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Glutaminolysis is a metabolic route essential for survival
and growth of prostate cancer cells and a target
of 5α-dihydrotestosterone regulation
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Abstract
Purpose Resistance to androgen-deprivation therapies and progression to so-called castrate-resistant prostate cancer (CRPC)
remain challenges in prostate cancer (PCa) management and treatment. Among other alterations, CRPC has been associated with
metabolic reprogramming driven by androgens. Here, we investigated the role of androgens in regulating glutaminolysis in PCa
cells and determined the relevance of this metabolic route in controlling the survival and growth of androgen-sensitive (LNCaP)
and CRPC (DU145 and PC3) cells.
Methods PCa cells (LNCaP, DU145 and PC3) and 3-month old rats were treated with 5α-dihydrotestosterone (DHT).
Alternatively, LNCaP cells were exposed to the glutaminase inhibitor BPTES, alone or in combination with the anti-androgen
bicalutamide. Biochemical,Western blot and extracellular flux assays were used to evaluate the viability, proliferation, migration
and metabolism of PCa cells in response to DHT treatment or glutaminase inhibition.
Results We found that DHT up-regulated the expression of the glutamine transporter ASCT2 and glutaminase, both in vitro in
LNCaP cells and in vivo in rat prostate cells. BPTES diminished the viability and migration of PCa cells, while increasing
caspase-3 activity. CRPC cells were found to be more dependent on glutamine and more sensitive to glutaminase inhibition.
BPTES and bicalutamide co-treatment had an additive effect on suppressing LNCaP cell viability. Finally, we found that
inhibition of glutaminolysis differentially affected glycolysis and lipid metabolism in both androgen-sensitive and CRPC cells.
Conclusion Our data reveal glutaminolysis as a central metabolic route controlling PCa cell fate and highlight the relevance of
targeting glutaminase for CRPC treatment.

Keywords Prostate cancer . Castrate resistance . 5α-dihydrotestosterone . Bicalutamide . BPTES . ASCT2 . Glutamine .

Glutaminolysis

1 Introduction

Prostate cancer (PCa) is one of the most frequently diagnosed
cancers amongmen. Its treatment andmonitoring remain clinical
challenges. PCa progression initially depends on the stimulatory
action of androgens, which validates the use of therapies reduc-
ing androgen biosynthesis or antagonizing the androgen receptor
(AR) [33, 71]. However, the majority of PCa cases becomes
resistant to androgen-deprivation therapy (ADT) and progresses
to so-called castrate-resistant PCa (CRPC), on average after
38 months [44]. This stage of the disease is characterized by
the proliferation of PCa cells independent of androgen depletion
and, despite important advances that have been made in recent
years, effective treatment options for CRPC are still needed [25,
42]. Preclinical and clinical studies aimed at developing strategies
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for a better management of PCa and slowing down the progres-
sion to CRPC involved investigation of the efficacy of ADT in
combination with other drugs, i.e., docetaxel or cabazitaxel [76].
As yet, however, the benefits are modest, increasing the overall
survival time by a few months only, while development of resis-
tance may occur [76]. The identification of new therapeutic tar-
gets related to the actions of androgens and the AR remains a
fundamental aspect for improving themanagement and treatment
of PCa.

Metabolic reprogramming favouring cancer development and
progression is one of the hallmarks of cancer that has been in-
tensively exploited for therapeutic improvement in recent years
[13, 39, 51]. PCa progression to CRPC has been associated with
a set of metabolic alterations that may be driven by androgens
[52, 79, 80]. These androgens have been characterized as master
regulators of several metabolic pathways in PCa, including aer-
obic glycolysis, glutamine metabolism, pyruvate import, oxida-
tive phosphorylation, fatty acid β-oxidation and de novo lipid
synthesis [4, 32, 80]. Indeed, their role in stimulating glucose and
lipid usage and metabolism has been well established, but their
capacity to modulate other routes, such as glutaminolysis, is less
well known.

Glutamine is one of the principal energy sources, supplying
nitrogen for purine and pyrimidine biosynthesis, as well as a
carbon substrate for anabolic processes in cancer [16, 78].
Glutamine uptake is mediated by the alanine, serine, cysteine
transporter 2 (ASCT2) (also called SLC1A5 or L-type amino
acid transporter) whose expression has been shown to be signif-
icantly increased in several types of cancer, including PCa [50].
In the intracellular space, glutamine is converted to glutamate by
the mitochondrial enzyme glutaminase [30]. Glutamate, in turn,
generates α-ketoglutarate, an intermediate metabolite that fuels
the tricarboxylic acid (TCA) cycle. In addition, glutaminase and
α-ketoglutarate have been shown to influence other metabolic
pathways, such as the glycolytic pathway [61].

Glutaminase has been shown to be highly expressed in PCa
and to correlate positively with tumour stage and disease pro-
gression [61, 94]. Also, there are indications that
glutaminolysis may represent a relevant metabolic pathway
in PCa, and that inhibiting glutaminase can suppress PCa cell
proliferation [9, 15, 26, 57, 64, 77]. However, the broad ac-
tions of androgens regulating this metabolic route and the
effect of glutaminase inhibition in PCa cells in the presence
(or absence) of anti-androgens still needs to be resolved. Also,
it is unknown whether inhibition of glutaminolysis by
blocking glutaminase activity can shape PCa cells towards
higher glucose and lipid utilization.

The main objective of this study was to assess the impor-
tance of glutaminolysis in controlling the fate of androgen-
sensitive and CRPC cells, and to investigate the androgenic
regulation of this metabolic route. We also ascertained how
PCa cells respond by using other metabolic pathways, such as
glycolysis, after blockage of glutaminolysis.

2 Materials and methods

2.1 Chemicals

All chemicals, culture media and antibodies, unless otherwise
stated, were purchased from Sigma-Aldrich (St Louis, MO,
USA). All solutions were prepared with ultra-pure water.
B P T E S w a s d i s s o l v e d i n DMSO , a n d 5α -
dihydrotestosterone (DHT) and bicalutamide in ethanol.

2.2 Cell lines and treatment

Human prostate adenocarcinoma cell lines (LNCaP, DU145
and PC3) were purchased from the European Collection of
Cell Cultures (ECACC, Salisbury, UK). LNCaP cells origi-
nate from a PCa lymph node metastasis, express the AR and
are used as an androgen-sensitive model. The AR-negative
DU145 and PC3 cells originate from brain and bone metasta-
ses of undifferentiated grade IV prostate adenocarcinomas,
respectively, and are used to mimic the castrate-resistant stage
of PCa [45, 74].

LNCaP, DU145 and PC3 cells were maintained in RPMI-
1640 medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/ streptomycin at 37 °C in an atmo-
sphere equilibrated with 5% CO2. At 60% confluence, the cul-
ture medium was replaced by phenol red-free RPMI-1640 me-
dium containing 5% charcoal-stripped FBS. Next, the cells were
maintained for an additional 24 h and subsequently exposed to
DHT (10 nM) or vehicle for 12, 24 and 48 h. Alternatively, cells
were exposed to different concentrations of glutamine (0, 0.25,
0.5, 0.75, 1 and 2 mM), or the glutaminase inhibitor BPTES (1,
2, 5, 10, 25 and 50 μM), alone or in combination with the AR
inhibitor bicalutamide (10, 20 and 40 μM).

2.3 Animals and hormone treatment

Adult male Wistar (Rattus norvegicus) rats, aged ~3 months
(250–300 g) were maintained in an animal room at constant
temperature and humidity, under a 12 h light-dark cycle, with
standard food pellets and water available ad libitum. Animal
handling and all experimental procedures complied with the
guidelines established by the “Guide for the Care and Use of
Laboratory Animals” published by the US National Institutes
of Health (NIH Publication No. 85–23, revised 1996), and the
National and European Union rules for the care and handling
of laboratory animals (Directive 2010/63/EU).

In total 16 rats were orchidectomised (ORCHX) under an-
aesthesia (Clorketam 1000, Vétoquinol, Lure, France). Five
days after surgery, the animals were randomly divided into
two groups receiving daily intraperitoneal injections of DHT
(500 μg/kg/day) (ORCHX + DHT) or vehicle alone (physio-
logic serum/ethanol 30% alone; ORCHX + Vehicle) for
5 days. Another group of animals that did not undergo surgery
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was treated daily with vehicle alone (intact group, n = 8). After
treatment, the animals were euthanized by cervical dislocation
under anesthesia (100 mg ketamine/8 mg xilazine per Kg),
after which the prostates were removed and immediately fro-
zen in liquid nitrogen for protein extraction.

2.4 Protein extraction

Human prostate cells and rat prostate tissues were homoge-
nized in appropriate volumes of radioimmunoprecipitation as-
say buffer (RIPA) (150 mM NaCl, 1% Nonidet-P40 substi-
tute, 0.5% Na-deoxycholate, 0.1% SDS, 50 mM Tris, 1 mM
EDTA) supplemented with a 1% protease inhibitors cocktail
and PMSF (0,1 mM), kept on ice for 20 min with occasional
mixing, and then centrifuged at 14,000 rpm for 20min at 4 °C.
Protein concentrations were determined using a Pierce™
BCA Protein Assay Kit (Thermo Scientific) according to the
manufacturer’s instructions.

2.5 Western blot analysis

Twenty-five microgram of protein extracts were resolved on a
12.5% acryl-bisacrylamide gel by SDS-PAGE. Next, the pro-
teins were electro-transferred to PVDF membranes (Bio-Rad,
Hercules, CA, USA), which were subsequently incubated
with rabbit anti-ASCT2 (1:1000, V501; Cell Signalling
Technology, Danvers, MA, USA), rabbit anti-glutaminase
(1:1000, ab93434, Abcam, Cambridge, UK), rabbit anti-
glucose transporter type1 (GLUT1, 1:1000,CBL242,
Millipore), rabbit anti-GLUT2 (1:1000, sc-9117, Santa Cruz
Biotechnology, Heidelberg, Germany), rabbit anti-GLUT3
(1:1000, sc-30,107, Santa Cruz Biotechnology), rabbit anti-
phosphofructokinase 1 (PFK1, 1:1000, sc-67,028, Santa
Cruz Biotechnology), rabbit anti-lactate dehydrogenase
(LDH, 1:10,000, Ab52488, Abcam,), rabbit anti-
monocarboxylate transporter 4 (MCT4, 1:1000, sc-
50,329,Santa Cruz Biotechnology), rabbit anti-fatty acid syn-
thase (FASN, 1:1000, no.3180; Cell Signaling Technology),
mouse anti-carnitine palmitoyltransferase 1A (CPT1A,
1:1000, ab128568; Abcam), rabbit anti-p21 (1:500, sc-397,
Santa Cruz Biotechnology) and rabbit anti-phospho-c-Myc
(1:1000, no.13748; Cell Signaling Technology) primary anti-
bodies. Next, the membranes were washed and incubated with
either anti-rabbit IgG HRP-linked (1:20000, sc-2004, Santa
Cruz Biotechnology) or anti-mouse-IgGκ HRP-linked
(1:20000, sc-516,102, Santa Cruz Biotechnology) secondary
antibodies for 1 h at room temperature. Protein expression
levels were normalized using an anti-α-tubulin monoclonal
antibody (1:10000, T9026) or a mouse anti-β-actin antibody
(1:1000, A5441). The membranes were incubated with ECL
substrate (Bio-Rad) for 5 min, after which immunoreactive
proteins were visualized using a ChemiDoc™ MP System
(Bio-Rad). Band densities were obtained according to

standard methods using Image Lab software (Bio-Rad) and
normalized using the respective housekeeping band densities.

2.6 Fluorescence immunocytochemistry

LNCaP cells were fixed with 4% paraformaldehyde (PFA)
for 10 min and permeabilized with 1% Triton X-100 for
5 min at room temperature. Next, non-specific staining
was blocked by incubation with PBS containing 0.1%
(w/v) Tween-20 (PBS-T) and 20% FBS for 1 h. After
washing, cells were incubated with a rabbit anti-ASCT2
(1:100, V501; Cell Signalling Technology) primary anti-
body for 1 h at room temperature. Alexa Fluor 488 goat
anti-rabbit IgG (Invitrogen, Darmstadt, Germany) was
used as secondary antibody. Alternatively, cells were in-
cubated with a rabbit anti-calnexin (1:50, sc-11397, Santa
Cruz Biotechnology) primary antibody for 1 h at room
temperature after which Alexa Fluor 546 goat anti-rabbit
IgG (Invitrogen) was used as secondary antibody.
Specificity of staining was assessed by omission of the
primary antibodies. Cell nuclei were stained with
Hoechst 33342 (5 mg/ml, Invitrogen) for 10 min.
Lamellae were washed with PBS-T and mounted using
Dako fluorescent mounting medium (Dako, Glostrup,
Denmark). Images were acquired using a Zeiss LSM710
laser scanning confocal microscope (Carl Zeiss,
Gottingen, Germany). The threshold for co-localization
of ASCT2 and calnexin was defined through omission
of anti-calnexin or anti-ASCT2 antibodies. The degree
of co-localization was measured using the Pearson’s cor-
relation coefficient.

2.7 Cell viability assay

LNCaP (25.000 cells/well), DU145 (8000 cells/well) and PC3
(8000 cells/well) cells were seeded in 96-well plates, after
which cell viability was determined using a colorimetric
MTT assay. After BPTES or bicalutamide treatment, MTT
(3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide), at a final concentration of 0.5 mg/ml, was added to
the cell culture medium and incubated in the dark at 37 °C for
4 h. Next, the MTT solution was carefully removed, and the
formed formazan crystals were solubilized using 100 μl
DMSO. The absorbance of the resultant purple coloured so-
lution was measured at 570 nm using a xMark™ Microplate
Absorbance Spectrophotometer (Bio-Rad). The absorbance
measured is directly proportional to the number of viable cells
in each experimental group.

2.8 Cell migration assay

Cell migration assays were performed using 8 μM pore size
transwell inserts (35,224, SPL, Life Sciences, Naechon-
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Myeon Pocheon, South Korea). Briefly, LNCaP (3.0 × 105

cells/transwell), DU145 (105 cells/transwell) and PC3 (1.5 ×
105 cells/transwell) cells were seeded into the upper chambers
with serum-free media in the presence or absence of BPTES.
The lower chambers contained media supplemented with 20%
FBS. After 24 h, cells on the lower surface of the transwell
inserts were fixed and stained with haematoxylin. Next, the
cells were counted in 10 randomly selected, 40× magnifica-
tion fields per transwell.

2.9 Caspase-3-like activity assay

Caspase-3-like activity was determined spectrophotometrical-
ly at 405 nm by detecting the yellow product p-nitro-aniline
(pNA) upon cleavage of caspase-3 substrate (Ac-DEVD-
pNA). In brief, 10 μl total protein extract was incubated over-
night at 37 °C with reaction buffer (20 mM HEPES, pH 7.4,
2 mM EDTA, 0.1% CHAPS, and 5 mM DTT) and 200 μM
Ac-DEVD-pNA. The amount of generated pNA was calculat-
ed by extrapolation using a standard curve with known
amounts of pNA. All measurements were normalized to the
total amount (μg) of protein in each sample.

2.10 Glutamine, glucose and lactate quantification

The concentrations of glutamine (NZYTech, Lisboa,
Portugal), glucose and lactate (Spinreact, Girona, Spain) in
the cell culture media of DHT- or BPTES-treated cells were
determined by spectrophotometric analysis using commercial
kits according to the respective manufacturer’s instructions.
Glutamine and glucose consumption, as well as lactate pro-
duction, were calculated relative to the initial concentration of
these metabolites at 0 h of treatment. All measurements were
normalized to the total amount (μg) of protein in each sample.

2.11 Glycolytic rate assay

The cell glycolytic response upon BPTES treatment was eval-
uated by measurement of the extracellular acidification (pro-
ton efflux rate) using a Seahorse XF-96 analyser (Seahorse
Bioscience, Agilent, Santa Clara, CA, USA). LNCaP
(15,000 cells/well), DU145 (5000 cells/well) and PC3 (5000
cells/well) cells were seeded in 96-well plates (Seahorse
Bioscience) and maintained at 37 °C, 5% CO2 for 24 h.
Next, the cells were exposed to 10 μM BPTES for 24 h. In
parallel, a XFe96 sensor cartridge for each cell plate was
placed in a 96-well calibration plate containing 200 μl/well
calibration buffer and left to hydrate overnight at 37 °C. The
sensor cartridge and the calibration plate were loaded into a
XFe96 Extracellular Flux Analyzer for calibration, after which
the utility plate containing the calibration solution was re-
placed by the study plate, and the assay started. After 24 h
of treatment with BPTES, the cell culture medium was

replaced by 180 μl/well low-buffered serum-free medium
without phenol red containing 2 mM glutamine, 10 mM glu-
cose, 1 mM pyruvate and 5.0 mM HEPES at pH 7.4, and
incubated at 37 °C for 1 h in the absence of CO2. The mito-
chondrial inhibitors rotenone and antimycin A (0.5 μM each)
and glycolysis inhibitor 2-deoxy-D-glucose (2-DG, 50 mM)
were injected via ports A and B, respectively.

The data were analysed using an Agilent Seahorse
Glycolytic Rate Assay Report Generator, and the raw data
were used to calculate the initial proton efflux rate,
mitochondrial- and glycolysis-associated acidification, after
which the acidification rate upon mitochondria and glycolysis
inhibition were calculated. All results were normalized using a
sulforhodamine B (SRB) assay [75]. Briefly, cells were fixed
with 50 μl of 60% trichloroacetic acid (TCA), overnight at
4 °C. After removing the fixing solution and washing with
distilled water, fixed cellular proteins were stained with SRB
solution (0.05% w/v in 1% acetic acid) for 1 h at 37 °C. Next,
unbound dye was removed with 1% acetic acid, and cell
bound dye solubilized with 10 mM Tris base solution,
pH 10. Colour intensities were measured at 540 nm using a
Cytation 3 microplate reader (Biotek, Winooski, VT, USA).

2.12 Alanine aminotransferase activity assay

Alanine aminotransferase (ALT) activity in BPTES-treated
cells was determined using a commercial kit (Spinreact) ac-
cording to the manufacturers’ instructions. ALT catalyses the
reversible transfer of an amino group from alanine to α-
ketoglutarate forming pyruvate and glutamate. The pyruvate
produced is reduced to lactate by LDH together with the ox-
idation of NADH to NAD+. The rate of decrease in NADH
concentration, measured spectrophotometrically, is propor-
tional to the catalytic concentration of ALT present in the
sample. The enzymatic activities were calculated by measur-
ing variations in absorbance (340 nm). The activities obtained
were calculated as U/μg of protein.

2.13 Oil-red assay

LNCaP (3 × 105 cells/well), DU145 (2 × 105 cells/well) and
PC3 (2 × 105 cells/well) cells seeded in 12-well plates and
exposed to BPTES (10 μM) for 24 h, were fixed with 4%
PFA for 30 min. Next, the cells were washed twice with
distilled water and rinsed with 60% isopropanol for 5 min.
After an additional wash, the cells were stained with Oil Red
O for 20 min. Next, Oil Red O was eluted from the cells
with 100% isopropanol under gentle agitation for 5 min. The
lipid content was determined by measuring absorbance at
492 nm using a xMark™ Microplate Absorbance
Spectrophotometer (Bio-Rad).
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2.14 Quantification of free fatty acid

The free fatty acid content in LNCaP, PC3 and DU145
BPTES-treated cells was determined by spectrophotometric
analysis using a commercial kit (Sigma-Aldrich, #MAK044)
according to the manufacturer’s instructions.

2.15 Statistical analysis

Significant differences among experimental groups were eval-
uated by unpaired T-test with Welch’s correction or one-way
ANOVA followed by Tukey post-hoc test, using GraphPad
Prism v6.00 (GraphPad Software, Inc., La Jolla, CA, USA).
P < 0.05 was considered statistically significant. All experi-
mental data are presented as mean ± standard error of the
mean (S.E.M).

3 Results

3.1 CRPC cells are more sensitive to glutamine
availability and exhibit a differential expression of
ASCT2 and glutaminase compared to LNCaP cells

The expression of the glutamine metabolism regulators
ASCT2 and glutaminase (Fig. 1a) in PCa cell models was
evaluated using Western blot analysis. We found that the ex-
pression of the glutamine transporter ASCT2 was significant-
ly lower in CRPC cells (DU145 and PC3) compared to that in
the androgen-sensitive LNCaP cells (0.57 ± 0.07 and 0.61 ±
0.02 fold variation, respectively, Fig. 1b). On the other hand,
we found that glutaminase expression (Fig. 1a) was signifi-
cantly higher in DU145 and PC3 cells compared to that in
LNCaP cells (3.66 ± 0.26 and 2.686 ± 0.22, fold variation, re-
spectively, Fig. 1b). Amongst all PCa cell lines tested, DU145
showed the highest expression of glutaminase (Fig. 1b).

The viability of LNCaP, DU145 and PC3 cells exposed to
decreasing concentrations of glutamine (2, 1, 0.75, 0.5, 0.25
and 0 mM) was evaluated using a MTT assay. We found that
glutamine concentrations lower than 0.5 mM significantly de-
creased the viability of all cell lines tested (Fig. 1c). However,
this effect was more pronounced in CRPC cells. The viability
of DU145 (0.25 and 0 mM) and PC3 (0 mM) cells was sig-
nificantly lower than that of LNCaP cells (61.80 ± 3.07% and
50.86 ± 1.16% fold variation, and 59.21 ± 0.28% fold varia-
tion, respectively, Fig. 1c).

3.2 DHT stimulates glutamine metabolism in LNCaP
cells and rat prostate cells in vivo

Androgens have been shown to play a role as metabolic regula-
tors fuelling PCa cell growth and proliferation [38, 52, 80]. Here,
we evaluated the effect of DHT (10 nM) in regulating glutamine

consumption (Fig. 2a), as well as ASCT2 (Fig. 2b, d) and gluta-
minase (Fig. 2c, d) expression in AR-positive and -negative PCa
cells. We found that DHT treatment significantly augmented
glutamine consumption in the androgen-sensitive LNCaP cells
after 24 h of treatment (1.36 ± 0.15 fold-change vs. control, Fig.
2a).Moreover, DHT significantly increased the expression levels
of ASCT2 and glutaminase in these cells upon 24 h and 48 h of
exposure (ASCT2, 1.68 ± 0.27 and 1.98 ± 0.33 fold-changes vs.
control, respectively, Fig. 2b, d; glutaminase, 1.20 ± 0.06 and
1.26 ± 0.12 fold-changes vs. control, respectively, Fig. 2c, d).
Overall, no effect was observed on the expression levels of
ASCT2 (Fig. 2b, d) and glutaminase (Fig. 2c, d) in the AR-
negative CRPC DU145 and PC3 cells in response to DHT.

Recently, it has been shown that N-linked glycosylation
serves as an important post-translational modification required
for ASCT2 trafficking from the endoplasmic reticulum to the
cell membrane (Fig. 1a) [19]. It has also been shown that andro-
gens can upregulate global protein glycosylation in PCa cells
[54], and alter the distribution of several molecular targets across
cell compartments [40, 49, 69]. Therefore, we next investigated
whether DHT stimulation may affect ASCT2 subcellular locali-
zation. For this purpose, ASCT2 co-localization with calnexin
was analysed using confocal microscopy (Fig. 2e, f). Calnexin is
a membrane protein of the endoplasmic reticulum that functions
as a molecular chaperone responsible for glycoprotein folding
and quality control [85].We found that DHT treatment increased
the co-localization of ASCT2 with the endoplasmic reticulum
protein calnexin by approximately 50% (1.47 ± 0.14 fold-
change vs. control, Fig. 2e), as determined by immunofluores-
cence staining (Fig. 2f) and analysed by the Pearson’s correlation
coefficient (Fig. 2e).

To assess whether the increased expression levels of the
glutamine regulators ASCT2 and glutaminase in response to
DHT in LNCaP cells (Fig. 2) could be recapitulated in vivo,
animal stimulation experiments were performed. To this end,
orchidectomised rats were treated with DHT (ORCHX +
DHT, 500 μg/kg/day) for 5 days. We found that both the
ASCT2 and glutaminase expression levels were significantly
augmented in the ORCHX + DHT group compared to the
ORCHX + Vehicle and/or intact groups (Fig. 3). The
ASCT2 and glutaminase expression levels changed 2.06 ±
0.24 and 1.61 ± 0.11 fold relative to those in intact animals,
respectively, Fig. 3). No effect was perceived on the protein
expression levels of ASCT2 and glutaminase upon castration
only (Fig. 3).

3.3 Inhibition of glutamine metabolism decreases PCa
cell viability and migration, and increases caspase-3-
like activity

The viability of LNCaP, DU145 and PC3 cells was determined
byMTT assay after treatment with BPTES, a specific glutamin-
ase inhibitor, which has been used to inhibit glutamine
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metabolism [66]. All BPTES concentrations tested (1–50 μM)
significantly decreased the viability of DU145 and PC3 cells
(Fig. 4a), though not always in a concentration-dependent man-
ner. BPTES also decreased the viability of LNCaP cells. Here,
however, the effect was seen only at the highest (25 μM and
50 μM) concentrations (78 ± 3% and 73 ± 2% cell viability vs.
control, respectively, Fig. 4a). Moreover, 1 μM and 2 μM
BPTES increased the viability of LNCaP cells (141 ± 9% and
127 ± 8% compared to the control, Fig. 4a). Accordingly, cal-
culated IC50 concentrations for the CRPC and LNCaP cells

were as follows, PC3 (3.00 to 4.42 μM, confidence interval
95%) <DU145 (4.63 to 6.97 μM, confidence interval 95%) <
LNCaP (above the concentration range).

The effects of BPTES on the migration and apoptosis of
PCa cells were assessed using a single concentration of
10 μM, according to previously reported studies in other can-
cer cell types [15, 86].We found that BPTES supplementation
decreased the migration capacity of LNCaP, DU145 and PC3
cells in trans-well assays (0.70 ± 0.04, 0.75 ± 0.03 and 0.61 ±
0.05 fold-changes vs. control, respectively, Fig. 4b).

Fig. 1 ASCT2 and glutaminase
expression and sensitivity to
glutamine availability in
androgen-sensitive (LNCaP) and
CRPC (DU145 and PC3) cell line
models. a Schematic
representation of glutamine
metabolism. Glutamine uptake
from the extracellular space
occurs through the ASCT2
transporter, whose translocation
to the cell membrane via the
endoplasmic reticulum depends
on post-translational
modification, i.e., N-linked
glycosylation. At the
mitochondria, glutaminase (GLS)
converts glutamine into glutamate
that enters the tricarboxylic acid
(TCA) cycle generating ATP. b
ASCT2 and glutaminase
expression determined by
Western blot analysis after
normalization to α-tubulin.
Representative blots are shown in
the right panel. c Viability of PCa
cells under decreasing glutamine
concentrations (2, 1, 0.75, 0.5,
0.25, 0 mM). Error bars indicate
mean ± S.E.M (n = 5); * p < 0.05;
** p < 0.01; *** p < 0.001 when
compared to LNCaP cells and #

p < 0.05 when compared to
DU145 cells
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The activity-like level of the executioner caspase-3, as an
end-point indicator of apoptosis, was measured in the cell
lines after treatment with BPTES. We found that caspase-3-
like activities were significantly increased in DU145 and PC3
cells (1.28 ± 0.06 and 1.20 ± 0.06 fold-change vs. control, re-
spectively, Fig. 4c), whereas no differences were detected in
LNCaP cells (Fig. 4c).

Subsequent Western blot analysis showed that the alter-
ations observed in PCa cell fate after BPTES treatment were
accompanied by alterations in the expression of the cell cycle
inhibitor p21 and the oncogene c-Myc (Fig. 4d, e). p21 ex-
pression was increased in response to BPTES treatment in all
PCa cells tested (2.05 ± 0.40, 1.60 ± 0.06 and 1.52 ± 0.18 fold-
changes vs. control, respectively, Fig. 4d). On the other hand,
BPTES significantly decreased the expression of c-Myc in

LNCaP and PC3 cells (0.59 ± 0.06 and 0.75 ± 0.05 fold-
changes vs. control, respectively, Fig. 4d).

3.4 Bicalutamide increases the sensitivity of LNCaP
cells to BPTES

Next, we investigated the effect of BPTES on PCa cell via-
bility in the presence of the anti-androgen bicalutamide. For
this purpose, LNCaP, DU145 and PC3 cells were treated
with BPTES (10 μM) and a concentration range of
bicalutamide (10–40 μM). We found that 10 μM BPTES
plus 40 μMbicalutamide had an additive effect on suppress-
ing the viability of the androgen-sensitive LNCaP cells (54
± 8% of control vs 78 ± 4% for BPTES alone, Fig. 5a). No
additive effect was perceived for BPTES and bicalutamide

Fig. 2 Effect of DHT (10 nM) on glutamine consumption, ASCT2 and
glutaminase expression, and ASCT2 subcellular localization in androgen-
sensitive (LNCaP) and CRPC (DU145 and PC3) cells treated for 12, 24
or 48 h. a Glutamine consumption in LNCaP cells determined
spectrophotometrically using a commercial kit. b, c Protein expression
determined byWestern blotting after normalization to β-actin. All results
are expressed as fold-change relative to the control untreated group (0 nM
DHT, dashed line). d Representative blots. eASCT2 co-localization with

the endoplasmic reticulum marker calnexin in LNCaP cells treated with
DHT for 24 h. Co-localization was assessed by immunofluorescence and
calculated using the Pearson’s correlation coefficient. f Representative
confocal microscopy images showing co-localization of ASCT2 (green)
with calnexin (red). Nuclei are stained blue with Hoechst 33342.
Negative controls for ASCT2, obtained by omission of the primary
antibody, are provided as insert panels (−). Error bars indicate mean ±
S.E.M (n = 5); * p < 0.05, ** p < 0.01 when compared to control
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on CRPC cells (Fig. 5b, c). On the other hand, we found that
DHT supplementation attenuated the effectiveness of

BPTES in decreasing LNCaP cell viability (95.61 ± 2.08
vs 75.75 ± 2.90%, Fig. 5d).

Fig. 3 Effect of DHT (500 μg/kg/day) on ASCT2 and glutaminase
expression levels in rat dorsolateral prostate cells. Three months old
orchidectomized (ORCHX) animals received intraperitoneal injections
of vehicle (ORCHX + vehicle) or DHT (ORCHX + DHT) for 5
consecutive days. The intact group includes animals that did not
undergo surgery and received vehicle only. Protein expression was

determined by Western blotting after normalization to β-actin. All
results are expressed as fold-change relative to the control intact group.
Error bars indicate mean ± S.E.M (n = 5); * p < 0.05 when compared to
intact group; # p < 0.05; when compared to ORCHX + vehicle group.
Representative blots are shown in the right panel

Fig. 4 Effect of BPTES (1–50 μM) on the viability, migration, caspase-
3-like activity and p21 and c-Myc protein expression levels in androgen-
sensitive (LNCaP) and CRPC (DU145 and PC3) cells treated for 24 h. a
LNCaP, DU145 and PC3 cell viability determined by MTT assay (% of
control). b PCa cell migration determined by a transwell assay in
uncoated chambers. The upper chamber contained serum-free medium
and cells in the presence or absence of BPTES (10 μM). FBS
supplemented medium in the lower chamber was used as
chemoattractant. Data are expressed as the mean number of migrating

cells per 20x magnification field (10 fields were assessed for each
experimental condition). c Caspase-3-like activity in 10 μM BPTES-
treated cells measured spectrophotometrically based on the release of
pNA chromophore. d Protein expression upon BPTES treatment
(10 μM) determined by Western blot analysis after normalization to β-
actin. eRepresentative blots. Results are expressed as fold-change relative
to the control untreated group (0 nM BPTES, dashed line). Error bars
indicate mean ± S.E.M (n = 5); * p < 0.05; ** p < 0.01; *** p < 0.001
when compared to the control
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3.5 Glycolytic metabolism of PCa cells is affected by
inhibition of glutaminase

Cancer cells display astonishing metabolic plasticity,
reprogramming metabolic routes according to the environmental
conditions and nutrients available [13, 68]. It has also been re-
ported that the glycolytic metabolism of PCa cells can be mod-
ulated by an increased expression of glutaminase [61]. With this
rationale, we next investigated whether glutaminase inhibition
resulting from BPTES treatment may disturb the glycolytic me-
tabolism of PCa cells. Glucose consumption and lactate produc-
tion were determined spectrophotometrically, and the protein
levels of key transporters and enzymes involved in glucose me-
tabolismwere evaluated byWestern blot analysis.We found that
BPTES treatment decreased glucose consumption in all PCa
cells tested (0.83 ± 0.04, 0.97 ± 0.01 and 0.86 ± 0.02 fold-
changes vs. control in LNCaP, DU145 and PC3 cells,

respectively, Fig. 6a). This decrease was accompanied by a de-
creased production of lactate in LNCaP cells (0.83 ± 0.04 fold-
change vs. control, Fig. 6b), whereas no significant differences
were observed in the other two cell lines (Fig. 6b).

Glucose consumption is mediated by the uptake of glu-
cose through glucose transporters (GLUTs), i.e., GLUT1,
GLUT2 and GLUT3, which have been detected in PCa
cells [14, 79]. Here, we found that BPTES treatment dif-
ferently affected GLUT expression levels in our PCa cell
models (Fig. 6c, d). GLUT1 expression was significantly
decreased after BPTES treatment in PC3 cells (0.65 ± 0.07
fold-change vs. control, Fig. 6c) and diminished expres-
sion of GLUT2 upon BPTES treatment was observed in
LNCaP cells (0.59 ± 0.05 fold-change vs. control, Fig.
6c). Concerning GLUT3, BPTES exposure diminished
its expression only in DU145 cells (0.73 ± 0.04 fold-
change vs. control, Fig. 6c).

Fig. 5 Effect of BPTES (10 μM) on the viability of androgen-sensitive
(LNCaP) and CRCP (DU145 and PC3) cells depending on bicalutamide
(Bica, 10–40, μM) and DHT (10 nM). Cells were cultured for 24 h and
viabilities were determined byMTT assay. a, b, c Results expressed as %
of control. Error bars indicate mean ± S.E.M (n = 5). * p < 0.05, ** p <
0.01, *** p < 0.001 when compared with the control. $ p < 0.05, $$$ p <

0.001 when compared with bicalutamide (40 μM); ## p < 0.01 when
compared with BPTES (10 μM) d Results expressed as % of control.
Error bars indicate mean ± S.E.M (n = 5); ** p < 0.01, *** p < 0.001
when compared with control; $ p < 0.05, $$$ p < 0.001 when compared
with BPTES (+); ### p < 0.001 when compared with DHT (+) BPTES (+)
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Considered to be one of the rate-limiting steps in glycoly-
sis, the conversion of fructose 6-phosphate into fructose 1,6-
bisphosphate by PFK1 is a crucial step in the glycolytic flux.
We found that BPTES treatment significantly decreased
PFK1 expression in all PCa cell lines tested (0.66 ± 0.07,
0.69 ± 0.07 and 0.81 ± 0.05 fold-changes vs. control in PC3,
DU145 and LNCaP, respectively, Fig. 6c). Also, a decreased
expression of LDH, the enzyme that converts the end-product
of glycolysis pyruvate into lactate, was observed in all PCa
cell lines tested in response to BPTES (0.68 ± 0.08, 0.73 ±
0.07 and 0.87 ± 0.03 fold-changes vs. control in PC3,
DU145 and LNCaP, respectively, Fig. 6c). The lactate pro-
duced is exported to the extracellular space through specific
members of the monocarboxylate transporter (MCT) family,
i.e., MCT4, which has been associated with PCa progression
and poor prognosis [3, 17, 79]. Here, we found that MCT4
expression was significantly decreased upon BPTES treat-
ment in LNCaP cells (0.59 ± 0.07 fold-change vs. control,
Fig. 6c).

A Seahorse XF Glycolytic Rate Assay was used to inves-
tigate the effect of BPTES on glycolytic metabolism in PCa
cells. Specifically, the contribution of glycolysis to

extracellular acidification before and after mitochondrial inhi-
bition was evaluated. Pyruvate from glycolysis can be con-
verted to lactate in the cytosol or, alternatively, to CO2 and
H2O in the mitochondria. Both pathways result in acidifica-
tion of extracellular media by the extrusion of protons or by
the reaction of CO2 with water forming carbonic acid, which
also produces protons (Fig. 7a). The basal proton efflux rate
(PER) represents the contribution of both pathways to the
acidification of cell culture medium under normal culture con-
ditions (Fig. 7b). We found that the basal PER was signifi-
cantly decreased after BPTES treatment in LNCaP and PC3
cells (0.60 ± 0.04 and 0.83 ± 0.05 fold-changes vs. control,
respectively, Fig. 7c), whereas it remained unaltered in
DU145 cells (Fig. 7c). Subtracting the contribution from the
effect of CO2-dependent acidification (mitochondrial-
associated acidification) provides the contribution of glycoly-
sis (Glyco PER, Fig. 7b). We found that BPTES treatment
decreased Glyco PER only in LNCaP cells (0.64 ± 0.05 fold-
change vs. control, Fig. 7c), which was correlated with the
observed reduction in lactate extrusion rate (Fig. 6b).
Compensatory Glycolysis (Fig. 7b) indicates the maximum
cell capability to use glycolysis after mitochondrial inhibition.

Fig. 6 Glucose consumption, lactate production and GLUT1, GLUT2,
GLUT3, PFK1, LDH and MCT4 protein levels in androgen-sensitive
(LNCaP) and CRPC (DU145 and PC3) cells treated with BPTES
(10 μM). a, b Glucose consumption and lactate production determined
spectrophotometrically using commercial kits. c Protein expression

determined by Western blotting after normalization to β-actin. d
Representative blots. The results are expressed as fold-change relative
to the control untreated group (0 nM BPTES, dashed line). Error bars
indicate mean ± S.E.M (n = 5); * p < 0.05; ** p < 0.01, when compared
with control
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We found that adding rotenone and antimycin A, inhibitors of
mitochondrial electron transport chain Complex I and III, re-
spectively, upon BPTES-treatment resulted in a significant
diminution of Compensatory Glycolysis in all PCa cell lines
tested (0.70 ± 0.04, 0.83 ± 0.04 and 0.71 ± 0.04 fold-changes
vs. control in DU145, LNCaP and PC3 cells, respectively,
Fig. 7c). Post-2-DG acidification (Fig. 7b), obtained after in-
hibition of glycolysis by 2-DG injection, induced a differential
response in LNCaP and CRPC cells. BPTES treatment signif-
icantly increased Post-2-DG acidification in LNCaP cells
(1.70 ± 0.28 fold-change vs. control, Fig. 7c), whereas the
opposite effect was observed in DU145 and PC3 cells (0.80
± 0.06 and 0.63 ± 0.06 fold-changes vs. control, respectively,
Fig. 7c).

Finally, extracellular acidification can occur through
glucose- and glutamine-independent pathways, i.e., through
the activity of aminotransferases. The aminotransferase ALT
catalyzes a reversible conversion of alanine into glutamate and

pyruvate [46]. Here, we found that BPTES treatment signifi-
cantly increased ALT activity in LNCaP cells (2.60 ± 0.63
fold-change vs. control, Fig. 8), whereas a diminution was
observed in PC3 cells (0.44 ± 0.05 fold-change vs. control,
Fig. 8).

3.6 Glutaminase inhibition affects lipid metabolism

Glutamine and glutamate are the main suppliers of the
anaplerotic reaction that produces citrate, which in turn is
the principal source for lipid synthesis during cancer cell
growth [10, 23]. A relationship between glutaminolysis and
fatty acid metabolism has been reported [2, 10, 82]. Based on
this information, we next evaluated the expression of FASN, a
crucial enzyme in fatty acid synthesis, and CPT1A, a rate-
limiting component in the carnitine-dependent transport of
fatty acids across the inner mitochondrial membrane, upon
glutaminase inhibition (Fig. 9a). We found that androgen-

Fig. 7 Effect of BPTES (10 μM) on glycolysis and extracellular
acidification in androgen-sensitive (LNCaP) and CRPC (DU145 and
PC3) cells. a Glycolysis and mitochondrial respiration as cell energy
sources. Glucose is transformed into lactate during glycolysis, with the
resulting protons from NADH conversion to NAD+ being extruded into
the extracellular space. Mitochondrial activity (TCA cycle and oxidative
phosphorylation) produces CO2 and H2O and generates H+, which
contributes to the acidification of the surrounding environment. b
Schematic panel illustrating the experimental strategy. Proton efflux
rate (PER) was obtained using the Seahorse XF96 Glycolytic Rate
Assay. Basal PER represents the initial total PER. The use of rotenone
and antimycin A (0.5 μM), inhibitors of mitochondrial complexes I and
III, respectively, enabled calculation of the mitochondrial-associated

acidification (Mito PER). The Glycolytic PER (Glyco PER) resulted
from subtracting Mito PER from Basal PER results. Inhibition of
mitochondria drives compensatory changes to use glycolysis to meet
energy demands (Compensatory Glycolysis). Glycolysis was inhibited
using the glucose analogue 2-deoxy-D-glucose (2-DG, 50 mM, Post-2-
DG acidification). c Basal PER, Glycolytic PER, Compensatory
Glycolysis and Post 2-DG Acidification in LNCaP, DU145 and PC3
BPTES-treated cells. Each experimental result was normalized to cell
mass determined by SRB assay. The results are expressed as fold-
change relative to the control untreated group (0 nM BPTES, dashed
line). Error bars indicate mean ± S.E.M (n = 5); * p < 0.05; ** p < 0.01,
*** p < 0.001 when compared with control
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sensitive and CPRC cells exhibited different responses to
BPTES (Fig. 9). FASN expression was significantly de-
creased in BPTES treated LNCaP cells (0.48 ± 0.06 fold-
change vs. control, Fig. 9a), but increased in BPTES treated
PC3 cells (1.77 ± 0.24 fold-change vs. control, Fig. 9a).
Similarly, CPT1A expression was decreased in LNCaP cells
(0.73 ± 0.077 fold-change vs. control, Fig. 9a), but increased
in DU145 and PC3 cells (2.9 ± 0.46 and 2.10 ± 0.14 fold-
changes vs. control, respectively, Fig. 9a) upon exposure to
BPTES. Next, we evaluated the free fatty acid content in PCa
cells upon BPTES treatment, and found that it was decreased
in PC3 cells (0.92 ± 0.013 fold-change vs. control, Fig. 9b).
Acumulation of lipids in cytosolic lipid droplets is a feature of
cancer cells involving increased lipid uptake, de novo lipid
synthesis and lipid remodelling, being an additional source
of fatty acids from lipolysis [21, 59]. We found that inhibition
of glutaminase by BPTES decreased the lipid content of
LNCaP cells (0.86 ± 0.019 fold-change vs. control, respec-
tively, Fig. 9c).

4 Discussion

Our data revealed the importance of glutaminolysis in maintain-
ing the survival and migration abilities of androgen-sensitive
and AR-negative CRPC cells. In addition, we found that gluta-
minase inhibition may have an impact on other metabolic path-
ways, i.e., those involved in glycolysis and lipid metabolism.

As a starting point, we found that the different PCa cell line
models used, i.e., LNCaP (androgen-sensitive) cells and
CRPC DU145 and PC3 cells, displayed distinct expression
levels of the key regulators of glutamine metabolism, the glu-
tamine transporter ASCT2 and glutaminase. Here, we focused
on ASTC2, as it is the receptor that has been shown to be
responsible for glutamine uptake and tumor growth [20, 87].
CRPC cells displayed lower basal ASCT2 expression levels

compared to LNCaP cells. Previously, ASCT2 expression has
been shown to be increased in primary PCa samples compared
to non-cancer tissues [81]. On the other hand, it has been
found that patients undergoing anti-androgen therapy
displayed a significant decrease in prostate ASCT2 expression
compared to untreated individuals [81], which is concordant
with the expression pattern we observed in the androgen-
sensitive and CRPC cell line models.

In contrast, glutaminase expression was found to be signif-
icantly higher in the more aggressive CRPC cells relative to
LNCaP cells. Previous patient data revealed overexpression of
glutaminase in PCa tissues compared to benign prostate hy-
perplasia or non-cancer tissues, which positively correlated
with Gleason scores [61, 94], thereby also linking increased
glutaminase expression with the aggressiveness of the disease.
A higher expression of glutaminase in PCa cells relative to the
normal prostatic epithelial cell line RWPE-1 has also previ-
ously been reported [94]. Our present study is the first show-
ing differential glutaminase expression between castration-
resistant (AR-negative) and androgen-sensitive PCa cell line
models, which is in accordance with the patient findings. Our
data also revealed that restricting glutamine availability sup-
presses the viability of PCa cells, with a relatively higher
impact on CRPC cells. Under low concentrations or glutamine
deprivation, the viability of CRPC cells was significantly low-
er than that of androgen-sensitive LNCaP cells, which indi-
cates that CRPC cells are more glutaminolytic and dependent
on the utilization of glutamine to survive.

Androgens are widely recognized as principal hormones
responsible for maintaining prostate cell proliferation and sur-
vival [6, 88]. These hormones have also been pointed out as
important regulators of prostate cell metabolism, including the
modulation of lipid metabolism and glycolysis [6, 38, 52, 80,
88]. However, the action of androgens in the regulation of
glutamine metabolism is less well known. Here, we show that
DHT treatment stimulates glutaminolysis in LNCaP cells,
which was underscored by an enhanced glutamine consump-
tion and an increased expression of both the amino acid trans-
porter ASCT2 and glutaminase. Moreover, these in vitro re-
sults were mirrored in vivo in the rat prostate, where DHT
treatment upregulated the expression levels of ASCT2 and
glutaminase. Intracellular glutamine can be converted to glu-
tamate through glutaminase, and the observed increased ex-
pression of this enzyme is in line with the observed augmen-
tation in glutamine uptake in response to DHT. These findings
corroborate a previous study showing that androgens may
regulate glutaminase expression in other androgen-sensitive
(VCaP) PCa cells [84].

ASCT2 is the major molecular player in mediating glu-
tamine uptake and, thus, its increased expression levels
clearly support the enhanced glucose consumption ob-
served in LNCaP cells. Indeed, other studies have shown
upregulation of ASCT2 expression in LNCaP and VCaP

Fig. 8 Effect of BPTES (10 μM) on ALT activity in androgen-sensitive
(LNCaP) and CRPC (DU145 and PC3) cells. All results are expressed as
fold-change relative to the untreated control group (0 nMBPTES, dashed
line). Error bars indicate mean ± S.E.M (n = 5); * p < 0.05; ** p < 0.01
when compared with control
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cells in response to androgens [60, 84], which was also
accompanied by an increased uptake of glutamine [84].
Human ASCT2 contains two N-glycosylation sites
(N163 and N212) that, although not altering the activity
of the protein, have been shown to increase its stability,
and to be responsible for intracellular trafficking from the
endoplasmic reticulum to the plasma membrane [19].
Aberrant glycosylation has been identified as a typical
event in PCa and to be regulated by androgens [43,
54–56]. These hormones are also capable of altering the
subcellular localization of several molecular targets [40,
49, 69]. Therefore, we sought to investigate whether ex-
posure to DHT affects the intracellular distribution of
ASCT2. Indeed, we found that DHT treatment significant-
ly increased co-localization of ASCT2 with the endoplas-
mic reticulum chaperone calnexin, which coordinates N-
linked protein glycosylation, glycoprotein folding and
quality control [36, 67, 85]. The endoplasmic reticulum
is the major organelle involved in protein glycosylation
and a central player in the distribution of proteins to the
cell membrane through the endoplasmic reticulum-Golgi
apparatus pathway. Thus, our findings support the role of
androgens driving the trafficking of ASCT2 from the en-
doplasmic reticulum to the plasma membrane. Although
future studies are needed to clarify the role of androgens
in regulating glycosylation and intracellular trafficking of
ASCT2, here we show co-localization of ASCT2 with the

endoplasmic reticulum. Moreover, the increased co-
localization of ASCT2 with calnexin was concomitant
with the augmented glutamine consumption in LNCaP
cells, supporting an increased density of the transporter
molecules at the cell membrane. Together, these observa-
tions substantiate the role of androgens as central regula-
tors of glutamine metabolism in PCa.

Considering the androgenic regulation of glutamine metab-
olism and the distinct sensitivity of CRPC and LNCaP cells to
glutamine availability, the cell fate and metabolic response
upon inhibition of glutaminolysis were investigated. BPTES,
a recognized inhibitor of glutaminase [66], decreased the via-
bility of all PCa cell lines studied. However, CRPC and
androgen-sensitive cells displayed distinct responses to
BPTES, with low concentrations of glutaminase inhibitor
(1–10 μM) only effectively suppressing the viability of
DU145 and PC3 cells. This is further supported by the finding
that CRPC cells were more sensitive to a limited availability
of glutamine. Interestingly, DU145 and PC3 cells exhibited
higher glutaminase basal expression levels compared to
LNCaP cells, but this may not be the only reason underlying
the higher sensitivity of CRPC cells to BPTES. Inhibition of
glutaminolysis by enzyme inhibitors, such as BPTES or CB-
839, or silencing glutaminase expression has also been shown
to decrease the proliferation of several cancer cell types, in-
cluding PCa cells [9, 34, 61, 77]. Moreover, our present find-
ings underscore a previous report showing that cancer cells

Fig. 9 Effect of BPTES (10μM) on the expression of FASN andCPT1A,
and free fatty acid and lipid content in androgen-sensitive (LNCaP) and
CRPC (DU145 and PC3) cells. a Protein expression determined by
Western blotting after normalization to β-actin. b Free fatty acid
content determined spectrophotometrically using a commercial kit. c

Lipid content quantified by lipid droplet staining and elution using an
Oil Red-O assay. All results are expressed as fold-change relative to the
control untreated group (0 nM BPTES, dashed line). Error bars indicate
mean ± S.E.M (n = 5); * p < 0.05; ** p < 0.01 when compared with
control. Representative blots are shown in the right panel
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that more actively use glutamine are more sensitive to inhibi-
tion of this metabolic pathway [91]. Taken together, the re-
sults obtained indicate that CRPC cells are more dependent on
the utilization of glutamine as energy source to support their
growth than androgen-sensitive LNCaP cells.

In line with the cell viability results, we found that glutamin-
ase inhibition with BPTES also induced apoptosis of CRPC
DU145 and PC3 cells, as indicated by an augmented caspase-
3-like activity. Caspase-3 is the executioner caspase at the con-
vergence of intrinsic and extrinsic apoptotic pathways. Thus,
activation of precursor caspase-3 is a recognized indicator of
apoptosis [41, 58]. Nevertheless, we found that BTPES-
modulated cell behavior was associated with altered expression
of cell cycle and oncogenic pathway regulators in all PCa cell
lines tested. We found, for example, that the expression of the
potent cyclin-dependent kinase inhibitor p21, a cell cycle inhib-
itor functioning as tumor suppressor and activator of apoptosis by
cleavage of precursor caspase-3 [31, 93], was significantly in-
creased in LNCaP, DU145 and PC3 cells. Although there are no
reports on the inhibition of glutaminase by compound 968 in
PCa, in ovarian cancer cells this compound has also been found
to increase p21 expression, concomitantly with reduced cyclin-
dependent kinase 4 and cyclin D levels [90].

c-Myc is one of the oncogenes known to be overexpressed in
PCa, being important for cancer progression and establishment
of the CRPC phenotype [5, 7, 11]. Moreover, c-Myc has been
shown to be involved in the metabolic reprogramming of PCa
cells, specifically promoting the expression of glutaminase [30,
63]. Noteworthy, we found that c-Myc expression decreased in
LNCaP and PC3 cells after treatment with BPTES. Although
mechanisms involved in the interplay between c-Myc expression
and glutaminase inhibition in PCa cells still need to be clarified,
BPTES inhibition in renal cell carcinoma has been found to halt
renal cancer progression driven by c-Myc [70].

Besides its effects on cell viability and caspase-3-like activity,
we found that inhibition of glutaminase also has the potential to
decrease the migratory capabilities of PCa cells, effects that were
transversal to all cell lines. These findings are in agreement with
similar reports in oral, lung and breast cancer cells, where gluta-
minase activity was shown to be related to the promotion of
cancer cell migration [37, 65, 83]. Overall, our data revealed an
effectiveness of the glutaminase inhibitor BPTES in decreasing
the viability, inducing the apoptosis and suppressing the migra-
tion of CRPC cells, with only moderate effects in hormone-
sensitive LNCaP cells.

ADT remains the mainstream therapy for hormone-sensitive
primary and metastatic PCa [62, 76]. However, tumours that
initially respond to therapy inevitably acquire resistance to ther-
apy and progress to more aggressive stages, i.e., the castration
resistant form of the disease [62, 76]. The development of CRPC
is a complex process relying on abnormal activation of the AR
signalling axis, driven by e.g. the occurrence of genetic variants,
positive and negative AR regulators, altered post-translational

AR modifications and ligand-independent AR activation [27,
28]. Recently, it has been shown that metabolic reprogramming
underlies the establishment of the androgen independent pheno-
type and the occurrence of treatment resistance, which includes
changes in glucose, lipid and glutamine metabolism [38, 91, 92].
The metabolic peculiarities of PCa cells and its potential thera-
peutic advantages have been gaining interest [13]. In fact, in vitro
and in vivo evidence shows that combination of ADT with, for
example, lipid or cholesterol metabolism blockage may have a
positive effect on suppressing cancer cell growth and overcom-
ing ADT resistance [29, 47, 92]. Here, we found that the con-
comitant administration of BPTES and bicalutamide had an ad-
ditive effect on diminishing the viability of androgen-sensitive
LNCaP cells, whereas DHT suppressed the effect of inhibiting
glutaminase. These findings open up new perspectives for the
development of co-treatment approaches using anti-androgens
and metabolic inhibitors, i.e., glutaminase inhibitors.

Cancer cell metabolism comprises a complex mixture of
diverse and intricate processes that depend on a variety of
nutrients fuelling the TCA cycle. Previous reports have shown
that a relationship exists between glucose and glutamine han-
dling, and that glutamine availability can change glucose up-
take and metabolism [22, 61]. Glutamine is converted to glu-
tamate by glutaminase and subsequently to α-ketoglutarate. It
has been shown that α-ketoglutarate can directly regulate glu-
cose uptake [24, 72]. Moreover, glutamine-derived glutamate
and α-ketoglutarate have been linked to the electron transfer
system in the malate-aspartate shuttle between mitochondria
and the cytosol, which allows the regeneration of NAD+ for
glycolysis [48]. Suppression of glutamate production can im-
pair this shuttle, thereby affecting glycolysis and oxygen con-
sumption. Also, metabolic crosstalk exists between glucose,
glutamine and their intermediate metabolites. Pyruvate, the
end product of glycolysis, can also be obtained from glutamine
by ALT, which catalyses the reversible transfer of an amino
group from alanine to α-ketoglutarate forming pyruvate and
glutamate [1]. Here, we found that suppression of glutaminase
activity by BPTES significantly reduced glucose consumption
in all PCa cells tested. Similar effects have been described in
PCa PC3 cells upon siRNA-mediated glutaminase silencing or
BPTES administration, resulting in a decrease in glucose up-
take [61].

Glucose consumption starts with its uptake from the extra-
cellular medium through GLUT family members, i.e.,
GLUT1, GLUT2 and GLUT3, in PCa cells [14, 79]. We
found that BPTES treatment decreased glucose consumption
in all PCa cell line models tested, which was supported by a
decreased expression of GLUTs. A differential response was
observed for different GLUT family members, i.e., treatment
with BPTES decreased GLUT1, GLUT2 or GLUT3 levels in
PC3, LNCaP and DU145 cells, respectively. Glucose uptake
by distinct GLUTs in different PCa cells was also observed in
another study [12].
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A crucial step in the glycolytic process is the irreversible
conversion of fructose 6-phosphate to fructose 1,6-bisphosphate,
a reaction catalysed by PFK1. We found that BPTES-treated
PCa cells exhibited a diminished expression of PFK1, which
indicates that besides a reduced glucose consumption, the glyco-
lytic flux rate is decreased upon glutaminase inhibition. Although
a possible correlation between PFK1 activity and glutamine me-
tabolism in PCa cells is currently unknown, in Hela cells both
glucose and glutamine were found to be required for cell cycle
progression, which was also related with a decreased activity of
APC/C-Cdh1 ubiquitin ligase leading to accumulation of the
glutaminase and glycolysis-promoting enzyme 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase, isoform 3
[18].

The last step in glycolytic metabolism is the conversion of
pyruvate to lactate through LDH, followed by the export of lac-
tate to the extracellular space. The reduced glucose consumption
observed in BPTES-treated LNCaP cells was accompanied by a
decreased export of lactate, implicated by a decreased expression
of LDH andMCT4. Although information in PCa is very limited
or non-existent, inhibition of glutaminase by compound 968 in
ovarian cancer cells also resulted in a decreased lactate export
[89]. Similar findings were found in colorectal cancer cells, with
glutaminase inhibition suppressing glucose uptake and lactate
export [73].

We found that BPTES treatment also decreased the basal
efflux of protons (Basal PER) in LNCaP and PC3 cells, which
in the case of LNCaP cells seems to result from a direct con-
tribution of glycolysis (Glyco PER). The Glyco PER param-
eter is directly correlated with the export of lactate, and strictly
follows the decreased lactate production observed in LNCaP
cells after BPTES treatment. Interestingly, when oxidative
phosphorylation was inhibited none of the PCa cell lines test-
ed had the capability to compensate this phenomenon using
glycolysis (Compensatory Glycolysis). These results implicat-
ed the relevance of glutaminase in influencing the glycolytic
pathway and identified glutaminase as a metabolic checkpoint
in the interplay between glutamine and glucose metabolism,
with impact on cell survival, proliferation and migration.

After inhibiting glutaminolysis and oxidative phosphoryla-
tion, the addition of 2-DG halted the glycolytic pathway, dis-
abling PCa cells to use any of these metabolic pathways.
CRPC cells treated with BPTES exhibited lower levels of
acidification attributed to other sources than glycolysis or mi-
tochondrial TCA activity. Interestingly, the relatively BPTES-
resistant LNCaP cells exhibited increased levels of extracellu-
lar acidification after inhibition of glutaminolysis, mitochon-
drial activity and glycolysis. This indicates that these cells are
capable of using diverse and alternative energy sources.
Therefore, we evaluated the activity of ALT in response to
glutaminase inhibition, as this enzyme is placed in the inter-
play between glycolysis and glutaminolysis by its capability
to generate both pyruvate and glutamate. Interestingly, we

found that BPTES-treated LNCaP cells exhibited increased
ALT activity, whereas a decreased activity was observed in
PC3 cells. Similar findings have been described for HeLa
cells, with ALT expression being induced by glutamine dep-
rivation or glutaminase inhibition, which was shown to sustain
the TCA cycle by the conversion of glutamate to α-
ketoglutarate [46]. A compensatory response of cancer cells
upon inhibition of glutaminolysis was also observed in pan-
creatic cancer cells, which displayed increased ALT and glu-
tamate levels and no decreased α-ketoglutarate levels, indicat-
ing reactivation of alternative carbon sources [8]. Therefore, it
is possible that the source for the extracellular acidification in
LNCaP cells after inhibition of glutaminolysis, mitochondrial
activity and glycolysis, may result from reactivation of alter-
native carbon sources likely by ALT activity.

Cancer cell growth is intimately associated with lipid syn-
thesis, which is continuously sustained by the supply of cit-
rate. Several pieces of evidence indicate that cancer cells can
generate citrate for fatty acid synthesis from the reductive
metabolism of glutamine [10, 23]. In addition, it has been
shown that glutamine contributes 25% of lipids synthesized
by cancer cells [53]. CRPC cells seem to have the capacity to
augment fatty acid synthesis and lipid oxidation in response to
glutaminase inhibition, as indicated by an increased expres-
sion of FASN and CPT1A, respectively. Accelerated lipid ca-
tabolism under inhibited glutaminolysis has also been described in
breast cancer cells and to be related with activation of survival
mechanisms [35]. Moreover, a previous study reported that inhi-
bition of ASCT2 decreased fatty acid synthesis in LNCaP cells,
but not in PC3 cells [81]. The decreased content of fatty acids
observed in BPTES-treated PC3 cells, together with an increased
FASN and CPT1A expression, suggests that CRPC cells are ex-
tensively using lipids as their energy source, with fatty acid β-
oxidation superimposing to de novo lipid synthesis. A distinct
behavior of LNCaP cells in handling lipids was observed when
glutaminolysis was inhibited.We found that decreased FASN and
CPT1A expression after BPTES treatment, suggesting diminished
de novo lipid synthesis and reduced oxidation, resulted in a bal-
anced content of free fatty acids, though the overall lipid content
was decreased.

Together, the here obtained results indicate a pivotal role of
glutamine in shaping PCa cell metabolism, i.e., glycolysis and
lipid handling. We found that, despite this adaptation, inhibi-
tion of glutaminolysis with BPTES significantly altered PCa
cell fate. Our findings also indicate that it is crucial to deeply
understand the metabolic responses of cancer cells when spe-
cific metabolic pathways are targeted for therapy. Future stud-
ies should address the adaptive metabolic responses of PCa
cells to different metabolic inhibitors to be tested
(pre)clinically.

In conclusion, we found that androgens potentiated gluta-
mine metabolism in AR-positive PCa cells, whereas the inhi-
bition of glutaminase activity decreased cell viability and
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migration, and increased apoptosis, particularly in CRPC
cells, which showed to be more glutaminolytic (Fig. 10).
These outcomes appear exciting considering targeting gluta-
minase for CRPC therapy. Using molecular and metabolic
extracellular flux analyses, we also found that suppression of
glutaminolysis in PCa cells has impact on glycolysis and lipid
metabolism (Fig. 10). Our findings highlight the importance
of fully understanding cancer metabolic remodelling whenev-
er specific metabolic routes are inhibited with therapeutic
purposes.
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