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Abstract Temozolomide is a standard chemotherapy

agent for malignant gliomas, but the efficacy is still not

satisfactory. Therefore, combination chemotherapy using

temozolomide with other anti-tumor compounds is now

under investigation. Here we studied the mechanism of the

synergistic anti-tumor effect achieved by temozolomide

and doxorubicin, and elucidated the inhibitory effect of

temozolomide on P-glycoprotein (P-gp). Temozolomide

significantly enhanced sensitivity to P-gp substrate in

glioma cells, particularly in P-gp-overexpressed cells.

Synergetic effects, as determined by isobologram analysis,

were observed by combining temozolomide and doxoru-

bicin. Subsequently, flow cytometry was utilized to assess

the intracellular retention of doxorubicin in cells treated

with doxorubicin with or without temozolomide. Temo-

zolomide significantly increased the accumulation of dox-

orubicin in these cells. The P-gp adenosine triphosphatase

(ATPase) assay showed that temozolomide inhibited the

ATPase activity of P-gp. In addition, temozolomide com-

bined with doxorubicin significantly prolonged the survival

of 9L intracranial allografted glioma-bearing rats compared

to single agent treatment. Collectively, our findings suggest

that temozolomide can reverse doxorubicin resistance by

directly affecting P-gp transport activity. Combination

chemotherapy using temozolomide with other agents may

be effective against gliomas in clinical applications.
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Introduction

Glioblastoma is the most common and malignant primary

brain tumor in adults. The current standard care consists of

surgical resection followed by radiotherapy and

chemotherapy. However, the median survival time for

patients diagnosed with glioblastoma is a meager

12–18 months, with only *3 % of patients surviving

longer than 5 years [1]. These statistics highlight the

urgency of developing novel and effective therapeutic

strategies against this devastating and uniformly fatal

disease.

Temozolomide is an orally administered alkylating

agent which is used in the standard care for glioblastoma.

To improve the efficacy of temozolomide treatment,

combination chemotherapy with other agents has also been

extensively studied. Doxorubicin is one of the candidate

agents. In vitro studies have demonstrated a synergistic

effect when temozolomide is used in association with

doxorubicin [2]. Temozolomide and polyethylene glycol-

coated liposomal doxorubicin (PLD; doxorubicin

hydrochloride liposome injection) have been used in

combination in phase 2 clinical studies of the treatment of

brain metastases from solid tumors [3] and glioblastoma

following concurrent radiotherapy and chemotherapy [4].

Moreover, our group previously showed that local intra-

tumoral infusion of PLD via a method of convection-en-

hanced delivery (CED) is a promising chemotherapy for

the treatment of malignant gliomas [5].

Doxorubicin is known to induce expression of members

of the ATP–binding superfamily of transporter proteins,
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such as P-glycoprotein (P-gp; also known as ATP-binding

cassette sub-family B member 1 [ABCB1] or multidrug

resistance protein 1 [MDR1]) [6] and multiple resistance

protein (MRP) [7], which are known to play major roles in

the development of cellular resistance to chemotherapeutic

agents [8]. MRP is strongly expressed in up to 70 % of

central nervous system tumor specimens, and P-gp

expression has been detected in 18 % of high-grade glio-

mas [9]. P-gp and other transporters actively pump sub-

strates out of the brain, thereby limiting their effects in the

central nervous system [10–12]. The function of P-gp at the

blood–brain barrier is now actively studied.

The present study investigated the hypothesis that

temozolomide might inhibit the function of P-gp, by

studying the mechanisms of the synergistic effect obtained

using temozolomide in combination with doxorubicin.

Materials and methods

Materials

Monoclonal antibody C-219 (against P-gp) was obtained

from EMD Millipore (#517310, Billerica, MA), and beta-

actin from Santa Cruz Biotechnology, Inc. (#sc-81178,

Dallas, TX). Temozolomide was obtained from Schering-

Plough (Osaka, Japan), and was dissolved in dimethyl

sulfoxide (DMSO; Sigma-Aldrich Corp., St. Louis, MO) at

200 9 103 lM as stock solution and diluted with medium

at use. Doxorubicin hydrochloride was purchased from

Sigma-Aldrich Japan K.K. (Tokyo, Japan). Stock solutions

of free doxorubicin were prepared by diluting DMSO to a

concentration of 50 mg/mL. Infusion solutions of free

doxorubicin were prepared by diluting the stock solution

with PBS. PLD was purchased from Janssen Pharmaceu-

tical K.K. (Tokyo, Japan). The commercial PLD solutions

contained 2 mg/mL of doxorubicin. Infusion solution was

prepared by diluting the stock solution with 5 % glucose

solution. Verapamil hydrochloride (V4629) was purchased

from Sigma-Aldrich Japan K.K.

Cell lines and cell culture

The human glioblastoma cell lines T98G and U251MG,

and the rat gliosarcoma cell line 9L (American Type

Culture Collection, Rockville, MD) were cultured in

essential medium containing 10 % FBS at 37 �C in the

presence of 5 % CO2. All cells were grown in drug-free

culture medium for more than 2 weeks before assay. P-gp-

overexpressing 9L/ADR cell line was derived as follows

[13]. 9L cells were continuously exposed to stepwise

increasing concentrations of doxorubicin, with repeated

two-fold increments in drug concentration from 100 to

1600 lM. This procedure was continued over a period of

3–4 months. The obtained 9L/ADR cells were cultured in

the absence of doxorubicin for [2 weeks in the growth

medium before use.

ABCB1 plasmids and transfection

U251MG cells were seeded in 3-cm dishes in Opti-MEM

(Invitrogen, Calsbad, CA) and were transfected at a

confluency of 70–85 % with 2 lg cDNA, ABCB1 plasmid

DNA (#RC216080, Origene, Rockville, MD) with 25 lL
Lipofectamine 2000 (Invitrogen) in a final volume of

5 mL. After transfection of human ABCB1 cDNA tran-

scripts into U251MG cells, the cells were trypsinized and

plated for G418 (Invitrogen, Calsbad, CA) selection

(1.5 mg/mL). The cells were cultured with fresh G418

containing medium every 4 days. G418-resistant colonies

were visible after 14 days in ABCB1 plasmid DNA

transfected cells. No colonies developed in nontransfected

cells treated with G418 with the same method.

In vitro cytotoxicity assay

Cells were plated in 6-well plates in triplicate, allowed to

attach for 48 h, and then exposed to temozolomide, dox-

orubicin, or both, in complete medium and harvested after

96 h. In every assay, the concentration of DMSO was

lower than 0.2 %. The trypan blue dye-exclusion assay was

used to assess cytotoxicity. Synergism, as determined by

isobologram analysis [14, 15], was tested between the two

agents.

Intracellular doxorubicin accumulation

The intracellular accumulation of doxorubicin was ana-

lyzed using flow cytometry. The logarithmically growing

cells were treated with indicated concentrations of temo-

zolomide and doxorubicin at 37 �C for 6 h. Then, the cells

were collected and washed twice with cold PBS containing

10 lM verapamil. Cells were resuspended in 200 lL PBS

and then analyzed using a FACS Canto 2 (Becton–Dick-

inson, CA), with an excitation wavelength of phycoerythrin

for the mean fluorescence intensity of intracellular dox-

orubicin. A minimum of 20,000 events was analyzed for

each histogram generation. The mean value of drug accu-

mulation was identified by dividing the mean fluorescence

intensity for each measurement by that obtained in the

absence of temozolomide.

Western blot analysis

To determine the protein expression of P-gp, cells were

incubated with different concentrations of temozolomide
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for 96 h. Then, the cells were harvested and rinsed twice

with PBS. The proteins were extracted from the cells,

separated by SDS-PAGE, and transferred by elec-

trophoresis onto polyvinylidene difluoride membranes.

After incubation in blocking solution containing 5 %

nonfat milk in TBST buffer (10 mmol/L Tris–HCl [pH

8.0], 150 mmol/L NaCl, 0.1 % Tween 20) for 1 h at room

temperature, the membranes were incubated with primary

antibodies against P-gp (mAb C219, 1:100 dilution; Cal-

biochem, San Diego, CA) and beta-actin (clone 6C5,

1:500; Chemicon, Temecula, CA) overnight at 4 �C. Then
the membranes were incubated for 1 h with horseradish

peroxidase-conjugated secondary antibody at 1:1000 dilu-

tion at room temperature. The immunoreactive bands were

visualized using a Light Capture system (BIO-RAD, Her-

cules, CA) with an enhanced chemiluminescent substrate

for horseradish peroxidase detection (ECL Western Blot-

ting system; GE Healthcare UK Ltd.).

Adenosine triphosphatase (ATPase) assay of P-gp

The ATPase activities of P-gp were determined using the

luminescent ATP detection kit (Pgp-Glo Assay Systems,

Promega, Madison, WI) according to the manufacturer’s

instructions. Briefly, 1.25 mg/mL P-gp membranes and

25 mM MgATP were incubated in the absence or pres-

ence of temozolomide at 37 �C for 40 min, and the

remaining ATP was detected as a luciferase-generated

luminescent signal. Basal P-gp ATPase activities were

determined as the difference between the ATP hydrolysis

in the presence or absence of sodium orthovanadate.

Temozolomide-stimulated P-gp ATPase activity was

measured in the presence of varying concentrations of

temozolomide.

Animals and intracranial tumor implantation

Twelve-week-old male Fischer 344 rats were purchased

from Japan SLC, Inc. (Hamamatsu, Shizuoka, Japan). The

protocol used in the animal study was approved by the

Institute for Animal Experimentation of Tohoku Univer-

sity Graduate School of Medicine. The intracranial allo-

graft rat 9L tumor model was prepared as described

previously [15]. Briefly, 9L cells were harvested by

trypsinization and resuspended in cold PBS for implan-

tation. A cell suspension containing 5 9 105 cells per

10 lL of PBS was used for implantation into the striatum

of the rat brain. Under deep isoflurane anesthesia, the rat

was placed in a small animal stereotactic frame (David

Kopf Instruments, Tujunga, CA). A sagittal incision was

made through the skin to expose the cranium, and a burr

hole was made in the skull positioned at 0.5 mm anterior

and 3 mm lateral from the bregma using a small dental

drill. 5 lL of cell suspension was injected at a depth of

4.5 mm from the brain surface. After a wait of 2 min,

another 5 lL was injected at a depth of 4 mm. After a

final wait of 2 min, the needle was removed, and the

wound was closed with sutures.

Convection-enhanced delivery

Infusion was performed using the CED method as descri-

bed previously [7, 17]. Briefly, a reflux-free step-design

infusion cannula connected to a 1-mL syringe mounted on

a microinfusion pump (BeeHive; Bioanalytical System,

West Lafayette, IN) was used to control the infusion rate.

The tip of the cannula was guided to the tumor using the

same coordinates as tumor implantation. The following

ascending infusion rates were applied to achieve 20 lL
total infusion volume: 0.2 lL/min for 15 min, 0.5 lL/min

for 10 min, and 0.8 lL/min for 15 min.

Combination therapy against the intracranial

allograft model

Thirty-nine rats that received 9L tumor cell implants were

randomly divided into four groups: control group (n = 9),

temozolomide group (n = 10), PLD group (n = 10), and

combination group (n = 10). Seven days after tumor

implantation, CED infusion of 4 lg of PLD in 20 lL of

PBS was performed in the PLD and combination groups.

CED infusion of 20 lL of PBS was performed as a control

in the control and temozolomide groups. Temozolomide

(350 mg/(m2 days)) in a solution of 10 % DMSO in 0.9 %

saline at a dose of 90 mL/m2 was given systemically (in-

traperitoneal administration) daily for 5 days, starting on

day 5 after tumor implantation, in the temozolomide and

combination groups. All other rats were monitored for

survival. Survival between the treatment groups was

compared using a log-rank test. Estimated survival was

expressed as a Kaplan–Meier curve.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5

for Windows (GraphPad Software, Inc., San Diego, CA).

All experiments were repeated three times and the differ-

ences for two sample comparisons were determined using

the Student t test; one-way ANOVA was used for multiple

comparisons. Survival analyses were carried out using

Kaplan–Meier curves and the log-rank test. Significance

was determined at P\ 0.05.
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Results

Synergistic cytotoxic effects of temozolomide

and doxorubicin in vitro and increased

accumulation of doxorubicin

Synergistic effectswere confirmed between the two agents in

9L cells (Fig. 1a) and U251MG cells (Fig. 1b). In contrast,

only an additive effect was observed in T98G cells (Fig. 1c).

Searching for the mechanism of the observed synergistic

effects, we examined doxorubicin accumulation in 9L cells,

U251MG cells, and T98G cells in the presence or absence of

temozolomide. Doxorubicin accumulation was significantly

higher in the presence of 50, 100, 200, and 400 lM temo-

zolomide in 9L cells (Fig. 1e). As U251MG cells are sensi-

tive to temozolomide, U251MG cells were treated with

lower concentration of temozolomide (0, 50, 100 lM) and

doxorubicin (50 nM) at 37 �C for 6 h. Intracellular accu-

mulation of doxorubicin was significantly enhanced in the

presence of 100 lM temozolomide in U251MG cells

(Fig. 1f). However, in T98G cells, intracellular doxorubicin

was significantly higher only in the presence of 200 and

400 lM temozolomide (Fig. 1g). These results show that

temozolomide caused higher intracellular accumulation of

doxorubicin in glioma cells.

Doxorubicin-selected derivative P-gp-overexpressing

9L/ADR cell line and ABCB1 transfected U251MG

cell line

After step by step increased doxorubicin treatment, P-gp

overexpressing 9L/ADR cell were obtained. Cell viability

study showed the sensitivity of 9L/ADR to doxorubicin is

distinctly lower than of 9L parental cells and expression

level of P-gp greatly increased in 9L/ADR cells (Fig. 2a).

Isobologram analysis showed synergistic effect of temo-

zolomide with doxorubicin (Fig. 2b). Flow cytometric

analysis presented doxorubicin accumulation was signifi-

cantly higher in the presence of 50, 100, 200, and 400 lM
temozolomide (Fig. 2c).

To test if the similar findings observed in P-gp gene

transfected cells, ABCB1 plasmid was infected to

Fig. 1 a–c Cellular cytotoxicity in a culture of 9L cells, U251MG

cells, and T98G cells, respectively, treated with combination

chemotherapy of TMZ and DXR in different concentrations. Data

are expressed as isobologram analyses. d Western blotting detected

the expression of P-gp protein in U251MG cells but hardly detected in

T98G cells. p.c, positive control. Flow cytometric analysis showing

the intracellular accumulation of doxorubicin with or without

temozolomide (TMZ) in 9L cells (e), in U251MG cells (f), and in

T98G cells (G). Columns show means of triplicate determinations;

bars, SD. *P\ 0.05; **P\ 0.01; ***P\ 0.001, versus control

group. Experiments were repeated at least three times, and a

representative experiment is shown

238 J Neurooncol (2016) 126:235–242

123



U251MG cells. Expression level of P-gp greatly increased

in U251/ABCB1 cells (Fig. 2d). Cell viability study

showed the sensitivity of U251/ABCB1 cells to doxoru-

bicin was distinctly lower than of U251MG parental cells.

Isobologram analysis showed synergistic effect of temo-

zolomide with doxorubicin (Fig. 2e). Flow cytometric

analysis presented doxorubicin accumulation was signifi-

cantly higher in the presence of 50, 100, 200, and 400 lM
temozolomide (Fig. 2f).

Effect of temozolomide on the expression of protein

levels and ATPase activity of P-gp

The effect of temozolomide on the expression levels of

P-gp protein was investigated using western blot analysis.

Our results showed no marked difference in P-gp expres-

sion at the protein level in 9L cells and 9L-ADR cells

treated with temozolomide for 96 h compared with

untreated cells (Fig. 3a). These results suggest that temo-

zolomide inhibits the function of P-gp without affecting the

expression level of ABCB1.

The drug efflux function of P-gp is coupled to ATP

hydrolysis, which is stimulated in the presence of P-gp

substrates. To assess the effect of temozolomide on the

ATPase activity of P-gp, P-gp-mediated ATP hydrolysis

was measured using various concentrations of temozolo-

mide. As shown in Fig. 3b, temozolomide affected the

ATPase activity of P-gp in a concentration-dependent

manner, indicating that temozolomide is an inhibitor of

P-gp.

Fig. 2 a Sensitivity of 9L parental cells and doxorubicin-selected

subline 9L/ADR to doxorubicin (DXR). Expression of P-gp in 9L and

9L/ADR cells examined by Western blot analysis. b Cell viability

assay of 9L/ADR in culture treated with combination chemotherapy

of temozolomide (TMZ) and DXR in different concentrations.

Isobologram analyses show the synergistic effect of TMZ with

DXR. c Flow cytometric analysis showing the significant increase of

intracellular doxorubicin accumulation. Columns show means of

triplicate determinations; bars, SD. ***P\ 0.001, versus control

group. d Expression of P-gp in U251MG and U251/ABCB1 cells

examined by Western blot analysis. e Cell viability assay of U251/

ABCB1 cells in culture treated with combination chemotherapy of

temozolomide (TMZ) and DXR in different concentrations. Isobolo-

gram analyses show the synergistic effect of TMZ with DXR. f Flow
cytometric analysis showing the significant increase of intracellular

doxorubicin accumulation. Columns show means of triplicate deter-

minations; bars, SD. ***P\ 0.001, versus control group. Experi-

ments were repeated at least three times, and a representative

experiment is shown
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Combined effect of temozolomide and doxorubicin

on 9L brain tumor allografts in vivo

All rats from the control group, which received CED

infusion of PBS and intraperitoneal injection of 10 %

DMSO solution (the vehicle for temozolomide), had to be

euthanized because of tumor progression between 14 and

21 days after implantation. Single treatment with CED of

the PLD group (CED infusion of PLD and intraperitoneal

injection of 10 % DMSO solution) showed no significant

difference in survival (Fig. 4). In contrast, the temozolo-

mide group (CED infusion of PBS and intraperitoneal

injection of temozolomide) survived significantly longer

(P\ 0.05, log-rank test). Furthermore, rats from the

combination group receiving temozolomide and PLD lived

significantly longer than the rats in the single-therapy

groups (P\ 0.05 compared with temozolomide group,

P\ 0.001 compared with PLD group, log-rank test).

Discussion

Recently, a preclinical study demonstrated a synergistic

effect for temozolomide used in association with doxoru-

bicin [2]. Moreover, clinical trials to evaluate the combi-

nation therapy of doxorubicin with temozolomide in

patients with solid tumors have observed higher response

rates and longer response duration compared to single

agent temozolomide, and indicated the safety and moderate

efficacy of combined strategy [3, 4]. However, the possible

mechanisms were not elaborated further. It is generally

accepted that the principal limitation of the prototypical

anthracycline doxorubicin in treating patients with cancer

is the high incidence of innate anthracycline resistance, and

the rapid emergence of acquired drug resistance, which is

associated with the multidrug resistance (MDR) phenotype.

Many different mechanisms of MDR-induced chemore-

sistance have been elucidated, including alterations in cell

cycle checkpoints, failure of apoptotic cascades, repair of

damaged cellular targets, and reduced drug accumulation

[16, 17]. Of these mechanisms, reduced drug accumulation

has been studied in most detail, and appears to be a very

common mechanism of chemoresistance both in vitro and

in vivo [18]. One of the most intensively studied multidrug

transporters is P-gp (also known as ABCB1 or MDR1),

which is central in drug absorption and distribution in

many organisms. P-gp functions as an ATP-driven efflux

pump of substrates ranging from approximately

300–4000 Da in mass, including some human immunode-

ficiency virus protease inhibitors, antibiotics, immunosup-

pressive agents, and many other prescribed drugs [19–21].

Our in vitro cytotoxicity study evaluating combinational

effect of temozolomide and doxorubicin revealed that this

Fig. 3 a Effect of temozolomide (TMZ) on the expression of P-gp

protein. 9L and 9L/ADR cells were treated with TMZ of various

concentrations for 96 h. Western blotting detected the expression of

P-gp protein. b ATPase activity of P-gp. After 40 min incubation with

various concentrations of TMZ, the remaining unmetabolized ATP

was detected as a luciferase-generated luminescent signal. P-gp-

dependent decreases in luminescence reflected ATP consumption by

P-gp. Means of three independent experiments are shown. Bars, SD.

All experiments were repeated at least three times, and a represen-

tative experiment is shown in each panel

Fig. 4 Effect of combination therapy of temozolomide (TMZ) with

PLD on the intracranial 9L tumor model. a Experimental design of

the survival study. Daily intraperitoneal injections of TMZ (350 mg/

m2/d) were performed 5–9 days after tumor implantation, and local

infusions of PLD (4 lg in 20 lL of PBS) were performed on day 7.

b Kaplan–Meier survival curves for combination chemotherapy in the

tumor model. Rats from the group receiving combination treatment of

TMZ and PLD lived significantly longer than the animals in the

single-therapy groups (P\ 0.05 compared with TMZ group,

P\ 0.001 compared with PLD group, log-rank test)
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combination worked synergistic in 9L and U251MG, but

additive in T98G. Studying the expression of P-gp protein,

we found that P-gp was expressed in 9L and U251MG cells

but was scarcely detected in T98G (Fig. 1d). Judging from

all these facts, we hypothesized that temozolomide may

affect the function of P-gp and attempted to elucidate the

possible mechanisms in the present study.

We first investigated if addition of temozolomide affects

the intracellular retention of doxorubicin after doxorubicin

treatment. As doxorubicin has its own autofluorescence,

intracellular accumulation of doxorubicin was able to

detect by measuring fluorescence signal. Compared to cells

those were not treated with temozolomide, cells treated

with temozolomide contained higher amount of intracel-

lular doxorubicin indicating the effect of temozolomide on

drug efflux pump. Focusing on P-gp, we then analyzed if

there is any change in P-gp protein expression. Western

blot examination detected no difference in protein

expression before and after temozolomide treatment. Sub-

sequently, P-gp ATPase assay was utilized to test if

temozolomide directly inhibit the drug efflux activity of

P-gp. With addition of temozolomide, there was an

apparent decrease in P-gp ATPase activity indicating the

direct inhibitory effect of temozolomide on P-gp. Present

study showed for the first time that temozolomide inhibits

P-gp function through inhibiting P-gp ATPase activity,

resulting in increased intracellular accumulation of the

substrates of P-gp in malignant glioma cells.

On the other hand, clinical studies have also suggested

the interaction of temozolomide and ATP binding cassette

transporters. A subset of patients with low-grade glioma

experienced improvement in seizure frequency controlled

with a combination of antiepileptic drugs and temozolo-

mide [22], and almost all antiepileptic drugs act as sub-

strates for P-gp [23]. Moreover, one of the potential

mechanisms of antiepileptic drug resistance is overex-

pression of ATP binding cassette transporters in the cap-

illary endothelial cells of the blood–brain barrier in patients

with drug refractory epilepsy. Since antiepileptic drugs

must traverse the blood–brain barrier to enter the brain and

exert their desired effects, overexpression of the ATP

binding cassette transporters in the endothelial cells of the

blood–brain barrier may contribute to drug resistance [24,

25]. Our present findings suggest the possibility that

temozolomide enhances the effects of antiepileptic drugs in

brain tissue through inhibition of the ATP binding cassette

transporters.

Overcoming P-gp has the potential to greatly enhance

the activity of many relevant anticancer agents. Our group

previously reported that PLD delivered locally with CED

demonstrated significant survival prolongation in U251MG

and U87MG intracranial xenograft models [5], however the

survival benefit was limited in 9L intracranial allograft

model. Based on the in vitro data acquired in this study, we

determined to evaluate the efficacy of combination of

systemic temozolomide and local CED of PLD on 9L brain

tumor allografts in vivo. The present data demonstrated

that although CED of PLD failed to prolong the survival of

9L tumor-bearing rats, combination treatment of temo-

zolomide and PLD achieved a significant survival benefit

compared to the temozolomide treated group.

The present study confirmed the synergistic anti-tumor

effect of temozolomide and doxorubicin against malignant

gliomas. Direct inhibition of P-gp ATPase activity was

found to be one of the mechanisms in this synergistic

effect. This effect was more prominent when tested in P-gp

overexpressing doxorubicin highly resistant 9L/ADR and

U251/ABCB1 cells. Translating this finding, we observed

synergistic effect of systemic temozolomide and local CED

of PLD against 9L intracranial allografted brain tumor

model which was refractory to CED of PLD alone. This

strategy can be a promising novel therapeutic approach

against malignant gliomas.
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