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Combination of temozolomide and Taxol exerts a synergistic
inhibitory effect on Taxol-resistant glioma cells
via inhibition of glucose metabolism
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Abstract. Malignant gliomas, which comprise the most
common type of primary malignant brain tumor, are asso-
ciated with a poor prognosis and quality of life. Paclitaxel
(Taxol) and temozolomide (TMZ) are Food and Drug
Administration-approved anticancer agents, which are
known to have therapeutic applications in various malignan-
cies. However, similar to other chemotherapeutic agents, the
development of resistance to TMZ and Taxol is common.
The aim of the present study was to investigate the regula-
tion of glucose metabolism by TMZ and Taxol in glioma
cells. The results demonstrated that glioma cells exhibit
decreased glucose uptake and lactate production in response
to treatment with TMZ; however, glucose metabolism was
increased in response to Taxol treatment. Following analysis
of TMZ- and Taxol-resistant cell lines, it was reported that
glucose metabolism was decreased in the TMZ-resistant
cells, but was increased in the Taxol-resistant cells. Notably,
a combination of TMZ and Taxol exerted synergistic inhibi-
tory effects on Taxol-resistant glioma cells. However, the
synergistic phenotype was not observed following treatment
with a combination of 5-fluorouracil and Taxol. Furthermore,
restoration of glucose metabolism by overexpression of
glucose transporter 1 in Taxol-resistant cells resulted in
regained resistance to Taxol. Therefore, the present study
proposes a novel mechanism accounting for the synergistic
effects of Taxol and TMZ co-treatment, which may contribute
to the development of therapeutic strategies for overcoming
chemoresistance in patients with cancer.
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Introduction

Gliomas are primary malignant brain tumors that exhibit
aggressive properties and are associated with a poor prognosis
in adults (1,2). Glioma cells are able to invade healthy brain
tissue and possess enhanced resistance to radiotherapy- and
chemotherapy-induced apoptosis (3). Temozolomide (TMZ)
comprises an orally bioavailable alkylating agent, which
targets nuclear DNA and generates nuclear DNA adducts
that block the cell cycle leading to apoptotic cell death (4).
Currently, adjuvant chemotherapy with TMZ is the standard
treatment for patients exhibiting primary glioblastoma
multiforme (GBM) (5,6). The chemotherapeutic regimen is
commonly administered as part of the treatment for GBM;
however, the majority of patients eventually develop resis-
tance to chemotherapy (7,8). Therefore, understanding the
underlying mechanisms that determine tumor response to
TMZ is considered to be crucial.

The Warburg effect is defined as the increased utili-
zation of glucose, which is produced by glycolysis (9).
Normal tissue relies primarily on mitochondrial oxida-
tive phosphorylation to generate the energy required for
cellular processes; however, the majority of cancer cells
switch to aerobic glycolysis. This difference suggests
that targeting metabolic dependence may be a selective
approach for the treatment of clinical patients. Therefore,
glycolytic inhibition has been applied as an anticancer
strategy in the context of selected components of the
glycolytic pathway, including glucose transporters (Gluts),
hexokinase, pyruvate kinase M2 and lactate dehydroge-
nase-A (LDHA) (10). It has previously been reported that
LDHA expression and activity are higher in Taxol-resistant
breast cancer cells, versus those in parental cells, and down-
regulation of LDHA resensitized Taxol-resistant cells (11)
indicating that dysregulated cellular metabolism may be a
therapeutic target for overcoming drug resistance in cancer
therapy.

The aim of the present study was to investigate the glucose
metabolism of glioma cells in response to treatment with
TMZ. The results demonstrated that glioma cells exhibited
decreased glucose uptake and lactate production.
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Materials and methods

Cell culture and antibodies. The U251 and LN229 human
glioma cell lines were purchased from the American Type
Culture Collection (Manassas, VA, USA). The cells were grown
adherently in Dulbecco's modified Eagle's medium (DMEM,
Sigma-Aldrich China, Inc., Hong Kong, China) supplemented
with 10% fetal bovine serum (FBS; Sigma-Aldrich China) and
1% penicillin-streptomycin (Gibco Life Technologies, Grand
Island, NY, USA) and maintained in a humidified incubator
containing 5% CO, at 37°C. The cells were maintained in
these culture conditions for all experiments. Monoclonal anti-
bodies used in the present study were as follows: Anti--actin
(cat. no. 4967; Cell Signaling Technology, Inc., Danvers, MA,
USA); anti-Glutl (cat. no. sc-7903; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) and anti-phosphoinositide-dependent
kinase-1 (PDK1; cat. no. 3820; Cell Signaling Technology,
Inc.). A vector containing Myc-DDK-tagged wild-type
Glutl (cat. no. RC222696), was purchased from OriGene
Technologies, Inc., Rockville, MD, USA). Temozolomide
(TMZ), 5-fluorouracil (5-FU) and paclitaxel (Taxol) were
purchased from Sigma-Aldrich China, Inc.

Generation of Taxol- and TMZ-resistant cell lines. The
Taxol- and TMZ-resistant cell lines were generated according
to previously described methods (11,12). Briefly, U251
Taxol- or TMZ-resistant cells were developed from parental
U251 cells by treating the cells with gradually increasing
concentrations (0.1, 0.5, 1 and 2 yM) of Taxol or TMZ in
regular cell culture medium. Taxol- or TMZ-resistant single
clones were selected and pooled for the subsequent experi-
ments. All resistant cells were re-selected by treatments
every four weeks.

Cell viability assay. The Taxol- and TMZ-resistant cells were
treated with the indicated concentrations of Taxol, 5-FU or
TMZ (0.3, 1 and 0.1%, respectively) for 48 h. The cells were
seeded in a 48-well plate, at a density of 1x10* cells/well in
0.2 ml DMEM supplemented with 10% FBS. Following an
overnight incubation under the same culture conditions, each
well was refreshed with DMEM for a further 24 h. The cells
were then treated with DMEM containing various concentra-
tions of Taxol, TMZ, 5-FU, Taxol + TMZ, or Taxol + 5-FU.
The therapeutic agent-containing DMEM was refreshed
after two days, and the cells were incubated under the same
conditions. Finally, cell viability was assessed using an MTT
assay (Sigma-Aldrich, St. Louis, MO). Five hours prior to the
end of the incubation time, 20 ¢l MTT solution [5 mg/ml
dissolved in phosphate-buffered saline (PBS)] was added to
each well containing cells, followed by incubation at 37°C
for 5 h. The media were removed by aspiration with a needle
and syringe, 200 ul dimethylsulfoxide was added to each
well and formazan crystals were dissolved by continuous
pipetting. Following incubation of the plate at 37°C for
5 min, the absorbance was measured at 590 nm using a
plate reader (Multiskan™ GO; Thermo Fisher Scientific,
Waltham, MA, USA). The relative viability was obtained
from the absorbance at 590 nm of therapeutic agent-treated
cells divided by the absorbance of untreated cells at 590 nm.
The cell viability experiment was repeated three times.
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Western blot analysis. The Taxol- and TMZ-resistant
cells, as well as Taxol-, 5-FU- or TMZ-treated Taxol- and
TMZ-resistant cells were harvested and lysed in a buffer
containing 50 mM Tris-HCI (pH 7.5) 150 mM NaCl, 2 mM
EDTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluo-
ride and Protease Inhibitor Cocktail (Sigma-Aldrich) for
20 min on ice. Lysates were cleared by centrifugation at
16873 x g for 10 min at 4°C. Supernatants were collected and
protein concentrations were determined using the Bradford
assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The
proteins (50 ug) were then separated by 10% SDS-PAGE
and transferred to a nitrocellulose membrane (Bio-Rad
Laboratories, Inc.). After blocking in PBS containing 5%
non-fat dry milk for 1 h, the membranes were incubated
overnight at 4-8°C with the primary antibodies diluted in
PBS (1:5,000) with 5% non-fat dry milk. The membranes
were extensively washed with PBS, and incubated at room
temperature for 1 h with horseradish peroxidase-conjugated
secondary anti-mouse or anti-rabbit secondary antibodies
(1:2,000; cat. no. SA00001-2; Proteintech Group, Inc.,
Chicago, IL, USA). Following additional washes with PBS,
the antigen-antibody complexes were visualized using an
enhanced chemiluminescence kit (Pierce Biotechnology,
Inc., Rockford, IL, USA).

Glucose uptake assay. U251 cells and TMZ-treated
U251 cells were seeded in 12-well plates at a density of
1-3x10° cells/well. Culture media was collected at 48 h and
stored at -20°C until assayed. Glucose uptake was measured
using an Amplex Red Glucose/Glucose Oxidase Assay kit
(Molecular Probes Life Technologies, Carlsbad, CA, USA).
Absorbance was measured at 563 nm using a SpectraMax
MS5 plate reader (Molecular Devices, Life Technologies,
Sunnyvale, CA, USA), and the results were normalized to the
quantity of total protein compared with that of the control
cells.

Lactate production assay. Lactate production in the cell
culture supernatant was detected using a Lactate Assay kit
(BioVision, Inc., Milpitas, CA, USA). Results were normal-
ized to the quantity of total protein compared with that of the
U251 cells without TMZ treatment.

Plasmid DNA transfection. A vector containing wild-type
Glutl was purchased from OriGene Technologies, Inc.
(cat. no. RC222696). Transfection was performed using
the Oligofectamine Transfection reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA), according to the manu-
facturer's instructions. Taxol-resistant U251 cells at a density
of 10° cells/well in 0.2 ml DMEM were transfected with
vector (1:1,000) and Glutl (1:1,000). The cells were collected
48 h post-transfection and prepared for further analysis by
western blotting and an MTT assay.

Statistical analysis. An unpaired Student's t-test was used to
analyze the data. SPSS version 21.0 (International Business
Machines, Armonk, NY, USA) was used for all statistical
analyses. All values are expressed as the mean + standard
error. P<0.05 was considered to indicate a statistically
significant difference between values.
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Figure 1. Treatment with TMZ activates glucose metabolism in glioma cells. (A) Glucose uptake (left) and lactate production (right) were measured in U251
cells following treatment with TMZ (0.1, 0.5, 1 and 2 uM) for 24 h. The relative glucose uptake rates were calculated by comparison with the control cells.
(B) Glucose uptake (left) and lactate production (right) were measured in LN229 cells following treatment with TMZ (0.05, 0.1, 0.5 and 1 uM) for 24 h. The
relative glucose uptake rates were calculated by comparison with the control cells. Data are presented as the mean + standard error of three independent

experiments. TMZ, temozolomide; Ctrl, control.

Results

Treatment with TMZ decreases the glucose metabolism of
glioma cells. A previous study demonstrated that TMZ-resistant
glioma cells exhibited elevated mitochondrial function (13),
thus suggesting that there is a link between cellular metabo-
lism and TMZ-induced cell apoptosis. Therefore, the present
study examined whether treatment of glioma cells with TMZ
regulates cellular metabolism. Notably, glucose metabolism
was significantly downregulated following treatment with
TMZ at various concentrations (Fig. 1). U251 (Fig. 1A) and
LN229 (Fig. 1B) cells exhibited decreased glucose uptake and
lactate production following treatment with TMZ at low-toxic
concentrations for 48 h. These results suggest that TMZ may
be administered as an anticancer therapeutic agent through the
inhibition of glucose metabolism in glioma cells.

TMZ-resistant glioma cells exhibit decreased glucose metabo-
lism. To investigate the biological significance of TMZ-induced
downregulation of glucose metabolism, TMZ-resistant cells
were generated using U251 glioma cells, according to the
methods of a previous study (12). Briefly, the cells were treated
with gradually increasing concentrations of TMZ in cell culture
medium and the TMZ-resistant cells were selected (14). After
successive treatments for three months, numerous resistant cell
clones were developed and pooled for the subsequent experi-
ments. To verify TMZ resistance, the parental cells and resistant
pool cells were treated with TMZ at various concentrations for
48 h. As was expected, a cell viability assay demonstrated that
TMZ-resistant U251 cells tolerated markedly higher concen-
trations of TMZ, when compared with TMZ-sensitive cells,
which exhibited significant inhibition of viability at 50, 100 and
200 uM (Fig. 2A). In addition, the glucose uptake and lactate
production of the TMZ-resistant U251 cells were decreased
(Fig. 2B). In addition, the expression levels of key enzymes
associated with glycolysis were detected. Glutl facilitates the
transport of glucose across the plasma membranes of mamma-

lian cells, whereas PDK1 inactivates pyruvate dehydrogenase
(PDH), which catalyzes the oxidative decarboxylation of pyru-
vate through the phosphorylation of PDH (15). The present study
demonstrated that Glutl and PDK1 were downregulated in
TMZ-resistant cells (Fig. 2C), supporting the results presented
in Fig. 2B demonstrating that TMZ-resistant glioma cells exhibit
decreased glucose metabolism.

Taxol-resistant glioma cells display upregulated glucose
metabolism. The combination of Taxol with numerous anti-
cancer therapeutic agents has been assessed and clinically
applied for the treatment of patients with cancer. To investigate
the association between dysregulated glucose metabolism and
chemosensitivity, a Taxol-resistant cell line was generated
from U251 cells. Taxol-resistant U251 cells demonstrated
a significant tolerance to Taxol at the doses of 0.5 uM, 1 yuM
and 5 M (Fig. 3A). In addition, glucose uptake and lactate
production (Fig. 3B) were detected in Taxol-sensitive and
-resistant glioma cells. Taxol-resistant cells exhibited upregu-
lated glucose metabolism, as compared with the Taxol-sensitive
cells, suggesting that activated glucose metabolism may be an
underlying mechanism of resistance, and may be a therapeutic
target for overcoming Taxol resistance in patients with glioma.
Concordantly, the expression levels of Glutl and PDK1 were
observed to be upregulated in the Taxol-resistant cells (Fig. 3C).

A combination of Taxol and TMZ exerts a synergistic effect on
Taxol-resistant cells via inhibition of glucose metabolism. It
has previously been reported that Taxol-resistant breast cancer
cells exhibit upregulated glucose metabolism, and treatment
with Taxol and glucose metabolism inhibitors demonstrated
a greater inhibitory effect on breast cancer (11). The present
study observed that treatment with TMZ inhibited glucose
metabolism, however Taxol-resistant glioma cells exhibited
activated glucose metabolism; therefore, it was hypothesized
that a combination of TMZ and Taxol may act synergistically
to overcome Taxol resistance via the inhibition of glucose
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Figure 2. TMZ-resistant cells exhibit downregulated glucose metabolism. (A) Generation of TMZ-resistant cells from U251 glioma cells. Cells were treated with
gradually increasing concentrations of TMZ in regular cell culture conditions for the selection of resistant cells. U251 TMZ-resistant clones were pooled and
analyzed following treatment with TMZ at the indicated concentrations for 48 h, and cell viability was measured. (B) Glucose uptake (left) and lactate production
(right) were measured in U251 TMZ-sensitive and resistant cells. (C) Western blotting demonstrated that the expression of Glutl and PDK1 were downregulated in
TMZ-resistant cells, as compared with the parental cells. 3-actin served as a loading control. Data are presented as the mean =+ standard error of three independent
experiments. "P<0.05; “P<0.01. TMZ, temozolomide; PDK 1, phosphoinositide-dependent kinase-1; Glutl, glucose transporter 1; S, sensitive; R, resistant.
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Figure 3. Taxol-resistant cells exhibit upregulated glucose metabolism. (A) Generation of Taxol-resistant cells from U251 glioma cells. Cells were treated with
gradually increasing concentrations of Taxol in regular cell culture conditions for the selection of resistant cells. U251 Taxol-resistant clones were pooled and
analyzed following treatment with Taxol at the indicated concentrations for 48 h, and cell viability was measured. (B) Glucose uptake (Left) and lactate production
(right) were measured in U251 Taxol-sensitive and resistant cells. (C) Western blotting demonstrated that the expression levels of Glutl and PDK1 were upregulated
in Taxol-resistant cells, as compared with the parental cells. $-actin served as a loading control. Data are presented as the mean + standard error of three indepen-
dent experiments. "P<0.05; *"P<0.01. PDK 1, phosphoinositide-dependent kinase-1; Glutl, glucose transporter 1; S, sensitive; R, resistant.

metabolism. Experiments were designed to examine whether ~ combination of Taxol and TMZ resulted in significant inhibition
treating Taxol-resistant glioma cells with TMZ would result in  of cell viability. It has previously been reported that treatment
synergistic therapeutic effects. As shown in Fig. 4A, no signifi-  with 5-FU may induce glucose metabolism in colon cancer
cant inhibitory effects were observed in the Taxol-resistant cells  cells and has similar regulatory effects on glucose metabolism
treated with Taxol or TMZ alone; however, administering a  as Taxol (15). Therefore, in the present study, resistant cells
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Figure 4. A combination of Taxol and TMZ, but not Taxol and 5-FU, exerts synergistic effects on Taxol-resistant cells. (A) Taxol-resistant U251 glioma cells were
treated with Taxol alone at doses of 1,5 and 10 uM; TMZ alone at 5 M or Taxol + TMZ for 48 h, following which cell viability was measured. (B) Taxol-resistant
U251 cells were treated with Taxol alone at 1,5 and 10 #M; 5-FU alone at 0.1 #M; or Taxol + 5-FU for 48 h, following which cell viability was measured. Data are

presented as the mean + standard error of three independent experiments. "P<0.05; “P<0.01. TMZ, temozolomide; R, resistant; 5-FU, 5-fluorouracil.
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Figure 5. Overexpression of Glutl renders Taxol-resistant cells unsusceptible to Taxol and TMZ combined treatment. (A) Treatment with a combination of Taxol
and TMZ inhibited glucose uptake (left) and lactate production (right). Taxol-resistant U251 glioma cells were treated with Taxol alone at 1 yM; TMZ alone at
5 uM, or Taxol + TMZ for 48 h, following which glucose uptake (left) and lactate production (right) were measured. (B) Western blotting demonstrated that the
expression levels of Glutl in U251 Taxol-resistant cells transiently transfected with Glutl were higher, as compared with cells transfected with a vector control
(left). U251 Taxol-resistant cells were transiently transfected with vector control or wild-type Glutl for 48 h, and were plated into 48-well plates for the indicated
treatments for 48 h, followed by measurements of cell viability. 3-actin served as a loading control. Data are presented as the mean + standard error of three

independent experiments. "P<0.05. TMZ, temozolomide; Ctrl, control; R, resistant; Glutl, glucose transporter 1; V, vector.

were treated with a combination of Taxol and 5-FU; however,
no improvement in the chemotherapeutic effects was noted
(Fig. 4B), indicating that the synergistic inhibitory effects
exerted by the combination of Taxol and TMZ may be due to
the inhibition of glucose metabolism.

To support this conclusion, the glucose uptake and
lactate production of the cells were determined following
the combined treatment (Fig. 5A). The glucose uptake and
lactate production were significantly decreased following
treatment with a combination of Taxol and TMZ. To further
verify the hypothesis, an expression vector containing Glutl
was transiently transfected into the Taxol-resistant U251 cells
(Fig. 5B). Restoration of Glutl expression recovered the glucose
metabolism in U251 Taxol-resistant cells (data not shown), and
rendered cells resistant to the combined treatment (Fig. 5B).
These data indicate that the inhibition of glucose metabolism

may specifically account for the synergistic effects of Taxol
and TMZ combined treatment in Taxol-resistant glioma cells.

Discussion

Paclitaxel (Taxol) is one of numerous tumoricidal agents that
target microtubules, and is widely administered as a chemo-
therapeutic agent in the treatment of various types of human
cancer (16). The primary cellular targets of Taxol are cancer
cell microtubules, which are vital for mitotic activity, cellular
motility and proliferative capacity (17). However, despite an
impressive initial clinical response, the majority of patients
eventually develop resistance to Taxol. Therefore, the ability to
reduce chemoresistance is particularly important for patients
with cancer. One known mechanism associated with cancer cell
resistance to Taxol, and other microtubule-stabilizing agents,
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is the high expression of the membrane, P-glycoprotein, which
functions as a drug-efflux pump (18). Other cellular mechanisms
include cell cycle deregulation (19,20) and alterations to tubulin
structure (21,22). A recent study reported that Taxol resistance
in breast cancer cells was mediated by the hippo signaling
pathway (23). In addition, a correlation between Aurora kinase A
and Taxol resistance has been detected in a xenograft model of
breast cancer (24). However, the detailed mechanisms for the
development of Taxol resistance in glioma cells remain to be
elucidated.

Cancer cells use aerobic glycolysis, with reduced mitochon-
drial oxidative phosphorylation, to metabolize glucose, whereas
healthy cells rely on oxidative phosphorylation. Therefore,
the metabolic dependencies of cancer cells may be exploited
for cancer treatment via inhibition of metabolic enzymes, in
order to improve the efficacy of cancer therapy and overcome
therapeutic resistance. It has been reported that numerous
anticancer agents may be combined with glycolysis inhibitors,
such as 5-FU (25), cisplatin (26), daunorubicin (27), Taxol (28),
trastuzumab (29) and doxorubicin (30), in order to exert a
synergistic inhibitory effect on cancer cells. In addition, the
inhibition of glucose uptake has been shown to sensitize cancer
cells to daunorubicin, and resensitize drug-resistant cells (27). A
previous study demonstrated that targeting dysregulated glucose
metabolism in breast cancer cells led to reduced trastuzumab
resistance (29). Furthermore, in vivo experiments demonstrated
that 2-deoxy-D-glucose increased the efficacy of adriamycin
and paclitaxel in human osteosarcoma and non-small cell lung
cancers (31). However, the detailed mechanisms for the efficacy
of combining chemotherapeutic agents with glycolysis inhibi-
tors remains unclear.

The present study reported that a combination treatment
with TMZ and Taxol sensitized Taxol-resistant glioma cells
via the inhibition of glucose metabolism. Significant inhibi-
tion of glucose metabolism was observed in the TMZ-resistant
cells, whereas increased glucose metabolism was observed
in the Taxol-resistant cells. This phenotype triggered the
investigation of the synergistic effects of a combination of
these two chemotherapeutic agents. It has been reported that
inhibition of glucose metabolism by oxamate resensitizes
Taxol-resistant breast cancer cells to Taxol (11). Since TMZ
was able to inhibit glucose metabolism, the present results
demonstrate that treatment with TMZ enhances the cytotoxic
effects on Taxol-resistant glioma cells by inhibiting glucose
metabolism. A previous study reported that 5-FU treatment
in cancer cells activated glucose uptake and lactate produc-
tion (15). Conversely, in the present study, as compared
with the combination of TMZ and Taxol, 5-FU treatment
did not exert an improved inhibitory effect on glioma cells
when combined with Taxol, thus suggesting that the inhibi-
tion of glucose metabolism may be the mechanism for the
synergistic effect of TMZ and Taxol on Taxol-resistant cells.
In addition, recovering the glycolysis signaling pathway by
exogenous overexpression of Glutl facilitated glioma cells
with obtaining resistance to Taxol, indicating that dysregu-
lated glucose metabolism may be the underlying mechanism
of the synergistic effects of TMZ and Taxol. However, the
detailed mechanisms are currently being investigated.
The aim of future studies will be to screen additional
chemotherapeutic agents and assess increasingly efficient
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chemotherapeutic strategies, and in vivo experiments will be
performed to verify the results of animal models.

In conclusion, the present study provides a novel perspective
on the synergistic effects of combined chemotherapeutic agents,
and contributes to the development of clinical strategies for the
treatment of patients with glioma.
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