MCF-7 cells
overexpressing ABCC5 were used as a breast cancer resis-
tance cellular model. In our previous studies, we found that
ABCCS5 was significantly associated with breast cancer che-
motherapy resistance to pemetrexed, and breast cancer cells
transfected with ABCCS5 exhibited MDR properties (unpub-

lished data, 2015). Although MCF-7ADR cells, chargcter-

h to reversing MDR.
DR include modifica-

effects associated with chemotherapy.* As well, many ABC
transporter inhibitors have shown negative or modestly posi-
tive efficacy. This may be due to the fact that inhibitors are
generally weak and nonspecific, and undesirable pharma-
cokinetic interactions exist between chemotherapeutics and
the ABC transporter inhibitors.*!>!¥ Nanomedicine offers
an innovative and promising alternative approach due to its
intrinsic ability to overcome MDR and avoid recognition

by the ABC protein family via nonionic surfactants such
as TPGS. Notably, nanomedicine has the great potential to
reduce the side effects associated with chemotherapy drugs,
whereas conventional strategies to overcome cancer MDR,
including combinations of chemotherapy drugs and ABC
transporter inhibitors, have a greater risk of producing side
effects. Thus, liposomal pemetrexed represents a potential
therapeutic approach to overcome cancer MDR.

Conclusion
Liposomal pemetrexed offers the pa

ibility of delivering

, and patients with MDR cancer may
nefit from this treatment strategy.
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Figure S| Viruses transfection into the tumors of nude mice (x200). Thirty days after
was injected into the tumors of the mice (twice for each tumor, each time with 5x10? P|

in the tumors by the diffused green GFP fluorescence.
Abbreviations: DAPI, 4,6-diamidino-2-phenylindole dihydrochloride; P
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or growth was over 100 mm?, adenovirus contained ABCC5
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Figure S2 Expression of AB!
internal control. The expr
USA).
Abbreviation: GAPDH, gl

International Journal of Nanomedicine

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology
in diagnostics, therapeutics, and drug delivery systems throughout
the biomedical field. This journal is indexed on PubMed Central,
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine,

Dove

Journal Citation Reports/Science Edition, EMBase, Scopus and the
Elsevier Bibliographic databases. The manuscript management system
is completely online and includes a very quick and fair peer-review
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2018:13

submit your manuscript

Dove

1339


http://www.dovepress.com/international-journal-of-nanomedicine-journal
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 4: 


