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Abstract 

A link between obesity and risk of colorectal cancer development is strongly supported by 

epidemiological studies. Several obesity-related factors are implicated in this relationship. 

Among them, insulin resistance, a direct consequence of excess body weight, is considered as 

one of the most important. However, the role of obesity and related conditions in disease 

progression and outcome in colorectal cancer patients is not completely clear. This study 

investigated the contribution of obesity, insulin resistance and inflammation in colorectal 

cancer progression and patient survival. As a potential mechanism that could mediate the 

effect of obesity on colorectal cancer outcome, this study focused on tumour angiogenesis and 

on tumour resistance to chemotherapy. 

Patient body mass index (BMI), body surface area, as well as circulating markers of obesity, 

insulin resistance, inflammation (insulin, C-peptide, insulin-like growth factor-1 (IGF-1), C-

reactive protein (CRP) and adiponectin) and angiogenesis (angiopoietin-2 (Ang-2), VEGF-A) 

were analysed in a New Zealand cohort of 344 colorectal cancer patients in relation to each 

other, to markers of disease progression and to patient survival. The effect of obesity-related 

and inflammatory factors on one of the main regulators of angiogenesis, hypoxia-inducible 

factor-1 (HIF-1), in colon cancer and stromal cells was analysed in vitro. Tumour 

angiogenesis was compared in two groups of colorectal cancer patients with distinct 

metabolic characteristics using immunohistochemical staining of tumour samples and analysis 

of angiogenic proteins levels. The effect of insulin and IGF-1 on cellular responses to 

chemotherapy drugs (5-fluorouracil, oxaliplatin and irinotecan) in colon cancer and 

endothelial cells was analysed in vitro. 

In the colorectal cancer patient cohort, serum CRP and Ang-2, but not other markers, were 

associated with more advanced tumour characteristics and with worse patient survival. The 

immunohistochemical analysis of tumour samples showed no difference in tumour 

angiogenesis between colorectal cancer patients with different metabolic profiles. However, 

the results suggested that obesity-related factors may contribute to regulation of angiogenic 

pathways, and this was confirmed in vitro and in tumour tissue protein extracts. Finally, 

insulin and IGF-1 were shown to modulate the in vitro cellular response to chemotherapy 

drugs in colon cancer and endothelial cells. 
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1 Chapter 1: Introduction 

 

1.1 Colorectal cancer 

1.1.1 Current state of the disease in New Zealand 

Colorectal cancer is the second most prevalent malignancy worldwide, with over one million 

new cases of the disease occurring  per year (1, 2). The incidence of colorectal cancer is 

higher among males compared to females, and is nearly double in developed compared to 

developing countries (2). Survival from colorectal cancer is less than 60% in developed 

countries, and less than 40% in developing areas (1, 3).  

In New Zealand, colorectal cancer is a serious health problem with more than 2,500 new 

cases diagnosed every year, and the colorectal cancer-related mortality being more than a 

1,000 deaths per year, which is second only to lung cancer (4, 5). New Zealand women have 

both the highest colorectal cancer incidence and mortality worldwide (6). Despite current 

achievements in colorectal cancer diagnostics and improvements in treatment strategies (3), 

only 28% of New Zealand colorectal cancer patients are diagnosed at early stages of disease, 

which is amongst the lowest percent worldwide (7).   

1.1.2 Pathology 

Colorectal cancer is a malignant disease of the colon or rectum, and is usually subdivided 

according to location of the tumour into cancer of the right colon (ascending and transverse 

colon),  left colon (descending, sigmoid and recto-sigmoid colon) or rectum (8).  Colorectal 

carcinomas form in the surface epithelial layer of colorectal mucosa and are often associated 

with earlier non-malignant abnormalities, such as Inflammatory Bowel Disease, which is 

known to increase the risk of colorectal cancer development, aberrant crypt foci, which are 

considered as a possible early stage in colorectal carcinogenesis, and adenomatous polyps, 

which are precursors of the majority of colorectal tumours (8). The developing tumour 

advances into the lumen and penetrates through the bowel wall and, in the case of advanced 

disease, into the surrounding organs and tissues, and metastasises into local lymph nodes or to 

distant organs. The liver, which receives a large portion of venous blood from the colon and 

rectum via the portal vein, is the predominant site of distant metastasis in colorectal cancer. 
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However, metastasis can also be detected in lung, brain, bone marrow and other tissues 

(8). Staging of colorectal cancer occurs at diagnosis and, according to American Joint 

Committee on Cancer (AJCC) TNM classification (9), reflects the extent of tumour invasion 

into the bowel wall (T category), the number of lymph nodes involved (N category), and the 

presence or absence of distant metastasis (M category). The criteria of TNM staging and the 

scheme of bowel wall layers are presented in Figure 1-1 and Table 1-1. 

 

 

 

Figure 1-1: The scheme of bowel wall layers  

Reproduced from AJCC Cancer Staging Manual, 6th edition (9) 
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Table 1-1: TNM/AJCC staging  

Criteria for T, N and M categories and the stage grouping criteria. Adapted from AJCC Cancer Staging Manual, 

6th edition (9) 

Primary tumour (T category) 

Tx Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

Tis Carcinoma in situ: intraepithelial or invasion of lamina propria 

T1 Tumour invades submucosa 

T2 Tumour invades muscularis propria 

T3 
Tumour invades through the muscularis propria into the subserosa, or into non-

peritonealised pericolic or perirectal tissues 

T4 
Tumour directly invades other organs or structures, and/or perforates visceral 

peritoneum 

Regional lymph nodes (N category) 

Nx Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in 1 to 3 regional lymph nodes 

N2 Metastasis in 4 or more regional lymph nodes 

Distant metastasis (M category) 

Mx Distant metastasis cannot be assessed 

M0 No distant metastasis 

M1 Distant metastasis 

Stage Grouping and comparison with Duke’s classification 

AJCC Stage T N M Duke’s stage 

0 Tis N0 M0 - 

I T1-2 N0 M0 A 

IIA T3 N0 M0 B 

IIB T4 N0 M0 B 

IIIA T1-2 N1 M0 C 

IIIB T3-4 N1 M0 C 

IIIC Any T N2 M0 C 

IV Any T Any N M1 D 
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1.1.3 Underlying genetic alterations 

In the early 1990s, Fearon and Vogelstein (10) provided evidence for the monoclonal origins 

of colorectal tumours and adenomas, as a result of genetic mutations in a single cell. Since 

then, a large number of studies, describing the genetic mechanisms of colorectal 

carcinogenesis have been published. The two main types of genetic abnormalities leading to 

colorectal cancer development are chromosomal instability and microsatellite instability (11-

13). Some tumours can present with features of both types of genetic instability.  

Chromosomal instability is the activation or down-regulation of common oncogenes or 

tumour suppressor genes due to somatic or germline point mutations, allelic losses, 

aneuploidy and genomic amplifications, caused by cell cycle and DNA repair abnormalities 

(11, 12). This type of genomic instability accounts for about 85% of cases of colorectal 

cancer, and is more common for cancers of the left colon. Fearon and Vogelstein (10) 

proposed a genetic model, later advanced by further studies, that describes development of 

colorectal cancer from adenomas as being due to a sequence of multiple mutations, that can 

involve up to 100 genes. However, a small group of approximately 10 key mutations 

determines the whole process (11, 12). According to this model, an early event in this chain is 

the activation of the Wnt/-catenin pathway, either due to inactivating mutations in the 

adenomatous polyposis coli (APC) tumour suppressor gene, or activating mutations of -

catenin, both of which can be observed as early as at the stage of aberrant crypt foci and small 

adenomatous polyps (11, 12, 14). Mutations in the APC gene prevent migration of colonic 

epithelial cells to the top of crypts and subsequent shedding, thus increasing the probability of 

accumulation of further mutations (15). One of the most common mutations following the 

APC mutation, is the activating mutation of the K-ras oncogene, which is usually observed in 

larger adenomas (10, 11). Later events, rarely observed in adenomas, include mutations in 

p53, SMAD4, SMAD2, phosphatase and tensin homolog (PTEN), LKB1, and 

cyclooxygenase-2 (COX-2) (10-12).  

Approximately 10-15% of colorectal tumours, however, develop due to microsatellite 

instability, a defect of the mismatch repair system responsible for correcting DNA replication 

errors, that leads to accumulation of point or frame-shift mutations in microsatellites, which 

are short sequences of nucleotide bases repeated 10-100 times (11, 13). Many genes involved 
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in the regulation of cell proliferation, apoptosis, cell cycle and DNA repair contain 

microsatellite sequences, and are therefore susceptible to microsatellite instability. 

Transforming growth factor-, type-II receptor, insulin-like growth factor-II receptor, BAX, 

PTEN and caspase-5 are examples of factors commonly affected in microsatellite instability 

colorectal cancer. On the other hand, mutations in the tumour suppressor genes p53, APC and 

K-ras are less common. Tumours with microsatellite instability are mainly located in the right 

colon, are usually less aggressive, and are associated with a better prognosis (11, 13). 

Another abnormality contributing to genetic instability in colorectal cancer development is a 

CpG island methylator phenotype, which leads to gene silencing via hypermethylation of 

CpG islands in gene promoter regions (3, 12, 16).  The CpG island methylator phenotype is 

common in colorectal tumours with microsatellite instability. 

1.1.4 Treatment: current approaches 

As in any other cancer, early diagnosis is one of the key factors contributing to successful 

treatment of the disease. Standard procedures for suspected colorectal cancer are colonoscopy 

or sigmoidoscopy, tumour biopsy and computerised tomography (CT) scans of chest and 

abdomen, and possible further ultrasound, CT scan and MRI investigations to define local 

disease extent or metastatic disease (3). In asymptomatic people, screening may include 

endoscopy, CT colonography and faecal occult blood test (3). Complementary blood testing 

for tumour aggression markers, such as carcinoembryonic antigen (CEA), are commonly used 

in staging (17). Pathological tumour staging after surgery is the last step of diagnosis, and is 

followed by selection of the appropriate treatment regimen. Currently, the AJCC/TNM 

classification system is most widely accepted for colorectal cancer staging (9). 

Standard treatment options include surgery, chemotherapy and radiotherapy. Surgical 

resection of the primary tumour is one of the main treatment options available, however, 

complete cure by this method is only achieved in the early stages of disease (18). 

Approximately 50% of patients further develop (or already present with) metastasis or 

develop local recurrence (18), and metastasis is the main cause of death from colorectal 

cancer (19). Stage I colorectal cancer is considered to be surgically curable in most cases, 

whereas for Stage III disease adjuvant chemotherapy, aimed to cure occult metastases, is a 

routine procedure (18). The treatment strategy for Stage II patients is debatable, due to better 

prognosis, and the unproven benefit of routine administration of chemotherapy. However, 

chemotherapy is recommended for high-risk Stage II patients (18).  Among the chemotherapy 
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drugs available for colorectal cancer treatment, 5-fluorouracil (5FU), oxaliplatin and 

irinotecan, as well as their various combinations, are the most common approaches (18, 20, 

21). For Stage III patients, 6 months treatment with 5FU or a combination of 5FU and 

oxaliplatin is recommended, and can increase the survival by up to 20% (18). One of the main 

limitations of chemotherapy is the resistance of tumour cells to chemotherapy drugs (22). The 

mechanism of this phenomenon is not fully known. 

Along with standard treatment approaches, several options for targeted therapy of colorectal 

cancer are currently under development (23). One of the methods offered in colorectal cancer 

targeted therapy is inhibiting epidermal growth factor receptor signalling pathways, which are 

essential for tumour cell proliferation. Two current options, cetuximab and panitumumab, 

have been investigated in clinical trials, with moderate efficacy being shown (23). Another 

promising approach is antiangiogenic therapy, which is actively investigated. The antibody 

against vascular endothelial growth factor-A (VEGF-A), bevacizumab, has shown some 

benefits when combined with standard chemotherapy in animal models, and for metastatic 

disease (23). Targeted therapy approaches are associated with a different spectrum of 

accompanying toxicities, including hypertension, rashes and diarrhoea (23, 24). 

 

 

1.2 Metabolic disorders and colorectal cancer: evidence and 

mechanisms 

1.2.1 Risk factors for colorectal cancer 

Only about 30% of colorectal cancer cases can be explained by inheritance and family 

history, whereas in 70% of cases the development of the disease is sporadic (3, 11). 

Therefore, investigations into risk factors and the prevention of colorectal cancer have 

received a lot of attention. A brief overview of the physiological and environmental factors 

shown to be associated with colorectal cancer is presented in this section, with factors that are 

particularly relevant for this study discussed in more detail later in this chapter. 

The risk of colorectal cancer significantly increases with age, with 90% of cases developing 

after 50 years of age (3, 11, 25).  The prevalence of colorectal cancer is higher among males 

compared to females, implicating sex hormones (see section 1.2.2.4) (1, 25, 26). Evidence has 

accumulated showing that, in addition to these biological risk factors, colorectal cancer is 

strongly associated with environmental factors, and in particular with the Western lifestyle 



 
7 

(27, 28). However, despite strong epidemiological evidence, there is still no definite 

understanding of exactly which factors lead to development of colorectal cancer, and 

equivocal results are being reported when separate components of the Western lifestyle are 

analysed in relation to the disease (29-31). Low-fibre diet, reduced fruit intake, high intake of 

red meat, smoking, and alcohol were shown to be associated with increased incidence of 

colorectal cancer by some (29, 30, 32), but not all studies (33-35). Physical activity was 

shown to be protective against colorectal cancer in most studies (29, 31, 36-39). Obesity was 

consistently associated with an increased risk of colorectal cancer development (31, 39-44), 

and will be discussed further in section 1.2.1.1. Other potential risk factors are type 2 diabetes 

(29, 36, 42, 45, 46) and chronic inflammation (47) (see sections 1.2.1.2 and 1.2.2.3).  

1.2.1.1 Association of obesity with colorectal cancer incidence and mortality 

Obesity is a pathological condition, affecting general health and life expectancy. It is 

associated with increased risk and mortality of several diseases, including type 2 diabetes, 

cardiovascular disease and several types of cancer (48-53). The effect of obesity on colorectal 

cancer development and progression has been studied for decades. To date, excess body 

weight is considered a strong, independent risk factor associated with a 1.5- to 2-fold increase 

in colorectal cancer incidence, which is supported by both case-control (29, 31, 43) and 

prospective (39, 42, 51, 54-61) studies. However, some studies have not found a significant 

association of colorectal cancer risk with obesity (36, 48). When analysing colorectal cancer 

by site, most studies report no effect of body mass index (BMI) on rectal cancer (60, 62). 

However, direct comparison of results may be complicated by the different approaches to 

obesity measurement and cohort selection. For example, several studies found no significant 

association of colorectal cancer risk with BMI, whereas waist circumference was a significant 

predictor (40, 63). In contrast, another study revealed a significant effect of BMI, but not 

waist circumference, in women (54). Some studies have reported that fat distribution is 

important, and that abdominal obesity is a higher risk factor than obesity in other parts of the 

body (55, 57, 58). 

In most studies, the effect of obesity was higher in men compared to women (31, 43, 51, 55, 

57, 60, 63). In some studies, body size was age-dependent, being a higher risk factor in 

younger men (31, 48), and among pre-menopausal women (48, 61, 64). In contrast, another 

study reported a stronger association of BMI with colorectal cancer risk in older individuals 

(57). The extent of excess body weight may also be relevant, with several studies reporting 
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that obese (BMI>30), but not overweight (25<BMI<30) individuals have a higher risk of 

colorectal cancer development (41). Finally, colorectal cancer risk due to excess body weight 

may be dependent on other factors, for instance, it becomes a more significant risk factor in 

individuals with a sedentary life style, compared to physically active people (31).  However, 

despite these differences, the existence of an obesity-dependent increase in colorectal cancer 

risk is generally accepted (55, 56, 65, 66). 

Taking into account the importance of obesity for colorectal cancer incidence, the same 

mechanisms might be expected to affect disease progression and, possibly, outcome. Several 

studies have addressed this question, but to date the results are much more variable than those 

concerning colorectal cancer risk. Several studies showed a positive association between 

obesity and markers of more advanced colorectal cancer progression, such as lymph node 

metastasis (67, 68), as well as worse patient survival (68-70). Some studies report no 

significant effect of obesity on patient survival (48, 62, 71), and at least one study has shown 

that both extreme categories of BMI, underweight and obese, are associated with increased 

mortality (68). Some have reported no effect of obesity on overall survival, but showed that a 

decrease in disease-free survival was associated with obesity (67). Others have reported that 

overall survival was significantly worse with increased BMI only in women younger than 50 

years of age (72). Yet other studies provide evidence for a significant association between 

excess body weight and recurrence, and suggest this may differ by gender (62, 72). The 

differences in the findings of these studies show that, as with investigations into obesity and 

colorectal cancer incidence, a more uniform approach to selection of study parameters such as 

obesity markers, study cohort and endpoint measurements will be crucial to unravelling the 

effect of obesity on colorectal cancer mortality. 

1.2.1.2 Metabolic syndrome 

A range of pathological conditions, including type 2 diabetes, insulin resistance, hypertension, 

impaired glucose tolerance, hyperglycaemia and dyslipidaemia are directly associated with, or 

primarily caused by, excess body weight, especially by abdominal obesity (73). Since the 

epidemiology and pathology of a whole cluster of these diseases are closely overlapping, and 

all of them are proven risk factors for pathological conditions, including cardiovascular 

disease and type-2 diabetes, there have been several attempts to unify them under a single 

defining term, the most common of which is the “metabolic syndrome” (74-76).  One 

advantage of having a unifying term could be having stronger power as a predictor for 
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associated abnormalities (74). Several attempts to create a convenient, defining and 

complete set of criteria have been made after the first definition was proposed in 1999 (77-

79). The number of criteria, and the significance and cut-point for each criterion, varied from 

one definition to the next (80). Most frequently, the criteria included abdominal obesity, 

raised blood triglycerides and low high-density lipoprotein (HDL) cholesterol levels (80). 

Despite many attempts, the selection of key defining criteria for the metabolic syndrome is 

disputed, and thus the use of the term is complicated, and the value of it is questioned. 

Nevertheless, the term has been used in numerous studies. In regards to colorectal cancer, 

metabolic syndrome was shown to be associated with a significantly increased risk of the 

disease (41, 42). Each of the metabolic syndrome components separately has been reported to 

be associated with colorectal cancer risk (81), although less consistently than obesity. 

Although caution is required when using the term “metabolic syndrome”, or comparing 

results of different studies, these findings still provide significant evidence for a strong 

involvement of metabolic status in colorectal cancer pathology. 
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1.2.2 Mechanisms 

Although a large amount of clinical and experimental data investigating the link between 

obesity and cancer in general, and obesity and colorectal cancer in particular, has 

accumulated, the exact mechanism underlying this relationship is not fully established. The 

main consequences of obesity that appear to have major contributions to colorectal cancer are 

discussed in this chapter, including insulin resistance, adipokines, sex hormones and obesity-

related inflammation. Although each of these systems closely links with the others, and all of 

them are likely to form a complex mechanism, for simplicity, they are reviewed separately. 

1.2.2.1 Insulin resistance and colorectal cancer: Hyperinsulinaemia theory 

A major consequence of obesity, especially visceral adiposity, and one of the main 

components of the metabolic syndrome, is insulin resistance, a condition of reduced cellular 

sensitivity to insulin action, in which increased amounts of insulin are necessary for a normal 

biological response (82-85). This metabolic condition involves dysregulation of the insulin 

and insulin-like growth factor-1 (IGF-1) axis. These multi-functional hormones are involved 

in the regulation of both systemic functions and tissue-specific processes, such as growth, cell 

proliferation and control of death (86). Insulin is produced exclusively by pancreatic -cells 

(86). Its most important systemic function is the control of glucose metabolism by promoting 

glucose intake by muscle, fat and liver cells and by stimulating glycogen synthesis  (87). IGF-

1 is mainly produced by the liver under regulation of growth hormone and nutrients, although 

it is expressed by other tissues in smaller amounts. At a systemic level it is involved in 

maintenance of a balance between energy intake and somatic growth (88-91). In insulin 

resistant conditions, compensatory hyperinsulinaemia develops to improve the effectiveness 

of insulin in resistant cells. This, in turn, affects the level of IGF-1. Most circulating IGF-1 is 

present as a complex with one of six IGF binding proteins (IGFBP) that regulate IGF-1 

activity and bioavailability (91, 92). Insulin is known to inhibit IGFBP-1 and -3 (88, 91, 93), 

therefore increasing the amount of bio-available IGF-1. The actions of the insulin-IGF system 

are mediated through a number of receptors. Insulin mainly acts through the insulin receptor, 

and most IGF-1 activity is mediated through IGF-1R (92). IGF-1 can also cross-react with the 

insulin receptor, although it does not happen at physiological concentrations (92). In addition, 

both IGF-1 and insulin have affinity for hybrid IGF-insulin receptors (92). All of these 
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receptors are expressed in a wide range of tissues (86), making them potentially 

responsive to both hormones. 

The hypothesis, that insulin resistance is a significant factor in colorectal carcinogenesis, was 

first proposed by McKeown-Eyssen (94) and Giovannucci (65), who drew attention to the fact 

that the majority of lifestyle risk factors for colorectal cancer are associated with alterations in 

glucose and insulin metabolism. This observation formed the basis of the hyperinsulinaemia 

theory, postulating that elevated insulin is an important stimulus of colorectal tumour growth. 

In addition, insulin can influence the tumour growth indirectly, by influencing other 

pathways, including growth hormone, sex hormones and IGF-1 (Figure 1-2)(95). Insulin was 

shown to increase bio-available IGF-1 (96). Elevated IGF-1, in turn, exerts mitogenic and 

anti-apoptotic effects on colon cancer cells (97).  

 

 

 

Figure 1-2: Insulin actions in tumour development  

Abbreviations: IGF – insulin-like growth factor; GH – growth hormone. Adapted from Renehan et al., 2006 (95) 

 

The hypothesis is supported by a substantial amount of evidence (83, 95). Both insulin 

receptors and insulin-like growth factor-1 receptors (IGF-R1) are over-expressed in colorectal 

tumour cells, compared to normal colon epithelium (89, 95, 98-100). In animal studies, 

insulin and IGF-1 stimulate the growth of aberrant crypt foci (83, 100-103), and promote 
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tumour development and growth (103-105). In vitro studies using colon cancer cells have 

shown that insulin and IGF-1 induce proliferation, and inhibit apoptosis, by acting through 

mitogen-activated protein kinase (MAPK) and phosphatidyl-inositol-3-kinase (PI3K) 

pathways (82, 89, 95, 106, 107).  A similar effect of IGF-1 was observed in non-cancer 

colonic epithelial cells with the APC gene mutations, in contrast to wild-type cells, suggesting 

the importance of this hormone at the earliest stages of colorectal cancer development (107). 

Epidemiological studies suggest a positive association between increased levels of IGF-1, 

insulin and C-peptide (the cleavage product of pro-insulin which has a longer half-life in the 

circulation than insulin (108)) and colorectal cancer risk and mortality (40, 82, 95, 100, 103, 

109-118). In addition, several studies reported an increased colorectal cancer risk in patients 

with acromegaly (119, 120), which indirectly supports the hypothesis, since acromegaly is 

caused by over-production of growth hormone, a primary regulator of IGF-1 secretion, and 

subsequent elevation of IGF-1 levels. In human colorectal cancer tissue studies, IGF-1R 

expression correlated with higher tumour stage and grade (90).  

1.2.2.2 Adipose tissue hormones 

Recent studies suggest that the mechanism linking obesity and colorectal cancer is not limited 

to the insulin-IGF axis, although it appears to be one of the fundamental pathways (82, 95). 

Adipose tissue has recently been recognised as an active endocrine organ, producing a 

number of hormones, chemokines and inflammatory cytokines (83), including adiponectin, 

resistin, leptin, interleukin-6 (IL-6) and tumour necrosis factor-α (TNF-α), which are known 

to be involved in the development of insulin resistance, inflammation and other obesity-

related conditions (110). One line of evidence suggests that the adipose tissue hormones may 

be directly involved in colorectal cancer development, promoting tumour growth, 

invasiveness and tumour angiogenesis (107, 121). Epidemiological studies report a negative 

association of adiponectin levels (121), and a positive association of leptin levels, with 

colorectal cancer risk. Of note, adiponectin levels decrease, whereas leptin levels increase, 

with obesity (122). Adiponectin is associated with colorectal cancer recurrence (123), and in 

animal models suppresses colonic cell proliferation (124). Colon cancer cell lines express 

leptin receptors (107), and leptin stimulates the proliferation of colon cancer cells in vitro 

(107, 121). 
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1.2.2.3 Obesity-related inflammation: role in cancer development 

The association of inflammation with tumour development was first proposed in the middle of 

the 19
th

 century (125). Now chronic inflammation is considered to be an essential part of the 

tumour development process, and a hallmark of all solid tumours (126, 127). Once cancer is 

initiated, tumour cell-derived cytokines and chemokines attract a number of immune cells, 

including T- and B-lymphocytes, neutrophils, macrophages, dendritic and mast cells, to the 

tumour site, thus establishing a base of cancer-related inflammation (128). The interaction of 

recruited immune cells with cancer is complex, and is now seen as a balance between two 

opposing processes: tumour-promotion and immune system-mediated tumour-suppression, 

known as immunosurveillance (127, 129, 130). Co-existence of both processes probably 

explains controversial results regarding the association of inflammation with cancer 

prognosis, showing that lymphocytic infiltrate can be associated with both bad and good 

prognosis, depending on the infiltrate content and tumour type (126). Immunosurveillance is 

thought to be mediated by M1 phenotype macrophages and T helper 1 lymphocytes, and 

involves elimination of tumour cells by immune cells (131). Tumour promotion is mediated 

by the M2 phenotype of tumour-associated macrophages (TAM) and T helper 2 lymphocytes, 

and involves several different mechanisms, including increased mutagenesis due to reactive 

oxygen species (ROS) produced by inflammatory cells or by tumour cells under inflammatory 

stimuli, induction of tumour cell proliferation and motility by immune cell-derived growth 

factors, and promotion of tumour angiogenesis (15, 128, 129). 

In addition, pre-existing chronic inflammatory conditions are associated with a significantly 

increased risk of subsequent cancer development, suggesting a possible causative role for 

inflammation in cancer initiation (127, 129). The increased risk of colorectal cancer in 

patients with inflammatory bowel disease provides one of the strongest examples, with the 

link being so well proven that colitis-associated cancer is often classified as a separate 

subtype of colorectal cancer (15, 128). Several types of cancer are associated with infections 

(126, 128), and long-term use of non-steroidal anti-inflammatory drugs reduces the risk of 

several types of cancer, including colorectal cancer (132-134). 

Immune and infectious diseases are not the only cause of an inflammatory environment. 

Metabolic abnormalities, such as obesity, are known to be accompanied by low-grade chronic 

inflammation (121, 135), which could have implications for cancer development and 

progression. The onset of obesity-related inflammation is mainly mediated by adipose tissue-

derived inflammatory mediators, including IL-6 and TNF-, and chemokines, triggering the 
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accumulation of myeloid cells (135-138). Other adipocyte-derived hormones are also 

involved including adiponectin, which has an anti-inflammatory activity (110, 136). There is 

evidence suggesting that chronic inflammation can further impair metabolic function, for 

example, by stimulating insulin resistance (135). Thus, in addition to direct effects on tumour 

growth, inflammation can contribute to obesity-related tumour-promoting mechanisms. 

C-reactive protein (CRP) is one of the inflammation markers that are associated with obesity, 

insulin resistance and metabolic syndrome (139, 140). CRP is an acute phase protein, 

produced mainly by the liver, but also by other tissues, including adipocytes, under the 

regulation of IL-6 and other cytokines (137). Systemic elevation of CRP levels is associated 

with several pathological conditions, including cardiovascular diseases (141). Circulating 

CRP level is positively associated with colorectal cancer risk (47). 

1.2.2.4 Sex hormones 

Gender disparities in colorectal cancer epidemiology are often reported, especially in obesity-

related colorectal cancer risk (25, 28, 72). Obesity-related effects on colorectal cancer are 

more obvious in men (29, 142). In women, the effect is increased in pre-menopausal 

compared to post-menopausal women (72), and hormone-replacement therapy in women 

decreases the risk of colorectal cancer (143). Slattery et al. (144) have proposed a sex 

hormone-dependent mechanism explaining this difference (144). According to this 

hypothesis, oestrogen is involved in up-regulation of insulin receptor and IGR-1R expression. 

However, at higher levels, oestrogen competes with IGF-1 and insulin for binding sites on 

their receptors. Of note, adipose tissue is known to produce sex hormones. In post-

menopausal women, adipose tissue becomes the main source of oestrogen, thus up-regulating 

insulin receptor and IGF-1R expression and stimulating insulin-IGF-1 pathway signalling. On 

the other hand, in pre-menopausal women, or in women on hormone-replacement therapy, the 

contribution of adipocyte-derived oestrogen to pre-existing oestrogen levels is insignificant. 

High levels of oestrogen inhibit insulin-IGF-1 pathways activated by obesity (144). 

In addition to the effect on the insulin-IGF-1 axis, sex hormones are thought to be involved in 

cancer-related inflammation, for example by suppressing TAM-mediated production of IL-6 

(127). However, with regard to colorectal cancer, this action of sex hormones has not been 

thoroughly investigated. Finally, it is important to note that other aspects of gender disparities 

in cancer also exist. Different body composition and fat distribution patterns between males 
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and females, or higher levels of leptin, may provide alternative explanations for observed 

gender disparities in colorectal cancer risk (72).  
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1.3 Tumour angiogenesis 

1.3.1 Tumour microenvironment 

The importance of the tumour microenvironment in the development of solid tumours has 

been widely investigated (145). It is acknowledged that rather than playing a passive, 

supporting role, the tumour stroma is actively involved in many stages and aspects of cancer 

development, including tumour growth and spread, angiogenesis and metastasis (145-147). In 

turn, it changes during the course of cancer progression, being influenced by the developing 

tumour, which promotes immune cell recruitment, extracellular matrix remodelling and 

angiogenesis. Tumour microenvironment is a prognostic factor in many cancers, and evidence 

suggests its involvement in the tumour response to treatment (145). Taking into account its 

importance in tumour biology, the tumour microenvironment is an attractive target for 

developing anti-cancer therapies (147). A better understanding of the biology of tumour 

stroma and its effects on cancer progression is, therefore, crucial.  

The tumour microenvironment is a complex structure, usually characterised by acidic, 

hypoxic and inflammatory conditions (Figure 1-3)(145). Common components of the tumour 

microenvironment include tumour-associated fibroblasts, endothelial cells, pericytes, 

extracellular matrix, tumour-associated macrophages, T-cells, dendritic cells and other 

immune cells (145, 147, 148). Interactions within this system are regulated by a large network 

of chemokines, growth factors, hormones and other signalling molecules (148, 149). In this 

chapter, discussion of the tumour microenvironment will be limited to only one of these 

processes, namely tumour angiogenesis. 
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Figure 1-3: Interaction of tumour cells with tumour microenvironment 

Adapted from the original image "Tumor and Host Microenvironment" from Fundamentals of Oncology for 

Public Health Practitioners. Available at: http://ocw.jhsph.edu; Copyright © Johns Hopkins Bloomberg School 

of Public Health. Creative Commons BY-NC-SA. Reproduced under the Creative Commons BY-NC-SA 

license. 

 

1.3.2 Importance of angiogenesis for tumour development 

Angiogenesis is a process that involves development of new blood vessels from the pre-

existing vasculature. Physiological angiogenesis is regulated by the balanced actions of a 

large network of pro- and anti-angiogenic factors and systems, which are reviewed in section 

1.3.3.2. In adult organisms angiogenesis is limited to regenerative conditions, such as wound 

healing, or the female menstruation cycle (150). However, active angiogenesis is common in 

several pathological conditions, including cancer. 

The importance of angiogenesis in tumour development was first pointed out by Judah 

Folkman approximately 30 years ago (151). When a tumour is first established, it is capable 

of obtaining essential nutrients and oxygen from the existing host vasculature, which may be 

co-opted at the periphery of the tumour mass (Figure 1-4)(150, 152). Once the tumour 

exceeds a millimetre in diameter, however, this source becomes insufficient, and development 

http://ocw.jhsph.edu/
http://creativecommons.org/licenses/by-nc-sa/3.0/
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of tumour vasculature is necessary for further growth and metastasis (153). The 

development of tumour vasculature usually happens by angiogenesis expanding pre-existing 

host vasculature, although sometimes de novo vasculogenesis, i.e. formation of new blood 

vessels from endothelial cell precursors can also take place (154, 155).  

 

 

 

Figure 1-4: Tumour angiogenesis model  

a) – tumour cells co-opting existing host blood vessel; b) tumour size increases, with hypoxic areas developing 

due to insufficient blood supply; c) – the “angiogenic switch” occurs, new blood vessels start to develop within 

the tumour. Figure reproduced from Bergers and Benjamin, 2003 (155) 

 

Under the influence of the developing tumour, the balance between the pro- and anti-

angiogenic factors is shifted, allowing new vasculature to grow. This process, indicating the 

beginning of the angiogenic process within the tumour, is known as the “angiogenic switch” 

(155), and is stimulated both by the tumour and its microenvironment. The hypoxic and 

nutrient-deficient conditions developing in the avascular tumour mass are driving forces that 

contribute to tumour angiogenesis by inducing the expression of pro-angiogenic factors (150). 

However, some changes controlling the pro-angiogenic environment, such as VEGF and 

VEGF-receptor over-expression, can take place at much earlier stages of cancer development, 

as early as in pre-malignant lesions (156). Activating mutations of certain oncogenes is 

another factor contributing to tumour angiogenesis (150). Within the tumour, a range of pro-

angiogenic factors, including members of the VEGF family, fibroblast growth factor (FGF), 

angiopoietins and matrix metalloproteinases (MMP), are produced by both the tumour and 

stromal cells, especially by infiltrating inflammatory cells (155, 156). During tumour 

angiogenesis, unlike physiological angiogenesis, the production of angiogenic regulators is 

unbalanced, which leads to a constant and chaotic growth of vessels and a disturbed 

maturation process (150, 155). Common characteristics of the tumour vasculature are high 

vessel density, irregular branching, lack of structure in vessel networks and leaking vessels 

with loose contacts between the endothelial cells (155, 157).  
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The importance of angiogenesis for tumour progression is confirmed by numerous 

clinical studies reporting the association of increased angiogenesis with worse prognosis and 

outcome in several types of cancer (158-161), including colorectal cancer (162-167). Various 

isoforms of members of the VEGF-family, and in particular VEGF-A, are among the most 

commonly used markers of angiogenesis. In colorectal cancer, increased serum levels of 

VEGF-A, as well as increased levels of VEGF-A expression in tumour tissue, are associated 

with increased tumour size (163), higher stage (162, 164, 168), metastasis (164, 165, 168, 

169), worse survival (165, 166, 170-172), and with other prognostic indicators including 

elevated levels of carcinoembryonic antigen (163). Other studies revealed the association of 

microvessel density (MVD) with tumour stage (173), metastasis (167, 173, 174) and survival 

(173, 175).  

 

1.3.3 Angiogenic pathways 

1.3.3.1 The angiogenic process 

Angiogenesis is a complex process, involving reorganisation of the pre-existing vascular 

systems (Figure 1-5). A mature blood microvessel is a hollow tube, formed by a single layer 

of endothelial cells, lined by a basement membrane and surrounded by a layer of supporting 

pericytes (150, 157). This structure is continuous throughout the whole branching network of 

the vasculature. The formation of new branch points requires local disintegration of the vessel 

structure, formation of the new tube, and reconstitution of the vasculature integrity. This 

multistep process starts with degradation of the basement membrane and disintegration of the 

extracellular matrix by MMPs, which release bound regulators of angiogenesis. At the same 

time, activation of appropriate receptors on endothelial cells occurs, which stimulates their 

proliferation and migration, and induces secretion of angiogenic factors (150, 157). 

Subsequent migration of endothelial cells and the appropriate formation of new tubes are 

guided by the extracellular matrix and endothelial cell surface receptors, and are strictly 

regulated by a range of pro- and anti-angiogenic factors. Finally, the process is completed by 

the regeneration of the basement membrane and coverage of new blood vessels with a layer of 

pericytes. Subsequently, blood vessels may remain intact, or undergo further processes, for 

example, arteriogenesis to develop into larger vessels (157). Appropriate regulation of each 
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step of this process is essential, and is performed by several specialised molecular 

pathways, reviewed below. 

 

 

Figure 1-5: Key steps of the angiogenic process 

The figure represent the following stages of angiogenesis: degradation of the basement membrane, endothelial 

cell activation and migration, tube formation, maturation. Adapted from C.Arteaga, 2003 (176), available from 

http://www.medscape.org 

 

1.3.3.2 VEGF family  

The VEGF family plays a central role in angiogenesis (157). In humans, it is represented by 5 

secretory growth factors (VEGF-A-D and a placental growth factor, PlGF) and their tyrosine-

kinase receptors (VEGF-R1, VEGF-R2, VEGF-R3) (177). All of the family members 

contribute to the process of angiogenesis or lymphangiogenesis at certain stages of organism 

development, but the majority of angiogenic activity in both pathological and physiological 

angiogenesis is carried out by VEGF-A. VEGF-B, acting through VEGF-R1, is known to be 

involved in coronary artery development (157). VEGF-C and VEGF-D, together with their 

receptor VEGF-R3, are implicated in lymphangiogenesis in adults (177), and VEGF-C is also 

involved in vasculogenesis during embryonic development (178). PlGF is mainly found in the 

placenta, and is expressed at very low levels in normal adult tissue. However, it is implicated 

in pathological angiogenesis, acting through VEGF-R1 (157). 

VEGF-A has several isoforms, all performing similar functions (157). VEGF-A binds to two 

receptors, VEGF-R1 and VEGF-R2, but most of its angiogenic signalling is mediated through 

the VEGF-R2, also known as the kinase-insert domain-containing receptor (KDR) in humans 

http://www.medscape.org/
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(177). The role of VEGF-R1 in VEGF-A signal transduction is not clear, although its 

binding affinity to VEGF-A is significantly higher than that of VEGF-R2 (177). Both VEGF-

R1 and R2 are highly expressed by endothelial cells, although not limited to them (178). 

VEGF-A action on endothelial cells activates proliferation signals mediated through the 

extracellular signal-regulated kinase (ERK) – MAPK pathways, anti-apoptotic survival 

signals mediated through the phosphatidyl-inositol-3-kinase (PI3K) pathway, and migration-

stimulating signals involving both ERK-MAPK and PI3K pathways (179). VEGF-A action on 

endothelial cells stimulates secretion of pro-angiogenic proteins and MMPs and up-regulates 

the expression of surface adhesive molecules, regulating endothelial cell migration (157). 

The crucial role that VEGF-family members play in vascular development is confirmed by 

many knock-out studies, showing that the absence of each of VEGF-A, VEGF-C, VEGF-R1, 

VEGF-R2 and VEGF-R3 result in early lethality of embryos, accompanied by major 

disruptions in vasculature and haematopoietic development (178). The importance of this 

pathway in tumour angiogenesis is supported by the fact that VEGF-A is overexpressed in the 

majority of solid tumours (177). 

1.3.3.3 Neuropilins 

Neuropilins are a group of transmembrane receptors, which were first described as being 

involved in axonal guidance (177). With regard to angiogenesis, this group of receptors is 

functionally related to the VEGF-family, and plays a supplementary role, acting as co-

receptors of VEGF-R2 and enhancing VEGF-A binding (157, 177). Whether they are able to 

exert angiogenic signals on their own is still not clear. 

1.3.3.4 Angiopoietins  

The family of angiopoietins is represented by two major ligands, angiopoietin-1 (Ang-1) and 

angiopoietin-2 (Ang-2), and their tyrosine kinase receptor, Tie-2 (177, 180). Tie-2 receptor 

expression is limited almost exclusively to the endothelium, with only a few exceptions (177). 

In endothelial cells, Ang-1 and Ang-2 act as antagonists, although both contribute to the 

angiogenic process (180). Ang-1, signalling via Tie-2, leads to the maturation of vessels and 

promotes pericyte coverage. Ang-1 signalling also promotes endothelial cell survival and 

migration, via PI3K and STAT pathways (179). Ang-2, on the contrary, does not activate Tie-

2 in endothelial cells at physiological concentrations; instead it inhibits Ang-1 signalling by 

competitive binding to the receptor and promotes vessel destabilisation, which is required for 
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active proliferation and sprouting. Ang-2 action in angiogenesis is coordinated with other 

pro-angiogenic factors (181).  

1.3.3.5 The Notch system 

The Notch system, a group of trans-membrane ligands (notch-deltalike ligands (Dll) 1,3 and 

4, jagged 1-2) and their receptors (Notch 1-4), is responsible for the interaction and signal 

transduction between adjacent cells, and regulation of cell proliferation and differentiation 

within the tissue (177, 178). Several members of this family, especially Dll4, are involved in 

regulation of angiogenesis (178). The Dll4/Notch system modulates angiogenic signalling 

downstream of VEGF-A by negative regulation of VEGF-R2, preventing endothelial cell 

over-proliferation, and regulating their differentiation, correct development of vascular tubes 

and formation of structured vascular networks (178, 182, 183).  

Knockout of Notch family members during embryonic development leads to serious defects 

in vascular remodelling. Embryonic knockout of Notch1, Dll4 and jagged1 are lethal (178). 

The Notch system is up-regulated in tumours(177). Inhibitors of the Notch system 

significantly reduce tumour growth by affecting development of a functional vasculature 

(182, 184, 185). 

1.3.3.6 Other angiogenic factors 

The angiogenic pathways are not limited to the systems reviewed above, and include a large 

number of growths factors, cytokines and hormones, contributing to the angiogenic process at 

different stages. These factors are reviewed by many authors in detail (157, 179, 186). Several 

essential angiogenic factors and their functions are briefly summarised in Table 1-2. 
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Table 1-2: Molecular regulators of angiogenesis 

 

Molecule Role in Angiogenesis 

Basic fibroblast growth factor  

Stimulates proliferation, migration and survival of endothelial 

cells; modulates matrix metalloproteinase activity; acts via 

MAPK and PI3K pathways (179, 186) 

Hepatocellular growth factor  Induces endothelial cell proliferation (179, 186) 

Heparin-binding epidermal growth factor-

like growth factor  

Stimulates endothelial cell migration, tube formation; promotes 

fibroblast and smooth muscle cell proliferation (187) 

Transforming growth factor β  Promotes endothelial cell survival (179) 

Inflammatory cytokines IL-6, IL-8, TNFα Pro-angiogenic; promote VEGF-A expression (179, 186) 

Matrix metalloproteinase family 
Extracellular matrix degradation; release of bound pro- and anti-

angiogenic factors (188) 

Endogenous inhibitors (vasohibin, 

angiostatin, endostatin, tumstatin) 
Inhibitors of angiogenesis (177, 179) 

Integrins 
Endothelium surface molecules; modulate angiogenic growth 

factor signalling; regulate endothelial cell migration (179) 

Blood clotting regulators (tissue factor, 

thrombin) 

Release angiogenic factors from platelets during blood clotting 

(157) 

 

1.3.4 Regulation of angiogenesis  

1.3.4.1 Regulation of angiogenesis by hypoxia 

Development of hypoxia within a growing tumour is common. To adapt to low oxygen 

conditions, tumours have to develop compensatory mechanisms, allowing them to reduce 

their oxygen requirements compared to normal tissue. This includes adjustments made to 

metabolic processes, for example increasing glycolysis in the process of ATP synthesis, 

promotion of metastasis development and activation of anti-apoptotic genes (155, 189). 

Angiogenesis, as a process facilitating an increase in oxygen supply, is strongly up-regulated 

by hypoxia.  Hypoxia up-regulates the expression of a number of genes, among them – 

VEGF-A expression by both tumour and stromal cells (150).  

The main mediators of the effect of hypoxia are the family of hypoxia-inducible factors 

(HIF), including HIF-1, 2 and 3 (189, 190). Structurally, HIF is a heterodimer of HIF-α and 

HIF-β (aryl hydrocarbon receptor nuclear translocator, ARNT) subunits (189-191). HIF-β is 

the constitutively expressed stable subunit, accumulating in cell nuclei. Accumulation of the 

HIF-α subunit is hypoxia-dependent, and in the presence of oxygen it normally degrades 

within minutes (189, 192). Several mechanisms responsible for the regulation of HIF-α 

stability in response to tissue oxygen levels have been identified, with one of the main ones 

being hydroxylation by a family of prolyl hydroxylase domain-containing proteins (PHD) 
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(190, 191, 193, 194). In normoxic conditions PHD hydroxylate the oxygen-dependent 

degradation domain (ODD) of HIF-α at two residues, Pro402 and Pro564. The hydroxylated 

ODD is recognised by the Von Hippel-Lindau tumour suppressor protein (pVHL), a 

component of E3 ubiquitin-ligase complex. This triggers poly-ubiquitinilation and subsequent 

proteosomal degradation of HIF-α by the ubiquitin-proteasome pathway (189). Oxygen is an 

essential co-substrate, required for PHD activity, therefore in hypoxia the activity of PHD is 

suppressed, leading to HIF-α stabilisation (193). In addition, oxygn dependent factor 

inhibiting HIF-1 (FIH) forms a complex with pVHL, together controlling HIF-1α activity via 

recruiting hystone deacetylase(192). Other reported oxygen-dependent pathways of HIF-α 

regulation include acetylation of the ODD by arrest-defective-1 protein, and phosphorylation 

via MAPK and PI3K pathways (189, 192). The two latter pathways are also involved in 

hypoxia-independent regulation of HIF-α stability and activity by hormones and growth 

factors, which is discussed further in sections 1.3.4.2-1.3.4.4. In addition, self-regulation of 

the HIF-α protein by a negative feedback loop mechanism was observed in conditions of 

prolonged hypoxia (189). There are three isoforms of HIF-α subunit (HIF-1α – HIF3α) and 

two of them, HIF-1α and HIF-2α, are closely related, although some of their target genes are 

different (195). HIF-1 directly regulates the expression of over 100 genes, including vital 

angiogenic regulators such as VEGF-A and its receptor VEGFR1 (190, 194, 196, 197). 

1.3.4.2 Non-hypoxic regulation of angiogenesis 

Although the role of hypoxia as a driving force of tumour angiogenesis cannot be 

underestimated, alternative mechanisms of regulation also exist. MAPK and PI3K are the two 

main pathways involved in regulation of endothelial cell proliferation, migration and survival 

(179). Although these pathways are involved in signal transduction via hypoxia-regulated 

pathways (198), the pathways can also be activated through a large number of growth factor 

receptors, acting independently from hypoxia. IGF-1R is an example of a metabolically-

regulated receptor, capable of PI3K and MAPK activation independent of hypoxia (179).  

As mentioned before, HIF-1α activity and stability are also under regulation of MAPK and 

PI3K (199), and thus, can be influenced by growth factors in addition to hypoxic stimuli 

(200). Indeed, the increase in HIF-1α levels in response to growth factors, such as IGF-1 or 

insulin, under normoxic conditions has been confirmed by many studies (197). 
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The expression of the main angiogenic factor, VEGF-A, in various tissues, is also 

regulated by a wide range of factors, apart from hypoxia, including growth factors, cytokines, 

hormones, certain oncogenes and tumour suppressor genes (89, 157). 

Nutrients and vitamins, acting as essential co-factors at different stages of signalling cascades, 

can also act as indirect regulatory stimuli, independent from hypoxia. For example, calcium is 

required for the transduction of VEGF-A-induced proliferation signalling via the MAPK 

pathway (179), and vitamin C is required for the optimal activity of hydroxylases, regulating 

HIF-α stability (201). 

Several pathological conditions can significantly alter circulating levels of important growth 

factors and cytokines. One example is obesity and related metabolic abnormalities, such as 

insulin resistance. Another example is the condition of chronic inflammation, which can be 

triggered by obesity. Due to the particular importance to this study, the roles of both obesity 

and inflammation in angiogenesis are discussed in more detail in sections 1.3.4.3 and 1.3.4.4. 

1.3.4.3 Obesity in regulation of angiogenesis 

Obesity, and the subsequent state of insulin resistance, are characterised by increased levels of 

insulin and IGF-1. Both growth factors are implicated in the regulation of HIF-1α stability 

and activity via MAPK and PI3K pathways, as confirmed by numerous in vitro studies (202-

205). Accordingly, the level of VEGF-A is also up-regulated in response to these growth 

factors (202, 203), both via up-regulation of HIF-1, and independently (206). 

In addition, adipose tissue acts as an endocrine organ, directly producing a range of 

biologically active molecules implicated in angiogenesis. Among them are the members of 

the MMP family, including MMP-9 and MMP-2, a range of inflammatory cytokines, 

including IL-6 and TNF-α, and several angiogenic growth factors, including heparin-binding 

EGF-like growth factor (HB-EGF), hepatocyte growth factor (HGF) and basic fibroblast 

growth factor (bFGF) (186).  

As well as these molecules, adipokines (adipocyte-derived hormones) such as adiponectin and 

leptin exert pro-angiogenic signals, which are mediated through the MAPK and PI3K 

signalling pathways (186). Leptin promotes endothelial cell proliferation and tube formation 

in vitro, and blood vessel development in vivo, and stimulates expression of VEGF-A, VEGF 

receptors, MMP-2 and MMP-9 by endothelial cells (186). In contrast, adiponectin inhibits 

angiogenesis and proliferation of endothelial cells (110, 186). One study showed that 

exogenous adiponectin inhibited tumour angiogenesis in animal models of human 
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hepatocellular carcinoma, and downregulated the expression of Ang-1, VEGF-A and 

MMP-9 in tumour tissue (123). In a murine breast cancer model, adiponectin knockout 

animals showed significantly decreased tumour vascularisation compared to controls (207).  

1.3.4.4 Inflammation in regulation of angiogenesis 

Immune cells produce a range of angiogenic cytokines and growth factors that promote 

angiogenesis during physiological processes requiring formation of new blood vessels, such 

as wound healing (208). Chronic low grade inflammation, however, often accompanies, or is 

triggered, by pathological conditions, including obesity and tumour development (128, 135). 

The inflammatory microenvironment of solid tumours allows them to adopt this quality of the 

immune cells and to use it to stimulate tumour vascular development. Moreover, in tumours, 

pro-angiogenic properties of immune cells can be further enhanced by certain stimuli from the 

microenvironment, including hypoxia and tumour cell-derived cytokines (209). 

Two groups of myeloid cells, TAM (tumour associated macrophages) and Tie-2 expressing 

monocytes (TEM), are abundantly present in the tumour microenvironment and are known to 

play a major role in promotion of tumour angiogenesis by secreting a number of pro-

angiogenic factors, including VEGF-A, bFGF, TNFα, IL-1β, IL-8, platelet-derived growth 

factor (PDGF)-β and a range of MMPs (209). TEM recruitment to the tumour site and their 

angiogenic activity are regulated by Ang-2 (209). The number of TAM and TEM in the 

tumour is correlated with tumour vascularisation, and both cell types promote angiogenesis in 

in vitro and in vivo models (208, 210-212). Other myeloid cells that contribute to the 

angiogenic process in tumours include neutrophils, eosinophils, mast cells, myeloid-derived 

suppressor cells and dendritic cells (209). They are capable of producing pro-angiogenic 

molecules, including MMP and VEGF-A, and their mitogenic and activating effect on 

endothelial cells has been confirmed by a number of in vitro and in vivo studies (209, 213). 

The secretion of angiogenic factors is often promoted by other inflammatory cytokines, for 

example TNF-α, was shown to trigger the  release of VEGF-A from eosinophil and neutrophil 

granules (209). In addition to angiogenic factor secretion, myeloid-derived suppressor cells 

and dendritic cells may serve as progenitors for endothelial cells, that have the potential to 

incorporate into newly formed blood vessels (209). 

The importance of inflammatory cells on tumour angiogenesis at the very early stages of 

tumour development, including pre-malignant stages, has been demonstrated by several 
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studies (210). Lymphocytic infiltration into tumours was shown to precede angiogenesis, 

and TAM were found to be essential for the “angiogenic switch” (208, 212).  
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1.4 Research objectives 

The link between obesity and colorectal cancer risk is well established, whereas the role of 

obesity and obesity-related abnormalities in further disease progression and outcome is less 

clear (section 1.2.1.1). Metabolic changes, associated with excess body weight, including 

insulin resistance, can influence tumour development by promoting cancer cell proliferation 

(section 1.2.2). At the same time, tumour cell proliferation alone does not determine tumour 

growth, and the important role of the tumour microenvironment in cancer development is 

generally acknowledged (section 1.3.1). Tumour angiogenesis is one of the processes crucial 

for tumour growth (1.3.2). Regulation of the angiogenic processes can involve, among others, 

metabolic and inflammatory pathways (section 1.3.4).  

In addition, the effect on colorectal cancer outcome can be exerted not only by affecting the 

development and progression of the disease, but also by influencing the response to treatment. 

Chemotherapy is a standard treatment for advanced colorectal cancer (section 1.1.4). 

Resistance to chemotherapy agents is one of the problems associated with chemotherapy, and 

the mechanisms underlying the resistance are unknown (1.1.4). 

The hypothesis of this study is that obesity and accompanying metabolic changes, including 

insulin resistance and obesity-related inflammation, create a pro-angiogenic environment, 

thus promoting the progression of colorectal cancer and influencing patient outcome. In 

addition, obesity-associated metabolic changes may contribute to tumour response to 

chemotherapy treatments. The aims of this study were to investigate the relationship between 

obesity, angiogenesis and colorectal cancer progression and outcome, and to investigate the 

potential effect of obesity-related factors on the sensitivity of colorectal cancer cells to 

chemotherapy agents. The first aim will be addressed by studying a large cohort of patients 

with colorectal cancer, relating outcome to markers of obesity and angiogenesis, in Chapter 3, 

and more detailed study of obese patients compared with normal in Chapter 4.  The second 

aim will be addressed in Chapter 5. 

 

1.5 Thesis outline 

In Chapter 3 the relationships between the markers of obesity (BMI, body surface area, serum 

adiponectin), insulin resistance (serum insulin, C-peptide and IGF-1), inflammation (serum 

CRP) and angiogenesis (serum VEGF-A and Ang-2) and their association with the colorectal 
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cancer progression and patient survival in a New Zealand cohort of 344 colorectal cancer 

patients is investigated. 

In Chapter 4 tumour angiogenesis, assessed by immunohistochemistry, is compared between 

two groups of patients: “normal weight” (BMI between 18.5 and 24.99, high levels of serum 

adiponectin, low levels of serum CRP, insulin, C-peptide and IGF-1) and “overweight/obese” 

(BMI>25, low levels of serum adiponectin, high levels of serum, CRP, insulin, C-peptide and 

IGF-1) groups of colorectal cancer patients with early stage tumours (AJCC Stage I and II). 

Angiogenic protein levels in tumour tissue protein extracts are compared between these two 

groups of colorectal cancer patients. 

In Chapter 5 the in vitro effect of IGF-1 and insulin on cellular response to standard 

chemotherapy drugs in human colon cancer and endothelial cells is investigated. 
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2 Chapter 2: Materials and methods 

2.1 Ethical approvals 

Samples and data for this study were obtained after approval by the Cancer Society Tissue 

Bank, Christchurch, and the Upper South Island Ethics Committee (approval number: 

URB/08/02/006; Appendix 1). 

 

2.2 Materials 

Milli-Q water (obtained using Quantum EX, Millipore, Billerica, MA, USA) and analytical-

grade chemicals were used in all experiments. When required, reagents and equipment were 

sterilised either by autoclaving or filter-sterilisation. Reagent and sample descriptions and 

sources are provided either in general protocols, described in this chapter, or in the methods 

section of the relevant chapters.  

 

2.3 Methods 

General protocols used in this study are provided in this chapter. Specific conditions and 

reagent concentrations for each particular experiment are described in the methods section of 

the relevant chapters. 

 

2.4 Tissue and blood sample collection 

The Cancer Society Tissue Bank, Christchurch prospectively collects specimens from cancer 

patients undergoing surgery at Christchurch Hospital and a number of associated medical 

facilities in Christchurch, New Zealand. The Cancer Society Tissue Bank, Christchurch aims 

to collect a wide range of cancer specimens together with the associated patient 

clinicopathological data, including demographic data and histology results.  

Blood samples and tumour tissue samples used in this research project were prospectively 

collected from colorectal cancer patients undergoing surgery at Christchurch Hospital, 

Christchurch, New Zealand between 28 July 1998 and 28 April 2008. Random samples (i.e. 

non-fasting) were collected on patient admission to hospital. All patients gave written 
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informed consent for use of their tissue for research, and those included in this study 

granted permission to access medical records to obtain information relevant to the banked 

tissue samples. Further details of cohort selection are provided in the relevant chapters.  

Blood samples for serum were collected into plain tubes (BD-vacutainer) from patients on 

admission to Christchurch Hospital, prior to colectomy. Blood samples were centrifuged 

(1800 rpm, 10 min) and the serum aliquoted and stored at -80C until use. 

Tumour tissue samples were collected immediately after colectomy and fresh frozen in liquid 

nitrogen. Frozen samples were stored at -80C until use. 

 

 

2.5 General cell culture procedures 

2.5.1 Cell lines and reagents 

Only sterile reagents and equipment were used to work with cell lines. Plastic 10 ml pipettes, 

50 and 15 ml tubes, 250 and 50 ml flasks, 6- and 96-well plates for cell culturing were 

purchased from BD Falcon, USA. Dulbecco’s Modified Eagle Medium (DMEM, Gibco 

Invitrogen, Carlsbad, CA, USA) was used for all cell lines. To prepare complete DMEM 10% 

Cosmic Calf Serum (CCS, HyClone Thermo Scientific, Waltham, MA, USA) was added to 

the media prior to use. Human SW620 and WiDr cell lines were originally obtained from 

American Type Culture Collection (ATCC, Manassas, VA, USA), passaged and stored in the 

liquid nitrogen until used. Human microvascular endothelium cells (HMEC-1) were obtained 

from the Centers for Disease Control and Prevention, Atlanta, GA, USA (memorandum of 

understanding to Dr Gabi Dachs). Cell lines and their characteristics are summarised in Table 

2-1.  

 

 

Table 2-1: Cell lines used in the study: properties and sources 

 

Cell line Morphology Source and properties 

HMEC-1 Endothelial 
Adherent; immortalised; derived from microvascular 

endothelium 

SW620 Epithelial 

Adherent; malignant cell line. Derived from: colorectal 

adenocarcinoma, from metastasis site (lymph node); 

Duke’s stage C; caucasian male 51 years of age (214) 

WiDr Epithelial 
Adherent; malignant cell line; derived from colorectal 

adenocarcinoma; female (214) 
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2.5.2 Culture 

All cell lines were kept under frozen conditions in a liquid nitrogen dewar until use. When 

required, cells were thawed and transferred to a clean 15 ml tube with 5 ml of complete 

DMEM. To remove the dimethyl sulfoxide (DMSO) from the media, cells were centrifuged at 

400 g for 5 minutes, then resuspended in complete DMEM and transferred to a culture vessel 

(volumes are presented in Table 2-2). Unless specified otherwise, cells were incubated in 

complete DMEM at standard conditions (37C in 5% CO2). 

2.5.3 Passaging 

For passaging cells the cultivation media was removed, cells were washed with phosphate 

buffered saline (PBS, pH 7.4; 137 mM NaCl, 2.7 mM KCl, 0.01 M Na2HPO4, 1.76 mM 

KH2PO4), incubated with 0.05% Trypsin-EDTA (Gibco Invitrogen, Carlsbad, CA, USA) 

solution (volumes are presented in Table 2-2) until detached from the plastic surface. The cell 

suspension was transferred to a clean tube with complete media of equal volume to the trypsin 

volume used, and centrifuged at 400 g for 5 minutes. The cell pellet was resuspended in 

freshly prepared complete media. Cells were counted using haemocytometer slides 

(Vetriplast, Arzergrande, Italy) under the microscope (x100 magnification) and an appropriate 

number of cells were passaged into a new vessel. 

 

Table 2-2: Volumes of reagents used for cell culture 

 

  250 ml flask 50 ml flask 6-well plate 96-well plate 

Media 10-12 ml 5 ml 2 ml/well 200 μl/well 

Trypsin 3 ml 1.5 ml 500 μl not used 

 

2.5.4 Freezing 

To freeze cells for storage, cultivation media was removed, cells were treated with trypsin and 

centrifuged as previously described, then resuspended in complete DMEM with 10% DMSO 
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(Sigma Aldrich, St. Louis, MO, USA), transferred to 1ml cryovials (Greiner Bio-One, 

Frickenhausen, Germany) and placed into a pre-chilled container with isopropanol. The 

container was placed at -70C for two days, then cells were transferred to a liquid nitrogen 

dewar for storage. 

 

2.6 MTT assay 

MTT assays, which are often used to analyse cell viability, measure the intracellular 

conversion of tetrazolium salt into formazan crystals by the metabolically active eukaryotic 

cells.  

The assays were performed in 96-well plates. MTT reagent was prepared by adding triazolyl 

blue tetrezolium bromide (Sigma Aldrich, St. Louis, MO, USA) solution to Opti-MEM media 

(Gibco Invitrogen, Carlsbad, CA, USA) with 10% CCS to a final concentration of 0.5 mg/ml. 

Cultivation media was removed from the 96-well plate and replaced with 100 l of MTT 

reagent per well. Cells were incubated for 2 hours in standard conditions. Following the 

incubation, 100 l of solubilisation solution (89% isopropanol, 10% Triton X-100, 0.1M HCl) 

were added to each well and mixed thoroughly until the formazan crystals dissolved. If 

necessary, the plate was incubated at 37C with intense agitation. Absorbance of the solution 

was measured on a SpectraMax 190 microplate reader at 570nm against the background 

absorbance, measured at 690 nm. Cell viability was calculated from absorbance as a 

percentage of an appropriate control.  

 

2.7 Protein extraction methods 

2.7.1 Total cellular protein extraction 

Cells were cultivated in 6-well plates, 50 ml flasks or 250 ml flasks. For protein extraction the 

cultivation media was removed and cells were washed with ice-cold PBS. Then 50-200 l of 

SDS-lysis buffer (68 mM Tris-HCl, pH 6.8, 2.7% SDS, 10.8% Glycerol) was added, and cells 

were removed using cell scrapers. The suspension was mixed using a syringe and 23G needle 

and transferred to 1.7 ml microtubes (Axygen, Union City, CA, USA). Samples were kept on 

ice throughout the remaining procedure. 5-10 l of each sample was used for protein 
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quantification by Micro BCA protein assay. To the remaining sample, 1 M dithiothreitol 

(DTT) was added to a final concentration of 10%. Samples were stored at -20C. 

2.7.2 Nuclear protein extraction protocol 

Cells were cultivated in 250 ml flasks. All steps of the nuclear protein extraction procedure, 

including centrifuging, were performed on ice or at 0-4C. Cells were removed from the flask 

by incubating in 0.05% Trypsin-EDTA solution, transferred to 15 ml tubes, centrifuged at 

400g for 5 min, then resuspended in 5 ml of ice-cold PBS. The washing step was repeated 

three times, then the pelleted cells were resuspended in 800 l of nuclei isolation buffer (10 

mM Tris-HCl, pH 7.8, 10 mM KCl, 0.1 mM EDTA, 1.5 mM MgCl2, 0.2% Nonidet P-40, 1x 

Complete protease inhibitor (Roche Applied Science, Mannheim, Germany), 0.5 mM DTT, 1 

mM Na3VO4), transferred to a 1.7 ml microtube and incubated for 10 min, then mixed 

thoroughly and centrifuged at 600g for 5 min. Supernatants were discarded. The nuclear 

fractions were resuspended in 30-100 l of nuclear extract buffer (20 mM HEPES, pH 7.9, 

400 mM NaCl, 1mM EDTA, 1 mM EGTA, 1x Complete protease inhibitor, 1 mM DTT, 1 

mM Na3VO4), incubated for 1 hour at 4C with constant agitation, then centrifuged at 1,200g 

for 5 min. Supernatants were collected, and stored at -20C. 10 l of each sample was used 

for protein quantification using the Bio-Rad protein assay. 

2.7.3 Total tissue protein extraction 

Frozen tissue samples were kept on dry ice and remained frozen throughout the procedure. 

Mortars, pestles, tweezers, spatulas and clean 1.7ml microtubes were pre-chilled on dry ice 

before use. Large pieces of frozen tissue were placed in foil and crushed with a pestle against 

a hard surface into smaller pieces, which were then placed into the mortar and homogenised 

into a fine powder. During the homogenisation process liquid nitrogen was occasionally 

added into the mortar to ensure the samples remained frozen. Once a fine powder was 

obtained, the sample was transferred to a clean tube and 500-1,000 l of PBS with protease 

inhibitors (1x Complete protease inhibitor, 1 g/ml aprotinin, 1 g/ml  leupeptin, 1 g/ml 

pepstatin) were added. Triton X-100 (Sigma Aldrich, St. Louis, MO, USA) was added to a 

final concentration of 1%. Samples were frozen at -70C, then thawed and centrifuged at 

10,000g for 5 minutes at 4C to remove the remaining tissue pieces. Supernatants were 

analysed by protein assay, aliquoted and stored at -70C until use. 
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2.8 Total protein quantification methods 

2.8.1 Micro BCA protein assay 

Protein assays were performed using Pierce Micro BCA Protein assay kits (Thermo 

Scientific, Rockford, IL, USA), following the manufacturer’s protocol. Diluted samples and 

bovine serum albumin (BSA) standard were incubated with Working Reagent for one hour. 

The absorbance of the solutions was measured using a SpectraMax 190 Microplate Reader at 

562nm. The concentration of each sample was calculated from the BSA calibration curve. 

The linear working range of the assay was approximately 0.5-40.0 g/ml. 

2.8.2 Bio-Rad Protein assay 

Dye Reagent Concentrate (Bio-Rad Laboratories, Hercules, CA, USA) was diluted to a 

working concentration with milli-Q water (1:5). BSA standards and diluted samples were 

prepared in a 96-well plate and mixed with an equal amount of reagent (160 l of each per 

well), and immediately analysed using a SpectraMax 190 Microplate Reader at 595 nm. The 

concentration of each sample was calculated from the BSA calibration curve. The linear 

working range of the assay was approximately 0.8-8.0 g/ml. 

 

2.9 Antibody-based methods of analysis 

2.9.1 Immunoassays 

Standard and cell-based enzyme-linked immunosorbent assays (ELISA) and multiplex assays 

were performed using commercially available kits, following the manufacturer’s protocols. 

The assay kits used are specified in the relevant chapters. 

2.9.2 Immunohistochemical staining of tissue slides 

Slides were warmed at 60C overnight prior to staining, then deparaffinised and rehydrated 

by sequential incubation in xylene twice for 5 minutes, 95% ethanol twice for 3 minutes and 

in milli-Q water twice for 1 minute. For antigen retrieval, slides were incubated in Tris-
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EDTA-Tween buffer (pH9.0; 0.01 M Tris, 1.3 mM EDTA, 0.05% Tween-20) in a water 

bath at 90C for 45 minutes. After cooling to room temperature for 20 minutes, slides were 

washed with PBS-Tween (pH 7.4; 137 mM NaCl, 2.7 mM KCl, 0.01 M Na2HPO4, 1.76 mM 

KH2PO4, 0.05% Tween-20) twice for 2 minutes. The tissue section was outlined using a Dako 

wax pen (Dako, Glostrup, Denmark).  

All the following steps were performed using Cell and Tissue Staining kits (R&D Systems, 

Minneapolis, MN, USA). All reagents were applied 1-3 drops per slide, unless specified 

otherwise. All incubation steps were performed in a humid chamber at room temperature, 

unless specified otherwise. All washing steps were performed with mild agitation. 

After completing antigen retrieval, slides were incubated with Peroxidase Blocking Reagent 

for 5 minutes, PBS wash for 5 minutes, Serum Blocking reagent G for 15 minutes, Avidin 

Blocking Solution for 15 minutes, 1xPBS rinse, Biotin Blocking Solution for 15 minutes, and 

a final 1xPBS rinse. 200 l of primary antibody, diluted to the desired concentration in 

Antibody diluent (Dako, Denmark), was applied to each slide. Appropriate positive control 

tissue and isotype negative control antibodies were used for each immunohistochemical 

staining run. Slides were incubated overnight in a humid chamber at 4C. To remove the 

primary antibody solution, slides were washed twice in PBS for 5 minutes and twice with 

PBS-Tween for 5 minutes. The Biotinylated Secondary Antibody solution was then applied 

for 30 minutes, after which the washing procedure was repeated. Slides were then incubated 

with HSS-HRP solution for 30 minutes, and after that washed twice in PBS for 2 minutes and 

twice with PBS-Tween for 2 minutes. Five drops of freshly made DAB Chromogen solution, 

prepared by diluting 1 drop of DAB Chromogen concentrate per millilitre of DAB 

Chromogen buffer, was applied to each slide. Slides were incubated with DAB Chromogen 

solution until a strong brown stain developed on the positive control slide, and were rinsed 

with milli-Q water before non-specific staining started to develop on an isotype negative 

control slide. Slides were incubated in milli-Q water for at least 5 minutes. Once finished, 

slides were automatically counter-stained with haematoxylin in a Leica Autostainer XL 

machine and covered with coverslips in a Leica CV 5000 machine. Slides were analysed 

under the microscope by the candidate and a Pathologist (Dr Andrew Miller, Department of 

Anatomical Pathology, Christchurch Hospital) and scored appropriately as described in 

section 5.2.2. 
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2.9.3 Angiogenesis array 

Total tissue protein extracts were assayed using a Human Angiogenesis Protein Array Kit 

(R&D Systems, USA) according to the manufacturer’s protocol. A brief description of the 

protocol is provided in the relevant chapter (section 5.2.3). 

2.9.4  Western blots analysis 

Samples with 10% DTT added were diluted in sample buffer (68 mM Tris-HCl, pH 6.8, 2.7% 

SDS, 10.8% Glycerol, bromophenol blue) to a final concentration of 40 g per 30 l, and 

boiled at 95C for 5 minutes. Protein samples (30 μl/well) were loaded onto NuPAGE 4-12% 

Bis-Tris polyacrylamide 10-well gels (Invitrogen, Carlsbad, CA, USA), and separated by 

electrophoresis in NuPAGE MOPS SDS running buffer (Invitrogen, Carlsbad, CA, USA) at 

125 V, 90 mA for 90 minutes. Gels were carefully removed from the plastic container and 

placed in a wet transfer apparatus (Invitrogen, Carlsbad, CA, USA) together with Hybond-N+ 

or Hybond-P transfer membrane (Amersham, GE Healthcare UK limited, Buckinghamshire, 

UK), wet blotting pads and filter paper as shown on Figure 2-1, with the membrane next to 

gel from the anode side. Transfer to membranes was performed in NuPAGE transfer buffer 

(Invitrogen, Carlsbad, CA, USA) at 40 V for 90 minutes. 

 

 

Figure 2-1: Western blot transfer apparatus scheme  

Membrane for transfer is positioned on the gel from the anode side; membrane and gel are surrounded by wet 

filter paper and blotting pads. Transfer was performed in NuPAGE transfer buffer at 40 V for 90 minutes.  

 



 
38 

After transfer, membranes were incubated in blocking solution (1% BSA, 10% dry-

powdered milk, 0.1% PBS-Tween) for one hour, then in primary antibody solution at 4C 

overnight. Membranes were then washed five times in 0.1% PBS-Tween for 10 minutes, and 

incubated in secondary antibody solution for one hour. The wash step was repeated. Finally, 

the ECL Western Blot detection system (Amersham, GE Healthcare UK limited, 

Buckinghamshire, UK) was applied to membrane, and the membrane was exposed to the X-

ray film (Kodak, USA) for various time lengths, from 10 minutes to one hour. Films were 

developed using an automatic X-ray film processor (Fisher Industries, City of Geneva, IL, 

USA). 

 

2.10  Statistical analysis 

Statistical analysis was performed using SPSS
® 

version 16 (SPSS Inc., Chicago, IL, USA, 

16). Frequency and descriptive statistics were used to describe the cohorts of patients used in 

the research project (Chapters 3 and 4). Pearson product-moment correlations were used to 

analyse relationships among serum markers, tumour characteristics and the markers of tumour 

angiogenesis (Chapters 3 and 4). Independent-sample t-tests were used to compare the levels 

of serum markers, tumour characteristics and angiogenic markers in the groups of patients 

with different metabolic profiles (Chapters 3 and 4). One-way analysis of variance (ANOVA) 

was used to compare the levels of serum markers with tumour progression markers (Chapter 

3). Corrections for multiple comparisons were not performed in order to minimize Type II errors. 

Both Kaplan-Meier and Cox regression analyses were performed to analyse patient overall 

survival. The “Enter” method was used in Cox regression analysis. In Cox regression analysis 

tumour stage was analysed as a categorical variable, and age, BMI and serum markers as 

continuous variables. Independent-sample t-tests were used to compare cell viability for 

different treatments (Chapter 5). More detailed descriptions of the statistical methods used are 

provided in the relevant chapters. 
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3 Chapter 3: Markers of obesity, obesity-related insulin 

resistance, inflammation and angiogenesis in a cohort 

of 344 colorectal cancer patients 

3.1 Introduction 

There is strong epidemiological and experimental support for the association of risk for 

colorectal cancer development with obesity and the metabolic syndrome (44, 215). The 

underlying mechanisms are complex and are not yet fully understood, but the insulin-IGF-1 

axis, adipokine levels and obesity-related inflammation have all been shown to play important 

roles (110, 216-218). On the other hand, the effects of obesity and metabolic dysregulation on 

colorectal cancer progression and outcome have received less attention, and existing data are 

equivocal (48, 67, 68, 71, 219, 220).  

Among the existing measurements of obesity, BMI is the most common, easy to use, and has 

well defined cut points (221). However, being calculated as a function of weight and height 

only, it has several limitations, including not taking into account the percentage of muscle and 

fat, or body fat distribution (221, 222). From the point of view of obesity-related disease this 

is a considerable disadvantage, since visceral adiposity, as opposed to other fat depots, is now 

considered to be a major cause of a range of metabolic abnormalities, including insulin 

resistance (223, 224). In addition, the recently accepted “metabolically healthy obese” 

phenotype is characterised by increased BMI, and it is not associated with negative metabolic 

consequences (225). Finally, several studies have shown race-, sex- and age-associated bias 

when using the BMI-based definition of obesity (226, 227). 

Several biologically active molecules are known to be associated with excess body fat, and 

therefore can be used as molecular markers of obesity. Some of them, for example 

adiponectin, are hormones, directly produced by adipocytes (122, 228). Some are associated 

with obesity-related metabolic disorders, such as insulin and IGF-1, which are elevated in 

insulin resistance (95, 96). Finally, inflammation markers, including IL-6, TNF- and C-

reactive protein (CRP), are associated with obesity (122, 228, 229). The association of CRP 

with obesity, insulin resistance and metabolic syndrome seems to be particularly strong and 

has often been reported (228, 229). Several studies have shown the association of blood levels 

of adiponectin, insulin, IGF-1 and CRP with increased risk of colorectal cancer (40, 93, 100, 

109-118, 121). 
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Angiogenesis, the formation of new blood vessels, plays a vital role in tumour growth 

and spread (230). Levels of the main angiogenic factors, VEGF-A (231) and Ang-2 (232), 

have been correlated with tumour progression and patient outcome in colorectal cancer.  

Obesity- and insulin resistance-related metabolic factors including IGF-1 and insulin have 

been shown to induce angiogenesis in vitro and in vivo (89, 202, 233-235). 

 This study aimed to investigate the relationship of obesity, insulin resistance and 

inflammation with colorectal cancer progression and survival in a New Zealand colorectal 

cancer patient cohort. We propose that obesity-related chronic hyperinsulinaemia and insulin 

resistance promote a pro-inflammatory and pro-angiogenic environment that stimulates 

tumour growth and metastasis, and leads to poor survival. 
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3.2 Materials and Methods 

3.2.1 Acknowledgements 

I would like to thank the Cancer Society Tissue Bank, Christchurch and Helen Morrin, Tissue 

Bank Curator, for providing serum samples and clinicopathological information for the 

patients in this project. I would like to thank Prof. Elisabeth Wells, who helped with the 

design of this study and supervised all the statistical analysis. 

3.2.2 Samples and data collection 

Pre-operative blood samples were collected from 344 Christchurch Hospital patients who 

underwent colorectal resection between 28 July 1998 and 28 April 2008, and gave informed 

written consent for blood and tissue samples to be banked by the Christchurch Cancer Society 

Tissue Bank, Christchurch and used for research (see section 2.4). Patients were selected on a 

consecutive basis, excluding patients with non-operable colorectal cancer and patients with 

rectal cancer who had received pre-operative radiotherapy treatment. Patients underwent 

standard pre-operative diagnostic and clinical staging procedures, including blood tests, X-

Rays and CT scans. Tumour specimens were routinely analysed by a specialist pathologist 

and pathologically staged according to AJCC/TNM classification (9). During the study 

period, 30 patients underwent colon resection for suspected cancer, but histology showed 

adenoma only, and they were included for analysis of serum markers for comparison 

purposes.   

Clinical and pathological data were collected for each patient from clinical records and the 

Cancer Society Tissue Bank, Christchurch database. Baseline staging, weight, height, body 

surface area (BS) and BMI were obtained from medical records, together with follow-up 

information. Follow-up was recorded until 31 August 2009. Patient BMI was calculated as the 

following: BMI = body mass (kg)/body height (m)
2
. 

According to standard classification (236), patients with BMI under 16.5 were considered as 

severely underweight, patients with BMI from 16.5 to 18.49 as underweight, patients with 

BMI from 18.5 to 24.99 as having normal weight, patients with BMI from 25 to 29.99 as 

being overweight, patients with BMI from 30 to 34.99 as obese and patients with BMI of 35 

and above as morbidly obese. BS was calculated according to the DuBois & DuBois formula: 

BS = 0.007184*(Height, cm)
0.725

*(Weight, kg)
0.425 

(237). 
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3.2.3 Multiplex assay and ELISA 

Initially, a Multiplex Fluorescent Bead Immunoassay (Bender MedSystem, Austria) was 

designed to measure the serum levels of IL-6, insulin, resistin, TNF- and leptin. Proteins 

were measured according to the manufacturer’s recommendations. However, even though the 

assay was sold as being suitable for measuring proteins in human serum samples, 4 out of 5 

analytes were below the level of detection using this method. The manufacturer subsequently 

admitted that the limits of detection provided by the Multiplex assay were higher than the 

levels expected in human serum samples. Due to this unexpected wastage of sample materials 

we were unable to measure all the originally planned proteins in all patients, therefore those 

results are not presented.  

As the serum level of insulin was thought to be the most relevant for this study, after the 

failure of Multiplex assay it was measured using Human Insulin ELISA (Millipore, USA). In 

addition, serum levels of VEGF-A, Ang-2, adiponectin, CRP and IGF-1 were measured by 

appropriate Quantikine Human ELISA kits (R&D systems, Minneapolis, MN, USA). The 

high sensitivity assay was used to measure the levels of CRP. Serum levels of C-peptide were 

measured using Human C-peptide ELISA (Millipore, USA). All ELISAs were performed 

following the manufacturer’s protocol, with serum samples assayed with appropriate 

standards and controls. Two control samples were analysed on each of the assays and intra-

assay variability was calculated as a coefficient of variation of means. 

3.2.4 Data analysis 

Statistical analysis was performed using SPSS
® 

version 16 (SPSS Inc., Chicago, IL, USA, 

16). Frequency and descriptive statistics were used to describe the cohort. Pearson product-

moment correlations were used to analyse relationships among serum markers, and between 

serum markers and tumour size, depth and percentage of bowel circumference. Independent-

sample t-tests were used to compare the levels of serum markers in patients with or without 

diabetes, lymphatic and vascular invasion, perineural invasion, necrosis or lymph node 

metastasis. One-way analysis of variance (ANOVA) was used to compare the levels of serum 

markers across tumour stages and grade. Both Kaplan-Meier and Cox regression analyses 

were performed to analyse patient overall survival. Medians were used to divide continuous 

data into groups for Kaplan-Meier analysis; standard cut-points were used for BMI (<18.5 

underweight; 18.5 – 25 normal; 25 – 30 overweight; >30 obese). The “Enter” method was 
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used in Cox regression analysis. In Cox regression analysis tumour stage was analysed as 

a categorical variable, and age, BMI and serum markers as continuous variables. 

3.3  Results 

3.3.1 The colorectal cancer patient cohort 

3.3.1.1 Description of the cohort 

Clinical, demographic and pathological characteristics of the colorectal cancer patients 

enrolled in the study are presented in Table 3-2. There were 344 patients with colorectal 

cancer in the cohort, 173 males and 171 females. There was no selection of patients according 

to ethnicity; therefore the ethnic breakdown of this clinical cohort reflects that of the 

Canterbury background population, which is predominantly European (77.4% European, 

7.2% Māori) (238). Patient age ranged from 31 to 91 years of age, with a majority (88%) of 

patients over 60 years old.  

Predominant tumour stages in the cohort were AJCC Stages IIA (34%) and IIIB (21%). All 

other stages presented less frequently. The low number of patients in the Stage IV category is 

due to selection of patients with operable cancer for inclusion in this study. From all the 

characteristics of tumour progression studied, tumour stage and lymphatic and vascular 

invasion were recorded most completely, whereas tumour grade data were available for only 

71% of patients, necrosis for 52% of patients, perineural invasion for 46% of patients and 

lymphocytic infiltrate for 78% of patients. Most of the tumour characteristics, including stage, 

did not differ by gender (Table 3-3) with the exception of tumour grade and necrosis, which 

were higher in females (p=0.003 and p=0.048, respectively), and none of them were 

significantly associated with age (Table 3-3). 

According to BMI, 0.6% of patients were categorised as severely underweight (BMI<16.5), 

1.6% as underweight (BMI=16.5-18.4), 27.7% as normal weight (BMI=18.5-24.9), 45% as 

overweight (BMI=25-29.9), 18.2% as obese (BMI=30-34.9) and 6.9% as morbidly obese 

(BMI35). When BMI data was compared for male and female, the mean BMI value was 

equal in both groups (Table 3-4), whereas the distribution between BMI groups was different, 

as presented on Figure 3-1. Due to a small number of patients in the most extreme BMI 

groups, for all further analyses the severely underweight group was combined with the 

underweight group, and the morbidly obese group was combined with the obese group.  

The prevalence of type 2 diabetes in the cohort was 8.5%. 
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The sensitivity and coefficient of variance for each ELISA kit used in this study are 

presented in Table 3-1. Mean values of serum proteins, analysed in this study, as well as their 

association with gender and age, are presented in Table 3-4. We observed a significant 

increase in serum Ang-2 (p=0.001), adiponectin (p<0.001) and CRP (p<0.001) in females and 

IGF-1 (p<0.001) in males, whereas the levels of VEGF-A, insulin and C-peptide were not 

associated with gender (p=0.084, p=0.106 and p=0.128, respectively). The levels of serum 

Ang-2 and adiponectin were positively correlated with age (r=0.209, p<0.001 and r=0.205, 

p<0.001, respectively). Mean BS was higher in males (p<0.001). Both BMI and BS decreased 

with age (p<0.001).  

 

 

Table 3-1: Characteristics of the ELISA assays 

  VEGF-A Ang-2 Adiponectin CRP IGF-1 Insulin C-peptide 

Sensitivity1  9 pg/ml 21.3 pg/ml 0.89 ng/ml 0.022 ng/ml 0.056 ng/ml 2 μU/ml 0.2ng/ml 

CV 0.45 0.33 0.20 0.35 0.20 0.24 0.48 
1 data from the manufacturer 
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Table 3-2: Pathophysiological characteristics of the colorectal cancer patient cohort (n=344) 

  

The characteristics presented: gender, age groups (in decades), body mass index (BMI), diabetes, tumour stage 

and grade. Percentage is calculated for the available data only, excluding missing data from the total number 

 

  N % of total (excluding 

missing data) 

Gender 
Female 171 49.7 

Male 173 50.3 

Age 

(decades) 

31-40 3 0.9 

41-50 10 2.9 

51-60 28 8.1 

61-70 102 29.7 

71-80 146 42.4 

81-91 55 16.0 

BMI 

Severely underweight 2 0.6 

Underweight 5 1.6 

Normal 88 27.7 

Overweight 143 45.0 

Obese 58 18.2 

Morbidly obese 22 6.9 

Missing data 26 - 

Diabetes 

No diabetes 297 90.3 

Type 1 diabetes 4 1.2 

Type 2 diabetes 28 8.5 

Missing data 15 - 

AJCC 

I 69 20.1 

IIA 116 33.8 

IIB 28 8.2 

IIIA 9 2.6 

IIIB 71 20.7 

IIIC 36 10.5 

IV 14 4.1 

Missing data 1 - 

T stage 

T1 28 8.2 

T2 59 17.3 

T3 182 53.2 

T4 73 21.3 

Missing data 2 - 

N stage 

N0 214 63.5 

N1 80 23.7 

N2 44 13.1 

Missing data 7 - 

Grade 

1 8 3.3 

2 176 72.7 

3 58 24.0 

Missing data 102 - 
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Table 3-3: Analysis of gender distribution and mean age value across the groups of colorectal cancer 

progression characteristics in the colorectal cancer patient cohort (n=344) 

Following tumour characteristics are analysed: stage, grade, necrosis, lymphatic or vascular invasion, perineural 

invasion and lymphocytic infiltrate. Significant relationships (p≤0.05) are highlighted with bold font. 

  
Male Female 

p-value 
Age 

N % N % mean  SD p-value 

AJCC 

I 34 49 35 51 

0.7031 

71 9 

0.1012 
II 69 48 75 52 72 9 

III 63 54 53 46 71 10 

IV 6 43 8 57 66 11 

Grade 

1 5 63 3 38 

0.003
1 

74 6 

0.3622 2 103 59 73 42 71 9 

3 18 31 40 69 73 9 

Necrosis 
yes 14 37 24 63 

0.048
1 

72 9 
0.8603 

no 78 55 64 45 72 8 

Lymphatic/vasc

ular invasion 

yes 50 50 51 51 
0.8211 

72 10 
0.4353 

no 120 51 116 49 71 11 

Perineural 

invasion 

yes 10 59 7 41 
0.3751 

70 11 
0.5653 

no 64 47 71 53 72 11 

Lymphocytic 

infiltrate 

no 52 57 40 44 

0.4891 

69 12 

0.1842 
1 59 53 53 47 72 9 

2 24 49 25 51 71 8 

3 5 36 9 64 70 7 

 1 chi-square statistics; 2 one way ANOVA; 3 independent-samples T-test 
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Table 3-4: Serum markers in colorectal cancer patient cohort (n=344)  

Body mass index (BMI), body surface area (BS) and serum markers of angiogenesis, inflammation and obesity 

in the colorectal cancer patient cohort (n=344), and their association with gender and age. Significant 

relationships (p≤0.05) are highlighted with bold font. 

  

Mean SD 

Gender Age 

Male Female P-value 

(2-tailed)1 

Pearson 

correlation 
P-value2 

mean SD mean SD 

VEGF-A 

(pg/ml) 
398 361 364 345 432 375 0.084 0.05 0.355 

Ang-2 

(pg/ml) 
2792 1430 2536 1311 3050 1501 0.001 0.209 <0.001 

Adiponectin 

(g/ml) 
8.62 6.05 7.04 5.11 10.21 6.51 <0.001 0.205 <0.001 

CRP 

(g/ml) 
4.73 3.13 4.02 3.07 5.44 3.05 <0.001 0.157 0.004 

IGF-1 

(ng/ml) 
93.16 35.57 104.15 82.04 36.83 30.56 <0.001 -0.146 0.007 

Insulin 

(U/ml) 
15.02 23.70 17.07 23.82 12.94 23.46 0.106 -0.067 0.214 

C-peptide 

(ng/ml) 
4.71 3.68 5.01 3.82 4.41 3.51 0.128 0.099 0.066 

BMI 

(BMI units) 
27.55 5.37 27.64 4.64 27.45 6.05 0.745 -0.194 <0.001 

BS 

(m2) 
1.83 0.23 1.96 0.19 1.70 0.19 <0.001 -0.306 <0.001 
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Figure 3-1: Gender distribution across the body mass index (BMI) groups in the colorectal cancer patient cohort 

(n=344) 

BMI groups are defined as following: 16< - severely underweight, 16-18.49 – underweight, 18.5-24.99 – normal 

weight, 25-29.99 – overweight, 30-34.99 – obese, ≥35 – morbidly obese. Males or females in each BMI group 

are shown in percentage to total number of males or females, respectively. 
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3.3.1.2 Surrogate markers of obesity, insulin resistance and inflammation 

Serum levels of adiponectin, IGF-1, insulin and C-peptide were used as molecular markers of 

obesity and insulin resistance, in addition to the commonly used anthropometric markers BMI 

and BS. CRP was used as a marker of obesity related inflammation. The relationships of the 

markers between each other were investigated and are presented in Table 3-5. There was a 

strong positive correlation between BMI and BS (r=0.627, p<0.001). BMI positively 

correlated with the levels of insulin (r=0.206, p<0.001) and C-peptide (r=0.274, p<0.001), and 

inversely correlated with adiponectin levels (r=-0.321, p<0.001). BS positively correlated 

with the levels of IGF-1 (r=0.206, p<0.001), insulin (r=0.144, p=0.01) and C-peptide 

(r=0.134, p=0.017). The level of adiponectin was inversely correlated with IGF-1 (r=-0.209, 

p<0.001), insulin (r=-0.176, p=0.001) and C-peptide levels (r=-0.139, p=0.01). There was a 

weak negative correlation between the levels of CRP and IGF-1 (r=-0.175, p=0.001), and 

there was no correlation of CRP with other markers of obesity and insulin resistance 

(p>0.142). 

 

Table 3-5: Correlations between the obesity markers (anthropometric and circulating) in the colorectal cancer 

patient cohort (n=344) 

Significant relationships (p≤0.05) are highlighted with bold font. 

  

Body 

surface  
BMI C-peptide Insulin IGF-1 CRP 

Adiponectin 

Pearson 

Correlation 
-0.363 -0.321 -0.139 -0.176 -0.209 -0.015 

P-value  

(2-tailed) 
<0.001 <0.001 0.010 0.001 <0.001 0.788 

CRP 

Pearson 

Correlation 
-0.079 0.066 -0.022 -0.079 -0.175 

P-value  

(2-tailed) 
0.160 0.241 0.690 0.142 0.001 

IGF-1 

Pearson 

Correlation 
0.206 0.091 0.139 0.139 

P-value  

(2-tailed) 
<0.001 0.105 0.010 0.010 

Insulin 

Pearson 

Correlation 
0.144 0.206 0.632 

P-value  

(2-tailed) 
0.010 <0.001 <0.001 

C-peptide 

Pearson 

Correlation 
0.134 0.274 

P-value  

(2-tailed) 
0.017 <0.001 
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3.3.1.3 Obesity/inflammation and tumour progression 

There was a significant association of higher serum CRP levels with high AJCC tumour stage 

in general (p<0.001, Table 3-6, Figure 3-2), and with T stage (p<0.001) in particular, but not 

with N stage (p=0.181). CRP levels were also higher in tumours with necrosis (p=0.002,  

Table 3-7), and were associated with tumour grade (p=0.001). BMI, BS and serum levels of 

adiponectin, IGF-1, insulin and C-peptide did not differ with tumour stage and grade and were 

not associated with lymphatic or vascular invasion or necrosis (p>0.071, Table 3-6,  Table 

3-7). Lower levels of adiponectin were associated with perineural invasion (p=0.027), and 

there was an increase in adiponectin levels with higher lymphocytic infiltrate (p=0.014). In 

contrast, there was a negative association between BS and lymphocytic infiltrate (p=0.017). 

There were no other significant associations observed between the markers of obesity or 

insulin resistance and the markers of tumour progression.     

The relationships between tumour characteristics and serum levels of angiogenic factors 

VEGF-A and Ang-2 are presented in Table 3-8. Serum VEGF-A levels were associated with 

total AJCC stage (p=0.021). The levels of Ang-2 were significantly associated with tumour 

invasion through the bowel wall (T-stage, p=0.007). Both angiogenic markers were positively 

associated with lymphatic and vascular invasion (p=0.016 for VEGF-A, p<0.001 for Ang-2). 

The levels of Ang-2 were higher in tumours with necrosis (p=0.012).



 

Table 3-6: Association of the markers of obesity with tumour stages in the colorectal cancer patient cohort (n=344)  

Tumour stages are analysed as following: AJCC stage, T component of AJCC stage and N component of AJCC stage. Significant relationships (p≤0.05) are highlighted with bold 

font. 

  

AJCC  T stage  N stage  

I IIA IIB IIIA IIIB IIIC IV T1 T2 T3 T4 N0 N1 N2 

 Total N 69 115 29 9 71 36 14 28 59 182 73 214 79 44 

BMI  

(kg/m2) 

Mean 27.37 27.92 27.71 26.7 27.28 27.04 28.35 28.3 27.05 27.9 26.89 27.73 27.29 27.16 

Standard 

Deviation 
7.36 4.64 5.48 4.68 5.19 3.84 5.29 5.49 7.71 4.7 4.84 5.75 5.32 3.77 

P value 0.9561 0.4431 0.7361 

BS 

(m2) 

Mean 1.82 1.82 1.83 1.92 1.84 1.86 1.82 1.9 1.81 1.83 1.82 1.82 1.85 1.86 

Standard 

Deviation 
0.28 0.21 0.18 0.22 0.24 0.22 0.14 0.17 0.3 0.23 0.18 0.23 0.24 0.21 

P value 0.831 0.3621 0.4591 

CRP 

(mg/ml) 

Mean 3.2 5 5.5 4.45 4.85 5.05 7.38 3.18 3.71 4.92 5.64 4.54 4.86 5.48 

Standard 

Deviation 
2.57 3.14 3.48 3.42 3.07 3.16 2.08 2.67 2.77 3.08 3.38 3.17 3.01 3.14 

P value <0.001
1 

<0.001
1 0.1811 

Adiponectin 

(ng/ml) 

Mean 9965 8588 7289 6945 8322 9338 5672 9455 8927 8583 8243 8918 7907 8666 

Standard 

Deviation 
6382 5922 5097 6117 5607 7687 3448 6342 6292 6091 5791 5997 5467 7258 

P value 0.1481 0.8111 0.4491 

IGF-1 

(ng/ml) 

Mean 94.96 93.16 102.91 86.4 90.72 92.93 84.42 94.68 93.52 92.79 92.18 94.63 90 91.34 

Standard 

Deviation 
37.14 37.25 31.73 19.76 33.58 37.94 33.62 35.45 35.73 36.14 34.01 36.66 32.53 35.39 

P value 0.6991 0.9891 0.5771 

Insulin 

(U/ml) 

Mean 13 14.41 19.57 13.1 17.3 14.18 13.22 17.08 11.16 15.36 16.77 14.62 16.84 13.47 

Standard 

Deviation 
16.35 21.69 30.36 18.17 30.78 23.55 19.87 17.81 16.02 24.51 28.75 21.52 30 21.75 

P value 0.8731 0.5341 0.7031 

C-peptide 

(ng/ml) 

Mean 4.83 4.39 5.98 4.06 4.7 4.71 4.7 5.43 4.35 4.73 4.69 4.74 4.66 4.68 

Standard 

Deviation 
3.24 3.47 4.38 3.12 3.84 4.32 3.69 3.83 2.77 3.81 3.99 3.56 3.9 4.07 

P value 0.5861 0.6541 0.9851 

1 One way ANOVA 



 

 Table 3-7: Association between the markers of tumour progression and the markers of obesity, insulin resistance and inflammation in the colorectal cancer patient cohort (n=344) 

Significant relationships (p≤0.05) are highlighted with bold font. 

  

Grade (n=242) 

Lymphatic or 

vascular invasion 

(n=337) 

Perineural 

invasion 

(n=152) 

Necrosis 

(n=180) 
Lymphocytic infiltrate (n=267) 

1 2 3 no yes no yes no yes no 1 2 3 

Total N 8 176 58 236 101 135 17 142 38 92 112 49 14 

BMI  

(kg/m2)
 

Mean 23.97 27.73 26.84 27.56 27.31 28.06 27.85 27.64 27.54 27.46 27.27 27.05 26.46 

Standard Deviation 5.18 5.6 4.33 5.55 4.95 5.44 6.76 4.82 5.81 4.7 5.85 4.94 5.43 

P value 0.0711 0.712 0.8872 0.9182 0.9281 

BS  

(m2) 

Mean 1.78 1.83 1.77 1.84 1.82 1.86 1.86 1.82 1.79 1.88 1.81 1.81 1.69 

Standard Deviation 0.27 0.22 0.21 0.24 0.21 0.23 0.34 0.19 0.21 0.2 0.22 0.23 0.24 

P value 0.1681 0.6232 0.9692 0.5192 0.017
1
 

CRP  

(mg/ml) 

Mean 2.69 4.46 5.91 4.49 5.14 4.5 5.32 4.34 6.12 4.69 5.02 4.21 3.64 

Standard Deviation 1.89 3.03 3.33 3.01 3.42 3.29 3.14 3.01 3.35 3.45 2.99 3.02 2.49 

P value 0.001
1
 0.1022 0.3312 0.002

2
 0.2701 

Adiponectin 

(ng/ml) 

Mean 10699 9105 8670 8724 8668 7023 5099 9645 8707 7527 9838 9638 10497 

Standard Deviation 8464 5645 5676 6099 6048 5870 2755 5574 5152 4346 5737 6135 8107 

P value 0.5631 0.9382 0.027
2
 0.3512 0.014

1
 

IGF-1  

(ng/ml) 

Mean 89.7 96.81 87.13 94.21 90.44 94.69 90.37 94.38 92.34 95.01 91.17 87.69 97.15 

Standard Deviation 25.03 36.67 39.43 34.52 37.71 32.84 32.46 38.89 34.39 37.05 33.96 33.65 32.16 

P value 0.2071 0.3732 0.6092 0.772 0.6171 

Insulin  

(uU/ml) 

Mean 10.39 17.11 11.57 14.08 15.92 13.05 12.61 16.26 15.81 14.06 16.37 18.19 9.67 

Standard Deviation 13.76 26.21 14.86 21.87 26 22.93 18.35 22.53 27.05 25.53 24.45 26.79 16.24 

P value 0.2311 0.5052 0.942 0.9152 0.621 

C-peptide 

(ng/ml) 

Mean 3.62 4.92 4.57 4.69 4.68 4.18 4.1 5.08 4.91 4.03 5.06 4.72 4.27 

Standard Deviation 2.14 3.94 2.95 3.54 3.96 3.34 2.59 3.91 4.19 3.13 3.93 3.82 3.26 

P value 0.4631 0.9772 0.9282 0.812 0.2341 

1 One way ANOVA; 2 independent samples T-test 
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Figure 3-2: Association of serum C-reactive protein (CRP) levels with tumour stages in the colorectal cancer 

patient cohort (n=344) 

a) – with AJCC stage; b) – with T component of AJCC stage; c) – with N component of AJCC stage. 

a) 

b) 

c) 

b) 

c) 
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Table 3-8: Associations between the circulating angiogenic markers and the markers of tumour progression in 

the colorectal cancer patient cohort (n=344) 

Significant relationships (p≤0.05) are highlighted with bold font. 

  

Total N 

VEGF-A (pg/ml) Ang-2 (pg/ml) 

Mean 
Standard 

Deviation 
P value Mean 

Standard 

Deviation 
P value 

AJCC 

I 69 367 332 

0.021
1
 

2637 1501 

0.2581 

IIA 115 323 263 2674 1301 

IIB 29 495 450 2972 1189 

IIIA 9 309 181 2649 1344 

IIIB 71 441 430 2766 1357 

IIIC 36 537 402 3331 1970 

IV 14 459 469 3057 1207 

T stage 

T1 28 246 267 

0.0641 

2369 1064 

0.007
1
 

T2 59 440 359 2776 1583 

T3 182 388 362 2664 1278 

T4 73 447 383 3276 1672 

N stage 

N0 214 361 320 

0.0611 

2709 1357 

0.0691 N1 79 432 439 2789 1325 

N2 44 488 387 3267 1872 

Grade 

1 8 566 412 

0.0941 

2552 865 

0.0871 2 176 376 358 2719 1412 

3 58 467 403 3194 1716 

Lymph/vascular 

invasion 

no 236 354 301 
0.016

2
 

2685 1268 
<0.001

2
 

yes 101 469 431 3053 1754 

Perineural 

invasion 

no 135 461 366 
0.4872 

2877 1522 
0.8052 

yes 17 396 330 2977 1869 

Necrosis 
no 142 357 354 

0.5592 
2536 1101 

0.012
2
 

yes 38 395 351 3084 1463 

Lymphocytic 

infiltrate 

no 92 428 343 

0.1921 

2738 1365 

0.5891 
1 112 360 321 2728 1340 

2 49 327 263 2610 1411 

3 14 296 300 2246 701 
1 one way ANOVA; 2 independent samples T-test 

 

Table 3-9: Correlations between angiogenic factors and the markers of obesity, insulin resistance and 

inflammation in the colorectal cancer patient cohort (n=344) 

 

Significant relationships (p≤0.05) are highlighted with bold font.  

  BMI BS  CRP Adiponectin IGF-1 Insulin C-peptide 

VEGF-A 

Pearson 

Correlation 
0.043 0.008 0.226 -0.042 0.099 0.029 0.018 

P-value 0.448 0.881 <0.001 0.441 0.066 0.587 0.738 

Ang-2 

Pearson 

Correlation 
-0.034 -0.121 0.427 0.054 -0.007 0.022 0.144 

P-value  0.542 0.031 <0.001 0.314 0.894 0.679 0.007 
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Figure 3-3: Correlation between serum levels of Ang-2 and CRP in the colorectal cancer patient cohort (n=344) 

 Pearson correlation r=0.427, p<0.001. 

 

 

Figure 3-4: Correlation between serum levels of VEGF-A and CRP in the colorectal cancer patient cohort 

(n=344)  

Pearson correlation r=0.226, p<0.001. 
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3.3.1.4 Obesity/inflammation and patient survival 

The effect of BMI, BS and serum markers of obesity, inflammation and angiogenesis on 

patient overall survival was analysed by Kaplan-Meier and Cox regression survival analyses. 

The results of Kaplan-Meier analysis are presented in Figure 3-5, Figure 3-6, Figure 3-7 and 

Figure 3-8. A significant decrease in patient overall survival for the whole cohort was 

observed with higher levels of CRP (p=0.001) and Ang-2 (p<0.001), and the same trend was 

shown for VEGF-A, with borderline significance (p=0.053).  BMI, BS, adiponectin, C-

peptide, IGF-1 and insulin were not associated with patient overall survival (p>0.351; Figure 

3-5, Figure 3-6).  

AJCC Stage II colorectal cancer is defined as being confined within the bowel wall, yet 

approximately 30% of these patients go on to develop metastatic disease (18). This subset of 

patients may benefit from an aggressive treatment regime. However, there are currently no 

available markers to identify AJCC Stage II patients with poor prognosis. Therefore survival 

in the group of patients with AJCC stage II was analysed separately. In this group worse 

overall survival was associated with increased serum CRP levels (p=0.038), and no 

association was shown with any other markers analysed (p>0.112; Figure 3-7, Figure 3-8). 

The results of Cox regression survival analysis are shown in Table 3-10. Apart from AJCC 

stage and patient age, serum levels of CRP, VEGF-A and Ang-2 were significant predictors of 

OS (p<0.001; Table 3-10, individual predictors). To test whether they are independent 

predictors from each other, all three serum markers were analysed in one multivariable model. 

Serum levels of Ang-2 (p<0.024) and VEGF-A (p=0.018) remained significant predictors, 

whereas CRP did not remain significant (P=0.067; Table 3-10, multivariable model 1). After 

further adjustment for patient age and AJCC stage, serum levels of Ang-2 remained the only 

independent significant predictor of survival, apart from stage and age (p=0.006; Table 3-10, 

multivariable model 2).   
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Figure 3-5: Overall survival of colorectal cancer patients (n=344) with low and high serum levels of serum 

markers 

(a) VEGF-A, (b) Ang-2, (c) CRP, (d) adiponectin, (e) IGF-1, (f) insulin and (g) C-peptide. Median values were 

used as cut-points between low and high levels of serum proteins.  
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Figure 3-6: Overall survival of colorectal cancer patients (n=344) in different BMI and BS groups 

(a) BMI groups; (b) BS groups. Standard group division was used for BMI, and median values were used as the 

cut-point between low and high BS.  

 

 

Figure 3-7: Overall survival of AJCC stage II colorectal cancer patients (n=144) in different BMI and BS 

groups 

(a) BMI groups; (b) BS groups. Standard group divisions were used for BMI and median values were used as the 

cut-point between low and high BS. 
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Figure 3-8: Overall survival of AJCC stage II colorectal cancer patients (n=144) with low and high levels of 

serum markers 

CRP (a), VEGF-A (b), Ang-2 (c), adiponectin (d), IGF-1 (e), insulin (f) and C-peptide (g). Median values were 

used as the cut-points between low and high levels of serum proteins.  
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Table 3-10: Cox regression survival analysis for the colorectal cancer patient cohort (n=344) 

Significant relationships (p≤0.05) are highlighted with bold font. 

Individual predictors 

  Hazard Ratio1 95% CI Total p value 

VEGF-A 1.09 [1.04 - 1.15] <0.001 

Ang-2 1.27 [1.13 - 1.42] <0.001 

CRP 1.13 [1.06 - 1.21] <0.001 

Age 1.37 [1.08 - 1.75] 0.010 

Insulin 1.00 [0.99 - 1.01] 0.924 

C-peptide 1.02 [0.96 - 1.07] 0.590 

Adiponectin 1.00 [0.97 - 1.04] 0.937 

IGF-1 1.00 [0.94 - 1.06] 0.982 

BMI groups:     

0.371 

Underweight 1.94 [0.59 - 6.45] 

Normal  1.00   

Overweight 0.81 [0.49 - 1.35] 

Obese 0.74 [0.40 - 1.33] 

AJCC stages:     

<0.001 

Stage I 1.00   

Stage II 1.41 [0.64 - 3.12] 

Stage III 4.56 [2.15 - 9.68] 

Stage IV 15.29 [6.10 - 38.38] 

Multivariable model 1 

  Hazard Ratio 95% CI P value 

VEGF-A 1.07 [1.01 - 1.12] 0.018 

Ang-2 1.17 [1.02 - 1.34] 0.024 

CRP 1.07 [0.10 - 1.15] 0.067 

Multivariable model 2 

  Hazard Ratio 95% CI Total p value 

AJCC stages:     

<0.001 

Stage I 1.00   

Stage II 1.40 [0.62 - 3.14] 

Stage III 4.30 [1.99 - 9.29] 

Stage IV 17.57 [6.53 - 47.28] 

Age 1.41 [1.10 - 1.80] 0.006 

VEGF-A 1.04 [0.99 - 1.09] 0.136 

Ang-2 1.23 [1.06 - 1.42] 0.006 

CRP 1.00 [0.93 - 1.09] 0.956 

1 Change in hazard ratio for continuous variables is estimated as per the following units: 100 units of VEGF-1, 

1000 units of Ang-2, 1 unit of CRP, insulin and C-peptide, 10 units of IGF-1 and decade of age.  
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3.3.2 Comparison of colorectal cancer patients with adenoma patients 

Adenoma is a well characterised pre-cursor lesion for colorectal cancer, and therefore in this 

study adenoma patients were compared with colorectal cancer patients. Comparisons among 

the levels of serum markers, patient BMI and BS in adenoma and cancer patients are 

presented in Table 3-11 and Table 3-12. Table 3-11 presents mean levels of serum markers 

for the whole colorectal cancer patient cohort, whereas Table 3-12 presents mean levels for 

patients at the earliest stage, AJCC stage I. Serum levels of VEGF-A, CRP and C-peptide 

were significantly higher in cancer patients compared to adenoma patients (Table 3-11: 

p=0.006, p<0.001 and p=0.011, respectively). Serum C-peptide levels were significantly 

elevated in patients with AJCC stage I compared to adenoma patients (Table 3-12, p=0.031). 

The levels of other serum markers, as well as BMI and BS, were not significantly different 

between cancer and adenoma patients, or AJCC stage I and adenoma patients (p<0.093). 
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Table 3-11: Comparison between adenoma patients (n=29) and patients with all stages of colorectal cancer 

(n=344) 

Significant relationships (p≤0.05) are highlighted with bold font. 

  N Mean SD P value1 

Age 
Adenoma 29 69 13 

0.217 
Colorectal cancer 344 71 10 

VEGF-A, 

pg/ml 

Adenoma 29 273 207 
0.006 

Colorectal cancer 344 398 361 

Ang-2,  

pg/ml 

Adenoma 29 2805 2262 
0.955 

Colorectal cancer 344 2789 1428 

BMI, kg/m2 
Adenoma 26 28.10 3.95 

0.607 
Colorectal cancer 319 27.55 5.36 

BS,  

m2  

Adenoma 26 1.89 0.16 
0.211 

Colorectal cancer 319 1.83 0.23 

CRP,  

mg/ml 

Adenoma 29 2.49 2.56 
<0.001 

Colorectal cancer 344 4.71 3.14 

Adiponectin, 

ng/ml 

Adenoma 29 8130 6036 
0.684 

Colorectal cancer 344 8606 6047 

IGF-1,  

ng/ml 

Adenoma 29 103 36.00 
0.143 

Colorectal cancer 344 93.15 35.52 

Insulin,  

U/ml 

Adenoma 29 8.25 12.69 
0.132 

Colorectal cancer 344 14.98 23.68 

C-peptide, 

ng/ml 

Adenoma 29 3.36 2.48 
0.011 

Colorectal cancer 344 4.70 3.68 
1 Independent samples T-test 

Table 3-12: Comparison between adenoma patients (n=29) and patients with AJCC stage I colorectal cancer 

(n=69) 

Significant relationships (p≤0.05) are highlighted with bold font. 

  N Mean SD P value1 

VEGF-A, 

pg/ml 

Adenoma 29 273 207 
0.093 

AJCC stage I 69 367 332 

Ang-2,  

pg/ml 

Adenoma 29 2805 2262 
0.667 

AJCC stage I 69 2637 1501 

BMI,  

kg/m2 

Adenoma 26 28.10 3.95 
0.636 

AJCC stage I 62 27.37 7.36 

BS,  

m2  

Adenoma 26 1.89 0.16 
0.248 

AJCC stage I 62 1.82 0.28 

CRP,  

mg/ml 

Adenoma 29 2.49 2.56 
0.218 

AJCC stage I 69 3.2 2.57 

Adiponectin, 

ng/ml 

Adenoma 29 8130 6036 
0.190 

AJCC stage I 69 9965 6382 

IGF-1,  

ng/ml 

Adenoma 29 103 36 
0.311 

AJCC stage I 69 95 37 

Insulin,  

U/ml 

Adenoma 29 8.25 12.69 
0.166 

AJCC stage I 69 13.00 16.35 

C-peptide, 

ng/ml 

Adenoma 29 3.36 2.48 
0.031 

AJCC stage I 69 4.83 3.24 
1 Independent samples T-test 
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3.4 Discussion 

This study demonstrated strong associations of markers of angiogenesis and inflammation 

with cancer progression and patient survival in a cohort of 344 colorectal cancer patients. 

Serum levels of Ang-2 emerged as strongly predictive of overall survival in the multivariable 

survival analysis. Ang-2 regulates tumour angiogenesis (239-241), and increased levels of 

Ang-2 have been associated with more aggressive, angiogenic colorectal cancer tumours 

(232). Although Ang-2 has received little attention as a prognostic indicator, in our study, 

serum levels of Ang-2 were more strongly associated with outcome than VEGF-A, the 

principal angiogenic factor associated with poor outcome in colorectal cancer (231). The 

positive correlations observed between serum Ang-2 and serum C-peptide (a stable marker of 

circulating insulin levels) and between VEGF-A and IGF-1 in males, may implicate insulin 

and IGF-1 in promoting a systemic pro-angiogenic environment, and potentially, increasing 

tumour angiogenesis.  

Prevalence of insulin resistance and type 2 diabetes varies markedly by age, as well as 

ethnicity. In individuals aged greater than 60 years the prevalence of diagnosed diabetes in 

New Zealand is reported to be 9.5% for Europeans, and 21.0% and 24.5% for Māori and 

Pacific Island people, respectively (242). The ethnic breakdown of this clinical cohort reflects 

that of the Canterbury background population, which is predominantly European (77.4% 

European, 7.2% Māori) (238, 243). The prevalence of diagnosed type 2 diabetes was 8.1% in 

this colorectal cancer cohort, reflecting that of the background population. Therefore, our 

study does not support a direct relationship between type 2 diabetes and development of 

colorectal cancer. 

It is now well established that obesity is characterised by chronic inflammation (136, 244), 

with associated increases in CRP, IL-6 and plasminogen activator inhibitor-1 (PAI-1) (245). 

Recent in vivo data in dietary and genetically obese mouse models demonstrated obesity-

related liver inflammation and subsequent release of IL-6 and TNF (244). Our clinical data 

supports a significant association between Ang-2 and inflammation, via the acute phase 

inflammatory protein, CRP. This association is supported by in vitro data (246-248) and 

recent data from an Ang-2 knock-out mouse model with induced inflammatory bowel disease, 

where the lack of Ang-2 reduced bowel inflammation and opposed disease progression (249). 

However, CRP-mediated inhibition of angiogenesis in vitro has also been demonstrated (250). 

Our clinical findings suggest that the influence of inflammation on colorectal cancer 
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progression and outcome may involve Ang-2-mediated pathways, possibly by acting on 

tumour angiogenesis. 

Experimental and epidemiological studies support the concept that chronic inflammation has 

cancer-promoting properties (127, 246). In our study, elevated serum CRP levels were 

positively associated with markers of more advanced disease and worse overall patient 

survival, consistent with other studies (251, 252). In these studies, normal CRP levels were in 

the ranges 0-5 mg/L (251) or 0-8 mg/L (252), and levels above were considered elevated. 

However, in the context of other disorders, such as cardiovascular disease, CRP is an 

established risk factor at levels as low as 0.49mg/L (141), and no such threshold has yet been 

determined for cancer. Therefore, in our study, CRP levels were treated as a continuous 

variable, and the median value (4.1 mg/L) was used as a cut-point between low and high 

levels of CRP. 

CRP was the only significant predictor of overall survival in our sub-cohort of 144 AJCC 

Stage II patients in a multivariable analysis. No markers are currently available to distinguish 

which Stage II patients have a poor prognosis and hence require more aggressive 

chemotherapy, and identifying such a marker would be of direct clinical utility. Although 

Nozoe et al. (251) reported CRP to be prognostic in a group of 116 patients with all Dukes 

stages, only 34 had Dukes B (AJCC Stage II) disease. Our data suggest that CRP could be 

used to support decisions about adjuvant chemotherapy, and this needs further testing in Stage 

II patients. 

Associations between CRP and other surrogate markers of obesity were not significant in this 

study, although this link is supported in the literature (253, 254). A large study in healthy 

adults across the weight spectrum in the US, found a direct correlation between serum CRP 

levels and increasing BMI (253). Cancer patients with no evident tumours demonstrated a 

similar relationship, but cancer patients with evident cancer burden did not show a 

relationship between CRP levels and weight/height ratio (254), which is similar to our 

findings.  

None of the markers of obesity (BMI and serum markers) showed an association with tumour 

progression or patient survival. The relationship between obesity and patient survival remains 

equivocal. In a study of over 4,000 colorectal cancer patients, morbidly obese patients were 

40% more likely to have a recurrence or secondary tumour, and 30% more likely to die, 

compared to patients with normal BMI (68). In contrast, a similar sized study showed no 

difference in overall, disease-free or recurrence-free survival across all BMI groups (72). 

Only obese women younger than 50 years of age had a worse outcome compared to women 
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with normal BMI (72). Our cohort, in comparison, represented an older at risk 

population, with 96% of patients over 50 years of age, and with BMI decreasing with 

increasing age. Hence, it may not be surprising that neither the whole cohort, nor either 

gender separately, showed a significant relationship between obesity and outcome.  

Two other recent, smaller studies (69, 71) also failed to show a link between BMI and 

survival, although waist circumference was a significant predictor of outcome in one (69), and 

morbidly obese patients showed decreased DFS in the other study (71). As only 6.9% of 

patients in our study were morbidly obese, they could not be analysed separately. The 

distribution of BMI categories in our study (25.1% >BMI 30) compared well with other 

studies (17.5-34.0% >30 BMI) (48, 68, 71). Hence, current data suggests a potential threshold 

of severe obesity, rather than a continuum of BMI, which impacts negatively on survival from 

colorectal cancer. 

Due to the proven unreliability of BMI as a marker of obesity, our study sought to define 

surrogate serum markers of obesity. While total serum levels of adiponectin and IGF-1 were 

measured, our assay system was unable to distinguish high molecular weight multimers of 

adiponectin, which represent the most biologically active form (255). In addition, the IGF 

binding proteins, which regulate bioavailable levels of IGF-1 in circulation (256), were not 

measured. Despite these limitations, our study demonstrated a consistent and significant 

relationship among the markers of obesity measured (insulin, C-peptide, IGF-1, adiponectin, 

BMI), supporting the conclusion of a limited relationship between obesity and colorectal 

cancer survival. We therefore propose that the influence of obesity on tumour progression and 

survival in colorectal cancer may be due to obesity-related inflammation, rather than factors 

associated with obesity per se. 

Our study demonstrated an association between serum adiponectin levels and tumour 

perineural invasion and lymphocytic infiltrate. The impact of adiponectin on inflammation 

remains unresolved, and both anti-inflammatory (257) and pro-inflammatory effects have 

been reported in colon epithelial cells in vitro (258). Our results suggest that adiponectin may 

support tumour related inflammation in colorectal cancer.  

In conclusion, the results of this study suggest that obesity-related inflammation, rather than 

obesity per se, is associated with colorectal cancer progression and survival, via an Ang-2-

mediated, systemic pro-angiogenic environment.  
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4 Chapter 4: Tumour angiogenesis in two groups of 

colorectal cancer patients with distinct metabolic 

characteristics 

4.1 Introduction 

Many in vitro studies provide evidence that obesity-related hormones and cytokines are 

involved in the regulation of angiogenesis (259-261). The involvement of the insulin/IGF-1 

axis in endothelial cell metabolism, and its influence on angiogenic pathways and molecules 

including HIF-1 (203, 204), are discussed in the introduction to Chapter 4. Other obesity-

related hormones, including leptin and adiponectin, have also been shown to influence 

angiogenesis in vitro (123, 259, 262).  

The results of in vivo animal studies implicate obesity in the regulation of tumour 

angiogenesis. In a mouse model of pancreatic cancer, tumour microvessel density (MVD) was 

higher in obese mice with elevated leptin levels compared to normal weight animals (263). 

Similarly, adiponectin treatment decreased MVD in a mouse model of human hepatocellular 

carcinoma (123). In contrast, a reduction in tumour vasculature was observed in the mammary 

tumours of adiponectin deficient mice (207). Another study observed a 30% decrease in 

VEGF-A expression in prostate tumour, but not normal tissue, in response to dietary 

restriction in a rat model, suggesting this effect may be mediated via the IGF/IGFBP axis 

(264). In support of this a significant reduction in tumour angiogenesis occurred in response 

to IGFBP-4 treatment in colorectal tumours in mice (265). Thus, various obesity-related 

hormones and growth factors have been shown to potentially influence tumour angiogenesis, 

although the complete mechanism remains unknown. Despite the data from in vitro and in 

vivo models, the relationship between obesity and angiogenesis in human tumours has 

received little attention. 

One of the most common and available methods of assessment of angiogenesis in human 

tumours is immunohistochemical staining of tumour tissue sections for angiogenic markers. 

Although tumour MVD is a useful prognostic indicator for many types of cancer, it does not 

necessarily reflect the net angiogenic activity of the tumour (266). Therefore markers that 

allow assessment of the fraction of proliferating endothelial cells in a tumour, or the 

maturation state of tumour microvessel are now widely used to study tumour angiogenesis. In 

this study, the endothelial cell marker CD31was used to assess MVD (267). Ki67 is a marker 
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of proliferating nuclei, and, together with CD31, can be used to assess the fraction of 

proliferating endothelial cells (268). -smooth muscle actin (αSMA) is a marker abundantly 

expressed by tumour pericytes, and can therefore be used as a marker representing 

microvessel maturation (269). However, since this marker is also expressed by other cells, to 

assess pericyte coverage of microvessel in this study αSMA staining was used in conjunction 

with CD31 staining. Finally, the main angiogenic pathways are often assessed in 

immunohistochemical studies, including staining for HIF-1 (270), or for downstream targets 

of the HIF-1 pathway, such as carbonic anhydrase IX (CA-IX) (271).  

The aim of this study was to analyse tumour angiogenesis in colorectal cancer in relation to 

patient obesity and metabolic state. Tumour tissue samples from two groups of colorectal 

cancer patients with distinct metabolic profiles were analysed for markers of tumour 

angiogenesis. In addition, the expression profile of 55 pro- and anti-angiogenic proteins was 

analysed in tissue protein samples, obtained from each group of patients. 
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4.2 Methods 

4.2.1 Acknowledgements 

I would like to thank the Cancer Society Tissue Bank, Christchurch and the Tissue Bank 

Curator (Helen Morrin) for providing the tumour samples for this project. I would like to 

thank Michelle Cheale who performed the immunohistochemical double-staining with 

CD31/Ki67 and CD31/αSMA antibodies for this project. I would like to thank Dr Andrew 

Miller for teaching me the immunohistochemistry scoring technique and for helping with the 

scoring. Finally, I would like to thank Caroline Kuiper (Free Radical Research Group, 

University of Otago, Christchurch) for demonstrating her tissue protein extraction technique.  

4.2.2 Study design 

Two groups of twenty colorectal cancer patients with distinct metabolic characteristics were 

selected based on data collected during the study described in Chapter 3. The first group, 

further referred to as the “normal weight group”, included patients with BMI from 18.5 to 

24.99, high serum levels of adiponectin (3
rd

 or 4
th

 quartile), and low serum levels of CRP, 

IGF-1, insulin and C-peptide (1
st
 or 2

nd
 quartile). The second group, further referred to as the 

“overweight/obese group”, included patients with BMI of 25 and above, low serum levels of 

adiponectin (1
st
 or 2

nd
 quartile), and high serum levels of CRP, IGF-1, insulin and C-peptide 

(3
rd

 and 4
th

 quartile). All patients included in this sub-study presented with low, non-

metastatic tumour stage (AJCC I or II). Only patients without diabetes were included. Tumour 

samples from both groups of patients were analysed for markers of tumour angiogenesis. The 

results were compared between the two groups and related to the metabolic data collected for 

each group. 

4.2.3 Immunohistochemical analysis 

Three micrometre sections were cut from formalin fixed paraffin-embedded tumour samples, 

and stained for the following: Ki67/CD31, αSMA/CD31, HIF-1α and CA-IX. All four 

immunostains were performed on consecutive sections of the same block. HIF-1α and CA-IX 

staining were performed manually, according to the protocol described in Chapter 2 (section 

2.9.2). The antibody dilutions used were as follows: mouse monoclonal anti-human HIF-1 



 
70 

(Novus Biologicals, USA) dilution=1:25; rabbit polyclonal anti-human CA-IX (BD 

Bioscience, USA) dilution=1/1000. Double-staining for Ki67/CD31 and αSMA/CD31 was 

performed by Michelle Cheale (Department of Anatomical Pathology, CDHB) using an 

automated staining system. In manually performed immunohistochemical staining renal cell 

carcinoma samples, known to have high microvessel density, were used as positive controls 

both for CA-IX and HIF-1α staining. 

All scoring was performed with the help of Dr Andrew Miller (Specialist Pathologist, 

Department of Anatomical Pathology, CDHB). Each slide was scored independently by two 

observers (Ekaterina Volkova, Dr Andrew Miller), and the results were averaged. To score 

the Ki67/CD31 and αSMA/CD31 double-staining, 10 randomly selected highly stained areas 

per slide were analysed under x400 magnification, 5 intra-tumoural areas and 5 peri-tumoural 

areas. In each area analysed, CD31+ microvessels were counted to obtain the MVD value. All 

CD31+ cells were counted as vessels (long tube-like structures, circles with an opening in the 

middle, as well as single cells) to ensure that all vessels were counted. For the Ki67/CD31 

double-staining, the number of Ki67+/CD31+ cells was counted in each of the 10 areas to 

obtain the number of proliferating microvessels. For the αSMA/CD31 double-staining, the 

number of CD31+ cells, more than 90% surrounded by pericytes (αSMA+ cells) was counted, 

to obtain the number of mature microvessels. The results were averaged for intra- and peri-

tumoural areas separately. MVD counts, obtained from Ki67/CD31 double-staining and from 

αSMA/CD31 double staining were averaged, since they represent the same parameter.  

The intensity of the HIF-1α staining was scored as follows: 0 = no specific staining, 1 = low 

intensity, 2 = moderate intensity, 3 = high intensity. The extent of staining was scored as 

follows: 1 = less than 10% of tumour is stained; 2 = 10-50% of tumour is stained; 3 = 50-90% 

of tumour is stained; 4 = more than 90% of tumour is stained. The intensity and extent of 

staining were analysed in 5 well-stained areas under x400 magnification. The results were 

averaged, then the intensity score and the extent score were multiplied to provide a possible 

score from 0 to 12. 

The intensity of CA-IX staining was scored as follows: 0 = no specific staining, 1 = low 

intensity, 2 = moderate intensity, 3 = high intensity. The extent of staining was scored as 

follows: 1 = less than 50% of tumour is stained; 2 = 50-90% of tumour is stained; 3 = more 

than 90% of tumour is stained. The intensity and the extent of staining were analysed for each 

section, then the intensity score and the extent score were multiplied providing a possible 

score from 0 to 9.  
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Statistical analysis of the results was performed using SPSS
® 

version 16. The staining 

intensities between the normal and overweight/obese groups of patients were compared by 

independent-sample T-tests. 

4.2.4 Angiogenesis array 

Four patients were randomly selected from each patient group to analyse the expression 

profile of angiogenesis-related proteins in tumour tissue samples. A human angiogenesis 

protein array kit (R&D systems, USA) was used for the analysis. Frozen tissue samples for 

each patient were obtained through the Cancer Society Tissue Bank, Christchurch. Total 

tissue protein was extracted and quantified as described in Chapter 2 (section 2.7.4). Then an 

equal amount of protein extract from each of the four patients in each group was combined for 

the assay. One assay in duplicate was performed for each group of patients. The assay was 

performed according to the manufacturer’s recommendations. Briefly, membranes pre-coated 

with 55 antibodies were incubated with tissue protein extract from the pooled tumour 

samples, and, subsequently, with biotinylated detection antibodies followed by streptavidin-

enzyme conjugate. Chemiluminescent reagent was then used to detect the signal, by exposing 

the membrane to X-ray film.  

Results were then quantified and are presented in units, representing the pixel density of the 

area of each immuno-signal. For the purpose of comparison, the same exposure was used for 

quantification of all proteins on the membrane, so some of the less abundant proteins could be 

below the level of detection. Duplicate results for each protein were averaged to obtain a 

mean value.  
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4.3 Results 

4.3.1 Immunohistochemical staining for CD31, Ki67, αSMA, HIF-1α and CA-IX 

4.3.1.1 Cohort description 

Two groups of twenty colorectal cancer patients were selected according to their metabolic 

characteristics, as described in the methods section (section 5.2.1). The physiological, 

metabolic and angiogenic characteristics of each group are presented in Table 4-1. As 

intended, the markers of obesity, insulin resistance and inflammation were significantly 

different (p<0.001) in the two groups. There was an approximately 8 year difference in 

average age (p=0.01), with patients in the overweight/obese group being younger. There were 

no differences in the levels of serum markers of angiogenesis, Ang-2 (p=0.33) and VEGF-A 

(p=0.32), between the two groups. There was no significant difference by gender distribution 

or tumour characteristics, including stage, grade, lymphatic and vascular invasion and 

necrosis (data not shown, p>0.05).  

 

Table 4-1: Comparison of normal weight (n=20) and overweight groups (n=20) of colorectal cancer patients: 

physiological, metabolic and angiogenic characteristics  

Significant relationships (p≤0.05) are highlighted with bold font. 

  
Normal (n=20) Overweight/obese (n=20) 

P value 
Mean SD Mean SD 

Age, years 73.80 8.78 65.85 10.56 0.01 

BMI, kg/m2 22.22 1.69 31.45 4.83 <0.001 

BS, m2 1.67 0.19 1.99 0.19 <0.001 

Adiponectin, ng/ml 14618 5908 3789 1505 <0.001 

CRP, g/ml 1783 1543 6367 2412 <0.001 

IGF-1, ng/ml 73.32 23.79 119.39 30.05 <0.001 

Insulin, U/ml 1.95 3.85 27.61 23.51 <0.001 

C-peptide, ng/ml 2.90 1.90 7.05 3.80 <0.001 

VEGF-A, pg/ml 223 221 295 231 0.32 

Ang-2, pg/ml 2365 1106 2781 1532 0.33 

 

 



 
73 

4.3.1.2 Immunohistochemical staining 

The images of the immunohistochemical staining for Ki67/CD31, αSMA/CD31, HIF-1α and 

CA-IX are presented on Figures 5-1 – 5-4. There was no visual difference in the intensity, 

distribution pattern, or the extent of each stain between the normal and the overweight/obese 

groups, which was confirmed by the statistical analysis of scoring (see section 5.3.1.3). In 

double-labelled Ki67/CD31 (Figure 4-1) and αSMA/CD31 (Figure 4-2) sections the number 

of tumour microvessels tended to be higher in peri-tumoural compared to intra-tumoural 

areas. Both HIF-1α (Figure 4-3) and CA-IX (Figure 4-4) were evenly distributed through the 

stained sections. The staining for HIF-1α was both nuclear and cytoplasmic on all sections, 

although the nuclear staining was stronger. The staining for CA-IX was exclusively 

membranous.  
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Figure 4-1: Immunohistochemical double-staining for CD31/Ki67 

a) example of a peri-tumoural area, b) example of an intra-tumoural area. Ki67 staining = pink colour; CD31 

staining = brown colour. Black arrow = CD31+/Ki67-; red arrow = CD31+/Ki67+. Magnification x400. 
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Figure 4-2: Immunohistochemical double-staining for CD31/αSMA 

a) example of a peri-tumoural area, b) example of an intra-tumoural area. αSMA staining = brown colour; CD31 

staining = pink colour. Black arrow = microvessel with <90% pericyte coverage; red arrow = microvessel with 

>90% pericyte coverage. Magnification x400. 
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Figure 4-3: Immunohistochemical staining for HIF-1α 

a) negative control (colorectal adenocarcinoma), b) positive control (renal cell carcinoma), c) example of a 

strongly stained slide (total score = 12; average intensity score = 4; average extent score = 3), d) example of a 

weakly stained slide (total score = 3.1; average intensity score = 2.2; average extent score = 1.4). Magnification 

x400. 
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Figure 4-4: Immunohistochemical staining for CA-IX 

a) negative control (colorectal adenocarcinoma), b) positive control (renal cell carcinoma), c) example of a 

strongly stained slide (total score = 7.5; average intensity score = 2.5; average extent score = 3), d) example of a 

weakly stained slide (total score = 1; average intensity score = 1; average extent score = 1). Magnification x400 
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4.3.1.3 Tumour angiogenesis in normal weight and overweight/obese groups 

Tumour angiogenic activity was assessed by MVD (CD31+ staining), number of proliferating 

tumour microvessels (Ki67+/CD31+ staining), number of mature tumour microvessels 

(αSMA+/CD31+ staining) and, indirectly, by the amount and activity of HIF-1 protein (HIF-

1α and CA-IX staining). There were no significant differences in average MVD, Ki67/CD31, 

αSMA/CD31, HIF-1α and CA-IX scores, in either the intra-tumoural or the peri-tumoural 

areas, between normal weight and overweight/obese groups of patients (p≥0.22, Table 4-2). 

After analysing overweight (BMI=25-29.9) and obese (BMI≥30)groups separately, there were 

still no significant differences in tumour angiogenesis among the groups (p≥0.13, Table 4-3). 

In total, average MVD (assessed as CD31+ staining from Ki67/CD31 and SMA/CD31 

double-staining) and the number of mature vessels (SMA+/CD31+) were significantly 

higher in peri-tumoural compared to intra-tumoural areas (p=0.001 and p<0.001, respectively; 

Table 4-4). There were no significant differences in the fraction of proliferating vessels 

(Ki67+/CDs31+) in either area (p=0.07; Table 4-4). 

 

Table 4-2: Markers of tumour angiogenesis: comparison of normal weight (n=20) and overweight/obese (n=20) 

groups of colorectal cancer patients 

  
Normal 

(n=20) 

Overweight/obese 

(n=20) 
P value 

Ki67/CD31 

Intra-tumoral 

Proliferating 4.2 4.0 0.34 

Total 22.6 20.8 0.87 

% of proliferating 18.5 19.5 0.22 

Peri-tumoral 

Proliferating 4.5 4.9 0.62 

Total 26.4 24.8 0.60 

% of proliferating 18.2 19.9 0.85 

αSMA/CD3

1 

Intra-tumoral 

number of mature 2.9 2.3 0.58 

Total number 16.3 16.6 0.31 

% of mature 18.2 15.0 0.50 

Peri-tumoral 

number of mature 5.1 4.8 0.49 

Total 19.8 18.9 0.47 

% of mature 28.0 27.7 0.23 

HIF-1 7.1 7.1 0.90 

CA-IX 3.6 3.9 0.64 
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Table 4-3: Markers of tumour angiogenesis: comparison of normal weight (n=20), overweight (n=10) and obese 

(n=10) groups of colorectal cancer patients  

 

Normal Overweight Obese 

Mean Mean 
P value 

(vs normal) 
Mean 

P value  

(vs normal) 

P value 

(vs overweight) 

Ki67/ 

CD31 

Intra-tumoral 

Proliferating 4.2 4.1 0.80 3.9 0.56 0.68 

Total 22.6 22.1 0.79 19.5 0.18 0.33 

% of proliferating 18.5 19.5 0.60 19.6 0.58 0.95 

Peri-tumoral 

Proliferating 4.5 5.1 0.38 4.7 0.81 0.57 

Total 26.4 26.0 0.90 23.7 0.29 0.46 

% of proliferating 18.2 19.5 0.48 20.3 0.27 0.63 

αSMA/ 

CD31 

Intra-tumoral 

number of mature 2.9 1.9 0.18 2.7 0.84 0.19 

Total 16.3 15.8 0.82 17.4 0.67 0.48 

% of mature 18.2 14.2 0.25 15.7 0.45 0.65 

Peri-tumoral 

number of mature 5.1 4.5 0.26 5.2 0.95 0.44 

Total 19.8 17.5 0.23 20.2 0.88 0.31 

% of mature 28.1 28.6 0.84 26.9 0.63 0.45 

HIF-1 7.1 6.6 0.58 7.6 0.71 0.35 

CA-IX 3.6 4.8 0.26 3.1 0.64 0.13 

 

 

Table 4-4: Comparison of tumour angiogenesis markers in intra-tumoural and peri-tumoural areas in colorectal 

cancer patients (n=40)  

Significant relationships (p≤0.05) are highlighted with bold font. 

  Intra-tumoural area Peri-tumoural area P value 

Average MVD 19.2 22.5 0.001 

SMA+/CD31+ 2.6 5.0 <0.001 

Ki67+/CD31+ 4.1 4.7 0.071 
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4.3.1.4 Association of tumour markers of angiogenesis with the circulating 

markers of angiogenesis 

Tumour markers of angiogenesis analysed by immunohistochemistry were compared with 

previously obtained serum levels of angiogenic markers analysed by ELISA in each group of 

patients. The relationships between tumour and serum angiogenic markers are presented in 

Table 4-5. Serum levels of VEGF-A positively correlated with tumour CA-IX expression 

levels (r=0.696, p=0.001) and with the number of peri-tumoural proliferating blood vessels 

(Ki67+/CD31+; r=0.447, p=0.048) in the normal weight group (Figure 4-5a, c). Serum levels 

of Ang-2, on the contrary, inversely correlated with tumour CA-IX expression in the normal 

weight group (r=-0.465, p=0.039; Figure 4-5e). No significant correlations were observed for 

the same markers in the overweight/obese group (Figure 4-5b, d, f). Neither serum VEGF-A 

nor Ang-2 levels significantly correlated with other markers of tumour angiogenesis, analysed 

by immunohistochemistry, in either group of patients (Table 4-5). 

4.3.1.5 Association of tumour angiogenesis markers with anthropometric and 

circulating markers of obesity, insulin resistance and inflammation 

In both groups of patients, the relationships between the markers of tumour angiogenesis and 

the markers of obesity, insulin resistance and inflammation, were explored. The results are 

presented in Table 4-5. In the normal weight group, serum IGF-1 levels positively correlated 

with the tumour HIF-1 score (r=0.568, p=0.009; Figure 4-6a) and inversely correlated with 

the number of peri-tumoural proliferating microvessels (r=-0.473, p=0.035; Figure 4-7a). In 

the overweight/obese group, the same relationships were not significant, and in the case of 

HIF-1 score, was inverse to that seen in the normal weight group (Figure 4-6b). A borderline 

significant inverse correlation of serum adiponectin and tumour HIF-1 score was observed 

in the normal weight group (r=-0.439, p=0.053; Figure 4-8a). The same relationship was not 

significant and did not appear to be linear in the overweight/obese group (r=-0.322, p=0.166; 

Figure 4-8b). An inverse correlation of borderline significance was observed between serum 

C-peptide levels and the number of proliferating microvessels in peri-tumoural areas in the 

overweight/obese group (r=-0.439, p=0.053; Figure 4-9b). In the normal weight group, the 

same relationship was inverted compared to the overweight/obese group, and was not 

significant (r=0.257, p=0.274, Figure 4-9a). There were no other significant relationships 
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observed between the markers of tumour angiogenesis and the markers of obesity, insulin 

resistance and inflammation (Table 4-5). 

 

Table 4-5: Correlation of tumour markers of angiogenesis with serum markers of angiogenesis, obesity, insulin 

resistance and inflammation in normal weight (n=20) and overweight/obese (n=20) groups of colorectal cancer 

patients 

Abbreviations in the table: Ki67+ = Ki67+/CD31+ stained vessel on Ki67/CD31 double-stains; αSMA90 = 

vessels (CD31+) with more than 90% pericyte coverage (αSMA+) on αSMA/CD31 double-stains. Significant 

relationships (p≤0.05) are highlighted with bold font. 

  CAIX HIF1α 
Intra –tumoural microvessels Peri-tumoural microvessels 

MVD SMA90 Ki67+ MVD SMA90 Ki67+ 

VEGF-A 

normal 
R value 0.696 -0.396 0.024 0.253 -0.05 0.153 -0.172 0.447 

P value 0.001 0.084 0.92 0.296 0.835 0.519 0.481 0.048 

overweight/obese 
R value -0.341 0.164 -0.16 -0.193 -0.155 0.02 -0.097 -0.028 

P value 0.141 0.49 0.501 0.428 0.514 0.934 0.693 0.906 

Ang-2 

normal 
R value -0.465 0.068 -0.183 -0.158 -0.166 -0.07 0.006 -0.216 

P value 0.039 0.775 0.441 0.519 0.485 0.77 0.982 0.361 

overweight/obese 
R value -0.157 -0.145 0.015 0.309 -0.142 0.044 0.059 0.021 

P value 0.509 0.542 0.948 0.198 0.55 0.854 0.811 0.93 

BMI 

normal 
R value 0.273 0.153 0.29 0.17 0.061 -0.108 -0.259 -0.031 

P value 0.245 0.518 0.215 0.488 0.797 0.651 0.284 0.896 

overweight/obese 
R value -0.256 0.176 -0.218 0.215 -0.312 -0.19 0.072 -0.315 

P value 0.276 0.457 0.357 0.378 0.181 0.424 0.769 0.176 

BS 

normal 
R value -0.139 0.284 0.069 0.202 0.035 -0.27 -0.208 -0.159 

P value 0.559 0.225 0.774 0.408 0.882 0.249 0.393 0.503 

overweight/obese 
R value -0.162 0.096 -0.167 0.124 -0.006 -0.234 0.14 -0.394 

P value 0.494 0.687 0.482 0.613 0.98 0.321 0.567 0.086 

Adiponectin 

normal 
R value 0.061 -0.439 -0.324 -0.422 -0.386 0.123 0.176 -0.001 

P value 0.798 0.053 0.164 0.072 0.093 0.606 0.47 0.996 

overweight/obese 
R value -0.278 -0.322 -0.066 0.251 -0.336 -0.169 -0.28 0.093 

P value 0.235 0.166 0.781 0.3 0.147 0.478 0.246 0.698 

CRP 

normal 
R value 0.086 -0.249 0.191 0.122 0.092 0.322 0.024 0.181 

P value 0.719 0.289 0.42 0.618 0.699 0.167 0.921 0.445 

overweight/obese 
R value 0.1 -0.226 -0.245 -0.013 -0.092 0.342 0.251 0.332 

P value 0.674 0.337 0.299 0.957 0.7 0.14 0.3 0.153 

IGF-1 

normal 
R value -0.333 0.568 0.222 0.354 0.119 -0.394 0.124 -0.473 

P value 0.152 0.009 0.346 0.137 0.617 0.086 0.612 0.035 

overweight/obese 
R value 0.183 -0.189 0.086 -0.274 0.269 -0.414 -0.211 -0.237 

P value 0.44 0.425 0.718 0.256 0.252 0.069 0.386 0.315 

Insulin 

normal 
R value 0.123 0.159 -0.103 -0.135 0.208 -0.037 0.231 0.001 

P value 0.604 0.503 0.666 0.581 0.379 0.877 0.341 0.997 

overweight/obese 
R value 0.192 0.182 0.152 -0.203 0.168 -0.029 0.133 -0.288 

P value 0.418 0.442 0.523 0.405 0.48 0.902 0.588 0.219 

C-peptide 

normal 
R value 0.01 -0.117 -0.134 -0.219 0.104 -0.057 -0.109 0.257 

P value 0.968 0.623 0.574 0.368 0.662 0.811 0.658 0.274 

overweight/obese 
R value -0.1 -0.027 -0.055 0.071 -0.13 -0.277 0.005 -0.439 

P value 0.676 0.911 0.817 0.772 0.584 0.237 0.985 0.053 
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Figure 4-5: Correlations between tumour and serum markers of angiogenesis in normal weight (n=20) and 

overweight/obese (n=20) groups of colorectal cancer patients 

 a,b – serum VEGF-A and CA-IX scores in tumour; c,d – serum VEGF-A and proliferating vessels in tumour 

(Ki67+/CD31+); e,f – serum Ang-2 and CA-IX scores in tumour 
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Figure 4-6: Relationship between the serum levels of IGF-1 protein and tumour HIF-1 protein score in two 

groups of colorectal cancer patients 

a) normal weight group (n=20); b) overweight/obese group (n=20) 
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Figure 4-7: Relationship between the serum levels of IGF-1 protein and the number of proliferating 

microvessels (Ki67+/CD31+)  in peri-tumoural area in two groups of colorectal cancer patients 

a) normal weight group (n=20); b) overweight/obese group (n=20) 
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Figure 4-8: Relationship between the serum levels of adiponectin protein and tumour HIF-1 protein score in 

two groups of colorectal cancer patients 

a) normal weight group (n=20); b) overweight/obese group (n=20) 
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Figure 4-9: Relationship between the serum levels of C-peptide and the number of the proliferating 

microvessels (Ki67+/CD31+) in peri-tumoural areas in two groups of colorectal cancer patients 

a) normal weight group (n=20); b) overweight/obese group (n=20) 
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4.3.2  Angiogenesis array 

The expression profile of angiogenesis-related markers in tumour tissue from the normal vs. 

obese/overweight group of colorectal cancer patients is presented in Table 4-6 and Figure 

4-10. Markers are arranged in the table in order of decreasing signal intensity in the normal 

weight group of patients. Out of 55 angiogenesis-related proteins analysed by the array, a total 

of 48 proteins were expressed at detectable levels in either normal weight or 

overweight/obese groups. Among them, glial cell-line derived neurotrophic factor (GDNF), 

granulocyte/macrophage colony stimulating factor (GM-CSF), leptin, ADAMTS-1, 

thrombospondin-2, monocyte chemotactic protein (MCP)-1, FGF-4, persephin and prolactin 

were only detected in the normal weight group, whereas the levels of macrophage 

inflammatory protein (MIP)-1α, epidermal growth factor (EGF), NRG1-1, PDGF-

AB/PDGF-BB, tissue inhibitor of MMP-1 (TIMP)-4 and VEGF-C were below the assay limit 

of detection in both groups of patients. The intensity of protein expression was analysed by 

quartiles, with the following cut-points: Q1=0.05 densitometry units, median=0.2 

densitometry units and Q3=0.88 densitometry units. According to this scale, angiogenesis-

related markers expressed at high levels (4th quartile) in the total cohort of colorectal cancer 

patients were: angiogenin, IL-8, TIMP-1, MMP-9, IGFBP-2, platelet factor 4, PAI-1, tissue 

factor, dipeptidylpeptidase IV (DPPIV), endoglin, IL-1, thrombospondin-1, urokinase 

plasmin activator (uPA), amphiregulin, endostatin and FGF basic. 

Comparison of angiogenesis-related protein expression profile between the two groups of 

patients is presented in Table 4-6 and on Figure 4-10. Markers overexpressed in the normal 

weight group included both pro-angiogenic (FGF basic, IGFBP-3, Endothelin-1, FGF acidic, 

CXCL16, hepatocyte growth factor (HGF), platelet-derived endothelial cell growth factor 

(PD-ECGF), endocrine gland-derived VEGF (EG-VEGF), Ang-2) and anti-angiogenic 

(TIMP-1, Endostatin, Pentraxin 3, IGFBP-1, Angiostatin, Activin A, Vasohibin, 

Thrombospondin-2) molecules. Most of the markers, overexpressed in the overweight/obese 

group (uPA, VEGF-A), are known to have pro-angiogenic activity (272, 273).  
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Table 4-6: Expression of angiogenesis-related proteins in tumour tissue samples in normal weight (n=4, pooled) 

and obese/overweight (n=4, pooled) colorectal cancer patients 

Significant relationships (p≤0.05) are highlighted with bold font.  

 (Continued on the next page) 

     

Array 

coordinates 
Protein Normal Overweight/obese Role in angiogenesis 

a9,10 Angiogenin 2.14 1.87 Pro-angiogenic; stimulates EC proliferation (274)  

d5,6 MMP-9 1.79 1.64 
Member of MMP family; activates a range of pro- 

and anti-angiogenic factors (188)  

e7,8 TIMP-1 1.75 1.64 Anti-angiogenic (275) 

c11,12 IGFBP-2 1.55 1.31 Mediates IGF-1 actions (276) 

c17,18 IL-8 (CXCL8) 1.53 1.83 

Pro-angiogenic; member of CXC chemokine family; 

promote EC proliferation, chemotaxis, tube formation 

(277) 

a17,18 Amphiregulin 1.34 0.55 

Ligand for epidermal growth factor receptor; 

regulates cell proliferation (278); possibly promotes 

angiogenesis (279) 

b5,6 DPPIV (CD26) 1.32 0.99 
Member of transmembrane protease family; activates 

a range of pro- or antiangiogenic factors (280) 

b11,12 Endoglin (CD105) 1.30 1.03 
Pro-angiogenic; a marker of proliferating endothelial 

cells (281); auxiliary receptor for TGF- (281) 

d19,20 Platelet factor 4 (CXCL4) 1.21 1.28 Anti-angiogenic (282) 

c15,16 IL-1 (IL-1F2) 1.09 0.97 Pro-angiogenic; promotes tumour angiogenesis (283) 

b13,14 Endostatin/Collagen XVIII 1.01 0.52 
Anti-angiogenic; inhibits EC proliferation, MMP 

activity; stimulates EC apoptosis (274) 

b19,20 FGF basic (FGF-2) 1.01 0.49 

Pro-angiogenic; member of fibroblast growth factor 

family; stimulates EC survival, proliferation, 

migration (284) 

b1,2 
Coagulation Factor III 

(tissue factor) 
0.99 1.11 

Pro-angiogenic; regulates blood coagulation; involved 

in clotting-dependent and independent stimulation of 

angiogenesis (285)  

e3,4 Serpin E1 (PAI-1) 0.92 1.15 
Anti-angiogenic; inhibits uPA actions; inhibits EC 

migration (272) 

e11,12 Thrombospondin-1 0.89 0.92 
Anti-angiogenic; inhibits migration and proliferation 

of EC (274) 

d3,4 MMP-8 0.84 0.48 Member of MMP family (286)  

e15,16 uPA  0.72 0.90 

Pro-angiogenic; stimulates EC migration; activates a 

range of pro- and anti-angiogenic factors and MMPs 

(272) 

c13,14 IGFBP-3 0.71 0.59 
Pro-angiogenic; increases IGF-1 stability (276), 

induces angiogenesis (287) 

d9,10 Pentraxin 3 (PTX3; TSG-14) 0.61 0.30 
Anti-angiogenic; inhibits EC growth and tube 

formation (288) 

b15,16 Endothelin-1 (ET-1) 0.61 0.23 
Pro-angiogenic; signalling via G-protein-coupled 

receptors (289) 

c9,10 IGFBP-1 0.58 0.22 
Anti-angiogenic; reduces bioavailable IGF-1 levels 

(276) 

b17,18 FGF acidic (FGF-1) 0.49 0.28 

Pro-angiogenic; member of fibroblast growth factor 

family; stimulates EC survival, proliferation, 

migration (284) 

b3,4 CXCL16 0.49 0.22 
Pro-angiogenic cytokine; induces EC proliferation, 

migration, tube formation (290) 

c7,8 HGF  0.41 0.09 
Pro-angiogenic; stimulates migration and proliferation 

of EC, SMC (274) 

d11,12 PD-ECGF 0.39 0.18 
Pro-angiogenic; induces migration of EC and tube 

formation (291) 
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Array 

coordinates 
Protein Normal Overweight/obese Role in angiogenesis 

b9,10 EG-VEGF  0.34 0.02 
Pro-angiogenic; promotes EC survival, chemotaxis, 

proliferation (292) 

e19,20 VEGF-A 0.33 0.57 Pro-angiogenic; member of VEGF family (273) 

e5,6 
Serpin F1 (Pigment 

epithelium-derived factor) 
0.30 0.20 

Member of serine protease inhibitor family; inhibitor 

of physiological and pathological angiogenesis (293) 

a13,14 Ang-2 0.25 0.06 

Pro-angiogenic: stimulates EC migration, sprouting 

under VEGF signalling; Ang-1 antagonist, promotes 

vessels destabilization (274) 

b23,24 FGF-7 0.23 0.15 

Pro-angiogenic; member of fibroblast growth factor 

family; stimulates EC survival, proliferation, 

migration (284) 

a15,16 Angiostatin/Plasminogen 0.19 0.07 
Anti-angiogenic; inhibits EC proliferation, migration 

and tube formation, stimulates EC apoptosis (274) 

c19,20 
TGF-1 latency-associated 

peptide) 
0.18 0.08 Anti-angiogenic; inactivates TGF-1 (294) 

d13,14 PDGF-AA  0.17 0.11 Pro-angiogenic; promotes VEGF-A expression (295) 

a19,20 Artemin 0.15 0.05 
Member of GDNF family of ligands; neurotrophic 

factor (296) 

a11,12 Ang-1 0.15 0.02 Stabilization of formed vessels; sprouting (274) 

d23,24 Prolactin 0.13 0.00 
Pro-  or anti-angiogenic activity depending on 

isoforms (297) 

a5,6 Activin A 0.11 0.02 
Anti-angiogenic; member of TGF- family; inhibits 

migration and proliferation of endothelial cells (298) 

e17,18 Vasohibin 0.10 0.04 Anti-angiogenic (299) 

c5,6 
Heparin binding EGF-like 

growth factor 
0.10 0.09 

Pro-angiogenic; promotes EC migration and VEGF-A 

expression (187) 

d17,18 Persephin 0.10 0.00 
Member of GDNF family of ligands; neurotrophic 

factor (300) 

d21,22 PlGF 0.10 0.08 
Pro-angiogenic; member of VEGF family; regulates 

pathological angiogenesis (301) 

b21,22 FGF-4 0.09 0.00 

Pro-angiogenic; member of fibroblast growth factor 

family; stimulates EC survival, proliferation, 

migration (284) 

c23,24 MCP-1 0.09 0.00 
Pro-angiogenic; stimulates angiogenesis by recruiting 

monocytes or by direct stimulation of EC (302) 

e13,14 Thrombospondin-2 0.08 0.00 Anti-angiogenic (274) 

a7,8 ADAMTS-1 0.07 0.00 Pro-angiogenic; metalloprotease (303) 

e1,2 Serpin B5 (Maspin) 0.06 0.19 
Anti-angiogenic; member of serine protease inhibitor 

family (304) 

c21,22 Leptin 0.05 0.00 
Pro-angiogenic; adipocytokine; promotes EC 

survival, tube formation (259) 

c3,4 GM-CSF 0.04 0.00 
Pro-angiogenic; stimulates EC proliferation, 

migration (274) 

c1,2 GDNF  0.01 0.00 Neurotrophic factor (305) 

d1,2 MIP-1α (CCL3) 0.00 0.00 Inflammatory protein (306) 

b7,8 EGF  0.00 0.00 Pro-angiogenic; stimulates EC proliferation (274) 

d7,8 NRG1-β1 (HRG1-β1) 0.00 0.00 Pro-angiogenic; stimulates VEGF-A production (307) 

d15,16 PDGF-AB/PDGF-BB 0.00 0.00 
Stimulates vessels stabilization, proliferation of SMC 

and PC (274) 

e9,10 TIMP-4 0.00 0.00 Anti-angiogenic  (308) 

e21,22 VEGF-C 0.00 0.00 Pro-lymphangiogenic; member of VEGF family (273) 

a1,2 C+ 1.66 1.48   

f1,2 C+ 1.44 1.56   
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Array 

coordinates 
Protein Normal Overweight/obese Role in angiogenesis 

a23,24 C+ 1.43 1.71   



 

 

 

Figure 4-10: Angiogenesis-related proteins, differently expressed (p<0.05) in tumours of normal weight (n=4, pooled) and overweight/obese (n=4, pooled) colorectal cancer patients 

Protein expression intensity is presented in densitometry units. X-axis (array coordinates): a9,10 – angiogenin; d5,6 – MMP-9; e7,8 - TIMP-1; a1,2 – positive control; c11,12 - 

IGFBP-2; c17,18 – IL8; f1,2 – positive control; a23,24 – positive control; a17,18 - amphiregulin; b5,6 – DPPIV; b11,12 – endoglin; d19,20 – platelet factor 4; c15,16 – IL-1β; b13,14 

– endostatin; b19,20 - FGF basic; b1,2 – coagulation factor III; e3,4 – serpin E1; e11,12 – thrombospondin-1; d3,4 - MMP-8; e15,16 – uPA; c13,14 – IGFBP-3; d9,10 - pentraxin 3; 

b15,16 - endothelin-1; c9,10 - IGFBP-1; b17,18 - FGF acidic; b3,4 - CXCL16; c7,8 – HGF; d11,12 - PD-ECGF; b9,10 - EG-VEGF; e19,20 – VEGF-A; e5,6 – serpin F1; a13,14 - 

Ang-2; b23,24 – FGF-7; a15,16 – angiostatin; c19;20 – TGF-β1; d13,14 – PDGF-AA; a19,20 – artemin; a11,12 – Ang-1; d23,24 – prolactin; a5,6 - activin A; e17,18 – vasohibin; 

c5,6 – HB-EGF; d17,18 – persephin; d21,22 – PIGF; b21,22 - FGF-4; c23,24 – MCP-1; e13,14 - thrombospondin-2;  a7,8 - ADAMTS-1; e1,2 – serpin B5; c21,22 – leptin; c3,4 - 

GM-CSF, c1,2 – GDNF. 
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4.4 Discussion 

In this study tumour angiogenesis, assessed by immunohistochemical staining for angiogenic 

markers and the analysis of angiogenesis-related tumour protein expression, was compared in 

two metabolically distinct groups of colorectal cancer patients. Since angiogenesis is known 

to be strongly associated with tumour progression, to eliminate this confounding factor the 

analysis was performed for patients with early stage tumour (AJCC I and II) only. 

Immunohistochemical analysis did not reveal any difference in tumour angiogenic markers 

between the two groups of patients. However, both immunohistochemical analysis and 

angiogenesis proten array results indicate that mechanisms involved in tumour angiogenesis 

may vary between the two groups.  

Although the mean values of the angiogenic markers were not significantly different between 

the two groups of patients according to immunohistochemical analysis, the relationships with 

metabolic characteristics, observed in normal weight and overweight/obese groups, were 

different, suggesting the possibility of different underlying mechanisms. For example, the 

positive linear relationship between serum levels of IGF-1 and tumour HIF-1 expression, 

observed in the normal weight group, again agrees with other studies showing IGF-1/insulin 

axis involvement in regulation of the HIF-1-VEGF pathway (202). However, in the obese 

group of patients this relationship was not significant and, in fact, was negative. Similarly, 

serum adiponectin levels were inversely correlated with tumour HIF-1 expression in the 

normal weight group, which supports other studies that have shown the anti-angiogenic effect 

of this adipokine (309). However, in the overweight/obese group the relationship was not 

significant. This suggests that relationships between obesity-related factors and angiogenesis 

are not linear, and that the contribution of the same obesity-related factors to the angiogenic 

process may vary in different metabolic conditions.  

The presence or absence of inflammation is another important factor to take into account. The 

inflammation marker CRP, used in this study, did not show any direct correlation with the 

tumour angiogenic markers analysed. However, due to the design of the study, the levels of 

this marker were significantly higher in the overweight/obese group, who represent a group of 

patients with higher levels of systemic inflammation. In a recent publication discussing cancer 

biomarkers, it was pointed out that the systemic effect of inflammation should not be 

neglected when comparing a specific marker in the inflammatory and inflammation-free 

environments, for example, when comparing healthy people with cancer patients (310). The 

same is applicable when comparing healthy individuals and people with metabolic 
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abnormalities, which are often accompanied by obesity-related inflammation. Taking that 

into account, different levels of systemic inflammation in the two groups, compared in this 

study, could be an important contributing factor, explaining the differences observed between 

the groups.  However, this assumption requires further investigation.  

The angiogenesis array provides interesting pilot data, suggesting a difference between the 

angiogenesis-related protein expression profiles in tumours from the normal weight and 

overweight/obese groups of patients. Several angiogenesis-related proteins, including uPA 

and VEGF-A, were overexpressed in tumours from the overweight/obese group compared to 

those from the normal weight group. Overexpression of VEGF-A is of particular interest, 

since it is consistent with numerous studies which show induction of VEGF-A expression 

under the stimuli of obesity-related factors, including IGF-1 and insulin (202, 206, 233, 234, 

260, 261, 311). uPA, associated with more aggressive tumours in some human cancers, 

including colorectal tumours (312-314), was also shown to be up-regulated by IGF-1 and 

insulin stimuli via the PI3K pathway in vitro (313). This provides a possible explanation for 

the uPA overexpression in the overweight/obese group of patients observed in this study. 

At the same time, a number of angiogenesis-related proteins were expressed at higher levels 

in the normal weight group, among them, well known pro-angiogenic molecules, including 

members of FGF family, endothelin-1, PD-EGF and EG-VEGF (Table 4-6). These findings 

suggest that although obesity-related factors can act to promote specific angiogenic pathways, 

including the VEGF-A pathway, this can be accompanied by simultaneous inhibition of other 

pro-angiogenic molecules. As a result, there may be no difference in the outcome, i.e. tumour 

angiogenesis, in overweight compared to normal weight groups, as observed in this study, 

although the mechanism, underlying the same processes, may be very different in the two 

groups with distinct metabolic profiles. 

The angiogenesis array provides some valuable pilot data regarding angiogenesis-related 

protein expression in colorectal cancer tumours depending on the metabolic state of the 

patients. However, the data is preliminary and further confirmation, validation and 

investigation of these results is necessary. 

In conclusion, our data provide no evidence for a difference in tumour angiogenesis in 

colorectal cancer patients according to their obesity status. This study does, however, suggest 

that the prevalent mechanisms underlying tumour angiogenesis differ between colorectal 

cancer patients with excess body weight and those with normal weight. 
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5 Chapter 5: Effect of metabolic growth factors on 

cellular response to chemotherapy agents in vitro 

5.1 Introduction 

The chemotherapy drugs used most commonly in the treatment of metastatic colorectal cancer 

are 5FU, oxaliplatin and irinotecan. The mechanisms of action of all three drugs are based on 

interfering with different stages of DNA synthesis, repair and transcription. 5FU is an 

analogue of uracil, which is intracellularly metabolised to three toxic compounds:  

fluorodeoxyuridine monophosphate, fluorodeoxyuridine triphosphate and fluorouridine 

triphosphate (315). Fluorodeoxyuridine monophosphate blocks DNA replication by blocking 

the binding site of thymidylate synthase and preventing it from binding to the substrate, 

deoxyuridine monophosphate. Fluorodeoxyuridine triphosphate and fluorouridine 

triphosphate compete with normal bases for insertion into the DNA and RNA chains, 

respectively, thus damaging DNA and blocking mRNA translation (315). Oxaliplatin is a 

platinum-based drug, which forms a platinum-DNA adduct in cells, causing G2 arrest, 

inhibiting growth, and leading to apoptosis (22, 316). Irinotecan binds to and inhibits the 

topoisomerase enzyme at the initial stage of DNA replication, which leads to cell cycle arrest 

and DNA damage with subsequent apoptosis (21). 

Resistance to chemotherapeutic agents, either de novo or developing during a course of 

treatment, is one of the main problems of this treatment approach (22). Not all mechanisms 

for resistance are known, although they are being intensively studied. The ability of cells to 

undergo apoptosis in response to chemotherapy treatment is known to be essential for a 

successful response to treatment, and this ability is impaired in resistant cells (315). Some 

studies report that resistant cells have distinct phenotypic and molecular characteristics 

compared to therapy-responsive cells of a given cell type, such as a higher ability to form 

colonies in vitro, alterations in the pattern of cell surface marker expression and 

overactivation of some receptors, including IGF-1R (22). There is evidence that hypoxic 

conditions promote the development of resistance, possibly through HIF-1-mediated 

pathways (317).  

Obesity is proposed to contribute to cancer progression at different levels, and possibly also 

by affecting the efficacy of treatments. For example, in breast cancer patients, the response to 

neoadjuvant chemotherapy, measured by pathologic complete response, was worse in 
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overweight and obese compared to normal and underweight patients (318). 

Chemoresponse data in colorectal cancer patients by weight has not been reported. The 

alteration in IGF-1 and insulin levels, often caused by obesity, can potentially impact on 

chemoresistance, and there is evidence to support the important roles of both growth factors 

in this process (315, 319-321).  

Insulin is a potent mitogen, and stimulates DNA synthesis (315). The mechanisms by which 

insulin may interfere with the action of chemotherapy agents have been reviewed (319). 

Briefly, intracellular metabolic changes, interfering with drug metabolism, as well as changes 

in the extracellular membrane, modulating drug uptake, can theoretically be caused by 

insulin. Experimental models have shown that pre-treatment with insulin increases the effect 

of subsequent 5FU treatment in the human colon cancer cell line Ls-174-t (315). Insulin also 

increases 5FU uptake and 5FU-mediated apoptosis. Clinical trials have shown that addition of 

insulin to standard chemotherapy regimes is beneficial, leading to improvements in quality of 

life for breast and prostate cancer patients (weight gain, decreased weakness and pain, 

regaining working capacity) after frequent interval treatment with low doses of chemotherapy 

combined with insulin (322).  

IGF-1 is an anti-apoptotic agent, that can suppress chemotherapy-mediated apoptosis (320).  

Chemotherapy-resistant colorectal cancer cells increased expression and activation of IGR-1R 

(22). In addition, cells with abnormalities in the IGF-pathway are more sensitive to 

chemotherapy agents (320). In breast cancer cell lines, IGF-1 was shown to affect cell 

response to chemotherapy drugs (doxorubicin and paclitaxel) in IGF-1-sensitive cell lines, but 

not in IGF-1-resistent cell lines. Interestingly, two separate pathways were identified as being 

important: in the case of doxorubicim IGF-1 was acting by reducing apoptosis, whereas for 

paclitaxel cellular proliferation was increased (320). 

More information on the effect of IGF-1 and insulin on resistance to other chemotherapy 

agents will give a better understanding of the molecular and cellular effects that these growth 

factors and pathological conditions such as obesity may have on cancer treatment. The aim of 

this study was to investigate the effect of increased levels of insulin and IGF-1 on colon 

cancer cell response to standard chemotherapy drug treatment in vitro. 
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5.2 Methods 

5.2.1 Acknowledgements 

I would like to thank Prof. Elisabeth Wells for help and guidance during the statistical 

analysis of the data. I would like to thank Dr Gabi Dachs for giving permission to include the 

results of the BrDU proliferation assay in this study. 

5.2.2 Cell culturing 

Human colon cancer cells (SW620 and WiDr) and human endothelial cells (HMEC-1), 

cultivated in high glucose DMEM with 10% CCS in standard conditions (see section 2.5 of 

Chapter 2), were passaged into 96-well plates at 10
3
 – 1.5x10

3
 cells per well (3.3x10

3
-5x10

3
 

cells/cm
2
). DMEM with 10% CCS and either high (25 mmol/L) or low glucose (5.6 mmol/L) 

was used for the duration of the experiment, starting from passaging. After passaging plates 

were incubated for 24 hours in standard conditions to ensure adhesion of the cells. 

Subsequently, cells were pre-incubated in fresh media with IGF-1 (100 ng/ml), insulin (10 

nM) or in plain fresh media for 24, 4 or 0 hours (Table 5-1). After pre-incubation, media was 

replaced with the appropriate fresh media (either IGF-1- or insulin-containing, or plain), and 

5FU, oxaliplatin or irinotecan were added to each plate. All treatments are summarised in 

Table 5-1, and drug concentrations are presented in Table 5-2. A separate 96-well plate was 

used for each media, growth factor or pre-treatment time condition (i.e. 18 plates per cell 

line). All experiments were repeated at least three times. Each drug concentration was tested 

in four repeats per plate, and contained three controls in quadruplicate: empty wells for a 

background absorbance control (C0), cells not treated with growth factors or chemotherapy 

drugs (C1), and cells treated with appropriate growth factors, but not with chemotherapy 

drugs (C2). The 96-well plate layout for the experiment is presented on Table 5-3. After 

addition of chemotherapy drugs, the plates were incubated for 3 days in standard conditions, 

and then the survival of cells under each treatment and condition was analysed by MTT assay 

(see section 2.6 of Chapter 2). 



 
95 

Table 5-1: Experimental design for chemotherapy treatments and conditions in vitro  

Variables tested were the following: glucose concentration in the cultivation media (low or high), chemotherapy 

drugs (5FU, oxaliplatin, irinotecan), growth factors (none, IGF-1, insulin) and pre-treatment time (0-, 4-, 24-

hours). 

H
ig

h
 g

lu
co

se
 D

M
E

M
, 
1
0
%

 C
C

S
 

Pre-

treatment 

time 

(hours) 

  
Growth 

factor 

Chemotherapy 

drug 

L
o
w

 g
lu

co
se

 D
M

E
M

, 
1
0
%

 C
C

S
 

Pre-

treatment 

time 

(hours) 

  
Growth 

factor 

Chemotherapy 

drug 

24 

9
6
-w

el
l 

p
la

te
 

IGF-1 

5FU 

24 

9
6
-w

el
l 

p
la

te
 

IGF-1 

5FU 

Oxaliplatin Oxaliplatin 

Irinotecan Irinotecan 

9
6
-w

el
l 

p
la

te
 

Insulin 

5FU 

9
6
-w

el
l 

p
la

te
 

Insulin 

5FU 

Oxaliplatin Oxaliplatin 

Irinotecan Irinotecan 

9
6
-w

el
l 

p
la

te
 

None 

5FU 

9
6
-w

el
l 

p
la

te
 

None 

5FU 

Oxaliplatin Oxaliplatin 

Irinotecan Irinotecan 

4 

9
6
-w

el
l 

p
la

te
 

IGF-1 

5FU 

4 

9
6
-w

el
l 

p
la

te
 

IGF-1 

5FU 

Oxaliplatin Oxaliplatin 

Irinotecan Irinotecan 

9
6
-w

el
l 

p
la

te
 

Insulin 

5FU 

9
6
-w

el
l 

p
la

te
 

Insulin 

5FU 

Oxaliplatin Oxaliplatin 

Irinotecan Irinotecan 

9
6
-w

el
l 

p
la

te
 

None 

5FU 

9
6
-w

el
l 

p
la

te
 

None 

5FU 

Oxaliplatin Oxaliplatin 

Irinotecan Irinotecan 

0 

9
6
-w

el
l 

p
la

te
 

IGF-1 

5FU 

0 

9
6
-w

el
l 

p
la

te
 

IGF-1 

5FU 

Oxaliplatin Oxaliplatin 

Irinotecan Irinotecan 

9
6
-w

el
l 

p
la

te
 

Insulin 

5FU 

9
6
-w

el
l 

p
la

te
 

Insulin 

5FU 

Oxaliplatin Oxaliplatin 

Irinotecan Irinotecan 

9
6
-w

el
l 

p
la

te
 

None 

5FU 

9
6
-w

el
l 

p
la

te
 

None 

5FU 

Oxaliplatin Oxaliplatin 

Irinotecan Irinotecan 

 

Table 5-2: Drug concentration used for each chemotherapy agent 

Each chemotherapy drug was tested in 7 dilutions. 

Dilution number 1 2 3 4 5 6 7 

5FU (M) 0.2 1 5 10 50 100 200 

Oxaliplatin (M) 0.001 0.01 0.1 1 10 50 100 

Irinotecan (M) 0.001 0.01 0.1 1 10 50 100 
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Table 5-3: The layout of each experiment 

This is a schematic representation of a 96-well plate, with a treatment condition listed in each well. 

Abbreviations used: 5FU – 5-fluorouracil, Ox – oxaliplatin, Ir – irinotecan; _1 - _7 – drug dilutions, described in 

Table 5-2. C0 – background absorbance control, C1 – untreated cells, C2 – cells treated with growth factors, but 

not with drugs. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A C0 C0 C0 C0 C1 C1 C1 C1 C2 C2 C2 C2 

B 5FU_1 5FU_1 5FU_1 5FU_1 Ox_1 Ox_1 Ox_1 Ox_1 Ir_1 Ir_1 Ir_1 Ir_1 

C 5FU_2 5FU_2 5FU_2 5FU_2 Ox_2 Ox_2 Ox_2 Ox_2 Ir_2 Ir_2 Ir_2 Ir_2 

D 5FU_3 5FU_3 5FU_3 5FU_3 Ox_3 Ox_3 Ox_3 Ox_3 Ir_3 Ir_3 Ir_3 Ir_3 

E 5FU_4 5FU_4 5FU_4 5FU_4 Ox_4 Ox_4 Ox_4 Ox_4 Ir_4 Ir_4 Ir_4 Ir_4 

F 5FU_5 5FU_5 5FU_5 5FU_5 Ox_5 Ox_5 Ox_5 Ox_5 Ir_5 Ir_5 Ir_5 Ir_5 

G 5FU_6 5FU_6 5FU_6 5FU_6 Ox_6 Ox_6 Ox_6 Ox_6 Ir_6 Ir_6 Ir_6 Ir_6 

H 5FU_7 5FU_7 5FU_7 5FU_7 Ox_7 Ox_7 Ox_7 Ox_7 Ir_7 Ir_7 Ir_7 Ir_7 

 

 

5.2.3 BrdU assay 

Standard BrdU protocol according to manufacturer’s recommendations was used for the BrdU 

assay (Roche Applied Science, Mannheim, Germany). Cell culture conditions and treatments 

were the same as described in section 6.2.2. 

5.2.4 Data analysis 

SPSS 16.0 and Microsoft Excel 2007 software were used for statistical analysis and graphical 

presentation of the results. All results were adjusted for background absorbance, calculated 

from the average result of C1 within each plate. The ratio of averaged C2/C1 within each 

plate was used to estimate the effect of the growth factor on the particular cell line in the 

particular conditions. The average C2 within each plate was used as a reference point, 

considered as 100%, to compare the survival of cells after the addition of chemotherapy 

drugs, which was calculated as a percentage of C2.  

Several linear regression models, using Ln-transformation of either drug concentration (in 

M), or cell viability (in percent) or both variables, were tested. The model was considered to 

be of a good fit if the R-squared value was higher than 0.8. Different models were allowed to 

be used for different cells lines and different chemotherapy drugs. However, within those the 

same model was used across different growth factor, pre-treatment and media conditions.  

After the best fitting models were selected, three criteria were used to estimate the effect of 

the growth factors on cellular sensitivity to particular chemotherapy agents. First, the IC50 

value, the drug concentration required to reduce cell viability to 50%, was calculated from the 
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appropriate models and compared by T-tests. The IC50 value was calculated from the 

equation of a previously selected model. In some cases, despite good fitting of the model, IC50 

values calculated from the equation were extremely different from the value that would be 

expected from the graph. In those cases only, IC50 values were re-calculated from a slope 

equation, and estimated from the two closest points with known coordinates. Second, the 

viability of cells at ultra low doses (ULD) of chemotherapy drugs, defined as IC50/1000, were 

calculated from the model and compared by T-tests. Finally, multivariable regression analysis 

was performed and the effect of growth factors on the response to chemotherapy drugs was 

estimated from B coefficient (regression “slope”).   
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5.3 Results 

5.3.1 Cell survival: raw data 

An example of the original data obtained from a MTT viability assay and plotted as a function 

of cell viability versus the drug concentration in presence or absence of growth factors is 

presented in Figure 5-1. The graph represents the average results of three independent repeats 

of the experiment in high glucose DMEM with 10% CCS and 24 hours pre-treatment 

with/without growth factors.  

 

 

 

 

Figure 5-1: Cellular response to chemotherapy agent: an example of MTT viability assay results 

This graph represent experiments using the WiDr cell line, in high glucose DMEM, treated with 5FU at various 

concentrations and pre-treated with IGF-1, insulin or plain media (control) for 24 hours. Cell viability is 

presented in percent, with 0 μM 5FU defined as 100%.  
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5.3.2 Model fitting 

An example of the comparison of the R-square values obtained for the linear regression 

models with different Ln-transformation, tested for WiDr in high glucose, are shown in Table 

5-4. The final choice of the variable transformation used is listed in Table 5-5. R-square 

values for each case are not shown here. 

 

Table 5-4: Model fitting example for WiDr in high glucose DMEM, with 24 hours pre-treatment time 

Linear regression models with the following transformations of variables were used: Ln(x) – Ln-transformation 

of drug concentration; Ln(y) – Ln-transformation of cell viability; Ln(x) and Ln(y) – both variables Ln-

transformed. 5FU – 5-fluorouracil, Ox – oxaliplatin, Ir – irinotecan. The best fitting model (highest R-square 

value) is highlighted in each case. 

Drug 
Growth 

factor 
Repeat 

R-square of each model 

Ln(x) Ln(y) Ln(x) and Ln(y) 

5FU control 1 0.847 0.830 0.810 

5FU control 2 0.953 0.660 0.952 

5FU control 3 0.894 0.870 0.869 

5FU IGF-1 1 0.859 0.574 0.876 

5FU IGF-1 2 0.951 0.595 0.978 

5FU IGF-1 3 0.998 0.760 0.973 

5FU Insulin 1 0.910 0.400 0.923 

5FU Insulin 2 0.945 0.740 0.927 

5FU Insulin 3 0.784 0.666 0.801 

Ox control 1 0.628 0.943 0.464 

Ox control 2 0.819 0.887 0.728 

Ox control 3 0.656 0.958 0.473 

Ox IGF-1 1 0.945 0.748 0.889 

Ox IGF-1 2 0.915 0.784 0.874 

Ox IGF-1 3 0.948 0.910 0.772 

Ox Insulin 1 0.883 0.918 0.724 

Ox Insulin 2 0.915 0.865 0.790 

Ox Insulin 3 0.866 0.943 0.635 

Ir control 1 0.457 0.973 0.419 

Ir control 2 0.731 0.964 0.468 

Ir control 3 0.553 0.964 0.451 

Ir IGF-1 1 0.736 0.970 0.573 

Ir IGF-1 2 0.754 0.937 0.633 

Ir IGF-1 3 0.764 0.998 0.488 

Ir Insulin 1 0.517 0.966 0.423 

Ir Insulin 2 0.800 0.936 0.651 

Ir Insulin 3 0.735 0.996 0.566 
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Table 5-5: Linear regression model selection for each cell line 

The best fitting model of log transformation was selected for each chemotherapy drug in each cell line, 

according to criteria, illustrated in Table 5-4. 

Cell line Drug 
Transformation used in 

model 

WiDr 

5FU Ln(drug concentration) 

Oxaliplatin Ln(drug concentration) 

Irinotecan Ln(cell viability) 

SW620 

5FU Ln(drug concentration) 

Oxaliplatin Ln(drug concentration) 

Irinotecan Ln(drug concentration) 

HMEC-1 

5FU Ln(drug concentration) 

Oxaliplatin Ln(cell viability) 

Irinotecan Ln(cell viability) 

 

5.3.3 IC50 and ultra low dose survival 

IC50 values and the viability of cells at ultra-low drug doses were calculated from the 

equations obtained by model fitting. These values were used to compare the effect of growth 

factors on the cellular response to chemotherapy. The mean IC50 and ULD values, and the 

results of T-tests for each condition in each cell line are presented in Table 5-6 (WiDr), Table 

5-7 (SW620) and Table 5-8 (HMEC-1).  

IC50 was significantly higher in IGF-1 treated compared to control SW620 cells after 

irinotecan treatment (high glucose DMEM, 4 hours of pre-treatment with growth factors), 

indicating increased resistance to the drug (p=0.009; Table 5-7). Treatment with insulin under 

the same conditions showed a similar trend, although it did not reach significance (p=0.096; 

Table 5-7). There was no difference in IC50 values between growth factor-treated and control 

cells for all other cell lines. 

The apparent induction of proliferation by ULD of 5-FU and oxaliplatin in low glucose 

conditions was significantly higher in IGF-1-treated WiDr cells after 4 hours pretreatment 

compared to control WiDr cells (p=0.018 for 5FU and p=0.003 for oxaliplatin, respectively; 

Table 5-6). A similar trend was observed with 24 hours pre-treatment, although it did not 

reach statistical significance (p=0.088 for 5FU and p= 0.082 for oxaliplatin; Table 5-6), and 

with 4 hours pre-treatment with insulin after oxaliplatin treatment (p=0.078; Table 5-6). There 

was no significant difference in ULD responses between growth factor-treated and control 

cells for other conditions or cell lines.  
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Table 5-6: Comparison of IC50 values and ultra low dose (ULD) effects of different drugs in WiDr cells 

For each experiment, cells pre-treated with IGF-1 or insulin were compared to the control with no pre-treatment. 

Significant relationships (p≤0.05) are highlighted with bold font. 

 

 
WiDr, high glucose WiDr, low glucose 

IC50 

(μM) 

T test 

p-value 

ULD 

(% viability) 

T test 

p-value 

IC50 

(μM) 

T test 

p-value 

ULD 

(% viability) 

T test 

p-value 

5FU 

24 

normal 200  158  114  150  

IGF-1 146 0.285 169 0.804 200 0.264 283 0.088 

insulin 145 0.184 125 0.17 139 0.776 176 0.461 

4 

normal 145  127  167  145  

IGF-1 132 0.878 132 0.83 194 0.5 240 0.018 

insulin 157 0.874 135 0.747 118 0.419 183 0.232 

0 

normal 163  117  156  174  

IGF-1 139 0.738 157 0.249 106 0.447 171 0.953 

insulin 139 0.76 123 0.782 156 0.478 146 0.526 

Oxaliplatin 

24 

normal 37  104  70  115  

IGF-1 10 0.165 125 0.271 78 0.935 195 0.082 

insulin 5 0.174 105 0.894 41 0.698 131 0.436 

4 

normal 14  102  45  104  

IGF-1 3 0.346 113 0.224 26 0.486 182 0.003 

insulin 9 0.624 118 0.17 21 0.427 134 0.078 

0 

normal 29  94  73  128  

IGF-1 9 0.541 132 0.299 15 0.455 135 0.731 

insulin 8 0.517 101 0.525 12 0.437 116 0.567 

Irinotecan 

24 

normal 18  90  15  103  

IGF-1 11 0.42 110 0.378 19 0.596 181 0.43 

insulin 14 0.62 89 0.927 17 0.535 118 0.414 

4 

normal 14  91  16  107  

IGF-1 10 0.397 84 0.598 17 0.85 133 0.423 

insulin 13 0.79 94 0.699 15 0.606 108 0.972 

0 

normal 12  91  18  132  

IGF-1 13 0.89 101 0.737 17 0.658 116 0.594 

insulin 10 0.626 78 0.551 12 0.109 92 0.203 
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Table 5-7: Comparison of IC50 values and ultra low dose (ULD) effects of different drugs in SW620 cells For 

each experiment, cells pre-treated with IGF-1 or insulin were compared to the control with no pre-treatment. 

Significant relationships (p≤0.05) are highlighted with bold font. 

  

  

SW620, high glucose SW620, low glucose 

IC50 

(μM) 

T test 

 p-value 

ULD 

(% viability) 

T test 

 p-value 

IC50 

(μM) 

T test 

 p-value 

ULD 

(% viability) 

T test 

 p-value 

5FU 

24 

normal  19.4   122   41.8   183   

IGF-1 11.1 0.207 140 0.338 19.3 0.454 146 0.324 

insulin 7.5 0.145 112 0.641 33.4 0.761 164 0.693 

4 

normal  51.9   191   74.3   147   

IGF-1 43.1 0.865 232 0.711 67.2 0.938 221 0.516 

insulin 8.9 0.401 117 0.378 61.7 0.882 209 0.561 

0 

normal  21.3   121   11.2   119   

IGF-1 39.3 0.611 136 0.361 37.9 0.41 128 0.453 

insulin 40.6 0.557 152 0.199 12.6 0.839 119 0.999 

Oxaliplatin 

24 

normal  0.44   113   1.4   124   

IGF-1 0.39 0.857 122 0.251 0.51 0.32 130 0.704 

insulin 0.37 0.863 102 0.558 0.67 0.399 135 0.691 

4 

normal  0.53   136   12.2   126   

IGF-1 1.04 0.277 165 0.5 0.59 0.376 189 0.421 

insulin 0.58 0.919 112 0.403 3.4 0.532 162 0.526 

0 

normal  0.56   113   0.54   111   

IGF-1 0.79 0.666 125 0.371 0.93 0.26 121 0.263 

insulin 1.32 0.43 74 0.555 0.55 0.956 113 0.697 

Irinotecan 

24 

normal 1.19   106   2.9   94   

IGF-1 2.32 0.417 120 0.112 3.4 0.881 122 0.128 

insulin 0.71 0.575 98.6 0.658 4.2 0.74 116 0.341 

4 

normal 0.09   104   67.9   110   

IGF-1 0.69 0.009 145 0.226 1.1 0.418 171 0.432 

insulin 1.3 0.096 103 0.946 3.3 0.431 141 0.573 

0 

normal 3.04   101   2.5   96.4   

IGF-1 26.5 0.412 113 0.107 5.5 0.487 109 0.101 

insulin 28.9 0.431 119 0.089 2.1 0.808 100 0.357 
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Table 5-8: Comparison of IC50 values and ultra low dose (ULD) effects of different drugs in HMEC-1 cells 

For each experiment, cells pre-treated with IGF-1 or insulin were compared to the control with no pre-treatment. 

Significant relationships (p≤0.05) are highlighted with bold font. 

  

HMEC-1, high glucose HMEC-1, low glucose 

IC50 

(μM) 

T test 

 p-value 

ULD 

(% viability) 

T test 

 p-value 

IC50 

(μM) 

T test 

 p-value 

ULD 

(% viability) 

T test 

 p-value 

5FU 

24 

normal 42.5   148   136   119   

IGF-1 83.5 0.542 145 0.889 138 0.979 122 0.862 

insulin 17.6 0.319 117 0.228 133 0.971 107 0.619 

4 

normal 28.8   142   140   101   

IGF-1 13.5 0.163 132 0.507 77.3 0.511 106 0.796 

insulin 22.8 0.573 129 0.311 72.1 0.486 94.6 0.784 

0 

normal 29.0   132   151   103   

IGF-1 21.8 0.43 136 0.646 99.3 0.524 105 0.938 

insulin 35.2 0.593 125 0.35 137 0.869 96 0.816 

Oxaliplatin 

24 

normal 24.8   92.0   11.4   75.0   

IGF-1 31.8 0.274 94.9 0.795 22.0 0.46 92.9 0.448 

insulin 20.7 0.345 78.2 0.152 14.7 0.56 72.2 0.787 

4 

normal 21.3   85.6   3.48   58.8   

IGF-1 16.8 0.438 74.8 0.226 13.4 0.157 68.5 0.458 

insulin 20.0 0.786 80.4 0.478 4.6 0.801 54.9 0.768 

0 

normal 20.4   82.4   6.4   68.0   

IGF-1 11.5 0.205 71.4 0.27 5.48 0.827 63.9 0.846 

insulin 22.8 0.702 86.0 0.56 9.53 0.588 63.3 0.812 

Irinotecan 

24 

normal 6.61   89.5   5.41   61.4   

IGF-1 3.44 0.354 102 0.4 4.68 0.685 87.3 0.447 

insulin 3.98 0.44 71.1 0.136 3.01 0.199 71.1 0.724 

4 

normal 3.02   81.2   2.08   60.5   

IGF-1 3.26 0.868 69.3 0.872 3.91 0.335 63.3 0.861 

insulin 3.43 0.49 76.7 761 2.01 0.977 58.6 0.921 

0 

normal 4.41   93.9   2.97   65.5   

IGF-1 2.34 0.207 72.5 0.244 4.72 0.59 75.6 0.705 

insulin 4.41 0.999 85.0 0.195 4.41 0.636 74.9 0.696 
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5.3.4   Multivariable regression model 

The results of the multivariable regression model, analysing the effect of IGF-1 or insulin 

presence on cellular chemosensitivity are presented in Table 5-9 (WiDr), Table 5-10 (SW620) 

and Table 5-11 (HMEC-1). As would be expected, chemotherapy drug concentration had the 

most significant effect on cell viability in all cases (p<0.001). In HMEC-1, IGF-1 treatment 

improved cellular sensitivity to chemotherapy drugs in 4 cases: to 5FU in high glucose, 4 h 

pre-treatment,(p=0.008; Table 5-11), to 5FU in low glucose, 0 h pre-treatment (p=0.021; 

Table 5-11), and to both oxaliplatin and irinotecan in high glucose conditions, 0h pre-

treatment (p=0.011 for oxaliplatin and p=0.008 for irinotecan, respectively; Table 5-11). In 

contrast, IGF-1 treatment increased resistance of HMEC-1 to oxaliplatin in two cases: in high 

glucose conditions, 24 h pre-treatment (p=0.043; Table 5-11) and in low glucose conditions, 

24 h pre-treatment (p=0.038; Table 5-11).  

IGF-1 did not show a drug sensitising effect in colon cancer cells. It increased resistance of 

SW620 to 5FU in high glucose conditions, 0 h pre-treatment (p=0.015; Table 5-10) and in 

low glucose conditions, 0 h pre-treatment (p=0.007; Table 5-7). It increased drug resistance in 

WiDr in 4 cases: to 5FU in low glucose conditions, 24 h and 4 h pre-treatment (p<0.001; 

Table 5-9) and to oxaliplatin in low glucose conditions, 24 h and 4 h pre-treatment 

(p=0.001for 24 h and p<0.001 for 4 h, respectively; Table 5-9). IGF-1 did not affect the 

response to irinotecan treatment in any cases.  

Insulin sensitised HMEC-1 to 5-FU treatment in high glucose conditions, 24 h pre-treatment 

(p=0.01; Table 5-11) and in low glucose conditions, 4 h pre-treatment (p=0.016; Table 5-11). 

In contrast, it increased HMEC-1 resistance to oxaliplatin in low glucose conditions, 0 h pre-

treatment (p=0.032; Table 5-11). 

In colon cancer cells, insulin had a sensitising effect to 5-FU treatment in WiDrs in high 

glucose conditions, 24 h pre-treatment (p<0.001; Table 5-9) and in low glucose condition 

with no pre-treatment (p=0.006; Table 5-9), in SW620 in high glucose conditions, 24 h pre-

treatment (p=0.004; Table 5-10), and to oxaliplatin treatment in WiDrs in high glucose 

conditions, 24 h pre-treatment (p=0.021; Table 5-9). In contrast, insulin increased resistance 

to oxaliplatin in SW620 in high glucose conditions, 0 h pre-treatment (p=0.034; Table 5-10) 

and to irinotecan in SW620 in high glucose conditions, 4 h or 0 h pre-treatment (p=0.011 for 

4 h and p=0.016 for 0 h, respectively; Table 5-10). 
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Table 5-9: Multivariable regression analysis of WiDr viability in response to different treatment conditions 

in vitro 

Following conditions are presented: chemotherapy drugs, growth factor pre-treatment, pre-treatment time and 

media glucose concentration (high glucose – left panel; low glucose – right panel). Significant relationships 

(p≤0.05) are highlighted with bold font. 

WiDr 

H
ig

h
 g

lu
co

se
 D

M
E

M
, 

1
0

%
 C

C
S

 

Pre-

treatment 

time 

  Drug IGF-1 Insulin 

L
o
w

 g
lu

co
se

 D
M

E
M

, 
1
0

%
 C

C
S

 

Pre-

treatment 

time 

  Drug IGF-1 Insulin 

5-fluorouracil 5-fluorouracil 

24 

Rsq=0.581 

24 

Rsq = 0.617 

B -12.22 -12.553 -31.381 B -20.081 71.588 8.719 

CI  -15.19; -9.25  -29.5; 4.39  -48.33; -14.44 CI  -25.07; -15.09 43.13; 100.04  -19.736; 37.17 

p 

value 
<0.001 0.144 <0.001 

p 

value 
<0.001 <0.001 0.542 

4 

Rsq=0.543 

4 

Rsq = 0.796 

B -10.45 -7.15 -1.72 B -19.332 45.551 7.633 

CI  -12.96; -7.93  - 21.51; 7.21  -16.08; 12.64 CI  -22.12; -16.54 29.64; 61.46  -8.28; 23.54 

p 

value 
<0.001 0.323 0.811 

p 

value 
<0.001 <0.001 0.341 

0 

Rsq=0.488 

0 

Rsq = 0.589 

B -10.63 15.076 -0.43 B -15.501 -19.406 -28.259 

CI  -13.58; -7.67  -1.77; 31.92  -17.27; 16.41 CI  -19.06; -11.94  -39.7; 0.89  -49.15; -8.57 

p 

value 
<0.001 0.078 0.959 

p 

value 
<0.001 0.061 0.006 

Oxaliplatin Oxaliplatin 

24 

Rsq=0.740 

24 

Rsq = 0.586 

B -8.65 -4.03 -15.98 B -13.796 58.84 12.797 

CI  -10.01; -7.29  -17.52; 9.46  -29.47; -2.5 CI  -17.11; -10.48 25.95; 91.73  -20.09; 45.69 

p 

value <0.001 0.552 0.021 

p 

value <0.001 0.001 0.439 

4 

Rsq=0.851 

4 

Rsq = 0.792 

B -8.86 -8.043 5.36 B -13.144 40.668 9.011 

CI  -9.84; -7.89  -17.72; 1.64  -4.32; 15.04 CI  -14.99; -11.30 22.38; 58.96  -9.281; 27.3 

p 

value <0.001 0.102 0.273 

p 

value <0.001 <0.001 0.328 

0 

Rsq=0.581 

0 

Rsq = 0.704 

B -8.57 14.16 -2.5 B -10.89 -8.12 -23.3 

CI  -10.51; -6.63  -5.06; 33.38  -21.71; 16.74 CI  -12.78; -9.01  -26.8; 10.57   -41.98; -4.6  

p 

value <0.001 0.146 0.769 

p 

value <0.001 0.388 0.015 

Irinotecan Irinotecan 

24 

Rsq=0.832 

24 

Rsq = 0.793 

B -0.043 -0.089 0.074 B -0.062 0.315 0.072 

CI  -0.05; -0.04  -0.53; 0.36  -0.37; 0.52 CI  -0.07; -0.05  -0.08; -0.71  -0.32; 0.46 

p 

value <0.001 0.69 0.739 

p 

value <0.001 0.115 0.711 

4 

Rsq=0.914 

4 

Rsq = 0.808 

B -0.046 -0.239 -0.066 B -0.065 0.083 -0.022 

CI  -0.05; -0.04  -0.56; 0.08  -0.39; 0.26 CI  -0.07; -0.06  -0.29; -0.46  -0.40; 0.35 

p 

value <0.001 0.142 0.682 

p 

value <0.001 0.659 0.906 

0 

Rsq=0.885 

0 

Rsq = 0.854 

B -0.047 0.014 -0.108 B -0.052 0.029 -0.297 

CI  -0.05; -0.043  -0.37; 0.4  -0.5; 0.28 CI  -0.06; -0.05  -0.28; -0.34  -0.061; -0.02 

p 

value <0.001 0.943 0.578 

p 

value <0.001 -0.281 -0.611 
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Table 5-10: Multivariable regression analysis of SW620 viability in response to different treatment 

conditions in vitro 

Following conditions are presented: chemotherapy drugs, growth factor pre-treatment, pre-treatment time and 

media glucose concentration (high glucose – left panel; low glucose – right panel). Significant relationships 

(p≤0.05) are highlighted with bold font. 

SW620 

H
ig

h
 g

lu
co

se
 D

M
E

M
, 

1
0

%
 C

C
S

 

Pre-

treatment 

time 

  Drug IGF-1 Insulin 

L
o
w

 g
lu

co
se

 D
M

E
M

, 
1
0

%
 C

C
S

 

Pre-

treatment 

time 

  Drug IGF-1 Insulin 

5-fluorouracil 5-fluorouracil 

24 

Rsq = 0.794 

24 

Rsq = 0.761 

B -10.82 -6.325 -12.622 B -14.976 -0.433 2.13 

CI  -12.29; -9.36  -14.68; 2.03  -20.98; -4.27 CI -17.16; -12.79  -12.91;12.05  -10.35;14.61 

p 

value 
<0.001 0.135 0.004 

p 

value 
<0.001 0.945 0.734 

4 

Rsq = 0.442 

4 

Rsq = 0.268 

B -18.843 7.483 -35.412 B -20.218 20.657 16.618 

CI -24.83; -12.85  -26.69;41.65  -69.582;-1.24 CI -29.08; -11.36  -29.86;71.17  -33.90;67.13 

p 

value 
<0.001 0.663 0.042 

p 

value 
<0.001 0.416 0.513 

0 

Rsq = 0.69 

0 

Rsq = 0.799 

B -12.532 4.996 11.183 B -10.29 10.724 0.818 

CI  -14.75;-10.32  -7.64; 17.63  -1.45; 23.82 CI  -11.68; -8.90  2.99; 18.46  -7.02; 8.66 

p 

value 
<0.001 0.432 0.082 

p 

value 
<0.001 0.007 0.835 

Oxaliplatin Oxaliplatin 

24 

Rsq = 0.823 

24 

Rsq = 0.835 

B -9.218 -2.779 -7.768 B -11.521 -10.129 -6.099 

CI  -10.30; -8.14  -13.52; 7.96  -18.51; 2.97 CI -12.86; -10.18  -23.43; 3.17  -19.40; 7.20 

p 

value <0.001 0.607 0.153 

p 

value <0.001 0.133 0.362 

4 

Rsq = 0.715 

4 

Rsq = 0.536 

B -12.64 12.225 0.835 B -15.765 -18.702 4.921 

CI  -14.73 -10.55  -8.50; 32.95  -19.89; 21.56 CI -19.64; -11.90 -57.08; 19.68  -33.46;43.30 

p 

value <0.001 0.243 0.936 

p 

value <0.001 0.334 0.798 

0 

Rsq = 0.853 

0 

Rsq = 0.887 

B -10.538 3.281 12.353 B -9.431 5.029 0.02 

CI  -11.68; -9.39  -8.09; 14.66  0.98; 23.73 CI  -10.31; -8.55  -3.70; 13.75  -8.70; 8.74 

p 

value <0.001 0.566 0.034 

p 

value <0.001 0.253 0.996 

Irinotecan Irinotecan 

24 

Rsq = 0.78 

24 

Rsq = 0.749 

B -8.417 3.646 -6.583 B -8.786 5.782 3.273 

CI  -9.56; -7.28  -7.64; -14.93  -17.93; 4.70  CI  -10.11; -7.46  -7.39; 18.95  -9.90; 16.44 

p 

value <0.001 0.52 0.248 

p 

value <0.001 0.383 0.621 

4 

Rsq = 0.707 

4 

Rsq = 0.493 

B -9.722 20.874 22.045 B -12.972 -12.462 -2.064 

CI  -11.41; -8.04  4.17; 37.58  5.34; 38.75 CI  -16.42; -9.53 -46.61; 21.69  -36.21; 2.09 

p 

value <0.001 0.015 0.011 

p 

value <0.001 0.468 0.904 

0 

Rsq = 0.694 

0 

Rsq = 0.838 

B -8.829 12.802 19.176 B -7.507 7.323 0.014 

CI  -10.39; -7.27  -2.71; 28.31  3.67; 34.69 CI  -8.37; -6.64  -1.35; 15.82  -8.57; 8.60 

p 

value <0.001 0.104 0.016 

p 

value <0.001 0.097 0.997 
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Table 5-11: Multivariable regression analysis of HMEC-1 viability in response to different treatment 

conditions in vitro 

Following conditions are presented: chemotherapy drugs, growth factor pre-treatment, pre-treatment time and 

media glucose concentration (high glucose – left panel; low glucose – right panel). Significant relationships 

(p≤0.05) are highlighted with bold font. 

HMEC-1 

H
ig

h
 g

lu
co

se
 D

M
E

M
, 

1
0

%
 C

C
S

 

Pre-

treatment 

time 

  Drug IGF-1 Insulin 

L
o
w

 g
lu

co
se

 D
M

E
M

, 
1
0

%
 C

C
S

 

Pre-

treatment 

time 

  Drug IGF-1 Insulin 

5-fluorouracil 5-fluorouracil 

24 

Rsq = 0.753 

24 

Rsq = 0.513 

B -12.578 1.5 -14.571 B -8.327 -0.356 -10.786 

CI  -14.54; -10.62 -9.66;12.66  -25.59;-3.55 CI  -10.51; -6.14 -12.81; 12.10  -23.24; 1.67 

p 

value 
<0.001 0.789 0.01 

p value 
<0.001 0.955 0.088 

4 

Rsq = 0.841 

4 

Rsq = 0.513 

B -12.158 -10.881 -4.618 B -6.392 -5.099 -12.119 

CI  -13.55; -10.76  -18.84;-2.92  -12.58; 3.34 CI  -8.10; -4.68   -14.85; 4.65  -21.87; -2.37 

p 

value 
<0.001 0.008 0.25 

p value 
<0.001 0.299 0.016 

0 

Rsq = 0.878 

0 

Rsq = 0.57 

B -11.755 -3.533 0.716 B -6.921 -10.993 -5.923 

CI  -12.90; -10.61  -10.07;3.00  -5.82; 7.25 CI  -8.55; -5.29  -20.27; -1.71  -15.20; 3.36 

p 

value 
<0.001 0.284 0.827 

p value 
<0.001 0.021 0.207 

Oxaliplatin Oxaliplatin 

24 

Rsq = 0.953 

24 

Rsq = 0.799 

B -0.023 0.117 -0.086 B -0.025 0.305 -0.1 

CI  -0.024; -0.021  0.004; 0.23  -0.197; 0.026 CI  -0.028; -0.021  0.018; 0.592 -0.386; 0.187 

p 

value <0.001 0.043 0.128 p value <0.001 0.038 0.489 

4 

Rsq = 0.949 

4 

Rsq = 0.814 

B -0.025 -0.087 -0.009 B -0.023 0.111 -0.069 

CI  -0.026; -0.023  -0.217; 0.042  -0.138; 0.120 CI  -0.026; -0.020  -0.135;0.358 -0.315; 0.178 

p 

value <0.001 0.181 0.891 p value <0.001 0.369 0.579 

0 

Rsq = 0.905 

0 

Rsq = 0.772 

B -0.027 -0.262 0.074 B -0.031 0.375 0.41 

CI  -0.029; -0.025 -0.462; -0.061  -0.127; 0.274 CI  -0.036; -0.027 -0.002; 0.753  0.036; 0.783 

p 

value <0.001 0.011 0.465 p value <0.001 0.051 0.032 

Irinotecan Irinotecan 

24 

Rsq = 0.843 

24 

Rsq = 0.555 

B -0.069 0.037 0.088 B -0.04 0.422 0.362 

CI  -0.077; -0.060  -0.458; 0.533  -0.401; 0.578 CI  -0.051; -0.03 

 -0.204; 

1.048 

 -0.269; 

0.993 

p 

value <0.001 0.881 0.719 p value <0.001  0.181 0.254 

4 

Rsq = 0.869 

4 

Rsq = 0.681 

B -0.073 -0.146 0.148 B -0.033 0.115 -0.168 

CI  -0.081; -0.065  -0.707; 0.415  -0.419; 0.716 CI  -0.039; -0.026 

 -0.295; 

0.526 

 -0.578; 

0.242 

p 

value <0.001 0.604 0.601 p value <0.001 0.574 0.415 

0 

Rsq = 0.924 

0 

Rsq = 0.572 

B -0.108 -0.337 -0.013 B -0.037 0.174 -0.027 

CI  -0.118; -0.098  -0.583;-0.091  -0.258; 0.231 CI  -0.047; -0.028 -0.313; 0.661 -0.524; 0.471 

p 

value <0.001 0.008 0.913 p value <0.001 0.475 0.915 
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5.3.5 Cellular proliferation at low dose chemotherapy 

Cellular proliferation induced by ULD chemotherapy in WiDr and SW620 cells, as well as an 

impact of IGF-1 on cellular proliferation, were also studied using BrdU assays. The results are 

presented in Figure 5-2. ULD chemotherapy induced cellular proliferation in both cell lines, 

although the effect was stronger in WiDr cells. Simultaneous addition of IGF-1 significantly 

increased the low-dose induced proliferation in WiDr cells, although in high glucose 

conditions the result was similar to the effect of IGF-1 alone. In low glucose conditions a 

combination of both factors resulted in much higher proliferation than IGF-1 or ULD 

chemotherapy alone. In SW620 cells, the addition of IGF-1 only increased the response to 

ULD chemotherapy in low glucose conditions, and the effect was smaller than that observed 

in WiDr. 

 

 

Figure 5-2: The effect of IGF-1 and insulin on ultra low dose (ULD) chemotherapy-induced proliferation in 

WiDr and SW620 cell lines in high glucose (HG) and low glucose (LG) conditions 

Proliferation, according to BrDU incorporation, is shown relative to the  high glucose control values of each cell 

line, with the high glucose control referred to as 100% (n=3, ± std error).  
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5.4 Discussion 

This study was designed to analyse the effect of standard chemotherapeutic agents on colon 

cancer and endothelial cell lines under different metabolic conditions, such as presence or 

absence of IGF-1 or insulin, and high or low levels of glucose in cell culture media. The 

SW620 cell line is derived from the metastatic site of colorectal adenocarcinoma and presents 

some of the mutations typical for colorectal cancer cells, including mutations in APC, K-ras, 

p-53 and SMAD4 (data available from the Catalogue of Somatic Mutations in Cancer 

(COSMIC) (323)). The WiDr cell line is derived from a non-metastatic site of colorectal 

adenocarcinoma and is characterised by less common mutations, such as B-raf oncogene 

mutation, only observed in about 5% of colorectal cancers (323, 324). HMEC-1 is an 

immortalized microvessel-derived endothelial cell line (325). 

The concentrations of chemotherapy drugs used were within the clinically relevant range: for 

5FU 0.2 – 200 μM used (maximum plasma concentration 100 mM (326, 327)), for oxaliplatin 

and irinotecan 0.001 – 100 μM used (maximum plasma concentrations are 1.31 mg/ml for 

oxaliplatin and 1-10 mM for irinotecan, respectively (326-328)). Of note, maximum plasma 

concentration does not represent an optimum working concentration of drug, since it 

decreases over time. Therefore, actual working concentrations are expected to be lower. 

There were no statistically significant differences in cellular response to any of the 

chemotherapy drugs of growth factor-treated cells vs. growth factor-untreated controls, using 

the standard viability endpoint IC50. The only exception was treatment of SW620 cells with 

irinotecan in high glucose conditions, showing increased sensitivity when pre-treated for 4 

hours with IGF-1, and a borderline significance for insulin-mediated increase in resistance 

under the same conditions. The effect of growth factors on chemosensitivity was more 

significant when, instead of analysing IC50s, a total survival pattern of cells was analysed 

using a multivariable regression model.  

The results of multivariable regression analyses suggested that the effect of growth factors on 

chemoresponse was cell line-, and drug-dependent. In WiDr cells, IGF-1 or insulin affected 

chemoresponse when cells were treated with 5FU or oxaliplatin, but not irinotecan. In SW620 

and HMEC-1, a significant effect of growth factor treatment was observed for all three drugs. 

In WiDr, both IGF-1 and insulin had a significant impact. However, in all significant cases, 

IGF-1 increased cellular survival, thus contributing to chemoresistance (B>0, Table 5-9), 

whereas insulin increased chemosensitivity (B<0, Table 5-9). This agrees with the majority of 
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previously published studies, which have shown a chemosensitivity-promoting effect of 

insulin (315, 319, 322) and chemoresistance-promoting effect of IGF-1 (321, 329, 330). In 

SW620 and HMEC-1, however, both insulin and IGF-1 showed chemosensitivity-promoting 

as well as chemoresistance-promoting properties (Table 5-10, Table 5-11). This can probably 

be explained by the fact that there are a number of mechanisms via which insulin or IGF-1 

may affect cellular response to chemotherapy, and some of them have opposing effect. For 

example insulin is known to induce cellular proliferation (331), and this may prevent its 

chemosensitising activity. However, in this case the inhibitory activity of insulin should be 

stronger in experiments with longer growth factor pre-treatment times, whereas in the current 

study it was only observed in experiments with 4 hours or no pre-treatment, but not with 24 

hour pre-treatment. Therefore, some other mechanisms may be involved. IGF-1 is also known 

to be able to contribute to drug response on several different levels, including anti-apoptotic 

activity, contribution to DNA repair mechanisms and promotion of cell cycle progression 

(332). In a breast cancer cell line (320) IGF-1 inhibition of cellular responce to two 

chemotherapy drugs, doxorubicin and paclitaxel, was due to inhibition of chemo-mediated 

apoptosis for doxorubicin, and to induction of cellular proliferation for paclitaxel. Therefore, 

to understand the action of IGF-1 and insulin on cells treated with chemotherapy drugs, the 

underlying molecular mechanisms must be further investigated.  

The concentration of glucose in the cell cultivation media is an important factor to take into 

account in studies aimed at investigating various metabolic disorders. In patients, plasma 

glucose concentration of 5.6 mM is considered normal, and levels above 10.5 mM are 

indicators of insulin resistance and diabetes (333). High glucose media, normally used for cell 

culture, initially contains 25 mmol/L glucose, which is several-fold higher than normal 

plasma glucose concentration levels, and therefore a good model of diabetic or insulin 

resistant conditions, rather than physiological conditions. On the contrary, low glucose media, 

with initial glucose concentration of 5.6 mmol/L, more closely represents normal blood 

glucose levels. The rate of glucose consumption in cell culture during the incubation was not 

investigated in this study, although could be interesting to take into account. In this study the 

effect of growth factors on chemoresponse varied according to glucose levels. In WiDr, a 

significant effect of growth factors was observed more often in low glucose conditions. In 

SW620, on the contrary, significant effects were mostly seen in high glucose conditions, and 

only one case was significant in low glucose conditions. In HMEC-1, the results did not differ 

according to glucose concentration.  
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In this study all experiments were performed at normal oxygen levels, whereas a hypoxic 

environment is common within tumours. Therefore, exploration of the affects of growth 

factors on chemosensitivity under hypoxic conditions could be a further direction for this 

study. 

The results of both MTT and BrDU assays showed the phenomenon of increased cellular 

proliferation under ultra low dose chemotherapy for all three cell lines in response to all the 

chemotherapy drugs tested. Interestingly, one other study has also shown an unexplained 

increase in cellular proliferation under certain doses of oxaliplatin treatment, however, it was 

observed at high doses of oxaliplatin as opposed to ultra low doses in our study (317). Our 

results also suggest that this effect is enhanced by growth factors, although this was only 

significant for one cell line (WiDr) out of three, and predominantly in low glucose conditions. 

The phenomenon of increased proliferation under the low dose chemotherapy may have 

implications in human tumours, for example increased tumour cell proliferation could occur 

in tumours with restricted vascular supply and poor penetrance of chemotherapy drugs. It 

could also occur due to inadequate chemotherapy dosing, which is a common problem in 

obese patients, who are often underdosed (334). The effect of growth factors on low dose 

chemoresponse suggests that tumours with particular metabolic characteristics, for example 

responsive to IGF-1, are potentially more susceptible to this effect.  
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6 Chapter 6: Conclusions 

The aim of this study was to investigate the association of obesity and obesity-related 

conditions with colorectal cancer progression, outcome, tumour angiogenesis and response to 

chemotherapy. It was hypothesised that metabolic changes triggered by excess body weight, 

including insulin resistance, elevated levels of metabolic growth factors and hormones, and 

obesity-associated low grade inflammation, create a tumour-promoting environment, which 

stimulates colorectal cancer progression in a variety of ways, including activation of tumour 

angiogenesis and increased resistance to chemotherapy. This hypothesis is based on 

epidemiological studies revealing a strong association between obesity and incidence of 

colorectal cancer (28, 39, 43, 66, 82, 103, 142, 216, 335, 336), and on in vitro and animal 

studies suggesting the potential involvement of obesity-related factors in the regulation of 

major angiogenic pathways, including the HIF-VEGF pathway (202, 203, 206, 218, 235, 

261). 

Several different approaches were taken to test this hypothesis. First, the association of 

obesity, insulin resistance and inflammation with the markers of tumour progression, 

angiogenesis and outcome in a cohort of 344 colorectal cancer patients was explored (Chapter 

3). Secondly, the angiogenic characteristics of the tumours from two groups of colorectal 

cancer patients with distinct metabolic characteristics were compared (Chapter 4). Finally, the 

effect of metabolic growth factors on the cellular response to standard chemotherapy drugs 

was tested in vitro (Chapter 5). 

This study provides no evidence for a significant obesity-related effect on colorectal cancer 

progression and patient survival in a New Zealand cohort of 344 patients (Chapter 3). This 

finding contributes to the existing controversy regarding obesity and colorectal cancer 

outcome, which is supported by some studies (67-70), but not by others (48, 62, 71). Most of 

the physiological and molecular markers of obesity investigated in our study, including BMI, 

body surface area, circulating insulin, adiponectin and IGF-1, were not significantly 

associated with patient survival. This result may reflect smaller numbers than some of the 

other studies, but still rules out a large effect. C-reactive protein (CRP) was included in the 

study as a marker of chronic obesity-related inflammation, based on numerous reports of its 

significant association with various measurements and components of obesity, insulin-

resistance and metabolic syndrome (139, 140, 337-340). Indeed, the association of CRP with 

components of the metabolic syndrome, and its predictive value for the consequent diseases, 

were so strong that it has been proposed that it should be included as one of the criteria 
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defining the metabolic syndrome (341). However, in our study there was no significant 

association between circulating CRP levels and any measurements of obesity studied. This is 

probably due to the fact that the studies confirming the association of CRP with obesity were 

performed in cohorts of healthy individuals, whereas in a cohort of cancer patients the 

association may be confounded by a strong impact of the developing tumour on the 

inflammatory environment, especially since colorectal tumours are known to be highly 

inflammatory.  

There was a strong association of higher CRP levels with poor overall survival in the cohort 

of colorectal cancer patients (Chapter 3), but it is hard to estimate to what extent this is 

accounted for by obesity-related inflammation, and to what extent it is determined by the 

developing tumour. Presumably, more advanced, higher T stage tumours are likely to have 

more inflammation due to the greater surface exposed to bowel contents, or simply because 

the greater tumour burden increases the inflammatory response. In Stage II patients, CRP 

levels may be less likely to be elevated due to tumour alone, and in this study CRP was the 

only marker significantly associated with worse outcome in this subgroup of patients. This 

finding has a potential clinical application, since markers are needed to help identify the 

patients with worse prognosis who would benefit from chemotherapy among Stage II patients. 

To diminish the confounding impact of advanced colorectal disease on CRP levels and to 

make the effect of obesity-related factors more noticeable, only patients with early stage 

tumours were included in our sub-study described in Chapter 5 analysing the effect of obesity 

on angiogenic markers in colorectal cancer tumours. 

The colorectal cancer patient cohort study of circulating markers (Chapter 3), and the 

immunohistochemical analysis of tumours from overweight compared to normal weight 

colorectal cancer patients (Chapter 5) did not confirm the hypothesis of an increase in tumour 

angiogenesis as a result of metabolic changes. The results of the immunohistochemical data 

differ from those previously reported in animal studies which had shown increased 

angiogenesis in obese animal models (263). However, obese animal models often represent 

the result of a particular single mutation, for example the commonly used model of ob/ob 

mice, where obesity is caused by leptin deficiency due to a mutation in the corresponding 

gene (342). In contrast, in a heterogeneous cohort of colorectal cancer patients the excess 

weight or elevated metabolic markers of individuals may be caused by a variety of genetic 

and lifestyle factors, and may therefore be accompanied by different metabolic and molecular 

changes.  
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Experimental models supporting the role of obesity in tumour angiogenesis often 

investigated the effect of one single obesity-related factor on a particular angiogenic pathway, 

of which the VEGF-pathway has been most commonly addressed (218, 233, 264, 343). Our 

results are consistent with these studies. Despite the lack of a difference in the extent of 

angiogeneis (Chapter 4), the relative level of VEGF-A protein was higher in colorectal cancer 

tumour tissue samples from overweight/obese than in normal weight patients, when analysed 

by angiogenesis protein array. These results further support the potential involvement of 

obesity-related factors in regulating the HIF-1/VEGF-pathway in colorectal cancer.  

Overall, the results suggest that in more complex physiological conditions, such as in obese 

individuals, the contribution of other factors and pathways may counterbalance the effect of 

obesity-related factors, modulating the expected increase in tumour angiogenesis. Indeed, 

despite the higher levels of VEGF-A observed in the tumours from overweight patients, a 

larger number of the pro-angiogenic proteins studied were detected at relatively higher levels 

in the tumours from normal weight patients, including FGF, HGF, PD-ECGF and GM-CSF. 

The patterns of the relationships between the serum markers of obesity and angiogenic 

markers, analysed by immunohistochemistry, were also different in the normal weight group 

compared to the overweight/obese group of patients (Chapter 4). For example, the serum level 

of IGF-1 was positively associated with the tumour HIF-1 score in the normal weight group 

of patients, which agrees with other findings showing IGF-1 dependent up-regulation of HIF-

1 (202, 206), but not in the overweight/obese group of patients. Possible reasons for failing to 

find an association include measuring total circulating IGF-1, and omitting to measure 

IGFBPs. Metabolic changes regulate IGFBPs and their levels were elevated on the protein 

array in the obese group. This could contribute to losing the linear relationship of IGF-1 with 

HIF-1 in the obese group. Another consideration is that tumour angiogenesis was assessed 

using the parameters of endothelial cell proliferation and pericyte coverage, with no increase 

in 'tumour angiogenesis' detected in overweight patients. However, both VEGF-A and Ang-2 

have other functions: VEGF-A mediates migration (344) and uPA is part of a protease system 

that breaks down the extracellular matrix (313), raising the possibility that metastasis could be 

assessed in obese patients. 

The VEGF-pathway has been proposed as the major contributor to tumour angiogenesis in 

many cancers, including colorectal cancer (163, 166, 231, 345). In the colorectal cancer 

patient cohort used in this study, serum VEGF-A was indeed associated with tumour stage 

and with worse survival, when analysed individually by Cox regression survival analysis 

(Chapter 3). The association with survival, however, lost significance once adjusted for other 
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risk factors, such as patient age and tumour stage. In contrast, another serum marker of 

angiogenesis, Ang-2, was strongly associated with markers of tumour aggressiveness and 

with worse patient survival, and remain the only significant predictor after adjustment for all 

other risk factors. Our results therefore suggest an important role for the Ang-2 system, rather 

than the VEGF-A system alone, in colorectal cancer progression and tumour angiogenesis. 

Consistent with this, Ang-2 expression in colorectal cancer tumour tissue has been reported to 

be associated with increased microvessel density, venous invasion, preoperative 

carcinoembryonic antigen levels, lymph node metastasis and worse patient survival (346). 

Interestingly, in the angiogenesis array of tumour tissue in our study Ang-2 was one of the 

markers with relatively higher levels in normal weight compared to overweight patients 

(Chapter 4). In the colorectal cancer patient cohort, serum levels of Ang-2 were strongly 

associated with serum levels of CRP, suggesting the importance of inflammation in this 

angiogenic pathway. Immune cell populations were not investigated in these colorectal 

tumours, and would form part of a future study. 

In addition to angiogenesis, the effect of obesity-related factors on chemoresponse was 

investigated (Chapter 5). Although the data are complex, there is a clear indication of obesity-

related factors contributing to the modulation of chemoresponse. However, depending on the 

chemotherapy agent, cell characteristic or treatment conditions, the effect of IGF-1 or insulin 

could either increase cellular sensitivity or resistance to chemotherapy drugs. Therefore, 

further investigation is needed to clarify the pattern of the responses and to understand the 

underlying molecular mechanisms. For example, the mechanisms appears unrelated to HIF-1 

pathways. The increase in colorectal cancer cell proliferation in response to ultra low dose of 

chemotherapy drugs was unexpected. In oncology clinics, underdosing of obese patients due 

to dose-rounding or altered drug pharmacokinetics is a common concern, which may 

potentially affect survival (334). The findings of this study suggest a potential compounding 

risk of increased tumour growth at very low drug concentrations associated with inadequate 

dosing during chemotherapy. 

Further research is needed to clarify the impact of obesity on chemotherapy drug response. An 

investigation of paired cell lines with known molecular characteristics, other obesity-related 

markers and the effect of obesity-related inflammation would elucidate the underlying 

molecular mechanisms. In addition, more detailed investigation of the mechanisms leading to 

increased cancer cell proliferation under ultra low doses of chemotherapy could be of clinical 

importance. 
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6.1 Limitations of the study 

Retrospective design of the study on the colorectal cancer patient cohort has certain 

limitations. The sample collection protocol could not be optimised for this particular study 

and therefore was not necessarily ideal for all the markers analysed in this project. For 

example, fasting blood collected at the same time of the day would be better for measuring 

circulating insulin levels. Although C-peptide was measured as a more stable marker of 

insulin, it only partly compensates for the insulin variability. The limited availability of 

sample material was another limitation that did not allow extension of the study to include 

additional markers in the analysis. A larger number of patients in each age group would also 

be beneficial for this study, since several of the markers analysed were associated with age. 

This was partly accounted for by using a multivariable regression model during analysis; 

however more detailed analysis of the correlations within each age group would be possible 

with a larger cohort.  

The tumour angiogenesis study also has limitations. There are no immunohistochemical 

markers that provide accurate measurement of the dynamic angiogenic process, therefore a 

number of indirect markers are commonly used to assess angiogenesis in fixed tissue. 

However, each of the markers has its limitations, such as staining more than one type of cell, 

and can therefore create inaccuracy in the results. 

Finally, all cell culture models have limitations. All the responses observed in the artificial 

conditions of cell culture may be different in real tumours. Therefore, although the results 

may be of a great interest, conclusions cannot be extrapolated beyond cell culture conditions 

without further investigation using different in vitro (e.g. 3D spheroids) or in vivo models of 

tumour growth). 

6.2 Future directions 

The results of this study signal several avenues for future research. The results of Chapter 3 

suggest the importance of obesity-related inflammation in colorectal cancer progression; 

however this hypothesis needs further investigation. In the immediate term, this would require 

investigation of the relationships between circulating levels of additional markers of 

inflammation (e.g. TNF, IL6), colon tumour progression and patient survival. Although the 

current study took age and tumour size/stage into account during multivariate analysis, the 
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links between age and inflammation, age and BMI, and tumour size and inflammation are 

all important confounding factors that need to be taken into consideration during the design of 

such future experiments.  

The antibody array comparing angiogenic proteins in tumour tissues from normal weight and 

overweight colon cancer patients provided interesting pilot data, but these need to be 

confirmed and validated using additional assay techniques (e.g. Western analysis and/or 

ELISAs) and a larger cohort of patients. In the current study, results from both serum and 

tumour tissue studies suggest angiogenic pathways other than the VEGF-pathway may be 

involved in tumour angiogenesis in colon cancer patients. In particular, the Ang-2/Tie2 

pathway is of interest because of the strong association revealed by this study between serum 

levels of Ang-2 and poor patient survival. Ang-2 is known to act as a chemotactic agent that 

attracts immune cell populations to the tumour site, and a future study could explore 

relationships between serum Ang-2, immune cell populations within the tumour stroma, 

tumour pathology and patient outcome.  

The results of the chemosensitivity study also raise questions requiring further research. These 

results could be validated using different colon cancer cell lines, and under hypoxic 

conditions to more closely mimic the microenvironmental conditions found in tumours. The 

finding of increased cellular proliferation with ultra-low doses of chemotherapy agents is of 

particular interest, since it can be directly related to the problem of chemotherapy 

underdosing, which is common in obese cancer patients. This could be investigated further in 

vivo using a mouse model of obesity to confirm this effect in a whole animal system. 
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