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Abstract 

 

Glioblastoma (GBMs) is the brain tumour with the highest prevalence and lethality. Besides the 

progress in therapy, the overall survival is still 15 months and patients have a worse prognosis. Thus, it 

is important to identify new molecular therapeutic targets that could improve the quality of life and survival 

of these patients. 

Metabolic reprogramming is a common characteristic of malignant tumours, being nowadays 

considered a hallmark of cancer. Tumour cells exhibit a preference for glycolytic metabolism for energy 

production, even in the presence of oxygen, a phenomenon denominated “Warburg effect”. The higher 

glycolytic rates in tumour cells increase the levels of lactate produced, which is transported to the tumour 

microenvironment through monocarboxylate transporters (MCTs), contributing, in this way to increased 

cell proliferation, invasion and survival. GBMs presented higher glycolytic rates compared to normal brain, 

as well as increased lactate production. Several studies reported the expression of MCTs on different solid 

tumours. However, little is known about the expression and regulation of MCTs in GBMs, as well as their 

role in tumour growth, survival and aggressiveness. According to that, the aims of this work are to 

characterize the expression of MCTs, as well as their biological role in GBMs, including their involvement 

in therapy response. Additionally, we intended to explore the possible mechanisms of MCT regulation in 

GBMs.  

In this work we observed that MCT1, MCT4 and CD147 are upregulated in GBM tissues compared 

with normal adjacent brain. Targeting of MCT1 activity and expression leads to a decrease in cell 

proliferation, cell invasion and in vivo tumour growth, promoting cell death. Additionally, mouse xenograft 

studies demonstrated the prognostic value of MCT1, where MCT1 knockdown increased the survival 

significantly. 

Hypoxia, is a common feature of malignancy, particularly in GBMs, being a factor for therapy 

resistance. We observed that hypoxia increased the MCT1 plasma membrane expression in human 

samples, as well as in in vitro and in vivo models, being involved in increased cell proliferation and 

aggressiveness. Additionally, MCT1 expression seems to be regulated through EGFR/PI3K/AKT pathway, 

as well as at both transcriptional and post-transcriptional level under hypoxia conditions. Additionally, 

increased MCT1 expression in GBMs was also observed with bevacizumab treatment. 

MCTs has been described as important mediators in tumour metabolic symbiosis. In GBMs, we 

observed that MCT1 is an important player in tumour-endothelial cells crosstalk. Beyond its role in lactate 
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efflux from glioma cells, its expression increased in endothelial cells to perform lactate uptake, promoting 

metabolic adaptations that contribute to increased angiogenesis. 

In conclusion, MCT1 appears to be an important player in the hyper glycolytic acidic resistant 

phenotype of GBMs, associated with increased tumour growth and aggressiveness. Furthermore, the dual 

function of MCT1 in the metabolic symbiosis between glioma and endothelial cells, showed its role in 

angiogenesis promotion. Altogether, these data support the exploitation of MCT1 as a therapeutic target 

in GBMs in order to improve the prognosis and quality of life of these patients. 

 

 

 

Keywords: Tumour metabolism, glioblastomas, Warburg effect, monocarboxylate transporters, lactate, 

hypoxia, angiogenesis 
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Resumo 

 

O glioblastoma (GBM) é um tipo de tumor cerebral com uma elevada prevalência e mortalidade. 

Apesar dos progressos a nível terapêutico, a sobrevivência global destes doentes é em média de 15 

meses apresentando um mau prognóstico. Deste modo, é importante o estudo de novos alvos 

moleculares que possam aumentar o tempo de vida destes doentes. 

Uma característica comum dos tumores, que hoje em dia é considerada como um elemento 

chave para a progressão tumoral, é a reprogramação metabólica. As células tumorais têm uma 

preferência pelo metabolismo glicolítico para a produção de energia, mesmo na presença de oxigénio, 

um fenómeno denominado pelo efeito de Warburg. Devido às elevadas taxas glicolíticas verifica-se um 

aumento na produção de lactato, sendo este transportado para o microambiente tumoral através de 

transportadores específicos e denominados de transportadores de monocarboxilatos (MCTs). O aumento 

de lactato no microambiente tumoral contribui assim para um aumento da proliferação, bem como da 

invasão e sobrevivência tumoral.  

O aumento da expressão destes transportadores tem vindo a ser descrita em vários tumores 

sólidos. Contudo, pouco se sabe no que diz respeito à expressão dos MCTs em GBMs, assim como o 

seu papel a nível do crescimento tumoral, sobrevivência e agressividade. Deste modo, neste trabalho 

pretendemos caracterizar a expressão destes transportadores em GBMs, assim como explorar a sua 

função a nível biológico, incluindo o envolvimento destes transportadores na resposta à terapia dos 

doentes com GBMs. Para além disso, pretendemos explorar quais os possíveis mecanismos para a 

regulação da expressão destes transportadores em GBMs.  

Numa primeira abordagem verificamos que as isoformas MCT1, MCT4 e a sua proteína auxiliar 

CD147 estão aumentadas nos tecidos de GBMs quando comparado com o tecido normal adjacente. A 

inibição da expressão bem como da atividade do MCT1 levou a uma diminuição da proliferação celular, 

invasão e crescimento tumoral, promovendo a morte celular. Os estudos em xenógrafos de ratinhos 

demonstraram o potencial valor de prognóstico da expressão do MCT1, uma vez que observamos um 

aumento da sobrevivência aquando silenciamento da expressão do MCT1. 

Uma característica comum dos tumores sólidos é a presença de hipóxia, nomeadamente dos 

GBMs, onde estudos têm demonstrado ser um fator de resistência à terapia. Os nossos estudos 

revelaram que a hipóxia aumenta a expressão do MCT1 na membrana plasmática em amostras 

humanas, bem como em modelos de cultura celular e modelos animais, estando envolvido no aumento 

da proliferação e agressividade tumoral. Verificou-se que a expressão do MCT1 pode ser regulada através 
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da ativação da via de sinalização EGFR/PI3/AKT, bem como por mecanismos transcricionais e pós-

transcricionais, em condições de hipóxia. Um aumento da expressão do MCT1 foi também observado 

após tratamento com Avastin (bevacizumab). 

Estes transportadores desempenham um papel importante na simbiose metabólica tumoral. Nos 

GBMs, observamos que o MCT1 é um importante elemento na simbiose que se estabelece entre células 

tumorais e células endoteliais. Para além da sua função de efluxo do lactato em células de glioma, ele 

medeia o importe de lactato nas células endoteliais do cérebro, onde se verificou uma expressão 

aumentada deste transportador. Esta simbiose promove adaptações metabólicas das células endoteliais 

que contribuem para um aumento da angiogénese em GBMs. 

Como conclusão, este estudo demonstra que o MCT1 tem um papel importante no 

desenvolvimento de um fenótipo híper-glicolítico e acído-resistente, estando associado com a elevada 

progressão tumoral e agressividade destes tumores. Além disso, a função dupla do MCT1 na simbiose 

metabólica entre as células de glioma e as células endoteliais, mostra a sua importante função na 

promoção da angiogénese. Assim, os resultados obtidos deste trabalho apoiam a exploração do MCT1 

como alvo terapêutico em GBMs numa perspetiva de melhorar o prognóstico e qualidade de vida destes 

doentes. 

 

 

 

Palavras-chave: Metabolismo tumoral, glioblastoma, efeito de Warburg, transportadores de 

monocarboxilatos, lactato, hipoxia, angiogénese 
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Aims  

During cancer progression, molecular changes are associated to metabolic reprogramming, 

named the “Warburg phenomenon”, which is nowadays recognized as a hallmark of cancer. The glycolytic 

phenotype enhances lactate production, which contributes to acidification of the tumour 

microenvironment leading to increased aggressiveness, poor prognosis and resistance. Therefore, lactate 

transporters, namely monocarboxylate transporters (MCTs) are seen as promising therapeutic targets in 

cancer. MCTs belong to the solute carrier family 16 (SLC16) composed by 14 members, being MCT1-

MCT4 responsible by the proton-coupled lactate transport, having an important role in pH homeostasis, 

as well as tumour survival and aggressiveness. Indeed, several studies of our group and others, reported 

up-regulation of MCTs in different human solid tumours. There is also evidence supporting MCTs as 

attractive targets in cancer therapy. 

 

General aim  

The general aim of this thesis was to contribute to the better characterization of the role of MCTs 

and regulation in glioblastomas (GBMs), as well as understand the involvement of MCTs on therapy 

response.  

 

Specific aims 

 

To achieve our general research aim, the work was divided in the following specific aims: 

 

 To characterize the expression of MCTs in human GBM samples and in in vitro models. 

 

 To explore the possible mechanisms of MCTs regulation in GBMs. 

 

 To understand the involvement of MCTs in GBM angiogenesis. 
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Thesis Layout 

The present thesis is organized in five chapters: 

Chapter 1 contains a general introduction of the thesis theme, including a review of the literature about 

the characterization of central nervous system tumours, focusing on GBMs. The second part includes a 

general literature review on tumour metabolism, most particularly on glycolytic metabolism and tumour 

microenvironment. The third part of this chapter is focused on MCTs, the main molecules of this thesis. 

 

Chapter 2 contains two studies, the first one characterizes the expression of MCT1, MCT4 and CD147 in 

human samples and also explores their biological role in in vitro and in vivo studies. The second study 

explores the prognostic value of MCT1 expression in GBMs using an in vivo model. 

 

Chapter 3 contains two studies, one of them explores the expression of MCT1 and MCT4 in GBMs in the 

presence of hypoxia, using in vitro and in vivo models, as well as human samples. The second study 

intends to understand the possible mechanisms of regulation for MCT expression in hypoxia. 

 

Chapter 4 contains two studies that intend to understand the involvement of MCTs in GBMs angiogenesis. 

The first study characterizes the role of MCTs on the metabolic cross talk between glioma cells and brain 

endothelial cells. The second study shows the involvement of metabolic reprogramming and MCT 

expression on the acquired resistance to anti-angiogenic therapy in GBMs. 

 

Chapter 5 contains a discussion of the main results of this thesis, as well as the main conclusions of the 

work. 
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1.1  Tumours of the central nervous system  

Primary tumours of central nervous system (CNS) account for approximately 2-3% of all cancers with 

annual incidence approximately 28.57 patients per 100,000 people [1, 2]. In children, CNS tumours are 

the second most common form of cancer after leukemia [1]. Primary CNS tumours comprise a 

heterogeneous group of benign and malignant neoplasms [3]. The World Health Organization (WHO) 

classification of CNS is based on their localization and histopathological features that give information of 

cell origin and the grade of malignancy. Throughout the classification evolution, more features have been 

added to improve and standardize the classification worldwide. The newest 2016 WHO scheme is based 

in the combined phenotypic and genotypic classification [4], leading to a greater diagnostic accuracy, as 

well as improved patient management and more accurate determinations of prognosis and treatment 

response. In addition to the previously defined morphological criteria, the definition of IDH mutation and 

1p/19q codeletion status were important genetic factors to the diffuse astrocytic and oligodendroglial 

tumours classification (Table I) [4]. 

 

1.1.1. Gliomas 

 

Gliomas represent approximately 80% of malignant brain tumours [5]. The majority of gliomas 

are astrocytoma, derived from astrocytes or their precursors; oligodendrogliomas, which are originated 

from oligodendrocytes or their precursors, oligoastrocytomas, which represents mixed lineage. 

Ependymomas are derived from ependymal cells (Figure 1) [6].  

In the 2016 WHO classification all diffusely infiltrating gliomas, both astrocytic and 

oligodendrogliail tumours, are grouped together as diffuse glioma tumours, based not only on their growth 

pattern and behaviours, but also more pointedly on the shared genetic driver mutation IDH1 and IDH2 

genes (Figure 2) [4]. Four histological malignancy grades have been defined from benign tumours of WHO 

grade I to highly malignant tumours of WHO grade IV [6, 7]. Taking into account the new CNS 

classification, the group of diffuse glioma tumours includes the WHO grade II and grade III astrocytic 

tumours, the grade II and grade III oligodendrogliomas, and grade IV glioblastomas (Table II) [4]. Pilocytic 

astrocytomas, the most common gliomas in childhood are classified as WHO grade I (Table II). Patients 

with WHO grade I tumours can usually be cured after surgical resection. WHO grade II (diffuse 

astrocytoma) exhibit a slow growth, but have an inevitable tendency to progress to anaplastic astrocytoma 

WHO grade III, presenting a median overall survival only 5-8 years after diagnosis. Anaplastic astrocytoma 

(WHO grade III) are rapidly growing malignant tumours that, in addition to surgery, require aggressive 
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adjuvant therapy. The median overall survival is just 2-3 years after diagnosis. Glioblastoma (WHO grade 

IV) patients exhibit a rapid disease progression despite multimodal aggressive treatment and median 

overall time is in the range of one year after initial diagnosis [4, 6, 7].  

 

Table I: Subtypes of brain and central nervous system tumours 

Tissue of origin Histological definition 

Tumours of neuroepithelial tissue Diffuse astrocytic and oligodendroglial tumours 

       Diffuse astrocytoma, IDH mutant 

      Diffuse astrocytoma, IDH-wildtype 

      Diffuse astrocytoma, NOS* 

      Anaplastic astrocytoma, IDH-mutant 

      Anaplastic astrocytoma, IDH-wildtype 

      Anaplastic astrocytoma, NOS 

      Glioblastomas, IDH-mutant 

      Glioblastomas, IDH-wildtype 

      Glioblastomas, NOS 

      Diffuse midline glioma, H3 K27M-mutant 

      Oligodendroglioma, IDH-mutant and 1p/19q-codeleted 

      Oligodendroglioma, NOS 

      Anaplastic oligodendroglioma, IDH-mutant 1p/19q-codeleted 

      Anaplastic oligodendroglioma, NOS 

      Oligoastrocytoma, NOS 

      Anaplastic oligoastrocytoma, NOS 

Other astrocytic tumours 

      Pilocytic astrocytomas 

      Subependymal giant cell astrocytoma 

Ependymal tumours 

Choroid plexus tumours 

Neural and mixed neuronal-glial tumours 

Tumours of pineal region 

Embryonal tumours 

*NOS, implies that there is insufficient information to assign a more specific code 
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Figure 1: Schematic representation of the differentiation process of neural stem cells into different cell lineages of 

the CNS, and putative cells of origin of gliomas. The grey arrows indicate normal differentiation processes, which 

originate three main types of cells in the mature CNS. The yellow arrows represent hypothesis of gliomas begin in 

differentiated cells and green arrows indicate the hypothesis that gliomas originate from the direct transformation 

of neural stem cells or glial progenitor cells. Adapted from [8] 

 

Table II: Grading of gliomas according to the 2016 CNS WHO 

Glioma histological subtypes WHO grade 

Diffuse astrocytoma, IDH-mutant 

Diffuse astrocytoma, IDH-wildtype 

Anaplastic astrocytoma, IDH-mutant 

Anaplastic astrocytoma, IDH-wildtype 

Glioblastoma, IDH-wildtype 

Glioblastomas, IDH-mutant 

Diffuse midline glioma, H3K27M-mutant 

Oligodendroglioma, IDH-mutant and 1p/19q-codeleted 

Anaplastic oligodendroglioma, IDH-mutant and 1p/19q-codeleted 

Pilocytic astrocytoma 

II 

II 

III 

III 

IV 

IV 

IV 

II 

III 

I 
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The origin of gliomas is still a controversial topic. However is conceptually accepted that the 

understanding and the identification of glioma-initiating cells could be the key to improve treatment of 

gliomas and probably found the cure for this aggressive cancer. All human malignant neoplasms arise 

from a series of molecular alterations that begin in a single or a few numbers of cells. Currently, two 

distinct hypothesis have been proposed for the origin of glioma (Figure 1). 

One of these hypothesis postulates that glioma tumours have origin in differentiated mature glial 

cells (astrocytes or oligodendrocytes). This primary alteration results in the dedifferentiation of those cells 

and simultaneously affects cell in a tissue during the carcinogenic process. There are some factors that 

supports this hypothesis: i) histological similarities in functional and differentiated glial cells and glioma 

cells; ii) until the identification of neural stem cells (NSCs) in specific niches in adult brain, only was 

known that glial cells were replication-competent population, and consequently supporting the idea that 

highly-proliferative glioma cells could arise from accumulated alterations in differentiated and proliferative 

glial cells; iii) an important study endorsed this concept showing that differentiated cells could be 

converted into a pluripotent embryonic stem cell phenotype by using a cocktail of transcription factor [9]. 

 

Figure 2: Algorithm for classification of the diffuse gliomas based on the histological and genetic features, according 

to the 2016 CNS WHO classification. Adapted from [4].  

The second hypothesis postulates that glioma begin from alteration that transform NSCs in 

neoplastic stem cell or glioma stem cell (GSC). Here, the malignant transformation occurs directly in 

NSCs, or glial progenitor undifferentiated cells, which are present in specific niches of the brain. 

Consequently, the clonal evolution arises in this population. The rationale behind this hypothesis 
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comprises that a dedifferentiated process would not be required for gliomagenesis, as the molecular 

alterations would accumulate directly in undifferentiated NSCs [10-12]. Supporting this hypothesis is the 

fact that GSC are found in gliomas and can give arise to heterogeneous glioma cells that constitute the 

tumour. The name of GSC results the fact that these cells present stem cells characteristics, including (i) 

self-renewal; (ii) multipotency, i.e., the capacity to differentiate into other glial cell lineages; and (iii) high 

replicate potential, which support the hypothesis that glioma cells arise from NSC. Furthermore is also 

required the ability to generate a tumour upon GSC intracranial injection mouse transplantation, which 

should recapitulate the cellular heterogeneity present in the parental tumour [13]. It is known that normal 

stem cells and progenitor cells participate in the brain development and repair, crucial process for GSC, 

supporting that GSC are strongly associated with development and progressive growth of gliomas. 

Nonetheless, it should be distinguished that the concepts of GSC and glioma-initiating cells have different. 

The term “glioma-initiating cells” refers to the cells of origin of tumour, whereas GSC would be more 

correctly referred as tumour-propagating cells, with stem-like properties [10, 11]. 

 

1.1.1.1 Glioblastomas (GBMs) 

 

Glioblastomas (GBMs), WHO grade IV, are the most frequent type of gliomas accounting for 

45.6%, with the annual incidence of 3.1 per 100,000 [5]. These are also the most malignant, being 

preferentially manifested in adults with a peak of incidence between 50-60 years old [7]. It is known that 

GBMs may evolve from lower grade astrocytoma neoplasms over time (secondary glioblastomas, ~10%), 

although most of these tumours seem to arise de novo (primary glioblastomas, ~90%) [5, 8]. While peak 

of age of primary GBM is 62 years old, secondary GBMs are more frequent in younger patients, around 

45 years old [14]. Primary GBMs are diagnosed after the first biopsy, without clinical or histological 

evidence of a pre-existing less malignant lesion. Secondary GBMs involved histological or clinical evidence 

of a preceding low-grade glioma. At a population level, primary GBMs develop more frequently in men, 

whereas secondary GBMs are more frequent in women [15]. 

What concerns tumour location in the brain, there is no association of the location of GBMs at 

diagnosis with the location of neural stem and progenitor cells, a type of cell based on an hypothesis of 

glioblastoma origin, besides several reasons include the excessive dissemination of GBM cells throughout 

the brain even at early stages of disease [16]. Most gliomas occur in the frontal (25.8%), temporal (19,7%) 

and parietal (12.2%) lobes, whereas brainstem gliomas are rare (4.2%) [5] The survival in a cohort of 645 

frontal lobe GBM patients was longer compared to temporal or parietal lobe GBMs ( overall survival (OS) 
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11.4 months vs. OS 9.1 and 9.6 months, respectively) [17]. Approximately half of all GBMs in adults 

infiltrate more than one lobe and approximately 5% grow focally [16]. 

 

1.1.1.1.1 Histopathology 

 

According to the CNS tumours WHO classification, histologic features for diagnosis of GBMs 

include nuclear atypia, cellular pleomorphism, mitotic activity, vascular thrombosis, microvascular 

proliferation, and necrosis. Primary and secondary GBM are histologically indistinguishable, but it was 

described that large areas of ischemic and/or pseudopalisading necrosis are more frequent in primary 

GBM. Furthermore, microvascular proliferation is detected by vascular endothelial growth factor (VEGF) 

staining, which shows a strikingly higher expression in primary than in secondary GBM [18]. 

 

1.1.1.1.2 Molecular alterations 

 

Molecular studies showed that there are specific molecular networks in the pathogenesis of GBMs 

(Table III). These most prominently include receptor tyrosine kinase (RTK) signalling through the Ras-

MAPK and PI3K-AKT-mTOR pathways, associated with epidermal growth factor receptor (EGFR) [19, 20] 

and platelet-derived growth factor receptor (PDGFR) [21]. About half of all GBMs with EGFR amplification 

harbour a deletion within the extracellular ligand-binding domain of EGFR (denominated EGFRvIII) that 

yields ligand-independent receptor activity [22]. Preclinical and clinical data support a role for EGFRvIII-

positive cells as drivers of disease progression [23].  

An important molecular marker in GBMs which is predictive of temozolomide (TMZ) response is 

the MGMT (O6—methylguanine DNA methyltransferase) status, namely MGMT promoter hypermethylation 

[24].  A deregulation in GBMs is also the loss of the tumour suppressor PTEN (phosphatase and tensin 

homolog). Further, defects in p53 and retinoblastoma (RB) tumour suppressor pathways are also 

common in GBMs [8]. Integrated genomic analysis has also facilitated the identification and 

characterization of additional genes involved in glioma pathogenesis, such as the recent missense 

mutations in isocitrate dehydrogenase (IDH). These mutations are associated with other genomic 

abnormalities in GBMs like TP53 mutations and EGFR amplification [8]. Additionally, a recent study shows 

that loss of IDH1 function induces hypoxia inducible factor 1α (HIF-1 ), which is implicated in 

angiogenesis and tumour growth [8]. 



 

General Discussion 

9 

 

Primary and secondary GBMs are largely indistinguishable histologically, but they differ in their 

genetic and epigenetic profiles, as summarized in Table III. The most frequent alteration in both primary 

and secondary GBM is the loss of heterozygosity (LOH) of chromosome 10q. While EGFR amplification 

and PTEN mutation are genetic alterations typically found in primary GBM, TP53 mutations are frequent 

in secondary GBM and associated with tumour progression [14]. 

 

Table III: Molecular alterations in primary and secondary GBMs 

Variable Primary GBM Secondary GBM References 

Promoter methylation    

MGMT 36% 75% [25] 

TIMP3 28% 71% [26] 

RB 14% 43% [27] 

p14ARF 6% 31% [28] 

p16tNK4a 3% 19% [28] 

Genetic alterations    

Amplifications    

EGFR 36% 8% [15] 

Mutations    

TP53 28% 65% [15] 

PTEN 25% 4% [15] 

TERT promoter 58% 28% [29] 

ATRX 4% 57% [30] 

IDH1 5% 67-85% [31] 

IDH2 0% 0% [31] 

Deletions    

p16tNK4a 31% 19% [15] 

Loss of heterozygosity    

1p 47% 8% [32] 

10p 47% 54% [33] 

10q 70% 63% [33] 

13q 12% 38% [32] 

19q 6% 54% [32] 

22q 41% 82% [26] 
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1.1.1.1.3 Molecular signature 

 

Integrated large-scale analysis of genetic, epigenetic, and expression data increasingly 

complement the understanding of the biology and yield continuous refinement of the subclassification of 

glioblastomas beyond histologic grade. In 2006, Phillips et al. defined three gene expression subtypes by 

clustering of 35 genes that correlate with survival of 76 patient’s with GBMs and termed proneural, 

mesenchymal, and proliferative [34]. Here, the proneural subtype was associated with prolonged survival 

and younger age. The proliferative and mesenchymal subtypes were associated with genes related to 

proliferation and angiogenesis. Further, in 2010, Verhaak et al. refined the subclassification of 

glioblastomas using 601 genes in a cohort of 91 patients, yielding four subtypes designated proneural, 

neural, classic and mesenchymal groups. In this study, the most important genes that stood out were 

EGFR, NF1 and PDGFR/IDH, which define the classical, mesenchymal and proneuroal subtypes, 

respectively [35]. According to the gene signature observed by Verhaak et al., studied in TCGA database, 

it is possible to associate the proneural subtype to secondary GBMs and the neural, mesenchymal and 

classical subtype to primary GBMs [35]. 

 

1.1.1.2 Glioblastoma therapy 

 

1.1.1.2.1 Conventional therapy  

 

GBM treatment has changed over the last decades; however, despite progress in the therapeutics 

options, prognosis of GBM patients is still very dismal, presenting a median overall survival of 15 months 

[36, 37].  

The maximal possible safe resection consistent with the preservation of neurologic function 

continues to be the first step of treatment in GBM. In fact, surgical resection increases in 4.2 months the 

OS of GBM patients [38], and is an important component in GBM treatment due to four main points: a) 

histological diagnosis; b) cytoreduction that facilitates the adjuvant therapy; c) decrease in GBM 

symptoms; and d) increase in OS. The amount of improvements have been done to optimize maximal 

resection without neurological lesions [39]. 

Chemotherapy has been also changing over the last decades. Since 2005, a study by Stupp and 

colleagues showed that chemotherapy based on TMZ increased the OS of GBM patients [40]. This study 

showed that TMZ plus radiation followed by 6 months of TMZ improved median survival by 2.5 months 
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compared to radiation alone. Until this study, standard therapy was surgical resection and radiotherapy 

alone, and specifically in the United States, adjuvant carmustine (BCNU) was used. However, no benefits 

were demonstrated of nitrosourea-based adjuvant chemotherapy when compared with radiotherapy alone 

[41]. 

Temodal® (TMZ), the standard chemotherapeutic currently used in GBM treatment, is an 

alkylating agent which was synthesized in the 1980s [42] and the phase I trial showed a satisfactory 

tolerance and response in patients with melanoma and patients with recurrent gliomas [43]. TMZ is 

administered orally and is spontaneously converted at physiological pH to its active metabolite 5-(3-

methyltriazen-1-yl)imidazole-4-carboxamide (MTIC). MTIC reacts with DNA to form a broad range of 

cytotoxic methyl adducts, such as N3-methyladenine (N3-meA), N7-methylguanine (N7-meG) and O6-

methylguanine (O6-meG), that promote DNA strand breakage and subsequent cell death by interfering 

with successive cycles of DNA replication [44]. Nowadays, the standard therapy for GBM includes tumour 

resection followed by radiation and concomitant chemotherapy, with TMZ being the only approved drug 

that shows some efficacy in this disease [40, 45-47]. 

 

1.1.1.2.2 Molecular targeted therapies 

 

Over the last decades, many genetic and molecular aberrations presented in GBMs have been 

described, which lead to constitutive activation or inhibition of several major signalling pathways that 

results in GBM growth and progression. The most relevant signalling pathways involved in GBM include 

the growth factor RTKs and their downstream PI3K/AKT and ERK/MAPK signalling pathways (Figure 3) 

[48]. Following the identification of several molecular alterations and over-activation of RTKs and 

downstream pathways in GBMs, several clinical trials with different inhibitors that target specific genes 

and pathways have been run. 

Different receptor tyrosine kinase inhibitors have been developed to target the primary RTKs in 

GBMs, namely EGFR, vascular endothelial growth factor receptor (VEGFR) and PDGFR. EGFR is known to 

drive proliferation, transformation and migration in both normal development and cancer cells [49]. 

Additionally, PDGFR is frequently overexpressed in GBMs, where the activation of their downstream 

PI3K/AKT and ERK/MAPK pathways have been reported to be involved in cellular proliferation, 

angiogenesis and also in the transformation of normal NSC into GBMs [49]. Further, it is known that 

tumour microenvironment plays an important role in the GBM pathogenesis, namely angiogenesis. Thus, 

VEGFR inhibitors have been also developed to target the RTK VEGFR and PI3K/AKT and ERK/MAPK 
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signalling, which have an important role in promoting endothelial cell survival, differentiation and 

migration [49]. Cediranib is a VEGFR inhibitor with additional activity against PDGFR and c-KIT, which 

could be a promising anti-angiogenic agent in GBMs. However, a disappoint phase III clinical trial showed 

no beneficial effects in PFS for cediranib monotherapy or in combination with lomustine [49, 50]. The 

different inhibitors and the clinical studies associated are described in table IV. 

 

 

Figure 3: The most relevant RTK (receptor tyrosine kinase) mediated signalling pathways in GBMs. Adapted from 

[51]. 

 

Based on the clinical trials of the inhibitors described in Table IV, the RTK inhibitors demonstrated 

limited activity against recurrent GBMs. Initially, it was believed that because RTK inhibitors have multiple 

RTK targets, they could have a greater effect as monotherapy. However, a study with gefitinib showed 

that although it prevents the phosphorylation levels of EGFR, the downstream signalling could be activated 

by other compensatory signalling molecules, leading to acquisition of resistance [52]. Recent reports have 

demonstrated that the metabolic rewiring of cancer cells can potentially drive resistance to oncogene-

targeted therapies, inducing metabolic reprograming, particularly increasing a glucose consumption by 

cancer cells [51]. 
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Table IV: Overview of the RTK inhibitors in the treatment of GBMs 

Receptor Inhibitors Overall survival References 

EGFR    

 Gefitinib 9.1 months [53-55] 

 Erlotinib 6-8.6 months [56-59] 

 Cetuximab 5.0 months [60] 

VEGFR    

 Cediranib 7.6-9.4 months [50, 61] 

PDGFR    

 Imatinib 4.8-12.2 months [62-66] 

 Sorafenib 5.7-10.4 months [67-69] 

 Sunitinib 4.4-9.4 months [70] 

 

1.1.1.2.3 Anti-angiogenic therapies 

 

During embryogenesis, development of the vasculature involves the birth of new endothelial cells 

and their assembly into tubes (vasculogenesis), in addition to sprouting (angiogenesis) of new vessels 

from existing ones. Following this morphogenesis, the normal vasculature becomes largely quiescent. In 

the adult, as part of the physiologic processes, such as wound healing and female reproductive cycling, 

angiogenesis is turned on, but only transiently. In contrast, during tumour progression, an ‘‘angiogenic 

switch’’ is almost always activated and remains turned on, causing normal quiescent vasculature to 

continuously sprout, new vessels that help sustain the expanding neoplastic growths [71]. Angiogenesis, 

sprouting of capillaries from pre-existing vessels, as long been considered the principal mechanism of 

brain vascularization, both during development and brain cancer [72]. GBM is one of the most 

vascularized human tumours [73]. Tumour vessels in GBMs are disorganized, highly permeable and 

present abnormal endothelial walls, different from normal blood vessels morphologically and functionally 

[73, 74].  

In normal cells, modes of vascular formation are limited to vasculogenesis, sprouting, and 

interssusception, whereas in tumours several mechanisms of vessel formation were described, namely: 

co-option of pre-existing blood vessels, vasculogenesis, interssusception, vascular mimicry and 

transdifferentiation [73, 75]. Vascular mimicry and transdifferentiation are predominantly important in 

GBMs [73, 75].The widely accepted view is that initial brain tumour growth occurs by co-option of pre-

existing vessels [73]. Brain tumours rely more heavily on co-option mechanism for cell survival, facilitating 



 

Chapter 1 

14 

 

the infiltration of human gliomas [72, 73]. For example, highly infiltrative brain tumours with stem-cell-

like phenotype have been shown to co-opt the host vasculature and present aggressive disease without 

signs of angiogenesis in mouse models of GBMs [76]. Another important mechanism is the vasculogenic 

mimicry, a process where tumour cells replace endothelial cells and form a vessel with the lumen. In 

GBMs, Hallani et al. found non-endothelial cell blood vessels that were formed by tumour cells, and 

hypothesized that GSCs are capable of vasculogenesis and expression of endothelial associated genes 

[77]. Additionally, vasculogenic mimicry was also reported in malignant astrocytomas [78]. Liu et al. 

reported the association between vasculogenic mimicry and the clinical characteristics of 101 GBMs, 

verifying that vasculogenic mimicry positive gliomas presenting lower survival [79]. Some hypotheses 

have been described for the cancer stem like cell transdifferentiation into the vasculogenic mimicry 

process. In 2010, it was reported the transdifferentiation of GBM-derived stem like cells into endothelial 

cells in vitro [80, 81]. Here, the vascular cells within human GBM contained alterations that are 

encountered in GBM cells, like EGFR amplification, which are not seen in vascular endothelial cells.  

Neovascularization of brain tumours, is driven mainly by VEGF signalling through its endothelial 

receptor VEGFR2, recruiting new blood vessels to supply the required oxygen and nutrition levels 

necessary for its survival and proliferation [82, 83]. In the case of GBMs, VEGF levels are shown to be 

high and VEGF overexpression has been associated with poor prognosis. In addition, patients with 

recurrent GBMs tend to have higher levels of VEGF, making this a promising target in the treatment of 

GBMs [84].  

Bevacizumab (Avastin®) is a humanized IgG1 monoclonal antibody that binds to human VEGF 

and neutralizes its biologic activity. Bevacizumab (Beva) was a promising drug for the treatment of GBM. 

These tumours are characterized by extensive microvascular proliferation and a highly VEGF expression. 

Additionally, angiogenesis is essential for GBM growth and proliferation, and thus this treatment could be 

a valid option and a good hope in GBM treatment. The use of antiangiogenic therapies leads to vascular 

normalization, which improves blood flow, resulting in a more efficient delivery of drugs, potentially 

enhancing the efficacy of chemotherapy [85]. Nowadays, Beva is approved as a second line for treatment 

of recurrent GBMs and is currently in phase III clinical trials for the treatment of initial GBMs [86].  The 

approval of beva by FDA (Food and Drug Administration) was based in two studies that showed clinical 

activity in recurrent adult GBM. The effects observed included decrease in tumour size, increase in 

progression free survival (PFS), and lower requirement of glucocorticoids to control tumour-related edema 

[87, 88]. The overall results of these studies showed that antiangiogenic therapy with Avastin® 

(bevacizumab) improved radiographic response and increase 6 months of PFS, however with modest or 
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little effect on OS, when in combination with TMZ during and after radiotherapy [89]. Additionally, there 

was an increase in adverse events associated with Beva therapy, with a high probability of tumour relapse 

after certain period of time and acquisition of resistance. Some efforts have been done to unveil potential 

biological and molecular mechanisms underlying its failure in the improvement of GBM patient’s outcome 

[90]. Several molecular mechanisms have been described so far that can be involved in the acquired 

resistance to Beva in GBM (Figure 4), namely: i)VEGF independent vessel growth [91, 92]; ii) 

bevacizumab-induced hypoxia [93, 94]; iii) beva induced invasion [95]; iv) metabolic reprogramming [96, 

97] and v) recruitment of bone marrow-derived myeloid cells [98]. 

 

Figure 4: Model of molecular adaptations to beva treatment in GBM [90]. Beva treatment induces blood vessel 

remodelling, contributing to decreased proliferation and tumour growth at the initial phase. However, the vascular 

normalization leads also to hypoxia development, which culminates in several molecular and biological adaptations 

that promote acquired resistance to the treatment, namely the recruitment of myeloid precursor cells, the cancer 

stemness properties, as well as the acquisition of a mesenchymal phenotype and metabolic reprogramming to 

increased glycolysis.  
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1.1.1.2.4 GBM heterogeneity in acquired therapy resistance 

 

Despite progress in new molecular-based therapies, prognosis of GBM patients is still very dismal 

[36, 37]. Thus, exploitation of new molecular targets becomes crucial in neuro-oncology. Recent 

characterization of the epigenomic and transcriptomic profile of GBMs reveal different subtypes with 

distinct molecular signatures, indicating that multiple subtypes can exist within a single tumour, 

underscoring the substantial inter- and intra-tumour heterogeneity of GBMs [99]. 

GBMs are characterized by pathological heterogeneity with regions of pseudopalisading 

perinecrotic cells under moderate levels of hypoxia (pO2=2.5-5%) and infiltrating tumour cells into normal 

brain under normal oxygen conditions (pO2=10%) [100]. Other features of these highly heterogenic 

tumours is the presence of high levels of necrosis associated with hypoxic regions [101, 102], although 

they are angiogenic [73]. These microanatomical compartments present specific niches that regulate the 

tumour metabolic needs, immune surveillance, survival and invasion, as well as cancer stem cell (CSC) 

maintenance. 

The tumour microenvironment has an important role in presentation of the heterogeneous 

phenotype, which confers the characteristic cancer hallmarks in GBMs. However, taking into account the 

constitution of the glioma microenvironment, it has been observed that it is compartmentalized into 

anatomically distinct regions, referred as tumour niches with different morphological and functionally 

phenotypes (Figure 5) [103], namely: i) perivascular tumour niche, where tumour stem cells nestle in 

close juxtaposition with the abnormal angiogenic vasculature; ii) vascular-invasive tumour niche, where 

tumour cells co-opted normal blood vessels, enabling migration deep into the parenchyma; iii) hypoxic 

tumour niche, non-functional or regressed vasculature, leading to necrotic areas that are surrounded by 

a row of hypoxic palisading tumour cells.  

Some therapies could thereby convert a tumour niche into another niche type instead of 

eliminating it, thereby losing their effectiveness and consequent development of therapy resistance. Thus, 

the knowledge about the nature, regulation and function of the distinct niches, may identify new 

opportunities that can be exploited as therapeutic strategies to target all tumour niches in GBMs, in order 

to enhance the survival of patients. 
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Figure 5: A) The perivascular GBM niche (PVN). Non-neoplastic cell and glioma cell interactions create a specialized 

vascular niche which provides a supportive environment for CSC growth, maintenance, and survival. (B) The 

hypoxic GBM niche. The pseudopalisading areas with a necrotic core are hallmarks of GBM and create the hypoxic 

niche for CSCs.  Hypoxia through induction of HIF-1α and of HIF-2α promotes the expansion of CSCs and recruits 

innate immune cells including macrophages. Hypoxia generally occurs when tumour growth exceeds 

neovascularization. (C) The invasive GBM niche. Glioma cells migrate along blood vessels at the invasive edge that 

is defined as perivascular invasion. Adapted from [103]. 

 

1.2 Tumour metabolism 

 

Cell metabolism is a highly coordinated cellular activity in which many metabolic pathways 

cooperate to convert nutrient molecules into other macromolecules required for specialized functions and 

to obtain chemical energy for vital processes. In mammals, cell proliferation is required for 

embryogenesis, growth and to the proper function of several adult tissues. Quiescent cells or differentiated 

tissues have basal rates of glycolysis, converting glucose to pyruvate, which is then oxidized in the 

tricarboxylic acid (TCA) cycle, obtaining most of the ATP (adenosine triphosphate) by oxidative 

phosphorylation (OXPHOS) [104, 105]. Proliferating cells often take up nutrients in excess of basic 

bioenergetics needs, through signals that induce a reorganization of metabolic activity. Metabolism of 

proliferating cells differ from quiescent cells by high rates of glycolysis, lactate production, and 

biosynthesis of lipids and other macromolecules [104]. Increased cell proliferation is characteristic of 
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tumour cells, thus, proliferating tumour cells present an altered metabolism, contrasting to normal cells 

that rely primarily on mitochondrial OXPHOS for energy production [106]. 

Carcinogenesis is a complex multistep process often described as occurring by somatic evolution, 

analogous to the Darwinian process, requiring genetic and epigenetic changes that generate a new 

phenotype [107, 108]. During cancer progression, molecular changes are associated with metabolic 

reprogramming to meet their energy demands, coordinating markedly elevated biosynthetic processes 

and energy production [104, 105], which is nowadays defined as a new hallmark of cancer [109]. In 

mammalian cells, namely quiescent cells or differentiated tissues, glycolysis is reduced in the presence 

of oxygen and energy production arises from mitochondrial OXPHOS which oxidizes pyruvate to CO2 and 

H2O, known as “Pasteur effect” (Figure 6) [110]. However, in tumour cells, like proliferating tissues, there 

is high glycolytic activity even in the presence of oxygen, being glycolysis the major source of energy. This 

phenomenon is known as “Warburg effect”. As a result, tumour cells convert most of the incoming 

glucose into lactate (around 85 %) rather than metabolizing pyruvate in the mitochondria through OXPHOS 

(around 5%) (Figure 6) [105, 106, 110].   

 

 

Figure 6: Schematic representation of the metabolic differences between differentiated tissues and proliferating 

tissues. In the presence of oxygen, non-proliferating tissues metabolize glucose to pyruvate and oxidize it in 

mitochondria through OXPHOS. On the other hand, glucose is metabolized to lactate when in the absence of 

oxygen. In proliferative tissues, like tumour cells, glucose is metabolized to pyruvate and, even in the presence of 

oxygen, pyruvate is converted into lactate, a phenomenon denominated aerobic glycolysis or Warburg effect [111]. 
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Warburg proposed that cancer cells adopted a glycolytic phenotype as a result of damages in 

mitochondria at the level of OXPHOS [112]. Mitochondrial alterations can be found at different levels, 

including decreased expression of protein complexes required for OXPHOS [113, 114], as well as gene 

mutations leading to malfunction of OXPHOS [115]. Additionally, inactivation of p53, one the most 

commonly mutated genes in cancer, may also trigger the Warburg effect by interfering with the activity of 

cytochrome c oxidase, also involved in OXPHOS [116]. Warburg’s hypothesis, however, has been recently 

refuted. In fact, it was demonstrated that OXPHOS is still functional in many cancer cells, since inhibition 

of glycolysis can enhance OXPHOS activity [117], indicating that altered energy metabolism may be an 

oncogene-driven cell adaptation to support cancer cell proliferation and survival [118, 119]. 

The glycolytic phenotype within an evolutionary/bioenergetics theory is inefficient since the 

glycolytic metabolism produces less molecules of ATP than OXPHOS. Although aerobic glycolysis is an 

inefficient way to synthesize ATP, it is the best way of producing ATP, suggesting that cancer cells have 

increased metabolic autonomy, leading to acidic microenvironment and to the acquisition of a more 

invasive phenotype during the carcinogenic process (Figure 7) [110, 120, 121]. Metabolic reprogramming 

confers advantages to tumour growth since it allows tumour cells to live in conditions of fluctuating oxygen 

tension, metabolize glucose through the pentose phosphate pathway (PPP) to generate NAPH 

(nicotinamide adenine dinucleotide phosphate). Tumour cells also can use the intermediates of the 

glycolytic pathway for anabolic reactions, allowing the biosynthesis of lipids, amino acids and also 

nucleotides (Figure 7) [104, 105, 110, 121, 122]. Additionally, the Warburg effect contributes to 

antioxidant glutathione production that promotes a homeostasis of reactive oxygen species (ROS) 

production, protecting cells from oxidative stress (Figure 7). Importantly, the greater production of lactic 

acid (lactate), which contributes to the acidic microenvironment, confers advantages to tumour cell growth 

and proliferation, increasing several malignant features like migration, invasion and metastasis (Figure 7) 

[120, 121, 123]. These observation, suggest that rather than being an adaptation to a defect on 

mitochondrial adaptation, the Warburg effect is a regulated metabolic state  and may, in fact, be beneficial 

during a time of increased biosynthetic demand [124]. Thus, the reprogramming of carbon metabolism 

by proliferating cells provide evidence for Warburg effect as a way to generate metabolic intermediates 

for numerous biosynthetic processes. An excess of glycolytic flux not utilized for biosynthesis is directed 

to lactate that helps to preserve the NAD+: NADH pool [124]. 
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Figure 7: Reasons of oncogene-driven cell adaptation to Warburg effect. ROS, reactive oxygen species. Adapted 

from [123] 

Glycolytic metabolism has been recently drawn the attention of cancer research scientists and 

even pharmaceutical industry, both in the diagnosis and therapeutic area. The capacity to promote high 

glucose uptake has already been explored as a diagnostic tool, where a radioactive non-metabolizable 

glucose analogue is used to identify tumour areas in the body by the non-invasive imaging technique FDG-

PET (fluoro-deoxy-glucose-positron emission tomography) scan [110]. Considering the vital role of 

metabolic reprogramming for tumour growth, many studies have been demonstrating that targeting 

cancer bioenergetics is a very promising approach for anti-cancer therapy development. 

 

1.2.1 Glycolytic metabolism 

 

As mentioned above, in tumour cells, even in the presence of oxygen, glucose is converted 

preferentially into lactate instead of being oxidized in mitochondria, being glycolysis the major source of 

energy [105]. It has been described that GBMs present metabolic remodelling, increasing glycolytic 

activity about 3-fold when compared to normal brain tissue [125, 126]. Thus, an increase in several 

glycolytic enzymes was observed, such as hexokinase II (HKII), pyruvate kinase (PKM), as well as the 

glucose transporters (GLUTs). In fact, it was observed that mitochondria are functional in GBMs, however 

glycolysis is often uncoupled from OXPHOS due to the upregulation of pyruvate dehydrogenase kinase 

(PDK).  
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The GLUT family is composed by 12 isoforms, however only GLUT1, GLUT3, and GLUT12 have 

been described as transporters of glucose [127]. In the tumour context, an increase in GLUT1 expression 

has been observed in several solid tumours compared with the corresponding normal tissue [128-130]. 

However, it has been verified that their expression is tissue specific and some tumours overexpress other 

isoforms, such as GLUT12 in prostate cancer [131]. Concerning brain tumours, few studies have 

evaluated GLUT expression, where it is described that GBMs have an increased expression of GLUT1 and 

GLUT3 when compared to low grade gliomas and normal brain [132, 133]. GLUT1 expression is observed 

in vessels of normal brain tissues and presents a focal expression in the perinecrotic regions of GBMs, 

suggesting that its expression is associated with hypoxic regions in GBMs [134]. Several in vitro studies 

also reported overexpression of GLUT1 in GBMs cells when compared to normal astrocytes [101]. At the 

moment, no glucose transporter inhibitor is available at the clinical level, however, in vitro studies have 

been using silibinin and WZB117, verifying a decrease in cell proliferation and tumour growth (Figure 8) 

[135, 136]. 

Additionally, one of the most important enzymes of the glycolytic pathway is HK, which is 

responsible for the phosphorylation of glucose to glucose-6-phosphate (G6P), thereby preventing the efflux 

of glucose from the cell [137, 138]. In most solid tumours, hexokinases type I and II are the most 

frequently upregulated [139]. In GBMs, HKII is highly expressed, whereas HKI is predominantly expressed 

in normal brain and low grade gliomas [140]. As the first enzyme involved in the glycolytic pathway, HK 

controls glucose flux into glycolysis or the PPP [141]. The four hexokinase types are normally expressed 

in the cytoplasm, however the type I and II can bind to the outer membrane of the mitochondria via the 

voltage-dependent anion channel (VDAC) (Figure 8), being  regulated by growth factors and signalling 

pathways, such as EGFR and PI3K/AKT activation [142-144]. Several studies have described that the 

expression of HKII in gliomas promotes proliferation and increases lactate production, being these 

dependent on both mitochondrial localization and kinase activity [100]. Additionally, HKII overexpression 

in GBMs confers resistance to treatment with both TMZ and radiation, being associated with poor OS 

[145]. Furthermore, silencing of HKII in glioma cells leads to a decrease in glycolytic metabolism  

impaired tumour growth in vivo both in subcutaneous and intracranial xenograft models [140, 145]. Some 

drugs, such as the glucose analog 2-deoxy-D-glucose (2DG) and 3-bromopyruvate (3-BrPA), a pyruvate 

analogue have been proposed for chemical inhibition of HKII (Figure 8), promoting a decrease in tumour 

cell proliferation and decreases tumour growth [146-148]. Other known inhibitor is lonidamine, an 

inhibitor of HKII binding to the mitochondria. Although in vitro studies showed a decrease in lactate 

production in high grade gliomas [146], the results of a phase I/II efficacy trial was disappointing in the 
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reduction of glioma growth [149, 150]. Clotrimazole is another inhibitor of HKII that demonstrated 

promising results in vivo, increasing the sensitivity to radiotherapy and also led to a decrease in glioma 

growth [151, 152]. 

 

Figure 8: Potential molecular targets in metabolic remodelling of GBMs. The green boxes represent the potential 

metabolic molecular targets in GBMs: enzymes involved in glycolytic metabolism, glutamine metabolism, lipid 

metabolism; different transporters and also the oncometabolite 2-hydroxyglutarate. Yellow boxes represent the 

different inhibitors of the specific molecular targets described. Abbreviations: GLUTs, glucose transporters; HKII, 

hexokinase II, PKM2, pyruvate kinase M2; LDH-A, lactate dehydrogenase A; PDH, pyruvate dehydrogenase; PDK, 

pyruvate dehydrogenase kinase; IDH1/2, isocitrate dehydrogenase 1/2; IDH1/2 mut, isocitrate dehydrogenase ½ 

mutation; 2-HG, 2-hydroxyglutarate; GLS, glutaminase; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; -

KG, -ketoglutarate; VDAC, voltage-dependent anion channel [111]. 

The last irreversible step of the glycolytic pathway that convert phosphoenolpyruvate (PEP) for 

pyruvate involves the enzyme PK [153, 154]. It is regulated allosterically by phosphotyrosine binding or 

phosphorylation and its expression is also regulated by isoform selection [154]. Thus, pyruvate kinase 

isoenzyme M1 (PKM1) is mostly present in adult tissues, such as adult brain and muscle, whereas PKM2 

is more frequent in proliferating tissues and embryonic tissues, namely in fetal brain and cancer cells 

[153]. In cancer cells, like GBMs, there is upregulation of PKM2 that favours aerobic glycolysis, increasing 



 

General Discussion 

23 

 

lactate production [155-157]. On the other hand, PKM2 favours the biosynthetic pathway, leading to 

increased biomass. This dual function potentiates tumour proliferation and aggressiveness. The dimeric 

form of PKM2 delays pyruvate formation and allows accumulation of upstream glycolytic intermediates 

for biosynthetic pathways, whereas the tetrameric form favours aerobic glycolysis, increasing lactate 

production [158]. It was demonstrated in GBMs that knockdown of PKM2 decreased cell proliferation and 

survival but this did not favour the switch from aerobic glycolysis to oxidative phosphorylation, unlike HKII 

knockdown [145]. Additionally, a study with TLN-232 showed that PKM2 inhibitor reverse the Warburg 

effect, favouring the anabolism [159] (Figure 8). Interestingly, PKM2 was identified as essential for 

survival of GSC [160]. 

 

1.2.2 Mitochondrial metabolism  

 

In addition to glycolytic dependence, most tumours present abnormalities in the number and 

function of mitochondria, as the case of GBMs [161]. Otto Warburg hypothesized that the increase on 

glycolytic metabolism in cancer was due to mitochondrial dysfunction, however nowadays we know that 

most tumours maintain functional mitochondria [106, 112, 162, 163]. Moreover, increased glycolytic 

metabolism can be a consequence of mitochondrial metabolism impairment, due to abnormalities in 

components of the TCA cycle, alterations in electron transport chain or deficiencies in OXPHOS [164, 

165]. Concerning the selection theory in cancer cells, the dependence on glycolysis occurs gradually in 

order to compensate for respiratory failure. In contrast to normal brain cells, in which glycolysis and 

respiration are tightly coupled, tumour cells are defective in their ability to connect glycolysis and 

respiration [165]. Two mitochondrial enzymes are important in GBMs, such as pyruvate dehydrogenase 

kinase (PDK) and isocitrate dehydrogenases 1 and 2 (IDH1 and IDH2). The presence of mutations in 

IDH1 and IDH2 has been associated with gliomagenesis. 

Pyruvate dehydrogenase (PDH) is a mitochondrial enzyme that controls the entry of pyruvate into 

mitochondria, promoting its oxidative decarboxylation into acetyl-CoA [166, 167]. The activity of PDH is 

inhibited by phosphorylation through PDK, resulting in its accumulation in the cytosol and consequent 

conversion into lactate [166, 167]. Tumour cells present high levels of glycolysis as a consequence of 

increased hypoxic microenvironment, which leads to activation of HIF-1  and consequent upregulation 

of downstream target genes involved in glycolytic metabolism, such as PDK [166]. PDK is highly 

expressed in GBMs compared to normal brain adjacent tissue, became an important target for glycolytic 

tumours (Figure 8). Dichloroacetate (DCA), a chemical PDK inhibitor that promotes dephosphorylation of 
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PDH, leading to entry of pyruvate into the mitochondria, has been studied in several in vitro and in vivo 

models [167]. In GBMs, inhibition of PDK with DCA was evaluated pre-clinically. In C6 glioma cells, it was 

observed a decrease in lactate production, an increase in ROS production, as well as depolarization of 

mitochondria, which results in a decrease in cell proliferation and induction of apoptosis [168]. In in vivo, 

it was verified that DCA decreased not only tumour growth but also the angiogenic capacity of glioma 

cells [168]. Despite these encouraging results, no exact conclusions can yet be made regarding the 

efficacy and toxicity of DCA in GBM patients. Thus, a large and randomized clinical study would be 

important to define the efficacy and toxicity of DCA. Additionally, whether DCA can sensitize GBM cells to 

TMZ and radiotherapy remains undetermined.  

An important mitochondrial enzyme, which is nowadays a molecular marker to brain tumour 

classification, is the IDH that catalyzes the oxidative decarboxylation of isocitrate to -ketoglutarate, 

generating NADH in the mitochondria or NADPH in the cytoplasm [169]. It is composed by 5 genes, being 

the IDH1 and IDH2 the most explored and important in gliomas. IDH1 is presented in the cytoplasm and 

peroxisome, whereas IDH2 is presented in the mitochondria [170]. In 2008, recurrent somatic hotspot 

mutations of IDH1 and IDH2 were found in low grade gliomas and secondary GBMs [171, 172]. These 

mutations cause amino acid single change in one of the two alleles of the gene (arginine 132 for IDH1 

and arginine 172 for IDH2), being classified has a dominant mutation [173]. It is described that the 

arginine mutation occurs in the binding site of the substrate isocitrate [100]. IDH1 mutations are reported 

in more than 80% secondary GBMs, but only 5% in primary GBMs [170, 174, 175]. Additionally, it occurs 

in 80% of diffuse astrocytomas (WHO grade II). These mutations are more frequent in younger patient 

secondary GBMs, associated with a proneural subtype and also with increased survival [35]. It was 

reported that the presence of IDH mutations leads to a decrease in -ketoglutarate that is required for 

prolyl hydroxylase (PHD) activity that promote degradation of HIF-1 . Thus, downregulation of intracellular 

-ketoglutarate contributes to stabilization of HIF-1 , leading to pseudohypoxia [176]. Nevertheless, 

subsequent studies did not verify an alteration in -ketoglutarate on mutant IDH1/2, instead, a gain of 

function was found, which converts -ketoglutarate to 2-hydroxyglutarate (2-HG) (Figure 8) [177, 178]. 

The latter has been recognized as an oncometabolite, which inhibits enzymes involved in the -

ketoglutarate pathway. Additionally, it was described that 2-hydroxyglutarate is involved in epigenetic 

regulation, promoting a hypermethylator phenotype in gliomas [179] and also keeps cells in an 

undifferentiated status, or stem cell-like, which can be more permissive to transformation [180]. It was 

reported that the presence of IDH mutation promotes activation of glutaminolysis and increased sensitivity 

to glucose deprivation [181]. Additionally, it was demonstrated by 13C magnetic resonance spectroscopy 
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and supported by the The Cancer Genome Atlas (TCGA) data bases, that IDH1 mutant presents a lower 

expression of MCT1 and MCT4 isoforms compared with IDH1 wildtype [182]. Therefore, the study of the 

involvement of IDH1/2 mutations in metabolic remodelling and in aerobic glycolysis opens a new window 

for investigation. Inhibitors of IDH mutants have been developed and demonstrated anti-cancer activities 

(Figure 8) [183]. 

 

1.2.3 Glutamine metabolism 

 

Like glucose, glutamine is a source of energy for biosynthetic processes in tumour cells, 

functioning as a nitrogen donor [124, 184-186].Glutamine metabolism has been reported to be 

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

cholesterol and fatty acids [104, 186-188]. 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 PDK [189]. In fact, it has been observed an 

increased expression of glutaminase (GLS) enzyme in tumour cells [190-192]. An increased concentration 

of glutamine in GBMs than in normal brain tissue was demonstrated by nuclear magnetic resonance 

(NMR) [193]. Additionally, there is a low expression of glutamine synthase that correlates with a better 

prognosis in GBMs [194]. 

Since besides cancer cells, there is also high glucose uptake in normal brain, other PET tracers 

have been developed to measure alternative metabolic pathways in brain tumours, namely measurement 

of glutamine consumption through [18F]-(2S, 4R)4-fluoroglutamine ([18F]-FGln) [195]. 

Beyond the altered glycolytic and glutamine metabolism in tumour cells, the alteration in lipid 

metabolism is also recognized as a component of the metabolic reprogramming. It has been observed 

that tumour cells present reactivation of de novo fatty acid synthesis, important for the biogenesis of 

cellular membranes [196, 197]. GBMs contain higher levels of unsaturated fatty acids compared to 

normal brain, indicating the presence of exacerbated lipogenesis, which is regulated by several key genes, 

such as SREBP-1 and its downstream-targeted genes acetyl-CoA carboxylase (ACC), fatty acid synthase 

(FAS) and low-density lipoprotein receptor (LDLR), increased in these tumours [198-202]. However, little 

is known about the altered lipid metabolism in cancer cells, namely GBMs, and their role in the tumour 

context, being possible that lipogenesis in cancer cells could support cell growth located within nutrient-

limited areas, thereby contributing to the symbiotic relationships within tumours. Once more, lipid 
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metabolism, as well as glutamine metabolism, and their key enzymes are interesting targets in GBM 

therapy. 

 

1.2.4 Tumour microenvironment and metabolism  

 

Multiple molecular mechanisms converge to alter cellular metabolism and provide support for 

the basic needs of dividing cells (e.g. cancer cells): rapid ATP production to maintain energy status, 

increased biosynthesis of macromolecules and maintenance of adequate cellular redox status [203]. In 

cancer cells, adaptation of cellular metabolism must be implemented in the stressful and dynamic 

microenvironment of solid tumours, where concentrations of several nutrients like glucose, glutamine and 

oxygen are spatially and temporally heterogeneous [203], which consequently contribute to selection of 

glycolytic phenotype [110, 120]. Other characteristics of tumours, like the abnormal vasculature and 

altered pH can influence tumour microenvironment, contributing to the glycolytic phenotype [204].  

Several levels of heterogeneity exist among cancer cells in the tumour mass. First, cancer cells 

are often genetically heterogeneous among tumours in the same individual or even within a single tumour. 

Due to high proliferative rates, cancer cells within a tumour can accumulate additional genetic mutations 

and create further genetic diversity [205]. Second, cancer cells within a tumour are also metabolically 

heterogeneous due to their distance to intratumoural blood vessels, which determines the relative levels 

of oxygen and nutrient supply to the cells. Due to differences in oxygen and nutrient supply, these cancer 

cells exhibit different rates of mitochondrial respiration and different degrees of reliance on aerobic 

glycolysis [206]. Third, the presence of a subpopulation of CSCs with self-renewal capabilities and 

presence of Warburg effect [207]. Fourth, tumour heterogeneity is not only spatial but also temporal. As 

tumourigenicity is ever a dynamic process, oxygen and nutrient status of a region in a tumour can change 

during tumour development and normoxic cancer cells in a tumour at a given time can become hypoxic 

at another time and vice versa [208]. Further, genetic and metabolic heterogeneities of tumour cells can 

determine the fate of tumour development, making differential metabolic pressures on heterogeneous 

cancer cells, which promote tumour development with cancer cells that exhibit different levels of Warburg 

effect, depending on their oxygen and nutrient status as well as their communication with cells of the 

microenvironment. Thus, the tumour cell population that emerges from selective pressures, acquiring a 

glycolytic phenotype, has a powerful proliferative advantage, which is able to alter the environment in a 

way that is harmless to itself, but toxic to other cell phenotypes. This environmental acidosis, through 
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increased concentration of lactic acid, contributes to the invasive phenotype through degradation of the 

extracellular matrix and promotion of angiogenesis (Figure 9) [110]. 

 

 

Figure 9: Model for cell-environment interactions in carcinogenesis. Cell colours represent different cell types: grey 

for normal epithelial cells, blue for hyper-proliferative cells, orange for hypoxic cells, green for glycolytic cells and 

yellow for motile cells. Abbreviations: HIF-1 , hypoxia-inducible factor 1 alpha; VEGF, vascular endothelial growth 

factor. Adapted from [110].  

Tumour is a mixed population of cancer cells and stroma cells, which includes cells of 

hematopoietic and mesenchymal origins. All these cancer and non-cancer cells plus the extracellular 

matrix forms the tumour microenvironment [209]. Stroma cells of hematopoietic origin include T and B 

lymphocytes, natural killer cells as well as macrophages, neutrophils and myeloid-derived cells. T cells 

and macrophages interact with cancer cells through cytokines, release tumour-protective and tumour 

growth-promoting inflammatory responses [209]. On the other hand, stroma cells derived from 

mesenchymal origin, like fibroblasts, endothelial and stem cells, are involved in the process of tumour 

growth, angiogenesis and dissemination [209]. 

 

1.2.4.1 Lactosis and acidosis 

 

Cancers exhibit high heterogeneous metabolic phenotype, which leads to microenvironmental 

stresses, like exposure to hypoxia, depletion of glucose and other nutrients, and also acidosis [210]. 

Owing to selective pressures during the carcinogenic process, the glycolytic phenotype is imposed, 
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producing high amounts of lactate [110]. Additionally, in order to sustain tumour cell proliferation and 

tumour growth (cell biomass), tumour cells increase their glycolytic activity to allow redirection of 

carbohydrates to the biosynthetic pathways [210]. These two mechanisms, together with glutaminolysis 

are the major contributors for lactic and carbonic acid concentrations in tumours [211]. Despite the high 

production of lactic and carbonic acids in tumour cells, their intracellular pH is alkaline (~7.2), whereas 

the extracellular compartment is more acidic than observed in normal cells [212]. This is a consequence 

of the selective pressure imposed to maintain the intracellular pH at physiological levels, through 

upregulation of several pH regulators, such as CAs, MCTs, NHE1 and V-ATPases [213]. 

Due to its low pKa, lactic acid produced by tumours cells is about 99% dissociated into lactate 

anion and proton, at physiologic pH [210]. During several years, lactate was considered a waste product 

of glycolysis, however, several studies demonstrated that lactic acid has a dual role in tumours. It acts 

both as a metabolic fuel and also as a signalling molecule, putting lactate at the intersection of key 

processes in cancer progression, namely sustained angiogenesis, evasion of immune surveillance and 

reprogramming of energy metabolism [214]. As a metabolic fuel, lactate is described as an important 

source of energy in the brain, according to the lactate astrocyte-neuron shuttle [215]. In this shuttle, 

astrocytes metabolize glucose into lactate which is then used by neurons as a source of energy, being 

the transport of lactate mediated by MCTs [215]. Additionally, lactate is also a substrate for alanine and 

glutamate generation [216]. Currently, it is described that lactate is also an important metabolite in 

tumour symbiosis, being an important fuel molecule for oxygenated tumour cells [217]. Tumour 

symbiosis involves lactate recycling, in which oxidative tumour cells prefer to use lactate over glucose as 

fuel, allowing diffusion of glucose to hypoxic regions where it is taken up by glycolytic cells, which in turn 

produce high amounts of lactic acid [218]. 

Lactate produced by glycolytic tumour cells plays an important role in the tumour 

microenvironment, contributing to several features of tumour progression such as escape to the immune 

system, migration, invasion, angiogenesis and resistance to therapy (Figure 10) [219]. Clinically, lactate 

is associated with high incidence of distant metastasis [219] and patient’s poor prognosis, lower disease-

free and OS in several solid tumours [220], like high-grade gliomas [221]. Several studies have largely 

neglected the contribution of lactate to tumour migration and invasion [210]. It has been reported that 

lactate stimulates the production of hyaluronan and induces the expression of CD44, which increases cell 

motility and is further associated with increased migration [222]. 
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Figure 10: The different roles of cancer-generated lactic acid in promoting tumour growth and aggressiveness. 

Increased lactate levels on tumour microenvironment promotes an increase on migration and immunosuppression 

with effects on tumour cells, as well as on immune and stroma cells of the tumour microenvironment; red arrows 

indicates the effect of lactate. Adapted from [223]. 

Regarding cell invasion, it was observed that lactate upregulates the expression of tumour 

associated fibroblasts 2 in GBMs, being a contributor to the epithelial-mesenchymal transition (EMT) 

[224]. Lactate released by cancer cells is recognized as promoter of angiogenesis, being an important 

signalling molecule in the tumoral-endothelial cell crosstalk. Recent studies have demonstrated that 

lactate promotes stabilization of HIF-1 , increasing the production of VEGF and this receptor VEGFR2 by 

tumour cells and endothelial cells [225]. However, the impact of lactate on angiogenesis is not only 

dependent on HIF-1  expression. Vegran et al., showed that lactate could induce interleukin-8 (IL-8) 

production by endothelial cells through NFκB stimulation, which resulted in new blood vessel formation 

and increased cell migration [226].  Further, a recent study reported that lactate could modulate 

angiogenesis through MYC stabilization, promoting up-regulation of VEGF, IL-8 and CD31 levels during 

prolonged hypoxia, via ERK1/2 signalling pathway [227]. Furthermore, lactic acid is linked to escape of 

immune surveillance. Cancer-generated lactate was described to attenuate dendritic and T cell activation, 

as well as natural killer cells [228-230]. In addition, lactate stimulates polarization of resident 
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macrophages to the so called M2 state, denominated as tumour-associated macrophages, which play a 

role in immunosuppression and wound healing [231, 232]. This makes lactate a suitable candidate for 

diagnostic and prognostic biomarker in a wide variety of tumours. However, lactate is not the major source 

of acidity that contributes to the malignant phenotype of tumours. Glycolysis, glutaminolysis, cataplerosis 

and over-activation of the PPP lead to production of carbonic acid that contributes to the acidosis of 

tumours, due to the high levels of CO2 [210]. Hydration of CO2 leads to release of protons, which are 

transported to the microenvironment through pH regulators, contributing to a decrease in extracellular 

pH, which is associated to an aggressive tumour phenotype [210]. It was verified that acidosis increases 

VEGF and IL-8 levels, enhancing angiogenesis [233, 234]. Additionally, acidosis leads to inhibition of 

immune cell functions and also to activation of matrix metalloproteinases (MMPs), that consequently 

leads to extracellular matrix degradation, which is being involved in migration, invasion and in the 

metastatic process [235]. 

 

1.2.4.2 Hypoxia  

 

Under normoxic conditions, organisms are adapted to utilize oxygen for efficient energy 

generation through OXPHOS. In the same way, in the presence of low oxygen conditions or hypoxia, 

multicellular organisms have the capacity to altering their energetic metabolism, promoting angiogenesis 

and erythropoiesis.  

Hypoxia is a common feature of malignancy particularly in solid tumours, supporting tumour 

invasiveness and metastasis and being associated with treatment resistance and poor clinical outcome. 

Several factors contribute to the presence of tumour hypoxic microenvironment (low levels of O2), namely 

the inability to keep angiogenesis with tumour growth, the presence of disorganized and abnormal 

vasculature within the tumour and also the increased hydrostatic pressure within the tumour leading to 

microvasculature compression, which all together contribute to deficient supply of oxygen and nutrients 

[122]. Several studies demonstrate that hypoxia-inducible factors (HIFs) mediate this adaption to the 

hypoxic microenvironment, through the regulation of genes involved in processes that drive cancer 

progression [236, 237]. Thus, tumour hypoxia and HIFs affect most of the cancer hallmarks including 

metabolic reprogramming. 

Each HIF transcription factor, e.g. HIF1, is a heterodimer composed of an oxygen dependent  

subunit and a constitutively expressed non-oxygen dependent  subunit. The HIF-1  subunit is degraded 

in the presence of oxygen (> 5% O2) but otherwise is stabilized in the presence of hypoxic conditions (< 



 

General Discussion 

31 

 

5%O2) and translocated to the nucleus forming a HIF- /  complex which binds to target genes on their 

hypoxia-response elements (HREs) [238, 239]. Binding of HIF- /  to HREs results in transcriptional up-

regulation of target genes that mediate multiple adaptations to hypoxia, such as those encoding key 

enzymes of glycolysis and lipid metabolism erythropoietin and VEGF (Figure 11) [240]. Additionally, 

activation of HIF-1  is not only a response to low O2 concentrations but its activation can be regulated by 

other factors, such as oncogenic activation, including Raf and Ras, PI3K,AKT, mTOR, Myc or loss of 

tumour suppressor genes as p53, PTEN and VHL, even in normoxic conditions [239, 241]. Furthermore, 

increased levels of several metabolites such as fumarate and succinate or free radicals in tumours can 

also stabilize HIF-1  [241]. 

HIF-1  is prevalent in various types of solid tumours and in most cases its up-regulation is 

associated with poor clinical outcome [240]. As referred above, activation of HIF-1  is induced as a 

response to several genetic and physiological alterations within the tumour, having two major effects on 

metabolism, it stimulates glycolysis and at the same time down-regulates OXPHOS, that serves to 

equilibrate O2 consumption with O2 supply [241].In hypoxic conditions, HIF-1  compromises oxygen 

consumption in OXPHOS by induction of PDK expression, which inhibits the mitochondrial PDH, 

preventing conversion of pyruvate into acetyl-CoA. As consequence of global OXPHOS reduction, hypoxic 

tumour cells are forced to increase the glycolytic metabolism in order to maintain the production of ATP 

for cell survival. Therefore, HIF-1  increases the expression of glucose transporters (GLUT-1 and GLUT-

3) to increase glucose uptake and also induces the expression of several downstream glycolytic enzymes 

of glycolysis, such asHK2 and PKM2. The metabolic reprogramming mediated by HIF-1  redirects 

pyruvate to another HIF-1  target, lactate dehydrogenase A (LDH-A) that catalyzes the conversion of 

pyruvate to lactate (Figure 11) [237, 239, 241, 242]. The increase in lactic acid production amongst the 

diminished vascular dispersion of CO2 contributes to hypoxic acidosis, namely to the acid-resistant 

phenotype. To ensure the intracellular pH homeostasis, HIF-1  induces the expression of specific genes 

denominated pH regulators, such as CAIX and MCTs, among others (Figure 11) [237, 239]. CAIX is a 

hypoxic marker and a prognostic indicator which performs the reversible conversion of CO2 to bicarbonate 

and proton, contributing to acidification of tumour microenvironment and consequently to control of 

intracellular pH [239, 243]. Additionally, several studies report that MCT4 is up-regulated in hypoxia and 

cooperates with MCT1 in the efflux of generated lactate [239, 244]. In fact, MCT4 will not only be 

important for the acid-resistant phenotype, but also for the hyper-glycolytic phenotype in the way that, by 

exporting newly formed lactate, will allow continuous conversion of pyruvate to lactate and, therefore, 

continuous aerobic glycolysis [217]. 
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At the hypoxic microenvironment, it has been observed a metabolic cooperation in tumour cells 

to require the necessary building blocks for proliferation. Several studies have reported that hypoxia is 

involved also in the fatty acid biosynthesis and lipids metabolism, inducing several key enzymes in a HIF-

1α dependent manner, such as fatty acid synthase (FAS) (Figure 11) [245-247].  

 

Figure 11: Effects of hypoxia in several points of tumour cell metabolism. Under normoxia condition, the 

transcription factor HIF1-α is degraded, however under hypoxia condition, HIF-1α is translocated to nucleus and 

dimerize with HIF-1β and bind to HRE which promote the transcription of downstream target genes (green boxes), 

particularly enzyme and transporters involved in glucose and lipid metabolism, as well as lactate transporters. 

Adapted from [111, 241]. 

1.2.5 RTK activity in GBMs and metabolism 

 

The metabolic adaptations that reprogram cancer cells to take up and utilize nutrients to drive 

tumour growth are activated by profound changes in signalling and epigenetic/transcriptional networks 

induced by activated oncogenes (e.g., EGFR, RAS, MYC) and deactivated tumour suppressor proteins 

(e.g., TP53). Additionally, mutations in enzymes that regulate metabolite flux are also implicated in cancer 

development, as highlighted by the discovery of IDH1 genetic alterations [203]. However, glioma cells 

also adapt their cellular signalling in response to a shift in metabolism. 

The shift from catabolism toward anabolic metabolism is concomitant and, in many cases, 

caused by aberrant signal transduction, emanating from alterations in oncogenic drivers and tumour 

suppressors. Comprehensive molecular characterization of GBM by the TCGA data base revealed that 

approximately 90 % of primary GBM patients have at least one genetic lesion within the RTK/RAS/PI3K 



 

General Discussion 

33 

 

signalling cascade. Within this pathway, the EGFR is the most frequently altered oncogene in GBM, with 

approximately 60 % of patients having mutations and/or amplification in EGFR [248]. While it is 

unmistakable that alterations in these signalling axes contribute to tumour growth and proliferation, there 

is now a wealth of evidence that supports the role of these signalling pathways in regulating altered 

metabolism in GBM (Figure 12). 

 

Figure 12: Oncogenic regulation and real-time monitoring of GBM metabolism. Prevalent oncogenic signalling in 

GBM, namely MEK/ERK and PI3K/AKT regulates metabolic enzymes involved in the glycolytic pathways, like HK2, 

PFK, as well as the GLUTs. The downstream transcription factors involved in the prevalent oncogenic signalling in 

GBMs, such as HIF-1α and cMyc, inducing the expression of GLUT, LDHA, HK2 and PDK. Oncogenic signalling in 

GBMs promotes an increase on glycolysis than mitochondrial respiration. Additionally, it has been found that EGFR 

vIII promotes an increase on fatty acids [195].  

 

The metabolism of GBM differs from benign neural tissue or low-grade gliomas in the activity of 

almost every major metabolic pathway, including glycolysis, the TCA cycle, the PPP, and amino acid 

metabolism. Specific changes include a greater rate of glucose consumption, increased levels of lactate 

production, and a higher ratio of lactate to pyruvate in GBM compared to control brain tissue [100]. At 

the level of glycolysis, the increase in GLUT1 and HKII expression is observed in GBMs. These metabolic 

proteins are frequently regulated by oncogenic signalling, namely by PI3K/AKT signalling [249]. While a 

direct role of RAS-MEK-ERK pathway in glycolysis contribution has not well characterized, a study in 

melanoma indicates that RAS-MEK-ERK signalling can also regulate GLUT localization and HKII activity 
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[250]. The downstream effectors of the PI3K/AKT and RAS-MEK-ERK pathway, c-Myc and HIF1  can 

stimulate the expression of the genes mentioned above. Additionally, c-Myc and HIF-1  regulate the 

expression of LDHA and PDK in GBMs. Further, the mutation status of IDH1 has also an important role 

in the metabolic reprograming, as well as in the signalling pathway activity of gliomas. It has been 

observed that IDH1 mutation and 2-HG leads to a decrease in PI3K/AKT and mTOR signalling in GBMs, 

decreasing LDHA and PDK activity [251, 252]. In this way, cancer metabolic reprogramming is a 

consequence of upstream IDH mutation in low grade gliomas and RTK signalling network in IDH wildtype 

GBMs. 

 

1.3. Monocarboxylate transporters 

 

Monocarboxylate acids play an important role in the metabolism of all cells, with lactate having a 

key function. In some highly glycolytic tissues, like white skeletal muscle, red blood cells and also tumour 

cells, which rely on glycolysis for energy supply, lactate is produced in high amounts and must be 

transported out of the cells to maintain the high glycolytic rates [253]. On the other hand, in some tissues, 

such as brain, heart and red skeletal muscle, lactate could be the major source of energy being used as 

a respiratory fuel, and must be transported into the cell [253]. The same is true for kidney and liver 

tissues, where lactate is the major gluconeogenic substrate. Transport of monocarboxylates through the 

plasma membrane was originally thought to be via non-ionic diffusion of the free acid, however, after 

demonstration that lactate and pyruvate transport into the human erythrocytes could be inhibited upon 

treatment with some chemicals [254], a specific monocarboxylate transport mechanism was identified. 

After extensive characterization of monocarboxylate transport in different cell types like erythrocytes, 

cardiac myocytes and hepatocytes, among others, the different characteristics observed led to the 

hypothesis of the existence of a monocarboxylate transporter (MCT) family [255]. 

 

1.3.1. The MCT family 

 

The MCT family, also denoted as Solute Carrier Family 16 (SLC16), is presently composed by 14 

members, and is encoded by the SLC16 gene family, having characteristic sequence motifs [254]. The 

14 members belonging to the MCT family (SLC16 genes), was identified by sequence homology whose 

predicted phylogeny is shown in Figure 13. The phylogenetic analysis shows the presence of functional 

clustering in the human MCT family.  
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Figure 13: Predicted phylogeny of MCT family members [256]. 

 

MCT1-MCT4 are associated in the same cluster, presenting a high homology (Figure 13). 

Following MCT isoform characterization, only MCT1-MCT4 have been demonstrated experimentally to 

facilitate the proton-linked transport of metabolic monocarboxylic acids [257]. Additionally, this cluster is 

sub-divided into two branches, MCT1-2 and MCT3-4, which correlate with their range of substrate 

specificity and affinities found in mammalian transporter isoforms. 

Lactic acid is the major metabolite that is both produced and consumed in different metabolic 

pathways. Since, the pKa value of lactic acid is 3.86, this charged species cannot cross the plasma 

membrane by free diffusion, but instead requires a specific transport mechanism, namely through MCTs. 

Thus, MCTs mediate the facilitated diffusion of lactate with a proton [253], by a symport mechanism. The 

transport is performed by an ordered mechanism in which H+ binding precedes monocarboxylate binding 

to the protonated transporter [257, 258]. Although lactate is the monocarboxylate which transport across 

the plasma membrane is quantitatively more important, MCTs transport many other metabolically 

important monocarboxylates such as pyruvate, acetate, the branched-chain oxoacids derived from 

leucine, valine and isoleucine, and the ketone bodies acetoacetate, β-hydroxybutyrate. Consequently, 

MCTs play a central role in mammalian cell metabolism and are critical for the communication between 

cells (Figure 14) [253, 257, 259]. MCTs may also mediate the transport of some drugs containing a 

carboxyl moiety, across the plasma membrane [260]. 
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Figure 14: Key metabolic pathways involving monocarboxylate transport across the plasma and inner mitochondrial 

membranes. The involvement of different metabolic pathway and respective metabolite are represented with 

different colours; carbohydrate oxidation pathway (red), lipogenesis (blue), Gluconeogenesis (green), amino acid 

metabolism (yellow) and fatty acid and ketone body metabolism (purple) pathways. Adapter from [261].  

 

1.3.2. The structure of the MCT family 

 

According to the high level of conservative amino acid sequences, the topological prediction of 

MCTs show a structure of 12 transmembrane domain (TMD) helices with both intracellular amino and 

carboxyl terminal. This structure presents a large loop between TMDs 6 and 7, having a range of 29-105 

amino acid residues [262]. As in other major facilitator superfamily members, the transmembrane 

regions are the most conserved [257] and the hydrophilic regions (N- and C- terminus, as well as the loop 

between TMDs) show little conservation, indicating that these regions are unlikely to be directly involved 

in transport, being probably critical in other functional aspects such as substrate specificity or regulation 

of activity [263]. Topological prediction has been experimentally confirmed only for MCT1 in erythrocytes 
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(Figure 15), nevertheless, analysis of the deduced amino acid sequences of the other MCT orthologue 

reveals a similar predicted topology [264]. It has been proposed that the N-terminal domains are more 

important for energy (e.g. H+) coupling, membrane insertion and correct structure maintenance, whereas 

the C-terminal domains may more important for determination of substrate affinity [253]. Since MCTs 

are monocarboxylate/proton co-transporters, it might be predicted that the amino acid residues 

responsible for proton binding and translocation are located within the TMDs. A possible candidate 

residue for this role would be the only conserved aspartate/glutamate residue in the N-terminal half of 

the protein [253, 258, 264]. A study of site-directed mutagenesis in some highly conserved residues, 

such as in arginine residue of TMD8 (Arg313 of human MCT1), which are present in all MCTs from higher 

eukaryotes, when mutated reduces lactate transport through MCT1 [253, 257]. Studies in MCT1-MCT4 

isoforms demonstrated that the TMD7 and TMD12 are the major determinants of L-lactate affinity [257]. 

 

Figure 15: MCT1 protein diagram [265]. 

The presence of asparagine in extracellular loops of the transporter would denote possible sites 

for glycosylation, a phenomenon very common for membrane spanning proteins, however, theoretical 

predictions and experimental evidence indicates that none of the MCT family members is glycosylated in 

mouse and hamster for MCT1 and chicken for MCT3 [266]. 

 

1.3.3. MCT isoforms 

 

MCTs have important roles in mammalian metabolism and are critical for metabolic 

communication between cells (Figure 14) [264, 266], therefore they have different affinities and tissue 
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distribution. The major differences between the isoforms are their relative substrate and inhibitor affinities, 

the regulation of their expression, and their tissue distribution and intracellular localization [259]. 

Expression of different MCT isoforms is tissue specific, according to their different kinetic characteristics 

[253, 257, 258]. This introduction will focus mainly on MCT1, MCT2 and MCT4 isoforms, since they are 

the isoforms better studied and the most important in cancer research area.  

 

1.3.3.1. MCT1 

 

The monocarboxylate transporter 1 (MCT1) is the most well studied and functionally 

characterized member of the MCT family, largely due to the fact that is the only monocarboxylate 

transporter expressed in erythrocytes, and also with an ubiquitous tissue distribution [266].  

The human MCT1 gene, SLC16A1 (NP 001159968.1, NCBI reference sequence), firstly cloned 

in 1994, by Garcia and colleagues [267], is located chromosome 1 (1p13.2-p12). Structural gene 

organization as well as isolation and characterization of SLC16A1 promoter were achieved in 2002, by 

Cuff and Shirazi-Beechey [268]. SLC16A1 comprises 5 coding exons [268] and, although there is no 

evidence for alternative splicing in the 5’ and 3’ untranslated regions (UTR) (coding region) [253], 6 

transcripts have been identified, 4 resulting in proteins of different sizes and 2 with no translation product 

[266]. Thus, this suggests that MCT1 is transcribed from a universal promoter, being this consistent with 

its very broad tissue distribution. MCT1 functional protein is composed by 494 amino acids and has a 

molecular weight of ~54 kDa [258]. 

MCT1 has an ubiquous distribution in human tissues, with higher expressions in heart and 

muscle, and is the only transporter expressed in red blood cells [266]. In addition, MCT1 expression is 

present in blood-brain barrier (BBB), T-lymphocytes, spermatogenic cells, brain, apical membrane of 

retina pigmented epithelium (RPE), inner ear, kidney, stomach, liver, gut epithelium, among others [266]. 

Although conserved among species, MCT1 expression level in tissues is species-specific [266, 269]. The 

wide pattern of expression observed for MCT1 may be explained by its substrate affinity that indicates 

that MCT1, with intermediate substrate affinity, may be involved in both uptake and efflux of 

monocarboxylates from cells (Table V). MCT1 demonstrates Michaelis-Menten kinetics with a broad 

specificity, transporting a variety of substrates including short chain (C2-C5) unbranched aliphatic 

monocarboxylates such as acetate and propionate. Monocarboxylates with C2 or C3 substitutions 

(excluding amino- and amido substitutions) are also transported or even preferred (e.g. pyruvate (Km=0.6-

1mM), L-lactate (Km=2-5mM), acetoacetate (Km=5mM) and β- hydroxybutyrate (Km=8-12mM) (Table V) 
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[253, 254, 257, 264, 266]. The simplest monocarboxylate, formate, is a poor substrate (Km>100mM) 

whereas bicarbonate, dicarboxylates, tricarboxylates and sulphonates are not transported [264], and may 

act as a potent competitive inhibitors of the transport of other monocarboxylates [257]. Also, as it can be 

seen in Table V, MCT1 is stereoselective for lactate, being D-lactate a poor substrate compared to L-

lactate (e.g. L over D-lactate > 10 fold), whereas for β-hydroxybutyrate, this was not demonstrated (Table 

V) [257, 258, 266]. 

 

Table V: Km (mM) values of different MCT isoforms for a range of monocarboxylates. Km values were taken 

from [257, 270, 271]. 

Substrate MCT1 MCT2 MCT4 
Plasma 

concentration 

L-Lactate 2.2(r);4.5(m,T) 0.7(r) 34.0(r);28.0(T) 1.5 

D-Lactate 51.0(r) - 519.0(h) n.d 

Pyruvate 0.6(r);1.0(r) 0.08(r) 153.0 0.06 

L- -Hydroxybutyrate 8.1(r);11.4(m,T) n.d 824.0(h) n.d 

D- -Hydroxybutyrate 8.1(r);10.1(m,T) 1.2(r) 130.0(h) 0.06 γ-Hydroxybutyrate 7.7(T) - >500 n.d 

Butyrate 9.1(h,T) n.d n.d n.d 

-Ketobutyrate 0.2(T) - 57 n.d 

Acetoacetate 5.5(r) 0.8(r) 216 0.02 

Benzoate 1.1(h) n.d n.d n.d 

Propionate 1.5(r) n.d n.d n.d 

Acetate 3.7(m,T) n.d n.d n.d 

n.d.: not determined m:mouse r:rate h:human T:Tumour cell 

 

Hydrophilic segments of the transporter can also affect its function and stability, as it has been 

demonstrated for rat MCT1 [272]. Mutational analysis of conserved amino acids located in the loop 

between TMD4 and 5 showed that mutation of lysine 142 to glutamine resulted in an increase in Km for 

L-lactate from 5mM to 12mM and a decreased stereoselectivity of the transporter, indicating the 

involvement of this residue in substrate recognition. In the same loop, mutation of arginine 143 to 

glutamine had a more drastic effect, eliminating MCT1 transport activity [272]. Spontaneous mutation of 

arginine 306 to threonine in TMD8 also resulted in strongly reduced overall MCT1 transport [266]. 
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Although plasma membrane expression is required to the export or uptake of monocarboxylates, 

MCT1 has also been described to be expressed in mitochondria [273, 274] and peroxisomes [275]. In 

these organelles, MCT1 is believed to participate in a lactate oxidation complex to maintain organelle 

redox and proper functioning. 

 

1.3.3.2. MCT2 

 

The second MCT isoform, which was studied by Golstein and Brown’s group, was cloned and 

sequenced from a hamster liver cDNA library [253]. SLC16A7 gene (NP 004722.2, NCBI reference 

sequence) has been cloned and sequenced from rat, mouse and human, being mapped to chromosome 

band of 12q13 [253]. In comparison with MCT1, the properties of MCT2 are not still fully understood. 

MCT2 is not as widely distributed as MCT1, and there is evidence for alternative spliced mRNA species 

in human and rat [269, 276]. This isoform presents approximately 60% sequence identity with MCT1, 

contains 484 amino acids and displays a molecular weight of ~52kDa [253]. Western and Northern blot 

analysis in human tissues, showed that MCT2 has a much more restricted tissue distribution and 

expression level when compared to MCT1 [253, 258, 259, 264, 266]. MCT2 expression was found in 

high levels in human testis and colon [262, 266] and moderate to low levels in spleen, heart, kidney, 

pancreas, skeletal muscle, brain, and leukocytes [266]. Where MCT2 is expressed together with MCT1, 

its location within the tissue is different, suggesting distinct functional roles between these isoforms which 

is related to high substrate affinity [257]. Subsequent expression of human MCT2 in Xenopus oocytes 

revealed its unique biochemical feature of facilitating the proton-linked transport of a range of 

monocarboxylates, especially pyruvate, with a considerable high affinity, supporting the previous evidence 

of an alternative biological role [276]. Like MCT1, MCT2 isoform catalyses the proton-linked transport of 

a variety of monocarboxylates. However, substrate affinities were demonstrated to be higher for both 

pyruvate transport (Km=0.08mM) and L-lactate (Km~ 1mM) [258, 266] for human MCT2 expressed in 

Xenopus oocytes [266]. Moreover, MCT2 has a higher affinity for ketone bodies and -hydroxybutyrate 

[258]. Therefore, MCT2 emerges as a high affinity transporter (Table V), being more adapted to perform 

the uptake of monocarboxylates into the cells in normal cell metabolism [277]. As a result, MCT2 is found 

in tissues that use lactate as a respiratory fuel, like brain or cardiac and skeletal muscle, and kidney and 

liver, where lactate is the major gluconeogenic substrate [269]. Like MCT1, MCT2 was also found in 

mitochondria [274]. 

 



 

General Discussion 

41 

 

1.3.3.3. MCT4 

 

MCT4 isoform was identified by Price and colleagues, being originally called MCT3 based on its 

sequence homology with chicken MCT3. It was renamed MCT4 (SLC16A3 (NP 001035887.1, NCBI 

reference sequence)) when a distinct mammalian MCT3 was identified in mammalian RPE [253, 257]. 

The human SLC16A3 gene, which encodes for MCT4, is located in chromosome 17 (17q25.3), 

comprising 5 exons and 3 transcripts. The protein is constituted by 465 residues, corresponding to a 

molecular weight of ~50kDa. 

Like MCT1, and in opposition to MCT2 and MCT3, MCT4 has a broader distribution, being 

strongly expressed in glycolytic tissues such as white skeletal muscle fibres, astrocytes, white blood cells, 

chondrocytes and some mammalian cell lines [257, 259, 264]. This isoform has probably a particular 

importance in tissues that rely on high levels of glycolysis and thus have a need to export lactic acid [264]. 

Indeed, MCT4 is expressed in neonatal heart, which is more glycolytic than adult heart, where MCT4 is 

absent but MCT1 is abundant [257, 264]. Additionally, expression of MCT4 is higher in placenta and it 

is involved in the transference of lactate into the maternal circulation [264]. This indicates that the 

properties of MCT4 might be especially appropriated for efflux of lactic acid derived from glycolysis, being 

this confirmed in studies with Xenopus oocytes [257]. In fact, the kinetic properties of MCT4 show that 

this isoform is adapted to the export of lactate [278]; MCT4 shows a much lower affinity for substrates 

than MCT1 and MCT2 (Table V) [257, 262, 264, 266]. Characterization of MCT4 transport in Xenopus 

oocytes revealed values of Km and Ki some 5–10 times higher than MCT1 [264], with Km ~28mM for L-

lactate and Km ~150mM for pyruvate [257, 264]. The higher Km value of MCT4 for the substrate pyruvate 

has an important role, since it prevents pyruvate being lost from the cells, which is crucial in cells that 

rely glycolysis [259]. 

 

1.3.3.4. Other MCT isoforms 

 

Other MCT isoforms have been characterised in the last years. Firstly, the proton-linked 

monocarboxylate transporter MCT3 which has a restrict expression, such as in RPE [258, 266], choroid 

plexus [258, 266] and brain [279]. SLC18A10 gene encodes for an aromatic amino-acid transporter (T-

type amino-acid transporter 1, named TAT1 rather than MCT10 [253, 257] and has been also recently 

described, in parallel with MCT8 (SLC16A2) [253, 257], as a thyroid hormone transporter. Importantly, 

mutations in SLC16A2 have been associated with X linked severe mental retardation and neurological 
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dysfunction [257]. MCT6 (SLC16A5) transports bumetanide, but neither L-lactic acid nor L-tryptophan. 

Bumetanide transport is sensitive to pH and membrane potential but does not depend on proton gradient 

[264]. Although the substrate for MCT12 (SLC16A12) is still unknown, recent studies suggest a function 

in the establishment and/or maintenance of homeostasis in the eye lens and probably also in the kidney, 

and a mutation SLC16A12 has been associated with development of cataracts [264]. Furthermore, 

SLC16A12 has been identified as a possible biomarker for colon, prostate and breast carcinoma, due to 

gene hypermethylation [280]. Finally, a polymorphism in SLC16A9 (encoding MCT9) was found to be 

associated with altered serum uric acid [264], however MCT9 substrate is still unknown, as for the 

remaining members of the family (MCT5, MCT7, MCT11, MCT13 and MCT14). 

 

1.3.4. Mechanism of transport in MCTs 

 

To date, no crystallographic characterization of MCTs has been reported, but Halestrap et al., 

have proposed 3D models based on molecular modelling, the structure of the E. coli glycerol phosphate 

transporter GlpT, site-directed mutagenesis and the binding sites for 4,4′-diisothiocyano-2,2′-

stilbenedisulfonic acid (DIDS), an MCT1 inhibitor. These models suggest that the structure of MCT1 at 

the plasma membrane may swing between two states: a closed conformation where the substrate-binding 

site is cytosolic and an open conformation where this site is extracellular (Figure 16).  

 

 

Figure 16: The proposed structure of MCT1 [256]. In the top panel MCT1 is shown in the closed 

conformation (left) and open conformation with DIDS bound (right). 

 

The structure was based on the binding of the membrane impermeable inhibitor of MCT1, DIDS 

which interacts with four extracellular lysine residues of MCT1 (K38, K45, K282 and K413) that were 

identified by site-directed mutagenesis [281].  
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The molecular transport mechanism of MCT1 has been extensively studied. Detailed kinetic 

analysis of proton-linked transport of lactate into erythrocytes revealed an ordered mechanism in which 

a proton binds first followed by the lactate anion [281]. The predicted open and closed conformations of 

MCTs and kinetic analyses of proton-linked transport of lactate into erythrocytes are the basis for the 

proposed translocation mechanism of lactic acid transport by human MCT1 through the plasma 

membrane. MCT1 preferentially facilitates the uptake of lactic acid and operates in an ordered process, 

that starts when a proton binds to K38 at the extracellular surface of MCT1, providing a positive charge 

in the Lys38. Proton binding is followed by the binding of one molecule of lactate to form an ionic pair, 

which promotes a conformational change from closed to open state. It follows that the proton is 

transferred to D302 and lactate to R306 (both residues are localized at the inner surface of the channel), 

thus deprotonating K38, which induces the return to the closed conformation and exposure of the 

D302/R306 site to the cytosol [256, 257, 261, 281]. The pair H+/ lac− is released into the cytoplasm 

(Figure 17).  

 

Figure 17: Proposed mechanism of lactic acid transport by MCT1. Lactic acid protonates K38 causing 

the channel to open. Lactate then moves into the open extracellular side of the pore and forms an ion 

pair with K38.  In the next step, the proton on K38 is transferred to aspartate 302 (D-) neutralizing the 

aspartate side chain (DH). This is followed by migration of lactate through the pore where it forms an ion 

pair with R306 (R+). Once K38 is deprotonated and lactate is occupying the specificity filter, the transporter 

relaxes back toward the closed state and releases lactic acid into the intracellular space [261]. 

 

The rate limiting step is the return of MCT1 to the open conformation but the transporter can 

mediate the exchange of one monocarboxylate inside the cell by another outside at considerably faster 

rates [256]. Lysine K38 is located at the bottom of the predicted substrate-binding channel of the open 

conformation and is essential for transport activity. Changes of this lysine to arginine or glutamine cause 
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MCT1 to be inactive, although it is still properly expressed at the plasma membrane. In the closed 

conformation, K38 is located in a hydrophobic environment that enables it to remain uncharged but in 

the open conformation it can accept a proton to provide a binding site for the lactate anion.  During the 

domain rearrangement, the lactate and proton are proposed to pass through the channel to an 

intracellular substrate binding site. This is likely to involve aspartate (D302) and arginine (R306) that are 

essential for activity and probably form an ion pair [281]. Another essential residue for MCT1 activity is 

F360, protruding into the channel of the transporter where it controls substrate selectivity by steric 

hindrance [282]. According to this mechanism, the transport of lactic acid by MCT1 is passive and 

bidirectional: import and export depend on the intra- and extracellular concentrations of lactate and 

protons. This molecular model highlights the importance of three residues, which are conserved in the 

four members of the MCT family that transport monocarboxylates (MCT1, MCT2, MCT3 and MCT4) [281]. 

 

1.3.5. MCT regulation 

 

Relatively little is known about the regulation of MCT expression in different tissues, either in 

normal or pathological conditions. Some studies report MCT expression variations, especially MCT1, in 

different physiological, as well as, pathological conditions. It is likely that altered MCT expression is a 

result of changes in MCT substrate concentration and/or signals arising from changes in cellular 

metabolism [258]. Evidence indicates that MCTs are regulated at various points up to the functional 

protein, including both at transcriptional and post-transcriptional levels which affects protein amounts, as 

well as by regulators of transporter activity, like chaperone proteins. MCT expression appears to be 

regulated in a tissue-specific manner [262]. 

 

1.3.5.1 Transcriptional level 

 

Transcriptional regulation of genes is a complex mechanism involving intervention of many 

regulatory proteins, including transcription factors, functioning as enhancers or repressors of gene 

transcription. 

Analysis of SLC16A1 5’-flanking region allowed the identification of some putative binding site 

sequences for NFkB. High concentrations of lactate have been demonstrated to increase MCT1 mRNA 

and protein levels in L6 cells in vitro [262, 283], as well as in exercising muscle in vivo [204]. Lactate is 

not the only substrate that can up-regulate MCT1 expression. Butyrate has been demonstrated to 
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stimulate MCT1 promoter activity through NFkB pathway [204, 284]. In colonic epithelium, it was 

observed that exposure to butyrate resulted in a concentration-and time-dependent increase of MCT1 

mRNA, protein expression and corresponding increase in butyrate transport [262, 284]. Additionally, 

butyrate induces an increase in MCT4 expression in breast cancer cell lines enhancing the antitumour 

activity of 3-bromopyruvate [285]. 

In skeletal muscle, numerous studies have shown up-regulation of MCT1 in response to chronic 

stimulation or exercise in rats and humans, whereas down-regulation occurs in response to denervation 

or spinal injury [258, 259, 264]. The up-regulation is thought to be through activation of gene expression 

which is mediated by elevated calcium and AMP (adenosine 3’,5’ monophosphate) levels [259]. More 

recently, the co-activators peroxisome proliferator-activated receptor gamma (PPARγ), co-activator 1 

alpha (PGC-1 ) [286] and peroxisome proliferator-activated receptor alpha (PPAR ) [287] have been 

associated with MCT1, but not with MCT2 or MCT4 up-regulation during muscle activity [259]. 

Some evidence shows that MCTs are regulated in presence of obesity, diabetes and changes in 

thyroid hormone status [259]. In obese rats, a decrease in skeletal muscle MCT1 expression was shown, 

although there is an increase in MCT2, but not MCT1 or MCT4, in the brain, most prominently in the 

cortex and in the hippocampus [259]. In addition, there is also evidence for changes in MCT isoform 

expression in the developing heart, muscle, inner ear and brain [258, 259, 264]. 

The SLC16A1 expression was also shown to be activated by c-myc and n-myc proto-oncogenes 

[288] while the pro-inflammatory cytokines IFN-γ and TNF- , have also been implicated in the 

transcriptional control of MCT1, by down-regulating SLC16A1 transcription [289]. 

Hypoxia conditions, which are known to induce the glycolytic phenotype, are also associated with 

altered expression of MCTs [217, 244, 290-296]. The first report described a tissue-specific change in 

MCT expression after chronic hypoxia, where MCT1 did not change in heart, soleus, or gastrocnemius 

muscles, while MCT4 increased significantly in heart muscle. However, in the plantaris muscle, both 

MCT1 and MCT4 showed a significant decrease after chronic hypoxia [291]. A subsequent study 

suggested that the increase in neuronal, astrocytic and endothelial MCT1 expression, observed after 

permanent occlusion of the left middle cerebral artery, is mediated by HIF-1  [293] the major 

transcriptional regulator of adaptation to hypoxic stress. However, this view was promptly contested by 

Ullah and collaborators who, after performing functional studies with MCT1, MCT2 and MCT4 promoters, 

showed that only MCT4 promoter was activated by hypoxia and that this response was mediated by HIF-

1  [244]. In fact, several studies demonstrated that MCT4 is upregulated in hypoxic conditions, being 

responsible for lactate efflux to the tumour microenvironment, and associated with several malignant 
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features. Up-regulation of MCT4 levels in hypoxia was observed in bladder cancer [292] and an increase 

in MCT4 plasma membrane expression was also observed in breast cancer cells [297]. Additionally, 

MCT4, but not MCT1, was shown to be up-regulated by hypoxia in C6 glioma cells [295] and in trophoblast 

cells [290]. So MCT1 and hypoxia were described as being mutually exclusive [217]. However, recent 

evidence in adypocytes describes a hypoxia mediated increase in both MCT1 and MCT4 and a decrease 

in MCT2, with MCT1 and MCT4 change being HIF-1 -dependent [294]. Recently, Sonveaux et al., showed 

in colorectal cancer that there is an up-regulation of MCT1 expression in presence of hypoxia, however, 

this regulation was independent of HIF-1 , but dependent of p53 status [296]. Additionally, it was also 

observed that hypoxia increases the protein expression of MCT1 and MCT4 isoforms in breast and glioma 

cell lines [298]. From this, one can conclude that evidence so far is very controversial, especially on 

MCT1 regulation by hypoxia, and more efforts have to be made to enlighten the knowledge on this subject.  

In cancer, MCT1 expression has been found to be repressed in human breast cancer cell lines 

through hypermethylation of CpG islands in the promoter region of these gene [299]. 

 

1.3.5.2. Post-transcriptional level 

 

In addition to transcriptional regulation of MCT expression, parallel measurements of MCT1 and 

MCT2 mRNA and protein in several tissues suggest that post-transcriptional mechanisms may also play 

a role [259]. In the heart, MCT1 protein expression increases in left ventricle hypertrophy, yet there is 

little change in mRNA [261]. Similarly, in HeLa cells, MCT1 protein expression is increased several fold 

during post-mitotic and G1 phases of the cell cycle in the absence of a change in MCT1 mRNA while 

MCT4 showed no significant change in expression at either the protein or mRNA levels [259]. The 

relatively long 3’UTR of SLC16A1 (1.6kb), on which initiation factors and regulatory proteins interact to 

enhance or repress translation, suggests that MCT1 expression, but not MCT2 nor MCT4 which have 

much shorter 3’UTRs, might also depend on translational regulation [253]. A study of cell cycle revealed 

a particular example of post-transcriptional up-regulation of MCT1 but not MCT4 [259]. The initiation 

factor eIF4E is involved in a translational mechanism and during the translational process it was observed 

that the maximal phosphorylation of eIF4E corresponded to the peak of MCT1 expression [259]. 

MicroRNAs (miRNAs) are a group of small non-coding RNAs that play a critical role in a variety of 

biological processes, like development, differentiation and apoptosis. Mature miRNAs negatively regulate 

their targets through complementary sequence pairing with the 3′ UTR of mRNA targets, inducing 

transcript degradation or translational repression [300]. One of the most well characterized miRNAs in 
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mammalian nervous system is miR-124, which has been described to regulate MCT1; miR-124 regulates 

SLC16A1 through binding to its 3′ UTR and MCT1 protein level is reduced after miR-124 transfection 

[301]. Regulation of SLC16A1 mRNA stability has already been described in the context of MCT1 

regulation by butyrate [270]. 

Further, hormone regulation has also been described for MCTs, which may involve transcriptional 

and post-transcriptional mechanisms. Hormones, like testosterone and thyroid stimulating hormone 

(TSH) induce tissue-specific protein expression of MCT1 [204]. 

Alternative splicing represents another regulatory mechanism of gene expression. MCT1 

displayed no evidence of alternative splicing, however, several alternative splicing isoforms were described 

for MCT2 and MCT3 [266].  

Further, it has been also reported that MCT2 expression increased in the brain by both insulin 

and insulin growth factor 1 (IGF-1) through a post-transcriptional mechanism involving stimulation of 

PI3K/AKT/mTOR pathway [259]. 

 

1.3.5.3. Transporter activity level 

 

Other factors that regulate functional expression of MCTs are accessory proteins that are involved 

in trafficking and anchoring of membrane proteins to specific cellular locations. In this context, CD147 

(cluster of differentiation 147), also known as basigin, EMMPRIN (extracellular matrix metalloproteinase 

inducer), OX-47 and HT7, emerges as the major and best studied regulator of MCT expression. CD147 

is a broadly distributed plasma membrane glycoprotein [253]. 

Membrane expression of MCTs is necessary for their activity (monocarboxylate efflux/uptake), 

however they do not present glycosylation, a characteristic phenomenon of membrane spanning proteins. 

So, MCTs are associated with other glycosylated membrane proteins in the plasma membrane, namely 

CD147 [253, 258, 264, 266]. Several studies demonstrate that MCT1 and MCT4 isoforms, as well as 

MCT3 have as ancillary protein CD147 (basigin) (Figure 18) [302], whereas MCT2 interacts with gp-70, 

another accessory protein (embigin) [303]. Gp70 has also been described as interacting with MCT1 in 

rat erythrocytes [304]. Only when CD147 is co-expressed with MCT1, MCT3 or MCT4, both proteins are 

correctly targeted to the plasma membrane rather than accumulating in the endoplasmatic 

reticulum/Golgi apparatus [302]. 

CD147 and gp-70 are members of the immunoglobulin superfamily and are related to small 

family of glycoproteins, which contain a single transmembrane domain containing a conserved glutamate 
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residue, a short intracellular C-terminus, and a large glycosylated extracellular domain with two or three 

immunoglobulin domains depending on the splice variant [257, 305]. EMMPRIN was described as a 

tumour cell-derived matrix metalloproteinase (MMP) inducer that is expressed on the tumour cell surface 

and presents different functions, such as stimulation of angiogenesis, multidrug resistance, affects the 

activation and development of T cells, acts as a receptor for cyclophilin A and is associated with BBB 

function of cerebral endothelial cells [305, 306]. Originally identified as a tumour surface protein with the 

ability of inducing MMP, with a critical role in tumour progression [306], CD147 expression is found in 

cells other than tumour cells where it plays an important role in fetal, neuronal, lymphocyte and 

extracellular matrix development as well as tissue repair [307]. CD147 has been described as an inducer 

of extracellular matrix metalloproteinase (MMPs) in neighboring fibroblasts on tumor microenvironment 

[308] Recently, a study of glioma, colon and lung cancer cell lines in co-culture with fibroblast cells did 

not promote MMPs production [309]. 

 

Figure 18: MCT1 and CD147 predicted interaction. A) This interaction is proposed to involve an arginine residue 

within the TMD8 of MCT1 and a glutamine acid residue in the transmembrane segment of CD147 [264]; B) The 

3D structure of MCT1-CD147 interaction in an open conformation of MCT1 structure [257]. 

 

Importantly, subsequent studies showed that, besides being important for MCT membrane 

location [310-312], CD147 is also important to MCT1, 3 and 4 activity [303, 310, 312, 313]. On the 

other hand, MCT1 and MCT4 have also being shown to be regulators of CD147 maturation and trafficking 

to the plasma membrane [310]. Thus, the contribution of MCTs to the malignant phenotype is not limited 

to their own function as lactate transporters [264] and pH regulators [314], but may also have indirect 

roles in tumour growth and angiogenesis, as well as cancer cell migration and invasion [315]. 
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More recently, other players were included in the MCT/CD147 complex. Someone studies 

indicate the presence of MCTs in a subset of tissues in the absence of CD147, suggesting that other 

unidentified cofactor is responsible for their plasma membrane localization and activity. Recent studies 

suggest that CD44 may be another chaperone protein responsible for MCT expression at the plasma 

membrane [316, 317], presenting an important role in cancer progression [318] and cancer cell 

chemoresistance [319], which may account for the contribution of MCTs. Additionally, other modulators 

of transporter activity may directly affect MCT function, independently of affecting protein amounts and 

location, including  CAII and CAIV, which enhance both MCT1 and MCT4 activity by direct binding [320, 

321], as well as intracellular calcium [322]. MCT1 has also been reported to colocalize with LDH in the 

mitochondria of L6 rat skeletal muscle cells and to co-immunoprecipitate in the mitochondrial fraction 

[323]. Finally, in neurons, MCT2 binds to AMPA receptor subunit GluR2, of which controls it’s the plasma 

membrane localization [324]. Moreover, it was shown that the adhesion molecules neuroplastins can 

also serve as accessory proteins for MCT2 in the CNS, regulating their cell surface expression [325]. 

 

1.3.6. MCT inhibitors 

 

Several agents are known to inhibit MCT activity, but none are specific for a given MCT isoform 

and most of them present a high affinity for other proteins (Table VI). Oldest described inhibitors are 

phloretin, flavonoids such as quercetin, stilbene disulphates including DIDS, and -cyano-4-

hydroxycinnamate (CHC), as well as its analogues. Identification of MCT inhibitors was achieved during 

characterization of MCT1, as the most studied MCT isoform [264]. CHC is a competitive inhibitor with Ki 

values of 50-500µM in different cells [260, 262, 264, 266].In particular, CHC presents a Ki of 64µM for 

MCT1 in erythrocytes [326] and it has the capacity to inhibit the mitochondrial pyruvate carrier (MPC K i 

~2µM), hence uptake of pyruvate, much more efficient than MCT1. CHC also inhibits the anion exchanger 

AE1(Cl-/H+ exchange) [264]. A range of amphiphilic compounds with different structure including 

bioflavonoids (e.g. quercetin and phloretin) [260, 264] are potent inhibitors (K0.5 1–10μM) of MCTs, 

although they also inhibit AE1, and other membrane transport processes [264]. The 

stilbenedisulphonates (e.g. DIDS) are some of the most effective MCT inhibitors with Ki<40μM, however, 

with much lower affinity than for AE1 [264]. Additionally, irreversible inhibitors, such as p-

chloromercuribenzene sulphonate (pCMBS) and amino reagents (e.g. pyridoxal phosphate and phenyl-

glyoxal) have capacity to inhibit MCT activity [253, 264], however it has been shown that pCMBS inhibition 

is not on MCT1 directly, but on the accessory protein CD147 [260]. Importantly, these inhibitors have 
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different affinities for the different MCT isoforms. MCT2 is more sensitive to CHC, DIDS and phloretin 

than MCT1, but is not sensitive to pCMBS, due to the different ancillary protein [266]. MCT3 is insensitive 

to CHC, pCMBS and phloretin [266]; and MCT4, although also sensitive to CHC, DIDS and pCMBS, 

inhibition is achieved with a much lower affinity (Ki values some 5-10 times higher), which is in accordance 

with the low affinity characteristics of this transporter [266]. 

 

Table VI: Inhibitory sensitivity (Ki values µM) of the major MCT isoform to described MCT inhibitors. 

Inhibitor MCT1 MCT2 MCT4 

Phloretin 5.1 14 41 

Quercetin 2 5 n.d 

DIDS 434 n.d n.d 

DBDS 215 44% n.d 

CHC 166 24 990 

AR-C155858 0.002 <0.010 >0.010 

AZD3965* 0.0016 0.0096 n.d 

7ACC2 # 0.011 n.d n.d 

            n.d: not determined                     * Values for binding affinity                # IC50 for lactate uptake 

 

As mentioned above, none of the MCT classical inhibitors is either MCT specific or MCT isoform 

specific. Therefore, to investigate the role of MCT in cellular function, MCT specific inhibitors should be 

used. Recently, AstraZeneca developed a new set of immunomodulatory compounds as potent and 

selective inhibitors of MCT1 activity in human activated and rat T cells [327, 328]. These compounds 

have shown promising results in allograft rejection both in mouse and rat [329, 330], having also been 

used in the context of the astrocyte-neuron lactate shuttle, where inhibition of both MCT1 and MCT2 was 

demonstrated [331]. In fact, some of these compounds appear to be MCT isoform specific [327], while 

others, although binding with higher affinity to MCT1, also bind to other MCT isoforms [331]. The 

compound AZD3965 is a MCT1 inhibitor currently evaluated as an anticancer agent in Phase I clinical 

trials for patients with prostate cancer, gastric cancer or diffuse large B cell lymphoma 

(ClinicalTrials.govNCT01791595). Importantly, a related compound AR-C155858 is a dual MCT1/2 

inhibitor that inhibits MCT2 when it is bound to the ancillary protein basigin but not when it is bound to 

its preferred chaperone protein embigin [332, 333].  
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Recently, Draoui et al., identified several original compounds belonging to the 7-

aminocarboxycourmarine family that potently inhibit MCTs. Measurements of lactate flux reveals that they 

are three log orders most active than CHC (IC50=10-50nM) [334, 335]. 

Lonidamine has been known to inhibit glycolysis in cancer cells. Although this action was originally 

attributed to hexokinase inhibition, further studies showed that lonidamine inhibits lactate efflux from 

cancer cells, through inhibition of MCT1 and MCT4 [288]. 

Statins are 3-hydroxyl-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, which have 

monocarboxylate structures within the compounds, making these molecules putative MCT substrates. 

Actually, some of these statins have been shown to be MCT4 substrates and, therefore, inhibitors of 

lactate and other substrate transport [336]. 

Although apparently being transported through a transport system other than MCTs in trophoblast 

BeWo cells, nonsteroidal anti-inflammatory drugs (NSAIDs) have been described as partially transported 

by MCT1 in Caco-2 cells, and also described as potent inhibitors of lactate transport [337]. 

 

1.3.7. Role of MCTs in cellular homeostasis 

 

The existence of MCT isoforms in almost all tissues, allows lactate, pyruvate and ketone bodies 

produced in one tissue to be used by another. Thus, depending on the metabolic state, lactic acid 

produced by a glycolytic tissue, like skeletal muscle can be taken up by other tissues, such as liver and 

kidney for gluconeogenesis, fat tissue for lipogenesis, and the heart and brain for oxidation [264]. The 

expression pattern of the different MCT isoforms in each tissue matches their normal metabolic role in 

that tissue. In addition to their role in shuttling monocarboxylates between tissues, MCTs are involved in 

shuttling lactic acid between different cell types within a tissue [257]. Different MCT isoforms are used to 

export lactic acid from a cell that is glycolytic under normoxic conditions and then to import it into another 

cell type where it can be used as a respiratory fuel [257]. Importantly, lactate is a quantitatively important 

oxidisable substrate and gluconeogenic precursor, being responsible for coordination of intermediary 

metabolism in diverse tissues. This role of lactate as oxidative and gluconeogenic substrate, as well as in 

cell signalling, is explained by the “cell-cell” and “intracellular lactate shuttle” concepts [338, 339]. 

According to the “cell-cell lactate shuttle” hypothesis, lactate produced in glycolytic cells will be used 

continuously under fully aerobic conditions. This is the case of lactate exchanges between glycolytic 

astrocytes and oxidative neurons [215], between white-glycolytic and red-oxidative fibres within a working 

muscle [340], and between tissues of net release of lactate and gluconeogenic tissues [341]. In skeletal 
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muscle, the white fibres are glycolytic and contain primarily MCT4 that facilitate the efflux of lactic acid. 

The latter is taken up and oxidized by the red fibres that express primarily MCT1 [257, 264, 340].  

In brain, glucose is the major source of energy, however monocarboxylates, specially lactate, 

might also provide an oxidative source of energy. With the description of MCT cell-specific expression in 

in vitro and in vivo studies, new evidence for a complementary metabolism between neurons and 

astrocytes was provided (Figure 19) [279, 342-345].  

 

 

Figure 19: Neuron – astrocyte lactate shuttle. Glucose is transported to astrocytes through GLUT1 transporter and 

then metabolized to lactate. Lactate is transported outside astrocytes by MCT1/MCT4 and taken up by neurons by 

MCT2. Intracellular lactate in neurons is oxidized to pyruvate and metabolized along the oxygen pathway. Adapted 

from [346]. 

 

Expression of different MCT isoforms is observed during brain development and also in the adult 

brain. The presence of MCT1 in blood vessels has been detected in both embryonic and adult brain [342]. 

Several studies reported that MCT2 distribution is developmentally and regionally regulated. At birth, 

MCT2 is expressed at high levels in almost all brain regions, such as cerebellum and neocortex. During 

development, MCT2 expression increases in hippocampus and in the adult its expression is low in most 

of the brain structures, being more expressed in differentiated neuronal populations [342]. Like MCT2, 

MCT4 expression changes during development, but its expression is delayed compared to that of MCT2 

[342, 345]. In the adult brain, MCT1 is expressed in endothelial cells of microvessels and astrocytes. 

MCT2 is expressed in neurons, and MCT4 is present exclusively in astrocytes [279, 342]. MCT1 has been 

found in the cortex, hippocampus and cerebellum of adult rat brain [347]. It was also found in the glial 

end feet surrounding capillaries and in brain parenchymal cells [347]. Expression of MCT2 in the mouse 

brain includes cortex, hippocampus and cerebellum [348]. The major localization of MCT2 is in the 
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postsynaptic densities of neurons [348] and it is also found in Purkinje fibers of cerebellum [348]. MCT4 

expression has been demonstrated in the astrocytes of adult rat and mouse brain in the cerebral cortex, 

striatum, hippocampus, paraventricular nucleus in the hypothalamus [342]. The differences in MCT 

isoforms between astrocytes and neurons is explained by the lactate shuttle hypothesis, which states that 

lactate is produced by astrocytes and used by neurons [204, 215]. Thus, the MCT cell-specific expression 

and also the Km values of each isoform support the hypothesis of the astrocyte-neuron lactate shuttle 

(Figure 19). Astrocytes have a higher glycolytic activity, releasing lactate into the interstitial fluid through 

MCT1 and MCT4, whereas neighbouring oxidative neurons take up lactate through MCT2 for oxidation 

into pyruvate and then TCA cycle to produce ATP [215, 342].  

Considering the important role of MCTs in the metabolic interactions between different brain cell 

types, it is not surprising to discover alterations of MCTs in some pathologies of the brain. First, it was 

demonstrated that MCT2 has an important role in supply energy substrates for neurons in order to sustain 

changes involved in synaptic plasticity. After, it was observed that downregulation of MCT2, as well as 

MCT1 and MCT4 at the rat hippocampus prevented learning and memory [349]. What concerns brain 

pathologies, namely neurodegenerative diseases, reduction of MCT1 expression leads to axonal 

degeneration and alteration in myelination [350, 351]. Additionally, in a model of multiple sclerosis 

patients, astrocytes show enhanced MCT1 expression, whereas demyelinated axons have lower MCT2 

expression in inactive lesions [352]. Regarding the immature and adult rat model of epilepsy, MCT1 and 

MCT2 mRNA was enhanced [353]. Additionally, MCT1 expression was reduced in microvessels, whereas 

it was increased in astrocytes of hippocampus. MCT4 expression decreased in the cortex of temporal 

lobe [354]. Concerning the Parkinson disease, no alterations were observed for MCT1 and MCT2 in the 

substantia nigra [355]. Further, in situations of ischemia, the expression of MCT1, MCT2 and MCT4 

increased in the microglial cells [356, 357]. 

MCT1 isoform has been also involved in the transport of nicotinic acid and statins into the brain 

having protective effect on development of Alzheimer disease which could be important during the 

treatment of several neurological disorders [358]. On the other hand, reports showed that MCTs can work 

in an opposite way, namely in the efflux of some drugs across the BBB [358]. It was also hypothesized 

that MCTs play a role in the efflux of 6-mercaptopurine, a drug used to treat acute myeloid leukemia 

[359]. However, the effect of specific inhibitors targeting MCTs at the BBB need to be further investigated 

in order to develop pharmacologically useful therapies utilizing MCTs as targets for drug delivery into the 

brain. 
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In the “intracellular lactate shuttle”, mitochondria play a fundamental role in the oxidative 

catabolism of lactate, constituting a lactate oxidation complex composed of lactate dehydrogenase (LDH) 

and MCT2 and MCT4s, which is associated with the electron transport chain [323, 360, 361]. An 

“intracellular lactate shuttle” was also described in the peroxisomes of hepatocytes [275]. 

There is also evidence for the presence of lactate shuttling in the retina and importantly, within 

some tumours. 

 

1.3.8. MCT expression in human solid tumours 

 

High levels of lactate is a common feature observed in tumours. Thus, one can anticipate that 

MCTs, especially MCT1 and MCT4, are responsible for lactate efflux from cancer cells, having an 

important role in pH regulation [110, 257, 259]. In the last years, studies reported up-regulation of MCTs 

in different human solid tumours, showing the importance of MCTs in cancer biology (Figure 20) [362]. 

MCT1 and MCT4 overexpression was observed in several types of cancer studied, like head and neck, 

lung, kidney, bladder, mesotheliomas, breast, melanomas, pancreas, colorectal, ovarian and cervix 

cancer (Figure 20). Additionally, overexpression of MCT2 was found in prostate, lung, colorectal cancer 

(Figure 20). However, downregulation of MCT1 expression was observed in some tumours, such as liver 

and prostate (Figure 20) and also MCT4 expression like stomach (Figure 20) [362]. In gastrointestinal 

stromal tumours (GIST) it was only observed upregulation of MCT1 expression, whereas in hepatocellular 

carcinoma it was observed MCT4 only [362]. Overexpression of MCT1 and MCT4 was associated with 

different prognostic markers, as well as with shorter OS in different solid tumours [362]. 

In CNS tumours, the few existing studies point to a possible important role of MCT expression, 

especially MCT1. Strong expression of MCT1 was found in ependymomas, hemanglioblastomas and high 

grade, compared to low-grade gliomas, which showed negative or weak MCT1 expression [363]. In 

another study, Western-blot analysis of total protein from normal brain and GBMs demonstrated that 

normal brain predominantly expressed MCT3, whereas MCT1 and MCT2 are the major isoforms present 

in GBM tumours [364]. A study in neuroblastomas showed by mRNA quantification, that MCT1 was 

differently expressed and that MCT1 activity was highly associated with MYCN amplification, leading to 

the hypothesis that expression of MCT1 could be associated with higher malignancy [288]. Moreover, 

expression analysis revealed that SLC16A1 (gene encoding MCT1) transcript, was elevated in 90% of 

medulloblastomas [301]. Finally, it was found that inhibition of MCT activity, particularly MCT1 inhibition, 

decreased the glycolytic phenotype (low glucose consumption/lactate production), cell proliferation and 
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invasion, promoting increase in cell death [365-367]. Furthermore, taking into account the high hypoxic 

levels of brain tumours, particularly GBMs, a recent study that described an increase in MCT1 and MCT4 

expression in hypoxic conditions compared to normoxia [298]. These findings elucidate the importance 

of MCT1 activity in pH homeostasis and consequent aggressiveness of GBMs. 

 

Figure 20: Overview of the MCTs expression in different tumour types; + high expression, : upregulation,                       

: downregulation. Adapted from [362]. 

 

Overall, the data available in the literature support the hypothesis of a major contribution of MCTs 

to the hyper-glycolytic and acid-resistant phenotype of tumours, as a major adaptation to the hypoxic 

microenvironment. As mentioned above, up-regulation of MCTs in the plasma membrane of the different 

types of tumours is an adaptive mechanism to allow continuous high glycolytic rates, by exporting the 

accumulating end-product, lactate, as well as to counteract the acid-induced apoptosis or necrosis [254]. 

 

1.3.9. Role of MCTs in the metabolic symbiosis of solid tumours  

 

1.3.9.1 Metabolic relationship between glycolytic and oxidative cancer cells 

 

In the glycolytic compartment of tumours, there is extracellular accumulation of lactate, which 

can reach up from 10 to 40mM [368]. MCTs play an essential role in the metabolic homeostasis of the 
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tumour microenvironment: they ensure the maintenance of glycolytic and acid-resistant phenotype [210]. 

Lactate is not a metabolic dead-end product of glycolysis but is rather a tumour growth-promoting factor. 

As mentioned above, a lactate shuttle is already described in muscle and in brain, under physiological 

conditions. Increasing evidence indicates that lactate in tumours can be used as fuel for oxidative 

metabolism in oxygenated tumour cells (Figure 21) [210, 217]. According to the metabolic symbiosis 

hypothesis proposed by Sonveaux et al. [217], the peripheral and oxygenated oxidative cells consume the 

lactate produced by the central and less oxygenated glycolytic cells [217, 218, 369]. MCT1 and MCT4 

are key players in this process; exogenous lactate uptake by oxidative cells is believed to occur through 

MCT1, whereas glycolysis-derived lactate is released through MCT4 [210, 214, 217, 369]. 

 

Figure 21: Metabolic symbiosis between glycolytic and oxidative cells within a tumour. Adapted from [217]. 

 

1.3.9.2 Crosstalk between cancer and endothelial cells 

 

Endothelial cells are responsive to lactate stimulation in a way that promotes tumour progression. 

Indeed, similarly to oxidative cancer cells, endothelial cells can take up lactate in a MCT1-facilitated 

process, although, contrarily to oxidative cancer cells, they do not efficiently use lactate as fuel [225]. In 

normoxic endothelial cells, lactate was found to stimulate HIF-1 activity in a manner similar to what was 

described for oxidative cancer cells, i.e., by sequentially serving as a precursor of pyruvate, inhibiting HIF 

PHDs, stabilizing HIF-1  and activating HIF-1 (Figure 22) [225]. However, the final proangiogenic 

effectors identified are different. Indeed, in endothelial cells, lactate increases the production of FGF and 
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the expression of the prototypical VEGF receptor VEGFR2. Taking into account the fact that lactate can 

stimulate VEGF production independently of hypoxia in cancer cells [370, 371], both paracrine VEGF 

signalling and autocrine FGF signalling in endothelial cells could thus account for the proangiogenic effects 

of lactate in tumours (Figure 22). Independently of HIF-1 , lactate has also been show to sequentially 

activate NFκB, trigger IL-8 production and activate the IL-8 pathway in an autocrine manner in endothelial 

cells (Figure 22) [226]. 

 

Figure 22: Metabolic crosstalk between tumour cells and endothelial cells. Cancer cell metabolism and 

angiogenesis are linked via lactate efflux and uptake through MCTs. Lactate produced by tumour cells are 

transported to tumour microenvironment through MCT4. Here endothelial cells perform the uptake of lactate 

through MCT1, promoting activation of the angiogenic process. Adapted from [372].  

 

1.3.9.3 Crosstalk between cancer cell and fibroblasts 

 

Tumour-associated fibroblasts (CAFs) have also been documented to participate in lactate 

homeostasis in tumours [214, 369]. Among others, Koukourakis and his group reported that the 

preferential expression of MCT1 and LDH together with PDH activity in tumour fibroblasts supports the 

metabolic use of lactate produced by tumour cells, preventing the hostile acidic microenvironment [373, 

374]. In contrast, Lisanti and colleagues showed that CAFs perform aerobic glycolysis and provide cancer 

cells with metabolites for OXPHOS, which they denominated “Reverse Warburg effect” [375] (Figure 23). 

Mechanistically, ROS production following activation of the RAS oncogene and transcription factor NFκB 

in cancer cells was reported to be responsible for metabolic reprogramming and enhanced MCT4 

expression in fibroblasts [376]. 
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Figure 23: Model depicting metabolic symbiosis between tumour cells and stroma cells. Adapted from [281]. 

 

In biopsies of human breast cancer, MCT1 expression was found to predominate in epithelial 

cancer cells, whereas stromal cells preferential expressed MCT4 [375]. Tissue analysis of positive lymph 

nodes revealed amplified mitochondrial mass and mitochondrial metabolism in metastatic breast cancer 

cells and a lack of detectable mitochondria together with high MCT4 expression in stromal cells, including 

CAFs, adipocytes and inflammatory cells [377]. 

In human head and neck cancer, MCT1 expression was reported to be associated to cancer cells 

[378], while CAFs had high MCT4 expression. In human prostate cancer, MCT1 was present in cancer 

cells and MCT4 in CAFs [379]. CAFs also had high CAIX expression, suggesting a glycolytic metabolism. 

Interestingly, concomitant presence of elevated levels of MCT4 in CAFs and MCT1 in cancer cells was 

related to poor clinical outcome [379]. An independent study confirmed MCT1 expression in prostate 

cancer cells [380], but associated with a strong cytoplasmic reactivity for LDHA, which would indicate a 

glycolytic rather than an oxidative metabolism of the cancer cells. In the same study, MCT1 was found in 

CAFs and tumour-associated myoblasts, with LDHB upregulation (compared to cancer cells) indicative of 

an oxidative metabolism of the stroma in 40% of cases. Similar findings have been reported in lung cancer, 

with MCT1 and LDHA overexpression in cancer cells and no MCT but LDHB expression in CAFs [381]. 

Collectively, these data support the general existence of MCT dependent relationships between cancer 

cells and fibroblast cells that could encompass metabolic commensalism among these cells. 

 

1.3.9.4 Crosstalk between cancer and immune cells 

 

Among protumoural immune influences on cancer cells, a well-known fact is that chronic 

inflammation can promote oncogenesis, as illustrated for example by the higher incidence of colorectal 

cancer in inflammatory bowel disease patients [382]. With respect to metabolism, various studies point 
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at the high intratumoural lactic acid concentration as a unifying mechanism in the immunosuppressive 

effects of cancer cells (Figure 24) [382].  

 

Figure 24: Model showing the immunosuppressive activity of lactic acid on T cells. Adapted from [281]. 

 

Activated T cells depend on glycolysis for energy production and therefore need to release lactate, 

which depends on MCT1 in these cells [327]. In this context, Fischer et al., [228] observed that lactic 

acid inhibits the proliferation of human cytolytic T lymphocytes (CTLs) in a dose-dependent manner, 

decreasing IL-12 and INF-γ production [228]. 

Lactate is also involved in tumour immune escape. In vivo, knocking down LDHA in cancer cells 

(and thus decreasing their glycolytic rate and lactate secretion) resulted in natural killer (NK) cell 

activation, reduced accumulation of myeloid-derived suppressor cells (MDSCs), reduced 

immunosuppressive activity and smaller tumour sizes [383]. Direct effects of lactate were demonstrated 

by the same authors in vitro, by showing that lactate, per se, decreases NK cell activity and increases the 

differentiation of peripheral blood mononuclear cells to MDSCs and their immunosuppressive activity. 

In tumours, myeloid cells may polarize into M1 tumour-suppressive macrophages or into M2 

tumour-promoting macrophages that secrete proliferation- and survival-stimulating cytokines and 

proangiogenic factors. Lactate can influence this process. Colegio et al. [232] indeed showed that lactate 

can activate HIF-1 in macrophages, driving their polarization to the M2 phenotype with a high VEGF 

secretion that would promote tumour angiogenesis.  

Thus, lactate has a dual role in tumours: it acts as a metabolic fuel and a signalling molecule, 

playing a key role in cancer progression, specifically in tumour metabolism, migration, invasion, 

angiogenesis and immune scape. 
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1.3.10. MCTs as a therapeutic targets in cancer 

Many genetic alterations that are known to promote cancer lead to a single converging metabolic 

phenotype that is characterized by enhanced cell-autonomous nutrient uptake and reorganization of 

metabolic pathways to support biosynthesis [104, 203]. Actually, the development of treatments that 

target tumour metabolism has attracted much attention, with several potential drugs targeting metabolic 

pathways currently in clinical trials (Figure 25) [211, 384, 385]. 

 

Figure 25: Metabolic targets for cancer therapy. Several branches of the bioenergetic and anabolic metabolism of 

malignant cells offer targets that can be drugged to inhibit oncogenesis or tumour progression. Although interfering 

with the metabolism of cancer cells is also expected to affect highly proliferating normal cells, this notion is 

substantiated by a large amount of preclinical evidence (targets shown in red), which in some instances has 

prompted the initiation of prospective clinical studies (targets shown in blue), as well as by an increasing degree of 

clinical experience (targets shown in green) [159]. 

 

As already mentioned, the acid-resistant phenotype is essential for cancer cell survival. Although 

MCTs are not the major H+ transporters, they perform a double role in the adaptation to hypoxia: export 

of lactate, essential for the maintenance of the hyper-glycolytic phenotype, and pH regulation, important 
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for the acid-resistant phenotype. Accordingly, MCT inhibition will have a direct effect on cell pH regulation 

and glycolytic rates, therefore having an important effect on cell viability [254, 362]. Also, MCTs have a 

crucial role as gatekeepers of the metabolic symbiosis between cancer cells, as well as in the association 

of cancer-endothelial cells, cancer-stroma cells and cancer-immune cells [217, 281, 386]. Thus, targeting 

these transporters will “shut-down” the advantageous tumour symbiosis, having an important impact on 

tumour homeostasis. Finally, taking into account the contribution of lactate to the malignant phenotype, 

together with the up-regulation of MCTs in some tumours, MCT inhibition may be a useful therapeutic 

approach in cancer. This will contribute to increased immune response against tumour cells, decreased 

migration and invasiveness capacity of tumour cells, among others [254]. Also MCT inhibition, namely 

MCT1, offers the opportunity to simultaneously target tumour metabolism and angiogenesis [211, 217, 

226, 387, 388]. 

Actually, it was demonstrated that in vitro MCT1 inhibition decreases cancer intracellular pH 

[217, 288, 389], leads to cell death [217, 288, 364, 367] and, importantly, enhances cancer cell 

radiosensitivity [367] and chemotherapy response [390]. Additionally, silencing of MCT4 results in 

decreased cancer cell migration [310], by mechanisms that involve interaction of MCT4 with -integrin 

[315]. Further, silencing of MCT1 and MCT4 inhibited cancer cell invasion [391, 392]. Importantly, 

promising results using in vivo models have also been reported, where administration of CHC or 

downregulation of MCT1 and MCT4 retarded tumour growth [392], rendered tumour cells sensitive to 

radiation [217] and decreased tumour invasion [366]. Further, the already mentioned CHC, lonidamine, 

quercetin [288] and small interference (siRNA) have also been used to inhibit MCT activity or expression, 

respectively [217, 288, 364, 393]. The importance of MCTs for tumour growth was confirmed by a more 

specific approach, where combined silencing of MCT1 and MCT4 or silencing of CD147 significantly 

reduced glycolytic flux and tumour growth [390, 393-396]. The use of MCT1 specific inhibitors designed 

by AstraZeneca as immunossupressors may also be an effective strategy to block MCT1 activity in cancer 

[330]. The AZD3965 compound (AstraZeneca), has been demonstrated to decrease tumour growth in 

vivo in a model of small cell lung cancer [397]. Additionally, it is currently evaluated as an anticancer 

agent in Phase I clinical trials for patients with prostate cancer, gastric cancer or diffuse large B cell 

lymphoma (ClinicalTrials.govNCT01791595). 
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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 and radiotherapy, however the medium survival outcome of 

GBM patients is only 15 months [2]. Thus, exploitation of new molecular targets in neuro-oncology 

becomes crucial. 

Metabolic reprogramming is nowadays recognized as a hallmark of cancer [3]. Tumor cells exhibit 

high glycolytic rates even in the presence of oxygen, a phenomenon denominated Warburg effect [4]. As 

a consequence, tumor cells covert most of the incoming glucose into lactate, which is transported to the 

tumor microenvironment through monocarboxylate transporters (MCTs) [5]. MCT expression has been 

described in different solid tumors [6], however in gliomas there are only few studies describing the 

expression of MCT1-MCT4 isoforms, which are responsible for the efflux/uptake of monocarboxylates, 

particularly lactate. Thus, we intended to characterize the expression of MCT1, MCT4 and CD147 (MCT 

chaperone) in different glioma grade human samples and also in different glioma cell lines. Additionally, 

we aimed to explore the role of MCTs in glioma cell survival and aggressiveness using in vitro and in vivo 

models. 

 

Major findings 

 

The major findings of this chapter are described below: 

 

- MCT1, MCT4 and CD147 are upregulated in human GBM samples, being the expression of MCT1 

and CD147 preferentially expressed at the plasma membrane, whereas MCT4 remains at the 

cytoplasm; 

- Glioma cell lines expressed preferentially MCT1 isoform the plasma membrane, instead of MCT4 

isoform; 

- MCT1 is involved in glioma cell growth and aggressiveness phenotype; 

- MCT1 expression has prognostic value in GBM. 
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Abstract 

 

Background: Glioblastomas (GBMs) display high rates of glucose consumption, associated with lactate production, 

even in normoxia, a process referred as “Warburg effect”. Acidification of the tumour microenvironment by lactate 

extrusion, mediated by monocarboxylate transporters (MCTs), is associated with higher cell proliferation, migration, 

invasion, angiogenesis and increased cell survival. Previously, we have described MCT1 up-regulation at the plasma 

membrane in human GBM samples and demonstrated the importance of MCT1 inhibition in glioma cell line viability 

and aggressiveness. In the present study, we performed stable knockdown of MCT1 (shRNA) in glioma cells (U251) 

to determine the role of MCT1 in GBM prognosis, and validate the potential of lactate transport inhibition in glioma 

cancer treatment, in an orthotopic mouse model. 

Methods: Effect of MCT1 expression knockdown was evaluated for cellular metabolism and CHC response. 

Involvement of MCT1 knockdown in survival was assessed by in vivo orthotopic GBM xenografts and also by TCGA 

data base analysis of GBM cohort. Characterization of Ki67 and MCTs in brain tumours of NSG mice was performed 

by immunohistochemistry. 

Results: MCT1 knockdown decreased glucose consumption and lactate efflux in glioma cells. Additionally, MCT1 

knockdown decreased response to CHC (MCT inhibitor), namely in glucose consumption and lactate production, 

increasing the IC50 values. Importantly, MCT1 knockdown increased significantly the survival of orthotopic 

intracranial U251 shMCT1 mice compared to U251 shControl. 

Conclusions: This work supports MCT1 as target for GBM therapy, showing for the first time the importance of 

MCT1 expression in the prognostic of GBM survival. 

 

Keywords: monocarboxylate transporters, glioblastomas, lactate, Warburg effect, survival 

Introduction 

Glioblastoma (GBM) is the most common and 

the most lethal and aggressive primary brain 

tumour.    Despite    progress   in   therapy,    the

 prognosis of patients is still very dismal, 

presenting an overall survival (OS) of 

approximately 15 months [1]. Thus, new 

approaches  will  be  important  to  overcome this * Corresponding author: 
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prognosis. Tumour cells present metabolic 

reprogramming, displaying high glycolytic rates, 

even in the presence of oxygen (Warburg effect), 

which is nowadays considered a hallmark of 

cancer [2]. This cancer phenotype confers 

advantages to tumour cell growth, survival and 

aggressiveness [3-5]. It is known that GBMs 

present an increase in glucose uptake compared 

to normal brain [6]. About of 90% of all glucose 

consumed in GBM cells is converted to lactate or 

alanine, which contributes to the infiltration of 

GBM cells in to the surrounding non-neoplastic 

tissue [7]. In this context, monocarboxylate 

transporters (MCTs), play an important role in the 

maintenance of the high glycolytic rates, 

contributing to tumour microenvironment 

acidification, due to the co-transport of lactate 

coupled with a proton [8]. The MCT family 

comprises 14 members with similar topology, 

however only four isoforms MCT1-4, use lactate as 

common substrate, performing the co-transport of 

lactate with proton in an equimolar manner by a 

symport mechanism [9-14]. MCTs have important 

roles in mammalian metabolism and are critical 

for metabolic communication between cells [10, 

15], therefore they have different properties and 

tissue distribution, according to their different 

kinetic characteristics [9, 12, 16]. In the last 

decades, upregulation of MCTs has been reported 

in different human solid tumours, showing the 

importance of MCTs in cancer biology [17]. In 

gliomas, upregulation of MCT1 and MCT4 

expression has been described, being MCT1 the 

isoform most prevalent at the plasma membrane 

and responsible for lactate efflux [18, 19]. 

Additionally, Miranda-Gonçalves et al. described 

the importance of MCT1 in glioma cell survival and 

aggressiveness through in vitro and in vivo studies 

[18,20]. Also, results from the group in lung 

cancer and in breast cancer models also 

anticipate the success of targeting MCTs [21, 22]. 

Thus, MCTs are new promising anticancer targets, 

however, more studies are needed to validate the 

potential of lactate transport inhibition in GBM 

treatment. In this study, we show that MCT1 

knockdown reduced lactate transport and cell 

aggressiveness in vitro and, more importantly, 

increased survival in an orthotopic intracranial 

glioma in vivo model and also in in silico analysis 

of GBM cohort. 

 

 

Results 

 

MCT1 expression is a predicted of poor prognosis 

in GBMs 

 

Previous study showed that MCT1 expression 

was associated with growth and aggressiveness of 

GBMs [18]. Before that, we performed an in silico 

analysis of GBM cohort to understand how MCT1 

expression could be associated with the prognostic 

of GBM patients. In Rembrandt database of GBM 

mRNA we observed that high MCT1 expression 

was associated with a poor prognosis of GBM 

patients, presenting a shorter OS (Figure 1). 

 
Figure 1: Role of MCT1 expression in GBM prognosis. 

Overall survival GBM cohort for in silico analysis of the 

Rembrandt database. 
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Blocking lactate transport decreases the metabolic 

requirements for cell aggressiveness 

 

Upon U251 shRNA MCT1 knockdown, we 

selected a shMCT1 clone that presents a lower 

expression of MCT1. In Figure 2A, we can observe 

that shMCT1 clone 9 presents a low level of MCT1 

expression, without increase in MCT4 expression, 

when compared to control (scramble). 

Additionally, clone 9 displays a weak expression of 

CD147 and HIF-1  proteins (Figure 2A). 

Additionally, HKII expression decreased in 

shMCT1 clone 9 in both Western blot and 

immunofluorescence analysis (Figure 2A and 2B). 

Further, we assessed the cellular localization of 

MCTs and other glycolytic markers in U251 

shMCT1 clone 9. As expected, we observed, very 

low MCT1 expression in shMCT1 clone 9 (Figure 

2B). MCT4 and CD147 present a similar 

expression at the plasma membrane (Figure 2B). 

HIF-1  nuclear expression also decreased in 

U251 shMCT1 knockdown (Figure 2B). In what 

concerns the metabolic behaviour, we observed a 

decrease in glucose consumption and lactate 

production for U251 shMCT1 at 24h and 48h 

(Figure 2C). Treatment of U251 shMCT1 with CHC 

(MCT inhibitor) did not alter glucose consumption 

or lactate production (Figure 2D), and increased 

CHC IC50 values compared to control cells, up to 

48h (Figure 2E and F).  

 

MCT1 downregulation increases GBM survival  

 

In order to evaluate the potential prognostic 

value of MCT1 observed in GBM patients, at the in 

silico analysis, we established intracranial 

orthotopic GBM xenografts with U251-shControl 

and U251-shMCT1 cells in NSG mice (Figure 3). 

We observed that animals bearing U251 shMCT1 

tumours present a significant increase in survival 

(media OS of 63.5 days) compared to U251 

shControl tumours (media OS of 43.5 days) 

(Figure 3A). Histopathological analysis of the 

animal brains injected with U251 shMCT1 and 

U251 shControl cells showed that animals with 

shControl condition present a higher tumour size 

and more invasive profile than shMCT1 tumours 

(Figure 3B). Additionally, IHC analysis for Ki67 

showed a higher positive staining in shControl 

than shMCT1 (Figure 3C). 

The knockdown of MCT1 expression in brain of 

NSG mice injected with U251 shMCT1 clone 9 

cells was confirmed (Figure 3D). MCT4 expression 

is similar between U251 shControl vs shMCT1 

(Figure 3D). 
 

Discussion 

Glycolytic metabolism has recently been 

proposed as a fundamental mechanism in the 

metabolic reprogramming of cancer cells [2]. In 

fact, the large amounts of glucose consumed by 

tumour cells have been useful in the diagnosis of 

cancer using 18FDG PET scanning, particularly in 

the detection of metastases of primary tumours, 

recurrent disease and to monitor therapy response 

[23]. As a consequence, several proteins are 

differentially expressed to sustain the glycolytic 

phenotype of tumour cells, like some pH 

regulators such as the MCTs and also other 

proteins of the glucose pathway [17, 23]. 

GBM is the most prevalent and also the most 

aggressive brain tumour of the central nervous 

system [24]. These tumours present metabolic 

reprogramming, with high glycolytic activity and 

consequent increased lactate production.
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Figure 2: Effect MCT1 downregulation on cell metabolism and CHC response. Expression of MCT1, MCT4  and 
other metabolism-related proteins in U251 shMCT1 isolated clones by (A) Western Blot and (B) 
Immunofluorescence; Western blot MW: HIF-1  100kDa, HKII 100kDa, MCT1 50kDa, MCT4 44kDa, CD147 

50kDa and -Actin 42kDa; Representative pictures was taken at 400x magnification. (C)  Glucose consumption 

and lactate production in MCT1 knockdown cells, up to 48h; results are representative of three independent 
experiments, each in triplicate. (D) Glucose consumption and lactate production in MCT1 knockdown cells treated 
with CHC, up to 48h; results are representative of three independent experiments, each in triplicate. (E) Response 
of U251 shMCT1 cells to CHC by cell viability assay; results are representative of three independent experiments, 
each in triplicate. (F) Table of IC50 values of U251 shMCT1 cells treated with CHC.

Previously, our group has shown that GBMs 

upregulate MCT1 and MCT4 isoforms, being 

MCT1 isoform the one that is most prevalent in the 

plasma membrane [18]. Additionally, Miranda-

Gonçalves et al. demonstrated that MCT1 

downregulation or activity inhibition disturbs the 

hyper-glycolytic acidic resistant phenotype of 

GBMs [18]. In the present study we intend to 

evaluate, first the importance of MCT1 on tumour 

growth and aggressiveness phenotype of GBMs, 

and second if MCT1 has a prognostic value. 

Downregulation of MCT1 led to a decrease in 

glucose consumption and lactate production, in 

accordance what was previously reported by our 

group with CHC treatment and siRNA for MCT1 

[18, 20]. Additionally, it was observed that 

downregulation of MCT1 in U251 cells decreases 

the response to CHC, increasing the IC50 values. 

This indicates the important role of MCT1, instead 

of MCT4, on tumour growth, as opposed to other 

studies. MCT4 isoform has been described to be 

important on the maintenance of the glycolytic 
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activity of tumour cells, by performing the efflux of 

lactate and promoting tumour growth and 

aggressiveness [25]. However, there are studies 

reported the crucial role of MCT1 in the efflux of 

lactate and contribution to tumour aggressiveness, 

as described for breast cancer [21, 26]. 

Nevertheless, the role of MCT1 as a prognostic 

value was not previously explored, namely in 

GBMs. In this study, we observed that 

downregulation of MCT1 in glioma cells, increases 

significantly the survival of NSG mice. Few studies 

in GBMs, beyond those described by our group, 

reported that inhibition of MCT1 decreased the cell 

proliferation, cell invasion and promoted cell death 

[27, 28], and also increased the response to 

temozolomide [18] an radiotherapy [29]. 

 

 

Figure 3: Evaluation MCT1 knockdown effect in overall survival of the orthotopic model of GBM. (A) Kaplan-Meier 
survival curves for in vivo orthotopic intracranial GBM model. Log-rank test shMCT1 vs shControl, p = 0.001n=8 
per group; (B) Hematoxylin-eosin staining of NSG mice brains showing a  tumour area (T: defined yellow curve   ) 
with infiltrative capacity indicated with yellow arrow; representative pictures for i) 16x magnification, ii) 40x 
magnification and iii) 200x magnification. (C) Immunohistochemistry for Ki67 in shControl and shMCT1 U251 
tumours in NSG mice at 200x magnification. (D) MCT1 and MCT4 expression in shControl and shMCT1 brain 
tumours at 400xmagnification.
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Further, we observed that tumours with U251 

shMCT1 cells did not have a defined and cohesive 

tumour mass, but several small cell niches, which 

can indicate that MCT1 may have an important 

role in tumour initiation capacity. Several studies 

reported the importance of glioma stem cells on 

tumour initiation [30], however, at the moment, 

few studies described the metabolic profile of 

glioma stem cells (GSC). A study in a murine GBM 

model using neural stem cells (NSC) indicates that 

these cells have the capacity of tumour formation 

and present a metabolic signature associated with 

a glycolytic phenotype with increased expression 

of LDHA [31]. Additionally, it was verified by the 

SeaHorse technology that these stem cells present 

higher extracellular acidification than control 

conditions [31]. In fact, preliminary results of our 

group, show that MCT1 is the most prevalent 

isoform presented in an immortalized GSC line 

and in primary GBM cell lines (unpublished data). 

Thus, the fewer tumour niches observed for U251 

shMCT1 cells compared to shControl, may 

indicate that MCT1 has an important role in glioma 

stem like properties and consequently an effect on 

tumour initiation capacity. Although, further 

studies are needed to confirm our findings, these 

results indicate that downregulation of MCT1 leads 

to a decrease in tumour growth, having a potential 

prognostic value in GBMs.  

 

Methods 

 

Cells and growth conditions 

 

U251 cells were kindly provided by Professor 

Joseph Costello, California University, 

Neurosurgery Department, San Francisco, USA. 

Cell line authentication was performed by 

IdentiCell Laboratories (Department of Molecular 

Medicine (MOMA) at Aarhus University Hospital 

Skejby in Århus, Denmark) in August 2011. 

Genotyping confirmed the complete identity of the 

cell line. Cells were maintained in Dulbecco’s 
Modified Eagle’s Medium (DMEM 1X, High 
Glucose; Gibco, Invitrogen) supplemented with 

10% Fetal Bovine Serum (FBS; Gibco, Invitrogen) 

and 1% penicillin/streptomycin solution (Gibco, 

Invitrogen), at 37°C and 5% CO2. 

 

Generation of stable shMCT1 expressing cells 

 

For generation of U251 cells stably expressing 

shMCT1, a pool target-specific lentiviral vector 

plasmids each encoding 19-25 nt (plus hairpin) 

shRNAs to MCT1 knockdown (sc-37235-SH, Santa 

Cruz Biotechnology) were used. Transfection was 

done by using the FUGENE HD reagent (Roche), 

as recommended by the manufacturer. Cells were 

plated on 12 well plates until 80% of confluence 

and transfected in DMEM medium with FBS 

without antibiotic addition, during 24hours. After 

that, stable transfectants were selected with 

1µg/ml puromycin in complete DMEM medium. 

The empty vector was also transfected, as a 

control. 

For U251shMCT1 clone selection, 200 U251 

shMCT1 cells we placed on a plate to growth along 

time. After that, the isolated clones were pricked 

and allowed to growth in an isolated well plate until 

confluence for protein isolation, following Western 

blot analysis for MCT1 expression. 

 

Drugs 

 

Alpha-cyano-4-hidroxycinnamate (CHC; Sigma-

Aldrich) was dissolved in dimethyl sulfoxide 

(DMSO; Sigma-Aldrich) (3M stock solution). 

 

Antibodies 

 

For immunofluorescence (IF) and Western blot 

(WB) assays, we used the following antibodies and 

dilutions: MCT1 [(1:200 dilution, AB3538P; 

Chemicon International (IF)), (1:500 dilution; H-1, 
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sc-365501; Santa Cruz Biotechnology (WB))]; 

MCT4 (1:500 dilution; H-90; sc-50329; Santa 

Cruz Biotechnology); HIF-1  [(1:100 dilution (IF); 

1:500 dilution (WB), 610958, BD Biosciences), 

CAIX (1:2000, Abcam), GLUT1 (1:500, Abcam), 

CD144 (1:1000, Serotec) and CD147  (1:500, 

Santa Cruz Biotechnologies). 

 

Western blot 

 

Western blot was performed as described 

previously [18]. Incubation with primary 

antibodies was performed overnight at 4ºC. Bound 

antibodies were visualized by chemiluminescence 

(Supersignal West Femto kit; Pierce). -Actin was 

used as loading control (1:300 dilution, sc-1616, 

Santa Cruz Biotechnology). 

 

Immunofluorescence 

 

Cells were seeded on cover slips at density of 

20.000 cells/well, overnight. Then, they were 

exposed to DMEM without FBS during 24h. Briefly, 

cells were fixed and permeabilized in methanol 

during 20min. After blocking with 5% bovine serum 

albumin (BSA) for 30min, cells were incubated 

overnight at room temperature with the primary 

antibodies, followed by 1h incubation with the 

secondary antibody anti-rabbit-Alexa Fluor 488 

(1:500 dilution, A11008, Invitrogen) in 5% BSA for 

MCT4, MCT1, GLUT1 and CAIX and secondary 

antibody anti-rabbit-Alexa Fluor 594 (1:250 

dilution, A11032, Invitrogen) for CD147 and HIF-

1 . Finally, after washing in PBS, cells were 

mounted in Vectashield Mounting Media with 4’,6-

diamidino-2-phenylindole (DAPI) (Vector 

Laboratories) and images were obtained with a 

fluorescence microscope (Olympus IX81), using 

the Cell P software.  

 

Cell metabolism 

 

Cells were plated in 48 well plates at a density 

of 3x104 cells per well and allowed to adhere 

overnight. Glucose and lactate content was 

analyzed in the cell culture medium (DMEM 

without FBS or with 10Mm CHC), after 24h and 

48 hours, using commercial kits (Spinreact and 

Roche, respectively), as previously described [18]. 

For these time points, the total protein (expressed 

as total biomass) was assessed using the 

sulforhodamine B assay (SRB, TOX-6, Sigma-

Aldrich). Results are expressed as total µg/ total 

biomass.  

 

Sulphorhodamine B (SRB) assay 

 

To determine the response of U251 shMCT1 

knockdown to CHC, cell viability was estimated by 

the sulphorhodamine B assay (SRB, TOX-6, 

Sigma-Aldrich). U251 shMCT1  and U251 

shControl cells were plated into 96-well plates, at 

density of 3x103 cells/well and allowed to adhere 

overday in complete DMEM medium. After that, 

cells were treated with different concentrations of 

CHC for 24h and 48h. Then, cells were fixed with 

10% TCA, staining 4% SRB, followed by 

solubilisation of the incorporated SRB with 10mM 

Tris Base solution. Spectophotometric 

measurements were done at 490nm, using 

655nm as reference absorbance (Tecan 

infiniteM200). Results represent the mean of three 

independent experiments, each one in triplicate, 

and were analysed using the Graph Pad Software. 

 

In vivo orthotopic GBM xenografts 

 

All experiments with immunocompromised 

NSG mice were approved by institutional and 

national ethical committees (Direção Geral de 

Alimentação e Veterinária, Portugal) and in 

accordance with the European Union Directive 

2010/63/ EU. For intracranial models, a total of 

5x105 U251 cells were stereotactically injected in 



 
Chapter 2.3 

118 

 

the brain striatum (1.8mm medial-lateral right, 

0.4mm anterior-posterior, and 2.5mm dorsal-

ventral from the bregma) as previously described 

[32]. Animal body weight was evaluated 3 times 

per week, and general behaviour and 

symptomatology daily. Brains were collected for 

immunohistochemistry analyses, for which 

samples were fixed by immersion in formalin and 

subsequently embedded in paraffin. 

 

Statistical analysis  

 

The GraphPad prism 5 software was used for 

statistical analysis, with the Student t test for in 

vitro studies and Log-rank test for in vivo studies, 

considering significant values p<0.05. In in silico 

analysis the Bioconductor platform was used. 
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Rationale 

 

Monocarboxylate transporters (MCTs) play an important role in the maintenance of glycolytic 

phenotype, by exporting lactate through a proton symport mechanism [1]. However, little is known about 

the regulation of MCT expression in different tissues, in normal as well as in pathological conditions. It is 

likely that altered MCT expression is a result of changes in MCT substrate concentration and/or signals 

arising from changes in cellular metabolism [2]. Evidence indicates that MCTs are regulated by several 

mechanisms up to the functional protein, including at both transcriptional and post-transcriptional level, 

as well as by regulators of transporter activity, like chaperone proteins [3]. 

Several studies by our group showed that MCTs are upregulated in different solid tumours [4]. 

Nevertheless, little is known about the regulatory mechanisms involved in MCT upregulation in tumours 

compared to normal tissues, particularly glioblastomas (GBMs). 

The presence of metabolic remodelling has been described in GBMs [5]. The switch to glycolytic 

phenotype can be mediated by different environmental conditions, like hypoxia [6]. GBMs are 

characterized by pathological heterogeneity, with regions of perinecrotic cells under moderate’s levels of 

hypoxia and infiltrating tumour cells under normal oxygen levels [7]. According to that, in this chapter we 

intended to understand how MCT1 and MCT4 are regulated by hypoxia, as well as the mechanism that 

are involved.  

 

Major findings 

 

The major findings of this chapter are described below: 

 

- MCT1 plasma membrane expression, but not MCT4, is increased in hypoxia regions of GBMs; 

- MCT1 plasma membrane expression in hypoxia supports the glycolytic phenotype of GBMs; 

- SLC16A1 and SLC16A3 gene expression levels, in GBMs, are regulated by hypoxia at the 

transcriptional level; 

- MCT1 protein expression, but not MCT4, is regulated by hypoxia in GBMs at the translational 

level; 

- MCT1 upregulation in hypoxia conditions appears to involve the EGFR/PI3K/AKT pathway. 
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Abstract 

Background: Monocarboxylate transporters (MCTs) are upregulated in different solid tumours. In glioblastomas (GBMs) there 

is an upregulation of MCT1 and MCT4 isoforms, being MCT1 mostly expressed at the plasma membrane. Hypoxia is a common 

characteristic of solid tumours, particularly GBMs, where it was observed that MCT1 plasma membrane expression, but not 

MCT4, increased in hypoxia regions. It is known that only MCT4 is a downstream target of hypoxia-inducible factor (HIF-1 ). 

Additionally, MCT1, MCT2 and MCT4 are regulated at transcriptional and post-transcriptional level. Thus, we intend to further 

understand the mechanisms by which MCT1 expression is regulated under hypoxia in GBMs. 

Methods: Expression of MCT1 and MCT4 isoforms was evaluated at mRNA level by RT-PCR, and protein level by Western blot 

and immunofluorescence, after exposure to hypoxia, lactate supplementation or receptor tyrosine kinase (RTK) over-activation. 

The effect on cellular metabolism, namely glucose and lactate levels, was also evaluated through enzymatic assays.  

Results: Hypoxia induces an increase in MCT1 expression in different glioma cell lines with no effect on MCT4 protein 

expression. At the gene level, increase in both MCT1 and MCT4 expression was observed under hypoxia along time. Hypoxic 

microenvironment, with low glucose and 10mM lactate, leads to increased MCT1 protein expression. The transcriptional 

factors HIF-1 , NFκB and MYC do not appear to be involved in MCT1 transcriptional regulation. Ove-ractivation of 

EGFR/PI3K/AKT pathway appears to be involved in MCT1 regulation under hypoxia conditions. 

Conclusion: MCT1 expression is up-regulated under hypoxia at both transcriptional and post-transcriptional levels, likely 

involving the over-activation of EGFR/PI3K/AKT pathway. 

 

Keywords: monocarboxylate transporters; regulation; hypoxia; lactate; receptor tyrosine kinase 

 

Introduction 

 

Metabolic reprogramming is nowadays 

recognized as an important feature of tumour 

cells, being considered a hallmark of cancer [1]. 

Several pieces of evidence demonstrate that 

tumour cells reprogram their metabolism to meet 

their energy demands, coordinating the elevated 

biosynthetic processes and energy production [2]. 

Thus, targeting tumour metabolism has become a 

promising strategy in cancer treatment, namely in 

glioblastomas (GBMs). It is known that GBMs 

exhibit a glycolytic phenotype, with high glycolytic 

rates and consequently high amounts of lactate 

production [3, 4]. Lactate plays an important role 
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in the tumour microenvironment, being associated 

with poor prognosis in several solid tumours, 

including GBMs [5]. In order to maintain the 

intracellular physiological pH, lactic acid is 

transported to the microenvironment through the 

monocarboxylate transporters (MCTs) [6]. The 

MCT family comprises 14 members, being MCT1-

4 isoforms described as proton-linked 

monocarboxylate transporters, performing the 

proton-coupled transmembrane transport of 

monocarboxylates, such as lactate [7-9]. 

MCTs play an important role in mammalian 

metabolism by regulating distinct pathways [8, 

10]. In the last decades, upregulation of MCTs has 

been reported in different human solid tumours, 

showing the importance of MCTs in cancer biology 

[6]. Expression of MCT1 and MCT4 has been 

reported in a variety of human cancers including 

head and neck, breast, lung, stomach, colon, 

bladder, prostate and cervix cancers [11-17]. In 

gliomas, upregulation of MCT1 and MCT4 has 

been described, being MCT1 the isoform most 

prevalent at the plasma membrane and 

responsible for lactate efflux [3, 18]. The work of 

Miranda-Gonçalves et al. also described the role of 

MCT1 in glioma cell survival and aggressiveness 

through in vitro and in vivo studies [3]. 

Several studies report MCT expression 

variations, especially MCT1, in different 

physiological, as well as, pathological conditions. 

It is likely that altered MCT expression is a result 

of changes in MCT substrate concentration and/or 

signals arising from changes in cellular 

metabolism [9]. MCTs are regulated at various 

points up to the functional protein, including at 

both transcriptional and post-transcriptional levels 

which affects protein amounts, as well as, by 

regulators of transporter activity, like chaperone 

proteins. MCT expression appears also to be 

regulated in a tissue-specific manner [20]. 

Miranda-Gonçalves et al. showed recently that 

hypoxia leads to increased MCT1 plasma 

membrane expression, but not MCT4, using in 

vitro and in vivo models, as well as GBM tissues 

[19].  

In fact, it is known that hypoxia alters MCT 

expression. The first report described a tissue-

specific change in MCT expression after chronic 

hypoxia, where MCT1 did not change in heart, 

soleus or gastrocnemius muscles, while MCT4 

increased significantly in heart muscle. However, 

in the plantaris muscle, both MCT1 and MCT4 

expressions decreased significantly after chronic 

hypoxia [21]. A subsequent study suggested that 

the increase in neuronal, astrocytic and 

endothelial MCT1 expression, observed after 

permanent occlusion of the left middle cerebral 

artery, is mediated by HIF-1  [22], however Ullah 

et al., showed that  only  MCT4 promoter was 

activated by hypoxia and that this response was 

mediated by HIF-1  [23]. Additionally, MCT4, but 

not MCT1, was shown to be up-regulated by 

hypoxia in human bladder cancer cells [24], in C6 

glioma cells [25] and in trophoblast cells [26], and 

MCT1 and hypoxia were described as being 

mutually exclusive [27]. However, recent evidence 

in adipocytes describes a hypoxia mediated 

increase in both MCT1 and MCT4 isoforms and 

decrease in MCT2, with MCT1 and MCT4 change 

being HIF-1 -dependent [28]. Recently, Sonveaux 

et al., showed that there is up-regulation of MCT1 

expression in hypoxia, being dependent of p53 

status [29]. 

MCT1 expression, as for the other MCT 

isoforms, can be regulated also at transcriptional 

level in different ways depending on the cell and 

tissue types and on cell metabolic needs. In the 

normal context, it has been described that the 

transcription factors NFκB and myc could 

increase MCT1 expression in intestinal and breast 

epithelial cells, respectively [30, 31]. Additionally, 

at the transcriptional level, it has been also 

reported that NFAT and PGC1  could upregulate 
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MCT1 expression, due to activation of AMPK in 

muscle cells [32, 33]. 

Since our previous study reported an increase 

in MCT1 plasma membrane expression under 

hypoxia [33], in this work we intended to 

understand the mechanisms of this regulation. For 

that, we investigated the role of the transcriptional 

factors HIF-1α, NFκB and myc, the presence of 

lactate in the microenvironment, as well the role 

of receptor tyrosine kinase (RTK) activity, since 

these signalling pathways are frequently 

overactivated in GBMs [34]. 
 

Results 

 

Hypoxia increases MCT1 expression more 

consistently than MCT4 in glioma cells 

 

Previous results from Miranda-Gonçalves et 

al., showed that SW1088 glioma cells and GBM 

tissues increased MCT1 plasma membrane 

expression in hypoxia conditions [3]. In order to 

understand how MCTs are regulated in hypoxia at 

the transcriptional level, we assessed the mRNA 

levels of MCT1 and MCT4, after exposure to 

hypoxia in U251 and SW1088 glioma cell lines. 

We observed an increase in MCT1 expression, for 

SW1088 cells at 12hours, which is a more 

oxidative cell line (Figure 1A). MCT4 expression 

also increased in SW1088 and U251 cells (Figure 

1A). We also assessed how hypoxia regulates 

MCT1 and MCT4 protein expression in several 

glioma cell lines. For 24h of hypoxia induction, 

there was an increased MCT1 expression in all cell 

lines, with lower impact on U251, since it has 

already a high expression in normoxia (Figure 1C 

and D). Surprisingly, MCT4 expression did not 

increase, with even a decrease detected in 

SW1088, A172 and SW1783 cells (Figure 1C and 

D). 

 

Lactate as a modulator of MCT1 and MCT4 

expression in gliomas 

Due to the high glycolytic rates of tumour 

cells, high amounts of lactate are produced and 

transported to the microenvironment. It is known 

that lactate may regulate MCT expression [35]. In 

order to understand if the increased expression 

observed for MCTs, particularly MCT1 expression, 

could be due to lactate stimulation, incubation 

with 10mM lactate was performed in U251 (more 

glycolytic) and SW1088 (less glycolytic) cells at 

4.5g/L (high, 25mM) and 1g/L (low, 5mM) 

glucose, taking into account the high heterogeneity 

of glucose availability in tumours. First, we 

observed that of lactate did not change the rates 

of glucose consumption in both conditions (low or 

high glucose), in both cell lines (Figure 2A top 

graphs). Additionally, lactate production was 

similar in low or high glucose, being its production 

lower in the presence of 10mM lactate, however 

U251 and SW1088 carry on producing lactate 

(Figure 2A, bottom graphs). At the protein level, 

10mM lactate with high glucose did not change 

MCT1 expression, but led to a decrease in MCT4 

expression in both cell lines, with exception for 

SW1088 cells at 24h (Figure 2B). In the condition 

of low glucose, there was an increase in both 

MCT1 and MCT4 expression at 12h and 24h, but 

only for SW1088 cells (Figure 2B). 

 

Increased MCT1 expression under hypoxia is 

regulated by a post-transcriptional mechanism  

 

One of the major regulators of hypoxia is HIF-

1 . It is reported that HIF-1  directly upregulates 

MCT4 expression, but not MCT1 [23]. In the 

normal context, it has been also reported that 

NFκB and myc regulates MCT1 expression [30, 

37]. In order to understand if these transcription 

factors could be involved in MCT1 regulation 

under hypoxia, we assessed their expression in the 
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glioma cells. Hypoxia stimulation increases the 

expression of HIF-1  and NFκB in different glioma 

cell lines (Figure 3A). In order to understand if 

these transcription factors could modulate MCT1 

and MCT4 expression, we performed their 

downregulation by siRNA. First, at the gene level 

we observed that, as expected, HIF-1  decreases 

significantly the expression of MCT4, but not 

MCT1, in U251 and SW1088 cells (Figure 3B). 

Downregulation of NFκB and MYC did not change 

the mRNA levels of MCT1 and MCT4 in both cell 

lines studied (Figure 3B). 

Although HIF-1 , NFκB and MYC 

downregulation did not change MCT1 gene 

expression levels, we observed that their 

downregulation decreased the levels of MCT1 

protein expression in SW1088 cells (Figure 3C). 

Expression of MCT4 protein decreased with 

downregulation of HIF-1  and MYC (Figure 3C and 

D).  

 

 

Figure 1: MCT expression in glioma cells under hypoxia conditions. (A) mRNA levels for MCT1 and MCT4 isoforms 

under normoxia vs hypoxia and 200µM CoCl2 in U251 and SW1088 cell lines by RT-PCR; (B) Protein expression of 

MCT1 and MCT4 in different glioma cell lines under normoxia vs hypoxia conditions, by Western blot; Western blot 

MW: MCT1 50kDa, MCT4 44kDa and -actin 40kDa; (C) MCT1 and MCT4 expression in different glioma cell lines 

in normoxia vs hypoxia by immunofluorescence; representative pictures were taken at 400x for each condition. 
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Figure 2: Effect of lactate on the modulation of MCT expression. (A) Glucose consumption and lactate production 

in U251 and SW1088 cells in 5mM glucose (low) or 25mM glucose (high), supplemented with 10mM lactate; 

graphs are representative of three independent experiments, each one in triplicate; (B) MCT1 and MCT4 expression 

for U251 and SW1088 cells in low or high glucose supplemented with 10mM lactate, by Western blot; Western 

blot MW: MCT1 50kDa, MCT4 44kDa and -Actin 40kDa.
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Figure 3: MCT regulation by the transcription factors HIF-1α, NFκB and MYC, under hypoxia. (A) Expression of 

HIF-1 , NFκB and MYC protein in normoxia vs hypoxia in different glioma cell lines by Western blot; Western blot 

MW: HIF-1  120kDa, NFκB 70kDa and MYC 70kDa. (B) Expression of MCT1 and MCT4 mRNA levels and (C) 

protein levels for U251 and SW1088 in hypoxia, after HIF-1 , NFκB and MYC downregulation. (D) MCT1 and 

MCT4 expression in U251 and SW1088 cells with HIF-1 , NFκB and MYC downregulation, by 

immunofluorescence; representative pictures were taken at 400x; (E) Lactate production after HIF-1 , NFκB and 

MYC downregulation U251 and SW1088 cells in hypoxia; results are representative of three independent 

experiments, each one in triplicate; **p<0.01, ***p<0.001 siHIF-1  or NFκB or MYC vs scramble; (F) Lactate 

production in U251 and SW1088 cells treated with 10µM parthenolide (PRT) under hypoxia; results are 

representative of three independent experiments, each one in triplicate; *p<0.05 PRT vs DMSO.

Additionally, lactate production decreased 

significantly in both cell lines with NFκB 

downregulation (Figure 3E). MYC downregulation 

decreased lactate levels in SW1088 cells (Figure 

3E). Since siNFκB decreased lactate production in 

both cell lines, we performed its chemical 

inhibition with 10µM parthenolide (PRT), which 

also led to a decrease in lactate production in the 

glioma cells studied (Figure 3F). 

 

EGF stimulation, through PI3K/AKT pathway 

promotes increase in MCT1 expression, 

increasing cellular metabolism 

 

GBMs present over-activation of RTK 

signalling, particularly epidermal growth factor 

receptor (EGFR), being one of the highest 

therapeutic target area in this type of tumours 

[34]. Metabolic reprogramming is also a well-

known hallmark of cancer in the carcinogenic 

process, sometimes due to activation of 

oncogenes or inactivation of tumour suppressors 
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[1]. It is also known that PI3K/AKT signalling 

increases glucose metabolism [37]. Accordingly, 

we intended to understand how RTK cell signalling 

pathway activation could modulate MCT 

expression. Stimulation with the ligand VEGF, 

PDGF and EGF increased the expression of MCT1 

in SW1088 cells, under both normoxia and 

hypoxia conditions, with no effect in U251 cells 

(Figure 4A). Additionally, it was observed a 

decrease of MCT4 expression with EGF 

stimulation under normoxia in both cell lines, with 

no effect under hypoxia (Figure 4A). Taking into 

account, the importance of EGFR in GBMs and 

also the increase in MCT1 and not MCT4 

expression with EGF stimulation, the following 

experiments was performed with this ligand. Then, 

the extracellular lactate content was measured 

and we observed that EGF increases lactate 

production in SW1088, but not in U251 cells, 

under both normoxia and hypoxia (Figure 4B). In 

order to know which downstream signalling 

pathway is involved after EGFR activation, we 

assessed the levels of AKT and ERK activation. 

After EGF stimulation in SW1088 cells, we 

observed that there is an increase in AKT 

phosphorylation, but not in ERK, (Figure 4C). 

Expression of HIF-1 , a downstream target of 

PI3K/AKT pathway, increased in SW1088 cells 

(Figure 4C). In order to understand if over-

activation of EGFR/PI3K/AKT pathway is involved 

in MCT regulation we performed inhibition of AKT 

protein with MK2206 and this led to a decrease in 

the phosphorylation levels of AKT and HIF-1  

downstream target, as expected, without 

compensation with ERK phosphorylation (Figure 

4D). Additionally, we observed a decrease in 

MCT1 expression (Figure 4D). Regarding cellular 

metabolism, inhibition of AKT decreased lactate 

production under hypoxia in both U251 and 

SW1088 cells (Figure 4E). 

 

Discussion 
 

As a consequence of the high proliferative 

rates of cancer cells, areas of hypoxia are a 

common characteristic of solid tumours, with 

limitations in glucose and oxygen supply [38]. It is 

known that hypoxia stimulates the glycolytic 

phenotype of tumour cells [40] and the high 

glycolytic rates lead to increased lactate 

production. It is also known that hypoxia regulates 

MCT expression in order to maintain the 

intracellular pH at physiological levels, as well as 

the high glycolytic rates [23, 40]. Previous results 

from our group showed upregulation of MCT1 

plasma membrane expression in GBMs [19]. 

According that, we intend to understand how 

MCTs could be regulated transcriptionally and 

translationally in hypoxia, as well as understand 

the role of RTK activity in MCTs regulation. 

The present study confirmed the increased 

MCT1 plasma membrane expression in different 

glioma cell lines at hypoxia conditions. Hypoxia 

induces HIF-1  activation and consequently its 

downstream target genes related with the 

glycolytic metabolism [41]. MCT4 is described as 

a target gene of HIF-1  activation [23], which is in 

accordance with our study that confirmed the 

increased expression of MCT4 gene under 

hypoxia. Beyond MCT4 gene expression, we also 

observed an increase in MCT1 gene expression. A 

study in adipocytes observed an increase in MCT1 

and MCT4 mRNA after chemical induction of 

hypoxia (HIF-1 -induced CoCl2), whereas only 

MCT1 protein expression increased [28]. 

However, it is described that only MCT4 could be 

induced by HIF-1 , since MCT1 does not present 

hypoxia response elements (HRE) at the promoter 

region [23]. Nevertheless, the high glycolytic rates 

in hypoxia contribute to high amounts of lactate 

produced, which can indirectly activate HIF-1 . In 

fact, there are several pieces of evidence showing 

that lactate can be a signalling molecule which 
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induce NFκB [36] and HIF-1  activation [42]. In 

the present study, 10mM lactate in low glucose, 

the condition that better characterizes the hypoxic 

microenvironment, leads to increased MCT1 

expression in the most oxidative cell line, SW1088 

(Figure 5). Thus, indirectly, lactate could mediate 

the upregulation of MCT1 expression due to 

activation of HIF-1 , NFκB or myc. In intestinal 

epithelial cells [30] and also in osteosarcomas 

[43], it has been reported that NFκB regulates the 

expression of MCT1. A cooperation between HIF-

1  and myc transcription factors is also described 

in the literature, where myc and HIF-1  interact in 

the regulation of targeted genes, namely genes 

related with cellular metabolism [44]. The 

transcription factor myc is described to upregulate 

the expression of MCT1 in breast epithelial cells 

[31] and neuroblastomas [45]. 

 

 
Figure 4: Regulation of MCT expression by RTK signalling. (A) Expression of MCT1 and MCT4 isoforms after 

24hours of stimulation with VEGF, PDGF and EGF in U251 and SW1088 cells in normoxia vs hypoxia conditions, 

by Western blot; Western blot MW: MCT1 50kDa, MCT4 44kDa and -Actin 40kDa; (B) Extracellular lactate levels 

after 24hours of EGF stimulation in U251 and SW1088 cells, under normoxia and hypoxia conditions; results are 

representative of three independent experiments, each one in triplicate; **p<0.01 EGF vs control; (C) Expression 

of cell signalling pathway mediators after EGFR activation in U251 and SW1088 cells under normoxia and hypoxia 

conditions, by Western blot; Western blot MW: HIF-1  120kDa, p-AKT and AKT 60kDa, p-ERK and ERK 40kDa, -

Actin 40kDa; (D) Effect on MCT1 and MCT4 expression after AKT inhibition in U251 and SW1088 cells under 

normoxia and hypoxia condition, during 24hours;Western blot MW: HIF-1  120kDa, p-AKT and AKT 60kDa, p-ERK 

and ERK 40kDa, MCT1 50kDa, MCT4 44kDa and -Actin 40kDa; (E) Lactate production of U251 and SW1088 

cells upon AKT inhibition during 24hours, in normoxia and hypoxia conditions; results are representative of three 

independent experiments, each one in triplicate; *p<0.05, **p<0.01, ***p<0.001 MK2206 or MK2206+EGF vs 

control.
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In order to investigate the role of these 

transcription factors in the transcriptional 

regulation of MCT1 expression, we performed their 

downregulation. We observed that HIF-1 , NFκB 

and MYC did not regulate MCT1 expression in 

hypoxia at the transcriptional level, since they did 

not change the levels of MCT1 mRNA.  This 

indicates that, other transcription factors should 

be involved in the upregulation of MCT1. Little is 

known about the regulation of MCTs, particularly 

MCT1 in the cancer context, however there are 

some studies which indicate that MCT1 is 

regulated transcriptionally in conditions of 

increased exercise, obesity and diabetes [46]. In 

the skeletal muscle, increases in Ca2+ and AMP 

levels due to chronic stimulation or exercise 

increase MCT1 transcription, due to activation of 

AMPK and consequently activation of nuclear 

factor of active T cells (NFAT) [47]. It is also 

described that when AMP levels rise, AMPK 

stimulates PGC1 , a transcriptional coactivator 

that upregulates MCT1 expression, promoting the 

activity of highly oxidative muscle fibers [33]. 

Additionally, it has been further reported that 

thyroid hormone T3 is able to increase the levels 

of MCT1 and MCT4 genes [48].  

Although our results did not support changes 

at the gene level, with downregulation of HIF-1 , 

NFκB and myc, we observed a decrease in MCT1 

protein expression. Thus, there is also involvement 

of some post-transcriptional mechanisms for 

MCT1 regulation in hypoxia. In addition to the 

regulation of MCT1 gene transcription, there is 

also evidence of post-transcriptional regulation, 

however the regulation mechanisms have not 

been well investigated until now. Some authors 

have pointed at the importance of some specific 

sequences in the 5’ and 3’ untranslated region 
(UTR) of MCTs. In particular, the 3’ UTR of MCT1 
is much higher than MCT2 and MCT4, and it 

contains a potential cytosolic polyadenylation 

element and hexanucleotide repeats [47]. In 

heart, MCT1 protein expression increases in 

ventricle hypertrophy following surgical ligation of 

a major branch of the left coronary artery, with 

little changes in mRNA [49]. Additionally, in HeLa 

cells, MCT1 protein expression increased during 

post-mitotic and G1 phase of cell cycle, with no 

changes in MCT1 mRNA levels, which indicates 

regulation of MCT1 mRNA translation [47]. As a 

translational mechanism, there is evidence for the 

involvement of the initiation factor eIF4E and 

during the translational process it was observed 

that the maximal phosphorylation of eIF4E 

corresponds with the peak of MCT1 expression 

[47]. Analysis of some databases also showed that 

SLC16A1 sequence has some putative sites for 

ubiquitination, namely at Lys 224 and Lys 479 

[50] and also phosphorylation. 

GBMs present RTK over-activation which 

drives cell proliferation, biogenesis and survival 

[34]. It has been reported that insulin and IGF-1 

promote the increase in MCT2 protein expression 

with no significant changes in mRNA levels, 

through post-transcriptional mechanisms involving 

stimulation of the PI3K/AKT/mTOR pathway [51]. 

In our study, we verified that activation of EGFR 

modulates MCT1 expression in both normoxia and 

hypoxia conditions in the most oxidative cell line, 

SW1088 (Figure 5). Stimulation with EGF 

increases extracellular lactate, through its efflux 

likely mediated by MCT1. Additionally, we 

observed that PI3K/AKT signalling is involved in 

this mechanism. Thus, activation of 

PI3K/AKT/mTOR pathway, due to constitutive 

activation of EGFR, promotes up-regulation of 

MCT1 expression, where SREBP1, PGC-1 , 

eIF4E, HIF-1 , MYC and NFκB could be involved 

in transcriptional and post-transcriptional 

mechanisms. Further, activation of PI3K/AKT 

pathway could mediate LKB1 activation and 

consequently the response of AMPK pathways in 

promoting, not only activation of downstream 

targets for metabolism regulation, but also may 
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induce MCT1 expression. AMPK signalling could 

promote the expression of MCT1 at the plasma 

membrane in hypoxia, due to the translocation of 

the transporter proteins from the intracellular store 

to the plasma membrane,  such as occurs for the 

glucose transporter 4 (GLUT4) [52]. 

Although our studies demonstrated the 

involvement of transcriptional and post-

transcriptional mechanisms in MCT regulation, 

particularly MCT1 in hypoxia, a more 

comprehensive analysis will be important further 

support our findings. For example, in silico 

analysis would help to identify other putative 

transcription factors involved in MCT1 gene 

regulation. 

Overall, our results demonstrate that hypoxia 

increases MCT1 and MCT4 expression at the 

transcriptional level and, at the translational level, 

increases MCT1 protein expression, involving the 

EGFR/PI3K/AKT pathway.

 

Figure 5: Schematic representation of the possible regulators of MCT1 and MCT4 expression in GBMs. Growth of 

glioma cells at normal oxygen levels and high glucose levels presented a higher MCT1 expression at the plasma 

membrane than MCT4 (A).Concerning the molecular phenotype of GBMs, as well as the heterogeneity and nutrient 

availability, MCT1 expression increased with low glucose levels and high lactate content in the tumour 

microenvironment (B) and also with EGFR over-activation (C).

 

Methods 

 

Cell lines and culture conditions 

 

In the present study, 7 high grade glioma cell 

lines were used. The cell lines SW1088, SW1783, 

U87-MG and A172 were obtained from ATCC 

(American Type Culture Collection), SNB-19 and 

GAMG were obtained from DSMZ (German 

Collection of Microorganisms and Cell Cultures), 

U251 was kindly provided by Professor Joseph 

Costello, California University, Neurosurgery 
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Department, San Francisco, USA. Cell line 

authentication was performed by IdentiCell 

Laboratories (Department of Molecular Medicine 

(MOMA) at Aarhus University Hospital Skejby in 

Århus, Denmark) in August 2011. Genotyping 

confirmed the complete identity of all cell lines, 

with exception of U373 cell line, which was shown 

to be a sub-clone of U251 cell line. All cell lines 

were maintained in Dulbecco’s Modified Eagle’s 
Medium (DMEM 1X, High Glucose; Gibco, 

Invitrogen) supplemented with 10% Fetal Bovine 

Serum (FBS; Gibco, Invitrogen) and 1% 

penicillin/streptomycin solution (Gibco, 

Invitrogen), at 37°C and 5% CO2. 

 

Hypoxia induction 

 

Induction of hypoxia was performed using 

hypoxic chambers (Modular Incubator Chamber 

(MIC-101), billups-rothenberg.inc). Cells were 

placed in an airtight chamber with hypoxic gas 

mixture 0% O2, 5% CO2 and 95% N2. The hypoxic 

chamber was then placed in an incubator at 37ºC 

for a specific period time, according to the assay 

to be carried out. O2 concentration during assays 

was controlled by an O2 sensor, being in a range 

of 0-1% throughout the experiments.  The control 

normoxic conditions were performed in a 

humidified incubator at 21% O2, 5% CO2 and 74% 

N2 for the same period of time. 

 

Reagents and chemicals 

 

Sodium lactate solution was prepared in 1M 

PBS1X (phosphate-buffer saline) (L1750, Sigma). 

Glioma cells were growth in 1g/L glucose DMEM 

medium (5mM glucose, 31885-023, GBICO, 

Invitrogen) or 4.5g/L glucose DMEM (25mM 

glucose, 41965-039, GBICO, Invitrogen), under 

specific conditions.  EGF (AF-100-15, Prepotech), 

PDGF (100-14B, Prepotech) and VEGF (100-20, 

Prepotech), used for glioma cell stimulation, were 

dissolved in PBS1X, at stock concentration of 

10µg/ml. Protein kinase B (AKT) inhibitor, 

MK2206 (S1078, Selleck Chemicals), was 

prepared at 10mM concentration stock in DMSO. 

Cobalt chloride (CoCl2) used for induction of 

chemical hypoxia by HIF-1  stabilization was 

prepared in DMSO at a stock concentration of 

2mM to 200µM (60818-50G, Sigma). 

 

Downregulation of HIF-1α, NFκB and MYC 

 

Downregulation of HIF-1  (AM51331, 

Ambion), NFκB (6261, Cell signaling) and MYC 

(10620312, Sigma) was performed with siRNA 

using lipofectamine as a transfection reagent, 

according to the manufacturer’s instructions. The 
transfection with scramble siRNA for control 

condition was performed under the same 

conditions (4390843, Ambion).  

 

Antibodies 

 

For immunofluorescence (IF) and Western 

blot (WB) assays, we used the following antibodies 

and dilutions: MCT1 [(1:200 dilution, AB3538P; 

Chemicon International (IF)), (1:500 dilution; H-1, 

sc-365501; Santa Cruz Biotechnology (WB))]; 

MCT4 (1:500 dilution; H-90; sc-50329; Santa 

Cruz Biotechnology); HIF-1  [(1:100 dilution (IF); 

1:500 dilution (WB), 610958, BD Biosciences), 

pAKT (Ser473) (1:2000, D9E, 4060, Cell 

Signaling), AKT (1:2000,C67E7,4691, Cell 

Signaling), pERK (Thr202/Tyr204) (1:2000,9101, 

Cell Signalling), ERK (1:2000, D11A8, 5683, Cell 

Signalling), NFκB (1:1000, AB797065, Abcam) 

and MYC (1:1000, 5605, Cell Signalling).  

 

Western blot 

 

After exposure of glioma cells to hypoxia or 

10mM lactate, cells extracts were lysed and 

collected for protein quantification. Western blot 
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was performed as described previously [3]. 

Incubation with primary antibodies was performed 

overnight at 4ºC. The bound antibodies were 

visualized by chemiluminescence (Supersignal 

West Femto kit; Pierce). -Actin was used as 

loading control (1:300 dilution, sc-1616, Santa 

Cruz Biotechnology). 

 

 

RT-PCR 

 

Total RNA was extracted and isolated cell 

lines using TRIzol® Reagent (15596-026, 

Invitrogen). 1,000 ng of RNA was reverse-

transcribed using the High Capacity cDNA Reverse 

Transcription Kits (4368814, Applied Biosystems) 

as recommended by the manufacturer. For 

semiquantitative PCR 500ng of cDNA was 

amplified using an annealing temperature of 53ºC 

and 56ºC for MCT1 and MCT4, respectively. The 

products were separated on a 2% agarose gel. 

 

Immunofluorescence 

 

Glioma cells were seeded on cover slips at 

density of 20.000 cells/well, overnight. Then, they 

were exposed during 24h to hypoxia conditions. 

Briefly, cells were fixed and permeabilized in 

methanol during 20min. After blocking with 5% 

bovine serum albumin (BSA) for 30min, cells were 

incubated overnight at room temperature with the 

primary polyclonal antibodies. Then, 1h of 

incubation with the secondary antibody anti-rabbit-

Alexa Fluor 488 (1:500 dilution, A11008, 

Invitrogen) in 5% BSA was performed for MCT4 

and MCT1. Finally, after washing in PBS, cells 

were mounted in Vectashield Mounting Media with 

4’,6-diamidino-2-phenylindole (DAPI) (Vector 

Laboratories) and images were obtained with a 

fluorescence microscope (Olympus IX81), using 

the Cell P software.  

 

Cellular Metabolism 

 

Cells were plated in 48 well plates at a density 

of 3x104 cells per well and allowed to adhere 

overnight. Lactate content was analyzed in cell 

culture medium after 24h of hypoxia exposure, 

using a commercial kit (Spinreact, respectively). 

For these time points, the total protein (expressed 

as total biomass) was assessed using the 

sulforhodamine B assay (SRB, TOX-6, Sigma-

Aldrich). Results are expressed as total µg/ total 

biomass.  

 

Statistical analysis  

 

For in vitro studies, the GraphPad prism 5 

software was used for statistical analysis, with the 

Student t test, considering significant values 

p<0.05. 
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Rationale 

 

Glioblastoma (GBMs) is the most aggressive malignant primary brain tumour in adults with a very 

poor prognosis [1]. It is one the most vascularized tumours [2], therefore anti-angiogenic therapeutic 

strategies are very appealing. Several strategies have been developed, like large molecules against VEGF 

or small molecule kinase or integrin inhibitors [3]. Currently, bevacizumab (Avastin®, Roche), a 

humanized monoclonal antibody against VEGF, is approved as a second line of treatment for recurrent 

GBMs and is in phase III clinical trial for first line treatment of GBM patients [4]. Anti-angiogenic therapy 

with Avastin® improved radiographic response and showed an increase of 6 months in patient 

progression free survival, however with modest or little effect on overall survival, and even increasing the 

invasiveness phenotype of GBMs [5]. Accordingly, the study of putative biomarkers that are involved in 

the angiogenic process, as well as in the resistance to anti-angiogenic therapy, opens a window of study. 

Metabolic reprogramming has emerged as a hallmark of cancer [6], and metabolic symbiosis within 

the tumour microenvironment has been proved to have an important role in the promotion of tumour 

growth and aggressiveness, as well as angiogenesis [7]. A metabolic symbiosis between tumour and 

endothelial cells has been described, where lactate plays an important role in angiogenic signalling [8]. 

Additionally, bevacizumab treatment induces hypoxia and consequently anti-angiogenic resistance of 

GBMs tumours presents higher glucose uptake [9].  

It is known that monocarboxylate transporters (MCTs) are responsible for the maintenance of tumour 

increased glycolysis rates by performing the efflux of lactate and are also involved in the metabolic 

symbiosis [10]. Thus, in this chapter, we intend to clarify the role of MCTs as promoters not only of 

continuous tumour cell growth and proliferation, but also angiogenesis, which could constitute good 

therapeutic targets to overcome acquired resistance in these type of tumours. 

 

Major findings 

 

The major findings of this chapter are described below: 

 

- Brain endothelial cells have the plasticity to modulate their metabolism according to the nutrient 

availability in the tumour microenvironment;  

- Lactate produced from glioma cells increases MCT1 expression in brain endothelial cells and 

promotes cell proliferation, migration and angiogenesis; 
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- MCT downregulation in glioma cells impairs tumour-endothelial cell symbiosis, decreasing 

endothelial cell proliferation and angiogenesis; 

- Metabolic reprogramming, namely high glycolytic rates and glycogen synthesis, allows cancer 

cell adaptation to anti-angiogenic therapy; 

- Bevacizumab increases MCT1 expression in glioma cells. 
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Abstract 

 

Background: Despite progress in molecular-based therapies, prognosis of glioblastomas (GBM) is still dismal. GBM 

are one of the most vascularized and glycolytic human tumours. As the end product of glycolysis, lactate, which is 

transported in and out of cells through monocarboxylate transporters (MCTs), is known to promote angiogenesis 

in tumours. A lactate shuttle was described between tumour and endothelial cells (EC), being MCTs the most 

important players in this communication. We aimed to understand how lactate in the tumour microenvironment 

could modulate the metabolism of EC and also characterize the role of MCTs in the glioma-brain EC crosstalk.  

Methods: The effect of conditioned medium from GBM cells on the metabolic behaviour of Human Brain 

Microvascular Endothelial Cells (HBMEC), with and without MCT downregulation, was assessed through glucose 

uptake (2-NBDG uptake), mitochondrial activity (mitochondrial polarization/ mitochondrial mass) and lactate levels 

(colorimetric assay). Expression of MCTs and other metabolic markers was assessed by Western blot and 

immunofluorescence. The functional role of lactate/MCTs in the glioma-brain EC crosstalk was assessed through 

cell proliferation (BrdU assay), cell migration (wound-healing assay) and angiogenesis (tube formation assay and 

CAM assay).  

Results: HBMEC were able to uptake lactate from GBM conditioned medium, increasing the expression of MCT1 

and adopting a more oxidative metabolism, by decreasing glucose uptake and increasing the mitochondrial activity. 

At the same time, lactate uptake increased HBMEC proliferation, migration and angiogenenic capacity. On the 

other hand, lactate depletion from the medium by MCT downregulation in tumour cells, or prevention of lactate 

uptake by MCT1 inhibition in HBMEC, induced a metabolic switch, with increased lactate production, decreased 

proliferation, migration and angiogenesis. Additionally, lactate promoted activation of AKT and AMPK pathways, as 

well as an increase in NF B, HIF-1α and the lactate sensor GPR81 receptor in HBMEC. 
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Conclusion: EC present a high plasticity, reprograming their metabolism according to microenvironment nutrient 

availability. The high amounts of lactate produced by glioma cells are used as a fuel source and signalling molecule, 

through MCT1, promoting angiogenesis. Thus, MCT targeting in both tumour and EC appears to be a promising 

therapeutic strategy, leading to a decrease in both angiogenesis and tumour cell aggressiveness in GBMs. 

 

Keywords: lactate; monocarboxylate transporters (MCTs); glioma cells; endothelial cells; tumour microenvironment; 

angiogenesis. 

 

 

 

 

Introduction 

 

Angiogenesis, the process by which new blood 

vessels are formed from existing ones, enters in a 

quiescent status when normal vasculature is 

formed in physiologic conditions [1]. In contrast, 

angiogenesis is always activated during tumour 

progression [2], being one the most important 

cancer hallmarks [3]. It is known that glioblastoma 

(GBM) is one the most vascularized human 

tumours, presenting disorganized and abnormal 

tumour blood vessels [4], in order to supply 

nutrients and oxygen necessary for cancer cell 

survival and proliferation [5]. Thus, anti-angiogenic 

therapy remains an attractive strategy in these 

type of tumours. In the last decade, several 

specific inhibitors have been developed to target 

angiogenesis in GBMs [6]. Bevacizumab 

(Avastin®, Roche), a humanized monoclonal 

antibody against VEGF, is approved as a second 

line treatment for recurrent GBMs and is currently 

in phase III clinical trial for first line treatment of 

GBM patients [7]. Despite progress in molecular-

based therapies, prognosis of GBM is still dismal 

[8, 9]. Thus, understanding GBM biology, 

including the tumour microenvironment, will allow 

further exploitation of new targets which will be 

important in the neuro-oncology field. 

Alterations in cancer metabolism have been 

recently proposed as a hallmark of cancer [10]. In 

fact, tumours exhibit an alternative metabolism to 

accomplish their energetic demands and fulfill the 

biosynthetic requirements of highly proliferating 

cells [11, 12], the so-called “Warburg effect” [13, 

14]. In order to maintain the high glycolytic rates 

and physiological intracellular pH, the high 

amounts of lactate that are produced are 

transported to the tumour microenvironment 

through specific transporters, namely 

monocarboxylate transporters (MCTs) [15, 16]. In 

the last years, up-regulation of MCT1 and MCT4 

isoforms has been described in different 

malignancies [17], and these proteins have been 

explored as targets for cancer therapy. In brain 

tumours, the few existing studies support the 

important role of MCT expression, particularly 

MCT1 [18-21]. Our group reported that MCT1 and 

MCT4 are upregulated in GBMs compared to non-

neoplastic brain tissue, being MCT1 present in the 

plasma membrane, whereas MCT4 is mostly 

present in the cytoplasm [20]. Additionally, our 

group showed that MCT1 plasma membrane 

expression is upregulated in hypoxic tumour cells, 

rather than MCT4 [22]. Despite the fact that MCT4 

appears to be more adapted to support cancer 

glycolytic metabolism [23], MCT1 has been 

demonstrated to play an important role in tumour 

cell growth and aggressiveness, also mediating 

lactate efflux to the tumour microenvironment [24-

28]. Clinically, lactate is associated with patient’s 
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poor prognosis, namely lower disease-free and 

overall survival in several solid tumours [29], 

including high grade gliomas [30]. 

A metabolic symbiosis has been described in 

tumour cells, being MCTs one of the most 

important transporters in this communication, due 

to their role in the efflux and/or uptake of lactate 

[31, 32]. Lactate is not only a source of energy, 

but also behaves as a signalling molecule in the 

tumour microenvironment [33], having an 

important role in the development, growth, and 

tumour metastasis [31, 34]. Importantly, some 

reports suggest that the switch to the glycolytic 

metabolism (glycolytic switch) contributes to 

angiogenesis [35]. In this context, lactate, as the 

end product of glycolysis, promotes this 

phenomenon, being implicated in the lactate 

shuttling between tumour and endothelial cells 

(ECs), where it functions as a signalling molecule 

rather than a metabolic intermediate [31, 32].  

Some studies are also starting to focus on EC 

metabolism and its role in supporting vessel 

sprouting [36, 37]. ECs present low mitochondrial 

activity and rely primarily on glycolysis, as well as 

on fatty acid and amino acid metabolism, as a 

source of energy and biomass [37, 38]. Despite 

the role of lactate as a signalling molecule, its role 

as an intermediate metabolite in the modulation of 

EC metabolism, to promote cell proliferation and 

angiogenesis, is not completely understood. 

Additionally, the role of MCTs in the tumour-

endothelial cell crosstalk to promote angiogenesis 

in not well understood, particularly in GBMs. 

Accordingly, we aimed to understand the role of 

MCTs in the metabolic cooperation between 

glioma and endothelial cells, exploring MCTs as 

targets to overcome the prognosis of this type of 

tumours. 

 

Results 

 

Lactate induces MCT1 expression and oxidative 

metabolism in brain endothelial cells 

 

To evaluate the influence of glioma cells in 

endothelial cell metabolism, HBMEC (brain 

endothelial cells) were exposed to conditioned 

medium (CM) from U251 and SW1088 cell lines. 

First, we quantified the levels of glucose and 

lactate in the CM from U251 and SW1088 glioma 

cells in normoxic and hypoxic conditions, after 

24h. CM from U251 cells has about 1.2g/L 

glucose and 8.6mM of lactate in normoxia and 

0.9g/L of glucose and 12.5mM of lactate in 

hypoxia (Supplementary Figure 1A).  SW1088 

cells in normoxia had 2.5g/L glucose and 6.6mM 

lactate in the CM and 3.1g/L glucose and 

11.1mM lactate in hypoxia (Supplementary Figure 

1B). Then, we observed that U251 CM, but not 

SW1088 CM decreased HBMEC 2-NBDG uptake 

under either normoxia or hypoxia conditions 

(Figure 1A). The CM of tumour cells in normoxia 

conditions did not alter secretion and/or uptake of 

lactate on HBMEC, whereas, under hypoxia 

conditions, there was a decrease in lactate levels 

for CM from both tumour cell lines, with negative 

values, indicating that lactate is being uptaken 

(Figure 1B). Concomitantly, HBMEC mitochondrial 

activity increased when incubated either with 

U251 or SW1088 CM from both normoxia and 

hypoxia conditions (Figure 1C). 

In order to better understand the role of the 

components of the cancer cell conditioned 

medium, we studied the influence of low glucose 

and lactate on HBMEC metabolism. Addition of 

20mM lactate to the culture medium also seems 

to reduce the levels of glucose uptake in HBMEC 

cells (Figure 1A), increasing the mitochondrial 

activity (Figure 1C). In addition, we observed that 

supplementation of high and low glucose culture 

medium with 20mM of lactate also leads to lactate 

uptake by HBMEC (Figure 1B).  
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Under basal conditions (high glucose), 

HBMEC presented evident expression of GLUT1, 

MCT4, as well as the chaperone CD147, and weak 

MCT1 expression (Figure 1D and 1E). However, 

treatment with CM increased the expression of 

MCT1, but not MCT4 (Figure 1D and 1E), being 

MCT1 expressed at the plasma membrane (Figure 

1E). For GLUT1 and CD147 expression no 

significant differences in protein levels and cellular 

localization were observed, by Western blot and 

immunofluorescence, (Figure 1D and 1E, 

respectively). For the condition of low glucose 

supplemented with 20mM lactate, an increase in 

MCT1 expression with a decrease in GLUT1 

expression was also observed (Figure 1D and 1E). 

 

Figure 1: Metabolic characterization of HBMEC in the presence of conditioned medium (CM) from glioma cells. HBMEC 

were grown in CM derived from U251 and SW1088 cells in normoxia and hypoxia conditions, during 24h. (A) U251 CM 

increased HBMEC glucose uptake under both normoxia and hypoxia conditions; results are expressed as mean±SEM of 

at least three independent experiments;*/# p<0.05;**/## p<0.01;***/### p<0.001; */**/*** CM, 20mM lactate vs 

4.5g/L glucose; #/##/### CM, 20mM lactate vs 1g/L glucose; (B) HBMEC consumed lactate when exposed to U251 

and SW1088 CM; results are expressed as mean±SEM of at least three independent experiments, each one in 

triplicate;*/# p<0.05;**/## p<0.01;***/### p<0.001; */**/*** CM, 20mM lactate vs 4.5g/L glucose; #/##/### CM, 

20mM lactate vs 1g/L glucose; (C) U251 and SW1088 CM increased HBMEC mitochondrial activity; results are 

expressed as mean±SEM of at least three independent experiments;*/# p<0.05;**/## p<0.01;***/### p<0.001; 

*/**/*** CM vs 4.5g/L glucose; #/##/### CM vs 1g/L glucose; MCT1 expression increased and GLUT1 expression 

decreased in HBMEC, after growth with U251 and SW1088 CM, by Western blot (D) and immunofluorescence (E); For 

Western blot quantification, the high glucose condition was used as control; Western blot MW: MCT1 50kDa, MCT4 

44kDa, CD147, high glycosylated (HG) 52-42kDa and low glycosylated (LG) 34kDa; GLUT1 52kDa, HKII 95kDa, LDHA 

37kDa and GAPDH 37kDa; immunofluorescence pictures were taken using the microscope Olympus BX16 at 400x. 
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MCT1 mediates lactate uptake in endothelial cells  

 

As we observed that HBMECs were able to 

uptake lactate produced by tumour cells, which 

was accompanied by increased MCT1 expression, 

we impaired MCT1 expression genetically (siRNA) 

in HBMEC. We found that, in the absence of 

MCT1, HBMEC were no longer able to uptake 

lactate from the CM (Figure 2A, top). Additionally, 

we evaluated the effect of concomitant treatment 

with CM plus 300nM of MCT1 pharmacological 

inhibitor, ARC155858 on HBMEC (Figure 2A, 

down). MCT1 pharmacological inhibition not only 

reverted lactate uptake induced by tumour CM 

treatment, but also increased HBMEC 

extracellular lactate levels, suggesting lactate 

production (Figure 2A, down). Inhibition of MCT1 

activity or expression did not alter MCT4 protein 

levels (Figure 2B). Although, an increase in lactate 

production was observed, glucose uptake did not 

change significantly upon treatment with the 

MCT1 inhibitor, with exception for U251 CM in 

normoxia where a decrease in glucose uptake was 

observed (Figure 2C, left). Also, mitochondrial 

activity did not change in the presence of 

ARC155858, with exception of CM from SW1088 

cells in hypoxia (Figure 2C, right).  

 

Figure 2: Role of MCT1 on lactate uptake by brain endothelial cells. (A) Inhibition of MCT1 activity or expression in 

HBMEC promote production of lactate after growth with the U251 and SW1088 CM; results are expressed as 

mean±SEM of at least three independent experiments, each one in triplicate; *** p<0.001, ****p<0.0001 CM plus 

ARC155858 or siMCT1 vs CM; #### p<0.0001 vs DMSO; (B) MCT1 and MCT4 expression with ARC155858 

treatment or MCT1 downregulation for HBMEC together with U251 and SW1088 CM; MCT1 50kDa, MCT4 44kDa 

and GAPDH 37kDa; (C) MCT1 activity inhibition in concomitant with U251 and SW1088 CM did not affect glucose 

uptake (left) and mitochondrial activity (right) of HBMEC, after 24h; results are expressed as mean±SEM of at least 

three independent experiments, each one in triplicate 

 

Lactate decrease in the microenvironment 

promotes the glycolytic phenotype in HBMEC  

 

To better understand the role of MCTs in 

metabolic crosstalk between brain tumour cells 
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and endothelium, we performed the 

downregulation of MCTs on U251 cells. HBMEC 

incubated for 24hours with CM from MCT1 and/or 

MCT4 silenced U251 cells increased glucose 

uptake, with exception for MCT1 and MCT4 for 

hypoxia conditions (Figure 3A). Also, 

downregulation of MCT1 and/or MCT4 in U251 

cells led to an increase in lactate levels in HBMEC 

supernatant (Figure 3B). The mitochondrial 

activity of HBMEC exposed to CM from silenced 

tumour cells was not significantly affected, 

although a tendency to increase was observed 

with CM from MCT1+MCT4 silenced cells (Figure 

3C). Although no changes on glucose uptake were 

observed, incubation of HBMEC with CM from 

silenced tumour cells increased GLUT1 expression 

(Figure 3D and 3E). MCT1 and MCT4 expressions 

did not change significantly in both conditions 

(Figure 3D and 3E).  

 

Figure 3: Effect of CM derived from silenced MCTs glioma cell on HBMEC metabolic behaviour. HBMEC were 

grown during 24h with CM recovered from U251 cells, after downregulation of MCT1 and MCT4. (A) Ablation of 

lactate efflux from tumour cells has tendency to increase HBMEC glucose uptake levels; results are expressed as 

mean±SEM of at least three independent experiments (B) HBMEC increases lactate production when exposed to 

U251 CM after MCT1/MCT4 downregulation; results are expressed as mean±SEM of at least three independent 

experiments, each one in triplicate;* p<0.05;** p<0.01;*** p<0.001; */**/*** CM vs scramble condition; (C) 

Mitochondrial activity on HBMEC was not affected when exposed to U251 CM after MCT1/MCT4 downregulation; 

results are expressed as mean±SEM of at least three independent experiments; HBMEC increased MCT4 and 

GLUT1 expression with U251 CM MCT downregulation in hypoxia, by immunoflourescence (D) and Western blot 

(E);  For Western blot quantification, the high glucose condition was used as control;Western blot MW: MCT1 

50kDa, MCT4 44kDa, CD147, high glycosylated (HG) 52-42kDa and low glycosylated (LG) 34kDa; GLUT1 52kDa, 

HKII 95kDa, LDHA 37kDa and GAPDH 37kDa; in immunofluorescence pictures were taken using the microscope 

Olympus BX16 at 400x. 
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After downregulation of MCT1 and MCT4, we 

found a decrease in glucose levels in U251 CM 

under normoxia, but not hypoxia conditions 

(Supplementary Figure 1C), and CM lactate levels 

decreased under both normoxia and hypoxia, with 

exception for MCT1 downregulation in hypoxia 

(Supplementary Figure 1C), which can, at least in 

part, explain the results obtained above.  

 

Lactate is a signalling molecule that promotes 

endothelial cell proliferation, migration and 

angiogenesis  

 

To assess the functional role of lactate on 

brain EC proliferation, migration and 

angiogenesis, HBMEC were exposed to CM from 

U251 and SW1088 cells grown in normoxia or 

hypoxia conditions. Exposure of HBMEC to U251 

or SW1088 CM increased HBMEC proliferation, 

effect that was similar to supplementation of low 

glucose DMEM medium with 20mM lactate 

(Figure 4A). Regarding the angiogenic effect of 

CM, we observed an increase in the number of 

capillary-like structures, for both normoxia and 

hypoxia conditions (Figure 4B). Increase in the 

number of capillary-like structures in HBMEC was 

also observed in the presence of 20mM of lactate 

(Figure 4B). Concerning cell migration capacity, 

exposure to tumour cell CM increased HBMEC 

migration compared to high glucose condition 

(Figure 4C). Finally, using the CAM in vivo assay, 

CM from tumour cells increased the number of 

blood vessels of the CAM after 4 days of incubation 

(Figure 4D), with exception for SW1088 in hypoxia. 

Next, to further understand the role of lactate 

and MCTs in the biological behaviour of brain EC, 

we downregulated MCT1 and MCT4 in HBMEC, 

either alone or in combination. We observed that 

MCT downregulation decreased glucose 

consumption, and lactate production except for 

MCT4 downregulation alone (Figure 5A). 

Additionally, inhibition of MCT4 and MCT1+MCT4 

expression decreased the formation of capillary-

like structures (Figure 5B) and proliferation of 

HBMEC cells (Figure 5C). Accordingly, HBMEC 

treatment with tumour CM plus 300nM 

ARC155858 (MCT1 inhibitor), decreased cell 

proliferation, with exception for U251 at hypoxic 

conditions (Figure 5D). Further, the same 

treatment decreased the number of HBMEC 

capillary-like structures both under normoxia and 

hypoxia (Figure 5E). Inhibition of lactate transport 

in tumour cells decreased HBMEC cell 

proliferation by downregulation of MCT1 in 

normoxia and MCT1/MCT4/ MCT1+4 in hypoxia 

(Figure 5F). Downregulation of MCT1 and MCT4 

or both, decreased the number of capillary-like 

structures after incubation with the respective CM 

for 24hours (Figure 5G). Silencing of MCT1 

(normoxia and hypoxia), MCT4 (normoxia) and 

MCT1+4 (hypoxia) in U251 cells decreased 

HBMEC cell migration (Figure 5H). 

 

Endothelial-tumoral cell crosstalk increases lactate 

receptor GPR81 and NFKB/HIF-1α and 

AKT/AMPK signalling in endothelial cells 

 

Tumour cells produce high amounts of 

lactate, which is an important substrate and 

signalling molecule in the tumour 

microenvironment [33]. GPR81 is a lactate sensor 

receptor coupled to G protein. It is described that 

high amounts of lactate promote the activation of 

this lactate sensor [39, 40]. Recently, GPR81 

overexpression has been described in tumour cells 

[41]. Accordingly, we observed that incubation of 

HBMEC with U251 and SW1088 CM increased 

the levels of GPR81 expression, as seen by 

Western blot and immunofluorescence (Figure 6A 

and 6B). We also assessed which signalling 
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pathways could be activated in HBMEC and we 

observed an increase in pAKT as well as pAMPK 

levels, after incubation with CM (Figure 6A). 

Additionally, supplementation of the culture 

medium with 20mM lactate, led to a similar 

behaviour in HBMEC, with increased GPR81 

expression (Figure 6B) and AKT /AMPK cell 

signalling activation (Figure 6A). The expression of 

the downstream targets NF B and HIF-1α were 

also increased (Figure 6A).  

 
(Figure legend on top of page 187) 
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Figure 4: Role of lactate on glioma-endothelial cell crosstalk on proliferation, migration and angiogenesis. HBMEC 

were growth in CM derived from U251 and SW1088 cells at normoxia and hypoxia conditions, during 24h to assess 

cell proliferation (BrdU assay), angiogenesis (Matrigel assay) and cell migration (wound-healing assay). Glioma CM 

increases the proliferation (A), the number of capillaries-like structure (B); results are expressed as mean±SEM of 

at least three independent experiments;  *p <0.05, ** p<0.01, *** p<0.001 CM vs 4.5g/L glucose; pictures were 

taken at 40x in a Olympus CRX41;(C) HBMEC growth with glioma CM increased cell migration; Pictures were taken 

at 40x magnification) in an Olympus BX16 microscope; results are expressed as mean±SEM of at least three 

independent experiments*/# p<0.05;**/## p<0.01;***/### p<0.001; */**/*** CM vs 4.5g/L glucose; #/##/### 

CM vs 1g/L glucose. (D) Glioma CM increased the number of blood vessels on the CAM, after 4 days of 

conditioning; Pictures are representative of n=6 eggs and taken using the Olympus BX16 microscope 20x 

magnification;* p<0.05 CM vs 4.5g/L glucose. 

To check if the role of lactate in the crosstalk 

is mediated by its uptake through MCT1 and not 

by activation of GPR81 receptor, we assessed the 

expression of GPR81 and pAKT, pAMPK, as well 

as NFKB and HIF-1α levels after targeting lactate 

transport in U251 cells and also inhibition of 

MCT1 activity in HBMEC. We observed that 

downregulation of MCT1 and MCT4 in U251 cells 

decreased the levels of GPR81 expression, 

accompanied by a decrease in the 

phosphorylation levels of AKT and AMPK with CM 

under normoxia (Figure 6C). The levels of HIF-1α 

were also decreased under normoxia (Figure 6C). 

On the other hand, incubation with tumour CM 

together with inhibition of MCT1 activity with 

ARC155858 did not change the expression levels 

of GPR81 in HBMEC, not affecting, the levels of 

AMPK phosphorylation (Figure 6C). The 

phosphorylation levels of AKT and NFKB 

decreased, whereas HIF-1α decreased for the 

U251 CM condition, but not SW1088 CM (Figure 

6C). 

 

Discussion 

 

GBMs are the most prevalent and aggressive 

type of gliomas, presenting a profuse angiogenesis 

and high infiltrative capacity [42]. In this sense, 

several efforts have been done in order to 

overcome the worse prognosis of these patients, 

such as the developed anti-angiogenic therapies 

[43]. Some anti-angiogenic inhibitors have been 

studied in clinical trials, where bevacizumab 

(Avastin®) was approved as second line of 

treatment [44]. However, despite efforts, acquired 

resistance to anti-angiogenic therapy has been the 

cause for the lack of prognostic improvement in 

these type of patients. A factor which has been 

appointed as cause of acquired resistance is the 

presence of metabolic reprogramming in tumour 

cells, nowadays recognized as a hallmark of 

cancer [10], as well as the crosstalk within the 

tumour microenvironment [45]. The switch to the 

glycolytic phenotype leads to production of high 

amounts of lactate, a metabolite that has an 

important role in the tumour microenvironment, 

not only as a metabolic fuel to other cells, but also 

as a signalling metabolite to several tumoral 

processes, like tumour angiogenesis [31]. In this 

work we intend to clarify the role of lactate in 

glioblastoma-endothelial cell crosstalk and to 

explore MCTs as targets in glioma angiogenesis 

and progression. 

For that, we report for the first time that brain 

metabolism of ECs is modulated by the tumour 

microenvironment, where lactate promotes a 

switch from glycolytic to oxidative phenotype 

(Figure 7A). In healthy tissues, EC are quiescent 

and do not migrate or divide [1]. However, they 

exhibit a remarkable phenotypic plasticity in terms 

of cell division, migration and formation of new 

vessels during stressful conditions [35]. The 
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switch from quiescent to the angiogenic 

phenotype, as it occurs in cancer, is mediated by 

adaptations in EC metabolism [46]. It has been 

described that EC, like tumour cells, have a 

preference for glycolytic phenotype, increasing 

their glycolytic rates as a consequence of 

increased proliferation, sprouting and migration 

[36].

 
(Figure legend on top of page 189) 



 
Monocarboxylate transporter 1 is a key player in the glioma-endothelial cell crosstalk 

 

189 

 

Figure 5: Effect of lactate transport inhibition in glioma cells on HBMEC proliferation, migration and angiogenesis. 

Effect of MCT1 and MCT4 downregulation in HBMEC cells was assessed for cell metabolism (A), formation of 

vessel-like structures (B) and cell proliferation (C) after 24h; results are expressed as mean±SEM of at least three 

independent experiments, * p<0.05, ** p<0.01, *** p<0.001 MCT isoform vs scramble; pictures were taken at 

40x in a Olympus CRX41. Inhibition of MCT1 activity on HBMEC inhibited cell proliferation (D) and angiogenesis 

(E), even with exposure with U251 and SW1088 CM for 24h; results are expressed as mean±SEM of at least three 

independent experiments, * p<0.05, ** p<0.01, ***p<0.001 CM + ARC155858 vs CM; pictures were taken at 40x 

in a Olympus CRX41. (F) Downregulation of MCT1 in glioma cells, in both normoxia and hypoxia conditions, as 

well as MCT4 and MCT1+MCT4 in hypoxia, decreased HBMEC proliferation; results are expressed as mean±SEM 

of at least three independent experiments, each one in triplicate;* p<0.05 CM vs scramble condition; (G) Number 

of capillary-like structures decreased in HBMEC after MCT1, MCT4 and MCT1+MCT4 downregulation in glioma 

cells, in both normoxia and hypoxia; results are expressed as mean±SEM of at least three independent experiments, 

* p<0.05, ** p<0.01 CM vs scramble condition; pictures were taken at 40x in a Olympus CRX41 (H) CM from 

MCT1 and MCT4 silenced U251 cells in normoxia, and MCT1 and MCT1+4 silenced U251 cells in hypoxia, 

decreased the cell migration of HBMEC; results are expressed as mean±SEM of at least three independent 

experiments, **p<0.01, *** p<0.001 CM vs scramble condition; pictures were taken at 40x (magnification) in an 

Olympus BX16 microscope. 
 

Several studies reported that, in in vitro 

conditions, EC increased glycolysis rates are 

comparable or even higher than tumour cells, with 

an observed increase in the expression of GLUT1 

and PFKFB3, due to VEGF stimulation [36, 47]. In 

fact, we observed that HBMEC expressed 

preferentially MCT4 isoform and GLUT1, 

consistent with the glycolytic phenotype. In 

addition, downregulation of MCTs led to a 

decrease in EC metabolism and also cell 

proliferation and angiogenesis.  

However, for the first time, we performed the 

characterization of EC metabolism in the context 

of the described symbiosis between tumour and 

endothelial cells, by exposing ECs to tumour cell 

CM. Here, we can understand how EC can 

modulate their metabolism in order to sustain 

angiogenesis, to promote tumour growth. 

Considering the glioma-endothelial cell crosstalk, 

we observed that brain EC display the capacity to 

switch to oxidative metabolism (Figure 7A). In fact, 

Donnen et al. observed that vessel-co-opted 

tumours have higher expression of genes 

encoding mitochondrial proteins, which suggest a 

greater use of the TCA cycle in EC [48]. Another 

study reported that EC perform the switch to 

oxidative metabolism to produce nitric oxide and 

reactive oxygen species, with important biological 

functions in these cells [35]. Thus, the angiogenic 

network in the tumour microenvironment is 

dependent on lactate uptake by EC to ensure the 

availability of glucose to glioma cells, which are 

described to be preferentially dependent on 

glucose metabolism (Figure 7).  

Lactate emerges as an alternative energy 

source between more hypoxic and well oxygenated 

tumor cells [49]. Additionally, lactate has been 

regarded as a signalling molecule in the tumour 

microenvironment, being an inducer of 

angiogenesis [50]. In fact, we observed that 

lactate uptake promotes an increase in brain EC 

proliferation, as well as an increase in cell 

migration and also in the number of formed 

capillary-like structures (angiogenesis). The 

association of lactate to induction of angiogenesis 

has been also reported by Sonveaux et al. [51], 

which observed an increase in HUVEC migratory 

capacity and increased sprouting when cells were 

supplemented with 10mM lactate.  
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(Figure legend on top of page 191) 
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Figure 6: Molecular cell signalling in glioma-endothelial cell crosstalk. (A) Exposure of HBMEC to U251 and SW1088 

CM increased the expression of NF B, HIF-1α and GRP81 receptor, as well as phosphorylation of AkT and AMPK; 

Western blot MW: NF B 65kDa, MYC 65kDa, HIF-1α 102kDa, AKT 60kDa, AMPK 70kDa, ERK 40kDa, GPR81 

38kDa and GAPDH 37kDa; (B) Incubation of HBMEC with U251 and SW1088 CM increased cytoplasmatic 

expression of GPR81 receptor (immunofluorescence); pictures were taken at 400x (magnification) in an Olympus 

BX16 microscope. (C) Expression of NF B, HIF-1α, pAKt/AKT and pAMPK/AMPK by Western blot and GPR81 

receptor by immunofluorescence after depletion of lactate through MCT downregulation in tumour cells (top) and 

MCT1 activity with ARC155858 (bottom); MCT downregulation on tumour cells decreased pAKT, pAMPK, HIF-1α 

and GPR81, whereas MCT1 inhibition on EC decreased pAKT, HIF-1α and NFκB; Western blot MW: NF B 65kDa, 

HIF-1α 102kDa, AKT 60kDa, AMPK 70kDa, and GAPDH 37kDa; in immunofluorescence pictures were taken at 

400x (magnification) in an Olympus BX16 microscope. 

 

 

Additionally, the importance of lactate as a 

substrate as well as an oncometabolite was 

observed upon inhibition of lactate efflux in U251 

glioma cells, through downregulation of MCT1 and 

MCT4, which led to a decrease in cell proliferation, 

migration and sprouting of brain EC (Figure 7B). 

This indicates that lactate is a key element in the 

modulation of the angiogenic process of EC. 

However, due to EC plasticity, although lower 

lactate levels in the tumour microenvironment 

decreased their proliferative capacity, brain EC 

reprogrammed their metabolism increasing the 

production of lactate and glucose consumption 

without affecting mitochondrial activity, which may 

allow survival of brain EC in a most quiescent 

status. The importance of lactate in the tumour 

microenvironment, as well as MCTs, to promote 

angiogenesis in some tumours was demonstrated 

by inhibition of MCTs, particularly MCT4, which 

decreased the number of blood vessels in vivo 

[52]. 

MCTs have emerged as crucial transporters to 

stablish the crosstalk between oxidative and 

glycolytic tumour cells, as well as between tumour 

cells and stroma [16]. We observed that exposure 

of brain EC to medium recovered from glioma cells 

leads to increase in MCT1 expression, but not 

MCT4. This indicates that MCT1 performs the 

uptake of lactate in brain EC, where expression of 

MCT1 in vitro in normal growth conditions is low. 

The role of MCT1 in lactate uptake from the 

tumour microenvironment was confirmed when 

MCT1 activity on brain EC was inhibited with the 

specific MCT1 inhibitor (ARC155858, from 

AstraZeneca) and MCT1 downregulation (Figure 

7C). Some studies have described that fibroblasts 

and EC show high MCT1 expression, as described 

for coronary and pulmonary EC, which oxidize 

lactate [53, 54]. Although MCT1 expression has 

been described to be low in tumour-associated 

vasculature in some cases [55], the pro-

angiogenic role of lactate was supported when 

inhibition of MCT1 in EC with CHC reduced lactate-

induced angiogenesis in tumours [51]. 

Additionally, we demonstrate that prevention of 

lactate uptake by MCT1 inhibition in brain EC 

leads to a metabolic switch, increasing lactate 

production without affecting mitochondrial activity 

and glucose uptake, together with a decrease in 

cell proliferation and capillary-like structures in 

brain EC (Figure 7C). 
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Figure 7: Schematic representation of glioma-endothelial cell metabolism crosstalk. (A) Glioma cells rely on 

glycolytic pathway producing high amounts of lactate that is transported to the tumour microenvironment by MCTs, 

preferentially MCT1. Lactate can be a source for brain EC, where MCT1 perform lactate uptake, which contributes 

to an oxidative phenotype on brain EC increasing mitochondrial activity. Additionally, lactate leads to activation of 

AKT, AMPK pathways, increasing expression of NF B and HIF-1α. Further, lactate increases expression of the 

lactate receptor GPR81. This metabolic reprograming increases proliferation, migration and angiogenesis of brain 

EC; (B) Downregulation of MCT1 and MCT4 on glioma cells prevents lactate efflux. Depletion of lactate form the 

tumour microenvironment promotes lactate production by brain EC, decreasing the expression of GPR81, HIF-1α, 

as well as the activation of AKT and AMPK pathways, decreasing proliferation, migration and angiogenesis; (C) 

Inhibition of MCT1 activity or expression in brain EC, prevents lactate uptake, promoting on the other hand its 

production. Additionally, AKT signalling and consequently NF B and HIF-1α expression decreased. Consequently, 

there is a decrease in brain EC proliferation and angiogenesis.

 

Lactate emerged as a signalling molecule in 

tumour angiogenesis [51, 52]. Lactate uptake by 

EC, leads to increased AKT activity and some 

downstream targets, such as NF B and HIF-1α. 

In fact, it has been reported that lactate signalling 

leads to increased activation of NF B and HIF-1α 

transcription factors in EC, being important 

mediators of angiogenesis [51, 52]. Additionally, 

activation of AKT and AMPK, as observed in our 

study, is described to mediate EC proliferation and 

angiogenesis [56, 57]. Importantly, we verified for 

the first time, that lactate in the tumour 

microenvironment is able to induce expression of 

the lactate sensor GPR81 in brain EC, which could 

be a player in the proliferative and angiogenic 

process of EC. Little is known about the lactate 

sensor expression, but, recently, it has been 

described to be overexpressed in the cell surface 

of tumour cells, being an important mediator in 

cell survival [41]. Accordingly, our results obtained 
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after inhibition of lactate production by tumour 

cells or prevention of lactate uptake by brain EC 

show that lactate is a signalling molecule that 

contributes to activation of AkT/NF B/HIF-1α, 

promoting brain EC proliferation and angiogenesis 

(Figure 7A). Furthermore, increased AMPK 

activation could be a consequence of high amount 

of lactate produced by tumour cells in tumour 

microenvironment and consequent activation of 

the GPR81 receptor (Figure 7). Activation of AMPK 

pathway could be involved in the regulation of 

cellular metabolism, due to glucose deprivation or 

other stressors imposed, using lactate as a 

substrate for fatty acid metabolism. In fact, it was 

described that, under glucose deprivation, EC 

have steady ATP levels, which increase AMPK 

activity and consequently increased fatty acid 

oxidation to sustain cell survival [58]. Additionally, 

we verified that after prevention of lactate uptake, 

brain EC increased lactate production, however, 

with no significant increase in glucose uptake. 

Under these conditions, as glioma cells are more 

dependent on glucose metabolism and present 

higher levels of glucose uptake, brain EC may rely 

on glycogen source energy. Accordingly, we 

verified that LDHA expression increased in 

HBMEC after MCT downregulation in tumour cells 

under hypoxia, where no differences in glucose 

uptake were observed. This alternative metabolic 

pathway to supply energy and biomass towards 

glucose deprivation was also described in EC [59]. 

Our data support the hypothesis that, in 

response to lactate exposure, brain EC alter their 

metabolic phenotype, switching from glycolytic to 

a more oxidative metabolism, leading to increased 

cell survival, in low glucose conditions. 

Additionally, a shift from the consumption of 

glucose to lactate represents a metabolic niche of 

cells growing close to highly glycolytic, lactate-

secreting glioma cells. Thus, increased exogenous 

lactate and its import by brain EC may contribute 

to increased cell proliferation in a glucose-deprived 

microenvironment, promoting tumour 

angiogenesis (Figure 7). Furthermore, considering 

the high angiogenic capacity of GBMs, and despite 

the efforts to improve anti-angiogenic therapy, 

development of resistance is a characteristic that 

limits the prognosis of these patients. Thus, 

knowing the role of lactate as an oncometabolite 

in angiogenesis promotion and considering the 

role of MCTs on efflux/uptake of lactate, blocking 

of MCT function opens a great opportunity to 

inhibit EC proliferation and consequently 

angiogenesis (Figure 7), as well as to induce GBM 

cell death. Accordingly, MCTs, particularly MCT1, 

seems to be a good therapeutic target for GBM 

tumours. 

 

Methods 

 

Cell culture and cell lines 

 

U251, SW1088 and Human Brain 

Microvascular Endothelial Cells (HBMEC) used in 

this study were grown in standard conditions. 

U251 cells were kindly provided by Professor 

Joseph Costello, California University, 

Neurosurgery Department, San Francisco, USA. 

SW1088 cells were obtained from ATCC 

(American Type Culture Collection). HBMEC cell 

line was kindly provided by Professor Kwang Sik 

Kim, John Hopkins School of Medicine, Baltimore, 

USA. Cell line authentication was performed by 

IdentiCell Laboratories (Department of Molecular 

Medicine (MOMA) at Aarhus University Hospital 

Skejby in Åarhus, Denmark). Genotyping 

confirmed the complete identity of cell lines.  

The different experiments were performed 

with DMEM high glucose (DMEM 4,5g/L glucose, 

11995065, Gbico, Invitrogen), DMEM low glucose 

(DMEM 1g/L glucose, 11885084, Gbico, 

Invitrogen) and also with 20mM lactate (sodium L-

lactate, L7022-5G, Sigma-Aldrich). 
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Downregulation of MCTs  

 

Downregulation of MCT1 and MCT4 was 

performed with Silencer Select Validated siRNAs 

from Ambion (siRNA s580 for MCT1 and siRNA 

S17417 for MCT4) as well as nontargeting control 

siRNA (Silencer Select Negative Control No.1 

siRNA, 4390843), using Lipofectamine RNAiMAX 

(13778-075, Invitrogen) as a transfection reagent, 

according to the manufacturer’s instructions [25]. 

 

Conditioned media  

 

Spent medium (conditioned medium, CM) 

from U251 and SW1088 cells grown without FBS 

was collected after 24h of growth under normoxic 

or hypoxic conditions. Induction of hypoxia was 

performed using hypoxia chambers (Modular 

Incubator Chamber (MIC-101), Billups-Rothenberg 

Inc.). To achieve hypoxic conditions, cells were 

placed in an airtight chamber with hypoxic gas 

mixture 0% O2, 5% CO2 and 95% N2. Normoxia 

conditions were performed in a humidified 

incubator at 21% O2, 5% CO2 and 74% N2. For U251 

cells transfected with siRNA for MCT1, MCT4 and 

MCT1+MCT4 during 48h under standard 

conditions, CM was collected after 24h of 

normoxia and hypoxia conditions in DMEM without 

FBS. Then, conditioned medium was harvested, 

centrifuged and stored at -80ºC until use. 

 

Antibodies 

 

For immunofluorescence (IF) and Western 

blot (WB) assays, we used the following antibodies 

and dilutions: MCT1 (IF: 1:200, AB3538P, 

Chemicon International: WB: 1:500, H-1, sc-

365501, Santa Cruz Biotechnology), MCT4 

(1:500, H-90, sc-50329, Santa Cruz 

Biotechnology), CD147 (1:500, 1.BB.218, sc-

71038, Santa Cruz Biotechnology) and GLUT-1 

(1:500, ab15309, Abcam).  Only for WB analysis, 

the following antibodies were used: HKII ( 1:4000, 

ab104836, Abcam), HIF-1α ( 1:500, 610958, BD 

Biosciences), LDHA (1:1000, sc-137243, Santa 

Cruz Biotechnology), GPR81 (1:250, sc-32647, 

Santa Cruz Biotechnology), pAMPK (Thr172) 

(1:2000, 2535, Cell Signaling), AMPK (1:2000, 

2532, Cell Signaling), pAKT (Ser473) (1:2000, 

D9E, 4060, Cell Signaling), AKT (1:2000, 4691, 

Cell Signaling), pERK (Thr202/Tyr204) (1:2000, 

9101, Cell Signalling), ERK (1:2000, 5683, Cell 

Signalling), NF B (1:1000, AB797065, Abcam) 

and MYC (1:1000, 5605, Cell Signalling).  

 

Immunofluorescence 

 

HBMEC were seeded on cover slips at a 

density of 20,000 cells/well, overnight. Then, 

HBMEC were incubated during 24h with the 

respective CM condition. Immunofluorescence 

staining was performed as previously described 

[60]. The secondary antibodies used were anti-

rabbit-Alexa Fluor 488 (1:500, A11008, 

Invitrogen) for MCT4, MCT1, GLUT-1 and anti-

mouse-Alexa Fluor 594 antibody (1:250, A11032, 

Invitrogen) for CD147.  

 

Western blotting 

  

Western blot was performed as described 

previously [60]. Incubation with primary 

antibodies was performed overnight at 4ºC. The 

bound antibodies were visualized by 

chemiluminescence (Supersignal West Femto kit; 

Pierce). GAPDH was used as loading control 

(1:1000, 97166, Cell Signalling).  

 

Cell proliferation assay 

 

HBMECs were plated in 96 well plates, at 

density of 5x103 cells/well and allowed to adhere 

overnight. After incubation with CM for 24h, cells 

were incubated with BrdU during 6h and its 
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incorporation was assessed at 450nm 

( ref=655nm), according to the manufacturer’s 

protocol (BrdU, Cell Proliferation ELISA; Roche 

Diagnostics). 

 

Extracellular lactate measurements 

 

Cells were plated in 48 well plates at a density 

of 3x104 cells per well and allowed to adhere 

overnight. Lactate content was analysed in the cell 

culture medium after 24h of incubation with the 

CM, using a commercial kit (Spinreact,), as 

described [22]. At this time point, total protein 

(expressed as total biomass) was assessed using 

the sulforhodamine B assay (SRB, TOX-6, Sigma-

Aldrich). Results are expressed as total µg/total 

biomass. 

 

Glucose uptake and mitochondrial activity  

 

HBMEC (2.5x105 cells/well in 6 well-plates) 

were treated with CM for 24h, according to the 

studied conditions. Then, HBMECs were 

incubated with the molecular probes during 2h at 

37º, in the dark. After molecular probe incubation, 

cells were washed with PBS 1x and collected for 

flow cytometry analysis (LSRII, BD Biosciences). 

To measure glucose uptake, HBMEC cells 

were incubated with 200nM of 2-deoxy-2-((7-nitro-

2,1,3-benzoxadiazol-4-yl)amino)-D-glucose, a 

glucose analog (2-NBDG, Molecular Probes). 

Mitochondrial polarization was assessed by 

200nM Mitotracker Red and mitochondrial mass 

by 200nM Mitotracker Green (Molecular probes). 

Mitochondrial activity was represented as the ratio 

mitochondria polarization:mitochondria mass. 

 

Wound-healing assay 

 

HBMEC were seeded in 6-well plates, 

cultured to at least 95% confluence and wound-

healing assay was performed as described 

previously [20]. Treatment with CM was 

performed during 24h. Wound areas were 

photographed at 0h and 24h.  

 

Endothelial cell tube formation assay 

 

Plates (48 wells) were previously coated with 

growth factor reduced Matrigel (BD Biosciences) 

and incubated at 37ºC, for 30 minutes, to induce 

Matrigel polymerization. After that, HBMEC at 

density of 2x104 cell/ well were cultured with the 

respective CM conditions or serum-free DMEM 

medium for 24h. Then, images were captured 

using an inverted phase-contrast microscope 

(Olympus IX51 inverted microscope equipped with 

an Olympus DP20 Digital Camera System) and 

tube-like structures were quantified counting the 

branching points/area. 

 

Chicken chorioallantoic membrane (CAM) assay  

 

CAM assay was performed as described 

previously [60]. At day 10 of chicken development, 

treatment with CM was performed during 4 days. 

After that, CAMs were dissected, fixed in 4% 

paraformaldehyde and photographed for vessel 

counting. Vessels were counted using the ImageJ 

14.1 version software. 

 

Statistical analysis 

 

For the in vitro and in vivo studies, GraphPad 

prism 5 software was used for statistical analysis, 

with Student’s t test or One-Way ANOVA test, 

considering significant values p<0.05. 
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Supplementary Figures 

 

 

Supplementary Figure 1: Glucose and lactate levels on glioma conditioned medium. Glucose and lactate levels in 

U251 CM (A) and SW1088 CM (B); *p<0.05, ***p<0.001, ****p<0.0001 Hypoxia vs Normoxia; (C) Glucose and 

lactate levels in U251 CM downregulated for MCT1, MCT4 and MCT1+MCT4 expression*p<0.05, **p<0.01, 

****p<0.0001 MCT isoform vs scramble; Glucose and lactate measurements were performed by an enzymatic 

assay (see Materials and methods)
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Abstract 

 

Background: Glioblastomas (GBMs) are the most aggressive and invasive type of brain tumours and their standard 

treatment consists of radiotherapy and temozolomide-based chemotherapy. However, the overall survival of these 

patients remains very dismal. Anti-VEGF therapy has been approved for GBM treatment, however, despite initial 

benefit, tumour resistance acquisition occurs and they became more aggressive. Bevacizumab (Beva) treatment 

in GBMs leads to induction of hypoxia, increasing the tumour invasiveness capacity. Some evidence shows that 

induction of hypoxia in bevacizumab treated gliomas promotes cell metabolic remodelling that could be related to 

therapy resistance. Thus, we intend to understand the effect of Beva in glioma cell metabolic reprogramming, using 

in vitro and in vivo models, and unveil new putative targets to overcome acquired resistance to anti-angiogenic 

therapies. 

Methods: The effect of Beva in glioma cell viability was assessed in in vitro by MTS assay. Internalization of Beva 

was assessed by immunofluorescence in different glioma cell lines, U251 and SW1088. The effect on cellular 

metabolism was assessed through glucose and lactate measurement in the cell supernatant by colorimetric assays. 

Involvement of Beva in mitochondrial activity was evaluated through ROS production and mitochondrial activity 

using the DHE probe and Mitotracker probes, respectively, by flow cytometry. The effect of Beva in the expression 

of metabolic markers was assessed by Western blot and immunofluorescence. The in vivo effect of 2-deoxy-D-

glucose (2-DG) in combination with Beva was assessed by the chorioallantoic membrane (CAM) assay. 

Results: Beva promotes metabolic reprogramming of glioma cells, increasing the glucose uptake and lactate 

production in both U251 and SW1088 cells. This was associated with increased GLUT1 and MCT1 expression in 

SW1088 cells. Additionally, Beva treatment induced glycogen accumulation and autophagy as a pro-survival 

mechanism. The combination of bevacizumab with the metabolic inhibitor 2-DG decreased U251 in vivo tumour 

growth and angiogenesis. 

Conclusion: Anti-VEGF therapy induces a glycolytic phenotype and pseudohypoxia in vivo, increasing MCT1 

expression which could allow the establishment of a metabolic symbiosis within glioma Beva treated cells. Thus, 
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targeting of tumour metabolism or mediators of the communication in Beva resistant cells, like monocarboxylate 

transporters (MCTs), could be a good strategy to explore in GBM treatment. 

 

Keywords: Tumour metabolism, Warburg effect, lactate, anti-angiogenic therapies, bevacizumab, resistance, 
glioblastomas 

 

 

Introduction 

 

Gliomas are the most common group of brain 

tumours, representing approximately 70% [1]. 

Glioblastoma (GBM) is the most common and 

aggressive malignant primary brain tumour in 

adults [2]. Standard treatment consists of surgical 

resection followed by radiotherapy plus 

concomitant and adjuvant temozolomide (TMZ) 

[2].  However, this regimen offers modest benefits, 

with a median overall survival (OS) of only 14-15 

months [3]. Despite advances in therapy, the 

outcome remains dismal. Therefore, a better 

understanding of GBM biology and more effective 

therapeutic options are warranted. In recent years, 

new strategies to improve cancer treatment, such 

as administration of molecular targeted therapies 

that selectively target altered proteins in cancer 

cells, have been developed. 

As it is well known, GBM is one the most 

vascularized human tumour, where tumour 

vessels are disorganized, highly permeable and 

present abnormal endothelial walls, different from 

normal blood vessels morphologically and 

functionally [4, 5]. GBMs are tumours with high 

angiogenic capacity producing a variety of pro-

angiogenic factors, including vascular endothelial 

growth factor (VEGF) [6]. VEGF family consists of 

5 glycoproteins named VEGF-A, VEGF-B, VEGF-C, 

VEGF-D and placenta growth factor. They bind to 

the corresponding tyrosine kinase receptors 

(VEGFR-1, VEGFR-2 and VEGFR-3), producing a 

downstream signal that results in stimulation of 

angiogenesis, increased vascular permeability and 

lymphangiogenesis [7]. Since VEGF-A, the most 

common isoform present in cancer patients, is 

associated with worse prognosis [7], molecular 

targeted therapies designed to block angiogenesis 

became an attractive strategy.  

Bevacizumab (Avastin®) was the first 

approved anti-VEGF therapy by the United States 

Food and Drug Administration (FDA) in 2004. It is 

a humanized anti-VEGF monoclonal antibody, 

which was first approved for metastatic colorectal 

cancer treatment in combination with other 

chemotherapeutic agents [8]. It is also used in the 

clinics in combination with chemotherapy in 

patients with non-small cell lung cancer (NSCLC) 

[9]. In GBMs, Beva was also approved as a second 

line therapy in combination with chemotherapy 

[10, 11]. Moreover, at this moment Avastin is in 

phase III clinical trials for first line GBM treatment. 

In the Beva phase II trials, alone or in combination 

with standard therapy, it was observed that Beva 

clearly increases the radiographic response on 

magnetic resonance imaging (MRI), presenting an 

increase on progression free survival (PFS) of 6 

months, conversely the impact on OS is less clear 

[12-17]. Besides the initial benefit of Beva, glioma 

cells become resistant with elusive antitumor 

capacity. Although it promotes a decrease in 

tumour size (due to vessel remodelling), which 

generates a reduction in tumour perfusion, there 

is evidence for increased invasion [18]. Associated 

to reduced perfusion, Beva treatment causes a 

decrease in nutrient and oxygen supply, leading to 

development of hypoxia in the tumour 

microenvironment [18-21]. Several studies 
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reported an increase in hypoxia-inducible factor 1 

alpha (HIF-1α) and carbonic anhydrase IX (CAIX), 

well known hypoxic markers in GBMs [20, 22, 23]. 

It is known that the presence of hypoxia leads to 

metabolic transformation, stimulating glycolytic 

metabolism [24]. 

Tumour cells reprogram their metabolism to 

meet their high energy and proliferation demands, 

being this phenotype recently recognized as a 

hallmark of cancer [25]. Otto Warburg described 

that tumour cells have a preference to metabolize 

glucose to lactate even in the presence of oxygen, 

instead using oxidative phosphorylation (OXPHOS) 

a phenomenon denominated “Warburg effect” 
[26]. GBMs present metabolic remodelling, with 

an increase in glucose uptake compared to normal 

brain [27]. About 90% of all glucose consumed in 

GBMs is converted to lactate or alanine, which 

contributes to the infiltrative capacity of GBM cells 

into the surrounding non-neoplastic tissue [28]. 

The high levels of lactate in the tumour 

microenvironment is due to up-regulation of 

several pH regulators, including monocarboxylate 

transporters (MCTs), which promote acidification 

of the extracellular milieu and at the same time 

allow continuous high glycolytic rates to maintain 

the energy demands and biosynthetic capacity of 

tumour cells [29]. Expression of MCTs has been 

described in different solid tumours [30]. 

However, few studies reported MCTs expression in 

central nervous system (CNS) tumours. Strong 

expression of MCT1 was found in ependymomas, 

hemanglioblastomas and high grade gliomas [31]. 

Additionally, our group reported that MCT1 and 

MCT4 isoforms are up-regulated in GBMs 

compared to normal adjacent tissues, with a 

predominance of MCT1 plasma membrane 

expression, instead of MCT4 [32]. Recently, it was 

also reported that MCT1 plasma membrane 

expression increases in hypoxia, using in vitro and 

in vivo models, being its expression associated 

with peri-necrotic regions of GBM tissues [33]. 

Accumulating evidence associates hypoxic 

metabolism to the acquired resistance to Beva 

treatment [34]. In fact, some studies have 

demonstrated that treatment with Beva leads to 

increase in glycolytic metabolism and lactate 

production, with a decrease on oxygen 

consumption coupled with ATP production [35, 

36]. In GBMs, a MR spectroscopy study 

demonstrated that Beva treatment leads to 

anaerobic metabolism increasing the levels of 

lactate, alanine, choline and some lipids [36]. 

Additionally, a decrease in metabolites associated 

with TCA cycle and a reduction in mitochondrial 

mass were reported [37]. In the study of Fack et 

al. [36], it was observed that Beva therapy 

increases the expression of enzymes associated 

with the glycolytic pathway, like glucose 

transporter 3 (GLUT3), hexokinase II (HKII), 

lactate dehydrogenase (LDHA) and also enzymes 

associated to the pentose phosphate pathway 

(PPP). As a consequence of development of acidic 

microenvironment, an increase in CAIX was also 

observed in Bevatreated GBM tumours [23, 36]. 

Along with that, it was also observed, but not yet 

in GBMs, that prolonged Beva treatment increases 

MCT expression, namely MCT1 and MCT4 in ovary 

cancer [35]. 

It is known that Beva treatment contributes to 

development of hypoxia, which is associated with 

therapy resistance, increasing tumour glucose 

uptake, however the mechanisms by which cancer 

cell bioenergetics modulate tumour cell response 

to VEGF-targeted therapies, is not well 

documented, particularly in GBMs. Accordingly, 

we intended to characterize the glioma cell 

response to Beva, namely investigate the presence 

of metabolic reprogramming and MCT 

modulation, trying to identify effective targets to 

overcome Beva associated resistance in GBM. 

 

Results 
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Beva is internalized by glioma cells and impairs in 

vitro cell viability 

 

To examine the cytotoxic effect of Beva in 
vitro, glioma cell lines were treated with increased 
concentrations of Beva during 72hours and their 
viability was assessed by the MTS assay. 
Response to Beva treatment was studied in 7 
glioma cell lines, HBMEC (human brain 
microvascular endothelial cells) and NHAi 
(immortalized normal human astrocytes), being 

A172 cells the least sensitive to Beva (Figure 1A). 
The IC50 values for most of the glioma cell lines 
were < 1mg/ml Beva (Figure 1A) and HBMEC 
present an IC50 value of 1.6 mg/ml (Figure 1A). 
Additionally, we assessed if the monoclonal 
antibody is internalized by tumour cells, having an 
intracellular action. For all glioma cell lines, with 
exception of SW1088, Beva was found in the 
intracellular compartment, namely in the 
cytoplasm (Figure 1B). Internalization of Beva was 
also observed in HBMEC (Figure 1B).

 

 

Figure 1: Characterization of Beva effect on glioma cells. (A) Beva decreased the cell viability of different glioma 

cells lines after 72 hours of treatment (MTS assay); results are from three independent assays, each in triplicate. 

(B) Beva  was internalized by glioma cells after 2 hours of incubation; Immunofluorescence pictures show Beva 

incorporation, representing at green colour the anti-human IgG binding to Beva monoclonal antibody and blue the 

glioma cell nuclei staining; pictures were taken at 400x in an Olympus microscope.  
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Beva increases glucose uptake and MCT1 

expression in glioma cells 

 

In order to see if metabolic reprogramming 

could be a cellular response of tumour cells to the 

anti-angiogenic therapy with Beva, we assessed 

the glucose uptake capacity of tumour cells after 

Beva treatment. For that, we used two glioma cell 

lines with different metabolic behaviour, previously 

described [32]. U251, one of the most glycolytic 

glioma cell line, and SW1088, a more oxidative 

cell line. After 48 hours of Beva treatment, we 

observed that both cell lines increased significantly 

glucose consumption for 1mg/ml and 2mg/ml of 

Beva (Figure 2A). An increase in glucose 

consumption was also verified in HBMEC 

(Supplementary Figure 1A). Regarding the 

expression of hypoxic markers, treatment with 

2mg/ml Beva induced HIF-1α stabilization and 

consequently increased the expression of the 

downstream target CAIX in both cell lines (Figure 

2B and C). To what concerns glycolytic markers, 

we verified a high increase in GLUT1 expression 

(Figure 2B), with evident localization at the plasma 

membrane (Figure 2C). Beva treatment did not 

induces alterations in the metabolic markers HKII 

and LDHA (Figure 2B and C). In HBMEC, there 

were no significant differences in the expression of 

the glycolytic markers after Beva treatment 

(Supplementary Figure 1A).

 

Figure 2: Effect of Beva treatment on glycolytic metabolism of glioma cells. (A) Beva increased glucose consumption 

of U251 and SW1088 cells after 48 hours of treatment; results are representative of three independent 

experiments, each one in triplicate; *p<0.05, ****p<0.0001 Beva vs control; Western blot (B) and 

immunofluorescence (C) of hypoxia markers and glycolytic markers in U251 and SW1088 treated with 2mg/ml 

Beva for 48 hours increased HIF-1α, CAIX and GLUT1 expression; Western blot MW: HIF-1α 102kDa; CAIX 50kDa; 

GLUT1 50kDa; HKII 100kDa and LDHA 37kDa; green or red in immunofluorescence pictures represented the 

staining of the respective marker studied and in blue the nuclei of glioma cell; pictures were taken at 400x using a 

Olympus BX16 microscope .
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Since we observed an increase in glucose 

uptake upon Beva treatment, we intended to see 

if it promotes the Warburg effect. Only 2mg/ml 

Beva increased lactate production in U251 cells, 

whereas both concentrations of Beva (1mg/ml 

and 2mg/ml), increased significantly lactate 

production by SW1088 cells (Figure 3A). After, we 

assessed if the expression of MCT1 and MCT4 was 

changed by Beva treatment. We verified an 

increase on MCT1 expression for 2mg/ml Beva 

during 48 hours only for SW1088 cells (Figure 

3B). Regarding cellular localization, MCT1 

expression increased at the plasma membrane of 

SW1088 cells (Figure 3C). Neither, MCT4 or 

CD147 expression change with Beva treatment in 

both cell lines (Figure 3B and C). In HBMEC, we 

verified an increase in lactate secretion 

(Supplementary Figure 1A) but without significant 

alterations on MCT1 and MCT4 expression 

(Supplementary Figure 1A). 

 

Figure 3: Modulation of lactate production and transport in Beva treated glioma cells. (A) Beva increased lactate 

production in U251 and SW1088 cells with 2mg/ml Beva after 48 hours of treatment; results are representative 

of three independent experiments, each one in triplicate; *p<0.05, **p<0.01, ***p<0.001 Beva vs control; MCT1 

expression, but not MCT4 and CD147, increased in SW1088 cells with 2mg/ml Beva during 48 hours by Western 

blot (B) and immunofluorescence (C); Western blot MW: MCT1 50kDa, MCT4 44kDa, CD147, high glycosylated 

(HG) 52-42kDa and low glycosylated (LG) 34kDa; green or red in immunofluorescence pictures represented the 

staining of the respective marker studied and in blue the nuclei of glioma cell; pictures were taken at 400x using a 

Olympus BX16 microscope.



 
Understanding the metabolic reprogramming associated with anti-angiogenic therapy resistance in glioblastomas 

  209 

 

Beva treated glioma cells exhibit impairment of 

mitochondrial activity  

 

In order to understand if the glycolytic 

phenotype promoted by Beva is due to an effect 

on mitochondria, we evaluated mitochondrial 

activity and production of reactive oxygen species 

(ROS). We observed that 1mg/ml Beva did not 

induce significant changes in ROS production after 

12 hours of treatment for both U251 and SW1088 

cells, as well as for HBMEC (Supplementary Figure 

1B), however there is a tendency for a decrease in 

ROS production in U251 cells (Figure 4A). We also 

assessed mitochondrial activity through the ratio 

mitochondrial polarization: mitochondrial mass, 

and we observed that 1mg/ml Beva did not 

change mitochondrial activity in any of the cells 

during 12 hours of treatment (Figure 4B, 

Supplementary Figure 1B). Additionally, we 

assessed the expression of cytochrome c oxidase 

(MTCO1) involved in oxidative phosphorylation 

(OXPHOS) and pyruvate dehydrogenase (PDK) 

that regulates the entry of pyruvate into 

mitochondria, both enzymes involved in 

mitochondrial activity. We observed that there was 

a decrease in MCTO1 expression and an increase 

in PDK expression for 2mg/ml Beva treatment 

(Figure 4C, Supplementary Figure 1B).

 

Figure 4: Mitochondrial activity after Beva treatment in glioma cells.  1mg/ml of Beva did not change ROS 

production (A) and neither the ratio mitochondrial polarization:mitochondrial mass (B) in U251 and SW1088 cells 

after 12 hours; results are representative of three independent experiments; (C) Expression of PDK, but not MTCO1, 

increases in U251 and SW1088 cells after 48 hours of 2mg/ml Beva treatment by immunofluorescence; green or 

red in immunofluorescence pictures represented the staining of the respective marker studied and in blue the 

nuclei of glioma cell; pictures were taken at 400x using a Olympus BX16 microscope.
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Beva treatment promotes glycogen accumulation 

in glioma cells and activation of autophagy 

 

Beva increases glucose uptake and lactate 

production, however we observed that not all of 

the glucose consumed was converted into lactate. 

Thus, we assessed which metabolic pathway 

could be activated as a pro-survival mechanism in 

the presence of Beva induced stress. For that, we 

evaluated if glioma cells use the glucose 

consumed for glycogen synthesis. In fact, we 

observed an increase in glycogen accumulation, 

visualized as purple dots in U251 and SW1088 

cells after 48 hours of 2mg/ml Beva treatment 

(Figure 5A). For HBMEC, there were no evident 

differences in glycogen accumulation after Beva 

treatment (Supplementary Figure 1C). 

Accordingly, we verified an increase in glycogen 

synthase (GSK3) activation by increased 

expression of phosphorylated GSK3 levels (Figure 

5B) in both cell lines. To understand if associated 

to glycogen synthesis, glioma cells activated the 

autophagic process as a survival mechanism, we 

evaluated the LC3I/II conversion. 1mg/ml Beva 

increased LC3II levels compared to control 

conditions (Figure 5C), preferentially in U251 

cells.

 

Figure 5: Pro-survival mechanisms activated by Beva in glioma cells. (A) Treatment with 2mg/ml Beva increased 

glycogen accumulation after 48 hours in U251 and SW1088 cells; representative pictures were taken at 400x in 

an Olympus BX16 microscope; (B) Expression of phosphorylated GSK increased in U251 and SW1088 cells after 

Beva treatment during 48 hours by Western blot; Western blot MW: pGSK 100kDa; (C) Increased of LC3II levels in 

U251 and SW1088 cells treated with 1mg/ml Beva during 48 hours; Western blot MW: LC3II 17 kDa and LC3I 

14kDa.

Targeting glucose uptake in Beva treated glioma 

cells decreases in vivo tumour growth 

 

We observed that Beva treatment in vitro 

induces metabolic reprograming in glioma cells, 

increasing glucose consumption, associated to 

lactate production, increased glycogen synthesis, 

and likely decreasing oxidative phosphorylation in 

mitochondria. According to that, we assessed if 

Beva treatment combined with a metabolic 

inhibitor could potentiate Beva treatment alone. 

For that, we perform an in vivo CAM assay with 

glioma cells to assess the effect on tumour size 

and number blood vessels upon combination of 

Beva plus 2-DG (glucose analogue). We observed 

that Beva alone did not promote a decrease in 

tumour perimeter (Figure 6A and B). However, 

treatment with 1mM 2-DG and the combination 

2mg/ml Beva + 1mM 2-DG decreased the tumour 

perimeter after 4 days of treatment (Figure 6A and 

B). In what concerns the effect on angiogenesis, 

we verified that all treatments, 2mg/ml Beva 
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alone, 1mM 2-DG as well as the combination 

2mg/ml Beva + 1mM 2-DG decreased the number 

of blood vessels of CAM for 4 days of treatment 

(Figure 6C). Histopathological analysis of U251 

micro-tumours, showed that all treatment groups 

developed a central necrotic region (Figure 6D). 

Expression of the hypoxic marker CAIX, increased 

with either Beva or 2-DG treatment alone, and 

decreased its expression in the combination Beva 

+ 2-DG group (Figure 6D). We also observed an 

increase in GLUT1 expression after Beva 

treatment, as well as with 2-DG, with no change 

for the combination Beva + 2-DG (Figure 6D). 

Regarding MCT expression, there was an increase 

in MCT1 expression, but not MCT4, after Beva 

treatment alone (Figure 6D). Combination of Beva 

+ 2-DG decreased MCT1 expression (Figure 6D), 

however it increased MCT4 expression (Figure 

6D).

 

Figure 6: Effect of glycolysis inhibition in combination with Beva in glioma tumours. (A) In ovo and ex ovo pictures 

(CAM assay) after 4 days of treatment showed a decrease in tumour size and blood vessel number in tumours 

treated with 2-DG and 2-DG plus BVZ; representative pictures were taken at 20x in a Zeiss stereomicroscope; 

Graphical representation of perimeter (B) and blood vessel number (C) in U251 micro-tumours treated with Beva 

or 2-DG or 2-DG+Beva combination; results are representative of an average of 8 eggs per group; *p<0.05, 

**p<0.01 17days vs 14days in each group for perimeter evaluation or treated group vs control for blood vessel 

counting; (D) H&E and IHC expression of hypoxia and metabolic markers after 4 days of treatment with Beva, 2-

DG and 2-DG+ Beva groups at 40x (left pictures) and 400x (right pictures). The yellow line defines the necrotic area 

of U251 micro-tumours.
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Discussion 

 

Angiogenesis is a prominent feature in GBMs, 

where activation of VEGF-A signal transduction 

pathway represents a crucial component in the 

induction of angiogenesis [4]. Thus, targeting the 

angiogenic process becomes an important 

therapeutic approach in GBMs. In fact, several 

efforts have been done, however  acquired 

resistance has been a disappointing factor [38]. 

Beva treatment showed  promising results in an 

initial phase of treatment with a reduction in 

tumour size and prolongation of PFS with 

radiological response between 21 and 61% of 

recurrent GBMs, however, an effect on OS was not 

observed [39, 40].  

Several mechanisms of resistance to 

antiangiogenic therapies have been described. 

Tumours may activate alternative pro-angiogenic 

signals that produce revascularization and 

facilitate tumour regrowth. Additionally, it is 

described that the anti-antigiogenic therapy 

induces intratumoral hypoxia, increasing 

stabilization of HIF-1α and CAIX expression [22]. 

Indeed, it has been described that hypoxia  

produces an accumulation of tumour intrinsic and 

microenvironmental modifications that enhance 

survival, namely metabolic adaptations to survive 

in low oxygen and nutrient conditions [41]. In the 

present study, we observed that Beva treatment 

promotes metabolic reprogramming, increasing 

glucose uptake, as well as GLUT1 expression in 

glioma cell lines. Beva induces a metabolic shift to 

a more glycolytic phenotype, since the increased 

glucose uptake and GLUT1 expression in SW1088 

(oxidative phenotype) was more pronounced than 

in U251 (glycolytic phenotype). These 

observations were also corroborated by other 

studies, where Beva treatment increases glucose 

consumption and also upregulates proteins 

involved in the glycolytic phenotype, such as 

GLUT3, HKII, LDHA, aldolase C and 

phosphofrutokinase 1 [36]. Additionally, we 

observed a decrease in cytochrome c oxidase, an 

enzyme involved in OXPHOS and an increase in 

PDK expression, which reinforces the adaptive 

response of glioma cells to Beva treatment, 

promoting the glycolytic phenotype. Some studies 

with Beva and also other anti-angiogenic drugs 

demonstrated a decrease in mitochondrial mass 

[18, 36] and in metabolites related to OXPHOS 

[36, 37], as well as a decrease in oxygen 

consumption rates [35]. Associated with the 

increase in glucose uptake, we observed an 

increased lactate production, which is also in 

accordance with other studies [18, 35, 36]. 

The increased tumoral hypoxia and 

consequent increased glycolytic activity associated 

with increased lactate production, contributes to 

acidification of the tumour microenvironment due 

to up-regulation of pH regulator proteins [42]. In 

fact, beyond increased CAIX expression, 

modulation of MCT expression was also verified 

after Beva treatment. In the most oxidative cell 

line, we observed an increase in MCT1 plasma 

membrane expression, where high amounts of 

produced lactate are transported to the tumour 

microenvironment through MCT1 preferentially. 

Few studies reported modulation of the MCT 

isoforms expression during treatment with anti-

angiogenic therapy. A study by Curtarello M. et al. 

showed that Beva treatment in ovary cancer leads 

to increase in MCT4 expression in a short time 

treatment in oxidative cells, with no effect on the 

glycolytic ones [35]. Additionally, they verified an 

increase in MCT1 expression in a long term 

treatment and also in liver metastasis [35]. 

Additionally, a study in colon and breast tumours 

with sunitinib, showed an increase in both MCT4 

and MCT1 expression during treatment, however 

only MCT1 expression increased in a withdrawal 

treatment phase [43]. In our study with glioma 

cells, contrary to what was expected, since it is 

downstream target of HIF-1α which is induced 
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during Beva treatment, an increase on MCT4 

expression was not verified. However, in a 

previous study, we demonstrated recently that 

hypoxia promotes preferentially the increase in 

MCT1 expression in glioma cells, instead of MCT4 

[33], which supports our findings with Beva in 

these type of tumour. This indicates that Beva 

treatment induces pseudo-hypoxia in glioma cells, 

which consequently increases MCT1 expression in 

order to perform the efflux of lactate produced 

during the metabolic transformation that has been 

imposed to support cell proliferation.  

Due to tumour heterogeneity, spatial and 

temporal distribution of several metabolites and 

nutrients, the oxygen limit diffusion and the 

angiogenic process, selective pressures are 

imposed to tumour growth [44]. In fact, metabolic 

symbiosis among tumour cells, as well  as 

between tumour and stromal cells, including 

endothelial cells and macrophages, has been 

described [45], where glucose and lactate play an 

important role in the maintenance of this tumour 

ecosystem [46]. Regarding the anti-angiogenic 

effect of Beva, with decrease in blood vessel 

number and development of hypoxic regions, 

metabolic symbiosis can also develop in response 

to these stressful environmental pressures. The in 

vitro studies performed in the present study show 

that Beva promotes a glycolytic phenotype with 

lactate production, associated to higher MCT1 

expression in the most oxidative glioma cells, 

reinforcing the metabolic shift occurred with anti-

angiogenic therapy. Additionally, in the in vivo 

CAM assay, U251 micro-tumours treated with 

Beva exhibit central regions of necrosis, with 

increased CAIX and GLUT1 expressions in the 

regions close to the necrotic areas (hypoxic 

regions). In the same regions positive for GLUT1, 

after Beva treatment, we observed an increase in 

MCT1, but no alteration in MCT4 expression. The 

study of Jiménez-Valerio et al. in renal cell 

carcinoma demonstrated the presence of a 

functional compartmentalization of energy 

metabolism after sunitinib treatment. They 

observed that MCT1 and MCT4 expression 

increased in treated patient derived xenografts 

(PDX) models, as well as in renal carcinoma 

patient samples [47]. Interesting, they observed 

that the resistant sunitinib tumours present a 

pronounced symbiosis, where MCT4 expression 

was close to GLUT1 in necrotic regions, whereas 

MCT1 expression was associated to regions close 

to functional blood vessels [47].  The same 

authors reported that sunitinib treated patient’s 
increase MCT1 and MCT4 expression with a 

compartmentalization of MCT4 associated with 

hypoxic regions and MCT1 with normoxic regions 

[47]. Although our study was based on in vitro and 

in vivo glioma models, we provided evidence for 

the presence of metabolic reprograming from 

oxidative to glycolytic phenotype in glioma cell 

lines. Here we emphasize that, in glioma tumours, 

MCT1 isoform is the most important in performing 

lactate efflux under hypoxia, instead MCT4, where 

lactate may be subsequently used as a metabolic 

source in oxygenated tumour regions also through 

its uptake by MCT1. 

Glioma cells rely primarily on aerobic 

glycolysis to sustain their proliferation [48]. In our 

study, we observed that in fact anti-angiogenic 

therapy increases glucose uptake and lactate 

production, however glucose consumption is 

much higher than the lactate that is produced. 

Several studies reported that tumour cells have 

the capacity to modulate several metabolic 

pathways in order to overcome the imposed 

stressful conditions [49]. Some studies suggested 

that the glycogen turnover is altered in tumour 

cells, with high levels observed in some tumour 

types, such as breast, kidney, bladder and brain 

cancer cells [50]. In fact, in GBMs, it was observed 

that glycogen synthase was increased and also 

upregulated in hypoxia by a HIF-1α dependent 

mechanism [50]. Our study demonstrates that in 
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response to Beva treatment glioma cells increase 

glycogen accumulation and activity of glycogen 

synthase kinase, maybe as a survival mechanism 

imposed by pseudo-hypoxia derived from the anti-

angiogenic treatment. Activation of this metabolic 

pathway, prevents glioma cell death and, on the 

other hand, glycogen storage could be used as 

intermediate source for biosynthetic pathways, 

through the activation of PPP or lactate production 

by the glycolytic pathway, contributing to the 

invasiveness phenotype observed in resistant Beva 

glioma cells. In fact, a MR spectroscopy study in 

GBM patients treated with Beva showed an 

increase in enzymes related to PPP such as 

glucose-6-phosphate dehydrogenase, 

phosphogluconate dehydrogenase, translocase 1 

and transketolase [36]. Along with glycogen 

synthesis, glioma treated Beva cells also increase 

autophagy as a survival mechanism to overcome 

pseudo-hypoxia. We observed that Beva increases 

the conversion of LC3I to LC3II in U251 and 

SW1088 cells. The role of hypoxic conditions 

imposed due to the anti-angiogenic therapy in 

autophagy induction was previously reported in 

GBMs [51]. This study observed that pseudo-

hypoxia promotes the conversion of LC3I to LC3II, 

with a higher expression of autophagy mediators, 

like BNP3 in human GBMs resistant to Beva [51]. 

The tumour cell shift to glycolysis as a 

mechanism involved in resistance to anti-

angiogenic therapy has been described in several 

tumour types and offers the opportunity of 

overcome therapy resistance by targeting 

glycolysis. Few studies targeting metabolic 

behaviour in combination with Beva have been 

done. It was shown that dichloroacetate (DCA), a 

PDK inhibitor, enhanced the effect of Beva in GBM 

cells [52]. Inhibition of CAIX expression, as well as 

its activity in GBMS leads to a synergistic decrease 

in xenograft tumour growth when combined with 

Beva [23]. Additionally, an inhibitor of HKII 

enzyme, 3-bromopyruvate, increased the 

response to Beva in colon rectal cancer cells [34]. 

Further, EGFR inhibitors, such as sunitinib [47], 

imatinib [53], cetuximab [53] and nintedanib [54], 

in combination with tumour metabolism inhibitors 

have additional effect on inhibition of angiogenesis 

capacity. Our findings demonstrate that Beva 

increases intratumoral hypoxia, with consequent 

increase in HIF-1α and CAIX expression, leading 

to metabolic reprogramming with upregulation of 

glycolysis, lactate production and also glycogen 

synthesis. Thus, targeting of tumour metabolism 

constitutes a promising strategy to overcome anti-

angiogenic therapy resistance. According to the 

metabolic alterations observed in our study, we 

used 2-DG, since it blocks the initial step of the 

glycolytic pathway, and at the same time prevents 

glycogen synthesis, as well as at the downstream 

level, production of lactate. In the present study, 

we verified that, although the combination of Beva 

treatment with 2-DG led to a decrease in tumour 

growth and angiogenesis, it did not have an 

additional effect compared to Beva alone. 

Additionally, metabolic marker characterization 

showed an increase in MCT4 expression. As it has 

been reported, GBM seems to be dependent on 

glutamine metabolism [28]. Against this, inhibition 

of the glycolytic pathway could induces metabolic 

reprogramming to glutamine metabolism, 

increasing lactate production and consequent up-

regulation of MCT4. Therefore, pharmacological 

targeting of glycolysis in the context of anti-

angiogenic therapy may be more complex. Thus, 

assuming that Beva treatment promotes tumour 

compartmentalization with metabolic symbiosis 

[47], where MCTs are important mediators [29], 

targeting MCTs would lead to disruption of this 

metabolic complex, and could be a good strategy 

to overcome anti-angiogenic therapy resistance. 

Overall, our study demonstrates that Beva 

promotes metabolic remodelling in GBMs, 

increasing tumour cell glycolytic phenotype. 

Additionally, glioma cells treated with Beva 
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increased MCT1 expression, supporting the high 

lactate production observed. Thus, our study puts 

MCTs, particularly MCT1, as mediators of tumour 

metabolic symbiosis established during anti-

angiogenic therapy. Therefore, broader 

understanding of the effects of Beva treatment on 

the metabolic behaviour of tumour cells opens the 

opportunity for new strategies to overcome Beva 

resistance in GBMs. 

 

Methods 

 

Cell culture and cell lines 

 

U251, SW1088 and HBMEC cell lines used in 

this study were grown in standard conditions [32]. 

U251 cells were kindly provided by Professor 

Joseph Costello, California University, 

Neurosurgery Department, San Francisco, USA. 

SW1088 cells were obtained from ATCC 

(American Type Culture Collection). HBMEC cell 

line was kindly provided by Professor Kwang Sik 

Kim, John Hopkins School of Medicine, Baltimore, 

USA. Cell line authentication was performed by 

IdentiCell Laboratories (Department of Molecular 

Medicine (MOMA) at Aarhus University Hospital 

Skejby in Åarhus, Denmark). Genotyping 

confirmed the complete identity of cell lines. 

 

Drugs 

 

Beva (Avastin®; Genentech) was kindly 

provided by the Pharmacy Department from 

Hospital de S. João, Porto. 2-Deoxy-D-glucose 

(Sigma-Aldrich) was reconstituted in PBS from a 

stock concentration of 1mol/L. 

 

 

Antibodies 

 

For immunofluorescence (IF) and Western 

blot (WB) assays, we used the following antibodies 

and dilutions: MCT1 [(1:200 dilution, AB3538P; 

Chemicon International (IF)), (1:500 dilution; H-1, 

sc-365501; Santa Cruz Biotechnology (WB))]; 

MCT4 (1:500 dilution; H-90; sc-50329; Santa 

Cruz Biotechnology); CD147 (1:500 dilution, 

1.BB.218, sc-71038; Santa Cruz Biotechnology); 

HKII (1:4000 dilution, ab104836, Abcam); GLUT-

1 (1:500 dilution, ab15309, Abcam); HIF-1α 

[(1:100 dilution (IF); 1:500 dilution (WB), 610958, 

BD Biosciences), LDHA (1:1000 dilution , E9, sc-

137243, Santa Cruz Biotechnology), MTCO1 

(1:250 dilution, ab14705, Abcam), PDK (1:250 

dilution, H-300,sc-28783, Santa Cruz 

Biotechnology), CAIX (1:2000 dilution, ab15086, 

Abcam). 

 

Immunofluorescence 

 

Glioma and HBMEC were seeded on cover 

slips at density of 20.000 cells/well, overnight. 

Then, they were incubated for 48h with 2mg/ml 

Beva in DMEM 0.5% FBS. Briefly, cells were fixed 

and permeabilized in methanol during 20min. 

After blocking with 5% bovine serum albumin 

(BSA) for 30min, cells were incubated overnight at 

room temperature with the primary polyclonal 

antibodies. Then, 1h of incubation with the 

secondary antibody anti-rabbit-Alexa Fluor 488 

(1:500 dilution, A11008, Invitrogen) in 5% BSA 

was performed  for MCT4, MCT1, GLUT-1 and 

PDK and  anti-mouse-Alexa Fluor 594 antibody 

(1:250 dilution, A11032, Invitrogen) for CD147, 

HKII, LDHA and COX I . Finally, after washing in 

PBS, cells were mounted in Vectashield Mounting 

Media with 4’,6-diamidino-2-phenylindole (DAPI) 

(Vector Laboratories) and images were obtained 

with a fluorescence microscope (Olympus IX81), 

using the Cell P software. 

 

 

Western blotting  
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Glioma cells were seeded in 6 well plates at 

density of 2.5x105 cells/well and allowed to 

adhere overnight. After, 48hours of 2mg/ml Beva 

treatment, cells were collected for protein 

extraction. Western blot was performed as 

described previously [32]. Incubation with primary 

antibodies was performed overnight at 4ºC. The 

bound antibodies were visualized by 

chemiluminescence (Supersignal West Femto kit; 

Pierce). GAPDH was used as loading control 

(1:1000 dilution, Cell Signalling).  

 

Extracellular lactate and glucose measurements 

 

Cells were plated in 48 well plates at a density 

of 3x104 cells per well and allowed to adhere 

overnight. Lactate and glucose contents were 

analyzed in the cell culture medium after 48h of 

2mg/ml Beva treatment, using commercial kits 

(Spinreact), as described. For this time point, the 

total protein (expressed as total biomass) was 

assessed using the sulforhodamine B assay (SRB, 

TOX-6, Sigma-Aldrich). Results are expressed as 

total µg/ total biomass. 

 

ROS production and mitochondrial activity  

 

2.5x105 cell/well of U251, SW1088 and 

HBMEC cells in 6 well plates were treated with 

1mg/ml Beva during 12 hours. Then, cells were 

incubated with the molecular probes during 2h at 

37ºC, in the dark. After, molecular probe 

incubation, cells were washed with PBS1x 

(phosphate-buffered saline) and collected for flow 

cytometry analysis (LSRII, BD Biosciences). 

For measurement of ROS content, cells were 

incubated with 200nM of Dihydroethidium (DHE, 

Molecular Probes). Mitochondrial polarization was 

assessed with 200nM Mitotracker Red and 

mitochondrial mass with 200nM Mitotracker 

Green (Molecular probes). Mitochondrial activity is 

represented as a ratio mitochondria polarization: 

mitochondria mass. 

 

Glycogen accumulation 

 

Glycogen accumulation in cells was observed 

through the Periodic Acid and Schiff (PAS) assay. 

U251, SW1088 and HBMEC cells were plated at 

density of 5x104 cell/well and allowed to adhere 

overnight. Then, treatment with 2mg/ml Beva was 

performed in DMEM 0.5% FBS during 48hours. 

After that, cells were fixed in 4% paraformaldehyde 

(PFA) for 15minutes, followed by incubation with 

periodic acid for 5minutes and then Schiff reagent 

for 10 minutes. Periodic acid oxidizes the vicinal 

diols in glycogen and forms a pair of aldehydes 

with reacts with Schiff reagent (Merck) and give a 

purple-magenta colour. At the end, hematoxylin 

was used for counterstaining. 

 

Cell viability assay 

 

Glioma cells were plated into 96-well plates in 

triplicate at a density of 20x103 cells/well and 

allowed to adhere overnight in complete DMEM 

medium. Then, cells were treated with increased 

concentrations of Beva in DMEM 0.5% FBS (fetal 

bovine serum) during 72hours. The viable cells 

were quantified using the Cell Titer96 Aqueous cell 

proliferation assay (Promega). The results were 

expressed as the mean percentage ± SD of viable 

cells relatively to control condition (considered as 

100% viability). The IC50 concentration was 

calculated by nonlinear regression analysis using 

the GraphPad Prism software. The assay was 

performed in triplicate, at least three times. 

 

Beva incorporation 

 

Indirect IF was performed in different glioma 

cell lines and HBMEC in order to visualize if Beva 

was internalized by cells. Glioma cells were 
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seeded at density of 1x105 cell/well and allowed to 

adhere overnight. Then, cells were fixed during 

15minutes with 4% PFA and permeabilized with 

0.05% Triton X during 3 minutes. After blocking in 

10% FBS during 30 minutes, cells were incubated 

with the monoclonal antibody BVZ (1:100, 

Genentech) during 2 hours, at room temperature. 

Afterwards, cells were incubated with anti-human 

IgG conjugated with AlexaFluor 488 (1:500 

dilution, A11013, Molecular Probes) and nuclei 

counterstained with DAPI. Images were taken in a 

fluorescence microscope Olympus BX16. 

 

Chicken chorioallantoic membrane (CAM) assay  

 

CAM assay was performed as described 

previously [32]. At day 9 of development, 2x106 

cells were injected with Matrigel on the CAM, and 

tumour formation was allowed for 4 days. On the 

13th day, tumours were photographed and treated 

with the respective conditions: control group, 

2mg/ml Beva group, 1mM 2-DG group or 1mM 2-

DG + 2mg/ml Beva. After 96 hours, CAMs were 

dissected, fixed in 4% paraformaldehyde and 

photographed for vessel counting and perimeter 

measurement. Vessels was counted using the 

ImageJ 14.1 version software. 

 

Statistical analysis 

 

For the in vitro and in vivo studies, the 

GraphPad prism 5 software was used for statistical 

analysis, with the Student’s t test or the One-Way 

ANOVA test, considering significant values 

p<0.05. 
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Supplementary Figure 

 

Supplementary Figure 1: Metabolic characterization of brain endothelial cells after Beva treatment. (A) Beva 

increases glucose uptake, as well as HKII expression, and also increases lactate secretion in HBMEC, after 

48hours; results are representative of three independent experiments, each one in triplicate; *p<0.05, 

**p<0.01,****p<0.0001 Beva vs Control; representative pictures was taken at 400x in a fluorescence Olympus 

BX16 microscope; (B) ROS production and ratio mitochondrial polarization: mitochondrial mass in HBMEC after 

12 hours of Beva did not change; Beva leads to a decrease on MTCO1 expression and an increase in PDK 

expression; results are representative of three independent experiments; representative pictures was taken at 400x 

in a fluorescence Olympus BX16 microscope; (C) Treatment with 2mg/ml Beva did not change glycogen 

accumulation of HBMEC after 48 hours; representative pictures were taken at 400x in an Olympus BX16 

microscope. 
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5.1 General Discussion 

 

In the light of the major findings achieved in this PhD project, in the present section, a general 

discussion will be presented on how our findings contribute to a better understanding on the role of 

monocarboxylate transporters (MCTs) in glioblastomas (GBMs), their regulation, as well as their role in 

the response to current therapy and exploitation as therapeutic targets. 

 

5.1.1 Expression and regulation of monocarboxylate transporters (MCTs) in GBMs 
 

GBMs are the most aggressive and prevalent type of gliomas, presenting a profuse angiogenesis and 

an inherent tendency to infiltrate adjacent structures [1]. Standard therapy consists in surgical resection 

followed by radiotherapy and temozolomide-based chemotherapy [2]. Under this regimen, the median 

overall survival is only approximately 15 months [3]. Thus, understanding of the biology of these tumours 

and exploitation of new molecular targets becomes crucial in neuro-oncology. 

Tumour cells exhibit a preference for glycolytic metabolism for energy production, a phenomenon 

denominated “Warburg effect” [4]. It is described that glycolysis is up-regulated more than 3-fold in GBMs 

that in normal brain [5], accompanied by an increased ratio of lactate:pyruvate production [6]. The higher 

glycolytic rates in tumour cells increase the levels of lactate produced, which is transported to the tumour 

microenvironment through MCTs [7], contributing to increase in cell proliferation, invasion and survival. 

Thus, up-regulation of MCTs likely plays an important role in glioma homeostasis and thus contributes to 

their high aggressiveness.  

In neoplastic CNS human tissues, the few existing studies point to an important role of MCT 

expression, especially MCT1. Strong expression of MCT1 was found in ependymomas, 

hemanglioblastomas and high grade gliomas (anaplastic astrocytomas and GBMs), compared with low-

grade glial neoplasms (oligodendrogliomas and astrocytomas) which showed negative or weak MCT1 

expression [8]. Additionally, Western blot analysis in total protein from normal brain and GBMs 

demonstrated that normal brain predominantly expresses MCT3, whereas MCT1 and MCT2 are the major 

isoforms present in GBM tumours [9]. In Chapter 2, we observed that MCT1, MCT4 and CD147 were up-

regulated in GBM tissues compared to normal adjacent tissue. Further, our group demonstrated that 

MCT1 and CD147 expression was present at the plasma membrane, whereas MCT4 was mostly detected 

in the cytoplasm. Concerning the function of MCTs in lactate transport, the presence of MCT1 and their 

auxiliary protein at the plasma membrane indicates that MCT1, instead of MCT4, mediates the 
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efflux/uptake of lactate in GBMs. According to the high glycolytic capacity of GBM cells and also the 

substrate affinity of MCT1-4 isoforms, it was expect that MCT4 expression would be up-regulated at the 

plasma membrane in order to perform lactate efflux to the tumour microenvironment. Several studies 

reported upregulation of MCT4 in different solid tumours, showing its role in the lactate transport of 

glycolytic tumour cells [10]. In fact, in Chapter 2, we described the up-regulation of MCT4 in GBM tissues. 

However, its cellular localization was still mostly in the cytoplasm (Chapter 2, Figure 1). Higher expression 

of MCT4 expression in the cell cytoplasm could be explained by protein trafficking or association with cell 

organelles such as peroxisome and/or mitochondria. In fact, MCT4 expression was already described in 

peroxisomes and mitochondria in prostate cancer [11]. However, in different studies, it is described that 

MCT2 and MCT1 are the MCT isoforms associated with peroxisomes and mitochondria, respectively, and 

MCT4 is more adapted to perform lactate efflux from the cells [11, 12]. Thus, a possible explanation for 

the lower prevalence of MCT4 at the plasma membrane could be due to some mechanism of protein 

regulation and/or folding that prevent the association with CD147 at the cell surface. 

Hypoxia is a common feature of malignancy, particularly in GBMs, promoting tumour invasiveness 

and metastasis and also being associated with poor clinical outcome [13]. Hypoxia contributes to the 

glycolytic phenotype [14], through the HIF-1α transcription factor, which has been described as an 

important target in solid tumours [15]. However, expression of the glycolytic markers in response to 

hypoxia is not well characterized in GBMs, namely MCTs. Particularly, the literature is still controversial 

in what concerns MCT regulation under hypoxia in solid tumours, namely for MCT1. 

GBMs are characterized by intrinsic necrosis that seems to be associated to regions of hypoxia [16]. 

It is known that hypoxia contributes to tumour glycolytic phenotype, however, MCT expression in hypoxic 

regions of GBMs and also how their expression is associated with hypoxia-induced glycolytic phenotype 

is not known. In Chapter 3, we observed an increased MCT1, MCT4 and CD147 intensity of expression 

in peri-necrotic regions of GBM tissues, indicating their association with hypoxic regions (Figure 1). 

However, only MCT1 and CD147 increased their expression at the plasma membrane (Chapter 3). In 

other solid tumours, the study of GLUT1, CAIX and HIF-1α in tissues has received much attention in order 

to understand how they correlate with malignancy progression and also with therapy resistance which 

has been associated with tumour hypoxic regions (necrotic regions). Our results are in accordance with 

other studies reporting that expression of HIF-1α [17-19], GLUT1 [17] and CAIX [19] was increased in 

GBMs compared to low grade glioma tumours and that they are associated with necrotic regions (hypoxic 

regions) of GBMs. Some studies in breast, lung and head and neck tumours described that GLUT1, CAIX 

and HIF-1α expression are associated with hypoxic regions, being related with tumour malignancy and 



 

General Discussion 

227 

 

patient prognosis [20-23]. These findings are supported by our results, however, some controversies are 

found for HIF-1α. This might be related to the fact that HIF-1α has a short half-life time, with makes it 

difficult to detected, compared to GLUT1 or CAIX, which are HIF-1α downstream targets [24]. However, 

as GBMs exhibit high level of necrosis associated to hypoxia, expression of cell niches positive to HIF-1α 

is very common and relatively easy to detect. 

Regulation of MCTs by hypoxia in not well understood, with some controversial data especially in 

what concerns MCT1 [25-31]. The distribution pattern of MCT1 and MCT4 in GBMs between normoxic 

and hypoxic regions was not described in the literature. In Chapter 3, we described that expression of 

MCT1 and MCT4 increased in human GBM hypoxic regions (Figure 1). However, a study performed in 

rat brain tumours demonstrate that MCT4 is close to the center of the tumour (hypoxic region), but MCT1 

is located at the rim of the tumour (normoxic region) [30]. Another study, from Kaanders et al, shows 

that MCT1 is present in hypoxic regions, as well as in non-hypoxic regions in almost equal amounts, 

whereas, MCT4 expression is limited to hypoxic regions [22]. Although MCT4 is the isoform which is 

better described to be induced by hypoxia [32], a recent study of Feron et al indicates that hypoxia induced 

an increase in MCT1 mRNA levels in breast cancer [31]. Additionally, it was described that hypoxia 

induced MCT1, but not MCT4, protein expression in human adipocytes [29]. Our study also demonstrates 

that MCT1 plasma membrane expression is close to hypoxic regions, associated with CAIX and HIF-1α. 

Some studies reported association of MCT4 with GLUT-1 and CAIX, such as in head and neck  [22] and 

lung carcinomas [21], but the same finding was not observed for MCT1. However, a recent study of 

Pinheiro et al, showed that MCT1, but not MCT4, is associated with GLUT1 and CAIX expression in breast 

cancer tissues [33]. Our study supports that hypoxia also regulates MCT1 plasma membrane expression, 

with an increase in hypoxic regions of GBMs. Despite the possible methodological differences from study 

to study, it appears that the role of the MCT isoforms 1 and 4 in the maintenance of the hypoxia-induced 

glycolytic phenotype may vary with tumour type. For proper expression of MCTs at the plasma membrane, 

they need to be associated with a chaperone protein, such as CD147 [34]. According to the results of 

Chapter 3, we observed that CD147 expression at the plasma membrane increased in hypoxic regions, 

being associated with GLUT1, CAIX and HIF-1α, as anticipated. Additionally, regarding CD147 expression 

between normoxic and hypoxic regions, it was observed that several cases presented plasma membrane 

expression in normoxic regions, which was not observed for MCTs. This could be explained by the fact 

that CD147 has an important role in cell invasion and angiogenesis of GBMs [35]. These findings suggest 

that MCT1, instead of MCT4, is responsible for the maintenance of the glycolytic acidic-resistant 

phenotype in hypoxic regions of GBMs, by mediating lactate efflux. 
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Overactivation of receptor tyrosine kinases (RTKs) is well described in GBMs, mediating several 

important processes, like cell survival, proliferation, differentiation, as well as cell metabolism [36]. 

Several efforts have been done in this area with the strategy to define effective molecular targeted 

therapies, however acquired resistance remains an unresolved factor. Taking into account the importance 

of RTK on GBMs, as well as MCT1 upregulation in these tumours, in this thesis, we intended to understand 

if MCT1 expression/activity could be regulated through RTK signalling pathways. In Chapter 3, we 

observed an increased MCT1 expression, but not MCT4, with EGFR upregulation, which enhanced and 

support the study of MCT1 as potential target for GBM therapy (Figure 1). 

In view of the recent model of metabolic symbiosis between glycolytic and oxidative cancer cells, 

where lactate plays a key role as a metabolic intermediate, MCTs are essential players in this process. It 

is proposed in this model that lactate release from glycolytic/hypoxic cancer cells occurs through the low-

affinity lactate transporter MCT4 and lactate uptake by the oxidative/oxygenated cancer cells occurs 

through MCT1 [37]. Moreover, it was proposed that MCT1 inhibition will lead to a switch from lactate 

oxidation to glycolysis in oxidative tumour cells, thereby preventing the necessary delivery of glucose to 

glycolytic cells, which would die from glucose starvation [37]. However, it is important to note that, in the 

GBM series herein analysed, and in contrast to the previous model, MCT1 was expressed in the peri-

necrotic/hypoxic regions, being co-expressed and associated with the hypoxia markers CAIX and HIF-1α, 

important players in the maintenance of the glycolytic metabolic phenotype. This indicates that MCT1, 

besides being important in oxidative cancer cells, may also be important in glycolytic cancer cells (Figure 

1). In fact, the kinetic parameters of MCT1 make this isoform suitable for both the uptake and efflux of 

substrates [38], therefore, MCT1 is also appropriate for lactate efflux from glycolytic cancer cells. The 

role of MCT1 in both types of metabolic cancer cells makes it an even more interesting therapeutic target. 

 

5.1.2 Implications of monocarboxylate transporter (MCT) inhibition in GBM survival and aggressiveness 

 

Related with the higher glycolytic metabolism of tumour cells to sustain the high proliferative rates, 

up-regulation of MCTs has been described in different solid tumours, where their importance was 

elucidated in intracellular pH homeostasis, cell viability and aggressiveness.  

In this thesis, the prevalence of MCT1 plasma membrane expression was shown in GBM tissues, 

rather than MCT4 (Chapter 2), as well as the regulation of MCT1 plasma membrane expression in hypoxia 

(Chapter 3). Thus, MCT1 seems to play a more important role in GBM malignancy than MCT4. According 

to that, the in vitro and in vivo studies of this thesis support the importance of MCTs, particularly MCT1, 

on the hyper-glycolytic acid resistant phenotype of GBMs. 
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With the in vitro studies of Chapters 2 and 3, in which MCT1 activity was inhibited with the chemical 

inhibitor CHC and also by MCT1 downregulation (siRNA, shRNA), we showed the role of MCT1, instead 

MCT4, on lactate efflux into the tumour microenvironment (Chapter 2 and 3, Figure 1). Several studies 

on different solid tumours, reported that MCT4 mediates the lactate efflux in glycolytic cells [10]. However, 

in a similar way to GBM human samples, glioma cell lines have a more prevalent MCT1 plasma 

membrane expression. As already stated above, in the present work, we demonstrated that MCT1 could 

be also important mediator of lactate efflux on glycolytic cells. Inhibition of MCT1 activity or expression, 

led to a decrease in lactate secretion from glioma cells compared to control cells. On the other hand, 

downregulation of MCT4 did not change the levels of lactate secretion (Chapter 3), emphasizing the role 

of MCT1 in lactate efflux from glioma cells.  

Some reports found that inhibition of MCT activity induced cell death and decreased cell invasion [9, 

39, 40]. Our in vitro analysis of MCT1 activity inhibition or downregulation (Chapters 2 and 3), showed 

the importance of this isoform on cell proliferation and aggressiveness (Chapter 2 and 3, Figure 1). MCT1 

inhibition promoted a decrease in cell proliferation, cell migration and invasion, increasing cell death in 

U251 cells (higher MCT1 plasma membrane expression) more than SW1088 cells (lower MCT1 

expression) (Chapter 2). Interestingly, inhibition of MCT1 activity decreased in vivo tumour size and 

proliferation and also the number of blood vessels surrounding the tumour (Chapter 2). Further, for the 

first time (Chapter 2), we demonstrated that MCT1 expression is a potential prognostic marker, since 

downregulation of MCT1 expression increased the survival of orthotropic GBM mice. Thus, these findings 

elucidate the importance of MCT1 in the intracellular pH homeostasis and aggressiveness of GBM 

tumours, emerging as a potential prognostic marker in GBMs. Stratification of GBM patients remains a 

crucial way to direct patients for specific therapies. Several efforts have been made to study the molecular 

and genetic signature of GBM patients with the aim to find new prognostic markers. Recently, the 

presence of IDH mutations has been described in a subtype of glioma tumours, which is already included 

in the last WHO classification [41]. It has been verified that low grade gliomas and secondary GBMs that 

have IDH1 mutations, present a better response to standard therapy than primary GBM IDH1 wildtype 

[42]. Interestingly, it was recently described that patients with IDH1 mutation present a lower MCT1 

expression than IDH1 wildtype [43]. This fact reinforces the hypothesis of MCT1 being a molecular 

prognostic marker, which is in agreement with our in vivo results described in Chapter 2.  

When considering MCTs as targets for therapy, it is imperative to bear in mind and evaluate toxicity 

to normal tissue. Systemic delivery of MCT inhibitors, more specifically MCT1, will probably affect many 

organs of the body. In skeletal muscle, as MCT1 participates in the lactate shuttle, possible side effects 
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will include muscle fatigue and inability to tolerate moderate to high-intensity training due to accumulation 

of lactate and H+ in the extracellular milieu, as oxidative muscle fibers will no longer perform lactate 

uptake. In the colon, as MCT1 is responsible for butyrate transport in the colonic epithelium, MCT1 

inhibition may inhibit cell proliferation and proper differentiation [44]. In brain, MCT1 expression is 

observed in endothelial cells and in astrocytes, being presented in cortex, hippocampus and cerebellum 

of adult brain, where it an important role in long-term memory formation [45]. MCT1 expression is present 

in blood brain barrier (BBB), so MCT1 inhibition which affects the integrity/function of BBB, may cause 

some neurological disorders. Importantly, as MCT1 is fundamental for T cell activation and, as MCT1 

specific inhibition is being studied for immunosupression in transplantation, MCT1 inhibition in the cancer 

context will likely cause immunosupression and further inhibition of the immune response against cancer 

cells. However, in practice, MCT1 inhibition may have manageable side-effects like myalgia, asthenia, 

testicular pain, and gastrointestinal discomfort, with no serious organ toxicity or myelosupression, as 

observed for lonidamine. Nevertheless, these adverse effects may be decreased or eliminated in 

association with other therapies [46]. Although MCT1 inhibition is prone to cause some important side-

effects, one should never forget that some drawbacks are acceptable if the benefit is justified, as it 

happens with virtually all drugs. 

According to the in vitro and in vivo findings in the light of the microenvironmental model of 

carcinogenesis, where MCTs have a vital role in the emergence of both the hyper-glycolytic and acid-

resistant phenotypes, one can easily justify the up-regulation of MCTs, as well as their contribution to a 

more aggressive tumour behaviour. By enabling lactate efflux from cancer cells, as well as regulate the 

intracellular pH and, consequently, acidifying the extracellular microenvironment, MCT activity will 

promote an aggressive behaviour by enhancing migration, invasion and angiogenesis, among others [10]. 

In this scenario, MCT1 arises as a promising therapeutic target for this particular group of brain tumours.  

Concerning the spatial and temporal distribution of nutrients and oxygen in heterogenic tumours, like 

GBMs, a metabolic symbiosis within tumour cells, as well between tumour cells and stroma has been 

described, where MCTs, particularly MCT1 and MCT4 isoforms, emerge as important mediators in the 

communication between glycolytic and oxidative cells [47]. Lactate emerges as an alternative energy 

source to well oxygenated cells (oxidative), provided by tumour hypoxic (glycolytic) cells [37]. Additionally, 

it has been regarded as a signalling molecule in the tumour microenvironment being an inducer of 

angiogenesis [48]. In Chapter 4, we showed that lactate promotes an increase in brain endothelial cell 

(EC) proliferation, as well as increase in cell migration and in the number of capillary-like structures 

(angiogenesis). The association of lactate to angiogenesis has been already reported by Sonveaux et al. 
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[49], who observed an increase in the migratory capacity of human umbilical vein endothelial cells 

(HUVEC) and increased sprouting when cells were supplemented with 10mM lactate. However, the 

HUVEC is not the better model to study tumoral angiogenesis, since angiogenesis commonly involves 

microvasculature rather than microvasculature having differences between lineages. Importantly, in our 

study with HBMEC, we observed that the communication between glioma cells and the brain EC, leads 

to increased MCT1 expression, with no changes in MCT4. This indicates that MCT1 mediates the uptake 

of lactate in brain EC, where expression of MCT1 under normal in vitro growths condition is low (Figure 

1). Some studies have described that fibroblasts and EC shown high MCT1 expression, as described in 

coronary and pulmonary EC which are able to oxidize lactate [50, 51]. Although, in some cases, MCT1 

expression has been described to be low in tumour-associated vasculature [52], the pro-angiogenic role 

of lactate has been supported by the results of MCT1 inhibition in EC, in which CHC treatment reduces 

lactate-induced angiogenesis in tumours [49].  

In the whole, the results of Chapter 4, related to the angiogenic role of MCT1 in the crosstalk glioma-

endothelial cells, support the hypothesis that endothelial cells alter their metabolic phenotype according 

to the levels of lactate in the microenvironment, in which they switch from a more glycolytic to a more 

oxidative metabolism upon exposure to lactate, leading to increased cell survival in low glucose conditions. 

Additionally, a shift from the consumption of glucose to lactate represents a metabolic adaptation for cells 

growing close to highly glycolytic, lactate-secreting glioma cells. Thus, increased exogenous lactate and 

its import by EC may contribute to increased cell proliferation in glucose-deprived conditions, promoting 

tumour angiogenesis. Furthermore, considering the high angiogenic capacity of GBMs, and despite the 

efforts on the improvement of anti-angiogenic therapy, the presence of acquired resistance is a 

characteristic that limits the prognosis of these patients. Thus, knowing the role of lactate as an 

oncometabolite in angiogenesis promotion and considering the role of MCTs on efflux/uptake of lactate, 

blocking of MCT activity opens a great opportunity for, inhibiting angiogenesis, and at the same time, 

inducing GBM cell death. Thus, MCTs, MCT1 in particular, seems to be a good therapeutic target to 

explore in GBM treatment. 

 

5.1.3 Monocarboxylate transporters (MCTs) on GBM therapy 

 

GBMs are the most aggressive type of gliomas, presenting a higher angiogenesis and infiltrative 

capacity [1]. The conventional therapy of GBM is based on TMZ with concomitant radiotherapy [53]. 

Several efforts have been made to design new therapeutic combinations, however the prognostic of these 
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patients remains dismal. Taking into account the findings of this thesis, on the role of MCT1 on survival 

and aggressiveness of GBM, targeting MCT1 appears to be a good strategy, either alone or in combination 

with conventional therapy. In fact, in Chapter 2, we observed for the first time that MCT activity inhibition 

with CHC increases the response of glioma cells to TMZ in vitro (Figure 1). Although CHC is not a specific 

MCT1 inhibitor, considering the Km values for MCT1 and MCT4 isoforms [54], we can anticipate that at 

the range of concentrations used (<15mM CHC), CHC only affects MCT1 activity, (Chapter 2). In 

accordance, a study by Mathupala et al. showed that CHC treatment increased glioma cell response to 

radiotherapy [40]. However, the response to TMZ should be studied with a more specific inhibitor to 

MCT1, since CHC is not a specific MCT inhibitor. The results obtained in this thesis supports the 

importance of targeting MCT1 in GBM tumours. The MCT1 therapeutic target idea presented in this thesis 

is reinforced by a recently description of MCT1 expression in glioma-stem cell (GSC) [55], a specific 

subpopulation that is responsible for therapy resistance described in these type of tumours. 

Furthermore, several efforts have been done in order to overcome the poor prognostic of these 

patients with the development of anti-angiogenic therapies [56]. Some anti-angiogenic inhibitors have 

been studied in clinical trials, and bevacizumab (Beva, Avastin®) was approved as second line of 

treatment [57]. However, the presence of acquired resistance to anti-angiogenic therapy has been the 

cause for the lack of prognostic improvement in these patients. Besides the initial benefit of Beva, with 

initial decrease in tumour size, vessel remodelling, which generates a reduction in tumour perfusion, 

glioma cells become resistant with evidence for increased invasion [58]. Associated to reduced perfusion, 

Beva treatment causes a decrease in nutrient and oxygen supply, leading to development of hypoxia in 

the tumour microenvironment [58-61]. Several studies reported an increase in HIF-1α and CAIX, well 

known hypoxic markers in GBMs [60, 62, 63]. Accumulating evidence associates the presence of 

metabolic reprogramming in tumour cells to the acquired resistance to Beva treatment [62, 64]. In fact, 

some studies have demonstrated that Beva treatment leads to increase in glycolytic metabolism and 

lactate production, with a decrease in oxygen consumption [65, 66]. However, the mechanism by which 

cancer cell bioenergetics modulates tumor cell response to VEGF-targeted therapies, is not well 

documented, particularly in GBMs. The results of Chapter 4 showed that Beva promotes a glycolytic 

phenotype increasing glucose uptake, as well as lactate production, associated with increased MCT1 

expression, rather than MCT4 (Figure 1). Additionally, as response to imposed stress by anti-angiogenic 

therapy, GBM cells adapt their metabolism directed also to glycogen synthesis. Due to the effect of Beva 

treatment on angiogenesis, there is tumour compartmentalization with hypoxic regions, leading to 

development of metabolic symbiosis between normoxic and hypoxic glioma cells, as well as between 
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glioma cells and brain endothelial cells [67, 68]. Taking into account the importance of MCT1 in the 

crosstalk glioma-EC cells (Chapter 4), the upregulation of MCT1 at the plasma membrane in hypoxia in 

GBMs (Chapter 3), the increased expression of MCT1 in response to Beva treatment (Chapter 4), the 

important role of this MCT isoform becomes evident on the aggressiveness and therapy resistance in 

GBMs. 

The study with Beva treatment (Chapter 4) point at MCTs, particularly MCT1, as mediators of the 

metabolic adaptation established during anti-angiogenic therapy. Thus, a better understanding of the 

effects Beva treatment on the metabolic behaviour of tumour cells, opens the opportunity for new 

therapeutic strategies to overcome Beva resistance in GBMs. Thus, the results of this thesis open new 

perspectives to explore MCT1 as a therapeutic target in GBMs, alone or in combination with conventional 

therapy. 

 

5.2. General Conclusion 

 

The general aim of this thesis is was to contribute to a better understanding of the expression and 

regulation of MCTs in GBMs, as well as in the involvement of MCTs in the response to therapy. The 

findings of this thesis highlights the role of MCT1 as an important player in the maintenance of the hyper-

glycolytic acidic-resistant phenotype of GBMs, associated with increased tumour aggressiveness. 

Additionally, the dual function of MCT1 in the metabolic symbiosis within glioma cells and also glioma-

endothelial cells, showed its role in the promotion of angiogenesis. Interestedly, this thesis highlights the 

role of MCT1 on Beva GBM treatment, pointing at MCT1 targeting as a promising therapeutic strategy to 

overcome the acquired therapy resistance and maybe also as a concomitant therapy to standard 

treatment in GBMs. Here, MCT1 appears to be an important isoform in GBMs, being associated with 

aggressiveness. The data presented in this thesis allows a better understanding of the role of MCTs, 

particularly MCT1, in the sustainability of the metabolic reprogramming in GBM cells, characteristic which 

is known nowadays as a hallmark of cancer.  

In conclusion, the results herein presented support the exploitation of MCT1 as a therapeutic target 

in GBMs, aiming to contribute to the improvement of the prognosis of these patients. 
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Figure 1: Role of MCT1 in the metabolic remodelling of GBMs. A) Heterogeneous and highly vascularized GBM 

tumours are composed by normoxic cells and hypoxic cells, as well as endothelial cells in their microenvironment. 

MCT1 upregulation is observed in GBM tumours compared to normal adjacent brain tissue. Hypoxia upregulates 

MCT1 expression, as well as bevacizumab treatment and EGFR overactivation in GBMs. MCT1 plasma membrane 

expression mediates the efflux of lactate, in both normoxic and hypoxic cells, to the tumour microenvironment, 

where lactate acts as energetic substrate and signalling molecule in endothelial cells. MCT1 expression confers an 

increased cell proliferation, cell invasion and angiogenic capacity to GBM tumours, being associated with poor 

prognosis. B) Inhibition of MCT1 expression or activity prevents lactate efflux from both normoxic and hypoxic cells 

and consequently its uptake by endothelial cells, leading to decrease in cell growth, cell invasion and angiogenesis. 

Additionally, MCT1 inhibition increased temozolomide (TMZ) response and survival in GBMs.  
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