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Abstract 

 

Aims 

The purpose of this thesis was to examine and quantify the effects of the short-

chain fatty acid acetate, a by-product of the microbial fermentation of dietary fibre, 

on the metabolism of cancer cells, and to test whether acetate can sensitize cells 

to apoptosis induced by anti-cancer drugs, by a process known as priming.  

Methods 

To examine the effects of acetate, several markers of metabolism were assayed in 

3 cell lines HCT116 (Human colon cancer), MCF7 (Human breast cancer) and the 

control cell line MCF10 (non-cancerous human breast) following 24-hour acetate 

treatment in doses ranging from 1-25 mM. Reactive oxygen species and Ca2+ 

were measured with fluorescent spectroscopy. Mitochondrial function was 

measured using the SeaHorse XFE Analyser and 2-photon-NADH FLIM. 

Mitochondrial morphology was assessed with confocal microscopy.  

To determine whether acetate could prime cells for death, changes in proliferation 

were measured with the MTT cell viability assay and levels of apoptosis induction 

were measured with Annexin-V FITC flow cytometry.  

Results 

Acetate induced a state of oxidative stress in the HCT116 and MCF7 cancer cell 

lines, indicated by an average 17.5% significant decrease in mitochondrial basal 

respiration, increased ROS production (significant 24% average increase across 

the two cancer cell lines), and increased Ca2+ levels (significant 22% average). 

Whilst ROS and Ca2+ were elevated in the non-cancerous cell line, there was no 

significant change in mitochondrial basal respiration, suggesting that acetate 

treatment did not cause oxidative stress in healthy cells.  

When cancer cells were primed with 10 mM acetate 24 hours prior to treatment 

with cisplatin, there was an average 1.85-fold increase in apoptosis compared to 

treatment with the drug by itself. This effect was not observed in the non-

cancerous cell line. 
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Conclusions 

Priming has been shown to have the potential to improve the efficacy of pre-

existing chemotherapeutic agents. With cancer incidence increasing worldwide, 

there is a need to improve current treatments without exacerbating side effects 

and impairing patient quality of life. In this thesis, I show that acetate improves the 

effectiveness of cisplatin in inducing apoptosis, by selectively inducing oxidative 

stress in a cancer cell line model. My work highlights a new mechanism for the 

action of acetate and adds further evidence that priming can be used as a safe, 

effective method to improve chemotherapeutic treatment. 
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1.0 Introduction       

1.1 Cancer 

 

Cancer is a group of widespread and potentially fatal diseases 

characterised by the unregulated proliferation of abnormal cells which, if 

malignant, have the potential to spread to and proliferate in other parts of the 

body. The invasive cells can outgrow the surrounding healthy cells and tissue, 

leading to organ failure and eventually death (World Health Organization, 2017). 

There are over one hundred different types of cancer, which together accounted 

for 8.8 million deaths globally in 2015, making it one of the leading causes of death 

worldwide (World Health Organization, 2018). The risk of cancer increases with 

age (Cancer Research UK, 2018), and the rate of cancer incidence worldwide is 

increasing, particularly in developing countries, as a result of aging populations 

and the rising prevalence of cancer-associated lifestyle choices, such as smoking, 

alcohol consumption, diet, physical inactivity (Jemal et al., 2011), and obesity 

(Flegal et al., 2013). Although a predisposition to cancer can be inherited, it is 

estimated that lifestyle and environmental factors account for 90-95% of all cancer 

cases (Anand et al., 2008). The total economic impact of cancer, as a 

consequence of premature death and disability, was estimated to be $1.6 trillion in 

2010,  equating to over 1.5% of the World’s Global Domestic Product (GDP) 

(Livestrong and American Cancer Society, 2010).  

The term cancer refers to the disease state wherein the mechanisms that 

regulate cell growth, division, and death fail, resulting in the accumulation of 

abnormal cells known as a tumour or neoplasm (Bertram, 2000). Cancerous 

tumours are malignant, meaning they have the potential to spread from their site of 

origin to other parts of the body; a process called metastasis (National Cancer 

Institute, 2015). Tumours that do not spread are considered benign and often can 

be removed by surgery. Although there is a smaller chance of metastasis, benign 

tumours can still pose risk to the patient by compressing surrounding tissue, 

causing nerve damage (Giglio and Gilbert, 2010) and ischemia (Noje et al., 2009). 
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In addition, benign tumours have the potential to become malignant if left 

untreated (Clark, 1991).  

Historically, the development and growth of a tumour was considered to be 

driven by mutations or changes in the level of expression of genes that regulate 

the division or removal of cells, broadly categorised into oncogenes or tumour 

suppressor genes (Croce, 2008) (Figure 1). Oncogenes encode proteins that 

control the proliferation or removal of cells. In cancer, these are often mutated or 

expressed at high levels. In contrast, tumour suppressor genes govern a wider 

range of cellular processes that protect against cancer, such as cell cycle control, 

protein turnover, and DNA (deoxyribonucleic acid) damage repair (Sherr, 2004). In 

cancer, these genes are under-expressed or express mutated, disabled proteins. 

Currently, the Catalogue of Somatic Mutations in Cancer (COSMIC) database lists 

719 genes for which mutations in are causally implicated in cancer (Futreal et al., 

2004). In addition to oncogenes and tumour suppressor genes, microRNA (micro 

ribonucleic acid, or miRNA) genes, which code for small, non-coding RNAs, are 

also implicated in tumorigenesis and resistance to treatment (Fadejeva et al., 

2017). miRNAs have roles in the regulation of gene expression and as such, 

dysregulated expression of miRNAs can in turn affect the expression of 

oncogenes or tumour suppressor genes (Peng and Croce, 2016). A mutation in a 

single oncogene or tumour suppressor is not usually sufficient to cause cancer 

alone; rather, mutations accumulate as a result of other mutations. For example, a 

mutation in a gene that repairs damaged or mutated DNA can lead to the 

propagation of more faulty genes, and in a chain reaction-like system, a cell can 

accumulate an increasing number of mutations, and so become more resistant to 

the machinery regulating normal cell proliferation (Merlo et al., 2006). With 

sufficient growth and mutations, tumour cells can penetrate into the circulatory 

system and spread to other tissues – a process known as metastasis. Once a 

tumour has metastasised, the patient’s prognosis becomes substantially worse 

(Jiang et al., 2015).  
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More recently, evidence indicates that cancer may rather be primarily a 

disease of metabolic disorder, and that genomic instability is a consequence of an 

initial metabolic disturbance rather than the cause of it (Seyfried et al., 2014). This 

remains a provocative viewpoint in cancer research, as the somatic mutation 

theory (SMT) of cancer origin, as it became known, was near universally accepted 

and drove cancer research for decades (Soto and Sonnenschein, 2004). 

Nevertheless, inconsistences in SMT led scientists to question the theory, 

including early experiments which showed that combining the cytoplasm of a non-

cancerous cell with the nucleus from a tumour cell led to reduced tumourgenicity 

(Israel and Schaeffer, 1987), and more recent experiments that showed that 

transfer of normal mitochondria into tumour cells inhibited proliferation and 

increased drug sensitivity  (Elliott et al., 2012). Whilst there remain arguments 

against tumorigenesis being driven solely by metabolism, such as in immune cells 

Figure 1 | Oncogenes and Tumour Suppressors: Mechanisms of Carcinogenesis. On the left, 

activation of oncogenes results in rapid cellular proliferation. On the right, deactivation of 

tumour suppressor genes removes the regulation of proliferation. 
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that adopt different metabolic phenotypes in response to antigens yet rarely form 

tumours (Altman and Dang, 2012), the increasing recognition of cancer as a 

metabolic disease provides exciting implications for the future of cancer treatments 

(Coller, 2014). 

 

1.2 | Cancer Cell Metabolism  

 

1.2.1 | The Hallmarks of Cancer 

  

The hundreds of oncogenes or tumour suppressor genes, not counting 

genes for which altered levels of expression or epigenetic changes are linked to 

cancer (Futreal et al., 2004), creates a large number of possible genotypes which 

generates enormous heterogeneity and complexity, even within similar types of 

cancer, which has significant clinical implications (Marusyk and Polyak, 2011). 

Despite this, cancers have been generally observed to share several key 

characteristics, which became known as the “Hallmarks of Cancer” (Hanahan and 

Weinberg, 2000) (Figure 2).  

In 2011, these original hallmarks were revised to include genomic 

instability, inflammation, evasion of the immune system, and the reprogramming of 

energy metabolism, necessary to fuel the “limitless replicative potential” of cancer 

cells (Hanahan and Weinberg, 2011). 
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Figure 2 | The Hallmarks of Cancer. In spite of the complex genetic variety of cancer, Hanahan 

and Weinberg proposed 9 characteristics that are observed in all cancer cells. Later, Pavlova and 

Thompson proposed a further 6 metabolic features that are generally conserved in cancer cells   
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1.2.2 The Metabolic Hallmarks of Cancer 

 

The accelerated rate of proliferation in cancer creates new metabolic demands 

of the cell: to ensure survival in stressful nutrient depleted conditions, and to 

support the enhanced energetic and biosynthetic needs of rapid growth (De 

Berardinis and Chandel, 2016). To meet these demands, cancer cell metabolism 

is often altered relative to healthy cells. Some of these alterations are sufficiently 

well-conserved across different types of cancer that the reprogramming of cellular 

metabolism is considered a hallmark of cancer.  

One of the first and most well-known changes that was identified was the shift 

in energy production from oxidative phosphorylation (OXPHOS) to the anaerobic 

process of glycolysis despite the presence of adequate oxygen, known as the 

Warburg Effect (Warburg, 1956).  A decrease in oxygen dependence can confer a 

proliferative advantage to cancerous cells; allowing cells to migrate and thrive 

further from the oxygen-rich environment around blood vessels (Hsu and Sabatini, 

2008). Substrates that would normally be consumed in OXPHOS and the 

tricarboxylic acid (TCA) cycle are diverted into catabolic processes that produce 

fatty acids, essential for rapid cellular proliferation.   

Metabolic changes in cancer cells are now a substantial field of research itself. 

Progressing from Hanahan & Weinberg’s Hallmarks paper, Pavlova and 

Thompson went on to describe six additional hallmarks of cancer metabolism 

(Figure 2) (Pavlova and Thompson, 2016): 

1.) Deregulated uptake of glucose and amino acids 

2.) Use of opportunistic modes of nutrient acquisition 

3.) Use of glycolysis/TCA cycle intermediates for biosynthesis 

4.) Increased demand for nitrogen 

5.) Alterations in metabolite-driven gene regulation 

6.) Metabolic interactions with the microenvironment 

Common deregulated mechanisms include the excessive activation of 

phosphoinositide 3-kinase (PI3K), which through the protein kinase (Akt) and 

mechanistic target of rapamycin (mTOR) signalling pathways can enhance 
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glucose uptake into the cell via the glucose transporter 1 (GLUT1), and inhibit the 

entry of metabolites into the TCA Cycle, thus conferring increased cellular 

dependence on glycolysis (Courtnay et al., 2015), or increased gain of function of 

MYC, a gene encoding a transcription factor, c-MYC, which amplifies the 

expression of genes that promote cellular growth and proliferation (Stine et al., 

2015). Tumour protein p53 (TP53), which encodes p53 is another notable 

example; primarily associated with roles in DNA repair, cell cycle arrest and 

apoptosis, loss of p53 has also been associated with increased glycolysis 

(Kruiswijk et al., 2015). 

 

1.3 | The Mitochondria & Their Role in Cancer 

 

Otto Warburg attributed his observation that cancer cells seemed to ferment 

glucose despite the presence of oxygen to defects in mitochondrial respiration, 

since OXPHOS occurs in the mitochondria. Nowadays, it is generally accepted 

that far from being defective, mitochondria in fact play key multifunctional roles in 

tumorigenesis and cancer cell progression (Zong et al., 2016). This is further 

demonstrated by the observation that removing mitochondrial DNA from a cell 

delays tumour growth (Tan et al., 2015). Furthermore, cancer cells that rely more 

on glycolysis still retain fully functional mitochondria (Zu and Guppy, 2004). 

Mitochondria are double-membrane bound organelles with integral roles in 

cell metabolism – through the TCA cycle and OXPHOS they supply the majority of 

a cell’s energy, and are also vital in a number of essential cellular functions, 

including various signalling, biosynthetic, and cell death pathways. In cancer, 

mutations in mitochondrial genes perturb the bioenergetics and biosynthetic states 

to support the altered requirements of the cells (Brandon et al., 2006). As such, 

the mitochondria are essential for cancer cell growth, proliferation and survival 

(Wallace, 2015). The following sections describe the key functions of 

mitochondria, and how impaired or modified function can contribute not only to the 

growth of cancer, but also to an extremely varied range of pathophysiologies. 
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1.3.1 | Mitochondrial Morphology & Dynamics 

 

The mitochondrial membranes consist of an outer mitochondrial membrane 

(OMM) facing the cytosol, and the inner mitochondria membrane (IMM) encasing 

the mitochondria’s inner space; the matrix. The IMM is folded into protrusions 

called cristae, increasing the surface area for the biochemical processes, such as 

OXPHOS, that occur within or across it.  

Classically depicted as discrete, tubular structures, typically between 0.75 

and 3 µM in diameter, mitochondria are in fact dynamic structures that can fuse 

into long, elongated networks, split into smaller, singular structures and move 

along microtubular networks, depending on the cell’s energetic requirements 

(Senft and Ronai, 2016). Mitochondrial fusion and fission are tightly controlled 

processes, regulated by a number of proteins including the cytosolic dynamin 

related protein (Drp1) (Smirnova et al., 2001), human mitochondrial fission protein 

1 (hFis1) (Yoon et al., 2003) and the mitochondrial dynamin-like GTPase (Opa1) 

(Meeusen et al., 2006). Fusion of mitochondria into elongated networks is 

associated with increased ATP production (Youle and van der Bliek, 2012), and 

has also been seen to act as a mitochondrial repair mechanism, with healthy 

mitochondria fusing to damaged ones and removing the damaged parts (Youle 

and van der Bliek, 2012). Fission of mitochondria into a more fragmented state on 

the other hand has been identified as an early pre-requisite step in programmed 

cell death (PCD) (Suen et al., 2008) and has also been identified as a quality 

control mechanism – allowing unrepairable mitochondria to be “teased apart” from 

the rest of the network, and then targeted for lysosomal degradation in a process 

known as mitophagy (See section 1.3.2) (Higuchi-Sanabria et al., 2018). The 

proteins that regulate fusion or fission events have themselves been shown to 

have key roles in programmed cell death; the down regulation of Drp1 and hFis1; 

mitochondrial fission proteins, induce a resistance to apoptosis, whilst down 

regulation of Opa1, which regulates fusion, enhances sensitivity to apoptosis (Lee 

et al., 2004).  
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1.3.2 | Autophagy, Mitophagy, & Mitochondrial Biogenesis 

  

Autophagy describes the regulated destruction of cellular components. This 

process is utilized by cells to remove unnecessary or dysfunctional organelles, or 

to promote survival in conditions of starvation to maintain cellular energy levels via 

a process akin to recycling (Mizushima and Komatsu, 2011). Since the removal of 

malfunctioning organelles is essential for healthy cellular function, autophagy has 

a key role in preventing a range of diseases. Impaired or excessive autophagy is 

linked neurodegenerative disease, cardiac disease, infection, and cancer (Levine 

and Klionsky, 2004). 

 Being at the centre of cellular metabolism and energy production, the 

selective degradation of mitochondria, known as mitophagy, is of specific interest 

to researchers, particularly with respect to its role in disease. The accumulation of 

damaged mitochondria as a consequence of impaired mitophagy can lead to 

Parkinson’s Disease (Narendra et al., 2009) and is implicated in ageing (Shi et al., 

2017), with the pathogenesis of both being tied to increased oxidative stress, 

decreased Ca2+ buffering, and loss of ATP.  

 The biogenesis of mitochondria is essential to maintaining healthy cellular 

homeostasis. The removal of superfluous mitochondria and production of 

additional mitochondria is dictated largely by the energetic demands of the cell. 

The synthesis of mitochondria is therefore considered a stress response to 

counteract decreases in ATP production (Lee and Wei, 2005).  Biogenesis, like 

mitophagy, is a highly regulated and complex process (Poyton and McEwen, 

1996). The mitochondria, possessing its own DNA, must replicate, transcribe and 

translate it’s genome in coordination with mitochondrial genes within the nucleus 

and direct these proteins to the appropriate space to form the mitochondria.  

 Mitophagy and mitochondrial biogenesis are regulated by communication 

between the mitochondria and nucleus, which contains genes for both 

mitochondrial genesis and autophagy regulation. The communication is referred to 

as mitochondrial retrograde (mitochondria to nucleus) or anterograde (nucleus to 

mitochondria) signalling. In both pathways, signals between  mitochondria  and 

nucleus effect changes in nuclear gene transcription in order to reconfigure cellular 
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metabolism based on cellular demands or mitochondrial health (Liu and Butow, 

2006; Ng et al., 2014).  

 

1.3.3 | Mitochondrial DNA 

 

The mitochondria contains its own DNA; a circular genome of 16,569 base 

pairs. In addition to ribosomal RNAs and transfer RNAs (tRNAs), 13 polypeptides 

are encoded, which make up some of the complexes of the electron transport 

chain (ETC) (described in section 1.5.1) (Anderson et al., 1981). Aside from its 

circular structure, mitochondrial DNA (mtDNA) possesses several features that 

differentiate it from nuclear DNA. It contains no introns, but rather a single non-

coding region called the displacement loop (D-Loop) (Lee and John, 2015). The 

function of the D-loop has yet to be fully resolved, but researchers have identified 

a protein, ATAD3p, as having a high affinity for the D-loop, which when silenced 

resulted in the disruption of the structure of mitochondrial nucleoids, suggesting 

the D-loop plays a role in maintaining mtDNA organisation and structure (He et al., 

2007).  

Despite its small size compared to the nuclear genome, the essential 

functions regulated by the mitochondria mean that mutations that occur in mtDNA 

can manifest in a range of diseases in many different tissues with a wide variety of 

clinical features, including diabetes, hearing loss, infantile encephalopathy (Taylor 

and Turnbull, 2005) and tumour formation (Gasparre et al., 2008). Indeed, mtDNA 

mutations have been detected in a large percentage of cancers, yet whilst 

mutations that occur in coding regions have the potential to disrupt the cell’s 

energy production and redox state, most have been found to occur in the control 

region of the genome, which would suggest that it is unlikely mtDNA mutations 

drive tumour growth (Kirches, 2017). The role of mtDNA in tumour development is 

further complicated as each cell contains multiple mitochondria each with their 

own copies of mtDNA, meaning wild type and mutant mtDNA can co-exist within a 

cell in a state called heteroplasmy. Thus, the biological impact of mtDNA 

mutations depends on the proportion of mitochondria within a cell containing 

mutated mtDNA compared to mitochondria with no mutations (Chatterjee et al., 
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2006). The overall copy number of mitochondria has been observed to be 

decreased in cancer relative to normal cells, correlated in some types with 

reduced expression of respiratory genes. On the other hand, tumours with high 

mtDNA content, which may confer increased mitochondrial dependence, may 

present a vulnerability to mitochondria targeted therapies (Reznik et al., 2016).  

 

1.3.4 | Mitochondrial Metabolism 

 

The mitochondria are primarily associated with the production of the cell’s 

energy-rich substrate, adenosine triphosphate (ATP), through the aerobic pathway 

of OXPHOS. Embedded on the inner membrane of the mitochondria are a series 

of 5 protein complexes which make up the ETC, which catalyse a series of redox 

reactions, transferring electrons from high-energy donors to acceptors (See Table 

1). The energy released in these reactions is used to generate a transmembrane 

proton gradient across the inner mitochondrial membrane, which drives the 

production of ATP from the final complex in the chain, ATP synthase. The final 

electron acceptor in the process is oxygen, making the process aerobic. OXPHOS 

is described in more detail in Table 1 and Figure 3. 
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COMPLEX NAME REACTION 

I NADH Dehydrogenase 
Transfer of  electrons from 

NADH to ubiqunone (UQ) to 

form ubiquinol (UQH2) 

II Succinate Dehydrogenase 

Transfer for electrons from 

succinate to ubiqunone 

(UQ) to form ubiquinol 

(UQH2) 

III Cytochrome bc1 
Electrons from the quinone 

pool are transferred to 

cytochrome c 

IV Cytochrome c oxidase 

Electrons from reduced 

cytochrome c are 

transferred to molecular 

oxygen to produce water 

V ATP Synthase Produces ATP 

Table 1 | Complexes of the Electron Transport Chain. Imbedded in the inner mitochondrial 

membrane, Complexes I through IV pump protons derived from metabolic intermediates into the 

mitochondrial matrix. The proton gradient drives the production of ATP through Complex V.  
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OXPHOS occurs on and across the inner membrane of the mitochondria. In 

the matrix another energy releasing pathway occurs: the TCA Cycle, also known 

as the citric acid cycle or Kreb’s cycle. The TCA cycle starts with acetate, in the 

form of acetyl coenzyme A (Acetyl CoA), produced from sugar, fat, and protein 

catabolism, and ends with the production of carbon dioxide and the electron 

carriers flavin adenine dinucleotide (FADH2) and nicotinamide adenine 

dinucleotide (NADH), which shuttle the high-energy electrons, derived from the 

catabolism of the sugars, fats, and amino acids, to the ETC (Nelson and Cox, 

2008). The cycle is illustrated fully in Figure 4. 

 

 

 

 

Figure 3 | The Electron Transport Chain. Through Complexes I-IV, metabolic intermediates 

are reduced to produce high energy electrons (blue arrows), which push protons (red arrows) 

across the inner mitochondrial membrane, generating an electrochemical gradient between 

the intermembrane Space and the Matrix. This gradient drives the production of ATP from 

Complex V, also known as ATP Synthase. 
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Figure 4 | The Tricarboxylic Acid (TCA) Cycle. The TCA cycle is a series of reactions that 

produces CO2, ATP, NADH and FADH, starting with the oxidation of acetyl CoA. As well as 

producing energy itself in the form of ATP, NADH and FADH are used in the electron transport 

chain to generate energy though oxidative phosphorylation.  
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1.3.5 | The Mitochondria and the Production of Reactive Oxygen Species 

 

Reactive oxygen species (ROS) describes a number of highly reactive 

chemicals, all of which originate from molecular oxygen (O2) (Table 2). ROS are a 

natural by-product of mitochondrial respiration, in particular from Complexes I and 

III in the ETC (Holmström and Finkel, 2014). Members of the ROS family, such as 

hydroxyl radicals and superoxide anions, are extremely reactive and can cause 

DNA and RNA damage, excess oxidation of amino acids, and deactivation of 

enzymes if levels are allowed to accumulate – a state known as oxidative stress 

(Sosa et al., 2013).  

SPECIES SOURCE ACTION 

Superoxide O2·- Complex I,III Reacts with compounds with double bonds (e.g. 

Fe-S proteins) 

Hydrogen Peroxide 

(H2O2) 

SOD-catalysed 

Dismutation of 

O2·-  

Oxidises proteins. Forms OH· 

Hydroxyl Radical 

(OH·) 

Reduction of 

H2O2  

Extremely reactive with all biomolecules 

 

 

 

To prevent oxidative stress, ROS levels are regulated by a cell’s antioxidant 

defences, which includes enzymes such as catalase and superoxide dismutase 

(SOD), which catalyse the decomposition of hydrogen peroxide into water and 

oxygen and the conversion of the superoxide radical into oxygen (Birben et al., 

2012). Owing to their reactive and destructive properties (see Table 2), for a long 

time ROS had been perceived as largely toxic and harmful, associated with a 

variety of diseases including asthma, hypertension, and retinopathy (Auten and 

Davis, 2009). The increased incidence of cancer at older age has been attributed 

to elevated ROS, for example through a decline in ROS clearing enzyme-activity 

Table 2 | The Reactive Oxygen Species produced from mitochondrial respiration, with the mode 

of action of each. Hydrogen peroxide and the hydroxyl radical are not directly produced by the 

mitochondria, but are rather produced as side effects of the removal of the superoxide anion. 
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at older age (Van Remmen et al., 2003). Oxidative stress was also considered to 

be a major cause of aging: numerous studies have demonstrated that ROS 

accumulates in an organism as it ages, and that reducing oxidative damage 

extends the lifespan of model organisms. This became known as the free radical 

theory of aging (Beckman and Ames, 1998). This theory, and the overall 

consensus that ROS are largely deleterious to organisms, is being increasingly 

challenged by more recent research which identifies ROS as vital molecules for a 

number of essential cell signalling pathways (Gladyshev, 2014). For example, 

deletion of sod-2, encoding the antioxidant protein SOD, extended the lifespan of 

the model organism Caenorhabditis elegans (Van Raamsdonk and Hekimi, 2009).  

Examples of ROS-dependent signalling pathways include the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, which is 

implicated in a number of cellular processes including cell adhesion and 

differentiation, and the mitogen activated protein kinase (MAPK) pathway, crucial 

in cell growth and cell death (Jixiang Zhang et al., 2016). Furthermore, ROS 

production and removal affects the balance of oxidation and reduction reactions in 

a cell, known as the cell’s redox state. Interestingly, the redox state of the cell 

fluctuates during the cell cycle, which led researchers to propose the production of 

ROS, controlling the redox state, can regulate cellular proliferation (Sarsour et al., 

2009). Direct ROS/redox regulation of a number of cell-cycle proteins, including 

p21 and cyclin D1, has been observed in vitro (Fitzgerald et al., 2015; Lim et al., 

2008).  

 

1.3.5.1 | ROS and Cancer 

 

In cancer cells the levels of ROS can be increased, enhancing the 

metabolic rate of the pathways described above, particularly those involved in 

cellular proliferation (Sullivan and Chandel, 2014). At the same time, cancer cells 

also increase their anti-oxidant capacity to protect against oxidative stress and cell 

death (Reczek and Chandel, 2018) (See Figure 5). For example, the transient 

receptor potential cation channel 1 (TRPA1), over-expressed in cancer, is 

activated by ROS, leading to the influx of Ca2+ which serves to upregulate Ca2+ 

dependent anti-apoptotic survival pathways (Takahashi et al., 2018).  
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Changes in the redox state of cancer cells are inextricably linked to 

hallmark changes in cellular metabolism. Intermediates from glycolysis, elevated in 

cancer cells, are funnelled into pathways such as the pentose phosphate pathway 

(PPP), which produces ribose-5 phosphate, a precursor to nucleotide synthesis as 

well as nicotinamide adenine dinucleotide phosphate (NADPH), a molecule 

involved in ROS removal (Described in more detail in Section 1.3.8) (Panieri and 

Santoro, 2016).  
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Figure 5 | ROS in Cancer: A Double-Edged Sword. Elevated ROS in cancerous cells, produced 

primarily by the electron transport chain within the mitochondria, can promote tumorigenesis. 

If ROS levels continue to rise, it can cause oxidative stress which can lead to cell death. To 

prevent this, cancer cells can increase antioxidant defences. 
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1.3.6 | Mitochondria and Calcium Signalling 

  

Calcium ions (Ca2+) are of vital importance in the physiology of cells. 

Ubiquitous in cellular signalling pathways, Ca2+ can interact directly in processes 

such as apoptosis, protein conformation and localisation, or indirectly as a second 

messenger in almost all receptor-based signalling pathways (Clapham, 2007). The 

calcium based signalling mechanism is based on changes in the amplitude, 

frequency, duration, and localization of cytosolic calcium ([Ca2+]c). Such 

spatiotemporal changes arise from the entry of Ca2+ into the cell from the 

extracellular matrix, or the release of Ca2+ from various intracellular stores, notably 

the mitochondria, as well as the endoplasmic reticulum and the Golgi apparatus 

(Contreras et al., 2010). Thus, by acting as Ca2+ buffers for the cytosol, these 

organelles play key roles in cellular signalling.  

 Ca2+ freely diffuses through the outer mitochondrial membrane, primarily 

through the voltage dependent anion channel (VDAC), a large, weakly selectively 

anion channel, abundant on the OMM. VDAC can assume open or closed 

conformations, a feature which plays a key role in the regulation of apoptosis 

(Rizzuto et al., 2010). Transport across the inner membrane into the matrix is 

driven by the electrochemical gradient generated across the membrane by the 

ETC through ion channels – notably the mitochondrial calcium uniporter (MCU) 

(Kirichok et al., 2004). Efflux out of the mitochondria is mainly attributed to the 

Na+-Ca2+-Li+ exchanger (NCLX). As will be described in sections 1.3.6.1 and 

1.3.6.2, mitochondrial Ca2+ ([Ca2+]m) flux is key in vital cell processes such as 

energy metabolism and cell death. Therefore, disruptions to the mitochondrial Ca2+ 

transport machinery can manifest in a variety of pathologies, such as 

tumorigenesis and oxidative stress (Marchi and Pinton, 2014). The entire picture of 

Ca2+ transport has yet to be fully realised, highlighted by studies in MCU deficient 

mice, which although exhibited an impaired ability to perform “strenuous work”, 

unexpectedly showed no alteration in basal metabolism rates (Pan et al., 2013), 

suggesting the activity of other Ca2+ influx transporters can be enhanced to 

maintain a level of Ca2+ homeostasis (Marchi and Pinton, 2014).   

    


