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SUMMARY

Background and Aims: Currently temozolomide (TMZ) as a potent agent is widely used

to treat the glioblastoma multiforme (GBM), whereas recurrence due to intrinsic or

acquired therapeutic resistance often occurs. Combination chemotherapy with TMZ may be

a promising therapeutic strategy to improve treatment efficacy. Methods: Aspirin, TMZ,

and aspirin-/TMZ-coloaded poly (L-lactide-co-glycolide) (PLGA) microspheres were pre-

pared by spray drying, and cytotoxicities of glioblastoma cells were measured. Results:

Aspirin microsphere treatment induced slight apoptosis and modestly inhibited proliferation

of LN229 and U87 cells in vitro and in vivo through inhibition of b-catenin transactivation.

However, aspirin-/TMZ-coloaded microspheres presented synergistic antitumor efficacy

compared with single TMZ-loaded microspheres. Aspirin/TMZ microspheres induced more

apoptosis and repressed proliferation of LN229 and U87 cells. Corresponding to inhibition of

b-catenin signaling, b-catenin/TCF4 transcriptional activity and STAT3 luciferase activity

were strongly suppressed, and downstream targets expression was decreased. Furthermore,

aspirin/TMZ microsphere intratumoral injection downregulated the expression of b-cate-
nin, TCF4, pAKT, pSTAT3, and PCNA and delayed tumor growth in nude mice harboring

subcutaneous LN229 xenografts. Conclusions: Aspirin sensitized TMZ chemotherapy effi-

cacy through inhibition of b-catenin transactivation; furthermore, the coloaded micro-

spheres achieved a sustained release action to reduce the TMZ dosage, offering the potential

for improved treatment of glioblastomas.

Introduction

To date, localized dual-drug delivery from biodegradable

scaffolds is an important strategy in tissue engineering. Many

polymers can be processed into the scaffold as transplant vehi-

cles or delivery carriers for bioactive factors. Among them, poly

(L-lactide-co-glycolide) (PLGA) has been widely used in the for-

mat of microspheres due to its various characteristics such as

biodegradability, biocompatibility, and minimal systemic toxicity

as the body deals efficiently with its hydrolysis end products,

lactic acid (LA) and glycolic acid (GA) [1]. Also, it is easy to

formulate into different devices to carry a variety of drug clas-

ses [2] and has been approved by the Food and Drug Adminis-

tration (FDA) for drug delivery [3]. More importantly, as a

carrier of microparticles to parcel drugs, it can lengthen the sus-

tained release time [4].
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Despite major advances in the treatment of glioblastoma multi-

forme in recent decades by aggressive surgical resection, radio-

therapy, and chemotherapy, the prognosis for patients afflicted

with this disease has improved little with a median survival time

<15 months [5]. Temozolomide (TMZ), an alkylating agent

administered orally with a favorable toxicity profile, is currently

used as a chemotherapeutic agent in the treatment of GBM as it

readily crosses the blood–brain barrier and induces apoptosis by

damaging the DNA structure [6–8]. Although TMZ is rapidly and

completely absorbed after oral administration, the peak plasma

concentrations occurs in 1 h, are rapidly eliminated (half-life of

1.7–1.9 h), and exhibit linear kinetics over a narrow therapeutic

dosing range [9]. Additionally, tumors can develop resistance to

TMZ treatment because of high expression of the DNA repair

enzyme O6-methylguanine-DNA methyltransferase (MGMT)

[10], mutations in p53 or over-expression of the antiapoptotic

protein Bcl-2 or Bcl-XL [11]. Thus, the short serum half-life, dose-

limiting side effects, and drug resistance remain the greatest obsta-

cle for successful treatment of glioblastoma by TMZ. To enhance

antitumor efficacy and reduce the high-dose toxicity of TMZ, it is

necessary to increase its therapeutic activity through drug combi-

nation and the achievement of sustained release time.

Aspirin is one of the oldest and prototypical nonsteroidal antiin-

flammatory drugs. It inhibits the cyclooxygenase (COX) enzymes

COX-1 and COX-2, which synthesize the inflammatory mediators,

prostaglandins, and thromboxanes [12]. In addition, aspirin has a

significant antineoplastic effect, which is viewed in the context of

the recently discovered role of inflammation in cancer [13]. Two

recent epidemiological studies demonstrating that regular aspirin

use after cancer diagnosis improves outcomes suggest that aspirin

plays a role in adjuvant therapy in breast and colorectal cancer

[14,15]. Furthermore, our preliminary study showed that aspirin

had an antineoplastic action in glioma cells through inhibition of

the b-catenin/TCF signaling pathway [16]. Thus, it is necessary to

seek a new and safe route of administration to achieve the code-

livery of aspirin and TMZ.

In this study, aspirin-/TMZ-coloaded PLGA microspheres were

prepared for simultaneous delivery of both agents; the combined

treatment proposed here showed superior efficacy to cocktail ther-

apy in vitro and in vivo and offered a solution to the limitations of

multidrug encapsulation into the same microparticles.

Materials and Methods

Chemicals and Regents

PLGA (LA/GA = 1:1, Mn = 8.79 9 104) was supplied by Chemi-

cal Reagent, Tianjin, China. Ethyl acetate and dichloromethane

were obtained from Krs Fine Chemical Co., Tianjin, China.

Aspirin and TMZ were purchased from Sigma-Aldrich Co.

(St. Louis, MO, USA). FH535 was purchased from Merck

(Darmstadt, Germany).

PLGA Microsphere Preparation

Aspirin-/TMZ-loaded PLGA microspheres were prepared by

spray drying. In brief, 350 mg PLGA, 46.4 mg aspirin, and/or

100 mg TMZ was dissolved in 25 mL ethyl acetate to prepare

solutions in of a 14 mg/mL concentration containing 1.86 mg/

mL of aspirin and/or 4 mg/mL TMZ (Table 1). The polymer

solution was sprayed through the nozzle of a spray-dryer (Lab

Spray-Dryer L-117; Beijing Lathing, Beijing, China). The inlet

air temperature was 43°C, whereas the outlet air temperature

was set at 38°C. Microspheres were collected from the spray-

dryer cyclone and designated as PLGA–aspirin (PLGA-A),

PLGA–TMZ (PLGA-T), and PLGA–aspirin–TMZ (PLGA-A-T),

respectively. All microspheres were stored in a desiccator until

use.

Characterization of Microspheres

The morphology of the microspheres was observed by SEM

(model S-2250n; Hitachi, Tokyo, Japan). The samples were

mounted on a glass stub by using double-sided tape coated with

gold. The size distribution of PLGA microspheres was determined

by zeta potential analyzer (Zeta PALS; Brookhaven Instruments,

Holtsville, NY, USA) at 25°C in PBS buffer.

To determine aspirin and TMZ loading levels and encapsulation

efficiency, a known amount of PLGA–aspirin, PLGA–TMZ, or

PLGA–aspirin–TMZ was dissolved in 1 mL of DCM. The aspirin or

TMZ concentration was estimated using a UV–VIS spectrophotom-

eter (Perkin Elmer, Norwalk, CT, USA) at 297 and 329 nm. The

loading level (LL) and encapsulation efficiency (EE) of aspirin or

TMZ were calculated based on following formulas:

LL %ð Þ ¼ M=M0 � 100%

EE %ð Þ ¼ M1=M2 � 100%

where M is the mass of the prepared PLGA–aspirin, PLGA–TMZ,

or PLGA–aspirin–TMZ microspheres by spray drying, M0 is the

input masses of PLGA and aspirin; or PLGA and TMZ; or PLGA,

aspirin plus TMZ in the preparation process, M1 is the actual

mass of aspirin, TMZ or aspirin plus TMZ encapsulated in the

microspheres, and M2 is the theoretical amount of aspirin, TMZ,

or aspirin plus TMZ in the microspheres.

Table 1 Composition and some characteristics of the prepared PLGA microspheres

Microspheres P (mg) A (mg) T (mg) L.L (%) E.E (%) Diameter (lm)

PLGA-A 350 46.4 0 10.7 � 0.84 89.1 � 7.01 1.98 � 0.43

PLGA-T 350 0 100 19.6 � 0.75 86.6 � 3.34 2.24 � 0.29

PLGA-A-T 350 46.4 100 26.0 � 0.45 86.7 � 1.51 2.36 � 0.65

P, A, and T indicate PLGA, aspirin, and TMZ, respectively. L.L: drug loading efficiency. E.E: drug encapsulation efficiency. The molar ratio of Aspirin

and TMZ is 1:2.
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In vitro Release of Microspheres

PLGA microspheres containing aspirin, TMZ, or aspirin/TMZ were

dispersed in PBS buffer (pH 7.4) with 0.02% Tween-80 (2%w/w of

microspheres) and placed in a dialysis membrane tube withMWCO

of 7000 Da in a shaking water bath at 37°C. The external phase

(PBS, pH 7.4, 500 mL) was stirred continuously. At scheduled

intervals of time, 500 lL samples were collected from the dialysis

bag for absorbance measurement at 297 nm and 329 nm using a

spectrophotometer to characterize the concentration of aspirin or

TMZ, and the external phase was replacedwith 5 mL distilled water

to ensure the sink conditions for the drug release until 500 h.

Cell Culture and Treatment

Human glioma cell lines U87 and LN229 were utilized in this study

and cultured as reported previously [11]. Upon 80% confluency,

cells were starved in DMEM with 1% FBS for 12 h. Then, PLGA,

PLGA–aspirin, PLAG–TMZ, or PLGA–aspirin–TMZ were added to a

final concentration of 0.02, 5, 10, and 10 lM, respectively, and
maintained in this low serum condition for another 12 h. Finally,

the treated cells were collected for protein or RNA extraction.

Quantitative Real-time PCR Analysis

The TaqMan assay kit (Applied Biosystems, Foster City, CA, USA)

was used to detect gene expression. Relative quantification of

gene expression was conducted using amplification efficiencies

derived from cDNA standard curves. Data were shown as fold

change (2�DDCT ) and analyzed initially using Opticon Monitor

Analysis Software V2.02 software (MJ Research, Waltham, MA,

USA). Specific RT-PCR primers were obtained from Fulen Gene

BiolEngineering Inc., Guangdong, China.

Western Blot Analysis

The protein lysates were separated by SDS-PAGE and then trans-

ferred to polyvinylidene fluoride (PVDF) membranes (Millipore,

Billerica, MA, USA). The membrane was incubated with primary

antibodies against b-catenin, TCF4, pAKT, and pSTAT3 (1:1000

dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA), fol-

lowed by incubation with an HRP-conjugated secondary antibody

(1:1000 dilution; Zhongshan Bio Corp, Beijing, China). GAPDH

(1:1000 dilution; Santa Cruz Biotechnology) was set as a control.

Luciferase Reporter Assay

TOP-FLASH, FOP-FLASH [16], and a pSTAT3-TA-luc [17] plasmid

were transfected into treated cells according to the manufacturer’s

instructions (Millipore). Following 48-h incubation, luciferase

activity wasmeasured using a dual-luciferase reporter system (Pro-

mega, Madison, WI, USA). Renilla luciferase activity was used as

an internal control.

Cell Viability Assay

Cell viability was determined using the MTT [3-(4, 5-dim-

ethylthiazol)-2, 5-diphenyltetrazolium bromide] assay. IC50 val-

ues were calculated from the linear regression line of the plot

of percent inhibition versus log inhibitor concentration. The

results of the combined treatment were analyzed according to

the Zheng-Jun Jin method [18]. Briefly, this method supplied a

“Q” value, according to which the combination effect between

two drugs can be classified as a synergistic effect (Q > 1.15), an

additive effect (0.85 < Q < 1.15), or an antagonistic effect

(Q < 0.85). The formula is Q = Ea + b/(Ea + Eb – Ea 9 Eb),

where Ea + b is the average effect of the combination treat-

ment, Ea is the effect of the aspirin only, and Eb is the effect

of TMZ only.

Cell Cycle, Apoptosis, and Colony Formation
Assay

Cell cycle, apoptosis, and colony assay were performed as previous

described [19]. For colony formation assay, cells were seeded in 6-

well plates (0.5 9 103 cells per well) and cultured for 2 weeks.

Colonies were fixed with methanol for 10 min and stained with

1% crystal violet (Sigma) for 1 min. Each group was measured in

triplicate.

Animal Studies

An LN229 glioma subcutaneous model was established on

BALB/c-A nude mice at 4 weeks of age, and the mice were

randomly divided into four groups (n = 6). PLGA (0.2 lM/kg),
PLGA–aspirin (50 lM/kg), PLGA–TMZ (100 lM/kg), and PLGA–

aspirin–TMZ (105 lM/kg) in 100 lL DMEM were intratumorally

injected on day 1, and the tumor volume was measured every

2 days for 3 weeks. Tumor volume was measured using the

formula: volume = length 9 width2/2. At the end of the exper-

iment, tumor weight was calculated. DMSO group, TMZ group,

and TMZ/FH535 group performed with U87 glioma subcutane-

ous model. 100 lL DMSO/DMEM (1:1), TMZ (100 lM/kg) in

100 lL DMSO/DMEM (1:1), and FH535 (40 lM/kg) plus TMZ

(60 lM/kg) in 100 lL DMSO/DMEM (1:1) were intratumorally

injected, respectively. All treatments conducted every 2 days

for 3 weeks.

Immunohistochemistry Analysis and HE Stain

The paraffin-embedded tissue sections were used for the exami-

nation of b-catenin, TCF4, pAKT, pSTAT3 and PCNA expres-

sion, and HE stain. Sections were incubated with primary

antibodies (1:100 dilutions) overnight at 4°C, followed by

biotin-labeled secondary antibody (1:100 dilutions) for 1 h at

37°C, and then incubated with ABC-peroxidase and diamino-

benzidine (DAB), counterstained with hematoxylin, and visual-

ized using light microscope.

Statistical Analysis

SPSS 16.0 (SPSS, Chicago, IL, USA) was used for ANOVA, chi-

square test, or Student’s t-test. All data are represented by

mean � SD. Statistical significance was determined at

P < 0.05.
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Results

Synthesis and Characterization of Drug Polymer
Conjugates

Microspheres of PLGA–aspirin, PLGA–TMZ, and PLGA–aspirin–

TMZ were synthesized by spray drying, with a loading efficiency

(%) of 10.7 � 0.84, 19.6 � 0.75, and 26.0 � 0.45 and encapsula-

tion efficiency (%) of 89.1 � 7.01, 86.6 � 3.34, and 86.7 � 1.51,

respectively (Table 1). Figure 1A shows the SEM micrographs of

PLGA–aspirin, PLGA–TMZ, and PLGA–aspirin–TMZ with features

described as spheres with a smooth surface and average diameter

(lm) of approximately 1.98 � 0.43, 2.24 � 0.29, and 2.36 � 0.65

(Table 1). The release profiles of aspirin and TMZ from the micro-

spheres are shown in Figure 1B. There was a significant burst

release for the initial 20 h followed by a slow release subse-

quently. Approximately 100% of the encapsulated drug was

released from the microspheres after 500 h.

Aspirin-Loaded PLGA Microspheres Repressed
b-catenin Transcriptional Activity

To explore whether PLGA–aspirin microspheres could inhibit

Wnt/b-catenin signaling, the glioma cell lines LN229 and U87

were treated and analyzed for the b-catenin activity. Real-time

PCR and Western blot assay indicated there was no change of

(A)

(C)

(D) (E) (F)

(B)

Figure 1 PLGA–aspirin microspheres

modestly repressed the Wnt signaling pathway

through slight blockage the b-catenin

transactivation. (A) SEM micrographs of PLGA–

aspirin, PLGA–TMZ, and PLGA–aspirin–TMZ

microspheres. (B) Release profiles of aspirin

and TMZ from the PLGA microspheres. (C)

CTNNB1 and downstream targets expression

were analyzed by quantity real-time PCR after

PLGA or PLGA–aspirin microsphere treatment.

(D) b-catenin and related targets protein

expression were assessed by Western blot

analysis, while GAPDH serves as an internal. (E,

F) b-catenin transcriptional activity and STAT3

luciferase activity were detected after PLGA

and PLGA–aspirin microsphere treatment. All

data represented mean � SD of three

individual fields from experiments performed in

triplicate for each treatment. *P < 0.05

compared with control and PLGA groups.
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CTNNB1 or TCF4 at mRNA and protein level. However, the down-

stream targets, AKT1, AKT2, STAT3, and BCL2 expressions were

slightly reduced (Figures 1C and D). Furthermore, TOP-FLASH

activity used to assess the b-catenin/TCF4 transactivation

decreased approximately 41% and 35%, respectively, in PLGA–

aspirin microsphere-treated LN229 and U87 cells compared with

control and PLGA. There was no change in FOP-FLASH activity

(Figure 1E). STAT3 transcriptional activity was also repressed

after PLGA–aspirin microspheres treatment as measured using the

STAT3 luciferase reporter assay (Figure 1F). These findings

suggested that PLGA–aspirin microspheres could inhibit the Wnt

signal pathway, partly by antagonizing b-catenin/TCF4 transcrip-

tional activity.

PLGA–Aspirin Microspheres Inhibited Glioma
Cell Proliferation and Induced Apoptosis
through Blockage of b-catenin Transcriptional
Activity

As shown in Figure 2A, in LN229 cells, the G0/G1 phase fractions

of the control and PLGA groups were 42.1% and 45%, respec-

tively. However, the PLGA–aspirin microsphere treatment

increased this fraction to 57.1%. Similarly, the G2/M phase frac-

tion in the control and PLGA group was 25.2% and 29.7%, and

the PLGA–aspirin microsphere treatment reduced it to 17.2%. The

S-phase fraction of Control, PLGA, and PLGA–aspirin-treated

group is 32.7%, 25.4%, and 25.7%, respectively. A similar cell

cycle distribution trend was also detected in U87 cells.

After the cells were treated by PLGA–aspirin, PLGA–TMZ, and

PLGA–aspirin–TMZ microspheres for 12 h in DMEM with 1%

FBS and a 36 h following culture in DMEM with 10% FBS, we

conducted apoptosis measurement. The number of annexin V-

positive early-phase apoptotic cells increased in cells treated with

PLGA–aspirin (7.43% for LN229 cells and 6.70% for U87cells)

compared with control (1.45% for LN229 cells and 1.21% for

U87 cells) and PLGA groups (1.61% for LN229 cells and 1.36%

for U87 cells) (Figure 2B). Additionally, LN229 and U87 cells

treated by PLGA–aspirin microspheres exhibited a lower colony

formation rate (%), 68.5 � 7.55 and 61.5 � 7.34, respectively

(Figure 2C).

PLGA–Aspirin Microsphere Repressed the
Growth of LN229 Glioblastoma Cells in vivo

The in vitro results suggested that aspirin-loaded PLGA micro-

spheres could suppress glioma tumorigenesis. To confirm this, a

proof-of-principle experiment was performed using a LN229 gli-

oma xenograft model. On day 9, the tumor size of the PLGA–

aspirin microsphere treatment group reached statistical signifi-

cance compared with the PLGA treatment group. At termina-

tion of the study, the tumor volume and weight were

significantly different between the PLGA–aspirin treatment

group and the PLGA group (Figure 2D,E). Tumors derived from

PLGA-treated cells revealed deeper chromatin staining compared

with the PLGA–aspirin-treated cells, as determined by HE stain

(Figure 2F). Meanwhile, nuclear expression of b-catenin and

TCF4, indicating the b-catenin/TCF4 transcriptional activity, was

decreased in tumor specimens from the PLGA–aspirin treatment

group. Expressions of pAKT, pSTAT3, and PCNA were also

reduced. In addition, the PLGA–aspirin-treated group had more

apoptotic nucleuses compared with the PLGA-treated group

(Figure 2G).

FH535-Sensitive TMZ Antineoplastic Effect
through Blockage Nuclear b-catenin
Translocation in a Xenograft Model

To explore whether FH535, a small molecule inhibitor of b-cate-
nin, was capable to sensitive TMZ in the combination therapy, we

employed a U87 glioma xenograft model. On day 9, a statistical

significance of tumor volume emerged between DMSO-treated

group and drugs-treated group. And then, on day 12, FH535/TMZ

treatment group started to show statistically significant difference

in size compared with TMZ treatment group. At the termination

of the study, tumor volume and weight were significantly differ-

ent between the TMZ treatment group and the FH535/TMZ treat-

ment group (Figure 3A,B). Nuclear expression of b-catenin and

TCF4 and the expressions of pAKT, pSTAT3, and PCNA in

FH535-/TMZ-treated group presented pronounced reduction in

comparison with DMSO- and TMZ-treated group. Furthermore,

more apoptotic nucleuses were also detected in FH535-/TMZ-trea-

ted group (Figure 3C). The above data suggested a potential

mechanism to sensitize TMZ antitumor efficacy, which may partly

achieved through blockage b-catenin transactivation.

Aspirin Enhanced TMZ Inhibitory Effect in
b-catenin Transcriptional Activity

In light of the b-catenin inhibitor such as FH535 could

enhance the TMZ treatment efficacy, we assayed whether aspi-

rin could be a TMZ enhancer. Real-time PCR and Western blot

assay demonstrated that after the treatment of PLGA–aspirin–

TMZ microspheres, the relative expression of CTNNB1, TCF4,

AKT1, AKT2, and STAT3 were reduced in comparison with

PLGA–TMZ microsphere treatment group (Figure 4A,B). Mean-

while, b-catenin and the downstream target STAT3 transcrip-

tional activity were also decreased correspondingly

(Figure 4C,D). Thus, we hypothesized that perhaps the lower

transcriptional activity of b-catenin induced by aspirin treat-

ment enhanced the TMZ inhibitory efficacy, which should be

further investigated.

Synergistic Effect of combination treatment with
Aspirin and TMZ on the Glioma Cell Proliferation
and Apoptosis

As indicated, single PLGA–TMZ microsphere treatment exhibited

a moderate suppressive effect, and the IC50 value is 18 and 24 lM,
respectively, in LN229 and U87, which is not obviously different

compared with free TMZ (data not shown), whereas combined

treatment with the aspirin yielded a better effect on tumor growth

suppression. In the context of lower b-catenin activation induced

by aspirin in LN229 and U87 cell lines, the IC50 was reduced to

5.5 lM and 7.5 lM, respectively (Figure 5A). The combination of

aspirin and TMZ also resulted in enhanced efficacy over TMZ

alone throughout the 6-day experiment (Figure 5B).
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To investigate the nature of the treatment effect for aspirin-/

TMZ-coloaded PLGA microspheres on LN229 and U87 cells, the

Zheng-Jun Jin method used to evaluate the combination effect

among different drugs was performed to analyze the cytotoxicity

data for antagonism, additivity, or synergistic after cells are treated

for 6 days. The Q value for LN229 and U87 cells was 1.23 and

1.16, respectively, both indicating that the synergistic effects

appeared for the administration of the aspirin-/TMZ-coloaded

PLGA microspheres.

Meanwhile, as shown in Figure 5C, in LN229 and U87 cells, the

G0/G1 phase fractions of PLGA–TMZ microsphere-treated group

were 23.0% and 34.6%. However, PLGA–aspirin–TMZ micro-

sphere treatment increased the percentage of cells in G0/G1 phase

to 51.9% and 41.4%. Similarly, the S-phase fraction in PLGA–

TMZ-treated LN229 and U87 cells was 46.8% and 42.3%, respec-

tively, but PLGA–aspirin–TMZ treatment reduced this fraction to

32.8% and 34.3%. The G2/M phase fractions in PLGA–TMZ-trea-

ted LN229 and U87 cells is 46.8% and 42.3%, while reduced to

(A)

(C)

(D) (G)

(E)

(F)

(B)

Figure 2 Aspirin-loaded PLGA microspheres

impacted on the glioma malignant progression.

(A) LN229 and U87 cell cycle distributions were

detected by flow cytometry. Percentages of

cells in G0/G1, S, and G2/M phases were shown

in both cell lines. (B) Annexin V-PI assay

indicated greater amounts of apoptosis in

PLGA–aspirin microsphere group compared

with control and PLGA groups. (C) Colony

formation assay in LN229 and U87 cell lines.

Representative histogram showed total

numbers of colony formation by aspirin-loaded

microsphere-treated cells, which were

standardized to control cells (set to 100%). All

data represented mean � SD of three

individual fields from experiments performed in

triplicate for each treatment. *P < 0.05

compared with control and PLGA groups. (D)

Mice and tumor samples obtained from mice

bearing LN229/PLGA (n = 6) and LN229/PLGA–

aspirin groups (n = 6). (E) Tumor growth and

weight evaluation of PLGA–aspirin versus PLGA

cells in an in vivo proliferation assay.*P < 0.05

compared with PLGA group. (F) HE stain of

tissue samples from PLGA and PLGA–aspirin-

treated groups. (G) Representative

photomicrographs of immunohistochemistry

for b-catenin, TCF4, pAKT, and pSTAT3, PCNA

as well as TUNEL analysis, on xenograft tumor

sections (9200).
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32.8% and 34.3%, respectively, after the treatment of PLGA–aspi-

rin–TMZ microspheres.

Percentages of apoptotic cells were shown in Figure 5D. Com-

pared with single TMZ treatment in LN229 and U87 cells (12.3%

and 9.45%, respectively), the combination of the aspirin and TMZ

therapy caused a significantly higher amount (18.2% and 16.3%,

respectively) of apoptosis. Additionally, after the treatment of

aspirin-/TMZ-coloaded microspheres, the percentage of colony

formation (%) in LN229 and U87 cell lines was reduced to

21.4 � 6.54 and 25.2 � 4.56, in comparison with PLGA–TMZ-

treated group (64.7 � 5.43 and 58.3 � 6.76, respectively)

(Figure 5E).

Aspirin Enhanced TMZ Antitumor Efficacy in a
Xenograft Model in vivo

To further examine whether the combined therapy of aspirin and

TMZ had a more notable antitumor effect in vivo, we conducted

this using LN229 subcutaneous tumor model. On day 15, a statis-

tically significant difference in tumor volume appeared between

PLGA–TMZ and PLGA–aspirin–TMZ microsphere-treated group

(P < 0.05), and the size disparity proceeded until the day 21; at

the time, tumor volume and weight were significantly different

between the two groups (Figure 5F,G). Compared to PLGA–TMZ-

treated group, samples derived from PLGA–aspirin–TMZ-treated

group presented less numbers of microvessels and weaker nuclei

staining, as indicated by HE stain (Figure 5H). Furthermore,

expression of nuclear b-catenin, TCF4, pAKT, pSTAT3, and PCNA

was reduced, and TUNEL assay showed that there were more

apoptotic nucleuses in the PLGA–aspirin–TMZ-treated group

(Figure 5I).

Discussion

Compelling evidence for the genetic and cellular mechanisms

of glioma development, including cell proliferation, apoptosis,

and invasion, suggests that the malignant tumor phenotype

results from the dysfunction of multiple interrelated growth-

regulatory pathways [20]. One of the most important pathways

is Wnt/b-catenin signaling, which is activated by b-catenin/
TCF4 transcriptional complex and functions as a central signal-

ing node for the activation of downstream effectors, such as

AKT1 [21], AKT2 [22], and STAT3 [23]. Overactivation of b-
catenin signaling not only plays a pivotal role in maintaining

the aggressive malignant phenotype of gliomas, but also regu-

lates treatment resistance through promoting cellular survival

and inhibiting the induction of apoptosis [24,25]. Thus, b-cate-
nin becomes an attractive target, and targeted inhibition of b-
catenin transcriptional activity is a rational and promising new

approach for the glioma therapy.

TMZ is an effective antiglioma agent, the standard dosage is 150

–200 mg/m2 per day for 5 days in a 28-day cycle [26], yet its main

disadvantage is the drug resistance, short serum half-life, and

dose-limiting side effects. Thus, there is an urgent need to develop

promising chemosensitizing strategies, and combination of several

anticancer drugs is a proven strategy for effective therapy. Previ-

ous studies reported that FH535 could repress the glioma malig-

nant progression through blocking b-catenin nuclear

(A) (C)

(B)

Figure 3 FH535-sensitive TMZ antitumor activity in U87 xenograft model. (A) Mice and tumor samples from DMSO (n = 6), TMZ (n = 6) and FH535/TMZ

combined (n = 6) treatment groups. (B) Tumor growth and weight evaluation of TMZ, FH535-/TMZ- versus DMSO-treated cells in an in vivo proliferation

assay.*P < 0.05 compared with PLGA group. (C) Representative photomicrographs of immunohistochemistry for b-catenin, TCF4, pAKT, and pSTAT3,

PCNA, as well as TUNEL analysis, on xenograft tumor sections (9200).
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translocation [27]. Here, we confirmed that FH535 could effec-

tively enhance TMZ antitumor efficacy in a xenograft model.

Therefore, we speculated that TMZ treatment efficacy could be

increased through inhibition of b-catenin transactivation. In com-

parison with FH535, aspirin is not only a potent inhibitor of b-
catenin signaling [16], but also a universal antiinflammatory

agent that has been widely used in clinical. A recent study has

confirmed that daily aspirin use could reduce the long-term inci-

dence of some adenocarcinomas and provided proof of principle

for pharmacological intervention specifically to prevent distant

metastasis [28]. Given the significance and clinical development

potential of aspirin, we combined it with TMZ to assay the treat-

ment efficacy.

PLGA was selected to prepare aspirin, TMZ, and aspirin-/TMZ-

loaded microspheres as it was widely used as a carrier of micro-

spheres to parcel drugs and to lengthen their sustained release time

in the pharmaceutical industry [29–31]. In this study, we com-

pared the antitumor effect of PLGA–aspirin, PLGA–TMZ, and PLGA

–aspirin–TMZ microspheres. Our results suggested that aspirin-/

TMZ-coloaded microspheres presented a synergistic antitumoral

efficacy. Furthermore, themost significant advantage of themicro-

spheres is the sustained release action.We performed only once in-

tratumoral injection of aspirin/TMZ microspheres (105 lm/kg),

but the antitumoral efficacy is notable. Therefore, we concluded

that aspirin-/TMZ-coloaded microspheres achieved a proper sus-

tained release action, and the synergistic antitumor efficacy was

partly dependent on b-catenin signaling transactivation.

As a b-catenin downstream target effector, AKT signaling is

directly involved in cancer cells resistance to TMZ cytotoxicity

[32,33], and studies have confirmed that enhanced TMZ thera-

peutic efficacy can be achieved through blockage PI3K/AKT sig-

naling in glioblastomas and melanomas [34,35]. In the present

study, we observed a significant decrease in AKT expression in

LN229 and U87 glioma cells after the combined treatment of aspi-

rin and TMZ compared with single aspirin or TMZ treatment. This

indicated that the synergistic therapeutic effect of aspirin and TMZ

combination treatment could partly be improved through reliev-

ing resistance induced by AKT signaling.

(A)

(B) (C) (D)

Figure 4 Aspirin enhanced TMZ inhibitory

effect in b-catenin signaling pathway. (A)

Quantity real-time PCR detected the mRNA

expression of CTNNB1, TCF4, AKT1, AKT2,

STAT3, and BCL2 after the treatment of PLGA–

TMZ and PLGA–aspirin–TMZ microspheres. (B)

b-catenin, TCF4, pAKT, pSTAT3, and Bcl-2 were

assayed by Western blot. GAPDH was set as an

internal control. (C, D) b-catenin transcriptional

activity and STAT3 luciferase activity detected

after PLGA–TMZ and PLGA–aspirin–TMZ

microsphere treatment. All data represented

mean � SD of three individual fields from

experiments performed in triplicate for each

treatment. *P < 0.05 compared with PLGA–

TMZ-treated groups.
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(A)

(C)

(F) (I)

(G)

(H)

(D) (E)

(B)

Figure 5 Aspirin-/TMZ-coloaded microspheres presented the synergistic antitumor efficacy. (A) MTT assay showed the cell proliferation after the

treatment of PLGA–TMZ and PLGA–aspirin–TMZ microspheres in a dose-dependent manner. (B) An aqueous solution of PLGA–aspirin, PLGA–TMZ, and

PLGA–aspirin–TMZ microspheres were incubated with human glioblastoma LN229 and U87 cells for 6 days. Drug induced decrease in cell numbers was

measured using the MTT assay. (C) Effect of PLGA–aspirin and PLGA–aspirin–TMZ microspheres on cell cycle distribution in LN229 and U87 cells. (D)

Annexin V-PI assay revealed the apoptosis in PLGA–aspirin–TMZ microsphere treatment groups compared with the PLGA–aspirin treatment groups. (E)

Colony formation assay in LN229 and U87 cell lines. Representative histogram showed total numbers of colony formation by aspirin-/TMZ-coloaded

microsphere-treated cells, which are standardized to control cells (set to 100%). All data represented mean � SD of three individual fields from

experiments performed in triplicate for each treatment. *P < 0.05 compared with PLGA–TMZ-treated groups. (F) Mice and tumor samples obtained from

mice bearing LN229/PLGA–TMZ (n = 6) and LN229/PLGA–aspirin–TMZ groups (n = 6). (G) Tumor growth and weight evaluation of PLGA–TMZ versus PLGA

–aspirin–TMZ treatment group in an in vivo proliferation assay.*P < 0.05 compared with PLGA–TMZ group. (H) HE stain of tissue samples from PLGA–TMZ

and PLGA–aspirin–TMZ microsphere treatment groups. (I) Representative photomicrographs of immunohistochemistry for b-catenin, TCF4, pAKT, and

pSTAT3, PCNA, as well as TUNEL analysis, on xenograft tumor sections (9200).
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STAT3 is a crucial oncogenic transcription factor that is constitu-

tively active and propagates tumorigenesis by preventing apopto-

sis and enhancing proliferation, angiogenesis, and invasiveness

[36]. Furthermore, STAT3 is a convergent point of many signaling

pathways, and efforts are ongoing to target it for anticancer drug

development. A previous study indicated that targeting STAT3

could sensitize malignant glioma cells to alkylating agents such as

TMZ, BCNU, and cisplatin [37]. We have also found that inhibi-

tion of STAT3 was potent in reversing resistance to alkylating

agents [24]. Therefore, the reduced activity of STAT3 due to inhi-

bition of b-catenin signaling may also enhance the TMZ antitumor

efficacy.

Bcl-2 is a key regulator of apoptosis. Elevated expression of Bcl-

2 commonly occurs in human malignancies and is related to can-

cer progression and chemotherapy resistance [38]. In the present

study, the expression of Bcl-2 was significantly decreased by the

treatment of aspirin-/TMZ-coloaded microspheres. Previous

reports confirmed that reduced AKT and STAT3 activity could

cause inhibition of Bcl-2 expression [24,39]. Therefore, we con-

cluded that sensitization of glioma cells to combination treatment

with aspirin and TMZ ultimately benefited from the inhibitory

effects on Bcl-2 expression (Figure S1).

Taken together, the current study demonstrates a simple and

reproducible way to develop a stable release of aspirin-/TMZ-co-

loaded microspheres by PLGA copolymers. Encapsulation of aspi-

rin and TMZ into microspheres not only presents the synergistic

antiglioma efficiency, which due to the reduced expression of Bcl-

2 mediated by blockage of b-catenin signaling transduction path-

way, but also achieved a sustained release action to lower the

TMZ dosage. However, as a traditional antiinflammatory agent,

aspirin is reported to effectively block the NF-jB signaling path-

way [40], which is closely associated with inflammation and

tumor microenvironment [41]. It is possible that aspirin could

interfere with the inflammation and tumor microenvironment

through suppressing the NF-jB pathway. Perhaps, this is another

mechanism of aspirin-sensitive TMZ treatment efficacy. Therefore,

the underlining molecular mechanisms of aspirin as a chemother-

apeutic enhancer for TMZ and a combined therapeutic strategy

using aspirin/TMZ-containing microsphere delivery system war-

rant further research.
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