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ABSTRACT 
THE EFFECTS OF CHEMOTHERAPY AGENTS ON HYPOXIA IN COLORECTAL CANCER  

Submitted for the degree of Doctor of Philosophy 
Dr Abul Hassan Siddiky, St. Edmund Hall, Trinity Term 2015 

 

Tumour hypoxia describes the phenomenon of reduced oxygen tension within solid 

tumours, resulting in an increase in morbidity, mortality and metastasis.  We aim to identify 

chemotherapy agents that may reduce oxygen consumption and ultimately, improve tumour 

hypoxia and radiosensitivity.    

 

Four colorectal cancer cell lines (COLO320DM, DLD1, HCT116 and HT29) and a non-

transformed cell line (MRC5) were investigated.  Clonogenic and cytotoxicity assays of a range 

of agents were used to determine sub-lethal concentrations that would alter consumption 

without cytotoxicity.  The oxygen consumption and mitochondrial function of treated cells were 

assessed with the XF96 Analyzer.  Flow cytometry, high performance liquid chromatography 

and western blot were performed to delineate mechanisms of action.  The most responsive cell 

lines were grown as spheroids for hypoxia modelling before being tested in vivo for radiation 

sensitivity.  In vivo tumour hypoxia analysis was achieved with the in vivo imaging system.  

 

The oxygen consumption of all cancer cell lines was markedly reduced after treatment with 

a number of the agents compared to the non-transformed cell line.  DLD1 and HCT116 cell lines 

showed the greatest balance of resistance to toxicity and reduction in oxygen consumption.  

Hypoxia imaging of the subsequent spheroids and in vivo tumours further demonstrated a 

reduction in hypoxia consistent with drug induced decrease in oxygen consumption.  This also 

conferred a relative enhancement in radiosensitivity in both in vitro and in vivo settings. 

 

Despite decades of clinical use these known chemotherapeutics have not been 

implicated in alterations in oxidative metabolism.  These results raise the prospect of 

using them in an alternative way to potentially improve clinical outcome. 
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CHAPTER 1:  INTRODUCTION 

 

1.1 The clinical significance of colorectal cancer 

1.1.1 The epidemiology of colorectal cancer 

Colorectal cancer is a global problem, represented by over 1 million new cases per 

year worldwide [1].  Within Europe, it remains the second and third most common site of 

cancer in women and men respectively, with over 447,000 new diagnoses and 215,000 

deaths throughout the continent in 2012 (See Fig. 1.1).  Nationally, colorectal cancer is 

the third most common cause of cancer death and accounts for 13% of all new diagnoses 

of malignancy in the United Kingdom (UK) [2].   

 

Figure 1.1 Age-standardised colorectal cancer incidence and mortality 

rates within Europe.  Colorectal cancer is the second and third most common 

cancer in women and men respectively.  Reproduced with permission from 

Ferlay J et al [3]. 
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There is also a marked variation in the incidence of colorectal cancer with ethnicity 

and geographical location.  Age-standardised rates for Caucasian males with colorectal 

cancer range from 54.1 to 55.3 per 100,000.  This is significantly higher than that for 

Asian and Black males with rates ranging from 19.1 to 28.0 and 29.7 to 43.8 per 100,000 

respectively.   A similar pattern of incidence rates is also seen in females.  The age-

standardised rates for Caucasian females range from 34.0 to 34.8 per 100,000, whilst 

rates for Asian and Black females range from 11.3 to 17.5 and 20.4 to 31.6 per 100,000 

respectively [4].  A similarly dramatic difference is seen between Westernised (North 

America, Europe and Australasia) and non-Westernised (Africa, Asia and South America) 

countries, with up to a 10-fold higher incidence of colorectal cancer in the former [5].   

One possible explanation for this could be socio-economic deprivation, however 

extrapolation of UK data seems to refute this contention [6].    Another explanation for 

this geographical variation is the difference in diet, physical activity and body mass index 

(BMI) between these groups of nations.  It is well documented that a diet high in red and 

processed meats, fat, sugar and low in fibre is associated with a higher risk of developing 

colorectal cancer [7-10].  Regular physical exercise or activity is also associated with a 

lower risk of colorectal cancer and this effect may be dose-dependent with increased 

frequency and intensity inversely associated with risk [11].  Furthermore, high body fat 

percentage and increased BMI has also been implicated as a risk factor for colorectal 

cancer [12].  These risk factors are often interrelated and more common in Westernised 

countries.  Further evidence to support this link can be seen with the increased incidence 

of colorectal cancer in South Korea, Japan and China, which has coincided with the 

gradual shift in diet to mimic the United States, particularly in more urban areas [5, 13, 

14]. 

 

Increasing age is also associated with an increased risk of developing colorectal 

cancer.  The probability of developing colorectal cancer increases progressively after the 
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age of 40 and rises sharply after age 50 [15].  Greater than 90% of colorectal cancer cases 

occur in people aged 50 and above, whilst the incidence rate is over 50 times higher in 

persons aged 60 to 79 years than in those under 40 years of age [15].    The median age at 

diagnosis of colorectal cancer for men and women is 68 and 72 respectively [16].  With 

these epidemiological statistics, colorectal cancer could be considered primarily a 

disease of the elderly population.  When therefore reviewing the association between 

diet, age and colorectal cancer, it is possible to surmise that long-term exposure to these 

risk-inducing foods is required for cancer development.  This is further supported by 

experimental data indicating a minimum 17 year transitional period for benign 

colorectal polyps to develop into malignant lesions [17].  

 

There is also a significant genetic component in the development of colorectal 

cancer.  Approximately 20% of all patients with colorectal cancer will have a family 

member with the disease and those with one or more first-degree relatives with the 

disease are at increased risk [14].  Between 5 to 10% of colorectal cancers are as a result 

of established hereditary conditions and the best characterised presently are hereditary 

non-polyposis colorectal cancer (HNPCC) and familial adenomatous polyposis (FAP) 

[18].   HNPCC is associated with deoxyribonucleic acid (DNA) repair pathway gene 

mutations, specifically MutL homolog 1 (MLH1) and MutS homolog 2 (MSH2) whilst FAP 

is caused by mutations in the tumour suppressor gene adenomatous polyposis coli (APC) 

[19].  The lifetime risk of colorectal cancer in people with HNPCC reaches 80%, whereas 

this is almost 100% in people with FAP.  Indeed, by age 40, colorectal cancer will develop 

in almost all patients with FAP if the colon is not removed [14].  Other, more recently 

characterised, hereditary conditions predisposing to colorectal cancer also include 

MUTYH-associated polyposis (MAP), which is an autosomal recessive disorder appearing 

to be at least as prevalent as FAP and hereditary mixed polyposis syndrome (HMPS), 

which is characterised by the development of mixed-morphology colorectal polyps as a 
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result of a 40-kb genetic duplication creating an aberrant epithelial expression of the 

gene encoding Gremlin 1 (GREM1), which is an antagonist of bone morphogenetic 

proteins in the transforming growth factor β signalling pathway [20, 21]. 

 

1.1.2 Current treatment modalities and regimes for colorectal cancer  

The approaches available to treat colorectal cancer include surgical resection, 

chemotherapy, radiotherapy or a combination of the three.  Endoscopic mucosal resection of 

early and superficial colorectal cancers is an alternative but relatively new technique and the 

long-term outcomes from this approach are still being evaluated [22].  The choice of therapy is 

ultimately a decision between the clinician and patient but evidence and guidance exist to 

optimise outcome and are largely dependent on the location and tumour, node and metastasis 

(TNM) stage of the tumour (See Fig. 1.2).  
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Figure 1.2.  TNM and Dukes staging for colorectal cancer.  Shown are the different 

staging systems for colorectal cancer in current clinical use.  Reproduced with 

permission from the American Joint Committee on Cancer (AJCC) [23]. 

 

Approximately 80% of colorectal cancers are localised to the colonic or rectal wall and/or 

regional nodes at time of presentation.  Proximal tumours have a greater proportion of high 

grade tumours, whilst the reverse is true of sigmoid tumours, which have a reduced tumour-

specific mortality [24].  The greater proportion of high-grade tumours in the proximal colon 
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appears to be driven by the loss of DNA mismatch repair activity to result in microsatellite 

instability (MSI), which will be discussed further in Chapter 3 [25].  Surgery is the only curative 

modality for localised colonic cancer and provides a potentially curative option for select 

patients with limited metastatic disease, primarily in liver and lung.  Long-term survival can be 

achieved with metastasectomy in up to 50% of cases, in conjunction with systemic 

chemotherapy.  However, even after complete resection of metastases, most patients who are 

alive at five years are not cancer free.  Approximately 20-30% remain disease free long-term 

and potentially cured [1, 26-29].   

 

The National Institute for Health and Care Excellence (NICE) offers good practice guidelines 

based on different levels of clinical evidence [30].  Specific to rectal cancer, short-course 

neoadjuvant (preoperative) radiotherapy may be offered if the risk of recurrence is deemed 

moderate and chemotherapy may be added if the risk is deemed between moderate and high.  A 

combination of both radiotherapy and chemotherapy should be considered if the risk is deemed 

high.  Neoadjuvant chemotherapy alone should not routinely be offered for patients with locally 

advanced rectal cancer; although a new phase II trial evaluating this has been recently designed 

by the Memorial Sloan Kettering Cancer Center in New York [31].  Risk of recurrence is 

determined with magnetic resonance imaging (MRI) and TNM staging.  Adjuvant 

(postoperative) chemotherapy should be considered for patients with stage II colonic and rectal 

cancer who are at high risk of recurrence and all patients with stage III colonic and rectal 

cancer.  The choice of chemotherapy regime also depends on patient choice, their tolerance of 

the agents and on the stage of the disease.  Example regimes include capecitabine as 

monotherapy, XELOX (capecitabine and oxaliplatin) or FOLFOX (folinic acid, fluorouracil and 

oxaliplatin).  For advanced or stage IV disease, FOLFOX, XELOX or tegafur with uracil may be 

offered as first line treatment then either irinotecan as monotherapy or FOLFIRI (folinic acid, 

fluorouracil and irinotecan) as second line treatment.  Raltitrexed may be considered for 

patients who are intolerant to fluorouracil and folinic acid or for whom these drugs are 
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unsuitable.  NICE also has detailed guidelines on the use of biological agents such as cetuximab, 

bevacizumab and panitumumab for chemotherapy but, on the whole, are not generally 

recommended as they do not provide enough benefit to patients to justify the high costs, unless 

in specific circumstances.   

 

 

1.2 Chemotherapeutics 

1.2.1 The goals of chemotherapy  

The main goals of chemotherapy can be broadly categorised into three aims: to cure cancer 

or prevent recurrence; to control non-curable disease and prolong life or to improve quality of 

life by palliating symptoms.  These aims are often achieved in combination with other 

modalities of cancer treatment such as radiotherapy and surgery. 

 

1.2.2 Classes and mechanisms of action of chemotherapy agents 

Chemotherapy offers one modality in the treatment of cancer and generally refers to the use 

of chemical substances or drugs to do so.  They are often sub-divided into cytotoxic therapies 

(agents that take advantage of the rapidly dividing state of cancer cells to induce cell death but 

are usually non-specific, resulting in a high side-effect profile); targeted therapies (agents that 

act on cancer specific molecules or metabolic pathways) and hormonal therapies (agents that 

manipulate the endocrine system to affect hormone-sensitive tumours).  

 

1.2.2.1 Cytotoxic therapies 

Cytotoxic agents cause cell damage or death and are the oldest class of anti-cancer agents.  

They were first identified as a potential chemotherapy agent during World War I when mustard 

gas was used as a chemical weapon and affected individuals demonstrated anaemia and bone 
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marrow suppression [32].  This eventually led to the first trial of derivatives of this agent as a 

treatment for haematological cancers [33].   Cytotoxic agents can be further broadly categorised 

as follows: 

 

1.2.2.1.1 Alkylating agents 

Alkylating agents bind covalently to nucleic acids and proteins which subsequently induces 

apoptosis by causing torsional stress and DNA damage during replication [34, 35].  These agents 

are cell-cycle independent, working at any phase of the cell-cycle.  Consequently, their effect on 

the cell is dose-dependent and the fraction of cells that die is directly proportional to the dose of 

drug [36].  This dose-dependent effect also correlates with the risk of developing acute 

leukaemia, with the risk highest about 5 to 10 years after treatment [37].  Alkylating agents 

include nitrogen mustards (e.g. cyclophosphamide, ifosfamide, and melphalan); nitrosoureas 

(e.g. streptozocin, carmustine, and lomustine); tetrazines (e.g. dacarbazine, mitozolomide and 

temozolomide) and aziridines (e.g. thiotepa, mytomycin and diaziquone) [35].  Platinum based 

drugs (e.g. cisplatin, carboplatin, and oxalaplatin) are sometimes grouped with alkylating agents 

as they exert their cytotoxic effect through a similar mechanism [38]. 

 

1.2.2.1.2 Anti-metabolites 

Anti-metabolites are a group of agents that disrupt DNA and ribonucleic acid (RNA) 

synthesis.  They structurally resemble either nucleobases or nucleosides and induce cytotoxicity 

or cytostasis by either inhibiting enzymes required for DNA synthesis or becoming incorporated 

into DNA or RNA [39].  By impeding DNA synthesis, the agents prevent mitosis, whereas by 

incorporating into DNA, they cause double-strand DNA breakage and cell death.  Anti-

metabolites typically cause S phase arrest in the cell-cycle.  Consequently, upon reaching a 

certain dose, the effect of the agent on cell death reaches a plateau and no more cell death 

occurs with increased doses [35].  Anti-metabolites include anti-folates (e.g. methotrexate, 
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raltitrexed and pemetrexed); fluoropyrimidines (e.g. fluorouracil and capecitabine); 

deoxynucleoside analogues (e.g.  gemcitabine and pentostatin) and thiopurines (e.g. thioguanine 

and mercaptopurine) [35, 39]. 

  

1.2.2.1.3 Antibiotics  

Cytotoxic antibiotics are a diverse group of agents that have principally been derived from 

the bacterium genus Streptomyces and encompass a variety of mechanisms of action to exert 

their anti-tumour effect.  These include DNA intercalation, free radical production and 

topoisomerase inhibition [35, 40].  Like alkylating agents, they are also cell-cycle independent 

drugs.  Sub-groups of cytotoxic antibiotics include the anthracyclines (e.g. doxorubicin, 

daunorubicin and mitoxantrone) and chromomycins (e.g. dactinomycin and plicamycin).  Other 

common agents not in these groups include mitomycin and bleomycin. 

 

1.2.2.1.4 Topoisomerase inhibitors 

Topoisomerases, which comprise of the enzymes topoisomerase I and topoisomerase II, 

produce reversible single-strand breaks in DNA during replication, necessary to relieve 

torsional strain and allow DNA replication to proceed.  Topoisomerase inhibitors therefore 

impede this function and prevent DNA replication and transcription [41].  Drugs targeting 

topoisomerase I and causing inhibition include irinotecan and topotecan, whereas those 

targeting topoisomerase II either cause inhibition (e.g. novobiocin and merbarone) or increased 

expression to saturate DNA binding and prevent replication (e.g. etoposide and teniposide) [42]. 

 

1.2.2.1.5 Anti-microtubule agents 

Microtubules are important cellular structures and are a component of the cytoskeleton.  

They are found throughout the cytoplasm and are composed of α-tubulin and β-tubulin 

proteins, essential in maintaining the structure of the cell.  Microtubules are also involved in 
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chromosome separation during mitosis and meiosis, forming the major constituents of mitotic 

spindles [43].  Anti-microtubule agents are plant-derived chemicals that interfere with cell 

division by preventing microtubule function, which are usually in a state of assembly and 

disassembly.   They are cell-cycle specific and cause G2/M or M phase arrest but can damage 

cells at all phases of the cell-cycle.  The two main sub-groups of anti-microtubule agents are the 

vinca alkaloids (e.g. vincristine and vinblastine), derived from the Madagascar periwinkle, 

Catharanthus roseus and taxanes (e.g. docetaxel and paclitaxel), derived from the Pacific Yew 

tree, Taxus brevifolia or Taxus baccata [44].  The vinca alkaloids interfere with microtubule 

assembly, whereas the taxanes prevent microtubule disassembly.  Both mechanisms block 

tumour cells from completing mitosis, causing cell-cycle arrest and apoptosis [35].   

 

1.2.2.2 Targeted (biological) therapies 

Targeted therapies are a relatively new chemotherapeutic option for cancer and offer 

tumour-specific or patient-specific treatment.  Targeted therapies are designed to affect 

tumour-specific cellular proteins or processes such as mutant genes or transcription factors, 

allowing focused treatment with high concentrations being delivered to tumour cells with a 

relatively low concentration to other tissues.  This approach consequently has a much lower 

side-effect profile when compared to cytotoxic therapies [45].  They can be further grouped into 

small molecules (e.g. imatinib, gefitinib and sunitinib) or monoclonal antibodies (e.g.  rituximab, 

trastuzumab and cetuximab) [35]. 

 

1.2.2.3 Hormonal therapies 

Hormone therapy for cancer involves the manipulation of the endocrine system through 

exogenous administration of specific hormones or agents that inhibit specific hormone activity 

or production.  As steroid hormones are significant drivers of gene expression in certain tumour 

types, altering their levels or activity can result in tumour cell arrest or apoptosis.  It is a 
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particularly effective treatment in tumours which arise from hormone sensitive tissue or 

express genes that are hormone responsive such as the breast, prostate, endometrium and 

adrenal cortex.  Hormonal therapy may also be used in the palliative setting to ameliorate 

certain cancer and/or chemotherapy-associated symptoms, such as anorexia.  Hormonal 

therapy comprises a number of different agents which include anti-oestrogens (e.g. fulvestrant, 

tamoxifen, and toremifene); aromatase inhibitors (e.g. anastrozole, exemestane and letrozole); 

progestogens (e.g. megestrol acetate); oestrogens (e.g. diethylstilbestrol); anti-androgens (e.g. 

flutamide and bicalutamide); gonadotropin-releasing hormone (GnRH) analogues (e.g. 

leuprolide and goserelin) and somatostatin analogues (e.g. octreotide) [35]. 

 

 

1.3 Tumour hypoxia 

1.3.1 Tumour hypoxia – a historical and modern day issue 

Hypoxia, the phenomenon whereby the metabolic requirements of tissues are not met due 

to insufficient availability of oxygen, is a core feature of the solid tumour microenvironment 

[46].  Hypoxic tumours have proven to be a great challenge in the modern day medical 

management of affected patients, with an associated increase in morbidity, mortality and 

metastatic phenotype [47, 48]. 

 

First proposed in 1955, human tumours were thought to contain regions of hypoxic cells 

following observations that the distribution of necrosis relative to blood vessels in human 

tumours had a comparatively uniform distance of approximately 100 to 150 µM from the 

vessels.  This distance was then theorised to approximate the diffusion distance of oxygen [49].  

From this finding, it was further proposed that necrosis was the result of cells being at zero or 

near zero levels of oxygen whereas adjacent cells would likely be viable but at hypoxic levels of 

oxygen.  These findings correlated with the work of Gray and colleagues, who identified that low 
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levels of oxygenation conferred a cytoprotective effect against X-rays and led them to conclude 

that hypoxic cells in tumours could impede radiocurability (Fig. 1.3)  [50].  Considerable 

research into this phenomenon followed but it was not until the late 1980s before it was 

possible for the first time to measure tumour oxygenation status in vivo following the 

development of a computerised polarographic needle electrode (CPNE) system [51].  This 

innovation enabled rapid identification and characterisation of tumour hypoxia followed by its 

relevance to clinical outcome.  Hypoxia was found to be prevalent in approximately 50% of all 

locally advanced solid tumours, regardless of their size, histology and phenotype [52].  This was 

followed by clinical studies in carcinomas of the cervix and head and neck which showed a 

direct correlation between hypoxia and a poor response to chemoradiotherapy [53-56].  

 

 

Fig 1.3.  Increasing cellular hypoxia is associated with increased 

radiation resistance.  Decreases in oxygen availability due to perfusion-

limited hypoxia can protect against the effects of radiotherapy.  Reproduced 

with permission Carlson DJ et al [57]. 
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1.3.2 The effect of hypoxia on tumour biology 

Hypoxia has many effects on tumour biology which promote a more aggressive phenotype.  

These include inhibiting DNA repair, suppressing apoptosis and promoting autophagy, 

inhibiting the immune response, initiating the anabolic switch in metabolism and supporting 

genotypes that favour survival in hypoxia–re-oxygenation injury, such as TP53 mutations [58-

63].  Furthermore, hypoxia also contributes to the loss of genomic stability and enhances the 

epithelial-mesenchymal transition, tumour invasiveness and metastasis, angiogenesis and 

tyrosine kinase-mediated signalling [64-69]. 

 

1.3.2.1 Hypoxia and the HIF reactome 

Hypoxia-inducible factor (HIF) is a transcription factor that responds to decreases in 

oxygen, or hypoxia and is a heterodimer composed of an alpha and a beta subunit.  The beta 

subunit is an aryl hydrocarbon receptor nuclear translocator (ARNT).  In oxygenated cells HIF-α 

subunits are rapidly destroyed by the ubiquitin-proteasome pathway.  Ubiquitylation of HIF-α 

involves the von Hippel Lindau (VHL) tumour suppressor protein which interacts with HIF-α as 

the recognition component of an E3 ubiquitin ligase complex by hydroxylating the asparagine 

and proline residues in the HIF-α subunits.  Under hypoxic conditions, this process is 

suppressed resulting in stable, transcriptionally active HIF and HIF-α accumulates.  Nuclear 

entry and retention allow heterodimerisation with the constitutively nuclear HIF-β subunit, 

binding to hypoxia response elements (HREs) and recruitment of co-activators such as p300 

(Fig. 1.4).   This leads to a variety of effects, which, alongside their role in tumour metabolism, is 

discussed in section 1.4.2. 
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Fig .1.4.  The hypoxia mediated regulation of the HIF complex.  Stabilisation of the HIF 

complex through hypoxia leads to a variety of effects that promote a more aggressive 

tumour phenotype. 

 

1.3.3 Mechanisms for the development of hypoxia 

As discussed, a mismatch between oxygen supply and demand inevitably results in tissue 

hypoxia.  Although the partial pressure of oxygen at which this occurs varies at the measured 

endpoint, hypoxia is present in tumours when the partial pressure drops below a critical value 

to elicit a reduction in the adenosine triphosphate (ATP) production rate of the cell [70].  In 

normal subcutaneous tissue, the median value for oxygen partial pressure is usually between 40 

and 60 mmHg.  However, the average solid tumour might have a median oxygen partial 

pressure of approximately 10 mmHg.  A recent review showed that most human tumours have 

median oxygen levels lower than their normal tissue of origin [71].  Studies in breast cancer 

xenografts have demonstrated hypoxia can occur when the partial pressure drops below 40-50 
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mmHg at the venous end of capillaries (end-capillary blood) [72, 73].  However, on a global 

tissue level, detrimental changes usually occur at a partial pressure between 8-10 mmHg [74, 

75].  From these diverse values, we know that oxygen concentrations in human tumours are 

highly heterogeneous with some regions at less than 5 mmHg partial pressure of oxygen.  A 

partial pressure of 5 mmHg corresponds to approximately 0.7% oxygen in the gas phase or 7 

µM in solution. 

 

The aetiology of hypoxia can be broadly categorised into the following types.  However, 

there may be considerable overlap and one or more, or indeed all, may contribute to the overall 

hypoxia:   

 

1.3.3.1 Hypoxaemic hypoxia 

Hypoxaemic hypoxia occurs when the arterial concentration of oxygen is low with or 

without adequate perfusion of the tissue by blood.  This may occur through disease states such 

as chronic obstructive pulmonary disease (COPD) or environmental surroundings such as 

altitude sickness [76]. 

 

1.3.3.2 Anaemic hypoxia 

Almost all oxygen in the blood is bound to haemoglobin, which increases the oxygen-

carrying capacity of blood by about 40-fold [77].  Anaemic hypoxia occurs when the ability of 

the blood to carry oxygen is compromised with or without normal ambient oxygen levels.  This 

phenomenon occurs in states such as anaemia, where there is a reduced number of red cells 

capable of transporting oxygen or carbon monoxide (CO) poisoning, when haemoglobin is 

saturated with CO and unable to bind to oxygen [78]. 

 

 



39 
 

1.3.3.3 Cytotoxic hypoxia 

Certain drugs can induce hypoxia through ingestion or poisoning by preventing the ability of 

the cells to use oxygen.  The quantity of oxygen reaching the cells may be normal but the cells 

are unable to use the oxygen effectively, due to interruption of oxidative phosphorylation.  An 

example of such an agent is cyanide, which inhibits Complex IV in the mitochondria [79]. 

 

1.3.3.4 Ischaemic hypoxia 

Insufficient blood flow and reduced tissue perfusion can result in hypoxia and subsequent 

ischaemia [80].  Systemic causes include myocardial infarction, leading to reduced pump 

efficiency and thromboembolic events, which can occlude normal flow to tissues such as the 

brain following a stroke [81].  

 

1.3.3.5 Diffusional hypoxia 

Increasing tissue bulk can result in the deterioration of the diffusion geometry, resulting in a 

rate-limiting effect on the diffusion of oxygen from blood vessels into the tissue [82, 83]. 

 

1.3.4 The classical causes of tumour hypoxia 

Although each of these mechanisms may contribute to the overall hypoxia within tumours, 

ischaemic hypoxia and diffusional hypoxia remain the principal causes at a local level.  

Classically, they are described as steady-state (diffusion-limited) hypoxia and cycling 

(perfusion-modulated) hypoxia and are associated with permanent and transient limitations in 

oxygen diffusion respectively (Fig. 1.5) [83].   
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Figure 1.5.  The two main forms of tumour hypoxia: Diffusion-limited 

and perfusion-limited.  Hypoxia within tumours are principally caused by 

these two mechanism but may also be compounded by systemic causes.  

Reproduced with permission from Jordan BF et al [84]. 

 

As a tumour develops and grows beyond its blood supply, it may acquire a proangiogenic 

phenotype to allow the tumour to develop new vessels and to expand rapidly.  This ‘angiogenic 

switch’ is regulated by a number of factors that may either upregulate proangiogenic factors 

such as vascular endothelial growth factor 3 (VEGF3), fibroblast growth factor-β (FGF-β) and 

transforming growth factors such as TGF-α and TGF-β and/or downregulate angiogenesis 

inhibitors such as angiostatin and interferon-α (IFN-α) [85, 86].  However, despite the 

generation of new vascular networks, blood flow in the tumour may not necessarily increase as 

vasculature evolution is chaotic; resulting in blind ends, leaky vessel walls, arteriovenous 

shunting, stenoses and aneurysm formation (Fig. 1.6) [71, 87, 88].  These features result in 

transient limitations in blood perfusion and invariably, hypoxic cells downstream of the 

perfusion-impairing vessel abnormalities.  These cells are acutely hypoxic and are thought to be 

subjected to intermittent periods of hypoxia during their lifetime [89].   

 



41 
 

 

Figure 1.6.  Abnormal vasculature formation in tumours is a chief cause for 

tumour hypoxia.  Disordered vessel formation is a key feature of solid tumours,  

caused by a number of gene abnormalities.  Reproduced with permission from  

Brown JM et al [71]. 

  

Diffusion-limited hypoxia occurs as a result of distance from vessels, with hypoxic cells in 

regions beyond the diffusion distance of oxygen and typically adjacent to necrotic areas (Fig. 

1.4) [49].  These cells are chronically hypoxic and have a lifetime within the range of 4 to 10 

days in most experimental models [90].   

 

These two mechanisms of tumour hypoxia are biologically distinct and cells in regions with 

transient hypoxia may differ metabolically from those in regions with diffusion-limited hypoxia 

[90-92].  Consequently, they may offer different targets for therapy to improve tumour hypoxia. 

 

1.3.5 The clinical significance of tumour hypoxia 

Hypoxic tumours offer a great challenge to clinicians due to the effects of hypoxia on 

tumour biology that promote a more aggressive phenotype, which result in both a worse 

prognosis and resistance to therapy.  By focusing on tumour hypoxia to improve outcome, it 

provides an alternative and supplementary target for treatment.  
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1.3.5.1 Hypoxic tumours have a worse prognosis 

Tumour hypoxia is associated with a poorer prognosis.  This has been identified from 

several studies looking at the outcome of hypoxic tumours on overall survival (OS) and disease 

free survival (DFS) from a variety of different primary tumours (Fig. 1.7).  Head and neck 

squamous cell carcinomas (HNSCC) were one of the earliest tumours to be characterised for 

hypoxia and has been extensively studied.  Worse OS has been demonstrated in a number of 

studies, including the Continuous, Hyperfractionated Accelerated Radiotherapy (CHART) trial, 

whilst worse local control and DFS has been seen in trials with both neoadjuvant and adjuvant 

radiotherapy [47, 48, 55, 93, 94].  However, when these tumours were treated with nimorazole 

as a hypoxic radiosensitiser as part of the Danish Head and Neck Cancer Study (DAHANCA) 

phase III trial, there was a considerable improvement in outcome and further evidence that 

tumour hypoxia is a possible therapeutic target [95].  Hypoxia also predisposes tumours to 

metastatic spread, with a worse DFS seen in soft tissue sarcomas, breast, cervical and colorectal 

carcinomas [52, 96-100].   

 

Figure 1.7.   Prognostic and predictive significance of hypoxia in human tumours.  Table 

summarising the clinical significance of hypoxic tumours.  Reproduced with permission from 

Wilson WR et al [101]. 
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1.3.5.2 Treatment resistance 

Many of the mechanisms that lead to tumour hypoxia, both at a cellular and physical level, 

also result in an overall increase in treatment resistance.   

 

1.3.5.2.1 Chemotherapy 

Hypoxic cells can confer a level of chemoresistance through a number of different 

mechanisms.  Firstly, due to the physical properties of diffusional and ischaemic hypoxia, anti-

tumour agents are unable to reach the target cells and their effect is minimal or nullified (Fig. 

1.4) [102, 103].  Furthermore, cellular proliferation decreases as a function of distance from 

blood vessels and cytotoxic agents targeting the cell cycle become limited [104].  Secondly, 

hypoxia upregulates genes involved in drug resistance, such as those encoding multidrug 

resistance protein 1 (MDR1) [105, 106].  Thirdly, limited oxidation of DNA by oxygen free 

radicals in the hypoxic tumour microenvironment can result in the failure to induce DNA 

breaks. As a result, chemotherapy agents that rely on this mechanism, such as bleomycin, 

become relatively ineffective [107].  In other words, some agents require oxygen to exert their 

cytotoxic effect and tumour hypoxia can therefore protect against this.  Fourthly, hypoxia also 

selects for cells that have lost sensitivity to p53-mediated apoptosis, increasing their resistance 

to cytotoxic chemotherapy agents [63].  Finally and by no means complete, tumour hypoxia can 

stabilise hypoxia-inducible factor 1 (HIF-1) and increase the expression of ATP-binding cassette 

(ABC) transporters, promoting drug resistance and downregulate non-homologous end joining 

(NHEJ), impeding agents that target DNA double strands [105, 108].   

 

However, although hypoxic changes within tumours can confer chemoresistance, it is also 

important to note that some hypoxic changes can result in increased drug sensitivity.  Hypoxic 

tumour cells commonly arrest in the S phase of the cell cycle, which can lead to the collapse of 

stalled replication forks and consequently improve the efficacy of chemotherapy agents such as 
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poly(ADP-ribose) polymerase 1 (PARP-1) inhibitors [109].  An indirect effect of hypoxia is 

extracellular acidification, which can lead to increased uptake of acidic agents such as 

chlorambucil [110].   Furthermore, hypoxia downregulates nucleotide excision repair and 

homologous recombination, which can improve the sensitivity to DNA crosslinking agents such 

as the platinum-based drugs [111].  

 

1.3.5.2.2 Radiotherapy 

As previously noted, Gray and colleagues established that in the absence of oxygen, the 

effects of ionising radiation on cells and on tissues were markedly reduced [50].  However, the 

association between low oxygen levels and radioresistance was not a new observation and had 

been known since the 1920s [112, 113].  Hypoxic cells can be three-fold more resistant to 

radiation than normoxic cells [47, 48].  Ionising radiation works by creating highly reactive 

oxygen free radicals that lead to DNA damage and disruption of the tumour cell membrane.  

Oxygen stabilises these free radicals to perpetuate their action; therefore, in the presence of 

limited or no oxygen, these radicals are short-lived and a greater amount of radiation is 

required to have the same effect.  Additionally, proteomic changes from hypoxia can lead to the 

alteration of proliferation kinetics which may also protect against radiation, although this 

mechanism is not clearly understood [114].  Further investigation into this phenomenon has 

identified that oxygen has to be present at the time of irradiation for radiation sensitisation of 

hypoxic cells; with no effect observed even if oxygen is present immediately before or after the 

radiation exposure [115].   These findings gave rise to the physicochemical oxygen fixation 

hypothesis whereby oxygen perpetuates radiation damage as a consequence of its high affinity 

for the unpaired electron of the free radical produced by radiation.  This hypothesis also 

appears to explain the mechanism of radioresistance in vivo.  Studies using nitroimidazole and 

various analogues as hypoxic cell radiosensitisers have shown that tumours can become 

sensitised to radiation by a significant amount [116, 117].  Nitroimidazoles are electrophilic 

agents that substitute for oxygen in the physicochemical reaction but unlike oxygen, they are 
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not involved in normal metabolism and therefore do not suffer the problem of diffusion through 

tumour tissue.  These agents thus penetrate to the hypoxic cells in the tumour. 

 

1.3.6 Approaches to alleviate tumour hypoxia 

There have been several approaches to alleviate hypoxia within tumours, with a varied 

evidence base and outcome.  One such approach has been to correct hypoxia caused by anaemia, 

which is a common paraneoplastic syndrome.  The relationship between anaemia, tumour 

hypoxia and outcome has been extensively reviewed in both in vitro and in vivo studies [118-

120].  Kelleher and colleagues demonstrated that paraneoplastic anaemia resulted in a 

substantial worsening of tumour oxygenation in rats when measured with the CPNE system 

[120].  When this was corrected with either a blood transfusion or erythropoietin (EPO), the 

tumour hypoxia was only partially improved.  This relatively modest change is seen in some 

clinical studies whilst others show significant improvements, which has led to a contentious 

debate over the influence of haemoglobin level on tumour oxygenation [53, 118, 121-123].  

However, at a molecular level, there appears to be no association between haemoglobin level 

and the upregulation of HIF, the activation of proangiogenic pathways or vascular density [124, 

125].  Despite this controversy, there is evidence suggesting that treating anaemia may enhance 

both radiosensitivity and chemosensitivity of solid tumours and thus use of either EPO or blood 

transfusion could be a treatment option [120].  However, results from clinical trials thus far 

have failed to demonstrate any discernible improvement in patient outcome [126, 127]. 

 

Another approach has been to increase the arterial concentration of oxygen so that more 

oxygen is available to tumour tissue.  Techniques have ranged from the use of hyperbaric 

chambers, which use pressures higher than atmospheric pressure to deliver oxygen, to the use 

of hyperoxic gases such as carbogen, which has an oxygen concentration between 95-98%.  

Hyperbaric oxygen therapy (HBOT) has shown good results with local tumour control in HNSCC 

and cervical cancer, with an improvement in both OS and DFS [128].  However, it has been a 
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considerable challenge to combine delivery of radiotherapy with HBOT and consequently, an 

increased incidence of late radiation morbidity has been observed.  This was thought to be as a 

result of both delaying radiotherapy until after initiating HBOT and hypofractionation, where 

larger doses of radiation were given over a shorter time.  This has resulted in poor uptake of the 

technique in clinical practice [129].   Carbogen, however, has been more promising.  Hill and 

colleagues demonstrated that exposing mice to high levels of oxygen for as little as 5 minutes 

prior to irradiation, was sufficient enough to radiosensitise tumours [130].  This finding was 

also replicated in the clinical setting.  When carbogen was combined with the vasoactive agent, 

nicotinamide and accelerated radiotherapy (collectively known as ARCON), radiosensitivity of 

HNSCC and outcome were significantly improved [131].  ARCON addresses the classic causes of 

tumour hypoxia by targeting diffusion-limited hypoxia (carbogen) and perfusion-limited 

hypoxia (nicotinamide), whilst accelerated fractionated radiotherapy protects against tumour 

cell repopulation [132, 133].  

 

The use of hypoxic cell radiosensitisers has also been beneficial.  As discussed, 

nitroimidazoles substitute for oxygen in the physicochemical reaction and confer a 

radiosensitising effect on hypoxic tumours [116, 117].  However, due to the dose-limiting 

toxicity of many of the agents in this class, only nimorazole has been incorporated into regular 

clinical practice, being used to treat HNSCC in Denmark following the success of the DAHANCA-

5 trial [95]. 

 

Perhaps one of the most promising advancements in targeting tumour hypoxia has been the 

development of bioreductive produgs or hypoxic cytotoxins.  These agents selectively target and 

kill hypoxic cells by undergoing intracellular reduction to form active cytotoxic compounds.  The 

prodrug is converted into a free radical species by a one-electron reduction, which then becomes 

a substrate for reverse oxidation by O2 to form a superoxide and return to the original 

compound. This redox cycle prevents buildup of the prodrug radical in normoxic cells.  In 
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hypoxic cells, however, the prodrug radical accumulates and if it is more cytotoxic than the 

superoxide species, then cell death occurs [71].  Several types of agents that have the potential to 

be metabolised by enzymatic reduction under hypoxic conditions and thus employ this or a 

similar mechanism to target tumour hypoxia include the transition metals, nitro groups, 

aliphatic N-oxides, quinone antibiotics and aromatic N-oxides.  One of the earliest examples of 

use of this type of agent in the clinical setting was with the drug tirapazamine [134].  

Tirapazamine is an aromatic N-oxide which is up to 200-fold more toxic to hypoxic than 

normoxic cells in in vitro settings [135].  However, when tirapamazine was used in clinical trials, 

there has been mixed success [136].  The drug has been shown to be very effective in enhancing 

the chemotherapeutic action of cisplatin by increasing the sensitivity of tumour cells to cisplatin 

[137].  Early clinical trials showed promise, with an improved response rate and prolonged 

survival seen in advanced non-small-cell lung cancer and improved survival in HNSCC in 

combination with cisplatin therapy [138, 139].  However, an update of a Phase III trial looking at 

tirapazamine, cisplatin, and radiation versus cisplatin and radiation for advanced HNSCC found 

no evidence that the addition of the agent to standard chemoradiotherapy improved OS [140].  

Despite the disappointing results, clinical trials have continued with newer bioreductive agents 

following several criticisms of the HNSCC trial which identified poor radiotherapy compliance, 

poor management of drug toxicity and lack of patient selection based on tumour hypoxia, which 

meant that cohorts of patients with hypoxic tumours that could have been benefiting from the 

treatment were not easily identified [141].  Rischin and colleagues, however, did demonstrate an 

improvement in local recurrence when the drug was combined with [18F]-fluoromisonidazole 

positron emission tomography (FMISO-PET) as part of a substudy of the original trial [142].  The 

FMISO-PET imaging specifically identified patients with hypoxic tumours, which allayed some of 

the aforementioned criticisms.      

 

More recently, there has been a growing movement towards targeting the tumour 

microenvironment and metabolism to improve tumour hypoxia.  The relationship 
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between tumour cell metabolism and tumour hypoxia is a complicated one and will be 

discussed in greater detail later but it does provide a number of potential therapeutic 

targets.  Cells respond to hypoxia by regulating the expression of many genes and the 

induction of subsequent pathways.  By targeting different components of these 

pathways, more specific and effective therapies can be developed.  A good example and 

one that is relatively well understood is the HIF-1 hypoxic response pathway and has 

been a focus for chemotherapy [143].  HIF-1 is implicated in tumour cell survival, glucose 

utilisation and angiogenesis and is associated with a poorer clinical prognosis [144, 145].  

A number of approaches exist for inhibiting the HIF-1 pathway, which include targeting 

pathways responsible for HIF-1 synthesis, HIF-1 itself, or HIF-1 activated downstream 

pathways [146].  Focusing on HIF-1 synthesis, inhibitors against the epidermal growth 

factor (EGF) receptor, phosphatidylinositol 3-kinase (PI3K), the mitogen-activated 

protein kinase (MAPK) pathway and their downstream protein kinases, such as 

mammalian target of rapamycin (mTOR) have been shown to reduce tumour hypoxia 

[147].  Inhibiting these biological response pathways have garnered considerable 

interest and has led to a number of phase I and II trials [143, 148].  However, other 

components of the tumour microenvironment have also been exploited, including 

targeting the proangiogenenic growth factor, VEGF [149-151]. Hypoxia-induced 

angiogenesis is crucial in the development and metastasis of solid tumours and by 

suppression of HIF-1α/VEGF-A pathways, this mechanism can be inhibited and be of 

potential clinical benefit [149].  The scope of targeting tumour cell metabolism to 

improve hypoxia is vast but one that is both promising and ever developing.    
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1.4 Tumour cell metabolism   

 1.4.1 The Warburg Effect 

 Tumour metabolism, specifically metabolism of glucose, was first shown to be distinct from 

that of cells in normal tissues by Otto Warburg in 1924 [152].  Translating Pasteur’s 

observations on glucose fermentation to ethanol in yeast, Warburg determined that tumour 

cells preferentially ‘fermented’ glucose into lactate despite the presence of sufficient oxygen to 

support mitochondrial oxidative phosphorylation.  This was an observation that appeared 

unique to tumour tissue and the fact that tumour cells mainly generate energy (ATP) by non-

oxidative breakdown of glucose (aerobic glycolysis) came to be known as the Warburg Effect.  

This observation led to Warburg’s hypothesis that postulated that the driver of carcinogenesis 

was an insufficient cellular respiration caused by insult to the mitochondria.  However, although 

this theory has since been shown to be mistaken, a definitive explanation for the Warburg Effect 

has remained elusive, principally because the energy requirements of cell proliferation appear 

to be better met by complete catabolism of glucose, using mitochondrial oxidative 

phosphorylation to maximise ATP production [153].  Proposed explanations, however, include 

the fact that it could simply be the consequence of mitochondrial damage in cancer or as an 

adaptation to the hypoxic tumour microenvironment.  It may also be as a result of cancer genes 

disabling the mitochondria as they are integral to the apoptosis of malignant cells or as an effect 

associated with cell proliferation.  As glycolysis is essential in providing the substrates 

necessary for cell proliferation, tumour cells may need to activate glycolysis, with or without 

oxygen, to proliferate. 

 

 To put all of this into context, it is important to first review the steps of cellular metabolism 

and respiration that lead to the production of energy.  

 

1.4.1.1 The glycolytic pathway 
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 The glycolytic pathway, as the name suggest, describes a sequence of steps that lead to the 

metabolism of glucose, which is a derivative product of carbohydrate.  The pathway takes place 

in the cell cytoplasm and comprises a series of ten steps involving a variety of intermediate 

structures and enzymatic reactions, where essentially the 6-carbon molecule glucose is broken 

down to two 3-carbon pyruvate molecules (See Fig. 1.8).  This is an exergonic reaction, which 

requires 2 ATP molecules to be broken down to drive the splitting of glucose into the 2 

pyruvates but overall actually produces 4 ATP molecules and a net gain of 2 ATP in total.  

Glycolysis also produces 2 reduced nicotinamide adenine dinucleotide (NADH) molecules, 

which are subsequently fed into the electron transport chain and oxidative phosphorylation.  

The whole process can be broadly divided into two phases; the investment phase, where ATP is 

consumed and the pay-off phase, where ATP is produced.  During the investment phase, glucose 

is metabolised into glyceraldehyde-3-phosphate (G3P) through a sequence of five separate and 

consecutive processes.  The following five processes comprise of the pay-off phase, where G3P 

is metabolised to pyruvate and a net gain of NADH and ATP.  The metabolism of glucose is an 

anaerobic process and depending on the availability of oxygen, the cell can either move into the 

process of aerobic respiration and proceed to the citric acid cycle or continue with the less 

efficient process of anaerobic respiration called homolactic fermentation.  In the latter, hypoxia 

forces NADH to remain in its reduced form and transfers the hydrogen to pyruvate through the 

action of the enzyme lactate dehydrogenase (LDH) and produce lactate. 
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  Figure 1.8.  Overview of the glycolytic pathway.  Glycolysis can be separated into 

  two phases: the investment phase (steps 1-5) and the pay-off phase (steps 6-10).   

  Reproduced with permission from Pelicano H et al [154].  

 

1.4.1.2 The citric acid cycle (Krebs cycle) 

  The citric acid cycle is a highly efficient and integral metabolic pathway that combines fat, 

carbohydrate and protein metabolism.  It is an amphibolic pathway because it is involved in 

both the synthesis and degradation of biomolecules.  Alongside the synthesis of acetyl-

coenzyme A (acetyl-CoA), which is generated from glucose, fatty acids or amino acids, other 

molecules are metabolised by the cycle.  Several amino acids are degraded to become various 

intermediates of the cycle, whilst fatty acids are metabolised to form succinyl coenzyme A.  In 

normoxia, pyruvate, the end product of preceding glycolysis, enters the mitochondrial matrix 

and is converted into acetyl-CoA, NADH and carbon dioxide (CO2).  Acetyl-CoA then enters the 
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citric acid cycle and reacts with oxaloacetate to form citric acid.  Citric acid undergoes a series of 

enzymatic reactions to ultimately yield oxaloacetate, which is then used again in the first step of 

the next cycle (See Fig. 1.9).  After citrate has been formed, the cycle machinery continues 

through eight distinct enzymatic reactions that produce, in order, aconitate, isocitrate, α-

ketoglutarate, succinyl coenzyme A, succinate, fumarate, malate and oxaloacetate.  During the 

eight reactions that take place, for every molecule of acetyl-CoA that enter the cycle, three 

NADH, one reduced flavin adenine dinucleotide (FADH) and one molecule of ATP are produced.  

The NADH and FAD/FADH generated by the citric acid cycle is in turn fed into the oxidative 

phosphorylation pathway.  The citric acid cycle is present in virtually all mitochondria 

containing cells but functions only as part of aerobic metabolism, owing to the close association 

with oxidative phosphorylation.  The net result is the oxidation of nutrients to produce usable 

chemical energy in the form of ATP.  

  

  Figure 1.9.  Overview of the citric acid (Krebs) cycle.   A highly efficient metabolic  

  process, the cycle is a rare example of a genuine cycle where citrate is both the starting  

  and end product.  
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 1.4.1.3 Oxidative phosphorylation and the electron transport chain 

 Oxidative phosphorylation represents the final stage of cellular respiration.  The NADH and 

FADH produced in glycolysis, the citric acid cycle and pyruvate metabolism now enter the 

mitochondrial inner membrane and are oxidised, which results in the release of electrons.  

These electrons then pass through the electron transport chain, which comprise of a series of 

four protein complexes known as Complexes I-IV.  This flow of electrons produces energy which 

then drives the phosphorylation of adenosine diphosphate (ADP) into ATP (See Fig. 1.10).  

NADH and FADH act as electron transporters as they flow through the inner membrane space.  

In Complex I (NADH dehydrogenase), electrons are passed from NADH (being oxidised to NAD) 

to the electron transport chain, where they cycle through the remaining complexes.  Complex II 

(succinate dehydrogenase) oxidises FADH, cycling more electrons for the chain.  Complex III 

(CoQH2-cytochrome c reductase) facilitates the transfer of the electrons from Complexes I and II 

to Complex IV (cytochrome c oxidase), where they are transferred to a molecule of oxygen, 

which is then reduced to water.  Throughout this process of sequential reduction and oxidation, 

energy is released which then drives the pumping of protons out of the intermembrane space 

into the cytosol.  This results in a net negative charge in the matrix and a net positive charge in 

the intermembrane space, establishing an electrochemical gradient.  Positive hydrogen ions 

flow back across the membrane through ion channels supported by Complex V (ATP synthase), 

using the energy created by this exergonic process to phosphorylate ADP into ATP.  The 

transport of just two electrons through the electron transport chain generates enough free 

energy in the form of the electrochemical gradient to drive the synthesis of one molecule of ATP.  

In total, oxidative phosphorylation produces approximately 90% of the body's total ATP. 
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  Figure 1.10.  Schematic of the electron transport chain in mitochondria.  The  

  transfer of electrons across the various complexes generate energy, resulting in a  

  significant ATP payload.  Reproduced with permission from Brownlee M et al [155]. 

 

 

1.4.1.4 Summary 

 Essentially, in the presence of oxygen, non-proliferating (differentiated) tissues metabolise 

glucose to pyruvate via glycolysis and then completely oxidise most of that pyruvate in the 

mitochondria via the electron transport chain, to generate approximately 36 molecules of ATP 

per molecule of glucose (See Fig. 1.11).   When oxygen is limiting, cells can redirect the pyruvate 

away from mitochondrial oxidative phosphorylation by generating lactate in a process known 

as anaerobic glycolysis (homolactic fermentation).  This generation of lactate allows glycolysis 

to continue but results in minimal ATP production.  In tumour cells and in normal proliferative 

tissues, however, cells tend to convert most glucose to lactate regardless of whether oxygen is 

present in a process known as aerobic glycolysis (Warburg Effect).  The mitochondria remain 

functional and some oxidative phosphorylation continues but overall ATP production remains 

lower than normal cellular respiration. 
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 Figure 1.11.  Differences between oxidative phosphorylation, anaerobic glycolysis  

 and aerobic glycolysis (Warburg effect).  Reproduced with permission from Vander  

 Heiden MG et al [153]. 

 

 

 1.4.2 The effect of hypoxia on tumour metabolism 

 As briefly mentioned, the relationship between tumour cell metabolism and tumour 

hypoxia is complex.  The Warburg Effect demonstrates that changes in metabolism are apparent 

in tumour cells.  Sustained hypoxia can result in changes in the proteome and genome of 

neoplastic and surrounding stromal cells, altering the tumour microenvironment leading to 

local growth, dissemination and propagation [46].  These changes may occur from post-

transcriptional and post-translational effects and from inhibition or stimulation of gene 

expression.  For example, hypoxia induces expression of HIF-1, which is a transcription factor 

that promotes tumour survival through its impact on several metabolic pathways and genes and 

has consequently been a focus for chemotherapy [143, 156].  Specifically, HIF-1 has been 

identified to affect genes involved in the glycolytic pathway in order to cope with reductions in 
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oxygen availability and consumption.  These include but are not limited to, glucose transporter 

1 (GLUT1), pyruvate kinase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hexokinase, 

phosphoglucose isomerase, phosphofructokinase, LDH and pyruvate dehydrogenase kinase.  

GLUT1 is a glucose transporter, facilitating the movement of hexose sugars along the 

concentration gradient and has been shown to be upregulated by HIF-1 with changes occurring 

at both the mRNA and protein levels [157].  This upregulation increases the uptake of glucose 

into the tumour cells allowing for a higher rate of glycolysis and proliferation [158].  Hexokinase 

is also upregulated by HIF-1 with both protein and mRNA levels significantly increased.  As the 

first enzyme involved in the glycolytic pathway and therefore an initiator of glycolysis, this 

results in an increased flux of glucose through the glycolytic pathway following the increased 

uptake by GLUT1 [159, 160].  Activation of phosphoglucose isomerase through HIF-1 also 

results in increased cell motility and invasion during metastasis alongside increasing 

availability and conversion of glucose 6-phosphate to fructose 6-phosphate [161].  These 

intermediates can then be shuffled into the pentose phosphate pathway to engage in nucleotide 

synthesis, which is crucial for tumour cell division [162].  Significantly, HIF-1 increases 

expression of both pyruvate dehydrogenase kinase and LDH.  These changes suppress 

mitochondrial metabolism by directing pyruvate away from entering the citric acid cycle and 

oxidative phosphorylation and towards LDH, lactate production and acidification, all of which 

are associated with a more aggressive tumour phenotype [160, 163].  Lactate is then 

transported out of the hypoxic cell by monocarboxylate transporter 4 (MCT4) which is a 

hypoxia induced transporter.  The free lactate in the extracellular space is then taken up by 

monocarboxylate transporter 1 (MCT1) into aerobic tumour cells, which convert it back to 

pyruvate and then use it as an energy source.  This mechanism allows hypoxic cells to take up 

the majority of available nutrients without requiring large quantities of glucose [160].  

However, it must be noted that generally the level of glycolysis in tumour cells is high, 

regardless of the level of oxidative phosphorylation activity and can also be upregulated in 

response to downregulation of oxidative phosphorylation.  This is shown through relatively low 
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Complex V activity in tumours at raised levels of glycolysis [164].  Suffice to say, hypoxia has 

innumerable effects on tumour cell metabolism, making it a prime target for focusing anti-

tumour therapy.    

 

   

1.5 The cell cycle and cancer 

1.5.1 The regulation of the cell cycle 

As previously discussed, the majority of cytotoxic agents have a degree of cell cycle 

arrest or inhibition either directly or indirectly.  Loss of control of the cell cycle 

machinery is one of the earliest hallmarks of cancer but the rapid proliferative state of 

malignant cells also provide a target for therapy [165].  

 

The cell cycle is divided into four distinct and sequential phases (see Fig. 1.12) [166].   

Perhaps most important are the Synthesis (S) and Mitosis (M) phases which represent 

the stages of DNA replication and cell division respectively.  They are separated by two 

Gap (G) phases, G1 and G2.  G1 follows M phase and is also known as the growth phase.  

During this phase the cellular activities, which are almost stationary during M phase, 

resume at a high rate and is marked by an increase in protein and enzymes synthesis 

required for S phase.  Importantly, it is under the control of the TP53 gene.  G2 follows S 

phase and is marked by the production of microtubules, necessary for mitosis.  

Progression through this cycle is driven by cyclins and cyclin-dependent kinases (CDKs) 

and are essential in the function of the checkpoints.  The major function of checkpoints is 

to assess DNA damage.  There are 3 checkpoints within the cell cycle: at the end of G1 

(restriction checkpoint), at the end of G2 and at the metaphase stage of M phase 

(metaphase/spindle checkpoint).  The restriction checkpoint is responsible for making 
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the key decision of whether the cell should divide, delay division or enter quiescence.  

The majority of cells stop at this stage and enter a resting state called G0.   

 

 

Figure 1.12.  Overview of the phases and checkpoints of the cell cycle.   

 

1.5.2 The cell cycle and tumour metabolism 

The association between tumour metabolism, hypoxia and the cell cycle is relatively 

novel and only recently been investigated.  Nutrient availability and metabolic status are 

crucial factors in the decision of a cell to proliferate or enter quiescence and this has 

certainly been well described at the G1 checkpoint but less so at different stages of the 

cycle [167].  It has, however, been demonstrated that both glutaminase 1 (GLS1) and 6-

phosphofructo-2-kinase/fructose-2,6-biphosphatase isoform 3 (PFKFB3) are involved in 

the regulation of the G1/S checkpoint and both increase during cell division [167, 168].  

Interestingly, inhibition of either of these glycolytic enzymes prevents cell progression 

towards S phase.  Further supportive evidence associating cell cycle control and 

metabolism can be seen with the rise and fall of various other glycolytic pathway 

biomolecules throughout the different phases of the cell cycle, affecting the control of 

both glycolysis and glutaminolysis [167].  As elucidated earlier, hypoxia can affect both 
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metabolism e.g. lactate production and the cell cycle e.g. HIF-1 suppression of p53, thus a 

link between these three areas is perhaps not a surprise.  Considering this relationship 

alongside oxidative phosphorylation, targeting the cell cycle to reduce oxygen demand 

and therefore improve tumour hypoxia, provides another potential therapeutic avenue. 

 

 

1.6 Summary 

Colorectal cancer continues to be a significant cause of worldwide mortality and the 

modalities of cytotoxic chemotherapy, radiotherapy and surgery remain the mainstay of 

treatment options.  However, whilst morbidity and mortality rates have improved, it is 

important to strive towards different therapeutic options and improvements in current 

therapies.  Tumour hypoxia has been recognised as a chief contributor to poorer outcomes and 

a number of different approaches to address this have been investigated. By better 

understanding the association between tumour hypoxia and tumour metabolism and by 

exploiting these hypoxia response and metabolic pathways we can hope to improve patient 

outcomes.  

 

 

 

 

 

 

 

 

 

 



60 
 

1.7 Research aims 

1. To identify agents from established chemotherapeutics that may reduce oxygen 

consumption independent of toxicity. 

2. To investigate whether it is possible to reduce hypoxia by manipulating oxygen 

consumption/respiration. 

3. To determine whether an improvement in tumour hypoxia, via this approach, improves 

radiosensitivity. 

 

 

Figure 1.13.  Simplified overview of D.Phil project.  Each step was subject to 

several repeats to ensure validity and reproducibility. 
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CHAPTER 2:  MATERIALS AND METHODS 

 

2.1 Cell lines, cell culture, passaging and seeding 

2.1.1 Cell lines  

The following cancer cell lines were used: MRC5 (human lung fibroblasts), COLO320DM, 

DLD1, HCT116 and HT29 (all human colon cancer).  Cancer cell lines were purchased from the 

American Type Culture Collection.  MRC5 was cultured in F-12 HAM medium (N6658, Sigma-

Aldrich UK) with 10% fetal bovine serum (FBS) (F6178, Sigma-Aldrich UK) and 5% penicillin-

streptomycin (P4333, Sigma-Aldrich UK).  COLO320DM, DLD1, HCT116 and HT29 were grown 

in Roswell Park Memorial Institute 1640 (RPMI 1640) medium (R8758, Sigma-Aldrich UK) 

supplemented with 10% FBS and 5% penicillin-streptomycin.  The colorectal cancer cell lines 

were selected based on their molecular characteristics and will be discussed in Chapter 3.     

 

2.1.2 Cell culture, passaging and seeding 

All cell culture experiments were performed under sterile conditions in a laminar flow hood 

and grown in a sterile incubator (Binder) at 5% CO2 and 37°C.  All cells were used at 70-80% 

confluency and kept for no more than 10 passages.  Experiments were conducted with cells 

between passages 6-8.  Cells were dissociated for passage using trypsin (T3924, Sigma-Aldrich 

UK).  Cell numbers were determined using the NucleoCounter NC-100 automated cell counter 

(Chemometec).  The doubling time for DLD1 and HCT116 cell lines was ~24-28 hours and for 

COLO320DM and HT29 cell lines ~28-32 hours.. 
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2.2 Chemotherapy agents 

 2.2.1 Source of agents  

 

Table 2.1.  Summary of chemotherapy agents used and their solubilities in vitro. 

Drug Solubility (in vitro) Source Catalogue Code 

Docetaxel 162 mg/ml DMSO Selleckchem UK S1148 

Etoposide 30 mg/ml DMSO Sigma-Aldrich UK E1383 

Fluorouracil 26 mg/ml DMSO Selleckchem UK S1209 

Gemcitabine HCl 19 mg/ml H2O Selleckchem UK S1149 

Hydroxyurea 50 mg/ml H2O Sigma-Aldrich UK H8627 

Irinotecan HCl 

Trihydrate (SN38) 

100 mg/ml DMSO Selleckchem UK S2217 

Mitomycin C 15 mg/ml DMSO Sigma-Aldrich UK Y0000378 

L-Mimosine 15 mg/ml 10% NaHCO3 Sigma-Aldrich UK M0253 

Mitoxantrone HCl 89 mg/ml DMSO Selleckchem UK S2485 

Nocodazole 7 mg/ml DMSO Sigma-Aldrich UK M1404 

Oxaliplatin 14 mg/ml DMSO Selleckchem UK S1224 

Vincristine 100 mg/ml DMSO Selleckchem UK S1241 

VX-680 93 mg/ml DMSO Selleckchem UK S1048 

 

 2.2.2 Creating concentrations for in vitro testing 

 A stock solution of each drug was made up with either dimethyl sulphoxide (DMSO) 

(472301, Sigma-Aldrich UK) or distilled water, dependent on the solubilities of each agent (See 
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Table 2.1) and serially diluted to achieve desired concentrations.  Solutions were stored at -80°C 

and allowed to thaw at 37°C in a water bath when required for in vitro testing. 

  

2.2.3 Creating doses for in vivo testing 

 Docetaxel was prepared for intraperitoneal injection by creating a stock solution of 20 

mg/ml in DMSO and adding an equal volume of Tween 80 (P4780, Sigma-Aldrich UK) and 

diluting with 5% dextrose in water (S2123, Selleckchem UK) to the final volume.  This solution 

was diluted with 0.9% saline (S8776, Sigma-Aldrich UK) to give doses of 0.1 and 1 mg/kg in 100 

µl of 0.9% saline.  Gemcitabine was prepared for intraperitoneal injection by dissolving 20 

mg/ml in 0.9% saline and diluted to desired doses of 1 and 5 mg/kg in 100 µl of 0.9% saline.  

Solutions were stored at -80°C and allowed to thaw at room temperature when required for in 

vivo injection. 

 

 

2.3 Clonogenic survival and cytotoxicity assays 

2.3.1 Clonogenic survival assay 

Clonogenic survival was used to measure the replicative capacity of cells after treatment.  

300 cells of each tumour line were plated per well of a 6-well flat-bottom plate (CLS3516, Sigma-

Aldrich UK) in 2 mls of RPMI 1640.  After cells were allowed to adhere for 4 hours, they were 

exposed for 24 hours to a treatment and concentration.  After treatment, the medium was 

replaced with fresh untreated medium and plates were allowed to incubate undisturbed for 14 

days at 5% CO2 and 37°C.  The resultant colonies were fixed and stained with 1% crystal violet in 

pure ethanol (S1917, Selleckchem UK) for several seconds, which was then poured off and the 

plates washed with distilled water before being allowed to air dry on the work bench at room 
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temperature.  The colonies were then counted on the GelCount Tumour Colony Counter (Oxford 

Optronix) and the data plotted and analysed with GraphPad Prism 5.0. 

 

2.3.2 Cytotoxicity assays 

Different cytotoxicity assays were performed and optimised to determine and confirm ideal 

sub-cytotoxic concentrations for testing as accurately as possible.  These included the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and resazurin sodium assays.  

The data presented in the thesis is from the resazurin assay. 

  

2.3.2.1  MTT assay 

The MTT assay is a colourimetric assay for assessing cell metabolic activity as an indirect 

measure of number of viable cells present. Intracellular enzymes reduce the tetrazolium dye, 

MTT, to insoluble formazan, which has a deep purple colour.  DLD1 and HCT116 cells were 

seeded in 96-well flat-bottom plates (CLS3585, Sigma-Aldrich UK) at a concentration of 2000 

and 5000 cells/well in 100 µl of RPMI 1640 respectively and were allowed to incubate for 24 

hours for cells to adhere.  The technique of serial dilutions to create exponentially increasing 

drug concentrations for cytotoxicity testing was performed as follows.  1 ml of medium was 

added to the first ten wells of a dilution tray (6015, Pires Track), followed by a further 1 ml 

addition to the first well.  5 µl/ml of 20 mM drug stock was added to the first well to achieve a 

starting drug concentration of 100 µM.  1:2 dilutions from well 1 to 2 was performed, mixed, and 

then repeated for well 2 to 3 and so on to well 9.  Well 10 was kept as an untreated control lane.  

This effectively resulted in well concentrations of: 100, 50, 25, 12.5, 6.25, 3.125, 1.5625, 0.78125, 

0.39, and 0 µM.  Using a multi-well pipette, 100 l of drug dilution was dispensed into each well 

of the 96-well plate in triplicate.  This resulted in a further 1:2 dilution of drug, giving effective 

well concentrations of: 50, 25, 12.5, 6.25, 3.125, 1.5625, 0.78125, 0.39, 0.195 and 0 µM (See Fig. 
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2.1 – courtesy of Dr. Matthew Hall, National Institutes of Health, USA).  The plate was then 

allowed to incubate for 72 hours at 5% CO2 and 37°C. 

 

 

 

A 10x MTT (M2128, Sigma-Aldrich UK) stock solution was created by dissolving 5 mg/ml of 

MTT in PBS.  This was diluted to 1x concentration by making a 1:10 dilution in IMEM cell growth 
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media (10373017, Life Technologies).  The medium was then removed from the wells of the 96-

well plate and replaced immediately with 100 µl of 1x MTT solution per well and allowed to 

incubate for 2-4 hours at 5% CO2 and 37°C, until control cells were visibly purple in colour.  The 

MTT solution was removed and replaced with 100 µl of solubilisation buffer (80% ethanol in 0.1 

M HCl) per well and left for 10-15 minutes at room temperature.  Finally, the absorbance was 

measured at 570 nm via the microplate reader (Tecan Infinite 200 Pro) and the values plotted, 

analysed and the IC50 values calculated with GraphPad Prism 5.0.  Initial cell seeding 

concentrations were determined following optimisation studies (See Fig. 2.2). 

 

 

 

2.3.2.2 Resazurin sodium assay 

The Resazurin sodium assay measures the ability of living cells to convert resazurin (blue 

redox dye) into resofurin (pink end product).  Non-viable cells that lose the metabolic capacity 

to reduce this dye do not generate a fluorescent signal.  1 mg/ml of resazurin sodium (R7017, 

Sigma-Aldrich UK) was dissolved in sterile PBS and then filter sterilised using 0.22 µM syringe 
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filters (Z359904, Sigma-Aldrich UK) to create a 10x stock.  Tumour cells seeded in 96-well flat-

bottom plates at a concentration of 10,000 cells/well in 200 µl of RPMI 1640, were treated for 

24 hours with the tested drug before being removed and replaced with fresh media.  20 µl of 1x 

resazurin was pipetted into each well and the plate incubated for 1-2 hours at 5% CO2 and 37°C.  

Plates were then visually inspected after an hour for a pink/purple colour change, being 

returned to the incubator and reviewed every 20 minutes until this was apparent.  Following 

incubation, the fluorescence was measured at 590 nm via the microplate reader and the values 

plotted, analysed and the IC50 values calculated with GraphPad Prism 5.0. 

 

 

2.4 Oxygen consumption rate (OCR) and mitochondrial stress experiments 

2.4.1 OCR testing 

Oxygen consumption testing was performed with the Extracellular Flux (XF) 96 Analyzer 

(Seahorse Bioscience), which was able to measure in real time the uptake and excretion of 

metabolic end products.  This was achieved through use of the XF96 FluxPaks (102416-100, 

Seahorse Bioscience), which contained a disposable sensor cartridge and a XF96-well 

microplate.  The sensor cartridge was embedded with 96 pairs of fluorescent biosensors for 

oxygen and pH, coupled to a fibre-optic waveguide to measure the extracellular flux changes of 

oxygen and protons in the media immediately surrounding adherent cells cultured in the XF96-

well microplate.  The waveguide delivers light at various excitation wavelengths (oxygen at 532 

nm and pH at 470 nm) and transmits a fluorescent signal, through optical filters (oxygen at 650 

nm and pH at 530 nm) to a set of highly sensitive photodetectors.  Each fluorophore is 

specifically designed to measure a particular analyte and the instrument allows simultaneous 

measurement of pH and oxygen. Oxygen consumption and proton extrusion cause rapid, 

measurable changes in oxygen tension and pH (within 3–5 minutes) within a transient 

microchamber (formed from a vacuum created between the media in the well and the sensor) in 
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each of the 96 wells.  Analyte levels are measured every 22 seconds until the oxygen 

concentration drops ∼30 mmHg and the media pH declines up to 0.4 pH units. 

 

Drug effect on cellular oxygen consumption was performed in two ways.   Tumour cells 

were seeded at 10,000 cells per well in 200 µl of RPMI 1640 in a XF96-well plate for 24 hours to 

allow cells to attach.  This was followed by either exposing the cells to treatment for 24 hours 

and then measuring the OCR or proceeding to measure the OCR immediately and injecting the 

treatment to measure the effect in real time over 24 hours.  In both approaches, one hour prior 

to measuring OCR, the culture medium was replaced with XF Assay Medium (102365-100, 

Seahorse Bioscience) supplemented with 5 mM sodium pyruvate (11360-070, Life 

Technologies) and 4 mM L-glutamine (25030-081, Life Technologies) at a pH of 7.4 and rested 

for 1 hour at 5% CO2 and 37°C.  Additionally, prior to measuring the OCR, all the wells of a sensor 

cartridge was filled with 200 µl of XF Calibrant Solution (100840-000, Seahorse Bioscience) and 

allowed to rest for at least 4 hours to a maximum of 72 hours at 5% CO2 and 37°C before being 

placed into the XF96 Analyzer to calibrate the machine for approximately 30 minutes.  The 

calibration step was done whilst the XF96-well plate was resting for the 1 hour, to maximise 

efficiency and minimise any potential discrepancies in the readings.  Following calibration, a 

preset programme of timings, duration and frequency of measurements were set and run.  

Firstly, the XF96 Analyzer would mix the assay media in each well for approximately 20 minutes 

to allow the oxygen partial pressure to reach equilibrium.  This was followed by measuring the 

OCR and extracellular acidification rate (ECAR) simultaneously for 4 minutes to establish a 

baseline rate.  The assay medium was then gently mixed again for 3 minutes between each rate 

measurement to restore normal oxygen tension and pH in the microenvironment surrounding 

the cells.  This cycle was repeated for a period of 4 hours if the cells had been treated for 24 

hours prior to reading or for a continuous 24 hours if the cells were being treated in real time.  

In the latter, after the baseline measurement, 25 µl of drug prepared in XF Assay Medium was 

injected into each well to reach the desired concentration.  This was followed by a once-only 
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mixing for 7 min to expedite compound exposure to cellular proteins, after which OCR and ECAR 

measurements were then made.  To account for any potential variation in cell number brought 

about by any drug-induced cell death; all raw OCR values were normalised to both the baseline 

readings and to cell density measurements as determined by Hoechst fluorescence, on a well-by-

well basis.  At the end of the assay, plates were fixed with 4% paraformaldehyde (PFA) (158127, 

Sigma-Aldrich UK) and stained with 2 μg/ml Hoechst 33342 (H3570, Invitrogen) prior to 

measuring fluorescence with the microplate reader. 

 

2.4.2 Mitochondrial stress tests  

Mitochondrial stress testing was performed via use of the XF Cell Mito Stress Test Kit 

(103015-100, Seahorse Bioscience).  Tumour cells were seeded on XF96-well plates and 

processed for OCR and ECAR measurements as described in section 2.4.1  Four measurements 

were taken before and three after each sequential injection of oligomycin (1 µM), FCCP (0.8 µM) 

and rotenone and antimycin A (both 1 µM), each at 25 µl volumes in XF Assay Medium.  The OCR 

linked to coupled respiration was calculated by subtracting OCR after the addition of oligomycin 

from basal OCR.  OCR after addition of the mitochondrial uncoupler FCCP reflected the maximal 

respiratory rate.  Non-mitochondrial respiration was determined after rotenone/antimycin A 

injection and was calculated by subtracting the OCR values from the basal OCR to determine the 

mitochondrial OCR.  Rotenone and oxamate (O2751, Sigma-Aldrich UK) were used to determine 

whether tumour cell lines were primarily oxidative or glycolytic in phenotype. 

 

 

2.5 Spheroids 

2.5.1 Spheroid creation 

Formation of spheroids for experiments between July 2012 and November 2013 were via 

the liquid overlay technique and from December 2013 to thesis completion were via use of the 
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lipidure plates.  All DLD1 spheroids were generated via the hanging drop method due to 

difficulties in creating them via either the liquid overlay technique or use of the lipidure plates. 

 

2.5.1.1 Liquid overlay  

24-well flat-bottom plates (CLS3526, Sigma-Aldrich UK) were coated with 250 µl of 1% 

(w/v) agarose (A9539; Sigma-Aldrich UK) and allowed to set for 5-10 minutes.  200 µl of RPMI 

1640 were added to each well and allowed to diffuse into the agarose for 20 minutes before 

being removed and the process repeated again.  Tumour cells were then seeded at a 

concentration of 10,000 cells per well in 200 µl of RPMI 1640 and cultured for 4 days without 

disturbance in a sterile incubator at 5% CO2 and 37°C.  Treatments were commenced in fresh 

medium on day 5 for 24 hours before being removed and proceeding with the next stage of the 

experiment. 

 

2.5.1.2 Lipidure plates  

Tumour cells were seeded in 96-well U-bottom lipidure-coat (51011610, NOF Europe) 

plates at a concentration of 10,000 cells per well in 200 µl of RPMI 1640 and then centrifuged at 

800 revolutions per minute (rpm) for 10 minutes.  The cells were then cultured for 4 days 

without disturbance in a sterile incubator at 5% CO2 and 37°C.  Treatments were commenced in 

fresh medium on day 5 for 24 hours before being removed and proceeding with the next stage of 

the experiment. 

 

2.5.1.3 Hanging drop 

10 µl drops of a DLD1 cell suspension of 2.5 x 106 cells/ml in RPMI 1640 was pipetted onto 

the underside of the lid of 48-well flat-bottom plates (SIAL0548, Sigma-Aldrich UK).  Each well 

was filled with 200 µl of sterile PBS and the lid was inverted and placed on top of the plate, 

taking care not to disturb the droplets.  The cells were then cultured for 4 days without 
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disturbance in a sterile incubator at 5% CO2 and 37°C.  Spheroids were then removed by pipette 

and transferred to 96-well round-bottom plates (SIAL079, Sigma-Aldrich UK) and treatments 

commenced in fresh medium for 24 hours before being removed and proceeding with the next 

stage of the experiment. 

 

2.5.2 EF5 incubation 

To quantify hypoxia, spheroids were incubated with EF5, which was a gift from Dr. Cameron 

Koch (University of Pennsylvania, Philadelphia, USA).  The EF5 was dissolved in PBS to obtain a 

3 mM concentration.  20 µl of this stock solution was then added to 180 µl of medium in each 

spheroid culture well to obtain the final concentration of 300 µM per spheroid.  Spheroids were 

allowed to incubate with EF5 for four hours.  

 

2.5.3 Spheroid processing for immunohistochemistry 

Following EF5 incubation, spheroids were aspirated from the wells with a de-tipped 200 µl 

pipette into 1.5 ml Eppendorf tubes.  Any excess media in the tubes were aspirated and 

discarded and the spheroids then washed with PBS before again being aspirated and discarded.  

500 µl of 4% PFA was added to each tube to fix the spheroids at 4°C overnight, following which 

the PFA was removed and the spheroids again washed with PBS and removed. The spheroids 

were then subject to preservation in 500 µl of 30% sucrose (S9378, Sigma-Aldrich UK) in PBS at 

4°C for 3 hours.  Once the spheroids were visibly at the bottom of each Eppendorf tube, 

the sucrose was removed and the spheroids aspirated with a de-tipped 1000 µl pipette 

and placed onto a pre-layer of optimal cutting temperature (OCT) compound (Tissue-Tek) in 

a cryomold (Tissue-Tek).  Further OCT compound was placed on top of the spheroids and the 

cryomolds stored at -80°C, ready for sectioning and staining (See Section 2.8). 

 

2.5.4 Mathematical modelling of OCR 
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Quantifying reduction in OCR via mathematical modelling was kindly performed by Dr. 

David Grimes (University of Oxford, Oxford, UK).  Spheroids were dual stained with EF5, which 

binds between 0.8 and 10 mmHg and the proliferation marker Ki-67.  The spheroids were grown 

and the central cross-section of the spheroids were subsequently taken.  Images of the sectioned 

and stained spheroids were then analysed with a MATLAB script, which measured the spheroid 

radius    and the interface between the Ki-67 and EF5,    .  It has been shown previously that if 

the external oxygen partial pressure around a spheroid    is known, then the oxygen partial 

pressure can be calculated at any point in the viable and oxygenated spheroid rim by:  
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where a is the oxygen consumption rate, D is the oxygen diffusion constant in water 

(approximately              ) and     is the anoxic radius of the spheroid. The constant Ω 

arises from Henry’s law and is given by                            .  As the spheroids in 

this work are sufficiently small that they do not exhibit any central anoxia, we set      which 

simplifies the equation.  The interface between the Ki-67 and EF5 occurs at the edge of the EF5 

binding threshold so that (   )          .  Thus we can re-arrange the equation above to 

estimate oxygen consumption rate a, which yields:  
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This identity allows estimation of oxygen consumption rate given the parameters of 

spheroid radius    and EF5 boundary radius     , and facilitates cross-comparison of spheroids 

treated with different agents.  Whilst the above equations presume oxygen consumption rate a 

remains constant throughout the spheroid, it should be noted that only very minor differences 
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would be expected were the oxygen consumption rate hyperbolic rather than constant and thus 

the equations above will still hold to a high degree even in this case.  

 

2.6 Drug effect characterisation 

 2.6.1 Western blot 

 Following optimisation, western blots were performed to the following protocol with the 

kind assistance of Dr. Pavitra Kannan (University of Oxford, Oxford, UK) to generate the results 

presented in Chapter 6.  

 

 2.6.1.1 Antibodies  

Table 2.2.  Summary of antibodies and dilutions used for western blot experiments. 

Antibodies Species Dilution Source Catalogue Code 

β-actin Mouse 1:20,000 Sigma-Aldrich UK A1978 

Citrate synthase Rabbit 1:500 Alpha Diagnostic CISY11-A 

OXPHOS complexes Human 1:500 Abcam Ab110411 

Phospho-Chk1 Rabbit 1:1000 New England Biolabs 8191S 

p21 Waf1/Cip1 Rabbit 1:1000 New England Biolabs 2947S 

p27 Kip1 Rabbit 1:1000 New England Biolabs 3688S 

 

 2.6.1.2 Extraction of proteins 

 Tumour cells were seeded in 2 mls of RPMI 1640 at a density of 2 x 105 cells/ml in a 6-well 

plate for 24-48 hours.  Wells were then treated with docetaxel or gemcitabine at tested 

concentrations for 24 hours following which, the media was aspirated off and the wells washed 

with ice cold PBS and removed.  100 µl of lysis buffer containing radio immunoprecipitation 

assay (RIPA) buffer (R0278, Sigma-Aldrich UK), protease and phosphatase inhibitors (Roche), 

was added to each well and the cells scraped off and placed in Eppendorf tubes on ice for 25 
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minutes with the occasional vortex.  Lysates were then spun at 13,000 rpm for 10 minutes and 

the supernatant transferred to new tubes and kept on ice.   

 

 2.6.1.3 Quantification of protein concentration 

 The total protein present in the lysates was determined using The Pierce® BCA Protein 

Assay Kit (Thermo Scientific).  2 mg/ml bovine serum albumin (BSA) standard, provided in the 

kit, was serially diluted at a ratio of 1:12.5 with RIPA buffer to prepare standards in the range 

from 0 mg/ml to 2 mg/ml.  A standard curve of concentrations was created by adding 25 µl each 

of these standards to a 96-well transparent, flat bottom plate in duplicate.  Lysate samples were 

then diluted 1:12.5 with water (2 µl lysate to 23 µl water) and added to the same 96-well plate.  

Reagent A (containing sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M 

sodium hydroxide) and reagent B (containing 4% cupric sulfate) were combined at a ratio of 

50:1 to prepare the BCA Working Reagent, 200 µl of which was added to each sample and 

standard on the 96-well plate.  The plate was then incubated at 5% CO2 and 37°C for 20-30 

minutes.  Following incubation, the absorbance was measured at 562 nm via the microplate 

reader.  The results were then normalised against the background reading and then plotted to 

estimate the protein concentration (µg/μl).  These values were then multiplied by 12.5 (to 

account for dilution) and the actual protein concentration of the lysates was determined. 

 

 2.6.1.4 Sample preparation 

 Samples of 20 µl each were prepared in Eppendorf tubes as follows: 1 µl of 1 M 

dithiothreitol (DTT); 5 µl of RunBlue LDS Sample Buffer (Expedeon); appropriate volume of 

lysate which corresponded to 15 µg of protein and water to make up the remaining volume. 

Samples were then lightly centrifuged and denatured at 70°C for 10 minutes on a heat block. 

 

 2.6.1.5 Gel electrophoresis 
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 Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE).  10 µl of the protein sample was loaded onto 12-well RunBlue Pre-cast gels 

(Expedeon) of 4-12% acrylamide concentration, which were washed with distilled water prior 

to use.  The gels were placed into a Novex mini-cell tank (Invitrogen) filled with SDS running 

buffer, supplied by RunBlue (Expedeon).  2.5 µl of Precision Plus Protein Kaleidoscope standards 

(161-0375, Bio-Rad) was loaded into the first and last wells on the gel, followed by the protein 

samples using loading tips.  The gel was then run for 1 hour at 150 Volts. 

 

 2.6.1.6 Blotting protocol 

 Separated proteins were transferred from the gel onto a 48 cm2 polyvinylidene fluoride 

(PVDF) transfer membrane (Immobilon from Millipore).  The PVDF membrane was activated by 

immersion for 10 seconds in 100% methanol and then rinsed with transfer buffer (25 mM Tris, 

192 mM glycine, 20% methanol and 0.1% SDS).  Two sheets of Whatman paper and several 

sponges were soaked in transfer buffer.  The membrane was placed onto the gel and sandwiched 

between two sheets of Whatman paper and sponges and then inserted into a XCell IITM blot 

module (Invitrogen), filled with transfer buffer.  The transfer was then run for 1 hour at 30 Volts. 

The membrane was immersed in 5% milk in TBS-T (prepared by dissolving Marvel skimmed 

milk powder in Tris-buffered saline supplemented with 0.1% Tween-20) and blocked on a roller 

(SRT6, Stuart Equipment) for 1 hour at room temperature.  The membrane was then incubated 

with primary antibody (See Table 2.2) diluted in 5% milk in TBS-T overnight at 4°C on a roller.  

Following incubation, the membrane was washed three times with TBS-T for 5 minutes each and 

then incubated with an appropriate secondary antibody diluted in 5% milk in TBS-T at room 

temperature on a roller for 1 hour.  This was followed by a further three times wash for 5 

minutes each with TBS-T before development. 
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 2.6.1.7 Membrane development 

 Depending on the sensitivity of the primary antibody used, the membrane was developed 

by using either the Amersham enhanced chemiluminescence (ECL) or ECL+ kit 

(RPN2232/RPN2133, GE healthcare).  ECL comprises Solution A (Tris buffer in 3.2% ethanol) 

and Solution B (proprietary substrate in Tris buffer) and were mixed at a ratio of 1:1.  The 

membrane was then soaked in this solution for ~20 seconds and placed into an autoradiography 

cassette (Fisher).  Finally, the membrane was exposed to film (Fuji) and developed (XoGraph 

Imaging Systems). 

 

2.6.2 Flow cytometry  

DLD1 and HCT116 spheroids were formed and allowed to grow for 4 days as described in 

section 2.5 and then subjected to docetaxel (1 nM and 3 nM) or gemcitabine (20 nM and 50 nM) 

treatment for 24 hours.  On day 5, the treatment was removed and replaced with fresh media 

(RPMI 1640).  Spheroids of each treatment group were put together and mechanically 

disaggregated with micro pipette into a single cell suspension and aliquoted into fluorescence 

activated cell sorting (FACS) tubes.  The tubes were then centrifuged at 1300 rpm for 5 minutes 

and the supernatant removed and discarded.  The cells were washed with 1 ml of PBS and 

vortexed followed by a further centrifuge at 1300 rpm for 5 minutes.  The supernatant was again 

removed and discarded and the cells then fixed with 1 ml of ice cold 70% ethanol (02877, Sigma-

Aldrich UK) for 10 minutes, followed by a centrifuge at 2000 rpm for 5 minutes.  The ethanol 

was aspirated off and the cells washed with 1 ml of PBS before a final centrifuge at 2000 rpm for 

5 minutes.  The PBS was removed and 1 ml of staining solution containing PBS, 50 µg/ml of 

propidium iodide (P4170, Sigma-Aldrich UK) and 200 µg/ml of RNase (R5503, Sigma-Aldrich 

UK) was added, vortexed and incubated at room temperature in the dark for 30 minutes.  FACS 

was performed using a FACSCalibur flow cytometer (BD Biosciences) and the G1, S, G2 and 

apoptotic populations analysed with FlowJo software version 7.6.5. 
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2.6.3 High performance liquid chromatography (HPLC) 

To determine nucleotide populations, tumour cells in RPMI 1640 were seeded into 1 x T175 

flasks per treatment and placed in a sterile incubator at 5% CO2 and 37°C to reach 60-80% 

confluency, in order attain a minimum of 1 x 107 cells per sample.  Flasks were then treated with 

either DMSO or drug (docetaxel, gemcitabine or hydroxyurea) for 24 hours.  Following this, the 

media was aspirated and the cells washed with ice cold PBS before being lifted with trypsin and 

placed into 10 ml falcon tubes on ice.  Tubes were spun at 2000 rpm for 5 minutes at 4°C in the 

centrifuge and the supernatant carefully removed and discarded with a pipette.  50 µl of 6% 

trichloroacetic acid (TCA) (T9159; Sigma-Aldrich UK) was added to the cell suspension to lyse 

the cells and vortexed for 1 minute.  The tubes were then spun again at 13,000 rpm for 5 

minutes at 4°C and the supernatant transferred into Eppendorfs and stored at -80°C before 

processing for nucleotide pools.  Analysis was kindly performed by Dr. Lisa Folkes (University of 

Oxford, Oxford, UK). 

 

 

2.7 Animal work 

2.7.1 Animals 

All animal procedures were conducted in accordance with the UK Animal Scientific 

Procedures Act 1986 and approved by a local ethics committee.  Animals were housed in specific 

pathogen-free facilities with temperature and humidity control and on a 14 hour light-10 hour 

dark cycle, with food and beverage provided ad libitum.  Female BALB/c nude mice aged 6-8 

weeks were purchased from Charles River Laboratories (Kent, UK).   Tumour-free mice were 

weighed twice weekly and mice on an experimental protocol were weighed every two days.  All 

mice were reviewed daily by myself or members of the Biomedical Science facility. 
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2.7.2 Subcutaneous tumour model 

Xenografts were generated on the right flank of each mouse via subcutaneous injection of 

100 µl of FBS-free RPMI 1640 containing 1 x 106 DLD1 HRE-luciferase cells.  DLD1 HRE-

luciferase cells were kindly created and gifted by Dr Yunhong Cao (University of Oxford, Oxford, 

UK).  Xenografts were allowed to develop to reach a volume of 80 mm3 before being randomised 

and entered into an experimental protocol.  Docetaxel and gemcitabine in 0.9% saline was 

delivered at 0.1 mg/kg and 1 mg/kg and 1 mg/kg and 5 mg/kg concentrations in 100 µl of 0.9% 

saline respectively, three times per week (days 0, 3 and 6).  Untreated mice were injected with 

100 µl of 0.9% saline alone.  Tumour volume was measured every two days and the mice were 

imaged with IVIS on days 0, 3 and 6 (See section 2.9.2).  Mice were sacrificed on day 7 and 

processed (See section 2.7.3).  In the growth-delay experiments, mice were subject to a single 

dose of radiation at 6 gray (Gy) on day 7 and the tumours allowed to develop to a maximum 

volume of 300 mm3 or for a maximum period of 28 days after first treatment before being 

sacrificed (See section 2.10.3).  

  

2.7.3 Collection of murine plasma and subcutaneous tumours 

Two and half hours prior to sacrifice on day 7, mice were given 0.01 ml/g body weight of 10 

mM EF5 dissolved in saline via intraperitoneal injection.  Thirty minutes prior to sacrifice, mice 

were given 50 µl of CD31 antibody via intravenous injection into the lateral tail vein.  Mice were 

sacrificed via intraperitoneal injection of 200 mg/kg sodium pentobarbital.  Shortly afterwards, 

the thoracic cage was opened and the inferior vena cava incised just superior to the diaphragm.  

Blood was aspirated from the thoracic cavity using a 1 ml insulin syringe and placed in 

Eppendorf tubes containing 1.5 mg/ml of 0.5 M ethylenediaminetetraacetic acid (EDTA) (E7889, 

Sigma-Aldrich UK) on ice.  Blood samples taken from mice treated with gemcitabine were placed 

in Eppendorf tubes additionally containing 5 µl of tetrahydrouridine (THU) (Ab142080, Abcam) 
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to prevent deamination.  Blood samples were then kindly analysed by Dr. Michael Stratford 

(University of Oxford, Oxford, UK). 

 

The subcutaneous tumours were carefully dissected from the flanks of the mice post 

mortem and divided into two.  One half of each tumour was immediately snap frozen in liquid 

nitrogen for analysis for drug metabolites.  The other half of each tumour was placed in OCT 

compound before snap freezing in liquid nitrogen for sectioning for immunohistochemistry (See 

section 2.8).  All samples were stored at -80°C prior to analysis. 

 

 

2.8 Immunohistochemistry 

2.8.1 Antibodies and stains 

Table 2.3.  Summary of antibodies and stains used for immunohistochemistry. 

Antibodies/Stain Target Source Catalogue Code 

Hoechst 33342 Nucleic acids Invitrogen H3570 

Anti-EF5-Cy3 EF5-bound hypoxic cells Dr. Cameron Koch 

(University of 

Pennsylvania, 

Philadelphia, USA) 

N/A 

Alexa Fluor 488 anti-

mouse CD31 

Endothelial cells BioLegend 102514 

Anti-human Ki-67 Ki-67 protein (expressed 

exclusively in 

proliferating cells) 

AbD Serotec HCA053A 

Alexa Fluor 647 anti-

mouse CD34 

Vascular adventitia eBioscience 51-0341 
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2.8.2 Hypoxia staining of spheroid sections 

The protocol for staining for hypoxia in spheroids (See Table 2.4) was adapted from the 

protocol devised by Dr. Kasia Bloch (University of Oxford, Oxford, UK), who optimised the 

technique as part of her D.Phil thesis.  Spheroids in OCT compound were cut at 6-8 µm sections 

with the Bright 5040 microtome (Bright Instruments) and placed onto Superfrost Plus 

microscope slides (12727307, Fisher Scientific).  Slides were then dried in an incubator for 1 

hour at 5% CO2 and 37°C before being stored at -20°C. 

Table 2.4.  Protocol for staining of spheroid sections for immunohistochemistry. 

Step Procedure Duration 

1. Slides thawing Incubate at room temperature 5 min 

2. Antigen retrieval Place in a microwave oven in 10 mM sodium citrate 

with 0.05% Tween 20 

4 min at 300W, 

then 16 min at 

80W 

3. Wash Immerse in PBS 3 min 

4. Suppression of 

endogenous 

peroxidase activity 

Immerse in 0.3% freshly prepared H2O2 in PBS 20 min 

5. Wash Immerse in PBS 2 x 3 min 

6. Endogenous 

biotin block 

Incubate with streptavidin reagent (Vectashield) in a 

humidifying chamber 

12 min 

7. Wash Immerse in PBS 3 min 

8. Endogenous 

Streptavidin block 

Incubate with biotin (Vectashield)  in a humidifying 

chamber 

12 min 

9. Wash Immerse in PBS 3 min 

10. Blocking Incubate with tris-NaCl-blocking (TNB) buffer 45 min 
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(FP1020, PerkinElmer) in a humidifying chamber 

11. Primary 

antibody (Ki-67) 

Incubate with mouse anti-human Ki-67 primary 

antibody diluted in TNB buffer at 1:100 dilution in a 

humidifying chamber at 4°C 

Overnight at 4°C 

12. Wash Immerse in PBS 3 x 3 min 

13. Secondary 

antibody (Ki-67) 

Incubate with goat anti-mouse biotinylated antibody 

in a dilution of 1:500 in TNB buffer and incubated in a 

humidifying chamber 

30 min 

14. Wash Immerse in PBS 3 x 3 min 

15. Streptavidin-

HRP 

Incubate with streptavidin-HRP Reagent 

(PerkinElmer) in a dilution of 1:200 in TNB buffer 

and incubated in a humidifying chamber 

30 min 

16. Wash Immerse in PBS 2 x 3 min 

17. Detection of Ki-

67 

TSA-fluorescein isothiocyanate (FITC) conjugated 

amplification reagent in a dilution 1:100 in 

Amplification Diluent and incubated in a humidifying 

chamber 

5 min 

18. Wash Immerse in PBS 1 x 3 min 

19. Fixation Incubate with 4% PFA under the fume hood 20 min 

20. Wash Immerse in PBS 3 x 3 min 

21. Blocking Incubate with TNB buffer in a humidifying chamber 30 min 

22. Wash Immerse in PBS supplemented with 0.3% Tween 20 5 min 

23. Primary 

antibody (EF5) 

Incubate with anti-EF5-Cy3 antibody Overnight at 4°C 

24. Wash Immerse in ice-cold PBS supplemented with 0.3% 

Tween 20 

3 x 3 min 

25. Wash Immerse in PBS 1 x PBS 
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26. Nuclear staining Incubate with Hoechst 33342 in a dilution 1:1000 in 

PBS in a humidifying chamber 

5 min 

27. Wash Ice-cold 0.3% Tween 20 in PBS 3 x 45 min 

28. Mounting 

sections 

One drop of Vectashield mounting medium and 

coverslips placed on slides. 

 

 

2.8.3 Hypoxia staining of tumour sections 

Subcutaneous tumours in OCT compound were cut at 10-12 µm sections with the Bright 

5040 microtome and placed onto Superfrost Plus microscope slides.  Slides were then dried in 

an incubator for 1 hour at 5% CO2 and 37°C before being stored at -20°C.  Anti-mouse CD31 was 

injected into mice as described in section 2.7.3.  The protocol for staining for hypoxia in tumours 

is outlined in Table 2.5. 

Table 2.5.  Protocol for staining of tumour sections for immunohistochemistry. 

Step Procedure Duration 

1. Slides thawing Incubate at room temperature 5 min 

2. Fixation Incubate with 4% PFA under the fume hood 10 min 

3. Wash Immerse in PBS supplemented with 0.3% Tween 20 2 x 10 min 

4. Wash Immerse in PBS 10 min 

5. Blocking Incubate with TNB buffer in a humidifying chamber 60 min 

6. Primary antibodies 

(EF5 & CD34) 

Incubate with anti-EF5-Cy3 and Anti-CD34 

antibodies 

Overnight at 4°C 

7. Wash Immerse in PBS supplemented with 0.3% Tween 20 2 x 45 min 

8. Wash Immerse in PBS 45 min 

9. Nuclear staining Incubate with Hoechst 33342 in a dilution 1:1000 in 

PBS in a humidifying chamber 

10 min 
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10. Wash Immerse in PBS 15 min 

11. Mounting sections One drop of Vectashield mounting medium and 

coverslips placed on slides. 

 

 

 

2.9 Imaging 

2.9.1 Confocal imaging for hypoxia staining 

Images were acquired with a Zeiss 710 Laser Scanning Confocal Microscope (LSM710, Carl 

Zeiss).  EF5-Cy3 emission was written to the red (R) channel, Ki-67-FITC emission was written 

to the green (G) channel and Hoechst 33342 emission was written to the blue (B) channel of the 

RGB picture.  Each channel was isolated from the RGB picture for separate analysis in ImageJ 

(http://imagej.nih.gov/ij/) as described in section 2.11. 

 

2.9.2 In vivo imaging for real time tumour hypoxia (IVIS) 

For in vivo imaging, mice were anaesthetised in an anaesthetic chamber using 3% vaporised 

isoflurane (Piramal Healthcare), before being injected with 150 mg/kg VivoGlo Luciferin (P1041, 

Promega) intraperitoneally.  The animals were immediately transferred to a charge-coupled 

device (CCD) camera (IVIS system, PerkinElmer), fixed in position and imaged using automatic 

f/stop, exposure time and binning.  A region of interest (ROI) was drawn around the margins of 

the subcutaneous tumours of each mouse.  Mice were imaged every two minutes for a variable 

period until the signal intensity reached a plateau.  The background photon flux was then 

subtracted from the signal within the ROI to determine the total tumour photon flux in vivo.  To 

represent change in photon flux with time as hypoxia developed, the signal for each mouse at 

each time-point was normalised to the value obtained for the same animal at Day 0.  Images 

were retrieved and analysed with Living Image 3.2.   
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2.10 Radiation 

2.10.1 Monolayer 

DLD1 and HCT116 cells were seeded into 6-well plates at seeding densities between 200 

and 40,000 cells directly proportional to the radiotherapy dose and incubated for 6 hours in a 

sterile incubator (Binder) at 5% CO2 at 37°C to allow cells to adhere.  Both cell lines were 

treated with either docetaxel at 1 nM and 3 nM or gemcitabine at 20 nM and 50 nM 

concentrations for 24 hours before irradiation with Caesium at 0, 2, 4, 6, 8 or 10 Gy.  

Radiotherapy was delivered at a dose rate of 0.86Gy/minute at 37°C using a 137Cs-laboratory 

irradiator (IBL 637, CIS bio International) and was performed with the kind assistance of Dr. 

Jianzhou Chen (University of Oxford, Oxford, UK).  After irradiation, plates were maintained in 

the incubator for 14 days, until visible colonies had formed.  Colonies were fixed and stained 

with 1% crystal violet in pure ethanol and dried on the work bench at room temperature.  The 

colonies were then counted on the GelCount TM Tumour Colony Counter (Oxford Optronix).  The 

plating efficiency (PE) and survival fraction (SF) were calculated as follows: 

 

PE = 100 x (number of colonies formed in 0 Gy plates / seeding cell number) 

SF = number of colonies formed / (seeding cell number x PE) 

 

The SF data was plotted on a log10 scale against the radiation dose in a linear scale and the 

survival curves fitted on GraphPad Prism 5.0 using the linear quadratic model: ln (SF) = -αD – 

βD2.  

 

2.10.2 Spheroids 

DLD1 and HCT116 spheroids were formed and allowed to grow for 4 days as described in 

section 2.5 and then subjected to docetaxel (1 nM and 3 nM) or gemcitabine (20 nM and 50 nM) 
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treatment for 24 hours.  On day 5, the treatment was removed and replaced with fresh media 

(RPMI 1640).  DLD1 spheroids were then irradiated with a single dose of Caesium at 6 Gy or 4 

Gy for spheroids treated with docetaxel or gemcitabine respectively and HCT116 spheroids 

were irradiated with a single dose of Caesium at 4 Gy for spheroids treated with either docetaxel 

or  gemcitabine.  Spheroids were then allowed to grow in a sterile incubator at 5% CO2 at 37°C 

and their diameters recorded every 2-3 days for a period of 2 weeks.  50% of the media was 

removed and replaced with fresh media every 2-3 days for all spheroids.  

  

2.10.3 In vivo 

 Following tumour inoculation and proceeding as described in section 2.7.2, mice were 

anaesthetised with 3% vaporised isoflurane in oxygen on day 7 and the subcutaneous tumours 

isolated and irradiated with Caesium at a single fraction of 6 Gy.  Non-tumour parts of the mice 

were protected with radiation shielding.  

 

 

2.11 Statistical analysis 

Statistical analyses were performed using GraphPad Prism 5.0.  Quantitative data were 

expressed as means ± standard error of the mean (SEM).  One-way analysis of variance (ANOVA) 

followed by post-hoc Bonferroni’s multiple comparison test was performed to assess the 

differences among various treatments unless otherwise stated and was represented as follows: * 

= p<0.05; ** = p<0.01; *** = p<0.001.  

 

For the statistical analysis of proliferation, hypoxia, functional and non-functional vessel 

density in spheroids and xenograft tumours, microscopy images were analysed using ImageJ.  

For quantification of proliferating and hypoxic cells, red, green and blue channels from 

microscopy images were separated and a black/white threshold generated for each.  A ROI was 



86 
 

drawn around the spheroids or hypoxic dense areas of tumour and the number of proliferative 

and Hoechst 33342 positive cells calculated within the ROI using the ImageJ software.  This 

allowed the percentage of proliferative cells to be determined as a percentage of the total 

number of cells within a spheroid or tumour section.  For quantification of tumour vascularity, a 

similar approach was used however the area of CD31 and CD34 staining was calculated and 

expressed as a percentage of the ROI area. 
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CHAPTER 3:  SELECTION OF CHEMOTHERAPEUTIC AGENTS AND 

DETERMINING SUB-CYTOTOXIC CONCENTRATIONS 

 

3.1 Aims 

1. To review the literature and identify agents from current or expected clinical use for 

investigation. 

2. To determine concentrations of these agents that will alter oxygen consumption with 

minimal cell death. 

3. To identify cell lines for investigation that will reflect the genetic heterogeneity of 

colorectal cancer.
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3.2 Introduction 

 3.2.1 Chemotherapy agents and hypoxia 

 As discussed earlier, the ultimate focus of chemotherapeutics has been to kill tumour cells, 

reduce tumour bulk and to cure.  These agents are broadly categorised as cytotoxic, hormonal 

and targeted therapies.  The latter has been of great interest in recent times, as it offers patient-

specific and tumour-specific treatments with potentially fewer side-effects.  When these agents 

are combined with the current understanding of tumour hypoxia, tumour metabolism and their 

relationships, the focus of therapy may be expanded beyond that of just cell kill.  Indeed, one of 

the principle aims of the thesis is to evaluate the effects of established chemotherapy agents on 

tumour hypoxia, which is an issue that was eloquently put by Brown and colleagues in 2004: 

“These clear links between hypoxia and intrinsic resistance to chemotherapy provide the 

'smoking gun', yet, surprisingly, clinical studies investigating the role of hypoxia in response to 

chemotherapy have not been reported” [71].  Peculiarly, in the decade since this statement, 

modest progress has been made in exploring this link.  Some agents have sought to take 

advantage of the cellular mechanics of electron transfer in hypoxia by acting as surrogate 

donors for the physicochemical reaction such as the nitroimidazoles, which aim to improve 

radiosensitivity, whereas others exploit the redox reactions in hypoxia, by being reduced to 

form active cytotoxic compounds and are known as bioreductive prodrugs [71, 116, 117].  

However, neither of these hypoxia-specific agents has brought about a significant revolution in 

current treatment modalities and regimens, as highlighted in section 1.3.6.  More recently, 

targeting hypoxia-specific metabolic pathways has been the focus of treatment and most 

notably, the HIF-1 hypoxic response pathway has garnered much attention.  However, there is 

very little literature on the role of established chemotherapy agents on tumour hypoxia as 

preference appears to be given to creating novel agents to target this phenomenon.  It would be 

interesting, therefore, to investigate this further as despite decades of clinical use, they have not 

been implicated in alterations in oxidative metabolism. 
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 3.2.2 Selection of chemotherapy agents        

 Chemotherapy agents in current or expected clinical use were selected for study based on 

two specific reasons.  Firstly, it was anticipated that known agents would have an extensive 

literature background which would help in designing the experiments and secondly, clinical 

testing would be easier, if required.  A detailed literature review of chemotherapy agents that 

have been tested in hypoxia studies and/or colorectal cancer were identified and used as 

reference for selecting drugs and starting concentrations [107, 169-190].  Drugs selected for 

investigation were docetaxel, etoposide, fluorouracil, gemcitabine, irinotecan (SN38), 

mitomycin C, mitoxantrone, oxaliplatin, vincristine and VX-680.  All of these agents are cytotoxic 

compounds and only fluorouracil, irinotecan and oxaliplatin are currently used as agents 

against colorectal cancer.  VX-680 is a non-specific aurora kinase inhibitor and the only agent 

not in clinical use, although early success in tumour growth retardation did lead to a Phase II 

clinical trial  before being halted due to evidence of electrocardiograph (ECG) changes in one 

patient [171, 191].  Mitomycin C and mitoxantrone are both antibiotic agents with cytotoxic 

mechanisms of action.  Some studies show that mitomycin C can also be hypoxia-specific and 

function as a bioreductive prodrug and has been shown to be particularly effective in reducing 

hypoxia, whereas others found it was less effective in hypoxia in testicular germ cell tumour cell 

lines [176, 183, 192].  Vincristine also has a variable effect in hypoxia, with evidence that it can 

inhibit HIF-1α expression in ovarian and breast tumour cell lines but is relatively ineffectual in 

gastric cancer [180, 190].  The cytotoxic effects of both etoposide and gemcitabine appear to be 

reduced in the presence of hypoxia in testicular germ cell, breast, prostatic, hepatic and 

pancreatic tumour cell lines [183-187].  Irinotecan, however, has been shown to inhibit HIF-1α 

and VEGF in glioma cell lines through the activity of the drug metabolite SN38 [188].  The 

cytotoxic effects of fluorouracil is less effective in hypoxia in breast and gastric tumour cell lines 

whilst the activity of docetaxel is unchanged in prostate and ovarian tumour cell lines [178, 179, 

181, 182].  Docetaxel, however, has been shown to inhibit HIF-1 in ovarian and breast tumour 

cell lines [180].  
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 3.2.3 The heterogeneity of colorectal cancer and selection of cancer cell lines 

 Colorectal cancer was selected as the tissue for investigation as it is a well-recognised and 

studied solid tumour known to exhibit core hypoxia.  Furthermore, it is a cancer where 

radiotherapy is used as a treatment modality and since an improvement in radiosensitivity was 

one of the anticipated outcome measures of the project, it was clinically relevant.  There is 

significant heterogeneity in colorectal cancer and Guinney and colleagues have recently sought 

to achieve a consensus on the molecular subtypes [193].  Essentially, there are three different 

and partially overlapping, molecular phenotypes that reflect the different forms of DNA 

instability [194].  These are: 1) the chromosomal instability pathway (CIN) phenotype, which 

accounts for ~85%, of all sporadic colorectal cancers and is the most common phenotype;  2) 

the microsatellite instability (MSI) phenotype accounting for ~15% of all colorectal cancers and 

is caused by interruptions of the DNA mismatch-repair system, leading to a significant increase 

in the mutation rate and 3) the CpG island methylator phenotype (CIMP), which exhibits 

aberrant DNA methylation [195-199].  This phenotypical heterogeneity is significant because 

certain agents are more likely to be helpful in one subtype of colorectal cancer than another and 

clinical trials are underway to assess the benefit of these agents in these different subtypes in 

order to create both patient-specific and tumour-specific therapies.  One such trial is the 

FOCUS4 clinical trial which is testing new agents in patients with unresectable and metastatic 

colorectal cancer but with various different subtypes [200].  Patients receive chemotherapy for 

a period of up to 16 weeks and during this time a tumour biopsy from the patient is analysed to 

determine the genetic characteristics of that tumour.  This includes identifying genes which are 

commonly mutated in colorectal cancer such as Kirsten rat sarcoma (KRAS), neuroblastoma rat 

sarcoma (NRAS), BRAF and phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit 

alpha (PIK3CA).  These results allow patients to be assigned into one of five subtypes: the BRAF 

subtype for cancers with a mutated BRAF gene; the RAS subtype for cancers with mutated 

KRAS/NRAS genes; the PIK3CA subtype for cancers with a mutated PIK3CA or loss of 

phosphatase and tensin homolog (PTEN) from tumour cells; a ‘no mutation’ subtype for 
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tumours where no mutation has been identified and unclassified for tumours that do not fit the 

criteria for the other four groups.  Therefore, in order to reflect this known heterogeneity in 

colorectal cancer in the design of the experiments for this study, a panel of four colorectal 

cancer cell lines from different anatomical regions of the colon, different sexes and with 

different mutation status were investigated (see Table 3.1). 

 

Table 3.1.  Origin, genetic and mutational characteristics of investigated colorectal cancer 

cell lines.  The chosen cell lines are from different anatomical regions of the colon, different 

sexes and with varied mutation status to represent the heterogeneity of tumours in clinical 

practice.  Adapted with permission from Ahmed D et al. [194].   

 

  

 

 

 

 

 

 

COLO320DM DLD-1 HCT-116 HT-29

Patient 55-Year-old female Male 48-Year-old male 44-Year-old female

Site Sigmoid Colon Ascending colon Colon

Stage Dukes’ D Dukes’ C

Source Primary tumour Primary tumour Primary tumour Primary tumour

Microsatellite Stable Unstable Unstable Stable

CIMP − + + +

CIN + − − +

KRAS wt G13D G13D wt

BRAF wt wt wt V600E

PIK3CA wt E545K;D549N H1047R P449T

PTEN wt wt wt wt

TP53 R248W S241F wt R273H
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3.3. Results 

 3.3.1 Colorectal tumour cell lines have a concentration-dependent replicative capacity with 

tested chemotherapy agents 

 To determine the replicative capacity of the selected panel of colorectal cancer cell lines 

with the agents to be tested, a clonogenic survival assay was performed.  All the cancer cell lines 

demonstrated a decrease in replicative capacity with increasing concentrations of the drugs 

(See Fig. 3.1).  Etoposide and oxaliplatin appeared to be toxic for all cell lines at the tested 

concentrations.  Gemcitabine appeared relatively less so, with a similar profile seen for all cell 

lines.  Docetaxel also appeared to have less toxicity at the tested concentrations for the 

COLO320DM, DLD1 and HCT116 cell lines whilst VX-680 was less toxic for all but COLO320DM.   
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3.3.2 Colorectal tumour cell lines show a variable sensitivity to tested chemotherapy agents 

There appeared to be variability in sensitivity of the different cell lines to a number of 

the agents.  The DLD1 cell line appeared to be least sensitive and COLO320DM most sensitive 

overall (See Fig. 3.2).  This is best reflected in the clonogenicity graphs of vincristine, 

mitoxantrone, mitomycin C and oxaliplatin (See Fig. 3.1).   
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3.3.3 Selection of agents for oxygen consumption studies 

The results from the clonogenic assays (See Figs. 3.1 and 3.2) were summarised and an 

arbitrary ‘traffic light’ scoring system was applied to help select appropriate drugs and 

concentrations for further testing (See Table 3.2).  Following 24 hours of treatment, drugs and 

concentrations that resulted in greater than 70% cell survival were highlighted green and thus 

deemed well tolerated, whilst those between 50 and 70% and those less than 50% were 

highlighted amber and red respectively and thus less so.  Docetaxel and gemcitabine at both 

concentrations for the DLD1 and HCT116 cell lines were relatively well tolerated and 

mitoxantrone at both concentrations was well tolerated by DLD1, HCT116 and HT29 cell lines.  

VX-680 at both 100 nM and 300 nM concentrations was only well tolerated by the HT29 cell 

line.  As earlier discussed, the DLD1 cell line had the greatest overall replicative capacity 

whereas the COLO320DM cell line had the least.  Docetaxel and gemcitabine were then selected 

for study on their effect on oxygen consumption due to their tolerability across all four cell lines.    
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Table 3.2.  Summary of clonogenic data for tested agents against DLD1, HT29, HCT116 

and COLO320DM cell lines.  Agents and cell lines selected for further investigation should 

demonstrate the greatest balance of resistance to toxicity and reduction in OCR. 

 

 DLD1 HT29 HCT116 COLO320DM 

Docetaxel 1 nM 94.02 ± 2.51 72.72 ± 6.75 84.69 ± 2.47 82.36 ± 2.71 

Docetaxel 3 nM 84.32 ± 1.96 49.03 ± 3.09 72.71 ± 1.63 66.14 ± 1.00 

Etoposide 50 µM 0.67 ± 0.67 0.00 ± 0.00 0.33 ± 0.33 0.00 ± 0.00 

Etoposide 100 µM 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5FU 10 µM 68.15 ± 3.96 71.03 ± 1.70 75.36 ± 1.39 65.81 ± 2.77 

5FU 50 µM 9.55 ± 1.22 30.43 ± 6.17 42.77 ± 1.44 13.55 ± 1.31 

Gemcitabine 20 nM 86.57 ± 3.41 91.70 ± 6.21 79.24 ± 1.77 83.24 ± 2.94 

Gemcitabine 50 nM 70.42 ± 4.83 69.17 ± 2.77 74.42 ± 2.26 56.09 ± 3.22 

Mitomycin C 0.5 µM 72.67 ± 2.33 65.00 ± 3.22 65.00 ± 1.73 55.67 ± 3.38 

Mitomycin C 1 µM 71.67 ± 0.88 58.67 ± 1.86 58.00 ± 1.73 51.33 ± 1.86 

Mitoxantrone 1 nM 81.67 ± 1.45 78.33 ± 0.88 77.67 ± 1.76 56.00 ± 2.51 

Mitoxantrone 5 nM 80.00 ± 1.73 73.00 ± 2.08 73.67 ± 3.18 52.33 ± 1.45 

Oxaliplatin 0.5 µM 44.00 ± 2.31 35.00 ± 2.52 28.67 ± 0.88 10.00 ± 0.58 

Oxaliplatin 1 µM 36.33 ± 2.19 27.00 ± 1.00 17.67 ± 1.45 4.67 ± 1.20 

SN38 3 µM 58.43 ± 4.62 28.26 ± 1.81 25.46 ± 2.53 41.76 ± 2.50 

SN38 5 µM 22.75 ± 5.26 19.16 ± 1.66 18.16 ± 0.71 10.75 ± 0.98 

VX680 100 nM 75.71 ± 2.38 78.95 ± 4.14 83.95 ± 2.43 46.38 ± 2.76 

VX680 300 nM 59.81 ± 3.21 71.54 ± 4.56 58.21 ± 3.08 46.81 ± 1.30 

Vincristine 5 nM 93.98 ± 3.47 79.57 ± 1.27 74.42 ± 1.91 79.32 ± 2.74 

Vincristine 20 nM 65.02 ± 1.17 61.09 ± 4.60 56.43 ± 1.24 45.02 ± 2.90 

% Survival >70   50-70   <50   
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 3.3.4 Determining sub-cytotoxic concentrations for docetaxel and gemcitabine 

 Sub-cytotoxic concentrations of docetaxel and gemcitabine were determined from cell 

viability curves for both DLD1 and HCT116 cell lines, calculated from the Resazurin assay (See 

Fig. 3.3 A and B).  The half maximal inhibitory concentration (IC50) values of the agents for each 

cell line were determined from fitting non-linear regression (See Fig. 3.3 C).  The IC50 for 

docetaxel was approximately 20 nM and 30 nM for the HCT116 and DLD1 cell lines respectively 

whilst the IC50 for gemcitabine was approximately 140 nM and 163 nM for the HCT116 and 

DLD1 cell lines respectively.  This confirmed that the concentrations for testing on OCR for 

docetaxel (1 nM and 3 nM) and gemcitabine (20 nM and 50 nM) should be sub-cytotoxic and 

therefore minimally lethal.  
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3.4 Discussion 

Both the clonogenic and cytotoxicity assays demonstrate an inverse relationship between 

increasing concentrations of the agents and tumour cell survival (See Figs. 3.1 and 3.3).  This is 

consistent with the pharmacodynamics of cytotoxic drugs [201, 202].  The calculated IC50 

values for docetaxel and gemcitabine for DLD1 and HCT116 cells was consistent with literature 

findings [203, 204].  All the cell lines appeared to be particularly sensitive to fluorouracil, 

irinotecan and oxaliplatin, which was not unexpected considering the colorectal-tumour-

specific nature of these agents [205]. 

 

The variability in sensitivity of certain cell lines to different agents may be explained 

through the differing genetic mutations and heterogeneous nature of the tumour cells (See 

Table 3.1 and Fig. 3.2).  Both the DLD1 and HCT116 cell lines, which were the least sensitive to 

the tested agents, have a KRAS G13D mutation (an amino acid substitution at position 13 in 

KRAS from a glycine to an aspartic acid) which has been demonstrated as being strongly 

associated with a poorer clinical outcome and may be an explanation for their relative 

resistance [206-208].  Furthermore, right-sided colonic tumours have also been shown to be 

associated with a poorer prognosis and the HCT116 cell line is sourced from an ascending 

colonic tumour, which may also help explain the cell line’s impaired sensitivity [206].  However, 

the evidence for this appears conflicting, with some papers demonstrating no difference in 

mortality rates between right and left-sided tumours [209, 210].  The HCT116 cell line, 

however, is sourced from a metastatic phenotype which is associated with a poorer prognosis 

and may also affect sensitivity [209, 210].  The COLO320DM cell line appeared to be most 

sensitive to the agents.  This may be explained through the fact that the cell line is essentially 

part of the all-wild-type subgroup, which has been shown to have a very good patient survival 

and therefore possibly very chemosensitive [206].  Contradicting these theories, per contra, is 

the stability of microsatellites in the cell lines.  MSI is closely associated with prognosis, with 

tumours with high MSI having a more positive prognosis by 15% compared to tumours with 
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low MSI or microsatellite stable (MSS) tumours [211-213].  Both DLD1 and HCT116 cell lines 

have high MSI, so one would perhaps expect greater sensitivity in this regard, whilst the 

COLO320DM cell line is MSS and therefore should perhaps display greater resistance.  One 

possible explanation may be that KRAS and PI3KCA mutations have a greater impact on a cell 

lines sensitivity and resistance as compared to MSI.   MSI has also been shown to be associated 

with responsiveness to fluorouracil therapy, with some debate in the literature.  Both Sargent 

and colleagues and Gallinger and colleagues have demonstrated negativity of response with MSI 

[214].  However, a direct correlation between level of instability and positivity in response has 

been shown by Shiovitz and colleagues and Sinicrope and colleagues [207, 215].  This 

discrepancy may be explained by the differences in stage of the tumour, the impact of sporadic 

versus germline origin and other genetic differences as explored by Roth and colleagues [216].  

However, the positive association may help to explain the relative toxicity of the agent in both 

the DLD1 and HCT116 cell lines at the 50 µM concentrations but as a colorectal-tumour-specific 

agent, toxicity is seen with all 4 cell lines.  Oxaliplatin, however, is associated with good activity 

in MSS tumours and the considerable toxicity seen in COLO320DM and HT29 cell lines, may be 

explained from this observation [217].  CIMP-positive tumours have been shown to have a 

worse OS and are a stronger prognostic feature than MSI [218].  It is interesting to note 

therefore, that the only cell line to be CIMP-negative was COLO320DM, which was the least 

resistant cell line.  The only cell line with a BRAF mutation was HT29, which is associated with 

both a poor prognosis and a poor response to chemotherapy and radiotherapy [219, 220].  This 

is particularly true in MSS tumours, which would help explain the relative resistance of the 

HT29 cell line to the treatments.  The interplay between the various mutations within and 

between all the cell lines is incredibly complex and their outcome on prognosis and 

pharmacodynamics is highly variable.  In light of this, it would appear very difficult to 

conclusively confirm an association between a mutation and an outcome considering most 

tumours have more than a single mutation and their relationships are variable from tumour to 

tumour and from patient to patient.  This viewpoint appears validated by Strese and colleagues 
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who found that impaired chemosensitivity was not universal when testing a panel of cell lines 

with 19 different agents in both normoxic and hypoxic conditions [176].   

 

The results of this chapter were vital in helping to lay the foundations for the experiments 

outlined in the following chapters.  The selection of the agents, concentrations and cell lines 

(which will be discussed in greater detail in Chapter 4) for subsequent investigation were 

determined from the work presented here.  
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CHAPTER 4:  SUB-CYTOTOXIC CONCENTRATIONS OF CHEMOTHERAPY 

AGENTS REDUCE OXYGEN CONSUMPTION IN VITRO 

 

4.1 Aims 

1. To investigate the effects of chemotherapy agents on oxygen consumption in a panel of 

colorectal tumour cell lines and a non-transformed cell line. 

2. To identify chemotherapy agents and cell lines that demonstrate the greatest balance of 

resistance to toxicity and reduction in OCR. 

  



103 
 

4.2 Introduction 

 4.2.1 Evolution and relevance of measuring the oxygen consumption rate 

  The oxygen consumption rate (OCR) of cells is an important indicator and measurement of 

normal cellular function.  It can be used as a parameter to study mitochondrial function and as a 

marker of factors triggering the switch from normal oxidative phosphorylation to aerobic 

glycolysis in tumour cells.  Historically, calculation of the cellular OCR was not amenable to high 

throughput usage and data was often unreliable [221-223].  Until recently, the most common 

technique for measuring OCR had been through Clark electrodes, which measured the reduction 

of oxygen via a catalytic platinum surface [224].  However, this technique was not without 

limitations, with problems such as signal drift, low sensitivity and consumption of oxygen by the 

electrode itself reported [224].  Other alternative techniques have included the use of scanning 

electrochemical microscopy and nanosensors, which are attached to the outer cellular 

membrane [225, 226].  Although theoretically, direct oxygen levels could be detected through 

this approach, in reality, only intermittent oxygen flux near the cell membrane or the sensor is 

detected, since these techniques are usually employed in openly diffusible environments.  More 

recently, optical methods of determining OCR have been a promising development in 

addressing the low throughput issue of previous techniques [227].  This approach adapted a 

well-established technique of using transition-metal-based phosphores as oxygen sensing dyes 

[228].  The phosphorescent signal is quenched by oxygen and usually results in a signal that is 

inversely proportional to the amount of oxygen present.   Often, the signal lifetime is also 

quenched by oxygen.  Although the problems of low throughput assessment of OCR are 

addressed, the technique has issues with reproducible sealing which presents additional 

variability.  Ultimately, the signal acquired for optical probes is, as is found in the scanning 

electrochemical microscopy technique, that of intermittent oxygen flux near the sensor and 

presents significant variability.  However, it is not necessary for cells to be within a sealed 

environment to measure their oxygen consumption.  In monolayers, oxygen reaches the cells 
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strictly by diffusion and the relationship between cellular OCR and the dissolved oxygen 

concentration at equilibrium is described by the steady-state solution to Fick’s Law [223].   

 

 The latest development in measuring OCR in cells has been through the invention of the 

extracellular flux (XF) analyser technology and has been the method employed for experiments 

in this thesis.  The XF Analyzer measures OCR and ECAR at intervals of approximately 2-5 

minutes and improves on previous technology by reducing variability through multiple sensors.  

The OCR is an indicator of mitochondrial respiration and ECAR is an indicator of glycolytic 

activity.  Real-time measurements of OCR and ECAR are made by isolating a minute volume (less 

than 7 µl) of medium above the monolayer of cells within a well.  Cellular respiration and proton 

excretion (glycolysis) causes rapid, measurable changes to the concentrations of dissolved 

oxygen and free protons in the isolated media, which are measured every few seconds by solid-

state sensor probes residing 200 µm above the cell monolayer.  The probe measures the 

concentrations until the rate of change is linear and then able to determine OCR and ECAR.  The 

equipment also allows for real-time introduction of agents and inhibitors to test oxidative 

phosphorylation and glycolysis as well as the effect of drugs on these pathways.  Since the 

measurements are non-destructive, the metabolic rate of the same cell population can be 

measured repeatedly over time and other types of biological assays such as cell viability can be 

performed on the same plate.  
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4.3 Results 

 4.3.1 Sub-cytotoxic concentrations of docetaxel and gemcitabine reduce OCR in vitro 

 To determine whether docetaxel and gemcitabine affect oxygen consumption in the 

selected panel of colorectal tumour cell lines and in a non-transformed cell line (MRC5 – human 

lung fibroblasts), the OCR was measured for 24 hours with the XF96 Analyzer shortly after 

injection of the agents.  Cells were seeded at ~80% confluency.  Docetaxel significantly reduced 

the % OCR at both 1 nM and 3 nM concentrations in the COLO320DM and DLD1 cell lines but 

only at the 3 nM concentration in the HCT116, HT29 and MRC5 cell lines (See Fig. 4.1).  

Gemcitabine significantly reduced the % OCR in DLD1, HCT116 and HT29 cell lines at 50 nM 

concentration but no significant effect was observed at 20 nM concentration in any of the cell 

lines.  Additionally, no significant effect was observed in the COLO320DM and MRC5 cell lines at 

50 nM concentration (See Fig. 4.2).    
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4.3.2 Tested chemotherapy agents have a greater effect in reducing OCR in tumour cell lines 

than in the non-transformed (MRC5) cell line 

The effects of all tested chemotherapy agents on OCR in COLO320DM, DLD1, HCT116, HT29 

and MRC5 cell lines was performed for comparison as described in section 4.3.1 and the data 

summarised (See Fig. 4.3).  The reduction of OCR was not limited to docetaxel and gemcitabine.  

Most agents reduced OCR to a variable degree across all cell lines.  However, of the 20 tested 

conditions (10 agents, 2 concentrations), 13 had a less than 20% reduction in oxygen 

consumption in the MRC5 cell line.  Mitomycin C increased OCR in the HCT116 cell line.
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 4.3.3 Determining glycolytic phenotype of colorectal tumour cells  

 To determine whether a tumour cell line exhibited a glycolytic phenotype, the OCR was 

measured with the XF96 Analyser shortly after injection of different concentrations of glucose.  

The first measure was done at 4 minutes and subsequent measures every 7 minutes for a total 

of 6 measures.  The baseline % OCR was reduced with increasing concentrations of glucose in a 

concentration-dependent fashion in both COLO320DM and HCT116 cell lines (See Fig. 4.4).  The 

reverse, however, was observed in the DLD1 cell line, with increasing % OCR alongside the 

increase in glucose concentration. 
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4.3.4 Contribution of mitochondrial respiration to total cellular oxygen consumption rates and 

of glycolysis to total extracellular acidification rate in DLD1 and HCT116 cells 

To assess these parameters, the basal cellular OCR and ECAR were determined initially for 

DLD1 and HCT116 cells, using rotenone (an inhibitor of the electron transport chain) and 

oxamate (an inhibitor of LDH) respectively.  The cellular respiration rate was higher in the 

DLD1 cell line than in the HCT116 cell line (See Fig. 4.5 A).  The observed ECAR of HCT116 cells 

was higher than that of DLD1 cells (See Fig. 4.5 B), suggesting that the former is more glycolytic 

than the latter.  Rotenone reduced the OCR of the DLD1 and HCT116 cell lines to approximately 

22% and 34% of their respective baseline rates (See Fig. 4.5 C), whilst oxamate reduced the 

ECAR to approximately 17% and 20% of their respective baseline rates (See Fig. 4.5 D).
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4.3.5 Sub-cytotoxic concentrations of docetaxel and gemcitabine increase ECAR in vitro 

To determine the effect of docetaxel and gemcitabine on glycolytic activity in the DLD1 and 

HCT116 tumour cell lines, the ECAR was measured with the XF96 Analyzer following incubation 

of the cell lines with two concentrations of each drug for 24 hours.  The first measure was done 

at 4 minutes and subsequent measures every 7 minutes for a total of 6 measures.  Both 

docetaxel and gemcitabine increased ECAR in both cell lines in a concentration-dependent 

fashion (See Fig. 4.6).  A greater increase in ECAR was observed with gemcitabine than with 

docetaxel in both cell lines.   
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4.3.6 Stratifying agents by their effect on reducing OCR  

The results from the O2 consumption assays (See Fig. 4.3) were summarised and an 

arbitrary ‘traffic light’ scoring system was applied (See Table 4.1).  Drugs and concentrations 

that resulted in greater than 50% reduction in OCR were highlighted green whilst those 

between 30 and 50% and those less than 30% were highlighted amber and red respectively.  

The COLO320DM and DLD1 cell lines appeared to have the greatest sensitivity to reduction in 

OCR whereas the MRC5 cell line the least.  Etoposide and oxaliplatin had very good reduction in 

OCR across all cell lines.  Docetaxel and gemcitabine, selected for their minimal toxicity at their 

investigated concentrations (See section 3.3.3), had variable results.  Gemcitabine reduced OCR 

in all tumour cell lines but had less of an effect on COLO320DM.  Docetaxel significantly reduced 

OCR in COLO320DM and DLD1 cell lines but had little effect on HCT116 and HT29 cell lines at 

the lower concentration.    
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Table 4.1.  Stratifying reduction in OCR in COLO320DM, DLD1, HCT116, HT29 and MRC5 

cell lines from tested chemotherapy agents.  Agents and cell lines selected for further 

investigation should demonstrate the greatest balance of resistance to toxicity and reduction in 

OCR.  Most agents had <30% reduction in OCR in the non-transformed (MRC5) cell line.  

Negative values represent an increase in OCR.  Data represents the mean % reduction in OCR 

and error values are the standard error of the mean.  

 DLD1 HT29 HCT116 COLO320DM MRC5 

Docetaxel 1 nM 88.41 ± 1.60 -4.13 ± 17.62 2.07 ± 8.10 92.30 ± 2.30 15.31 ± 3.04 

Docetaxel 3 nM 80.25 ± 2.13 46.10 ± 11.14 69.74 ± 4.16 88.80 ± 2.87 50.47 ± 10.32 

Etoposide 50 µM 59.41 ± 1.92 68.81 ± 7.13 78.15 ± 1.50 77.17 ± 2.69 81.50 ± 2.78 

Etoposide 100 µM 96.90 ± 1.02 96.02 ± 1.86 98.11 ± 1.21 84.78 ± 2.37 98.00 ± 1.68 

5FU 10 µM 48.77 ± 9.93 17.92 ± 9.36 29.18 ± 9.65 29.55 ± 5.92 15.31 ± 3.04 

5FU 50 µM 82.88 ± 2.59 59.61 ± 3.88 79.83 ± 3.36 75.85 ± 2.50 50.47 ± 10.32 

Gemcitabine 20 nM 17.41 ± 0.98 19.48 ± 1.10 23.71 ± 1.23 16.92 ± 8.84 6.45 ± 3.14 

Gemcitabine 50 nM 35.81 ± 0.88 42.74 ± 1.05 45.60 ± 0.37 12.53 ± 11.70 15.79 ± 6.36 

Mitomycin C 0.5 µM 10.15 ± 4.14 12.87 ± 7.49 -15.79 ± 6.71 16.86 ± 7.33 6.19 ± 2.86 

Mitomycin C 1 µM 15.73 ± 4.32 18.28 ± 7.35 -16.63 ± 5.92 74.80 ± 2.23 1.06 ± 3.75 

Mitoxantrone 1 nM 14.96 ± 3.39 16.84 ± 3.39 3.76 ± 5.21 79.27 ± 2.16 5.63 ± 2.50 

Mitoxantrone 5 nM 36.28 ± 3.89 53.93 ± 2.93 37.59 ± 1.89 83.20 ± 2.19 6.41 ± 4.11 

Oxaliplatin 0.5 µM 59.83 ± 0.732 75.00 ± 4.74 81.93 ± 1.31 83.21 ± 5.46 84.25 ± 3.09 

Oxaliplatin 1 µM 82.24 ± 2.16 86.93 ± 0.24 96.43 ± 0.63 90.11 ± 0.83 100.06 ± 0.96 

SN38 3 µM 83.66 ± 1.05 77.28 ± 2.10 26.08 ± 10.93 29.45 ± 4.05 11.61 ± 5.60 

SN38 5 µM 93.29 ± 1.75 91.38 ± 1.21 81.72 ± 3.62 79.35 ± 2.45 12.38 ± 5.44 

VX680 100 nM 28.67 ± 4.79 60.50 ± 7.52 5.296 ± 5.60 86.70 ± 3.34 17.12 ± 3.95 

VX680 300 nM 52.68 ± 5.25 82.01 ± 1.86 66.66 ± 8.67 79.35 ± 2.87 59.74 ± 6.81 

Vincristine 5 nM 39.88 ± 1.78 13.45 ± 3.76 13.29 ± 4.84 32.55 ± 2.07 -7.20 ± 4.51 

Vincristine 20 nM 79.94 ± 0.56 28.67 ± 5.48 58.14 ± 5.07 24.76 ± 2.45 8.79 ± 1.11 

% OCR Reduction >50   30-50   <30   
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4.4 Discussion 

 The results ascertained in Chapter 3 suggested that docetaxel and gemcitabine at the 

selected concentrations would be well tolerated by the colorectal tumour cell lines, causing 

minimal toxicity.  Both agents are shown to reduce OCR, albeit to a variable degree dependent 

on both concentration and cell line.   

 

 Docetaxel is a chemotherapy agent used in the treatment of non-small-cell lung, hormone-

refractory prostate, gastric, head and neck and locally advanced or metastatic breast cancer 

[229-233].  Although the agent has been shown to have a cytotoxic effect on colorectal cancer in 

clinical studies, doses required to achieve this are often associated with a debilitating side-effect 

profile [234].  Docetaxel significantly reduced the % OCR at both concentrations in the 

COLO320DM and DLD1 cell lines but only at the 3 nM concentration in the HCT116 and HT29 

cell lines (See Fig. 4.1).  The agent, however, remains promising for further investigation since it 

has a very good viability profile, particularly for the DLD1 and HCT116 cell lines. 

 

 Gemcitabine is a chemotherapy agent primarily used in the treatment of pancreatic cancer 

but is also an important component in the treatment of non-small-cell lung, breast and bladder 

cancer [229, 230, 235, 236].  Although it is not usually used in the primary treatment of 

colorectal cancer, the drug may have a synergistic effect with other agents, particularly anti-

metabolites and has become a focus for recent clinical trials in the treatment of late-stage, 

chemoresistant metastatic disease as a ‘salvage’ therapy [237-240].  The mechanism by which 

gemcitabine works in this circumstance is poorly understood but it is thought that it is through 

the cytotoxic effect of the drug.  Cham KK and colleagues suggested that low-dose gemcitabine 

may improve tumour hypoxia and perfusion in pancreatic tumour xenografts through an 

alternative mechanism [241].  This will be explored in greater detail with the colorectal 

xenograft experiments in Chapter 7.  In the monolayer studies outlined in this chapter, 

gemcitabine reduced OCR in DLD1, HCT116 and HT29 cell lines at the higher concentration but 
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had minimal effect in the COLO320DM cell line (See Fig. 4.2).  This is promising considering we 

can be confident that any reduction in OCR is relatively independent of cell death.  As discussed 

in Chapter 3, COLO320DM is a cell line which is part of the all-wild-type subgroup and the 

minimal effect of gemcitabine on OCR may be as a consequence of that.  

 

 The majority of agents and concentrations had less of an effect on the OCR in the MRC5 cell 

line when compared to the tumour cell lines (See Fig. 4.3).  As discussed in Chapter 1, 

mitochondria, oxidative phosphorylation and glycolysis are often atypical in tumour cells and 

this finding may suggest a tumour-specific enhancing effect on the activity of the agents in 

reducing OCR.  Kelly CJ and colleagues demonstrated that targeting aberrant PI3K and mTOR 

pathways in tumour cell metabolism reduced oxygen consumption, which was not significantly 

seen in the non-transformed control cell line [147].  

 

 Considering tumour cells may exhibit alterations in their ability to metabolise glucose and 

use oxidative phosphorylation, it was important to preliminarily ascertain the phenotype of the 

colorectal tumour cell lines.  Increasing glucose concentrations reduced the OCR of all cell lines 

(See Fig. 4.4).  This is perhaps not unexpected as an increase in glucose substrate would drive 

the cells to glycolysis and consequently reduce oxidative phosphorylation and OCR.  The 

baseline % OCR was reduced with increasing concentrations of glucose in a concentration-

dependent fashion in both COLO320DM and HCT116 cell lines, suggesting a more glycolytic 

phenotype in these cell lines.  Conversely, the DLD1 cell line had less of a reduction in OCR with 

increasing glucose concentrations suggesting that glycolysis would saturate and the cell line 

relied more on oxidative phosphorylation.  These results are supported by the data in Fig. 4.5, 

with OCR higher in DLD1, reflecting a higher oxidative phosphorylation (See Fig. 4.5 A) and 

ECAR higher in HCT116, reflecting a higher glycolytic activity (See Fig. 4.5 B).    
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 Rotenone, an inhibitor of the electron transport chain, was used to determine the 

contribution of mitochondrial respiration to total cellular oxygen consumption.  Mitochondrial 

respiration, on the whole, accounts for ∼90% of cellular oxygen consumption [242].  The 

remaining 10% is comprised of non-mitochondrial respiration and cell surface oxygen 

consumption [242, 243].  The rotenone-sensitive oxygen consumption rate specifically 

identifies mitochondrial respiration, while the rotenone-resistant rate reflects the non-

mitochondrial respiration rate.  The OCR of the DLD1 and HCT116 cell lines was reduced to 

approximately 22% and 34% of their respective baseline rates, suggesting that mitochondrial 

respiration accounted for 78% and 66% of their total cellular respiration, respectively (See Fig. 

4.5 C).  This further supports the reliance of oxidative phosphorylation in the DLD1 cell line.     

 

 To assess the contribution of lactic acid production from glycolysis to ECAR, oxamate (an 

inhibitor of LDH) was used.  The oxamate-sensitive ECAR reflects the glycolytic rate and the 

oxamate-insensitive ECAR is due to non-glycolytic acidification, usually by carbon dioxide which 

can be converted to bicarbonate and contribute to extracellular acidification.  The ECAR of the 

DLD1 and HCT116 cell lines was reduced to approximately 17% and 20% of their respective 

baseline rates after exposure to oxamate, indicating that glycolysis accounts for about 83% and 

80% of their total ECAR (Fig. 4.5 D). 

 

 Fig. 4.5 C represents the uncoupled respiration of the DLD1 and HCT116 cell lines.  The 

effects of docetaxel and gemcitabine on the electron transport chain, oxidative phosphorylation 

and the glycolytic pathway are investigated in detail in Chapter 6 in order to explain the 

reduction in OCR seen with these agents.   

 

The COLO320DM cell line had very good overall reduction in OCR with most of the drugs 

and concentrations (see Fig. 4.3 and Table 4.1).  This contrasts with the high sensitivity of the 

cell line to the same agents and suggests perhaps the reduction in the OCR seen is as a 
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consequence of cell death rather than through any other mechanism.  This is also observed with 

the effect of etoposide and oxaliplatin, which demonstrated a greater than 50% reduction in 

OCR across all cell lines, including MRC5, yet was highly toxic from the assays seen in Chapter 3. 

It is likely that reduction in OCR with these agents is from reduction in cell number, despite 

attempting to normalise for this variable.  

 

With both docetaxel and gemcitabine, the OCR is reduced rapidly but cell viability is not 

adversely affected within 24 hours (See Figs 4.1, 4.2 and Table 3.2).  For the cells to survive and 

continue to produce ATP, ECAR inevitably increases to counteract the decrease in OCR, 

indicating that glycolysis is upregulated to continue the production of ATP [244].  This 

observation is seen with both agents in DLD1 and HCT116 (See Fig. 4.6).  Both docetaxel and 

gemcitabine increase ECAR in both cell lines in a concentration-dependent fashion, with a 

greater increase seen with gemcitabine than with docetaxel.  If an agent was too toxic to cells, 

one would expect to see a decrease in both OCR and ECAR [244, 245].  As this does not appear to 

be the case with either docetaxel or gemcitabine, we consider that neither agent at these doses 

has a considerably toxic effect on the cell lines.  Furthermore, the rapid drop in OCR seen with 

both agents suggests an immediate effect on oxidative phosphorylation and the electron 

transport chain.  This possibility is explored further and discussed in Chapter 6.       

 

Evaluating the results from Chapter 3 and 4, the DLD1 and HCT116 cell lines appear to have 

a good balance of resistance to toxicity and reduction in OCR to docetaxel and gemcitabine.  

Both cell lines are also well known to form spheroids in vitro and subcutaneous tumours in vivo 

[246-249].  It was therefore concluded that further investigation would be with these agents, 

concentrations and cell lines.  
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CHAPTER 5:  SUB-CYTOTOXIC CONCENTRATIONS OF DOCETAXEL AND 

GEMCITABINE REDUCE HYPOXIA IN 3-DIMENSIONAL IN VITRO 

MODELS 

 

5.1 Aims 

1. To investigate whether docetaxel and gemcitabine can reduce hypoxia in spheroid 

models of DLD1 and HCT116 cell lines. 

2. To demonstrate that any reduction in hypoxia in spheroid models of DLD1 and HCT116 

cell lines occurs independently of cell death. 
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5.2 Introduction 

 5.2.1 Using spheroids as a model for investigating core hypoxia 

  Investigating the relationships between tumour growth, the development of hypoxia and 

alterations in metabolism requires an appropriate experimental model.  Conventional in vitro 

monolayer studies, as demonstrated in Chapter 4, provide a good platform for initial studies but 

can be physiologically unrealistic.  Monolayers are widely used to study the effects of hypoxia on 

proliferation and metabolism, by being able to manipulate the atmospheric oxygen 

concentration [250, 251].  However, it is difficult to form physiologically relevant gradients in 

oxygen in a two-dimensional (2D) environment. First identified by Sutherland and colleagues, 

the spheroid model offers a unique experimental bridge between conventional 2D monolayer 

cultures and in vivo models such as xenografts, the results of which will be discussed in Chapter 

7 [252].  Spheroids are three-dimensional (3D) aggregates of tumour cells that are cultured in 

vitro.  Although more challenging to initiate than monolayer cultures, spheroids reproduce 

crucial tumour characteristics, such as proliferative patterns and histological organisation.  

They also share signalling and metabolic profiles that are more similar to in vivo cells than those 

in monolayer [253].  Furthermore, in contrast to xenograft models, the effects of agents on 

diffusion-limited hypoxia can be studied without the need to isolate and separate the potential 

effects of a heterogeneous vascular network [254].    

 

 As discussed in Chapter 1, diffusion-limited hypoxia is one of two principal causes of 

hypoxia within tumours.  Spheroids can offer a unique insight into the potential mechanisms 

involved in this process.  As a spheroid develops, proliferating cells located in its inner region 

typically become hypoxic.  The diffusion of oxygen, glucose and other nutrients restricts 

spheroid growth, which consequently leads to the development of a necrotic inner core.  The 

potential benefit of using spheroids over monolayers as an in vitro model in this instance 

therefore, is that the artificial maintenance of different oxygen tensions is not necessary.  This 
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leads to reproducible and well defined regions of central hypoxia and necrosis.  A major 

limitation of monolayer studies is that all cells are equally exposed to oxygen and other 

nutrients, which is a physiologically unrealistic model for tumour hypoxia.  Additionally, the 

microenvironment surrounding cells can significantly influence intracellular signalling so that 

cells may be more radioresistant in 3D than in 2D systems.  This is further explored in Chapter 

8.  There is also evidence that spheroids have significantly fewer EGF receptors, necessary for 

mitosis, than corresponding monolayers [255].  This lower density, which is not associated with 

a lower cell proliferation rate, suggests a more efficient EGF autocrine loop in spheroids than in 

monolayer cultures.  Therefore, 2D models on their own are perhaps inappropriate to study the 

effect of agents on tumour proliferation.   

 

 Spheroid culture also allows for a controlled environment, which can be easily 

manipulated, tested and repeated.  This is particularly a challenge in in vivo xenografts, as 

controlling the number of variables in the experimental process can be very difficult and repeat 

experiments may not be comparable.  Therefore, spheroids offer an alternative and 

intermediate model for tumour hypoxia studies between 2D culture and 3D in vivo xenografts.  

It is through this niche, that spheroids have become widely used as a model for tumour 

proliferation, hypoxia and metabolism and for the testing of novel chemotherapy and 

radiotherapy regimes [147, 253, 256-259].  

 

 5.2.2 Mathematical modelling and calculating OCR 

 As addressed earlier, spheroid models allow investigation of diffusion-limited hypoxia and 

mathematical modelling provides a relatively accurate way to determine OCR in the 3D setting.  

With use of oxygen-sensitive markers, such as EF5, hypoxia can be identified in both clinical and 

preclinical models, such as in spheroids and in vivo xenografts, without damaging the cells [260, 

261].  Conger and colleagues demonstrated that spheroids generally grew exponentially and 

then approximately linearly, achieving a roughly constant viable rim thickness [262].  From this 
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work, various researchers determined several mathematical models of oxygen distribution that 

considers the oxygen gradient subject to various boundary conditions [263, 264].  Using these 

principles, Grimes and colleagues described an analytical model which investigates oxygenation 

through a spheroid and explicitly predicts the consumption rate for a given spheroid, including  

a prediction of the extent of the hypoxic, necrotic and proliferating regions (See Fig. 5.1) [265].  

This model was applied to the spheroid experiments outlined in this chapter.  
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5.3 Results 

 5.3.1 Optimising immunohistochemistry and identifying region of interest of spheroid sections 

for hypoxia imaging 

 In order to image the effects of docetaxel and gemcitabine on hypoxia, spheroids were 

cultured as described in section 2.5 and incubated with the hypoxia marker EF5 for 4 hours 

prior to fixation and sectioning.  Spheroids were sectioned through the region of interest to 

ensure specimens representative of core hypoxia (See Fig. 5.2 A).  Spheroids of similar size were 

selected using brightfield microscopy and their approximate diameters were calculated, from 

which D could be determined and guide sectioning.  Sectioned spheroids were treated to a 

highly optimised staining process, as outlined in section 2.7, with a non-specific nuclear stain 

(Hoechst 33342), a proliferation marker (Ki-67) and a hypoxia marker (EF5) (See Fig. 5.2 C).  

Tile images from confocal microscopy gave an overview of all spheroids on each slide (See Fig. 

5.2 B).         
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5.3.2 Sub-cytotoxic concentrations of docetaxel and gemcitabine reduce spheroid hypoxia 

To determine the effect of docetaxel and gemcitabine on hypoxia in DLD1 and HCT116 

spheroids; spheroids were treated with each agent and concentration for a 24 hour period, 

which was inclusive of the 4 hour EF5 incubation period.  Spheroids were then fixed, sectioned 

and stained for hypoxia imaging.  Both docetaxel and gemcitabine significantly reduce or 

eradicate hypoxia (See Figs. 5.3 and 5.4).  EF5 staining and thus hypoxia, was not visible in 

either the DLD1 or HCT116 spheroids treated with docetaxel or gemcitabine at the 3 nM and 50 

nM concentrations respectively.  However, following removal of the agents and allowing a 24 

hour period of recovery in drug-free medium, hypoxia returns (See Figs. 5.3 C and 5.4 C).  

Quantification of OCR within the spheroids was determined as discussed in section 5.2.2, 

demonstrating a significant reduction in OCR with treatment as compared to the control 

spheroids (See Figs. 5.3 B and 5.4 B).               
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5.3.3 Sub-cytotoxic concentrations of docetaxel and gemcitabine do not affect spheroid 

diameter 

As an indirect indicator of cell death, untreated and treated (following 24 hours incubation 

with agent) DLD1 and HCT116 spheroids were imaged with brightfield microscopy and their 

diameters measured and compared (See Figs. 5.5 A and 5.6 A).   For both DLD1 and HCT116 

spheroids, there was no statistical difference in the average spheroid diameter between 

untreated and treated groups for either docetaxel or gemcitabine (See Figs 5.5 B and 5.6 B).  
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 5.3.4 Sub-cytotoxic concentrations of docetaxel and gemcitabine reduce the proportion of 

proliferating cells in spheroids 

 To determine the effects of sub-cytotoxic concentrations of docetaxel and gemcitabine on 

the proliferative capacity of DLD1 and HCT116 spheroids, spheroid sections were 

immunofluorescently stained for Ki-67 (See Fig. 5.2 C).  With use of ImageJ (version 1.47) 

software, the proportion of pixels which were Ki-67 positive were determined and labelled as 

proliferating.  Pixels which were Hoechst 33342-positive but Ki-67 negative were labelled as 

non-proliferating and an overall percentage of proliferating cells was calculated.  Both agents 

reduced the proportion of proliferating cells in a concentration-dependent manner when 

compared to untreated spheroids and in both cell lines (See Fig. 5.7). 
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5.3.5 Improvement in spheroid hypoxia appears to be independent of drug-induced apoptosis 

To determine whether any drug-induced apoptosis could be responsible for the 

improvement in spheroid hypoxia, the proportion of cells in the sub-G1 peak on flow cytometric 

analysis of cells from the spheroids were quantified and compared (See Fig. 5.8 A).  Following 

treatment for 24 hours with either docetaxel or gemcitabine, spheroids were mechanically 

disaggregated into single cells, fixed in ethanol and treated with propidium iodide and 

ribonuclease for flow cytometric analysis.  The percentage of apoptotic cells between treated 

and untreated spheroids for both agents and cell lines remained relatively constant and did not 

reach statistical significance (See Fig. 5.8 B and C).     
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5.4 Discussion 

The results outlined in this chapter reaffirm many of the findings discussed in chapters 3 

and 4.  Spheroids are an excellent bridge between monolayer and in vivo experiments for 

studying hypoxia and also provide a platform for investigating diffusion-limited hypoxia. 

 

To accurately evaluate any improvements in hypoxia within spheroids, it was essential that 

immunofluorescence staining was optimised, reproducible and robust.  EF5 is a highly specific 

nitroimidazole developed at the University of Pennsylvania by Dr. Cameron Koch and Dr. 

Sydney Evans and has become a widely used marker of hypoxia.  As a bioreductive dye, EF5 

covalently binds all viable hypoxic cells at a rate that is inversely proportional to tissue oxygen 

level [266, 267].  EF5 binding to hypoxic cells has since been vigorously studied and is now 

currently used to detect hypoxia in solid tumours in clinical settings [268, 269].  Ki-67 human 

nuclear antigen is a classical histopathological marker of cell proliferation which is expressed in 

proliferating cells but not in quiescent cells [270-272].  Ki-67 expression appears to be 

restricted to late G1, S, G2 and M phases and is absent in the quiescent, G0 phase [272].  

Furthermore, increased expression of Ki-67 is related to poor long-term survival and death 

[273].  Finally, Hoechst 33342, a bisbenzamide dye, was used to stain DNA.  Hoechst non-

specifically binds to nucleic acids but DNA strands rich in adenine and thymine increase its 

fluorescence [274].  Within spheroids, the rate of uptake of Hoechst is independent of cell type 

and distribution is uniform throughout the cross-section, being dependent only on stain 

delivery [275].  The results of the staining process were successful in delineating the different 

features of the spheroids and allowed for further investigation to proceed.  Clear boundaries of 

peripheral proliferation and central hypoxia were easily identified and alongside Hoechst 

staining, allowed for effective quantitative analysis (See Fig. 5.2). 

 

Reducing OCR with docetaxel and gemcitabine improved spheroid hypoxia (See Figs. 5.3 

and 5.4).   Reduction in OCR was confirmed through mathematical modelling, as discussed in 
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section 5.2.2 and in keeping with the findings identified in Chapter 4.  Several researchers have 

demonstrated that reducing OCR, whether chemically or otherwise, can improve spheroid or 

tumour hypoxia and the results identified here are supportive of this [276, 277].  Indeed, it was 

through the discovery of the role of metformin in reducing OCR and improving tumour hypoxia, 

that this relatively niche area has now garnered much attention [277].               

 

To confirm that both docetaxel and gemcitabine caused minimal cell death within the 

spheroids and that apoptosis was not the explanation for improvement in hypoxia, both average 

spheroid diameter and population of apoptotic cells were assessed (See Figs. 5.5, 5.6 and 5.8).  

The average diameter of spheroids did not statistically differ between untreated and treated 

spheroids (See Figs. 5.5 B and 5.6 B), with no visible difference in size or viability measured on 

brightfield microscopy (See Figs. 5.5 A and 5.6 A).  Furthermore, the population of apoptotic 

cells within untreated and treated spheroids did not change between the groups (See Fig. 5.8).  

Disaggregated spheroids are fixed, washed with phosphate-citrate buffer and treated with 

propidium iodide.  This results in the extraction of low molecular weight DNA from apoptotic 

cells, appearing to the left of the normal G1 peak.  Although the technique is quick and relatively 

easy, it is not a very specific method of detecting apoptosis as cells in late S phase or from G2 

may be missed.  It does, however, give a broad overview to what exactly is happening in a 

population of cells and is particularly useful for studies over a time course. 

 

Spheroids are composed of cells with differing proliferative status which results in a 

cellular heterogeneity that closely mimics the multiple cell phenotypes found in vivo.  Several 

studies in xenograft models from human cancer lines have shown that the populations of 

proliferating and hypoxic cells can be distinct [278].  However, other experiments have 

confirmed that hypoxia and proliferation can overlap [279, 280].  This was elegantly 

demonstrated by Ljungkvist and colleagues in xenograft models of human HNSCC, who showed 

that there was a significant number of proliferating cells present in the hypoxic region, although 
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this was reduced when compared to the normoxic region [281].  This also appears to be the case 

with the spheroid results here, with most of Ki-67 staining present primarily on the periphery 

and minimal amount within the core hypoxic region (See Fig. 5.2 C).  This staining pattern was 

not unexpected considering that as a spheroid grows, proliferating cells located in the inner 

region naturally become hypoxic and undergo cell arrest or apoptosis.  This was further 

illustrated by Takagi and colleagues who showed a decrease in proliferation from the spheroid 

periphery to the inner core in human prostate tumour cells, which was directly related to the 

level of hypoxia present [282].  Figure 5.7 show that both docetaxel and gemcitabine reduce the 

proportion of proliferating cells in the spheroid as a whole in a concentration-dependent 

manner.  This is perhaps to be expected considering that both docetaxel and gemcitabine are 

known to have cell cycle inhibitory effects and is principally the mechanism by which the agents 

exert cytotoxicity.  However, as discussed earlier, neither drug had an effect on the population of 

apoptotic cells, suggesting that the tested concentrations inhibit proliferation but do not trigger 

the apoptotic pathways that lead to cell death. These concentrations may leave the cells in a 

state of senescence although this was not experimentally confirmed.  Furthermore, whilst the 

literature points to an inverse relationship between hypoxia and proliferation in spheroids, 

some studies have shown that a limited exposure to hypoxia may not affect cell proliferation at 

all, whereas prolonged exposure to chronic hypoxia can decrease cell proliferation and induce 

cell death [283].  With this in mind, any improvement in hypoxia may theoretically move cells 

from a state of quiescence to that of proliferation and this should be evident with a potential 

increase in Ki-67 positive cells within the core of a spheroid.  Unfortunately, this was not 

observed in these results but this may be explained through the limited opportunity to do so 

within the 24 hour period of treatment or through the conflicting anti-proliferative effects of the 

agents themselves.  On the other hand, the movement of cells from a proliferative to a quiescent 

state, which has a lower OCR comparatively, may be a potential explanation for the 

improvement in hypoxia seen in the spheroids.  The specific effects of the drugs on the G1, S and 
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G2 cell populations and their potential relationship with reducing oxygen consumption will be 

discussed in the next chapter.   
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CHAPTER 6:  DOCETAXEL AND GEMCITABINE IMPROVE HYPOXIA BY 

ALTERING OXIDATIVE PHOSPHORYLATION 

 

6.1 Aims 

1. To determine possible mechanisms of action of docetaxel and gemcitabine in reducing 

OCR and improving hypoxia. 

2. To confirm any determined mechanisms of action with different experimental 

techniques. 
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6.2 Introduction 

 6.2.1 The known mechanisms of action of docetaxel and gemcitabine 

 As discussed in Chapters 1 and 3, both docetaxel and gemcitabine are broadly classed as 

cytotoxic chemotherapeutic agents which take advantage of the rapidly dividing state of tumour 

cells to initiate cell death but are usually non-specific, resulting in a high side-effect profile.  

Separately, they have different mechanisms of action.   

 

 Docetaxel is a plant-derived anti-microtubule agent shown to exhibit cytotoxic activity on a 

variety of different tumours, including melanoma, breast, colorectal, lung, ovarian, gastric, renal 

and prostate [44, 284].  Microtubules are an important component of the cytoskeleton within 

cells.  They are essential in maintaining the structure of the cell and are in a constant state of 

assembly and disassembly [43].  Docetaxel binds specifically, reversibly and with high affinity to 

β-tubulin at a maximum stoichiometry of 1 mole docetaxel per mole tubulin in microtubules 

[285].    This binding stabilises microtubules and prevents microtubule disassembly, leading to a 

gradual and considerable loss of free tubulin, necessary for microtubule formation [286].  

Consequently, tumour cells are blocked from completing mitosis and enter cell cycle arrest and 

apoptosis [35, 286].  It is through this principle mechanism that the cytotoxic effect of docetaxel 

is exerted.  However, docetaxel does not prevent disassembly of microtubules in interphase and 

therefore does not prevent entry into the cell cycle but blocks mitosis by inhibiting the mitotic 

spindle assembly.  Additionally, apoptosis is also further encouraged by the action of docetaxel 

on inhibiting the apoptosis-blocking oncoprotein, bcl-2 [285].  

 

 Gemcitabine is a deoxynucleoside analogue and part of the anti-metabolite sub-group of 

cytotoxic agents, which are a group of agents that disrupt DNA and RNA synthesis.  The drug is 

commonly used in the treatment of breast, non-small cell lung, bladder and pancreatic cancer.  

Gemcitabine is specifically a deoxycytidine analogue and is metabolised intracellularly to two 
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active metabolites, gemcitabine diphosphate (dFdCDP) and gemcitabine triphosphate (dFdCTP).  

Cytotoxicity is exerted through incorporation of dFdCTP into DNA with the assistance of 

dFdCDP, resulting in inhibition of DNA synthesis and induction of apoptosis [35, 39].  By 

impeding DNA synthesis, the drug prevents mitosis.  It also incorporates into DNA, resulting in 

double-strand DNA breakage and cell death.  Gemcitabine typically causes S phase arrest in the 

cell cycle.  Consequently, the efficacy of the drug can reach a therapeutic limit, after which cell 

death no longer occurs with increased doses [35].  Another target of gemcitabine is the enzyme 

ribonucleotide reductase (RNR), which catalyses the formation of deoxyribonucleotides from 

ribonucleotides, used in the synthesis of DNA [287].  The dFdCDP analogue binds to the RNR 

active site and irreversibly inactivates the enzyme.  Once inhibited, the cell cannot produce the 

deoxyribonucleotides necessary for DNA replication and apoptosis is induced [288].  

Additionally, RNR is essential in regulating the DNA synthesis rate so that the ratio of DNA to 

cell mass is constant during mitosis and DNA repair [289].   

  

 6.2.2 The influence of docetaxel and gemcitabine in and on hypoxia 

 There is great variability in both the efficacy and activity of docetaxel and gemcitabine on 

hypoxia across different cell lines and tumours [176].  Their actions on hypoxia, however, have 

not been thoroughly elucidated.  Several studies have shown that the cytotoxic effects of 

gemcitabine appear to be reduced in the presence of hypoxia, particularly in testicular germ cell, 

breast, prostatic, hepatic and pancreatic tumour cell lines [183, 186, 187].  The activity of 

docetaxel, on the contrary, appears unchanged in prostate and ovarian tumour cell lines and 

preserves its tumour cell-killing activity even at lowest concentrations against EGFR-

overexpressing carcinoma cells [178, 181, 182, 290, 291].  However, Strese and colleagues 

demonstrated that docetaxel was associated with increased drug resistance in a panel of varied 

tumour cell lines in anoxic and hypoxic conditions [176].  Cham and colleagues demonstrated 

that metronomic gemcitabine could improve tumour hypoxia in xenograft models and reduce 

tumour volume but the mechanisms for these observations were not discussed in their study 
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[241].  A number of studies have also used gemcitabine as an adjunct treatment alongside 

agents that become active in the hypoxia environment such as the hypoxia-activated prodrug 

TH-302 or agents targeting HIF-1α, such as PX-478 or si-HIF1α and have shown a synergistic 

effect [292-294].  However, most of these studies have principally been in pancreatic tumour 

models, as opposed to the colorectal tumour cell lines investigated here.  Docetaxel has been 

shown to have an inhibitory effect in some studies and no effect in others on HIF-1α expression 

in ovarian and breast tumour cell lines [180, 181].  

 

 These conflicting results in the literature show that impaired chemosensitivity in hypoxia is 

not universal.  Indeed, chemotherapy agents have varying efficacies in different cell lines and 

some agents appear even less effective in normoxia [176, 291].   Chapters 4 and 5 have shown 

that both docetaxel and gemcitabine lower OCR and improve hypoxia in DLD1 and HCT116 cell 

lines and the mechanisms by which this is achieved will be explored in this chapter. 
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6.3 Results 

 6.3.1 Sub-cytotoxic concentrations of docetaxel and gemcitabine induce G2/M and S phase 

arrest respectively 

 To determine the effect of docetaxel and gemcitabine on cell division, control- and drug-

treated DLD1 and HCT116 spheroids were disaggregated into single cells, fixed in ethanol and 

treated with propidium iodide and ribonuclease for flow cytometric analysis.  Docetaxel induced 

G2/M arrest in cells from both DLD1 and HCT116 spheroids (See Fig. 6.1).  This effects was 

evidenced by a rise in the G2 peak with increasing concentration of docetaxel (See Fig. 6.1 A) and 

by an increase in the proportion of cells in G2/M in both cell lines (See Fig. 6.1 B).  Gemcitabine 

induced S phase arrest in cells from both DLD1 and HCT116 spheroids (See Fig. 6.2).  This effect 

was evidenced by a change in the distribution of S phase on the histograms with increasing 

concentration of gemcitabine (See Fig. 6.2 A) and by an increase in the proportion of cells in S 

phase in both cell lines (See Fig. 6.2 B).  Both agents reduced the proportion of cells in G1.          



147 
 



148 
 



149 
 

6.3.2 Sub-cytotoxic concentrations of docetaxel and gemcitabine alter cell cycle kinase activity 

Both docetaxel and gemcitabine are known to have cell cycle inhibitory effects by targeting 

various kinases involved in cell cycle progression.  To determine whether sub-cytotoxic 

concentrations of each agent affected known kinase targets, protein expression was measured 

for cyclin-dependent kinase inhibitors p21 and p27 and the protein kinase, Chk1, which 

coordinate the DNA damage and cell cycle checkpoint responses.  Docetaxel at 3 nM 

concentration increased Chk1 expression in both DLD1 and HCT116 cell lines (See Fig. 6.3 A).  

Gemcitabine at 50 nM concentration increased p21, p27 and Chk1 expression in both DLD1 and 

HCT116 cell lines (See Fig. 6.3 B). 
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 6.3.3 Sub-cytotoxic concentrations of docetaxel and gemcitabine alter mitochondrial function 

 To determine whether docetaxel and gemcitabine affected mitochondrial respiration, 

mitochondrial stress testing was performed to assess the key parameters of mitochondrial 

function (See Fig. 6.4).  Untreated or drug-treated DLD1 and HCT116 cells were subjected 

sequentially to four drugs to calculate coupled and uncoupled respiration: 1) oligomycin (an 

inhibitor of Complex V); 2) para-trifluoromethoxy carbonyl cyanide phenylhydrazone (FCCP - 

an uncoupling agent); 3) rotenone (an inhibitor of Complex I) and 4) antimycin A (an inhibitor 

of Complex III) (See Fig. 6.4 B).  Representative graphs of mitochondrial stress test results in 

untreated and treated DLD1 and HCT116 cells can be seen in Figs 6.5 A and B and 6.6 A and B.  

Docetaxel significantly reduced coupled respiration at 3 nM concentration in both the DLD1 and 

HCT116 cell lines and at 1 nM concentration in the DLD1 cell line (See Fig. 6.5 C).  Both 

concentrations of docetaxel significantly reduced uncoupled respiration in the DLD1 cell line 

but not in the HCT116 cell line (See Fig. 6.5 D).  Thus both coupled and uncoupled respiration 

are inhibited by docetaxel in DLD1 cells but only coupled respiration is inhibited in HCT116 

cells.   Coupled respiration was also significantly reduced in both cell lines after 24 hours 

treatment with 20 nM and 50 nM gemcitabine compared to the DMSO-treated control (See Fig. 

6.6 C).  Gemcitabine reduced uncoupled respiration in the DLD1 cell line but significantly 

increased it in the HCT116 cell line (See Fig. 6.6 D).  Thus both coupled and uncoupled 

respiration are inhibited by gemcitabine in DLD1 cells but only coupled respiration is inhibited 

in HCT116 cells and is associated with an increase in uncoupled respiration. 
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6.3.4 Sub-cytotoxic concentrations of docetaxel and gemcitabine do not reduce mitochondrial 

mass or Complex I-V expression in the electron transport chain 

To determine whether the alterations in mitochondrial function were a result of reductions 

in mitochondrial mass or in expression of mitochondrial complexes, protein expression was 

measured for citrate synthase and oxidative phosphorylation complexes.  No reduction in 

mitochondrial mass, as assessed by citrate synthase expression, was observed with docetaxel or 

gemcitabine treatment in either the DLD1 or HCT116 cell lines (See Fig. 6.7 A).  Similarly, 

expression levels of the five mitochondrial complexes did not reduce with either treatment 

when tested in DLD1 cells (See Fig. 6.7 B). 
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6.3.5 Deoxynucleotide triphosphate populations in DLD1 and HCT116 cells treated with 

docetaxel and gemcitabine 

To determine whether docetaxel or gemcitabine alter deoxynucleotide triphosphate 

(dNTP) populations within DLD1 and HCT116 cells, levels of individual dNTPs were quantified 

after 24 hours of drug treatment using high performance liquid chromatography (HPLC).  At 

either 1 nM or 3 nM concentrations, docetaxel did not affect the dNTP pools (See Fig. 6.8 A).  

Gemcitabine increased the dTTP levels in a concentration-dependent manner in both DLD1 and 

HCT116 cell lines but is more pronounced in the former (See Fig. 6.8 B). 
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6.3.6 Gemcitabine reduces OCR and improves hypoxia independent of its effect on RNR 

To identify whether gemcitabine reduces OCR and improves hypoxia through its action on 

RNR, cells were treated with and without hydroxyurea (a known inhibitor of RNR), analysed 

using OCR assays to measure oxygen consumption and using HPLC analysis to measure the 

dNTP populations (See Fig. 6.9).  Hydroxyurea at 10 µM and 100 µM concentrations did not 

reduce OCR in DLD1 and HCT116 cells (See Fig. 6.9 A and B) and even increased OCR in HCT116 

cells at the 100 µm concentration (See Fig. 6.9 B).  The population of all dNTPs were reduced in 

both cell lines at both 10 µM and 100 µM concentrations, although the reduction in dTTP levels 

was less marked (See Fig. 6.9 C).  This is in contrast with the relatively unaffected levels of 

dNTPs seen when treated with gemcitabine (See Fig. 6.8 B). 

 



160 
 

 



161 
 

6.4 Discussion 

 The different mechanisms of action of docetaxel and gemcitabine in exerting cytotoxicity 

are both very complex and very effective.  The focus of this chapter was to determine whether 

the drugs reduced OCR and hypoxia through their cytotoxic effect or an alternative mechanism.  

The work presented in Chapters 3 and 5 illustrated that cell death at these concentrations of 

docetaxel and gemcitabine were limited and that the cytotoxic effect was unlikely to be a 

significant contributor to reducing OCR and hypoxia.      

 

 A reduction in cellular proliferation within spheroids, as presented in Chapter 5, was 

hypothesised to be a potential mechanism for the observed improvement in hypoxia, as 

senescent and G0 cells have a lower oxygen requirement than proliferating cells [167, 295-298].  

Cellular senescence is distinct from quiescence (G0) as it is an induced state that occurs in 

response to DNA damage or interruption that would make on going mitosis non-viable.  

Senescence therefore provides an alternative to a cell’s death by apoptosis.  This is quite distinct 

from quiescence, which usually occurs in response to a lack of growth factors or nutrients such 

as oxygen.  Cells remain in G0 until there is a reason for them to divide and therefore quiescence 

is reversible whereas senescence is not.  Consequently, improvement in hypoxia may be due to 

the agents moving proliferating cells into a senescent state, as a result of DNA damage, cell cycle 

inhibition or both.  Both docetaxel and gemcitabine are known to have cell cycle inhibitory 

effects, blocking the process at G2/M and S phase respectively [35, 286].  Figures 6.1 and 6.2 

demonstrate that even at these low concentrations, both drugs affect the cell cycle and arrest 

the cells at the aforementioned phases.  Because the population of apoptotic cells remain 

unchanged with treatment, one potential explanation for the observed cell cycle arrest is that 

proliferating cells become senescent after drug treatment.  However, due to time constraints, 

this alternative explanation could not be experimentally tested. 
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 Sub-cytotoxic concentrations of docetaxel and gemcitabine interfered with cell cycle 

machinery, as demonstrated by the increased expression of p21, p27 and Chk1 measured using 

western blot analysis.  Both p21 and p27 are potent cyclin-dependent kinase inhibitors.  The 

p21 protein binds to and inhibits the activity of cyclins CDK2, CDK1 and CDK4/6 complexes and 

thus acts as a regulator of cell cycle progression at G1 and S phase but can affect all phases of the 

cycle [299].  p21 initiates cell cycle arrest but can also mediate cellular senescence.  Therefore 

agents which affect the cell cycle at S phase would be expected to increase the activity of p21, in 

line with the observed increase in expression of p21 in both DLD1 and HCT116 cell lines treated 

with 50 nM gemcitabine (See Fig. 6.3 B).  p27 is a protein with a similar mechanism of action 

and function as p21 and induces cell cycle arrest at G1 and S phase by  binding to and preventing 

the activation of CDK2 or CDK4 complexes [300].  As with p21, there is increased expression of 

p27 with gemcitabine in both cell lines (See Fig, 6.3 B).  Finally, Chk1 is a serine/threonine 

protein kinase which co-ordinates the DNA damage and cell cycle checkpoint response [301].  

Activation of Chk1 results in the initiation of cell cycle checkpoints, cell cycle arrest, DNA repair, 

gene transcription and apoptosis which impacts various stages of the cell cycle including the S, 

G2/M transition and M phases [302].  As expected, both docetaxel and gemcitabine increase 

expression of Chk1 in DLD1 and HCT116 cells (See Fig. 6.3 A and B).  Together, these findings 

suggest that sub-cytotoxic concentrations of these agents have an anti-proliferative effect and 

possibly promote cellular senescence.  

 

 However, the anti-mitotic effect of docetaxel and gemcitabine is perhaps not the only 

possible explanation for the reduction in OCR, as the results from Chapter 4 would suggest.  The 

rapid drop in OCR observed with both agents indicates that the drugs may have an immediate 

effect on the electron transport chain and oxidative phosphorylation.  This certainly appears to 

be the case, as both drugs significantly reduced coupled respiration in both cell lines on 

mitochondrial stress testing (See Figs. 6.5 C and 6.6 C).  Coupled respiration describes oxygen 

uptake which is dependent on the presence of ADP and phosphate i.e. one cannot occur without 
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the other.  The flow of electrons through the electron transport chain, from electron donors 

such as NADH to electron acceptors such as oxygen, is an exergonic process, whereas ATP 

synthesis is an endergonic process.     However, as coupled respiration is dependent on the 

supply of electrons from the electron transport chain, this does not in itself show that the 

observed OCR reduction is dependent on Complex V (ATP synthase) activity.  It is therefore 

necessary to also consider uncoupled respiration, which reflects electron transport chain 

activity.  Treatment with docetaxel and gemcitabine reduced uncoupled respiration in the DLD1 

cell line but either had no effect or increased it in the HCT116 cell line (See Figs. 6.5 D and 6.6 

D).  This observation may be explained through results identified in Chapter 4, which showed 

that the HCT116 cell line had a predominantly glycolytic phenotype. 

 

  This reduction in mitochondrial function appears to be independent of mitochondrial mass 

and complex expression (See Fig. 6.7).  DLD1 and HCT116 cells treated with docetaxel and 

gemcitabine had no effect on the level of mitochondria, as determined by western blot for 

citrate synthase (See Fig. 6.7 A).   Citrate synthase is an essential component of the citric acid 

cycle and is a commonly used quantitative enzyme marker for mitochondrial mass.  This was 

further supported by the fact that neither drug reduced the expression of the complexes of the 

electron transport chain, with either similar or increased expression seen with treatment in 

both cell lines (See Fig. 6.7 B). 

 

 At the tested concentrations, neither docetaxel nor gemcitabine negatively affected the 

dNTP populations (See Fig. 6.8).  As discussed, both agents are known to be anti-proliferative 

but as gemcitabine has a specific effect on RNR, a reduction in the individual dNTPs may be 

expected.  Instead, there was an increase in the population of dTTP with increasing 

concentrations of gemcitabine (See Fig. 6.8 B).  This finding can perhaps be explained through 

the fact that dTTP is not formed through RNR but through thymidylate synthase, where dUMP is 

methylated to dTTP.  Gemcitabine at these concentrations does not therefore have a significant 
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effect on RNR, a result similar to those obtained by Kerr and colleagues [303].  In contrast to the 

effects observed with gemcitabine, treatment of DLD1 and HCT116 cells with hydroxyurea, a 

known inhibitor of RNR, resulted in a significant drop in all dNTP levels (See Fig. 6.9 C) [304, 

305].  Although dTTP levels drop despite being synthesised by a different enzyme, the reduction 

is less marked as compared to the other dNTPs.  This can be explained through the fact that RNR 

inhibition will deplete dUDP, which is formed from dUMP, to result in a modest fall in dTTP 

levels.  However, hydroxyurea has little effect on the OCR after 24 hours of treatment, 

suggesting that the activity of gemcitabine in reducing OCR is independent of its action on RNR 

and that possibly a new mechanism of action, one that affects the electron transport chain and 

oxidative phosphorylation, is responsible (See Fig. 6.9 A and B). 
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CHAPTER 7:  SUB-THERAPEUTIC DOSES OF DOCETAXEL AND 

GEMCITABINE IMPROVE HYPOXIA IN VIVO 

 

7.1 Aims 

1. To determine whether the improvement in hypoxia seen in spheroids with docetaxel 

and gemcitabine is translated into subcutaneous DLD1 tumours in vivo. 

2. To confirm that doses of docetaxel and gemcitabine within the murine models are of a 

sub-therapeutic level. 

3. To determine whether sub-therapeutic doses of docetaxel and gemcitabine affect 

tumour growth and murine weight.  
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7.2 Introduction 

 7.2.1 Translating in vitro results for in vivo testing  

 In order to best test the validity of the results thus far, it was necessary to proceed with in 

vivo testing via subcutaneous xenograft murine models. This required a shift in the delivery of 

docetaxel and gemcitabine by moving from administering sub-cytotoxic concentrations to sub-

therapeutic doses.  Both docetaxel and gemcitabine are administered in the clinical setting at 

doses based on the surface area of the patient.  Docetaxel is typically given for the treatment of 

breast, prostate, gastric, non-small-cell lung and head and neck cancer as a single agent or in 

combination with other treatments.  It is usually delivered at doses ranging from 60-100 mg/m2 

every three weeks [306].  Gemcitabine is licensed in the UK for the treatment of breast, ovarian, 

non-small-cell lung and pancreatic cancer and is usually delivered at doses ranging from 1000-

1250 mg/m2 no more than once per week [306].  Both agents require careful monitoring of 

renal and hepatic function and the dosing may be adjusted accordingly. 

  

 7.2.2 Metabolism and in vivo dosing of gemcitabine 

 In humans, gemcitabine has a short half-life of between 8–20 minutes because of rapid 

deamination to dFdU, which in itself has a long half-life at approximately 50 hours and is mostly 

excreted in the urine [204, 307].  dFdCTP peak concentrations are obtained within 30 minutes 

of the end of an infusion and dFdCTP elimination was linear at low concentrations [204].  The 

long half-life of dFdCTP is possibly the reason why gemcitabine has activity against both rapidly 

proliferating and slowly dividing tumours.  Clinical pharmacokinetic studies have demonstrated 

that the rate of intracellular accumulation of dFdCTP was saturated at gemcitabine 

concentrations of 15–20 µM in plasma [204].  A standard 30 minute infusion of gemcitabine at 

doses of 1000–1,200 mg/m2 generates gemcitabine plasma concentrations of 20–60 µM, 

exceeding the levels at which dFdCTP formation becomes saturated and possibly also inhibits 

gemcitabine phosphorylation [204, 308].  Consequently, a significant portion of gemcitabine is 
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deaminated to dFdU.  Although these findings suggest that a lower dosing regimen may 

theoretically be optimal, results from clinical trials have shown that dosing at 1000-1250 

mg/m2 gave the best results in progression free survival (PFS) and median survival in 

pancreatic, lung and breast cancer [309-312].  With these results in mind, determining a dosing 

regimen for mice that was significantly below the therapeutic levels seen in humans, 

comparatively, was necessary to support the hypothesis that gemcitabine improves hypoxia 

independent of cell death.  However, given that concentrations thus far had been in molar range 

as opposed to mg/m2 and that drug delivery would be intraperitoneal rather than 

intravenously, considerable review of the literature was required in order to ensure the findings 

from in vitro could be translated and relatable in vivo.  Because our principle hypothesis was 

that sub-cytotoxic concentrations have a beneficial effect on hypoxia, we selected a dose that 

was clearly sub-therapeutic, albeit not necessarily the same concentrations tested in vitro.  

Wang and colleagues demonstrated that intraperitoneal injections of gemcitabine at 160 mg/kg 

was the equivalent of delivering 480 mg/m2 whilst Ciccolini and colleagues demonstrated that 

intraperitoneal injections at 100 mg/kg reached plasma concentrations of 700 µg/ml [313, 

314].  Several studies have used doses of gemcitabine at 60-320 mg/kg from between 1-3 

times/week via intraperitoneal injection [172, 313, 315, 316].  However, daily dosing at just 5 

mg/kg/day was associated with significant morbidity and mortality in mice, causing severe 

enteropathy [317, 318].  This appears contrary to what you might expect considering 76-86% of 

the dose is excreted in the first 24 hours and the low level of intraperitoneal absorption of the 

drug would suggest that daily low-level dosing would be safe [319].  In light of this, gemcitabine 

dosing at 1 mg/kg and 5 mg/kg, 3 times/week was adjudged to be both safe for mice and 

sufficiently low so that tumour cell death was unlikely.  Indeed, this was up to 320 times less 

than the doses given in some studies assessing the therapeutic effect of gemcitabine on tumours 

in mice [172, 313, 315, 316].   
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 7.2.3 Metabolism and in vivo dosing of docetaxel 

 Despite being a well-established chemotherapy agent, the optimal dosing regimen for 

docetaxel remains unclear.  However, most phase II and phase III clinical trials have found 

greatest patient benefit at doses between 60-100 mg/m2 given every three weeks by 

intravenous infusion [203].    Greater than 90% of docetaxel is bound in plasma by lipoproteins, 

alpha 1-acid glycoprotein and albumin [203, 320].  Significantly, alpha 1-acid glycoprotein is 

highly variable, particularly in patients with cancer and is the main determinant of docetaxel's 

plasma binding variability [320].  Consequently, plasma concentrations in patients are highly 

variable, with pharmacokinetic studies reporting plasma concentrations of 0.1–1.2 µM and 

maximum concentrations ranging between 0.3 and 6.9 µM within 24 hours post-treatment 

[321-323].  Increased dosing results in a linear increase of the area under the concentration-

time curve and therefore dose is directly proportional to plasma concentration.  Metabolism of 

docetaxel is primarily hepatic, with renal excretion contributing to <5% of elimination [203].  

Docetaxel has a relatively short initial (α) half-life with a rapid decline of approximately 4.5 

minutes, when the drug moves into the peripheral compartments from the systemic circulation.  

This is followed by a β half-life of approximately 38 minutes and a relatively slow γ half-life of 

approximately 12 hours, which represent the slow efflux of docetaxel from the peripheral 

compartment [203].  The variability of docetaxel dosing is also reflected in murine testing, with 

intraperitoneal doses given from 10 mg/kg to 50 mg/kg and from once a week to alternate days 

[324-326].  In mice, a dose at 32 mg/kg is roughly equivalent to the human dose of 100 mg/m² 

on a mg/m² basis and a single dose of 50 mg/kg can cause severe toxicity [326].  Yonemura and 

colleagues deliberately used low-doses of docetaxel at 8 mg/kg, 2 mg/kg and 0.5 mg/kg on days 

2, 5, 9, 12, 16 and 19 after tumour inoculation, with no adverse effects seen in any group after 7 

days [327].  Consequently, docetaxel dosing at 0.1 mg/kg and 1 mg/kg, 3 times/week was 

deemed to be both sub-therapeutic and safe to administer. 
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7.3 Results 

 7.3.1 Sub-therapeutic doses of docetaxel and gemcitabine can improve tumour hypoxia as 

measured by IVIS bioluminescent imaging 

 To determine the effect of docetaxel and gemcitabine at sub-therapeutic doses on tumour 

hypoxia, mice were inoculated with DLD1 cells containing a HRE-luciferase reporter.  Once 

tumours reached a volume of 80 mm3, mice were randomised into two groups (drug vs. control) 

and given either treatment three times/week.  Tumours were then imaged for hypoxia using 

IVIS within two hours of drug administration.  Docetaxel significantly reduced hypoxia in the 

tumours at the 1 mg/kg dose but not at the 0.1 mg/kg dose (See Fig. 7.1 A and B).  Gemcitabine 

significantly reduced tumour hypoxia at both 1 mg/kg and 5 mg/kg doses, with the latter having 

a greater effect (See Fig. 7.1 A and C).  
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7.3.2 The effects of sub-therapeutic doses of docetaxel and gemcitabine on tumour volume and 

murine weight   

Untreated and treated mice had their tumour volume and weight recorded every other day 

until sacrifice and tumour excision.  Excised tumours showed little variation in shape 

macroscopically, with most tumours spherical in dimension (See Fig. 7.2 A).  Despite the low 

doses of docetaxel, there was a significant reduction in the development of tumour volume at 

both 0.1 mg/kg and 1 mg/kg dosing, whereas gemcitabine had no statistical reduction in 

tumour volume at either 1 mg/kg or 5 mg/kg doses (See Fig. 7.2 B).  There was a general trend 

of murine weight loss in all mice over the course of 7 days but there was no difference in rate of 

loss seen between treated and untreated groups (See Fig. 7.2 C). 
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 7.3.3 Docetaxel and gemcitabine metabolite levels in murine plasma and xenografts following 

sub-therapeutic dosing 

 To confirm whether the dosing regimen of docetaxel and gemcitabine was delivering sub-

therapeutic levels, the concentrations of drug metabolites were measured in the plasma and 

xenografts as described in section 2.7.3.  The concentration of docetaxel was found to be higher 

in the tumour than in the plasma and was greater at the 1 mg/kg dosing than in the 0.1 mg/kg 

dosing (See Fig. 7.3 A).  The concentrations found in the plasma and tumours at 1 mg/kg were 

considerably higher than what was tested in vitro.  The concentration of gemcitabine was less 

than 2 nM in both the plasma and tumours but this was attributed to the very short half-life of 

the drug.  The concentration of dFdU, the deaminated inactive by-product of gemcitabine, was 

higher in the plasma than in the tumours and was greater at the 5 mg/kg dosing than in the 1 

mg/kg dosing (See Fig. 7.3 B).  The concentrations of both docetaxel and gemcitabine in the 

plasma and tumours of control mice was zero.       
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7.3.4 Sub-therapeutic doses of docetaxel and gemcitabine can improve tumour hypoxia as 

seen on immunohistochemistry 

To confirm whether sub-therapeutic doses of docetaxel and gemcitabine improved tumour 

hypoxia at a tissue level, tumours from control and drug-treated mice were sectioned, stained 

and imaged for blood vessels and hypoxia as described in sections 2.8.3 and 2.9.1.  Cell nuclei 

were stained with Hoechst 33342 (blue), blood vessels with anti-CD31 (green) and hypoxia 

with anti-EF5 (red) (See Fig. 7.4).  Hypoxia appeared to be visibly reduced within the proximity 

of blood vessels in both control and drug-treated mice.  Tumour tissue outside the proximity of 

blood vessels appeared to have visible levels of hypoxia in the 1 mg/kg gemcitabine, 0.1 mg/kg 

docetaxel and control sections but this was less prominent in the tumours treated with 1 mg/kg 

gemcitabine.  However, there appeared to be a visible improvement in hypoxia within the 

tumour tissue outside the proximity of blood vessels in the tumours treated with 5 mg/kg 

gemcitabine and 1 mg/kg docetaxel. 
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7.4 Discussion 

 Sub-therapeutic doses of docetaxel and gemcitabine improve hypoxia in vivo.  However, the 

concept of administering cytotoxic agents regularly at lower doses relative to using the 

maximum tolerated dose is not a new one.  This dosing regimen is known as ‘metronomic 

chemotherapy' and is now recognised as an alternative option for cancer treatment [241].  

Although not wholly sub-cytotoxic in comparison with standard regimens, metronomic dosing 

has demonstrated a reduced side-effect profile but similar or even increased efficacy in pre-

clinical studies [328, 329].  Furthermore, a number of Phase II trials have also shown that 

metronomic chemotherapy regimens in the absence or presence of anti-angiogenic agents, are 

active and minimally toxic in breast, ovarian, prostate and colorectal cancer [330-333]. The 

mechanism by which metronomic chemotherapy works is thought to be anti-angiogenic, either 

by inducing endothelial cell apoptosis in the tumour vasculature, destruction of endothelial 

progenitors and/or promotion of endogenous anti-angiogenic factors [328, 334, 335].  The 

effect on tumour hypoxia by using metronomic chemotherapy has also recently been 

investigated [315].  FaDu tumours, which are sourced from human nasopharyngeal cancer and 

known to exhibit hypoxia, were exposed to low dose gemcitabine (25 mg/kg and 15 mg/kg, 

3x/week) and had their partial pressure of oxygen (pO2) measured with electron paramagnetic 

resonance oximetry.  The authors were able to demonstrate a transient improvement from the 

pre-treatment baseline pO2 on day 3 following treatment with a conventional schedule of 

gemcitabine (150 mg/kg given on days 1, 8, and 15) but no significant change in the tumour pO2 

on treatment with metronomic gemcitabine at 25 mg/kg given on days 1, 3 and 5 for 3 weeks.  

However, tumour pO2 increased significantly on days 15-18 during treatment with a 

metronomic gemcitabine at 15 mg/kg given on days 1, 3 and 5 for 3 weeks.  Tumour growth 

was retarded with all the gemcitabine regimens and the authors attributed the improvement in 

hypoxia to vascular remodelling, which appears to conflict with the anti-angiogenic hypotheses 

as to how metronomic chemotherapy worked, discussed earlier. 
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 A reduction in hypoxia was seen on both IVIS bioluminescence imaging and on 

immunohistochemistry (See Figs. 7.1 and 7.4).  The effects were greatest with docetaxel at 1 

mg/kg and gemcitabine at 5 mg/kg, although most pronounced with the former.  Neither dosing 

regimens were associated with toxicity in the mice, with no change in the rate of weight loss 

observed, which was used as a surrogate marker (See Fig. 7.2 C).  However, there was a 

significant reduction in the rate of tumour volume growth with both doses of docetaxel (See Fig. 

7.2 B).  A possible explanation for this can be seen in Fig. 7.3 A, where the concentration of 

docetaxel measured in both the plasma and tumour at the 1 mg/kg regimen exceeded 20 nM 

and 40 nM respectively.  These concentrations are known to be cytotoxic despite selecting a 

dose that was considerably lower than what has been used in the literature and is the most 

likely explanation for the reduction in growth.  It is possible that the frequency of dosing 

(3x/week) may be responsible, since the drug is extensively bound in the plasma and may have 

resulted in a cumulative effect.  Brunsvig and colleagues had demonstrated that median 

docetaxel plasma levels of 3 nM could be obtained 72 hours after a dose of 20 mg/m2 but 

attempting to convert this into a mg/kg dosing regimen was not possible [323].  It is therefore 

difficult to assess the significance of the improvement in hypoxia in the in vivo experiments for 

docetaxel.  On the other hand, there was no significant reduction in tumour volume growth with 

gemcitabine and levels of the drug in the plasma and tumour were less than 2 nM.  However, as 

discussed previously, gemcitabine has a very short half-life and thus this measurement is 

difficult to interpret.  The inactive metabolite of gemcitabine, dFdU, can be measured and the 

recordable levels confirm that gemcitabine entered the systemic circulation of the mice.  The 

higher levels in the plasma as compared with the tumours suggest perhaps the drug is saturated 

within the tissue.  Due to the pharmacokinetic properties of gemcitabine, it is very difficult to 

determine the actual concentration of the gemcitabine from the levels of dFdU but the 

unchanged tumour growth rate suggests that this did not reach cytotoxic concentrations as seen 

with docetaxel.  Furthermore, it is known that dFdU itself does not have any cytotoxic effects 

but has been shown to have radiosensitising effects, which will be explored in Chapter 8 [336]. 
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 The improvement in tumour hypoxia with low dose gemcitabine is supported in the 

literature [241, 315].   However, these studies postulate that this improvement is as a result of 

improved perfusion and did not explore other possible mechanisms for doing so.  Furthermore, 

although gemcitabine at low dose was investigated, none of the studies utilised concentrations 

or doses as low as the ones we used and thus these findings, along with the data on 

mitochondrial function and possible senescence as demonstrated in Chapter 6, offer a potential 

novel discovery.   
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CHAPTER 8:  IMPROVING HYPOXIA BY REDUCING OXYGEN 

CONSUMPTION CAN IMPROVE RADIOSENSITIVITY 

 

8.1 Aims 

1. To investigate the effects of docetaxel and gemcitabine on radiosensitivity in monolayer, 

spheroids and in vivo.  

2. To determine whether sub-cytotoxic concentrations/sub-therapeutic doses of docetaxel 

and gemcitabine confer radiosensitivity. 
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8.2 Introduction 

 8.2.1 Radiotherapy as a primary or adjunct cancer treatment option  

 As briefly mentioned in Chapter 1, radiotherapy offers one of three main therapeutic 

approaches against cancer.  It is commonly delivered as a single therapy or as an adjunct with 

chemotherapy, surgery or both.  Ionising radiation works by creating highly reactive oxygen 

free radicals which leads to DNA damage and disruption of the tumour cell membrane.  Oxygen 

stabilises these free radicals to perpetuate their action, therefore in hypoxia, these radicals are 

short-lived and a greater amount of radiation is required to have the same effect.  Although 

cells, malignant and non-malignant, are capable of repairing themselves, apoptosis is induced if 

the damage is too severe [337].  However, the response to radiation differs between cell types 

and an understanding of the mechanisms responsible for these differences is required in order 

to optimise treatment and minimise side-effects [338].  Presently, it is estimated that 

approximately 50% of all cancer patients will receive radiotherapy at some point through the 

course of their disease [339].  Comparatively, it remains the most cost-effective treatment 

modality for cancer, accounting for approximately 5% of total cost of cancer care in many 

developed countries [340, 341]. 

 

 8.2.2 Docetaxel and gemcitabine as radiosensitisers 

 Both docetaxel and gemcitabine have been shown to have radiosensitising effects, although 

it is uncommon for either to be primarily used for that purpose and even rarer in colorectal 

cancer [303, 323, 342-348].   

 

 The principle behind using docetaxel as a radiation sensitiser comes from its ability to 

arrest proliferating cells in the G2/M phase of the cell cycle which is the most radiosensitive 

phase of the cell cycle [348].  Sulfhydryl containing molecules, which are endogenous radiation 

protectors, are at their lowest concentrations in the cell during G2/M.  These molecules confer 
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cytoprotection by free-radical scavenging, which protects against the oxygen free-radical 

generation by ionising radiation and by hydrogen atom donation to facilitate DNA damage 

repair.  Docetaxel induces mitotic arrest and apoptosis in a concentration-dependent fashion, as 

shown in Chapter 3 and has also been shown to induce apoptosis without G2/M arrest at low 

concentration [349-351].  However, the results in Chapter 6 demonstrated that G2/M arrest still 

occurred at 1 nM and 3 nM concentrations.  Other mechanisms of enhancing radiosensitivity 

include docetaxel’s ability to: a) cause tumour re-oxygenation; b) eliminate radioresistant S 

phase cells; c) inhibit tumour angiogenesis at low concentrations by inhibiting endothelial cell 

differentiation, migration and proliferation and d) stimulate anti-tumour immune resistance 

mechanisms [352-354].  Finally, docetaxel has been shown to increase the therapeutic index 

when combined with radiotherapy in vivo in murine human xenograft tumour models, as well as 

in humans with advanced malignancy in Phase I and II trials [355-358]. 

 

 In contrast, the mechanisms by which gemcitabine improve radiosensitivity are not wholly 

understood.   Current evidence suggests that depletion of dATP nucleotide pools, cell cycle S 

phase arrest, reduction of the apoptotic threshold, inhibition of DNA synthesis and of DNA 

repair may contribute to or mediate radiosensitisation [343, 345, 359].  In Chapter 6, 

gemcitabine induced both an arrest in the cell cycle at S phase and reduced dATP levels on 

HPLC, albeit modestly in the latter.  However, it was concluded that the low concentrations of 

gemcitabine likely did not affect the activity of RNR, as dNTP levels did not change significantly.  

Therefore any improvement in radiosensitisation is likely to occur independently from this 

potential mechanism.    As discussed in Chapter 7, gemcitabine rapidly undergoes deamination 

to dFdU, resulting in a plasma half-life of gemcitabine of between 8-20 minutes, whilst the 

plasma half-life of dFdU itself is close to 50 hours, at levels known to cause growth inhibition 

[204].  Crucially, although dFdU has limited cytotoxic activity, it has a dose-dependent 

radiosensitising effect in vitro and potentially contributes to radiosensitisation clinically [345].  

dFdU enhances radiation-induced chromosomal aberrations which point towards interruption 
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of DNA damage repair and has also been shown to impede homologous recombination (HR) 

[360, 361].  Interruption of HR is associated with increased radiosensitivity and has been 

observed in HR-knockdown irs1 and irs1SF hamster cell lines and in HR-knockdown Drosophila 

melanogaster [362].  However, increased radiosensitivity was not seen in HR-knockdown mice, 

suggesting that the role of HR interruption on radiotherapy may be minor [363]. 

 

 8.2.3 Radiation experiments in spheroids 

 The benefit of using spheroids as a model for cancer was extensively discussed in Chapter 5 

and their role in determining radiotherapy response, sensitivity and cellular interactions 

remains significant.  Sutherland and colleagues were able to demonstrate and obtain multi-

component survival curves following irradiation of multi-cell spheroids of a variety of different 

cell lines [364].  They were able to determine the presence of resistant cell populations through 

changes in the slope of the survival curves in the regions of high radiation doses.  Consequently, 

spheroids have become an important tool in accessing the effects of cellular dynamics and 

radiation absorbance owing to the reproducible and consistent spherical geometry, which also 

facilitates the use of mathematical modelling [365, 366]. 

 

 8.2.4 Mathematical modelling and radiation response 

 There are several models that have been used to quantify the effect of radiation on cell 

survival.  Very early attempts at modelling simply looked at the linear growth of tumours in 

response to radiation, for example, experimental measurements of Jensen’s rat tumour were 

used to calculate the rate of growth of irradiated sarcomas [367].  The linear-quadratic model is 

now most often used to describe the cell survival curve and has become the de facto standard 

[368].  The model is based on the assumption there are two mechanisms of radiation induced 

cell death: 1) a single lethal event or 2) the additive effect of multiple harmful but non-lethal 

events.  A single lethal event leads to an exponent that is linearly related to dose.  However, the 
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survival fraction function for multiple events carries an exponent that is proportional to the 

square of dose; hence the term linear-quadratic.  The success of using this model is elegantly 

demonstrated by Rockne and colleagues who combined it with proliferation and migration rates 

describing tumour growth and expansion to successfully predict response to radiotherapy 

[369]. 
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8.3 Results 

 8.3.1 Sub-cytotoxic concentrations of docetaxel and gemcitabine enhance radiosensitivity in 

DLD1 and HCT116 cells grown as monolayers 

 To determine the effects of sub-cytotoxic concentrations of docetaxel and gemcitabine on 

radiation sensitivity, DLD1 and HCT116 cells were seeded at densities between 200 and 40,000 

directly proportional to the radiotherapy dose, allowed to adhere and then treated for 24 hours 

with either docetaxel at 1 nM and 3 nM or gemcitabine at 20 nM and 50 nM concentrations.  The 

cells were then irradiated at 0, 2, 4, 6, 8 or 10 Gy using a Caesium irradiator and then allowed to 

form colonies for 14 days.  The linear-quadratic formula was used to calculate survival fractions.  

Docetaxel enhances radiosensitivity in both DLD1 and HCT116 cell lines but only at 3 nM 

concentration with the former (See Fig. 8.1 A).  Gemcitabine enhances radiosensitivity and at 

both concentrations in both DLD1 and HCT116 cell lines, with the most prominent effect at 50 

nM (See Fig. 8.1 B).   
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8.3.2 Sub-cytotoxic concentrations of docetaxel and gemcitabine enhance radiosensitivity in 

DLD1 and HCT116 spheroids 

To determine whether the radiosensitising effects of docetaxel and gemcitabine were seen 

in spheroids, spheroids were grown for 4 days and similar sized ones grouped together to 

receive radiotherapy alone or with treatment.  Spheroids were then allowed to grow for a 

further two weeks and their diameters recorded every 2-3 days.  Disaggregated DLD1 and 

HCT116 spheroids were treated with increasing doses of radiation to determine cell survival 

curves (See Fig. 8.2 A).  All spheroids had a roughly linear reduction in radii with time.  

Docetaxel enhanced the radiosensitivity of DLD1 spheroids at both concentrations, resulting in 

greater reduction in radii with time (See Fig. 8.2 B).  Gemcitabine also enhanced the 

radiosensitivity of DLD1 spheroids at both concentrations but with greater effect observed and 

an even greater reduction in radii with time (See Fig. 8.2 C). 
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 8.3.3 Sub-therapeutic doses of docetaxel and gemcitabine enhance radiosensitivity in 

subcutaneous DLD1 xenografts in mice 

 To determine whether sub-therapeutic doses of docetaxel and gemcitabine enhanced 

radiosensitivity in vivo, mice inoculated with DLD1 HRE-Luciferase cells by subcutaneous 

injection were allowed to reach a tumour volume of 80 mm3 before commencing treatment with 

either agent 3 times/week.  Tumours then received a single dose of radiation at 6 Gy on day 7 

and allowed to reach a maximum tumour volume of 300 mm3 or for a maximum period of 28 

days, whichever was sooner.  Tumour measurements were performed on alternate days.  

Radiation alone retarded tumour growth whilst both docetaxel and gemcitabine enhanced the 

effect of radiation in the DLD1 tumours, with a growth delay observed at all tested doses (See 

Fig. 8.3).  Docetaxel appeared to have a greater radiosensitising effect than gemcitabine did.  

The control group reached maximum tumour volume by day 26-28 whereas the other groups 

did not. 
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8.4 Discussion 

Docetaxel and gemcitabine are known radiosensitisers.  The results of this chapter 

demonstrate a radiosensitising effect with both drugs across the monolayer, spheroid and in 

vivo experimental platforms.  This is apparent despite evidence in the literature of variable 

effectiveness in radiosensitising colorectal tumour cell lines [343, 348].  Neither agent is used as 

a radiosensitiser as its primary role or as a monotherapy in colorectal cancer.  

 

The radiosensitising effect by docetaxel and gemcitabine seen in monolayer and in 

spheroids was achieved despite using very low, sub-cytotoxic concentrations (See Figs. 8.1 and 

8.2).  However, there is considerable evidence in the literature that supports these findings 

[303, 342, 343].  Radiosensitisation with gemcitabine has been achieved at 10 nM and 20 nM 

concentrations in colorectal and bladder tumour cell lines respectively, with the latter 

demonstrating little change in the nucleotide pools, corroborating the findings presented in 

Chapter 6 [303, 343].   The significance of this is that one of the principle proposed mechanisms 

of action of gemcitabine in improving radiosensitivity is the inhibition of RNR, leading to 

perturbation of dNTP pools, especially dATP.  This is supported with evidence that dATP-pool 

depletion following gemcitabine treatment occurs with a time course that correlates with 

radiosensitisation for both colon and pancreatic tumour cells [370, 371].  However, the results 

of the experiments in Chapter 6 demonstrated that gemcitabine did not appear to significantly 

affect nucleotide pools at these concentrations and thus this potential explanation is not valid in 

this circumstance.   However, radiosensitisation does appear to be affected by cell cycle phase.  

Lawrence TS and colleagues demonstrated that the maximum radiosensitisation achieved using 

a 4 hour exposure to gemcitabine at 10 nM concentration in the HT29 cell line was an 

enhancement ratio of 1.4, whereas 24 hour exposure achieved an enhancement ratio of 1.8.  

This longer exposure was accompanied by redistribution of cells into S phase [370].  Since 

gemcitabine was demonstrated to arrest cells in S phase at 20 nM and 50 nM concentrations, 

this is a plausible explanation for these results.  The same can also be inferred for docetaxel, 
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which was demonstrated to arrest cells at G2/M phase and it is through this phase arrest that 

the drug has been conclusively shown to enhance radiosensitivity [348].   

 

Spheroid radii reduced with time following intervention with docetaxel or gemcitabine 

and/or radiation (See Fig 8.2).  It is not unexpected to see a growth delay with radiation, as 

cellular arrest and death results in a temporary loss in volume but mitosis eventually resumes.  

This is supported by evidence that spheroids have been shown to grow according to the 

exponential law for up to 28 days, even after minor to moderate lethal interruption[372].  

However, in this instance, the spheroids continued to shrink with no evidence of a return to 

growth after two weeks of measurements.  The continued loss in size may be due to the 

interventions being significant enough to prevent regrowth or it can possibly be attributed to 

cell shedding.  It has been theorised that cell shedding occurs due to the loosening of cell-to-cell 

attachments but the effects of this process are still largely unknown [373].  Cell shedding occurs 

close to M phase and the detached cells continue to progress through the cell cycle.  One study 

reported that radiation did not have an effect on the number of cells shed from spheroids. 

However, the number of clonogenic cells decreased significantly with increasing doses of 

radiation [374].  When mathematical modelling is applied to this phenomenon to investigate the 

nature of cell shedding, it was demonstrated that this process was unlikely to be intense enough 

to cause growth saturation of spheroids [375].  Consequently, the growth kinetics observed in 

this experiment needs to be further investigated. 

 

Docetaxel appeared to have a greater radiosensitising effect than gemcitabine on tumour 

volume growth retardation over the course of the 21 days post irradiation (See Fig. 8.3 A).  

However, in the preceding days to irradiation, docetaxel also appeared to have a tumour growth 

retardation effect that could only really be attributed to the effect of the drug itself.  Although 

the results highlighted in Chapter 7 demonstrated a possible retarding effect of docetaxel, this 

was not statistically significant.  The sub-therapeutic dosing of the agent should minimise cell 
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death, although it is very difficult to compare the results of sub-cytotoxic concentrations in vitro 

to sub-therapeutic doses in vivo.  However with the introduction of radiation on day 7, there is a 

drop in the average tumour volume at both tested doses not seen with radiation alone, which 

suggests a synergistic, radiosensitising effect.  This is similarly observed with gemcitabine 

although there is no tumour volume growth retardation seen with the drug alone in the first 

week of measurements (See Fig. 8.3 B).   

 

As the mechanisms by which docetaxel enhances radiosensitivity have been decisively 

confirmed in the literature and the results presented here are in keeping with these findings, 

focus on how else gemcitabine may enhance radiosensitivity will be discussed specifically.  

Ionising radiation causes DNA double-strand breaks and is the critical lesion to induce cell 

death.  However, gemcitabine does not appear to increase radiation-induced damage or 

decrease damage repair during the first 4 hours after irradiation, suggesting that gemcitabine 

does not affect the primary DNA lesion but the consequences of this lesion [376, 377]. 

 

It has therefore been suggested that gemcitabine could act as a radiation sensitiser by 

lowering the threshold for radiation-induced apoptosis.  There is considerable evidence that 

several chemotherapeutic drugs, including gemcitabine, can activate the cellular apoptotic 

machinery [378].  One study looked at comparing human tumour cell lines which had been 

sensitised by gemcitabine (HT29, SW620 and UMSSCC-6) to those which had not (A549) and 

found that gemcitabine significantly enhanced apoptosis in the former [343].  The authors also 

found that although apoptosis played a relatively minor role in the clonogenic death produced 

by radiation alone, it accounted for a substantial fraction of the loss of clonogenicity produced 

by the combination of gemcitabine and radiation, suggesting that gemcitabine shifts the pattern 

of radiation-induced cell death from a non-apoptotic to an apoptotic mechanism.  However, the 

effect of gemcitabine was highly variable across the different cell lines, a phenomenon that has 

been discussed previously.  HT29 and A549 cells showed similar sensitivity to the cytotoxic 
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concentrations of gemcitabine but A549 cells were not radiosensitised by non-cytotoxic 

concentrations.  Furthermore, exposure to gemcitabine prior to radiation did not result in an 

increase in radiation-induced apoptosis. This evidence would seem to support that apoptosis 

plays a key role in gemcitabine-mediated radiosensitisation.  However, the experiments shown 

in Chapter 5 did not correlate with this hypothesis, as there was no statistical difference in the 

population of apoptotic cells in gemcitabine treated DLD1 spheroids, despite the results in this 

chapter demonstrating a clear radiosensitising effect. 

 

It is apparent that both docetaxel and gemcitabine have radiosensitising effects in the DLD1 

and HCT116 cell lines, which has been extensively demonstrated in and is supported by the 

literature.  The mechanisms by which this occurs has yet to be clearly elucidated, especially with 

gemcitabine and therefore further research is necessary.   
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CHAPTER 9:  CONCLUDING REMARKS 

 

9.1 Overall conclusions 

 The first aim of this D.Phil was to identify whether established chemotherapy agents may 

reduce oxygen consumption independent of toxicity.  The work presented in Chapters 3 and 4 

demonstrated that some of the agents at very low dose resulted in minimal cell death and that a 

number of these agents were then capable of reducing OCR in colorectal cancer cell lines.  This 

reduction was variable across the different cell lines and with the different drugs.  Docetaxel 

and gemcitabine were selected for further investigation and characterisation after fulfilling the 

criteria of sub-cytotoxicity and ability to reduce OCR.  The work presented in Chapter 6 

attempted to elucidate the mechanisms by which these two agents achieved this and there was 

evidence to suggest that alterations in oxidative phosphorylation and/or cell cycle interference 

were responsible.   

 

 The second aim of the D.Phil was to investigate whether it was possible to reduce hypoxia 

in spheroid and xenograft models of colorectal cancer using sub-cytotoxic/sub-therapeutic 

treatments and whether the findings identified in Chapter 4 were responsible or contributed to 

the reduction in hypoxia.  Both docetaxel and gemcitabine improved hypoxia in spheroids, 

which was confirmed both mathematically and via immunofluorescence.  The mathematical 

modelling further supported the link between these agents reducing OCR and the consequent 

improvement in hypoxia.  OCR reduction was therefore at least partly responsible for the 

improvement.  There was also an improvement in hypoxia seen within the core of xenograft 

tumours on IVIS imaging.  Sub-therapeutic doses of docetaxel and gemcitabine given 3x/week 

resulted in a reduction in the extent of tumour hypoxia.  For docetaxel, this effect was likely due 

to cytotoxicity for two reasons: 1) tumour development was retarded with treatment and 2) 

metabolite concentrations in plasma and in tumours exceeded those tested in vitro, reaching 
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levels used to achieve cytotoxicity.  This finding was surprising, as the selected doses were not 

expected to be cytotoxic.  For gemcitabine, the reduction in tumour hypoxia was likely a result 

of decreased oxygen consumption, as tumour growth rates did not change during treatment.  

 

 The final aim of the D.Phil was to determine whether an improvement in tumour hypoxia 

can lead to an improvement in radiosensitivity.  As illustrated in Chapter 8, both docetaxel and 

gemcitabine improved radiosensitivity across the monolayer, spheroid and in vivo experimental 

platforms.  Both agents are known to have radiosensitising effects and although the mechanisms 

by which this is achieved are reasonably well understood for docetaxel, the same cannot be said 

for gemcitabine.  The main issue arises from attempting to prove that the improvement in 

hypoxia is the cause for the improved radiosensitisation.  Theoretically this stands to reason, as 

increased availability of oxygen as a consequence of reduced consumption will allow the 

stabilisation of free radicals generated by the ionising radiation to perpetuate their action.  The 

results from Chapters 5 and 6 did not support existing theories as to how gemcitabine enhances 

radiosensitivity such as the inhibition of RNR or lowering of the apoptotic threshold because 

there was no change in either the nucleotide pools (and by inference, activity of RNR) or the 

population of apoptotic cells in treated spheroids.  However, treated tumour cells were 

confirmed to enter S phase arrest, which did at least support this theory of action. 

 

 The results of OCR reduction and the subsequent hypoxia improvement were consistent 

across all experimental platforms, which seemed to support this hypothesis.  The results in 

Chapter 6 suggested that alterations in mitochondrial function may be responsible for the 

hypoxia improvement as there was no associated loss in either mitochondrial mass or electron 

transport complexes, yet there was clearly a change in coupled respiration seen in both DLD1 

and HCT116 cell lines.  The results, however, maybe cell line dependent as each may have a 

naturally oxidative or glycolytic phenotype, which in turn may influence the activity of the drugs 
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on hypoxia.  This appeared to be the case for DLD1 and HCT116, with the former more oxidative 

and the latter more glycolytic.  

 

 Another potential explanation as to why these two agents improve tumour hypoxia may 

indeed be independent of any action on oxidative phosphorylation and mitochondrial function.  

In Chapter 6, it was demonstrated that sub-cytotoxic concentrations of docetaxel and 

gemcitabine arrest cells in G2/M and S phase respectively.  However, the results from spheroid 

experiments in Chapter 5 demonstrated no change in the population of apoptotic cells alongside 

a reduction in the number of proliferating cells.  It is therefore possible that these agents are 

forcing cells in a proliferative state, in which they are highly oxygen consuming, to a senescent 

state, in which they are not.  This dramatic change in the oxygen consumption dynamics results 

in more oxygen being available for use by other cells, resulting in the prevention of hypoxia 

developing.  Furthermore, this transition seems to occur independently of any apoptotic-

inducing mechanisms: either the cellular arrest does not trigger apoptosis or there is some form 

of inhibition of the apoptotic pathways, which was not explored in this thesis.  

 

 In brief, established chemotherapy agents can be used to improve tumour hypoxia via 

reduction in the OCR of tumour cells.  By using sub-cytotoxic concentrations, simple cell death is 

an unlikely explanation for this reduction and is likely achieved by interruption of 

mitochondrial function and/or cell cycle.  The improvement in hypoxia is associated with an 

improvement in radiosensitisation, although both drugs are previously known to act as 

radiosensitisers.  However, the improvement in hypoxia via reducing OCR offers a potential 

explanation as to how gemcitabine works in this manner.  
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9.2 Limitations of the project 

 9.2.1 General limitations 

 The experiments and submission of the D.Phil had to be concluded within a 3 year period 

owing to the stipulations of taking an Out of Programme for Research (OOPR) break from my 

clinical training.  This was a significant time constraint and will be addressed in the following 

sections.  The original hypothesis of focusing on cell cycle inhibition and its role in tumour 

hypoxia was changed to focus on the general effects of chemotherapy agents and this slight 

change in direction meant the repetition of several experiments and the annulment of the 

results of others.   

 

9.2.2 Specific limitations 

There are several limitations to this work, which are presented below and which should be 

addressed in future work. 

 

9.2.2.1 Chapter 3 

The testing concentrations of the drugs were selected from an appraisal of the literature, 

identifying common cytotoxic concentrations that have been successfully used and deliberately 

selecting a significantly lower concentration for the experiments.  Ideally, detailed cytotoxicity 

assays for each of the drugs would have been performed, as was done so for docetaxel and 

gemcitabine (See Fig. 3.3).  

 

9.2.2.2 Chapter 4 

All experiments looking at the effect of chemotherapy agents on OCR in the investigated cell 

lines were performed in normoxic conditions.  Cell lines were cultured at atmospheric oxygen 

and tested at the same oxygen concentration.  Ideally, it would have been interesting to 
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compare the effects of these agents in cells grown in hypoxic conditions.  However, the 

feasibility of doing so was near impossible as it would be necessary to perform the 

measurements in a closed, controlled system.  The metabolic effects of hypoxia are nullified 

within moments of exposure to normoxia and the XF96 Analyzer did not have the function to 

control oxygen concentrations within the system as measurements were recorded.  The 

application of treatments, changing of media and transfer from the incubator to the bench or the 

XF96 Analyzer would all expose atmospheric oxygen concentration to the cells, making it very 

difficult to interpret any results. 

 

9.2.2.3 Chapter 5  

 One of the great benefits of using spheroids to model tumour hypoxia is the ability to apply 

mathematical modelling.  However, this is not without potential issue or limitation.  The 

modelling technique applied to the spheroids discussed in this chapter were robust and 

repeatable but unfortunately was limited to being able to estimate OCR in spheroids were a 

clear boundary between normoxic and hypoxic cells were apparent.  Therefore, one could not 

use this model to calculate the OCR in spheroids where there was complete reduction of 

hypoxia, as EF5 staining did not occur and a boundary did not exist.  However, one can assume 

that the OCR in these spheroids was lower than in those where they could be recorded. 

 

 With regards measuring apoptosis, it was briefly discussed that the flow cytometry 

technique employed in this chapter was not a very specific method of detecting apoptosis as 

cells in late S phase or from G2 may be missed.  To detect apoptosis more specifically, 

immunohistochemistry using annexin V staining or using the TUNEL assay should be 

performed.  Furthermore, future work should verify whether cells move into a state of 

senescence and what role, if any, the anti-apoptotic pathways had in changing the proportion of 

proliferating cells but not changing the proportion of apoptotic cells. 
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 9.2.2.4 Chapter 6 

 Definite mechanisms by which docetaxel and gemcitabine may improve hypoxia were not 

identified.  Evidence from this thesis suggests that both agents impact on mitochondrial 

function and on cell cycle and these effects may be responsible for the reduction in OCR and 

hypoxia improvement.  To elucidate the mechanism, future experiments would include mitotic 

spindle and DNA staining, mitochondrial permeabilisation studies and gene array and/or mass 

spectrometry.  Furthermore, western blot analysis for the electron transport complexes was 

only performed in the DLD1 cell line due to time constraints and ideally, would also be 

performed on the HCT116 cell line.     

 

 9.2.2.5 Chapter 7 

 The in vivo experiments were commenced in the final year of the D.Phil and due to time 

constraints, repeats could not be performed.  Although the in vivo experiments provided some 

interesting data, the number of mice in each experimental group (4-6), was less than ideal, as 

was the number of repeat experiments.  Furthermore, only the DLD1 cell line, but not the 

HCT116 cell line, was tested in vivo.  Comparison of different frequencies of treatment such as 

daily injection versus 1x/week versus 3x/week would also have been interesting. One final 

avenue for this work would be to investigate whether improving tumour hypoxia reduces 

metastases.  These experiments would require a different tumour model to optimise for 

metastases, such as either intracaecal or intrasplenic tumour inoculation as opposed to the 

subcutaneous model employed in this thesis.  Finally, at the time of submission, the 

quantification data for the histology of the tumours was not yet complete but it is anticipated 

that this will be done in due course. 

 

 

 



201 
 

9.2.2.6 Chapter 8 

Due to time limitations, the tumour growth delay experiments with radiation in mice had to 

be concluded by day 28 regardless of whether the tumour had reached a volume of 300 mm3 or 

not.  Ideally, the tumour volume measurements would have continued until the pre-set 

maximum tumour volume limit had been reached and the duration and enhancing ratio of the 

radiosensitising effect of the drugs could not be calculated.   Furthermore, it would be 

interesting to compare differences in using fractionated versus single-dose radiotherapy, along 

with gemcitabine treatment.  

 

 

9.3 Potential clinical relevance 

As with all basic science research, the critical question of its relevance to clinical practice 

has to be considered.  As discussed in Chapter 1, most chemotherapies aim to cure and the 

majority of these aim to cause cell death.  However, this is usually associated with some form of 

morbidity as a consequence of the side-effects of the drugs.  The results presented in this thesis 

provide an alternative option, which is to use these agents at low-dose as a radiation sensitiser 

alongside radiotherapy.  This would maximise treatment whilst also minimising the side-effects 

of the drugs.  This is particularly useful in radiosensitive tumours and can be offered as a 

temporary measure whilst waiting for definitive, usually surgical, treatment.  Finally, the 

techniques used throughout this thesis may be applied to test other drugs that have been 

identified as promising from high throughput screening.  This method may find a number of 

potential agents that reduce tumour hypoxia that were otherwise designed for a different 

pathology, as was the case with metformin and is presently being explored by my colleague Dr. 

Thomas Ashton.      
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9.4 Future directions 

Whilst we attempted to identify the mechanisms that may be responsible for improvements 

in tumour hypoxia at the tested concentrations, further investigation will be required to 

elucidate a clearer answer.  Furthermore and as discussed, there are several questions and 

hypotheses that have been raised as a result of this work and it is anticipated that my colleague, 

Dr. Pavitra Kannan will proceed in further investigating these.  Finally, there were several 

promising agents from preliminary testing such as fluorouracil and VX680, that could have been 

investigated further alongside or instead of docetaxel and gemcitabine.  Future work arising 

from this thesis will be able to focus on these other promising agents.      
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