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Abstract 

 

In the last years a new revival interest has been demonstrated in the reprogrammed metabolism 

of cancer cells. Described by Otto Warburg, the altered metabolism characterized mainly by a high 

dependence on lactic acid fermentation, even in the presence of oxygen, is an emergent hallmark 

of cancer cells. The increase of the glycolytic flux induces a high acidity of the extracellular space, 

maintained by overexpression of different pH regulators at the plasma membrane, and enhances 

the more aggressive characteristics of tumour cells, such as increased migration and invasion 

abilities and resistance to therapy. Therefore, the altered metabolism can be an excellent target for 

the development of new therapies in cancer field.  

The reverse pH gradient establish an interplay between cancer metabolism and the surrounding 

environment. Furthermore, the ablation of pH regulation on cancer cells can be a second way to 

overcome the major obstacle in antitumour therapy, the multidrug resistance.  

This phenotype is identified in other cell population that reside inside a tumour mass, beside the 

tumour parenchymal cells, the cancer stem cells (CSCs), the main responsible for tumour relapse. 

Recently, it has been described that the reprogrammed metabolism is an emergent target to 

eliminate this tumour population and to increase the survival rates in many different types of 

cancer. However, new efforts are needed to improve the knowledge obtained until now on this 

cancer hallmark. For that reason, this work aims to study and characterize the role of 

reprogrammed metabolism in different types of cancer, gliomas and pancreatic ductal 

adenocarcinoma (PDAC) cells and the derived CSCs. Additionally, we aimed to study how this 

altered phenotype can be modulated, using bioenergetic modulators (BMs), combined or not with 

conventional drugs. The metabolic profile of the different cell lines was analysed through 

quantification of lactate production, glucose consumption and intracellular ATP. Concerning the 

inhibition of the main energetic pathways, it was performed using the glycolytic inhibitors 

dichloroacetate (DCA), 2-deoxy-D-glucose (2-DG) and the OXPHOS inhibitor and antidiabetic drug, 

phenformin. All BMs induced a decrease in tumour cell proliferation, and when combined with the 

conventional antitumour drugs, temozolomide (TMZ) in case of glioma cells, and paclitaxel albumin 

nanoparticles (NAB-PTX) for pancreatic cancer cells, an increase of drug cytotoxicity was found. 

Furthermore, when using an in vivo glioma model, the chicken chorioallantoic membrane, all BMs 

showed an elevated specificity targeting only tumour cells.  Additionally, all BMs, namely the 

glycolytic inhibitors, induced an altered metabolic profile and decrease in migration and invasion 
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abilities in glioma cells. Regarding pancreatic cancer cells, we observed a higher dependence on 

glycolysis for both cell lines in 2D cell culture. In CSCs, this metabolic profile was more evident in 

3D conditions, when an extracellular matrix with higher percentage of collagen was used. 

Additionally, we verified that the BMs affected the metabolic behaviour of both cell lines. For the 

parenchymal cells, glycolysis and OXPHOS were important in PANC-1 cell proliferation, but the 

effect was dependent of the growth substrate. CSCs presented a very complex pattern, showing 

metabolic plasticity, where inhibition of one pathway can be compensated by others. For instance, 

it was verified that the CSCs redirected their metabolism to glycolysis as the main energy source, 

when OXPHOS was inhibited by phenformin. The combination of NAB-PTX with BMs decreased cell 

proliferation and increased cell death, namely for phenformin in CSCs.  

The second objective was to unravel the role of the pH regulators, in cancer characteristics. The 

hyper-glycolytic acid-resistant phenotype has been described in many type of cancers, namely in 

breast cancer, the other model used in this work. For that, the expression of pH regulators was 

evaluated both in breast cancer clinical samples and breast cancer cell lines. We observed an 

overexpression of these proteins, indicating that they can be used as predictive biomarkers in 

breast cancer diagnosis. Specific inhibitors for these proteins were used and the main 

characteristics of tumour cells were evaluated. All the compounds decreased cell viability as well 

as, the migration and invasion abilities of cancer cells. Furthermore, when combined with the 

conventional drug, doxorubicin, one of the first line drugs used in breast cancer chemotherapeutic 

regimens, a synergistic effect we observed.  

To conclude, this study suggests that tumour metabolism behaves as a mediator between tumour 

cells and the tumour microenvironment, being an important player in tumourigenesis and in the 

aggressive phenotype of cancer cells. Thus, blockage of the main players involved in this 

relationship, can disrupt the mechanism responsible for treatment failure in these three types of 

cancers and improve the existent therapeutic options used in clinical practice. 

Keywords: tumour metabolism; tumour microenvironment; bioenergetic modulators; pH regulators  
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Resumo 

 

Nos últimos anos tem sido registado um aumento do interesse na reprogramação metabólica das 

células tumorais. Descrito pelo cientista Otto Warburg, a reprogramação metabólica caracterizada 

nomeadamente pela elevada dependência da fermentação láctica, mesmo na presença de 

oxigénio, é uma característica emergente das células tumorais. O aumento do fluxo glicolítico leva 

a uma maior acidez do espaço extracelular, mantida pela sobreexpressão de reguladores de pH 

na membrana plasmática celular, o que induz caraterísticas mais agressivas por parte das células 

tumorais, como a capacidade de migração e invasão e resistência à terapia. Portanto, o 

metabolismo alterado pode ser um excelente alvo no desenvolvimento de novas terapias no ramo 

da oncobiologia.  

O gradiente de pH reverso, mantido pela sobre-regulação de reguladores de pH nas células 

tumorais, estabelece uma relação entre o metabolismo das células tumorais e o microambiente 

circundante. Para além disso, o bloqueio da regulação de pH nas células tumorais pode ser uma 

segunda alternativa para ultrapassar o maior problema na terapia anti-tumoral, a resistência a 

múltiplos fármacos.  

Este fenótipo foi igualmente identificado numa outra população de células que reside dentro da 

massa tumoral, para além das células tumorais parenquimatosas, as células estaminais tumorais, 

principais responsáveis pela recorrência do tumor. Recentemente, tem sido descrito que o 

metabolismo reprogramado é um alvo terapêutico emergente para eliminar a população tumoral 

e aumentar as taxas de sobrevivência em diferentes tipos de cancro. No entanto, são necessários 

mais estudos para aumentar o conhecimento obtido até então acerca desta característica tumoral. 

Por esta razão, este trabalho tem como objetivo estudar e caracterizar o papel do metabolismo 

alterado em diferentes tipos de cancro, gliomas e adenocarcinoma ductal do pâncreas (ACDP) e 

as células estaminais tumorais derivadas. Adicionalmente, pretendeu-se estudar como se poderia 

modificar este fenótipo, usando moduladores bioenergéticos (MB), combinados ou não com 

fármacos convencionais. O perfil metabólico das diferentes linhas celulares foi analisado através 

da quantificação da produção de lactato, consumo de glucose e ATP intracelular. Relativamente à 

inibição das principais vias metabólicas, esta foi realizada usando os inibidores glicolíticos 

dicloroacetato e 2-desoxiglucose e o inibidor da fosforilação oxidativa e fármaco antidiabético, a 

fenformina. Todos os MBs induziram uma diminuição da proliferação das células tumorais, e 

quando combinados com fármacos antitumorais convencionais, a temozolamida no caso das 
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células de glioma, e paclitaxel associado à albumina no caso das células tumorais pancreáticas, 

foi observado um aumento da citotoxicidade do fármaco. Para além disso, quando utilizado um 

modelo in vivo de glioma, a membrana corioalantóide de galinha, todos os MBs mostraram uma 

elevada especificidade, atuando apenas nas células tumorais. Relativamente ao ACDP, 

observamos uma elevada dependência pela glicólise nas duas linhas celulares em culturas em 

2D. Nas células estaminais tumorais, este perfil metabólico foi mais evidente em condições de 

crescimento 3D, quando se utilizou uma matriz extracelular com elevada percentagem de 

colagénio. Adicionalmente, verificou-se que os MBs afetaram o comportamento metabólico de 

ambas as linhas celulares. Nas células parenquimatosas a glicólise e a fosforilação oxidativa foram 

importantes na proliferação das células PANC-1, mas este efeito foi dependente do substrato de 

crescimento. As células estaminais tumorais apresentaram um padrão muito complexo, 

mostrando uma plasticidade metabólica, onde a inibição de uma via metabólica pode ser 

compensada por outras. Por exemplo, foi verificado que as células estaminais tumorais 

redirecionaram o seu metabolismo para a glicólise como principal fonte de energia, quando a 

fosforilação oxidativa foi inibida pela fenformina. A combinação do paclitaxel associado à albumina 

com os MBs diminuiu a proliferação celular e aumentou a morte celular, nomeadamente para a 

fenformina nas células estaminais tumorais.  

O segundo objetivo deste trabalho foi o estudo do papel dos reguladores de pH nas características 

tumorais. O fenótipo hiper-glicolítico ácido-resistente tem sido descrito em vários tipos de cancro, 

nomeadamente no cancro de mama, outro dos modelos utilizados neste trabalho. Assim, a 

expressão dos reguladores de pH foi avaliada em amostras humanas de tecidos e linhas celulares 

de cancro de mama. Observamos uma sobre-expressão dessas proteínas, indicando que podem 

ser usadas como biomarcadores preditivos no diagnóstico deste tipo de cancro. Foram utilizados 

inibidores específicos destes reguladores foram utilizados e as principais características tumorais 

foram avaliadas nestas condições. Todos os inibidores diminuíram a viabilidade celular, assim 

como, a capacidade de migração e invasão por parte das células tumorais. Adicionalmente, 

quando utilizados simultaneamente com o fármaco convencional doxorrubicina, um dos fármacos 

de primeira linha utilizada nos regimes de quimioterapia no cancro de mama, foi observado um 

efeito sinérgico.  

Em conclusão, este estudo sugere que o metabolismo das células tumorais funciona como 

mediador entre estas células e o microambiente tumoral, sendo um fator importante na 

carcinogénese e no fenótipo mais agressivo das células tumorais. Portanto, a inibição dos 



Abstract/Resumo 
 

xix 
 

principais intervenientes nesta correlação pode bloquear o mecanismo responsável pela falta de 

eficácia do tratamento nestes três tipos de cancro e potenciar as opções terapêuticas utilizadas 

na prática clinica.  

Palavras-chave: metabolismo do cancro; microambiente tumoral; moduladores bioenergéticos: 

reguladores de pH 
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Aims  

The cancer reprogrammed metabolism has been described more than fifty years ago, by Otto 

Warburg. The Warburg effect describes a high glycolytic phenotype with subsequent production 

and efflux of lactate to the extracellular environment, even in the presence of normal oxygen levels, 

a phenomenon also named “aerobic glycolysis”. In 2011, the altered metabolism was one of the 

characteristics added to the list of hallmarks that characterize cancer cells, proposed by Hannahan 

and Weinberg. The acidic environment created, consequence of the altered metabolism, is 

responsible for aggressiveness features, including increased migration, metastization, escape from 

the immune system and resistance to conventional therapeutic regimens.  

Warburg hypothesized that this altered metabolism was due to dysfunctional mitochondrial 

systems. However, many research reports showed the contrary. In fact, different types of cancers 

also present a dependence also by the oxidative metabolism. The combination of a rapid way to 

obtain energy using lactic acid fermentation, a less rentable pathway, and an oxidative pathway to 

obtain different biosynthetic precursors, can be an advantage for cancer cells and an excellent 

target to develop new therapies in the cancer field. Additionally, to overcome the intracellular 

acidification caused by the increased glycolysis, tumour cells overexpress different families of pH 

regulators, namely at plasma membrane. Therefore, drugs that can modulate this metabolism 

cannot only decrease the ATP content available for tumour cells but also revert the pH gradient. 

Furthermore, the disruption of this phenotype involved in this acid resistant phenotype can be also 

an excellent way to eradicate the defensive mechanisms of tumour cells and eliminate the different 

subsets of cells present in the same tumour mass. 

Research in the cancer metabolic field increased in the last years, however, much more needs to 

be done. The discovery of new effective and specific antitumour drugs that can be combined with 

the conventional treatments common used in cancer treatment regimens, is now an emergent 

research area. Therefore, the main aim of this thesis was to further characterise the altered 

metabolism in different cancer models, as well to target different proteins involved in this phenotype 

to improve the knowledge concerning current existent therapies.  
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Thesis layout  

The present thesis is organized in five chapters: 

In Chapter 1, a general introduction to the thesis subject is provided, with special emphasis on the 

reprogrammed metabolism in cancer cells and the different players involved. A general overview 

about pH regulation, establishing an interplay between cancer cell metabolism and the tumour 

microenvironment is presented as a review paper (Appendix I), in the second part of introduction. 

The current knowledge on the potential of different proteins as targets in cancer therapy is also 

reviewed.  

In Chapter 2, the altered metabolism of glioma cells is characterized, and bioenergetic inhibitors 

are used to modulate this energetic phenotype.  

In Chapter 3, the metabolic profile of the pancreatic cancer cells is characterized. Additionally, the 

metabolic plasticity of pancreatic cancer stem cells in 3D models is presented and the blockade of 

energetic sources is performed as a complement to conventional therapy.  

In Chapter 4, expression of pH regulators is studied in breast cancer samples and pH regulator 

inhibitors were used as co-adjuvant therapy to the common drugs used in breast cancer therapy. 

Finally, Chapter 5, the main conclusions of the thesis are summarised and further discussed.
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1.1. Cancer metabolism  

In 2000, Hanahan and Weinberg described six essential alterations that characterize cancer cells: 

self-sufficiency in growth signals, insensitivity to growth suppressors signals (e.g. mutations of p53), 

limitless replicative potential (presence of telomerase), sustained angiogenesis (increased blood 

vessels), tissue invasion and metastasis, and evasion of programmed cell death (apoptosis). 

However, in the last decade, new enabling characteristics and emerging hallmarks were added to 

this list: genome instability, cancer-promoting inflammation, immune system evasion and 

reprogramming of energy metabolism [1, 2].  

Altered cell metabolism is critical in cancer cell malignant phenotype and has received attention in 

the last years as target for the development of new therapeutic approaches. Under physiologic 

circumstances, cell metabolism is a highly coordinated cellular activity in which many metabolic 

pathways cooperate to generate ATP mainly through oxidative phosphorylation (OXPHOS). Since 

OXPHOS is more efficient in generating ATP than glycolysis, it is recognized that the presence of 

oxygen results in the activation of OXPHOS and in the inhibition of glycolysis, in a process named 

Pasteur Effect [3, 4]. Cancer cells diverge from most normal cells, due to a diversity of molecular 

changes and from these, many may be associated to metabolic reprogramming, necessary to 

produce energy with limited resources to fulfill the biosynthetic needs [1, 4, 5]. The increase of the 

glycolytic flux, often found in cancer cells, is a metabolic strategy that cancers adopt to ensure 

survival and rapid growth in environments with low O2 concentrations [6]. Several physiopathologic 

conditions are indeed characterized by a switch from an oxidative to glycolytic metabolism, when 

the ability of cells to generate ATP through OXPHOS is compromised. This is the case of tissue 

regeneration, intensive exercise, immune response or early embryogenesis [3, 7, 8].  

1.1.1. Warburg effect - cancer addiction to glucose 

In the last years, the different molecular players involved in metabolic pathways of cancer cells 

have been elucidated. In fact, different metabolic dependence can be found in cancer cells and 

their metabolic requirements can change after a cell transformation to a malignant state or after 

the expression of specific oncogenes, as well as in response to alterations in nutrient availability 

and environment. 

In 1956, Otto Warburg, a German scientist, has described that most cancer cells predominantly 

produce energy with a high dependence on lactic acid fermentation, even in the presence of 

oxygen, in a process known as “aerobic glycolysis” or “Warburg effect”[9]. In fact, most cancer 
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cells remain glycolytic even when oxygen is available, producing about 60% of their ATP through 

this pathway (Figure 1) [10, 11]. Warburg proposed that the switch of cancer cell metabolism is 

caused by mitochondrial dysfunction. However, this theory is currently known as incorrect. Several 

other molecular mechanisms are also involved in “aerobic glycolysis”, including mutations and 

epigenetic alterations in genes encoding cancer suppressors, oncogene activation, and the 

metabolic adaptation to the cancer microenvironment, like the increased expression of glycolytic 

enzymes [12]. Furthermore, not all cancer cell types depend completely on glycolysis for ATP 

supply, some may equally or predominantly rely on OXPHOS [6, 13]. Additionally, the increase of 

cellular proliferation may also conduct to an energy deficiency (as well as a higher demand for 

glycolytic and Krebs cycle biosynthetic intermediaries), which can only be covered by an increased 

glycolysis together with an unperturbed OXPHOS [6, 14, 15]. 

 

 
 

 
Figure 1: Schematic representation of the main differences between oxidative phosphorylation and anaerobic glycolysis 

in differentiated tissues, and aerobic glycolysis (“Warburg effect”) in cancers. In the presence of O2, differentiated 

tissues (no proliferating) metabolize glucose to pyruvate via glycolysis and subsequently oxidize pyruvate completely to 

CO2 in the mitochondria (Oxidative phosphorylation, OXPHOS). At low levels of O2, pyruvate is partially oxidized by 

glycolysis, generating lactate (anaerobic glycolysis). The generation of lactate results in minimal ATP production when 

compared with OXPHOS. In contrast, cancer cells or normal proliferative tissues tend to convert most glucose to 

lactate, independent of the oxygen levels. Additionally, in some cancer types and normal proliferating cells, 

mitochondria stay functional and some activity of oxidative phosphorylation is present [16]. 

 

The glycolytic rates can be about 200 times more rapid in cancer tissues than in normal tissues 

[9]. For this reason, the use of the technique fluorodeoxy-D-glucose positron emission tomography 

(FDG-PET) exploits the increased uptake of glucose into cancers for diagnostic (Figure 2). The 
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glucose analogue 2-(18F)-fluoro-2-deoxy-D-glucose (FDG) is taken up by the glucose transporters 

(GLUTs), which are overexpressed in cancer cells, but is no further metabolized via glycolysis, 

accumulating into the cancer tissue. The high rates of FDG uptake are associated with poor 

prognosis [7].  

 

 
Figure 2: Patient with a metastatic nasopharyngeal cancer diagnosed by FDG-PET/CT. The different panels show the 

advantages in the use of FDG-PET/CT (right panel) to show a lesion that initially was undiagnosed [17].  

 
 

 In the “Warburg effect”, the conversion of glucose into lactate generates only around 2 ATP per 

molecule of glucose, being a much less rentable energetic pathway than OXPHOS, where the 

complete oxidation of one molecule of glucose produces around 36 ATP molecules [16, 18].  

However, there are several reasons why enhanced glucose uptake for glycolytic ATP generation or 

for anabolic reactions constitutes an advantage for cancer growth. First, cancer cells are able to 

survive in conditions of irregular oxygen levels, condition that would be lethal for cells essentially 

dependent of OXPHOS to generate ATP [16, 19]. Second, the high production of lactate, that it is 

exported by a proton symport mechanism through the monocarboxylate transporters (MCTs), 

creates an acidic microenvironment that favours cancer invasion, metastases and cancer 

recurrence [20-22], and also suppresses anticancer immune effectors [23, 24]. It has been 

reported that lactate increases the production of hyaluronan and induces the expression of CD44, 

which increases cell motility and migration [25]. Furthermore, it can activate matrix 

metalloproteinases (MMPs) that degrade the extracellular matrix, being involved in invasion and in 

the metastatic process [26]. Finally, lactate is associated with the immunosuppression, preventing 

the activation of dendritic and T cells, as well as natural killer cells [24, 27, 28]. Also, low interstitial 

pH is associated with upregulation of various angiogenic molecules, such as vascular endothelial 

growth factor (VEGF), which sustain angiogenesis [29].  

Besides that, lactate that is produced by cancer cells can be taken up by the aerobic cancer cells 

or by the stromal cells (via MCTs, mainly MCT1) and converted into pyruvate that can be used in 
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oxidative conditions by these cells. This arrangement creates a symbiotic model where hypoxic 

cancer cells and aerobic cancer cells or non-transformed stromal cells cooperate through 

complementary metabolic pathways, being glucose spared to hypoxic cells that produce lactate 

which in turn is exported and recycled by cancer cells in aerobic conditions, promoting cancer 

survival and favouring its growth [7, 30, 31]. Therefore, the lactate is not a waste product but an 

important molecule used as a metabolic fuel and also as a signalling molecule [32]. In fact, lactate 

is associated clinically, with patient’s poor prognosis and lower disease free and overall survival in 

several solid cancers [33].This makes lactate a suitable candidate for diagnostic and prognostic 

biomarker in a wide variety of cancers.  

Additionally, glucose 6-phosphate can enter in the pentose phosphate pathway (PPP), forming 

ribose-phosphate for nucleotide biosynthesis and nicotinamide adenine dinucleotide phosphate 

(NADPH) and favouring the synthesis of fatty acid and other precursors [6, 30]. Moreover, pyruvate 

may be converted in Acetyl-CoA, that can be exported from the mitochondrial matrix where it 

provides an additional source for anabolic substrates essential for biosynthetic pathways [30, 34, 

35]. It is also observed that this reprogrammed metabolism gives a survival advantage to cancer 

cells, regulating the apoptosis pathway. The glycolytic enzyme hexokinase 2 (HK2) interacts with 

the voltage dependent anion channel (VDAC), regulating the intrinsic apoptotic pathway, and also 

the suppression of pro-apoptotic proteins such as Bax and Bak [36-38].  The mechanism involved 

of this reaction is not completely understood. However, Pastorino and co-authors explained that 

probably the HK can compete with B-cell lymphoma 2 (BCL-2) family for binding to VDAC. They 

believed that HK binding to VDAC by protein kinases, controlling membrane permeabilization and 

regulating the balance of pro-and anti-apoptotic proteins [39]. Finally, cancer cells obtain the 

required ATP by upregulation of glucose transporters and glycolytic enzymes and by the use of 

alternative pathways. 

1.1.2. Beyond glucose: role of amino acids as additional energy source in cancer 

The high energetic demands of cancer cells increase the need of alternative energy sources to 

glucose that provide a selective advantage for cancer cell growth (Figure 3). Thus, additionally to 

aerobic glycolysis, mitochondria remain essential and glutaminolysis is a metabolic pathway that 

further contributes to ATP production for biosynthetic processes [40, 41]. Further, and besides 

glycolysis, also glutaminolysis and serinolysis are major contributors for lactic acid in cancer, being 
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also responsible for tumour microenvironment acidity [42]. Additionally, lactate is also a substrate 

for alanine and glutamate generation [43].  

Glutamine is one of the most consumed non-essential amino acids by cancer cells, and requires 

oxidative mitochondrial metabolism [44, 45]. Glutamine metabolism has been reported to be 

upregulated in some cancers, being crucial for the biosynthetic processes, namely synthesis of 

cholesterol and fatty acids [35, 44, 46]  

The process of glutaminolysis involves the deamination of glutamine by glutaminase (GLS), leading 

to the production of glutamate that is subsequently converted to α-ketoglutarate, which enters the 

TCA cycle. Additionally, glutamine contributes to NADPH production and thus for the reduction of 

glutathione (GSH), an intracellular antioxidant defence molecule that is also important to maintain 

the intracellular redox potential [40, 41, 47].  

Further, this amino acid plays different roles, namely as source for the synthesis of other 

nonessential amino acids, such as aspartate and alanine and for the biosynthesis of nucleotides 

(purine and pyrimidine biosynthesis) and fatty acids [48]. The shift to glutamine metabolism to 

produce the precursor acetyl-CoA for lipid biosynthesis is a mechanism of adaptation to glycolytic 

metabolism that prevents the entry of pyruvate into mitochondria, due to upregulation of pyruvate 

dehydrogenase kinase (PDK) [41].  

The uptake of glutamine in cancer cells is performed by the solute carrier family 1 neutral amino 

acid transporter member 5 (SLC1A5; also known as glutamine/amino acid transporter 2 (ASCT2)), 

expressed by different cancer cells [49]. Besides its importance as intermediary metabolite, 

glutamine controls cell survival and proliferation through signal transduction pathways, namely 

mammalian target of rapamycin (mTOR) pathway [50], and extracellular signal regulated protein 

kinase- (ERK-) signalling pathway [49].   
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Figure 3: Glutamine metabolism in cancer cells. Glutamine contributes to bioenergetics and biosynthetic pathways in 

cancer cells. Glutaminolysis contributes to the production of mitochondrial NADH, which is used to support ATP 

production by oxidative phosphorylation. Glutamine metabolism also contributes to the production of NADPH and lipid 

and amino acid biosynthesis. Malate produced in the TCA cycle can exit the mitochondria and contribute to pyruvate 

and lactate production. Abbreviations: NH4+: Ammonia; GLS: Glutaminase; Glu: Glutamate; α-KG: α- Ketoglutarate; 

Succ: Succinate; Fum: Fumarate; Mal: Malate; OAA: Oxaloacetate; Pyr: Pyruvate; TCA: Tricarboxylic acid cycle [15]. 

Similarly to the uptake of glucose through FDG-PET, glutamine uptake can also be detected through 

an imaging technique using 18F-fluorinated glutamine (18F-(2S,4R) 4- fluoroglutamine (18F-FGln)) [51, 

52]. Recently, this technique has been shown to be useful in the diagnosis of glioma [53], and can 

be useful in the diagnosis of different cancers that are dependent of glutamine and when the FDG 

is not feasible [54]. 

Glucose and glutamine are the main sources used to maintain active essential metabolic pathways, 

such as glycolysis and anaplerotic flux of the TCA cycle (Figure 4). However, glucose and glutamine 

are not the only contributors for the cancer metabolic requirements. In anabolic pathways, the 

serine biosynthetic pathway represents an important mechanism to sustain cell proliferation, 

provided by extracellular sources or derived from a branch of glycolysis [55, 56]. The non-essential 

amino acid serine supports several metabolic processes that are crucial for the growth cancer 
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cells, including protein, amino acid and glutathione synthesis. Further, serine contributes to 

nucleotide synthesis, methylation reactions and the generation of antioxidant systems, working 

as one-carbon donor to the folate cycle [57].  

The metabolism of serine can be described in some main steps: the glycolytic intermediate 3-

phosphoglycerate is oxidized by phosphoglycerate dehydrogenase (PHGDH) to generate the serine 

precursor 3-phosphohydroxypyruvate [58]. Subsequently, other enzymes convert 3-

phosphohydroxypyruvate into serine via transamination (PSAT1) and phosphate ester hydrolysis 

(PSPH) reactions. Further, PSAT1 uses the 3-phosphohydroxypyruvate to convert glutamate to α-

ketoglutarate that refuels the TCA cycle [59].  

The serine metabolism dependence has been detected in many different type of cancers such as 

triple-negative breast cancers [60], in gliomas, where is associated with higher cancer grade and 

with decreased overall survival [61] and in cervical cancer, where correlates positively with cancer 

grade and size [62]. The uptake of this amino acid by cancer cells is performed by the same family 

of transporters referred for the uptake of glutamine, the ASCT1 and ASCT2 transporters. 

Additionally, it can be made by the system A transporters, SAT1 and SAT2 and the 

alanine/serine/cysteine transporter (ASC) system [63].  
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Figure 4: Metabolic pathways involved in cancer proliferation. Glucose is the product that provides different 

intermediates important for the hexosamine pathway, PPP and others. TCA cycle is another source of different 

metabolites such as oxaloacetate (OAA) and citrate used to generate cytosolic aspartate and acetyl-CoA for nucleotide 

and lipid synthesis, respectively. NADPH is an important source for maintain the antioxidant capacity and anabolic 

reactions, generated from PPP, IDH1, and enzymes from one-carbon metabolism including MTHFD1. Furthermore, 

NADPH can be also provided from mitochondrial sources such as MTHFD2, MTHF2L, and IDH2. Abbreviations: HK2: 

hexokinase 2; G6PDH: glucose-6-phosphate dehydrogenase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; 

LDH: lactate dehydrogenase; ACLY: ATP citrate lyase; IDH: isocitrate dehydrogenase; GLS: glutaminase; SHMT: serine 

hydroxymethyltransferase; MTHFD2: methylenetetrahydrofolate dehydrogenase 2; MTHFD2L: MTHFD2-like; ACSS2: 

acyl-CoA synthetase short-chain family member 2; THF: tetrahydrofolate; SDH: Succinate dehydrogenase; FH: 

fumarate hydratase; PC: Pyruvate carboxylase; PDH: Pyruvate dehydrogenase; PHGDH: Phosphoglycerate 

dehydrogenase [64]. 
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1.1.3. Contribution of HIF-1 to reprogramed metabolism  

Cancer hypoxia has been attributed to a number of factors, including: poor deliver of oxygenated 

blood, increased hydrostatic pressure and the contractile characteristics of the extracellular matrix 

leading to microvasculature compression [65]. The transcriptional hypoxia-inducible factor (HIF1-

α) is a key adaptive response molecule to chronic hypoxia leading to an exchange from OXPHOS 

to fermentative glycolysis. During normoxia, HIF1-α is post-translationally hydroxylated by 

prolylhydroxylases (PHDs). This modification leads to an interaction with the von Hippel Lindau 

complex (VHL), which targets HIF1-α and thereby recruits the ubiquitin ligase complex for 

proteosomal degradation [42, 66]. During hypoxia, the PHDs and the co-repressor factors become 

inactive and VHL is lost. In these conditions, HIF1-α migrates into the cell nucleus and binds to 

DNA hypoxia response elements (HRE) of the target genes. HIF1-α regulates a wide variety of 

genes, encoding proteins involved in every aspect of cancer biology, including: genetic instability, 

metabolic reprogramming, vascularization, autocrine growth factor signaling, invasion and 

metastasis, immune evasion, and resistance to chemo and radiotherapy [67, 68].  

HIF1-α favours the reprogrammed metabolism by activating the expression of GLUTs, namely 

GLUT1, some glycolytic enzymes including HK1 and HK2 and lactate dehydrogenase A (LDHA) 

that converts pyruvate to lactate coupled to the recycling of nicotinamide adenine dinucleotide 

(NAD+). Furthermore, HIF-1 also regulates PDK1 and PDK3, which inactivates the mitochondrial 

pyruvate dehydrogenase (PDH), responsible for the conversion of pyruvate to Acetyl-CoA [67, 69, 

70]. HIF1-α expression can be enhanced by oncogenic signalling pathways including 

phosphatidylinositol 3-OH kinase/serine/threonine-specific protein kinase (PI3K/Akt), Ras and c-

MyC [7]. The PI3K/Akt pathway is one of the most commonly altered pathways in cancer, due to 

loss or inactivating mutations in the tumour suppressor gene phosphatase and tensin homolog 

(PTEN). This provides growth and survival signals. Akt has been shown to be a key driver of the 

glycolytic phenotype through the up-regulation of GLUTs expression, induction of glycolytic 

enzymatic activity and the activation of mTOR [13, 42, 71, 72] c-MyC mutated is found in many 

cancers, and cooperate with HIF1-α in the activation of several GLUTs and glycolytic enzymes, like 

LDHA and HK2. However, c-MyC also activates the transcription of targets that increase 

mitochondrial biogenesis and mitochondrial function, especially the metabolism of glutamine [47, 

73]. In its turn, HIF1-α plays a major role in the hyper-glycolytic acid-resistant phenotype found in 

cancer cells, inducing glycolysis and avoiding intracellular metabolic acidosis by upregulating 
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plasma membrane (PM) pH regulators, such as MCTs, sodium-hydrogen exchanger 1 (NHE1) and 

carbonic anhydrase isoforms 9 and 12 (CA9 and CA12), among others [30, 74, 75]. It has been 

demonstrated that other isoforms of HIF family can be also involved in tumourigenesis, namely 

HIF2-α [76]. HIF1-α and HIF2-α are very similar at many levels, such as function and structure. 

However, some reports support the idea that both proteins present distinct roles on cancer 

development [77-79]. As described in this section, HIF1-α plays an important role in 

reprogrammed metabolism maintenance. In contrast, it appears that HIF2-α is involved in 

proliferation and differentiation [80-83]. The studies about HIF-3α present few information 

comparatively to its counterparts. The role of HIF1-α in cancer progression makes this factor an 

excellent target for the development of new anticancer therapies. Topotecan, which has as main 

target topoisomerase I, was one of the first compounds developed that target also HIF-1. Different 

reports showed the efficacy of this drug in the clinic for the treatment of lung and ovarian cancers 

[84]. Another new molecule targeting HIF-1 alfa is PX-478 inhibitor, that has been shown to reduce 

cancer proliferation in different cancer xenograft models [85, 86]. Recently, a phase I clinical trial 

showed the effect of PX-478 in advanced solid cancers and lymphoma (NCT00522652), but no 

results were published until now about the efficacy of this compound. Another drug, EZN-2968, 

developed by Enzon Pharmaceuticals, Inc., was shown to present high selectivity in vitro and in in 

vivo xenograft models, by inhibiting HIF-1 and HIF-1 related genes expression [87]. Two clinical 

trials tested the efficacy of this compound, namely in hematologic diseases (NCT00466583, phase 

1 concluded) and in hepatic cancer with advanced metastasis (NCT01120288) [88]. Other drugs 

have been approved by Food and drug administration (FDA) targeting HIF, namely acriflavine and 

bortezomib. The first one induces a reduction in cancer growth and vascular support in a prostate 

cancer model [89]. The second one is commonly used in multiple myeloma treatment [90]. 

1.2. Targeting bioenergetics in cancer therapy 

Conventional anticancer treatments present often a modest efficacy due to the development of 

multidrug resistance (MDR). Consequently, combined drugs or higher drug doses are needed, 

inducing important adverse side-effects. The differences in metabolism between cancer and normal 

tissues are considered to be the “Achilles heel” of cancer and offer a powerful opportunity for new 

cancer therapies [65]. The revival interest in cancer metabolism increased the number of reports 

of in vivo and clinical trials assays to evaluate the efficacy of many different compounds [91]. In 
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this way, novel compounds directed to this phenotype have emerged in recent years, aiming a 

more specific and effective treatment of cancer (Table 1). 

As already described, cancer cells exhibit the “Warburg effect”, using primarily glycolysis as energy 

source. Although initially this has been attributed to mitochondrial dysfunction, it is known 

nowadays that many types of cancers also rely, in a considerable scale, on OXPHOS for ATP and 

biosynthetic precursor production. In fact, the mitochondria remain functional in many kinds of 

cancers, also contributing to the process of carcinogenesis [6, 92]. The increased dependence of 

cancer cells on the glycolytic, and in some cases OXPHOS, pathways for ATP generation, essential 

for proliferation and survival, is the basis for the development of therapeutic strategies directed for 

these pathways. Due to upregulation of glycolytic enzymes, glucose transporters and other players 

in the altered metabolism, they are one of the main targets to that purpose. In the next section, we 

will describe the main metabolic players and some of the compounds that inhibit or diminish the 

activity of these proteins.  

Table 1: Therapeutic compounds targeting cancer cell metabolism and respective mechanisms of action as well as 

the current clinical status.  

Target Compounds Status Current References 

Nuclei acid synthesis     

THYMIDINE 

SYNTHESIS 
5- Fluorouracil Approved 

Phase I, metastatic 

pancreatic cancer 

(NCT02620800) 

[93, 94] 

NUCLEOTIDE 

INCORPORATION 
Gemcitabine Approved 

Phase I, pancreatic 

cancer 

(NCT02671890) 

[95] 

Amino acid 

metabolism 
    

ASPARAGINE L-Asparaginase Approved 
Phase II, Leukaemia 

(NCT01523782) 
[96] 

GLUTAMINE Phenylacetate Clinical data 
Phase II, brain tumours  

(NCT00003241) 
[93] 
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Abbreviations: 2-DG: 2-Deoxy-D-glucose; GLUT: Glucose transporter; 3-BP: 3-Bromopyruvate; PKM2: pyruvate kinase 

isoform 2; LDH: Lactate dehydrogenase; DCA: Dichloroacetate; PDK: Pyruvate dehydrogenase Kinase; HIF-1: Hypoxia 

inducible factor 1; mTOR: Mammalian target of rapamycin. 

 

Table 1. Cont. 

Target Compounds Status Current References 

Glycolysis     

GLUT 

Phloretin, 

Quercetin and 

Silybin 

Clinical data Clinical trials ongoing 
[97-100] 

 

HEXOKINASE 2-DG Clinical data 

Toxicity at high doses; 

clinical trials with lower 

doses are ongoing 

[101] 

 

HEXOKINASE 3-BP 
Preclinical 

data 
Preclinical data [76, 102, 103] 

PKM2 Shikonin 
Preclinical 

data 
Preclinical data [104] 

LDHA AT-101 Clinical data 
Phase II, advanced 

cancers 
[105] 

Mitochondrial 

metabolism 
    

PDK DCA Clinical data 

Phase II, brain tumours 

(NCT00540176) 

Phase II, non-small 

lung cancers 

(NCT01029925) 

[106, 107] 

 

MITOCHONDRIAL 

COMPLEX I 
Metformin Clinical data 

Several clinical trials 

ongoing for cancer 
[108] 

SIGNIGALLING 

pathways 
    

HIF-1 EZN-2968 Clinical data 
Phase I, advanced 

cancers [109] 

c-Myc 
Quarfloxin/CX-

3453 
Clinical data Clinical trials ongoing [42] 

mTOR Ridaforolimus Clinical data 
Phase II,  breast cancer 

(NCT01605396) 
[110, 111] 
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1.2.1. Exploiting the Warburg effect as anticancer therapy 

Different compounds have been tested in clinical trials as anticancer agents, namely targeting the 

glycolytic metabolism.  As glucose transporters, GLUTs, are considered one of the main targets to 

disrupt the metabolic supply of cancer cells, compounds such as Phloretin, WZB117 and Fasentin 

demonstrated anticancer properties in some preclinical models, by the inhibition of glucose 

transport [112, 113]. The flavonoid phloretin was able to reduce cancer cell growth in vitro and in 

vivo. This effect was achieved through GLUT1 inhibition [27, 99]. Further, this compound 

potentiates the daunorubicin effect, inducing cancer cell apoptosis [114]. Additionally, other study 

showed that this drug reduces hepatic cancer cell proliferation that overexpress GLUT2. This effect 

was confirmed in hepatoma xenografts [115]. The antiproliferative activity of WZB117 was 

observed in different cancer cell lines, such as non-small cell lung cancer (NSCLC) and breast 

cancer cells [113]. Fasentin was identified as a GLUT1/GLUT4 inhibitor. This compound reduces 

glucose availability in leukemia cells and prostate cancer cells [116].  Unfortunately, targeting GLUT 

can be dangerous for normal cells, since these transporters are ubiquitously expressed in the whole 

organism [103]. The next step, after the uptake of glucose from cancer cells, is its conversion in 

glucose-6-phosphate that can follow the glycolytic pathway. The enzyme that catalyses this step is 

HK that is constituted by four isoforms. HK2 is the most abundant isoform in cancer cells and one 

of the isoforms with higher affinity for glucose [117]. Lonidamine was described as a HK inhibitor 

but recently it has been demonstrated that its main targets are MCTs. Accordingly, our group 

published results that showed this inhibition in breast cancer cell models [118]. Furthermore, it 

was reported that lonidamine also inhibits mitochondrial activity [119]. Some clinical trials were 

performed, namely in combination with other anticancer agents in patients with ovarian and breast 

cancers and glioblastoma multiforme [120-122]. De Lena et al observed that lonidamine 

overcomes the treatment resistance in ovarian cancer through potentiation of cisplatin in 

experimental models and in clinical studies. The authors suggested that both drugs can be used 

in the future as adjuvant in conventional chemotherapy, namely carboplatin/cisplatin-paclitaxel 

[120]. 

In the case of glioblastoma, other authors performed a treatment combining lonidamine and 

diazepam that induced a reduction on cancer progression [121]. Recently, aiming to improve the 

efficacy of lonidamine, nanoparticles that encapsulate this compound have been developed [123]. 

Between the many drugs studied targeting this enzyme, one of the most common is 2-deoxy-D-

glucose (2-DG). 2-DG competes with glucose in the first step of glucose intracellular metabolism, 
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being also phosphorylated by HK2, responsible for the conversion of glucose to glucose-6-

phosphate. 2-DG is converted to deoxyglucose-6-phosphate, a molecule that cannot be further 

metabolized, thus blocking glycolysis and the PPP pathway [35, 103, 124]. Inhibition of glycolysis 

by 2-DG causes a depletion of cellular ATP leading to cell death, especially in hypoxic cancer cells 

[125, 126]. 

Recent data showed that the effect of 2-DG-mediated cancer cell death in normoxic cancer cells, 

is primarily due to unspecific glycosylation of proteins. However, further investigation is necessary 

to understand the principal molecular mechanisms underlying the therapeutic efficacy of 2-DG [69, 

103]. Combined treatment with 2-DG enhanced the efficacy of the anti-cancer drugs adriamycin, 

paclitaxel or etoposide in osteosarcoma, NSCLC xenografts and Ehrlich hepatoma-bearing mice 

[73, 127]. Other studies revealed that treatment with 2-DG sensitized gliomas to radiotherapy. Wu 

et al showed that 2-DG induces an autophagic process, due to oxidative stress in glioma cells [128]. 

However, the effectiveness of 2-DG in several clinical trials was unsuccessful when used as single 

agent [16]. There are three possible reasons for this: 2-DG is a glucose derivative and a GLUT 

substrate, thus its uptake can be significantly inhibited by the blood stream glucose; in a similar 

way, HK2 is able to metabolize glucose if present with high availability; finally, other sugars like 

fructose or galactose can enter the pathway downstream hexokinase, being alternative carbon and 

energy sources [4, 103]. Another study also referred that increased expression of the glycolytic 

enzymes by HIF-1 could enhance the resistance of the cell to 2-DG [127].  Even thought, a Phase 

I clinical study for prostate cancer is finished, but some brain toxicity was reported, probably 

because neuronal cells also utilize glucose for energy [5, 42]. However, when 2-DG was combined 

with current standard therapies, it showed promising results [129, 130]. 

Another anti-glycolytic agent studied was 3-bromopyruvate (3-BP), an alkylating agent and HK 

inhibitor that has demonstrated anticancer effects both in vitro and in vivo models, including 

melanoma, glioblastoma, mesothelioma, as well as pancreatic, hepatocellular and breast cancers, 

among others [102, 131]. Furthermore, due to the interest on hexokinase inhibition, there is a 

large pool of reports published on 3-BP. Queirós et al showed the efficacy of this compound in 

breast cancer cell lines, by the inhibition of cell growth and increase of cell death. This compound 

uses MCTs as door of entrance in cancer cells, which are frequently up-regulated in cancer cells 

[132]. However, some recent news reported that administration of 3-BP increased the mortality in 

cancer patients [6].  Thus, other efforts are needed to clarify the toxicity and side effects induced 

by this compound. 
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Pyruvate Kinase (PK) inhibitors were also analysed in clinical trials. One of the most common 

isoform of this enzyme is PKM2 expressed by different cancers [133]. For that reason, compounds 

such as tt-232 demonstrated a strong cancer growth inhibition [134].  This drug was approved for 

clinical trials in patients with metastatic renal cancer and melanoma (NCT00422786 and 

NCT00735332). 

Dichloroacetate (DCA) is other inhibitor of glycolysis extensively studied as anticancer agent. DCA 

is a pyruvate analogue which inhibits PDK, and activates PDH, redirecting the glucose metabolism 

to the mitochondrial system. In cancer, PDH is normally inhibited redirecting pyruvate to glycolytic 

flux instead of oxidative metabolism [135].  DCA is also able to decrease the mitochondrial 

membrane potential, increase reactive oxygen species (ROS) production and activate the K+ 

channel Kv1.5 in cancer cells, inducing consequently apoptosis [92, 136]. Moreover, increased 

expression of p53, PUMA and caspase-3 along with a decline of HIF-1 and the anti-apoptotic protein 

Bcl-2, were observed with DCA treatment against T cell lymphoma [137]. Bonnet et al. 

demonstrated in an in vivo lung xenograft model that DCA was able to reduce cancer size and 

induce cell death [106]. Other reports showed similar results in endometrial and prostate cancer 

cells [138, 139], and also when combined with chemotherapy and radiotherapy regimens in 

patients with glioblastoma multiforme [69, 140]. A Phase I trial used DCA plus the standard therapy 

temozolomide (TMZ) and radiotherapy in patients with recurrent central nervous malignancies. 

However, a moderate toxicity was reported, characterized by a reversible peripheral neuropathy 

[107]. DCA is currently being evaluated in clinical trials in patients with head and neck cancer, 

glioblastoma and other solid cancers. Further, preclinical results indicate that DCA may synergize 

well with chemotherapeutic agents such as 5- fluorouracil (5-FU) and cisplatin [141, 142].  

At the end of glycolytic cascade, the conversion of pyruvate into lactate is performed by the enzyme 

LDH [143]. LDHA is overexpressed in many types of cancers such as breast, colorectal and renal 

cancers [144-146]. For that reason, different compounds were developed targeting this enzyme. 

Oxamic acid, a lactate dehydrogenase inhibitor showed promising results in cervical 

adenocarcinoma and hepatocellular carcinoma cell lines, through the blockage of cell proliferation 

[147, 148]. Another molecule, FX-11, blocks cancer proliferation in a variety of cancer in vivo 

models, as inhibitor of LDHA [149]. FX-11 demonstrated effective results in lymphomas, breast 

and colorectal cancers, namely by increasing ROS production and inducing subsequent cell death 

[150].  In pancreatic cancers, the in vivo results were promising as the toxicity in normal tissues 

was undetectable. However, no clinical trials have been performed using this compound [151]. 
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Granchi et al. published that a new emergent compound named N-hydroxyindole-based (NHI) is a 

specific LDH inhibitor. This class of inhibitors was able to diminish lactate production and inhibit 

cell proliferation in a variety of cancer cell lines [152]. Our research team recently published the 

use of metabolic inhibitors as a promising strategy in breast cancer therapy [153]. Tavares and co-

authors showed that the effects of doxorubicin and paclitaxel, commonly used in breast and other 

cancers therapy, were potentiated by the inhibition of glycolysis pathway by iodoacetate (IAA), DCA 

and 2-DG and by an OXPHOS blocker, the carbonyl cyanide 3-chlorophenylhydrazone (CCCP).  

1.2.2. Exploiting mitochondrial metabolism in cancer therapy 

As referred in the first part of this section, besides glycolysis, mitochondrial metabolism is also 

important to support the increased proliferation of cancer cells. A functional mitochondrial system 

is a requirement for the altered glutamine metabolism, which has been observed in many cancer 

types [16, 154].  

The research developed with drugs that demonstrated antitumour activity, but that are also used 

in common diseases other than cancer, can represent benefits in cancer therapy, as their activity 

and side-effects are very well studied. One example are the drugs belonging to the biguanine class, 

such as phenformin and metformin. These are examples of current antidiabetic drugs that showed 

antitumour activity with little effect in normal cells. In fact, some studies referred that the use of 

these compounds decrease the probability of diabetic patients develop cancer and, additionally, 

improve the survival rate in patients that already developed cancers [155, 156]. In cancer tissues, 

the mechanism of action is not completely understood, however some hypothesis has been 

postulated. The main target is the complex I of the mitochondria with a subsequent overproduction 

of ROS, which results in decreased ATP production and increased AMP levels. In higher 

concentrations it is also able to inhibit the mitochondrial complex II and IV [157]. Additionally, these 

drugs activate the 5′-AMP-activated protein kinase (AMPK) that coordinates signalling pathways 

involved in cell proliferation and metabolism. The activation of AMPK inhibits mammalian target of 

rapamycin complex 1 (mTORC1) leading to decreased cell proliferation. Some reports showed that 

the active AMPK and consequently mTORC1 inhibition reduce the cancer cell proliferation in in 

vitro and in vivo models [158, 159]. Sesen et al demonstrated that metformin induces a decrease 

in proliferation, leads to cell cycle arrest and cell death, when combined with TMZ and/or 

radiotherapy, in glioma cell lines and in nude mice xenografts [160]. Even with some disappointing 

results in a recent clinical trial with cancer patients, another clinical trial showed some potential 
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when this compound was used as co-adjuvant therapy (NCT02048384). Contrarily to the promising 

results obtained with this drug, its success can be limited by the need of transporters, the organic 

cation transporters (OCTs), under-expressed in cancer cells. Phenformin presents advantages 

comparatively to metformin, as it does not need a specific transporter to enter the cells [159]. 

Additionally, phenformin is fifty times more effective than metformin, however its use is also 

associated with a higher incidence of lactic acidosis, one of biguanide side-effects. Phenformin was 

withdrawn from clinical use in many countries due to this mentioned effect and to some lethal 

cases reported. Consequently, the effect of phenformin in cancer has not been studied thoroughly 

[159]. However, some studies showed that this compound exhibits a larger anticancer activity in 

leukemia [161], lung cancer [162], breast cancer [163], colorectal cancer [164], and 

glioblastomas [165]. Therefore, it is important to increase the studies on phenformin to further 

understand its benefit in cancer therapy. Recently, a clinical trial has been set to evaluate the 

phenformin potential as anticancer agent in combination with other drugs in patients with 

melanoma and is currently recruiting participants (NCT03026517). 

Besides antidiabetic drugs, many other compounds, such as antioxidants and antibiotics, have 

been identified, highlighting the importance of targeting ATP production by OXPHOS as one of main 

anticancer therapeutic approaches. As referred before, glutamine is the second most important 

energy source in tumourigenesis, and as a consequence, compounds targeting glutaminolysis have 

been tested in the cancer field [166]. Compounds that inhibit the GLS such as compound 968 and 

bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl) ethyl sulfide, decreased cancer growth in different 

experimental models [167, 168]. The glutamine transport can be also blocked to inhibit the 

glutamine uptake by cancer cells. The glutamine transporters SLC1A5 (ASCT2) and SLC1A7, over-

expressed in different cancers such as colorectal adenocarcinomas, glioblastoma multiforme and 

melanoma, are attractive targets [169]. The antioxidant defence in tumourigenesis is important for 

proliferation and, for that reason, some compounds are able to reduce the glutathione levels that 

hamper cancer proliferation [170, 171]. Different reports showed the dependence of cancer cells 

on different amino acids, namely glutamine, such as pancreatic, lung cancers and gliomas [171-

173]. For that reason, some compounds have been developed. CB-839 is recently submitted to 

clinical trial, due to the good results achieved in cancer models, such as breast and hematological 

cancers. Additionally, the bis-2-(5- phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES), an 

inhibitor of glutaminase that prevents the conversion of glutamine into glutamate, is able to inhibit 

cell proliferation in vitro and in vivo [174-176].  
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Since cancer cells upregulate the energetic metabolic pathways compared with normal cells, 

metabolic inhibition constitutes an appealing approach for cancer patients in the clinical context 

(Figure 5). These compounds can induce some adverse effects in the normal tissues, and for that 

reason it is important to understand the benefits and drawbacks of this therapeutic approach that 

normally target the pathways deregulated in cancer cells. It is also important to note that cancer 

cells can readapt their metabolism to the metabolic conditions present in microenvironment. For 

instance, upon inhibition of some metabolic pathways, they can circumvent this effect through the 

upregulation of other pathways or molecules. Therefore, the rational therapeutic option to 

overcome resistance, should be the simultaneous use of different metabolic inhibitors or combine 

these compounds with conventional standard therapy. 

 

Figure 5: Metabolic alterations triggered by the compounds that target cancer cell metabolism. The inhibitors of targets 

such as GLUT, MCT, LDH, PDK, HK, GLS, ASCT2 and complex I of mitochondria induce different cell alterations by 

decreasing cell energy and migration and invasion abilities, overcoming drug resistance. The depletion of cancer cell 

energy probably leads to the inactivation of the pumps ABC transporters, ATP dependent proteins. Abbreviations: 2-

DG: 2- deoxy-D-glucose; 3-BP: 3-Bromopyruvate; ABC transporters: ATP binding cassette transporters; ASCT2: Alanine, 

serine, cysteine-preferring transporter 2; BPTES: bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulphide; CHC: 

Alpha-cyano-4-hidroxycinnamate; DCA: Dichloroacetate; DIDS: (4,4'-Diisothiocyanatostilbene-2,2'-disulfonate); FX11: 

(3-dihydroxy-6-methyl-7-(phenylmethyl)-4-propylnaphthalene-1-carboxylic acid); GLS: Glutaminase; GLUT: Glucose 

Transporter; GPNA: gamma-L-Glutamyl-p-Nitroanilide; HK: Hexokinase; LDH: Lactate dehydrogenase; MCT: 

Monocarboxylate transporter; NHI: N-hydroxyindole-2-carboxylate; PDH: Pyruvate dehydrogenase; PDK: Pyruvate 

dehydrogenase kinase 
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1.3. Role of cancer stem cells in cancer metabolic modulation 

Several reports support that cancer microenvironment and all the cell populations, non-tumour and 

tumour, are involved in tumourigenesis, including supporting cells (stroma, adipocytes, fibroblasts, 

muscle cells and endothelial cells) and immune cells that play an important role in cancer initiation, 

progression and in the response of cancer cells to therapy [177].  

Recent evidences explain the existence of a small group of cells that are the main responsible for 

cancer relapse and resistance to therapy - the cancer stem cells (CSCs) identified in different types 

of cancers [177]. For instance, in breast cancer a small group of cells were first identified [178] 

and more recently, CSCs have been described in brain cancers, such as glioma [179], but they 

are also present in colorectal cancers [180], pancreas [181], ovarian [182], liver [183], prostate 

[184], lung cancers [185], and in melanomas [186]. 

Different models have been postulated to clarify the origin of CSCs, but unfortunately the exact 

mechanism is still unclear. There are two main theories, the stochastic model and the hierarchic 

model. The first hypothesis defends that the proliferative cells can undergo a dedifferentiation state 

and acquire some mutations transforming them in more undifferentiated cells. The second 

hypothesis, support the idea that the CSCs have the origin in normal stem cells [187, 188].  Even 

though many reports defend the existence of both and that they are not exclusive [189].  

CSCs present many similarities with normal stem cells, and they share several features such as 

self-renewal capacity, overexpression of adenosine triphosphate (ATP)-binding cassette (ABC) drug 

transporters, activation of some cell signalling pathways, such as Wnt, Notch or Hedgehog,  relative 

quiescence and a functional DNA repair system to maintain protection from harmful compounds 

[190]. Additionally, a group of additional characteristics have been described, such as increased 

production of antiapoptotic factors, higher defences against oxidative stress [191], an altered 

metabolism [192],  immune tolerance [193], and the ability to form a new cancer in in vivo models 

[194].  

One of the main features of CSCs is the altered metabolism that can be distinguished from the 

normal counterparts. Normal stem cells rely on glycolysis in contrast to the normal cells that rely 

mainly to OXPHOS. However, during CSC proliferation, fluctuations in the metabolism can be 

detected, adjusting their metabolic necessities. In fact, some reports showed that CSCs use the 

same energetic pathways as non-stem cancer cells, including lactic acid fermentation as the main 

source of ATP. However, these studies showed that these cells can also adapt their metabolism 

according to the microenvironment conditions, tissues of origin and state of differentiation [177, 
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195]. The microenvironment can be decisive when choosing the metabolic direction. Some reports 

described that the CSC pool survive to hypoxia through the up-regulation of glycolysis [196]. This 

activation of persistent glycolysis results in microenvironment acidification, also responsible for the 

maintenance of the cancer stem cell phenotype [177, 197]. Several reports indicate a role of 

hypoxia and HIFs in promoting the stem-like phenotype through the expression of genes such as 

OCT4, SOX2 and NANOG [193, 198]. Some recent evidence showed that the recruitment of 

stromal cells, such as fibroblasts into cancer-associated fibroblasts (CAFs) by the CSCs help to the 

stemness via the activation of the Wnt and Notch pathways which have been implicated in stem 

cell maintenance [199]. In addition, the interactions between CSC and the microenvironment help 

these cells to resist to common anti-cancer therapies thus being partly responsible for disease 

recurrence, and they persist after chemotherapy, becoming the source of cancer regrowth [192].  

Due to their role in cancer relapse and in the involvement in therapy resistance, new emerging 

strategies targeting CSC metabolism are emerging in the last years. Different reports referred the 

glycolytic phenotype as the best characterized in CSCs. However, emergent data showed that CSCs 

rely on glycolysis and oxidative metabolism to proliferate [200-203]. A recent study using a glioma 

stem cell model showed that these cells consumed less glucose and produced less lactate 

compared to their cancer cell counterparts [204], and the same happened with pancreatic CSCs 

and leukemia stem cells, which rely mainly to OXPHOS [205]. Differently, breast CSCs exhibit a 

more glycolytic phenotype compared to their differentiated progeny, as demonstrated by the 

upregulation of glycolytic enzymes in these cells [206]. Also, in osteosarcoma it has been shown 

that CSCs strongly depend on glycolytic metabolism and, accordingly, these cells have a reduced 

mitochondrial respiration and complex I activity [207]. In CSCs obtained from epithelial ovarian 

cancer (EOC) cell lines and from patients with primary ovarian cancer, it has been shown that 

CSCs presented an increased anaerobic glycolysis and PPP activity, while displaying low Krebs 

cycle carbon flux, anaplerotic flux, and de novo fatty acid synthesis [208]. Therefore, CSCs present 

a metabolism plasticity, what can be a problem in the development of new therapies targeting their 

metabolic profile (Figure 6) [204, 209]. Nonetheless, some publications reported the use of some 

metabolic inhibitors targeting this population of cells. Inhibition of GLUT1 shown to be 

overexpressed in pancreatic, glioblastoma and ovarian CSCs, was able to decrease cancer 

formation in in vivo models [153]. Also, 2-DG alone or in combination with doxorubicin, decreased 

the proliferation of breast CSCs [195]. On the other side, OXPHOS inhibition using metformin, 

inhibited the ability of cancer formation, in melanoma and pancreatic cancer stem cells [210, 211].  



General Introduction 
 

23 
 

 

 
 

Figure 6: Bioenergetics pathways underlying CSCs metabolism. In more differentiated cancer cells, the glycolytic 

phenotype might predominate over OXPHOS. Quiescent CSCs, instead, rely more on an oxidative metabolism for their 

energy production. CSCs also appear to be metabolically plastic: when OXPHOS is blocked they can eventually develop 

resistance by acquiring an intermediate glycolytic/oxidative phenotype. Abbreviations: CSCs: cancer stem cells; ROS: 

reactive oxygen species; TCA: tricarboxylic acid [192].  

In addition to the reprogrammed metabolism, CSCs express several ABC transporters such as 

ABCB1, ABCG2 and ABCB5 [212], which are overexpressed in lung [213], pancreas [214], and 

liver cancer [215].   These transporters consume ATP to perform the efflux of their substrates, 

namely chemotherapeutic drugs, to the microenvironment. For that, targeting the main sources of 

energy in CSCs will decrease ATP production and consequently lead to inhibition of these pumps, 

overcoming the problem of drug resistance [216]. Therefore, targeting the main deregulated 
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metabolic pathways involved in stemness maintenance of CSCs would be a promising strategy in 

cancer treatment practice [217].  

1.3.1. Additional metabolic singularities of cancer stem cells 

Recently, different reports showed the importance in CSCs metabolism of others sources 

alternatives to glucose, to maintain carcinogenesis. They are able to use molecules such as the 

amino acids glutamine, glutamate and alanine, to support their mitochondrial energy production 

[218]. For example, pancreatic CSC populations showed a higher dependence of glutamine to 

survive. In fact, it was reported that decreasing the glutamine concentration present in the 

microenvironment, results in reduction of stemness and sensitized CSCs to radiotherapy in vivo 

[219]. Additionally, the use of fatty acids was described as very important in the maintenance of 

CSCs pool in cancers [220, 221]. Consequently, exploiting not only glycolysis, but also the 

mitochondrial function and the fatty acid metabolism have been implicated in the search for novel 

anticancer drugs against carcinogenesis and chemoresistance. Therefore, a combination of 

mitochondria-targeted agents with glycolytic inhibitors alone or in combination with the 

conventional chemotherapeutic drugs may be required to achieve maximum efficacy to destroy the 

CSCs population and to improve current therapies [92, 125]. 

1.4. The molecular players involved in the Multidrug resistant phenotype 

MDR is a mechanism by which many cancers develop resistance to multiple chemotherapeutic 

drugs, being one of the major obstacles to the success of treatment [222, 223]. The MDR or 

‘‘cross-resistance’’ defines a phenotype, intrinsic or acquired during the treatment, where cells are 

resistant to multiple drugs with no obvious structural resemblance and/or with different molecular 

targets [224]. Different mechanisms can been involved in MDR and can include pharmacologic 

characteristics of the drug; factors related to cancer microenvironment (hypoxia, pH values, 

vascular support) and intracellular mechanisms, including decreased drug uptake and/or 

increased drug efflux, increased DNA repair, altered cell-cycle regulation, among others [222, 225-

229].  

In the next section we will describe the main protein family involved in this phenotype. The ATP - 

Binding cassette transporter family is dependent of cellular content of ATP and, for that reason, 

the exploitation of cancer cell metabolism as target can be an excellent approach to decrease the 

activity of these proteins, overcoming the resistance to treatment. 
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1.4.1. The ATP - Binding cassette transporter family  

Drug transport across biomembranes occurs by active and facilitated transport processes and 

simple passive diffusion. Physicochemical properties, such as size and lipophilicity and metabolic 

processes are the main determinants in the bioavailability of most drugs. The main mechanism 

associated to a decrease of cell drug accumulation is usually considered to be not a failure in the 

drug uptake but its extrusion through protein efflux pumps. These have very often a physiological 

role in organ barriers (e.g. blood brain barrier) or excretion organs (e.g. kidney) and belong mainly 

to the ABC transporter family [230-232]. These proteins are located in the PM of cells or in the 

membranes of different organelles (e.g. mitochondria and endoplasmic reticulum) and mediate the 

translocation of various molecules across these barriers [233, 234]. Most ABC proteins transport 

a substrate molecule utilizing the energy generated from ATP hydrolysis. ABC transporters have 

been described in humans, but only few participate in drug resistance to chemotherapy. They 

include the glycoprotein P (Pgp), the multidrug resistance associated protein (MRP), and the breast 

cancer resistance protein (BCRP), being Pgp the first discovered, with the highest medical 

importance and the most studied one [233].  

Pgp was firstly believed to be the only protein capable of conferring MDR in mammalian cells. 

However, it was subsequently shown that other ABC transporters also participate in MDR of 

tumours, such as the MRPs, two in particular, MRP1 (ABCC1) and the MRP2 (ABCC2), which have 

been shown to be overexpressed in cell lines that exhibit non-Pgp-mediated resistance, and BCRP 

(ABCG2), also termed mitoxantrone-resistance protein (MXR) [224, 225]. Another efflux pump 

involved in MDR phenotype is the lung resistance protein (LRP). This protein is not included in the 

ABC transporters family, but is frequently overexpressed in Pgp/MRP-negative multidrug-resistant 

cancer cells [235].  

1.4.2. ABC transporters as target for cancer therapy 

ABC transporters play a key role in the MDR phenotype in cancer cells. Thus, several inhibitors of 

the major MDR transporters have been developed in the last years and extensive experimentation 

and clinical trials were performed, attempting to block the progress of drug resistance during 

cancer treatment. The pharmacological modulation can be achieved using either competitive or 

non-competitive MDR inhibitors. The first agents used (first generation) include calcium channel 

blockers (e.g. verapamil), immunosuppressants (e.g. cyclosporin A), anti-steroids (e.g. tamoxifen) 

and several calmodulin antagonists [236]. However, the clinical trials with most of these 
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modulators showed unacceptable toxicity. Second and third generation of inhibitors, exemplified 

by valspodar and zosuquidar (second and third generation, respectively), were then developed, but 

the results were disappointing and some adverse effects remain [236, 237].  

To overcome these unsatisfactory results several approaches have been developed and showed 

more efficiency comparably to Pgp inhibitors, including downregulation of MDR genes through 

antisense oligonucleotides, ribozymes and small interfering RNA (siRNA);  novel anticancer agents 

designed to evade efflux, permeability and retention effect (no substrates of Pgp) and encapsulation 

of drugs in polyethylene glycol-coated liposomes [238, 239]. 

Despite the relevant role of the efflux pumps like Pgp in MDR, this phenotype can be also promoted 

by other mechanisms, namely cellular events or extrinsic conditions present in the cancer 

microenvironment. Cancer growth is associated to microenvironment changes due to its 

reprogrammed metabolism, such as hypoxia, acidosis or nutrient starvation, among others. MDR 

is also the biological result of cell adaptation to such hostile conditions. Thus, the inhibition of 

metabolic targets can result in modifications of these microenvironment characteristics involved in 

MDR. Furthermore, it is known that cells expressing MDR proteins, such as Pgp or MRP, require 

ATP as the energy source to pump out the drug substrates from the cells. Thus, inhibition of the 

main energy producing pathways in cancer cells, will probably cause unsuccessful drug efflux due 

to depletion of cellular ATP, and thus will probably overcome drug resistance. In fact, there is some 

data where compound targeting the “Warburg effect” have been used in different cancer cell lines 

and successfully sensitized the cells to conventional chemotherapeutic agents. Additionally, it has 

been shown that Pgp can be upregulated by the glycolytic product pyruvate and that the use of 

glycolytic inhibitors leading to pyruvate depletion, could chemosensitize the cancer and avoid 

cancer recurrence , showing that is not only the depletion of cellular ATP that is on the basis of 

Pgp inactivation by bioenergetic modulators [126]. Furthermore, it is important to note that most 

of these compounds targeting the reprogrammed metabolism are hydrophilic molecules, such as 

DCA and 2-DG, and so they should not be Pgp substrates. These compounds act as double-edged 

swords because they induce a relevant drop in the ATP content of the cell, necessary for Pgp 

activity and other efflux pumps and, on the other hand, they lead to an extracellular acidification 

and intracellular alkalization, reversing the pH gradient of cancer cells.  

Therefore, more extensive studies are important to understand the metabolic regulation derived 

from the dynamic correlation between the cancer microenvironment and the reprogrammed 

metabolism. 
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1.5. The acidic microenvironment  

Uncontrolled proliferation is an intrinsic characteristic of cancer cells and requires adaptations in 

energy metabolism to fuel cell division and tumour growth [2]. Thus, a common feature of invasive 

cancer cells is a preference for glucose metabolism, in which cells exhibit high rates of glycolysis, 

with increased glucose uptake, culminating in the production of high amounts of lactic acid, which 

lead to acidification of the microenvironment [240]. As a consequence of this metabolic phenotype, 

high amounts of protons are generated, mainly deriving from glucose metabolism [241]. To cope 

with this, cancer cells rely on proton exchangers and transporters, which export protons to the 

microenvironment, allowing malignant cells to survive in the hostile environment that they have 

created. These pH regulators include ATPases, NHEs, MCTs, CAs and anion exchangers (AEs).  

ATPases are a group of enzymes that couple ATP synthesis or hydrolysis to the transport of ions 

across membranes. The members H+/K+-ATPases and V-ATPases are the most important in the 

cancer setting, and will be the ones further described below, although some reports also point at 

ATP synthase as being involved in pH regulation, when ectopically expressed at the plasma 

membrane [242-244]. NHEs are sodium hydrogen antiporters that comprise nine human isoforms 

and are involved in various normal and pathological cellular events. NHE-1 is the isoform involved 

in pH regulation in cancer [245]. MCTs play a dual role in the cancer cell glycolytic metabolism, 

since they mediate lactate transport coupled with a proton. Thus, they allow the maintenance of 

the glycolytic metabolism by removing lactate from the cell, and, on the other hand, they help in 

the regulation of pH [246]. The most important isoforms in cancer are MCT1 and MCT4, which 

are overexpressed in many cancer types. The CA family is responsible for the reversible hydration 

of carbon dioxide to carbonic acid, and comprises 15 members [247]. CAIX and CAXII are the 

isoforms designated as cancer-related, due to their abnormal expression in tumours. Carbonic acid 

is rapidly dissociated into H+ and HCO3
−, and the released protons contribute to the 

microenvironment acidosis. The resulting bicarbonate can be uptaken to the cytosol by bicarbonate 

transporters, like AEs, in exchange for Cl−, being responsible by intracellular buffering. CAIX can 

interact directly with AEs, maximizing this mechanism [248]. The AE family comprises 3 members 

AE1, AE2 and AE3, which are mainly involved in the exchange of Cl−and HCO3
−across the plasma 

membrane. Even though AEs are still poorly explored in cancer, there is evidence for altered 

expression of AE1 and AE2 in malignant tumours. Acidification of the tumour microenvironment 

has been associated with cancer aggressiveness features, including invasion, evasion from the 

immune system, increased angiogenesis and resistance to therapy, making this hallmark of cancer 
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an attractive target for therapy [249]. However, clinical exploitation of pH regulators in the cancer 

setting is still at its infancy, and there is still much to be done in this field. 

1.5.1. Monocarboxylate transporters 

MCTs are proteins belonging to the family of plasma membrane transporters SLC16A, with 14 

members identified so far. MCTs are transmembrane proteins, with 12 predicted transmembrane 

domains (TMDs), with both intracellular amino and carboxyl terminal, and a large loop between 

TMDs 6 and 7 [250].  

The first four isoforms, MCT1-4 catalyze the proton-coupled transport of monocarboxylates, and 

play an important role in cell metabolism. The transport mechanism starts by H+ binding, which is 

then followed by binding of the monocarboxylate to the protonated transporter [250, 251]. Despite 

transporting lactate, MCTs transport other metabolically important monocarboxylates, including 

pyruvate, branched-chain oxoacids, and ketone bodies [250]. 

The expression pattern of each MCT isoform varies according to the function and the metabolic 

requirements of each tissue (reviewed in [246]). MCT1 has an intermediate affinity for the 

substrates, being present in most human tissues, with high levels in the heart and muscle. MCT2 

is a high affinity transporter, and as is more adapted to the cellular uptake of monocarboxylates. 

MCT2 is mainly expressed in tissues that use lactate as energy source, such as brain, cardiac and 

red skeletal muscle and is also expressed in tissues that use lactate as a gluconeogenic substrate, 

such as kidney and liver. MCT3 was described in the retinal pigment and choroid plexus epithelia 

as being associated with the efflux of lactate in the retina. MCT4 is a low affinity transporter that 

has been described in tissues with high glycolytic activity, specifically white skeletal muscle fibbers, 

astrocytes and white blood cells [250, 252]. Due to the limited expression of MCT3 in tissues and 

in the cancer context, in this review we will focus on MCT1, MCT2 and MCT4. 

1.5.1.1. Expression and prognostic value of MCTs 

During the last decades, MCT1 and MCT4 have been described as crucial players on the 

maintenance of pH homeostasis of cancer cells, being associated with cancer aggressiveness. For 

that reason, the role of MCTs in several cancer types, including expression analysis in human 

cancer tissues have been widely explored in the past years (for an extensive review see [253]).  

MCT1 and MCT4 are upregulated in tumour cells when compared to adjacent normal tissue in a 

variety of human malignancies including lung [254], breast [255], head and neck [256], renal 
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[257], brain [258], adrenal [259], melanomas [260], pancreatic [261], colorectal [262], ovarian 

[263] and cervix [264]. Interestingly, in liver and prostate cancer, MCT1 appears downregulated, 

while MCT4 is upregulated [265, 266]. In what concerns MCT2, fewer tumour types express this 

high affinity isoform, however it has been reported to be overexpressed in lung [267], brain [268], 

pancreas [261], colorectal [269] and prostate cancer [270]. 

Importantly, analysis of associations between MCT expression and clinic-pathological data 

identified MCTs as potential markers of poor survival in some tumour types. In fact, MCT1 and 

MCT4 showed associations with some poor prognostic variables including advanced tumour 

staging, high grade tumours, as well as shorter overall and disease free survival in a variety of 

human cancers such as adrenocortical malignant tumours, breast, renal cancers, prostate, head 

and neck, hepatocellular and pancreas tumours (reviewed in [253]). In opposition, MCT2 

expression showed association with favorable prognostic parameters. For instance, in 

adrenocortical malignant tumours the presence of MCT2 was associated with lower mitotic index, 

small tumour size, absence of metastasis and good prognosis [259]. 

 

1.5.1.2. Exploitation of MCTs as therapeutic targets 

Tumour cells are characterized by an excessive anaerobic glycolysis that is a hallmark of cancer 

cells [2] leading to an accumulation of glycolytic intermediates, upregulation of glycolytic enzymes 

and consequently a higher consumption of glucose and production of lactate. MCTs are key players 

in this aggressive cancer phenotype since they have a double role in the adaptation of cancer cells 

to hypoxia. They are responsible for lactate export, essential to the hyper-glycolytic phenotype, and 

to pH regulation, important to the acid-resistant phenotype. Thus, taking into account the role of 

MCTs in cancer metabolic adaptations, the inhibition of MCTs will have important implications in 

cancer homeostasis by interfering with intracellular pH (pHi) homeostasis and also with the acidic 

tumour microenvironment. Therefore, these lactate transporters represent attractive targets in 

cancer therapy. 

There is a number of MCT inhibitors described to inhibit MCT activity [251], with different affinity 

and specificity for each MCT isoform. Among these, are aromatic compounds such as α-cyano-4-

hydroxycinnamate (CHC) and phenylpyruvate, stilbene disulfonates, such as 4,40-di-

isothiocyanostilbene-2,20-disulfonate (DIDS) and 4,40-dibenzamidostilbene-2,20-disulfonate 

(DBDS), and bioflavonoids such as phloretin and quercetin. At lower concentrations, these 

compounds display higher affinity for MCT1 and 2, although they can also inhibit other isoforms at 
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higher concentrations. However, these compounds have also other targets besides MCTs. For 

example, CHC was described as a potent inhibitor of the mitochondrial pyruvate carrier [271], and 

both DIDS and DBDS inhibit the activity of the chloride/bicarbonate exchanger AE1 [250]. 

CHC is the most well studied classical inhibitor of MCTs. Investigations were undertaken to study 

the effect of CHC in in vitro glioma [258], colorectal[272], cervix[273]and breast tumour cells 

[118]. CHC was effective in reducing lactate transport, cell proliferation, invasion and migration 

and increased cell death. This effect was also corroborated using RNAi experiments [118, 258]. 

Promising results using in vivo models have already been reported. Administration of CHC, retards 

tumour growth [258, 274], renders tumour cells sensitive to radiation [273], induces tumour 

necrosis and decreases tumour invasion [274]. 

AstraZeneca developed recently a group of specific and high-affinity inhibitors for MCT1, aiming to 

prevent transplant rejection. However, due to the growing interest of MCTs in the cancer field, this 

inhibitor has achieved great results. One of the compound, AR-C155858, is active against MCT1 

and MCT2 but not MCT4 [275]. The use of chimeric transporters combining different domains of 

MCT1 and MCT4 revealed that the binding site is contained within the C-terminal of MCT1, and 

involves the TMDs 7–10 [275]. This compound has been shown to influence lactate transport 

[276]. Recent improvements resulted on the design of AZD3965, a selective MCT1 inhibitor, whose 

effect was already tested in small cell lung carcinoma cell lines and also in a tumour xenograft 

model. MCT inhibition led to an accumulation of intracellular lactate in cells and in the xenografts 

and consequently reduced in vivo tumour growth [277]. 

Nevertheless, inhibition of one MCT isoform can be compensated by another MCT isoform, leading 

to resistance to treatment [276]. Importantly, these transporters require a protein chaperone for 

membrane localization and activation. Previous results show that 

CD147 and MCTs are co-expressed in a diversity of human cancer tissues [258, 263, 266, 276, 

278-281].Also, the major pro-tumour action of CD147 is mediated by its cardinal function of 

chaperoning MCTs [276]. Therefore, targeting CD147 to inhibit MCTs appears to be a rational 

approach. In this context, CD147 silencing has been reported to inhibit MCT1/MCT4 function, 

decreasing lactate efflux [282] and consequently reducing pHi [261, 276, 283] and the malignant 

potential of cancer cells in vivo [261, 276]. Moreover, CD147 expression is also associated with 

tumour progression, prognosis and chemoresistance [284]. However, there are no clinical studies 

with respect to inhibition of CD147 in cancer patients, probably because effective and specific 
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inhibitors are scarce. Exciting clinical progress has recently been made with the development of 

CD147-directed monoclonal antibodies [285]. 

1.5.1.3. MCT inhibitors in clinical trials 

The specific inhibitor of MCT1, AZD3965, is now being tested in a phase I/II clinical trial in patients 

with advanced solid tumours (prostate and gastric) or lymphomas (NCT01791595). This trial is 

supported by Cancer Research UK and started recruiting in 2013. This trial aims to find the highest 

dose that can be safely administered to patients with cancer and to understand the effects in 

certain types of tumours. This trial will be recruited until 2017 and there are no results available 

about the efficacy of this treatment [286]. 

 

1.5.2. ATPases  

ATPases are a group of enzymes that couple ATP synthesis or hydrolysis to the transport of ions 

across membranes. A gradient of protons is the driving force for ATP synthesis, whereas the ATP 

hydrolysis releases the energy necessary for ion pumping. ATPases are expressed as membrane-

bound transporters in diverse cell types and have been functionally classified as F-ATPases 

(primarily used in ATP synthesis), vacuolar-ATPases (V-ATPases), A-ATPases, P-ATPases 

(phosphorylated-ATPases) and E-ATPases [287]. All the above families exist in mammalian cells, 

with exception of AATPases, which are only found in Archaea. 

V-ATPases and P-ATPases are involved in H+ pumping, using the energy gathered from 

ATP hydrolysis in the homeostasis of cellular pH [243, 288]. Regarding ATP synthase (F-ATPase), 

although previously assumed to be located only at the mitochondrial inner membrane, different 

reports evidenced its presence also on the surface of many cell types. ATP synthase plays its major 

role in the mitochondrial inner membrane, where is responsible for the synthesis of most cellular 

ATP, driven by the proton motive force generated by the electron transport in the respiratory chain. 

However, more recent reports have shown that ATP synthase is also expressed at the plasma 

membrane, participating in other cellular processes, including pH regulation of cancer cells [289, 

290]. The ectopic expression of ATP synthase is still unclear, but it was reported that tumour-like 

environments present higher activity of the enzyme at cell surface, being associated to tumour cell 

proliferation [291]. V-ATPases and P-ATPases will be further discussed below due to their role in 

cancer, where they play a major role in pH regulation.  
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1.5.2.1. P-type ATPases 

P-type ATPases are characterized by a cytoplasmic domain, which includes a nucleotide binding, 

a phosphorylation and an anchor domain, and by a transmembrane domain containing a central 

core of six α-helices [243]. The main mechanism that distinguishes P-ATPases from the other 

ATPase families is that P-ATPases display a phosphorylated 

intermediate state after the binding of the ion [292]. The phosphorylation of a conserved aspartate 

residue in the catalytic subunit is driven by ATP hydrolysis and promotes conformational changes 

that triggers ion translocation [243]. 

P-type ATPases are divided in five subfamilies, P1 to P5-type ATPases, with further sub-

classifications A, B, C, and D. They are involved in different cell physiologic processes and control 

numerous secondary transports, imposing a stringent regulation on diverse signalling pathways, 

such as nerve impulse propagation, relaxation of muscle fibers, acid-base balance regulation in the 

kidney, acidification of the stomach and nutrient absorption in the intestine [293].  Because of their 

pivotal role in some tissues, these pumps have been linked to human disorders, including heart 

failure, neurodegenerative disease, and cancer [243, 294]. 

The best characterized members of the P-type ATPase family are the Na+/K+-ATPase, H+/K+-ATPase, 

Ca2
+-ATPase from sarco(endo)plasmic reticulum (SERCA) and H+-ATPase [294]. Since H+/K+-

ATPases are proton pumps involved in carcinogenesis, they will be detailed below [243]. 

1.5.2.2. H+/K+-ATPases 

H+/K+-ATPases, like Ca2+ and Na+/K+ ATPases, are members of the P2-type ATPase family and 

catalyze the exchange of intracellular protons by extracellular potassium ions [295]. They are α,β-

heterodimeric enzymes, and transport ions against a gradient concentration by consuming ATP. 

The α subunit contains the catalytic site and is composed by 10 TMDs (TMD1 to TMD10), as well 

as by the phosphorylation and activation domains [296]. A lysine residue located in the fifth TMD 

is essential for the outward transport of the proton. The β subunit contains a short cytoplasmic 

domain and a single TMD. The extracellular domain of the β subunit contains three disulfide 

bridges and six or seven putative N- glycosylation sites, being N-glycosylation important for enzyme 

assembly, maturation, and trafficking [296, 297].  

Two isoforms of H+/K+-ATPases have been identified, the gastric H+/K+-ATPase (HKalpha1) and the 

non-gastric or colonic H+/K+-ATPase (HKalpha2), the last found in prostate, kidney, uterus, 

placenta, skin, brain, pancreas and colon [298]. The gastric H+/K+-ATPase is localized in the plasma 
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membrane of the parietal cells of the gastric mucosa and is responsible for gastric acid secretion 

[296, 299], exchanging cytoplasmic protons by potassium. 

1.5.2.3. Expression and prognosis value of H+/K+-ATPases 

Despite their role in pH regulation, studies regarding the association of H+/K+-ATPases with human 

malignancies are still scarce. Regarding the non-gastric (HKalpha2) isoform, encoded by the gene 

ATP12A, Streif and coworkers [300] showed that HKalpha2 expression is mainly restricted to the 

plasma membrane of basal cells in normal prostate tissue, while in benign prostate hyperplasia 

and tumour tissues the expression is increased and the pattern is markedly altered, being found 

in the cytoplasm of epithelial cells. Another study described that this isoform was overexpressed 

(mRNA levels) in human colorectal adenocarcinomas when compared to normal mucosa [301]. In 

what concerns the gastric H+/K+-ATPase, to the best of our knowledge, there are no studies in the 

literature showing its association with human cancers. 

1.5.3. Vacuolar-type H+-ATPases 

V-ATPases are multimeric protein complexes with two functional domains: the peripheral V1 

domain composed by eight subunits (A-H), involved in ATP hydrolysis and the integral V0 domain 

consisting in five subunits (a, c, c’’, d, e), involved in the translocation of protons across the 

membrane [302, 303] .Although firstly described in a vacuolar system, V-ATPases are also present 

in the plasma membrane of specialized cells, being involved in physiological pH regulation, 

including regulation of systemic acid-base balance, bone resorption, among others [304]. Further, 

V-ATPases play a critical role in biosynthetic and endocytic pathways, due to the acidification of 

intracellular compartments such as endosomes, lysosomes and Golgi-derived vesicles [305-307]. 

Some reports refer to V-ATPases as being involved in the multidrug resistance phenotype in cancer 

cells, through ion trapping in these cellular acidic compartments. V-ATPases remove protons from 

the cytosol to intracellular vesicles or to the extracellular environment resulting in lower pH, which 

increases tumour aggressiveness, being thus attractive targets for cancer therapy [308]. 

1.5.3.1.  Expression and prognostic value of V-ATPases 

V-ATPases are functionally expressed at the plasma membranes of human cancer cells, where they 

may contribute to cell growth, regulating signal transduction, differentiation, angiogenesis, and 

metastasis [309]. In the last years, several studies revealed that V-ATPases are overexpressed in 
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human malignancies including pancreatic ductal adenocarcinoma [310], esophageal squamous 

cell carcinoma [311], oral squamous cell carcinoma [312], hepatocellular carcinomas [315], non- 

small cell lung carcinomas (NSCLC) [314], glioblastomas [315], ovarian [316], gastric [317], 

cervical [318]  and breast cancer [319].Moreover, the presence of V-ATPases in some types of 

cancer was associated with different prognostic variables. For instance, in esophageal squamous 

cell carcinoma, VATPases are associated with lower patient disease-free survival, tumour invasion 

and lymph node metastasis [311], in glioblastomas V-ATPases are associated with shorter overall 

survival and high grade tumours [315] and in NSCLC their expression was correlated to the 

pathological type (lung adenocarcinoma) and higher grade [314]. 

1.5.3.2. Exploitation of ATPases as therapeutic targets 

Maintenance of the pHi is crucial to normal cell function, and therefore upregulation of proton 

extrusion systems, such as ATPases, are essential for tumour cell survival in a hypoxic and acidic 

microenvironment. 

V-ATPase is the main responsible for the efflux of protons to the extracellular milieu [320] and its 

expression is associated with migration and metastasis processes in ovarian cancer [309] and with 

the invasiveness of various types of cancer, including breast [321, 322], oral [323], hepatocellular 

[324], pancreatic [310], and prostate cancer [325]. Furthermore, V-ATPase is involved in vesicular 

trafficking, and its involvement in regulation of other signaling pathways such as Wnt, Notch and 

mTOR, important for tumourigenesis, was also described [311, 315]. 

V-ATPase overexpression in cancer is also correlated to multidrug resistance, what can be due to 

the ion-trapping phenomenon or to the altered pH of the microenvironment, that is critical for the 

anticancer agent action [306]. Besides being expressed at the plasma membrane, V-ATPases are 

also present in intracellular compartments like lysosomes or endosomes, leading to their 

acidification and to altered intracellular drug distribution [326]. In acidic conditions, weak base 

drugs (majority of antitumour drugs) become charged (ionized form), which compromises their 

transport across the plasma membrane and their further cytoplasmic accumulation, leading to a 

lower cytotoxicity [224].  

For example, in NSCLC tissues samples, resistance to chemotherapy drugs (cyclophosphamide, 

gemcitabine, doxorubicin, paclitaxel and cisplatin), is correlated with V-ATPase expression, being 

this expression increased at higher tumour grades [314].The reduced intracellular accumulation 

of anticancer drugs may be also due to a described putative role of V-ATPase as cooperating factor 
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of drug efflux pumps like Pgp [288, 327] and it has been shown that V- ATPase is overexpressed 

in both vincristine-resistant (Pgp-overexpressing) and adriamycin-resistant (MRP-overexpressing) 

cancer cells [224]. However, the literature is controversial, concerning this association. Some 

authors refer that pH, either intra or extracellular, has no effect in drug extrusion [328], while others 

present opposite results, showing an increased Pgp activity at lower extracellular pH (pHe) values 

[329].  

Thus, these proton pumps are good candidates for the development of anticancer therapies. The 

most frequently used V-ATPase inhibitors are the plecomacrolide antibiotics, bafilomycins and 

concanamycins (lipophilic compounds) that have been reported to induce apoptosis in human 

cancer cells. Isolated from Streptomyces species, these antibiotics were originally described as 

inhibitors of P-ATPases, nevertheless, they are more potent against V-ATPases with concentrations 

in the nanomolar range [242, 320, 330]. However, many reports evidenced high cytotoxicity of 

these ATPase inhibitors for normal cells, probably due to the ubiquitous expression and the key 

role of these proton pumps in many cells and organs [331].  

Another promisor class of ATPase inhibitors in cancer are the proton pump inhibitors (PPIs) that 

include omeprazole, esomeprazole, lansoprazole, pantoprazole and rabeprazole, already in clinical 

use [88]. These compounds are protonable weak bases which selectively accumulate in acidic 

spaces, where they are activated, and are nontoxic to normal cells [332, 333]. PPIs were developed 

to suppress the production of acid in excess in the stomach, by irreversibly inhibiting H+/K+-ATPases 

in the epithelial parietal cells. The active form binds covalently and irreversibly to cysteine 

molecules of H+/K+-ATPase, inactivating the proton pumps by forming disulphide bonds [334]. They 

are commonly indicated for a wide range of gastro-intestinal disorders, including gastroesophageal 

reflux disease, peptic ulcers or functional dyspepsia [335]. 

Esomeprazole was the first drug to be marketed for various gastropathies and its efficacy and 

tolerability has been proved [336]. Some reports also refer that PPIs could be useful in blocking 

ATPase activity in tumour cells. The similarity between V-ATPase and the target H+/K+-ATPase, 

prompted the investigation of PPIs for V-ATPase inhibition also [337]. The use of PPIs constitute a 

targeted strategy in cancer, since they require an acidic environment to be activated, such as that 

found in the tumour microenvironment, which provides the possibility for tumour specific selection 

[288]. The activated PPIs can induce apoptosis, being observed an increased caspase activity and 

an early accumulation of ROS within the cell [338]. Beside the direct toxic effects, PPIs are also 

able to inhibit mTOR signalling, a major regulator of cell proliferation [331].  
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Evidence shows that the use of omeprazole or pantoprazole led to a decrease in cell migration and 

cell death in gastric cancer [339] and melanoma cells [340], and increase tumour sensitivity to 

chemotherapy agents in breast cancer [341].Regarding in vivo experiments, esomeprazole 

treatment lead to the elevation of pHe and decrease of pHi in melanoma mice xenografts [340]. 

The efflux of protons has been demonstrated to be involved in drug resistance and it is therefore 

possible to reverse drug resistance using PPIs. Treatment with PPIs has been found to sensitize 

cancer cells through changes in extracellular/intracellular and cytosol/lysosomal compartment pH 

gradients, with retention of the drugs in the cytoplasm, and also in the nucleus [342, 343]. Ferrari 

et al. showed that the esomeprazole sensitized human osteosarcoma cell lines to cisplatin [344]. 

In other study, pre-treatment with this PPI impaired the growth of triple-negative breast cancer cells 

and conducted to higher treatment efficacy with the weak-base doxorubicin, without significant 

effects on non-cancerous breast epithelial cells [341]. In esophageal cancer cell lines, cell viability 

was significantly reduced after pre-treatment with esomeprazole, as well as cell adhesion and cell 

migration. Furthermore, the cytotoxic effects of cisplatin and 5-fluorouracil were potentiated with 

this pre-treatment [345]. Recently, another research group showed that ovarian cancer cells treated 

with chemotherapeutic agents, namely paclitaxel with or without V-ATPase siRNA or omeprazole 

pre-treatment, induced a drug synergistic effect. These results were confirmed in in vivo 

experiments, on tumour growth in orthotopic and patient-derived xenograft (PDX) mouse models 

[345]. 

Therefore, this class of drugs presents advantages as they can selectively target cancer cells in 

their acidic environment, where they become active. They have been successfully used to suppress 

tumour growth in vitro and in vivo and can have an important role overcoming drug resistance. In 

addition, they are generally well tolerated and safe, even in long-term therapy, with severe side 

effects rarely described. 

Besides H+/K+-ATPase and V-ATPase, ATP synthase can be also considered as an anticancer target, 

when expressed at the plasma membrane of cancer cells, where it contributes to proton efflux 

[291]. The association between ATPases and cancer was already described in 1990, when the 

heterologous expression of the yeast proton-pumping ATPase in fibroblasts increased pHi and 

induced cell tumourigenic transformation [346]. However, only one study reports overexpression 

of ATP synthase in human samples of breast cancer [347].Different reports showed that 

angiostatin, aurovertin or resveratrol can act as cell surface ATP synthase inhibitors, promoting 

tumour cell death. Cancer cell treatment with resveratrol (a type of natural phenol) inhibited tumour 
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proliferation in breast [348], colon [349], pancreas [350], stomach [351] and prostate [352] 

cancers as well as in leukemia [353]. Another ATP synthase inhibitor, angiostatin, induced a 

cytotoxic effect in lung cancer cells in a pH-dependent manner [354], whereas aurovertin showed 

strong inhibition of cell proliferation in breast cancer cells [347]. 

1.5.3.3. ATPase inhibitors in clinical trials 

There are three main clinical trials that investigated the effect of combined application of PPIs and 

chemotherapy treatment in cancer.  

One of studies is a phase II clinical trial that aimed to evaluate the impact and compatibility of high-

dose PPI (esomeprazole 200 mg/day) treatment combined with chemotherapy (docetaxel and 

cisplatin) in metastatic breast cancer (NCT01069081). This study was designed to explore whether 

adding a PPI into docetaxel and cisplatin chemotherapy improves efficacy and does not affect 

tolerability in metastatic breast cancer patients [355]. This study was completed in February 2012 

and the results showed that high dose PPI proved beneficial and improved chemotherapy efficacy. 

Another phase II clinical trial assessed the effectiveness and safety of a combined treatment of 

pantoprazole with docetaxel (with prednisone) in metastatic castration resistant prostate cancer 

patients who have not received prior chemotherapy (NCT01748500). The main objectives of this 

trial are: to assess the activity and safety of the PPI, evaluate archival prostate cancer tissue of 

men included in the clinical trial for evidence of autophagy, and evaluate pharmacokinetic 

interactions of pantoprazole with docetaxel. This study is ongoing, but not recruiting participants, 

and the estimated study completion date is December 2016. 

More recently, a phase II randomized trial evaluating the use of omeprazole in combination with 

chemotherapy, in patients with recurrent unresectable or metastatic cancers of the head and neck 

started in December 2013. However, this study has been withdrawn prior to enrolment due to lack 

of funding. The final data collection for primary outcome measure is December 2016 

(NCT02013453) [356]. 

Despite the promising results described above, a recent study aiming to assess the role of gastric 

acid suppressants such as PPIs in capecitabine efficacy, revealed that PPIs decreased the efficacy 

of capecitabine on overall survival. This study was a secondary analysis of a previous phase III trial 

which compared capecitabine and oxaliplatin (with or without lapatinib) in HER2-positive metastatic 

gastroesophageal cancer, in which PPIs were part of the medication records [357]. A possible 

explanation for this fact is that raising of the gastric pH by PPIs might have compromised the 
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dissolution and absorption of capecitabine. Due to the extensive use of capecitabine in breast and 

colon cancer, additional studies are ongoing. 

1.6. Na+/H+-exchangers  

NHEs belong to the SLC9A solute carrier family of ion transporters that comprise eleven human 

isoforms (NHE1-11) involved in various cellular processes like cell-cycle regulation, apoptosis or 

cell movement, as well as in pathological conditions like heart disease and cancer [358]. Among 

the NHEs, NHE-1 is one of the most important systems involved in pH regulation in cancer 

development [245, 358]. NHE1 presents a hydrophobic N-terminal TMD that performs the ion flux, 

and a hydrophilic C-terminal cytosolic domain that regulates exchanger activity [359]. Regulation 

of NHE1 activity involves amino acid phosphorylation in the C-terminal domain and also interactions 

of the C-terminal with intracellular proteins and lipids. NHE1 extrudes intracellular protons, a 

byproduct of metabolism or electrochemical transport, in an electroneutral manner by exchange 

with extracellular Na+ in a ratio 1:1. The directionality of Na+/H+ exchange is reversible and 

dependent on the transmembrane concentration gradients for both ions, as well as of pHi [360]. 

1.6.1. Expression and prognostic value of NHEs 

NHE1 is a ubiquitously expressed transporter that contributes to cell volume regulation and pH 

homeostasis in various cancer cell types, where it contributes to cell transformation, proliferation, 

motility, migration, resistance to chemotherapy in vitro, and tumour growth, metastasis, and 

probably also to spontaneous regression of cancer in vivo [361-363]. However, there are only a 

few studies regarding the expression of NHE1 in human cancer samples and the clinic-pathologic 

significance of NHE1 is also poorly explored. For instance, NHE1 has been shown to be 

overexpressed in cervical cancer [364], hepatocellular carcinoma [365] and glioblastomas [366] 

when compared with the normal tissues. In cervical cancer, the expression of NHE1 was associated 

with tumour invasion and pelvic lymph node metastasis, whereas in hepatocellular carcinomas 

NHE1 expression was associated with the increased tumour size, venous invasion and advanced 

tumour stages [364, 365]. Moreover, NHE1 mRNA increased levels were associated with shorter 

overall survival in patients with glioblastoma and hepatocellular carcinomas [366, 367]. 
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1.6.2. Exploitation of NHEs as therapeutic targets 

The role of NHE1 in the cancer aggressiveness features such as invasion, migration and metastasis 

is explained by its localization in the invading portion of cell, in which there is increased  pHi and 

acidification of extracellular milieu [361]. Therefore, this pH regulator controls different steps of 

tumour progression, and for that reason it is seen as a promising therapeutic target [368]. 

Many studies showed the involvement of NHE1 in distinct patterns of neoplastic progression in 

different types of cancers [360, 369, 370]. Amith et al, showed that the knockout of NHE1 

sensitized MDA-MB-231 cells to paclitaxel and decreased the ability of triple negative breast cancer 

cells to form subcutaneous xenograft tumours in athymic nude mice [359]. Recently, Cardone et 

al. showed that the expression of NHE1 was correlated with aggressiveness of different pancreatic 

adenocarcinoma cell lines. A strong interaction of the epidermal growth factor receptor (EGFR) with 

NHE1 in pancreatic adenocarcinoma cell lines was observed, suggesting an important role of the 

NHE1 in transducing the EGFR signal, playing an important role in both basal and EGFR-stimulated 

3D colony growth, invasion and invadopodia-dependent extracellular matrix digestive ability, 

therefore related with induction of metastasis [371]. 

The two major families of NHE inhibitors are: the pyrazine derivatives [e.g. 5-(N,Nhexamethylene) 

amiloride (HMA), 5-(N,N-dimethyl) amiloride (DMA), 5-(N-ethyl-N-isopropyl-amiloride) (EIPA)], and 

the benzoylguanidines (e.g. cariporide, eniporide, HOE-694) [372, 373].  

Amiloride, a diuretic drug, was the first NHE1 inhibitor developed. Since the initial report, in 1983 

[374], where hepatoma growth was inhibited by this drug, several studies have established that 

amiloride can suppress the proliferation of metastases in different tumours. In the human breast 

cancer cells MDA-MB-231 and MDA-MB-436 and also in xenografts injected with same cells, has 

been reported that amiloride decreased VEGF expression, as well as the activity of urokinase-type 

plasminogen activator (µPA), metalloproteinases and other proteases, involved in invasion and 

metastasis [375]. It was also shown that treatment of human K562 myeloid leukaemia cells with 

amiloride markedly reduced VEGF mRNA levels [376]. Furthermore, inhibition of NHE1 by 

amiloride has been shown to have cytostatic effects in gliomas [377], hepatocellular carcinoma 

[378] and breast cancer cells [379]. 

Recently, powerful amiloride analogues, like EIPA (200-times more potent as a specific inhibitor of 

NHE1), and HMA and DMA have been studied for their anticancer potential in different cancer 

settings [372]. It has been demonstrated that the administration of HMA and DMA is able to 

decrease pHi and induce apoptosis in leukemic cells, with low toxicity to normal cells  [380]. HMA 



Chapter 1 
 

40 
 

compromises the growth and viability of human and rat hepatocarcinoma cells, possibly through a 

decrease in reduced glutathione levels and loss of lysosomal integrity [381]. Co-administration of 

paclitaxel with DMA demonstrated synergistic effects in breast cancer cells compared to paclitaxel 

or DMA administered alone [382]. Concerning NHE1 inhibition by EIPA, a recent study showed 

that this drug impaired DNA replication, inhibited proliferation and migration and promoted 

apoptosis, reducing hepatocellular carcinoma invasion and motility [380]. Co-administration of 

EIPA with clinical anti-cancer agents, increased intracellular accumulation of co-administered 

doxorubicin, in resistant colon cancer cells [376]. 

Non-amiloride based compounds, such as cariporide, were also developed to target NHE1. 

Cariporide is a specific and powerful well studied NHE1 inhibitor, being well tolerated by humans 

in a cardiac disease context. It has been demonstrated that the invasive capacity of various kinds 

of cancer cells are suppressed by the use of selective and potent inhibitors of NHE1, including 

cariporide [383, 384]. Some authors have also shown that the selective inhibition of NHE1 by 

cariporide reduced proliferation and induced apoptosis in cholangiocarcinoma cells, due to the 

subsequent acidification of the pHi [372]. It was also observed that cariporide reduced hypoxia-

mediated tumour invasion of human tongue squamous cell carcinoma [385]. 

Other non-amiloride and non-guanidine derived compounds have been developed as promising 

anticancer drugs, more potent and with good efficacy, such as SL-591227, Phx-3, and compound9 

t. Phx-3 displays high selectivity for NHE1 and was shown to promote apoptosis in different cancer 

cells [386, 387]. Compound 9 t was reported to be 500-fold more potent against NHE1 than 

cariporide and to have much greater selectivity [388]. The non-amiloride and non-guanidine-derived 

compound 9 t is a potent and highly selective inhibitor of NHE1, leading to higher specificity and 

thus to lower toxic side effects. Furthermore, is well absorbed in the gastrointestinal tract, allowing 

oral use. Despite its promising potential use as anticancer agent, there are no further studies either 

in vitro or in vivo and the effort to put it in clinical trials/translational studies has been unsuccessful 

so far [372]. 

Importantly, the potency of NHE1 inhibitors is related to the ionization state of the guanidine 

residues. Thus, the lower pH of the tumour microenvironment can constitute an advantage to the 

activity of these inhibitors, which would lead to a better response [389, 390]. 
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1.6.3. NHE inhibitors in clinical trials 

The only non-amiloride based compounds with NHE1 inhibitory activity that have undergone clinical 

trials were cariporide and eniporide. However, those trials were not in the cancer field but in a 

cardiology setting and for ischaemic-reperfusion injury [372, 391].  

Two trials have been done with cariporide (Expedition) [392] and there was also a trial utilizing 

eniporide (Escami) [393]. The clinical trial Expedition with cariporide in cardiovascular disease 

progressed to Phase III, but was abandoned, due to adverse side effects, which could be attributed 

to the ubiquitous expression of NHE1 [394]. The results are disappointing in this research field, 

however, as the clinical trials have only been carried out in patients with cardiac disease and the 

side effects are also related to cardiac function, studies of NHE1 inhibition in cancer patients in 

good cardiac conditions, remain to be undertaken [337]. 

1.7. Carbonic anhydrases 

CAs are a family of enzymes responsible for the reversible hydration of carbon dioxide to carbonic 

acid, being key molecules in two vital tumour processes - cell metabolism and pH regulation [395]. 

This family of enzymes comprises 15 members that are classified according with their cell location: 

membrane-associated, cytosolic, mitochondrial or secreted (for review see [247, 396]). 

The zinc ion, in the active site of CAs, is essential for catalysis. Thus, a hydroxide bound to the zinc 

ion attacking the CO2 molecule to the hydrophobic pocket in its neighborhood, leading to formation 

of bicarbonate. The bicarbonate ion is then replaced by a molecule of water and released [247].  

The membrane-associated CAIX and CAXII isoforms, in contrast to the other isoforms, are markedly 

increased under tumour hypoxic conditions [397], and are the ones designated as cancer-related, 

due to their abnormal expression in tumours. 

1.7.1. Expression and prognostic value of CAs 

Overexpression of CAIX and CAXII was first reported in renal cell carcinoma (RCC) cells, where the 

tumour suppressor gene VHL is inactivated and HIF-1α is constitutively active [397]. 

Diverse immunohistochemical studies have reported CAIX to be expressed in several cancers, 

including malignancies of the breast [398, 399], colon/rectum, head and neck [256, 400], lung 

[401], brain [402], bladder [403], ovarian [404] and kidney [397] (for review see [256]). 

Importantly, its expression is scarce in normal human tissues, being only detected in the 
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gastrointestinal tract [405] .This atypical differential expression pattern elects CAIX as a potent 

tumour hypoxic biomarker that could be useful in the clinic. 

CAIX expression has been widely correlated with poor prognostic variables such as high tumour 

grade, necrosis, bad treatment outcome, advanced stage and poor prognosis in a variety of human 

malignancies, including breast [399], adrenocortical tumours [259], lung cancer [406], among 

others (for an extensive review see [395, 407]. Lately, predictive value of CAIX for further clinical 

decision has been explored. For instance, in clear cell renal cell carcinoma (CCRCC), CAIX was 

shown to be predictive of outcome of anti-VEGF and sunitinib (multi-targeted receptor tyrosine 

kinase (RTK) inhibitor) therapy [408], and useful in selecting patients for systemic therapy [409]. 

In rectal adenocarcinoma, CAIX expression also indicates preoperative chemotherapy response 

[410]. Also, in breast cancer patients with early stage tumours, CAIX expression can predict 

doxorubicin resistance and chemosensitivity to some neoadjuvant therapies [411, 412]. Though, 

this evidence still needs further investigation to introduce CAIX in the clinical practice. Interestingly, 

expression of CAIX in the tumour microenvironment, namely in cancer-associated fibroblasts was 

also reported and it has been associated with decreased patient survival in head and neck cancers 

[413]. 

CAXII, also regulated by hypoxia, has received less attention than CAIX but is usually expressed in 

the same tissues as CAIX. Accordingly, CAXII expression is reported in human malignancies such 

as breast [398], ovarian [404], colorectal [414], cervical [415], renal cell carcinomas [416], lung 

carcinoma [401] among others [414, 417]. Despite being a hypoxia induced marker and present 

in different tumour types, it has been strongly associated with several good prognostic parameters 

in invasive breast cancer [418] and NSCLC [401]. However, this characteristic is still controversial 

and apparently is tissue-dependent, since an association of CAXII with poor prognosis it was 

described in oral cell carcinomas [419] and diffuse astrocytomas [420]. 

Importantly, the serum levels of CAIX and CAXII may also be of value as diagnostic biomarkers for 

lung cancer [421] and as molecular markers for the detection of breast cancer lymph node 

metastasis [422]. This could be clinically exploited for screening or monitoring patients with cancer. 

Overall, these CA isoforms regulate pHi and regulate tumour growth, thus being labelled as 

important molecular players in human malignancies. 
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1.7.2. Exploitation of CAs as therapeutic targets 

Accumulating experimental evidence recognizes that CAs strongly contribute to the acidification of 

the tumour extracellular milieu, and consequently to the maintenance of the alkaline pHi of tumour 

cells, being key players in tumour aggressiveness [337]. Thus, CAIX and CAXII represent promising 

targets for efficient anticancer therapies.  

Numerous pre-clinical studies have validated CAIX as an imaging and treatment target [423]. Due 

to its rare distribution in normal tissues, CAIX has become an attractive biomarker of hypoxia in 

solid tumours. The development of different radionuclide labelled antibodies [172] or fluorescent 

labelled compounds [424, 425] targeting CAIX have been designed and tested to validate this 

molecule as a hypoxic marker for clinical imaging and tumour following [405]. These pre-clinical 

studies using in vitro and in vivo experiments demonstrated that CAIX, more than CAXII, is a 

suitable target to trace hypoxic regions and could be used to select candidate patients for anti-CAIX 

therapies [405]. 

CAIX and CAXII promote tumour cell survival, by counteracting acidosis through regulation of the 

pHi, thus targeting and inhibiting their catalytic activity demonstrated to success-fully decrease 

tumour growth [74, 426]. A collection of studies have reported that disrupting CAIX by gene 

knockdown or inhibiting its catalytic domain alters both pHe and pHi, inhibits or even stops the 

growth of tumour cells [427] and decreases cell migration/invasion [413, 428], in vitro and in in 

vivo models [429]. CAIX also contributes to therapy resistance, since inhibition of its catalytic 

activity significantly improves chemo- or radiosensitivity [430, 431]. 

As a consequence, there has been an effort to develop pharmacological inhibitors in the last years. 

Antitumour activity of the different CAIX inhibitors has been widely tested (for review see [423, 

432]. Sulfonamides are the most studied CAIX inhibitors. Unfortunately, most of them besides 

having strong activity are not selective for CAIX but also inhibit CAII. The mode of action of these 

small molecules consists on binding the catalytic site of CAs and their potent inhibitory growth 

effect was observed in several cancers including leukemias, NSCLC, ovarian cancer, melanoma, 

colon cancer, central nervous system, renal, prostate and breast cancer cell lines [433]. Different 

sulfonamide derivates have been created and tested in the last years and all of them have shown 

to inhibit the catalytic activity of CAs with more or less specificity to CAIX and CAXII. Pre-clinical 

studies have shown that some compounds led the inhibition of tumour growth while others have 

great in vivo anti-metastatic effects [423]. Supuran and coworkers’ investigations contributed highly 

to the development of a sulfonamide derived compound (compound 6) that strongly and specifically 
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inhibits CAIX [434]. This drug inhibits tumour growth, cell invasion and decreased cancer stem cell 

population in breast cancer models, and due to its promising effects, was submitted to a clinical 

trial phase I study [423]. 

 The second class of inhibitors against CAIX is coumarins. 7-Glycosyl coumarin has demonstrated 

to be selective for CAIX and CAXII at low concentrations, being ineffective against the broadly 

expressed isoforms CAI and CAII. Coumarins efficiently inhibit both tumour growth and metastasis 

formation of the highly aggressive 4T1 syngeneic mouse mammary tumour cells. Despite their 

potency and selectively, these inhibitors are still under investigation in pre-clinical studies [423, 

435].  

Another methodology in the design of CAIX inhibitors is the “dual drug” approach that, consists in 

combining in the same molecule, a pharmacophoric moiety able to inhibit CAIX activity, with a 

moiety with another pharmacological action. Compound 13 showed in vivo tumour growth 

reduction and radiosensitization and is currently being prepared in preclinical Phase (for 

pharmacology studies and oral formulation) by DualTPharma [423, 436]. 

Despite CAXII tumour activity is not so well explored, evidence shows that CAXII silencing or 

pharmacological inhibition also lead to alteration in tumour cell pHi and consequent 

chemosensitization [437], suppressing tumour growth, cell migration and invasion [438]. The first 

anti-CAXII monoclonal antibody (6A10) was created by Battke and coworkers [439] and binds to 

the catalytic domain of CAXII, inhibiting its activity at nanomolar concentrations. This inhibitor has 

shown to be successfully in inhibiting the growth of multicellular tumour spheroids in vitro and 

efficiently decreased tumour growth in vivo [426] .  

A point of consideration is that the expression of CAIX and CAXII is interdependent in some type of 

tumours and therefore the expression pattern and functional role of both enzymes should be better 

explored in order to understand if a broad-spectrum CA inhibitor could be a better strategy for 

treatment than inhibiting a single isoform. 

Finally, some drugs already used for the treatment of some tumours, such as the tyrosine kinase 

inhibitors imatinib and nilotinib and statins, also inhibit the catalytic activity of all CAs isoforms, 

being CA I and CA II the most efficiently inhibited isoforms [440]. This fact could be of important 

value for tumours that benefit of tyrosine kinase inhibitors and with overexpression of CAs. 
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1.7.3. CA inhibitors in clinical trials 

CAIX has been validated as an imaging and treatment antitumour/anti-metastatic target [423] and 

some therapeutic strategies against CAIX have already entered in clinical studies. The University 

Hospital of Saint Etienne developed a pilot human trial to test the serum levels of CAIX as potential 

biological marker for treatment response in patients with metastatic renal cell cancer (mRCC) 

(NCT00942058). This study has already finished. The authors collected blood samples from 91 

patients with mRCC and 32 healthy individuals [441]. They observed a significant association 

between serum CAIX levels and stage, tumour grade, tumour size, recurrence and metastasis, 

suggesting that CAIX may be a valuable diagnostic and prognostic tool in RCC. 

CAIX-based therapy using small molecule CAIX inhibitors has advanced in 2014, by SignalChem 

Lifescience in a Phase 1a clinical trial for the treatment of advanced, metastatic solid tumours with 

compound 6 (SLC-0111 - NCT02215850). This study had the propose to investigate the safety, 

tolerability and pharmacokinetics of SLC-0111. This study was completed in March 2016 however, 

no results have been posted yet. 

Other inhibitors such as dual drug 13 (DTP-348 - NCT02216669), is currently in a Phase I clinical 

trial sponsored by Maastricht Radiation Oncology. This dual drug has two mechanisms of action: it 

has a CAIX inhibitor, the sulfamide component, and a radiosensitizer for hypoxic cells through its 

5-nitroimidazole moiety. The main objective of this study is to find the recommended dose for 

combination with radiotherapy and will be tested in patients with solid tumours, mainly head and 

neck neoplasms. Nevertheless, this study is not yet open for participant recruitment. 

Regarding antibodies, monoclonal antibody G250 known under the commercial names 

RENCAREX® or GIRENTUXIMAB®, was the first monoclonal antibody anti-CAIX introduced in a 

clinical phase I/II trial in combination with interferon-alpha-2a in mRCC patients. In this study, 31 

patients with mRCC were treated with both drugs and the results showed that the treatment was 

safe, well tolerated and led to clinical disease stabilization [442]. A recent completed phase III 

clinical trial investigated RENCAREX® use as an adjuvant monotherapy in patients with advanced 

renal cancer (NCT00087022). Treatment was safe and well tolerated, however, the patients treated 

with G250 showed no clinical benefit. Importantly, data analysis showed that patients with tumours 

with high CAIX expression have a prolonged disease-free survival of about 22 months [443] 

Radiolabeled cG250 was also tested as a valuable imaging agent for the diagnosis of patients with 

RCC. A phase II/III clinical trial is currently recruiting participants to show the impact of the Zr-89-
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girentuximab in clinical management (NCT02883153). Hereupon, CAIX represents an ideal target 

for antitumour therapy and imaging of hypoxic solid tumours. 

1.8. Anion exchangers 

SLC4 family of genes, also known as the bicarbonate-transporter family, comprises 10 members, 

including Na+-coupled bicarbonate transporters (NCBT) and Na+-independent AEs. NCBT can be 

either electrogenic or electroneutral, and include the electroneutral Na+ -driven Cl−-bicarbonate 

exchanger (Cl−/HCO3
−). SLC4 proteins move HCO3

−either into or out of cells and, playing an 

important role the regulation of pHi, being also involved in other physiological functions, including 

carriage of CO2 in erythrocytes and the transepithelial movement of electrolytes [444]. The AE 

family comprises 3 members of structurally and functionally related genes, AE1, AE2 and AE3, 

which mediate the electroneutral exchange of two monovalent anions through the plasma 

membrane, of which Cl−and HCO3
−are the most com-mon substrates. AE1 was the first member of 

the SLC4 family to be identified and cloned, which was initially called band 3. This designation 

corresponds to the third major band identified by SDS-PAGE from the membrane proteins of 

erythrocytes [445]. The N-terminal domain of human AE1 functions as a binding site for different 

proteins, including proteins from the cytoskeleton, glycolytic enzymes and hemoglobin. The anion-

exchange function of the protein is located at the transmembrane domain of AE1, whereas the 

cytoplasmic C-terminal portion contains an anchorage site for different proteins, including GAPDH, 

cytoplasmic CAII and the tumour sup-pressor p16 [446, 447]. Further, the extracellular loop 4 of 

AE1 binds CAIV [448]. 

1.8.1. Expression and prognostic value of AEs 

In humans, AE1 is commonly expressed at the erythrocyte cell membrane, where it was first 

identified, as well as in kidney. Human AE2 is expressed in the gastric parietal cells and throughout 

the gastro-intestinal tract, with the highest expression in the colon [449], while AE3 is 

predominantly expressed in brain neurons and heart. However, expression of AE members and 

function in cancer, as well as the effect of the inhibition of their activity, is still poorly characterized. 

AE1 protein was found expressed in gastric and colon cancer models, likely taking part in the 

carcinogenic process, by two different mechanisms. One of them involves the interaction of AE1 

with the tumour suppressor p16, which promotes cytoplasmic accumulation of p16, deregulating 

cell cycle; and the other mechanism is related to the role of AE1 in the alkalization of gastric cancer 
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cells [447, 450]. In human samples, AE1 was described to be overexpressed in gastric carcinomas, 

being negative in normal gastric tissue. Additionally, AE1 positivity was associated with bigger 

tumour size, deeper invasion, shorter survival and non-lymph node metastasis [451]. Further, AE1 

expression was described in transformed lymphocytes, while normal lymphocytes express AE2 and 

not AE1 [452].  

AE1 expression was also associated with human erythroleukemia cells and transformed 

erythropoietic cells, not occurring in normal erythropoiesis [453]. AE2 expression was described in 

colon cancer cells, where it was associated with higher expression of Ki67, a marker of cell 

proliferation [454]. In the same study, the authors showed that AE2 expression in colon cancer 

patient samples was associated with poor prognosis. AE2 was also found overexpressed in human 

hepatocellular carcinoma, compared to adjacent non-tumour tissues [455]. On the other hand, 

AE2 was found down-regulated in gastric body samples, with low intensity and a diffuse profile in 

the gastric antrum [456]. A more recent study confirms AE2 downregulation in gastric cancer 

tissue, and also described that AE2 decreased levels were associated with poor cell differentiation 

and prognosis [457]. The same study revealed that p16 binds both AE1 and AE2, and AE1or p16 

silencing led to increased AE2 plasma membrane expression, where it regulates pHi and plays a 

role in gastric cancer suppression. 

1.8.2. Exploitation of AEs as therapeutic targets 

The aromatic monocarboxylate CHC and the stilbene disulfonates DIDS and DBDS are known to 

inhibit the activity of AE1 [458]. However, these compounds are not specific for AE1, since they 

also inhibit the function of other proteins such as monocarboxylate transporters (MCTs) [250, 459]. 

The flavonoids quercetin and phloretin, as well as some carbonic anhydrase inhibitors were also 

reported to inhibit AE1 activity [460, 461]. Further, oxonol dyes and polyaminosterol analogs of 

squalamine (shark antibiotic) were reported to inhibit differentially AE1 and AE2 activity, showing 

important differences in the respective IC50s [462]. Downregulation of AE1 in gastric mucosa by 

specific siRNAs inhibited the growth of gastric cancer in experimental mice [463]. Additionally, 

treatment with DIDS inhibited proliferation of highly malignant hepatocellular carcinoma cells, 

inducing apoptosis [464]. In another study, transfection of miR24 into gastric cancer cells reduced 

AE1 expression, resulting in AE1-sequestrated p16 to the nucleus, with consequent inhibition of 

cell proliferation [465].Targeting of AE2 expression by the antisense oligonucleotide-AE2 decreased 
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cell viability, induced cell cycle arrest, and induced apoptosis in poorly differentiated hepatocellular 

carcinoma cells [466].  

1.8.3. AE inhibitors in clinical trials 

To the best of our knowledge, there are no clinical studies exploring inhibition of AEs in cancer 

treatment. The lack of specificity of AE inhibitors might have constituted a limiting factor in these 

studies. 

Owing to the role of tumour microenvironment acidosis in the aggressive characteristics of cancer 

cells, the expression of pH regulators in clinical samples of several cancer types has been largely 

investigated during the past years. On the other hand, the capacity of cancer cells to maintain pHi 

homeostasis is crucial to avoid apoptosis, being also involved in proliferation, invasion capacity, 

metastasis and drug resistance [467]. 

The variety of studies on the expression of these pH regulators, demonstrated that the expression 

profile is quite different in normal and tumour samples, where, with few exceptions, a higher 

expression of these proteins has been found. From the addressed pH regulators, this difference is 

even more relevant for CAIX, as it is highly expressed in cancer but scarce in normal tissues, being 

present only in the gastrointestinal tract [405]. Further, with the exception of MCT2, where its 

upregulation was associated to a more favorable prognosis, in general, the increased expression 

of pH regulators favors poor prognostic factors such as advanced stage and high grade tumours, 

increased drug resistance, invasion, metastasis, shorter overall and disease free survival rates, in 

different cancer types. 

Such knowledge can be important in clinical research, through the putative use of these pH 

regulators as cancer biomarkers. Their identification as predictive biomarkers can be helpful in 

early diagnosis and also to identify patients that potentially take advantage of being treated with 

inhibitors that target such proteins. There is already evidence supporting the use of the different 

pH regulators as prognosis and/or predictive biomarkers in several cancer types, what can lead to 

a more personalized and effective medicine. Namely, CAIX is considered one of the best biomarkers 

associated to RCC, where its use as prognostic biomarker is gaining attention [468, 469].  

CAIX is regulated by HIF-1α and its expression in tumours is associated with hypoxic regions (a 

common hallmark of solid tumours), being thus a promising biomarker for cancer cells adapted to 

a hypoxic environment, which normally present a more aggressive phenotype and are associated 

to a poor outcome [470, 471]. However, some studies present controversial results, being the 
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association between CAIX expression and the hypoxic status of the cell, dependent of the cancer 

type [405, 472]. Nevertheless, determination of CAIX expression can be useful, by identifying 

candidates that can benefit from a CAIX directed treatment. Regarding the other pH regulators 

described, they are not also in clinical use and no clinical trials for their use as prognosis/predictive 

biomarkers have yet been done, but the results obtained so far in in vitro and in in vivo models, as 

well as with clinical samples, are encouraging in this direction. 

The expression levels of these proteins can have prognostic value, but can also be used for the 

development of innovative therapies targeting these pH regulators, which can contribute to improve 

cancer patient survival. Small molecules targeting and inhibiting each of these pH regulators have 

been developed and assayed in in vitro and in in vivo studies and/or in different phases of clinical 

assays.   

Most of them were effective in inhibiting proton transport and tumour environment acidification, 

reducing cell proliferation, invasion and migration and metastasis in some cases, and increasing 

apoptosis and cancer cell death, besides rendering tumour cells more sensitive to conventional 

antitumour drugs. Additionally, some of them (PPIs, NHE1 inhibitors like cariporide) only become 

active in acidic conditions, what turns to be an advantage as they can selectively target cancer cells 

in their distinctive acidic environment. 

Nevertheless, due to the redundancy of the expression of the pH regulators, inhibition of one 

isoform of these proteins, can be compensated by an increased expression/activity of other(s), 

leading to resistance to therapy. As so, higher concentrations have to be used, likely leading to 

toxic side-effects. Considering this, and also the effect that pH regulators have in 

chemosensitization, it is more likely that their future use will involve combination with other 

conventional antitumour drugs, rather than being uses as single agents. Also, a combined use of 

inhibitors in therapeutic non-toxic doses, targeting different pH regulators, can be necessary to 

overcome the redundancy of pH regulators. Several pH regulator inhibitors have already been 

evaluated in different phases of clinical trials (see Table 2). Some of these clinical trials have already 

finished, whereas others are still ongoing, but no final results on the safety and effectiveness of the 

drugs are yet available. The ones that have already finished, point to the benefits of their use in a 

combined therapy approach. 

Disrupting the activity of pH regulatory proteins can be an effective mean to achieve a metabolic 

catastrophe, causing a decrease in cancer aggressiveness (Figure 7). However, these regulators 

are redundantly expressed, and inhibition of one of them can be compensated by other (s). Thus, 
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considering the potential killing power that altered proton dynamics has in cancer, but also the 

limitations of its use as therapeutic target, we believe that a combined inhibition of proton-exporting 

systems would lead to more effective anticancer therapies. 

 
 
Figure 7. Role of pH regulators and targeting in cancer. Broadly, the activity of pH regulators leads to acidification of 

the tumour microenvironment promoting cell migration, invasion and resistance to therapy (left); on the other hand, 

inhibition of pH regulator activity prevents extracellular acidification, decreases cell migration, invasion and improves 

response to therapy (right). The inhibitors used in preclinical (red) and clinical (green) studies to target pH regulators 

in cancer are shown on the right. Abbreviations: Lac-lactate; Gluc- glucose; Pyr-pyruvate; PPIs-proton pump inhibitors 
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Rationale 

Glioblastomas (GBMs) are the most malignant and frequent type of gliomas [1]. Despite the 

progress in new molecular-based therapies, prognosis of GBM patients is still dismal. The current 

gold-standard therapy strategy combines temozolomide (TMZ) and radiotherapy, however the 

medium survival outcome of GBM patients is only 15 months, due to the development of 

mechanisms of resistance, such as O6-methylguanine-DNA methyltransferase (MGMT) enzyme [2].  

Thus, exploitation of new molecular targets in neuro-oncology becomes crucial. This can include 

the development of more specific and effective therapies targeting the reprogrammed metabolism 

in this type of cancer [3]. The glycolytic enzymes, specifically overexpressed in cancer cells, such 

as PDK, HK, and others, are one of the main targets in this field and several compounds targeting 

glycolysis are already in clinical trials [4]. Although the potential use of glycolytic inhibitors in cancer 

therapy, recent studies have demonstrated that in brain tumours, mitochondrial oxidation is also 

an important pathway in metabolism to support the rapid cell growth [5]. 

Therefore, the aim of this study was to understand the importance of cell metabolism in glioma 

proliferation and aggressiveness, and how bioenergetic modulators (BMs), such as DCA, 2-DG and 

phenformin, can be potentially used as antitumour drugs, namely as combined therapy. There are 

very few reports describing the metabolic behavior of glioma cells under the conditions of the 

present study, as well as the use of these metabolic modulators as co-adjuvants of the standard 

treatment, TMZ.   

Major findings 

The major findings of this chapter are described below: 

- Different glioma cell lines present distinct metabolic phenotypes; 

- Different metabolic modulators are able to decrease the proliferation, migration and invasion, 

and alter the metabolic behavior of glioma cells; 

- Pre-treatment of glioma cells with BMs and subsequent treatment with TMZ increase the effect 

of TMZ, namely in the most resistant cells. 

- Metabolic modulators are able to potentiate conventional therapy, by disruption of metabolic 

pathways. 
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Rationale 

It is known that tumour microenvironment (TME) plays an important role in tumourigenesis [1]. In 

pancreatic cancer, the extracellular matrix (EM), including its composition, are involved in the 

progression of the disease of these patients [2]. Cancer stem cells (CSCs) also play an important 

role in tumour recurrence and treatment failure, due to the interplay between tumour cells and 

stroma [3].  

The lack of efficacy of treatment in pancreatic ductal adenocarcinoma (PDAC) and the 

disappointing results have underlined the necessity to develop new targets in PDAC therapy. 

Reprogrammed metabolism has been described as a characteristic of PDAC parenchymal cells 

and CSCs [4, 5]. Although some studies demonstrated the effect of mitochondrial inhibitors, such 

as metformin in PDAC tumour regression, in in vitro and in vivo models, there are few clinical trials 

of metabolic inhibitors applied in PDAC [6, 7]. Therefore, the successful use of metabolic inhibitors 

in PDAC treatment and especially in the eradication of CSCs will give an important contribution to 

the evolution of PDAC therapies and improvement of survival rates of this deadly disease. However, 

it is first necessary to characterize (understand) the actual metabolic pathways and their plasticity 

in driving PDAC progression. In this chapter, the metabolic profile of PDAC cells was assessed 

through the evaluation of the consumption/production of different metabolites, using 3D models 

with different matrix compositions. Furthermore, the observed altered metabolism was used as 

target to potentiate the currently clinically utilized therapy; paclitaxel albumin nanoparticles (NAB-

PTX).  

Major findings 

The major findings of this chapter are: 

- A distinct metabolic profile was observed in parental/parenchymal and CSCs cell lines, with a 

high metabolic plasticity found especially in the CSCs influenced by the percentage of collagen in 

ECM; 

- The glycolytic inhibitors induce a drastic effect in metabolism of parental cells; 

- Phenformin is the compound that induces the highest effect in CSCs metabolic profile; 

- All compounds, phenformin, 2-DG and DCA, combined with the NAB-PTX therapy potentiate its 

effect; 

- The disruption of metabolic pathways improve the antineoplastic action of conventional drugs in 

use in PDAC treatment. 
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Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is one of the most common forms of pancreatic cancer 
with a 5-year survival rate of less than 7 percent. The reason for this high mortality rate can be 
ascribed largely to the inaccessible location of the pancreas and to the intense fibrotic desmoplastic 
reaction, characterized by the presence of high collagen I. Furthermore, desmoplasia presents a 
niche for the development of a small population of a subset of cancer cells, the cancer stem cells 
(CSCs). It is known that cancer cells undergo a complex metabolic adaptation characterized by 
changes in energy metabolic pathways and biosynthetic processes. To understand the role of the 
metabolic behaviour on the progression of PDAC parenchymal (CPC) and CSC populations, we 
studied the ability of bioenergetic modulators (BMs), such as 2-deoxyglucose, dichloroacetate and 
phenformin to block/reduce the metabolic dependence of these cells. Furthermore, the ability of 
these compounds to potentiate the therapeutic activity of drugs used in PDAC therapeutic 
regimens, namely paclitaxel albumin nanoparticles (NAB-PTX), was assessed. These studies were 
performed using organotypic cultures of low and high collagen content to mimic the in vivo 
conditions. Our results showed that all the BMs induced a decrease in cell viability and increased 
cell death by apoptosis, as well as, in almost all cases, modifications in metabolic parameters 
(glucose, lactate and ATP), in both extracellular matrix types. However, a distinct profile was 
observed in CSCs, especially in ATP content in cells treated with phenformin, depending on the 
percentage of collagen. Moreover, all these compounds potentiated the cytotoxicity of NAB-PTX in 
both cell lines. This effect was more evident in CSCs treated with phenformin + NAB-PTX, once 
again, was influenced by the collagen I content of the ECM. Therefore, the metabolic disruption in 
PDAC can be useful as monotherapy or combined with conventional drugs, leading probably to a 
decrease in adverse effects and an increase of survival rates of the PDAC patients. 
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Introduction  

Pancreatic ductal adenocarcinoma (PDAC) is 

the fifth cause of death from cancer in 

Western countries [1]. In most cases, it is 

diagnosed at an advanced stage and a low 

percentage of patients are able undergo 

surgical resection. PDAC presents a 5-year of 

survival rate of less than 7%, due to the 

development of early metastases [2]. PDAC 

is characterized by an extensive desmoplasia 

of the extracellular matrix (ECM), 

characterized by accumulation of collagen I 

[3, 4]. The fibrotic and dense stroma is 

responsible for poor tumour vascularization 

leading to hypoxic regions [5, 6] associated 

with metastatic potential, as well as 

resistance to chemo- and radiotherapy [7, 8]. 

The available therapies having principally a 

palliative character, present dismal results. 

The first-line chemotherapeutic drug is 

gemcitabine, combined either with paclitaxel 

associated with albumin (NAB-PTX); or with a 

combination of different drugs, named 

FOLFIRINOX (5-fluorouracil, leucovorin, 

oxaliplatin, irinotecan) [9, 10]. However, both 

regimens present low efficacy rate [11]. One 

of the main features responsible for 

treatment failure and tumour relapse is the 

presence of a subset of cells with stem cell 

characteristics [12, 13]; the cancer stem 

cells (CSCs). CSCs have been identified in 

different types of cancers, such as leukaemia 

[14]; glioma [15]; colon [16]; lung [17]; 

breast [18] and prostate cancers [19], but 

also in PDAC [20]. They present similar 

features when compared to normal stem 

cells, such as self-renewal capacity, a 

functional system of DNA repair, among 

others [21]. Thus, the development of new 

therapies that preferentially target CSCs 

could result in important improvements in 

current antitumour strategies in PDAC 

patients. One of the features that can be used 

as a promising target is the reprogrammed 

metabolism [22]. The non-stem 

(parenchymal) pancreatic tumour cells show 

an increased dependence on glycolysis 

coupled with a high production of lactate, 

known as the Warburg Effect [23]. This 

metabolic switch induces an upregulation of 

glycolytic enzymes, glucose transporters and 

lactate transporters and there are reports of 

the overexpression of GLUTs and MCTs in 

PDAC [24, 25].  While normal stem cells also 

rely more on glycolysis than differentiated 

normal cells that prefer OXPHOS [26], there 

are few studies published about the 

metabolic preferences of CSCs and there are 

conflicting/controversial results and 

explanations. Even if glucose is the main 

metabolite used by CSCs, they can use it as 

fuel in different metabolic pathways [12]. 

Many studies have revealed that CSCs 

identified in some type of cancers, for 

example PDAC [27] ovarian [28] and gliomas 

[29], rely mainly in oxidative metabolism with 

a higher mitochondrial mass content and 

higher oxygen consumption levels. In 

contrast, some reports observed a more 

glycolytic profile, as they believed that these 

cells are maintained in hypoxic regions, 

regulated by HIF-1 and HIF-2 and, 

consequently, by an acid tumour 

microenvironment, responsible for stemness 

features and resistance to treatment [30]. 

Some examples are osteosarcoma [31], 

breast, lung [32] and colon cancers [33]. An 

explanation for different theories on the 

metabolic features of CSCs is likely to be 

from their metabolic plasticity [34], that 

obligate both the tumour parenchymal and 

stem cells to adapt to the availability of 

nutrients [35]. This adaptive metabolic 

plasticity might allow CSCs to survive in 

variable, hostile environments found during 

tumour progression and there is no doubt 

that the metabolic altered profiles represent 

an emergent hallmark of CSCs that can be 

used to develop new therapeutic approaches. 
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This would be an efficient strategy to 

eradicate the tumour cell population most 

responsible for tumour relapse and 

chemoresistance, thus helping to improve 

the survival rate of cancer patients [22]. 

Some studies have shown that CSCs are 

sensitive to OXPHOS inhibition by biguanine 

compounds, such as metformin, that inhibits 

ATP formation by blockage of complex I in 

mitochondria [36, 37]. Indeed, it has been 

shown that metformin enhanced the capacity 

of gemcitabine to inhibit the proliferation and 

invasion of pancreatic cancer cells, by 

inhibiting the proliferation of CSC cell 

populations [38]. However, recent studies 

using metformin produced somewhat 

disappointing results [39, 40] which has led 

to a new clinical trial using another more 

potent/efficacious biguanine compound, 

phenformin, that showed promising results, 

but not in PDAC [41]. Glycolysis inhibitors, 

such as 2-deoxyglucose or 3-bromopyruvate, 

have also been tested in in vitro models of 

PDAC and both were able to decrease cell 

viability and increase cell death [42].   

Furthermore, many studies have 

demonstrated the importance of the 

extracellular matrix in regulating the 

behaviour of tumour and cancer stem cells 

[43-45]. All the existing reports used two‐

dimensional (2D) and not three‐dimensional 

(3D) culture systems and did not take into 

account the influence of the extracellular 

environment predominant in PDAC, namely 

the desmoplastic matrix/reaction. Therefore, 

the efficacy of therapeutic strategies were not 

correctly evaluated. The use of the 3D 

organotypic model in this study has allowed 

us to manipulate the extracellular 

constituents and mimic the progression of 

PDAC [46]. 

The limited success of the existent 

therapeutic modalities in pancreatic cancer 

has underlined the potential future 

importance of using metabolic inhibitors 

either singly or in combination with existing 

therapeutic regimens. Unfortunately, the 

knowledge in this field is scarce and more 

efforts are needed to understand the benefit 

of using the altered metabolism as targets in 

PDAC treatment, inclunding as co-adjuvant 

therapy. For this reason, the main objective 

of this study was understand the metabolic 

plasticity of PDAC cell lines, including CSCs, 

and the influence of 3D organotypic culture 

platforms in determining the eventual 

metabolic fate and chemosensitivity of these 

cells. We used two different substrates 

constituted by 90% Matrigel-10% Collagen I 

(90%M-10%C) and 90% Collagen I-10% 

Matrigel (90%C-10%M), representing an early 

tumour and a more advanced tumour stage, 

respectively. Additionally, we used metabolic 

inhibitors to disrupt the stemness features of 

CSCs in PDAC, the main responsible for 

dismal success in chemotherapeutic 

regimens. 

 

Materials and Methods 

Cell lines and cell culture 

Two PDAC cell lines were used, the parental 

PANC-1 cell line (hereon called parenchymal 

(CPC)) and the CSCs derived from the 

parental cells. PANC-1 cell line was obtained 

from American Type Culture Collection. The 

CSC cell line was selected during three weeks 

from PANC-1 cells using a selective medium, 

Dulbecco’s modified eagle’s medium 

(DMEM-F12) (Usbiological Life Sciences), 

without serum but containing 10 mL B27 

(Gibco, Life Technologies), 1 µg/ml 

Fungizone (Gibco, Life Technologies), 5 

µg/mL heparin (Sigma-Aldrich) and the 

growth factors EGF and FGF (20 ng/ml, 

Peprotech). After this selection the CSCs 

were maintained in the same medium for all 

the experiments conducted. The parental cell 
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line was maintained in Roswell Park 

Memorial Institute (RPMI) (Gibco, Life 

Tecnhnologies) supplemented with 10% fetal 

bovine serum (FBS, Gibco, Life 

Tecnhnologies) 50 µg/ml of gentamicin 

(Gibco, Life Tecnhnologies) and 1% penicillin-

streptomycin solution (Gibco, Life 

Tecnhnologies), at 37ºC and 5% CO2. 

Drugs 

The NAB-PTX was obtained from the 

University Oncology Hospital, Bari-Italy, at the 

final stock solution concentration of 5.8 mM, 

from which the working solutions were 

prepared. The bioenergetic modulators 

(BMs), 2-DG, DCA and phenformin (Sigma-

Aldrich) were dissolved in PBS to stock 

solutions of 1000 mM; 10000 mM; 100 mM, 

respectively. 

Three-dimensional Organotypic assay 

In 96-well plates, two different mixtures 

constituted by Matrigel Basement Membrane 

Matrix (from murine sarcoma Engelbreth-

Holm-Swarm- Corning) and collagen I (from 

bovine source- Gibco, Life Tecnhonologies) 

were prepared. One was constituted by 

90%M/ 10%C and the second by 

90%C/10%M. The stock concentration of 

matrigel was 7 mg/mL dissolved in a serum 

free media, whereas the stock concentration 

of collagen was 3 mg/mL dissolved in 

distilled water, PBS 10X (Sigma Aldrich) and 

0.015 N NaOH. Then, both mixtures were 

prepared and 100 µL added to each well. 

Finally, after 1 hour of polymerization at 

37ºC, all the wells were washed with culture 

medium without serum, to eliminate the 

metabolites generated during the 

polymerization process [47].  

Cell Viability Assay 

Cells were plated into 96-well substrate-

coated plates at a density of 1.5 ×103 

cells/well, after substrate polymerization 

(matrigel + collagen I, as described above). 

24h after cell plating, cells were treated with 

chemotherapeutic drug NAB-PTX, BMs (2-

DG: 5 mM, DCA: 20 mM and phenformin: 

0.01 mM), or combination of both (each BM 

+ NAB-PTX 10 nM) and cell viability was 

analysed after 7 days in culture. The effect of 

compounds on cell proliferation was 

determined by the resazurin assay 

(alamarBlueR) (OD 590 nm), as described 

previously [46]. IC50 values were estimated 

from 3 independent experiments, each one 

in triplicate, using GraphPad Software. At the 

beginning and the end of the experiment 

images were acquired in a microscope 

(Olympus). 

Cell death assay 

At the end of 7 days of exposure to BMs and 

NAB-PTX in 96-well substrate-coated plates at 

a density of 1.5 ×103 cells/well, cells were 

incubated overnight with ethidium 

homodimer (Sigma-Aldrich) at 10mg/mL to 

evaluate the fluorescence of apoptotic cells 

(O.D. 650 nm). Images were acquired with a 

fluorescence microscope (Olympus). The 

analysis of pixel density was evaluated with 

the ImageJ. 

Metabolism Assays (Extracellular Glucose, 

Lactate and ATP content) 

Cells were plated in 24-well in 2D conditions 

or in substrate-coated plates at a density of 9 

×105 cells/well. For basal analysis of 

metabolic parameters, 2D cells were used as 

control. For the analysis of metabolic 

parameters in cells exposed to BMs, 

untreated cells were used as control. Cells 

were treated with the respective BM 

concentration (2-DG: 5 mM, DCA: 20 mM 

and phenformin: 0.01 mM), and the cell 

culture medium was collected after the 

respective incubation time for glucose and 

lactate quantification. Glucose and lactate 
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were quantified using commercial kits 

(Sigma-Aldrich), according to the 

manufacturer’s protocols. Results are 

expressed as mg metabolite/proliferative 

cells. Simultaneously, after ECM 

degradation, the cells were used to quantify 

intracellular ATP. ATP was measured using a 

commercial kit according to the 

manufacturer's instructions (Abcam). ATP 

concentration in each sample was 

determined through the calibration curve 

constructed for each assay. The ATP content 

was expressed as total ATP normalized to the 

concentration of protein analysed previously. 

The results presented correspond to the 

average of at least three independent 

experiments.  

Quantification of aminoacids by HLPC 

The medium removed from the samples 

treated with BMs with a specific 

concentration of BMs (2-DG: 5 mM, DCA: 20 

mM and phenformin: 0.01 mM), in substrate-

coated plates, was used for HPLC 

quantification after derivatization with OPA-

MPA (ortho-phthalaldehyde, Sigma-Aldrich; 

and mercaptopropionic acid). A commercial 

standard (Thermo Scientific), that contains all 

the aminoacids (aspartate, glutamine, 

glutamate, valine, arginine, serine) was used 

at 1.25 mM each and with 10 mM glutamine.  

The samples of medium from the cells 

treated with different BMs, as well as the 

standards, were first deproteinized. The 

samples were incubated in ice for 30 min. 

and centrifuged at 12000 rpm for 20min. at 

4ºC. Then, the supernatant was removed and 

stored at -20º C until use. After this, the final 

assay to be used in HPLC was prepared, 

using the following mixture:  

10 µl of each sample + 142 µl H2O + 48 µl 

working reagent 

The working reagent was constituted by OPA, 

borate buffer (solution 1:1 boric acid 0.2M in 

KCL 0.2 M and NaOH 0.2 M) and MPA, at pH 

9. Different aminoacids (aspartate, 

glutamine, glutamate, valine, arginine, 

serine) were quantified and normalized with 

the standard curves. The results were 

normalized for the proliferative cells 

(quantified by the resazurin) corresponding to 

each condition. The negative and positive 

values obtained were considered 

consumption and production, respectively. 

Untreated cells were used as control.  

Bioenergetic modulator (BM) effect on NAB-

PTX cytotoxicity  

1.5 × 103 cells/well were seeded into 96-well 

in substrate-coated plates and treated with a 

fixed concentration of BMs (2-DG: 5 mM, 

DCA: 20 mM and phenformin: 0.01 mM), 

combined with NAB-PTX (10 nM) for 7 days 

(Figure 1). The effect of NAB-PTX alone and 

NAB-PTX + BMs on cell proliferation was 

evaluated using the resazurin assay. 

Untreated cells were used as control. The 

results presented correspond to the average 

of at least three independent experiments. 

The combined effect of the drugs was 

determined using the CalcuSyn Software 

(Biosoft). Synergy or antagonism was 

quantified by the combination index (CI), 

where CI=1 indicates an additive effect, CI <1 

indicates synergy, and CI >1 indicates 

antagonism. 

 

Figure 1: Schematic representative plate of cell 

viability determination exposure to different 

compounds in different ECMs. 
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Statistical analysis 

The GraphPad prism 5 software was used, 

with the Student’s t-test, considering 

significant values to be p ≤ 0.05.  

Results 

Cell growth and morphology of pancreatic 

cell lines are dependent on the constitution 

of the ECM 

The 2D culture systems used in oncobiology 

research do not take into account the effect 

of the ECM on the growth dynamics of cancer 

cells. For that, the 3D organotypic system 

can be more accurate in determining the role 

of microenvironment on different tumour 

hallmarks. Figure 2 shows how the 

percentage of collagen in different ECMs 

influences the growth of the CPCs PANC-1 

and its derived CSCs. We can observe that 

the constitution of ECM did not influence 

significantly the growth rate of PANC-1 cells, 

while the CSCs displayed a 10-fold increase 

of proliferation in ECM 90%M-10%C 

compared to 90%C-10%M (Figure 2).  

Furthermore, it is important to notice that the 

morphology was also completely different in 

both cell lines when they were grown in ECM 

with different percentages of collagen I. As 

demonstrated in Figure 3, PANC-1 cells form 

agglomerates when grown in ECM 90%M-

10%C, in contrast to CSCs that form a 

vasculogenic network as it has been 

described in other pancreatic cell lines [46]. 

Moreover, in ECM 90%C-10%M, both cell 

lines grow as monolayers. 

The parental and CSC cells lines present 

different metabolic profiles in 3D organotypic 

culture  

Tumour cells present a metabolic 

reprogramming, with most of cellular ATP 

being generated from glucose via aerobic 

glycolysis (“Warburg Effect”) rather than by 

OXPHOS, leading to high rates of lactic acid 

production. However, most tumours do not 

depend completely on glycolysis for ATP 

supply, as mitochondrial metabolism is not 

always completely blocked in some cancer 

types. To analyse the metabolic profile in the 

PDAC cells, intracellular ATP content and 

extracellular lactate and glucose levels were 

measured for both cell lines grown in 2D or 

3D (with different ECMs) conditions. In Figure 

4, it can be seen that both cell lines present 

a distinct energetic profile that was 

dependent on ECM composition. We found 

that in 2D culture, both CPC and CSC cells 

seem to present a canonical Warburg 

glycolytic phenotype, as lactate production 

was observed in all cases. In CPCs, in 3D 

 

Figure 2: Evaluation of cell growth of both PDAC cell lines, PANC-1 and derivate CSCs. Both cell lines were grown in 
different matrixes, constituted by 90%M-10%C and 90%C -10%M and the proliferation was evaluated through resazurin 
dye at t0, 3 and 7 days. 
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conditions and compared to 2D, a lower 

consumption of glucose and a lower 

production of ATP were observed in ECM 

90%C-10%M, whereas when ECM 90%M-

10%C was used the rate of ATP production 

was maintained, although with a lower 

consumption of glucose. In this case, a lower 

production of lactate was found, indicating 

that cells can recur both to OXPHOS and 

aerobic glycolysis in these conditions. 

Concerning CSCs, they displayed a more 

complex pattern and the ECM collagen I 

content influenced more noticeably their 

metabolic behaviour. The ATP production 

was similar between 2D and 3D for ECM 

90%C-10%M but not for the ECM 90%C-

10%M, where a higher content of ATP was 

found. Concerning cells grown in ECM 90%M-

10%C, glucose consumption and lactate 

production were lower than the observed in 

2D, but the ATP content was not affected, as 

said before. In contrast, when grown in 

higher percentage of collagen both a higher 

consumption of glucose and production ATP 

were found, probably by the use of the 

glycolytic pathway, although the increase of 

lactate was not significant, indicating that this 

pathway is probably energetically efficient in 

this cell line under these conditions. Globally, 

these results indicate that glycolysis is more 

efficient in 2D conditions for the CPC and for 

the CSCs when grown in 3D using an ECM 

90%C-10%M, but not for CSC grown in a 3D 

with an ECM 90% M-10%C, where the 

opposite was observed. 

Indeed, the CSCs grown in ECM 90%C-10%M 

present a higher ATP production compared 

with CSCs grown in ECM 90%M-10%C, which 

seems to be uncorrelated with the results of 

the growth pattern shown in Figure 2. In fact, 

CSCs grown in ECM 90%C-10%M present a 

lower growth rate, comparing to cells grown 

in ECM 90%M-10%C. In this case, the 

vasculogenic mimicry phenotype (that is 

correlated with a differentiation of CSCs 

towards the endothelial lineage in pancreatic 

tumours [48]), can induce a faster migration 

and metastization of tumour cells and also 

rapid growth [49], but apparently with no 

need of a more energetic pathway. 
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Figure 3: Representative pictures of PDAC cell lines growing in different ECMs after 7 days (90%M-10%C and 90%C-

10%M). The pictures were obtained using an Olympus optical microscope (magnification 400x). 

The parental and CSC cells present distinct 
consumption/production of aminoacids in 
3D organotypic culture  

In order to have an idea of other possible 
nutrients that can be used besides glucose, 
and also important for tumour survival, we 
quantified the consumption or production of 
some aminoacids by these cancer cells using 
HPLC analysis. The aminoacids analysed 
were the non-essential glutamine, glutamate, 
arginine, serine and aspartate, and the 
essential aminoacid valine.  

High ECM collagen percentage increases 
glutamine consumption in CSCs 
Several aminoacids were analysed both in 2D 
and 3D growth conditions. However, the 
more noticeable differences were observed 
for the non-essential aminoacids glutamine 
and glutamate. 
Concerning PANC-1, in 2D, glutamine was 

more consumed and glutamate was more 

produced, when compared with 3D culture. 

Further, 3D conditions did not influence the 

content of these aminoacids. However, 

similarly to glucose and lactate data, we 

observed that the content of ECM collagen in 

3D conditions influenced the consumption of 

glutamine (but not the production of 

glutamate) by the CSCs, being glutamine 

more consumed in an ECM 90% C-10%M 

(Figure 5). Regarding the other aminoacids, 

there were some small differences, but to a 

lower extent, when compared to glutamine 

and glutamate. It seems that mitochondria 

are important organelles in CSCs 

metabolism, namely through the 

consumption and utilization of glutamine, 

that probably also contributed to the higher 

ATP production in ECM 90% C-10%M (Figure 

4). Additionally, the higher production of 

lactate in this condition (90% collagen) can be 

also a final product of glutamine metabolism,
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Figure 4: Metabolic profile of PDAC cells estimated by the glucose consumption, lactate and ATP production, after 7 

days of growth in different substrates Results are presented as mean ± SEM in triplicate of at least three independent 

experiments. Significantly different between groups: *P < 0.05; ** P < 0.01; *** P < 0.001 compared to 2D condition 

of each cell line. #P < 0.05; ###P < 0.001 compared 3D ECMs of each cell line. Ns: no significant. 

although a higher consumption of glucose 
was also observed in this case. These data 
also demonstrate that it is primarily the CSCs 
that display metabolic plasticity, as these 
cells can modulate their metabolic 
dependences as the collagen content of the 
ECM increases. 

Treatment with BMs affects cell survival and 
changes the metabolic profile of PDAC cells 
The growth of the two PDAC cell lines (PANC-
1 and CSCs) was evaluated after metabolic 
remodelling through the treatment with 
different BMs; the glycolysis inhibitors 2-DG 
and DCA and the mitochondrial Complex I 
inhibitor, phenformin. All the compounds 
were able to reduce cell proliferation in both 
cell lines, demonstrating their dependence 
on both glycolytic and OXPHOS pathway. For 
the CPC, PANC-1 (Figure 6A, left panels), the 
glycolytic agents induced a higher decrease 
in cell viability, comparing to the treatment 
with phenformin, being these effects 
independent of ECM composition. In the case 
of the CSCs, the effect triggered by all the 
metabolic modulators was similar in an ECM 
90%M-10%C, but in an ECM 90%C-10%M the 
inhibitory effect of phenformin was higher 
compared with the anti-glycolytic compounds 
(Figure 6A, right panels).  
Regarding cell death, the apoptosis induced 
by glycolytic inhibitors and evaluated by 
ethidium homodimer, was more noticeable 

than with phenformin in PANC-1 for both 
ECMs and the opposite happened in CSCs, 
namely in ECM with increased collagen 
percentage (Figure 6B). As observed in 
Figure 3, the CSCs present a more evident 
glycolytic pattern in an ECM 90%C-10%M, 
although in this case a higher percentage of 
cell death was observed in cells treated with 
phenformin, compared to 2-DG and DCA. 
Therefore, we can hypothesize that both 
lactic fermentation and OXHPOS are 
important for CSCs proliferation in this case.  
We also evaluated the effect of these 
compounds on the metabolic profile of both 
cell lines. After cell treatment for 7 days with 
a fixed concentration of all BMs, glucose 
consumption and lactate and ATP production 
were quantified (Figure 7).  It was observed 
that the glycolytic compound 2-DG decreased 
glucose consumption and lactate production 
in the CPCs, PANC-1 cells (except for ECM 
90%C-10%M, where no significant differences 
were observed for lactate production). 
Concerning, DCA and phenformin no 
significant differences were obtained, 
regarding glucose consumption in either 
substrates (except for ECM 90% C-10%M for 
phenformin, where a slightly higher glucose 
consumption was observed). However, a 
decrease in lactate production was also 
observed in cells treated with these 
compounds, but only in ECM 90%M-10%C.
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Figure 5: Aminoacid quantification by HPLC in PDAC cell lines. The medium was collected after 7 days of growth in 
different substrates and the aminoacids quantified by HPLC. Results are presented as mean ± SEM in triplicate of at 
least three independent experiments. Significance between groups: P < 0.05; ** P < 0.01; *** P < 0.001 compared 
to 2D condition of each cells. Ns: no significant. 

  
Regarding ATP content, all the BMs 
decreased the concentration of ATP. 
Therefore, both metabolic pathways, 
glycolysis and OXPHOS are important in 
PANC-1 proliferation, but the effect was 
dependent on the growth substrate.  
Concerning CSCs, only DCA decreased 
glucose consumption, independently of ECM, 
but the lactate production was not affected. 
In contrast, 2-DG and phenformin increased 
the glucose consumption in ECM 90%M-
10%C (no significant results were obtained 
with ECM with 90% of collagen). Regarding 
lactate production in the presence of these 
compounds, a significant difference was 

observed only in cells treated with 
phenformin in ECM 90%M-10%C, where a 
higher production was observed. The same 
tendency seems to happen in cells treated 
with phenformin in ECM 90%C-10%M, but 
non-significant results were obtained. 
Finally, we observed that ATP content was 
lower when the cells were treated with DCA 
and 2-DG, but only in cells grown in ECM 
90%C-10%M. In contrast, phenformin 
increased ATP production in this substrate, 
compared with untreated cells. Therefore, we 
hypothesized that when CSCs were treated 
with 2-DG, the increased glucose 
consumption was probably due to its use by
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Figure 6: Effect of bioenergetic modulators (BMs), 2-DG, DCA and phenformin on PDAC cell proliferation and cell 
death, after 7 days of treatment in different substrates. (A) Cell survival was measured after incubation with a specific 
concentration of BMs (2-DG: 5 mM, DCA: 20 mM and phenformin: 0.01 mM), by the resazurin method. (B) Cell death 
by apoptosis was quantified using the ethidium homodimer assay. The integrity density of dead or dying cells stained 
by red colour, was measured by the Image J software. Untreated cells were used as control. Results represent the 
mean ± SEM of triplicates from at least three independent experiments. Significance between groups: P < 0.05; ** P 
< 0.01; *** P < 0.001 compared to untreated cells. Ns: not significant. 

 
the mitochondrial system, as the lactate 
produced was similar to untreated cells and 
this effect was independent of ECM 
composition. However, the lower ATP rate in 
this case, for ECM 90%C-10%M, indicates 
that OXPHOS is probably less efficient in 
these cells. 
Regarding the ECM 90%C-10%M, CSCs 
exposed to the complex I inhibitor, 
phenformin, showed a higher ATP production 
probably due to an activation of the glycolytic 
pathway, although the increase in glucose 
consumption and lactate production was not 
significant. Therefore, we hypothesized that 
this behavior was promoted by blockage of 
OXPHOS, indicating of CSC cell plasticity, 
which can redirect their metabolism to 
glycolysis as the main energy source, when 
OXPHOS is not functional. Experiments are 
presently ongoing to quantify the effects of 
these BMs on consumption of some 
aminoacids by these cells, namely glutamine. 

The disruption of energetic pathways 
potentiate NAB-PTX cytotoxicity 
This study also aimed to investigate the 
influence of BMs on the efficacy of the 
antitumour drug NAB-PTX, with the objective 
of overcome treatment resistance commonly 
developed during PDAC therapeutic 
regimens. Therefore, the 
preferential/targeted eradication of these 
cells will be an important advance in PDAC 
therapy. To evaluate the combined effect of 
NAB-PTX with BMs, both cell lines, PANC-1 
and CSCs, were treated simultaneously with 
each BM and NAB-PTX for 7 days. Untreated 
cells were used as control and cells exposed 
to NAB-PTX alone were also compared with 
cells treated with the compound 
combination. As Figure 7 demonstrates, the 
treatment of cells with these BMs effectively 
enhanced the cytotoxicity of the conventional 
antitumour inhibition of cell growth in the 
CPC PANC-1 cells, the glycolytic inhibitors, 
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but not phenformin, also potentiate the effect 
of NAB-PTX. However, when measuring cell 
death by apoptosis, treatment with only NAB-
PTX alone was unable to induce a significant 
cytotoxic effect in PANC-1 cells. Additionally, 

in the PANC-1 cells, all the BMs, but 
especially the glycolytic inhibitors, increased 
cell death comparing to cells treated only with 
NAB-PTX, and again this effect independent 
of the ECM composition.

 

Figure 7: Metabolic profile of pancreatic cancer cells estimated by the glucose consumption content, lactate and ATP 
production, after treatment with 2-DG, DCA and phenformin for 7 days in different substrates. Cells were incubated 
with a specific concentration of BMs (2-DG: 5 mM, DCA: 20 mM and phenformin: 0.01 mM), at the respective time of 
incubation. After this time, the metabolic parameters, glucose, lactate and ATP were quantified. Untreated cells were 
used as control. Results are presented as mean ± SEM in triplicate of at least three independent experiments. 
Significance between groups: *P < 0.05; **P < 0.01; ***P < 0.001 compared to untreated cells. Ns: not significant. 
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Figure 8: Effect of BMs, 2-DG (5 mM), DCA (20 mM) and phenformin (Phen. 0.01 mM), treatment on NAB-PTX 
cytotoxicity, by the resazurin assay in PDAC cell lines, in different substrates. Cells were exposed with a fixed 
concentration of BMs and NAB-PTX (10 mM), during the respective incubation time. Results represent the mean ± 
SEM of triplicates from at least three independent experiments.  Significance between groups: *P < 0.05; **P < 0.01; 
***P < 0.001 compared to untreated cells. #P < 0.05; ##P < 0.01; ###P < 0.001 compared to cells treated only with NAB-
PTX 10 nM. Ns: not significant.

In CSCs, the drug combination decreased 
cell viability and increased cell death, 
although for DCA the effect in cell death was 
not significant. Concerning cell growth, the 
glycolytic inhibitor DCA was the one inducing 
the lowest effect, while, regarding cell death, 
it was the OXPHOS inhibitor phenformin, 
when combined with NAB-PTX that induced 
the highest rate of apoptosis, in both 
substrates. These results probably 
demonstrated that PANC-1 cells seem to be 
more dependent on the glycolytic pathway, 
since the glycolytic inhibitors induced a 
higher damage in these cells, when 
combined with NAB-PTX. In contrast, the 
CSCs seem to be more sensitive to the 
OXPHOS inhibitor, phenformin, supporting 
the hypothesis that they have a larger 
dependence on OXPHOS. To analyse the 
synergistic effect of these combination, a 
software was used to calculate the 

combination index (CalcuSyn Software 
(Biosoft). All BMs presented a synergetic 
effect in both cells lines, when used at the 
same time as 10 nM NAB-PTX (Table 1). 
Neither additive nor antagonistic effects 
(CI=1 and CI >1, respectively) were observed 
in any case. Therefore, the combination of 
compounds can overcome the relative 
resistance to standard treatment, in the more 
aggressive conditions, such as the presence 
of desmoplastic environment and the CSC 
population.  

Discussion 

The ECM plays many functions, including 
acting as a physical scaffold, facilitating 
interactions between the different cell types, 
providing survival and differentiation signals 
and resistance to anticancer drugs [50].  
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Table 1: Combination index (CI) values were determined from cell treatment with NAB-PTX (10 nM) and BMs (2-DG: 
5 mM, DCA: 20 mM and phenformin: 0.01 mM) in monotherapy compared with the combination. CI= 1 indicates an 
additive effect, CI <1 indicates synergy, and CI >1 indicates antagonism. 

  90%M-10%C 90%C-10%M 

PANC-1 
2-DG <1 (0.58) <1 (0.66) 

DCA <1 (0.65) <1 (0.52) 
Phenformin <1 (0.79) <1 (0.86) 

CSCs 
2-DG <1 (0.48) <1 (0.57) 
DCA <1 (0.59) <1 (0.66) 

 Phenformin <1 (0.32) <1 (0.27) 

 

 
Indeed, the desmoplastic reaction, 
characterized by an intense deposition of 
collagen I, one of the main features of PDAC, 
is related with a more invasive and aggressive 
phenotype and with resistance to therapies 
[51]. Understanding how the ECM and/or 
tumour microenvironment influences cancer 
cell behaviour will lead to the comprehension 
of PDAC biology and to the identification of 
new targets that may improve the treatment 
of pancreatic cancer patients. The low 
survival rates and the dismal results 
presented by the available conventional 
treatments in PDAC can be related to the 
presence of the desmoplastic extracellular 
environment and its interaction with the 
CSCs subset of tumour cells [52]. 
Additionally, they have been identified in 
glioma [53], colorectal [54], ovarian [55], 
liver [56], prostate [57], lung cancers [58] 
and in melanomas [59]. This population 
represents a small group of cells that are the 
main cause of treatment resistance, due to 
their DNA repair systems, relative quiescent 
behaviour, and ability to form new tumours. 
Additionally, like the other cancer cells, CSCs 
also present a reprogrammed metabolism 
[60].  
The altered metabolism that distinguish 
cancer cells from their normal counterparts, 
is a novel paradigm in cancer treatment and 
new and effective compounds targeting the 
metabolic alterations in cancer cells have 
been developed and approved in clinical trials 
[60, 61]. Unfortunately, concerning CSCs 
metabolism, much more can be explored and 

new scientific approaches are still 
unexplored. 
Normal stem cells rely on glycolysis, in 
contrast to the normal cells that rely mainly 
to OXPHOS [22]. CPC mainly use glycolysis 
for energy production, even in the presence 
of oxygen, being this phenotype named 
Warburg Effect. Concerning CSC 
metabolism, controversial reports have been 
published. Indeed, some reports have 
reported that also CSCs use the same 
energetic pathway(s) as the non-stem cells, 
CPCs, eg. the lactic fermentation [26], while 
others have demonstrated that OXPHOS is 
the main source of energy for CSCs. Different 
reports demonstrated that CSCs can adapt 
their metabolism according to the 
microenvironment conditions, tissues of 
origin and state of differentiation, thus 
showing a high metabolic plasticity [26, 62]. 
Peiris-Pagès et al, showed that in the 
quiescent state, CSCs are mainly oxidative 
and that in the proliferative state CSCs 
present a higher capacity to change their 
metabolic necessities. In this case, they show 
a higher metastatic ability, resistance to 
therapy and a combined phenotype that 
relies upon glycolysis and OXPHOS 
simultaneously [22]. Therefore, the main 
objective of this work was to understand the 
metabolic behaviour of PDAC cells, including 
CSCs, and how the dependence of metabolic 
sources can be influenced by the extracellular 
matrix during the proliferation of pancreatic 
cancers. To this end, we used two anti-
glycolytic agents, 2-DG (inhibitor of HK), DCA 
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(inhibitor of PDH) and the mitochondrial 
complex I (OXPHOS) inhibitor phenformin, 
that target different metabolic pathways, to 
study the influence of ECM on the metabolic 
cells necessities and the effect of metabolism 
in the response to therapy. 
Indeed, the microenvironment can be 
decisive in the selection of the metabolic 
course. Here, we have found that the CSCs 
presented higher metabolic plasticity, while 
the CPC PANC-1 cells had a metabolic 
phenotype that was more independent of the 
ECM composition, although some not so 
evident differences have been also found.  
PANC-1 cells exhibited the Warburg effect, 
with consumption of glucose and production 
of lactate and ATP when grown in 2D. 
However, in 3D, and especially in ECM 
90%M-10%C, a distinct pattern was found, 
and it seems that both the different 
pathways, lactic fermentation and OXPHOS 
can be used. Furthermore, glutamine 
consumption and glutamate production were 
higher in 2D. Therefore, different energy 
sources were used by this cell line, being 
their utilization different in 2D and 3D 
conditions. This behaviour was disrupted by 
the anti-glycolytic agents in both 3D 
conditions assayed, especially by 2-DG that 
competes with the uptake of extracellular 
glucose into the tumour cells, inhibiting the 
enzyme hexokinase 2. Further, both anti-
glycolytic agents, 2-DG and DCA induced a 
high level of apoptosis and a decrease in the 
proliferation, independently of ECM 
composition. Regarding phenformin, also 
inhibition of cell growth and increase of cell 
death was observed, but to a lower extent. 
Therefore, we conclude that lactic 
fermentation should be the main energetic 
pathway used by these cells. However, the 
mitochondria seem to play also an important 
role in the parental cells since they displayed 
a dependence on glutamine, used by 
functional mitochondria, and also indicated 
by the effect of phenformin (an OXPHOS 
inhibitor) that originated a reduction in cell 

growth, an increase in cell death and also a 
reduction in ATP production.  
CSCs presented a very distinct metabolic 
pattern that was strongly influenced by the 
ECM composition. In the ECM 90%C-10%M, 
that represents a more advanced tumour 
stage, CSCs were characterized by a higher 
consumption of glucose and production of 
lactate and ATP, compared to growth on the 
other 3D ECM substrate, 90%M-10%C and in 
2D. As reported in the literature, the CSCs 
displayed a high metabolic plasticity, 
presenting a strong ability to alter their 
metabolic necessities according to the 
environment conditions. We observed that, 
when grown in ECM 90%C-10%M, CSCs 
consumed more glutamine, in addition to 
glucose, showing that other pathways can be 
also important to CSCs proliferation.  All the 
different compounds that block or reduce the 
metabolic network induced metabolic 
changes in CSCs in both ECMs, but 
especially phenformin with its effect being 
particularly observed on ATP production in 
ECM 90%C-10%M. These results show, that 
when OXPHOS is blocked, the CSCs were 
able to readapt and redirect all the sources to 
glycolysis as a survival mechanism. We 
believed that CSCs readapt their necessities, 
using lactic acid fermentation instead of other 
pathways. Contrarily, we hypothesize that 
when CSCs were treated with DCA, they 
changed to a more oxidative phenotype, as 
demonstrated by the decreased glucose 
consumption, with the lactate produced 
being similar to untreated cells, 
independently of ECMs. However, the lower 
ATP rate in this case, for the ECM 90%C-
10%M, indicates that OXPHOS can be less 
efficient in these cells.  However, despite this 
plasticity, all the BMs were able to reduce 
CSC proliferation and increase cell death. It 
was also observed that phenformin induced 
the highest effect on cell apoptosis rate, 
despite the increase in ATP production, 
probably because it can have other targets 
different from the metabolic ones.  
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The inhibition of metabolic dependence by 
using metabolic inhibitors has been tested in 
other studies in different types of cancers and 
their derived CSC population. Ciavardelli and 
co-authors [62] showed that breast cancer 
CSCs are very sensitive to 2-DG as they 
present a higher dependence on glycolysis to 
survive. Furthermore, 2-DG showed a 
synergistic effect with the commonly used 
doxorubicin in breast cancer therapy, to 
further reduce the stemness of this cell 
population [62]. However, some studies have 
shown the importance of the mitochondrial 
complex in many types of cancers and a high 
dependence on this metabolic pathway even 
in tumour cells with mutations that impaired 
the TCA cycle. Indeed, mitochondria are still 
important organelles in order to use other 
precursors through, for example, glutamine 
via reductive carboxylation [63]. For this 
reason, the use of compounds that block this 
network can be of great importance in 
antitumour therapy. Additionally, 
mitochondria play an important role in the 
maintenance of CSCs stemness 
characteristics [64, 65]. Although with some 
disappointing results, the antidiabetic drug 
and OXPHOS inhibitor, metformin, led to a 
reduction of the stem cell pool and of in vivo 
tumour growth in pancreatic, breast [66] and 
prostate CSCs [37].  
Other different recent reports have shown the 
importance of other metabolic sources than 
glucose to maintain the tumourogenicity of 
CSCs showing that they are able to use 
products such as the aminoacids glutamine 
and alanine, to support their mitochondrial 
energy production [81]. Our results showed 
that it is the pancreatic CSC population has a 
higher consumption of glutamine, especially 
in ECM 90%C-10%M. In this respect, Li and 
co-authors showed that decreasing the 
glutamine concentration present in the 
microenvironment through the inhibition of 
enzymes responsible for glutamine 
metabolism results in the reduction of 
stemness and sensitizes the CSCs to 
radiotherapy in vitro and in vivo [71]. We 

verified in our work, that CSCs grown in ECM 
90%C-10%M presented an increase in 
glucose consumption, production of lactate 
and ATP, but also production and 
consumption of aminoacids such as 
glutamate and glutamine, respectively, and 
that showed a functional mitochondrial 
activity. Consequently, exploiting not only 
glycolysis but also mitochondrial 
functionality, will improve the search for novel 
anticancer drugs against tumourigenesis and 
chemoresistance. Therefore, a combination 
of mitochondria-targeted agents used in 
combination with conventional 
chemotherapeutic drugs may be required to 
achieve the maximum efficacy to disrupt the 
CSCs population and to improve the current 
therapies. In this respect, our results showed 
clearly that the combination of the 
conventional drug NAB-PTX with BMs 
increased the effect of standard therapy in all 
the conditions. However, it is important note 
that both in PANC-1 and CSC cells, the anti-
glycolytic compounds together with NAB-PTX 
induced a stronger effect on cell death 
compared with the treatment with NAB-PTX 
alone, independently on ECM composition, 
and this effect is synergetic and not only 
additive (Table 1). However, it was in CSCs, 
that the treatment with phenformin plus NAB-
PTX had the highest synergism.  
Therefore, the use of 3D systems can be 
decisive in determining the response to 
therapy and therefore be a more accurate 
system to evaluate the new drugs in PDAC 
therapy. These data also demonstrate that it 
is primarily CSCs that display metabolic 
plasticity, as these cells can modulate their 
metabolic dependences with the increment 
of collagen percentage. Our data, in 
accordance with the literature, also showed 
that the CSCs phenotype can be influenced 
by the ECM constitution, being more 
aggressive when grown on a higher 
percentage of collagen. 
Both CPCs and CSCs have the ability to alter 
their metabolism in order to fulfil their 
bioenergetic and biosynthetic requirements, 
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not only by the use of glycolysis (and 
sometimes OXPHOS), but also 
glutaminolysis, for instance. Therefore, 
additional complementary experiments are 
ongoing with the objective to determine if the 
use of the BMs utilized here can disrupt this 
additional pathway.  
The blockage of main sources of ATP in 
tumour cells can decrease also the energy 
necessary for the proteins involved in 
treatment resistance, such as the ABC-
transporters. Other reports published by our 
group in a breast cancer model have shown 
that metabolic modulation can potentiate the 
conventional therapy by disruption of the ATP 
sources necessary for the function of these 
family of proteins [72]. In this direction, a 

study has reported the overexpression of 
proteins such as ABCB1 and ABCG2 in 
pancreatic cancer cells and CSCs [73]. 
Therefore, the disruption of the main sources 
of energy in these cells achieved by metabolic 
inhibition can overcome resistance to therapy 
through this mechanism. However, in this 
sensitization to conventional treatments, is 
not only the ATP that is important, as 
phenformin potentiated the effect of NAB-
PTX, despite the increase in ATP levels. 
Altogether, these data further support our 
hypothesis that the metabolic inhibitors can 
be an emergent strategy in PDAC treatment 
and in abolishment of the CSCs population 
(Figure 9).

 

 

 

 

 

 

 

 

 
Figure 9: Schematic representation of the proposed chemotherapeutic strategy in PDAC. The conventional therapy 
showed dismal results in the elimination of cancer stem cells (CSC) population. Our hypothesis is that the combined 
treatment of conventional drugs used in PDAC treatment regimens, such as NAB-PTX and BM (bioenergetic modulator) 
can overcome the drug resistance developed during the treatment and reduce the CSC pool in the tumour mass
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CHAPTER 4: DISRUPTION OF PH REGULATION IN BREAST CANCER CELLS 

 





 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results presented in this chapter are:  

 

i) Unpublished results: 

Diana Valente, Bárbara Sousa, Fernando Schmitt, Fátima Baltazar and Odília Queirós. Disruption 

of pH dynamics suppresses proliferation and potentiates doxorubicin cytotoxicity in breast cancer 

cells.  
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Rationale 

Breast cancer, one of the most common cancer in female gender, is characterized by distinct 

biological features [1, 2]. One of the most aggressive is the basal-like subtype (belongs to the triple-

negative group, ER (-); HER2 (-) and PR (-)) with a little therapeutic window and low taxes of 

treatment success [3, 4]. Therefore, new and more efficacious therapies are immediately 

necessary.  

The reverse pH gradient is one of the main cancer features associated to the reprogrammed 

metabolism, being associated to an increase of the activity of pH regulators that include proton 

pump ATPases, sodium-proton exchangers (NHEs), monocarboxylate transporters (MCTs) and 

carbonic anhydrases (CAs) to maintain the pH gradient in cancer cells [5]. This altered pH 

regulation is correlated with diffretnt cancer hallmarks, such as tumour invasion, angiogenesis and 

chemo and radiotherapy resistance [6-8]. 

The revival interest in the interaction between tumour cells and the surrounding microenvironment, 

allow the investigation of pH regulators as potential targets in the development of novel therapies 

in cancer field.  Therefore, the main objective of this chapter was understand how the pH regulator 

disruption can decrease the aggressiveness of breast cancer cells and potentiate the standard 

therapies. 

Major findings 

The major findings of this chapter are described below: 

-The breast cancer tissues present high plasma membrane expression of the studied pH regulators, 

namely for CAXII.  

- The breast cancer cell lines express different pH regulators; 

- The most resistant cells, MDA-MB-231, express these proteins namely at plasma membrane;  

- The less aggressive cells, MCF-7, express pH regulators, namely NHE1 and V-ATPase mostly at 

cytoplasm space; 

- pH regulators inhibition decrease the breast cancer cells aggressiveness, with a higher effect in 

the MDA-MB-231 cells, observed through the migratory and invasive abilities inhibition, probably 

due to the matrix metalloproteinases inactivation; 

- The combined effect of pH regulator inhibitors and doxorubicin induce a synergetic effect of both 

drugs in the two breast cancer cell lines, MDA-MB-231 and MCF-7. 
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Abstract 

Background: The reverse pH gradient is one of the main cancer features associated with the 
reprogramed metabolism, the ‘Warburg effect’. Due to this, there is an increase in the activity of 
pH regulators such as ATPases, sodium-proton exchangers (NHEs), monocarboxylate transporters 
(MCTs) and carbonic anhydrases (CAs) that induce an acidic tumour microenvironment responsible 
for the acid-resistant phenotype. In the present work, we targeted the main pH regulators expressed 
in breast cancer cells, as strategy to overcome the resistance to treatment. 
Methods: Expression of pH regulators (V-ATPase, NHE1, CAXII, MCT1 and MCT4) was assessed in 
vitro by immunofluorescence and Western-blot in two breast cancer cell lines (MDA-MB-231 and 
MCF-7), being V-ATPase, CAXII expression also evaluated in human breast cancer tissues by 
immunohistochemistry. In in vitro assays, cell viability, migration and invasion capacity were 
evaluated after exposure to pH regulator inhibitors (concanamycin A, cariporide, acetozolomide 
and cyano-4-hydroxycinnamate). Additionally, a combined cell treatment with these inhibitors and 
the conventional drug doxorubicin was performed to analyse the effect of the disruption of pH 
dynamics in the reversion of the drug resistance phenotype. 
Results: In most clinical samples, we observed high plasma membrane (PM) expression of the 
studied pH regulators, namely for CAXII. Overall, no association between V-ATPase and MCT1 and 
MCT4 was observed, neither between CAXII and MTC1 and MCT4. Both breast cancer cell lines 
present expression of all pH regulators, except for MCT1 and CAXII expressed only in MCF-7 cells. 
NHE1 and V-ATPase were expressed in the cytoplasmic space and/or in the PM, depending on the 
cell line. In contrast, the other proteins showed a strong PM expression. PH regulator inhibition 
decreased breast cancer cell aggressiveness, with a higher effect in the MDA-MB-231 cells, 
observed through the migratory and invasive abilities. Furthermore, a synergistic effect was 
observed in these two cell lines, in vitro, with the combination of pH regulator inhibitors and 
doxorubicin. 
Conclusions: Our results demonstrated the importance of proton dynamic disruption as promising 
antitumour therapy and the most importantly, and that pH regulator inhibitors can be used 
concomitantly with conventional therapy in breast cancer treatment. 
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Background 
 
According to Globocan, about 1.5 million new 
cases of breast cancer were identified 
worldwide and over 500 000 women died in 
2011 (global health estimates, World Human 
Organization (WHO) 2013). Breast cancer is 
the most common cancer in the female 
gender, is characterized by distinct biological 
features and it is subdivided in different 
molecular subtypes [1, 2]. One of the most 
aggressive is the basal-like subtype (belongs 
to the triple-negative group, ER (-); HER2 (-) 
and PR (-)) with a small therapeutic window 
and low rates of treatment success [3, 4]. 
Therefore, new and more efficacious 
therapies are immediately necessary.   
Highly proliferative cancer cells  rely  mainly 
on  glycolytic metabolism rather than 
oxidative phosphorylation (OXPHOS) to 
maintain ATP levels, even in the presence of 
oxygen, a  phenomenon   denominated 
‘‘aerobic glycolysis’’ or “Warburg effect” [5].  
The hyper-glycolytic phenotype results in 
chronic acidification of the local environment 
due to the increase of proton and lactate 
efflux by cancer cells. Therefore, the tumour 
microenvironment presents an acidic pH 
between 6.5-7.1, in contrast with normal 
tissues where the extracellular pH (pHe) level 
ranges between 7.2-7.5 [6]. To maintain this 
pH gradient and avoid cell death due to 
intracellular acidification, cancer cells up-
regulate different families of pH regulators, 
namely at the plasma membrane (PM) [7, 8]. 
These proteins include the carbonic 
anhydrase (CA) family, specifically CAIX and 
CAXII, the proton-sodium-exchangers 
(NHEs), namely NHE1, the vacuolar-ATPase 
(V-ATPase) and monocarboxylate 
transporters (MCTs), in particular MCT1 and 
MCT4 [7, 9].  In fact, this process provides a 
competitive advantage to cancer cells, since 
the low pHe generates a microenvironment 
favourable for tumour invasion and 
metastases, angiogenesis, suppression of 
anticancer immune response and chemo- 
and radiotherapy resistance [7, 10-12]. The 

interaction between tumour cells and the 
surrounding microenvironment, motivated 
the investigation of pH regulators as targets 
to improve therapies in the cancer field.  
Many compounds have been developed to 
target the pH regulators mentioned above 
[9]. Non-amiloride compounds, such as 
cariporide, are specific and powerful NHE1 
inhibitors [13, 14]. Some studies using this 
compound reported a reduction in 
cholangiocarcinoma cell proliferation [15] 
and in human tongue squamous cell 
carcinoma [16]. Although it was well 
tolerated by humans in cardiac disease 
context, unfortunately there are no studies in 
the clinical cancer field. Regarding CAs, 
namely CAXII, accumulating evidence 
recognizes that CA inhibition successfully 
decreases tumour growth in vitro and in vivo 
models [17, 18]. Supuran and co-workers 
demonstrated that the sulphonamide family, 
that include potent CAs inhibitors, impairs 
tumour growth, invasion in breast cancer 
models, being now in a phase I clinical trial 
[19]. Bafilomycin and concanamycin A (conc. 
A), that belong to the plecomacrolides 
antibiotic class, were able to reduce the 
invasion capacity of breast cancer cells [20], 
by specific inhibition of V-ATPase. However, 
there are only few reports of the effect of 
these compounds in cancer cells. 
Concerning MCT inhibition, Morais-Santos et 
al., demonstrated that the MCTs inhibition, 
by siRNA or pharmacologic inhibition through 
cyano-4-hydroxycinnamate (CHC), 
lodinamine and quercetin, decreased breast 
cancer cell aggressiveness in vitro [21]. 
Consistently, several authors demonstrated 
the importance of MCT inhibition in cancer, 
using both in vitro and in vivo models [22], 
such as colorectal [23], cervix [24] cancers 
and glioma [25, 26].  
The acidic tumour microenvironment confers 
many advantages to cancer cells, therefore 
blockage of protons export via the pH 
regulators can be an excellent strategy in 
cancer therapy. Some pH regulator inhibitors 
(PRI) have already been evaluated in different 
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phases of clinical trials [reviewed in 27]. 
However, further efforts are needed to 
increase the number of studies with the 
objective to clarify the efficacy and possible 
toxicity generated by some of these 
compounds in specific cancer models. 
Therefore, the main aim of this study was to 
disrupt the pH regulatory mechanism in 
breast cancer cells and understand how this 
can be used to improve current therapy.   
 
Results 
 
pH regulators overexpression associate 
significantly with high grade invasive breast 
carcinomas 
In this study, we used 320 invasive breast 
carcinomas and 48 normal breast tissues, in 
Tissue Microarrays (TMAs) previously 
classified for molecular subtypes [28], to 
characterize the expression of the pH 
regulators CAXII and V-ATPase. Due to 
technical problems related with antibody 
specificity, it was not possible to present 
results on NHE1 expression in breast cancer 
tissues. The results of the expression 
frequencies of MCTs were already published 
and will be here discussed [29]. 

Positive pH regulator expression was 
observed both in plasma membrane and 
cytoplasm, but V-ATPase was more 
frequently found in cytoplasm (Figure 1). In 
general, our results showed that V-ATPase 
was expressed in almost of cases (197/203). 
We observed that 51/197 (25.9 %) cases 
were positive for plasma membrane 
expression (Table 1). Regarding CAXII, half of 
cases were positive (98/196). Membrane 
expression of CAXII was found in 96/98 
(98.0%) of the cases. There was an increase 
of expression at PM of CAXII and V-ATPase in 
breast cancer tissues and low expression of 
both proteins in normal tissues (p=.000; 
p=.046, respectively) (Table 1). In fact, all 
normal tissues were negative for CAXII 
expression and only 4/44 (9.1%) cases were 
positive for V-ATPase at the plasma 
membrane.  
In order to study the connections between V-
ATPase and CAXII, and MCT1 or MCT4 
expressions in tumours, we searched for 
associations among the expression of these 
proteins (Table 2). Overall, no association 
between V-ATPase and MCT1 and MCT4 was 
observed (p=.651; p= .662, respectively) 
neither between CAXII and MTC1 and MCT4 
(p=.385; p= .300, respectively).

 

 
 
Figure 1: Immunoexpression of V-ATPase and CAXII in primary invasive breast carcinomas. Images are in 
100x magnification and the insets A and B are in 200X magnification. 
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Table 1: Frequency of V-ATPase and CAXII total expression and at the plasma membrane (PM) in invasive breast 
carcinomas tissues compared with normal breast epithelium.  

 n Positive (%) P PM (%) P 

V-ATPase 
Normal breast epithelium 

Breast carcinoma 

 
44 

203 

 .000  .046 

4 (9.1) 
197 (97.0) 

 4 (9.1)  
 51 (25.9)  

CAXII      
Normal breast epithelium 40 0 (0.0) .032 0 (0.0) .000 

Breast carcinoma 196 98 (50.0)  96 (98.0)  

 
 
Table 2: Association of V-ATPase and CAXII with MCT1 and MCT4 expression in breast carcinoma samples. 

 n MCT1 Positive (%) P MCT4 Positive (%) P 

V-ATPase 
Negative 
Positive 

203 
6 

197 

 .651  .662 

0 (0.0) 
37 (18.8) 

 2 (33.3) 
45 (23.0) 

 
  

CAXII 196  .385  .300 
Negative 98 16 (16.3)  28 (28.6)  
Positive 98 17 (17.3)  20 (20.4)  

  

 
pH regulators are highly expressed in breast 
cancer cell lines, but with a distinct pattern of 
expression  
The expression and cellular localization of the 
different pH regulators (MCT1, MCT4, CAXII, 
V-ATPase and NHE1) was evaluated in the 
breast cancer cell lines MCF-7 and MDA-MB-
231, by Western-blot and 
immunofluorescence, respectively. All pH 
regulators were expressed in both cell lines, 
except for MCT1 (MCT1 is silenced by 
promoter methylation in MDA-MB-231 cells 
[30]) and CAXII that was expressed only in 
MCF-7 cells (Figure 2A). Regarding the 
expression of V-ATPase (subunit A1) and 
NHE1, they were more expressed at the PM 
in MDA-MB-231 cells, whereas MCF-7 cells 
presented a lower expression and mainly at 
the cytoplasm (Figure 2B).  As lactate 
transporters, both MCT1 and MCT4 were 
expressed at the PM (MCT4 in both cell lines, 
MCT1 only in MCF-7 cells).  Concerning 
CAXII, we observed also expression in 

contact-junctions in MCF-7 cells. On contrast, 
MDA-MB-231 did not express this protein 
(Figure 2B). 

Extracellular acidity decreases sensitivity to 
doxorubicin and increases the migratory and 
invasive abilities in breast cancer cells 
The reverse pH gradient of cancer cells, that 
characterized tumour cells, is responsible for 
more aggressive phenotype and for 
processes involved in metastatic cascade, as 
well as resistance to treatment. In Figure 3, 
we demonstrated that the increase of the 
extracellular acidity in cancer cells decreased 
the sensitivity to the conventional drug 
doxorubicin. At the physiologic pHe of 7.4, 
both cells lines presented lower IC50 values 
than in media buffered to acidic pHe of 6.6. 
As previously described, the acidic pH in the 
extracellular space is responsible for 
aggressiveness tumour features, including 
drug resistance.
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Figure 2: Protein levels and cellular localization of pH regulators in breast cancer cells. (A) Protein levels in breast 
cancer cells assessed by Western blot. (B) Cellular localization of the different pH regulators, was determined by 
immunofluorescence. The red arrows represent a PM expression and the yellow arrows represent a cytoplasmic 
expression. Results are expressed as mean ± SD of triplicates from three independent experiments. Significant 
differences between groups: ***P < 0.001 compared to the cells with high expression of each pH regulator. 
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Figure 3: Effect of doxorubicin on breast cancer cell survival at different extracellular pH values, assessed by the SRB 
assay. The resistance index was determined comparing IC50 value obtained from cells exposed to medium buffered to 
pH 7.4 and medium buffered to pH 6.6. Results are expressed as mean ± SD of triplicates from at least three 
independent experiments. 

 
MDA-MB-231 presented already a higher IC50 
than MCF7, when exposed to doxorubicin at 
physiological pH values, however both cell 
lines presented the same behaviour when 
exposed to acid conditions, an increase of IC50 
values. This was more evident in MCF-7 with 
a resistance index of 15, comparing the IC50 
values in media at pH 7.4 and media at pH 
6.6, while the resistance index for MDA-MB-
231 was only 4. To study the cell migration 
capacity at low pHe, the wound-healing assay 
was performed, and the migration of tumour 
cells was registered at different time points 
(0, 12 and 24 hours).  The acidic pH 
increased the migratory ability of the cells, 
more evident in MCF-7 cells. In MDA-MB-231 
cells we observed a faster capacity to close 
the wound at pH 7.4, comparing to MCF-7 
cells (Figure 4A), but this capacity also 
increased at lower pHe (Figure 4B). In MCF-
7 cells, there was an increment in the 
invasive cell number but not significantly 
different when compared with the MDA-MB-
231 cells. Additionally, the low pHe led to a 
higher activity of matrix metalloproteinases 
(MMPs), namely MMP-2 in MDA-MB-231. 
However, in MCF-7 cells, there was no 

significant difference in MMP activity (MMP-2 
and MMP-9), between pHe 6.6 and 7.4 
(supplementary data Figure 1). 

Disruption of pH regulation decreases the 
aggressive behaviour of MDA-MB-231 cells 
Our previous results showed the importance 
of pH regulation in tumourigenesis, therefore 
the inhibition of the main players in this 
phenotype can be useful as a strategy to 
decrease tumour aggressiveness. Firstly, all 
PRI were able to decrease cell survival in both 
cell lines (Figure 5A). Conc. A and cariporide 
were the compounds that induced the 
highest cytotoxic effect, with lower IC50 values 
for both cell lines: between 20 to 40 µM and 
1 to 2 µM, respectively. As we described 
above, V-ATPase and NHE1 were localized at 
PM in MDA-MB-231, in contrast to MCF-7. 
However, the effect of these protein inhibitors 
was more noticeable in MCF-7 as well as the 
MCT inhibitor CHC.
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 MDA-MB-231 MCF-7 
Culture media pH 7.4 (IC50) 21.58 ± 5.21 µM 6.45 ± 1.56 µM 
Culture media pH 6.6 (IC50)      > 100 µM > 100 µM 

Resistance index > 4 > 15 
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Figure 4: Cell migration and invasion of breast cancer cell lines at different extracellular pH values. (A) Cell migration 
and cell invasion (B) was evaluated by wound-healing and matrigel assays, respectively. Results are expressed as mean 
± SD of triplicates from three independent experiments. Significant differences between groups: ***P < 0.001 
compared to control (pH 7.4). 
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 MDA-MB-231 MCF-7 

Conc. A (IC50) 40.74 ± 8.84 µM 23.99 ± 5.60 µM 
Cariporide (IC50) 2.18 ± 0.76 µM 1.68 ± 0.35 µM 

AZ (IC50) - 822. 42 ± 67.00 µM 
CHC (IC50) 630. 96 ± 75.23 µM 334.19 ± 42.42 µM 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Effect of pH regulator inhibition on breast cancer cell features. (A) The effect of on cell viability was determined 
using the SRB assay. (B, C) Cell migration and invasion analysis was done after 24 h of treatment with IC50 values of 
PRI determined in (A). Representative images of the migration assay at 0, 12 and 24 h and of the invasion assay at 

A 
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24 h, are presented. Results are expressed as the mean + SD of at least 3 independent experiments, each in triplicate. 
Significant differences between groups: *P < 0.05; **P < 0.01; ***P < 0.001 compared to untreated cells (control). 
Ns: non-significant. 
 

Probably as MCF-7 cells demonstrated a 
lower migratory and invasive capacity at 
physiologic pH, the pH regulator inhibition 
did not induce a significant decrease in these 
features (Figure 5B and 5C). In contrast to 
MCF-7 cell line, MDA-MB-231 showed higher 
migratory capacity, especially after 24 hours 
(Figure 5B), with an almost complete closure 
of the wound and the PRI were able to 
decrease this capacity. The effect of pH 
regulation disruption in matrigel invasion was 
also more noticeable in MDA-MB-231 cells 
(Figure 5C). We observed that all the 
compounds, CHC, cariporide and conc. A, 
were able to reduce invasion through the 
matrigel matrix in these cells. Furthermore, 
the activity of MMPs, namely MMP-2, was 
lower, demonstrated by the gel digestion in 
the zymography assay (supplementary data 
Figure 2), in the presence of the PRI, namely 
in MDA-MB-231 cells. 

Treatment with pH regulator inhibitors 
synergize with doxorubicin in breast cancer 
cell lines 
To evaluate the combinatorial effect of the pH 
regulator inhibitors with the conventional 
drug doxorubicin, we exposed both cell lines 
to different combinations of both drugs 
during 48 hours (Figure 6). Cells exposed to 
doxorubicin alone were used as control. In 
both cell lines, all the compounds combined 
with doxorubicin enhanced the drug 
cytotoxicity, inducing a decrease in cell 
survival. This effect was more evident in 
MDA-MB-231 cell line, as the initial IC50 value 
determined for doxorubicin alone was higher 
(IC50=5.5 µM) compared with MCF-7 cells 
(IC50=0.96 µM). The MCT inhibitor, CHC, was 
the compound that induced the highest effect 
in both cells lines, when combined with 
doxorubicin. The simultaneous treatment 
with acetozolomide (AZ) + doxorubicin, 
combination used only in MCF-7 cells, was 

able to reduce cell viability in a dose 
dependent manner. In summary, both cell 
lines became considerably more sensitive to 
conventional antitumour drugs, when 
exposed to the combined therapy.  
To analyze the synergistic effect of these 
combinations, CalcuSyn Software (Biosoft) 
was used to calculate the correct values. 
Conc. A and cariporide presented a 
synergistic effect when combined with 
doxorubicin (≥ 1 and ≥ 0.01, respectively), in 
both cells lines (Table 3). At lower 
concentrations of doxorubicin the effect 
indicates antagonism, represented by a value 
higher than 1. In contrast, CHC and AZ (the 
last only for MCF-7) presented a combination 
index lower than 1 for all concentrations of 
doxorubicin, indicating a synergistic effect of 
both drugs when used simultaneously, even 
for the lower doxorubicin concentrations. 

Discussion 
 
Conventional  antitumour  treatments  
present  often  a  modest  efficacy  due  to  
the development of the multidrug resistance 
(MDR) phenotype, the mechanism by which 
many cancers develop resistance to  multiple 
chemotherapeutic drugs [31]. Thus, it is 
important the development of new 
therapeutic strategy to enhance the available 
therapies. Although the influence of hypoxia 
and angiogenesis on tumour characteristics 
has been explored greatly in the last years, 
the role of other microenvironmental stresses 
is still an open field, namely the acidity of the 
extracellular milieu and its influence in the 
treatment resistance phenotype. 
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 MDA-MB-231 MCF-7 
Doxorubicin 5.50 ± 0.98 µM 0.96 ± 0.05 µM 

Conc. A + doxorubicin 0.70 ± 0.06 µM 0.23 ± 0.04 µM 
Cariporide + doxorubicin 1.20 ± 0.45 µM 0.55 ± 0.16 µM 

AZ + doxorubicin - 0.36 ± 0.02 µM 
CHC + doxorubicin 0.01 ± 0.01 µM 0.01 ± 0.01 µM 

 

 
Figure 6: Effect the combination of PRI with doxorubicin in breast cancer cells survival. The IC50 values were 
determined after 48h of exposure with the combined treatment with a range of doxorubicin concentrations 
(0.0001-100 µM) and the respective IC50 of pH regulators. Representative graphs showed a dose response 
curve to the combined treatment and to doxorubicin treatment alone. Results are expressed as mean ± SD 
of triplicates from at least three independent experiments. 
 

Cancer cells generally exhibit the “Warburg 
effect”, with an increased aerobic glycolysis 
and lactic acid production. To prevent 
apoptosis by intracellular acidification, 
cancer cells up-regulate different pH 
regulators at the PM, creating an acidic 
tumour microenvironment, also associated 
with chemoresistance [10]. Therefore, pH 
regulators which play a key role in the 
reversion of the pH gradient, are interesting 
targets to potentiate the therapeutic efficacy 
of antitumour agents, by modulating the pH-
dependent cellular resistance mechanisms 
[32]. Due to this reason, the main objective 
of this research work was to investigate the 
relationship between tumour 
microenvironment acidification and MDR 
phenotype in cancer cells, assessing the role 
of pH regulators, as mediators between 
cancer cell characteristics and the 
microenvironment. Firstly, we analysed the 
pH regulator expression in breast cancer 
tissues. We found overexpression of two pH 

regulators analysed in this work, V-ATPase 
and CAXII, in cancer tissues, namely at the 
cytoplasm and PM, respectively. As 
previously reported, the pH regulators 
expressed at PM in cancer cells are 
correlated with higher aggressiveness and 
resistance to therapy. In fact, MCT1 and 
MCT4 showed associations with some poor 
prognostic variables including advanced 
tumour staging, high grade tumours, in a 
variety of human cancers such as breast, 
renal cancers, prostate, and pancreas 
tumours [33]. Moreover, the presence of V-
ATPases in some types of cancer was 
associated with shorter overall survival and 
high-grade tumours, such as glioblastomas 
[34]. Regarding CAs, CAIX expression has 
been widely correlated with poor prognostic 
variables such as high tumour grade, 
necrosis, bad treatment outcome, advanced 
stage and poor prognosis in a variety of 
human malignancies, including breast [35]. 
CAXII has been strongly associated with 
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Table 3: Combination index (CI) values of pH regulators and doxorubicin. Values were determined from doxorubicin 
growth curves and pH regulators in monotherapy compared with the combination for each concentration of 
doxorubicin. CI= 1 indicates an additive effect, CI <1 indicates synergy, and CI >1 indicates antagonism.  

 Doxorubicin (µM) Conc. A Cariporide CHC  

M
D

A-
M

B-
23

1 

0.0001 >1 (8.48) >1 (4.56) <1 (0.74)  

0.001 >1 (6.08) >1 (4.44) <1 (0.75)  

0.01 >1 (4.35) <1 (0.75) <1 (0.78)  

0.1 >1 (4.02) <1 (0.77) <1 (0.58)  

1 <1 (0.89) <1 (0.66) <1 (0.47)  

10 <1 (0.78) <1 (0.71) <1 (0.42)  

100 <1 (0.55) <1 (0.63) <1 (0.48)  

 Doxorubicin (µM) Conc. A Cariporide CHC AZ 

M
C

F-
7 

0.0001 >1 (1.48) >1 (2.66) <1 (0.84) <1 (0.68) 
0.001 >1 (1.01) >1 (2.24) <1 (0.88) <1 (0.65) 
0.01 >1 (1.05) >1 (1.88) <1 (0.89) <1 (0.58) 
0.1 <1 (0.82) <1 (0.87) <1 (0.84) <1 (0.57) 
1 <1 (0.72) <1 (0.86) <1 (0.77) <1 (0.55) 
10 <1 (0.73) <1 (0.80) <1 (0.77) <1 (0.52) 
100 <1 (0.75) <1 (0.73) <1 (0.55) <1 (0.48) 

 

several good prognostic parameters in 
invasive breast cancer [36], for instance. 
However, CAXII is also associated with poor 
prognosis it was described in oral cell 
carcinomas [37]. Although, it is important to 
notice that the serum levels of CAXII may also 
be of value as molecular markers for the 
detection of breast cancer lymph node 
metastasis [38]. This could be clinically 
exploited for screening or monitoring patients 
with cancer. There are only a few studies 
regarding the expression of NHE1 in human 
cancer samples and the clinic-pathologic 
significance of NHE1 is also poorly explored. 
However, in hepatocellular carcinomas, 
NHE1 expression was associated with the 
increased tumour size, venous invasion and 
advanced tumour stages [39, 40]. 
Further, the accumulation of acidic vesicles 
in the cytoplasm (e.g. lysosomes), acidified 
by proteins such as V-ATPase, may represent 
an additional contribution to 
chemoresistance, by the enhanced drug 
sequestration and subsequent drug efflux 
through vesicular transport to the cell 
membrane and drug discharge in the extra 
cellular space [41]. 
Importantly, we assessed the association 
between both pH regulators in human 
tumour samples. We observed a close 
association between V-ATPase and CAXII 
expression. Previous studies also showed the 

concomitant expression of some pH 
regulators, namely MCTs and CAIX in the 
same series of TMAs used in this work [29]. 
Further, also in glioma tissues MCTs and 
CAIX are co-expressed [25]. Another study 
but in vitro showed the simultaneous 
expression of V-ATPase and CAIX in breast 
cancer cell lines, but only in low oxygen 
conditions, [42]. Importantly, we evaluated 
for the first time the expression of these pH 
regulators, both V-ATPase and CAXII and 
established a correlation between them and 
between the previous results of MCTs 
expression. 
We also evaluated the expression of pH 
regulators in different breast cancer cell lines 
and associated it with the sensitivity of the 
cells to antitumour drugs. Doxorubicin is  
widely  used,  alone  or  in  combination  with  
other  drugs,  against several tumours, such 
as breast cancer [43].  MDA-MB-231 cells 
presented a lower sensitivity than MCF-7 cell 
line, with a higher IC50 value.  These results 
are in agreement with the literature, where is 
described that doxorubicin is more effective 
in inducing apoptosis in MCF-7 than in MDA-
MB-231 [44]. Both breast cancer cell lines 
presented detectable expression of pH 
regulators, namely V-ATPase, NHE1 and 
MCT4 at both cytoplasm and PM. In the case 
of MCT1 and CAXII, only MCF-7 cells 
presented expression of both pH regulators. 
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The involvement of these proteins as well as 
the acidic tumour environment in the 
acquisition of resistance to therapies was 
extensively described [7, 9]. In fact, our 
results showed that at lower pHe, in medium 
buffered to pH 6.6, both cell lines presented 
an increase of IC50 values, more evident in 
MCF-7 that became more resistance to 
treatment. Many common drugs used in 
chemotherapy are weak bases, namely 
anthracyclines like doxorubicin that become 
protonated at low pHe like the one often 
present in tumour microenvironment or in 
intracellular vesicles [45]. As consequence, 
the cell distribution of these drugs are 
affected and their cytotoxicity impaired [46].  
The role of CAXII in tumour aggressiveness 
behavior is controversial. The expression of 
this protein is reported in human 
malignancies such as colorectal [47], 
cervical [48], renal [49] and others cancers 
[50, 51]. However, despite its role in tumour 
reverse pH gradient, it has been associated 
with good prognostic parameters in invasive 
breast cancer [36]. In contrast, other reports 
report the involvement of CAXII with a poor 
prognosis in some type of cancers [37, 52]. 
In breast cancer tissues, this protein was 
expressed in most cases, namely at the PM. 
Furthermore, we observed that the most 
aggressive subtype of breast cancer cells, 
MDA-MB-231, did not present the CAXII 
expression and only the less aggressive cell 
line express this pH regulator. However, 
results showed that CAXII can be involved in 
the increase of MCF-7 resistance since the 
inhibition of this protein decreased the 
migratory and invasive abilities of these cells 
and potentiated doxorubicin effect.  
The low pHe in cancer is associated, 
additionally to increased resistance to 
treatment, with many others cancer features. 
Some reports described the role of acid 
tumour microenvironment in the 
metastization steps [53, 54]. Also, recent 
evidence showed the importance of the 
reverse pH gradient in tumour cell migration, 
controlled by pH regulators. The assembly of 

integrin filaments that drives membrane 
protrusion in migrating cells increases with a 
high intracellular pH and low extracellular pH. 
The activation of integrin by the acidic pH is 
correlated with cell adhesion and migration 
[55]. It is also reported that V-ATPase and 
NHE1 in PM colocalize with actin 
cytoskeleton at the leading edge of migrating 
cells, indicating their involvement in cell 
migration [56-58]. The optimal activity of 
MMPs and other proteolytic enzymes that 
degraded the extracellular matrix and support 
the dissemination of tumour cells occur at 
low pH [53, 59]. We observed that lower pHe 
not only increased the migratory capacity of 
MDA-MB-231 cells, but also the invasion 
ability, probably due to the upregulation of 
MMP activity. Several MMPs have been 
shown to drive cell migration and invasion 
through the basement membrane, such as 
MMP-2 and MMP-9, and their inhibition 
decrease the number of metastasis in in vivo 
models [60]. Our results showed that an 
acidic pHe increased the MMPs activity, 
namely MMP-9 in MDA-MB-231 cells. 
However, in MCF-7 the increment was not 
significant. In a cohort study of 270 breast 
cancer patients, MMP-9 expression was 
associated with more aggressive breast 
cancers and with a poor prognostic [61]. 
Additionally, MMP-9 presents higher 
expression in basal-like molecular subtype of 
breast cancer in tumours, like in MDA-MB-
231 cells, as demonstrated by two others 
studies [62, 63]. Furthermore, co-expression 
of MMP-2 and MMP-9 was correlated with an 
unfavourable prognosis in breast cancer 
patients [64, 65].  
Overall, our results support the assumption 
that the acidic pHe is one of the main 
responsible for aggressive characteristics in 
breast cancer cells. The higher proliferation 
at acidic conditions could be related with a 
higher expression/activity of pH regulators, 
namely at PM. For that reason, we inhibited 
the activity of pH regulators using specific 
inhibitors. Both cell lines presented sensitivity 
to all the compounds used. However, conc. A 
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was the drug that induced a higher damage 
in these cells. Conc. A is an antibiotic that 
belongs to the pleocrolamide class, being a 
potent inhibitor of V-ATPase [66]. Concerning 
the other inhibitors, both CHC and cariporide 
induced a reduction in cell viability in the 
same extend. Furthermore, the pH regulator 
inhibition decreased the aggressive 
characteristics in the most aggressive cell 
line MDA-MB-231, namely by decreasing the 
migratory and invasive abilities. The acidic 
tumour microenvironment can also indirectly 
drive extracellular matrix proteolysis, as 
referred before. Therefore, the stronger 
inhibition of these features in this cell line 
could be correlated with a reversion of 
abnormal pH gradient in cancer cells and the 
consequent lower activity of MMPs, namely 
MMP-2.  
Additionally, the pH regulator inhibitors can 
be used not only as primary cytotoxic agents 
but also to sensitize cancer cells to 
conventional chemotherapeutic agents. The 
role of reverse pH gradient in tumour drug 
resistance is reported in different studies. 
The ion-trapping model predicts that weakly 
lipophilic basic chemotherapeutic drugs will 
concentrate in more acidic compartments, 
namely extracellular space [31, 46]. In acidic 
conditions, these drugs became charged 
(ionized/protonated form), being their 
transport across the PM impaired and their 
cytoplasmic accumulation decreased, 
leading to a lower cytotoxicity [67]. In the 
presence of these compounds we observed 
an increase of pHe comparing to untreated 
cells, more evident in MDA-MB-231 cells 
(Supplementary data table 1). Therefore, we 
found a more alkaline pH in extracellular 
space and probably a more acidic pH in 
intracellular space that improve the drug 
action. Our results demonstrated that all the 
compounds were able to improve doxorubicin 
toxic effect. CHC and conc. A induced a more 
noticeable effect, presenting lower IC50 values 
for doxorubicin in both cell lines. However, all 
the compounds demonstrated a synergistic 

effect, when combined with this conventional 
antitumour drug.  
Other promising results in the same field 
have already been reported, demonstrating 
the importance of the pH manipulation in 
cancer therapy. Treatment with CHC led to a 
sensitization to radiotherapy [24], induced 
tumour cell death and decreased tumour 
invasion ability in in vivo models [26]. For 
instance, Miranda-Gonçalves and co-workers 
demonstrated that MCT inhibition potentiates 
temozolomide effect in glioma cells [68]. 
Another report studied the influence of acidic 
vesicles in tumour cell in treatment 
resistance. This resistance to conventional 
therapies has been disrupted by the V-
ATPase inhibitor bafilomycin A, inducing an 
alkalinization of these compartments and 
increasing drug activity by abolishing vesicle 
drug sequestration [69]. Amith et al. also 
showed that the knockout of NHE1 sensitized 
MDA-MB-231 cells to paclitaxel [70]. 
Concerning conc. A or cariporide, to the best 
of our knowledge, their efficacy was not yet 
reported in combination with other drugs, as 
we demonstrated here.  
Our data allow us to conclude that the 
analysis of pH regulator expression/activity in 
cancer cells can be used as predictive 
biomarkers in identification of cases that can 
be treated with these inhibitors, leading to a 
more effective therapy. Further, the 
disruption of proton dynamics in cancer cells, 
can lead to an accumulation of intracellular 
protons to lethal levels that can potentiate the 
conventional therapeutic drugs, overcoming 
drug resistance, but also inhibit the migratory 
and invasive capacities of cancer cells, basis 
of the metastatic process. 

Material and methods 

Breast tumour samples 
Formalin-fixed, paraffin-embedded tissues of 
320 invasive breast carcinomas in Tissue 
Microarrays (TMAs) were retrieved from the 
histopathology files of three Departments of 
Pathology: University Hospital of the Federal 
University of Santa Catarina (UFSC, 
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Florianópolis, Brazil), Hospital Divino Espírito 
Santo (Ponta Delgada, Portugal) and from a 
private Laboratory of Pathology (Veronese 
Patologia e Citologia Araçatuba, Brazil). 
Molecular characterization of this series was 
previously studied and described [28]. This 
study was approved by the UFSC Ethics 
Committee for Human Research (CEPSH), by 
the Ethics Committee for Health from the 
Hospital do Divino Espírito Santo de Ponta 
Delgada E.P.E., as well as by the research 
review boards from the Veronese Patologia e 
Citologia Araçatuba Pathology Laboratory. 
Patients have signed a written informed 
consent, which implies that the spare 
biological material which has not been used 
for diagnosis, can be used for research. This 
is in accordance with the national regulative 
law for the handling of biological specimens 
from tumour banks, being the samples 
exclusively available for research purposes in 
retrospective studies, as well as under the 
international Helsinki declaration. 

Cell lines and culture conditions  
The breast cancer cell lines MCF-7 (Estrogen 
Receptor positive (ER (+)) and MDA-MB-231 
(Estrogen Receptor negative (ER (-)) [71], 
obtained from American Type Culture 
Collection, were used in this work. Cells were 
cultured in Roswell Park Memorial Institute 
medium 1640 (RPMI 1640), supplemented 
with 10 % heat-inactivated Fetal Bovine 
Serum (FBS), 1 % penicillin-streptomycin 
solution, in a 37°C humidified atmosphere 
with 5% CO2.  

Drugs  
Doxorubicin (Sigma- Aldrich) and the PRI, 
concanamycin A (Santa Cruz, Biotechnology) 
CHC, cariporide, and acetozolomide (AZ) 
(Sigma-Aldrich) were prepared in dimethyl 
sulfoxide (DMSO) to 40 mM; 30 mM; 1 mM; 
0.5 mM and 100 mM stock solutions, 
respectively, from which the working 
solutions were prepared. All the solutions 
were filtered through a 0.2 µm filter before 
use. 

Cell survival assays 
Cells were plated into 96-well plates, at a 
density of 1.5 ×104 cells/well and the effect 

of treatment with chemotherapeutic drug and 
pH regulator inhibitors on cell viability was 
performed after 48 h of treatment. The effect 
of the compounds on cell viability, assessed 
by total biomass was determined by the 
sulforhodamine B (SRB) assay. IC50 values 
were estimated from three independent 
experiments, each one in triplicate, using 
GraphPad Software applying a nonlinear 
regression of sigmoidal dose – response 
(variable slope) after logarithmic 
transformation. 

Western-blotting 
Breast cancer cell lines were grown until 80% 
confluence was reached, homogenized and 
after centrifugation, the supernatants were 
collected and protein was quantified. Total 
protein was separated on 10% 
polyacrylamide gel by SDS-PAGE and 
transferred onto a nitrocellulose membrane 
in 25 mM Tris-base/glycine buffer. 
Membranes were blocked with 5% milk in 
TBS/0.1% Tween for 1 h at room 
temperature. Primary antibodies were used 
in the appropriate dilution (Table 4), 
overnight at room temperature. Membranes 
were then incubated with the adequate 
secondary antibodies coupled to horseradish 
peroxidase (anti-rabbit, A9169, Sigma; anti-
mouse, PI-2000, Vector) for 1 h at room 
temperature. Protein quantification through 
band densitometry analysis was performed 
using ImageJ Software (version 1.41, 
National Institutes of Health). α-Tubulin was 

used as loading control. 

Immunofluorescence 
MDA-MB-231 and MCF-7 cells (3 × 105 

cells/well) were plated on glass cover slips 
placed into 6-well plates. Briefly, cells were 
fixed with cold metanol during 20 minutes at 
room temperature and permeabilized with 
triton 0.1% diluted in TBS 1x for 4 minutes. 
After blocking with bovine serum albumin 5% 
(BSA) for 30 minutes, cells were incubated 
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overnight with the respective primary 
antibodies at room temperature (Table 4). 
Afterwards, cells were incubated with the 
secondary antibody anti-rabbit-Alexa Fluor 
488 (1:1000 dilution, A11008, Invitrogen™ 
Molecular Probes™) and anti-mouse-Alexa 
Fluor 488 (1:1000 dilution, A11001, 
Invitrogen™ Molecular Probes™), diluted in 
BSA 5%, for 1 hour at room temperature. 
Finally, slides were mounted in Vectashield 
Mounting Media with 4’,6-diamidino-2-
phenylindole (DAPI) and images were 
acquired with a fluorescence microscope 
(Zeiss Spinnng Disc AxioObserver Z.1 SD 
microscope coupled to an AXIOCam MR3 
Camera).  

Immunohistochemistry 
Immunohistochemistry was carried out as 
previously described [68]. The following 
primary antibodies were used: rabbit anti-V-
ATPase (1:100, ab157458 Abcam) and anti-
rabbit CA12 (1:200, ab195233, Abcam). For 

all antibodies, IHC was performed with the 
Ultravision Detection System Anti-polyvalent, 
HRP (Lab Vision Corporation). Briefly, 
deparaffinized and rehydrated slides were 
submitted to heat-induced antigen retrieval 
for 20 min at 98ºC with 10 mM citrate buffer 
(pH 6.0). After endogenous peroxidase 
inactivation, tissues were incubated with the 
primary antibody during 2 hours at room 
temperature. The immune reaction was 
visualized with 3,3′-diamonobenzidine 

(DAB+ Substrate System; Dako). All sections 
were counterstained with Gill-2 haematoxylin. 
For negative controls, primary antibodies 
were omitted and replaced by a universal 
negative control antibody (N1699, Dako). 
Normal colon tissue was used as positive 
control for CAXII and breast cancer tissue for 
V-ATPase. Tissue immunostaining was 
evaluated semiquantitatively, considering 
extension and intensity of staining, as 
published previously.

  
Table 4: Details about primary antibodies and conditions used in western blot and immunofluorescence. 

PROTEIN DILUTION SPECIE REFERENCE 
NHE1 1:200 Rabbit sc-28758, Santa Cruz 

Biotechnology 
V-ATPASE 1:200 Mouse sc-374475, Santa Cruz 

Biotechnology 
CA12 1:200 Mouse sc-374314, Santa Cruz 

Biotechnology 
MCT1 1:200 Mouse sc-365501, Santa Cruz 

Biotechnology 
MCT4 1:500 Rabbit sc- 50329, Santa Cruz 

Biotechnology 
α-tubulin 1:500 Rabbit ab15246, Abcam) 
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The score for immunoreactive extension was 
as follows: score 0, 0% of immunoreactive 
cells; score 1, <5% of immunoreactive cells; 
score 2, 5%–50% immunoreactive cells; and 
score 3, >50% of immunoreactive cells. For 
intensity, the score was as follows: 0, 
negative; 1, weak; 2, intermediate; and 3, 
strong. The final score was defined as the 
sum of these 2 semiquantitative scores, and 
for statistical analysis, final score of 3 or 
higher was considered to be positive. Cellular 
localization of staining 
(cytoplasm/membrane) of the studied 
markers was also evaluated. For the different 
antibodies studied, some samples could not 
be evaluated for the 320 cases of the series 
due to missing TMA’s cores or to insufficient 
representation of the tumour in the TMA core. 
Reactions were independently evaluated by 
two pathologists (FS and RG).  

Wound-healing assay 
Cell migration was assessed by the wound-
healing assay. Breast cancer cells were 
incubated in 6-well plates at a density of 1.0 
x 106 cells/well until confluence. Two wounds 
were then created in the confluent cells by 
manual scratching with a 200 μl pipette tip. 

Cells were gently washed twice with PBS and 
treated with media without FBS and 
containing different drug concentrations, 
using untreated cells as control. At 0, 12 and 
24 h, specific wound sites (two sites for each 
wound) were photographed at 100X 
magnification using an inverted microscope 
(Nikon Eclipse TE 2000-U), as previously 
described [72]. Evaluation of migration 
distances (5 measures per wound) were 
performed with the MeVisLab platform and 
the percentage of cell migration relative to 
time zero of the control was evaluated with 
the GraphPad Prism 4 software. At least two 
independent experiments were conducted. 

Invasion assay 
Cell invasion was performed using 24-well BD 
Biocoat Matrigel Invasion Chambers, 
according to the manufacturer’s instructions 
(354480, BD Biosciences), [73]. In brief, 

after matrigel invasion chamber rehydration, 
cells were seeded and incubated with the IC50 
concentrations of different pH regulator 
inhibitors for 24 h. Then, the invading cells 
were fixed with methanol and stained with Gill 
hematoxylin. Membranes were photographed 
in an Olympus SZx16 stereomicroscope 
(16x), and invading cells were counted using 
the Image J software (version 1.41; National 
Institutes of Health). Invasion was calculated 
as percentage of cell invasion normalized for 
the control condition. 
 
Effect of the pH regulator inhibitors on 
doxorubicin cytotoxicity  
Breast cancer cells were seeded in a density 
of 1.5 × 103 cells/well into 96-well plates. 

Cells were treated with a fixed concentration 
of pH regulator inhibitors combined with 
doxorubicin (0.001 – 100 µM) for 48h. The 
effect of doxorubicin alone and pH regulator 
inhibitors + doxorubicin on cell growth was 
evaluated using the SRB assay. The 
combined effect of the drugs was determined 
using the CalcuSyn Software (Biosoft). 
Synergy or antagonism was quantified by the 
combination index (CI), where CI=1 indicates 
an additive effect, CI <1 indicates synergy, 
and CI >1 indicates antagonism. 

Zymography assay  
To analyse MMP-2 and MMP-9 activities, a 
zymography assay was performed using a 
10% polyacrylamide gel containing 0.1% of 
gelatine as substrate. The media from the 
breast cancer cell lines exposed to different 
extracellular pHs and treated with pH 
regulator inhibitors were collected and 
centrifuged before use. Briefly, 20 µg of 
protein was loaded in the stacking gel and 
after electrophoresis, gels were washed with 
2% Triton X-100 solution to remove SDS 
remnants. The gels were then incubated for 
16h at 37ºC in appropriate buffer with MMP 
substrate and then stained with coomassie 
brilliant blue solution for 30 minutes. The 
excess of stain was removed by a solution of 
methanol and acetic acid. Gels were 
photographed and the protease activity was 
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estimated using ImageJ Software (version 
1.41, National Institutes of Health). 

Statistical analysis 
For immunohistochemistry results on breast 
cancer samples, statistical analysis was 
performed by SPSS statistics 17.0 software 
(SPSS Inc., USA). Pearson’s chi square (χ2) 

test and contingency tables were used to 
determine associations between groups and 
the results were considered statistically 
significant when the p-value was lower than 
0.05. For the in vitro studies, statistical 
analysis was performed with the Graph Pad 
Prism 5 software. The results are presented 
as normalized means ± SD, for n 
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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Supplementary Material 

Supplementary Table 1: pHe values of culture media measured after 48 hours, either in the presence or absence 
(untreated) of IC50 PRI. The ΔpH is represented by the difference between the pHe after treatment subtracted by the 
pHe without treatment, after the respective time of incubation. Results represent the mean + SD of at least 3 
independent experiments.  

 
W/o 

compound 
Conc.A Cariporide AZ CHC ΔpH 

MDA-MB-
231 

5.4 ± 0.7 6.2 ± 0.2 6.5 ± 0.2 - 6.4 ± 0.6 
Conc. A: 0.9 

Cariporide: 1.1 
CHC: 1.0 

MCF-7 5.8 ± 0.2 6.2 ± 0.9 6.4 ± 0.2 6.6 ± 0.8 6.0 ± 0.2 

Conc. A: 0.4 
Cariporide: 0.6 

AZ:0.8 
CHC: 0.2 

 
 

 
 

 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 1: MMPs activity evaluated by zymography assay in breast cancer cell lines. (A) MMP9 and 
MMP2 activity in culture medium samples from breast cancer cells at different extracellular pH. (B) Representative 
pictures of gel digestion at different extracellular pH. Results are expressed as mean ± SD of triplicates from three 
independent experiments. Significantly different between groups: *P < 0.05; **P < 0.01 compared to control (pH 7.4). 
ns: no significant. 
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Supplementary Figure 2: MMPs activity evaluated by zymography assay in breast cancer cell lines. (A) MMP9 and 
MMP2 activity in culture medium samples from breast cancer cells in the presence of PRI. (B) Representative pictures 
of gel digestion in the presence of PRI. Results are expressed as mean ± SD of triplicates from three independent 
experiments. Significantly different between groups: *P < 0.05; **P < 0.01; ***P < 0.001 compared to untreated cells 
(control). 
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5.1 General discussion 
 

In the light of the major findings achieved throughout this thesis, in the present section a general 

discussion will be given on how these findings can contribute to further elucidate the association 

between tumour metabolic features and tumour microenvironment and the exploitation of 

metabolism-related proteins as therapeutic targets, as well as their role in the response to current 

therapy. 

5.1.1 Overview on the contribution to the state of the art 

Cancer is a leading cause of death worldwide. Thus, effective cancer treatment is a challenge 

among the medical communities in the world. In the last years, there was a boost of new and 

innovative treatments, bringing new hope in life-saving cures. Cancer chemotherapy using drugs 

targeting cancer cells is one of the main modalities for cancer treatment, along with radiotherapy 

and surgery. However, although new and efficient drugs have been developed in the last years, 

resistance to treatment with both conventional and new antitumour drugs often occurs, together 

with disease recurrence. Multidrug resistance (MDR) is recognized as a phenotype where the cells 

present resistance to multiple drugs unrelated structurally and with different molecular targets, 

being a major obstacle to cancer cure [1, 2].  

The metabolic microenvironment and cell-environment connections have been described as main 

contributors for carcinogenesis. The altered metabolism explained initially by Otto Warburg, and 

reviewed by different authors, is one of the main features responsible for the aberrant behaviour 

observed in cancer cells [3]. The use of different resources present in the tumour environment 

induce different metabolic profiles [4, 5]. Furthermore, the abnormal metabolic dependences 

induce alterations in the microenvironment, namely the acidosis responsible for a higher resistance 

of tumour cells to the current therapies available [6]. Additionally, the adaptations of tumour cells 

to the hyper-glycolytic and acid-resistant phenotypes, are survival mechanisms. Different molecular 

players are associated with these characteristics, namely glycolytic and mitochondrial enzymes, 

involved in glycolysis and OXPHOS metabolic pathways, and the pH regulators, responsible for the 

pH maintenance in cancer cells.  

The connection between these molecular players has been extensively studied. However, the role 

of the metabolic microenvironment is far from being clarified. Some of these proteins were used 

as potential therapeutic targets, but how we can use them to potentiate conventional therapies 

used for many years in cancer treatment remains a less explored field in some cancer models. 
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Therefore, it is important to evaluate how the modulation of metabolic requirements of cancer cells 

can be manipulated to improve the effect of conventional therapies and overcome problems such 

as therapy resistance. For that, the use as targets of the main metabolic pathways, sources of 

energy for carcinogenesis, and/or pH regulators, disrupting the acidic pH involved in resistance to 

treatment and invasive characteristics, can be the best approach.  

The use of compounds targeting cancer metabolism became a new strategy in cancer treatment 

in the last years [7]. However, the number of studies analyzing the combination of the bioenergetic 

modulators or pH regulator inhibitors with the standard drugs is still scarce. Thus, additional 

studies are needed to understand the overall contribution of these players to tumour 

aggressiveness and that was the main aim of this project. 

5.1.2 Metabolic modulation in different cancer cell models 

In this work, a step forward was taken towards the possibility of exploiting the reprogrammed 

metabolism as target for cancer therapy. In glioblastoma (GBM), we found a glycolytic dependence, 

that made GBM cells more sensitive to metabolic inhibitors. In fact, the reprogrammed metabolism 

is involved in glioma aggressive behavior [8, 9].  It is described that glycolysis is up-regulated more 

than 3-fold in GBMs that in normal brain, accompanied by an increased ratio of lactate:pyruvate 

production, contributing to the increase in cell proliferation, invasion and survival. 

In chapter 2, we described that the metabolic modulation in gioma cells prevent the migratory and 

invasive capacities, but especially potentiate the effect of the drug temozolomide, one of the most 

used drugs in glioma treatment. In fact, one of the problems in this case is the development of 

treatment resistance namely due to systems of DNA repair, that induce an inapropriate 

temozolomide action [10, 11]. However, in our models, we found that even the most resistant cells 

did not express these systems. Thus, we hypothesize that other mechanisms were involved, such 

as the expression of proteins involved in the efflux of chemotherapeutic drugs, preventing their 

action, the ABC transporters. We believed that the disruption of ATP sources block the action of 

the ABC transporters, dependent of ATP, rendering tumour cells more susceptible to subsequent 

treatments. For that reason the action of conventional drugs can be potentiated. As these 

compounds, the bioenergetic modulators, led to a lower production of ATP and showed a greatest 

capacity to decrease glioma cell proliferation, both in in vitro and in vivo models, without toxicity to 

normal tissues, they can be an excellent choice to use as adjuvant in common therapeutic 

regimens. 
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Another factor involved in the MDR phenotype is the presence of a small population of cells, 

denominated cancer stem cells (CSCs) [12, 13]. The elimination of this subpopulation, namely 

maintained by the extreme environment conditions, such as hypoxia and acidification, can also 

contribute to overcome this problem. As already mentioned, one of the ways to achieve this is the 

blockage of glycolysis and OXPHOS, as not only the main ATP sources, important for cell survival 

and for the activity of ABC transporters, are impaired, but also due to the increase in the 

extracellular and decrease in intracellular pH, inhibiting some mechanisms of cancer resistance to 

therapy. 

In this way, we evaluated the metabolic features of this subpopulation and how the main pathways 

involved in ATP production can be blocked, in order to eliminate these cells. We found a mixture 

of phenotypes, different of pancreatic non-stem cancer cells. It was observed that the use of 

glycolytic and OXPHOS inhibitors were able to decrease CSCs viability and increase cell death rate. 

Emerging evidence has shown that therapeutic resistance to cancer treatment may arise from 

deregulation not only of glucose metabolism, but also fatty acid synthesis and glutaminolysis [14]. 

To propagate their lethal effects and maintain survival, tumour cells alter their metabolic 

requirements to ensure optimal nutrient use for their subsistence, evasion from host immune 

attack and proliferation. Our results indicate that cancer cells also metabolize glutamine that can 

provide the metabolic stimulus for required energy and precursors for synthesis of proteins, lipids, 

and nucleic acids. This is in agreement with other reports showing the dependence of glutamine 

by CSCs [15].  

In chapter 3, we describe that the metabolic modulation achieved by different compounds was 

able to decrease the number of viable cells in the PDAC model, namely in the CSCs population 

beside the parental cells. As these cells grow normally as spheroids, during the culture process we 

used a 3D system to mimetize the PDAC developement. We used different substrates for cell 

adhesion constitued by different percentage of collagen, the principal component of extracellular 

matrix in PDAC [16, 17]. We observed that the high percentage of collagen, that is associated with 

a more aggressive behavior, induced an alteration in metabolic phenotype, namely in CSCs, 

characterized by a mix of metabolic dependences. CSCs seemed to be dependent on both OXPHOS 

and glycolysis, presenting an ability to recover when one of these pathways was inhibited. 

Therefore, as other authors already referred, the use of inhibitors that induce the blockage of both 

energy sources can be the best option in cancer therapy [18]. Nevertheless, the use of just one 

metabolic inhibitor, but also combined with the standard therapies, the NAB-PTX, induced a 
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decrease in cell viability and an increase of cell death by apoptosis. In summary, bioenergetic 

inhibition is a new emerging strategy to be used in cancer therapy to enhance the survival rates of 

cancer patients, through the potentiation of the common therapies and a decrease of the 

aggressiveness features of cancer cells. 

5.1.3 Expression of pH regulators in breast cancer tissues and the effect of pH gradient 

disruption in vitro 

Due to the key role of microenvironment in cancer progression, inhibition of one of the main players 

involved in the maintenance of aggressive features, such as the acidic environment constitutes an 

important strategy in cancer therapy. There are many pH regulators responsible for the 

maintenance of the reverse pH gradient in cancer, such as ATPases, NHEs, MCTs, CAs and anion 

exchangers (AEs) [19]. According to that, some reports showed how pH gradient disruption can 

improve the results of conventional cancer therapies regimens [20]. Although with very promising 

results, these studies are still very scarce and further efforts are needed to support the exploitation 

of pH regulators as therapeutic targets. In chapter 4, some in vitro studies were performed in 

breast cancer cell lines.  

We found an upregulaton of pH regulators in breast cancer tissues, namely MCTs, NHE1, V-ATPase 

and CAXII. As expected and due to their role in the pH gradient maintenance, these proteins were 

found mainly located at the plasma membrane. On the other hand, V-ATPase and especially NHE1, 

were present mostly in the cytoplasm. Higher expression of pH regulators in the cell cytoplasm 

could be explained by protein trafficking or by their association with cell organelles such as 

peroxisomes and/or lysosomes. In fact, the expression of V-ATPase described in organelles in 

cancer cells was associated with resistance to therapy. V-ATPases remove protons from the cytosol 

to intracellular vesicles or to the extracellular environment resulting in lower pH, which increases 

tumour aggressiveness, being thus attractive targets for cancer therapy [21]. 

Our results showed that pH regulator inhibitors, such as concanamycin A, CHC, cariporide and 

acetozolomide induced a decrease in total cancer cell biomass, migration and invasion abilities in 

both breast cancer cell lines used, MDA-MB-231 and MCF-7. MDA-MB-231 cells presented the 

most evident results regarding such inhibition. Additionally, our results demonstrated that these 

compounds enhanced the doxorubicin effect, namely in the most resistant cell line, the triple-

negative cells MDA-MB-231. Further, the expression of these proteins in clinical samples showed 

how they can be used as predictive markers, being related with a worse prognostic. In fact, breast 
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triple negative tumours samples in TMAs analysis showed a higher expression of V-ATPase and 

CAXII, supporting the important role of pH regulator expression. 

Hence, pH regulator inhibition may contribute to the chemopreventive and anti-cancer effects in 

cancer therapy, and further studies on the additional mechanisms underlying their beneficial 

properties are needed. When considering pH regulators as targets for therapy, it is imperative to 

study the specificity of their activity, and evaluate their toxicity to normal tissues. For instance, V-

ATPase is a ubiquitous protein, involved in many physiologic functions, such as kidney acid-base 

balance [22]. However, this protein is upregulated in cancer cells, which can increase the target 

specificity, with predicted lower adverse effects. Another example of these pH regulators are MCTs. 

MCT1 participates in physiological processes, such as the lactate shuttles in brain [23] and skeletal 

muscle [24]. Nevertheless, they are upregulated in several cancer types and these adverse effects 

may be also decreased or eliminated in association with other therapies, since the combination of 

drugs allow the use of low concentrations of compounds.  

5.2 General Conclusion and Future Work 

In general, the results here presented support the hypothesis of a major role of metabolic profile 

in the emergence of the hyper-glycolytic and acid-resistant phenotypes, as adaptations to the hostile 

microenvironment. The upregulation of metabolic pathways in different cancer models is most 

likely an adaptive mechanism that allows continuous proliferation and survival. As the 

reprogrammed metabolism is considered a new hallmark of cancer, and glycolysis and OXPHOS 

are key players in the adaptations of cells to different conditions, further efforts should be made on 

the exploitation of the features of these pathways, as therapeutic targets in cancer. The pH 

regulators that help in the maintenance of the reverse pH gradient characteristic of cancer cells, 

are also excellent targets to develop new therapies as an alternative or complementary way to 

eliminate the most aggressive phenotypes. Although much was achieved with this work, many 

doors were now open that should be further explored. Importantly, the characterization of the 

metabolic profile in other tumour series would be of great value, as additional promising results 

are anticipated. Lung, colorectal cancer and others, which present altered metabolic characteristics 

[25, 26], can be other interesting type of tumours to evaluate in this field. As we showed previously, 

the breast cancer model present an upregulation of different pH regulators, namely MCTs that can 

be due to the dependence of glycolysis as main source of energy to proliferate. For that, this can 

be an excellent model to proceed with these studies. It is important to note that our group already 
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published relevant results in the breast cancer model in terms of metabolic characterization and 

exploitation metabolism-related proteins as therapeutic targets, but further efforts are still needed 

[27]. Furthermore, it should be interesting to characterize different CSC populations in these 

different models to understand the differences in metabolic behavior, concerning the provenience 

of different tissues of origin in different types of cancer. As referred above, controversial studies 

point to different metabolic dependences of different CSC groups [18]. For that, additional in vitro 

studies, evaluating parameters of aggressive behaviour, such as migration, invasion and colony 

formation capacity will shed some light on the importance of the metabolic microenvironments. 

Therefore, studying the contribution of metabolic pathway inhibition to the chemopreventive and/or 

anticancer effects of compounds such as DCA, 2-DG and biguanine compounds, may unveil 

promising therapeutic targets. Further, targeting the most expressed pH regulator in cancer cells 

will be an opportunity to eliminate also some of the most resistant cancer cells. As some of these 

compounds are already in clinical trials, some disappointing results revealed the necessity of a 

more detailed characterization previous to the clinical studies. Besides the more obvious lines that 

can be further explored, other directions can be taken, such as the study of other metabolic 

pathways important in cancer, like glutaminolysis (where lactate is also produced), that seems to 

be an important source in CSC maintenance derived from PDAC. Further, since cell culture does 

not mimic all real tumour conditions, including O2 and nutrient limitations, key factors in 

metabolism, it is fundamental to assess the metabolic features in animal models.  

In conclusion, the results herein presented encourage the exploitation of the reprogrammed 

metabolism as ‘Achill heel’ of cancer cells, for the development of new compounds that can be 

used alone or combined with the standard drugs already in use. Furthermore, they also support 

that exploitation of pH regulators as therapeutic targets can contribute to the improvement of 

prognosis in patients with breast cancer. Disrupting the activity of pH regulatory proteins can be 

an effective way to achieve a metabolic catastrophe, causing a decrease in cancer aggressiveness. 

However, these regulators are redundantly expressed, and inhibition of one of them can be 

compensated by other(s) Thus, considering the potential killing power that altered proton dynamics 

has in cancer, but also the limitations of its use as therapeutic target, we believe that a combined 

inhibition of proton-exporting systems would lead to more effective anticancer therapies. 

In addition to these inputs, proliferating cancer cells also alter the metabolic composition of the 

extracellular milieu around them. The higher utilization of extracellular glucose and glutamine by 

cancer cells results in the accumulation of extracellular lactate, which was shown to affect a 
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number of cell types within the tumour microenvironment. Reciprocally, the conditions within the 

tumour microenvironment have profound effects on the metabolism of a cancer cell. Taken 

together, reciprocal interactions between cancer cells and their microenvironment impose a 

selective pressure that further shapes cancer cell metabolism and actively contributes to the 

emergence of a more aggressive state. 
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