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Abstract Glycolysis has been shown to be required for the
cell growth and proliferation in several cancer cells. However,
prostate cancer cells were accused of using more fatty acid
than glucose to meet their bioenergetic demands. The present
study was designed to evaluate the involvement of hexokinase
and CPT-1 in the cell growth and proliferation of human
prostate cancer cell lines, PC3, and LNCaP-FGC-10. Hexoki-
nase and CPT-1 activities were examined in the presence of
different concentrations of their inhibitors, lonidamine and
etomoxir, to find the concentration of maximum inhibition
([Imax]). To assess cell viability and proliferation, dimethyl-
thiazol (MTT) assay was carried out using [Imax] for 24, 48,
and 72 h on PC3 and LNCaP cells. Apoptosis was determined
using annexin-V, caspase-3 activity assay, Hoechst 33258
staining, and evaluation of mitochondrial membrane potential
(MMP). Moreover, ATP levels were measured following
lonidamine and etomoxir exposure. In addition, to define the
impact of exogenous fatty acid on the cell growth and prolif-
eration, CPT-1 activity was evaluated in the presence of pal-
mitate (50 μM). Hexokinase and CPT-1 activities were sig-
nificantly inhibited by lonidamine [600 μM] and etomoxir
[100 μM] in both cell lines. Treatment of the cells with
lonidamine [600 μM] resulted in a significant ATP reduction,
cell viability and apoptosis, caspase-3 activity elevation,
MMP reduction, and appearance of apoptosis-related morpho-
logical changes in the cells. In contrast, etomoxir [100 μM]
just decreased ATP levels in both cell lines without significant

cell death and apoptosis. Compared with glucose (2 g/L),
palmitate intensified CPT-1 activity in both cell lines, espe-
cially in LNCaP cells. In addition, activity of CPT-1 was
higher in LNCaP than PC3 cells. Our results suggest that
prostate cancer cells may metabolize glucose as a source of
bioenergetic pathways. ATP could also be produced by long-
chain fatty acid oxidation. In addition, these data might sug-
gest that LNCaP is more compatible with palmitate.
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Introduction

According to Warburg phenomenon, cancer cells consume
elevated amounts of glucose through aerobic glycolysis even
in the presence of adequate oxygen [1]. This enhanced glucose
uptake and utilization constitutes some advantages for tumor
growth, such as survival in condition of fluctuating oxygen
tension [2] and generation of lactic acid [3], which favor tumor
invasion [4]. In addition, metabolizing glucose through the
pentose phosphate pathway generates NADPH which, as an
antioxidant, confers protection against unfriendly microenvi-
ronment and chemotherapeutic agents [5]. Themost important
advantage of Warburg phenomenon is that some of the inter-
mediates of glycolysis are shunted toward anabolic reactions,
e.g., DHAP for triacylglycerol and phospholipid synthesis or
pyruvate for malate and alanine synthesis [5].

However, regarding glucose utilization by prostate cancer
cells, there are some contradictions as follow:

2-Deoxyglucose (hexokinase inhibitor) induces apoptosis
in LNCaP cells [6], and inhibition of glucose uptake sensitizes
PPC-1, but not DU-145, to FAS-induced cell death [7]. In
contrast, it was reported that LNCaP cells grow and proliferate
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at control rates even in the presence of 0.05 g/l glucose, but
DU-145 cells are more sensitive to glucose deprivation, and
their growth decreased significantly even in the medium con-
taining 0.5 g/l glucose [8].

As rapid cell proliferation requires increased energy de-
mand, if glucose consumption is not increased proportionally,
alternative metabolic source, especially fatty acid oxidation, is
needed to provide bioenergy for this abnormal proliferation.
According to some reports, fatty acid oxidation may be the
dominant bioenergetic pathway in prostate cancer [9], and in
LNCaP and PC3, uptake of palmitate was at least tenfold
higher than that of glucose [10]. Elevated activity of some
enzymes of β-oxidation pathway, such as α-methylacyl-CoA
racemase [11–15], and upregulation of peroxisomal D-
bifunctional protein (involved in branched-chain fatty acid
β-oxidation) [16] provide more evidences.

Therefore, the present study was designed to evaluate the
effect of two critical enzymes in glycolysis and β-oxidation,
i.e., hexokinase (HK) and carnitine–palmitoyl CoA transfer-
ase 1 (CPT-1), on the androgen-dependent and androgen-
independent prostate cancer cell lines, LNCaP and PC3.

So we used chemical inhibitors of the HK and CPT-1
enzymes, lonidamine and etomoxir.

Lonidamine (1-[2, 4-dichlorobenzyl]-1Hindazole-3-car-
boxylic acid) is a small molecule that inhibits glycolysis and
the inhibition of HK by lonidamine is well established [17].
Lonidamine stimulates aerobic glycolysis in normal differen-
tiated cells but suppresses that of neoplastic cells [18]. This
selective action of lonidamine on the tumor glycolysis path-
way may be modulated through its inhibitory effect on
mitochondrial-bound HK (HK type II) [19], which is present
in considerable amounts on the outer membrane of tumor
mitochondria but not in those of normal differentiated cells
[20]. To inhibit CPT-1 enzyme, the cells were treated with
etomoxir, 2-[6-(4-chlorophenoxy)hexyl]oxirane-2-carboxyl-
ate. etomoxir is absorbed in the intestine and transported,
similar to fatty acids, to the tissues. Once converted to its
CoA ester in the cells, it acts as a strong and irreversible
inhibitor of mitochondrial CPT-1 [21], through which the
transport of long-chain acyl-CoA into mitochondria is
inhibited [22, 23].

Materials and methods

Materials

All materials used in the experiment were of high quality,
appropriate for cell culture research and purchased as follow:
RPMI-1640 (Sigma-Aldrich), fetal bovine serum (FBS)
(Gibco). Cell culture plastic ware (Orange scientific),
etomoxir (Sigma-Aldrich), lonidamine (Sigma-Aldrich),
palmitic acid (Sigma-Aldrich), fatty acid-free BSA (Sigma-

Aldrich), protease inhibitor cocktail (Roche), glucose 6 phos-
phate dehydrogenase (Sigma-Aldrich), NADP(Sigma), L-car-
nitine (Sigma), palmitoyl CoA (Sigma-Aldrich), DTBN (Sig-
ma), dimethylthiazol (MTT) (Merck), Hoechst 33258 (Sig-
ma–Aldrich), annexin-V-FITC apoptosis detection kit
(Biovision), ApoSensor Cell Viability Assay Kit (Biovision),
Oxoplate (gift from Precision Sensing GmbH), caspase-3
fluorometric assay kit (Biovision), JC-1 Mitochondrial Mem-
brane Potential Assay Kit (Cayman chemical).

Cell culture and treatments

LNCaP-FGC-10 (LNCaP) and PC3 cell lines were obtained
from the National Cell bank affiliated to Pasteur Institute
(Tehran, Iran). LNCaP and PC3 cell lines were cultured in
RPMI-1640 (Gibco) supplemented with 10 % fetal bovine
serum (FBS, Gibco), 100 U/ml penicillin and 100 μg/ml
streptomycin (Gibco), at 5 % CO2 and 95 % humidity at
37 °C. Where indicated, the cells were grown in glucose-
free RPMI-1640, supplemented with BSA-conjugated
palmitate.

Preparation of bovine serum albumin (BSA)-conjugated
palmitate

Palmitate was used to assess the effect of exogenous fatty acid.
BSA-conjugated palmitate was prepared by the method of
Listenberger LL [24]. Briefly, 2 mM solution of palmitic acid
in 0.01 M NaOH was incubated at 70 °C for 30 min. The
resultant palmitate soap was conjugated with 0.34 mM fatty
acid-free BSA solution while stirring at 37 °C for 1 h.

Total hexokinase activity

To determine the maximum inhibitory concentration ([Imax])
of lonidamine, total hexokinase activity was measured using a
glucose 6-phosphate dehydrogenase (G6PD)-coupled assay
as described previously [25] with minor modifications.
LNCaP and PC3 cells were cultured in RPMI-1640, contain-
ing 2 g/L glucose. After treatment of the cells with lonidamine
at concentrations 300, 450, 600, 750, and 850 μM for 1 h,
trypsinization, and centrifugation, the pellets were sonicated
in ice-cold homogenization buffer (protease inhibitor, 45 mM
Tris–HCl, 50 mM KH2PO4, 10 mM glucose, 11.1 mM
monothioglycerol, 0.5 mM EDTA, 0.2 % (v/v) Triton X-100,
pH 8.2). The final assay mixture consisted of 10 μl freshly
lysed cell supernatant (obtained through centrifugation at
12,000×g, 10 min), 1 unit/ml G6PD, 0.5 mg/ml NADP,
6.7 mMATP, 7 mMMgCl2, 4 mM glucose, 2.5 mMKH2PO4,
1 mM NaH2PO4, 11.1 mM monothioglycerol, 0.01 % (v/v)
Triton X-100, 25 μM EDTA, and 45 mM Tris–HCl, pH 8.5.
Hexokinase activity was determined by following the conver-
sion of NADP to NADPH spectrophotometrically at 340 nm
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and defined as millimolars of NADPH per mg protein at
37 °C.

CPT-1 activity

To determine the [Imax] of etomoxir on CPT-1, LNCaP and
PC3 cells were treated with etomoxir 0, 25, 50, 100, 200, and
400 μM in the presence of glucose (2 g/L) or palmitate
(50 μM) for 1 h. CPT-1activity in the cell homogenates were
assayed spectrophotometrically by following the release of
CoA-SH from palmitoyl-CoA using the general thiol reagent
DTNB (5,5′-dithio-bis-(2-nitrobenzoic acid)) as described by
Karlic et al. [26]. Briefly, cell homogenates were prepared in
buffer (0.25 M sucrose, 1 mMEDTA, and protease inhibitors)
followed by sonication and centrifugation at 12,000×g,
10 min. Reaction mixtures containing DTNB buffer and cell
lysate were incubated at room temperature for 30 min, and the
resulting absorbance at 405 nm was defined as background.
To start reaction, substrates, i.e., palmitoyl-CoA (final con-
centration 100 μM) and L-carnitine solution (final concentra-
tion 1 mM) were added to the reaction mixture. Reaction
mixtures were incubated for 30 min at 37 °C, and the absor-
bance was measured at 405 nm. The difference between
absorbance with and without substrates measured CPT-1 ac-
tivity which was defined as millimolars CoA-SH released per
milligram protein.

MTT assay

The MTT assay was optimized for the LNCaP and PC3 cell
lines in our experiments. Briefly, LNCaP and PC3 cells were
incubated with etomoxir (in the presence of glucose or palmi-
tate) or lonidamine at [Imax] for 24, 48, and 72 h, and then
0.5 mg/ml of MTT was added to the culture medium for 4 h.
DMSO was added, after gentle shaking and incubation for
15 min at 37 °C; absorbance was read at 570 nm using the
microplate spectrophotometer system (TECAN™ sunrise
model, Austria). Results were presented as percentage of the
control value.

Intracellular ATP level

LNCaP and PC3 Cells were exposed to lonidamine or
etomoxir at [Imax] for 0, 1, 2, and 4 h. Following cell lysis
by nuclear releasing buffer and subsequent adding ATP mon-
itoring enzyme (both supplied by ApoSensor Cell Viability
Assay Kit), luminescent intensity from each well was moni-
tored on Bio-Tek Synergy HT Microplate Reader in the lumi-
nescence mode. Normalized to the protein concentration in
each sample, ATP levels were calculated as a percentage of
control.

Oxygen consumption rate

Oxygen consumption rate (OCR) was measured using
oxoplate, according to the manufacture protocol as following:

The plate contains two different dyes; fluorescence inten-
sity of the indicator dye depends on the oxygen content of the
sample while the fluorescence intensity of the reference dye is
independent of the oxygen content. Oxygen partial pressure
can be calculated using intensity of the indicator/intensity of
the reference ratio (IR) and two-point calibration; oxygen-free
water (1 g/L of sodium sulfite, Calibrator 0) and air-saturated
water (vigorously shook water for 2 min, calibrator 100), as
follow:

pO2 %ð Þ ¼ 100*
cal0

IR
−1

� �
=

cal0

cal100
−1

� �

Briefly, 50 μl of culture medium of control and etomoxir-
treated cells (for 0, 1, 2 and 4 h) were transferred to the
oxoplate and then fluorescent emissions were read at
650 nm (indicator) and 590 nm (reference) following excita-
tion at 540 nm.

Annexin-V staining for determining cell death mechanism

To determine the mechanism of cell death following treatment
of LNCaP and PC3 with lonidamine and etomoxir (in the
presence of glucose or palmitate), 50,000 cells/well were
seeded and treated with lonidamine and etomoxir at [Imax].
Then the cells were harvested after 48 h through
trypsinization, washed in PBS, and centrifuged at 200×g for
5 min. The pellet was then stained for 15 min at room tem-
perature with annexin-V-FITC and PI (supplied by Annexin-
V-FITC apoptosis detection kit) and examined using FACS
Calibur flow cytometer (USA). Analyses were performed by
the software supplied with the instrument.

Caspase-3 activity assay

Contribution of caspases-3 in the lonidamine or etomoxir-
induced apoptosis was investigated using Caspase-3 Fluo-
rometric Assay Kit according to the manufacturer’s instruc-
tion. Briefly, LNCaP and PC3 cells were incubated for 12, 24,
36, 48, and 72 h with lonidamine or etomoxir (in the presence
of glucose or palmitate) at [Imax]. After incubation of the cells
with cell lysis buffer on ice for 30 min, 50 μl of cell lysate,
50 μl of 2× reaction buffer containing 10 mM DTT and
DEVD-AFC substrate (50 μM final concentration) were
mixed and incubated at 37 °C for 2 h. Samples were read in
Bio-Tek Synergy HTMicroplate Reader equipped with a 360/
40 nm excitation and 528/20 nm emission filter. Fold-increase
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in caspases-3 activity/mg protein was determined by compar-
ing the results with the level of the untreated control.

Morphological aspects of apoptosis

Nuclear morphology was assessed as described previously by
Salami et al. [27]. Briefly, LNCaP and PC3 cells were plated
in eight-well chamber slides and allowed to adhere. Then the
cells were treated with lonidamine or etomoxir at [Imax] for
48 h. The cells were fixed with methanol–acetic acid 3:1 (v/v)
for 10 min, after which staining was carried out with Hoechst
33258 (10 μg/mL) at 37 °C in dark (15 min). Slides were then
washed in distilled water and examined by fluorescence mi-
croscope (Micros, Austria). Apoptotic cells were defined on
the basis of chromatin condensation and fragmentation, cyto-
plasm shrinkage and plasma membrane blabbing.

Mitochondrial potential measurements

JC-1 dye (Cayman’s JC-1 Mitochondrial Membrane Potential
Assay Kit) was used to examine mitochondrial membrane
potential (ΔΨm). In the cells with intact mitochondria, JC-1
accumulates in the mitochondria in proportion toΔΨm as red
fluorescent aggregates while, in depolarizedmitochondria, red
fluorescence fades and green fluorescence of JC-1 monomers
predominates [28].

LNCaP and PC3 cells were plated and allowed to adhere.
Then the cells were treated with lonidamine and etomoxir at
[Imax] for 12, 24, and 36 h. After incubation for 15 min at
37 °C in the presence of JC-1 dye and washing twice with
assay buffer, fluorescence of JC-1 was quantified by the use of
Bio-Tek Synergy HT Microplate Reader equipped with exci-
tation and emission pairs 560/595 nm for red and 485/535 nm
for green fluorescence.

ΔΨm was expressed as a ratio of red to green fluorescence.
Lower ratio correlates with more positiveΔΨm [29]. Therefore,
these ratios were used as an indicator of mitochondria health.

Statistical analysis

Non-parametric unpaired ttest and ANOVA with Dunnett’s
test were used respectively for comparison of two and more
groups, using Graphpad Prism software 5. P<0.05 was con-
sidered significant. All data are expressed as mean±SD.

Results

Effect of lonidamine on total hexokinase activity

LNCaP and PC3 cell lines were treated with lonidamine at
concentrations of 0, 300, 450, 600, 750, and 850 μM for 1 h,

and thenHK activity was determined. As shown in Fig. 1a, HK
activity decreased in a dose-dependent manner in LNCaP (P=
0.0020) and PC3 (P=0.0007). The first significant inhibitory
effect was seen at 600 μM for LNCaP (46.19 %) and PC3
(48.15 %). Since there were no significant differences between
850 μM inhibition and that of 600 μM, this concentration of
lonidamine was considered [Imax] for next experiments.

Effect of etomoxir on CPT-1 activity in the presence
of glucose (2 g/L)

To determine CPT-1 activity in response to etomoxir, LNCaP
and PC3 cells were exposed to etomoxir at concentrations of
25, 50,100, 200, and 400 μM for 1 h, and then CPT-1 activity
was determined. Exposure of LNCaP and PC3 to etomoxir
resulted in a significant and dose-dependent decrease of CPT-
1 activity in LNCaP (P=0.0009) and PC3 (P=0.0015) cell
lines. As it is shown in Fig. 2, the highest decrease in CPT-1
activity occurred at concentration of 100 μM, 57 and 63.5 %
for LNCaP and PC3 cells respectively (Fig. 1b, c). Therefore,
this concentration of etomoxir was considered [Imax] for the
next experiments.

Effect of etomoxir on CPT-1 activity in the presence
of palmitate (50 μM)

To validate the effect of exogenous fatty acid (palmitate), CPT-1
activity was determined after treating LNCaP and PC3 cells with
etomoxir at 0, 25, 50, 100, 200, and 400 μM in the presence of
palmitate (50 μM) for 1 h. A fall in the activity of CPT-1 in
response to etomoxir in the presence of palmitate was dose-
dependent (P=0.0014 for PC3 and 0.001 for LNCaP cells), and
100 μMconcentration of etomoxir lowered CPT-1 activity up to
51 and 60 % for PC3 and LNCaP, respectively. Therefore, this
dose of etomoxir was used as [Imax] for next experiments. As it is
evident in Fig. 1b and c, in the presence of palmitate, activity of
CPT-1 was significantly higher compared with its activity in the
presence of glucose (unpaired t test P=0.037 and 0.0218 for
PC3 and LNCaP). In addition, CPT-1 was approximately 37 %
more active in the presence of palmitate in LNCaP cells than
PC3 cells (non-parametric unpaired ttest P=0.0453). These data
show that palmitate induces CPT-1 activity especially in LNCaP
cells.

Lonidamine decreased viability of prostate cancer cells

To evaluate the effect of hexokinase inhibition on the cell
viability, PC3 and LNCaP cell lines were treated with
lonidamine [600 μM] for 24, 48, and 72 h, and the decline
of cell viability was measured by MTT assay. MTT assay
showed a time-dependent decrease in the viability of both cell
lines. As it is observed in Fig. 2a, lonidamine induced a
significant reduction (P<0.001, one-way ANOVA) in PC3
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cells viability (69.5±10.6% for 24 h to 19.8±3.5% for 72 h vs.
control). Growth inhibitory effects of lonidamine on LNCaP
cells were also time-dependent and significant (P<0.001, one-
way ANOVA) so that viability of LNCaP cells were decreased
from 85.5±5.45 % at 24 h to 31.3±2.9 % at 72 h vs. control.

Inhibitory effect of lonidamine on cell viability was more
pronounced on PC3 cells in comparison to LNCaP cells, and
this effect was significant for 72 h treatment (P=0.013, non-
parametric unpaired t test).

These preparatory results suggesting that hexokinase activ-
ity is necessary for the prostate cancer cells viability have been
confirmed using flow cytometery analysis (Annexin-V-FITC).

Viability assay in response to etomoxir treatment

Non-significant cytotoxic effect of etomoxir on LNCaP
and PC3 cells

LNCaP and PC3 cells were exposed to etomoxir [100 μM] for
24, 48, and 72 h to determine its effect on the cell viability

using MTT assay. By increasing duration of exposure to
etomoxir, viability was decreased in both cell lines in the
presence of glucose or palmitate. However, etomoxir was
unable to exert significant decline in cell viability of LNCaP
and PC3 cells in the presence of glucose or palmitate
(Fig. 2b, c). Therefore, CPT-1 activity and maybe palmitate
are not vital for prostate cancer cells.

Intracellular ATP levels

Having established that treating LNCaP and PC3 cells with
lonidamine and etomoxir resulted in decreased activity of
hexokinase and CPT-1, respectively, we then investigated
whether they depend on glucose or palmitate for ATP supply.
As shown in Fig. 3a, ATP levels of LNCaP and PC3 cells
exposed to lonidamine [600 μM] declined significantly
(P<0.0001 for both cell lines) to approximately 40 % of the
control. However, decrease in ATP levels were not significant
for 2 and 4 h compared with 1 h exposure.

In response to CPT-1 inhibition by etomoxir, the ATP
levels fell significantly in the presence of glucose (2 g/L)

Fig. 1 Effect of various concentrations of lonidamine and etomoxir on
the activity of hexokinase and CPT-1, respectively, a lonidamine
significantly reduced hexokinase activity in a dose-dependent manner.
LNCaP and PC3 were cultured in RPMI-1640 containing 2 g/L glucose
and then treated with different concentrations of lonidamine for 1 h.

LNCaP (b) and PC3 (c) were treated with various concentrations of
etomoxir for 1 h, and then CPT-1 activity was determined. Etomoxir
resulted in the dose-dependent decrease in CPT-1 activity. Results were
presented as mean and P<0.05 (*), P<0.01 (**), and P<0.001 (***)
were considered significant
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(P=0.0294 and 0.0079 for PC3 and LNCaP) and palmitate
(P=0.0192 and 0.0022 for PC3 and LNCaP). Compared with
1 h treatment with etomoxir, decrease in ATP levels were not
significant during 2 and 4 h exposure (Fig. 3b, c).

These data raised the possibility that hexokinase inhibition
may have direct impact on the cellular energy metabolism.

Oxygen consumption rate

To measure mitochondrial fatty acid oxidation by LNCaP and
PC3 cells, in response to CPT-1 inhibition, OCR was deter-
mined after treatment of the cells with etomoxir [100 μM] for
0, 1, 2, and 4 h.

In the presence of palmitate, treatingwith etomoxir resulted
in a significant time-dependent decrease in the OCR for
LNCaP (39–48 %, P=0.001) and PC3 (21–32 %, P=0.011)
cells (Fig. 3d, e). However, reduction of OCR following
treatment with etomoxir, in the presence of glucose was not
significant for both cell lines (Fig. 5). These data reflect that
CPT-1 inhibition decreases mitochondrial β-oxidation and
hence O2 utilization.

Unlike etomoxir, lonidamine induces apoptosis in prostate
cancer cells

To more directly examine the effect of lonidamine and
etomoxir on cell viability and also determining underly-
ing mechanism of cell death, PC3 and LNCaP cells
were exposed to the lonidamine [600 μM] or etomoxir
[100 μM] for 48 h and analyzed using annexin-V and
PI double staining. Following exposure to lonidamine,
PC3 cells undergone a significant increase in early
(non-parametric unpaired t test P=0.0002) and late
(non-parametric unpaired t test P=0.0001) apoptosis
(Fig. 4a). Lonidamine also induced a significant in-
crease in the percentage of both early (non-parametric
unpaired t test P=0.0003) and late (non-parametric un-
paired t test P=0.0004) apoptosis in LNCaP cells
(Fig. 4a). In contrast, the apoptotic changes in response
to etomoxir were not significant in both cell lines
(Fig. 4b, c). Therefore, inhibition of hexokinase activity
has resulted in the apoptotic cell death which did not
occur by CPT-1 inhibition. Moreover, the overall cell
death frequency was in accordance with MTT assay.

Fig. 2 Inhibition of cell viability upon exposure of LNCaP and PC3 cell
lines to lonidamine and etomoxir. Lonidamine (600 μM) inhibited the
viability of LNCaP and PC3 cells (a). LNCaP (b) and PC3 (c) were
cultured in medium containing glucose (2 g/L) or palmitate (50 μM) and

then treated with etomoxir [100μM] for 24, 48, and 72 h. Results (mean±
SD) were calculated as percent of corresponding control values. P<0.05
(*), P<0.01 (**), and P<0.001 (***) are considered significant
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Caspase-3 participated in the apoptosis induction
of lonidamine on LNCaP and PC3 cells

To examine the contribution of caspases in the
lonidamine induced apoptosis, the activity of caspase-3
was investigated. These data demonstrated that the ac-
tivity of caspase-3 increased markedly in a time-
dependent manner in PC3 (4.98 times more than the
control) and LNCaP cells (5.45 times more than the

control) after treatment with lonidamine (600 μM)
(P<0.0001 ANOVA for both cells). Caspase-3 activity
reached the peak value at 48 h (Fig. 5a). The date
suggest that, in these cell lines, lonidamine-induced
apoptosis is caspase-3-dependent. On the other hand,
treatment of LNCaP and PC3 cells with etomoxir
(100 μM) induced caspase-3 activity both in the pres-
ence of glucose and palmitate, but not significantly
(Fig. 5b, c).

Fig. 3 Alteration of ATP level and oxygen consumption rate following
hexokinase and CPT-1 inhibition. Results are expressed as relative
content of ATP as compared with control. Lonidamine [600 μM]
caused a significant ATP level depletion in LNCaP and PC3 cells (a).

LNCaP (b) and PC3 (c) cells were administered etomoxir [100 μM]
exhibited reductions in the ATP levels. d (LNCaP) and e (PC3)
represent oxygen consumption rates from control and treated cell lines
with etomoxir [100 μM]
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Role of mitochondrial membrane potential (MMP)
in lonidamine and etomoxir induced cell apoptosis

One of the early markers of the apoptosis process is depletion
of mitochondria membrane potential (ΔΨm). Therefore, al-
teration inΔΨm was evaluated after treatment of LNCaP and
PC3 cells with lonidamine [600 μM] for 24, 36, and 48 h. The
results revealed a progressive and significant decrease of the
red/green ratio of jc-1 fluorescence intensity for PC3 (P=
0.0068) and LNCaP (P=0.0228) cell lines. As indicated in
Fig. 6a, the lowest ratio was seen following 36 (LNCaP) or
48 h (PC3) treatment. Therefore, apoptosis following
lonidamine treatment was derived from mitochondrial
alterations.

As shown in Fig. 6b and c, a time-dependent decline in the
red/green ratio was observed in PC3 and LNCaP cells after
exposure to etomoxir [100 μM] in the presence of glucose or
palmitate, but these decreases were not significant.

Analysis of nuclear morphology

In order to confirm that lonidamine or etomoxir treatment
induces apoptosis in PC3 and LNCaP cells, the apoptotic
changes in the cell morphology were detected using Hoechst
33,258 staining. Exposure of PC3 and LNCaP cells to the

lonidamine [600 μM] induced distinct changes in cell mor-
phology, i.e., increase in the chromatin condensation and
fragmentation, cytoplasmic shrinkage, and plasma membrane
blebbing compared with that of controls (Fig. 7a–d). Instead,
in response to exposure of the cells with etomoxir [100 μM],
morphological features of apoptosis were not marked.

Discussion

According to Warburg phenomenon, cancer cells depend
largely on glycolysis and preferentially convert pyruvate to
lactate, even in the presence of oxygen [5]. However, there are
some contradictions regarding glucose or fatty acid utilization
by prostate cancer cells [6, 7, 10, 16, 30, 31]. Therefore, the
present study was designed to evaluate the effect of hexoki-
nase and CPT-1 inhibition on the cell viability and growth of
PC3 and LNCaP cell lines.

HK and CPT-1 activities were significantly suppressed by
lonidamine and etomoxir in a dose-dependent manner, in
LNCaP and PC3 cells. HK inhibition induced a significant
cell death and apoptosis. However, in contrast to HK inhibi-
tion, CPT-1 inhibition had no significant effect on these cell
lines.

Fig. 4 To determine the mechanism of cell death following lonidamine
and etomoxir, flow cytometry analysis using annexin-V-FITC was done.
Induction of apoptosis by lonidamine [600 μM] in LNCaP and PC3 cell
lines was significant (a), while etomoxir [100 μM] did not induce

significant apoptosis in LNCaP (b) and PC3 (c) cell lines. P<0.05 (*),
P<0.01 (**), and P<0.001 (***) were considered significant. Statistical
analysis was performed by non-parametric unpaired t test. Each bar
represents mean ± SD, n=3
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Induction of apoptosis was caspase-3-dependent and
through alterations in ΔΨm. In addition, inhibition of HK
and CPT-1 culminated in a significant decline in ATP levels.

Through dose-dependent inhibition by lonidamine and
etomoxir, hexokinase and CPT-1 activities were suppressed
approximately by 50 % in both cell lines. The source of
another 50 % activity may be due to the function of enzymes
that catalyze similar reactions which are not responsive to
lonidamine or etomoxir. For example, lonidamine interferes
with the function of mitochondrial bound hexokinase (hexo-
kinase 2) [19, 32] but with no effect on the other HK isozymes
[33]. Apart from mitochondria, other subcellular organelles,
such as peroxisomes, also contain CPT-like enzyme activities
[34, 35] which etomoxir are unable to inhibit.

According to the results of current study, there is a connec-
tion between CPT-1 activity and palmitate. Our data have

shown that CPT-1 activity is significantly higher in the pres-
ence of palmitate than that in the presence of glucose. It was
previously confirmed that exposure to palmitate, at low con-
centrations (50–100 μM), resulted in a significant increase in
CPT-1 activity [36]. Therefore, it can be inferred that these
prostate cell lines not only have the ability to use palmitate but
can also promote CPT-1 activity in response to palmitate and,
probably, other long-chain fatty acid uptake. Liu et al. showed
that fatty acid uptake is dominated over glucose by PC3 and
LNCaP [10]. Therefore, some of the palmitate may be used for
energy production via β-oxidation.

Our findings state that in the presence of palmitate, CPT-1
activity is higher in LNCaP cells than that of PC3 cells.
Indeed, OCR was also lower for LNCaP cells following
exposure to etomoxir. Previous data also showed that LNCaP
cells express much higher CPT1 when compared with PC3

Fig. 5 Evaluation of caspase-3 activity in response to the treatment of
LNCaP and PC3 cell lines with lonidamine and etomoxir. Activity of
caspase-3 in PC3 and LNCaP cell lines increased significantly following
treatment with lonidamine [600 μM] (a); in contrast, treatment of LNCaP

(b) and PC3 (c) cells with etomoxir [100 μM] had not resulted in a
significant increase of caspase-3 activity. Each bar represents mean±
SD (n=3). P<0.05 (*), P<0.01 (**), and P<0.001 (***) were considered
significant
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cells [37]. These data imply that metabolic properties of
LNCaP cells differ from that of PC3 cells. In line with these
findings, Higgins et al. showed that LNCaP cells had more
oxidative phenotype than PC3 and DU145 cells, based upon
respiration, lactate production, and ATP levels [38].

The fact that some prostate cancer cell lines grow in low
levels of glucose [8] and inhibition of glucose uptake [7] or
inhibition of hexokinase activity) our findings) resulted in a
cell death implies that glucose and glycolysis had some indis-
pensable roles in the prostate cell growth.

In the presence of glucose, lower CPT-1 activity is reason-
able because of probable increased in malonyl-CoA as a result
of active glucose metabolism [39, 40]. However, our findings
propose two lines of evidences suggesting that consumption
of glucose is, to some extent, preferred by PC3 and LNCaP
cells over palmitate. First, in the presence of glucose, loss of
ATP content was observed in both cell lines following HK
inhibition (approximately 60 %) while ATP levels dropped
upon CPT-1 inhibition about 18–27 % in LNCaP and PC3
cells. Second, falling in ATP levels, following CPT-1 inhibi-
tion, was lowered in the presence of glucose versus palmitate,

which suggests that glucose is the primary source for energy
production. ATP depletion by palmitate inaccessibility could
be compensated by an increase in the glycolysis flow [41, 42].

On the other hand, following exposure of the cells to
etomoxir or lonidamine for more than 1 h, the level of ATP
remains relatively unchanged. Therefore, either ATP con-
sumption is decreased by the cells or these cells may use some
alternative pathways, other than glycolysis, to supply ATP,
such as glutaminolysis [43] or short- and medium-chain fatty
acid oxidation which cross the mitochondrial membrane, in-
dependent of CPT-1.

In the presence of palmitate (culture medium without glu-
cose), O2 consumption has been decreased by both cell lines
which can be inferred as β-oxidation inhibition by etomoxir.

Viability assay revealed that inhibition of HK lead to a
significant increase in the cell death in a time-dependent
manner. However, CPT-1 inhibition could not exert significant
cytotoxic effect on LNCaP and PC3 cells.

Considering the rate of cell death and reduction in the ATP
level in response to HK and CPT-1 inhibition, it could be
concluded that long-chain fatty acids such as palmitate may be

Fig. 6 Mitochondrial membrane potential as estimated by JC-1 after
treatment of LNCaP and PC3 cell lines for 24, 36, and 48 h with
lonidamine and etomoxir. Exposure to lonidamine [600 μM] induced a
significant decrease in ΔΨm in LNCaP and PC3 cells (a). Effects of

etomoxir [100 μM] on mitochondrial membrane potential in LNCaP (b)
and PC3 (c) cell lines were not significant. Data represent the average
values from triplicate experiments±SD. P<0.05 (*), P<0.01 (**), and
P<0.001 (***) were considered significant
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used to supply energy for prostate cancer cells, though less
than glucose. However, the role of glucose is not limited to the
energy production; it may also undertake some important and
indispensable responsibility in overall growth and survival of
prostate cancer cells. glucose serves as a precursor for DNA
synthesis via pentose phosphate pathway [44, 45] and diacyl-
glycerol, a ligand for protein kinase C, which suggest that
glucose had an additional role in signal transduction [46, 47].
In addition, glucose has a regulatory effect on the cholesterol
biosynthesis through HMG-CoA reductase activation [48].

Dominant uptake of palmitate over glucose [10] could be
probably used for biogenesis of new cellular membranes in
rapidly dividing cancer cells. Increased de novo fatty acid
synthesis in prostate cancer cells through over expression of
fatty acid synthase was reported [30, 31] which request glu-
cose as a major lipogenic substrate [49]. Use of glucose as
lipogenic substrate and consumption of produced fatty-acid
for energy production is not acceptable since the consequence
of the resultant futile cycle is only loss of energy.

The results of present study indicated that the mechanism
of induced cell death following hexokinase inhibition is apo-
ptosis which lead to a significant increase in the overall cell
death (early and late apoptosis). However, CPT-1 inhibition
had not induced significant apoptosis in both cell lines which
seems logical since it did not confer marked cell cytotoxicity
on LNCaP and PC3 cell lines.

To evaluate the molecular mechanisms underlying the cell
death induced by Lon, caspase-3 activities and ΔΨm were

assayed. Following treatment by Lon, the result demonstrated
that a peak in caspase-3 activity achieved by 48 h which
followed by the maximum cell death at 72 h. It was shown
that activation of caspases-3 ensures the completion of apo-
ptotic process [50].

On the other hand, perturbance of ΔΨm, following hexo-
kinase inhibition, occurred after 24 h which maximized at 36
and 48 h. This finding is in accordance with the previous
reports denoting that ΔΨm may be an early event in the
apoptotic process [31] and caspase-3 activation occurred fol-
lowingΔΨm disruption [49] by the release of hydrolases and
some enzymes activators including caspases, from mitochon-
dria [50].

Conclusion

The results of present study demonstrated that glucose is not
only the preferred substrate for ATP production but it may also
confers some other advantages for prostate cancer cells, as
hexokinase inhibition results in a decline in ATP levels and
cell viability. However, palmitate and probably other long-
chain fatty acids can be used for energy production and
inhibition of CPT-1 has minimal effect on the viability of
prostate cancer cells. Apparently, in condition of CPT-1 inhi-
bition in the presence of palmitate, alternative pathway(s) take
the responsibility of palmitate, a replacement that glucose is

a b

c
d

Fig. 7 Detection of typical
features of apoptosis nuclear
condensation by Hoechst 33258
staining. PC3 control (a) and
treatment with
lonidamine[600 μM] (b), LNCaP
control (c) and treatment (d).
Consider changes in cell
morphology, i.e., increase in the
chromatin condensation or
fragmentation (dashed arrow)
and plasma membrane blebbing
(arrow) compared with that of
controls
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deprived of it. Our results represented direct evidence on the
importance of glucose for prostate cancer cell growth. How-
ever, evidences on the dominant role of fatty acids rely on the
peroxisomal β-oxidation which does not degrade fatty acids
completely and acts as a chain-shortening system which does
not contribute to the energy production [8, 44].

In conclusion, we only blocked the transport of long-chain
fatty acid to the mitochondria, but further evaluation of other
enzymes involved in the fatty acid β-oxidation may open a
new approach to the prostate cancer biology. Using other
hexokinase inhibitors such as 3-bromopyruvate or 2-deoxy
glucose may be informative regarding to cancer cell
metabolism.
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