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ABSTRACT 

Cancer cells are characterised by constitutive oxidative stress due to overproduction of 

reactive oxygen species (ROS) as a result of metabolic rewiring and oncogenic 

transformation. Redox homeostasis is directly linked with metal homeostasis, in 

particular redox active metals. Cancer cells are reported to have higher metal uptake 

properties compared to normal cells to sustain their high metal requirement. 

The main scope of this study is to investigate different therapeutic approaches of 

inducing oxidative stress in cancer cells. Our primary objective has been to develop 

novel combination regimens that increase intracellular ROS levels to induce 

preferential and selective cytotoxicity against cancer cells with minimal implications to 

normal cells. Our secondary objective was to assess the potential for improving 

individual agents useful in the combination therapy approach. This resulted in the 

development of novel metal chelators based on structural modification of the heavily 

studied series of pyridyl ketone thiosemicarbazones. 

Consequently, the research work presented in this thesis is focused on cell based 

biological studies of novel combinations of agents or novel metal chelating agents 

targeting ROS generation and metal mobilisation in cancer cells. 

Chapter 1 pertains to a general introduction about oxidative stress in cancer and 

different approaches to target oxidative stress as an Achilles heel of cancer to initiate 

tumour cell death. The introduction also includes the evolution of metal chelators and 

different targets of metal chelation therapy. 

Chapter 2 pertains to the development of novel combination regimens targeting the 

oxidative cascade at multiple points. The premise of these combinations is to deplete 

endogenous antioxidant defence proteins (eg: Glutathione) while concomitantly 

increasing the generation of ROS via metal redox recycling and Fenton chemistry which 

eventually leads to disrupting cellular redox homeostasis and induction of cell death. 



 xvii  

Through this approach, we have identified highly synergistic combination of two 

distinctive classes of compounds (Azines and Copper(II) complexes of 2-pyridyl ketone 

thiosemicarbazones) which are capable of eliminating cancer cells without 

concomitant increase in toxicity toward normal cells. In one of our most potent 

combinations, a combination index (CI) value of 0.056 was attained, which is indicative 

of a 17 fold enhancement in activity over that which would be expected from simple 

drug additivity.  This suggests that the approach has the potential to create a low dose 

chemotherapeutic option. 

Chapter 3 pertains to the development of the combination regimen identified in 

chapter 2 through combining the azines with a more structurally diverse collection of 

Cu(II) complexes of thiosemicarbazones and establishing the link to ROS generation. 

The combinations of cytotoxic Cu(II) complexes with phenoxazines were examined 

against MCF-7 (human breast adenocarcinoma). These combination regimens resulted 

in an up to 50-fold enhancement of the cytotoxic potential of the thiosemicarbazone 

over the effect attributable to drug additivity - allowing minimization of the more toxic 

Cu(II) complex component of the therapy.  The combination approach results in rapid 

elevation of intracellular reactive oxygen levels followed by apoptotic cell death.  

Normal fibroblasts representative of non-cancerous cells (MRC-5) did not display a 

similar elevation of reactive oxygen levels when exposed to similar drug levels.  The 

minimization of the Cu(II)-thiosemicarbazone complex component of the therapy 

results in an enhanced safety profile against normal fibroblasts.  

Chapter 4 pertains to investigation of the interplay of reactive oxygen species (ROS) 

and zinc homeostasis on the cytotoxicity of the thiosemicarbazone chelators against 

the MCF-7 cell line. The thiosemicarbazone chelators were used in combination with 

zinc ions to increase intracellular zinc concentrations with subsequent disruption of 

cellular zinc homeostasis. It was rationalized that the zinc ion could play a similar role 

to the azine employed earlier in the study in terms of impact on the endogenous 

oxidant defences of the cell.  This approach was successful to overcome the plateauing 
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of the cytotoxic potential observed with thiosemicarbazones when used in isolation. 

The use of thiosemicarbazone as zinc ionophore was associated with significant rise in 

ROS levels preceding the induction of apoptotic cell death. 

Chapter 5 pertains to investigation of different approaches to improve the cytotoxicity 

profiles of metal chelators against melanoma. The first approach was to enhance the 

ability of the ligand to transport metals across cell membranes by using polyfunctional 

ligands with higher number of metal coordination sites (compared to the original 

pyridyl thiosemicarbazones). This approach was not associated with significant 

improvement in cytotoxicity. The second approach was to amplify intracellular ROS 

levels by the combination of azines and Cu(II) complexes. The combinations 

demonstrated moderate synergism levels with effective enhancement of IC50 by 

approximately 8-fold over additivity. The third approach was to employ the specific cell 

cycle effect of metal chelators to improve the cytotoxicity of other metallodrugs like 

cisplatin. The metal mobilising effect of metal chelators improved the overall cytotoxic 

activity of platinum compounds against melanoma. 

Chapter 6 pertains to development and in vitro cytotoxicity ǘŜǎǘƛƴƎ ƻŦ ʰ-N-heterocyclic 

bisthiosemicarbazone ligands. The structural activity relationship (SAR) of this 

compound class was evaluated through changing the key features responsible for 

metal binding. The bisthiosemicarbazone compound library was tested against two 

different cancer cell lines (MCF-7 breast adenocarcinoma and MelRm melanoma) and 

was assessed for safety in reference to the mortal MRC-5 lung fibroblast. We also 

evaluated the impact of Cu supplementation on the cytotoxicity of the ligands. 

Chapter 7 includes a general discussion of the experimental studies and future 

direction.  

The new information provided in this study could assist in future development of novel 

oxidative therapy regimens with high antiproliferative activity and safety profiles



 

 

 

 

1.CHAPTER 1: LITERATURE REVIEW AND RESEARCH OBJECTIVES 
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1.1.GENERAL INTRODUCTION 

1.1.1. Epidemiology of Cancer in Australia 

Cancer is one of the leading causes of death in Australia with an estimate of 45,700 

people dying from cancer every year, accounting for 3 in every 10 deaths. The most 

commonly diagnosed cancers are prostate, breast, colorectal, lung and melanoma. The 

five years survival rate for many types of cancer has improved by more than 20 per 

cent over the last three decades due to improvements of treatment options as well as 

new interventions brought about by research. Unfortunately, this increase is not 

consistent across all cancers. Pancreatic cancers and mesothelioma accounted for the 

lowest survival rates in both males and females. 

1.1.2. Definition of Cancer 

The human body consists of a vast variety of cell types. Each cell type carries the full 

genetic information required to fulfill cell specific tasks including proliferation, 

morphogenesis and apoptosis. Alterations in gene functionality caused by mutations 

imply the loss of the autonomy of individual cells and disruption of cellular 

homeostasis resulting in abnormal cell phenotypes. Such abnormal phenotypes, 

incompatible with the surrounding normal cells, are termed neoplasm or cancer. 

Normal cells undergoing mitosis go through a highly ordered set of events culminating 

in cell growth and division (called the cell cycle). The cell cycle phases are G1-S-G2-M. 

The G1 stands for Gap1. The S phase stands for synthesis where DNA replication 

commences. The G2 stands for Gap2. The M phase stands for Mitosis when the 

chromosomes separate and the cytoplasmic division occurs. The progression through 

the cell cycle phases is controlled via multiple overlapping checkpoints which correct 

any irregularities and control cell fate decisions (Figure 1.1).1 In cancer, the regulation 

of cell cycle is disrupted due to mutations in cell cycle regulators. These mutations 

promote the entry and progression through the cell cycle while bypassing the 

checkpoints leading to unrestrained cellular proliferation and formation of a neoplasm. 
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Figure 1.1: Cell Cycle and Checkpoints1 

 
Cancer arises through a multistep mutagenic process by which cancer cells gain a 

common set of properties including unlimited proliferation, self-sufficiency of growth 

signals and resistance to apoptotic signals. In addition, cancer cells evolve to change 

the micro-environment in order to acquire support from the surrounding stromal cells, 

induce outgrowth of new capillary blood vessels from pre-existing vessels 

(angiogenesis) to obtain oxygen and nutrients, evade immune detection, and 

ultimately spread to distal organs (metastasis). This evolution happens through 

random mutations and epigenetic changes followed by clonal selection of cells that are 

capable of survival and proliferation under conditions normally considered to be 

unfavourable. 

 

1.1.3. Cancer Hallmarks 

In 2000 Weinberg and Hannahan proposed six hallmarks of cancer which provided a 

collective framework to understand the complexity and heterogeneity of malignant 

tissue.2 Based on recent analyses of cellular phenotypes, additional hallmarks have 

been proposed by Luo et al, which are equally prevalent in many tumour types.3 Those 
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additional hallmarks are DNA damage/replication stress, proteotoxic stress, mitotic 

stress, metabolic stress and oxidative stress (Figure 1.2). These hallmarks represent a 

common set of oncogenesis associated cellular stresses that cancer cells must adapt to 

through stress support pathways. The understanding of these hallmarks has 

revolutionalized the goals of cancer therapy from just killing rapidly proliferating cells 

to either reverse these hallmarks or target them as tumour specific liabilities.3 

 

Figure 1.2: Cancer Hallmarks3 

 

DNA damage and DNA replication stress: Tumours, particularly solid tumours, pass 

through stages of extreme genomic instability resulting in cumulative accumulation of 

DNA damage including point mutations, deletions, complex chromosomal 

rearrangement and aneuploidy (altered chromosome number).4 In normal cells, DNA 

damage signals to arrest cell cycle progression, induce cellular senescence or 

apoptosis. Cancer cells have the characteristic property of overcoming the anti-

proliferative effect of DNA damage response.5 The DNA damage response is controlled 

via two arms; DDR pathways (such as p53 signalling) and DNA repair mechanisms (such 
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as excision, crosslink or mismatch repair). Mutations of the genes involved in one or 

two arms of the DNA damage response result in enhanced DNA damage, genomic 

instability and cell cycle progression in the presence of DNA damage.5 

Proteotoxic stress: Tumours demonstrate proteotoxic stress signalling which is 

evidenced by constitutive activation of heat shock response mediated by aberrant 

Heat Shock Factor-1 (HSF1) expression.6 HSF1 is activated via various protein-

denaturing cellular processes including hypoxia and heat. Furthermore, HSF1 controls 

the expression of Heat Shock Proteins (HSP) which promotes protein folding 

preventing protein aggregation. Oncogenic signalling causes overproduction of 

reactive oxygen species (ROS) as result of rewiring of mitochondrial metabolism. This 

increase in ROS contributes to the proteotoxic cellular stress via direct oxidation of 

cellular proteins and subsequent misfolding and aggregation of proteins. In addition, 

ROS mediate the genomic instability (such as aneuploidy and gene amplifications), 

which eventually increase the protein production and misfolding. The activation of 

HSF1 is a counter-response to increase the protein clearance via ubiquitin-proteosome 

machinery.7 

Mitotic stress: Genomic instability is a characteristic of all human cancers. There are 

various forms of genomic instability including a large subset of tumours having a form 

called chromosomal instability (CIN). CIN is referring to the high rate by which the 

chromosomes change their structure and function over time in comparison to normal 

cells.8 In principle, defects in pathways of the mitotic process, including defect in 

mitotic proteins executing chromosomal segregation and defect in spindle assembly 

checkpoints, contribute directly to CIN.9 Furthermore, the CIN phenotypes could 

evolve indirectly from genomic instability and oncogene activation even in lesions 

where mitotic machinery is intact.10 

Metabolic stress: Normal cells produce the bulk of their ATP needs through 

mitochondrial oxidative phosphorylation and Krebs cycle. Most cancer cells are found 

to predominantly produce their energy needs by the less efficient method of glycolysis. 
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Such metabolic reprogramming is referred to as the Warburg effect.11 Therefore, 

tumour cells exhibit significantly increased glucose uptake and faster rates of glycolysis 

compared to normal cells which is evidenced by PET imaging using the glucose 

analogue 18F-2-deoxyglucose.12 The rewiring of metabolism from oxidative 

phoshorylation to glycolysis provides several advantages to cancer cells including 

adaptation to hypoxic environment and acidification of the surrounding 

microenvironment that enhances the invasiveness of the tumour.13  

Oxidative stress: Cancer cells are characterised by overproduction of reactive oxygen 

species (ROS) as result of oncogenic signalling14, increased metabolic activity and 

mitochondrial malfunction.11b  ROS are of high reactivity and hence contributing to 

constitutive level of endogenous DNA damage and genomic instability including 

mutations of oncogenes or tumour suppressor genes.15 In addition, ROS promote the 

activation of hypoxia inducing factor (HIF) which is related to the metabolic 

reprogramming and the glycolytic switch observed in many neoplasms.16 

 

1.2.ROS IN CANCER CELLS AND THERAPEUTIC IMPLICATIONS 

1.2.1. Overview of Reactive Oxygen Species and cellular sources 

Reactive oxygen species (ROS) is a collective term which describes a group of oxygen 

derived free radicals such as superoxide anion (O2 
ωҍ), hydroxyl (HOω), peroxyl (RO2 

ω), 

and alkoxyl (ROω) radicals, and hydrogen peroxide.  ROS are generated continuously 

inside cells by different aerobic metabolic reactions such as electron transport through 

the mitochondrial respiratory chain, NADPH cytochrome P450 reductase in the 

endoplasmic reticulum, NADPH oxidase and lipoxygenase.17 In normal cells, the 

mitochondrial respiratory chain is the major source of ROS generation. About 1-2% of 

molecular oxygen consumed during physiological respiration is converted into 

superoxide radicals, which act as the precursor to most of ROS (Figure 1.3).18 The 

dismutation of superoxide anions by superoxide dismutase (SOD) results in H2O2 



 7 

production.19 Subsequent interaction of H2O2 with redox active metal ions drives the 

cleavage of H2O2 in a Fenton reaction generating highly reactive hydroxyl radicals 

(Figure 1.3).20 Cellular Fenton chemistry will be described later in detail. 

O2 H2O2O2
e

SOD

O2 + H Fe2+ or  Cu+

(Fenton's Rx)
OH

 

Figure 1.3:  Formation of reactive oxygen species (ROS) through the mitochondrial 
respiratory chain 

 

ROS overproduction, as a defining characteristic of cancer cells, is the main premise of 

the current study that will be employed to selectively target cancer cells with minimal 

harm to normal cells.  

Before elaborating on different ways to divert ROS from oncogenic signalling to cell 

death signalling, we need to understand the processes of cellular redox homeostasis, 

metal homeostasis and the role of ROS in determining cell fate decisions.  

1.2.2. Cellular Redox Homeostasis 

The overall cellular redox state is regulated by three systems (Figure 1.4), two of which 

are dependent on glutathione: the reduced glutathione (GSH)/oxidised glutathione 

(GSSG); the glutaredoxin (Grx) system; and the thioredoxin (Trx) system.21,22 GSH, Grx 

and Trx; each modulates the cellular redox status by trapping free radicals and ROS, or 

by reversing the formation of disulfides (RSSR).21 GSH is a major factor responsible for 

maintaining a low redox potential and high free SH level inside cells and is maintained 

in the active reduced form by NADPH and glutathione reductase. GSH dependent 

disulfide reductions are catalysed by glutaredoxin (Grx) overlapping the functions of 

thioredoxin (Trx) in maintaining redox homeostasis. Glutaredoxins (Grx) and 

thioredoxins (Trx) are small oxidoreductases with two conserved cysteine or 

selenocysteine residues in their active sites (represented by SH appended to Grx and 

Trx, Figure 1.4).23 They are structurally similar, but differently regulated with the 
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oxidised form of thioredoxin (Trx-S2) being reduced directly by NADPH to Trx (SH)2 via 

flavin enzyme Trx reductase (Figure 1.4a), whereas Grx is reduced by GSH using 

electrons donated by NADPH via another glutathione reductase (Figure 1.4b).24 

Therefore, the homeostatic control of cellular redox state is largely dependent on thiol 

proteins, which usually exist in the reduced state to protect the cells from oxidative 

stress.25 

 

NADPH + H

NADP Trx R (reduced)

Trx R (oxidised)
Trx-(SH)2

Trx-S2

Substrate-S2

Substrate-(SH)2

(a)

NADPH + H

NADP 2 GSH
(reduced)

GSSG
(oxidised)

Grx-(SH)2

Grx-S2

Protein-S2

Protein-(SH)2

(b) Glutathione
Reductase

 

Figure 1.4: (a) Scheme of reactions catalysed by thioredoxin (Trx) dependent system. 
Thioredoxin (Trx) system is composed of Trx, Trx R and NADPH (Trx, thioredoxin; Trx R, 
thioredoxin reductase), (b) Scheme of reactions catalysed by the glutaredoxin-
dependent system (Grx, glutaredoxin; GSH, glutathione) 
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1.2.3. Metal Homeostasis  

Metals play important pivotal roles in a wide range of biological processes. Metal 

ƘƻƳŜƻǎǘŀǎƛǎ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ǊŜƎǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ōƻŘȅΩǎ ƳŜǘŀƭ ŎƻƴǘŜƴǘΦ IƻƳŜƻǎǘŀǎƛǎ ƻŦ 

metal ions is maintained through strictly regulated mechanisms of uptake, storage and 

execretion.26 Among other factors, metal homeostasis is achieved via 

metallochaperones which are proteins that mediate trafficking of metals to the 

appropriate protein receptors.27 Dysregulation of metal homeostasis results in non-

specific binding of metals to macromolecules including proteins and DNA with 

subsequent oxidative damage to those macromolecules.28 

The participation of redox active metals (such as copper, iron, cobalt and chromium) in 

certain biological reactions is usually associated with ROS generation.  The cellular 

redox homeostasis, therefore, is tightly associated with metal homeostasis to quench 

the generated ROS.29 Another phenomenon linked to metal homeostasis, is metal 

redox recycling. The active forms of the redox active metals are usually reformed via a 

process called metal redox recycling which involves electron transfer between the 

redox metals and substrates.30 

 Due to the diverse roles of transition metals in the biological system, three different 

metals were selected (in relation to this work) for further discussion of their chemical 

biology and homeostases; iron and copper as examples of redox active metals and zinc 

as a special case of non-redox recycler metal linked to ROS. 

¶ Iron (Fe) 

Iron is an essential element involved in many biological processes such as energy 

production, electron transport, DNA synthesis and regulation of gene expression.31 It 

also acts as cofactor for many cellular enzymes such as oxidase, catalase, NO 

synthases, cytochromes and ribonucleotide reductase. Iron is a redox active metal 

which exists most frequently in ferrous [Fe(II)] and ferric [Fe(III)] oxidation states and 

to a lesser extent in the highly oxidizing ferryl [Fe(IV)] form. The standard redox 
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ǇƻǘŜƴǘƛŀƭǎ ƻŦ CŜόLLLύ κCŜόLLύ ŎƻƳǇƭŜȄ Ƴŀȅ ǾŀǊȅ ƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ ҍм ǘƻ Ҍм ± ŘŜǇŜƴŘƛƴƎ ƻƴ 

the structure, coordination strength and nature of ligands bound to the iron atom. 

Thus, variation of the ligand coordinated to iron allows a fine tuning of the various 

electron transfer reactions possible in a given system.32 

It is estimated that less than 5% of the total cellular iron exists as labile iron pool (LIP) 

which represents iron bound to low affinity low molecular weight ligands. This fraction 

of iron is a free redox-active iron pool that participates in cellular redox chemistry.33 

The biological importance of redox reactions involving iron is demonstrated in Fenton 

reaction. Lƴ ǘƘŜ άCŜƴǘƻƴ-ǘȅǇŜέ ǊŜŘƻȄ ǊŜŀŎǘƛƻƴΣ ŦŜǊǊƻǳǎ ƛƻƴǎ όCŜ2+) drive the cleavage of 

H2O2 generating highly reactive hydroxyl radicals (OH·), hydroxyl anions (OH-) and ferric 

ions (Fe3+) (Figure 1.5, equation 2).20 The toxicity of iron and similarly other transition 

metals (particularly copper) may stem from the highly reactive hydroxyl radical that 

can cause cell, tissue and organ damage as well as iron overload disease due to their 

rapid reaction towards molecules in living cells.34 Since the concentration of iron in the 

biological systems is often very low, an important factor to maintain cellular Fenton 

chemistry is the potential for regeneration and reuse of the metal ion for further 

oxidative processes.35 The superoxide radical anion plays a crucial role in this cycle, 

acting as a reducing agent to convert Fe(III) to Fe(II) (Figure 1.5, equation 1).36 Thus 

superoxide-driven Fenton reaction is considered an important protective biochemical 

reaction.37 

Fe3+ + O2 Fe2+ + O2

Fe2+ + H2O2 Fe3+ + OH + OH

(1)

(2)

Net: O2    +  H2O2 O2  + OH  + OH (3)
 

Figure 1.5: Biologically important redox reactions of iron. Equation (1) shows the 
reduction of Fe3+ by superoxide radical to Fe2+. Equation (2) shows cellular Fenton 
reaction of Fe2+ with hydrogen peroxide to produce Fe3+, hydroxyl radicals and 
hydroxyl anions. Equation (3) demonstrates iron catalysed Haber Weiss reaction which 
is the net equation of (1) and (2). 
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¶ Copper (Cu) 

Copper is another biologically important trace element which plays a key role in the 

biological system.38 Copper has two oxidation states Cu2+ (oxidised form) and Cu1+ 

(reduced form). The Cu(II) form is paramagnetic since it contains one unpaired electron 

in its 3d-orbitals (nine electrons). In contrast, the Cu(I) form is diamagnetic with 

completely filled set of d-orbitals (10 electrons).39 The standard reduction potential of 

Cu(II)/Cu(I) is 0.153 V. The bio-accessible redox potential allows copper to adopt the 

two redox states in the biosystem and to play an integral part in the function of 

metalloenzymes, cellular redox reactions and other important biological functions 

including cell signalling.38 Copper exists intracellularly as biocomplexes coordinated by 

imidazole nitrogen atoms, or nitrogen atoms originating from peptide bonds and 

amino groups, or oxygen atoms from carboxylate groups or hydroxyl groups and sulfur 

atoms from the amino acids, methionine and cysteine.40 

 
Copper induces oxidative stress via two mechanisms, the first one is through direct 

generation of ROS via Fenton like reaction (in a mode similar to iron, Figure 1.5) and 

the second mechanism is through accelerated decline of biological antioxidants in 

particular. Glutathione can suppress copper toxicity by directly chelating the metal 

through its thiol group maintaining it in a reduced state unavailable for redox cycling.41 

Glutathione also acts as substrate for several enzymes that mediate ROS removal. 

Disruption of copper homeostasis with elevated intracellular copper pool causes a shift 

in cellular redox balance towards a more oxidizing environment by depleting 

glutathione levels.42 The depletion of glutathione may enhance the cytotoxic effect of 

ROS and allow the metal to be more catalytically active, thus producing higher levels of 

ROS. The increase in copper toxicity following GSH depletion induced by BSO 

(Buthionine sulfoximine, an inhibitor of GSH synthesis) clearly demonstrates that GSH 

is an important cellular antioxidant against copper toxicity.43 
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¶ Zinc (Zn) 

Zinc is the second most abundant transition metal in the human body. Between 3% 

and 10% of human genes encode for zinc-binding proteins.44,45 Consequently, it can be 

inferred that zinc  is essential for proper structure and function of a wide range of 

cellular proteins and that regulation of cellular zinc levels should play a critical role in 

cell survival. Zn2+ co-ordination sites in bio-complexes generally comprise S, N and O 

components of amino acids, these substituents also being responsible for stabilisation 

of those proteins in their correct folding patterns.46 Owing to strong interaction of Zn2+ 

ions with proteins, an increase in the labile zinc pool can initiate non-specific 

interactions resulting in misfolding, oxidative stress and cytotoxic effects.47 Zinc 

homeostasis is tightly controlled through the interaction of the metal with endogenous 

thiols, particularly metalothionins (MTs), which control zinc trafficking through 

cysteine/cystine interconversion (Figure 1.6) dependant on the cellular redox status.48  

The cellular zinc buffering capacity is, similarly, dependent on endogenous thiols which 

are redox sensitive. Such residues can be modified through oxidants (which oxidise 

thiols into disulfides), metal chelators capable of extruding protein bound zinc (Figure 

1.6) or alkylating agents (which alkylate nucleophilic thiol residues preventing the zinc 

ς thiol interaction).49 Both zinc complexation  and oxidative pressure result in 

depletion of the pool of reducing thiols, suggesting that the interplay of zinc 

homeostasis and redox homeostasis would be a fertile avenue to explore in the 

development of cytotoxic agents.50  
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Figure 1.6: Perturbation of cellular zinc buffering capacity through structural 
modification of Zinc- binding thiols49 

 

1.2.4. ROS and Cell Fate  

ROS play critical roles in the determination of cell fate through different cellular 

responses such as proliferation, differentiation and apoptosis, depending on cell types, 

duration and amounts of ROS generated.51
Ω
52

 In many cases, low concentrations of ROS 

can promote cell survival and proliferation; for example ROS promote the activity of 

nuclear factor-ˁʲ όbC-ˁʲύ ŀƴŘ ŀŎǘƛǾŀǘƻǊ ǇǊƻǘŜƛƴ-1 (AP-1) which are essential for cell 

growth and multiplication.53 

ROS induced cellular responses are regulated by the intracellular redox status, which 

depends on the balance between the oxidising species including ROS and antioxidant 

defensive proteins. ROS are generally counteracted by thioredoxin (Trx), glutaredoxin 

(Grx) and glutathione (GSH). Once the generation of ROS exceeds the capacity of 

ŀƴǘƛƻȄƛŘŀƴǘ ǇǊƻǘŜƛƴǎΣ ŎŜƭƭǎ ǎǳŦŦŜǊ ŦǊƻƳ ǿƘŀǘ ƛǎ ŎŀƭƭŜŘ άƻȄƛŘŀǘƛǾŜ ǎǘǊŜǎǎέΦ ROS upregulate 

the mRNA levels of the cyclins that expedite the G1/S phase transition of the normal 

cell cycle. The redox control of the cell cycle is, therefore, linked to regulation of 

cellular proliferation.54 Persistent high levels of oxidative stress can induce oxidative 

DNA damage and inhibition of DNA repair that is directly related to development and 

progression of cancer (Figure 1.7).55,56,57 ROS induction of programmed cell death is 

thought to be one of defence mechanisms against oxidative stress. 

Apoptosis is the process of programmed cell death which is controlled by a diverse 

range of signals; either  physiological death signals or pathological cellular insults.58 

Apoptosis is manifested in two major execution programmes downstream of the death 
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signal; activation of caspase pathways and organelle dysfunction, in which the 

mitochondria have central roles.59 To understand the pivotal role of mitochondria in 

controlling apoptosis, there are three known general mechanisms, (i) disruption of 

electron transport and energy metabolism, (ii) activation of caspase proteases, (iii) 

alteration of cellular redox potential.60 

Disruption of electron transport and energy metabolism: For decades, disruption of 

electron transport has been recognised as an early feature of cell death.61 A drop in 

ATP production has been observed as consequence of such disruption, however it 

occurs relatively late in the process of apoptosis.62 

Activation of caspase proteases: During apoptosis, cytochrome c (Cyt c) is released 

from mitochondria, which is usually inhibited by the presence of anti-apoptotic Bcl-2 

on these organelles. Cyt c is normally bound to the inner mitochondrial membrane 

(IMM) in association with anionic phospholipid cardiolipin. Oxidative modification of 

cardiolipin by ROS facilitates the detachment of cyt c from the outer surface of IMM 

into the cytosol through pores of the outer mitochondrial membrane (OMM).63 Cyt c 

forms an essential part of the apoptosome which is composed of Apaf-1 (apoptotic 

protease activating factor-1), cyt c and procaspase-9. The net result is the activation of 

other caspases (Figure 1.7), that orchestrate the biochemical execution of cells.64 

Alteration of cellular redox potential: Mitochondria are the major source of superoxide 

radical anion production in cells. Anything that decreases the coupling efficiency of the 

electron transport chain can therefore increase the production of superoxide radical 

anion with the downstream effects as illustrated in Figure 1.7.60 
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Figure 1.7: Effects of Reactive oxygen species (ROS) on cellular functions and induction 
of apoptosis (programmed cell death). ROS induce DNA damage, lipid peroxidation, 
protein oxidation and impair mitochondrial respiration. The mitochondria orchestrate 
cell death process by releasing cyt c that activates the caspases.  

 

1.2.5. Targeting Redox Modulation in Cancer 

As previously explained, cancer cells experience numerous cellular stresses not 

experienced by normal cells and are, therefore, more dependent on stress support 

pathways to survive and thrive. Conceptually, there are two approaches to exploit such 

dependency to selectively kill cancer cells (Figure 1.8). The first approach, stress 

sensitization, aims to diminish the activity of the stress support pathways such that the 

cancer cell can no longer cope with the stress of its oncogenic state and either ceases 
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to proliferate or initiates apoptosis or necrosis. The second approach, stress overload, 

aims to exacerbate existing oncogenic stress in order to overwhelm the stress support 

pathways in the cancer cell, leading to growth arrest or cell death. Both approaches, 

therefore, disrupt the balance of pro- and anti-survival signalling to the detriment of 

tumour cells. The use of combination of agents which simultaneously perturb a stress 

support pathway while augmenting an existing stress in cancer cells could potentially 

enhance the selectivity of those agents against cancer cells as well as reducing the 

dose required of individual agents to fully eliminate cancer cells. 

 

 

Figure 1.8: Schematic diagram showing the two approaches to exploit the dependency 
of cancer cells on stress support pathways. The first approach is stress sensitisation 
and the second approach is stress overload 

 

Cancer cells operate with persistently higher levels of ROS than normal cells; which 

means that cancer cells have a higher set point of constitutive oxidative stress. This set 

point is, however, not high enough to cause cell cycle arrest or to induce cell death. 

Because of this heightened basal level of oxidative stress, cancer cells are more 

susceptible to further oxidative stress through a drug pro-oxidant intervention that 

either directly augments ROS levels or weakens the antioxidant defences in cancer 
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cells. The net result of oxidative therapy is ROS overload and subsequent shifting of the 

set point toward the threshold line to cause cell death (Figure 1.9).65 

 

 

Figure 1.9: Biological difference between a normal cell and a cancer cell in terms of 
intrinsic oxidative stress which provides basis for therapeutic selectivity of oxidative 
therapy against cancer cells. Adapted from Gupte et al., (2009)66 and Trachootham et 
al., (2009)67

 

 

In the following, different modes of oxidative stress inductions and different 

compound classes targeting each mode have been discussed. Special attention has 

been directed towards metal chelator/complexes as one of the major areas of the 

current research. 

1-Targeting Flavin Oxidoreductases 

NADPH quinone oxidoreductases (NQO1) belong to a group of cytosolic enzymes 

known as quinone reductases (QRs). QRs catalyse the reduction of quinone to 

hydroquinone using the cofactor flavin adenosine dinucleotide (FAD).68 Regulation of 

these biomolecules is linked to several important effects including cancer and oxidative 

stress.69 The induction of oxidative stress through targeting flavin oxidoreductases, is 

one of the oldest therapeutic interventions identified by the pharmaceutical industry; 

dating back to the use of organic dyes such as methylene blue (MB) in the treatment of 
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Malaria.70. The likely mode of action of MB is as a competitor of flavin cofactors in the 

hydride transfer to the thiol proteins (such as GSH and Trx, see Figure 1.11) 

responsible for the maintenance of cellular homoeostasis, resulting in oxidative stress 

and subsequent death of the parasitic cells.71  

Different classes of compounds containing an oxidatively active pharmacophore (such 

as the diaminophenothiazonium moiety in phenothiazines as illustrated for MB, Figure 

1.10a) have been demonstrated to selectively target melanoma and other cancerous 

cells and to induce apoptosis through a redox cycling mechanism.72
Ω
73 

Phenothiazonium compounds are two-electron redox systems with reduction potential 

compatible with the biological enzymatic and non-enzymatic cycling between the 

oxidised dye form and the leuco reduced form under cellular redox conditions.73 The 

re-oxidation of the leucoform generates the dye with concomitant formation of ROS 

due to transfer of electrons to molecular oxygen.74 

Compounds related to MB have also demonstrated promising anti-tumour activity, 

therefore the impact of related molecular species (phenoxazine and phenazine, Figure 

1.10) is worthy of investigation as redox initiators of apoptosis. Benzophenoxazines 

(Figure 1.10b) were evaluated by Crossley (1952)75 and his work demonstrated the 

tumour retarding effect of a class of chemotherapeutic dyes named 5-arylamino 

benzo(a)phenoxazines. This class of redox active compounds was shown to selectively 

stain tumour tissues after oral administration using an in vivo mouse model 

(xenograft). Riminophenazines (Figure 1.10c) such as clofazimine, have been used in 

ǘǊŜŀǘƳŜƴǘ ƻŦ IŀƴǎŜƴΩǎ ŘƛǎŜŀǎŜ ǿƛǘƘ ƭƻǿ ǘƻȄƛŎƻƭƻƎƛŎŀƭ ŀƴŘ ƎƻƻŘ ǘƻƭŜǊŀƴŎŜ ǇǊƻŦƛƭŜǎΦ ¢Ƙƛǎ 

class is therefore, attractive for oncological evaluation from a safety point of view. 

Clofazimine has demonstrated dose dependent anticancer activity against different cell 

lines (bladder T24, cervical HeLa, pharynx squamous cell FaDu), and this could be 

attributed to an oxidative mechanism.76 A phase II trial on patients with metastatic 

hepatocellular carcinoma indicated stabilisation of the disease for 20 months in 43% of 

cases and regression of the disease in 10 % of cases.77 
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The mechanistic roles of Flavin analogues (denoted by azines), as competitors to Flavin 

cofactors and as NADPH consuming agents, were previously investigated by Haynes 

and Parkinson (unpublished work).The ability of the azine to reoxidise FADH2 was 

hypothesised to be a good indicator of competitiveness. This hypothesis was validated 

through monitoring the UV absorbance of a buffer solution containing the Flavin 

cofactor (FAD)/NADPH solution at 450 nm. The addition of the Flavin reductase (Fre) 

resulted in progressive decline in the absorbance due to formation of the reduced 

form FADH2 (Figure 1.11). The addition of an azine (either MB or CFZ) caused abrupt 

increase in the absorbance at 450 nm, indicative of FADH2 reoxidation through hydride 

transfer from reduced Flavin cofactor to the azine.  
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Figure 1.10: (a) Phenothiazines, (b) Benzophenoxazines and (c) Riminophenazines with 
demonstrated anti-tumour activity 
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Figure 1.11: Reduction of FAD by NADPH in the presence of Flavin reductase (Fre) 
followed by spontaneous reoxidation on adding MB or CFZ. The aqueous solutions 
were prepared using pH 7.4 degassed buffer in an argon purged UV cuvette (d = 1 cm) 
at 22 ºC, the UV absorbance was monitored at 450 nm 

 

2-Targeting the Glutathione System 

Glutathione-S-transferase (GST) belongs to a family of enzymes which catalyses the 

conjugation of glutathione (GSH) to a wide variety of chemical toxins and 

electrophiles.78. GSTs are upregulated in a number of human cancers and as such, are 

promising therapeutic targets in cancer research.79 A number of potential anticancer 

agents have been designed with this in mind using several different approaches. One 

approach is the exploitation of elevated levels of GSTs in a tumour to preferentially 

activate an agent (prodrug) to release active intermediates responsible for cytotoxic 

activity, as demonstrated in TLK28680 and PABA/NO81. A second approach is to 

modulate GST as detoxifying enzyme, using agents like curcumin, with lowering GSH 

levels being the ultimate goal. The latter approach has been utilised to improve the 

response to traditional and targeted chemotherapeutic agents and to overcome the 

risks of developing mutation mediated resistance.82 

Curcumin and its cyclohexanone analogues (Figure 1.12aύ Ŏƻƴǘŀƛƴ ŀƴ ʰʲ-unsaturated 

ketone moiety. This group can be described as a suicide substrate for acting as a 
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Michael acceptor to GSH (as shown in Figure 1.12b) resulting in decrease of GSH/GSSG 

ratio and subsequent ROS accumulation inside the cancer cells.83 A comparable 

approach has been utilised to develop the clinically useful epidermal growth factor 

(EGFR) kinase inhibitor; Neratinib. Neretinib carries a Michael acceptor group that  

covalently binds to the cysteine residue in the ATP binding pocket of EGFR  kinase 

(Figure 1.13).84  
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Figure 1.12: (a) Chemical structure of Curcumin, (b) Michael addition reaction of 
Glutathione (GSH) to cyclohexyl analogues of curcumin giving mono- and di-adduct 
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binding pocket through Michael addition 
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3-Intracellular Generation of ROS through Endoperoxidic Compounds 

Artemisinin is a sesquiterpene lactone isolated from the plant Artemesia annua and is 

being widely used as an antimalarial drug. Artemisinin and its simple chemical 

derivatives, such as artesunate, artemether and dihydroartemisinin (DHA) (Figure 

1.14), were shown to effectively treat different forms of malarial parasites including 

multidrug-resistant strains.85
Ω
86 The key structural feature in artemisinin-related 

molecules that mediates their antimalarial activity (and some of their anticancer 

activities) is an endoperoxide bridge, which can be cleaved in the presence of Fe(II) 

leading to generation of  ROS.87 In addition to its well-established antimalarial 

properties, compelling evidence has emerged in the field of cancer research showing 

that artemisinin-related compounds have potent anticancer activities in a variety of 

human cancer cell types.88 

The Developmental Therapeutics Program of the National Cancer Institute (NCI), USA 

(which analysed 55 human cancer cell lines) showed that artesunate, the semisynthetic 

derivative of artemisinin, has strong anticancer activity against leukaemia and colon 

cancer cell lines and has intermediate effects on melanoma, breast, ovarian, prostate, 

central nervous system, and renal cancer cell lines without inducing cytotoxic effects 

on normal neighbouring cells.88 The artemisinins are likely to effect anticancer activity 

by both iron mediated generation of ROS87 and oxidation of endogenous flavin 

cofactors for enzymes involved in redox homeostasis, resulting in defective hydride 

transfer to GSSG to regenerate GSH, that eventually ramps up oxidative stress in 

cancer cells causing oxidative damage.89  

In many of the systems tested, lower doses of artemisinin-related compounds induce a 

cell cycle arrest, whereas, at high enough doses these bioactive molecules cause 

apoptosis (and in some cases necrosis) of cancer cells. The most potent artemisinin 

derivative is DHA or the artesunate prodrug form which can induce apoptosis after just 

12 hours of exposure at doses that are one tenth of an efficacious dose of artemisinin 

in some systems (depending on the cell line). DHA is effective in the 10ς50 µM 
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concentration range, compared with the 200ς300 µM concentration range required 

for a comparative effect of artemisinin.90 The effects on expression and activity of 

critical components of apoptotic cascades were investigated in artemisinin-sensitive 

cancer cells. In many studies, the apoptotic responses of artemisinin and its derivatives 

occurred with a concomitant activation of caspase-3 and/or caspase-9.91
Ω
92 The levels 

of the proapoptotic protein BAX were increased and levels of the anti-apoptotic 

regulator Bcl2 were ablated by DHA treatment, thus being consistent with the strong 

apoptotic response induced by DHA.93 

Figure 1.14: Chemical structures of Artemisinin and its Bioactive Derivatives. The 
Endoperoxide Bridge; the active feature of Artemisinin and its derivatives, is indicated 
to by the arrow. 

 

4-Intracellular Generation of ROS via Metal Chelators 

Metal chelators or sequestering agents are defined as chemical compounds (generally 

organic molecules) which bind a metal ion with high affinity through formation of two 

or more coordinate bonds. Metal chelators have been used primarily for heavy metal 

poisoning such as arsenic, lead and mercury toxicity. The suitability of metal chelators 
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as anticancer agents was first discovered when desferroxamine (DFO, Figure 1.15), 

which is primarily used for iǊƻƴ ƻǾŜǊƭƻŀŘ ŘƛǎŜŀǎŜǎ ǎǳŎƘ ŀǎ ʲ-thalassemia94, was 

successfully used in clinical trials for treatment of neuroblastoma.95 Since then, metal 

chelators designed specifically for treatment of cancer have been developed.  

A key enzyme targeted by metal chelators in the context of anti-cancer therapy is 

ribonucleotide reductase (RR). Ribonucelotide reductase is an iron-dependent enzyme 

involved in DNA synthesis, catalysing the conversion of ribonucleotide precursors to 

the deoxyribonucleotides in a process triggered by an organic free radical such as the 

tyrosyl radical (the rate limiting step of DNA synthesis).31, 96 There are three main 

classes of RR enzymes; each requires a free radical and a metal cofactor for its catalytic 

activity.96d Class I of RR is composed of two subunits R1 and R2. The R2 subunit 

contains a binuclear ferric ion centre which generates and stabilises the organic tyrosyl 

radicals required for reducing ribonucleotides.97 The transcription of R1 and R2 

subunits of RR is cell cycle dependent with R1 appears in the G1 phase (half life > 24 

hrs) and R2 appears in the S Phase (half life 3 hrs).98 

The RR activity has been demonstrated to increase with malignant transformation and 

tumour cell growth particularly in the S-phase where overexpression of the R2 subunit 

of RR becomes more prominent.96d, 99 Iron deprivation, therefore may induce G1/S cell 

cycle arrest due to inhibition of RR activity.97b, 100  

Metal (in particular iron) chelation therapy, in context of cancer research, has been 

undergoing development in a multistep fashion and each step is dependent on the 

emergence of a compound/compound class with certain structural features that 

connect the antiproliferative activity to certain mode of action. The emergence of 

different metal chelators and their cellular targets illustrates an evolution of the 

concept of metal chelation therapy. 

Desferroxamine (DFO, Figure 1.15) is a hydroxamate-based hexadentate siderophore 

originally isolated from Streptomyces pilosus. DFO is an FDA-approved drug currently 
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used for the treatment of iron overload diseases such aǎ ʲ-thalassemia.94 Additional 

studies have shown that DFO also possesses anti-proliferative activity against several 

cancer cell lines including leukemia and neuroblastoma (NB) cells.101 Exposure of 

ƴŜǳǊƻōƭŀǎǘƻƳŀ ŎŜƭƭǎ ǘƻ сл ˃a ƻŦ 5FO for 72 h resulted in over 80% reduction in the 

cell viability.102 The cytotoxicity of DFO was abolished at saturated iron concentrations, 

indicating that the cytotoxicity of DFO is due to sequestration of iron from the labile 

iron pool making the metal unavailable for incorporation into the apoenzyme of RR, 

rendering RR ineffective.102 ROS generation is not a possible mechanism of DFO 

mediated cytotoxicity, since DFO-iron complex has a biologically unaccessible redox 

potential making the complex redox inactive.96c Furthermore the hexadentate nature 

of DFO with fully occupied co-ordination hemisphere prevents the access of hydrogen 

peroxide or oxygen to the metal centre rendering the complex non-viable as oxygen 

carrier.31 

DFO, however, showed limited in vivo efficacy when used in mouse xenograft models 

and in human clinical trials. Both DFO and the DFO-iron complex (ferrioxamine) were 

highly hydrophilic in nature, resulting in poor absorption from the gastrointestinal tract 

and limited cell permeability.94 Furthermore, the drugs were rapidly metabolised with 

a plasma half-life of only 12 min. As a result, the route of DFO administration was 

changed to continuous subcutaneous infusion for 8 ς 12 hrs at a frequency of five to 

seven times per week and at a daily dosage of 20 to 60 mg/kg.103 Besides the 

inefficient mode of administration and high cost, some patients experienced pain and 

swelling at the injection site, resulting in poor patient compliance.31, 104 
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Figure 1.15: Chemical structure of  Desferroxamine (DFO) and its Fe3+ complex 

 

Thiosemicarbazones have been studied for considerably long time for their diverse 

biological activities including anti-viral, anti-bacterial and anti-cancer activities.105 

Thiosemicarbazones are sulfur-donor Schiff base ligands which are formed by the 

condensation reaction of thiosemicarbazide with aldehydes or ketones. The 

conjugated N=N-C=S ligand system of thiosemicarbazones (NH2-CS-NH-N=CR1R2) has 

been reported to be essential for anti-cancer activity.106 These N and S atoms bind to 

transition metals forming stable metal complexes with different transition metal ions 

such as iron, zinc and copper.107  

 

a- Ribonucleotide Reductase (RR) 

The anti-tumour activity of early thiosemicarbazones was associated with their ability 

to deprive iron from RR. Sartorelli et al were the first to propose the inhibition of RR by 

thiosemicarbazone chelators based on the results of repressed 3H thymidine 

incorporation into the DNA.108 Further investigations revealed that thiosemicarbazones 

inhibited RR by binding iron at the active site of the enzyme or by forming an iron 

complex that directly destroyed the tyrosyl radical in the R2 subunit.109  

 

2-Formyl pyridine thiosemicarbazone (Figure 1.16a) and 1-formyl isoquinoline 

thiosemicarbazone (Figure 1.16b) were the first thiosemicarbazone chelators 

synthesised specifically as antiproliferative agents.108, 110 The observation that 1-formyl 

isoquinoline thiosemicarbazone derivative was more active that 2-formyl pyridine 
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thiosemicarbazone suggested that there was a hydrophobic pocket in RR with which 

the aromatic system interacted. This was further validated through the observation 

that the activity increased upon methylation of the pyridyl ring.111 Thiosemicarbazone 

metal chelators potentially target RR via different mechanisms, the first is through 

intracellular iron chelation preventing iron incorporation into the apoenzyme108, and 

the second mechanism is through direct interaction with iron in RR active site in non-

competitive mode preventing the conversion of ribonucleotides into 

deoxyribonucleotides.110 The third mechanism is alteration of cellular thiol systems 

(Trx, Grx and GSH) important for reduction  disulfide bond in R1 subunit of RR protein 

and thus mediating RR inhibition.112 

During the process of developing 2-formyl pyridine thiosemicarbazones, 5-

hydroxypyridine thiosemicarbazone (5-HP, Figure 1.16c) and 3-aminopyridine 

thiosemicarbazone (3-AP, Triapine, Figure 1.16d) were reported to have strong 

antiproliferative activity. 5-HP was not a suitable candidate for further development 

due to fast metabolism via oxidation.113 However, 3-AP is resistant to rapid metabolism 

and is considered one of the most promising thiosemicarbazone metal chelators that 

entered phase I and phase II clinical trials.97b, 114 However, 3AP has shown considerable 

limitations including low efficacy in some cancers and considerable adverse effects 

including hypoxia and methemeglobinemia.97b, 115 
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Figure 1.16: Chemical structures of pyridine-based thiosemicarbazones that were 
developed prior to 3-AP (Triapine); (a) 2-formyl pyridine thiosemicarbazone, (b) 1-
formyl isoquinoline thiosemicarbazone, (c) 5-hydroxypyridine thiosemicarbazone, (d) 
3-aminopyridine thiosemicarbazone (3-AP, Triapine) 

 

b-Metal Efflux: 

The correlation of metal efflux to the antiproliferative activity of thiosemicarbazones 

and RR inhibition, was first reported by Lovejoy et al.116 Thiosemicarbazones of 2-

hydroxynaphthaldehyde (reported as NT-series, Figure 1.17a) were developed as 

hybrid ligands that incorporate the structural features of potent 

thiosemicarbazones97b, 117 with the features of pyridoxal isonicontinyl hydrazones (PIH) 

analogues.118 Some of PIH ligands (eg compound 311, Figure 1.17b) demonstrated 

much higher antiproliferative activity than DFO when tested against different cancer 

cell lines119, making them at this time promising candidates for further development. 

 

NT analogues were able to mobilise 59Fe from prelabelled neuroepithelioma cells SK-N-

MC more effectively than DFO, with N44mT (Figure 1.17a) being the most efficient 

compound in the series with activity comparable to compound 311.116 Despite the 

ability of those chelators to inhibit RR and DNA synthesis, there was a weak correlation 

(r = 0.54) between the ability of NT chelators to effect Fe mobilisation and their ability 
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to inhibit DNA synthesis, indicating that there are other modes of action besides RR 

inhibition.116 

Figure 1.17: Chemical structures of 2-hydroxynaphthaldehyde based chelators (a) 
N44mT as example of thiosemicarbazone series (NT), (b) 311, isonicotinyl hydrazones 
as example of 2-hydroxynaphthaldehyde hydrazones 

 

c-ROS Generation via cellular Fenton chemistry 

Intracellular iron deprivation and subsequent ribonucelotide reductase (RR) inhibition 

as a main explanation for the antiproliferative activity of thiosemicarbazones chelators 

could not be fully justified when iron addition prior to Triapine treatment had no 

influence on the cytotoxicity of Triapine. This result stood in contrast with the findings 

previously reported with DFO and compound 311 where pre-treatment with iron had 

significantly decreased the cytotoxicity of such chelators.120 

The hypothesis that the iron complex of thiosemicarbazones is active was first 

validated by Thelander and Gräslund who conducted electron paramagnetic resonance 

(EPR) experiments demonstrating that hydroxyl radicals formed by reduction of the 

redox active Fe3+ complex to Fe2+  complex contributed to the destruction of the 

tyrosyl radical of the ribonucleotide reductase.121 The iron complex of Triapine was 

further investigated by Chaston et al and was differentiated from the iron complexes 

of DFO and 311-being a redox active complex. This redox activity was confirmed by 
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ascorbate oxidation assay, benzoate hydroxylation and intracellular depletion of the 

biological reductant GSH. The latter effect is attributed to localised generation of 

hydroxyl radicals via cellular Fenton reaction.120  

Kolesar et al, reported an interesting insight into the distribution of Triapine in 

peripheral blood mononuclear cells of patients treated with the drug conducted using 

EPR. The EPR revealed the intracellular formation of CuL and FeL2 in cells.122 The 

authors reported that iron uptake into the cells via transferrin was blocked and 

proposed that ROS generated from the redox active Cu-L or FeL2 contributed to 

damaging the transferrin protein or the transferrin receptor and subsequent iron 

immobilisation.122  

Richardson et al., over the last decade, have contributed significantly toward the 

development of novel thiosemicarbazone metal chelators including acetyl pyridine 

thiosemicarbazones (ApT, Figure 1.18a), dipyridyl ketone thiosemicarbazones (DpT, 

Figure 1.18b) and benzoylpyridine thiosemicarbazones (BpT, Figure 1.18c).96c, 123 These 

three classes of pyridyl ketone based thiosemicarbazones have been demonstrated to 

deplete the intracellular iron pool, inhibit iron uptake and to generate ROS through 

activation of redox active transition metals via cellular Fenton reaction (Figures 1.5). 

 

Figure 1.18: Chemical structure of different series pyridyl ketone thiosemicarbazones: 
(a) ApT series, (b) DpT series, (c) BpT series 
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The design of DpT series of ligands was a natural progression in the process of 

development of novel metal chelators conducted in RichardsoƴΩǎ ƭŀōΦ !ǎ ǎƘƻǿƴ ƛƴ 

Figure 1.19, DpT class is a hybrid of NT and PKIH compound classes. One of the most 

active compounds discovered in this compound class is 4,4-dimethyl-3-

thiosemicarbazone derivative (Dp44mT) (Figure 1.20a).31 Dp44mT has demonstrated 

high antiproliferative activity against multiple cell lines with an average IC50 of 0.03 

µM. When tested in vivo, it markedly inhibited the growth of murine and human 

tumour xenograft in mouse models at a dosage of 0.4 mg/kg.124 Higher (non optimal) 

doses of Dp44mT were associated with cardiac fibrosis in nude mice.96c  

The mechanism of action for such potent thiosemicarbazone chelator was described as 

άdouble-punch effectέΦ115, 125 The first punch is attributed to the ability of Dp44mT to 

bind intracellular metal ions (with a focus on Fe) facilitating the mobilisation of labile 

Fe pools. The intracellular iron deprivation associated with Dp44mT explains the 

inhibition of DNA synthesis through RR inhibition and subsequent G1/S arrest 

inhibiting the progression of the cell cycle. The importance of iron binding as a trigger 

for this effect was reinforced when the structurally similar analogue of Dp2mT (Figure 

1.20c) exhibited significantly poorer antiproliferative activity due to inability to bind 

iron.126 The second punch is attributed to ROS mediated cytotoxicity of the redox 

active iron complex and participation in the cellular Fenton reaction.96c 

Figure 1.19: Stepwise evolution of DpT chelators 
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Figure 1.20: Chemical structures of different di-2-pyridyl ketone thiosemicarbazone 
series  (a,c) and the structure of the Cu(II) complex of Dp44mT(b) 

 

The ability of DpT ligands, as with other Fe chelators, to bind metals other than iron 

cannot be excluded.126 The stability constants of the Cu2+, Fe2+ and Zn2+ complexes 

with Dp44mT were measured by Gaal et al and the stability order is the following: 

CuL>FeL2>ZnL2, indicating that the stability of 1:1 copper-ligand complex (CuL) of 

Dp44mT is superior to other transition metal complexes with the same ligand.127 

Therefore they concluded that Dp44mT is mainly a copper chelator and the use of it as 

iron chelator may be limited due to preferential binding of the chelator with Cu though 

the  presence of copper at lower concentration levels than iron.127 

The contribution of Cu chelation to the cytotoxicity of Dp44mT was reported by 

Jansson et al.128 Electrochemical studies of CuDp44mT (Figure 1.20b) revealed that the 

1:1 ligand-Cu complex has a low and biologically accessible CuII/I redox potential. As a 

result, the redox cycling of coordinated Cu between CuII and CuI in the presence of 

oxygen to generate superoxide is feasible. As a consequence of this, the hydroxyl 

radical can be formed through the Fenton reaction of hydrogen peroxide with the co-

ordinated Cu1+ (Figure 1.21) in a manner analogous to the Fenton reaction involving 

Fe2+ (Figure 1.5). The generation of ROS mediated by redox cycling of CuDp44mT 

resulted in significant depletion of GSH reflecting oxidative stress and perturbation of 

cellular redox homeostasis.128 
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LCu2+  +   O2LCu1+ +  O2

LCu1+  +  H2O2 LCu2+ + OH  + OH ( Fenton reaction)
 

Figure 1.21: Redox cycling of coordinated Cu complex in oxygenated system and 
participation of the reduced form of the coordinated Cu1+ in Fenton reaction 

 

d-Lysosomal Membrane Permeabilization 

Tumour invasion and metastasis have been reported to be associated with lysosomal 

trafficking and overexpression of cathepsins.129 Lysosomal membrane permeabilisation 

has been one of the proposed targets of thiosemicarbazone metal chelators.130 Studies 

of the effect of different Cu chelators including Dp thiosemicarbazones on the integrity 

of lysosomal membrane were conducted by Lovejoy et al.130 The potential of Dp44mT 

(as a lead of DpT series) to cause lysosomal membrane permeablisation is correlated to 

its ability to prevent Cu efflux as the Cu complex becomes trapped intracellularly. Since 

Dp44mT has a polyprotic nature (ie: it acquires different protonation profiles according 

to the pH), the neutral ligand (at pH 7.4) upon entering the lysosomes becomes 

positively charged at the acidic pH of the lysosome (pH 5) and consequently being 

trapped inside the organelle. The protonated ligand chelates Cu2+ inside the lysosome 

forming the Cu(Dp44mT) complex which is redox active thus capable of generating 

ROS. ROS are responsible for damaging the lysosomal membrane and the 

redistribution of lysosomal protease, cathepsin D into the cytosol and eventually 

induction of apoptosis (Figure 1.22).130 
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Figure 1.22: Schematic diagram demonstrating the mechanism of lysosomal 
membrane permeabilization caused by Dp44mT and subsequent induction of 
apoptosis.130 

 

Another class of thiosemicarbazone which has been recently reported to target 

lysosomal membrane permeabilization is the bisthiosemicarbazone class (Figure 

1.23a).131 Unsubstituted and monosubstituted bisthiosemicarbazone ligands 

(depending on R1 and R2 substitution pattern) can chelate copper ions forming (1:1) 

ligand-Cu complexes (Figure 1.23b) with low CuII/I redox potential, whereas 

disubstituted more lipophilic bisthiosemicarbazone ligands form Cu complexes with 

higher redox potential and significantly less antiproliferative activity against SK-N-MC 

neuroepithelioma cells. Bisthiosemicarbazone mediated disruption of lysosomal 

membrane integrity is quite similar to Dp44mT, being dependent on intra-lysosomal Cu 

sequestration and subsequent ROS generation via redox cycling.131 
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Figure 1.23: Chemical structure of Bisthiosemicarbazone (a), and its (1:1) ligand-Cu 
complex (b) 

 

Elesclomol- a clinically relevant copper transporter 

Elesclomol is a novel drug candidate that exerts its antiproliferative activity through 

induction of oxidative stress and subsequent activation of apoptosis.132 Elesclomol 

completed phase 3 clinical trials for advanced melanoma.133  

The mechanism by which elesclomol exerts its cytotoxicity is dependent on 

preferential chelation of Cu(II) from the extracellular environment (Figure 1.24), 

followed by cellular uptake of the formed Cu(II)-elesclomol complex into cancer cells.

The complex is then transported into the mitochondria where it generates ROS via 

CuII/I redox recycling. After dissociation of elesclomol ligand from the complex, 

elesclomol is effluxed outside the cells where it scavenges another Cu ion and the 

shuttling process is repeated again which eventually results in intracellular 

accumulation of Cu and ROS generation.134 

Figure 1.24: Chemical structure of elesclomol and its reaction with Cu2+ 
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In summary, the constitutive level of oxidative stress in cancer cells is increasingly 

becoming a relevant therapeutic target. Metal transporting compounds are emerging 

as key candidates for anticancer therapeutic development, particularly where redox 

active metals are subject to transport. The clinical progression of pyridyl 

thiosemicarbazones and elesclomol are examples of this approach. 
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1.3.RESEARCH OBJECTIVES 

The main premise of this study is that constitutive oxidative stress can be exploited to 

induce selective cytotoxicity in cancer cells without concomitant level of damage to 

normal cells. 66-67 One of the key features that has been utilised is the increased metal 

uptake properties of cancer cells. 66, 135 This research premise has been translated into 

three main objectives: 

1-The first objective was to induce oxidative stress in cancer cells using binary 

combinations of agents that target different points of cellular oxidative 

cascade, as a way to enhance the cytotoxic efficacy of the components against 

cancer cells. Two classes of compounds have been used in this study, the first 

class has been denoted as azines (flavin analogues) and the second class has 

been denoted as thiosemicarbazone-copper (TSC-Cu) complexes. We 

rationalised that the combination of an azine to deplete antioxidant thiol 

proteins and a TSC-Cu(II) complex to directly generate ROS, would magnify 

intracellular generation of ROS with subsequent DNA damage (Figure 1.25). 

Since the two compound classes (azines and TSC-Cu complexes) have 

bioaccessible redox potential, the intracellular regeneration of their active 

forms would result in creating multiple futile cycles of consumption of 

biological reductases (NADPH dependent thiol reductases, denoted by RSH in 

Figure 2.1). There is no precedent in the literature for utilising this type of 

combination to increase ROS generation. 
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Figure 1.25: The combination approach of azines and TSC-Cu complexes to magnify the 
reactive oxygen species (ROS) insult to cancer cells 

 

2-The second objective was to employ the TSC ligand as a metal ionophore to 

directly generate ROS and to reduce cellular tolerance to these ROS using a 

mixed metal approach. The cellular zinc homeostasis is tightly regulated via 

thiol proteins named metallothioneins (MTs) that play a critical role in cell 

survival.46 Increasing intracellular zinc pools results in non-specific interactions 

with thiol proteins including antioxidant thiols and subsequent induction of 

oxidative stress.50 We proposed that simultaneous disruption of zinc metal 

homeostasis (mediated by TSC as a zinc shuttling agent) while directly 

generating ROS (via the redox active TSC-Cu complex) could result in 

amplification of ROS signal and enhancement of Cu(II) complex activity (Figure 

1.26). In order to validate this hypothesis, we first had to demonstrate the link 

between zinc homeostasis and oxidative stress, followed by an examination of 

the interplay between zinc ions, TSC ligands and the ROS generating TSC-Cu 

complexes. 
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Figure 1.26: Coupling of oxidative stress with disruption of zinc homeostasis using TSC 
as metal ionophore to magnify cellular ROS insult 

 

3-The third objective was to enhance the activity of pyridyl TSC ligands through 

structural modification aimed at generating new series of metal chelators 

possessing different metal co-ordination modes from the original TSC ligands.  

Our primary investigation of the cytotoxicity of ApT, DpT and BpT chelators 

(Figure 1.18) against MCF-7 breast adenocarcinoma demonstrated a non-

classical plateauing of the dose response curves with failure to achieve full 

elimination of cancer cells. The use of Cu complexes was one way to overcome 

this ceiling effect and to achieve 100% killing of cancer cells. This was, however, 

associated with significant compromise in the safety profiles relative to the 

uncomplexed ligand in reference to normal cells. We proposed that TSC metal 

chelators with different metal co-ordination modes could be an alternative 

approach to overcome the ceiling effect and to generally improve the 

selectivity of the cytotoxicity profile. We designed and synthesized hybrid 

ligands of pyridyl ketone thiosemicarbazone metal chelators which possess 

extra metal binding motifs that contribute to change of metal co-ordination 

geometry from the parent TSC ligands. The first class was denoted as 

thiosemicarbazones and the second class was thiocarbohydrazones (Figure 

1.27). 
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Figure 1.27: Structural evolution of pyridyl TSC to bisthiosemicarbazone and 
thiocarbohydrazone 

 

The overall objective of the studies proposed was to evaluate the best mode of 

creating an oxidative stress environment in cancer cells. We anticipated that the 

combination approach would result in substantial magnification of oxidative stress at 

lower drug levels. 
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2.CHAPTER 2: SELECTIVE INDUCTION OF OXIDATIVE STRESS IN CANCER 
CELLS VIA NOVEL SYNERGISTIC COMBINATIONS* 

 

 

 

 

 

 

 

 

*Published paper (details below) presented with minor modification. 

Fady N. Akladios, Scott D. Andrew, Christopher J. Parkinson (2015), Selective induction of oxidative 
stress in cancer cells via synergistic combinations of agents targeting redox homeostasis. Bioorganic & 
Medicinal Chemistry 23; 3097ς3104 
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2.1. INTRODUCTION 

Breast cancer is the most commonly diagnosed cancer among females in the Asia-

Pacific region, representing about 18% of all cancer cases in the region in 2012.136  It is 

also the fourth leading cause of cancer-related deaths among females in the region. 

Despite the availability of new chemotherapeutic agents, the overall mortality trends is 

still rising in several countries; making it challenging to customise new agents with 

higher potency and selectivity profile in order to ensure the best treatment 

outcome.136 

Cancer cells operate under substantially higher level of intrinsic oxidative stress than 

normal cells (Figure 2.1), which is attributed to oncogenic transformation, metabolic 

reprogramming and subsequent increase in reactive oxygen species (ROS) 

generation.137 Because of such heightened basal level of ROS, cancer cells are more 

susceptible to further oxidative stress through a drug pro-oxidant intervention that 

augments ROS levels or weakens the antioxidant defences in cancer cells shifting the 

set point toward the threshold line to cause cell death.65 

 

 

Figure 2.1: Biological difference between a normal cell and a cancer cell in terms of 
intrinsic oxidative stress which provides basis for therapeutic selectivity of oxidative 
therapy against cancer cells. Adapted from Gupte et al., (2009)66 and Trachootham et 
al., (2009)67 
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Under normal physiological conditions, cellular redox homeostasis is controlled by 

three systems; the reduced glutathione (GSH)/oxidised glutathione (GSSG); the 

glutaredoxin (Grx) system; and the thioredoxin (Trx) system.21-22 GSH, Grx and Trx; 

each modulates the cellular redox status by trapping ROS, or by reversing the 

formation of disulfides (RSSR).21 Those systems are dependent directly or indirectly on 

NAD(P)H to regenerate the reduced active form (RSH) via a flavin oxidoreductase 

enzyme.24 When ROS levels inside a cell build above the tolerance threshold, cell death 

is usually triggered via oxidative damage of cellular components.57 DNA is one of the 

primary targets to the oxidative damage of ROS (Figure 2.2).138  

Flavin oxidoreductase is one of the targets of anticancer oxidative therapy.69, 139 Azines 

are flavin analogues that act as competitor of flavin cofactors in the hydride transfer to 

RSH proteins (Figure 2.2), responsible for the maintenance of cellular homoeostasis. 140   

Different classes of compounds are categorised under Azines having potential 

anticancer activity; riminophenazine (eg., CFZ, Figure 2.3a)76, 141, phenothiazine (eg., 

MB, Figure 2.3b)72 and phenoxazine (eg., Benzo(a)phenoxazine, Figure 2.3c)75. Each of 

those classes has an oxidatively active pharmacophore within its structural core that 

comprises a two electrons redox system with bio-accessible reduction potential.73 
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Figure 2.2: The impact of NAD(P)H depletion caused by an Azine (flavin analogue) and 
the increase in the generation of ROS caused by metal-chelator complex (L.M+) via 
Fenton chemistry, on cellular redox homeostasis and subsequent accumulation of 
hydroxyl radicals inside the cell leading to DNA damage and cell death. NADP: 
Nicotinamide Adenine Dinucleotide Phosphate; RSH: reduced form of thiol proteins; 
RSSR: oxidised form of thiol proteins; L: thiosemicarbazone chelator; M+: Cu or Fe, 
L.Mox: oxidised metal-chelator complex, L.Mred: reduced metal-chelator complex. 

 

Another target to anticancer oxidative therapy is intracellular generation of ROS via 

metal chelators.95 One of the early metal chelators was the thiosemicarbazone 3AP 

(Figure 2.3d) which was successfully used as an anticancer agent in phase II clinical 

trials.142 Thiosemicarbazones can chelate both intracellular iron and copper.143 The 

mechanism by which they act is dependent not only on metal chelation but also on 

metal redox cycling of their metal complexes leading to formation of ROS.128 In their 

reduced forms (Fe+2 or Cu+1), they react with H2O2 in a Fenton like reaction generating 

hydroxyl radicals.128 One of the most active thiosemicarbazone derivatives of di-2-

pyridyl ketone is 4,4-dimethyl-3-thiosemicarbazone derivative (Dp44mT, Figure 2.3e).31 

Dp44mT has been demonstrated to reduce the growth of multiple tumors in vivo and 

in vitro in a more potent and less toxic fashion than 3-AP.124 

 

DNA Damage 
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Figure 2.3: Examples of redox active compounds (a-f) generating ROS inside cells; CFZ 
(a), MB (b) and Phx (c) are flavin analogues. 3AP (d), Dp44mT (e) and NSC 689543 (g) 
are metal chelators, CuDp44mT (f) is the Copper (II) complex of Dp44mT ligand. 

 

Our research premise is that, induction of oxidative stress inside cancer cells using 

binary combinations of agents known to induce oxidative stress at different points of 

cellular oxidative cascade will result in enhanced cytotoxicity and faster killing of 

cancer cells. The combination of a flavin analogue to deplete antioxidant thiol proteins 

and a metal chelator/ metal complex to parǘƛŎƛǇŀǘŜ ƛƴ ƛƴǘǊŀŎŜƭƭǳƭŀǊ CŜƴǘƻƴΩǎ ŎƘŜƳƛǎǘǊȅΣ 

is proposed to magnify intracellular generation of ROS while creating multiple futile 

cycles of biological reductases consumption. This new and unreported approach may 

allow the use of significantly lower concentrations of both agents to induce cancer cell 

death and consequently increasing their safety indexes. 
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2.2. MATERIALS AND METHODS 

2.2.1. Chemical Synthesis 

Chelators and Copper (II) Complexes. All thiosemicarbazones and their copper (II) 

complexes were synthesized according to a standard procedure described previously 

(Scheme 2.1).  

Azines. Benzo(a)phenoxazine derivatives were synthesized according to a standard 

procedure described previously (Scheme 2.2) (Crossley et al., 1952; Ge J. et al., 

2010).75, 144 Methylene blue (MB) was purchased from ChemSupply (Australia). 

Clofazimine (CFZ) was purchased from Sigma Aldrich. 
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Scheme 2.1: Reagents and conditions: (i) Ethanol, Acetic acid (cat.), reflux ; (ii) DMF, 
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2.2.2. Cell Culture  

Cell Culture of MCF-7. Human breast adenocarcinoma cells (MCF-7) were cultured in 

RPMI 1640 media supplemented with 10% fetal calf serum, Insulin 1 µg/ml, 1% 

Streptomycin-Penicllin and 1% Glutamine. The culture flasks were incubated in a 

humidified atmosphere of 5% CO2 in air at 37ºC. Cells were harvested upon reaching 

80-90% confluence using Trypsin-EDTA for 5 minutes, diluted with equal volume of 

fetal calf serum and then centrifuged at 1500 rpm for 5 minutes.  

Cell Culture of MRC-5. Human lung fibroblast cells (MRC-5) were cultured in MEM 

media supplemented with 10% fetal calf serum and 1% of non essential amino acids. 

Cells were incubated in a humidified atmosphere and harvested when 90% confluence 

was reached. 

 

2.2.3. Cell Proliferation Assay 

Thiosemicarbazone chelators, copper(II) complexes and azines were dissolved in 

dimethyl sulfoxide (DMSO) at a stock concentration of 10 mM and were used at the 

concentrations indicated by dilution in the RPMI culture media before addition to 

MCF-7 or MRC-5 cells. 

In case of MCF-7 cells. Approximately 10000 cells were seeded into 96-well plates and 

allowed to settle for 24 hours before adding individual compounds or combinations. 

!ŦǘŜǊ тн ƘǊǎκотɕ/ ƛƴŎǳōŀǘƛƻƴ ǿƛǘƘ ǘƘŜ ŎƻƳǇƻǳƴŘǎΣ ǘƘŜ ƳŜŘƛŀ ǿŀǎ ǊŜƳƻǾŜŘ ŀƴŘ 

replaced with fresh media. Afterwards, 20 µL of MTS reagent was added into each well 

of the assay plate containing 100µL in culture. The plates were then incubated for 3 

hours before measuring the absorbance at 492 nm using 96-well plate reader.  

In case of MRC-5 cells. Approximately 3000 cells were seeded into 96-well plates and 

allowed to settle for 48 hours before adding individual compounds or combinations. 

!ŦǘŜǊ пу ƘǊǎκотɕ/ ƛƴŎǳōŀǘƛƻƴΣ Ŧǳƭƭ ŎƻƴŦƭǳŜƴŎŜ ƛƴ ǘƘŜ ŎƻƴǘǊƻƭ ǿŜƭƭǎ ǿŀǎ ǊŜŀŎƘŜŘ ŀƴŘ ǘƘŜ 

same assay protocol mentioned in MCF-7 was followed. 
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2.2.4. ROS Quenching with N-acetyl Cysteine 

Approximately 10000 cells of MCF-7 were seeded into 96-well plates and allowed to 

settle for 24 hours. N-acetyl cysteine (NAC) 5 mM was added to the cells 2 hours prior 

the addition of compound combinations. After 20 hours incubation, the culture media 

was removed and replaced with fresh media. Afterwards, the cells were allowed to 

grow for 48 hours before the MTS assay protocol was performed as described above. 

 

2.3.RESULTS AND DISCUSSION 

Difference in the Activity of Thiosemicarbazone Chelators and their Copper (II) 

Complexes The cytotoxic activity of the compounds were expressed in terms of 

Fraction Affected (Fa), which is the fraction of cells killed by a drug in reference to the 

negative control without drug treatment (Fa value of 1 means 100% killing of cancer 

cells). We first tested the cytotoxic activity of the compound (3d or Dp44mT) against 

MCF-7 breast cancer, it has demonstrated non-classical dose response curve with a 

characteristic plateauing of the curve between 1µM and 25µM around 0.5 Fa. Even 

with the use of high concentrations up to 50 µM could not increase the activity to full 

killing. Such activity of Dp44mT was not in line with the remarkable potency of this 

compound on SK-N-MC Neuroepithelioma (IC50: 0.01µM and IC90: 0.76 µM after 72 hrs 

incubation). Therefore, different thiosemicarbazone derivatives of 2,2 dipyridyl ketone 

and benzoyl pyridine (3a-f) were tested and all have shown similar levelling off at 0.5 

Fa (Figure 2.4A).  

Copper (II) complexes (4a-f) were tested against MCF-7 and there were significant 

differences in activity of those complexes from their corresponding chelators (Figure 

2.4B), since full killing was reached at much lower concentrations with the IC50 of some 

of those copper complexes went down to 0.5 µM (compound 4c, Table 2.1). There was 

no significant difference in activity between Dp44mT (3d) and CuDp44mT (4d) on SK-N-

MC Neuroepithelioma as reported by Richardson et al, (2010). However, a similar 
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difference in activity between the ligand and its copper chelate was reported by C.N. 

Hancock et al., 145 regarding the activity of NSC 689534 (Figure 2.3g) on HL-60 (Human 

promyelocytic leukemia), and the conclusion was that NSC689534 and its copper 

chelate act via distinctively different mechanisms on HL-60. Such literature findings 

along with our experimental results support the idea that the relative potencies of 

metal chelators and Cu (II) complexes can be highly variable across multiple cell lines. 

Because of the potency of Cu complexes to induce cancer cell death in addition to their 

ability to participate in Fenton-type reactions128, Cu (II) complexes of 

thiosemicarbazones were selected to be further studied in our combination studies 

with flavin analogues.  

Flavin Analogues Activity. The activity of different flavin analogues or azines on MCF-7 

was investigated. We noticed a similar potency of those compounds upon testing on 

MCF-7 with IC50 values ranging from 5 to 10 µM. Benzo(a)phenoxazine derivatives 

(compounds 8 a-c, Table 2.1) demonstrated slightly higher activity over MB and CFZ. 

Dose response curves of flavin analogues showed non sharp inflection around the IC50 

values with IC75 over 20 µM (Figure 2.4C). 

Combinations of Favin Analogues and Cu (II) Complexes.  The first experiment 

conducted was the combination of Cu (II) complex (4d) with 3 different azine 

compounds (CFZ, MB and Phx-8c). The combination regimen used was non-fixed ratio 

in which the concentration of the azine was fixed at a fraction of the IC50 (eg: 75%, 50% 

or 25%), while the concentrations of the Cu complex (4d) were scattered around its 

IC50 value ranging from 0.8 to 0.1µM. We have noticed significant improvement in the 

activity of the Cu complex upon combining with an azine. Even at concentrations 

where Cu complex (4d) had almost no activity; over 90% killing was still being obtained 

by this combination regimen (Figure 2.4D). The combination study was then expanded 

to include different Cu complexes and azines. We have noticed that with CFZ and MB 

combinations, the concentration of the azine component can be dropped down to 1 
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µM (10% of the IC50) and an improvement in Cu complex cytotoxicity can still be 

observed.  

Table 2.1:  IC50 values (µM) of the Cu complexes of 2-pyridyl thiosemicarbazone 
derivatives and different Azines. The IC50 values of the compounds tested were 

calculated by GraphPad Prism v5.0.  

Compounds R1 R2 R3 Ar IC50 ± SD (µM) 

4a 2-pyridyl H H - 5.48 ± 0.2 

4b 2-pyridyl Et H - 0.77 ± 0.05 

4c 2-pyridyl Ph H - 0.50 ± 0.02 

4d 2-pyridyl CH3 CH3 - 0.69 ± 0.3 

4e phenyl Et H - 0.65 ± 0.02  

4f phenyl Ph H - 1.06 ± 0.05 

MB - - - - 10.1 ± 2.5 

CFZ - - - - 9.29± 2.5 

8a - - - Ph 6.25 ± 2.5 

8b - - - 4-tolyl 6.0 ± 2.2 

8c - - - 2-pyridyl 8.07 ± 2.3 
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A  B  

C  
D 

Figure 2.4: (A) Dose-Response curves of Thiosemicarbazone chelators (3b, 3d and 3e), 
(B) Dose-Response curves of Cu complexes (4a, 4c and 4d), (C) Dose-Response curve of 
CFZ, (D) Changes in the Dose-Response curve of Cu complex (4d) when combined with 
Azines (CFZ, MB, Phx 8c) at 25-30% of their IC50 concentrations. 

 

Quantitative Assessment of Synergy of Copper complex and Azine Combinations. Our 

objective was to establish a synergistic regime involving the combination of an azine 

and a copper complex that would be both low dosage and highly synergistic.  For the 

purposes of the initial study, clofazimine was used as a reference azine component and 

the synergism with all copper complexes reported herein was evaluated.  We limited 

the maximum clofazimine levels to 50% of the IC50 value and evaluated effective IC50 

values of the copper complexes in the presence of that clofazimine level.  For the 

ǇǳǊǇƻǎŜǎ ƻŦ ŜǎǘŀōƭƛǎƘƛƴƎ ǎȅƴŜǊƎƛǎƳ ƭŜǾŜƭǎΣ ǿŜ ŎƻƛƴŜŘ ǘƘŜ ǘŜǊƳ άŜƴƘŀƴŎŜƳŜƴǘ ŦŀŎǘƻǊέ 

which we defined as the ratio between the IC50 of the copper complex in isolation and 

the copper complex in the presence of the designated amount of clofazimine.  The 

predicted enhancement factor for an additive relationship would be 2 where CFZ was 

used at 50% of the IC50 value and 1.33 where CFZ was used at 25% of the IC50 value 
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using the methodology defined by Tallarida for the construction of combination 

analysis isobolograms.146
 

The enhancement factor of clofazimine on the IC50 of the copper complexes examined 

remained high at concentrations of clofazimine down to 25% of the CFZ IC50.  Once the 

CFZ levels were reduced further the levels of enhancement of cytotoxicity of the 

copper complexes declined substantially (Table 2.2).  As a result of this observation, 

further synergism studies were conducted at this proportion of the IC50 of the azine 

component with an objective of reducing the potential dosage of the copper complex.  

Subsequent discussion herein relates to the effect of a selection of azines in 

combination with the copper complex (4d).  Data relating to the combination of the 

same azines with the remainder of the copper complexes discussed herein is reported 

in the supplementary materials (Appendix 1).   

Table 2.2: Analysis of Synergism of the Combinations of Clofazimine (CFZ) at varying 
fractions of IC50 with multiple Cu Complexes based on reduction in IC50 values of the 

copper complex 

 

Complex Effective IC50 (µM) 
at Proportion of CFZ IC50 

Enhancement Factor 
(IC50 / Effective IC50) 

CFZ at 50% 
IC50 

CFZ at 
25% IC50 

CFZ at 
10% IC50 

CFZ at 50% 
IC50 

CFZ at 25% 
IC50 

CFZ at 10% 
IC50 

4a 2.5 ND ND 2.2 ND ND 

4b <0.1 0.15 0.40 >8 5.1 1.9 

4c <0.05 <0.05 0.25 >10 >10 2 

4d <0.05 0.05 0.25 >14 14 2.8 

4e 0.05 0.10 ND 13 6.5 ND 

4f 0.15 0.25 ND 7.1 4.2 ND 

                 ND:  Not determined 

 

The Combination Index (CI) theorem of Chou Talay147 was selected to assess the 

synergism of different combinations, since CI provides a quantitative measure for 

additive effect (CI = 1), synergism (CI < 1) and antagonism (CI > 1). Furthermore, CI 

values describe the degree of synergism (CI < 0.3: Strong Synergism, CI = 0.3-0.7: 

Synergism, CI =  0.7-0.85: Moderate Synergism, CI = 0.85-0.9: Slight Synergism).148 The 
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CI values for the combinations tested were calculated by an automated computer 

simulation which implements Chou Talay algorithm called CompuSyn® v 1.0.  

The CI values obtained from CompuSyn calculations demonstrated very strong 

synergism for most of combinations tested.  The CI analysis was performed on the 

basis of 99% elimination of the MCF-7 cells. One of the best combinations was CFZ 2.5 

µM and the Cu complex 4b, the CI value obtained was 0.056 (see supplementary 

material) which means 17 fold enhancement in activity over the additivity effect. The 

potency of an azine / copper complex combination regimen can be visualised in the CI 

plots (Table 2.3). For a given CI data point, the further away from the horizontal 

additivity line, the stronger is the synergism).  

Upon comparing the CI values corresponding to the combinations of copper complex 

(4d) with 3 different azines (CFZ, MB and Phx-8c, Table 2.3), the combinations with CFZ 

2.5 µM (corresponding to around 25% of the IC50) appeared to be the most potent with 

CI value continuing to be below 0.3 even with 0.1 µM of the copper complex.  It should 

be noted that the effect of the azine on a monotherapy basis was negligible at this 

concentration. In case of MB combinations, the potency started to decrease at 0.2 µM 

of the copper complex (CI value of 0.85) and then became additive with 0.1 µM. The 

synergistic effect of phenoxazines such as Phx-8c was weaker than CFZ and MB, with 

potency starting to decrease below 0.4 µM of the copper complex. This effect (and the 

trend relating to the magnitude of synergism with azine series) can be seen for 

multiple copper complexes (4a-f).  
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Table 2.3: Quantitative Analysis of Synergism of the Combinations of different Azines 
(CFZ, MB, 8c) at 25-30% fractions of their IC50 with the Cu Complex (4d) using 

Combination Index (CI) theorum. The CI values were calculated using CompuSyn v1.0. 
CI plot is a plot of CI value on y-axis as a function of Fraction Affected (Fa) on the x-axis 

and it is a way to visualise the degree of synergism. The horizontal line at 1 on the Y 
axis represents the additivity line. 

Azine 
Conc. 
(µM) 

Compound 
(4d) Conc. 
(IC50 0.7 

µM) 

Fa of Azine 
and (4d) 

combinati
on 

Combination 
Index (CI) 

CI  plot 

( using 6 data points 0.8-0.1 µM) 

CFZ 0 µM 0.6 µM 0.35 NA NA 

0.4 µM 0.15 NA  

0.1 µM 0.07 NA  

CFZ 2.5µM 
(25% IC50) 

0.6 µM 0.989 0.152 

 

0.4 µM 0.989 0.108 

0.1 µM 0.671 0.297 

MB 2.5µM 
(25% IC50) 

0.6 µM 0.99 0.142 

 

0.4 µM 0.99 0.100 

0.1 µM 0.531 0.945 

Phx (8c) 
2.5 µM 

(30% IC50) 

 

0.6 µM 0.995 0.098 

 

0.4 µM 0.664 0.692 

0.1 µM 0.372 0.566 
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ROS Quenching via N-Acetyl Cysteine (NAC). To verify that increased ROS production 

is the mechanism behind the cytotoxicity of azine/ copper complex combinations, NAC 

5 mM was added prior to adding the combinations of copper complex (4d) and the 

azine (CFZ or Phx 8c) in order to quench the ROS present. NAC pre-addition to the 

combinations effectively eliminated the cytotoxicity of the combination (Figure 2.5). 

We have also observed that the cytotoxicity of the regimen returned to the levels of 

non NAC treated cells if the media was not removed and replaced after 20 hours of the 

compounds addition with NAC. Such findings suggest that increased production of ROS 

is the mechanistic end point by which the combination regimen exerts its cytotoxicity 

against MCF-7 cancer cells and that NAC pre-addition causes short term ROS 

quenching. The return of cytotoxicity can be attributed to the consumption of NAC 

(which is a GSH surrogate) allowing the subsequent build up of ROS.  

 

 

A 

 

B 

Figure 2.5: ROS quenching using 5 mM of NAC; incubated with the combination of the 
Azine and Cu complex for 24 hrs; (A) CFZ 2.5µM and Cu complex (4d) with and without 
NAC, (B) Phx (8c) 2.5µM and Cu complex (4d) with and without NAC 

 

MRC-5 Cytotoxicity of Individual Compounds and Combinations. To determine the 

safety of individual compounds and combinations to normal cells, the top two to three 

concentrations at which over 0.9 Fa were achieved on MCF-7 were selected to be 

tested on MRC-5 (Human lung fibroblast). In cases where 100% elimination of the 

MCF-7 cells was not obtained, (azines and thiosemicarbazone chelators respectively) 

concentrations resulting in 0.75 Fa and 0.6 Fa were employed. The morphology of the 
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cells was examined by microscopy to confirm the results obtained using colourimetric 

viability determination (Figure 2.6) 

Azines, particularly CFZ demonstrated high safety profiles at high concentrations with 

over 70% survival of MRC-5 cells was achieved at the concentration selected (30 µM). 

Thiosemicarbazone chelators have also demonstrated high safety profile around 80% 

survival at 10 µM. The combinations of azines and copper complexes demonstrated 

enhanced safety profiles against MRC-5 at the selected concentrations (Figure 2.7A). 

The combination of compound (4f) and MB was the most toxic with less than 50% 

survival at the selected concentrations.  Whereas the objective of complete 

elimination of the MCF-7 cell without observable damage to the MRC-5 fibroblast was 

unobtainable for the copper complex as monotherapy, the objective was realised for 

the combination therapy ς suggesting that the potential exists for both potency and 

safety with this approach. 
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Figure 2.6: Changes in cell morphology and confluence of MCF-7 and MRC-5 48 hrs 
after adding the combination of CFZ and Cu complex (4d); (A) MCF-7 negative control 
without compound addition, (B) MCF-7 cytotoxicity 48 hrs after adding a combination 
of CFZ 2.5 µM and compound (4d) 0.3 µM, (C) MRC-5 cells negative control without 
compound addition, (D) MRC-5 cytotoxicity 48 hrs after adding a combination of CFZ 
2.5µM and compound (4d) 0.3 µM. 

 

To determine the safety window of those combinations on MRC-5 in comparison to 

individual copper complexes, the combination of CFZ 2.5 µM and different 

concentrations (2.0 - 0.1µM) of the Cu(II) complex (4d) were tested on MRC-5. Adding 

CFZ 2.5 µM to copper complex (4d) did not result in significant cytotoxicity to the MRC-

5 line at low concentrations of (4d) that were sufficient (in the combination therapy) to 

kill all MCF-7 cells (Figure 2.7B). Since we were unable to effectively eliminate MCF-7 

without damage to MRC-5 with the copper complex alone, this represents a significant 

improvement in the safety profile and suggests that the development of low dose 

copper complex / azine regimens may be feasible.  

 

A  B  

C  D  
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A B 

Figure 2.7: (A) Comparison of individual compounds (3d), (4d) and CFZ with the 
combinations of (4d) and three different azines (CFZ, MB and Phx-8c) in terms of cell 
survival of MCF-7 and MRC-5, (B) Determination of safety window of the combination 
of CFZ 2.5 µM and Cu complex (4d) on MRC-5 relative to MCF-7  

 

2.4.CONCLUSION 

Thiosemicarbazone metal chelators and their copper complexes have distinctively 

different potencies on MCF-7. The combinations of copper complexes and azines have 

strong synergistic activities even at concentrations where individual copper complexes 

have almost no cytotoxicity on MCF-7. Among all azines tested, clofazimine (CFZ) 

demonstrated strong synergism with all copper complexes with synergism being 

observed at 10% of its IC50 concentration.  All structural variants of azines examined 

exhibited synergism with the Cu(II) complexes. The combinations of azines and copper 

complexes induced MCF-7 cytotoxicity through the generation of ROS (as 

demonstrated by the elimination of cytotoxicity upon quenching ROS using NAC), but 

the increase in ROS levels was insufficient to raise ROS levels beyond the threshold 

level for cell death in a normal cell line. Therefore, this novel combination can be used 

to selectively target cancer cells without the same level of damage to normal cells. 

Such a regimen also allows the use of very low concentrations of both azines and Cu(II) 

complexes to obtain the desired selective cytotoxicity with relatively large operating 

safety window in comparison to copper complexes used in isolation. 
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3.CHAPTER 3: INCREASED GENERATION OF INTRACELLULAR REACTIVE 

OXYGEN SPECIES INITIATES SELECTIVE CYTOTOXICITY AGAINST THE 

MCF-7 CELL LINE RESULTANT FROM REDOX ACTIVE COMBINATION 

THERAPY USING COPPER-THIOSEMICARBAZONE COMPLEXES*  

 

 

 

 

 

 

 

*Published paper (details below) presented with minor modification. 

Fady N. Akladios, Scott D. Andrew, Christopher J. Parkinson (2016), Increased generation of intracellular 
reactive oxygen species initiates selective cytotoxicity against the MCF-7 cell line resultant from redox 
active combination therapy using copper-thiosemicarbazone complexes. Journal of Biological Inorganic 

Chemistry 2016, PMID: 26951232 (ahead of print) 
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3.1. INTRODUCTION 

Copper is an essential redox active metal with a multitude of roles in living organisms.  

Copper levels, however, are tightly regulated to limit the toxic effects of the metal.149 

While copper homeostasis is tightly controlled in normal cells, evidence is emerging 

that neoplastic cells are often characterised by copper levels outside the normal range 

as illustrated by the elevated copper levels in both serum and tissue of cancer 

patients.66, 135 Copper levels also appear to correlate to cancer stage, being elevated in 

more advanced tumours.150  

The presence of both cupric (Cu2+) and cuprous (Cu+) oxidation states renders copper 

capable of participating in reactive oxygen generating processes such as the Fenton 

reaction and the Haber-Weiss reaction (Figure 3.1).151  It follows, therefore, that 

copper is implicated in the generation of intracellular reactive oxygen species (ROS) 

and subsequent cytotoxicity attributed to ROS generation.152 The elevated baseline 

ROS levels in neoplastic cells in comparison to normal cells would suggest that only a 

minimal increase in intracellular ROS levels would be required to raise those levels to a 

lethal set point.66  Consequently, the generation of elevated intracellular ROS levels 

has become a promising strategy for the discovery of potential chemotherapeutic 

agents ς the elevated ROS levels being less damaging to normal cells than neoplastic 

cells.152 

H2O2 OH
- + OH

.

Mn+ M(n+1)+

O2

H2O2+ O2 + OH
-

+ OH
.

O2

O2  

Figure 3.1:  The role of redox active metals in reduction of hydrogen peroxide (Fenton 
reaction) and superoxide and the overall Haber-Weiss reaction 
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Thiosemicarbazones (TSC) are a promising class of anticancer agents making use of 

transition metal assisted ROS generation (in addition to other modes of action).31, 124, 

142 Pyridine substituted TSC (for an example see Dp44mT, Figure 3.2, structure 1) have 

been demonstrated to produce selective cytotoxicity towards neoplastic cells that is 

largely dependent on reactive oxygen generation, the copper complexes of the pyridyl 

TSC being the most effective species in this respect.127-128, 130, 145, 153 The potential for 

both pyridyl TSC and bis-TSC to activate copper with concomitant ROS generation, loss 

of lysozomal integrity and subsequent cytotoxicity has recently been correlated.131 

In addition to direct generation of ROS, elevated ROS levels can be produced through 

the disruption of cellular antioxidant defences.  Under normal conditions, glutathione, 

glutaredoxin and the thioredoxin systems play a major role in maintenance of cellular 

redox homeostasis through the trapping of ROS.21-22, 24 All these systems are 

dependent on NAD(P)H and flavin  oxidoreductases, suggesting that flavin 

oxidoreductases are a promising target in anticancer oxidative therapy.69, 139 Molecular 

structures resembling endogenous flavins (in both structural and electronic 

characteristics) such as phenazines, phenoxazines and phenothiazines as represented 

by clofazimine (2), the benzo(a)phenoxazine (3) and methylene blue (4) respectively 

(Figure 3.2) exhibit promising anticancer activity through oxidative mechanisms.76, 141          

N N

N
NH

S N

 

N

N

Cl

N

NH

Cl

 

O

N

N+ N
H

Ar

 

S

N

N+ N

 

(1) (2) (3a-d) (4) 

Figure 3.2:  Structural Characteristics of first generation pyridyl thiosemicarbazones 
and Flavin analogues 
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Buthionine sulfoximine (BSO) administration results in the inhibition of glutathione 

biosynthesis and subsequent depletion of glutathione levels both in vitro and in vivo, 

resulting in increased cellular susceptibility to ROS.130-131 We recently reported that the 

cytotoxicity resultant from treatment of MCF-7 cells with copper complexes of pyridyl 

TSC can be significantly enhanced through the co-administration of a flavin analogue 

and that this effect could be attenuated with the glutathione precursor N-

acetylcysteine.154 The magnitude of the enhancement attributable to coadministration 

of the flavin analogue with copper(II) complexes of pyridyl TSC (up to 14 fold 

enhancement) far exceeded the effect demonstrated when BSO was coadministered 

with a related TSC (up to 3 fold enhancement).131, 154 Consequently, it would seem 

reasonable that this combination regimen would be a reasonable approach to reduce 

the levels of the copper TSC complexes required for effective elimination of cancer 

cells.  In addition to enhanced anti-cancer activity, the potential for a more selective 

cytotoxic regimen was demonstrated in our previous work.154 

In the present study, we examined the impact of structural diversity of the copper ς 

TSC complex on the magnitude to which the cytotoxicity could be improved through 

co-administration of a flavin analogue in the form of either clofazimine or a 

benzo(a)phenoxazine.  We demonstrated that this combination of agents resulted in 

rapid production of ROS, followed by the appearance of apoptotic characteristics and 

subsequent cell death.  The ROS levels and apoptotic levels far exceeded what would 

have been predicted from observation of the individual cytotoxic agents. 

 

3.2.MATERIALS AND METHODS 

3.2.1. Chemical Synthesis 

All compounds were synthesised according to standard protocols reported in the 

literature (Scheme 3.1).75, 116, 123, 125, 155 Data for (5) was in accordance with literature 

reports.  The identity of copper complexes of (6a-c) and (7) was confirmed by HRMS. 



 63 

N

O

R1 +

H2N NH

S

N

R2

R3

N

N

R1

NH

S N

R2

R3

(i) (ii) N

N

R1

N

S N

R2

R3

CuAcO

 

Scheme 3.1: Reagents and conditions: (i) Ethanol, Acetic acid (cat.), reflux; (ii) DMF, 
Cu(OAc)2, reflux, 2 hrs 

Copper complex of 1-formyl-naphth-2-ol, 4¡,4¡-dimethylthiosemicarbazone (6a).  

HRMS: calculated for Cu(C14H13N3OS) + H, [CuL+H+], requires 335.01481, 337.01300, 

found 335.01471, 337.01294.  (Variance 0.3 ppm) 

Copper complex of 1-formyl-naphth-2-ol, 4¡-ethylthiosemicarbazone (6b).  HRMS: 

calculated for Cu(C14H13N3OS) + H, [CuL+H+], requires 335.01481, 337.01300, found 

335.01475, 337.01301. (Variance 0.2 ppm) 

Copper complex of 1-formyl-naphth-2-ol, 4¡-phenylthiosemicarbazone (6c).  HRMS: 

calculated for Cu(C18H13N3OS) + H, [CuL+H+], requires 383.01481, 385.01301, found 

335.01471, 337.01294. (Variance 0.6 ppm) 

Copper complex of 2,6-diacetylpyridine, bis(4¡,4¡-dimethylthiosemicarbazone) (7)  

HRMS: calculated for Cu2(C15H21N7S2), [Cu2L
+] requires 488.98864, 490.98676, 

492.98491, found 488.98807, 490.98641, 492.98491 (Variance 1.1 ppm), calculated for 

Cu3(C15H21N7S2)2, [Cu3L2
+] requires 915.04822, 917.04616, 919.04450, 921.04045, 

found 915.04593, 917.04366, 919.04113, 921.03846. (Variance 2.5 ppm) 

 

3.2.2. Cell Culture  

Cell Culture of MCF-7: Human breast adenocarcinoma cells (MCF-7) were cultured in 

RPMI 1640 media supplemented with 10% fetal calf serum, Insulin 1 µg/ml, 1% 

Streptomycin-Penicillin and 1% Glutamine. The culture flasks were incubated in a 

humidified atmosphere of 5% CO2 in air at 37ɕC. Cells were harvested upon reaching 
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80-90% confluence using Trypsin-EDTA for 5 min, diluted with equal volume of fetal 

calf serum and then centrifuged at 1500 rpm for 5 min.  

Cell Culture of MRC-5: Human lung fibroblast cells (MRC-5) were cultured in MEM 

media supplemented with 10% fetal calf serum and 1% of non-essential amino acids. 

Cells were incubated in a humidified atmosphere and harvested when 90% confluence 

was reached. 

 

3.2.3. Cell Proliferation Assay 

Copper(II) complexes of the thiosemicarbazones and azines were individually dissolved 

in dimethyl sulfoxide (DMSO) at a stock concentration of 10 mM and were used at the 

concentrations indicated by dilution in the RPMI culture media before addition to 

MCF-7 or MRC-5 cells. 

Assessment of cytotoxicity against MCF-7: Approximately 10,000 cells were seeded 

into 96-well plates and allowed to settle for 24 h before adding individual compounds 

or combinations with and without zinc nitrate selected concentrations. After 72 h/37ɕC 

incubation with the compounds, the media was removed and replaced with fresh 

media. Afterwards, 20 µL of MTS reagent was added into each well of the assay plate 

containing 100µL in culture. The plates were then incubated for 3 h before measuring 

the absorbance at 492 nm using 96-well plate reader.  

Assessment of cytotoxicity against MRC-5: Approximately 3,000 cells were seeded 

into 96-well plates and allowed to settle for 48 h before adding individual compounds 

ƻǊ ŎƻƳōƛƴŀǘƛƻƴǎΦ !ŦǘŜǊ пу Ƙκотɕ/ ƛƴŎǳōŀǘƛƻƴΣ Ŧǳƭƭ ŎƻƴŦƭǳŜƴŎŜ ƛƴ ǘƘŜ ŎƻƴǘǊƻƭ ǿŜƭƭǎ ǿŀǎ 

reached and the same assay protocol reported for MCF-7 was followed. 

 

3.2.4. ROS Quenching with N-Acetyl Cysteine  

10,000 cells of MCF-7 were seeded into 96-well plates and allowed to settle for 24 h. 

N-acetylcysteine (NAC) 5 mM was added to the cells 2 h prior the addition of the 

combination treatments. After 20 h incubation, the culture media was removed and 
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replaced with fresh media.  The cells were allowed to grow for a further 48 h before 

the MTS assay protocol was performed as described above. 

 

3.2.5. Cupric Ion Reducing Antioxidant Capacity (CUPRAC) Assay 

The stock solutions of Cu(II) complexes of thiosemicarbazones, ascorbic acid and 

bathocuproine disulfonic acid (BCS) were dissolved in N2 saturated Tris buffer (10 mM, 

pH 7.4, 25% DMSO). The stock solutions were then diluted using Tris/DMSO buffer to 

100 µM of the Cu (II) complex and 250 µM of BCS and 2 mM of ascorbic acid. Into 1 cm 

spectrophotometer cell, 100 µL of Cu(II) complex was mixed with 200 µL of freshly 

prepared ascorbic acid and incubated in the dark for 15 min. BCS 100 µL was then 

added to the mixture and the absorbance at 485nm was measured every 5 min for 1 

h.147 The experiment was carried out using Nanodrop 2000c ® spectrophotometer. 

 

3.2.6. Hoechst Staining of Apoptotic Nuclei and Apoptotic bodies 

Approximately 105 cells per 500 µL of MCF-7 cell suspension were seeded into each 

chamber of a multi-chambered slide. The cells were allowed to settle for 24 h before 

treatment with the drug combinations. After 12 h drug exposure, the supernatants 

were collected, subjected to centrifugation at 1500 rpm for 5 min (cytospin) and 

allowed to air-dry. The cells were then fixed with 500 µL of 4% of formaldehyde for 30 

min, washed twice with PBS (2x500 µL), and finally permeabilised using 500 µL of 0.4% 

Trition X-100 for 10 min. After permeabilisation, the cells were washed twice with cold 

PBS and then 1 drop of Hoechst 33258 stain was added for examination using 

fluorescence microscope (FITC filter). The adherent cells inside the chambers were 

treated separately in a similar way and compared to the cells isolated through the 

cytospin process.  An Olympus IMT-2 fluorescence microscope (UV excitation and 475 

nm emission) was used to detect the blue fluorescent signal. 
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3.2.7. Flow cytometric analysis of combination treated MCF- 7 cells using propidium 
iodide (PI) stain  

106 cells were seeded into 10 cm dishes, and then allowed to settle for 48 h. The 

drugs/combinations were then added and left in contact with the cells for 24 h. 

Afterwards the samples were prepared for FACS analysis. Briefly, the floating cells 

were collected via centrifugation, whereas the adherent cells were harvested via 

trypsinisation for 5 min followed by collection on FBS. The pellets were then combined, 

washed twice with cold PBS then resuspended to the final cell concentration of 106 

cells per ml of PBS. The samples were analysed by FACS (Becton-Dickinson 

FACSCalibur).  

 

3.2.8. Apoptosis Detection using Annexin V 

106 Cells were seeded into 10 cm Petri dishes, and then allowed to settle for 48 h. The 

drugs/ combinations of interest were added and left in contact with the cells. 

Following 18 hrs incubation, the floating cells were collected via centrifugation and, 

the adherent cells were harvested via Accutase®. The two cell groups were combined, 

washed twice with cold PBS then resuspended in the binding buffer at a concentration 

of 106 cells/ml. A volume containing 105 cells was then taken out and mixed with 5 µL 

of Annexin V and 5 µL of 7-AAD. The samples were gently mixed by tapping, incubated 

in the dark for 15 min and diluted with 400 µL of the binding buffer before analysis by 

FACS. 

 

3.2.9. Determination of Reactive Oxygen Levels Resultant from Drug Combination 
Exposure 

106 Cells were seeded into 10 cm dishes, and then allowed to settle for 48 h. 

Afterwards, Cu(II) complex/ azine/ combinations were added and left in contact with 

the cells for the appropriate time period. The cells were harvested via trypsinisation for 

5 minutes, and the cell concentration of the samples was then adjusted to 106 cells per 

1 ml of complete media for FACS analysis. The positive control used was Menadione 
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(100 µM) which was incubated with a sample of cells for 1 hr. The samples were then 

treated with CellROX® Green reagent at a final concentration of 500 nM for 30 minutes 

at 37ºC protected from light. The samples were analysed by FACS (Becton-Dickinson 

FACSCalibur) using 488 nm excitation and the corresponding fluorescence emissions 

were collected, followed by analysis using Flowing Software 2.5.1. 

 

3.3.RESULTS AND DISCUSSION 

In vitro cytotoxic activity of Cu(II) complexes of thiosemicarbazones and flavin 

analogues as monotherapy.  

The cytotoxicity of the synthesised compounds as monotherapy was evaluated against 

human breast adenocarcinoma cells (MCF-7) in reference to Doxorubicin and Cisplatin. 

The MCF-7 cell line on which the study was conducted was Doxorubicin sensitive (IC50 

0.4 µM) and Cisplatin resistant. 

 

In our previous study, the Cu(II) complexes of dipyridyl ketone thiosemicarbazones 

(DpT series) and benzoylpyridine thiosemicarbazones (BpT series) against MCF-7 

demonstrated quite similar cytotoxicity profile with their IC50 values around 0.5µM.  

We hypothesized that the cytotoxicity of different classes of Cu(II) complexes of 

thiosemicarbazones with highly variant structural features may impact the levels to 

which a synergistic cytotoxicity could be generated with partner compounds. Three 

different classes of thiosemicarbazone ligands were selected for the study (Figure 3.3): 

second generation dipyridyl ketone thiosemicarbazones (5), 2-hydroxynaphthaldehyde 

thiosemicarbazones (6) and bisthiosemicarbazones of diacetylpyridine (7).116, 125, 155  In 

terms of cytotoxicity, (5) and (7) displayed greater potency than compounds (6a-c) 

(Table 3.1). The second generation DpT analogue (5) and bisthiosemicarbazone Cu(II) 

complexes (7) killed 50% of cells at 0.5 µM whereas the IC50(s) of Cu(II) complexes of 

naphthyl series (6) were in the low micomolar range (between 1 and 3 µM). 
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The partner class of interest could be generalized as azines, a series of isoelectronic 

flavin analogues (Figure 3.2). Five different azines were investigated against MCF-7 

cells including clofazimine (CFZ) as an example of a riminophenazine and four different 

benzo(a)phenoxazines. The compounds tested within this class all displayed similar 

potency with IC50 values ranging between 5 to 10 µM. 

 
Table 3.1: IC50 values of different Cu(II) complexes of thiosemicarbazones and different 

phenoxazine derivatives as monotherapy 

 

Compounds R1 R2 Ar IC50 ± SD (µM) 

CFZ (2) - - - 9.29± 2.5 

3a - - 2-pyridyl 8.07 ± 2.3 

3b - - 8-quinolinyl 5.3 ± 1 

3c - - Ph 6.25 ± 2.5 

3d - - 4-tolyl 6.0 ± 2.2 

5 - - - 0.55 ± 0.02 

6a CH3 CH3 - 1.25 ± 0.7 

6b H C2H5 - 1.23± 0.8 

6c H Ph - 2.43± 0.6 

7 - - - 0.57± 0.02 

The IC50 values of the materials were calculated via non-linear regression using 
GraphPad Prism V5.0 
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Figure 3.3:  Empirical Formulae of Copper Complexes Used in this Study 

 

It should be noted that the copper complexes of the TSC have been illustrated in the 

monomeric form (effectively the empirical formulae, CuL).  While the complex (5) has 

been studied by Richardson and others (the presence of a higher order aggregate was 

noted), limited structural information on the complexes of series (6) and (7) exists.128  

Compounds of the naphthyl series (6a-c), however, could be seen in CuL, Cu2L2 and 

Cu3L3 forms, suggesting that soluble aggregates were present.  All forms of the 

complex displayed characteristic isotopic profiles and could be correlated to Cu63 and 

Cu65 natural abundance.  Analysis of the bis(thiosemicarbazone) complex (7), however, 

showed no indication of the monomeric form (illustrated) being present, the structures 

Cu2L and Cu3L2 corresponding to the analyte detected in solution by HRMS. In our 

hands, the isolated species (7) did not display crystallinity suitable for x-ray diffraction 

studies, but these studies will be required to establish the coordination sphere of the 

metal. 

 

In vitro cytotoxic activity of Cu(II) complexes of thiosemicarbazones as a component 

of combination therapy 

After determining the cytotoxicity of individual compounds our next activity was to 

investigate and compare the levels of enhancement of cytotoxicity upon combining 

different classes of thiosemicarbazone Cu(II) complexes with the flavin analogues.  
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To conduct this study, a non-fixed ratio combination regimen was employed in which 

the concentration of the azine was fixed at a fraction of the IC50 (eg., 20%, 40% or 60%) 

while the concentrations of the copper complex were distributed around the IC50 of 

the respective species. The cytotoxicity values of those combinations were expressed 

in terms of Fraction affected (Fa), which is the fraction of cells killed by a drug or 

combination in reference to the negative control. To establish the levels of synergism, 

we used two different descriptors; the enhancement factor (EF) and Combination 

Index (CI).147 

 

The enhancement factor (EF) is the ratio between the effective IC50 values of the Cu 

complex in isolation to the Cu complex in combination with a designated fraction of 

the azine. The EF values of different combination regimens were calculated as shown 

in Table 3.2. The EF values of the five azines tested on the effective IC50 of Cu complex 

(5) were generally higher than the EF values obtained in our previous study using first 

generation Cu(II) complexes of DpT and BpT series that reached a ceiling of 14.154  On 

the other hand, (3a) significantly enhanced the cytotoxicity of Cu complexes of 

naphthyl thiosemicarbazones (6a-c) compared to other azines which have also 

demonstrated activity enhancement but to a lesser extent. Similarly, (3a) had a 

pronounced effect on enhancing the potency of the bisthiosemicarbazone (7). Such 

improvement was significantly less with other azines and not seen with (3c) and (3d) 

lacking a nitrogen atom on the aryl ring. 
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Table 3.2: Analysis of synergism of different combinations of Cu complexes and azines 
in terms of enhancement factor as a measure of reduction in IC50 value of Cu complex 

Complex 
 

Effective IC50 (µM) at Fraction of 
IC50 of Phx(3a), (3b), (3c) and CFZ 

Enhancement Factor 
(IC50/effective IC50) 

Phx(3a) 
45% IC50 

Phx(3b) 
60% IC50 

Phx(3c) 
60% 
IC50 

CFZ (2) 
50%  
IC50 

Phx(3a) 
45% IC50 

Phx(3b) 
60% IC50 

Phx 
(3c) 
60% 
IC50 

CFZ (2) 
50%  
IC50 

5 0.02 0.01 0.05 0.02 >20 >50 10 >20 
6a 0.02 0.2 0.5 0.1 >40 >6 6 12 
6b 0.05 0.15 0.1 0.2 >20 >6 >10 >6 
6c 0.1 ND ND 0.2 >20 ND ND >10 
7 0.01 0.2 0.5 0.2 >40 >3 1 >3 

 

Combinations with EF values over 10 were selected for further assessment of 

synergism using the Combination Index (CI) theorum. The CI value is a quantitative 

measure to describe the degree of synergism (CI<0.3: Strong Synergism, 0.3-0.7: 

Synergism, 0.7-0.85: Moderate Synergism, 0.85-0.9: Slight Synergism). The CI 

calculations were performed via CompuSyn® v1.0 software using the Chou Talay 

algorithm. 

 

Upon interpreting the CI values corresponding to the combinations of three different 

classes of thiosemicarbazone Cu(II) complexes (Table 3.3), the combination of (3b)-

3.75 µM with Cu complex (5) was the most potent with CI value of 0.29 at 10 nM, 

which means 55 fold enhancement in activity over the additive effect. The second 

most potent combinations were related to (3a) containing combinations. The strong 

synergism associated with (3a) combinations was consistently obtained across the 

three classes of Cu(II) complexes - unlike (3b) which demonstrated strong synergism 

only with (5). It should be noted that the fraction affected (Fa) associated with the 

azine component utilised in this combination analysis was negligible on a monotherapy 

basis. 
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Table 3.3: Quantitative Assessment of Synergism of the Combinations of Phx (3a,3b) at 
45-60% fractions of their IC50 with different Cu Complexes (5,6a,7) using Combination 

Index (CI) theorum. The CI values were calculated using CompuSyn v1.0 

Azine 
Conc. 
(µM) 

Cu complex  
Conc.(µM) 

  

Fa of  Cu 
complex 
(without 
azine) 

Fa of 
Combinati

on 

Combinati
on Index 

(CI) 

CI  plot 

(0.5-0.025 µM) 

Phx(3b) 
3.75µM   

(60% IC50) 

(5) 0.4µM 0.216 0.99 0.043 

 

0.1 µM 0.020 0.85 0.248 

0.01 
µM 

0.015 0.57 0.294 

Phx (3a)   
3.75 µM  

(45% IC50) 

(6a) 0.6 µM 0.35 0.99 0.066 

 

0.1 µM 0.07 0.88 0.159 

0.01 
µM 

0.05 0.423 0.589 

Phx (3a)    
3.75 µM  

(45% IC50) 

 

(7) 0.4 µM 0.18 0.99 0.089 

 

0.1 µM 0.07 0.93 0.114 

0.01 
µM 

0.01 0.53 0.346 
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MRC-5 cytotoxicity of individual compounds and combinations 

MRC-5 cell line (normal lung fibroblast) was used as a reference to normal cells in 

order to test the safety of individual compounds and combinations. The safety profiles 

of phenoxazines (3a-d) were generally quite high with survival fractions over 80% 

obtained at high drug concentrations (30 µM).  Compounds (5) and (6 a, b) showed 

high cytotoxicity to MRC-5 at concentrations close to their IC50, suggesting that 

monotherapy approach using those complexes would not be a sound option. In 

comparison, compound (7) showed high safety even at concentrations about 10 fold 

greater than the IC50 on MCF-7 as monotherapy. 

 

Our predetermined objective was to use the combination to completely eliminate 

MCF-7 cells using the lowest possible concentration of Cu(II) complex without causing 

damage to MRC-5 fibroblasts. This objective was demonstrated by the safety window 

of those combinations in comparison to individual copper complexes. The flavin 

analogue (3a, 5 µM) was combined with different concentrations (0.8 µM-0.025 µM) of 

the Cu(II) complexes (5, 6a and 7). As shown in Figure 3.4, the safety windows of the 

combinations have been significantly expanded, a useful safety window being attained 

even where monotherapy was showing signs of toxicity (compounds 5 and 6a).  Using 

(3a) in combination with the Cu(II) complex (7) clearly demonstrated the potency and 

safety of our refined combination regimens. 
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(a) (b) 

 

 

(c)  

  

Figure 3.4:  Selectivity of cytotoxic action of combination regimens towards cancer line 
MCF-7 (blue) illustrating comparative lack of toxicity towards the normal fibroblast 
MRC-5 (red). (a) combination regimen of (5) and (3a) comparison with (5) as a single 
agent; (b) combination regimen of (6a) and (3a) comparison with (6a) as a single agent; 
(c) combination regimen of (7) and (3a) comparison with (7) as a single agent. 

 

Establishing that ROS resultant from redox activity of the copper complex is linked to 

cytotoxicity 

a-Redox Activity of Cu(II) Complexes of Thiosemicarbazones 

The reduction of co-ordinated Cu(II) to Cu(I) under biologically relevant conditions is 

indicative of the potential of a complex to participate in intracellular Fenton type 

chemistry and hence ROS generation. To demonstrate the pro-oxidant capacity of 

different Cu(II) complexes used in the study, Cupric Ion Reducing Antioxidant Capacity 

(CUPRAC) assay was used with bathocuproin disulfonic acid salt (BCS) as Cu+ detection 

agent and ascorbic acid as a biologically accessible reducing agent.156  BCS forms a 
































































































































































































































































































































