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RESUMO 

 

Atualmente, o cancro da mama é a neoplasia maligna mais comum entre as mulheres a 

nível mundial, e cerca de 20-28% das mulheres que sofrem de cancro da mama têm também 

diagnóstico de diabetes mellitus tipo 2 (DM2). As alterações metabólicas associadas à DM2 têm 

sido associadas a uma maior incidência, uma progressão acelerada e aumento da agressividade 

do cancro de mama. No entanto, a relação entre a DM2 e o cancro de mama permanece em 

grande parte desconhecida. Nesse contexto, hipotetizamos que as características associadas à 

DM2 possam interferir com os transportadores de glicose e/ou glutamina e criar um ambiente 

metabólico favorável à iniciação, promoção e progressão do cancro de mama. Isto é de 

particular interesse no cancro de mama, dado que a dependência de glicose e/ou glutamina é 

particularmente aumentada em alguns subtipos deste tipo de cancro. 

Portanto, o principal objetivo do trabalho incluído nesta tese foi investigar o efeito de 

características associadas à DM2 (hiperglicemia, hiperinsulinemia, hiperleptinemia, inflamação 

crónica de baixo grau e níveis aumentados de stresse oxidativo) na captação celular de glicose e 

glutamina, e se mudanças neste traço contribuem para o efeito negativo da DM2 na iniciação, 

promoção, progressão e resposta à terapia no cancro da mama. 

Os resultados obtidos demonstraram que algumas características associadas à DM2 

induziram um aumento na captação celular de glicose que foi sensível ao BAY-876 e mediada 

pelo transportador de glicose 1 (GLUT1), e um aumento na captação celular de glutamina, que 

foi maioritariamente dependente de Na+, sensível ao GPNA e mediada pelo transportador  de 

alanina, serina, cisteína 2 (ASCT2) em ambas as linhas celulares de cancro da mama (recetor de 

estrogénio positivo; ER+ e triplo-negativo; TN) e ainda em células epiteliais não tumorais da 

mama. De todas as características associadas à DM2, o interferão-gama (IFN-γ) e a insulina 

apresentaram o efeito mais interessante. Notavelmente, o IFN-γ aumentou a captação de 3H-GLN 

(em células transformadas com 7,12-dimethyl-benzanthracene (DMBA) e em células ER+ e TN) e 

a captação de 3H-DG (em células ER+ e TN); curiosamente esse efeito ocorreu apenas nas células 

cancerígenas. A insulina estimulou a captação de 3H-GLN (somente em células epiteliais não 

tumorais da mama) e a captação de 3H-DG (em células ER+, TN, células transformadas com 

DMBA e células epiteliais não tumorais da mama). De realçar que o efeito pró-proliferativo do 

IFN-γ em células ER+ e TN está associado a um aumento da captação de 3H-GLN sensível ao 

GPNA, bloqueado após silenciamento do transportador ASCT2 e mediado pela ativação das vias 
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de sinalização PI3K, STAT3 e STAT1. Por outro lado, o efeito pró-proliferativo da insulina foi 

dependente de um aumento na captação de 3H-DG mediada pelo transportador GLUT1 em 

células ER+, TN, células transformadas com DMBA e células epiteliais não tumorais da mama e 

mediada pelas vias de sinalização PI3K e mTOR, em células transformadas com DMBA e células 

não tumorais. 

Globalmente, os nossos resultados fornecem evidências de que as características 

associadas à DM2, em particular a hiperinsulinemia e um estado inflamatório (IFN-γ), podem 

induzir alterações na captação de glicose mediada por GLUT1 e na captação de glutamina 

mediada por ASCT2, o que pode despoletar a iniciação, e/ou estimular a promoção e 

progressão do cancro de mama. Portanto, o transportador de glicose (GLUT1) e o transportador 

de glutamina (ASCT2) podem constituir um mecanismo pelo qual a DM2 participa na iniciação, 

promoção e progressão do cancro de mama, e um alvo para o tratamento do cancro de mama 

em pacientes com DM2. 
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ABSTRACT 

 

Currently, breast cancer is the most common malignancy among women worldwide, and 

about 20-28% of women with breast cancer are also diagnosed with type 2 diabetes mellitus 

(T2DM). The metabolic alterations associated with T2DM have been linked to a higher incidence, 

accelerated progression and increase aggressiveness of breast cancer. However, the relationship 

between T2DM and breast cancer remains largely unknown. In this context, we hypothesized that 

T2DM-associated characteristics can interfere with glucose and/or glutamine cellular uptake, 

creating a favourable metabolic environment for the initiation, promotion, and progression of 

breast cancer. This is of special interest in breast cancer, as glucose and/or glutamine 

dependence is particularly evident in some breast cancer subtypes. 

So, the main aim of the work included in this thesis was to investigate the effect of 

T2DM-associated characteristics (hyperglycemia, hyperinsulinemia, hyperleptinemia, and 

increased levels of inflammation and oxidative stress) upon glucose and glutamine cellular 

uptake, and if changes in this trait can contribute to the negative effect of T2DM in breast cancer 

initiation, promotion, progression, and response to therapy. 

The results obtained demonstrated that some T2DM-associated characteristics induced 

an increase in glucose cellular uptake which was BAY-876-sensitive and GLUT1-mediated, while 

the increase in glutamine cellular uptake was mainly Na+-dependent, GPNA-sensitive and ASCT2-

mediated in both oestrogen receptor positive (ER+) and triple-negative (TN) breast cancer cells 

and non-tumorigenic epithelial breast cells. Interferon gamma (IFN-γ) and insulin displayed the 

most interesting effect. Notably, IFN-γ increased 3H-GLN uptake (in ER+, TN and 7,12-

dimethylbenz[a]anthracene (DMBA)-transformed cells) and 3H-DG uptake (in ER+ and TN cells) in 

a cancer cell-specific manner. Insulin stimulated 3H-GLN uptake (exclusively in non-tumorigenic 

epithelial breast cells) and 3H-DG uptake (in ER+, TN, DMBA-transformed and non-tumorigenic 

epithelial breast cells). Of interest, the pro-proliferative effect of IFN-γ in ER+ and TN cells was 

associated with an increase in 3H-GLN uptake which was GPNA-sensitive, blocked by ASCT2 

knockdown and mediated by activation of PI3K, STAT3 and STAT1. On the other hand, the pro-

proliferative effect of insulin was dependent on an increase in GLUT1-mediated 3H-DG uptake in 

ER+, TN, DMBA-transformed cells and non-tumorigenic breast epithelial cells and mediated by 

PI3K and mTOR in DMBA-transformed and non-tumorigenic cells.  
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Overall, our data provide evidence that T2DM-associated characteristics, particularly 

hyperinsulinemia and IFN-γ, induce changes in GLUT1-mediated glucose and ASCT2-mediated 

glutamine uptake that can trigger to breast cancer initiation, promotion and progression. 

Therefore, the glucose transporter (GLUT1) and the glutamine transporter (ASCT2) may 

constitute a mechanism by which T2DM participates in breast cancer initiation, promotion and 

progression, and a target for treatment of breast cancer in T2DM patients. 
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Introduction 

 

Almost 463 million people live with diabetes globally nowadays and this condition is 

predicted to affect more than 700 million in 2045 [1]. Type 2 diabetes mellitus (T2DM), which 

accounts for almost 90% of diabetes cases [1, 2], constitutes one of the most common chronic 

diseases worldwide [3]. Breast cancer is the most frequent malignancy among women worldwide 

[4], and, in the last years, several reports have reinforced a link between breast cancer and 

T2DM [5-7] showing a 20-28% increased risk of breast cancer in women with T2DM [2, 7]. In line 

with this, several metabolic T2DM-related factors are known to influence tumour initiation, 

promotion, progression, and/or response to therapy [8-10]. However, the relationship between 

T2DM and breast cancer remains largely unknown. 

 

1.1. Breast cancer 

 

1.1.1. Epidemiology and risk factors  

Breast cancer is the most frequently diagnosed cancer among women worldwide, and it 

is also the leading cause of cancer-related deaths in this gender. Although it can occur in both 

genders, its incidence is much higher in women and increases significantly with age [4].  

In Portugal, according to the most recent data published by the World Health 

Organization, breast cancer was the most frequent cancer among women in 2020, with an 

estimated 7 041 new cases, representing 26.4% of all cancer cases in this gender [11]. In terms 

of mortality, breast cancer still has a high impact in Portugal, being the first cause of death by 

malignant diseases in woman [12], although a decrease in mortality rate has been noticed 

worldwide [4, 13]. Declines in breast cancer mortality could be further accelerated by expanding 

access to high quality prevention, early detection, and treatment services to all women [4, 13].  

Breast cancer is a multifactorial disease and various factors contribute to its occurrence 

[14]. About 10% of all cases of breast cancer are related to genetic predisposition or family 

history, with variances by country and ethnicity [13, 15]. The most common cause of hereditary 

breast cancer is an inherited mutation in BRCA1 or BRCA2 genes, with an average cumulative 

lifetime risk of about 70% [13, 15]. Next generation sequencing has enabled panels of genes— 

beyond BRCA1 and BRCA2 — to be screened, including ATM, CHEK2, PALB2, PTEN, STK11 and 
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TP53, to determine the inherited breast cancer risk [13, 16]. However, most cases of breast 

cancer occur sporadically [16]. A high proportion of breast cancer cases can be attributed to 

reproductive and hormonal risk factors (early age at menarche, later age at menopause, 

advanced age at first birth, fewer number of children, menopausal hormone therapy, less 

breastfeeding and oral contraceptives), lifestyle risk factors (obesity and overweight, physical 

inactivity, vitamin D deficiency, low-fibre diet, alcohol intake and smoking) and other risk factors 

(diabetes, air pollution, night work and radiation) [13-16]. 

 

1.1.2. Molecular and clinical classification  

Breast cancer is a heterogeneous disorder composed by several histopathological and 

biological subtypes that have several molecular alterations, distinct clinical behaviours and 

different responses to therapy [13, 15, 17, 18]. Clinical stratification of breast cancers based on 

the expression of oestrogen receptors (ER), progesterone receptors (PR) and human epidermal 

growth factor receptor 2 (HER2, also known as ERBB2), histological grade, type and size of 

tumour, and lymph node metastasis, influence the prognosis and have important implications in 

choosing therapy [16-18].  

While histological stratification is still a common practice, the advances of gene 

expression profiling techniques allow immunohistochemistry (IHC) methods coupled with 

microarray technology to accomplish a more extensive breast cancer classification [15, 19, 20]. 

The best characterized gene expression classification system is the Prediction Analysis of 

Microarray 50 (PAM50) [21], which is a 50-gene classifier that groups breast tumours into five 

molecular or intrinsic subtypes, based on the expression pattern of certain genes (Figure 1). 

These subtypes are: (A) luminal A – this subtype accounts for about 40-70% of all breast cancers, 

is ER- and PR-positive, negative to HER2 amplification, has low proliferation rates (ki67<14%), 

tends to have good prognosis and its treatment typically involves hormonal therapy (despite some 

of these tumours are less responsive to chemotherapy, in which cases neoadjuvant or adjuvant 

chemotherapy is recommended); (B) luminal B – this subtype accounts for 10-20% of all breast 

cancers, is ER- and/or PR-positive, HER2-positive or negative, has high proliferation rates 

(ki67>14%), an intermediate prognosis, and similarly to luminal A subtype, its treatment involves 

hormonal therapy, but in some cases adjuvant chemotherapy is recommended; (C) HER2-

enriched – this subtype makes up 10-15% of breast cancers, is ER- and PR- negative, positive to 

HER2 amplification, has a high grade, high ki67 index, an intermediate prognosis and is an 
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aggressive disease but responds well to targeted therapies aimed at the HER2 protein (such as 

transtuzumab, pertuzumab, lapatinib, capecitabine and ado-transtuzumab emtansine) and 

chemotherapy; (D) triple-negative (TN) – this subtype accounts for 10-20% of all breast cancers, 

is ER-, PR- and HER2-negative, has a high grade, high ki67 index, poor prognosis, is common in 

women with BRCA1 gene mutations and non-surgical treatment has been limited to conventional 

chemotherapy and radiotherapy, until the recent approval of the PARP inhibitor (Olaparib) for 

BRAC1 and BRAC2 mutation and; (E) normal-like – this subtype is ER- and/or PR-positive, HER2-

negative, has low levels of Ki67 index and good prognosis, although it is still slightly worse than 

luminal A breast cancer [13, 15, 16, 18-20].  

 

Figure 1. Molecular classification of breast cancer subtypes. 

The molecular classification used in the clinic is based on histological grade and on immunohistochemical coupled with 

microarray technology for detection of ER, PR, HER2 and Ki67 and is used to stratify patients for therapy.  This classification 

defines five molecular or intrinsic subtypes, each with distinct clinical outcomes and different approaches to therapy: luminal A, 

luminal B, HER2-enriched, triple-negative and normal-like. Abbreviations: ER: estrogen receptor; PR: progesterone receptor; 

HER2; human epidermal growth factor receptor 2. 

 

Once breast cancer is diagnosed, clinical information of tumour according to the Union 

for International Cancer Control (UICC) is used to determine the stage of the disease, which will 

impact the treatment patients receive. The staging combines the clinical factors (referred above)
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and stratifies the disease into one of 5 stages, from Stage 0 to Stage IV [15, 19]. This staging 

takes into account biological parameters that have predictive and prognostic value, and it 

provides more accurate prognostic information than the former staging systems [19]. 

 

1.2. Metabolic reprogramming in cancer 

Cellular metabolism refers to the entire set of biochemical reactions that occur in a cell 

[22]. In order to sustain the increase in proliferation and rapid growth associated with 

tumorigenesis, cancer cells consume alternative nutrients and increase the production of 

macromolecules that contribute to cellular biomass and support generation of new cells [22]. As 

a result, cancer cells must undergo reprogramming of their metabolic pathways in order to obtain 

huge amounts of energy and materials [23]. These altered metabolic processes are recognized 

as an important hallmark of cancer, critical for successful neoplastic transformation and 

continued tumour cell growth [22, 24]. A classic example of a reprogrammed metabolic pathway 

in cancer cells is the “Warburg effect” or “aerobic glycolysis” [25]. An increase in glucose 

consumption by tumours in comparison to the non-proliferating normal tissue was first described 

more than a hundred years ago by Otto Warburg. He observed that tumour cells preferentially 

metabolize glucose to lactate via glycolysis rather than via oxidative phosphorylation (OXPHOS), 

even in the presence of oxygen, for adenosine triphosphate (ATP) production (Figure 2) [25]. This 

high-energy production pathway is essential to fulfil the energy demands and to maintain the 

increased demand for macromolecules (Figure 2) [26, 27].   

While aerobic glycolysis had been regarded as the norm in cancer cells, some studies 

show that in many cancer cells, including breast cancer cells [28], mitochondria are functional 

and these cells still obtain ATP mainly through OXPHOS, through a “reverse Warburg effect” 

[29]. According to this model, a metabolic interplay between cancer cells and fibroblasts exists: 

stromal cells perform aerobic glycolysis and feed the cancer cells with the lactate they produce, 

which is then oxidized through tricarboxylic cycle (TCA) and OXPHOS. This interaction prevents 

the creation of an acidic condition in the tumour microenvironment, supporting and worsening 

the conditions of cancer (Figure 2) [29, 30]. This concept shows that the metabolic needs of 

tumour cells do not rely on a single metabolic strategy.  

Besides glucose, tumour cells also rely on a wide variety of alternative fuels to supply 

various metabolic needs [31]. Another metabolite that has been identified as important for
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tumour growth is glutamine, which is pivotal for biomass production, most notably as a nitrogen 

donor [24]. Indeed, in many cancer cells, glutamine demand dominates supply in periods of 

rapid growth [32, 33] and the survival of some types of cancer cells depends on glutamine, a 

phenomenon known as “glutamine addiction” (Figure 2) [32, 34, 35]. The dependence of 

tumour cells in alternative fuels may constitute tumour-specific metabolic vulnerabilities, and 

thus, may create additional therapeutic windows to eradicate tumour cells. 

 

1.2.1. Glucose metabolism in cancer  

Glucose is that the primary energy source of life on earth. It also serves as an important 

precursor for biomolecule synthesis and plays an important role in cell signalling [36]. Glucose 

metabolism is considered one of the most important aspects of cancer cell metabolism because 

it supplies intermediates and precursors for several other key metabolic pathways, including the 

generation of amino acids, nucleotides, and lipids [35, 37], as well as for generation of lactate to 

maintain the nicotinamide adenine dinucleotide (NAD+)/reduced nicotinamide adenine 

dinucleotide (NADH) redox balance [23, 37]. This process, termed glycolysis [38-41], comprises 

several reversible enzymatic reactions and three irreversible reactions [38], where one molecule 

of glucose is converted into two molecules of pyruvate, being the energy released conserved in 

the form of two ATP and two reducing equivalent NADH [40, 42]. In well-oxygenated tissues, 

pyruvate enters the mitochondria and is completely oxidized to CO2, a process that generates 

approximately 36 moles of ATP per mole of glucose. Under oxygen deprivation, pyruvate is 

converted to lactate, generating only two ATP molecules [43].  

The first step of glycolysis is catalysed by hexokinases (HK) that phosphorylates glucose 

to produce glucose-6-phosphate (G6P) [38, 40]. This reaction is maybe the foremost important 

step in glucose metabolism, because it traps glucose [38, 40], which could preferably be 

exported by the glucose transporters, inside cell, as G6P. G6P is at the convergence point of not 

only glycolysis but also the pentose phosphate pathway (PPP), the hexosamine synthesis 

pathway (HSP) and glycogen synthesis [38, 41]. The PPP is composed of two branches: oxidative 

and non-oxidative [38, 41]. The oxidative branch generates two NADPH molecules, which is 

required to maintain intracellular redox homeostasis and fatty acid synthesis [38, 44]. The non-

oxidative branch generates ribose-5-phosphate, which is used to produce new nucleotides for 

DNA and RNA synthesis [44]. Dihydroxyacetone phosphate, an intermediate metabolite of 

glycolysis, can be reduced to form glycerol-3-phosphate by the enzyme glycerol-3-phosphate
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 dehydrogenase (GPD), which can be used to provide glycerol for biosynthesis of membrane 

components, phospholipids, and triglycerols [40, 44]. In glycolysis, dihydroxyacetone phosphate 

is converted to 1,3-biphosphoglycerate, which is converted into 3-phosphoglycerate by 

phosphoglycerate kinase (PGK) in a reaction that generates ATP. 3-phosphoglycerate is used to 

generate phosphoenolpyruvate (PEP) in the subsequent reaction of glycolysis and participates in 

the serine biosynthesis pathway that branches from glycolysis to supply methyl groups to the 

one-carbon pathway, contributing to nucleotide and protein synthesis, methylation reactions, and 

NADPH production [23, 38]. In the last committed step of glycolysis, pyruvate kinase (PK) 

catalyses the conversion of PEP to pyruvate, generating ATP in this process [38, 45]. The final 

product of glycolysis, pyruvate, can be converted in aerobic settings into acetyl coenzyme A 

(acetyl-CoA) and thence enter the TCA cycle, whereas in anaerobic conditions, it can be 

converted into lactate by lactate dehydrogenase (LDH), a process named lactic fermentation 

(Figure 2) [37, 38]. 

In normal cells, glycolysis is coupled to OXPHOS to optimally synthesize intracellular ATP 

from glucose. However, cancer cells undergo a metabolic transformation, in which glycolysis is 

uncoupled from respiration and rewired to lactic fermentation. So, normal cells obtain ATP both 

from glycolysis and OXPHOS, while cancer cells mainly obtain ATP from glycolysis, even when 

there is sufficient oxygen [25, 43] This metabolic change is one of the first recognized 

biochemical hallmarks of cancer cells  [22, 24], called the “Warburg effect” or “aerobic 

glycolysis” [25]. 

Although glycolysis yields a lower amount of ATP compared to mitochondrial OXPHOS, 

several benefits inherent to aerobic glycolysis may explain the preference of cancer cells for 

glycolysis instead of mitochondrial oxidation. One of those benefits is the fact that ATP production 

from glucose occurs up to 100 times faster with glycolysis than with OXPHOS [37, 45]. 

Moreover, the enhanced glycolytic rate in tumour cells, which is predominantly due to the 

overexpression or enhanced activity of key glycolytic enzymes, contributes to tumour progression 

[39], as it benefits fast proliferating of cells through the production of glycolytic intermediates 

needed for several metabolic pathways, including the generation of amino acids, nucleotides and 

lipids [45]. Another benefit relates to the high lactate levels that are released into the tumour 

environment, because lactate induces acidification of the tumour environment, favouring the 

development of a more aggressive and invasive phenotype [42]. 
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Figure 2. Overview of reprogramming glucose and glutamine metabolism in cancer cells. 

Mitochondrial oxidation of glucose and glutamine through the TCA cycle and the OXPHOS is a highly efficient means of producing 

energy for differentiated cells. However, in case of malignant transformation, cells take up large amounts of glucose and 

glutamine, central biomolecules that provide cells with most of the energy and metabolites required for rapid growth and 

proliferation. Cancer cells upregulate an alternative pathway for glucose metabolism, called aerobic glycolysis. Although less 

efficient in generating ATP, aerobic glycolysis allows for more rapid metabolism of glucose and efficient regeneration of NAD
+

, 

fundamental by ensuring a glycolytic flux, while preserving mitochondrial enzymatic activity for anabolic processes. Alternatively, 

glycolytic intermediates are diverted to provide substrates through glycogen synthesis, nucleotide synthesis, protein glycosylation, 

fatty acid synthesis and protein synthesis, cellular processes that are critical for highly proliferative cells. Pathways for the 
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metabolism of glutamine are also upregulated within the setting of increased proliferation. Glutamine is the primary source of 

nitrogen used for protein or nucleotide synthesis and supply the TCA cycle with carbon skeletons that maintain intermediates for 

synthesis of protein, nucleotide and fatty acids. In addition, glutamine also activates the mTORC1 pathway and can be used in the 

production of glutathione, to maintain tightly controlled redox balance. Blue arrows represent glucose metabolism and green 

arrows represent glutamine metabolism; dash arrows represent glucose and glutamine metabolism in differentiated cells. 

Abbreviations: GLUT1, facilitative glucose transporters 1; PPP, pentose phosphate pathway; NADPH, nicotinamide adenine 

dinucleotide phosphate; NAD, nicotinamide adenine dinucleotide; ATP, adenosine triphosphate; TCA cycle, tricarboxylic acid 

cycle; OXPHOS, oxidative phosphorylation; HK2,  hexokinase 2; G6DP, glucose-6-phosphate dehydrogenase; PFK, 

phosphofructokinase; PK, pyruvate kinase; PEP, phosphoenolpyruvate; LDH, lactate dehydrogenase; MCT, monocarboxylate 

transporter; ASCT2, alanine, serine, cysteine transporter 2; acetyl-CoA, acetyl coenzyme A; α-KG, α-ketoglutarate; OAA, 

oxaloacetate; NEAA, non-essential amino acid; NH
4

+

, ammonium; mTORC1, mammalian target to rapamycin complex 1. 

 

Cancer cells show a remarkable plasticity in metabolic adaptation. There is no doubt that aerobic 

glycolysis appears to represent a selective advantage for tumour cells, as they become more 

resistant to apoptosis and acquire increased growth and invasive properties. Regardless of the 

mechanisms, glycolysis upregulation represents a clear advantage for cancers cells and at the 

same time a target for new anticancer therapies [42]. 

 

1.2.2. Glutamine metabolism in cancer  

Although it is widely accepted that glucose is the dominant energy fuel for most cancers 

[46], another energy fuel of many cancer cells is glutamine [47], which is the amino acid most 

utilized by transformed cells [35]. 

Glutamine is a non-essential amino acid for normal cells, as it can be synthesized 

endogenously from the TCA cycle intermediate α-ketoglutarate (α-KG) by a process that involves 

glutamate dehydrogenase (GDH), which converts α-KG into glutamate, and glutamine synthetase 

(GLUL), which converts glutamate into glutamine using ammonia [48]. However, highly 

proliferative cancer cells, which use glutamine as an essential energy substrate, as well as for 

generation of nucleotides, lipids, and proteins [35, 49-51], consume glutamine at a rate 

exceeding that of glutamine biosynthesis [50]. 

The high demand of proliferating tumour cells for glutamine was first described in the 

1950 by the physiologist Harry Eagle, who demonstrated that the optimal growth of cultured 

HeLa cells requires a 10- to 100-fold molar excess of glutamine in culture medium relative to 

other amino acids [52]. In later years, this was also observed in Ehrlich ascites carcinomas, 

hepatomas and carcinosarcomas [53, 54]. Indeed, several studies have shown that depletion of 
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glutamine from the tumour microenvironment is higher than in normal tissues [53, 55]. 

Accordingly, cancer cells deprived of glutamine die quickly [56], and increased glutamine 

metabolism in cancer was recently referred to as “glutamine addiction” [32, 34, 35].  

Glutaminolysis is the process by which cells convert glutamine into TCA cycle 

metabolites through the activity of numerous enzymes [57]. During glutaminolysis, glutamine is 

converted into glutamate via glutaminase (GLS1 and GLS2), releasing ammonium ions [50, 57]. 

GLS1 is overexpressed in many cancers and is associated with a higher disease stage and poor 

prognosis [58]. Glutamate is subsequently converted into α-KG via two different pathways, one 

involving the activity of glutamate dehydrogenase (GLUD1 and GLUD2), which releases 

ammonium, and the other involving the activity of a group of transaminases, including 

glutamate–oxaloacetate transaminase (GOT), glutamate–pyruvate transaminase (GPT), and 

phosphoserine transaminase (PSAT), which transfer the amino nitrogen from glutamate to 

produce another amino acid (aspartate, alanine, serine, among others) and α-KG, without 

producing ammonia [50, 57, 59]. In the cytoplasm, α-KG participates in fatty acid biosynthesis 

and NAPDH generation while in mitochondria α-KG participates in the TCA cycle, supporting the 

OXPHOS pathway [50]. Alternatively, α-KG can escape the TCA cycle as malate being converted 

into pyruvate by malic enzyme in a process that leads to NADPH production, thus participating in 

the maintenance of redox homeostasis [51, 59, 60]. Pyruvate can, in turn, be transformed into 

lactate, restoring NAD+ needed for anaerobic glycolysis and ATP production [51, 60] On the other 

hand, α-KG can converted to citrate by reductive carboxylation through the reverse TCA cycle, to 

support lipogenesis (Figure 2) [50, 61]. This is especially important in tumours to sustain their 

increased requirement for cell membranes and cell signalling [61]. Most of the carbon required 

for de novo fatty acid synthesis in normoxia conditions comes from glucose, which is converted to 

acetyl-CoA that condenses with oxaloacetate to produce citrate [57, 59]. However, under certain 

conditions, like hypoxia or when mitochondrial respiration is impaired, or during the formation of 

anchorage-independent tumour spheroids, cancer cells shift from glucose and glutamine 

oxidation to reductive carboxylation in order to maintain citrate levels [57, 61]. Thus, anaplerosis 

for energy production and fatty acid synthesis in cancer cells is extremely addicted to glutamine 

metabolism, especially under conditions of metabolic stress or oncogenic activation [59].  

Glutamine has a versatile role in cell metabolism. First, glutamine participates as a 

source of nitrogen, which is required for the synthesis of nucleotides and non-essential amino 

acids [47, 49, 62], which are required for rapidly proliferating cancer cells [59]. A further role for 
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glutamine is that it provides a carbon source for TCA cycle and fatty acid synthesis via α-KG 

production [47, 49, 63, 64], and cancer cells require large amounts of lipids during cell division 

[59]. Alternatively, glutamine is involved in glutathione synthesis, which reinforces the antioxidant 

response and helps to maintain the redox balance, apoptosis and autophagy [47, 49, 65, 66].  

Last, glutamine activates the mammalian target to rapamycin (mTOR) pathway by enhancing the 

influx of amino acids, including leucine, which maintains activation of the mammalian target to 

rapamycin complex 1 (mTORC1). This, in turn, regulates protein translation and prevents 

apoptosis in cancer cells (Figure 2) [47, 49, 67, 68]. 

Thus, glutamine metabolism is a central player in the regulation of uncontrolled tumour 

growth by modulating bioenergetic and redox homeostasis and by serving as a precursor for 

biomass synthesis [59]. 

 

1.2.3. Glucose transporters in cancer  

Glucose, due to its hydrophilic nature, requires specific carrier proteins to cross the 

plasma membrane [69]. In mammals, two families of glucose transporters have been described: 

the secondary active Na+-dependent glucose co-transporters (SGLT, gene family name solute 

carrier SLC5A) and the facilitative glucose transporters (GLUT, gene family name SLC2A) [27, 

70, 71]. 

The SGLT family transfer glucose against its concentration gradient coupled with Na+ 

transport down its concentration gradient, which is maintained by the Na+/K+ pump [27]. This 

family includes 12 different members in humans [72], among which SGLT1 and SGLT2 have 

been extensively characterized in the past several years [36]. SGLT1 is primarily expressed in 

intestine, while SGLT2 is highly expressed within the kidney cortex and plays a crucial role in 

renal reabsorption of glucose. The major substrates of SGLT1 are both glucose and galactose 

(1:1 ratio), whereas SGLT2 prefers glucose to galactose (2:1 ratio) [36]. Despite overexpression 

of the SGLT1 and SGLT2 transporters has been documented in several types of cancer, it has not 

been described in breast cancer [27, 71]. 

Human GLUTs are a major facilitator superfamily of solute carriers. This family is 

comprised of 14 transporter proteins categorized into three classes according to their sequence 

similarity, substrate specificity, physiological expression and function: Class I (GLUTs 1–4, 14), 

Class II (GLUTs 5, 7, 9, and 11), and Class III (GLUTs 6, 8, 10, 12, and 13/H+ -myso-inositol 

transporter (HMIT)) [36, 69, 70]. These proteins transport not only glucose but also fructose, 
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galactose, mannose, glucosamine, myoinositol, other hexoses and also some related compounds 

with variable affinities [69]. Among GLUTs, GLUT1, GLUT3, and GLUT4 have a higher affinity for 

glucose, allowing transport of glucose at a high rate under normal physiological conditions [27].  

In order to achieve a glycolytic rate that is approximately 30-fold higher than normal, 

cancer cells take up glucose at an elevated rate [69]. This increased rate of cellular uptake of 

glucose is accomplished by overexpression of glucose transporters, which is observed in the 

generality of cancer cells [27], being often correlated with more aggressive and advanced-staged 

tumours [69]. 

 

1.2.3.1. Regulation of GLUT1 in breast cancer 

The high rate of glucose uptake observed by cancer cells, is often associated with 

deregulated an increased expression of glucose carriers, particularly GLUT1 [27, 70].  

GLUT1 is responsible for basal glucose uptake, and it is widely distributed in normal 

tissues [69, 73]. Other than that, GLUT1 is the predominant transporter overexpressed in many 

tumours, including hepatic, pancreatic, esophageal, brain, renal, lung, cutaneous, colorectal, 

endometrial, ovarian, cervical, head, neck and breast [73, 74] suggesting an important role of 

this transporter in the increased glucose uptake observed in cancer cells. Importantly, several 

studies have shown a close relationship between GLUT1 expression, tumour development, and 

poor prognosis in patients with breast cancer [75, 76]. In breast cancer, the extent of tumours 

positive for GLUT1 by immunohistochemistry varies from 42% to 91% [75, 77, 78]. Godoy et al. 

reported positive staining of GLUT1 in 91% of the invasive ductal carcinomas [78], while Younes 

et al. demonstrated an increased expression of GLUT1 only in 42% of breast tumours [75]. In 

untreated primary human breast cancers, 61% were GLUT1 positive [77]. Already, Brown and 

Wah showed that all the primary breast cancers and the lymph node metastases were GLUT1-

positive, and that this transporter was expressed both on the cell membrane and in the 

cytoplasm of the tumour cells [79]. The localization of GLUT1 at the plasma membrane seems to 

be critical for breast cancer cell function [80]. Although it is not clear when does GLUT1 

overexpression occurs during tumorigenesis, it appears that GLUT1 is particularly important for 

the initiation of breast tumorigenesis, affecting tumour formation and cell transformation, a 

fundamental part of the neoplastic process [80]. So, this gene has been proposed as oncogene 

[27]. 
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GLUT1 is regulated through several molecular mechanisms. To date, in breast cancer 

cells, induction of GLUT1 expression by hypoxia-inducible factor 1-alpha (HIF-1α), by the c-MYC 

oncogene, as well as by the mutated gene tumour protein 53 (p53) [27, 34, 69, 81] and by the 

mutated Ras gene [69] has been exhaustively reported. Additionally, some hormones [82] and 

growth factors [83] seems also to interfere with GLUT1 expression in breast cancer cells. 

However, it is believed that additional molecular mechanisms can regulate GLUT1. 

GLUT1 has been proposed as a potential marker of hypoxia [69]. The transcription factor 

HIF-1α, which is activated by hypoxia, is an important regulator of GLUT1 [81]. Increased gene 

expression of HIF-1α is known to be present in 56–76% of breast cancers [84], being its 

overexpression related to HER2 positivity [85] and TN breast cancer [86]. A complex of HIF-1α 

and aryl-hydrocarbon receptor nuclear translocator (ARNT) has been shown to bind to the GLUT1 

promoter and upregulate its expression [84]. 

The transcription factor c-MYC is upregulated in many human cancers, linking altered 

cellular metabolism to tumorigenesis. In breast cancer, the expression of GLUT1 is also induced 

by c-MYC oncogene [81]. 

Concerning the tumour suppressor gene p53, it mutated in about 20%–30% of breast 

cancers and more often in ER- breast cancer [81]. Apparently, in breast cancer cells, p53 

regulatory functions depend on oxygen availability. Under normoxia conditions, the 

overexpression of the p53 correlates with a significant decrement in GLUT1; contrariwise, when 

oxygen availability decreases, p53 overexpression induces increased GLUT1 [87]. 

Although mutated forms of Ras are not associated with most breast cancers (5%), there 

is considerable evidence that Ras can promote breast cancer growth and development [88]. This 

appears to be associated with mutations in KRAS or BRAF, which binds Ras, upregulating the 

GLUT1 gene [69]. 

Additionally, some hormones, such as oestrogens, may provide another mechanism of 

GLUT1 upregulation. Indeed, MCF-7 cell line show increased proliferation when treated with 17β-

oestradiol (E2) [82, 89], and treatment with E2 has been shown to stimulate glucose metabolism, 

by increasing the rate of glucose utilization via glycolysis and the TCA cycle [90].  

Lastly, epidermal growth factor (EGF) is another regulator of GLUT1 in breast cancer. 

EGF actions are mediated by the EGF receptor (EGFR). Treatment of breast cancer cell lines with 

EGF promotes EGFR activation leading to a shift in glycolytic flux (increased lactate production) 

and this metabolic response seems to involve GLUT1 overexpression [83].   
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Increased GLUT1 expression may contribute to the increased uptake of 18Fluoro-2-deoxy-

D-glucose (18F-FDG) by breast tumours observed by Positron Emission Tomography (PET) 

imaging. Among patients with tumours detectable by PET, it is evident that higher glucose uptake 

on scan represents more metabolically active and therefore more aggressive tumours [27, 73]. 

 

1.2.4. Glutamine transporters in cancer  

Glutamine is one of the twenty different amino acids involved in protein synthesis in 

mammalian cells, but the biological functions of this particular amino acid go far beyond its role 

in protein synthesis, as shown in section 1.2.2. [48]. As glutamine is hydrophilic and water-

soluble, it cannot diffuse into cells across the plasma membrane, and so its transmembrane 

transfer requires transporters [48, 91].  

Amino acid transporters are involved in nutrient supply, cell signalling pathways, and cell 

homeostasis [49]. In normal cells, most amino acid transporters show a specific expression 

depending on tissue and stage of development [49, 51]. Cancer cells, on the other hand, tend to 

overexpress these transporters according to the specific tumour type [49, 92].  

Based on their substrate specificity, regulatory properties and transport mechanism, 

amino acid transporters can be classified into distinct systems: system A, ASC, N and L [93, 94] 

and more recently, system xc-, system Bo,+ and system y+L   [49, 94]. 

On the other hand, based on their dependence on Na+, amino acid transporters are 

divided into two categories: Na+-dependent and Na+-independent. Some of these transporters 

accept only neutral amino acids whereas others accept neutral as well as cationic amino acids, 

and yet others accept neutral, cationic, and anionic amino acids [47, 48, 93]. 

System ASC transports alanine, serine and cysteine along with other small neutral amino 

acids (valine, threonine and alanine) [95]. This system includes two Na+-dependent antiporters, 

alanine, serine, cysteine transporters, ASCT1 (gene family name SLC1A4) and ASCT2 (gene 

family name SLC1A5) [92, 94]. As obligatory exchangers, they can coordinate either the influx 

and efflux of glutamine depending on the concentration gradients for the amino acid substrates 

across the plasma membrane [48, 92, 96]. Importantly, ASCT2 is the only member of this family 

that transports glutamine [94]. This family, and especially ASCT2, is frequently overexpressed in 

many cancer types, including breast cancer, colon cancer, lung cancer, prostate cancer, 

melanoma, neuroblastoma and glioblastoma [48]. 
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System A preferentially transports alanine. It refers to a Na+-dependent transport process 

selective for neutral amino acids, including alanine [48, 94, 97]. This system includes neutral 

amino acid transporter 1 (SNAT1, gene family name SLC38A1) and 2 (SNAT2, gene family name 

SLC38A2) that mediate the Na+-dependent uniport of small neutral amino acids and are inhibited 

by (methylamino)isobutyric acid (MeAIB) [48]. SNAT1 appears to be upregulated and 

overexpressed in different breast cancer cell lines, particularly in ER-, compared with normal 

breast tissues [98], while SNAT2 has been found to be upregulated in TN breast cancer [99]. 

System N preferentially transports amino acids with nitrogen in the side chain. It refers to 

a Na+-dependent transport process selective for glutamine, asparagine, and histidine, all of which 

contain a nitrogen atom in the side chain [48, 94, 97]. This system includes SNAT3 (gene family 

name SLC38A3), SNAT5 (gene family name SLC38A5) and SNAT7 (gene family name SLC38A7) 

that mediate the uptake of glutamine, histidine and asparagine with a transport mode dependent 

on both Na+ and H+ [48].  

System L preferentially transports leucine and others large neutral amino acids [94]. 

System L activity is mediated by four Na+-independent transporters divided in two subgroups: the 

first includes light subunits of heterodimeric amino acid transporters, amongst which L-type 

amino acid transporter (LAT1 gene family name SLC7A5) and LAT2 (gene family name SLC7A8); 

the second subgroup includes cationic amino acid transporters: LAT3 (gene family name 

SLC43A1) and LAT4 (gene family name SLC43A2) [100]. LAT1 and LAT2 forms a heterodimer 

with the glycoprotein 4F2hc (also known as CD98), by the formation of a disulphide between two 

conserved cysteine residues [101]. Both are obligatory exchangers of almost all the amino acids, 

with a high preference towards histidine and with lower affinity to glutamine and threonine [92]. 

LAT3 and LAT4 are facilitated diffusers of neutral amino acids with a low affinity, and do not 

appear to require a binding partner. LAT3 and LAT4 deliver a straight range of neutral amino 

acids, including leucine, isoleucine, valine, phenylalanine and methionine, into cells [101]. Of the 

system L transporters, LAT1 is the one that is most overexpressed in multiple cancers [101] and 

its expression was shown to be essential for progression of various cancer [47, 102]. However, 

LAT2, LAT3 and LAT4 also show increased expression in many cancers and are critical for 

control of protein translation and cell growth through the mTORC1 pathway. Nevertheless, LAT3 

and LAT4 show a more restricted expression in some cancers, for instance in breast cancer, 

comparatively to LAT1 or LAT2 [101, 103]. 
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One of the recently described systems, xc-, is represented only by the transporter xCT 

(gene family name SCL7A11), which functions as a Na+-independent obligatory exchanger that 

imports extracellular cystine and induces the efflux of intracellular glutamate and plays a vital role 

in maintaining redox homeostasis [49]. High levels of xCT expression have been observed in 

several types of cancer [49]. In breast cancer, xCT seems to be important for the proliferation of 

TN breast cancer. Curiously, a subgroup of TN breast cancer require cysteine import via xCT, 

instead of glutamine [104]. 

As to system Bo,+, it includes the Na+- and Cl--dependent neutral and basic amino acid 

transporter B(0+) (ATB0,+) (gene family name SLC6A14), a transporter sensitive to membrane 

potential which has a broad affinity for all neutral and cationic amino acid substrates [49]. It is 

highly expressed in ER+ breast cancer [105].  

Finally, the recently described system y+L includes the y+L amino acid transporter 1 

(y+LAT1) (gene family name SLC7A7), which mediates the influx of dibasic and some neutral 

amino acids in a Na+-independent manner [49]. Its overexpression has been reported in TN 

breast cancer [106] and HER2+ breast cancer cells lines [107]. 

Finally, another SLC member is also involved in glutamine transport. This transporter, 

the neutral and basic amino acid transport protein (rBAT) (gene family name SLC3A1), is a Na+-

independent transporter of cystine and neutral and dibasic amino acids [49, 108], which has 

been reported to be associated to breast cancer tumorigenesis [108].  

 

1.2.4.1. Regulation of ASCT2 in breast cancer 

Glutamine is one of the key nutrients for rapidly proliferating tumour cells [109], and 

glutamine metabolism is closely associated to amino acid transporters [49]. ASCT2 is recognized 

as a primary transporter of glutamine [51], and is predominantly localized at the plasma 

membrane [110, 111]. ASCT2 is highly expressed in multiple cancers and is closely related to 

poor prognosis and malignant potential [51, 110, 111]. Intriguingly, ASCT2 expression is 

detected also in cancers deriving from human tissues in which normally the protein is not present 

[110]. So, this gene has been proposed as an oncogene [34].  

ASCT2 is known to be upregulated in breast cancer [109, 112], and ASCT2 expression 

seems to vary depending on the molecular subtype [49, 109].  Indeed, a high ASCT2 expression 

was observed in highly-proliferative subtypes (HER2 and TN) [109, 112] and a lower expression 

in less aggressive tumours (luminal) [109]. This is in concordance with lower levels of glutamine 
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observed in TN and HER2+ tumours compared with luminal A tumours, suggesting an increase in 

glutamine consumption in TN tumours [113, 114]. All these results support the conclusion that 

glutamine plays a role in breast cancer cell growth and proliferation, especially among the most 

aggressive types of breast cancer. So, understanding the regulation of ASCT2 in cancer cells may 

be important for to development of new targeted therapies. So far, mechanisms regulating 

ASCT2 by c-Myc, ring finger protein 5 (RNF5), retinoblastoma (Rb) and microRNA-137 (miRNA-

137) have been confirmed [49, 51, 111]. However, other mechanisms are believed to regulate 

ASCT2. 

Myc oncoproteins are particularly sensitive to glutamine deprivation [115]. c-Myc 

oncogene amplification is found in approximately 15% of breast cancers, particularly in basal-like 

type breast cancers [116]. In TN breast cancer, c-Myc is also associated with increased 

expression of and reliance on glutamine metabolism-related genes, including ASCT2 [109]. c-Myc 

binds to the promoter of ASCT2 and induces overexpression of ASCT2 and glutamine influx 

[117]. Furthermore, the stress-responsive transcription factor (ATF4) is also highly expressed in 

TN breast cancer cells. In these cells, ASCT2 is not only regulated by n-Myc but also by ATF4 

[109]. Thus, it is probable that through ATF4 regulation of Myc, ASCT2 expression is modulated 

in breast cancer cells in response to amino acid concentrations and oestrogen receptor (ER)-

stress conditions.  

Another mechanism of ASCT2 regulation, associated with ER-stress conditions, involves 

the ubiquitin ligase RNF5. More specifically, chemotherapy-induced ER stress promotes the 

activation of RNF5, which stimulates the ubiquitination and degradation of ASCT2 in breast 

cancer cells, leading to decreased glutamine uptake. Thus, RNF5 seems to interfere with ASCT2 

expression (which promotes breast tumorigenesis) [118].  

Besides being regulated by oncogenes, ASCT2 expression is also regulated by the 

tumour suppressor gene Rb. More specifically, downregulation of Rb, which is normally observed 

in cancer, leads to overexpression of ASCT2 through the E2F- transcription factor 3 (E2F-3) 

[119]. 

Similarly, miRNA-137 was also shown to negatively regulate ASCT2 expression. The 

expression of miRNA-137 is frequently lost in many tumours, including breast cancer, resulting in 

increased ASCT2 expression. So, ASCT2 was identified as a critical downstream effector of miR-

137, thus revealing a molecular link between DNA methylation, microRNA and tumour 

metabolism [120]. 
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Finally, another regulatory mechanism of action of ASCT2 was also suggested. 

Tamoxifen and raloxifene, two selective ER modulators used in breast cancer therapy, seem to 

inhibit ASCT2-mediated glutamine uptake in MDA-MB-231 cells [121]. 

18F-fluorocyclobutane-1-carboxylic acid (18F-FACBC or 18F-fluciclovine), a non-metabolized 

synthetic amino acid–based PET radiotracer transported via ASCT2, has shown promise in the 

imaging of breast and other cancers. 18F-Fluciclovine activity seems to vary with histologic and 

immunohistochemical characteristics of malignant breast tumours and demonstrates a higher 

uptake in breast cancers with poor prognostic factors [122]. 

 

1.3. Breast cancer and type 2 diabetes mellitus  

T2DM is one of the most common chronic diseases worldwide [3] and is characterized 

by insulin resistance and glucose intolerance [2]. It results from the body’s inability to use insulin 

and is responsible for 90% of patients with diabetes around the world, being generally associated 

with obesity [2, 3].  

The first clinical observations to suggest an association between diabetes and cancer 

date back to 1932 [123], but it was only recently that this evidence has received more attention. 

Indeed, in recent years, several studies have reinforced a link between several cancers and 

T2DM [5-7], including breast cancer, for which a 20-28% increased risk in women with T2DM 

was found [2, 7].  Interestingly, the link between T2DM and breast cancer appears to be most 

evident in post-menopausal women [2, 44] with an about 20–27% increased risk to develop 

breast cancer in these women [2, 6]. This suggests important interactions between key 

hormones and metabolic alterations in T2DM that predispose to the development of breast 

cancer [44]. Breast cancer in women with T2DM is often diagnosed at an advanced stage 

compared to women without T2DM [124]. Maybe for this, mortality after breast cancer diagnosis 

has been shown to be 50% higher in women with T2DM [2].  

This suggests that the metabolic alterations that occur in T2DM provide a favourable 

metabolic environment for the development of breast cancer [44]. 

 

1.3.1. The molecular link 

Several T2DM-related factors seems to influence tumour initiation (DNA damage from a 

carcinogen or reactive molecule), promotion (stimulation of initiated cells growth), and 

progression (more aggressive growth with angiogenesis and metastasis) and/or response to 
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therapy, and these have been implicated as key contributors to the complex effects of T2DM on 

cancer incidence and outcomes [8, 9]. It is thought that hyperglycemia and hyperinsulinemia act 

as triggers to cancerous phenotypes in T2DM. Additionally, altered adipokine levels (higher leptin 

and lower adiponectin levels) also seems to be implicated in cancer pathophysiology in T2DM 

patients. Moreover, the metabolic dysregulation observed in T2DM is responsible for a chronic 

low-grade proinflammatory condition (higher levels of interleukin-6 (IL-6), interleukin-1 beta (IL-

1β), tumour necrosis factor alpha (TNF-α) and interferon gamma (IFN-γ)), leading to increased 

oxidative stress levels [2, 9, 44, 125, 126]. These metabolic changes subsequently lead to 

dysregulation of cell signalling pathways involved in cell proliferation, migration, angiogenesis, 

inflammation, invasion, and apoptosis (Figure 3) [2]. So, these T2DM-related factors could trigger 

and/or facilitate breast cancer initiation promotion and/or progression. Nonetheless, the 

mechanisms underlying the link between T2DM, and breast cancer have yet to be fully 

characterized. 

 

1.3.1.1. Hyperglycemia 

Hyperglycemia, resulting from an increase in systemic insulin resistance [2, 127], is the 

hallmark of T2DM and can have a profound effect on cancer cell biology (especially cancer 

initiation, proliferation, migration and invasiveness) [2, 44, 126, 127].  

The long-term, poor glycaemic control observed in T2DM leads to a dysregulated 

metabolism responsible for increased circulating levels of insulin and production of a wide range 

of proinflammatory cytokines, such as IL-6 and TNF-α, but also, to increased production of 

reactive oxygen species (ROS) and platelet activation [2, 127, 128]. All these glucose-associated 

conditions can promote tumour progression [127]. 

Hyperglycemia also contributes to the formation of advanced glycation end products 

(AGEs) [2, 126, 127], which interact with its receptor for advanced glycation end products 

(RAGE), leading to ROS generation, activation of factor nuclear kappa B (NF-𝜅B) and, finally, to 

cell damage [2, 127]. Upregulation of RAGE by AGEs promotes cell proliferation, migration and 

invasion, in TN breast cancer (Figure 3) [129]. Conversely, blockade of RAGE-mediated signalling 

inhibits breast tumour growth and metastasis [130]. 
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Figure 3. Impact of T2DM-related factors in breast cancer initiation, promotion, progression and/or response to therapy 

T2DM causes insulin resistance (hyperglycemia and hyperinsulinemia), altered adipokine levels (hyperleptinemia), increased 

oxidative stress levels and a low-grade chronic inflammatory condition (higher levels of TNF-α and IFN-γ). These metabolic 

changes lead to dysregulation of cell signalling pathways involved in cell proliferation, migration, angiogenesis, invasion, 

metastasis, apoptosis and necrosis. Hyperglycemia increases the formation of AGEs, which, interacts with RANGE, leading to ROS 

production and cell damage. Furthermore, inflammation also stimulates ROS formation. Excessive oxidative stress causes 

epigenetic modifications, oncogene and tumour suppressor dysregulation and activation of transcription factors (NF-𝜅B, STAT3 

and HIF-1𝛼). Hyperinsulinemia leads to activation of signalling pathways such as MAPK and PI3K pathways involved in 

carcinogenesis. Additionally, hyperinsulinemia leads to a decrease in SHBG levels, leading to an increase in free oestrogen 

concentrations and subsequent activation of ER leading to the enhancement of breast carcinogenesis. Similarly, hyperleptinemia 

stimulates activation of signalling pathways such as MAPK, PI3K and JAK/STAT stimulating breast cancer initiation, promotion 

and progression. So, all these T2DM-related factors can trigger and facilitate breast cancer transformation. Abbreviations: GLUT1, 

facilitative glucose transporters 1; AGE, advanced glycation end products; RAGE, receptor for advanced glycation end products; 

SHBG, sex hormone binding globulin; ER, oestrogen receptor; IR, insulin receptor; Ob-R, leptin receptor; IFN- γ; interferon 

gamma; TNF-α, tumour necrosis factor alpha; INFR, interferon receptor; TNFR, tumour necrosis factor receptor; ROS, reactive 
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oxygen species; SHC, adaptor protein; IRS-1, Insulin receptor substrate 1; RAF, proto-oncogene serine/threonine-protein kinase; 

MEK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; PI3K, 

phosphatidylinositol 3-kinase; AKT, protein kinase B; mTOR, mammalian target to rapamycin; JAK, janus kinas; STAT, signal 

transducer and activator of transcription; IKK, IκB kinase; NF-kB, factor nuclear kappa B; HIF1α, Hypoxia-inducible factor 1-alpha. 

 

1.3.1.2. Hyperinsulinemia 

Insulin is a polypeptide hormone produced by the pancreatic β-cells in response to an 

increase in blood glucose concentrations. The first step in activation of the insulin pathway, the 

binding of insulin to the tyrosine kinase insulin receptor (IR), stimulates glucose uptake in skeletal 

and cardiac muscle and adipose tissue [2, 131, 132]. IRs are present at the surface of most 

cells, although the levels are particularly high on targets for insulin action [133]. Breast tissue is 

no exception, as it is firmly established that IR is expressed in healthy breast tissue, as well as in 

breast cancer cells [2, 132, 133]. Furthermore, overexpression  of IR is stimulated by insulin and 

leads to malignancy in breast epithelial cell lines [2, 132, 134] and high IR content correlates 

positively with tumour size and grade [132]. 

Several mechanisms contribute to the association between hyperinsulinemia caused by 

T2DM and breast cancer: activation of the insulin pathway, activation of the insulin-like growth 

factor (IGF)-1 pathway and altered regulation of endogenous sex hormones [132].  

In the first mechanism, insulin binds to the IR, and once activated, the IR phosphorylates 

several intracellular proteins, including members of the insulin receptor substrate family (IRS) 

and adaptor protein (SHC) [2, 132, 133]. Binding of IRS to the IR leads to activation of the 

phosphatidylinositol 3-kinase (PI3K), which turns on the protein kinase B (PKB also known as 

Akt) pathway, and binding of SHC adaptor protein 1 to IR activates the mitogen-activated protein 

kinase (MAPK) pathway, through the activation of Ras/Raf/MEK/ERK cascade [2, 132, 133]. In 

general, the metabolic effects of insulin are mediated by the PI3K pathway, whereas the 

mitogenic effects of insulin involve the activation of Ras and the MAPK pathway [2, 133]. Both 

these pathways have important roles in tumorigenesis, such as increased cell survival, 

proliferation, motility, adhesion, angiogenesis and invasion (Figure 3) [2, 132]. 

Insulin is also capable of activating the IGF-1-signaling. IGF-1 and insulin, their receptors 

(IGF-R and IR, respectively) and their intracellular signalling pathways share similarities, 

particularly in hyperinsulinemic conditions [2, 127, 128, 132]. Of importance, in breast cancer, 

IGF-1 and IGF-R are considered stronger mitogenic, when compared to insulin/IR signalling [2, 

127], because IGF-1 and IGF-R activation results in a stronger positive effect on breast cancer 
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cell proliferation and survival [127]. Moreover, the signalling pathways modulated by IGF-R are 

implicated in protection of breast cancer cells from apoptosis and development of drug 

resistance [2]. In addition, high circulating levels of IGF-1 and IGF-BP3 are associated with 

increased risk of premenopausal breast cancer [132]. So, the IGF system is also considered to 

be a key regulatory pathway in breast cancer [2, 132]. 

Lastly, in T2DM, high levels of insulin originate higher plasma levels of oestrogens and 

reduced plasma levels of sex hormone binding globulin (SHBG), that are strongly associated with 

breast cancer risk in postmenopausal women [2, 127, 132]. Thus, deregulation of sex hormones 

may be involved in the proliferation and survival of breast cells, inhibition of apoptosis and, 

possibly, in the enhancement of hormonal carcinogenesis (Figure 3) [2, 127]. Thus, deregulation 

of sex hormones can be an important link between T2DM and breast cancer [132]. 

 

1.3.1.3. Hyperleptinemia 

Adipose tissue is an important organ for the production of adipokines, inflammatory 

cytokines and enzymes that are dysregulated in T2DM and potentially contribute to tumour 

growth and metastases [126]. The predominant cell population in the breast are the adipocytes 

[2]. Leptin is the one of several adipokines secreted by adipocytes [2, 126, 135, 136], and play a 

significant role in breast cancer risk and tumour progression [2]. 

The main function of leptin is the maintenance of energy homeostasis, participating in 

the anorexigenic pathway. In addition to this main function, it is known that leptin has effects on 

angiogenesis and on the proliferation of many cell types, including cells of breast tissue [136]. 

Enhanced expression of leptin and its transmembrane receptors (Ob-R) have been observed in 

malignant tissues of the breast and are associated with metastasis [137] and poor prognosis 

[126]. Additionally, an increase in the levels of leptin promotes breast tumour survival and growth 

[2]. Mechanistically, leptin activates important signalling pathways such as janus kinase 

(JAK)/signal transducer and activator of transcription (STAT), PI3K/Akt, and mitogen-activated 

protein kinase (MEK)/extracellular signal-regulated kinase 1/2 (ERK1/2) involved in cell 

proliferation, migration, angiogenesis, invasion and metastasis of breast cancer cells (Figure 3) 

[2, 126, 135]. These findings suggest that leptin might increase cancer risk. 

 

1.3.1.4. Inflammation 
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It is currently well-accepted that T2DM promotes a state of chronic low-grade 

inflammation that leads the secretion of inflammatory cytokines (IL-6, IL-1β, TNF-α and IFN-γ), 

creating a microenvironment favourable to breast tumour development [9, 127, 138-140]. These 

cytokines have effects on cancer-related mechanisms such as cell survival, proliferation, 

angiogenesis and metastatic dissemination [141]. Indeed, the pathways of inflammation seem to 

promote activation of NF-𝜅B, STAT3 and HIF-1𝛼 [2, 9, 139, 142]. These transcription factors 

coordinate the production of inflammatory mediators such as proinflammatory cytokines, which 

are directly involved in all stages of carcinogenesis (initiation, promotion, and progression) (Figure 

3) [142]. NF-𝜅B signalling plays an important role in the development and progression of breast 

cancer [139]. HIF-1𝛼 promotes the recruitment of immune cells and positively regulate the 

function of pro-tumorigenic inflammatory response cells, forming yet another molecular bridge 

between T2DM and breast cancer [9]. In addition, in postmenopausal women, greater levels of 

breast adipose tissue inflammation exist, which may contribute to the higher incidence of breast 

cancer in postmenopausal women [143]. Therefore, a chronic inflammatory state in T2DM 

patients may be one of the mechanisms associated with cancer initiation, promotion and 

progression [138, 139]. 

 

1.3.1.5. Oxidative stress 

The metabolic abnormalities observed in T2DM, especially under conditions of poor 

metabolic control, not only cause a chronic pro-inflammatory condition, but also increase 

oxidative stress levels [2, 127, 128].  

As already mentioned, high glucose levels in circulation contribute to the formation of 

AGEs, which promote the activation of NF-𝜅B, leading to significant ROS formation [2, 127]. 

Under normal physiological conditions, these ROS are necessary for normal cell redox reactions, 

cellular function, and intracellular signalling; however, in high concentrations, ROS overload the 

antioxidant systems leading to an increase in oxidative stress, that can damage cell DNA by direct 

oxidation or by interfering with the mechanisms of DNA repair, thus increasing the risk of cancer 

(Figure 3) [2, 142]. 

Also, inflammation-induced ROS production has been linked to cancer initiation and 

progression [142]. Excessive ROS production render cancer cells resistant to apoptosis, disrupt 

cell anchorage sites and promote and sustain tumour angiogenesis [2]. Some markers of 

oxidative stress, including DNA adducts and lipid peroxidation products (malondialdehyde and 8-
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isoprostanes) are frequently identified in breast cancer patients, suggesting that ROS are involved 

in the etiology and progression of breast cancer [144]. In addition, it has been reported, in breast 

cancer, that advanced stages of the disease are characterized by a more pronounced oxidative 

status than earlier stages, with a marked reduction of the antioxidant enzyme catalase activity 

and an enhanced lipid peroxidation together with higher nitric oxide levels [144]. 

Additionally, ROS have also been implicated in aberrant epigenetic modifications such as 

DNA hypermethylation and hypomethylation, resulting in an alteration in gene expression, with 

effects in malignant transformation and cancer progression (Figure 3) [2, 127]. Thus, excess 

ROS in T2DM patients seems to play also a role in cancer initiation, promotion and progression. 
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Motivations and Aims 

 

The metabolic abnormalities associated with T2DM are linked to a higher incidence, 

accelerated progression and increased aggressiveness of breast cancer [2, 8, 9, 44]. So, it is 

likely that the metabolic environment occurring in T2DM can promote, directly or indirectly, 

breast tumour initiation, promotion, progression, and/or response to therapy [2, 8-10, 44, 126]. 

In this context, metabolic reprogramming, a recognized hallmark of cancer cells, has been 

attracted significant interest both from the perspective of understanding tumorigenesis and as a 

potential therapeutic target in breast cancer [145, 146]. Breast cancer cells rewire their cellular 

metabolism, upregulating expression of nutrient transporters in order to meet the increased 

energy demands [146]. In line with this, higher expression of the main glucose and glutamine 

transporters in cancer cells (GLUT1 and ASCT2, respectively) has been associated with cancer of 

higher grade, increased proliferation, malignant potential and poor prognosis [51, 75, 76, 111]. 

Therefore, these genes have been proposed as oncogenes and glucose and glutamine 

transporters are currently being investigated as potential therapeutic targets in cancer treatment 

[27, 34]. Basis on this, an effective GLUT1 and/or ASCT2 inhibition can be an alternative 

therapeutic strategy for reducing/preventing breast cancer. In recent years, several inhibitors of 

GLUT1 [27]  and ASCT2 [51, 92] have emerged and showed antitumor effect. Among them, a 

promising compound, [N4-[1-(4-cyanobenzyl)-5-methyl-3-(trifluoromethyl)-1H-pyrazol-4-yl]-7-

fluoroquinoline-2,4-dicarboxamide] (BAY-876) was identified as a new-generation selective 

inhibitor of GLUT1 [147]. On the other hand, L-g-glutamyl-p-nitroanilide (GPNA) features a 

glutamine structural analogy and effectively inhibits the Na+-dependent amino acid transporter 

ASCT2 [49, 103, 111, 148].  

Basis on this, the present work aims to investigate the effect of T2DM-associated 

characteristics (hyperglycemia, hyperinsulinemia, hyperleptinemia, and increased levels of 

inflammation and oxidative stress) upon glucose and glutamine transport, and whether changes 

in transport of these nutrients can contribute to the negative effect of T2DM in breast cancer 

initiation, promotion and progression, and response to therapy.  

The specific aims of this study are detailed in the following chapters: 
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CHAPTER III - The effect of type 2 diabetes mellitus-associated characteristics upon glucose 

cellular uptake in breast cancer progression 

This Chapter aims to study the in vitro effects of T2DM-associated markers on cellular 

characteristics promoting breast cancer initiation and/or progression, and to investigate if an 

effect on GLUT1-mediated glucose cellular uptake contributes to their effect in promoting 

initiation and/or progression of breast cancer cells. The specific aims are: 

• To study the effect of T2DM-associated characteristics on cell proliferation, migration, 

growth, angiogenesis, viability and apoptosis in breast cancer and non-tumorigenic cell 

lines.  

• To explore the effect of T2DM-associated characteristics on glucose cellular uptake and 

lactate production in breast cancer and non-tumorigenic cell lines. 

• To investigate if T2DM-associated characteristics interfere with GLUT1-mediated glucose 

transport in breast cancer and non-tumorigenic cell lines. 

• To evaluate the capacity of BAY-876 in reversing the effects of these compounds on 

glucose uptake, cell proliferation and viability in breast cancer and non-tumorigenic cell 

lines. 

 

CHAPTER IV - The effect of type 2 diabetes mellitus-associated characteristics upon glutamine 

cellular uptake in breast cancer progression 

This Chapter aims to explore if interference with ASCT2-mediated glutamine uptake by breast 

cancer cells, in vitro, contributes to the effect of T2DM-associated markers in promoting breast 

cancer initiation and/or progression. The specific aims are: 

• To explore the effect of T2DM-associated characteristics on glutamine cellular uptake by 

breast cancer and non-tumorigenic cell lines. 

• To examine the influence of GPNA, a pharmacologic inhibitor of the ASCT2 transporter, 

in preventing the stimulatory effects of these compounds on glutamine uptake. 

• To investigate if T2DM-associated characteristics interfere with ASCT2 expression levels.  

• To confirm the involvement of ASCT2 in the stimulatory effects of T2DM-associated 

characteristics, by performing targeted knockdown of ASCT2. 

• To explore which signalling pathways mediate the effects of T2DM-associated 

characteristics on glutamine cellular uptake. 
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CHAPTER V – The effect of type 2 diabetes mellitus-associated characteristics upon glucose and 

glutamine cellular uptake in breast cancer initiation and promotion 

This Chapter aims to induce and validate an in vitro model of breast cancer promotion and, 

thereafter, to investigate the influence of T2DM-associated markers in breast cancer initiation and 

or/promotion. The specific aims are: 

• To induce carcinogenesis in a non-tumoral human breast epithelial cell line, by using the 

specific mammary chemical agent 7,12-Dimethylbenz[a]anthracene (DMBA), and to 

validate the model using, besides other method, artificial intelligence (AI) tools. 

• To study the effect of T2DM-associated characteristics on cell proliferation, migration, 

growth, angiogenesis, viability, and apoptosis in DMBA-transformed and non-tumorigenic 

cell lines. 

• To explore the effect of T2DM-associated markers on glucose and glutamine cellular 

uptake and lactate production in DMBA-transformed and non-tumorigenic cell lines. 

• To investigate which signalling pathways mediate the effects of T2DM-associated 

characteristics. 

• To evaluate the capacity of GLUT1 and ASCT2 pharmacologic inhibitors (BAY-876 and 

GPNA, respectively) in reversing the effects of these compounds. 
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THE IN VITRO EFFECT OF DIABETES-ASSOCIATED MARKERS INSULIN, 

LEPTIN AND OXIDATIVE STRESS ON CELLULAR CHARACTERISTICS 

PROMOTING BREAST CANCER PROGRESSION IS GLUT1-DEPENDENT 

 

Cláudia Silva, Nelson Andrade, João Tiago Guimarães, Emília Patrício, Fátima Martel. 

 

European Journal of Pharmacology, 2021; 898: 173980. 

doi:10.1016/j.ejphar.2021.173980 

 

Graphical Abstract 

 

Highlights 

• Glucose uptake by breast cancer and non-cancer cell lines is mainly GLUT1-mediated 

• Oxidative stress, insulin and leptin have breast cancer-promoting effects 

• These markers increase GLUT1-mediated glucose uptake in breast cancer cells 

• Oxidative stress and leptin increase GLUT1 mRNA levels in breast cancer cells 

• These markers promote cancer cell growth and viability through GLUT1 stimulation 

https://doi.org/10.1016/j.ejphar.2021.173980
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SUPPLEMENTARY DATA 

 

 

 

 

 

 

 

 

 

 

Fig. S1. Effects of TBH on lipid peroxidation levels in breast cancer and non-tumoral cell lines. 

The effect of TBH (2.5 μM) for 24 h on lipid peroxidation levels (malondialdehyde) in breast cancer (MCF-7 and MDA-MB-231) 

and non-tumoral (MCF-12A) cell lines (n=8). Data show arithmetic means ± S.E.M. *P < 0.05 vs control, by Student’s t test. 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2. Time-course of 3H-DG uptake in breast cancer and non-tumoral cell lines. 

Time-course of 3H-DG uptake in breast cancer (MCF-7 and MDA-MB-231) and non-tumoral (MCF-12A) cell lines. Cells were 

incubated for various periods of time at 37°C with 10 nM 3H-DG (n=8). Shown is arithmetic means ± S.E.M. 
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Fig. S3. Obesity/T2DM-associated characteristics affect migration of breast cancer and non-tumoral cell lines. Representative 

images of cell migration determined by the injury assay. Cell monolayers of breast non-tumoral (MCF-12A) and cancer (MCF-7 

and MDA-MB-231) cell lines were scratched with a pipette tip and then treated for 24h with increasing concentrations of TBH 

(0.5-2.5 μM), glucose (15-30 mM), insulin (1-50 nM), leptin (10-500 ng/ml), TNF-α (1-100 ng/ml) or INF-γ (1-100 ng/ml) (n=4-

6). Images were obtained at 0h and 24h after scratching. Scale bar: 200 μM. 
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 Graphical Abstract 

 

 

 

 

 

 

 
 

 

Highlights 

• Insulin increases 3H-GLN uptake in a breast non-tumorigenic cell line 

• IFN-γ increases 3H-GLN uptake by breast cancer cell lines 

• IFN-γ induced increase in 3H-GLN uptake is GPNA- and ASCT2 knockdown-sensitive 

• IFN-γ induced increase in 3H-GLN uptake is mediated by PI3K-, STAT3- and STAT1 

• The pro-proliferative effect of IFN-γ is dependent on an increase in 3H-GLN uptake  
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Fig. S1. Effects of T2DM-associated compounds on LAT1 mRNA levels in breast cancer and non-tumorigenic cell lines. 

Effects of TBH (2.5 μM), insulin (50 nM), leptin (500 ng/ml), TNF-α (100 ng/ml) or IFN-γ (100 ng/ml) (24h) on LAT1 mRNA 

levels in breast cancer (MCF-7) and non-tumorigenic (MCF-12A) cell lines (n=6). Data were normalized to the expression of β-

actin. Data show means ± S.E.M. *P < 0.05 versus control, by Student’s t test. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2. Effects of T2DM-associated compounds on ASCT2 mRNA and protein levels in breast 

cancer and non-tumorigenic cell lines. 

Effects of TBH (2.5 μM) and TBH (2.5 μM) and TNF (100 ng/ml) on (A) ASCT2 mRNA levels, assessed by 

RT-qPCR (n=6) and on (B, C) protein levels, assessed by western blot (n=6) in MDA-MB-231 and MCF-

12A cell lines, respectively. In (A) data were normalized to the expression of β-actin. In (B, C) α-tubulin 

was used as loading control. (B) Representative blots are shown. (C) The graphs represent protein 

quantification of all blots. Data show means ± S.E.M. *P < 0.05 versus control, by Student’s t test.
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Highlights 

• Insulin stimulates proliferation of DMBA-treated and non-treated MCF-12A breast 

epithelial cell lines 

• Insulin increases 3H-DG uptake and lactate production in both cell lines 

• The effect of insulin on cell proliferation and 3H-DG uptake is mTOR and PI3K-dependent 

• The effect of insulin on cell proliferation and 3H-DG uptake is GLUT1 stimulation-

dependent
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Figure S1. The effect of T2DM-associated characteristics on cell proliferation, migration, angiogenesis, viability and apoptosis in 

DMBA-transformed MFC12A (MCF-12ADMBA) and non-tumoral (MFC12A) cell lines. 

Effects of TBH (2.5 μM), glucose (30 mM) leptin (500 ng/ml), TNF-α (100 ng/ml) or INF-γ (100 ng/ml) (24h) on (A) cell 

proliferation rates (n=6-9), (B) cell migration (n=6-9), (C) VEGF-A levels (n=6), (D) cell viability (n=6-9) and (E) apoptosis index 

(n=6) in non-tumoral (MCF-12A) (left graphs) and DMBA-transformed MCF-12A cells (MCF-12ADMBA) (right graphs). Data show 

arithmetic means ± S.E.M. *P < 0.05; **p<0.01; ***p<0.001 vs control, by Student’s t test. 
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Figure S2. Time-course of 3H-DG and 3H-GLN uptake by DMBA-transformed MFC12A (MCF-12ADMBA) and non-tumoral (MFC12A) cell 

lines. 

DMBA-transformed (MCF-12ADMBA) and non-tumoral (MCF-12A) cell lines were incubated for various periods of time at 37°C with 

(A) 10 nM 3H-DG (n=8) or (B, C) 5 nM 3H-GLN (n=4). 3H-GLN uptake was determined both in the presence of Na+ (total uptake) or 

absence of Na+ (Na+-independent uptake). Na+-dependent uptake was calculated by subtracting Na+-independent uptake from total 

uptake. Shown are arithmetic means ± S.E.M. 
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Figure S3. The effect of T2DM-associated characteristics on 3H-DG and 3H-GLN uptake and lactate production in DMBA-

transformed MFC12A (MCF-12ADMBA) and non-tumoral (MFC12A) cell lines. 

Effect of TBH (2.5 μM), glucose (30 mM) leptin (500 ng/ml), TNF-α (100 ng/ml) or INF-γ (100 ng/ml) (24h) upon (A) uptake of 

3H-DG 10 nM (n=8-12) (B) lactate production (n=4) and on (C) uptake of 3H-GLN 5 nM (n=4) in DMBA-transformed (MCF-12ADMBA) 

(right graphs) and non-tumoral (MCF-12A) (left graphs) cell lines. 3H-GLN uptake was determined in the presence of Na+ (total 

uptake) or absence of Na+ (Na+-independent uptake). Na+-dependent uptake was calculated by subtracting Na+-independent uptake 

from total uptake. Data show arithmetic means ± S.E.M. *P < 0.05; **p<0.01; ***p<0.001; **** p<0.0001 vs control, by 

Student’s t test. 



 

 
 



 

 
 

 

 

 

CHAPTER VI 

GENERAL DISCUSSION 

 

 

 

 



 

 
 

 

 



 

86 
 

GENERAL DISCUSSION  

 

T2DM and breast cancer are diagnosed in the same individual more frequently than 

would be expected [2, 44, 127, 149]. During the last decades, many efforts were made to 

understand which factors contribute to the higher incidence of breast cancer seen among 

patients with T2DM compared to patients without T2DM. The metabolic alterations that occur in 

T2DM can probably explain this link [2, 8, 9, 44]. However, to date, the studies done haven't 

been sufficient to identify the mechanisms underlying the link between T2DM and breast cancer. 

It is therefore critical to discover new molecular targets that link T2DM and breast cancer and to 

develop new therapeutic approaches that prevent and control breast cancer initiation, promotion 

and progression in patients with T2DM. Cancer cells are able to utilize various forms of fuels 

such as glucose, amino acids or lactate to support proliferation [150]. Alterations in the hormonal 

and metabolic milieu associated with T2DM, namely insulin resistance (hyperinsulinemia and 

hyperglycemia), altered adipokine levels (higher leptin and lower adiponectin), chronic low-grade 

inflammation (higher TNF-α, IFN-, IL-6 and IL-1β levels) and increased oxidative stress levels, 

increase the availability of nutrients in the tumour microenvironment. By meeting the 

bioenergetics needs of tumour cells, these nutrients are essential to sustain rapid proliferation 

and unrestricted growth thus providing a favourable metabolic environment for the initiation, 

promotion and progression of breast cancer [2, 23, 44]. 

The present study focused in investigating the link between metabolic characteristics 

associated with T2DM and the cellular uptake of important nutrients for breast cancer cells. More 

specifically, we aimed to investigate the effect of T2DM-associated characteristics (hyperglycemia, 

hyperinsulinemia, hyperleptinemia, increased levels of inflammation and oxidative stress) in 

glucose and glutamine cellular uptake, and if changes in transport of these nutrients can 

contribute to the effect of T2DM in favouring cancer initiation, promotion, progression, and in 

negatively affecting response to therapy.  

In addition, this work explored and compared the role of T2DM-associated characteristics 

in different breast cancer subtypes. The heterogeneity in breast cancer determines the course of 

disease, type of treatment and even patient survival [2]. Each subtype of breast cancer displays 

distinct features and metabolic alterations [146]. Some existing data suggests that the link 

between T2DM and breast cancer varies by intrinsic cancer subtype, but these data are yet 

limited [151]. Although there is some inconsistency in the literature, in T2DM women, the most 
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frequently found breast cancer subtype is TN breast cancer [151]. However, other tumours 

subtypes such as, ER+, PR+ and HER2+ [152-154] are also frequently observed in T2DM women, 

compared to women without a history of T2DM. However, the biological mechanisms behind a 

potential increased risk of specific subtypes of breast cancer in women with T2DM are not well 

understood. 

In our study, we decided to use the MCF-12A (ER+, PR+ and HER2-) cell line, as a 

representative cell type of non-tumoral human breast epithelia, and two breast cancer cell lines, 

representatives of the luminal A and of the basal-like molecular subtypes: the MCF-7 (ER+, PR+ 

and HER2-) and the MDA-MB-231 (TN; ER-, PR- and HER2-) cell lines, respectively [155, 156]. 

MCF-7 and MDA-MB-231 cell lines represent a breast tumour cell in an early-stage and late-stage 

of progression, respectively [157-159]. So, we used these two cell lines with different metastatic 

potentials as models of breast cancer progression. 

The MCF-12A cell line do not provides insight into the effects of a certain 

agent/compound on early-stages of malignant tissues, but is useful to understand its effects in 

normal tissue [160]. Thus, breast cancer initiation and promotion can be studied in this cell line, 

by using a specific breast carcinogen. In the present study, breast cancer initiation and 

promotion were induced in MCF-12A cells by using the mammary carcinogen DMBA. The 

assessment of in vitro transformation of human breast epithelial cells by chemical carcinogens 

requires the identification of malignant phenotypes - which are considered markers of cell 

transformation - such as enhanced growth, invasiveness, expression of clonal growth and 

anchorage-independent growth, which is a late marker and is correlated with tumorigenicity [22, 

161, 162]. In the present study, we verified that DMBA-transformed MCF-12A cells presented 

several characteristics indicatives of neoplastic transformation, namely an increase in cell 

proliferation rates and in the size and number of colonies and alterations in cell cycle distribution. 

Additionally, we decided to use for the first time an AI-based technique – the iLoF method – to 

investigate if an optical fingerprint specific of DMBA-induced cellular carcinogenesis was 

generated. Interestingly, the iLoF technique was able to distinguish the supernatant of DMBA-

transformed cells from the supernatant of cells not submitted to this carcinogen with a specificity 

and sensitivity above 90% (Chapter V). Taken together, these results proved that DMBA induced 

breast carcinogenesis in the non-tumorigenic MCF-12A cell line, confirming this compound as an 

excellent model compound for inducing breast carcinogenesis [160, 161, 163].  
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In this study, we first investigated the importance of T2DM-associated characteristics 

upon cellular features that contribute to breast cancer initiation, promotion and progression. In 

this context, we analysed the effect of a 24h-exposure to high levels of glucose (15-30 mM), 

insulin (1-50 nM), leptin (10-500 ng/ml), pro-inflammatory cytokines (TNF-α and IFN-γ; 1-100 

ng/ml) and high oxidative stress levels (by using the oxidative stress inducer tert-

butylhydroperoxide (TBH);  0.5-2.5 µM) on cell proliferation, growth, migration, viability, apoptosis 

index and angiogenesis in breast cancer cells (MCF-7 and MDA-MB-231) and DMBA-transformed 

(MCF-12ADMBA) and non-transformed breast epithelial (MCF-12A) cells. These characteristics of 

cancer cells are essential to sustain tumour growth and metastasis. Unexpectedly, of all tested 

compounds, glucose was the one that interfered the least with the cellular features mentioned. 

Glucose (15-30 mM) caused only an increase in MCF-12A cells proliferation rates, in VEGF-A 

production by MCF-12ADMBA cells and in the migration capacity of MDA-MB-231 cells (Chapter III 

and Chapter V). We expected that the hyperglycemia that occurs in T2DM could have a more 

profound effect on breast cancer cell biology, by providing a greater glucose availability to drive 

cell proliferation. However, it is important to note that under control conditions, the in vitro 

experiments were conducted in media with non-physiological levels of glucose (11-17 mM, 

compared to 5.5 mM in plasma) [146]; therefore, an adaptation of cells to a high glucose 

environment may explain the lack of results. 

Regarding insulin, this hormone (10-50 nM) was found to promote cell proliferation, 

migration, angiogenesis and viability in ER+ and TN breast cancer cells and, additionally, it 

promoted apoptosis in the ER+ cell line (Chapter III). According to Gupta et al., high insulin levels 

induce severe oxidative stress in MCF-7 cells, that result in cell death, whereas in MDA-MB-231 

cells, which have a more aggressive phenotype, it induces proliferation [159]. In contrast, most 

previous in vitro studies indicated that insulin increases cell proliferation in ER+ [133, 164, 165] 

but not in ER- [133, 165] breast cancer cells. Interestingly, MDA-MB-231 breast cancer cells have 

an elevated IR content as they carry an uncommon IR gene amplification [166], indicating that 

insulin may play a role in the metabolism of this cell line. Although there is some inconsistency in 

the literature, high insulin was reported to promote proliferation of MDA-MB-231 cells by 

alteration of glycogen synthase kinase 3 beta (GSK-3β), NF-κB, and histone H3 modifications, 

which may directly or indirectly modulate the expression of genes involved in proliferation [159]. 

DMBA-transformed cells were also analysed following insulin treatment. Similar to both breast 

cancer cell lines, insulin presented pro-proliferative and pro-angiogenic effects in MCF-12DMBA cells 
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(Chapter V) which suggests that the effect of insulin in regulating cell proliferation and 

angiogenesis is not specific to the breast tumour cells (both in early-stage and late-stage of 

progression), but also plays a central role in promotion of breast cancer. In addition, the 

increased angiogenesis induced by insulin seems to provide the vascular support that is essential 

for breast cancer promotion and progression [133]. Additionally, cell cycle analysis showed that 

insulin caused a decrease in the G1 phase population accompanied by a significant increase in 

the number of cells occupying the S phase in DMBA-transformed MCF-12 cells (Chapter V). It is 

known that insulin upregulates the expression of cyclin D1 and E, which promote the entry of 

cells into the S phase in cancer cells [165, 167]. It is important to note that the MCF-12A cells 

used in the experiments to promote breast cancer (DMBA treatments), which were cultured in 

media with fetal bovine serum (FBS), presented a few different results in the cellular features in 

the presence of T2DM-associated markers, particularly insulin, when compared with cells that 

were cultured in media with horse serum (HS) (in the experiments to study breast cancer 

progression). More specifically, we verified some differences in the effect of insulin on cell 

proliferation, viability, 3H-DG uptake and lactate production. In the non-tumorigenic cell line 

cultivated with HS, insulin increased cell viability (Chapter III). Curiously, in the non-tumorigenic 

cell line cultivated with FBS, insulin reduced cell viability, enhanced proliferation and interfered 

with cell cycle progression (Chapter III), indicating that insulin may also contribute to breast 

cancer initiation. It is well known that different sera are capable of distinctly affecting cell 

behaviours such as cell attachment, growth and proliferation [168]. Although some differences 

exist, our data suggest that DMBA-transformed cells appear to acquire characteristics of breast 

cancer cells, having a similar response to high insulin levels. So, insulin appears to stimulate 

proliferation associated with both cancer initiation, promotion and progression.  

Concerning leptin, our data demonstrate that leptin (10-500 ng/ml) exerted distinct 

effects in the in vitro models of breast cancer progression (MCF-7 and MDA-MB-231), and 

promotion (MCF-12ADMBA), as it increases cell proliferation, migration and viability in ER+ and TN 

cells, but decreases proliferation in DMBA-transformed breast epithelial cells; moreover, it 

presented a pro-angiogenic effect in the TN cell line, an anti-angiogenic effect in DMBA-

transformed cells and promoted apoptosis in ER+ cells (Chapter III and Chapter V). Leptin was 

previously reported to promote breast cancer cell proliferation, angiogenesis and metastasis and 

to inhibit apoptosis by regulating multiple intracellular signalling pathways including JAK/STAT3, 

MAPK/ERK, PI3K/AKT, PKC, JNK, and p38 [2]. Additionally, while high plasma leptin levels 
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increase the risk for breast cancer in postmenopausal women, lower leptin levels are related to 

higher breast cancer risk in premenopausal women [169], suggesting that leptin may increase or 

decrease risk of in breast cancer depending on menopausal status. However, most reports 

indicate that higher leptin serum levels are associated with advanced stage breast cancer [136, 

170-173]. So, the role of leptin in breast cancer promotion has not been thoroughly defined, as 

there is no uniform conclusions in the literature about the effect of leptin on the risk and 

prognosis of breast cancer. Some studies comparing the influence of leptin in different breast 

cancer subtypes found significant differences in leptin and OB-R expression levels among breast 

cancer patients with different molecular subtypes (HER2+, ER+, and TN), with levels of leptin in TN 

> HER2+ > ER+ patients [174, 175]. Additionally, patients in the progressive disease group had 

high and low expression of leptin and OB-R, respectively [175]. Our results suggest that high 

leptin levels may aggravate breast tumour both in an early-stage and late-stage of progression 

(Chapter III). In contrast, no effect on proliferation, migration and angiogenesis, a decrease in cell 

viability and a pro-apoptotic effect was observed with this hormone in non-tumorigenic MCF-12A 

cells (Chapter III). So, overall, our results suggest leptin appears to be involved in progression of 

breast tumorigenesis, but not in the initiation and promotion of breast tumorigenesis.  

In this work, we studied two important pro-inflammatory cytokines involved in the 

inflammation process of T2DM, TNF-α and IFN-γ. TNF-α (1-100 ng/ml) presented an anti-

proliferative, cytotoxic and pro-migratory effect in the two cellular models of cancer progression, 

an anti-migratory effect in the non-tumorigenic cell line, a pro-apoptotic effect in MCF-7 and MCF-

12ADMBA cell lines, a pro-angiogenic effect in MDA-MB-231 cells and an anti-angiogenic effect in 

MCF-7 cells. As to IFN-γ (1-100 ng/ml), this cytokine presented an anti-proliferative effect in all 

cell lines (although it increased culture growth in ER+ and TN breast cancer cells; see below), 

increased apoptosis and reduced migration in all cell lines with the exception of the TN breast 

cancer cell line, increased cell viability in ER+ and DMBA-transformed MCF12A cells, and 

presented a pro-angiogenic effect in MDA-MB-231 and MCF-12ADMBA cells, but an anti-angiogenic 

effect in MCF-7 cells (Chapter III and Chapter V). Some reports concluded that these compounds 

could create a local microenvironment conducive to enhanced breast cancer cell survival and 

proliferation, and to the promotion of angiogenesis and metastatic dissemination [141, 176-178], 

although the relationship may be influenced by the molecular subtype. For instance, Herrera et 

al. found that plasmatic TNF-α levels were high in patients with luminal tumours, but low in TN 

breast cancer [179]. On the contrary, other reports concluded that TNF-α and IFN-γ inhibited the 
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growth rate and decreased the number of ER+   breast cancer cells [140, 177, 180, 181]. Some of 

these observations (the reduction in the growth rate) differs from our results. Unexpectedly, our 

results suggest that IFN-γ causes hypertrophy of ER+ and TN breast cancer cells, since it reduces 

the synthesis of DNA (ie, an antiproliferative effect), while simultaneously increasing the cellular 

protein content (ie, culture growth). In relation to apoptosis, TNF-α and IFN-γ were reported to 

stimulate apoptosis in MCF-7 cells, but no effect on apoptosis was observed in MDA-MB-231 cells 

[140, 177, 181], thus corroborating our results and suggesting that the apoptosis mechanisms 

in different breast cancer subtypes respond differently to an inflammatory microenvironment.     

ROS are known to have a controversial role during breast cancer initiation, promotion 

and progression [182], and our results are a proof of that. We showed that severe oxidative 

stress induced by TBH resulted in an anti-migratory effect in MCF-7, MCF-12ADMBA and MCF-12A 

cells and an anti-proliferative effect in MCF-7 cells, whereas in MDA-MB-231 cells, it presented 

pro-migratory and pro-proliferative effects, although a cytotoxic effect was found in all cell lines, 

except for the DMBA-transformed cells. Additionally, in both models of breast cancer progression, 

TBH was able to stimulate apoptosis and angiogenesis (Chapter III and Chapter V). Oxidative 

stress appears to contribute to a microenvironment favourable for the development of T2DM-

related cancers, as it has been widely implicated in the initiation and progression of breast 

cancer [159] and can be caused by several T2DM-associated mechanisms, including high levels 

of glucose, insulin, leptin, and chronic inflammation [176]. ROS present various biological effects, 

with non-linear characteristics. In high oxidative stress environments, they may cause deleterious 

cellular effects (anti-proliferative, pro-necrotic and pro-apoptotic), while in low or medium oxidative 

stress environments, ROS may induce DNA damage, inflammation and cell proliferation, 

eventually promoting carcinogenesis [183]. So, the distinct effects of TBH in relation to cell 

proliferation in the two progression models of breast cancer may be related to differences in ROS 

levels and ROS dependence in MCF-7 (less aggressive and invasive potential) and MDA-MB-231 

(more aggressive and invasive potential) cells. In MCF-7 cells, high levels of ROS might result 

mainly in cell death, whereas in MDA-MB-231, it may stimulate proliferation. This can be 

explained if it is assumed that MDA-MB-231, but not MCF-7 cells, need high levels of ROS to 

maintain survival. Supporting our results, a recent study observed that increased ROS levels are 

essential for TN breast cancer cells survival, but not for survival of ER+ breast cancer cells or non-

tumorigenic breast cells [182]. Moreover, they identified the mitochondria (indeed one of the 

main sources of intracellular ROS) [184] as the main source of ROS in TN breast cancer cell lines 
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[182]. So, oxidative stress does not appear to trigger breast cancer initiation and promotion but 

seems to constrain early-stage of breast cancer while having as opposite effect in more advanced 

states.  

Overall, our data show that several T2DM-associated characteristics induce alterations in 

cellular features that may eventually contribute to the initiation, promotion and progression of 

breast tumorigenesis. 

Because glucose and glutamine are important metabolic substrates of cancer cells, we 

next evaluated the ability of T2DM-associated conditions to induce an increase in glucose (3H-DG; 

10 nM and/or 1 mM) and/or glutamine (3H-GLN; 5 nM and/or 0.5 mM) uptake and/or lactate 

production, which can contribute to the stimulatory effect of T2DM in breast cancer initiation, 

promotion and/or progression. It is firmly established that metabolic reprogramming is 

fundamental for the development, rapid proliferation, invasion and survival of cancer cells [22, 

23, 44, 146]. Metabolic reprogramming varies significantly between cancers based on genetics 

and environment, and may manifest through up or downregulation of specific metabolic 

pathways, through downstream effects of oncogenes [146]. The classical example of a 

reprogrammed metabolic pathway in cancer cells is the Warburg effect [25]. In addition, many 

cancer cells also display reliance on glutamine, termed glutamine addition [32, 34, 35] (see 

Introduction). However, little is known about the effect of the metabolic changes found in T2DM 

on glucose or glutamine metabolism in the context of breast cancer initiation, promotion or 

progression, and so we decided to investigate this point.  

Of the T2DM-associated conditions analysed, IFN-γ and insulin displayed the most 

interesting effects. IFN-γ induced a cancer cell-specific stimulatory effect on 3H-GLN cellular 

uptake (total and Na+-sensitive) in cell models of either cancer promotion and progression (MCF-

12ADMBA, MCF-7 and MDA-MB-23 cells) and on 3H-DG cellular uptake and lactate production in 

both cell models of breast cancer progression (MCF-7 and MDA-MB-231 cell lines), while reduced 

the 3H-GLN and 3H-DG cellular uptake in model of breast cancer initiation (MCF-12A). Similar to 

IFN-γ, insulin showed a differential effect in 3H-GLN uptake by cell models of breast cancer 

promotion and progression (MCF-12ADMBA MCF-7 and MDA-MB-23 cells) (reduction) and initiation 

(MCF-12A) (increase). Regarding 3H-DG uptake and lactate production, these were stimulated by 

insulin, in non-tumorigenic cells (MCF-12A cells cultivated with FBS) and in cell models of cancer 

promotion and progression (MCF-12ADMBA MCF-7 and MDA-MB-23 cells). Nevertheless, other 

T2DM-associated compounds were also found to interfere with 3H-DG and/or 3H-GLN cellular 
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uptake. Intriguingly, TBH increased total and Na+-dependent 3H-GLN uptake by MDA-MB-231 cells 

but reduced total and Na+-dependent 3H-GLN uptake by MCF-7, MCF-12ADMBA and MCF-12A cells; 

on the other hand, 3H-DG uptake and lactate production were increased by TBH in all cell lines. 

As seen with cell proliferation, TBH presented distinct effects on 3H-GLN uptake by the two 

models of breast cancer progression (MCF-7 and MDA-MB-231 cell lines). Increased ROS levels 

in TN breast cancer cells seem to be necessary for maintenance and survival of these cells, in 

comparison with ER+ breast cancer and non-tumorigenic cell lines [182]. As to leptin, it reduced 

total and Na+-dependent 3H-GLN uptake by all cell models (breast cancer promotion and 

progression) and, more pronouncedly, by non-tumorigenic cells (initiation). In relation to 3H-DG 

uptake, leptin stimulated 3H-DG uptake and lactate production only in ER+ cells and reduced these 

parameters in non-tumorigenic cells. TNF-α did not interfere with 3H-GLN and 3H-DG uptake and 

lactate production in cancer promotion and progression cell models, but reduced 3H-GLN uptake 

in the non-tumorigenic cell line (Table 1) (Chapter III, Chapter IV and Chapter V). Moreover, Na+-

independent 3H-GLN uptake was also stimulated by some of the T2DM-associated compounds. 

Namely, in MCF-7 cells, by IFN-γ and leptin, in MCF-12ADMBA cells, by glucose and leptin and in 

MCF-12A cells, by glucose, TBH, insulin, leptin and TNF-α (Chapter IV and Chapter V). 

Importantly, in all cell lines, the effects of T2DM-associated characteristics on lactate 

production were consistent with their effects on 3H-DG (10 nM) uptake. This shows that the effect 

on the uptake of a low 3H-DG concentration (10 nM) is a very good indicator of glucose handling 

by the cells. Other interesting aspect is that, with a few exceptions, many of the effect of T2DM-

associated markers were also observed at concentrations of  3H-DG (1 mM) and 3H-GLN (0.5 mM) 

comparable to the human physiological concentration (5.5 mM [146] and 0.5 mM [185], 

respectively) (Chapter III and Chapter IV). So, analysis of the effect of these compounds on low 

3H-DG and 3H-GLN concentrations is a very reliable indicator of their effect on glutamine or 

glucose uptake in vivo.  

Lastly, the effect of glucose on 3H-GLN and 3H-DG uptake and lactate production was only 

evaluated in relation to the initiation and promotion of breast tumorigenesis, because, in ER+ and 

TN breast cancer cells, cellular features associated with cancer progression such as cell 

proliferation, viability were not affected by glucose. In MCF-12ADMBA cells, glucose decreased 3H-DG 

uptake, but did not interfere with lactate production and 3H-GLN uptake (Table 1) (Chapter III). 

Altogether, these data suggest that T2DM-associated features, in particular 

hyperinsulinemia, hyperleptinemia, high inflammatory status (caused by IFN-γ) and oxidative 
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stress, can regulate nutrient transport to support development, rapid proliferation, invasion and 

survival of cancer cells. On the other hand, hyperglycemia do not seems to have a great impact 

upon glucose and glutamine transport in the context of cancer initiation, promotion and 

progression. 

 

Table 1. Summary of the effect of T2DM-associated conditions upon 3H-DG and 3H-GLN uptake and lactate production in breast 

cancer initiation, promotion and progression cell models. 

 
 

T2DM-associated 
characteristics 

 

  
Cell type 

 

 
MCF-7 

(ER+, PR+, HER2-) 

  
MDA-MB-231 

(ER-, PR-, HER2-) 

 
MCF-12ADMBA 

(ER+, PR+, HER2-) 

 
MCF12A 

(ER+, PR+, HER2-) 
Hyperglycemia 

 
Glucose uptake 

Glutamine uptake 
Lactate production 

 

 
 
x 
x 
x 

 

 
 
x 
x 
x 
 

 
 

Decreased 
= 
= 
 

 
 

Decreased 
= 

Decreased 

Hyperinsulinemia 
 

Glucose uptake 
Glutamine uptake 
Lactate production 

 

 
 

Increased 
Decreased 
Increased 

 

 
 

Increased 
Decreased 
Increased 

 

 
 

Increased 
Decreased 
Increased 

 

 
 

Increased 
Increased 
Increased 

 
Hyperleptinemia 

 

Glucose uptake 
Glutamine uptake 
Lactate production 

 

 
 

Increased 
Decreased 
Increased 

 

 

= 
Decreased 

= 
 

 
 
= 

Decreased 
= 
 

 
 

Decreased 
Decreased 
Decreased 

 

Inflammation (TNF-α) 

 

Glucose uptake 
Glutamine uptake 
Lactate production 

 

 
 

= 
= 
= 
 

 
 
= 
= 
= 
 

 
 
= 
= 
= 
 

 
 
= 

Decreased 
= 
 

Inflammation (IFN-γ) 

 

Glucose uptake 
Glutamine uptake 
Lactate production 

 

 
 

Increased  
Increased 
Increased 

 

 
 

Increased 
Increased 
Increased 

 

 
 
= 

Increased 
= 
 

 
 

Decreased 
Decreased 
Decreased 

 
Oxidative stress 

 

Glucose uptake 
Glutamine uptake 
Lactate production 

 

 
 

Increased  
Decreased 
Increased 

 

 
 

Increased 
Increased 
Increased 

 

 
 

Increased 
Decreased 
Increased 

 

 
 

Increased 
Decreased 
Increased 

 

Abbreviations: x, uptake not measured; =, uptake not altered. 
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An additional aspect to discuss is the fact that IFN-γ and insulin presented mostly cancer 

cell-specific effects. It is known that distinct cell lines show different responses to glucose and 

glutamine, which is in accordance with the presence of different metabolic profiles in different 

breast cancer subtypes [109, 146]. For instance, consistent with the Warburg effect, TN breast 

cancer cells present elevated glucose uptake and lactate secretion [146, 186], while ER+ breast 

cancer cells seem to display the reverse Warburg effect [29, 146]. Additionally, it is known that 

basal-like cells (MDA-MB-231), but not luminal cells (MCF-7), are very sensitive to glutamine 

availability, despite maintaining relatively high levels of glutamine transport [109]. So, TN breast 

cancers upregulate aerobic glycolysis and display glutamine addiction, while ER+ breast cancers 

present decreased glutamine catabolism and glycolytic flux. Recent studies have also 

demonstrated that the tissue of origin and the microenvironment can all impact cancer cell 

metabolism, including utilization of glucose and glutamine [109, 146]. For all these reasons, it is 

not surprising that some T2DM-associated compounds tested herein, present distinct responses 

in different breast cancer cell types and even in epithelial breast cells. 

Next, we hypothesized that an increase in GLUT1-mediated and/or ASCT2-mediated 

uptake is involved in the cancer-promoting effect of T2DM-associated characteristics. As 

previously mentioned, GLUT1 and ASCT2 are the main glucose and glutamine transporters in 

cancer cells, respectively, being highly expressed in breast cancer cells, and their expression 

levels associate with increased proliferation, higher grade, malignant potential, and poor 

prognosis [51, 75, 76, 111]. Intriguingly, GLUT1 [146, 187] and ASCT2 [49, 109, 112] 

expression seems to vary depending on the breast cancer molecular subtype. GLUT1 

overexpression appears to be especially important for the initiation of breast tumorigenesis [80], 

as well as to maintain tumour growth [44], while ASCT2 seems to support rapidly growing 

tumour cells [111], and its expression is detected also in cancers deriving from human tissues in 

which normally the protein is not present [110]. Therefore, these genes have been proposed as 

oncogenes [27, 34]. Targeting GLUT1 [27, 188, 189] and ASCT2 [109, 190-192] as a 

therapeutic strategy against cancer growth and development has been the focus of several recent 

studies.  

In recent years, several inhibitors of GLUT1 [27] and ASCT2 [51, 92] have emerged and 

showed a antitumor effect. Among them, BAY-876 is a recently described promising compound 

identified as a new-generation selective GLUT1 inhibitor [147]. BAY-876 shows good metabolic 

stability in vitro when used in nanomolar concentrations [147]. The applicability of BAY-876 in 
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breast cancer intervention remains, however, almost unknown. On the other hand, GPNA 

features a glutamine structural analogy and inhibits the Na+-dependent amino acid transporter 

ASCT2 [49, 103, 111, 148]. Although more selective ASCT2 inhibitors exist [92], GPNA 

represents the more effective compound of a series of glutamine analogues synthesized by 

Esslinger et al. [148] and has been widely used for this propose [102, 109, 193, 194]. We 

believed that effective GLUT1 and/or ASCT2 inhibition can be an alternative therapeutic strategy 

for reducing/preventing breast cancer initiation, promotion and progression in T2DM patients. 

Based on this, we decided to examine the influence of BAY-876 and GPNA on the stimulatory 

effects of T2DM-associated characteristics on 3H-DG and 3H-GLN uptake, respectively. Our 

findings revealed that the GLUT1 transporter inhibitor BAY-876 (10-500 nM) severely reduced 3H-

DG cellular uptake by both cancer cell lines (ER+ and TN) (75% inhibition) whereas it showed a 

less marked effect (56% inhibition) in non-tumorigenic cells (Chapter III). Corroborating these 

results, GLUT1 mRNA levels were present in all cell lines, although its expression was 50% lower 

in non-tumorigenic cell lines compared with ER+ or TN breast cancer [187]. It is possible that 

other glucose transporters (less responsive to inhibition with BAY-876) are also involved in 

glucose uptake by non-tumorigenic cells. Overall, we proved that 3H-DG cellular uptake by breast 

cancer and non-tumorigenic cell lines is mainly GLUT1-mediated. It is important to note that, 

since its discovery in 2016 [147], preliminary anti-tumour activity of BAY-876 in breast cancer 

has been reported only in TN breast cancer cells. However, an heterogeneous response to 

GLUT1 pharmacologic inhibition was observed, as some TN cell lines (MDA-MB-231 and 

HCC1806 cells) were severely inhibited by BAY-876, whereas others (MDA-MB-436 and MDA-MB-

468 cells) were more resistant to BAY-876 inhibition [189]. 

Concerning pharmacological inhibition of ASCT2, our results showed that GPNA (0.25-1 

mM) inhibited Na+-dependent 3H-GLN uptake in both cancer (ER+ and TN) and non-tumorigenic 

cells (97%, 99% and 75% inhibition, respectively). One interesting aspect observed in our work is 

that Na+-dependent 3H-GLN uptake by the two breast cancer progression cell lines, but not by the 

non-tumorigenic MCF-12A cell line, was completely abolished by GPNA (Chapter IV). This means 

that Na+-dependent 3H-GLN uptake by ER+ and TN breast cancer cells, but not by breast non-

tumorigenic cells, involves only GPNA-sensitive transporters and that, consequently, GPNA is an 

effective inhibitor of glutamine uptake by breast cancer cells, when compared with non-

tumorigenic cells. Similar results were found in a previous work, where GPNA was also found to 

decrease 3H-GLN uptake by MCF-7 and MDA-MB-231 cell lines, but to be devoid of effect on the 
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non-tumorigenic MCF-10A cell line [109]. Curiously, we also verified that GPNA modestly 

inhibited Na+-independent 3H-GLN uptake in these three cell lines (Chapter IV). An inhibitory effect 

of GPNA upon Na+-independent 3H-GLN uptake by MCF-7 cells was recently described, and it was 

concluded that this inhibitor hinders the activity of LAT1 and LAT2, which are expressed in this 

cell line [103].  

In short, we were able to establish that, in both ER+ and TN breast cancer cells and in 

non-tumorigenic breast epithelial cells, 3H-DG uptake is mainly BAY-876-sensitive and 3H-GLN 

uptake is mainly Na+-dependent and GPNA-sensitive.  

These previous results allowed us to speculate that the stimulatory effect of T2DM-

associated characteristics upon 3H-DG and 3H-GLN uptake in MCF-7, MDA-MB-231, MCF-12A and 

MCF-12ADMBA cells, are related to a stimulatory effect upon GLUT1 and ASCT2 transporters, 

respectively. As previously reported, an increase in glucose and glutamine uptake is expected to 

promote progression of breast tumorigenesis, especially in TN breast cancer subtype [146]. 

Therefore, we focused our analysis on T2DM-associated compounds that increased uptake of 3H-

DG (10 nM and 1 mM) (TBH, insulin, leptin and IFN-γ in MCF-7 cells and MDA-MB-231 cells and 

TBH in MCF-12A cells) or 3H-GLN (5 nM and 0.5 mM) (either Na+-dependent, Na+-independent or 

total uptake) (leptin and IFN-γ in MCF-7 cells, TBH and IFN-γ in MDA-MB-231 cells and TBH, 

insulin, leptin and TNF-α in MCF-12A cells). For this, we investigated if the T2DM-associated 

characteristics increased 3H-DG and 3H-GLN uptake by interfering with GLUT1 and ASCT2 by 

testing their BAY-876- and GPNA-sensitivity, respectively.  

Interestingly enough, the stimulatory effect of TBH, insulin, leptin and IFN-γ on 3H-DG 

uptake (10 nM and 1 mM) in both cancer cell lines (ER+ and TN) and of TBH in the non-

tumorigenic cell line was eradicated in the presence of the GLUT1 inhibitor (BAY-876; 500 nM) 

(Chapter III). This observation supports the conclusion that the increase in glucose cellular 

uptake induced by TBH, insulin, leptin and IFN-γ in both breast cancer cells (ER+ and TN), and by 

TBH in normal breast epithelial cells is dependent on a stimulation of GLUT1-mediated glucose 

uptake. So, we next decided to explore with more detail the effect of these T2DM-associated 

compounds on GLUT1 transcription rates. The results obtained led us to conclude that leptin 

increased GLUT1 mRNA levels in both MCF-7 and MDA-MB-231 cells. As to insulin and IFN-γ, 

they do not appear to increase GLUT1 transcription rates. However, the observation that the 

stimulatory effect of insulin, leptin and IFN-γ on 3H-DG (10 nM) uptake did not disappear in the 

presence of BAY-876 suggests that these compounds probably affect not only GLUT1, but also a 
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high-affinity glucose transporter which, however, is not relevant in in vivo conditions. In relation to 

TBH, the results support the conclusion that it stimulates GLUT1-mediated 3H-DG uptake in MDA-

MB-231 and MCF-12A cell lines by increasing GLUT1 transcription rates in MDA-MB-231 cells. In 

contrast, in MCF-7 cells, the results obtained with BAY-876 indicate that TBH stimulates non-

GLUT1-mediated 3H-DG uptake, although it was found to increase GLUT1 mRNA levels. 

Given the importance of hyperactive glycolysis in support of the malignant features of 

cancer, we then assessed if the effect of T2DM-associated markers on proliferation and viability 

of breast cancer cells was GLUT1-dependent, by testing their BAY-876-sensitivity. Similarly to the 

effects on 3H-DG uptake, the effects of TBH, insulin, leptin and IFN-γ upon breast cancer cell 

proliferation and viability were completely abolished in all cell lines by BAY-876, with one 

exception. The exception was the effect of leptin upon the proliferation of MDA-MB-231 cells 

(Chapter III). This strongly suggests that interference with GLUT1-mediated glucose uptake is 

fundamental for the effect of these compounds upon proliferation and viability of breast cancer 

and non-tumorigenic cell lines. It is worth to note that the applicability of BAY-876 in breast 

cancer remains largely unknown, and in the present work, we report for the first time the effect of 

BAY-876 on glucose uptake, proliferation and viability of breast cancer (ER+ and TN) and non-

tumorigenic cell lines. Even though TN cells are considered much more dependent on glucose 

metabolism than ER+ cells [195] and GLUT1 inhibition showed a higher anti-proliferative effect on 

TN cells than on ER+ cells [196], in the present work ER+ and TN cells presented a similar 

response to BAY-876 in relation to both 3H-DG uptake and proliferation, and a similar sensitivity of 

TBH, insulin, leptin and IFN-γ to inhibition with BAY-876. Additionally, one the main molecular 

pathways involved in the control of aerobic glycolysis is the PI3K/AKT/mTOR signalling pathway 

[197], and most T2DM-associated compounds act through this signalling pathway [2]. 

Mechanistically, PI3K signalling activates mTOR, which then activates the transcription factor HIF-

1α. HIF-1α, in cooperation with other transcription factors such as Ras, Src, c-MYC and p53, 

regulates glycolysis and GLUT1 expression [197]. Thus, it is not surprising that the main T2DM-

associated compounds may be important regulators of GLUT1. 

Similarly, in the three cell lines, GPNA (1 mM) was able to completely abolish the 

stimulatory effect of TBH, insulin, leptin, TNF-α and IFN-γ upon Na+-dependent or Na+-

independent uptake of 3H-GLN (5 nM). Moreover, GPNA also abolished the stimulatory effect of 

TBH, insulin and TNF-α on Na+-dependent 3H-GLN (0.5 mM) uptake by MCF-12A cells. However, it 

interfered less markedly with the stimulatory effect of T2DM-associated conditions on Na+-
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dependent or -independent 3H-GLN (0.5 mM) uptake in the ER+ and TN breast cancer cell lines. 

Thus, the stimulatory effect of T2DM-associated compounds upon uptake of 3H-GLN (in a low 

concentration) was GPNA-sensitive in both cancer and non-tumorigenic cell lines, while uptake of 

a higher concentration of 3H-GLN is disrupted to a lesser extent by GPNA in breast cancer cell 

lines (but not in the non-tumorigenic cell line) (Chapter IV). These results support the hypothesis 

that low affinity glutamine transporter(s) less affected or even unaffected by GPNA participate in 

3H-GLN uptake exclusively in breast cancer lines.  

Taken together, our results strongly indicate that the effect of T2DM-associated markers 

on cancer-associated characteristics appears not only to be GLUT1-dependent but also ASCT2-

dependent. So, we decided to explore with more detail their effect on ASCT2 mRNA and protein 

levels. The observed increase in Na+-dependent 3H-GLN uptake induced by IFN-γ results from an 

upregulation of ASCT2 transcription and translation rates in MDA-MB-231 cells, but not in MCF-7 

cells. Moreover, the stimulatory effect of insulin on 3H-GLN uptake by MCF-12A cells is also 

associated with an increase in ASCT2 expression levels. In contrast, TBH increased Na+-

dependent 3H-GLN uptake, although did not interfere with ASCT2 transcription and translation 

rates in MCF-7 and MCF-12A cells. Similarly, TNF-α promoted GPNA-sensitive uptake of 3H-GLN, 

but did not affect ASCT2 transcription and translation rates (Chapter IV). The observation that 

IFN-γ (in MCF-7 cells), TBH (in MCF-7 and MCF-12A cells) and TNF-α (in MCF-12A cells) induced 

an increase in Na+-dependent 3H-GLN uptake that is not associated with a concomitant increase 

of ASCT2 mRNA or protein levels suggest that, in these cell lines, these compounds affect ASCT2 

by a mechanism other than regulation of gene expression. It should be noted that the activity of 

glucose or glutamine transporters depends not only on transcription or translation rates but is 

also dependent on membrane insertion of the transporters and on their intrinsic activity.  

GPNA is broadly used as an ASCT2 inhibitor [49, 103, 111], but recent studies have 

demonstrated that it is also able to inhibit other Na+-dependent and Na+-independent glutamine 

transporters [190]. Namely, GPNA is also able to block the Na+-coupled transporters SNAT1 [98, 

191], SNAT2 [99, 191] and ATB0,+ [49, 105] and the Na+-uncoupled transporters LAT1 [49, 103, 

198, 199] and LAT2 [103]. Although Na+-independent glutamine transporters are not the focus of 

this work, the co-expression of ASCT2 and LAT1 was described in other cell types [200, 201], 

and GPNA was described to inhibit LAT1 in MCF-7 cells [103]. Hence, we also assessed the 

participation of LAT1 in the GPNA-sensitive stimulatory effects of T2DM-associated compounds 

on 3H-GLN uptake. We observed that the increase in Na+-independent 3H-GLN uptake caused by 
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leptin (in MCF-7 cells) and TBH (in MCF-12A cells) is associated with an increase in LAT1 mRNA 

transcription rates, whereas IFN-γ (in MCF-7 cells) and insulin, leptin and TNF-α (in MCF-12A 

cells) were devoid of effect on LAT1 mRNA levels (Chapter IV). Although a functional coupling 

between ASCT2 and LAT1 has been proposed in lung adenocarcinoma [200], esophageal 

squamous cell carcinoma [201] and even in breast cancer (ER+), [103] our results do not suggest 

a reciprocal regulatory connection between these two transporters in the increased 3H-GLN 

uptake caused by IFN-γ (in MCF-7 cells) and insulin, leptin and TNF-α (in MCF-12A cells).  

Of the T2DM-associated compounds, IFN-γ and insulin stimulated Na+-dependent 3H-GLN 

uptake selectively in breast cancer and non-tumorigenic breast cells, respectively (Chapter IV). 

For this reason, we focused our subsequent analysis in these two compounds. Because GPNA 

has a poor selectivity for ASCT2, we further investigated the involvement of ASCT2 in the 

stimulatory effect of IFN-γ and insulin upon 3H-GLN uptake by breast cancer and non-tumorigenic 

cells, respectively, by performing targeted knockdown of ASCT2. Consistent with the results from 

pharmacological inhibition of ASCT2 with GPNA, the stimulatory effects of IFN-γ on 3H-GLN 

uptake in both breast cancer cell lines and of insulin in the non-tumorigenic cell line were 

completely abolished after ASCT2 knockdown (Figure 4A and B) (Chapter IV).  

Our results also show that IFN-γ possesses a very interesting effect, as it stimulates 3H-

GLN uptake (both total and Na+-dependent; both at low (5 nM) and physiological (0.5 mM) levels) 

only in the breast cancer cell lines (Chapter IV). So, we decided to explore the effect of this 

T2DM-associated marker in more detail. Glucose and glutamine transporters are known to be 

regulated by intracellular signalling mechanisms, and high levels of IFN-γ can affect several 

distinct intracellular signalling pathways [2, 133]. It is known that IFN-γ activates the JAK/STAT 

signalling pathway, which promotes phosphorylation and activation of transcription factors such 

as STAT1 and STAT3 [202, 203]. Moreover, IFN-γ also activates the PI3K signalling pathway 

[202, 203]. Deregulation of the JAK/STAT and PI3K pathways in cancer cells reprograms cellular 

metabolism by augmenting the activity of nutrient transporters, thereby supporting the anabolic 

demands of growing cells [202]. For instance, Avissar et al. showed that activation of the PI3K 

pathway induced ASCT2 expression and glutamine transport in human enterocytes [204]. For 

this reason, we decided to investigate the intracellular signalling mechanisms involved in the 

stimulatory effect of IFN-γ upon 3H-GLN uptake in both ER+ and TN breast cancer cells, by using 

specific inhibitors of these pathways. Interestingly, we concluded that the stimulatory effect of 

IFN-γ upon 3H-GLN uptake involves activation of STAT1, STAT3 and PI3K intracellular signalling 
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pathways in both cancer cell lines (Figure 4A) (Chapter IV). Overall, these results indicate a 

relevant role of STAT1, STAT3 and PI3K in the increase of 3H-GLN uptake and, therefore, in the 

progression of breast cancer induced by IFN-γ. 

Figure 4. Schematic depiction of the effect of inflammation (IFN-γ) and hyperinsulinemia on glutamine and glucose cellular 

uptake in breast cancer cells, in DMBA-transformed cells and in breast epithelial cells. 

(A) A high inflammatory status (IFN-γ) causes a pro-proliferative effect in ER
+

 and TN breast cancer cells, which is associated with 

an increase in glutamine uptake, and which is GPNA-sensitive, blocked after ASCT2 knockdown and mediated by activation of the 

PI3K-, STAT3- and STAT1 intracellular signalling pathways. (B) Hyperinsulinemia stimulates glutamine uptake in breast epithelial 

cells and which is GPNA-sensitive, blocked after ASCT2 knockdown. (C) Hyperinsulinemia stimulates glucose uptake and cell 

proliferation in ER
+ 

and TN breast cancer cells, DMBA-transformed cells and breast epithelial cells, which is dependent on an 

increase in GLUT1-mediated glucose uptake and mediated by the PI3K and mTOR signalling pathways. Abbreviations: GLUT1, 

facilitative glucose transporters 1; ASCT2, alanine, serine, cysteine transporter 2; ER, estrogen receptor; TN; tripre-negative; IR, 

insulin receptor; IFN-γ; interferon gamma; INFR, interferon receptor; IRS-1, Insulin receptor substrate 1; PI3K, 

phosphatidylinositol 3-kinase; AKT, protein kinase B; mTOR, mammalian target to rapamycin; JAK, janus kinas; STAT, signal 

transducer and activator of transcription; HIF1α, Hypoxia-inducible factor 1-alpha; BAY-876, [N4-[1-(4-cyanobenzyl)-5-methyl-3-

(trifluoromethyl)-1H-pyrazol-4-yl]-7-fluoroquinoline-2,4-dicarboxamide]; GPNA, L-g-glutamyl-p-nitroanilide. 

 

From the previous results, we could conclude that the stimulatory effect of IFN-γ upon 3H-

GLN uptake: (1) is cancer cell specific; (2) is GPNA-sensitive; (3) is ASCT2-mediated; and (4) 

involves activation of STAT1-, STAT3- and PI3K signalling pathways (Chapter IV). Because IFN-γ 

promoted cell proliferation of ER+ and TN cells (Chapter III), we further investigated if the 

stimulatory effect of IFN-γ upon cell proliferation is ASCT2-mediated. Interestingly, both 

pharmacological blockade and knockdown of ASCT2 abolished the pro-proliferative effect of IFN-γ 
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in both ER+ and TN breast cancer cells (Figure 4A) (Chapter IV). These results thus strongly 

support the conclusion that ASCT2 is a mediator of the negative effects of IFN-γ in breast cancer 

progression. 

Finally, of the tested T2DM-associated compounds, insulin showed the more interesting 

results, since its effects were quite similar in relation to breast tumour progression and 

promotion. More specifically, in MCF-7, MDA-MB-231 and MCF-12ADMBA cells, high levels of insulin 

presented pro-angiogenic effects. Curiously, these effects were cancer cell-specific. Moreover, in 

MCF-7, MDA-MB-23, MCF-12ADMBA and MCF12A cells (cultivated with FBS), insulin exhibited a pro-

proliferative effect, increased 3H-DG uptake and decreased 3H-GLN uptake (Chapter III, Chapter IV 

and Chapter V). These observations suggest that under hyperinsulinemic conditions, glucose, but 

not glutamine, is essential for cell proliferation during breast cancer promotion and progression 

and even cancer initiation. Numerous in vitro experiments consistently showed that insulin 

promotes growth of ER+ human breast cancer cell lines [133], although the effects of insulin on 

TN human breast cancer cell lines are quite complex.  Although TN and ER+ cells have similar 

levels of IR, minimal or no stimulation of proliferation was observed with insulin in MDA-MB-231 

cells [133, 205]. 

The PI3K/AKT/mTOR-signalling pathway is a well-established regulator of central glucose 

metabolism, aerobic glycolysis and proliferation [131, 133]. Dysregulation of the 

PI3K/AKT/mTOR-signalling pathway was shown to correlate with breast cancer disease 

progression [27, 34, 75]. So, we decided to investigate the intracellular signalling mechanisms 

involved in the stimulatory effect of insulin upon 3H-DG uptake and proliferation in DMBA-

transformed and non-transformed breast epithelial cells. Interestingly, we could conclude that the 

stimulatory effect of insulin upon both proliferation and 3H-DG uptake involves activation of mTOR 

and PI3K intracellular signalling pathways in both MCF-12ADMBA and MCF12A cell lines (Figure 4C) 

(Chapter V). 

In addition, based on the fact that the pro-proliferative effect of insulin in ER+ and TN 

breast cancer cells is dependent on GLUT1 stimulation (Chapter III) and GLUT1 overexpression 

appears especially important for the initiation of breast tumorigenesis [80], we investigated the 

influence of BAY-876 on the stimulatory effect of insulin upon cell proliferation and 3H-DG uptake. 

Notably, we verified that in the presence of BAY-876 (500 nM), the effect of insulin upon cell 

proliferation and 3H-DG uptake in MCF-12ADMBA and MCF-12A cells were completely abolished 

(Chapter V). Taken together, these data strongly suggest that insulin possesses a pro-proliferative 
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effect, which is dependent on an increase in GLUT1-mediated glucose uptake and mediated by 

the PI3K and mTOR signalling pathways, in both carcinogen-transformed and non-tumorigenic 

cell lines. Thus, we can conclude that insulin seems to promote cancer initiation of the breast 

epithelial cell and to stimulate promotion and progression of breast tumorigenesis by a GLUT1-

dependent mechanism (Figure 4C). 

In summary, several T2DM-associated characteristics, particularly hyperinsulinemia and 

a high inflammatory status (IFN-γ), interfere with GLUT1 and/or ASCT2 transporters to create a 

favourable metabolic environment for promotion and progression of breast tumorigenesis. 

Importantly, these effects are also evident in a breast non-tumorigenic cell line, suggesting that 

they may also contribute to breast cancer initiation in T2DM patients. Additionally, our results 

strongly suggest that targeting GLUT1 and ASCT2 can be an effective therapeutic strategy for 

reducing/preventing human breast cancer initiation, promotion and progression in T2DM 

patients. 
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MAIN CONCLUSIONS AND FUTURE DIRECTIONS 

 

This study used a basic science approach to investigate the role of T2DM-associated 

characteristics (hyperglycemia, hyperinsulinemia, hyperleptinemia, increased levels of 

inflammation and oxidative stress) upon glucose (GLUT1) and glutamine (ASCT2) transport and 

the involvement of this effect on breast cancer initiation, promotion and progression, and to 

assess its potential as a therapeutic target.  

The main conclusions of this work are: 

 

• With the exception of glucose, all T2DM-associated characteristics (high levels of insulin, 

leptin, pro-inflammatory cytokines (TNF-α and IFN-γ) and oxidative stress (by using the 

oxidative stress inducer TBH)) induce changes in cellular features (proliferation, viability, 

growth, migration and angiogenesis) that can be relevant in the context of breast tumour 

promotion and progression, and even in cancer initiation. 

 

• With the exception of glucose and TNF-α, all T2DM-associated features stimulate glucose 

and/or glutamine cellular uptake in the context of breast tumour initiation, promotion 

and/or progression. 

 

• T2DM-associated characteristics present distinct effects in cellular features and glucose 

and glutamine uptake in different breast cancer subtypes. 

 

• In both ER+ and TN breast cancer cells and human epithelial breast cells, glucose cellular 

uptake is BAY-876-sensitive and glutamine cellular uptake is mainly Na+-dependent and 

GPNA-sensitive.  

 

• The increase in glucose cellular uptake induced by T2DM-associated characteristics is 

BAY-876-sensitive and GLUT1-mediated, while the increase in glutamine transport is 

principally GPNA-sensitive and ASCT2-mediated, in all cell lines.  
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• Of all the T2DM-associated characteristics analysed, insulin and IFN-γ display the most 

interesting effects, because their effect in cellular features relevant in the context of 

breast cancer, and glucose and/or glutamine uptake are: (1) mostly cancer cell-specific; 

(2) BAY-876-sensitive and GPNA-sensitive and (3) GLUT1-mediated and ASCT2-mediated, 

respectively. 

 

• Insulin stimulates GLUT1-mediated uptake not only during breast cancer progression (in 

ER+ and TN cells), but also during breast cancer promotion (DMBA-transformed cells) 

and initiation (non-transformed breast epithelial cells), and its stimulatory effect upon cell 

proliferation and viability is also dependent on GLUT1 stimulation. The effect of insulin 

upon both proliferation and glucose uptake in breast cancer promotion involves activation 

of mTOR and PI3K intracellular signalling pathways. Importantly, these effects are also 

evident in breast non-tumorigenic cell line, suggesting that they may also contribute to 

initiation of carcinogenesis in human epithelial breast cell. So, insulin may be an 

important molecular mediator of the T2DM-breast cancer connection.  

 

• The pro-proliferative effect of the pro-inflammatory cytokine, IFN-γ, in ER+ and TN breast 

cancer cells is associated with an increase in glutamine uptake, which is GPNA-sensitive, 

abolished after ASCT2 knockdown and mediated by activation of the PI3K-, STAT3- and 

STAT1 intracellular signalling pathways. 

 

• GLUT1 and ASCT2 transporters appear to constitute a molecular target for T2DM-

associated features, as an increase in GLUT1-mediated and ASCT2-mediated transport 

appear to contribute to breast cancer initiation, promotion and progression in T2DM 

patients. 

 

• An effective inhibition of glucose and glutamine uptake may be used as a therapeutic 

strategy against breast tumours cell in early-stage or late-stage of progression, in the 

promotional stage of breast tumorigenesis and may even prevent initiation of 

carcinogenesis in human epithelial breast cell in T2DM patients.  
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We believe that this work contributes to a better knowledge on the impact of T2DM upon 

the initiation, promotion and progression of breast cancer. With this study, we tried to (1) further 

establish the relationship between T2DM and breast cancer initiation, promotion and 

progression; (2) understand and compare the role of T2DM-associated characteristics in different 

breast cancer subtypes; (3) understand how breast cancer cells utilize two of the main nutrients 

(glucose and glutamine) in the presence of T2DM-associated characteristics; and (4) propose 

personalized anti-cancer agents to improve treatment outcome and prognosis or even to block 

the initiation of tumorigenesis. Moreover, this work also suggest that some aspects should be 

investigated in more detail.  

First, the relevance of our findings should be expanded to other proliferative breast 

cancer subtypes, namely luminal B and HER2+ tumours. For instance, similar to TN, HER+ breast 

cancers display altered glucose and glutamine metabolism [146], suggesting that these tumours 

may also be sensitive to GLUT1 and/or ASCT2 inhibition. 

Next, it should be noted that our data answers some important questions, as to the 

efficacy and the optimal timing of GLUT1 or ASCT2 targeted therapies in T2DM patient; would 

they be best used in early breast cancer to slow or block development of disease, or in later-stage 

of disease, such as luminal and basal-like molecular subtypes of breast cancer. Our data show 

that in vitro GLUT1 and/or ASCT2 inhibition can be an effective therapeutic strategy for 

reducing/preventing breast cancer initiation, promotion and progression in the presence of some 

T2DM-associated compounds, but these results need to be validated in vivo. Future work must 

include analysis of GLUT1 and ASCT2 expression in the presence of T2DM and validation of the 

effectiveness of BAY-876 and GPNA in vivo, in order to reinforce the translation of our findings. 

The combination therapy of these two inhibitors should also be explored, as it could be relevant 

to achieve an optimal response, to increase the specificity of the treatment and, additionally, to 

reduce the development of drug resistance. 

As with any therapeutic intervention, the potential to initiate adaptive pathways and 

resistance mechanisms in response to GLUT1 and/or ASCT2 inhibition should also be 

considered. Recent publications suggest that cancer cells may be able to adapt to long-term 

glucose or glutamine transporter inhibition by upregulating other transporters with similar 

substrate affinity. For instance, upregulation of SNAT1 and SNAT2 was reported in ASCT2-

defecient cells [191]. Therefore, future work must understand what mechanisms enable this. 
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In this work we showed, for the first time, that an AI-based technique was able to 

distinguish/identify the supernatant of DMBA-transformed cells from that of non-tumorigenic 

cells. This discovery may lead to the identification of a new biomarker for the risk of breast 

cancer development in T2DM patients. So, future work should involve the identification of the 

specific nanostructures present in cell supernatant which contribute the most for the 

discriminatory nature of the scattering-based signal associated to the carcinogenesis process. 

Possible examples include specific extracellular vesicles (e.g., exosomes) produced by cells under 

neoplastic transformation. 

Lastly, the biggest limitation of this study is that it draws conclusions only from cell lines, 

and it is known that cell lines are an imperfect model of human disease. Even within molecular 

subtypes, breast cancer is extremely heterogeneous, and no individual cell line and not even in 

vivo models can show all of this variation. Thus, gene expression analyses of tissue of the 

different molecular subtypes of breast cancer from patients with T2DM should be incorporated 

into this study in the future, in order to provide a better coverage of the intrinsic heterogeneity in 

samples from T2DM patients with breast cancer. 
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