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Chapter 1: Introduction 

 

1.1 A brief overview of the aetiology of cancer 

In order to effectively target malignancies with chemotherapy, differences between malignant 

and non-malignant tissue must be exploited. Despite advances in cancer research, insight 

into the process of oncogenesis is confounded by the intrinsic heterogeneity of tumour cells 

(Pelicano et al., 2006). The essence of the transformation of a normal cell to cancerous 

tissue is the initiation of a state of unlimited proliferation (Aaronson, 1991; Schmitt, 2003). It 

has been suggested that the process by which normal cells transform into malignant cells 

with unlimited replicative potential depends on concurrent mutations in a variety of genes 

including proto-oncogenes and tumour suppressor genes (Hahn and Weinberg, 2002).  

In early studies it  was observed that the administration of a mutant strain of polyoma virus to 

hamsters induced neoplastic transformation (Fried, 1965). The use of deoxyribonucleic acid 

(DNA) viruses to study carcinogenesis, which led to the identification of oncogenes, was 

confounded by the involvement of the genes in viral DNA replication; a process eliminated 

by the use of retroviruses (Bishop, 1985). Using retroviruses, carcinogenesis could be 

successfully induced in chicken and murine cells and the viral genes responsible for the 

transformation became known as oncogenes. Oncogenes were demonstrated to be mutated 

versions of proto-oncogenes expressed in non-transformed cells (Bishop, 1982). This 

approach led to the identification of numerous oncogenes including c-myc (Vennstrom et al., 

1982), c-myb, c-erb (Gonda et al., 1982) and c-raf (Rapp et al., 1983). 

The complexity of human carcinogenesis was demonstrated where neoplastic transformation 

could not be induced in human cells with activated v-myc, v-ras (Stevenson and Volsky, 

1986) or c-ras (Sager et al., 1983). It was demonstrated that a combination of oncogenes 

were required to induce carcinogenesis in primary rodent cells (Land et al., 1982; Ruley, 

1983). However, similar success was not achieved in human cells suggesting that a more 

complicated transformation process is required (Stevenson and Volsky, 1986). Neoplastic 

conversion of human epithelial and fibroblast cells was finally achieved with the ectopic 

expression of two oncogenes and a mutation in telomerase indicating that the alteration of 

multiple intracellular pathways are required for human carcinogenesis (Hahn et al., 1999). 

In addition to the activation of proto-oncogenes, carcinogenesis depends on the inactivation 

of tumour suppressor genes (Weinberg, 1991). Loss of chromosomes were associated with 

mutagenicity in hybrid cells created from Ehrlich and A9 murine cells (Harris, 1971). It was 
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suggested that this chromosomal loss was involved in the development of human 

retinoblastoma (Knudson, 1971) and Wilms’ tumour (Knudson and Strons, 1972). These 

observations led to the discovery of the tumour suppressor protein, retinoblastoma protein 

(pRB), implicated in regulation of progression through the cell cycle  (Buchkovich et al., 

1989) and the Wilms’ tumour protein, WT-1 protein, involved in transcriptional regulation of 

early growth response protein 1 (Madden et al., 1991).   

The most reported tumour suppressor gene product is tumour suppressor protein 53 (p53). 

A mutation in the p53 tumour suppressor gene has been identified in more than 50% of all 

human malignancies (Levine, 1997). This protein, with a molecular mass of 53 kDa, was 

identified in immunoprecipitation studies conducted in chemically induced murine sarcoma, 

but was not detected in normal murine cells (DeLeo et al., 1979). The expression of wild type 

p53 was demonstrated to inhibit neoplastic transformation (Eliyahu et al., 1989) and regulate 

cell proliferation (Baker et al., 1990). Cell cycle progression is regulated by p53: if DNA 

damage is detected a cell is arrested in the G1phase of the cell cycle (Mathupala et al., 

1997b). 

The combined alterations in proto-oncogenes and tumour suppressor genes result in 

uncontrolled cell proliferation (Weinberg, 1991). The most common characteristics have 

been described in terms of the ‘hallmarks of cancer’: changes fundamental to cancerous 

cells, organised into a few key characteristics (Hanahan and Weinberg, 2000; Hanahan and 

Weinberg, 2011). These hallmarks are summarised in Figure 1.1. 

In order to sustain a high rate of proliferation tumour cells manipulate numerous mitogenic 

signalling pathways, including the epidermal growth factor receptor pathway (Perona, 2006). 

The carcinogenic potential of mutations affecting tyrosine kinase receptor pathways were 

demonstrated to enhance cell proliferation in vitro (Kokai et al., 1989). Replication of 

malignant tissue is further supported by hyperactivation of intracellular pathways regulating 

cell growth including the mitogen-activated protein kinase (MAPK) and Akt pathways (Tsao 

et al., 2004). Down-regulation of endogenous inhibitors of mitogen-activated protein kinase 

pathways also promotes cancer cell proliferation (Kwabi-Addo et al., 2004; Lo et al., 2004).  
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Figure 1.1: Cell characteristics referred to as the ‘Hallmarks of Cancer’ required for neoplastic 

transformation. 

From (Hanahan and Weinberg, 2011), with modifications. Used with permission. 

 

Cellular homeostasis is maintained by a balance between both proliferation and apoptosis. 

Deregulation of the pro-death mechanisms is associated with development of cancer 

(Desagher and Martinou, 2000). Tumourigenic cells may evade pro-death signals by 

induction of pro-survival autophagy (Gu et al., 2015). Moreover, conditions of nutrient 

deprivation, stress or exposure to cytotoxic agents have been shown to induce autophagy 

which guarantees propagation of cells which may otherwise be eliminated, providing an 

evolutionary advantage (Jin and White, 2007).  

Tumourigenic tissue employs numerous strategies to evade cell death including expression 

of inhibitors of apoptosis (IAP). The expression of survivin, an IAP inhibitor, in breast cancer 

cells is associated with a low apoptotic index and therefore poor clinical prognosis (Tanaka 

et al., 2000). Increased expression of B-cell lymphoma 2 (Bcl-2) protein family members is 
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associated with evasion of apoptosis. In vitro over-expression of Bcl-2 in cancer cells 

prevented the release of cytochrome c from the mitochondria, a crucial step in the induction 

of apoptosis (Yang and Liu, 1997). 

Two additional ‘hallmarks’ of cancer will be briefly reviewed. First the increased glucose 

demand and metabolism needed to supply the altered energy requirements for the high 

proliferation rate. Secondly the ability of tumourigenic cells to induce angiogenesis as a 

means to invade and establish secondary tumour sites will also be discussed. 

 

1.2 Altered metabolism: aerobic glycolysis 

Otto Warburg and colleagues first described the prevalence of aerobic glycolysis in 

malignant cells in 1924 and consequently this phenomenon is known as the ‘Warburg effect’ 

(Warburg et al., 1924). Oxidative phosphorylation, the metabolic pathway used under 

normoxic conditions,  produces 36 molecules of adenosine triphosphate (ATP) for every 

molecule of glucose consumed, whereas glycolysis yields only 2 molecules of ATP per 

molecule of glucose used (Pelicano et al., 2006). Non-malignant cells rely primarily on 

glycolysis to produce ATP in the presence of oxygen (Warburg et al., 1924). During the 

process of glycolysis, glucose is metabolised to pyruvate yielding 2 molecules of ATP. Under 

anaerobic conditions pyruvate is further reduced to lactic acid, while pyruvate is transported 

to the mitochondria for oxidation in the presence of oxygen (Pelicano et al., 2006) (Figure 

1.2). Oxidation of pyruvate during the tricarboxylic acid cycle produces carbon dioxide, water 

and 36 molecules of ATP (Gatenby and Gillies, 2004). 

The first step in glycolysis is the ATP-dependent conversion of glucose to glucose-6-

phosphate by hexokinases, the only rate limiting step in glycolysis (Pelicano et al., 2006). 

Four hexokinase isozymes have been identified differing in localisation: Type I is most 

abundant with high expression levels found especially in the brain, Type II is mostly found in 

insulin-sensitive or malignant tissue whereas Type IV is mostly found in the liver (Wilson, 

2003; Pelicano et al., 2006). The phosphorylated form of glucose cannot be effluxed by 

glucose transporters (GLUT) and its accumulation results in inhibition of hexokinases Type I 

- III (Pelicano et al., 2006). Glucose-6-phosphate may initiate the pentose phosphate 

pathway or glycolic pathway to generate bio-molecules, including nicotinamide adenine 

dinucleotide (NADH) and ribose-5-phosphate, or induce the formation of glycogen as the 

storage form of glucose (Wilson, 2003). 
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Figure 1.2: ATP production in mammalian cells. Glucose is transported into the intracellular 

environment by transmembrane glucose transporters. The first step of glycolysis is the 

conversion of glucose to glucose-6-phosphate by hexokinase, the rate-limiting step. Further 

metabolism of phosphorylated glucose to pyruvate generates two molecules of ATP. In the 

presence of oxygen oxidative phosphorylation occurs in the mitochondria where pyruvate is 

metabolised to generate 36 molecules of ATP. However, under hypoxic conditions pyruvate is 

converted to lactate. 

HbO2: oxygenated haemoglobin. HCO3
-: bicarbonate. 

From (Gatenby and Gillies, 2004), used with permission. 

 

It has been suggested that the different isozymes of hexokinase regulate the initiation of 

glycolysis or the pentose phosphate pathway in response to the formation of glucose-6-

phosphate (Wilson, 2003). Elevation of Type II hexokinase expression has been 

demonstrated in several in vitro cancer models (Bustamante and Pedersen, 1977; Rempel et 

al., 1996). It is therefore not surprising that amplification in Type II hexokinasegene 

transcription have been reported in cancer cells (Rempel et al., 1996). Transcription of the 

Type II hexokinasegene is stimulated by hypoxia, glucose and the tumour suppressor p53 

(Mathupala et al., 1997a). Several p53 motifs are located in the Type II hexokinase promoter 

and mutated p53 therefore enhance transcription of hexokinase (Mathupala et al., 1997b). 
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Type I and Type II isoforms of hexokinase are reportedly localised to the mitochondria (Sui 

and Wilson, 1997). It has been demonstrated that Akt, or protein kinase B, increase the 

localisation of hexokinases to the mitochondria and aids in the interaction of hexokinase with 

voltage dependent anion channels (VDAC) in the outer mitochondrial membrane (Gottlob et 

al., 2001). The possible involvement of hexokinases in the formation of the VDAC in the 

outer mitochondrial membrane suggests a link between glucose metabolism and cell death 

(Wilson, 2003). Indeed, hexokinases are proposed to coordinate the opening of VDAC and 

release of apoptogenic factors subsequent to depolarisation of the mitochondrial membrane 

potential (Beutner et al., 1998). Inhibition of the activity of hexokinases may thus directly 

affect cell survival. 

Aerobic glycolytic activity in cancer cells have been attributed to mitochondrial defects and 

adjustment to a hypoxic environment (Pelicano et al., 2006). Mutations in mitochondrial DNA 

(mtDNA) due to oxidative damage are commonly observed in malignant tissue (Zhu et al., 

2005a; Cai et al., 2011). As mtDNA contains genes vital to the function of the respiratory 

chain, mutations in these genes are likely to result in dysfunction of the respiratory chain, 

obliging the cell to produce ATP through glycolysis (Pelicano et al., 2006). 

The waste products of aerobic glycolysis, lactic acid and hydrogen ions (H+), cause 

acidification of the tumour microenvironment (Schornack and Gillies, 2003). Extracellular 

acidosis results in elevated mutagenesis originating from impaired DNA repair mechanisms 

(Yuan et al., 2000). Malignant cells are protected from potentially harmful acidosis through 

alterations in the apoptosis pathways and enhanced removal of H+ from the cytosol to the 

extracellular environment. However, non-malignant cells remain vulnerable to acid-induced 

toxicity resulting in cell death and degradation of the extracellular matrix which may aide in 

tumour cell invasion (Gatenby et al., 2006). Indeed, acidification of the tumour 

microenvironment has been reported to correlate with enhanced invasive potential 

(Martínez-Zaguilán et al., 1996). Even though the process of aerobic glycolysis does not 

confer an advantage to tumourigenic cells where energy production is concerned; this 

process may be essential to carcinogenesis and metastasis (Gatenby and Gillies, 2004). 

In order to satisfy the increased glucose demand of tumourigenic cells, expression of GLUT 

transporters is elevated (Grover-McKay et al., 1998). The rate of glucose consumption by 

malignant cells correlates to metastatic potential and can therefore be used as a prognostic 

marker (Schwartz et al., 2004; Schwarzbach et al., 2005). In the MCF-7 oestrogen receptor 

positive breast adenocarcinoma cell line, a common non-metastatic in vitro model of breast 

cancer, the expression of both GLUT1 and GLUT12 are reported (Rogers et al., 2002; 
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Rivenzon‐Segal et al., 2003). However, in the oestrogen receptor-negative MDA-MB-231 cell 

line GLUT1 is preferentially over-expressed (Grover-McKay et al., 1998).  

It has been suggested that conventional chemotherapeutic agents, which induce selective 

cell death of cancer cells based on their elevated proliferation rate, will not affect 

tumourigenic cells with decreased growth rate in hypoxic areas (Maher et al., 2004). 

Combining inhibitor of aerobic glycolysis with conventional chemotherapy may thus provide 

an effective treatment strategy for neoplasms. 

1.2.1 Glycolysis inhibitors 

The growth of malignant cells can be effectively restricted by inhibiting excessive glycolysis 

at the glucose transport or phosphorylation stage (Mathupala et al., 1997a; Artemov et al., 

1998; Rivenzon‐Segal et al., 2003). Aerobic glycolysis does not occur preferentially in non-

tumourigenic tissue, abrogation of aerobic glycolysis present a selective target for inhibiting 

tumour growth (Pelicano et al., 2006). 

 

Figure 1.3: The structures of the six inhibitors of aerobic glycolysis selected for the study where 

(A) 2-deoxy-d-glucose, (B) 3-bromopyruvate, (C) lonidamine, (D) fasentin, (E) indinavir and (F) 

quercetin. Structures generated with ADC/ChemSketch Freeware version 12.01. 
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Six promising inhibitors of aerobic glycolysis were selected for the present study (Figure 

1.3). These are discussed in more detail below. 

1.2.1.1 2-Deoxy-d-glucose (2DG) 

The glucose analogue 2-deoxy-d-glucose (2DG) was originally developed to elucidate 

glucose metabolism. It was first suggested that 2DG inhibits glucose metabolism following 

observation that 2DG negatively affects the intracellular transfer of glucose (Nakada and 

Wick, 1956). In vitro studies demonstrated that 2-deoxyglucose-6-phosphate was not a 

substrate for purified rat kidney phosphogluco-isomerase, suggesting that 2DG inhibits the 

glycolysis pathway at the phosphorylation step (Wick et al., 1957). However, 2DG competes 

with glucose for phosphorylation by hexokinase (Pelicano et al., 2006).  

The inhibition of glycolysis by 2DG induces cell death in numerous in vitro models (Kaplan et 

al., 1990; Aft et al., 2002; Maher et al., 2004; Cheng et al., 2012). In addition to its effect on 

glycolysis, 2DG also affects protein glycosylation and induces endoplasmic reticulum stress 

(Kang and Hwang, 2006). However, induction of endoplasmic reticulum stress in response to 

inhibition of glycolysis may upregulate expression of P-glycoprotein, a transmembrane efflux 

transporter associated with drug resistance (Ledoux et al., 2003). 

In vivo studies with 2DG have shown that its ability to affect glucose metabolism was valid in 

intact organisms at sub-toxic doses (0.04% w/w) while demonstrating anti-cancer activity 

(Zhu et al., 2005b; Papathanassiu et al., 2011). The most promising in vivo results have 

been obtained where 2DG has been used in combination with other chemotherapeutic 

agents (Maschek et al., 2004; Papathanassiu et al., 2011; Cheng et al., 2012). A phase I 

clinical trial reported tolerable side effects where 2DG was administered at a dose of 63 

mg/kg/day (Raez et al., 2013). 

1.2.1.2 3-Bromopyruvate (3-BrPA) 

3-Bromopyruvate (3-BrPA) directly inhibits hexokinase activity and mitochondrial oxidative 

phosphorylation resulting in cell death (Ko et al., 2001; Geschwind et al., 2004). 3-BrPA 

depletes intracellular ATP levels resulting in the dephosphorylation of B-cell lymphoma 2 

(Bcl-2)-associated death promoter (Bad), translocation of Bcl-2-associated X protein (Bax) 

and the release of apoptogenic factors from the mitochondria (Xu et al., 2005). The effects of 

3-BrPA on the mitochondria have been attributed to its ability to elevate production of 

reactive oxygen species (Ihrlund et al., 2008). It has also been proposed that 3-BrPA 

modulates multidrug resistance (Xu et al., 2005).  

In vivo studies demonstrated the potential of 3-BrPA as an anti-glycolytic agent: complete 

eradication of hepatocarcinoma in a rat model was reported after four doses of 3-BrPA (Koet 
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al., 2004). This confirmed previous in vivo results obtained in New Zealand White rabbits 

with hepatocarcinoma xenografts (Geschwind et al., 2002). 3-BrPA treatment also effectively 

limited tumour burden of aggressive lymphoma in a severe combined immunodeficient 

mouse model (Schaefer et al., 2012). 

A case study describing the treatment of a patient with fibrolamellar hepatocellular 

carcinoma with 3-BrPA (bolus administration of 500 mg followed by 128 mg every two 

weeks) showed marked tumour cell death. Unfortunately the patient suffered tumour lysis 

syndrome due to rapid destruction of tumour cells by 3-BrPA and inadequate capacity of the 

liver detoxification system (Ko et al., 2012). However, this study provided proof of the clinical 

efficacy of 3-BrPA. 

1.2.1.3 Lonidamine (LON) 

Floridi and colleagues reported that the anti-spermatogenic agent lonidamine (LON) 

interferes with glucose metabolism (Floridi et al., 1981a). Research from the same laboratory 

ascribed this observation to inhibition of glycolysis and hexokinase activity (Floridi et al., 

1981b). It has been demonstrated that LON treatment results in mitochondrial damage 

resulting in inhibition of glycolysis, depletion of intracellular ATP and ultimately cell death 

(Rosbe et al., 1989; Floridi et al., 1998). 

Lonidamine,a derivate of indazole-3-carboxylic acid, has been used effectively in 

combinations with alkylating agents and anthracyclinesin an in vitro setting (Rosbe et al., 

1989; Floridi et al., 1998). Numerous clinical studies followed on the in vitro success 

demonstrating potential for LON therapy in the treatment of soft tissue sarcomas, prostate 

carcinomas, metastatic breast cancer and advanced ovarian carcinoma (Lopez et al., 1995; 

Dudak et al., 1996; Dogliotti et al., 1998; De Lena et al., 2001). However, two trials 

investigating the potential of LON for the treatment of benign prostate hyperplasia reported 

elevated levels of liver enzymes (NCT00435448 and NCT00237536). 

Success has been reported in an in vivo study where LON and paclitaxel were delivered with 

a non-carrier system, suggesting that potential systemic toxicity induced by LON may be 

reduced with a targeted carrier approach (Milane et al., 2011). The decreased doses of LON 

required for combination therapy may thus avoid systemic toxicity.  

1.2.1.4 Fasentin (FAS) 

During a study aimed at identifying small molecules which sensitise resistant malignant cells 

via the activation of the extrinsic pathway, fasentin (FAS) was identified as a potent 

chemosensitiser from a library of over 50 000 compounds (Schimmer et al., 2006). Gene 

expression studies performed to establish intracellular targets of FAS revealed its effects on 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



10 
 

glucose metabolism and transport. It was demonstrated that at concentrations higher than 

50 μM FAS inhibited GLUT1 and GLUT4 (Wood et al., 2008). Numerous studies have 

reported using fasentin as an inhibitor of glucose transport (Liu et al., 2010; Wood et al., 

2010; Gwak et al., 2014). Its potential as anti-cancer agent has been demonstrated in in vitro 

prostate cancer and leukaemia cell lines (Schimmer et al., 2006; Wood et al., 2008). 

To date no in vivoor clinical safety data on fasentin has been reported.  

1.2.1.5 Indinavir (IND) 

The decline in mortality rates among human immunodeficiency virus (HIV)-positive 

individuals in the late 1990’s have been attributed to the addition of HIV protease inhibitors, 

such as indinavir (IND), to the standard treatment regimen (Palella Jr et al., 1998). However, 

metabolic effects such as insulin resistance and hyperglycaemia have been associated with 

the use of protease inhibitors (Mulligan et al., 2000). Using Xenopuslaevis oocyte models it 

was demonstrated that IND (from 10 μM) inhibits the GLUT 4 glucose transport (Murata et 

al., 2002). It has also been reported more recently that 50 μM of IND also suppresses 

GLUT1 glucose transport (Hresko and Hruz, 2011). 

Research into the chemotherapeutic potential of protease inhibitors begun after the 

publication of a report describing a 60% complete response rate in HIV-positive, protease 

inhibitor-naive patients with Karposi sarcoma after treatment with protease inhibitors as part 

of a highly active antiretroviral treatment regimen for three months (Lebbé et al., 1998). The 

anti-cancer properties of IND were confirmed in an in vivo Karposi sarcoma xenograft model 

where administration of IND inhibited the formation of malignant lesions. In addition, results 

from in vitro angiogenesis modelsreported anti-angiogenic potential of IND (Sgadari et al., 

2002). The anti-cancer activity of IND against in vitro and nude mouse hepatocarcinoma 

models (Esposito et al., 2006) resulted in a pilot phase I study in dogs with stage III splenic 

haemangiosarcoma. All of the study animals in that study suffered fatal haemorrhages, 

which was attributed to the advanced stage of the disease (Spugnini et al., 2006).  

As the safety profile of IND had already been established in HIV patients, a clinical study to 

establish the effect of IND on disease progression of HIV-negative patients diagnosed with 

Karposi sarcoma was initiated. Favourable clinical outcome was reported in 62% of patients.  

No serious adverse events were reported during the study, demonstrating the potential of 

IND as chemotherapeutic agent (Monini et al., 2009) that may or may not be related to the 

glycolysis inhibiting activity.   
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1.2.1.6 Quercetin (QUER) 

Quercetin (QUER), a plant-derived flavonoid, is commonly consumed as part of the daily diet 

in the form of fruits and vegetables (Ross and Kasum, 2002). It is estimated that the daily 

dietary intake of plant-derived flavonoids like QUER range from 15 to 100 mg (Leth and 

Justesen, 1998; Egert et al., 2008; Nishimuro et al., 2015). 

The ability of QUER to inhibit aerobic glycolysis and the production of lactic acid has been 

attributed to its inhibitory effect on the function of mitochondrial ATP synthase (Lang and 

Racker, 1974; Suolinna et al., 1975). The effect of QUER on aerobic glycolysis is further 

compounded by QUER-induced competitive inhibition of glucose transport by GLUT1 and 

GLUT2 (Vera et al., 2001; Kwon et al., 2007). Apart from its effect on aerobic glycolysis, 

QUER influences several intracellular targets. QUER, as a tyrosine kinase inhibitor, may 

suppress the activity of cyclic adenosine monophosphate (cAMP)-independent kinases 

(Glossmann et al., 1981). Additionally, QUER modulates multidrug resistance through 

limiting the transcription of multi-drug resistance gene 1 (MDR1), required for the synthesis 

of P-glycoprotein (Kioka et al., 1992). Anti-angiogenic properties have also been attributed to 

QUER (Tan et al., 2003; Oh et al., 2010). 

The anti-cancer effects of QUER has been demonstrated in numerous human in vitro 

models including gastric cancer (Yoshida et al., 1990), oestrogen receptor-positive breast 

adenocarcinoma (Choi et al., 2001) and lung cancer (Nguyen et al., 2004). These effects 

were translated into an in vivo model melanoma model of syngeneic C57BL/6N mice 

(Caltagirone et al., 2000). A phase I clinical study revealed that the administration of 1700 

mg/m2 QUER resulted in dose-limiting nephrotoxicity. The use of a bolus dose of 1400 

mg/m2 was recommended for further clinical studies (Ferry et al., 1996). 

 

1.3 The role of angiogenesis 

Sustained and progressive tumour growth is dependent on neovascularisation: initially blood 

vessels in the surrounding tissue supply the oxygen and nutrients required for proliferation 

(Giaccia, 1996). However, tumour growth is limited by the supply of nutrients and oxygen: 

when tumour growth exceeds 1- 2 mm or the distance between neoplasms and blood 

vessels surpasses 150 – 200 μm, being the limit of rapid oxygen diffusion,where elevated 

cell death is observed (Folkman, 2003; Jin and White, 2007). Gimborne and colleagues 

demonstrated the dependence of tumour proliferation on vascularisation by implanting 

avascular tumours into rabbit cornea or iris: if vascularisation could not be initiated tumour 
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growth did not exceed 1 mm after 6 weeks; however when vascularisation was possible 

exponential tumour growth was observed in less than 24 h (Gimbrone et al., 1972). 

In order for tumours to proliferate and avoid entering a dormant state, restoration or 

establishment of oxygen and nutrient supply is crucial (Giaccia, 1996). Angiogenesis is the 

development of new blood vessels from existing local blood vessels (Hanahan and Folkman, 

1996). This differs from vasculogenesis where the formation of new blood vessels is initiated 

by the differentiation of progenitor cells (Risau and Flamme, 1995). The development of 

adequate supply of essential nutrients and oxygen alleviates metabolic stress and permits 

seeding of malignant cells from the primary tumour to establish metastatic sites. 

Environmental conditions resulting from insufficient oxygen supply such as metabolic stress 

or acidification of the extracellular matrix may activate pro-angiogenic factors, such as 

hypoxia-inducible factor 1 (HIF-1), initiating the process of angiogenesis (Giaccia, 1996). 

The balance between pro- and anti-angiogenic factors regulates the ‘angiogenic switch’. 

Where this balance is in favour of the pro-angiogenic factors, the process of angiogenesis is 

initiated (Carmeliet and Jain, 2000). Pro-angiogenic triggers also include the expression of 

oncogenes (Rak et al., 2000), the influence of cytokines such as VEGF (Fukumura et al., 

1998) and hypoxia-inducible transcription factors (Carmeliet and Jain, 2000) and circulating 

bone-marrow derived precursor cells (Lyden et al., 2001).  

Exponential tumour growth relies on the activation of the ‘angiogenic switch’ (Bergers and 

Benjamin, 2003)(Figure 1.4). 

An association has been proposed between microvessel density in invasive breast 

carcinoma and prognosis: a high density of microvessels surrounding breast and prostate 

carcinoma has been linked with poor prognosis (Weidner et al., 1992; Weidner et al., 1993). 

Angiogenesis occurs in healthy adults predominantly during the menstrual cycle and wound 

healing (Hanahan and Folkman, 1996). Therefore as angiogenesis is not a ubiquitous 

process in healthy adults, it presents a selective target for anti-cancer therapy (Cook and 

Figg, 2010).  
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Figure 1.4: The angiogenic switch initiated by a dormant avascular tumour (a). The process of 

angiogenesis is initiated by the release of pro-angiogenic factors from tumourigenic cells 

followed by endothelial sprouts (c) and the formation of new vessels (d). Endothelial 

proliferation continues resulting in the development of a vasculature network supplying oxygen 

and nutrients to the tumour (e). 

From (Bergers and Benjamin, 2003), used with permission. 

 

1.4 Global cancer burden 

The most recently published statistics on global cancer mortality estimates that 

approximately 8.2 million deaths and approximately 14.1 million cases of cancer were 

diagnosed in 2012. The most commonly diagnosed cancer (12.7%) and the leading cause of 

cancer-related deaths (18.2%), in both genders were lung cancer. The incidence of breast 

cancer ranked second at 10.9% (1.67 million) of all diagnosed cancer cases (Ferlay et al., 

2015).  
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It is estimated that approximately 600 000 deaths during 2012 in Africa were cancer-related 

(Parkin et al., 2014). However, the situation in Africa is unique in that there is a large 

proportion of young people and smaller share of elderly: cancer-sufferers fall mostly in 

economically active age groups with significant socio-economic consequences (Sambo et 

al., 2012; Parkin et al., 2014). Among African females breast cancer has the highest 

incidence (27.6%) followed by cervical cancer (20.4%). Prostate cancer is most commonly 

diagnosed in African men (Parkin et al., 2014). 

The high cancer mortality rate in Africa may be due to the advanced stage of disease at the 

time of diagnosis (Mgbakor et al., 2014). Furthermore, Africa faces unique challenges in the 

fight against cancer as the incidence of a number of acquired immune deficiency syndrome 

(AIDS)-related cancers, including Kaposi’s sarcoma and non-Hodgkin’s lymphoma, have 

been increasing in Africa since the 1990’s (Chokunonga et al., 1999; Parkin et al., 1999). It is 

therefore not surprising that Africa has the highest relative risk for AIDS-associated cancers 

(Serraino, 1999). 

Neoplastic transformation is initiated by various genetic, environmental and lifestyle factors, 

including infection with the oncogenic human papiloma virus resulting in the development of 

cervical cancer or copious alcohol consumption that has been linked to increased incidence 

of mouth, oropharynx  and oesophageal cancers (Danaei et al., 2005). Even though 

emphasis is often placed on hereditary factors, it is estimated that 60-90% of diagnosed 

cancers may be attributed to environmental factors (Lichtenstein et al., 2000; Czene et al., 

2002). The influence of environmental factors is supported by the significant increase in 

breast cancer incidence in survivors of the atomic bombings of Hiroshima and Nagasaki: in a 

population in which breast cancer is usually rare, a four-fold increase in breast cancer 

incidence was reported under females exposed to more than 90 rads (Wanebo et al., 1968). 

Cancers due to lifestyle factors such as smoking and alcohol consumption are more 

commonly diagnosed in high income countries (Danaei et al., 2005). Trends in cancer 

incidence and changing mortality rates may also be attributed to behavioural changes, 

progress in cancer prevention and improved care of cancer patients (Siegel et al., 2015).  

1.4.1 Breast cancer 

1.4.1.1 Prevalence and risk factors 

The global lifetime risk for developing breast cancer is approximately 12.5% (Ellsworth et al., 

2010). Currently it is estimated that approximately 50% of breast cancer patients will 

experience relapse of the disease (Akbas et al., 2005). The overall 5-year survival rate of 

female breast cancer has been estimated at 90.3% in 2007, a marked improvement from 
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75% survival rate reported in 1975 (Howlader et al., 2013). Improvement in survival rate may 

be due to the introduction of mammograms (Shapiro, 1997), resulting in early diagnosis of 

breast cancer.  

Even though the first report suggesting a genetic predisposition to breast cancer is reputed 

to have been published in the eighteenth century (Le Dran, 1757), it was not until 1994 that 

breast cancer 1 gene (BRCA1) was identified and mapped. Mutations of this gene, located 

on chromosome arm 17q, have been linked to increased risk of ovarian and breast cancers 

which is not surprising as it encodes a tumour suppressor protein (Miki et al., 1994). Another 

gene, breast cancer 2 gene (BRCA2), has been associated with early-onset breast cancer 

(Wooster et al., 1995).  

However, a hereditary component cannot be identified in an estimated 70% of breast cancer 

cases (Ellsworth et al., 2010). Hormonal risk factors include elevated levels of oestrogen, 

prolactin and progesterone (Pike et al., 1979), early menarche,late menopause and 

prolonged contraceptive use (Paffenbarger et al., 1980). A decreased breast cancer risk is 

associated with first live birth at 18 years of age or younger (MacMahon et al., 1970). 

Various lifestyle factors are also associated with increased breast cancer risk. Daily 

consumption of 2.4 g of alcohol is associated with a 1.7-fold increase in breast cancer risk 

(Longnecker et al., 1988). Data from the Framingham study suggest that an increased risk 

for breast cancer is associated with a high central body fat distribution (Ballard-Barbash et 

al., 1990). Bernstein and colleagues reported reduced breast cancer risk with increased 

physical activity in premenopausal women (Bernstein et al., 1994).  

1.4.1.2 Phenotypic subtypes and treatments 

The term ‘breast cancer’ belies the heterogeneity of the disease: as many as 8 different cell 

types have been identified in excised tumours by analysing gene expression patterns (Perou 

et al., 2000). Distinct subtypes of breast cancer were recognised as early as 1890’s at Johns 

Hopkins University (Halsted, 1898). Based on genetic and receptor profiling, malignant 

tumours are now classified into distinct subtypes (Perou et al., 2000; Wirapati et al., 2008):  

1. Human epidermal growth factor receptor 2 (Her2/neu) positive (referred to as 

Her2/neu positive) 

2. Oestrogen receptor-negative, basal-like (referred to as triple negative breast cancer) 

3. Oestrogen receptor-positive, luminal A 

4. Oestrogen receptor-positive, luminal B 

Due to the overlap of genetic and receptor profiles, such classification systems may be 

confounding. Indeed, it has been suggested that in terms of clinical prognosis and 
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therapeutic strategy, classification of oestrogen receptor-positive tumours as luminal A and 

luminal B may be redundant (Weigelt et al., 2010). 

Initially therapeutic management of all breast malignancies comprised a single treatment 

modality: radical mastectomy (Halsted, 1898). Surgical resection of malignancies aims to 

remove malignant tissue as curative procedure or for further classification of malignant 

tissue (Leis Jr, 1981). Radical mastectomy was the mainstay of treatment of breast cancers 

from the late 1800’s, often leaving patients permanently disfigured. However, only 50% of 

patients survived for more than three years after the procedure (Halsted, 1898). It was only 

after a study comparing the Halsted radical mastectomy to breast conserving surgery 

initiated in 1973 showed comparable survival rates that the Halsted procedure was 

abandoned (Veronesi et al., 1981). The modified radical mastectomy replaced conventional 

radical mastectomy during the 1980’s which afforded breast cancer survivors greater odds at 

cosmetic reconstruction (Leis Jr, 1981). A 20-year follow-up of the patients who participated 

in the 1973 trial comparing Halsted radical mastectomy vs. breast conserving surgery 

showed equivalent long-term survival rates (Veronesi et al., 2002). 

Approximately 70% of patients with operable disease remained disease-free 10 years after 

radical mastectomy. However, this success rate was reduced to 25% in patients with 

involvement of the axillary nodes at diagnosis (Valagussa et al., 1978). This was confirmed 

by data gathered from approximately 24 000 patients where the involvement of the axillary 

nodes and tumour size correlated with prognosis (Memeto et al., 1980). Superior treatment 

success was observed where a treatment strategy comprising surgery and chemotherapy 

had been used (Bonadonna et al., 1995). 

Histologically, oestrogen receptor-positive breast cancer is better differentiated than 

oestrogen receptor-negative lesions (Fisher et al., 1981). The differentiation of tumours is 

directly associated with prognosis: a greater degree of differentiation correlates with a more 

favourable prognosis (Bloom and Richardson, 1957). Approximately 75% of diagnosed 

breast cancer is oestrogen receptor-positive (Li et al., 2003). Oestrogen receptor-positive 

malignancies were initially treated with adrenalectomy and hypophysectomy in an attempt to 

reduce systemic oestrogen levels (McGuire et al., 1977). Endocrine therapy was used with 

limited success before molecular sub-typing of tumours became the status quo (McGuire et 

al., 1977). 

The development of the selective oestrogen receptor modulator tamoxifen for the treatment 

of oestrogen receptor-positive breast cancer resulted in a marked reduction in mortality rates 

among breast cancer patients (Danaei et al., 2005). However, treatment with tamoxifen is 

not without adverse effects including hot flushes, depression, weight gain and increased risk 
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for endometrial hyperplasia (Perez, 2007; Lorizio et al., 2012). Bernard Fisher and 

colleagues demonstrated the benefit of tamoxifen treatment in the National Surgical 

Adjuvant Breast and Bowel Project (NSABP) B-14 and B-20. During the NSABP B-14 trial 

extended disease-free survival of patients receiving tamoxifen therapy (10 mg twice per day) 

was observed (Fisher et al., 1989). The NSABP B-20 trial illustrated improved disease-free 

survival and overall survival rates in treatment groups receiving tamoxifen combined with 

cyclophosphamide, methotrexate and fluorouracil (CMFT) in comparison to tamoxifen alone 

(Fisher et al., 1997). An overview of 47 clinical trials revealed that the addition of 

anthracyclines to a treatment regimen decreased risk of relapse and increased the 5-year 

survival rate (Early Breast Cancer Trialists' Collaborative, 1998). After a 15-year follow-up 

period the combination of tamoxifen and chemotherapy showed superior disease-free 

survival and an estimated 65% reduction in treatment failure (Fisher et al., 2004). 

Current treatment of oestrogen receptor-positive breast cancer involves combinations of 

endocrine therapies including ovarian suppression, selective oestrogen receptor modulators 

or down-regulators and aromatase inhibitors (Lumachi et al., 2013). Ovarian suppression is 

achieved by the administration of gonadotropin-releasing hormone agonists, such as 

goserelin, buserelin, triptorelin, and leuprorelin, which reduce systemic oestrogen levels to 

postmenopausal ranges (Harvey et al., 1985; Lumachi et al., 2013). Due to the adverse 

effects associated with tamoxifen use, alternative oestrogen receptor modulators have been 

developed aimed at therapeutic efficacy with an improved side effect profile. The efficacy of 

aromatase inhibitors, which impede the synthesis of oestrogen, was compared to tamoxifen 

in a 10-year follow-up study (Cuzick et al., 2010). Endometrial hyperplasia is not associated 

with the use of aromatase inhibitors which are suggested as therapy for oestrogen receptor-

positive breast cancer (Goldhirsch et al., 2009). However, as tamoxifen shows overall 

superior efficacy it remains widely used (Lumachi et al., 2011). 

Breast cancers displaying absence of oestrogen and progesterone receptors in addition to 

Her2/neu expression are classified as triple negative breast cancer (TNBC)(Shi and Wang, 

2012) and comprise approximately 15% of diagnosed breast cancer cases (Abramson et al., 

2015). These tumours are characterised by a high proliferation rate and a poor prognostic 

outcome (Meyer et al., 1977; Wirapati et al., 2008). This aggressive breast cancer subtype 

shows a high rate of relapse and reduced overall survival in comparison to metastases of 

oestrogen receptor-positive tumours or tumours with Her2/neu amplification (Abramson et 

al., 2015). In a retrospective study of more than 1500 breast cancer patients, survival rate of 

patients diagnosed with TNBC was approximately half that of other breast cancer subtypes 

(Dent et al., 2007). 
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As no specific target for treatment of TNBC has been identified to date, chemotherapy is the 

only systemic treatment option available (Goldhirsch et al., 2009).The majority of breast 

neoplasms with a mutation in the BRCA1 gene present clinically as TNBC (Atchley et al., 

2008). Mutations in the BRCA1 gene disrupt homologous recombination (Moynahan et al., 

1999). Therefore chemotherapeutics which affect DNA synthesis are proposed to effectively 

treat TNBC (Abramson et al., 2015). Indeed, pathologic complete response has been 

reported where TNBC patients were treated with cisplatin (Byrski et al., 2014). Due to the 

small sample size of this pilot study (107 patients) the 60% success rate must be confirmed 

in a larger study population (Byrski et al., 2014). Partial response was reported in 50% of 

TNBC patients treated with the poly (ADP-ribose) polymerase (PARP) inhibitor olaparib (400 

mg twice daily)(Tutt et al., 2010). 

Human epidermal growth factor receptor 2 (Her2/neu) is over-expressed in approximately 

30% of breast cancers (Slamon et al., 1987). Due to the homogeneity between the amino 

acid sequence of the product of the Her2/neu gene and the epidermal growth factor 

receptors, Her2/neu was identified as a member of the epidermal growth factor receptor 

family (Bargmann et al., 1986). This transmembrane tyrosine kinase receptor is involved in 

the activation of signal transduction pathways implicated in cell proliferation and survival 

(Ross et al., 2003). It is therefore not surprising that Her2/neu over-expression has been 

recognised as an unfavourable prognostic factor (Slamon et al., 1987; Press et al., 1997). 

Indeed, upon examination of more than 1 000 cases a correlation was observed between the 

number of Her2/neu copies and involvement of axillary nodes, disease-free survival and 

overall survival (Seshadri et al., 1993). 

A murine monoclonal antibody targeted against the extracellular domain of Her2/neu, 

mumAb4D5, was developed to aid in the characterisation of the expression of Her2/neu in 

tumourigenic cell lines (Fendly et al., 1990). Available technology was used to humanise the 

antibody for therapeutic application (Jones et al., 1986). In vitro testing revealed that the 

humanised mumAb4D5 antibody showed cytotoxicity towards the SK-Br3 cell line which 

over-expresses Her2 (Carter et al., 1992). The addition of trastuzumab (humanised 

mumAb4D5) to conventional chemotherapy reduced relative risk of death by 20% in 

metastatic breast cancer patients. Unfortunately cardiac dysfunction was observed in 

patients receiving a combination of trastuzumab, cyclophosphamide and anthracyclines 

(Slamon et al., 2001). However, due to the poor prognosis of patients with Her2/neu 

amplification, the low incidence of cardiac dysfunction and the reversible nature of the 

cardiac dysfunction trastuzumab is considered a viable therapeutic option (Suter et al., 

2007). 
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Subsequent to the success with trastuzumab, marketed under the trade name Herceptin®, 

numerous Her2/neu-targeted therapies have been developed. Approved Her2/neu-targeted 

therapies include the small molecule receptor tyrosine kinase inhibitor lapatinib and 

monocloncal agents pertuzumab and ado-trastuzumab emtansine (Figueroa-Magalhães et 

al., 2014). Anti-Her2/neu therapy is routinely combined with chemotherapy (Goldhirsch et al., 

2009). 

1.4.1.3 Limitations to successful treatment of malignancies 

A major limitation to the successful treatment of malignancies is the systemic toxicity 

induced by many chemotherapeutic agents. Unlike the treatment modalities for many 

disease aetiologies, anti-neoplastic therapy is associated with high potential toxicity at 

therapeutic concentrations (Plenderleith, 1990). It has been estimated that more than 50% of 

patients will experience severe, life-threatening or fatal chemotherapy toxicity during 

treatment (Hurria et al., 2011; Extermann et al., 2012). In an cohort of 513 patients, 64% of 

patients experienced severe toxicity and of these 23% selected cessation of chemotherapy 

due to toxicity (Extermann et al., 2012). The adverse effects most frequently reported 

induced by chemotherapy include nausea and vomiting, peripheral neuropathy,fatigue, 

alopecia and leukopenia (Plenderleith, 1990; Ahlberg et al., 2003; Wolf et al., 2008). Most of 

these adverse effects are due to the effects of chemotherapeutic agents on normal cells with 

a high proliferation rate (Plenderleith, 1990). 

The use of anthracyclines, such as doxorubicin and daunorubicin, is associated with 

cumulative dose-dependent cardiotoxicity (Monsuez et al., 2010). Chemotherapy in the 

treatment of breast cancer has been associated with a decline in cognitive function (Falleti et 

al., 2005). Approximately 5% of breast cancer patients are at risk of developing secondary 

non-breast cancer, such as soft tissue sarcomas, and this may be due to the use of radiation 

therapy or chemotherapy (Schaapveld et al., 2008). Despite reports of adverse effects, the 

benefits of treatment with chemotherapeutic agents often outweigh the risk (Plenderleith, 

1990). 

The limited success achieved in the treatment of TNBC has been attributed to the lack of 

therapeutic targets (Goldhirsch et al., 2009). The advent of gene expression arrays have 

aided in the identification of selective therapeutic targets which are translatable into the 

clinical setting. Indeed, heterogeneity in gene expression profiles between the subtypes of 

breast cancer provides insight into potential therapeutic targets: differential expression of 

AKT1gene products and BRCA1 andBRCA2 mutations suggests that PARP inhibitors 

(Koboldt et al., 2012) may show improved selectivity. Clinical trials of the PARP inhibitor 
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have shown success in the treatment of TNBC (Tutt et al., 2010), highlighting the importance 

of selective therapeutic targets. 

Successful treatment of neoplasms is also impeded by disease relapse. A relapse rate of 

approximately 20% has been reported across the phenotypic subtypes of breast cancer in 

patients treated with breast-conserving therapy and radiotherapy. Relapse rates are highest 

amongst patients diagnosed with TNBC or Her2/neu-positive breast cancer (Voduc et al., 

2010).  

Development of multidrug resistance is a common cause for failure of chemotherapy (Riganti 

et al., 2015). Chemo-resistance may be due to inadequate delivery of anti-cancer agents to 

the tumour resulting from physiological factors such as discordant blood supply to tumours 

(Jain, 2001) or intracellular adaptations in response to chemotherapy including the 

expression of transmembrane efflux pumps (Gottesman et al., 2002). Multidrug resistance is 

implicated in treatment failure of structurally and functionally unrelated chemotherapeutic 

agents (Gottesman and Pastan, 1993). The first of these efflux pumps described in an in 

vitro model was P-glycoprotein, a 170 kDa transmembrane glycoprotein which confers drug-

resistance to Chinese hamster ovarian cells (Juliano and Ling, 1976). P-glycoprotein 

belongs to the ATP-binding cassette transporter super-family (Higgins, 1991). It is proposed 

that transporters from this super-family is responsible for the removal of many harmful 

xenobiotics from the intracellular environment under normal physiological conditions as 

these transporters are constitutively expressed in numerous tissues including the digestive 

system and central nervous system (Choi, 2005).  

Selective inhibitors of P-glycoprotein have been investigated with limited success. The 

calcium channel blocker verapamil (Tsuruo et al., 1981), calmodulin inhibitor trifluoperazine 

(Tsuruo et al., 1982) and immunosuppressant cyclosporin A (Twentyman et al., 1987) 

reversed resistance to vinca alkaloids in in vitro cancer models. However, limited success in 

the clinical setting was achieved with these inhibitors due to dose-limiting toxicity and poor 

P-glycoprotein inhibitory activity (Pennock et al., 1991; Bartlett et al., 1994). Pharmacokinetic 

interactions between multidrug resistance modulators and chemotherapeutic agents further 

hampered clinical efficacy (Bartlett et al., 1994). It has been suggested that the most 

simplistic solution to the problem of multidrug resistance in cancer is the use of combination 

therapy (Luqmani, 2005). 
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1.5 Drug combination therapy 

The status quo for the management of numerous disease states including malignancies and 

certain infective diseases such as HIV/AIDS comprise drug combination therapy (Chou, 

2006). The first successful combination therapy treatment in cancer was developed in the 

1960’s by Freiand colleagues. During this landmark study leukaemia patients treated with a 

combination of methotrexate and 6-mercaptopurine achieved higher remission rates than 

observed for either compound separately (Frei et al., 1961a). During a presidential address, 

Dr Frei stipulated principles for the successful combination of chemotherapeutics (Frei, 

1972): 

1. Non-overlapping toxicity profiles 

2. Different mechanisms of action 

3. Reduced risk of development of chemo-resistance 

Utilising drug combinations allow for the reduction of the dose of each compound while not 

compromising on therapeutic efficacy. This approach is expected to translate into a 

reduction in observed toxicity (Chou, 2006). Indeed, the greatest success in the treatment of 

breast cancer has been achieved with combinations of effective chemotherapeutics with 

different therapeutic targets (Goldhirsch et al., 2009; Lumachi et al., 2013). 

Due to the heterogeneity of cancerous tissue, treatment with glycolysis inhibitors alone does 

not result in significant anti-tumour effect. The greatest success has been observed where 

glycolysis inhibitors have been used in combination with conventionalanti-cancer 

chemotherapeutic agents. This is potentially due to the impaired ability of ATP-deprived 

cancer cells to repair damage caused by chemotherapeutic agents (Gatenby and Gillies, 

2007). 

 

1.6 2-Methoxyestradiol (2ME) and analogues 

Endogenous oestrogens such as 17β-estradiol are metabolised by cytochrome P450 

enzymes into 2- and 4-hydroxyestradiol. The structures of these are shown in Figure 1.5 

below. The enzymatic metabolism of 4-hydroxyestradiol by the enzyme catechol-o-methyl-

transferase (COMT) leads to the formation of 2-methoxyestradiol (2ME)(Lakhani et al., 

2003). 2ME is known to protect against tumour formation and has subsequently been shown 

to have anti-angiogenic, anti-mitotic and pro-apoptotic effects (Salama et al., 2009). 
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Figure 1.5: The structures of (A) 17β-estradiol and (B) 2-methoxyestradiol. Structures 

generated with ADC/ChemSketch Freeware version 12.01. 

 

Cytotoxicity caused by 2ME in in vitro cancer models was accompanied by irregular 

microtubule arrangement (Seegers et al., 1989). It was demonstrated that 2ME interferes 

with microtubule assembly through interaction with the colchicines binding site (D'Amato et 

al., 1994a) resulting in the formation of a mitotic block and ultimately the induction of 

apoptosis (Attalla et al., 1996). In vitro studies have shown that 2ME induces apoptosis in a 

range of cancer models including lung (Mukhopadhyay and Roth, 1997), pancreatic 

(Schumacher et al., 1999), breast (LaVallee et al., 2002) and ovarian cells (Bu et al., 2006) 

but not in normal cells (Seegers et al., 1997). It has been shown that 2ME exerts its anti-

cancer effect independently of interaction with the oestrogen receptor (LaVallee et al., 2002).  

The anti-angiogenic effects of 2ME has been demonstrated using in vitro models assessing 

endothelial cell migration (Yue et al., 1997) and invasion (Sattler et al., 2003) and has been 

attributed to 2ME-induced apoptosis in endothelial cells (Yue et al., 1997; Tsukamoto et al., 

1998). Furthermore, Yue and colleagues reported that 2ME inhibited neovasularisation in the 

well-known in vitro model of angiogenesis, the chicken chorioallantoic membrane (CAM) 

model (Klauber et al., 1997; Yue et al., 1997). Reports also indicated a 50% decrease in 

VEGF-induced corneal vascularisation in the mouse corneal micro-pocket assay at a daily 

dose of 150 mg/kg of 2ME (Klauber et al., 1997).  

Efficacy studies using the MDA-MB-435 xenograft model at concentrations of 75 mg/kg 2ME 

showed 60% reduction in tumour volume (Klauber et al., 1997). A similar result was obtained 

where male severe combined immunodeficient mice inoculated with human melanoma 

(Dobos et al., 2004). A number of clinical trials have been conducted to determine the safety 

and tolerability profile of 2ME in humans. A trial conducted at the Indiana University showed 

no potentially life-threatening toxicity in patients receiving up to 1000 mg/day and from the 

data gathered it was determined that the half-life of 2ME is approximately 10 hours (Jameset 

al., 2007). However, a phase II clinical trial aimed at evaluating the safety of 2ME in men 
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found that 2ME is rapidly metabolised to 2-methoxyestrone, has poor oral bio-availability and 

is highly conjugated, resulting in sub-therapeutic intracellular concentrations obtained 

(Sweeney et al., 2005). In an attempt to improve on these unfavourable characteristics, 

several formulations (Tevaarwerk et al., 2009) and various analogues of 2ME have been 

developed (Cushman et al., 1995; Cushman et al., 1997; Tinley et al., 2003; Stander et al., 

2011). 

Initially the A-ring of 2ME was modified (Cushman et al., 1995), followed by various additions 

to the B-ring (Cushman et al., 1997) and D-ring (Tinley et al., 2003). In vitro testing of the 

first generation analogues demonstrated that the most potent derivative, 2-ethoxyestradiol, 

had a weak affinity, comparable to that of 2ME, for the colchicine binding domain but caused 

inhibition of mitosis at a concentration 10 times lower than that required of 2ME to have the 

same effect (Cushman et al., 1995). In an effort to improve on 2ME even further, 

modifications to the A- and B-rings were made which included the addition of an oximino 

group to carbon 2 (Cushman et al., 1997). Even though promising results were obtained, 

these derivatives were not investigated further. Alterations to the D-ring led to the 

development of derivatives with in vitro anti-cancer activity in the low micromolar range. 

Three of these analogues proved to have better in vivo anti-tumour activity in comparison to 

2ME in an athymic NCr-nu mouse model (Tinley et al., 2003). 

Stander et al. developed a series of 2ME analogues through in silico design by the addition 

of a sulfamoylated group to the A-ring and removing the hydroxyl group on the D-ring 

(Stander et al., 2011) (Figure 1.6). The addition of the sulfamoylated group has been shown 

to improve the variable pharmacokinetic profiles of compounds with a steroid structure as 

first pass metabolism is avoided through interaction with carbonic anhydrase II in 

erythrocytes (Elger et al., 1995). Two of these synthetic oestrone analogues, ESE-15-ol and 

ESE-16, were selected for this study. 

In vitro studies have demonstrated that ESE-15-ol and ESE-16 display cytotoxic activity 

against breast cancer cells at nanomolar concentrations. Cell cycle kinetics assessment 

revealed that treatment with ESE-15-olresulted in cell cycle arrest in the Gap-2/mitosis 

(G2/M) phase of the cell cycle. Exposure to ESE-15-ol and ESE-16 result in generation of 

reactive oxygen species, depolarisation of the mitochondrial membrane potential and 

abnormal spindle formation. Gene expression studies in ESE-16-treated breast carcinoma 

cells revealed alterations in the expression of genes involved in cell proliferation, induction of 

cell death and adaptation to oxidative stress (Stander et al., 2012, 2013). An ex vivo study 

demonstrated that neither of the oestrone analogues caused alterations in the ultrastructure 

of erythrocytes suggesting a favourable toxicity profile (Repsold et al., 2014a). 
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Figure1.6: The structures of (A) ESE-15-ol and (B) ESE-16. Structures generated with 

ADC/ChemSketch Freeware version 12.01. 

An efficient tumour-eradicating strategy is to use therapeutic agents which act on vertical 

signalling pathways via a sequential blockade or agents which act on parallel pathways 

(Ocaña et al., 2014). In this study the potential synergy between glycolysis inhibitors, 

inhibitors of ATP production from aerobic glycolysis, and oestrone analogues showing anti-

mitotic effects were investigated as a form of combination therapy using three different 

breast cancer cell lines representing the main phenotypic subtypes of breast cancer. 

 

1.7 Aim of the study 

This study aimed at elucidating the mechanism of action of two novel oestrone analogues in 

context of drug combinations with selected glycolysis inhibitors in an in vitro setting. 

 

1.8 Objectives of the study 

1. Identify synergistic combinations of oestrone analogues and glycolysis inhibitors 

using in vitro breast cancer models and the Median Effect equation. 

2. Select the most promising combinations based on the combination index values 

calculated from the Median Effect equation and published toxicitydata for further 

assessment. 

3. Assess the effect of the selected synergistic combinations on intracellular indicators 

of toxicity including generation of reactive oxygen species, mitochondrial effects, 

activation of the caspase cascade and assess the induced mode of cell death. 

4. Investigate the anti-angiogenic potential of the selected synergistic combinations 
using in vitro angiogenesis models.  
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Chapter 2: Identification of synergistic combinations 
 

2.1 Introduction 

The first attempt at accurately describing the effect of a mixture of two agents was made in 

1913 when Wilhelm Frei first published on the matter. He suggested that the combination of 

agents ‘from the same pharmacological class’ were suggested to obey the principle of iso-

additivism, whereas mixtures of agents from separate classes are described as hetero-

additivism (Frei, 1913). However, these descriptions were continually revised. Finally Bliss 

described a model for classifying combination therapy (Bliss, 1939): 

1. Independent combined effect, where two agents with different mechanisms of action 

are combined to yield an effect which can be estimated from the dose response 

curves obtained for each agent. 

2. Similar combined effect, where agents with similar mechanisms of actions are 

combined in constant proportions to yield an effect which can be estimated from the 

dose response curves obtained for each agent. 

3. Synergistic effect, where the effect obtained from the combination of two agents are 

significantly enhanced when compared to that of each agent alone, and cannot be 

estimated from the dose response curves obtained for each agent. 

These classifications are known as the Bliss Independence theory. However, this theory is 

limited as it cannot be used to describe combinations of agents which do not exert a greater 

effect than any of the agents by itself, i.e. additive combinations. Despite this shortcoming, 

the Bliss Independence theory, along with the Loewe Additivity theory, remains one of the 

most often used models in the search for synergistic combinations.   

According to Loewe’s Additivity theory if two compounds have no interaction the combination 

would be regarded as additive, if the compounds have a negative interaction the 

combination would be regarded as antagonistic, and if the compounds have a positive 

interaction the combination would be regarded as synergistic (Loewe, 1953; Fitzgerald et al., 

2006). Unfortunately the contradictions between these models have muddled research into 

combination therapy as, in certain cases, Bliss independence can be interpreted as Loewe 

antagonism and vice versa. However, as the Loewe model does not require any information 

about the mechanism of action of the agents, it is the preferred model to identify synergy 

(Lee, 2010). 

Originally, synergy was identified by comparing the LD50 obtained from dose response 

curves for various fixed ratios of the two components (Bliss, 1939). Even though this method 
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provides a precise protocol to identify synergy, it requires vast quantities of experimental 

reagents, animals, funds and time. Alternatively, isobolograms can be constructed based on 

dose-response data for each agent alone and for the mixture of agents (Martinez-Irujo et al., 

1996). An isobologram, or isoffective graph, is then constructed based on the curvature of 

the isobologram. However, this method also requires large quantities of experimental data to 

accurately determine synergy (Martinez-Irujo et al., 1996). A more time- and cost-effective 

approach became possible with the development of the Median Effect equation (Eq. 1) of 

Chou and Talalay (Chou and Talalay, 1984) which is based on the Loewe Additivity model 

whereby the dose-effect of combinations of agents were described in terms of the 

combination index (CI) of the mixture.  

Eq. 1 

��
��  = � �

�	

�

 

Where: 

�
 represents the fraction of the population affected by the concentration used 

�� represents the fraction of the population which are unaffected 

� represents the concentration or dose of the test compound administered 

�� represents the dose giving the median effect of that test compound 

� represents the shape or sigmoidicity of the dose response curve for the test compound 

 

According to the Chou-Talalay method, the interaction between the agents used in 

combination may then be described in terms of the combination index (Chou, 2006) (Eq. 2): 

Eq. 2 

> 1 ���������	 (�������� �����������) 

��	 �������!�"�# = [�]&
[�']&

+ [�])
[�'])

 = 1 �""����� (�� �����������) 

< 1 �+������	 (,������� �����������) 

Where: 

�- represents the percentage of the experimental population affected (x%) by the 

combination of drug 1 and drug 2   

�. represents the percentage of the experimental population affected (x%) by the 

combination of drug 1 and drug 2  
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[�/]-  represents the concentration of drug 1 required to affect the experimental population 

by x% 

[�/]. represents the concentration of drug 2 required to affect the experimental population 

by x% 

 

The Chou-Talalay method relies on the assumption that the two agents in the combination 

exert mutually exclusive effects and CalcuSyn software, based on the Median Effect 

equation, relies on this assumption (Lee, 2010). These indices can be calculated for a fixed 

ratio, or any other combination of agents, based on as few as two data points which 

significantly decreases the resources required to identify synergy. Even though fewer data 

points are required when fixed ratios are used as simulation can be performed to identify 

synergy over a range of concentrations, it is not always feasible as agents must be 

approximately equipotent to be combined in such a fashion. For agents which are not 

equipotent, the checkerboard approach or Latin square design of experimental combinations 

is often used (Chou, 2010). 

In direct contrast to synergistic action, antagonism may also be elicited when agents are 

combined. In such cases the action of the two agents interfere with each other resulting in a 

decreased effect (Bliss, 1939). In the clinical setting, agents acting antagonistically may 

present as ineffective combinations or combinations which induce significant toxicity (Ocaña 

et al., 2014). 

Both synergistic and additive combinations may have advantages in a clinical setting (Ocaña 

et al., 2014). There are four possible positive clinical outcomes when combining two effective 

anti-cancer agents (Frei et al., 1961b; Greco et al., 1996; Chou, 2006). These include: 

1. Enhanced cancer eradicating power 

2. Reduced dosages of anti-neoplastics may achieve the same or greater therapeutic 

effect, decreasing the risk of unacceptable toxicity in the patient 

3. Limited risk of the cancer developing drug resistance 

4. Greater selectivity for heterogeneous populations of cancer cells, with differing 

existing resistance   

The first report of the therapeutic use of combinations of anti-cancer agents was published 

by Frei and colleagues. In that study, patients with acute leukaemia were treated with a 

purine analogue, folic acid antagonists or a combination of the two with mixed success: in 

children the combination treatment resulted in increased remission rate but had no effect on 

long-term survival, whereas in adults treatment with the combination did not result in the 
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highest remission rate but increased the survival rate by a slight margin. It was suggested, 

however, that the combination of a purine analogue with a folic acid antagonist diminished 

the incidence of resistance to either compound (Frei et al., 1961a). 

From this initial study, several guidelines as to the suitable combinations of agents were 

suggested. The suitability of compounds for use in combination regimens and the efficacy of 

such a combination in the clinical setting are determined by the toxicity profiles and 

mechanisms of action of each drug in the combination (Frei, 1972). Compounds with 

overlapping cytotoxic mechanisms are generally not used in combination as this increases 

the likelihood of adverse side effects leading to dose reduction, and potential loss of clinical 

benefit (Frei, 1972). Combining compounds with differing mechanisms of action are 

generally used in order to avoid drug resistance. 

It has been reported that 40% of breast tumours demonstrate intracellular hypoxia with a 

median oxygen concentration below 0.3%, whilst non-cancerous breast tissue has a median 

oxygen concentration greater than 9% (Nualart et al., 2009). The hypoxic intra-tumour 

environment induces aerobic glycolysis that requires large quantities of glucose for the cell’s 

energy requirements and therefore glucose transporter inhibitors, such as fasentin, indinavir 

and quercetin, and glycolysis inhibitors, including 2-deoxyglucose, 3-bromopyruvate and 

lonidamine, demonstrate selective cytotoxicity towards malignant cells (Gatenby and Gillies, 

2007). 

The anti-cancer properties of the oestrone analogues have been demonstrated in various in 

vitro cancer models including breast (Stander et al., 2011; Stander et al., 2012, 2013), 

oesophageal (Wolmarans et al., 2014) and cervical adenocarcinoma (Theron et al., 2013). It 

has been proposed that the oestrone analogues induce cell death in cancer cells by 

generating reactive oxygen species, dissipation of the mitochondrial membrane potential, 

abnormal spindle formation culminating in cell cycle arrest in the G2/M phase and apoptosis 

(Stander et al., 2011; Stander et al., 2012, 2013).  

As the oestrone analogues, ESE-15-ol and ESE-16, and glycolysis inhibitors affect different 

hallmarks of cancer, it is proposed that the combination of these agents will improve existing 

treatment strategies aimed at effectively eradicating breast cancer. Therefore this study 

aimed at identifying synergistic combinations of oestrone analogues and glycolysis inhibitors 

on in vitro breast cancer models. 
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2.2 Materials 

2.2.1 Cell culture reagents 

1) Dulbecco’s Modified Eagle’s Medium (DMEM) 

DMEM medium powder (Sigma-Aldrich, St Louis, USA) (67.35 g) was dissolved in 5 l sterile, 

distilled water and the pH adjusted to a final pH of 7.2 by the addition of 18.5 g NaHCO3. 

The final concentration of glucose was 4.5 g/l. The solution was sterilised by filtration using 

three 0.2 μm cellulose acetate filters and dispensed into sterile 500 ml bottles. A 1% 

penicillin/streptomycin solution was added and the medium stored at 4°C. Immediately prior 

to use foetal calf serum was added to the medium at a concentration of 2% or 10%.  

2) Foetal Calf Serum (FCS) 

Sterile foetal calf serum (Biochrom, Berlin, Germany) was heat-inactivated by incubating at 

56°C for 40 min. Cell culture medium used to maintain cells was supplemented with 10% 

FCS, while medium supplemented with 2% FCS were used for all drug exposure 

experiments to minimise protein binding effects.  

3) Nutrient Mixture F-12 Ham, Kaighn’s Modification (Ham’s F-12) 

Ham’s F-12 medium powder (Sigma-Aldrich, St Louis, USA) (55.5 g) was dissolved in 5 l 

sterile, distilled water and the pH adjusted to a final pH of 7.2 by the addition of 12.5 g 

NaHCO3. The final concentration of glucose was 1.26 g/l.The solution was sterilised by 

filtration using three 0.2 μm cellulose acetate filters and dispensed into sterile 500 ml bottles. 

A 1% penicillin/streptomycin solution was added and the medium stored at 4°C. Immediately 

prior to use foetal calf serum was added to the medium at a concentration of 2% or 10%.  

4) MCF-12A medium 

MCF-12A medium was prepared by combining 500 ml Ham’s F12 and 500 ml DMEM. The 

following supplements were then added: 

Hydrocortisone  50 μl of a 10 mg/ml solution 

Cholera toxin   100 μl of a 0.1 mg/ml solution 

Insulin    500 μl of a 20 mg/ml solution 

Epidermal growth factor 200 μl of a 0.1 mg/ml solution (prepared in 0.6% acetic acid 

solution supplemented with 1% bovine serum albumin) 

All reagents were procured from Sigma-Aldrich (St Louis, USA). 

5) Roswell Park Memorial Institute (RPMI) Medium 1640 

RPMI 1640 powder (Sigma-Aldrich, St Louis, USA) (52 g) was dissolved in 5 l sterile, 

distilled water and the pH adjusted to a final pH of 7.2 by the addition of 10 g NaHCO3. The 
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final concentration of glucose was 2 g/l.The solution was sterilised by filtration using three 

0.2 μm cellulose acetate filters and dispensed into sterile 500 ml bottles. A 1% 

penicillin/streptomycin solution was added and the medium stored at 4°C. Immediately prior 

to use foetal calf serum was added to the medium at a concentration of 2% or 10%.  

6) Trypsin/Versene 

A sterile 0.125% trypsin/versene solution in Ca2+ and Mg2+ free PBS was obtained from 

Highveld Biologicals (Johannesburg, RSA), stored at 4°C and used undiluted. 

2.2.2 Reagents 

1) 1% Acetic acid (v/v) 

A 1% acetic acid (Sigma-Aldrich, St Louis, USA) was prepared by measuring 1 ml acetic 

acid into a 100 ml volumetric flask and filling the flask with dH2O to the 100 ml mark. The 

solution was stored at room temperature. 

2) Dimethylsulfoxide (DMSO) 

DMSO (Merck Chemicals, Darmstadt, Germany) was used undiluted and stored in the dark 

at room temperature. The final DMSO concentration did not exceed 0.6% in any cell culture 

experiment.  

3) Hank’s buffered salt solution (HBSS) 

Phenol red-free HBSS (Biochrom, Berlin, Germany) was used undiluted and stored at 4°C.  

4) Phosphate buffered saline (PBS) 

PBS was prepared by dissolving 9.23 g of powder (Becton, Dickinson and Company, 

Sparks, USA) in 1 l dH2O. Where necessary the solution was filter sterilised using a 0.2 μm 

syringe filter.  

5) Sulforhodamine B (SRB) stain solution 

Sulforhodamine B stain (Sigma-Aldrich, St Louis, USA) was prepared by dissolving 0.057 g 

of SRB in 100 ml of 1% acetic acid (Sigma-Aldrich, St Louis, USA). The solution was stored 

in the dark at 4°C.  

6) Trichloroacetic acid (TCA) 

A 30% trichloroacetic acid (TCA) solution was prepared by dissolving 30 g of TCA (Sigma-

Aldrich, St Louis, USA) in dH2O and made up to 100 ml with dH2O. The solution was stored 

at 4°C until required. 
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7) TRIS buffer 

A 10 mM TRIS buffer was prepared by dissolving 120 mg of 

tris(hydroxymethyl)aminomethane (Sigma-Aldrich, St Louis) in 100 ml dH2O. The pH of the 

solution was adjusted to 10.5 with a 1M NaOH solution and the solution stored at room 

temperature. 

8) Trypan blue 

A 0.2% (m/v) trypan blue solution was prepared by dissolving 100 mg of trypan blue (Sigma-

Aldrich, St Louis, USA) in 50 ml PBS. The solution was filtered using a 0.45 μm filter to 

remove any insoluble crystals and stored at room temperature. 

2.2.3 Experimental compounds: Oestrone analogues 

2.2.3.1 2-Ethyl-3-O-sulphamoyl-estra-1,3,5(10)15-tetraen-17-ol (ESE-15-ol) 

ESE-15-ol is not commercially available but was synthesised from oestrone by iThemba 

Pharmaceuticals (Pty) Ltd (Modderfontein, Gauteng, South Africa). Purity of ESE-15-ol was 

greater than 95% as determined by nuclear magnetic resonance spectroscopy (NMR) and 

liquid chromatography coupled to mass spectrometry (LC-MS/MS). Structural confirmation 

was obtained by high resolution mass spectrometry. A 10 mM stock solution was prepared 

by dissolving 5 mg of ESE-15-ol (MW = 359.16 g/mol) in 1.42 ml DMSO. Aliquots of 2 and 

10 μl were prepared and stored at -80°C until diluted to required concentrations in an 

appropriate cell culture medium. 

2.2.3.2 2-Ethyl-3-O-sulfamoyl-estra-1,3,5(10)16-tetraene (ESE-16) 

ESE-16 is not commercially available but was synthesised from oestrone by iThemba 

Pharmaceuticals (Pty) Ltd (Modderfontein, Gauteng, South Africa). Purity of ESE-16 was 

greater than 95% as determined by nuclear magnetic resonance spectroscopy (NMR) and 

liquid chromatography coupled to mass spectrometry (LCMS). Structural confirmation was 

obtained by high resolution mass spectrometry. A 10 mM stock solution was prepared by 

dissolving 5 mg of ESE-16 (MW = 361.50 g/mol) in 1.38 ml DMSO. Aliquots of 2 and 10 μl 

were prepared and stored at -80°C until diluted to required concentrations in an appropriate 

cell culture medium. 

2.2.3.3 2-Methoxyestradiol (2ME) 

A 10 mM stock solution of 2ME was prepared by dissolving 5 mg of 2ME (Sigma-Aldrich, St 

Louis, USA) in 1.65 ml DMSO. Aliquots of 10 μl were prepared and stored at -80°C until 

diluted to required concentrations in an appropriate cell culture medium.   
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2.2.4 Experimental compounds: Glycolysis inhibitors 

2.2.4.1 2-Deoxy-D-glucose (2DG) 

A 930 mM stock solution was prepared by dissolving 610 mg 2DG (MW = 164.16 g/mol) 

(Sigma-Aldrich, St Louis, USA) in 4 ml HBSS. Aliquots of 83 and 21 μl were prepared and 

stored at -80°C until diluted in the appropriate cell culture medium.  

2.2.4.2 3-Bromopyruvate (3-BrPA) 

A 100 mM stock solution of 3-BrPA was prepared by dissolving 6.7 mg of 3-BrPA (MW = 

166.96 g/mol) (Sigma-Aldrich, St Louis, USA) in 400 μl of DMSO. Aliquots of 5 μl were 

prepared and stored at -80°C until diluted in the appropriate cell culture medium.  

2.2.4.3 Lonidamine (LON) 

A 100 mM stock solution of LON (MW = 321.16 g/mol) (Sigma-Aldrich, St Louis, USA) was 

prepared by dissolving 5 mg in 155.7 µl DMSO. Aliquots of 15.5 and 7.8 μl were prepared 

and stored at -80°C until diluted in the appropriate cell culture medium.  

2.2.4.4 Fasentin (FAS) 

A 100 mM stock solution of FAS (MW = 279.64 g/mol) was prepared by dissolving 5 mg of 

FAS (Sigma-Aldrich, St Louis, USA) in 178.8 μl DMSO. Aliquots of 15.5 and 7.8 μl were 

prepared and stored at -80°C until diluted in the appropriate cell culture medium. 

2.2.4.5 Indinavir (IND) 

A 100 mM stock solution was prepared by dissolving 10 mg of IND (MW = 711.88 g/mol) 

(Sigma-Aldrich, St Louis, USA) in 140 μl DMSO. Aliquots of 15.5 and 7.8 μl were prepared 

and stored at -80°C until diluted in the appropriate cell culture medium. 

2.2.4.6 Quercetin (QUER) 

A 100 mM stock solution was prepared by dissolving 10 mg of QUER (MW = 302.24 g/mol) 

(Sigma-Aldrich, St Louis, USA) in 330.8 μl DMSO. Aliquots of 15.5 and 7.8 μl were prepared 

and stored at -80°C until diluted in the appropriate cell culture medium. 

 

2.3 Methods 

2.3.1 Maintenance of cell culture 

Ethical approval (307/2013) for the study was obtained from the Research Ethics Committee 

of the University of Pretoria (see Addendum 1). All cell lines were originally purchased from 

the American Type Culture Collection. 
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Cells were grown in a humidified incubator at 37°C and an atmosphere of 5% CO2. The 

specific growth characteristics and cell culture media required are indicated in Table 1. 

Medium was supplemented with 10% sterile, heat-inactivated FCS and was changed every 3 

– 4 days.  

 

Table 2.1: Growth characteristics of the cell lines used in the study. 

Name 
Reference 

number 

Tissue type of 

origin 
Medium required 

Growth 

characteristic 

MCF-7 ATCC HTB-22 Human breast 
adenocarcinoma 

DMEM Adherent 

MDA-MB-231 ATCC HTB-26 Human metastatic 
breast carcinoma 

DMEM Adherent 

SK-Br3 ATCC HTB-30 Human breast 
carcinoma 

RPMI-1640 Adherent 

MCF-12A ATCC CRL-10782 Human breast 
tissue 

DMEM Adherent 

 

The average reported doubling time of MCF-7 breast adenocarcinoma cells is 35 h 

(Sutherland et al., 1983; Barnes et al., 2001; Kimura et al., 2010), 29 h for MDA-MB-231 

breast adenocarcinoma cells (Reddel et al., 1985; Glunde et al., 2004; Kimura et al., 2010), 

40 h for SK-Br3 breast adenocarcinoma cells (Lee et al., 2004; Yue et al., 2012) and 

approximately 20 h for MCF-12A non-tumourigenic cells (Pauley et al., 1993; Glunde et al., 

2004). 

Previous studies using ESE-15-ol and ESE-16 showed a marked anti-proliferative effect on 

various breast cancer cell lines (Stander et al., 2011). In this study MCF-12A spontaneous 

immortalised normal breast cells were selected to provide a control for the breast cancer cell 

lines. The oestrogen-receptor positive MCF-7 and the oestrogen-receptor negative MDA-

MB-231 breast cancer cell lines were included as it has been shown to be particularly 

susceptible to the oestrone analogues (Stander et al., 2011). The SK-Br3 cell line, derived 

from breast adenocarcinoma with enhanced Her2/c-erb-2 gene expression (Trempe and 

Fogh, 1973), represents 20 – 30% of clinical breast cancers (Scholl et al., 2001) and were 

thus included in these studies. 

2.3.2 Preparation of cells for assays and cell counting 

Cells were harvested using a 0.125% trypsin/versene solution for approximately 10 minutes 

at 37°C. The released cell suspension was transferred from the cell culture flask to a sterile 

tube containing cell culture medium supplemented with 10% FCS and centrifuged (200 g, 5 
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min) to obtain a cell pellet which was re-suspended in 1 ml of complete cell culture medium 

(cell culture medium supplemented with 10% FCS).  

The trypan blue exclusion method was used to determine cell count by adding 20 μl of cell 

suspension to 180 μl of trypan blue (0.2% m/v). Viable cells were counted using a 

haemocytometer and a Reichert Jung MicroStar 110 microscope at 100x magnification. 

Thereafter dilutions of the cell suspension in the appropriate medium supplemented with 2% 

FCS were made to achieve the cell concentration required for the drug exposure assays. 

2.3.3 Sulforhodamine B (SRB) cell enumeration assay 

Cell enumeration studies were performed at T0, immediately prior to drug exposure to 

account for cell growth after seeding, and after 24 or 72 h exposure to oestrone analogues 

and glycolysis inhibitors. The SRB assay quantifies protein based on the ability of the dye to 

bind to basic amino acid residues under acidic conditions, while it is released into solution 

under basic conditions (Vichai and Kirtikara, 2006). Vichai’s method was used in this study 

with slight modifications to enumerate cells post drug exposure. 

Cells were seeded into sterile 96-well clear microtitre plates at a density of 5 x 103 cells/well 

and incubated overnight at 37°C in a humidified incubator at 5% CO2 to allow for attachment. 

Thereafter the SRB assay was performed on one plate (T0 as in Eq. 3) in order to account 

for increase in cell number due to cell growth. Equivalent plates were exposed to the 

oestrone analogues (3.12 – 400 nM for ESE-15-ol and ESE-16, 0.08 – 10 μM for 2ME) or 

glycolysis inhibitors (0.22 μM– 25 mM) and re-incubated for 24 or 72 h at the 

abovementioned conditions. After the incubation period cells were fixed with 80 μl of 30% 

TCA (final concentration TCA 10%) by direct addition of TCA to the plate 4°C overnight. 

Thereafter the plate was washed four times using tap water, and the plate allowed to dry.  

SRB stain (100 μl of 0.057% in 1% acetic acid) was added to each well and the plate 

incubated at room temperature for 30 min. Excess dye was then removed by washing the 

plate four times with a 1% acetic acid solution and the plate allowed to dry. Once dry TRIS 

buffer (100 μl of 10 mM at pH 10.5) was added to each well and the plate left on a shaker 

until all the SRB had dissolved (30 – 90 min).The absorbance of the samples was measured 

spectrophotometrically at 570 nm with a reference wavelength of 630 nm using a Synergy 2 

plate reader (Bio-Tek Instruments Inc., Vermont, USA). 

2.3.4 Assessment of synergism of combinations of oestrone analogues 

andglycolysis inhibitors 

An individual profile for each compound was created using CalcuSyn Software Version 2.0 

(Biosoft, Cambridge, UK). 
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Once the GI50 concentrations were determined for each compound, a checkerboard lay-out 

of the combinations of the drugs was employed to determine possible synergistic 

combinations between the oestrone analogues and glycolysis inhibitors using only the three 

breast adenocarcinoma cell lines. The compounds were combined at ¼ x GI50, ½ x GI50, and 

GI50 concentrations. The oestrone analogues were also used at 2 x GI50 and 4 x GI50 as 

these compounds are known to be active in the nanomolar concentration range (Stander et 

al., 2011). The plate lay-out used for the checkerboard approach is shown in Figure 2.1. 

  

 

Figure 2.1: An overview of the checkerboard layout used in this study, where B represents the 

medium control, UC represents the untreated control, VC1 represents the vehicle control of the 

glycolysis inhibitor, VC2 represents the vehicle control of the oestrone analogue and VC3 

represents the combined vehicle of the oestrone analogue and glycolysis inhibitor. 

Template of 96-well plate created by Edita Aksamitiene, open access. 

http://www.cellsignet.com/media/plates/96.jpg. 

 

Briefly, MCF-7, MDA-MB-231 and SK-Br3 breast carcinoma cells were seeded into sterile 

96-well clear microtitre plates at a density of 5 x 103 cells/well and incubated overnight at 

37°C in a humidified incubator at 5% CO2 to allow for attachment. Cells were exposed to the 

oestrone analogues and glycolysis inhibitors for 72 h at the abovementioned conditions. The 
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oestrone analogues were added to the plates first, immediately followed by the glycolysis 

inhibitors. After the incubation period the SRB assay was performed as described in Section 

2.3.3. 

2.3.5 Interpretation of results 

A minimum of three independent experiments, which included internal triplicates, were 

conducted. The 50% growth inhibitory concentration (GI50) of each compound was 

calculated using the formula (Eq. 3) as used by the National Cancer Institute (Grever et al., 

1992): 

Eq. 3 

Growth inhibitory effect = 100 x
(0 1 02)
(3 1 02) 

Where: 

T represents the optical density of the test well after the background noise has been 
deducted after 24 or 72 hours incubation 

T0 represents the optical density after the background noise has been deducted at time zero 
(drug addition) 

C represents the optical density of the vehicle treated control after the background noise has 
been deducted 

 

GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego California USA, 

www.graphpad.com) was used for all statistical calculations and determination of the GI50 

values. GraphPad allows for the analysis of data and calculation of GI50 concentrations using 

various curve fitting regression models. CalcuSyn Software Version 2.0 (Biosoft, Cambridge, 

UK) was used to analyse the results of the combination experiments and to calculate the 

combination index (CI) values of the drug combinations used in the study. Data was 

described in terms of the fraction affected (��), limited to values between 0 and 1, in order to 

analyse the combinations with CalcuSyn. The following equation (Eq. 4) was used to 

calculate ��: 

Eq. 4 

�� = (45 − 47) −  (48 − 47)
(45 − 47)  
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Where: 

Ac represents the optical density of the vehicle treated control  

Ab represents the optical density of the background 

Ae optical density of the test well 

 

The process used to identify synergistic combinations is summarised in Figure 2.2. 

 

 

Figure 2.2: Flow diagram of the data generation and interpretation process followed in this 

study. 

 

2.4 Results 

2.4.1 Growth inhibition studies 

The cytotoxicity of the oestrone analogues and glycolysis inhibitors were determined on the 

MCF-7, MDA-MB-231 and SK-Br3 breast carcinoma cells and the MCF-12A normal breast 

cell line after 24 and 72 h. These incubations periods allowed the study of the immediate and 

prolonged effect of the experimental compounds on the cell growth. GI50 concentrations 

obtained after 24 and 72 h exposure are shown in Table 2.2. Dose response curves for the 

oestrone analogues and 2ME on the MCF-7 breast adenocarcinoma cell line are shown in 

Figure 2.2. 
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After 24 h treatment the MCF-7 cells showed greatest sensitivity to treatment with ESE-15-ol 

with a calculated GI50 of 44.36 ± 1.13 nM, while the SK-Br3 cells exhibited the lowest GI50 

concentration for ESE-16 at 76.40 nM (Table 2.2). The oestrone analogues were found to be 

at least 2.2 times more potent than 2ME. The MCF-12A cells were most susceptible to ESE-

15-ol.  

The glycolysis inhibitors demonstrated large susceptibility differences between cell lines and 

the different inhibitors. The non-tumourigenic MCF-12A and MDA-MB-231 breast 

adenocarcinoma cell lines were least susceptible to IND treatment after 24 h exposure with 

GI50 concentrations greater than 500 μM, the highest concentration tested. At a 

concentration of 500 μM of IND cell growth was not reduced by 50% and a GI50 

concentration could therefore not be calculated. The MCF-7 and SK-Br3 cell lines were most 

susceptible to QUER with GI50 values of 108.40 and 77.90 μM, respectively). 

No time-dependent decrease in the GI50 concentrations was observed after 72 h treatment 

(Table 2.2). ESE-15-ol was found to inhibit the growth of SK-Br3 cells most potently with a 

GI50 of 52.7 nM, whereas the MCF-7 cells were the most susceptible of the three breast 

cancer cell lines to exposure to ESE-16. ESE-15-ol again caused more growth inhibition in 

the MCF-12A cell line than ESE-16. Similar to the results obtained after 24 h treatment, the 

oestrone analogues were found to be at least 3 times more potent than the parent 

compound, 2ME.  

The GI50 concentrations calculated for 2DG, 3-BrPA and FAS were found to be lower for the 

non-tumourigenic MCF-12A cells than for the three breast cancer cell lines tested. 

Comparable GI50 concentrations were obtained for QUER and LON on the tumourigenic and 

non-tumourigenic cell lines.  

Of the glycolysis inhibitors, the MCF-12A cell line was most susceptible to treatment with 

FAS as indicated by the low GI50 (20.67 ±1.07 μM) obtained. The growth of the MCF-7 and 

SK-Br3 cell lines were also most susceptible to FAS with calculated GI50 concentrations of 

25.15 μM and 21.10 μM respectively. The MDA-MB-231 cell line exhibited a GI50 of 0.64 μM 

for QUER. 

Dose response curves for ESE-15-ol, ESE-16 and 2ME (Figure 2.3) indicate that these 

compounds inhibited the growth of MCF-7 cells after 24 and 72 h exposure.  
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Table 2.2: Effect of the oestrone analogues and six glycolysis inhibitors on the growth of MCF-12A, MCF-7, MDA-MB-231 and SK-Br3 cells after 24 

and 72 h exposure expressed as GI50 ± SEM. Results are given in μM unless otherwise indicated. A minimum of 3 independent experiments were 

performed. 

 MCF-12A MCF-7 MDA-MB-231 SK-Br3 

 24 h 72 h 24 h 72 h 24 h 72 h 24 h 72 h 

ESE-15-ol (nM) 44.36 ± 1.13 40.70 ± 1.14 48.98 ± 1.07 70.03 ± 1.11 78.07 ± 1.10 61.44 ± 1.10 60.08 ± 1.17 52.73 ± 1.01 

ESE-16 (nM) 71.57 ± 1.11 62.40 ± 1.17 82.19 ± 1.09 67.05 ± 1.18 145.00 ± 1.22 142.6 ± 1.09 76.40 ± 1.20 79.76 ± 1.01 

2ME  1.28 ± 1.21 1.58 ± 1.08 0.27 ± 1.06 0.49 ± 1.33 0.32 ± 1.32 0.45 ± 1.13 0.54 ± 1.19 0.76 ± 1.07 

2DG (mM) 7.35 ± 2.10 4.79 ± 1.40 1.34 ± 1.59 10.76 ± 2.63 6.22 ± 1.20 6.73 ± 1.25 9.13 ± 1.28 8.00 ± 1.62 

3-BrPA 77.73 ± 1.12 81.80 ± 1.11 126.90 ± 1.06 71.92 ± 1.17 210.70 ± 5.12 480.30 ± 1.70 118.70 ± 1.19 168.60 ± 1.42 

LON 198.20 ± 1.26 140.40 ± 1.16 110.80 ± 1.42 153.3 ± 1.30  104.10 ± 1.35 188.30 ± 1.17 137.30 ± 1.23 165.40 ± 1.02 

FAS 200.10 ± 2.01 20.67 ± 1.07 290.10 ± 7.57 25.15 ± 1.35 159.80 ± 1.06 29.89 ± 1.11 399.70 ± 3.05 21.10 ± 1.04 

IND >500 > 500 123.70 ± 1.56 230.3 ± 1.99 > 500 55.45 ± 1.08 146.20 ± 12.3 87.98 ± 1.23 

QUER 189.70 ± 3.27 60.62 ± 1.15 108.40 ± 1.40 83.8 ± 4.19 269.20 ± 6.25 0.64 ± 1.42 77.90± 1.24 28.03 ± 1.31 
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Figure 2.3: Effects of ESE-15-ol, ESE-16 and 2ME on the growth of MCF-7 cell line after both 24 

and 72 h treatment as determined using the SRB assay.Note the units for the concentration of 

2ME are 1 000x the concentrations of ESE-15-ol and ESE-16. 

Min n = 3 

 

2.4.2 Identification of synergism 

Oestrone analogues and glycolysis inhibitors were combined in ratios of the 

GI50concentrations calculated for each cell line. The data generated was converted to 

fraction affected using Eq. 4 and CalcuSyn software used to assess the combinations for 

synergy.  
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An example of the graphs produced by CalcuSyn is shown in Figure 2.4. As already 

mentioned above, isobolograms are traditionally used to assess synergy, and as such an 

example of the isobolograms generated for the tested combinations is shown in Figure 2.4. 

For the MCF-7 cell line synergistic combinations were identified for 2DG, IND and QUER for 

both oestrone analogues tested (Table 2.3). However, synergism was not identified for any 

combinations containing LON, and only for the ESE-16 and FAS combinations. The lowest 

combination index value (0.37) for the combination of 2DG and ESE-15-ol was calculated for 

the combination of 10.76 mM 2DG with 17.5 nM ESE-15-ol, while the combination of 10.76 

mM 2DG and 134 nM ESE-16 resulted in a combination index of 0.24. Where 134 nM of 

ESE-16 was combined with 6.28 μM FAS a CI of 0.95 was determined. A combination index 

value of 0.57 was calculated for the combination of 57.5 μM of IND and 70 nM of ESE-15-ol. 

The combination of 57.5 μM IND and 134 nM ESE-16 also resulted in the lowest CI value 

determined (0.24). For the combinations with QUER tested, the lowest concentration of each 

oestrone analogue (17.5 nM of ESE-15-ol and 16.8 nM of ESE-16) resulted in the lowest CI 

values determined: 83.8 μM QUER with ESE-15-ol resulted in a CI value of 0.24 where 42 

μM of QUER with ESE-16 resulted in a CI value of 0.18. 

The majority of combinations tested with ESE-15-ol on the MDA-MB-231 cell line showed 

the lowest CI value where ESE-15-ol was used at 123.0 nM: a CI of 0.51 was identified with 

188.3 μM LON, a CI of 0.69 with 55.45 μM IND and a CI of 0.56 with 132 μM of QUER 

(Table 2.4). For combinations with 2DG the lowest CI value (0.13) was calculated for the 

combination of 15.36 nM ESE-15-ol and 6.63 Mm 2DG. A CI value of 0.71 was determined 

where 480 μM of 3-BrPA was combined with 15.36 nM ESE-15-ol. A similar trend was 

observed for ESE-16 as the lowest CI values for most of the glycolysis inhibitors were 

calculated where 285.2 nM of ESE-16 was used: a CI value of 0.45 for the combination with 

188.3 μM LON, a CI value of 0.97 where 285.2 nM ESE-16 was used with 55.45 μM IND 

and a CI value of 0.96 for the combination of ESE-16 and 0.64 μM QUER. For 2DG the 

lowest CI value (0.28) was determined where 35.65 nM of ESE-16 was used in combination 

with 6.73 mM 2DG, and for 3-BrPA (480 μM) where 35.65 nM ESE-16 was used (0.70).   

No synergistic combinations were identified for any of the combinations tested on the SK-Br3 

cell line, i.e. no combination index values of less than 1 were found for any of the 

combinations tested (Table 2.5).  
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Figure2.4: Graphical representation of the combination of ESE-15-ol and IND on the MCF-7 breast adenocarcinoma cell line. In the algebraic 

estimates and normalised isobolograms, combinations are indicated numerically: the lowest number corresponds to the lowest concentration of 

ESE-15-ol used. For dose-effect curves the blue curve represent that of ESE-15-ol the green the dose-effect curve of IND. A minimum of 3 

independent experiments were performed. Note that the maximum value on the Y-axis for the algebraic estimate graphs is 2.0, while the maximum 

value on the Y-axis is 1.0 for the remainder of the graphs. 
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Table 2.3: Combination index values obtained for combination of oestrone analogues with glycolysis inhibitors and GLUT inhibitors on MCF-7 breast 

adenocarcinoma cell line after 72 h incubation. Concentrations of compounds are given in μM unless otherwise indicated. Synergistic combinations 

(CI < 1) are indicated in blue and antagonistic combinations (CI > 1) are indicated in green. Where no CI value is shown the calculated fraction 

affected did not fall between 0 and 1. A minimum of 3 independent experiments were performed. 

  ESE-15-ol (nM) ESE-16 (nM) 

  17.50 35.00 70.00 140.00 280.00 16.75 33.5 67.00 134.00 268.00 

2DG at ¼ x GI50 2.69 (mM) 0.54 0.80 1.03 0.79 1.49 0.91 1.54 1.69 0.29 0.41 

2DG at ½ x GI50 5.38 (mM) 0.47 0.69 0.88 0.80 1.57 0.60 0.98 1.11 0.28 0.43 

2DG at GI50 10.76 (mM) 0.37 0.56 0.68 - - 0.47 0.70 0.71 0.24 0.35 

3-BrPA at ¼ x GI50 18.00 > 10 10.00 1.39 0.48 1.21 > 10 > 10 3.99 0.26 0.35 

3-BrPA at ½ x GI50 36.00 - 6.07 1.12 0.34 1.15 > 10 > 10 2.84 0.24 0.37 

3-BrPA at GI50 71.97 7.81 2.92 0.74 - - 1.99 2.78 0.98 0.32 0.70 

LON at ¼ x GI50 38.25  - - 3.13 4.5 6.46 - - 9.67 2.36 3.11 

LON at ½ x GI50 76.50 - > 10 5.37 9.64 9.00 > 10 7.61 2.57 3.57 4.68 

LON at GI50 153.00 - > 10 - > 10 > 10 - 7.50 6.54 > 10 > 10 

FAS at ¼ x GI50 6.28  - > 10 1.78 2.31 3.74 > 10 > 10 2.64 0.95 4.12 

FAS at ½ x GI50 12.50 > 10 > 10 3.48 5.21 4.33 1.45 2.14 0.97 1.17 3.45 

FAS at GI50 25.00 > 10 > 10 > 10 > 10 > 10 2.87 7.08 3.30 2.90 5.60 

IND at ¼ x GI50 57.50 0.66 0.73 0.57 0.75 1.75 3.86 3.41 0.35 0.24 0.51 

IND at ½ x GI50 115.00 0.57 0.62 0.50 0.81 1.61 1.45 1.62 0.29 0.26 0.47 

IND at GI50 230.00 0.71 0.67 0.59 0.95 1.85 1.04 1.04 0.44 0.42 0.66 

QUER at ¼ x GI50 21.00 > 10 3.24 1.15 1.85 3.67 0.50 0.75 1.00 0.69 2.88 

QUER at ½ x GI50 42.00 0.35 0.57 0.99 1.99 3.68 0.18 0.38 0.59 0.92 2.63 

QUER at GI50 83.8  0.24 0.46 1.02 2.16 3.99 0.09 0.17 0.38 0.71 2.54 
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Table 2.4: Combination index values obtained for combination of oestrone analogues with glycolysis inhibitors and GLUT inhibitors on MDA-MB-

231 breast adenocarcinoma cell line after 72 h incubation.  Concentrations of compounds are given in μM unless otherwise indicated. Synergistic 

combinations (CI < 1) are indicated in blue and antagonistic combinations (CI > 1) are indicated in green. Where no CI value is shown the calculated 

fraction affected did not fall between 0 and 1. A minimum of 3 independent experiments were performed. 

 

  ESE-15-ol (nM) ESE-16 (nM) 

  15.36 30.72 61.44 123.00 245.76 35.65 71.30 142.60 285.20 570.40 

2DG at ¼ x GI50 1.68 (mM) > 10 > 10 > 10 1.15 2.41 > 10 > 10 3.58 1.82 2.52 

2DG at ½ x GI50 3.36 (mM) 1.95 2.73 1.89 0.87 0.82 4.60 4.29 1.57 1.44 2.11 

2DG at GI50 6.73 (mM) 0.13 0.23 0.32 0.29 0.75 0.28 0.36 0.40 0.60 1.08 

3-BrPA at ¼ x GI50 120 4.45 2.82 1.26 1.01 1.94 2.08 3.36 1.63 1.34 2.31 

3-BrPA at ½ x GI50 240 1.42 1.48 1.04 1.12 2.00 1.35 1.76 1.25 1.34 2.25 

3-BrPA  at GI50 480 0.71 0.74 0.73 0.84 1.33 0.70 0.85 0.87 1.03 1.49 

LON at ¼ x GI50 47.00 > 10 > 10 6.44 0.85 2.11 > 10 > 10 6.31 1.00 2.29 

LON at ½ x GI50 94.15 6.87 6.12 2.51 0.73 1.56 6.15 5.38 2.14 0.85 1.67 

LON at GI50 188.30 1.32 1.44 1.35 0.51 0.60 1.30 1.41 0.60 0.45 1.33 

FAS at ¼ x GI50 7.45 3.63 4.93 2.80 1.16 2.34 5.69 7.04 3.93 1.85 2.64 

FAS at ½ x GI50 14.90 1.64 2.64 2.68 1.53 2.45 2.33 2.85 2.91 1.995 2.19 

FAS at GI50 29.89 1.14 2.11 2.06 1.54 1.98 1.61 2.18 2.21 1.45 1.17 

IND at ¼ x GI50 13.80 > 10 9.169 4.29 0.73 2.19 - > 10 1.74 1.45 3.18 

IND at ½ x GI50 27.70 4.57 3.716 3.26 0.74 2.31 > 10 4.32 1.33 1.27 2.84 

IND at GI50 55.45 2.01 2.08 2.41 0.69 2.02 2.10 2.26 1.09 0.97 1.9 

QUER at ¼ x GI50 0.16 - 7.92 1.69 0.60 1.32 - > 10 2.64 1.15 3.09 

QUER at ½ x GI50 0.32 > 10 8.57 1.11 0.56 1.38 > 10 8.36 2.27 1.00 2.37 

QUER at GI50 0.64 - > 10 2.36 0.72 1.96 > 10 8.47 2.44 0.96 2.26 
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Table 2.5: Combination index values obtained for combination of oestrone analogues with glycolysis inhibitors and GLUT inhibitors on SK-Br3 

breast adenocarcinoma cell line after 72 h incubation. Concentrations of compounds are given in μM unless otherwise indicated. Synergistic 

combinations (CI < 1) are indicated in blue and antagonistic combinations (CI > 1) are indicated in green. Where no CI value is shown the calculated 

fraction affected did not fall between 0 and 1.  A minimum of 3 independent experiments were performed. 

 

  ESE-15-ol (nM) ESE-16 (nM) 

  13.18 26.37 52.73 105.46 210.92 19.94 39.88 79.76 159.52 319.04 

2DG at ¼ x GI50 2.00 mM 3.58 3.98 4.43 7.38 > 10 6.68 6.02 5.16 5.57 7.06 

2DG at ½ x GI50 4.00 mM 6.85 7.54 8.00 > 10 > 10 > 10 9.76 8.88 8.95 > 10 

2DG at GI50 8.00 mM > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10 

3-BrPA at ¼ x GI50 42.15 2.78 3.17 1.36 1.49 2.94 1.66 1.00 1.09 1.78 3.45 

3-BrPA at ½ x GI50 84.30 2.01 3.45 1.30 1.36 2.91 1.93 1.21 1.21 1.73 3.42 

3-BrPA  at GI50 168.6 3.74 2.49 1.53 1.30 2.94 1.63 1.32 1.22 1.78 3.37 

LON at ¼ x GI50 41.35 1.50 1.80 1.65 2.30 4.08 7.94 7.40 6.04 5.15 6.57 

LON at ½ x GI50 82.70 1.51 1.67 1.89 2.78 4.46 > 10 > 10 > 10 9.08 9.63 

LON at GI50 165.40 1.63 1.75 2.13 2.90 3.75 > 10 > 10 > 10 > 10 > 10 

FAS at ¼ x GI50 5.27 2.97 2.79 1.78 1.87 3.64 2.22 2.29 1.72 2.16 3.92 

FAS at ½ x GI50 10.55 3.09 3.13 2.13 2.26 3.84 2.13 2.36 2.17 2.50 4.18 

FAS at GI50 21.10 2.38 2.83 2.18 2.50 3.87 1.52 2.02 1.97 2.63 4.10 

IND at ¼ x GI50 21.99 - 2.69 1.95 1.79 3.16 - 1.27 1.32 2.07 3.77 

IND at ½ x GI50 43.99 3.12 2.95 2.34 1.99 3.58 - 2.80 1.78 2.38 4.15 

IND at GI50 87.98 2.95 3.41 2.81 2.57 4.16 2.75 2.67 2.30 2.85 4.57 

QUER at ¼ x GI50 7.00 1.78 1.9 1.25 1.65 2.96 1.99 1.80 1.72 2.24 3.70 

QUER at ½ x GI50 14.00 2.47 2.38 1.37 1.99 3.19 2.64 2.21 2.03 2.47 3.81 

QUER at GI50 28.00 - 3.03 2.03 2.92 4.00 2.97 3.44 2.97 3.26 4.09 
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2.5 Discussion 

The growth inhibition following 72 h exposure to the combinations between either of the two 

oestrone analogues, ESE-15-ol and ESE-16, and six glycolysis inhibitors using three 

phenotypically different breast cancer cell lines was assessed. These results formed the 

basis for the remainder of the study. In order to determine the optimal combinations of the 

oestrone analogues and glycolysis inhibitors to use, the effect of each compound on cell 

growth was determined on each cell line following 24 and 72 h treatment periods. The three 

breast cancer cell lines used in this study where chosen based on their differing phenotypic 

subtypes: the MCF-7 cell line represents oestrogen receptor positive breast carcinoma 

(Lippman et al., 1976), the MDA-MB-231 cell line represents triple negative breast 

carcinoma (Cailleau et al., 1974) and the Sk-Br3 cells represent Her2 positive breast cancer 

(Trempe and Fogh, 1973). It has been reported that the Her-2 expression in SK-Br3 cells is 

18 fold higher than that of MCF-7 cells (Merlin et al., 2002). 

In vitro cytotoxicity studies have shown selective susceptibility of 2ME to different breast 

cancer cell lines. Previous studies have indicated that the SK-Br3 cell line are less 

susceptible to 2ME as significant growth inhibition was not observed at concentrations of 

2ME below 2.5 μM, whereas 1 μM of 2ME reduced the number of MCF-7 cells by 

approximately 50% (Vijayanathan et al., 2006). In the present study the same trend was 

observed when the different cancer cell lines were treated with 2ME: the observed 

susceptibility between the cell lines from most susceptible to least susceptible were MCF-7 ≥ 

MDA-MB-231 > SK-Br3. For the two test oestrone analogues the susceptibility trend 

changed at both incubation periods where the observed susceptibility between the cell lines 

from most susceptible to least susceptible were MCF-7 ≥ SK-Br3 > MDA-MB-231. 

Claims have been made about the superior efficacy of the oestrone analogues in 

comparison to that of 2ME (Stander et al., 2011; Repsold et al., 2014b). Data from the 

present study showed that the lowest concentration of 2ME that resulted in 50% growth 

inhibition was 270 nM in the MCF-7 oestrogen receptor positive breast cancer cell line after 

24 h exposure. In comparison to the 82 nM (ESE-15-ol) and 48 nM (ESE-16) of the oestrone 

analogues required to achieve the same result, the enhanced potency of the oestrone 

analogues is thus confirmed.  

For this study the concentration of each experimental compound which results in 50% 

growth inhibition was determined as an indicator of each compound’s potency. The GI50 is 

an indicator of cytostatic potential, and not cytotoxic ability like more commonly used 

indicators of potency such as the 50% inhibitory concentration (IC50) or lethal dose for 50% 

of the study population (LD50) (Grever et al., 1992). It has been reported that these different 
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parameters, such as GI50 and IC50 concentrations, often do not correlate well (Fallahi-Sichani 

et al., 2013). An advantage of using GI50 concentration assays is that the rate of cell 

population increase is considered (Monks et al., 1991). 

Cells were initially treated with the individual compounds followed by treatment with ratio’s of 

the GI50 concentrations determined for each experimental compound following 72 h 

incubation in the presence of the drug combination. The growth inhibition data generated 

from these different ratios of the combination of drugs were converted to “fraction affected” 

(as indicated by Eq. 4) in order to determine the combination index for the combinations 

tested. The process used to identify the synergistic combinations is shown in Figure 2.2. 

To facilitate the selection of synergistic combinations, the cytotoxicity of the oestrone 

analogues on the non-tumourigenic MCF-12A cell line was considered. The reported 

doubling time of MCF-12A cells are 20 hours (Pauley et al., 1993; Glunde et al., 2004). 

Previous studies have indicated that both oestrone analogues disrupt the formation of the 

microtubule structure essential for the progression through the G2 phase of the cell cycle 

(Stander et al., 2011). It is therefore expected that the oestrone analogues will have the 

greatest effect after at least one cell cycle has been completed. After 24 h exposure, ESE-

15-ol caused 50% growth inhibition in the MCF-12A cell line at 44.36 nM, and ESE-16 at 

71.57 nM. The GI50 concentrations calculated for the oestrone analogues decreased after 72 

h treatment (40.7 nM for ESE-15-ol and 62.4 nM for ESE-16) when a larger percentage of 

the original cells had undergone further cell cycles.  

The specificity of ESE-15-ol and ESE-16 has been reported in a number of publications from 

the same research group. An ex vivo study evaluating the effects of ESE-15-ol and ESE-16 

on the ultrastructure of erythrocytes and platelets revealed that treatment with 180 nM of 

either ESE-15-ol and ESE-16 for 24 h did not alter the ultrastructure of these blood cells 

suggesting that these compounds may be tolerated at higher concentrations than the GI50 on 

the MCF-12A cells indicate (Repsold et al., 2014a). The GI50 concentration for MCF-12A 

cells was reported to be in excess of 160 nM after 48 h exposure to ESE-15-ol and ESE-16 

as determined by the crystal violet DNA stain technique (Stander et al., 2011). However, the 

discrepancy in the reported and observed GI50 may be explained by different cell 

enumeration assays used (crystal violet in the 2011 study vs SRB in the present study) or 

the different models used to calculate the GI50. Even though both studies made use of the 

formula developed by Grever for calculating the GI50 concentrations (Grever et al., 1992), the 

present study made use of non-linear regression in order to plot the data and to determine 

the GI50 concentrations.  
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The crystal violet stain is useful as a nuclear stain which can be correlated to cell number. 

However, when cultures reach confluence cell-cell inhibition will lead to decreased cell size 

and this can skew the correlation between cell number and the absorbance measured 

(Saotome et al., 1989). It is possible that MCF-12A cellcultures,seeded at 5 x 103 cells/well 

in a 96-well plate,willreach confluence after 48 h given the approximate doubling time of 

MCF-12A cells (Pauley et al., 1993) and could also explain the discrepancy between the 

calculated GI50 results. 

It is clear when comparing previous reports with the outcomes of this study that the effect of 

the oestrone analogues on only one non-tumourigenic cell line cannot be used as indicator 

of the drug selectivity or as indicator of potential systemic toxicity if these compounds to be 

administered in vivo.  

It must be noted that the GI50 concentrations obtained after 24 and 72 h exposure to the 

oestrone analogues or glycolysis inhibitors (Table 2.2) do not always showa time dependent 

effect. This may be due to the interpretation of data as percentage growth inhibition, and not 

percentage cell death, as the measuredresponse. In context of growth inhibition, the 

similarity in GI50 concentrations after 24 and 72 h exposure may be indicative of a cytostatic 

response. The use of combinations of the test compounds may induce cytotoxic effects 

through enhanced metabolic stress. 

Selecting suitable agents to combine to achieve a synergistic effect depends on these 

agents possessing different mechanisms of action (Frei, 1972) from the test compounds. In 

order to comply with this principle, the oestrone analogues were combined with glycolysis 

inhibitors that influence the energy production within the cells and the effect of these 

compounds as monotherapy on the cell growth of MCF-7, MDA-MB-231 and SK-Br3 

tumourigenic cells and MCF-12A non-tumourigenic cells were investigated before drug 

combination ratios were established. Due to the heterogeneity in cancerous tissue, treatment 

with glycolysis inhibitors alone does not result in a significant anti-tumour effect. The greatest 

success has been observed where glycolysis inhibitors have been used in combination with 

other chemotherapeutic agents. This is potentially due to the impaired ability of ATP-

deprived cancer cells to repair damage caused by chemotherapeutic agents (Gatenby and 

Gillies, 2007). 

A number of toxic effects have been associated with the use of glycolysis inhibitors. These 

include hypoglycaemia and associated adverse effects including fatigue, sweating, nausea 

(Singh et al., 2005; Raez et al., 2013). The use of a combination strategy allows for the use 

of reduced concentrations of these compounds which could potentially minimise adverse 

effects experienced in the clinical setting. 
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A study investigating the optimal incubation period for growth inhibition studies found that the 

growth inhibitory effects of 20 anti-cancer compounds with known toxicity data could most 

reliably be determined after 48 – 96 h exposure periods (Monks et al., 1991). Moreover, it 

has previously been suggested that compounds affecting the cell cycle, such as the 

oestrone analogues used in this study, should be determined after 72 – 96 hours (Fallahi-

Sichani et al., 2013). A 72 hexposure period was identified as the most suitable time point for 

evaluating agents that inhibit cell cycle progressionat a late phase. The 72 h incubation time 

was selected in this study as the exposure period for which synergistic effects of 

combinations of oestrone analogues and glycolysis inhibitors would be evaluated. 

Cytotoxicity results obtained after 24 h exposure periods were also collected for comparison 

to published results and to provide additional data for mechanistic assays performed after 24 

h. 

When the six selected glycolysis inhibitors were individually combined with the oestrone 

analogues, the synergistic combinations for further study were influenced based on the 

potential cytotoxicity of the compounds on the non-tumourigenic MCF-12A cell line. The 

concentration range of the different glycolysis inhibitors which would ensure anti-glycolytic 

activity was also considered. The aim of finding synergistic combinations is to decrease the 

risk of developing drug resistance while ensuring the maximum therapeutic response at 

minimum doses of each compound (Frei et al., 1961a). Therefore combinations using 

minimal concentrations of the oestrone analogues identified as synergistic were selected for 

the study.  

It must be considered that 2DG is a structural analogue of glucoseand is transported into the 

cell via the GLUT transporters acting as a competitive substrate at the different GLUT 

transporters. Serum glucose concentrations of a healthy adult are approximately 5.5 mmol/l. 

Therefore the use of 2DG in millimolar concentrations is theoretically feasible. Indeed, 

numerous clinical trials have reported using doses of 2DG as high as 300 mg/kg (Singh et 

al., 2005; Dwarakanath et al., 2009). 

Data showed that the MCF-7 oestrogen receptor positive cell line was more susceptible to 

2DG after 24 h than the SK-Br3 cell line. Previous studies using the crystal violet assay have 

reported that treatment with 2DG (8 mM for 72 h) reduced the cell number of MCF-7 cells by 

approximately 45% (Zhu et al., 2005b), which correlates well with the results obtained in the 

present study. GI50 concentration for 2DG calculated in the MDA-MB-231 cell line remained 

approximately 6 mM atboth exposure times which may indicate a cytostatic response. 

Literature reports that the MDA-MB-231 cell line is less susceptible to treatment with 2DG 

after 6 h treatment than the oestrogen-receptor positive MCF-7 cell line when using a 
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clonogenic survival assay (Cheng et al., 2012), and this was also observed in the present 

study after the 24 h treatment period.  

The GI50 concentration of 2DG obtained for the MCF-12A cell line (4.8 mM after 72 h 

exposure) as well as published literature on safety data was used to select the most 

promising 2DG combinations. Doses of up to 300 mg/kg BW of 2DG were reportedly well-

tolerated in patients diagnosed with glioblastoma multiforme (Singh et al., 2005). A more 

recent clinical trial used 63 mg/kg/day of 2DG daily for 21 days and reported that the dose 

was well tolerated (Raez et al., 2013) indicating low toxicity. 

The oestrogen-receptor positive MCF-7 cell line showed a combination index value below 1 

for the majority of combinations tested after 72 h with both the oestrone analogues. The 

lowest CI value calculated (0.24) was obtained for 134 nM ESE-16 combined with 10.76 mM 

2DG. The CI values calculated for combinations of 2DG and oestrone analogues on the 

MDA-MB-231 cell line ranged from strongly antagonistic (>10) to strongly synergistic (<1.0) 

depending on the concentration of 2DG used in the combination: the most synergistic 

combinations were identified for 2DG concentrations of 6.73 mM, the maximum 

concentration tested.  

No synergistic combinations were identified on the SK-Br3 cell line as indicated by the 

combination index values. 

In accordance with the GI50 concentrations obtained for ESE-15-ol and ESE-16 on the non-

tumourigenic MCF-12A cell line, the combinations where the oestrone analogues were used 

at concentrations below 70 nM for ESE-15-ol and 67 nM for ESE-16 were considered the 

most promising. Combinations where 2DG concentration exceeded 4.79 mM, the calculated 

GI50 of 2DG on MCF-12A cells, were excluded from further investigation. The combinations 

that were considered most promising for further assessment are indicated in Table 2.6. 

The potent hexokinase inhibitor 3-bromopyruvate has been shown to reduce intracellular 

ATP concentrations from 100 μM in the HL-60 human leukaemia cell line and Raji human 

lymphoma cell line (Xu et al., 2005). In the present study the GI50concentrations for 3-BrPA 

calculated for the MDA-MB-231 and SK-Br3 cancer cell lines exceed 100 μM, but on the 

non-tumourigenic MCF-12A cell line a GI50 of approximately 82 μM was found following 72 h 

treatment. This suggest that the tested breast cancer cell lines are less susceptible to 3-

BrPA than the non-tumourigenic cell line.  

It has been reported that 300 μM of 3-BrPA reduced the viability of MCF-7 cells by more 

than 50% after 72 h exposure using an Alamar Blue assay (Rieber and Strasberg-Rieber, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



51 
 

2014). This does not correspond to the present study where a 50% cell growth was inhibited 

by approximately 72 μM 3-BrPA, but is must be noted that in the present study the effect of 

the glycolysis inhibitor was measured as a function of cell growth inhibition and not cell 

death. It is fairly common for concentrations of a compound which induces cell death as 

opposed to cell growth inhibition, not to correspond (Fallahi-Sichani et al., 2013). 

Cytotoxicity studies on the MDA-MB-231 cell line using the MTT assay showed 

approximately 40% reduction in cell viability after 24 h incubation with 160 μM of 3-BrPA (Liu 

et al., 2014) which correlates well with the GI50 concentration calculated for 3-BrPA in the 

present study after 24 h of 210 μM. However, the results obtained for the 72 h treatment 

period do not correspond: the reported 50% inhibitory concentration of between 80 and 160 

μM of 3-BrPA was not observed in the present study (Liu et al., 2014). However, it has been 

reported that 3-BrPA interferes with tetrazolium-based assays like the MTT and MTS assays 

(Ganapathy-Kanniappan et al., 2010) but not with the SRB assay (van Tonder et al., 2015) 

which suggests that the results from the study conducted by Liu and colleagues would not 

correspond with results obtained in the present study. 

An in vivo study using severely combined immune-deficient (SCID) mice reported significant 

weight loss in mice treated with 10 mg/kg 3-BrPA via daily intra-peritoneal injection  

(Schaefer et al., 2012). No published clinical data is available at present. 

 

Where the oestrone analogues were combined with 3-BrPA on the MCF-7 cell line 

synergism, as indicated by the calculated CI, was achieved only at the highest concentration 

of 3-BrPA tested. The lowest CI value (0.70) on the MCF-7 cell line was calculated for the 

combination of 35.65 nM ESE-16 and 480 μM 3-BrPA. Combination experiments with the 

oestrone analogues using 3-BrPA on the MDA-MB-231 cell line after 72 h yielded synergistic 

combinations at the highest concentration of 3-BrPA used. A CI value of 0.71 was obtained 

where 15.36 nM of ESE-15-ol was combined with 480 μM of 3-BrPA. A CI value of 0.70 was 

calculated for the combination of 35.65 nM of ESE-16 and 480 μM 3-BrPA.  

No synergistic combinations were identified where 3-BrPA was combined with either of the 

oestrone analogues in the SK-Br3 cell line.  

Poor tumour specificity for 3-BrPA was observed in the present study as the GI50 

concentration calculated was at least 1.5 times lower for the non-tumourigenic MCF-12A cell 

line than for any of the breast cancer lines tested after both time points. The GI50 

concentration of approximately 82 μM calculated for the non-tumourigenic MCF-12A cell line 

after 72 h treatment period suggest that the concentration of 3-BrPA required to achieve 

synergy (480 μM) may result in toxicity to non-tumourigenic cells. As relatively high 
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concentrations of 3-BrPA were required to achieve synergy and available in vivo data 

suggest toxicity occur at only 10 mg/kg the combinations with 3-BrPA was deemed 

unsuitable for further development. 

The hexokinase inhibitor lonidamine (LON) has been studied extensively in vitro and in vivo. 

Previous studies have reported the half-maximal inhibitory concentration (IC50) of LON as 

170 μM on MCF-7 cells after 24 h treatment using a colony formation assay (Rosbe et al., 

1989). A GI50 concentration of 110 μMwas obtained for LON on MCF-7 cells after 24 h 

treatment in the present study. In a MDA-MB-231 tumour xenograft model, daily 

administration of LON for 28 days did not affect body weight significantly but significantly 

elevated liver alanine aminotransferase (ALT) levels were noted (Milane et al., 2011). A pilot 

study in metastatic breast cancer patients where LON was combined with cisplatin and 

epirubicin at dosages of 450 mg of LON per day for 5 – 6 21 day cycles reported WHO 

grade 1 liver toxicity in 3.5% of patients (Dogliotti et al., 1998). However, two trials assessing 

the disease improvement in benign prostatic hyperplasia using doses of up to 150 mg/day 

for 1 – 3 months were discontinued due to lack of symptomatic improvement and incidences 

of elevated liver enzyme levels (NCT00435448 and NCT00237536). 

The GI50 calculated for LON on the non-tumourigenic MCF-12A cell line after 72 h treatment 

(140 μM) was used as upper limit when selecting combinations suitable for further 

investigation. Combination therapy identification experiments on the MCF-7 and SK-Br3 

breast cancer cell lines revealed no synergistic combinations between ESE-15-ol or ESE-16 

and LONafter 72 h. Synergistic combinations were identified for only the MDA-MB-231 cell 

line for both oestrone analogues with the lowest CI value (0.45) calculated where 285 nM of 

ESE-16 was combined with 188 μM LON. However, considering only combinations where 

LON was used at concentrations below 140 μM the combinations deemed the most 

promising are indicated in Table 2.6 

FAShas been shown to effectively inhibit the glucose transporters GLUT1 and GLUT4 at 

concentrations exceeding 15 μM in a human prostatic cell line after only one hour treatment 

(Wood et al., 2008). Data from the present study demonstrated that approximately 20 μM of 

FAS was required to reduce growth of non-tumourigenic MCF-12A cells by 50% after 72 h 

treatment period. However, after only 24 h treatment approximately 200 μM of FAS was 

required to achieve the same degree of cell growth inhibition. Similar time-dependent 

decreases in the GI50 concentrations calculated for the three breast cancer cell lines were 

also observed in the present study. Published in vitro data on the effect of FAS on breast 

cancer cells are lacking. Overnight incubation with 80 μM of FAS in DU145 prostate cancer 

cells, PPC-1 prostate cancer cells and U937 leukaemia cells did not reduce cell viability 
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below 80% as assessed with a MTS assay (Wood et al., 2008). No published in vivo or 

clinical data is available at present. 

As indicated by the combination index values, no synergistic combinations were identified 

where FAS was combined with ESE-15-ol on MCF-7, MDA-MB-231 or SK-Br3 cells for 72 h. 

The lowest CI value calculated for combinations with FAS and ESE-16 was 0.97 on the 

MCF-7 oestrogen receptor positive cell line. Even though the concentration of FAS used was 

below the GI50 concentration on the non-tumourigenic MCF-12A cell line, this combination 

was not deemed suitable for further assessment.   

IND, a protease inhibiting antiretroviral, influences glucose homeostasis through the 

inhibition of predominantly GLUT4 (from concentrations between 10 – 20 μM), however 

GLUT1 attenuation has been reported at higher concentrations (at concentrations exceeding 

50 μM) (Murata et al., 2002; Hresko and Hruz, 2011). Exposure to IND for 24 h did not result 

in a reduction of cell growth at the highest concentration of IND tested for either non-

tumourigenic MCF-12A or MDA-MB-231 breast adenocarcinoma cells. However, the 

calculated GI50 concentration for IND after 72 h exposure for the non-tumourigenic MCF-12A 

cell line remained above 500 μM. In vitro studies with IND have shown limited cytotoxicity 

(IC50> 1000 μM) towards MCF-7 cells after 72 h exposure using the MTT assay (You et al., 

2010). IND was also found to have little cytotoxic effect on LNCaP prostate cancer cells after 

72 h incubation using the MTT assay (Yang et al., 2005). The cytotoxicity does not correlate 

with the GI50 concentrations obtained for IND, in the present study which was calculated at 

below 250 μM for allthree breast cancer cell lines tested after 72 h IND exposure, which 

would imply cytostatic activity rather than a cytotoxic effect. 

As this compound has been used in the clinical setting for the treatment of HIV/AIDS, its 

safety profile is well established: doses of up to 400 mg twice daily were reportedly well-

tolerated in HIV patients (Cressey et al., 2011). 

Data obtained from the combination experiments with IND on the MCF-7 cells after 72 h was 

conflicting between the oestrone analogues: at the highest combination of ESE-15-ol the 

combination index values indicated antagonistic interactions, whereas antagonistic 

combinations were identified only at the lowest concentrations of ESE-16. According to the 

CI, the most synergistic combination with ESE-15-ol and IND on the MCF-7 cell line as 

indicated by the CI (0.5) was at 115 μM of IND combined with 70 nM of ESE-15-ol. For the 

combination of 134 nM of ESE-16 and 57.5 μM IND a CI value of 0.24, the lowest for any 

combination with ESE-16 on the MCF-7 cell line, was calculated. Few synergistic 

combinations, as indicated by the CI value, were identified on the MDA-MB-231 cell line and 
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none on the SK-Br3 cell line. Based on the GI50 concentrations of IND and the oestrone 

analogues determined on the non-tumourigenic MCF-12A cell line and the concentrations 

reportedly required to achieve an anti-glycolytic effect, the combinations deemed most 

suitable for further development are indicated in Table 2.6. 

The plant-derived flavonoid quercetin QUER has been shown to inhibit the glucose 

transporters GLUT1 (from approximately 100 μM) (Vera et al., 2001) and GLUT2 (from 

approximately 10 μM) (Kwon et al., 2007). QUER is found in many fruits and vegetables and 

the daily dietary intake of quercetin has been estimated to be approximately 100 mg/day 

(Kwon et al., 2007). This would suggest that QUER is well-tolerated at doses exceeding the 

GI50 concentration obtained on the non-tumourigenic MCF-12A cell line (60.62 ± 1.15 μM 

after 72 h exposure). This is confirmed by a Phase I study which concluded that 1400 mg/m2 

of QUER administered weekly on a 3-week cycle via intravenous injection preceded by 

i.v.prehydration is the optimum dose of QUER for the treatment of cancer patients (Ferry et 

al., 1996). 

Reported in vitro data corresponds well with results obtained in the present study. Chien and 

colleagues reported the 50% inhibitory concentration of QUER on MDA-MB-231 cells after 

24 h exposure as 278 μM as determined with the MTT assay (Chien et al., 2009) which 

correlates with the GI50 concentration of approximately 270 μM calculated for the present 

study. The 50% inhibitory concentration of QUER on MCF-7 breast cancer cells after 24 h 

exposure has been reported as 88 μM as measured by the [3H]thymidine incorporation 

assay (Wang and Kurzer, 1997). In the present study a GI50 concentration of 108 μM was 

obtained for QUER on the MCF-7 cells after 24 h exposure. 

Combination experiments on the MCF-7 cell line revealed that the use of the highest 

concentration of QUER (83.80 μM) resulted in strong synergism with the oestrone analogues 

after 72 h. A CI value of 0.24 was obtained where 17.50 nM ESE-15-ol was combined with 

83.8 μM QUER. Similarly the lowest CI value for combinations between ESE-16 and QUER 

was calculated where 83.80 μM of QUER was used in combination with 16.75 nM ESE-16. 

As the concentrations of the oestrone analogues used in these combinations are below the 

GI50 concentrations obtained for the compounds on the non-tumourigenic MCF-12A cell line, 

these combinations are considered promising. 

When QUER (0.16, 0.32 or 0.64 μM) was combined with ESE-15-ol (123.00 nM) on the 

MDA-MB-231 cell line synergy was obtained after 72 h. The lowest CI value (0.56) was 

calculated for the combination of 123.00 nM ESE-15-ol and 0.32 μM QUER. As all the 

concentrations of QUER tested are well below the GI50 concentration calculated on the MCF-

12A cell line, all of these combinations were considered promising. According to the CI 
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values, only one of the combinations of ESE-16 (285.20 nM) and QUER (0.64 μM) on the 

MD-MB-231 cell line were synergistic. However, the CI value for this combination, 0.96, does 

not indicate strong synergy and therefore this combination was not considered promising. 

As observed for all the other glycolysis inhibitors, no synergy was observed between the 

oestrone analogues and QUER on the SK-Br3 cell line. 

The overall lack of synergy observed in the present study with the SK-Br3 cell line may 

suggest that the treatment process should be adapted. 2DG in combination with various 

chemotherapeutic agents commonly used in the treatment of breast cancer have been 

investigated on the SK-Br3 cell line, with the difference that cells were treated with the 

chemotherapeutics for 20 h before a 4 h exposure to 500 μM 2DG, with promising results 

(Zhang and Aft, 2009). However, the study by Zhang and colleagues did not identify synergy 

between the compounds tested and concluded that 2DG sensitises the cells to treatment 

with chemotherapeutics (Zhang and Aft, 2009). 

A distinguishing feature of the Sk-Br3 cells is over-expression of the Her2 receptor (Trempe 

and Fogh, 1973). It has been suggested that the over-expression of the c-erbB-2/neu gene 

product, the Her2 receptor, correlates with reduced sensitivity to anti-neoplastic agents (Yu 

et al., 1993). The most successful treatment strategy for Her2 positive breast cancer has 

been combinations of chemotherapeutic agents with Trastuzumab, a humanised monoclonal 

antibody targeting the Her2 receptor. Further studies have shown synergy between various 

chemotherapeutics and Trastuzumab (Pegram et al., 2004), suggesting that anti-cancer 

combinations designed for the treatment of Her2 expressing cancers may require selective 

targeting of the Her2 receptor to attain maximum efficacy.   

The most promising combinations identified after 72 h on all cell lines tested are indicated in 

Table 2.6. In order to select combinations for further investigation the CI values and the 

available safety data of the combinations in Table 2.6 were considered. Furthermore, in 

order for the study to be clinically relevant, physiologically achievable concentrations of the 

compounds must be used. A myriad of clinical data is available on the safety, tolerability and 

physiologically achievable concentrations of 2DG, IND and QUER.  

A maximal plasma concentration of 116 μg/ml (translating to 700 μM) of 2DG has been 

reported in patients with advanced solid tumours receiving 63 mg/kg of 2DG for 21 days 

(Raez et al., 2013). As the doses of 2DG required for synergy are higher than 700 μM (Table 

2.6), these combinations were not selected for further assessment.  
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It has been reported that the therapeutic serum concentration of IND falls between 0.1 – 10 

mg/L, which translates to 160 μM – 16 mM (La Porte et al., 2006). The combinations with 

IND listed in Table 2.6 are thus physiologically achievable and based on the extensive 

clinical safety data of IND available, these combinations were selected for further 

assessment. Few published reports where IND has been used in combination with anti-

cancer agents are available.  

 

Table 2.6: Most promising synergistic combinations identified during the study. 

Cell line 

Oestrone analogue Glycolysis inhibitors 
Combination 

Index 
Compound Concentration 

(nM) 

Compound Concentration 

(μM) 

MCF-7 ESE-15-ol 17.50 2DG 2.69 mM 0.54 

 ESE-16 16.75 2DG 2.69 mM 0.91 

 ESE-16 134.00 FAS 6.28 0.95 

 ESE-15-ol 70.00 IND 115.00 0.50 

 ESE-16 67.00 IND 115.00 0.29 

 ESE-15-ol 17.50 QUER 83.80 0.24 

 ESE-16 16.75 QUER 83.80 0.09 

MDA-MB-231 ESE-15-ol 123.00 2DG 3.36 mM 0.87 

 ESE-15-ol 123.00 LON 94.15 0.73 

 ESE-16 285.00 LON 94.15 0.85 

 ESE-15-ol 123.00 IND 55.45 0.69 

 ESE-15-ol 123.00 QUER 0.16 0.60 

 ESE-15-ol 123.00 QUER 0.32 0.56 

 ESE-15-ol 123.00 QUER 0.64 0.72 

 

QUER is often present in fruit and vegetables in a glycosylated form which must be 

hydrolyzed in the gastrointestinal tract in order for absorption to occur. The oral 

bioavailability of intact flavonoids, such as QUER, consumed as part of the diet does not 

often reach concentrations above 1 μM but it has been suggested that repeated dosing may 

lead to increased serum concentrations (D Archivio et al., 2007). After 10 days of daily oral 

QUER administration at a concentration of 1.0 g/kg, plasma concentrations of approximately 

9.73 nmol/ml (9.73 μM) was reported in male Wistar rats (Nakamura et al., 2000). Plasma 

concentrations of QUER ranging from 200 – 400 μM have been reported in a Phase I study 

after injection (Ferry et al., 1996). These studies suggest that the concentrations of QUER 

found to act synergistically with the oestrone analogues are physiologically achievable.  
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Various in vitro studies on the synergistic use of QUER with anti-cancer agents have been 

performed. In the study done by Akbas and colleagues the combination of 0.62 μM of QUER 

and topotecan, a derivative of camptothecin, enhanced the cytotoxicity of topotecan on 

MCF-7 and MDA-MB-231 breast cancer cells after only 24 h treatment. It was postulated 

that the cytotoxicity observed was due elevated ROS generation (Akbas et al., 2005). The 

GI50 concentration determined for QUER on the MDA-MB-231 cells in the present study falls 

within the sub-micromolar range and therefore the combination with the highest 

concentration of QUER was thus selected for further investigation. Even though the 

concentration of QUER required to achieve synergy with the oestrone analogues in the 

MCF-7 cell line is much higher (83.8 μM) this combination was deemed suitable for further 

study based on the clinical safety data available.  

The combinations selected for further assessment are indicated in Table 2.7.  

 

Table 2.7: Synergistic combinations selected for further study on the MCF-7 and MDA-MB-231 

cell lines. 

Cell line 

Oestrone analogue Glycolysis inhibitors 
Combination 

Index 
Compound Concentration 

(nM) 

Compound Concentration 

(μM) 

MCF-7 ESE-15-ol 70.00 IND 115.00 0.50 

 ESE-15-ol 17.00 QUER 84.00 0.24 

 ESE-16 67.00 IND 115.00 0.09 

 ESE-16 17.00 QUER 84.00 0.29 

MDA-MB-231 ESE-15-ol 123.00 IND 55.00 0.69 

 ESE-15-ol 123.00 QUER 0.64 0.72 

 

The potential synergy between oestrone analogues and glycolysis inhibitors was 

investigated in this study using a common cell enumeration method, the SRB assay, and 

CalcuSYN software based on the Median Effect equation of Chou and Talalay (Chou and 

Talalay, 1984). Three in vitro breast cancer models representing the phenotypic subtypes of 

clinical breast cancer were used. Using this method, promising combinations between 

oestrone analogues and the glycolysis inhibitors IND and QUER were identified on the 

oestrogen receptor-positive MCF-7 and triple negative MDA-MB-231 breast adenocarcinoma 

cell lines. No synergistic combinations were identified on the Her2-positive SK-Br3 cell line 

suggesting that a more targeted approach may be required for therapeutic efficacy in this 

subtype of breast cancer. 
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Combination therapy allows for the exploitation of more than one ‘hallmark of cancer’ with a 

single treatment. In the present study two of these hallmarks were targeted namely unlimited 

proliferative potential, with the use of oestrone analogues, and altered energy production, 

with the use of glycolysis inhibitors (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 

2011). It has been proposed that the anti-mitotic oestrone analogues, ESE-15-ol and ESE-

16, exert anti-cancer activity through the production of ROS resulting in mitochondrial 

toxicity, activation of the caspase cascade and finally the induction of cell death via 

apoptosis (Stander et al., 2011; Stander et al., 2012, 2013). Several reports suggest that the 

oestrone analogues induce autophagy as possible secondary mode of cell death (Nkandeu 

et al., 2013; Theron et al., 2013; Wolmarans et al., 2014).  

The production of ATP using aerobic glycolysis by malignant cells results in extracellular 

acidosis which favours mutagenesis (Yuan et al., 2000; Schornack and Gillies, 2003). 

Treatment of malignant cells with inhibitors of aerobic glycolysis, such as IND and QUER, 

will deplete intracellular ATP stores resulting in starvation. Abrogation of ATP synthesis may 

result in mitochondrial toxicity and the induction of cell death (Vander Heiden et al., 1999). 

The catabolic process of autophagy may be induced under conditions of nutrient deprivation 

as pro-survival mechanism (Klionsky, 2005). However, if conditions do not become more 

favourable autophagic cell death may be observed (Schweichel and Merker, 1973; Jin et al., 

2007).   

It has been proposed that the combination of compounds yield a third, distinct entity (Chou, 

2010). In order to evaluate the effects of the synergistic combinations of oestrone analogues 

and glycolysis inhibitors on various intracellular parameters indicative of toxicity, a range of 

in vitro assays were conducted. 
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Chapter 3: Evaluation of toxicity sequence 

3.1 Introduction 

Cell homeostasis is a tightly regulated process with numerous checkpoints aimed at 

ensuring cell survival. It has been suggested that along with differentiation and proliferation, 

apoptosis is crucial for maintaining homeostasis (Degterev et al., 2003). Compromised 

regulation of these processes is associated with numerous disease states such as cancer 

and autoimmune diseases (Desagher and Martinou, 2000). Cellular responses to stimuli 

have been categorised as transient, reversible events where cellular homeostasis can be 

restored through adaptation, or by pre-lethal events which may induce cell death by 

irreversible, noxious events (Figure 3.1)(van Tonder et al., 2013). This suggests that cellular 

responses resulting in ultimate cell death are detectable prior to the endpoint of toxicity. 

 

 

Figure 3.1: Proposed sequence of events resulting in loss of cell viability. Transient, reversible 

events from which the cell may recover through adaptive responses include the expression of 

anti-oxidant enzymes and modified gene activation. Pre-lethal events evoke responses from 

which the cell may recover and include retarded ATP production and impeded cell proliferation. 

Events which indicate that irreversible cell death has been initiated include the externalisation 

of phosphatidylserine and loss of vital function (van Tonder et al., 2013). 

(http://cdn.intechopen.com/pdfs/41961/InTechPre_clinical_assessment_of_the_potential_intri

nsic_hepatotoxicity_of_candidate_drugs.pdf) 

Image titled ‘The real face of cell death’ used with permission from D Coletti. 
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Anti-oxidant enzymes and molecules, including reduced glutathione (GSH), are essential to 

control transient events since these factors are required to maintain intracellular redox 

homeostasis which in turn regulates cellular functions including energy production and 

apoptosis. Intracellular reduced glutathione also protects against free radicals and 

xenobiotics, including chemotherapeutics, which may cause damage to the cell (Yeh et al., 

2006). It has been found that manipulation of intracellular GSH concentrations can steer 

cells to undergo necrosis or apoptosis in response to cytotoxic agents which would 

otherwise induce apoptosis (Fernandes and Cotter, 1994). 

As an adaptive response to maintain homeostasis an inherent catabolic process, termed 

autophagy, may be activated to eliminate redundant intracellular components and foreign 

microorganisms (Yang and Klionsky, 2010). Under conditions of nutrient-deprivation, 

autophagy may serve a pro-survival role (Klionsky, 2005). During this process cellular 

components are degraded to provide amino acids for protein synthesis or production of ATP 

(Mizushima, 2005). Under persistent nutrient deprivation autophagy may initiate cell death, 

also referred to as type II cell death (Schweichel and Merker, 1973; Jin et al., 2007). Unlike 

apoptosis, autophagy is thus a reversible but still regulated process (Jin et al., 2007; 

Eisenberg-Lerner et al., 2009). Molecular crosstalk between apoptosis and autophagy exist 

and as such it has been shown that autophagy may induce, enhance or even inhibit 

apoptosis. It is therefore not surprising that several gene products, including tumour 

suppressor protein 53 (p53), autophagy protein 5 (Atg5) and B-cell lymphoma 2 protein (Bcl-

2), are involved in both pathways and that agents affecting one pathway is likely to have 

some effect on the other (Eisenberg-Lerner et al., 2009). 

If cellular adaptive mechanisms cannot restore homeostasis, cell death is initiated. Three 

main modes of programmed cell death have been identified: apoptosis (type I) and 

autophagic cell death (type II) and necrosis (type III)(Schweichel and Merker, 1973). Distinct 

molecular and morphological markers characterise each of these processes. During the 

process of apoptosis the translocation of phosphatidylserine from the inner membrane to the 

cell surface by flippases signals localised macrophages to eliminate the apoptotic cell 

through phagocytosis (Fadok et al., 1992; Willingham, 1999). This elimination system 

reduces the risk of inflammation and tissue damage by the release of cellular components 

such as lysosomes (Lemasters et al., 1998; Degenhardt et al., 2006). Several characteristic 

morphological alterations occur during the apoptotic process: cells round up and contract, 

the endoplasmic reticulum swells to such an extent that vesicles and vacuoles are formed by 

the cisternae, and chromatin aggregation occurs (Wyllie et al., 1980; Ly et al., 2003). The 

nucleus disintegrates and cell membrane blebbing occurs to form apoptotic bodies 

(Willingham, 1999). 
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An infinite variety of stimuli may cause induction of apoptosis, however, many of the 

intracellular mechanisms identified involves mitochondrial signalling preceded by or 

accompanied by activation of cysteine-aspartic acidproteases (caspases)(Ly et al., 2003). 

Based on the signalling cascades involved, induction pathways of apoptosis are classically 

characterised as intrinsic or extrinsic (Tsujimoto and Shimizu, 2007). The intrinsic pathway 

involves the mitochondria: upon opening of the mitochondrial membrane permeability pore, 

cytochrome c is released, the apoptosome is formed and executioner caspases are 

activated. The extrinsic pathway is initiated following binding of a ligand to a death receptor, 

such as the FAS receptor, which leads to downstream recruitment and activation of caspase 

8 and subsequent activation of executioner caspases (Chipuk and Green, 2005). Initiator or 

signalling caspases, such as caspases 2, -8 , -9 and -10, are activated when apoptosis is 

induced and are crucial for the activation of downstream executioner caspases such as 

caspases 3, -6 and -7 (Slee et al., 1999). 

Mitochondria are essential not only for cellular respiration, β-oxidation of fatty acids and Ca2+ 

homeostasis, but also for the activation of the caspase cascade (Szabadkai and Duchen, 

2010). The release of apoptogenic factors, such as cytochrome c, from the intermembrane 

space of the mitochondria is the consequence of mitochondrial membrane permeability 

transition (MPT)(Tsujimoto and Shimizu, 2007). MPT is induced by the opening of the 

mitochondrial membrane permeability transition pore (MPTP) resulting in mitochondrial 

membrane depolarisation (Ly et al., 2003), thought to be regulated by the Bcl-2 family of 

proteins (Desagher and Martinou, 2000). Upon the release of cytochrome c from the 

mitochondria, a complex with apoptotic protease activating factor 1 (Apaf-1) is formed 

leading to the ATP-dependent activation of caspase 9 (Xiao-Ming, 2000). Activation of the 

executioner caspase 3 and induction of apoptosis follows (Ly et al., 2003). 

In contrast to the controlled process of apoptosis, necrosis has a fast onset and is 

characterised by the unregulated release of cytosolic contents into the surrounding 

extracellular environment due to loss of cell membrane integrity leading to leakage of cell 

content into the extracellular space where an inflammatory response is initiated. 

Inflammatory cells facilitate the removal of cell debris resulting in localised inflammation that 

may result in damage to the surrounding tissue (Willingham, 1999). Necrosis may be 

distinguished from apoptosis morphologically by an increase in cell volume, enlargement of 

organelles and random degradation of intracellular components (Galluzzi et al., 2009). Not 

only is necrosis triggered by insufficient energy production (Jin et al., 2007), but during the 

process ATP is expended (Osellame et al., 2012). 
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Assessing molecular parameters of adaptive responses using endpoint assays, i.e. at cell 

death, may not identify subtle cellular changes that may elucidate the mechanism of action 

involved (O’Brien et al., 2006). Therefore this study attempted to evaluate the sequential 

intracellular processes involved following treatment with the newly identified synergistic 

combinations using different cell lines. 

 

3.2 Materials 

1) 2.5% Glutaraldehyde/formaldehyde fixative 

Fixative was prepared as previously described (Karnovksy, 1965). A 10% (w/v) 

paraformaldehyde solution (Merck, Darmstadt, Germany) was prepared by dissolving 

paraformaldehyde (0.4 g) in 25 ml water. The solution was heated to approximately 70°C 

while stirring. After cooling, the solution was stored at 4°C until required. Just prior to use 1 

ml of 8% glutaraldehyde solution (SPI Supplies, Westchester, USA) was added and the 

volume of the solution adjusted to 100 ml using PBS. The pH of the solution was adjusted to 

7.2 using sodium hydroxide (1 N, Sigma-Aldrich, St Louis, USA) if required.   

2) 2-Mercaptoethanol 

2-Mercaptoethanol (Sigma-Aldrich, St Louis, USA) was stored at room temperature and 

used undiluted in a fume hood.  

3) Absolute ethanol 

Absolute ethanol was obtained from Merck (Darmstadt, Germany) and used undiluted. 

Where diluted solutions were required for sample preparation, dilutions were made using 

distilled water.  

4) Annexin V-FITC 

Annexin V-FITC (BD Biosciences, Sparks, USA) was stored at 4°C and used undiluted.  

5) Annexin binding buffer 

Binding buffer was prepared by adding HEPES (10 mM), NaCl (150 mM), KCl (5 mM), MgCl2 

(1 mM) and CaCl2 (1.8 mM) in distilled water. All reagents were procured from Sigma-Aldrich 

(St Louis, USA). The pH was adjusted to 7.4 with sodium hydroxide and stored at 4°C.  

6) Anti-β-actin primary antibody  

Anti-β-actin rabbit polyclonal antibody was procured from Santa Cruz Biotechnology Inc 

(Dallas, USA) and stored at 4°C. Prior to use the antibody was diluted in PBS buffer 
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supplemented with 2% bovine serum albuminand 0.2% (v/v) Tween-20 to a final 

concentration of 5 μg/ml.  

7) Anti-microtubule-associated protein 1 light chain 3 II (LC3-II) primary antibody  

Anti LC3-II rabbit antibody was procured from Novus Biologicals (Littleton, USA) and stored 

at 4°C. Prior to use the antibody was diluted in PBS-T buffer supplemented with 2% BSA to 

a final concentration of 1 μg/ml. 

8) Bovine serum albumin (BSA) 

Bovine serum albumin (Santa Cruz Biotechnology Inc, Dallas, USA) was stored at 4°C. Prior 

to use a 2% solution was prepared in phosphate buffered saline supplemented with 0.2% 

Tween-20 by dissolving 0.1 g of BSA in 5 ml PBS-T buffer solution. 

9) Caspase assay buffer 

Assay buffer was prepared by adding HEPES (20 mM) and EDTA (2 mM) in dH2O. The 

buffer was stored at 4°C. Approximately 30 min before use the fluorescent substrates and 5 

mM 2-mercaptoethanol was added to the assay buffer. All reagents were obtained from 

Sigma-Aldrich (St Louis, USA). 

10) Caspase lysis buffer 

Lysis buffer was prepared by combining CHAPS (5 mM), HEPES buffer (10 mM) and EDTA 

(2 mM) in dH2O. The buffer was stored at 4°C. Approximately 30 min prior to use 1 mM 

PMSF, as inhibitor of serine proteases, and 5 mM 2-mercaptoethanol, to maintain the 

integrity of the caspase enzymes, were added to the buffer. All reagents were procured from 

Sigma-Aldrich (St Louis, USA). 

11) Caspase 3/7 substrate 

A 10 mM stock solution of the caspase 3/7-specific substrate, Ac-DEVD-AMC (Sigma-

Aldrich, St Louis, USA), was prepared by dissolving 5 mg in 685 μl DMSO. Aliquots of 10 μl 

were prepared and stored at -70°C. 

12) Caspase 8 substrate 

A 10 mM stock solution of the caspase 8-specific substrate, Ac-IETD-AMC (Sigma-Aldrich, 

St Louis, USA), was prepared by dissolving 5 mg in 740 μl DMSO. Aliquots of 10 μl were 

prepared and stored at -70°C. 

13) Caspase 9 substrate 

A 10 mM stock solution of the caspase 9-specific substrate, Ac-LEHD-AFC (Sigma-Aldrich, 

St Louis, USA), was prepared by dissolving 5 mg in 653 μl DMSO. Aliquots of 10 μl were 

prepared and stored at -70°C. 
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14) Enhanced chemiluminescence reagent (ECL) 

ECL substrate was purchased from Bio-Rad Laboratories Inc (Hercules, USA) and stored at 

room temperature. 

15) EmBED812 resin 

EmBED812 resin was prepared immediately prior to use by combining, in sequential order, 

10.47 g EmBED812, 7.07 g nadic methyl anhydride, 2.73 g dodecenylsuccinic anhydride 

and 0.20 g S1-dimethylethanolamine. The mixture was stirred well before use. All reagents 

were procured from SPI Supplies (Westchester, USA) except S1-dimethylethanolamine 

which was purchased from Agar Scientific (Essex, United Kingdom). 

16) Fas ligand 

A 75 μg/ml stock solution was prepared by dissolving 10 μg Fas ligand (Sigma-Aldrich, St 

Louis, USA) in 133μl sterilised water supplemented with 0.1% BSA. Aliquots of 2 μl were 

prepared and stored at -80°C. 

17) Gels 

Mini-PROTEAN TGX precast 4-20% polyacrylamide gels with 50 μl well volume were 

procured from Bio-Rad Laboratories Inc (Hercules, USA) and stored at 4°C.  

18) Hanks buffered salt solution (HBSS) 

Phenol red-free HBSS (Biochrom, Berlin, Germany) was stored at 4°C and used undiluted.  

19) Horseradish peroxidase (HRP) secondary antibody 

Goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology Inc, Dallas, USA) was stored at 4°C. 

Prior to use the antibody was diluted in PBS-T supplemented with 2% BSA to a final 

concentration of 0.08μg/ml.  

20) JC-1 fluorescent dye 

A 1.5 mM stock solution of JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolcarbo-

cyanine iodide)(Sigma-Aldrich, St Louis, USA) was prepared by dissolving 5 mg of JC-1 

powder in 5.1 ml DMSO. Aliquots of 50 μl were prepared and stored at -80°C. 

21) Laemmli buffer 

A double concentration Laemmli buffer was purchased from Bio-Rad Laboratories, Inc 

(Hercules, USA), stored at room temperature and used undiluted.  
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22) Trans-blot membranes 

Trans-Blot® Turbo™ polyvinylidene fluoride (PVDF) pre-cut membranes with 0.2 μm pore 

size in kits including the wick layers was procured from Bio-Rad Laboratories (Hercules, 

USA) and stored at 4°C. 

23) Milk powder 

A 2% full cream milk powder (Parmalat, Midrand, RSA) solution was prepared immediately 

prior to use by dissolving 0.1 g powder in 5 ml PBS-T.   

24) Monochlorobimane (mCB) 

A 25 mM stock solution of mCB (Sigma-Aldrich, St Louis, USA) was prepared by dissolving 

2.8 mg of powder in 500 μl DMSO. Aliquots of 20 μl were prepared and stored at -80°C. 

25) 3-(N-Morpholino)propanesulfonic acid (MOPS) running buffer 

Running buffer was prepared by dissolving MOPS (50 mM), TRIS base (50 mM), 0.1% 

sodium dodecyl sulphate and ethylenediaminetetraacetic acid (1 mM) in 5 l distilled water. 

The pH of the solution was adjusted to 7.7 with a 1M NaOH solution. The buffer was stored 

at room temperature and used undiluted. All reagents were procured from Sigma-Aldrich (St 

Louis, USA). 

26) n-Ethylmaleimide 

A 50 mM stock solution was prepared by dissolving 1.5 mg n-ethylmaleimide (Sigma-Aldrich, 

St Louis, USA) in 250 μl DMSO. Aliquots of 10 μl were prepared and stored at -80°C. 

27) Osmium tetraoxide 

A 0.5% osmium tetraoxide (Sigma-Aldrich, St Louis, USA) solution was prepared from the 

2% purchased solution by adding 25 ml of the 2% osmium tetraoxide solution to a 100 ml 

volumetric flask and filling the flask with distilled water. The solution was stored at room 

temperature and used in a fume hood.  

28) Phenylmethylsulfonyl fluoride (PMSF) 

A 100 mM stock solution of PMSF (Sigma-Aldrich, St Louis, USA) was prepared by 

dissolving 17 mg PMSF in 1 ml DMSO. Aliquots of 50 μl were made and stored at -70°C.  

29) Phosphate buffered saline (PBS) 

PBS was prepared by dissolving 9.23 g of FTA powder (BD Biosciences, Sparks, USA) in 1 l 

de-ionised water. The solution was stored at room temperature.  
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30) Phosphate buffered saline supplemented with Tween-20 (PBS-T) 

PBS was prepared by dissolving 9.23 g of FTA powder (BD Biosciences, Sparks, USA) in 1 l 

de-ionised water. A volume of 2 ml Tween-20 (Sigma-Aldrich, St Louis, USA) was added to 

1 l of PBS and stored at room temperature.  

31) Ponceau S stain 

Ponceau S stain (0.5% in 1% acetic acid solution) was purchased from Life Technologies 

(Johannesburg, RSA), stored at room temperature and used undiluted. 

32) Propidium iodide (PI) 

A 3 mM stock solution of PI (Sigma-Aldrich, St Louis, USA) was prepared by dissolving 10 

mg PI in 5 ml dH2O. The solution was stored at 4°C. 

33) Protein standard 

Novex®sharp pre-stained protein ladder standard (Life Technologies, Johannesburg, RSA) 

was stored at 4°C and used undiluted. The range of the standard was 3.5 – 260 kDa. 

34) Reynolds’ lead citrate 

Reynolds’ lead citrate was prepared as previously described(Reynolds, 1963). Lead (II) 

nitrate (1.33 g) and sodium citrate (1.76 g) was added to approximately 30 ml of distilled 

water in a 50 ml volumetric flask and the suspension shaken to aid in the conversion of lead 

nitrate to lead citrate. Approximately 8 ml sodium hydroxide (1 N) was added and the flask 

filled to 50 ml with distilled water. The solution was stored at 4°C and used undiluted. 

Reagents were procured from Sigma-Aldrich (St Louis, USA). 

35) Sodium azide 

A 2% stock solution of sodium azide (Sigma-Aldrich, St Louis, USA) was prepared by 

dissolving 2 g of powder in 100 ml distilled water. The solution was stored at room 

temperature and diluted in PBS-T to 0.02% prior to use.  

36) Tamoxifen 

A 30 mM stock solution was prepared by dissolving 5 mg tamoxifen (Sigma-Aldrich, St 

Louis, USA) in 448.6 μl DMSO. Aliquots of 10 μl were made and stored at -70°C. 

37) Trypsin/Versene 

A sterile 0.125% trypsin/versene solution in Ca2+ and Mg2+ free PBS was obtained from 

Highveld Biologicals (Johannesburg, RSA), stored at 4°C and used undiluted. 
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38) Staurosporine aglycone 

A 2 mM stock solution was made by dissolving 5 mg powder (Sigma-Aldrich, St Louis, USA) 

in 803 μl DMSO. Aliquots of 10 μl were prepared and stored at -70°C. 

39) Valinomycin 

A stock solution of 15 mM was prepared by dissolving 5 mg powder (Sigma-Aldrich, St 

Louis, USA) in 300 μl DMSO. Aliquots of 5 μl were prepared and stored at -70°C. 

 

3.3 Pilot study: potential interference of QUER 

 

3.3.1 Introduction 

Fluorescence analysis is a selective and very sensitive technique often used in biological 

assays due to the small samples required and very selective nature of the technique. 

Despite the many uses of fluorescence there are some limitations and considerations that 

must be deliberated. The most important limiting effect with fluorescence-based assays is 

quenching, the process whereby fluorescent intensity can be reduced. Potential interference 

with fluorescence-based assay may occur at: 

1. Quenching of excitation wavelength: when an interfering compound is excited at the 

same wavelength resulting in reduced excitation of the analyte. 

2. Quenching of emitted signal: the emitted signal of the analyte is absorbed by an 

interfering compound resulting in reduced fluorescent signal of the analyte being 

measured.  

3. Enhanced emitted signal: an interfering compound emits a fluorescent signal at the 

same wavelength as the analyte increasing the observed signal. 

The anticancer properties of the plant-derived flavanoid quercetin have been attributed to its 

ability to inhibit aerobic glycolysis (Lang and Racker, 1974; Suolinna et al., 1975; Kwon et 

al., 2007). During the present study synergistic combinations of oestrone analogues and 

QUER were identified using the MCF-7 and MDA-MB-231 breast adenocarcinoma cell lines 

and the sequence of toxicity induced by these combinations were further investigated. 

Selected responses to combination therapy were evaluated using several fluorescent-based 

protocols.  

Reports have indicated that QUER, which shows native fluorescence, may cause 

interference with certain fluorescence-based assays. QUER which has been absorbed into 

the intracellular environment was found to produce a fluorescent signal detectable at 500 – 
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540 nm when excited at 488 nm (Nifli et al., 2007). Another report indicated that intracellular 

QUER produces a similar fluorescent signal when excited between 380 - 440 nm with 

detection of emission at 540 nm (Baran et al., 2011). 

As the reported excitation and emission wavelengths of QUER corresponds to those of 

selected fluorometric assays used during the present study, the influence of QUER 

fluorescence in buffers and intracellular QUER on the data obtained during the present study 

was assessed. 

 

3.3.2 Methods and materials 

In order to assess the extent of interference by QUER fluorescence on experimental data 

generated using fluorometric assays, the fluorescent signal produced by QUER in buffer or 

in the intracellular environment was evaluated at the concentrations to be used in the 

assays.  

3.3.2.1 Fluorescent signal of QUER in buffer 

The fluorescent signal of QUER in a cell-free system was evaluated to determine the 

fluorescent signal produced by QUER at excitation and emission wavelengths used for 

fluorometric assays using the same instrumentation and cell culture plates as used in the 

mechanistic assays during the main study. Briefly, QUER was prepared in phosphate 

buffered saline (PBS) or Hank’s Balanced Salt Solution to 84 μM, the concentration of 

QUER required for synergistic combinations on MCF-7 cells, or 0.64 μM, the concentration 

of QUER required for synergistic combinations on MDA-MB-231 cells. The final volume used 

was 240 μl/well. 

The fluorescent signal produced by QUER was immediately assessed using the excitation 

(λex) and emission wavelengths (λem) required for fluorometric assays used in the present 

study (Table 1). Note that the fluorescent signal produced by signal at both the emission 

wavelengths of the cationic dye JC-1 was evaluated as this assay uses the ratio of the 

emission signals. The fluorescence produced was measured using a FluoStar Optima or 

Synergy 2 fluorescence plate reader. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



69 
 

Table 3.1: Excitation and emission wavelengths used to detect the fluorescent signal produced 

by quercetin. 

Excitation 

wavelength (nm) 

Emission 

wavelength (nm) 
Assay 

355 460 Monochlorobimane 

492 525 JC-1 monomers 

545 595 JC-1 aggregates 

380 505 Caspase 9 

380 450 Caspase 3 and -8 

 

3.3.2.2 Intracellular fluorescence of QUER 

As it has been reported that intracellular accumulation of QUER from the extracellular buffer 

or matrix may produce fluorescence (Nifli et al., 2007), the potential interference of 

intracellular QUER was investigated.  

This effect was tested using the two cell lines used in the main study. Briefly, MCF-7 breast 

adenocarcinoma cells were seeded at a density of 5 x 103cells/well into sterile, 96-well white 

microtitre plate and incubated overnight in a humidified incubator at 37 °C with 5% CO2 to 

allow for cell attachment. After the incubation period cells were exposed to QUER at 84 μM 

or 0.64 μM and incubated for a further 24 or 48 h. To simulate conditions used in the main 

study, cell culture medium supplemented with 2% foetal bovine serum was used for all 

experiments. The final volume was 240 μl/well. 

After the 24 or 48 h incubation period, medium was aspirated and replaced with 100 μl PBS 

or HBSS. The fluorescence produced was measured using a FluoStar Optima or Synergy 2 

fluorescence plate reader. 

3.3.2.3 Fluorescent assays 

The fluorescent assay methods used in the study for each different analyte were slightly 

different with respect to their excitation and emission wavelengths and the time for adding 

the fluorescent probes. These methods with all the concentrations of reagents and timings 

are described in detail in Sections 3.4.1, 3.4.4 and 3.4.5.  

The monochlorobimane assay used for the detection of intracellular reduced glutathione 

(GSH) relies on the formation of fluorescent adducts from the non-fluorescent 

monochlorobimane and intracellular GSH. The assay was performed as reported by 

Fernández-Checa and Kaplowitz (Fernández-Checa and Kaplowitz, 1990). Briefly, after cells 

were seeded and exposed to QUER, the medium was aspirated cells were loaded with 
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monochlorobimane (10 μM in HBSS) for 1 h in a humidified incubator at 37°C with 5% CO2. 

The loading solution was removed and replaced with 100 μl HBSS. Thereafter the formation 

of fluorescent adducts was measured at λex = 355 nm and λem = 460 nm using a FluoStar 

Optima fluorescence plate reader (Bio-Tek Instruments Inc., Vermont, USA). Gain was set at 

1 250. 

The effect of the synergistic drug combinations on mitochondrial membrane potential (∆ψm) 

was assessed using the cationic fluorescent dye JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-

tetraethylbenzimidazolcarbo-cyanine iodide). Formation of JC-1 aggregates due to 

accumulation in the mitochondria indicates hyperpolarisation of ∆ψm, whereas lower 

concentrations of JC-1 results in monomers, suggesting mitochondrial depolarisation. The 

method used is based on a published method (van Tonder et al., 2014). Briefly, after cells 

were seeded and exposed to QUER, the medium was aspirated and cells were loaded with 

JC-1 (10 μM in HBSS) for 2 h in a humidified incubator at 37°C with 5% CO2. Thereafter the 

loading solution was removed and replaced with 100 μl HBSS. The accumulation of the 

monomeric form was measured at λex = 492 nm and λem = of 525 nm, and λex = 545 nm and 

λem = 595 nm for the aggregate form using a FluoStar Optima fluorescence plate reader 

(Bio-Tek Instruments Inc., Vermont, USA). Gain was set at 1 000 for all wavelengths. 

The effect of the synergistic drug combinations on the activity of caspases 3/7, -8 and -9 was 

evaluated using caspase-specific fluorescent substrates which are cleaved in the presence 

of caspases to release the fluorophore 7-amino-4-methylcoumarin (AMC) or 7-amino-4-

trifluoromethylcoumarin (AFC). The activity of caspase 3 was assessed using N-Acetyl-Asp-

Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC), for caspase 8 N-Acetyl-Ile-Glu-

Thr-Asp-7-amino-4-methylcoumarin (Ac-IETD-AMC) was used and N-Acetyl-Leu-Glu-His-

Asp-7-amido-4-trifluoromethylcoumarin (Ac-LEHD-AFC) was used to determine the activity 

of caspase 9. Briefly, after cells were seeded and exposed to QUER, the medium was 

aspirated and caspase lysis buffer was added. After 30 min incubation on ice, caspase 

assay buffer was added and the plate incubated for 4 h at 37°C to allow for the cleavage of 

the fluorescent AMC or AFC molecule. The release of AMC was measured at λex = 380 nm 

and λem = 450 nm, and AFC measured at λex = 380 nm and λem = 505 nm using a Synergy 2 

fluorescence plate reader (Bio-Tek Instruments Inc., Vermont, USA). 

3.3.2.4 Data interpretation 

For the determination of fluorescent signal produced by QUER in a cell-free environment no 

data manipulation was performed. Where the intracellular fluorescence of QUER was 

determined, the fluorescent signal of QUER-naive cells used as the blank assays was 
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deducted from the fluorescent signal of QUER-treated cells. For fluorescent assays data was 

blank-adjusted.  

GraphPad Prism 4.0 for Windows (GraphPad Software, San Diego, California, USA, 

www.graphpad.com). No statistical evaluation was performed. Outliers were detected using 

the Grubbs’ test and excluded. 

 

3.3.3 Results and Discussion 

The potential interference of quercetin with fluorescence-based assays used in the present 

study was quantified as fluorescent signal measured at the relevant excitation wavelengths. 

The emitted fluorescent signal of QUER in the cell-free media as well as where QUER was 

internalised into the cellular environment was investigated. In general the assays performed 

in the main study are similar to the conditions used where the intracellular QUER 

fluorescence were measured, and this showed very low interference with either absorption 

or emission quenching nor did it contribute to increased fluorescence at the emission 

wavelengths in a significant manner. The experimental conditions used in the main study 

most closely match the studies assessing the effect of intracellular QUER. 

The fluorescent signal produced by QUER excited at 355 nm and emission at 460 nm in a 

cell-free or intracellular environment was evaluated and compared to the signal obtained 

using the monochlorobimane assay (Figure 3.2). In a cell-free system the greatest signal 

was produced when 84 μM QUER was prepared in PBS. However, for experimental 

procedures HBSS was used to keep the cells hydrated prior to detection of fluorescent 

signal. The fluorescent signal measured at 84 μM QUER in HBSS was calculated to be 

24.5% of the signal detected in the MCB assay, whereas the emitted fluorescent signal of 

0.64 μM QUER in HBSS was determined to be 21.5% of the signal detected in the assay. 

It must be considered that the signal produced by intracellular QUER is more comparable to 

that obtained during the experiments assessing the effect of QUER on the concentration of 

intracellular glutathione using the monochlorobimane assay (Figure 3.2). When the 

fluorescent intensity of intracellular QUER was evaluated, the higher signal was produced 

when the cells were hydrated with HBSS using the different concentrations of QUER 

assessed. The calculated emitted fluorescent signal of intracellular QUER was negative 

suggesting that quenching of excitation or quenching of emission may have occurred. The 

fluorescent signal of 84 μM intracellular QUER is approximately 1.2% of the signal detected 

during the assay. When the intracellular QUER fluorescent signal of a 0.64 μM solution was 

detected, it amounted to approximately 1.5% of the fluorescent signal measured during the 
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assay. It is therefore unlikely that the fluorescence of intracellular QUER would have 

interfered with the monochlorobimane assay. 

 

 

Figure 3.2: The fluorescent emission signal obtained for QUER at concentrations used in 

combinations with MCF-7 and MDA-MB-231 breast adenocarcinoma cells using λex = 355 nm 

and λem = 460 nm. Emission was evaluated for QUER in a cell-free environment and the 

intracellular fluorescence of cells treated with QUER. The fluorescent signal obtained during 

monochlorobimane experiments is also shown (ASSAY). For MCF-7 cells 84 μM QUER was used, 

while 0.64 μM QUER was used for combinations with MDA-MB-231 cells. Error bars represent 

SEM. Where no error bars are visible the SEM was negligible. 

Min n = 3 

 

When the fluorescent signal produced by QUER in a cell-free environment was investigated 

at λex = 492 nm and λem = 525 nm, as required for the measurement of JC-1 monomers, the 

measured fluorescent signal was comparable between QUER in PBS and QUER in HBSS 

(Figure 3.3). The signal produced by 84 μM QUER was marginally lower than that of 0.64 

μM QUER and exceeded the measured signal detected for JC-1 as used during the 

mitochondrial membrane potential assay. This corresponds to the reported emitted 

fluorescent signal of QUER at 50 μM (Baran et al., 2011).  
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Figure 3.3: The fluorescent emission signal obtained for QUER at concentrations used in 

combinations with MCF-7 and MDA-MB-231 breast adenocarcinoma cells using λex = 492 nm 

and λem = 525 nm. Emission was evaluated for QUER in a cell-free environment and the 

intracellular fluorescence of cells treated with QUER. The fluorescent signal obtained during 

experiments for JC-1 monomers (ASSAY) is also shown. For MCF-7 cells QUER was used at 84 

μM, while 0.64 μM of QUER was used for combinations with MDA-MB-231 cells. Error bars 

represent SEM. Where no error bars are visible the SEM was negligible. 

Min n = 3 

 

However, the experimental conditions used during the JC-1 experiments in the present 

project are more comparable to those used for the intracellular fluorescence studies (Figure 

3.3). During these experiments cells were hydrated with HBSS during measurement of 

fluorescence. When comparing the intracellular QUER fluorescence with the signal emitted 

at 24 h during the experiment, intracellular fluorescence of QUER amounted to 0.01% of the 

signal detected during the experiments for both 84 μM and 0.64 μM. The intracellular 

fluorescent signal emitted by intracellular QUER at 84 μM in HBSS is only 0.02% of the 
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signal detected during the assay, and that of QUER at 0.64 μM in HBSS only 0.48% at 48 h. 

This suggests that the effect of intracellular fluorescence of QUER would be negligible on 

the emitted fluorescence signal of JC-1 monomers.   

This emission and excitation wavelengths required for detection of JC-1 aggregates were 

also investigated (Figure 3.4). In a cell-free system the emitted fluorescent signal from 

QUER at 84 μM, required for synergistic combinations on MCF-7 cells, or 0.64 μM, required 

for synergistic combinations with MDA-MB-231 cells, did not exceed 200 relative fluorescent 

units when excited at 544 nm with detection of emission at 590 nm (Figure 3.4).  

When the intracellular fluorescence of QUER in HBSS was determined at the 

abovementioned excitation and emission wavelengths, the fluorescent signal measured from 

intracellular QUER did not exceed 0.97% for any of the QUER concentrations or incubation 

periods used (Figure 3.4). This implies that the effect of fluorescence emitted by intracellular 

QUER is negligible when assessing the fluorescence of JC-1 aggregates.  

As data obtained using JC-1 is expressed as ratio of JC-1 aggregates: JC-1 monomers and 

data pertaining to the intracellular fluorescence of QUER show no definitive interference, the 

results obtained from the JC-1 assay were deemed to be valid. 

Where the potential interference of QUER was assessed at the wavelengths (λex = 380 nm 

and λem = 505 nm) required for the assessment of caspase 9 activitya greater signal was 

detected (approximately 19.3% of ASSAY signal) for 84 μM QUER prepared in HBSS than 

in PBS (approximately 13.8% of ASSAY signal) (Figure 3.5). The results obtained for 

fluorescence of 0.64 μM QUER in a cell-free system was similar. 

Intracellular fluorescence of 84 μM QUER at 24 h excited at 380 nm with detection using 

emission at 505 nm, as required for was greatest when cells were hydrated with HBSS 

(Figure 3.5). However, this only amounted to approximately 0.86% of the fluorescent signal 

detected during the assay. After 48 h the intracellular fluorescence of QUER in PBS was 

only approximately 0.69% of the signal detected during the assay. At 84 μM the potential 

interference of intracellular QUER is therefore negligible.  

For 0.64 nM, the concentration required for MDA-MB-231 cells, the fluorescence of 

intracellular QUER in HBSS was calculated to be 0.64% of the signal detected during the 

assay after 24 h. After 48 h the effect of intracellular QUER in PBS (approximately 1.29%) 

exceeded that of QUER in HBSS (approximately 0.31%). The decrease in fluorescent signal 

detected may be due to quenching of the excitation wavelength or emitted signal. However, 
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the effect of intracellular fluorescence on the data obtained for the activity of caspase 9 

during this study is negligible.  

 

 

Figure 3.4: The fluorescent emission signal obtained for QUER at concentrations used in 

synergistic combinations with MCF-7 and MDA-MB-231 breast adenocarcinoma cells using λex = 

545 nm and λem = 595 nm. Emission was evaluated for QUER in a cell-free environment and the 

intracellular fluorescence of cells treated with QUER. The fluorescent signal obtained during 

experiments for JC-1 aggregates (ASSAY) is also shown. For MCF-7 cells QUER was used at 84 

μM, while 0.64 μM of QUER was used for combinations with MDA-MB-231 cells. Error bars 

represent SEM. Where no error bars are visible the SEM was negligible. Note the differences in 

the y-axes. 

Min n = 3 
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Figure 3.5: The fluorescent emission signal obtained for QUER at concentrations used in 

synergistic combinations with MCF-7 and MDA-MB-231 breast adenocarcinoma cells using λex = 

380 nm and λem = 505 nm. Emission was evaluated for QUER in a cell-free environment and the 

intracellular fluorescence of cells treated with QUER. The fluorescent signal obtained during 

experiments fluorescent substrate for caspase 9 is also shown (ASSAY). For MCF-7 cells QUER 

was used at 84 μM, while 0.64 μM of QUER was used for combinations with MDA-MB-231 cells. 

Error bars represent SEM. Where no error bars are visible the SEM was negligible. 

Min n = 3 
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Figure 3.6: The fluorescent emission signal obtained for QUER at concentrations used in 

combinations with MCF-7 and MDA-MB-231 breast adenocarcinoma cells using λex = 380 nm 

and λem = 450 nm. Emission was evaluated for QUER in a cell-free environment and the 

intracellular fluorescence of cells treated with QUER. The fluorescent signal obtained during 

experiments fluorescent substrates for caspase 8 and -3 is also shown (ASSAY). For MCF-7 cells 

QUER was used at 84 μM, while 0.64 μM of QUER was used for combinations with MDA-MB-231 

cells.  Error bars represent SEM. Where no error bars are visible the SEM was negligible. 

Min n = 3 

 

The activity of caspases 3 and -8 was determined using an excitation wavelength of 380 nm 

and emission wavelength of 450 nm. The assay was performed in caspase assay buffer 

which consists of HEPES and EDTA. In a cell-free system, 84 μM QUER in PBS produced a 

fluorescent signal of approximately 13% of the ASSAY signal which was greater than the 

signal detected for 84 μM QUER prepared in HBSS (approximately 12%) (Figure 3.6).  For 

0.64 μM of QUER, the greatest emission of fluorescence was observed where QUER was 

prepared in HBSS (approximately 9% of assay signal). While this data may indicate potential 
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for enhancing the emitted signal, it must be considered that cell-free conditions were not 

used in experimental setting as the cells were washed with the caspase assay buffer which 

removed any QUER in the media prior to the different caspase assays.  

The effect of intracellular QUER on the fluorescent signal emitted during the assay was 

evaluated. After 24 h 84 μM QUER showed greatest potential for interference when cells 

were hydrated in HBSS (0.87% of ASSAY signal). However, after 48 h the fluorescent signal 

produced by intracellular QUER where cells were hydrated with PBS had the greatest 

potential for interference (7.6% of ASSAY signal).  

For the concentration of QUER required for combinations on the MDA-MB-231 cells, 0.64 

μM, the potential was greatest for interference where cells were hydrated with HBSS for 24 h 

assays (0.5% of ASSAY signal) and for 48 h assays where cells were hydrated with PBS 

(5.5%). Interestingly where cells were hydrated with HBSS enhanced fluorescent emission 

may occur while fluorescent emission of cells hydrated with PBS potential interference may 

be due to quenching of excitation wavelength or signal emitted. 

However, even with maximal interference of intracellular QUER 7.6%, the effect on data 

obtained with during caspase 3 and -8 assays would be negligible.  

 

3.3.4 Conclusion 

In order to assess the potential interference of QUER with the various fluorometric assays 

used during the main study, the fluorescence of QUER in a cell-free and intracellular 

environment was assessed. The intracellular fluorescence of QUER most accurately 

represented the experimental conditions used in the study as the media was in all cases 

replaced with either HBSS or PBS, thus removing the QUER not taken up or adhering to the 

cells. For none of the excitation and emission wavelengths used did the emitted 

fluorescence of intracellular QUER exceed 7.6% of ASSAY signal suggesting negligible 

interference. Therefore the use of the fluorometric assays without the requirement for 

additional QUER controls is valid. 

 

3.4 Methods 

In an attempt to track the sequence of toxicity responses induced by the oestrone analogue 

and glycolysis inhibitor combinations, assays detecting specific stages in the sequence of 

toxicity were performed at different time points culminating in the assessment of the extent of 

cell death induced after 72 h (Figure 3.7). The synergistic combinations of oestrone 
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analogues with quercetin or indinavir identified in Stage 1 of the study are indicated in Table 

2.7. 

 

 

Figure 3.7: The sequence of assessment of molecular parameters followed in the present study. 

 

As an indicator of early toxicity, the effect of the selected drug combinations on intracellular 

reduced glutathione concentration was assessed 6 h post exposure. Thereafter pre-lethal 

events including autophagy, mitochondrial effects and caspase activation were evaluated at 

24 and 48 h treatment using the same synergistic combinations. Cell death, as indicator of 

irreversible cytotoxicity, was investigated after 72 h exposure. 

 

3.4.1 Reduced intracellular glutathione concentration 

The non-fluorescent probe monochlorobimane (mCB) was used to quantify intracellular GSH 

concentrations by forming fluorescent adducts with intracellular GSH which is 

fluorometrically quantitated (Kamencic et al., 2000b). n-Ethylmaleimide (10 μM for 6 h) was 

used as positive control (van Tonder et al., 2014). 
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The method used is based on the method by Fernández-Checa (Fernández-Checa and 

Kaplowitz, 1990). Cells were seeded at a density of 5 x 103 cells/well into sterile 96-well, 

white microtitre plate and allowed to attach overnight in a humidified incubator at 37°C and 

5% CO2. Cells were exposed to the test compounds alone and in synergistic combinations. 

After 6 h exposure, the medium was removed and cells loaded with mCB (10 μM in HBSS) 

for 1 h. The loading solution was removed and replaced with 100 μl HBSS. Thereafter the 

formation of adducts was monitored. Fluorescence was measured at λex = 355 nm and λem = 

460 nm using a FluoStar Optima fluorescence plate reader (Bio-Tek Instruments Inc., 

Vermont, USA). Gain was set at 1 250. 

3.4.1.1 GSH interpretation of results and statistics 

A minimum of three independent experiments were performed which included internal 

triplicates. All data was blank-adjusted, the area under the curve calculated and expressed 

as percentage of the untreated control. GraphPad Prism version 4.0 for Windows (GraphPad 

Software, San Diego California USA, www.graphpad.com) was used to determine statistical 

significance of the results obtained using a non-parametric Kruskal-Wallis with post-hoc 

Dunn’s Multiple Comparison tests. A P-value < 0.05 was used as indicator of significance. 

3.4.2 Ultrastructure studies: Transmission electron microscopy (TEM) 

A previously described method was used. Tamoxifen was used as inducer of autophagy (10 

μM overnight)(Theron et al., 2013).  

MCF-7 and MDA-MB-231 breast adenocarcinoma cells were seeded at a density of 2 x 106 

cells into sterile 25 cm2 flasks and allowed to attach overnight in a humidified incubator at 

37°C with 5% CO2. Cells were exposed to the test compounds alone or in combinations for 

24h. Thereafter the cell culture medium in each well was transferred to sterile 15 ml 

centrifugation tubes. Cells were detached using trypsin/versene (0.125%) and the cell 

suspension added to the corresponding centrifuge tubes. A cell pellet was obtained after 

centrifugation (200 g for 5 min) which was washed once with complete cell culture medium. 

Thereafter the cell pellet was re-suspended in cell culture medium containing 2% FCS and 

transferred to sterile Eppendorf tubes.  

Cells were washed once with sterile PBS before fixation in a freshly prepared 2.5% 

glutaraldehyde/formaldehyde fixative for 1 h at room temperature. Thereafter the cell pellet 

was washed three times in PBS before a second fixation in 0.5% aqueous osmium 

tetraoxide for 1 h. The cell pellet was again washed three times in PBS before ethanol 

dehydration. Ethanol dehydration was performed by incubating the cell pellet with increasing 

concentrations of ethanol (30%, 50%, 70%, 90% and 100%) at room temperature for 10 min 

each. The 100% ethanol dehydration step was performed three times. Thereafter the cell 
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pellet was infiltrated with increasing concentrations of EmBED812 (30%, 60% and 100% in 

ethanol, each for 1 h) at room temperature. An infiltration step with 100% EmBED812 and 

polymerisation for approximately 48 h at 60°C followed.  

After polymerisation, sections of 80 μm were prepared using a DiATOME knife. The sections 

were mounted on copper grids and contrasted using 4% aqueous uranyl acetate for 2 min at 

room temperature and rinsed in water. Next the sections were contrasted in Reynold’s lead 

citrate for 2 min at room temperature and rinsed in water. The sections were imaged using a 

JEM-210 0F field emission transmission electron microscope (JEOL, Tokyo, Japan) at the 

Laboratory for Microscopy and Microanalysis at 8 000 x and 25 000 x magnification. 

3.4.3 Western blot for detection of LC3-II 

The formation of autophagosomes, a crucial initial step in the macro-autophagic pathway, 

occurs only in the presence of the microtubule-associated protein 1 light chain 3 or LC3 

protein (Cherra et al., 2010). Antibody raised against microtubule-associated proteins 1A/1B 

light chain 3B membrane protein was used to quantify the autophagy-related (LC3) protein in 

western blot experiments.  

Cells were seeded at a density of 2 x 105 cells/well into sterile 6-well microtitre plates and 

allowed to attach overnight in a humidified incubator at 37°C with 5% CO2. Cells were 

exposed to the test compounds alone or in synergistic combinations and re-incubated for 24 

h under the aforementioned conditions. After the incubation period the medium was 

aspirated and centrifuged (200 g for 5 min) in order to retain any floating cells. Wells were 

washed once with PBS before 150 μl Laemmli buffer, prewarmed to 90°C and supplemented 

with 2-mercaptoethanol, was added to each well. Cells were gently removed by scraping and 

transferred to Eppendorf tubes. The floating cells recovered from the medium were added to 

the Eppendorf tubes prior to boiling the cell lysates for 5 min at 100°C. Thereafter the cell 

lysates were centrifuged (14 000 g for 10 min) before snap-freezing at -80°C. Cell lysates 

were stored at -80°C.  

Cell lysates (25 μl) and protein ladder (5 μl) were loaded onto polyacrylamide gels (4 – 20%) 

and separated at 60V for 15 min where after the voltage was increased to 120V for 

approximately 40 min using MOPS running buffer. The separated proteins were blotted unto 

polyvinylidene fluoride membranes using the semi-dry technique at 2.5 A for 7 min. Protein 

transfer was confirmed using Ponceau S staining. Membranes were blocked in 2% milk 

protein powder in PBS-T for 30 min. Thereafter the membranes were washed twice with 

PBS-T and incubated overnight with agitation with rabbit anti-LC3-II primary antibody (1 

μg/ml) diluted in PBS-T supplemented with 2% BSA and 0.02% sodium azide at 4°C.  
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Membranes were washed once with PBS-T and incubated with rabbit anti-β-actin primary 

antibody (5 μg/ml) diluted in PBS-T supplemented with 2% BSA for 40 min at room 

temperature with agitation. Thereafter membranes were washed once with PBS-T and 

incubated with goat anti-rabbit secondary antibody (0.08 μg/ml) conjugated to HRP for 1 h at 

room temperature with agitation. Membranes were washed three times for 10 min each with 

PBS-T at room temperature. Protein bands were visualised with ECL substrate and imaged 

using a ChemiDOC XR+ Imager (Bio-Rad Laboratories Inc, Hercules, USA).   

3.4.3.1 Western blot for detection of LC3-II interpretation of results and statistics 

Band intensities were determined and normalised against housekeeping proteins using 

Image Lab version 5.2.1 (Image Lab Software, Bio-Rad Laboratories, Hercules, USA). 

GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego California USA, 

www.graphpad.com) was used to determine statistical significance of the results obtained 

using a non-parametric Kruskal-Wallis with post-hoc Dunn’s Multiple Comparison tests. A P -

value < 0.05 was used as indicator of significance.  

3.4.4 Mitochondrial membrane potential 

The accumulation of the cationic fluorescent dye JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-

tetraethylbenzimidazolcarbo-cyanine iodide) in the mitochondrial membrane space is 

indirectly proportional to the mitochondrial membrane potential (Perry et al., 2011). An 

increased prevalence of JC-1 aggregates is therefore indicative of a high ∆ψm, or a 

hyperpolarised state, whereas more JC-1 monomers will be present with low ∆ψm, or a 

depolarised state (Gravance et al., 2000). Valinomycin (50 μM for 24 or 48 h)(Inai et al., 

1997) was used as depolarisation control and tamoxifen (100 μM for 4 h)(van Tonder et al., 

2014) was used as hyperpolarisation control. 

The method used, based on a published method (van Tonder et al., 2014), is briefly 

described. Cells were seeded at a density of 5 x 103 cells/well into a sterile 96-well, white 

microtitre plate and allowed to attach overnight in a humidified incubator at 37°C with 5% 

CO2. Cells were exposed to the test compounds alone and in synergistic combinations and 

re-incubated for 24 or 48 h at the aforementioned conditions. After the incubation period the 

medium was aspirated and the cells loaded with JC-1 (10 μM in HBSS) for 2 h in a 

humidified incubator at 37°C with 5% CO2. The loading solution was aspirated and HBSS 

added to keep the cells hydrated. The fluorescence was measured using a FluoStar Optima 

fluorescence plate reader (Bio-Tek Instruments Inc., Vermont, USA) at λex= 492 nm and λem= 

of 525 nm for the monomeric JC-1 form, and λex = 545 nm and λem = 595 nm for the 

aggregated JC-1 form. Gain was set at 1 000 for all wavelengths. 
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3.4.4.1 ∆ψm interpretation of results and statistics 

A minimum of three independent experiments were performed which included internal 

triplicates. The effect of the drug combinations on MMP was calculated using the ratio of the 

JC-1 aggregates: JC-1 monomers. The ratios were then normalised to a percentage of the 

untreated control. GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego 

California USA, www.graphpad.com) was used to determine statistical significance of the 

results obtained usinga non-parametric Kruskal-Wallis with post-hoc Dunn’s Multiple 

Comparison tests. A P -value < 0.05 was used as indicator of significance.  

3.4.5 Caspase activity 

For caspase 3 activity N-Acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-

AMC) was used as fluorescent substrate and staurosporine aglycone (10 μM for 4 h)(Kirsch 

et al., 1999) was used as a positive control. N-Acetyl-Ile-Glu-Thr-Asp-7-amino-4-

methylcoumarin (Ac-IETD-AMC) was used as fluorescent substrate for caspase 8 and Fas 

ligand (100 ng/ml for 4h)(Li et al., 1998) was used as positive control. N-Acetyl-Leu-Glu-His-

Asp-7-amido-4-trifluoromethylcoumarin (Ac-LEHD-AFC) was used as substrate to probe for 

caspase 9 and staurosporine aglycone (10 μM for 4 h)(Chandele et al., 2004) was used as 

positive control.  

Briefly, cells were seeded at a density of 5 x 103 cells/well in a sterile 96-well, white 

microtitre plate and allowed to attach overnight in a humidified incubator at 37°C with 5% 

CO2. Cells were exposed to the test compounds alone, the synergistic combinations or the 

various positive controls and re-incubated at the aforementioned conditions for 24 or 48 h.  

After the incubation period the plate was placed on ice for 2 min to cool, the medium 

aspirated and caspase lysis buffer added. The plate was incubated on ice for a further 30 

min on a shaker. Caspase assay buffer was added to the plate and the plate incubated for 4 

h at 37°C to allow for the cleavage of the fluorescent AMC or AFC molecule. The fluorescent 

intensity was measured using a Synergy 2 fluorescence plate reader (Bio-Tek Instruments 

Inc., Vermont, USA) at λex = 380 nm and λem = 450 nm for caspases 3 and -8, and λex = 380 

nm and λem = 505 nm for caspase 9. 

3.4.5.1 Interpretation of caspase assay results and statistics 

A minimum of three independent experiments were performed which included internal 

triplicates. All data was blank-adjusted and expressed as percentage of the untreated 

control. GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego California 

USA, www.graphpad.com) was used to determine statistical significance of the results 

obtained using a non-parametric Kruskal-Wallis with post-hoc Dunn’s Multiple Comparison 

tests. A P -value < 0.05 was used as indicator of significance.  
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3.4.6 Polarisation-optical differential interference contrast microscopy (PlasDIC) 

PlasDIC is a microscopy technique where light passes through the objective before 

conversion to linearly polarised light (Wehner, 2003). This allows for the generation of 

images with enhanced detail from which information can be gathered. 

Cells were seeded into sterile 6-well plates at a seeding density of 6 x 104 cells/well in the 

appropriate cell culture medium supplemented with 2% FCS. After overnight incubation in a 

humidified incubator at 37°C with 5% CO2 to allow for cell attachment, cells were exposed to 

the oestrone analogues or synergistic combinations for 72 h. After the incubation period the 

medium was removed and the wells washed once with sterile HBSS. Cells were kept 

hydrated by the addition of HBSS to each well and PlasDIC images taken at 40 x 

magnification using a Zeiss Axiovert-40 microscope (Göttingen, Germany) and a Zeiss 

AxiovertMRm monochrome camera (Göttingen, Germany). Phase contrast microscopy 

images were captured at 10 x magnification. 

3.4.6.1 PlasDIC interpretation of results 

A minimum of two independent experiments were performed with a minimum of two 

observations per sample. As qualitative data was obtained no statistical analyses were 

performed.  

3.4.7 Annexin V 

During the tightly regulated process of apoptosis phosphatidylserine, a phospholipid, is 

translocated from the inner membrane to the cell surface by flippases (Fadok et al., 1992). 

Annexin V- FITC staining coupled to flow cytometry was used to indicate externalised 

phosphatidyl serine expression (Koopman et al., 1994; Aubry et al., 1999; Willingham, 

1999). Propidium iodide staining was used as indicator of membrane compromised necrotic 

cells (Willingham, 1999). Staurosporine aglycone (10 μM for 24 h) was used as apoptosis 

control (Kirsch et al., 1999), and absolute ethanol as necrosis control. 

Cells were seeded at a density of 6 x 104 cells/well in sterile, 6-well plates and allowed to 

attach overnight in a humidified incubator at 37°C with 5% CO2. Thereafter cells were 

exposed to the oestrone analogues or synergistic combinations for 72 h. After the incubation 

period, the medium in the plate was transferred to centrifuge tubes and the wells trypsinised. 

The trypsinised cells were added to the centrifuge tubes, and the cell suspension washed 

with PBS supplemented with 1% FCS. For the necrosis control absolute ethanol (20%) was 

added drop wise before incubating the tube at 4° for 10 minutes and continuing with a 

second wash step with PBS supplemented in 1% FCS. The cell pellet was re-suspended in 

annexin V binding buffer and undiluted annexin V-FITC added (2 μl). The tubes were 

incubated for 10 minutes in the dark. Thereafter PI (2 μl, 3 mg/ml) was added to each tube 
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and the contents of the tubes transferred to flow cytometer tubes. The samples were 

analysed with a Beckman Coulter FC 500 Series flow cytometer (Beckman Coulter SA (Pty) 

Ltd.) using FL1 (525 nm) and FL3 (620 nm). A total of 10 000 events was recorded per 

sample.  

3.4.7.1 Interpretation of mode of cell death results and statistics 

A minimum of three independent experiments were performed. Quadrant analysis was 

performed using CXP software to characterise a percentage of cells as viable, in early 

apoptosis, late apoptosis or necrosis. Data is reported as mean ± SEM for each quadrant. 

GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego California USA, 

www.graphpad.com) was used to determine statistical significance of the results of treated 

groups in comparison to untreated control obtained using a non-parametric Kruskal-Wallis 

with post-hoc Dunn’s Multiple Comparison tests. A P -value < 0.05 was used as indicator of 

significance.  

 

3.5 Results 

3.5.1 Reduced intracellular glutathione concentration 

The immediate effect of the synergistic combinations on the concentration of reduced 

intracellular glutathione was determined using a fluorometric monochlorobimane protocol.  
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Figure 3.8: The effect of synergistic combinations of the oestrone analogues with indinavir (IND, 

115 μM) and quercetin (QUER, 84 μM) on intracellular reduced GSH concentrations in MCF-7 

breast adenocarcinoma and MCF-12A non-tumourigenic cells after 6 h exposure using a 

fluorometric monochlorobimane protocol. VC indicates DMSO-treated cells. n-Ethylmaleimide 

(10 μM for 6 h) was used as positive control (PC). ESE-15-ol was used at 70 nM for 

combinations with IND and 17 nM for combinations with QUER. ESE-16 was used at 67 nM for 

combinations with IND and 17 nM for combinations with QUER. Error bars represent SEM. 

n = 3; * p < 0.05 ** p < 0.01 *** p < 0.001 

 

A significant reduction (p < 0.01) in GSH was observed in MCF-7 breast adenocarcinoma 

and MCF-12A non-tumourigenic cells treated with n-ethylmaleimide indicating that a 

decrease in GSH concentration could be detected using the assay (Figure 3.8).  

Combinations with IND seemed to have the greater effect on GSH concentration in the MCF-

7 breast adenocarcinoma cell line (Figure 3.8). A significant 20% reduction in GSH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



87 
 

concentrations were observed in the MCF-7 cell line exposed to 67 nM ESE-16 (for the 

concentration used in combinations with IND) as well as for all the drug combinations with 

IND. The greatest depletion of GSH concentration, approximately 27%, was achieved with 

the combination of ESE-16 and IND. In the non-tumourigenic MCF-12A cell line exposed to 

combinations with IND, GSH depletion did not exceed 15% for any of the treatment 

groups.An increase in GSH concentration of approximately 15% was observed where MCF-

12A non-tumourigenic cells were exposed to the DMSO vehicle (Figure 3.8). 

Where MCF-7 breast adenocarcinoma cells were exposed to combinations with QUER the 

effect was less pronounced: the greatest effect was observed where cells were exposure to 

the combination of ESE-15-ol and QUER which resulted in a 13% reduction in GSH 

concentration (Figure 3.8). Similar results were observed in the MCF-12A non-tumourigenic 

cell line where reduction of GSH concentration did not exceed 15%. However, an increase 

between 11 and 16% in GSH was observed where MCF-7 breast adenocarcinoma cells 

were exposed to ESE-15-ol (17 nM) or ESE-16 (17 nM), respectively. Similarly a 15% 

increase in GSH concentration was seen where MCF-12A non-tumourigenic cells were 

exposed to ESE-16 (17 nM). 

 

Figure 3.9: The effect of synergistic combinations of the oestrone analogue ESE-15-ol (123 nM) 

with indinavir (IND, 55 μM) and quercetin (QUER, 0.64 μM) on intracellular reduced GSH 

concentrations in MDA-MB-231 breast adenocarcinoma and MCF-12A non-tumourigenic cells 

after 6 h exposure using a fluorometric monochlorobimane protocol. VC indicates DMSO-treated 

cells. n-Ethylmaleimide (10 μM for 6 h) was used as positive control (PC). Error bars represent 

SEM. 

n = 3; * p < 0.05 ** p < 0.01 *** p < 0.001 
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A significant reduction in GSH was observed in MDA-MB-231 breast adenocarcinoma and 

MCF-12A non-tumourigenic cells treated with n-ethylmaleimide indicating that the assay 

could detect a decrease in GSH concentration (Figure 3.9). All treatment groups resulted in 

GSH depletion in the MDA-MB-231 breast adenocarcinoma cell line but the only significant 

depletion observed was after treatment with IND (55 μM) or the combination of ESE-15-ol 

(123 nM) and IND. A 25% reduction in GSH concentration observed in MCF-12A cells 

treated with ESE-15-ol (123 nM). However, an 11% increase in GSH concentrations was 

observed where MCF-12A cells were exposed to QUER (0.64 μM). 

 

3.5.2 Ultrastructure studies: Transmission electron microscopy 

The ultrastructure of MCF-7 and MDA-MB-231 breast adenocarcinoma cells was studied 

after 24 h exposure to the combinations of oestrone analogues and glycolysis inhibitors.  

The ultrastructure of MCF-7 breast adenocarcinoma cells exposed to combinations of 

oestrone analogues and IND for 24 h revealed vesicle formation, membrane blebbing and 

decreased cell size (Figure 3.10).  

The ultrastructure of MCF-7 breast adenocarcinoma cells exposed to combinations of 

oestrone analogues and QUER for 24 h revealed vesicle formation and membrane blebbing 

(Figure 3.11). 

The ultrastructure of MDA-MB-231 breast adenocarcinoma cells exposed to combinations of 

oestrone analogues and glycolysis inhibitors for 24 h revealed vesicle formation, 

hypercondensed chromatin and membrane blebbing (Figure 3.12).  
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Figure 3.10: Photomicrographs of the ultrastructure of MCF-7 breast adenocarcinoma cells after 

24 h exposure to combinations of oestrone analogues and indinavir (115 μM) as observed by 

TEM. Tamoxifen (10 μM for 24 h) was used as positive control. ESE-15-ol was used at 70 nM for 

combinations with IND. ESE-16 was used at 67 nM for combinations with IND. Scale bars 

represent 5 and 1 μm as indicated on photomicrographs.NM: nuclear membrane. MB: 

membrane blebbing. SC: shrunken cell. V: vesicles. 
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Figure 3.11: Photomicrographs of the ultrastructure of MCF-7 breast adenocarcinoma cells after 

24 h exposure to combinations of oestrone analogues and quercetin (84 μM) as observed by 

TEM. Tamoxifen (10 μM for 24 h) was used as positive control. ESE-15-ol was used at 17 nM for 

combinations with QUER. ESE-16 was used at 17 nM for combinations with QUER. Scale bars 

represent 5 and 1 μm as indicated on photomicrographs. NM: nuclear membrane. MB: 

membrane blebbing.  M: mitochondria. V: vesicles. 
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Figure 3.12: Photomicrographs of the ultrastructure of MDA-MB-231 breast adenocarcinoma 

cells after 24 h exposure to combinations of ESE-15-ol (123 nM), indinavir (IND, 55 μM) and 

quercetin (QUER, 0.64 μM) as observed by TEM. Tamoxifen (10 μM for 24 h) was used as 

positive control. Scale bars represent 5 and 1 μm as indicated on photomicrographs. MB: 

membrane blebbing.  M: mitochondria. V: vesicles. 

 

 

3.5.3 Western blot for detection of LC3-II 

The effect of 24 h exposure to the synergistic drug combinations on the expression of LC3-II 

as indicator of autophagy was assessed with Western blot. 

Exposure of MCF-7 breast adenocarcinoma cells to the autophagy-inducer tamoxifen 

resulted in a pronounced but non-significant increase in LC3-II expression indicating that 
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LC3-II was detectable with the optimised protocol (Figure 3.13 B). A non-significant increase 

in LC3-II expression was observed in DMSO vehicle-treated cells. Treatment with ESE-15-ol 

(70 nM) resulted in reduced expression of LC3-II. Increased LC3-II expression was observed 

in cells treated with ESE-16 (67 nM) and IND (115 μM), however LC3-II expression was 

suppressed where these compounds were combined.  

 

 

Figure 3.13: The effect of synergistic combinations of the oestrone analogues, ESE-15-ol (70 nM) 

and ESE-16 (67 nM) with indinavir (IND, 115 μM) on the expression of LC3-II in MCF-7 breast 

adenocarcinoma cells after 24h exposure detected using Western blot. (A) Blot is representative 

of three independent experiments. (B) Protein normalisation to β-actin of controls and 

treatment groups present cumulative data of three independent experiments. VC indicates 

DMSO-treated cells. Tamoxifen (10 μM for 24 h) was used as positive control (PC). Error bars 

represent SEM. No statistically significant differences were detected. 

n = 3 
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Figure 3.14: The effect of synergistic combinations of the oestrone analogues, ESE-15-ol (17 nM) 

and ESE-16 (17 nM) with quercetin (QUER, 84 μM) on the expression of LC3-II in MCF-7 breast 

adenocarcinoma cells after 24h exposure detected using Western blot. (A) Blot is representative 

of four independent experiments. (B) Protein normalisation to β-actin of controls and treatment 

groups present cumulative data of three independent experiments. VC indicates DMSO-treated 

cells. Tamoxifen (10 μM for 24 h) was used as positive control (PC). Error bars represent SEM. 

No statistically significant differences were detected. 

n = 4 

 

Exposure of MCF-7 breast adenocarcinoma cells to the autophagy-inducer tamoxifen 

resulted in a marked increase in LC3-II expression indicating that LC3-II was detectable with 

the optimised assay protocol (Figure 3.14 B). Elevated LC3-II levels were observed in 

DMSO vehicle-treated cells. Increased LC3-II expression was also observed where cells 

were treated with the oestrone analogues. These increases were not statistically significant. 

However, where the oestrone analogues were combined with QUER marked suppression of 

LC3-II expression was seen. The combination of ESE-16 and QUER showed the greatest 

reduction of LC3-II expression (approximately 0.4 fold reduction in comparison to the 
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control). However, statistically significant differences in the LC3-II expression of treatment 

groups in comparison to the untreated control were not observed. 

 

 

Figure 3.15: The effect of synergistic combinations of the oestrone analogue ESE-15-ol (123 nM) 

with indinavir (IND, 55 μM) and quercetin (QUER, 0.64 μM) on the expression of LC3-II in MDA-

MB-231 breast adenocarcinoma 24h exposure detected using Western blot. (A) Blot is 

representative of three independent experiments. (B) Protein normalisation to β-actin of 

controls and treatment groups present cumulative data of three independent experiments. VC 

indicates DMSO-treated cells. Tamoxifen (15 μM for 18 h) was used as positive control (PC). 

Error bars represent SEM. Where no error bars can be seen the SEM was negligible. No 

statistically significant differences were detected. 

n = 3 

Exposure of MDA-MB-231 breast adenocarcinoma cells to the autophagy-inducer tamoxifen 

resulted in a pronounced but non-significant increase in LC3-II expression indicating that 

LC3-II was detectable with the optimised protocol (Figure 3.15 B). DMSO vehicle-treated 

cells also showed elevated LC3-II expression. The elevation in LC3-II expression induced by 

treatment with IND only was suppressed by the addition of ESE-15-ol with an approximately 

0.4 fold reduction in LC3-II expression in comparison to the control. Treatment with QUER 
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and the combination of ESE-15-ol and QUER resulted in reduced LC3-II levels in 

comparison to the control. However, changes in LC3-II expression in treatment groups in 

comparison to the untreated control were not statistically significant. 

 

3.5.4 Mitochondrial membrane potential 

The effect of 24 or 48 h exposure to the synergistic combinations on fluctuations of the 

mitochondrial membrane potential was investigated using a JC-1 fluorescent ratiometric 

protocol. 

Exposure of MCF-7 breast adenocarcinoma and MCF-12A non-tumourigenic cells to 

tamoxifen resulted in a significant hyperpolarisation of the mitochondrial membrane while 

marked yet non-significant depolarisation of the mitochondrial membrane potential was 

observed in response to treatment with valinomycin indicating that the assay functioned 

correctly (Figure 3.16 and 3.17). 

Exposure of MCF-7 breast adenocarcinoma cells to ESE-15-ol (70 nM) or ESE-16 (67 nM) 

resulted in significant hyperpolarisation after 24 h. After 48 h treatment with the oestrone 

analogues non-significant hyperpolarisation of the mitochondrial membrane potential was 

observed in the MCF-7 cell line. These were the concentrations showing synergistic 

combinations with IND (Figure 3.16). When the oestrone analogues were combined with IND 

the hyperpolarisation caused by the oestrone analogues alone is attenuated at 24 h. This 

effect was not observed at 48 h. 

Non-significant depolarisation of the mitochondrial membrane potential was observed in the 

non-tumourigenic MCF-12A cells exposed to IND after 24 and 48 h. Where MCF-12A cells 

were exposed to ESE-15-ol (70 nM) or ESE-16 (67 nM) for 48 h, statistically significant 

hyperpolarisation was observed. Hyperpolarisation of the mitochondrial membrane in 

response to treatment with combinations of oestrone analogues and IND were observed 

after 24 h in MCF-12A non-tumourigenic cells. After 48 h MCF-12A cells treated with ESE-

15-ol and IND showed a statistically significant increase of approximately 30% in 

mitochondrial membrane potential in comparison to the untreated control. 
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Figure 3.16: The effect of synergistic combinations of ESE-15-ol (70 nM) and ESE-16 (67 nM) 

with indinavir (IND, 115 μM) on the mitochondrial membrane potential in MCF-7 breast 

adenocarcinoma and MCF-12A non-tumourigenic cells after 24 or 48 h exposure using a JC-1 

fluorometric protocol. VC indicates DMSO-treated cells. Valinomycin (VAL, 50 μM for 24 or 48 h) 

and tamoxifen (TAM, 100 μM for 4 h) were used as positive controls. Error bars represent SEM. 

n = 3; * p < 0.05 ** p < 0.01 *** p < 0.001 

 

Treatment of MCF-7 breast adenocarcinoma cells with the oestrone analogues (17 nM as 

required for combinations with QUER) alone did not affect the mitochondrial membrane 

potential after 24 h (Figure 3.17). However, after 48 h non-significant depolarisation was 

observed for treatment with ESE-15-ol (17 nM) and ESE-16 (17 nM). Significant 

depolarisation of the mitochondrial membrane was observed after exposure to QUER after 

24 h (approximately 57% reduction) and 48 h (approximately 48% reduction). Exposure to 

combinations of oestrone analogues and QUER resulted in significant depolarisation of the 

mitochondrial membrane potential: after 24 h treatment reduction in the mitochondrial 

membrane potential exceeded 55%, whereas an approximate reduction of 47% was 
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observed after 48 h treatment. Similar resultswere observed for MCF-12A non-tumourigenic 

cells exposed to the combinations for both time points (Fig 3.17). Note that after 48 h 

exposure QUER (84 μM) reduced mitochondrial membrane potential to 37.4%, while the 

combinations of ESE-15-ol (17 nM) and QUER resulted in less extensive depolarisation at 

37.6 and 38.2%, respectively. 

 

 

Figure 3.17: The effect of synergistic combinations of ESE-15-ol (17 nM) and ESE-16 (17 nM) 

with quercetin (QUER, 84 μM) on the mitochondrial membrane potential in MCF-7 breast 

adenocarcinoma and MCF-12A non-tumourigenic cells after 24 or 48 h exposure using a JC-1 

fluorometric protocol. VC indicates DMSO-treated cells. Valinomycin (VAL, 50 μM for 24 or 48 h) 

and tamoxifen (TAM, 100 μM for 4 h) were used as positive controls. Error bars represent SEM. 

Min n =3; * p < 0.05 ** p < 0.01 *** p < 0.001 
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Exposure of MDA-MB-231 breast adenocarcinoma and MCF-12A non-tumourigenic cells to 

tamoxifen resulted in a hyperpolarisation of the mitochondrial membrane while significant 

depolarisation of the mitochondrial membrane potential was observed in response to 

treatment with valinomycin indicating that the assay functioned correctly (Figure 3.18). 

 

Figure 3.18: The effect of synergistic combinations of ESE-15-ol (123 nM) with indinavir (IND, 

55 μM) and quercetin (QUER, 0.64 μM) on the mitochondrial membrane potential in MDA-MB-

231 breast adenocarcinoma and MCF-12A non-tumourigenic cells after 24 or 48 h exposure 

using a JC-1 fluorometric protocol. VC indicates DMSO-treated cells. Valinomycin (VAL, 50 μM 

for 24 or 48 h) and tamoxifen (TAM, 100 μM for 4 h) were used as positive controls. Error bars 

represent SEM. 

Min n = 3; * p < 0.05 ** p < 0.01 *** p < 0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



99 
 

Non-significant depolarisation of the mitochondrial membrane observed in MDA-MB-231 

breast adenocarcinoma cells exposed to combinations with IND or QUER after both time 

points resulted in a maximum of 20% reduction in the mitochondrial membrane potential 

(Figure 3.18). Depolarisation of mitochondrial membrane potential was greatest where cells 

were treated with the combination of ESE-15-ol and QUER for 24 h. Statistically significant 

depolarisation was observed where MDA-MB-231 cells were exposed to QUER (0.64 μM) 

for 48 h. 

Non-significant hyperpolarisation of the mitochondrial membrane potential (approximately 

20%) was observed in the MCF-12A non-tumourigenic cell line upon exposure to ESE-15-ol 

after 24 h. Statistically significant hyperpolarisation of the mitochondrial membrane potential 

was observed when MCF-12A cells were exposed to ESE-15-ol after 48 h. The combination 

of ESE-15-ol and IND caused non-significant hyperpolarisation in the MCF-12A cells after 48 

h.   

 

3.5.5 Caspase activity 

The effect of treatment with the drug combinations on the activity of the initiator caspases, 

caspase 8 and -9, as well as the executioner caspases 3/7 was investigated with 

fluorometric substrates. 

Caspase 8 activity was successfully induced with Fas ligand as a statistically signficant1.5-

fold increase was observed in the MCF-7 breast adenocarcinoma cell line (Figure 3.19).A 

slight increase in caspase 8 activity was detected in MCF-12A non-tumourigenic cells, 

indicating that increases in caspase activity could be detected with this assay (Figure 3.19). 

Statistically significant increases in the activity of caspases 3/7 and -9 were induced by 

staurosporine treatment in both cell lines, implying that elevated caspase activity could be 

detected with these assays. 

The activity of caspase 8 was increased by approximately 30% when MCF-7 cells were 

treated with ESE-15-ol (70 nM) for 24 h (Figure 3.19). Treatment with the drug combinations 

resulted in elevation in caspase 8 activity in the MCF-7 cell line. No marked change in 

caspase 8 activity was observed in the MCF-12A non-tumourigenic cell line after 24 h 

exposure to the drug combinations. No statistically significant changes in caspase-8 activity 

were observed after 24 h treatment with the combinations in MCF-7 breast adenocarcinoma 

or MCF-12A non-tumourigenic cells. 
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Figure 3.19: The effect of synergistic combinations of ESE-15-ol (70 nM) or ESE-16 (67 nM) with 

indinavir (IND, 115 μM) on the activity of caspases 8, -9 and -3/7 in MCF-7 breast 

adenocarcinoma and MCF-12A non-tumourigenic cells after 24 h exposure using fluorometric, 

caspase-specific substrates. Fas ligand (100 ng/ml for 4 h) was used as positive control for 

caspase 8, while staurosporine (10 μM for 4 h) was used as positive control for caspase 3/7 and 

-9. VC indicates DMSO-treated cells. Error bars represent SEM. 

Min n = 3;* p < 0.05 ** p < 0.01 *** p < 0.001 
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Exposure to IND (115 μM) elevated the activity of caspase 9 after 24 h in both cell lines 

tested (Figure 3.19). Increased caspase 9 activity (approximately 1.2-fold) was observed 

following exposure to the combination of ESE-16 and IND in the MCF-7 cell line. However in 

the MCF-12A non-tumourigenic cell line activity of caspase 9 was enhanced after treatment 

with combinations with ESE-15-ol or ESE-16 and IND after 24 h. The fluctuations in caspase 

9 activity induced by treatment with the combinations for 24 h were not statistically significant 

in either of the cell lines. 

A slight reduction in the activity of caspase 3/7 was observed where MCF-7 cells were 

treated with IND for 24 h (Figure 3.19). Treatment with combinations of oestrone analogues 

and IND resulted in a decrease in the activity of caspase 3/7 in MCF-7 breast 

adenocarcinoma cells. However, reduced activity of caspase 3/7 activity was observed in the 

MCF-12A non-tumourigenic cell line exposed to combinations with IND after 24h. However, 

no statistically significant effect on the activity of caspase 3/7 was observed. 

Where MCF-7 breast adenocarcinoma or MCF-12A non-tumourigeniccells were exposed to 

Fas ligandan approximate 1.1-fold increase in the activity of caspase 8 was observed 

(Figure 3.20). Statistically significant increases in the activity of caspases 3/7 and -9 were 

induced by staurosporine treatment in both cell lines. This implies that elevated caspase 

activity can be detected with these assays. 

When MCF-7 breast adenocarcinoma cells were treated with ESE-15-ol (70 nM) and the 

combination of ESE-15-ol and IND for 48 h, caspase 8 activity was decreased (Figure 3.20). 

Treatment with the combination of ESE-16 and IND resulted in approximately 20% reduction 

in caspase 8 activity in the MCF-7 breast adenocarcinoma cell line. Statistically significant 

suppression of caspase 8 activity was observed in the MCF-12A non-tumourigenic cell line 

in all treatment groups except where cells were exposed to IND only. 

The activity of caspases 9 and -3/7 was reduced after 48 h treatment with the synergistic 

drug combinations with IND in both MCF-7 and MCF-12A cell lines after all treatments 

except for treatment with IND only (Figure 3.20). The greatest attenuation of caspase 9 

activity was observed where MCF-7 breast adenocarcinoma cells were treated with the 

combination of ESE-15-ol and IND for 48 h. A non-significant elevation in caspase 3/7 

activity was seen where MCF-12A non-tumourigenic cells were exposed to the combination 

of ESE-16 and IND. 
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Figure 3.20: The effect of synergistic combinations of ESE-15-ol (70 nM) or ESE-16 (67 nM) with 

indinavir (IND, 115 μM) on the activity of caspases 8, -9 and -3/7 in MCF-7 breast 

adenocarcinoma and MCF-12A non-tumourigenic cells after 48 h exposure using fluorometric, 

caspase-specific substrates. Fas ligand (100 ng/ml for 4 h) was used as positive control for 

caspase 8, while staurosporine (10 μM for 4 h) was used as positive control for caspase 3/7 and 

-9. VC indicates DMSO-treated cells. Error bars represent SEM. 

Min n = 3;* p < 0.05 ** p < 0.01 *** p < 0.001 
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Figure 3.21: The effect of synergistic combinations of ESE-15-ol (17 nM) or ESE-16 (17 nM) with 

quercetin (QUER, 84 μM) on the activity of caspases 8, -9 and -3/7 in MCF-7 breast 

adenocarcinoma and MCF-12A non-tumourigenic cells after 24 h exposure using fluorometric, 

caspase-specific substrates. Fas ligand (100 ng/ml for 4 h) was used as positive control for 

caspase 8, while staurosporine (10 μM for 4 h) was used as positive control for caspase 3/7 and 

-9.VC indicates DMSO-treated cells. Error bars represent SEM. 

Min n = 3;* p < 0.05 ** p < 0.01 *** p < 0.001 
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The activity of caspase 8 was attenuated by treatment with QUER (84 μM), ESE-15-ol (17 

nM), ESE-16 (17 nM) or combinations thereof in the MCF-7 breast adenocarcinoma cell line 

after 24 h treatment (Figure 3.21). When MCF-7 breast adenocarcinoma cells were exposed 

to QUER or combinations of QUER and oestrone analogues statistically significant 

reductions in the activity of caspase 8 were observed. In the MCF-12A non-tumourigenic cell 

line caspase 8 activity was reduced where cells were treated with QUER or combinations 

with QUER for 24h. 

When MCF-7 breast adenocarcinoma cells were treated with ESE-16 or the combination of 

ESE-16 and QUER for 24 h a reduction in caspase 9 activity was observed (Figure 3.21). 

This was not seen where cells were treated with ESE-15-ol or its combination with QUER. A 

slight but statistically non-significant elevation in caspase 9 activity was noted where MCF-

12A non-tumourigenic cells were exposed to ESE-15-ol, ESE-16 and QUER. However, the 

effect on the activity of caspase 9 resulting from exposure to the oestrone analogues, QUER 

or the combinations did was not statistically significant. 

Elevated caspase 3/7 activity was observed where MCF-7 breast adenocarcinoma cells 

were treated with the combinations of ESE-15-ol and QUER (approximately 1.5-fold) and 

ESE-16 and QUER for 24 h (Figure 3.21). A similar trend was not observed in the MCF-12A 

cell line. Where MCF-12A cells were exposed to ESE-15-ol (17 nM) a 1.5-fold elevation in 

the activity of caspase 3/7 was observed. The elevation in caspase 3 activity observed was 

not statistically significant. 

Statistically significant reduction of caspase 8 activity was observed in MCF-7 breast 

adenocarcinoma and MCF-12A non-tumourigenic cells after 48 h treatment with QUER or 

combinations with QUER (Figure 3.22). A similar yet less pronounced trend was noted in the 

activity of caspases 9 and -3/7. The activity of caspase 3/7 was slightly increased after 

treatment with ESE-16 (17 nM) for 48 h in the MCF-7 cell line. 
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Figure 3.22: The effect of synergistic combinations of ESE-15-ol (17 nM) or ESE-16 (17 nM) with 

quercetin (QUER, 84 μM) on the activity of caspases 8, -9 and -3/7 in MCF-7 breast 

adenocarcinoma and MCF-12A non-tumourigenic cells after 48 h exposure using fluorometric, 

caspase-specific substrates. Fas ligand (100 ng/ml for 4 h) was used as positive control for 

caspase 8, while staurosporine (10 μM for 4 h) was used as positive control for caspase 3/7 and 

-9.VC indicates DMSO-treated cells. Error bars represent SEM. 

Min n = 3;* p < 0.05 ** p < 0.01 *** p < 0.001 
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Figure 3.23: The effect of synergistic combinations of the oestrone analogue ESE-15-ol (123 nM) 

with indinavir (IND, 55 μM) and quercetin (QUER, 0.64 μM) on the activity of caspases 8, -9 and 

-3/7 in MDA-MB-231 breast adenocarcinoma and MCF-12A non-tumourigenic cells after 24 h 

exposure using fluorometric, caspase-specific substrates. VC indicates DMSO-treated cells. Fas 

ligand (100 ng/ml for 4h) was used as positive control for caspase 8, while staurosporine (10 

μM for 4h) was used as positive control for caspase 3/7 and -9. VC indicates DMSO-treated cells. 

Error bars represent SEM. 

Min n = 3;* p < 0.05 ** p < 0.01 *** p < 0.001 
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A 1.5-fold increase in caspase 8 activity was observed in the MDA-MB-231 breast 

adenocarcinoma cell line and a statistically significant elevation in the activity of caspase 8 

was observed in the non-tumourigenic MCF-12A cell line (Figure 3.23) implying that an 

increase in caspase 8 activity could be detected with this assay. The activity of caspases 3/7 

and -9 were significantly elevated by staurosporine treatment in both cell lines, indicating 

that elevated activity of caspases 3/7 and -9 could be detected with these assays. 

The activity of caspase 8 was reduced by approximately 20% by treatment with ESE-15-ol 

(123 nM) and combinations of ESE-15-ol and IND for 24 h in the MDA-MB-231 breast 

adenocarcinoma and MCF-12A non-tumourigenic cells (Figure 3.23). The activity of caspase 

8 was essentially unaffected in both cell lines after treatment with the combination of ESE-

15-ol and QUER for 24 h. No statistically significant elevations in caspase 8 activity were 

observed in MDA-MB-231 or MCF-12A cells. 

A slight increase in the activity of caspase 9 was observed where MDA-MB-231 cells were 

treated with ESE-15-ol, IND or the combination of ESE-15-ol and IND for 24 h (Figure 3.23). 

This effect was more pronounced in the MCF-12A non-tumourigenic cell line. Suppression of 

caspase 9 activity was seen in the MDA-MB-231 cell line after treatment with QUER (0.64 

μM) and the combination of ESE-15-ol and QUER. In contrast elevated caspase 9 

activitywas demonstrated in the MCF-12A cell line after treatment with QUER or the 

combination of ESE-15-ol and QUER for 24 h. However, the effects on the activity of 

caspase 9 induced by exposure to the oestrone analogues, glycolysis inhibitors or selected 

synergistic combinations after 24 h were not statistically significant in the MDA-MB-231 

breast adenocarcinoma or MCF-12A non-tumourigenic cell lines. 

Treatment of MDA-MB-231 breast adenocarcinoma cells with the combination of ESE-15-ol 

and IND for 24h resulted in a slight increase in the activity of caspase 3/7. The combination 

of ESE-15-ol and QUER did not greatly affect caspase 3/7 activity. A similar trend in the 

activity of caspase 3/7 was observed in the MCF-12A non-tumourigenic cells. The activity of 

caspase 3/7 was not affected significantly by exposure to the oestrone analogues, glycolysis 

inhibitors or synergistic combinations after 24 h. 
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Figure 3.24: The effect of synergistic combinations of the oestrone analogue ESE-15-ol (123 nM) 

with indinavir (IND, 55 μM) and quercetin (QUER, 0.64 μM) on the activity of caspases 8, -9 and 

-3/7 in MDA-MB-231 breast adenocarcinoma and MCF-12A non-tumourigenic cells after 48 h 

exposure using fluorometric, caspase-specific substrates. Fas ligand (100 ng/ml for 4 h) was 

used as positive control for caspase 8, while staurosporine (10 μM for 4h) was used as positive 

control for caspase 3/7 and -9. VC indicates DMSO-treated cells. Error bars represent SEM. 

Min n = 3;* p < 0.05 ** p < 0.01 *** p < 0.001 
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A 1.6-fold elevation in caspase 8 activity was observed were MDA-MB-231 breast 

adenocarcinoma cells were exposed to fas ligand (Figure 3.24). A statistically significant 

increase in caspase 8 activity was observed where MCF-12A non-tumourigenic cells were 

exposed to fas ligand. This implies that increases in caspase activity could be detected. 

Treatment with staurosporine induced statistically significant elevation of the activity of 

caspases 3/7 and -9 in both cell lines, implying that increased caspase activity could be 

detected with these assays. 

The activity of caspase 8 was reduced where MDA-MB-231 breast adenocarcinoma cells 

were exposed to ESE-15-ol or combinations with ESE-15-ol and IND or QUER for 48 h 

(Figure 3.24). In the MCF-12A non-tumourigenic cell line the suppression of caspase 8 

activity was statistically significant where ESE-15-ol or combinations with ESE-15-ol was 

used. Treatment of MCF-12A cells with IND (55 μM) for 48 h resulted in a 1.2-fold elevation 

in caspase 8 activity. 

A similar trend was observed in the activity of caspases 9 and -3/7 in the MDA-MB-231 cells 

after 48 h treatment with ESE-15-ol or combinations with ESE-15-ol (Figure 3.24). Activity of 

caspase 9 was significantly reduced where MDA-MB-231 cells were treated with the 

combination of ESE-15-ol and QUER. In the MCF-12A cell line the activity of caspase 3/7 

was increased with at least1.2-fold by treatment with combinations of ESE-15-ol and IND or 

QUER for 48 h. 

 

3.5.6 Morphology studies: Phase contrast microscopy and PlasDIC 

The effect of treatment with the combinations on the cell morphology was assessed using 

phase contrast microscopy and plasDIC.  

Phase contrast microscopy assessment of MCF-7 breast adenocarcinoma cells revealed 

that 72 h exposure to the combinations with IND resulted in reduced cell density (Figure 

3.25). This was most notable where cells were treated with oestrone analogues or 

combinations of the oestrone analogues and glycolysis inhibitors. Cell rounding was 

observed especially in MCF-7 cells treated with the drug combinations. IND-treated samples 

showed a marked reduction in cell number. PlasDIC studies revealed the presence of 

structures resembling vacuoles in MCF-7 cells treated with ESE-15-ol and IND.  

Phase contrast studies of MCF-12A non-tumourigenic cells after 72 h demonstrated reduced 

cell density where cells were treated with the oestrone analogues or drug combinations with 

IND (Figure 3.26). IND (115 μM) did not have such a marked effect on cell density. 
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Treatment with the oestrone analogues or combinations resulted in rounding of cells and the 

formation of possible vesicles in MCF-12A cells as observed with plasDIC. Cell debris was 

also observed in treated MCF-12A cells. 

 

 

Figure 3.25: The effect of synergistic combinations of the oestrone analogues, ESE-15-ol (70 nM) 

and ESE-16 (67 nM) with indinavir (IND, 115 μM) on the morphology of MCF-7 breast 

adenocarcinoma cells after 72 h incubation. Phase contrast microscopy images are shown in the 

upper panel and plasDIC images are shown in the lower panel for each sample. Vacuole-like 

structures are indicated by green arrows. Scale bars in control images indicate 20 μm. 
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Figure 3.26: The effect of synergistic combinations of the oestrone analogues, ESE-15-ol (70 nM) 

and ESE-16 (67 nM) with indinavir (IND, 115 μM) on the morphology of MCF-12A non-

tumourigenic cells after 72 h incubation. Phase contrast microscopy images are shown in the 

upper panel and plasDIC images are shown in the lower panel for each sample. Vacuole-like 

structures are indicated by green arrows. Scale bars in control images indicate 20 μm. 

 

Morphology of MCF-7 breast adenocarcinoma cells treated with combinations with QUER 

(84 μM) (Figure 3.27) revealed decreased cell density, formation of vacuole-like structures 

and rounding of cells. The greatest reduction in cell number was observed where cells were 

treated with QUER. The rounding of cells was most prominent where MCF-7 cells were 

treated with combinations of oestrone analogues and QUER.  

Photomicrographs of MCF-12A non-tumourigenic cells exposed to combinations of oestrone 

analogues and QUER (Figure 3.28) revealed a reduction in cell density. This was most 

evident where cells were treated with QUER (84 μM) and the combination of ESE-16 (17 
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nM) and QUER. The formation of vacuole-like structures was observed in cells exposed to 

QUER or the combinations of oestrone analogues and QUER. 

 

 

Figure 3.27: The effect of synergistic combinations of the oestrone analogues, ESE-15-ol (17 nM) 

and ESE-16 (17 nM), with quercetin (QUER, 84 μM) on the morphology of MCF-7 breast 

adenocarcinoma cells after 72 h incubation. Phase contrast microscopy images are shown in the 

upper panel and plasDIC images are shown in the lower panel for each sample. Vacuole-like 

structures are indicated by green arrows. Scale bars in control images indicate 20 μm. 
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Figure 3.28: The effect of synergistic combinations of the oestrone analogues, ESE-15-ol (17 nM) 

and ESE-16 (17 nM), with quercetin (QUER, 84 μM) on the morphology of MCF-12A non-

tumourigenic cells after 72 h incubation. Phase contrast microscopy images are shown in the 

upper panel and plasDIC images are shown in the lower panel for each sample. Vacuole-like 

structures are indicated by green arrows. Scale bars in control images indicate 20 μm. 

 

Reduced cell density was observed in light microscopy images of MDA-MB-231 breast 

adenocarcinoma cells treated with the combinations of ESE-15-ol (123 nM) and glycolysis 

inhibitors for 72 h (Figure 3.29). The reduction in cell number was greatest where cells were 

exposed to the combinations. Treatment with QUER at 0.64 nM for 72 h resulted in a 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



114 
 

marked decrease in cell density. The formation of possible vacuoles was observed using 

plasDIC in MDA-MB-231 cells treated with IND and the combination of ESE-15-ol and IND. 

 

 

Figure 3.29: The effect of synergistic combinations of the oestrone analogue ESE-15-ol (123 nM) 

with indinavir (IND, 55 μM) and quercetin (QUER, 0.64 μM) on the morphology of MDA-MB-

231 breast adenocarcinoma cells after 72 h incubation. Phase contrast microscopy images are 

shown in the upper panel and plasDIC images are shown in the lower panel for each 

comparison. Vacuole-like stractures are indicated by green arrows. Scale bars in control images 

indicate 20 μm. 
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Morphological studies using phase contrast microscopy of the MCF-12A non-tumourigenic 

cells also showed reduced cell density (Figure 3.30). Where MCF-12A cells were exposed to 

ESE-15-ol (123 nM) a marked decrease in cell number was observed. Rounding of cells and 

cell debris was observed in plasDIC images.    

 

 

Figure 3.30: The effect of synergistic combinations of the oestrone analogue ESE-15-ol (123 nM) 

with indinavir (IND, 55 μM) and quercetin (QUER, 0.64 μM) on the morphology of MCF-12A 

non-tumourigenic cells after 72 h incubation. Phase contrast microscopy images are shown in 

the upper panel and plasDIC images are shown in the lower panel for each sample. Scale bars in 

control images indicate 20 μm. 
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3.5.7 Annexin V 

The flow cytometric method proved to be an effective technique to assess mode of cell death 

though the comparison of the annexin V binding verses the propidium bromide uptake with 

clear differences observed for the control treated cells. Despite the possibility of mixed mode 

cell death and the potential changes in measured outcome dependant on the incubation time 

for the drug exposure, clear differences could be discerned. Figure 3.31 shows scatter plots 

for the various control and drug treated MCF-7 cell line. 

Increased necrotic cell death upon treatment with ethanol and elevated apoptosis in 

staurosporine-treated MCF-7 breast adenocarcinoma cells indicate that the assay could 

detect both apoptotic and necrotic cell death (Figures 3.31 and 3.33). Following exposure to 

the oestrone analogues or indinavir, elevated apoptosis and necrosis was observed (Figure 

3.31). This was exacerbated after treatment with combinations of oestrone analogues and 

IND (Table 3.2). 

Where MCF-12A non-tumourigenic cells were exposed to necrosis, an increased PI-positive 

cell population was observed indicating that the assay could detect necrotic cell death 

(Figure 3.32 and 3.34). Apoptotic cell death was primarily detected where cells were 

exposed to staurosporine indicating that the assay could detect apoptotic cell death. After 72 

h exposure to the oestrone analogues, IND or the combinations, increased apoptosis was 

observed in MCF-12A cells.   

Elevation in the number of cells in early apoptosis was observed upon treatment of MCF-7 

breast adenocarcinoma cells with ESE-15-ol (17 nM) and ESE-16 (17 nM)(Figure 3.33). 

Where MCF-7 cells were treated with QUER (84 μM), necrotic cell death was predominantly 

induced. Apoptotic and necrotic cell death was observed where cells were exposed the 

combinations of oestrone analogues and QUER (Table 3.2). 

 Exposure to ESE-15-ol (17 nM) and ESE-16 (17 nM) resulted in the induction of apoptotic 

cell death of MCF-12A cells (Figure 3.34). A similar response was observed where cells 

were exposed to QUER (84 μM) or the combinations of oestrone analogues and QUER 

(Table 3.2).   
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Figure 3.31: The effect of synergistic combinations of the oestrone analogues, ESE-15-ol (70 nM) 

and ESE-16 (70 nM) with indinavir (IND, 115 μM) on the induction of apoptosis or necrosis on 

MCF-7 breast adenocarcinoma cells after 72 h incubation using a flow cytometric protocol. 

Staurosporine (10 μM for 24 h) was used as apoptosis control. Results are presented as scatter 

plots and represent one of four independent experiments. 
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Figure 3.32: The effect of synergistic combinations of the oestrone analogues, ESE-15-ol (70 nM) 

and ESE-16 (70 nM), with indinavir (IND, 115 μM) on the induction of apoptosis or necrosis 

onMCF-12A non-tumourigenic cells after 72 h incubation using a flow cytometric protocol. 

Staurosporine (10 μM for 24 h) was used as apoptosis control. Results are presented as scatter 

plots and represent one of four independent experiments. 
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Table 3.2: The effect of synergistic combinations of the oestrone analogues with indinavir (IND) on the induction of apoptosis or necrosis on MCF-7 

breast adenocarcinoma and MCF-12A non-tumourigenic cells after 72 h incubation using a flow cytometric protocol. Cumulative data from four 

independent experiments is shown. n = 4, * p < 0.05 ** p < 0.01 *** p < 0.001 

 Viable cells Early apoptosis Late apoptosis Necrotic cells 

 MCF-7 breast adenocarcinoma cells 

Control 96.3 ± 1.1 1.2 ± 0.1 0.3 ± 0.2 3.6 ± 1.4 

Vehicle control 94.8 ± 0.9 1.0 ± 0.3 0.3 ± 0.1 4.1 ± 0.8 

Necrosis control 0.0 ± 0.0 * 0.4 ± 0.3 0.1 ± 0.1 99.9 ± 0.1 * 

Apoptosis control 40.4 ± 6.8 29.6 ± 5.7 10.6 ± 2.2 20.6 ± 7.7 

ESE-15-ol  25.7 ± 6.5 * 37.6 ± 15.0 20.7 ± 7.7 17.0 ± 6.9 

ESE-16  51.6 ± 12.4 30.2 ± 12.6 3.1 ± 1.2 15.8 ± 6.1 

IND 71.4 ± 3.5 16.3 ± 3.9 2.0 ± 0.9 11.1 ± 4.3 

ESE-15-ol+IND 15.4 ± 2.9 ** 45.7 ± 16.4 27.5 ± 12.0 12.0 ± 3.3 

ESE-16+IND 56.0 ± 11.9 27.8 ± 13.9 3.9 ± 2.1 13.3 ± 6.2 

 MCF-12A non-tumourigenic cells 

Control 94.2 ± 2.6 3.8 ± 1.2 0.1 ± 0.1 2.1 ± 1.4 

Vehicle control 91.4 ± 3.7 4.5 ± 2.2 0.1 ± 0.1 4.3 ± 1.7 

Necrosis control 0.6 ± 0.6* 0.2 ± 0.2 0.3 ± 0.3 98.9 ±1.1* 

Apoptosis control 59.9 ± 27.1 34.2 ± 25.7 0.9 ± 0.8 5.1 ± 1.6 

ESE-15-ol  55.6 ± 23.7 34.1 ± 15.4 3.6 ± 3.5 7.1 ± 4.9 

ESE-16  77.2 ± 7.1 18.3 ± 4.2 0.1 ± 0.0 5.0 ± 3.2 

IND 77.3 ± 18.6 17.5 ± 15.5 0.1 ± 0.1 5.6 ± 3.3 

ESE-15-ol+IND 49.2 ± 23.0* 43.4 ± 18.7* 1.8 ± 1.6 6.1 ± 2.8 

ESE-16+IND 60.5 ± 19.0 32.6 ± 14.6 0.2 ± 0.2 7.0 ± 4.3 
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Figure 3.33: The effect of synergistic combinations of the oestrone analogues, ESE-15-ol (17 nM) 

and ESE-16 (17 nM), with quercetin (QUER, 84 μM) on the induction of apoptosis or necrosis on 

MCF-7 breast adenocarcinoma cells after 72 h incubation using a flow cytometric protocol. 

Staurosporine (10 μM for 24 h) was used as apoptosis control. Results are presented as scatter 

plots and represent one of four independent experiments. 
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Figure 3.34: The effect of synergistic combinations of the oestrone analogues, ESE-15-ol (17 nM) 

and ESE-16 (17 nM), with quercetin (QUER, 84 μM) on the induction of apoptosis or necrosis on 

MCF-12A non-tumourigenic cells after 72 h incubation using a flow cytometric protocol. 

Staurosporine (10 μM for 24 h) was used as apoptosis control. Results are presented as scatter 

plots and represent one of four independent experiments. 
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Table 3.3: The effect of synergistic combinations of the oestrone analogues with quercetin (QUER) on the induction of apoptosis or necrosis on MCF-

7 breast adenocarcinoma and MCF-12A non-tumourigenic cells after 72 h incubation using a flow cytometric protocol. Cumulative data from four 

independent experiments is shown. n = 4, * p < 0.05 ** p < 0.01 *** p < 0.001 

 Viable cells Early apoptosis Late apoptosis Necrotic cells 

MCF-7 breast adenocarcinoma cells 

Control 96.3 ± 1.1 1.2 ± 0.1 0.3 ± 0.2 3.6 ± 1.4 

Vehicle control 94.8 ± 0.9 22.2 ± 13.0 0.8 ± 0.6 15.3 ± 9.7 

Necrosis control 0.0 ± 0.0 * 0.4 ± 0.3 0.1 ± 0.1 99.9 ± 0.1 * 

Apoptosis control 40.4 ± 6.8 29.6 ± 5.7 10.6 ± 2.2 20.6 ± 7.7 

ESE-15-ol  84.3 ± 4.3 10.8 ± 4.0 0.3 ± 0.1 4.9 ± 2.5 

ESE-16  78.4 ± 7.2 15.3  ± 5.5 0.4 ± 0.2 6.3  ± 2.5 

QUER 28.8 ± 10.7 35.9 ± 11.5 14.4  ± 5.1 21.5  ± 4.3 

ESE-15-ol+QUER 21.8 ± 9.7 * 34.6 ± 9.8 17.6 ± 4.7 26.5 ± 3.2 

ESE-16+QUER 32.0 ± 14.5 32.1 ± 12.2 13.8 ± 5.0 22.6 ± 5.0 

MCF-12A non-tumourigenic cells 

Control 94.2 ± 2.6 3.8 ± 1.2 0.1 ± 0.1 2.1 ± 1.4 

Vehicle control 93.0 ± 3.0 5.3 ± 2.2 0.0 ± 0.0 1.9 ± 0.9 

Necrosis control 0.6 ± 0.6 * 0.2 ± 0.2 0.3 ± 0.3 98.9 ± 1.1 * 

Apoptosis control 59.9 ± 27.1 34.2 ± 25.7 0.9 ± 0.8 5.1 ± 1.6 

ESE-15-ol  93.2 ± 3.9 4.4 ± 2.3 0.0 ± 0.0 2.7 ± 1.7 

ESE-16  90.7 ± 5.3 9.4 ± 5.4 0.0 ± 0.0 0.5 ± 0.2 

QUER 61.8 ± 9.7 34.1 ± 6.2 0.2 ± 0.6 1.4 ± 0.2 

ESE-15-ol+QUER 61.3 ± 9.6 33.2 ± 5.9 0.5 ± 0.3 6.0 ± 3.7 

ESE-16+QUER 52.6 ± 9.1 45.5 ± 6.7 0.3 ± 0.2 2.9 ± 2.1 
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Figure 3.35: The effect of synergistic combinations of the oestrone analogue ESE-15-ol (123 nM) 

with indinavir (IND, 55 μM) and quercetin (QUER, 0.64 μM) on the induction of apoptosis or 

necrosis on MDA-MB-231 breast adenocarcinoma cells after 72 h incubation using a flow 

cytometric protocol. Staurosporine (10 μM for 24 h) was used as apoptosis control. Results are 

presented as scatter plots and represent one of four independent experiments. 

 

MDA-MB-231 breast adenocarcinoma cells treated with ethanol showed induction of 

necrosis and stimulation of apoptosis in staurosporine-treated indicate that apoptotic and 

necrotic cell death could be detected with the assay (Figure 3.35). Treatment of cells with 

ESE-15-ol and combinations with the glycolysis inhibitors showed elevation of both apoptotic 

and necrotic cell death (Table 3.4). 
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Figure 3.36: The effect of synergistic combinations of the oestrone analogue ESE-15-ol (123 nM) 

with indinavir (IND, 55 μM) and quercetin (QUER, 0.64 μM) on the induction of apoptosis or 

necrosis on MCF-12A non-tumourigenic cells after 72 h incubation using a flow cytometric 

protocol. Staurosporine (10 μM for 24 h) was used as apoptosis control. Results are presented 

as scatter plots and represent one of four independent experiments. 

 

Ethanol-induced necrosis and staurosporine-induced apoptosis was successfully detected, 

suggesting that the assay could detect necrotic and apoptotic cell death in MCF-12A non-

tumourigenic cells (Figure 3.36). Where MCF-12A cells were exposed to ESE-15-ol (123 

nM) and the combinations apoptotic cell death was detected. IND (55 μM) and QUER (0.64 

μM) treatment did not affect cell viability significantly. The combinations of oestrone 

analogues and IND or QUER induced apoptotic cell death. 
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Table 3.4: The effect of synergistic combinations of the oestrone analogues with quercetin (QUER) on the induction of apoptosis or necrosis on MDA-

MB-231 breast adenocarcinoma and MCF-12A non-tumourigenic cells after 72 h incubation using a flow cytometric protocol. Cumulative data from 

four independent experiments is shown. n = 4, * p < 0.05 ** p < 0.01 *** p < 0.001 

 Viable cells Early apoptosis Late apoptosis Necrotic cells 

MDA-MB-231 breast adenocarcinoma cells 

Control 87.8 ± 3.4 4.5 ± 2.2 0.5 ± 0.2 6.4 ± 2.2 

Vehicle control 85.9 ± 1.4 6.4 ± 1.8 0.5 ± 0.3 7.3 ± 1.5 

Necrosis control 0.2 ± 0.1* 0.1 ± 0.1 0.1 ± 0.0 99.6 ± 0.2 

Apoptosis control 34.4 ± 4.6 10.9 ± 4.2 2.3 ± 1.1 52.5 ± 6.7 

ESE-15-ol  61.2 ± 7.5 22.1 ± 5.9 1.9 ± 1.1 14.9 ± 3.5 

IND 79.4 ± 3.8 8.9 ± 1.7 0.9 ± 0.4 10.9 ± 2.7 

ESE-15-ol+IND 60.6 ± 5.0 26.1 ± 4.4 1.6 ± 0.7 11.8 ± 1.9 

QUER 79.8 ± 3.9 6.8 ± 2.0 0.8 ± 0.5 12.6 ± 2.4 

ESE-15-ol+QUER 63.5 ± 4.7 21.8 ± 4.3 1.7 ± 0.8 13.1 ± 2.1 

MCF-12A non-tumourigenic cells 

Control 95.2 ± 2.1 3.2 ± 1.0 0.1 ± 0.1 1.8 ± 1.1 

Vehicle control 95.2 ± 2.2 3.1 ± 1.2 0.0 ± 0.0 1.9 ± 1.0 

Necrosis control 0.5 ± 0.4* 0.2 ± 0.1 0.2 ± 0.2 99.2 ± 0.8 * 

Apoptosis control 63.7 ± 19.5 32.0 ± 18.3 0.7 ± 0.6 4.2 ± 1.5 

ESE-15-ol  37.3 ± 15.2 34.3 ± 13.5 3.4 ± 1.9 25.3 ± 11.0 

IND 91.5 ± 5.3 6.0 ± 3.6 0.1 ± 0.1 2.8 ± 1.9 

ESE-15-ol+IND 9.7 ± 1.9* 70.5 ± 3.5* 5.8 ± 2.0 14.3 ± 2.8 

QUER 94.9 ± 2.3 3.5 ± 1.6 0.0 ± 0.0 1.7 ± 0.8 

ESE-15-ol+QUER 18.4 ± 5.9 62.1 ± 1.5 4.1 ± 1.4 15.6 ± 3.1 
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3.6 Discussion 

In an attempt to map the sequence of toxic effects culminating in cell death (see Figure 3.1), 

assays of various molecular parameters indicative of transient, reversible and irreversible 

toxicity were investigated on the MCF-7 and MDA-MB-231 breast adenocarcinoma cell lines. 

The MCF-12A cell line was used as a normal reference cell line for most assays. 

It has been suggested that cell death in response to agents affecting the cell cycle may only 

manifest after several days (Willingham, 1999). Therefore intracellular changes that reflect 

adaptive responses to exposure with the combinations of oestrone analogues and glycolysis 

inhibitors were assessed at different time points leading up to 72 h exposure when studies of 

the mode of cell death induced were evaluated. 

It must be considered that QUER may cause interference with certain fluorescence-based 

assays as the residual fluorescence of intracellular QUER is reportedly detectable at 

wavelengths similar to those required for the assays (Nifli et al., 2007; Baran et al., 2011). 

However, a pilot study was conducted to assess the potential interference in the same 

laboratory, using the same instruments as the assays performed to provide an accurate 

indication of the degree to which data collected with fluorescence-based assays is affected 

by residual intracellular QUER fluorescence. During the pilot study the greatest interference 

(approximately 7.6% of the signal generated during the experiment) was observed at the 

excitation and emission wavelengths required for caspase 3/7 and -8. However, even with 

maximal interference of intracellular QUER of 7.6%, the effect on data obtained with during 

the experiments would be negligible. Therefore under the experimental conditions used in 

the present study residual fluorescence of intracellular QUER was deemed negligible. 

The first parameter investigated is one classified as an early, reversible response to toxic 

stimuli: intracellular anti-oxidant enzyme concentrations. The main endogenous anti-oxidant 

in mammalian cells is reduced glutathione (GSH)(Balendiran et al., 2004). The majority of 

intracellular GSH is synthesised de novo from glutamic acid, cysteine and glycine (Yeh et al., 

2006). Conversion of reduced GSH to its oxidised form (GSSG) occurs upon contact with 

free radicals or where enzymes such as GSH peroxidase or GSH reductase require GSH as 

co-factor (Balendiran et al., 2004). Glutathione reductase also aids in the maintenance of 

intracellular GSH levels by reducing GSSG to GSH (Fang et al., 2002). Maintenance of 

intracellular GSH levels is crucial as GSH levels correlate with susceptibility to oxidative 

damage, detoxification potential and in some cases prevalence of mutations (Balendiran et 

al., 2004). 
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Even though fluctuation in GSH concentration was observed in response to treatment with 

the combinations in the present study, statistically significant reduction in GSH was observed 

only where MCF-7 and MDA-MB-231 breast adenocarcinoma cells were exposed to 

combinations with IND (Figures 3.3 and 3.4). No statistically significant changes in GSH 

concentration was observed in the non-tumourigenic MCF-12A cells. However, the 

concentrations of IND and QUER required for synergy on the MCF-7 cell line did induce a 

reduction in GSH levels in the MCF-12A cells. This was most marked where the MCF-12A 

cells were treated with QUER (84 μM). A slight increase (11%) in intracellular GSH was 

observed where MCF-12A cells were treated with QUER at 0.64 μM, the concentration 

required for the combinations on MDA-MB-231 cells. 

The contradictory anti- and pro-oxidant properties of QUER have been well-documented. It 

has been proposed that QUER will act as anti-oxidant against free radicals but pro-oxidant in 

the presence of transition metals (Cao et al., 1997).  In the presence of transition metal such 

as ferric ion (Fe3+) complexes, QUER is oxidised, generating superoxide (O2
-)(Laughton et 

al., 1989). As with GSH an intracellular reduction of oxidised QUER by nicotinamide adenine 

dinucleotide phosphate (NADPH)-cytochrome P450 reductase or DT-diaphorase have been 

suggested (Metodiewa et al., 1999). However, the cyto-protective anti-oxidant effects of 

QUER have been demonstrated in the presence of hydrogen peroxide (H2O2) (Lee et al., 

2003). Reports have indicated that 25 μM QUER decreased intracellular GSH as measured 

with the monochlorobimane assay in the human leukemic monocyte lymphoma U937 cells, 

but not promyelocyticleukaemia NB4 cells, after 8 h treatment. This corresponded to the 

degree of apoptosis induced by QUER in these two cell lines (Ramos and Aller, 2008). 

Based on gene expression analysis performed on ESE-15-ol-treated (50 nM, 24 h) MDA-

MB-231 cells up-regulation of several ROS-responsive genes was indicated, implying that 

treatment with ESE-15-ol induced ROS generation (Stander et al., 2012). In the present 

study slight decreases in GSH concentration were observed in response to treatment with 

ESE-15-ol. However, the effect on GSH concentration was most notable where MCF-7 cells 

were treated with the lowest concentration of ESE-15-ol (17 nM)(Figure 3.8).  

A statistically significant reduction in GSH was observed were MCF-7 cells were treated with 

ESE-16 (70 nM) alone and in combination with IND (Figure 3.8). Previous studies assessing 

the effect of ESE-16 on intracellular ROS levels used hydroethidine as indicator of the 

presence of superoxide molecules as well as 2’,7’-dichlorodihydrofluoresceindiacetate 

(DCFH-DA) as indicator of H2O2 and ferrous ion (Fe2+) formation (Stander et al., 2013). 

Generation of superoxide was statistically significant after 12 h exposure to 200 nM ESE-16 

in the MCF-7 cell line. After MCF-7 breast adenocarcinoma cells were exposed to ESE-16 at 
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200 nM for only 6 h, slight increased fluorescence was observed with the DCFH-DA assay 

which differed statistically from the vehicle treated control after 12 h, suggesting the 

production of H2O2 or presence of Fe2+ (Stander et al., 2013). This corresponds to the data 

from the current study as a decrease in GSH concentration, as indicated by a decrease in 

fluorescence of the monochlorobimane derivative of GSH, suggesting increased 

concentrations of ROS that had depleted the GSH (Panduri et al., 2004). 

The irregular response to treatment with ESE-15-ol and ESE-16 observed in the MCF-7 cell 

line may be explained by the concentrations of the oestrone analogues required for each 

synergistic drug combination: for drug combinations with IND, ESE-15-ol and ESE-16 were 

used at concentrations exceeding 65 nM, where only 17 nM of ESE-15-ol and ESE-16 were 

required for drug combinations with QUER. However another possibility is increased de novo 

synthesis of GSH. The fluorescent signal detected by the monochlorobimane assay is based 

on the formation of monochlorobimane-glutathione adducts (Kamencic et al., 2000a). When 

de novo GSH formation is elevated in response to increased ROS generation induced by a 

chemotherapeutic treatment, it is expected that increased adduct formation will occur. This 

may explain the slight increase in GSH concentration observed in MCF-7 cells treated with 

ESE-15-ol and ESE-16 (both at 17 nM). At higher concentrations of these oestrone 

analogues increased production of ROS (Stander et al., 2012, 2013) resulted in increased 

oxidation of GSH as measured by the reduced monochlorobimane fluorescent signal.  

Intracellular oxido-reductive reactions allow for the reversible conversion of Fe2+ ions to Fe3+ 

ions (Laughton et al., 1989). In response to the potential generation of Fe3+ ions following 

treatment with ESE-16, QUER may act as pro-oxidant generating superoxide molecules. As 

the exposure period to the combination of ESE-16 and QUER proceeds, it is proposed that 

the generation of Fe2+ ions by ESE-16 and subsequent production of O2
- by QUER will 

initiate the sequence of toxicity culminating in cell death observed after exposure to the 

combination for 72 h. In the presence of transition metal ions, QUER treatment will promote 

generation of ROS resulting in depolarisation of the mitochondrial membrane potential, as 

observed in the present study. Supporting this theory is the observation that the 

combinations of ESE-15-ol and ESE-16 with QUER enhanced the depolarisation in the 

MCF-7 breast adenocarcinoma cell line when compared to the effect on MMP generated by 

the compounds separately. However, in the absence of these transition metal ions QUER 

has been demonstrated to prevent hydrogen peroxide-induced apoptosis (Park et al., 2003). 

IND has also been shown to induce ROS generation in human subcutaneous adipocytes at 

10 μM after only 24 h (Lagathu et al., 2007; Apostolova et al., 2011). Another study found 

that 5 μM IND caused elevated ROS detectable at 6 h after initiation of treatment of human 
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umbilical vein endothelial cells (Jiang et al., 2007). IND-induced export of GSH to the 

extracellular space has been reported in cultured astrocytes (Brandmann et al., 2012). The 

results obtained in the present study demonstrate the pro-oxidant properties of IND as 

treatment with IND and combinations with IND decreased GSH concentrations. MCF-7 cells 

treated with IND (115 μM), the highest concentration of IND used, did not reduce GSH 

concentrations as expected from the results seen with lower IND concentrations. However, 

increased de novo synthesis of GSH may account for this anomaly. 

Reduced concentrations of GSH in MCF-12A non-tumourigenic cells treated with the various 

combinations imply that an adaptive response is elicited. Where MCF-12A cells were treated 

with the synergistic drug combinations specific for MCF-7 cells, the greatest GSH reductions 

were observed with treatment with QUER and ESE-16 separately. As for combinations 

specific for MDA-MB-231 cells a 25% reduction in GSH concentration was observed where 

cells were treated with ESE-15-ol only. As alterations in the levels of anti-oxidant enzymes 

are regarded as a pre-lethal, transient event (van Tonder et al., 2014) the adaptive 

responses elicited may be sufficient to restore cellular homeostasis. 

Where MCF-12A cells were treated with ESE-16 (17 nM) or QUER (0.64 μM) increased 

GSH was observed (Figures 3.8 and 3.9) which does not suggest the generation of reactive 

oxygen species. However, elevated GSH levels were observed where MCF-12A cells were 

treated with the DMSO vehicle (Figure 3.3). The DMSO concentration in cell culture media 

did not exceed 0.5%, a concentration proven to be essentially non-toxic to cell cultures 

(Friend et al., 1971; Da Violante et al., 2002; Chen and Thibeault, 2013). The concentration 

of DMSO used in the MCF-12A cell line is the same as that used in the MCF-7 cell line 

where no increase in GSH was observed. The increase in GSH concentration in the vehicle-

treated samples may thus be an experimental anomaly. 

Elevated levels of intracellular ROS may induce autophagy, an adaptive mechanism which 

allows for the removal of organelles damaged by ROS (Scherz-Shouval and Elazar, 2007). 

This has been demonstrated in vitro as the addition of an extraneous anti-oxidant limited the 

effect of an inducer of autophagy (Kiššová et al., 2006). 

Three distinct forms of autophagy have been identified: macroautophagy, microautophagy 

and chaperone-mediated autophagy (Cuervo and Dice, 1998). Under nutrient-rich conditions 

microautophagy ensures the degradation of cytosolic proteins whereas chaperone-mediated 

autophagy, the selective catabolism of specific proteins escorted to lysosomes, occurs under 

conditions of nutrient deprivation (Cuervo and Dice, 1998). Like chaperone-mediated 

autophagy, macroautophagy entails the catabolism of intracellular components through 

lysosomal degradation under conditions of nutrient deprivation (Barth et al., 2010). 
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Macroautophagy, from here on referred to as autophagy, is the most common form of 

autophagy. The main function of autophagy is to generate amino acids to provide for the 

metabolic requirements of the cell (Mizushima, 2005). Not only does autophagy play an 

essential role in providing nutrients and amino acids for the production of ATP under 

nutrient-poor conditions, but it has been suggested that autophagy acts as checkpoint to 

ensure organelles are fully functional. This is of particular importance to prevent 

mitochondrial dysfunction as this may in turn produce damaging ROS (Jin and White, 2007). 

In the context of tumourigenesis, autophagy plays a paradoxical role. One of the pro-survival 

mechanisms adapted by malignant cells is the evasion of apoptotic signals (Hanahan and 

Weinberg, 2000). When autophagy is induced, apoptotic stimuli, such as nutrient deprivation 

and genome instability, do not result in cell death. Generation of ATP under these conditions 

through autophagy ensures that vital processes are maintained leading to the survival and 

propagation of damaged cells (Jin and White, 2007). Autophagy may also promote survival 

and proliferation of malignant cells by inferring protection against necrosis (Gu et al., 2015). 

However, extensive autophagy can also result in cell death (Bhutia et al., 2013). A recent 

report by Gu and colleagues suggests that abrogation of autophagy may result in poor 

survival in breast cancer patients (Gu et al., 2015). At present autophagic cell death is not 

completely understood: even though autophagic proteins are involved, the role of caspases 

in this mode of cell death is still unclear. Molecular crosstalk between autophagy and 

apoptosis has not been clearly defined as apoptosis often occurs concomitantly with 

autophagy (Bhutia et al., 2013). 

On a morphological level autophagy is characterised by cytoplasmic content encapsulated in 

multi-membranous structures (Klionsky et al., 2012). These structures, termed 

autophagosomes were first detected with transmission electron microscopy (TEM) and this 

remains a commonly used technique to detect autophagy induction (Barth et al., 2010). 

Once an autophagosome has merged with a functional lysosome, forming an autolysosome, 

proteolytic degradation of the sequestered contents occurs (Mizushima, 2005). However, 

autophagosomes may also merge with endosomes to form amphisomes (Eskelinen, 2008). 

Morphologically autolysomes can be distinguished from autophagosomes as autolysosomes 

are not contained by a double membrane, but are rather identified based on its incompletely 

degraded contents (Klionsky et al., 2012). 

A number of obstacles to the use of TEM for the detection and possibly the quantification of 

autophagy have been identified. Expertise in the field is required to positively identify 

autophagosomes (Barth et al., 2010; Klionsky et al., 2012) as the characteristic double 

sequestering membrane is not always preserved by commonly used sample preparation 
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techniques (Eskelinen, 2008). Furthermore distinguishing late stage autophagosomes from 

heterophagic vacuoles, enlarged endoplasmic reticulum or swollen mitochondria pose 

significant challenges (Martinet et al., 2006b; Eskelinen, 2008). In TEM micrographs, the 

electron density of potential autophagosomal vacuoles must be similar to that of the 

surrounding cytoplasm (Eskelinen, 2008) and the cytoplasmic contents of autolysosomes 

must be identifiable (Klionsky et al., 2012). 

Several intracellular structures may be misidentified as autophagosomes due to the similarity 

in appearance. Multivesicular bodies, easily misidentified as autophagosomes, are formed 

during the endocytosis process when endosomes containing proteins destined for 

degradation form internal buds (Piper and Katzmann, 2007). Endocytic markers, such as 

Rabguanosinetriphosphatases, distinguish these vesicles from autophagic vacuoles (Piper 

and Katzmann, 2007). Confounding matters further are vesicles which may have more than 

one limiting membrane. Unilamellar or multilamellar vesicles, vesicles sequestered by more 

than one membrane, are vital to protein homeostasis as intracellular protein transport 

depends on proper encapsulation and trafficking within vesicles (Rothman and Wieland, 

1996). Vesicles are also implicated in normal endocytosis (Verma and Roshan, 2015). The 

presence of vesicles or multivesicular bodies, although it may be indicative of autophagy, is 

thus not a specific indicator of the autophagic process.  

In order to avoid misidentification of multivesicular bodies or multilamellar vesicles as 

autophagosomes, antibodies specific for autophagy markers can be employed. Immunogold 

staining using colloidal gold labelled antibodies allows for the specific identification of marker 

proteins during TEM studies (Horisberger and Rosset, 1977). The use of similar antibodies 

for the identification of the cytosolic contents of autophagosomes has been reported (Liou et 

al., 1996). In the present study immunogold staining was not employed and therefore, even 

though these micrographs provide valuable information about morphological alterations 

induced by the combinations, conclusions cannot be drawn directly from the presence of 

vesicles showing autophagosome characteristics.  

The photomicrographs obtained during this study for MCF-7 breast adenocarcinoma cells 

exposed to drug combinations (Figures 3.10 and 3.11) show the formation of vesicles in all 

treated samples. Vesicle formation was most evident where cells were treated with 

tamoxifen, a known inducer of autophagy (Theron et al., 2013). A degree of similarity can be 

seen in the vesicles formed after treatment with tamoxifen and ESE-15-ol (17 and 70 nM), 

IND, QUER and combinations with IND in the MCF-7 cell line. The vesicle formation induced 

by ESE-15-ol was less evident where cells were treated with combinations of ESE-15-ol and 

IND or QUER. Interestingly, even though treatment with ESE-16 did not seem to cause 
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prominent vesicle formation in MCF-7 cells, vesicle formation was observed where cells 

were treated with combinations of ESE-16 and IND or QUER. The distinct intracellular 

changes induced by exposure to the two different oestrone analogues imply that these 

compounds may perhaps not exert their anti-cancer effect through the same mechanisms. 

In the MDA-MB-231 breast adenocarcinoma cell line vesicle formation was less pronounced 

(Figure 3.12). Vesicles observed in tamoxifen-treated MDA-MB-231 cells resemble those 

observed in the MCF-7 cells. However, the vesicles seen in ESE-15-ol treated cells simulate 

published examples of autolysosomes, the final stage of autophagy (Nixon, 2007). 

Autolysosomes may contain electron dense material (Nixon, 2007) as observed in the 

micrographs obtained in the present study for MDA-MB-231 cells treated with the 

combination of ESE-15-ol and IND or QUER. The possible observation of autolysosomes 

may suggest that autophagy was induced by treatment with ESE-15-ol and drug 

combinations with ESE-15-ol before 24 h. Unfortunately, the morphological similarities 

between the structures of autolysosomes, lysosomes containing concentric lamellar 

inclusions and amphisomes complicate accurate identification of these structures (Nixon, 

2007; Vergarajauregui et al., 2008).  

As morphology studies only provide qualitative data, cellular responses to toxicity induced by 

the combinations were quantified using specific intracellular markers. Assessment of 

molecular makers for autophagy is recommended due to the myriad of challenges of 

accurately detecting and quantifying autophagy based on morphological techniques 

(Klionsky et al., 2008). A number of molecular markers of autophagy have been identified 

(Figure 3.37) which detect increased formation or accumulation of autophagosomes 

including Atg8/LC3-II, Atg 5 and TOR complex I (TORC1)(Klionsky et al., 2012). Of all these 

markers only LC3-II is a direct molecular marker of autophagy as the extent of LC3-II 

expression has been directly correlated with the number of autophagosomes (Kabeya et al., 

2000). Once autophagy has been initiated by Atg7 and Atg3 in the presence of the Atg12-

Atg5-Atg16L1 complex, LC3-I is converted to LC3-II through the addition of the lipophilic 

phosphatidylethanolamine (PE) group (Barth et al., 2010). However, as autophagy is a 

dynamic process, over-expression of LC3-II may indicate induction of autophagy (Kovács et 

al., 1988), accumulation of autophagosomes (Kovács et al., 1988) or an imbalance between 

the formation of autophagosomes and autolysosomes (Chu, 2006). 
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Figure 3.37: The process of autophagy with the molecular triggers for the formation of the 

phagophore (1), autophagosome (2) and autolysosome (3) indicated. From (Tang et al., 2012), 

with modifications. Creative Commons Attribution License (CC-BY-2.0). 

 

The rapid degradation of LC3-II by lysosomes during the autophagic process may pose 

problems for accurate detection (Martinet et al., 2006b). Indeed, LC3-II can only be detected 

in early autolysosomes (Gukovskaya and Gukovsky, 2012). Furthermore, it has been found 

that due to the low abundance of the LC3-II protein detection of expression levels by 

Western blot are possible but other techniques, such as immunocytochemistry, may not be 

successful (Martinet et al., 2006a). Antibodies may be less sensitive for the detection of LC3-

I than LC3-II depending on tissue type and therefore normalisation of LC3-II levels should be 

done relative to a housekeeping protein such as β-actin and not LC3-I. However, LC3-II 

remains a commonly used molecular marker of autophagy (Klionsky et al., 2008). 

The Western blots obtained in the study (Figures 3.13 - 3.15) confirm the low abundance of 

LC3-II. Increased LC3-II expression was not detected in any of the treatment groups for the 

MCF-7 and MDA-MB-231 cell lines. From this data it is tempting to conclude that autophagy 

is not induced after 24 h exposure to the drug combinations. This does not exclude the 

possibility that autophagy may be activated earlier following drug combination exposure, as 
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suggested from the TEM micrographs obtained for the MDA-MB-231 cells. If the vesicles 

observed in the MDA-MB-231 cells are indeed autolysosomes, the degradation of LC3-II by 

lysosomes during such late stages of autophagy may confound Western blot results as 

elevated LC3-II may not be detected at this late stage of the initial response (Gukovskaya 

and Gukovsky, 2012). In order to fully elucidate the role of autophagy as an adaptive 

mechanism or in the sequence of toxicity induced by the combinations, the role of autophagy 

at more time points would need to be assessed.  

The treatment of MCF-7 cells with the DMSO vehicle resulted in elevated levels of LC3-II 

which was not statistically significant (Figures 3.13 and 3.14). Vehicle-treated MDA-MB-231 

cells displayed decreased levels of LC3-II (Figure 3.15). Due to the solubility profile of the 

compounds used during the study, a diluent was required and the commonly used 

amphoteric solvent DMSO was selected. For all experiments the final DMSO concentration 

in the cell media did not exceed 0.5%, a concentration shown to be non-toxic to cellsin 

culture (Friend et al., 1971; Da Violante et al., 2002; Chen and Thibeault, 2013). The non-

significant increase in LC3-II expression due to the vehicle could potentially influence the 

results obtained, but as reduced LC3-II expression was observed in the majority of the 

treatment groups it would appear that the effect of the vehicle did not greatly influence the 

data obtained. 

A small, non-significant increase in LC3-II expression was noted where MCF-7 cells were 

treated with ESE-16 (17 nM, the concentration of ESE-16 required for synergistic drug 

combinations with QUER, and 67 nM as required for combinations with IND)(Figures 3.13 

and 3.14).This is in line with previous reports where higher concentrations of ESE-16 were 

used for treatment and induction of autophagy was reported:in MCF-7 breast 

adenocarcinoma cells after 24 h treatment with 180 nM ESE-16 (Nkandeu et al., 2013), in 

HeLa cervical cancer cells after exposure to 500 nM ESE-16 for 24 h (Theron et al., 2013) 

and in oesophageal SNO cells treated with 180 nM ESE-16 for 24 h (Wolmarans et al., 

2014). It must be noted, however, that in the present study Western blot was used, whereas 

flow cytometric detection of LC3-II levels and immunocytochemistry was used in the 

previous cited studies. In each of these reports, like in the present study, only one time point 

was assayed which does not fully indicate the effect of the treatments on autophagic flux. No 

reports on the effect of cancer cell treatment with ESE-15-ol on the induction of autophagy 

have yet been published.  

Exposure of MCF-7 cells to IND only resulted in a slight increase in LC3-II levels (Figure 

3.13). Reports on the effect of IND on autophagy are lacking; however the effect of other 

protease inhibitors on autophagy has been described. Nelfinavir, a potent protease inhibitor, 
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was shown to induce autophagy in the human oral squamous carcinoma H157 cell line at 10 

μM after 16 h treatment (Gills et al., 2007). However, when a combination of nelfinavir and 

an inhibitor of autophagy were used, increased cell death was observed suggesting a pro-

survival role for nelfinavir-induced autophagy (Gills et al., 2007). Similarly, induction of 

autophagy by another protease inhibitor, saquinavir (50 μM), was observed in ovarian 

cancer cell lines after only 6 h exposure (McLean et al., 2009). It has been suggested that 

the effect of protease inhibitors on autophagy may be attributed to the induction of 

endoplasmic reticulum stress (Zha et al., 2011). 

Suppression of LC3-II expression in MCF-7 cells was observed upon exposure to the 

combination of ESE-15-ol and IND and ESE-15-ol only (Figure 3.13). The combination of 

ESE-16 and IND also resulted in reduced expression of LC3-II, suggesting that the 

stimulatory effect of IND on autophagy is attenuated by the addition of the oestrone 

analogues. A similar trend was observed in the MDA-MB-231 cell line: exposure to IND 

alone (55 μM) resulted in a non-significant increase in LC3-II expression while the 

combination of ESE-15-ol and IND caused suppression of LC3-II levels. As autophagy 

induced by protease inhibitors play a pro-survival role (Gills et al., 2007), the inhibition of 

autophagy suggested by reduction in LC3-II expression by combination of oestrone 

analogues and IND may sensitise cells to cell death. 

No changes in LC3-II levels were observed where MCF-7 cells were treated with QUER (84 

μM) only (Figure 3.14). The combination of ESE-15-ol and QUER showed suppression of 

LC3-II expression in the MDA-MB-231 cell line in comparison to the control (Figure 3.15). 

Similar suppression of LC3-II expression was observed where the cells were treated with 

QUER only. These observations are contrary to published reports suggesting induction of 

autophagy after treatment with QUER (Jakubowicz-Gil et al., 2010; Klappan et al., 2012) and 

should be investigated further. However, as cell death was increased upon pre-treatment 

with an inhibitor of autophagy, it was proposed that QUER-induced autophagy played a pro-

survival role (Wang et al., 2011; Kim et al., 2013). Therefore it may be deduced that 

abrogation of QUER-induced autophagy by the addition of oestrone analogues may 

sensitise malignant cells to apoptotic signals. 

It must be considered that once autophagosomes merge with lysosomes during the late 

stages of autophagy quantification of LC3-II levels is confounded by rapid lysosomal 

degradation of LC3-II (Gukovskaya and Gukovsky, 2012). Therefore the increased formation 

of multivesicular bodies observed in the TEM micrographs for MDA-MB-231 cells exposed to 

combinations of QUER and IND may be indicative of the late stages of autophagy (Figure 

3.12). Due to the limited sample size, variability between Western blot experiments, as seen 
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by the calculated standard error of the mean, may confound results. Further studies, 

including time course experiments, would need to be performed in order to validate this 

theory. 

The involvement of the ROS-generating organelles, such as mitochondria and endoplasmic 

reticulum, in the regulation of autophagy has been elucidated (Kiššová et al., 2006). In 

response to mitochondrial lipid oxidation by ROS, autophagy may be induced suggesting 

that mitochondrial ROS is instrumental in the regulation of ROS (Kiššová et al., 2006). This 

induction of autophagy may be mediated through up-regulated expression of Beclin 1, an 

autophagy gene (Djavaheri-Mergny et al., 2006). The role of mitochondria in autophagy 

induction is further supported by the observed initiation of autophagy upon accumulation of 

short mitochondrial form of ARF, a tumour suppressor protein (Reef et al., 2006). 

Mitochondria are recognised as the main producers of ATP in eukaryotic cells (Wallace and 

Starkov, 2000). Hydrogen ions (H+) are transported through the electron transport chain 

(ETC) during the production of ATP to ultimately react with the electron acceptor, oxygen in 

the mitochondrial intermembrane space to form water (Osellame et al., 2012). However, 

when electrons leak from the ETC conversion of oxygen to superoxide anion (O2
-) occurs. 

O2
-is the precursor for most ROS including hydrogen peroxide and hydroxyl radicals 

(Turrens, 2003). Due to the role of oxygen in the ETC, mitochondria are regarded as the 

main consumers of intracellular oxygen and decreased oxygen consumption is indicative of 

compromised mitochondrial function (Jiang et al., 2007). 

It is the inner mitochondrial membrane that is responsible for maintaining the electro-

chemical proton gradient that drives the electron transport which is generally targeted by 

mitochondrial poisons (Wallace and Starkov, 2000). The proton accumulation across the 

inner membrane can be measured by the accumulation of cationic fluorescent dyes such as 

JC-1 (Nuydens et al., 1999).The proton gradient exists as H+ ions produced during the citric 

acid cycle are actively transported from the mitochondrial matrix by the electron transport 

chain, consisting of respiratory complexes I, II, III and IV (Hüttemann et al., 2008). ATP 

synthase, or complex V, is connected to the ETC and utilise the influx of H+into the 

mitochondrial matrix to synthesise ATP from ADP (Osellame et al., 2012). The 

electrochemical gradient across the inner membrane is maintained using H+ ions produced 

during the Krebs cycle and transport of ions and proteins into the mitochondria (Hüttemann 

et al., 2008). It has also been proposed that protons leak into the mitochondrial matrix under 

normal physiological conditions (Nicholls, 1977) and that this leak is instrumental in 

preventing dielectric breakdown (Brand et al., 1994). 
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Apart from its role in cellular bioenergetics, mitochondria fulfil crucial functions in the 

initiation of cell death: during necrosis the mitochondrial membrane permeability transition 

pore (MPTP) is believed to open and the irreversible commitment of cells to apoptosis are 

thought to be preceded by the release of cytochrome c from the mitochondria (Vander 

Heiden et al., 1997; Osellame et al., 2012). Theories describing the release of cytochrome c 

from the mitochondria are shown in Figure 3.38. 

The depolarisation of the mitochondrial membrane often observed preceding cell death is 

induced by the opening of the MPTP and results in mitochondrial membrane permeability 

transition (Figure 3.38 b)(Tsujimoto and Shimizu, 2007). MPT occurs when the outer 

mitochondrial membrane becomes more permeable to solutes with molecular weights up to1 

500 kDa (Ly et al., 2003). The MPTP consists of the voltage-dependent anion channel 

(VDAC), the adenine nucleotide translocator (ANT) and cyclophilin D (CypD)(Tsujimoto and 

Shimizu, 2007). Once the MPTP has opened, cytochrome c and other apoptogenic factors 

including apoptosis inducing factor 1 (AIF) are released from the intermembrane space, 

initiating programmed cell death through the activation of the caspase cascade (Esposti and 

Dive, 2003). 

VDAC closure has been demonstrated to cause acidification of the cytosol resulting in 

hyperpolarisation of the mitochondrial membrane potential (Gottlob et al., 2001). The 

subsequent swelling and possible rupture of the mitochondria may result in the release of 

cytochrome c from the intermembrane space (Figure 3.38 a)(Desagher and Martinou, 2000). 

Hyperpolarisation of the inner membrane may be indicative of stimulation of the ETC, 

inhibition of ATP synthase (Kalbáčová et al., 2003), inhibition of the inherent H+ leak or as a 

result of ROS (Matsuyama et al., 2000). It has been proposed that hyperpolarisation of the 

mitochondrial membrane potential occurs prior to release of cytochrome c and depolarisation 

of the membrane potential as indicated by the accumulation of rhodamine 123 (Vander 

Heiden et al., 1997). 
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Figure 3.38: Theories on the release of cytochrome c from the mitochondria during apoptotic 

cell death. (a) Inhibition of H+ transport from the intermembrane space to the mitochondrial 

matrix by complex V leads to hyperpolarisation of mitochondrial membrane potential and 

swelling of the mitochondria. Closure of voltage-dependent anion channel (VDAC) is also 

observed. When mitochondria rupture, cytochrome c is released from the mitochondrial 

intermembrane space and mitochondrial membrane potential dissipates. (b) Opening of the 

MPTP results in depolarisation of the mitochondrial membrane potential, swelling and rupture 

of the mitochondrial membrane resulting in the release of cytochrome c. (c-e) The formation of 

a channel in the outer mitochondrial membrane resulting in the release of cytochrome c without 

damage to the mitochondria. (c) Bcl-2-associated X protein (Bax) forms a channel in the outer 

membrane, (d) a channel is formed by the interaction of Bax and VDAC and (e) the formation of 

a lipid-lipid or protein-lipid channel after insertion of Bax. 

From (Desagher and Martinou, 2000), used with permission. http://dx.doi.org/10.1016/S0962-

8924(00)01803-1 

 

A number of theories to explain apoptosis in the absence of hyperpolarisation of the 

mitochondrial membrane potential have been proposed including opening and closing of the 
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MPTP allowing for the release of cytochrome c without hyperpolarisation of the mitochondrial 

membrane potential (Green and Reed, 1998). It has also been postulated that members of 

the Bcl-2 protein family may form cytochrome c specific channels in the outer mitochondrial 

membrane which do not require opening of the MPTP and therefore do not induce loss of 

mitochondrial membrane potential (Desagher and Martinou, 2000; Ly et al., 2003). 

Depolarisation of mitochondrial membrane potential may occur upon exposure to an ETC 

uncoupler, due to depletion of substrates or even shortage of oxygen (Duchen, 2004). 

However, it is not clear whether depolarisation of the mitochondrial membrane preceding 

apoptosis is involved in the initiation of the process or whether it is a result of apoptotic cell 

death (Vander Heiden and Thompson, 1999; Sanchez-Alcazar et al., 2000). Reports have 

shown that dissipation of the mitochondrial membrane is not required for the release of 

cytochrome c and subsequent activation of the caspase cascade (Figure 3.38 c – e)(Kluck et 

al., 1997; Bossy‐Wetzel et al., 1998). Indeed, apoptosis in the presence of hyperpolarisation 

of the mitochondrial membrane potential has been observed in vitro (Sanchez-Alcazar et al., 

2000; Cao et al., 2007). It has also been proposed that hyperpolarisation of the 

mitochondrial membrane due to compromised adenine nucleotide transport across the 

membrane occurs as a result of ATP depletion (Vander Heiden et al., 1999). 

Previously studies on the effect of the oestrone analogues ESE-15-ol and ESE-16 on 

mitochondrial membrane potential have made use of kits containing JC-1 to detect 

fluctuations in mitochondrial membrane potential (Stander et al., 2012; Nkandeu et al., 2013; 

Wolmarans et al., 2014). JC-1 is a cationic dye and thus accumulates in mitochondria in 

inverse relationship to the membrane potential (Nuydens et al., 1999). The use of JC-1 as a 

ratiometric dye has several advantages including reversible aggregate or monomer 

formation which is based on the state of the mitochondrial membrane (Reers et al., 1991) 

and expanding the dynamic range available to detect fluctuations in mitochondrial 

membrane potential (Nuydens et al., 1999). 

In published reports of the effect of the oestrone analogues on mitochondrial membrane 

potential, sample preparation and flow cytometric detection were performed according to the 

manufacturer’s instructions, measuring emission at only one wavelength (520 nm). Elevated 

levels of JC-1 monomers (λem = of 520 nm) were detected and therefore the conclusion was 

drawn that exposure to these compounds result in depolarization of the mitochondrial 

membrane (Stander et al., 2012; Nkandeu et al., 2013; Wolmarans et al., 2014). In the 

present study JC-1 was also used as indicator of mitochondrial membrane potential; 

however the more robust ratiometric method using the emission of both the JC-1 monomers 

(λem = of 525 nm) and JC-1 aggregates (λem = 595 nm) detected in the same sample at the 
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same time was used to calculate the ratio of aggregate:monomer emission (Figures 3.16 - 

3.18).  

Apart from the difference in interpretation of results, previous studies based conclusions 

regarding the effect of the oestrone analogues on mitochondrial membrane potential using 

flow cytometric data with gating of the cell populations, whereas a fluorometric protocol 

taking all cells into account was employed in the present study. Data obtained regarding 

mitochondrial membrane potential from flow cytometric methods have been compared to 

fluorometric protocols and it has been found that even though flow cytometric methods may 

be more robust in detecting small changes in mitochondrial membrane potential, fluorometry 

provides a relatively simple method to distinguish between differences in cellular metabolism 

as expressed by the mitochondrial membrane potential (Kalbáčová et al., 2003). 

The concentrations of the oestrone analogues used in published studies differ from those in 

the present study: in published reports ESE-15-ol was used at a concentration of 50 nM on 

MCF-7 and MDA-MB-231 breast adenocarcinoma cells (Stander et al., 2012), while ESE-16 

was used at 180 nM on MCF-7 breast adenocarcinoma and SNO oesophageal carcinoma 

cells (Nkandeu et al., 2013; Wolmarans et al., 2014). At these concentrations depolarisation 

were observed in all cell lines.The highest concentration of the oestrone analogues used in 

the present study was 123 nM of ESE-15-ol on MDA-MB-231 cells. 

In the present study mitochondrial membrane hyperpolarisation was predominant in cells 

treated with the oestrone analogues. Significant hyperpolarisation was observed where 

MCF-7 cells were treated with ESE-15-ol (70 nM) and ESE-16 (67 nM) for 24 h (Figure 

3.16). After 48 h exposure hyperpolarisation was still observed, but was no longer 

statistically significant. In the non-tumourigenic MCF-12A cell line significant 

hyperpolarisation was observed after 48 h exposure to ESE-15-ol (70 nM) and ESE-16 (67 

nM) (Figure 3.16). These effects were not observed where MCF-7 and MCF-12A cells were 

treated with the lower concentrations of ESE-15-ol (17 nM) and ESE-16 (17 nM) required for 

synergistic combinations with QUER (Figure 3.17). Significant hyperpolarisation of the 

mitochondrial membrane was not observed in MDA-MB-231 breast adenocarcinoma cells 

exposed to 123 nM of ESE-15-ol (Figure 3.18). However, hyperpolarisation was observed in 

ESE-15-ol-treated MCF-12A non-tumourigenic cells after 24 and 48 h. The hyperpolarisation 

became statistically significant with these cells after 48 h ESE-15-ol (123 nM) treatment. 

The effect of the oestrone analogues on the mitochondria have not been studied in great 

detail at a molecular level, but it has been proposed that hyperpolarisation may occur in 

response to ROS production (Matsuyama et al., 2000) as ESE-15-ol and ESE-16 reportedly 

increase intracellular ROS production (Stander et al., 2012, 2013). This proposed effect of 
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ESE-15-ol and ESE-16 seem to be concentration dependent as similar observations were 

not made where the oestrone analogues were used at low concentrations (17 nM) as 

required for the synergistic drug combinations with QUER on the MCF-7 cell line. 

Progressive hyperpolarisation of the mitochondrial membrane potential was observed in 

MCF-7 breast adenocarcinoma cells exposed to combinations with IND (Figure 3.16). A 

similar, but more exaggerated, hyperpolarisation was observed in samples treated with ESE-

15-ol (70 nM) and ESE-16 (67 nM). However, depolarisation was observed when samples 

were treated with only IND which confirms previously published reports (Matarrese et al., 

2003; Wang et al., 2009b). This suggests that the oestrone analogues abolish the effect of 

IND on mitochondrial membrane potential. In the absence of depolarisation of the 

mitochondrial membrane potential the activation of the caspase cascade may still occur as 

result of the interaction of Bax with the outer membrane (Figure 3.38). Antibody microarrays 

have indicated that ESE-16 (200 nM for 24 h) results in upregulation of Bax expression 

(Stander et al., 2013) which indicate that the involvement of Bax in the release of 

cytochrome c from the mitochondria may be feasible but should be confirmed.   

On the MDA-MB-231 cell line combinations with IND produced a different, contrasting 

response: after 24 h depolarisation was observed, but after 48 h hyperpolarisation of the 

mitochondrial membrane was observed (Figure 3.18). However, these responses were not 

statistically significant. For drug combination treatments on the MCF-7 cells 115 μM of IND 

was required, whereas only 55 μM of IND was required for drug combinations for the MDA-

MB-231 cells. Even though the difference in observed effect may be attributed to differences 

between the cell lines used in the study, similar concentration-dependent effects on 

mitochondrial membrane potential have been observed for other compounds (Pasquier et 

al., 2004; Gao et al., 2005; Chatterjee et al., 2008). 

Hyperpolarisation of the mitochondrial membrane have been associated with inhibition of 

ATP synthesis (Kalbáčová et al., 2003). It stands to reason that the inhibitory effect of IND 

on glucose transporters (Murata et al., 2002; Hresko and Hruz, 2011) and the resulting 

depletion of intracellular glucose will result in abrogation of ATP synthesis. This effect would 

become more pronounced with longer exposure periods and may therefore cause the 

hyperpolarisation of the mitochondrial membrane observed after 48 h exposure to IND. As 

the concentration of IND required for synergistic drug combinations on MCF-7 cells are 

approximately double that used on the MDA-MB-231 cell line, cell death may be induced at 

different rates between the cell lines resulting in diverse observations in the intracellular 

parameters measured during the present study. 
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The decreased concentrations of oestrone analogues required for combinations with QUER 

elicited slight depolarisation in the MCF-7 breast adenocarcinoma cell line after 24 h which 

was more pronounced after 48 h incubation using drug combinations with both ESE-15-ol 

(17 nM) or ESE-16 (17 nM)(Figure 3.17). Significant depolarisation was observed in MCF-7 

cells treated with QUER or drug combinations containing QUER after both 24 and 48 h. 

However, extensive depolarisation of the mitochondrial membrane potential was also 

observed in the non-tumourigenic MCF-12A cells treated with these compounds suggesting 

that the drug combinations do not exert a selective effect. The depolarisation of the 

mitochondrial membrane observed may precede the release of cytochrome c into the cytosol 

and the activation of the caspase cascade. 

Similar results were obtained in the MDA-MB-231 breast adenocarcinoma cell line for 

combinations with QUER: depolarisation of the mitochondrial membrane potential was 

observed in QUER- or QUER drug combination-treated cells (Figure 3.18). It has been 

postulated that the effect of QUER on the mitochondria is due to suppression of the pro-

survival Bcl-2 protein (Chou et al., 2010) and up-regulation of pro-apoptotic Bax expression 

(Chien et al., 2009). The loss of mitochondrial membrane potential was more pronounced 

after 24 h. It has been suggested that the activation of caspase 9 upon release of 

cytochrome c may act as a positive feedback amplification loop, resulting in further 

depolarisation of the mitochondrial membrane and further release of cytochrome c into the 

cytosol (Ly et al., 2003). Therefore the depolarisation observed after 48 h may be a residual 

effect. 

The Bcl-2 protein family is involved in the regulation of cell death and this relies on the 

interplay between pro-apoptotic, including Bax and Bcl-2 antagonist/killer protein (Bak), and 

anti-apoptotic signalling proteins, including Bcl-2 and B-cell lymphoma-extra large protein 

(Bcl-XL)(Vander Heiden and Thompson, 1999). Bcl-2 proteins have the ability to form ion 

channels in lipid membranes and may therefore affect the permeability of these membranes 

(Schendel et al., 1997). It has been demonstrated that the pro-survival Bcl-XL proteins, such 

as Bcl-2, inhibit induction of apoptosis upstream of the activation of the caspase cascade by 

protecting the mitochondria from swelling and maintaining the integrity of the outer 

mitochondrial membrane (Vander Heiden et al., 1997; Hitomi et al., 2004). The release of 

cytochrome c therefore does not occur. The pro-apoptotic action of Bax has been attributed 

to its ability to induce the release of cytochrome c into the cytosol resulting in the activation 

of the caspase cascade (Rosse et al., 1998). The activation of the caspase cascade is 

recognised as a response to irreversible cytotoxicity (van Tonder et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



143 
 

The involvement of cysteine proteases in cell death was first proposed when Horvitz and 

colleagues successfully identified the CED-3 protein and its pivotal role in the induction of 

cell death in the nematode Caenorhabditis elegans (Yuan et al., 1993). Caspases are 

produced as inactive pro-caspases or zymogens which are activated upon cleavage at 

specific aspartic acid residues (Cohen, 1997) suggesting that caspases can activate 

downstream zymogens. Based on the sequence of activation, caspases are referred to as 

initiator/signalling caspases, including caspases 2, -8, -9 and -10, or executioner/effector 

caspases, such as caspases 3, -6 and -7 (Figure 3.39)(Slee et al., 1999). 

The activation of a homogenous executioner caspases depends on the initial stimuli: the 

involvement of the mitochondria signals the activation of the intrinsic pathway whereas the 

binding of a ligand to plasma membrane receptors activates the extrinsic pathway (Degterev 

et al., 2003). The generally accepted models of activation of the caspase cascade through 

the intrinsic pathway is initiated by the activation of caspase 9, while the extrinsic pathway 

induces caspase activation through stimulation of caspase 8 activity (Chipuk and Green, 

2005). 

The activation of caspase 9 is dependent on the release of cytochrome c from the 

mitochondrial intermembrane space and its interaction with Apaf-1 (Liu et al., 1996; Li et al., 

1997). Upon binding of caspase 9 to Apaf-1 and cytochrome c, cleavage of procaspase 9 

occurs to convert it to its active caspase 9 form. The formation of the caspase-9-Apaf-1 

complex, referred to as the apoptosome, occurs only in the presence of the nucleotide 

precursor deoxyadenosine triphosphate (dATP) which may be substituted by ATP, 

suggesting that apoptotic cell death is a process during which energy is expended (Li et al., 

1997). Activation of caspase 9 may initiate a positive feedback loop, as it may induce 

depolarisation of the mitochondrial membrane potential and further activation of the caspase 

cascade (Ly et al., 2003). The pivotal role of caspase 9 in the activation of downstream 

initiator caspases has been demonstrated in a cell-free system (Slee et al., 1999). However, 

the possibility of alternative initiator caspases were demonstrated when caspase 9 deficient 

T-cells exposed to α-CD95 or α-CD3, T-lymphocyte specific apoptotic stimuli, resulted in 

apoptosis and cleavage of procaspase 3 (Hakem et al., 1998). 
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Figure 3.39: Activation of the caspase cascade. The caspase cascade may be activated by 

extrinsic or intrinsic stimuli. The external apoptotic pathway is induced by the binding of a 

ligand to a death receptor and the subsequent formation of the death-inducing signalling 

complex (DISC). The intrinsic apoptotic pathway is stimulated by the release of cytochrome c 

from the mitochondrial intermembrane space resulting in the activation of caspase 9 and the 

executioner caspases. Caspase 6 may assume the role of executioner caspase instead of caspase 

3. Various other apoptogenic factors may be released from the mitochondria including 

Smac/DIABLO and HtrA2/Omi resulting in the activation of the caspase cascade. Endoplasmic 

reticulum stress may cause activation of caspase 4 resulting in activation of caspase 3. Caspase-

dependent cell death, apoptosis, results from the activation of executioner caspases. Apoptotic 

factors released from the mitochondria, like apoptosis inducing factor (AIF), may activate the 

caspase cascade or cause caspase-independent cell death. 

Structures of DISC and apoptosome from Sendoel and Hengartner, 2014. (Sendoel and 

Hengartner, 2014) with modifications. Creative Commons Attribution License (CC-BY-2.0). 

Structures of mitochondria and endoplasmic reticulum by Darryl Leja, NHGRI, 

www.genome.gov. Accessed September 2015. 
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The activation of the caspase cascade in the absence of cytochrome c has been attributed 

to the release of alternative pro-apoptotic factors including Smac/Diablo (Du et al., 2000; 

Verhagen et al., 2000) and high-temperature requirement protein A2 (HtrA2)/Omi (Suzuki et 

al., 2001). Abrogation of the function of inhibitor of apoptosis proteins (IAP) by Smac/Diablo 

and HtrA2/Omi results in the activation of caspase 9 and the cleavage of downstream 

caspases (Du et al., 2000; Suzuki et al., 2001). HtrA2/Omi may also contribute to caspase-

independent cell death (Suzuki et al., 2001). 

The extrinsic apoptotic pathway is initiated upon the binding of a suitable ligand to a death 

receptor, activation of the intracellular domain of the receptor occurs resulting in the 

formation of the death-inducing signalling complex (DISC)(Degterev et al., 2003). DISC 

formation following ligand binding of the CD95/Fas receptor has been described best: the 

intracellular death domain of stimulated CD95/Fas receptors, Fas-associated death domain 

protein (FADD) and procaspase 8 are essential for the formation of DISC. Once recruited 

into DISC the zymogen is activated to caspase 8 (Medema et al., 1997). It has been 

suggested that procaspase10 may alternatively be activated by recruitment into DISC 

(Kischkel et al., 2001). Apoptosis induced by caspase 8 may be a consequence of its direct 

activation of downstream executioner caspases including caspase 3 and -7 or through 

cleavage of BH3 interacting-domain  protein (BID)(Scaffidi et al., 1998). 

As caspases 1, -4 and -5 are not activated upon release of cytochrome c into the cytosol, it 

has been suggested that the possible involvement of these caspases in cell death relies on 

other stimuli (Slee et al., 1999). Caspases 4 and -5 are activated by cytosolic 

lipopolysaccharide resulting in the induction of pyroptotis, programmed cell death induced by 

inflammation. Activated caspases 4 and -5 have been implicated in the cleavage of 

procaspase1 (Vanaja et al., 2015). 

Caspase 4 has been implicated in endoplasmic reticulum (ER) stress-induced apoptosis and 

the localisation of this protease to the ER supports this hypothesis (Hitomi et al., 2004). The 

activation of caspase 4 occurs downstream of the mitochondria, implying that it is not 

activated by caspases 9 or -3, and is caused by well-known inducers of ER stress in human 

SK-N-SH neuroblastomacells. Other apoptotic stimuli that do not affect ER stress do not 

cause activation of caspase 4 (Hitomi et al., 2004). However, Fas-mediated activation of 

caspase 8 may also result in activation of caspase 4 and downstream activation of caspase 

3 (Kamada et al., 1997). 

During the induction of apoptosis three possible executioner caspases, caspase 3, -6 or -7 

may be activated downstream of the initiator caspases (Cohen, 1997; Hitomi et al., 2004). 

The possibility of multiple executioner caspases has been suggested as γ irradiation of 
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caspase 3 deficient thymocytes and splenocytes still resulted in the induction of apoptosis 

(Hakem et al., 1998). Furthermore the externalisation of phosphatidylserine, an indicator of 

apoptosis, and cleavage of poly(ADP-ribose)polymerase (PARP) were detected in caspase 

3 deficient mouse embryonic fibroblasts (Woo et al., 1998). 

Caspase 3, a key executioner caspase, is responsible for the cleavage of poly (ADP-ribose) 

polymerase (PARP) to form an 85 kDa fragment (Tewari et al., 1995). As PARP has been 

implicated in DNA repair mechanisms (Miller, 1975), proteolytic cleavage of PARP results in 

irreversible DNA damage. Caspase 3 activity has been directly linked to not only DNA 

fragmentation but also to morphological features of apoptosis (Jänicke et al., 1998). The 

contrasting role of caspase 3-induced apoptosis or survival has been demonstrated in 

caspase 3 deficient mouse models: caspase 3 deficient mice showed marked shortened 

lifespan due to impaired neural development, although the development of T- and B-cells 

remained unaffected (Woo et al., 1998). It has recently been observed that caspase 3 is 

required for maintenance of neural plasticity (Lo et al., 2015). Thus the role of caspase 3 is 

highly tissue- and cell type specific.  

Due to the level of conservation in their peptide sequences, there is a high level of substrate 

overlap between caspases 3 and -7 (Cohen, 1997; Porter and Jänicke, 1999). In the 

absence of caspase 3, activation of caspases 6 and -7 may be involved in induction of 

apoptosis. Nuclear fragmentation and the formation of apoptotic bodies were evident in the 

absence of caspase 3 activation, suggesting that caspase 3 is not solely responsible for the 

characteristics defining apoptotic cell death (Liang et al., 2001). It has been suggested that 

caspase 3 may be involved in the activation of caspase 6; alternatively caspase 6 may 

cleave procaspase 3 resulting in caspase 3  activation (Cohen, 1997). 

It has been reported that MCF-7 breast adenocarcinoma cells do not express caspase 3 

(Jänicke et al., 1998; Jänicke, 2009). This was concluded after procaspase 3 and DNA 

fragmentation could not be detected after MCF-7 cells were treated with staurosporine for 

16h (Jänicke et al., 1998). However, several reports indicate the presence of caspase 3 in 

MCF-7 breast adenocarcinoma cells using Western blot (Nizamutdinova et al., 2008; Yeruva 

et al., 2008; Wang et al., 2009a; Gan et al., 2015; Pang et al., 2015). It has been suggested 

that karyotype studies be performed to determine the expression of caspase 3 in the original 

MCF-7 breast adenocarcinoma cell line (Jänicke, 2009). However, as the substrate 

preference of caspases 3 and -7 overlap, the fluorogenic substrate used in the present study 

cannot distinguish the activity of caspase 3 from that of caspase 7 (Porter and Jänicke, 

1999). 
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A previous study using antibody microarrays to detect protein expression levels have 

demonstrated that treatment with ESE-16 (200 nM for 24 h) resulted in upregulation of 

caspase 4 and caspase 7 in the MDA-MB-231 breast adenocarcinoma cell line (Stander et 

al., 2013). Another study showed elevated activity of caspases 3 and -8 in HeLa cervical 

adenocarcinoma cells after 24 h exposure to 500 nM ESE-16 (Theron et al., 2013). This 

suggests activation of the extrinsic pathway of apoptosis where activation of caspase 8 may 

result in activation of caspase 4 with the subsequent activation of the executioner caspases 

(Kamada et al., 1997). However, activation of caspase 4 has also been identified as a 

consequence of ER stress (Hitomi et al., 2004). 

2-Methoxyestradiol (2ME), the parent compound of the oestrone analogues used in this 

study, has been shown to induce apoptosis via the extrinsic pathway in MDA-MB-231 breast 

adenocarcinoma cells (LaVallee et al., 2003a). Treatment with 2ME (2 μM for 24 or 48h) 

resulted in elevated expression of death receptor 5, one of the death receptors involved in 

the activation of DISC and procaspase 8, resulting in activation of caspases 8, -9 and -3 

(LaVallee et al., 2003a). The activation of caspase 9 may be a downstream event initiated by 

the cleavage of BID by caspase 8, resulting in depolarisation of the mitochondrial membrane 

potential, release of cytochrome c and activation of caspase 9 (Li et al., 1998). However, the 

activation of caspase 9 induced by 2ME (LaVallee et al., 2003b) may indicate that both the 

intrinsic and extrinsic pathways are involved in 2ME-induced apoptosis.This has been 

demonstrated in cell-based studies (Gao et al., 2005; Basu et al., 2006). 

In the present study the activity of the initiator caspases 8, -9 and the executioner caspase 

3/7 was investigated using fluorogenic caspase substrates. A disadvantage of the use of 

fluorogenic caspase substrates is the overlap between substrates specificities. Commonly 

used substrates selective for caspase 8 (Ac-IETD-AMC), caspase 9 (Ac-LEHD-AFC) and 

caspase 3/7 (Ac-DEVD-AFC) were used. However, it has been shown that the IETD 

substrate may also be cleaved by caspases 9 and -10 and that caspases 6 and -8 may also 

cleave the DEVD-substrate (Stennicke and Salvesen, 1999). It has also been shown that 

caspase 8 has a high affinity for the LEHD-substrate (Talanian et al., 1997). As many of the 

caspases showing overlapping substrate specificities are involved in different pathways of 

cell death induction, results obtained with fluorogenic substrates may confound conclusions. 

It must be considered that untreated cells are not expected to exhibit extensive caspase 

activity and therefore the caspase activity observed in the untreated control represents the 

basal caspase activity. Where reduced caspase activity is observed in treated groups in 

comparison to the untreated control, this may indicate an experimental artefact, such as 

quenching or decreased cell number, or may be a true inhibition of caspase activity. In the 
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present study caspase activity was not standardised to protein content, but rather relied on 

the use of the same cell number. Based on the GI50 concentrations obtained for the 

experimental compounds after 24 and 72 h exposure (Table 2.2) it may be assumed that 

loss of cell number may be involved in the reduction in fluorescent signal detected with the 

caspase assays after 24 and 48 h. However, this must be confirmed. As it is not clear why a 

reduction in fluorescent signal was observed in some of the treated groups, the discussion 

will focus on the elevations in caspase activity observed. 

The results observed in this study showed that activity of caspase 8 was elevated in the 

MCF-7 breast adenocarcinoma cell line exposed to ESE-15-ol (70 nM) and ESE-16 (67 nM); 

although these increases were not statistically significant (Figure 3.19). Exposure of MCF-7 

cells to the lower concentrations of oestrone analogues as required for synergistic drug 

combinations with QUER for 24 h resulted in suppression of caspase 8 activity (Figure 3.21). 

A concentration dependent activation of caspase 8 in the MCF-7 cell line was thus observed. 

These results may suggest that activation of the extrinsic pathway in MCF-7 cells may be a 

transient response to treatment with the oestrone analogues. Increased activation of 

caspase 8 was not observed in the MCF-12A non-tumourigenic cell line suggesting that the 

extrinsic pathway was not induced and implying that the oestrone analogues induce the 

activation of caspase 8 selectively. 

In contrast, where MDA-MB-231 cells exposed to 123 nM of ESE-15-ol, as required for 

synergistic drug combinations on the MDA-MB-231 breast adenocarcinoma cell line, 

reduced caspase 8 activity was observed (Figure 3.23 and 3.24). Even though inhibition of 

caspase activity should be further assessed, data suggest that the extrinsic pathway is not 

activated in the MDA-MB-231 cell line after exposure to ESE-15-ol. Cell line specific 

induction of caspases in response to treatment with the oestrone analogues has been 

demonstrated as the activation of caspases 4 and -7 was observed in the MDA-MB-231 cell 

line after treatment with ESE-16, but not in the MCF-7 cell line (Stander et al., 

2013).However, the difference in concentrations required for the drug combinations on the 

two cell lines may also affect the activity of caspase 8. 

Activity of caspase 9 was suppressed after MCF-7 breast adenocarcinoma cells were 

treated with 70 nM ESE-15-ol, the concentration required for synergistic drug combination 

with IND (Figures 3.19 and 3.20). However, where MCF-7 cells were exposed to 17 nM 

ESE-15-ol, the drug concentration required for combinations with QUER, elevated caspase 9 

activity was observed after 24 h treatment (Figure 3.21) implying activation of the intrinsic 

apoptosis pathway. The elevation of caspase 9 activity was not statistically significant. This 

correlates with the depolarisation of mitochondrial membrane potential observed when MCF-
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7 cells were treated with 17 nM ESE-15-ol for 48 h: activation of caspase 9 may cause 

depolarisation of the mitochondrial membrane potential and subsequent cytochrome c 

release in to the cytosol (Ly et al., 2003). However, the potential induction of the intrinsic 

pathway by ESE-15-ol may be cell line specific as caspase 9 activity in the MDA-MB-231 cell 

line remained largely unaffected by treatment with ESE-15-ol. 

Treatment of MCF-7 cells with ESE-16 (67 nM), required for synergistic drug combination 

with IND, resulted in slightly elevated caspase 9 activity after 24 h (Figure 3.19). After 48 h 

treatment the caspase 9 activity levels were comparable to that of the untreated control. The 

lower concentration of ESE-16 (17 nM), required for combinations with QUER, did not 

induce marked fluctuations in the activity of caspase 9 in MCF-7 cells (Figures 3.21 and 

3.22). It is therefore proposed that ESE-16 does not induce the activation of the intrinsic 

pathway.  

The activity of the executioner caspase, caspase 3 was assessed. As the substrate 

preference for caspases 3 and -7 overlap substantially (Porter and Jänicke, 1999) the results 

from the present study cannot distinguish between the activation of these two executioner 

caspases. In the MCF-7 adenocarcinoma cell line elevated caspase 3/7 activity was only 

observed where cells were treated with 17 nM of the oestrone analogues, the concentrations 

required for synergistic drug combinations with QUER. Similarly, caspase 3/7 activity 

remained largely unaffected in the MDA-MB-231 cell line after exposure to ESE-15-ol. This 

data conflicts with published studies showing increased caspase 3/7 activity after treatment 

with the oestrone analogues (Stander et al., 2013; Theron et al., 2013). Unlike in published 

reports, results obtained in the present study for caspase activity assays were unfortunately 

not standardised to protein content and therefore the potential decrease in cell number upon 

extended treatment was not taken into account.  

However, an alternative executioner caspase, such as caspase 6, may also be involved. As 

the activity of caspase 6 was not investigated during this study its involvement in cell death 

induced by treatment with the oestrone analogues remains unconfirmed. The activation of 

the caspase cascade by other apoptogenic factors may also play a role. However, the effect 

of ESE-15-ol and ESE-16 on apoptogenic factors such as cytochrome c, Smac/DIABLO, 

HtrA2/Omi and AIF has not been established.  

Where the oestrone analogues were combined with IND the effect on caspase activity on the 

MCF-7 breast adenocarcinoma cells were altered compared to the effect of the oestrone 

analogues alone. A transient elevation in the activity of caspase 8 was demonstrated by the 

combinations of oestrone analogues and IND (Figures 3.19 and 3.20). After 24 h treatment a 

slight increase in the activity of caspases 9 and -3/7 was observed in the drug combination 
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treated MCF-7 cells. Upon treatment with IND or drug combinations of oestrone analogues 

and IND, the mitochondrial membrane potential of MCF-7 cells remained unaltered implying 

that cytochrome c had not been released, or had been released through a MPT independent 

mechanism (Figure 3.38). Data suggests that the extrinsic pathway may be activated 

resulting in the cleavage of caspase 8.  

In the MDA-MB-231 cell line elevated caspase 8 activity was not observed when cells were 

treated with IND or the drug combinations of ESE-15-ol and IND. The activation of the 

extrinsic pathway by IND may thus be cell line- or concentration-dependent. Approximately 

double the concentration of IND used for drug combinations in the MDA-MB-231 cell line (55 

μM) was required for synergistic drug combinations on the MCF-7 cell line (115 μM). 

Transient increases in the activity of caspases 9 and -3/7 were observed after MDA-MB-231 

cells were treated with IND or the combination of ESE-15-ol and IND (Figure 3.23). The 

combination of ESE-15-ol and IND increased the activity of caspase 3/7 after 24 h exposure 

in the MDA-MB-231 breast adenocarcinoma cell line. However, the observed increase was 

not statistically significant. 

Initially it was proposed that protease inhibitors, including IND, may inhibit the activity of the 

caspase cascade; however as HIV protease is an aspartyl protease and caspases are 

cysteine proteases this is unlikely (Badley, 2005). It has been demonstrated that activity of 

caspases 3, -6 and -8 was not abrogated in puromycin-induced apoptosis in human 

macrophage U937 cells treated with IND (100 nM for 4 h)(Ghibelli et al., 2003). However, 

elevation of caspase activity was also not observed in that study. Another study confirmed 

these results: IND treatment (12.5 – 100 mM for 2 h) had no inhibitory effect on caspases 1, 

-3, -4, -5, -9 and -8 in Jurkat human T-cell leukaemia cells, but increased caspase activity 

was not observed (Chavan et al., 2001). The treatment periods used in the present study 

before of caspase activity assessment was performed differ substantially from the treatment 

periods used in the aforementioned studies and may explain the dissimilar results obtained. 

In contrast to IND, elevated caspase activity in response to QUER has been reported. QUER 

(250 μM) induces the activity of caspases 3, -8 and -9 in MDA-MB-231 cells after 24 h 

exposure (Chien et al., 2009). Treatment of HepG2 hepatocellular carcinoma with QUER for 

18 h did not induce dose dependent activation of caspases 3, -8 and -9:  activation of the 

caspases was increased significantly after 50 μM QUER exposure but the effect was less 

pronounced at 75 μM QUER exposure (Granado-Serrano et al., 2006). 

In the present study QUER (84 μM required for combinations on MCF-7 cells) induced 

caspase 3/7 activation in MCF-7 cells, but not that of caspase 8, after 24 h exposure (Figure 

3.21). The elevation in caspase 8 observed in QUER-treated cells was not statistically 
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significant. No effect on the activity of caspase 9 was observed in QUER-treated cells after 

24 h. After 48 h QUER exposure reduced the activity of all the caspases tested in MCF-7 

cells. The results of Granado-Serrano and colleagues suggest that activation of the caspase 

cascade in response to QUER treatment is influenced by the concentration of QUER used 

and that the concentration used in the present study may have exceeded a concentration 

where an effect on caspase activity may be observed (Granado-Serrano et al., 2006). 

However, the finding of Granado-Serrano and colleagues may be a cell line specific 

observation. A similar lack of effect on the activity of the tested caspases was observed in 

MDA-MB-231 cells treated with QUER (0.64 μM) only (Figures 3.23 and 3.24). This may be 

explained by the low concentration of QUER used as required for synergistic drug 

combinations on the MDA-MB-231 cell line.  

The activation of the caspase, as indicated by the elevated activity of caspases 9 and -3/7 

(Figure 3.21), when QUER (84 μM) was combined with the oestrone analogues on MCF-7 

breast adenocarcinoma cells result from the release of cytochrome c from the mitochondrial 

intermembrane space and the significant depolarisation of the mitochondrial membrane 

potential observed. Data from the present study thus indicates the activation of the intrinsic 

pathway of apoptosis by these drug combinations.  

Where MDA-MB-231 breast adenocarcinoma cells were treated with the combination of 

ESE-15-ol (123 nM) and QUER (0.64 μM), decreased caspase 9 activity was observed 

suggesting that the intrinsic or mitochondrial pathway is not induced by the combination 

(Figure 3.23). However, the depolarisation of the mitochondrial membrane potential 

observed after MDA-MB-231 cells were treated with the combination of ESE-15-ol and 

QUER, suggest initiation of caspase activation through cytochrome c release. This may 

imply that caspases other than those assessed during the present study are involved in cell 

death induced by this drug combination, or that alternative apoptogenic factors, such as 

HtrA2/Omi or AIF, were released from the mitochondria resulting in cell death via caspase-

independent mechanisms. The ability of QUER treatment (25 μM for 24 h) to induce the 

release of HtrA2/Omi from the mitochondrial intermembrane space of human leukemic 

monocyte lymphoma U937cells has been demonstrated (Ramos and Aller, 2008). The 

release of HtrA2/Omi may result in the activation of caspase 9 and cleavage of downstream 

caspases, or the induction of cell death via caspase-independent mechanisms (Du et al., 

2000; Suzuki et al., 2001). Similarly the release of AIF from the mitochondria after treatment 

with QUER (250 μM for 24 h) has been demonstrated in MDA-MB-231 cells which may 

result in caspase-independent cell death (Chien et al., 2009). 
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Several mechanisms of caspase-independent cell death have been identified. Caspase-

independent cell death (CICD) has been described as the induction of apoptosis in response 

to apoptotic stimuli in the absence of caspase activation (Chipuk and Green, 2005). 

Mitochondrial membrane depolarisation may not occur during CICD; alternatively 

depolarisation of mitochondrial membrane potential may occur at a slower rate than during 

the induction of apoptosis. A number of distinct differences between apoptosis and CICD 

have been proposed: a cell undergoing CICD will not stain annexin V-FITC positive and may 

appear vacuolated (Chipuk and Green, 2005). The formation of apoptotic bodies may not 

occur during this mode of cell death (Jaattela and Tschopp, 2003). Crucially, the inducers of 

caspase-independent cell death that have been identified are regulated by various 

intracellular signalling pathways; thus unlike necrosis this mode of cell death is closely 

regulated (Bröker et al., 2005). 

Induction of cell death through AIF eliminates the requirement for activation of caspases (Bai 

et al., 2015). Pro-apoptosis Bax is involved in the release of both cytochrome c and AIF from 

the mitochondrial intermembrane space, but the release of cytochrome c precedes that of 

AIF and it has been suggested that the release of these apoptotic factors are independent 

and occur via different mechanisms (Cregan et al., 2002). The release of AIF from the 

mitochondria is dependent on the depolarisation of mitochondrial membrane potential 

(Cregan et al., 2002). AIF has also been implicated in the caspase-independent 

externalisation of phosphatidylserine (Yu et al., 2002). 

Morphological assessment of cell death often underestimates the extent of cell death as the 

cells in the early stages of cell death may not differ in appearance from their viable 

counterparts and cell fractions remaining after completion of cell death pathways are not 

easily detectable (Galluzzi et al., 2009). The plasDIC images obtained during this study 

(Figures 3.25 and 3.27) for MCF-7 breast adenocarcinoma cells exposed to the 

combinations of oestrone analogues and glycolysis inhibitors for 72 h show reduced cell 

density and the formation of intracellular vacuoles (especially in MCF-7 cells treated with the 

QUER and drug combinations with QUER). Formation of multivesicular bodies were 

observed using TEM after 24 h exposure to the drug combinations (Figures 3.10 and 3.11). 

This resembles the vacuole formation observed after 72 h exposure to the drug 

combinations as observed by plasDIC and may suggest the induction of autophagy after 72 

h treatment.  

Cell rounding observed indicate that the drug combinations induce the sequence of toxicity. 

Similar morphological changes were observed in MDA-MB-231 cells exposed to the drug 

combinations of ESE-15-ol and IND or QUER (Figure 3.29). Unfortunately decreased cell 
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density, cell rounding and vacuole formation is also observed in the MCF-12A non-

tumourigenic cell line exposed to drug combinations with IND and QUER implying that the 

toxic response elicited by the combinations are not selective for cancer cells (Figure 3.30). 

Cell debris was also evident in treated MCF-12A cells implying cell death of some cells. 

To further assess the ability of the combinations to induce cell death, the induction of 

apoptosis and necrosis was investigated in the present study using a flow cytometric 

protocol. Phosphatidylserine externalisation is regarded as a specific molecular marker of 

initiation of apoptosis and attracts phagocytes to removal of the dead cell without inducing 

inflammatory processes (Willingham, 1999). However, during the late stages of apoptosis or 

during necrosis membrane integrity is lost and intercellular phosphatidylserine may also be 

detected using labels such as annexin V-FITC (Willingham, 1999). In the present study co-

staining with PI, an indicator of cell membrane integrity, was performed to address this issue. 

Externalisation of phosphatidylserine (PS) is indicative of the initiation of apoptosis, but 

cannot provide information regarding upstream apoptosis induction (Ferraro-Peyret et al., 

2002). In the presence of various caspase inhibitors PS translocation was observed in 

peripheral blood lymphocytes treated with etoposide or staurosporine indicating that 

activation of the caspase cascade is not a requirement for the PS flip (Ferraro-Peyret et al., 

2002).  

Previous reports have shown that ESE-15-ol and ESE-16 induce apoptosis in cancer cells. 

After MCF-7 and MDA-MB-231 breast adenocarcinoma cells were exposed to 50 nM of 

ESE-15-ol for 48 h, apoptotic cell death was observed in more than 60% of exposed cell 

populations (Stander et al., 2012). Approximately 35% of MCF-7 and MDA-MB-231 breast 

adenocarcinoma cells exposed to ESE-16 (200 nM for 48 h) stained positive with annexin V-

FITC indicating apoptotic cell death (Stander et al., 2013). Similar results were observed in 

SNO oesophageal cancer cells after treatment with ESE-16 (180 nM for 24 h)(Wolmarans et 

al., 2014) and in HeLa cervical adenocarcinoma cells treated with ESE-16 (500 nM for 24 h) 

(Theron et al., 2013). Induction of cell death in response to treatment with ESE-15-ol or 

ESE-16 was observed in the MCF-7 and MDA-MB-231 cells in the present study, confirming 

published reports. 

In the present study exposure of MCF-7 breast adenocarcinoma cells to ESE-15-ol (70 nM) 

for 72 h resulted in a 75% reduction in cell viability (Table 3.2).The lower concentration of 

ESE-15-ol (17 nM), as required for combinations with QUER, decreased cell viability by only 

15% (Table 3.3). A similar trend was observed with ESE-16-exposed MCF-7 cells: where 

cells were exposed to 67 nM of ESE-16, as required for combinations with IND, cell viability 

was decreased by approximately 50% while a reduction of only 22% was observed at 17 nM 
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of ESE-15-ol. Results thus indicate that MCF-7 cells are more susceptible to treatment with 

ESE-15-ol. This is not surprising as the growth inhibition studies indicated superior potency 

of ESE-15-ol (Table 2.2). 

MDA-MB-231 breast adenocarcinoma cells exposed to 123 nM of ESE-15-ol showed a 

reduction in cell viability of approximately 39% (Table 3.4). However, a greater reduction in 

cell viability was observed where MCF-7 cells were exposed to 70 nM of ESE-15-ol 

suggesting a cell-specific sensitivity to ESE-15-ol. These data confirm results of the SRB 

assay after 72 h (Table 2.2). 

The cell death induced by the oestrone analogues on the MCF-7 and MDA-MB-231 cell lines 

was predominantly apoptosis. Approximately 58% of MCF-7 cells exposed to 70 nM of ESE-

15-ol were observed to undergo apoptosis, while only 17% of ESE-15-ol-exposed cells were 

necrotic (Table 3.2). A similar trend was observed for MCF-7 cells exposed to 67 nM ESE-16 

and MCF-7 cells exposed to 17 nM of ESE-15-ol or ESE-16 (Tables 3.2 and 3.3). 

A significant reduction of approximately 85%of viable cells was observed in MCF-7 cells 

exposed to the combination of ESE-15-ol and IND (Table 3.2). This combination caused 

predominantly apoptotic cell death, which exceeded that observed in the cells treated with 

ESE-15-ol or IND alone: the combination of ESE-15-ol and IND reduced the viable 

population of MCF-7 cells from 25 to 15%.The effect of ESE-15-ol and the combination of 

ESE-15-ol and IND was more pronounced than that observed for ESE-16 and the drug 

combinations of ESE-16 and IND. Approximately 56% of the MCF-7 cells exposed to the 

combination of ESE-16 and IND was viable after 72 h exposure. Interestingly the necrotic 

population of MCF-7 cells exposed to the combination of ESE-15-ol and IND (12%) and that 

of the combination of ESE-16 and IND (13%) correlated well (Table 3.2).  

In the MDA-MB-231 breast adenocarcinoma cell line the combination of ESE-15-ol and IND 

decreased cell viability to a greater extent than the compounds separately (Table 3.4). 

Interestingly, the necrosis induced in MCF-7 and MDA-MB-231 cells by IND was mitigated 

by the addition of ESE-15-ol. As necrosis is associated with inflammation and the formation 

of scar tissue (Willingham, 1999), mitigated necrosis may produce a more favourable 

response in vivo. 

Data obtained in the present study confirms limited previously published reports on the pro-

apoptotic properties of IND. It has been shown that IND at 5 – 50 μM induces apoptosis in 

Jurkat cells after 24, 48 or 72 h exposure (Chavan et al., 2001). It has been suggested that 

IND treatment may induce ER stress (Zha et al., 2011) and prolonged ER stress has been 

identified as a pro-apoptotic event (Rao et al., 2006). 
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It has been reported that QUER treatment (12.5 – 200 μM for 72 h) induced apoptotic cell 

death in a dose dependent manner in the MCF-7 breast adenocarcinoma cell line (Duo et 

al., 2012). The induction of DNA fragmentation in MDA-MB-231 cells after treatment with 

200 μM QUER for 48 h suggests the induction of apoptosis (Chien et al., 2009). It has been 

found that QUER exerts its pro-apoptotic effect via two distinct pathways: through the 

activation of the caspase cascade and by induction of ER stress resulting in caspase-

independent apoptosis (Chou et al., 2010).  

The pro-apoptotic effect of QUER is confirmed by the results obtained in the present study 

as exposure to QUER (84 μM) resulted in the induction of apoptosis (approximately 50%) in 

the MCF-7 breast adenocarcinoma cell line (Table 3.3). Necrotic cell death was also 

observed. Even though apoptotic cell death (approximately 8%) was also observed in MDA-

MB-231 cells exposed to QUER, the reduced response may be due to the lower 

concentration of QUER used (0.64 μM)(Table 3.4). QUER-treatment also resulted in necrotic 

cell death in the MCF-7 and MDA-MB-231 cell lines.  

Where ESE-15-ol was combined with QUER on the MCF-7 breast adenocarcinoma cell line, 

cell viability was reduced from approximately 29% with QUER-treatment to approximately 

22% (Table 3.4). Cell death was induced via apoptosis and necrosis. Exposure of MCF-7 

cells to the combination of ESE-16 and QUER did not result in greater induction of cell death 

than was achieved by QUER treatment alone. The induction of cell death via apoptosis or 

necrosis was more pronounced in cells treated with the combination of ESE-15-ol and 

QUER (approximately 22% viable cells) than the combination of ESE-16 and QUER 

(approximately 32% viable cells). However, where cells were exposed to the combinations of 

oestrone analogues and QUER an increase in necrotic cells was observed in comparison to 

QUER-treated cells.  

A similar trend was observed in MDA-MB-231 cells treated with QUER (0.64 μM): the viable 

cell population was reduced by approximately 20% by QUER treatment alone, but a 

reduction of approximately 37% was observed where cells were treated with the combination 

of ESE-15-ol and QUER (Table 3.4). The induction of apoptotic cell death corresponds to the 

activation of the caspase cascade observed, while the increased necrotic population may be 

the result of caspase-independent mechanisms. 

Unfortunately increased cell death was observed where MCF-12A non-tumourigenic cells 

used as a surrogate of normal cells were exposed to the oestrone analogues or 

combinations of oestrone analogues and glycolysis inhibitors (Tables 3.2 – 3.4). Where 

MCF-12A cells were treated with ESE-15-ol (70 nM) or ESE-16 (67 nM) for 72 h cell viability 

was reduced by approximately 45%and 23%, respectively (Table 3.2). At the lower 
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concentrations of the oestrone analogues required for combinations with QUER, the viability 

of MCF-12A cells were reduced by approximately 10% only.  

Combinations of oestrone analogues and IND reduced viability of MCF-12A cells to a greater 

extent than each compound by itself suggestingenhanced cytotoxicity (Table 3.2). The 

combination of ESE-15-ol (70 nM) and IND (115 μM) resulted in the greatest induction of 

apoptosis (approximately 45%) while exposure to the combination of ESE-16 (67 nM) and 

IND (115 μM) resulted in approximately 7% necrosis. In contrast to the combinations with 

IND, the combination of ESE-16 (17 nM) and QUER (84 μM) affected MCF-12A cells to the 

greatest extent: cell viability was reduced by approximately 50%, apoptosis induced in 

approximately 45% of the population and necrotic cell death induced in approximately 3% of 

the population (Table 3.3).    

However, MCF-12A cells were most affected by the combinations required for synergy on 

the MDA-MB-231 cell line: the viability of MCF-12A cells were decreased by approximately 

90% after exposure to the combination of ESE-15-ol (123 nM) and IND (55 μM) and 

approximately 80% after exposure to the combination of ESE-15-ol and QUER (0.64 μM) 

(Table 3.4). The greatest induction of necrosis (approximately 25%) in MCF-12A cells was 

caused by exposure to 123 nM of ESE-15-ol, as required for combinations on the MDA-MB-

231 cell line. Data suggests that the combinations specific for the MDA-MB-231 cell line may 

not exert a selective effect on cancer cells and this may result in a poor side effect profile in 

the clinical setting. 

From the data obtained in this study, a mechanism of cell death induced by the combinations 

of oestrone analogues with IND (Figure 3.40) and QUER (Figure 3.41) are proposed. In 

order to simplify the proposed sequence of toxicity induced by the drug combinations, results 

obtained on the MCF-7 and MDA-MB-231 cell lines from the present study were combined. 

During the sequence of toxicity induced by the combinations of oestrone analogues and IND, 

data suggests that the induction of cell death may occur via the extrinsic apoptotic pathway 

and not the intrinsic pathway that appears to be activated by IND alone (Figure 3.40). 

Published reports indicate that the oestrone analogues induce cell death via the extrinsic 

pathway (Theron et al., 2013). Therefore crosstalk between the intracellular death pathways 

induced by the oestrone analogues and IND appear to occur. The effect of combinations of 

oestrone analogues and IND culminated in the induction of cell death predominantly through 

the induction of apoptosis after 72 h.   

Where oestrone analogues were combined with QUER similar intracellular signalling 

pathways were initiated: extensive depolarisation of the mitochondrial membrane potential 
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was induced by the production of ROS resulting in the activation of the intrinsic apoptotic 

pathway. After 72 h exposure to QUER or the combinations of oestrone analogues and 

QUER the induction of apoptotic and necrotic cell death was observed. For combinations of 

ESE-15-ol and QUER induction of cell death proceeded mainly via apoptosis, however 

necrotic cell death was induced predominantly by combinations of ESE-16 and QUER. 

In order to further explore the activity of the combinations of oestrone analogues and 

glycolysis inhibitors, the potential anti-angiogenic activity of these combinations were 

investigated using in vitro models.  

 

Figure 3.40: Proposed mechanism of action of synergistic combinations of oestrone analogues 

and indinavir based on results obtained during the study.Initiation of treatment with 

combinations of oestrone analogues and indinavir resulted in the generation of ROS and caused 

hyperpolarisation of the ∆ψm. Based on caspase activity studies the external apoptotic pathway 

is activated resulting in the formation of the death-inducing signalling complex (DISC) and 

downstream activation of the executioner caspases. This culminates in cell death via apoptosis. 

However the induction of necrosis observed cannot be explained from data gathered during this 

study. Abrogation of autophagy was also demonstrated which may be pro-survival or pro-death. 
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Structures of DISC and apoptosome from Sendoel and Hengartner, 2014. (Sendoel and 

Hengartner, 2014) with modifications. Creative Commons Attribution License (CC-BY-2.0). 

Structure of mitochondria by Darryl Leja, NHGRI, www.genome.gov. Accessed September 2015. 

Image titled ‘The real face of cell death’ used with permission from D Coletti. 

 

Figure 3.41: Proposed mechanism of action of synergistic combinations of oestrone analogues 

and quercetin based on results obtained during the study. Initiation of treatment with 

combinations of oestrone analogues and quercetin generates reactive oxygen species (ROS) 

resulting in depolarisation of mitochondrial membrane potential (∆ψm), activation of the 

caspase cascade and induction of apoptosis. However the induction of necrosis observed cannot 

be explained from data gathered during this study. Induction of autophagy was also 

demonstrated by quercetin treatment which may be pro-survival or pro-death. 

Structure of the apoptosome from Sendoel and Hengartner, 2014. (Sendoel and Hengartner, 

2014) with modifications. Creative Commons Attribution License (CC-BY-2.0). Structure of 

mitochondria by Darryl Leja, NHGRI, www.genome.gov. Accessed September 2015. 

Image titled ‘The real face of cell death’ used with permission from D Coletti. 
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Chapter 4: Angiogenesis studies 
 

4.1 Introduction 

Synergistic combinations of the oestrone analogues, ESE-15-ol and ESE-16, with the 

glycolysis inhibitors IND or QUER were identified specific for the oestrogen receptor positive 

MCF-7 and triple negative MDA-MB-231 breast adenocarcinoma cells. These combinations 

target different characteristics distinguishing malignant cells from non-malignant cells, 

namely the increased proliferation rate and altered cellular energy production (Hanahan and 

Weinberg, 2000; Hanahan and Weinberg, 2011). 

The proliferation of malignant cells is impeded under conditions of hypoxia: levels of oxygen 

below 1% (Kumar and Choi, 2015). It has been established that the attenuated proliferation 

is not necessarily due to a lack of nutrients or macromolecules required for duplication of 

intracellular components, but rather due to arrest of DNA synthesis during the synthesis (S) 

phase. DNA synthesis may resume upon alleviation of hypoxic conditions (Riedinger et al., 

1992; Gekeler et al., 1993). To restore the supply of oxygen, and therefore to ensure the 

growth of malignant cells, the process of angiogenesis is initiated (Giaccia, 1996). 

The process of angiogenesis occurs in a number of sequential and well regulated steps 

(Figure 4.1). Upon initiation of angiogenesis the extracellular matrix of the basal membrane 

is enzymatically degraded by matrix metalloproteases to release pericytes from the 

endothelium (Carmeliet and Jain, 2011). Simultaneous to degradation of the basement 

membrane, the permeability of the existing vasculature is modulated by vascular endothelial 

growth factor (VEGF or VEGF-A). This allows for the efflux of various plasma proteins which 

aids in the migration of endothelial cells (Bergers and Benjamin, 2003). 

Endothelial cells from the existing vessels then proliferate and migrate to form new blood 

vessels as extensions from existing blood vessels (Hanahan and Folkman, 1996). This 

endothelial sprouting or tube formation is guided by pro-angiogenic factors released by 

tumours (Bergers and Benjamin, 2003). As tube formation is completed the new vessel is 

encapsulated by a basement membrane under the influence of tissue inhibitors of matrix 

metalloproteases (Gomez et al., 1997) and plasminogen activator inhibitor type-1 (Higgins, 

2002). 
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Figure 4.1: The process of angiogenesis. Angiogenesis is initiated by the enzymatic degradation 

of the basement membrane allowing formation of endothelial tubes. The tube formation and 

migration of endothelial cells are regulated by angiogenic factors. Endothelial cell proliferation 

and migration results in the establishment of a vasculature network which supplies oxygen and 

nutrients required by the tumour. 

From (Stewart and Nowak, 1996), with modifications. Used with permission. 

 

Under hypoxic conditions tumourigenic cells produce pro-angiogenic factors after formation 

of by hypoxia-inducible factor-1 (HIF-1) complex comprising hypoxia-inducible factor-1α 

(HIF-1α) and hypoxia-inducible factor-1β (HIF-1β)(Carmeliet and Jain, 2011). It has been 

speculated that the role of HIF-1α in a hypoxic environment is three-fold: to induce anaerobic 

metabolism as means to produce energy, to inhibit apoptosis and thus increase cell survival, 

and thirdly to attempt to establish a sufficient oxygen supply through angiogenesis (Hitchon 

and El-Gabalawy, 2004). The HIF-1 complex binds to the hypoxia-responsive element in 

oxygen-regulated genes to enhance their transcription (Distler et al., 2004). The transcription 

of various angiogenic gene products including VEGF (Ryan et al., 1998) and plasminogen 

activator inhibitor-1 (Kietzmann et al., 2001) are also elevated by the HIF-1 complex.  

As angiogenesis is not a ubiquitous process in healthy adults therefore it presents a 

selective target for novel anti-cancer therapy (Cook and Figg, 2010). Furthermore, the 
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antiangiogenic activity of  IND (Sgadari et al., 2002) and QUER (Tan et al., 2003; Oh et al., 

2010) has been previously reported. Therefore the potential anti-angiogenic effects of the 

selected combinations of the oestrone analogues and glycolysis inhibitors were assessed 

using in vitro cell culture models. 

 

4.2 Materials 

1) 2-Methoxyoestradiol (2ME) 

A 10 mM stock solution of 2ME (Sigma-Aldrich, St Louis, USA) was prepared by dissolving 

10 mg powder in 3.3 ml DMSO. Aliquots of 2 μl was prepared and stored at -80°C. 

2) Actinomycin D 

A 1 mg/ml stock solution of Actinomycin D (Sigma-Aldrich, St Louis, USA) was prepared by 

dissolving 5 mg powder in 5 ml DMSO. Aliquots of 2 μl was prepared and stored at -80°C.  

3) Human VEGF Quantikine® enzyme-linked immunosorbent assay (ELISA) kit 

A human VEGF Quantikine® ELISA kit was procured from R&D Systems (Minneapolis, 

USA), stored at 4°C and used according to manufacturer’s instructions. 

4) Matrigel® 

Matrigel® (10 ml, 9.3 mg/ml) was procured from Corning (New York, USA), defrosted 

overnight on ice at 4°C and transferred under sterile conditions to 1 ml aliquots. Aliquots 

were stored at -20°C. All pipette tips and micro-reaction tubes used were pre-cooled at 4°C. 

 

4.3 Methods 

The anti-angiogenic potential of selected combinations of the oestrone analogues and 

glycolysis inhibitors were assessed by evaluation of the effect on three key components of 

angiogenesis using the MCF-7 and MDA-MB-231 breast adenocarcinoma cells and the 

EA.hy926 human hybrid endothelial cell line (Figure 4.2).  

The synergistic combinations of oestrone analogues with quercetin or indinavir identified in 

Stage 1 of the study are indicated in Table 2.7. 
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Figure 4.2: The evaluation of potential anti-angiogenic properties of combinations of oestrone 

analogues and glycolysis inhibitors. (A) The generation of vascular endothelial growth factor 

(VEGF) by MCF-7 and MDA-MB-231 breast adenocarcinoma cells exposed to drug combinations 

under hypoxic culturing conditions for 8 h. (B) Assessment of tube formation of EA.hy926 

human hybrid endothelial cells exposed to the drug combinations for 8 h. (C) Measurement of 

cell migration of MCF-7 and MDA-MB-231 breast adenocarcinoma and EA.hy926 human hybrid 

endothelial cells exposed to the combinations for 18 h. 

From (Bergers and Benjamin, 2003), with modifications. Used with permission. 

 

The EA.hy926 human hybrid endothelial cell line was established by Dr CJ Edgell and 

colleagues through the fusion of human umbilical vein endothelial cells (HUVEC) with the 

human lung carcinoma A549 cell line. This cell line displays an elevated proliferation rate in 

comparison to HUVEC’s while maintaining expression of factor VIII-related antigen, or Von 

Willebrandt Factor, unique to endothelial cells and megakaryocytes (Edgell et al., 1983). The 

use of the EA.hy926 cell line as in vitro model of angiogenesis has been validated and 
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recommended (Bouïs et al., 2001) based on expression of Von Willebrandt Factor, tissue-

type plasminogen activator and plasminogen activator inhibitor type 1 (Emeis and Edgell, 

1988). Furthermore the ability of EA.hy926 cells to migrate and produce VEGF is 

comparable to that of the well-known HUVEC cell line (Baranska et al., 2005). 

EA.hy926 cells and permission for the use of these cells were kindly provided by Dr Edgell 

before the cell line became commercially available (see Addendum 2). 

EA.hy926 cells were cultured in DMEM cell culture medium supplemented with 10% FCS in 

a humidified incubator and atmosphere of 5% CO2. Cell culture medium was replaced every 

2 - 3 days during propagation of the cell line. 

 

4.3.1 Determination of VEGF content using a VEGF ELISA kit 

The effect of 8 h exposure to the oestrone analogues and selected combinations of oestrone 

analogues with glycolysis inhibitors on the expression of the pro-angiogenic factor VEGF of 

MCF-7 and MDA-MB-231 breast adenocarcinoma cell lines was assessed using a VEGF 

ELISA kit. Cell culture supernatants from cells incubated in a humidified incubator under 

normoxic conditions (37°C, with 5% CO2 and approximately 21% O2) were used as positive 

control. 

A human VEGF Quantikine® ELISA kit was used according to manufacturer’s instructions. 

Briefly, MCF-7 or MDA-MB-321 cells were seeded into sterile 96-well plates at a seeding 

density of 5 x 103 cells/well and incubated overnight to allow for cell attachment in a 

humidified incubator at 37°C with 5% CO2. After a further 24 h incubation period cells were 

exposed to the oestrone analogues and selected combinations of oestrone analogues with 

IND or QUER and incubated in a humidified incubator under hypoxic conditions (37°C, 1.1% 

O2) in an ESCO CelCulture CO2 incubator (Horsham, USA) for a further 8 h. After the 

incubation period the plates were centrifuged at 1000 g for 20 min to remove cell debris from 

the cell culture supernatants. Cell culture supernatants (240 μl per sample) were transferred 

to micro-reaction tubes and snap frozen at -80°C until the ELISA was performed.  

A calibration curve was set up for each experiment with concentrations of VEGF ranging 

from 15.6 pg/ml to 1000 pg/ml.  

Assay diluent (50 μl) and cell culture supernatant (200 μl) were added to each well and the 

plate incubated at room temperature for 2 h without shaking. Thereafter the plate was 

washed three times with wash buffer before VEGF conjugate (200 μl) was added to each 

well. The plate was incubated at room temperature for 2 h. The plate was thereafter washed 
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three times with wash buffer and finally the substrate solution (200 μl) added to each well. 

The plate was incubated in the dark at room temperature for 20 min before stop solution (50 

μl) was added to each well. The absorbance was measured using a Synergy 2 plate reader 

(Bio-Tek Instruments Inc., Vermont, USA) at 450 nm and a reference wavelength of 540 nm.  

4.3.1.1 VEGF ELISA kit interpretation of results and statistics 

Two independent repeats with internal duplicates were performed. Results were interpreted 

as fold change in VEGF concentration (pg/ml) relative to the untreated control incubated 

under hypoxic conditions using the calibration curve for each particular experiment. 

GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego California USA, 

www.graphpad.com) was used to determine statistical significance of the results obtained 

using a non-parametric Kruskal-Wallis with post-hoc Dunn’s Multiple Comparison tests. A P -

value < 0.05 was used as indicator of significance. 

4.3.2 Tube formation assay 

The effect of 8 h exposure to the combinations of oestrone analogues and glycolysis 

inhibitors on the formation of tubes by the EA.hy926 human hybrid endothelial cells was 

evaluated using a tube formation assay (Aranda and Owen, 2009). 

Matrigel® was diluted to 5 mg/ml using ice cold cell culture medium. Sterile, flat-bottom 96-

well plates were coated with 100 μl of the diluted Matrigel® and the plate incubated 

overnight in a humidified incubator at 37°C with 5% CO2. EA.hy926 hybrid endothelial cells 

were plated onto the Matrigel® at a concentration of 2.5 x 104 cells/well and immediately 

exposed to combinations of the oestrone analogues and glycolysis inhibitors. 2ME (20 μM) 

was used as inhibitor of tube formation. The plate was re-incubated at the aforementioned 

conditions for 8 h. After the incubation period light microscopy was performed using a Zeiss 

Axiovert-40 microscope (Gottingen, Germany) at 5 x magnification. 

4.3.2.1 Tube formation assay interpretation of results and statistics 

Four independent repeats were performed with internal duplicates. In order to quantify the 

effect of the combinations of oestrone analogues and glycolysis inhibitors on tube formation 

of EA.hy926 cells, the number of tubes formed in each well was counted. Continuous cell-

cell connections were used as indicator of tube length. The length of the longest individual 

tube in a sample was determined manually using AxioVision version 4.9.1.0 for Windows 

(AxioVision, Jena, Germany, www.zeiss.com).  

GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego California USA, 

www.graphpad.com) was used to determine statistical significance of the results obtained 
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using a non-parametric Kruskal-Wallis and post-hoc Dunn’s Multiple Comparison tests. A P -

value < 0.05 was used as indicator of significance. 

4.3.3 Assessment of cell migration using the scratch assay 

The effect of 18 h exposure to the combinations of oestrone analogues and glycolysis 

inhibitors on cell migration of MCF-7 and MDA-MB-231 breast adenocarcinoma and 

EA.hy926 human hybrid endothelial cells were evaluated using a cell culture scratch assay. 

The method of Liang and colleagues was used (Liang et al., 2007). Actinomycin D (40 nM 

for 18 h) was used as positive control.  

Briefly, MCF-7 breast adenocarcinoma, MDA-MB-231 breast adenocarcinoma or EA.hy926 

endothelial hybrid cells were plated at 1 x 105, 1.5 x 105 or 1.75 x 105 cells/well respectively, 

in a sterile 24-well plate using cell culture medium supplemented with 10% FCS and 

incubated overnight at 37°C to allow for cell attachment. In order to synchronise the cells, 

the medium was replaced after the attachment period with medium supplemented with only 

0.5% FCS and the plate re-incubated overnight.  

A narrow scratch in the form of a cross was made in the monolayer using a sterile 200 μl 

pipette tip. Each well was gently rinsed with sterile PBS and fresh cell culture medium 

supplemented with 2% FCS was added to each well. Light microscopy was performed using 

a Zeiss Axiovert-40 microscope (Gottingen, Germany) at 5 x magnification. Sterility was 

maintained by imaging with the plate lid in place. The scratch in the form of a cross served 

as a marker for the location of the images taken. The plate was then exposed to the 

oestrone analogues or selected synergistic combinations for 18 h. After the incubation period 

the wells were gently rinsed with sterile PBS before the light microscopy at the same 

approximate location of the scratch was repeated.  

4.3.3.1 Cell migration interpretation of results and statistics 

Four independent experiments containing one repeat per sample were performed for each 

cell line. Two images at different locations were recorded per well. ImageJ2x software 

(ImageJ2x 2.1.4.9 2015, www.rawak.de/rs2012/) was used to calculate the area of the initial 

scratch created and the area that remained uncovered by cells after the treatment period.  

GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego California USA, 

www.graphpad.com) was used to determine statistical significance of the results obtained 

using a non-parametric Kruskal-Wallis and post-hoc Dunn’s Multiple Comparison tests. A P-

value < 0.05 was used as indicator of significance. 
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4.4 Results 

4.4.1 VEGF content 

To assess the effect of the combinations of oestrone analogues and glycolysis inhibitors on 

the expression of VEGF under hypoxic conditions, conditioned medium from MCF-7 and 

MDA-MB-231 were analysed for VEGF content using a VEGF selective ELISA. 

 

Figure 4.3: Vascular endothelial growth factor (VEGF) content of MCF-7 cell culture supernates 

exposed to the combinations of oestrone analogues and indinavir (IND, 115 μM) or quercetin 

(QUER, 84 μM) under hypoxic conditions for 8 h. ESE-15-ol was used at 70 nM for combinations 

with IND and 17 nM for combinations with QUER. ESE-16 was used at 67 nM for combinations 

with IND and 17 nM for combinations with QUER. Control indicates untreated cells cultured 

under hypoxic conditions. PC indicates untreated cells cultured under normoxic conditions. VC 

indicates DMSO-treated cells cultured under hypoxic conditions. Error bars represent SEM. No 

statistically significant difference was observed. 

n = 2 

 

The effect of combinations of oestrone analogues and IND on the VEGF content of MCF-7 

cell culture supernatants are shown in Figure 4.3. Where untreated cells were incubated 

under hypoxic conditions (1.1% O2 for 8 h), VEGF content was elevated in comparison to the 

untreated cells incubated under normoxic conditions (5% CO2 with approximately 21% O2 for 

8 h), indicating that the experimental design was appropriate and hypoxia-induced elevation 

in VEGF expression could be detected by the assay. Supernates collected from untreated 

cells incubated under normoxic conditions served as positive control. All treated samples 
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incubated showed a minimum decrease in VEGF content of approximately 73 pg/ml in 

comparison to the untreated control incubated under hypoxic conditions. VEGF content for 

all samples are listed in Table 4.1. The greatest reduction (approximately 76 pg/ml) was 

observed in MCF-7 cell culture supernatants obtained from MCF-7 cells exposed to IND. No 

statistically significant decreases in VEGF concentration were observed.  

 

Table 4.1: Vascular endothelial growth factor (VEGF) content of MCF-7 cell culture supernatants 

exposed to the combinations of oestrone analogues and indinavir (IND) for 8 h under hypoxic 

conditions. Cell supernatants incubated under normoxic conditions were used as positive 

control. Results are presented as mean ± standard error of the mean. Two independent 

experiments were performed. 

 VEGF concentration (pg/ml) 

Control 87.40 ± 40.46 

Vehicle control 22.89 ± 5.15 

Positive control 14.54 ± 1.66 

ESE-15-ol  12.67 ± 0.62 

ESE-16  11.93 ± 0.11 

IND 11.40 ± 0.85 

ESE-15-ol+IND 13.63 ± 2.41 

ESE-16+IND 11.51 ± 0.82 

 

The effect of combinations of oestrone analogues and QUER on the VEGF content of MCF-

7 cell culture supernatants are shown in Figure 4.3. Where untreated cells were incubated 

under hypoxic conditions (1.1% O2 for 8 h), VEGF content was elevated in comparison to the 

untreated cells incubated under normoxic conditions (5% CO2 with approximately 21% O2 for 

8 h), indicating that the experimental design functioned correctly and enhanced VEGF 

expression could be detected with the assay.Supernates collected from untreated cells 

incubated under normoxic conditions served as positive control. A reduction in VEGF 

content was observed in all treated cell culture supernatants. MCF-7 breast adenocarcinoma 

cell culture supernatants of cells exposed to the combination of ESE-16 and QUER showed 

the least suppression of VEGF expression of all treated cell cultures (approximately 15 

pg/ml). No statistically significant differences in VEGF content were observed. VEGF content 

for all samples are listed in Table 4.2. 
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Table 4.2: Vascular endothelial growth factor (VEGF) content of MCF-7 cell culture supernatants 

exposed to the combinations of oestrone analogues and quercetin (QUER) for 8 h under hypoxic 

conditions. Cell supernatants incubated under normoxic conditions were used as positive 

control. Results are presented as mean ± standard error of the mean. Two independent 

experiments were performed. 

 VEGF concentration (pg/ml) 

Control 87.40 ± 40.46 

Vehicle control 22.89 ± 5.15 

Positive control 14.54 ± 1.66 

ESE-15-ol  12.56 ± 0.46 

ESE-16  13.09 ± 0.91 

QUER 11.71 ± 0.58 

ESE-15-ol+QUER 12.99 ± 0.50 

ESE-16+QUER 14.58 ± 1.16 

 

 

Figure 4.4: Vascular endothelial growth factor (VEGF) content of MDA-MB-231 cell culture 

supernatants exposed to the combinations of ESE-15-ol (123 nM) and indinavir (IND, 55 μM) or 

quercetin (QUER, 0.64 μM) under hypoxic conditions for 8 h. Control indicates untreated cells 

cultured under hypoxic conditions. PC indicates untreated cells cultured under normoxic 

conditions. VC indicates DMSO-treated cells cultured under hypoxic conditions. Error bars 

represent SEM. No statistically significant difference was observed. 

n = 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



169 
 

The effect of oestrone analogues and selected combinations of oestrone analogues with 

glycolysis inhibitors on the VEGF expression of MDA-MB-231 cell cultures are shown in 

Figure 4.4. The VEGF content of cell culture supernatants obtained from MDA-MB-231 cells 

incubated under hypoxic conditions (1.1% O2 for 8 h) were approximately 50 pg/ml higher 

than that of cell culture supernatants obtained from cells incubated under normoxic 

conditions (5% CO2with approximately 21% O2 for 8 h) indicating that VEGF expression was 

induced under hypoxic conditions. Supernates collected from untreated cells incubated 

under normoxic conditions served as positive control. The VEGF content of MDA-MB-231 

cell culture supernatants were not greatly affected by the treatments (Figure 4.4): the 

greatest decrease in VEGF content (approximately 101 pg/ml) was observed where cells 

were exposed to the combination of ESE-15-ol and QUER. No statistically significant 

changes to VEGF content were observed. VEGF content for all samples are listed in Table 

4.3. 

 

Table 4.3: Vascular endothelial growth factor (VEGF) content of MDA-MB-231 cell culture 

supernatants following exposure to the combinations of oestrone analogues and indinavir (IND) 

or quercetin (QUER) for 8 h under hypoxic conditions. Cell supernatants incubated under 

normoxic conditions were used as positive control. Results are presented as mean ± standard 

error of the mean. Two independent experiments were performed. 

 VEGF concentration (pg/ml) 

Control 514.40 ± 21.27 

Vehicle control 463.40 ± 38.35 

Positive control 461.40 ± 43.44 

ESE-15-ol (123 nM) 438.90 ± 41.02 

IND (55 μM) 475.90 ± 47.60 

ESE-15-ol+IND 422.00 ± 35.41 

QUER (0.64 μM) 439.50 ± 45.30 

ESE-5-ol+QUER 413.10 ± 41.61 

 

 

4.4.2 Tube formation assay 

The effect of the combinations of oestrone analogues and glycolysis inhibitors on the tube 

formation of EA.hy926 hybrid endothelial cells were assessed after 8 h exposure. The 

number of tubes formed as well as the length of tubes formed was also evaluated. 
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Figure 4.5: The effect of the combination of oestrone analogues, ESE-15-ol (70 nM) and ESE-16 

(67 nM), and indinavir (IND, 115 μM) specific for MCF-7 breast adenocarcinoma cells on the 

formation of tubes of EA.hy926 hybrid endothelial cells after 8 h. 2-Methoxyestradiol (20 μM 

for 8 h) was used as positive control. Images are representative of one of five independent 

experiments. Scale bar in control image present 50 μm. 

 

Table 4.4: The effect of the same combinations of oestrone analogues and indinavir (IND) shown 

in Figure 4.5 on the number of tubes and the length of the longest tube formed by EA.hy926 

hybrid endothelial cells after 8 h incubation. 2-Methoxyestradiol (20 μM for 8 h) was used as 

positive control. Results are presented as mean ± standard error of the mean. n = 5 

 

 
Number of tubes Length of tubes 

(% of Control) 

Control 13.50 ± 1.99 100.00 ± 7.04 

Vehicle control 13.00 ± 1.39 98.67 ± 10.81 

Positive control 8.40 ±2.13 60.75 ± 20.89 

ESE-15-ol (70 nM) 11.00 ± 2.19 90.62 ± 10.04 

ESE-16 (67 nM) 12.50 ± 2.06 75.99 ± 13.38 

IND (115 μM) 12.70 ± 0.58 58.24 ± 13.61 

ESE-15-ol+IND 9.70 ± 1.62 76.01 ± 12.28 

ESE-16+IND 7.90 ± 2.19 74.16 ± 17.45 
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Where cells were treated with the known anti-angiogenic compound, 2ME, the formation of 

cell-cell connections and sprouting of endothelial cells were inhibited, indicating that the tube 

inhibition could be achieved (Figure 4.5). Reduction in both the number of tubes and tube 

length was also observed for 2ME-treated cells (Table 4.4). Inhibition of tube formation, the 

number of tubes formed and the length of tubes formed were observed where EA.hy926 

cells were treated with IND. Combination treated cells formed fewer tubes than untreated 

cells as reflected in Table 4.4. A statistically significant reduction in the number of tubes 

formed or the length of the longest tube was not observed for any of the treated samples 

(Table 4.4). 

 

 

Figure 4.6: The effect of the combination of oestrone analogues, ESE-15-ol (17 nM) and ESE-16 

(17 nM), and quercetin (QUER, 84 μM) specific for MCF-7 breast adenocarcinoma cells on the 

formation of tubes by EA.hy926 hybrid endothelial cells after 8 h incubation. 2-

Methoxyestradiol (20 μM for 8 h) was used as positive control. Images are representative of one 

of five independent experiments. Scale bar in control image present 50 μm. 

 

The formation of cell-cell connections and sprouting of EA.hy926 hybrid endothelial cells 

were inhibited after treatment with the anti-angiogenic compound 2ME indicating that 

inhibition of tube formation could be induced (Figure 4.6). The number of tubes formed as 

well as tube length was also reduced in 2ME-treated cells (Table 4.5). Treatment with the 

oestrone analogues limited the extent of tube formation of EA.hy926 hybrid endothelial cells. 

Cells which had not formed cell-cell connections were observed in these samples. A 
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polygonal tube network was formed where EA.hy926 hybrid endothelial cells were treated 

with QUER (84 μM). The combinations of oestrone analogues and QUER resulted in 

decreased number of tubes. A statistically significant reduction in the number of tubes 

formed or the length of the longest tube was not observed for any of the treated samples 

(Table 4.5).   

 

Table 4.5: The effect of combinations of oestrone analogues and quercetin (QUER) shown in 

Figure 4.6 on the number of tubes and the length of the longest tube formed by EA.hy926 

hybrid endothelial cells after 8 h incubation. 2-Methoxyestradiol (20 μM for 8 h) was used as 

positive control. Results are presented as mean ± standard error of the mean.  n = 5 

 

 
Number of tubes Length of tubes 

(% of Control) 

Control 13.50 ± 1.99 100.00 ± 7.04 

Vehicle control 13.00 ± 1.39 98.67 ± 10.81 

Positive control 8.40 ±2.13 60.75 ± 20.89 

ESE-15-ol (17 nM) 10.40 ± 0.33 95.16 ± 8.73 

ESE-16 (17 nM) 10.20 ± 1.37 98.10 ± 12.99 

QUER (84 μM) 13.00 ± 0.69 95.68 ± 13.42 

ESE-15-ol+QUER 10.60 ± 1.54 104.60 ± 10.43 

ESE-16+QUER 11.00 ± 1.68 90.93 ± 19.19 

 

Combinations specific for MDA-MB-231 breast adenocarcinoma cells were also assessed for 

effect on tube formation of EA.hy926 hybrid endothelial cells. The positive control, anti-

angiogenic compound 2ME, inhibited tube formation indicating that the assay functioned 

correctly (Figure 4.7). Where cells were treated with ESE-15-ol the formation of a complex, 

polygonal tube network was limited. Tube number and length was also reduced by ESE-15-

ol treatment. Treatment with the glycolysis inhibitor IND markedly reduced the number of 

cell-cell connections and sprouting of endothelial cells. The combination of ESE-15-ol and 

IND impeded the formation of a tube network with a reduction in the number of tubes and 

tube length observed. QUER-treated endothelial cells formed tube networks however the 

tube length was reduced in comparison to the control. The combination of ESE-15-ol and 

QUER reduced the complexity of the tube network as well as the number of tubes formed. A 

statistically significant reduction in the number of tubes formed or the length of the longest 

tube was not observed for any of the treated samples (Table 4.6). 
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Figure 4.7: The effect of the combination of the oestrone analogueESE-15-ol (123 nM) and 

indinavir (IND, 55 μM) and quercetin (QUER, 0.64 μM) specific for MDA-MB-231 breast 

adenocarcinoma cells on the formation of tubes by EA.hy926 hybrid endothelial cells after 8 h 

incubation. 2-Methoxyestradiol (20 μM for 8 h) was used as positive control. Images are 

representative of one of four independent experiments. Scale bar in control image present 50 

μm. 

 

Table 4.6: The effect of combinations of oestrone analogues and indinavir (IND) and quercetin 

(QUER) shown in Figure 4.7 on the number of tubes and the length by the longest tube formed 

of EA.hy926 hybrid endothelial cells after 8 h. 2-Methoxyestradiol (20 μM for 8 h) was used as 

positive control. Results are presented as mean ± standard error of the mean. n = 4 

 

 
Number of tubes Length of tubes 

(% of Control) 

Control 15.75 ± 2.39 108.30 ± 7.24 

Vehicle control 17.25 ± 1.75 117.30 ± 13.74 

Positive control 9.75 ± 1.79 62.06 ± 20.65 

ESE-15-ol (123 nM) 9.88 ± 1.23 70.03 ± 12.66 

Indinavir (55 μM) 11.75 ± 1.05 80.96 ± 13.62 

ESE-15-ol+IND 10.13 ± 1.07 80.62 ± 16.63 

QUER (0.64 μM) 12.13 ± 3.35 86.44 ± 11.36 

ESE-15-ol+QUER 11.50 ± 1.34 86.60 ± 14.94 
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4.4.3 Assessment of cell migration using the scratch assay 

The effect of the combinations of oestrone analogues and glycolysis inhibitors on cell 

migration was measured with the scratch assay. After a scratch was created through an 

established monolayer of MCF-7 and MDA-MB-231 breast adenocarcinoma and EA.hy926 

human hybrid endothelial cells, the cultures were exposed to selected combinations. After 18 

h incubation time, the scratch surface area still uncovered by cells was measured as an 

indicator of cell migration. Microscopy images with the subsequent quantification of the 

uncovered surface area (four independent experiments) are shown in Figures 4.8 - 4.16. 

 

 

Figure 4.8: Cell migration studies on the MCF-7 breast adenocarcinoma cells exposed to 

combinations of oestrone analogues, ESE-15-ol (70 nM) and ESE-16 (67 nM), and indinavir 

(IND, 115 μM) for 18 h. Actinomycin (40 nM for 18 h) was used as positive control. Images are 

representative of four independent experiments. Scale bars in control images present 50 μm. 
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Treatment with the positive control, actinomycin D, reduced the ability of MCF-7 breast 

adenocarcinoma and EA.hy926 hybrid endothelial cells to migrate into the exposed area, 

indicating that the assay functioned correctly (Figures 4.8 and 4.9).  

 

 

Figure 4.9: Cell migration studies on the EA.hy926hybrid endothelial cells exposed to 

combinations of oestrone analogues, ESE-15-ol (70 nM) and ESE-16 (67 nM), and indinavir 

(IND, 115 μM) for 18 h. Actinomycin (40 nM for 18 h) was used as positive control. Images are 

representative of four independent experiments. Scale bars in control images present 50 μm. 

 

For MCF-7 breast adenocarcinoma cells treated with combinations of oestrone analogues 

and IND (115 μM), the exposed scratch area closure was reduced by approximately 50% 

compared to untreated controls (Figures 4.8 – 4.10). Limited cell migration into the exposed 

scratch area was observed when EA.hy926 hybrid endothelial cells were exposed to ESE-

15-ol (70 nM) showing a 25% reduction in scratch area closure and the combination of ESE-
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15-ol and IND (115 μM) with an approximate 18% reduction. The combination of ESE-16 (67 

nM) and IND (115 μM) did not affect cell migration into the scratch area significantly. 

 

 

Figure4.10: Covered surface area remaining relative to untreated control after 18 h exposure to 

synergistic combinations of the oestrone analogues, ESE-15-ol (70 nM) and ESE-16 (67 nM), 

with indinavir (IND, 115 μM) on MCF-7 breast adenocarcinoma and EA.hy926 hybrid 

endothelial cell lines. VC indicates DMSO-treated cells. Actinomycin (40 nM for 18 h) was used 

as positive control. 

n = 4; * p < 0.05** p < 0.01*** p < 0.001 

 

Treatment with the positive control, actinomycin D, reduced the ability of MCF-7 breast 

adenocarcinoma and EA.hy926 hybrid endothelial cells to migrate into the exposed area, 

indicating that the assay functioned correctly (Figures 4.11 - 13). Where MCF-7 breast 

adenocarcinoma cells were treated with combinations of oestrone analogues and QUER, the 

ability of cells to migrate into the exposed area was greatly reduced (Figures 4.11 and 4.13). 

This effect was most prominent were cells were treated with ESE-15-ol (17 nM) and QUER 

(84 μM). Exposure of EA.hy926 hybrid endothelial cells to the same combinations resulted in 

a less pronounced inhibitory effect on the cell migration with ESE-16 (17 nM) alone 

significantly increased endothelial cell migration after 18 h. Of the drug combinations, the 

greatest reduction in covered surface area (approximately 10% reduction) was observed 

where cells were treated with the combination of ESE-15-ol and QUER. 
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No statistically significant differences between the untreated control and treatment groups 

were observed. 

 

 

Figure 4.11: Cell migration studies on the MCF-7breast adenocarcinoma cells exposed to 

combinations of oestrone analogues, ESE-15-ol (17 nM) and ESE-16 (17 nM) and quercetin 

(QUER, 84 μM) for 18 h. Actinomycin (40 nM for 18 h) was used as positive control. Images are 

representative of four independent experiments. Scale bars in control images present 50 μm. 
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Figure 4.12: Cell migration studies on the EA.hy926hybrid endothelial cells exposed to 

combinations of oestrone analogues, ESE-15-ol (17 nM) and ESE-16 (17 nM) and quercetin 

(QUER, 84 μM) for 18 h. Actinomycin (40 nM for 18 h) was used as positive control. Images are 

representative of four independent experiments. Scale bars in control images present 50 μm. 
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Figure 4.13: Covered surface area remaining relative to untreated control after 18 h exposure to 

synergistic combinations of the oestrone analogues, ESE-15-ol (17 nM) and ESE-16 (17 nM), 

with quercetin (QUER, 84 μM) on MCF-7 breast adenocarcinoma and EA.hy926 hybrid 

endothelial cell lines. VC indicates DMSO-treated cells. Actinomycin (40 nM for 18 h) was used 

as positive control. 

n = 3;* p < 0.05** p < 0.01 *** p < 0.001 

 

Where MDA-MB-231 breast adenocarcinoma and EA.hy926 hybrid endothelial cells were 

treated with the positive control, actinomycin D, a marked reduction in the ability of cells to 

migrate into the exposed area were observed, indicating that the assay functioned correctly 

(Figures 4.14 - 4.16). The reduced ability of the cells to migrate was not statistically 

significant. 

 

When MDA-MB-231 breast adenocarcinoma cells were exposed to the combination of ESE-

15-ol (123 nM) and IND (55 μM), a 40% reduction in cell migration into the exposed area 

was observed (Figures 4.14 and 4.16). Similarly treatment with the combination of ESE-15-ol 

(123 nM) and QUER (0.64 μM) limited the migration of MDA-MB-231 cells into the scratch 

area. A similar trend was observed where EA.hy926 hybrid endothelial cells were treated 

with the same combinations. The ability of EA.hy926 cells to migrate into the exposed area 

was significantly limited when exposed to ESE-15-ol (123 nM). No statistically significant 

differences between the untreated control and treatment groups were observed. 
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Figure 4.14: Cell migration studies on the MDA-MB-231 breast adenocarcinoma cells exposed 

to combinations of the oestrone analogue ESE-15-ol (234 nM) and indinavir (IND, 55 μM) or 

quercetin (QUER, 0.64 μM) for 18 h. Actinomycin (40 nM for 18 h) was used as positive control. 

Images are representative of four independent experiments. Scale bars in control images 

present 50 μm. 
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Figure 4.15: Cell migration studies on the EA.hy926 hybrid endothelial cells exposed to 

combinations of the oestrone analogue ESE-15-ol (123 nM) and indinavir (IND, 55 μM) or 

quercetin (QUER, 0.64 μM) for 18 h. Actinomycin (40 nM for 18 h) was used as positive control. 

Images are representative of four independent experiments. Scale bars in control images 

present 50 μm. 
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Figure 4.16: Covered surface area remaining relative to untreated control after 18 h exposure to 

synergistic combinations of the oestrone analogue ESE-15-ol (123 nM) and indinavir (IND, 55 

μM) or quercetin (QUER, 0.64 μM) on MDA-MB-231 breast adenocarcinoma and EA.hy926 

hybrid endothelial cell lines. VC indicates DMSO-treated cells.Actinomycin (40 nM for 18 h) was 

used as positive control. 

n = 3;* p < 0.05** p < 0.01 *** p < 0.001 

 

 

4.5 Discussion 

The majority of breast cancer-related deaths occur after metastasis has taken place 

(O’Shaughnessy, 2005). The potential anti-angiogenic properties of combinations of 

oestrone analogues and glycolysis inhibitors were investigated using in vitro assays. As a 

‘gold standard’ for angiogenesis assays has not yet been identified, the complex process of 

angiogenesis is best studied using a number of techniques (Staton et al., 2009). 

Tumour-angiogenesis result in the formation of abnormal blood vessels (Baish and Jain, 

2000). It has been demonstrated that vasculature networks resulting from tumour 

angiogenesis often lack pericytes and remain dependent on VEGF for survival (Benjamin et 

al., 1999). The vessels are often formed not only by endothelial cells but also cancer cells, 

termed ‘vasculogenic mimicry’, resulting in the formation of fractal vasculature (Baish and 

Jain, 2000). The effective supply of oxygen is not supported by this chaotic vasculature, 

promoting further hypoxia (Helmlinger et al., 1997). The prevailing hypoxic conditions affect 

the release of pro-angiogenic factors and may therefore offer a survival advantage to cells 

more prone to metastasis (Carmeliet and Jain, 2000). 
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Recently classical chemotherapeutic agents, including microtubule-targeting agents and 

topoisomerase I inhibitors, which have been successfully used to inhibit proliferation of 

tumourigenic tissue have been shown to inhibit angiogenesis (Semenza, 2009). The anti-

angiogenic effects of microtubule-targeting agents specifically are due to inhibition of HIF-1α. 

(Escuin et al., 2005). Indeed, 2ME has been shown to down-regulate expression of VEGF 

(Banerjeei et al., 2000; Chauhan et al., 2002).  

VEGF expression is a marker for metastatic potential (Zhang et al., 2010). The expression of 

VEGF by the metastatic MDA-MB-231 breast adenocarcinoma cell line is therefore expected 

to be greater than that of the non-metastatic MCF-7 breast adenocarcinoma cells. In the 

present study conditioned medium from untreated MDA-MB-231 cells showed a VEGF 

concentration of approximately 520 pg/ml (Table 4.4), whereas the VEGF concentration of 

conditioned medium from untreated MCF-7 cells was approximately 84 pg/ml (Tables 4.2 

and 4.3). This correlates to published reports as the VEGF concentration in MDA-MB-231 

(Liu and Mueller, 2006) and MCF-7 cells (Cascio et al., 2010).  

In both cell lines tested treatment with the oestrone analogues resulted in reduced VEGF 

concentrations. This effect was most pronounced where MCF-7 cells were exposed to ESE-

16 (70 nM, as used in combination with IND)(Figure 4.3). Decreased VEGF secretion as a 

result of ESE-16 treatment has been previously reported (Stander et al., 2013). The 

oestrone derivatives may therefore abrogate early stages of angiogenesis. 

Where oestrone analogues were combined with IND, VEGF expression was further 

attenuated. On the MCF-7 cells the effect was most pronounced where the combination of 

ESE-16 and IND was used (Table 4.1). Where MDA-MB-231 cells were exposed to the 

combination of ESE-15-ol and IND, the VEGF concentration was synergistically reduced 

(Table 4.3). Treatment of MCF-7 cells with IND (115 μM for 8 h) resulted in extensive but 

non-significant reduction in measured VEGF concentration. A similar reduction in VEGF 

expression was observed where MDA-MB-231 cells were treated with IND (55 μM for 8 h) 

alone.  

This conflicts with published reports on the effect of IND on VEGF generation (Esposito et 

al., 2006; Simone et al., 2007). This may be explained by cell line specific responses and 

difference in treatment periods. The effect of IND on VEGF may also be concentration-

dependent effect. Furthermore, in the present study two independent experiments with 

internal duplicates were assessed; a larger sample size may reveal a different trend. 

Where combinations of oestrone analogues and QUER were used, reduced VEGF content 

was detected in cell culture supernatants prepared from MCF-7 and MDA-MB-231 breast 
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adenocarcinoma cells. QUER (84 μM for 8 h) had a greater inhibitory effect on the 

production of VEGF than either of the oestrone analogues used alone in MCF-7 cells (Table 

4.2). However, the greatest reduction in VEGF concentration in conditioned medium 

prepared from MDA-MB-321 breast adenocarcinoma cells were detected after exposure to 

the combination of ESE-15-ol (123 nM) and QUER (0.64 μM) for 8 h (Table 4.3). The low 

concentration of QUER used had a similar inhibitory effect on the production of VEGF in the 

MDA-MB-231 cells as ESE-15-ol by itself. The reduction in VEGF concentration observed 

implies a synergistic, cell line-specific interaction between QUER and ESE-15-ol. The 

observed reduction in VEGF concentration was not statistically significant. 

The inhibitory effect of QUER on VEGF production confirms published results. Reduction of 

VEGF secretion of human acute promyelyticleukaemia cells was observed after QUER 

treatment (Zhong et al., 2006). In tamoxifen-resistant MCF-7 breast adenocarcinoma cells, 

QUER (30 μM for 24 h) significantly reduced VEGF secretion and transcription of the VEGF 

gene (Oh et al., 2010). Conflicting reports demonstrating induction of VEGF secretion by 

QUER have also been published (Kaneuchi et al., 2003; Jeon et al., 2007).  

The conflicting reports on the effect of IND and QUER on VEGF secretion impedes 

comparison with the present study. In the present study IND and QUER reduced VEGF 

secretion by MCF-7 and MDA-MB-231 breast adenocarcinoma cells. Few of the published 

articles reported assessment of VEGF secretion of tumourigenic cells under hypoxic 

conditions, as used in the present study. Furthermore, several of the aforementioned studies 

assessed VEGF production by endothelial cells and not tumourigenic cells. It is well known 

that a hypoxic tumour microenvironment is required for the initiation of tumour angiogenesis 

(Bergers and Benjamin, 2003; Semenza, 2015). This lends credibility to the assessment of 

VEGF production by tumourigenic cells under hypoxic conditions.  

The results from in vivo studies would provide the most accurate account of the effect of 

experimental compounds on angiogenesis factors and the angiogenic process as a whole, 

as no adjustments are required to accurately mimic the tumour microenvironment. 

Additionally the influence of physiological factors which are absent in the in vitro setting 

would be observed. Numerous in vivo angiogenesis models have been established including 

the chick chorioallantoic membrane and corneal micropocket assays. Unfortunately these 

assays are complicated by inherent variation in animals translating to large variability in 

results obtained necessitating the use of large numbers of animals (Auerbach et al., 2003). 

In lieu of in vivo studies numerous in vitro angiogenesis models have been developed which 

may be used as screening tools before moving on to in vivo testing.  
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Assessing the effect of an experimental compound on endothelial tube formation is a widely-

used indicator of anti-angiogenic properties (Madri et al., 1988). The formation of these tube 

networks aided by an extracellular matrix such as Matrigel is considered to be representative 

of in vivo tube formation (Auerbach et al., 2003). Sequential steps in the formation of tube 

networks of EA.hy926 cells have been identified: initially cells flatten and projections appear 

(referred to as sprouts); then cells migrate to form cell-cell connections resulting in polygonal 

networks of increasing complexity (Aranda and Owen, 2009). 

In the present study the effect of combinations of oestrone analogues and glycolysis 

inhibitors on the tube formation of EA.hy926 hybrid endothelial cells were investigated using 

the Matrigel-based assay. Untreated control samples showed the typical formation of 

complex polygonal networks of tubes. Cells treated with 2ME (20 μM for 8 h) showed some 

tube formation, but limited cell-cell connections were observed (Figure 4.5). The number of 

tubes formed in 2ME-treated cells as well as the length of the tubes was markedly reduced 

in comparison to the untreated control. This provided an indication of anti-angiogenic activity.  

The effect of the oestrone analogues on endothelial tube formation has not yet been 

reported. ESE-15-ol appears to have a concentration-dependent effect as inhibition of tube 

formation, accompanied by reduction in the number of tubes formed and the tube length, 

was only observed at the highest concentration tested (123 nM)(Figure 4.7). A similar trend 

was seen as tube formation was only affected where 67 nM of ESE-16 was used (Figure 

4.5) suggesting that ESE-16 has a superior inhibitory effect on endothelial tube formation. As 

inhibition of endothelial tube formation is considered to be a good indicator of anti-

angiogenic potential (Madri et al., 1988), ESE-16 seems to have greater potential as anti-

angiogenic agent. 

Where EA.hy926 hybrid endothelial cells were exposed to the combinations of oestrone 

analogues and IND selected for synergy against MCF-7 cells, inhibition of tube formation 

was observed (Figure 4.5). This was most prominent in cells exposed to IND (115 μM) and 

the combination of ESE-15-ol (70 nM) and IND (115 μM). Even though polygonal networks 

did establish after 8 h of drug combination exposure, a reduction in tube number and tube 

length was observed indicating anti-angiogenic potential of these combinations. However, 

the effect of IND on the number of tubes and the tube length was greater than that of the 

selected drug combinations.  

The reduced concentration of IND (55 μM) required in combination with ESE-15-ol (123 nM) 

on the MDA-MB-231 cell line inhibited the formation of tubes as well as cell-cell connections 

(Figure 4.7). The anti-angiogenic effect was enhanced where the combination of ESE-15-ol 
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and IND was used: even though a polygonal network was established, it lacked the multi-cell 

wall as seen in the untreated control.  

Previous studies have reported that the tube formation of HUVEC cells was stimulated in 

terms of number of tubes as well as tube length after IND treatment (1 – 50 μM for 18 h) 

(Simone et al., 2007). It has been suggested that the seeding density used may influence 

the results obtained (Aranda and Owen, 2009). In the study by Simone and colleagues 

HUVEC cells were seeded at 2 x 104 cells/well, a seeding density similar to the seeding 

density used in the present study. The lowest concentration of IND used in the present 

study, 55 μM as required for synergistic drug combinations against the MDA-MB-231 cell 

line, is higher than that used by Simone and colleagues and may therefore indicate a 

concentration dependent effect of IND on tube formation. Unfortunately few reports have 

been published on the effect of IND on endothelial tube formation. 

In EA.hy926 cells treated with QUER (84 μM) the formation of a tubule network did not 

appear to be inhibited (Figure 4.6). Indeed, QUER treatment did not affect the number of 

tubes formed or the tube length significantly. Where QUER (84 μM) was combined with 

ESE-15-ol (17 nM) or ESE-16 (17 nM) the effect was not enhanced, as indicated by the 

complexity of the tube network formed as well as the number of tubes and tube length 

calculated.  

The formation of a complex polygonal tube network seemed impeded by QUER (0.64 μM) 

as unconnected cells were observed after 8 h (Figure 4.7). A slight reduction in the number 

of tubes formed as well as in tube length was seen in these samples. The addition of ESE-

15-ol (123 nM) did not increase the inhibitory effect of QUER. The results obtained in the 

present study conflicts with previously published reports on the effect of QUER on 

endothelial tube formation (Igura et al., 2001; Tan et al., 2003). It may be argued that the 

disparity between the results of the present study and published reports are due to 

differences in the origin endothelial cell lines used and subtle experimental differences. 

Of the in vitro assays developed to study the migration of cells, the modified Boyden 

chamber model is most often used (Auerbach et al., 2003). However, accurate quantification 

of migrated cells is challenging and the assay employs a foreign matrix, i.e. a filter, through 

which cells must migrate (Auerbach et al., 2003; Staton et al., 2009). To aid in the 

quantification of cell migration, the use of wounded cell monolayers may be employed 

(Auerbach et al., 2003). In order to limit the effect of cell proliferation, the use of low serum 

concentrations is recommended (Liang et al., 2007). 
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In the present study the migration of cells into the scratch area was most impeded where 

MCF-7 breast adenocarcinoma cells were exposed to ESE-15-ol (70 nM) and the 

combination of ESE-15-ol and IND (115 μM)(Figures 4.8 and 4.10). IND (115 μM) caused 

only a slight reduction in cell migration of MCF-7 cells. The migration of EA.hy926 hybrid 

endothelial cells were inhibited to the greatest extent by the combination of ESE-15-ol and 

IND. Where MDA-MB-231 breast adenocarcinoma cells were treated with ESE-15-ol (123 

nM) and the combination of ESE-15-ol (123 nM) and IND (55 μM) a similar reduction in cell 

migration was observed (Figures 4.14 and 4.16). This inhibition effect was exaggerated 

where EA.hy926 endothelial cells were treated with ESE-15-ol (123 nM) and IND (55 

μM).The effect of IND (55 μM) on the migration of MDA-MB-231 and EA.hy926 cells were 

comparable to that observed in the MCF-7 cell line.  

The effect of ESE-16 (67 nM) on the migration of MCF-7 breast adenocarcinoma and 

EA.hy926 endothelial cells was less pronounced (Figures 4.8 and 4.10). Treatment of MCF-

7 cells with ESE-16 resulted in approximately 40% decrease in the surface area covered by 

migrating cells. Where ESE-16 was combined with IND (115 μM) a 50% reduction in cell 

migration of MCF-7 cells was observed.  However, in the EA.hy926 hybrid endothelial cell 

line no reduction in the migratory ability of the cells was observed with exposure to ESE-16 

or the combination of ESE-16 and IND.  

No reports describing the effect of ESE-15-ol and ESE-16 on cell migration have been 

published to date.  

IND (10 μM for 5 h) has been shown to inhibit the migration of HUVEC cells stimulated by 

basic fibroblast growth factor in a Boyden chamber model (Ensoli, 2002), confirming data 

obtained in the present study. In vitro assays used to detect the effect of an experimental 

compound on cell invasion differ from cell migration assays in the coating used as matrix: for 

cell migration studies Boyden chambers are often coated with collagen to aid in cell 

adhesion (Thompson et al., 1991), whereas Matrigel-coated filters, to stimulate the 

basement membrane, are commonly used for cell invasion studies (Albini et al., 1987). 

Numerous studies assessed cell invasion after IND treatment and reported that IND 

effectively inhibits cell invasion (Ensoli, 2002; Sgadari et al., 2002). 

The considerably decreased concentrations of the oestrone analogues were required for 

combination with QUER on the MCF-7 breast adenocarcinoma cell line reduced the cell 

migration of MCF-7 cells slightly. Interestingly the different concentrations of ESE-16 

required (67 nM required for combinations with IND or 17 nM required for combinations with 

QUER) resulted in comparable suppression (approximately 40%) of cell migration of MCF-7 

cells (Figures 4.11 and 4.13). Where ESE-15-ol (17 nM) or ESE-16 (17 nM) were combined 
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with QUER (84 μM) considerable inhibition of cell migration was observed for MCF-7 cells. A 

similar, yet less pronounced, trend was seen in the EA.hy926 endothelial cell line. This 

inhibitory effect seems to be largely due to QUER: where MCF-7 cells were exposed to 

QUER only, an extensive reduction in cell migration was observed. The combination of ESE-

15-ol and QUER resulted in superior inhibition of cell migration of MCF-7 breast 

adenocarcinoma and EA.hy926 hybrid endothelial cells in comparison to the combination of 

ESE-16 and QUER.  

A conflicting trend was observed for QUER on the MDA-MB-231 cell line: the migration of 

MDA-MB-231 breast adenocarcinoma and EA.hy926 endothelial cells were enhanced by 

QUER (0.64 μM) treatment (Figures 4.14 and 4.16). However, in both cell lines the addition 

of ESE-15-ol (123 nM) to QUER resulted in suppressed cell migration. This effect was 

synergistic as it was greater than the effect demonstrated by the compounds separately.  

In accordance with results obtained for QUER (84 μM required for combinations on the 

MCF-7 cell line) published studies report reduced cell migration after QUER treatment. 

Where a scratch assay was used to assess the effect of QUER (1.5 – 100 μM for 16 h) on 

the migration of bovine aorta endothelial cells, a dose-dependent decrease in cell migration 

was observed (Igura et al., 2001). QUER (25 – 100 μM for 8 h) has been demonstrated to 

inhibit cell migration using a modified Boyden chamber (Tan et al., 2003). At concentrations 

as low as 10 nM QUER reduced the number of migrated bovine post-capillary coronary 

venular endothelial cells in a modified Boyden chamber model after 4 h (Donnini et al., 

2006). The migration of B16-BL6 murine melanoma cells were reduced after treatment with 

QUER (10 μM for 6 h)(Caltagirone et al., 2000). QUER has been shown to inhibit cell 

migration of the human 143B osteosarcoma cell line (Berndt et al., 2013). 

Taken together, the results from the angiogenesis assays performed during the present 

study indicate that the combinations of oestrone analogues and IND or QUER have anti-

angiogenic potential. Data indicate that both early and late stages of angiogenesis are 

inhibited by the combinations. 

The anti-angiogenic properties of protease inhibitors, such as IND, have been established. It 

has been demonstrated that IND affects early angiogenesis through inhibition of matrix 

metalloprotease-2 activation (Esposito et al., 2006). Even though IND treatment has not 

been shown to reduce proliferation of endothelial cells, inhibition of cell invasion by IND 

treatment has been demonstrated (Sgadari et al., 2002; Esposito et al., 2006). In vivo 

inhibition of tumour growth of xenografts of human lung, breast, or colon adenocarcinoma 

due to reduced vessel formation has also been reported in response to IND treatment 

(Sgadari et al., 2003). 
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The combination of oestrone analogues and IND may result in inhibition of angiogenesis at 

the early stages through inhibition of VEGF secretion. This effect may be attributed addition 

of the oestrone analogues as IND reportedly elevates VEGF production (Simone et al., 

2007). Furthermore the formation of complex polygonal tube networks was inhibited, 

especially by the combination of ESE-15-ol and IND. This same drug combination also 

demonstrated suppressed cell migration of breast adenocarcinoma and endothelial cell lines.  

QUER abrogates the process of angiogenesis at various steps. It has been shown that 

QUER inhibits early angiogenesis through reducing the expression of HIF-1α (Du et al., 

2000; Wilson and Poellinger, 2002; Oh et al., 2010). In addition, QUER has been 

demonstrated to impede the activation of matrix metalloprotease-2 (Tan et al., 2003) and 

reduce VEGF production (Zhong et al., 2006; Oh et al., 2010). The later stages of 

angiogenesis are also affected by QUER: inhibition of cell migration has been demonstrated 

after treatment with QUER (Igura et al., 2001; Donnini et al., 2006). 

Data obtained from the present study suggests that the combinations of oestrone analogues 

and QUER may act as an anti-angiogenic drug combination. This is supported with data 

indicating the abrogation of the early stages of angiogenesis measured as reduced VEGF 

production and that QUER limited endothelial cell tube formation combined with extensive 

suppression of cell migration of the two tested cell lines MCF-7 and MDA-MB-231 breast 

adenocarcinoma and EA.hy926 endothelial cells was also observed. 

In conclusion, the results obtained in the present study indicate that combinations of 

oestrone analogues with IND or QUER have possible anti-angiogenic potential as shown by 

in vitro assessment. The in vivo anti-angiogenic potential of these combinations should be 

confirmed using in vivo angiogenesis models.Data thus indicate that the synergistic 

combinations of oestrone analogues, ESE-15-ol and ESE-16, with the glycolysis inhibitors 

IND and QUER induce the cell death in MCF-7 and MDA-MB231 breast adenocarcinoma 

cell lines through various intracellular mechanisms. In addition, these combinations, 

especially the combination of ESE-15-ol and indinavir, show potential as anti-angiogenic 

agents. This may indicate application of these combinations as anti-cancer therapy with anti-

angiogenic potential. 
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Chapter 5: Concluding discussion 

 

In the clinical setting the greatest success in the treatment of malignancies has been 

achieved using combinations of effective chemotherapeutic agents with different 

mechanisms of action. The present study aimed at identifying synergistic combinations of 

anti-mitotic oestrone analogues and glycolysis inhibitors using in vitro breast cancer models.  

 

5.1 Identification of synergistic combinations 

The use of combinations of chemotherapeutic agents in the clinical setting was introduced 

by Frei and colleagues in the 1960’s (Frei et al., 1961a). This strategy allowed for lower 

concentrations of each agent to be used resulting in a more favourable adverse side effect 

profile. Moreover, as agents with different mechanisms of action were combined, the risk for 

development of chemo-resistance was reduced (Frei et al., 1961a; Greco et al., 1996; Chou, 

2006).  

Various in vitro models for the identification of synergy between two or more compounds 

have been proposed which include the use of isobolograms (Martinez-Irujo et al., 1996), 

software packages to calculate combination index values (Chou and Talalay, 1984) and 

formula’s utilising the shift in IC50 concentrations of the test compounds (Garbutcheon-Singh 

et al., 2014). When compounds to be combined are not approximately equipotent, as in the 

present study, a checkerboard assay approach is recommended (Chou, 2010).   

Stage 1 of the present study aimed at identifying synergistic combinations of two potent anti-

mitotic oestrone analogues, ESE-15-ol and ESE-16, with each of six glycolysis inhibitors. 

ESE-15-ol and ESE-16 were in silico designed based on the structure of the potent anti-

cancer agent 2ME (Stander et al., 2011). The addition of a sulfamoylmoeity is proposed to 

improve on the poor pharmacokinetic properties of 2ME (Elger et al., 1995; Stander et al., 

2011). 

In addition to the characteristic increased rate of proliferation of malignant cells, these cells 

also exhibit a preference for aerobic glycolysis for the production of ATP, even in the 

presence of oxygen (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011). Many 

cancer cells are known to over-express hexokinase responsible for the enzymatic 

conversion of glucose to glucose-6-phosphate in the first step of aerobic glycolysis 

(Bustamante and Pedersen, 1977; Rempel et al., 1996). Elevated expression of glucose 

transporters to supply in the increased demand for glucose have also been observed in 

cancer cells (Grover-McKay et al., 1998). The preference for aerobic glycolysis imparts an 
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evolutionary advantage to cancer cells: the production of lactic acid as a waste product of 

glycolysis acidifies the tumour microenvironment favouring mutagenesis (Yuan et al., 2000). 

The following glycolysis inhibitors were selected for this study: 

1. Inhibitors of the hexokinase enzyme 

a. The glucose analogue 2-deoxyglucose (2DG) 

b. The small molecule 3- bromopyruvate (3-BrPA) 

c. The anti-spermatogenic compound lonidamine (LON) 

 

2. Inhibitors of glucose transporters  

a. The small molecule fasentin (FAS) 

b. The flavonoid quercetin (QUER) 

c. The HIV protease inhibitor indinavir (IND) 

 

In the present study CalcuSYN software, that uses the Median Effect equation of Chou and 

Talalay (Chou and Talalay, 1984), was used to identify synergistic combinations of the 

oestrone analogues and glycolysis inhibitorsfrom cytotoxicity data collected using in vitro 

models of breast cancer representing the most commonly diagnosed phenotypic subtypes of 

breast cancer. The combinations tested were based on the initial concentrations of each 

compound which inhibited the growth of the breast cancer cell lines by 50%. This identified 

drug combinations specific for each cell line. For example the most promising combination of 

ESE-15-ol and IND for MCF-7 breast adenocarcinoma cell line comprised of 70 nM ESE-15-

ol and 115 μM IND, whereas 123 nM ESE-15-ol and 55 μM IND was required for synergy on 

the MDA-MB-231 breast adenocarcinoma cell line. The differences in synergistic drug 

combinations identified for the phenotypically different breast cancer subtypes allude to 

different biochemical pathway dominance thereby providing different susceptible drug 

targets responding differently to the specific treatment combinations required for greatest 

effect.  

No synergistic combinations were identified for the SK-Br3 cell line, an in vitro model of 

Her2/neu positive breast cancer. In the clinical setting the recommended treatment for 

Her2/neu phenotypic subtype is a combination of a Her2-targeting humanised, monoclonal 

antibody and conventional small molecule chemotherapeutic agents (Slamon et al., 2001). 

As there is no evidence currently suggesting that the oestrone analogues or glycolysis 

inhibitors specifically target the Her2/neu positive breast cancer, greater activity against the 

SK-Br3 cell line may be attained with a combination that includes a selective anti-Her2/neu 

agent. 
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Based on available clinical safety data, combinations of oestrone analogues and IND or 

QUER were selected for further investigation. Combinations of the oestrone analogues and 

these two glycolysis inhibitors were determined to act synergistically on the MCF-7 

oestrogen receptor-positive breast cancer cell line as well as the MDA-MB-231 triple 

negative breast cancer cell line. Indinavir has been used in the treatment of human 

immunodeficiency virus infections and doses of up to 400 mg twice daily is reportedly well-

tolerated (Cressey et al., 2011). Quercetin is a natural flavanoid occurring in many foods with 

a daily dietary intake estimated at 20 to 100 mg with no side effects (Küuhnau, 1976; Leth 

and Justesen, 1998). In order to assess the potential of these glycolysis inhibitors in drug 

combinations for chemotherapeutic treatment, various in vitro assays were employed to 

elucidate mechanistic aspects of the cytotoxicity and potential anti-angiogenic properties of 

the most effective combinations as identified for each cell line. 

 

5.2 Evaluation of toxicity sequence 

Several assays were employed during Stage 2 of the present study in an attempt to track the 

sequence of toxicity induced following exposure to the combinations of the oestrone 

analogues and selected glycolysis inhibitors. It has been suggested that the sequence of 

toxicity occur in distinct stages progressing from transient events which require cell 

adaptation to pre-lethal events involving compromised intracellular homeostasis culminating 

in toxic, irreversible events (van Tonder et al., 2013). Many of these techniques detect 

transient responses, such as fluctuations in the mitochondrial membrane potential and 

activation of caspases, and as and as these events are sequential but overlapping, the time 

points selected for the analysis of these responses must be well chosen. 

The assays conducted during Stage 2 of the study were aimed at detecting different aspects 

of toxicity at various stages (Figure 5.1). To this end, the level of the anti-oxidant marker 

GSH was measured after 6 h exposure as indicator of early, transient events in the 

sequence of toxicity. As indicators of pre-lethal events the effects of the selected synergistic 

combinations on the induction of autophagy after 24 h, effects on ultrastructure after 24 h 

and fluctuations in the mitochondrial membrane potential after 24 and 48 h were assessed. 

Finally toxic, irreversible events were investigated by evaluating the activation of the 

caspase cascade after 24 and 48 h, morphological changes after 72 h and mode of cell 

death induced after 72 h.  
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Figure 5.1: The in vitro assays used in the study to detect cellular changes indicative of the three 

stages of toxicity. Transient, reversible events were detected using anti-oxidant levels after 6 h 

exposure to the drug combinations. Pre-lethal events induced by the drug combinations were 

assessed by studying the induction of autophagy and cellular ultrastructure after 24 h and 

mitochondrial responses after 24 and 48 h exposure. The induction of late stage, irreversible 

toxicity was evaluated by the activation of the caspase cascade after 24 and 48 h, mode of cell 

death induced after 72 h and morphological changes induced after 72 h. 

From (van Tonder et al., 2013) with modifications. 

(http://cdn.intechopen.com/pdfs/41961/InTechPre_clinical_assessment_of_the_potential_intri

nsic_hepatotoxicity_of_candidate_drugs.pdf) 

Image titled ‘The real face of cell death’ used with permission from D Coletti. 

 

It must be considered that synchronised cell populations were not used in the present study. 

The doubling time of a cell line is an indication of the time required for a tumour in an in vivo 

environment or cell population in an in vitro environment to double in size (Begg et al., 

1985). The average reported doubling time of MCF-7 breast adenocarcinoma cells is 35 h 

(Sutherland et al., 1983; Barnes et al., 2001; Kimura et al., 2010), 29 h for MDA-MB-231 

breast adenocarcinoma cells (Reddel et al., 1985; Glunde et al., 2004; Kimura et al., 2010) 

and approximately 20 h for MCF-12A non-tumourigenic cells (Pauley et al., 1993; Glunde et 

al., 2004). Intracellular changes indicative of irreversible, toxic response is reportedly most 

accurately detected after exposure of 48 – 96 h (Monks et al., 1991). As the initial cell 

population was not synchronised it is expected that some cells would be in more advanced 

stages of the cell cycle at the start of experiments, potentially confounding results. However, 
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even in non-synchronised populations of MCF-7, MDA-MB-231 and MCF-12A cells a 

minimum of one cell cycle for most cell culture would be completed in 72 h.    

From the data obtained during the study a preliminary sequence of toxicity induced by 

combinations of oestrone analogues and IND or QUER were proposed (Figures 3.40 and 

3.41). The results obtained during the present study are supported by published data about 

the effect of the oestrone analogues and the glycolysis inhibitors. Using published data on a 

number of intracellular parameters to support results from the present study a more detailed 

mechanism of action can be proposed for combinations with oestrone analogues and the 

two glycolysis inhibitors, IND and QUER.  

Increased production of ROS in the mitochondria will occur following the attenuation of ATP 

synthesis (Apostolova et al., 2011). The inhibition of aerobic glycolysis by IND (Hresko and 

Hruz, 2011) and QUER (Lang and Racker, 1974) would thus result in depletion of ATP 

initiating production of ROS. Generation of ROS is an indicator of early toxicity (Zamzami et 

al., 1995). Results from the present study suggest that the combinations of oestrone 

analogues and glycolysis inhibitors induce the production of ROS after only 6 h exposure. It 

has been suggested that elevated levels of ROS may initiate intracellular adaptive 

mechanisms such as autophagy (Scherz-Shouval and Elazar, 2007).  

The catabolic process of autophagy is a crucial pro-survival pathway activated under 

conditions of nutrient-deprivation as it allows the generation of amino acids from 

dysfunctional organelles and other non-essential intracellular components that can be used 

to generate ATP (Mizushima, 2005; Jin and White, 2007). Numerous techniques may be 

employed to detect the effect of a treatment on autophagy in intracellular systems. It has 

been suggested that more than one technique must be employed in order to confirm the 

induction of autophagy (Klionsky et al., 2012).The most sensitive indicators of autophagy are 

the various molecular makers of autophagy, including LC3-II (Klionsky et al., 2008). 

In the present study both morphological studies using TEM were performed and LC3-II 

expression was detected using Western blot after 24 h drug combination exposure. It has 

been recommended that any marker of autophagy must be assessed at more than one time 

point so as to determine the effect of a treatment on autophagic flux (Klionsky et al., 2008). 

However, due to the number of samples and financial implications involved, LC3-II 

expression was only assessed after 24 h treatment during the present study. Therefore the 

effect of the drug combinations on autophagy at other time points during the sequence of 

toxicity cannot be concluded. Evaluation of LC3-II expression at various times following 

exposure to the drug combinations is recommended for further studies. 
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Increased expression of LC3-II was not observed when MCF-7 or MDA-MB-231 breast 

adenocarcinoma cells were treated with ESE-15-ol (70 nM required for synergistic drug 

combinations with IND on MFC-7 cells, 17 nM required for synergistic drug combinations 

with QUER on MCF-7 cells or 123 nM required for synergistic drug combinations on MDA-

MB-231 cells). However, data from the present study showed that treatment with ESE-16 (67 

nM required for combinations with IND or 17 nM required for combinations with QUER) 

resulted in elevated expression of LC3-II, suggesting induction of autophagy. This is 

supports previously published reports on the effect of ESE-15-ol and ESE-16 on the 

induction of autophagy (Nkandeu et al., 2013; Theron et al., 2013; Wolmarans et al., 2014). 

The glycolysis inhibitors IND and QUER were observed to elevate levels of LC3-II 

expression in the present study indicative of the induction of autophagy. The ability of these 

glycolysis inhibitors to induce autophagy has been previously reported (McLean et al., 2009; 

Klappan et al., 2012) and has been proposed to promote cell survival (Gills et al., 2007; Kim 

et al., 2013).  

From the data obtained from analysis of LC3-II expression after 24 h exposure, suppression 

of autophagy induced by IND was observed in both MCF-7 and MDA-MB-231 breast 

adenocarcinoma cell lines by the addition of the oestrone analogues. Similar trends were 

observed where MCF-7 cells were treated with combinations of oestrone analogues and 

QUER. However, in the MDA-MB-231 triple negative breast adenocarcinoma cell line slight 

elevation of LC3-II expression was observed where cells were treated with a combination of 

ESE-15-ol and QUER. This elevation was not significant and did not exceed the level of 

LC3-II in the untreated control cells.  

It has been suggested that autophagy may present a pro-survival mechanism in cancer cells 

(Gu et al., 2015). In this scenario autophagy may protect malignant cells from pro-death 

signals under conditions of nutrient deprivation or in response to limited cellular damage 

induced by anti-cancer agents (Shintani and Klionsky, 2004). This has been demonstrated in 

studies where pre-treatment with autophagy inhibitors resulted in increased cell death (Wang 

et al., 2011; Kim et al., 2013). Indeed, it has been demonstrated that autophagy induced by 

QUER fulfils a pro-survival role (Kim et al., 2013) and similarly nelfinavir, a protease inhibitor 

like IND, induces protective autophagy (Gills et al., 2007). It is therefore not surprising that 

numerous inhibitors of autophagy, including inhibitors of the mammalian target of rapamycin 

(mTOR)(Kahan and Camardo, 2001) and defrolimus (Rizzieri et al., 2008), are currently 

under development as adjunct chemotherapy. When synergistic combinations of oestrone 

analogues and glycolysis inhibitors were used, LC3-II expression was reduced in 

comparison to IND- and QUER-treated samples. Thus the inhibition of IND- and QUER-
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induced autophagy observed in the present study where cells where treated with synergistic 

drug combinations may sensitise tumourigenic cells to cell death. 

Initiation of autophagic activity by IND and QUER is associated with stimulation of ER stress 

(Zha et al., 2011; Klappan et al., 2012). The ER is involved in the synthesis, folding, 

trafficking and post-translational modification of most proteins (Kim et al., 2008; Martinon, 

2012). Not only is the generation of receptors on cell surfaces dependent on the proper 

function of the ER, but it is also involved in the maintenance of the intracellular calcium ion 

balance (Martinon, 2012). Conditions known to stimulate ER stress include hypoxia and 

nutrient deprivation and may result in formation of misfolded proteins and the accumulation 

of unfolded proteins (Lee and Hendershot, 2006). ER stress may induce the ‘unfolded 

protein response’ (UPR), ER associated degradation or apoptosis (Hitomi et al., 2004). As a 

protective mechanism, UPR aims to restore homeostasis through activation of the 

proteasome or autophagy to remove the improperly formed proteins (Schleicher et al., 

2010).  

Prolonged ER stress has been shown to culminate in cell death via apoptosis or autophagy 

(Ma et al., 2002; Rao et al., 2006). Nuclear fragmentation and condensation has been 

observed in human neuroblastoma SK-N-SH cells treated with a known inducer of ER 

stress, tunicamycin (Imaizumi et al., 2001). The induction of apoptosis observed after ER 

stress have been attributed to the activation of caspase 4 and the downstream activation of 

executioner caspases (Hitomi et al., 2004). 

Stimulation of autophagy in response to prolonged ER stress may be the result of 

phosphorylation of eukaryotic translation initiation factor 2α (eIF2α) by RNA-dependent 

protein kinase-like ER kinase (PERK)(Kouroku et al., 2006). Autophosphorylation of PERK in 

response to ER stress results in the activation of eIF2α and reduction in protein translation 

(Harding et al., 1999). Phosphorylated eIF2α has been demonstrated to upregulate 

expression of Atg12, a member of the Atg5-Atg12-Atg16 complex required for the 

conversion of LC3-I to LC3-II (Kouroku et al., 2006). As both IND and QUER were shown to 

increase expression of LC3-II in the present study, the possible induction of an ER stress 

response should not be excluded.  

Evidence suggests that the oestrone analogues may also induce ER stress. The oestrone 

analogues have been reported to increase aggresome formation (Nkandeu et al., 2013; 

Theron et al., 2013; Wolmarans et al., 2014). Misfolded accumulated proteins in the 

cytoplasm are transported to the microtubule organising centre where the misfolded proteins 

are sequestered into a structure referred to as the aggresome (Garcia‐Mata et al., 2002). It 
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has been suggested that some of these aggresomes are degraded by lysosomes during 

autophagy and therefore accumulation of aggresomes may suggest induction of autophagy 

(Taylor et al., 2003). Therefore the oestrone analogues may impede the proper folding of 

proteins resulting in the induction of ER stress. This is supported by the elevation in caspase 

4 expression observed after treatment with ESE-16 (Stander et al., 2013). 

Moreover, the oestrone analogues may affect heat shock proteins (HSPs), which are crucial 

to protein folding, trafficking, secretion and degradation as well as in cell survival (Lianos et 

al., 2015). The expression of HSPs is induced by numerous stress and environmentally 

unfavourable conditions including hypoxia, nutrient deprivation and exposure to cytotoxic 

chemicals (Wang et al., 2014). Over-expression of HSP70 prevents the accumulation of 

aggresomes associated with the induction of ER stress (Garcia‐Mata et al., 2002). 

Attenuation of the activity of HSP70 would therefore render the cell susceptible to pro-death 

stimuli. 

Previous studies have shown that numerous members of the HSP70 family were down-

regulated in MCF-7 and MDA-MB-231 cells in response to treatment with ESE-16 (Stander 

et al., 2013). Data on the effect of IND on the expression of HSP70 is lacking; over-

expression of HSP70 has been demonstrated following treatment with the protease inhibitor 

ritonavir (Kraus et al., 2008). However, QUER is a known HSP70 inhibitor (Yang et al., 

2003). Under conditions of stress this would translate as sensitivity to pro-death signals.  

Therefore it seems likely that ER stress is involved in the sequence of toxicity induced 

following exposure to oestrone analogues and glycolysis inhibitors. It is recommended that 

effect of the combinations of oestrone analogues and glycolysis inhibitors on ER stress be 

elucidated by assessing the expression of phosphorylated PERK and phosphorylated eIF2α 

by Western blotting (Harding et al., 1999). Evaluation of downstream effects such as 

aggresome formation should also be considered (Garcia‐Mata et al., 2002).    

As the mitochondria is central to the production of ATP as well as induction of cell death, 

assessment of the effects of novel treatment strategies on the mitochondria are crucial. 

Mitochondrial effects can be classified as indicators of pre-lethal events in the sequence of 

toxicity (van Tonder et al., 2013). During the present study mitochondrial membrane 

potential was assessed after 24 and 48 h. Overall treatment with synergistic drug 

combinations of oestrone analogues and IND resulted in hyperpolarisation of the 

mitochondrial membrane, whereas depolarisation of the mitochondrial membrane potential 

was observed when cells were treated with synergistic drug combinations of oestrone 

analogues and QUER.  
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Hyperpolarisation of the mitochondrial membrane potential is associated with the inhibition of 

ATP synthesis (Kalbáčová et al., 2003). Inhibition of glucose transporters by IND will result in 

depleted intracellular glucose concentrations and subsequent inhibition of ATP production 

(Murata et al., 2002; Hresko and Hruz, 2011). Mitochondrial dysfunction as a result of IND 

treatment has been reported (Matarrese et al., 2003). The addition of oestrone analogues to 

IND exacerbated the hyperpolarisation observed and may therefore account for synergistic 

interaction.   

Dissipation of the mitochondrial membrane potential occurs as a result of the increased 

permeability of the outer mitochondrial membrane (Tsujimoto and Shimizu, 2007). The 

increased permeability is due to the opening of the mitochondrial membrane permeability 

transition pore and results in the release of apoptogenic factors such as cytochrome c 

(Vander Heiden et al., 1997; Osellame et al., 2012). Depolarisation of the mitochondrial 

membrane potential as a result of exposure to QUER or the combinations of oestrone 

analogues and QUER therefore suggests the involvement of the mitochondria in the 

induction of cell death. 

The balance between pro-apoptotic members of the family, such as Bax and Bak, and pro-

survival members, including Bcl-2 and Bcl-XL, is involved in the regulation of cell death 

(Vander Heiden and Thompson, 1999). It has been suggested that pro-apoptotic Bax 

facilitates the release of cytochrome c from the mitochondrial inter-membrane space without 

dissipation of the mitochondrial membrane potential (Rosse et al., 1998; Desagher and 

Martinou, 2000). In contrast, pro-survival Bcl-2 inhibits the release of apoptogenic 

cytochrome c from the mitochondria (Kluck et al., 1997). 

Published reports indicate that the oestrone analogues influence the balance between the 

pro-apoptotic and pro-survival Bcl-2 family members in favour of cell death induction. 

Phosphorylation of pro-survival Bcl-2 was observed after treatment with ESE-15-ol and ESE-

16 (Stander et al., 2012, 2013). Phosphorylation of Bcl-2 has been reported to limit its anti-

apoptotic role, thus promoting cell death (Haldar et al., 1995). Induction of autophagy has 

also been reported to occur as a result of phosphorylation of Bcl-2 (Wei et al., 2008). 

Reports have shown that IND does not affect the levels of Bcl-2 or Bax in lymphocytes 

(Matarrese et al., 2003). However, the effect of IND on the expression of Bcl-2 and Bax in 

malignant cells has not been described. In response to QUER treatment decreased 

expression of anti-apoptotic Bcl-2 and elevation of pro-apoptotic Bax levels have been 

observed (Granado-Serrano et al., 2006; Duo et al., 2012). Therefore, the role of the Bcl-2 

family in the sequence of toxicity induced by the synergistic drug combinations of oestrone 

analogues and glycolysis inhibitors warrants further investigation. 
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In the present study significant elevation in activity of caspases 3/7, -8 and -9 was not 

detected for any treatment groups after 24 or 48 h treatment. However, the slight increase in 

the activity of caspase 8 in MCF-7 cells treated with combinations of ESE-15-ol and IND for 

24 h suggests the activation of the extrinsic pathway, whereas the slightly increased activity 

of caspase 9 in cells treated with combinations with QUER indicates the involvement of the 

intrinsic pathway. However, despite using a standardised cell number for the assays, protein 

standardisation was not performed in the assays used for the detection of caspase activity 

which limits the conclusions which may be drawn from the data obtained from these assays. 

Furthermore, the activation of a limited number of caspases determined in the present study 

does not preclude the involvement of alternative caspases such as caspase 4 and -6. To 

investigate the role of ER stress, it is recommended that the effect of the synergistic drug 

combinations on the activity of caspase 4 is evaluated as cell death due to ER stress has 

been associated with the activation of caspase 4 (Hitomi et al., 2004). 

As final parameter of irreversible toxicity evaluated during the study, the mode of cell death 

induced by treatment with the combinations of oestrone analogues and glycolysis inhibitors 

were determined after 72 h treatment. Data indicate that apoptotic and necrotic cell death 

was induced by the combinations after 72 h. This was observed in the MCF-7 and MDA-MB-

231 breast adenocarcinoma cell lines as well as in the non-tumourigenic MCF-12A breast 

cell line. 

During the unregulated process of necrosis, cytoplasmic contents are released into the 

extracellular environment resulting in the recruitment of inflammatory cells. The subsequent 

inflammation may cause damage to the surrounding tissue which is undesirable in the milieu 

of cancer treatment (Willingham, 1999). After MCF-7 or MDA-MB-231 breast 

adenocarcinoma cells were treated with cell line-specific combinations of ESE-15-ol and IND 

for 72 h, approximately 12% of the cell population was positively stained for propidium 

iodide, an indicator of compromised membrane integrity, while staining negative for the 

selective phosphatidylserine antibody annexin V-FITC. The use of this combination will thus 

result in the induction of apoptotic cell death while limiting the incidence of necrotic cell 

death.  

From the data obtained during the study and published reports on the in vitro effects of the 

oestrone analogues and the glycolysis inhibitors on a number of intracellular parameters the 

sequence of toxicity induced by combinations on oestrone analogues and glycolysis 

inhibitors is proposed in Figures 5.2 and 5.3. 
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Figure 5.2: The proposed sequence of toxicity induced by synergistic drug combinations of 

oestrone analogues and indinavir from data obtained from the present study and published 

reports. Treatment with the combinations of oestrone analogues and indinavir result in 

production of ROS. Inhibition of ATP synthesis causes hyperpolarisation of the mitochondrial 

membrane potential resulting in swelling and eventual rupture of the mitochondria. The 

extrinsic pathway of apoptosis is activated by the synergistic drug combination as indicated by 

the activation of caspase 8 and downstream activation of caspase 3. Apoptotic and necrotic cell 

death follow. Results from the present study do not support the induction of autophagy after 24 

h treatment. According to literature the oestrone analogues may induce endoplasmic reticulum 

stress resulting in the activation of caspase 4 and induction of apoptotic and autophagic cell 

death. 

Structures of DISC from Sendoel and Hengartner, 2014. (Sendoel and Hengartner, 2014) with 

modifications. Creative Commons Attribution License (CC-BY-2.0). Structures of mitochondria 

and endoplasmic reticulum by Darryl Leja, NHGRI, www.genome.gov. Accessed September 

2015. 

Image titled ‘The real face of cell death’ used with permission from D Coletti. 
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Figure 5.3: The proposed sequence of toxicity induced by combinations of oestrone analogues 

and quercetin from data obtained from the present study and published reports. Treatment 

with the synergistic drug combinations of oestrone analogues and quercetin result in generation 

of ROS leading to depolarisation of the mitochondrial membrane potential and activation of the 

intrinsic pathway of apoptosis. The activation of caspase 9 leads to the activation of caspase 3 

and induction of apoptotic and necrotic cell death. Results from the present study do not 

support the induction of autophagy after 24 h treatment. According to literature the oestrone 

analogues may induce endoplasmic reticulum stress resulting in the activation of caspase 4 and 

induction of apoptotic and autophagic cell death. 

Structures of apoptosome from Sendoel and Hengartner, 2014. (Sendoel and Hengartner, 2014) 

with modifications. Creative Commons Attribution License (CC-BY-2.0). Structures of 

mitochondria and endoplasmic reticulum by Darryl Leja, NHGRI, www.genome.gov. Accessed 

September 2015. Image titled ‘The real face of cell death’ used with permission from D Coletti. 
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Reports of in vitro studies have demonstrated anti-angiogenic properties for quercetin (Tan 

et al., 2003; Oh et al., 2010) and indinavir (Sgadari et al., 2002). In order to obtain a more 

detailed mechanistic profile of the combinations of oestrone analogues and IND or QUER 

the anti-angiogenic properties of the synergistic drug combinations were investigated. 

 

5.3 Anti-angiogenic assessment of the selected combinations 

The induction of angiogenesis ensures the survival of cells within tumours under conditions 

of hypoxia (Kumar and Choi, 2015). The process of tumour neovascularisation is reputed to 

be initiated with the formation of the HIF-1 complex which induces the transcription of pro-

angiogenic factors including vascular endothelial growth factor (Ryan et al., 1998; Hitchon 

and El-Gabalawy, 2004). Once endothelial cells from closely located blood vessels are 

liberated from the basement membrane by matrix metalloproteases, they migrate toward the 

tumour in the direction of pro-angiogenic factors gradient (Bergers and Benjamin, 2003; 

Carmeliet and Jain, 2011). During the process of angiogenesis tube formation and cell 

migration occur interchangeably (Auerbach et al., 2003). 

The angiogenic potential of a tumour is directly associated with its metastatic potential 

(Folkman, 1971). As angiogenesis is not an ongoing process in healthy adults, inhibition of 

this process is a relatively selective target for cancer therapy (Cook and Figg, 2010). A 

number of anti-angiogenic treatments have undergone clinical testing including the 

multikinase inhibitor sorafenib (Cheng et al., 2009), the kinase inhibitor imatinib (Druker et 

al., 2006), the anti-VEGF monoclonal antibody bevacizumab (Sandler et al., 2006) and the 

notorious anti-angiogenic agent thalidomide (Rajkumar et al., 2006). The enhanced 

therapeutic efficacy obtained with anti-angiogenic treatment is often at the risk of increased 

toxicity (Rajkumar et al., 2006; Sandler et al., 2006).  

The release of VEGF from a tumour under hypoxic conditions is reported to be one of the 

first steps in the process of angiogenesis and is associated with tumour progression 

(Wenger, 2002; Zhang et al., 2010). In the present study the effect of synergistic 

combinations of oestrone analogues and glycolysis inhibitors were assessed on the 

secretion of VEGF from breast adenocarcinoma cells. All tested combinations successfully 

reduced the VEGF concentration in conditioned medium from drug combination treated 

relative to untreated MCF-7 or MDA-MB-231 breast adenocarcinoma cells suggesting at 

least some anti-metastatic potential.  

Endothelial cells are central to the process of tumour angiogenesis as these cells form new 

vessels (Hanahan and Folkman, 1996). A great advantage to the use of anti-angiogenic 
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agents is that the untransformed, proliferating endothelial cells often targeted by anti-

angiogenic agents present a selective target as endothelial cells in unaffected areas are 

mostly in a dormant state (Kerbel, 1991). Furthermore, the low mutation rate of endothelial 

cells does not encourage the development of drug resistance: where a potent angiogenesis 

inhibitor was administered intermittently to tumour-bearing mice, drug resistance was not 

observed (Boehm et al., 1997). 

It has been suggested that the administration schedule of chemotherapeutics may be 

manipulated to target endothelial cells, and thus tumour vasculature, through the 

administration of continuous, low-dose chemotherapy (Browder et al., 2000). This strategy, 

in contrast to conventional chemotherapy where a bolus dose is administered followed by a 

recovery period, would prevent the recovery of tumour cells after treatment with 

chemotherapy (Kerbel et al., 2000). This has been demonstrated in vivo where an ‘anti-

angiogenic schedule’ of cyclophosphamide resulted in enhanced eradication of drug 

resistant tumours (Browder et al., 2000). These results were repeated in neuroblastoma 

xenografts exposed to the combination of low dose vinblastine and a specific angiogenic 

agent where extensive tumour regression was observed (Klement et al., 2000). Surprisingly 

during the 6 month treatment period drug resistance did not develop and the low doses of 

the compounds used translated into in absence of toxicity (Klement et al., 2000). 

Evaluation of the effect of the combinations of oestrone analogues with IND or QUER on the 

ability of EA.hy926 hybrid endothelial cell line to form tubule networks after 8 h revealed 

decreased complexity of tube networks, reduced number of tubes formed as well as a 

reduction in the length of the longest tubes. The ability of EA.hy926 hybrid endothelial cells 

to migrate into a scratch zone through an established almost confluent culture was reduced 

after exposure to the selected synergistic drug combinations. A similar reduced ability of 

MCF-7 and MDA-MB-231 breast adenocarcinoma cells to migrate into a scratch zone was 

observed. These effects were most pronounced with combinations of ESE-15-ol and IND. 

The results from these in vitro assays suggest that the combinations of oestrone analogues 

and glycolysis inhibitors affect the process of tumour angiogenesis, or potentially cell 

migration, at different stages.  

It was initially believed that resistance to anti-angiogenic therapy was unlikely due to the 

genome stability of endothelial cells (Kerbel, 1991; Folkman et al., 2000). However, transient 

efficacy of anti-angiogenic agents have been reported using in vivo models (Klement et al., 

2000). It has been suggested that the greatest success will be obtained with combinations of 

agents targeting both angiogenesis and the enhanced proliferation rate of cancer cells 

simultaneously (Teicher et al., 1992). Results from the present study suggest that the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



204 
 

synergistic combinations of oestrone analogues and glycolysis inhibitors do have the 

potential of inhibiting the proliferation of cancer cells as well as the formation of tumour 

vasculature. 

 

5.4 Future directions 

During preclinical evaluation of potential therapeutic agents a number of parameters must be 

adequately and appropriately assessed to ascertain suitability for clinical development. 

Preclinical in vitro testing is required to obtain sufficient data to warrant in vivo testing of a 

limited number of potential therapeutic agents (Ruiz‐Garcia et al., 2008). In the present study 

the number of synergistic combinations between oestrone analogues and glycolysis 

inhibitors was reduced to six potential combinations. 

In order to clarify the intracellular effects of the identified combinations of oestrone 

analogues and glycolysis inhibitors the following steps are recommended: 

1. Autophagy studies. Due to the large sample size, time- and financial constraints, a 

time course evaluation of LC3-II expression was not conducted in the present study. 

In order to fully elucidate the role of autophagy in the sequence of toxicity, it is 

recommended that the expression of LC3-II is assessed at both earlier and later time 

points than the 24 h used in the present study. 

2. Caspase activation studies. In the present study the activity of caspase 8 as indicator 

of the involvement of the extrinsic pathway, the activity of caspase 9 as indicator of 

the role of the intrinsic pathway and the activity of caspases 3/7 were assessed. 

Significant activity of these caspases were not observed, which may suggest the 

involvement of alternative caspases or may be an experimental artefact as the 

results were not standardised to protein concentration but relied on the use of the 

same cell number to perform the assays. It is therefore recommended that the 

activation of the caspase cascade be assessed in greater detail with the added 

evaluation of the activation of alternative caspases such as caspases 4 and -6. 

3. Elucidation of the involvement of ER stress. Published reports on the oestrone 

analogues suggest the induction of ER stress (Nkandeu et al., 2013; Stander et al., 

2013; Theron et al., 2013; Wolmarans et al., 2014). The confirmation of the role of 

ER stress induced by the synergistic drug combinations may explain the absence of 

caspase activity even though apoptotic cell death was observed as ER stress 

induces apoptosis through the activation of caspase 4. Furthermore, it will provide 

insight into the role of autophagy in the sequence of toxicity induced by these 
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combinations as ER stress has been associated with the induction of apoptosis and 

autophagy (Hitomi et al., 2004; Schleicher et al., 2010). 

4. Further anti-angiogenic studies. The in vitro angiogenesis studies performed in the 

present study provide the first proof that the synergistic combinations of oestrone 

analogues and glycolysis inhibitors have anti-angiogenic properties. However, these 

studies quantified the effect of the combinations on specific, isolated parameters of 

angiogenesis, and cannot elucidate the effect of the physiological environment on the 

observed anti-angiogenic efficacy. It is therefore recommended that in vivo 

angiogenesis models, such as the chorioallantoic membrane assay or Matrigel-plug 

assay, are used to confirm the anti-angiogenic properties observed.  

5. Toxicity studies. These are described in detail below. 

Throughout the study the various parameters of toxic events were assessed not only on the 

breast adenocarcinoma cell lines, but also in the MCF-12A non-tumourigenic cell line. The 

MCF-12A non-tumourigenic cell line was established from breast tissue obtained from a 

mammoplasty which became immortal after exposure to high temperatures. The 

immortalisation of this cell line allowed for the study of neoplastic transformation in normal 

epithelial cells which had previously not been possible (Pauley et al., 1993). Numerous non-

tumourigenic cell lines have been established using transfection or chemicals (Chou, 1989). 

Even though such in vitro systems provide valuable information on the potential toxicity of 

experimental treatments, the complete effect can only be assessed in an intact organism 

where system integration and pharmacokinetic and pharmacodynamic influences are 

involved (Bhogal et al., 2005).  

Ex vivo studies have been used to assess the effects of the oestrone analogues on 

erythrocytes and platelets and no signs of toxicity were observed (Repsold et al., 2014a; 

Repsold et al., 2014b). Clinical safety data on IND indicate that the concentrations used in 

the present study is physiologically achievable with a tolerable side effect profile(La Porte et 

al., 2006). It is therefore recommended that potential toxicity of the synergistic combinations 

identified in the present study should be assessed using ex vivo studies and if results are 

favourable, in vivo testing may be initiated. 

Obtaining a balance between efficacy and toxicity of anti-cancer therapy is the goal of the 

rational use of chemotherapeutics. This equilibrium is well illustrated by the use of 

thalidomide. Thalidomide is most infamous for inducing teratogenic effects including 

phocomelia (McBride, 1961; Lenz et al., 1962). However, the potent anti-angiogenic 

properties of thalidomide have resulted in its reintroduction as anti-cancer agent (D'Amato et 

al., 1994b; Singhal et al., 1999). Currently the use of thalidomide is closely regulated by 
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stringent prescribing protocols (Kumar et al., 2002). The successful use of chemotherapeutic 

agents may therefore rely on obtaining the balance between efficacy and toxicity in a 

population where the therapeutic benefit outweighs the risk of treatment. 

 

5.5 Conclusion 

During this study, synergistic combinations of two in silico designed oestrone analogues, 

ESE-15-ol and ESE-16, and six glycolysis inhibitors were successfully assayed. Synergistic 

combinations specific for the oestrogen receptor-positive MCF-7 breast adenocarcinoma cell 

line or MDA-MB-231 the metastatictriple negative, breast adenocarcinoma cell line were 

identified using multiple checkerboard type concentration combination assays. The most 

promising of these synergistic drug combinations were selected taking into account 

published safety data of the glycolysis inhibitors. Synergistic combinations of the oestrone 

analogues and antiretroviral protease inhibitor indinavir or the flavonoid quercetin were then 

investigated using in vitro models to establish the sequence of toxicity induced by each 

combination and finally in vitro evaluated for potential anti-angiogenic properties.  

Data indicate that combinations of the oestrone analogue ESE-15-ol and IND is most 

promising based on the following observations: 

1. Production of reactive oxygen species 

2. Inhibition of ATP synthase, as indicated by hyperpolarisation of the mitochondrial 

membrane potential 

3. Induction of cell death predominantly via apoptosis  

4. Inhibition of angiogenesis by decreasing secretion of vascular endothelial growth 

factor  

5. Limits formation of endothelial tubule networks and cell migration 

 

An advantage of the combination of ESE-15-ol and IND is that it shows activity against the in 

vitro model of triple negative breast cancer. Triple negative breast cancer generally responds 

poorly to chemotherapeutic treatment and thus is generally associated with poor prognosis 

(Meyer et al., 1977; Wirapati et al., 2008). As the clinical safety profile of IND has been 

established, the next step in investigating the clinical potential of this combination would be 

to assess the in vivo safety of ESE-15-ol in appropriate rodent models. 

In conclusion, the aims and objectives for this study were achieved using various in vitro 

methods and resulted in the identification of synergistic combinations of ESE-15-ol, a 
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synthetic oestrone analogue, and indinavir, a HIV protease inhibitor, which show potential 

anti-metastatic activity that could be used for treatment of breast cancer. 

More effective treatment of malignancies will evolve from the use of drugs in available 

synergistic combinations that target different intracellular pathways. 
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