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SUMMARY

The incidence of oesophageal cancer is rising in the developed world and has 

paralleled the rising prevalence of obesity. This is an aggressive malignancy with poor 

overall survival rates. Thus there is an impetus to identify mechanisms driving this 

increase in oesophageal cancer incidence and strategies to improve outcomes in 

patients receiving treatment. The aim of this thesis was to investigate further the 

relationship between visceral obesity and oesophageal cancer, in terms of both 

tumour biology and postoperative outcomes. In addition, the potential role of 

immuno-nutrition with eicosapentaenoic acid in improving postoperative outcomes in 

oesophagectomy patients was assessed.

Obesity associated cancer research is now focussing on the detrimental effects of 

specifically visceral adipose tissue excess with its associated pro-inflammatory insulin 

resistant state, collectively referred to as the metabolic syndrome. However, this field 

is hampered by the lack of an anthropometric threshold to classify visceral obesity in 

males and females. Utilising CT derived visceral fat area and metabolic syndrome 

status as a marker of whole body dysmetabolism, a pathologically relevant threshold 

for the classification of visceral obesity was determined. A visceral fat area of >160cm^ 

for men (82.7% sensitivity and 62.1% specificity) and >80cm^ for women (95.8% 

sensitivity and 71.4% specificity) are proposed as cut-off values for use in obesity- 

associated cancer research.

The insulin like growth factor (IGF) axis is altered in obesity and oesophageal cancer. 

Using in vitro models it was determined that IGF-1 induces significant proliferation of 

oesophageal adenocarcinoma cells. Utilising serum samples from a cohort of 

oesophageal cancer patients and non-cancer controls it was observed, for the first 

time, that circulating levels of IGF-1 are increased in visceral obesity and in 

oesophageal adenocarcinoma. The expression of the IGF-1 receptor was assessed in 

resected oesophageal tumour specimens and it was found that expression was 

increased at the tumour invasive edge. These novel findings suggest an important role 

for the IGF axis in oesophageal tumour growth and a plausible mechanism by which 

obesity increases oesophageal cancer risk.



The curative treatment for oesophageal cancer is resection and in this thesis the 

impact of visceral obesity on postoperative outcomes is assessed for the first time. 

Visceral obesity and the metabolic syndrome were associated with a heightened acute 

phase response postoperatively and an exacerbated inflammatory response to a 

complication, characterised by increased postoperative CRP and CRPialbumin levels. In 

addition, alterations were observed in the postoperative production of pro- and anti­

inflammatory cytokines including IL-6, IL-12, TNF-a and TGF-3 in obese and 

dysmetabolic patients. These findings provide insight into how visceral obesity impacts 

immune function postoperatively.

A double blind randomised controlled clinical trial was conducted to assess if peri­

operative supplementation with eicosapentaenoic acid could attenuate the 

inflammatory stress response and catabolism in oesophagectomy patients. 

Supplementation with eicosapentaenoic acid significantly reduced the incidence of 

postoperative complications in patients. Furthermore it was associated with 

preservation of fat free mass postoperatively, suggesting anti-catabolic effects. ERA 

supplementation significantly altered the gene expression of the inflammatory 

mediators CCL4 and IL-10 in immune cells postoperatively and significantly increased 

the production of the circulating eicosanoids prostaglandin E2 and prostacyclin I2. This 

study presents novel findings regarding the pro- and anti-inflammatory effects of peri­

operative ERA supplementation and its potential use in oesophagectomy patients.

The findings of this thesis add to the knowledge base regarding oesophageal cancer, 

which will hopefully result in improved treatment strategies and outcomes in patients 

suffering from this malignancy.
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Chapter 1 Introduction



1.1 OESOPHAGEAL CANCER

1.1.1 Epidemiology

Oesophageal cancer is the eighth most common cancer worldwide and sixth most 

common cause of death from cancer In Western industrialised countries 

oesophageal adenocarcinoma represents the dominant histological sub-type. 

Oesophageal adenocarcinoma has increased markedly in incidence over the past three 

decades, whilst the incidence of oesophageal squamous cell carcinoma continues to 

decrease This trend is mirrored in Ireland, where the incidence of oesophageal 

adenocarcinoma has doubled in the last two decades

1.1.2 Pathogenesis

The pathogenesis of oesophageal cancer depends on the histological subtype. In 

oesophageal squamous cell carcinoma, smoking and alcohol consumption are the 

predominant risk factors Oesophageal adenocarcinoma is commonly associated 

with symptomatic gastro-oesophageal reflux disease, with Lagergren et al. reporting 

that the risk of oesophageal adenocarcinoma was almost eight times higher among 

persons in whom heartburn, regurgitation, or both occurred at least once a week 

The only known precursor to oesophageal adenocarcinoma is Barrett's oesophagus, a 

condition where the normal squamous lining of the oesophagus is replaced with 

specialized intestinal columnar epithelium, which then progresses through to dysplasia 

and ultimately adenocarcinoma

The rising prevalence of oesophageal adenocarcinoma in Ireland coincides with the 

sharp increase in the prevalence of obesity A similar pattern is observed across 

Europe and this has stimulated much research into the associations between obesity 

and oesophageal adenocarcinoma. Epidemiological studies highlight a marked 

association between oesophageal adenocarcinoma and obesity, and a meta-analysis 

reported that a body mass index (BMI) >30 kg/m^ is associated with a relative risk of 

3.0 for developing oesophageal adenocarcinoma, a higher association than for any 

other cancer Furthermore, a study carried out by this centre in an Irish cohort 

reported that the risk of adenocarcinoma of the lower oesophagus was 11.3 times 

higher for individuals with a BMI >30 kg/m^ versus individuals with a BMI <22 kg/m^



Several other studies have also reported a strong association between obesity and 

oesophageal adenocarcinonna

Originally, the link between oesophageal adenocarcinoma and obesity was initially 

believed to relate solely to the physical/mechanical implications of excess abdominal 

fat leading to increased reflux and ultimately Barrett's oesophagus However, the 

observation that obesity is a risk factor for oesophageal adenocarcinoma independent 

of reflux suggests other mechanisms are at play. Thus oesophageal

adenocarcinoma may be a paradigm model of obesity and cancer, and current 

molecular research is focused on mechanisms that underpin this association.

1.2 OBESITY AND OESOPHAGEAL CANCER

1.2.1 Obesity and Cancer - Epidemiology

Geographic and socioeconomic differences in cancer trends and incidences indicate 

that environmental factors affect the development of cancer Changes in cancer 

epidemiology over the last number of decades cannot be accounted for solely by 

changing population demographics, such as life expectancy, or improved screening 

programmes. Since not enough time has elapsed in order for significant genetic 

changes to account for the increased cancer incidence, it has to be attributed to 

environmental factors There has been an evolution in society structure from 

hunter-gatherer to peasant-agricultural and then to urban-industrialised. Alongside 

this, there have been a number of closely inter-related changes to body composition, 

physical activity, energy balance and diet and it is these environmental changes which 

are thought to be the cause of the alteration in cancer epidemiology

In Ireland, the prevalence of obesity amongst adults has increased significantly since 

1990, rising from 8% to 26% in men, and from 13% to 21% in women This worrying 

pattern shows no signs of abating as obesity rates are increasing among children and 

adolescents and overweight children tend to become overweight adults In 

countries where sedentary lifestyles and high-energy foods are abundant it is easy to 

see how energy intake exceeds that expended. It has been estimated that ingestion of 

5% more energy than expended may result in an accumulation of 5 kg adipose tissue in 

a single year



The effect that this passive overconsumption of energy and accumulation of adipose 

tissue has on the human body is calamitous. Epidemiological studies have 

demonstrated a robust link between obesity and cancer development at numerous 

sites, in particular the oesophagus, pancreas, colorectum, breast (postmenopausal), 

endometrium and kidney The World Cancer Research Fund estimates up to 28% of 

gallbladder cancers, 35% of pancreatic, 16% of colorectal, 17% of breast, 49% of 

endometrial, 28% of kidney and 35% of oesophageal cancers are attributable to 

obesity This association carries relative risk (RR) estimates of 1-1-1-6 per 5 kg/m^ 

incremental increase in BMI Obesity also increases cancer-related mortality with 

studies reporting that obesity could account for 14% of all deaths from cancer in men 

and 20% in women The causative link between obesity and cancer is further 

strengthened by research in animal models which demonstrates that restricted caloric 

intake decreases spontaneous tumour occurrence Furthermore, emerging

clinical research suggests weight loss following bariatric surgery leads to a reduction in 

cancer incidence Thus, the potential mechanisms by which obesity increases both 

the incidence of certain malignancies, as well as death from malignancy, have become 

the focus of considerable research. In addition, the quantity and location of adipose, as 

opposed to overall body mass, has emerged as an essential factor in the study of 

obesity-associated pathologies.

1.2.2 Adipose Tissue, the Metabolic Syndrome and Cancer

The World Health Organisation defines obesity as an abnormal or excessive fat 

accumulation in adipose tissue, to the extent that health is impaired Fat is 

principally deposited in two compartments - subcutaneously and viscerally. Attention 

was first drawn to the different patterns of fat distribution over 60 years ago by Jean 

Vague. He described 2 distinct types of fat deposition; upper-body, male-type fat 

(visceral) and lower-body, female-type fat (subcutaneous) He went on to 

demonstrate that upper-body, or visceral, fat deposition was associated with increased 

risk of type 2 diabetes, atherosclerosis and gout Visceral adipose tissue is largely 

comprised of omental adipose tissue and is more metabolically active than 

subcutaneous adipose tissue Further research has now confirmed that visceral 

adipose tissue has multiple endocrine, metabolic and immunological functions and has

been shown to be central to the pathogenesis of the metabolic syndrome, a pro-
3



inflammatory, pro-coagulant state associated with insulin resistance The multiple 

risk factors that commonly appear together as the metabolic syndrome include 

abdominal obesity, atherogenic dyslipidemia (raised triglycerides and reduced high- 

density lipoprotein cholesterol), elevated fasting plasma glucose and hypertension 

The importance of adipose tissue location in terms of dysmetabolism risk is evident as 

an increased ratio of visceral fat area to subcutaneous fat area has been shown to be 

strongly related with disorders of glucose and lipid metabolism in obese subjects 

Furthermore, visceral obesity is more strongly associated with increased risk of insulin 

resistance, the metabolic syndrome and cardiovascular diseases than BMI alone

Visceral fat has been identified as an independent risk factor for breast cancer 

oesophageal adenocarcinoma colorectal cancer and colorectal adenomas 

The other elements of the metabolic syndrome, i.e. dyslipidemia, hypertension and 

insulin resistance have also been independently linked with increased cancer risk 

The synergistic impact of these factors on cancer risk is the focus of the Me-Can Study, 

a prospective international population-based study of 580,000 people Initial 

findings suggest that a combination of components of the metabolic syndrome is 

associated with risk of colorectal cancer development (Men: RR: 1.25 (95% Cl; 1.18- 

1.32); Women: RR 1.14 (95% Cl; 1.02-1.18)'^^’, endometrial cancer (RR 1.37, 1.28-1.46) 

bladder cancer in men (RR: 1.1, 1.01-1.18) and pancreatic cancer in women 

(RR,1.58; 1.34-1.87) Similarly, in studies of pancreatic and colorectal cancer a high 

prevalence of metabolic syndrome, central obesity and systemic inflammation has 

been identified and has been shown to be associated with advanced tumour 

stage and reduced survival

1.2.3 Mechanisms Underlying Visceral Obesity and Tumourigenesis

The mechanisms by which excess visceral adiposity and the metabolic syndrome 

influence tumour progression are manifold. Adipose tissue may promote tumour 

development in a paracrine manner. Studies in breast and ovarian cancer have 

demonstrated that co-culture with adipocytes promotes tumour migration and 

invasion, with omental adipocytes more efficient in promoting invasion of ovarian 

cancer cells than subcutaneous adipocytes in studies using a murine mammary
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carcinoma cell line, it was found that tumour growth was enhanced following injection 

into the mesenteric and ovarian fat pads and the mammary gland, but not in the 

subcutis or peritoneal cavity In addition, a proteomic study of mammary fat

revealed the production of a wide variety of proteins involved in diverse processes 

such as cell communication, growth, immune response, apoptosis and numerous 

signalling molecules including hormones, cytokines and gro\Arth factors The 

paracrine influence of adipose tissue on tumourigenesis and the role of "cancer- 

associated adipocytes" is less fully investigated. Much research to date has focused on 

the systemic effects of visceral adiposity that are putatively involved in cancer biology. 

These include alterations in adipokine production, insulin and insulin-like growth factor 

pathways and adipose tissue immune cell infiltration which are discussed in further 

detail below.

1.2.3.1 Altered adipokine production

The existence of adipose tissue derived factors that may influence metabolism has 

been suggested since the 1980s however it was the discovery of the

adipokines leptin and adiponectin that led to the concept of adipose tissue as 

an endocrine organ. The altered secretion of these and other adipokines in obesity 

has been implicated in the pathogenesis of obesity-associated pathologies, including 

cancer Excess visceral obesity results in a state of chronic systemic low-grade 

inflammation, attributed to the production and release of these inflammatory 

cytokines by both adipocytes and infiltrating immune cells which in turn creates an 

inflammatory pro-tumourigenic environment

Adiponectin is the most abundant adipokine and is secreted mainly from visceral fat 

adipocytes, however circulating levels are inversely correlated with obesity It has 

been shown to be both anti-angiogenic and anti-inflammatory and to inhibit tumour 

growth in animal models. In addition, circulating levels are lower in cancer patients 

Leptin may be considered the antithesis of adiponectin. It is an adipokine that acts 

centrally to regulate appetite and bodyweight and circulating levels are positively 

associated with adiposity In vitro studies confirm promotion of cell proliferation, 

angiogenesis and metalloproteinase expression in oesophageal and colonic cancer cell
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lines Furthermore serum levels of leptin are positively correlated with cancer

risk Increased production of leptin and decreased production of adiponectin, 

correlating with amounts of visceral adiposity and the metabolic syndrome, have been 

associated with cancer promoting pathways such as cellular proliferation, angiogenesis 

and metalloproteinase expression across a wide variety of cancer subtypes

1.2.3.2 Hyperinsulinaemia, insulin resistance and the insulin-like growth

factor-1 axis

A core component of the metabolic syndrome is insulin resistance and associated 

hyperglycaemia. Nutritionally induced insulin resistance develops as a metabolic 

adaptation to increased circulating levels of non-esterified fatty acids, which are 

constantly released from adipose tissue, thus is related to adipose tissue mass. 

Increased non-esterified fatty acid levels force liver, muscle and other tissues to shift 

towards increased storage and oxidation of fats for their energy production. 

Consequently, insulin secretion rises to compensate for the decreased capacity to 

handle glucose Despite this, there is a decreased expression of insulin-receptor 

levels and reduced intracellular insulin signalling in response to insulin receptor 

binding resulting in hyperinsulinaemia and insulin resistance.

The ratio of visceral to subcutaneous fat is central to insulin resistance. The rate of 

lipolysis is higher in visceral adipose tissue than subcutaneous adipose tissue, leading 

to increased circulation of non-esterified fatty acids Therefore, the risk of 

developing insulin resistance and hyperinsulinaemia increases with increasing visceral 

adipose tissue accumulation. Adipokines are believed to be central to the pathogenesis 

of insulin resistance with high concentrations of tumour necrosis factor-a (TNF-a), 

interleukin (IL)-6, IL-ip, and low concentrations of adiponectin, having deleterious 

effects on glucose homeostasis leading to chronic hyperinsulinaemia and insulin 

resistance Several epidemiological studies have shown that insulin resistance 

status, characterised by hyperinsulinaemia, is associated with an increased risk for a 

number of malignancies, including carcinomas of the breast, prostate and colon

Data from the Me-Can study reported that every 1 mmol/l increment in glucose 

increased risk of incident cancer in men (RR 1.05, 1.01-1.1) and women (1.11, 1.05-
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1.16) and a further increased RR for mortality (Men: 1.15, 1.07-1.22; Women: 

1.21,1.11-1.33) Interestingly, studies of type 2 diabetics have found that the risk of 

colorectal cancer is higher in those treated with insulin

The tumourigenic effects of insulin could be directly mediated by insulin receptors in 

the pre-neoplastic target cells In vitro studies demonstrate that insulin increases 

the neoplastic proliferation of cell lines at both physiological and pharmacological 

doses and the insulin receptor is commonly expressed in human neoplasms It has 

also been proposed that the insulin-like growth factor (IGF) system mediates the 

effects of hyperinsulinaemia and may be more relevant than insulin. In the IGF axis, 

binding of IGF-1 or IGF-2 to the IGF-1 receptor leads to cell proliferation, 

differentiation and protection from apoptosis and a dysregulation in this pathway can 

give rise to malignancy (Figure 1.1) Levels of IGF are influenced by circulating

insulin levels, with increasing insulin leading to decreased levels of IGF-binding 

proteins (IGFBP) -1 and -2, thus increasing the bioavailability of IGF The IGF-1 axis 

has been implicated in the progression of breast, pancreatic, colorectal and 

oesophageal cancer Obesity increases levels of bioactive free IGF-1 high

levels of which are associated with increased risk of malignancy, thus the IGF axis 

represents a plausible mechanism by which obesity increases cancer risk. Murine 

models of IGF-1 deficiency have yielded interesting results regarding the association of 

IGF-1 and cancer in obesity. Diet-induced obesity increased both local tumour growth 

and metastases in wild type mice compared to lean controls, but this was not observed 

in IGF-1 gene deficient mice. In addition, the expression of inflammatory cytokines and 

cell adhesion molecules was upregulated in obese compared to lean mice, but chronic 

IGF-1 deficiency was associated with a reduction in these indicators Similar anti­

tumour effects of IGF-1 deficiency were observed in other murine studies of colon and 

pancreatic cancer Hence it is possible that in obesity IGF-1 can affect tumour

development both directly, by stimulating tumour growth and indirectly, by creating a 

microenvironment that is permissive for tumour growth.
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Figure 1.1 The insulin-like growth factor (IGF) axis.

The insulin-like growth factor (IGF) axis comprises of three ligands: insulin, IGF-1 and 

IGF-2. IGF-1 and IGF-2 levels in circulation are regulated by IGF binding proteins (BPs). 

The IGF-1 receptor (IGF-IR), is a heterotetramic tyrosine kinase receptor consisting of 

two a and two 3 subunits. Binding of the ligands IGF-1 and IGF-2 to IGF-IR results in 

receptor autophosphorylation and activation of multiple signalling pathways, including 

the mitogen activated protein kinase (MARK) and phosphatidylinositide 3-kinase 

(PI3K)/anti-apoptotic serine threonine kinase (Akt-1) pathways, leading to cell 

proliferation and protection from apoptosis. Figure adapted from Alberini et o/.'®®'.

1.3.2.3 Visceral obesity, inflammation and cancer

In 1863, Virchow first hypothesized that the origin of cancer was at sites of chronic 

inflammation. Today we know that there is an increased risk of malignancy associated 

with chronic inflammation arising from carcinogenic agents (tobacco and lung cancer), 

autoimmune and inflammatory reactions of uncertain aetiology (ulcerative colitis and 

colon cancer) and infectious agents (Helicobacter pylori and gastrointestinal cancer, 

hepatitis C and liver cancer) In chronic inflammation repeated tissue damage and 

regeneration in the presence of highly reactive nitrogen and oxygen species released 

from inflammatory cells, leads to permanent genomic alterations in proliferating
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epithelium Key features of cancer related inflammation include the infiltration of 

immune cells, the presence of cytokines and chemokines, such as TNF-a, IL-ip, IL-6, 

monocyte chemotactic protein-1 (MCP-1) and IL-8 Thus, cancer related

inflammation is a key component of the tumourigenic process and is increasingly 

referred to as the seventh hallmark of cancer.

Viscerally obese individuals have been shown to have higher circulating levels of pro- 

inflammatory mediators such as C-reactive protein (CRP), TNF-a, IL-6 and MCP-1 

The level of adipocytokine release from adipose tissue is strongly influenced by 

immune cell populations present in adipose tissue Adipose tissue in obese

individuals is infiltrated with macrophages and the number of macrophages correlates 

with the degree of adiposity Peripheral monocytes are recruited into adipose 

tissue by MCP-1 and TNF-a, and can differentiate into activated macrophages The 

products of these activated macrophages can then impact on adipocyte function and 

are postulated to be involved in altering adipose tissue glucose handling and thus 

contribute to insulin resistance Research has shown that co-culture of

adipocytes with macrophage-conditioned media causes increased adipokine and 

inflammatory cytokine production by adipocytes further supporting this

hypothesis. Furthermore, in obesity it has been demonstrated that visceral adipose 

tissue resident macrophages undergo a phenotypical change from the anti­

inflammatory M2 to a pro-inflammatory Ml state further potentiating metabolic 

dysfunction, insulin resistance and inflammation in obese individuals.

Whilst the majority of studies to date evaluating the immune cell properties of visceral 

adipose tissue have predominantly focused on macrophages, emerging research has 

suggested a role for T cells as key regulators of adipose tissue inflammation. Nishimura 

et al. reported in a murine model of diet induced obesity that there was a significant 

increase in CD8'^ T cell infiltration in expanding visceral adipose tissue and this 

preceded macrophage infiltration. Furthermore, depletion of CD8^ T cells lead to a 

reduction in macrophage infiltration (Ml phenotype) and a reduction in inflammatory 

mediators in visceral adipose tissue Research within this group recently

demonstrated that visceral adipose tissue is a rich source of T cells. In addition, a



higher percentage of CD4^ and CD8^ omental T cells were activated with an 

inflammatory T helper (Th) -1 phenotype in oesophageal adenocarcinoma patients 

These findings suggest that visceral adipose tissue is a reservoir of activated T cells in 

cancer patients, promoting inflammation and possibly influencing cancer progression.

Recently the role of invariant natural killer (iNKT) cells in obesity has been investigated 

by Lynch et al. in both human and murine studies Upon activation, iNKT cells

rapidly release Thl and Th2 type cytokines and can demonstrate cytotoxic activity 

Research in human visceral adipose tissue samples demonstrated that it is a rich 

source of iNKT cells but levels inversely correlated with BMI. Interestingly, following 

weight loss, circulating levels of iNKT rise In a further study, iNKT depleted mice 

demonstrated enhanced weight gain and dysmetabolism, with increased adipose 

tissue infiltration of Ml type macrophages. To further confirm the association between 

iNKT cells and visceral obesity, adoptive transfer of iNKT cells into obese mice was 

performed and this resulted in weight loss and improved metabolic function. 

Furthermore, injection of the iNKT agonist alpha-galactocylceramide into wild type 

obese mice resulted in weight loss, decreased fasting glucose and decreased 

circulating levels of pro-inflammatory cytokines

The findings of these studies and others investigating immune cell activity in visceral 

obesity confirm the absolute association between excess visceral adiposity and 

inflammation. Chronic inflammation is a hallmark of cancer and it may be deduced 

that visceral obesity increases cancer risk by creating a state of systemic inflammation 

that is pro-tumourigenic (Figure 1.2).
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Figure 1.2 Adipose tissue inflammation

Immune cell infiltration is altered in visceral obesity. There is a shift in T cell infiltration, 

with a decrease in CD4^ regulatory T cells and an increase in €04"^ and CD8^ effector T 

cells, with an associated increase in Thl type cytokine production. Increased 

production of monocyte chemotactic protein-1 (MCP-1) recruits macrophages into the 

visceral adipose tissue, which undergo a phenotypic shift to the more inflammatory 

Ml type macrophages. Emerging research has identified depleted iNKT cells in obesity. 

The combination of this altered inflammatory infiltrate in visceral obesity is the release 

of pro-inflammatory cytokines and the creation of systemic inflammation and 

dysmetabolism. Adapted from Lukens et al.

1.2.4 Oesophageal Adenocarcinoma - A Model of Visceral Obesity, Metabolic 

Syndrome and Cancer

The robust epidemiological evidence linking obesity with oesophageal adenocarcinoma 

makes it is an exemplar model for investigating the molecular mechanisms
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underpinning obesity-associated malignant progression. Research within this group 

not only established a link between oesophageal adenocarcinoma and obesity as 

measured by BMI, but also demonstrated a strong association with visceral obesity, as 

measured by visceral fat area (VFA) > 130cm^ Obesity and the metabolic syndrome 

have also been shown to be associated with the progressive sequence of oesophageal 

adenocarcinoma, from Barrett's oesophagus through to malignancy. A study at this 

centre in 2008 reported that the prevalence of metabolic syndrome in Barrett's 

oesophagus patients far exceeded population norms, with metabolic syndrome 

present in 46% of patients and central obesity in 78%. The syndrome was also 

significantly associated with the length of Barrett's; 60% of patients with long-segment 

Barrett's oesophagus had metabolic syndrome and 92% were centrally obese 

compared with 23.8% and 62% respectively in short-segment Barrett's oesophagus. 

Long-segment Barrett's oesophagus was also associated with systemic inflammation, 

with significantly higher serum levels of IL-6 observed in patients

The obesity, inflammation, malignancy association is further strengthened by explant 

studies of human visceral adipose tissue carried out within this research group. Co­

culture of oesophageal adenocarcinoma cells with visceral adipose tissue samples has 

been shown to upregulate the expression and gelatinase activity of markers of invasion 

and metastasis, matrix metalloproteinase (MMP)-2 and MMP-9, and decrease the 

expression of the tumour suppressor, p53 In addition, visceral adipose condition 

media from obese patients has been found to drive the proliferation of oesophageal 

adenocarcinoma cells Research has also been carried out in resected tumour 

tissue and it has been found that expression of the epithelial mesenchymal transition 

genes, plasminogen activator inhibitor 1 and SNAI2, which also play an important role 

in tumour invasion and metastases, is elevated in tumours of obese oesophageal 

cancer patients These findings provide mechanistic evidence to confirm the 

epidemiological observation that visceral obesity increases oesophageal 

adenocarcinoma risk.
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1.3 OBESITY AND POSTOPERATIVE RECOVERY

As discussed above, visceral obesity and the metabolic syndrome play an important 

role in the pathogenesis of many cancer types including gastrointestinal, breast, 

endometrium and prostate Other pathological conditions such as cardiovascular 

disease and osteoarthritis are also associated with obesity Many of these

obesity-related diseases require surgical intervention, e.g. in the form of a resection 

for malignancy, coronary artery bypass graft or joint athroplasty. Studies have 

reported that 46-54% of hospital patients are overweight and 32% are obese 

and as the prevalence of obesity and obesity-related co-morbidities continues to rise, 

it is inevitable that there will be an increase in the prevalence of obese surgical 

patients. Given that a pro-thrombotic, pro-inflammatory, disordered metabolic state is 

observed in obesity; it may be hypothesised that obesity impacts on recovery following 

major surgery. The following sections review the evidence relating to obesity and 

postoperative outcomes.

1.3.1 Obesity and Postoperative Morbidity

Obesity has historically been considered a risk factor for adverse postoperative 

outcomes due to its negative impact on cardiovascular and respiratory function. This 

association is not clear-cut, however, and there is a lack of consensus in the literature 

on the risk between obesity, as measured by BMI, and specific complications, in 

particular relating to infection, wound healing and respiratory complications.

1.3.1.1 Respiratory complications

In addition to the obesity related pulmonary disorders of sleep apnea and 

hypoventilation syndrome, obesity is also associated with decreased vital capacity, 

functional residual capacity, forced expiratory volume in 1 second and arterial oxygen 

tension whilst some studies have identified overweight and obesity as a risk

factor for postoperative pneumonia, atelectasis and pulmonary embolism 

other studies have found no association between overweight and obesity and 

postoperative respiratory complications a study carried out at this institute

involving patients undergoing oesophagectomy found that whilst obesity was
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associated with an increased risk of minor respiratory complications postoperatively, 

there was no association with respiratory failure, pneumonia or acute respiratory 

distress syndrome

1.3.1.2 Atrial arrhythmia

Atrial fibrillation is the most prevalent form of cardiac arrhythmia and is the most 

common complication after cardiac surgery The occurrence of atrial fibrillation is 

associated with increased postoperative morbidity and mortality Obesity is 

associated with changes in atrial and ventricular structure and ventricular

diastolic function and has been identified as a risk factor for atrial fibrillation 

Several studies have reported obesity to be associated with atrial arrhythmia post 

coronary artery bypass grafting (CABG) The findings of studies by

Kuduvalli et and Zacharias et suggested that the risk of arrhythmia was

proportional to the degree of obesity, with odds ratios (OR) in the region of 1.25 for 

BMI >30kg/m^ 1.5 for BMI >35 kg/m^ and 2.39 for BMI >40kg/m^ However, a

meta-analysis by Wanahita et reported that whilst obesity increased the risk of

developing atrial fibrillation in the general population, it did not increase the risk of 

atrial fibrillation post cardiac surgery

1.3.1.3 Infectious complications

There is a large body of evidence to suggest that obesity increases the risk of 

postoperative infection. A study by Choban et al. retrospectively compared the 

nosocomial infection rate in 849 obese and normal weight patients undergoing a range 

of surgical procedures and reported that the incidence of infections in the normal 

weight group was 0.5%, which was significantly less than the rates observed in the 

obese group (2.8%, p < 0.05) In a similar study of 395 surgical patients by Canturk 

et al. 24.3% acquired one or more nosocomial infections (surgical site infections, 

urinary infections, and pulmonary infections), with significantly more infections 

occurring in obese patients compared with normal-weight patients (p < 0.05) 

Wound infection is a major cause of morbidity following various types of surgery 

and is associated with increased mortality wound dehiscence and increased 

hospital stay Karunakar et al. retrospectively examined the impact of obesity
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on postoperative complications in 169 patients undergoing open reduction of 

acetabular fracture. The study reported that increasing BMI \A/as associated with 

increased risk of wound infection (p = 0.002), with patients with a BMI >40kg/m^ five 

times more likely to have a wound infection Similarly Namba et al. reported 

that in patients with a BMI >35kg/m^ the risk of postoperative infection was 6.7 times 

higher when undergoing total knee athroplasty and 4.2 times higher when undergoing 

total hip athroplasty when compared to patients with a BMI <35kg/m^ In a study 

carried out Merkow et al. the impact of BMI on short-term outcomes after 

colectomy was assessed in 3,202 patients using prospectively collected data from the 

American College of Surgeons National Surgical Quality Improvement Project database. 

The results demonstrated that morbid obesity (BMI >35kg/m^) was a strong risk factor 

for wound complications. When compared to patients with a normal BMI, morbidly 

obese patients were 2.6 times more likely to incur a surgical site infection, superficial 

or deep, and 3.5 times more likely to experience wound dehiscence Sternal 

wound infections and mediastinitis are serious potential complications following CABG 

procedures that are associated with increased mortality In the UK Lu et al.

prospectively collected data over 4 years on 4,228 patients undergoing CABG 

procedures and, after multivariate analysis, identified BMI >30 kg/m^ as an 

independent risk factor for sternal wound infection (OR 2.0 (95% Cl 1.3-2.9); p < 0.001) 

Several similar studies have also identified a BMI >30kg/m^ as a significant risk 

factor for deep and superficial sternal wound infections post CABG in

addition, Kuduvalli et al. reported that morbidly obese patients were 4.17 (p < 

0.001) times more likely to develop harvest site infections compared with normal 

weight patients

A number of different explanations for why obesity is a risk factor for wound infection 

have been postulated. Adipose tissue is a relatively avascular mass, leading to tissue 

hypoperfusion and decreased oxygen tension. Oxidative killing mediates the 

bactericidal activity of neutrophils and is a critical defence against surgical pathogens 

Thus, the reduced oxygen tension in the tissues at the site of surgical incision in 

the obese patient may result in suboptimal neutrophil oxidative killing and increased 

risk of infection It has also been suggested that a failure to adjust dosing of 

antibiotics for the increased volume of distribution, giving rise to inadequate tissue
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drug levels, may predispose obese patients to surgical site infections Another 

factor to consider is that obesity is associated with insulin resistance and deranged 

glucose metabolism is associated with impaired macrophage function, angiogenic 

response, collagen accumulation and growth factor production leading to an increased 

risk of wound infection and impaired wound healing

1.3.2 Visceral Adiposity and Risk of Postoperative Complications

Whilst there is evidence that obesity, as measured by BMI, increases the risk of certain 

complications following surgery; there is still no consensus in the literature as to 

whether obesity is a risk factor for overall morbidity and mortality. A possible 

explanation for this is the reliance on BMI as a measure of obesity. BMI is a convenient 

tool, but it is also an imperfect tool as it does not distinguish lean tissue mass from 

adipose tissue mass and does not reflect adipose tissue distribution Thus when

attempting to evaluate the adverse effects obesity may have on postoperative 

outcomes, it is more relevant to look specifically at visceral adiposity, a central factor 

in the development of dysmetabolism and comorbidities in obesity. Computed 

tomography (CT) and magnetic resonance imaging (MRI) are considered the gold 

standards for determining visceral adiposity with waist circumference

representing the best surrogate measure In recent years there has been an

increase in research examining the effect of specifically visceral obesity on 

postoperative outcomes.

A study by House et al. examined the impact of obesity on risk of complications 

post pancreaticoduodenectomy using both BMI and body fat distribution as indicators 

of obesity. Abdominal wall thickness, hip girdle fat thickness and retrorenal visceral fat 

were calculated from CT and/or MRI of the abdomen. It was found that whilst BMI >30 

kg/m^ was only associated with a higher risk of wound infection, visceral fat greater 

than or equal to 2.5 cm was associated with nearly 3 times greater risk of 

postoperative complications and nearly 2.5 times greater risk of developing a 

pancreatic fistula This finding has been supported in other studies of pancreatic 

surgery, which reported that high visceral fat area (>100cm\ but not BMI, was an 

independent predictor of postoperative fistula formation Conversely, a study by
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Balentine et al. reported no association between intra-abdominal fat or BMI and 

postoperative complications following pancreaticduodenectomy

Tanaka et al. investigated the impact of body composition on postoperative 

complications in 191 patients undergoing gastrectomy. The results showed that BMI 

>25kg/m^ was associated only with increased blood loss, but high visceral fat area 

(>100 cm^), estimated from cross sectional CT scans taken at the level of the umbilicus, 

was associated with a 6.5 fold increased risk of pancreatic fistula (p=0.0006) Other 

studies in gastrectomy patients report that visceral fat area, not BMI, is associated 

with greater risk of postoperative infection and anastomotic leak Similar

studies in patients undergoing colorectal resections revealed that when patients were 

classed as obese using BMI >25kg/m^ and visceral fat area, patients with elevated 

visceral fat area were at increased risk of wound infections, overall complications, 

operative time and length of hospital stay In another study by Tsukada et al.

intra-abdominal and subcutaneous fat levels were assessed from CT scans in 139 

gastric and colorectal cancer patients. High levels of fat were defined as intra­

abdominal fat >160cm^ in males and >120cm^ in females; and subcutaneous 

abdominal fat >180cm^ in males and >250cm^ in females, as described by Kobayashi et 

al. Interestingly, high intra-abdominal fat was associated with a 9.6 fold increased 

risk of pneumonitis and atrial fibrillation, whereas increased subcutaneous fat was 

associated with a 10 fold increased risk of surgery related complications including 

anastomotic leaks, abdominal collection and wound infections

These findings suggest that visceral adiposity is a more useful parameter than BMI 

when identifying patients at increased risk of adverse postoperative outcomes. 

However it is important to note that much of the research examining visceral adiposity 

and postoperative outcomes has been carried out in Japanese populations who, due to 

their ethnicity, have a different body composition and use BMI >25 kg/m^ as the cut­

off for obesity In addition, different techniques for quantifying visceral adiposity 

and different cut-offs for classifying visceral obesity were used in the various studies. 

Despite this, there is still compelling evidence that visceral adiposity is a more specific 

tool for investigating the association between obesity and risk of postoperative 

complications and further studies in different populations are warranted.
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1.3.3 The Metabolic Syndrome and Risk of Postoperative Complications

A number of studies have been carried out examining the impact of the metabolic 

syndrome on operative mortality and risk of complications post CABG surgery 

Echahidi et al. retrospectively analyzed the data of 5,304 consecutive patients 

who underwent an isolated CABG procedure, of which 46% met the National 

Cholesterol Education Program-Adult Treatment Panel III criteria for the metabolic 

syndrome. This study found that the metabolic syndrome was independently 

associated with increased operative mortality with a relative risk (RR) of 3.04, whereas 

BMI > 25kg/m^ or diabetes alone were not identified as risk factors for mortality. In 

addition, the metabolic syndrome was found to be independently associated with 

stroke, renal failure, mediastinitis and pneumonia

Following on from these studies, Girerd et al. sought to determine which feature 

of the metabolic syndrome is associated with postoperative atrial fibrillation (POAF) 

following CABG. The data of 2214 male patients <65 years who had undergone elective 

isolated CABG was retrospectively analysed. The study found that waist circumference 

(WC) > 102 cm was an independent predictor of POAF (OR 1.40, p=0.04) whereas BMI > 

30kg/m^ was not. As the metabolic syndrome is associated with a pro-inflammatory 

state, the researchers also examined postoperative white cell count (WCC) count and 

inflammatory markers in blood and their association with POAF in a nested case- 

control study. Multivariate analysis found that WC > 102 cm, but not BMI >30 kg/m^' 

was a predictor of higher postoperative WCC count and higher WCC counts were 

associated with greater incidence of POAF. When WC and levels of inflammatory 

markers were analysed together, only patients having both a WC > 102 cm and 

elevated C-reactive protein or IL-6 were at increased risk of POAF The findings of 

these studies indicate that it is the presence of the metabolic syndrome rather than 

obesity that increases the risk of complications post CABG and, with respect to POAF, it 

is the visceral obesity element of the metabolic syndrome and its associated pro- 

inflammatory state that promotes this risk.

In non-cardiac surgery, the metabolic syndrome has also been shown to increase risk 

of adverse postoperative outcomes. In a study of colorectal cancer patients by 

Lohsiriwat et the presence of the metabolic syndrome was an independent risk
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factor for complications following colorectal resection. In the cohort of 114 patients, 

complications occurred 40.5% of the time in those with the metabolic syndrome versus 

11.1% in those without the metabolic syndrome (p<0.001) In other studies of joint 

athroplasty, spinal surgery and liver resection, the presence of the metabolic 

syndrome has also been associated with increased morbidity and mortality

Whilst there is not the same volume of research specifically examining the association 

between visceral obesity, the metabolic syndrome and postoperative complications, 

the findings have significant implications. These results highlight the importance of 

adipose tissue distribution in the body, and indicate that it is centrally located 

adiposity with its associated state of inflammation that leads to the increased risk of 

postoperative morbidity and mortality. Further research is warranted in this area and 

would benefit from more standardised methods for quantifying and classifying visceral 

obesity.

1.4 THE NUTRITIONAL MANAGEMENT OF POST-OPERATIVE OUTCOMES IN 

OESOPHAGECTOMY PATIENTS - A ROLE FOR IMMUNONUTRITION?

Surgical resection is the curative approach to oesophageal cancer, with neoadjuvant 

chemoradiotherapy considered when the disease is locally advanced However, 

this major surgical procedure is associated with significant risks, with nearly half of all 

patients experiencing a postoperative complication Furthermore, the physical 

impact of the surgery has a profound and long term impact on health related quality of 

life and functional capacity

The anatomical changes that occur following an oesophagectomy necessitate the use 

of enteral nutrition postoperatively (Figure 1.3). Postoperative early enteral nutritional 

support via a jejunostomy tube is now considered a standard element of care following 

oesophagectomy Commencing enteral nutrition early limits the

hypermetabolic response to major surgery, preserves nutritional status, enhances gut 

function, decreases the risk of morbidity and promotes recovery As

oesophagectomy patients are fed exclusively through enteral nutrition in the 

immediate postoperative phase and are maintained on supportive enteral nutrition for
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a number of weeks following surgery, they represent an interesting cohort in which to 

investigate the potential of immunonutrition. Enteral nutrition has already been 

proven to enhance postoperative recovery in oesophagectomy patients when 

compared to parenteral nutrition or fasting An emerging research area is the

possibility of delivering an enteral feed to a patient that not only provides their macro- 

and micronutrient requirements but that contains other dietary compounds which can 

alter the postoperative inflammatory response to further aid recovery. 

Eicosapentaenoic acid (EPA) is a long chain polyunsaturated fatty acid (PUFA) of the 

omega-3 family which has immunomodulatory properties. Its mechanism of action and 

potential role in post-operative immunonutrition is discussed below.

Etophagut

♦ .
\ \ 

Approximate site of 
jejunostomy tube

Figure 1.3 The anatomical changes following oesophagectomy

The curative treatment of oesophageal cancer is resection of the tumour. Following 

the removal of the oesophagus, the stomach is pulled up and an anastomosis is 

formed with the upper remaining portion of the oesophagus. At the time of resection a 

needle catheter jejunostomy tube is positioned in the jejunum for post-operative 

enteral feeding. (Adapted from Terese Winslow Medical and Scientific Illustration, VA, 

USA)
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1.4.1 The Anti-Inflammatory Properties of Eicosapentaenoic Acid

Eicosapaentanoic acid (EPA) is an essential fatty acid which humans require from diet, 

the richest source being marine oils. The association between omega-3 PUFA and 

health was first reported in 1980's following numerous epidemiological studies which 

observed a much lower incidence of inflammatory and cardiovascular disorders 

amongst populations with high consumption of omega-3 PUFA from marine sources, 

e.g. the Japanese and Greenland Eskimos

Omega-3 PUFA are incorporated into the phospholipid membrane of many cells, along 

with omega-6 PUFA, the predominant source of PUFA in Western diets. Upon 

activation, e.g. in response to tissue damage, omega-3 and omega-6 PUFA are 

metabolised to form the lipid mediators of inflammation, prostaglandins, 

thromboxanes, leukotrienes and lipoxins, via the action of cyclooxygenases (COX) and 

lipoxygenases (LOX). The downstream metabolites of omega-3 PUFA (EPA) and omega- 

6 PUFA (arachidonic acid) differ in their inflammatory effects

Arachidonic acid (AA) metabolism gives rise to the series-2 prostaglandins (PGE2), 

prostacyclins (PGI2), thromboxanes (TXA2) and the series-4 leukotrienes (LTA4, LTB4), 

and lipoxins (LXA4, LXB4); whereas metabolism of EPA gives rise to series-3 

prostaglandins (PGE3), prostacyclins (PGI3), thromboxanes (TXA3) and series-5 

leukotrienes (LTA5, LTB5) and lipoxins (LXA5, LXB5) (Figure 1.4). The metabolites of AA 

are considered more potent mediators of inflammation than those of EPA PGE2

exerts a wide range of pro- and anti-inflammatory effects on macrophages, T cells and 

dendritic cells. It supresses the production of IL-12 by monocytes and dendritic cells 

and supresses interferon-y (IFN-y) production in natural killer cells. PGE2 also 

suppresses IL-2 production and IL-2 responsiveness in T cells, shifting the pattern of T 

cell response from the pro-inflammatory Thl towards the Th2 response that mediates 

less tissue-destructive forms of immunity It has also been shown that PGE2 can 

amplify its own production by inducing COX-2 expression. This PGE2-dependent 

amplification of COX-2 is hypothesized to be an important part of sustained 

proliferative and chronic inflammatory conditions. However PGE3, whilst still 

possessing pro-and anti-inflammatory properties, is less potent and has been shown to 

be less efficient in inducing COX-2 gene expression and IL-6 synthesis Similarly, AA
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derived LTB4 is a more powerful inducer of leukocyte chemotaxis and adherence than 

the ERA derived equivalent, LTB5, and TXA3 is a weaker vasoconstrictor and platelet 

aggregator than TXA2
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Figure 1.4 Metabolism of arachidonic acid and eicosapentaenoic acid

Arachidonic acid (AA) and eicosapentaenoic acid (ERA) reside in phospholipid 

membranes. Upon activation, the fatty acids are metabolised by the action of 

cyclooxygenase (COX) and lipoxygenase (LOX) enzymes. Arachidonic acid (AA) 

metabolism gives rise to the series-2 prostaglandins (RGE2), prostacyclins (RGI2), 

thromboxanes (TXA2) and the series-4 leukotrienes (LTA4, LTB4), and lipoxins (LXA4, 

LXB4) whereas metabolism of ERA gives rise to series-3 prostaglandins (RGE3), 

prostacyclins (RGI3), thromboxanes (TXA3) and series-5 leukotrienes (LTA5, LTB5) and 

lipoxins (LXAs, LXB5). The downstream metabolites of AA and ERA differ in their 

inflammatory effects, with AA derived eicosanoids deemed to be more potent 

inflammatory mediators than ERA derived eicosanoids.

AA, arachidonic acid; EPA, eicosapentaenoic acid; COX, cyclooxygenase; LOX, lipoxygenase; HETE, 
hydroxyeicosatetraenoic acid; HPETE, hydroperoxyeicosatetraenoic acid; HEPE, 
hydroperoxyeicosapentaenoic acid; LT, Leukotriene; LX, lipoxin; PG, prostaglandin; TX, thromboxane.

22



As acute inflammation progresses, intravascular platelet-leukocyte interactions evoke 

the formation of lipoxin A4 and lipoxin B4, which stop further recruitment of 

neutrophils Alongside lipoxins, a new ERA derived lipid compound has been found 

to have an important role in inflammation resolution. Resolvin El is generated when 

aspirin acetylates COX-2 in vascular endothelial cells forming 18R- 

hydroperoxyeicosapentaenoic acid which is further converted via 5-LOX in leukocytes 

to form resolvin El. Resolvin El directly activates ChemR23 receptor on macrophages 

and dendritic cells and directly inhibits BLTl that is expressed by human neutrophils, 

thus blocking the pro-inflammatory effect of LTB4. This enhances resolution of 

inflammation by regulating the chemotaxis and transmigration of neutrophils to the 

site of tissue injury, promoting neutrophil apoptosis and their phagocytic removal by 

macrophages and decreasing IL-12 production by dendritic cells (Figure 1.5). In a 

murine model of colitis, administering ERA gave rise to increased levels of resolvin El 

which in turn was associated with decreased leukocyte infiltration, decreased 

production of the pro-inflammatory cytokines IL-12 and TNF-a and reduced colitis- 

associated mortality
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Figure 1.5 Role of resolvin El in inflammation resolution

Along with lipoxin A4 and lipoxin B4, resolvin El plays an important role in 

inflammation resolution. Resolvin El blocks the BLTl receptor in neutrophils, inhibiting 

the effects of LTB4. Lipoxins and resolvin El reduce neutrophil chemotaxis and 

transmigration to the site of tissue injury and promote neutrophil apoptosis. Resolvin 

El binds to the ChemR23 receptor on macrophages and dendritic cells, increasing 

phagocytic activity by macrophages and reducing IL-12 production by dendritic cells. 

Adapted from Serhan et
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When humans increase their consumption of EPA, there is increased incorporation of 

EPA into cell membranes and the ratio of omega-6:omega-3 is altered. Competition 

then occurs between EPA and AA for COX and LOX enzymes, leading to a decreased 

production of AA derived eicosanoids and an increase in EPA derived eicosanoids. This 

manipulation of the eicosanoid pathway can then affect the pathogenesis of numerous 

chronic diseases, such as cardiovascular disease and arthritis In cardiovascular

disease, increased consumption of omega-3 PUFA reduces the rates of all-cause 

mortality, cardiac and sudden death, and possibly stroke In the study of cancer 

cachexia, supplementation with omega-3 PUFA has been shown to have both anti­

inflammatory and anabolic effects. EPA supplementation was shown to promote 

weight stabilisation in cancer patients with cachexia by attenuation of the acute phase 

response via suppressed IL-6 production

Given the positive effects of EPA on inflammatory processes in many diseases, it may 

prove an effective agent in attenuating the inflammatory response following major 

surgery and promote recovery.

1.4.2 Postoperative Inflammation Response and Recovery Following 

Oesophagectomy - A Role For EPA?

Intra-operatively and in the immediate postoperative phase, the inflammatory 

response is characterised by an increase in IL-6, which positively correlates with the 

magnitude of the surgery performed. This increase in IL-6 then influences the 

production of other inflammatory mediators such as CRP and fibrinogen. Hepatic 

production of other proteins, such as albumin, decreases during this time This 

period is referred to as the acute-phase response and its function is to achieve the 

three primary goals of stimulating antimicrobial functions, reducing tissue damage and 

promoting wound healing To facilitate the increase in the synthesis of acute phase 

proteins in the liver, there is a shift in protein metabolism with an increase in protein 

loss from skeletal muscle, connective tissue, and the gut There is an increased rate 

of whole body protein turnover with up to 4-5 times greater nitrogen excretion leading 

to negative nitrogen balance If uncontrolled and excessive, this loss of lean

body mass may be associated with reduced muscle, immune and pulmonary function
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and increased mortality [228-230] . In response to this initial acute pro-inflammatory

environment that arises following surgery, the body attempts to launch an anti­

inflammatory response to restore homeostasis. The increased levels of cortisol that 

occur following surgery, as a result of stimulation by adrenocorticotrophic hormone 

(ACTH) and in response to rising IL-6, are believed to responsible for this Cortisol 

inhibits IL-12 production by macrophages and suppresses the production Thl type pro- 

inflammatory cytokines such IFN-y whilst promoting production of Th2 type anti­

inflammatory cytokines such as IL-10 and IL-4 if this increased stimulation of

the Th2 response persists, the imbalance gives rise to an immunosuppressive state, 

also referred to as the catabolic anti-inflammatory response, which can lead to 

increased morbidity and mortality (Figure 1.6).

Figure 1.6 The biphasic inflammatory response

Following trauma or surgery, there is an initial state of hyper-inflammation, 

characterised by a Thl type immune response with increased production of pro- 

inflammatory cytokines such as IFN-y, IL-2 and TNF-a. This precipitates a delayed 

compensatory anti-inflammatory response. It is believed that this is driven by cortisol 

which suppresses the production of Thl type pro-inflammatory cytokines whilst 

promoting the production of Th2 type cytokines IL-4 and IL-10. A persistence of this 

immunosuppressive state increases the risk of morbidity and mortality.

26



As described above, EPA supplementation impacts on inflammatory processes and 

resolution of inflammation. Furthermore, in healthy populations, supplementation 

with EPA can reduce circulating levels of pro-inflammatory cytokines and can also 

reduce cortisol levels These immunomodulatory properties of EPA have raised

interest in its potential use in attenuating the inflammatory response in patients 

undergoing major surgery, such as oesophagectomy. A previous double-blind 

randomised controlled trial carried out by this research group examined the effects of 

an EPA supplemented enteral feed versus a standard enteral feed on outcomes in 53 

oesophagectomy patients. Feed was provided for 5 days pre-operatively and 21 days 

post-operatively, with those in the treatment arm receiving 2.2g/day of EPA. The 

results demonstrated that supplementation with EPA was associated with a more 

attenuated inflammatory response and a reduced maximal body temperature. In 

addition, patients who received the EPA enriched enteral feed preserved their lean 

body mass compared to the standard feed group who experienced an average loss of 

1.9kg of fat free mass

1.5 HYPOTHESIS AND AIMS

This work has two hypotheses. Firstly that visceral obesity influences oesophageal 

adenocarcinoma progression and impacts on recovery following surgery; and secondly 

that supplementation with eicosapentaenoic acid attenuates inflammation following 

oesophagectomy.

The specific aims of the research are as follows:

1. Determine a pathologically relevant threshold for visceral fat area in male and 

female gastrointestinal cancer patients, to allow for correct classification of 

visceral obesity status.

2. Investigate the role of visceral obesity and the insulin-like growth factor axis in 

oesophageal cancer.
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3. Determine the impact of visceral obesity on the postoperative inflammatory 

response in patients undergoing upper gastro-intestinal resection.

4. Investigate the impact of an eicosapentaenoic acid enriched enteral feed on the 

postoperative immune response and recovery in oesophagectomy patients.
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2.1 REAGENTS

All laboratory chemicals and reagents were purchased from Sigma Chemical Company 

(MO, USA) unless otherwise stated. Solid reagents were weighed using an Explorer Pro 

fine electronic balance (Ohaus Corporation, NJ, USA). The pH of solutions was 

measured using a pH 211 microprocessor pH metre (Hanna Instruments, Rl, USA). 

Gilson pipettes (Gilson S.A., France) and Labmate Pro multichannel pipettes (HTL Lab 

Solutions, Warsaw Poland) were used to transfer liquid volumes up to 1ml, electronic 

pipette aids (Drummond, PS, USA) and disposable Pasteur pipettes (Sarstedt Ltd., 

Wexford, Ireland) were used for volumes greater than 1ml and graduated cylinders 

were used for volumes in excess of 10ml.

2.1.2 Cell Culture Medium

Roswell Park Memorial Institute (RPMI) 1640 medium (Lonza, Basel, Switzerland), 

supplemented with 10% heat inactivated foetal bovine serum (FBS), lOOmM L- 

glutamine (Gibco, Biosciences, Dublin, Ireland), 100 u/ml penicillin/100 pg/ml 

streptomycin (Gibco, Biosciences, Dublin, Ireland). Complete RPMI (c-RPMI) was used 

to culture oesophageal cell lines.

2.1.3 Hank's Balanced Salt Solution

5.33mM Potassium chloride (400 mg)

0.44mM Potassium phosphate monobasic (60 mg)

4.0mM Sodium bicarbonate (350 mg)

138mM Sodium chloride (8000 mg)

0.30mM Sodium phosphate dibasic anhydrous (48 mg)

5.6mM D-Glucose (1000 mg)

Made up to IL with deionised H2O (dH20)

2.1.4 Dextran Solution

3% w/v Dextran-500

0.9% w/v Sodium chloride
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Made up to IL with dH20

2.1.5 Monocyte Isolation Buffer

2% FBS

ImM Ethylenediaminetetraacetic acid (EDTA)

Made up in phosphate buffered saline (PBS)

2.1.6 Hypotonic Buffer

20mM HEPES, pH 7.50,

O.lmM EDTA

lOpL protease inhibitor cocktail/5ml 

Made up in dH20

2.1.7 Phosphate Citrate Buffer

10.19g Anhydrous citric acid

36.69g di-Sodium hydrogen orthophosphate dodecahydrate (NA2HPO4.I2H2O) 

Make up to IL with dH20, pH 5.0

2.1.8 ELISA Developing Solution

1 xlO mg o-Phenylenediamine dihydrochloride (OPD) tablet 

25mls Phosphate citrate buffer 

7pl IM H2O2

2.1.9 ELISA Stopping Solution

26.74mls 18M H2SO4

473.26mlsdH20

2.1.10 ELISA Washing Buffer 

IL PBS

0.5ml Tween 20
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2.1.11 Fluorescence-Activated Cell Sorting (FACS) Buffer

2% FBS

0.1% Sodium azide (NaNs), 10% w/v solution in dH20 

PBS

2.1.12 FACS Blocking Buffer

50% FBS

50% FACS Buffer

2.1.13 RIPA Lysis Buffer

50mM Tris-HCI pH 7.4

150mM NaCI

ImM EDTA

1% Triton-X-100

1% Sodium deoxycholate

0.1% Sodium dodecyl sulphate (SDS)

ImM Phenylmethylsulphonyl fluoride

200pl Protease inhibitor cocktail (5pg/ml aprotinin and 5pg/ml leupeptin)

2.1.14 Separating Gels

8% separating gel:

6.13ml 30% acrylamideibisacrylamide (37.5:1)

4.5ml 1.875 M Tris HCI (pH 8.8)

10.3ml water 

176pl 10% (w/v) SDS

120pl 10% (w/v) fresh ammonium persulfate

lOpI N,N,N',N'-tetramethylethylenediamine (TEMED)
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2.1.15 5% (w/v) Stacking Gel

1ml 30% (w/v) acrylamide:bisacrylamide (37.5:1)

2ml 0.6 M Tris HCI (pH 6.8)

6ml water

lOOpI 10% (w/v) SDS

150pl 10% (w/v) fresh ammonium persulfate 

lOpI TEMED

2.1.16 Laemmli Buffer

2ml Tris HCI pH 6.8

5mI 10% (w/v) SDS 

1ml 2-p-mercaptoethanol 

2ml glycerol

0.05 g (w/v) bromophenol blue

2.1.17 Electrode Buffer

50mM Trizma base

384mM Glycine 

0.1% (w/v) SDS

2.1.18 Cold Transfer Buffer

0.15M Glycine

20mM Tris 

0.1% (w/v) SDS 

20% (v/v) Methanol

2.1.19 Tris-Buffered Saline (TBS)

25mM Tris HCI (pH 7.6)
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150mM NaCI

2.1.20 Tris-Buffered Saline Tween (TBST)

Tris-buffered saline

0.1% Tween-20 TBST

2.1.21 Tris-Acetate-EDTA (TAE) Buffer

40mM Tris HCI (pH 8.3)

20mM Acetic acid 

ImM EDTA

2.2 CELL CULTURE

All cell culture media was purchased from Lonza (Basel, Switzerland) and all cell culture 

plastics were purchased from Starstedt Ltd. (Wexford, Ireland) unless otherwise 

indicated. Two oesophageal squamous carcinoma cell lines, KYSE 410 and OE21; and 

two oesophageal adenocarcinoma cell lines, OE19 and OE33 were used in this 

research. OE19 was obtained from American Type Culture Collection and OE33, OE21 

and KYSE 410 were sourced from the European Collection of Cell Cultures. Cells were 

cultured and maintained in c-RMPI media at 37°C in humidified air containing 5% CO2.

2.2.1 Cell Subculture

Cell lines were examined daily using an inverted phase contrast Nikon microscope 

(Nikon Corporation, Tokyo, Japan) and subcultured upon reaching 80-90% confluency. 

Growth medium was decanted and cells were washed in phosphate buffered saline 

(PBS) to remove residual media. 1ml trypsin EDTA was added to the flask and 

incubated at 37 °C for several minutes or until the cells detached from the surface. 

10ml of c-RPMI was then added to inactivate the trypsin and cells were centrifuged at 

180 X g for 3 minutes. Re-suspended cells were then seeded at appropriate densities 

into new flasks.

2.2.2 Cell Counting

Cells were trypsinised as described (section 2.2.1), added to 10ml maintenance 

medium and centrifuged at 180 x g for 3 minutes. The supernatant was decanted and
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the cell pellet resuspended by pipetting in 1ml of medium. 20pl of the cell suspension 

was added to 180pl trypan blue (0.4% w/v) solution and allowed to sit at room 

temperature for one minute. Viable cells were unstained due to their active exclusion 

of trypan blue, whereas dead cells were stained blue, due to their disrupted 

membranes. 20pl of this cell suspension was added to the counting chamber of a 

disposable KOVA haemocytometer (HYCOR Biomedical, IN, USA) and the number of 

viable cells in each of the nine squares of the grid was counted. The number of cells 

per ml was calculated using the following equation;

(total number of cells/9) x 10^ x lo (dilution factor) = no. cells/ml

2.3 BRDU CELL PROLIFERATION ASSAY

Oesophageal cancer cells were seeded at a dilution of 5 x lo^ cells per well in c-RPMI 

medium in 96 well plates and allowed to adhere for a minimum of 6 hours. They were 

then serum starved (media containing 0.5% FBS) overnight. Cells were treated with 

various concentrations ranging from O.l-lOOOng/ml of recombinant human IGF-1 (R&D 

Systems, MN, USA) for 24 hours. A BrdU cell proliferation assay was carried out 

following manufactures guidelines (Roche Diagnostics Ltd, Sussex, UK). The pyrimidine 

analogue BrdU (5-bromo-2'-deoxyuridine) is incorporated in the place of thymine in 

the newly synthesised DNA of proliferating cells, and is bound by the BrdU anti-POD 

antibody. The antibody complexes are then detected by a subsequent substrate 

reaction. BrdU label was added to each well (except no BrdU label control) for 3 hours 

at 37 °C, following which the media was tapped and flicked off. Cells were fixed by 

adding 200pl of fixative solution for 30 minutes at room temperature. lOOpI anti-BrdU- 

POD was added to each well and the plate was incubated for 90 minutes at room 

temperature. Cells were then washed in PBS and lOOpI of substrate solution was 

added to each well. The plate was incubated at room temperature for 5-10 minutes or 

until colour was sufficient for photometric detection. 25pl H25O4 was then added to 

stop the reaction and the plate absorbance was read at 450 nm using a VersaMax 

microplate reader with SoftMax Pro software (Molecular Devices, CA, USA). Wells 

containing cells but no BrdU label were used to subtract background absorbances and 

percentage increase/decrease in proliferation was calculated relative to untreated 

cells.
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2.4 WESTERN BLOTTING

2.4.1 Protein Extraction

Cells were washed three times in PBS and lysed by the addition of 800|il ice-cold RIPA 

lysis buffer directly into the T75 flask. Cells were incubated on ice for 5 minutes and 

the resulting cell lysate was collected using a cell scraper. Insoluble protein was 

sheared using a 29 gauge needle (BD Micro-Fine, NJ, USA) and the sample was 

centrifuged at 4,000 x g for 2 minutes to pellet any remaining insoluble fraction the 

supernatant was stored at - 20 °C.

2.4.2 Protein Quantification

Protein quantification was carried out using the commercially available Pierce 

Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Scientific, IL, USA). A standard 

curve was prepared from supplied stock solution of bovine serum albumin (BSA) (2000 

pg/ml), creating standards of 1000 pg/ml, 800 pg/ml, 600 pg/ml, 400 pg/ml, 200 

pg/ml, 100 pg/ml, 50 pg/ml and 0 pg/ml. lOpI of each standard concentration and of 

each sample was added to a 96-well plate in triplicate. A 50:1 solution was prepared of 

BCA Reagent A and BCA Reagent B and 200pl was added to each well of the 96-well 

plate which was then incubated at 37 °C for 30 minutes. The absorbance of each well 

was read on a VersaMax microplate reader with SoftMax Pro software at 490nm and 

protein concentrations were determined by interpolation from the standard curve of 

known concentrations of BSA.

2.4.3 Denaturing Polyacrylamide Gel (SDS-PAGE)

Gels were cast between upright glass plates (Bio-Rad Laboratories, Hercules, CA, USA). 

70% ethanol was gently layered on top of the gels to exclude air and aid 

polymerisation; this was removed once polymerisation occurred. A 5% (w/v) stacking 

gel was prepared and added to the top of the polymerised gel and a 12-well comb was 

inserted before allowing the gel to set.

2.4.4 Protein Electrophoresis and Transfer

Protein samples were diluted to a final volume of 30pl with 2x Laemmli buffer and 

denatured by heating to 95 °C for 10 minutes. Samples were separated by 

electrophoresis at 50 mA per gel in electrode buffer for 90 minutes, or until the dye
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front reached the bottom of the gel. 10^l of a tri-chrom pre-stained protein marker 

(Pierce, Rockford, IL, USA) was also loaded onto each gel. Separated proteins were 

transferred onto polyvinylidene fluoride (PVDF) membrane (Pall Corp., Pensacola, FL, 

USA) using a wet transfer apparatus (Bio-Rad, CA, USA). The PVDF membrane was pre­

activated in 100% methanol for one minute and the PVDF and Whatman filter paper 

(Whatman Laboratory Division, Maidstone, Kent, UK) were soaked in transfer buffer 

before transfer. The transfer apparatus was covered in cold transfer buffer and 

polyacrylamide gels were placed in the transfer apparatus on top of the PVDF 

membrane in a sandwich of double layered 3mm Whatman filter paper. Bubbles were 

carefully removed from between layers and proteins were transferred for 2 hours at 

225 mA and maximum voltage.

2.4.5 Antibody Probing of Membranes

Following the transfer of proteins, membranes were blocked with 5% (w/v) non-fat dry 

milk (Marvel) in TBST on a shaker (Bibby Sterilin Ltd., Staffordshire, UK) for one hour at 

room temperature. The membrane was then incubated in the primary antibody, 

diluted in 5% (w/v) Marvel in TBST on a shaker overnight at 4°C. Membranes were 

washed three times for 5 minutes each in TBST before incubation in horseradish 

peroxidise (HRP) conjugated secondary antibody (1:2,000 dilution in TBST) (Dako, 

Glostrup, Denmark) for one hour on a shaker at room temperature (RT). Six further 5 

minute washes in TBST were then carried out. The Supersignal West Pico 

Chemiluminescent substrate kit (Pierce, Rockford, IL, USA) was then used to detect 

bound antibody complexes. Working reagent was prepared just prior to use and added 

to the membrane for 1 minute. Membranes were then exposed for 2 minutes to 

scientific X-Ray film (Fuji Photo Film Co. Ltd., Tokyo, Japan), which was developed using 

a medical film processor (Agfa-Gevaert, Mortsel, Belgium). Specific antibodies and 

reagents used in Western blotting are detailed in Table 2.1 below.

37



Table 2.1 Antibodies used in Western blotting

Antibody Supplier Isotype Type Block Primary Ab

IGF-IR R&D Systems Goat Polyclonal 5% Marvel 1/500

1 hour, RT o/n, 4°C

3-actin Calbiochem Mouse Monoclonal 5% Marvel 1/20,000

1 hour, RT 1 hour, RT

2.4.6 Densitometry

Densitometric analysis was carried out using TINA (version 4.0) software (Raytest, 

Straubenhardt, Germany). Values were represented as a ratio of sample band intensity 

to that of the corresponding 3-actin control.

2.5 INVESTIGATION OF RNA EXPRESSION

2.5.1 RNA Isolation from Tumour Cell Lines using TriReagent Method

RNA to be used for reverse transcriptase polymerase chain reaction (RT-PCR) was 

isolated from oesophageal cancer cell lines using the TriReagent method (Molecular 

Research Center, Montgomery Road, OH, USA). 1ml of TriReagent was added to cell 

pellets which were then lysed by pipetting up and down. lOOpI of l-bromo-2 

chloropropane (BCP) was added to samples which were then vortexed vigorously for 

15 seconds and allowed to stand at room temperature for 15 minutes. Following 

centrifugation at 12,000 x g at 4 °C for 15 minutes, the upper aqueous phase was 

carefully removed to a new tube, and subsequent steps were carried out at room 

temperature. 500pl isopropanol was added and the tube incubated for 10 minutes 

followed by centrifugation at 12,000 x g for 8 minutes. The supernatant was decanted 

and the pellet washed in 1ml ethanol (75% v/v) by brief vortexing followed by 

centrifugation at 12,000 x g for 5 minutes. The ethanol was decanted and the pellet 

allowed to air dry for 3-5 minutes. The pellet was resuspended in 60pl RNase free 

water.

2.5.2 RNA Quantification and Purity Analysis

RNA quantification was determined spectrophotometrically, using a Nanodrop 1000 

spectrophotometer (version 3.1.0, Nanodrop technologies, DE, USA). Ipl of RNase free
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water was used to blank the instrument. l|il of each sample of isolated RNA was 

loaded onto the instrument and concentration was measured in ng/pl. 260:280 and 

260:230 purity ratios were also recorded. A 260:280 ratio greater than 1.65 was 

indicative of a relatively pure RNA yield, while a 260:230 ratio greater than 1.7 

indicated that the sample was free of phenol contamination.

2.5.3 cDNA Synthesis

All reverse transcription reagents were purchased from Bioline (Bioline, Kilkenny, 

Ireland). cDNA was made by adding random primers (0.5 pg/pl) to 1 pg total RNA and 

heating the sample to 70°C for 10 minutes in order to denature the RNA. A master mix 

containing reverse transcription components was then added to each sample 

containing: RNaseOUT recombinant ribonuclease inhibitor (1 Unit/pl),

deoxyribonucleotide triphosphates (dNTPs) (lOmM, prepared as a 1:1:1:1 ratio of 

dATP, dTTP, dCTP, dGTP), dithiothreitol (DTT) (O.OlmM) and Bioscript reverse 

transcriptase (200 Units/pl) in 5x Bioscript reaction buffer (Table 2.2). This mixture was 

incubated at 37°C for 1 hour. The resulting cDNA was stored at -20 ° C and Ipl of cDNA 

template was used to investigate gene expression.

Table 2.2 Reagents and volumes used in cDNA synthesis

Reagent Volume (pi) per sample
Random Primers 1
250 ng-1 pg RNA + RNase free H2O 11

Heated for 10 min at 70°C and cooled on ice for 1 min then following mix added:
5X Bioscript reaction buffer 4
H2O 2
DNTPs 1
RNase out 0.5
Bioscript Reverse Transcriptase 0.5
Total Volume 20

2.5.4 Reverse Transcription Polymerase Chain Reaction (RT-PCR)

cDNA was used as a template for reverse transcriptase polymerase chain reaction (RT- 

PCR). The following PCR master mix was added to each sample: GoTaq Green Master 

Mix (2x GoTaq Reaction buffer (pH 8.5), 400 pM dATP, 400 pM dGTP, 400 pM dCTP, 

400 pM dTTP, 3mM MgCi2, GoTaq DNA polymerase) (Promega, Wl, UK), forward
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primer (20 pM), reverse primer (20 pM) and RNase free water (Table 2.3). The reaction 

was initialised by heating the samples to 94”C for 5 minutes. This was followed by 

denaturation at 95°C for 1 min, primer annealing at 55°C for 1 minute and elongation 

at 72 “C for 1 minute. These 3 temperature cycles were repeated 40 times followed by 

a final elongation step at 72 “C for 10 minutes.

Table 2.3 Reagents and volumes used in RTPCR

Reagent Volume (pi) per sample
GoTaq Master Mix 10

Forward primer 1

Reverse primer 1

RNase free H2O 7

cDNA 1

Total Volume 20

All reverse transcriptase primers were purchased in lyophilised form from Operon 

(Eurofins MWG Operon, Ebersberg, Germany) and rehydrated to a stock concentration 

of 400 pM in RNase free water. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

served as an endogenous control and HepG2, a liver carcinoma cell line, served as a 

positive control for expression of IGF-IR, IGF-1 and IGF-2. Specifically designed primer 

sequences are detailed below in Table 2.4 below

Table 2.4 Primer sequences in RT-PCR

Gene Forward Primer Reverse Primer

IGF-IR TGGAGTGCTGTATGCCTCTG

IGF-1 ATGCACACCATGTCCTCCTGGCAT

IGF-2 TCCTGGAGACGTACTGTGCTA

GAPDH CAAATTCCATGGCACCGTCA

ACGCCAATAAGTTCGTCCAC

CTACATCCTGTAGTTCTTGTT

GGGTTGTTGCTATTTTCGGAT

GGAGTGGGTGTCGCTGTTGA

2.5.5 Agarose Gel Electrophoresis

1% agarose gels were prepared by dissolving agarose in TAE buffer and heating in a 

microwave for several minutes. It was allowed to cool to approximately 55 °C before 

adding SYBR safe DNA gel stain (10,000 x concentrate in DMSO, Invitrogen
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Corporation, CA, USA) to a final concentration of 1 pg/ml. The solution was poured 

into a gel tray to a depth of 3-5mm and allowed to set.

The DNA samples, containing loading buffer present in the GoTaq ® reagent, were 

loaded along with a 100 base pair DNA ladder (Promega Corporation, Madison, Wl, 

USA). Electrophoresis of the DNA samples was carried out at 100 volts in an EC-360 

Maxicell gel system (EC Apparatus Corp., FL, USA), using 1 x TAE as a running buffer. 

The bands were visualised and photographed under UV light using a BioSpectrum 

Imaging System (Ultra Violet Products, Cambridge, UK).

2.6 IMMUNOHISTOCHEMISTRY

Resected tumour from oesophageal cancer patients was fixed in 10% formalin 

overnight and embedded in paraffin wax on a Leica EG 1140H embedder (Laboratory 

Instruments and Supplies, Dublin, Ireland) in the Central Pathology Laboratory at St. 

James's Hospital. Sections 5 pm in thickness were cut from paraffin embedded 

sections of oesophageal tumour using a Leica RM 2235 microtome (Leica, Meath, 

Ireland) and floated onto Superfrost Plus poly-L-lysine coated glass slides (Thermo 

Fisher Scientific, IL, USA). Cut sections were baked overnight at 37 °C in a tissue-drying 

oven (Binder, Tuttlingen, Germany) and processed immediately.

2.6.1 Immunohistochemical Staining

Antigen retrieval was carried out using Trilogy (Cell Marque Corporation, Rocklin, CA, 

USA) which combines three pre-treatment steps: deparaffinisation, rehydration and 

unmasking. Slides were incubated in Trilogy (1:20 dilution in distilled water) in a 

Princess DYB350 programmable pressure cooker on low pressure for 10 minutes. 

Vectastain Elite kits (Vector Labs, Burlingame, CA, USA) were used for all 

immunohistochemical staining. Tissue sections were incubated in 3% H2O2 in methanol 

for 30 minutes to quench endogenous peroxidase activity. The sections were then 

washed three times for 5 minutes each in PBS. For the detection of IGF-IR, slides were 

blocked for 30 minutes with diluted rabbit serum then incubated in a 2pg/ml solution 

of anti-human IGF-IR antibody (R&D Systems) overnight at 4°C. Human placenta 

served as a positive control and negative sections were treated with rabbit serum in 

place of IGF-IR antibody. For CD68 staining, sections were blocked with diluted horse 

serum then incubated with a ready to use solution of mouse anti-human CD68
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antibody (Dako, Glostrup, Denmark) overnight at 4°C. Sections were washed 3 times 

for 5 minutes each in PBS then incubated with a 1:400 dilution of relevant biotinylated 

secondary antibody. Sections were washed 3 times for 5 minutes each in PBS then 

incubated in avidin-biotin complex reagent (supplied). Following this, the sections 

were washed three times for 5 minutes each in PBS and incubated for 2-15 minutes 

(depending on the level of protein expression in the tissue) in the dark in 

diaminobenzidine (DAB) peroxidase solution. The sections were rinsed in tap water 

and counterstained in Harris's haemytoxylin for 30 seconds. The slides were placed in a 

PBS bath for 5 minutes and subsequently rinsed in gently running tap water for 5 

minutes. The slides were then dipped in two separate baths of 100% methanol (up and 

down 10 times) and two separate baths of xylene (up and down 10 times) before being 

transferred to a separate container of xylene for at least 4 hours. Coverslips (VWR 

International, West Chester, PA, USA) were mounted onto the slides using DPX 

mountant (B.D.H. Ltd., Poole, Dorset, UK) and left to dry in a fume hood. Images were 

taken using Image Pro-Plus 4.1 software (Media Cybernetics, Gelichen, Germany).

2.6.2 Immunohistochemical Staining Quantification

Stained sections were graded independently by three individuals, including a 

consultant pathologist, using a validated technique Intensity of IGF-IR staining 

was graded on a scale from 0 to 3. A score of 0 corresponded to no staining, a score of 

1 to weak staining, a score of 2 to moderate staining and a score of 3 to strong 

staining. The percentage of tumour cells stained was graded in quartiles of 0%, 25%, 

50%, 75% and 100%. The average grade for each patient was calculated by 

multiplication of the intensity score by the percentage of tumour score, giving an 

overall score for each section area of 0-300. Areas of tumour and tumour stroma were 

graded separately. Where present, the invasive edge at the junction of tumour and 

normal tissue was identified and marked by a pathologist and this section was graded 

separately. For CD68, positively stained cells were counted in three different areas of 

tumour, stroma and at the invasive edge. Statistical analysis was carried out as 

described in section 2.18.
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2.7 ADIPOSE TISSUE BIOBANK

An adipose tissue biobank was established in the Department of Surgery in July 2007. 

Patients undergoing resective surgery for oesophageal adenocarcinoma, oesophageal 

squamous cell carcinoma and colorectal carcinoma, in addition to non-cancer patients 

undergoing surgery for laparoscopic Nissen fundoplication, cholecystectomy and 

hernia repair, are recruited to the adipose tissue biobank. All recruited patients gave 

informed consent for use of their adipose tissue in this study, and the study obtained 

ethical approval from St James's Hospital Ethical Review Board. Extensive data 

pertaining to the patients' clinical status, medical management and treatment 

outcomes is recorded on the Upper Gastrointestinal Database which is maintained by a 

dedicated database manager.

2.7.1 Anthropometry

All measurements are carried out preoperatively on the morning of surgery by a 

clinician. Waist circumference (WC) was measured to the nearest 0.1 cm using a tape 

measure at the midpoint between the lowest rib and ileac crest on the mid-auxiliary 

line after respiratory exhalation whilst patient was in a standing position Height 

and weight were measured to the nearest 0.1 cm and 0.1 kg using SEGA Alpha 770 

digital scale (CMS Weighing Equipment Ltd, London, UK) and portable stadiometer 

(SEGA, Vogel and Halke, Germany). Body mass index (BMI) was calculated as weight 

(kg) / height (m)l

All patients had a preoperative diagnostic CT scan performed. All patients were 

scanned on a Siemens Emotion single slice or a multislice Somatom Sensation scanner 

(Siemens, Erlangen, Germany), with individual scans analysed on a Siemens Leonardo 

workstation. The cross-sectional surface areas of the different abdominal fat 

compartments were calculated at the disc space between the L3 and L4 vertebrae, 

using a previously validated method Firstly, to quantify total fat area (TFA), a

line was drawn around the skin surface with a cursor. Then an automatic algorithm 

and a Hounsfield threshold value of -50 to -150 was used to determine the cross- 

sectional fat content within that area. Visceral fat area (VFA) was calculated by 

repeating the technique with an area delineated by a line drawn around the inner layer 

of the abdominal wall musculature. Subcutaneous fat area (SFA) was calculated by 

subtracting VFA from TFA All areas were measured in square centimetres.
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2.7.2 Clinical Measurements

Systolic and diastolic blood pressure were measured, using a digital 

sphygmomanometer (UA-767 Plus A&D Medical, Tokyo, Japan), on the left arm after 

the subject had rested while seated for 10 minutes Blood pressure measurements 

are taken by ward nursing staff and documented in the Adipose Tissue Biobank as 

elevated or normal.

2.7.3 Blood Sampling and Biochemical Measurements

Pre-operative fasting venous blood samples are taken for the determination of serum 

triglycerides, high density lipoprotein cholesterol (HDL-C) and fasting glucose. All 

samples are processed in the Central Pathology Laboratory at St. James's Hospital, 

Dublin using enzymatic assay based techniques. Additional serum samples are 

collected and stored at -80°C for use in obesity related research projects.

2.7.4 Definition of the Metabolic Syndrome

In this centre, the International Diabetes Federation (IDF) 2006 guidelines are used to 

diagnose the presence of the metabolic syndrome The criteria for diagnosis are 

outlined in Table 2.5 below.

Table 2.5 Criteria for Metabolic Syndrome defined by IDF

Visceral Obesity
Waist Circumference > 94cms in males
Waist Circumference > SOcms in females

Plus any two of the following:

Raised Triglycerides
>1.7 mmol/I
Or on specific treatment for this lipid abnormality

<1.03 mmol/I in males
Reduced HDL <1.29 mmol/l in females

Or on specific treatment for this lipid abnormality

Raised Blood Pressure
Systolic >130 mmHg or diastolic >85 mmHg
Or treatment of previously diagnosed hypertension

Raised Fasting Plasma Glucose
Fasting plasma glucose >5.6 mmol/l
Or previously diagnosed Type 2 Diabetes
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2.8 PATIENT RECRUITMENT FOR STUDY OF OBESITY AND POSTOPERATIVE 

INFLAMMATION

Patients scheduled to undergo resective surgery for oesophageal and gastric cancer 

were invited to participate in a study investigating the postoperative inflammatory 

response in obese and non-obese patients. Recruitment was conducted by a research 

dietitian and the study took place between October 2009 and December 2010. All 

patients provided informed consent preoperatively to have serum and plasma samples 

collected on the morning of surgery and on days 1, 3, 7 and 14 postoperatively. Ethical 

approval was obtained from St James's Hospital Ethical Review Board. Anthropometry, 

including height, weight, waist circumference and abdominal fat quantification was 

performed as described in section 2.7.1

2.9 DOUBLE BLIND RANDOMISED CONTROLLED TRIAL DESIGN

A double blinded randomised controlled trial to investigate the long term effects of an 

enteral nutritional supplement enriched with eicosapentaenoic acid (EPA) on body 

composition, immune function and quality of life in patients undergoing treatment of 

localized oesophageal cancer began in January 2011. Ethical approval from the St. 

James's Hospital Institutional Review Board was obtained, with informed written 

consent required from all patients. Patients were consented pre-treatment 

(neoadjuvant therapy/surgery) by a research dietitian.

2.9.1 Trial Endpoints

Primary Endpoints:

• Quality of life as measured by European Organisation for Research and Treatment 

of Cancer (EORTC) Questionnaires

• Lean body mass

Secondary Endpoints:

• Effects on the immuno-inflammatory response postoperatively

• Postoperative clinical outcome including SIRS, sepsis and organ failure
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The research surrounding the secondary endpoints of this clinical trial are presented 

in this thesis

2.9.2 Inclusion and Exclusion Criteria

Inclusion:

• Adult (male & female) patients >18 years with resectable gastro-oesophageal 

cancer:

Exclusion Criteria:

Patients with metastatic disease 

Non-operable cases

Patients requiring chemotherapy/radiotherapy early following surgery

Patients with known immunological disorder

Emergency oesophagectomy cases

Patients with cardiac, liver or renal failure

Active small intestinal disease eg Crohns disease

Allergy to any of the ingredients

Uncontrollable Diabetes

Use offish oil/n-3 fatty acids

Drug abuse

Unable to take preparation for 5 days preoperatively 

Pregnant women

Cessation of enteral feeding for longer than 3 consecutive days post operatively 

for medical/surgical reasons (e.g. Chyle leaks)

2.9.3 Randomisation

Participants were randomly assigned to 1 of 2 treatment groups using a computerised 

random number generator.

2.9.4 Test and Comparator Product

The test product is a commercially available nutritional supplement called Prosure 

(Abbott Laboratories) that is enriched with EPA and licensed for use in cancer cachexia
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patients. The 480ml/day provided to patients in the test group pre-operatively and the 

500ml/day provided post-operatively equates to 2.16g/day and 2.25g/day of EPA 

respectively. The comparator product is a standard nutritional supplement called 

Ensure Plus (Abbott Laboratories) that is routinely used in the postoperative setting to 

provide nutritional support. The full nutritional composition of both the test and the 

standard feed is detailed in Table 2.6 below.
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Table 2.6 Composition of Test Product (Prosure) and Comparator (Ensure Plus)

Nutritional Information Unit Per 100ml Prosure Per 100ml Ensure Plus

Energy kJ 526 630

kcal 125 150

Protein g 6.65 6.3

Fat g 2.56 4.91

Eicosapentaenoic Acid g 0.45 0

Carbohydrate g 19.4 20

Water g 79.4 77

Vitamin A meg RE 205 160

Vitamin D meg 1.7 1.0

Vitamin E mgTE 20 3.02

Vitamin K meg 10 7.6

Vitamin C mg 43 15

Folic acid meg 169 40

Vitamin Bj mg 0.25 0.27

Vitamin Bj mg 0.29 0.31

Vitamin Be mg 0.34 0.4

Vitamin B^ meg 0.5 0.57

Niacin mg NE 2.5 2.9

Pantothenic acid mg 1.1 1.4

Biotin meg 5.0 6.5

Choline mg 51 55

Sodium mg 150 140

Potassium mg 200 165

Chloride mg 152 145

Calcium mg 148 100

Phosphorus mg 105 100

Magnesium mg 42 31

Iron mg 1.7 2.2

Zinc mg 2.5 1.9

Manganese mg 0.42 31

Copper meg 23 250

Iodine meg 16 15

Selenium meg 7.9 7.0

Chromium meg 10 10

Molybdenum meg 14 15
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2.9.5 Treatment Administration

Preoperatively patients must consume the supplement orally. Patients receive either 

the test or the standard product in the form of a 225ml bottle of a vanilla flavoured 

milkshake drink. They are advised to consume 2 bottles (480ml) each day for 5 days 

preoperatively.

Postoperatively the supplement is delivered enterally via a jejunosotomy tube sited at 

the time of resection. Both the test product and the standard product are provided as 

500ml ready-to-hang enteral feed bottles. Feeding commences on day 1 

postoperatively at a starter rate of 30mls/hour increasing as tolerated by the patient, 

to reach IL of nutritional feed. On day 1 postoperatively the 500mls of either test 

product or standard product is delivered first. The remaining 500mls of nutrition is 

provided in the form of standard feed to all patients.

By day 2 postoperatively most patients have progressed to full feeding at a rate of 

approximately lOOmIs/hour over 20 hours. Again, the first 500mls of feed is delivered 

as either test product or standard product with the remaining ~1.5 litres of feed 

delivered as standard product, ensuring the full nutritional requirements of the patient 

are met.

A gastrograffin swallow is performed on approximately day 5 postoperatively and, if 

the anastomosis is intact, the patient can begin on sips of free fluid, progressing as 

tolerated to oral diet. During this phase, as oral intake increases the need for enteral 

nutrition support decreases. Enteral feeding is tapered down gradually until only 

500mls of either test product or standard product is being delivered enterally 

overnight. This is the feeding regimen the patient is discharged on. A one month 

supply of either test product or standard product is supplied to the patient on 

discharge and supplementation with the test product is discontinued at the 1 month 

outpatient appointment. Patients are reviewed again at 3 and 6 month outpatient 

appointments

49



2.9.6 Method of Blinding

Both the test product and comparator are presented in identically sized packaging and 

have the same taste, smell and viscosity. The manufactures place a number on the 

packaging to indicate whether the product is "group 1" or "group 2". This ensures that 

patients and the investigators remain blinded as to which group is the test group.

2.9.7 Anthropometric Measures

At the time points specified below (Figure 2.1) anthropometric assessments are 

performed including weight, height, abdominal fat (as described above in 2.7.1) and 

BMI. Usual weight, % weight loss and usual pre illness BMI are also determined.

Segmental body composition is analysed using the Tanita BC 418 MA bioelectrical 

impedance analyzer (Tanita UK Ltd, Middlesex, UK) which gives relative information on 

the amount of lean and fat tissue in the trunk area and in each limb, as well as overall 

body composition and hydration status.

2.9.8 Nutritional Assessment

Preoperatively and postoperatively, nutritional assessments are performed on the 

patient by a research dietitian. This entails quantification of nutritional intake and 

estimation of nutritional requirements using the Schofield equation and 

appropriate stress factors

2.9.9 Routine laboratory measures of biochemical & immune function

At the time points specified below in figure 2.1 blood samples are collected on the 

patient. Routine biochemical and immunological tests are performed by the Central 

Pathology Laboratory (CPL) in St. James's Hospital, detailed in Table 2.7 below. 

Advanced investigation of immune cell function is described in section 2.10 below.
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Table 2.7 Routine Laboratory Tests Carried out by CPL in St. James's Hospital

Hematology Chemistry Clinical Immunology

Hemoglobin Urea C-Reactive Protein

Neutrophil Count Creatinine Erythrocyte Sedimentation Rate

Lymphocyte Count Total Bilirubin

White Cell Count Sodium

Platelets Potassium

Albumin Calcium

Inorganic Phosphorus

Total Protein
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2.10 BLOOD SAMPLE PROCESSING

2.10.1 Serum and Plasma Isolation

Blood for serum isolation was collected in Z serum clot activator tubes and blood for 

plasma isolation was collected in lithium heparin tubes (Grenier Bio-One, 

Frickenhausen, Germany). Blood tubes were centrifuged at 3000 x g for 10 mins at 4°C. 

Upper layers of serum and plasma were then transferred to 2ml cryotubes and stored 

at-80°C.

2.10.2 Peripheral Blood Mononuclear Cell Isolation

Peripheral blood mononuclear cells (PBMC) were isolated from whole blood using the 

Ficoll-Plaque Plus (GE Healthcare, Buckinghamshire, UK) technique in accordance to 

manufacturer's guidelines. Briefly, blood collected in a K2EDTA tube (Grenier Bio-One, 

Frickenhausen, Germany) was diluted with an equal volume of phosphate buffered 

saline (PBS) and layered over Ficoll-Plaque in a ratio of 4:3. Samples were spun at room 

temperature for 30 minutes at 400 x g with no brake. Following centrifugation, the 

plasma above the mononuclear band was aspirated and discarded. The PBMC layer 

was then extracted and transferred to a 50ml tube. Cells were washed with PBS at 600 

X g for 6 minutes. Supernantant was discarded, the pellet was re-suspended in PBS and 

cells were counted. The PBMC were divided into aliquots of 1x10^ cells/ml, RLT lysis 

buffer (Qiagen, West Sussex, UK) was added and cells were sheared using 21 gauge 

needles (Grenier Bio-One, Frickenhausen, Germany). Cell lysates were then stored at - 

80°C for subsequent RNA isolation.

2.10.3 Neutrophil Isolation

Neutrophils were isolated as previously described by Nauseef et al Following 

centrifugation with Ficoll-Plaque and removal of PBMC layer, the remaining gradient 

above the granulocyte/erythrocyte pellet was aspirated and discarded. The 

granulocytes resting on the surface of the erythrocyte pellet were then extracted and 

transferred to a 50ml tube and re-suspended to 25ml with Hank's Balanced Salt 

Solution (HBSS). 25mis of dextran solution was added and the tube was inverted 10 

times and set aside for 20-25minutes to allow erythrocytes to pellet. The granulocyte
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rich upper layer was aspirated and transferred to a new 50ml tube and centrifuged at 

500 X g for 10 minutes at 4°C. Supernatant was discarded and the pellet was re­

suspended in 25mls of sterile water and mixed for 28 seconds to lyse residual 

erythrocytes. 25mls of 1.8% w/v NaCI was added to restore tonicity and solution was 

centrifuged at 500 x g for 5 minutes at 4°C. Supernatant was discarded and cells were 

re-suspended in 1ml HBSS and counted. Neutrophils were divided into aliquots of 

1x10^ cells/ml, RLT lysis buffer was added and cells were sheared. Cell lysates were 

then stored at -80°C.

2.10.4 Monocyte Isolation

In a subset of patients, monocytes were extracted from isolated PBMC (1 x 10^ 

cells/ml) using an Easysep Monocyte Enrichment Kit without CD16 depletion (#19058 

Stemcell Technologies, Grenoble, France), following manufacturers guidelines. Briefly, 

cells were re-suspended in 500pL of monocyte isolation buffer in a 5mL polystyrene 

tube. 25pl of Human Monocyte Enrichment Cocktail was added and solution was 

incubated at 4°C for 10 minutes. The EasySep D Magnetic Particles for Monocytes were 

vortexed for 30 seconds, 25pl was added and the solution was incubated for a further 

5 minutes at 4°C. The cell suspension was brought up to a total volume of 2.5ml by 

adding recommended medium and cells were mixed gently. The tube was placed into 

Purple Easysep Magnet and set aside for 2.5 minutes at RT. In one continuous motion 

the magnet and tube were inverted, pouring off the desired fraction into a 15ml tube. 

Cells were centrifuged for 3 minutes at 300 x g. The pellet was re-suspended; cells 

were counted and stored in RLT lysis buffer at -80°C.

2.10.5 Flow Cytometry

Flow cytometry was performed to confirm the effectiveness of neutrophil and 

monocyte isolation techniques. All antibodies were sourced from Becton Dickson (NJ, 

USA). A sample of isolated neutrophils and monocytes was pelleted at 180 x g for 3 

minutes and the supernatant discarded. 1ml FACS buffer was added to each tube, 

vortexed for a few seconds, and centrifuged at 180 x g for 3 minutes. The supernatant 

was discarded and 1ml FACS blocking buffer (50% FCS, 50% FACS buffer) was added to
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each tube and incubated at room temperature for 5 minutes. 1ml FACS blocking buffer 

was added and tubes centrifuged at 180 x g for 3 minutes. Supernatant was discarded 

and the required volume of antibody (detailed in Table 2.8 below) was added to 

appropriate tubes. Samples were vortexed to resuspend cells and incubated in the 

dark for 20 minutes at 4°C. 1ml FACS buffer was added to each tube, vortexed and 

centrifuged at 180 x g for 3 minutes. Cells were resuspended in 300pl FACS buffer and 

levels of specific cell surface markers were measured using a CyAn ADP Analyzer 

(Beckan Coulter, CA, USA). A minimum of 20,000 events were collected per sample in 

the live cell gate. Data analysis was carried out using FlowJo Software, version 7.6.1 

(FlowJo, OR, USA) by a trained user of the instrument. Dr Joanne Lysaght.

Table 2.8 Antibodies Used for FACS Analysis

Surface Marker Detecting Flourochrome Volume

CD14 Monocyte FITC 5pl

CD66b Neutrophil FITC 3pl

CD16 Neutrophil PeCy5 lOpI

2.10.6 Preparation of Nuclear Extracts

In a subset of patients, nuclear extracts were isolated from 1x10^ PBMC. Briefly, cells 

were washed in 1ml of ice-cold PBS. The pellet was re-suspended in 1ml of ice-cold 

hypotonic buffer and cells were allowed to swell on ice for 15 minutes. SOpI of 10% 

Igepal CA-630 was added to cell suspension and mixed gently. The homogenate was 

centrifuged at 12000 x g for 30 seconds at 4°C. The nuclear pellet was re-suspended in 

50pl of complete lysis buffer [supplied in commercial NFxp kit (Active Motif, Belgium)] 

and incubated on ice for 30 minutes on a shaking platform. Nuclear extracts were 

centrifuged at 12000 x g for 10 minutes at 4°C after which the supernatant was 

extracted and stored at -80°C for subsequent NF-Kp analysis.

2.11 RNA ISOLATION FROM IMMUNE CELLS USING QIAGEN RNEASY KIT

RNA was isolated from PBMC, neutrophils and monocytes using Qiagen RNeasy Mini 

Kit (Qiagen Inc., CA, USA). Frozen cell lysates were allowed to thaw and then 600pl of 

ethanol (70% v/v) was added, mixed immediately by pipetting and transferred in
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volumes of 700|il to an RNeasy spin column placed in a 2ml collection tube. The spin 

column was centrifuged at 12,000 x g for 15 seconds and the flow through was 

discarded. The spin column was washed by first applying 700pl buffer RWl (supplied), 

then SOOpI buffer RPE (supplied) with centrifugation at 12,000 x g for 15 seconds at 

room temperature between each step. In a final wash step, 500pl of buffer RPE was 

added and samples were centrifuged for 2 minutes at 12,000 x g in order to dry the 

membrane and ensure no ethanol was carried over. RNA was eluted in 30pl of RNase 

free water by centrifugation for 1 minute at 12,000 x g at room temperature. RNA 

quality and yield was assessed by using a Nanodrop® ND-1000 spectrophotometer as 

described in section 2.5.2.

2.12 INFLAMMATORY GENE ARRAYS

To assess alterations in PBMC inflammatory gene expression, pathway focused 

Inflammatory Response & Autoimmunity PCR Arrays were used (#PAHS 3083, 

SAbiosciences, MD, USA).

2.12.1 RT^ First Strand cDNA Synthesis

cDNA was synthesized using the RT^ First Strand Kit (#330401, SAbiosciences, MD, 

USA). Briefly, for each sample SOOng of RNA was combined with 2pl of genomic DNA 

Elimination Mixture (supplied) and RNase free H2O to a final volume of lOpl. Samples 

were incubated at 42°C for 5 min then chilled on ice for 1 minute. An "RT Cocktail" was 

prepared as follows per sample: 4pl BC3 (5X RT Buffer 3), Ipl P2 (Primer and External 

Control Mix), 2pl RE3 (RT Enzyme Mix 3) and 3pl H2O. lOpI of RT Cocktail was added to 

each sample which were incubated at 42°C for 15 min. The reaction was immediately 

stopped by heating at 95°C for 5 minutes. 91pl of H2O was added to each 20pl of cDNA 

and samples were stored at -20°C.

2.12.2 Quantitative Polymerase Chain Reaction (qPCR) for Inflammatory Arrays

The qPCR components were mixed as follows: 2100pl of 2x RT^ SYBR Green Mastermix, 

102pl cDNA synthesis reaction and 1998pl RNase-free water, leading to a total volume 

of 4200pl per sample. Each sample was loaded onto an individual 384 well plate
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(10[il/well), which contained primers for 370 key genes involved in immune response 

during autoimmunity and inflammation and 14 housekeeping control genes. Plates 

were run on an ABI 7900HT FAST block real-time thermal cycler using the following 

PCR programme: 95°C for 10 minutes, 95°C for 15 seconds, 60°C for 1 minute, with the 

latter 2 temperature changes repeated for 40 cycles. Genes measured by this array are 

listed in Appendix I. Results were analysed using RT^ Profiler PCR Array Data Analysis 

version 3.4 software (SAbiosciences, MD, USA), based on the 2'**^ method Genes 

that had >1.5 fold increase/decrease and a p value <0.1 were considered to be 

significantly altered and selected for validation by quantitative PCR (qPCR).

2.13 QUANTITATIVE PCR (qPCR)

All reagents were purchased from ABI Biosystems (CA, USA). A master mix containing 

forward and reverse primer, probe and Taqman® Gene Expression Master Mix was 

added to Ipl cDNA template (described in section 2.5.3). A final volume of 20pl was 

pipetted into wells of a MicroAmp™ Optical 96 well reaction plate (ABI Biosystems, CA, 

USA) and qPCR was performed on the ABI Prism 7900 FAST block (ABI Biosystems, CA, 

USA) real-time thermal cycler using the same cycle as above (section 2.12.2). Samples 

were assayed in triplicate. The threshold cycle (Ct) for each well was calculated using 

the instrument software and data analysis was carried out the 2'“'^ method with raw 

data normalised by the 18S housekeeping genes included on the plate. As this 

analytical method examines samples in a relative manner, the preoperative timepoint 

from one of the non-obese patients was chosen as an arbitrary calibrator sample for 

use across all plates.

2.14 PBMC GENE EXPRESSION

PBMC gene expression of novel inflammatory genes, including significantly altered 

genes identified from the inflammatory array, was assessed by qPCR. cDNA was 

synthesised as described in section 2.5.3 using 500ng of RNA from isolated PBMC and 

qPCR was performed as described in section 2.13. Primers used are listed in Table 2.9.

57



2.15 NEUTROPHIL ACTIVATION

The expression of the neutrophil activation markers myeloperoxidase, L-selectin and 

integrin alpha-M was assessed in isolated neutrophils. cDNA was synthesised as 

described in section 2.5.3 using 500ng of RNA from isolated neutrophils and qPCR was 

performed as described in section 2.13. Primers used are listed in Table 2.9.

2.16 MONOCYTE ACTIVATION

The expression of the monocyte activation markers arginase-1 and IL-10 (M2 

phenotype) and IL-12 and TNF-a (Ml phenotype) was assessed in isolated 

macrophages. cDNA was synthesised as described in section 2.5.3 using 250ng of RNA 

from isolated macrophages and qPCR was performed as described in section 2.13. 

Primers used are listed in Table 2.9.

Table 2.9 qPCR Primer Probes Used to Detect Gene Expression in Immune Cells 

Immune cell

PBMC

Neutrophil

Monocyte

Gene Inventory number

TNFSF-14 Hs 00542477-ml
LTp Hs00242739-ml
LT3R Hs00158922-ml
CCL3L1 Hs03407473-uH
INHBA Hs01081598-ml
IFNK Hs00737883-ml
MGLL Hs00200752-ml
CCL4 Hs01031494-ml
IL-10 Hs00961622-ml

SELL Hs00174151-ml
ITGAM Hs00355885-ml
MPO Hs00924296-ml

IL-10 Hs00961622-ml
ARGl Hs00968979-ml
IL12a Hs01073447-ml
TNF Hs01113624-gl
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2.15 MEASUREMENT OF NUCLEAR FACTOR-Kp (NF-Kp) p65 SUBUNIT

NF-kP p65 was assessed in nuclear extracts taken from whole blood PBMC isolated 

preoperatively and on days 1, 3, 7 and 14 postoperatively from 4 non-obese and 3 

obese oesophagectomy patients. A TransAM NF-k3 p65 transcription factor assay kit 

(Active Motif, Belgium) was used, as per manufacturer's guidelines. Briefly, 30pl of 

complete binding buffer (supplied) was added to each well. 15ug of each sample (as 

determined by Bradford assay (Sigma-Aldrich, MO, USA)) diluted in complete lysis 

buffer was added to sample wells in duplicate. 2.5pg of Jurkat nuclear extract diluted 

in complete lysis buffer served as a positive control. The plate was then sealed 

incubated for 1 hour at room temperature with mild agitation. Wells were then 

washed 3 times with 200pl of washing buffer. lOOpL of diluted NF-k3 p65 antibody 

was added to wells and the plate was incubated for 1 hour at room temperature. Wells 

were washed 3 times, lOOpI of diluted horseradish peroxidase (HRP) antibody was 

added to each well and the plate was incubated for 1 hour at RT. Wells were then 

washed 4 times and lOOpI of developing solution (supplied) was added to each well 

and the plate was covered to protect from light. When sufficient colour change had 

occurred, the reaction was stopped by the addition of lOOpI of stop solution (IM 

H2SO4) to each well. Absorbance was read at 450nm using a VersaMax microplate 

reader with SoftMax Pro software (Molecular Devices, CA, USA).

2.16 ELISA

Enzyme-linked immunosorbent assay (ELISA) DuoSet assays (R&D systems, Inc., MN, 

USA) were used to determine the following cytokine concentrations in patient serum: 

IGF-1, IL-6, IL-8, IL-10, IL-12p70, TNF-a, transforming growth factor-3 (TGF-3) and IFN- 

y. NUNC Fligh binding ELISA plates (Cruinn Diagnostics, Dublin, Ireland) were coated 

with 50pl capture antibody overnight at room temperature, and washed three times in 

wash buffer. 50pl of sample was applied to each well in triplicate with the exception of 

blanks which contained only reagent diluent. A serial dilution was made from the 

standard supplied and 50pl of each concentration were applied to the plate in 

triplicate. Samples were incubated for 2 hours at room temperature and the plate was 

washed three times in wash buffer. 50pl of detection antibody was added and the
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plate incubated at room temperature for two hours followed by five washes in wash 

buffer. A 50pl volume of streptavidin-HRP (1:200 dilution in reagent diluent) was 

added to each well and incubated for 20 minutes at room temperature. lOOpI of 

3,3'/5,5'-Tetramethylbenzidine (TMB) or ELISA developing solution was added to each 

well and covered with tinfoil until the colour developed (5-20 minutes). 50pl of stop 

solution was added to each well and the plate was read immediately at 450nm or 492 

nm using a VersaMax microplate reader with SoftMax Pro software (Molecular 

Devices, CA, USA). Protein concentrations were determined by interpolating from the 

standard curve of known concentrations. Kit specific antibodies and reagents are listed 

in Table below 2.10.

For the TGF-3 ELISA samples were activated from latent TGF-pi to immunoreactive 

TGF-pi prior to assaying as follows. To 40pl of serum, 20pl of IN HCI was added and 

samples were mixed well and incubated at room temperature for 10 minutes. 20|il of 

1.2N NaOH/0.5M HEPES was added to each sample and mixed well. Samples were 

diluted 1:20 in reagent diluent and assayed.

ELISA MAX Deluxe Sets (BioLegend, CA, USA) were used to measure serum levels of IL- 

4 and IL-17A. Maxisorp ELISA plates (supplied) were coated with lOOpI of capture 

antibody diluted 1:200 in lx coating buffer (supplied). Plates were incubated overnight 

at 4°C. Plates were washed 4 times with wash buffer then 200|il of lx assay diluent A 

(supplied) was added to each well and plates were incubated at room temperature for 

1 hour on a plate shaker at 200 rpm. Plates were washed 4 times and lOOpI of sample 

was added in triplicate to wells with lx assay diluent A serving as a blank control. A 

seven point standard curve was prepared by serially diluting the standard supplied 1:2 

with lx assay diluent A and lOOpI of each concentration was applied to the plate in 

triplicate. Plates were incubated at room temperature for 2 hours at 200 rpm. Plates 

were washed 4 times and lOOpI of detection antibody, diluted 1:200 in lx assay 

diluent A, was added to each well and plates were incubated for 1 hour at 200 rpm at 

room temperature. Plates were washed and lOOpI of avidin-HRP solution, diluted 

1:1000 in lx assay diluent A, was added to each well. Plates were incubated at room 

temperature for 30 minutes at 200 rpm. Plates were washed 5 times, allowing wash 

buffer to remain in wells for 1 min with each wash. The supplied TMB substrate
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solution was prepared by mixing equal parts of substrate solution A with substrate 

solution B. lOOpI was added to each well and plates were incubated in the dark for 15- 

30 minutes until sufficient colour change occurred. The reaction was stopped by the 

addition of lOOpI of stop solution to each well and plates were read at 450nm on a 

VersaMax microplate reader with SoftMax Pro software (Molecular Devices, CA, USA). 

Protein concentrations were determined by interpolating from the standard curve of 

known concentrations. Kit specific antibodies and reagents are listed in Table below 

2.10.
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2.17 MEASUREMENT OF EICOSANOID METABOLITES 

2.17.1 6-keto-Prostaglandin Fia and Leukotriene B4

The circulating levels of prostacyclin I2 (PGI2) were measured indirectly due to its short 

half-life by measuring 6-keto-Prostaglandin Fia{PGFia), a stable molecule derived from 

the hydration of PGI2, using a PGFia EIA kit. LTB4 was measured directly using an LTB4 

EIA kit. All kits were sourced from Enzo Life Sciences, Exeter, UK and kit specific 

variations to the protocol are detailed below in Table 2.11. The supplied standards 

were serially diluting with assay buffer (supplied) to generate standard curves. lOOpI of 

assay buffer was added into the non-specific binding (NSB) and the maximum binding 

(Bo) wells. lOOpI of standards and samples (diluted if necessary with assay buffer) was 

added in duplicate to appropriate wells and 50pl of assay buffer was added to the NSB 

wells. 50pl of blue conjugate (supplied) was added into each well, except the Total 

Activity (TA) and Blank wells. 50pl of yellow antibody (supplied) was added into each 

well, except the Blank, TA and NSB wells. The plate was incubated at room 

temperature on a plate shaker for 2 hours at ~500 rpm. The content of the wells was 

discarded and wells were washed with 400pl of wash solution a total of three times. 

Spl of the light blue conjugate (supplied) was added to the TA wells and 200pl of pNpp 

substrate solution (supplied) was added to every well. The plate was incubated as per 

kit specific instructions. 50pi of Stop Solution (supplied) was added to every well and 

the plate was read at 405nm on a VersaMax microplate reader with SoftMax Pro 

software (Molecular Devices, CA, USA). Sample concentrations were determined by 

interpolating from the standard curve of known concentrations.

Table 2.11 EIA to detect 6-keto-Prostaglandin Fla, Leukotriene B4 and ThnxnboxaneBa

Kit
Sample

(dilution)

Top

Standard

No. of

standards

Incubation with pNpp

substrate solution

6-keto-Prostaglandin Fm Serum (1:100) 50ng/ml 7 Room temperature, 45 min

Leukotriene 64 Plasma (neat) 3ng/ml 5 37°C, 2 hours
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2.17.2 Prostaglandin E2

A PGE2 EIA kit (Cayman Chemical, Ml, USA) was used to detect PGE2 levels in plasma. 

lOOpI of EIA buffer (supplied) was added to the NSB wells and 50pl of EIA buffer was 

added to the Bo wells. An eight point standard curve was prepared by serially diluting 

the standard supplied 1:2 with EIA buffer, giving a top standard of Ing/ml. 50pl of 

standards and samples (diluted 1:100 with EIA buffer) was added in duplicate to 

appropriate wells. 50pl of Prostaglandin E2 Monoclonal Antibody (supplied) was added 

to each well except the TA, NSB and blank wells. 50pl of Prostaglandin E2 AChE Tracer 

(supplied) was added to each well except the TA and blank wells. The plate was 

covered and incubated for 18 hours at 4°C. Ellman's reagent (supplied) was 

reconstituted in molecular grade H2O immediately before use. The content of the wells 

was discarded and wells were washed with 400pl of wash solution a total of five times. 

200pl of Ellman's Reagent was added to each well and 5pl of tracer was added to the 

TA wells. The plate was covered and incubated in the dark at room temperature on an 

orbital shaker for 60 minutes. The plate was read at 405nm on a VersaMax microplate 

reader with SoftMax Pro software (Molecular Devices, CA, USA). Sample 

concentrations were determined by interpolating from the standard curve of known 

concentrations.

2.18 STATISTICAL ANALYSIS

Statistical analysis was computed using PASW Statistics 18 for Windows (© IBM 

Corporation 2010, NY 10589) and GraphPad Prism 5 software (GraphPad, CA, USA). 

Unless otherwise specified, data are expressed as mean ± standard error of the mean 

(SEM). SEM is calculated as the standard deviation (SD) of the original sample divided 

by the square root of the sample size.

Unpaired t-tests and the Mann-Whitney U test were used to examine statistical 

significance between unpaired groups of parametric and non-parametric data 

respectively. Categorical variables were analysed by Chi-square and Fisher's exact 

tests. Data analysis was performed by one way analysis of variance (ANOVA), where 

the number of groups in the experiment was three or more. A Tukey multiple
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comparisons post hoc test was necessary following ANOVA in order to determine 

which groups were significantly different to each other.

Survival statistics were calculated using the Kaplan-Meier method and the log rank test 

was used to assess differences in survival between patients with high and low IGF-IR 

tumour expression. Survival time was measured from the date of first treatment to the 

date of death or last follow-up.

Receiver operating characteristics (ROC) analyses were used to determine gender- 

specific discriminate cut-off values for total fat area (TFA), visceral fat area (VFA) and 

subcutaneous fat area (SFA) that were associated with the metabolic syndrome. In 

addition, ROC analysis was used to establish cut-off values for TFA, VFA and SFA above 

which there was an increased prevalence of the individual factors of the metabolic 

syndrome, i.e., high triglycerides, low HDL-C, hypertension or hyperglycemia. In the 

case of these separate ROC analyses, when dichotomizing the cohort into those with 

high or low triglycerides, HDL-C, blood pressure or fasting glucose, only those subjects 

with unadulterated clinical parameters could be included. Hence if a subject was taking 

medication to control triglyceride, HDL-C, glucose or blood pressure levels they were 

excluded from that specific ROC analysis to avoid data skewing.

The sensitivity and specificity of each anthropometric cut-off was determined using the 

Youden Index. Linear regression was used to determine the waist circumference values 

associated with the new anthropometric cut-off values.

For all statistical analysis, a probability (p) of < 0.05 was considered to represent a 

significant difference between groups.

65



Chapter 3 Establishing CT-Defined Visceral Fat Area Thresholds for Use 

In Obesity Related Cancer Research
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3.1 INTRODUCTION

Obesity is a known risk factor for chronic diseases including cardiovascular disease and 

type 2 diabetes mellitus In recent years, there has been an increased

acknowledgement of the impact of obesity on the incidence and mortality of a wide 

range of cancer types, including adenocarcinoma of the oesophagus, pancreas, 

colorectum, breast, endometrium and kidney What drives the association 

between obesity and cancer is unclear, and emerging research has targeted the study 

of different fat compartments, with visceral fat considered to be more pro- 

inflammatory and pro-tumourigenic than subcutaneous fat depots

Visceral adipose tissue has multiple endocrine, metabolic and immunological functions 

and is central to the pathogenesis of the metabolic syndrome (MetSyn), a pro- 

inflammatory, pro-coagulant state associated with insulin resistance The multiple 

risk factors that commonly appear together as the MetSyn include abdominal obesity, 

atherogenic dyslipidemia (raised triglycerides and reduced high-density lipoprotein 

cholesterol), elevated fasting plasma glucose and hypertension The ratio of visceral 

fat area (VFA) to subcutaneous fat area (SFA) as a relative index of intra-abdominal fat 

accumulation has been shown to be strongly related with disorders of glucose and lipid 

metabolism in obese subjects These metabolic parameters have been shown to be 

significantly dysregulated in individuals with a greater proportion of visceral fat 

(VFA/SFA ratio of >= 0.4) compared to those with a greater proportion of 

subcutaneous fat (VFA/SFA ratio of < 0.4)

As increasing evidence points to the specific role of visceral obesity in disease, it is 

important to be able to identify individuals with excessive amounts of visceral adipose 

tissue, as opposed to increased overall mass. The widely used BMI criteria for 

overweight and obesity is not suitable for determining visceral obesity as within 

each category of BMI there can be substantial individual variation in total and visceral 

adiposity Commonly used BMI cut-off values to diagnose obesity have high

specificity, but low sensitivity to identify adiposity, as they fail to identify those with 

excess body fat Furthermore, VFA is superior to both waist circumference 

measurements and body mass index (BMI) for discriminating individuals with two or
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more features of dysmetabolism Hence, when researching the metabolic

implications of excess adiposity, reliable methods to discriminate between visceral and 

subcutaneous adipose tissue depots are essential. Computed tomography (CT) imaging 

and magnetic resonance imaging (MRI) are the gold standard for the quantification of 

total, visceral and subcutaneous adipose tissue

The current hypothesis in obesity related cancer research is that visceral obesity 

increases cancer risk via its adverse impact on inflammation and metabolism 

Numerous studies have employed these gold standard techniques to quantify visceral 

fat area and have confirmed that an increased volume of visceral adipose tissue is 

deleterious to metabolic function, promotes inflammation and promotes 

tumourigenesis Furthermore, recent studies have suggested that CT-

determined visceral fat area may influence response to therapy in obesity-associated 

malignancies However what is not known is the acceptable threshold level of

visceral adipose tissue, above which it begins to detrimentally affect metabolic and 

inflammatory processes, ultimately increasing cancer risk. There is a paucity of studies 

attempting to identify pathologically relevant and gender specific cut-off values for 

VFA in Caucasian populations. Studies carried out in the 1990's determined that in 

both men and women, a VFA above 100 cm^ was associated with moderate 

disturbances in the risk profile, whereas a VFA greater than 130 cm^ was associated 

with a further deterioration of metabolic variables predictive of type 2 diabetes 

mellitus and cardiovascular disease

However neither of these studies took into consideration the gender difference in 

adipose tissue distribution and dysmetabolism Moreover, studies that

have determined separate optimal thresholds for VFA in males and females have been 

carried out in Asian populations who, due to ethnic differences in fat distribution and 

metabolism, are not representative of Caucasian populations whilst

established cut-offs exist for BMI and waist circumference, no such cut-offs exist for 

VFA. In the absence of a cut-off, many researchers dichotomise their cohort into those 

above and below the median of VFA which in turn results in a range of different 

quantities of visceral fat area being reported in the literature as "high" [259,269,270]^
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The absence of appropriate VFA thresholds is hampering the field of cancer research as 

it hinders our ability to make useful associations between visceral obesity and markers 

of tumourigenesis. CT scanning is generally limited to individuals undergoing medical 

investigation; nevertheless an appropriate threshold should be generated for use in 

obesity research when CT scanning is available. In the absence of healthy individuals, 

gastrointestinal cancer patients represent an appropriate cohort for the study of VFA 

thresholds. One of the strongest obesity-cancer links exists between gastrointestinal 

cancer and visceral obesity and all patients undergo a diagnostic CT scan. Thus, in this 

study we focused on oesophageal and colorectal adenocarcinoma cohorts and used 

the collective factors of the MetSyn as a pathological indicator{s) for visceral obesity.

In this study it was hypothesised that when associating total, visceral and 

subcutaneous fat area with the metabolic syndrome, different CT derived cut-off 

values would be determined for Caucasian male and female gastrointestinal cancer 

patients. For the first time, this study generated pathologically relevant thresholds for 

VFA that associate with MetSyn in Caucasian males and females. This new 

anthropometric measure is of paramount importance for determining the accurate 

pathological obesity status of cancer patients, a cornerstone in study of obesity- 

associated cancer research.

3.1.1 Specific Aims

The aim of this study was to identify pathologically relevant thresholds for the 

classification of visceral obesity in Caucasian males and females for use in 

gastrointestinal cancer research. Utilising CT quantified abdominal fat area measures 

the following parameters will be assessed:

The association between specific abdominal fat depots and separate markers of 

dysmetabolism in males and females, determined by receiver operator characteristics 

analysis.

The association between specific abdominal fat depots and the metabolic syndrome in 

males and females, determined by receiver operator characteristics analysis.
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The correlation between identified upper thresholds of abdominal obesity and waist 

circumference.

3.2 RESULTS

3.2.1 Subject Characteristics

An Adipose Tissue Biobank was established in the Department of Surgery in 2007, as 

described in section 2.7, and it was from this database that subjects for this study were 

selected. The study cohort consisted of 236 consecutively recruited subjects, 170 male 

and 66 females, who underwent a gastrointestinal resection for malignancy with 

curative intent between July 2007 and January 2011 (Table 3.1). Excluded from the 

study were individuals who were pregnant, HIV or Hepatitis C positive or had 

diagnosed metastatic disease. The cohort ranged in age from 29-94 years, with a mean 

age of 65 years. Anthropometry and clinical measurements were performed as 

described in section 2.7.1 and 2.7.2 and MetSyn was diagnosed as per International 

Diabetes Federeation criteria (section 2.7.4).

Selected subject characteristics, separated by gender and the MetSyn status, are 

summarised in Table 3.1 below. The male and female cohorts were matched in terms 

of age and their MetSyn status. Males had significantly higher BMI (p=0.001) and WC 

(p<0.0001) than females. However both groups demonstrated similar overall 

prevalence of obesity as measured by BMI (>30kg/m^) or WC (>94cm in males and 

>80cm in females). As expected, a significant difference was observed in abdominal fat 

distribution between males and females, with males having higher amounts of visceral 

fat (p<0.0001) and lower amounts of subcutaneous fat (p=0.005) compared to females. 

Within the male and female cohorts, those with the MetSyn had significantly higher 

TFA, VFA and SFA (p<0.001) than those without the MetSyn. In terms of tumour 

characteristics, within the male cohort there was 170 oesophageal adenocarcinoma 

and 50 colorectal adenocarcinoma cases and within the female cohort there was 22 

oesophageal adenocarcinoma and 44 colorectal adenocarcinoma cases. There was 

significantly more Ti and significantly less T3 tumours in the males with the MetSyn. 

There was no significant difference in tumour stage or nodal status between females 

with or with the MetSyn.
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3.2.2 Determination of Abdominal Adiposity Thresholds Using Individual Markers 

of Dysmetabolism

Receiver operating characteristics (ROC) analysis was used to establish cut-off values 

for total fat area (TFA), visceral fat area (VFA) and subcutaneous fat area (SFA) above 

which there was an increased prevalence of the individual factors of the metabolic 

syndrome, i.e., high triglycerides, reduced HDL-C, hypertension or elevated fasting 

glucose. Subjects that were taking medications to control blood pressure, cholesterol 

or glucose levels were excluded from respective analyses, to avoid data skewing. 

Results are shown in Table 3.2 and the cut-off values shown represent a combination 

of the greatest sensitivity and specificity, calculated by the Youden Index.

With the exception of hypertension in females, all markers of dysmetabolism 

demonstrated a stronger association with VFA than SFA, as indicated by the area under 

the curve values. The association between visceral adiposity and dysmetabolism was 

more evident in males compared to females as the VFA cut-offs generated for 

identifying risk of reduced HDL-C, elevated triglycerides, hypertension and elevated 

fasting glucose proved to be significant predictors. The strongest association was 

observed between a VFA cut-off of 212.2cm^ and hypertension [AUC, 0.789 (0.661- 

0.917), p=0.001]. Using an optimal threshold for VFA of 212.2cm^ in males identifies 

hypertensive subjects with a sensitivity of 70.6% and a specificity of 83.3%. In females, 

the VFA cut-offs generated for identifying risk of elevated triglycerides and elevated 

fasting glucose proved to be significant predictors. The strongest association was 

observed between a VFA cut-off of 65.1 cm^ and elevated triglycerides [AUC, 0.738 

(0.593-0.882), p 0.023]. Using an optimal threshold for VFA of 65.1cm^ in females 

identifies subjects with elevated triglycerides with a sensitivity of 100% and a 

specificity of 50%.
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3.2.3 Determination of Abdominal Adiposity Thresholds Using the MetSyn

In addition to individual markers of dysmetabolism, the collective IDF criterion for the 

MetSyn was also employed to detect threshold levels of abdominal adiposity. All 

subjects were included in this analysis and results are shown in Table 3.3 and Figure 

3.1. In both males and females, abdominal fat area proved to be robust indicator of 

altered metabolism, with the cut-offs generated for TFA, VFA and SFA proving to be 

significantly associated with the presence of the MetSyn. In both males and females, 

VFA demonstrated a strong association with the MetSyn, as indicated by the AUC 

values. A VFA cut-off of 163.8cm^ identified males with the MetSyn with 83.6% 

sensitivity and 62.5% specificity and a VFA cut-off of 80.1cm^ identified females with 

the MetSyn with 96% sensitivity and 73.2% specificity. There was a marked gender 

difference in anthropometric cut-offs generated with males having a higher optimal 

threshold for VFA but a lower optimal threshold for SFA compared to females.

Table 3.3 Abdominal fat thresholds associated with increased risk of the MetSyn in 

males and females

Cut-off
Value

AUC 
(95% Cl)

p value Sensitivity
(%)

Specificity
(%)

Men (n=170)

TFA (cm^) 364.2 0.758 (0.686-0.830) <0.0001 71.2 74.0

VFA (cm^) 163.8 0.788 (0.721-0.856) <0.0001 83.6 62.5

SFA (cm^) 132.3 0.693 (0.614-0.773) <0.0001 86.3 50.0

Women {n=66)

TFA (cm^) 318.8 0.885 (0.807-0.964) <0.0001 88.0 78.0

VFA (cm^) 80.1 0.880 (0.802-0.959) <0.0001 96.0 73.2

SFA (cm^) 261.8 0.833 (0.732-0.933) <0.0001 68.0 85.4

Data analysed using receiver operating characteristics analyses, cut-off value obtained 
using Youden Index. AUC, area under the curve; Cl, confidence interval; TFA, total fat 
area; VFA, visceral fat area; SFA, subcutaneous fat area
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3.2.3.1 Cancer-specific variations in abdominal thresholds associated with the 

MetSyn

Within the larger male cohort, the ROC analysis was repeated for the oesophageal and 

colorectal adenocarcinoma patients separately to assess cancer specific variations in 

the association between VFA and dysmetabolism. Minimal variation in optimal 

abdominal fat thresholds was observed between to the two cancer cohorts, as shown 

in Table 3.4. Males with oesophageal adenocarcinoma had a slightly lower threshold 

value for VFA of 156.8cm^ [AUC, 0.746 (0.659-0.833), p <0.0001] compared to males 

with colorectal adenocarcinoma who had an optimal VFA threshold of 164.Ocm^ [AUC, 

0.873 (0.774-0.971), p <0.0001]. In both cancer types, VFA remained strongly 

associated with the presence of the MetSyn.

Table 3.4 Abdominal fat thresholds associated with increased risk of the MetSyn in 

males with oesophageal and colorectal adenocarcinoma

Cut-off
Value

AUC 
(95% Cl)

p value Sensitivity
(%)

Specificity
(%)

OAD (n=120)

TFA (cm^) 262.7 0.700 (0.607-0.793) <0.0001 98.0 42.0

VFA(cm^) 156.8 0.746 (0.659-0.833) <0.0001 84.0 55.1

SFA(cm^) 132.3 0.653 (0.556-0.751) 0.004 86.0 84.9

CRC (n=50)

TFA (cm^) 312.5 0.894 (0.800-0.988) <0.0001 95.7 74.1

VFA (cm^) 164.0 0.873 (0.774-0.971) <0.0001 91.3 77.8

SFA (cm^) 137.0 0.795 (0.671-0.920) <0.0001 87.0 66.7

Data analysed using receiver operating characteristics analyses, cut-off value obtained 

using Youden Index. AUC, area under the curve; Cl, confidence interval; OAD, 

oesophageal adenocarcinoma; CRC, colorectal adenocarcinoma; TFA, total fat area; 

VFA, visceral fat area; SFA, subcutaneous fat area

76



3.23.2 Determination of abdominal adiposity thresholds using the Harmonized 

criteria for the MetSyn

As disease related weight loss is common in gastrointestinal malignancy, the ROC 

analyses of abdominal fat and the MetSyn were repeated using the Harmonized 

Metabolic Syndrome Criteria which does not require abdominal obesity as a definitive, 

but rather the presence of three of the five criteria used in the IDF definition All 

patients classified as MetSyn positive as per the IDF guidelines met the Harmonized 

criteria for the MetSyn. Four of the males, but none of the females, that were classified 

as MetSyn negative by the IDF criteria became classified as MetSyn positive as per the 

Harmonized criteria. The results are illustrated in Table 3.5. Again, abdominal fat area 

proved to be robust indicator of altered metabolism, with VFA demonstrating the 

strongest association with the Harmonized MetSyn. Compared with using the IDF 

criteria, similar pathological thresholds for abdominal fat were obtained in the males. 

In the males, a VFA of 177.9cm^ identified males with the Harmonized MetSyn with 

76% sensitivity and 67.7% specificity [AUC, 0.775 (0.704-0.836), p <0.0001]. In females, 

as there was no difference in the cohorts when using either set of criteria for MetSyn, 

no difference was observed in the ROC analyses. A VFA cut-off of SO.lcm^ identified 

females with the MetSyn with 96% sensitivity and 73.2% specificity.
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Table 3.5 Abdominal fat thresholds associated with increased risk of the MetSyn in 

males and females (Harmonized Metabolic Syndrome Criteria)

Cut-off
Value

AUC 
(95% Cl)

p value
Sensitivity

(%)
Specificity

(%)
Men {n=170)

TFA (cm^) 361.4 0.739 (0.666-0.804) <0.0001 68.0 73.1

VFA (cm^) 177.9 0.775 (0.704-0.836) <0.0001 76.0 67.7

SFA (cm^) 130.4 0.680 (0.604-0.750) <0.0001 85.3 48.4

Women (n=66)

TFA (cm^) 318.8 0.885 (0.807-0.964) <0.0001 88.0 78.0

VFA (cm^) 80.1 0.880 (0.802-0.959) <0.0001 96.0 73.2

SFA (cm^) 261.8 0.833 (0.732-0.933) <0.0001 68.0 85.4

Data analysed using receiver operating characteristics analysis, cut-off value obtained 
using Youden Index. ADC, area under the curve; Cl, confidence interval; TFA, total fat 
area; VFA, visceral fat area; SFA, subcutaneous fat area
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3.2.4 Correlating Optimal Thresholds for Abdominal Adiposity with Waist 

Circumference

Following identification of gender specific optimal thresholds for metabolic health, 

linear regression was used to determine the corresponding waist circumference (WC) 

cut-off values (Table 3.6, Figure 3.3). In all cases, WC correlated strongly with 

abdominal fat area, indicated by the r values. In both males and females WC correlated 

most strongly with TFA, as expected. In males a VFA threshold value of 163.8cm^ 

correlated to a WC of 96.1cm, while in females a VFA threshold value of SO.lcm^ 

correlated to a WC of 83.2cm.

Table 3.6 Corresponding waist circumference to new TFA, VFA and SFA cut-off values

Cut-off
Value

Corresponding 
WC (cm)

p value r value

Men (n =170)

TFA (cm^) 364.2 98.9 <0.0001 0.717

VFA (cm^) 163.8 96.1 <0.0001 0.599

SFA (cm^) 132.3 94.1 <0.0001 0.520

Women (n =66 )

TFA (cm^) 318.8 87.0 <0.0001 0.756

VFA (cm^) 80.1 83.2 <0.0001 0.570

SFA (cm^) 261.8 91.0 <0.0001 0.676

Cut-off value obtained using Youden Index, corresponding waist circumference 
determined by linear regression. WC, waist circumference; TFA, total fat area; VFA, 
visceral fat area; SFA, subcutaneous fat area
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3.3 DISCUSSION

The current doctrine in obesity related cancer research is that excess visceral adipose 

tissue fuels a pro-inflammatory state with the associated MetSyn which ultimately 

creates a pro-tumourigenic environment CT staging is the standard of care for 

diagnosing patients with gastrointestinal cancer and there is an emerging interest in 

CT-determined VFA as a marker of altered biology in patients with obesity-associated

cancer [126, 259, 269, 273-275]

This study sought for the first time to generate cut-offs for VFA that were 

pathologically relevant and reflective of the gender differences in visceral adipose 

tissue distribution in Caucasians. Gender greatly influences fat distribution, with men 

storing approximately 20-30% of their total body fat in the visceral compartment, 

irrespective of their obesity status Conversely, women tend to amass excess 

adipose tissue peripherally, and do not accumulate significant amounts of visceral fat 

until a moderate level of obesity is reached Other reports show that men have a 

higher prevalence of obesity-related metabolic diseases This study identified

significantly different mean visceral fat areas (p<0.0001) for men (228.6cm^) and 

women (146.8cm^) with the MetSyn, highlighting profound differences between men 

and women and the absolute requirement for gender-specific abdominal fat area cut­

offs. Although previous studies have used the gold standard techniques of CT or MRI 

scanning for the quantification of fat compartments in obesity, and report a VFA >130 

cm^ was associated with obesity related pathologies, no study heretofore has provided 

gender specific VFA cut-off values in Caucasians

The potential error in using the currently accepted VFA value of >130 cm^ to associate 

obesity with metabolic dysfunction is evident in this research and the findings support 

the study hypothesis that when associating total, visceral and subcutaneous fat area 

with the MetSyn, different CT derived cut-off values would be determined for 

Caucasian males and females. Using the combined criteria for the diagnosis of the 

MetSyn, the optimal visceral fat area cut-off values were determined as >163.8cm^ for 

men and >80.1cm^ for women. This suggests that previously identified cut-off values of 

>130 cm^ may result in the misclassification of men and women as viscerally obese,
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using the dysmetabolism as the outcome. A study by Oka et al. reported gender- 

specific VFA cut-off associated with the MetSyn as <132.6cm^ for men and <91.5cm^ 

for females in a Japanese population However, Japanese and Asian populations 

traditionally have a greater VFA:SFA ratio than Caucasians, thus these optimal VFA 

thresholds are not be suitable for use in Caucasian populations

The much lower threshold for VFA in females supports the hypothesis that an 

excessive amount of visceral adipose tissue is more detrimental to health in females 

compared to males In previous studies where the relative risk of cardiovascular

disease has been assessed in those with the highest WC or waist-to hip ratio compared 

to those with the lowest, a greater fold increase has been observed within the female 

cohort compared to the male The cause of this gender difference is

uncertain but may be related to the higher amount of hepatic free fatty acid delivery 

derived from lipolysis of VFA that has been observed in women than in men With 

the exception of hypertension in females, VFA had the strongest association with all 

individual markers of dysmetabolism, compared with SFA. In addition a much stronger 

association was observed between VFA and the MetSyn in males and females rather 

than SFA, reflected in the AUC values. VFA also demonstrated a stronger association 

with the MetSyn rather than individual markers of dysmetabolism, validating the use 

of the MetSyn as a marker of whole body dysfunction when generating optimal 

thresholds for VFA. These data strongly support the theory that visceral adipose tissue 

is pathologically distinct and quantification of this depot is essential for research in 

obesity and its associated morbidities.

It is acknowledged that a potential influence of cancer related weight loss associated 

with gastrointestinal malignancy is an important consideration when using the IDF 

criteria for the MetSyn diagnosis as abdominal obesity is a prerequisite. To assess this 

further, the ROC analyses of abdominal fat and the MetSyn were repeated using the 

Harmonized Metabolic Syndrome Criteria which does not require abdominal obesity as 

a definitive, but rather the presence of three of the five criteria used in the IDF 

definition Using the Harmonized criteria for the MetSyn, similar pathological 

thresholds for TFA (361.4 cm^), VFA (177.9cm^) and SFA (130.4cm^) were obtained in
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males. In the female cohort those designated as MetSyn positive or negative using the 

IDF criteria remained classified as MetSyn positive or negative using the Harmonized 

criteria, thus there was no difference in the thresholds obtained for TFA, VFA and SFA. 

Hence in this study, weight loss, which is an important consideration in gastrointestinal 

cancer, did not appear to influence MetSyn status or the significant association 

between VFA and dysmetabolism.

It is now well established that waist circumference correlates with CT generated VFA 

Regression analysis was therefore used to determine the corresponding waist 

circumference to these newly generated abdominal fat cut-off values. The strongest 

correlation was observed between TFA and WC in both males and females. This finding 

is unsurprising, given that \A/C is a composite measure of both the subcutaneous and 

visceral adipose tissue depots. The World Health Organization (WHO) proposed that a 

WC > 94cm in men and > 80cm in women is a predictor of an increased risk to health, 

and that a WC of > 102cm in men and > 88cm in women is a predictor of a substantial 

risk to health for the Caucasian population Regression analysis found that a WC of 

96.1cm for men and 83.2cm for women corresponds to the gender specific 

discriminate VFA values associated with the MetSyn established in this study. The 

corresponding WC to VFA values obtained in this study for males and females are 

closely related to the WHO WC values proposed as an increased risk to health.

This study confirms that, although both SFA and VFA have been shown to correlate 

with metabolic risk factors, VFA remains more strongly associated with an adverse 

metabolic risk profile In the current study, the new VFA cut-off value was superior 

to SFA in identifying patients with the MetSyn. Measurement of VFA provides a 

complete understanding of obesity related pathologies associated with variation in fat 

distribution Therefore, the quantitative assessment of VFA by CT, as an 

independent risk factor for obesity-related diseases, is a powerful research tool.

A limitation of this study is that cut-offs were derived solely in a cancer population. It 

would be worthwhile to study these values in a non-cancer cohort, but enrolling such 

non-cancer patients for unnecessary abdominal CT imaging presents challenges in

84



terms of both ethics and resources. Nevertheless, these cut-offs are a powerful 

research tool for the study of obesity associated malignancies, which are convincingly 

fuelled by visceral fat in research where CT derived VFA is available, such as

obesity-associated gastrointestinal malignancy, cut-offs values for the classification of 

visceral obesity are long overdue and urgently required to allow for more consistent 

and comparable research.

In conclusion, this study is the first to generate ethnic and gender specific cut-offs for 

visceral, subcutaneous and total fat areas in a cohort of Caucasian gastrointestinal 

cancer patients. Using the metabolic syndrome as a quantifiable marker of the whole 

body dysfunction associated with excess visceral adiposity, we have identified 

pathologically relevant criteria for classifying visceral obesity. This study highlights the 

current lack of appropriate VFA cut-off values for use in clinical research and also 

demonstrates the importance of assessing the relationship between adipose tissue 

distribution and dysmetabolism separately in men and women. VFA thresholds of 

>160cm^ for men (82.7% sensitivity and 62.1% specificity) and >80cm^ for women 

(95.8% sensitivity and 71.4% specificity) are proposed as pathologically relevant cut-off 

values for use in obesity-associated cancer research.
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Chapter 4 IGF-1 and its Receptor in Oesophageal Cancer: Association 

with Adenocarcinoma and Visceral Adiposity
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4.1 INTRODUCTION

There is strong epidemiological evidence linking obesity to oesophageal 

adenocarcinoma As the prevalence of obesity continues to rise in society and the 

incidence of oesophageal adenocarcinoma increases there is a drive to understand 

the molecular mechanisms by which obesity increases the risk of oesophageal 

adenocarcinoma.

The observation that obesity is a risk factor for oesophageal adenocarcinoma 

independent of reflux status indicates that other systemic factors aside from the 

mechanical impact of excess abdominal fat are at play Furthermore, the fact that 

obesity has differing effects on the histological subtypes of oesophageal cancer 

suggests specific tumour/host interactions are occurring. Thus oesophageal 

adenocarcinoma may be a paradigm model of obesity and cancer, and current 

molecular research is focused on mechanisms that underpin this association.

Visceral obesity is associated with a proinflammatory, procoagulant and insulin 

resistant state, collectively known as the metabolic syndrome The dysmetabolism 

observed in visceral obesity is believed to create an environment that promotes 

tumourigenesis, and this has been described in patients with colorectal and breast 

cancer 55.289] patients with Barrett's oesophagus, the pre-malignant condition, a 

high prevalence of visceral adiposity and metabolic syndrome was identified by this 

research group. Furthermore, it was found that visceral obesity was associated with 

the length of Barrett's an important finding as longer length of Barrett's is 

associated with an increased risk of developing oesophageal adenocarcinoma

Insulin, insulin resistance, and the insulin-like growth factor (IGF) system are 

interesting targets for cellular studies linking obesity and cancer. The IGF axis is 

involved in cell proliferation, differentiation and apoptosis |Qp jystem may

be highly dysregulated in obesity and the metabolic syndrome; with insulin resistance 

giving rise to hyperinsulinaemia and increased free IGF-l'^^^l The IGF system consists 

of two ligands, insulin like growth factor-1 (IGF-1) and insulin-like growth factor-2 (IGF- 

2); three cell-membrane receptors, IGF-1 receptor (IGF-IR), IGF-2 receptor (IGF-2R) 

and insulin receptor (IR); and six high-affinity IGF binding proteins, IGFBP-1 to IGFBP-6 

IGF-IR is a heterotetramic tyrosine kinase receptor consisting of two a and two p
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subunits. Binding of the ligands IGF-1 and IGF-2 to IGF-IR results in receptor 

autophosphorylation and activation of multiple signalling path\A/ays, including the 

mitogen activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) 

and phosphatidylinositide 3-kinase (PI3K)/anti-apoptotic serine threonine kinase (Akt- 

1) pathways, leading to cell proliferation and protection from apoptosis 

Dysregulation of this pathway can give rise to malignancy. In oesophageal cancer, over 

expression of IGF-IR has been associated with the malignant progression of Barrett's 

to oesophageal adenocarcinoma In addition, blockade of IGF-IR leads to 

apoptosis in oesophageal cancer cells IGF-1 has been shown to stimulate the

growth of oesophageal cancer cells in vitro The source of IGF-1 may be

systemic as high circulating levels have been observed in oesophageal cancer patients 

[297,298] Alternatively, macrophages have been demonstrated to produce IGF-1 and are 

a likely source of this growth factor within the tumour stroma acting in a paracrine 

fashion

4.1.1 Specific Aims

This aim of this study is to investigate the role of the IGF-1 axis in oesophageal cancer 

tumourigenesis, both in vitro and in in vivo, and its relationship with obesity by

• Determining the expression of IGF-IR at the gene and protein level in a panel of 

oesophageal cell lines and the impact of IGF-1 on proliferation

• Measuring the circulating levels of IGF-1 in a cohort including oesophageal 

adenocarcinoma, oesophageal SCC, Barretts oesophagus and non cancer control 

patients and relate levels to anthropometric and clinical status.

• Assessing the expression of IGF-IR and cells in resected oesophageal

tumour specimens and relate findings to tumour and patient characteristics

4.2 RESULTS

4.2.1 In Vitro mRNA and Protein Expression of IGF-1 and its Receptor

mRNA expression of IGF-IR, IGF-1 and IGF-2 was assessed by reverse transcriptase PCR 

in 2 oesophageal adenocarcinoma cell lines (OE19 and OE33) and 2 oesophageal
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squamous cell carcinoma cell lines (KYSE 410 and OE21), as described in section 2.5. 

The hepatic carcinoma cell line HepG2 served as a positive control. All 4 cells lines 

expressed mRNA for IGF-IR. IGF-1 mRNA was expressed in the SCC cell line OE21 and 

the adenocarcinoma cell line OE19, and IGF-2 was expressed in the SCC cell lines, KYSE 

410 and OE21 (Figure 4.1, A). Western blot analysis identified the IGF-IR as a ISOkDa 

and 120 kDa protein, representing a and (3-subunits respectively, in all cell lines. There 

was visibly higher expression of IGF-IR in both of the SCC cell lines, with OE21 having 

the highest expression, compared with the endogenous control (3-actin, as illustrated 

by densitometric analysis (Figure 4.1, B).
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Figure 4.1 Expression of IGF-1, IGF-2 and IGF-IR in oesophageal cancer cell lines

A) mRNA expression of IGF-1, IGF-2 and IGF-IR in KYSE 410, OE21, 0E19 and OE33 cell 

lines was assessed by RT-PCR. HepG2 hepatic carcinoma cell line served as a positive 

control and GAPDH was used as the endogenous control gene. B) Expression of IGF-IR 

at the protein level was determined by Western Blotting in KYSE 410 and OE21 SCC cell 

lines, and OE19 and OE33 adenocarcinoma cell lines, p-actin expression was also 

assessed to ensure equal sample loading. Densitometric analysis was carried out to 

determine differential IGF-IR expression across the cell lines relative to p-actin.
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4.2.2 Changes in Cell Proliferation in Response to Exogenous IGF-1

A BrdU cell proliferation assay was used to assess the proliferation of oesophageal 

cancer cells in response to various concentrations of human recombinant IGF-1 

(O.lng/ml, Ing/ml, lOng/ml, lOOng/ml, lOOOng/ml) as described in section 2.3. A dose 

dependent increase in cell proliferation was observed in the adenocarcinoma cell lines 

in response to IGF-1. A significant increase in cell proliferation was observed in the 

OE33 and OE19 cell lines at a concentration of >10ng/ml and >100ng/ml respectively 

(p<0.05). The effect was most pronounced in the OE19 cell line, with lOOng/ml IGF-1 

leading to a 25% increase in cell proliferation (p<0.01). In contrast, no dose dependent 

increase in cell proliferation was observed in the SCC cell lines when treated with IGF- 

1. The results are illustrated below in Figure 4.2.
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OE19 OE33

KYSE 0E21

Figure 4.2 IGF-1 stimulates oesophageal adenocarcinoma cell line growth in a dose- 

dependent fashion

Oesophageal adenocarcinoma (0E19, OE33) and SCC (KYSE 410, OE21) cell lines were 

treated with varying concentrations of IGF-1 (O.l-lOOOng/ml) for 24 hours. Cell 

proliferation was measured by BrdU incorporation assay, all samples were assayed in 

triplicate. Differences between timepoints was assessed by ANOVA with Tukey post 

hoc test. Data represents mean ± SEM; * p<0.05, **p<0.01.
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4.2.3 Patient Characteristics

The study population consisted of 124 patients, 91 males and 33 females, who 

underwent an oesophagectomy at this centre between 2007 and 2010. Oesophageal 

tumour samples were collected as per the standard protocols of the Central Pathology 

Laboratory in St. James's Hospital. Serum samples were collected on these patients as 

part of the Adipose Tissue Biobank studies and anthropometry was performed as 

detailed in section 2.7.1. Ninety-six oesophageal adenocarcinoma and 28 oesophageal 

squamous cell carcinoma (SCC) patients were included in this study. The age at time of 

surgery ranged from 30-86yrs, with a mean age of 63yrs in both the adenocarcinoma 

and SCC groups. There were significantly more males than females in the oesophageal 

adenocarcinoma cohort compared to SCC. Increased BMI (p<0.001) and VFA (p<0.001) 

and a higher prevalence of the metabolic syndrome (p=0.011) was observed in the 

adenocarcinoma patients. In both tumour types the most common pathological stage 

was stage 3. Patient and tumour characteristics are summarized in Table 4.1.

Table 4.1 Oesophageal cancer patient demographics

Oesophageal Adenocarcinoma

(n=96)

Oesophageal SCC

(n=28)
P

Male, n (%) 81 (84%) 10 (36%) 0.0001

Age (y), mean (range) 63 (30-86) 63 (45-78) 0.85

Pathological Stage, n (%)

Stage 0 5 (5.2%) 4 (14.3%) 0.12

Stage 1 11 (11.5%) 5 (17.9%) 0.35

Stage II 34 (35.4%) 7 (25%) 0.37

Stage III 36 (37.5%) 9 (32.1%) 0.66

Stage IV 1 (1%) 1 (3.6%) 0.40

Unknown 9 (9.3%) 2 (7.1%) 1.0

BMI(kg/m^), median (range) 26.95(18.64-39.0) 23.23 (16.7-31.9) <0.001

*VFA(cm^), median (range) 168.7 (9.17-383.8) 60.0(5.8-381.1) <0.001

#Metabolic syndrome, n (%) 38 (42.2%) 4 (14.8%) 0.011

:>L.aii5 lui V FM v.,diLUid Liuf I dvdiiduic uii ±\J± [JdiiciiiD.

visceral fat area. #Metabolic syndrome status available on
BMI, body mass index; VFA, 
117 patients.
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4.2.4 Serum IGF-1 levels

The level of free IGF-1 in serum was assessed in 82 oesophageal adenocarcinoma 

patients and 17 SCC by ELISA, as described in section 2.16. In order to further assess 

the relationship between circulating IGF-1 and oesophageal cancer, free IGF-1 levels 

were measured in 25 Barrett's oesophagus patients and 27 non-cancer controls on 

whom serum was collected as part of on-going research studies within this unit. 

Results were correlated with tumour type, gender, obesity and metabolic syndrome 

status. Obesity was determined by BMI and VFA. For the classification of visceral 

obesity the published threshold of VFA >130cm^ was used as well as the newly 

generated gender specific VFA thresholds of >160cm^ for males and >80cm^ for 

females, referred to as "high VFA" (Chapter 3).

Significantly higher circulating levels of IGF-1 were found in patients with oesophageal 

adenocarcinoma compared to those with SCC (p<0.05), Barrett's oesophagus (p<0.001) 

or controls {p<0.001). Gender did not affect circulating IGF-1 levels (Figure 4.3, A). No 

association was found between obesity and IGF-1 levels when patients were classified 

by BMI. However, in the patients on whom VFA was available, significantly higher 

circulating IGF-1 levels were found in those with elevated VFA (p<0.05), suggesting 

that excess visceral adipose tissue influences serum IGF-1 levels. In addition, higher 

levels of IGF-1 were observed in patients with the metabolic syndrome (p<0.05) (Figure 

4.3, B).
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Figure 4.3 Serum IGF-1 levels are increased in patients with oesophageal 

adenocarcinoma, visceral obesity and the metabolic syndrome

Serum IGF-1 levels were measured in 82 oesophageal adenocarcinoma patients, 17 

oesophageal SCC patients, 25 Barrett's oesophagus patients and 27 healthy controls by 

ELISA. All samples were assayed in triplicate. Results are correlated to clinical status, 

tumour type, gender, obesity and metabolic syndrome status. Visceral obesity was 

classified using 3 different anthropometric indicators of obesity, BMI >30kg/m^; VFA 

>130cm^; or VFA >160cm^ for males and >80cm^ for females (referred to as "high 

VFA"). Data represent mean ± SEM; * p<0.05, ***p<0.001. OAD, oesophageal 

adenocarcinoma; SCC, oesophageal squamous cell carcinoma; BMI, body mass index; 

MetSyn, the metabolic syndrome; VFA, visceral fat area.
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4,2.5 Tumour Expression of IGF-IR and CD68* cells

IGF-IR expression in oesophageal tumour tissue was assessed using 

immunohistochemistry in 96 patient resections as described in section 2.6.1. Staining 

intensity was graded by three independent observers, including a consultant 

pathologist, using the grading system detailed in section 2.6.2. Representative images 

of the different grades of IGF-IR staining intensity are shown in Figure 4.4. No 

association was observed between IGF-IR expression and obesity status, metabolic 

syndrome, tumour stage, nodal status or survival (Figure 4.5 and 4.6). Differences were 

observed in the pattern of staining throughout the tissues, with the highest level of 

IGF-IR expression observed at the basal layer of normal squamous epithelium. In both 

adenocarcinoma and SCC sections, increased levels of IGF-IR expression were 

observed in areas of tumour and at the invasive tumour edge compared to tumour 

associated stroma, (p<0.05) (Figure 4.7). As macrophages have been shown to be a 

source of IGF-1 both physiologically and at tumour sites, CD68, a marker for human 

macrophage infiltration, was assessed by immunohistochemistry in 50 oesophageal 

tumour sections (section 2.6). Positively stained cells were counted in three different 

areas: tumour, stroma and at the invasive edge by three independent observers, 

including a consultant pathologist. Representative images of positive and negative 

CD68‘^ staining are shown in Figure 4.8. No overall difference was found in CD68'^cell 

numbers between oesophageal adenocarcinoma and oesophageal SCC sections, or 

between obese and non-obese patients (Figure 4.9). There was a significant variation 

in CDCS"^ cell numbers based on location within the tumour tissue, with increased 

levels in tumour associated stroma compared to the tumour island (p<0.001), and 

further increased levels observed in the stroma surrounding the invasive tumour edge 

(p<0.05) (Figure 4.10).
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Figure 4.4 Representative images of IGF-IR staining intensity.

IGF-IR expression was assessed by immunohistochemistry in resected oesophageal 

tumour specimens. Staining intensity was graded by three independent observers, 

including a consultant pathologist. Intensity of IGF-IR staining was graded on a scale 

from 0 to 3. A score of 0 corresponded to no staining, a score of 1 to weak staining, a 

score of 2 to moderate staining and a score of 3 to strong staining. Percentage of 

tumour cells stained was graded in quartiles of 0%, 25%, 50%, 75% and 100%. The 

average grade for each patient was calculated by multiplication of the intensity score 

by the percentage of tumour score, giving an overall score for each section area of 

between 0-300. Areas of tumour and tumour stroma were graded separately. Where 

present, the invasive edge at the junction of tumour and normal tissue was identified 

and marked by a pathologist and this section was graded separately
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Figure 4.5 IGF-IR tumour expression is not associated with obesity or the metabolic 

syndrome

The tumour expression of IGF-IR was determined by immunohistochemistry. Intensity 

of IGF-IR staining was graded by three independent observers on a scale from 0 to 3 

and percentage of tumour cells stained was graded in quartiles. The average grade for 

each patient was calculated by multiplication of the intensity score by the percentage 

of tumour score, giving an overall score for each section area of 0-300. Expression was 

assessed in relation to obesity and metabolic syndrome status by Mann Whitney U 

test. IGF-IR expression was not associated with obesity as classified by BMI or VFA 

(using >130cm^ or the gender-specific thresholds). Data represents mean ± SEM. BMI, 

body mass index; MetSyn, the metabolic syndrome; VFA, visceral fat area.
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Figure 4.6 IGF-IR expression is not associated with T-stage, nodal status and survival

Tumour expression of IGF-IR was determined by immunohistochemistry and 

expression was analysed in relation to pathological T-stage and nodal status by ANOVA 

and Mann Whitney U test. IGF-IR expression was not associated with a more 

advanced T-stage or nodal positivity. IGF-IR expression was dichotomised by the 

median into high and low expression and overall survival was calculated by Kaplan 

Meier. The median survival for patients with high or low tumour IGF-IR expression was 

833 and 1165 days respectively. Data represents mean ± SEM.
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Figure 4.8 Representative image of staining for CD68^ cells in resected oesophgeal 

tumour.

Resected oesophageal sections were stained for the expression of CD68^ cells by 

immunohistochemistry. Positively stained cells, identified by the brown staining, were 

counted in three different areas of tumour, stroma and at the invasive edge by three 

independent observers.
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Figure 4.9 Presence of CD68^ cells in oesophageal tumour is not associated with 

obesity or the metabolic syndrome

The expression of CDGS"^ cells in oesophageal tumour sections was assessed by 

immunohistochemistry and analysed in relation to T-stage, nodal status, obesity and 

metabolic syndrome status using Mann Whitney U and ANOVA. Data represents mean 

± SEM. OAD oesophageal adenocarcinoma; SCC, oesophageal squamous cell 

carcinoma; BMI, body mass index; MetSyn, metabolic syndrome; VFA, visceral fat area.
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Figure 4.10 Increased CD68^ cell numbers are present in the tumour associated 

stroma compared to the tumour island

In oesophageal tumour sections there was a significant variation in CD68^ cell 

numbers, denoted by brown staining, based on location within the tumour tissue (A), 

with increased levels observed in the tumour associated stroma (TS) compared to the 

tumour (p<0.001) (B), and further increased levels observed in the stroma surrounding 

the invasive tumour edge (IE) (p<0.05) (C). Statistical analysis was performed using 

ANOVA. Data represents mean ± SEM; **p<0.01, ***p<0.001. OAD, oesophageal 

adenocarcinoma
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4.3 DISCUSSION

The IGF-1 axis has well-described effects on tumour cell proliferation, differentiation 

and apoptosis, and an anticipated dysregulation in obesity particularly where it is 

associated with insulin resistance and metabolic syndrome The current study

presents novel findings that position the IGF-1 axis as key to oesophageal tumour 

growth and a plausible link between visceral obesity and gastrointestinal malignancy.

Obesity and excess visceral adiposity have been identified as strong, independent risk 

factors for oesophageal adenocarcinoma Our observation that circulating IGF-1

levels are upregulated in adenocarcinoma compared to oesophageal SCC suggests that 

obesity and its influence on the IGF-1 pathway may be a critical factor for oesophageal 

adenocarcinoma development. The relationship between BMI and circulating IGF-1 

and IGF binding proteins is complex and nonlinear. Whilst chronic energy deficiency 

leads to a reduction in IGF-1, chronic energy excess does not lead to increased IGF-1 

292,303] However, elevated levels of free IGF-1 have been reported in obese individuals 

and are believed to be a consequence of hyperinsulinaemia inhibiting production of 

IGFBP-1 and -2 193-95,304,305] Qi^gjj^y jj ^qw considered to be a state of chronic systemic 

inflammation, a state that is thought to contribute to tumour development and 

progression A study by Wu et al. investigated the role IGF-1 plays in enhancing 

tumour growth and progression in a murine model of obesity and chronic IGF-1 gene 

deficiency They reported that in diet-induced obese mice, both local tumour 

growth and metastases were increased compared to lean controls, but this was not 

observed in IGF-1 gene deficient mice. In addition, the expression of inflammatory 

cytokines and cell adhesion molecules was upregulated in obese compared to lean 

mice, but chronic IGF-1 deficiency was associated with a reduction in these indicators 

Similar anti-tumour effects of IGF-1 deficiency were observed in other murine 

studies of colon and pancreatic cancer Hence it is possible that in obesity IGF-1

can affect tumour development both directly, by stimulating tumour growth and 

indirectly, by creating a microenvironment that is permissive for tumour growth.

This study is the first to clearly demonstrate a link between circulating IGF-1 levels and 

visceral obesity. While there was no increase in IGF-1 levels in subjects with BMI 

>30kg/m^; patients with an elevated VFA had significantly higher circulating IGF-1
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levels. BMI is a convenient surrogate measure of obesity but, unlike VFA, it does not 

take into account quantity and location of adipose tissue. The hypothesis that chronic 

inflammation in obesity is pro-tumourigenic relates to viscerally located adipose tissue 

[10, 288] f^gyg recently shown that increasing VFA is a risk factor for

oesophageal adenocarcinoma Research has shown that IGF-1 is crucial for the 

maturation of adipocytes and both pre-adipocytes and adipocytes express and secrete 

high amounts of IGF-1 The fact that VFA, but not BMI, was predictive of higher 

circulating IGF-1 in patients further supports the hypothesis that adipose tissue 

influences serum IGF-1 levels. It should also be noted that the median VFA in the 

adenocarcinoma patients in this study was 168.7cm^ compared to GO.Ocm^in the SCC 

patients (p<0.001), confirming that both visceral adiposity and high circulating IGF-1 

are strongly associated with oesophageal adenocarcinoma. The observation that 

patients with the metabolic syndrome had higher serum IGF-1 also supports the 

hypothesis that the deranged metabolism observed in visceral obesity may drive the 

increased circulating levels of IGF-1

This current study has also identified a number of novel findings regarding differential 

expression of the IGF-1 receptor and interaction with IGF-1 in oesophageal 

adenocarcinoma compared with oesophageal SCC. At the gene and protein level, SCC 

cell lines expressed higher levels of the IGF-IR, yet when treated with exogenous IGF- 

1, little or no effect was observed on cell proliferation. In contrast, adenocarcinoma 

cell lines expressed lower levels of IGF-IR, but demonstrated significant increases in 

cell proliferation when treated with low concentrations of IGF-1. Research has shown 

IGF-1 to stimulate the proliferation of pancreatic colon and breast 

adenocarcinoma cell lines, with blockade of the IGF-IR leading to a down regulation in 

growth An important role for IGF-1 in oesophageal adenocarcinoma

progression is further strengthened by the observation that patients with 

adenocarcinoma had significantly higher circulating levels of IGF-1 compared to those 

with SCC. Studies in a number of other malignancies, including prostate breast 

and colon cancer have also demonstrated higher IGF-1 levels to be associated 

with an increased risk of adenocarcinoma development.
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In oesophageal SCC, studies have both supported and opposed the

hypothesis that IGF-1 promotes cell proliferation, with research suggesting that IGF-2, 

not IGF-1, is more important in SCC survival and proliferation Interestingly, in the 

current study only the SCC cell lines demonstrated co-expression of IGF-2 and IGF-IR, 

which has been shown to be associated with a more aggressive form of oesophageal 

SCC and shorter patient survival^^^^'. This important role for IGF-2 in oesophageal SCC, 

but not adenocarcinoma, may provide an explanation for the higher IGF-IR expression 

in the SCC cell lines. IGF-1 has a fourfold increased affinity for the IGF-IR compared 

with IGF-2 thus the increased demand for IGF-2 in order to continue proliferation 

may necessitate the SCC cells to up-regulate IGF-IR to compensate for the lower 

affinity.

Notable variations in IGF-IR expression was observed in oesophageal sections by 

immunohistochemical analysis, with the highest expression of the receptor observed in 

the basal squamous epithelial layer. Expression of IGF-IR by the tumour suggests that 

IGF-1 may be an important growth/survival factor. IGF-IR was further analysed with 

respect to tumour stage, lymph node involvement and patient survival. No significant 

association was found, suggesting that the role of the IGF-1 axis in oesophageal 

tumour progression may be key factor in local tumour growth and development. 

Tumour-associated macrophages (TAMs) are a significant component of inflammatory 

infiltrate in neoplastic tissues, the largest accumulation of which occurs at the invasive 

edge of the tumour. Tissue resident and tumour-associated macrophages have been 

shown to secrete the growth factor IGF-1, promoting survival, proliferation and 

invasion of cancer cells In this study, numbers of CD68'^ cells in tumour

sections were assessed by immunohistochemistry to determine macrophage 

infiltration. Increased macrophage infiltration was observed in the stroma

surrounding the tumour, and was further increased at the invasive tumour edge. This 

supports our hypothesis that the paracrine secretion of IGF-1 supports oesophageal 

adenocarcinoma progression.

Oesophageal cancer remains an aggressive malignancy, of which there is an increasing 

prevalence. In the current study the variations in IGF-IR expression within 

oesophageal tumours suggests an important role in oesophageal tumour growth whilst
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increased circulating levels of IGF-1 suggests a differential role in oesophageal 

adenocarcinoma compared to SCC. In addition, the association between VFA and high 

circulating IGF-1 provides mechanistic evidence to substantiate the epidemiological 

based doctrine that obesity increases the risk of oesophageal adenocarcinoma. Large 

prospective validation studies are required, but these data identify the IGF-1 axis as a 

key factor and potential therapeutic target in oesophageal cancer, particularly obesity 

associated oesophageal adenocarcinoma.
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Chapter 5 Investigating the Influence of Visceral Obesity on the 

Postoperative Inflammatory Response
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5.1 INTRODUCTION

Visceral obesity and the associated metabolic syndrome are emerging as key factors 

that drive malignancy The association is particularly strong in gastrointestinal 

cancers. Research has identified visceral obesity and the metabolic syndrome as 

independent risk factors for oesophageal adenocarcinoma and colorectal cancer 

as well as their respective premalignant lesions, Barrett's oesophagus and 

colorectal adenomas

The curative treatment for gastrointestinal cancer is resection, with chemo- 

radiotherapy considered if the tumour is advanced As the incidence of 

oesophageal and colorectal cancer continue to increase in society it is inevitable 

that an increasing number of resective surgeries will be performed on viscerally obese, 

dysmetabolic patients. Whilst it is now an accepted doctrine that obesity has fuelled 

the cancer being excised, it remains to be elucidated what impact the presence of 

visceral obesity and the metabolic syndrome will have on the postoperative 

inflammatory response and recovery.

Visceral obesity and the metabolic syndrome give rise to abnormal cardiovascular 

and pulmonary function and this may manifest itself in postoperative

morbidity. Whilst studies examining the specific effects of visceral obesity and/or the 

metabolic syndrome on postoperative recovery are limited, they do suggest that these 

pathological conditions increase the risk of post-operative atrial arrhythmia'^®®' 

respiratory complications '^®®' and infections'^®^’ ^®^'. The insulin resistant, 

hyperglycaemic state observed in the metabolic syndrome can also increase the risk of 

postoperative complications The stress response to surgery induces insulin

resistance with subsequent hyperglycaemia, the magnitude of which reflects the 

invasiveness of the surgery and may be influenced by pre-operative insulin 

resistance. Hyperglycaemia may contribute to morbidity by causing intracellular and 

extracellular dehydration, inducing electrolyte abnormalities and depressing immune 

function '®^°' and control of hyperglycaemia leads to improved patient outcomes
[318, 323]

Central to the etiology of visceral obesity and the metabolic syndrome is chronic 

systemic inflammation '^®®' and this may critically impact on the normal inflammatory
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response following surgery. A gastrointestinal resection is a major operative procedure 

and may be considered a controlled trauma The immune and metabolic response 

to the surgery initiates an "acute phase" response, to achieve the three primary goals 

of stimulating antimicrobial functions, reducing tissue damage and promoting wound 

healing This is mediated by an increase in IL-6 in the immediate postoperative 

phase and is characterised by an increased synthesis of acute phase proteins such as C- 

reactive protein (CRP). This increased production of acute phase reactants is facilitated 

by a decrease in hepatic albumin synthesis, leading to an increased CRP:albumin ratio. 

In response to this initial acute pro-inflammatory environment that arises following 

surgery, the body attempts to launch an anti-inflammatory response to restore 

homeostasis. The increased levels of cortisol that occur following surgery, as a result of 

stimulation by adrenocorticotrophic hormone and in response to rising IL-6, are 

believed to responsible for this If this increased stimulation of the Th2 response 

persists, the imbalance gives rise to an immunosuppressive state, also referred to as 

the catabolic anti-inflammatory response, which can lead to increased morbidity and 

mortality

The pro-inflammatory state following surgery in obese patients has been described in a 

limited number of studies. In a study of elective surgical cases it was found that, 

compared to non-obese patients, severely obese patients demonstrated higher levels 

of plasma IL-6 postoperatively and a greater fold change from baseline A study in 

coronary artery bypass patients reported that the combination of elevated waist 

circumference and elevated pre-operative CRP and IL-6 levels was associated with 

postoperative atrial fibrillation In another study by Tanaka et al. oesophagectomy 

patients with high visceral fat area (VFA >100cm^) were found to have higher maximal 

postoperative CRP levels and a longer duration of systemic inflammatory response 

syndrome than those with low VFA The findings of these studies suggest that the 

systemic inflammation observed in obesity affects postoperative outcomes.

Whilst emerging evidence has linked the systemic inflammation and dysmetabolism 

associated with visceral obesity with altered postoperative outcomes, the assessment 

of inflammatory response has been limited to crude, readily available measures such 

as CRP. A comprehensive assessment of the postoperative inflammatory response in
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obese patients, in terms of pro- and anti-inflammatory cytokine production and 

immune cell function, is warranted to elucidate what effect visceral obesity has on 

postoperative inflammation and recovery following major surgery.

5.1.1 Specific Aims

This study had two arms, retrospective and prospective.

The specific aim of the retrospective arm was to determine if visceral obesity and 

dysmetabolism are associated with an altered acute phase response, as measured by 

CRP and CRP:albumin, and incidence of complications following gastrointestinal 

resection.

The aim of the prospective arm was to determine the influence of visceral obesity and 

dysmetabolism on the postoperative inflammatory response. In a cohort of upper 

gastrointestinal cancer patients the specific aim was to:

• Investigate the impact of obesity on expression of inflammatory genes in specific 

immune cell populations pre and postoperatively.

• Measure the circulating levels of inflammatory cytokines in obese and non-obese 

patients pre and postoperatively.

• Assess the relationship between obesity and postoperative complications and 

postoperative clinical parameters as measured by respiratory rate, heart rate, 

temperature and blood pressure.

5.2 RESULTS

5.2.1 Patient Characteristics of Retrospective Cohort

Patient characteristics are detailed in Table 5.1 below. Anthropometric data was 

collected as described in 2.7.1. Visceral obesity was determined using the cut-offs 

>80cm^ for females and >160cm^ for males and metabolic syndrome was determined 

using the IDF criteria as detailed in section 2.7.4. The cohort consisted of 54 

oesophagectomy patients and 63 colectomy patients. Oesophageal resection {p<0.003) 

and neoadjuvant chemotherapy (p<0.001) were more common amongst males. A 

postoperative complication was documented in 47 patients.
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Table 5.1 Patient characteristics of cohort for retrospective analysis of postoperative 

inflammation

Patient Characteristics (n=117) Males (n=81) Females (n=36) p value

Age (y), mean (range) 65.5 (45-88) 67.4 (42-94) 0.396

Operation Type

Oesophagectomy, n (%) 45 (55.6%) 9 (25%)
0.003

Colectomy, n (%) 36 (44.4%) 27 (75%)

Neoadjuvant CRT, n (%) 51 (63%) 8 (22.2%) <0.001

Visceral Fat Area, mean (range) 179.7 (13.1-397.1) 97.2 (6.0-261.0) <0.001

Viscerally Obese, n (%) 44 (54.3%) 19 (52.8%) 1.0

* Elevated waist circumference, n (%) 47 (61%) 21 (61.8%) 1.0

"BMI >30kg/m^ n (%) 13 (17.3%) 4 (12.1%) 0.578

^Metabolic Syndrome, n (%) 32 (42.1%) 15 (42.9%) 1.0

Postoperative complication, n (%) 35 (43.2%) 12 (33.3%) 0.414

CRT, chemoradiotherapy; BMI, Body mass index; * Waist circumference available on 

77 males and 34 females; # BMI available on 75 males and 32 females; ^Metabolic 

Syndrome diagnosis available on 76 males and 35 females

5.2.2 Incidence of postoperative complications in retrospective cohort

In terms of postoperative complications, there was no difference in overall incidence, 

or incidence of specific complications between the obese and non-obese patients or 

between those with or without the metabolic syndrome (Table 5.2).
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Table 5.2 Incidence of postoperative complications in retrospective cohort, 

separated by obesity and metabolic syndrome status.

Viscerally Obese Metabolic Syndrome♦

Complication Type
Non-Obese

(n=54)

Obese

{n=63)
P

No
MetSyn

{n=64)

MetSyn

(n=47)
P

Mortality, n (%) 0 (0%) 1(1.6%) 0.398 1 (1.6%) 0 (0%) 0.470

Any post-op complication, n (%) 22 (40.7%) 25 (39.7%) 0.907 28 (43.8%) 17 (36.2%) 0.422

Small bowel obstruction, n (%) 2 (3.7%) 2 (3.2%) 0.983 2 (3.1%) 2 (4.3%) 0.712

Anastomotic Leak, n (%) 1 (1.9%) 4 (6.3%) 0.161 2 (3.1%) 3 (6.4%) 0.377

Abdominal Collection, n (%) 0 (0%) 1 (1.6%) 0.310 1 (1.6%) 0 (0%) 0.401

Chylothorax, n (%) 1 (1.9%) 0 (0%) 0.320 1 (1.6%) 0 (0%) 0.401

Pneumothorax, n (%) 3 (5.6%) 1(1.6%) 0.317 2 (3.1%) 2 (4.3%) 0.712

Pleural Effusion, n (%) 3 (5.6%) 4 (6.3%) 0.673 5 (7.8%) 2 (4.3%) 0.483

Atelectasis, n (%) 1 (1.9%) 3 (4.8%) 0.297 3 (4.7%) 1 (2.1%) 0.503

Organ Failure, n (%) 4 (7.4%) 3 (4.8%) 0.716 4 (6.3%) 2 (4.3%) 0.689

Arrhythmia, n (%) 1 (1.9%) 3 (4.8%) 0.297 2 (3.1%) 2 (4.3%) 0.712

Wound Infection, n (%) 2 (3.7%) 5 (7.9%) 0.239 3 (4.7%) 3 (6.4%) 0.665

Pneumonia, n (%) 6(11.1%) 5 (7.9%) 0.777 6 (9.4%) 4 (8.5%) 0.940

Infectious complication, n (%) 13 (24%) 12(19%) 0.815 13 (20.3%) 10 (21.3%) 0.830

Sepsis, n (%) 2 (3.7%) 2 (3.2%) 0.983 3 (4.7%) 1 (2.1%) 0.503

*MetSyn status undetermined on 6 patients as fasting lipic s and glucose not reported
on laboratory database

5.2.3 Postoperative expression of CRP and CRPialbumin in patients with no 

complications

CRP and albumin levels documented on the laboratory database were gathered pre- 

operatively and on days 1, 3, 7 and 14 postoperatively. In patients who experienced a 

normal recovery from surgery, with no recorded postoperative complications, 

significantly higher CRP levels were observed on day 1 postoperatively in obese
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compared to non-obese patients (p<0.01). In addition, patients who were MetSyn 

positive had significantly higher CRP levels on day 1 postoperatively {p<0.05). No 

significant difference was observed in CRP:albumin ratio between obese and non- 

obese patients and between MetSyn positive and MetSyn negative patients 

postoperatively at any timepoint (Figure 5.1).
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Figure 5.1 Changes in CRP and CRP:albumin ratio postoperatively in patients with no 

postoperative complications

Changes in CRP and CRP:albumin ratio were assessed pre and postoperatively in 

patients who experienced no postoperative complications. CRP and CRP:albumin ratio 

were expressed as mean total level on each day. Differences were assessed between 

obese and non-obese patients and between metabolic syndrome (MetSyn) positive 

and MetSyn negative patients using Mann Whitney U. Data are presented as mean ± 

SEM, * p<0.05; ** p<0.01.
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5.2.4 Postoperative expression of CRP and CRP:albumin in patients who 

experienced a postoperative complication

A different pattern of acute inflammation was observed in patients who experienced a 

postoperative complication (Figure 5.2). No significant difference was observed in CRP 

or CRP:albumin between obese and non-obese patients pre-operatively or on day 1 

and day 3 postoperatively. However, a significantly higher CRP level was observed in 

obese patients on day 7 postoperatively (p<0.05) and there was a trend towards 

significantly higher CRP:albumin ratio on day 7 postoperatively in the obese patients 

(p=0.06). Similar levels of CRP and CRP:albumin were observed in both groups on day 

14 postoperatively (Figure 5.2). Data was also analysed with respect to MetSyn status. 

CRP levels were significantly higher in the MetSyn positive patients on days 7 and 14 

postoperatively (p<0.05) and CRPialbumin ratio was significantly higher in the MetSyn 

positive patients on day 7 (p<0.05) and day 14 (p<0.01) postoperatively (Figure 5.2).
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Obese

No MetSyn 
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Figure 5.2 Changes in CRP and CRPialbumin ratio postoperatively in patients with 

postoperative complications

Changes in CRP and CRP:albumin ratio were assessed pre and postoperatively in 

patients who experienced a postoperative complication. CRP and CRPialbumin ratio 

were expressed as mean total level on each day. Differences were assessed between 

obese and non-obese patients and between metabolic syndrome (MetSyn) positive 

and MetSyn negative patients using Mann Whitney U. Data are presented as mean ± 

SEM, *p<0.05, **p<0.01.
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5.2.5 Prospective investigation into postoperative inflammatory response following 

upper gastrointestinal resection

In order to further assess the effect of visceral obesity and the metabolic syndrome on 

the inflammatory response following major resection, a cohort of 42 oesophagectomy 

and gastrectomy patients were prospectively recruited as detailed in section 2.8. Blood 

samples were collected preoperatively and on day 1, 3, 7 and 14 postoperatively as 

described in section 2.10.1. Characteristics of the patient cohort are detailed in Table 

5.3 below. The cohort consisted of 29 males and 13 females. The females were 

significantly older (p=0.026) and included adenocarcinoma and squamous cell 

carcinoma cases whereas all of the male cohort were diagnosed with adenocarcinoma 

(p=0.0003). A postoperative complication occurred in 23 patients.

Table 5.3 Patient characteristics of prospectively recruited cohort

Patient Characteristics Male (n=29) Female (n=13) P

Age, mean (range) 62.4 (29.5-86.3) 72.0(61.6-78.1) 0.026

*Visceral Fat Area, mean (range) 136.3 (14.7-372.7) 75.7 (9.17-213.3) 0.029

*Visceral Obesity, n (%) 11(40.7%) 6 (46.2%) 1.0

Elevated Waist Circumference, n (%) 16 (55.2%) 5 (38.5%) 0.506

"BMI >30kg/m"#, n (%) 8 (30.8%) 2 (18.2%) 0.453

''Metabolic Syndrome'', n (%) 9(32.1%) 5 (41.7%) 0.720

Tumour Type, n (%)

Oesophageal SCC 0 (0%) 6 (46.2%)
0.0003

Oesophageal Adenocarcinoma 29(100%) 7 (53.8%)

Operation Type, n (%)

Oesophagectomy 18 (63.1%) 10 (76.9%)
0.485

Gastrectomy 11 (37.9%) 3 (23.1%)

Neoadjuvant CRT, n (%) 5 (17.2%) 2 (15.4%) 1.0

Postoperative Complication, n (%) 14 (48.3%) 9 (69.2%) 0.317

CRT, chemoradiotherapy; BMI, Body mass index; SCC, squamous cell carcinoma, * 
Visceral fat area available on 27 males and 13 females; # BMI available on 26 males 
and 12 females; ''Metabolic Syndrome diagnosis available on 27 males and 12 females.
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5.2.6 Alterations in inflammatory gene expression in peripheral blood mononuclear 

cells (PBMC) in obese and non-obese patients.

To detect changes at the gene level between obese and non-obese patients 

postoperatively, a 370 gene inflammatory array (Appendix I) was ran using PBMC 

isolated pre-operatively and on day 1 and day 7 postoperatively (section 2.12). The test 

cohort consisted of 3 obese and 3 non-obese male patients who had undergone 

oesophagectomy for adenocarcinoma, had no neoadjuvant chemotherapy and no 

postoperative complications. The array revealed that several genes were altered in 

obese compared to non-obese patients preoperatively and postoperatively (Table 5.4). 

Preoperatively, 13 genes were down regulated and 3 genes were upregulated in the 

obese patients compared to non-obese patients. The chemokine gene CCL3L1 

demonstrated an 87.7 fold decrease (p=0.02), whilst inhibin 3-A (INHBA), azurocidin-1 

(AZUl) and oxidized low-density lipoprotein receptor-1 (OLRl) were all >12 fold 

upregulated. On day 1 postoperatively, 5 genes were downregulated in the obese 

patients, with the greatest downregulation observed in fibronectin-1 (FNl) (5.6 fold 

decrease, p=0.02). On day 7 postoperatively, 6 genes were downregulated in the obese 

patients compared to the non-obese and 21 were upregulated. A >4 fold 

downregulation was observed in interferon-x (IFNK) (p<0.02), whilst monoacylglycerol 

lipase (MGLL) demonstrated the greatest fold increase (5.7 fold increase, p=0.01).
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Table 5.4 Significantly altered inflammatory genes in obese compared to non-obese 

patients preoperatively and on day 1 and day 7 postoperatively. Red indicates up- 

regulation and blue indicates down-regulation.

Preoperatively Day 1 postoperatively Day 7 postoperatively

Gene
Fold

change
P Gene

Fold

change
P Gene

Fold

change
P

CCL3L1 -87.7 0.02 FNl -5.6 0.02 SPACA3 -5.0 0.00

6FRA2 ■4.5 0.09 LEPR -3.2 0.10 IFNK -4.3 0.02

CCL8 -3.7 0.09 CXCL16 2.8 0.06 TNFSFll -4.0 0.09

CCRIO -3.7 0.10 IL19 -2.1 0.01 FNl -2.7 0.05

CIVITM2 -2.7 0.09 KITLG -2.0 0.06 SRGAPl -2.6 0.00

CCL4L1 -2.6 0.01 CCR2 -2.1 0.00

C3 2.6 0.05 CCL5 2.0 0.01

IL7 -2.5 0.02 GAPDH 2.0 0.03

SIVAl -2.4 0.09 CMTMl 2.0 0.06

CCL28 -2.2 0.08 CXCLll 2.1 0.09

CCL4 -2.1 0.05 EPOR 2.1 0.07

IL2RA -2.0 0.02 PRDX5 2.1 0.03

CD4 -2.0 0.02 IL3 2.1 0.06

INHBA 12.8 0.01 NCR3 2.3 0.01

AZUl 14.5 0.09 CCR6 2.3 0.09

OLRl 37.6 0.08 LTA 2.4 0.06

EDA 2.4 0.03

TLRIO 2.5 0.07

S100A8 2.5 0.07

FLT3LG 2.6 0.04

TYMP 3.0 0.04

LTB 3.1 0.09

MDK 3.9 0.10

MPL 4.5 0.04

CCL23 4.6 0.07

PPBP 4.7 0.06

MGLL 5.7 0.01

120



5.2.7 Validation of significantly altered genes of interest by qPCR.

Given the magnitude of difference between the obese and non-obese patients the 

genes CCL3L1, Interferon-kappa (IFNK), Inhibin 3-A (INHBA) and MGLL were selected 

for validation in a separate cohort of 5 obese and 5 non obese patients at all 

timepoints by qPCR (as detailed in section 2.14). IFNK, a member of the type 1 

interferon family and is involved in host defence against viral infection was 

undetectable by qPCR in obese and non-obese patients at all timepoints. CCL3L1 is a 

ligand of the CCR5 receptor, a chemokine receptor expressed by T cells and 

macrophages that is involved in regulating the migration of activated and effector T 

cells Expression of CCL3L1 was lower in the obese patients preoperatively and 

demonstrated a marked decrease on day 1 postoperatively. Levels increased 

thereafter and returned to preoperative levels by day 14. No significant difference was 

observed between obese and non-obese CCL3L1 gene expression at any timepoint. 

Whilst the test cohort revealed a significant upregulation of INHBA in obese patients 

preoperatively (12.8 fold increase, p=0.01), this was not observed in the validation 

cohort. A greater fold change was observed in the non-obese patients on day 3, day 7 

and day 14 compared to the obese but these differences were not significant. MGLL is 

involved in controlling the endocannabinoid system and blockade of MGLL has been 

associated with reduction in inflammation No significant difference in MGLL

gene expression was observed between obese and non-obese patients; however a 

greater fold change was demonstrated in the obese cohort on day 7 postoperatively as 

was observed in the test cohort (Figure 5.3).
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Figure 5.3 Validation of gene expression of CCL3L1, INHBA and MGLL in PBMC from 

obese and non-obese patients pre and postoperatively

The expression of CCL3L1, INHBA and MGLL was validated by qPCR in a cohort of 5 

obese and 5 non-obese patients using PBMC isolated preoperatively and on days 1, 3, 

7 and 14 postoperatively. All samples were assayed in triplicate. Data was analysed 

using the the 2'“''^ method with 18S serving as an endogenous control and data is 

expressed as relative fold change. Differences in gene expression between obese and 

non-obese patients were assessed by Mann Whitney U. Data are presented as mean ± 

SEM.
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5.2.8 Investigation of TNFSF-14, LTP and LT|3R gene expression in obese and non- 

obese patients by qPCR.

Tumour necrosis factor super family-14 (TNFSF14), lymphotoxin-3 (LT3) and LT3 

receptor (LT3R) were also selected for validation in a cohort of 9 obese and 9 non- 

obese patients by qPCR as described in section 2.14. This is an emerging triad of 

inflammatory mediators in obesity lT3R is abundant on immune cells with

TNFSF14 and lymphotoxin its only recognised ligands Binding of TNFSF14 and LT3 

to LT3R leads to activation of NF-k3 pathways and inhibition of LT3R signalling has 

been shown to be effective in numerous inflammatory and autoimmune disorders

Levels of TNFSF14 increased postoperatively in both the obese and non-obese patients 

(6 and 4-fold respectively) and declined thereafter. Conversely, levels of LT3 decreased 

in both cohorts postoperatively. Levels subsequently rose, to above pre-operative 

levels in the non-obese cohort only. In the case of LT3R, a sharper increase in levels 

postoperatively was observed in the non-obese patients on day 1 postoperatively. 

Levels declined in both cohorts thereafter, returning to preoperative levels by day 14 

(Figure 5.4).
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Figure 5.4 Gene expression of TNFSF14, LTp and LTPR in PBMC from obese and non- 

obese patients pre and postoperatively

The expression of TNFSF14, LTP and LTPR was assessed by qPCR in a cohort of 9 obese 

and 9 non-obese patients using PBMC isolated preoperatively and on days 1, 3, 7 and 

14 postoperatively. All samples were assayed in triplicate. Data was analysed using the 

the 2'***'^ method with 18S serving as an endogenous control and data is expressed as 

relative fold change. Differences in gene expression between obese and non-obese 

patients were assessed by Mann Whitney U. Data are presented as mean ± SEM.
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5.2.9 Expression of neutrophil activation markers in obese and non-obese patients 

pre and postoperatively

Neutrophils are considered the first line of defence in the acute inflammatory 

response and their function may be altered in obesity and the metabolic syndrome. To 

investigate neutrophil function further in this cohort, neutrophils were isolated from 

whole blood collected preoperatively and on days 1, 3, 7 and 14 postoperatively as 

described in section 2.10.3. The purity of neutrophils isolated was determined by flow 

cytometery as described in section 2.10.5 (Figure 5.5).
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Figure 5.5 Assessment of neutrophil purity by flow cytometry following isolation.

Neutrophils were isolated from whole blood using a dextran sedimentation technique. 

The purity of isolated neutrophils was assessed by flow cytometry, using CD66b as a 

positive marker for neutrophils. The flow cytometry dot plots and histogram illustrate 

purity of neutrophil population (lower right quadrant) pre and post purification. 

Numbers in lower right quadrant represent % of CD66b positive cells gated on live cell 

population.
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Myeloperoxidase (MPO) is an enzyme released from the neutrophil's azurophilic 

granules which mediates the cytotoxic killing of pathogens, thus it is a marker of 

activation CDllb and CD62L are involved in the adherence of neutrophils to 

endothelial cells, the first step in extravasation The expression of MPO, CD62L, 

CDllb by neutrophils was measured by qPCR (section 2.15) in samples collected from 

3 obese and 3 non-obese patients preoperatively and on day 1, 3, 7 and 14 

postoperatively. Similar levels of CD62L were observed in obese and non-obese 

patients, with levels in both cohorts dropping in the initial postoperative period before 

rising again to levels approximately 2-fold greater than preoperative levels. Similarly, 

levels of CDllb rose steadily in the postoperative period in both obese and non-obese 

patients. In the case of MPO, fluctuating levels were observed postoperatively but no 

significant difference was observed between the obese and non-obese patients (Figure 

5.6).
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Figure 5.6 Gene expression of CD62L, CDllb and MPO by neutrophils from obese and 

non-obese patients pre and postoperatively

The gene expression of CD62U CDllb and MPO was assessed by qPCR in a cohort of 3 

obese and 3 non-obese patients using neutrophils isolated preoperatively and on days 

1, 3, 7 and 14 postoperatively. All samples were assayed in triplicate. Data was 

analysed using the the 2 method with 18S serving as an endogenous control and 

data is expressed as relative fold change. Differences in gene expression between 

obese and non-obese patients were assessed by Mann Whitney U. Data are presented 

as mean ± SEM.
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5.2.10 NF-k|3 p65 in non-obese and obese patients in the postoperative period

Central to the regulation of many genes involved in immune and inflammatory 

responses is the transcription factor NF-k3, which itself is activated by inflammatory 

cytokines NF-k3 p65 subunit was assessed in 3 obese and 4 non-obese 

oesophagectomy patients from nuclear extracts collected at baseline and on days 1, 3, 

7 and 14 postoperatively (section 2.10.3 and 2.15). No significant difference was 

observed in NF-k3 p65 between non-obese and obese patients at any time-point. 

Interestingly, a significant drop in NF-k3 p65 was observed between baseline and day 1 

(p<0.05), with a subsequent rise on day 3 (p<0.05) in non-obese patients. No 

significant drop was observed in obese patients (Figure 5.7).

Non Obese 
Obese

Figure 5.7 NF-kP p65 in non-obese and obese patients pre and postoperatively

NF-k3 p65 sub-unit was measured semi-quantitatively by ELISA in nuclear extracts 

isolated from PBMC, collected preoperatively and on day 1, 3, 7 and 14 postoperatively 

from obese (n=3) and non-obese (n=4) patients. All samples were assayed in triplicate. 

Differences in expression between time-points and between obese and non-obese 

patients was assessed by ANOVA and Mann Whitney U test respectively. Data are 

presented as mean ± SEM; # p<0.05 between pre-op and day 1 in non-obese patients; 

p<0.05 between day 1 and day 3 in non-obese patients.
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5.2.11 Circulating levels of inflammatory mediators in obese and non-obese patients 

postoperatively.

Changes in the postoperative production of well-defined inflammatory cytokines in 

patients were assessed at the protein level by ELISA as described in section 2.16. A 

panel of both pro- and anti-inflammatory cytokines was investigated: IL-4, IL-6, IL-8, IL- 

10, IL-12p70, IL-17, IFN-y, TNF-a and TGF-p. Results were analysed by both obesity and 

metabolic syndrome status.

Altered patterns of cytokine expression were observed in obese patients compared to 

non-obese patients pre- and postoperatively. In terms of innate inflammatory 

response (Figure 5.8), in all patients the levels of IL-6 increased sharply on day 1 

postoperatively as previously reported. Flowever the increase was greater in the obese 

cohort and levels remained higher in the postoperative period. In the case of TNF-a, 

the same levels were observed in obese and non-obese patients at baseline, however 

significantly higher levels were observed in the obese patients on day 1 

postoperatively (p<0.05). A divergent pattern of expression was observed 

postoperatively with levels increasing in the obese patients on day 1 postoperatively 

before declining, whereas non-obese patients demonstrated a fall in TNF-a initially 

postoperatively, with levels rising on day 7. Significantly higher levels of IL-12p70 were 

observed in obese preoperatively and on postoperative day 1, day 7 and day 14 

(p<0.05). The fluctuation in IL-12p70 levels postoperatively (initially declining sharply 

before rising again on day 7) was in contrast to the non-obese patients who 

demonstrated little change in IL-12p70 levels. Fluctuations were also observed in IL-8 

levels in obese patients postoperatively, with a sharp decline in levels observed 

between day 3 and day 7.

In the adaptive inflammatory response (Figure 5.9), IFN-y levels rose on day 1 in the 

obese patients, which was in contrast to the decrease in levels postoperatively 

observed in the non-obese patients. Conversely, higher levels of IL-17 were observed 

in the non-obese patients at all timepoints, with no detected expression in the obese 

patients on day 1, 3 or 7 postoperatively.

In the case of the anti-inflammatory response (Figure 5.10), higher levels of IL-4 were 

observed in the obese patients preoperatively, with levels sharply declining thereafter,
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whereas negligible levels of IL-4 were detected in the non-obese patients. IL-10 levels 

did not change significantly in either cohort postoperatively. TGF-3 levels were 

significantly higher in the obese patients pre-operatively (p<0.01) and on day 1 

(p<0.01) and day 7 postoperatively (p<0.001).

Non Obese 
-*• Obese

Figure 5.8 Altered innate inflammatory response in obese patients postoperatively.

The expression of IL-6, TNF-a, IL-8 and IL-12p70 was assessed in 16 obese and 15 non- 

obese patients preoperatively and on days 1, 3, 7 and 14 postoperatively by ELISA. All 

samples were assayed in triplicate. Differences between expression level in obese and 

non-obese patients was assessed using Mann Whitney U. Data are presented as mean 

± SEM; * p<0.05
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Figure 5.9 Alterated adaptive inflammatory response in obese and non-obese 

patients postoperatively

The expression of IFN-y and IL-17 was assessed in obese and non-obese patients 

preoperatively and on days 1, 3, 7 and 14 postoperatively by ELISA (n=16 obese and 15 

non-obese for IFN-y; n=5 obese and 7 non-obese for IL-17). All samples were assayed 

in triplicate. Differences between expression level in obese and non-obese patients 

was assessed using Mann Whitney U. Data are presented as mean ± SEM.
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Figure 5.10 Alterations in anti-inflammatory response in obese and non-obese 

patients postoperatively

The expression of IL-4, IL-10 and TGF-p was assessed in obese and non-obese patients 

preoperatively and on days 1, 3, 7 and 14 postoperatively by ELISA (IL-4 and TGF-P, n=5 

obese and 7 non-obese; IL-10, n=16 obese and 15 non-obese). All samples were 

assayed in triplicate. Differences between expression level in obese and non-obese 

patients was assessed using Mann Whitney U. Data are presented as mean ± SEM;

**p<0.01, ***p<0.001
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5.2.12 Circulating levels of inflammatory mediators in MetSyn positive and MetSyn 

negative patients postoperatively.

When the cohort was separated based on MetSyn status, a different pattern of 

cytokine expression was observed between MetSyn positive and MetSyn negative 

patients. When the innate inflammatory response was assessed (Figure 5.11), similar 

levels of IL-6 were observed in both cohorts on day 1 postoperatively but there was 

higher levels of IL-6 in MetSyn positive patients on day 3 postoperatively. IL-12p70 

levels were higher in the MetSyn positive patients preoperatively and on day 1 

postoperatively. Levels fell thereafter before rising again in the MetSyn positive 

patients on day 14 postoperatively (p=0.07). TNF-a levels were lower in MetSyn 

patients pre- and postoperatively. A sharp increase in IL-8 levels was observed on day 

1 postoperatively in the MetSyn positive cohort, with levels declining thereafter, and 

falling below the MetSyn negative patients on day 7.

In terms of adaptive inflammatory response (Figure 5.12), IL-17 levels were lower in 

MetSyn patients pre- and postoperatively. Interestingly, opposing levels of IFN-y were 

observed in patients with or without MetSyn, with MetSyn negative patients 

demonstrating a decrease in levels postoperatively, with levels rising again on day 7. 

Conversely, MetSyn positive patients demonstrated an increase in expression 

postoperatively, with levels declining between day 3 and day 7.

In the anti-inflammatory response (Figure 5.13), no IL-4 expression was demonstrated 

in the MetSyn positive patients preoperatively or on days 1 and 3 postoperatively. In 

both cohorts, IL-4 levels peaked on day 7. IL-10 levels did not change significantly in 

either cohort postoperatively. In the case of TGF-(3, levels were significantly higher in 

the MetSyn positive patients preoperatively and on day 1 and day 3 postoperatively 

(p<0.05).
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Figure 5.11 Alterations in innate inflammatory response postoperatively in MetSyn 

positive and MetSyn negative patients

The expression of IL-6, TNF-a, IL-8 and IL-12p70 was assessed in 13 MetSyn positive 

and 19 MetSyn negative patients preoperatively and on days 1, 3, 7 and 14 

postoperatively by ELISA. All samples were assayed in triplicate. Differences between 

expression level in MetSyn positive and MetSyn negative patients was assessed using 

Mann Whitney U. Data are presented as mean ± SEM
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Figure 5.12 Alterations in adaptive inflammatory response postoperatively in MetSyn 

positive and MetSyn negative patients

The expression of IFN-y and IL-17 was assessed in MetSyn positive and MetSyn 

negative patients preoperatively and on days 1, 3, 7 and 14 postoperatively by ELISA 

(n=12 MetSyn positive and 18 MetSyn negative for IFN-y; n=2 MetSyn positive and 10 

MetSyn negative for IL-17). All samples were assayed in triplicate. Differences between 

expression level in MetSyn positive and MetSyn negative patients were assessed using 

Mann Whitney U. Data are presented as mean ± SEM
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Figure 5.13 Alterations in anti-inflammatory response postoperatively in MetSyn 

positive and MetSyn negative patients

The expression of IL-4, IL-10 and TGF-3 was assessed in MetSyn positive and MetSyn 

negative patients preoperatively and on days 1, 3, 7 and 14 postoperatively by ELISA 

(n=2 MetSyn positive and 10 MetSyn negative for IL-4 and TGF-3; n=12 MetSyn 

positive and 18 MetSyn negative for IL-10). All samples were assayed in triplicate. 

Differences between expression level in MetSyn positive and MetSyn negative patients 

were assessed using Mann Whitney L). Data are presented as mean ± SEM, *p<0.05
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5.2.13 Influence of hyperglycaemia on circulating levels of inflammatory mediators 

postoperatively.

To assess the possible impact of glycaemic control on inflammatory response, the 

cohort was separated into patients who were normoglycaemic and patients who were 

hyperglycaemic preoperatively (Figure 5.14). Higher levels of IL-6 were observed in the 

hyperglycaemic patients in the intial postoperative period. Similarly, higher levels of 

IL-8 were observed in the hyperglycaemic patients at all time-points. Conversely, no 

difference was observed in TNF-a and IL-12p70 levels between the cohorts. In terms of 

adaptive inflammation, higher levels of IFN-y were observed in the hyperglycaemic 

patients at all timepoints. In contrast, higher levels of IL-17 were observed in the 

normoglycaemic patients on day 1 postoperatively. The anti-inflammatory response 

was also altered in the hyperglycaemic patients, with higher levels of IL-4 observed 

preoperatively and on day 1 and day 3 postoperatively. Similarly, significantly higher 

levels of TGF-3 were observed in the hyperglycaemic patients on day 1 

postoperatively. No difference was observed in IL-10 levels between the two groups.
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Figure 5.14 Alterations in postoperative inflammatory response in hyperglycaemic 

and normoglycaemic patients

The expression of a panel of pro- and anti-inflammatory cytokines was assessed in 

patients who were dichotiomised based on preoperative glycaemic status. Levels were 

assessed preoperatively and on days 1, 3, 7 and 14 postoperatively. All samples were 

assayed in triplicate. Differences between expression level in hyperglycaemic and 

normoglycaemic patients were assessed using Mann Whitney U. Data are presented as 

mean ± SEM, *p<0.05
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5.2.14 Postoperative changes in clinical parameters.

Heart rate, temperature, respiratory rate, systolic and diastolic blood pressure were 

routinely measured and recorded by nursing staff using standard clinical procedures 

perioperatively. The data pertaining to these clinical parameters was collected 

preoperatively and on days 1, 3, 7 and 14 postoperatively in a subset of 13 obese and 

11 non-obese patients (Figure 5.15). A higher maximal body temperature was 

observed in the obese compared to the non-obese patients on day 1 postoperatively 

(37.6°C compared to 37.1°C, p=0.07). Respiratory rate was increased in both cohorts 

on day 1 postoperatively, as expected. Heart rate also increased postoperatively, with 

an increased heart rate in obese patients on day 3 postoperatively. Patterns of systolic 

and diastolic blood pressure changed postoperatively, with systolic rising and diastolic 

falling leading to an increase in systolic:diastolic ratio. Obese patients demonstrated a 

lower systolic:diastiolic ratio on day 1 postoperatively (p=0.056) and a drop in systolic 

blood pressure on day 7 (p<0.05).
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Figure 5.15 Changes in clinical parameters postoperatively in obese and non-obese 

patients

Data on the clinical parameters of heart rate, respiratory rate, temperature, systolic 

and diastolic blood pressure were collected preoperatively and on days 1, 3, 7 and 14 

postoperatively in 13 obese and 11 non-obese patients. Changes between the obese 

and non-obese patients were assessed by Mann Whitney U. Data are presented as 

mean ± SEM, *p<0.05.
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5.2.15 Incidence of postoperative complications in prospectively recruited cohort

The incidence of postoperative complications was assessed in the prospectively 

recruited cohort using data recorded in the Upper Gl Database. Data was analysed 

with respect to obesity and MetSyn status. A postoperative complication was reported 

in 23 patients. There was no difference in overall incidence or incidence of specific 

complications between obese and non-obese patients or between those with or 

without the MetSyn (Table 5.5).

Table 5.5 Incidence of postoperative complications in the prospectively recruited 

upper Gl cancer cohort (2010-2011).

Viscerally obese Metabolic Syndrome *

Non-Obese Obese No MetSyn MetSyn
Complication Type P P

(n=25) (n=17) (n=26) (n=14)

Mortality, n (%) 0 (0%) 1 (5.8%) 0.220 0 (0%) 1 (7.1%) 0.168

Any post-op complication, n (%) 15 (60%) 8 (47%) 0.408 12 (46.1%) 9 (6.4%) 0.273

Anastomotic Leak, n (%) 2 (8%) 0(0%) 0.506 0 (0%) 2 (14.3%) 0.117

Pneumothorax, n (%) 4(16%) 2(1.2%) 0.700 2 (7.7%) 3 (21.4%) 0.210

Pleural Effusion, n (%) 3(12%) 1 (5.8%) 0.507 1 (3.8%) 3 (21.4%) 0.077

Respiratory Failure, n (%) 2 (8%) 1 (5.8%) 0.794 2 (7.7%) 1 (7.1%) 0.950

Arrhythmia, n (%) 5 (20%) 2 (1.2%) 0.482 2 (7.7%) 3 (21.4%) 0.210

Wound Infection, n (%) 0 (0%) 1 (5.8%) 0.220 1 (3.8%) 0 (0%) 0.457

Pneumonia, n (%) 2 (8%) 1 (5.8%) 0.794 2 (7.7%) 1 (7.1%) 0.950

Infectious complication, n (%) 3 (12%) 3 (17.6%) 0.608 4 (15.4%) 2 (14.3%) 0.926

Sepsis, n (%) 2 (8%) 1 (5.8%) 0.794 2 (7.7%) 1 (7.1%) 0.950

*MetSyn status undetermined on 2 patients as fasting lipids and glucose not reported 
on laboratory database
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5.3 DISCUSSION

In this study we examine, for the first time, the impact of visceral obesity and the 

metabolic syndrome on the postoperative inflammatory response. The inflammatory 

response is characterised at the gene and protein level using an array of inflammatory 

markers.

The retrospective section of this work generated interesting findings with respect to 

the differential influence of obesity and the metabolic syndrome on the inflammatory 

response in patients with or without postoperative complications. In patients who 

experienced a normal postoperative recovery, CRP and CRPialbumin was increased on 

day 1 postoperatively in the obese patients, suggesting that following surgery a 

heightened acute inflammatory response is experienced by obese patients. However 

when the patients who experienced postoperative complications were analysed, 

increased CRP and CRP:albumin was observed in the obese and dysmetabolic patients 

on day 7 and day 14 postoperatively. Given these findings it may be speculated that 

the inflammatory response to a postoperative complication is more extreme in obese 

patients and those with the MetSyn. Whilst no difference was observed in the 

incidence of postoperative complications between obese and non-obese patients or 

between those with or without the metabolic syndrome, the finding that the 

inflammatory response is exaggerated in these patients might suggest a more 

exacerbated presentation of complications. The findings of this study are comparable 

to those reported by Tanaka et al. where it was observed that viscerally obese 

oesophagectomy patients demonstrated higher maximal CRP postoperatively and a 

prolonged systemic inflammatory response In addition, Donatelli et al reported 

higher postoperative levels of CRP in patients with the metabolic syndrome 

CRP and CRP:albumin are recognized as markers of inflammation and are routinely 

measured in surgical patients making them valuable for retrospective studies. 

However, inflammation is a complex process and a single marker, examined in 

isolation, does not provide sufficient information. In the prospective arm of this 

research the aim was to identify additional markers that are altered in obese patients 

postoperatively. There is a paucity of research investigating the inflammatory response 

in obese patients or those with the MetSyn, thus this study provides an important and 

valuable insight into this area.
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The 370 gene inflammatory array revealed a number of different genes that were up 

or downregulated in obese compared to non-obese patients on day 1 and day 7 

postoperatively. CCL3L1 was downregulated postoperatively with non-significantly 

lower levels in obese patients pre-operatively and in the immediate postoperative 

period. CCL3L1 is a ligand of the CCR5 receptor, a chemokine receptor expressed by T 

cells and macrophages that is involved in regulating the migration of activated and 

effector T cells The function of CCL3L1 has been described mainly in the setting of 

enhanced susceptibility to HIV infection and its role in postoperative inflammation 

is unknown. Pre-operatively, INHBA levels were significantly higher in the obese 

patients (12.8 fold increase, p<0.01) as determined by the array. However 

postoperatively, levels were lower in the obese patients at all timepoints. INHBA 

encodes for Activin A, a member of the TGF-3 superfamily and which has been shown 

to play an important role in adipose tissue deposition and the metabolic derangements 

observed in obesity however its role in the postoperative response is unclear.

MGLL is involved in the hydrolysation of intracellular triglyceride and is also 

responsible for controlling 2-arachidonoylglycerol levels, a key component of the 

endocannabinoid system. Blockade of MGLL has been associated with reduction in 

inflammation in murine models The gene expression of MGLL rose acutely in

both cohorts postoperatively, with non-significantly higher levels observed in the non- 

obese patients on day 3 and higher levels in the obese patients on day 7 

postoperatively. The implication of these altered levels postoperatively and between 

obese and non-obese patients remains to be elucidated. The fact that the significant 

differences observed in the test cohort were not witnessed in the validation cohort 

may reflect the heterogeneity of the validation cohort. V\/hilst the patients used in the 

test cohort were matched in terms of gender and operation type and all were 

chemoradiotherapy naive and experienced a normal postoperative recovery, there 

was variation in these parameters in the validation cohort which likely affected gene 

expression levels. Validation in a much larger cohort would be required.

TNFSF14, LT3 and LT^R were also selected for investigation in obese and non-obese 

patients postoperatively. This triad has emerged recently as potentially important in 

mediating obesity-associated inflammation LTpR is abundant on stromal cells,

dendritic cells and macrophages, with TNFSF14 (also known as lymphotoxin-related
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inducible protein, or LIGHT) and lymphotoxin its only recognised ligands TNFSF14 

is produced by both activated and resting T cells, B cells and monocytes whilst LTp

is produced by T cells and B cells as well as activated natural killer cells Binding of

TNFSF14 and LT3 to LipR leads to activation of NF-k3 pathways LT3R ligation also 

up-regulates T cell adhesion to endothelial cells and expression of CXCL12 

Research has also identified a role for LT3R signalling in dendritic cell function 

Inhibiting LT3R signalling has been shown to be effective in numerous inflammatory 

and autoimmune disorders and has been employed as an anti-inflammatory, anti­

cancer therapy in some experimental models In obesity, TNFSF14 plays an 

important role in adipose tissue inflammatory responses through macrophage/T cell 

infiltration and activating the cells to release inflammatory cytokines In vitro 

studies have demonstrated that TNFSF14 elicits the release of inflammatory 

cytokines/chemokines such as TNF, IL-6 and MCP-1 from adipocytes, adipose tissue- 

derived stromal vascular cells and macrophages. It was also shown TNFSF14 induces 

chemotactic activity of macrophages and T cell migration In the current study, 

postoperative gene levels of TNFSF14 did not appear to be influenced by obesity, with 

a sharp increase immediately postoperatively observed in both cohorts suggesting 

TNFSF14 levels are important in the acute phase response. TNFSF14 levels peaked on 

day 1, with levels falling sharply in the obese patients, falling below the non-obese on 

day 7. Activation of human endothelial cells by platelet derived TNFSF14 results in pro- 

inflammatory and pro-thrombotic changes but further research is needed to 

elucidate its role postoperatively including assessment at the protein level. Converse 

to TNFSF14, levels of LT3 declined sharply in patients initially postoperatively, before 

subsequently increasing. A similar pattern of expression was observed in the obese 

compared to the non-obese patients with the exception of day 7 postoperatively 

where levels were lower in the obese patients. The drop in LT3 levels postoperatively 

is contrasted against an increased expression of LT3R, which increased from baseline 

to day 1 postoperatively before gradually returning to preoperative levels in both the 

obese and non-obese patients. These results suggest that whilst TNFSF14, LT3 and 

LT3R have been implicated in obesity-associated inflammation and clearly are altered 

postoperatively, a differential postoperative response does not appear to occur in 

obese patients. However, assessment of expression of these markers was made at the
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gene level. Future work at the protein level may reveal a greater understanding of the 

role of these inflammatory mediators in the postoperative reponse and if this is 

affected by obesity.

Neutrophils are the foot-soldiers of the innate immune system and are major effectors 

of the acute inflammatory response Surgery and anaesthesia can lead to 

decreased neutrophil chemotaxis which has been linked with increased risk of 

complications and sepsis'^"*^'. The influence of obesity on neutrophil function is an 

under-studied area. A study by Nijhuis et al. found that severely obese individuals 

demonstrated increased levels of neutrophil activation, as determined by MPO levels 

and CD66b expression Other studies have reported alterations in the expression 

of neutrophil adhesion markers^^^°'. In addition, hyperglycaemia is associated with 

impaired neutrophil function and reduced bactericidal capacity has been

reported in obesity In this study, the expression of CD62L decreased in both obese 

and non-obese patients on day 1 postoperatively, which is consistent with a transient 

drop in chemotaxis as CD62L mediates neutrophil rolling, the first step for 

extravasation Levels increased thereafter, with 2 fold higher levels on day 14 

compared to preoperative levels. MPO gene expression varied in the postoperative 

phase but no difference was observed between the obese and non-obese cohorts. In 

the case of CDllb, levels increased steadily in both cohorts postoperatively. These 

findings suggest that, at a gene level, obesity status does not impact on neutrophil 

function postoperatively. However, neutrophils have a very short half life thus 

measuring alterations in activation using intra-operatively collected blood samples 

may shed more light on the possible impact of obesity on acute neutrophil activity.

Key to the regulation of many genes involved in immune and inflammatory responses 

is the transcription factor, NF-k|3. Usually NF-k(3 is bound to Ik(3, a cytosolic inhibitory 

protein that keeps NF-k3 inactive. When activated, the NF-k3 -Ik3 complex is 

phosphorylated, and the complex becomes dissociated. Once dissociated, Ik3 is 

degraded rapidly, and in parallel, there is an accumulation of NF-k3 in the nucleus. This 

results in the initiation of the transcription of a vast array of inflammatory genes 

NF-k3 can be rapidly activated by a number of factors including cytokines, adhesion 

molecules, endotoxins, and ischemia Considering this, it may be anticipated that

145



NF-k|3 levels would rise following the trauma of surgery. However in the current study, 

both non-obese and obese patients demonstrated a drop in NF-kP p65 from baseline 

to day 1. A physiological reason for this acute decrease in NF-kP p65 postoperatively is 

unclear. One possible mechanism may relate to transient endothelial cell activation 

postoperatively. IkP-o transcript is transiently up-regulated in endothelial cells 

responding to cytokines, such as TNFa. This acute increased expression of iKp-a may 

subsequently decrease cytoplasmic NF-kP activation^^^^’. Furthermore, the decrease in 

NF-kP p65 postoperatively was more significant in the non-obese cohort (p<0.05), 

suggesting altered NF-kP p65 activity in obese and non-obese patients postoperatively 

and warrants further investigation.

In the panel of inflammatory cytokines, it was evident that obesity and metabolic 

syndrome status influenced postoperative inflammatory response. IL-6 is produced in 

the immediate postoperative phase and correlates with the magnitude of surgery and 

may indicate increased sepsis risk Levels of IL-6 were higher in the obese and 

metabolic syndrome positive patients on day 1 and day 3 postoperatively respectively. 

In addition IL-12, a key mediator of the Thl pro-inflammatory response was 

significantly higher in obese patients preoperatively and on days 1, 7 and 14 

postoperatively (p<0.05). Conversely, higher levels of the IL-17, responsible for 

potentiating inflammatory responses were observed in the non-obese and in the 

MetSyn negative patients pre and postoperatively. Interestingly, whilst some pro- 

inflammatory cytokines demonstrated increased levels pre and postoperatively in the 

obese and metabolic syndrome positive patients, the levels of the classically anti­

inflammatory TGF-p were also significantly higher in these patients preoperatively and 

on days 1 and 3 postoperatively (p<0.05). These higher levels of TGF-[3 may be acting 

as a counterfoil to the increased levels of pro-inflammatory mediators and heightened 

systemic inflammation observed in the immediate postoperative phase in obese 

dysmetabolic patients. Alternatively, TGF-|3 may be acting in a pro-thrombotic role in 

the obese patients Of interest, in the case of a number of cytokines, expression 

levels varied depending on whether patients were classified by obesity or MetSyn 

status. Levels of TNF-a were higher in obese patients in the immediate postoperative 

phase, but when classified by MetSyn status, lower levels of TNF-a were observed in

MetSyn positive patients at all time-points. A similar change in expression pattern was
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observed in IL-4, whereby higher levels were observed in the obese patients 

preoperatively, but lower levels were observed in the MetSyn positive patients. 

Furthermore, the magnitude of increase in IFN-y levels observed in obese patients 

postoperatively was reduced when patients were classified by MetSyn status and the 

increased IL-8 levels observed postoperatively between obese and non-obese patients 

was not replicated when classified by MetSyn status. These findings suggest that 

adipose tissue excess, in the absence of dysmetabolism, has a different effect on the 

levels of inflammatory mediators. Whilst this is has been observed in non-surgical 

cohorts this is the first study to report such a phenomenon with regards to the

postoperative immune response. It is possible that the presence of hyperglycaemia, a 

characteristic of the MetSyn, also alters inflammatory response. Postoperative 

hyperglycaemia is a stress response and arises as a result of an acute increase in 

hepatic glucose production coupled with uptake resistance in peripheral tissues. It is 

associated with increased postoperative morbidity and mortality and has been shown 

to be more prevalent in MetSyn positive patients To investigate this further, the 

cohort was separated based on glycaemic status preoperatively. Again, a different 

pattern of expression was observed between the two cohorts. IL-6 levels were higher 

on day 3 and day 14 postoperatively. In addition a marked change was observed in 

IFN-y and IL-8 production. Hyperglycaemic patients demonstrated higher levels of IFN- 

y preoperatively and postoperatively. Similarly, higher levels of IL-8 were observed 

preoperatively and postoperatively in the hyperglycaemic patients. These findings 

again suggest that the potential impact of visceral obesity on postoperative 

inflammation is multifactorial, with the associated elements of dysmetabolism all 

exerting different effects on the inflammatory response.

The significance of these changes in inflammatory response is not clear cut. No 

difference was observed in the overall incidence of complications or the incidence of 

specific complications between obese and non-obese patients or between MetSyn 

positive and MetSyn negative patients. However, differences were observed in the 

clinical parameters of these patients. The obese patients had higher temperature and 

heart rate postoperatively. These observations suggest that the obese dysmetabolic 

patients experience a heightened inflammatory response, as was reflected in the CRP 

and cytokine data.
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The results of this study have generated interesting, if not complex results regarding 

the impact of obesity and the MetSyn on postoperative inflammatory response. No 

difference was observed in either the retrospective or prospective cohort in terms of 

postoperative complication incidence. However, using the global marker of acute 

inflammation, CRP, it was apparent that obese, dysmetabolic patients experienced a 

heightened inflammatory response postoperatively, and an exacerbated inflammatory 

response to a complication. The differences in heart rate and temperature 

postoperatively in the obese patients also supports the hypothesis that obese patients 

experience a greater acute inflammatory response postoperatively. At the gene level, 

the array identified a number of inflammatory genes altered by obesity in the 

postoperative phase, but validation of these genes in separate cohorts yielded 

different results, most likely due to the heterogeneity of the patients. At a circulating 

cytokine level, differences were observed in the production of pro- and anti­

inflammatory cytokines, but the pattern of expression was influenced differently 

depending on whether the patients were classed by obesity, MetSyn or glycaemic 

status. Taken together, these observations suggest that obesity and dysmetabolism 

most definitely influence the postoperative inflammatory response however further 

work is warranted to elucidate the exact mechanisms at play.
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Chapter 6 The impact of an eicosapentaenoic acid enriched enteral 

feed on the postoperative inflammatory response and 

recovery in oesophagectomy patients
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6.1 INTRODUCTION

A major surgical procedure is associated with a stress response, characterised by 

multiple inflammatory and metabolic changes In the immediate phase following 

the start of a surgical procedure, adrenocorticotropic hormone (ACTH) is stimulated by 

afferent neuronal impulses from the site of injury leading to an increase in cortisol 

levels Cortisol in turn stimulates protein catabolism and giuconeogenesis from 

amino acids in the liver Alongside this altered endocrine response, there is a

stimulation of immune system. The release of TNF-a and IL-I3 from macrophages in 

the injured tissue stimulates the production of IL-6, which subsequently launches the 

acute phase response characterised by an increase in acute phase reactants such as C- 

reactive protein (CRP) This acute phase response also stimulates muscle 

catabolism to facilitate the production of acute phase reactants, whilst the increase in 

IL-6 further stimulates ACTH activity This initial hyper-inflammatory response is 

followed by an excessive compensatory anti-inflammatory response This stress 

response to surgery results is marked weight loss and protein catabolism in surgical 

patients. In turn, this loss of muscle mass results in muscle weakness and fatigue and

can impair recovery [366, 367]

An oesophagectomy is an example of a major surgical procedure which elicits an 

inflammatory catabolic response. It is an operation that is associated with significant 

risks, with nearly half of all patients experiencing a postoperative complication 

Furthermore, the physical impact of the surgery has a profound and long term impact 

on health related quality of life and functional capacity Oesophageal resections

are becoming more frequent as it is an obesity-associated malignancy that is increasing 

in incidence, with levels in Ireland doubling in the last two decades Thus there is an 

impetus to identify strategies to optimise the postoperative outcomes in this patient 

cohort.

Immunonutrition is the modulation of the activity of the immune system by 

interventions with specific nutrients and it has been employed in critically ill patients 

and in the postoperative setting Omega-3 polyunsaturated fatty acids (PUFA), i.e., 

eicosapentaenoic acid (EPA) and docosahexanoic acid (DHA) represent promising 

immunomodulating agents and their effects have been investigated in
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oesophagectomy patients The immunomodulating properties of omega-3 PUFA 

arise from their displacement of omega-6 PUFA, i.e., arachidonic acid (AA). Omega-3 

and omega-6 PUFA are resident in phospholipid membranes and upon activation, e.g., 

in response to trauma, they are metabolised into eicosanoids, povwerful mediators of 

inflammation. Metabolism of AA gives rise to the series-2 prostaglandins (PGE2), 

prostacyclins (PGI2), thromboxanes {TXA2) and the series-4 leukotrienes (LTA4, LTB4), 

and lipoxins (LXA4, LXB4) whereas metabolism of EPA gives rise to series-3 

prostaglandins (PGE3), prostacyclins (PGI3), thromboxanes (TXA3) and series-5 

leukotrienes (LTA5, LTB5) and lipoxins (LXA5, LXB5). The metabolites of AA are 

considered more potent mediators of inflammation than those of EPA In

addition, EPA gives rise to the production of resolvin El, a compound involved in 

promoting the resolution of inflammation

In healthy populations, supplementation with EPA can reduce circulating levels of pro- 

inflammatory cytokines In addition, in the study of cancer cachexia, EPA

supplementation was shown to promote weight stabilisation in cancer patients with 

cachexia by attenuation of the acute phase response via suppressed IL-6 production 

[221-223] supplementation with EPA represents a potential therapeutic aid to

control the postoperative inflammatory and catabolic response in oesophagectomy 

patients. A previous double-blind randomised controlled trial carried out by this 

research group examined the effects of an EPA supplemented enteral feed versus a 

standard enteral feed on outcomes in 53 oesophagectomy patients. Feed was provided 

for 5 days pre-operatively and 21 days post-operatively, with those in the treatment 

arm receiving 2.2g/day of EPA. The results demonstrated that supplementation with 

EPA was associated with a modest attenuation of inflammation and a reduced maximal 

body temperature. In addition, patients who received the EPA enriched enteral feed 

preserved their lean body mass compared to the standard feed group who 

experienced an average loss of 1.9kg of fat free mass

Whilst there is evidence that EPA supplementation attenuates inflammation and 

catabolism postoperatively in oesophagectomy patients, its impact on specific 

functional capacity and quality of life remains to be determined. In addition, a more 

detailed investigation into the impact of EPA supplementation on the function of
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specific immune cells and eicosanoid metabolism is warranted. Thus a double blind 

randomized controlled trial was commenced at this centre in oesophagectomy 

patients to investigate the long term effects of an enteral nutritional supplement 

enriched with EPA on lean body mass, physical activity, quality of life and the 

catabolic/inflammatory response. The results of EPA supplementation on the catabolic 

inflammatory response for a cohort of trial patients are presented herein.

6.1.1 Specific Aims

The specific aims of this aspect of this study were to determine the impact of 

perioperative EPA supplementation on:

• The incidence of postoperative complications

• The gene expression of inflammatory mediators and markers of activation in 

distinct immune cell populations

• The levels of circulating inflammatory cytokines and acute phase reactants

• The production of lipid mediators of inflammation

• Postoperative weight loss and changes in fat mass and fat free mass
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6.2 RESULTS

6.2.1 Recruitment and discontinuation of patients in the clinical trial

Recruitment for this study took place between January 2011 and December 2012 

(section 2.9). The pattern of patient recruitment and discontinuation is illustrated in 

Figure 6.1 below. Initially, 109 patients were recruited; 27 pre-multimodal therapy, 49 

post-multimodal therapy and 33 surgery only patients. A total of 12 patients were 

discontinued prior to surgery for a variety of reasons, including disease progression 

(n=2), receipt of total parenteral nutrition (TPN) (n=3), no longer deemed suitable for 

surgery (n=4), benign tumour diagnosis (n=l) and at the request of the patient (n=2). 

Surgical resection was carried out on 97 patients. Postoperatively, 18 patients were 

discontinued; 5 had major postoperative complications, 6 had no jejunostomy sited at 

time of surgery and 7 had feeding withheld or tube dislodgements. The remaining 79 

patients were deemed to be the study cohort. 72 patients continued feeding for 1 

month postoperatively, with 41 patients within the cohort attending the 6 month 

follow-up appointment (Figure 6.1).
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Figure 6.1 Flow chart of patient recruitment and discontinuation to clinical trial

A total of 109 patients were recruited initially with 97 undergoing resection. 79 

patients received enteral feeding until discharge, at which point 7 were deemed 

unsuitable for home enteral feeding. Of the 72 patients discharged on enteral feeding, 

41 completed the 6 month follow-up. CRT, chemoradiotherapy; TPN, total parenteral 

nutrition.
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6.2.2 Characteristics of the study cohort

The study cohort ultimately consisted of 79 patients. Pre-operatively patients were 

randomised to receive either EPA enriched nutritional feed or the iso-caloric standard 

feed (section 2.9.3 and 2.9.4). The characteristics of the patients in the two arms are 

listed below in Table 6.1. The standard arm contained 38 patients versus 41 in the EPA 

arm. There was no significant difference between the groups in terms of age, gender, 

anthropometry, histological tumour type and operation type.

Table 6.1 Characteristics of the study cohort.

Standard Feed

n=38

EPA Enriched

n=41

P

Males, n (%) 31 (81.6%) 38 (92.7) 0.183

Age (y), mean (range) 61.7 (42-78) 60.6 (37-76) 0.698

Tumour Type

Oesophageal Adenocarcinoma, n (%) 32 (84.2%) 35 (85.4%) 1.0

Oesophageal SCC, n (%) 6 (15.8%) 6 (14.6%)

Neoadjuvant Chemoradiotherapy, n (%) 24 (63.2%) 33 (80.5%) 0.131

BMI>30kg/m^, n (%) 22 (57.9%) 31 (75.6%) 0.150

*High Waist Circumference (cm), n (%) 18 (56.3%) 21 (60.0%) 0.808

''Visceral Fat Area (cm^), mean (range) 149.8 (4.3-354.5) 164.1 (4.7-353.1) 0.457

''Viscerally Obese, n (%) 18 (48.6%) 20 (51.3%) 1.0

#Metabolic Syndrome, n (%) 12 (40.0%) 14 (42.4%) 1.0

Percentage Body Fat (%), mean (range) 25.63 (7.9-36.1) 25.89 (9.7-41.9) 0.818

Fat Mass (kg), mean (range) 19.9 (4.7-36.1) 21.8 (4.5-40.3) 0.349

Fat Free Mass (kg), mean (range) 57.13 (35.0-73.3) 39.8(76.1-60.1) 0.179

Operation Type

Transhiatal, n (%) 8 (21.1%) 4 (9.8%)

2-Stage Oesophagectomy, n (%) 27 (71.1%) 29 (70.7%) 0.169

3-Stage Oesophagectomy, n (%) 3 (7.8%) 8 (19.5%)

*Waist circumference available on 32 patients in standard arm and 35 patients in EPA 
arm; Visceral fat area measurement available on 37 patients in standard arm and 39 
patients in EPA arm; #Metabolic syndrome status available on 30 patients in standard 
arm and 33 patients in EPA arm
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6.2.3 Incidence of postoperative complications

There was no postoperative mortality in the study cohort. In terms of morbidity, the 

overall incidence of postoperative complications was significantly higher in the 

patients receiving the standard feed compared to patients receiving the EPA enriched 

feed (76.3% versus 46.3%, p=0.006). Regarding the type of complication, there was a 

significantly higher overall incidence of respiratory complications in the standard arm 

compared to the EPA enriched arm (55.3% versus 22%, p=0.002). There was also a 

higher incidence of respiratory tract infections in the standard arm compared to the 

EPA enriched arm (36.8% versus 17.1%, p=0.047). There was no difference in incidence 

of wound complications or arrhythmias between the two groups.

Table 6.2 Incidence of postoperative complications in patients receiving standard 

feed versus EPA enriched feed

Complication Type
Standard Feed

(n=38)

EPA enriched

(n=41)
P

Any Postoperative Complication, n (%) 29 (76.3%) 19 (46.3%) 0.006

Anastomotic Leak, n (%) 2 (5.3%) 0 (0%) 0.137

Delayed Gastric Emptying, n (%) 2 (5.3%) 1 (2.4%) 0.512

Respiratory Complication, n (%) 21 (55.3%) 9 (22%) 0.002

Respiratory Failure, n (%) 3 (7.9%) 0 (0%) 0.067

Pleural Effusion, n (%) 5 (13.2%) 3 (7.3%) 0.390

Pneumothorax, n (%) 2 (5.3%) 2 (4.9%) 0.938

Respiratory Tract Infection, n (%) 14 (36.8%) 7 (17.1%) 0.047

Infectious Complication, n (%) 16 (42.1%) 10 (24.4%) 0.094

Wound Complication, n (%) 4 (10.5%) 2 (4.9%) 0.344

Wound Infection, n (%) 2 (5.3%) 1 (2.4%) 0.512

Wound Dehiscence, n (%) 2 (5.3%) 1 (2.4%) 0.512

Arrhythmia, n (%) 12 (31.6%) 7 (17.7%) 0.132

EPA, eicosapentaenoic acid.
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6.2.4 Alterations in inflammatory gene expression in peripheral blood mononuclear 

cells (PBMC) following oesophagectomy.

To determine the changes in inflammatory gene levels following surgery, thus 

identifying targets for EPA supplementation, a test cohort of non-trial patients was 

utilised. This cohort consisted of 6 male oesophageal adenocarcinoma patients who 

received standard enteral nutrition postoperatively. Blood samples were collected pre 

and postoperatively (section 2.8) and peripheral blood mononuclear (PBMC) were 

isolated (section 2.10.2). To assess the changes in inflammatory response 

postoperatively, a 370 inflammatory gene array was ran using the RNA extracted from 

PBMC isolated pre-operatively and on day 1 and day 7 postoperatively (n=6) (section 

2.12). A number of inflammatory genes were altered postoperatively. The genes that 

were >2 fold up or down regulated (p<0.05) on day 1 and day 7 compared to 

preoperative levels are listed in Table 6.3 below. The greatest down regulation was 

observed in CCL4, with >11 fold down regulation on day 1 postoperatively. S100A12, 

S100A8 and IL-10 were all up-regulated on day 1 and day 7 compared to preoperative 

levels. These significantly altered genes serves as targets to assess the effect of EPA 

supplementation on the postoperative inflammatory response.

Table 6.3 Alterations in expression of inflammatory genes in PBMC postoperatively. 

Red indicates up-regulation and blue indicates down-regulation.

Day 1 versus pre-op Day 7 versus pre-op

Gene Fold change P Fold change P

CCL4 -11.27 0.009 -2.46 0.020

IL5RA -8.21 0.004 -2.05 0.037

CCL4L1 -5.49 0.006 -3.48 0.021

IL7 -4.62 0.023 -3.55 0.040

IL2RB -4.16 0.001 -2.53 0.000

IL24 -3.00 0.026 -2.13 0.003

CCL27 -2.78 0.031 -2.58 0.035

S100A8 4.82 0.001 2.99 0.045

ILIO 9.19 0.013 2.35 0.015

S100A12 10.99 0.000 3.58 0.014
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6.2.5 Impact of EPA supplementation on inflammatory gene expression in PBMC 

postoperatively

To determine the impact of EPA supplementation on postoperative inflammatory gene 

expression, the expression of CCL4 and IL-10, targets identified from the inflammatory 

array, was assessed. Gene expression was measured by qPCR (section 2.14) using 

PBMC isolated pre-operatively and on days 1, 3, 7, 14 and at 1 month, 3 month and 6 

months in 5 standard arm and 7 EPA enriched arm patients (Figure 6.2).

CCL4, also known as macrophage inflammatory protein-ip (MIP-ip), is secreted by a 

variety of immune cells and is a powerful monocyte and lymphocyte chemo-attractant 

In the standard arm patients, levels of CCL4 decreased postoperatively, validating 

the findings of the array. Conversely, in the patients receiving the EPA enriched enteral 

feed, levels of CCL4 increased postoperatively. At all time-points, CCL4 was higher in 

the EPA enriched arm patients, with significantly higher levels on day 7 (p<0.05), day 

14 (p<0.01) and a trend towards significantly higher levels at 1 month (p=0.06).

IL-10 levels increased postoperatively in the standard arm patients, reflecting the 

findings of the inflammatory array. Levels of IL-10 also decreased postoperatively in 

the EPA enriched arm patients. However, the level of IL-10 was lower in the EPA 

enriched arm at all time-points, with significantly lower levels observed on day 3 

postoperatively (p<0.05).
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Figure 6.2 Changes in gene expression of CCL4 and IL-10 in PMBC postoperatively in 

patients receiving EPA enriched versus standard enteral feeding.

The expression of CCL4 and IL-10 in PBMC isolated pre- and postoperatively was 

assessed in 5 patients receiving standard enteral feeding versus 7 patients receiving 

EPA enriched enteral feeding. All samples were assayed in triplicate. Data was analysed 

using the the 2’“'"^ method with 18S serving as an endogenous control and data is 

expressed as relative fold change. Differences in gene expression between the 

standard arm and EPA enriched arm were assessed by Mann Whitney U. Data are 

presented as mean ± SEM, *=p<0.05.
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6.2.6 Impact of EPA supplementation on the expression of monocyte phenotype 

indicators pre- and postoperatively

Monocytes were isolated pre- and postoperatively as described in section 2.10.4. The 

efficacy of monocyte purification was determined by flow cytometery as described in 

section 2.10.5 (Figure 6.3). The inflammatory Ml and anti-inflammatory M2 

phenotype of these circulating peripheral monocytes was determined by assessing the 

gene expression of the Ml monocyte markers IL-12 and TNF-a and the M2 monocyte 

markers arginase-1 and IL-10 by qPCR (section 2.16). Expression of these genes was 

assessed pre-operatively and on days 1, 3, 7 and 14 postoperatively in 3 standard arm 

patients and 4 EPA enriched arm patients (Figure 6.4).

A negligible change in arginase-1 levels was observed in both groups until day 3 

postoperatively, after which both arms increased. The increase was greatest in the 

standard arm patients, with a near 200 fold increase on day 14, suggesting higher 

levels of M2 monocytes. IL-10 levels also increased postoperatively, with a sharper 

increase on day 1 postoperatively observed in the EPA enriched arm. Levels declined in 

both arms after day 1, returning to pre-operative levels by day 14. Levels of IL-12 

decreased sharply postoperatively, with an approximate 3 fold down regulation in 

expression in the EPA enriched arm and a 6 fold down regulation in the standard arm 

on day 1 postoperativelty, suggesting a drop in Ml monocytes. Levels increased 

thereafter returning to preoperative levels in both arms. In the case of TNF-a, levels 

did not vary widely postoperatively, with a gradual decrease observed in both arms in 

the initial postoperative phase. Levels increased thereafter, with higher than 

preoperative levels observed in the standard arm on day 14.
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Figure 6.3 Assessment of monocyte purity by flow cytometry following isolation

Monocytes were isolated from peripheral blood mononuclear cell populations using 

magnetic associated cell sorting. The purity of the technique was assessed by flow 

cytometry, using CD14 as a positive marker for monocytes. The flow cytometry dot 

plots illustrate purity of monocyte population (lower right quadrant) pre and post 

purification. Numbers in lower right quadrant represent % of CD14 positive cells, gated 

on live cell population.
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Figure 6.4 Monocyte expression of arginase-1, IL-10, IL-12 and TNF-a postoperatively 

in patients receiving standard versus ERA enriched enteral feed

The expression of Ml monocyte markers (IL-12 and TNF-a) and M2 monocyte markers 

(arginase-1 and IL-10) was determined in monocytes isolated pre- and postoperatively 

in 3 patients receiving standard enteral feed versus 4 patients receiving ERA enriched 

enteral feed. All samples were assayed in triplicate. Data was analysed using the the 2 

method with 18S serving as an endogenous control and data is expressed as 

relative fold change. Differences in gene expression between the standard arm and 

ERA enriched arm were assessed by Mann Whitney U. Data are presented as mean ± 

SEM.
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6.2.7 Impact of EPA supplementation of the expression of neutrophil activation 

markers postoperatively

As neutrophils are the first immune cells to respond to tissue damage and infection, 

neutrophils were isolated from whole blood collected preoperatively and on days 1, 3, 

7 and 14 postoperatively as described in section 2.10.3. To determine the effect of EPA 

supplementation on neutrophil adehesion and activation, the expression of CD62L, 

CDllb and myeloperoxidase (MPO) by neutrophils was assessed in 5 standard arm and 

6 EPA enriched arm patients by qPCR (section 2.15).

CD62L decreased in both arms immediately postoperatively. In the standard arm, 

levels increased sharply after day 1, whereas a more gradual increase in expression 

after day 3 was observed in the EPA enriched arm. In the case of CDllb, little change 

was observed in the expression levels postoperatively in the EPA enriched cohort. 

However, a sharp increase was observed on day 3 in the standard arm patients. A 

differential pattern of MPO expression was observed postoperatively in the standard 

and EPA enriched arms. In both arms, expression of MPO decreased sharply 

postoperatively. However, after day 1 levels increased, with significantly higher levels 

observed in the standard arm patients on day 7 postoperatively (p<0.05) (Figure 6.5).
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Figure 6.5 Expression of neutrophil activation and adhesion markers postoperatively 

in patients receiving standard versus EPA enriched enteral feed.

The expression of the neutrophil markers of adhesion and activation CD62L, CDllb 

and myeloperoxidase (MPO) was determined in neutrophils isolated pre- and 

postoperatively in 5 patients receiving standard enteral feed versus 6 patients 

receiving EPA enriched enteral feed. All samples were assayed in triplicate. Data was 

analysed using the method with 18S serving as an endogenous control and data 

is expressed as relative fold change. Differences in gene expression between the 

standard arm and EPA enriched arm were assessed by Mann Whitney U. Data are 

presented as mean ± SEM; *=p<0.05.
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6.2.8 Impact of EPA supplementation on C-reactive protein, albumin and white cell 

count postoperatively

White cell count (WCC), erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) 

and albumin were routinely measured pre and postoperatively by the Central 

Pathology Laboratory in St. James's Hospital. Levels of these inflammatory markers 

were recorded preoperatively and on days 1, 3, 7 and 14 and 1, 3, and 6 months 

postoperatively. The pattern of expression of ESR, CRP and CRP:albumin was similar in 

both arms. Levels rose postoperatively, as expected, peaking on day 3 in the case of 

CRP and CRPialbumin and day 7 in the case of ESR. Levels declined thereafter to 

preoperative levels or below. White cell count is a basic indicator of an inflammatory 

response. As with CRP and ESR, WCC levels increased in both arms immediately 

postoperatively, peaking on day 1. In the EPA enriched arm, WCC count dropped more 

quickly following day 1, with significantly lower levels on day 3 compared to the 

standard arm patients (p<0.01) (Figure 6.6).
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Figure 6.6 The acute inflammatory response postoperatively in patients receiving 

standard enteral feed versus those receiving EPA enriched feed.

White cell count (WCC), erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) 

levels and CRPialbumin ratio was assessed pre and postoperatively by the Central 

Pathology Laboratory in St. James's Hospital in patients receiving standard enteral feed 

versus those receiving EPA enriched enteral feed. Differences in circulating levels of 

these inflammatory markers between the two arms were assessed by Mann Whitney 

U. Data are presented as mean ± SEM; **=p<0.01.
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6.2.9 Impact of EPA supplementation on circulating levels of a panel of 

inflammatory mediators postoperatively

Changes in the postoperative production of well-defined inflammatory cytokines in 

patients were assessed at the protein level by ELISA as described in section 2.16. A 

panel of both pro- and anti-inflammatory cytokines was investigated: IL-4, IL-6, IL-8, IL- 

10, IL-12p70, IL-17, IFN-y, TNF-a and TGF-3. Levels were assessed in both groups pre- 

operatively, on days 1, 3, 7 and 14 postoperatively and at 1, 3 and 6 months.

In the case of pro-inflammatory cytokines (Figure 6.7), no difference was observed in 

TNF-a levels in either group. Both groups demonstrated a biphasic increase in 

circulating levels, with an initial increase on day 1 postoperatively and another 

increase at 1 month. IL-6 levels increased sharply in both groups immediately, with 

levels declining thereafter. A different pattern of IL-8 expression was observed 

between the patients receiving standard feed and those receiving EPA enriched feed, 

with those in the EPA arm demonstrating higher levels postoperatively. In the standard 

arm patients, circulating levels of IL-12 increased postoperatively, which was in 

contrast to the patients in the EPA enriched arm, who demonstrated a decrease in 

circulating levels postoperatively.

The adaptive immune response was characterised by circulating levels of IFN-y and IL- 

17 (Figure 6.8). Levels of IFN-y did not change remarkably in the acute postoperative 

phase in either arm. However both arms demonstrated an increase in levels at 1 

month post discharge. In the case of IL-17, absolute levels were low in both arms, 

however a slight increase in postoperative levels was observed in the patients 

receiving EPA enriched feed.

In terms of the anti-inflammatory response (Figure 6.9), EPA supplementation did not 

alter circulating levels of TGF-p. Circulating levels of IL-4 were low in both arms 

postoperatively. Higher levels were observed in the EPA enriched arm patients 

preoperatively, but negligible levels were detected postoperatively. IL-10 levels did not 

differ greatly between patients in the EPA enriched arm and those in the standard arm 

with circulating levels declining on discharge in both groups.
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Figure 6.7 Alterations in circulating levels of pro-inflammatory in patients receiving 

standard versus enteral feed.

The expression of IL-6, TNF-a, IL-8 (n=32 standard enteral feed n=40 EPA enriched 

enteral feed) and IL-12p70 (n=22 standard enteral feed, n=31 EPA enriched enteral 

feed) was assessed by ELISA on days 1, 3, 7 and 14 postoperatively and at 1, 3 and 6 

months. All samples were assayed in triplicate. Differences between expression levels 

in patients receiving standard enteral feed versus those receiving EPA enriched enteral 

feed were assessed using Mann Whitney U. Data are presented as mean ± SEM
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Figure 6.8 Alterations in postoperative circulating levels of adaptive cytokines in 

patients receiving standard enteral feed versus EPA enriched enteral feed.

The expression of IFN-y (n=32 standard enteral feed n=40, EPA enriched enteral feed) 

and IL-17 (n=15 standard enteral feed, n=13 EPA enriched enteral feed) was assessed 

by ELISA on days 1, 3, 7 and 14 postoperatively and at 1, 3 and 6 months. All samples 

were assayed in triplicate. Differences between expression levels in patients receiving 

standard enteral feed versus those receiving EPA enriched enteral feed were assessed 

using Mann Whitney U. Data are presented as mean ± SEM.
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Figure 6.9 Alterations in postoperative circulating levels of anti-inflammatory 

mediators in patients receiving standard enteral feed versus EPA enteral feed

The expression of IL-4 (n=15 standard enteral feed, n=ll EPA enriched enteral feed) IL- 

10 (n=22 standard enteral feed, n=31 EPA enriched enteral feed) and TGF-3 (n=32 

standard enteral feed, n=40 EPA enriched enteral feed) was assessed by ELISA on days 

1, 3, 7 and 14 postoperatively and at 1, 3 and 6 months. All samples were assayed in 

triplicate. Differences between expression levels in patients receiving standard enteral 

feed versus those receiving EPA enriched enteral feed were assessed using Mann 

Whitney U. Data are presented as mean ± SEM.
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6.2.10 Impact of EPA supplementation on circulating levels of eicosanoids 

postoperatively

Eicosanoids are powerful mediators of inflammation and their levels of expression may 

be altered by increased consumption of EPA. Therefore the circulating levels of 

prostaglandin E2 (PGE2), 6-keto-prostaglandin Fm (6-keto-PGFia) (an indirect measure 

of prostacyclin I2), and leukotriene 64 (LTB4) were assessed by EIA (section 2.17) in 4 

patients receiving standard feed and 5 patients receiving EPA enriched feed. 

Circulating levels were assessed pre-operatively and on day 1, day 7 and day 14 

postoperatively.

A marked difference in PGE2 levels was observed between the two arms. In patients 

receiving the standard feed, little change was observed in levels postoperatively. 

Conversely, a sharp increase in levels was observed in the patients receiving the EPA 

enriched feed, with significantly higher levels on day 7 and day 14 postoperatively 

(p<0.05). A significant difference between the two arms was also observed in the case 

of 6-keto-PGFia, with significantly higher levels observed in the EPA enriched arm on 

day 1 postoperatively (p<0.05). LTB4 levels did not differ significantly between the two 

arms at any time-point (Figure 6.10).
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Figure 6.10 Changes in circulating levels of eicosanoids postoperatively in patients 

receiving standard enteral feed versus EPA enriched enteral feed.

The circulating levels of prostaglandin E2 (PGE2), 6-keto-prostaglandin Fia (6-keto- 

PGFic) and leukotriene 84 (LTB4) were assessed by EIA in 4 patients receiving standard 

feed versus 5 patients receiving EPA enriched feed. All samples were assayed in 

duplicate. Levels were assessed pre-operatively and on days 1, 7 and 14 

postoperatively. Differences in the circulating levels between the two arms were 

assessed using Mann Whitney U. Data is presented as mean ± SEM; *=p<0.05.
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6.2.11 Impact of EPA supplementation on muscle and fat mass postoperatively

In all patients, body composition analysis was carried out by the co-research dietitian 

on the trial using a Tanita BC 418 MA bioelectrical impedance analyzer (Tanita UK Ltd, 

Middlesex, UK) as described in section 2.9.7. Measurements were taken pre- 

operatively, at discharge and at 1, 3 and 6 months. Supplementation with EPA is 

hypothesised to have anabolic effects; therefore changes in weight, fat mass and fat 

free mass were assessed in both groups (Figure 6.11).

All patients lost weight postoperatively, as expected. However the decline in weight 

was attenuated in the patients receiving the EPA enriched feed, with significantly 

higher weights observed at discharge (p<0.05) and a trend toward significantly higher 

levels at 1 month compared with the standard arm patients (p=0.054). A greater loss of 

fat mass and percentage fat was observed in the patients receiving the standard feed 

but these differences were not significant. In terms of fat free mass, greater losses 

were observed in the patients receiving standard feed, with significantly lower levels 

observed at discharge (p<0.01) which persisted to the 1 month time-point (p=0.054)
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Figure 6.11 Changes in body composition postoperatively in patients receiving 

standard versus EPA enriched enteral feeding.

Body composition was assessed by bio-electrical impedance pre-operatively, at 

discharge and at 1, 3 and 6 months in patients receiving standard enteral feed (n=38) 

versus EPA enriched enteral feed (n=41). Weight, fat mass, percentage fat and fat free 

mass were determined. Differences in measures between the two arms were assessed 

by using Mann Whitney U. Data are presented as mean ± SEM; *=p<0.05, **=p<0.01.
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6.3 DISCUSSION

In this clinical trial we demonstrate a clear role for the use of EPA supplemented 

enteral feeding pre and postoperatively in oesophagectomy patients, in terms of 

reduced incidence of complications and preservation of lean body mass. However this 

trial also demonstrates the complex interplay between EPA and the immune system 

and questions the "anti-inflammatory" persona of EPA.

Oesophageal resection represents a major operation with considerable morbidity and 

mortality In this study we demonstrated that supplementation with EPA reduced 

the incidence of postoperative complications by 35% compared to standard feed. 

Furthermore, it was respiratory complications in particular that were reduced in the 

EPA group. Postoperative respiratory complications are the most common 

complication following oesophagectomy and are associated with intensive medical 

treatment and increased length of hospital stay There was a significantly lower 

incidence of respiratory tract infections in the EPA arm and a reduced number of 

overall infectious complications. Whilst other studies of EPA supplementation 

delivered in combination with arginine and RNA have demonstrated a reduced risk of 

postoperative complications authors knowledge, this is the first clinical

trial to demonstrate a reduction in postoperative complications from perioperative 

enteral feeding supplementation with EPA alone.

In this clinical trial the mechanisms by which EPA supplementation alters the 

postoperative inflammatory response in patients is investigated more thoroughly than 

has been reported to date. Using an expansive gene array and a test cohort of non-trial 

patients, it was possible to identify inflammatory genes that are significantly altered in 

patients following oesophagectomy and then determine the impact of EPA 

supplementation on them. CCL4, which is secreted by a variety of immune cells and is 

a powerful lymphocyte and monocyte chemo-attractant was identified as being 

significantly down regulated following surgery. However EPA supplementation led to a 

significant increase in CCL4 expression by PBMC. Conversely, the postoperative 

increase in levels of anti-inflammatory IL-10 was reduced by supplementation with 

EPA. This reversal in the expression of pro- and anti-inflammatory genes in PBMC 

following EPA supplementation is an interesting, and perhaps unexpected finding.

175



However this pro-inflammatory switch may reflect an attempt to prevent an 

exaggerated compensatory anti-inflammatory response and immunosuppression.

To further elucidate the impact of EPA supplementation on the activity of immune 

cells, monocytes and neutrophils were isolated pre- and postoperatively. At the gene 

level supplementation with EPA did not significantly alter the monocyte expression of 

IL-10, IL-12 or TNF-a. There was an apparent increased level of arginase-1 expression 

on day 7 and day 14 in the patients receiving standard feed, although this difference 

was not significant. Previous research has shown increased arginase-1 activity in 

peripheral blood mononuclear cells post trauma is associated with decreased plasma 

arginine levels and may contribute to a state of "arginine malnutrition". This increase 

in arginase-1 may be reflective of increased Th2 activity in the standard arm patients 

[373,374] studies examining the effect of EPA supplementation in humans have

reported a reduction in TNF-a production in isolated macrophages following 

stimulation This anti-inflammatory effect of EPA was not witnessed in the

postoperative setting in this trial. However previous research on the effect of EPA on 

monocyte/macrophage inflammatory gene expression has utilised ex-vivo models and 

may not be representative of the complex postoperative immune environment.

In the case of neutrophils, supplementation with EPA altered expression of the 

adhesion markers CD62L and CDllb and significantly decreased the expression of the 

activation marker, MPO. These findings suggest a decrease in neutrophil activation and 

migration. Studies in cardiac surgery patients have reported that decreased neutrophil 

activity in the initial postoperative period is associated with a reduced risk of sepsis 

A possible explanation would be reduced levels of LTB4, which is chemotactic and 

promotes neutrophil activation However, LTB4 levels were found to be unchanged 

by EPA supplementation in this trial, suggesting another mechanism is at play. 

Neutrophils have a short half-life and are active at the site of injury thus only 

limited conclusions may be drawn from the observed effects of EPA at the gene level in 

circulating neutrophils in the days and weeks postoperatively. It would be of interest 

to investigate the activity of neutrophils in bronchoalveolar lavage as it is associated 

with respiratory complications which were reduced amongst patients receiving 

EPA supplemented feed.
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Supplementation with EPA is classically considered to have anti-inflammatory or 

immuno- suppressive effects. However, this study has demonstrated that the impact 

of EPA supplementation on inflammatory cytokine production is not as clear cut. With 

the exception of white cell count on day 7 postoperatively, supplementation with EPA 

did not alter the classic clinical markers of inflammation, i.e., CRP and ESR. In non- 

surgical groups supplementation with EPA does not affect CRP levels In

previous research by this group, CRP levels were not reduced by EPA supplementation 

and in cancer cachexia, supplementation has only been shown to halt rising CRP 

However, the reduction in white cell count on day 7 in the EPA group does suggest 

a reduction in systemic inflammation and it may be that CRP is not specific enough a 

marker to detect the impact of EPA on the immune system. Alternatively it may be 

that EPA does not act through direct reduction in CRP production, but rather it alters 

the systemic effects of increased CRP. In a murine model of CRP overexpression and 

heart failure, EPA supplementation did not affect serum CRP levels but did result in 

decreased cardiac fibrosis and improved cardiac function

The above finding relating to the classic markers used to identify inflammation 

clinically highlights the importance of examining a panel of inflammatory mediators 

when assessing immune function. In this trial EPA supplementation did not have a 

marked effect on the circulating levels of inflammatory cytokines. TNF-a, IL-6, IFN-y, 

TGF-P and IL-10 levels were unchanged in the EPA supplemented group. EPA 

supplementation did appear to negate IL-12 levels, suggesting an anti-inflammatory 

effect, but this was paralleled by an increased expression of IL-8 and IL-17. To date the 

impact of EPA supplementation peri-operatively on postoperative cytokine production 

is unclear. The effect of EPA on markers such as TNF-a, IFN-y, IL-4, IL-6, IL-8 and IL-10, 

has been reported to be decreased, increased or unchanged 1237,384-386] addition, it is 

difficult to compare the findings of this trial with others due to heterogeneity of study 

design, i.e. study population, quantity of EPA supplemented and mode of delivery. The 

gene expression of inflammatory mediators by immune cells and the production of 

inflammatory cytokines are influenced by a number of factors including transcription 

factors, microRNA and posttranslational modifications. Furthermore, the Thl, Th2 and 

Thl7 responses all influence and regulate each other 1^^®'^®°' jn a continuous battle to 

attain homeostasis. Future work delineating the potential role of EPA on immune cell
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function postoperatively would benefit from characterisation of transcription factor 

activity such as NFkp and real time assessment of activation marker expression on 

innate and adaptive immune cells.

Whilst no distinct impact on circulating cytokine production was found following EPA 

supplementation, a clear alteration was observed in eicosanoid production. In the case 

of PGE2 and 6-keto-PGFia (an indirect measure of prostacyclin), levels increased 

significantly postoperatively in the EPA group. Prostacyclin is a potent vasodilator and 

prevents platelet aggregation, inhibiting the effects of TXA2. It has been utilised in the 

treatment of peripheral vascular disease and pulmonary hypertension PGE2

has a number of pro- and anti-inflammatory roles. It has been shown to stimulate IL-6 

production and induces fever However it is also a powerful inhibitor of TNF-a 

and IL-I3 production by immune cells In addition it inhibits 5-LOX activity, thus 

decreasing the production of the 4-series leukotrienes, and it increases lipoxin A4 

production It may be that PGE2 has an initial pro-inflammatory role post 

trauma/surgery, followed by an anti-inflammatory role characterised by reduced 5- 

LOX and increased lipoxin A4 leading to inflammation resolution.

The up-regulation of PGE2 and 6-keto-PGFia in the EPA group may be counter-intuitive 

considering the hypothesis that supplementation with EPA reduces the production of 

the 2-series prostaglandins and prostacyclins. However upregulation of PGE2 following 

EPA supplementation has been previously reported. A study by Peck et al. in uremic 

pruritis patients reported that supplementation with omega-3 PUFA was associated 

with increased PGE2 and an improvement in symptoms It has been suggested that 

supplementation with EPA may inhibit the 5-LOX pathway, shifting metabolism 

through the COX pathway. This results in increased 2-series prostaglandins and 

prostacyclins but a concurrent decrease in potent LTB4 However, in the current 

study, LTB4 levels were not altered by EPA supplementation suggesting some other 

mechanism is at play. A limitation of current eicosanoid research is the difficulty in 

quantifying EPA metabolites such as PGE3, PGI3 TXA3 or LTB5. Thus investigating the 

impact of EPA supplementation on eicosanoid production is generally limited to 

assessing its effects on the downstream metabolites of AA rather than the direct 

quantification of its metabolites. To address this challenge, a future collaboration will
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use nuclear magnetic resonance technology (NMR) to characterise the entire 

metabolome of a cohort of patients receiving standard versus ERA enriched feed. Two 

dimensional NMR spectroscopy will allow for the quantification and comparison of all 

ERA and AA metabolites in the plasma of patients thus allowing for a more 

comprehensive assessment of the direct impact of ERA supplementation of eicosanoid 

synthesis. This technique will also allow for the quantification of resolvin El levels in 

both groups. Resolvin El is a downstream metabolite of ERA that plays an important 

role in the resolution of inflammation but has not yet been assessed in human 

trials of ERA supplementation.

In addition to reducing the incidence of postoperative complications, supplementation 

with ERA also reduced the degree and rate of weight loss. The increased body weight 

observed on discharge in the ERA group was attributed to an increased fat free mass. 

The anabolic effects of ERA were reported in previous research from this group 

and in other studies^^^'*' This retention of fat free mass indicates a reduction in

catabolism of skeletal muscle. ERA supplementation may prevent skeletal muscle 

catabolism via a variety of mechanism including reductions in inflammatory cytokines, 

alterations in the ubiquitin-proteasome proteolytic pathway, and reducing necrosis 

and apoptosis in myotubes Rostoperative muscle catabolism has been shown to 

affect strength and recovery and impairs respiratory muscle function Thus the 

prevention of muscle catabolism by ERA supplementation may account for the reduced 

incidence of respiratory complications observed in the ERA supplemented arm.

The results of this clinical trial demonstrate a clear benefit of ERA supplementation 

postoperatively in terms of preserved muscle mass and reduced incidence of 

complications. What is not clear is the mechanism of action by which ERA achieves 

these results. The impact of ERA supplementation on inflammatory gene expression, 

cytokine production and eicosanoid metabolism was a complex mix of pro- and anti­

inflammatory respones. It may be that ERA has altered roles at different stages 

postoperatively, influencing the pro-inflammatory and compensatory anti­

inflammatory responses. In addition to a more detailed investigation into the impact 

on the inflammatory response, the impact on functional capacity and quality of life in
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patients postoperatively needs to be determined before peri-operative EPA 

supplementation becomes the standard of care in oesophagectomy patients.
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Chapter 7 General Discussion
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Oesophageal cancer remains an aggressive malignancy that is increasing in incidence in 

the Western world Thus there is an impetus to understand the mechanisms 

driving the malignant progression and strategies to optimise outcomes in patients 

undergoing treatment. In this research novel mechanisms linking visceral obesity and 

the IGF axis to oesophageal adenocarcinoma progression, insight into how visceral 

obesity affects postoperative outcomes and a potential role for immunonutrition to 

improve outcomes in oesophageal cancer patients is presented.

There is robust epidemiological evidence linking obesity with oesophageal 

adenocarcinoma and other malignancies As research in this area has progressed 

it has become evident that it is specifically an excess of visceral obesity, with its 

associated systemic inflammation and dysmetabolism that is pro-tumourigenic An 

increasing number of studies have emerged in recent years linking excess visceral 

adiposity with impaired response to therapy or a more aggressive tumour phenotype, 

using CT-defined visceral fat area measurements jhe limiting factor

of this research however is the lack of an appropriate measure to classify visceral 

obesity in Caucasian males and females. Thus the first step in this research programme 

was to develop an appropriate threshold for the classification of visceral obesity in 

gastrointestinal patients that also reflects the gender differences in visceral adipose 

tissue distribution.

In this research, using metabolic syndrome as a readout of dysmetabolism, it was 

determined that visceral obesity could be classified as VFA thresholds of >160cm^ for 

men and >80cm^ for females. The most interesting, although not surprising, aspect of 

this finding is the difference between the male and female thresholds. Gender greatly 

influences fat distribution, with men storing approximately 20-30% of their total body 

fat in the visceral compartment, irrespective of their obesity status Conversely, 

women tend to amass excess adipose tissue peripherally, and do not accumulate 

significant amounts of visceral fat until a moderate level of obesity is reached 

Other reports show that men have a higher prevalence of obesity-related metabolic 

diseases This study identified significantly different mean visceral fat areas

(p<0.0001) for men (228.6cm^) and women (146.8cm^) with the MetSyn, highlighting 

profound differences between men and women and the absolute requirement for
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gender-specific abdominal fat area cut-offs. Although previous studies have used the 

gold standard techniques of CT or MRI scanning for the quantification of fat 

compartments in obesity, and report a VFA >130 cm^ was associated with obesity 

related pathologies, no study heretofore has provided gender specific VFA cut-off 

values in Caucasians 1261,262,277,278]

In addition, this research also confirmed the specific inflammatory nature of visceral 

adipose tissue as a more robust association was evident between metabolic syndrome 

and visceral fat than subcutaneous fat These data strongly support the theory that 

visceral adipose tissue is pathologically distinct and quantification of this depot is 

essential for research in obesity and its associated morbidities. Furthermore, this 

research confirms the validity of using waist circumference as a surrogate marker of 

visceral obesity with the corresponding waist circumference to VFA values obtained in 

this study for males and females closely relating to the WHO waist circumference 

values proposed as an increased risk to health.

The generation of these pathologically relevant thresholds is of paramount importance 

in the study of obesity associated malignancy, allowing for consistency in visceral 

obesity classification across the field of research. Having successfully determined an 

appropriate strategy for the classification of visceral obesity in gastrointestinal cancer 

patients, the next step was to try to understand the mechanisms by which visceral 

obesity drives oesophageal malignancy.

A core component of the metabolic syndrome is insulin resistance with resultant 

hyperinsulinaemia. Alongside alterations in the insulin axis, the insulin-like growth 

factor axis is also affected. The IGF-1 axis has been implicated in the progression of 

breast, pancreatic, colorectal and oesophageal cancer Obesity increases levels of 

bioactive free IGF-1 high levels of which are associated with increased risk of

malignancy Thus we investigated the IGF axis as a possible lynchpin between 

visceral obesity and oesophageal malignancy. This study generated a number of novel, 

interesting findings. The observation that circulating IGF-1 levels are upregulated in 

adenocarcinoma compared to oesophageal SCC suggests that obesity and its influence 

on the IGF-1 pathway may be a critical factor for specifically oesophageal
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adenocarcinoma development. Hypothesising that obesity is driving oesophageal 

adenocarcinoma via alterations in IGF-1, it \A/as of great interest to observe that 

viscerally obese patients had higher circulating levels of IGF-1. Furthermore the fact 

that visceral obesity but not BMI was associated with increased IGF-1 confirms the 

specific role of visceral adipose tissue excess on IGF axis activity. Research to date 

linking IGF-1 with BMI has been fraught with controversy but this study was the first to 

associate IGF-1 specifically with an excess of visceral adipose tissue. In addition, the 

observation that patients with the metabolic syndrome had higher serum IGF-1 also 

supports the hypothesis that the deranged metabolism observed in visceral obesity 

may drive the increased circulating levels of IGF-1 High circulating levels of IGF-1 

have been associated with many cancers and abrogation of IGF-1 leads to attenuation 

of tumour growth Thus this excess of IGF-1 observed in visceral obesity is a 

plausible mechanism by which visceral obesity drives oesophageal adenocarcinoma 

progression.

To further characterise the role of the IGF axis in oesophageal tumourigenesis, 

resected tumour specimens were examined for expression of IGF-IR. Whilst this study 

did not find a significant association between obesity and IGF-IR expression, a 

subsequent study within this research group utilising a larger sample size did find 

obesity to be associated with significantly higher tumour expression of IGF-IR In 

this study, a distinct pattern of expression was observed in oesophageal squamous cell 

and oesophageal adenocarcinoma sections. Higher IGF-IR expression was observed at 

the tumour invasive edge compared to the tumour island. As tumours upregulate 

receptors for growth factors in their microenvironment, higher IGF-IR expression 

indicates that IGF-1 may be an important growth/survival factor in oesophageal 

cancer. The fact that IGF-IR was not associated with tumour stage, lymph node 

involvement or patient survival suggests that the role of the IGF-1 axis in oesophageal 

tumour progression may be key factor in local tumour growth and development. 

Whether the higher circulating of IGF-1 in patients influenced IGF-IR expression was 

not investigated in this study, thus the systemic effects of IGF-1 can only be 

postulated. However, the possible role of paracrine sources of IGF-1 was investigated. 

Tumour-associated macrophages (TAMs) are a significant component of inflammatory 

infiltrate in neoplastic tissues, the largest accumulation of which occurs at the invasive
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edge of the tumour. Tissue resident and tumour-associated macrophages have been 

shown to secrete IGF-1, promoting survival, proliferation and invasion of cancer cells 

[299,301,302] study, numbers of CD68'^ cells in tumour sections were assessed by

immunohistochemistry to determine macrophage infiltration. Increased CD68^ 

macrophage infiltration was observed in the stroma surrounding the tumour, and was 

further increased at the invasive tumour edge. This supports our hypothesis that the 

paracrine secretion of IGF-1 supports oesophageal adenocarcinoma progression.

The findings of this study provide evidence for a clear role of the IGF axis in 

oesophageal cancer progression. In addition, the differential expression of IGF-1 in 

viscerally obese and oesophageal adenocarcinoma patients provides mechanistic 

evidence to substantiate the epidemiological based doctrine that obesity increases the 

risk of oesophageal adenocarcinoma. Investigation of the potential therapeutic 

benefits of IGF-IR blockade on oesophageal cancer is a current research focus within 

this research group.

As oesophageal adenocarcinoma is an obesity driven malignancy, its prevalence in 

society will continue to increase alongside our increasing prevalence of obesity. Thus 

the goal of research in oesophageal cancer is not only to understand the mechanisms 

influencing tumour progression, but also the optimisation of outcomes for patients 

undergoing treatment. The curative approach to oesophageal cancer is resection a 

major surgery associated with significant morbidity and mortality As oesophageal 

adenocarcinoma is an obesity fuelled cancer, many patients present for resection with 

a viscerally obese body type. Obesity has historically been considered a risk factor for 

adverse postoperative outcomes. Visceral obesity gives rise to a state of chronic 

systemic inflammation and research has indicated that visceral obesity increases the 

risk of postoperative complications However no study to date has provided a 

comprehensive assessment of the inflammatory response of obese and non-obese 

patients undergoing resection for malignancy.

This study generated a number of interesting findings relating to the impact of visceral 

obesity and the associated metabolic syndrome on the inflammatory response 

postoperatively. It was determined that visceral obesity and the metabolic syndrome
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were associated with alterations in the acute phase response postoperatively, as 

reflected by increased production of CRP and a reduction in albumin synthesis. Other 

studies have also supported this finding that CRP is increased postoperatively in obese 

and dysmetabolic patients The influence of obesity and the metabolic

syndrome on CRP and albumin synthesis was different, depending on whether or not 

the patient experienced a postoperative complication. In patients who experienced a 

normal postoperative recovery, visceral obesity and the metabolic syndrome were 

associated with increase CRP and CRPialbumin on day 1 postoperatively, suggesting a 

heightened initial acute inflammatory response. In patients who experienced a 

postoperative complication, visceral obesity and the metabolic syndrome were 

associated with higher CRP and CRP:albumin at day 7 and day 14 postoperatively, 

indicating an exacerbation of the inflammatory response. These findings indicate a 

clear influence of visceral obesity and the metabolic syndrome on the acute phase 

inflammatory response.

In an attempt to further characterise the inflammatory response postoperatively in 

obese and non-obese patients, the gene expression of immune cell subsets and 

circulating levels of inflammatory cytokines were assessed. Significant alterations in 

inflammatory gene expression postoperatively were observed in the obese compared 

to the non-obese patients postoperatively. Whilst some of the altered genes in this 

study were not successfully validated, this broad gene analysis has, for the first time, 

identified a number of other genes altered in the circulating leukocytes of obese 

patients postoperatively that require further investigation and validation.

Central to the regulation of many genes involved in inflammatory responses is the 

transcription factor NF-kP In this study, there was a different pattern of NF-kP 

activation postoperatively in the obese compared to the non-obese patients, with the 

non-obese patients demonstrating a greater reduction in activation on day 1 

postoperatively. This finding has not been reported to date and the clinical significance 

is unclear. Flowever, this observation does raise interesting questions regarding the 

impact of visceral obesity on key regulators of the inflammatory response 

postoperatively.
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These alterations in NF-kP expression may underlie the changes observed in 

inflammatory cytokine production in obese and dysmetabolic patients. In the panel of 

inflammatory cytokines, it was evident that obesity and metabolic syndrome status 

influenced postoperative inflammatory response. IL-6, which is produced in the 

immediate postoperative phase, correlating with the magnitude of surgery was 

higher in the obese and metabolic syndrome positive patients postoperatively. In 

addition IL-12, a key mediator of the Thl pro-inflammatory response was 

significantly higher in obese patients preoperatively and postoperatively. However not 

all pro-inflammatory cytokines were increased in the obese and dysmetabolic patients 

as these patients also demonstrated lower levels of IL-17, which potentiates 

inflammatory responses In addition, higher levels of anti-inflammatory TGF-3 

were observed in the obese patients. This may be an attempt to counter the pro- 

inflammatory environment observed in obesity or it may be that this increased TGF-3, 

is having a negative pro-thrombotic effect

Of great interest was the finding that, in the case of a number of cytokines, expression 

levels varied depending on whether patients were classified by obesity or metabolic 

syndrome status. These findings suggest that adipose tissue excess, in the absence of 

dysmetabolism, has a different effect on postoperative immune response. A possible 

explanation may be the role of hyperglycaemia, which is characteristic of the 

metabolic syndrome and a factor known to be associated with increased morbidity 

postoperatively When the cytokine data was analysed with respect to glycaemic 

status, clear alterations in expression levels were observed between the two cohorts, 

with higher IL-6, IFN-y and IL-8 levels in the hyperglycaemic cohort. These findings 

again suggest that the potential impact of visceral obesity on postoperative 

inflammation is multifactorial, with the associated elements of dysmetabolism all 

potentially exerting different effects on the inflammatory response.

The inflammatory response is a finely tuned mechanism and the impact of these 

alterations in inflammatory cytokine production may be significant. No difference was 

observed in the overall incidence of complications or the incidence of specific 

complications between obese and non-obese patients. However, differences were
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observed in the clinical parameters of these patients. The obese patients had higher 

temperatures and heart rates postoperatively, suggesting an underlying systemic 

inflammatory response which is also reflected in the CRP and cytokine data. Whilst 

a previous study reported that obesity was not associated with systemic inflammatory 

response syndrome (SIRS), BMI was used to classify obesity as opposed to visceral fat 

area The observations in this study suggest that obesity and dysmetabolism most 

definitely influence the postoperative inflammatory response however further work is 

warranted to elucidate the molecular mechanisms at play before alterations in their 

clinical management can be recommended.

Irrespective of a patient's anthropomorphic status, an oesophagectomy is a major 

procedure that elicits a catabolic stress response, which if uncontrolled can give rise to 

significant morbidity and mortality. In addition, the long term consequences of the 

surgery can be very debilitating and greatly impact on the patient's quality of life 

Over the past number of years there has been an emergence of immunonutrition 

as a strategy to optimise the outcomes in these patients. In this research we examined 

the impact of peri-operative supplementation with an eicosapentaenoic acid (ERA) 

enriched enteral feed on the inflammatory response and recovery in oesophagectomy 

patients.

It was found that supplementation with ERA significantly reduced the incidence of 

postoperative complications in oesophagectomy patients, specifically respiratory 

complications. This was a very interesting finding. Firstly, no study to date has 

demonstrated that enteral feeding supplemented with ERA alone can reduce 

postoperative complications. Secondly, respiratory complications are the most 

common post-oesophagectomy complication and they are associated with significant 

morbidity and delayed recovery.

In addition to reducing the incidence of postoperative complications, supplementation 

with ERA also reduced the degree and rate of weight loss. Of greater importance, the 

ERA group retained their fat free mass. This retention of fat free mass indicates a 

reduction in catabolism of skeletal muscle. Rostoperative muscle catabolism has been 

shown to affect strength and recovery and impairs both skeletal and respiratory 

muscle function Thus, the prevention of muscle catabolism by ERA
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supplementation may account for the reduced incidence of respiratory complications 

observed in the EPA supplemented arm. Taking these findings together, a strong case 

can be made for peri-operative supplementation with EPA in this cohort.

This study also provides a more detailed examination of the impact of EPA 

supplementation on the postoperative inflammatory response than has been reported 

to date. Again, the use of an expansive gene array allowed for the identification of 

novel inflammatory targets for EPA supplementation. Using this technique it was 

found that EPA supplementation dramatically impacted on the expression of CCL4, 

increasing its production postoperatively where it was initially identified as being 

reduced. Similarly, the array revealed an up regulation in IL-10 postoperatively and this 

was reduced by EPA supplementation. This flip in inflammatory gene production has 

not been reported to date and calls into question the widespread belief that EPA has 

solely anti-inflammatory properties. It may be that this more pro-inflammatory gene 

production is an attempt to prevent an extreme compensatory anti-inflammatory 

response which is associated with increased morbidity. However, these are two genes 

looked at in isolation and a more widespread validation of other genes identified on 

the array may provide greater insight into the mechanisms at play.

This study also characterised the effect of peri-operative EPA supplementation on the 

activity of distinct immune cell populations, monocytes and neutrophils. At a gene 

level EPA supplementation did not appear to impact on M1/M2 monocyte markers. A 

more apparent effect was observed in neutrophils, whereby production of 

myeloperoxidase was significantly reduced by EPA. The relevance of these gene 

changes must be interpreted with caution as neutrophils have a very short half and are 

active at the tissue site In light of the finding that EPA reduced respiratory 

complications, it would be of interest to examine neutrophil activity in the lung 

postoperatively, utilising broncheoalveolar lavage. In addition, collecting blood 

samples intraoperatively may shed more light on the impact of EPA on the acute, short 

lived neutrophils.

With respect to circulating markers of inflammation, EPA supplementation did not 

reduce CRP or ESR levels but did lead to a reduced white cell count, suggesting an 

attenuation of systemic inflammation. The mechanism surrounding this proposed
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reduction in inflammation is unclear as an examination of inflammatory cytokines did 

not demonstrate a reduction in pro-inflammatory cytokine production following EPA 

supplementation. In fact many trials of EPA supplementation have reported conflicting 

effects on cytokine production. The postoperative course is varied in every patient and 

the immune response is continuously trying to maintain balance between pro- and 

anti-inflammatory responses These factors may make it difficult to ascertain

the specific effect of EPA on the inflammatory response. Alternatively, it may be that 

the reduction in morbidity observed following EPA supplementation is not related to 

alterations in cytokine production.

Whilst no distinct impact on circulating cytokine production was found following EPA 

supplementation, a clear alteration was observed in eicosanoid production. 

Interestingly, peri-operative EPA supplementation led to an increase in 2-series 

prostaglandin and prostacyclin levels. This finding is counter-intuitive given the 

premise that increased consumption of EPA leads to a reduction in AA metabolites. In 

the context of the reduced incidence of complications in the EPA supplemented 

cohort, this unexpected manipulation of the eicosanoid pathway must be beneficial. It 

may be that PGE2 has an initial pro-inflammatory role post trauma/surgery, followed 

by an anti-inflammatory role characterised by reduced 5-LOX and increased lipoxin A4 

leading to inflammation resolution What is required, and what is lacking from 

studies investigating the impact of EPA supplementation, is an assessment of the 

production of 3-series prostaglandins and 5-series leukotrienes derived from EPA. This 

poses difficulty due to the lack of any commercially available high throughput 

detection techniques. However, attempting to deduce the impact of EPA 

supplementation by its proposed inhibitory effects on AA metabolism is an ineffective 

approach. To tackle this problem we have identified a collaborator who will use NMR 

technology to characterise the entire metabolome of a cohort of patients receiving 

standard versus EPA enriched feed. This will allow for the quantification and 

comparison of all EPA and AA metabolites in the plasma of patients thus allowing for a 

more comprehensive assessment of the direct impact of EPA supplementation on 

eicosanoid synthesis. In addition, it will be possible to quantify resolvin El levels in 

both groups, which may be playing a key role in promoting recovery in patients

receiving EPA [217]
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The results of this clinical trial demonstrate a clear benefit of EPA supplementation 

peri-operatively in terms of preserved muscle mass and reduced incidence of 

complications. However a more detailed investigation into the mechanisms by which 

EPA achieves these beneficial outcomes is warranted. In addition, it is important to 

assess whether or not EPA supplementation translates into improved functional status 

and tangible benefits to the postoperative and long term quality of life in patients.

This body of work has generated a number of interesting findings relating to the 

pathogenesis of oesophageal cancer and the recovery of oesophagectomy patients. An 

appropriate threshold for classification of visceral obesity has been determined 

allowing a more unified approach to the study of visceral obesity and gastrointestinal 

cancer. In addition, plausible mechanisms by which visceral obesity may increase 

oesophageal cancer via the IGF-axis were identified. For the first time, the impact of 

visceral obesity and dysmetabolism of the postoperative inflammatory response and 

recovery was characterised. Finally, the effectiveness of peri-operative 

immunonutrition with EPA in reducing complications and preventing catabolism in 

oesophagectomy patients was demonstrated. Together these findings add to the 

knowledge base regarding oesophageal cancer, which will hopefully result in improved 

treatment strategies and outcomes in patients suffering from this aggressive, ever 

increasing malignancy.

7.1 FUTURE DIRECTIONS

This research has identified a number of areas for future work and has spawned a 

number of other research projects.

The promising findings relating to the role of the IGF axis in obesity and cancer 

resulted in a separate 3 year research project which confirmed a strong association 

between visceral obesity and the IGF axis in oesophageal adenocarcinoma. In addition 

the potential therapeutic benefits to IGF-IR blockade and interactions with another 

obesity associated hormone, vascular endothelial growth factor, were investigated. 

Furthermore, another 4 year research project has commenced which will focus on the 

role of the STATS pathway, a downstream signaller from the IGF-IR, in obesity and 

oesophageal cancer.
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With respect to the postoperative inflammatory response in patients, this is going to 

be investigated in greater detail in a forthcoming DCCR funded project. Using 

biobanked serum and plasma samples, the levels of the acute phase reactants 

fibrinogen, serum amyloid A and cortisol will be assessed in obese and non-obese 

patients to further characterise the acute inflammatory response postoperatively.

An alteration in the postoperative inflammatory response is just one aspect of the 

oesophageal cancer patient journey that may be altered by visceral obesity. It is 

plausible that visceral obesity will impact on the metabolic activity of the tumour and 

the response to chemoradiotherapy. To investigate this further a project has been 

designed using a retrospective cohort of 200 patients. The metabolic activity of 

tumours pre-treatment will be assessed by FDG uptake on PET-CT, the response to 

chemoradiotherapy will be determined by TRG status and the post treatment/pre- 

surgical inflammatory state will be assessed using biobanked blood samples and a 

cytokine array. I was recently awarded a research bursary from IrSPEN to carry out this 

study.

With respect to the clinical trial investigating EPA, recruitment and follow up is 

ongoing. The future work in this area is the NMR characterisation of the metabolome 

in patients and the synthesis of the results presented herein, pertaining to the stress 

response, with the other primary outcomes of the trial, i.e., the functional status and 

long term quality of life in oesophagectomy patients.
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