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Abstract. Taxol is a front‑line chemotherapeutic agent for the 
treatment of patients with multiple types of tumor. However, 
resistance to Taxol remains one of the principal causes of 
cancer‑associated mortality. Glutamine, which is metabo-
lized via a glutaminase (GLS)‑dependent process, termed 
glutaminolysis, is important in cell growth and metabolism. 
The present study reported a novel mechanism underlying 
Taxol resistance in breast cancer cells. By investigating the 
glutamine metabolism of breast cancer cells in response 
to treatment with Taxol in vitro, it was observed that Taxol 
induced the uptake of glutamine and the expression of GLS1. 
Notably, Taxol‑resistant cancer cells exhibited upregulation in 
the metabolism of glutamine and expression of GLS1. In addi-
tion, overexpression of GLS1 rendered cancer cells resistant 
to Taxol, indicating that GLS1 may be the therapeutic target 
for overcoming Taxol resistance in clinical therapeutics. The 
results also demonstrated that knock‑down of GLS1 using 
small interfering RNA, resensitized the Taxol‑resistant breast 
cancer cells to Taxol.

Introduction

Taxol (paclitaxel) has emerged as an essential chemo-
therapeutic agent for the treatment of multiple types of 
tumor, including ovarian, prostate and non‑small cell lung 
cancer (1‑3). Taxol stabilizes the structure of microtubules 
by disrupting the dynamic equilibrium between soluble 
tubulin dimers and their polymerized form (3), therefore, cells 
treated with paclitaxel have problems with spindle assembly, 
cell division and chromosome segregation  (3). Taxol is a 
potent anticancer drug, causing cell cycle arrest in the late 
G2 or mitotic phases (4). However, a significant percentage 
of patients develop drug resistance during the course of 

treatment with Taxol, and the emergence of drug‑resistant 
cancer cells has limited its clinical efficacy (3,5). Therefore, it 
is imperative to develop novel strategies to reduce or overcome 
chemoresistance in cancer. The mechanism underlying Taxol 
resistance has been widely investigated. The overexpression 
of anti‑apoptotic proteins, including survivin (6), myeloid cell 
leukemia 1 (7) and B cell lymphoma‑2 (8), has been identified 
as an underlying mechanism contributing to the acquisition of 
Taxol resistance. In addition, evidence suggests that multiple 
upregulated oncogenes, including epidermal growth factor 
receptor 2 (ERBB2) (9,10), Akt (11) and sarcoma (12), may be 
directly associated with drug resistance in cancer.

Cancer cells exhibit an increased dependency on aerobic 
glycolysis, fatty acid synthesis and glutaminolysis for prolif-
eration (13). Glutaminolysis is the conversion of glutamine 
to glutamate, which is the first, and a rate‑limiting step of 
glutamine utilization catalyzed by glutaminase (GLS). There 
are two isoforms of GLS: GLS1, which has been reported 
to be expressed in non‑hepatic types of human tissue and 
tumor (14), and GLS2, a liver isoform, which is involved in the 
urea cycle (15). Glutaminolysis is not only an important proce-
dure for providing adenosine triphosphate and the reducing 
equivalent, but is also utilized to meet biosynthetic, energetic 
and reductive needs for highly proliferating cells (16). It has 
been reported that cancer cells are particularly sensitive to 
glutamine deprivation and are unable to proliferate in culture 
in its absence (17).

The present study investigated the glutamine metabo-
lism of breast cancer cells following treatment with Taxol 
in vitro. The glutamine uptake and the expression of GLS1 
in breast cancer cells was measured in response to various 
concentrations of Taxol treatment. A Taxol‑resistant cancer 
cell line was established and used to investigate the roles of 
GLS1 in Taxol‑resistance through the regulation of glutamine 
metabolism. In addition, the present study aimed to determine 
whether GLS1 may be the therapeutic target for overcoming 
Taxol resistance, and to provide a novel insight into the cellular 
and molecular mechanisms involved in Taxol‑resistant breast 
cancer.

Materials and methods

Cells and cell culture. The MDA‑MB‑231 and BT474 
human breast cancer cell lines were purchased from 
American Type Culture Collection (Manassas, VA, USA). 
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All cells were cultured in Dulbecco's modified Eagle's 
medium  (DMEM)/F‑12 (Mediatech, Inc., Manassas, VA, 
USA), supplemented with 10% fetal bovine serum (FBS; Life 
Technologies, Carlsbad, CA, USA) and 10% penicillin/strepto-
mycin (Life Technologies). The cells were cultured at 37˚C in a 
humidified incubator with 95% air and 5% CO2.

Antibodies and reagents. Mouse anti‑GLS monoclonal 
antibody was purchased from Abcam (1:100; ab60709; 
Cambridge, MA, USA) and rabbit anti‑β‑actin polyclonal 
antibody was purchased from Cell Signaling Technology, 
Inc. (1:2,000; cat. no. #4967; Danvers, MA, USA). A vector 
containing the wild‑type open reading frame clone of the 
Homo sapiens protein, GLS1, was purchased from OriGene 
Technologies (cat. no. RC206265; Rockville, MD, USA). The 
siGLS1 and control siRNA were purchased from Ambion Life 
Technologies (Austin, TX, USA). Taxol was purchased from 
Sigma‑Aldrich (St. Louis, MO, USA).

Generation of a Taxol‑resistant cell line. The MDA‑MB‑231 
cells (1x106/10 cm dish) were treated with gradually increasing 
concentrations of Taxol (50, 100, 150 and 200 nM) in regular 
cell culture conditions  (DMEM/F‑12 supplemented with 
10% FBS and 10% penicillin/streptomycin) for the selection 
of resistant cells. The medium containing taxol was refreshed 
every 4 days for 2 months, and then several resistant cell clones 
were developed from the parental cell line. The Taxol‑resistant 
cell clones were pooled and used for subsequent experiments. 
Following selection and during the culture/passage of cells, 
the cells were treated with 200 nM Taxol each month in order 
to maintain Taxol resistance.

Plasmid DNA and siRNA transfections. The transfections 
were performed using Oligofectamine™ Transfection reagent 
(Invitrogen Life Technologies, Carlsbad, CA, USA), according 
to the manufacturer's instructions. Briefly, between 0.5 and 
1x106 cells were plated into 6‑well plates overnight at 37˚C 
in a humidified incubator with 95% air and 5% CO2 to reach 
between 70 and 90% confluence. The following day, the plasmid 
DNA (4 µg) or siRNA (100 nM) were diluted in Opti‑MEM® I 
Reduced Serum medium (Life Technologies). The diluted 
DNA or siRNA was then mixed with Oligofectamine™ for 
the formation of DNA/siRNA‑lipid complexes in a total 
volume of 250 µl Opti‑MEM® I Reduced Serum medium. 
After 10‑15 min incubation at room temperature, the mixture 
was added in to the cell medium (DMEM/F‑12 supplemented 
with 10% FBS and 10% penicillin/streptomycin) and the cells 
were incubated for 48 h at 37˚C in a humidified incubator 
with 95% air and 5% CO2. Subsequently, whole‑cell lysates 
were prepared for further analysis using Novex® NP40 Cell 
Lysis Buffer  (Invitrogen Life Technologies), as previously 
described (7).

Cell viability assays. A total of 1x104 cells were seeded into 
each well of a 48‑well plate and incubated overnight. The 
medium was replaced with fresh medium, with or without 
Taxol at various concentrations (MDA‑MB‑231 cells: 0, 5, 
10, 20, 40, 80, 120, 160 and 200 nM; BT‑474 cells: 0, 0.05, 
0.1, 0.2, 0.4, 0.8, 1.2, 1.6, 2.0 and 2.4 µM) and incubated for 
48 h at 37˚C in a humidified incubator with 95% air and 5% 

CO2. The cell viability was measured using a 3‑(4,5 dimeth-
ylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay (Life 
Technologies). The absorbance was measured spectrophoto-
metrically at 570 nm using a Universal Microplate Reader 
EL800 (Bio‑Tek instruments, Inc., Vermont, MA, USA).

Glutamine uptake assay. A glutamine uptake assay was 
performed using a Glutamine and Glutamate Determination 
kit (GLN1‑1KT; Sigma‑Aldrich), according to the manufac-
turer's instructions. Briefly, MDA-MB-231 and BT474 cells 
with or without taxol treatments; MDA-MB-231 parental 
and taxol resistant cells; BT474 siGLS1 and control siRNA 
cells (2x105/well) were plated into 6‑well plates for 24 h at 
37˚C in a humidified incubator with 95% air and 5% CO2. 
The cell lysates were collected and 10 µg total protein of each 
sample was diluted to 250 µl, the cell‑free supernatant samples 
were collected and analyzed in triplicate using the glutamine 
uptake assay kits. The absorbance was measured at 340 nm 
for glutamine in a 96‑well plate‑reader (SpectraMax M2 spec-
trophotometer; Molecular Devices, Sunnyvale, CA, USA). All 
values were normalized to the total protein from each well.

Reverse transcription quantitative polymerase chain reac‑
tion (RT‑qPCR). The total RNA from MDA-MB-231 and 
BT474 cells under taxol treatments and the taxol-resistant and 
parental MDA-MB-231 cells was extracted following homog-
enization of the cells and tissues (QIAshredder; cat. no. 79656; 
Qiagen, Germantown, MD, USA) using an RNeasy Mini kit 
(Qiagen) and performing DNase digestion (RNase free DNase 
kit; Qiagen) during the RNA extraction. The total RNA (1 µg) 
was reverse transcribed using a High Capacity cDNA Reverse 
Transcription kit (Applied Biosystems, Foster City, CA, USA). 
The cDNA reaction was diluted to 1:10 with ddH2O for use 
as the template for qPCR. TaqMan Gene Expression Assays 
primers (Life Technologies) and GLS1 specific probes were 
used for expression analysis and primers and probes against 
18S ribosomal RNA (Applied Biosystems) were used as 
internal controls. The qPCR amplifications were performed 
in a final reaction volume of 10 µl containing, 5.5 µl TaqMan 
Universal PCR Master mix (Applied Biosystems), 
0.5  µl  primers and probes mix and 4.5  µg  cDNA diluted 
solution. Primer sequences used were as follows: 18S rRNA 
forward, 5'‑TGCTGTCCCTGTATGCCTCT‑3' and reverse, 
5'‑TGTAGCCACGCTCGGTCA‑3'. The cycling conditions 
were as follows: 2 min at 50˚C, 10 min at 95˚C, 40 cycles of dena-
turation for 15 sec at 95˚C and annealing/extension for 1 min 
at 60˚C. The reactions were performed using the Step 1 Plus 
Real‑Time PCR system thermocycler (Applied Biosystems) 
and all qPCR reactions were performed in triplicate and 
repeated at least twice. The comparative threshold cycle (Ct) for 
the mRNA expression was calculated relative to the Ct of 18S 
ribosomal RNA. The relative mRNA expression was calculated 
using the 2‑ΔΔCt method (7). The GLS1 primers used for qPCR 
were as follows: Forward 5'‑CTTTCCATGTTGGTCTTCC‑3' 
and reverse 5'‑AAACAAGATCGTGACAAAAGTGAA‑3'.

Western blot analysis. The cells  (5x105/300  µl lysis 
buffer) were lysed in 1X  SDS sample buffer. The 
proteins (40 µg/well) were subsequently resolved by electro-
phoresis using SDS‑PAGE (Novex® 4‑20% Tris‑Glycine Mini 
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Gels; Life Technologies) and transferred onto nitrocellulose 
membranes (Life Technologies). The membranes were probed 
with primary antibodies overnight at 37˚C, followed by incu-
bating with the appropriate horseradish peroxidase‑conjugated 
secondary antibodies for 2 h at room temperature prior to 
detection using a Super Signal Enhanced Chemiluminescence 
kit (Pierce Biotechnology, Inc., Rockford, IL, USA). For 
sequential blotting, the membranes were stripped using 
Restore Western Blot Stripping Buffer (Pierce Biotechnology, 
Inc.) and re‑probed with the appropriate antibodies.

Statistical analysis. Statistical analysis was performed 
using unpaired Student's t‑test with GraphPad Prism 5.0 
software (GraphPad Software, Inc., La Jolla, CA, USA). The 
data are expressed as the mean and P<0.05 was considered to 
indicate a statistically significant difference.

Results

Glutamine metabolism and the expression of GLS1 are 
induced by treatment with Taxol. A previous study demon-
strated that Taxol‑resistant breast cancer cells exhibited 
elevated levels of glucose metabolism (18), suggesting that 

there is an association between cellular metabolism and 
Taxol‑induced cell apoptosis. The present study examined 
whether treatment with Taxol regulated glutamine metabolism 
in breast cancer cells. Notably, a significant upregulation of 
glutamine metabolism was observed following treatment with 
Taxol at multiple concentrations (Fig. 1A). The MDA‑MB‑231 
and BT‑474 (Fig. 1A) cells exhibited an increased glutamine 
uptake following treatment with Taxol at low‑toxic concentra-
tions (MDA‑MB‑231: 5, 10 and 15 nM; BT474: 10, 20 and 40 
nM) for 48 h. Since the first stage of glutamine metabolism 
requires GLS1 to generate glutamate (15), the expression of 
GLS1 following treatment with Taxol was assessed. The 
results revealed that the protein and mRNA expression of 
GLS1 were significantly upregulated by low‑toxic treatment 
with Taxol (Fig. 1B and C). This suggested that dysregulated 
glutamine metabolism and GLS1 may be therapeutic targets 
for Taxol‑induced cancer cell apoptosis.

Taxol‑resistant breast cancer cells exhibit upregulated 
glutamine metabolism and expression of GLS1. To investi-
gate the mechanisms underlying Taxol‑induced glutamine 
metabolism in breast cancer cells, Taxol‑resistant cells 
originating from MDA‑MB‑231 were isolated by gradually 

Figure 1. Glutamine uptake and the expression of GLS1 are upregulated in breast cancer cells following treatment with Taxol. (A) Glutamine uptake was 
induced following treatment with Taxol at different concentrations for 24 h in MDA‑MB‑231 and BT‑474 breast cancer cells. (B) Western blotting results 
revealed the protein expression levels of GLS1 in MDA‑MB‑231 and BT‑474 cells following treatment with Taxol at different concentrations. β‑actin was used 
as a loading control. (C) Reverse transcription quantitative polymerase chain reaction results revealed the mRNA expression levels of GLS1 in MDA‑MB‑231 
and BT‑474 cells following treatment with Taxol at different concentrations. The data are expressed as the mean ± standard error of the mean of three inde-
pendent experiments. Ctrl, control; GLS, glutaminase.

  A

  B

  C
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treating parental cells with increasing concentrations of 
Taxol for 8 weeks. The Taxol‑resistant MDA‑MB‑231 colo-
nies were pooled as the Taxol‑resistant cells. As shown 
in Fig.  2A, the Taxol‑resistant MDA‑MB‑231 cells were 
insensitive to regular Taxol treatments compared with the 
parental cells. The half maximal inhibitory concentration 
(IC50) of the parental cells was ~100 nM, while the IC50 of 

the Taxol‑resistant cells was increased to ~300 nM. The 
glutamine metabolism in Taxol‑sensitive and resistant cells 
were compared. The glutamine uptake was significantly 
upregulated in the Taxol‑resistant cells compared with the 
Taxol‑sensitive cells (Fig.  2B). Consistently, the protein 
and mRNA expression levels of GLS1 were upregulated 
in the Taxol‑resistant cells (Fig. 2C and D). These findings 

Figure 3. Overexpression of GLS1 contributes to Taxol resistance in breast cancer cells. (A) Transient transfection of an overexpression vector containing 
wild‑type GLS1 into (A) MDA‑MB‑231 and (B) BT‑474 cells, followed by western blotting. β‑actin was used as a loading control. Following 48 h transfection, 
the MDA‑MB‑231 and BT‑474 cells expressing either the vector control or overexpressing GLS1, were treated with Taxol at different concentrations and cell 
viability was assessed using a 3‑(4,5 dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay. The data are expressed as the mean ± standard error of the 
mean of three independent experiments (*P<0.05, **P<0.01 and ***P<0.001 vs. control transfection). 231, MDA‑MB‑231 cells; GLS, glutaminase.

  A

  B

Figure 2. Taxol‑resistant breast cancer cells exhibit increased levels of glutamine metabolism and expression of GLS1. (A) Taxol‑resistant cells were gener-
ated from MDA‑MB‑231 cells by treating parental cells with gradually increasing concentrations of Taxol in regular cell culture conditions for selection of 
Taxol‑resistant cells. The cell viability of Taxol‑resistant cells was analyzed using a 3‑(4,5 dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay fol-
lowing treatment with Taxol at different concentrations for 48 h. (B) Glutamine uptake was measured in the MDA‑MB‑231 parental cells and the MDA‑MB‑231 
Taxol‑resistant cells. (C) Western blotting demonstrated that the expression of GLS1 was upregulated in the MDA‑MB‑231 Taxol‑resistant cells compared with 
the parental cells. β‑actin was used as a loading control. (D) Reverse transcription quantitative polymerase chain reaction revealed that the mRNA expression 
of GLS1 was upregulated in the MDA‑MB‑231 Taxol‑resistant cells compared with the parental cells. The data are expressed as the mean ± standard error of 
the mean of three independent experiments (*P<0.05 and ***P<0.001 vs. parental cells). GLS, glutaminase; Taxol R, Taxol‑resistant.

  A   B

  C   D
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suggested that upregulated glutamine metabolism may be 
a possible mechanism underlying Taxol resistance in breast 
cancer cells. 

Exogenous overexpression of GLS1 renders breast cancer cells 
resistant to Taxol. The results suggested that GLS1 may be 
involved in the Taxol resistance exhibited by breast cancer cells. 
To further examine the function of GLS1 in Taxol resistance, 
an overexpression vector, containing WT GLS1, was transiently 
transfected into the MDA‑MB‑231 and BT‑474 cells (Fig. 3A 
and B). The sensitivities of the cells overexpressing GLS1 
following treatment with Taxol were compared with the empty 
vector‑transfected cells. Notably, the breast cancer cells over-
expressing GLS1 exhibited increased resistance to treatment 
with Taxol compared with the control cells (Fig. 3A and B). The 
MDA‑MB‑231 cells overexpressing GLS1 demonstrated an IC50 
of ~200 nM, compared with control cells, with an IC50 of 100 nM. 
Similarly, the IC50 of the BT‑474 control cells was 1.2 µM, while 
the IC50 of the Taxol‑resistant BT‑474 cells was 2.2 µM. These 
results further supported that upregulated expression of GSL1 
contributed to Taxol resistance in breast cancer cells.

Inhibition of GLS1 resensitizes Taxol‑resistant cancer cells to 
Taxol. The results revealed that treatment with Taxol induced 
glutamine metabolism and that Taxol‑resistant breast cancer 
cells exhibited upregulated glutamine metabolism and expres-
sion of GLS1. The present study, therefore, hypothesized that 
the combination of GLS1 inhibition and treatment with Taxol 
may exhibit a synergistic effect to overcome Taxol resistance 
through the inhibition of glutamine metabolism. Knock down of 
GLS1 by siRNA significantly inhibited the metabolism of gluta-
mine in the MDA‑MB‑231 and BT‑474 cells (Fig. 4A and B). 
The glutamine uptake of the MDA‑MD‑231 and BT‑474 cells 
decreased by 40 and 50%, respectively, compared with the 
siRNA‑transfected control (Fig. 4B). The present study subse-
quently examined whether GLS1 knockdown using siRNA in 
Taxol‑resistant cells resulted in re‑sensitization of the cells to 
Taxol. The expression of GLS1 was reduced using siRNA in 
the MDA‑MB‑231 parental cells and the Taxol‑resistant cells, 
followed by treatment with Taxol at different concentrations 
for 48 h. The data revealed that knock‑down of GLS1 in the 
parental cells and the Taxol‑resistant cells rendered them 
sensitive to Taxol (Fig. 5). Cells with a lower expression of 

Figure 4. Knock down of GLS1 using siRNA inhibits glutamine metabolism. (A) Knock down of GLS1 using siRNA in MDA‑MB‑231 and BT‑474 cells 
followed by western blotting revealed the protein expression levels of GLS1, compared with the siRNA‑transfected control. (B) Knock down of GLS1 using 
siRNA in MDA‑MB‑231 and BT‑474 cells followed by measurements of glutamine uptake, compared with the siRNA‑transfected control. Data are expressed 
as the mean ± standard error of the mean of three independent experiments (*P<0.05 and **P<0.01 vs. siRNA‑transfected control). si, small interfering; GLS, 
glutaminase; Scramble, control siRNA.

  A

  B

Figure 5. Knock down of GLS1 resensitizes Taxol‑resistant breast cancer cells to Taxol. (A) MDA‑MB‑231 parental cells were transfected with siGLS1 or 
control siRNA for 48 h, followed by treatment with Taxol at different concentrations. Cell viability was subsequently analyzed using a 3‑(4,5 dimethylthi-
azol‑2‑yl)‑2,5‑diphenyltetrazolium bromide assay. (B) Taxol‑resistant MDA‑MB‑231 cells were transfected with siGLS1 or control siRNA for 48 h followed 
by treatment with Taxol at different concentrations. Cell viability was analyzed . The data are expressed as the mean ± standard error of the mean of three 
independent experiments (*P<0.05 vs. control siRNA). si, small interfering; GLS, glutaminase.

  A   B
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GLS1 exhibited reduced viability following treatment with 
Taxol. These results supported the hypothesis that inhibition of 
glutamine metabolism by knocking down GLS1 resensitizes 
Taxol‑resistant cancer cells to Taxol.

Discussion

The ‘Warburg effect’ describes the characteristic of cancer 
cells to produce energy predominantly from the glycolytic 
breakdown of glucose, rather than mitochondrial oxidative 
phosphorylation (13). In addition, cancer cells exhibit other 
metabolic characteristics, including increased fatty acid 
synthesis and glutamine metabolism (13). Glutamine, the most 
abundant amino acid in the blood, is important in cell growth 
and metabolism. Cancer cells rely on glutamine metabolism 
for increased production of by‑products, which are neces-
sary for rapidly proliferating cells, including amino‑acid 
precursors  (16). Additionally, glutaminolysis represents a 
fundamental mechanism for nitrogen anabolism (16,19).

It has been reported that glutaminolysis is associated 
with drug resistance via the activation of mammalian target 
of rapamycin complex 1 signaling in gastric cancer (20). The 
present study demonstrated that glutamine metabolism was 
induced by treatment with Taxol in human breast cancer 
cells. According to this phenotype, Taxol‑resistant cells were 
established from the MDA‑MB‑231 cell line, and the results 
revealed that the Taxol‑resistant cells exhibited upregulated 
glutamine uptake rate compared with the parental cells. This 
indicated that dysregulated glutamine metabolism may be a 
target for the development of therapeutic drugs for overcoming 
Taxol resistance in patients with cancer.

The first stage of glutamine metabolism involves GLS cata-
lyzing the conversion of glutamine to glutamate. The present 
study revealed that the expression of GLS1 was upregulated in 
Taxol‑resistant cells. It has been reported that the overexpression 
of GLS1 correlates with cell proliferation and tumor growth (21). 
Inhibition of GLS prevents oncogenic transformation and slows 
cell growth in certain types of glioma (22). The present investi-
gation demonstrated that the overexpression of GLS1 rendered 
breast cancer cells resistant to Taxol, suggesting a close asso-
ciation between GLS1 and Taxol resistance. Inhibition of the 
expression of GLS1 using siRNA significantly resensitized 
Taxol‑resistant cells to Taxol, indicating that, overexpression 
of GLS1 may be the mechanism underlying Taxol resistance in 
cancer cells. It is possible that tumor‑initiating oncogenes may 
promote glutamine utilization through elevating the expres-
sion of GLS as part of the metabolic transformation process. 
Overexpressed oncogenes, including c‑Myc, have been demon-
strated to increase the expression of GLS1 in human tumor 
cells (23). In addition, ERBB2 has been suggested to contribute 
to Taxol resistance by promoting glycolysis in cancer cells (10). 
A previous investigation reported that the activation of ERBB2 
upregulates the expression of GLS1, which promotes the prolif-
eration of breast cancer cells (24). This indicates that upregulated 
expression levels of GLS1 and glutamine metabolism may be 
the mechanism underlying ERBB2‑induced Taxol resistance. 
Further investigation aims to examine the detailed mechanism 
of Taxol‑induced glutamine metabolism in cancer cells and 
identify inhibitors of glutamine metabolism for the development 
of therapeutic strategies to overcoming drug resistance.
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