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RESUMO  
 

A transformação de uma célula normal numa célula cancerosa é um processo patológico que ocorre 

simultaneamente em várias etapas. Estas alterações ocorrem de forma a modificar o metabolismo celular 

assegurando a rápida produção de ATP, a alta taxa de biossíntese de macromoléculas e a manutenção 

do estado redox celular. A mitocôndria desempenha um papel central na célula eucariota, pela sua 

relevância nos metabolismos biossintético e bioenergético. Adicionalmente, as mitocôndrias são 

também responsáveis pela produção e/ou controlo de vários tipos de sinais (incluindo moléculas) 

envolvidos nos processos de sinalização celular que modulam vários aspetos da organização funcional 

das células, incluindo a sua interação com células vizinhas. Por exemplo, este organelo está 

particularmente associado aos processos de morte celular por apoptose. Neste contexto, o 

desenvolvimento e a progressão da doença oncológica está inevitavelmente associada com alterações 

nas vias metabólicas/sinalização que envolvem a mitocôndria.  

Dois modelos de células de cancro humano, nomeadamente células A549 (representativas de carcinoma 

do pulmão ligado às células “não pequenas”) e células AGS (representativas do cancro do estômago 

promovido por células do tipo intestinal), são usados no presente trabalho para investigar a relação entre 

parâmetros metabólicos e a sensibilidade das células cancerosas a estímulos apoptóticos. Este aspeto é 

fundamental para compreender os mecanismos usados pelas células cancerosas para desenvolver 

resistência à quimioterapia convencional e também para desenvolver novas estratégias terapêuticas mais 

eficazes. 

Os resultados obtidos mostram que estas duas linhas celulares apresentam curvas de crescimento 

distintas, sendo a taxa de proliferação celular (inversamente proporcional ao do tempo de duplicação) 

das células A549 ligeiramente superior à das células AGS. Todavia quando comparadas com as células 

A549, as células AGS apresentam maior conteúdo intracelular de glicogénio, exibem maior capacidade 

de redução do MTT e exibem uma funcionalidade mitocondrial muito superior, como é mostrado pelos 

parâmetros que caracterizam a respiração mitocondrial (respiração basal, respiração associada com a 

síntese de ATP e capacidade máxima de respiração). Adicionalmente, a composição lipídica das 

membranas destas células também é dependente do tipo de célula. Quando normalizado pela quantidade 

de proteína, as células A549 apresentam maior conteúdo lipídico (fosfolípidos + colesterol) mas menor 

teor de glicolípidos do que as células AGS. A análise dos perfis de ácidos gordos revelou que as células 

A549 apresentam menor abundancia relativa de ácidos gordos saturados, maior abundancia de ácidos 

gordos monoinsaturados e uma razão de ácidos gordos polinsaturados Omega-6/Omega-3 superior às 

das células do AGS. 
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A caracterização do estado de oxidação-redução das células (avaliado pela razão GSH/GSSG), da 

atividade das defesas antioxidantes enzimáticos e da taxa de produção de espécies reativas de oxigénio 

mostrou que estes parâmetros seguem um padrão consistente com as diferenças metabólicas 

apresentadas pelas duas linhas celulares. Assim, as células AGS apresentam uma atividade dos dois 

tipos de sistemas enzimáticos, Catalase e Superóxido dismutase (SOD), superior à das células A549, 

apesar de, em média, os seus compartimentos intracelulares estarem num estado mais oxidado, como 

sugerido pela menor razão GSH/GSSG. Apesar destas diferenças, a taxa de produção ROS é semelhante 

em ambas as linhas celulares. 

Considerando o efeito de concentrações crescentes de staurosporina na viabilidade celular, mostrou-se 

que as células AGS (IC50 = 20,5 nM) são significativamente mais sensíveis do que as células A549 (IC50 

= 108,0 nM) a este agente apoptótico. A staurosporina, à concentração do IC50 para cada linha celular, 

promove em ambas as linhas celulares uma diminuição significativa do potencial elétrico através da 

membrana interna mitocondrial (ΔΨm) sem afetar a geração de ROS. Adicionalmente, mostrou-se 

também que a linha celular A549 exibe um ΔΨm significativamente maior do que a linha celular AGS, 

apresentando estas células mitocôndrias mais hiperpolarizadas. 

O impacto da destruição da matriz extracelular (através da atividade da tripsina) no estado de oxidação-

redução celular, no ΔΨm e na produção de ROS foi também avaliado em ambas as linhas celulares. O 

processo de tripsinização destrói a matriz extracelular e transforma células aderentes em células 

móveis/flutuantes, promovendo, em ambas as linhas celulares, um aumento significativo na produção 

de ROS; sendo os efeitos mais evidentes nas células A549. O aumento da taxa de produção de ROS é 

acompanhado pela redução da razão GSH/GSSG e por um aumento do ΔΨm, sendo estes efeitos também 

mais evidentes nas células A549.  

Em conjunto, os resultados obtidos suportam a ideia de que a maior agressividade tumoral das células 

A549, em comparação com células AGS, detetadas pela maior taxa de proliferação celular e pela maior 

capacidade de evasão à apoptose (menor sensibilidade à staurosporina) são reflexo do seu fenótipo 

glicolítico. Este fenómeno glicolítico é caracterizado por mitocôndrias hiperpolarizadas e com menor 

atividade respiratória, suportadas também por um ambiente intracelular menos reduzido e lípidos 

membranares com maior abundancia de ácidos gordos monoinsaturados e maior razão ómega-6/ómega-

3. Adicionalmente, quando as células deixam de estar ligadas à matriz extracelular, processo de 

tripsinização, a sua mitocôndria torna-se mais hiperpolarizada, a produção de ROS aumenta e o seu 

ambiente intracelular torna-se mais oxidado, aumentando a sua agressividade tumoral. 

 

Palavras-chave: Cancro; mitocôndria; metabolismo; apoptose; ROS; Potencial Redox   
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ABSTRACT  
 

The transformation of a normal cell into a cancer cell is a pathological process involving several stages, 

which modifies cellular metabolism and supports: rapid generation of ATP, high rate of macromolecules 

biosynthesis and maintenance of the appropriate cellular redox state. Mitochondria play a central role in 

the eukaryotic cell because of their relevance in biosynthetic and bioenergetic metabolisms. 

Additionally, mitochondria are also responsible for the production and/or control of various types of 

signals (including molecules), involved in cellular signalling processes that modulate various aspects of 

the functional organization of cells and their interaction with neighbouring cells. For example, this 

organelle is particularly associated with the processes of cell death by apoptosis. In this context, the 

development and progression of oncologic disease is inevitably associated with changes in metabolic 

pathways/signalling that involve mitochondria. 

Two models of human cancer cells, notably A549 cells (representative of non-small cell lung cancer) 

and AGS cells (representative of stomach cancer promoted by intestinal type cells), are used in the 

present work to investigate the relationship between metabolic parameters and sensitivity of cancer cells 

to apoptotic stimuli. This aspect is fundamental to understanding the mechanisms used by cancer cells 

to develop resistance to conventional chemotherapy and also to develop new and more effective 

therapeutic strategies. 

The results obtained show that these two cell lines show distinct profiles of growth curves. The cell 

proliferation rate (inversely proportional to the doubling time) of A549 cells is slightly higher than AGS 

cells. However, when compared to A549 cells, AGS cells exhibit higher intracellular glycogen content, 

higher MTT reduction ability and much higher mitochondrial functionality, as revealed by the 

parameters that characterize mitochondrial respiration (basal respiration, respiration associated with 

synthesis of ATP and maximum breathing capacity). Additionally, the lipid composition of the 

membranes of these cells also depends on the cell type. When normalized by the amount of protein, 

A549 cells exhibit higher lipid content (phospholipids + cholesterol) but lower glycolipid content than 

AGS cells. Analysis of the fatty acid profiles revealed that A549 cells exhibit lower relative abundance 

of saturated fatty acids, higher abundance of monounsaturated fatty acids and a higher ratio of Omega-

6/Omega-3 polyunsaturated fatty acids to those of AGS cells. 

The characterization of the oxidation-reduction cell state was evaluated by the GSH/GSSG ratio.  The 

activity of the enzymatic antioxidant defences and the rate of production of reactive oxygen species 

follow a pattern consistent with the metabolic differences presented by the two cell lines. Thus, AGS 

cells exhibit Catalase and Superoxide dismutase (SOD) activities superior to A549 cells, despite their 
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intracellular compartments are, in average, a more oxidized state, as suggested by the lower ratio 

GSH/GSSG. Notwithstanding these differences, the ROS production rate is similar in both cell lines.  

Considering the effect of increasing concentrations of staurosporine on cell viability, AGS cells (IC50 = 

20.5 nM) are shown to be significantly more sensitive than the A549 cells (IC50 = 108.0 nM) to this 

apoptotic agent. Staurosporine, at the concentration of IC50 for each cell line, promotes a significant 

decrease in the electrical potential across the mitochondrial inner membrane (ΔΨm) in both cell lines 

without affecting ROS generation. Additionally, the A549 cell line was shown to exhibit ΔΨm 

significantly higher than the AGS cell line, exhibiting more hyperpolarized mitochondria. 

The impact of the destruction of the extracellular matrix (through trypsin activity) in the oxidation-

reduction cell, ΔΨm and ROS production was also evaluated in both cell lines. The trypsinization 

process destroys the extracellular matrix and transforms adherent cells into mobile/floating cells, 

promoting in both cell lines a significant increase in ROS production. These effects are more evident in 

A549 cells. The increase in ROS production rate is accompanied by a decrease in the GSH/GSSG ratio 

and an increase of ΔΨm; and again, these effects are also more evident in A549 cells. 

Together, the results support the idea that the higher tumour aggressiveness of A549 cells, compared to 

AGS cells, detected by the higher rate of cell proliferation and the greater the ability to evade apoptosis 

(less sensitivity to staurosporine) are reflex of the glycolytic phenotype. This phenotype is characterized 

by hyperpolarized mitochondria, lower respiratory activity and supported by a lower intracellular 

environment. Moreover, A549 cells showed their membrane lipids with superior abundance of 

monounsaturated fatty acids and higher omega-6/omega-3 ratio. At last, when the cells are no longer 

bound to the extracellular matrix, mimic by trypsinization process, their mitochondria becomes more 

hyperpolarized, ROS production increases and their intracellular environment becomes more oxidized, 

increasing their tumour aggressiveness. 

 

Key-words: Cancer; mitochondria; metabolism; apoptosis; ROS; Redox potential 
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INTRODUCTION 
 

CHAPTER I 
 

 

 

In the last decades, the knowledge about the oncologic disease has increased exponentially and 

following a tissue-specific vision more than 100 distinct types and subtypes of cancer were 

categorized in different organs and tissues [1]. New discoveries on cancer cell biology, advanced 

tools for diagnostic and treatment, improved processes to reduce side-effects and suffering with 

positive impact on life expectancy of human patients; all these achievements have been 

achieved in the last decades, all except the cure of cancer itself. 

The diversity of cancer phenotypes associated with the biochemical complexity and genetic 

vicissitudes of each one lead to uncountable number of questions ranging from the tumour 

formation to metastization, passing through tumour growth and concomitant angiogenesis. 

Evade to apoptosis is another important stage of tumour progression, otherwise, the constant 

stress, genomic instability and cellular hypoxia in tumour cells would trigger the activation of 

the programmed cell death process. Cancer cells ability to dysregulated apoptotic signalling is 

strictly connected with the chemotherapeutic resistance and recurrence exhibited by several 

types of human tumours [1, 3].   

Despite cancer etiology and several aspects related to the cancer cell proliferation still remain 

unclear [1], currently, we know that cancer is not only a set of cells in uncontrolled proliferation, 

but rather a complex tissue composed by multiple cell-types within a soft web that emerge from 

a dynamic interactions networks. Thus, malignant tumours represent a progressive process that 

occurs in several steps during several years, involving changes in a number of metabolic 

pathways linked by coherent changes in the cell signalling networks and by specific gene 

expression patterns [1-4]. 

The transformation process of a normal cell to a tumour cell requires a set of multiple molecular 

mechanisms that converge to change the central cellular metabolism, providing support for 

three basic needs: fast ATP (adenosine triphosphate) generation, high rate of macromolecules 

biosynthesis and tightened maintenance of appropriate cellular redox status [4,5]. These 

remarkable changes will involve the four main macromolecule groups (carbohydrates, proteins, 
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lipids and nucleic acids), and will assure the nutrients and signaling molecules required to the 

tumor proliferation [3]. 

Mitochondria has also a central role in cell metabolism that is not restricted to ATP production 

for metabolic demands. In fact, mitochondria display their own role in cell death pathways and 

it has been linked to the apoptosis resistance in cancer cells. Moreover, it produces ROS 

(reactive oxygen species), which are involved in the regulation of many physiological processes 

as differentiation, proliferation or apoptosis, correlated many times with development and 

progression of cancer [3]. At last, mitochondria utilize the oxidizable substrates to produce a 

membrane potential in the form of a proton gradient across the mitochondrial inner membrane. 

Differences in mitochondrial membrane potential reflect alterations both in the composition 

and function of the mitochondria and have been correlated also with several aspects of the 

oncological disease as apoptotic resistance or proliferation [4]. Mechanisms involved in 

generating and maintaining the mitochondrial potential are still unclear, however, those 

mechanism can be promised for future targets in treatment of cancer, as a redox disease.  

 

1. Cancer as a metabolic disease 

 

1.1. The metabolic strategic resources to sustain tumour cell proliferation: glucose and 

glutamine 

 

In normal tissues, cell proliferation is a common process in embryogenesis and growth where 

all of cellular contents must be replicated to produce two viable daughter cells by mitosis. This 

requires the synthesis of many biomolecules, including lipids, proteins and nucleic acids [5]. 

Similarly, tumour cells must also continuously generate these biomolecules to provide the 

tumour proliferation. Glucose is an essential molecule to support the cellular growth, used to 

produce ATP and intermediates for biosynthesis [5,6]. Glucose metabolism can be seen as a 

network formed by several interconnected biochemical pathways that play a key role in the cell 

metabolism web. Thus, the strategy used by cancer cells to sustain high rate of cell proliferation 

is strictly connected with their ability to improve glucose uptake and to enhance the biochemical 

pathways supported by glucose, such as, glycolysis, pentose phosphate pathway and 

hexosamine pathway [5]. However, the improvement of glucose metabolism by itself is not able 

to sustain the high rate of cell proliferation, since glucose can only provide carbon source. 
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Likewise, tumour cells use glutamine as strategic resource to sustain their proliferation within 

a framework where both glucose and glutamine metabolisms are enhanced. Glutamine is the 

most abundant amino acid in the human body used as vehicle for the ammonia circulation in 

the non-toxic form. Glutamine enters in cells and is converted to glutamate by the mitochondrial 

enzyme glutaminase. In turn, glutamate can have diverse fates, including: i) enter in TCA 

(tricarboxylic acid) cycle via α-ketoglutarate and used to produce not only ATP and NADH 

(sources of energy and electron donors for biosynthesis) but also to provide precursors for the 

biosynthesis of fatty acids, others amino acids and nucleic acids; ii) converted, by the enzyme 

glutathione cysteine ligase, in GSH (Glutathione), which is essential to regulate the intracellular 

redox balance [7]. Therefore, the stimulation of glutamine metabolism promoted by cancer cells 

has significant impacts on their mitochondrial bioenergetics (e.g. carbon flow in TCA), amino 

acids, nucleotide and fatty acid biosynthesis, as well as on the cell redox status. 

 

 

1.2. Glycolysis versus oxidative phosphorylation: metabolic strategy beyond Warburg 

effect 

 

Despite the emergence of atmospheric oxygen had been a great problem for the anaerobic 

organisms on Earth, it was also the drive force to the development of high energetic efficiency 

metabolic strategies supported by oxygen. Thus, at 2400 million years ago, some organisms 

began to produce energy by a more beneficial pathway: OXPHOS (the oxidative 

phosphorylation) that combines the oxidative carbon flow in mitochondrial matrix (TCA cycle) 

with the respiration process in inter-mitochondrial membrane to ensure a higher ATP yield [5].  

Glycolysis, which occurs in cytoplasm, is responsible by production of a key molecule, which 

is the main fuel for OXPHOS, the pyruvate [7, 8]. The presence or absence of oxygen will define 

the destinations of this molecule. Under anaerobic conditions, it will be reduced to lactate by 

LDH-A (lactate dehydrogenase A) and released for extracellular space through MCTs 

(monocarboxylate transporters). In aerobic conditions, it cross the mitochondrial membranes 

and is oxidised to acetyl CoA that activate the TCA cycle running [8]. Since the rate of glycolysis 

is about 20 times higher than the rate of the TCA cycle/OXPHOS reactions that occur in 

mitochondria, healthy cells regulate glycolysis in close association with the TCA cycle and 

OXPHOS. The regulation of this process by integrated manner allow the complete glucose 
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oxidation, ensuring the production of ATP (up to 38 ATP, 36 of which are produced in the 

mitochondria and 2 in the cytoplasm) required for cellular metabolism while the amount 

substrate used is minimized [15]. In a physiological situation, mammalian cells are able to 

regulate the flows of glycolysis and oxidative phosphorylation to respond suitably to the 

environmental stimuli according with their physiological needs. For example, when oxygen 

availability is high, cells reduce the rate of glycolysis and privilege the production of ATP via 

oxidative phosphorylation, but when the oxygen availability decreases below a given critical 

value, glycolysis is significantly increased, leading to lactic acid accumulation, as firstly 

described by Louis Pasteur and it is now known as "Pasteur Effect" [9, 10]. In fact, the association 

between the mitochondrial oxidative phosphorylation and cytoplasmic glycolysis as energy 

production network was conserved by evolutionary process, remaining a hallmark of the cell 

metabolism in human cells.  

Apparently, cancer cells develop ability to dissociate cytoplasmic glycolysis from 

mitochondrial bioenergetics (TCA cycle and OXPHOS), and carbon flow in cytoplasm run 

independently of carbon flow in mitochondria to take advantage to ensure continued and 

uncontrolled proliferation. Thus, high rate of pyruvate produced by glycolytic exceed the 

capacity of their oxidation by mitochondria and, instead to be totally oxidized to CO2 through 

the TCA cycle, great part is converted to lactate (lactic fermentation) to ensure the regeneration 

of NAD+ required for the continuous glycolysis [7, 8, 11].  

Otto Warburg, in beginning of twenty years of XX century, propose that cancer and tumour 

growth are, at least in part, caused by changes in the way by which cells generate their energy 

[12]. This German biologist modify how we understand the cancer cell metabolism, 

demonstrated that tumour cells metabolism is characterized by a high rate of glycolysis, even 

under aerobic conditions. Thus, currently tumours are detected by PET (positron emission 

tomography) imaging in which glucose uptake is measured by means of a radioactive analogue, 

flourodeoxyglucose and lactate accumulation is considered the main metabolic marker of 

cancer [12, 13, 14]. This is recognized as “Warburg effect” and can suggests that malignant 

neoplastic transformation is connected with mitochondrial dysfunction, specifically with a 

small rate of oxidative phosphorylation [13]. However, Weinhouse and colleagues using 

isotopically labelled-glucose show that, in aerobic environment, cancer cells can oxidize 

completely glucose to CO2 with a rate similar to the non-cancer cells [15].   

In this scenario, tumour cells dissociate glycolytic carbon flow from the mitochondrial 

bioenergetics metabolism, allowing that both may occur with high rate, in order to fulfil the 



Cancer cells: A crosstalk between general metabolism and sensitivity to apoptotic signals 

 
5 

 

high demand for energy and biosynthetic precursors required for tumour growing. Additionally, 

this also allow the adaptation of cancer cells to the intermittent cycles of oxygen (hypoxia) and 

glucose deprivation that inevitably occur within the tumour [12, 16]. Thus, in a hypoxia situation 

the glycolysis can support the energetic requirements of tumour cells while under glucose-

deprived conditions, the survival of cancer cells may be mainly ensured through mitochondrial 

pathways that use glutamine and/or other alternative substrates (e.g. fatty acids) [10, 17]. 

 

1.3. Changes in gene expression patterns and in cell signalling networks 

 

In order to sustain an uninterrupted proliferative state, cancer cells couple the metabolic 

remodelling to coherent changes in the cell signalling networks, including those that allow to 

sense and integrate the internal and external environmental signs. This is sustained by changes 

in gene expression patterns as evidenced by activation of oncogenes and turning off tumour 

suppressor genes, upregulation/downregulation of the multiple gene-encoded proteins with key 

roles in metabolism and cell signalling networks [16].  

This scenario is supported by many works reporting that in cancer cells the expression of key 

enzymes of glycolytic/lactic fermentation pathway is upregulated, including: hexokinase, 

which catalyses the conversion of glucose to glucose-6-phosphate; LDH (lactate 

dehydrogenase), which converts pyruvate to lactate regenerating NAD+; the MTC4 

(monocarboxylate-4 transporter), which plays an important role in exporting lactate to the 

extracellular medium; and glucose transporters, in particular  GLUT1 (high-affinity glucose 

transporter-1), to increase glucose uptake [16]. In general, the overexpression of these enzymes 

is accompanied by a downregulation of the mitochondrial pyruvate dehydrogenase, that 

catalyses the oxidative decarboxylation of pyruvate to produce acetyl-CoA [11, 18, 19, 20], 

reinforcing the idea that glucose metabolism occurs preferential in cytoplasm. Overexpression 

of enzymes involved in glutamine metabolism were also reported. As examples,  PSAT1 

(phosphoserine aminotransferase), an enzyme involved in serine biosynthesis pathway that 

couple the deamination of glutamate (to produce α‑ketoglutarate) with glycolytic pathway [20].  

Gene regulators, such as the MYC (v-myc myelocytomatosis viral oncogene homolog), that 

induce the expression of enzymes implicated in glycolysis (e.g. hexokinase II, enolase, LDH 

and phosphofructokinase) contribute for Warburg effect [21,24]. Additionally, mutations in the 

oncogene Ras, also stimulate glycolysis by increasing the uptake and utilization of glucose by 
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tumour cell [22]. On the other hand, oncogene Ras enhance indirectly glycolytic pathway as well 

as the amino acids and nucleotides metabolism by its effects on Myc transcription factor [23].  

Additionally, several studies support the idea that the metabolic transformation underlying the 

uninterrupted proliferative state of cancer cells is strictly connected with their ability to keep 

the PI3K–AKT–mTOR complex 1 (mTORC1 - mechanistic target of rapamycin complex 1) 

signalling pathway activated [11]. In fact, this signalling cascade, conserved throughout 

evolutionary process, integrates both intracellular (e.g. cell energy status, amino acids levels) 

and extracellular signals (e.g. growth factors) and serves as a master regulator of cell growth 

and metabolism. Extracellular growth factors (e.g. hormones, cytokines, chemokines) stimulate 

mTORC1 in the cytoplasmic side of lysosomal membrane via an upstream signalling cascade 

triggered by the activation of RTKs (receptor tyrosine kinases) or GPCRs (G-protein-coupled 

receptors) and involve PI3K-Akt (phosphatidylinositol 3-kinase - Protein Kinase B) signal 

transduction pathway, the tuberous sclerosis complex (TSC complex) and Ras homolog 

enriched in brain (Rheb) GTPase. On the other hand, the lysosomal amino acid levels activate 

Ras-related GTPases, which make the recruitment of mTORC1 from cytoplasm to the 

membrane of lysosome. Apparently, cell energy status is sensed at level of TSC (tuberous 

sclerosis complex) complex or directly signaled to mTORC1 via AMPK (AMP-activated 

protein kinase), another master sensor of intracellular energy status [21, 22]. 

Therefore, the metabolic remodelling and changes in both gene expression patterns and cell 

signalling networks acquire by cancer cells will lead to phenotypes that will confer competitive 

advantages for the cell survival and proliferation. In this way, tumour growth and proliferation 

emerge mainly from epigenetic adaptive changes in response to an environment characterized 

by oscillatory changes in nutrients and oxygen levels. 

 

2. Redox balance in cancer cells  

 

2.1. The role of reactive oxygen species  

 

Reactive oxygen species emerge as consequence of aerobic life and play a critical role in the 

regulation of cell redox balance and homeostasis of all multicellular organisms [48]. They are a 

diverse group of highly reactive oxidant species that include: O2
•− (superoxide), H2O2 (hydrogen 
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peroxide), HOCl (hypochlorous acid), 1O2 (singlet oxygen), ROOH (lipid peroxides), O3 

(ozone) and HO• (hydroxyl radical) [25, 26]. 

Reactive oxygen species exist in all aerobic cells in balance with biochemical antioxidants, 

when this balance is disrupted (by ROS increase, antioxidants depletion or both) the cell will 

enter in oxidative stress, implicated in aging and death. Mitochondria, peroxisomes and 

endoplasmatic reticulum are the major producers of ROS in physiologic conditions [27].  

Cells have mechanisms to prevent damage by oxidative stress, for this is necessary the action 

of some non-enzymatic molecules and antioxidant enzymes that distinctly scavenge diverse 

forms of ROS.  Superoxide dismutases (SODs) are metalloenymes which catalyse the 

dismutation of superoxide anion to oxygen and hydrogen peroxide. They ubiquitously exist in 

eukaryotes and prokaryotes. Superoxide dismutases utilize metal ions such as copper (Cu2+), 

zinc (Zn2+), manganese (Mn2+) or iron (Fe2+) as cofactors. The different SOD enzymes are 

located in diverse cellular compartments and are highly specific in regulating linked biological 

processes [28]. Catalase simplifies the decomposition of hydrogen peroxide to water and oxygen. 

In most eukaryotes, catalase is located in the cytosol and peroxisomes [29]. The glutathione 

system includes glutathione (GsH), glutathione reductase, glutathione peroxidases (GPx) and 

glutathione S-transferases (GST). Glutathione protects cells from oxidative stress by reducing 

disulphide bonds of cytoplasmic proteins to cysteines. During this process, glutathione is 

oxidized to glutathione disulphide (GSSG). Glutathione peroxidases (GPX) catalyse the 

breakdown of hydrogen peroxide and organic hydroperoxides. Glutathione reductase reduces 

GSSG and refills GSH pools [30, 31]. The schematic representation of enzymatic and non-

enzymatic defences in the organism is illustrated in Figure 1.  
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Figure 1: Enzymatic and non-enzymatic defences (endogenous and exogenous) (adapted of Lazo-de-la-Vega, 

M. L., & Fernández-Mejía, C. (2013) [133]) 

 

 

In this way, low and moderate levels of ROS are essential for the increase of cell proliferation 

and the induction of proteins linked to the cell survival [32]. However, in high levels ROS can 

cause damage in macromolecules as DNA leading the cells to death by apoptosis [33]. ROS in 

cancer can result from increased metabolic activity, mitochondrial dysfunction, peroxisome 

activity, increased cellular receptor signalling, oncogene activity and increased activity of 

oxidases, cyclooxygenases and lipoxygenases [34].  

If an excessive production of ROS can lead the cells to apoptotic process, in cancer the levels 

of ROS are increased and malignant cells must have constant need to regulate this to the cell 

proliferation. This regulator of ROS and the mechanisms designed to counter it allow the cancer 

cell to avoid the consequences of high levels of ROS, but also increase the chance that the cell 

will experience additional ROS-mediated mutagenic events and stress responses that promote 

tumorigenesis [35, 36]. Transformed cells counteract this accumulation of ROS by further 
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upregulating antioxidant systems, seemingly creating a paradox of high ROS production in the 

presence of high antioxidant levels.  

2.2. Mitochondrial membrane potential 

 

Mitochondria have a central role in the metabolic pathways in the cell, their normal 

physiological state is crucial for cellular homeostasis and cell death induction during stress 

responses. For this, it is not surprising that mitochondria have been implicated in multiple 

aspects of tumorigenesis and tumour progression. Additionally, to the three most compelling 

evidences that are required for tumour growth:  aerobic glycolysis (the Warburg effect), fatty 

acid/lipid synthesis and mitochondrial glutamine metabolism, cancer cells have also the 

capability to resists to the programmed cell death stimuli. Many evidences report that aerobic 

glycolysis and apoptosis evasion are linked once many glycolytic enzymes also regulate 

apoptosis, as the protein Akt, for example, which stimulates glycolysis and induce resistance to 

apoptosis, but also activates hexokinase. This enzyme that is translocated to mitochondrial 

membrane, binds to VDAC (voltage-dependent anion channel), an important part of the 

mitochondrial transit pore that controls the permeability of the mitochondria to small 

hydrophilic molecules [37, 38]. This suppresses apoptosis, apparently by making the 

mitochondrial membrane impermeable, suggesting that perhaps the metabolic phenotype in 

cancer is due to a potentially mitochondrial remodelling resulting in suppressed oxidative 

phosphorylation, enhanced glycolysis, and suppressed apoptosis [39]. 

Pyruvate dehydrogenase converts pyruvate to acetyl-CoA which, along with the acetyl-CoA 

from the fatty acid β-oxidation, is provided for the Krebs cycle, producing the electron donors 

NADH and FADH2. NADH donates electrons to complex I of the ETC (electron transport 

chain) and FADH2 to complex III. The flux of electrons down the ETC is associated with 

production of reactive oxygen species and with the efflux of H+, causing a negative 

mitochondrial membrane potential. The stored energy of negative mitochondrial membrane 

potential is then used to synthetize ATP. For this reason, the ∆Ψm is also used as marker of ECT 

activity and of mitochondrial state [39]. The ∆Ψm has been correlated to cell differentiation 

status, tumour development and malignancy, and more recently has been linked to programmed 

cell death resistance in cancer treatment.  Indeed, mitochondria as well as ∆Ψm have their own 

role in all cell cycle. For example, the ESCs (pluripotent embryonic stem cells) have a small 

mitochondrial network characterized by large mitochondria and low energetic potential. 
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Different those, cells differentiated into trophectoderm of mice and rats, have a more expressive 

mitochondrial network with elongated mitochondria, and higher rate of O2 consumption. In the 

same way, maintenance mitochondrial membrane potential dependent ROS generation is 

essential for cell proliferation and HIF-1 (Hypoxia-inducible factors) activation and oppositely 

their decrease has been observed in response to many apoptotic stimuli [40].  

The idea that cancer cells have a hyperpolarized (more negative than healthy cells) 

mitochondrial membrane potential has been proposed in the 1980s and the knowledge about 

the role of ∆Ψm on cancer pathogenesis has been continuously increased. Bonnet et al. [41] 

compared lung cancer A549 cells, glioblastoma M059K cells, and breast cancer MCF-7 cells 

to that of healthy, noncancerous, small airway epithelial cells, fibroblasts, and pulmonary artery 

smooth muscle cells, and they found these cancer cells exhibited higher ∆Ψm. Many studies 

also reported that the carcinoma (such as breast cancer or prostate cancer) derived cells have a 

higher ∆Ψm than normal epithelial cells [42, 43]. Oppositely, a human mtDNA-deficient breast 

cancer cell line, T47D rho(0), exhibits a decrease in ∆Ψm, showed a slower proliferation rate, 

and a severe impairment in cancer development. Cells with high ∆Ψm typically have decreased 

sensitivity to chemoprotective agents and increased secretion of VEGF (vascular endothelial 

growth factor), promoting growth of blood vessels, and in metastatic tumours, but not in non-

metastatic tumours, correlated with invasive potential [44].  

Another interesting fact can be found in cancer recurrence, after chemotherapy or radiotherapy, 

which is initiated by a subpopulation of residual malignant cells named CSCs (cancer stem 

cells) frequently recognized by high resistance to therapeutics. These cells have many 

characters such as self-renewal, tumorigenic potential, unique profiles of surface markers, and 

recently it has been reported that the enhanced tolerance of CSCs to the chemotherapeutics and 

radiation correlated well with the changes of ∆Ψm. CSCs when compared to the non-CSCs in 

human oral squamous cell carcinoma cell line Ho-1-N-1 show a stronger apoptotic resistance 

correlated with high ∆Ψm. In contrast, cells of MEFs (Mouse embryonic fibroblasts) with a 

deficiency in mitochondrial fusion showing a loss of ∆Ψm were more susceptible to apoptotic 

stimuli [45].  

Withdrawal of growth factors or loss of the extracellular glucose supply will lead to a decline 

in ∆Ψm. If growth factor or glucose deprivation persists, cells ultimately undergo apoptosis that 

is initiated by cytochrome c release from mitochondria. It was suggested that structural changes 

in mitochondria may be a requisite to achieve complete and rapid cytochrome c release. 

Likewise, a direct relation between mitochondrial structure and function were established, once 
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a decrease in ∆Ψm leads to matrix condensation and exposure of cytochrome c to the 

intermembrane space, facilitating its release to cytoplasm and cell death by apoptosis [46].  

Linked these facts and understanding that cancer cells have abnormal energy metabolism can 

open new ways for new therapies, developing targets that can deal with cancer as a redox 

disease. DCA (Dichloroacetate), a known inhibitor of mitochondrial pyruvate dehydrogenase 

kinase and a drug utilized for hereditary lactic acidosis disorders, can shift cellular metabolism 

from glycolysis to complete glucose oxidation. In recent years, this drug has attracted special 

attention, being exploited for the purpose of reversing the abnormal metabolism of cancer cells 

[44]. Pyruvate dehydrogenase kinase negatively regulates pyruvate dehydrogenase and DCA 

indirectly stimulates the pyruvate to acetyl-CoA conversion. Consequently, it has been shown 

to downregulate the aberrantly high ∆Ψm of cancer cells, increase mitochondrial ROS 

generation and activate K+ channels in malignant, but not in normal cells. DCA also upregulated 

the expression of the K+ channel Kv1.5, which is often under-expressed by tumour cells, 

through the NFAT1 (nuclear transcription factor of activated T cells). DCA normalized 

mitochondrial functions were accompanied by reduced proliferation, increased apoptosis and 

suppressed tumour growth without apparent toxicity, suggesting promising anticancer drug 

targets [46].  

 

 

3. The role of lipids in cancer  

 

Lipids are a large and diverse group of naturally occurring organic compounds with 

hydrophobic or amphipathic properties, that are synthesized entirely or in part by carbanion 

based condensations of ketoacyl thioesters or by carbocation based condensations of isoprene 

units. Based on this classification system, lipids have been divided into eight categories: fatty 

acyls, glycerolipids, glycerophospholipids, sphingolipids, saccharolipids and polyketides 

(derived from condensation of ketoacyl subunits); and sterol lipids and prenol lipids (derived 

from condensation of isoprene subunits). Currently, more than 40,000 different molecules have 

already been identified in biological systems [47, 48, 49, 50]. For instance, fatty acyls, synthesized 

by chain elongation of an acetyl-CoA primer with malonyl-CoA (or methylmalonyl-CoA) 

groups that may contain a cyclic functionality and/or are substituted with heteroatoms. Thus, 

this category contains not only the well-known fatty acids but also several other functional 

molecules such as alcohols, aldehydes, amines and esters, allowing to highlight the great 
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diversity of lipids. Glycerophospholipids together with sterols and sphingolipids, represent the 

major structural components of biological membranes, and the species diversity of membrane 

lipids within one cell can reach several thousands. In fact, several aspects underlying functional 

relevance of membrane lipid diversity remain unexplored. In multicellular organisms, the 

spatial and temporal regulation of lipidoma reaches a high level of complexity, including a 

transversal (lipid asymmetry) and a lateral (lipid domains) dynamic membrane organization. 

Furthermore, different tissues have different lipid compositions and within the same cell type, 

each organelle display a distinctive lipid profile. Therefore, lipid metabolism involves several 

interlinked metabolic pathways to ensure a wide variety molecules with a key role in energy 

storage and demand, cell structure (biomembranes) and cell signalling. The bioactive lipids 

influence both the activity of the cell where they are produced as the neighboring cells. 

Currently it is known that the lipids have an important role in the regulation of cellular and 

physiological processes, including: growth/proliferation, cell differentiation, inflammatory 

response and apoptosis [48]. 

The glycerophospholipids, lipids with a glycerol backbone containing two fatty acyl chains 

attached to Csn-1 and Csn-2 positions and a phosphorylated head group attached to Csn-3 

glycerol. While glycerophosphatidate itself is present in small amounts in membranes, the main 

glycerophospholipids are derived from it. In these other glycerophospholipids, the phosphate is 

additional esterified to the hydroxyl group of one of various alcohols ethanolamine 

(phosphatidylethanolamine, PE), choline (phosphatidylcholine, PC), serine 

(phosphatidylserine, PS), glycerol (phosphatidylglycerol, PG) or inositol (phosphatidylinositol, 

PI). Phosphoinositides, established important functions as second messengers of cells. 

Sphingolipids, lipids containing a sphingoid backbone base (e.g. sphingosine, synthesized from 

palmitoyl CoA and serine), that allows the attachment of a fatty acid and an additional polar group 

(acid phosphoric or sugar). Eicosanoids are synthetized from arachidonic acid resulting in the 

production of diverse prostaglandins as PGE2 (prostaglandin E2), prostacyclin and 

thromboxanes. Phosphoinositides, which contain two acyl chains coupled to an inositide head 

group, play important functions as second messengers. In the same way, cholesterol and 

cholesteryl-esters (sterols) also constitute central molecules for the normal roles of cell 

membranes, modulating the fluidity of the lipid bilayer. In addition, they provide the structural 

backbone for the synthesis of steroid hormones such as estrogen and progesterone [51].  



Cancer cells: A crosstalk between general metabolism and sensitivity to apoptotic signals 

 
13 

 

In addition to the de novo synthesis of lipids, FAs are catabolized by FAO (fatty acids 

oxidation), also known by β-oxidation. FA-CoAs are transported from the cytosol across the 

outer mitochondrial membrane after they are converted to FA carnitine by CPT1 (carnitine 

palmitoyl transferase 1). Within the mitochondrial, FAs are repeatedly cleaved to yield acetyl-

CoAs that are fed into the Krebs cycle and produce reducing equivalents for oxidative 

phosphorylation. Lipid metabolism also occurs in peroxisomes. Metabolic functions of 

peroxisomes in mammalian cells include β oxidation of very long chain fatty acids, α-oxidation 

of branched chain fatty acids, and synthesis of ether-linked phospholipids as well as bile acids. 

On metabolic stress, FAO helps to sustain ATP levels and NADPH production [52,53.54].  

Therefore, lipids establish an import role in different functions of the cell and their synthesis 

has to be regulated and coordinated to avoid lipotoxicity and membrane dysfunction. Sterol 

regulatory element-binding proteins (SREBPs) are a family of transcription factors accountable 

to maintain cellular lipid homeostasis. SREBPs are regulated downstream of the Akt/ mTORC1 

(mammalian target of rapamycin complex 1) pathway and are crucial for cell and organ growth 

[55]. They are associated to the FA and cholesterol synthesis regulation and their aberrant 

activation can promote pathologic processes as obesity [56], insulin resistance [57] and cancer 

development [58]. They also established crucial roles in response to nutrient levels and the 

cellular energy status, being related with the phosphatidylinositol-3-kinase (PI3K) pathway or 

AMP-regulated protein kinase (AMPK), a sensor of cellular energy levels [59]. 

 

3.1. Fatty acids synthesis as important step for cancer proliferation 

 

Carcinogenesis involves significant changes in cellular metabolism, mainly in carbohydrate, 

lipid, nucleic acid, and amino acid metabolism. The precisely role of lipids in cancer and the 

way that these molecules can sustain and/or promote the cancer development or if they confer 

aggressive properties of malignant cancers is not fully understood. The fast proliferation of 

cancer cells requires metabolic intermediates for macromolecules production, and the lipid 

anabolic metabolism and corresponding signalling networks for membranes formation is 

activated. Lipids will provide also a source to ATP generation by the β-oxidation of FA, in 

energy deficient conditions [60].  



Cancer cells: A crosstalk between general metabolism and sensitivity to apoptotic signals 

 
14 

 

FAs synthesis is an import step to formation of all biological membranes and essential substrate 

for energy storage. It is very active in distinct processes in mammalians as embryogenesis. In 

cancer was established that comparing with normal cells, cancer cells unexpectedly undergo 

intensified endogenous FA biosynthesis irrespective of the levels of extracellular lipids [61, 62]. 

The idea that cancer tissues are able to produce FAs and phospholipids, by de novo lipogenesis, 

was studied by Medes and colleagues in the middle of the last century. The experiments showed 

that the cancer tissues display levels of lipid biosynthesis that are comparable to that of liver 

tissue, which has a high rate of FA biosynthesis. Moreover, this studies indicate that tumours 

also takes up lipids from the tissue environment. They concluded that de novo lipogenesis 

provides the majority of lipids required for the rapid proliferation of cancer cells [63].  

The elevated biosynthesis of lipids that is observed in tumours is reflected in the increase of 

lipogenic enzymes. This increase is well documented in breast cancers by Szutowicz and 

colleagues in 1979 and by Milgraum and colleagues in 1997. In these experiments is showed 

the overexpression of enzymes as ACC or FASN in cancer tissues, in relation of the normal 

tissues [64, 65]. Over the high expression of these enzymes in breast cancer, FASN are also 

identified in other cancers, as prostate carcinoma, generally associated to an aggressive 

phenotype [66]. The enzymes in the FA synthesis pathway are regulated at distinct levels, and 

many of genes that encoding these enzymes are controlled transcriptionally by SREBPs, which 

play critical roles in cellular lipid homeostasis in cancer. It provides an essential link between 

oncogene signalling and transformed FA metabolism. SREBP1 (a mammal isoform) activity is 

induced by AKT in a manner that is dependent on mTORC1, demonstrating that lipogenesis 

and cell growth are well associated through the AKT-mTORC1 pathway [67, 68].  

The growth of tumour cells can be differentially modulated by fatty acids, however alterations 

in FA metabolism in cancer cells have been received less attention [69].  Recent studies have 

implicated FA desaturation as a requirement for tumour cell survival, showing that cancer cells 

are highly dependent of SCD (Stearoyl-CoA desaturases). These enzymes catalyse the 

conversion of saturated fatty acids to Δ9 MUFA (monounsaturated fatty acids), converting 

preferentially stearic acid (C18:0) to oleic acid (C18:1) and palmitic acid (C16:0) to palmitoleic 

acid (C16:1) [70].  Human SCD1 mRNA was found to be overexpressed in a variety of human 

cancers, including colon, oesophageal, and hepatocellular carcinomas relative to the 

corresponding normal tissues [71]. The tumour cells are highly dependent on MUFA for 

proliferation but Scaglia and colleagues showed that reducing SCD1 levels in SV40-
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transformed fibroblasts using antisense mRNA expression resulted in reduced proliferation and 

a diminished capacity for anchorage-independent growth [72].  

 

3.2. Lipids as signalling molecules in cancer  

 

Cells receive information from many different growth factor receptors, from cell-matrix and 

cell-cell contacts. For their normal functionality, they need to integrate all the information that 

is vital for essential processes as cell growth, motility, differentiation, and programmed cell 

death. The activation of a signalling molecule may have distinct consequences, depending on 

the cellular context. The capabilities of cancer cells can proliferate independently of exogenous 

growth-promoting or growth-inhibitory signals, to invade surrounding tissues and metastasize 

to distant sites, reflect alterations in the cellular signalling pathways in cells as programmed 

cells death, angiogenesis or cell growth [73]. In addition to the structural roles of lipids in the 

membranes construction, they also play distinct functions in cells as signalling molecules.   

Phospholipids are the major group of lipids in cells but their importance for the living organisms 

transcends the structural role in membranes.  They can be essential cofactors for membrane 

enzymes, signal precursors or signalling molecules themselves. LPA (Lysophosphatidic acid), 

PA (phosphatidic acid) and DAG, which are produced by the action of different phospholipases. 

LPA, which can also be produced by the extracellular lysophospholipase autotaxin, activates 

cell proliferation, migration and survival through binding to G-protein-coupled receptors [74]. 

Phosphoinositides act as highly specific binding platforms for the recruitment of effector 

proteins to specific membrane compartments, therefore they are also important second 

messengers that relay signals from activated growth factor receptors to the cellular machinery. 

One of the most prominent lipids of this class is phosphatidylinositol (3,4,5)-trisphosphate 

[PtdIns(3,4,5)P3; PIP3], produced by PI3K in response to growth factor signalling, it mediates 

the recruitment and activation of Akt. PIP3 that is also the substrate for phosphatase and tensin 

homologue (PTEN), one of the genes that is most recurrently mutated or deleted in cancer [75].  

Another central class of signalling lipids are the sphingolipids. Ceramide and sphingosine are 

produced in response to pro-apoptotic signals, including UV radiation or chemotherapy. It 

generally mediates growth inhibitory signals in cancer cells and is involved in the induction of 

apoptosis and growth arrest. Enzymes within the sphingolipid metabolism pathway are 
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frequently deregulated in cancer, resulting in lower ceramide levels, which could cause 

resistance to chemotherapeutic treatment [75, 76]. In contrast, sphingosine-1-phosphate (S1P) 

(produced from sphingosine by the action of sphingosine kinases) promotes cell proliferation, 

migration and angiogenesis [76]. PGE2 can activate intracellular signalling pathways, including 

the RAS-ERK pathway, and induce cancer cell proliferation in an autocrine fashion [73]. 

However, the main role of eicosanoids is likely to be the regulation of inflammation, which 

promotes tumour initiation and progression [51, 76].  

Aberrant activation of signalling pathways by oncogenes is likely to alter the abundance of 

multiple signalling lipids, there by influencing numerous downstream processes that are crucial 

for cancer cells transformation.  

 

3.3. Lipid RAFTS and cancer  
 

Cell membrane is made mainly of lipids that were long believed to be in a disorder fluid state, 

where proteins were supposed to move freely within this kind of lipid sea, thus leading to the 

fluid mosaic model introduced by Seymour Jonathan Singer and Garth L. Nicolson in 1972 

[77,78]. Cell signalling are not exclusively a process that occurs over the cell membranes surface 

but it seems to be integrated often into cholesterol-rich domains, named lipid rafts. Membrane 

lipid rafts are extremely ordered membrane domains that are enriched in cholesterol, 

sphingolipids and gangliosides and certain types of proteins, being the major modulators of 

membrane geometry, lateral movement of molecules, traffic and signal transduction. They 

differ from the cavin and caveolin protein-enriched invaginated-lipid rafts known as caveolae. 

More than membrane protein dynamics and trafficking, they display essential roles in cell 

survival and programmed cell death accomplishment. An increasing number of proteins 

involved in the development of several malignant cancers are being detected to be associated 

with lipid rafts such as the MUC1 (type 1 transmembrane glycoprotein mucin 1) and uPAR 

(urokinase plasminogen activator receptor).  In all stages of cancer, different signalling proteins 

and receptors that regulate pro-oncogenic and apoptotic pathways resides in lipid rafts [78]. 

Cholesterol is a key to regulate the membrane integrity and fluidity and it is important for liquid-

ordered raft/caveolae formation as a spacer between the hydrocarbon chains of sphingolipids. 

When this lipid contents are altered, the cells also modify the properties of this domains, 



Cancer cells: A crosstalk between general metabolism and sensitivity to apoptotic signals 

 
17 

 

evidencing the importance of cholesterol in maintaining the rafts structure and functions. 

Moreover, the cholesterol contents of cell membranes are tightly regulated, and this process 

involves the uptake external cholesterol transported by cholesterol-rich low-density lipoprotein 

and from synthetic pathways. In different types of solid tumours, cholesterol is higher than in 

normal tissues, this is verified in prostate cancer where cholesterol accumulation has been 

reported [79, 80]. Similarly, the cholesterol metabolism in many malignancies seems to be altered 

and deregulated, including in leukemia or breast cancer [81, 82]. For example, 3-hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase is an enzyme that catalyses the mevalonate 

formation and their activity is apparently up-regulated in some tumours [83]. Moreover, 

malignant cells have been reported to have elevated levels of mevalonate, a cholesterol 

precursor, and mevalonate treatment was found to promote tumour growth in vivo and to 

stimulate the proliferation of breast cancer cells [84]. 

Some studies show that lipid rafts are involved in Akt activation. This protein kinase is directly 

involved with the regulation of cell survival and proliferation, including in cancer cells. When 

is activated it phosphorylates pro-apoptotic proteins, thereby inactivating their activities. In 

addition, the Akt activation also regulated some genes with anti-apoptotic functions (i.e. Bcl-

xL) [85]. GPCR (G protein-coupled receptor); RTK (receptor tyrosine kinase), GFR (growth 

factor receptor); CXCR4 (C-X chemokine receptor 4), once activated by their respective 

ligands, these receptors recruit different signalling effectors that promote cell survival, cell 

migration and cell invasion (figure 2A) [79]. 

More recently, were described novel raft based entities known as clusters of apoptotic signalling 

molecule enriched rafts (CASMERs). They are constituted by aggregations of lipid rafts with 

death receptors and their downstream apoptotic molecules (Figure B) [79]. This surface death 

receptors are essentially the Fas/CD95 (also known as apoptosis antigen 1) and TNF-related 

apoptosis-inducing ligand (TRAIL). Active configuration is able to trigger the apoptotic 

process, however cholesterol depletion agents inhibited the action of death receptors, blocking 

instead apoptosis, as described in non-small cell lung carcinoma [86]
. 
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Figure 2: Lipid rafts and cell signalling (adapted of Beloribi-Djefaflia et al. [79]). 

 

Many oncogenic events depending on lipid raft integrity, acting as connecting with the 

signalling molecules, promoting the survival and migration of cancer cells. Although, they can also 

represent a valid therapeutic strategy in cancer treatment.  

 

4. Programmed cell death and evasion processes  

 

Cell death constitutes one of the key events in biology. Every second, several millions of cells 

of the human body are produced by mitoses and a similar died at the same time by apoptosis. 

Apoptosis, also called programed cell death, is an essential mechanism for multicellular 

organisms, used to eliminate superfluous and defective cells assuring the maintenance of the 

functional structure of the organs and tissues [87, 88]. It was primarily described by Carl Vogt in 

1842 but the concept of "programmed cell death" was introduced only in 1965 by Lockshin and 

Williams [89, 90]. Finally, in 1975 the concept of apoptosis was presented by Kerr and his 

collaborators [91]. This process is a genetically controlled and evolutionarily conserved form of 

cell death where the cell undergoes biochemical and morphological changes, including cell 

retraction, loss of adhesion to the extracellular matrix and neighbour cells, chromatin 

condensation, internucleosomic DNA fragmentation and formation of apoptotic bodies [92]. 
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Distinctly from necrosis, which is a cell death process characterized by cytoplasmic membrane 

rupture and release of cellular contents abroad adversely affecting neighbour cells, apoptosis is 

an energy-dependent regulated cell death process with the active participation of cell. Apoptosis 

involves the regulated action of catabolic enzymes (proteases and nucleases) within the limits 

of the intact plasma membrane, without affecting neighbour cells [92, 93].  Moreover, apoptosis 

is defined as a beneficial "cell suicide" for whole body that can be triggered both by pathological 

or physiologic conditions. Physiologic, during embryonic development, being responsible for 

elimination of membranes between the fingers of our hands, embryonic tails, useless neuronal 

connections, etc [94, 95]. Pathologic, apoptosis can be triggered for kill other cells, which proceed 

by over-proliferation, typical of certain types of hyperplasia and wound healing processes [96].  

 

 

4.1. Apoptosis Pathways: Extrinsic and intrinsic pathways  

 

Damage cells activate both apoptosis and repair machinery. Depending of the damage severity, 

cells can choose between to die or not. Thus, if the damage is irreparable or too late for correct 

it, or also if the repair machinery does not work, cells eventually enter on apoptosis. The 

mechanisms underlying to apoptosis are diverse, highly complex and sophisticated, involving 

a cascade of molecular events and metabolic pathways. In general, apoptosis can be triggered 

by two pathways: the extrinsic pathway and the intrinsic pathway [87, 88]. However, there is also 

experimental evidence supporting the idea that these two pathways may be associated and 

interrelated [89].  

The extrinsic and intrinsic pathways require the activation of a set of specific proteins, including 

the cysteine aspartic acid specific proteases (Caspases) that will play a central role in the 

initiating and executing apoptosis capable to the activation of the caspases cascade [89]. They 

belong to a particular group of proteases that recognize certain tetrapeptide motifs and cleave 

after an aspartate residue in their substrates [88, 89]. There are two types of them, the initiator 

caspases (caspase 2, 8, 9 and 10) and the effector caspases (caspase 3, 6 e 7). The first cleave 

inactive pro-forms, while the latter cleave other protein substrates of the cells resulting in the 

apoptotic process [90, 91, 96]. To date, a number of caspases have been identifies in cells. In 

humans, it was identified 11 types (caspases 1 to 10 and caspase 14) [97]. Another group of 

protein families with special relevance in apoptosis, specifically in intrinsic pathway are the 
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bcl-2 proteins [99]. Three groups of the bcl-2 protein family with pro-apoptotic and anti-

apoptotic effects regulate distinctly the intrinsic pathway. The first subfamily is constituted by 

the Bcl-2, Bcl-xL, Bcl-B, Bcl-W, Bfl-1 and Mcl-1 members, the second subfamily composed 

by Bax, Bak and Bok members and the third subfamily is composed by Bid, Bad, Bim, Bmf, 

Puma and Noxa members [89, 100]. Respectively, the first subfamily has an anti-apoptotic affect 

and it is responsible for maintain the integrity of outer membrane, inhibiting the programed cell 

death. The second and third subfamilies have pro-apoptotic effects, answerable for the trigger 

of the apoptotic process [100].  

The extrinsic pathway is mediated by extracellular signals (anti-cancer drugs, gamma and 

ultraviolet radiation), that activate transmembrane receptors in plasma membrane (called cell 

death receptors), including the tumour necrosis factor (TNF) family cell death receptors [101].   

The intrinsic pathway, also known as the mitochondrial pathway, can be triggered by a diversity 

of signals like DNA damage, activation of oncogenes, oxidative stress, among other factors of 

cellular stress. Additionally, the intrinsic pathway can also be triggered by the extrinsic 

pathway, because both converge for the triggered of caspases, assuring the final steps of cellular 

death [91, 92]. Firstly, this pathway begins with a set of signals that converge to the outer 

mitochondrial membrane. The permeabilization of this membrane, regulated by the family of 

the proteins Bcl-2, make the apoptotic process irreversible since it allows the cyt c and others 

apoptogenic proteins be released from inner mitochondrial membrane to the cytoplasm [102]. 

Cyt c is an essential component of OXPHOS, located in the external side of inner mitochondrial 

membrane, when released is responsible for mediate the apoptosis and to promote the 

irreversible activation of the caspases [103]. Activation of the BAX and BAK proteins promotes 

the formation of pores where cytochrome c passes through for the cytoplasm. In the cytoplasm, 

cytochrome c will interact with the APAF-1 (activator of the peptidase apoptotic factor-1) 

protein, resulting in the apoptossome (pro-caspase-9) formation. In the last steps of the 

apoptosis, caspase-3, caspase-6 and/or caspase-7 are activated, leading to cell death [104].  
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Figure 3: Apoptosis pathways: Intrinsic and extrinsic pathways. (Adapted of Ichim, G., & Tait, S. W. (2016) 

[118]) 

 

In the two pathways of programed cell death, it is common the activation of the caspase 3 that 

play a central role in this process [105]. Thus, the effector caspases are triggered and will cleave 

a number of essential proteins to the survival of the cell, leaving to the cell death. Along this 

process the cell undergoes a set of morphological changes.  Cytoskeleton proteins, as the 

microtubules or the microfilaments, become substrates for caspases, essentially for caspase-3 

that destroy all the cytoskeleton through proteolysis [106]. The same will happen with protein 

endoplasmic reticulum membranes that also become substrates for caspases, being degraded. 

The DNA is cleaved by the several types of DNAses action. The increase of the mitochondrial 
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membrane permeabilization, assured by bid and bax proteins, which lead to release of the 

cytochrome c and other pro-apoptotic proteins promising the caspases activation. Moreover, 

this permeability also allows the entry of water and other solutes, which increase the volume of 

mitochondria making them more fragile and susceptible to degradation [107, 106, 109].  

In the final stages of the cell death, all the degraded organelles and condensed chromatin, results 

in the formation of apoptotic bodies. Finally, macrophages and/or adjacent cells will recognize, 

engulfed and digested the apoptotic bodies by phagocytosis. All this process is quickly 

processed, prevent the release of intracellular contents in the extracellular space, avoiding 

inflammatory effects [109, 110].  

 

4.2. Apoptosis deregulation in cancer  
  

Cellular evasion to apoptosis is one of the characteristics of cancer, and apoptosis inhibition is 

considered an important stage for tumorigenesis. Cancer cells are under constant stress, 

genomic instability and cellular hypoxia, thus, as response to these critical conditions would be 

expected the activation of apoptotic process. However, tumour cells can break the barrier of 

programmed cell death, allowing their survival, proliferation and consequent metastization [1, 

3].  

Cancer is caused by internal and/or external agents that individually or together promote: i) 

gene mutations, ii) changes in gene expression pattern, and/or iii) changes in signalling cascades 

that regulate the cell cycle [1, 111]. These alterations can affect both apoptosis pathways. To the 

extrinsic pathway level, mutations can affect the cell death receptors, avoiding that affected 

cells can not trigger the pro-apoptotic signals, resulting in the apoptosis blockage [112]. Anti-

apoptotic proteins as IAP´s (Inhibitor of apoptosis proteins) can inactivate caspase-3 and 

casapase-7 and consequently, the others caspases [113]. Mutations in Smac/DIABLO (Second 

mitochondria derived activator of caspase/direct IAP binding protein with low PI), a pro-

apoptotic protein that is release with cytochrome c from mitochondria, can also promote 

apoptosis inhibition [114].  

The intrinsic apoptosis pathway allows an important defence of the organism to prevent the 

formation of tumours, since it eliminates cells with DNA defects and cells that express activated 

oncogenes [113, 114]. In this pathway mutations can occur at the Bcl-2 and bax proteins, block the 

cytochrome c release. Also, p53, a tumour suppressor protein, is activated in response to DNA 
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damages or cellular stress in order to stop the cellular cycle and trigger senescence and 

apoptosis by the overexpression of pro-apoptotic proteins. This protein is mutated in 

approximately 50% of the different types of cancer, being useless and incapable to accomplish 

their function in cell death [115].  

The apoptosis deregulations in cancer can establish an important target for new therapies. 

Chemotherapy, which consists in intravenous administration of antineoplastic drugs, is the most 

common treatment for cancer [116]. Antineoplastic drugs will produce cytotoxic effects and 

induce stress of the cancer cells, but the non-specificity of this drugs can be a problem, affecting 

also healthy cells. The most classic way to induce apoptosis in cancer cells is triggering the 

intrinsic pathway. However, alternative therapies activating the extrinsic pathway can 

constitute an important alternative mainly in cases characterized by resistance to the 

conventional treatments. In this scientific framework, we need to find new molecules with 

ability to activate the apoptotic pathways in malignant cells without affect the healthy cells [117].  
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AIM OF THE STUDY 
 

CHAPTER II 

 

 

The present work is founded on a scientific framework that consider the metabolic changes, 

connected with the cancer phenotypes and key-events of the cancer cell biology. Thus, the 

interplay among cell proliferation, cell redox state, mitochondrial activity, membrane lipid 

composition and sensitivity to apoptotic signals is investigated in order to elucidate the 

mechanisms used by cancer cells to reach high levels of insensibility to chemotherapeutic drugs. 

This issue is addressed considering two well-established human cancer cell models, namely 

A549 and AGS cells, with the follow specific aims:  

 

1. To characterize the cell proliferation of A549 and AGS cell lines and its putative 

relationships with their mitochondrial bioenergetic parameters and membrane lipid 

composition; 

2. To characterize the enzymatic (SOD and catalase) and non-enzymatic (GSH/GSSG) 

antioxidant defences of A549 and AGS cells ant their correlation with mitochondrial 

membrane potential and ROS generation; 

3. To evaluate if A549 and AGS cells have different susceptibilities to staurosporine (a 

well-known apoptotic drug), and how this drug affects the cell ROS generation and 

mitochondrial membrane potential. 

4. To evaluate the effects of trypsinization process on cell redox state, ROS generation and 

mitochondrial membrane potential in order to address the metabolic changes underlying 

cancer cell migration to form metastases, which requires the loss of adhesion not only 

between neighbouring cells but also between the cells and the extracellular matrix 

substrates. 
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MATERIALS AND METHODS 
 

CHAPTER III 

 

 

1. Cell culture 

 

To perform the studies was used two cell lines, the human AGS gastric carcinoma cell line 

(Sigma-Aldrich, St. Louis, MO, USA) and the non-small lung carcinoma A549 cell line (Sigma-

Aldrich, St. Louis, MO, USA). Both cell lines used were cultured in GIBCO® DMEM 

(Dulbecco's Modified Eagle Medium) + GlutaMAX ™ (Life Technologies, Paisly, UK) 

enriched with 10% (v / v) inactivated fetal bovine serum and 1% (v / v) antibiotic (Penicillin / 

streptomycin), incubated at 37 ° C in the presence of 5% (v / v) CO2 in a humidified and 

controlled atmosphere.  

Initially, the cells stored at -80 ºC were thawed in the above medium and centrifuged at 1300 

rpm for 3 min at room temperature in order to remove the cryoprotectant agent, DMSO 

(Dimethyl sulfoxide), which exerts toxicity on the cells. The supernatant was then discarded 

and the pellet resuspended in 6 ml of growth medium. 

After the controlled and desired growth of the two cell lines, trypsinization was performed. 

Firstly, the medium was removed, cells were washed with GIBCO® HBSS (Hank's Buffered 

Saline) (saline solution, Life Technologies, Paisley, UK) and then trypsinized with 2 mL trypsin 

/ 0.25% EDTA. Trypsinized cells were harvested with culture medium and centrifuged (Thermo 

Fisher Scientific, Osterode am Harz, Germany) at 390 x g for 3 min at room temperature. The 

supernatant was discarded and the pellet resuspended in 4 mL of medium. 

Cell suspensions in a 1:20 dilution with a 0.4% (v / v) trypan blue solution was prepared and 

used to determine the viable cell density in original suspension, after 1 minute of incubation. 

10 µL of the cell suspension was then placed in the Neubauer chamber and viable cells were 

counted (uncoloured cells as they lack the damaged cytoplasmic membrane) under an optical 

microscope (figure 4). Then, cells were seeded in plates with a cell density indicated in the 

figures.  
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Figure 4: Representative diagram of the assembly of a Neubauer chamber (a) and the image observed under the 

microscope thereof (b). The circles observed in image (b) are representative of the quadrants used for counting 

viable cells. 

 

2. Cell viability 

 

2.1. MTT Assay  

 

This method was initially suggested by Mosmann (1983), it is a rapid and most frequently used 

colorimetric method for assessing cell viability [119]. Evaluates the metabolic activity of the cells 

quantifying the metabolic reduction of MTT (which presents yellow colour in solution). It is 

therefore still considered a measure of cell viability, since mitochondrial activity are a 

fundamental characteristic of eukaryotic cells [120]. This method results in the production of 

formazan crystals (violet colour) (Figure 5) inside cells that accumulate in endosomal and / or 

lysosomal compartments and can also be transported out of the cells by exocytosis. This 

reduction of formazan occurs mainly in the mitochondria due to the action of complex II of the 

electron transport chain by a mitochondrial enzyme called succinate dehydrogenase [121]. The 

central structure of the MTT with the nitrogen groups are thus cleaved by dehydrogenases 

associated with NADPH and NADH thus occurring formation of formazan crystals which can 

be solubilized with organic solvents such as isopropanol and DMSO [122]. After solubilisation 

of the crystals, their quantification can be done by UV-Vis spectrophotometry [122, 123], which 

allow to evaluate cell growth and viability under different experimental situations.  
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Figure 5: MTT reduction to formazan crystals. 

 

2.2. Growth rates   

 

The two cell lines (AGS and A549) were cultivated in plates of 96 wells for cellular cultures 

with a density of 15 000 cell/well in growth medium for 6, 24, 48, 66, 72 and 76 hours. Then, 

the medium was removed and 100 μL of MTT dissolved in medium (0.5 mg/ml) was added to 

the each well and the plate was incubated for 120 min. Formazan crystals produced by cells 

were solubilized with a mixture of DMSO: isopropanol (3: 1) and their absorbance at 570 nm 

was read on the Multiskan Ascent (Thermo Electron Crporation) plate reader. Results were 

used to construct growth curves and to determine the cell growth rate of each cell line. 

 

2.3. LDH release assay  

 

LDH (Lactate dehydrogenase) is an enzyme present in a wide variety of organisms and 

catalyses the conversion of pyruvate to lactate with a concomitant conversion of NADH to 

NAD+.  Cells were cultured in 96-well plates as previously described in the MTT assay and the 

presence of LDH in culture medium was used to evaluate the membrane integrity of cells. Thus, 

after cell incubation, cell-free supernatant of extracellular medium or 20 μL of supernatant of 

cell lysates, obtained by cell incubation with 1% Triton X-100 for 30 min., was collected from 

each well and used to determine LDH activity. The reaction was conducted into phosphate 

buffer (50 mM KH2PO4, pH = 7,4) supplemented with  
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10 µM of pyruvate and 300 µM of NADH, following the NADH oxidation, at 340 nm, for 3 

min in Multiskan Ascent (Thermo Electron Crporation) plate reader.  In this assay it is important 

to have a greater amount of substrate than enzyme.  

 

2.4. Effects of staurosporine on cell viability 

 

Staurosporine, a protein kinase inhibitor, was discovered by Omura and colleagues in 1977 [124] 

and is a microbial alkaloid, isolated from Streptomyces sp. Cultures [125]. This compound has 

been characterized as a strong inducer of apoptosis in many different cell types, despite the 

mechanism(s) by it induces apoptosis remains controversial.  

In a way to evaluate the susceptibility AGS and A549 cells to staurosporine toxicity, cells were 

cultivated in plates of 98 wells with a density of 15 000 cell/ well in growth medium during 24 

hours. A staurosporine stock solution (100 µM) was used to prepare, by dilution in culture 

medium, solutions with the follow concentrations: 0, 25, 50, 100, 250 and 500 nM. The medium 

was removed from wells and 100 μL of staurosporine solution at above-mentioned 

concentrations was added. After 24 hours of incubation, the cellular viability was evaluated by 

MTT assay and the membrane integrity by LDH assay. 

 

3. Protein quantification  

 

The protein concentration in cells suspension was determined by colorimetric method of biuret, 

as described for Gornall and collaborators in 1949 [126]. This method is founded in the reaction 

of CuSO4 in alkaline solution (biuret reagent) with the peptide bounds of proteins that generate 

a complex of square quadrangular geometry of violet colour, with the absorption peak at 540 

nm.  

Thereby, 100 µL of cell suspension in HBSS solution was solubilized by the addiction of triton-

x (100 µL). To this mixture was added demineralized water until the final volume of 2000 µL. 

After, 2 ml of biuret reagent (CuSO4.5H2O 0.15%, KNaC4H4O6.4H2O 0.6%, KI 0.1%) was also 

added to the samples and homogenate by vortex. In parallel, BSA (Bovine serum albumin) 

standards, 0-2.4 mg of protein was prepared in the same conditions of the samples. After 15 
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minutes of reaction at room temperature, the absorbance of the standards and samples were read 

at 540 nm in Multiskan Ascent (Thermo Electron Crporation) plate reader. 

 

4. Mitochondrial respiration  

 

Oxygen consumption of AGS and A549 cells was evaluated,  at 37 °C, in 1 mL of growth 

medium, supplemented with 0.5 mg of cellular protein by using a Clarke-type oxygen electrode 

(Hansatech, oxygraph system), before and after the successive addition of olivomycin (3 

µg/mL), FCCP (10 µM), rotenone + KCN (3 µM, 50 µM, respectively), in order to determine 

the respiration parameters: i) basal respiration; proton leak, maximal respiration, ATP 

production and non-mitochondrial respiration. 

5. Glycogen quantification  

 

Glycogen was quantified by spectrophotometry after reaction with a phenol/concentrated 

sulfuric acid solution, by using a procedure described by Du Bois and colleagues in 1956 [127] 

with same adaptations. The sulfuric acid dehydrates and hydrolyses the sugars that react with 

the phenol forming colour complexes (green - blue) with maximum absorbance at 490 nm.   

A glass tubes series was prepared and 200 uL cell suspension (0.5 mg protein/mL) or 200 uL 

of glucose standards (0-50 µg) was added to each one.  Then, 200 uL of phenol (6.5%) and 

1000 uL of concentrated sulfuric acid were added under continuous agitation. The mixtures 

were incubated at room temperature for 30 minutes and absorbance was read at 490 nm in 

Multiskan Ascent (Thermo Electron Crporation) plate reader. The results was calculated from 

the standard curve was expressed in nmol of glucose equivalents per mg of cellular protein. 

6. Lipidomics  
 

6.1. Lipids extraction from biological systems 

Extraction of lipids from cells was done according to the method previously described [128]. A 

volume of cell suspension containing about 5 mg of protein in 0.8 mL (aqueous phase) was 

added to a glass tube containing 2 ml of methanol and the mixture was stirred for 5 min. To this 

mixture was added 1 mL of chloroform and again it was stirred for 5 minutes followed by 



Cancer cells: A crosstalk between general metabolism and sensitivity to apoptotic signals 

 
32 

 

centrifugation at 2500 x g in a Sigma 2-16 K centrifuge for 5 minutes. At these volumetric 

ratios, water: methanol: chloroform (0.8: 2: 1) forms a single phase where the lipids are soluble 

and the proteins denatured by methanol settle. Thus, phase separation of this supernatant, 

containing the total lipids, was promoted by adding 1 mL of chloroform and 1.2 mL of KCl 

aqueous solution (200 mM). The mixture was stirred for 5 min and centrifuged at 2500 x g for 

5 min. The chloroform phase containing the membrane lipids was collected and the chloroform 

was evaporated under a stream of nitrogen. The lipid residue was re-dissolved in 600 μL of 

chloroform and stored at -20 °C until their quantification. 

 

6.2. Phosphate quantification of lipid extracts  

The cell membrane phospholipids were quantified by the inorganic phosphate released after 

acid hydrolysis of the phospholipids, as previously described [128]. According to this method, 

the inorganic phosphate is converted to a phosphomolybdate complex (of blue colour) and 

quantified by spectrophotometry. 

The volume of 50 μL of lipid extract dissolved in chloroform were transferred to glass tubes 

and the solvent evaporated under a stream of nitrogen. The phospholipids were hydrolysed with 

the addition of 0.5 mL of 70% perchloric acid to the samples. The tubes were covered with 

glass beads and incubated at 180 °C, for 2 hours, in a thermostated aluminium block. KH2 PO4 

standards (0-250 nmoles) were prepared and subjected to similar treatment. 

To quantify the inorganic phosphate released from the samples and standards, 3.3 mL of water, 

0.5 mL of ammonium molybdate (0.025 g/mL) and 0.5 ml of ascorbic acid (0.1 g /mL). 

Ascorbic acid and ammonium molybdate solutions should be freshly prepared. After shaking 

in vortex, glass covered tubes were incubated in a boiling water bath for 5-10 minutes. After 

cooling to room temperature, absorbance of the samples and standards were read at 800 nm in 

Multiskan Ascent (Thermo Electron Crporation) plate reader. The concentration of inorganic 

phosphate in the samples was calculated from the standard curve of KH2PO4 and the results 

expressed in nmoles/ mg of protein. 
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6.3. Cholesterol quantification  

Cholesterol of the lipid extracts was quantified according to the Liebermann-Burchard method 

with some modifications [129]. This method required the reaction of acetic anhydride and sulfuric 

acid to create a green complex, the cholestahexane sulfonic acid as represented in Figure x.  

 

 

 

Figure 6: Formation of cholestahexane sulfonic acid from cholesterol reduction 

 

The lipid samples (100 μL) were transferred to glass tubes and dried with a stream of nitrogen. 

The dried lipid extracts were dissolved with 0.1 mL of acetic acid. Then, 2 mL of Liebermenn-

Burchard reagent (120 mL acetic anhydride, 60 mL CH3COOH, 4 g Na2SO4, 20 mL H2SO4) 

were added to each tube and the mixtures were incubated at room temperature for 30 min. 

Standards of 0-250 μg of cholesterol were subjected to the same treatment as the samples. 

Absorption of the standards and samples was evaluated at 630 nm in Multiskan Ascent (Thermo 

Electron Crporation) plate reader. 

The cholesterol content in the lipid extracts of the samples was calculated from the standard 

curve and expressed in nmoles/mg of cellular protein.  

 

6.4. Glycolipids quantification  

Glycolipids was quantified in lipid extracts by a method previously described for the glycogen 

with minor modifications. The glycolipids content in the lipid extracts of the samples was 

calculated from the standard curve and expressed in nmoles of glucose equivalents/mg of 

protein. 
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7. Analysis of the fatty acid profile of the membrane lipids by GC-MS 

 

7.1.Preparation of fatty acid methyl esters 

The lipid extracts were submitted to hydrolysis and methylation of the fatty acids for further 

analysis by GC-MS. The extract volume containing between 400 and 900 nmol of 

phospholipids was inserted into screw tubes and the solvent evaporated to dryness with a stream 

of nitrogen. 5 mL of methylation solution (sulfuric acid in methanol 5%, w / v) was added each 

tube containing the lipid residue. The solution in each tube was bubbled with nitrogen to 

promote the formation of an inert atmosphere, covered and incubated in a water bath at 70 °C, 

for 2 hours. After cooling at room temperature, the methyl esters were extracted by the addition 

of 5 mL of hexane and 2.5 mL of water, stirred for 3 min in vortex and centrifuged in a bench 

centrifuge at 200 x g for 5 minutes. The upper phase (hexane) was collected and the lower phase 

was re-extracted with 5 mL of hexane to increase the extraction yield. The hexane extracts were 

filtered through Whatman #1 filter paper containing a small amount of anhydrous sodium 

sulphate into a flask and the solvent was evaporated under reduced pressure on a rotary 

evaporator. The methyl esters were re-suspended in 500 μL of hexane and preserved at -20 ° C 

for further use. 

 

7.2.Identification and quantification of fatty acid methyl esters by gas 

chromatography / mass spectrometry (GC / MS) 

These fatty acid methyl esters (FAME) were analysed on a Thermo Finningan gas-liquid 

chromatograph: Trace GC linked to a Polaris MSn Q mass spectrometer equipped with an Ion 

Trap analyser. Helium, at a flow rate of 1 ml per minute, was used as the carrier gas (mobile 

phase) in the 10 M Supelcowax column (30 m, 0.32 mm internal diameter, 0.50 mm thickness, 

0.45 mm Diameter) of Supelco, Bellefonte, Pennsylvania, USA. The column temperature was 

maintained at 140 °C for 1 min., and was progressively increased at a rate of 2.0 °C/min. to 240 

°C, held at that temperature for 9 minutes, and then progressively increased at a rate of 4.0 °C 

per minute to 280 °C. The samples (1 μL) were injected in splitless mode (1 minute time), the 

injector operated at 250 °C. 

The mass spectra were obtained in the EI (Electronic Impact) mode with ionization energy of 

70 eV, with the Xcalibur acquisition and integration program. The temperature of the ion source 
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was 220 °C. Spectrum acquisition was performed in a mass/charge (m / z) ratio range of 33-

650. FAME identification was done comparing the retention time and MS of the sample with 

reference standards, Rapseed oil and FAME 37 (Supelco 37 Mix FAME Component). 

 

8. Determination of the stress enzymes activity  

 

8.1. Catalase (CAT)  

The catalase activity was determined polarographically following the oxygen production using 

Clarke-type oxygen electrode (Hansatech, oxygraph system) resulting from oxygen peroxide 

(H2O2) decomposition [130]. Reaction was conducted in a thermostated open reaction chamber, 

at 25 ºC under magnetic stirring, containing 975 µL of phosphate buffer (KH2PO4 50 mM, 

pH=7) supplemented with 0.5 mg of protein of cell suspension. After 2 minutes of incubation, 

the reaction was started by the addiction of 25 µL of H2O2 (100 mM) and followed during 2 

minutes. Catalase activity was expressed in nmol of O2/min/ mg of protein. 

 

8.2.Superoxide Dismutase (SOD) 

 

The Cu-Zn-SOD activity was determined by a method previously described for Payá and 

collaborators [131], with some adaptions for microplate, using the xanthine-xanthine oxidase 

system in the presence of a chromophore, p-nitro blue tetrazolium chloride (NBT), according 

with coupled reaction display in Figure x.  

20 µl of cell suspension or 20 µL of HBSS, 206 µl of phosphate buffer ((KH2PO4 50 mM,, 

EDTA 1 mM, pH=7), 10 µl of NBT 2 mM  and 4 µl of xanthine oxidase 1 U/ml, was added to 

each plate-well. The mixtures were stirred and incubated at 25 ºC for 2 min. The reaction was 

initiated with a quickly addition of 10 µl of xanthine 2 mM and the reaction was followed at 

560 nm, during 3 minutes in Multiskan Ascent (Thermo Electron Crporation) plate reader.  

SOD activity was expressed in U/min/mg protein, wherein one unit of activity (1U) refers to a 

50% reduction of the activity of an assay without sample.  
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Figure 7: Conversion of xanthine to uric acid with formation of Formazan in the presence of NBT. 

 

9. Determination of the reduced (GsH) and oxidised (GSSG) glutathione levels 

 

Cellular levels of glutathione in reduced and oxidised forms were determined after the reaction 

with OPT (o-Phthalaldehyde) by a fluorimetric method firstly described by Hissin and Hilf in 

1976 [128, 132], with modifications. 

Cell levels of GsH and GSSG were determined in cell lysates obtained, directly from the 

adherent cells or after treatment with trypsin (designated trypsinized and non-trypsinized cells).  

For these assays, cultures of AGS and A549 cells in 6-well plates with a density of 250 000 

cell/well were used. For trypsinized cells, AGS and A549 cells were trypsinized and harvested 

with culture medium followed centrifugation at 390 x g for 3 min. at room temperature. The 

supernatant was discarded, the cells were re-suspended in HBSS and centrifuged again to obtain 

washed cells that were used to obtain cell lysates by adding Triton X-100 2% solution. For the 

non-trypsinized procedure, adherent cells were washed with HBBS and frozen with liquid 

nitrogen. Cells were removed from the plate with a Triton X-100 2% solution. The protein 

concentration of cell lysates were evaluated by biuret procedure. 

For GSH quantification, GsH standards (0-6 µM) were prepared from a stock solution (1 mM) 

in 2.5 mL buffer (phosphate 100 mM EDTA 5 mM pH=8) in order to obtain a calibration curve. 

50 µL of cell lysates were diluted in 2.5 mL buffer (phosphate 100 mM EDTA 5 mM pH=8). 

200 µl of OPT were added to each standard and sample, the mixtures were vortexed and 

incubated on dark, at room temperature, for 15 minutes. 250 µL of standards and samples were 
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transferred to black 96 well-plates. Thereafter, the fluorescence emission was recorded at 426 

nm under excitation at 339 nm, using a fluorescence multiplate reader (Cytation™ 3, BioTek). 

For GSSG quantification, GSSG standards (0-25 µM) were prepared from a stock solutions (1 

mM and 100 µM) in 1 mL buffer (phosphate 100 mM EDTA 5 mM pH=8) in order to obtain a 

calibration curve. To each standards and sample (50 µL of cell lysates) in 1 mL buffer was 

added 40 µL of N-Ethylmaleimide (NEM; 40 nM), followed by shaking in vortex and 

incubation during 30 minutes in the dark, at room temperature.  

After, 1.66 ml of sodium hydroxide (NaOH, 100 mM) was added and the required buffer 

volume to obtain a final volume of 2.5 ml. In last, 200 µL of OPT was added to the standards 

and samples, followed by shaking in vortex, and incubation on dark, at room temperature, for 

15 minutes. Thereafter, the fluorescence emission was recorded at 426 nm under excitation at 

339 nm, using a fluorescence multiplate reader (Cytation™ 3, BioTek).  

Cell levels of GsH and GSSG were expressed in nmol/mg of protein.  

 

10. Reactive oxygen species (ROS) evaluation 

 

Reactive oxygen species were determined in trypsinized and non-trypsinized cells. For non 

trypsinized cells, AGS and A549 cells were cultivated in black 96 well-plates with a density of 

15 000 cell/well in growth medium during two day. This assay was also used to evaluate the 

impact of staurosporin cell ROS production. Cells were washed three times with HBBS, 

followed by the addiction of 100 µL of DCDHF-DA solution (10 µM). Kinetic of intracellular 

ROS production was recorded during 45 minutes, at 37 ºC, following the fluorescence emission 

of 2’,7’-dichlorofluorescein at 520 under excitation at 490 nm in a multiplate reader (Cytation™ 

3, BioTek).  

For trypsinized cells, AGS and A549 cells were cultivated in 6 well-plates (as described for 

above for GSH evaluation). Cell were trypsinized and harvested with culture medium followed 

centrifugation at 390 x g for 3 min, at room temperature. The supernatant was discarded and 

the cells were washed in HBSS.  0.1 mg of protein of cells suspension in 150 µL HBSS was 

transferred from the well of back 96-well microplate and incubated at 37 ºC, for 3 min. 100 µL 

of DCDHF-DA solution (10 µM) was then added to each well and ROS production was 
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quantified as described for non-trypsinized cells. The results were expressed as 2’,7’-

dichlorofluorescein fluorescence intensity (a.u.)/min/mg of protein.  

 

11. Assessment of mitochondrial membrane potential (ΔΨm) 

 

JC-1 (5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine iodide, 5,5′,6,6′-

Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbocyanine iodide) is a cationic carbocyanine 

dye with ability to accumulates in mitochondria according with their ΔΨm. At low 

concentrations, the dye exists mainly as a monomer and with green fluorescence emission at 

530 nm. At higher concentrations, the dye forms aggregates that exhibit a broad excitation 

spectrum and an emission maximum at 590 nm. Thus, ΔΨm was evaluated in trypsinized and 

non-trypsinized cells using JC-1 probe. Cell were obtained following similar procedures to 

those described for ROS evaluation. FCCP, a well-known mitochondrial oxidative 

phosphorylation uncoupler was used as positive control. Cells in culture medium was incubated 

with JC-1 probe (7 µM), at 37 ºC, during 45 min. and then fluorescence emission recorded at 

two wavelengths: 530 nm with excitation at 485 nm (monomer), and 590 nm with excitation at 

530 nm (aggregates) using fluorescence multiplate reader (Cytation™ 3, BioTek). 

The ΔΨm was estimated by JC-1 monomer/JC-1 aggregates ratio.  

 

12. Statistical analysis 

 

Statistical analysis of the data was performed using KaleidaGraph 4.0 software (Synergy 

software, Reading, PA, USA), which was also used to make the graphs. The values were and 

presented as mean ± standard error, and compared by the Student t test and Anova, the 

differences being considered significant when p≤0.05. 
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RESULTS AND DISCUSSION 

 

CHAPTER IV 

 

1. Evaluation of cell proliferation and growth rates of A549 and AGS cell lines 

 

Cell proliferation is an inherent process of Life. In multicellular animals, cells divide and 

differentiate within a well-defined pattern to produce the many types of specialized cells that 

make up the tissues and organs of animal. As cells differentiate, their rate of proliferation 

usually decreases, and most cells in adult animals are arrested in the G0 phase of the cell cycle. 

A few types of differentiated cells (e.g. neurons) lose the ability to divide, but most cell-types 

are able to resume proliferation as required to replace cells that have been lost as a result of cell 

death and/or tissue injury. Additionally, some cell-types (e.g. stem cells) preserve the ability to 

divide continuously throughout life of organism, in order to replace cells that have a high rate 

of turnover in adult animals (e.g. blood cells). Therefore, cell proliferation need to be carefully 

balanced with cell death to maintain a constant number of cells in adult tissues and organs, 

which is required to preserve their functional organization. When an organism loses the control 

on the balance between cell proliferation and cell death, and the rate of cell proliferation exceeds 

the tissue cell substitution needs, a pathophysiological situation can emerge with a tumour 

formation. It could be a malignant tumour capable of both invading surrounding normal tissue 

and spreading throughout the body via the circulatory or lymphatic systems (metastasis). 

Therefore, cancer is a generic name for a heterogeneous disease, since: i) cell transformation 

can emerge in any type of tissue and the cancer cells preserve some characteristic of normal 

cells of that tissue, feature used to classify cancer in different types; ii) for each cancer-type, 

the malignant tumour is formed by several populations of cells each one containing cells that 

exhibits different degrees of transformation and/or metabolic states. Usually, tumour growth 

rate is characterized by the tumour volume doubling time (DT), a parameter widely used for 

prognostic purposes and to evaluate the therapeutic efficacy of different treatments. Tumour 

volume doubling time is dependent of the cell cycle duration for each type of cells that form 
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the tumour within the particular tumour microenvironment conditions, of the proportion of cells 

in active proliferating state and of the cell death rate [134-138]. Thus, understanding the molecular 

mechanisms that allow to cancer cells live within a framework where cell proliferation remains 

activated is an important scientific issues, which may allow to find new targets for therapeutic 

intervention. 

Considering the complexity of tumour growth, this issue is addressed, as first approach, 

considering in vitro studies using cancer cell lines, which allow to evaluate, one by one, the 

influence of several factors involved in cell proliferation. Usually, studies start with the 

inoculation of a well-defined volume of culture medium with a small number of cells (seeding) 

and the cell density (or any other parameter proportional to cell number) is evaluated as function 

of time. These studies allow to obtain the growth curve, characterized by a sigmoid pattern with 

different phases. The first phase that emerges after seeding is designed “Lag phase”, since it is 

characterized by non-growth or by a very limited cell proliferation. In adherent cells, the 

duration of “Lag phase” could take from a few hours up to 48 h, the time required for a cell to 

recover from the trypsinization, to rebuild its structure and cytoskeleton, and to secrete an 

extracellular matrix enabling their propagation [139]. Afterward, cells actively proliferate, which 

ideally causes an exponential increase of cell density, and it is named “Exponential (or 

Logarithmic) growth phase”. At this phase, cell population is considered to be the most viable, 

therefore cellular function/activity is mainly assessed at this stage, which it is also used for 

determining the cell population doubling time. However, when the number of cells becomes 

larger and cell population becomes confluent (the available space on extracellular matrix that 

support cells decrease for critical values), the cellular proliferation slows down, emerging a 

plateau in the growth curve, named “Stationary phase”. At this stage, the number of cells in the 

active cell cycle can drops to residual values, which is accompanied by significant changes in 

metabolism, gene expression as well as cell susceptibility to toxic agents. Then, cell culture can 

enters in “Decline phase”, characterized by a reduction in the number of viable cells where cell 

death predominates. Several factors can contribute for cell death, including the natural path of 

the cellular cycle, accumulation of toxic products of metabolism and the reduction in nutrient 

supplements [134-138]. 

The present work starts with the characterization of the growth curves of two different human 

cancer cell lines, AGS and A549, using the MTT reduction assay to evaluate the cell density in 

culture (Figure 8). These cancer cells were chosen since they are well-established cell models 
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for two human malignant tumour types with high incidence and mortality worldwide. A549 cell 

line is a model of non-small cell lung cancer, characterized by a high aggressive phenotype and 

high resistance to chemotherapeutic drugs [140] while AGS cells are representative of human 

intestinal-type gastric cancer that also exhibit an evolution pattern of resistance to 

chemotherapeutic drugs, particularly at advanced stages of disease [141]. 

The MTT assay assess the metabolic activity cells connected, mainly, to mitochondrial 

NAD(P)H-dependent cellular oxidoreductase enzymes that under defined conditions, reflect the 

number of viable cells present in culture. In fact, the reduction of yellow tetrazolium MTT by 

viable cells for a set time (e.g. 2 h), results in the intracellular accumulation of purple formazan, 

which is quantified spectrophotometrically after solubilisation with organic solvents. Therefore, 

plotting the absorbance variation of solubilized formazan as function of time after cell seeding 

allowed to obtain the profile of cell growth, as shown in Figure 8A for AGS and A549 cells. In 

fact, 48 h after seeding, MTT reduction is directly proportional to cell number for both cell lines 

as shown in Figure 8B. 

 

Figure 8. A: Growth curves of AGS (solid squares) and A549 (open squares) cells obtained with seeding of 15,000 

cells, evaluated by MTT reduction assay, as function of time. B. 48 h after seeding, MTT reduction increases 

linearly with cell number for both AGS and A549 cells, supporting the growth curves. Each point represents the 

mean ± SEM with n ≥3.  
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Data of Figure 8 show that the growth profiles of these cell lines are significantly different. 

Thus, in cultures of AGS cells is detected a “Lag phase” (up to 24 h after seeding), followed by 

an Exponential growth phase (with duration of about 48 h), and by a Stationary phase. On the 

other hand, A549 cells cultures may have a very short Lag phase (< 8 h), since they seem to be 

enter immediately in Exponential growth phase. Plus, A549 cell cultures change directly from 

Exponential phase to Decline phase without pass by Stationary phase. An exponential equation 

was used to fit data included in Exponential growth phase to find the specific growth rate (µ), 

and the duplication times (DT) was calculated using the followed equation was described in 

Mehrara et al. (2007) [137].  

 

𝐷𝑇 =  
ln 2

µ
 

 

Thus, the determined DT values were 21.1 h. for A549 cells and 23.1 hours for AGS cells. 

These DT values are in agreement with the values reported by other. For example, He et al. 

(2001) [138] found a DT value for the A549 cell line of 23.5 hours, while Graves et al. (2006) 

[139] reported a DT value of 22.3 hours. In this two studies the cultured medium used was RPMI-

1640, supplemented with 10% FBS. Plus, the DT value reported by ATCC for the A549 cell 

line is 22 h, with the culture medium recommended (F-12K, the Kaighn's Modification of Ham's 

F-12 Medium, supplemented with 10% FBS). Therefore, DT values for A549 cell culture are 

dependent of culture medium used. Regarding AGS cell line, a DT of about 20 hours is 

indicated by ATCC, and confirmed by Wong et al. (2010) [142], using the ATCC recommended 

medium (Kaighn's Modification of Ham's F-12 Medium). Since, we use a different culture 

media, the small differences found in the present work for DT values of both AGS and A549 

cells as compared with previously reported values, can be associated with the use of different 

culture media. Despite our data indicate that A549 cells has a higher proliferation rate that AGS 

cells, the difference, by itself,  is not at all of great pathophysiological significance, as suggested 

by previous studies. For instance, L929 cells, a mouse fibroblasts cell line, has a DT about 32 

hours [143], and HCC, a human hepatocellular carcinoma cell line, of 21.4 hours [144]. Generally, 

the differences in DT emerge from several factors, including the type of cellular system (cancer 
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versus non-cancer cells), the type of tissue of cell origin. However, the cancer cell lines are, 

usually, associated to higher DT values than non-cancer cell lines [139]. 

Moreover, data of Figure 1 show that AGS cells exhibit an MTT reduction power significantly 

higher than A549 cells, suggesting an improved mitochondrial functionality. Gerlier and 

Thomassets have also shown that the amount of formazan generated per cell depends on the 

level of mitochondrial energetic metabolism and that activated cells produce more formazan 

than the resting ones, supporting the idea that mitochondrial activity is required to generate a 

strong signal [145,146]. Thus, the lower ability of A549 cell to reduce MTT, as compared with 

AGS cells, can results from a small cellular mitochondrial network in A549 cell and/or of 

differences in the functionality of their mitochondria. 

 

2. Mitochondrial Respiration parameters of A549 and AGS cell lines 

 

Metabolic phenotype and growth pattern in tumour cells, especially within solid tumours, are 

dependent on several environmental factors including hypoxia, nutrient availability, and 

angiogenesis. These factors may also force cancer cells to use the glycolytic pathway to 

generate ATP required to supply their energy needs. Indeed, cancer cells cope with changing 

energetic requirements and demands for maintenance and growth via metabolic reprogramming 

through altered signalling and facilitation of unique metabolic strategies. As compared with 

normal cells, one of the first biochemical differences observed in tumour cells is a shift in 

energy metabolism from oxidative phosphorylation (OXPHOS) to aerobic glycolysis, also 

known as the Warburg effect [147,148]. Thus, tumour cells will adapt to distinct 

microenvironments and energy related challenges by switching between glycolysis, 

glutaminolysis, and mitochondrial metabolism.  

The mitochondrial bioenergetics profile of AGS and A549 cells were evaluated following the 

oxygen consumption rate (OCR) in culture medium, before and after the successive addition of 

oligomycin (inhibitor of mitochondrial ATP synthase), FCCP (mitochondrial oxidative 

phosphorylation uncoupler), and rotenone + KCN (inhibitors of complex I and complex IV, 

respectively). This experimental protocol allows to determine several parameters of 

mitochondrial function connected with OCR, namely: basal respiration, ATP production, proton 

leak, maximal respiration, and non-mitochondrial respiration [149]. Basal respiration represent 
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the OCR by cells in normal culture medium.  Oligomycin addition inhibits the FoF1-ATP 

synthase, which promotes a significant decrease of OCR and allow to calculate the value of 

respiration connected with ATP synthesis (OCRbasal respiration – OCROligomycin). The subsequent 

addition of FCCP, a mitochondrial oxidative phosphorylation uncoupler that promotes the loss 

of mitochondrial membrane potential (ΔΨ), leading to maximum value of OCR. Finally, the 

addition of rotenone + KCN (inhibitors of complex I and complex IV, respectively) inhibits the 

mitochondrial respiration allowing to stablish the level of oxygen consumption not connected 

with mitochondria (non-mitochondrial respiration). Thus, OCR connected with proton leak is 

calculated by the difference: OCRoligomycin - OCRnon-mitochondrial respiration.  

The values of these parameters obtained for both AGS and A549 cells are displayed in Table 1. 

As compared with A549 cells, AGS cells exhibits an improved mitochondrial respiratory 

capacity, as detected by significantly higher values of OCR related with basal respiration, ATP 

production and maximum respiration. In relation to proton leak and non-mitochondrial 

respiration, no statistical differences were detected between these two cell lines. These results 

indicate that A549 cells have a lower OXPHOS than AGS cells, which can be associated to 

their lower ability to promote MTT reduction.  

Glycogen is the storage form of glucose in cells and is essential for energy supply and glucose 

homeostasis and their metabolism has become a recognised feature of cancer cells since it is 

upregulated in many tumour types [152-153], which is sometimes correlated with a tumour 

aggressiveness [154]. The human intestinal-type gastric cancer AGS cells accumulate higher 

levels of glycogen than lung cancer A549 cells (Table 1). The lower OXPHOS associated with 

the lower glycogen content suggest that A549 cells may have a glycolytic pathway more active 

than AGS cells, in order to produce the ATP required to sustain their high proliferation rate. 

Thus, higher accumulation of lactate, the final product of fermentation, in the extracellular 

medium of A549 cells can be predicted by the present results. 

Indeed, Huang and colleagues evaluating the extracellular lactate, a simple way to observe rates 

of glycolysis, have reported that A549 cells accumulate higher extracellular lactate content than 

AGS cells [155]. A glycolytic phenotype of A549 cell line was also reported by Xie and 

collaborators, whereas under lactic acidosis, they show a non-glycolytic phenotype, evidencing 

the great capability of cancer cells adaptation [148]. This support the idea that A549 cells obtain 

their energy essentially from the glycolytic flux, while AGS cells still use OXPHOS to obtain 

a significant fraction of their required energy. 
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Table 1. Mitochondrial respiratory capacity, and content of glycogen of AGS and A549 cells. Each point 

represents the mean ± SEM with n ≥3. *, *** Significant differences with p <0.05 and p <0.001, respectively.  

 AGS  A549 

OCR related with (pmoles O2/106 cells/min) (pmoles O2/106 cells/min) 

    
Basal 835 (±110.5) 471.3 (±32.1)*** 

Proton leak 220 (±39) 244.7 (±11.3) 

Maximal respiration 1195 (±50) 811.3 (±150)* 

ATP production 615 (±71.5) 226.7 (±43.3)*** 

Non-mitochondrial respiration 332.5 (±126.8) 358.6 (±50.3) 

    
Glycogen  (nmol of eq. glucose/ 

mg of protein)      11,8 (±2,9)  

 

5,8 (±1,5)* 
    
    

 

Cancer cells aggressiveness is correlated with increased reliance on glycolysis for energy 

production even in the presence of oxygen. From a bioenergetic perspective glycolysis is, 

usually, considered inefficient. Nevertheless, the rate of glycolysis is about 20 times higher than 

the rate of the TCA cycle/OXPHOS reactions that occur in mitochondria. This should confer a 

significant proliferative advantage, while it also sustain the proliferation within the hypoxic 

micro-environments often associated with tumour development. Indeed, A549 cells exhibit a 

poor mitochondrial respiratory capacity, however their duplication time, as mentioned above, 

seems to be similar or better than AGS cells. All these data suggest that the proliferation of 

A549 cells are mainly supported by glycolytic fluxes and they are involved in human malign 

tumours (lung cancer) with high aggressiveness than AGS cells, which are connected to human 

intestinal-type gastric cancer. 

 

3. Lipidomics analysis  

 

3.1. Lipids content – general parameters  

 

Similarly to the contribution of bioenergetics metabolism to tumour growth and resistance to 

therapy, the way how changes in cell lipidome and lipid metabolism are related with the cancer 

phenotype still not fully understood, and continues to be an intense research issue. Changes in 

lipid metabolism are key components in cancer biology, and the inhibition of fatty acid 

synthesis is considered a relevant therapeutic target for breast cancer [156].  
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To understand how the lipidome of AGS and A549 cells is related with their bioenergetics 

profiles, we evaluate in the lipid extracts from cell suspensions, the cell levels of: i) 

phospholipids, quantified by the phosphate released by acid hydrolyses; ii) glycolipids, 

quantified by the amount of glucose linked to lipids; and iii) cholesterol. Results, expressed by 

nmoles per mg of cell protein, are presented in Table 2. There are not statistically significant 

differences in values of the above mentioned parameters, except for the 

phospholipids/glycolipids molar ratio. However, it is important to highlight that AGS cells 

seem to have a higher lipid content (phospholipids plus cholesterol) than A549 cells despite the 

differences not reach statistical significance. 

 

Table 2. Lipid content AGS and A549 cells. Each point represents the mean ± SEM with n ≥3. * Significant 

differences with p <0.05.  

 

The small differences in phospholipids contents presented by these cell lines can be associated 

with the similar proliferation rate, once phospholipids are fundamental building blocks for cell 

membranes. The phospholipids content was evaluated by Cook and colleagues [158] in 

neuroblastoma and glioma cells, being 103 and 327 nmol/mg of protein, respectively. These 

differences showed that phospholipids should have distinct roles in cancer cell lines. In this 

context, it has been demonstrated that in breast tissue the fatty acid and phospholipid profiles 

are altered not only in the tumour areas but also in the surrounding healthy areas. This provides 

evidence that changes in phospholipid composition precede the morphological changes that 

characterize tumour progression. Moreover, the aggressiveness of several 

breast cancer cell lines have been related to membrane levels of phosphatidylcholine and 

lysophosphatidylcholine [159,160]. 

 A549 AGS 
   

Phospholipids (nmol Pi/mg protein) 400.1 (±132.2) 501.6 (±76.1) 

Cholesterol (nmol/mg protein) 67.5 (±6.8) 102.1 (±37.6) 

Glycolipids (nmol eq. of glucose/mg of protein) 155,4 (±44,9) 100,3 (±3,3) 
   

Phospholipids/cholesterol 5.9 (±1.3) 5.3 (±1.6) 

Phospholipids/Glycolipids 2.6 (±1.1) 5.0 (±0.82)* 
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In turn, all animal cellular membranes require cholesterol, which influences membrane 

organization (e.g. fluidity and permeability), fission and fusion processes, and membrane 

protein function. The accumulation of cholesterol alters membrane organization and the 

coexistence of lipid-disordered and lipid-ordered phases, which regulates membrane 

permeability and function of proteins [161,162]. A549 showed a lower content of cholesterol than 

AGS. Different levels of membrane cholesterol may promotes changes in the lateral membrane 

organization and dynamics in the rafts/caveolae domains, which can be reflected in distinct 

signalling pathways with impact on cell survival, proliferation, and apoptosis. Indeed, it was 

reported cholesterol metabolism dysregulation in many malignancies, including myeloid 

leukemia, prostate, and breast cancers [163,164, 165].  

Lastly, glycolipids are complex molecules consisting of a ceramide lipid moiety linked to a 

glycan chain of variable length and structure. They are involved in many physiological 

processes, including growth, differentiation, migration, and apoptosis through modulating both 

cell signalling processes and cell-to-cell and cell-to-matrix interactions [156]. However, the 

glycolipid content was analysed by the levels of glucose linked to lipids which does not reflect 

the complexity of the molecular species of glycolipids. Thus, our results show that A549 cells 

exhibit lower phospholipids/glycolipids ratio and higher aggressiveness, but they not allow to 

make functional conclusions about the relationship between these parameters. 

 

3.2. Fatty acids profile of A549 and AGS cell lines 

 

Cellular proliferation also requires fatty acids (FA) for the synthesis of membranes and 

signalling molecules. The pyruvate produced by glycolysis is an important intermediary in the 

conversion of carbohydrates into fatty acids and cholesterol. This occurs via the conversion of 

pyruvate into acetyl-CoA in the mitochondria. However, this acetyl CoA needs to be 

transported from mitochondria to cytosol where the synthesis of fatty acids and cholesterol 

occurs. This cannot occur directly. To obtain cytosolic acetyl-CoA, citrate (produced by the 

condensation of acetyl CoA with oxaloacetate) is removed from the citric acid cycle and carried 

across the inner mitochondrial membrane to reach the cytosol, where it is cleaved by ATP 

citrate lyase into acetyl-CoA and oxaloacetate. The cytosolic acetyl-CoA is carboxylated 

by acetyl CoA carboxylase into malonyl CoA, the first committed step in the synthesis of fatty 

https://en.wikipedia.org/wiki/Citric_acid_cycle
https://en.wikipedia.org/wiki/ATP_citrate_lyase
https://en.wikipedia.org/wiki/ATP_citrate_lyase
https://en.wikipedia.org/wiki/Acetyl_CoA_carboxylase
https://en.wikipedia.org/wiki/Malonyl-CoA
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acids. The FA building blocks come from either exogenous sources or from de novo FA 

synthesis. While most normal human cells prefer exogenous sources, tumours synthesize FA 

de novo and often exhibit a shift toward FA synthesis [157]. SFA (Saturated fatty acids) and 

MUFA (monounsaturated fatty acids), the most abundant fatty acid species, have many 

divergent biological effects including the regulation of cell proliferation, programmed cell 

death and lipid-mediated cytotoxicity in cancer cells [166,167]. Their distribution is regulated by 

Stearoyl-CoA desaturases, the enzymes that convert SFA into MUFA. PUFAs (polyunsaturated 

fatty acids) are substantial components of the diet and there are increasing evidences that they 

also play a role in cancer risk and progression [168].  

The fatty acid profile of A549 and AGS cell lines was obtained by gas-liquid chromatography 

with a coupled mass detector (GC / MS), after the transmethylation of the lipid extracts. Fatty 

acids were quantified by the area of each peak, normalized by the peak area of the internal 

standard (C17: 0), which was added to the lipid extracts prior to transmethylation. 

Figure 9 shows the fatty acid profiles of AGS and A549 cells. Qualitatively, data of figure 9 

show that these two cell lines exhibit small differences in fatty acid composition of the 

phospholipids of their membranes. For both cell lines, C16:0 (palmitic acid) and C18:0 (stearic 

acid) are the most representative saturated fatty acids while C18:1 (oleic acid) and C16:1 

(palmitoleic acid) are the most representative MUFA. However, AGS cells displayed a higher 

relative abundance of these two saturated fatty acids than in A549 cells. On the other hand, 

A549 cells show levels of C16:1 higher than AGS cells, while the content of oleic acid are similar 

in both cell lines. Consequently, AGS cells exhibit higher content of total SFA and lower 

MUFA as compared with A549 cells. Regarding the PUFA, C18:2n-6 (linoleic acid) and C20:4n-6 

(arachidonic acid) are the most representatives of the omega-6 PUFA series while the C18:3n-3 

(α-linolenic acid) dominates the omega-3 PUFA series in both cell lines. As compared with 

AGS cells, A549 cells have higher levels of total omega-6 PUFA and similar content of total 

omega-3 PUFA. Consequently, A549 cell exhibit higher omega-6/omega-3 molar ratio and 

higher potential to release pro-inflammatory lipid mediators. 
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Figure 9: Fatty acid profile of all phospholipid obtained from A549 (grey bars) and AGS cells (dark bars); C14:0  - 

myristic acid, C15:0 - pentadecylic acid, C16:0 - palmitic acid, C18:0-stearic acid, C20:0 - arachidic acid, C14:1 - 

myristoleic acid, C15:1 - pentadecenoic acid, C16:1 -palmitoleic acid, C18:1 - oleic acid, C24:1 - nervonic acid, C16:2 - 

hexadecadienoic acid, C18:2n-6 - Linoleic acid, C20:2n-6 - eicosadienoic acid , C20:4n-6 - arachidonic acid, C22:2n-6 - 

decosadienoic acid, C22:4n-6 - Adrenic acid, C22:5n-6 - docosapentaenoic acid, C18:3n-3 - α-linolenic acid, C20:3n-3 – 

eicosatrienoic acid, C22:3n-3 - docosatrienoic acid, C22:5n-3 - docosapentaenoic acid, C22:6n-3 - docosahexanoic acid 

(DHA). 

       

Recent evidences suggest that Stearoyl-CoA desaturase (SCD1) has key role in many human 

cancers including clear cell renal cell carcinoma, lung, breast and prostate. These enzymes 

catalyse the conversion of saturated fatty acids to Δ9 MUFA (monounsaturated fatty acids), 

converting preferentially stearic acid (C18:0) to oleic acid (C18:1) and palmitic acid (C16:0) to 

palmitoleic acid (C16:1) 
[70], 167].  It has been reported that in lung cancer SCD1 contributes to 

maintain a shift in lipid metabolism (i.e. increased lipogenesis and inhibition of fatty acid 

oxidation) and intracellular signalling (activation of Akt signals and deactivation of the AMPK 

pathway). These factors should accelerate cell proliferation, increase invasiveness, enhanced 

survival, promoting a greater tumorigenic capacity [169]. Thus, A549 cell line with higher 

content in MUFA (C16:1) may also exhibit higher activity of SCD, which may be related with 

high proliferation rate and aggressiveness of this cell line, as compared with AGS cells. Several 

studies have demonstrated that ómega-6 PUFAs have typically pro-inflammatory activity and 

induce progression in certain types of cancer, while PUFAs of n-3 series, in particular 

https://en.wikipedia.org/wiki/Pentadecylic_acid
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docosahexaenoic acid (DHA, C22:6n-3), are believed to have anti-cancer properties [170, 171]. 

Thus, higher PUFA omega-6/omega-6 ratio detected in A549 cells can be associated with its 

higher aggressiveness. The idea that fatty acids changes display an important role in cancer 

progression was also showed in the research of Monteiro-Cardoso and colleagues where under 

glucose deprivation, caco-2 cells increase PUFA of n-6 series and decline PUFA of n-3 series, 

allowed cells to acquire a more aggressive phenotype [172].  

 

4. Enzymatic defences (SOD and CAT activities), non-enzymatic defences (GSH/GSSG) 

measurement and ROS generation in AGS and A549 cells.   

 

4.1. SOD and CAT activities  

 

The antioxidant enzymatic and non-enzymatic defences limit cell injury induced by reactive 

oxygen species. Superoxide dismutase (SOD) catalyse the dismutation of superoxide anion 

(O2.
-) to produce hydrogen peroxide (H2O2). Catalase (CAT) is highly expressed in some tissues 

and their principal role is to detoxify H2O2 into water and oxygen. The CAT and SOD activity 

in cancer cell lines or even in tissues is very controversial. Some studies show that in cancer 

cells these enzymes are decrease allowing an increase of reactive oxygen species, compared 

with normal cells. In opposite, other studies defended the overexpression of the enzymatic 

defences in cancer cells [173]. 

In Figure 10 is presented the activity of CAT and SOD in AGS and A549 cells. Catalase activity 

was determined by following the oxygen production using Clarke-type oxygen electrode 

resulting from oxygen peroxide (H2O2) decomposition, while SOD activity was determined 

using the xanthine-xanthine oxidase system in the presence of a chromophore,  p-nitro blue 

tetrazolium chloride (NBT).  
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Figure 10. SOD (A) and Catalase (B) activities of A549 (grey bars) and AGS (black bars) cells. Each point 

represents the mean ± SEM with n ≥3. *Significant different from with p <0.05; ** Significant different from with 

p <0.01.  

 

For both enzymes, AGS cells exhibit higher activity than and A549 cells. Thus, AGS cells have 

a better SOD activity and likewise a better CAT activity than A549 cells. Based in this results, 

the AGS cell line has an improved enzymatic antioxidant defences that A549.  

CAT activity was evaluated in human lung cancer cells (Human lung adenocarcinoma cell lines 

CL1-0 and CL1-5) by Tsai and collaborators [174]. In this research catalase activity is lower in 

the non-invasive CL1-0 cells compared to the highly invasive CL1-5 cells: about 6 U/mg of 

protein and 1 U/mg of protein, respectively, being that one unit of catalase will decompose 1.0 

µmole of H2O2 per minute. In other studie, Mendes and colleagues [175] determined the catalase 

activity in AGS and Caco-2, in both cell lines their activity is about 9 U/mg of protein. Hepatic 

cancer (HepG2 cells), breast cancer (MCF-7 cells), prostate cancer (PC-3 cells) presented a 

CAT activity about 5 U/mg of protein. This value is lower in this cells compared to a non-

cancer cell line, the human embryonic kidney (HEK293T cells) that presented a CAT activity 

of, approximately 7 U/mg of protein [176]. In our results CAT activity seems to be lower than in 

all of this studies. This is can occur because in this studies the cells were lysed that can promote 

the rupture of membrane and allows the release of the cellular content, leading to the increase 

of CAT activity. The activity of SOD is well correlated in human colorectal cancer tissue with 

their malignancy intensity [177]. SOD activity increase with advances in the depth of invasion, 
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being the values presented was 12, 16 and 18 U/mf of protein for different stages. Khan and 

collaborators [178], also determinates SOD activity in HepG2, MCF-7, PC-3 and HEK293T cells, 

and the obtained valued were 5, 4, 6 and 6 U/mg of protein, respectively. This last values are 

in accordance and are not very different from those obtained for AGS and A549 cell for SOD 

activity.  

 

4.3. Non-enzymatic defences (GSH/GSSG ratio) 

The antioxidant activity of GSH is primarily due to its involvement in enzymatic pathways that 

cells have developed against ROS. Intracellular glutathione usually exists in its reduced form 

(GSH), and GSH is converted into the oxidized form (GSSG) by stimulation with oxidative 

stress agents. When cells are exposed to oxidative stress, GSSG are accumulated, and the ratio 

of GSH to GSSG will decrease. Therefore, the GSH/ GSSG ratio is a useful indicator of cell 

redox balance and it has been used as the index of intracellular oxidative stress. In a resting cell, 

the molar GSH/ GSSG ratio can reach 100:1, while in various models of oxidative stress, it can 

decreases to values of 10:1 and even 1:1, as previously demonstrated [179].  

Cellular levels of glutathione in reduced and oxidised forms were determined after the reaction 

with OPT (o-Phthalaldehyde) by a fluorimetric method. In Table 3 and Figure 4 is presented 

the respective values of GSH and GSSG (nmoles/mg de protein) in adherent (non-trypsinized) 

and trypsinized cells. Then is proceed the GSH/ GSSG ratio in both cell lines.  

This results show differences in the GSH/GSSG ratio. Accordingly, AGS cells have a lower 

GSH/ GSSG ratio than A549 cell, supporting the idea that these cells are under a higher 

oxidative stress levels. The intracellular GSH/GSSG ratios in A549 was described in the 

research of Tobwala and collaborators have 17 [180]. The ratio of GSH/GSSG in AGS cells is 

presented in studies of Kim and collaborators, however this ratio is very low (about 1) [181].  
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Table 3. GSH and GSSH content in AGS and A549 cells. Each point represents the mean ± SEM with n ≥3.  

 

 

Figure 11. GSH/GSSG ratio in AGS and A549 non-trypsinized cells (A) and in trypsinized AGS and A549 cells 

(B). Each point represents the mean ± SEM with n ≥3. *Significant different from with p <0.05; ** Significant 

different from with p <0.01.  

 

The trypsinization process promoted a strong decrease in GSH/GSSG ratio, especially in A549 

cells. This suggests that the trypsinization process is accompanied by oxidative events, with 

high impact on the cell redox balance of both AGS and A549 cells. Studies with human 

pancreatic cancer cells line (PANC-1 cells) have shown that cells involved in the invasive 

process have a decreased GSH/GSSG ratio as comparing with whole cultured cells [182]. The 

invaded cells were suggested to experience higher oxidative stress but also greater resistance to 

it. Thus, trypsinized cells may have a phenotype more similar to tumour cells with ability to 
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Non-trypsinized cells 

 

      Trypsinized cells  

     A549 AGS 

 

 

 

    A549 

 

          AGS 

       

GSH 39.04 (± 11.2) 28,9 (±8.32) 

  

19.64 (± 6.47) 

´ 

21.43 (±7.62) 

 

(nmoles/mg de protein)    
   

       

GSSG  1,36 (±1.83) 3,37 (±0.47) 

  

11,66 (±2.32) 

 

   19.57 (±0.54) 

(nmoles/mg de protein)       
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migrate and invade neighbour tissues. These data suggest that the GSH/GSSH ratio can had 

high relevance in diverse functions of cells. In fact, a considerable amount of experimental 

evidences support the view that glutathione is a key regulator cell proliferation and early studies 

showed that cellular GSH levels are an important factor to control of tumour growth. The 

GSH/GSSG ratio also changes during cell cycle, for example an increase in the amount of total 

GSH was shown to be necessary for the cells to progress from the G1 to the S-phase of the cell 

cycle. In contrast the increase of GSSG caused the cell cycle to arrest at G1 
[183,184,185]. This fact 

can influence the obtained results, depending of the cell cycle phase.  

   

4.4. Reactive oxygen species (ROS) generation  

 

Reactive oxygen species (ROS) which includes hydrogen peroxide, hydroxyl radical, 

superoxide anion and peroxynitrites are chemically active pro-oxidant molecules that are 

generated by incomplete reduction of oxygen. ROS are involved in a variety of physiological 

and pathological processes in the cell. It has been established that cancer cells proliferate under 

levels of oxidative stress that affect negatively the cells of health tissues. This increase are 

occasionally associated to damage in DNA and consequently mutations in the genetic material. 

Controversy, ROS can also promote the cell growth and survival, angiogenesis, invasion and 

metastasis in tumour cells [186].  

 

Previous results showed alterations in enzymatic and non-enzymatic antioxidant defences 

(CAT, SOD and GSH/GSSG ratio) that can suggest differences at the level of ROS generation. 

To evaluate intracellular ROS generation in AGS and A549 cell lines was used the DCFDA - 

Cellular Reactive Oxygen Species Detection Assay that measures hydroxyl, peroxyl and other 

reactive oxygen species (ROS) activity within the cell. In Figure 12 is presented the ROS 

production in cells during 40 minutes for trypsinized and non-trypsinized cells. 
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Figure 12: ROS generation in AGS (solid symbols) and A549 (open symbols) in non trypsinized cells (A), and 

ROS generation in A549 and AGS in trypsinized cells (B), (C), and (D) evaluated by DCDHF-DA (10 μM). Each 

point represents the mean ± SEM with n ≥3.  

 

Results of Figure 12A, with adherent cells (non-trypsinized), show that there are not statistically 

significant differences in ROS generation by A549 and AGS cells. Despite the differences 

detected in enzymatic and non-enzymatic antioxidant defences, the levels of ROS generation 

are similar for these cell lines in adherent state. The probe used for this assay only captures 

ROS that were not neutralized by the antioxidant defences of cells. The ROS detection by this 

probe is similar in the two cell lines, and this results can suggest that ROS generation in AGS 

cells is superior to A549 cells, once AGS cells have improved enzymatic defences.  
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The trypsinization process increase exponentially the ROS production in both cell lines, being 

this increase higher in A549 cells (Fig. 12B-D). Thus, ROS generation also support the idea 

that the trypsinization process is accompanied by oxidative events, as suggested above 

considering the cellular GSH/GSSG ratio. 

 

5. Effects of a apoptotic drug (Staurosporine) in A549 and AGS cells 

 

The apoptosis pathways are a frequent target for current treatments in cancer. The defects in 

programed cell death mechanism can result in cell resistance to diverse drugs and decrease the 

efficiency of the treatments. Staurosporine, a protein kinase inhibitor, is a therapeutic agent that 

inhibits tumour cell growth by inducing cell death via intrinsic apoptotic pathways. The 

mechanism of apoptosis in response to staurosporine is mediated by the translocation of Bax 

from the cytosol to mitochondria, mitochondrial dysfunction, cytochrome c release, and 

involves the activation of caspase-3 [187, 188, 189]. Additionally, it was also described in intact 

cells that staurosporine causes an early decrease in the endogenous mitochondrial respiration 

rate that proceeds the release of cytochrome c from mitochondria to cytosol [190].  

The effects of increasing concentrations of staurosporine on the viability of A549 and AGS 

cells were evaluated in order to characterize their susceptibility to staurosporine (Figure 13.a.). 

Our results show that A549 cells display less sensibility to apoptosis induced by staurosporine 

than AGS cells, as reflected by higher IC50 values (AGS,   IC50 = 20.5 nM; A549 IC50  = 108.0 

nM). In the Figure 13.b. is presented the activity of the LDH released for extracellular medium, 

indicating that in A549 cells staurosporine did not affect levels of extacellular LDH for all 

concentrations tested. The same did not happen in AGS cells, since staurosporine at 

concentrations ≥250 nM induces an increase of extracellular LDH activity, suggesting damage 

of plasma membrane and cells death by necrosis. However, for both cell lines, the first 

staurosporine toxic effects is connected with cell death by apoptosis. This results can be 

correlated with the previously obtained to MTT reduction and Mitochondrial respiratory 

capacity.  AGS cells exhibit a maximum mitochondrial respiratory capacity as well as a better 

ability to reduce MTT, suggesting a better mitochondrial activity than A549 cells. The less 

sensibility to apoptosis by A549 can be linked to their lower mitochondrial activity, once 

staurosporine induce cell death although mitochondrial pathways.  
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Figure 13. Effects of increasing concentration of staurosporine on cell viability of A549 (grey bars) and AGS 

(black bars) cells, evaluated by MTT reduction assay (A) and LDH release assay (B). Each point represents the 

mean ± SEM with n ≥3. . *Significant different from with p <0.05; ** Significant different from with p <0.01;  # 

Significant different from with p <0.05; #Significant different from with p <0.05.  

 

The effects of staurosporine on A549 cells are well documented. Wang and collaborators 

demonstrated that this drug, at concentration of 100 nM, inhibits cell adhesion and mobility as 

well as the invasion ability [191]. Bradshaw and colleagues have shown that staurosporine 

arrested the A549 cells growth with high efficiency (IC50 = 0.65 nM, [6]. The anti-proliferative 

action of this drug also was detected in AGS cell line by Piontek and colleagues with an IC50 of 

1 nM (determined by cell counting with an incubation of 5 days). The anti-proliferative effects 

of staurosporine are also associated with the inhibition of protein kinases (PK), which display 

important roles in cell signalling, including cell survival and proliferation [192,193]. To understand 

better the way how staurosporine affects A549 and AGS cells, ROS production and 

mitochondrial membrane potential were evaluated. 
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5.1. Effects of staurosporine in ROS generation.  

 

Figure 14 show the kinetic of ROS generation by AGS and A549 cells in the absence and 

presence staurosporine, at IC50 concentration determined by MTT assay.  

 

Figure 14: ROS generation in AGS (solid symbols) and A549 (open symbols) cells evaluated by DCDHF-DA (10 

μM) with the presence of staurosporine in IC50 concentrations. Each point represents the mean ± SEM with n ≥3.  

  

These results show that staurosporine, at IC50 concentrations dose, not increase significantly the 

generation of ROS for both cell types. This suggest that the apoptotic process promoted by this 

concentration of staurosporine is not ROS production dependent. Previous studies performed 

with PC12 cells showed that staurosporine induce ROS production, however the concentration 

use is 1 µM, which is significantly higher than the concentration used in the present study [191]. 

 

6. Mitochondrial membrane potential (ΔΨm) 

 

Mitochondria utilizes oxidizable substrates to produce a membrane potential in the form of a 

proton gradient across the mitochondrial inner membrane. It has been showed that cancer cells 

mitochondria are hyperpolarized compared with those of normal cells [39]. This fact is currently 

associated with increased glycolysis in cancer cells resulting in an increase in the hexokinase 

level, which translocate to mitochondria and leads to hyperpolarization of mitochondria and 

apoptosis inhibition [39].  
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Figure 15 displays the mitochondrial membrane potential (ΔΨm) of A549 and AGS cell lines, 

in the absence and presence of FCCP or staurosporine at IC50 concentrations, 20.5 nM and 108.0 

nM, respectively, evaluated by JC1 probe. The ratio aggregate/monomer is proportional to 

ΔΨm, and FCCP, a mitochondrial uncoupler, promotes a mitochondrial depolarization detected 

by a decrease of JC1 aggregate/monomer ratio. 

 

 

Figure 15: Mitochondrial membrane potential of A549 (grey bars) and AGS (black bars) cells, evaluated by JC-

1 ratio (aggregate/ monomer) in the presence of Staurosporine (Stau) in IC50 concentrations and FCCP. Each point 

represents the mean ± SEM with n ≥3. ** Significant different from with p <0.01; # Significant different from with 

p <0.05; *** Significant different from with p <0.001; #Significant different from with p <0.05. 

 

Figure 15 data indicates that A549 cells have significantly higher ΔΨm that AGS cells, being 

their mitochondria more hyperpolarized, as compared with AGS cells. Staurosporine, at IC50 

concentrations, decreases significantly the ΔΨm in both cell lines, however this effects is more 

evident in A549 cells. Additionally, in A549 cells staurosporine was more effective than FCCP 

while the opposite was detected in AGS cells.  Heiskanen et al. reported that apoptosis induced 

by staurosporine in PC6 cells was associated with a synchronous release of cytochrome c and 

collapse of ΔΨm. However other investigators have found that the release of cytochrome c into 

the cytosol during staurosporine induced apoptosis occurs independently of mitochondrial 
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depolarization [195]. Bonnet and collaborators [39], using A549, M059K (glioblastoma) and 

MCF-7 cells and noncancerous human cell lines, have reported that all cancer cell lines have 

considerably more hyperpolarized mitochondria as compared to normal cells. The mitochondria 

hyperpolarization has impact not only in ATP production but also in several other pathways, 

including on the (de)regulation of ions fluxes. In fact, in addition to higher ΔΨm, cancer cells 

also show relatively deficient Kv channels and the K+ channel inhibition or downregulation 

suppresses apoptosis in several cell types, including cancer cells [196,197]. In the research of 

Bonnet and collaborators was used an inhibitor of PDK, the dichloroacetate (DCA), which in 

cancer cells shifts pyruvate metabolism from glycolysis to glucose oxidation in the 

mitochondria avoiding the mitochondrial hyperpolarization. DCA also contraries the inhibition 

and downregulation of Kv channels in all cancer (but this is not occurred in normal cells). 

Consequently, this drug can induce the pro-apoptotic effects and decrease the tumour growth 

[39]. More recently, Sukumar and collaborators using lymphocytes T cells showed that the high 

ΔΨm is connected with increased glycolytic flux while cells with low ΔΨm exhibited greater 

spare respiratory capacity and high oxygen consumption [198].  

On our results, A549 cell line showed to have a higher proliferation rate, a lower mitochondria 

respiration associated with higher ΔΨm, and a lower susceptibility to staurosporine than AGS 

cell line. Based on this data, we can suggest that higher ΔΨm in A549 cells may be associated 

with their glycolytic phenotype, which culminate with a higher apoptosis resistance to 

staurosporine.   

The Mitochondrial membrane potential was also evaluated with trypsinized cells, as show in 

Figure 16.  
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Figure 16: Mitochondrial membrane potential of A549 (grey bars) and AGS (black bars) trypsinized and non 

trypsinized cells, evaluated by JC-1 ratio (aggregate/ monomer) in trypsinized and non trypsinized cells. Each 

point represents the mean ± SEM with n ≥3. **a Significant different AGS and AGS + Trypsin from with p <0.05; 

*** Significant different from with p <0.001;  

 

For both cell lines, trypsinized cells exhibit significantly higher ΔΨm than non-trypsinized 

cells. The trypsinization process increases the mitochondrial membrane potential in AGS and 

A549 cells, being this increase is higher in A549 compared with AGS cells. 
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CONCLUSIONS AND FUTURE 

PERSPECTIVES 
 

CHAPTER V 

  

 

A century is just a small part in the timeline in the history of science through the ages. 

Nonetheless, for the history of cancer research, the last 100 years transcended all of the years 

that came before. The remarkable progress in oncologic research since then reflects the 

successive developments in fundamental biology and biomedical research. All this decades of 

research result in a decrease of mortality, once millions of people extend their life due to early 

identification and treatment. However cancer continue to be one of major causes of death in the 

world, the second cause of death after cardiovascular diseases.  

The idea that cancer is a metabolic disease began with Otto Warburg, the first one that 

contributed to our early understanding of cancer metabolism. Over the years the disturbances 

in tumour cell energy metabolism has be linked to alterations in the structure and function of 

the mitochondria. Our present work is reasoned that cancer cells display changes in a number 

of metabolic pathways that implicate the active participations of mitochondria: death pathways, 

biosynthesis of macromolecules, regulation of many physiological processes related with the 

redox state, as ROS production or mitochondrial membrane potential. On a second instance our 

work allowed to evaluate the effects of trypsin (used to detach cells from the adherent substrate). 

To perform this work we used two distinct cell lines: A549 and AGS.  

The differences in cell proliferation was the first different feature between these two cell lines, 

A549 cell line showed a higher proliferative rate, however their ability to reduce MTT is lower 

than in AGS cell line. The mitochondrial respiration parameters confirmed the bioenergetic 

differences and, in fact A549 cells showed to have a glycolytic pathway more active than AGS 

cells. Therefore, even a less efficiency process, glycolysis can assure the ATP production that 

is required to sustain their high proliferate rate. These assays highlight the ability of cancer cells 

support their energetic needs and maintain the proliferation rate even without a lower OXFHOS 
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using Glycolysis, correlated with their aggressiveness. Analysis of the fatty acid profiles 

revealed that A549 cells exhibit lower relative abundance of saturated fatty acids, greater 

abundance of monounsaturated fatty acids, and a higher ratio of Omega-6 / Omega-3 

polyunsaturated fatty acids to those of AGS cells, which are agrees with the high aggressiveness 

of A549 cells.  

Oxidative stress, implicated in the etiology of cancer, results from an imbalance in the 

production of ROS or/and in antioxidant defences of cells. AGS and A549 cells exhibited 

different levels of enzymatic and non-enzymatic defences. CAT and SOD showed more activity 

in AGS cells and the GSH/GSSG ratio (in adherent cells) is lower, comparative with A549. The 

GSH/GSSG ratio allowed us to conclude that both cell lines are under oxidative stress. 

Considering mitochondria as one of the major sources of ROS in cells and AGS cell line has 

shown to have the most active oxidative phosphorylation, it would be expected a higher amount 

of ROS production in these cells. However, surprisingly ROS generation in both cell lines 

seems to be similar. These results highlight the importance of more extensive studies involving 

ROS production, in order to understand how they influence the proliferation and aggressiveness 

of cancer cells.  

The apoptotic resistance to staurosporine was also evaluated in both cell lines. A549 cell 

showed less sensibility to apoptosis induced by staurosporine than AGS cells, as reflected by 

higher IC50 values (AGS,   IC50 = 20.5 nM; A549 IC50  = 108.0 nM). The mechanism of apoptosis 

in response to staurosporine is mediated by mitochondrial pathways, therefore the less 

sensibility of A549 cell can be associated with their lower mitochondrial activity. Thus, if 

mitochondrial activity is lower and this compound acts in mitochondria, it would be expected 

A549 cells to show a higher IC50 than AGS cells. Additionally, the effects of staurosporine was 

evaluated in ROS generation and mitochondrial membrane potential was evaluated. 

Apparently, the ROS generation was not affected in both cell lines. In opposite, we found 

significant differences in mitochondrial membrane potential. Staurosporine, at IC50 

concentrations, decreases significantly the ΔΨm in both cell lines, with more impact in A549 

cells. The decrease of mitochondrial membrane potential support the idea that apoptotic process 

induced by staurosporine can be dependent of mitochondrial membrane potential.  

Hyperpolarized mitochondria has been linked to cancer progression and is currently associated 

with increased glycolysis in cancer cells. A549 cell line displayed a higher mitochondrial 

membrane potential than AGS cell line. Thus, the more hyperpolarized mitochondria of A549 
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cells may be associated with their glycolytic phenotype, which culminated with a higher 

apoptosis resistance to staurosporine. In other words, the maintenance of high ΔΨm in these 

cells can be due to the use of a significant proportion of generated ATP by glycolysis and can 

be a defence mechanism against cell death. The aggressiveness in cancer can be also associated 

with more hyperpolarised mitochondria. Thereby, if cancer cells was switched out of aerobic 

glycolysis, into aerobic respiration, their ΔΨm would returned to that of normal cells. Thus, 

mitochondrial membrane potential can be used as a future target for cancer treatment, using 

uncouplers for instance, which can be promising to repair ΔΨm.  

Lastly, the evaluation of trypsinization process was evaluated in comparative to adherent cells. 

It they were explored three parameters: GSH/GSSG ratio, ROS generation and mitochondrial 

membrane potential. The trypsinization process apparently decreased the GSH/GSSG ratio and 

increase exponentially the ROS generation, leading us to suppose that it cause a large oxidative 

stress in cells. A549 cell line showed to be more sensitive to negative impact of trypsin, 

displaying a decrease in GSH/GSSG ratio and an increase in ROS production. The 

trypsinization process increases the mitochondrial membrane potential in AGS and A549 cells, 

being this increase is higher in A549 compared with AGS cells. This is in agreement with 

previous results, supporting also the idea that trypsinization process causes high levels of 

oxidative stress in cells and increase their tumour aggressiveness. 

Summing up, this work confirmed the idea that cancer is also a metabolic disease. In fact, cancer 

cells rewire their metabolic program assuring the bioenergetic and biosynthetic demands to 

continuous cell growth. How cancer cells maintain their redox balance must also be an idea to 

explore, namely the way how it affects the proliferation rate of cancer cells. Thus, if the 

metabolic characteristics of tumours are essential for their growth and survival, targeting their 

metabolism could have a dramatic effect on tumour viability. Therapeutics based on 

metabolism might have advantages over other therapies, and the development of new targets in 

this context can be a good perspective to explore. 
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