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Abstract 

Tumor cells present predominantly a glycolytic profile with increased glucose consumption and lactate 

production, even under aerobic conditions (Warburg effect). The high glycolytic rates in several tumors 

lead to the production of large amounts of lactate and upregulation of monocarboxylate transporters 

(MCTs), whose function is to export lactate into the extracellular milieu. This metabolic reprogramming 

enables cells to sustain the high proliferative rates and promotes an acidic microenvironment. 3-

bromopyruvate (3BP) is an alkylating agent, which targets cancer cell metabolism and it has been 

demonstrated to be a powerful and specific antitumor agent either in in vitro or in vivo models. 3BP is 

an analogous compound of lactate, whose uptake into the cell occurs through MCTs, leading to 

depletion of intracellular ATP and thus acting as a cytotoxic agent. As tumor cells overexpress MCTs, 

they can serve as trap, allowing the uptake of 3BP. However, MCTs expression can change according 

to microenvironment conditions, including extracellular pH, hypoxia, starvation and, in the case of 

colorectal cancer (CRC), by the presence of short-chain fatty acids (SCFA) produced by intestinal 

microbiota. The aim of this work was to understand the regulation of MCTs in these different conditions 

in CRC cell lines and how it correlates with 3BP toxic effect. 

Our study showed that the three cell lines presented different sensitivities for 3BP: HCT-15< Caco-2< 

HT-29. In all these cell lines, 3BP decreased lactate production and cell viability and migration capacity. 

Concerning the expression of MCT1 and MCT4, proteins involved in 3BP uptake, it was observed that 

the HCT-15 cell line, the most sensitive to 3BP, presented an increased expression of MCT1 and MCT4, 

while the most resistant cell lines HT-29 and Caco-2 showed a lower expression of both proteins. The 

effect of different environment conditions on MCT1 and MCT4 expression was evaluated in the HCT-

15 cell line. HCT-15 cells were more resistant to 3BP when exposed to hypoxia or glucose starvation, 

although an increase in MCT expression levels has been observed in these conditions. Treatment with 

both butyrate and acetate, sensitized HCT-15 cells to 3BP and an increased expression of MCT4 was 

observed. Thus, the overall results suggest that MCTs can be involved in 3BP mechanism of action, 

possibly mediating 3BP uptake into the cell, but the resistance observed under the different should 

involve other factors beyond MCTs. 

 

Keywords: “Warburg effect”, 3-bromopyruvate, Monocarboxylate transporters, Colorectal Cancer.
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Resumo 

As células tumorais apresentam um perfil glicolítico com elevados níveis de consumo de glucose e 

produção de lactato, mesmo sob condições aeróbias (efeito Warburg). Este fenótipo glicolítico presente 

em vários tumores resulta na produção excessiva de lactato e na sobre-expressão dos transportadores 

de monocarboxilatos (MCTs), envolvidos no transporte de lactato para o meio extracelular. Esta 

reprogramação metabólica suporta a elevada taxa de proliferação e promove um microambiente 

acídico. O 3-bromopiruvato (3BP) é um agente alquilante, que tem como alvo o metabolismo células 

tumorais e demonstrou ser um agente antitumoral poderoso, quer em modelos in vitro quer em in 

vivo. O 3BP é um análogo do lactato, cuja transporte ocorre via MCTs, levando à depleção de ATP 

intracelular, sendo um agente citotóxico. Os MCTs podem servir como armadilha para as células 

tumorais, onde estão sobre-expressos, permitindo a entrada do 3BP. Porém, a expressão dos MCTs 

pode alterar-se com as condições do microambiente tumoral, tais como o pH extracelular, a hipoxia, 

a escassez de glucose e, no caso de cancro colorectal (CRC), a presença de ácidos monocarboxílicos 

produzidos pela flora intestinal. O objetivo deste trabalho foi compreender a regulação dos MCTs 

nestas condições em linhas celulares de CRC e correlacionar com o efeito tóxico do 3BP.  

Neste estudo mostrámos que as três linhas celulares têm sensibilidades diferentes ao 3BP: HCT-15< 

Caco-2 <HT-29. Em todas as linhas celulares, o tratamento com o 3BP diminuiu a produção de lactato 

e a capacidade de migração. Quanto à expressão do MCT1 e MCT4, proteinas envolvidas no transporte 

do 3BP, observou-se que a linha HCT-15, a mais sensível ao 3BP, teve maior expressão de MCT1 e 

MCT4, enquanto que as linhas mais resistentes HT-29 e Caco-2 tiveram uma expressão mais baixa 

de ambas as proteinas. Avaliou-se a expressão dos MCTs nas diferente condições do microambiente 

tumoral. As células HCT-15 foram mais resistentes ao 3BP em hipoxia e em privação de glucose, 

embora tenha sido observado um aumento nos níveis de expressão dos MCTs nestas condições. O 

pré-tratamento com o butirato e o acetato, sensibilizou as células HCT-15 ao 3BP e aumentou a 

expressão do MCT4. Assim, os resultados sugerem que os MCTs estão envolvidos no mecanismo de 

ação do 3BP, mediando o transporte do composto, mas a resistência observada nas diferentes 

condições deverão envolver outros factores para além dos MCTs.  

Palavras-chave: “Efeito de Warburg”, 3-Bromopiruvato, Transportadores de monocarboxílicos, 

Cancro do Colorectal 
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1.1. Cell metabolism  

Cell metabolism involves several metabolic pathways, composed by a complex set of biochemical 

reactions. These metabolic pathways are highly coordinated to sustain vital cell processes, obtaining 

biosynthetic precursors and chemical energy from nutrient molecules. The cell proliferation is an 

important process for growth and right function of mammalian adult tissues, involving growth-factor 

signal transduction pathways activation, translating in adenosine triphosphate (ATP) production and 

macromolecules synthesis for cell division [1]. The differentiated cells may resort to mitochondrial 

oxidative phosphorylation or anaerobic glycolysis to obtain energy, depending on the presence or 

absence of oxygen, respectively [2], while proliferative or tumor cells resort essentially to aerobic 

glycolysis [3], obtaining the energy and biosynthetic precursors that require for cell proliferation [1,4]. 

 

1.2. Tumor cell metabolism: Warburg effect 

Cancer is a genetic disease involving gradual changes in the genome that allow the acquisition of a 

malignant and invasive profile by normal cells. This profile involves multistep processes, known by 

tumorigenesis, which lead to a deregulation of pathways that govern the normal cells proliferation and 

homeostasis, giving a phenotype that confers a selective advantage to cells, turning them gradually in 

malignant cells [5-7]. In 2000, Hanahan and Weinberg suggested six changes in the cellular physiology 

that define cancer cells, which have posteriorly been complemented with four hallmarks more (Figure 

1): two enabling characteristics (genome instability and tumor-promoting inflammation) and two 

emerging hallmarks (avoiding immune destruction and deregulating cellular energetics) [8,9].  

The normal differentiated cells depend mainly on the mitochondrial oxidative phosphorylation to obtain 

the energy needed to cellular processes. In the absence of mitochondrial systems or in anaerobic 

conditions, differentiated cells follow the fermentative pathway, producing large amounts of lactate. 

However, in the presence of oxygen, the Pasteur Effect occurs and these cells convert glucose into 

pyruvate, which in turn is converted into acetyl-CoA that enters in the mitochondrial tricarboxylic acid 

(TCA) cycle. This metabolic pathway generates NADH that maximize ATP production by oxidative 

phosphorylation, reducing the production of lactate [2]. Instead, cancer cells use mainly aerobic 

glycolysis to obtain energy, a phenomenon called "Warburg effect" [3]. As result, cancer cells convert 
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most glucose into lactate, in either the presence or absence of oxygen (Figure 2) [2, 10]. However, 

glycolysis is an unproductive way to generate ATP, with a yield of two ATPs per molecule of glucose 

against thirty-six ATPs obtained by the complete oxidation of one glucose molecule [3]. Otto Warburg 

hypothesized that cancer cells developed defects in mitochondria, disabling them to generate normal 

levels of energy by respiration [3,11,12]. Nevertheless, recent researches have demonstrated that 

some cancer cells have active and functional mitochondria, as well as oncogenes and tumor 

suppressor genes that are important to this metabolic switch, contributing for higher glycolytic rates 

and a raised glucose consumption through the upregulation of glucose transporters (GLUTs) and 

overexpression of genes involved in glycolysis, allowing these cells to obtain the necessary supply of 

energy [13-16]. 

 

Figure 1. Representative illustration of the ten Hallmarks of cancer that are involved in the set of functional 

capabilities acquired by the tumor. Adapted from [9]. 

 

Being altered energy metabolism a hallmark of cancer, it can be used to diagnosis, as well as targets 

to explore new therapies (discussed later in this thesis). This high glucose consumption has been 

explored in tumor imaging, allowing tumors’ detection and monitoring by positron emission 
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tomography (PET). This clinical technique uses labeled glucose with 18F-fluorodeoxyglucose (18F-

FDG), which is transported into the cells by overexpressed GLUTs and phosphorylated by hexokinase 

(HK). Once inside the cell, 18F-FDG cannot be further metabolized and becomes trapped, and 

consequently accumulate into the cells. This accumulation of the isotope into tumor cells allow to 

distinguish them from normal tissue cells by PET, which detects 18F-FDG signal [2,17]. However, not 

all cancers are easily detected by PET imaging and not all positive PET signal corresponds to a 

malignant tissue [18]. 

 

Figure 2. Representative scheme of glucose metabolism by oxidative phosphorylation and anaerobic or aerobic 

glycolysis. Differentiated tissues convert glucose into pyruvate that enters in the mitochondrial tricarboxylic acid 

(TCA) cycle to obtain energy, in the presence of oxygen. In contrast, in anaerobic conditions, glucose is converted 

mainly into lactate. In proliferative or tumor tissues, glucose is essentially metabolized into lactate either absence 

or presence of oxygen (Warburg effect) [10].  
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Even though glucose is the preferential substrate of cancer cells, they can reprogram their metabolism 

and use other substrates as glutamine. Glutamine is converted into glutamate in reactions that either 

give the amide nitrogen to biosynthetic pathways or release it as ammonia [19]. These reactions are 

catalyzed by the glutaminases (GLS), being their activity in certain tumors correlated to growth and 

malignancy [20]. Glutamate is the main source of -ketoglutarate (-KG), an intermediate of the TCA 

cycle and anabolism, providing oxaloacetate [19-23]. Glutamine oxidation also supports nonessential 

amino acids synthesis and is involved in redox homeostasis by producing nicotinamide adenine 

dinucleotide phosphate (NADPH) [19]. Thus, metabolism of both glucose and glutamine is relevant to 

the maintenance of biosynthetic precursors production and energy require for tumor cells survival 

[2,24]. 

 

1.2.1. Tumor Microenvironment  

A solid tumor consists of a heterogeneous cellular population, where different cancer and stroma cells 

co-exist with diverse genetic backgrounds [5]. The fact of cancer cells present metabolic flexibility 

during tumor progression cause a dynamic between the solid tumor and microenvironment, where the 

concentration of several nutrients and oxygen are variable in spatially and temporally, leading to an 

abnormal vasculature and hypoxic stress, being these related to the glycolytic phenotype and 

consequently, with altered pH of tumor microenvironment [5,9].   

 

1.2.1.1. Hypoxia 

A persistent hypoxia exerts a pressure for glycolysis upregulation. The Hypoxia-Inducible Factor (HIF)-

1 is an important transcription factor regulated by the levels of oxygen in the cellular environment. HIF-

1 activates the expression of several genes through binding to hypoxia-responsive element (HRE) 

located in their promoter regions. HIF-1 targets genes responsible for cell growth and proliferation, 

glucose metabolism, angiogenesis, invasion and metastasis [25]. Therefore, a hypoxic environment 

facilitates tumor development and growth, besides enhancing the resistance to drugs and inhibition of 

apoptosis [26]. HIF-1 activates vascular endothelial growth factor (VEGF) and erythropoietin (EPO), 

which are main growth factors involved in tumor angiogenesis. It also promotes upregulation of glucose 
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transporter (GlUT-1) and of several enzymes involved in the glycolytic metabolism, like lactate 

dehydrogenase (LDH), pyruvate dehydrogenase kinase-1 (PDK1) or HKII, enhancing glucose uptake 

and glycolysis [26-28]. At the same time, these alterations promote the efflux of the lactate and protons 

by the activation of the monocarboxylate acid transporter (MCT) 4 and carbonic anhydrase (CA) IX, 

respectively, preventing apoptosis and inhibiting the immune system by acidifying the extracellular 

environment [29,30].  

HIF-1 is the major regulator of the cell response to hypoxia and its expression level is closely controlled 

by its synthesis and degradation. HIF-1 is a heterodimeric transcription factor expressed or degraded 

in absence or presence of the oxygen, respectively [25]. It consists of two subunits, an oxygen-sensitive 

HIF-1 and a constitutively expressed HIF-1 . Both contain basic helix-loop-helix motifs that bind DNA, 

occurring subunits dimerization [31]. The -subunit has an oxygen-dependent degradation (ODD) 

domain and two transactivation domains: NH2-terminal transactivation domain (TAD-N) and COOH-

terminal transactivation domain (TAD-C), being involved in the stabilization and in modulating the 

transcriptional activation of HIF-1 under hypoxic conditions, respectively (Figure 3) [25,31,32].  

In normoxic conditions, HIF-1  subunit is hydroxylated by proline-hydroxylase (PHD) enzymes, 

promoting the binding of the van Hippel-Lindau tumor suppressor (VHL) E3 ligase complex and 

consequently its degradation by ubiquitination in proteasome. Oxygen also regulates the interaction of 

the TAD-C domain of HIF-1 blocking the binding of the co-activators (p300/CREB-binding protein-

CBP) by the factor inhibiting HIF-1 (FIH-1) enzyme and, therefore inhibits HIF-1-mediated gene 

transcription [25,31]. Under hypoxic conditions, the rate of hydroxylation decreases resulting in stability 

and activity HIF-1  by inhibiting VHL proteins and FIH-1 [31]. Therefore, co-activators can bind to HIF-

1 allowing transcriptional activation of HIF-1 target genes [25,33].  

In addition to the multiple microenvironment stimuli, the HIF-1 regulation is dependent not only of 

oxygen concentration. Diverse tumor suppressor genes (p53 and PTEN) and oncogenes (Myc, PI3K, 

AKT, RAS and RAF) can regulate its activation, being responsible by a constitutive activation of HIF 

pathway, increasing HIF-1 protein synthesis and stability in many cancer types and activating the 

Warburg phenotype [33-36]. 
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Figure 3. Schematic representation of the oxygen-sensitive subunit, HIF-1. In normoxic conditions, the proline 

(P) residues 402 and 564 present in TAD-N are hydroxylated by the PHD 1-3 enzymes, allowing that the van 

Hippel–Lindau (VHL) E3 ubiquitin-protein ligase complex binds it and promotes by acetylation of lysine (K) 

residue 532 by the ARD1 acetyltransferase. The HIF-1 ubiquitination targets the protein for degradation by the 

proteasome. In the presence of oxygen, FIH-1 enzyme blocks the binding of co-activators p300/CBP through 

O2-dependent hydroxylation of asparagine (N) residue 803 in TAD-C, inhibiting HIF-1-mediated gene 

transcription. In hypoxic conditions, the hydroxylation rate decreases, decreasing HIF-1 degradation. However, 

p300/CBP can bind to N803, allowing transcriptional activation of HIF-1 target genes. bHLH, basic helix–loop–

helix; PAS, Per-Arnt-Sim; TAD-C, carboxy-terminal transactivation domain; TAD-N, amino-terminal transactivation 

domain; ODD, oxygen-dependent degradation; PHD, proline-hydroxylase enzyme; FIH-1, Factor Inhibiting HIF-1 

enzyme. Adapted from [32]. 

 

1.2.1.2. Acidosis 

Intracellular pH (pHi) should be within a narrow range 7.1-7.2, which is regulated through membrane 

proton pumps and transporters, maintaining pHi homeostasis [29]. As shown in Figure 4, this 

regulation involves the activity of several plasma membrane proteins, including H+ pumps and 

exchangers like V-ATPase and Na+/H+ exchanger (NHE) family members, respectively and transporters 

that facilitate H+ efflux like carbonic anhydrases (CAs) family and monocarboxylate transporter (MCTs) 

family.  The HCO
3 transporters are also involved in pHi homeostasis, facilitating the movement of 

HCO
3 ions across plasma membrane. They are upregulated by growth factors, oncogenes, hypoxia 

and low pHi [30].  
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The combination of factors like poor vasculature, hypoxia and increased acids production through 

fermentative glycolysis, can lead to intracellular acidosis in cancer cells, which can be restored to 

physiological values by these proteins. Consequently, the extracellular pH (pHe) values decrease to 

6.5-6.8, being this environmental acidification associated to tumor progression [30]. Acidic pHe affects 

the expression of some genes, activates proteinases and stimulates disruption of adherence junctions, 

inducing migration and invasion of tumor cells, and inhibits monocyte motility and cytokine release, 

escaping the immune system [37,38]. 

 

 

Figure 4.  Representative illustration of pH regulators in a tumor cell. Main proteins involved in intracellular 

and extracellular pH regulation in tumors, such as monocarboxylate transporters (MCTs), the plasma membrane 

proton pump vacuolar ATPase (V-ATPase); Na+/H+ exchangers (NHEs); anion exchangers (AEs); carbonic 

anhydrases (CAII, CAIX and CAXII); Na+/HCO
3 co-transporters (NBCs), and HCO transporters (BTs) [30]. 
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1.2.1.3. Nutrient Availability and Metabolic Symbiosis 

The abnormal proliferation of tumor mass leads to resources scarcity and long periods under hypoxic 

stress that, as already mentioned, are responsible for glycolytic phenotype. However, the 

heterogeneous cellular population that characterize the solid tumor, as well as other surrounding cells, 

present a great metabolic diversity, existing metabolic symbiosis between them (Figure 5) [39]. In 

the metabolic symbiosis model, they represent essentially two tumor cell populations, hypoxic and 

oxygenated cells, with distinct metabolism, in which one of them is responsible to produce lactate that 

will be oxidized by the other population [40]. In this model, cancer-associated fibroblasts (CAF) are 

also involved in increase of lactate production, in a phenomenon called “Reverse Warburg Effect” 

[41,42]. This process consists in the capacity of tumor cells to create ROS-mediated “pseudo-hypoxic” 

conditions, leading to HIF-1 accumulation and oxidative stress of CAF [43]. Consequently, autophagy 

pathway is activated, as well as aerobic glycolysis, producing recycling nutrients, as lactate and 

pyruvate [44]. These nutrients are transported for the extracellular environment, being available for 

tumor cells that present mitochondrial activation. On the other hand, glucose is available for the tumor 

cells that resort glycolysis [18,45]. 

This metabolic variety leads to acute and chronic acidification of tumor microenvironment by co-

transport of a proton and lactate to the extracellular space mediated by MCTs. While there are more 

pH regulators, only the MCTs transport lactate and its high production can be correlated with 

extracellular environmental acidification [30]. As known, the extracellular pH (pHe) is associated with 

an invasive behavior of tumor through the activation of matrix metalloproteinases (MMPs) at lower pHe 

[46]. Such activation, together with lactate production, potentiates tumor progression and malignancy 

by escaping immune system, providing angiogenesis and enhancing resistance to treatments [47-51].  

In clinical practice, lactate production, as well as the MCTs overexpression, has been associated to 

poor prognosis in prostate, non-small-cell lung and gastric cancers [52-54], [55]. These transporters 

have an important role in tumor, essentially MCT1 and MCT4, which will be discussed later. In this 

way, cancer cells take advantage of the cooperation with surrounding cells, where the more glycolytic 

cells produce lactate that can be used by oxidative tumor cells that in this way obtain energy through 
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mitochondrial oxidative phosphorylation, maintaining favorable microenvironmental conditions to 

cancer development. 

 

 

Figure 5. Metabolic symbiosis in the tumor microenvironment. GLUT1, glucose transporters1; LDH, lactate 

dehydrogenase; PDK, pyruvate dehydrogenase kinase; MCT1-4, monocarboxylate transporters 1-4; HK, 

Hexokinase; PDH, pyruvate dehydrogenase [39].  
 

1.3. Monocarboxylic Transporters 

Most tumor cells, as well as red blood cells and tissues, such as white skeletal muscle, which rely 

mainly on glycolysis for energy source, produce large quantities of lactate. This increased intracellular 

concentration of lactate would cause pH decrease in the cytosol and cellular stress [56]. Therefore, 

cells present a self-defensive strategy, transporting it out of the cell by a proton symport mechanism, 

avoiding the acidification of intracellular environment. On the other hand, lactate could be a major 

source of energy in organs like brain and heart, and the major gluconeogenic substrate for kidney and 
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liver [56]. It can be also used by the most oxidative cancer cells, in a symbiotic metabolism [39]. The 

transport of lactate and other monocarboxylates, like pyruvate or ketone bodies, is mediated by the 

proton-linked MCTs, belonging to the solute carrier (SLC)16 family [56-59]. Although there are 14 

MCTs, only four members of the family (MCT1–4) are well characterized and involved in this proton-

linked monocarboxylate transport [60,61]. The sodium-coupled monocarboxylate transporters (SMCTs) 

family also transport short-chain organic acids, like lactate, pyruvate or acetate, in an electrogenic 

sodium dependent process [62].  

The Table 1 reviews the substrate specificity and tissue localization of MCT isoforms [61]. In contrast 

with MCT1, which is found in the majority of tissues, MCT2 MCT3 and MCT4 have a more restrict 

distribution. MCT4 appears essentially in strongly glycolytic tissues (heart, brain, skeletal muscle), 

MCT2 is found mostly in brain, liver and kidney, and MCT3 appears only in retinal pigment epithelium 

(RPE) [60]. This can be explained by the different roles that MCTs can perform, depending on the 

tissue/cell types, their metabolic requirements and environmental conditions. For example, ketone 

bodies, which are produced in the liver under starvation conditions, are exported into the blood through 

MCT1-2 and be taken up through MCT1-2 present in neurons and red muscle fibers as a respiratory 

source [57,60]. MCT4 is mainly involved in lactate efflux, and so its expression is relevant in tissues 

that rely in glycolysis, producing large amount of lactate, which is uptake by more oxidative cells via 

MCT2 and mainly via MCT1. MCT3 is also responsible for lactate efflux, but only across the RPE and 

into the blood [57, 63]. Therefore, the different MCT isoforms can have different substrates specificity 

and affinity and have a special relevance in lactate metabolism and transport, being an important 

element for cellular metabolic diversity and pH regulation, as well as a signaling agent to promote 

angiogenesis and immunosuppression [61,64]. 
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Table 1. Members of Monocarboxylate Transporter Family, adapted from [60] and [61]. 
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1.3.1. Structure of Monocarboylate Transporters family 

The MCTs family is composed by 14 members belonging to the SLC16 gene family (Table 1). The 

MCT family isoforms have conserved structural attributes and sequence motifs, not only in humans 

but also in several species, such as chicken, rat and mouse [56,60]. All MCT isoforms are predicted 

to have cytoplasmic N- and C-termini and 12 transmembrane -helix segments (TMS) domains 

organized in two domains with the N- or C terminus, each one with 6 TMS and an intracellular loop 

between TMS 6 and 7 (Figure 6) [56,60]. The TMS present the greatest conservation, while the 

intracellular C- and N termini and the loop between TMS 6 and 7 present more variability [61, 65]. The 

predicted model for MCT1 is composed by the 6-helix N-terminal domain and the similar 6-helix C-

terminal domain linked by a 30 residues loop (Figure 7) [66, 67].  

Two conformational structure were predicted for MCTs: the inside- and outside-open conformation 

(Figure 7) [67]. In this mechanism, there are amino acid residues that perform an important role in 

the transport function, the substrate selection and the protein stability. By site-directed mutagenesis, 

modeling and computational studies, it has been demonstrated that a lysine residue (K38) located in 

the extracellular region of the MCT1, is involved in the transport process, providing a binding site for 

the monocarboxylate upon accepting a proton. The monocarboxylate binds through electrostatic 

interactions changing the protein conformation from a closed to open state (Figure 7) [61,67]. 

Additionally, phenylalanine, aspartate and arginine residues (F360, D302, R306) at the intracellular 

substrate-binding site are also essential for MCT1 activity and specificity. A site-directed mutagenesis 

replacing phenylalanine (F360) into cysteine allowed the transport of mevalonate, which is not a MCT1 

substrate [65,68]. Therefore, these three critical residues, in both halves of MCTs, have significant role 

in the proposed translocation cycle. They are also present in MCT2, MCT3, and MCT4. The model 

predicted that the N-terminus domain is involved in bind of monocarboxylate upon protonation of K38 

residues (TMS1). Additionally, the C-terminus domain is involved in substrate specificity and affinity, 

involving D302 and R306 residues (TMS 8) and F360 residue (TMS 10). This model suggests that, 

especially TMS7-TMS12, are determinants for substrate affinity [65,67,69]. 
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Figure 6. Representative scheme of predicted topology of the MCTs family. The presented sequence is referent 

to human MCT1 [56]. 

 

Figure 7. Representative scheme of the predicted structure of MCT1. Molecular model corresponding to two 

forms, “inside open” and “outside open”. The N-terminal domain is colored red and the C-terminal domain 

colored blue, while the intracellular loop connecting the two is shown as a connecting line. The green and yellow 

color are represented critical residues (K38 and F360, respectively) for the translocation cycle and substrate 

specificity, respectively. Lysine residues (K45, K282, and K413) represented purple are involved in DIDS 

binding. Adapted from [65]. 
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1.3.2. Regulation of Monocarboxylate Transporters family 

Several researches have demonstrated the importance of MCTs in the metabolism and metabolic 

communication between cells, but cellular and molecular regulation mechanisms of MCTs expression 

is still an open field. MCTs regulation can occur via transcriptional, post-transcriptional and post-

translation mechanisms, affecting proteins amount as well as their activity, which can also be regulated 

by chaperone proteins [70]. MCTs expression appears to be regulated in a tissue specific way, being 

dependent of physiological or pathological conditions, including MCT substrate concentration, signals 

arising from changes in cellular metabolism, dietary conditions, and hypoxia [71]. As describe above, 

there are different MCT isoforms, being the MCT1-4 the best characterized. Nevertheless, this 

introduction will give more emphasis to on MCT1 and MCT4 isoforms, being briefly represented in 

Figure 8, several factors involve in MCT1 and MCT4 regulation [72]. 

 

Figure 8. The schematic diagram illustrated a several factors involved in monocarboxylate transporter 1 and 4 

(MCT1 and MCT4) regulation. Blue boxes indicate upregulation and green boxes indicate a downregulation of 

the specific MCTs (pink boxes). There is no distinction between transcriptional and translational regulation. HIF: 

Hypoxia-Inducible transcription Factor; MCT: Monocarboxylate Transporter; NO: Nitric Oxide; TNF: Tumor 

Necrosis Factor [72]. 
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1.3.2.1. MCT1 isoform 

MCT1 is the isoform most well studied and characterized of the MCT family. It was first identified in 

Chinese hamster ovary (CHO) cells and posteriorly in human cells [61,70], being the only MCT 

expressed in human erythrocytes [73,74].  The human MCT1 coding gene, SLC16A1, is located in 

chromosome 1 (1p13.2-p12) and, in 2002, Cuff and Shirazi Beechey described the structural 

organization of gene, as well as the characterization of SLC16A1 promoter [75]. The SLC16A1 gene 

comprises five coding exons and four introns. It has been found six alternative spliced transcripts in 

this gene, resulting in four proteins of different sizes and two with no translation product 

[57,60,61,70,75]. MCT1 functional protein has a molecular weight between 40 to 55 kDa and it is 

composed by 494 amino acids [71,76]. 

MCT1 has ubiquous distribution in human tissues, being capable of transport a wide variety of 

monocarboxylates, in addition to lactate [60]. The vast distribution of MCT1 may be explained by its 

substrate affinity, demonstrating a possible involvement of MCT1 in both uptake and efflux of 

monocarboxylates from cells. Michaelis-Menten kinetics proved that different substrates present 

different Km for MCT1 (Table 2) [57,77].  However, its main physiological role is the stereoselective 

lactate transport to inside or outside of the cell depending of the concentration gradient and pH [58,70]. 

Additionally, there are evidences that high concentrations of lactate have increased MCT1 mRNA and 

protein levels by stimulating the reactive oxygen species (ROS) synthesis, triggering a signaling cascade 

that induce the expression of several genes, including MCT1 [78]. Butyrate, which is produced by 

intestinal bacteria [79], across the colonocyte plasma membrane by MCT1, also enhanced the 

concentration- and time-dependent increase of both MCT1 mRNA and protein by modulating gene 

transcription through inhibition of histone deacetylases, increasing mRNA stability and stimulating 

MCT1 promoter activity through the NF-kB pathway [72,80-83]. Posterior research demonstrated that 

butyrate also induced an increase in MCT4 expression in breast cancer cell lines, turning the cells 

more sensitive to the glycolytic inhibitor 3-bromopyruvate (3BP) [84]. 

In response to intense exercise in skeletal muscle cells, it occurs an increase in intracellular [Ca2+] 

and AMP, inducing MCT1 upregulation by the activation of calcineurin and AMP-activated protein 
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kinase (AMPK) [85]. On the other side, there are evidences of down-regulation of MCT1 and MCT4 in 

adipose tissue, heart and skeletal muscle in diabetes and obesity situations [86-88].  

Hypoxia was also reported to increase in neuronal, astrocytic and endothelial MCT1 expression [65,89]. 

However, there is no evidence that MCT1 promoter contains HRE, and the upregulation of MCT1 

expression in the presence of hypoxia has been shown to be dependent of p53 status and not of HIF-

1 [90, 91]. In this way, it is unclear the exact mechanism of regulation, needing more investigation 

about it.   

 

1.3.2.2. MCT4 isoform 

MCT4 isoform was identified through of a search of the Expressed Sequence Tags (EST) database and 

was originally called MCT3, according with the sequence homology with chicken MCT3 [56,92]. It was 

renamed MCT4 after the mammalian MCT3 was identified in mammalian RPE [92]. The human 

SLC16A3 gene is located in chromosome 17 (17q25.3), and comprises five exons and three transcripts 

[93]. MCT4 functional protein is constituted by 465 residues, corresponding to a molecular weight of 

about 50 kDa [76,92]. 

MCT4 expression in different cell types is more abundant in cells where glycolysis rates are high, such 

as white skeletal muscle fibers, astrocytes, white blood cells, chondrocytes and tumor cells [61,94].  

This isoform has a particular importance to these tissues, because they need to export lactate. Like 

MCT1, MCT4 also recognize different substrate, including lactate, pyruvate and ketone bodies [60]. 

However, the MCT4 kinetic properties indicate that this isoform is adapted to the export of lactate with 

Km values about 5–10-fold higher than MCT1 [70,94,95]. On the other hand, the Km value is higher 

for pyruvate than L-lactate, preventing pyruvate loss from the cells, which is crucial in cells that rely in 

glycolysis [58]. 

MCT4 expression is increased under hypoxia in agreement with its role of lactate exporter in glycolytic 

cells. In hypoxic conditions, the MCT4 is upregulated through HIF-1 binding to HRE present in MCT4 

promoter [30,85,90]. However, in the neonatal heart, which presents a more glycolytic metabolism 

than the adult heart and where MCT4 expression is higher than in the adult heart, there are no 

evidences that the HIF-1  is responsible for this increased MCT4 expression [65,96].  
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Recently, it has been demonstrated that epigenetic modifications, as well as microRNAs (miRNA) with 

mRNA targets are responsible by mRNA degradation and translational repression [85,97,98]. In the 

case of clear cell renal cell carcinoma (ccRCC), it has been shown that DNA methylation of SLC16A3 

regulate MCT4 expression and it has been demonstrated that this mechanism may be used as a novel 

predictive marker for disease prognosis [97]. 

 

Table 2. Km values (mM) of mammalian MCT isoforms for a range of 

monocarboxylates, h) human; m) mouse; r) rat; *) tumor cells; n.d.) not 

determined. Adapted from [77]. 

 

 

 

 

 

 

 

 

 

1.3.2.3. MCT1 and MCT4 Accessory Protein: CD147 

MCT1 and MCT4 transporters require a right association with transmembrane glycoproteins for proper 

folding, trafficking and anchoring to specific localization in the cell membrane [99,100]. In this context, 

CD147, also known as EMMPRIN, OX-47, basigin and HT7, appears as central regulator of MCTs 

expression [56,101]. 

CD147 is encode by the BSG gene located on chromosome 19 at p13.3 and is a single-chain 

transmembrane protein and a member of the immunoglobulin superfamily. The predicted molecular 

mass of CD147 is dependent of low-glycosylated (LG) or high-glycosylated (HG) glycoforms, 

representing ∼32 kDa and ∼45–65 kDa, respectively [102-105]. It appears in many cell types, 

including tumor cells, being expressed and functional during development processes, nutrient transport 

Monocarboxylates MCT1 MCT4 

L-Lactate 2.2(r)–4.5(m*) 28.0(h)–34.0(r) 

D-Lactate 51.0(r) 519.0(h) 

Pyruvate 0.6(r)–1.0(r) 153.0(h) 

L- -hydroxybutyrate 8.1(r)–11.4(m*) 824.0(h) 

D- -hydroxybutyrate 8.1(r)–10.1(m*) 130.0(h) 

Butyrate 9.1(h*) n.d. 

Acetoacetate 5.5(r) n.d. 

Propionate 1.5(r) n.d. 

Acetate 3.7(m*) n.d. 
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and inflammation, among others functions with a critical role in tumor progression [72,105-107]. As 

ancillary protein, it is associated to both MCT1 and MCT4 for correct localization in cell membrane, as 

well as in expression and activity regulation [101,108].  

 

1.3.2.4. Inhibitors 

Several non-physiological agents are capable of inhibit MCTs activity and can fall into the following 

categories [56]: substituted aromatic monocarboxylates as -cyano-4-hydroxycinnamate (CHC); 

inhibitors of anion transport as 4,4'-diisothiocyanostilbene-2,2'-disulphonate (DIDS); bioflavonoids such 

as phlorentin and quercentin; irreversible inhibitors like p-chloromercuribenzene sulphonate (pCMBS) 

and amino reagents [56,57]. Some these compounds compete with MCTs substrates (CHC and DIDS) 

and others can have as target not MCT directly, but the ancillary protein CD147, as pCMBS [57,102]. 

Although these agents inhibit the MCT1, there is no evidence of their specificity. In others words, the 

same inhibitor can have as target others transporters. The CHC has been demonstrated to inhibit 

MCTs, inducing a decrease in cell proliferation, migration and invasion, increasing cell death [109-

112]. However, it also acts on the anion exchanger AE1 [57,113]. 

To overcome this problem about inhibitors non-specificity, AstraZeneca developed a new class of 

specific and high-affinity inhibitors of MCT1 [114,115]. AR-C155858 is a specific inhibitor to MCT1 

tested in rat erythrocytes, Xenopus oocytes and human breast cancer cell lines [115,116], but even 

though it binds with higher affinity to MCT1, this inhibitor also acts on the MCT2 isoform [116]. 

Posteriorly, it has been developed other more powerful MCT1 inhibitor, AZD3965. This compound has 

shown anticancer effects in a variety of cancer cell lines [115,117], as well as in treatment of tumors 

in vivo, being in phase I/II clinical trials in the UK for patients with prostate cancer and diffuse large-

cell B lymphoma [110,115]. On the other hand, there are evidences that MCT1 inhibition combined 

with MCT4 depletion has been more effective for some aggressive cancers treatment [118-121]. 

However, there is no available a specific inhibitor for MCT4 to date [118].  

Lonidamine (LDN) is an anti-tumor drug that inhibits respiration, as well as aerobic and anaerobic 

glycolysis in Ehrlich ascites [122]. However, recent studies have been demonstrated that LDN also 
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inhibits lactate efflux from cancer cells, through inhibition of MCT1, MCT2 and MCT4, as well as 

pyruvate uptake into the mitochondria, inhibiting mitochondrial pyruvate carrier (MPC) [123,124]. 

 

1.3.2.5. MCT1 and 4: role in cancer and potential target for therapy 

Highly glycolytic cells utilize MCTs to export lactate, as well as protons, having MCT1 and MCT4 an 

important dual role, in intracellular pH homeostasis and in the transport of this metabolite, assuring 

the continuation of glycolysis in the cell. There is evidence for the upregulation of these MCTs in several 

cancers such as colorectal, lung, glioblastoma, cervical and breast, being involved in lactate transport 

across the plasma membrane [77,125-131]. However, MCT1/MCT4 presented a differential 

distribution even within the same tumor, suggesting distinct roles in lactate transport [85]. MCT1 can 

be involved in both efflux and uptake of lactate, depending of lactate concentration gradient [70]. 

Sonveaux et al. shown that MCT1 is more expressed on oxygenated tumor cells in different tumors, 

being crucial to lactate uptake, which serves as fuel for oxidative metabolism in these cells [40]. In 

contrast, MCT4 is involved on lactate efflux and is a direct target of HIF-1, being upregulated in 

hypoxic tumor cells that present a high glycolytic metabolism and poor vascularization [132,133]. 

These differences agree with the notion of metabolic cooperation, as already described above (Figure 

5). However, others researches have demonstrated that MCT1 expression can be present in tumor 

cells under hypoxia and larger distance from the vessels. This suggests that MCT1 can play a role in 

lactate transport also in hypoxic areas [134], assisting MCT4, depending of substrate concentration 

and pH [56]. Therefore, the cooperation between MCT1 and MCT4 to regulate lactate and acidosis 

levels is essential to tumor cells adaptation and, in this way, they contribute for tumor progression, as 

well as to resistance to chemotherapy. In the other hand, this symbiosis has suggested MCTs inhibition 

as a new potential targets for cancer therapy (Figure 9) [109,110]. 
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Figure 9. MTC1 and MCT4 as potential anticancer targets. The metabolic pathways results in lactate production 

and its transport across the plasma membrane (continuous arrows). Discontinuous lines indicate lactate uptake 

and flow inside oxidative cancer cells. The lactate membranes transporters are viewed as target for the inhibition 

strategies. CHC: -cyano-4-hydroxycinnamic acid; LDH: lactate dehydrogenase; MCT: monocarboxylate 

transporter; PDH: pyruvate dehydrogenase; PDK1: pyruvate dehydrogenase kinase 1. Adapted from [77]. 

 

1.4. Tumor metabolism as a target for anticancer therapy 

Altered metabolism is a biochemical pattern of cancer cells characterized by a favored dependence on 

glycolysis for energy production, even though it is less efficient than oxidative phosphorylation. As 

already mentioned, cancer cells overtake this disadvantage adjusting the activity of a set of intermediate 

molecules and signaling pathways that in a direct or indirect way have a central role in the upregulation 

of the glycolysis pathway, being an attractive target for therapeutic intervention, as shown Figure 10 

[135]. 

Metabolic inhibitors can have membrane transporters as target. One example are the MCTs inhibitors, 

already referred. Other membrane transporters involved in the metabolic phenotype of cancer cells 

belong to the GLUT family, responsible by glucose uptake. Some GLUTs isoforms are overexpressed 
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in almost all cancer types, contributing to increased glucose consumption, which in turn facilitates a 

higher glycolysis rate [136]. Phloretin, WZB117 and Fasentin are examples of GLUTs inhibitors with 

anticancer effect in different cancer types as it has been shown in vitro and in vivo assays [137-139]. 

Besides membrane transporters, different intracellular proteins can be also targets of metabolic 

inhibitors. The enzymes HKII and phosphofructo kinase (PFK) are examples of such targets. HKII is 

responsible to convert glucose in glucose-6-phosphate, the first step both of glycolysis and in some 

cancer cells is associated to mitochondrial membrane through the voltage dependent anion channel 

(VDAC) having privileged access to the ATP generated there [140].  LDN was firstly referred as being 

a MCTs inhibitor, but is also an inhibitor of HKII, and its pharmacokinetic studies have been tested in 

phase II and III clinical trials [141]. 2-deoxyglucose (2-DG) is other inhibitor of HKII, being responsible 

to convert 2-DG into to deoxyglucose-6-phosphate, a molecule that cannot be further metabolized, 

blocking glycolysis pathway [142]. Some researchers have shown that 2-DG induced Akt 

phosphorylation, which is an intermediate of pro-survival pathways and is associated to chemo- and 

radiotherapy resistance [142-145]. However, 2-DG in combination with others anticancer agents 

enhances chemotherapy/radiotherapy in cell lines and animal models, being in phase I/II of clinical 

trials [144,146-147]. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is other target to antitumor 

drugs as is crucial to produce NADH, which is involved in the regulation of intracellular ROS levels, 

besides being an intermediate of the glycolytic pathway. Consequently, the inhibition of GAPDH lead 

to cell death by blocking the production of energy and promoting oxidative stress [135]. 3BP is a 

promising glycolytic inhibitor, which will be described later in this topic, which has as target both HK II 

and GAPDH [148,149]. LDH, which has been associated to poor prognosis in cancer diseases, 

converts pyruvate into lactate, the last step of glycolysis. Silencing LDH by siRNA or its inhibition by a 

small-molecule inhibitor, FX11, induces tumor cell death by depleting intracellular ATP levels [150]. 
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Figure 10. Glycolysis as potential target for anticancer therapy. In diagram are demonstrated two phases of 

glucose metabolism (glycolysis and oxidative phosphorylation) and the molecular targets used as potential 

therapeutic drug strategies. The enzymes involved in reactions are abbreviated, black arrows show energy 

consumption, the red arrows indicate the energy release, and the red encircled represented the block symbol 

and shows the targets for drug development [135]. 

 

These inhibitors have specific targets from glucose uptake, passing through enzymes responsible for 

converting it into lactate, or it is export from the cell to extracellular space. Therefore, the block of any 

of these pathway steps, will lead to energy and biosynthetic precursors depletion, as well as oxidative 

stress, inducing cell death. On the other hand, although these inhibitors have a promising antitumor 

potential, the cytotoxicity for healthy cells remain a challenge for the reason that these targets end up 

being ubiquitously expressed in all cells. In this way, the concept for anti-cancer agent combination, 

selective targeting and delivery appear as new challenges for therapeutic efficacy. 
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1.4.1. 3-Bromopyruvate  

3BP is a small alkylating molecule, pyruvate derivative and analog of lactate. It is capable of react with 

thiol groups (-SH) and hydroxyl groups (-OH) of proteins leading to their loss of functionality. 3BP has 

shown great ability to inhibit tumor glycolysis by the depletion of intracellular ATP [151], leading to 

different mechanisms of activation of cell death [152-156]. Additionally, 3BP acts as a cytotoxic agent 

in several tumor lines, including colorectal, pancreas, breast cancer and glioblastoma, among others 

[152-158]. 

3BP treatment causes energy depletion by inhibition of glycolytic enzymes as HK II, responsible by 

catalyzing the first irreversible step of glycolysis. HKII is frequently over expressed in solid tumors and 

its inhibition could disrupt energy balance, leading to cell death [148,159]. GAPDH is other glycolytic 

enzyme targeted by 3BP. GAPDH is a multifunctional enzyme involved in multiple biosynthetic 

pathways, and in this way, its inhibition can lead to cell death by energy and biosynthetic precursors 

depletion [160-162]. 3BP is also capable of increase intracellular ROS, leading to mitochondrial 

dysregulation. These alterations in cellular redox induce cell apoptosis by cytochrome C release, after 

mitochondrial membrane potential loss [163-165]. In this way, the redox signaling in cancer cells can 

be targeted by 3BP to anticancer therapy [166]. Figure 11 represent the possible mechanism of 3BP 

action. Different reports evidenced that 3BP is transported into the cell by MCTs [167]. Once into the 

tumor cells, the 3BP depletes cell ATP production by the inhibition of both glycolysis and oxidative 

phosphorylation [167].In fact, some researches demonstrated that tumors reduced in size after 

treatment with 3BP. In rat model, hepatocellular carcinoma cells were xenographted into two different 

locations of animals. After tumor development, the animals were treated with 3BP, which eradicated 

the advanced tumor, demonstrating the potential anticancer effect of 3BP [167-169]. In translational 

study, a patient with fibrolamellar hepatocellular carcinoma (FLC) was treated with a specially 

formulated 3BP and, despite ending up dying, he was able to survive a much longer period than 

expected, and with better quality of life [170]. 
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Figure 11. Mechanism of 3BP action. The 3BP was transported inside to cancer cell and inhibited ATP 

production by glycolysis, inhibiting mitochondrial bound hexokinase and oxidative phosphorylation depleting 

energy supply. Adapted from [167]. 

 

1.5. Colorectal Cancer 

Colorectal cancer (CRC), also known as bowel cancer, is a neoplasia that develops from colon or 

rectum, being one of the most common malignancies in the Western World. Globally, there are 14.1 

million new cancer cases, wherein 1.36 million are colorectal cancers that lead to more than half a 

million death annually, being the third most frequent cancer in men and the second most frequent in 

women, after lung and prostate, and breast cancer, respectively [171-174]. Both incidence and 

mortality rates differ around the world, in which the developed countries present high CRC incidence 

rates, due to western diet and lifestyle, while countries that have more limited resources present high 

CRC mortality rates [172].  

The risk factors for CRC are obesity, sedentary lifestyle, heavy alcohol consumption, smoking, high 

consumption of red or processed meat and very low intake of fruit and vegetables. Besides these 
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factors, old age also increases the risk of colorectal cancer, being recommended a CRC screening for 

individuals over 50 years. Even though, some studies have demonstrated an increased incidence of 

CRC in the 40 – 44 years group, suggesting the screening beginning at age 40 [175-178]. Individuals 

with a personal history of adenoma, colon cancer, and inflammatory bowel disease, familiar history of 

CRC or polyps and inherited syndromes are high-risk groups, whose must be actively screened and, in 

cases of inherited syndromes referred for genetic counselling [179,180]. However, the most frequent 

type of CRC is sporadic or non-hereditary from somatic mutations and linked mostly to environmental 

causes [174]. 

Most CRC start as a polyp that consists a cell growth in the inner lining of the bowel and grows toward 

the center. Most polyps are not malignant and only the called adenomas can become cancer. The 

adenocarcinoma is the most frequent and, since the polyps/adenomas formation to a 

malignant/metastasizing phenotype, a gradual progression occurs, based on the acquisition of 

mutations set over time that result on the deregulated cell proliferation, unrepair of DNA damage, cell 

“immortality”, angiogenesis and invasion (Figure 12) [181-186]. Chromosomal and microsatellite 

instability contribute to mutations in the tumor suppressor genes such as APC and p53 and in 

oncogenes such as RAS protein family, as well as in inactivation of genes responsible for DNA 

nucleotide mismatch repair [173,187]. 

 

 

Figure 12. Colorectal carcinogenesis from normal epithelium to CRC. Genetic alterations involved in CRC 

development, microsatellite instability (MSI), activation of the oncogene KRAS, activation of cyclooxygenase 2 
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(COX2; encoded by PTGS2), and mutation and loss of heterozygosity (LOH) of TP53, adenomatous polyposis 

coli (APC), deleted in colon cancer (DCC) and SMAD4. Adapted from [186]. 

 

Both the early identification of adenomas and premalignant lesions are important for survival patient, 

as well as in the selection of the therapeutic approach. It is grouped between stages I to IV according 

with to the American Joint Cancer Committee (AJCC)/ Union for International Cancer Control (UICC) 

TNM classification. This provides a detailed description of the tumor size and if it has spread to lymph 

nodes or to another part of your body. Once the colon cancer is diagnosed, the surgery can be realized 

to remove the pre-malignant lesions or polyps and depending of the type and stage of tumor, the 

chemotherapy may be administered as adjuvant [188,189]. The chemotherapeutic options for this 

type of cancer may be mainly divided in two groups. The cytotoxic classical chemotherapy and targeted 

therapy (5-fluorouracil, Capecitabine, Irinotecan and Oxaliplatin), acting on cells that divide rapidly or 

interfering specifically in tumor development and growth, respectively. The other group includes 

monoclonal antibodies against the epidermal growth factor receptor (Cetuximab and Panitumumab), 

inhibitors of the vascular endothelial growth factor (Bevacizumab and Aflibercept) and small-molecule 

inhibitor of intracellular kinases signaling cascade (Regorafenib) [190]. 5-fluorouracil (5-FU) is the 

classical chemotherapeutic agent most used in conventional therapy of CRC, acting in thymidylate 

synthase (TS), an enzyme responsible to DNA synthesis [191]. However, after long-term treatment, 

cancer cells become more resistant, being necessary new therapeutic strategies [192,193]. 

 

1.5.1. Relevance of short-chain fatty acid in colorectal cancer  

Recently, there are researches that reveal that extrinsic factors as diet, age, stress and medication can 

change composition of intestinal microbiota can contribute to CRC carcinogenesis [79,194]. Intestinal 

microbes ferment the carbohydrates and proteins that are not absorbed in gut during digestion, 

producing short-chain fatty acids (SCFA). The SCFAs, such as butyrate, have a central role in colon 

homeostasis, as well as a protective effect [194]. Besides inhibit pathogenic microorganisms and 

increase nutrients absorption by lower luminal pH, they serve as a source of energy for colonocytes 

and at the same time contributes to colon motility, inflammation reduction and apoptosis increase, 



Chapter 1  Introduction 

Molecular Mechanisms Involved in 3-Bromopyruvate Effect in Colorectal Cancer Cell Lines  29 

 

inhibiting tumor cell progression [106,194-196]. As already referred, the butyrate has a regulator role 

over transporter proteins expression, the MCTs, of which is its substrate [83,84]. However, as tumor 

colonocytes present mainly glycolytic phenotype, the butyrate accumulates into the cells, increasing 

its capacity as histone deacetylases (HDAC) inhibitor to inhibit cell proliferation and stimulate apoptosis 

[197,198]. In this way, it is important to understand the role of SCFAs in gut, which could be a new 

strategy to prevention and treatment of CRC [199,200].  

 

1.6. Rationale and aim 

MCTs play a vital role in the glycolytic metabolism, exporting lactate by a proton symport mechanism. 

Some evidence points MCTs as potential targets for anticancer therapy. MCTs activity inhibition leads 

to disruption in glycolytic cell metabolism, induces cell death and decreases cell invasion, revealing 

the importance of MCT activity in intracellular pH homeostasis and tumor aggressiveness [72]. 

Furthermore, MCTs overexpression in cancer cells can be used to mediate the uptake of anticancer 

compounds that are MCTs substrates.  

The 3BP is an analogous of lactate with anti-tumor properties. Its uptake occurs via MCTs, being a 

glycolytic inhibitor with targets already identified, including HK II, succinate dehydrogenase and 

GAPDH. However, its mechanism of action is not well understood. Different studies have demonstrated 

that environmental conditions like pHe value or the presence of short-chain carboxylic acids influence 

3BP toxicity, probably through the alteration of MCTs activity [84,114]. 

 

The work plan presented aims to characterize 3BP effect in different CRC cancer cell lines and to clarify 

the mechanism of regulation of MCT1 and MCT4 expression in different conditions, correlating 3BP 

toxic effect to the expression of MCTs. These parameters were evaluated at different conditions, 

including different pHe, glucose starvation or hypoxia. The role of monocarboxylic acids like butyrate 

or lactate in the regulation of MCTs expression and in the sensitivity of cells to 3BP was also assessed.
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2.1. Cell Lines and Cell Culture 

In the present study, three human colorectal adenocarcinoma (CRC) cell lines were used, namely HCT-

15, HT-29 and Caco-2, which were obtained from American Type Culture Collection (ATCC). All cell 

lines were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Lonza), supplemented with 

10% Fetal Bovine Serum (FBS; GibcoTM, Invitrogen Corporation) and 1 % penicillin/streptomycin 

solution (Sigma- Aldrich). The cells were grown in a humidified incubator at 37 °C and 5 % CO2 (Water 

Jacketed CO2 Incubators, Shel Lab).  When cells reached approximately 80 % confluence, it has been 

made a subculture (passage) to ensure that the cells were healthy and in the exponential phase of 

growth. The subculture was made twice a week with a dilution ratio of 1:8, 1:6 and 1:5 for HCT-15, 

HT-29 and Caco-2, respectively. 

To perform cellular assays, sub-confluent cells were gently washed with phosphate-buffer saline (PBS) 

and then detached with trypsin (GibcoTM, Invitrogen Corporation) at 37˚C for 2 to 4 min, approximately. 

Trypsin was inactivated with DMEM 10 % FBS and the cells were re-suspended in this fresh medium. 

20 μl of this cell suspension were collected for cell counting, in a polypropylene tube containing 20 μl 

of Trypan Blue (Sigma- Aldrich), being the cells counted in a Neubauer chamber, and the cell density 

calculated. The cells were then diluted in fresh medium, in the proper density for the assay. 

 

2.2. Preparation of Monocarboxylic Acids 

2.2.1. 3-Bromopyruvate 

3-Bromopyruvate (3BP) (Sigma-Aldrich) was prepared by freshly dissolving into cold PBS, being after 

that filter-sterilized (0.22 µm). Working solutions were prepared from stock solutions (20 or 2 mM), 

making the appropriate dilutions in DMEM 10 % FBS. The volume of 3BP plus PBS was constant and 

corresponded to 10 % of the total volume, being the 3BP used in the appropriate volume to the desired 

concentration and PBS used to make up the total volume.  
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2.2.2. Butyrate, acetate and lactate 

The carboxylic acids were prepared in PBS to a final concentration of 1 M at pH 7.2. These solutions 

were sterilized by autoclave and stored for a maximum of one month at 4˚C. To perform the assay, 

working solutions were freshly prepared from the stock (1 M), using the appropriate volume to dilute 

in DMEM. The volume of the carboxylic acid plus PBS was constant and corresponded to 10 % of the 

total volume, being the carboxylic acid used in the appropriate volume to the desired concentration 

and PBS used to make up the total volume. To ensure that pH medium was not modified with the acid 

addition, the pH of the culture medium was measured after this addition. Butyrate and lactate were 

obtained from Sigma-Aldrich and acetate was obtained from Merck. 

 

2.3. Determination of Cell Viability by the Sulforhodamine B assay 

Cell viability was evaluated by the sulforhodamine B (SRB) assay, which is a method that estimates 

the total biomass of the cell culture, based in the staining of cellular proteins with this dye. After cell 

treatment in the appropriate conditions, 50 % trichloroacetic acid (TCA) (25 µL) was added to fix the 

cells, being the cells incubated during 1 h at 4˚C. Then, the plates were rinsed 5 times with distilled 

water to remove TCA and were air-dried. Cells were then stained with 0.4 % sulforhodamine B solution 

(50 μl, TOX-6, Sigma-Aldrich) for 30 min and, after that, plates were rinsed 5 times with 1 % acetic 

acid, until the unincorporated dye was removed. After the plates were dried, the incorporated 

sulforhodamine was solubilized in 10 mM Tris Base solution (100 μl, Sigma-Aldrich). 

Spectrophotometric measurement was performed at 540 nm (Tecan infiniteM200 plate reader).  

The percentage of cell viability was determined by comparing the average of the optical density (OD) 

of the cell suspensions, in triplicate, of treated versus untreated cells. Untreated cells corresponded to 

100 % viable cells. The IC50 values were estimated from at least three independent experiments using 

GraphPad Prism 5 Software, applying a sigmoidal dose-response non-linear regression, after 

logarithmic transformation. 
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2.4. Determination of the appropriate cell density 

The appropriate cell density determination is important to ensure that cells are in exponential growth 

phase during the whole experience. For each cell line, cells were plated in 96-well plates using different 

densities of the cell suspension (0 to 4.0 x 105 viable cells/mL) and incubated overnight to promote 

cell adhesion. After that, the medium was replaced by fresh medium and the cells were incubated 

during the corresponding time of the experiments to be performed. The cell viability was evaluated by 

SRB assay and the results are the means of triplicates of at least three independent experiments.  

 

2.5. Determination of 3BP IC50 

To determine the response of CRC cell lines (HCT-15, Caco-2 and HT-29) to 3BP, the IC50 value (drug 

concentration that corresponds to 50 % of cell viability/growth inhibition) was determined either in 

basal  conditions or in the different conditions to assay: hypoxia, starvation, different extracellular pH 

(pHe) and pre-treatment with monocarboxylic acids. 

Cells were plated into 96-well plates, at a density of 7.5x103 cells per well (100 µL) in the case of the 

HCT-15 cell line and 10 x103 cells per well (100 µL) in Caco-2 and HT-29 cell lines. To determine 3BP 

effect in cell viability, cells were left to adhere overnight in DMEM 10 % FBS, and after this period, the 

medium was removed and the cells were incubated in DMEM 10 % FBS containing 3BP, during 16 h 

at 37˚C. The range of 3BP concentrations used was between 10-300 µM, 20-1000 µM and 50-500 

µM for HCT-15, Caco-2 and HT-29 cell lines, respectively. Untreated cells were used as control. 

HCT-15 cell line was selected to determine the effect of the conditions above mentioned in 3BP 

cytotoxicity. The times of incubation in the different conditions to be assayed were the following: 16 h 

to assess the effect of pHe, 24 h in hypoxia, starvation and in the pre-treatment with butyrate and 48 

h in the pre-treatment with lactate and acetate. After the corresponding time, cells were treated with 

3BP during 16 h, as referred above. The respective controls were made incubating the cells in basal 

conditions during the same period of time, and treating after that time with 3BP for 16 h. Cell viability 

was then determined by the SRB assay and the IC50 calculated. The following sections detail the 

experimental protocols used in the assayed conditions. 
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2.5.1. Extracellular pH 

HCT-15 cell line was exposed to different extracellular pH (pHe) simultaneously with the 3BP treatment. 

DMEM with L-glutamine and without sodium bicarbonate (NaHCO3) (Biochrom) was supplemented 

with 10 % FBS and 1 % penicillin/streptomycin solution. To keep the desired pH, DMEM was buffered 

with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma-Aldrich), for a final 

concentration of 25 mM in the medium, and the pH was adjusted at the desired value. Cells were 

treated with 3BP in the range of appropriate concentrations, in medium with pH adjusted to 7.4 

(physiological pH) or 6.6 (usually present in the tumor microenvironment), during 16 h at 37 ˚C. 

  

2.5.2. Hypoxia  

In in vitro studies, the hypoxia induction can be performed using hypoxic chambers or chemical 

compounds, which leads to the “chemically induced hypoxia”. In the present study, hypoxia induction 

was performed using cobalt chloride (CoCl2, Panreac) which works as oxygen sensor, inhibiting prolyl 

hydroxylase domain (PHD) and inducing HIF-1  stabilization, thus avoiding the HIF-1  degradation in 

the presence of oxygen [201,202]. 

CoCl2 was dissolved into dimethylsulfoxide (DMSO, Sigma-Aldrich) to a 160mM stock solution, filter-

sterilized (0.22 µm) in aseptic, from which intermediate concentrations were prepared into DMSO 

(2mM-100mM) and stored at -20˚C until used. Working solutions were freshly prepared in culture 

medium without FBS containing 1 % penicillin/streptomycin solution and of DMSO in a concentration 

did not exceed 1 %. 

To determinate the hypoxia effect in cell viability, the HCT-15 cells were first treated with CoCl2 (0, 20, 

50, 750, 100, 200, 500 and 1,000 μM) and the cells were then maintained under standard culture 

conditions for 24 h [203,204]. Cell viability was evaluated by the SRB assay, as described above. The 

concentration of 200 µM of CoCl2 was chosen to assess the effect of hypoxia in 3BP cytotoxicity, 

because at higher concentrations, there was decrease in cell viability. For that, HCT-15 cells were 

seeded in 96-well plates at the appropriate cell density and incubated overnight. After cell adhesion, 

cells were incubated with 200 µM CoCl2 for 24 h. After this, the medium was removed, and after 
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washing, cells were treated with 3BP in the appropriate range of concentrations, during 16 h at 37 ˚C. 

Control conditions were performed with 1 % DMSO in DMEM without FBS and without CoCl2.  

 

2.5.3. Glucose Starvation  

HCT-15 cells were seeded in 96-well plates at the appropriate cell density. After overnight adhesion, 

the medium was replaced by DMEM medium without glucose (GibcoTM), supplemented with 10 % FBS 

and 1 % penicillin/streptomycin solution. Cells were incubated in this glucose-free medium 24 h, and 

after this time the medium was replaced by medium containing 3BP in the appropriate range of 

concentrations and cells were incubated for 16 h at 37 ˚C. Untreated cells were used as control. 

 

2.5.4. Pre-treatment with monocarboxylic acids 

For the pre-treatment with monocarboxylic acids, cells were incubated 24 or 48 h in DMEM 10 % FBS 

containing the carboxylic acids (butyrate, lactate or acetate), in a range of concentrations  between 10-

70 mM, before the treatment with 3BP. Briefly, HCT-15 cells were seeded in 96-well plates at the 

appropriate cell density and incubated overnight. After cell adhesion, cells were exposed to the different 

carboxylic acids in the appropriate concentrations, during 24 or 48 h at 37˚C. After the period of 

incubation, the medium containing the acids was removed, cells were washed twice with PBS and 

treated with IC50 of 3BP. As control, the cells were incubated with carboxylic acids during the same 

time, followed by 16 h of incubation in DMEM medium without 3BP or the carboxylic acid. Cell viability 

was evaluated by the SRB assay, as described above, considering 100 % viability the cells not exposed 

to any treatment.  

To determine the influence the different carboxylic acids in 3BP IC50, cells were pre-treated to a fixed 

concentration of the acid (10 mM for the three acids or 40, 50 and 20 mM of butyrate, lactate and 

acetate, respectively) during 24 or 48 h, followed by incubation in medium containing 3BP in the same 

range of concentrations previously used in the determination of 3BP IC50 value. As control, cells were 

incubated during the same period of time in medium without monocarboxylic acids, replacing the 

respective volume by PBS (Figure 13). 
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Figure 13. Representative scheme of the 96-well plate for the assays described above showing the pre-

treatment with the monocarboxylic acids followed by 3BP treatment in the appropriate range of concentrations. 

Cells were incubated 24 or 48 h with 10 mM for the three acids or 40, 50 and 20 mM of butyrate, lactate and 

acetate, respectively, followed by the treatment with 3BP for 16 h at 37 ˚C. The cells not exposed to any 

treatment (0) correspond to 100 % of viable cells and blank correspond to wells with only culture medium, 

without cells. 

 

2.6. Metabolic profile determination 

The effect of 3BP on cell metabolism was assessed by analyzing extracellular glucose and lactate levels 

in the medium of cells treated with IC50 and ½ IC50 concentrations of 3BP. The effect of hypoxia, 

different pHe and glucose starvation on cell metabolism was also evaluated, treating the cells as 

mentioned below and measuring glucose and lactate levels in the medium. 

Cells of HCT-15, HT-29 and Caco-2 cell lines were seeded in 96-well plates at the appropriate cell 

density and incubated overnight. After cell adhesion, cells were incubated with the respective IC50 or 

½ IC50 of 3BP during 16 h at 37 ˚C.  

 



Chapter 2  Materialss and Methods 

Molecular Mechanisms Involved in 3-Bromopyruvate Effect in Colorectal Cancer Cell Lines  39 

 

For hypoxia, different pHe and starvation conditions, HCT-15 cells were seeded in 96-well plates at the 

appropriate cell density and incubated overnight to adhere. After that, cells were incubated with 200 

µM CoCl2 or glucose-free medium for the hypoxia or starvation condition, respectively, and incubated 

for 24 h at 37˚C.  

Cell culture medium (150 μl) was collected after the respective treatment and stored at -20 ˚C until 

glucose and lactate quantification. The metabolites were measured by spectrophotometry at 505 nm, 

according to manufacturer’s instructions and normalized for the total biomass. The total protein 

content, expressed as total biomass, was assessed using the SRB assay, as described above. The 

results are representative of at least, three independent experiments, each one in triplicate. 

Extracellular glucose and lactate levels were expressed as µg of metabolite/total biomass. 

 

2.6.1. Extracellular Glucose Quantification 

Extracellular glucose was assessed by an enzymatic colorimetric kit (Spinreact) based on the enzymatic 

oxidation of glucose to gluconic acid by glucose oxidase (GOD). A chromogenic oxygen acceptor, 

phenol, 4 – aminophenazone (4-AP) in the presence of peroxidase (POD), detects the formed hydrogen 

peroxide (H2O2) of the glucose oxidation. The intensity of the color formed is proportional to the glucose 

concentration in the sample: 

 

 

 

 

 

200 μl of working solution was mixed with 2 μl of each sample (previously diluted in the ratio of 1:10). 

Blank was performing by adding 200 μl of working solution only. The mixture was gently mixed and 

incubated for 20 min at room temperature. The absorbance was read at 505 nm in a microplate reader 

(Tecan infiniteM200). 

 

      GOD 
-D-Glucose + O2 + H2O                       Gluconic acid + H2O2 

    POD 
H2O2 + Phenol + 4-AP                          Quinone + H2O 
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2.6.2. Extracellular Lactate Quantification 

The extracellular lactate levels were assessed by using a colorimetric kit (Spinreact), where lactate is 

oxidized by lactate oxidase (LO) to pyruvate and H2O2. Then, H2O2 is metabolized by POD and converted 

to quinone. The intensity of the red color is directly proportional to the lactate concentration in the 

sample: 

 

 

 

 

200 μl of working solution was mixed with 2 μl of each sample. Blank contained 200 μl of working 

solution alone. The mixture was homogenized and incubated for 10 min at room temperature. The 

absorbance was read at 505 nm in a microplate reader (Tecan infiniteM200). 

 

2.7. Wound-healing assay 

The cell migration of the cancer cells in the different conditions assayed was assessed by the wound-

healing assay, which mimics cell migration during wound healing in in vivo. This method has been 

employed by researchers for years to estimate cell migration rate of different cells and culture 

conditions in in vitro. The principle is to create a cell-free area (wound) in a cell confluent monolayer 

with a pippete tip. The "healing" of the "wound" is achieved by cell migration. After creating the wound, 

the images were then captured at regular intervals for 24 h period [205].   

The cells were plated in 6-well plates at a density of 7.5 x 104 cells/well (1500 μl) for HCT-15 and 10 

x 104 cells/well (1500 μl) for HT-29 and Caco-2, and allowed to attach overnight at 37 °C in a 5 % 

CO2 humidified atmosphere (Water Jacketed CO2 Incubators, Shel Lab), until reaching total confluence. 

Then, two wounds were created in the confluent cells by manual scratching with a pipette tip. Cells 

were gently washed once with PBS and treated with respective IC50 and ½ IC50 of 3BP, glucose-free 

medium or CoCl2. The cell-free areas were photographed in specific sites (two sites for each wound) 

 LO 
L-Lactate + O2 + H2O                       Pyruvate + H2O2 

      POD 
2H2O2 + 4-Chlorophenol + 4-AP                          Quinone + H2O 



Chapter 2  Materialss and Methods 

Molecular Mechanisms Involved in 3-Bromopyruvate Effect in Colorectal Cancer Cell Lines  41 

 

at 100X magnification using a Nikon Eclipse TE 2000-U inverted microscope equipped with digital 

camera system at 0, 12 and 24 h.  

The migration distance (5 measures by wound) was calculated with QWound software (version 1.01) 

and percentage of cell migration relative to time zero of control (untreated cells) was evaluated using 

GraphPad Prism 5 Software. At least three independent experiments were conducted.  

 

2.8. MCT1 and MCT4 expression assessment 

Quantitative real-time polymerase chain reaction (qRT-PCR) and Western-blot assays were performed 

to measure the expression of MCT1 and MCT4 proteins in the different conditions assayed (basal 

conditions, 3BP treatment, monocarboxylic acids treatment, hypoxia, starvation and exposure to 

different pHe), being the cell localization of these proteins determined by immunofluorescence assays.  

 

2.8.1. RNA isolation and analysis 

The cell lines were seeded in 6-well plates at the appropriate cell density, and maintained under optimal 

growth conditions until they reached about 70 % - 80 % confluence. Then, 500 μl of NZYol from Nzytech 

was added for isolate the total RNA. After promoting cell lysis by NZYol, the suspensions were 

transferred to RNAse-free tube and incubated at room temperature (RT) during 5 min to allow the 

complete dissociation of nucleoproteins. 200 μl of chloroform were added to the lysates to allow the 

protein precipitation and the lysates were incubated further 5 min at RT and centrifuged at 14,000 

rpm for 15 min at 4 °C. Upon centrifugation, the aqueous phase was collected into new RNase-free 

tubes and 500 μl isopropanol were added. After carefully mixing and a 5 min-incubation at RT, the 

mixtures were centrifuged at 14,000 rpm for 10 min at 4 °C, being possible to observe a white pellet 

in this phase, corresponding to RNA. After discarding the supernatant, the pellets were washed with 

500 μl of 75 % v/v ethanol, vortexed and centrifuged at 7500 g for 5 min at 4 °C. The supernatant 

was discarded and the pellets were air-dried for about 5-10 min. Then, RNA was resuspended in 50 μl 

of water with diethylpyrocarbonate (DEPC, Sigma-Aldrich) and stored at -20 °C (for periods shorter 

than one month) or -80 ̊ C (for periods longer than one month). All the solutions utilized in this protocol 

were prepared in water with DEPC. 
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The concentration/purity and integrity/contamination with genomic DNA of the isolated RNA were 

evaluated using NanoDrop 2000 Spectrophotometer of the Thermo Scientific (OD260 and 

OD260/280nm ratio) and by electrophoresis (1.4 % (w/v) RNase-free agarose gel in Tris-acetate-EDTA 

(TAE)), respectively. The isolated RNA was used to measure SLC16A1 and SLC16A3 genes expression 

by qRT-PCR, which codify for MCT1 and MCT4 proteins, respectively.  

 

2.8.2. Real-Time Quantitative Polymerase Chain Reaction 

Primers Design 

SLC16A3 primers sequences used in this work were previously described in the literature [206], being 

the SLC16A1 and Actin designed in this work, and their specificity checked in the Primer-Blast program 

of NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers were designed on exon-intron 

junctions to amplify fragments of the target genes with sizes ranging from 80 to 200 bp. The forward 

and reverse primer sequences used in this work for qRT-PCR are presented in Table 3. The primers 

were purchased to STABvida, being reconstituted in nuclease-free water to a final concentration of 100 μM. Before their use in qRT-PCR experiments, a PCR was done with the isolated RNA to assess the 

presence of contaminating genomic DNA amplification for each primer pair. Then, another PCR was 

run to check primer specificity and annealing temperatures. As control positive, plasmids containing 

SLC16A1 and SLC16A3 complementary DNA (cDNA) were used. 

 

Table 3. Sequences of forward and reverse primers, corresponding to SLC16A1, SLC16A3 and actin genes, 

used for amplification of the cDNAs and size estimated for the respective amplicon.  

 

Gene Forward Primer Reverse Primer 
Amplified Sequence 

Length 

SLC16A1 
(MCT1) 

5’-tctgtgtctatgcgggattctt-3’ 5’-ttgagccgacctaaaagtggt-3’ 172 

SLC16A3 
(MCT4) 

5’-atcctgggcttcattgacat-3’ 5’-atggagaagctgaagaggta-3’ 101 

ACTIN 5’-aatctggcaccacaccttcta-3’ 5’-atagcacagcctggatagcaa-3’ 170 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Complementary DNA synthesis  

Before performing qRT-PCR, it was necessary to synthesize the cDNA from the isolated RNA through a 

reverse transcriptase-mediated reaction. cDNA was prepared using the NZY First-Strand cDNA 

Synthesis Kit according to manufacturer’s instructions, being 1 μg of total RNA used as template. Each 

reaction was composed of 10 μl NZYRT 2x Master Mix, 2 μl NZYRT Enzyme Mix, a volume of RNA 

template equivalent to 1 μg RNA and DEPC-treated H2O to a final volume of 20 μl. cDNA synthesis 

reaction was initiated by 10 min incubation at 25 ˚C, followed by 30 min at 50 ˚C and an inactivation 

step at 85 ˚C for 5 min and then put shortly on ice. Finally, 1 µL NZY RNase H (E. coli) was added, 

and the mixture was incubated at 37 °C for 20 min and heated at 85 °C for 5 min for the enzyme 

inactivation. The resulting cDNA samples were stored at -20 °C until use. 

 

Quantitative Real-Time Polymerase Chain Reaction assay 

Quantitative Real-time-PCR (qRT-PCR) is a technique for quantify gene expression levels, which use a 

fluorophore like SYBRgreen (iQ™ SYBR® Green Supermix kit, Bio-Rad Laboratories) that binds to DNA 

double-stranded emitting fluorescence. For each qRT-PCR run, a mix contained 0.2 μl of each primer 

at 10 μM, 10 μl of iQ SYBR Green Supermix, 4 μl cDNA and 5.6 μl of ultrapure H2O in a final volume 

of 20 μl. Three different controls were performed in the assays: no reverse transcriptase control (NRT) 

that use isolated RNA as template to detect contamination by genomic DNA; non-template control 

(NTC) to evaluate reagent contaminations (ultrapure H2O was place instead of cDNA); loading control 

with the housekeeping gene actin, which is expressed constitutively.  

Primers efficiency were also tested, using appropriate dilutions of the cDNA. Serial dilutions of the 

cDNA (10-1, 10-10 and 10-100) were done in RNase-free water for standard curve, plotting threshold cycle 

(Ct) (cycle where the threshold detection of the fluorescence signal was reached) against the 

corresponding logarithm of the template concentration. For the experiments of qRT-PCR, each dilution 

was assayed in duplicate for all primers pairs (MCT1, MCT4 and Housekeeping-Actin), being at least 

three independent experiences made for all situations assayed.  

The thermal cycling conditions consisted in an initial denaturation step at 95.0 °C for 3 min followed 

by 39 amplification cycles, each comprising denaturation (95.0 °C for 20 s), annealing (59.0 °C for 
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30 s) and extension (72.0 °C for 30 s). Fluorescent data were acquired during each extension step. 

The melting curve was obtained by analyze of temperatures between 65.0 to 95.0 °C, with increments 

of 0.5 °C for 5 s. The cycle conditions were run in a C1000™ Thermal Cycler, interfaced to a CFX96™ 

Real-Time PCR Detection System and data were acquired and analyzed by CFX Manager™ Software, 

version 1.0 (Bio-Rad Laboratories). Actin housekeeping gene amplification was used as a reference 

gene for normalization of gene expression levels and to determinate the ΔCT.  

 

2.8.3. Protein extraction and quantification 

After the appropriate treatment to the cells, the medium of cell culture was removed and the plates 

containing the cells were placed on ice and washed with cold PBS. 200 µL of Lyse Buffer1 

supplemented with Protease inhibitor cocktail (Sigma-Aldrich) were added to the cells and the mixture 

transferred to an eppendorf tube after scraping. Then, the suspension was incubated for 15 min on 

ice (vortexing occasionally) and centrifuged at 13,000 rpm for 15 min at 4 °C.  The pellet was 

discarded and total protein extract (supernatant) was collected and stored at -80 ˚C until use. 

Protein concentration was determinate using the BCA™ Protein Assay Kit (Thermo Scientific) according 

to the manufacturer’s instructions.  

 

2.8.4. Western Blotting 

Western blotting, also known as immunoblotting is a technique used for the detection and analysis of 

proteins. The method is based on the formation of a labelled antibody-protein complex via specific 

binding of antibodies to proteins separated by gel electrophoresis and transferred to a nitrocellulose 

membrane. This antibody-protein complex is detected by a detection system allowing a quantitative 

analysis of protein expression.  

Each protein sample was separated on 10 % polyacrylamide gel by SDS-PAGE (200 V for 60 min) and 

transferred (110 mA for 75 min) onto a nitrocellulose membrane (Amersham Biosciences) in transfer 

buffer2, using a semidry system (TE70 ECL Semi-dry, Transfer Unit, Amersham Biosciences). 

                                                           
1 150 mM NaCL, 5 mM EDTA, 1 % Triton X-100, 50 mM Tris-HCL pH 7,5. 
2 Glycine 192 mM, Tris basis 25 mM, methanol 20 % at adjusted pH 8.3 with HCL 37 %. 
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Membranes were blocked with 5 % milk in TBS/0.1 % Tween 20 (Tris-buffer saline Tween 20 (TBS-T)) 

for 1 h at room temperature. After incubation (overnight at 4 ˚C) with the primary polyclonal antibodies 

(see Table 4), the membranes were washed 3x5 min with 1 % milk in TBS-T and incubated 60 min 

with the horseradish peroxidase (HRP)-conjugated secondary antibody solutions (anti-rabbit IgG, 

1:1500 (Sigma-Aldrich); anti-mouse IgG, 1:1500 (Vector)) at room temperature. After washing 2x5 min 

with TBS-T and 1x5 min with TBS, the bound antibodies were visualized by immunoreactive bands, 

using the Enhanced Chemiluminescence (ECL) method. Equal parts of ECL A (10 mL of 100mM Tris, 

90 mM Coumaric acid (Sigma-Aldrich) and 250 mM luminol (Fluka)) and ECL B (10 mL of Tris 100 

mM pH 8.5 and 30 % (v/v) Hydrogen peroxide) solutions were mixed and each blot was immersed in 

the resulting ECL solution for 4 min. Membranes were placed in a photo cartridge (Hypercassette™, 

Amersham Biosciences), exposed to autoradiographic film (Kodak BioMax Light Film) in the darkroom 

for various times and manually developed. The developed films were air dried at RT and the protein 

content was estimated measuring the density of each band and normalizing to -tubulin content with 

the software Image J. 

 

Table 4. Primary antibodies used in the present study. 
 

 

 

 

 

 

 

2.8.5. Immunofluorescence 

Immunofluorescence is a technique that utilizes fluorescent-labeled antibodies to detect specific target 

antigens allowing to detect the localization of a specific protein. 

Cells were seeded in 6-well plates containing glass coverslips, in the appropriate conditions. Before 

using the glass coverslips, they were treated with poly-L-Lysine to promote cell adhesion and sterilized 

with 70 % and 96 % ethanol. After cell treatment, the culture medium was removed and the cells 

Protein Primary Antibody 
 Dilution Company 

MCT1 1:200 
Santa Cruz Biotechnology 

(sc-365501) 

MCT4 1:500 
Santa Cruz Biotechnology 

(sc-50329) 

-Tubulin 1:500 
Abcam 

(ab15246) 
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washed with PBS and incubated with methanol at -20 ˚C for 20 min allowing cell fixation and 

permeabilization. Then, coverslips were washed twice with PBS and blocked with 5 % BSA (Bio-Rad) in 

PBS/0.1 % Tween 20 (PBS-T) for 30 min at RT. After blocking, cells were washed 3x5 min with PBST 

and incubated with anti-MCT-1 (1:250, Santa Cruz Biotechnology) or anti-MCT-4 (1:100, Santa Cruz 

Biotechnology) diluted in 5 % BSA in PBS-T, overnight. After incubation with primary antibody, coverslips 

were washed 3x5 min with PBS-T and incubated with fluorescence anti-mouse (for MCT-1, 1:1500, 

Alexa Fluor® 488) and fluorescence anti-rabbit (for MCT-4, 1:1500, Alexa Fluor® 488) secondary 

antibodies for 1 h at RT. Finally, the coverslips were washed 3x5 min with PBS-T, mounted on 

Vectashield Mounting Medium with DAPI, and immediately observed under the fluorescence 

microscope (ZEISS LSM 800 with Airyscan). Three coverslips were prepared for each experimental 

condition and representative images are shown in the results.  

 

2.9. Statistical Analysis 

Statistical analysis was performed with the Graph Pad Prism 5 software. The results are presented as 

normalized means ± SD, at least three independent experiments. Statistical significance was assessed 

by the t-test considering p values <0.05 as statistically significant for a confidence level of 95 %.
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3.1. 3-Bromopyruvate effect different colorectal cancer cell lines: evaluation of viability, 

metabolism and cell migration. 

This work aimed to evaluate the cytotoxic effect of the alkylating compound 3-bromopyruvate (3BP) in 

different colorectal cancer cell lines (HCT-15, HT-29 and Caco-2). Before such evaluation, the adequate 

cell seeding density was determined for each cell line, to ensure that cells were at exponential growth 

phase during the whole assay. The values chosen to the cell seeding were 7.5x103 viable cells for HCT-

15 and 10 x103 viable cells for HT-29 and Caco-2, for the SRB assay (data not show). 

The cell lines were incubated in the presence of different concentrations of 3BP for 16 h and the cell 

viability and the respective IC50 were assessed by SRB assay. In all cell lines, it was observed that 3BP 

decreased the cell viability in a dose-dependent manner (Figure 14). However, it is evident that the 

three cell lines presented different sensitivity to 3BP, being HCT-15 the most sensitive cell line, 

presenting an IC50 value considerably lower than the Caco-2 and HT-29 that presented IC50 values 

higher than 200 µM (Table 5). 
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Figure 14. Effect of 3BP on HCT-15, Caco-2 and HT-29 cell survival assessed by the SRB assay after 16 h of 

exposure to the compound. The values plotted in the graphs correspond the mean of triplicates from at least 

three independent experiments. 

 

Table 5. IC50 values for 3BP for the cell lines HCT-15, Caco-2 and HT-29 determined by 

SRB assays. Results are expressed as mean ± SD of triplicates from at least three 

independent experiments. 

 

 

 

 

In order to understand if this effect on cell viability was due to metabolism disturbance, glucose and 

lactate levels present in cell culture medium were measured, using colorimetric kits. HCT-15, HT-29 

and Caco-2 cells were treated 16 h with the respective ½ IC50 and IC50 values of 3BP. After this, 

extracellular glucose and lactate were determined and normalized to the total biomass. As control, 

untreated cells were used (Figure 15).  

This metabolism assay showed that HCT-15 cells are the most glycolytic ones, since these cells 

presented higher extracellular lactate levels than HT-29 and Caco-2 in basal conditions. Concerning 

3BP effect in metabolism, it was observed for HCT-15 cells that treatment with the corresponding IC50 

of 3BP, but not with the ½ IC50, resulted in a significant decrease of extracellular lactate levels and 

increase of extracellular glucose levels, compared to the control (Figure 15 A and B). In HT-29 and 

Caco-2, 3BP induced a significant increase in extracellular glucose levels for ½ IC50 and IC50 values, 

as well as a decrease in extracellular lactate levels (Figure 15 A and B).  

Thus, analyzing the results obtained for the different cell lines metabolism in response to 3BP 

treatment, it was verified that all cell lines responded to the treatment, decreasing glucose consumption 

and lactate production, a behavior in agreement with the anti-glycolytic effect of the 3BP. 

 

Cell Lines HCT-15 Caco-2 HT-29 

Determined IC50 value 31.76 µM 234.15  µM 263.67  µM 

SD ± 6.78 18.78 74.89 
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Figure 15. Effect of 3BP in metabolic profile of HCT-15, HT-29 and Caco-2 cell lines. Cells were incubated in 

the presence of the ½ IC50 (dark gray bars) and IC50 (light gray) of 3BP for 16 h. After this time, extracellular 

glucose (A) and lactate (B) were quantified by colorimetric kits and normalized for the total biomass, determined 

by the SRB assay. Untreated cells were used as control (black bars). Results are presented as mean ± SD of at 

least three independent experiments. Significantly different between groups: *P < 0.05; **P < 0.01; ***P < 

0.001. 

 
To study the effect of 3BP on cell migration, the wound-healing assay was performed, mimicking in 

vitro the cell migration that occur in vivo. The different CRC cell lines were treated for 24 h with the 

respective ½ IC50 and IC50 values of 3BP. Images of the cells were registered at different times (0, 12 

and 24 h). 

The effect of 3BP on the migration capacity of HCT-15 (Figure 16), Caco-2 (Figure 17) and HT-29 

(Figure 18) cell lines was evaluated. Untreated HCT-15 cells exhibited the highest cell migration 

capacity, especially at 24 h as shown in Figure 16 A. The treatment with 3BP decreased cell migration 

capacity, being this inhibition more evident at 24 h than at 12 h for both concentrations. At 24 h, cell 

migration capacity was 53%, 39% and 34% for untreated cells (control), ½ IC50 and IC50 of 3BP, 

respectively (Figure 16 B).  

Concerning the other cell lines, analyzing the wound representative pictures, they shown that both 

untreated Caco-2 and HT-29 cells have not a high migration capacity (Figure 17 A and 18 A). 

Nevertheless, it was observed that 3BP affected significantly the migration capacity in these cell lines 

either at 12 or 24 h at both concentrations used (Figure 17 B and 18 B). In Caco-2, this inhibitory 
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effect of 3BP was more significant at 24 h for ½ IC50 and IC50 of 3BP, in which cells migrated only 9% 

and 4%, respectively, whereas untreated cells (control) migrated 21% (Figure 17 B). In HT-29 cells, 

3BP inhibited significantly cell migration capacity, being observed that cells treated with ½ IC50 of 3BP 

migrated 8% and 17% at 12 and 24 h, respectively, whereas untreated cells migrated 19% and 27% in 

same periods of time. However, it is worthy to refer that it was not possible to evaluate the effect of 

3BP in the concentration corresponding to the IC50 after 12 h and 24 h of treatment, due to loss of cell 

viability impairing the mathematical treatment of the results (Figure 18 B).  

Thus, analyzing the results obtained for all cell lines, it was observed that 3BP inhibited the cell 

migration capacity, a characteristic associated to tumor aggressiveness and metastasis development. 

 

 

Figure 16. Inhibitory effect of 3BP on cell migration capacity of HCT-15 cell line. A) Representative pictures of 

the migratory capacity of HCT-15 cells treated with 3BP in the concentrations of ½IC50, IC50 and 0 μM (control). 

B) Percentage of cell migration in untreated cells (black bars) or in cells treated with ½IC50 (dark gray bars) and 

IC50 (light gray bars) of 3BP for 12 and 24h. Results represent the mean ± SD of at least three independent 

experiments. Significantly different between groups: **P < 0.01. 
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Figure 17. Inhibitory effect of 3BP on cell migration capacity of Caco-2 cell line. A) Representative pictures of 

the migratory capacity of Caco-2 cells treated with 3BP in the concentrations of ½IC50, IC50 and 0 μM (control). 

B) Percentage of cell migration in untreated cells (black bars) or in cells treated with ½IC50 (dark gray bars) and 

IC50 (light gray bars) of 3BP for 12 and 24 h. Results represent the mean ± SD of at least three independent 

experiments. Significantly different between groups: *P < 0.05; **P < 0.01; ***P < 0.001. 

 

Figure 18. Inhibitory effect of 3BP on cell migration capacity of HT-29 cell line. A) Representative pictures of 

the migratory capacity of HT-29 cells treated with 3BP in the concentrations of ½IC50, IC50 and 0 μM (control). 

B) Percentage of cell migration in untreated cells (black bars) or in cells treated with ½IC50 (dark gray bars) of 
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3BP for 12 and 24 h. Results represent the mean ± SD of at least three independent experiments. Significantly 

different between groups: *P <0.05; **P < 0.01; ***P < 0.001. 

 
3.1.1. Assessment of MCT1 and MCT4 expression in CRC cell lines.  

In this study, MCT1 and MCT4 expression was evaluated by quantitative (Western Blot and qRT-PCR) 

and qualitative (Immunofluorescence) assays.  

The qRT-PCR was performed using mRNA samples of the different CRC cell lines to assess the 

expression of the genes SLC16A1 and SLC16A3 coding for MCT1 and MCT4 protein, respectively. The 

qRT-PCR assays showed that the different cell lines expressed both genes, but expression levels were 

different between them. HCT-15 presented the highest levels of expression either for SLC16A1 or 

SLC16A3 (Figure 19). Nevertheless, mRNA levels do not always correlate with protein expression 

levels. In this way, Western Blot assay was performed to quantify MCTs protein. As shown in Figure 

20, all cell lines expressed MCT1, being once again observed that HCT-15 was the cell line that 

presented highest basal expression levels of MCT1, followed by HT-29 and Caco-2 cell  lines (Figure 

20 A and B). Concerning MCT4, no conclusive results were obtained in Western Blot and optimization 

conditions have still to be established. As the uptake of 3BP is most probably mediated by MCTs [114], 

the different expression of these transporters can be responsible for the differences observed in cell 

sensitivity to 3BP. 
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Figure 19. Expression levels of SLC16A1 and SLC1A3 genes in HCT-15, HT-29 and Caco-2 cell lines 

determined by qRT-PCR. Actin was used as housekeeping gene. The cell line with highest expression of each 

gene was used as reference. Results are representative of three independent experiments. Significantly different 

between groups: *P < 0.05; **P < 0.01; ***P < 0.001. ns: no statistically significant. 

 

 

Figure 20. MCT 1 expression analysis in HCT-15, HT-29 and Caco-2 cell lines assessed by Western-blot. The 

cell line presenting higher expression of MCT 1 was used as reference. A) Levels of protein expression relative 

to the control cells and normalized to -tubulin. The results are presented as mean ± SD of two independent 

experiments. B) Representative results of MCT 1 protein expression. Significantly different between groups: *P 

< 0.05; ***P < 0.001; ns: no statistically significant. 

 

MCTs exert their functions of transporters at plasma membrane. As so, their cell localization has been 

evaluated by immunofluorescence. The analysis of representative pictures using both MCT1 and MCT4 

antibodies showed that these proteins are present in all cell lines. In HCT-15 cells, MCT1 was localized 

essentially at plasma membrane, although some residual expression was also observed in nucleus. 

Concerning Caco-2 and HT-29 cells, MCT1 was also localized in nucleus and plasma membrane, but 

in the last case only in the junctions between cells. In these two cell lines, MCT1 also appeared in the 

cytoplasm. Concerning MCT4, it was present mainly in plasma membrane for Caco-2 and HT-29 cell 

lines and, once again, in junction between cells. In HCT-15 cells, MCT4 was localized in both cytoplasm 

and plasma membrane (Figure 21).  
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Transport function of both MCT1 and MCT4 is associated with their correct traffic to plasma 

membrane. The present study showed that HCT-15, the most sensitive cell line to 3BP, presented the 

proper location for both MCTs, according to their transporter function. On the other side, in Caco-2 

and HT-29 cell lines, the most resistant cells, MCTs were essentially in the junctions between cells. 

 

 

Figure 21. MCT1 and MCT4 cellular localization in HCT-15, Caco-2 and HT-29 cell lines. Representative 

images of immunofluorescence are shown at 400x magnification. 

 

3.2. Effect of tumor microenvironment in MCTs expression and cell sensitivity to 3BP 

3.2.1. Hypoxia 

As HCT-15 was the most responsive cell line to 3BP, it was the one chosen for the following assays. 

Concerning the effect of hypoxia, HCT-15 cells were incubated with CoCl2 to simulate this condition. 

CoCl2 is responsible for HIF-1 stabilization, inducing chemically hypoxia. After the period of 

incubation, the extracellular glucose and lactate, as well as cell biomass were determined. HCT-15 

cells showed a significant increase of extracellular lactate levels under hypoxia compared to normoxia 

(control). The glucose concentration in the culture medium increased, but not significantly when 
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compared to control (Figure 22). Thus, the results indicate that cells treated with CoCl2 increased 

their glycolytic phenotype.  

Hypoxia is a characteristic of malignant cancers, being associated to aggressiveness and therapy 

resistance. As previously referred, hypoxia induces a metabolic switch in cell tumors through 

deregulation of several metabolic enzymes, contributing to increased glycolytic rates. Therefore, the 

results presented here are in accordance with the expected behavior under hypoxic conditions. 

 

 

Figure 22. Effect of hypoxia in metabolic profile of HCT-15 cells. Hypoxia was chemically induced by incubating 

the cells in the presence of 200 µM CoCl2 for 24 h (gray bars). After this time, the medium was collected and 

extracellular glucose (A) and lactate (B) were quantified by colorimetric kits and normalized for the total biomass, 

determined by the SRB assay. Untreated cells were used as control (black bars). Results are presented as mean 

± SD of at least three independent experiments. Significantly different between groups: *P < 0.05. 

 

HCT-15 cells migration capacity was evaluated by the wound-healing assay, being observed a lower 

migratory capacity under hypoxic conditions when compared to cells grown in normoxia (Figure 23). 

Normoxic cells migrated 38% and 47% at 12 and 24 h, respectively, whereas hypoxic cells migrated 

only 30% and 36% over the same period of time, respectively. As HCT-15 cells presented a glycolytic 

phenotype in hypoxia, it would be expected that these cells present higher motile capacity. In these 

conditions, higher levels of lactate are produced, what induces environmental acidification, a 

characteristic associated with aggressiveness tumors [207]. Nevertheless, in the present study, the 
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cells had less motile capacity. It is worthy to mention that the medium used in the assays was buffered, 

and so the influence of proton efflux could be masked.  

 

 

Figure 23. Effect of hypoxia on cell migration capacity of HCT-15 cell line. A) Representative pictures of the 

migratory capacity of HCT-15 cells treated with 200 μM CoCl2. B) Percentage of cell migration in untreated cells 

(black bars) and hypoxic cells with 200 μM CoCl2 (gray bars) for 12 and 24 h. Results represent the mean ± SD 

of at least three independent experiments. Significantly different between groups: *P < 0.05. 

 

The qRT-PCR was performed to assess the expression of the genes SLC16A1 and SLC16A3 (coding 

for MCT1 and MCT4, respectively) on hypoxia, induced by CoCl2. Analysis of qRT-PCR results showed 

that both genes were expressed, but it was evident a significant increase of SLC16A3 gene expression 

levels in hypoxia, whereas SLC16A1 maintained its expression (Figure 24). HIF-1 is involved in 

environmental adaption of tumor cells to hypoxia, enhancing glycolysis and consequently, lactate 

production and efflux. These results are in accordance with the glycolytic phenotype presented by HCT-

15 cells, as cells need to export the lactate produced by glycolysis, mainly through MCT4. The HIF-1 

gene was assessed to assure that hypoxia was induced, being verified a significant increase of its 

expression in hypoxia (Figure 24). However, these results should be validated by Western Blot to 

confirm these differences at protein level.  
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MCTs localization was assessed by immunofluorescence. MCT1 was localized essentially at plasma 

membrane in both normoxia (control) and hypoxia. However, in hypoxic cells MCT1 expression was 

also observed in nucleus. MCT4 was found in the cytoplasm and cell membrane in some cells under 

normoxia, being the fluorescence more intense in hypoxia in plasma membrane and cytoplasm, where 

it was also observed a residual fluorescence in the nucleus (Figure 25).  

 

 

Figure 24. Effect of hypoxia in the expression levels of SLC16A1, SLC1A3 and HIF-1 genes in HCT-15 cells 

determined by qRT-PCR. Hypoxia was chemically induced by incubating the cells in the presence of 200 µM 

CoCl2 for 24 h (gray bars) and untreated cells (black bars) were used as reference. Actin was used as 

housekeeping gene. Results are representative of three independent experiments. Significantly different between 

groups: *P < 0.05; **P < 0.01. 
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Figure 25. Effect of hypoxia on MCT1 and MCT4 cellular localization of HCT-15 cell line. Cells were incubated 

with CoCl2 (200 µL) or fresh medium (control) for 24 h. Representative images of immunofluorescence are 

shown at 400x magnification. 

 

To also analyze the influence of hypoxia in 3BP cytotoxic effect, HCT-15 cells were incubated for 24 h 

with CoCl2 and then treated with different concentrations of 3BP for 16 h. Cell viability and the 

respective 3BP IC50 were assessed by SRB assay. As shown in Figure 26, 3BP was significantly less 

cytotoxic in hypoxia than in normoxia, with IC50 of 80.66 ± 4.54 µM and 37.23 ± 9.18 µM, respectively. 

According to the results obtained for MCTs expression, it would be expected a higher toxicity of 3BP 

under hypoxic conditions, due to the increased expression of MCT4, a transporter of the compound. 

However, HCT-15 cells were more resistant to 3BP in hypoxia, indicating that other factors should 

influence its toxicity. 
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Figure 26. Effect of hypoxia on cell viability of HCT-15 cells treated with 3BP, assessed by SRB assay. Hypoxia 

was chemically induced by incubating the cells in the presence of 200 µM CoCl2 ( ) or with fresh medium as 

control ( ) for 24 h followed by treatment with 3BP for 16 h. The values plotted in the graphs correspond the 

mean ± SD of triplicates from at least three independent experiments. Significantly different between groups: *P 

< 0.05. 

 

3.2.2. Extracellular pH 

Extracellular pH was other environment factor studied in this work to see its effect in cell metabolism, 

cell migration, MCTs expression and 3BP toxicity. HCT-15 cells were incubated for 24 h with medium 

buffered at pH 6.6 and 7.4 that are representative of tumor microenvironment and physiological pHe, 

respectively. In order to understand the influence of pHe in cell metabolism, glucose and lactate levels 

present in cell culture medium were measured at these different pHes and normalized to total biomass. 

It was observed that HCT-15 cells showed a significant decrease of extracellular lactate levels and a 

significant increase of the glucose levels in culture medium at pH 6.6 compared to pH 7.4 (control) 

(Figure 27).  

As previous referred, the environmental acidification is a consequence of the glycolytic phenotype 

presented by tumor cells, originating an increased proton efflux, coupled to lactate transport. In the 
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observed that HCT-15 cells were less glycolytic at lower pHe, most probably because the acidic pHe 

inhibits glycolysis, promoting a decrease in the glycolytic rate. 

 

  

Figure 27. Effect of extracellular pH in metabolic profile of HCT-15 cell line. Cells were incubated with medium 

buffered with HEPES at pH 6.6 (gray bars) and 7.4 (black bars) for 24 h. After this time, the medium was 

collected and extracellular glucose (A) and lactate (B) were quantified by colorimetric kits and normalized for 

the total biomass, determined by the SRB assay. Cells incubated at pHe 7.4 were used as control (black bars). 

Results are presented as mean ± SD of at least three independent experiments. Significantly different between 

groups: *P < 0.05. 

 

Concerning the effect of pHe in the migratory capacity, it was observed that after exposition at different 

pHes for 24 h, HCT-15 cells presented similar migratory capacity at both pHe 6.6 and 7.4 (Figure 

28 A). This result was observed at either 12 or 24 h, in which the cells migrated 25% and 45%, 

respectively, compared to pHe 7.4 that migrated 23% and 42%, respectively (Figure 28 B). It is 

described that an acidic environment contributes to a migratory and invasive phenotype [38]. However, 

this effect was not evident for this cell line. 
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Figure 28. Effect of extracellular pH on cell migration capacity of HCT-15 cells. A) Representative pictures of 

the migratory capacity of HCT-15 cells incubated with medium buffered with HEPES at pHe 6.6 and 7.4. B) 

Percentage of cell migration at pHe 7.4 (black bars) and 6.6 (gray bars) for 12 and 24 h. Results represent the 

mean ± SD of at least three independent experiments. 

 

The analysis of MCT1 and MCT4 gene expression demonstrated that the SLC16A1 (MCT1) gene levels 

decreased at lower pHe compared to the control, while SLC16A3 (MCT4) gene levels remains similar 

to the control (Figure 29). The analysis of protein localization by immunofluorescence showed that 

MCT1 was mainly localized in both plasma membrane and cytoplasm at pH 7.4, whereas at pH 6.6 

MCT1 was localized mainly in cell membrane. Concerning MCT4, it seems that pHe did not influence 

its cellular localization, being localized at cytoplasm and plasma membrane at both pHe (Figure 30).  
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Figure 29. Effect of extracellular pH in the expression levels of SLC16A1 and SLC1A3 genes in HCT-15 cells 

determined by qRT-PCR. Gray bars represent cells incubated with medium buffered with HEPES at pH 6.6 and 

black bars represent cells incubated with medium buffered with HEPES at pH 7.4 that were used as reference. 

Actin was used as housekeeping gene. Results are representative of three independent experiments. Significantly 

different between groups: *P < 0.05. 
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Figure 30. Effect of extracellular pH on MCT1 and MCT4 cellular localization of HCT-15 cell line. Cells were 

incubated with medium buffered with HEPES at pH 7.4 or 6.6. Representative images of immunofluorescence 

are shown at 400x magnification. 

 

The effect of pHe on 3BP cytotoxic effect was also analyzed. Cells were incubated for 16 h at different 

concentrations of 3BP in medium buffered with HEPES at the different pHes (6.6 and 7.4). The cell 

viability and the respective IC50 of 3BP were assessed by SRB assay. As shown in Figure 31, 3BP 

was more cytotoxic at pH 6.6 than pH 7.4, with IC50 of 10.86 ± 3.63 µM and 16.54 ± 1.29 µM, 

respectively. Analysis of cell sensitivity to 3BP indicated that although the difference was not significant, 

HCT-15 cells were more sensitive to 3BP at low pHe compared to physiological pHe. Although a 

decreased expression of the SLC16A1 gene (MCT1) was observed, suggesting that pHe may play 

another role in the action of 3BP.  

 

Figure 31. Effect of extracellular pH on cell viability of HCT-15 cells treated with 3BP, assessed by SRB assay. 

Cells were incubated with a range of 3BP concentration prepared in medium buffered with HEPES at pH 7.4 (

) and 6.6 ( ) for 16 h. The values plotted in the graphs correspond the mean ± SD of triplicates from at least 

three independent experiments. 
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3.2.3. Glucose Starvation 

The role of glucose deprivation in cell metabolism and behavior of HCT-15 cell line was also evaluated. 

Cells were incubated for 24 h in glucose-free medium and, after this period, extracellular glucose and 

lactate levels were determined using colorimetric kits and were normalized for total biomass. As 

control, cells incubated for the same period in medium with glucose were used. By the analysis of 

metabolic profile, it can be observed that HCT-15 cells, even without glucose, produced lactate (Figure 

32), demonstrating that cells might rely the metabolism on other nutrients present in the medium as 

energy source. However, and as predicted, HCT-15 cells decreased the extracellular lactate levels in 

free-glucose medium, when compared to control. The concentration of nutrients available during tumor 

growth is unstable and tumor cells may be subjected to long period of nutrients starvation. Glucose is 

the preferential nutrient used by tumor cells, being their first choice of carbon source, but there are 

others metabolic pathways beyond glycolysis that tumor cells may resort to obtain energy supply.  

 

 

 

 

 

 

 

Figure 32. Effect of glucose starvation in metabolic profile of HCT-15 cell line. Cells were incubated with 

glucose-free medium for 24 h (gray bars). After this time, the medium was collected and extracellular glucose 

(A) and lactate (B) were quantified by colorimetric kits normalized for total biomass, determined by the SRB 

assay. Cells incubated in medium with glucose were used as control (black bars). Results are presented as 

mean ± SD of at least three independent experiments. Significantly different between groups: *P < 0.05; **P < 

0.01. 

 

0

50

100

150

200

250

300

350

400

450

**

Extracellular Glucose

µ
g

/t
o

ta
l b

io
m

a
ss

0

10

20

30

40

50

60

70

80

Control w/out Glucose

*

Extracellular Lactate

µ
g

/t
o

ta
l b

io
m

a
ss

A B 



Chapter 3  Results 

Molecular Mechanisms Involved in 3-Bromopyruvate Effect in Colorectal Cancer Cell Lines  67 

  

The effect of starvation on cell migration capacity was also analyzed. It was observed that HCT-15 cells 

also presented lower migratory capacity when incubated with glucose-free medium (Figure 33 A). 

Untreated cells migrated 40% and 49% at 12 and 24 h, respectively, while in starved cells, the 

percentage of cell migration capacity was 27% and 29% for the same corresponding time (Figure 33 

B). Indeed, it was expected that cells were less motile in starvation, since the main energy source was 

unavailable. 

 

Figure 33. Effect of glucose starvation on cell migration capacity of HCT-15 cell line. A) Representative pictures 

of the migratory capacity of HCT-15 cells incubated with glucose-free medium and complete medium (control). 

B) Percentage of cell migration in cells incubated with complete medium (black bars) and glucose-free medium 

(gray bars) for 12 and 24 h. Results represent the mean ± SD of at least three independent experiments. 

Significantly different between groups: **P < 0.01; ***P < 0.001. 

 

qRT-PCR was performed in mRNA samples of HCT-15 to assess the influence of glucose starvation in 

the expression of the genes SLC16A1 and SLC16A3 coding for MCT1 and MCT4, respectively. Cells 

were grown in glucose-free medium for 24 h and after this time total RNA was extracted. As control, 

RNA samples of HCT-15 cells grown in normal medium with glucose were used. It can be observed 

that both genes were overexpressed in starvation conditions (Figure 34). When representative 

pictures of immunofluorescence were analyzed, it was possible to observe that MCT1 was localized 

predominantly in plasma membrane and cytoplasm in both control and glucose-free condition. MCT4 
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was also localized in cytoplasm and cell membrane, although in starvation conditions, the fluorescence 

was slightly more intense in cytoplasm compered to control (Figure 35). 

 

Figure 34. Effect of glucose starvation in the expression levels of SLC16A1 and SLC1A3 genes in HCT-15 cells 

(gray bars) determined by qRT-PCR. Cells grown in medium with glucose (black bars) were used as reference. 

Actin was used as housekeeping gene. Results are representative of three independent experiments. Significantly 

different between groups: *P < 0.05. 
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Figure 35. Effect of glucose starvation on MCT1 and MCT4 cellular localization of HCT-15 cell line. Cells were 

incubated with complete medium (control) or glucose-free medium for 24 h. Representative images of 

immunofluorescence are shown at 400x magnification. 

 

Concerning the effect of glucose starvation in cell viability upon exposure of the cells to 3BP, it was 

observed that HCT-15 cells were significantly more resistant to 3BP, when in glucose starvation, 

although higher expression of MCTs were observed in these conditions. As shown in Figure 36, 3BP 

was less cytotoxic in glucose starvation than in control condition, being IC50 of 51.87 ± 7.90 µM and 

28.75 ± 4.22 µM, respectively. As already mentioned, tumor cells adapted their metabolism to 

overcome these adversities, regulating enzymes and transporters involved in the different metabolic 

pathways. In this case, only the expression of MCTs was evaluated, indicating that others factor beyond 

MCTs can be involved either in 3BP action mechanism. However, additional tests will be required to 

validate this hypothesis.  

 

 

Figure 36. Effect of glucose starvation on cell viability of HCT-15 cell line, assessed by SRB assay. Cells were 

incubation with free-glucose medium ( ) or fresh medium ( ) for 24 h followed by treatment with 3BP for 16 

h. The values plotted in the graphs correspond the mean ± SD of triplicates from at least three independent 

experiments. Significantly different between groups: **P < 0.01. 
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3.3. Influence of the short-chain fatty acids in 3-bromopyruvate cytotoxicity and 

monocarboxylate transporters expression in HCT-15 cell line. 

Short-chain fatty acids (SCFA) are produced by intestinal microbiota during fermentation, having a 

protective role in colon and may be used by colonocytes as fuel. Its transport into the cells occur 

through (S)MCTs that are also reported to be involved in the transport of 3BP [114]. Additionally, it has 

been report that the butyrate induces MCTs expression and is able to increase cell sensitivity to 3BP 

in breast cancer cells [84]. In the present work, it was evaluated the effect of different SCFAs usually 

present in the intestinal tract, including butyrate, lactate and acetate on MCT1 and MCT4 expression, 

as well as their influence in cytotoxic effect of 3BP in HCT-15 cell line.  

 

3.3.1 Cells pre-treated with short-chain fatty acids 

To evaluate the influence of SCFA in 3BP cytotoxic activity in cancer cells, HCT-15 cells were incubated 

in the presence of a range of concentration of the different SCFAs during 24 and 48 h, being afterward 

incubated with the respective IC50 of 3BP for 16 h. As control, a similar assay was performed but 

without 3BP treatment to verify if, the SCFAs were by themselves affecting cell survival.  

The analysis of SCFAs effect on cell viability (Figure 37, black bars), assessed by the SRB assay, 

demonstrated that the three SCFAs presented different effects according with acid concentration and 

incubation time. The lactate and acetate were not cytotoxic compared to untreated cells with exception 

of highest concentrations at 48 h (Figure 37 B and C). In contrast, butyrate, at 24 h decreased 

significantly cell viability at different concentrations. At 48 h, butyrate decreased about 50% cell viability 

even at the lower concentration used (Figure 37 A). When cells were incubated with IC50 value of 

3BP after pre-treatment with different SCFAs (Figure 37, gray bars), the results also varied in dose- 

and time-dependent manner. Both lactate and acetate did not increased 3BP cytotoxic effect at 24 h 

compared to control. At 48 h, the 3BP effect was enhanced significantly in cells treated from 20 mM 

of acetate up and in cells treated with the highest concentrations of lactate (above 50 mM). Cells 

treated with butyrate 10 mM for 24 h presented a significant decrease in cell viability after treatment 

with IC50 value of 3BP compared to control, which correspond to cells treated only with the IC50 value 
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of 3BP. At 48 h, a significant decrease of cell viability was observed for all concentrations of butyrate 

compared to control. 

These results indicated that the minimum butyrate concentration and incubation time (between the 

conditions assayed) needed to affect 3BP effect was 10 mM at 24 h. For lactate and acetate, it was 

necessary 48 h incubation to enhance the effect of 3BP, as the cell viability decreased significantly 

with 50 mM and 20 mM of lactate and acetate acid treatment, respectively. 

 

Figure 37. Cell viability, evaluated by the SRB assay, of  HCT-15 cells incubated during 24 h and 48 h in 

medium containing butyrate (A), lactate (B) or acetate (C) in a range of concentrations (up to 70 mM), followed 

by 16 h incubation in medium with (gray bars) or without 3BP (black bars) using the IC50 previously determined. 

Results are the mean ± SD of triplicates of at least three independent experiments. Significantly different between 

groups: *P<0.05, **P<0.01, ***P<0.001, significantly different from the respective untreated cells. 

 

After the determination of incubation time and concentration of SCFAs that did not induce cell death, 

but potentiate 3BP effect, HCT-15 cells were incubated with two-fixed concentration of each SCFAs for 

24 h and 48 h accordingly. Cells were pre-treated with 10 mM of each SCFAs and 40 mM, 50 mM 

and 20 mM of butyrate, lactate and acetate, respectively, and incubated for 24 h with butyrate and 48 

h with lactate and acetate. After this pre-treatment, cells were incubated in the presence of different 

concentrations of 3BP for 16 h and the cell viability and the respective IC50 were assessed by SRB 

assay.  
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In HCT-15 cells pre-treated or not with SCFAs, it was observed that 3BP decreased the cell viability in 

a dose- and time-dependent manner (Figure 38). However, only butyrate and acetate enhanced 3BP 

effect, decreasing significantly its IC50 value for both concentrations assayed. Concerning lactate, the 

IC50 value of 3BP was approximately the same IC50 determined for cells without SCFA pre-treatment 

(Table 6). 

Figure 38. Effect of short-chain fatty acids on cell sensitivity of HCT-15 cells to 3BP, assessed by SRB assay. 

Cells were incubated with 10 mM ( ) and 40 mM ( ) of butyrate (A) for 24 h and with 10 mM ( ) and 50 mM 

( ) of lactate (B) or 10 mM ( ) and 20 mM ( ) of acetate (C) for 48 h, followed by treatment with range of 

concentration of 3BP (up to 1000 µM) for 16 h. Results are the mean ± SD of triplicates of at least three 

independent experiments. Significantly different between groups: *P <0.05, **P <0.01, significantly different 

from the respective cells not subjected to pre-treatment with SCFA ( ). 
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Table 6. IC50 values for 3BP for the cell line HCT-15 after pre-incubation with concentration of each short-chain 

fatty acids assessed by SRB assays. Results are expressed as mean ± SD of triplicates from at least three 

independent experiments. 

 

 

3.1.2. Assessment of MCT1 and MCT4 expression  

Since HCT-15 cells presented high sensitivity to 3BP after incubation with butyrate and acetate, the 

expression of genes SLC16A1 and SLC16A3 coding for MCT1 and MCT4, respectively, were evaluated 

by qRT-PCR, with the purpose of understand if this cytotoxic effect of 3BP was due to some alteration 

in the expression levels of MCTs. Cells were grown in medium with a fixed concentration, previously 

referred, for each SCFA during 24 h (butyrate) and 48 h (lactate and acetate), and total RNA was 

extracted. As control, HCT-15 cells grown in medium without any SCFA and total RNA was also 

extracted. Analyses of real-time assays showed that SLC16A3 gene was overexpressed significantly 

when incubated with butyrate and acetate (Figure 39 A and C). In contrast, SLC16A1 gene presented 

a decrease of expression when incubated with butyrate and remained its expression constant when 

incubated with acetate, compared to control (Figure 39 A and C). Concerning lactate, SLC16A1 was 

overexpressed, but SCL16A3 presented expression levels similar to control (Figure 39 B). However, 

to validate these results, Western Blot assays should be performed. 

Cell Line HCT-15 

Conditions 

24 h 
Butyrate (µM) 

48 h 
Lactate (µM) 

48 h 
Acetate (µM) 

Control [10] [40] Control [10] [50] Control [10] [20] 

Determined 
IC50 value 

(µM) 
31.10 21.92 17.60 45.34 44.09 39.81 35.36 29,97 26,72 

SD ± 7.50 4.73 5.22 12.79 11.30 15.67 9.85 10,18 5,61 
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Figure 39. Effect of short-chain fatty acids in the expression levels of SLC16A1 and SLC1A3 genes in HCT-15 

cells determined by qRT-PCR. Cells were incubated 24 h with 10 (gray bars) and 40 mM (gray diagonal bars) 

of butyrate (A) and 48 h with 10 (gray bars) and 50 mM (gray diagonal bars) of lactate (B) or 10 (gray bars) 

and 20 mM (gray diagonal bars) of acetate (C). The untreated cells (black bars) were used as reference. Actin 

was used as housekeeping gene. Results are representative of three independent experiments. Significantly 

different between groups: *P<0.05, **P<0.01, ***P < 0.001. 

 

The cellular localization of MCT1 and MCT4 was assessed by immunofluorescence and the analyses 

of representative pictures showed that in untreated cells (control), both proteins were localized either 

in plasma membrane or cytoplasm and, in some cells, MCT1 was found in nucleus (Figure 40, 41 

and 42). After a period of incubation for 24 h with 10 and 40 mM of butyrate, MCT1 relocalized 

almost totally in the plasma membrane, although some protein was still found in nucleus (Figure 40). 

It was also observed that for the highest concentration of butyrate, MCT1 localized mainly in nucleus. 

Concerning MCT4, cells presented higher intensity of fluorescence in plasma membrane and 

cytoplasm at both of butyrate concentrations used (10 and 40 mM) (Figure 40).  
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Figure 40. Effect of butyrate on MCT1 and MCT4 cellular localization of HCT-15 cell line. Cells were 

incubated with butyrate (10 and 40 mM) or with fresh medium (control) for 24 h. Representative images of 

immunofluorescence are shown at 400x magnification. 

 

It was also observed that cells treated with 10 mM and 50 mM of lactate during 48 h, presented both 

MCT1 and MCT4 localized in plasma membrane and cytoplasm and did not present differences 

comparing to the control (Figure 41). Concerning acetate, MCT1 was also localized in cell membrane, 

cytoplasm and nucleus and did not present any variation comparing to the control. However, MCT4 

was more intense in cytoplasm and plasma membrane in cells treated with 20 mM of acetate during 

48 h comparing to the control and with cells treated with 10 mM of acetate (Figure 42). Thus, overall 

these results suggest that MCT4 should have a higher involvement on 3BP toxic effect. However, 

additional tests will be required to validate these results. 
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Figure 41. Effect of lactate on MCT1 and MCT4 cellular localization of HCT-15 cell line. Cells were 

incubated with lactate (10 and 50 mM) or with fresh medium (control) for 48 h. Representative images of 

immunofluorescence are shown at 400x magnification. 

 

Figure 42. Effect of acetate on MCT1 and MCT4 cellular localization of HCT-15 cell line. Cells were 

incubated with acetate (10 and 20 mM) or fresh medium (control) for 48 h. Representative images of 

immunofluorescence are shown at 400x magnification. 
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Discussion 

The cellular energetic deregulation is an hallmark of cancer, as tumor cells present predominantly a 

glycolytic profile with increased glucose consumption and lactate production, even under aerobic 

conditions (Warburg effect) [3,9]. This glycolytic phenotype is deeply correlated with tumor 

microenvironment, because the abnormal cell proliferation can lead to lack of oxygen and nutrients for 

long periods inducing hypoxic and starving stress. However, tumor cells are able to regulate enzymes 

and transporter proteins that allow them to take advantage of these adverse conditions. Therefore, this 

metabolic flexibility is important for the maintenance of the glycolytic profile of tumor cells, which 

consequently leads to environmental acidification due the high rate of lactate production and in this 

way contribute to an invasive and metastatic phenotype. Additionally, these characteristics are 

responsible by poor outcomes and resistance to radio- and chemotherapy observed. In case of 

colorectal cancer (CRC), the recurrence rates after treatments are 40-60% in the first three years, 

independently of the tumor stage [208,209]. Thus, in the last years, the tumor metabolism and 

microenvironment have been objects of an intensive investigation, aiming at discovering and 

understanding the mechanisms of action of new and specific anti-tumor compounds.  

Transporters (GLUTs and MCTs) and glycolytic enzymes (HKII and GAPDH) are upregulated in tumor 

cells, being a target in the development of new anticancer therapies. 3-bromopyruvate (3BP) is an 

alkylating chemical compound with anticancer properties that acts as glycolytic inhibitor, able to cause 

rapid toxicity to different tumor cells [170-173]. Its uptake into the cells occurs via MCTs that are 

upregulated in several types of cancer. The high levels of expression of MCTs in colon carcinoma has 

been associated with tumor aggressiveness [125]. However, little is known about the influence of MCTs 

on cellular response to 3BP in CRC, as well as the influence of the tumor microenvironment in this 

response. 

 

The work developed in this thesis aimed to understand the role of MCTs expression in the sensitivity 

to 3BP in different CRC cell lines. Furthermore, this work also aimed evaluated the influence of tumor 

microenvironment on MCT expression and consequently in the glycolytic pattern and cell response to 

3BP. 
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The colorectal cancer cell line with greater expression of MCTs was the most sensitive 

to 3-bromopyruvate. 

3BP presented cytotoxic effect in the three CRC cell lines (HCT-15, HT-29 and Caco-2) assayed. A 

decrease of cell viability in a 3BP dose-dependent manner was observed, being evident however that 

the three cell lines presented different sensitivities to treatment. HCT-15 was the most sensitive cell 

line, presenting an IC50 considerably lower than the Caco-2 and HT-29. In agreement with its anti-

glycolytic effect, the treatment with 3BP also led to a decrease in both glucose consumption and lactate 

production in all cell lines. 3BP main target is HKII, responsible for the first step of intracellular glucose 

metabolism [140]. HKII is the predominant hexokinase isoform found in cancer cells, where it is 

overexpressed and associated to mitochondria [148]. It has been reported that HKII expression can be 

correlated with cell sensitivity to 3BP. In 2008, Kim and co-workers demonstrated this correlation in 

hepatoma cells, where the cell line with highest levels of HKII expression was the most sensitive to 

3BP [164]. However, these results are controversial and others researches have demonstrated the 

opposite [210]. Ho et al (2016) reported that the 3BP effect is independent of HKII expression in 

colorectal cancer cell lines with HKII knockdown [211]. Thus, other proteins should be also involved in 

3BP toxicity, and these can include other 3BP targets like GADPH, succinate dehydrogenase and 

vacuolar ATPase [212]. Concerning efflux pumps (like for example the ABC-transporter glycoprotein 

P), although it is well described that their expression can be one of the major causes of the multidrug 

resistance (MDR) phenotype and increased resistance in cancer to certain chemotherapeutic drugs 

[213], it is not probable that they are the main reason of cancer cells resistance to 3BP. For the activity 

of these pumps, the ATP generated through cancer cells metabolism is essential, and enhances drug 

efflux activity [214]. However, 3BP is a glycolytic inhibitor that cause ATP depletion, decreasing ABC 

transporter activity and drug efflux. Furthermore, it was already demonstrated, using the 

Saccharomyces cerevisiae model, that 3BP is not substrate of the tested drug-efflux pumps belonging 

to the ABC family [214-216].  

MCTs, more specifically MCT1 and MCT4, have an important role in the tumor metabolism, being 

upregulated in tumor cells [55], and thus, they can have a central role in cell sensitivity to 3BP, since 

its uptake occurs through these proteins. In fact, HCT-15, the cell line more glycolytic and sensitives 
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to 3BP, presented higher MCT1 and MCT4 expression levels than other cell lines, as well as a proper 

cell localization. These proteins need to be proper located at the cell membrane to exert their right 

function [99,100]. By immunofluorescence assays, it was possible to perform a qualitative analysis of 

MCT1 and MCT4 localization. Both proteins were localized in the plasma membrane. However, in the 

cell lines more resistant (Caco-2 and HT-29) to 3BP, MCT1 and MCT4 appeared essentially in junctions 

between cells, whereas in HCT-15 cells they are localized around plasma membrane. In addition, 

MCT1 was also localized in cytoplasm and nucleus in Caco-2 and HT-29. Although it was not possible 

to associate this result with right protein function, it is described in literature that these proteins require 

an accessory protein, CD147 [101]. Halestrap and co-workers reported a MCT1 and MCT4 

accumulation in the perinuclear region (characteristic of the Golgi apparatus) and when co-expressed 

with CD147 both proteins were correctly in plasma membrane, indicating the relevance of this 

chaperone for MCTs localization and function [57,101]. In this work, MCT4 was not found in nucleus 

in any cell line. However, other factors can be involved in right function and localization of MCTs like 

the glycosylation status of CD147 [103,217].  

The cell migration and invasion capacity are characteristics associated with a malignant phenotype, in 

which cancer cells are able to become motile, moving from primary tumor to a different location 

metastizing others tissues. Some researchers have demonstrated the migratory, invasive and 

metastatic potential of different CRC cell lines in vitro and in vivo models [218-220]. The results 

obtained by the wound-healing assay, showed that HCT-15 had higher migration ability than HT-29 

and Caco-2 in basal conditions. Although the cell line with higher motile capacity is the one with the 

highest level of MCTs expression, complementary assays are necessary to confirm that increased 

migration is due to the upregulation of MCTs. Nevertheless, 3BP inhibited cell migration capacity in all 

cell lines, being more efficient after 24 h of treatment. As already mentioned, 3BP inhibits glycolysis 

depleting the energy production and consequently cell proliferation and motility [221].  

 

Tumor microenvironment affected MCT1 and MCT4 expression in HCT-15 cells. 

Hypoxia is characterized by oxygen supply deprivation and, in the case of cancer, can be due to rapid 

tumor growth. This continuous growth and proliferation in a hypoxic environment is supported by 
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metabolic alterations of cancer cells [25,222] and, as expected, HCT-15 cells were more glycolytic in 

hypoxia (chemically induced) than normoxia. Hypoxia leads to increased levels of the transcription 

factor, HIF-1, which is responsible to upregulate genes involved in this environment adaptation 

including GLUT-1, HKII, PDK-1 or LDH and, in this way, enhances glucose uptake and glycolysis [218]. 

On the other hand, MCT4 is upregulated by HIF-1, as it contains a HRE present in promoter region 

[90]. MCT4 promotes the efflux of the lactate/H+, maintaining pHi homeostasis in hypoxic tumor cells 

that present a high glycolytic metabolism [30,132-133]. Although the results must be confirmed by 

Western blotting assays, the evaluation of the expression levels of SLC16A1 and SLC16A3 genes 

demonstrated an overexpression of SLC16A3 (MCT4), in contrast to SLC16A1 (MCT1), where no 

variations were observed. Additionally, in immunofluorescence assays, it was observed a more intense 

fluorescence of MCT4 under hypoxia in either plasma membrane or cytoplasm, probably due to its 

overexpression verified by qRT-PCR analysis. However, additional assays are required to support this 

hypothesis.  

Concerning cell migration, and in contrast to what was expected, cells under hypoxia presented lower 

migration capacity compared to cells grown in normoxia. HCT-15 produced more lactate in hypoxia 

than normoxia, being this metabolite associated to environment acidification and according to what is 

described in literature, the acidic pHe induce cell migration and invasion of tumor cells [37,38]. Thus, 

it was expected that cells in hypoxia had a higher migratory capacity. These contradictory results are 

probably due to the cell line type or by the fact, the medium used in this assay was buffered, avoiding 

such acidification of the medium. 

Regarding the cytotoxic effect of 3BP, Xu and co-workers reported that HCT116 colorectal cancer cells 

grown under hypoxic conditions were more sensitive to 3BP than in normoxia [223]. However, in 

present work, HCT-15 became more resistant in hypoxia. Analysis of MCTs expression suggests that 

MCT4 is not the main one involved in the cytotoxicity of 3BP in these conditions, being important to 

mention that this result needs to be validated by Western blot and that other facts such as CD147 can 

influence the activity of both MCTs. On the other hand, in the present study, the hypoxic culture 

condition was created chemically by incubating cells with CoCl2. The CoCl2 treatment induced HIF-1 

expression by blocking of HIF-1 VHL complex binding and thereby preventing the degradation of HIF- 

1 [201]. Thus, this compound can be influence genes expression involved in resistance to 3BP. 
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However, it is necessary to compare the expression of the glycolytic proteins in hypoxia induced by 

CoCl2 and by a hypoxic chamber. 

 

Several studies of the acidosis effects on the phenotypes of various tumor cell models have 

demonstrated that acidity enhances cell invasion, aggressiveness and resistance to chemotherapy 

[30,47]. However, little is known about acidity of extracellular pH (pHe) on cell metabolism. In the 

present work, HCT-15 cells at pHe 6.6 presented cell migratory capacity similar to pHe 7.4, but 

regarding the metabolic profile, HCT-15 cells were less glycolytic under acidic pHe. Ippolito and co-

workers demonstrated in neuroendocrine prostate cancer model that pHe changes nutrient uptake and 

metabolism in PNEC cells, presenting a 8.3-fold decrease in glucose levels and an increase of 9.5-fold  

in lactate levels in media at pH 8.5 relative to pH 6.5, in agreement to what is also observed in this 

work. It was also demonstrated that the lactate produced came essentially from glycolysis [224].  

To sustain a glycolytic phenotype, cancer cells rely not only on changes in the expression level of 

glycolytic enzymes and transporters, but also on pumps and other proteins that regulate intracellular 

pH including  H+ pumps and exchangers (ATPase, NHE), transporters that facilitate protons efflux (CA, 

and HCO
3 transporters (Figure 4) [225]. Herein, it was evaluated the expression of MCT1 and MCT4 

under acidic pH, once these proteins are proton-lactate symporters and at same time are vehicle to 

3BP uptake. Despite MCT1-coding gene SLC16A1 expression had decreased at pH 6.6, the localization 

was in plasma membrane like as it happens at pHe 7.4. MCT4 had similar gene expression levels and 

protein localization at both pHes. Although MCT1 presented lower expression levels at 6.6, HCT-15 

cells were slightly more sensitive to 3BP at acidic pHe than physiological pHe (7.4). It has been already 

reported an increased toxicity of 3BP at acidic pH in breast cancer lines [114]. However, this 

cytotoxicity is due not to a change in the expression of MCTs, but to the mechanism of uptake into the 

cell via MCT coupled with a proton [226]. 

 

The concentration of several nutrients available during tumor growth is also unstable, subjecting tumor 

cells to periods of nutrients starvation. Although glucose is the preferential substrate, cancer cells can 

reprogram their metabolism and use other substrates like glutamine or lactate [23,24,40]. To elucidate 
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the effect of glucose starvation on cell metabolism, migratory capacity and sensitivity to 3BP, HCT-15 

cells were incubated in glucose-free medium. Cells became less glycolytic as expected, as estimated 

by extracellular lactate levels, presented lower migratory capacity and became more resistant to 3BP. 

Ippolito et al. reported that cells at physiological pH with glucose deprivation were enabled to reprogram 

their metabolism, producing lactate from glutamine [224], which is present in the culture medium 

used in this assay. Concerning MCTs, they play an essential role in the metabolic homeostasis of the 

tumor microenvironment, maintaining glycolytic phenotype and pHi homeostasis [39], but little is 

known about the effect of glucose availability in MCTs expression, although it was already reported that 

hyperglycemia enhanced MCT1 expression in brain [227]. However, based on qRT-PCR and 

immunofluorescence results, both SLC16A1 and SLC16A3 genes were overexpressed and the proteins 

fluorescence was more intense in cytoplasm in glucose starvation in HCT-15 cell line. It would be also 

expected that cells in these conditions turned out to be more sensitive to 3BP, but the opposite 

happened. It was reported in human colorectal cells that limiting glucose led to decrease of HKII and, 

consequently an increase of cell resistance to 3BP [211]. Indeed, this could justify such results and 

low lactate levels were observed in starved cells. However, it is necessary additional experiments to 

verify HKII and MCTs expression and correlate this to cell sensitivity to 3BP. 

 

Influence of the short-chain fatty acids in 3-bromopyruvate cytotoxicity and 

monocarboxylate transporters expression in HCT-15 cell line. 

In CRC, the intestinal microbiota composition has an important role in colon homeostasis, being its 

change associated to CRC carcinogenesis. The intestinal bacteria are responsible to produce SCFAs 

as result of fermentative metabolism and these metabolites have been described as having cell 

protective effect [194]. In the present work, it was explored the role of SCFAs, including butyrate, 

acetate and lactate, in MCTs regulation and consequently in cell sensitivity to 3BP.  The treatment with 

butyrate sensitized HCT-15 cells to 3BP, and an increased expression of SLC16A3 (MCT4) was 

observed. In contrast, SLC16A1 (MCT1) expression decreased, but the protein localization was mainly 

in plasma membrane, where it can exerts its function correctly. It was described that butyrate induced 

overexpression of MCT1 in tumor colonocytes [83,228]. In the present work, the cell line used was 
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different. In the same conditions, the acetate also induced significant change both in SLC16A3 

expression and in cell sensitivity. The same did not happen with lactate, where no changes in 

cytotoxicity effect were observed.  

Based on these results, both butyrate and acetate appear to play an important role in the regulation of 

MCT4 and cell sensitivity. Although MCT4 has not a diversity of substrates as large as MCT1 and it is 

associated with lactate efflux due to its distribution in high glycolytic tissues and its high Km, the 

hypothesis that 3BP can enter the cell via MCT4 should not be discarded. Previous results from our 

lab demonstrated in breast cancer cell lines that 3BP cytotoxicity was correlated with MCT4 and CD147 

overexpression and MCT1 re-localization in plasma membrane after butyrate treatment [84]. It was 

also demonstrated in same model that the increase of 3BP cytotoxicity was due not only to 

overexpression of MCTs but also to by an increase in the affinity for 3BP uptake, as well as high 

glycosylation of CD147 stimulated by butyrate [114]. Such results demonstrated the importance of the 

chaperone CD147 that can play a fundamental role in the activity and proper cell localization of MCTs, 

being necessary evaluate the its role in CRC cell lines used in this work.  

Concerning acetate treatment, MCT1 expression remained similar after treatment with acetate, 

whereas MCT4 was overexpressed, being localized in both plasma membrane and cytoplasm. 

Additionally, the HCT-15 cells were significantly more sensitive to 3BP after treatment with acetate, 

suggesting that this may be related to the expression of MCT4 and possibly MCT1. It has been 

previously demonstrated that acetate induced overexpression and re-localization of MCT1, as well as 

MCT4 and CD147 global overexpression in CRC cell lines, verifying that 3BP potentiated acetate-

induced apoptosis. It was also demonstrated that acetate was transported through sodium dependent 

monocarboxylate transporter (SMCT) 1 [229]. The SMCT1 is coded by SLC5A8 gene, and has been 

classified as tumor suppressor, being expressed in normal colon, but silenced in colon cancer. This 

transporter also has SCFA as substrates, including butyrate and acetate [62]. As known, butyrate is a 

HDAC inhibitor, inhibiting cell proliferation and stimulate apoptosis selectively in tumor cells [197,198], 

which may justify the silencing of the gene in tumor cells. However, concerning HCT-15, the cell line 

used in present work, it was observed SMCT1 expression [229]. This finding may explain the effect of 

both butyrate and acetate in cell sensitivity to 3BP. However, these issues are poorly understood and 

need further investigation.
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As previously discussed, the preference of tumor cells by glycolysis to satisfy their energy requirements 

has been already known for decades, being considered in recent years as a signature of tumor cells. 

The metabolic reprogramming is considered a therapeutic target, in which several drugs have been 

tested in preclinical studies with promising results. An example is 3BP, a glycolytic inhibitor with the 

capability to target both glycolytic enzymes and ATP production in mitochondria. In this context, MCTs 

plays an essential role not just by conveniently performing the co-transport of lactate with protons to 

the extracellular milieu, but they may be the “weakness”, as they are the gateway to 3BP, due to their 

overexpression in various cancers.  

In the present work, we demonstrated that HCT-15 cell line presented a higher basal expression of 

MCTs than Caco-2 and HT-29 and subsequent increased glycolytic profile and motile capacity and 

sensitivity to 3BP. We also observed that HCT-15 presented increased resistance under hypoxia and 

glucose starvation conditions, although an increase in MCT expression levels under these conditions 

has been observed. In addition, HCT-15 cells were slightly more sensitive to 3BP at acidic pHe, but 

this may be not associated to MCTs expression. However, increased toxicity of 3BP after treatment 

with butyrate and acetate seems to correlate with increased expression of MCT4, demonstrating that 

this transporters proteins can be an important part of the mechanism of action of 3BP. However, other 

factors can be also involved that justify the different sensitivities to 3BP in different conditions. 
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All these findings raise many questions to be carried out in the future to complement this work. 

To complement the results obtained in CRC cell lines, it would be important to evaluate MCTs protein 

levels in all the conditions studied in the present work, as well as others metabolic markers including 

HKII, GAPDH, LDH, GLUTs, CAIX, PDH, PDK and correlate with the effect of 3BP, glycolytic phenotype 

and aggressiveness.  

Additional studies for MCT1 and MCT4 activity inhibition, with MCTs down-regulation or specific 

inhibitors (developed by AstraZeneca), will be important to confirm if MCTs inhibition increases 

resistance of CRC cells to 3BP. In addition, it will be important to perform expression, localization and 

inhibition studies of CD147, a chaperone involved in correct activity of MCTs. 

Additionally, there are recent reports the SCFAs increased cytotoxic effect of 3BP through 

overexpression of MCTs. However, it will be important to evaluate the cell expression and localization 

of SMCT1 protein as well as its involvement in the transport of these SCFAs and of 3BP. 

Microenvironment affected both cell sensitivity and MCTs expression. Concerning MCT4, it was more 

expressed with SCFAs treatment and apparently correlated with 3BP toxic effect, but under hypoxic 

conditions, where also observed a MCT4 overexpression, cells were more resistance. Indeed, it would 

be interesting to combine these conditions to understand what kind of regulation occurs at the level of 

MCT4. 

Finally, the evaluation of both MCTs regulation and 3BP toxic effect in different conditions, it should be 

also tested using other models in vitro and other antitumor compounds. These assays should be tested 

on non-tumor cell lines to evaluate possible side effects, which may be extended to in vivo assays. 
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