pharmaceutics

pubs.acs.org/molecularpharmaceutics

Paclitaxel/Tetrandrine Coloaded Nanoparticles Effectively Promote
the Apoptosis of Gastric Cancer Cells Based on “Oxidation Therapy”

Xiaolin Li,"*% Xiaowei Lu,"® Huae Xu,§’|| Zhenshu Zhu, > Haitao Yin, Xiaoping Qian,Jr Rutian Li,"

Xiqun _]iang,J' and Baorui Liu*"

"The Comprehensive Cancer Center of Drum-Tower Hospital, Medical School of Nanjing University & Clinical Cancer Institute of

Nanjing University, Nanjing, 210008, P. R. China

*Department of Geriatrics and ”Department of Pharmacy, the First Affiliated Hospital to Nanjing Medical University, Nanjing,

210029, P. R. China

“Laboratory of Mesoscopic Chemistry and Department of Polymer Science & Engineering College of Chemistry &

Chemical Engineering, Nanjing University, Nanjing, 210093, P. R. China

ABSTRACT: Paclitaxel (Ptx) has demonstrated encouraging activity in the
treatment of gastric cancer. Development of drug-containing biodegradable
polymeric nanoparticles (np) becomes one of the solutions to relieve side
effects of Ptx. However, Ptx-loaded nanoparticles prepared by the nano-
precipitation method are unstable in the aqueous phase. Here we report
that tetrandrine (Tet) effectively increases the stability of Ptx-loaded nano-
particles when Tet is coencapsulated with Ptx into mPEG-PCL nano-
particles. The current study demonstrates the synergistic antitumor effect
of Tet and Ptx against gastric cancer cells, which provides the basis of
coadministration of Tet and Ptx by nanoparticles. It is reported that
the cellular chemoresistance to Ptx correlates with intracellular antioxidant
capacity and the depletion of cellular antioxidant capacity could enhance the
cytotoxicity of Ptx. Tet effectively induces intracellular ROS production.
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Therefore, the present study provides a promising novel therapeutic strategy basing on “oxidation therapy” that it could amplify
the antitumor effect of paclitaxel by employing Tet as a pro-oxidant. More intracellular Tet accumulation by endocytosis of Ptx/
Tet-np than equivalent doses of free drug leads to more intracellular ROS induction, which could efficiently enhance the
cytotoxicity of Ptx by sequential inhibition of ROS-dependent Akt pathway and activation of apoptotic pathways, all of which
would mediate the superior cytotoxicity of Ptx/Tet-np over free drug. The present results suggest that the codelivery of Ptx and
Tet by nanoparticles provides a novel therapeutic strategy basing on “oxidation therapy” against gastric cancer.
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1. INTRODUCTION

Paclitaxel (Ptx), one of the most widely used anticancer agent, has
demonstrated extraordinary activities against a variety of solid
tumors including advanced/recurrent gastric cancer.””> However,
the therapeutic response of Ptx is often associated with severe side
effects caused by its nonspecific toxic effects and special solvents
(Cremophor EL).>* Recently biodegradable polymeric nano-
particles (np) composed of amphiphilic copolymers, as promising
tumor—tarégeted drug delivery systems, have attracted intense
> The characteristic structure of amphiphilic copolymers
enables itself to self-assemble into nanoscaled core—shell spherical
structures with the hydrophobic drug entrapped in the core and
to disperse in the aqueous phase by virtue of a hydrophilic shell.
Drug-loaded nanoparticles formed by amphiphilic copolymers
exhibit a sustained release manner and can escape from the

interest.

The other hindrance for further application of paclitaxel in
the clinic is the emerging resistance by tumor cells. Previous
studies reported that accumulation of hydrogen peroxide is an
early and crucial step for Ptx-induced cancer cell death both in
vitro and in vivo.” '* It was also reported that Ptx chemo-
resistance correlates very well to intracellular antioxidant
capacity. Ptx cytotoxicity can be significantly reduced by an
antioxidant such as selenium, while depletion of cellular anti-
oxidant capacity can enhance Ptx cytotoxicity.'" It is known
that the antioxidative defense system is intrinsically high in
most cancer cells. The balance between reactive oxygen species
(ROS) and cellular antioxidant capacity determines the fate of
cells, and overcoming the antioxidative defense systems by
accelerating ROS production could promote apoptosis.””*?

scavenging of the reticuloendothelial systems (RES) effectively.7 Received: May 27, 2011
Moreover, nanoparticulate drug delivery systems were proved to Revised:  December 4, 2011
be preferentially located in the tumor tissue by the enhanced Accepted: December 15, 2011
permeability and retention (EPR) effect.® Published: December 15, 2011
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Therefore, cellular total antioxidant capacity is a critical deter-
minant of cellular sensitivity to Ptx and it is rational to propose
the strategy (oxidation therapy) that conquering cellular anti-
oxidant capacity by coadministration of pro-oxidants would
enhance the efficacy of Ptx.

Tetrandrine (Tet), a bis-benzylisoquinoline alkaloid isolated
from the root of Hang-Fang-Chi (Stephania tetrandra S. Moore),
had antitumor capacity both in cultured tumor cells and in
animal models."*" Tet can effectively induce oxidative stress
leading to elevated intracellular ROS, eventually resulting in the
apoptosis of tumor cells.'®'” Results from our lab showed that
Tet significantly enhanced the cytotoxicity of docetaxel, and its
possible mechanism might be the synergistic apoptotic effect.'®
However, the application of Tet is restricted by the limited
water solubility and low bioavailability caused by its physical
properties. It is reported in our previous report that higher
uptake efficiency, more ROS generation, and stronger activation
of the ROS-dependent apoptotic pathway were induced by an
equivalent dose of Tet delivered by nanoparticles."®

Our preliminary study showed that Ptx-loaded nanoparticles
prepared by the nanoprecipitation method are unstable in the
aqueous phase, while Tet could effectively stabilize Ptx-loaded
nanoparticles with the coencapsulation of Tet and Ptx. More-
over, the synergistic antitumor effect of Tet and Ptx against
cancer cells provides the basis of coadministration of Tet and
Ptx for cancer therapy.

The purpose of the present study is to provide a novel
therapeutic strategy basing on “oxidation therapy” that could
amplify the antitumor effect of Ptx by employing Tet as a pro-
oxidant. This novel approach utilizes polymeric nanoparticles as
drug carriers to codeliver lipophilic Ptx and Tet for optimal
therapeutic efficacy. In the present study, we prepared
biodegradable core—shell mPEG-PCL nanoparticles containing
Ptx and Tet simultaneously and examined the in vitro efficacy
in gastric cancer cell line.

2. EXPERIMENTAL SECTION

2.1. Materials. Paclitaxel (Ptx) and tetrandrine (Tet) were
kindly provided by Zhejiang Haizhen§ Pharmceutical Co.
Ltd. According to our previous work, *° PCL20k-PEG4k
nanoparticles were applied in the following procedure for
their higher drug loading content and encapsulation efficiency.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and 2,7-dichlorofluorescin diacetate (H,DCF-DA) were
purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
All other chemicals were of analytical grade and used without
further purification.

Human low-differentiated gastric adenocarcinoma cell line
BGC-823 was obtained from Shanghai Institute of Cell Biology
(Shanghai, China). Cells were cultured in RPMI 1640 medium
with 10% fetal bovine serum and 100 U/mL penicillin—
streptomycin at 37 °C in a water-saturated atmosphere with
5% CO,.

2.2. Methods. 2.2.1. Formulation of Nanopatrticles. Ptx/
Tet coloaded nanoparticles were prepared by a nanoprecip-
itation method as described previously with minor modifica-
tion."”*° Briefly, 10 mg of mPEG-PCL block copolymers and a
predetermined amount of Tet and Ptx were dissolved in an
aliquot of acetone. The obtained organic solution was added
dropwise into 10X volumes of distilled water under gentle
stirring at room temperature. The solution was dialyzed in a
dialysis bag (MWCO 12000) to remove acetone thoroughly.
The resulting bluish aqueous solution was filtered through a

223

0.22 pym filter membrane to remove nonincorporated drugs and
copolymer aggregates. Coumarin-6 loaded Ptx/Tet nano-
particles were prepared by adding coumarin-6. Drug-free nano-
particles were produced in a similar way by eliminating drugs.
Solutions of drug-loaded nanoparticles and empty nanoparticles
were then lyophilized for further utilization.

2.2.2. Characterization of Nanoparticles. Atomic force
microscopy (AFM, SPI3800, Seiko Instruments, Japan) and
transmission electron microscope (TEM, JEM-100S Japan)
were used to visualize nanoparticles.'”?® Mean diameter and
size distribution were measured before lyophilization by
photon correlation spectroscopy (DLS) using a Brookheaven
BI-9000AT instrument (Brookheaven Instruments Corpora-
tion, NY, USA). Zeta potential was measured by the laser
Doppler anemometry (Zeta Plus, Zeta Potential Analyzer,
Brookhaven Instruments Corporation, NY, USA).

2.2.3. Drug Loading Content (DLC) and Encapsulation
Efficiency (EE). The concentrations of Ptx and Tet were assayed
on a Shimadzu LC-10AD (Shimadzu, Japan) HPLC system
equipped with a Shimadzu UV detector and an Agilent C-18,
S pm, 200 mm X 4.6 mm RP-HPLC analytical column. The
mobile phase for Tet consisted of methanol (spectral grade,
Merck, Germany)/ double-distilled water/ethylamine (90/10/
0.05, v/v/v) pumped at a flow rate of 1.0 mL/min with
determination wavelength of 282 nm. The concentration of Tet
was determined based on the peak area at the retention time of
4.83 min by reference to a calibration curve.

The mobile phase for detecting Ptx consisted of acetonitrile
(spectral grade, Merck, Germany)/double-distilled water
(58/42, v/v) pumped at a flow rate of 1.0 mL/min with deter-
mination wavelength of 228 nm. The concentration of Ptx was
determined based on the peak area at the retention time of
7.3 min by reference to a calibration curve.

The following equations were applied to calculate the drug
loading content (eq 1) and encapsulation efficiency (eq 2).

drug loading content (%)

= wt of the drug in nanoparticles/wt of the nanoparticles X 100% (1)
encapsulation efficiency (%)
= wt of the drug in nanoparticles/wt of the feeding drugs x 100%  (2)

2.2.4. In Vitro Release of Ptx/Tet Coloaded Nanopatrticles.
For in vitro release detection, 10 mg of lyophilized Ptx/Tet
coloaded nanoparticles were suspended in 1 mL of 0.1 M
phosphate buffered saline (PBS, PH 7.4). The solution was
then placed into a preswelled dialysis bag with a 12 kDa
molecular weight cutoff (Sigma) and immersed into 20 mL of
0.1 mol/L PBS, pH 7.4, at 37 °C with gentle agitation. One
milliliter samples were withdrawn from the incubation medium
and measured for Tet and Ptx concentrations as described
above. After sampling, an equal volume of fresh PBS was imme-
diately added into the incubation medium. The concentration
of Tet or Ptx released from the nanoparticles was expressed as a
percentage of the total Tet or Ptx in the nanoparticles and
plotted as a function of time respectively.

2.2.5. Nanoparticle Uptake by BGC823 Cells. Coumarin-6
was utilized as fluorescent marker to assess the efficiency of
nanoparticle uptake by tumor cells. About 5 X 10° BGC823
cells were seeded in 6-well plates with RPMI 1640 supple-
mented with 10% fetal bovine serum and allowed to adhere at
37 °C with 5% CO, for 24 h prior to the assay. The medium
was then replaced with 10 mL of fresh RPMI 1640 containing
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coumarin-6 loaded nanoparticles (indicated by dose of coumarin-6).
After 4 h incubation, the cell monolayers were rinsed three times
with PBS buffer to remove excess nanoparticles. The cells were
viewed and imaged under a fluorescence microscope (Carl
Zeiss, Goettingen, Germany) using a FITC filter.

2.2.6. In Vitro Cytotoxicity Studies. Drugs were added with
six different concentrations of the single agent and six different
concentrations of both agents at their fixed ratio based on their
respective individual IC50 values for 48 h. The fractional
inhibition of cell proliferation was calculated by comparison to
control cultures. Dose—response curves were obtained for each
drug, and for multiple dilutions of a fixed-ratio combination of
the two drugs. Median effect analysis using the combination
index (CI) method of Chou and Talalay*" was employed to
determine the nature of the interaction observed between Tet
and Ptx.

The CI is defined by the following equation: CI = (D)1/
(Dx)1 + (D)2/(Dx)2 + a(D)1(D)2/(Dx)1(Dx)2, in which
(Dx)1 and (Dx)2 are the concentrations for D1 (Tet) and D2
(Ptx) alone that gives x% inhibition, whereas (D)1 and (D)2 in
the numerators are the concentrations of Tet and Ptx that
produce the identical level of effect in combination. & = 0 when
the drugs are mutually exclusive (i.e., with similar modes of
action), while a = 1 if they are mutually nonexclusive (i.e., with
independent modes of action). CI > 1 indicates antagonism,
CI < 1 indicates synergy, and CI = 1 indicates additivity. The
CI ratio represented here is the mean value derived from at
least three independent experiments.

The in vitro drug-induced cytotoxic effects were measured by
the MTT reduction assay.”* For the cooperative assessment,
cells were exposed to a series of doses of free Tet alone, free Ptx
alone, and Ptx/Tet-np, with DMSO treatment (concentration
< 0.1%) as negative control at 37 °C. After treatment, 1/10
volume of MTT was added to each well, and the plate was
further incubated at 37 °C for another 4 h. Two hundred
microliters of DMSO was added to each well to solubilize the
MTT—formazan product after removal of the medium.
Absorbance at 570 nm was measured with a multiwell spectro-
photometer (BioTek, Winooski, VT, USA). Growth inhibition
was calculated as a percentage of the untreated controls, which
were not exposed to drugs.

2.2.7. Detection of Intracellular ROS. In this section, the
doses of Ptx and Tet were determined at 0.05 #M and 10 M,
respectively, according to IC50 values of Ptx and Tet on
BGC823 cells calculated from MTT analysis. H,DCF-DA was
used to detect intracellular generation of ROS by modifica-
tion.” " Briefly, BGC823 cells (2 X 10°) were cultured with
Ptx, Tet, Ptx-np or Ptx/Tet-np, with VitE (10 yM) as the
antioxidant. After 48 h incubation, cells were incubated with
S mM H,DCEF-DA for 30 min. After washing three times with
cold PBS, the intensity of fluorescence was determined by a
fluorescence spectrophotometer under an emission wavelength
of 535 nm with an excitation wavelength of 485 nm. The ob-
tained values were expressed as folds of the controls. According
to green fluorescence of DCF, typical images of intracellular
ROS generation were obtained. The lighter the fluorescence is,
the greater the ROS generation is.

2.2.8. Western-Blot Analysis. BGC-823 cells were cultured
under the same conditions as in the in vitro ROS studies. The
concentrations of Ptx and Tet were set at 0.05 #M and 10 uM,
respectively. Protein levels of Akt, p-Akt, Procaspase3, Bcl-2
and Bax were analyzed by Western blot. Briefly, cell lysates
were prepared, electrotransferred, and then immunoblotted
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with anti-Akt (Santa Cruz Biotechnology), anti-phosphate-Akt
(Sigma, USA), anti-procaspase3, anti-Bcl-2 and anti-Bax (Santa
Cruz Biotechnology). For phospho-protein detection, cells
were washed with ice-cold PBS containing 1 mM Na;VO, and
1 mM NaF, and lysed in a buffer (20 mM Tris—Cl (pH 8.0),
137 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM Na;VO,,
1 mM NaF, 2 mM EDTA, 200 nM aprotinin, 20 mM leupeptin,
50 mM phenanthroline, 280 mM benzamidine-HCl). Detection
was performed with Western blotting reagent ECL (Amersham),
and chemiluminescence was exposed by the filters of Kodak
X-Omat films.

2.2.9. Caspase-3 Activity Analysis. BGC-823 cells were
cultured under the same conditions as in the Western-blot
analysis. Determination of caspase-3 activity was performed by
the caspase colorimetric protease assay kit (Keygen Biotech,
Nanjing, China) by following the manufacturer’s instruction.
The optical density was measure at 405 nm. The obtained
values were expressed as folds of controls.

2.2.10. Statistical Analysis. Data were expressed as the
mean + SD of three independent experiments. Statistical ana-
lysis for the comparison of relative groups was based on
Student’s t test or ANOVA analysis. Significance was accepted
at the 0.05 level of probability.

3. RESULTS

3.1. Fabrication and Characterization of mPEG-PCL
Nanopatrticles. The relative characteristics of the mPET-PCL
polymers were reported in previous studies."”*° Different
phenomena could be noticed in the preparation of Ptx-np and
Ptx/Tet-np. Ptx-np were highly unstable when acetone was
removed during the dialysis process. In the following 2 h, large
amount of precipitates were observed. On the contrary, Ptx/
Tet-np remained stable in the following two weeks at room
temperature (Figure 1A). With time going on, the size of Ptx/
Tet-np showed less variation during two weeks, which
suggested the satisfied stability of Ptx/Tet-np (Figure 1C).
The morphological images of the Ptx/Tet-np obtained from
AFM (Figure 1B2) and TEM (Figure 1B1; 1B3) indicated that
the nanoparticles, less than 100 nm in size, were spherical in
shape with a smooth surface, which was in accordance with
the DLS measurement presented in our previous report.'”*°
Figure 1B1 shows the images of Ptx/Tet-np without freeze-
drying while Figure 1B3 was the photograph of the freeze-dried
Ptx/Tet-np. The diameter of Ptx/Tet-np after freeze-drying was
slightly larger than that before freeze-drying as indicated in
Table 1. In addition, the zeta potential of freeze-dried Ptx/Tet-np
showed no obvious alteration when compared with the non-freeze-
dried nanoparticles (Table 1). Therefore, it demonstrated that
Poloxamer 188, a selected freeze-drying protector, could effectively
prevent Ptx/Tet-np from aggregation after freeze-drying,

3.2. Drug Loading, Encapsulation Efficiency and State
of the Drug Incorporated in the Nanoparticles. Table 1
showed the drug loading content and encapsulation efficiency
of Ptx/Tet-np. By varying the feeding ratio of copolymer and
drugs, the highest drug loading content of Ptx and Tet was
13.1 + 0.4% and 15.4 + 0.6% with the encapsulation efficiency
being 82.4 + 5.5% and 87.3 + 6.2% respectively.

3.3. In Vitro Release Pattern of Ptx/Tet-np. Figure 1D
shows the sustained release profile of Ptx/Tet-np. An initial
burst in the release pattern of Ptx or Tet indicated that the
affiliation of certain drugs to the surface of the nanoparticles
was unavoidable. In the following period, release of Ptx or Tet
was observed in a sustained manner from the core—shell
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Figure 1. Characterization of Ptx/Tet-np. A: pictures of Ptx-np and Ptx/Tet-np at routine temperature. (Left: Ptx-np. Right: Ptx/Tet-np.) B1: TEM image
of Ptx/Tet-np (before lyophilized). B2: AFM image of Ptx/Tet-np (before lyophilized). B3: TEM image of Ptx/Tet-np (after lyophilized). C: Size change
of Ptx/Tet-np at routine temperature during 2 weeks. D: In vitro release kinetics of Ptx/Tet-np with different pHs at routine temperature.

Table 1. Mean Particle Size and Drug Load Efficiency of Two Kinds of Nanoparticles

np mean particle size (nm)?  polydispersity  zeta potential (mV) DLC? (%) EE€ (%)
empty np 723 £ 0.7 0.13 £+ 0.06 -53 £ 09 na na
Ptx/Tet-np 772 + 19 0.14 + 0.09 —66 + 2.1 13.1 + 04(Ptx) 154 + 0.6(Tet) 824 + 5.5(Ptx) 87.3 + 62(Tet)

“The SD value was for the mean particle size obtained from the three measurements of a single batch. bpLC = drug loading content. “EE =
encapsulation efficiency.

nanoparticles as shown in Figure 1D. Most importantly, both inhibition rate less than 10% even at a high concentration of
Ptx and Tet displayed a pH-dependent release profile. With the 400 pug/mL (data not shown). As shown in Figure 3A, Tet, Ptx
decrease of pH values from 7.4 to 4.0, the release percents of and Ptx/Tet-np had dose—response effects against BGC823

Ptx or Tet increased obviously. For instance, in the first S h, less cells. Drug combinations delivered by nanoparticles gave a
than 50% of Tet was released at a pH of 7.4 while more than greater decrease of cell survival at each dose. To fully evaluate
80% was detected in the release medium at a pH of 4.0. the nature of the interaction between Tet and Ptx, we analyzed

3.4. Cellular Uptake of Nanoparticles. The hydrophobic the combination of both drugs using median-effect analysis,
fluorescent agent, coumarin-6, was loaded as a model drug into which resolved the degree of synergy, additivity, or antagonism
nanoparticles to explore the uptake efficiency of cancer cells. at a series of doses. Figure 3B also illustrates the multiple drug
Two hour incubation with BGC-823 cells was sufficient for the effect obtained for BGC-823 cells, which were treated with
nanoparticles to enter the cells. Coumarin-6 loaded nanoparticles Tet/Ptx-np and represented as fractional cell growth inhibition
were mostly localized around the nudlei in the cytoplasm (Figure 2). (FA) as a function of the CI. The combination of two drugs

3.5. Synergistic Anticancer Efficacy of Ptx/Tet-np administered by nanoparticles generated more cell deaths than
against BGC-823 Cells. Blank nanoparticles were demon- either of the drugs used singly. For example, an inhibition rate
strated to be nearly nontoxic to BGC-823 cells with the of nearly 50% was detected when exposed to Ptx/Tet-np at a
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Figure 2. Uptake of fluorescent Ptx/Tet-np by BGC823 cells. A—D:
Microscopic images of BGC823 cells incubated with coumarin-6
loaded Ptx/Tet-np for 2 h (A, C, bright field; B, D, fluorescent fields).
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Figure 3. Analysis of synergy between Tet and Ptx for BGC-823 cells
by the method of Chou and Talalay.>' A: Dose—response curves of
Tet, Ptx and Ptx/Tet-np in BGC-823 cells. B: CI values at different
levels of growth inhibition effect (fraction affected, FA). Values
represents mean + SD (n = 3).

dose of 3.212 uM (Tet) and 0.012 yM (Ptx), while an
inhibition rate of less than 20% was observed when cells were
treated by the same dose of free Tet or Ptx, respectively.
Moreover, median-effect analysis showed that the CI values
were below 1 when FA was below 0.75, indicating a synergistic
antiproliferative effect of Tet and Ptx in coloaded nanoparticles.

3.6. Ptx/Tet-np Showed High Cytotoxicity and Intra-
cellular ROS Levels, Which Were Resistant to Vitamin E
Pretreatment. As shown in Figure 4B, pretreatment of 10 yuM
vitamin E for 2 h significantly protected BGC-823 cells from
the cytotoxicity of Tet, Ptx or Ptx-np. Most importantly, Ptx/
Tet-np induced significantly more cell deaths than other agents
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(p < 0.05) without the pretreatment of vitamin E. However,
there was no significant difference between the cytotoxicity of
Ptx/Tet-np with and without the pretreatment of 10 uM
vitamin E. For example, when exposed to Ptx/Tet-np without
the pretreatment of vitamin E, 20.1% cells survived while 25%
cells stayed alive with the pretreatment of vitamin E. It sug-
gested that the pretreatment of vitamin E could hardly protect
BGC-823 cells from the cytotoxicity of Ptx/Tet-np.

As shown in Figure 4A,C, empty nanoparticles had no in-
fluence on the intracellular ROS levels. Total intracellular ROS
levels elevated in cells treated with either free Ptx or Ptx-np.
Vitamin E partially reversed the elevation of ROS levels in the
cells treated by free Ptx and Ptx-np, there was no difference
observed in the production of ROS between the cells exposed
to free Ptx and Ptx-np regardless of vitamin E. ROS production
in Tet-treated cells is much higher than that in control group
(p < 0.05), while pretreatment of 10 xM vitamin E significantly
decreases the ROS level induced by Tet (p < 0.05). However, it
reaches our expectation that, no matter with or without pre-
treatment of vitamin E, the codelivery of Tet and Ptx in
nanoparticles triggered a significantly more ROS production in
the cells compared to Ptx or Ptx-np (p < 0.05). The induction
of intracellular ROS by Ptx/Tet co-np showed more resistance
to antioxidant vitamin E, which paralleled the effect of vitamin
E on the cytotoxicity of Ptx/Tet-np.

3.7. Ptx/Tet-Loaded Nanoparticles Repressed Akt
Activation. In the present study, we found that Ptx or
Ptx-np repressed the expression of activated form of Akt
(phosphate-Akt, p-Akt) while vitamin E could reverse this
alteration in BGC823 cells (Figure SA), which paralleled the
change of ROS and cytotoxicity (Figure 4). By introducing Tet
into Ptx-loaded nanoparticles containing both PTX (0.0S uM)
and Tet (10 M), more Akt repression were achieved which
were in accordance with higher ROS level and cell apoptosis.
Furthermore, Ptx and Tet cocapsulated in nanoparticles
significantly inhibited Akt activation regardless of vitamin E.

3.8. Ptx/Tet-Loaded Nanoparticles Downregulated
Bcl-2, Upregulated Bax and Induced More Caspase-3
Activation. Here, we studied the expression of Bcl2, Bax, pro-
caspase3 and the activity of caspase-3 in BGC cells treated with
Ptx, Ptx-np or Ptx/Tet-np. After treating for 48 h, all of them
resulted in a decrease of the inactive pro form of caspase-3
(procaspase-3), a decrease of Bcl2 and an increase of Bax.
In our experiments, Ptx/Tet-np led to more decrease of the
inactive procaspase-3, more decrease of Bcl2 and more
increase of Bax than the equivalent dose of free Ptx or Ptx-np
did (Figure SB).

To quantify the activity of caspase-3, we performed an in
vitro assay as shown in Figure SC. When compared to control,
treatment with Ptx, Ptx-np or Ptx/Tet-np for 48 h significantly
activated caspase-3 (p < 0.05) with about 8-fold increase, 7.5-
fold increase and 14-fold increase of caspase-3 activity, respec-
tively. Obviously, Ptx/Tet-np statistically surpassed Ptx and
Ptx-np in activating apoptosis.

4. DISCUSSION AND CONCLUSION

In our previous study, we have developed PEG-PCL nano-
particles containing several kinds of anticancer drugs such as
resveratrol, Tet, Ptx, cisplatin and curcumin.'®?%?*** The
instability of Ptx-np in the aqueous phase has bothered us for a
long time. We attempted to develop Ptx/Tet, Ptx/Res coloaded
nanoparticles and were surprised to find that Ptx/Tet coloaded
nanoparticles could suspend stably in PBS up to one week.
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Figure 4. Intracellular ROS levels induced by Ptx/Tet-np and the influence of vitamin E on the induction. A: The DCF fluorescent images of
BGC823 cells treated with different agents. B: Influences of vitamin E pretreatment on the cytotoxicty of different agents at an equivalent dose of
10 uM. Values represents mean + SD (n = 3). (*) represents p < 0.05; (#) represents p < 0.05 vs the group treated with Ptx, Tet, or Ptx-np,
respectively with or without the pretreatment of vitamin E. C: Intracellular DCF fluorescence intensity of BGC823 cells treated with different agents.
All of the values were from the images recorded by fluorescent microscopic images. Values represents mean =+ SD (n = 3). (*) represents p < 0.0,
(#) represents p < 0.05 vs control, (**) represents p < 0.01 vs control with or without the pretreatment of vitamin E.

Furthermore, the application of freeze-drying not only provides
an ideal way to store the drug-loaded nanoparticles but also
retains its physicochemical characteristics. The high loading
efficiency depends mainly on the hydrophobicity of Ptx or Tet
and their satisfying affinity to the hydrophobic core (PCL). The
characteristic pH dependent release patterns of Ptx and Tet
enable the targeted release of the drugs from the nanoparticles
at tumor site because tumor tissues possess a slightly acidic
circumstance (pH 6.4). Therefore, the release data indicate that
Ptx and Tet can be well released from the core—shell structure
of coloaded polymeric nanoparticles and Ptx/Tet-np might be
useful as a controlled release system for cancer therapy.

Although Ptx is a practicable anticancer drug, the hindrance
for satisfying chemotherapy is the drug resistance of cancer
cells. It is in urgent need to develop promising chemosensitiz-
ing strategies, and the combination of several anticancer drugs
is a proved strategy of effective therapy. The current report
demonstrates the potential of Tet as a chemotherapeutic
enhancer for Ptx. Moreover, encapsulation of Tet and Ptx into
nanoparticles not only shows better stability than Ptx-loaded
nanoparticles but also retains the synergistic anticancer
efficiency of Tet and Ptx.
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Recent studies reported that treatment with antioxidant
partially reversed Ptx inducing cytotoxicity in many kinds of
tumor cells.”™! Since higher metabolic rate, more accelerating
growing curve and worse circumstance made tumor cells
develop stronger antioxidative system to survive, the induction
of intracellular ROS generation by certain drugs would
optimize the cytotoxicity of Ptx. Earlier reports suggested that
ROS play a crucial role in Tet induced apoptosis and
cytotoxicity.'® Overproduction of intracellular ROS is one of
the mechanisms involved in chemotherapeutic drug mediated
apoptosis of cancer cells.*>*® To study whether intracellular
ROS play an important role in the synergistic antitumor efficacy
of nanoparticle-based delivery of Ptx and Tet, we detected the
intracellular ROS levels of cells exposed to different agents by
fluorescent microscopy. Significant ROS generation was
detected in cells treated with Ptx/Tet-np, which was greater
than with Ptx, Ptx-np or Tet alone. It was noted that Tet
treatment induced midhigh ROS level in cells and vitamin E
obviously diminished the ROS production. However, the
highest intracelluar ROS level induced by successful codelivery
of Ptx and Tet in polymeric nanoparticles was only slightly
attenuated by vitamin E. The so-called Trojan strategy of
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Figure S. Effects of Ptx/Tet-np on the expression of Akt pathway and apoptotic proteins in BGC823 cells. BGC823 cells were exposed to empty np
(E-np), Ptx alone (P), Ptx-np (P-np), or Ptx/Tet-np (P/T-np), respectively. (A) Western blot analysis of p-Akt and Akt. Upper panel: the expression
p-Akt and Akt proteins in cells exposed to different agents without the pretreatment of vitamin E. Middle panel: the expression p-Akt and Akt
proteins in cells exposed to different agents with the pretreatment of vitamin E (10 uM). Lower panel: semiquantitative analysis of protein
expressions in different groups. (B) Western blot analysis of Bcl-2, Bax, and procaspase-3 in cells exposed to different agents. Right: semiquantitative
analysis of Bcl-2, Bax, and procaspase-3 expressions in different groups. (C) Activation analysis of caspase-3. Values represents Mean + SD.

** represents p < 0.01 vs control. # represents p < 0.05.

cellular uptake of nanoparticles by endocytosis can explain this
phenomenon.'® Together with the paralleled MTT assessments
that Ptx/Tet-np led to most cell inhibition and that pre-
treatment with vitamin E protected BGC-823 cells from the
cytotoxicity of both free drugs and Ptx-loaded nanoparticles but
little reduced the cytotoxicity of Ptx/Tet-np, the above sug-
gested that codelivery of Ptx and Tet in polymeric nanoparticles
could effectively induce ROS production and inhibit the viabi-
lity of gastric cancer cells.

Previous studies indicated that alterations in the PI3k/Akt
signal pathway could modulate sensitivity to cancer chemo-
therapy.””*® Overexpression of Akt decreases paclitaxel-induced
apoptosis in ovarian cancer cells.**° It is crucial for Ptx-based
chemotherapy that Ptx inhibits Akt signal and leads to apoptosis.
However, ROS was another important messenger modulating
Ptx-related tumor apoptosis.”'®*® Recent evidence showed that
antioxidant could relieve Ptx induced cytotoxicity and the
underlying mechanism was associated with cellular total anti-
oxidative capacity in numerous cancer cells.”~""*”?® Here in
the current report we demonstrated that delivery of Ptx by
nanoparticles could induce intracellular ROS generation and sup-
press the activation of Akt pathway, which could be reversed by
the pretreatment of vitamin E. On the contrary, codelivery of Tet
and Ptx by nanoparticles induced more ROS followed by the
significantly lower activation of Akt, with the resistance to vitamin
E pretreatment. Therefore, the possible mechanism of the syner-
gistic antitumor effect of Tet and Ptx is through the induction of
intracellular ROS and the suppression of the downstream Akt
pathway. This effect could be reversed by antioxidant (vitamin E),
however, we here suggested that delivery of the two drugs by nano-
particles could significantly enhance the cytotoxicity than free drugs.
Additionally, the following ROS generation and Akt suppression by
drug-loaded nanoparticles elucidate the mechanisms of the superi-
ority of drug combination nanodelivery system over free drugs.

Intracellular ROS accumulation and sequential Akt pathway
inactivation can trigger the apoptotic cascade.’ It is known that
Bcl-2 exerts a protective effect against apoptosis. Previous studies
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have shown that paclitaxel-induced apoptosis in gastric cancer
cells is mediated by downregulation of the antiapoptotic gene
Bcl-2 and by upregulation of the proapoptotic gene Bax and the
activation of caspases3 is important for tumor cell death.>"**
Here we demonstrated that Tet enhanced apoptotic cascades in
Ptx treated cancer cells and this effect could be amplified by a
nanodrug delivery system.

The current study reported a simple reproducible way to
efficiently develop stable controlled releasing Ptx/Tet coloaded
nanoparticles by amphiphilic mPEG-PCL block copolymers.
Ptx/Tet-np led to more intracellular ROS accumulation, more
diminution of p-Akt, and sequential stronger activation of
apoptosis, which were resistant to vitamin E (Figure 6). As for

Ptx/Tet co-loaded
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Figure 6. The Trojan strategy of nanoparticle-based Ptx/Tet delivery
can effectively lead to higher cell death. More intracellular Tet
accumulation by endocytosis of Ptx/Tet-np than equivalent doses of
free drug led to more intracellular ROS induction, which could
efficiently enhance the cytotoxicity of Ptx by sequential inhibition of ROS-
dependent Akt pathway and activation of apoptotic pathways, all of which
would mediate the superior cytotoxicity of Ptx/Tet-np over free drug.
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the heavy redox balance system in tumor cells, the codelivery of
Ptx and Tet by nanoparticles based on “oxidation strategy” may
generate more promising outcomes in cancer therapy.
Undoubtedly, however, the combinative strategy of “oxidation
therapy” by developing Ptx/Tet-containing nanoscale delivery
system warrants further research in vivo.
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