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102 Abstract Most malignant tumors exhibit the Warburg ef f ect, which consists in
increased gly coly sis rates with production of  lactate, ev en in the presence
of  oxy gen. Monocarboxy late transporters (MCTs), maintain these
gly coly tic rates, by  mediating the inf lux and/or ef f lux of  lactate and are
ov erexpressed in sev eral cancer cells. The lactate and py ruv ate analogue
3-bromopy ruv ate (3-BP) is an inhibitor of  the energy  metabolism, which
has been proposed as a specif ic antitumor agent. In the present study , we
aimed at determining the ef f ect of  3-BP in breast cancer cells and
ev aluated the putativ e role of  MCTs on this ef f ect. Our results showed that
the three breast cancer cell lines used presented dif f erent sensitiv ities to
3-BP: ZR-75-1 ER (+)>MCF-7 ER (+)>SK-BR-3 ER (−). We also
demonstrated that 3-BP reduced lactate production, induced cell
morphological alterations and increased apoptosis. The ef f ect of  3-BP
appears to be cy totoxic rather than cy tostatic, as a continue decrease in
cell v iability  was observ ed af ter remov al of  3-BP. We showed that
pre-incubation with buty rate enhanced signif icantly  3-BP cy totoxicity ,
especially  in the most resistant breast cancer cell line, SK-BR-3. We
observ ed that buty rate treatment induced localization of  MCT1 in the
plasma membrane as well as ov erexpression of  MCT4 and its chaperone
CD147. Our results thus indicate that buty rate pre-treatment potentiates
the ef f ect of  3-BP, most probably  by  increasing the rates of  3-BP
transport through MCT1/4. This study  support the potential use of  buty rate
as adjuv ant of  3-BP in the treatment of  breast cancer resistant cells,
namely  ER (−).
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5 expression in breast cancer cells and enhances the antitumor
6 activity of 3-bromopyruvate
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13

14 Abstract Most malignant tumors exhibit the Warburg effect,
15 which consists in increased glycolysis rates with production of
16 lactate, even in the presence of oxygen. Monocarboxylate
17 transporters (MCTs), maintain these glycolytic rates, by me-
18 diating the influx and/or efflux of lactate and are overex-
19 pressed in several cancer cells. The lactate and pyruvate
20 analogue 3-bromopyruvate (3-BP) is an inhibitor of the

21energy metabolism, which has been proposed as a specific
22antitumor agent. In the present study, we aimed at determining
23the effect of 3-BP in breast cancer cells and evaluated the
24putative role of MCTs on this effect. Our results showed that
25the three breast cancer cell lines used presented different
26sensitivities to 3-BP: ZR-75-1 ER (+)>MCF-7 ER (+)>SK-
27BR-3 ER (−). We also demonstrated that 3-BP reduced lactate
28production, induced cell morphological alterations and in-
29creased apoptosis. The effect of 3-BP appears to be cytotoxic
30rather than cytostatic, as a continue decrease in cell viability
31was observed after removal of 3-BP. We showed that pre-
32incubation with butyrate enhanced significantly 3-BP cyto-
33toxicity, especially in the most resistant breast cancer cell line,
34SK-BR-3. We observed that butyrate treatment induced local-
35ization of MCT1 in the plasma membrane as well as over-
36expression of MCT4 and its chaperone CD147. Our results
37thus indicate that butyrate pre-treatment potentiates the effect
38of 3-BP, most probably by increasing the rates of 3-BP trans-
39port through MCT1/4. This study support the potential use of
40butyrate as adjuvant of 3-BP in the treatment of breast cancer
41resistant cells, namely ER (−).

42Keywords 3-bromopyruvate . Butyrate . Monocarboxylate
43transporters .Warburg effect
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58 Extracellular Matrix Metalloproteinase
59 Inducer
60 FBS61 Fetal bovine serum
62 HKII63 Hexokinase II
64 MCT65 Monocarboxylate transporters
66 MTT67 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl
68 tetrazolium bromide
69 OD70 Optical density
71 OXPHOS72 Oxidative phosphorylation
73 PBS74 Phosphate-buffered saline
75 SRB76 Sulphorhodamine B
77 RT78 Rom temperature
79 TBST80 Tris-buffered saline Tween-20
81 TCA82 Trichloroacetic Acid
83 TUNEL84 Terminal deoxynucleotidyl transferase (TdT)-
85 mediated dUTP nick end labeling assay
86 VDAC87 Voltage Dependent Anion Channel
88

89 Introduction

90 One of the hallmarks of cancer is the “Warburg effect” or
91 “aerobic glycolysis”, consisting in a metabolic switch in
92 energy production, relying mostly on glycolysis with lactate
93 production, even in the presence of O2, rather than on
94 oxidative phosphorylation (OXPHOS), characteristic of nor-
95 mal tissues (Warburg 1956). Cancer cells take advantage of
96 this metabolic switch, namely the increased access to bio-
97 synthetic precursors for anabolic reactions, provision of
98 antioxidant defenses and higher ability to escape the im-
99 mune system, to invade neighbor cells and survive in con-
100 ditions of intermittent hypoxia (Pedersen 2007; Kroemer
101 and Pouyssegur 2008). The efflux of lactate and protons,
102 resulting from the glycolytic phenotype of cancer cells,
103 prevents the acid-induced apoptosis and creates an extracel-
104 lular acidic environment that suppresses the effect of the
105 immune system and favors tumor invasion through the
106 activation of metalloproteinases (Pedersen 2007; Kroemer
107 and Pouyssegur 2008; Izumi et al. 2003; Fischer et al. 2007;
108 Swietach et al. 2007). It is then not surprising that lactate
109 production from cancer cells correlates positively with tu-
110 mor aggressiveness and malignancy (Schwickert et al. 1995;
111 Walenta et al. 1997; Walenta et al. 2000; Brizel et al. 2001).
112 Exploiting the differential metabolism of cancer cells can
113 thus be a valuable approach for the development of selective
114 anticancer drugs, with low toxicity to normal cells.
115 3-Bromopyruvate (3-BP) is a potent antitumoral alkylat-
116 ing agent, which exerts its effect by inhibiting cancer cell
117 energy metabolism and depleting cellular ATP (Ko et al.
118 2001). One major target of 3-BP is the glycolytic enzyme
119 hexokinase II (HKII) (Ko et al. 2001; Chen et al. 2009). This
120 hexokinase isoform is insensitive to feedback inhibition by

121glucose-6-phosphate and associates with mitochondria,
122especially in cancer cells, via Voltage Dependent Anion
123Channel protein (VDAC) that has privilege access to mito-
124chondrial ATP (Mathupala et al. 2006; Bustamante and
125Pedersen 1977; Bustamante et al. 1981; Nakashima et al.
1261986). Overexpression of HKII is associated with poor prog-
127nosis, as glycolysis is the primary energy source used by
128cancer cells to sustain their uncontrolled cell growth. 3-BP
129affects not only the energy production coming from glycol-
130ysis but also from mitochondrial respiration, inducing ATP
131depletion and cell death in rapidly growing tumors (Ko et al.
1322001). 3-BP treatment completely eradicated advanced can-
133cers in a rodent model without apparent toxicity to the
134animals, being normal cells spared from the 3-BP effect
135(Ko et al. 2004). Although several 3-BP targets have been
136identified, in addition to HKII, its mechanism of action is not
137elucidated, particularly the mechanism of uptake into the
138tumor cell.
1393-BP is a synthetic derivative of pyruvate and an analogue
140of lactate, being likely transported by the same permeases. A
141family of proton-coupled monocarboxylate transporters
142(MCTs) was described as being involved in the transport of
143monocarboxylic acids (Halestrap and Price 1999; Halestrap
144and Meredith 2004; Halestrap and Wilson 2011; Halestrap
1452011). The MCT family comprises 14 members but only four
146of them (MCT1-4) were functionally characterized as mediat-
147ing the proton-coupled transport of monocarboxylic acids
148across the plasma membrane (namely lactate, pyruvate, buty-
149rate and acetate) (Halestrap and Meredith 2004; Halestrap and
150Wilson 2011; Halestrap 2011; Kennedy and Dewhirst 2010).
151Both MCT1 and MCT4 were found in cancer cells, closely
152associated with CD147, also known as Extracellular Matrix
153Metalloproteinase Inducer (EMMPRIN) or basigin, a chaper-
154one needed for the correct targeting of MCT1 and MCT4 to
155the cell surface and for their activity (Izumi et al. 2003;
156Halestrap 2011; Nabeshima et al. 2006; Riethdorf et al.
1572006; Hussien and Brooks 2011; Kirk et al. 2000; Wilson et
158al. 2005). Although these transporters are present in the plas-
159ma membrane of normal cells, there is evidence for their
160upregulation in cancer cells, given the increased lactic acid
161production and consequent efflux by the cell (Froberg et al.
1622001; Fang et al. 2006; Pinheiro et al. 2008a; Pinheiro et al.
1632008b; Pinheiro et al. 2010a; Pinheiro et al. 2010b). Tumor
164cells take up or export lactate according to the oxygen avail-
165ability, lactate concentration and expression of the MCT sub-
166type at the plasma membrane (Brooks 2000; Semenza 2008).
167Lactate efflux is thought to be mediated mostly by MCT4
168isoform, whereas oxidative cancer cells can take up lactate
169through MCT1 (Semenza 2008; Sonveaux et al. 2008; Draoui
170and Feron 2011). MCTs can be upregulated by different
171stimuli, including hormones (testosterone), exercise and also
172by exposure to carboxylic acids like lactic and butyric acids
173(Kennedy and Dewhirst 2010).

J Bioenerg Biomembr

JrnlID 10863_ArtID 9418_Proof# 1 - 26/01/2012



AUTHOR'S PROOF

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

174 We hypothesized that 3-BP can be an additional substrate
175 for MCTs and that the major players responsible for 3-BP
176 specificity and efficacy are not only HKII but also the
177 availability of MCTs at the plasma membrane. In this con-
178 text, MCTs can act as “Trojan horses”, as their elevated
179 expression can be used by this chemotherapeutic agent to
180 enter into the cells and selectively kill cancer cells. In this
181 work, we assayed the effect of 3-BP in different breast
182 cancer cell lines, addressed the role of monocarboxylic acids
183 in the regulation of MCTs expression and correlated it with
184 the sensitivity of cells to 3-BP.

185 Material and methods

186 Chemicals

187 3-BP, butyric acid and lactic acid were purchased from
188 Sigma. Acetic acid and pyruvic acid were purchased from
189 Merck. 3-BP and carboxylic acid solutions were freshly
190 prepared in phosphate-buffered saline (PBS), pH 7.4. The
191 addition of 3-BP and carboxylic acid solutions to the culture
192 medium never exceeded 10% of the final volume.

193 Cell cultures

194 Three breast cancer cell lines were used: MCF-7 and ZR-
195 75-1, both Estrogen Receptor positive (ER (+)) and SK-
196 BR-3 Estrogen Receptor negative (ER(−)), obtained from
197 ATCC (American Type Culture Collection). All cell lines
198 were grown as monolayers at 37°C in a humidified incu-
199 bator with 5% CO2, in RPMI-1640 medium (Invitrogen)
200 supplemented with 10% Fetal Bovine Serum (FBS,
201 Invitrogen), 1% penicillin/streptomycin (Invitrogen), being
202 MCF-7 supplemented with 25 μg/ml insulin (Sigma).
203 Cells were kept in exponential growth phase and subcul-
204 tured once or twice a week. For the assays, subconfluent
205 cells, in exponential growth phase, were detached with
206 trypsin/EDTA (Invitrogen) and ressuspended in fresh
207 medium at the appropriated density.

208 Cell survival assays

209 MTT assay

210 To determine the IC50 of 3-BP, cells were seeded in 96-well
211 plate, assuring that they were in the exponential growth
212 phase during the assay. Cells were incubated during 24 h
213 to adhere and exposed to different concentrations of 3-BP
214 during 16 h. As control, 3-BP solution was replaced by PBS
215 1x (vehicle). After treatment, 10 μl of 3-(4,5-dimethyl-2-
216 thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma)
217 was added (5 mg/ml in PBS) and the cells were incubated

218for further 4 h. The formazan product was solubilized with a
219HCl/Triton X100/ isopropanol solution and the absorbance
220measured at 570 nm.
221The percentage of viable cells was determined comparing
222the absorbance of the treated cells to the untreated control
223cells (corresponding to 100% of viable cells). Three inde-
224pendent experiments (at least) were performed in triplicate
225and IC50 values were estimated using the GraphPad
226Prism 4 software, applying a sigmoidal dose–response
227(variable slope) non-linear regression, after logarithmic
228transformation.

229SRB assay

230After the treatment above described, adherent cells were
231fixed with 10% trichloroacetic acid (TCA), for 1 h at 4°C,
232rinsed with water, air-dried and stained with 0.4% sulpho-
233rhodamine B (SRB, Sigma) for 30 min at 37°C. After
234staining, the plates were rinsed with 1% acetic acid and
235air-dried. The bound dye was solubilized with 10 mM Tris
236(100 μl per well) and the absorbance measured at 540 nm.
237At least three independent assays were done in triplicate and
238the results treated as previously described for the MTT
239assay.

240Reversibility of 3-BP effect

241Cells were seeded into 96-well plates and incubated for
24224 h. After incubation, cells were exposed to different con-
243centrations of 3-BP. After 16 h, the medium was removed,
244the cells were washed with PBS 1x and fresh culture medi-
245um without drug was added. After further 48 h of incuba-
246tion, the MTT assay was performed. At least three
247independent experiments (in triplicate) were performed for
248each assay. Graphs were plotted using the GraphPad Prism 4
249software.

250Effect of 3-BP on cell morphology

251Exponential cells growing in 6-well plates were treated
252during 16 h with 3-BP in a concentration corresponding to
253the respective IC50 or 2× IC50. In the control cells, 3-BP was
254replaced by PBS 1x in the culture medium. After the incu-
255bation period, the cells were observed in an inverted phase
256contrast microscope with a final magnification of 400×.

257Apoptosis assay

258The terminal deoxynucleotidyl transferase (TdT)-mediated
259dUTP nick end labeling assay (TUNEL) was employed to
260detect fragmented genomic DNA, typical of apoptotic cells,
261using the DeadEnd™ Fluorimetric TUNEL system
262(Promega). Cells were plated and treated with 3-BP in the
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263 same conditions as reported for the morphological observa-
264 tions. After incubation with medium containing 3-BP (or
265 PBS 1×, in the untreated cells), both adherent and cells
266 in suspension were collected, washed with the PBS 1×
267 and fixed with 4% paraformaldehyde. Slides with cyto-
268 spins of the cell suspension were processed according to
269 manufacturer instructions. The slides were observed in a
270 fluorescence microscope and a minimal of 400 cells was
271 counted.

272 Lactic acid quantification in the culture medium

273 Cells in exponential growth phase of were seeded and
274 incubated for 24 h. Cells were then treated during 16 h with
275 3-BP in a concentration corresponding to the respective
276 IC50. The culture medium was removed and reserved for
277 extracellular lactic acid quantification. The same was done
278 for untreated cells. Lactic acid was measured using a com-
279 mercial kit (Spinreact) and the values normalized for the
280 total biomass at the time of the assay, evaluated by the SRB
281 assay.

282 Effect of pre-incubation with carboxylic acids on 3-BP
283 sensitivity

284 Cells in exponential growth phase were seeded in 96-well
285 plates, incubated during 24 h to adhere and exposed to
286 different concentrations of carboxylic acids (lactate, acetate,
287 pyruvate or butyrate), adjusted to pH 7.4. After 24 h of
288 incubation, the medium was removed and replaced by me-
289 dium containing 3-BP in a concentration corresponding to
290 the respective IC50 for each cell line or with 3-BP free
291 medium (control). Cells were incubated further 16 h and
292 viability was evaluated by the MTT assay.

293Protein expression assessment

294MCT1, MCT2, MCT4 and CD147 expression was assessed
295by imunocytochemistry of cytoblocks and Western-blot of
296total protein extracts.

297Preparation of paraffin cytoblocks

298For preparation of the paraffin cytoblocks, cells were grown
299in T75 flasks until reaching approximately 80% confluence.
300After treatments (described in the results), cultures were
301trypsinized and cell suspensions centrifuged. The superna-
302tants were removed and cells fixed with 3.7% formaldehyde
303overnight. Cells were re-centrifuged and the pellets
304processed in an automatic tissue processor (TP1020,
305Leica), before inclusion into paraffin (block-forming unit,
306EG1140H, Leica).

307Immunocytochemistry

308For the evaluation of MCT1, MCT2, MCT4 and CD147
309protein expression by immunocytochemistry, 4 μm cytoblock
310sections were deparaffinised and rehydrated. Slides were then
311submitted to the adequate heat-induced antigen retrieval treat-
312ment (Table 1), washed with PBS 1× and incubated with 3%
313H2O2 in methanol to inactivate endogenous peroxidase activ-
314ity. Non-specific binding sites were blocked (Blocking solu-
315tion, Labvision or Vector Kit) and the cell sections were
316incubated with the appropriate primary antibodies. The times
317and conditions of incubation for each antibody are described
318in Table 1. Slides were washed with PBS 1×, incubated with
319the secondary biotinylated antibody (Labvision or Vector Kit)
320and then with Streptavidin/ Avidin Peroxidase solution
321(Labvision orVector kit, respectively), followingmanufacturers’

t1:1 Table 1 Immunocytochemical procedure to assess the expression of the different proteins

t1:2 Protein Positive control Antigen retrieval Detection system Primary antibody (company
and reference; dilution and
incubation conditions)

t1:3 MCT1 Colon carcinoma Citrate buffer (10 mM,
pH06) 98°C; 20 min

R.T.U. VECTASTAIN
Elite ABC Kit (VECTOR
laboratories)

Chemicon (AB3538P)
1:200, overnight, RT

t1:4 MCT2 Kidney Citrate buffer (10 mM,pH06)
98°C; 20 min

Ultravision Detection System
Anti-polyvalent, HRP (Lab
Vision Corporation)

Santa Cruz (sc-50322)
1:200, 2 h, RT

t1:5 MCT4 Colon carcinoma Citrate buffer (10 mM,
pH06) 98°C; 20 min

R.T.U. VECTASTAIN
Elite ABC Kit (VECTOR
laboratories)

Santa Cruz (sc-50329)
1:500, 2 h, RT

t1:6 CD147 Colon carcinoma EDTA (1 mM,pH08)
98°C; 20 min

Ultravision Detection
System Anti-polyvalent, HRP
(Lab Vision Corporation)

Zymed (187344) 1:500,
2 h, RT

RT Room temperature
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322 instructions. Immunocytochemical reactions were developed
323 with 3,3′-diamino-benzidine (DAB+Substrate System,
324 LabVision). All cytoblock sections were conterstained with
325 hematoxylin/ eosin, dehydrated and mounted. Positive controls
326 for immunostaining with each antibody are described in Table 1.
327 Slides were visualized in a phase contrast microscope.

328 Protein extraction

329 The expression of MCT1, MCT2, MCT4 and CD147 was also
330 evaluated byWestern-blotting. Cells were grown in cell culture
331 dishes until reaching approximately 80% confluence and sub-
332 jected to the respective treatment described in the results. After
333 incubation, cells were washed with ice-cold PBS 1x and col-
334 lected by scrapping using ice-cold lysis buffer (150 mMNaCl,
335 0.1mMEDTA, 1%Triton X-100, 1%NP40, 50mMTris–HCl
336 pH 7.5 and 1/7 protease inhibitor cocktail, Roche Applied
337 Sciences). The suspension was transferred to a pre-cooled
338 1.5 ml tube and incubated on ice during 15 min, being occa-
339 sionally vortexed. The lysate was centrifuged (13,000 rpm,
340 15 min, 4°C) and the supernatant collected for protein analysis.
341 The protein content of the extracts was measured using the
342 BCA™ Protein Assay Kit (Pierce Biotechnology, Inc.),
343 according to manufacturer’s instructions.

344 Western-blot assays

345 Western-blot assays were performed according to conventional
346 procedures. Briefly, 20 μg of protein samples were separated
347 by SDS-PAGE and transferred to nitrocellulose membranes.
348 After transference, membranes were washed with Tris-
349 buffered saline Tween-20 (TBST) and blocked with a 5%
350 skimmed milk solution in TBST, for 1 h at room temperature,
351 with gentle shaking. Membranes were rinsed three times with
352 TBST and incubated with the primary antibodies MCT1,
353 MCT4 and CD147 overnight at 4°C at the dilutions described
354 in Table 1. Actin was used as loading control. After incubation,
355 membranes were washed three times with TBST and treated
356 with the appropriate secondary antibody, conjugated with
357 horseradish peroxidase, for 1 h at room temperature with gentle

358shaking. The immunoreactive proteins were visualized using
359the Enhanced chemiluminescence detection kit, in an imaging
360system (Chemidoc, BioRad). The protein content was evalu-
361ated by measuring the density of each band and normalizing to
362the actin content.

363Results

3643-BP affects survival of breast cancer cells

365Three breast cancer cell lines (MCF-7, ZR-75-1 and SK-
366BR-3) were treated with 3-BP and its effect on cell viability
367was evaluated by the MTT assay. After a short period of
368incubation (16 h), 3-BP decreased cell survival in a dose-
369dependent manner in all the cell lines. The three cell lines
370presented different sensitivities to 3-BP (Fig. 1), with a more
371potent effect in the ER (+) cell lines: ZR-75-1 and MCF-7
372(IC50 of 55.7±1.5 and 84.6±15.4 μM, respectively), while
373the ER (−) cell line SK-BR-3 was more resistant (IC50 of
374458.1±28.6 μM). The MTT assay is an indirect method to
375evaluate the cytotoxicity of a compound, based on the
376reduction of MTT to formazan, by metabolically active cells
377(Mosmann 1983). These results were cross-checked by the
378SRB assay, which estimates cell biomass according to the
379protein content of the cells (Vichai and Kirtikara 2006). The
380same order of sensitivity for the three cell lines was ob-
381served and the IC50 estimated were at the same order of
382magnitude: 42.6±4.7; 67.8±1.5 and 405.0±88.2 μM for
383ZR-75-1, MCF7 and SK-BR-3, respectively. For 3-BP con-
384centrations higher than the IC50, a lower cell biomass was
385found comparing to the t0 values (corresponding to cell
386biomass at the time of the addition of the compound), being
387near zero for high 3-BP concentrations (data not shown),
388indicating its cytotoxic rather than cytostatic nature.
3893-BP effect on cell morphology and apoptosis was also
390assessed in the three cell lines. Figure 2a shows representa-
391tive results of the morphological alterations observed for
392SK-BR-3 cell line, treated with 3-BP in concentrations
393corresponding to IC50 and 2× IC50. Loss of integrity and

Fig. 1 3-BP effect on cell viability of the breast cancer cell lines ZR-75-1, MCF-7 and SK-BR-3, evaluated by the MTT assay. Results are the mean
± SD of triplicates of at least three independent experiments
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394 increased cell death was observed in treated cells, as well as
395 alterations in cell morphology, including opaque cytoplasm,
396 prominent nuclei with abnormal morphology and bebling
397 characteristic of apoptotic cells. This phenotype was more
398 pronounced in cells treated with 3-BP at 2× IC50.
399 To clarify the type of cell death induced by 3-BP, TUNEL
400 assay was performed. 3-BP treatment induced apoptosis in all
401 cell lines analyzed (Fig. 2a and b). The cell line ZR-75-1
402 showed a similar number of apoptotic cells when treated with
403 3-BP for both concentrations used. However, for the other two
404 cell lines, the number of apoptotic cells increased with 3-BP
405 concentration (Fig. 2b). In all cases, the percentage of

406apoptotic cells for 3-BP IC50 was less than 50%, whereas
407the viability was around 50%, as evaluated by the trypan blue
408assay. The inhibitory effect of 3-BP could be also associated
409with other type of cell death, namely necrosis or autophagy, as
410suggested by the high vacuolization observed (see the repre-
411sentative observations shown in Fig. 2a for the SK-BR-3
412treated cells).

4133-BP affects cell metabolism and lactic acid production

4143-BP inhibits glycolysis and depletes cell ATP, what causes
415cell death (Ko et al. 2004). As a consequence, we expected a

Fig. 2 3-BP effect in cell
morphology and apoptosis in
breast cancer cells. Untreated
and treated cells with 3-BP in a
concentration corresponding to
IC50 or 2×IC50 were analyzed
by TUNEL assay and stained
with DAPI. (a) SK-BR-3 cells
visualized in a phase contrast
and fluorescence microscope
with a magnification of 400×.
(b) Number of apoptotic cells of
ZR-75-1, MCF-7 and SK-BR-3
counted for all the conditions
analyzed. The results are
presented as mean ± SD of two
independent experiments.
Statistical significance estimated
by two-tailed Student’s t-test for
mean comparison was as
follows: * p<0.05, ** p<0.01
significantly different from
untreated cells; # p<0.05, ##
p<0.01 significantly different
from IC50 treated cells
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416 change on the levels of lactate exported by the cells treated
417 with 3-BP. The extracellular lactic acid concentration was
418 measured in the three cell lines untreated and treated with 3-
419 BP IC50 (Table 2). All cell lines showed a decrease in lactate
420 production, in concordance with 3-BP effect on glycolysis.
421 The more resistant cell line SK-BR-3 was less affected,
422 compared with the more sensitive cell lines ZR-75-1 and
423 MCF-7.

424 Breast cancer cells do not recover from 3-BP treatment

425 In order to analyze whether cells treated with 3-BP recover
426 after its removal from the medium, cells were washed and
427 incubated further 48 h in drug-free medium and cell viability
428 was assessed by the MTT assay (Fig. 3). Cells treated with
429 3-BP concentrations lower than the IC50 were able to recover
430 and divide similarly to untreated cells. For concentrations
431 closer to, or higher than, the IC50, the effect was irreversible
432 and cells did not recover from 3-BP effect. It is important to
433 notice that the most sensitive cell line, ZR-75-1, retained the
434 lower ability to recover (Fig. 3).

435 3-BP does not alter immunocytochemical expression
436 of MCTs and CD147 in breast cancer cells

437 3-BP, being a pyruvate derivative, most probably uses the
438 same plasma membrane transporters than other monocar-
439 boxylates like pyruvate, lactate, butyrate or acetate, MCT
440 isoforms 1 to 4. MCT1, MCT2, MCT4 and CD147 proteins
441 expression was assessed by immunocytochemistry in cells
442 treated or not treated with 3-BP. Figure 4 shows the basal
443 expression of these proteins in the three cell lines. It is worth
444 noticing that MCT2 has never been detected for all condi-
445 tions used, including cells treated with 3-BP (data not
446 shown). MCT1, MCT4 and CD147 were expressed in all
447 cell lines. Concerning cells treated with 3-BP, no differences

448in the protein expressed pattern have been detected (data not
449shown).

450Butyrate enhances 3-BP cytotoxicity

451To assess the influence of metabolic carboxylic acids on 3-
452BP cytotoxicity, cells were pre-incubated with different
453acids before 3-BP treatment. The viability of the cells trea-
454ted with lactate or butyrate alone or in combination with 3-
455BP IC50 was evaluated by the MTT assay (Fig. 5). Lactate
456concentrations ranging from 50 to 10,000 μM, alone or in
457combination with 3-BP, did not affect cell viability signifi-
458cantly (Fig. 5a). A different behavior was found for butyrate
459treated cells, where a decrease in cell viability was observed
460with increasing acid concentrations (Fig. 5b, black bars).
461The cytotoxic effect of 3-BP increased in a dose-dependent
462manner by pre-incubating the cells with butyrate (Fig. 5b,
463white bars). This phenotype was more pronounced for the
464most resistant cells, the SK-BR-3, in which the IC50 for 3-
465BP without and with butyrate 500 μM pre-treatment de-
466creased from 423.9±3.5 μM to 199.3±10.3 μM μM.
467Similar experiments have been conducted with pyruvate
468and acetate in the same range of concentrations and culture
469conditions. The results were comparable to lactate treat-
470ment: neither loss of cell viability for the incubation with
471the acids alone, nor significant enhancement in 3-BP cyto-
472toxicity (data not shown). The increase in 3-BP cytotoxicity
473seems to be specific for butyrate, which is more pronounced
474in the more resistant cell line SK-BR-3.

475Butyrate but not lactate increases MCT4 and CD147
476expression in SK-BR-3 cells

477As the breast cancer cell line SK-BR-3 showed the largest
478response to 3-BP upon the butyrate pre-treatment, the ex-
479pression of MCT1, MCT2, MCT4 and CD147 was assessed
480in this cell line by immunocytochemistry for the effect of
481butyrate and lactate at the concentrations of 500, 2,000 and
48210,000 μM (Fig. 6). Concerning MCT1, no considerable
483differences in the overall expression were observed, al-
484though a discrete increase in the plasma membrane staining
485was visualized, especially in butyrate treated cells. No sig-
486nificant expression of MCT2 was observed for all cases
487(data not shown). In cells treated with butyrate, a higher
488staining level of MCT4 and CD147 was detected at the
489plasma membrane. To confirm this result, western-blot anal-
490ysis was performed in cells treated with butyrate, using
491untreated cells as reference. As shown in Fig. 7, an increase
492in MCT4 expression was detected with increasing concen-
493trations of butyrate, consistent to the immunocytochemistry
494observations. Furthermore, MCT1 level of expression did
495not change with acid treatment. Regarding the expression of
496CD147, although detected, it was not quantified due to the

t2:1 Table 2 Extracellular lactic acid concentration in the breast cancer cell
lines ZR-75-1, MCF-7 and SK-BR-3 incubated for 16 h in the absence
or in the presence of 3-BP IC50. The results were normalized for total
cell biomass, dividing the total lactic acid by the optical density
determined in the SRB assay. Statistical significance estimated by
two-tailed Student’s t-test for mean comparison was as follows:* p<
0.05, ** p<0.01, *** p<0.005, significantly different from untreated
cells

t2:2 Cell line Lactic acid concentration (μg lactic acid/total biomass)

t2:3 Non-treated cells 3-BP treated cells (IC50)

t2:4 ZR-75-1 30.0±4.0 22.4±0.9 **

t2:5 MCF-7 19.0±0.3 11.1±0.8 ***

t2:6 SK-BR-3 19.2±0.9 16.4±1.0 *
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Fig. 3 Recovery capacity of breast cancer cells from 3-BP effect,
evaluated by the MTT assay. Bars represent the reduced-MTT, evalu-
ated by OD570, as a function of 3-BP concentration before (black bars)
and after (white bars) a recovery period of 48 h in drug-free medium.

The inset in each graph represents cell viability, normalized for control,
both for recovered (white squares) and non-recovered (black squares)
cells. Results are the means ± SD of triplicates of at least three
independent experiments

Fig. 4 Q10Immunocytochemical expression of MCT1, MCT4 and CD147 in the breast cancer cell lines ZR-75-1, MCF-7 and SK-BR-3
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497 presence of several bands associated with the glycosylation
498 patterns of the protein, which makes quantification unreli-
499 able (data not shown).

500 Discussion

501 Most cancer cells display a remarkable metabolic alteration
502 in bioenergetics, by switching to a glycolytic phenotype,
503 even in aerobic conditions. 3-BP is a chemotherapeutic drug
504 that impairs glucose metabolism and energy production in
505 cancer cells. 3-BP cytotoxic effect has already been de-
506 scribed in different cancer cell types, such as pancreatic
507 cancer, melanoma or hepatocellular carcinoma (Bhardwaj
508 et al. 2010; Qin et al. 2010; Pereira da Silva 2009). Breast
509 cancer is one of the most common malignancies worldwide
510 and the major cause of cancer death in women. In this study,
511 we evaluated 3-BP cytotoxicity in three breast cancer cell
512 lines, two estrogen-dependent ER (+), MCF-7 and ZR-75-1
513 and one estrogen-independent ER (−), SK-BR-3. In all cells,
514 3-BP exhibited a dose-dependent cytotoxicity, inducing ap-
515 optosis and changes in cell morphology. Additionally, 3-BP
516 treatment led to a decrease in lactic acid production corrob-
517 orating its role as an antiglycolytic agent.
518 The three cell lines presented different sensitivities
519 to 3-BP. Interestingly, the ER (−) cell line SK-BR-3

520was the most resistant, followed by MCF-7 and ZR-75-
5211, both ER (+). Our unpublished data showed that
522other ER (−) breast cancer cell line (MDA-MB-231)
523presents also a higher resistance to 3-BP, with an IC50

524of around 200 μM. Exploitation of the correlation
525between the ER (−) phenotype and 3-BP resistance
526needs further research, an objective beyond the scope
527of this work.
528It is well stated that the ER (−) breast cancers are more
529aggressive and display a worse prognosis, therefore sensi-
530tizing these cells to chemotherapeutic drugs is of major
531importance in breast cancer therapy. In this work we showed
532that the treatment with the carboxylic acid butyrate sensi-
533tized cells to 3-BP, particularly the ER (−) cells. This effect
534was specific for butyrate, since none of the remaining met-
535abolic monocarboxylic acids tested (lactate, pyruvate or
536acetate) were able to enhance 3-BP cytotoxicity.
537It has been reported that butyrate, a substrate of MCTs,
538can induce MCT1 expression in human colonocytes, in
539the colon cancer cell line Caco-2 and in the colonic
540epithelial cell line AA/C1 (Borthakur et al. 2008; Cuff et
541al. 2002). Our results show for the first time that in breast
542cancer cells, butyrate is able to increase MCT4 but not
543MCT1 expression, although it changes MCT1 localization.
544Butyrate seems to play a role in the upregulation of
545MCT4 and CD147 (chaperone), as it induces the strongest

Fig. 5 Cell viability, evaluated by the MTT assay, of cells incubated
during 24 h in medium containing lactate (a) or butyrate (b) in a range
of concentrations (up to 10 mM), followed by 16 h incubation in
medium with (white bars) or without 3-BP (black bars) using the
IC50 for each cell line. Results are the mean ± SD of triplicates of at

least three independent experiments. Statistical significance estimated
by two-tailed Student’s t-test for mean comparison was as follows:* p<
0.05, ** p<0.01, *** p<0.005, significantly different from the respec-
tive untreated cells
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546 membrane staining of those proteins in ZR-75-1, the most
547 sensitive cells to 3-BP. Under the same experimental con-
548 ditions, lactate did not induce significant alterations of the
549 patterns of MCT1, MCT2, MCT4 and CD147 expression.
550 We therefore can speculate that MCT4 and its ancillary

551protein CD147 are positive effectors of 3-BP response and
552likely to be involved in the uptake of the drug by the
553cancer cells.
554Proton-linked influx and efflux of monocarboxylates are
555mediated by MCT isoforms 1 to 4, the direction of the

Fig. 6 Immunocytochemical expression of MCT1, MCT4 and CD147 in SK-BR-3 cell line treated with butyrate or lactate in different
concentrations. Untreated cells were used as control and the expression of the same proteins was assessed in these cells
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556 transport being defined by the proton and the anionic form
557 of the acid gradient concentration across the plasma mem-
558 brane (Halestrap and Wilson 2011; Halestrap 2011). MCT1-
559 4 transport a wide variety of monocarboxylates, according
560 to their tissue localization and substrate affinities. We have
561 detected MCT1 and MCT4 expression in breast cancer cells,
562 but we could not detect MCT2 significant expression.
563 MCT3 expression was not evaluated since its localization
564 is reported to be confined to the retinal pigment epithelium
565 RPE and choroid plexus epithelia (Halestrap and Wilson
566 2011; Morris and Felmlee 2008). MCT1 is a transporter
567 with a broader range of substrates, when compared to other
568 MCT members, being involved both in lactate uptake and
569 efflux. MCT4 major’s physiological role has been attributed
570 to the efflux of lactate from glycolytic cells, displaying a
571 high Km for all substrates studied (Halestrap and Wilson
572 2011; Semenza 2008; Sonveaux et al. 2008; Dimmer et al.
573 2000; Manning Fox et al. 2000). Although MCT4 is in-
574 volved in lactate efflux due to the low affinity for the acid,
575 its possible role in the uptake of monocarboxylates cannot
576 be excluded. In fact, Lecona and collaborators reported that
577 MCT1 transports butyrate with high-affinity and hypothe-
578 sized the role of MCT4 as a low affinity transporter for this
579 acid (Lecona et al. 2008). According to our results, we can
580 raise the hypothesis that butyrate enters the cells by both
581 MCT1 and MCT4, and induces the expression of the later,
582 in breast cancer cells. At first glance, one could expect that
583 3-BP, in the range of concentrations used (μM), should be
584 uptaken by the cell via the higher affinity transporter MCT1.
585 Since butyrate induces MCT1 plasma membrane localiza-
586 tion as well as MCT4 overexpression, we believe that the
587 overall capacity of the cell to transport 3-BP was stimulated.
588 However, this hypothesis needs further confirmation by
589 kinetic analysis of 3-BP transport through the plasma
590 membrane.
591 The conditions used in our experiments (pH>7.0) assure
592 the anionic form prevalence of the acids, so specific trans-
593 port systems such as MCT1 and MCT4 have to be present to
594 mediate their uptake. Our results demonstrated that butyrate
595 induces MCT4 expression, probably enhancing 3-BP

596uptake. The role of MCT1 in mediating butyrate action,
597needs further investigation.
598It has been reported that butyrate itself can inhibit prolif-
599eration and induce cell death, in colon adenocarcinoma
600derived cells (Hague and Paraskeva 1995; Hinnebusch et
601al. 2002; Cuff et al. 2005). Our study showed that butyrate
602can also induce per se loss of viability in breast cancer cells.
603Butyrate production occurs naturally from colonic microbial
604fermentation being the main carbon source of colonocytes
605(MacFarlane and Cummings 1991). Although most of the
606studies have been performed in colon cancer, where its role
607in colon cancer prevention is known, inhibiting cell prolif-
608eration and inducing apoptosis (Lupton 2004), it was not
609surprising that we have also seen loss of viability in the
610breast cancer cells, induced by butyrate.
611The present study brings further insights to 3-BP mech-
612anism of action. Our results show that in breast cancer cells,
6133-BP decreased glycolytic activity and induced cell death,
614namely by apoptosis. The effect of 3-BP appears to be
615cytotoxic rather than cytostatic, as cells do not recover from
6163-BP treatment, being fated to cell death. We show that
617butyrate, which is itself an anti-proliferative agent, enhances
618the effect of 3-BP, especially in resistant cells. Although the
619process by which 3-BP enters the cell is not completely
620clarified, our study suggests that MCT1/4 and CD147 might
621be key players in 3-BP uptake by the cell.
622Summing up, to the best of our knowledge, we show for
623the first time that butyrate potentiates the effect of 3-BP in
624breast cancer cells, through the increased expression of
625MCT4 and CD147. Further, we put forward the possibility
626of the potential use of butyrate as adjuvant for 3-BP in breast
627cancer treatment, namely in more resistant types of tumors
628such as the ER (−).
629
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Fig. 7 MCT1 and MCT4 expression, assessed by western-blot analy-
sis, in SK-BR-3 cells treated with butyrate at different concentrations.
(a) Levels of protein expression relative to the control cells. The results

are presented as mean ± SD of two independent experiments. (b)
Representative results of MCT1 and MCT4 protein expression
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