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Abstract 3-bromopyruvate (3-BP) is an anti-tumour drug ef-
fective on hepatocellular carcinoma and other tumour cell
types, which affects both glycolytic and mitochondrial targets,
depleting cellular ATP pool. Here we tested 3-BP on human
prostate cancer cells showing, differently from other tumour
types, efficient ATP production and functional mitochondrial
metabolism. We found that 3-BP rapidly induced cultured
androgen-insensitive (PC-3) and androgen-responsive
(LNCaP) prostate cancer cell death at low concentrations
(ICsq values of 50 and 70 uM, respectively) with a multimodal
mechanism of action. In particular, 3-BP-treated PC-3 cells
showed a selective, strong reduction of glyceraldeide 3-
phosphate dehydrogenase activity, due to the direct interaction
of the drug with the enzyme. Moreover, 3-BP strongly im-
paired both glutamate/malate- and succinate-dependent mito-
chondrial respiration, membrane potential generation and ATP
synthesis, concomitant with the inhibition of respiratory chain
complex I, IT and ATP synthase activities. The drastic reduc-
tion of cellular ATP levels and depletion of GSH pool, asso-
ciated with significant increase in cell oxidative stress, were
found after 3-BP treatment of PC-3 cells. Interestingly, the
activity of both glyoxalase I and II, devoted to the elimination
of the cytotoxic methylglyoxal, was strongly inhibited by 3-
BP. Both N-acetylcysteine and aminoguanidine, GSH precur-
sor and methylglyoxal scavenger, respectively, prevented 3-
BP-induced PC-3 cell death, showing that impaired cell anti-
oxidant and detoxifying capacities are crucial events leading
to cell death. The provided information on the multi-target
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cytotoxic action of 3-BP, finally leading to PC-3 cell necrosis,
might be useful for future development of 3-BP as a therapeu-
tic option for prostate cancer treatment.
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Abbreviations

AA Antimycin A

AG Aminoguanidine

ApSA P1,P5-Di(adenosine-5") pentaphosphate

ASC Ascorbate

3-BP 3-bromopyruvate

cHK Cytosolic hexokinase

CN™ Potassium cyanide

CSF Cell soluble fraction

DCF Dichlorofluorescein

DCFH-DA 2'7'-dichlorofluorescein diacetate

DCIP Dichloroindophenol

FCCP Carbonylcyanide
p-trifluoromethoxyphenylhydrazone

GAPDH Glyceraldeide 3-phosphate dehydrogenase

GLOL GLOII  Glyoxalase I, glyoxalase II

G6P-DH Glucose-6-phosphate dehydrogenase

GLU Glutamate

GSH Reduced glutathione

HK Hexokinase

L-LDH L-lactate dehydrogenase

MAL Malate

MG Methylglyoxal

mHK Mitochondrial membrane-associated
hexokinase

MMEF Mitochondrial membrane enriched
fraction
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MRC Mitochondrial respiratory chain

NAC N-acetylcysteine

OLIGO Oligomycin

OXPHOS Oxidative phosphorylation

PK Pyruvate kinase

pPC-3 Digitonin-permeabilized PC-3 cells

ROS Reactive oxygen species

ROT Rotenone

Succ Succinate

TMPD N,N,N’,N’-tetramethyl-p-phenylenediamine

XTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

Introduction

3-Bromopyruvic acid (3-BP) is an alkylating agent with high
reactivity for -SH and -OH protein groups, discovered by Ko
et al. (2001) as potent anticancer agent and reported to be
effective in eradicating hepatocellular carcinoma, without af-
fecting healthy surrounding tissues (Geschwind et al. 2002;
Ko et al. 2004). 3-BP has been shown to be a potent inhibitor
of ATP production by affecting both glycolytic and mitochon-
drial targets (Ko et al. 2004; Pereira da Silva et al. 2009;
Amoédo et al. 2013) and to cause GSH depletion and oxida-
tive stress increase (Sadowska-Bartosz and Bartosz 2013;
Ehrke et al. 2015). In particular, key enzymes of energy me-
tabolism known to be targets of 3-BP include the mitochon-
drial hexokinase and glyceraldeide 3-phosphate dehydroge-
nase (GAPDH) in the glycolytic pathway, and mitochondrial
succinate dehydrogenase (Shoshan 2012). Interestingly, a pat-
ented formulation of 3-BP has been recently employed for the
delivery in humans and shown to cause very rapid
fibrolamellar hepatocellular carcinoma necrosis with low side
effects (Ko et al. 2012).

Differently from many tumours in which the activation of
aerobic glycolysis and down-regulation of oxidative phos-
phorylation (OXPHOS) take place, as originally proposed
by Warburg (Koppenol et al. 2011), human prostate cancer
cells show glycolysis comparable to normal prostate cells,
enhanced fatty acid oxidation and a functional Krebs cycle,
bringing to efficient ATP production (Liu 2006; Franklin and
Costello 2007). Furthermore, enhanced mitochondrial oxida-
tion of D-lactate (D-LAC), the final product of the
methylglyoxal (MG) pathway, has been shown to contribute
to ATP production in cultured prostate cancer cells (de Bari
et al. 2013). Interestingly, due to their high efficiency in pro-
ducing ATP, the highly metastatic, androgen-insensitive pros-
tate cancer PC-3 cells have been shown to survive to drugs
which affect either glycolysis or OXPHOS, this suggesting
that the control of prostate tumour growth would require the
inhibition of both ATP-producing pathways irn vivo (Matheson
et al. 2007). Thus, the possibility to inhibit at the same time
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glycolysis and mitochondrial functions by using a single drug
is intriguing for the treatment of prostate cancer.

The MG pathway has a prominent role in the survival of
prostate cancer cells (Antognelli et al. 2012; Antognelli et al.
2013); it converts the GSH-MG hemithioacetal formed from
the non-enzymatic reaction between reduced glutathione
(GSH) and the cytotoxic, highly reactive MG, into the non
toxic D-LAC, by the combined action of glyoxalase I
(GLOL, EC 4.4.1.5) and glyoxalase 11 (GLOIL, EC 3.1.2.6)
(Kalapos 1999). Since MG is mainly formed both enzymati-
cally and non-enzymatically from the glycolytic intermediates
glyceraldehyde 3-phosphate and dihydroxyacetone phosphate
(Kalapos 1999), glyoxalases play a critical detoxifying role in
strict connection with glycolysis, to maintain cellular activity
and viability of prostatic cancer cells (Davidson et al. 2002).
Interestingly, the level of both the above glycolytic intermedi-
ates was found increased in 3-BP-treated HepG2 cells, likely
due to GAPDH activity impairment (Pereira da Silva et al.
2009), this being a condition favouring MG formation
(Thornalley etal. 2001; Ahmed et al. 2003). At present wheth-
er 3-BP might also affect cell ability to detoxify MG through
the MG pathway has never been investigated.

This prompted us to check whether, and through which
mechanisms, 3-BP could affect the growth of both the inva-
sive PC-3 cells and the poorly aggressive, androgen-
responsive prostate cancer (LNCaP) cells. We show that 3-
BP can rapidly cause the death of both cell types at micromo-
lar concentrations, with the PC-3 cells being more sensitive
than LNCaP cells. We found an early significant 3-BP-
dependent impairment of both glycolytic GAPDH activity
and mitochondrial functions, leading to a remarkable reduc-
tion of whole cell ATP level. On the other hand, 3-BP-
dependent impairment of the PC-3 cell antioxidant capacity
due to cell GSH pool depletion was found. Interestingly, we
first show that 3-BP treatment causes the inhibition of the
activity of both GLOI and GLOII, this possibly resulting in
the impairment of cell detoxifying capacity contributing to
cell death.

Materials and methods
Cell cultures and materials

LNCaP and PC-3 cells were obtained from the European
Collection of Cell Cultures (ECACC Salisbury, UK). Cell
lines were cultured at 37 °C in a humidified atmosphere with
5 % CO, in RPMI-1640 medium (GIBCO/BRL) supplement-
ed with 10 % inactivated fetal bovine serum (GIBCO/BRL),
2 mM glutamine, penicillin (100 units/ml) and streptomycin
(100 pg/ml) (GIBCO/BRL). Both PC-3 and LNCaP cells
were collected by trypsinization, washed with phosphate buft-
ered saline (PBS) medium containing 138 mM NaCl, 2.7 mM
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KCl, 8 mM Na,HPO,4, 15 mM KH,PO,4 (pH 7.4) and then
seeded at a density of 1.2 x 10° cells/ml into 15 or 10 cm Petri
dishes or in 96-well plates. Cells were cultured for about 24 h
to obtain 70-80 % confluence, before being incubated with 3-
BP.

All reagents used were from Sigma-Aldrich unless other-
wise specified.

3-Bromopyruvate treatment and cell proliferation assay

Soon before the experiment, 3-BP was weighted and dis-
solved in cold cell culture medium to a final concentration
of 50 mM, and then rapidly diluted in the same medium to
obtain the reported final 3-BP micromolar concentrations used
to replace the medium from each plate/well with seeded cells.
Untreated control cells were obtained by replacing the cell
culture medium without 3-BP. Both 3-BP treated and time-
matched control cells were then incubated at 37 °C for the
reported incubation times. In the case of 48 h of incubation,
the 3-BP-containing medium was replaced after 24 h of incu-
bation. Where indicated, cells were incubated in N-
acetylcysteine (NAC, 1 mM)- or aminoguanidine (AG,
0.5 mM)-containing medium for 30 min or 1 h, respectively,
essentially as in (Qin et al. 2010; de Arriba et al. 2007), then
replaced with 3-BP (50 uM)-containing or 3-BP-free
(controls) medium, for the indicated times.

Cell proliferation assay was performed by using 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent
(XTT, Cell Proliferation Kit II, Roche), as in Valenti et al.
(2013). Cells were seeded into a 96-well plate and incubated
over-night at 37 °C in a CO, incubator to allow adherence.
XTT labelling mixture were added to each well and the plate
incubated at 37 °C for 2—4 h following the manufacturer’s
instructions. Metabolically active cells produce a formazan
dye which can be detected by measuring the increase in ab-
sorbance at the measurement/reference wavelengths of 490/
655 nm, respectively.

For cell count experiments, cells were seeded in 10 cm
Petri dishes, incubated over-night at 37 °C and then
trypsinized, stained with Trypan blue and counted in a
Biirker haemocytometer within 5 min after staining (Valenti
etal. 2013).

Cell permeabilization and isolation of the mitochondrial
membrane enriched fraction (MMEF) and the cell soluble
fraction (CSF)

Digitonin-permeabilized PC-3 cells (pPC-3) were obtained by
adding digitonin (0.01 % w/v) to cell suspension for 5 min, at
room temperature. MMEF and CSF were prepared as in de
Bari et al. (2013). Briefly, trypsinized PC-3 cells were precip-
itated by centrifugation (1300 g for 3 min, 4 °C) and washed
with PBS. The cellular pellet (4-6 x 10° cells) was dried and

frozen at —80 °C to favour cell membranes rupture, suspended
in about 1 ml (final density of about 5 x 10° cells/ml) of
ipotonic medium consisting of 10 mM Tris/HCI (pH 7.5) plus
1 mg/ml BSA and exposed to ultrasound energy for 15 s at
0 °C (Valenti et al. 2010). The ultrasound-treated cells were
centrifuged at 1500 g for 5 min at 4 °C to remove intact cells,
cellular debris and nuclei (pellet) and the supernatant was
subsequently centrifuged at 18,000 g for 15 min at 4 °C.
The resulting supernatant represents the CSF (about 1.2 mg
protein/ml). The pellet was washed twice with 1 ml of cold
PBS to eliminate any CSF contamination. The final pellet
(MMEF) was suspended in 0.5 ml of respiration medium
consisting of 210 mM mannitol, 70 mM sucrose, 0.1 mM
EDTA, 20 mM Tris-HCI1 pH 7.4, 3 mM MgCl,, 5 mM
KH,PO4/K;HPO, (pH 7.5) plus 1 mg/ml BSA, and used for
the experiments. In each experiment, the absence of cytosolic
contamination of MMEF was confirmed by assaying as in
(Lohr and Waller 1963), the activity of the cytosolic marker
enzyme glucose-6P-dehydrogenase (G6PDH), previously
found to be not affected by 3-BP treatment (not shown).

Measurement of enzyme activities

The activity of the cytosolic HK (cHK), GAPDH, PK, L-
LDH, GLOI and GLOII was measured in CSF (from 0.04 to
0.06 mg of protein), whereas the mitochondrial membrane-
associated HK (mHK) activity was first assayed in MMEF
(0.025 mg of protein), obtained from PC-3 cells incubated in
the absence (controls) or presence of 3-BP (50 uM) at 37 °C
for the reported incubation times, essentially as in (Principato
etal. 1987; Kawatani et al. 2008; Higgins et al. 2009), but with
some modifications. All the enzymatic activities were mea-
sured photometrically by means of a JascoV-550 spectropho-
tometer, at 25 °C, in a final volume of 1 ml of either respiration
medium (pH 7.4) for PK, standard medium consisting of
0.3 M sucrose, 10 mM KCI, 1 mM MgCl,, and 20 mM
Hepes-Tris (pH 7.0) for GLOI, GLOIIL, L-LDH and HK, or
phosphate buffer 100 mM (pH 7.4) for GAPDH. The follow-
ing reaction mixtures were used: ADP (1 mM), NADH
(0.2 mM) and L-LDH from rabbit muscle (5 e.u.) for PK
detection; GSH (1 mM) and MG (3 mM) for GLOI detection;
5,50-dithiobis-2-nitrobenzoic acid (DTNB, 0.2 mM) for
GLOII detection; NADH (0.2 mM) for L-LDH detection;
MgCl, (10 mM), G6PDH from baker’s yeast (S. cerevisiae)
(1 en.), NADP" (0.25 mM) and glucose (10 mM) for HK
detection; NAD" (1 mM), ADP (I mM), diadenosine
pentaphosphate (ApS5A, 10 uM), inhibitor of adenylate ki-
nase, and 3-phosphoglyceric phosphokinase from rabbit mus-
cle (15 e.u.) for GAPDH detection. Enzyme reactions were
started by the addition of: 1 mM phosphoenolpyruvate (PK),
20-30 ul CSF (0.04 mg protein) (GLOI); 0.5 mM S-D-
lactoylglutathione (GLOII); 1 mM pyruvate (L-LDH); 1 mM
ATP (HK), 3 mM glyceraldehyde 3-phosphate (GAPDH). For
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PK, L-LDH, HK and GAPDH activity, the absorbance of
NAD(P)H at 340 nm was measured as a function of time
(€340nm = 6.22 mM ™! x cmﬁl). GLOI and GLOII activities
were measured as rates of absorbance increase due to S-D-
lactoylglutathione (€240nm = 2.5 mM ' x ¢cm™') and
thionitrobenzoic acid (e412nym = 13.9 mM ' x cm™") formation
at 240 nm and 412 nm, respectively.

Measurement of oxygen consumption rate in pPC-3

Oxygen consumption rate was measured at 37 °C using a
Gilson 5/6 oxygraph equipped with a Clark electrode. PC-3
cells, seeded in 15 cm Petri plates, were incubated in the
absence or presence of 3-BP and then trypsinized, precipitated
by centrifugation (1300 g for 3 min, 4 °C), washed with PBS
and finally suspended in 1 ml of respiration medium (pH 7.4)
at room temperature. Then 1 mg of cell protein was added to
the polarographic cuvette and the volume adjusted to 1 ml
with respiration medium. Cells were then permeabilized by
the addition of digitonin (0.01 % w/v) for 5 min and subse-
quently added with the uncoupler FCCP (1.25 uM) to obtain
uncoupled state 3 of respiration, a condition in which the rate
of oxygen consumption is controlled exclusively by substrate
oxidation and thus allows to detect dysfunction in respiratory
chain components (Brand and Nicholls 2011). The respiratory
substrates glutamate (GLU) plus malate (MAL) (5 mM each),
SUCC (5 mM), or ascorbate (ASC, 5 mM) plus TMPD
(0.5 mM) and the inhibitors rotenone (ROT, 5 pg/10 pl),
antimycin A (AA, 2 pg/10 pl) and potassium cyanide (CN,
0.5 mM) were added in the sequence reported in Fig. 3a. The
sensitivity of the instrument was set to allow rates of oxygen
consumption as low as 0.2 natom O/min x mg protein to be
measured. The rate of oxygen consumption, obtained from the
tangent to the initial part of the progress curve, was expressed
as natom O/min x mg cell protein.

Measurement of mitochondrial membrane potential
generation

Mitochondrial membrane potential (A1) generation was mea-
sured at 37 °C by monitoring the fluorescence changes of the
probe safranin O at 520 nm excitation and 570 nm emission
wavelengths, essentially as in (de Bari et al. 2013). PC-3 cells
were cultured in 15 cm Petri plates either in the absence or
presence of 3-BP and then trypsinized, precipitated and
suspended in 1 ml of standard medium (pH 7.0), at room
temperature. Then cells (1 mg protein) were added to the
experimental cuvette in the presence of 10 uM safranin O,
digitonin (0.01 % w/v) and ADP (0.5 mM), to a final volume
of 2 ml of standard medium (pH 7.0). After 5 min, GLU plus
MAL (5 mM each) or ROT (5 ng/10 ul) plus SUCC (5 mM)
were added to start Al generation, finally abolished by the
uncoupler FCCP (1.25 uM).
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Determination of mitochondrial ATP production rate

The rate of appearance of the ATP produced via OXPHOS
was determined spectrophotometrically in pPC-3 cells, essen-
tially as described in (Valenti et al. 2010). Samples (0.25 mg of
cell protein) were suspended at 37 °C in 2 ml of respiration
medium (pH 7.4) containing the ATP detecting system (ATP-
ds) consisting of glucose (2.5 mM), HK (2 e.u.), G6PDH (1
e.u.) and NADP" (0.2 mM), plus Ap5A (10 uM), used to
specifically inhibit adenylate kinase, in the presence of either
MAL plus GLU (5 mM each) or SUCC (5§ mM) plus ROT
(3 uM), as energy sources. After 5 min of incubation with
0.01 % w/v digitonin, ADP (0.5 mM) was added to start the
reaction. NADPH formation, which reveals ATP appearance
in the extramitochondrial phase, was monitored as absorbance
increase at 340 nm. As a control, the ATP synthase inhibitor
oligomycin (OLIGO, 5 pug/10 ul) was added in course of
reaction to show the inhibition of the mitochondrial ATP pro-
duction. HK/G6PDH coupled enzymes were added in large
excess to ensure a non-limiting ADP-regenerating system for
the measurement of ATP efflux. The rate of ATP appearance
was measured from the tangent to the initial part of the prog-
ress curve and expressed as nmol NADPH formed/min x mg
protein.

Measurement of cell ATP content

PC-3 cells seeded in 10 cm plates were incubated either in the
absence or presence of 3-BP, trypsinized, collected, washed
and suspended in PBS and an aliquot used for protein assay.
Cells were then precipitated and finally dissolved in 0.5 ml of
boiling water to obtain cell extracts, as described in (Yang
et al. 2002). Cell ATP content was assayed fluorimetrically
(Aexeem = 334-456 nm) at 25 °C, incubating cell extracts
(250 pl) in a final volume of 2 ml of standard medium, in
the presence of ATP-ds, as described in (Valenti et al. 2010).
The amount of cell ATP was expressed as nmol NADPH
formed/mg cell protein.

MRC complex activities assay

Measurements of MRC complex activities was performed in
MMEF (0.3-0.5 mg of protein) from PC-3 cells cultured in
10 cm Petri plates. Cells were incubated either in the absence
or presence of 50 uM 3-BP and collected after 3 h of incuba-
tion. Three photometric assays which rely on the sequential
addition of reagents to measure the activities of: 1)
NADH:ubiquinone oxidoreductase (complex I) followed by
ATP synthase (complex V), ii) succinate:ubiquinone oxidore-
ductase (complex II) and iii) cytochrome ¢ oxidase (complex
IV) followed by cytochrome ¢ oxidoreductase (complex III),
were carried out, essentially as in (Bénit et al. 2006). The
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specific activities of MRC complexes were expressed as
nmol/min x mg protein.

Measurement of reduced glutathione (GSH)

Intracellular GSH was detected photometrically, at 240 nm, in
CSF obtained from 3-BP-treated or untreated PC-3 cells, in
the presence of glyoxalase I (1 e.u.) and MG (2 mM), essen-
tially as described in (Bobba et al. 2013). CSF (0.05-0.07 mg)
was incubated at 25 °C in standard medium (pH 7.0) to a final
volume of 1 ml. The amount of cell GSH was expressed as
nmol GSH/mg of CSF protein. Detectable oxidized glutathi-
one (GSSG) in CSF, assayed as (Bobba et al. 2013), was not
significantly lowered after incubation with 50 M 3-BP (data
not shown); on the contrary, when 3-BP (50 uM) was added to
CSF of PC-3 control cells for 5 min, cell GSH was no longer
detectable this confirming the high reactivity of 3-BP toward
thiols (Shoshan 2012; Ehrke et al. 2015) (not shown).

Cell reactive oxygen species (ROS) evaluation

Quantitative analysis of intracellular ROS levels was per-
formed fluorimetrically by means of an LS50 Perkin Elmer
spectrofluorimeter, by using the non-fluorescent dye 2',7'-
dichlorofluorescein diacetate (DCFH-DA) which produces
the fluorescent product dichlorofluorescein (DCF) by reaction
with cell ROS, mainly H,O, (LeBel et al. 1992). Cultured PC-
3 cells were incubated with 20 puM DCFH-DA for 30 min
under growth conditions, washed twice in PBS, and collected.
Then the fluorescence of the sample (100 pug of cell proteins)
was recorded at the excitation-emission wavelengths of 488—
520 nm, respectively, at 25 °C, in a final volume of 2 ml of
PBS and expressed as arbitrary units (a.u.).

Apoptosis and necrosis assessment

Cells were seeded in 96-well culture plates, incubated for
24 h at 37 °C in a CO, incubator to allow adherence, and
then exposed to 3-BP at the indicated concentrations for an
additional 24 h time period. Apoptosis and necrosis were
measured by the Cell Death ELISA"YS photometric
enzyme-immunoassay (Version 11.0, ROCHE), according
to the manufacturer’s protocol, by monitoring the absor-
bance at the measurement-reference wavelengths of 405—
655 nm, respectively, reflecting the amount of histone-
complexed DNA fragments out of cell cytoplasm after the
induction of apoptosis, or when released from necrotic
cells.

Released L-lactate dehydrogenase activity was measured
photometrically at 340 nm, essentially as described by Bernt
and Bergmeyer (1963), as a marker of cell necrosis (Porcelli
etal. 2015) in the culture medium of PC-3 cells (1 x 10° cells/
ml culture medium) incubated either in the absence or

presence of 3-BP for increasing times. Culture medium was
centrifuged (1300 g for 3 min, 4 °C) to precipitate any cell
contamination; an aliquot (100 pl) of the obtained supernatant
was added to a final volume of 2 ml of standard medium, at
25 °C and added with 0.2 mM NADH plus 1 mM pyruvate to
start the reaction. L-LDH activity was expressed as percent of
L-LDH activity released by 3-BP-treated cells at 24 h (100 %).
In untreated PC-3 cell culture medium, L-LDH activity was
negligible up to 24 h (not shown).

Statistical analysis

All experiments were performed at least in triplicate and re-
sults expressed as mean + standard deviation (SD). Statistical
evaluation was performed by Student’s t-test. The threshold
for statistical significance was set to P < 0.05.

Results

3-BP inhibits prostate cancer cell growth in a dose-
and time-dependent manner

In order to ascertain whether and how 3-BP can affect
prostate cancer cell growth, we examined the dose-
response effect of 3-BP treatment on both PC-3 and
LNCaP cell proliferation, measured by Trypan Blue exclu-
sion (Fig. 1a) and XTT (Fig. 1b) assays. PC-3 and LNCaP
cells were incubated both in the absence (controls) or pres-
ence of 3-BP at increasing concentrations (25—-100 uM) for
24 h. As shown in Fig. la and b, a dose-dependent inhib-
itory effect of 3-BP on both PC-3 and LNCaP cell growth
was found, although the more aggressive PC-3 cells were
affected by lower 3-BP concentrations than LNCaP cells,
being the estimated 3-BP ICsq values of 50 uM and
70 uM, respectively, as measured by XXT assay.
Interestingly, after 24 h-treatment with 60 uM 3-BP, while
PC-3 cells were already almost all killed by the drug, the
less proliferating LNCaP cell viability was decreased by
only 40 % (P < 0.01).

We further monitored the effect of three separate 3-BP con-
centrations (25, 50, 100 uM) on PC-3 cell viability as a func-
tion of the incubation time (Fig. lc and d). No significant
effect on cell viability was found with 25 uM 3-BP up to
48 h of incubation, as measured by both Trypan Blue exclu-
sion (Fig. 1¢) and XTT (Fig. 1d) assays; conversely, as ex-
pected, 100 uM 3-BP killed very quickly almost all cells
resulting very cytotoxic for PC-3 cells (P < 0.01). 3-BP at a
concentration of 50 uM reduced progressively PC-3 cell via-
bility within 48 h-incubation time, being cell growth inhibited
by 35 % (P < 0.05) with respect to untreated controls, already
after 3 h of incubation with 3-BP (Fig. 1c, d and insets).
Results comparable to those reported in the inset of Fig. lc
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Fig. 1 Dose- and time-response effect of 3-BP on cultured human
prostate cancer cell proliferation. PC-3 and LNCaP cells were incubated
for 24 h both in the absence or presence of 3-BP at the reported
concentrations (a, b). PC-3 cells were incubated for the reported times,
at three different 3-BP concentrations (see box) (¢, d). Cell number and
viability were analysed by Trypan Blue exclusion (a, ¢) and XTT cell
proliferation (b, d) assays, respectively, and expressed as either % of the
values found in untreated cells (a, ¢), or absorbance at the measurement-

were obtained with LNCaP cells incubated with 70 uM 3-BP
as a function of time (not shown).

To check the molecular targets of 3-BP in prostate cancer
cells, all further analysis made throughout this study were
carried out incubating the aggressive PC-3 cells with 3-BP at
a concentration of 50 uM.

3-BP effect on glycolytic enzymes in PC-3 cells

To ascertain how 3-BP cytotoxicity occurs, we assayed the
activity of certain key glycolytic enzymes of PC-3 cells
incubated for 24 h in the absence or presence of 3-BP
(Fig. 2a). Consistently with other cancer cell lines in which
GAPDH has been shown to be a target of 3-BP (Pereira da
Silva et al. 2009; Ehrke et al. 2015; Ganapathy-Kanniappan
et al. 2009), also in human prostate cancer PC-3 cells
GAPDH activity was strongly impaired by 3-BP with re-
spect to controls, being 58 + 21 and 456 + 24 nmol/min x
mg protein, respectively (P < 0.01). On the contrary, no
significant inhibition occurred in 3-BP-treated PC-3 cells,
as compared to controls, in the activity of cHK (29.5 £ 1.7
and 32 + 3.0 nmol/min X mg protein, respectively) and L-
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reference wavelengths of 490—655 nm (b, d). In the insets of ¢ and d the
number of PC-3 cells (x 10°) incubated with 3-BP (50 uM) for increasing
time and XTT test results of d are reported as % of time-matched
untreated control values (PC-3 C). All values represent means = SD
(n = 5), with the exception of those reported in C inset, in which a
typical experiment is reported. **P < 0.01 and *P < 0.05, significantly
different from untreated cells

LDH (408 + 26 and 413 + 20 nmol/min x mg protein, re-
spectively). Interestingly, in good agreement with Pereira
da Silva et al. (2009) and Ganapathy-Kanniappan et al.
(2009), we found a 3-BP-dependent significant increase in
the activity of PK (1006 + 32.5 and 712 + 20 nmol/min x
mg protein, in 3-BP-treated and untreated cells, respective-
ly) and mHK (70.6 = 6.2 and 51.4 + 5.8 nmol/min x mg
protein, in 3-BP-treated and untreated cells, respectively)
(P <0.05).

To check whether GAPDH inhibition occurred as an early
event of 3-BP cytotoxicity, the enzyme activity was monitored
as a function of 3-BP incubation time (Fig. 2b). A significant
inhibition by more than 90 % with respect to control activity
was detected already after 3 h of incubation, remaining
inhibited for the all the incubation period (P < 0.01).
Interestingly, the activity of GAPDH of untreated PC-3 cells
was also inhibited by 96 % when 3-BP (50 uM) was added to
the cell soluble fraction directly into the experimental cuvette
before glyceraldehyde 3-phosphate, used to start the enzyme
reaction (Fig. 2¢), this indicating that the inhibition of
GAPDH activity is due to the direct interaction between the
enzyme and the drug.
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Fig. 2 The effect of 3-BP treatment of PC-3 cells on certain glycolytic
enzyme activities. (a) The activity of cHK, mHK, GAPDH, PK and L-
LDH was assayed in CSFs or MMEFs obtained from PC-3 cells
incubated for 24 h either in the absence (—) or presence (+) of 50 M 3-
BP (see Materials and methods section), and expressed as nmol/min x mg
protein. Values represent means = SD (n = 5). (b) PC-3 cells were
incubated with 3-BP (50 uM) for the indicated times. Then GAPDH
activity was measured and expressed as % of the activity found in time-
matched untreated controls (see Materials and methods section). Values

3-BP treatment of PC-3 cells early impairs mitochondrial
bioenergetics and total cell ATP level

Beside the striking inhibition of GAPDH activity, which could
drastically impair the ATP harvesting stage of glycolysis, to
check whether and how 3-BP could also affect mitochondrial
bioenergetics, we carried out a functional study of PC-3 cell
mitochondria by monitoring both respiration (Fig. 3a), Ay
generation (Fig. 3b) and rate of ATP production via OXPHOS
(Fig. 3c) in pPC-3 cells incubated either in the absence (control
cells, C) or presence of 3-BP (50 uM, +3-BP) for 3 h. As shown
by the typical experimental traces reported in Fig. 3a, the addi-
tion of complex I substrate pair GLU/MAL caused oxygen
consumption at a rate 60 % lower in +3-BP with respect to
control cells (0.8 and 2.0 nat O/min x mg protein, respectively),
blocked in both cell types by complex I inhibitor ROT, as
expected. Similarly, the complex II substrate SUCC-
dependent respiration rate was 60 % lower in +3-BP as com-
pared to control cells (3.2 and 8.0 nat O/min x mg protein,
respectively). In both cases, either AA (Fig. 3a) or malonate
(5 mM) (not shown), inhibitors of complexes III and II, respec-
tively, abolished oxygen consumption. Finally, the addition of

3-BP GA3P

represent means = SD (n = 5). ¥*P < (0.01 and *P < 0.05, significantly
different from untreated cells. (¢) GAPDH activity was assayed
photometrically, at 340 nm, in CSF of untreated PC-3 cells (C, about
0.06 mg protein). Where indicated 3-BP (50 uM) was added to the
experimental cuvette (C + 3-BP) before glyceraldehyde 3-phosphate
(GA3P, 3 mM) which started the reaction. Numbers along traces are
specific enzyme activities calculated as tangent to the initial part of the
experimental trace and expressed as nmol/min X mg protein

complex IV substrate pair ASC/TMPD induced oxygen con-
sumption at similar rates in +3-BP and control cells (22.0 and
24.0 nat O/min x mg protein, respectively). Complex IV inhib-
itor CN, completely inhibited respiration in both cases, as ex-
pected (Fig. 3a). The statistical analysis performed on three
different experiments carried out with separate cell prepara-
tions, confirmed that the rates of GLU/MAL- and SUCC-
dependent respiration found in +3-BP cells (1.0 = 0.2,
3.5 £ 0.4 nat O/min X mg protein, respectively) were signifi-
cantly reduced by 56 % and 58 %, respectively as compared to
control values (2.3 £ 0.2, 8.3 = 0.5 nat O/min X mg protein,
respectively) (P < 0.05), whereas the ASC/TMPD-dependent
oxygen consumption rates did not differ significantly
(22.0 £ 1.5 nat O/min x mg protein in +3-BP cells and
23.0 = 1.0 nat O/min x mg protein in control cells).

In parallel, Ay generation induced by either GLU/MAL or
SUCC was measured, as illustrated by the representative ex-
perimental traces in Fig. 3b, and the mean values of A extent
found to be reduced by 40 + 4 % and 60 £ 5 % (P < 0.05,
n = 3), respectively, in +3-BP as compared to control cells.

Consistently with the results shown in Fig. 3a and b, sug-
gesting the impairment of MRC complexes I and II, the mean
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Fig. 3 The effect of 3-BP treatment on mitochondrial functions and cell
energy status in PC-3 cells. Measurements of mitochondrial oxygen
consumption (a), A generation (b) and ATP production rate via
OXPHOS (¢) were carried out in PC-3 cells incubated either in the
absence (C) or presence (+3-BP) of 50 uM 3-BP for 3 h, permeabilized
with digitonin and then added with either the uncoupler FCCP (1.25 pM)
(a), ADP (0.5 mM) (b), or the ATP detecting system plus Ap5A (10 uM)
(C) (for details see the Materials and methods section). (a) Where
indicated the following additions were made: GLU/MAL (5 mM each),
ROT (5 pug/10 ul), SUCC (5 mM), AA (2 pg/10 pl), ASC (5 mM),
TMPD (0.5 mM), CN™ (0.5 mM), FCCP (1.25 uM), ADP (0.5 mM)

rates of both GLU/MAL- and SUCC-dependent ATP synthe-
sis via OXPHOS were found to be inhibited by 42 % and
50 %, respectively in +3-BP (21.7 + 3.3 and 15.3 = 2.4 nmol
ATP/min x mg protein, respectively), as compared to control
cells (37.5 £2.0 and 30.4 + 3.0 nmol ATP/min X mg protein,
respectively) (P < 0.05), as reported in the inset of Fig. 3¢ and
illustrated by the representative experimental traces in Fig. 3c.

To further investigate and establish the relative contri-
bution of each MRC complex to 3-BP-dependent impair-
ment of mitochondrial function, all MRC complex activi-
ties were assayed in MMEF obtained from PC-3 cells in-
cubated either in the absence (controls) or presence of 3-
BP for 3 h.

The values of specific MRC complex activities, reported in
Table 1, show that complex I, II, and V activities were
inhibited by 25 %, 36 % and 35 %, respectively, by the drug
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and OLIGO (5 png/10 pl). Numbers along curves are rates of oxygen
consumption expressed as natO/min x mg cell protein (b) and of ATP
appearance expressed as nmol/min x mg cell protein (c). Values in the
histogram of ¢ represent means + SD (n = 4). *P < 0.05, significantly
different from untreated cells. (d) Measurement of whole cell ATP level
was carried out in CSFs isolated from PC-3 cells incubated either in the
absence (C) or presence (+3-BP) of 50 uM 3-BP for 3 h (for details see
the Materials and methods section). Values in the histogram represent
means = SD (n = 5). ¥**P < 0.01, significantly different from untreated
cells

as compared to control activities (P < 0.05), whereas no im-
pairment was detected in the activity of complexes III and IV.

Finally, the total cell ATP content, assayed in cell ex-
tracts obtained from 3BP-treated PC-3 cells, was found to
be reduced by about 70 % (P < 0.01) after 3 h incubation
with respect to untreated PC-3 cells (3.4 = 0.8 and
11.2 £ 1.0 nmol/mg cell protein, respectively), this showing
that the early 3-BP-dependent impairment of both GAPDH
activity and mitochondrial bioenergetics affects the whole
cell energy status (Fig. 3d).

3-BP-treatment causes early GSH depletion, ROS increase
and glyoxalase system impairment in PC-3 cells

Since 3-BP can react with -SH groups, depleting GSH pool
with consequent impairment of cell antioxidant defences, as
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Table 1  Effect of 3-BP treatment on MRC complexes activity in PC-3 cells
Complex I Complex II Complex IIT Complex IV Complex V
(nmol NADHox/min X mg prot) (nmol SUCCox/min x mg (nmol cyt ¢ (nmol cyt ¢ (nmol NADHox/min * mg prot)
prot) red/min X mg prot) ox/min X mg prot)
PC-3 6.0+£0.5 15.4+2.0 9.9+2.0 24.0+23 17.0+£0.5
PC-3+3-BP 4.5+03* 9.8 £0.4* 10.5+1.8 23.8+2.0 11.0 £ 0.6*

Values represent mean rates + SD (n = 4). ¥*P < 0.05, significantly different from untreated cells

already found in primary rat astrocytes and human erythro-
cytes (Sadowska-Bartosz and Bartosz 2013; Ehrke et al.
2015), PC-3 cell GSH pool was monitored as a function of
3-BP incubation time (Fig. 4a). GSH amount was strongly
reduced with respect to untreated cells at all incubation times
(P <0.01), with the more marked decrease (about 80 %) oc-
curring after 3 h of incubation with the drug (56.6 = 5.3 and
10.0 + 2.0 nmol/mg protein, in untreated and 3-BP-treated
cells, respectively). In parallel, the detection of ROS produc-
tion in 3-BP-treated cells revealed that, after 3 h of incubation
with the drug, 55 % of increase (P < 0.05) in cellular ROS
level occurred, as compared to control level, as shown by
DCF fluorescence increase (Fig. 4b). Interestingly, pre-
treatment of PC-3 cells with NAC, which is taken up by PC-
3 cells and converted to GSH (Weiss et al. 2015), counteracted
both 3-BP-dependent GSH pool depletion (Fig. 4a) and ROS
overproduction (Fig. 4b). Since 3-BP could also act as an
alkylating agent towards the —SH groups of NAC, to exclude
that the restored levels of GSH after NAC treatment are not
due to GSH synthesis from cysteine, but to the lack of 3-BP,
GAPDH activity was assayed as main 3-BP target enzyme. As
shown by the typical experimental traces reported in Fig. 4c,
we found that after 24 h of incubation with 3-BP, GAPDH
activity was still significantly inhibited in NAC-pre-treated
PC-3 cells (70 = 5 % of inhibition as compared to control
cells, P < 0.05), this showing that NAC does not sequester
3-BP inside the cell.

The observed 3-BP-dependent impairment of GAPDH ac-
tivity might favour the formation of the highly reactive alde-
hyde MG (Kalapos 1999; Rabbani and Thornalley 2015)
mainly formed from the glycolytic triose phosphate interme-
diates and detoxified by the MG pathway (Kalapos 1999) (see
Scheme 1). Thus, we checked whether 3-BP could also affect
the activity of the MG pathway enzymes. At this aim, GLOI
and GLOII activities were assayed in CSFs of PC-3 cells in-
cubated with 3-BP for 24 h and found to be 411 + 49 and
20.0 + 2.6 nmol/min x mg protein, respectively, significantly
inhibited as compared to control activities (1027 + 34 and
42.5 + 2.3 nmol/min x mg protein, respectively) (P < 0.01)
(Fig. 4d). Time-dependent measurements of GLOI and GLOII
activities showed that the inhibition of both the enzyme activ-
ities occurred already after 3 h of PC-3 cell incubation with the
drug (47 + 3.1 and 67 + 3.3 % of the control, respectively,
P <0.01) and maintained for all the incubation times (Fig. 4e).

To evaluate the impact of 3-BP-dependent GSH depletion
and impairment of MG pathway enzymes on PC-3 cell sur-
vival, cells were pre-treated with either NAC, which we show
to contribute to cell redox balance (Fig. 4a, b), or AG, a car-
bonyl scavenger that rapidly reacts with MG (de Arriba et al.
2007), and then incubated for 24 h in the absence or presence
of 3-BP (Fig. 4f). 3-BP-induced PC-3 cell death was almost
completely prevented by AG (82 £ 3.5 % of control, P <0.05)
and fully counteracted by NAC (Fig. 4f).

3-BP induces necrosis in PC-3 cells

The rapid and remarkable decrease of cellular ATP levels, as
well as the rapid depletion of GSH pool and increase in cell
oxidative stress, would suggest that PC-3 cell death induced
by 3-BP might occur via necrosis rather than apoptosis
(Eguchi et al. 1997). This was checked directly by photomet-
ric enzyme-immunoassay allowing for the detection of both
cell necrosis and apoptosis, measured as increase of sample
absorbance at the measurement-reference wavelengths of
405-655 nm (see Materials and methods section). Indeed we
found that PC-3 cells incubated for 24 h either in the absence
or presence of 3-BP at increasing concentrations, mainly
underwent necrosis rather than apoptosis (Fig. 5a), starting
from 40 uM 3-BP.

Since cells undergoing necrosis typically exhibit rapid
swelling and loss of membrane integrity causing L-LDH re-
lease (Porcelli et al. 2015), L-LDH activity was assayed in the
culture medium of PC-3 cells incubated with 3-BP (50 uM)
for increasing incubation times (Fig. 5b). A significant in-
crease in released L-LDH activity was found starting from
3 h of incubation (P < 0.01), this further showing the occur-
rence of cell necrosis, whereas no significant increase in L-
LDH activity was detected at 1 h of incubation, when no effect
on cell viability occurred (Fig. 1c, d).

Discussion

The peculiar energy metabolism of prostate cancer cells, in
which both glycolysis and functional mitochondria concur to
an efficient ATP production and, ultimately, to cell growth and
proliferation (Liu 2006; Franklin and Costello 2007; Matheson
et al. 2007; de Bari et al. 2010; de Bari et al. 2013; Panov and
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Fig. 4 3-BP treatment causes the depletion of GSH level, the increase in
intracellular ROS level and impairment of GLOI and GLOII activity of
PC-3 cells. (a,b) PC-3 cells (about 2.5-3.0 x 10° cells) were pre-
incubated in the absence (C) or presence of 1| mM NAC and then the
medium (10 ml) was replaced with the same volume of either 3-BP
(50 uM)-containing medium (+3-BP, +NAC + 3-BP,) or 3-BP-free
medium (C, +NAC), for the reported incubation times (a) or for 3 h (b),
as described in the Material and methods section. (a) GSH level,
expressed as nmol/mg of CSF protein, was measured photometrically in
CSFs isolated from PC-3 cells. Values represent means + SD (n = 4). (b)
The quantification of intracellular ROS in PC-3 cells was carried out
fluorimetrically by staining cells with 5 uM DCF-DA, as described in
the Materials and methods section. Values are the means + SD (n = 3) of
DCF fluorescence arbitrary units (a.u.). (¢) The activity of GAPDH was
assayed as described in Fig. 2¢ and in the Materials and methods section,
in CSF (0.06 mg protein) of PC-3 cells pre-treated (+NAC) or not (C)
with NAC (1 mM) and then incubated either in the absence (C, +NAC) or

Orynbayeva 2013), prompted us to test in cultured human pros-
tate cancer cells, the effect of 3-BP, known to deplete cell en-
ergy reserves by acting on both glycolytic and mitochondrial
targets (Shoshan 2012; Galina 2014). It should be noted that
recently 3-BP, properly formulated for the delivery in humans,
has been successfully administrated to a patient affected by
advanced fibrolamellar hepatocellular carcinoma, with low side
effects on normal tissues (Ko et al. 2012).

We show that 3-BP rapidly kills both androgen-insensitive
and androgen-responsive prostate cancer cells at micromolar
concentrations, with the more aggressive, metastatic tumor-
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presence of 50 uM 3-BP (+3-BP, +NAC + BP) for 24 h. Glyceraldehyde
3-phosphate (GA3P, 3 mM) was added to start the reaction. Numbers
along the traces are specific enzyme activities measured as tangent to
the initial part of the progress curve and expressed as nmol/min x mg of
CSF protein. (d,e) The activity of GLOI and GLOII was assayed
photometrically in CSFs of PC-3 cells incubated either in the absence
(C) or presence of 50 uM 3-BP (+3-BP) for 24 h (d) or for the reported
incubation times (e) and expressed as nmol/min x mg protein (d), or % of
time-matched controls (e). Values represent means + SD (n = 5). (f) Cell
number was analysed by Trypan Blue exclusion assay. PC-3 cells were
pre-incubated in the absence (C) or presence of either | mM NAC
(+NAC) or 0.5 mM AG (+AG) and then the medium was replaced with
either 3-BP (50 uM)-containing medium (+3-BP, +NAC + 3-BP, +AG +
3-BP) or fresh medium (C, +NAC, +AG), for 24 h. Values are means +
SD (n = 3) of cell numbers expressed as % of the untreated control (C).
**P <0.01 and *P < 0.05, significantly different from untreated cells

derived PC-3 cells being more sensitive to 3-BP than
LNCaP cells. This apparent 3-BP selectivity in prostate cancer
cells, could be attributed to the already reported overexpres-
sion of monocarboxylate translocators (MCTs) in PC-3 as
compared to LNCaP cells (Pértega-Gomes et al. 2011; Vaz
et al. 2012; Pértega-Gome