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Introduction: P-glycoprotein (P-gp) inhibitors are usually used to treat tumors that overexpress
P-gps. However, most common types of breast cancers, such as Luminal A, are low-P-gp express-
ing, at least during the initial phases of treatment. Therefore, it would be interesting to know if
P-gp inhibitors are still useful in treating low-P-gp-expressing tumors.

Methods: In the study reported here, the human breast-cancer cell line MCF-7, chosen as a
model of Luminal A, was found to be low-P-gp expressing. We designed a novel doxorubi-
cin (DOX) sterically stabilized liposome system co-loaded with the low-dose P-gp inhibitor
cyclosporine A (CsA) (DOX/CsA/SSL).

Results: The co-delivery system showed good size uniformity, high encapsulation efficiency,
and a desirable release profile. The cell-uptake and cytotoxicity studies demonstrated that CsA
could significantly enhance the intracellular accumulation and toxicity of free DOX and the
liposomal DOX in MCF-7 cells. The confocal microscopy and in vivo imaging study confirmed
the intracellular and in vivo targeting effect of DOX/CsA/SSL, respectively. Finally, the in vivo
study proved that DOX/CsA/SSL could achieve significantly better antitumor effect against
MCF-7 tumor than controls, without inducing obvious systemic toxicity.

Conclusion: This study demonstrated that the co-delivery of a low-dose P-gp inhibitor and
liposomal DOX could improve the therapy of low-P-gp-expressing cancer, which is of signifi-
cance in clinical tumor therapy.

Keywords: liposomes, low-P-gp-expressing tumor, antitumor activity, cyclosporine A, targeted
delivery

Introduction

Tumor therapy is currently far from satisfactory in clinical practice.! A major fac-
tor in this problem is the expression of adenosine triphosphate-binding cassette
transporters, mainly P-glycoproteins (P-gps), on tumor cell membranes.? When
nanomedicines deliver drugs to tumor sites, some parts of the drugs are expelled
by the P-gps expressed on cell membranes.>* This inevitably lowers the therapeutic
efficiency of the treatment, and cancer cells soon develop resistance to a variety of
drugs.* Thus, the inhibition of P-gp function is an effective strategy to enhance the
intracellular concentration and therapeutic efficacy of nanomedicines.’ Nowadays,
some P-gp inhibitors have attracted researchers’ attention, and many small-molecule
P-gp inhibitors have been investigated in combination with chemotherapeutics in
clinical application.®
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The long-term use of chemotherapy drugs increases the
expression of P-gps in tumor cells, and induces multidrug
resistance (MDR).” Extensive studies are focusing on using
P-gp inhibitors to reverse MDR in cancers that overexpress
P-gps.® However, large doses of the P-gp inhibitor and
chemotherapy drugs are required in the treatment of MDR,
thus inducing severe side effects in vivo.® However, most
common type of cancers, such as breast cancer Luminal A,
are not P-gp negative, but express low levels of P-gps, at
least during the initial phase of treatment.*® Thus, we were
interested in finding out whether a low level of P-gps influ-
ences the antitumor efficiency of chemotherapy drugs or
nanoparticles loaded with chemotherapy drug, and if P-gp
inhibitors are still useful in treating tumors that express
P-gps at a low level when combined with chemotherapy
drugs.

Cyclosporine A (CsA), a well-known P-gp inhibitor,
shows significant effects in terms of decreasing the efflux of
doxorubicin (DOX) in tumor cells.'® The co-administration
of CsA and chemotherapeutic agents has elicited promis-
ing clinical results in acute myeloid leukemia.!' However,
CsA cannot be used long-term because of its immunosup-
pressive effects as well as severe nephrotoxicity at high
doses.!?

Liposomal DOX (Doxil®; Janssen Pharmaceuticals, Inc.,
Titusville, NJ, USA), the first nanomedicine approved by the
US Food and Drug Administration,'* has been used to treat
cancer for more than two decades. Liposomes can prolong
the circulation time of DOX in vivo, accumulate relatively
more of the drug at the tumor site specifically, are internal-
ized into the tumor cells effectively, and penetrate deeply into
the tumor parenchyma through the enhanced permeability
and retention (EPR) effect. In long chemotherapy terms, the
therapetic efficacy of liposomal DOX does not improve much
comparing to the efficacy of free DOX.!

In this study, we sought to improve the antitumor effi-
ciency of the liposomal drug in low-P-gp-expressing tumors
by simultaneously using a P-gp inhibitor. To this end, we
prepared a novel DOX liposome system co-loaded with a low-
dose of CsA (DOX/CsA/sterically stabilized liposome system
[SSL]). MCF-7 was chosen as a cell model, representing the
most common type of breast cancer. First, we evaluated the
effect of CsA on cell uptake and the cytotoxicity of free DOX
and liposomal DOX. The in vitro intracellular targeting effect
of DOX/CsA/SSL was tested by confocal microscopy, and the
in vivo tumor target effect was observed by in vivo imaging.
Finally, we investigated the anticancer effect of DOX/CsA/
SSL in vivo, as well as the systemic toxicity.

Materials and methods

Materials and animals

DOX was purchased from Hisun Pharmaceutical Co, Ltd
(Zhejiang, People’s Republic of China) as doxorubicin
hydrochloride. CsA was obtained from Taizhou Pharmaceutical
Co, Ltd (Zhejiang, People’s Republic of China). DSPE-PEG
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-n-
[methoxy(polyethylene glycol)-2000] was provided by the
NOF Corporation (Tokyo, Japan). Cholesterol (Chol) and
Sephadex® G-50 were obtained from Pharmacia Biotech Inc.
(Piscataway, NJ, USA). Lipoid E 80 (PC) was purchased from
Lipoid GmbH (Ludwigshafen, Germany). Sulforhodamine
B (SRB) and Tris base were purchased from Sigma-Aldrich
(St Louis, MO, USA). Fluorescein isothiocyanate (FITC)
mouse antihuman P-gp 17F9 and FITC mouse 1gG2bx
isotype control were purchased from BD Biosciences (San
Diego, CA, USA), while 1,1-dioctadecyl-3,3,3,3-tetrameth-
ylindotricarbocyanine iodide (DiR) and Hoechst 33258 were
obtained from Molecular Probes Inc. (Eugene, OR, USA).
All other reagents used were of analytical grade.

The human breast-cancer cell line MCF-7 and HelLa
cervical cancer cell line were obtained from the Institute of
Basic Medical Science (Beijing, People’s Republic of China).
The DOX-resistant breast-cancer cell line MCF-7/ADR was
kindly supplied by the Institute of Hematology and Blood
Diseases Hospital (Chinese Academy of Medical Sciences
and Peking Union Medical College, Tianjin, People’s Republic
of China). The cell-culture medium Roswell Park Memorial
Institute (RPMI)-1640, fetal bovine serum, and antibiotics
(penicillin 100 U/mL and streptomycin 100 mg/mL) were
obtained from MacGene Biotech Co, Ltd (Beijing, People’s
Republic of China).

Healthy female BALB/c nude mice, approximately
6 weeks old and weighing 18-20 g, were supplied by the
Peking University Health Science Center (Beijing, People’s
Republic of China). The mice were kept in specific patho-
gen free (SPF) conditions for 1 week before use. All animal
experiments conducted in this study complied with the
Principles of Care and Use of Laboratory Animals, prepared
by the Peking University Institutional Animal Care and Use
Committee.

Preparation of liposomes
DOX-loaded liposomes

Liposomes were prepared by the hydration of dried lipid
films as previously reported.'* DOX was loaded in the
liposomes using the ammonium sulfate gradient method.'
The lipid components were PC:Chol:DSPE-PEG
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(24.0:1.4:5.4, weight/weight [w/w]). Briefly, the lipid
components were weighed and dissolved in chloroform. The
mixture was evaporated under vacuum in a rotary evaporator
until a thin lipid film formed. Ammonium-sulfate solution
(123 mM) was then added. The mixture was sonicated
using a bath-type sonicator to obtain empty liposomes. The
liposomes were then eluted with phosphate-buffered saline
(PBS; 120 mM) using a Sephadex G-50 column. DOX
(DOX:PC =1:24, w/w) was added and incubated for 20
minutes at 37°C with continuous shaking. The liposomes
were eluted with PBS using a Sephadex G-50 column to
remove the free DOX. The DOX liposomes (DOX/SSL)
were stored at 4°C.

DOX and CsA co-loaded liposomes
DOX/CsA/SSL was prepared using the method described
above, but with the addition of CsA in the lipid components.
The formulation was PC:Chol:DSPE-PEG, :CsA
(24.0:1.4:5.4:1, w/w). Free CsA was removed in the elution
step using a Sephadex G-50 column.

DiR-loaded liposomes

For the in vivo imaging study, DiR-loaded liposomes (DiR/
SSL)and DiR and CsA co-loaded liposomes (DiR/CsA/SSL)
were prepared using the method just described, but with the
addition of the near-infrared fluorescent probe DiR to the
lipid components at the desired amount. PBS was used as
the hydration medium. The obtained liposomes were eluted
with PBS to remove the free DiR.

Characterization of liposomes

Size distribution and zeta potential

The size, polydispersity, and zeta potential of the obtained
liposomes were measured by means of dynamic light
scattering using a Malvern Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK). The zeta potential of the lipo-
somes was determined by electrophoretic light scattering
using a Malvern Zetasizer Nano ZS (Malvern Instruments,
Malvern UK). The morphology of the liposomes was iden-
tified by transmission electron microscope (TEM) using a
negative staining method.

Encapsulation efficiency

The prepared liposomes were solubilized in methanol
(liposomes:methanol =1:9, volume/volume [v/v]). The DOX
concentration was determined by ultraviolet (UV)—visible
spectrophotometry at 480 nm. The CsA concentration was
determined using an Agilent 1100 Series HPLC System

(Agilent Technologies, Inc., Santa Clara, CA, USA) with a
UV detector (LC-10AT, Shimadzu Corp, Kyoto, Japan). An
octadecylsilyl column (Agilent Zorbax® SB-C18; Agilent
Technologies, Inc.; 4.6 X 250.0 mm, 5 um) was used for the
analysis. The mobile phase was water (0.1% trifluoroacetic
acid) and acetonitrile (30:70, v/v). The UV detection wave-
length was set at 220 nm, the column temperature was 70°C,
and the flow rate was 1.0 mL/minute. The encapsulation effi-
ciency (%EE) was calculated according to Equation 1. The
data were obtained using triplicate liposome preparations.

Drug massin liposome

%EE = x 100 (1)

Total drug mass

Drug release

The in vitro DOX and CsA release from liposomes was
measured with a dialysis method. DOX/CsA/SSL was dis-
solved in PBS supplemented with 0.05% sodium dodecyl
sulfate. The mixture was placed in a dialysis bag (M, cut
off 12,000-14,000), which was sealed at both ends with
clips. The dialysis bag was sunk into a beaker with 50 mL
PBS. This was then was incubated at 37°C with continuous
shaking at a speed of 100 times per minute for 24 hours.
At0.5,1,2,4,6,8, 12, 24 hours, samples were withdrawn
and replaced with an equal volume of medium. The CsA
content in the released medium was determined by high-
performance liquid chromatography (HPLC), as described
earlier. The DOX content was also determined by HPLC
using the LC-10AT UV detector, the analysis was performed
using the octadecylsilyl column. The mobile phase consisted
of 500 mL of water containing 1.44 g sodium dodecyl sul-
fate and 0.68 mL phosphoric acid (H,PO,), methanol, and
acetonitrile (40:5:50, v/v). The detection wavelength was set
at 233 nm, the flow rate was 1.0 mL/minute, and the column
temperature was 25°C.

P-gp expression

The expression of P-gps in MCF-7, MCF-7/ADR, and HeLa
cells was studied by flow cytometry using an FITC-labeled
17F9 monoclonal P-gp antibody (BD Biosciences). The cells
(circa 1 x 10°) were harvested, washed with PBS, and fixed
by adding 1 mL 4% (v/v) of paraformaldehyde solution for
15 minutes at room temperature. FITC mouse antihuman
P-gp 17F9 monoclonal antibody and its isotype control were
then added and the cells were incubated for 90 minutes at 4°C.
After this, the cells were washed with PBS and examined by
flow cytometry using the BD FACScan™ System (Becton
Dickinson, San Jose, CA, USA). The P-gp expression level
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was determined by the ratio of the mean fluorescence inten-
sity (MFTI) value to the isotype MFI value.!®"”

Cellular-uptake studies

The cellular-uptake studies of various DOX formulations
were performed by flow cytometry and confocal micro-
scopy observation. For flow-cytometric analysis, MCF-7 and
MCF-7/ADR cells were cultured on 12-well plates at 37°C
for 24 hours. When cells reached approximately 80% conflu-
ence, the medium was removed and the cells washed with
PBS. The DOX formulations (DOX concentration 35 pg/
mL) diluted with serum-free media were subsequently added
and incubated for 3 hours. The cells were then harvested for
flow-cytometric analysis using the FACScan. The excitation
and emission wavelengths of DOX were 488 and 560 nm,
respectively. Ten thousand gated events were collected and
analyzed with the FCS Express V3 software.

For confocal microscopy analysis, MCF-7 cells were
seeded on glass coverslips in 24-well plates for 24 hours
until total adhesion. Various DOX formulations were added
and incubated for 3 hours as just described. The cells were
then washed with cold PBS and fixed with 4% (v/v) para-
formaldehyde solution for 20 minutes at room temperature.
The cell nuclei were then stained with Hoechst 33258 for
15 minutes. Confocal microscopy analysis was performed
using a laser-scanning confocal microscope (TCS SP5; Leica,
Solms, Germany). The excitation and emission wavelengths
of DOX were 480 and 555-590 nm, respectively, while the
excitation and emission wavelengths of Hoechst 33258 were
405 and 425-465 nm, respectively.

Cytotoxicity assay

The cytotoxicity of various DOX formulations to the
MCF-7 cell line was tested by SRB colorimetric assay.
Briefly, MCF-7 cells (2,000-3,000 cells/well) were
incubated in 96-well plates at 37°C overnight. Various
concentrations of free DOX, CsA plus DOX, DOX/SSL,
and DOX/CsA/SSL were added and the plates were
incubated at 37°C for another 24 hours. Following this,
the cells were fixed by cold trichloroacetic acid, then
washed and dried in the air. SRB dye (0.4%) was applied
to each well and allowed to stain for 15 minutes at room
temperature. The excess dye was washed off with 1%
acetic acid and the bound dye was dissolved in 10 mM
Tris-base solution and measured at 540 nm using a the
Thermo Scientific Multiskan® FC Microplate Photometer
(Shanghai, People’s Republic of China). Drug inhibition
curves were generated and the drug concentration inhib-
iting the cell growth by 50% (half-maximal inhibitory

concentration [IC_ ]) was obtained from semi-logarithmic
dose—response plots.

Observation of intercellular delivery
of DOX/CsA/SSL

FITC is a typical fluorescence probe widely applied in
labeling peptides.'® In our study, CsA was first conjugated
to ethylenediamine (data not shown), and then reacted with
FITC to obtain FITC-CsA following the manufacturer’s
(BD Biosciences) protocol. DOX and FITC-CsA co-loaded
liposome (DOX/FITC-CsA/SSL) was prepared as DOX/
CsA/SSL. MCF-7 cells were seeded on a glass-bottomed
cell-culture dish for 24 hours until total adhesion. DOX/
CsA/SSL was then added. At preset time points, the living
cells were washed and observed by confocal microscopy.
The excitation wavelengths of DOX, FITC, and Hoechst
33258 were 480, 488, and 405 nm, respectively, while the
detection wavelengths were 555-590, 510-540, and 425465
nm, respectively.

In vivo imaging

In vivo fluorescence imaging was performed using an in vivo
image system (FX Pro; Kodak, Rochester, NY, USA). The
MCF-7-cell-bearing female BALB/c nude mice models were
established by subcutaneous inoculation of MCF-7 cells in
the right flanks of nude mice. The imaging experiment was
performed when the tumor volume reached circa 150 mm?®,
The mice were randomly assigned to three groups (three
animals per group) and injected via the tail vein with free
DiR, DiR/SSL, or DiR/CsA/SSL according to which group
they were in. At predetermined time intervals, the mice
were anesthetized and fluorescence images captured by the
in vivo FX Pro imaging system. The images were analyzed
using Carestream Molecular Imaging software (v 5.0.7.23;
Carestream Health Inc., Rochester, NY, USA). The relative
DiR tumor distributions were quantified by the sum inten-
sity of DiR in tumors divided by the sum intensity of DiR
in whole bodies.

In vivo antitumor efficacy

The antitumor efficacy study was performed on MCF-7-
tumor cell-bearing mice as described. Treatments were initi-
ated when the average tumor volume reached 50-100 mm?.
The mice were randomly assigned into four groups (five
animals per group), with one group each treated with 5%
glucose (control), DOX solution (DOX 2 mg/kg), DOX/SSL
(DOX 2 mg/kg), and DOX/CsA/SSL (DOX 2 mg/kg). The
treatments were injected via the tail vein every 2 days a total
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of five times. Tumor volume (mm?) and mice weights were
measured and recorded every 2 days. Tumor volume was
measured and calculated as [(major axis) X (minor axis)?]/2.
Mice were sacrificed on the eleventh day, and the tumors were
excised and weighed. Hearts and kidneys were also excised to
make hematoxylin and eosin staining sections for evaluation
of cardiotoxicity and nephrotoxicity after drug treatments.

Statistical analysis

The experiments in this study were all performed at least
three times. Quantitative data are expressed as the mean +
standard deviation. Differences between groups were ana-
lyzed by two-tailed Student’s #-test for pairs. Statistical sig-
nificance was set for a P-value, with cases lower than 0.05
considered statistically significant and those lower than 0.01
highly significant.

Results and discussion

Characterization of liposome systems

We designed a novel liposome co-loaded with CsA and DOX
(DOX/CsA/SSL). The liposomes were prepared by a thin-film
hydration method. As shown in the schematic illustration,
Figure 1A, the lipophilic compound CsA was located in the
bilayer of the liposomes, while the hydrophilic drug DOX
was loaded in the aqueous phase of the liposomes, in the form
of aggregated and gelatinous anthracycline sulfate salt. The
average diameter of the DOX/CsA/SSL liposomes was about
99 nm with good uniformity (polydispersity index =0.245)
determined by Malvern Zetasizer Nano ZS (Figure 1B).
Such a size might be optimal for tumor targeting by the EPR
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Figure | Characterization of the sterically stabilized liposomes co-loaded with
cyclosporine A (CsA) and doxorubicin (DOX) (DOX/CsA/SSL). (A) Schematic
illustration. (B) Representative particle-size distribution. (C) Typical transmission
electron microscope image. Scale bar is 200 nm. (D) In vitro release profiles of
both DOX and CsA from DOX/CsA/SSL in phosphate-buffered saline with 0.05%
sodium dodecyl sulfate.

Note: Data are presented (D) as mean + standard deviation (n=3).

effect.!” The typical TEM image in Figure 1C shows the
morphology of the DOX/CsA/SSL. The particles observed by
TEM were of good uniformity and their diameter was smaller
than 100 nm. The DOX/CsA/SSL was electrically neutral
due to the lipid materials used. In addition, DOX-loaded
liposomes (DOX/SSL) were prepared with the same process.
As shown in Table 1, the characteristics of the DOX/SSL
were similar to those of DOX/CsA/SSL. DiR, a near-infrared
fluorescent dye commonly used in in vivo imaging, was used
to label the liposomes. Both the size and zeta potential of
the DiR-loaded liposomes exhibited no significant difference
from those of the DOX/CsA/SSL (data not shown). The %EE
of the DOX and CsA in the DOX/CsA/SSL was 88% and
75%, respectively. The various liposomes were stored at 4°C.
There were no significant changes in size, potential, or %EE
for at least 4 weeks.

Figure 1D shows the in vitro release profiles of DOX and
CsA from the DOX/CsA/SSL. Both drugs were released slowly
from the liposomes, without burst effect, and the release of
CsA and DOX was nearly simultaneous. The total cumulative
release of DOX and CsA was approximately 30% and 20%,
respectively, indicating that most of the drugs were maintained
in the liposomes for 24 hours. This result proved the stability
of DOX and CsA in the liposomes. The stability of liposome
in circulation is also an important characteristic because this
stability is the prerequisite of the long circulation and the EPR
effects. The instability of liposomes in plasma may cause the
release of the encapsulated drug. Previous reports have proven
that modifying polyethylene glycol (PEG) on the surface of
liposomes can significantly reduce the interference of serum
proteins and increase liposome stability in blood circulation.?
In our study, PEG was added to the liposome formulation (17%
of'the total weight before the addition of DOX). This amount of
PEG could cover the surface of the liposomes, increasing the
stability of the DOX liposomes in circulation.?! Further, both
CsA and DOX are substrates of P-gps and can be transported
by P-gps. CsA inhibits the efflux of DOX by competitively
binding to P-gps.”> CsA could only enhance the accumula-

Table | Characterization of doxorubicin (DOX)-loaded liposomes
(n=3)

Characterization DOX/SSL DOX/CsA/SSL
Size (nm, Z-average) 102.15+2.86 98.68+11.02
PDI 0.19240.021 0.245%0.022
Zeta potential (mV) —1.73040.127 —0.040£0.101
DOX EE (%) 94.05+4.66 88.24+2.26
CsA EE (%) - 74.89+7.41

Abbreviations: DOX, doxorubicin; CsA, cyclosporine A; SSL, sterically stabilized
liposome; EE, encapsulation efficiency; PDI, polydispersity index.
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tion of DOX when simultaneously located in the tumor cells
with DOX. Thus, the maintenance of the CsA and DOX in the
liposomes and the similar release properties of the two drugs
would guarantee that both drugs would arrive and be released
simultaneously at the tumor site.

P-gp expression in MCF-7 cell line

The human breast-cancer cell line MCF-7 was used as
the low-P-gp-expressing cell line in our study. The flow-
cytometry study was performed to assess the P-gp expres-
sion of MCF-7, MCF-7/ADR, and HeLa cells. Figure 2A—C
show the histograms of MCF-7, MCF-7/ADR, and HeLa,
respectively, after incubation with the P-gp antibody (17F9).
The level of P-gp expression was determined by the ratio
of the MFTI value of each sample to the isotype MFI value
(Figure 2D).'>" The MFI of MCF-7 was significantly higher
than its isotype (18.11 versus [vs] 9.00), indicating that most
of the cells expressed P-gps.!®!7 It should be noted that the
curve was partially overlaid with the isotype control, and the
ratio of the MFI value to the isotype was 2.0, indicating a
relatively low expression level on MCF-7 cells.?> Multidrug-
resistant MCF-7/ADR cells were used as a positive control, >
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and the ratio of the MFI to isotype for these was 7.0, much
higher than for the MCF-7 cells. HeLa was a P-gp-negative
cell line, and there was no significant difference between
its MFI value and that of its isotype (3.75 vs 3.36). The
P-gp expression results demonstrated that MCF-7 could be
used as a cell model of low P-gp expression. In many stud-
ies, MCF-7 has been used as a negative control of MCF-7/
ADR to study MDR,* but in the study reported here, it was
found that MCF-7 only expressed P-gps at a low level. It
seems that this level of P-gp expression in MCF-7 cannot be
ignored, even though this cell line is reported to be sensitive
to chemotherapy.?

Effect of CsA on cell uptake of free
DOX and liposomal DOX

First, we studied the effect of free CsA on the internaliza-
tion of free DOX in MCF-7 and MCF-7/ADR cells by flow
cytometry. As seen in Figure 3, the DOX level in the MCF-7/
ADR cell line was lower than that in MCF-7, due to the differ-
ent levels of P-gp expression. After the addition of free CsA,
the level of DOX in MCF-7/ADR substantially increased by
1.7-fold. This result is identical with previous reports that
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Figure 2 P-glycoprotein (P-gp) expression. Representative overlay histograms of antihuman P-gp 17F9 monoclonal antibody binding in (A) MCF-7, (B) MCF-7/ADR, and (C)
Hela cells with isotype control (dashed line) and fluorescein isothiocyanate-labeled 17F9 (solid line). (D) P-gp expression level. Relative mean fluorescence intensity (MFI) to
isotype control was calculated by the MFI of each cell line divided its isotype control MFI.

Notes: Data are presented (D) as mean + standard deviation (n=3). *P< 0.05 versus MCF-7, Hela; *P< 0.01 versus Hela.
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Figure 3 Flow-cytometry studies on cell uptake of free doxorubicin (DOX). Flow-cytometry curves of (A) MCF-7 and (B) MCF-7/ADR cells. (C) Fluorescence intensity
graph of intracellular DOX in MCF-7 cells and MCF-7/ADR cells after being incubated with DOX and DOX plus cyclosporine A (CsA) for 3 hours at 37°C:?
Notes: *Each bar represents mean fluorescence intensity (MFI) * standard deviation (n=3). *P<<0.05 versus DOX; #P<<0.05 versus DOX.

CsA can reverse MDR by inhibiting the cytotoxic drug efflux
by P-gps.?’?8 However, the effect of CsA in MCF-7 has been
barely considered in previously studies as far as we know.
We found that CsA could also profoundly increase the DOX
level in MCF-7 (1.3-fold), thus indicating the effect of P-gps
on chemotherapy. In other words, it was demonstrated that
the outward transport of DOX by the low-P-gp-expressing
MCEF-7 cells should be considered.

Second, the effect of CsA on the cell uptake of liposomal
DOX was investigated by flow cytometry and confocal
microscopy. In the experiments, CsA was either added as
free drug (DOX/SSL + CsA) or loaded in the liposome
system (DOX/CsA/SSL). As shown in Figure 4A and B,
the uptake of DOX in the DOX/CsA/SSL and DOX/ SSL +
CsA groups was significantly higher than that in the DOX/
SSL group, indicating that CsA could increase the uptake of
liposomal DOX. The confocal images (Figure 4C) also show
that almost all of the cells in the DOX/CsA/SSL and DOX/
SSL + CsA groups exhibited an increment of fluorescence
signal, which was due to the low expression of P-gps on
most of the MCF-7 cells. Moreover, there was a significant
increase in the uptake of DOX in the DOX/CsA/SSL group

compared with the DOX/SSL + CsA group, which was
probably due to the simultaneous cell uptake of DOX and
CsA in the form of liposomes in the DOX/CsA/SSL group.
In the DOX/CsA/SSL group, DOX and CsA were loaded in
the same liposomes. The liposomes simultaneously delivered
both drugs into the cells. When DOX and CsA enters the cells
at the same time, the CsA could competitively bind to P-gps,
reducing the efflux of DOX. If CsA enters the cells before
DOX, it could be effluxed directly by P-gps. As a result, DOX
and CsA co-loaded in liposomes could maximize the P-gp
inhibition effect of CsA.

Effect of CsA on the cytotoxicity

of free DOX and liposomal DOX

The effect of CsA on the cytotoxicity of free DOX was further
tested in MCF-7 cells. Figure 5A shows the inhibition rates of
DOX when 2 or 10 pig/mL CsA was added. The corresponding
IC, values are listed in Table 2. It was found that adding CsA
increased the cytotoxicity of free DOX significantly and the
effect of CsA was concentration-dependent. This phenomenon
indicated that the cytotoxicity of free DOX was affected by
P-gp-mediated efflux in low-P-gp-expressing cell lines.
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Figure 4 Cell-uptake studies of liposomal doxorubicin (DOX). (A) Flow-cytometry curves of MCF-7 cells and (B) quantification of intracellular DOX after incubation with
DOX/SSL, DOX/CsA/SSL, and DOX/SSL plus cyclosporine A (CsA) for 3 hours at 37°C. (C) Confocal microscopy images of MCF-7 incubated with DOX/SSL, DOX/CsA/

SSL, and DOX/SSL plus CsA for 3 hours at 37°C, respectively.**

Notes: **Red represents the fluorescence of DOX and blue the fluorescence of Hoechst 33258; each bar represents mean fluorescence intensity (MFI) + standard deviation
(n=3). *P<0.01 versus DOX/SSL and DOX/SSL + CsA; #*P<<0.01 versus DOX/SSL and DOX/CsA/SSL.
Abbreviations: DOX, doxorubicin; CsA, cyclosporine A; SSL, sterically stabilized liposome.

The cytotoxicity of the DOX/SSL and DOX/CsA/SSL
was also tested in MCF-7 cells. Figure 5B and Table 2 show
the inhibition rates and IC,  values, respectively, of the DOX/
CsA/SSL and DOX/SSL. The cytotoxicity of the DOX/CsA/
SSL was found to be significantly higher than that of DOX/
SSL, indicating the advantage of the DOX/CsA/SSL in terms
of antitumor efficacy in MCF-7 cells. This was in accord with
the findings of the cell-uptake study.

Conclusively, the low expression of P-gps on MCF-7 cells
influenced the intracellular accumulation of DOX. CsA could
largely increase the cell uptake and cytotoxicity of DOX and
liposomal DOX. The result indicates that P-gp inhibitors
in combination with cytotoxic drugs might be favorable
in the treatment of MCF-7 tumors, as well as other low-P-
gp-expressing tumors. Liposomal drugs, such as liposomal
DOX, have become favorable alternatives to conventional
small-molecular drugs in cancer therapy. As such, we further
evaluated the targeting effect and in vivo antitumor efficacy
of our CsA and DOX co-loaded liposomes.

Intracellular targeted delivery
of DOX/CsA/SSL

To find out about the intracellular delivery characteristics of
both drugs, we observed the internalization process of DOX/
CsA/SSL using a confocal microscope. As shown in Figure 6,
the red color represents DOX, the green CsA, and the yellow

in the merge group represents the co-localization of DOX
and CsA in liposomes. Liposomes carrying both drugs were
first adsorbed on the surface of cells (yellow color). After 210
minutes, the liposomes successfully delivered the two drugs
to their therapeutic target organelles: DOX to the nucleus, and
CsA to the cell membrane and cytoplasm. The results prove
that the DOX/CsA/SSL can achieve intercellular targeted
delivery of both drugs at the same time, which is important
to achieve the synergetic effect of the two drugs.

In vivo imaging assay
The biodistribution of the DOX liposomes was evaluated
by in vivo fluorescence imaging. Figure 7A shows repre-
sentative images of mice bearing MCF-7 tumors (white
arrows) 48 hours after being administered free DiR, DiR/
SSL, or DiR/CsA/SSL. The free DiR was mainly distributed
in liver during the whole test. No signal was detected in
tumor tissues, indicating that free DiR had no specificity to
tumor tissues. On the contrary, both liposomal DiR groups
exhibited strong signals in tumors from 1 to 24 hours. In
particular, when the signal in the liver gradually decreased
after 8 hours, the signal in the tumor continued to increase
over time until 48 hours.

Semi-quantitative analysis was performed to further
quantify the targeting efficiency of DiR/SSL and DiR/CsA/
SSL. Figure 7B shows the relative DiR tumor distribution,
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Figure 5 In vitro cytotoxicity assay. (A) The inhibition ratio of doxorubicin (DOX), DOX plus 2 pg/mL cyclosporine A (CsA), DOX plus 10 pg/mL CsA against MCF-7 cells
for 24 hours. (B) Inhibition ratio of DOX/SSL and DOX/CsA/SSL against MCF-7 cells for 24 hours.

Notes: Data are presented as mean + standard deviation (n=6).

Abbreviations: DOX, doxorubicin; CsA, cyclosporine A; SSL, sterically stabilized liposome.

which was calculated as the sum intensity of the tumor
fluorescence signal divided by the whole-body signal. The
DiR tumor distribution of the two liposome formulations
increased with time. Besides, the tumor distribution of DiR/
CsA/SSL was slightly higher than that of DiR/SSL. This bet-

ter tumor distribution of DiR/CsA/SSL might be attributed
to the composition of the liposome membrane.? The load of
hydrophobic CsA in the liposome membrane might increase
the lipophilicity of the liposomes and improve the affinity of
the liposomes to the cell membrane.?

Table 2 Cytotoxicity of various doxorubicin (DOX) formulations against MCF-7 cells (n=6)

DOX DOX + 2 pg/mL CsA

DOX + 10 pg/mL CsA DOX/SSL DOX/CsAI/SSL

IC,,, ug/mL 1.556+0.082 1.117£0.147*

0.233+0.192%* 2.552+0.117 2.07620.103*+*

Notes: *P<0.01 versus DOX; **P<<0.01 versus DOX + 2 pg/mL CsA; ***P<<0.05 versus DOX/SSL.
Abbreviations: CsA, cyclosporine A; DOX/CsA/SSL, DOX and CsA loaded liposome; DOX/SSL, DOX loaded liposome; IC,, half-maximal inhibitory concentration.
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Figure 6 The intracellular delivery of DOX/FITC-CsA/SSL. MCF-7 cells were
incubated with DOX/FITC-CsA/SSL at 37°C. At preset time points, the living cells
were washed and observed by confocal microscopy.

Notes: Red represents the fluorescence of doxorubicin (DOX), green represents the
fluorescence of fluorescein isothiocyanate, modified CsA (FITC-CsA) and yellow in
the merge group represents the co-localization of DOX and cyclosporine A (CsA).
Abbreviations: min, minutes; DOX/FITC-CsA/SSL, DOX and FITC-CsA loaded
liposome.

To summarize, the liposomes prepared in our study could
achieve targeted delivery of DOX and CsA in vivo, guaran-
teeing the accumulation of both drugs in tumor tissue and
achieving the synergetic antitumor effect. Moreover, such
specific accumulation of liposomes in tumor tissue might
reduce the toxicity of both CsA and DOX by reducing the
distribution of these drugs to normal tissues as well as reduc-
ing the therapeutic dose required.

In vivo antitumor efficacy
of DOX/CsA/SSL

In this study, nude mice bearing MCF-7 tumors were intrave-
nously administered 5% glucose (control), free DOX, DOX/
SSL, and DOX/CsA/SSL. Figure 8A displays the tumor vol-
ume of each group during the 10-day treatment. In all mice
in the DOX group, there was strong suppression of tumor
growth compared with in the control group. The most signifi-
cant inhibition rate was observed in the DOX/CsA/SSL group
compared with the other DOX groups (P<<0.01 vs DOX/
SSL; P<<0.05 vs DOX). The tumor weights were obtained
at the end of the test (Day 11), and, as shown in Figure 8B,
the results were consistent with the tumor volumes at the end
of the test. The DOX/CsA/SSL group exhibited the smallest
tumor weights among the four groups (P<<0.05 vs DOX/
SSL). As shown in Figure 8C, no significant loss of body
weight was observed in any of the three DOX formulation
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Figure 7 In vivo fluorescence images. (A) Representative images of

MCF-7-tumor-bearing mice administered free I,1-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine iodide (DiR), DiR/SSL, and DiR/CsA/SSL via the tail
vein at various time points after dosing. (B) Semi-quantity analysis of relative DiR
tumor distribution.

Notes: The relative DiR tumor distribution was calculated by the sum intensity of
tumor fluorescence signal divided by the whole-body fluorescence signal. Data are
presented as mean + standard deviation (n=3).

Abbreviations: h, hours; DiR/CsA/SSL, DiR and CsA co-loaded liposome; DiR/
SSL, DiR loaded liposome.

groups compared with the control group, indicating the low
toxicity of DOX at efficacious doses. As shown in Figure 8D,
there was no obvious toxicity to cardiac muscle cells or renal
cells observed in any of the groups, except for some minor
vacuolar degeneration. In conclusion, the addition of CsA
to the DOX liposome formulation increased the antitumor
efficacy of DOX liposomes in MCF-7-tumor-bearing mice
with no apparent toxicity.

In the treatment of MDR tumors, a large dose of CsA is
required, which can induce severe nephrotoxicity and lead
to the failure of clinical trials.® The CsA dose in the treat-
ment of MDR tumors is usually 50-200 mg/kg orally***! or
10-25 mg/kg intraperitoneally or intravenously.**** However,
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Figure 8 In vivo antitumor efficacy. Mice were given 5% glucose (control), free doxorubicin (DOX), DOX/SSL, or DOX/CsA/SSL of 2 mg/kg DOX via the tail vein every
2 days a total of five times. Tumor volume and body weight were measured each day following the day of administration. (A) Tumor volumes of MCF-7-tumor-bearing
nude mice after treatment with various DOX formulations. (B) Tumor weights at the end of test. (C) Body weights of mice during the efficacy test. (D) Representative light
microscopy pictures (x200) of heart and kidney tissue sections stained with hematoxylin and eosin.

Notes: All data presented as mean * standard deviation (n=5). *P<<0.05 versus free DOX, DOX/SSL, and <0.01 versus DOX/CsA/SSL; *P<<0.05 versus DOX/SSL; #P<0.01

versus free DOX, DOX/SSL, and DOX/CsA/SSL; #P<0.01 versus DOX/SSL.

Abbreviations: DOX, doxorubicin; CsA, cyclosporine A; SSL, sterically stabilized liposome.

the dosage of CsA used in our study was about 2.0 mg/kg,
which is much lower than that usually used in MDR tumors.
Low-dose CsA significantly increased the antitumor efficiency
in MCF-7 tumors, without inducing obvious nephrotoxic-
ity. This is because the low expression of P-gps in MCF-7
tumors requires a lower dose of inhibitors, and the targeting
effect of the liposomes also increased the drug distribution
in tumors.

cytotoxicity

Figure 9 illustrates the possible advantages of using DOX/
CsA/SSL in the treatment of low-P-gp-expressing tumors.
In the initial phase of drug treatment, many tumors express
low levels of P-gps.®? Compared with DOX/SSL, DOX/CsA/
SSL significantly increased the cell accumulation of DOX
and improved the therapeutic efficiency of liposomal DOX in
these low-P-gp-expressing tumors. Moreover, the long-term
use of liposomal DOX could gradually increase the level of

o DOX/CsA/SSL

® DOX

CsA

I .
(_o/ P-gp low expressing cell

'

9 P-gp high expressing cell
4

—
Long-term treatment &‘:
9 o)

Multidrug

Therapeutic efficiency
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Figure 9 Schematic illustration of the possible advantages of using DOX/CsA/SSL in the treatment of a low-P-glycoprotein (P-gp)-expressing tumor.
Abbreviations: CsA, cyclosporine A; DOX/CsA/SSL, DOX and CsA loaded liposome; DOX, doxorubicin; DOX/SSL, DOX loaded liposome.
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P-gps on cells.* This might eventually induce MDR, leading
to poor prognosis. When DOX/CsA/SSL is administrated
before MDR, the CsA in the liposomes might avoid drug
efflux from those cells with relatively high levels of P-gps
and suppress the progression of MDR in the long term.
Altogether, nanoparticles co-loaded with a P-gp inhibitor
and anticancer drug might be a new strategy to improve the
antitumor efficiency of chemotherapy in the treatment of
various low-P-gp-expressing tumors.

Conclusion

In this study, we designed a novel DOX liposome system
incorporating the low-dose P-gp inhibitor CsA (DOX/CsA/
SSL). The DOX/CsA/SSL was successfully prepared and had
good size uniformity, a high %EE, and a desirable release
profile. Unlike many other studies using CsA to reverse
MDR, in this study, it was discovered that CsA could sig-
nificantly increase the cell uptake and cytotoxicity of free
and liposomal DOX in low-P-gp-expressing MCF-7 cells.
Intracellular and in vivo targeted delivery of both drugs via
the liposomes was achieved. Moreover, incorporating low-
dose CsA in the DOX liposomes significantly enhanced
the therapeutic efficiency in MCF-7-tumor-bearing mice,
without inducing apparent systematic toxicity. Generally,
we demonstrated, for the first time, as far as we are aware,
that the low expression of P-gps on tumors might affect
the efficacy of chemotherapy. The co-delivery of low-dose
P-gp inhibitors with liposomal drugs might be an effective
approach to improve therapy for a wide range of cancers
with low P-gp levels.
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