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Thesis Abstract  

Oesophageal adenocarcinoma (OAC) is a poor prognosis cancer with limited response rates to 

current standard of care treatments including chemotherapy and chemoradiotherapy. OAC has one 

of the strongest associations with obesity, its anatomical location is surrounded by the visceral 

adipose depot has been postulated to intensify this association. Adipose tissue is a regulatory organ 

with many downstream functions that are not fully understood, including its response to 

chemotherapy and radiotherapy. To better elucidate the role of visceral adiposity in this disease 

state, a full metabolic profile combined with analysis of secreted pro-inflammatory cytokines, 

metabolites, and lipid profiles were assessed using human ex-vivo adipose tissue explants from 

obese and non-obese OAC patients. These data were correlated to extensive clinical data including 

obesity status, metabolic dysfunction, previous treatment exposure, and tumour regression grades. 

In this thesis, we identified that visceral fat from obese OAC patients had significantly elevated 

oxidative phosphorylation metabolism profiles, increased secretion of mediators of immune cell 

recruitment and Th17 immunity, in addition to altered secretions of glutamine associated 

metabolites. Adipose explants from patients with metabolic dysfunction also demonstrated 

increased oxidative phosphorylation metabolism, and increased secretion of pro-inflammatory 

associated mediators and triacylglycerides. Adipose explants generated from patients who had 

previously received neo-adjuvant chemotherapy showed elevated secretions of pro-inflammatory 

mediators and a decreased expression of triacylglycerides compared with patients who received no 

neo-adjuvant treatment or chemoradiotherapy regimen. For those patients who showed the 

poorest response to currently available treatments, their adipose tissue was associated with higher 

glycolytic metabolism compared to patients who had good treatment responses.  

Dietary fatty acids have been strongly linked with metabolic heath, particularly oleic acid (OA) and 

palmitic acid (PA) which are differentially expressed with increasing obesity, in the circulation and 

at an adipose tissue level. We assessed whether these fatty acids would differentially affect the 

adipose tissue of non-cancer and OAC patients with respect to metabolic and secreted profiles and 

the role of the adipose secretome on immune cell function. We observed that exogenous PA 

induced differential effects on adipose tissue metabolism, significantly decreasing metabolic 

profiles of adipose tissue of OAC patients, an effect that was not observed in non-cancer patients. 

PA treatment elicited an immunosuppressive effect on the adipose secretome, most apparent in 

OAC patients. PA treatment in the adipose secretome also led to the observation of paradoxical 

effects on DC maturation and Mɸ polarisation between OAC and non-cancer patients.  

To further interrogate the action of these fatty acids on the adipose tissue, we assessed we 

examined the action of these fatty when used in combination with irradiation. We observed that 

the immunosuppressive effects induced by PA were augmented by increasing irradiation and 

increasing visceral adiposity within OAC patients. PA treatment induced differential responses in 

adipose tissue metabolism and secretome of non-obese and obese OAC patients, which were more 

pronounced following exposure to increasing radiation. Adipose tissue from obese patients 

displayed higher reliance on oxidative phosphorylation in the unirradiated and decreased reliance 

on glycolysis following high dose radiation compared with adipose tissue from non-obese patients. 

However, this diminished reliance on glycolysis in adipose tissue from obese patients was 

reinvigorated by OA treatment. Interestingly, macrophages cultured with the PA treated adipose 

secretome with and without increasing irradiation demonstrated conflicting polarisation responses 
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depending on patient obesity status. In the unirradiated setting, the adipose secretome of non-

obese patients treated with PA decreased expression of markers associated with M1 phenotypes 

and increased markers associated with M2 phenotypes. In contrast, PA treated adipose secretome 

of obese patients differentially effected expression of these markers, increasing M1 markers and 

decreasing M2 markers. However, following exposure to the PA treated adipose secretome 

exposed to increasing irradiation, opposing results were observed.  

Next, we explored the downstream effects this irradiated and fatty acid treated adipose secretome 

could have on cancer cell metabolism and invasive capacity, by utilising a OAC cancer cell line FLO-

1 and matched liver derived metastatic cell line FLO-LM. We identified that these cells employ 

different metabolic mechanisms with FLO-1 cells being more reliant on glycolysis, while metastatic 

FLO-LM cells utilise oxidative phosphorylation associated mechanisms as well as being acutely 

affected by inhibition of fatty acid oxidation. Further to this, we observed elevated secreted levels 

of sCD147, a factor known to drive metastasis, in the PA treated adipose secretome exposed to 

increasing radiation, which was most apparent in the obese adipose secretome. Inhibition of fatty 

acid oxidation, a mechanism known to support metastasis, was seen to have differential response 

in enhancing invasion of primary and metastatic towards the PA enriched adipose secretome, an 

effect that was further amplified by patient obesity status and increasing radiation treatment.    

The role of adipose tissue and the influence of obesity on cancer treatment response has been 

contentiously reported. We examined the influence chemotherapy and chemoradiotherapy 

regimens on adipose tissue metabolism and its secretome. We observed that chemotherapy and 

chemoradiotherapy differentially alter adipose tissue metabolism and secreted factors, with 

chemoradiotherapy significantly increasing pro-inflammatory associated mediators. Exogenous 

fatty acids differentially altered the adipose secretome in response to these treatments. However, 

both treatments combined with exogenous fatty acids showed significant increases in mediators of 

Th17 immune responses. The chemotherapy treated adipose secretome enhanced mitochondrial 

dysfunction in cancer cells, increasing their reliance on glycolysis. Whilst the chemotherapy treated 

adipose secretome significantly increased dendritic cell maturation markers, it also promoted anti-

inflammatory macrophage phenotypes. The chemoradiotherapy treated adipose secretome in 

combination with fatty acids induced opposing effects on macrophage polarisation. In combination 

with OA, it decreased M1 primed expression of pro-inflammatory markers, whilst in combination 

with PA, it decreased M2 primed expression of anti-inflammatory markers.  

Overall, the body of research in this thesis has elucidated that adipose tissue has the potential to 

act as an influential mediator of cancer progression and treatment resistance. The adipose 

secretome is enriched with a series of factors that impact inflammatory and immune responses 

which are heavily influenced by patient’s demographics. Further to this, addition of external 

stresses such as exogenous fatty acids, increasing radiation or cytotoxic drugs can differentially 

affect the adipose secretome and its complex microenvironment, priming it to repress anti-tumour 

immunity and conferring cancer cells with enhanced metabolic and invasive capacity. Most 

significantly, this thesis identifies that obesity is a fundamental cause of the aberrant adipose tissue 

biology seen in these OAC patients. The obese adipose secretome contributes to a wider tumour 

microenvironment primed to support cancer progression and the establishment of metastasis 

highlighting the critical need to further address the cancer-obesity link and if this can be exploited 

to improve treatment responses and overall patient outcome.  
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1.1 Oesophageal cancer  

1.1.1 Epidemiology and incidence  

Oesophageal cancer is the seventh most common oncological malignancy globally and the sixth 

leading cause of cancer mortality [1]. Oesophageal cancer is classified into two histologically 

distinct subtypes, squamous cell carcinoma (SCC) and oesophageal adenocarcinoma (OAC), the 

OAC subtype also includes oesophagogastric junctional adenocarcinomas (OGJ). SCC are 

predominantly identified in the middle and upper third of the oesophagus, whilst OAC is usually 

identified in the distal third of the oesophagus. OGJ occur between the distal end of the 

oesophagus, the oesophageal gastric junction and within the cardia and subcardia of the 

stomach (Figure 1.1.1). OGJ are further categorised using the Siewart classification, into type I, 

type II and type III depending on the tumour epicentre location. Generally according to Siewarts 

classification, type I is where the epicentre lies 1-5 cm above the oesophageal gastric junction, 

type II the epicentre lies within 1 cm above to 2 cm below the oesophageal gastric junction and 

type III is where the epicentre lies 2-5 cm below the 1 cm above to 2 cm below the oesophageal 

gastric junction (Figure 1.2.2).   

Figure 1.1.1 Location of SCC, OAC, and OGJ tumours 

This figure depicts the anatomical locations that cancers of the oesophagus develop. SCC 

tumours predominantly develop in the mid to upper third of the oesophagus. OAC tumours 

are typically located in the distal third of the oesophagus. Whilst oesophagogastric 

junctional adenocarcinomas occur between the distal end of the oesophagus, the oesophageal 

gastric junction and within the cardia and subcardia of the stomach. Adapted from [2]
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Figure 1.1.2 Depiction of the Siewert classification criteria for OGJ. 

Definition OGJ (oesophageal gastric junction) cancer is defined and classified according to the 
location of its epicenter by Siewert's classification, which defines three types of OGJ cancers.  

− Type I tumors (lower oesophageal adenocarcinoma) are located 1–5 cm above the OGJ, 
irrespective of oesophageal gastric junction involvement.  

− Type II tumors (cardia adenocarcinoma) are located 1 cm above to 2 cm below the 
oesophageal gastric junction.  

− Type III tumors (subcardial gastric adenocarcinoma) are located 2–5 cm below the 
oesophageal gastric junction with involvement of the oesophageal gastric junction and 
distal esophagus. Adapted from [3] 

 

The incidence of oesophageal cancer is variable across different countries. However, typically 

oesophageal cancer cases are more prevalent in the western world, Asia, and southeast African 

countries.  Ireland in particular falls in the highest percentile with greater than 4.6% prevalence 

of oesophageal cancer in 2020 [1,4]. SCC is the predominant pathological type of oesophageal 

globally, however, most of these SCC cases are reported in China, Japan, and southeast Africa 

countries. OAC is more prevalent in the United States, Australia, and the northwest of Europe 

(Figure 1.1.2, OAC in green and SCC in yellow global map) [1,4].  Smoking and heavy alcohol 

consumption are identified as risk factors for SCC development, whilst, the rising prevalence of 

OAC particularly in high-income countries is strongly linked to the paralleled surge observed in 

increased body weight and GORD [5,6]. 

The incidence of OAC is reported to have increased by 48% over the past 15 years [7].  The 

incidence of oesophageal cancer mirrors the pattern of prevalence, with the highest incidences 

being reported in the western world, Asia, and southeast African countries (Figure 1.1.2, blue 

global map) [1,4]. 
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Figure 1.1.3 Global illustration of the prevalence, incidence and mortality rates associated 

with oesophageal cancer.  

Prevalence of OAC over SCC is indicated by the green shading in the top global map (2018), 
incidence is indicated within the blue middle global map (2020), whilst the associated 
mortality is illustrated within the red middle global map (2020) [1,4]. 

Estimated age-standardized prevalence of OAC compared with SCC in 2018, both sexes 
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Ireland again falls into the highest percentile globally reporting over 3.8% of oesophageal cancer 

cases [1,4]. A cumulative incidence of 515 oesophageal cancer cases were reported in ireland 

from 2018-2020, of these reported cancers 66% of the cases were reported to be males [8]. 

OAC has been identified as a poor prognosis cancer, with a survival rate of approximately 20% 

when diagnosed at an early stage. The mortality rates associated with oesophageal cancer again 

reflects the pattern of prevalence and incidence, with the highest mortality being reported in 

the western world, Asia, and southeast African countries [1,4]. Ireland again falls in the highest 

percentile with greater than 3.2% mortality rates being reported due to oesophageal cancer in 

2020 [1,4]. The cumulative mortaility attributed to this disease in ireland from 2018-2020 was 438 

cases with 66 % of these being male [8]. Between the period of 2018 to 20202 deaths from 

cancers of the oesophagus in males ranked the 5th most common and comprised 5.7% of all 

cancer deaths in males [8]. It was further reported that mortality rankings for this high fatality 

cancer were actually higher than their incidence ranking [8].  

In Ireland the predicted incidence and mortality rates associated with oesophageal cancer are 

bleak and predicted to increase by 67% by 2040 in both male and females combined. 

Unfortunately, increases in mortality rates are predicted to rise to equal the level of incidence 

of oesophageal cancer in males in Ireland by 2040 [4].  

 

 

Figure 1.1.4 Schematic of the predicted trends in oesophageal cancer until 2040 
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The incidence and mortality rates associated with oesophageal cancer are predicted to increase 

by 67% by 2040 in both male and females combined. With the mortality rate predicted to 

matching the level of incidence of oesophageal cancer in males by 2040 [4]. 

1.1.2 Diagnosis and Staging  

OAC is typically diagnosed at a locally advanced stage, this is largely due to its asymptomatic 

nature. Patients usually present with unexplained weight loss, dysphagia, and acid reflux. A 

multi-modality approach is usually taken for the diagnosis of OAC, consisting of endoscopic 

ultrasound, a computed tomographic (CT) scan and positron-emission tomography (PET) scan 

[9].  

Endoscopy is predominantly used to determine the classification of tumour growth (T 

classification) and preliminarily identify whether there is any nodal involvement (N 

classification).  CT scans further aid in the classification by defining the local extent of tumour 

growth, identifying enlarged nodes which may indicate lymph node involvement as well as 

assessing the local environment for metastasis (M classification). Whole body molecular imaging 

with fludeoxyglucose (18F-FDG) using PET scan is typically utilised in the initial staging of 

tumours to assess nodal involvement and distant metastasis [10]. This technique also aids in 

monitoring tumour response to therapy, long-term cancer surveillance especially in patients 

with locally advanced disease.  These classifications are then combined to create a TNM 

classification that accounts for the extent of tumour invasion, nodal involvement as well as local 

and distant metastasis (Figure 1.1.5). This classification is further informed using histological 

grading of tumour biopsies, identifying whether a cancer is undifferentiated, poorly, 

moderately, or well differentiated [11]. The criteria for each of these subclassifications is outlined 

in Table 1.1.1 [12,13]. 

Clinical staging of OAC is carried out using the TNM (spell out here even though I know you 

individually said what each one is above)system which was developed and routinely updated by 

the American Joint Committee on Cancer (AJCC) [11]. The correct utilisation of this staging system 

is critically important as its combined outputs inform the subsequent treatment decisions. 

Appropriate treatment actions and regimens are chosen depending on patient TNM 

classification as outlined in Table 1.1.2 to better optimise OAC patient outcomes. 

Following completion of neo-adjuvant therapy, patients are restaged in a similar manner to 

diagnosis. This is a critical step in individualizing therapy, as it allows for initial guidance on 

treatment response but also can detect potentially emerged distant metastasis which may 

influence a patients treatment regimen plan and care [14]. 
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Figure 1.1.5 Illustration of TNM Classification and histological grading for OAC  

Depiction of the latest version of the TNM classification system for OAC grading, indicating the 

level of tumour invasion (T classification), nodal involvement (N classification) and presence of 

metastasis (M classification). Taken from [15]. 

 

Table 1.1.1 TNM Classification and histological grading for OAC adapted from [12,13]. 

Classification   Criteria 

T  
 

TX  Tumour cannot be assessed 
T0  No evidence of primary tumour  
Tis   High grade dysplasia 
T1   Tumour invades lamina propria, or muscularis mucosa, or submucosa 
  (T1a)   Tumour invades lamina propria, or muscularis mucosa 
  (T1b)  Tumour invades submucosa 
T2   Tumour invades muscularis propria 
T3   Tumour invades adventitia 
T4   Tumour invades adjacent structures 
  (T4a)   Tumour invades pleura, pericardium, azygos vein, diaphragm, peritoneum 
  (T4b)  Tumour invades adjacent structures, the aorta, vertebral body, trachea  

N N0   No regional lymph node metastasis 
N1   1 to 2 positive lymph node metastasis 
N2   3 to 6 positive lymph node metastasis 
N3   ≥7 positive lymph node metastasis 

M M0   No distant metastasis 
M1   Distant metastasis 

Histo -
logical 
Grade 

G1   Well differentiated 
G2   Moderately differentiated 
G3   Poorly differentiated 
G4   Undifferentiated 
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Table 1.1.2 OAC tumour stage classification based on TNM and therapeutic options [16]. 

Stage T Classification N Classification M Classification Therapeutic options 

0 Tis N0 M0 Local ablative therapy (EMR) 
I T1 N0 M0 Surgery  
IIA T2 

T3 
N0 
N0 

M0 
M0 

Surgery  

IIB T1 
T2 

N1 
N1 

M0 
M0 

Neo-adjuvant therapy with 
or without surgery 

III T3 
T4 

N1 
Any N 

M0 
M0 

Neo-adjuvant therapy with 
or without surgery 

IVA Any T Any N M1a Chemotherapy/Radiation 
therapy with/without 
surgery 

IVB Any T Any N M1b Palliative treatment  

 

1.1.3 Treatment options for OAC patients 

If tumours are identified early at stage 0, (which can typically be identified as part of the routine 

screening for Barrett’s patients), these can be treated endoscopically with local ablation 

therapy. Additionally, if OAC is identified at the earlier stages of I-IIB, these patients can be sent 

directly for surgical resection. However, unfortunately the most common occurrence is the 

diagnosis of OAC at the later stages IIB-IVA. Therapy is then required to debulk the tumour prior 

to surgical resection. Consequently, a multi-modality approach is used to treat this disease at 

later stages which involves perioperative chemotherapy regimens (treatment before and after 

surgery) or neoadjuvant treatment combination chemoradiotherapy (treatment prior to 

surgery) for locally advanced tumours followed by surgical resection. Patients identified at the 

final stage of IVB are typically referred for palliative treatment. The recommended treatment 

for each patient is highly dependent on multiple factors including tumour stage, tumour 

location, and the patients’ medical fitness for receiving a particular therapeutic modality.   

In Ireland, currently the standard of care for OAC is surgery alone, perioperative chemotherapy 

including FLOT regimen or neo-adjuvant chemoradiotherapy including CROSS regimen with or 

without surgery [17,18] (example of treatment flow in Figure 1.1.6). Cancer Trials Ireland 

sponsored the Neo-AEGIS randomised, phase III clinical trial. It has recently reported no 

evidence that peri-operative chemotherapy regimen FLOT was unacceptably inferior to 

multimodal neo-adjuvant chemoradiotherapy regimen CROSS therapy. However, results did 

identify a slight enhancement in local tumour response in the chemoradiotherapy CROSS 

regimen arm compared with peri-operative chemotherapy regimen FLOT [19]. Unfortunately, 

approximately 70% of patients do not show a complete pathological response to these therapies 

which is accompanied with an increased risk of recurrence [20].  
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With this knowledge, research has recently turned to assessing the efficacy of adjuvant 

immunotherapy in OAC and OGJ. The CheckMate577 phase-3 clinical trial which examined the 

efficacy of using PD-1 checkpoint inhibitor nivolumab as an adjuvant treatment combined with 

neoadjuvant chemoradiotherapy and surgery, saw significant increases in disease free survival 

in the nivolumab group [21]. Recently, increased expression of circulating soluble checkpoints PD-

1, PD-L2, TIGIT and LAG-3 were observed in OAC and OGJ patients up to 6 weeks after surgery, 

an occurrence that was correlated with the development of metastatic disease in early 

postoperative course [22]. Taken as a whole, immunotherapy in the adjuvant setting particularly 

directly after surgery could hold the potential to aid cancer regression and prevent recurrence 

by invoking an anti-tumour immune response.  

Further to this, research has also highlighted that increased PD-L1 expression is associated with 

deficient mismatch repair in HER2 positive breast cancer, indicating that MMR screening may 

aid in the personalisation and efficacy of anti-PD-L1 immunotherapy [23]. However, research in 

the setting upper gastrointestinal cancers, reports that PD-L1 expression in tumour cells was 

associated with poorer outcomes, whilst PD-L1 expression on tumour associated immune cells 

was associated with more favourable outcomes [24]. These observed effects were HER2 

independent, but further research is required to assess if dual inhibition of HER2 and PD-L1 

improves patient survival.  

Whilst there are several classification systems for grading tumour response to neo-adjuvant 

treatment, the most widely used is the Mandard scoring system, which categorises tumour 

regression grades (TRG) into 5 scores 1-5 (Figure 1.1.7) [25]. TRG 1 is representative of a complete 

pathological response with an absence of viable residual tumour cells and fibrosis extending 

through the tumour margin. TRG 2 is characterised by the presence of residual isolated tumour 

cells scattered through the fibrosis. TRG 3 is described as an increase in residual viable tumour 

cells but is still predominated by fibrosis. TRG 4 is characterised by residual viable tumour cells 

outgrowing the fibrosis. The final score of TRG 5 represents an absence of any regressive 

changes. Within the Mandard scoring system, a TRG of 1-3 was significantly associated with 

disease-free survival, when compared to TRG 4-5 [25]. 
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Figure 1.1.6 Flow diagram indicating the current treatment options in Ireland for OAC  

Details of treatment options for OAC patients, treatment naïve patients go straight to surgery, 

patients who perioperatively receive chemotherapy regimen FLOT and patients who receive 

neo-adjuvant chemo radiotherapy regimen CROSS. Illustrated from the information in Reynolds 

et al [26]. 
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Figure 1.1.7 Pathological response grading using Mandard grading for oesophageal cancer 

Mandard grading characterises complete response as histologic fibrosis but with no viable 

residual tumour cells (TRG 1). Subtotal response (TRG 2) as the presence of rare residual cancer 

cells scattered through the fibrosis. Partial response (TRG 3) was inferred from an increased 

number of residual cancer cells, but still predominated by fibrosis. Minimal remission (TRG 4) 

showed residual cancer outgrowing fibrosis. Whilst no response was indicated by absence of 

any regressive changes (TRG 5). Adapted from [25] 

 

1.1.4 Risk factors for the development of OAC  

Three of the strongest risk factors associated with the development of OAC include gastro-

oesophageal reflux disorder (GORD), precursory condition Barrett’s oesophagus and increased 

visceral obesity [27].  
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GORD 

GORD is a common clinical condition, that allows the abnormal reflux of the gastric contents 

and acid from the stomach back into the oesophagus, due to a weakness or relaxation of the 

lower oesophageal sphincter (Figure 1.1.8).  Symptomatic GORD increases the risk of malignant 

transformation due to the continued exposure of the lower oesophagus to repeated 

inflammation and oxidative stress. The use of proton pump inhibitors is the common treatment 

for GORD. However, up to 40% of patients remain symptomatic on this standard therapy, with 

a further 15% of patients that suffer from erosive esophagitis failing to achieve complete healing 

after the common 8 weeks of treatment [28,29]. Chronic oesophageal exposure to gastric acid 

overtime is linked to the development of ulcers, peptic strictures, or Barrett’s oesophagus(BO) 

[30]. However, only approximately 10% of patients with GORD have been reported to progress to 

BO [31] . 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.8 Schematic of gastroesophageal reflux disorder 

GORD is the reflux of gastric contents and acid from the stomach back into the oesophagus due 

to an untypical weakening or relaxation in the lower oesophageal sphincter which can be 

observed on the right, the typical closure is depicted on the left of the figure. 

 

Barrett’s Oesophagus  

BO is a premalignant condition associated with the development of OAC. BO is defined as a 

change in the normal stratified normal squamous epithelium of the oesophagus into mucin 

secreting columnar epithelium, as a result of exposure to chronic inflammation. The transition 

of BO goes from non-dysplastic Barrett’s oesophagus to low grade dysplasia, followed by high 

grade dysplasia that has been linked to the development of OAC [32] (Figure 1.1.9). Previous work 

from our group has identified positive correlations in BO tissue between pro-inflammatory 

mediator IL-1β and GAPDH, a surrogate of glycolytic metabolism [33]. Further to this, p53 

expression which has been linked to increased risk of neoplastic progression in BO patients, was 

observed to be positively correlated with oxidative phosphorylation associated ATP5B and 
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negatively associated with GAPDH [33]. Interestingly, previous work in our group has also 

identified that OAC biopsies utilise higher levels of oxidative phosphorylation than glycolysis, 

strengthening the postulation that cancer cells utilise metabolic plasticity to aid in their 

progression and proliferation.   

Figure 1.1.9 Histopathological progression of Barrett’s oesophagus  

Progression from squamous epithelia to non-dysplastic Barrett’s oesophagus, low-grade 

dysplasia, high-grade dysplasia, and finally oesophageal adenocarcinoma.  

 

Previously research has linked the development of BO with long-standing GORD, familial history 

of the disease, and obesity. It has also been identified to be more prevalent in men [34]. Previous 

work from our lab also identified that GAPDH was positively correlated not only with pro-

inflammatory IL-1β, but also with length of BO segment and waist circumference a key identifier 

of visceral obesity [33]. Whilst BO has been identified as a precursory condition to OAC, 

approximately 0.22% of patients per year are identified to have progressed from BO to OAC. 

However, the incidence of these reports varied depending on whether there was evidence of 

dysplasia (1.4%) or no dysplasia (0.07%) [35]. Previously, a meta-analysis has shown that 

surveillance of patients with non-dysplastic BO increases early detection of neoplastic lesions 

and improves patient survival [36]. Given these findings, identifying stratification criteria to 

inform which patients with BO will progress to OAC and does who will not is a critical field of 

research. Whilst no clinical criteria is currently available for this, work is ongoing with current 

reports identifying a promising multi-biomarker panel [37]. These types of panels have been 

reported to outperform single markers in early detection of oncological diseases [38] and may 

prove a promising stratification tool to identify BO patients before they progress to OAC.  
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Obesity  

Obesity is defined as the accumulation of excess fat tissue and overwhelming evidence from the 

literature identifies its association with the development and progression of certain cancers 

[39,40].  Obesity is a rising global epidemic, one in need of crucial insight to elucidate how it confers 

increased risk for numerous diseases. The World Health Organisation has established that a 

Body Mass Index (BMI) greater than 25 is overweight and a BMI greater than 30 is obese [41] and 

numerous chronic health conditions are directly caused or deleteriously effected by obesity. 

Diabetes mellitus, cardiovascular disease, hypertension and several types of cancer are highly 

associated with elevated BMI [42]. The American Society of Clinical Oncology (ASCO) has stated 

that if current obesity trends continue, in the next twenty years obesity will surpass smoking as 

the leading preventable cause of cancer [43]. Therefore, with an ever-rising obesity level 

throughout the global population, research and further understanding into the implications of 

obesity particularly in relation cancer development, progression and treatment response is 

imperative. The most recent assessment of the global burden of cancer attributable to high 

body-mass index was conducted in 2012 by the WHO. It stated that 75% of the reported cases 

of OAC were situated in America and Europe combined (Figure 1.1.9). The number of OAC cases 

that are attributable to excess body mass index are most prevalent in the western world (Figure 

1.1.10).  
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Figure 1.1. 10 Prevalence of obesity associated OAC cases by continent.  

Prevalence of OAC cases that were attributable to excess body mass index in 2012 per each 

continent, 75% of the cases of obesity associated OAC reported were in America and Europe 

combined. Illustrated from [44].
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Figure 1.1. 11 Global prevalence of obesity associated OAC cases.  

Global prevalence of OAC cases reported that were attributable to excess body mass index in 2012, countries highlighted in a darker brown indicate 

the percentage of OAC cases reported in this country that were attributable to obesity were greater or equal to 43.2% of all reported OAC cases. Taken 

from [44].  
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Large-scale epidemiological studies demonstrate a consistent and compelling association 

between the risk of cancer development/progression and elevated body mass index (BMI) for 

many gastrointestinal cancers including OAC. OAC, is one of the most strongly associated cancer 

types with the rising level obesity levels [45–49], making it an exemplar model for studying the 

influence of obesity in cancer particularly due to its proximity to visceral adipose depots.  

One of the significant factors of obesity that affects cancer progression and resistance to current 

therapies is the development of a hypertrophic dysfunction adipose tissue biology and its 

secretome. Adipose tissue has been linked to the secretion of a series of pro-inflammatory 

factors, this leads to a local environment that is primed to aid tumour development and 

progression [50]. Obese adipose tissue has been implicated in potentiating the efficacy of 

therapies as well as aiding in metastasis due to its anatomical distribution. Adipose tissue 

surrounds tumours that establish in the abdominal cavity providing them with an enriched pro-

tumorigenic nutrient environment that can aid their tumour growth and transition.  

However, research has now begun to infer that obese individuals may possess an added 

advantage in treatment response known as the “the obesity paradox”. This is the conception 

that whilst obesity may negatively impact in the initiation and progression of cancer, it may aid 

in treatment efficacy and decreased toxicities [51]. However, issues have previously been 

reported in the administration of chemotherapy at full body weight dosing [52], particularly in 

morbidly obese cancer patients, which may offer another explanation for some of these 

diminished toxicities. We and others have shown that many different cellular processes in the 

tumour microenvironment of OAC tumours that can confer cancer cells with added survival 

advantages and aid in their resistance to current modalities of treatment [53–55].  
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1.2 Adipose tissue  

1.2.1 Adipose tissue biology  

Adipose tissue is a regulatory tissue with many endocrine and metabolic functions. It comprises 

of two main types of adipocytes, white and brown, which have an inverse contribution to energy 

production and storage. Brown adipose tissue consumes energy reserves and produces heat. 

Brown adipocytes have a large abundance of mitochondria that confers a larger capacity for 

substrate oxidation. The mitochondria in brown adipocytes utilise uncoupling protein 1 (UCP1), 

to induce proton leak that uncouples oxygen consumption from ATP production, to facilitate 

macronutrient catabolism including oxidation of fatty acids [56]. Adipocytes in white adipose 

tissue possess a large unilocular lipid droplet and can store excess energy as fat. The visceral 

adipose depot is one of the largest sites of white adipose tissue. Visceral adipose tissue 

surrounds and protects organs in the abdominal cavity. Visceral adipose depots are an enriched 

nutrient environment that has the potential to secrete numerous inflammatory mediators into 

circulation when it undergoes hypertrophy.  

 

Figure 1.2.1 The anatomical distribution of white and brown adipose depots. 

White adipose tissue which stores excess energy and nutrients is mainly located in visceral and 

subcutaneous depots with other minor depots around the body. Depots of brown adipose tissue 

which participates in catabolic reactions are more typically located in the upper back, above the 

clavicles, around the vertebrae, and in the mediastinum. Image adapted from Biorender 

template. 
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Obesity is one of the key drivers of hypertrophic adipose tissue, leading to the establishment of 

a chronic low-grade inflammatory state, that deleteriously alters many processes in metabolic 

diseases. Numerous biological processes have been linked with amplifying the aberrant 

biological function of obese adipose tissue and its complex microenvironment. Factors such as 

inflammation, angiogenesis, fibrosis and the altered secretions and recruitment of immune cells 

have all been implicated in propagating the hypertrophic obese adipose microenvironment that 

leads to the development of cancer [57,58] (Figure 1.2.2).  

Figure 1.2.2 Adipose tissue biology and its changes from healthy to obese.  

Adipose tissue is composed of a series of components including adipocytes and a series of 

immune cell. In healthy adipose tissue the recruitment, activation and secretome of the adipose 

tissue immune cell infiltrate appears to be regulated. However as adipose tissue expands and 

becomes hypertrophic due to obesity, there is a change within the immune cell infiltrate and 

adipose secretome. Immune cells including M1 macrophages, Neutrophils, CD8+ T cells and Th1 

associated mediators become more highly expressed and result in elevated secreted levels of 

pro-inflammatory mediators including IFN-γ IL-1, IL-6 and TNF-α which aid in propagating the 

low-grade inflammatory state associated with obese adipose tissue. Adapted from [59] 
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Interestingly, previous work from our department has shown that visceral adipose tissue 

explants from OAC patients have a higher reliance on oxidative phosphorylation associated 

metabolism compared with explants derived from subcutaneous adipose depots [60]. This study 

also identified increased secreted levels of key mediators of inflammation, angiogenesis and 

immune cell recruitment from visceral adipose tissue, with these levels being the highest in the 

most viscerally obese of OAC patients [60].   

 

1.2.2 Fatty acids 

Dietary fatty acids are generally categorised into three main subsets, saturated fatty acids, 

mono-unsaturated fatty acids, and polyunsaturated fatty acids. Saturated fatty acids only 

possess single carbon bonding and do not have any double bonds within their structure. Palmitic 

acid is composed of a 16-carbon backbone all with single bonds (C16:0) (Figure 1.2.3, B).  Mono-

unsaturated fatty acids have one single carbon bond with their structure and the rest of their 

carbon bonds are single. Oleic acid is composed of an 18-carbon backbone with double bon at 

Carbon 9 and all remaining carbons having single bonds (C18:1) (Figure 1.2.3, A). Poly-

unsaturated fatty acids have more 

than one double bond within their 

carbon structure.    

 
Figure 1.2.3 Skeletal depiction of 

the chemical structure of oleic acid 

and palmitic acid. 

Oleic acid is composed of 18 carbons 

with a single double bond at 

Carbon9, palmitic acid is composed 

of 16 carbons all with single bonding and both fatty acids have the familial identifier of carboxyl 

group at the end of their structure. Taken from [61]  

 

 

Saturated fats have been widely reported to have negative effects on heath, increasing obesity, 

worsening insulin sensitivity and diminishing cardiovascular health [62]. Mono-unsaturated and 

particularly poly-unsaturated fatty acids have been reported to have widespread health benefits 

and even postulated to have anti-cancer effects [63,64]. Oleic (OA) and palmitic acid (PA) are two 

of the most common fatty acids found in the human diet. Saturated fatty acids such as palmitic 

acid have been linked with pro-inflammatory response [65] whilst unsaturated fatty acids 

including oleic acid have been reported to act in anti-inflammatory manner [66] as well as 

ameliorating the pro-inflammatory effect of saturated fatty acids [67].  

B

) 

A
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Further to this, fatty acid levels in circulation and within adipose tissue have also been reported 

to be abrogated by obesity. One of the most common saturated fatty acids found in the human 

body is PA, which has been observed to be increased in circulation in obese patients [68], however 

its expression at tissue level is tightly regulated. In contrast, OA one of the most commonly 

found monounsaturated fatty acid in the human body has previously been reported to be 

increased in adipose tissue of obese mouse models [69]. This increase was paired with a 

corresponding increase in Δ 9 desaturated lipids [69], Stearoyl-CoA desaturase (SCD1) is 

responsible for catalysing the synthesis of monounsaturated fatty acids supported by ELOLV6, 

with OA being its main product [70,71] (Figure 1.2).  

 

Figure 1.2.4 Schematic figure representing the biosynthesis of mono-unsaturated fatty acids 

within the body. 

Glucose that has been catalysed to acetyl-CoA is acted upon by acetyl-CoA c which carboxylates 

acetyl-CoA to form malonyl-CoA. Malonyl-CoA then undergoes fatty acid synthesis to form 

palmitic acid. From here palmitic acid is catalysed by Stearoyl CoA Desaturase 1 (SCD1) into 

palmitoleic acid or is elongated by ELOVL fatty acid elongase 6 (ELOVL6) to stearic acid and then 

catalysed by SCD1 to form oleic acid. Illustrated  from [72] 
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1.2.3 The obese tumour microenvironment  

Obesity is a major clinical challenge that confers increased risk for numerous diseases as well as 

potentiating the efficacy of current cancer treatment regimens. The influence of obesity in 

cancer progression and treatment response is a critical question, as the obesity epidemic is 

predicted to increase exponentially.  

The dysfunctional and hypertrophic biology of adipose tissue in obese individuals, is primed to 

support a chronic low-grade inflammatory state that has been linked to augmenting metabolic 

disease and cancer development [73,74]. Inflammation, its signalling pathways, and downstream 

effectors, play a central role in tumour response to chemotherapy and radiation therapy. 

Obesity has been reported to maintain this state of low-grade inflammation through the 

induction of a series of pro-inflammatory mediators including IFN-γ, IL-1, IL-6, IL-8 and TNF-α. 

Cancer associated adipocytes (CAAs) have been implicated to the increase in secreted level of 

pro-inflammatory mediators. CAAs have also been reported to have increased secreted levels 

of Leptin [75], which is increased in obesity [76]. Leptin signalling has been suggested to possess a 

role in promoting hypoxia, with downstream effects in angiogenesis, aiding cancer cell growth 

and upregulation of invasion matrix metalloproteinases as well as promoting survival of cancer 

stem cells [77]. 

Further to this, chemotherapy and chemoradiotherapy have been reported to augment the 

secretion of factors from adipose tissue to aid cancer metastasis and survival from cytotoxic 

interventions [78]. It is postulated that the adipose secretome is a potential attractive therapeutic 

target to potentiate tumour progression and enhance treatment efficacy [79]. Obesity further 

supports the tumour microenvironment by recruiting immune cells into adipose tissue, 

perturbing anti-tumour immunity. Previously we have demonstrated an increase in secreted 

levels of mediators of immune cell recruitment [80], whilst others studies have shown that 

obesity status can have detrimental effects the functionality of immune cells [81–85]. 

The obese adipose milieu leads to deleterious changes in angiogenesis, fibrosis, increased pro-

tumorigenic secretions as well as the recruitment and death of immune cells.  These alterations 

in the obese tumour microenvironment confer cancer cells with an added survival advantage 

allowing them to alter  the efficacy of current modalities of therapy [57,58] (Figure 1.2.5).
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Figure 1.2.5 The obese tumour microenvironment is primed to aid cancer progression and treatment resistance. 

The tumour microenvironment is composed of tumour cells, immune cells, blood vessels, fibroblasts, extracellular matrix (ECM) and signalling 

molecules. This pro-tumorigenic milieu is propagated by a series of aberrant processes including angiogenesis, hypoxia, ECM remodelling. Secretion of 

pro-tumorigenic factors and tumorigenesis. Obesity leads to an accumulation of adipose tissue surrounding the tumour which leads to an environment 

primed to enhance the cancer cell growth, proliferation, and invasion by inducing augmented levels of angiogenesis, hypoxia, pro-tumorigenic secreted 

factors, immune cell recruitment and death, and increasing tumorigenesis. The obese tumour microenvironment plays a critical role in protecting cancer 

cells by altering the delivery of anticancer therapy to the tumour tissue, reducing treatment efficacy, and developing treatment resistant cancer cells. 

Adapted from [86] 
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1.3 Obesity in chemotherapy treatment response  

Chemotherapy has held a central long-standing role in the treatment of cancer [87]. Modern 

regimens are now more aggressive currently delivered as either primary or combination 

therapies to treat a series of cancer subsets [88–90]. However, emerging evidence has suggested 

that factors associated with obesity may contribute to chemoresistance in numerous cancers 

[91]. With the global incidence of obesity rising, the question surfaces if current chemotherapy 

regimens still function for all modern society. 

 

Mechanisms implicated in chemoresistance  

1.3.1 Pharmacokinetics issues  

Obesity has in recent years been linked  in certain cancers with a decrease in pathological 

complete response [92].  Previous research in breast cancer identified obesity and a higher BMI 

(body mass index) as a negative prognostic factor with worse overall survival neo-adjuvant 

chemotherapy [93]. Adjuvant chemotherapy regimens investigated in breast cancer were also 

less efficacious. Obese patients cohorts were identified to have higher associations with distant 

metastasis and death as a result of breast cancer and other obesity associated comorbidities [94]. 

Dosing and treatment related toxicities have proved challenging for most cancers but 

particularly in the obesity setting [95]. This concerns haematological malignancies particularly due 

to the intensive chemotherapy regimens required for complete pathological response [96]. 

Obesity had significant impact on decreased overall survival in one “favourable” chemosensitive 

subgroup of acute myeloid leukaemia (AML) [96]. The “favourable” chemosensitive cohort was 

designated in accordance with European Leukaemia Network (ELN) guidelines which is used to 

stratify risk of resistance on the basis of cytogenetics [97].  Studies have reported possible causes 

for these pharmacokinetics issues may arise from the interactions between adipocytes and 

lipophilic chemotherapies. Research has shown acute lymphoblastic leukaemia cells co-cultured 

with adipocytes induced an oxidative stress response in adipocytes which in turn protected 

cancer cells from daunorubicin [98]. Furthermore, in murine studies, adipocytes have been shown 

to sequester and metabolise daunorubicin to its inactive form daunorubicinol reducing its 

cytotoxic effects [99]. However, obesity has also been indicated in the alteration of individuals 

pharmacokinetics for many drugs including chemotherapy agents [100]. This combined with the 

highly cytotoxic nature of treatment regimens previously led to chemotherapy dose reduction 

in obese patient cohorts  [101]. However, obese patients receiving chemotherapy are now 

recommended full weight dosing [52] for rectal, colon, lung cancer and AML did not develop 

increased therapy related toxicities compared to their non-obese counterparts [102–105]. Studies 
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conducted in breast, oesophageal and colon cancer have reported decreased treatment related 

toxicities with regards leukopenia, neutropenia and overall toxicity in obese patients when 

compared with the non-obese cohort [103,106,107]. 

 

1.3.2 Adipocytes producing tumour promoting factors  

Adipocytes play a central role through their interaction with cancer cells at the invasive tumour 

front which leads to a cascade of events that alter the tumour microenvironment and aid in 

chemoresistance [108]. Adipocytes are responsible for the secretion of a series of bioactive 

molecules, including factors commonly denoted as adipokines. Adipokines consist of essential 

hormones such as adiponectin, resistin and leptin which work in in parallel with proteases, 

cytokines and growth factors to promote tumorigenesis [109]. It has been widely reported that 

expression of these adipocyte secreted hormones is deregulated in obesity, metabolic 

syndrome as well as tumorigenesis and cancer progression [110–112]. This dysregulation leads to 

serious implications regarding both hormone response and effects on downstream target genes 

that aid in tumour growth and invasion [112]. Leptin, an adipokine whose secretion is increased 

in the obese setting [113], has been widely researched for its role in tumorigenesis and treatment 

response. Leptin signalling have been associated with cancer progression in a series of cancers 

and have been implicated in contributing to chemoresistance30–32.  

Leptin 

Leptin has been shown to contribute to taxol chemoresistance in epithelial ovarian cancer cell 

lines [117]. Previous studies in mouse models have shown that disruption in leptin signalling led 

to reduced tumour burden compared to mice with normal leptin signalling and extended 

survival times more significantly than cisplatin or Tamoxifen controls [118,119]. Leptin signalling 

has been suggested to possess a role in promoting hypoxia, with downstream effects in 

angiogenesis, aiding cancer cell growth and upregulation of invasion matrix metalloproteinases 

as well as promoting survival of cancer stem cells in breast cancer [77]. Leptin treatment aided in 

the survival of vinblastine-resistant triple negative breast cancer cells treated with paclitaxel or 

cisplatin. Whilst inhibition of Leptin’s receptor OBR showed resensitization of these cells to both 

paclitaxel and cisplatin [120]. This has led to suggestions that combination of leptin antagonists 

and leptin receptor inhibition with current chemotherapy regimens may present an alternative 

more efficacious therapeutic strategy [121].    
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Adiponectin 

Studies conducted in one such adipokine, adiponectin, have shown negative correlations 

between circulating adiponectin and mortality in obese cancer patients [122].  Decreased 

adiponectin has also been strongly associated with an increased risk of colorectal adenoma and 

early cancer development [123]. Lower levels of serum adiponectin and high tumour tissue 

adiponectin levels have been reported in breast cancer, cervical, ovarian and endometrial  [124]. 

Adiponectin has also been illustrated to stimulate sensitivity of peripheral tissue to insulin 

uptake, therefore decreased adiponectin levels leads to increased insulin serum levels with a 

knock on effect of increased insulin resistance leading to high blood glucose levels [125]. High 

blood sugar levels have been associated with enhanced oxaliplatin chemoresistance in 

colorectal cancer, inhibition of which significantly decreased cell proliferation. Similar findings 

were noted in patients with high blood glucose having significantly poorer disease free survival 

than their low blood glucose counterparts at a two year end point [126]. Studies have indicated 

that adiponectin may have a role in signalling directly to cancer cells reducing angiogenesis and 

apoptosis. In a mouse angiogenesis model, adiponectin significantly inhibited FGF-2 induced 

neovascularization and induced apoptosis in a thyroid cancer mouse model [127].  

Resistin 

Resistin is an adipokine that increases with obesity and has been shown to be upregulated in 

various cancers including colorectal, prostate and endometrial [128]. Resistin has been associated 

with poorer disease free and overall survival in breast cancer as well as being positively 

correlated with tumour stage, size and lymph node metastasis [129]. Research in breast cancer 

cell lines have indicated that upregulated levels of resistin attenuates Doxorubicin induced 

apoptosis through the induction of autophagy [130]. Cancer cell chemo-sensitivity has been 

shown to be significantly diminished in hepatocellular carcinoma cells through Galectin-1 

induced autophagy limiting the effect of cisplatin [131]. Resistin has also been identified to confer 

multidrug resistance in multiple myeloma. A study conducted in multiple myeloma cell lines and 

primary myeloma cells, showed that resistin significantly decreased melphalan induced 

apoptosis [132].      

 

1.3.3 Free fatty acid uptake  

Recent studies indicate that adipocytes induce elevated expression of fatty acid receptor CD36 

in cancer cells which leads to increase free fatty acid uptake and drives cell proliferation and 

epithelial mesenchymal transition [133,134].  Higher CD36 expression in patients with pancreatic 

ductal adenocarcinoma has been significantly correlated with microinvasion. Furthermore, 
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patients in this study who had a higher expression of CD36 had significantly lower overall 

survival and recurrence free survival compared with patients with low expression of CD36 

following gemcitabine adjuvant chemotherapy. Higher expression CD36 was also identified in 

gemcitabine resistant pancreatic ductal adenocarcinoma cell lines compared with parent cell 

lines suggesting it may be more influential  influence in chemotherapy resistant cancers [135].  

Additionally, doxorubicin treatment has also been reported to dysregulate adipose tissue and 

adipocytes, leading to disruption in lipid storage and elevated free fatty acid levels which may 

aid in cancer cell metabolism and proliferation [136].    

 

1.3.4 Hypoxia  

Adipose tissue in obese individuals is linked to low-grade hypoxia. This largely results from 

decreased blood flow in the obese adipose tissue, enlarged adipocytes, increased lipid droplet  

and the decreased spread of micro-vessels leading to inhibition of oxygen diffusion [137].Hypoxia 

leads to the activation of HIF-1a which can target adipose stromal cells  gene transcription of 

downstream effector proteins [138].  Hypoxia increases phosphorylation of STAT3 in ovarian 

cancer cell lines, with cisplatin and taxol showing diminished efficacy in cells in this hypoxic state 

and resensitization upon return to a normoxic state [139]. HIF-1a holds a significant role in 

regulation of pro-angiogenic genes including VEGF, Ang-1, Ang-2, bFGF and PDGF [140]. This leads 

to increased neovascularity allowing increased blood flow and nutrient influx to tumour cells 

aiding chemoresistance [141]. Chemoresistance in prostate cancer has been highly correlated 

with intratumoral hypoxia, prostate cancer cells have been shown to have enhanced resistance 

to doxorubicin, epirubicin and cisplatin under hypoxic conditions [142].  Similar findings have been 

reported in gastric cancer cell lines, where all cell lines demonstrated an hypoxic acquisition of 

drug resistance to five common drugs used to treat gastric cancer, including 5‐fluorouracil, 

Adriamycin (doxorubicin), cisplatin, vincristine and etoposide [143]. Hypoxia has also been 

reported to possess a role in the suppression of adiponectin secretion which as previously 

mentioned is downregulated in obesity as well [144].  

 

1.3.5 Growth factors lead to angiogenesis and cancer cell survival 

Obesity has been widely associated with hyperinsulinism, insulin resistance and higher secretion 

levels of IGF-1 in breast, colon, lung and prostate cancers [145]. Increased circulating levels have 

been observed in OAC patients compared with SCC patients, and interestingly within the OAC 

patient cohort, IGF-1 was observed to be increased in obese patients [146].  IGF-1R has also been 
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implicated in chemoresistance in colorectal cells through upregulation of multidrug resistance 

associated protein 2 (MRP-2) which inhibits drug delivery to tumour cells by reducing 

intracellular concentrations of cytotoxic chemotherapies [147]. Inhibition of IGF-1R has also 

demonstrated increased sensitivity in colorectal cancer cell lines to 5-Fluorouracil, Mitomycin 

C, Oxaliplatin, and Vincristine through the suppression of the MRP-2 promotor [148]. Tumour cells 

have been shown to survive chemotherapy regimens through the secretion of pro-angiogenic 

factors such as VEGF, contributed to by the upregulation of HIF-1a in obese patients [140]. Studies 

in colorectal cancer cell lines have shown that deletion of VEGF expression decreased cell 

growth, increased spontaneous apoptosis and increased chemosensitivity to 5-fluorouracil [149]. 

However, another study conducted in ovarian cancer cell line has indicated that taxotere and 

cisplatin resistant cell lines exhibited decreased expression of VEGF and VEGF receptors 

compared to chemosensitive cell lines. However this may indicate decreased angiogenesis and 

as such may effect drug delivery at the tumour site aiding in chemoresistance [150].  Indicating 

the role of VEGF in chemoresistance may be multifactorial. 

 

1.3.6 Adipose Stromal Cells and Fibrosis 

Adipose Stromal Cells are a central source of the extracellular matrix that drives tumour 

desmoplasia which not only stimulates vascularization which enhances chemoresistance [151]. 

One mechanism suggested to be used in prostate cancer to resist chemotherapy, is adipose 

stromal cells ability to increase nitric oxide synthesis [91]. It has been postulated that adipose 

stromal cells may possess some of the same immunosuppressive capabilities as mesenchymal 

stromal cells [152]. Mesenchymal stromal cells have also been implicated in stimulating epithelial 

mesenchymal transition (EMT) which is intricately linked with chemoresistance [153]. A study 

conducted in a breast cancer cell line SKBR3 suggests that adipose stromal cells may be 

manipulated to increase chemosensitivity to doxorubin treatment [154].  Research in prostate 

cancer has also indicated targeting adipose stromal cells enhances inhibition of cancer cell 

migration and resistance to docetaxel, cabazitaxel, and cisplatin [155]. In pancreatic ductal 

adenocarcinoma (PDAC), obesity has been suggested to enhance a pro-fibrotic state leading to 

a complex stroma desmoplastic reaction which is central in PDAC development [156]. This 

pancreatic desmoplasia state has been reported to confer increased resistance to 

chemotherapeutic agents as fibrosis crosstalk diminishes drug delivery [157,158].  
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Table 1.3.1 The influence of obesity on the efficacy of chemotherapy in obesity associated 

cancers.  

 

Whilst obesity has been linked to decrease chemotherapy associated toxicities this is far 

outnumbered by factors alleviating chemotherapy efficacy. Obesity holds a significant role in 

enhancing tumour microenvironment to aid chemoresistance through altered adipocyte 

secretions, enhanced free fatty acid uptake, increased hypoxic conditions and up regulation of 

associated genes. Indicating that obesity holds a relatively substantial role in enabling cancer 

cells to develop chemoresistance to enhance growth and evade cell death. 

 

1.4 Obesity in radiotherapy treatment response  

Radiotherapy, the use of targeted ionizing radiation for the treatment of cancer has been in use 

since the late 19th century. Modern day treatment has evolved with developments in 

fractionating doses, x-ray production and delivery technologies, imaging and computerized 

treatment planning and an evolving understanding of how cancers behave [166].  However, 

radioresistance and poorer survival rates has been more highly associated with obese patient 

cohorts than their non-obese counterparts [167].  

 

Mechanisms implicated in resistance 

1.4.1 Treatment delivery challenges and combination therapies 

Radioresistance and poorer survival rates has been more highly associated with obese patient 

cohorts than their non-obese counterparts [167]. Studies conducted in endometrial cancer 

patients, showed that BMI was positively correlated with daily shifts and margin requirements 

in adjuvant intensity-modulated radiotherapy (IMRT). However it was reported that Image 

guided Radiotherapy (IGRT), a form of external beam radiotherapy (EBRT), led to a reduction in 

set up error and resultant margin requirement when compared to no IGRT [168]. The use of cone 

Obesity associated cancer type  Positive or Negative Association  Supporting literature  

Oesophageal Adenocarcinoma Negative Association [159] 

Gastric Cardia Negative Association [160] 

Colon and rectum Negative Association [161] 

Pancreas Negative Association [162] 

Breast: postmenopausal Negative Association [136] 

Endometrial Negative Association [163] 

Ovary Negative Association [164] 

Multiple myeloma Negative Association [165] 

Prostate Negative Association [155] 
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beam computed tomography (CBCT) has been reported to improve safety and treatment 

accuracy by verifying tumour position in endometrial cancer[169].Research conducted in localised 

prostate cancer has shown similarly that increasing BMI on IMRT was significantly associated 

with biochemical failure, distant metastasis, cause specific mortality and overall mortality. 

These significant outcomes have been proposed again to strongly correlate with tumour shifts 

in obese men which leads to increased error margins [170]. It has also been reported in rectal 

cancer patients that at three year follow up, obese patients after receiving combined 

radiotherapy and surgery, showed significantly lower local control than their non-obese 

counterparts. This could be contributed to set up uncertainties increasing error margins or lack 

of surgical visibility limiting resection [171].  

However, studies conducted in head and neck cancer, a non-obese associated cancer, showed 

contrasting results. Higher BMI was more positively associated with improved overall survival, 

recurrence free survival and distant metastasis recurrence free survival compared with non-

obese patients [172]. It has also been reported in oesophageal adenocarcinoma, an exemplar 

model of obesity associated cancer, that overweight and obese patients have an enhanced 

tumour regression response to neo-adjuvant chemoradiotherapy in comparison to their normal 

weight counterparts [55]. This calls to question the influence of obesity on the efficacy of 

radiotherapy or whether combination therapy in obesity associated cancers may enhance 

tumour regression grade, however further research is required to interrogate this.  

 

1.4.2 Radiotherapy related treatment toxicities  

An issue that has been widely researched in regards radiation therapy regimens is the 

implications of radiation associated toxicities. In contrast to chemotherapy related toxicities, 

where obesity has been suggested to improves drug related toxicities, research has indicated 

that obese patients may develop more radiation related toxicities when compared to normal 

weight cancer patient cohorts.  Research conducted in oesophageal cancer patients receiving 

chemo-radiation therapy has indicated that higher BMI was correlated with reduced high-grade 

oesophagitis, oesophageal stricture and high-grade hematologic toxicity common side effects 

associated with IMRT [106]. Studies in endometrial cancer patients identified that increasing BMI 

was associated with increased cutaneous radiation toxicities and more gynaecological related 

toxicities. Multivariate analysis also indicated that gynaecological toxicities were especially 

increased in the young morbidly obese cohort [173]. In breast cancer similar findings have been 

reported with higher BMI being correlated with acute skin toxicities such as dry desquamation 

and moist skin desquamation when compared to normal BMI cohorts [174]. Additionally a BMI 
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over 30 has been widely cited as a risk factor for radiotherapy-induced cardiotoxicity in breast 

cancer patients [175]. Similar findings in oesophageal cancer patients were identified, where 

higher exposure to radiation correlated with greater occurrence of cardiac events [176]. Current 

research in modernizing combination therapies such as chemo-radiotherapy or radiosensitizers 

could prove an important avenue of research to allow reduced radiation doses to decrease 

treatment related toxicities particularly in obese patients.   

 

1.4.3 Adipocytes (Adipocytokines)  

On a cellular level many of the factors suggested to enhance radioresistance are linked with 

adipocytes. The adipocyte secretome which is altered in obesity, has been suggested to aid 

cancer cell survival by enabling protective mechanisms to allow cells to evade the toxicity of 

radiotherapy. Research conducted in melanoma cancer cells has shown that treatment with 

adipocyte conditioned media protected cancer cells from radiation therapy. Following radiation, 

adipocyte conditioned media treated cells possessed increased metabolic activity and cellular 

viability compared to untreated irradiated cells. With the inference, the adipocyte secretome 

conferred malignant melanocytes an enhanced survival advantage against radiation induced 

oxidation stress [177]. In contrast, research has shown that exogenous adiponectin and adipocyte 

conditioned media can protect fibroblasts from radiation-induced senescence, a common side 

effect of radiotherapy. Adiponectin alone not only diminished prostate and colorectal cancer 

cells growth but also did not protect cancer cells from radiation induced damage [178].  

Senescence is a common feature of obesity supporting a low-grade inflammatory state with 

defective adipocytokine production and adipogenesis [179]. While it has been postulated that 

adipocyte senescence could influence the local environment, spreading out the stress response 

through senescence-associated secretory phenotype (SASP), more research is required to fully 

elucidate the role of adipocyte senescence in radioresistance [180]. One effect of the adipocyte 

secretome that is highly evoked in cancer cells, is adipocytes ability to secrete factors that can 

alter the pro-inflammatory landscape of the tumour environment [181]. The role of inflammation 

in cancer progression and treatment response is a well-versed topic, with its influence in 

radioresistance no different. Inflammation, its signalling pathways, and downstream effectors, 

play a central role in tumour response to radiation therapy. 

A central action identified in adipocytes, is their potential to elevate tumour cells IL-6 secretions 

[182]. Breast cancer cells co-cultured with adipocytes prior to irradiation showed higher secretion 

of IL-6 from cancer cells alone. Further investigation revealed that incubation with recombinant 
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IL-6 following irradiation, also led to increased levels of phosphorylation in Chk-1 inhibitors and 

greater radioresistance in cancer cells. This reiterates the same effect observed by adipocyte 

co-culture on tumour cell secretions [78]. Research conducted in colorectal cancer cell lines 

indicated that constitutive levels of NF-kB activity is positively associated with the amount of 

radiation induced NF-kB activity. With the arising concept that the level of constitutive NF-kB 

activity may be predictive of the efficacy of radiotherapy in patients allowing for more 

individualized therapy [183]. Research conducted in-vitro and in-vivo in colorectal cancer cells 

illustrated that proteasome inhibitors, such as bortezomib, enhanced radiotherapy efficacy and 

augment radiation induced apoptosis through NF-kB inhibition.  

Research has well established the influence of STAT3 in radioresistance. Persistent activation of 

STAT3 has been shown to aid in tumour promoting inflammation including pathways such as 

NF-kB and IL-6-Jak. Stat-3 has been highly researched as a therapeutic target due to its role in 

inflammation mediated radio-resistance [184]. It has also been in established in the obese setting 

that increased circulating levels of leptin has led to chronic activation of the JAK-STAT3 pathway, 

which may also contribute to radioresistance in obese cancer patients [185]. Adipocyte secreted 

factors have also been suggested to play a role in activating Chk-1 mediated pathway, 

potentially leading to deregulated DNA damage response and cell recovery from cytotoxic 

stress. Research in-vivo and in-vitro in HNSCC has shown that CHK1/2 inhibitors enhance the 

cytotoxic effect of radiation therapy and showed significant anti-tumour effects [186].  Similar 

results were observed in breast cancer cells which were co-cultured with adipocytes, adipocyte 

secretions lead to higher expression of Chk-1 and an more resistant phenotypes [78]. Research 

conducted in breast cancer cell lines showed that after radiation treatment cancer cells 

expressed higher levels of IGF-1R and could recruit adipose derived mesenchymal stem cells, 

which produce IGF-1. It was also illustrated that inhibition of IGF-1R, decreased radioresistance 

caused by IGF-1 expressed by adipose derived mesenchymal stem cells [187]. 

 

1.4.4 Hypoxia 

As previously mentioned, hypoxia is upregulated in in obesity and has been widely reported to 

aid chemoresistance in cancer cells. It has also been implicated in possessing a role in aiding 

tumour cell evasion from radiotherapy through the oxygen effect [188]. The availability of oxygen 

is integral to how efficacious radiotherapy is, as it exerts its cytotoxic effect via generation of 

reactive oxygen species. Obesity has been widely confirmed to be a state of chronic low-grade 

inflammation and leads to increased tissue and tumour hypoxia. HIF-1 which is upregulated in 

hypoxic conditions has been reported to promote radioresistance, however research has 
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indicated that unsuitable timing of HIF-1 inhibition can suppress radiotherapy mediated killing 

rather than aid it. An in-vivo mouse model of cervical cancer cells treated with HIF-1 inhibitor 

prior to radiation treatment showed increased tumour hypoxia suppressing the efficacy of 

radiation therapy. However post radiation treatment with a HIF-1 inhibitor was shown to greatly 

enhance the efficacy of radiotherapy and delay tumour growth [189]. 

 

1.4.5 Metabolism 

Metabolic changes have been reported to induce radioresistance in cancer cells.  In particular 

glucose and mitochondrial pathways have been highlighted to affect the efficacy of 

radiotherapy [190]. Resistance was suggested to be conferred in tumour cells through abrogated 

AKT signalling, as inhibition of AKT decreased Glut1 expression and lactate production [191]. 

Reprograming of lipid metabolism with increased uptake of exogenous lipids and interchange 

from polyunsaturated fatty acids to saturated fatty acids. This has been suggested to confer 

tumour cells with protection from lipid peroxidation hence decreasing efficacy of radiation 

treatment [192]. Further to this, our group has previously shown in an isogenic cell line model of 

radioresistant OAC, mitochondrial function, morphology and energy metabolism were altered 

in radioresistant cells. Moreover, radioresistant cells were also reported to demonstrate 

enhanced metabolic plasticity, effectively switching between oxidative phosphorylation and 

glycolytic energy metabolism pathways which was associated with enhanced clonogenic survival 

[53].  

 

1.4.6 Genetic Instability 

Obesity has been reported to elevate genomic instability and SAC gene expression in 

oesophageal cancer cell lines. Parental radiosensitive cancer cells treated with adipose tissue 

conditioned media (ACM) generated from obese individuals, showed enhanced radioresistant 

profiles [193]. 

Table 1.4.1 The influence of obesity on the efficacy of radiotherapy in obesity associated 

cancers.  

Obesity associated cancer type  Positive or Negative Association  Supporting literature  

Oesophageal Adenocarcinoma Positive association [194] 

Colon and rectum Negative association [171] 

Pancreas Positive association [195] 

Breast: postmenopausal Negative association [78] 

Endometrial Negative association [196] 

Thyroid No significant association reported [197] 

Prostate Negative association [170] 
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Whilst obesity has been linked to decreased genetic instability and improved response rates to 

chemoradiation therapy in certain cancers this is far outnumbered by factors alleviating 

radiotherapy efficacy. Obesity holds a key role in the treatment delivery challenges, which 

requires significant planning to minimise error margins which are greater in obese individuals. 

Radioresistance is also aided through altered adipocyte secretions, increased hypoxic conditions 

and up regulation of associated genes. Research currently suggests that obesity enables cancer 

cells to develop radioresistance increasing their ability to survive and avoid cell death. 

 

1.5 Obesity in combination cancer therapies 

It is becoming more common place to treat cancer patients with combination therapies. These 

therapies can combine two or more drugs or different types of therapy such as immunotherapy, 

chemotherapy, and radiotherapy along with inhibitors of aberrant biological processes that are 

known to be perturbed in the cancer setting [198]. 

Mechanisms implicated in treatment efficacy or resistance  

1.5.1 Targeted monoclonal antibodies  

Studies conducted in mouse models indicated that anti-CD40 and IL-2 systemic immunotherapy 

in aging mice with increased visceral adiposity developed reduced anti-tumour efficacy and 

overall survival rates compared with their lean counterparts. It was shown in obese mice the 

above therapy induced cytokine storm, enhanced adipose M1 macrophage polarization and 

increased secretion of pro-inflammatory factors IL-6 and TNF-a culminating in lethality [199].  

Research conducted in metastatic colorectal cancer patients has also reported that 

bevacizumab, a VEGF targeted monoclonal antibody, combination therapy may be less 

efficacious in obese patients, with progression free survival and overall survival [200]. It was also 

reported in breast cancer patients, that bevacizumab lack of efficacy could be contributed to 

obesity.  It was reported that breast cancer patients with a higher BMI were found to have higher 

levels of systemic IL-6 and FGF-2 with a downstream effect of their tumour vasculature being 

less sensitive to bevacizumab [201].   

A clinical issue established in HER2 positive breast cancer is the development of acquired 

resistance to trastuzumab, a monoclonal antibody targeting the HER2 receptor. An increased 

BMI in patients receiving this treatment has also been correlated with decreased overall 

survival. PI3-K signalling pathway activated by adipocyte secreted factors such as GDF15 has 

been implicated in HER2 positive cell lines decreased response to trastuzumab [202]. Elevated 

circulating levels of GDF-15 have been associated with obesity [203]. Further research is required 
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to interrogate the potential use of this correlation of patients with higher BMI developing 

acquired resistance to trastuzumab and have poorer outcomes. 

 

1.5.2 Hormone therapy 

Research conducted in Breast cancer cell lines have shown that obesity inhibits the efficacy of 

tamoxifen treatment. Adipocytes and their secretome derived from adipose stem cells from 

obese women counteracted the anti-proliferative effect of tamoxifen treatment whereas 

adipocytes from normal weight women did stimulate the same effect. Furthermore, the 

addition of leptin, IL-6 and TNF-a at concentrations corresponding to plasma levels in obese 

patients also inhibited the anti-proliferative effect of 4-hydroxytamoxifen [204]. In prostate 

cancer, obese patients treated with radiotherapy and androgen deprivation therapy (ADT) had 

a greater association with prostate cancer related mortality [205]. This may be contributed to by 

ADT side effects which has been correlated with the development of an enhanced pro-

inflammatory and obesity like adipose tissue microenvironment [206]. However, in metastatic 

castration-recurrent prostate cancer a higher BMI has been suggested to have protective effect 

against overall and cancer related mortality [207].   

 

1.5.3 Protease inhibitors  

As previously discussed, proteasome inhibitors have been shown to enhance the efficacy of 

radiotherapy in colorectal cancer cells. However, it has been indicated that bortezomib as first 

line treatment has decreased efficacy in early diagnosed symptomatic multiple myeloma 

patients with excess visceral adipose tissue [208]. 

 

1.5.4 CD36 inhibitors 

As previously addressed, CD36 has been suggested to confer chemoresistance to cancer cells 

through enhancing stemness and free fatty acid levels. Research in breast cancer cell lines have 

shown that inhibition of stearoyl-CoA desaturase 1 (SCD1), induces apoptosis, cell cycle arrest 

and prevents migration, however, exogenous monounsaturated fatty acid (oleic acid) reverses 

these anti-tumour effects. Conversely, exogenous oleic acid could not reverse SCD1 inhibition 

in CD36 knockdown cells indicating that lipid availability outside of the cancer cell may have 

influence on cancer cell lipid metabolism as well as de novo lipogenesis. Highlighting that fatty 

acid uptake and transporters like CD36 may prove attractive as future therapeutic targets [209]. 

Studies have also indicated that CD36 enhances cell growth, migration, and expression of anti-

apoptosis genes in breast cancer cells. CD36 was reported to attenuate tamoxifen inhibited cell 
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growth which was restored upon inhibition of CD36 by siRNA [210].  Additionally, in diet induced 

obese mouse models CD36 inhibition by salvionolic acid B reduced visceral fat accumulation and 

insulin resistance [211].  This may indicate CD36 inhibition as a potential strategy to improve 

metabolic dysfunction in obesity which may hold benefit for attenuating cancer cell progression 

via CD36. 

 

Table 1.5.1 The influence of obesity on the efficacy of combination therapy in obesity 

associated cancers.  

 

1.6 Obesity in immunotherapy treatment response  

With breakthrough developments and an evolving interest in research in immunotherapies, it is 

quickly being regarded the fourth arm of cancer treatment. Whilst these therapies do not 

directly kill cancer cells, they play an important role in aiding the restoration of immune 

responses in the tumour microenvironment [213]. As obesity has been widely regarded as a 

chronic low-grade state of inflammation, it follows that it is associated with a pro-inflammatory 

driven state and the impairment of immune responses [214] 

 

Mechanisms implicated in treatment efficacy or resistance  

1.6.1 Adipocyte Secretome Leptin signalling  

The role of leptin signalling particularly in the obesity setting has been shown to have a 

significant impact on chemotherapy and radiotherapy resistance. Research reported in a renal 

adenocarcinoma cell line in-vivo mouse model, indicated CTLA-4 monoclonal antibody or TRAIL 

encoding adenovirus, provided no survival benefit in diet induced obese mice whilst being 

efficacious in their non-obese counterparts. Leptin deficient obese mice were also shown to 

respond to treatment and the reduction of leptin systemically with a soluble leptin receptor did 

restore treatment response [212]. Research into the role of leptin in immunotherapies still 

requires further investigation to fully extract its influence in immunotherapy treatment 

response. 

Obesity associated cancer type  Positive or Negative Association  Supporting literature  

Colon and rectum Negative association  [200] 

Breast: postmenopausal Negative association [201,202] 

Kidney: renal cell Negative association [212]  

Multiple myeloma Negative association [208] 

Prostate Positive and negative associations  [205,207] 
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1.6.2 Inflammation and Toxicities in Adoptive Cell therapy  

Chimeric antigen receptor (CAR) T cells have proven effective in the treatment of 

haematological cancers [215,216]. Conditions like obesity, where a pre-existing low-grade 

inflammation is already established, have been postulated to increase immunotherapies 

toxicities [213]. However, two significant side effects associated with this treatment, cytokine 

release syndrome and macrophage activation syndrome require further research to fully 

understand the effects of the toxicity associated with this treatment and whether they are 

associated with increasing BMI [217].Research is ever evolving in the field of immunotherapies, 

with further Investigation and clinical trials in other adoptive cell therapies ongoing in Tumour-

Infiltrating Lymphocyte (TIL) Therapy, T-cell Receptor (TCR) engineered T-cell Therapy and 

Natural Killer (NK) Cell Therapy [218–220]. However, no links have been established in the current 

literature on whether obesity aids in the efficacy or resistance of these therapies. 

 

1.6.3 Immune modulation via checkpoint inhibitors  

Obesity has been identified as a potential positive prognostic factor for checkpoint blockade in 

cancer [221], however, the influence of obesity on recently developed immune checkpoint 

inhibitors is currently ongoing. 

PD-1/PD-L1 

It was reported in a multicentre study that overweight patients on anti-PD1/PD-L1 inhibitors in 

melanoma, non-small cell lung cancer and renal cell carcinoma had more favourable outcomes. 

With overweight patients experiencing a significant increase in progression free survival, time 

to treatment failure and overall survival compared with their non-obese counterparts [222]. 

A study conducted across a series of in-vivo mouse models, including breast, lung, and 

melanoma cancer cell lines, has indicated that obesity associated PD-1 mediated T-cell 

dysfunction led to increased tumour response to checkpoint blockade. This further correlates 

with improved outcomes for obese cancer patients in response to immune checkpoint inhibition 

[223].  In contrast, research conducted in breast cancer in-vivo mouse models, has shown that PD-

L1 secreted in adipose tissue alters the efficacy of PD-1/PD-L1 checkpoint inhibition.  Adipocyte 

secreted PD-L1 was reported to prevent PD-L1 targeted antibodies from activating essential 

anti-tumour functions of CD8+ T-cells. Inhibition of adipogenesis was also shown to reduce PD-

L1 expression levels in adipose tissue and adipocytes which enhanced the efficacy of PD-L1/PD-

1 checkpoint inhibition in mouse models [224].   
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Further research in a metastatic breast cancer patient cohort treated with avelumab, a PD-L1 

inhibitor, has indicated that PD-L1 expression in tumour associated immune cells, could be 

associated with an enhanced clinical response to avelumab [225]. Continued research is required 

to fully understand the influence of systemic PD-L1 expression and whether in influences the 

efficacy of checkpoint blockade in metastatic breast cancer.  

It has also been reported in melanoma cancer patients, that overweight and obese individuals 

did not have improved survival rates compared with normal weight counterparts. However, in 

cohorts receiving combination therapy, a significant survival advantage was observed in obese 

patients as opposed to normal weight patients. This may be attributed to the many factors, such 

as, the postulated obesity immunotherapy link or decreased toxicities in obese patients 

following chemotherapy.  Nevertheless, the suggested correlation between obesity and 

improved outcomes following PD-1/PD-L1 inhibitor treatment still requires further 

interrogation as comprehensive reproducibility in these studies has yet to be achieved [226].  

CTLA-4 

Research conducted in metastatic melanoma patients treated with ipilimumab a monoclonal 

antibody checkpoint inhibitor that blocks the CTLA-4 pathway, has shown that obesity correlates 

with more favourable outcomes. Patients with above normal BMI showed significantly higher 

response rates, decreased levels of metastasis to the brain and a trend towards increased 

overall survival when compared to normal BMI patients [227].   

In mouse models, CTLA-4-Ig treatment in obese mice has also been shown to decrease body 

weight, reduce adipose tissue inflammation and alleviate insulin resistance. This was linked with 

increased adiponectin expression in adipose tissue which as previously mentioned possess a 

role in in cancer cell proliferation. Induction of pro-inflammatory M1 to anti-inflammatory M2 

macrophage polarization which was attributed to improved insulin resistance [228]. This may 

contribute to enhanced efficacy of combination therapies with checkpoint inhibitors in obese 

cancer patients.   

1.6.4 Emerging immunotherapies 

Oncolytic Virotherapy, in the form of Talimogene laherparepvec (T-VEC), has also shown 

promise in the field of immunotherapies, with clinical trials reporting surprising results in the 

treatment of melanoma [229]. Interest is still ongoing with dendritic cell (DC) vaccines with clinical 

trials in cancers such as glioblastomas giving promising results [230]. Both these therapies seem 

to possess less side effects and treatment associated toxicities compared with checkpoint 

inhibitors, however, research has yet to identify if obesity influences efficacy of these therapies.  
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Table 1.6. 1 The influence of obesity on the efficacy of immunotherapy in obesity associated 

cancers.  

 

Obesity has been linked to enhanced checkpoint inhibition in certain cancers adding fuel to the 

flame of the “the obesity paradox”, however this field is still emerging with very little focus on 

the effect of obesity on immunotherapies currently reported. However, obesity and its 

association with chronic low-grade inflammation, have been postulated as a possible factor that 

alleviates immunotherapy efficacy. Altered adipocyte secretions have also been implicated 

decrease effectiveness in immunotherapies, leptin has been shown to diminish the effect of 

certain immunotherapy treatments in an obese setting, which was not observed in normal 

weight comparisons. Research currently suggests that obesity is associated with improved 

outcomes in checkpoint blockade, however, the obese state has also been suggested to be more 

associated with immunotherapy-induced immune-related adverse events. Accordingly, further 

research is required into the effects of obesity in immunotherapy efficacy, before an adverse or 

positive correlation can be established.  

 

 

 

Obesity associated cancer type  Positive or Negative Association  Supporting literature  

Breast: postmenopausal Positive and negative association  [224,225] 

Kidney: renal cell Positive and negative association  [212,222] 

Lung: non-small cell  Positive association [222] 

Skin cancer: Melanoma  Positive association [222] 
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Figure 1.6.1 The altered landscape of the obese tumour microenvironment has been 

reported to diminish and enhance treatment response in patients 

Obesity has been reported to modulate the efficacy of current treatment modalities through an 

altered adipocyte secretome, angiogenesis, hypoxia, fibrosis, free fatty acid uptake as well as a 

modulated immune landscape. Obesity has been demonstrated to have positive associations 

that benefit patients receiving Chemotherapy and Immunotherapy. However, negative 

associations have been more commonly identified between obese patients and their response 

to current treatments. Illustrated from [231]  

 

1.7 Anti-tumour immunity 

Previous research has indicated that a series of pro-inflammatory mediators in circulation and 

expressed at the tissue level have been linked to clinical outcomes, particularly factors that are 

involved in the recruitment and activation of innate immune cells [232]. Key inflammatory 

mediators including Eotaxin-3, IL-10, IL-13, MIP-1α, and MIP-1β  are involved in the recruitment, 

activation and inhibition of immune cells are perturbed by obesity [233–235]. Many of these factors 

directly affect the antigen presenting abilities and polarisation of cells like Dendritic Cells (DCs) 

and Macrophages (Mɸ) [236]. The tumour microenvironment has been shown to induce 

immunosuppressive landscape.  It induces this pro-tumour immunity by diminishing 

immunosurveillance and immuno-editing. The tumour microenvironment promotes the 

infiltration of immune cells such as M2-macrophages, MDSC, NKT2, Treg, Th2, NK2, ILC2, and 

N2 cells. These cells secrete a series of factors that act in an anti-inflammatory and regulatory 

manner that reduce the induction of an immune response that would lead to tumour killing. 

Further to this the tumour microenvironment also decreases the infiltration of immune cells 

know to evoke tumour killing including M1-macrophages, Th1, NKT, NK1, ILC1, DC, and N1 

(Figure 1.7.1) [237]. 
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1.7.1 The differential immune responses that support tumour killing and immune suppression in the tumour microenvironment. 

Tumour killing is enhanced by the infiltration of immune cells know to evoke anti-tumour immunity including M1-macrophages, Th1, NKT, NK1, ILC1, 

DC, and N1, which increase the secretion of pro-inflammatory and pro-apoptotic mediators IFN-γ, TNF-α, Granzyme and Perforin. The tumour 

microenvironment promotes the infiltration of immune cells such as M2-macrophages, MDSC, NKT2, Treg, Th2, NK2, ILC2, and N2 cells, which augment 

anti-inflammatory effects to hinder immunosurveillance and immuno-editing. They further this through the secretion of cytokines including IL-4, IL-5, 

IL-10, IL-13, and TGF-β that promote regulatory and tolerogenic immune cell phenotypes. Image adapted from Biorender template.
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1.7.1 Dendritic Cells  

DCs play a pivotal role in antigen presentation and initialising the anti-tumour immune 

response. Typically, as DCs mature they upregulate expression of co-stimulatory complex CD80 

and CD86, which allows them to cross present with naïve CD4 T cells and activate immune 

responses. DCs that release IL-12 and IFN-γ induce Th1 immune responses leading to the 

production of IFN-γ and TNF-α, which aids anti-tumour immunity and tumour killing. DCs 

secreting IL-2 and IL-4 lead to the activation of TH2 immunity, with increased secretion of IL-4, 

IL-5, IL-9 and IL-13, cytokines that aid pro-tumour immunity [238].  

1.7. 2 DC antigen cross presentation leads to T cell activation and initiates immune 

responses. 

DCs cross present antigens to Naïve CD4 T cells, resulting in the induction of Th1, Th2, Th17 or 

regulatory immune responses.  

 

 



42 

 

DCs secreting IL-6, IL-23 and TGF-β lead to the induction of Th17 immunity, leading to an 

increase in secreted levels of IL-17 and IL-22 [239]. Th17 immunity has a complex and opposing 

effect in anti-cancer immunity, as these cells can promote and supress cancer growth [240]. 

Finally, production of IL-10 and TGF-β lead to a tolerogenic DC phenotype, that stimulates the 

induction of regulatory T cells, that suppress excessive immune responses and can diminish the 

efficacy of anti-tumour immunity [241].  

Chemotherapy has previously been reported to increase DC antigen presentation [242], however 

induction of DC response following radiotherapy was shown to be dependent on an active 

immune infiltrate already being present [243]. 

 

1.7.2 Macrophages  

Macrophages are an essential part of the innate immune system and play a pivotal role in both 

pro-inflammatory and anti-inflammatory responses. Polarisation of macrophages towards a 

pro-inflammatory phenotype can contribute to tumour destruction or facilitate tumour growth 

and metastasis, depending on their phenotype.  

M0 macrophages can be polarised towards an M1 pro-inflammatory phenotype by LPS, IFN-γ, 

or TNF-α, or towards a M2 anti-inflammatory phenotype by IL-4, IL-10, IL-13 or TGF-β. M1-

macrophages have been denoted as a key effector cell in propagating inflammation in adipose 

tissue microenvironment, particularly in obesity[244]. Macrophages in both their pro-

inflammatory and anti-inflammatory phenotypes play a central role in cancer progression and 

treatment resistance.  

Anti-inflammatory or TAMs have reported to be induced by chemotherapy [245] as well as 

mediating chemoresistance [246]. Pro-inflammatory macrophages have been reported to play a 

vital role in radiation induced inflammation, inducing an anti-tumour immunity through the 

generation of an inflammatory response [247]. 
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1.7.3 Macrophage polarisation to M1 and M2 phenotypes. 

M0 macrophages can be polarised towards an M1 pro-inflammatory phenotype by LPS, IFN-γ, 

TNF-α, or GM-CSF, or towards a M2 anti-inflammatory phenotype by IL-4, IL-10, IL-13, IL-33, PGE 

or TGF-β. Image adapted from Biorender template. 

 

1.7.3 Myeloid derived suppressor cells (MDSC) 

MDSC are a population of immature myeloid cells which arise from the bone marrow and 

migrate towards the tumour site, where they inhibit anti-tumour immunity. MDSCs illicit this 

suppressive effect by inhibiting T cell activation, NK cell cytotoxicity and driving M2 TAM-like 

macrophage polarisation [248]. MDSCs have been observed to be increased with obesity both in 

mice models and obese humans, in circulation and at an adipose tissue level [249,250]. 

Interestingly, lipid accumulation in the tumour site has been linked with metabolic plasticity in 

MDSCs driving them from a glycolytic phenotype towards increased utilisation of fatty acid 

oxidation and oxidative phosphorylation. This shift in metabolic preference has been reported 

to confer MDSCs with enhanced immunosuppressive properties which in turn augments the 

diminishing effect on anti-tumour immunity [251]. 
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1.7.4 Innate lymphoid cells (ILCs) 

ILCs are a subset of innate immune cells which lack antigen-specific receptors commonly 

expressed on T and B lymphocytes. ILCs have recently been reported to play a crucial role in 

metabolic homeostasis, tissue inflammation and metabolic diseases [252]. ILCs have been shown 

to be increased at an adipose tissue level in obese type 2 diabetes patients, an elevation that 

was positively associated with increasing glycaemic parameters. Elevated ILCs infiltrate in 

adipose tissue in mouse models were further shown to promote adipose fibrogenesis and 

activation of CD11c+ macrophages [253]. Indicating that ILCs may be a significant contributor to 

the low-grade inflammation associated with the obese adipose tissue microenvironment. ILC2s, 

have been shown to be enriched with fatty acid metabolism gene sets and have been shown to 

increase uptake and utilisation of fatty acids under infection or malnutrition to maintain IL-13 

production [254,255]. ILCs production of IL-13, a cytokine renowned for its anti-inflammatory 

properties, may act as a diminishing force on anti-tumour immune responses by supporting TH2 

immunity [256].  

 

1.7.5 Neutrophils 

Neutrophils are a subset of immune cells within the innate immune system, which possess 

regulatory effects on the adaptive immune system [257]. Increased frequencies of low-density 

neutrophils which are commonly associated with inflammatory disorders have been reported 

to be increased with in morbidly obese humans [258].  Comparably, increased frequencies of 

neutrophils have also been observed in the visceral adipose depots of diet induced obese mice 

models [259]. This elevated infiltration of neutrophils could act as a contributing factor 

maintaining the low-grade chronic inflammation observed in adipose tissue in patients with 

obesity. Interestingly, within a glucose limited milieu such as the tumour microenvironment, 

neutrophils have been reported to utilize fatty acid oxidation to fuel ROS production and 

suppression of T cells [260]. Whilst this metabolic plasticity has previously been implicated in 

aiding cancer growth and metastasis as well as recurrence[261], making research into these cells 

an attractive strategy mitigating the tumour immunosuppressive environment.  

 

1.7.6 Natural Killer (NK) Cells 

NK cells are a member of the innate immune system, capable of producing a potent cytotoxic  

response making them a vital player in cancer immunosurveillance [262]. Interestingly, NK cells 

resident in adipose tissue have been shown to regulate adipose tissue resident macrophages 

which in turn promoted adipose tissue inflammation and insulin resistance in obesity induced 
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mouse models [263]. Further to this, obese humans have been shown to have decreased NK cell 

frequencies with diminished cytotoxicity which could lead to impaired immune responses [264]. 

However it is of further note, that research currently indicates that increased lipid metabolism 

impairs NK cell functionality which occurs upon exposure to a fatty acid enriched 

microenvironment [265], supporting the concept that obesity may have detrimental effects on NK 

cell functionality. In particular, NK cells from cancer patients with obesity have been shown to 

be recruited to adipose tissue where they become irreparably dysregulated leading to cell 

death. In OAC patients, higher frequencies of NK cells have been reported within the visceral 

adipose tissue whilst reduced expression was observed within tumour tissue [84,266].  

 

1.7.7 T cells 

T cells form the most well-known subset of the adaptive immune response with two major 

subtypes including  cytotoxic T cells and helper T cells. Cytotoxic T cells, or CD8+ T cells play a 

critical role in the adaptive immune defence against intracellular pathogens and cancer cells [267]. 

Helper T cells or CD4+ T cells execute their function through the secretion of cytokines largely 

through four alternative responses including Th1, Th2, Th17 and regulatory T cells (Tregs) [268] as 

previously discussed in section 1.7.1 Dendritic Cells. Metabolic plasticity has been implicated as 

a key regulator of these T cell responses, with regulatory T cells demonstrating increased 

utilisation of fatty acid oxidation, whilst effector cells have been reported to preferably use 

glycolysis [269]. Interestingly, adipose tissue derived from viscerally obese patients has been 

reported to possess increased secreted levels of mediators associated with TH17 immune 

responses. This increase in secreted IL-17 could contribute to the maintenance of obesity 

associated inflammation thus aiding cancer progression by stimulating the infiltration of 

myeloid cells such as macrophages and neutrophils [270,271].  

 

1.7.8 Natural Killer T cells (NKT cells) 

NKT cells are a specific subset of T cells which become rapidly activated in response to excess 

lipids bound through the antigen-presenting molecule CD1d which is expressed by DCs or Mɸ 

[272]. Interestingly, previous research indicates that CD1d+ cells are highly expressed in the 

omentum. However, frequencies of these cells have been shown to be depleted in the omentum 

of morbidly obese patients and cancer patients [273]. Due to NKT cells close interplay with lipid 

antigens, it is perhaps unsurprising that alterations in the lipid profile of tumour 

microenvironment would alter their immuno-modulatory effects. Increased levels of lactic acid 
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in the tumour microenvironment have been implicated in reducing PPARγ on intratumoral NKT 

diminishing their cholesterol synthesis and IFN-γ production, thus diminishing the efficacy of 

their anti-tumour immunity. However, the introduction of a PPARγ agonist combatted these 

effects and restored IFN-γ production [274]. Indicating the importance of the lipid profile of the 

tumour microenvironment to stimulate an effective anti-tumour immune response.   

 

1.7.9 Mucosal-associated invariant (MAIT cells)  

MAIT cells are a subset of T cells which display innate, effector-like properties with highly 

variable TCRs capable of targeting a large array of foreign peptide epitopes [275]. MAIT cells have 

been implicated in the development of a series of metabolic disorders including obesity. 

Elevated frequencies of IL-17 producing MAIT cells were observed in children with obesity which 

was also correlated with increased insulin resistance [276]. In mouse models, MAIT cells were also 

implicated in promoting inflammation in adipose tissue through the induction of M1 Mɸ, which 

was also associated with insulin resistance, impaired glucose metabolism and lipid metabolism 

[277].  Interestingly, CD127+ MAIT cells have been shown to have an energetic mitochondrial 

metabolic phenotype that was critical for IL-17A production, a mechanism that was largely 

supported by fatty acid uptake [278]. MAIT cells have garnered great interest in the field of cancer 

research, due to their MR1-dependant manner of recruiting pro-inflammatory macrophages or 

through their ability to regulate NK cell activation particularly within the tumour 

microenvironment [277,279]. However, their role in the tumour microenvironment is a still in 

contention as they have also been implicated in cancer development as well as in tumour 

growth and metastasis [280].  

 

1.7.10 The influence of adipose secretome on anti-tumour immunity  

The adipose tissue secretome has also been reported to evoke detrimental effects on immune 

cells. Dendritic cells, Macrophages, T-cells, and natural killer cells have all been reported to be 

deleteriously affected by obesity, with many changing to further perpetuate the chronic low-

grade inflammation that is prevalently associated with obesity. Dendritic cells in adipose tissue 

have been reported to originally upregulate PPARγ and β-catenin pathways to enhance a 

tolerogenic phenotype which suppresses activation and initially supports an anti-inflammatory 

response delaying the onset of inflammation from visceral adipose secretions. However, after 

increased exposure to over-nutrition, visceral adipose mediators have been reported to inhibit 

DC activation of PPARγ and β-cantenin pathways and thus enhance and perpetuate the chronic 
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low-grade inflammation associated in obesity [281]. Previous research has shown that DCs from 

cancer patients have higher amounts of triglycerides than non-cancer patients, which negatively 

impacted DCs antigen presenting and T-cell stimulating capabilities [282]. Further to this,  free 

fatty acids have also been shown to lead to lipid -loaden DCs with diminished antigen presenting 

capabilities and reduced capacity to effectively stimulate T cells [282]. Increased free fatty acids, 

which have been reported in obesity, have been shown to enhance Mɸ polarisation towards 

M1-like phenotype [283]. In particular, Palmitic Acid (PA) has been reported to elevate pro-

inflammatory response signals [65,284]. In contrast, Oleic Acid (OA) has been identified to have 

anti-inflammatory effects through inhibiting pro-inflammatory responses driven by other fatty 

acids [67] as well as promoting M2-like polarisation in macrophages [285].  

 

1.8 Metabolic flexibility in cancer cells in the tumour microenvironment 

The role of metabolism in tumour development and progression has been widely reported. 

However, the metabolism of adipose tissue and the influence of its secretome on cancer cell 

metabolism is a research field still in its infancy. Mitochondrial dysfunction is commonly induced 

by cancer cells to aid tumour progression [286]. Aberrant cellular metabolism has been implicated 

as an essential survival advantage induced by cancer in order to evade the cytotoxic effects of 

chemotherapy and chemoradiotherapy [191,287]. Particularly, lipid metabolism and fatty acid 

oxidation (FAO) has recently been reported to enhance cancer cell resistance to current cancer 

treatments [288].  Exploitation of FAO and lipid metabolism has been reported to be heavily 

evoked by metastatic cancer cells, M2 macrophages, memory CD8 T cells as well as tissue 

resident regulatory T cells particularly in visceral adipose tissue [289–292] 

. 

1.8.1 Glucose Metabolism  

The Warburg effect was first coined in the 1950’s, when cancers cell elevated production of 

Lactate was linked with a higher utilisation of glucose metabolism [293]. Reprogramming of 

glucose metabolism is an intrinsic adaption in cancer cells, it increases the availability of 

pyruvate in the mitochondria of cancer cells conferring them with enhanced survival advantage 

[294]. Cancer cells have been reported to induce glycolytic metabolism in response to oxidative 

stress caused by radiotherapy, to enhance DNA damage repair and decrease cytogenetic 

damage [295]. Glucose is transported into the mitochondria of cancer cells through glucose 

transporters such as GLUT1, here it typically undergoes aerobic respiration leading to the 
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production of pyruvate which is further converted into acetyl-CoA. Acetyl-CoA is then utilised in 

a series of metabolic processes through the cell including the TCA cycle (Figure 1.8.1). 

 

1.8.2 Lipid metabolism in cancer 

The tricarboxylic acid (TCA) cycle, which is also known as Krebs cycle, is the main source of 

energy for cells and is an important process contributing to overall cellular aerobic respiration. 

The TCA cycle metabolises acetyl-CoA in a cyclical process through to citrate, iso-citrate, α-

ketoglutarate, succinyl-CoA, succinate, fumarate, malate and finally oxaloacetate (Figure 1.8.1). 

Citrate acts as a precursor to the process of de novo lipogenesis, citrate is derived from both the 

TCA cycle and from glutamine oxidation within the cell. The conversion of acetyl-CoA to malonyl-

CoA then catalyses the production of palmitate within the cell. From here palmitic acid is 

catalysed by SCD1 into palmitoleic acid or is elongated by ELOVL6 to stearic acid and then 

catalysed by SCD1 to form oleic acid. These fatty acids are then stored in lipid droplets to provide 

for energy needs during times of cellular stress [296].  Interestingly, FASN has been shown to be 

decreased in obesity [297,298], whilst FAO is increased [299], indicating that obesity may promote a 

metabolic shift leading to enhanced utilisation of lipid metabolism and FAO. 

 

1.8.3 Glutamine metabolism  

Alterations in cancer metabolism have been reported to render tumour cells addicted to 

glutamine. Metabolism of glutamine has been shown to be upregulated by MYC and KRAS driven 

tumours miking the combination of targeted inhibitors of these oncogenic drivers with 

inhibition of glutamine metabolism an attractive therapeutic target. Glutamine metabolism has 

been linked to fuelling the TCA cycle as well as providing α-ketoglutarate for citrate production 

which leads into FASN (Figure 1.8.1). Previously we have reported that glutamine and its 

metabolised product glutamate are differentially expressed in the adipose secretome of obese 

and non-obese OAC patients [80]. 
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1.8.1 The TCA cycle and its interactions with FASN and FAO 

Lipid droplet formation and lipid metabolism are both increased in obesity, an alteration that is utilised by cancer cells to aid their proliferation and 

progression. To support this metabolic shift, exogenous fatty acids are taken up through transporters including CD36, FATPs and FABPpm or synthesised 

by de novo lipogenesis using FASN. These stored lipids can then be utilised for energy needs at a later stage through fatty acid oxidation (FAO, β-

oxidation), particularly under situations of stress. Citrate acts as a precursor to the products of de novo lipogenesis, citrate is derived from both the TCA 

cycle and from glutamine oxidation within the cell. Illustrated  from [296] 
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1.9 The role of adipose tissue in cancer metastasis 

Approximately half of OAC patients are initially diagnosed with late-stage disease with 

metastasis. Metastatic OAC has a 5-year survival rate of less than 5% [300] . Research is focused 

into the role of obesity and how it contributes to the metabolic changes and epithelial to 

mesenchymal transition that support cancer cells migratory capacity to develop distant 

metastasis. Metastasis involves a series of transformative changes in cancer cells including their 

plasticity, metabolic preferences as well as their changes in their surrounding stroma, which can 

be induced in response to cancer treatments. The stages involved in colonization of distant 

metastasis include, local invasion, intravasation, circulation of cancer cells, extravasation and 

finally the colonization of local and distant metastasis [301] (Figure 1.9.1). 

 

1.9.1 Metabolic flexibility supports cancer cells invasive capacity 

Primary cancer cells have been reported to heavily rely on glycolytic metabolism in order to 

grow and survive, even inducing this metabolic reliance in the face of oxidative stress evoked by 

radiation induced inflammation order to aid DNA damage repair [295]. Metastatic cancer cells 

however have been shown to rely more so on oxidative phosphorylation associated metabolism 

and fatty acid oxidation [302,303]. Flexibility in energy metabolism has been reported to be critical 

in aiding cancer cell’s ability to undergo epithelial to mesenchymal transition and migration to 

facilitate distant metastasis [304]. PA has previously been reported to be increased in circulation 

in obese patients has also been linked to enhanced uptake of fatty acids [305]. It has also been 

implicated in the upregulation of lipid metabolism genes that has been reported to aid in the 

initiation of metastasis [306], making it an attractive target to diminish cancer cells ability to resist 

treatment and establish distant metastasis. 

 

1.9.2 Pre-metastatic niches in adipose tissue  

Recently evidence is rising linking obesity and the development of metastatic cancer, 

particularly in cancers that are surrounded by the visceral adipose depot and whose 

development is strongly linked with obesity to begin with [307].  The influence of obesity on 

adipose tissue has been demonstrated to increase lipid droplet formation and secretion of pro-

tumorigenic factors in adipocytes, alter immune cell recruitment, promote angiogenesis, 

remodel the extracellular matrix and enhance lipid metabolism and the release of free fatty 

acids [231]. These developments prime obese adipose tissue as a highly amenable site to support 

the development of pre-metastatic niches. 
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1.9.1 The process of metastatic invasion to distant colonisation sites. 
The pre-colonization phase of metastasis includes a series of stages where cancer cells under transformative changes in plasticity, surrounding stroma 

and metabolism. These stages include (1) local invasion of cancer cells in the primary tumour mediated by integrins (2) intravasation into the tumour 

vasculature, (3) circulation of cancer cells within the vasculature (4) extravasation into the visceral adipose depot in a pre-metastatic niche (5) 

Colonization into local and distant metastasis. Image adapted from Biorender template.
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1.10 Thesis hypothesis and specific aim 

1.10.1 Overall hypothesis 

Obesity alters the immune metabolic profiles of adipose tissue explants, that would lead to 

suppression of DC maturation, increased M1-polarisation in Mɸ, and enhance cancer 

metabolism and invasion.  The introduction of saturated fatty acid PA should increase adipose 

pro-inflammatory responses whilst OA decreases them, an effect that would be augmented by 

the introduction of chemotherapy and radiotherapy. 

1.10.2 Overall aim  

The overall aim of this thesis was to assess the metabolic and secreted profiles of adipose tissue 

explants from OAC patients and whether these factors were influenced by exposure to different 

exogenous fatty acids, increasing irradiation or cytotoxic drugs and what downstream effects 

this would have on cancer and immune cell metabolism and function. 

Specific aims of thesis (representing the five results chapters) 

1. Assess whether patient demographics including obesity, metabolic dysfunction, 

previous exposure, and response to treatment affects adipose tissue metabolism and 

its secreted pro-inflammatory, lipidomic and metabolomic profiles. 

2. Examine the influence of exogenous fatty acid treatment on adipose tissue metabolism 

and secreted profiles in non-cancer and OAC patients and examine the downstream 

effects on immune cell function, and the influence of obesity on these responses in the 

cancer setting.  

3. Investigate if increasing irradiation augments the influence of exogenous fatty acid 

treatment on adipose tissue metabolism and secreted profiles in non-obese and obese 

OAC patients and what downstream effects this has on immune cell function. 

4. Assess the influence of the adipose secretome of non-obese and obese OAC patients 

treated with exogenous fatty acids and increasing irradiation on primary and metastatic 

OAC cancer cells metabolism and invasive capacity. 

5. Investigate if chemotherapy or chemoradiotherapy would differentially affect the 

influence of exogenous fatty acid treatment on adipose tissue metabolism and its 

secreted profiles in non-obese and obese OAC patients and the downstream effects on 

cancer and immune cell function. 



 

 

 

 

 

 

2.0 Chapter 2         

           

  Energy metabolism, metabolite, and inflammatory 

profiles in human ex-vivo adipose tissue are influenced by 

obesity status, metabolic dysfunction, and treatment 

regimes in patients with oesophageal adenocarcinoma   
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2.1 Objective and specific aims:  

Objective: 

The overall objective of this chapter was to assess the immuno-metabolic profiles of adipose 

explant derived from oesophageal cancer patients using real-time metabolic profiles, multiplex 

ELISA, metabolomics and lipidomics. As well as determining whether these immuno-metabolic 

profiles were associated with key patient clinical factors and how these profiles correlated 

with extensive patient clinical demographics. 

 

Specific Aims 

− To assess metabolic profiles including oxidative phosphorylation and glycolysis of 

adipose explants in real time, as well as their metabolic preference.  

− To assess the secreted profiles of these adipose explants for mediators of inflammation, 

metabolism, angiogenesis, and immune response. 

− To determine whether obesity, metabolic dysfunction, previous treatment exposure or 

response to treatment was associated with alterations in adipose tissue metabolism and 

secreted factors. 

− To evaluate whether these immune-metabolic profiles correlated with extensive 

patient clinical demographics.   
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2.2 Introduction 

Oesophageal adenocarcinoma (OAC) is an aggressive disease associated with a poor prognosis 

and a five-year survival rate of approximately 20% [7], with current projections indicating that 

the incidence of this disease is increasing [308]. Currently, the standard of care for treatment 

involves neo-adjuvant treatment (treatment prior to surgery) with either chemotherapy alone 

including the FLOT regimen (consisting of 5FU, Folinic acid, Oxaliplatin, Docetaxel) or 

combination chemo-radiotherapy such as the CROSS regimen (consisting of Carboplatin, 

paclitaxel with concurrent 41.4 Gy radiation), for locally advanced tumours [19]. Unfortunately, 

only approximately 30% of patients show a complete response to these current treatment 

modalities, leaving a large proportion of patients with no therapeutic gain and a possible delay 

to surgery [309,310]. Furthermore, large-scale epidemiological studies demonstrate a consistent 

and compelling association between the risk of cancer development/progression and elevated 

body mass index (BMI) for many gastrointestinal cancers including OAC, with this cancer having 

one of the strongest associations with obesity [47,48,311]. This makes it an exemplary model for 

studying the influence of obesity on cancer and the role of the adipose tissue microenvironment 

in this setting. 

Numerous factors are associated with the obese adipose tissue microenvironment such as 

chronic low-grade inflammation, angiogenesis, fibrosis, and the altered secretions of cells, all 

implicated in the progression and recurrence of cancer [57,58]. One of the significant effects of 

the obese adipocyte secretome is the release of a series of pro-inflammatory factors, leading to 

a local environment that is primed to aid tumour development and progression [50]. The altered 

milieu of the obese tumour environment has been extensively shown to have detrimental 

effects on the anti-tumour response, diminishing immune cell function and treatment efficacy 

[83,85,312]. It has been previously shown that adipose-conditioned media from oesophageal cancer 

patients increases radiosensitivity [55], and this could be linked to the differential expression of 

leptin receptors and its associated biology in driving inflammation in the adipose tissue 

microenvironment [313]. 

Currently, discrepancies are reported in the literature on whether obesity diminishes [314] or 

ameliorates [55] treatment resistance and whether obese individuals possess an enhanced 

survival benefit compared with their non-obese counterparts [167], which highlights the 

importance of identifying the underlying biological mechanisms which play a role in this setting 

in the complex adipose tissue microenvironment. Previous work has observed elevated 

oxidative phosphorylation in visceral adipose tissue compared with subcutaneous adipose 

tissue [313], and adipocytes derived from metabolically unhealthy obese individuals show 



56 

 

elevated mitochondrial response profiles [315]. Whilst the role of tumour explant energy 

metabolism in OAC treatment response has been reported [316], the energy metabolism profiles 

of visceral adipose tissue between obese and non-obese OAC patients and the influence of its 

secretome on the cancer cell and immune cell function is still largely unknown. 

For the first time, this study aims to better characterise the adipose tissue microenvironment 

using real-time energy metabolism profiles, profiling the secreted inflammatory environment, 

and assessing altered metabolites and lipid profiles of human ex vivo adipose explants. These 

profiles were examined based on obesity status, metabolic dysfunction, previous treatment 

exposure, and treatment responses in OAC patients. Overall, the profiling data and clinical 

correlations described in this study suggest the adipose microenvironment as well as 

potentiating a pro-tumorigenic milieu may also be linked with the efficacy of current standard-

of-care cancer treatments. With the knowledge that the obesity epidemic is projected to 

increase, with 50% of the Western world population being obese by 2030[317], this research 

endeavours to address an exigent question: what influence might the adipose 

microenvironment possess in the cancer–obesity link? 
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2.3 Materials and Methods 

2.3.1 Ethics Statement and Patient Recruitment 

Ethical approval was granted by the St James’s Hospital/AMNCH ethical review board (Ethics 

number: REC_2019-07 List 25(27)), and written informed consent was collected from all patients 

in this study. Thirty-two patients were recruited within the period between 1 December 2019 

and 30 January 2022, and the patient demographics are listed in Table 1. All fresh adipose tissues 

were taken at the start of the surgical tumour resection procedure from OAC or OGJ 

(oesophagogastric junctional adenocarcinoma) patients being treated with curative intent. 

Table 2.3.1 Clinical demographics of patient cohort. 

Patient Clinical Parameters 

Diagnosis 
OAC = 13 
OGJ = 19 

Sex 
Male = 21 

Female =11 

Obesity Status via Visceral Fat Area 
Obese = 16 

Non-obese =16 

Age at diagnosis 51-83 (Mean = 67.83)  

Post-treatment BMI 

22.34-43 (Mean = 32.391) 
22.34–43 (Mean = 32.391) 

Non-obese Mean = 28.4, Obese Mean = 
30.025 

Male Mean = 40.282, Female Mean = 
29.822 

Weight 

57.2–176 kg (Mean = 86.697) 
Non-obese Mean = 82.865, Obese Mean = 

94.093  
Male Mean = 94.72, Female Mean = 76.79 

Mean VFA 

22.9–485.2 (Mean = 139.404) 
Non-obese Mean = 115.192, Obese Mean = 

167.1 
Male Mean = 148.436, Female Mean = 

122.872 

Metabolic Dysfunction n = 15 

High cholesterol or intervention for high cholesterol n = 21 

High blood pressure or intervention for high blood 
pressure  

n = 20 

High Triglycerides or intervention for high 
Triglycerides 

n = 4 

Diabetes  n = 10 

Barrett’s oesophagus  n = 17 

ASA grade (risk-stratifying system to help predict 
preoperative risks) 

Grade 1 n = 3 

Grade 2 n = 15 

Grade 3 n = 10 

Clavien-Dindo classification (grading for adverse 
events which occur as a result of surgical procedures) 

Classification 0   n = 5 
Classification 1   n = 4 
Classification 2   n = 7 
Classification 3   n = 7 
Classification 4   n = 5 
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Treatment 
Naïve   n = 10 
FLOT   n = 14 
CROSS   n = 8 

Tumour Regression Grading (TRG) 

TRG 1   n = 3 (CROSS n = 2, FLOT n = 1) 
TRG 2   n = 3 (CROSS n = 1, FLOT n = 2) 
TRG 3   n = 8 (CROSS n = 3, FLOT n = 5) 
TRG 4   n = 3 (CROSS n = 2, FLOT n = 1) 
TRG 5   n = 3 (CROSS n = 0, FLOT n = 3) 

Clinical Stage (T) 
T1   n = 10 
T2   n = 30 
T3 n = 19 

Clinical Stage (N) 
N0   n = 17 
N1   n = 80 
N2   n = 70 

Path stage (T) 

T0   n = 30 
T1   n = 90 
T2   n = 40 
T3   n = 13 
T4   n = 30 

Path Stage (N) 

 N0    n = 17 
N1   n = 60 
N2   n = 60 
N3   n = 30 

Perineural Invasion n = 9 

Lymph Involvement n = 17 

Vascular Involvement n = 11 

Evidence of Disease n = 10 

 

2.3.2 Clinical Data Collation and Assessment 

Obesity was defined using visceral fat area (VFA) measurements with a cut-off value for VFA of 

163.8 cm2 for males and 80.1 cm2 for females as previously categorised [318]. Metabolic 

dysfunction was defined if a patient had 3 or more of the following criteria: visceral obesity (as 

assessed with the VFA cut-offs mentioned above), previously diagnosed type 2 diabetes or 

impaired fasting glucose, triglycerides ≥1.7 mmol/L or interventional treatment for high 

triglycerides; high-density lipoprotein cholesterol or interventional treatment for low HDL, 

systolic blood pressure ≥130 mmHg and/or diastolic blood pressure ≥85 mmHg or treatment for 

hypertension [318,319]. Previous treatment was classified as a patient receiving either neo-

adjuvant chemotherapy only (FLOT regimen) or chemo-radiotherapy (CROSS regimen), patients 

who received no neo-adjuvant treatment prior to surgery were classified as treatment naïve. 

Histological assessment of resected tumours was conducted by a pathologist, using the 

Mandard tumour regression grade to assess patient’s response to neo-adjuvant treatment; 

therefore, no TRG scoring is available for treatment naïve patients who did not receive 

chemotherapy or chemo-radiotherapy. The clinical data summary is listed in Table 1
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Figure 2.3.1 Schematic of experimental methodology workflow associated with Chapter 2 

Real time metabolic and secreted profiles of adipose explants from OAC or OGJ cancer patients were assessed by Agilent seahorse, MSD multiplex ELISA 

or metabolomic and lipidomic analysis conducted by LC-MS/MS. 
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2.3.3 Seahorse Analysis of Metabolic Profiles from Adipose Tissue Explants and Generation of 

Adipose Conditioned Media (ACM) 

Fresh omental tissue was collected from theatre and processed within 30 min by dissecting it 

into pieces weighing approximately 20 mg. Tissue was plated in triplicates in 1 mL of M199 

(Gibco, Thermofisher, Waltham, Massachusetts, USA) supplemented with 0.1% gentamicin 

(Lonza, Switzerland), in a 24-well plate (Sarstedt, Nümbrecht, Germany). Adipose explants were 

cultured for 24 h at 37 °C and 5% carbon dioxide in a humidified incubator (Thermofisher, MA, 

USA). In the last hour of culture, adipose tissue and ACM were transferred to an islet capture 

microplate with capture screens (Agilent Technologies, Santa Clara, California, USA) and 

incubated in a non-CO2 incubator at 37 °C (Whitley, West Yorkshire, UK) prior to analysis. 

Seahorse Xfe24 analyser was used to assess metabolic profiles in adipose explants (Agilent 

Technologies, CA, USA). Following a 12 min equilibrate step, three basal measurements of OCR 

(Oxygen Consumption Rate) and ECAR (Extracellular Acidification Rate) were taken over 24 min 

consisting of three repeats of the following sequence “mix (3 min)/wait (2 min)/measurement 

(3 min)” to establish basal respiration. Adipose Conditioned Media (ACM) was extracted in a 

sterile environment and tissue was weighed using a benchtop analytical balance (Radwag, 

Radom, Poland) and snap frozen. All samples were then stored at −80 °C for further processing. 

2.3.4 Multiplex ELISA 

The collected Adipose Conditioned Media (ACM) was processed according to MSD (Meso Scale 

Discovery, Rockville, Maryland, USA) multiplex protocol. To assess angiogenic, vascular injury, 

pro-inflammatory, and cytokine and chemokine secretions from ACM, a 54-plex ELISA kit 

separated across seven plates was used (Meso Scale Discovery, Rockville, Maryland, USA). The 

multiplex kit was used to quantify the secretions of CRP, Eotaxin, Eotaxin-3, FGF(basic), Flt-1, 

GM-CSF, ICAM-1, IFN-γ, IL-10, IL-12/IL-23p40, IL-12p70, IL-13, IL-15, IL-16, IL-17A, IL-17A/F, IL-

17B, IL-17C, IL-17D, IL-1RA, IL-1α, IL-1β, IL-2, IL-21, IL-22, IL-23, IL-27, IL-3, IL-31, IL-4, IL-5, IL-6, 

IL-7, IL-8, IL-8 (HA), IL-9, IP-10, MCP-1, MCP-4, MDC, MIP-1α, MIP-1β, MIP-3α, PlGF, SAA, TARC, 

Tie-2, TNF-α, TNF-β, TSLP, VCAM-1, VEGF-A, VEGF-C, and VEGF-D from ACM. All assays were run 

as per the manufacturer’s recommendation, and an overnight supernatant incubation protocol 

was used for all assays except Angiogenesis Panel 1 and Vascular Injury Panel 2, which were run 

according to the same-day protocol. ACM was run undiluted for all assays except Vascular Injury 

Panel 2, where a one-in-four dilution was used, as per previous optimization experiments. 

Assays were run on a MESO QuickPlex SQ 120, and all analyte concentrations were calculated 

using Discovery Workbench software (version 4.0). Secretion data for all factors were 

normalized to adipose post-incubation weight and expressed as pg/mL per gram of adipose 

tissue. 
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2.3.5 Metabolomic and Lipidomic Screening 

10 μl of ACM was analysed using a targeted metabolomic platform and was prepared according 

to the MxP® Quant 500 assay manual (Biocrates Life Sciences, Innsbruck, Austria). Samples were 

dried and derivatised using derivatization solution (5% phenyl isothiocyanate in 

ethanol/water/pyridine (volume ratio 1/1/1)) and incubated for 1 h at room temperature and 

then dried under nitrogen for 1 h. After the addition of 300 μL of 5 mM ammonium acetate in 

methanol, the plate was shaken for 30 min and then centrifuged at 500 g for 2 min, and then 

150 μL of high-performance liquid chromatography (HPLC)-grade water was added for liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Additionally, 10 μL of the 

eluate was diluted with 490 μL of methanol running solvent for flow injection analysis tandem 

mass spectrometry (FIA-MS/MS) analysis. Samples were analysed using the Sciex ExionLC series 

UHPLC system coupled to a Sciex QTRAP 6500+ mass spectrometer. UHPLC columns were 

installed, and mobile phases A and B were 100% water and 95% acetonitrile (both added 0.2% 

formic acid), respectively. In the LC-MS/MS analysis, amino acids (n = 20) and amino acid-related 

(n = 30), bile acids (n = 14), biogenic amines (n = 9), carboxylic acids (7), hormones and related 

(n = 4), indoles and derivatives (n = 4), nucleobases and related (n = 2), fatty acids (n = 12), 

trigonelline, trimethylamine N-oxide, p-Cresol sulphate, and choline were quantified. Lipid 

classes such as lysophosphatidylcholines (n = 14), phosphatidylcholines (n = 76), sphingomyelins 

(n = 15), ceramides (n = 28), dihydroceramides (n = 8), hexosylceramides (n = 19), 

dihexosylceramides (n = 9), trihexosylceramides (n = 6), cholesteryl esters (n = 22), diglycerides 

(n = 44), and triglycerides (n = 242) were quantified using the FIA-MS/MS analysis. Furthermore, 

acylcarnitines (n = 40) and the sum of hexose were also quantified using the FIA-MS/MS analysis. 

The multiple reaction monitoring (MRM) method, which was optimized by Biocrates Life 

Sciences, was applied to identify, and quantify all metabolites. (Experimental work carried out 

by Dr. Xiaofei Yin and Prof. Lorraine Brennan, UCD) 

2.3.6 Statistical Analysis 

All statistics were conducted using GraphPad Prism 9.0 (GraphPad Software, San Diego, 

California, USA). The Mann–Whitney test was used for the continual non-parametric dependent 

variable analysis of data with two groups. For more than two groups, Kruskal–Wallis testing with 

Dunn’s correction was used. Details of specific statistical tests are given in each corresponding 

figure legend. To determine if protein expression levels identified via 54-plex ELISA correlated 

with patient clinical factors, spearman correlations were carried out using R software version 

3.6.2 [320]. Correlations were generated using R package ‘Hmisc’ version 4.4-0 [321]. Graphical 

representations of correlations were generated with the R package ‘corrplot’ version 0.84 [322]. 
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All correlations with an associated p-value < 0.05 were considered statistically significant. The 

Holm–Bonferroni post hoc correction was used to control for multiple comparison testing. 

2.4 Results 

2.4.1 Increased oxidative phosphorylation metabolism and elevated secreted pro-

inflammatory mediators were observed in adipose tissue explants from viscerally 

obese patients 

To assess whether obesity determined using visceral fat area alters metabolic and secreted 

profiles of visceral omental ex vivo explants from obese OAC patients (n = 16) and non-obese 

patients (n = 16), the Agilent Seahorse Xfe24 analyser was used to assess real-time metabolic 

parameters. To further assess the influence of these clinical parameters on this explant model, 

the matched ACM secretome was evaluated using MSD 54 plex ELISA and metabolomic and 

lipidomic profiling. 

Significant increases were observed in OCR and ECAR profiles in visceral adipose explants 

derived from obese oesophageal cancer patients compared with non-obese patients (Figure 

2.4.1). Increased secretions of cytokines Eotaxin-3, IL-17A, IL-17D, IL-3, MCP-1, and MDC and a 

decrease in the secretion of VEGF-D were observed in adipose explants from obese patients 

compared with their non-obese counterparts (Figure 2.4.2). An elevated expression of 

metabolites GABA, Glutamic acid, TG (16:0_35:3), TG(18:2_38:4), and TG(22:5_34:3) was 

observed in the adipose secretome from obese patients whilst Aspartic acid, Glutamine, and PC 

aa C42:6 were observed to be decreased in the adipose secretome of obese patients compared 

with non-obese patients (Figure 2.4.3). Significant correlations observed between the 

experimental data and visceral fat area were visualised using corrplot (Figure 2.4.4), and the 

associated R numbers and p-values are detailed in Table 2.4.1. (* p < 0.05, ** p < 0.01, *** p < 

0.001.) 
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Figure 2.4.1 Altered OCR, ECAR, pro-inflammatory cytokines, and metabolites in adipose 

explants from obese OAC patients compared with non-obese patients. 

(A-C) OCR, ECAR, and OCR:ECAR ratio (Mann–Whitney test). All data expressed as mean ± SEM, 

obese n = 16, non-obese n = 16, * p < 0.05, *** p < 0.001. 
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Figure 2.4.2 Obesity increases secreted levels of mediators associated with immune 

recruitment and Th17 response. 

Eotaxin-3, IL-17A, IL-17D, IL-3, MCP-1, MDC, and VEGF-D (Mann–Whitney test). All data 

expressed as mean ± SEM, obese n = 16, non-obese n = 16, * p < 0.05.  
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Figure 2.4.3 Obesity differential alters key metabolites associated with glutamine 

metabolism.  

A series of metabolites and triacylglycerides were observed to be differentially altered in obese 

adipose tissue from OAC patients including (A-H) Aspartic acid, GABA, Glutamine, Glutaric acid, 

and PC aa C42:6, TG(16:0_35:3), TG(18:2_38:4), and TG(22:5_34:3) (Mann–Whitney test). All 

data expressed as mean ± SEM, obese n = 16, non-obese n = 16, * p < 0.05, ** p < 0.01.  
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Figure 2.4.4 Obesity classified by increased visceral fat area correlates differentially with experimental data compared with BMI and weight 

Correlation plot showing only significant correlations (p < 0.05) between experimental data and visceral obesity (Spearman correlation, blue indicates 

positive correlations and red indicates inverse negative correlations). Holm–Bonferroni post hoc correction was used to control for multiple comparison 

testing. obese n = 16, non-obese n = 16, circle symbol present p < 0.05.  
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Table 2.4.1 Significant correlations associated with visceral obesity and metabolic profiles, 

pro-inflammatory mediators, metabolites, and lipid analysis as illustrated in Figure 2.4.4. 
 Viscerally Obese Weight BMI at Diagnosis 

Factors R number (p value) 
OCR 0.575 (0.001) -0.361 (0.042) -0.376 (0.034) 
ECAR 0.399 (0.024)       

OCR/ECAR Ratio    -0.362 (0.042) -0.359 (0.044) 
IL-15    -0.406 (0.023) -0.418 (0.019) 
IL-17A    -0.370 (0.044)    

IL-17D 0.411 (0.041)       

IL-21       -0.598 (0.011) 
IL-22    -0.478 (0.013) -0.450 (0.021) 
IL-23       -0.547 (0.043) 
IL-3    -0.508 (0.019)    

IL-5    -0.486 (0.022) -0.539 (0.010) 
IL-9       0.574 (0.032) 
MDC 0.381 (0.038)       

sVCAM-1       -0.385 (0.033) 
TNF-β    -0.487 (0.029) -0.486 (0.030) 
Asp -0.403 (0.022)       

Gln 0.379 (0.032)       

Glu -0.393 (0.026)       

HCys       -0.388 (0.028) 
GABA    -0.431 (0.014) -0.552 (0.001) 
Cer(d18:1/23:0) 0.391 (0.027)       

CE(22:5)    -0.383 (0.030)    

DG(14:1_20:2)    -0.461 (0.008) -0.519 (0.002) 
PC aa C42:6 -0.482 (0.005)       

PC ae C36:3    0.378 (0.033)    

Hex2Cer(d18:1/14:0)    -0.378 (0.033)    

SM (OH) C16:1    0.389 (0.028)    

H1 -0.359 (0.044)       

TG(14:0_36:2) 0.370 (0.037)       

TG(16:0_30:2)       0.383 (0.031) 
TG(16:0_34:2)    0.398 (0.024)    

TG(16:0_35:3) 0.350 (0.049)       

TG(16:0_36:4)    0.356 (0.046)    

TG(16:0_38:3)    0.375 (0.034)    

TG(16:0_38:7) 0.467 (0.007) -0.409 (0.020) -0.374 (0.035) 
TG(16:1_34:1)    0.362 (0.042)    

TG(16:1_36:2)    0.412 (0.019)    

TG(16:1_36:3)    0.415 (0.018)    

TG(18:1_34:2)    0.351 (0.049)    

TG(18:1_35:3)    0.494 (0.004)    

TG(18:2_34:2)    0.383 (0.030)    

TG(18:2_35:1)    0.357 (0.045)    

TG(18:2_35:2) 0.389 (0.028)       

TG(18:2_38:4) 0.357 (0.045)       

TG(20:2_34:4)       -0.392 (0.027) 
TG(22:5_34:3) 0.352 (0.048)       
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2.4.2 Adipose Explants Derived from OAC Patients with Metabolic Dysfunction Show 

Increased Oxidative Phosphorylation Associated Metabolism and Secreted Pro-

inflammatory Mediators 

Aberrant biological mechanisms such as obesity, diabetes, high triacylglycerides, high 

cholesterol, and high blood pressure have all been identified as contributors to the development 

of metabolic syndrome, a pro-inflammatory condition that aids cancer progression[27]. In this 

study, to assess the influence of metabolic dysfunction, on visceral adipose explants from 

metabolically healthy (n = 17) and metabolically dysfunctional (n = 15) OAC patients, four 

profiling assays looking at metabolism, secreted pro-inflammatory mediators, and 

lipid/metabolite profiles were used. 

 

In adipose explants derived from patients with clinically annotated metabolic dysfunction, 

significant increases in OCR (p = 0.0486) and the OCR/ECAR ratio were identified in metabolic 

profiles compared with metabolically healthy patients (Figure 2.4.5). Furthermore, significant 

increases in secreted cytokines including IL-5, IL-7, SAA, and VEGF-C were detected in 

metabolically unhealthy patients compared with metabolically healthy patients (Figure 2.4.6). 

The following metabolites were also identified to be significantly elevated in the adipose 

secretome of patients with metabolic dysfunction: C0, Glycine, Histidine, Phenylalanine, 

Tryptophan, Asymmetric dimethylarginine, Homocysteine, Hypoxanthine, Taurine, beta-Ala, 

CE(22:5), and PC aa C38:4 (Figure 2.4.7). Following the lipidomic analysis, triglycerides including 

TG(16:0_35:3), TG(18:0_34:3), TG(18:1_33:3), TG(18:2_38:4), TG(20:2_36:5), TG(20:4_33:2), 

TG(20:4_34:0), and TG(20:4_36:5) were also seen to be elevated in the adipose secretome of 

OAC patients with metabolic dysfunction compared with patients who were metabolically 

healthy (Figure 2.4.7-8). Significant correlations were also observed between the experimental 

data with metabolic dysfunction, Barrett’s oesophagus, smoking history, the ASA grade, and the 

Clavien–Dindo grade, which were visualised using corrplot (Figure 2.4.9), and the associated R 

numbers and p-values are detailed in Table 2.4.2. (* p < 0.05, ** p < 0.01, *** p < 0.001.) 
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Figure 2.4.5 Adipose explants from OAC patients with metabolic dysfunction show increased 

OCR profiles and enhanced reliance on oxidative phosphorylation over glycolysis  

(A-C) OCR, ECAR, and OCR:ECAR ratio profiles of adipose tissue explants from metabolically 

dysfunctional (MD) and metabolically healthy (MH) OAC patients (Mann–Whitney test). All data 

expressed as mean ± SEM, metabolic dysfunction n = 15, metabolically healthy n = 17, * p < 0.05.  
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Figure 2.4.6 Increased secreted levels of IL-7 a contributor to glucose and insulin resistance is 

observed in OAC patients with metabolic dysfunction  

(A-D) Secreted levels of IL-5, IL-7, SAA, and VEGF-C in the adipose secretome of metabolically 

dysfunctional (MD) and metabolically healthy (MH) OAC patients (Mann–Whitney test). (All data 

expressed as mean ± SEM, metabolic syndrome n = 15, metabolically healthy n = 17, * p < 0.05. 
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Figure 2.4.7 Adipose explants from OAC patients with metabolic dysfunction have increased 

secreted levels of metabolites associated with a series of metabolic diseases  

(A-L) Secreted levels of Asymmetric dimethylarginine, beta-Ala, CE(22:5), C0, Glycine, Histidine, 

Homocysteine, Hypoxanthine, PC aa C38:4, Phenylalanine, Taurine, and Tryptophan in the 

adipose secretome of metabolically dysfunctional (MD) and metabolically healthy (MH) OAC 

patients (Mann–Whitney test). All data expressed as mean ± SEM, metabolic syndrome n = 15, 

metabolically healthy n = 17, * p < 0.05, ** p < 0.01. 
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Figure 2.4.8 Adipose explants from OAC patients with metabolic dysfunction have increased 

secreted levels of triacylglycerides 

Secreted levels of TG(16:0_35:3), TG(18:0_34:3), TG(18:1_33:3), TG(18:2_38:4), TG(20:2_36:5), 

TG(20:4_33:2), TG(20:4_34:0), and TG(20:4_36:5) in the adipose secretome of metabolically 

dysfunctional (MD) and metabolically healthy (MH) OAC patients (Mann–Whitney test). All data 

expressed as mean ± SEM, metabolic syndrome n = 15, metabolically healthy n = 17, * p < 0.05, 

** p < 0.01, *** p < 0.001. 

MH MD
0.00

0.05

0.10

0.15

0.20

TG(16:0_35:3)

C
o

n
c
e
n

tr
a
ti

o
n

 (
u

M
)

✱

MH MD
0.0

0.1

0.2

0.3

0.4

TG(18:0_34:3)

C
o

n
c
e
n

tr
a
ti

o
n

 (
u

M
)

✱✱

MH MD
0.00

0.05

0.10

0.15

TG(18:1_33:3)

C
o

n
c
e
n

tr
a
ti

o
n

 (
u

M
)

✱✱✱

MH MD
0.00

0.05

0.10

0.15

TG(18:2_38:4)

C
o

n
c
e
n

tr
a
ti

o
n

 (
u

M
)

✱✱

MH MD
0.00

0.01

0.02

0.03

0.04

0.05

TG(20:2_36:5)

C
o

n
c
e
n

tr
a
ti

o
n

 (
u

M
)

✱

MH MD
0.00

0.05

0.10

0.15

TG(20:4_33:2)

C
o

n
c
e
n

tr
a
ti

o
n

 (
u

M
)

✱

MH MD
0.00

0.05

0.10

0.15

TG(20:4_34:0)

C
o

n
c
e
n

tr
a
ti

o
n

 (
u

M
)

✱

MH MD
0.00

0.02

0.04

0.06

0.08

0.10

TG(20:4_36:5)

C
o

n
c
e
n

tr
a
ti

o
n

 (
u

M
)

✱

A)

C)

E)

G)

B)

D)

F)

H)



73 

 

 

Figure 2.4.9 Metabolic dysfunction positively correlates with a series of metabolites whilst the previous history of Barrett’s oesophagus correlated 

with decreased inflammatory proteins and mediators of immune cell recruitment. 

Correlation plot showing only significant correlations (p < 0.05) between experimental data and metabolic syndrome, Barrett’s oesophagus, smoking 

history, ASA grade, and Clavien–Dindo grade (Spearman correlation, blue indicates positive correlations and red indicates inverse negative correlations). 

The Holm–Bonferroni post hoc correction was used to control for multiple comparison testing. All data expressed as mean ± SEM, metabolic syndrome 

n = 15, metabolically healthy n = 17, circle present p < 0.05.
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Table 2.4.2 Significant correlations associated with Figure 2.4.9 between experimental data 

and factors associated with metabolic dysfunction and systemic disease. 

 Metabolic 
Dysfunction 

Barrett's 
Oesophagus 

Smoking 
History 

ASA grade 
Clavien-

Dindo Grade 

Factors R number (p value) 

Flt-1         0.448 (0.019) 

GM-CSF   -0.44 (0.028)       

IFN-γ   -0.5 (0.025)       

IL-16         0.436 (0.023) 

IL-1α   -0.506 (0.016)       

IL-22 0.436 (0.026)         

IL-6         0.394 (0.042) 

MIP-1α   -0.485 (0.022)       

PIGF         0.501 (0.008) 

Tie-2       0.525 (0.037)   

TSLP   -0.404 (0.045)       

VEGF-A         0.382 (0.049) 

VEGF-D         0.475 (0.022) 

Gly 0.383 (0.03)         

His 0.414 (0.018)         

Phe 0.4 (0.023)         

Trp 0.363 (0.041)         

HCys 0.424 (0.016)         

GUDCA 0.418 (0.017)         

beta-Ala 0.421 (0.017)         

Cer(d18:1/23:0)   -0.422 (0.032) -0.376 (0.037)     

DG(18:3_18:3)   -0.39 (0.049)       

Cer(d18:0/24:0) 0.379 (0.032)         

PC aa C38:3         0.4 (0.035) 

PC aa C40:3   -0.434 (0.027)       

PC ae C34:1 0.469 (0.007)         

Hex3Cer(d18:1/24:1)       -0.409 (0.038)   

HexCer(d18:1/ 18:0) 0.392 (0.026)         

TG(16:0_38:6) 0.434 (0.013)   0.433 (0.015)     

TG(16:0_40:6)       -0.418 (0.034)   

TG(16:1_32:0)   -0.4 (0.043)       

TG(16:1_36:4)       -0.434 (0.027)   

TG(17:1_36:3) 0.429 (0.014)         

TG(18:0_38:6) 0.382 (0.031)         

TG(18:2_32:2)         -0.46 (0.014) 

TG(18:2_38:4) 0.46 (0.008)         

TG(18:3_35:2) 0.481 (0.005)         

TG(20:3_34:0)   -0.418 (0.034)       

TG(20:4_33:2)       -0.45 (0.021)   

TG(20:4_36:3)     -0.545 (0.002)     

TG(22:6_34:3)     -0.419 (0.019)   -0.377 (0.048) 
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2.4.3 Adipose Explants from Patients Receiving the FLOT Chemotherapy Regimen Showed 

Increased Oxidative Phosphorylation and Pro-inflammatory Mediators and 

Decreased Triacylglycerides 

Patients were classified as treatment naïve if they had received no treatment prior to surgical 

intervention (n = 10), FLOT if they had received neo-adjuvant chemotherapy only regimen FLOT 

(n = 14), or CROSS if they received neo-adjuvant chemo-radiotherapy regimen CROSS (=8). The 

four experimental assays looking at metabolism, secreted pro-inflammatory mediators, and 

lipid/metabolite profiles were utilised to identify whether any associations were observed 

between previous treatment exposure and adipose tissue functionality. 

Increased OCR metabolic profiles were observed in adipose explants derived from patients who 

had previously been treated with the FLOT chemotherapy regimen compared with patients who 

did not have neo-adjuvant treatment (Figure 2.4.10). Increased secretion of cytokines IL-12p40, 

IL-1α, IL-22, and TNF-β were observed in the adipose secretome of patients previously treated 

with FLOT compared with patients who were treatment-naïve. Decreased secretion of cytokines 

IL-7 and VEGF-C were observed in the adipose explants from patients who had received neo-

adjuvant chemo-radiotherapy regimen CROSS compared with FLOT (Figure 2.4.11).  

Metabolites including Cer(d16:1/22:0), SM (OH) C22:1, TG(16:0_34:3), TG(16:0_40:6), 

TG(16:1_34:1), TG(16:1_36:4), and TG(18:0_36:3) were significantly decreased in the secretome 

of the adipose explants derived from patients who had previously been treated with the FLOT 

regimen compared with treatment-naïve patients. Significant decreases were observed in 

metabolites p-Cresol-SO4, Hex3Cer(d18:1/24:1), and TG(20:2_34:4) whilst metabolite 

TG(16:1_36:5) was significantly increased in the adipose secretome of patients who had 

previously received the CROSS regimen compared with patients who were treatment-naïve.  

Metabolites GUDCA, Hex2Cer(d18:1/14:0), and TG(20:2_34:4) were all observed to be 

decreased and metabolites DCA, TG(14:0_36:2), TG(16:0_33:2), TG(16:0_30:2), TG(18:0_36:3), 

and TG(18:2_35:2), TG(18:3_32:1) were observed as increased in the adipose secretome of 

patients who received the chemo-radiotherapy CROSS regimen compared with patients who 

received the chemotherapy only FLOT regimen. In particular, the metabolite TG(18:0_36:3) was 

decreased in the adipose secretome of patients receiving the FLOT regimen compared with both 

the treatment-naïve patients and patients receiving the CROSS regimen whilst metabolite 

TG(20:2_34:4) was decreased in the adipose secretome of patients receiving the CROSS regimen 

compared with both treatment-naïve patients and patients receiving the FLOT regimen (Figure 

2.4.11-12).  
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Significant correlations observed between the experimental data with neo-adjuvant treatment, 

chemotherapy only, chemoradiotherapy, tumour differentiation, lymph involvement, venous 

involvement, and perineural involvement were visualised using corrplot (Figure 2.4.13), and the 

associated R numbers and p-values are detailed in Table 2.4.3 and Table 2.4.4. 
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Figure 2.4.10 Adipose explants from OAC patients who had received chemotherapy regimen 

FLOT showed increased OCR profiles compared with treatment naïve patients. 

(A-C) OCR, ECAR, and OCR:ECAR ratio profiles of adipose tissue explants from OAC patients who 

were treatment naïve (N), received chemotherapy regimen FLOT (F), or chemoradiotherapy 

regimen CROSS (C) (Kruskal–Wallis with Dunn’s correction). All data expressed as mean ± SEM, 

Naïve n = 10, FLOT n = 14, CROSS n = 8, * p < 0.05. 



78 

 

N F C
0

500

1000

1500

2000

IL-12p40

p
g

/m
l 
p

e
r 

g
 o

f 
a
d

ip
o

s
e

✱

N F C
0

500

1000

1500

2000

2500

IL-1a

p
g

/m
l 
p

e
r 

g
 o

f 
a
d

ip
o

s
e

✱

N F C
0

100

200

300

400

IL-22

p
g

/m
l 
p

e
r 

g
 o

f 
a
d

ip
o

s
e

✱

N F C
0

50

100

150

IL-7

p
g

/m
l 
p

e
r 

g
 o

f 
a
d

ip
o

s
e

✱✱

N F C
0

50

100

150

200

250

TNF-B

p
g

/m
l 
p

e
r 

g
 o

f 
a
d

ip
o

s
e

✱

N F C
0

2000

4000

6000

8000

10000

VEGF-C

p
g

/m
l 
p

e
r 

g
 o

f 
a
d

ip
o

s
e

✱

B)

C) D)

E)

A)

F)

 

Figure 2.4.11 Increased secreted levels of pro-inflammatory and pro-angiogenic mediators 

are observed in the adipose secretome of patients who received FLOT chemotherapy. 

(A-F) Secreted levels of IL-12p40, IL-1α, IL-7, IL-22, TNF-β, and VEGF-C from the secretome of 

adipose tissue explants from OAC patients who were treatment naïve (N), received 

chemotherapy regimen FLOT (F), or chemoradiotherapy regimen CROSS (C) (Kruskal–Wallis with 

Dunn’s correction). (B) (Kruskal–Wallis with Dunn’s correction). All data expressed as mean ± 

SEM, Naïve n = 10, FLOT n = 14, CROSS n = 8, * p < 0.05, ** p <0.001. 
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Figure 2.4.12 Decreased levels of hexosylceramides were observed in the adipose secretome 

of OAC patients who had received CROSS chemoradiotherapy. 

(A-G) Secreted levels of Cer(d16:1/22:0), DCA, GUDCA, Hex2Cer(d18:1/14:0), 

Hex3Cer(d18:1/24:1, p-Cresol-SO4, and SM (OH) C22:1 from the secretome of adipose tissue 

explants from OAC patients who were treatment naïve (N), received chemotherapy regimen 

FLOT (F), or chemoradiotherapy regimen CROSS (C)  (Kruskal–Wallis with Dunn’s correction). All 

data expressed as mean ± SEM, Naïve n = 10, FLOT n = 14, CROSS n = 8, * p < 0.05, ** p <0.001. 
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Figure 2.4.13 Increased levels of short chain triacylglycerides were observed in the adipose 

secretome of OAC patients who had received CROSS chemoradiotherapy. 

(A-L) Secreted levels of TG(14:0_36:2), and TG(16:0_33:2), TG(16:0_30:2) ), TG(16:0_34:3), 

TG(16:0_40:6), TG(16:1_34:1), TG(16:1_36:4), TG(16:1_36:5), TG(18:0_36:3), TG(18:2_35:2), 

TG(18:3_32:1), and TG(20:2_34:4 from the secretome of adipose tissue explants from OAC 

patients who were treatment naïve (N), received chemotherapy regimen FLOT (F), or 

chemoradiotherapy regimen CROSS (C)  (Kruskal–Wallis with Dunn’s correction). All data 

expressed as mean ± SEM, Naïve n = 10, FLOT n = 14, CROSS n = 8, * p < 0.05, ** p <0.001. 
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Figure 2.4.14 Therapy regimen differentially correlates with bile acid levels in the adipose secretome, and increased lactate correlates with 

increased lymphatic invasion.  

Correlation plot showing only significant correlations (p < 0.05) between experimental data and with neo-adjuvant treatment, chemotherapy only, 

chemo-radiotherapy differentiation, lymph involvement, venous involvement, and perineural involvement (Spearman correlation, blue indicates 

positive correlations and red indicates inverse negative correlations). The Holm–Bonferroni post hoc correction was used to control for multiple 

comparison testing. All data expressed as mean ± SEM, Naïve n = 10, FLOT n = 14, CROSS = 8, circle present p < 0.05. 
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Table 2.4.3 Significant correlations associated with Figure 2.4.15 between experimental data 

and factors associated with metabolic dysfunction and systemic disease. 

  
Neo-adjuvant 

treatment 
Chemotherapy only Chemoradiotherapy 

Factors R number (p value) 

IL-12p40     0.536 (0.006)     

IL-22     0.433 (0.034)     

IL-31     0.659 (0.004)     

IL-7     0.383 (0.049)     

sICAM-1     0.381 (0.041)     

sVCAM-1     0.39 (0.037)     

DCA     -0.387 (0.034) 0.455 (0.012) 

GUDCA     0.366 (0.047) -0.364 (0.048) 

Cer(d16:1/22:0) -0.391 (0.033)         

Cer(d18:1/23:0)     -0.376 (0.04)     

DG(18:1_20:1) 0.393 (0.032)         

PC aa C34:3     -0.387 (0.035)     

PC aa C42:1 0.437 (0.016) 0.453 (0.012)     

SM (OH) C16:1     -0.412 (0.024) 0.446 (0.013) 

SM (OH) C22:1 -0.386 (0.035) -0.432 (0.017)     

TG(14:0_36:2)     -0.499 (0.005) 0.48 (0.007) 

TG(16:0_30:2)     -0.483 (0.007)     

TG(16:0_34:2)     -0.397 (0.03)     

TG(16:0_34:3)     -0.472 (0.008)     

TG(16:0_36:3)     -0.403 (0.027)     

TG(16:1_32:0)     -0.395 (0.031)     

TG(16:1_34:1) -0.423 (0.02) -0.459 (0.011)     

TG(16:1_34:2) -0.375 (0.041) -0.459 (0.011)     

TG(16:1_36:4)     -0.388 (0.034)     

TG(16:1_36:5)         0.465 (0.01) 

TG(18:0_36:3)     -0.491 (0.006)     

TG(18:1_32:1)     -0.494 (0.006)     

TG(18:1_32:3)         0.432 (0.017) 

TG(18:2_32:1)     -0.432 (0.017)     

TG(18:3_32:1)     -0.606 (0.0003) 0.527 (0.003) 

TG(20:2_34:4)         -0.484 (0.007) 

TG(20:4_36:3)         0.423 (0.02) 

TG(22:5_34:3)         0.395 (0.031) 
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Table 2.4.4 Significant correlations associated with Figure 2.4.15 for clinical correlations with 

differentiation, lymph involvement, venous involvement and perineural involvement. 

  Differentiation 
Lymph 

Involvement 
Venous 

Involvement 
Perineural 

Involvement 

Factors R number (p value) 

OCR      0.641 (0.001)         

IL-3     0.677 (0.004)         

IL-5     0.598 (0.011)         

PIGF             -0.558 (0.013) 

SAA             -0.462 (0.047) 

Tie-2             -0.806 (0.0001) 

VEGF-D             -0.553 (0.021) 

ADMA         0.422 (0.018)     

Orn         0.366 (0.043)     

Putrescine -0.371 (0.047)             

Lac     0.521 (0.013)         

Cer(d16:1/22:0)     -0.728 (0.0001)         

Cer(d16:1/24:0)         0.422 (0.018)     

Cer(d18:2/24:0)             -0.551 (0.014) 

DG(16:1_18:2)     -0.44 (0.04)         

lysoPC a C18:0             -0.521 (0.022) 

PC aa C34:3 -0.391 (0.036)             

Hex2Cer(d18:1/14:0)     0.501 (0.018)         

HexCer(d18:1/18:1)             -0.562 (0.012) 

Hypoxanthine         0.392 (0.029)     

TG(16:0_33:2) -0.473 (0.01)             

TG(16:0_38:3)     -0.592 (0.004)         

TG(16:0_38:7) -0.374 (0.046)             

TG(16:0_40:6)     -0.588 (0.004)         

TG(16:0_40:7)             -0.66 (0.002) 

TG(16:1_34:2) -0.38 (0.042)             

TG(16:1_36:1) -0.425 (0.022)             

TG(16:1_36:2)     -0.436 (0.043)         

TG(16:1_36:5)             0.47 (0.042) 

TG(17:1_36:3)     -0.431 (0.045)         

TG(18:1_33:3)             0.489 (0.034) 

TG(18:1_35:3)     -0.47 (0.027)         

TG(18:3_34:1)     -0.535 (0.01)         

TG(20:4_34:2)     -0.452 (0.035)         

TG(20:4_36:5) -0.55 (0.002) 0.49 (0.02)         

TG(22:6_32:0) -0.592 (0.001)             
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2.4.4 Increased ECAR and Altered Metabolites Are Observed in Adipose Explants from OAC 

Patients with Increasing Tumour Regression Grades 

Tumour regression grading was used to assess patients’ response to treatment received; 

therefore, experimental data within this section only relates to patients who received neo-

adjuvant treatment prior to surgery, and patients who did not receive treatment prior to surgery 

were excluded from this analysis. TRG 1–2 (n = 6) indicates patients who had a complete or good 

response to therapy, patients with TRG 3 (n = 8) showed an intermediate response, and patients 

with TRG 4–5 (n = 6) had a poor response. The association of this staging with adipose explant 

metabolism and secretome was assessed using the four profiling assays looking at metabolism, 

secreted pro-inflammatory mediators, and lipid/metabolite profiles. 

Significantly increased ECAR profiles were observed in the secretome of adipose explants 

derived from patients with TRG scoring of 4–5 compared with patients with TRG scorings of 1–

2 (Figure 2.4.16). A decreased expression of metabolites Cer(d18:1/23:0), PC aa C36:1, PC aa 

C40:3, PC ae C34:2, HexCer(d18:1/18:0), TG(17:1_36:3), and TG(18:1_33:3) and an increased 

expression of DG(18:1_20:1) (p = 0.0393) were observed in the adipose secretome from patients 

with a TRG of 3 compared with patients with TRG scorings of 1–2. A decreased expression of 

metabolites Cer(d18:1/23:0), TG(17:0_36:4), and TG(22:6_34:3) and an increased expression of 

TG(18:0_38:6) were observed in the secretome of adipose explants derived from patients with 

a TRG of 4–5 compared with patients with TRG scorings of 1–2. A significant decrease was 

observed in metabolites Cer(d16:1/23:0), PC aa C36:1, PC aa C40:3, PC ae C40:2, PC ae C44:5, 

Hex2Cer(d18:1/22:0), TG(17:1_36:3), TG(18:0_38:6), TG(20:3_34:3), and TG(20:4_36:5) and a 

significant increase in triglyceride TG(20:4_36:3) were observed in the adipose secretome of 

patients with a TRG of 3 compared with patients with a TRG of 4–5. It is of note, metabolite 

Cer(d18:1/23:0) was decreased in the adipose secretome of patients with a TRG score of 3 and 

TRG of 4–5 compared with patients who had a TRG of 1–2. A decreased expression was also 

observed in TG(18:0_38:6) in the secretome of adipose explants derived from patients with a 

TRG of 1–2 and a TRG of 3 compared with patients who possessed a TRG score of 4–5. It was 

also identified that metabolites including PC aa C36:1, PC aa C40:3 and TG(17:1_36:3) had 

increased expression in the adipose secretome of patients with TRGs of 1–2 and 4–5, 

respectively, compared with patients with a TRG scoring of 3 (Figure 2.4.17-18). Significant 

correlations observed between experimental data with tumour regression grade, clinical 

tumour stage, clinical nodal stage, pathological tumour stage, pathological nodal stage, and no 

evidence of disease were visualised using corrplot (Figure 2.4.19), and the associated R numbers 

and p-values are detailed in Tables 2.4.5 and 2.4.6. 
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Figure 2.4.15 Increased ECAR profiles are observed in adipose explants from OAC patients 

with increasing tumour regression grades 

(A-C) OCR, ECAR, and OCR:ECAR ratio profiles of adipose explants from OAC patients who 

showed TRG 1-2 (good response), TRG 3, (partial response) and TRG 4-5 (poor response) to 

chemotherapy regimen FLOT or chemoradiotherapy regimen CROSS (Kruskal–Wallis with 

Dunn’s correction). All data expressed as mean ± SEM, TRG 1–2 n = 6, TRG 3 n = 8, TRG 4–5 n = 

6, * p < 0.05. Blue symbols identify patients who received neo-adjuvant chemotherapy (FLOT) 

and red symbols identify patients who received neo-adjuvant chemo-radiotherapy (CROSS). 
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Figure 2.4.16 The adipose secretome of patients with partial response neo-adjuvant 

therapies exhibited decreased secreted levels of ceramide and phosphatidylcholine 

metabolites  

(A-I) Secreted levels of metabolites including Cer(d16:1/23:0), Cer(d18:1/23:0), 

Hex2Cer(d18:1/22:0), HexCer(d18:1/18:0), PC ae C34:2, PC aa C36:1, PC ae C40:2, PC aa C40:3, 

and PC ae C44:5 were differentially altered in the adipose explants of OAC patients who with 

TRG 1-2 (good response), TRG 3, (partial response) and TRG 4-5 (poor response) to 

chemotherapy regimen FLOT or chemoradiotherapy regimen CROSS (Kruskal–Wallis with 

Dunn’s correction). All data expressed as mean ± SEM, TRG 1–2 n = 6, TRG 3 n = 8, TRG 4–5 n = 

6, * p < 0.05. Blue symbols identify patients who received neo-adjuvant chemotherapy (FLOT) 

and red symbols identify patients who received neo-adjuvant chemo-radiotherapy (CROSS). 
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Figure 2.4.17 The adipose secretome of patients with good and poor response to neo-

adjuvant therapies exhibited differential secreted levels of triacylglycerides  

(A-I) Secreted levels of triacylglycerides including DG(18:1_20:1), TG(17:0_36:4), TG(17:1_36:3), 

TG(18:0_38:6), TG(18:1_33:3), TG(20:3_34:3), TG(20:4_36:3), TG(20:4_36:5), and 

TG(22:6_34:3) were differentially altered in the adipose explants of OAC patients who with TRG 

1-2 (good response), TRG 3, (partial response) and TRG 4-5 (poor response) to chemotherapy 

regimen FLOT or chemoradiotherapy regimen CROSS (Kruskal–Wallis with Dunn’s correction). 

All data expressed as mean ± SEM, TRG 1–2 n = 6, TRG 3 n = 8, TRG 4–5 n = 6, * p < 0.05, ** p < 

0.01. Blue symbols identify patients who received neo-adjuvant chemotherapy (FLOT) and red 

symbols identify patients who received neo-adjuvant chemo-radiotherapy (CROSS). 
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Figure 2.4.18 Increased secreted levels of pro-inflammatory mediators in the adipose secretome correlated with increased evidence of 

pathological nodal invasion  

Correlation plot showing only significant correlations (p < 0.05) between experimental data and tumour regression grade, clinical tumour stage, clinical 

nodal stage, pathological tumour stage, pathological nodal stage, and no evidence of disease (Spearman correlation, blue indicates positive correlations 

and red indicates inverse negative correlations). The Holm–Bonferroni post hoc correction was used to control for multiple comparison testing. All data 

expressed as mean ± SEM, TRG 1–2 n = 6, TRG 3 n = 8, TRG 4–5 n = 6, circle present p < 0.05. Blue symbols identify patients who received neo-adjuvant 

chemotherapy (FLOT) and red symbols identify patients who received neo-adjuvant chemo-radiotherapy (CROSS). 



Table 2.4.5 Significant correlations associated with Figure 2.4.18 for clinical correlations with 

tumour regression grade, clinical tumour stage and clinical nodal stage 

  
Tumour Regression 

Grade 
Clinical Tumour 

Stage 
Clinical Nodal Stage 

Factors R number (p value) 

IL-12p40 0.544 (0.02)         

IL-17D         -0.548 (0.004) 

IL-1α 0.435 (0.049)         

IL-22         0.521 (0.006) 

IL-5 0.639 (0.006)     0.434 (0.043) 

Ala 0.417 (0.048)         

Lys 0.436 (0.037)         

Tyr 0.452 (0.03)         

Cer(d16:1/23:0) -0.439 (0.036)         

Cer(d18:1/23:0) 0.516 (0.012)         

DG(18:0_20:4) 0.455 (0.029)     0.403 (0.022) 

DG(18:3_18:3)     0.411 (0.02) 0.37 (0.037) 

PC aa C40:3     0.424 (0.016)     

Hex2Cer(d18:1/24:0) -0.491 (0.017)         

TG(14:0_38:5)     -0.353 (0.047)     

TG(16:0_35:3) 0.496 (0.016)     0.371 (0.037) 

TG(18:2_35:3) 0.617 (0.002)         

TG(18:3_34:0)         0.37 (0.037) 

TG(20:0_32:3)         0.396 (0.025) 

TG(20:4_36:3) 0.511 (0.013)         

TG(22:6_34:3)     0.351 (0.049)     
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Table 2.4.6 Significant correlations associated with Figure 2.4.18 for clinical correlations with 

pathological tumour stage, pathological nodal stage, and no evidence of disease. 

  
Pathological Tumour  

Stage  
Pathological Nodal  

Stage  
No evidence of 

disease  

Factors R number (p value) 

Eotaxin     0.37 (0.04)     

GM-CSF     0.491 (0.005)     

IL-15     0.476 (0.007)     

IL-1RA     0.578 (0.001)     

IL-1α     0.64 (0.0003)     

IL-1β     0.364 (0.044)     

IL-22     0.482 (0.013)     

IL-23 0.695 (0.006)         

IL-3     0.425 (0.049)     

IL-5 0.449 (0.036) 0.605 (0.003)     

IP-10     0.486 (0.006)     

MCP-1     0.384 (0.033)     

MIP-1α     0.423 (0.025)     

MIP-1β     0.42 (0.019)     

PIGF         -0.447 (0.012) 

sICAM-1     0.381 (0.035)     

sVCAM-1     0.4 (0.026)     

TNF-α     0.382 (0.034)     

Kynurenine     0.376 (0.034)     

Met-SO     0.46 (0.008)     

Lac 0.358 (0.045)         

Cer(d16:1/22:0)         -0.409 (0.02) 

Cer(d18:1/16:0)         -0.371 (0.037) 

Cer(d18:1/23:0) 0.372 (0.036)         

Cer(d18:1/24:1)         -0.436 (0.013) 

DG(16:1_18:2) -0.372 (0.036)         

DG(18:0_20:4)     0.384 (0.03)     

lysoPC a C18:0 0.365 (0.04)         

PC aa C32:0         -0.402 (0.023) 

PC aa C34:1         -0.467 (0.007) 

PC aa C36:4         -0.398 (0.024) 

PC ae C32:1         -0.405 (0.022) 

PC ae C34:2     -0.351 (0.049)     

Hex2Cer(d18:1/14:0)     0.362 (0.042)     

SM C24:1         -0.385 (0.029) 

TG(14:0_38:5)         -0.438 (0.012) 

TG(16:0_38:6) -0.378 (0.033)         

TG(16:0_38:7)         -0.359 (0.044) 

TG(16:0_40:6)         -0.388 (0.028) 

TG(18:1_38:5)         -0.354 (0.047) 

TG(18:1_38:6)     -0.368 (0.038)     
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2.5 Summary of main findings 

− Visceral adipose explants from obese OAC patients had significantly elevated oxidative 

phosphorylation metabolism profiles and an increase in Eotaxin-3, IL-17A, IL-17D, IL-3, 

MCP-1, and MDC and altered secretions of glutamine associated metabolites compared 

to visceral fat from non-obese patients.  

− Adipose explants from patients with metabolic dysfunction correlated with increased 

oxidative phosphorylation metabolism, and increases in IL-5, IL-7, SAA, VEGF-C, 

triacylglycerides, and metabolites compared with metabolically healthy patients.  

− Adipose explants generated from patients who had previously received neo-adjuvant 

chemotherapy showed elevated secretions of pro-inflammatory mediators, IL-12p40, 

IL-1α, IL-22, and TNF-β and a decreased expression of triacylglycerides. Furthermore, 

decreased secreted levels of triacylglycerides were also observed in the adipose 

secretome of patients who received the chemotherapy-only regimen FLOT compared 

with patients who received no neo-adjuvant treatment or chemo-radiotherapy regimen 

CROSS.  

− For those patients who showed the poorest response to currently available treatments, 

their adipose tissue was associated with higher glycolytic metabolism compared to 

patients who had good treatment responses. 
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2.6 Discussion 

This study for the first time has conducted a detailed assessment of adipose tissue metabolism, 

as well as adipose secreted pro-inflammatory, metabolite and lipid profiles and determined 

whether these profiles correlate with significant clinical parameters in OAC patients including 

obesity, metabolic dysfunction, previous treatment exposure and tumour regression grades. 

Recent literature has identified an elevated reliance of certain subtypes of cancers on oxidative 

phosphorylation rather than glycolysis [320]. Previous research from our group has shown an 

increased reliance on oxidative phosphorylation correlating with enhanced radioresistance in 

oesophageal cancer cells [53]. In this study, elevated OCR and ECAR metabolic profiles have been 

observed in adipose explants from obese OAC patients compared with their non-obese 

counterparts, indicating higher metabolic rates with increasing visceral adiposity. Previous work 

conducted in mouse models, has shown that diminished oxidative phosphorylation function 

ameliorated obesity in mice on high-fat diets disrupting weight gain and improving glucose 

tolerance [321]. This study further shows that elevated OCR and OCR/ECAR ratio profiles were 

observed in patients classified with metabolic dysfunction compared with metabolically healthy 

patients. Previously, increased mitochondrial respiration was observed in adipocytes of 

metabolically unhealthy patients compared with metabolically healthy patients [315]. This shift 

towards utilisation of oxidative phosphorylation pathways within adipose tissue of obese and 

metabolically unhealthy individuals may provide insight into aberrant mitochondrial functioning 

that promotes pro-tumorigenic signalling. In addition to this, an elevated utilisation of oxidative 

phosphorylation pathways was also observed in adipose tissue from our patients who received 

FLOT chemotherapy treatment compared with treatment naïve patients Previous research has 

shown that treatment with 5-FU and oxaliplatin upregulated genes associated with oxidative 

phosphorylation in mouse models [322]. This may be further augmented by elevated oxidative 

phosphorylation in adipose tissue sequestering chemotherapy within adipose tissue [99], which 

may hinder chemotherapy efficacy. Additionally, increased reliance on glycolysis was observed 

in adipose explants of our patients with increasing TRGs (poor response), Research has 

previously indicated that cancer cells co-cultured with adipose stromal cells upregulate 

glycolysis and mediated chemoresistance, which may indicate why elevated ECAR is observed 

only in adipose explants of patients who had the poorest response to chemotherapy [163].  

The secretome of adipose tissue comprises many pro-tumorigenic cytokines that are primed to 

aid cancer cell growth and survival [231]. Pro-inflammatory cytokines and metabolism are 

interlinked and essential in regulating adipocyte function and lipid metabolism particularly in 

metabolic diseases [323]. Eotaxin-3, an adipose associated cytokine was observed as being 

elevated with obesity in this study.  Eotaxin-3 has been correlated with increased BMI [324] and 
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as being highly expressed in circulation of OAC patients with longer survival rates [232]. However, 

Eotaxin-3 had also been reported to be highly expressed in tumour tissue in aggressive disease 

[325] and is linked with increased macrophage infiltration [325]. Coupling this knowledge with the 

observed increased secretion of MDC and MCP-1 in this study, both macrophage associated 

cytokines [326,327], the adipose secretome of obese individuals could aid the recruitment of 

macrophages and other immune cells to the adipose tissue leading to a diminished immune 

response in the local tumour microenvironment. The secretion of IL-17 A and IL-17 D were also 

increased in the adipose secretome of obese patients.  Studies have linked elevated IL-17 in 

adipose tissue to increases in infiltrating immune cells [328,329] and poor prognosis [330] and 

disruption of this pathway diminishes metastasis and enhances treatment response [331–333]. This 

cytokine may be a potential target for future investigation particularly in the obese tumour 

microenvironment. This study has also shown a decreased secretion of VEGF-D in the adipose 

secretome of obese OAC patients. Previous work has seen that while VEGF-A, VEGF-B and VEGF-

C showed increased circulating levels in obese individuals, levels of VEGF-D were significantly 

diminished [334]. VEGF-D in particular has been linked with metastatic disease and this diminished 

secretion may be amelioratory [335].  

Increased expression of IL-5 in the adipose secretome of patients with metabolic dysfunction 

was identified. Previous studies in mouse models with suppressed IL-5/CD300f expression have 

showed decreased diet induced weight gain and insulin resistance [336]. IL-5 facilitates lung 

metastasis [337], and targeting of the IL-5 axis could ameliorate some symptoms associated with 

metabolic dysfunction. Previous findings have identified elevated circulating SAA in patients 

with metabolic syndrome, as was observed in the adipose secretome of metabolically unhealthy 

patients in this cohort [338]. SAA is connected with the inflammatory processes, which plays 

pivotal roles in both obesity, metabolic syndrome [339]. Elevated levels of IL-7 were observed in 

this study in the adipose secretome of metabolically unhealthy patients and in patients who 

received FLOT chemotherapy compared with CROSS chemo-radiotherapy. Previous work has 

shown that IL-7 overexpression in mouse models is associated with glucose and insulin 

resistance [340]. However elevated IL-7 could prove beneficial in the context of FLOT 

chemotherapy as IL-7 can aid in T cell growth [341].  Recent studies have indicated that IL-7 could 

potentially re-sensitize tumours to cisplatin [342]. As previously mentioned, obese individuals 

have elevated circulating levels of VEGF-C and overexpression of VEGF-C in mouse models has 

been linked to increased weight gain and insulin resistance [334,343], consequently this elevated 

secretion in the adipose secretome could potentiate metabolic disorder and prime the local 

tumour microenvironment for cancer cell survival. Elevated VEGF-C has also been linked to 
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chemoresistance [344] and the increased secretion of VEGF-C observed within the adipose 

secretome of FLOT chemotherapy treated patients compared to CROSS treated patients may 

indicate a more systemic effect as this VEGF-C enriched adipose secretome could potentiate 

VEGF-C mediated metastasis [345].  

Increased secretion of IL-22 and TNF-β was observed in the adipose secretome of patients who 

received FLOT chemotherapy compared with patients who received no neo-adjuvant therapy. 

IL-22, whilst possessing both pro- and anti-inflammatory effects, has been shown to promote 

cancer cell growth and enhance chemoresistance [346], allowing infiltration of M2-like 

macrophages in adipose tissue, helping to drive a systemic anti-tumour effect [347]. TNF-β 

promotes proliferation and invasion in cancer cell models [348], however the influence of 

chemotherapies on the functional role of TNF-β in adipose tissue is unknown. This study reports 

elevated levels of pro-inflammatory cytokines IL-12p40 and IL-1α in the adipose secretome of 

patients who received FLOT chemotherapy compared with treatment naïve patients. Expression 

of IL-1 α in tumour tissue of gastric cancers has been shown to correlate with a more aggressive 

disease state and metastasis [349], however these cytokines can also act in immune cell 

recruitment [350].   

Recent research has supported the utility of the metabolome in many diseases [351]. This study 

observed altered secretions of key metabolites involved in the glutamate/GABA-glutamine 

cycle. Increased secretion of GABA and glutamic acid (ionic form glutamate) and decreased 

secretion of glutamine was observed in the adipose secretome of obese patients compared with 

their non-obese counterparts. Previous research has also observed decreased glutamine and 

increased glutamate in circulation in obese individuals [352,353]. Glutamine is effective in 

polarisation of anti-inflammatory M2 like macrophages which may act as a potential therapeutic 

target to resolve the low-grade inflammation associated with obesity [353].  Aspartic acid was also 

decreased in the adipose secretome of obese patients compared with non-obese patients, 

which emulates previous research where decreased N-acetylaspartate was observed in patients 

with higher BMIs [354]. A combination of aspartic acid and glutaric acid may be capable of inducing 

tumour cell death [355]. Interestingly, both of these amino acids were decreased in the obese 

setting in our study. Elevated secreted levels of triacylglycerides TG(16:0_35:3), TG(18:2_38:4) 

and TG(22:5_34:3) were also detected in adipose tissue from obese OAC patients compared 

with non-obese. Accumulation of triacylglycerides has previously been reported in obese 

adipose tissue [356] and in cancers [357,358]. Elevated levels of asymmetric dimethylarginine, 

homocysteine and hypoxanthine have been reported in individuals with metabolic syndrome 

[359–361]. This study also identified increased secretion of these amino acids in the adipose tissue 
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of OAC patients that have metabolic dysfunction compared with metabolically healthy patients. 

Previous research has identified increased circulating levels of both homocysteine and 

hypoxanthine in cancer patients, however, the role they play in tumorigeneses or cancer cell 

survival is not fully understood [362,363]. However, reports of elevated asymmetric 

dimethylarginine in cancer have suggested it may attenuate apoptosis in response to stress and 

chemotherapy [364]. This study has also identified elevated levels of glycine and taurine in the 

adipose secretome of metabolically unhealthy versus metabolically healthy OAC patients. 

Elevated circulating levels of these amino acids should ameliorate the pro-inflammatory effects 

of metabolic syndrome and attenuate cancer cell proliferation as well as enhancing the efficacy 

of chemotherapy [365,366]. One of the classification criteria for metabolic syndrome is elevated 

triglycerides [367] and within this study increased expression  of a series of triglycerides including 

TG(16:0_35:3), TG(18:0_34:3), TG(18:1_33:3), TG(18:2_38:4), TG(20:2_36:5), TG(20:4_33:2), 

TG(20:4_34:0) and TG(20:4_36:5) were detected in the adipose secretome of OAC patients with 

metabolic dysfunction. Previous research has indicated that elevated serum triglycerides in 

individuals with metabolic syndrome was associated with significant risk of certain cancers [368], 

however further research is required to fully assess the significance of this finding. 

Furthermore p-Cresyl sulfate was decreased in the adipose secretome of patients who received 

CROSS regimen compared with patients who received no neo-adjuvant therapy. Recent studies 

have linked p-Cresyl sulfate to potentiating the malignancy of cancers by aiding in cancer cell 

migration and epithelial-mesenchymal transition [369,370] and this diminished secretion in the 

adipose secretome of CROSS treated patients could possess beneficial effects. In this study DCA 

was observed to be increased in the adipose secretome of CROSS regimen treated patients 

compared with FLOT treated patients whilst GUDCA (glycoursodeoxycholic acid) was observed 

to be decreased. DCA (dichloroacetate) has previously been reported to decrease cell 

proliferation and migration in mouse models [371]. A series of triglycerides were also identified 

to be decreased in the adipose secretome of FLOT regimen receiving patients compared with 

treatment naïve patients. Only TG(20:2_34:4) was found to be decreased in the adipose 

secretome of patients receiving CROSS compared with treatment naïve and FLOT receiving 

patients. In particular, the metabolite TG(18:0_36:3) was decreased in the adipose secretome 

of patients receiving FLOT regimen compared with both patients’ treatment naïve and patients 

receiving CROSS regimen, whilst metabolite TG(20:2_34:4) was decreased in the adipose 

secretome of patients receiving CROSS regimen compared with both treatment naïve patients 

and patients receiving FLOT regimen. Previous research has identified an increase in circulating 

triglycerides during neo-adjuvant chemotherapy which gradually decrease to normal levels [372]. 
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Decreased secretion of triglycerides in the adipose secretome of patients only receiving 

chemotherapy raises the question, whether this decreased expression correlates with increased 

circulating levels and potentially can this be utilised to enhance current therapies. Diminished 

levels of ceramides, glycosylceramides and sphingomyelins were also observed in the adipose 

secretome of treated patients compared with treatment naïve patients. Ceramide metabolism 

has previously been reported to induce cancer cell death through induction of cellular stress [373] 

and the diminished presence of ceramide and associated molecules following cancer treatment 

exposure could prove interesting as a therapeutic target.  

Metabolite Cer(d18:1/23:0) was observed to be decreased in the adipose secretome of patients 

with a TRG 3 and TRG 4-5 compared with patients who had a TRG 1-2. Diminished levels of 

ceramides could prevent ceramide metabolism, which induces cancer cell death through 

induction of cellular stress [373]. The diminished presence of ceramide in the adipose secretome 

of patients with more aggressive cancers could indicate that anti-cancer ceramide analogs may 

aid poor responding tumours [374]. Decreased expression was observed in TG(18:0_38:6) in the 

secretome of adipose explants derived from patients with a TRG of 1-2 and a TRG of 3 compared 

with patients who had a TRG 4-5. Higher levels of TG(18:0_38:6) were observed in the adipose 

secretome of patients with a TRG 4-5 compared with a TRG 1-2, in addition to increased 

expression of TG(17:1_36:3), TG(18:0_38:6), TG(20:3_34:3), TG(20:4_36:5) in TRG 4-5 patients 

compared with TRG 1-2. Higher expression of triglycerides has been linked with more aggressive 

cancers as well as decreased disease free survival and overall survival [375]. Metabolites including 

PC aa C36:1, PC aa C40:3 had increased expression in in the adipose secretome of patients with 

TRGs of 1-2 and 4-5 compared with patients with a TRG 3. Phosphatidylcholine metabolism has 

previously been linked to both cellular proliferation and cell death [376]. The decreased 

expression found in this study in the adipose secretome of patients with a TRG of 3 compared 

with patients with more regressive TRG 1-2 and more aggressive cancers with TRG scoring of 4-

5 pose an interesting question on whether the adipose secretome and phosphatidylcholine 

metabolism may attenuate or potentiate cancer cells response to current treatment modalities.  

Throughout this study a series of significant correlations were observed between clinical factors 

and experimental data. It is of interest that elevated levels of OCR and ECAR in adipose tissue 

correlate with increasing viscerally obesity in OAC patients but negatively correlate with BMI 

and weight, as it is well-documented that viscerally obesity is a significant risk factor for the 

development of OAC [377], and the use of BMI and weight have in more recent times been 

deemed a substandard measurement of obesity [378]. The metabolic role adipose tissue plays in 

cancer development and whether it aids tumour progression and treatment resistance requires 
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further study to fully understand whether this relationship can be altered and utilised for 

therapeutic benefit. Furthermore this study reports a negative correlation between increasing 

weight and BMI and decreased secretion of a series of powerful pro-inflammatory cytokines 

including IL-15, IL-17, IL-21, IL-22, IL-23, IL-3 and IL-5 [379–384] which would not be expected in the 

context of obesity, which is known to be a setting of chronic low-grade inflammation, however 

this effect is not observed when obesity is classified by visceral fat area. However, a series of 

triglycerides were observed as positively correlating with increased weight and visceral fat area 

in this patient cohort as previously mentioned increased triglycerides have been observed both 

in the setting of obesity and cancer but the influence they play in adipose tissue or what aid 

they may provide tumorigenesis in the obese tumour microenvironment is an unresearched 

field. Previous studies have linked triglycerides to key roles in cellular processes in immune cell 

and dysregulated triglycerides expression may have deleterious effects on immune cell function 

[385,386], but within the context of cancer these correlations require more study to identify if they 

can be a beneficial therapeutic target. 

Additionally, elevated Clavien-Dindo grade, a classification of post operative complications was 

positively correlated with a series of adipose secreted cytokines associated with pro-

inflammatory response and angiogenesis including IL-6, IL-16, FLt-1, PlGF, VEGF-A and VEGF-D. 

It has been previously reported that increased expression of circulating IL-6 following major 

abdominal surgery was associated with increased risk of complications [387]. Furthermore, 

previously elevated circulating levels of VEGF have been reported following major abdominal 

surgery [388] and associated with poor cancer specific survival [389]. The elevation of these 

cytokines in the adipose secretome could potentiate post-op complications in these patients 

and may act as a future therapeutic target to ameliorate the locally based and circulating effects 

of these cytokines. Within this study positive correlations were observed between increasing 

secretion of IL-3, IL-5, and lactic acid in the adipose secretome, and patients with increasing 

nodal invasion. Previous research has indicated that tumour associated leukocytes from 

patients with metastatic lymph nodes secreted higher levels of IL-3 and IL-5 [390]. Additionally, 

elevated levels of circulating lactate were previously identified in OAC patients whose tumour 

had metastasised to the lymph nodes compared with patients with no lymph node metastasis 

[391]. The potential of the adipose secretome to augment these analytes in circulation and 

whether this plays a pivotal role in aiding tumour metastasis to the lymph node requires further 

investigation to see if this associations could be utilised for therapeutic benefit. Furthermore, 

within this study decreased levels of PlGF and lactic acid in the adipose secretome were 

correlated with patients who showed no evidence of disease following treatment and resection. 
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As previously mentioned elevated lactate levels have been associated with nodal metastasis [391], 

it has also been reported to be generated by cancer cells and holds critical roles in cancer cell 

proliferation, promoting angiogenesis and acting as a key immunosuppressive analyte [392]. This 

decreased expression of lactate in the adipose secretome in patients whose tumours have 

regressed is of interest, as it raises questions on how adipose tissue plays a role in sequestering 

or releasing lactate and whether this could potentiate the tumour microenvironment to aid 

nodal invasion or recede to support cancer regression. Additionally decreasing levels of PlGF 

was observed in the adipose secretome of patients whose cancers had regressed. PlGF has been 

reported to promote tumour desmoplasia in pancreatic mouse models with PlGF blockade 

enhancing the efficacy of chemotherapy [393]. It is unknown if PlGF reduction could enhance 

tumour regression. 

Adipose tissue is a regulatory organ with many downstream effects which are still not 

understood. This study has endeavoured to evaluate the metabolic profile of adipose tissue 

explants and its secreted factors as well as investigating how clinical factors associated with OAC 

patients correlate with these findings. Within this study, increases in OCR, pro-inflammatory 

cytokines and metabolites associated with aiding tumorigenesis have been identified in the 

most viscerally obese of OAC patients and in patients with metabolic syndrome. This now draws 

the question on whether abrogated signalling within adipose tissue aids priming the tumour 

milieu and whether targeting particularly this pro-inflammatory obese tumour 

microenvironment could aid current cancer treatments, which so far have proved 

disappointedly ineffective in OAC. Furthermore, elevated levels of OCR, anti-inflammatory 

cytokines and lactic acid have also been identified to corelate in the adipose tissue and 

secretome of patients who have received neo-adjuvant therapy and with patients whose 

tumours show poorer regression following these treatments. Whether the adipose secretome 

can be modulated to aid in the efficacy of these therapies in patients who show poor responses, 

is a field of research that could hold immense therapeutic benefit. Adipose tissue is fast being 

recognised as a significant factor that potentiates cancer initiation, progression, and metastasis, 

diminishes treatment efficacy, and has deleterious effects on immune cell function, with these 

effects only augmented in the obese cancer setting. With obesity levels steadily increasing, 

understanding of the complex nature of adipose tissue and whether its effects can be harnessed 

for therapeutic gain is research field that critically requires development. 

 



 

 

 

 

 

3.0 Chapter 3         

           

      Palmitic acid alters 

metabolism in adipose tissue from oesophageal 

adenocarcinoma patients and augments an 

immunosuppressive adipose secretome in both cancer and 

non-cancer patients. 
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3.1 Objective and specific aims:  

Objective: 

The overall objective of this chapter was to assess the influence of exogenous fatty acids on 

immuno-metabolic profiles of adipose explant derived from both non-cancer patients and 

oesophageal cancer patients using real-time metabolic profiles and multiplex ELISA. As well as 

determining whether these altered immuno-metabolic profiles were associated with increased 

visceral adiposity in cancer patients. This chapter further looks to assess how these alterations 

in these treated adipose secretome effect immune cell function. 

 

Specific Aims 

− To assess metabolic profiles including oxidative phosphorylation and glycolysis of 

adipose explants derived from non-cancer and cancer patients in real time following 

culture with dietary fats Oleic Acid and Palmitic acid (PA). 

− To assess the secreted profiles of these adipose explants for mediators of inflammation, 

metabolism, angiogenesis, and immune response and whether they are influenced by 

OA and PA. 

− To determine whether obesity differentially effects the metabolic and secreted profiles 

of adipose explants derived from cancer patients in response to OA and PA treatment. 

− To evaluate whether the adipose secretome of non-cancer and cancer patients treated 

with OA and PA influence dendritic cell (DC) expression of maturation markers, and 

whether this is altered by obesity in the cancer setting.    

− To evaluate whether the adipose secretome of non-cancer and cancer patients treated 

with OA and PA influence macrophage (Mɸ) polarisation towards a pro-inflammatory 

(M1-like) or anti-inflammatory (M2-like) phenotype, and whether this is altered by 

obesity in the cancer setting.    
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3.2 Introduction 

Adipose tissue is a regulatory organ with many downstream effects [397], many of which are not 

fully understood. However, it has been widely reported that adipose tissue becomes 

dysregulated with obesity leading to a chronic low-grade inflammatory state [398], primed to 

support cancer development and progression [399]. Oesophageal adenocarcinoma (OAC) is a poor 

prognosis cancer and one of the most closely associated cancers with obesity [311], making it an 

exemplar model to study the effects of cancer progression on visceral adipose tissue.  

Previously we have reported that obesity and metabolic dysfunction in OAC patients have 

differential effects on adipose tissue metabolism and secreted factors including pro-

inflammatory mediators and triacylglycerides [80]. Both obesity and metabolic dysfunction have 

been linked to increased circulating levels of free fatty acids, which propagate inflammation [399]. 

Fatty acids are an essential biomolecule component known to fuel metabolic processes and are 

a vital structural component of biological membranes [400]. They have also been linked to 

regulating intracellular signalling pathways transcription factor activity and gene expression [62]. 

Dietary fats are commonly categorised into three subsets, saturated, monounsaturated, and 

polyunsaturated. Saturated fatty acids are molecules that are linked with single carbon bonds, 

monounsaturated fatty acids possess one double carbon bond in their structure with the rest 

being single carbon bonds, and poly-unsaturated fatty acids contain more than one double 

carbon bond in their structure [401].  

Saturated fatty acids such as palmitic acid have been linked with pro-inflammatory response [65] 

whilst unsaturated fatty acids including oleic acid have been reported to act in anti-

inflammatory manner [66] as well as ameliorating the pro-inflammatory effect of saturated fatty 

acids [67]. Further to this fatty acid levels in circulation and within adipose tissue have also been 

reported to be abrogated by obesity. One of the most common saturated fatty acids found in 

the human body is PA, which has been observed to be increased in circulation in obese patients 

[68], however its expression at tissue level is tightly regulated. In contrast OA one of the most 

commonly found monounsaturated fatty acid in the human body has previously been reported 

to be increased in adipose tissue of obese mouse models [69]. This increase was paired with a 

corresponding increase in Δ 9 desaturated lipids [69], Stearoyl-CoA desaturase (SCD1) is 

responsible for catalysing the synthesis of monounsaturated fatty acids supported by ELOLV6, 

with OA being its main product [70,71].  

Adipose tissue has been reported to recruit immune cells whilst having deleterious effects on 

their function which can potentiate anti-tumour immunity [81–85]. Previous research has indicated 
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that a series of pro-inflammatory mediators in circulation and expressed at the tissue level have 

been linked to clinical outcomes, particularly factors that are involved in the recruitment and 

activation of innate immune cells [232]. Key inflammatory mediators including Eotaxin-3, IL-10, IL-

13, MIP-1α, and MIP-1β  are involved in the recruitment, activation and inhibition of immune 

cells are perturbed by obesity [233–235]. Many of these factors directly affect the antigen 

presenting abilities and polarisation of cells like Dendritic Cells (DCs) and Macrophages (Mɸ) 

[236].  

Increased free fatty acids, which have been reported in obesity, have been shown to enhance 

Mɸ polarisation towards M1-like phenotype [283]. In particular, Palmitic Acid (PA) has been 

reported to elevate pro-inflammatory response signals [65,284]. In contrast, Oleic Acid (OA) has 

been identified to have anti-inflammatory effects through inhibiting pro-inflammatory 

responses driven by other fatty acids [67] as well as promoting M2-like polarisation in 

macrophages [285]. Further to this,  free fatty acids have also been shown to lead to lipid -loaden 

DCs with diminished antigen presenting capabilities and reduced capacity to effectively 

stimulate T cells [282].    

This study for the first time examined if adipose tissue from non-cancer and OAC patients   have 

differential metabolic and secreted inflammatory profiles and the effects of exogenous fatty 

acids including PA and OA on this adipose tissue microenvironment. Within the cancer cohort, 

we also assessed whether obesity as defined by visceral adiposity influences the metabolic and 

secreted profiles of adipose tissue following fatty acid treatment. Furthermore, this study 

assessed how this adipose secretome affected dendritic cells (DCs) maturation and macrophage 

(Mɸ) polarisation, and whether this was influenced by obesity in the cancer setting. 
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3.3 Materials and Methods 

3.3.1 Ethics Statement and Patient Recruitment  

Ethical approval was granted by the St James’s Hospital/AMNCH ethical review board (Ethics 

number: REC_2019-07 List 25(27)) and written informed consent was collected from all patients 

in this study. 12 cancer patients and 6 non-cancer patients were recruited within the period 

between 3rd of April 2021 and 14th of January 2023. Patient demographics are listed in Table 

3.3.1. Fresh adipose tissues were taken from all patients at the start of the surgical procedure. 

All OAC patients were being treated with curative intent and non-cancer patients were 

undergoing surgery for benign conditions. For the cancer cohort, obesity was defined via visceral 

fat area (VFA) measurements with cut-off value for VFA of 163.8 cm2 in males and 80.1 cm2 for 

females as previously categorised[318]. Here adipose tissue was collected form 6 obese and 6 

non-obese patients. 

Table 3.3.1 Clinical demographics associated with OAC patients  

Patient Clinical Parameters 

Diagnosis 
OAC = 6 
OGJ = 6 

Sex 
Male = 8 

Female = 4 

Obesity Status via Visceral Fat Area 
Obese = 6 

Non-obese = 6 

Age at diagnosis 55-81 (Mean = 68.5)  
Post-treatment BMI 22.34-34.29 (Mean = 27.56) 

Weight 58.4–113 kg (Mean = 77.85) 

Mean VFA 71.86–303 (Mean = 138.1) 

Treatment 
Naïve   n = 5 
FLOT   n = 5 
CROSS   n = 2 

Tumour Regression Grading (TRG) 

TRG 1   n = 3 (CROSS n = 2, FLOT n = 1) 
TRG 2   n = 3 (CROSS n = 1, FLOT n = 2) 
TRG 3   n = 8 (CROSS n = 3, FLOT n = 5) 
TRG 4   n = 3 (CROSS n = 2, FLOT n = 1) 
TRG 5   n = 3 (CROSS n = 0, FLOT n = 3) 

Clinical Stage (T) 
T1   n = 5 

T2   n = 00 
T3 n = 7 

Clinical Stage (N) 
N0   n = 7 

N1   n = 10 
N2   n = 40 

Path stage (T) 

T0   n = 10 
T1   n = 50 
T2   n = 00 
T3   n = 60 
T4   n = 00 

Path Stage (N) 

N0   n = 50 
N1   n = 20 
N2   n = 30 
N3   n = 20 
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Figure 3.3.1 Schematic of experimental methodology workflow associated with Chapter 3 

Real time metabolic and secreted profiles of adipose explants from non-cancer patients and OAC or OGJ cancer patients were assessed by Agilent 

seahorse, MSD multiplex ELISA following exogenous fatty acid treatment with OA And PA. The influence of these treated adipose secretome on dendritic 

cell maturation and macrophage polarisation were then assessed via flow cytometry.
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3.3.2 Lipid Treatment  

For stock solutions OA and PA (Sigma Aldrich, California, USA) were dissolved in DMSO (Sigma 

Aldrich, California, USA) at a concentration of 2M and heated at 60 ⁰C for 15 minutes to ensure 

solution is fully dissolved. 10 μl of this stock solution or equivalent DMSO for control was then 

conjugated with 2% fatty acid and endotoxin free BSA dissolved in 1 ml of M199 (Gibco, 

Thermofisher, Massachusetts, USA). This solution was heated again at 40 ⁰C for 30 minutes to 

ensure fatty acids were fully dissolved to give a working stock solution of 20mM, which was 

aliquoted and stored at -20 ⁰C for further use. 

 

3.3.3 Seahorse Analysis of metabolic profiles from adipose tissue explants and generation of 

Adipose Conditioned Media (ACM) 

Fresh omental tissue was collected from theatre and processed within 30 minutes by dissecting 

into pieces weighing approximately 20 μg. Tissue was plated in triplicates in 1 ml of M199 

(supplemented with 0.1% gentamicin (Lonza, Switzerland), in a 24 well plate (Sarstedt, 

Germany). Adipose explants were then treated with 0.01% DMSO 2% BSA control or 200 μM OA 

or PA in 0.01% DMSO 2% BSA in M199. Adipose explants were cultured for 24 hours at 37ºC at 

5% Carbon Dioxide in a humidified incubator (Thermofisher, Massachusetts, USA). In the last 

hour of culture, adipose tissue and ACM was transferred to islet capture microplate with capture 

screens (Agilent Technologies, California, USA) and incubated in a non-CO2 incubator at 37⁰C 

(Whitley, United Kingdom) prior to analysis. Seahorse Xfe24 analyser was used to assess 

metabolic profiles in adipose explants, (Agilent Technologies, California, USA) following a 12 

minute equilibrate step, three basal measurements of OCR and ECAR were taken over 24 

minutes consisting of three repeats of the following sequence “mix (3 min) / wait (2 min) / 

measurement (3 min)” to establish basal respiration. Adipose Conditioned Media (ACM) was 

extracted in a sterile environment and tissue weighed using a benchtop analytical balance 

(Radwag, Poland) and snap frozen. All samples were then stored at -80⁰C for further processing.  

 

3.3.4 Multiplex ELISA  

Methodology carried out as per section 2.3.4 Multiplex ELISA  

 

3.3.5 Isolation of monocytes  

Peripheral blood mononuclear cells (PBMCs) obtained from buffy coats (National Blood Centre, 

St. James’s Hospital, Dublin, Ireland). Buffy coats were supplemented with 0.5 mM EDTA and 

diluted 1:4 with PBS and separated by density gradient centrifugation (Lymphoprep, Thermo 
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Fischer Scientific, Massachusetts, USA) at 400xg for 20 minutes with the brake off. Monocytes 

were then isolated via column separation by positive selection using anti-CD14 magnetic 

microbeads as per manufacturers protocol (Miltenyi, Germany). 

 

3.3.6 Dendritic Cell Culture and Stimulation  

Human monocyte-derived immature DC (moDC) were seeded at a density of 1×106 cells/mL in 

6-well plates in 3 mL of RPMI-1640 medium containing 10% defined low-endotoxin HyClone FBS 

(Thermo Fischer Scientific, Massachusetts, USA), 1% penicillin-streptomycin (Lonza, 

Switzerland), 1% Fungizone (Sigma Aldrich, California, USA) , human granulocyte macrophage 

colony-stimulating factor (50 ng/mL) (Immunotools, Germany) and human IL-4 (70 ng/mL) 

(Immunotools, Germany). moDC were incubated in a humidified atmosphere with 5% CO2 at 

37°C. Cells were fed at day 3 with a half medium change supplemented with fresh cytokines. At 

day 6, moDCs were assessed for immaturity, with CD11c+ cells exhibiting an immature DC 

phenotype capable of upregulating maturation markers activation. Freshly generated moDCs 

were plated in 96-well plates at 2 × 105 cells in 150 μl RPMI 1640 media supplemented with 10% 

defined low-endotoxin HyClone FBS (Fisher Scientific, Massachusetts, USA) and stimulated with 

treated ACM, or matched background media controls, for 6 hours before exposure to 10 μg/mL 

of ultrapure TLR4 agonist Escherichia coli lipopolysaccharide (LPS-EB; Invivogen, California, USA) 

overnight for the LPS positive cohort, the LPS negative cohort was not treated with LPS. 

Supernatants were harvested and stored at -80⁰C for further processing, and cells were assessed 

for expression of surface markers as described below. 

 

3.3.7 Macrophage Culture and Stimulation  

Human monocyte-derived immature Macrophages (moMɸ) were seeded at a density of 1×106 

cells/mL in 6-well plates in 3 mL of RPMI-1640 medium containing 10% FBS (Thermo Fischer 

Scientific, Massachusetts, USA), 1% penicillin-streptomycin (Lonza, Switzerland), human 

macrophage colony-stimulating factor (50 ng/mL) (Immunotools, Germany). moMɸ were 

incubated in a humidified atmosphere with 5% CO2 at 37°C. Cells were fed at day 3 with a half 

medium change supplemented with fresh cytokines. At day 6, moMɸ were assessed for 

immaturity, with CD68+ cells exhibiting an immature Mɸ phenotype capable of upregulating 

markers of polarisation following stimulation. Freshly generated moMɸ were plated in 96-well 

plates at 2 × 105 cells in 150 μl and stimulated with treated ACM, or matched background media 

controls, for 6 hours before exposure to 100 ng/mL of ultrapure TLR4 agonist Escherichia coli 

lipopolysaccharide (LPS-EB; Invivogen, California, USA) or 100ng/ml of IL-4 (Immunotools, 
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Germany) overnight for the M0 naïve (untreated) cohort, M1-like LPS stimulated, M2-like IL-4 

stimulated. Supernatants were harvested and stored at -80⁰C for further processing, and cells 

were assessed for expression of surface markers as described below. 

 

3.3.8 Flow cytometry  

Zombie viability dye (Biolegend, California, USA) was resuspended in 100 μl of DMSO and then 

further diluted to 1000x in PBS. All cells were washed with PBS and stained with 80 μl zombie 

UV viability dye for 15 mins at room temperature in the dark. 20 μl of antibody master mix was 

then added, cells resuspended and incubated for an additional 15 mins at room temperature in 

the dark. Antibodies used for DC staining included CD40, CD11c, CD80, CD83, CD86, HLA-DR, 

CD54, TIM-3 and PD-L1. Antibodies used for Mɸ staining included CD68, CD11b, CD11c, CD80, 

CD86, CD163, CD206, HLA-DR, and TIM-3. Details and concentrations of antibodies used for DC 

maturation check, DC analysis and Mɸ analysis are listed in table 3.3.2, 3.3.3, and 3.3.4 

respectively. 

Cells were then centrifuged at 120xg (Thermo Scientific Megafuge 40R Centrifuge, 

Thermofisher, Waltham, Massachusetts, USA), supernatants removed and washed with 200 μl 

of FACS buffer (2% FBS (Gibco, Thermofisher, Waltham, Massachusetts, USA), 0.01% sodium 

azide (Sigma Aldrich, USA) in PBS (Gibco, Thermofisher, Waltham, Massachusetts, USA)). Cells 

were then centrifuged at 120xg again and FACS wash removed. Cells were then fixed with 100 

μl 4% PFA (ChemCruz, California, USA) and allowed to incubate for 15 mins at room temperature 

in the dark. Cells were then centrifuged at 120xg, PFA removed and washed with 200 μl of FACS 

buffer. Cells were then centrifuged at 120xg again and FACS wash removed.  Cells were then 

resuspended in 150 μl of FACs buffer on 96 well plates. Samples were acquired on Amnis cell 

stream flow cytometer (Luminex, Austin, Texas, USA) with compensation performed with 

positive and negative compensation beads (Miltenyi, Bergisch Gladbach, Germany, BD 

Biosciences, Wokingham, UK). Gating on and analysis of single cells, Zombie UV Live/Dead 

negative cells (Biolegend, California, USA) and either CD11c+ for DC or CD68+ for Mɸ cells was 

performed using Cell Stream software (Lumines, Austin, Texas, USA). 
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Table 3.3.2 Antibodies used to assess DC maturation check  

Marker Fluorochrome Clone Company 
Volume 

(20x) 

CD14 Vio-Green REA599 Miltenyi, Germany 2 μl  

Lineage 
Marker 

FITC 
MφP9, NCAM16.2, 3G8, 

SK7, L27, SJ25C1 
BD Biosciences, UK 5 μl  

CD209 APC REA Miltenyi, Germany 2 μl  

CD11c Vio-Blue REA618 Miltenyi, Germany 2 μl  

HLA-DR PE-Vio615 REA805 Miltenyi, Germany 1 μl  

CD80 PE REA661 Miltenyi, Germany 2.8 μl  

CD83 APC-Vio770 REA714 Miltenyi, Germany 2.8 μl  

CD86 PerCp-Vio700 REA968 Miltenyi, Germany 2.8 μl  

CD40 BV510 5C3 BD Biosciences, UK 8 μl  

PD-L1 PE-Vio REA1197 Miltenyi, Germany 5.6 μl  

 

 

Table 3.3.3 Antibodies used to assess DC expression of phenotypic, maturation and 

immunoinhibitory markers  

Marker Fluorochrome Clone Company 
Volume 
(100x) 

Zombie UV N/A Biolegend, USA 8 ml  

HLA-DR PE-Vio615 REA805 Miltenyi, Germany 5 μl  

CD11c Vio-Blue REA618 Miltenyi, Germany 5 μl  

CD80 PE REA661 Miltenyi, Germany 14 μl  

CD83 APC-Vio770 REA714 Miltenyi, Germany 14 μl  

CD86 PerCp-Vio700 REA968 Miltenyi, Germany 14 μl  

CD40 BV510 5C3 BD Biosciences, UK 40 μl  

CD54 APC REA266 Miltenyi, Germany 5 μl  

PD-L1 PE-Vio-770 REA1197 Miltenyi, Germany 28 μl  

TIM-3 FITC REA635 Miltenyi, Germany 28 μl  
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Table 3.3.4 Antibodies used to assess Mɸ expression of phenotypic, pro-inflammatory and 

anti-inflammatory markers 

Marker Fluorochrome Clone Company 
Volume 
(100x) 

Zombie UV N/A Biolegend, USA 8 ml  

CD68 PE-Vio-770 REA886 Miltenyi, Germany 10 μl  

HLA-DR Vio-green  REA805 Miltenyi, Germany 10 μl  

CD11c Vio-Blue REA618 Miltenyi, Germany 10 μl  

CD11b FITC REA713 Miltenyi, Germany 10 μl  

CD80 PE REA661 Miltenyi, Germany 15 μl  

CD86 PerCp-Vio700 REA968 Miltenyi, Germany 15 μl  

CD163 PE-Vio-615 REA812 Miltenyi, Germany 15 μl  

CD206 APC-Vio-770 DCN228 Miltenyi, Germany 75 μl  

TIM-3 APC 5D12 BD Biosciences, UK 30 μl  

 

 

3.3.9 Statistical Analysis  

All statistics were conducted using GraphPad Prism 9.5 (GraphPad Software, California, USA). A 

significance level of p<0.05 was used in all analysis and all p-values reported were two-tailed. 

Friedman testing with Dunn’s post hoc correction, was employed for non-parametric testing 

between paired cohorts (Control vs. OA vs. PA within the non-cancer cohort and Control vs. OA 

vs. PA within the cancer cohort). For statistical testing between unpaired non-parametric 

cohorts, Kruskal Wallis test with Dunn’s correction was used (Control/OA/PA non-cancer vs 

Control/OA/PA cancer. and between fatty acids treatments in non-obese and obese cancer 

cohorts). Details of specific statistical tests are stated in each figure legend. 
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3.4 Results  

3.4.1 Palmitic acid significantly decreases the OCR metabolic profiles of adipose tissue 

derived from cancer patients but not in adipose tissue from non-cancer patients.  

Human ex-vivo adipose tissue explants derived from non-cancer and OAC patients were 

assessed via Agilent Seahorse Xfe24 analyser to examine the influence of OA and PA treatments 

on their metabolic profiles. Within the cancer cohort the influence of obesity, classified by 

Visceral Fat Area (VFA), on adipose tissue metabolic response to these fatty acids was also 

assessed.  

 

In adipose tissue explants derived from non-cancer patients, OA and not PA treatment 

significantly increased OCR compared to control (untreated) adipose tissue. In contrast, PA 

treatment in adipose explants from cancer patients significantly decreased OCR compared to 

untreated control (Figure 3.4.1 A). Adipose tissue derived from non-cancer patients treated with 

OA significantly increased ECAR compared to untreated adipose tissue, an effect not observed 

in cancer patients (Figure 3.4.1 B). PA treatment in adipose tissue explants from cancer patients 

also significantly decreased ECAR compared with PA treatment in adipose from non-cancer 

patients and OA treated adipose tissue from cancer patients (Figure 3.4.1 B). No differential 

effects were observed in OCR:ECAR ratio in adipose tissue explants of non-cancer and cancer 

patients or in response to exogenous fatty acids (Figure 3.4.1 C) 

Within the cancer cohort control adipose tissue from obese patients showed significantly higher 

OCR profiles compared with adipose tissue from non-obese cancer patients. Also, within the 

cancer cohort PA treatment significantly decreased OCR in adipose tissue explants from non-

obese cancer patients compared with OA treatment. Whilst in obese OAC patients PA treatment 

significantly decreased adipose tissue OCR profiles compared with control adipose tissue (Figure 

3.4.2. A). No differential effects were observed in ECAR or OCR:ECAR ratio in adipose tissue 

explants of non-obese and obese cancer patients or in response to exogenous fatty acids (Figure 

3.4.1 B-C) 

(* p < 0.05, ** p <0.01, *** p <0.001.) 
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Figure 3.4.1 Palmitic acid differentially effects OCR metabolism in adipose tissue from cancer 

and non-cancer patients  

A-C) OCR, ECAR and OCR:ECAR ratio profiles of adipose tissue derived from non-cancer and OAC 

cancer patients treated with BSA Control (C), Oleic Acid (OA) or Palmitic Acid (PA).  

(To assess fatty acid treatment in non-cancer and cancer cohorts Friedman test with Dunn's 

correction was used, to assess the difference between non-cancer compared with cancer 

cohorts Kruskal Wallis test with Dunn’s correction was used) All data expressed as mean ± SEM, 

non-cancer n = 6, cancer n = 12, * p < 0.05, ** p <0.01, *** p <0.001. 
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Figure 3.4.2 Exogenous fatty acid treatment differentially effects OCR metabolism in adipose 

tissue from non-obese and obese cancer patients  

A-C) OCR, ECAR and OCR:ECAR ratio profiles of adipose tissue derived from non-obese and 

obese OAC cancer patients treated with BSA Control (C), Oleic Acid (OA) or Palmitic Acid (PA).  

To assess fatty acid treatment in non-obese cancer and obese cancer cohorts Friedman test with 

Dunn's correction was used, to assess the difference between non-obese cancer compared with 

obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data expressed as 

mean ± SEM, non-obese cancer n = 6, obese cancer n = 6, * p < 0.05, ** p <0.01. 

⚫ symbols = non-obese OAC patients, ⚫ symbols = obese OAC patients. 
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3.4.2 Palmitic acid augments an immunosuppressive secretome in adipose tissue from both 

non-cancer and cancer patients. 

The presence of PA and OA in circulation have been reported to play a role in augmenting or 

suppressing inflammatory mediators. To determine whether OA and PA treatments influenced 

the adipose secretome of non-cancer and cancer patients a 54-analyte multiplex was used to 

assess the profiles of inflammatory mediators, with and without the different fatty acids. 

 

Cancer vs. Non-Cancer 

Control ACM from non-cancer patients showed higher secreted levels of Eotaxin-3, IL-2, and 

IL-17A and decreased secretion of IL-10, IL-13, MCP-4, and TNF-α compared with control ACM 

derived from cancer patients (Figure 3.4.3- 3.4.6).  

OA treated ACM from non-cancer patients showed higher secreted levels of Eotaxin-3, IL-2, IL-

8, and IL-17A and decreased secretion of IL-1β, IL-10 IL-13 MCP-4, and TNF-α compared with 

OA treated ACM derived from cancer patients (Figure 3.4.3- 3.4.6). 

PA treated ACM from non-cancer patients showed higher secreted levels of Eotaxin-3, IL-2, IL-

17A, MIP-1α, MIP-1β, MIP-3α, and TLSP and decreased secretion of IL-13 compared with PA 

treated ACM derived from cancer patients (Figure 3.4.3, 3.4.4, 3.4.6). 

 

Non-cancer 

The OA treated ACM derived from non-cancer patients showed decreased IL-1β and IL-10 

compared with matched control (Figure 3.4.5- 3.4.6).  

OA treated ACM also showed decreased IL-1β compared with PA treated ACM from non-

cancer patients (Figure 3.4.5).  

PA treated ACM from non-cancer patients also showed decreased secreted levels of IL-6, IL-13, 

IL-17A, MCP-1 and MCP-4 compared with matched control ACM (Figure 3.4.3, 3.4.5, 3.4.6).  

PA treated ACM from non-cancer patients showed decreased secreted levels of Eotaxin, 

Eotaxin-3, IL-4, IL-8, and MDC compared with OA treated ACM from non-cancer patients 

(Figure 3.4.3, 3.4.5, 3.4.6).   

 

Cancer  

PA treated ACM from cancer patients also showed decreased secreted levels of Eotaxin, 

Eotaxin-3, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-1Ra, IL-2 IL-4, IL-6, IL-10, IL-13, IP-10, MCP-1, MDC, 

MIP-1α, MIP-1β, MIP-3α, TNF-α, and TSLP compared with matched control ACM (Figure 3.4.3- 

3.4.6).  

PA treated ACM from cancer patients also showed decreased secreted levels of GM-CSF, IFN-γ, 

IL-1α, IL-1β, IL-1Ra, IL-2, IL-4, IL-6, IL-10, IL-12p70, IL-13, IP-10, MCP-1, MDC, MIP-1β, MIP-3α, 

TNF-α, TSLP compared with OA treated ACM from cancer patients (Figure 3.4.3- 3.4.6).   

(* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.) 
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Figure 3.4.3 Palmitic acid decreases secreted levels of mediators associated with immune 

cell recruitment in the adipose secretome of non-cancer and cancer patients 

A-F) Secreted levels of Eotaxin, Eotaxin-3, GM-CSF, MCP-1, MCP-4, and MDC from adipose tissue 

derived from non-cancer and OAC cancer patients treated with BSA Control (C), Oleic Acid (OA) 

or Palmitic Acid (PA).  

(To assess fatty acid treatment in non-cancer and cancer cohorts Friedman test with Dunn's 

correction was used, to assess the difference between non-cancer compared with cancer 

cohorts Kruskal Wallis test with Dunn’s correction was used) All data expressed as mean ± SEM, 

non-cancer n = 6, cancer n = 12, * p < 0.05, ** p <0.01, *** p <0.001. 
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Figure 3.4.4 Palmitic acid significantly decreases secreted levels of mediators associated with 

immune cell activation in the adipose secretome of cancer patients 

A-F) Secreted levels of IL-2, IL-12p70, IP-10, MIP-1α, MIP-1β, and MIP-3α from adipose tissue 

derived from non-cancer and OAC cancer patients treated with BSA Control (C), Oleic Acid (OA) 

or Palmitic Acid (PA). 

(To assess fatty acid treatment in non-cancer and cancer cohorts Friedman test with Dunn's 

correction was used, to assess the difference between non-cancer compared with cancer 

cohorts Kruskal Wallis test with Dunn’s correction was used) All data expressed as mean ± 

SEM, non-cancer n = 6, cancer n = 12, * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001. 
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Figure 3.4.5 Palmitic and Oleic Acid have differential responses on the secreted levels of pro-

inflammatory mediators in the adipose secretome of non-cancer and cancer patients 

A-F) Secreted levels of IFN-γ, IL-1α, IL-1β, IL-6, IL-8, and TNF-α from adipose tissue derived from 

non-cancer and OAC cancer patients treated with BSA Control (C), Oleic Acid (OA) or Palmitic 

Acid (PA). 

(To assess fatty acid treatment in non-cancer and cancer cohorts Friedman test with Dunn's 

correction was used, to assess the difference between non-cancer compared with cancer 

cohorts Kruskal Wallis test with Dunn’s correction was used) All data expressed as mean ± SEM, 

non-cancer n = 6, cancer n = 12, * p < 0.05, ** p <0.01, *** p <0.001. 
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Figure 3.4.6 Mediators of anti-inflammatory response are differentially expressed in the 

adipose secretome of non-cancer and cancer patients and are decreased in the cancer by 

palmitic acid.  

A-F) Secreted levels of IL-1Ra, IL-4, IL-10, IL-13, IL-17A, and TSLP from adipose tissue derived 

from non-cancer and OAC cancer patients treated with BSA Control (C), Oleic Acid (OA) or 

Palmitic Acid (PA).  

(To assess fatty acid treatment in non-cancer and cancer cohorts Friedman test with Dunn's 

correction was used, to assess the difference between non-cancer compared with cancer 

cohorts Kruskal Wallis test with Dunn’s correction was used) All data expressed as mean ± SEM, 

non-cancer n = 6, cancer n = 12, * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.  
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3.4.3 The immunosuppressive effects of palmitic acid on key pro-inflammatory mediators 

are most apparent in the adipose secretome of obese OAC patients. 

Obesity is a known contributor to chronic low-grade inflammation. Therefore, to assess 

whether increased visceral adiposity levels effected the response of OA and PA treatments on 

adipose tissue secretome from OAC patients a 54-analyte multiplex against obesity status, 

classified by VFA.  

 

Non-obese vs Obese 

IL-17A was also observed to be increased in control ACM from obese compared with non-

obese OAC patients (Figure 3.4.10). 

 

Non-obese 

In the PA treated adipose secretome of non-obese OAC patients decreased secretion of IL-4, 

IP-10, and TNF-a was observed against control ACM from non-obese OAC patients (Figure 

3.4.8 - 3.4.10).  

In the PA treated adipose secretome of non-obese OAC patients decreased secreted levels of 

Eotaxin, Eotaxin-3, GM-CSF, IFN-γ, IL-10, IL-12p70, IL-1Ra, IL-1a, IL-2, IL-4, IL-6, IP-10, MDC, 

MIP-1β, MIP-3α, TNF-a, and TSLP were observed compared with OA treated ACM from non-

obese OAC patients (Figure 3.4.7 - 3.4.10).   

 

Obese 

In the PA treated adipose secretome of obese OAC patients decreased secretion of GM-CSF, 

IFN-γ, IL-10, IL-1α, IL-1β, IL-2, MIP-1β, MIP-3α, TNF-α, and TSLP was observed compared with 

control ACM from obese OAC patients (Figure 3.4.7 - 3.4.10).  

Additionally in the PA treated adipose secretome of obese OAC patients decreased secreted 

levels of IFN-γ, IL-1β, MIP-1α and MIP-1β compared with OA treated ACM from obese OAC 

patients (Figure 3.4.8, 3.4.9). 

(p < 0.05, ** p < 0.01. *** p <0.001.) 
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Figure 3.4.7 Palmitic acid decreases secreted levels of mediators associated with immune 

cell recruitment in the adipose secretome of non-obese and obese cancer patients 

A-D) Secreted levels of Eotaxin, Eotaxin-3, GM-CSF, and MDC from adipose tissue derived from 

non-obese and obese OAC cancer patients treated with BSA Control (C), Oleic Acid (OA) or 

Palmitic Acid (PA).  

To assess fatty acid treatment in non-obese cancer and obese cancer cohorts Friedman test with 

Dunn's correction was used, to assess the difference between non-obese cancer compared with 

obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data expressed as 

mean ± SEM, non-obese cancer n = 6, obese cancer n = 6, * p < 0.05.  

⚫ symbols = non-obese OAC patients, ⚫ symbols = obese OAC patients.  
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Figure 3.4.8 Palmitic acid differentially decreases secreted levels of activators of Th1 

immunity in the adipose secretome of non-obese and obese cancer patients 

A-F) Secreted levels of IL-2, IL-12p70, IP-10, MIP-1α, MIP-1β, and MIP-3α from adipose tissue 

derived from non-obese and obese cancer patients treated with BSA Control (C), Oleic Acid (OA) 

or Palmitic Acid (PA). 

(To assess fatty acid treatment in non-obese cancer and obese cancer cohorts Friedman test 

with to assess fatty acid treatment in non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese cancer n = 6, obese cancer n = 6, * p < 0.05, ** p < 0.01.  

⚫ symbols = non-obese OAC patients, ⚫ symbols = obese OAC patients.  
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Figure 3.4.9 Palmitic acid decreases secreted levels of pro-inflammatory mediators in the 

adipose secretome of obese OAC patients. 

A-E) Secreted levels of IFN-γ, IL-1α, IL-1β, IL-6, and TNF-α from adipose tissue derived from non-

obese and obese cancer patients treated with BSA Control (C), Oleic Acid (OA) or Palmitic Acid 

(PA). 

To assess fatty acid treatment in non-obese cancer and obese cancer cohorts Friedman test with 

Dunn's correction was used, to assess the difference between non-obese cancer compared with 

obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data expressed as 

mean ± SEM, non-obese cancer n = 6, obese cancer n = 6, * p < 0.05, ** p < 0.01. *** p <0.001.  

⚫ symbols = non-obese OAC patients, ⚫ symbols = obese OAC patients.  
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Figure 3.4.10 Palmitic acid decreases secreted levels of anti-inflammatory mediators in the 

adipose secretome of non-obese OAC patients.  

A-E) Secreted levels of IL-1Ra, IL-4, IL-10, IL-17A, and TSLP from adipose tissue derived from non-

obese and obese cancer patients treated with BSA Control (C), Oleic Acid (OA) or Palmitic Acid 

(PA). 

To assess fatty acid treatment in non-obese cancer and obese cancer cohorts Friedman test with 

Dunn's correction was used, to assess the difference between non-obese cancer compared with 

obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data expressed as 

mean ± SEM, non-obese cancer n = 6, obese cancer n = 6, * p < 0.05, ** p < 0.01.  

⚫ symbols = non-obese OAC patients, ⚫ symbols = obese OAC patients.   
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3.4.4 Maturation levels of dendritic cells is significantly inhibited by the adipose secretome 

of non-cancer patients treated with palmitic acid.  

DCs play a pivotal role in antigen presentation and anti-tumour immunity. To assess if fatty acid 

treatments which alter the adipose secretome influence DCs. Following DCs exposure to treated 

ACM from non-cancer and cancer patients, phenotypic and maturation markers were assessed 

via flow cytometry.  

 

Non-cancer vs Cancer  

OA treated ACM from non-cancer patients showed decreased DC expression of PD-L1 and 

increased expression of CD83, CD86, CD40, and CD54 compared to DCs cultured with OA treated 

ACM from OAC patients.  

PA treated ACM from non-cancer patients showed decreased DC expression of CD80, 

CD80+CD86+, HLA-DR, CD11c, CD40, CD54, PD-L1, TIM-3, and increased expression of CD83 

compared to DCs cultured with PA treated ACM from OAC patients (Figure 3.4.12, 3.4.13). 

 

Non-cancer 

OA treated ACM from non-cancer patients increased DC expression of CD80 compared with 

control ACM from non-cancer patients.  

PA treated ACM from non-cancer patients decreased DC surface expression of CD80, CD86, HLA-

DR, CD11c, CD40, CD54, and TIM-3 compared with OA treated ACM from non-cancer patients 

(Figure 3.4.12, 3.4.13). 

 

Cancer  

OA treated ACM from OAC patients showed significantly increased DC expression of CD83, PD-

L1, and decreased expression of CD54 compared to DCs treated with control ACM from OAC 

patients  Control ACM from non-cancer patients showed decreased DC expression of CD80, PD-

L1, and TIM-3, and increased expression of CD83 compared with DCs treated with control ACM 

from OAC patients (Figure 3.4.12, 3.4.13). The obesity status of OAC patients did not 

significantly impact DC expression of phenotypic, maturation, or immunoinhibitory markers.  

(* p < 0.05, ** p <0.01, *** p <0.001.) 
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Figure 3.4.11 Histograms of DC maturation markers following LPS stimulation  

Histograms displaying DC markers HLA-DR, CD11c, CD80, CD86 CD83, CD40, CD54 and PD-L1 

which depict DCs response to LPS stimulation. (Blue peaks indicate unstimulated DCs and red 

peak indicate DCs following exposure to LPS stimulation) 
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Figure 3.4.12 The adipose secretome of cancer patients significantly increases the expression 

of immunoinhibitory markers on DCs.  

A-F) Expression of DC phenotypic and immunoinhibitory markers including HLA-DR, CD11c, 

CD40, CD54, TIM-3, and PD-L1 following exposure to adipose conditioned media in combination 

with BSA Control (C), Oleic Acid (OA) or Palmitic Acid (PA) derived from non-cancer and cancer 

patients. 

(To assess fatty acid treatment in non-cancer and cancer cohorts Friedman test with Dunn's 

correction was used, to assess the difference between non-cancer compared with cancer 

cohorts Kruskal Wallis test with Dunn’s correction was used) All data expressed as mean ± SEM, 

non-cancer n = 6, cancer n = 12, * p < 0.05, ** p <0.01, *** p <0.001. 
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Figure 3.4.13 The adipose secretome of non-cancer patients treated with palmitic acid 

decreases expression of maturation markers on DCs, an effect that is lost in the cancer 

setting. 

A-D) Expression of DC maturation markers including CD80, CD83, CD86 and co-expression of 

CD80+CD86+ following exposure to adipose conditioned media in combination with BSA Control 

(C), Oleic Acid (OA) or Palmitic Acid (PA) derived from non-cancer and cancer patients. 

(To assess fatty acid treatment in non-cancer and cancer cohorts Friedman test with Dunn's 

correction was used, to assess the difference between non-cancer compared with cancer 

cohorts Kruskal Wallis test with Dunn’s correction was used) All data expressed as mean ± SEM, 

non-cancer n = 6, cancer n = 12, * p < 0.05, ** p <0.01, *** p <0.001. 
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3.4.5 Macrophages exposed to the adipose secretome of cancer patients treated with 

palmitic acid show decreased pro-inflammatory M1-like and increased anti-

inflammatory M2-like markers. 

The paradoxical roles of Mɸ in the tumour microenvironment have been reported to play a 

pivotal role in antigen presentation and anti-tumour immunity. To assess what influence PA and 

OA treatments on the adipose secretome have on Mɸ polarisation, Mɸ were cultured in these 

treated ACM with typical pro-inflammatory and anti-inflammatory associated polarisation 

markers assessed via flow cytometry.  

 

Non-cancer vs Cancer  

Control ACM from non-cancer patients showed decreased Mɸ expression of HLA-DR, CD80, 

CD86, CD80+CD86+, CD163, CD206, CD163+CD206+, and increased Mɸ expression of CD68 

compared with Mɸ treated with control ACM from OAC patients. 

OA treated ACM from non-cancer patients showed increased Mɸ expression of CD68 and CD11b 

compared with Mɸ cultured with OA treated ACM from OAC patients.  

PA treated ACM from non-cancer patients showed decreased Mɸ expression of HLA-DR, CD86, 

CD163, CD163+CD206+ and increased Mɸ expression of CD68 compared with Mɸ cultured with 

PA treated ACM from OAC patients (Figure 3.4.14, 3.4.15).  

 

Non-cancer  

OA treated ACM from non-cancer patients showed increased Mɸ expression of CD11b, and 

CD206 compared with matched control ACM treated Mɸ. OA treated ACM from non-cancer 

patients also showed increased Mɸ expression of CD11b, HLA-DR, and CD163 compared with 

Mɸ cultured with PA treated ACM from non-cancer patients (Figure 3.4.14, 3.4.15). 

 

Cancer  

PA treated ACM from OAC patients showed decreased Mɸ expression of CD80, and C80+CD86+ 

and increased expression of CD206, and CD163+CD206+ compared with matched control ACM 

treated Mɸ. PA treated ACM from OAC patients also showed decreased Mɸ expression of CD80 

compared with Mɸ cultured with OA treated ACM from OAC patients (Figure 3.4.14, 3.4.15).  
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Cancer non-obese vs obese  

Within the cancer cohort PA treatment on ACM derived from non-obese OAC patients 

significantly decreased Mɸ expression of CD80 compared with Mɸ cultured with OA treated 

ACM from non-obese OAC patients. PA treated ACM derived from non-obese OAC patients 

significantly decreased Mɸ expression of CD86 compared with Mɸ cultured with PA treated 

ACM from obese OAC patients. Also, within the cancer cohort PA treated ACM derived from 

non-obese OAC patients significantly increased Mɸ expression of CD206 compared with Mɸ 

cultured with PA treated ACM from obese OAC patients (Figure 3.4.16). 

(* p < 0.05, ** p <0.01, *** p <0.001.) 
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Figure 3.4.14 The adipose secretome of non-cancer patients treated with oleic acid increases 

phenotypic markers of Mɸ, an effect that is lost in the cancer setting.     

A-C) Expression of Mɸ phenotypic markers including CD68, CD11b, and HLA-DR following 

exposure to adipose conditioned media in combination with BSA Control (C), Oleic Acid (OA) or 

Palmitic Acid (PA) derived from non-cancer and cancer patients. 

(To assess fatty acid treatment in non-cancer and cancer cohorts Friedman test with Dunn's 

correction was used, to assess the difference between non-cancer compared with cancer 

cohorts Kruskal Wallis test with Dunn’s correction was used) All data expressed as mean ± SEM, 

non-cancer n = 6, cancer n = 12, * p < 0.05, ** p <0.01, *** p <0.001. 

⚫ symbols = non-obese OAC patients, ⚫ symbols = obese OAC patients.  
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Figure 3.4.15 The adipose secretome of cancer patients treated with palmitic acid decreases 

pro-inflammatory and increases anti-inflammatory markers on Mɸ.  

A-F) Expression of Mɸ polarisation markers including pro-inflammatory associated markers 

CD80, CD86, co-expression of CD80+CD86+, and anti-inflammatory associated CD163, CD206, 

co-expression of CD163+CD206+ following exposure to adipose conditioned media in 

combination with BSA Control (C), Oleic Acid (OA) or Palmitic Acid (PA) derived from non-cancer 

and cancer patients. 

(To assess fatty acid treatment in non-cancer and cancer cohorts Friedman test with Dunn's 

correction was used, to assess the difference between non-cancer compared with cancer 

cohorts Kruskal Wallis test with Dunn’s correction was used) All data expressed as mean ± SEM, 

non-cancer n = 6, cancer n = 12, * p < 0.05, ** p <0.01, *** p <0.001. 

⚫ symbols = non-obese OAC patients, ⚫ symbols = obese OAC patients.  
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Figure 3.4.16 The adipose secretome of non-obese and obese cancer patients treated with 

palmitic induces differential expression of decreases pro-inflammatory and increases anti-

inflammatory markers on Mɸ. 

A-C) Expression of Mɸ polarisation markers including pro-inflammatory associated markers 

CD80, CD86, and anti-inflammatory associated CD206 following exposure to adipose 

conditioned media in combination with BSA Control (C), Oleic Acid (OA) or Palmitic Acid (PA) 

derived from non-obese and obese OAC cancer patients. 

To assess fatty acid treatment in non-obese cancer and obese cancer cohorts Friedman test with 

Dunn's correction was used, to assess the difference between non-obese cancer compared with 

obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data expressed as 

mean ± SEM, non-cancer n = 6, cancer n = 12, * p < 0.05, ** p <0.01, *** p <0.001. 

⚫ symbols = non-obese OAC patients, ⚫ symbols = obese OAC patients  
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3.5 Summary of main findings  

− PA diminishes OCR metabolism in adipose explants derived from cancer patients but 

not in non-cancer patients.  

− The diminishing effect of PA on adipose utilisation of OCR metabolism are more 

apparent in obese OAC patients than non-obese OAC patients.  

− PA promotes an immunosuppressive effect on the adipose secretome which is most 

apparent in adipose tissue from cancer patients. 

− The obesity status of OAC patients differentially effects adipose tissue response to the 

immunosuppressive influence of PA. 

− Maturation levels of DCs is significantly inhibited by the adipose secretome of non-
cancer patients treated with palmitic acid. The adipose secretome of cancer patients 
promotes expression of immunoinhibitory markers compared with non-cancer patients.  
 

− Mɸ exposed to the adipose secretome of cancer patients treated with palmitic acid 
show decreased pro-inflammatory M1-like and increased anti-inflammatory M2-like 
markers. 
 

− The obesity status of OAC patients’ effects Mɸ response to PA treatment stimulating 
differential expression of pro-inflammatory and anti-inflammatory markers.  
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3.6 Discussion  

Adipose tissue is regarded as an immunosuppressive environment, that recruits immune cells 

and deleteriously impairs their functionality [81–85]. This study for the first-time reports that 

exogenous PA treatment on adipose tissue diminishes metabolic profiling and enhances an 

immunosuppressive secretome. Furthermore, Mɸ cultured in this PA treated adipose 

secretome showed increased expression of anti-inflammatory markers which may play a 

significant role in potentiating anti-tumour immunity. 

PA has previously been identified to cause mitochondrial dysfunction using in vitro models, an 

effect that has not been seen with OA [402,403]. In our study, PA treatment significantly decreases 

the OCR profile of adipose tissue from cancer patients compared to untreated controls and OA 

treatment. This was coupled with decreased ECAR profiles. Neither of these treatment effects 

were mirrored in adipose explants derived from non-cancer patients. However, PA treatment 

significantly decreased OCR and ECAR profiles in OAC adipose explants compared with adipose 

tissue from non-cancer patients. Moreover, OCR was increased in the most viscerally obese of 

OAC patients compared with non-obese OAC patients, an effect significantly decreased by PA 

treatment. Collectively, this may indicate that adipose tissue from cancer patients particularly 

obese OAC patients may have aberrant biological functionality that is more effected by PA 

treatment. Previously our lab has identified decreased secreted levels of glutamine in obese 

OAC patients. Glutamine oxidation has been identified to maintain the TCA cycle during 

impaired mitochondrial functioning [404] which may be caused by PA treatment, thus leading to 

these diminished metabolic outputs. 

As previously mentioned, fatty acid levels in circulation and within adipose tissue have also been 

reported to be abrogated by obesity. One of the most common saturated fatty acids found in 

the human body is PA, which has been observed to be increased in circulation in obese patients 

[68], however its expression at tissue level is tightly regulated. In contrast OA one of the most 

commonly found monounsaturated fatty acid in the human body has previously been reported 

to be increased in adipose tissue of obese mouse models [69]. This increase with OA has also been 

associated with a corresponding increase in Δ 9 desaturated lipids [69] which is catalysed by 

Stearoyl-CoA desaturase (SCD1) supported by ELOLV6, with OA being its main product [70,71]. 

These findings may also suggest that adipose tissue that has been treated with PA is actively 

undergoing fatty acid synthesis, catalysing this exogenous PA into OA, which may account for 

the diminished levels of OCR observed in the cancer setting. It has been reported that cancer 

stimulates the release of fatty acids to support its growth, proliferation, and metastasis [405]. 

Therefore, it could be postulated that adipose tissue from cancer patients may have diminished 
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fatty acid levels, which could promote fatty acid synthesis to compensate for this loss and could 

explain why this effect is not apparent in the adipose tissue of non-cancer patients. 

The pro-inflammatory action of PA has been widely reported [65,284]. PA has many downstream 

effects on cancer and immune cells increasing IL-6, IL-1β, TNF-α and priming for pro-

inflammatory immune responses [65]. However, adipose tissue has been reported to be 

immunosuppressive with deleterious downstream effects for immune cells [81–83]. Within this 

study, PA has been identified to have extensive immunosuppressive effects on adipose tissue 

derived from non-cancer patients and even more apparently in adipose tissue from OAC 

patients. PA treatment on adipose tissue from non-cancer patients significantly decreased 

Eotaxin-3, IL-4, IL-6, IL-13, MCP-1, MCP-4, and MDC compared to either matched control or OA 

treated ACM from non-cancer patients. Within the PA treated adipose secretome of OAC 

patients decreased secreted levels of IL-1β, IL-2, IL-4, IL-6, IL-10, IL-13, MCP-1, MDC, MIP-1α, 

MIP-1β, MIP-3α, and TNF-α were observed compared with control and OA treated adipose 

secretome of OAC patients. Eotaxin-3 was also observed to be decreased in the PA treated 

adipose secretome compared with control ACM from OAC patients. PA has been reported to 

induce the production of Reactive oxygen species(ROS) [406]. The induction of ROS in pre-

adipocytes has been shown to impar proliferation, whilst in mature adipocytes ROS reduces 

oxygen consumption and blocks fatty acid oxidation, leading to lipid accumulation [407,408]. 

Increased oxidative stress in adipocytes has previously been linked to decreased secretion of 

adipokines [56], which may contribute to the diminished inflammatory outputs seen within our 

study. However reports have indicated that immunosuppressive cells such as tumour associated 

macrophages and myeloid derived suppressor cells have greater reliance on fatty acid 

oxidation(FAO) [409]. PA is a key fuel for FAO which could be utilised in the cancer 

microenvironment to perpetuate an immunosuppressive milieu diminishing anti-tumour 

immunity.  

This study further reports that within the adipose secretome of non-cancer patients control 

ACM and PA treated ACM were both observed to have higher secreted levels of IL-1β compared 

with matched OA treated ACM. This effect was not mirrored in the cancer setting. Previous 

research has indicated that OA should possess inhibitory effects of IL-1β secretion in cells 

including macrophages [410]. However, the differential effects observed in the adipose secretome 

of OAC patients compared with non-cancer patients does require further research to further 

understand how this adipose secretome could perpetuate cancer development and 

progression. Particularly, this study reports increased secreted levels of IL-13 and decreased 

levels Eotaxin-3, IL-2, and IL-17A in the adipose secretome of OAC patients compared with non-
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cancer patients, regardless of fatty acid treatment. IL-13 is a pleiotropic cytokine and more 

recently has been linked to diminished tumour immune surveillance as well as increasing 

invasion and metastasis [411]. It has also been reported to promote anti-inflammatory 

macrophage differentiation in adipose tissue [412] which could ameliorate low grade 

inflammation in obese adipose tissue but also attenuate anti-tumour immunity in the wider 

tumour microenvironment. IL-17a has been linked to augmenting adipose tissue inflammation 

and promoting cancer progression [271,413]. Eotaxin-3 and IL-2 play critical roles in immune cell 

activation and recruitment. Previous work from our lab has identified that obese adipose OAC 

tissue has decreased secreted levels of Eotaxin-3, whilst increased circulating levels of this 

cytokine have been linked with better overall survival in OAC patients [232]. The depleted levels 

of these cytokines in the adipose secretome of OAC patients compared with non-cancer patients 

poses interesting questions on how these cytokines levels have been altered so dramatically. 

Additionally, this study reports increased levels of IL-10 and MCP-4 in the control and OA treated 

ACM of OAC patients compared with matched non-cancer ACM. Both of these pleiotropic 

cytokines have been reported to possess potent anti-inflammatory effects, recruiting immune 

cells to resolve inflammation and hindering effective anti-tumour immunity [414,415]. However, 

further research is required to assess if these cytokines levels are affected by cancer progression 

or secreted into the wider tumour microenvironment which may enhance immune cell 

recruitment to adipose tissue leading to diminished functionality [312]. 

As previously mentioned, obesity is linked to a low-grade chronic inflammatory state. Within 

this study, the PA treated adipose secretome from non-obese OAC patients showed decreased 

secretion of Eotaxin, Eotaxin-3, GM-CSF, IFN-y, IL-1Ra, IL-1α, IL-2, IL-4, IL-6, IL-10, IL-12p70, IP-

10, MDC, MIP-1β, MIP-3α, TNF-α, and TSLP compared with matched control or OA treated ACM. 

In the obese setting similar decreases were observed for some of these analytes following PA 

treatment except Eotaxin, Eotaxin-3, IL-1Ra, IL-4, IL-6, IL-12p70, IP-10, and MDC. Many of these 

cytokines and chemokines are involved in recruitment of immune cells [329,416–418], mitigating 

inflammatory response [419] as well as activating NK and T cells [420]. The decreased secreted levels 

of these analytes following PA treatment in non-obese but not in the obese adipose tissue poses 

an interesting question as to how the obese adipose microenvironment may be more resistant 

to these immunosuppressive changes. Obesity and adipose tissue have previously been 

implicated in sequestering and diminishing the functionality of a series of immune cells [421], 

particularly in the cancer setting [422]. This postulates the question if a stunted response to the 

immunosuppressive of PA treatment could be due aberrant tolerance within adipose tissue to 

exogenous levels fatty acids. Additionally, IL-1β was observed to be significantly decreased by 



136 

 

PA treatment in the obese OAC adipose secretome compared with control and OA treatment. 

PA has typically been reported to increase IL-1β secretion in DCs and Mɸ [65,423], this 

dysfunctional response could be related to the altered secretome accompanying increased 

visceral adiposity. 

Overall, PA seems to propagate an immunosuppressive environment within the adipose 

secretome which may hold implications for immune cell function within visceral adipose depots 

and the wider tumour microenvironment. Adipose tissue has been widely reported to recruit 

and sequester immune cells whilst diminishing their functionality [81–83], potentially through 

aberrant secretions of inflammatory mediators. This study reports that DCs cultured with PA 

treated ACM from non-cancer patients decreased expression of a series of maturation and 

functional markers including CD80, CD86, HLA-DR, CD11c, CD40, and CD54 compared with OA 

treated ACM. PA seems to propagate an immunosuppressive effect in the adipose secretome of 

non-cancer patients that significantly decreased DC maturation and functionality. However, 

ACM derived from OAC patients regardless of PA treatment demonstrated no significant 

difference compared to control OAC ACM on DC maturation levels. Potentially this could be 

linked to earlier findings, where the PA treated adipose secretome in cancer patients promotes 

an immunosuppressive environment. Or it could be indicative of the altered underlying biology 

of adipose tissue in cancer patients, which has been reported to be transformed to support the 

development of premetastatic niches to aid tumour growth and immune evasion [307]. Previous 

research has shown that DCs from cancer patients have higher amounts of triglycerides than 

non-cancer patients, which negatively impacted DCs antigen presenting and T-cell stimulating 

capabilities [282]. Further research is required to interrogate how cancer progression modulates 

adipose tissue secretome, its reaction to PA treatment and what downstream effects this poses 

for DCs maturation and FAO in DCs. Additionally, this study observed that DCs cultured in OA 

treated ACM from OAC patients showed decreased expression of CD54 compared matched 

control ACM and non-cancer OA treated ACM. OA has previously been identified to decrease 

CD54 expression in human aortic endothelial cells [67] and recent research has shown that whilst 

CD54 is necessary to maintain adhesions with CD8 T-cells this is not required for cytotoxic and 

central memory lymphocytes [424].  

DCs cultured in ACM from OAC patients, regardless of fatty acid treatment, showed decreased 

expression of CD83 compared with ACM from non-cancer patients. However, DCs cultured with 

OA treated ACM from OAC patients did significantly increase CD83 compared with matched 

control ACM. CD83 is a characteristic marker of activated DCs and increased expression of 

CD83+ tumour infiltrating DCs has been associated with increased overall survival [425]. This 
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diminished expression of CD83 on DCs following exposure to OAC ACM may play a role in 

potentiating anti-tumour immunity but more research in this field is required. Within this study 

increased expression of TIM-3 was reported in DCs cultured with control and palmitic acid 

treated ACM from OAC patients compared with similarly treated ACM from non-cancer patients. 

Tim-3 expression on DCs has been reported to inhibit antitumour immunity by inhibiting 

inflammasome activation [426]. Furthermore, this study reports increased expression of PD-L1 on 

DCs cultured with ACM from OAC patients compared with ACM from non-cancer patients 

regardless of fatty acid treatment. PD-L1 expression on DCs has been shown to attenuate T cell 

activation [427]. It is of interest to note that ACM derived from OAC patients significantly increases 

the expression of these markers that attenuate anti-tumour immunity, an effect that is not seen 

in DCs treated with ACM from non-cancer patients.  

Mɸ have been denoted as a key effector cell in propagating inflammation in adipose tissue 

microenvironment, particularly in obesity [244]. Within this study, Mɸ cultured with OA treated 

ACM from non-cancer patients showed increased expression of CD11b, HLA-DR, and anti-

inflammatory associated markers CD163 and CD206 compared to either matched control or PA 

treated ACM. Previous reports have identified dietary OA increases anti-inflammatory marker 

CD206 on Mɸ in adipose tissue [285] and OA has also been reported to increases CD163 at a 

protein level in Mɸ [428]. However, in the cancer setting, Mɸ cultured with PA treated ACM 

showed decreased expression of pro-inflammatory associated markers CD80 and CD80+CD86+, 

and increased expression of anti-inflammatory associated markers CD206 and CD163+D206+ 

compared with matched control ACM. Further to this, Mɸ cultured with PA treated ACM from 

OAC patients showed increased expression of HLA-DR, CD163, CD163+CD206+ compared with 

Mɸ cultured in non-cancer PA treated ACM. These contradictory effects on Mɸ polarisation 

mirrors the findings in DCs within this study, where the influence of PA treatment on the adipose 

secretome of non-cancer and cancer patients have paradoxical effects. This further augments 

the postulation that PA treatment in the adipose secretome of OAC patients primes for an 

immunosuppressive environment which would be aided by anti-inflammatory M2-like Mɸ 

phenotype.  

Furthermore, the complexities of ACM derived from OAC patients can particularly be seen when 

comparing Mɸ expression of polarisation markers compared against Mɸ cultured in non-cancer 

ACM. Mɸ cultured in control ACM from OAC patients had increased expression of HLA-DR, 

CD80, CD86 CD80+CD86+ CD163, CD206, CD163+CD206+ compared with Mɸ cultured in control 

ACM from non-cancer patients. ACM derived from OAC patients appears to enhance expression 

of anti and pro-inflammatory associated makers on Mɸ due to increases of anti and pro-
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inflammatory associated cytokines including IL-10, IL-13 and TNF-α.  IL-10 and IL-13 have both 

been reported to enhance M2-like Mɸ [235,429] and TNF-α is known to aid polarisation and be 

expressed by M1-like Mɸ [430] as well as negatively regulating M2 expression [431]. This shows a 

conflicting dynamic that is being driven by dysregulated ACM derived from OAC patients, that 

could potentiate anti-tumour efficacy.  

Within the cancer cohort, Mɸ cultured with PA treated ACM from non-obese OAC patients 

showed decreased expression of CD80 and increased expression of CD206 compared to 

matched OA treated ACM and control ACM, respectively. Mɸ cultured in PA treated ACM from 

non-obese patients showed decreased expression of CD86 compared with Mɸ cultured in PA 

treated ACM from obese OAC patients. The decreased expression of pro-inflammatory M1 

markers and increased expression of anti-inflammatory markers observed in Mɸ cultured with 

PA treated ACM from non-obese OAC patients may be indicative of the underlying biological 

changes obesity has on adipose tissue. The absence of the low grade chronic inflammatory state 

associated with obesity may make the adipose tissue derived from non-obese OAC patients 

more responsive to the immunosuppressive effects of PA treatment. This hypothesis could be 

further strengthened by the finding that PA treated ACM from obese OAC patients significantly 

increased CD86 expression on Mɸ compared to those cultured in PA treated ACM derived from 

non-obese OAC patients. M1 macrophages are known to increase in obesity [432], with the 

possibility that the ACM derived from obese OAC patients may be more amenable to M1 

polarisation.  

Conclusively, this study has indicated that exogenous PA treatment possesses differential 

effects on adipose tissue metabolism, significantly decreasing metabolic profiles of adipose 

tissue explants derived from OAC patients. PA treatment can also be observed to have a 

significant immunosuppressive effect on the adipose secretome of both non-cancer and OAC 

patients, with key anti-inflammatory cytokines being significantly decreased in the adipose 

secretome of OAC patients compared with non-cancer patients. PA treatment in the adipose 

secretome also lead to the observation of paradoxical effects on DC maturation and Mɸ 

polarisation between OAC and non-cancer patients. This study has shown for the first time that 

exogenous fatty acids in the adipose microenvironment could lead to detrimental 

immunosuppressive effects that could potentiate anti-tumour immunity and aid cancer 

progression.   

 



 

 

 

 

 

 

4.0 Chapter 4         

           

     The differential influences of oleic 

and palmitic acid on the metabolism and secretome of 

adipose tissue explants of patients with oesophageal 

adenocarcinoma is augmented by increasing radiation. 
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4.1 Objective and specific aims:  

Objective: 

The overall objective of this chapter was to assess whether increasing irradiation would affect 

the influence of exogenous fatty acids on immuno-metabolic profiles of adipose explant 

oesophageal cancer patients using real-time metabolic profiles and multiplex ELISA. As well as 

determining whether these altered immuno-metabolic profiles were influenced by increased 

visceral adiposity. This chapter further looks to assess how increasing irradiation and alterations 

in these treated adipose secretome effect immune cell function. 

 

Specific Aims 

− To assess metabolic profiles including oxidative phosphorylation and glycolysis of 

adipose explants derived from cancer patients in real time following culture with dietary 

fats Oleic Acid (OA) and Palmitic acid (PA) in combination with increasing irradiation. 

− To assess the secreted profiles of these adipose explants for mediators of inflammation, 

metabolism, angiogenesis, and immune response and whether increasing irradiation 

effects the influence of OA and in particular the immunosuppressive nature of PA. 

− To determine whether obesity differentially effects the metabolic and secreted profiles 

of adipose explants derived from cancer patients in response to OA and PA treatment 

combined with increasing irradiation. 

− To evaluate whether the adipose secretome of cancer patients treated with OA and PA 

once combined with increasing irradiation influences dendritic cell (DC) expression of 

maturation markers, and whether this is altered by obesity.    

− To evaluate whether the adipose secretome of cancer patients treated with OA and PA 

once combined with increasing irradiation influences macrophage (Mɸ) polarisation 

towards a pro-inflammatory (M1-like) or anti-inflammatory (M2-like) phenotype, and 

whether this is altered by obesity.    
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4.2 Introduction 

Radiation therapy is one of the most commonly used modalities of therapy used to treat solid 

cancers. Radiation has been shown to deleteriously effect adipose tissue leading to a reduction 

in proliferating cells, increase in apoptotic cells and altering the hematopoietic population [433]. 

Further to this, adipocytes have been reported to have increased lipid accumulation following 

high dose radiation [434]. It has been reported that cancer cells promote free fatty acid release 

from pre-adipocytes in to form pre-metastatic niches and aid gastric cancer metastasis [435]. One 

such fatty acid is palmitic acid (PA) which has been reported to be increased in circulation with 

obesity and with cancer patients [399,436]. Oesophageal adenocarcinoma is one of the most closely 

associated cancers with obesity associated with poor prognosis and a five year survival of 

approximately 20% [7].   Currently the standard of care for treatment involves neoadjuvant 

treatment with either chemotherapy alone or combination chemoradiotherapy for locally 

advanced tumours [19]. Unfortunately, only approximately 30% of patients show a complete 

response to these current treatment modalities, leaving a large proportion of patients with no 

therapeutic gain and a possible delay to surgery [309,310].  

Metabolism and mitochondrial pathways have been highlighted to affect the efficacy of 

radiotherapy by inducing radio-resistance in cancer cells [190]. Previously we have seen aberrant 

adipose tissue metabolism in OAC patients associated with a series of clinical factors including 

obesity, metabolic dysfunction and in relation to treatment response. Research has indicated 

that the adipocyte secretome increases cancer cell metabolism and confers cancer cells with 

enhanced survival and resistance to radiation induced oxidative stress [177]. On a cellular level 

many of the factors that have been suggested to enhance radio-resistance are associated with 

adipose secretome. One effect of the adipocyte secretome that is highly exploited by cancer 

cells, is adipocytes’ ability to secrete factors that can alter the pro-inflammatory landscape of 

the tumour environment [181]. The adipocyte secretome of obese patients in known to be in a 

low-grade chronic state of inflammation, which has also been suggested to aid cancer cell 

survival by enabling protective mechanisms to allow them to evade the toxicity of radiotherapy 

[231].  

Adipose tissue has been reported to recruit immune cells whilst having deleterious effects on 

their function which can potentiate anti-tumour immunity [81–85]. However, radiation therapy 

through its induction of radiation induced inflammation has been reported to promote anti-

tumour immunity [434,437]. In particular, macrophages have been reported to play a vital role in 

radiation induced inflammation inducing an anti-tumour immunity response through the 

generation of an inflammatory response promoting classical activation and increased 
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expression of pro-inflammatory mediators [247].  We have reported that PA and Oleic Acid (OA) 

illicit differential secretion of inflammatory mediators from adipose tissue, these factors directly 

affect the antigen presenting abilities and polarisation of cells like Dendritic Cells (DCs) and 

Macrophages (Mɸ) [236]. Increased free fatty acids, which have been reported in obesity, have 

been shown to enhance Mɸ polarisation towards M1-like phenotype [283]. Further to this free 

fatty acids have also been shown to lead to lipid -loaden DCs with diminished antigen presenting 

capabilities and reduced capacity to effectively stimulate T cells [282].    

This study for the first time looks to investigate if adipose tissue from non-obese (n=6) and 

obese(n=6) OAC patients have differential metabolic and secreted inflammatory profiles and 

whether exposure to increasing radiation alters these profiles. As well as examining whether 

the addition of exogenous fatty acids including PA and OA differentially alter metabolic 

preferences or secretome of these adipose explants with or without increasing radiation. 

Further to this, this study aims to assess how these treated adipose secretome exposed to 

increasing radiation effect dendritic cells (DCs) maturation and macrophage (Mɸ) polarisation 

and again whether this is affected by increasing visceral adiposity.  
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4.3 Materials and Methods 

4.3.1 Ethics Statement and Patient Recruitment  

Ethical approval was granted by the St James’s Hospital/AMNCH ethical review board (Ethics 

number: REC_2019-07 List 25(27)) and written informed consent was collected from all patients 

in this study. 12 cancer patients were recruited within the period between 3rd of April 2021 and 

14th of January 2023, patient demographics are listed in Table 4.3.1. Fresh adipose tissues were 

taken from all patients at the start of the surgical procedure. All OAC patients were being treated 

with curative intent. Obesity was defined via visceral fat area (VFA) measurements with cut-off 

value for VFA of 163.8 cm2 in males and 80.1 cm2 for females as previously categorised[318] with 

adipose tissue from 6 obese and 6 non-obese patients being collected . 

Table 4.3.1 Clinical demographics associated with OAC patients  

Patient Clinical Parameters 

Diagnosis 
OAC = 6 
OGJ = 6 

Sex 
Male = 8 

Female = 4 

Obesity Status via Visceral Fat Area 
Obese = 6 

Non-obese = 6 

Age at diagnosis 55-81 (Mean = 68.5)  
Post-treatment BMI 22.34-34.29 (Mean = 27.56) 

Weight 58.4–113 kg (Mean = 77.85) 

Mean VFA 71.86–303 (Mean = 138.1) 

Treatment 
Naïve   n = 5 
FLOT   n = 5 
CROSS   n = 2 

Tumour Regression Grading (TRG) 

TRG 1   n = 3 (CROSS n = 2, FLOT n = 1) 
TRG 2   n = 3 (CROSS n = 1, FLOT n = 2) 
TRG 3   n = 8 (CROSS n = 3, FLOT n = 5) 
TRG 4   n = 3 (CROSS n = 2, FLOT n = 1) 
TRG 5   n = 3 (CROSS n = 0, FLOT n = 3) 

Clinical Stage (T) 
T1   n = 5 

T2   n = 00 
T3 n = 7 

Clinical Stage (N) 
N0   n = 7 

N1   n = 10 
N2   n = 40 

Path stage (T) 

T0   n = 10 
T1   n = 50 
T2   n = 00 
T3   n = 60 
T4   n = 00 

Path Stage (N) 

N0   n = 50 
N1   n = 20 
N2   n = 30 
N3   n = 20 
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Figure 4.3.1 Schematic of experimental methodology workflow associated with Chapter 4 

Real time metabolic and secreted profiles of adipose explants from OAC or OGJ cancer patients were assessed by Agilent seahorse, MSD multiplex 

ELISA following exogenous fatty acid treatment with OA And PA, with or without exposure to increasing irradiation (mock irradiated 0 Gy, 2 Gy, 4 Gy). 

The influence of these treated adipose secretome on dendritic cell maturation and macrophage polarisation were then assessed via flow cytometry. 
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4.3.2 Lipid treatment  

Methodology carried out as per section 3.3.2 Lipid treatment. 

 

4.3.3 Seahorse Analysis of metabolic profiles from adipose tissue explants and generation of 

Adipose Conditioned Media (ACM) 

Fresh omental tissue was collected from theatre and processed within 30 minutes by dissecting 

into pieces weighing approximately 20 μg. Tissue was plated in triplicates in 1 ml of M199 

(supplemented with 0.1% gentamicin (Lonza, Switzerland), in a 24 well plate (Sarstedt, 

Germany). Adipose explants were then treated with 0.01% DMSO 2% BSA control or 200 μM OA 

or PA in 0.01% DMSO 2% BSA in M199. Following 2 hours incubation adipose explants were 

mock irradiated or irradiated at 2 or 4 Gy at a dose rate of 1.73Gy/minute (XStrahl (RS225), 

Atlanta, United States). Adipose explants were cultured for 24 hours at 37ºC at 5% Carbon 

Dioxide in a humidified incubator (Thermofisher, Massachusetts, USA). In the last hour of 

culture, adipose tissue and ACM was transferred to islet capture microplate with capture 

screens (Agilent Technologies, California, United States) and incubated in a non-CO2 incubator 

at 37⁰C (Whitley, United Kingdom) prior to analysis. Seahorse Xfe24 analyser was used to assess 

metabolic profiles in adipose explants, (Agilent Technologies, California, United States) 

following a 12 minute equilibrate step, three basal measurements of OCR and ECAR were taken 

over 24 minutes consisting of three repeats of the following sequence “mix (3 min) / wait (2 

min) / measurement (3 min)” to establish basal respiration. Adipose Conditioned Media (ACM) 

was extracted in a sterile environment and tissue weighed using a benchtop analytical balance 

(Radwag, Poland) and snap frozen. All samples were then stored at -80⁰C for further processing.  

 

4.3.4 Multiplex ELISA  

Methodology carried out as per section 2.3.4 Multiplex ELISA. 

 

4.3.5 Isolation of monocytes  

Methodology carried out as per section 3.3.5 Isolation of monocytes. 

 

4.3.6 Dendritic cell culture  

Methodology carried out as per section 3.3.6 Dendritic cell culture. 

 

4.3.7 Macrophage culture  

Methodology carried out as per section 3.3.7 Macrophage culture. 
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4.3.8 Flow cytometry  

Methodology carried out as per section 3.3.8 Flow cytometry 

 

4.3.9 Statistical analysis  

All statistics were conducted using GraphPad Prism 9.5 (GraphPad Software, California, United 

States). A significance level of p<0.05 was used in all analysis and all p-values reported were 

two-tailed. Friedman testing with Dunn’s post hoc correction, was employed for non-parametric 

testing between paired cohorts (Control vs. OA vs. PA within the non-cancer cohort and Control 

vs. OA vs. PA within the cancer cohort). For statistical testing between unpaired non-parametric 

cohorts, Kruskal Wallis test with Dunn’s correction was used (Control/OA/PA non-cancer vs 

Control/OA/PA cancer. and between fatty acids treatments in non-obese and obese cancer 

cohorts). Details of specific statistical tests are given in each corresponding figure legend.  
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4.4 Results  

4.4.1 PA treatment alters OCR metabolism in adipose tissue, an effect that is augmented 

by 4 Gy radiation and patient obesity.  

Adipose tissue explants derived from OAC patients were assessed via Agilent Seahorse Xfe24 

analyser to examine the influence of OA and PA treatments on their metabolic profiles under 

increasing doses of radiation. The impact of obesity, classified by VFA, on the action of these 

fatty acids in combination with increasing radiation on adipose metabolism was also 

investigated using real-time metabolic parameters. 

 

In adipose tissue explants derived from OAC patients PA treatment significantly decreased OCR 

profiles compared to control and OA treated adipose explants in an unirradiated setting. PA 

treatment was also observed to decrease OCR profiles compared to control and OA treated 

adipose explants following 4 Gy radiation. In adipose tissue explants derived from OAC patients 

PA treatment was also observed to significantly decrease ECAR profiles compared to OA treated 

adipose explants in an unirradiated setting (Figure 4.4.1 A, B).  

PA treatment in unirradiated adipose tissue explants from non-obese OAC patients significantly 

decreased OCR compared with matched OA treatment. In unirradiated adipose explants from 

obese OAC patients PA treatment significantly decreased OCR levels compared to matched OA 

treated adipose explants. PA treatment on adipose explants exposed to 4 Gy radiation 

decreased OCR profiles compared with matched control adipose. Additionally increased OCR 

profiles were observed in unirradiated adipose explants from obese OAC patients compared 

with non-obese patients. OA treatment on adipose explants exposed to 4 Gy radiation 

significantly increased ECAR profiles compared with matched control adipose. Additionally 

increased ECAR profiles were observed in control adipose explants from obese OAC patients 

compared with non-obese patients following exposure to 4 Gy radiation (Figure 4.4.2 A, B).  

(* p < 0.05, ** p <0.01.) 
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Figure 4.4.1 The diminishing effect of palmitic acid on OCR metabolism in adipose tissue of 

OAC patients is augmented by high dose radiation. 

A-C) OCR, ECAR and OCR:ECAR ratio profiles of adipose tissue derived from non-obese and 

obese OAC cancer patients exposed to mock irradiated, 2 Gy irradiation or 4 Gy irradiation in 

combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) in 

combination. 

Friedman test with Dunn's correction, all data expressed as mean ± SEM, n = 12, * p < 0.05, 

** p <0.01. 
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Figure 4.4.2 The obesity status of OAC differentially effects adipose tissue metabolic 

response to exogenous fatty acids and increasing irradiation  

A-C) OCR, ECAR and OCR:ECAR ratio profiles of adipose tissue derived from non-obese and 

obese OAC cancer patients exposed to mock irradiated, 2 Gy irradiation or 4 Gy irradiation in 

combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) in 

combination. 

To assess fatty acid treatment in non-obese cancer and obese cancer cohorts Friedman test with 

Dunn's correction was used, to assess the difference between non-obese cancer compared with 

obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data expressed as 

mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01. 

Blue border = non-obese, Red border = obese  
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4.4.2 Increasing radiation enhances the immunosuppressive effects of PA treatment on the 

adipose secretome from OAC patients.   

As previously mentioned, the presence of PA and OA in circulation have been reported to play 

a role in augmenting or suppressing inflammatory mediators. In order to determine whether 

increasing doses of radiation augmented OA and PA treatments influence on the adipose 

secretome of cancer patients a 54-analyte multiplex was used to assess inflammatory 

mediators. 

 

Control (0 Gy vs 2 Gy vs 4 Gy) 

ACM from control adipose exposed to 2 Gy radiation showed decreased Eotaxin-3, and 

increased MCP-1 compared with unirradiated control adipose. Control ACM exposed to 4 Gy 

radiation showed decreased TNF-α and increased IL-4 compared with unirradiated adipose. 

Decreased secreted levels of IL-8 were observed in the control adipose secretome exposed to 4 

Gy radiation compared to matched control exposed to 2 Gy radiation (Figure 4.3.3, 4.3.5, 4.3.6).  

 

OA (0 Gy vs 2 Gy vs 4 Gy) 

Following OA treatment in adipose explants exposed to 2 Gy radiation decreased IL-12p70 and 

IL-13 were observed compared with unirradiated OA treated adipose. Following OA treatment 

in adipose explants exposed to 4 Gy radiation decreased IL-2, and TNF-α as well as increased IL-

4 was observed compared with unirradiated OA treated adipose. Decreased secreted levels of 

IL-8 were observed in the adipose secretome of explants treated with OA exposed to 4 Gy 

radiation compared to matched OA treated explants treated with 2 Gy radiation (Figure 4.3.4 , 

4.3.6).  

 

PA (0 Gy vs 2 Gy vs 4 Gy) 

Following PA treatment in adipose explants exposed to 4 Gy radiation decreased IL-8, and 

increased MIP-3α, were observed compared with unirradiated PA treated adipose. Decreased 

secreted levels of IL-8 were observed in the adipose secretome of explants treated with PA 

exposed to 4 Gy radiation compared to matched PA treated explants treated with 2 Gy radiation 

(Figure 4.3.4 - 4.3.5). 
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Comparisons between fatty acids in the mock irradiated setting 

In the unirradiated setting, the PA treated adipose secretome compared with control showed 

decreased expression of Eotaxin-3, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-1Ra, IL-2, IL-6, IL-10, IL-13, IP-

10, MDC, MIP-1β, MIP-3α, TNF-α, and TSLP (Figure 4.3.3 - 4.3.6).  In the unirradiated setting, the 

PA treated adipose secretome compared with OA treated showed decreased expression of GM-

CSF, IFN-γ, IL-1α, IL-1β, IL-1Ra, IL-2, IL-3, IL-6, IL-10, IL-12p70, IP-10, MIP-1β, TNF-α, and TSLP 

(Figure 4.3.3 - 4.3.6).   

Comparisons between fatty acids following exposure to 2 Gy irradiation 

Following exposure to 2 Gy radiation, the PA treated adipose secretome compared with control 

showed decreased expression of GM-CSF, IFN-γ, IL-1α, IL-1β, IL-1Ra, IL-2, IL-3, IL-4, IL-6, IL-10, 

IL-13, IP-10, MCP-1, MCP-4, MDC, MIP-1α, MIP-1β, MIP-3α, TNF-α, and TSLP (Figure 4.3.3 - 

4.3.6).   

Following exposure to 2 Gy radiation, the PA treated adipose secretome compared with OA 

treated showed decreased expression of GM-CSF, IFN-γ, IL-1α, IL-1β, IL-1Ra, IL-2, IL-3, IL-4, IL-6, 

IL-10, IL-12p70, IP-10, MCP-1, MCP-4, MDC, MIP-1α, MIP-1β, MIP-3α, TNF-α, and TSLP (Figure 

4.3.3 - 4.3.6).   

Comparisons between fatty acids following exposure to 4 Gy irradiation 

Following exposure to 4 Gy radiation, the PA treated adipose secretome compared with control 

showed decreased expression of Eotaxin-3, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-1Ra, IL-2, IL-4, IL-6, IL-

10, IL-12p70, IP-10, MCP-4, MDC, MIP-1α, MIP-1β, TNF-α, and TSLP (Figure 4.3.3 - 4.3.6).   

Following exposure to 4 Gy radiation, the PA treated adipose secretome compared with OA 

treated showed decreased expression of Eotaxin-3, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-1Ra, IL-4, IL-

6, IL-12p70, IP-10, MCP-4, MIP-1α, MIP-1β, TSLP and VEGF (Figure 4.3.3 - 4.3.6).   

(* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.) 
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Figure 4.4.3 Palmitic acid decreases secreted levels of mediators of immune cell recruitment 

in the adipose secretome of OAC patients. 

A-F) Secreted levels of Eotaxin, Eotaxin-3, GM-CSF, MCP-1, MCP-4, and MDC from adipose tissue 

derived from OAC cancer patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy 

irradiation in combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ). 

Friedman test with Dunn's correction, all data expressed as mean ± SEM, n = 12, * p < 0.05, 

** p <0.01, *** p <0.001, **** p <0.0001. 
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Figure 4.4.4 Palmitic acid decreases secreted levels of factors associated with immune 

activation in the adipose secretome of OAC patients.  

A-F) Secreted levels of IL-2, IL12p70, IP-10, MIP-1α, MIP-1β, and MIP-3α from adipose tissue 

derived from OAC cancer patients exposed to mock irradiated, 2 Gy irradiation or 4 Gy 

irradiation in combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) 

in combination. 

Friedman test with Dunn's correction, all data expressed as mean ± SEM, n = 12, * p < 0.05, 

** p <0.01, *** p <0.001, **** p <0.0001. 
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Figure 4.4.5 Palmitic acid decreases secreted levels of pro-inflammatory mediators in the 

adipose secretome of OAC patients. 

A-F) Secreted levels of Eotaxin, Eotaxin-3, GM-CSF, MCP-1, MCP-4, and MDC from adipose tissue 

derived from OAC cancer patients exposed to mock irradiated, 2 Gy irradiation or 4 Gy 

irradiation in combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) 

in combination. 

Friedman test with Dunn's correction, all data expressed as mean ± SEM, n = 12, * p < 0.05, 

** p <0.01, *** p <0.001, **** p <0.0001. 
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Figure 4.4.6 Palmitic acid decreases secreted levels of anti-inflammatory and angiogenic 

mediators in the adipose secretome of OAC patients. 

A-F) Secreted levels of IL-1Ra, IL-4, IL-10,IL-13, TSLP, and VEGF from adipose tissue derived from 

OAC cancer patients exposed to mock irradiated, 2 Gy irradiation or 4 Gy irradiation in 

combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) in 

combination. 

Friedman test with Dunn's correction, all data expressed as mean ± SEM, n = 12, * p < 0.05, 

** p <0.01, *** p <0.001, **** p <0.0001. 
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4.4.3 Increasing radiation leads to elevated secreted levels of angiogenic and vascular 

injury associated mediators in the adipose secretome of OAC patients. 

Radiation is a known inducer of key vascular injury and angiogenic associated mediators. In 

order to determine whether OA and PA treatments augmented the release of these factors into 

the adipose secretome following exposure to increasing radiation a 54-analyte multiplex was 

used to assess these mediators. 

 

Control (0 Gy vs 2 Gy vs 4 Gy) 

Control ACM exposed to 2 Gy radiation significantly increased secreted levels of bFGF, Flt-1, 

PIGF, CRP, SAA, sICAM-1, and sVCAM-1 compared with unirradiated control ACM. Control ACM 

exposed to 4 Gy radiation significantly increased secreted levels of bFGF, Flt-1, PIGF, VEGF-C, 

CRP, SAA, sICAM-1, and sVCAM-1 compared with unirradiated control ACM. Secreted levels of 

VEGF-C were also observed to be decreased in the adipose secretome of control treated ACM 

exposed to 4 Gy radiation compared with control ACM exposed to 2 Gy radiation (Figure 4.4.7-

4.4.8).  

OA (0 Gy vs 2 Gy vs 4 Gy) 

OA treated ACM exposed to 2 Gy radiation significantly increased secreted levels of bFGF, Flt-1, 

PIGF, CRP, SAA, sICAM-1, and sVCAM-1 compared with unirradiated OA treated ACM. OA 

treated ACM exposed to 4 Gy radiation significantly increased secreted levels of bFGF, Flt-1 PIGF, 

VEGF-C, CRP, SAA, sICAM-1, and sVCAM-1 compared with unirradiated OA treated ACM. 

Secreted levels of VEGF-C were also observed to be decreased in the adipose secretome of OA 

treated ACM exposed to 4 Gy radiation compared with OA treated ACM exposed to 2 Gy 

radiation (Figure 4.4.7-4.4.8). 

PA (0 Gy vs 2 Gy vs 4 Gy) 

PA treated ACM exposed to 2 Gy radiation significantly increased secreted levels of bFGF, Flt-1, 

PIGF, CRP, and SAA compared with unirradiated PA treated ACM. PA treated ACM exposed to 4 

Gy radiation significantly increased secreted levels of bFGF, Flt-1, PIGF, VEGF-C, CRP, and SAA 

compared with unirradiated PA treated ACM (Figure 4.4.7-4.4.8). 

No differential secretion of angiogenic or vascular injury mediators were observed between any 

fatty acid treatments at any level of radiation exposure.  

(* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.) 
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Figure 4.4.7 Increasing irradiation increases secretion of angiogenic mediators in the adipose 

secretome of OAC regardless of fatty acid treatment.    

A-D) Secreted levels of bFGF, FLt-1, PIGF, and VEGF-C from adipose tissue derived from OAC 

cancer patients exposed to mock irradiated, 2 Gy irradiation or 4 Gy irradiation in combination 

with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

Friedman test with Dunn's correction, all data expressed as mean ± SEM, n = 12, * p < 0.05, 

** p <0.01, *** p <0.001, **** p <0.0001. 
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Figure 4.4.8 Increasing irradiation increases secretion of factors associated with vascular 

injury in the adipose secretome of OAC regardless of fatty acid treatment.    

A-D) Secreted levels of CRP, SAA, sICAM-1, and sVCAM-1 from adipose tissue derived from OAC 

cancer patients exposed to mock irradiated, 2 Gy irradiation or 4 Gy irradiation in combination 

with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

Friedman test with Dunn's correction, all data expressed as mean ± SEM, n = 12, * p < 0.05, 

** p <0.01, *** p <0.001, **** p <0.0001. 
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4.4.4 PA treatment augmented by radiation differentially alters the secretion of key pro-

inflammatory and anti-inflammatory mediators in the ACM of obese and non-obese 

OAC patients. 

Obesity is a known contributor to chronic low-grade inflammation. Therefore, to assess whether 

increased visceral adiposity effected the influence of increasing radiation doses in combination 

with OA and PA treatments on adipose tissue secretome from OAC patients a 54-analyte 

multiplex was used with obesity being classified by VFA.  

 

PA (0 Gy vs 2 Gy vs 4 Gy)  

Following PA treatment in combination with 4 Gy radiation decreased secreted levels of IL-3 in 

adipose explants of obese patients compared with non-obese patients (Figure 4.4.9). 

 

Comparisons between fatty acids in the mock irradiated setting  

Non-obese  

In the unirradiated setting PA treated adipose tissue from non-obese patients secreted lower 

levels of IL-1α, and IP-10 compared with matched control ACM. Also, in the unirradiated setting 

PA treated adipose tissue from non-obese patients secreted lower levels of Eotaxin-3, GM-CSF, 

IFN-y, IL-1α, IL-1β, IL-1Ra, IL-2, IL-3, IL-6, IL-12p70, IP-10, and MDC compared with matched OA 

treated ACM (Figure 4.4.9, 4.4.10, 4.4.11, 4.4.13, 4.4.14).  

Obese  

In the unirradiated setting PA treated adipose tissue from obese patients, secreted lower levels 

of GM-CSF, IFN-y, IL-1α, IL-1β, IL-2, IL-10, MIP-1β, MIP-3α, and TLSP compared with matched 

control ACM. Also, in the unirradiated setting PA treated adipose tissue from obese patients, 

lower secreted levels of IFN-y, IL-1α, and IL-1β compared with matched OA treated ACM. In PA 

treated adipose tissue exposed to 2 Gy radiation from obese patients, lower levels of GM-CSF, 

IFN-y, IL-1α, IL-1β, IL-1Ra, IL-2, IL-10, MCP-1, MIP-1α, MIP-1β, MIP-3α, and TLSP were observed 

compared with matched control ACM (Figure 4.4.9 - 4.4.15).  
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Comparisons between fatty acids following exposure to 2 Gy irradiation 

Non-obese  

In PA treated adipose tissue exposed to 2 Gy radiation from non-obese patients, lower levels of 

IL-2, IL-3, IL-4, IL-6, IL-10, MCP-1, and TSLP were observed compared with matched control ACM. 

Also, in PA treated adipose tissue exposed to 2 Gy radiation from non-obese patients, lower 

secreted levels of IL-3, and IL-10 were observed compared with matched OA treated ACM 

(Figure 4.4.9, 4.4.10, 4.4.11, 4.4.13, 4.4.15).  

Obese  

In PA treated adipose tissue exposed to 2 Gy radiation from obese patients, lower secreted 

levels of GM-CSF, IFN-y, IL-1α, IL-1β, IL-2, IL-10, MCP-1, MDC, MIP-1α, MIP-1β, and MIP-3α were 

observed compared with matched OA treated ACM (Figure 4.4.9 - 4.4.15).  

.  

Comparisons between fatty acids following exposure to 4 Gy irradiation 

Non-obese  

In PA treated adipose tissue exposed to 4 Gy radiation from non-obese patients, lower levels of 

GM-CSF, IL-1Ra, IL-2, IL-4, IL-6, IL-12p70, IL-15, MCP-1, MCP-4, and TLSP were observed 

compared with matched control ACM. Also, in PA treated adipose tissue exposed to 4 Gy 

radiation from non-obese patients, lower secreted levels of GM-CSF, IL-15, MCP-4, and TLSP 

were observed compared with matched OA treated ACM (Figure 4.4.9, 4.4.10, 4.4.11, 4.4.13, 

4.4.14, 4.4.15). 

Obese 

In PA treated adipose tissue exposed to 4 Gy radiation from obese patients, lower levels of GM-

CSF, IL-1α, MCP-4, MDC, MIP-1α, and MIP-1β were observed compared with matched control 

ACM. Also, in PA treated adipose tissue exposed to 4 Gy radiation from obese patients, lower 

secreted levels of GM-CSF, MCP-4, and MIP-1β were observed compared with matched OA 

treated ACM (Figure 4.4.9, 4.4.10, 4.4.14). 

(* p < 0.05, ** p <0.01, *** p <0.001.) 
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Figure 4.4.9 Palmitic acid decreases section of factors associated with immune recruitment 

and activation most apparently in the adipose secretome of non-obese OAC patients.  

A-C) Secreted levels of Eotaxin-3, GM-CSF, and IL-3 from adipose tissue derived from non-obese 

and obese OAC cancer patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation 

in combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ). 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01. 

Blue border = non-obese, Red border = obese  
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Figure 4.4.10 Increasing radiation in combination with palmitic acid decreases secreted 

levels of chemotactic chemokines in the adipose secretome of non-obese and obese OAC 

patients.  

A-C) Secreted levels of MCP-1, MCP-4, and MDC from adipose tissue derived from non-obese 

and obese OAC cancer patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation 

in combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ). 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01. 

Blue border = non-obese, Red border = obese  
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Figure 4.4.11 The immunosuppressive effects of palmitic acid on secreted levels of immune 

activating factors is most apparent in the non-obese adipose secretome. 

A-C) Secreted levels of IL-2, IL-12p70 and IP-10 from adipose tissue derived from non-obese and 

obese OAC cancer patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation in 

combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ). 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01. 

Blue border = non-obese, Red border = obese  
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Figure 4.4 12 The immunosuppressive effects of palmitic acid on secreted levels of MIP 

family members is most apparent in the obese adipose secretome. 

A-C) Secreted levels of MIP-1α, MIP-1β, and MIP-3α from adipose tissue derived from non-obese 

and obese OAC cancer patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation 

in combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ). 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01, *** p <0.001. 

Blue border = non-obese, Red border = obese  
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Figure 4.4.13 Palmitic acid differentially diminishes adipose tissue secretion of alternate 

instigators of NFκB activation in non-obese and obese OAC patients. 

A-C) Secreted levels of IFN-γ, IL-6, and IL-15 from adipose tissue derived from non-obese and 

obese OAC cancer patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation in 

combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ). 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01, *** p <0.001. 

Blue border = non-obese, Red border = obese  



166 

 

C

O
A

P
A C

O
A

P
A C

O
A

P
A C

O
A

P
A C

O
A

P
A C

O
A

P
A

0

2000

4000

6000

IL-1α

p
g

/m
l 

p
e

r 
g

 o
f 

a
d

ip
o

s
e

✱

✱✱ ✱

✱✱

✱ ✱

✱✱

2 Gy0 Gy 4 Gy

Non-obese Obese

2 Gy0 Gy 4 Gy

C

O
A

P
A C

O
A

P
A C

O
A

P
A C

O
A

P
A C

O
A

P
A C

O
A

P
A

0

1000

2000

3000

4000

5000

IL-1ß

p
g

/m
l 

p
e

r 
g

 o
f 

a
d

ip
o

s
e

✱ ✱

✱✱

✱

✱✱✱

2 Gy0 Gy 4 Gy

Non-obese Obese

2 Gy0 Gy 4 Gy

A)

B)

C

O
A

P
A C

O
A

P
A C

O
A

P
A C

O
A

P
A C

O
A

P
A C

O
A

P
A

0

20000

40000

60000

80000

100000

IL-1Ra

p
g

/m
l 

p
e

r 
g

 o
f 

a
d

ip
o

s
e

✱ ✱ ✱✱

2 Gy0 Gy 4 Gy

Non-obese Obese

2 Gy0 Gy 4 Gy

C)

 

Figure 4.4.14 The diminishing effect of palmitic acid on pro-inflammatory IL-1 family 

members is most apparent in the adipose secretome of obese OAC patients.  

A-C) Secreted levels of IL-1α, IL-1β, and IL-1Ra from adipose tissue derived from non-obese and 

obese OAC cancer patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation in 

combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ). 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01, *** p <0.001. 

Blue border = non-obese, Red border = obese  
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Figure 4.4.15 Increasing radiation and obesity effect the decreased secretion of anti-

inflammatory in the adipose secretome of non-obese and obese OAC patients in response to 

palmitic acid. 

A-C) Secreted levels of IL-4, IL-10, and TSLP from adipose tissue derived from non-obese and 

obese OAC cancer patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation in 

combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ). 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01, *** p <0.001. 

Blue border = non-obese, Red border = obese   
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4.4.5 Increasing radiation in combination with OA treatment on the adipose secretome of 

OAC patients augments expression of DC maturation markers.   

DCs play a pivotal role in antigen presentation and anti-tumour immunity. To assess what 

influence increasing radiation in combination with OA and PA treatments in the adipose 

secretome have on DCs function, DCs were cultured in these treated ACM and a series of 

phenotypic and maturation markers were assessed via flow cytometry.  

 
Control (0 Gy vs 2 Gy vs 4 Gy) 

DCs cultured with control ACM exposed to 2 Gy radiation showed decreased CD54 expression 

compared with DCs cultured in unirradiated control ACM. DCs cultured with control ACM 

exposed to 4 Gy radiation showed increased HLA-DR, CD11c, CD80, CD86, CD40, PD-L1, TIM-3 

and decreased CD83 compared with unirradiated control ACM (Figure 4.4.17 - 4.4.19). 

OA (0 Gy vs 2 Gy vs 4 Gy) 

DCs cultured with OA treated ACM exposed to 2 Gy radiation showed increased HLA-DR, CD11c, 

CD80, CD86, CD80+CD86+, CD40, PD-L1, and TIM-3 expression compared with DCs cultured with 

unirradiated OA treated ACM. DCs cultured with OA treated ACM exposed to 4 Gy radiation 

showed increased HLA-DR, CD11c, CD80, CD86, CD80+CD86+, CD40, PD-L1, TIM-3 and 

decreased CD83 compared with unirradiated OA treated ACM. OA treated ACM exposed to 4 

Gy radiation also significantly decreased DC viability compared with OA treated ACM exposed 

to 2 Gy radiation (Figure 4.4.17 - 4.4.19).  

PA (0 Gy vs 2 Gy vs 4 Gy) 

DCs cultured with PA treated ACM exposed to 4 Gy radiation showed increased CD80, TIM-3, 

and decreased CD83 compared with unirradiated OA treated ACM (Figure 4.4.18 - 4.4.19). 

 
Comparisons between fatty acids in the mock irradiated setting 

DCs cultured in unirradiated OA treated ACM also showed significantly decreased expression of 

CD54 compared with unirradiated control ACM (Figure 4.4.19). 

Comparisons between fatty acids following exposure to 2 Gy irradiation 

PA treated ACM exposed to 2 Gy radiation significantly decreased DC viability compared with 

matched 2 Gy irradiated control ACM, and OA treated ACM (Figure 4.4.17). 

(* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.) 
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Figure 4.4.16 Histograms of DC maturation markers following LPS stimulation  

Histograms displaying DC markers HLA-DR, CD11c, CD80, CD86 CD83, CD40, CD54 and PD-L1 

which depict DCs response to LPS stimulation. (Blue peaks indicate unstimulated DCs and red 

peak indicate DCs following exposure to LPS stimulation) 
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Figure 4.4.17 The adipose secretome of OAC patients treated with oleic acid and increasing 

irradiation increases DC expression of phenotypic markers.  

A-C) Expression of DC viability and phenotypic markers including HLA-DR, and CD11c following 

culture with the adipose secretome of cancer patients exposed to mock irradiation, 2 Gy 

irradiation or 4 Gy irradiation in combination with BSA Control (C = ), Oleic Acid (OA= ) or 

Palmitic Acid (PA= ) in combination. 

Friedman test with Dunn's correction, all data expressed as mean ± SEM, n = 12, * p < 0.05, 

** p <0.01, *** p <0.001, **** p <0.0001. 
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Figure 4.4.18 The adipose secretome of OAC patients treated with oleic acid and increasing 

irradiation increases DC expression of maturation markers. 

A-D) Expression of DC maturation markers including CD80, CD83, CD86 and co-expression of 

CD80+CD86+ following culture with the adipose secretome of cancer patients exposed to mock 

irradiation, 2 Gy irradiation or 4 Gy irradiation in combination with BSA Control (C = ), Oleic 

Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

Friedman test with Dunn's correction, all data expressed as mean ± SEM, n = 12, * p < 0.05, 

** p <0.01, *** p <0.001, **** p <0.0001. 
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Figure 4.4.19 The adipose secretome of OAC patients treated with oleic acid and increasing 

irradiation increases DC expression of CD40 and immunoinhibitory markers. 

A-D) Expression of DC adhesion and immunoinhibitory markers including CD40, CD54, TIM-3, 

and PD-L1 following culture with the adipose secretome of cancer patients exposed to mock 

irradiation, 2 Gy irradiation or 4 Gy irradiation in combination with BSA Control (C = ), Oleic 

Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

Friedman test with Dunn's correction, all data expressed as mean ± SEM, n = 12, * p < 0.05, 

** p <0.01, *** p <0.001, **** p <0.0001. 
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4.4.6 The PA treated adipose secretome of non-obese and obese OAC patients 

paradoxically polarise Mɸ towards anti-inflammatory and pro-inflammatory states 

with and without radiation. 

Obesity is a known contributor to chronic low-grade inflammation that deleteriously effects DC 

function and inhibits DC maturation. Therefore, to assess whether increased visceral adiposity 

augmented the influence of increasing radiation in combination with OA and PA treatments in 

the adipose secretome and the effects this holds for DCs function, DCs were cultured in these 

treated ACM and a series of phenotypic and maturation markers were assessed via flow 

cytometry. 

 

DCs cultured with PA treated ACM from non-obese patients showed decreased viability 

compared with matched control and OA treated ACM exposed to 2 Gy radiation (Figure 4.4.20).  

DCs cultured with PA treated ACM from obese patients showed decreased viability compared 

with matched unirradiated OA treated ACM. DCs cultured with PA treated ACM from obese 

patients exposed to 2 Gy irradiation also showed decreased viability compared with matched 

control and OA treated ACM exposed to 2 Gy radiation (Figure 4.4.20). 

DCs cultured in unirradiated OA treated ACM from obese patients showed significantly 

decreased expression of CD54 compared with unirradiated matched control ACM and PA 

treated ACM. DCs cultured control ACM from non-obese patients showed decreased expression 

of CD80+CD86+ compared with DCs cultured in unirradiated control ACM from obese patients. 

DCs cultured control ACM from non-obese patients showed decreased expression of 

CD80+CD86+ compared with DCs cultured with matched PA treated ACM (Figure 4.4.21 - 

4.4.22).  

(* p < 0.05, ** p <0.01, *** p <0.001.) 
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Figure 4.4.20 The adipose secretome of non-obese and obese OAC patients treated with 

palmitic acid and 2 Gy irradiation decreases DC viability. 

A-C) Expression of DC viability, and phenotypic markers including HLA-DR, and CD11c following 

culture with the adipose secretome of non-obese and obese cancer patients exposed to mock 

irradiation, 2 Gy irradiation or 4 Gy irradiation in combination with BSA Control (C = ), Oleic 

Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01, *** p <0.001. 

Blue border = non-obese, Red border = obese 
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Figure 4.4.21 The adipose secretome of non-obese OAC patients the showed decreased DC 

expression of CD80+CD86+ compared with obese patients, an effect that is ameliorated by 

PA.  

A-C) Expression of DC adhesion and maturation markers including, CD80, CD86 and co-

expression of CD80+CD86+ following culture with the adipose secretome of non-obese and 

obese cancer patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation in 

combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) in 

combination. 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01, *** p <0.001. 

Blue border = non-obese, Red border = obese 
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Figure 4.4.22 The adipose secretome of obese OAC patients treated with OA decreased DC 

expression of CD54 in the unirradiated setting.  

A-C) Expression of DC adhesion and maturation markers including, CD83, CD40 and CD54 

following culture with the adipose secretome of non-obese and obese cancer patients exposed 

to mock irradiation, 2 Gy irradiation or 4 Gy irradiation in combination with BSA Control (C = ), 

Oleic Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01, *** p <0.001. 

Blue border = non-obese, Red border = obese 
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Figure 4.4.23 Obesity status of OAC patients does not affect DC expression of 

immunoinhibitory markers in response to fatty acids with or without irradiation.  

A-B) Expression of DC immunoinhibitory markers including PD-L1, and TIM-3 following culture 

with the adipose secretome of non-obese and obese cancer patients exposed to mock 

irradiation, 2 Gy irradiation or 4 Gy irradiation in combination with BSA Control (C = ), Oleic 

Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05, ** p <0.01, *** p <0.001. 

Blue border = non-obese, Red border = obese 
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4.4.7 Adipose treated with exogenous fatty acids and increasing radiation augments pro-

inflammatory and anti-inflammatory Mɸ polarisation compared with the 

unirradiated adipose secretome.   

The paradoxical roles of Mɸ in the tumour microenvironment have been reported to play a 

pivotal role in antigen presentation and anti-tumour immunity. To assess the effect of increasing 

radiation in combination with OA and PA treatments on the adipose secretome have on Mɸ 

polarisation, Mɸ were cultured in these treated ACM with typical pro-inflammatory and anti-

inflammatory associated polarisation markers assessed via flow cytometry.  

 

Control (0 Gy vs 2 Gy vs 4 Gy) 

Mɸ cultured with control ACM exposed to 4 Gy radiation showed increased CD11b, CD11c, HLA-

DR, TIM-3, CD163, and CD206 compared with unirradiated control ACM (Figure 4.4.24 - 4.4.25).  

OA (0 Gy vs 2 Gy vs 4 Gy) 

Mɸ cultured with OA treated ACM exposed to 2 Gy radiation showed increased CD11c, HLA-DR, 

TIM-3, CD80+CD86+, CD163, CD206, and CD163+CD206+ expression compared with Mɸ 

cultured with unirradiated OA treated ACM. Mɸ cultured with OA treated ACM exposed to 4 Gy 

radiation showed increased CD11b, CD11c, HLA-DR, TIM-3, CD86, CD80+CD86+, CD163, CD206, 

and CD163+CD206+ expression compared with Mɸ cultured with unirradiated OA treated ACM. 

OA treated ACM exposed to 4 Gy radiation also significantly decreased Mɸ viability compared 

with Mɸ cultured in matched unirradiated OA treated ACM (Figure 4.4.24 - 4.4.25). 

PA (0 Gy vs 2 Gy vs 4 Gy) 

Mɸ cultured with PA treated ACM exposed to 2 Gy radiation showed increased CD11b, CD11c, 

HLA-DR, TIM-3, CD80, CD86, CD80+CD86+, CD206, and CD163+CD206+ expression compared 

with Mɸ cultured with unirradiated PA treated ACM. Mɸ cultured with PA treated ACM exposed 

to 4 Gy radiation showed increased CD11b, CD11c, TIM-3, and CD80 expression compared with 

Mɸ cultured with unirradiated PA treated ACM. PA treated ACM exposed to 4 Gy radiation also 

significantly decreased Mɸ viability compared with Mɸ cultured in matched unirradiated PA 

treated ACM (Figure 4.4.24 - 4.4.25). 
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Comparisons between fatty acids in the mock irradiated setting 

In the unirradiated setting Mɸ cultured with PA treated ACM showed decreased expression of 

CD80, CD80+CD86+, and increased expression of CD206, CD163+CD206+ compared with 

matched control ACM. Additionally, in the unirradiated setting Mɸ cultured with PA treated 

ACM showed decreased expression of CD80 compared with matched OA treated ACM. (Figure 

4.4.25).   

(* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.)  
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Figure 4.4.24 The adipose secretome treated with fatty acids and increasing irradiation 

increases Mɸ expression of TIM-3. 

A-F) Expression of Mɸ viability, phenotypic and immunoinhibitory markers including CD68, 

CD11b, CD11c, HLA-DR, and TIM-3, following culture with the adipose secretome of OAC cancer 

patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation in combination with 

BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, n = 12, * p < 0.05, ** p <0.01, *** p <0.001. 
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Figure 4.4.25 Increasing radiation on the adipose secretome leads to palmitic acid inducing 

pro-inflammatory effects and oleic acid inducing anti-inflammatory effects in Mɸ. 

A-F) Expression of Mɸ pro-inflammatory and anti-inflammatory markers including CD80, CD86, 

CD163, CD206 and co-expression of CD80+CD86+ and CD163+CD206+ following culture with the 

adipose secretome of OAC patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy 

irradiation in combination with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) 

in combination. 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, n = 12, * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.  
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4.4.8 Increasing radiation in combination with PA treatment in the adipose secretome 

augments pro-inflammatory Mɸ polarisation in non-obese patients only.   

Obesity is a known contributor to chronic low-grade inflammation which is augmented by the 

action of pro-inflammatory M1-like Mɸ. Therefore, to assess whether increased visceral 

adiposity augmented the influence of increasing radiation in combination with OA and PA 

treatments in the adipose secretome and the effects this holds for Mɸ phenotype, Mɸ were 

cultured in these treated ACM and a series of phenotypic and maturation markers were 

assessed via flow cytometry.  

 

In the non-obese setting Mɸ cultured with control ACM showed decreased viability compared 

with matched OA, and PA treated ACM. Additionally, Mɸ cultured with PA treated ACM from 

non-obese patients showed decreased expression of CD80 compared with matched OA treated 

ACM and increased expression of CD206 compared with matched control (Figure 4.4.29). In the 

obese setting Mɸ cultured with PA treated ACM from non-obese patients exposed to 2 Gy 

radiation showed increased expression of CD86, and CD80+CD86+ compared with matched 

control (Figure 4.4.28). In the obese setting Mɸ cultured with PA treated ACM exposed to 2 Gy 

radiation showed increased expression of CD206, and CD163+CD206+ compared with matched 

control (Figure 4.4.29). Mɸ cultured with unirradiated OA treated ACM from non-obese 

patients showed decreased expression of CD68 compared with OA treated ACM from obese 

patients. Mɸ cultured with unirradiated PA treated ACM from non-obese patients showed 

decreased expression of CD68, and CD86 compared with PA treated ACM from obese patients 

(Figure 4.4.26, 4.4.28). 

(* p < 0.05.) 
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Figure 4.4.26 The influence of the adipose secretome exposed to increasing irradiation and 

exogenous fatty acids on Mɸ expression of phenotypic markers is not impacted by obesity  

A-C) Expression of Mɸ viability and phenotypic markers including CD68, CD11b following culture 

with the adipose secretome of non-obese and obese cancer patients exposed to mock 

irradiation, 2 Gy irradiation or 4 Gy irradiation in combination with BSA Control (C = ), Oleic 

Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05. 

Blue border = non-obese, Red border = obese 
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Figure 4.4.27 Obesity does not affect Mɸ expression of phenotypic and immunoinhibitory 

markers in response to the adipose secretome exposed to increasing irradiation and 

exogenous fatty acids. 

A-C) Expression of Mɸ viability, phenotypic and immunoinhibitory markers including CD11c, 

HLA-DR, and TIM-3, following culture with the adipose secretome of non-obese and obese 

cancer patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation in combination 

with BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05. 

Blue border = non-obese, Red border = obese 
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Figure 4.4.28 Obesity differentially effects Mɸ expression of pro-inflammatory markers in 

response to the adipose secretome exposed to increasing irradiation and palmitic acid.   

A-C) Expression of Mɸ pro-inflammatory markers including CD80, CD86, and co-expression of 

CD80+CD86+ following culture with the adipose secretome of non-obese and obese cancer 

patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation in combination with 

BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05. 

Blue border = non-obese, Red border = obese 
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Figure 4.4.29 Obesity differentially effects Mɸ expression of anti-inflammatory markers in 

response to the adipose secretome exposed to increasing irradiation and palmitic acid.   

A-C) Expression of Mɸ anti-inflammatory markers including CD163, CD206 and co-expression 

CD163+CD206+ following culture with the adipose secretome of non-obese and obese cancer 

patients exposed to mock irradiation, 2 Gy irradiation or 4 Gy irradiation in combination with 

BSA Control (C = ), Oleic Acid (OA= ) or Palmitic Acid (PA= ) in combination. 

To assess fatty acid treatment within non-obese cancer and obese cancer cohorts Friedman test 

with Dunn's correction was used, to assess the difference between non-obese cancer compared 

with obese cancer cohorts Kruskal Wallis test with Dunn’s correction was used. All data 

expressed as mean ± SEM, non-obese n = 6, obese n = 6, * p < 0.05. 

Blue border = non-obese, Red border = obese 
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4.5 Summary of main findings  

− PA diminishes OCR metabolism in adipose explants derived from OAC patients an effect 

that is augmented by increasing irradiation. 

− Obesity differential effects adipose explants utilisation of OCR and ECAR metabolism in 

the unirradiated setting and following 4 Gy irradiation. Obesity further effects adipose 

explants metabolic responses to exogenous fatty acids in the unirradiated setting and 

following 4 Gy irradiation.  

− However exogenous fatty acid treatment does not affect adipose secretion of 

angiogenic, and vascular injury associated mediators, in the unirradiated setting or 

following irradiation.  

− The obesity status of OAC patients differentially effects adipose tissue response to the 

immunosuppressive influence of PA. 

− The adipose secretome of OAC patients treated with oleic acid and increasing irradiation 

increases DC expression of phenotypic, maturation and immunoinhibitory markers. 

− The adipose secretome of non-obese and obese OAC patients treated with palmitic acid 

and 2 Gy irradiation decreases DC viability. Whilst the adipose secretome of non-obese 

OAC patients the showed decreased DC expression of CD80+CD86+ compared with 

obese patients, an effect that is ameliorated by PA. 

− The adipose secretome treated with fatty acids and increasing irradiation increases Mɸ 

expression of TIM-3. Whilst exposure of the adipose secretome to increasing radiation 

in combination with palmitic acid induces pro-inflammatory effects and in combination 

with oleic acid induces anti-inflammatory effects in Mɸ. 

− The influence of the adipose secretome exposed to increasing irradiation and 

exogenous fatty acids on Mɸ expression of phenotypic and immunoinhibitory markers 

is not impacted by obesity. However, obesity differentially effects Mɸ expression of pro-

inflammatory and anti-inflammatory markers in response to the adipose secretome 

exposed to increasing irradiation and palmitic acid. 
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4.6 Discussion  

This study for the first time reports the effect of increasing radiation on exogenous fatty acid 

treatment and how this influences adipose tissue metabolism and secretome. As well as looking 

at how this altered secretome is affected by increased visceral adiposity. This research further 

examines how this treated adipose secretome effects the maturation of DCs and polarisation of 

Mɸ and whether obesity alters these effects. 

Palmitate has been reported to impair fatty acid oxidation (FAO) and citric acid cycle flux 

through diacylglycerides mediated Protein Kinase C activation and not oxidative stress [438]. This 

induced impairment of FAO may be aided through decreased glutamine in the obese adipose 

secretome of OAC patients. This study reports significantly decreased OCR metabolism in 

adipose explants treated with PA compared with control and OA treatment in both the 

unirradiated setting and after exposure to 4 Gy radiation. Fatty acid overload induced 

particularly by OA or PA has previously been shown to lead to accumulation of triacylglycerides 

in HepG2 cells, however, only PA mediated mitochondrial dysfunction and fragmentation [439].  

This study reports in the unirradiated setting, OCR metabolism was significantly increased in 

control adipose explants from obese patients compared with non-obese patients. Additionally, 

in the unirradiated setting PA treated adipose from non-obese patients showed decreased OCR 

metabolism compared with matched OA treated adipose. In adipose derived from obese 

patients decreased OCR was observed in PA treated adipose compared with matched control. 

Palmitate in high doses has been reported to inhibit FAO and CPT-1 activity whilst still leading 

to increased intracellular lipid accumulation [440]. Significantly decreased OCR metabolism was 

also observed in PA treated adipose from obese patients compared with matched OA treated 

adipose following exposure to 4 Gy radiation. It has been reported that radiation leads to 

transient elevated glycolysis to facilitate DNA damage repair [295,441].  Following exposure to 4 Gy 

radiation, adipose explants from non-obese patients showed increased ECAR metabolism 

compared with adipose from obese patients. However adipose tissue from obese patients 

following OA treatment at 4 Gy radiation showed significant increases compared with matched 

control. well as significant increases in OCR compared with PA treated. This could indicate that 

OA treatment may aid in promoting transient glycolysis to facilitate DNA damage repair as the 

aberrant biological function of obese adipose tissue may impede its ability to mechanistically 

react in a similar manner as non-obese adipose tissue. However, previous research has also 

indicated that saturated membrane lipids may be less sensitive to external oxidative stress [442]. 

Oxidative stress is a direct result of radiation, which could infer that PA being a saturated fatty 

acid is protective during radiation exposure leading to these decreased metabolic profiles in 

adipose tissue treated with PA. 
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Radiotherapy has previously been linked to the induction of a series of cytokines, that aid 

tumour aggressiveness and metastasis [443]. Research has indicated that unsaturated fatty acids 

increase the radio-responsiveness of glioma cancer cells [444].  Previously we have seen that PA 

treatment augments an immunosuppressive effect on adipose tissue from both non-cancer and 

cancer patients. However, it has been reported that adipocytes undergoing oxidative stress have 

diminished secretion of adipokines [56]. Within this study again the immunosuppressive effects 

of PA treatment on adipose secretome were observed with decreased secreted levels of 

Eotaxin-3, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-1Ra, IL-2, IL-3, IL-6, IL-10, IL-12p70, IL-13, IP-10, MDC, 

MIP-1β, MIP-3α TNF-α, and TSLP being reported compared with control ACM or OA treated ACM 

in either the unirradiated setting or with some level of increasing radiation. Many of these 

secreted factors have pleiotropic effects that aid in pro-inflammatory or anti-inflammatory 

biological actions, with many have critical roles in immune cell recruitment, modulation of anti-

tumour immunity as well as correlating with a series of patient clinical outcomes [112,232,327]. In 

this study, increased secreted levels of IL-4 were observed in control and OA treated ACM 

exposed to 4 Gy radiation compared with unirradiated matched ACM. Interestingly, following 

exposure to 2 and 4 Gy radiation PA treatment significantly reduced secreted levels of IL-4 

compared with matched control and OA treated ACM. IL-4 has previously been reported to be 

highly expressed in cancer cells following radiation treatment and high expression of IL-4 in 

cancer patients is correlated with poor survival [445]. PA treatments diminishing this effect in 

adipose tissue may be multi-faceted particularly in the case of obesity, as IL-4 may potentiate 

the low-grade chronic inflammation associated with it. However, decreased secreted IL-4 may 

possess beneficial effects for anti-tumour immunity. Interestingly, in control ACM increased 

secreted levels of MCP-1 were observed following 2 Gy radiation which was coupled with PA 

treatment significantly decreasing MCP-1 and VEGF secreted levels compared with control ACM 

also at 2 Gy radiation. MCP-1 is a key chemokine that regulates migration and infiltration of 

monocytes and macrophages [446], an action supported by MCP-4, which has previously been 

reported to be increased in obesity [447]. Previously, in meningioma cell lines, radiation was 

reported to induce increased expression of MCP-1 which led to induced VEGF expression [448]. 

This decrease in secreted levels of MCP-1 could potentiate immune cell recruitment to adipose 

tissue and again enable anti-tumour immunity.  

Herein, secreted levels of MIP-1α are reported to be decreased following PA treatment and 

exposure to 2 and 4 Gy radiation compared with matched control and OA treated adipose 

secretome. MIP-1α and its interaction with its receptor has previously been reported to mitigate 

radiation-induced lung inflammation in mice models [449]. A reduction in the secreted levels of 
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MIP-1α could ameliorate the effects of radiation induced inflammation and corresponding 

secreted factors. Previous research has indicated that an ester of retinol and palmitic acid 

ameliorated the rectal symptoms of radiation proctopathy [450]. Interestingly, following exposure 

to 2 or 4 Gy radiation OA treated adipose explants showed increased secreted levels of IL-4 as 

well as decreased IL-2, IL-12p70, and TNF-α compared to the secretome of unirradiated adipose 

explants treated with OA. IL-2 possesses a critical role in T cell expansion and differentiation as 

well as aiding in stimulating cytotoxic effector cells [451]. IL-12p70 is an essential output of 

functional antigen presenting DCs and acts to induce NK cells [420] and cytotoxic CD8+ T cells [452].  

TNF-α has been widely reported for its pro-inflammatory effects and its regulation of 

macrophage function [453] and as previously mentioned, IL-4 is a powerful anti-inflammatory 

agent. Such an increase in IL-4 coupled with decreases in immune and pro-inflammatory 

activating mediators could lead to a microenvironment primed to support anti-inflammatory 

action and potentiate anti-tumour immunity. However, OA has previously been reported to 

attenuate inflammation [454] and the alteration of these significant mediators of inflammation 

may speak to its method of action.  

Secreted levels of IL-8 were also observed to be decreased in adipose explants exposed to 4 Gy 

radiation compared to 2 Gy radiation regardless of fatty acid treatment. Previous studies have 

indicated that IL-8 induction following radiation may be mitigated by IL-1Ra production or 

diminished IL-1α [455]. IL-1Ra was shown to be quit highly secreted in adipose tissue in this study 

particularly following 2 Gy radiation which could potentially mitigate this response. 

Interestingly, increasing radiation was shown to significantly increase secreted levels of a series 

of angiogenic associated mediators including bFGF, Flt-1, PlGF, and VEGF-C. bFGF has been 

shown to inhibit radiation induced apoptosis of HUVECs [456]. PlGF has been reported to be 

increased in vitro and in-vivo and inhibition synergistically decreases tumour growth with 

radiation [457]. Similarly, VEGF-C has been reported to be increased following radiation in lung 

cancer cells [458]. However very little research has looked at the influence of radiation on VEGF 

receptor FLT-1, it has been reported that that FLT-1 is upregulated in response to oxidative 

stress, promoting a more immunosuppressive phenotype in myeloid cells [459]. The promotion of 

potent pro-angiogenic factors such as bFGF, FLT-1, PlGF and VEGF-C by radiation could lead to 

an adipose secretome primed to promote angiogenesis and metastasis in the local tumour 

microenvironment. However, more research is required to fully understand if this occurrence 

within adipose tissue could be therapeutically targeted. Perhaps unsurprisingly, increased 

secreted levels of CRP, and SAA were also observed following radiation, both markers having 

previously been associated with vascular injury induced by radiation [460,461]. Higher levels of CRP 
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have been reported to be a poor prognostic indicator in oesophageal cancer patients treated 

with radiotherapy [462]. Decreased levels of SAA have been reported to negatively correlate with 

longer overall survival in patients receiving thoracic radiotherapy for non-small cell lung cancer 

[463]. Control and OA treated ACM were also observed to have significantly increased secreted 

levels of sICAM-1 and sVCAM-1 with increasing radiation whereas this effect was not observed 

in the PA treated adipose secretome. ICAM-1 and VCAM-1 are both essential for cell adhesion 

in a series of cells but also has been reported to have a major role in initiating metastasis [464,465].  

Increased visceral adiposity is known to act in a detrimental capacity in a series of metabolic 

disorders. In the non-obese setting the adipose secretome treated with PA showed decreased 

secreted levels of Eotaxin-3, IL-3, IL-4, IL-6, IL-12p70, IL-15, and IP-10 compared with matched 

control or OA treated ACM either with or without radiation exposure. These effects were not 

mirrored in the obese setting. Eotaxin-3, IP-10, IL-3, and IL-15 are known to promote 

recruitment, development and differentiation of immune cells [233,466–468].  

IL-4 as previously discussed is a powerful anti-inflammatory mediator and is known to regulate 

lipid metabolism by inhibiting adipogenesis [469]. IL-6 is known for its major pro-inflammatory 

effects and is widely reported to be elevated in adipose tissue of obese individuals [470]. In the 

obese setting the adipose secretome treated with PA showed decreased secreted levels of IFN-

γ, IL-1α, IL-1β, IL-10, MIP-1α, MIP-1β, and MIP-3α compared with matched control or OA treated 

ACM either with or without radiation exposure. These effects were more apparent in the obese 

patients than the non-obese patients. IFN-γ, IL-1α and IL-1β have all been widely reported to be 

elevated in obesity and promote a pro-inflammatory response [471–473]. MIP-1α, MIP-1β and MIP-

3α have shown to be elevated with obesity [474,475] and are known to recruit macrophages with 

MIP-1β being postulated to aid the infiltration of tumour associated macrophage into tumour 

tissue [476]. These divergent profiles of secreted factors following PA treatment in combination 

with exposure to radiation in non-obese and obese OAC patients poses an intriguing question 

into the underpinning mechanistic biology of adipose tissue that appears aberrantly altered by 

obesity. Key anti-inflammatory mediators and immune recruiting and differentiating factors are 

reduced in the adipose secretome of non-obese patients may diminish immune cell recruitment 

to the adipose tissue as well as decreasing anti-inflammatory primed immune cells which could 

ameliorate anti-tumour immunity. However, in the obese adipose secretome key pro-

inflammatory and macrophage recruiting factors are diminished by PA which could potentiate 

anti-tumour immunity by bolstering anti-inflammatory immune responses. These differential 

responses of obese and non-obese adipose tissue may have implications in patients’ response 
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to current modalities of therapy, but further research is required to fully interrogate this link 

and whether it may be therapeutically targeted.    

Research has indicated that radiation may augment maturation as well as enhancing homing 

ability and T cell activating capacity of DCs [437,477]. This study reports that DCs cultured in control 

or OA treated ACM exposed to 4 Gy radiation significantly increased a series of phenotypic and 

functional markers including HLA-DR, CD11c, CD80, CD86, CD40, PD-L1, and TIM-3 compared 

with DCs cultured in unirradiated matched ACM. However, PA treatment in combination with 

exposure to 4 Gy radiation only showed a significant increase in DC expression of CD80, and 

TIM-3 compared with matched unirradiated ACM. Here it is observed that PA treatment on 

adipose tissue diminishes the influence of radiation to increase maturation markers on DCs, 

which may potentiate anti-tumour immunity [478]. Particularly, when this effect of PA treatment 

is coupled with increasing TIM-3 expression, a ligand known to diminish activation and the 

efficacy of chemotherapy [479,480].  DC expression of CD83 was significantly decreased by ACM 

exposed to 4 Gy radiation compared with matched unirradiated ACM regardless of fatty acid 

treatment. The influence on radiation or the adipose secretome on CD83 expression has not 

been widely reported in the literature. However, new insights show CD83 knockout in mice 

models lead to DCs secreting elevated IL-2, as well as highly expressing CD25 and OX40L known 

to induce antigen specific T cell response [481].  

In the unirradiated setting, DCs cultured with control ACM from non-obese patients showed 

significantly decreased co-expression of CD80+CD86+ compared with matched PA treated ACM 

and control ACM from obese patients. Co-stimulatory molecules have been widely reported in 

literature to be vital for DC antigen presentation and T cell activation [482]. However, these 

interactions require further research to assess whether PA treatment or the effect of obesity on 

adipose secretome itself is more of an influencing force in this interaction. Further to this, DCs 

cultured in OA treated ACM from obese patients showed decreased expression of CD54 

compared matched control ACM and PA treated ACM. OA has previously been identified to 

decrease CD54 expression in human aortic endothelial cells [67] and recent research has shown 

that whilst CD54 is necessary to maintain adhesions with CD8 T-cells this is not required for 

cytotoxic and central memory lymphocytes [424]. Increasing CD54 has further been reported to 

correlate with increasing BMI and abdominal fat mass in mice models. With increased pro-

inflammatory factors and immune cell infiltration in adipose tissue also being reported in mice 

with increased CD54 [483]. The decreased expression of CD54 on DCs by OA treated ACM from 

obese patients could potentially be linked to anti-inflammatory effects.  
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Macrophages have been reported to play a vital role in radiation induced inflammation, inducing 

an anti-tumour immunity through the generation of an inflammatory response [247]. This study 

reports that Mɸ cultured with control ACM exposed to 4 Gy radiation showed significantly 

increased expression of CD11b, CD11c, HLA-DR, TIM-3, CD163, and CD206 compared with 

matched unirradiated ACM. It is of note, that irradiated control ACM that has significantly 

increased secreted levels of IL-2 promote Mɸ expression of CD163 and CD206. CD163 and 

CD206 are key markers of M2-like macrophages or Tumour Associated Macrophages (TAMs) 

and indicate a macrophage phenotype that is known to be tumour promoting. Further to this, 

TIM-3 has previously been reported in colon cancer to evoke the development of TAMs and 

expression of TIM-3 on TAMs has been correlated with more aggressive cancers and poorer 

survival rates in patients with hepatocellular carcinoma. Collectively, the irradiated adipose 

secretome could aid the development of TAMs, promoting a pro-tumorigenic immune response 

that could facilitate tumour growth and metastasis.  

Similar effects were observed in Mɸ cultured with OA treated ACM exposed to 2 or 4 Gy 

radiation showed significantly increased expression of CD11b, CD11c, HLA-DR, TIM-3, CD86, 

CD80+CD86+, CD163, CD206, and CD163+CD206+ compared with matched unirradiated OA 

treated ACM.  This increase in pro-inflammatory as well as anti-inflammatory associated ligands 

again may be related back to the adipose secretome of OA treated explants where a series of 

cytokines showed similar expression compared with control ACM. Interestingly, in this study 

Mɸ cultured with unirradiated PA treated ACM showed significantly decreased expression of 

CD80, CD80+CD86+, and increased expression of CD206, CD163+CD206+ compared with 

unirradiated control ACM or OA treated ACM. This deviation from the normally reported effects 

of PA on macrophages [65] is only seen in the unirradiated setting and may be linked to the 

immunosuppressive effects observed in the pro-inflammatory mediators observed in the 

adipose secretome. PA treatment in combination with the adipose secretome may promote a 

more anti-inflammatory TAM like phenotype that could potentiate anti-tumour immunity, but 

further research is required to interrogate this effect as it is diminished by the introduction of 

radiation. 

PA is a known instigator of inflammatory response largely associated with obesity, driving 

macrophages towards classical activation and increasing pro-inflammatory ligands such as CD80 

and CD86 [65]. Nonetheless, again in this study we report divergent effects of the action of the 

non-obese and obese adipose secretome on immune cell function seeing altering Mɸ 

phenotype. In the unirradiated setting, Mɸ cultured with PA treated ACM from non-obese 

patients showed decreases in pro-inflammatory associated markers compared with matched 
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OA treated ACM as well as compared with obese PA treated ACM. Additionally, Mɸ cultured 

with PA treated ACM from non-obese patients showed increases in anti-inflammatory 

associated markers compared with matched control ACM. However, following 2 Gy irradiation, 

Mɸ cultured with PA treated ACM from non-obese patients showed increases in pro-

inflammatory associated markers compared with matched control ACM. Whilst Mɸ cultured 

with PA treated ACM from obese patients showed increases in anti-inflammatory associated 

markers compared with matched control ACM. Still, as previously mentioned these interactions 

require further research to assess whether this effect is linked to PA treatment on adipose tissue 

or the influence of obesity on adipose secretome itself and most importantly whether these 

interactions could be exploited for therapeutic gain.  

To conclude, this study has indicated that exogenous PA treatment possesses significant anti-

metabolic effects on adipose tissue from OAC patients in the unirradiated setting and following 

high dose radiation.  As well as displaying significant immunosuppressive effects on the adipose 

secretome of OAC patients augmented by increasing radiation. However, increasing radiation in 

control ACM and OA treated ACM did show increases in key anti-inflammatory markers that 

may diminish anti-tumour immune responses. OA treatment on the adipose secretome in 

combination with increasing radiation was observed to significantly increase DC maturation. 

Whilst PA had differential effects on Mɸ polarisation, inducing anti-inflammatory phenotypes 

in the unirradiated setting and increasing expression of pro-inflammatory markers as well 

following exposure to radiation. However, it is of intertest to note that PA treatment induced 

differential responses in adipose tissue metabolism and secretome of non-obese and obese OAC 

patients, which were more pronounced following exposure to increasing radiation. Adipose 

tissue from obese patients displayed higher reliance on  in the unirradiated and decreased 

reliance on glycolysis following high dose radiation compared with adipose tissue from non-

obese patients. However, this diminished reliance on glycolysis in adipose tissue from obese 

patients was reinvigorated by OA treatment which could be important to facilitate for DNA 

damage repair.  

Additionally, PA treated adipose secretome from non-obese patients appeared to diminish pro-

inflammatory polarisation in the unirradiated setting whilst increasing anti-inflammatory 

markers an effect that was reversed following exposure to 2 Gy radiation.  In contrast, the 

opposite effects were observed in Mɸ treated with PA treated ACM from obese patients. 

Collectively, this could indicate the obese and non-obese adipose secretome may have very 

opposing mechanisms of response to exposure to increasing radiation in combination with PA 

treatment, which could be related to the differential secretion of key inflammatory mediators.   
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Cumulatively, this research indicates that the influence saturated fatty acids in combination with 

radiation in the adipose microenvironment could lead to detrimental immunosuppressive 

effects that could bolster pro-tumour immunity aiding in cancer growth and metastasis, 

particularly for patients with increased visceral adiposity.  

 



 

 

 

 

 

5.0 Chapter 5         

           

    The obese adipose secretome 

differentially alters primary and metastatic oesophageal 

cancer cells metabolism and invasive capacity in response to 

fatty acids, increasing irradiation and inhibition of fatty acid 

oxidation. 
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5.1 Objective and specific aims:  

Objective: 

The overall objective of this chapter was to assess the influence of the treated adipose 

secretome generated in chapter 4 on primary and metastatic cancer cell metabolism and 

invasive capacity. As well as identifying whether these responses could be affected through 

the introduction of increasing irradiation with or without exogenous fatty acids. This chapter 

also looked to assess whether the obesity status of patients classified by VFA biologically 

effected the underlying adipose secretome and whether this effect altered the response of 

adipose tissue to irradiation or fatty acids and what downstream effects this held for primary 

cancer and metastatic cell biological function.  

 

Specific Aims 

− To assess if the adipose secretome treated with PA (palmitic acid) and OA (oleic acid) in 

combination with increasing irradiation differentially effects primary cancer and 

metastatic cell metabolism and invasive capacity and whether this is altered by fatty 

acid oxidation (FAO) inhibition.  

− To examine if obesity effects the adipose secretome response to PA and OA in 

combination with increasing irradiation and what downstream effects this has for 

primary cancer and metastatic cell metabolism and invasive capacity and if this is 

altered by FAO inhibition.  

− To profile the adipose secretome treated with PA and OA in combination with increasing 

irradiation to assess how this modulates secreted levels of CD147 and whether this is 

affected by obesity. 
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5.2 Introduction 

Adipose tissue has been reported to aid the development of metastatic niches [307] and 

diminish the efficacy of current cancer treatment [484] by supporting flexibility in cancer cell 

metabolism [485]. Previously we have observed that treatment with exogenous OA and PA in 

combination with increasing radiation differentially effects the adipose secretome, an effect 

that is further augmented by patient obesity status. The adipocyte secretome which is altered 

by obesity, has been suggested to aid cancer cell survival by enabling protective mechanisms 

to allow them to evade toxic cancer treatments [177,486]. Previously cancer cells have been 

shown to be conferred with added survival advantages following culture with adipocyte 

conditioned media allowing them to evade radiation induced inflammatory stress by evoking 

increased metabolic activity [177]. Moreover, certain chemotherapy treatments have been 

reported to dysregulate adipose tissue and adipocytes, leading to disruption in lipid storage 

and elevated free fatty acid levels which may aid in cancer cell metabolism and proliferation 

[136].  

OAC is one of the most closely associated cancers with obesity [311], making it an exemplar 

model to study the effects of obesity and adipose tissue biology on cancer progression and 

metastasis. Due to the proximity of the visceral adipose tissue to gastrointestinal (GI) tract, 

OAC and other upper GI cancers have been shown to utilise the adipose enriched 

microenvironment to aid cancer cell growth and develop pre-metastatic niches to support 

migration and distant metastasis [435].   

In addition to this, the adipose secretome has also been reported to influence the tumour 

microenvironment, particularly the visceral adipose tissue microenvironment due to its 

anatomical distribution and proximity to organs known to develop obesity associated 

carcinogenesis [79,487]. One effect of the adipocyte secretome that is highly evoked in cancer 

cells, is the adipocyte’s ability to secrete factors that can alter the pro-inflammatory landscape 

of the tumour environment as well as releasing a series of free fatty acids to support cancer 

metabolism [112]. As previously shown OA and PA invoke differential secretion of these factors, 

with PA acts in an immunosuppressive manner on the secretome from visceral adipose 

explants. Primary cancer cells have been reported to heavily rely on glycolytic metabolism in 

order to grow and survive, even inducing this metabolic reliance in the face of oxidative stress 

evoked by radiation induced inflammation order to aid DNA damage repair [295]. Metastatic 

cancer cells however have been shown to rely more so on oxidative phosphorylation 

associated metabolism and fatty acid oxidation [302,303]. 
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Whilst flexibility in energy metabolism has been reported to be critical in aiding cancer cell’s 

ability to undergo epithelial to mesenchymal transition and migration in order to facilitate 

distant metastasis[304], other factors have also been identified to enhance this process. 

Previously secreted levels of CD147 have been linked to invasion and metastasis [488]. CD147 

has been reported to promote invasion through cathepsin B [489], a factor known to lead to 

mitochondrial dysfunction and apoptosis [490]. CD147 has also been reported to be increased 

both in circulation and within visceral adipose depots of obese patients [491]. Further to this, 

previous research has shown that exposure to radiation enhances the invasive tendencies of 

cancer cells [492]. These invading cells have elevated lipid metabolism and increased reliance on 

free fatty acids [493], an effect that could be augmented by patient obesity which has been 

associated with increased circulating levels of free fatty acid PA [494]. 

This chapter assessed the dynamic interplay between the adipose secretome and cancer cell 

metabolism and invasive capacity, by utilising the treated adipose conditioned media 

generated in chapter 4. We assessed the culminative effect of exogenous fatty acid treatment 

and increasing irradiation on the adipose secretome and what downstream effects this has for 

primary cancer cells (FLO-1) and matched liver derived metastatic (FLO-LM) cancer cells [495] 

metabolism, FAO dependency and invasive capacity. Additionally, we asked the question if 

obesity status augments or attenuates these treatments effects on the adipose secretome and 

how this impacts primary and metastatic cancer cells functionality. 
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5.3 Materials and Methods 

5.3.1 Ethics Statement and Patient Recruitment  

Ethical approval was granted by the St James’s Hospital/AMNCH ethical review board (Ethics 

number: REC_2019-07 List 25(27)) and written informed consent was collected from all patients 

in this study. 12 cancer patients were recruited within the period between 3rd of April 2021 and 

14th of January 2023, patient demographics are listed in Table 1. Fresh adipose tissues were 

taken from all patients at the start of the surgical procedure. All OAC patients were being treated 

with curative intent. Obesity was defined via visceral fat area (VFA) measurements with cut-off 

value for VFA of 163.8 cm2 in males and 80.1 cm2 for females as previously categorised[318] with 

adipose tissue from 6 obese and 6 non-obese patients being collected. 

 

Table 5.3. 1 Clinical demographics associated with OAC patients 

Patient Clinical Parameters 

Diagnosis OAC = 6 

Sex 
Male = 4 

Female = 2 

Age at diagnosis 55-81 (Mean = 68.5)  
Post-treatment BMI 22.34-34.29 (Mean = 27.56) 

Weight 58.4–113 kg (Mean = 77.85) 

Treatment Naïve   n = 6 

Clinical Stage (T) T1   n = 6 

Clinical Stage (N) N0   n = 6 

Path stage (T) 
T0   n = 10 
T1   n = 50 

Path Stage (N) 
N0   n = 50 
N1   n = 10 
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Figure 5.3.1 Schematic of experimental methodology workflow associated with Chapter 5 

Mitochondrial parameters and fatty acid oxidation reliance of FLO-1 primary OAC cancer cells and FLO-LM matched liver derived metastatic cell line 

were assessed in response to culture with the adipose secretome of OAC patients which had been treated with dietary fatty acids and exposed to 

increasing irradiation using Agilent seahorse technology. The level of invasion associated CD147 was assessed in these treated ACM via ELISA as well as 

assessing their influence on the invasive capacity of these cell lines via an invasion assay. 
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5.3.2 Lipid Treatment  

Methodology carried out as per section 3.3.2 Lipid treatment. 

 

5.3.3 Seahorse Analysis of metabolic profiles from adipose tissue explants and generation of 

Adipose Conditioned Media (ACM) 

Methodology carried out as per section 4.3.2 Seahorse Analysis of metabolic profiles from 

adipose tissue explants and generation of Adipose Conditioned Media (ACM) 

 

5.3.4 Secondary Cell Culture Methods 

5.3.4.1 Growth Conditions 

37ºC at 5% Carbon Dioxide in a humidified incubator, in DMEM supplemented with 10% FBS, 

and 1% Pen/Strep in t-75 culture dishes. All tissue culture was conducted in a laminar flow under 

sterile conditions with sterile or autoclaved materials and chemicals sterilized with 70% ethanol. 

Cell lines included in this study; FLO-1 originated from primary distal oesophageal 

adenocarcinoma FLO-LM derived from a FLO-1 liver metastasis (Peter MacCallum Cancer 

Centre, Australia) 

5.3.4.2 Thawing Cells 

Cells are removed from Liquid Nitrogen or -80ºC and transferred immediately to 37 ºC water 

bath to defrost cells quickly to minimise exposure to DMSO. Cells were then removed from 

water bath with a small ice crystal remaining and transferred to 15 ml falcon tube in hood, with 

7 ml of prewarmed media added drop wise to prevent osmotic shock. Suspension was then 

centrifuged at 12000 rpm for 3 minutes, media aspirated, leaving cell pellet undisturbed. 1 ml 

of pre-warmed media was added dropwise to cells, which were then re-suspended and brought 

up to an appropriate volume and transferred to culture vessel dependent on freezing 

instructions. 

5.3.4.3 Passaging Cells 

Harvest as outlined above. The required volume of cell suspension was removed for a split ratio 

suited to the cells doubling time, then transferred to new plate with supplementary pre-warmed 

media with cell line, passage number, date, split ratio, and operator initials labelled on dish. 

Cells were gently migrated in north south fashion to ensure even distribution throughout the 

dish. 
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5.3.4.4 Harvesting Cells 

Media was extracted and washed with room temperature PBS, PBS extracted, method repeated, 

room temperature trypsin was added volume depending on size of vessel. Flasks replaced in 

incubator for approximately 5 minutes depending on cell lines adherence, flasks removed and 

tapped gently, inspected under microscope to ensure all cells had lifted and separated, trypsin 

was quenched with pre-warmed media approximately 3 times the volume of trypsin used. 

5.3.4.5 Cell Counting 

Cells were harvested as outlined above, ensuring suspension was homogenous and 10 μl of 

sample transferred to an Eppendorf tube containing 90 μl of trypan blue. 10 μl of sample was 

placed on the gridded plate of a Hemacytometer, with cover slip placed on top at 45 º angle to 

prevent air bubbles. Each of the 16 square corner grids were counted and divided by four then 

multiplied by 10000 to find the average cell viability per ml. 

5.3.4.6 Freezing Cells 

Prepare Freezing Media, as outlined in chemical reagents, allowed to cool before adding to cell 

suspension. Harvest cells as outlined above. Cell suspension was transferred to 15 ml falcon 

tube and centrifuged at 12000 rpm for 3 minutes. Media aspirated, leaving cell pellet 

untouched, then re-suspended in 1 ml of freezing media and transferred to a 1.5 ml cryovial. 

Labelled with cell line, passage number, date, initials of operator and dish to be used when cells 

are thawed. 

 

5.3.5 Analysis of mitochondrial function of oesophageal cancer and liver derived metastasis 

cell lines using Seahorse MitoStress test  

FLO-1 and FLO-LM cells were seeded at a density of 18,000 in 24 well XFe24 cell culture 

microplate plate (Agilent Technologies, California, United States) in a volume of 100 μl cDMEM 

and allowed to adhere for 3 hours before an additional 150 μl of media was added. Cells were 

rested overnight (approx. 18 hours). Media was extracted and replaced with 100 μl M199 

control or appropriate treated ACM sample in technical replicates and allowed to incubate for 

a further 24 hours. Following this, cells were washed with Agilent Seahorse XF DMEM Medium 

supplemented with 10 mM glucose, 1 mM sodium pyruvate, and 2 mM L-glutamine (Agilent 

Technologies, California, United States) and incubated for 1 hour in a non-CO2 incubator at 

37⁰C. OCR, ECAR, basal respiration, ATP production, maximal respiration, proton leak and non-

mitochondrial respiration were assessed using a Seahorse Biosciences XFe24 Extracellular Flux 

Analyser (Agilent Technologies, California, United States). Three basal measurements of OCR 
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and ECAR were taken over 24 minutes consisting of three repeats of mix (3 min) / wait (2 min) 

/ measurement (3 min) to establish basal respiration. Three additional measurements in the 

same manner were obtained following the injection of 50 μl of 3 mitochondrial inhibitors 

including 1.8 μM oligomycin (Sigma Aldrich, California, United States), 4 μM Carbonyl cyanide 

4- (trifluoromethoxy) phenylhydrazone (FCCP) (Sigma Aldrich, California, United States) and 2 

μM Antimycin-A (Sigma Aldrich, California, United States). All inhibitors were diluted in Agilent 

DMEM. All measurements were normalised to cell number via crystal violet staining.  

 

5.3.6 Analysis of fatty acid dependency of oesophageal cancer and liver derived metastasis 

cell lines using Seahorse Fuel Flex test  

FLO-1 and FLO-LM cells were seeded at a density of 18,000 in 24 well XFe24 cell culture 

microplate plate (Agilent Technologies, California, United States) in a volume of 100 μl cDMEM 

and allowed to adhere for 3 hours before an additional 150 μl of media was added. Cells were 

rested overnight (approx. 18 hours). Media was extracted and replaced with 100 μl M199 

control or appropriate treated ACM sample in technical replicates and allowed to incubate for 

a further 24 hours. Following this, cells were washed with Agilent Seahorse XF-DMEM Medium 

supplemented with 10 mM glucose, 1 mM sodium pyruvate, and 2 mM L-glutamine (Agilent 

Technologies, California, United States) and incubated for 1 hour in a non-CO2 incubator at 

37⁰C. Cells dependency on fatty acid oxidation was assessed using a Seahorse Biosciences XFe24 

Extracellular Flux Analyser (Agilent Technologies, California, United States). Three basal 

measurements of OCR and ECAR were taken over 24 minutes consisting of three repeats of mix 

(3 min) / wait (2 min) / measurement (3 min) to establish basal respiration. Two additional 

measurements in the same manner were obtained following the injection of 50 μl of 4 μM 

etomoxir followed by a second 50 μl injection comprising of 3 μM BPTES combined with 2 μM 

UK5099 (Generon, Ireland). All inhibitors were diluted in Agilent XF-DMEM. All measurements 

were normalised to cell number via crystal violet staining.  

 

5.3.7 Crystal Violet Assay  

Supernatants were extracted in a sterile environment and stored at -80⁰C for further processing. 

Cells were fixed with 50 μl of 1 % glutaraldehyde in PBS for 15 minutes at room temperature. 

Fixative was removed and cells washed twice with PBS and stained with 50 μl of 0.1% crystal 

violet solution for 30 minutes at room temperature. Crystal violet was then removed, and cells 

washed twice with dH2O and allowed to air dry overnight. Cells well then incubated with 50 μl 

of Triton-X 100 in PBS on a plate shaker at 450 rpm for 1 hour. The eluant was then transferred 
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to a 96 well flat bottom plate and read on a plate reader at 595 nm (VersaMax microplate 

reader, Molecular Devices, California, United States). 

 

5.3.8 Invasion Assay  

Prior to running the assay cells were serum starved for 24 hours and grown to 80% confluency. 

All reagents were equilibrated to room temperature prior to use. The “Cell Migration Chamber” 

(Figure 5.3.2) was dissembled under sterile conditions and 40 μl of Basement Membrane 

solution was added to bottom of the wells in the “Top Chamber”. The chamber was then 

reassembled and incubated for 1 hour at 37 ⁰C to allow the basement membrane to gel. Cells 

were then harvested and centrifuged at 1000 x g, for 5 minutes to pellet. Cells were then 

resuspended in 100,000 per ml in serum free media. Again, under sterile conditions the cell 

migration chamber was disassembled and 50 μl of cell suspension was added to the wells of the 

top chamber (50,000 cells per well). These wells were brought up to a final volume of 100 μl 

with either a serum free media or serum free media containing 4 μM etomoxir (Generon, 

Ireland). The wells of the “Bottom Chamber” were filled with 200 μl of ACM from explants that 

had been treated with OA or PA in combination with increasing irradiation. The chamber was 

reassembled and incubated at 37 ⁰C for 48 hours. Using the above cell suspensions, cells 

standard curves were prepared in wash buffer and following 1 hour incubation at 37 ⁰C with cell 

dye, fluorescence was read at Ex/Em = 530/590 nm. Following, 48 hours incubation, media was 

aspirated from the “Top Chamber”, and it was set aside. The “Bottom chamber” was centrifuged 

at 1000 x g for 5 minutes, media was aspirated and 200 μl of wash buffer was added. Again, the 

“Bottom Chamber” was centrifuged at 1000 x g for 5 minutes, wash buffer was aspirated and 

100 μl of 10 % cell dye in cell dissociation solution was added. The full “Cell Migration Chamber” 

was the reassembled and allowed to incubate for 1 hour at 37 ⁰C, after which the chamber was 

disassembled and the fluorescence of the “Bottom Chamber” was read at Ex/Em = 530/590 nm. 
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Figure 5.3.2 schematic of invasion chamber apparatus and set-up showing location of cells, 

treated ACM and inhibitor etomoxir. 

 

5.3.9 Statistical Analysis  

All statistics were conducted using GraphPad Prism 9.5 (GraphPad Software, California, United 

States). A significance level of p<0.05 was used in all analysis and all p-values reported were 

two-tailed. Friedman testing with Dunn’s post hoc correction, was employed for non-parametric 

testing between paired cohorts. For statistical testing between unpaired non-parametric 

cohorts, Kruskal Wallis test with Dunn’s correction was used. Details of specific statistical tests 

are given in each corresponding figure legend.   
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5.4 Results 

5.4.1 Basally oesophageal primary cancer cell lines show greater reliance on glycolysis 

compared to the matched liver metastasis cells 

Seahorse MitoStress test was used to assess the metabolic profiles of the primary cancer cell 

line FLO-1 and matched liver derived metastatic cell line FLO-LM. This test assesses a series of 

mitochondrial parameters that indicate cells preference of oxidative phosphorylation or 

glycolysis, respiratory capabilities, and indications of mitochondrial health.  

− Basal respiration shows energetic demand and OCR oxygen consumption of the cell 

under baseline conditions.  

− ATP linked respiration indicates the decrease in OCR following addition of oligomycin, it 

represents the portion of basal respiration that was being used to drive  ATP production 

to meet the energetic needs of the cell. Proton leak is a measure of remaining basal 

respiration not coupled to ATP production.  

− Proton leak can be a sign of mitochondrial damage or can be used as a mechanism to 

regulate the mitochondrial ATP production.  

− Maximal respiration shows the maximum rate of respiration that the cell can achieve 

by adding the uncoupler FCCP that mimics a physiological “energy demand” or “stress”.  

− Spare respiratory capacity is a measurement that indicates the capability of the cell to 

respond to an energetic demand it can be an indicator of cell fitness or flexibility.  

− Non-mitochondrial respiration is oxygen consumption that persists due to a subset of 

cellular enzymes that continue to consume oxygen after the addition of antimycin A.  

− ECAR is an indicator of extracellular acidification which is associated with lactate efflux, 

increases indicate cellular activation and proliferation. 

− OCR:ECAR ratio a measure of metabolic phenotype used to detect metabolic changes 

and preferences in utilisation of oxidative phosphorylation or glycolysis.  
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Figure 5.4.1 An explanatory figure depicting the MitoStress Test process.  

This figure details the mitochondrial response to inhibitors Oligomycin, FCCP, and Antimycin and 

the ensuing measurements of basal respiration, ATP linked respiration, proton leak, maximal 

respiration, spare respiratory capacity, and non-mitochondrial consumption following their 

injection. 

 

FLO-1 cells showed elevated ECAR profiles, an indicator of glycolytic metabolism compared with 

FLO-LM cells. However, FLO-LM demonstrated increased spare respiratory capacity and 

OCR:ECAR ratio compared with FLO-1 cells, an indicator that a cell can produce more ATP and 

overcome more stress in addition to having increased reliance on oxidative phosphorylation 

compared with glycolytic metabolism (Figure 5.4.2).  

(* p < 0.05) 

 

 



209 

 

0

20

40

60

80

ECAR

m
p

H
/m

in
/c

e
ll
s

FLO-1 FLO-LM

✱

0

1

2

3

Spare Respiratory Capacity (%)

p
m

o
l/
m

in
/c

e
ll
s

✱

FLO-1 FLO-LM

A)

C)

B)

0

2

4

6

8

10

OCR:ECAR ratio

(p
m

o
l/
m

in
)/

(m
p

h
/m

in
)

/c
e
ll
s

FLO-1 FLO-LM

✱

 

Figure 5.4.2 Basally oesophageal cancer cell lines show greater reliance on glycolysis than 

liver metastasis cell line  

A) ECAR metabolic profiles of untreated FLO-1 and FLO-LM cell lines. B) Spare respiratory 

capacity of untreated FLO-1 and FLO-LM cell lines. C) OCR:ECAR ratio metabolic profiles of 

untreated FLO-1 and FLO-LM cell lines. (Unpaired t-test) All data expressed as mean ± SEM, n=6, 

* p < 0.05. Circle symbols indicate FLO-1 cell line (⚫), square symbols indicate FLO-LM(◼). 
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5.4.2 The adipose secretome exposed to fatty acids and increasing irradiation differentially 

alters oesophageal cancer and metastatic cells glycolytic capacity and mitochondrial 

parameters.     

Adipose tissue has been linked to aiding cancer cell growth, invasion ad treatment resistance 

through metabolic interactions. These interactions that aid growth and ATP production by 

invading adipose tissue have been linked to inducing the release of free fatty acids from 

adipocytes. To examine the influence of the adipose secretome which was exposed to increasing 

radiation in the presence or absence of OA and PA on FLO-1 and FLO-LM cell lines metabolic 

parameters, cells were cultured with the treated ACM previously generated in chapter 4 for 24 

hours and assessed using Seahorse MitoStress test. 

 

In FLO-1 cells OCR was observed to be decreased following culture with PA treated ACM exposed 

to 2 and 4 Gy irradiation compared with unirradiated matched ACM. In FLO-LM cells OCR was 

increased following culture with 2 Gy irradiated ACM compared with matched unirradiated ACM 

and following culture with OA treated ACM exposed to 2 Gy irradiation compared with OA 

treated ACM exposed to 4 Gy irradiation and PA treated ACM exposed to 2 Gy irradiation (Figure 

5.4.3). In FLO-1 cells increased non-mitochondrial oxygen consumption was observed following 

culture with OA and PA treated unirradiated ACM compared with control unirradiated ACM. In 

FLO-LM cells decreased non-mitochondrial oxygen consumption was observed following culture 

with OA treated ACM exposed to 4 Gy irradiation and PA treated ACM in the unirradiated setting 

and following exposure to 2 and 4 Gy irradiation compared with similarly treated FLO-1 cells 

(Figure 5.4.3). In FLO-1 cells ATP linked respiration was decreased following culture with PA 

treated ACM exposed to 4 Gy irradiation compared with PA treated unirradiated ACM. In FLO-

LM cells increased ATP linked respiration was observed following culture with OA treated ACM 

exposed to 2 Gy irradiation compared with OA treated ACM exposed to 4 Gy irradiation and PA 

treated ACM exposed to 2 Gy irradiation (Figure 5.4.4). In FLO-1 and FLO-LM cells proton leak 

was observed to be increased following culture with control ACM exposed to 2 Gy irradiation 

compared with control ACM exposed with 4 Gy or control unirradiated in FLO-LM cells. In FLO-

LM cells proton leak was increased following culture with OA treated ACM exposed to 2 Gy 

irradiated ACM compared with OA treated ACM exposed to 4 Gy irradiation. In FLO-1 cells 

increased proton leak was observed following culture with PA treated unirradiated ACM 

compared with FLO-1 cells cultured with control unirradiated ACM, PA treated ACM exposed to 

4 Gy irradiation and in FLO-LM cells cultured with PA treated unirradiated ACM (Figure 5.4.4). 

In FLO-1 cells decreased maximal respiration was observed following culture with PA treated 
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ACM exposed to 4 Gy irradiation compared with PA treated unirradiated ACM. In FLO-LM cells 

decreased maximal respiration was observed following culture with OA treated ACM exposed 

to 4 Gy irradiation compared with OA treated ACM exposed to 2 Gy irradiation (Figure 5.4.5). In 

FLO-LM cells increased spare respiratory capacity was observed following culture with control 

or OA treated ACM in the unirradiated setting or following 2 or 4 Gy irradiation compared with 

similarly treated FLO-1 cells. In FLO-LM cells spare respiratory capacity was decreased following 

culture with PA treated unirradiated ACM compared with control and OA treated unirradiated 

ACM. Additionally in FLO-LM cells spare respiratory capacity was decreased following culture 

with PA treated ACM exposed to 4 Gy irradiation compared with OA treated ACM exposed to 4 

Gy irradiation (Figure 5.4.5). All treatments in FLO-1 cells showed increased ECAR profiles 

compared with FLO-LM cells except for ACM treated with OA and exposed to 2 Gy irradiation 

(Figure 5.4.6). In FLO-LM cells increased OCR:ECAR ratio was observed following culture with 

control ACM regardless of irradiation exposure and following culture with OA or PA treated ACM 

exposed to 2 Gy irradiation compared with similarly treated FLO-1 cells. In FLO-LM cells 

decreased OCR:ECAR ratio was observed following culture with PA treated unirradiated ACM 

compared with unirradiated control and OA treated ACM. Additionally, in FLO-LM cells 

decreased OCR:ECAR ratio was observed following culture with PA treated ACM exposed to 2 

Gy irradiation compared with OA treated ACM exposed to 2 Gy irradiation. Furthermore, in FLO-

LM cells decreased OCR:ECAR ratio was observed following culture with PA treated ACM 

exposed to 4 Gy irradiation compared with control ACM exposed to 4 Gy irradiation (Figure 

5.4.6). 

(* p < 0.05, ** p < 0.01, *** p < 0.001.) 
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Figure 5.4.3 The adipose secretome exposed to fatty acids and increasing irradiation 

differentially alters oesophageal cancer and metastatic cell lines basal respiration and non-

mitochondrial associated oxygen consumption.     

FLO-1 and FLO-LM cell lines cultured with ACM treated with Control (C), Oleic Acid (OA), or 

Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. 

Mitochondrial parameters were assessed using Seahorse MitoStress test including (A-B) basal 

respiration, and non-mitochondrial oxygen consumption (Kruskal Wallis test with Dunn's 

correction). Blue circle symbols indicate FLO-1 cell line treated with ACM from non-obese 

patients (⚫), red circle symbols indicate FLO-1 treated with ACM from obese patients (⚫). Blue 

square symbols indicate FLO-LM cell line treated with ACM from non-obese patients (◼), red 

square symbols indicate FLO-LM treated with ACM from obese patients (◼). All data expressed 

as mean ± SEM, n=6* p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 5.4.4 The adipose secretome exposed to fatty acids and increasing irradiation 

differentially alters oesophageal cancer and metastatic cell lines ATP linked respiration and 

proton leak. 

FLO-1 and FLO-LM cell lines cultured with ACM treated with Control (C), Oleic Acid (OA), or 

Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. 

Mitochondrial parameters were assessed using Seahorse MitoStress test including (A-B) ATP 

linked respiration, and proton leak (Kruskal Wallis test with Dunn's correction). Blue circle 

symbols indicate FLO-1 cell line treated with ACM from non-obese patients (⚫), red circle 

symbols indicate FLO-1 treated with ACM from obese patients (⚫). Blue square symbols indicate 

FLO-LM cell line treated with ACM from non-obese patients (◼), red square symbols indicate 

FLO-LM treated with ACM from obese patients (◼). All data expressed as mean ± SEM, n=6, * p < 

0.05, ** p < 0.01, *** p < 0.001.  
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Figure 5.4.5 The adipose secretome exposed to fatty acids and increasing irradiation 

differentially alters oesophageal cancer and metastatic cell lines maximal respiration and 

spare respiratory capacity.     

FLO-1 and FLO-LM cell lines cultured with ACM treated with Control (C), Oleic Acid (OA), or 

Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. 

Mitochondrial parameters were assessed using Seahorse MitoStress test including (A-B) 

maximal respiration and spare respiratory capacity (Kruskal Wallis test with Dunn's correction). 

Blue circle symbols indicate FLO-1 cell line treated with ACM from non-obese patients (⚫), red 

circle symbols indicate FLO-1 treated with ACM from obese patients (⚫). Blue square symbols 

indicate FLO-LM cell line treated with ACM from non-obese patients (◼), red square symbols 

indicate FLO-LM treated with ACM from obese patients (◼). All data expressed as mean ± SEM, 

n=6* p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 5.4.6 The adipose secretome exposed to fatty acids and increasing irradiation 

differentially alters oesophageal cancer and metastatic cell lines glycolytic capacity.     

FLO-1 and FLO-LM cell lines cultured with ACM treated with Control (C), Oleic Acid (OA), or 

Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. 

Mitochondrial parameters were assessed using Seahorse MitoStress test including (A-B) ECAR 

and OCR:ECAR ratio (Kruskal Wallis test with Dunn's correction). Blue circle symbols indicate 

FLO-1 cell line treated with ACM from non-obese patients (⚫), red circle symbols indicate FLO-

1 treated with ACM from obese patients (⚫). Blue square symbols indicate FLO-LM cell line 

treated with ACM from non-obese patients (◼), red square symbols indicate FLO-LM treated 

with ACM from obese patients (◼). All data expressed as mean ± SEM, n=6* p < 0.05, ** p < 

0.01, *** p < 0.001.  
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5.4.3 The non-obese adipose secretome in combination with fatty acids increases oxidative 

phosphorylation preferences in metastatic cell lines compared with primary cancer 

cells. 

The visceral adipose depot of non-obese patients possesses decreased fatty acid content and 

has been reported to have differential secretion of inflammatory mediators. To examine the 

influence of the adipose secretome derived from non-obese patients which was exposed to 

increasing radiation in the presence or absence of OA and PA on FLO-1 and FLO-LM cell lines 

metabolic parameters, cells were cultured with these treated ACM for 24 hours and assessed 

using Seahorse MitoStress test. 

 

Within these figures all ACM was derived from non-obese OAC patients. In FLO-1 cells OCR was 

decreased following culture with PA treated ACM exposed to 2 and 4 Gy irradiation compared 

with unirradiated matched ACM. In FLO-LM cells OCR was increased following culture with 2 Gy 

irradiated ACM compared with matched unirradiated ACM and following culture with PA 

treated unirradiated ACM compared with unirradiated control ACM. Additionally, in FLO-LM 

cells OCR was decreased following culture with OA treated ACM exposed to 4 Gy irradiation 

compared with OA treated ACM exposed to 2 Gy irradiation (Figure 5.4.7). In FLO-1 cells 

increased non-mitochondrial oxygen consumption was observed following culture with OA and 

PA treated unirradiated ACM compared with control unirradiated ACM. In FLO-LM cells 

decreased non-mitochondrial oxygen consumption was observed following culture with OA 

treated ACM exposed to 4 Gy irradiation compared with similarly treated FLO-1 cells. In FLO-LM 

cells decreased non-mitochondrial oxygen consumption was observed following culture with PA 

treated ACM exposed to 4 Gy irradiation compared with PA treated ACM in the unirradiated 

setting (Figure 5.4.7). In FLO-1 cells ATP linked respiration was decreased following culture with 

PA treated ACM exposed to 2 Gy irradiation compared with PA treated unirradiated ACM. In 

FLO-LM cells increased ATP linked respiration was observed following culture with PA treated 

unirradiated ACM compared unirradiated control. In FLO-LM cells increased ATP linked 

respiration was observed following culture with OA treated ACM exposed to 2 Gy irradiation 

compared with OA treated ACM exposed to 4 Gy irradiation. In FLO-LM cells increased ATP 

linked respiration was observed following culture with OA and PA treated ACM exposed to 2 Gy 

irradiation compared with similarly treated FLO-1 cells (Figure 5.4.8). In FLO-1 and FLO-LM cells 

proton leak was observed to be increased following culture with control ACM exposed to 2 Gy 

irradiation compared with control ACM exposed with 4 Gy or control unirradiated and PA 

treated unirradiated ACM in FLO-LM cells. In FLO-1 cells increased proton leak was observed 
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following culture with PA treated unirradiated ACM compared with control unirradiated ACM, 

OA treated unirradiated ACM, PA treated ACM exposed to 2 and 4 Gy irradiation. In FLO-LM 

cells proton leak was increased following culture with OA treated ACM exposed to 2 Gy 

irradiated ACM compared with OA treated ACM exposed to 4 Gy irradiation. In FLO-LM cells 

increased maximal respiration was observed following culture with PA treated unirradiated 

ACM compared with unirradiated control ACM (Figure 5.4.8). In FLO-1 cells decreased maximal 

respiration was observed following culture with PA treated ACM exposed to 2 and 4 Gy 

irradiation and OA treated ACM exposed to 2 Gy irradiation compared with similarly treated 

FLO-LM cells (Figure 5.4.9). In FLO-LM cells increased spare respiratory capacity was observed 

following culture with control unirradiated ACM, OA treated ACM in the unirradiated setting or 

following 2 Gy irradiation, and PA treated ACM following exposure to 2 or 4 Gy irradiation 

compared with similarly treated FLO-1 cells (Figure 5.4.9). In FLO-1 cells increased ECAR profiles 

were observed following culture with PA treated unirradiated ACM compared with control and 

OA treated unirradiated ACM. Additionally, decreased ECAR was observed in FLO-LM cells 

following culture with control unirradiated ACM, control ACM exposed to 2 Gy irradiation, OA 

treated unirradiated ACM and OA treated ACM exposed to 4 Gy irradiation compared with 

similarly treated FLO-1 cells (Figure 5.4.10). In FLO-LM cells increased OCR:ECAR ratio was 

observed following culture with control, OA treated, and PA treated ACM exposed to 2 or 4 Gy 

irradiation compared with similarly treated FLO-1 cells (Figure 5.4.10).  

(* p < 0.05, ** p < 0.01)  
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Figure 5.4.7 Palmitic acid and increasing irradiation on the non-obese adipose secretome 

differentially decreases basal respiration and non-mitochondrial oxygen consumption in 

primary and metastatic cell lines. 

FLO-1 and FLO-LM cell lines cultured with ACM from non-obese patients treated with Control 

(C), Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation 

or 4 Gy irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test 

including (A-B) basal respiration, and non-mitochondrial oxygen consumption (Kruskal Wallis 

test with Dunn's correction). Blue circle symbols indicate FLO-1 cell line treated with ACM from 

non-obese patients (⚫), blue square symbols indicate FLO-LM treated with ACM from non-

obese patients (◼). All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01.  
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Figure 5.4.8 Palmitic acid and increasing irradiation on the non-obese adipose secretome 

decreases ATP -linked respiration and proton leak in primary cancer cell lines. 

FLO-1 and FLO-LM cell lines cultured with ACM from non-obese patients treated with Control 

(C), Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation 

or 4 Gy irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test 

including (A-B) ATP production and proton leak (Kruskal Wallis test with Dunn's correction). Blue 

circle symbols indicate FLO-1 cell line treated with ACM from non-obese patients (⚫), blue 

square symbols indicate FLO-LM treated with ACM from non-obese patients (◼). All data 

expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01.  
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Figure 5.4.9 Palmitic acid and increasing irradiation on the non-obese adipose secretome 

increases maximal respiration and spare respiratory capacity in metastatic cancer cell lines. 

FLO-1 and FLO-LM cell lines cultured with ACM from non-obese patients treated with Control 

(C), Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation 

or 4 Gy irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test 

including (A-B) maximal respiration, and spare respiratory capacity (Kruskal Wallis test with 

Dunn's correction). Blue circle symbols indicate FLO-1 cell line treated with ACM from non-

obese patients (⚫), blue square symbols indicate FLO-LM treated with ACM from non-obese 

patients (◼). All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01.  
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Figure 5.4.10 The non-obese adipose secretome in combination with fatty acids increases 

oxidative phosphorylation preferences in metastatic cells compared with primary cancer 

cells. 

FLO-1 and FLO-LM cell lines cultured with ACM from non-obese patients treated with Control 

(C), Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation 

or 4 Gy irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test 

including (A-B) ECAR and OCR:ECAR ratio (Kruskal Wallis test with Dunn's correction). Blue circle 

symbols indicate FLO-1 cell line treated with ACM from non-obese patients (⚫), blue square 

symbols indicate FLO-LM treated with ACM from non-obese patients (◼). All data expressed as 

mean ± SEM, n=3, * p < 0.05, ** p < 0.01.  
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5.4.4 The obese adipose secretome in combination with PA decreases mitochondrial 

profiles and glycolytic metabolism in metastatic cell lines compared with primary 

cancer cells. 

Visceral adipose tissue has been reported to be in a state of chronic low-grade inflammation. 

Increased levels of saturated fatty acid PA within circulation has been reported in correlation 

with obesity. To examine the influence of the adipose secretome derived from obese patients 

which was exposed to increasing radiation in the presence or absence of OA and PA on FLO-1 

and FLO-LM cell lines metabolic parameters, cells were cultured with these treated ACM for 24 

hours and assessed using Seahorse MitoStress test. 

 

Within this figure all ACM was derived from obese OAC patients. In FLO-LM cells decreased OCR, 

ATP-linked respiration and maximal respiration were observed following culture with OA 

treated ACM exposed to 4 Gy irradiation and PA treated ACM exposed to 2 or 4 Gy irradiation 

compared with similarly treated FLO-1 cells (Figure 5.4.11 - 5.4.13). In FLO-LM cells decreased 

non-mitochondrial oxygen consumption and ECAR profiles observed following culture with PA 

treated ACM in either the unirradiated setting or following exposure to 2 or 4 Gy irradiation 

compared with similarly treated FLO-1 cells (Figure 5.4.11, 5.4.14). In FLO-LM cells decreased 

proton leak was observed following culture with OA treated ACM exposed to 4 Gy irradiation 

and PA treated ACM in either the unirradiated setting or following exposure to 2 or 4 Gy 

irradiation compared with similarly treated FLO-1 cells (Figure 5.4.12). In FLO-LM cells increased 

spare respiratory capacity was observed following culture with control and OA unirradiated 

ACM and control ACM exposed to 2 Gy irradiation compared with similarly treated FLO-1 cells. 

In FLO-LM cells decreased spare respiratory capacity was observed following culture with PA 

treated ACM in either the unirradiated setting or following exposure to 2 or 4 Gy irradiation 

compared with similarly unirradiated or irradiated control and OA treated ACM (Figure 5.4.13). 

In FLO-LM cells increased OCR:ECAR ratio was observed following culture with control ACM 

exposed to 2 or 4 Gy irradiation compared with similarly treated FLO-1 cells. In FLO-LM cells 

decreased OCR:ECAR ratio was observed following culture with PA treated ACM in either the 

unirradiated setting or following exposure to 4 Gy irradiation compared with similarly 

unirradiated or 4 Gy irradiated control ACM (Figure 5.4.14). 

(* p < 0.05, ** p < 0.01, *** p < 0.001.) 
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Figure 5.4.11 The obese adipose secretome in combination with PA and increasing 

irradiation decreases basal respiration and non-mitochondrial oxygen consumption in 

metastatic cells compared to matched primary cancer cells. 

FLO-1 and FLO-LM cell lines cultured with ACM from obese patients treated with Control (C), 

Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 

Gy irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test 

including (A-B) basal respiration and non-mitochondrial oxygen consumption (Kruskal Wallis 

test with Dunn's correction). Red circle symbols indicate FLO-1 cell line treated with ACM from 

obese patients (⚫), red square symbols indicate FLO-LM treated with ACM from obese patients 

(◼). All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01.  
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Figure 5.4.12 The obese adipose secretome in combination with PA and increasing 

irradiation decreases ATP linked respiration and proton in metastatic cancer cells. 

FLO-1 and FLO-LM cell lines cultured with ACM from obese patients treated with Control (C), 

Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 

Gy irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test 

including (A-B) ATP linked respiration, and proton leak (Kruskal Wallis test with Dunn's 

correction). Red circle symbols indicate FLO-1 cell line treated with ACM from obese patients 

(⚫), red square symbols indicate FLO-LM treated with ACM from obese patients (◼). All data 

expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01. 
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Figure 5.4.13 The obese adipose secretome in combination with PA and increasing 

irradiation decreases maximal respiration and spare respiratory capacity in metastatic cells 

compared to matched primary cancer cells. 

FLO-1 and FLO-LM cell lines cultured with ACM from obese patients treated with Control (C), 

Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 

Gy irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test 

including (A-B) maximal respiration, and spare respiratory capacity (Kruskal Wallis test with 

Dunn's correction). Red circle symbols indicate FLO-1 cell line treated with ACM from obese 

patients (⚫), red square symbols indicate FLO-LM treated with ACM from obese patients (◼). 

All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01. 
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Figure 5.4.14 The obese adipose secretome in combination with PA and increasing 

irradiation decreases glycolytic metabolism in metastatic cells compared to matched 

primary cancer cells. 

FLO-1 and FLO-LM cell lines cultured with ACM from obese patients treated with Control (C), 

Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 

Gy irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test 

including (A-B) ECAR and OCR:ECAR ratio (Kruskal Wallis test with Dunn's correction). Red circle 

symbols indicate FLO-1 cell line treated with ACM from obese patients (⚫), red square symbols 

indicate FLO-LM treated with ACM from obese patients (◼). All data expressed as mean ± SEM, 

n=3, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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5.4.5 The obese adipose secretome in combination with fatty acids and increasing 

irradiation increases reliance on oxidative phosphorylation in oesophageal cancer 

cells compared with non-obese ACM. 

Obesity has been linked to development and progression of a series of obesity associated 

cancers. To examine whether the adipose secretome derived from non-obese and obese 

patients which was exposed to increasing radiation in the presence or absence of OA and PA 

had differential effects on primary cancer cell line FLO-1 cell line metabolic parameters, cells 

were cultured with these treated ACM for 24 hours and assessed using Seahorse MitoStress 

test. 

 

In FLO-1 cells increased OCR was observed following culture with control unirradiated ACM, 

control ACM exposed to 4 Gy irradiation, OA in combination with 4 Gy irradiation as well as PA 

treatment combined with 2 Gy irradiation from obese patients compared with similarly treated 

ACM from non-obese patients (Figure 5.4.15). In FLO-1 cells increased non-mitochondrial 

oxygen consumption was observed following culture with OA or PA unirradiated ACM from non-

obese patients compared with unirradiated control ACM from non-obese patients (Figure 

5.4.15). In FLO-1 cells increased ATP linked respiration was observed following culture with 

control ACM exposed to 4 Gy irradiation, OA in combination with 2 or 4 Gy irradiation as well as 

PA treatment combined with 2 Gy irradiation from obese patients compared with similarly 

treated ACM from non-obese patients (Figure 5.4.16). In FLO-1 cells increased proton leak was 

observed following culture with PA treated unirradiated ACM from non-obese patients 

compared with control unirradiated ACM, OA treated unirradiated ACM, PA treated ACM 

exposed to 2 and 4 Gy irradiation (Figure 5.4.16). In FLO-1 cells increased maximal respiration 

was observed following culture with control ACM exposed to 4 Gy irradiation, OA in combination 

with 4 Gy irradiation as well as PA treatment combined with 2 Gy irradiation from obese patients 

compared with similarly treated ACM from non-obese patients (Figure 5.4.17). In FLO-1 cells 

increased ECAR was observed following culture with PA treated unirradiated ACM from non-

obese patients compared with PA treated ACM exposed to 4 Gy irradiation (Figure 5.4.18). In 

FLO-1 cells increased OCR:ECAR ratio was observed following culture with ACM treated with OA 

in combination with 4 Gy irradiation from obese patients compared with similarly treated ACM 

from non-obese patients (Figure 5.4.18). 

(* p < 0.05, ** p < 0.01.) 
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Figure 5.4.15 The obese adipose secretome in combination with fatty acids and increasing 

irradiation increases reliance on oxidative phosphorylation in primary cancer cells compared 

with non-obese ACM. 

FLO-1 cell line cultured with ACM treated with Control (C), Oleic Acid (OA), or Palmitic Acid (PA) 

in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. Mitochondrial 

parameters were assessed using Seahorse MitoStress test including (A-B) basal respiration and 

non-mitochondrial oxygen consumption (Kruskal Wallis test with Dunn's correction). Blue circle 

symbols indicate FLO-1 cell line treated with ACM from non-obese patients (⚫), red circle 

symbols indicate FLO-1 treated with ACM from obese patients (⚫). All data expressed as mean 

± SEM, n=3, * p < 0.05, ** p < 0.01. 
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Figure 5.4.16 The non-obese adipose secretome in combination with fatty acids and 

increasing irradiation decreases ATP linked respiration oesophageal cancer cells compared 

with obese ACM. 

FLO-1 cell line cultured with ACM treated with Control (C), Oleic Acid (OA), or Palmitic Acid (PA) 

in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. Mitochondrial 

parameters were assessed using Seahorse MitoStress test including (A-B) ATP linked respiration, 

and proton leak (Kruskal Wallis test with Dunn's correction). Blue circle symbols indicate FLO-1 

cell line treated with ACM from non-obese patients (⚫), red circle symbols indicate FLO-1 

treated with ACM from obese patients (⚫). All data expressed as mean ± SEM, n=3, * p < 0.05, 

** p < 0.01. 
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Figure 5.4.17 The obese adipose secretome in combination with increasing irradiation 

increases oesophageal cancer cells utilisation of maximal respiration compared with non-

obese ACM. 

FLO-1 cell line cultured with ACM treated with Control (C), Oleic Acid (OA), or Palmitic Acid (PA) 

in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. Mitochondrial 

parameters were assessed using Seahorse MitoStress test including (A-B) maximal respiration, 

and spare respiratory capacity (Kruskal Wallis test with Dunn's correction). Blue circle symbols 

indicate FLO-1 cell line treated with ACM from non-obese patients (⚫), red circle symbols 

indicate FLO-1 treated with ACM from obese patients (⚫). All data expressed as mean ± SEM, 

n=3, * p < 0.05, ** p < 0.01. 
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Figure 5.4.18 The non-obese adipose secretome in combination with palmitic acid and 

increasing irradiation decreases reliance on glycolysis in primary cancer cells compared with 

non-obese ACM. 

FLO-1 cell line cultured with ACM treated with Control (C), Oleic Acid (OA), or Palmitic Acid (PA) 

in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. Mitochondrial 

parameters were assessed using Seahorse MitoStress test including (A-B) ECAR and OCR:ECAR 

ratio (Kruskal Wallis test with Dunn's correction). Blue circle symbols indicate FLO-1 cell line 

treated with ACM from non-obese patients (⚫), red circle symbols indicate FLO-1 treated with 

ACM from obese patients (⚫). All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01. 
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5.4.6 The obese adipose secretome in combination with PA and increasing irradiation 

decreases OCR profiles in metastatic cancer cells compared with non-obese ACM. 

Obesity related factors that augment dysfunctional adipose biology have been postulated to 

support cancer metastasis [307]. To examine whether the adipose secretome derived from non-

obese and obese patients which was exposed to increasing radiation in the presence or absence 

of OA and PA had differential effects on liver derived metastatic cell line FLO-LM metabolic 

parameters, cells were cultured with these treated ACM for 24 hours and assessed using 

Seahorse MitoStress test. 

In FLO-LM cells decreased OCR, ATP linked respiration, proton leak, maximal respiration, spare 

respiratory capacity and ECAR were observed following culture with PA treated ACM in either 

the unirradiated setting or following exposure to 2 or 4 Gy irradiation from obese patients 

compared with similarly treated ACM from non-obese patients (Figure 5.4.19 – 5.4.22). In FLO-

LM cells increased non-mitochondrial oxygen consumption was observed following culture with 

PA unirradiated ACM from non-obese patients compared with PA unirradiated ACM from obese 

patients. Additionally, decreased non-mitochondrial oxygen consumption was observed 

following culture with PA unirradiated ACM and PA treated ACM exposed to 2 Gy irradiation 

from obese patients compared with OA unirradiated ACM and OA treated ACM exposed to 2 Gy 

irradiation also from obese patients. Furthermore, decreased non-mitochondrial oxygen 

consumption was also observed following culture with PA treated ACM exposed to 4 Gy 

irradiation from obese patients compared with control ACM exposed to 4 Gy irradiation also 

from obese patients (Figure 5.4.19). In FLO-LM cells decreased spare respiratory capacity was 

observed following culture with PA unirradiated ACM from obese patients compared with 

control and OA treated unirradiated ACM also from obese patients. Additionally, decreased 

spare respiratory capacity was observed following culture with PA treated ACM exposed to 4 Gy 

irradiation from obese patients compared with control ACM exposed to 4 Gy irradiation also 

from obese patients (Figure 5.4.21). In FLO-LM cells increased ECAR ratio was observed 

following culture with PA unirradiated ACM from non-obese patients compared with control 

unirradiated ACM also from non-obese patients (Figure 5.4.22). In FLO-LM cells decreased 

OCR:ECAR ratio was observed following culture with PA unirradiated ACM from obese patients 

compared with control unirradiated ACM also from obese patients. Additionally, decreased 

OCR:ECAR ratio was observed following culture with OA and PA treated ACM exposed to 4 Gy 

irradiation from obese patients compared with control ACM exposed to 4 Gy irradiation also 

from obese patients (Figure 5.4.22). 

(* p < 0.05, ** p < 0.01, *** p < 0.001.) 
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Figure 5.4.19 The obese adipose secretome in combination with PA and increasing 

irradiation decreases basal respiration and non-mitochondrial oxygen consumption in 

metastatic cancer cells compared with non-obese ACM. 

FLO-LM cell line cultured with ACM from non-obese and obese treated with Control (C), Oleic 

Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy 

irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test including 

(A-B) basal respiration, non-mitochondrial oxygen consumption (Kruskal Wallis test with Dunn's 

correction). Blue square symbols indicate FLO-LM cell line treated with ACM from non-obese 

patients (◼), red square symbols indicate FLO-LM treated with ACM from obese patients (◼). 

All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01. 
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Figure 5.4.20 The obese adipose secretome in combination with PA and increasing 

irradiation decreases ATP linked respiration and proton leak in metastatic cancer cells 

compared with non-obese ACM. 

FLO-LM cell line cultured with ACM from non-obese and obese treated with Control (C), Oleic 

Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy 

irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test including 

(A-B) ATP linked respiration, and proton leak o (Kruskal Wallis test with Dunn's correction). Blue 

square symbols indicate FLO-LM cell line treated with ACM from non-obese patients (◼), red 

square symbols indicate FLO-LM treated with ACM from obese patients (◼). All data expressed 

as mean ± SEM, n=3, * p < 0.05, ** p < 0.01. 



235 

 

C
 0

 G
y

C
 2

 G
y

C
 4

 G
y

O
A
 0

 G
y

O
A
 2

 G
y

O
A
 4

 G
y

P
A
 0

 G
y

P
A
 2

 G
y

P
A
 4

 G
y

C
 0

 G
y

C
 2

 G
y

C
 4

 G
y

O
A
 0

 G
y

O
A
 2

 G
y

O
A
 4

 G
y

P
A
 0

 G
y

P
A
 2

 G
y

P
A
 4

 G
y

0

500

1000

1500

Maximal Respiration

O
C

R
 (

p
m

o
l/

m
in

) ✱✱

✱✱

✱✱

ObeseNon-obese

C
 0

 G
y

C
 2

 G
y

C
 4

 G
y

O
A
 0

 G
y

O
A
 2

 G
y

O
A
 4

 G
y

P
A
 0

 G
y

P
A
 2

 G
y

P
A
 4

 G
y

C
 0

 G
y

C
 2

 G
y

C
 4

 G
y

O
A
 0

 G
y

O
A
 2

 G
y

O
A
 4

 G
y

P
A
 0

 G
y

P
A
 2

 G
y

P
A
 4

 G
y

0

1

2

3

Spare Respiratory Capacity (%)

O
C

R
 (

p
m

o
l/

m
in

)

✱

✱

✱✱

✱

✱

✱

ObeseNon-obese

A)

B)

 

Figure 5.4.21 The obese adipose secretome in combination with PA and increasing 

irradiation decreases maximal respiration and spare respiratory capacity in metastatic 

cancer cells compared with non-obese ACM. 

FLO-LM cell line cultured with ACM from non-obese and obese treated with Control (C), Oleic 

Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy 

irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test including 

(A-B maximal respiration, and spare respiratory capacity (Kruskal Wallis test with Dunn's 

correction). Blue square symbols indicate FLO-LM cell line treated with ACM from non-obese 

patients (◼), red square symbols indicate FLO-LM treated with ACM from obese patients (◼). 

All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01. 
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Figure 5.4.22 The obese adipose secretome in combination with PA and increasing 

irradiation decreases metastatic cancer cells glycolytic metabolism compared with non-

obese ACM. 

FLO-LM cell line cultured with ACM from non-obese and obese treated with Control (C), Oleic 

Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy 

irradiation. Mitochondrial parameters were assessed using Seahorse MitoStress test including 

(A-B) ECAR and OCR:ECAR ratio (Kruskal Wallis test with Dunn's correction). Blue square symbols 

indicate FLO-LM cell line treated with ACM from non-obese patients (◼), red square symbols 

indicate FLO-LM treated with ACM from obese patients (◼).  All data expressed as mean ± SEM, 

n=3, * p < 0.05, ** p < 0.01. 
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5.4.7 The adipose secretome exposed to increasing irradiation and exogenous fatty acids 

differentially alter fatty acid dependency of cancer and metastatic cell lines   

Adipocytes and exogenous fatty acids aid cancer cells metabolic flexibility and metastasis [493,496]. 

To examine whether the adipose secretome derived from non-obese and obese patients which 

was exposed to increasing radiation in the presence or absence of OA and PA had differential 

effects on FLO-1 and FLO-LM metabolic parameters, cells were cultured with these treated ACM 

for 24 hours and assessed using Seahorse Mito FuelFlex test. The Mito FuelFlex test determines 

the rate of oxidation of a targeted fuel by measuring mitochondrial respiration of cells in the 

presence or absence of fuel pathway inhibitors in real time. Here, Fuel Dependency is an 

indication of cells’ reliance on a fuel pathway to maintain baseline respiration, in the context of 

measuring fatty acid oxidation dependency, this is measured following the injection of etomoxir. 

Fuel capacity demonstrates a cells’ ability to use a fuel pathway to meet metabolic demand 

when other fuel pathways are inhibited. In the context of establishing fatty acid dependency, 

BPTES which inhibits glutamine metabolism and UK5099 which inhibits glycolysis through 

inhibition of pyruvate transport into the mitochondrial and injected after etomoxir. 
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Figure 5.4.23 An explanatory figure depicting the FuelFlex Test process.  

This figure details the mitochondrial response to inhibitors of fatty acid oxidation (Etomoxir) 

followed by shutdown of glucose metabolism (UK5099) and glutamine metabolism (BPTES) the 

ensuing measurements of fuel dependency and fuel capacity following their injection. 
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In FLO-LM cells decreased dependency of fatty acid oxidation was observed following culture 

with control ACM exposed to 2 Gy irradiation, OA treated ACM exposed to 4 Gy irradiation and 

PA treated ACM both in the unirradiated state and following exposure to 2 and 4 Gy irradiation 

compared with similarly treated FLO-1 cells. Additionally in FLO-LM cells decreased dependency 

of fatty acid oxidation was observed following culture with control ACM exposed to 2 Gy 

irradiation compared with FLO-LM cultured with control ACM exposed to 4 Gy irradiation 

(Figure 5.4.24). In FLO-LM cells decreased dependency of fatty acid oxidation was observed 

following culture with PA treated ACM exposed to 2 Gy irradiation compared with OA treated 

ACM exposed to 2 Gy irradiation from non-obese patients. Additionally, in FLO-LM decreased 

dependency of fatty acid oxidation was observed following culture with PA treated ACM 

exposed to 2 Gy irradiation from non-obese patients compared with similarly treated FLO-1 cells 

(Figure 5.4.25).  In FLO-LM cells decreased dependency of fatty acid oxidation was observed 

following culture with OA treated ACM from obese patients exposed to 4 Gy irradiation and PA 

treated ACM from obese patients both in the unirradiated state and following exposure to 2 and 

4 Gy irradiation compared with similarly treated FLO-1 cells (Figure 5.4.25). In FLO-1 cells 

decreased dependency of fatty acid oxidation was observed following culture with control ACM 

and OA treated ACM from obese patients exposed to 2 and 4 Gy irradiation compared with 

compared with FLO-1 cells cultured with similarly treated ACM from non-obese patients (Figure 

5.4.26). In FLO-LM cells decreased dependency of fatty acid oxidation was observed following 

culture with control ACM, OA treated ACM and PA treated ACM from obese patients exposed 

to 4 Gy irradiation compared with compared with FLO-LM cells cultured with similarly treated 

ACM from non-obese patients (Figure 5.4.26).  

(* p < 0.05, ** p < 0.01.) 
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Figure 5.4.24 The adipose secretome exposed to increasing irradiation and exogenous fatty 

acids differentially alter fatty acid dependency of cancer and metastatic cell lines   

FLO-1 and FLO-LM cell lines cultured with ACM treated with Control (C), Oleic Acid (OA), or 

Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. 

Mitochondrial dependency on fatty acids as a fuel source was assessed using Seahorse FuelFlex 

test. A) FLO-1 and FLO-LM cells cultured with ACM treated with fatty acids and increasing 

irradiation (n=6), Blue circle symbols indicate FLO-1 cell line treated with ACM from non-obese 

patients (⚫), red circle symbols indicate FLO-1 treated with ACM from obese patients (⚫). Blue 

square symbols indicate FLO-LM cell line treated with ACM from non-obese patients (◼), red 

square symbols indicate FLO-LM treated with ACM from obese patients (◼). All data expressed 

as mean ± SEM, * p < 0.05, ** p < 0.01. 
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Figure 5.4.25 The obese adipose secretome exposed to increasing irradiation and palmitic 

acid decrease reliance on fatty acid oxidation in metastatic cell s compared with primary 

cancer cells. 

FLO-1 and FLO-LM cell lines cultured with ACM treated with Control (C), Oleic Acid (OA), or 

Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. 

Mitochondrial dependency on fatty acids as a fuel source was assessed using Seahorse FuelFlex 

test. A) FLO-1 and FLO-LM cells cultured with ACM from non-obese patients treated with fatty 

acids and increasing irradiation, (n=3) B) FLO-1 and FLO-LM cells cultured with ACM from non-

obese patients treated with fatty acids and increasing irradiation (n=3) (Kruskal Wallis test with 

Dunn's correction). Blue circle symbols indicate FLO-1 cell line treated with ACM from non-

obese patients (⚫), red circle symbols indicate FLO-1 treated with ACM from obese patients (⚫). 

Blue square symbols indicate FLO-LM cell line treated with ACM from non-obese patients (◼), 

red square symbols indicate FLO-LM treated with ACM from obese patients (◼). All data 

expressed as mean ± SEM, * p < 0.05, ** p < 0.01. 
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Figure 5.4.26 The adipose secretome of obese and non-obese patients exposed to increasing 

irradiation and exogenous fatty acids differentially alter fatty acid dependency of primary 

and metastatic cell lines.    

FLO-1 and FLO-LM cell lines cultured with ACM treated with Control (C), Oleic Acid (OA), or 

Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. 

Mitochondrial dependency on fatty acids as a fuel source was assessed using Seahorse FuelFlex 

test. A) FLO-1 cells cultured with ACM from non-obese and obese patients treated with fatty 

acids and increasing irradiation, (n=3), B) FLO-LM cells cultured with ACM from non-obese and 

obese patients treated with fatty acids and increasing irradiation, (n=3). (Kruskal Wallis test with 

Dunn's correction). Blue circle symbols indicate FLO-1 cell line treated with ACM from non-

obese patients (⚫), red circle symbols indicate FLO-1 treated with ACM from obese patients (⚫). 

Blue square symbols indicate FLO-LM cell line treated with ACM from non-obese patients (◼), 
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red square symbols indicate FLO-LM treated with ACM from obese patients (◼). All data 

expressed as mean ± SEM, * p < 0.05, ** p < 0.01. 

5.4.8 Adipose explants from obese OAC patients exposed to increasing irradiation and 

palmitic acid have higher secreted levels of CD147  

Previously secreted levels of CD147 have been linked to invasion and metastasis [488]. CD147 has 

been reported to promote invasion through cathepsin B [489], a factor known to lead to 

mitochondrial dysfunction and apoptosis [490]. CD147 has also been reported to be increased in 

circulation and within visceral adipose depots in obese patients [491]. Adipose explants treated 

with OA and PA and exposed to increasing irradiation were assessed for secreted levels of CD147 

by ELISA and was further interrogated based on patient obesity as classified by VFA.  

 

Increased secreted levels of CD147 were observed from adipose explants exposed to 2 or 4 Gy 

irradiation compared with unirradiated explants. Additionally increased secreted levels of 

CD147 were observed in unirradiated adipose explants treated with OA or PA compared with 

unirradiated control (Figure 5.4.27 A). In adipose explants derived from obese OAC patients 

increased secreted levels of CD147 were observed following PA treatment compared with 

matched obese control and PA treated adipose explants from non-obese patients (Figure 5.4.27 

B). Increased secreted levels of CD147 were also observed from adipose explants from obese 

patients following exposure to increasing irradiation of 2 or 4 Gy samples compared with 

matched control unirradiated adipose explants. Adipose explants from obese patients treated 

with PA in the unirradiated setting or following exposure to 2 or 4 Gy irradiation also showed 

increased secreted levels of CD147 compared with unirradiated matched control adipose 

explants (Figure 5.4.27 C). 

 (* p < 0.05, ** p < 0.01, *** p < 0.001.) 
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Figure 5.4.27 Exposure of adipose explants from obese patients to increasing irradiation and 

PA upregulates secreted levels of CD147 

Adipose conditioned media was assessed for secreted levels of CD147 following treatment with 

Control (C), Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy 

irradiation or 4 Gy irradiation. A) ACM treated with fatty acids and increasing irradiation (n=12), 

B) ACM non-obese and obese patients treated with fatty acids (non-obese n=6, obese n=6) C) 

ACM from non-obese and obese patients treated with fatty acids and increasing irradiation 

(non-obese n=6, obese n=6), (Kruskal Wallis test with Dunn's correction). Triangle symbols 

indicate ACM samples (). Blue triangle symbols indicate ACM from non-obese patients (), 

red triangle symbols indicate ACM from obese patients (). All data expressed as mean ± SEM, 

* p < 0.05, ** p < 0.01, *** p < 0.001. 
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5.4.9 Inhibition of fatty acid oxidation increases invasiveness of primary oesophageal 

cancer cell lines cultured with OA and PA treated ACM  

Invading cancer cells have been reported to have enhanced lipid metabolism and increased 

reliance on free fatty acids[493]. To assess the influence of adipose secretome, free fatty acids 

and dependency on FAO on invasive capacity, both FLO-1 and FLO-LM cells lines were cultured 

with OA and PA treated ACM in an uninhibited setting and with inhibition of FAO by etomoxir. 

The influences of these treatments were assessed using an invasion chamber with basement 

membrane for a better reflection of the environment these cells would invade.  

 

FLO-1 cells showed increased invasive capacity towards PA treated ACM compared with 

matched control.  However, inhibition of FAO increased invasiveness of FLO-1 towards OA and 

PA treated ACM compared with matched inhibited and uninhibited control (Figure 5.4.28 A). 

Additionally, inhibition of FAO increases invasiveness of FLO-LM cells towards ACM treated with 

OA and PA compared with matched uninhibited control. Whilst inhibition of FAO increased FLO-

LM cells invasiveness towards PA treated ACM compared with uninhibited FLO-LM cells towards 

PA treated ACM (Figure 5.4.28 B). FLO-1 cells were also observed to have increased invasive 

capacity towards PA treated ACM compared with uninhibited cells treated with control ACM, 

however following the inhibition of FAO this effect was observed with both OA and PA treated 

ACM. Additionally, regardless of FAO inhibition PA treated ACM decreased FLO-LM invasiveness 

compared with similarly treated FLO-1 cells (Figure 5.4.28 C, D).  

(* p < 0.05, ** p < 0.01, *** p < 0.001.) 
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Figure 5.4.28 Inhibition of fatty acid oxidation increases invasiveness of primary 

oesophageal cancer cell lines cultured with OA and PA treated ACM  

FLO-1 and FLO-LM cell lines cultured with ACM treated with Control (C), Oleic Acid (OA), or 

Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. 

Invasive capacity of these cells was then assessed using an invasion assay either with or without 

inhibition of fatty acid oxidation. A) FLO-1 cells cultured with ACM treated with fatty acids with 

or without etomoxir, B) FLO-LM cells cultured with ACM treated with fatty acids with or without 

etomoxir, C) FLO-1 and FLO-LM cells cultured with ACM treated with fatty acids without 

inhibition, D) FLO-1 and FLO-LM cells cultured with ACM treated with fatty acids under 

conditions of fatty acid inhibition, (Kruskal Wallis test with Dunn's correction). Black circle 

symbols indicate FLO-1 cell line cultured with fatty acids without inhibition (⚫), Grey circle 

symbols indicate FLO-1 cell line cultured with fatty acids with inhibition of fatty acid oxidation 

( ). Black square symbols indicate FLO-LM cultured with fatty acids without inhibition (◼), Grey 

square symbols indicate FLO-LM cultured with fatty acids with inhibition of fatty acid oxidation 

( ). All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

 



247 

 

5.4.10 The adipose secretome treated with PA and increasing irradiation augments the 

invasive capacities of oesophageal cancer and metastatic cell lines  

Previously, exposure to radiation has been shown to enhance the invasive capacity of cells [492]. 

To assess the influence of increasing radiation on how the adipose secretome, free fatty acids 

and FAO dependency alters FLO-1 and FLO-LM cells lines invasive capacity, cells were cultured 

with OA and PA treated ACM exposed to increasing irradiation in an uninhibited setting and with 

inhibition of FAO by etomoxir. The influences of these treatments were assessed using an 

invasion chamber with basement membrane for a better reflection of the environment these 

cells would invade.  

 

FLO-1 cells showed increased invasive capacity towards control ACM exposed to 4 Gy irradiation 

and with PA treated ACM compared with matched unirradiated control. However, inhibition of 

FAO increased invasiveness of FLO-1 towards control ACM exposed to 2 or 4 Gy irradiation and 

OA and PA treated unirradiated ACM compared with matched unirradiated control. 

Additionally, inhibition of FAO decreased invasiveness of FLO-1 cells towards OA treated ACM 

exposed to 4 Gy irradiation compared with OA treated unirradiated ACM and OA treated ACM 

exposed to 2 Gy irradiation (Figure 5.4.29 A). FLO-LM cells showed increased invasive capacity 

under FAO inhibition towards control ACM exposed to 4 Gy irradiation compared with control 

unirradiated ACM. FLO-LM cells showed increased invasive capacity towards PA treated ACM 

exposed to 4 Gy irradiation compared with PA unirradiated ACM and PA treated ACM exposed 

to 2 Gy irradiation. Additionally, FLO-LM cells showed increased invasive capacity towards PA 

treated unirradiated ACM following inhibition of FAO compared with FLO-LM cells treated with 

PA unirradiated ACM in the uninhibited state (Figure 5.4.29 B). FLO-1 cells showed increased 

invasive capacity in the uninhibited state towards OA treated ACM exposed to 2 Gy irradiation 

and PA treated unirradiated ACM compared with similarly treated FLO-LM cells (Figure 5.4.30 

A). FLO-1 cells showed increased invasive capacity under FAO inhibition towards PA treated 

unirradiated ACM and PA treated ACM exposed to 2 Gy irradiation compared with similarly 

treated FLO-LM cells (Figure 5.4.30 B).  

(* p < 0.05, ** p < 0.01, *** p < 0.001.) 
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Figure 5.4.29 The adipose secretome treated with PA and increasing irradiation increases the 

invasive capacities of oesophageal cancer and metastatic cell line.  

FLO-1 and FLO-LM cell lines cultured with ACM treated with Control (C), Oleic Acid (OA), or 

Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. 

Invasive capacity of these cells was then assessed using an invasion assay either with or 

without inhibition of fatty acid oxidation. A) FLO-1 cells cultured with ACM treated with fatty 

acids with or without etomoxir, B) FLO-LM cells cultured with ACM treated with fatty acids 

with or without etomoxir (Kruskal Wallis test with Dunn's correction). Black circle symbols 

indicate FLO-1 cell line cultured with fatty acids without inhibition (⚫), Grey circle symbols 

indicate FLO-1 cell line cultured with fatty acids with inhibition of fatty acid oxidation (⚫). 

Black square symbols indicate FLO-LM cultured with fatty acids without inhibition (◼), Grey 

square symbols indicate FLO-LM cultured with fatty acids with inhibition of fatty acid oxidation 

(◼). All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01. 
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Figure 5.4.30 Under inhibition of FAO, the adipose secretome treated with PA and 4 Gy 

irradiation decreases primary cancer and increases metastatic cells invasive capacity.  

FLO-1 and FLO-LM cell lines cultured with ACM treated with Control (C), Oleic Acid (OA), or 

Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy irradiation. 

Invasive capacity of these cells was then assessed using an invasion assay either with or without 

inhibition of fatty acid oxidation. A) FLO-1 and FLO-LM cells cultured with ACM treated with 

fatty acids without inhibition, B) FLO-1 and FLO-LM cells cultured with ACM treated with fatty 

acids under conditions of fatty acid inhibition, (Kruskal Wallis test with Dunn's correction). Black 

circle symbols indicate FLO-1 cell line cultured with fatty acids without inhibition (⚫), Grey circle 

symbols indicate FLO-1 cell line cultured with fatty acids with inhibition of fatty acid oxidation 

( ). Black square symbols indicate FLO-LM cultured with fatty acids without inhibition (◼), Grey 

square symbols indicate FLO-LM cultured with fatty acids with inhibition of fatty acid oxidation 

( ). All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01.  
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5.4.11 FAO differentially effects the invasive capacity of primary and metastatic cell lines 

exposed to PA treated non-obese and obese ACM  

As mentioned invading cancer cells have elevated lipid metabolism and increased reliance on 

free fatty acids [493]. Obesity has also been reported to elevate free fatty acids in circulation 

[494]. To assess the influence of obesity on how the adipose secretome, free fatty acids and FAO 

dependency alters FLO-1 and FLO-LM cells lines invasive capacity, cells were cultured with PA 

treated ACM from obese and non-obese patients in an uninhibited setting and with inhibition 

of FAO by etomoxir. The influences of these treatments were assessed using an invasion 

chamber with basement membrane for a better reflection of the environment these cells 

would invade. 

 

FLO-1 cells in the uninhibited state showed increased invasive capacity towards PA treated 

ACM from obese patients compared with matched control and control ACM from non-obese 

patients (Figure 5.4.31 A). However, following inhibition of FAO this observed effect was lost. 

Interestingly FLO-1 cells under FAO inhibition did show increased invasive capacity towards PA 

treated ACM from non-obese patients compared with control ACM from obese patients 

(Figure 5.4.31 A, B). Similarly, FLO-LM cells in the uninhibited state did show increased 

invasive capacity towards PA treated ACM from non-obese patients compared with control 

ACM from obese patients as well as PA treated ACM from obese patients (Figure 5.4.31 C). 

FLO-LM cells in the uninhibited state and following inhibition of FAO showed increased 

invasive capacity towards PA treated ACM from non-obese and obese patients compared with 

matched controls (Figure 5.4.31 D).  

(* p < 0.05, ** p < 0.01.) 
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Figure 5.4.31 FAO differentially effects the invasive capacity of primary and metastatic cell 

lines exposed to PA treated non-obese and obese ACM  

FLO-1 and FLO-LM cell lines cultured with ACM from non-obese and obese patients treated with 

Control (C), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy irradiation or 4 Gy 

irradiation. Invasive capacity of these cells was then assessed using an invasion assay either with 

or without inhibition of fatty acid oxidation. A) FLO-1 cells cultured with ACM treated with fatty 

acids with or without etomoxir, B) FLO-LM cells cultured with ACM treated with fatty acids with 

or without etomoxir, C) FLO-1 and FLO-LM cells cultured with ACM treated with fatty acids 

without inhibition, D) FLO-1 and FLO-LM cells cultured with ACM treated with fatty acids under 

conditions of fatty acid inhibition, (Kruskal Wallis test with Dunn's correction). Blue circle 

symbols indicate FLO-1 cell line cultured with ACM from non-obese patients treated with fatty 

acids without inhibition (⚫), red circle symbols indicate FLO-1 cell line cultured with ACM from 

obese patients treated with fatty acids without inhibition (⚫). Blue square symbols indicate FLO-

LM cell line cultured with ACM from non-obese patients treated with fatty acids without 

inhibition (◼), red circle symbols indicate FLO-LM cell line cultured with ACM from obese 

patients treated with fatty acids without inhibition (◼). Blue circle symbols indicate FLO-1 cell 

line cultured with ACM from non-obese patients treated with fatty acids under inhibition of fatty 

acid oxidation ( ), red circle symbols indicate FLO-1 cell line cultured with ACM from obese 

patients treated with fatty acids under inhibition of fatty acid oxidation ( ). Blue square symbols 

indicate FLO-LM cell line cultured with ACM from non-obese patients treated with fatty acids 

under inhibition of fatty acid oxidation ( ), red circle symbols indicate FLO-LM cell line cultured 

with ACM from obese patients treated with fatty acids under inhibition of fatty acid oxidation 

( ). All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01.  
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5.4.12 The obese adipose secretome treated with increasing irradiation and PA differentially 

affects only metastatic cells under FAO  

As mentioned, increasing radiation enhances the invasive tendencies of cancer cells [492]. These 

invading cells have elevated lipid metabolism and increased reliance on free fatty acids [493], with 

increased PA in circulation being associated with obesity [494]. To assess the influence of the 

culminating effect of obesity, PA, increasing radiation and FAO dependency on FLO-1 and FLO-

LM cells lines invasive capacity, cells were cultured with PA treated ACM exposed to increasing 

radiation from obese and non-obese patients in an uninhibited setting and with inhibition of 

FAO by etomoxir. The influences of these treatments were assessed using an invasion chamber 

with basement membrane for a better reflection of the environment these cells would invade. 

 

FLO-1 cells in the uninhibited setting showed increased invasion towards control ACM exposed 

to 4 Gy irradiation from both non-obese and obese patients (Figure 5.4.32 A).  However, 

following inhibition of FAO, FLO-1 cells appeared to have greater invasion towards treated ACM 

from non-obese patients regardless of irradiation. However, increased invasion was still 

observed towards control ACM exposed to 4 Gy irradiation from obese patients compared to 

matched control, similar to the uninhibited setting (Figure 5.4.32 B). Additionally, FLO-1 

displayed increased invasive capacity towards PA treated unirradiated ACM compared with 

matched control from obese patients only (Figure 5.4.32 A). Following inhibition of FAO, this 

effect is lost in FLO-1 cells towards PA treated ACM from obese patients. However, FLO-1 cells 

showed decreased invasion towards PA treated ACM exposed to 4 Gy irradiation from obese 

patients compared with similarly treated ACM from non-obese patients (Figure 5.4.32 B).  In 

FLO-LM cells in the uninhibited state showed increased invasiveness towards PA treated ACM 

exposed to 4 Gy irradiation compared with control ACM exposed to 4 Gy irradiation from non-

obese patients. Interestingly, FLO-LM cells showed increased invasion towards ACM from obese 

patients exposed to increasing irradiation and treated with PA combined with increasing 

irradiation in a dose dependent manner (Figure 5.4.33 A). Under FAO inhibition the observed 

effect of PA treated ACM exposed to increasing irradiation which augmented FLO-LM cells 

invasive capacity in a dose dependant manner was lost regardless of exposure to irradiation. 

However, control ACM exposed to 4 Gy irradiation from obese patients still enhanced FLO-LM 

invasion in a dose dependant manner regardless of FAO inhibition (Figure 5.4.33 B). 

(* p < 0.05, ** p < 0.01.) 
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Figure 5.4.32 Inhibition of FAO does not affect primary cancer cells invasive capacity towards 

non-obese or obese adipose secretome treated with increasing irradiation and PA  

FLO-1 cell lines were cultured with ACM from non-obese and obese patients treated with 

Control (C), Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy 

irradiation or 4 Gy irradiation. Invasive capacity of these cells was then assessed using an 

invasion assay either with or without inhibition of fatty acid oxidation. A) FLO-1 cells cultured 

with ACM treated with fatty acids without etomoxir, B) FLO-1 cells cultured with ACM treated 

with fatty acids with etomoxir (Kruskal Wallis test with Dunn's correction). Blue circle symbols 

indicate FLO-1 cell line cultured with ACM from non-obese patients treated with fatty acids 

without inhibition (⚫), red circle symbols indicate FLO-1 cell line cultured with ACM from obese 

patients treated with fatty acids without inhibition (⚫).Blue circle symbols indicate FLO-1 cell 

line cultured with ACM from non-obese patients treated with fatty acids under inhibition of fatty 

acid oxidation ( ), red circle symbols indicate FLO-1 cell line cultured with ACM from obese 

patients treated with fatty acids under inhibition of fatty acid oxidation ( ). All data expressed 

as mean ± SEM, n=3, * p < 0.05, ** p < 0.01.  
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Figure 5.4.33 The inhibition of FAO differentially effects metastatic cells invasive capacity 

towards the obese adipose secretome treated with increasing irradiation and PA. 

FLO-LM cell line was cultured with ACM from non-obese and obese patients treated with 

Control (C), Oleic Acid (OA), or Palmitic Acid (PA) in combination with mock irradiation, 2 Gy 

irradiation or 4 Gy irradiation. Invasive capacity of these cells was then assessed using an 

invasion assay either with or without inhibition of fatty acid oxidation. A) FLO-LM cells cultured 

with ACM treated with fatty acids without inhibition, B) FLO-LM cells cultured with ACM treated 

with fatty acids under conditions of fatty acid inhibition, (Kruskal Wallis test with Dunn's 

correction). Blue square symbols indicate FLO-LM cell line cultured with ACM from non-obese 

patients treated with fatty acids without inhibition (◼), red circle symbols indicate FLO-LM cell 

line cultured with ACM from obese patients treated with fatty acids without inhibition (◼).Blue 

square symbols indicate FLO-LM cell line cultured with ACM from non-obese patients treated 

with fatty acids under inhibition of fatty acid oxidation ( ), red circle symbols indicate FLO-LM 

cell line cultured with ACM from obese patients treated with fatty acids under inhibition of fatty 

acid oxidation ( ). All data expressed as mean ± SEM, n=3, * p < 0.05, ** p < 0.01.   
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5.5 Summary of main findings 

 

− Primary and metastatic cancer cells utilise different metabolic pathways, with primary 

cancer cells showing greater reliance on glycolysis whilst metastatic cells show 

increased preference for oxidative phosphorylation with a greater spare respiratory 

capacity. 

  

− PA treated ACM derived from non-obese and obese patients evokes differential 

metabolic functionality in metastatic cancer cells, with non-obese PA treated ACM 

increasing metastatic cells utilisation of oxidative phosphorylation associated 

metabolism and obese PA treated ACM decreasing this.   

 

− Increasing radiation in combination with PA, particularly in the obese setting, decreases 

metastatic cells dependency on fatty acid oxidation compared with primary cancer cells. 

Interestingly control and OA treated ACM from obese patients in combination with 

radiation decreased primary cancer cells dependency on FAO compared with similarly 

treated ACM from non-obese patients. However, control, OA, and PA treated ACM from 

obese patients in combination with 4 Gy irradiation decreased metastatic cells 

dependency on FAO compared with similarly treated ACM from non-obese patients.  

 

− Increased secreted levels of CD147 are most apparent in the obese adipose secretome 

following exposure to increasing irradiation or PA treatment with or without irradiation. 

 

− Primary cancer cells showed enhanced invasion towards the PA enriched adipose 

secretome regardless of exposure to irradiation, inhibition of FAO or patient obesity 

status. 

 

− Metastatic cells only demonstrated increased invasive capacity towards the PA enriched 

adipose secretome following either increasing irradiation, FAO inhibition or if ACM was 

derived from non-obese patients.   
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5.6 Discussion  

This results chapter assessed the dynamic interplay between the adipose secretome and cancer 

cell metabolism and invasive capacity. Adipose tissue has been reported to aid the development 

of metastatic niches [307] and diminish the efficacy of current cancer treatment [484] by supporting 

flexibility in cancer cell metabolism [485]. Previously we have observed that treatment with 

exogenous OA and PA in combination with increasing radiation differentially effects the adipose 

secretome, an effect that is further augmented by patient obesity status. This chapter assessed 

the culminative effect of exogenous fatty acid treatment and increasing irradiation on the 

adipose secretome and what downstream effects this has on primary cancer cells (FLO-1) and 

liver derived metastatic (FLO-LM) cancer cells metabolism, FAO dependency and invasive 

capacity. 

Primary cancer cells have been reported to rely heavily on glycolytic metabolism [497], whilst 

recent studies have indicated that metastatic cells preferentially utilise oxidative 

phosphorylation [302]. Interestingly, oesophageal primary cancer cell lines in this study did show 

greater reliance on glycolysis compared to metastatic cells. These metastatic cells had an 

increased OCR:ECAR ratio indicating a metabolic preference towards oxidative phosphorylation, 

both findings which lie in line with literature. Interestingly, the metastatic cells also shown 

increased spare respiratory capacity compared with primary cancer cells. Spare respiratory 

capacity is depleted under oxidative stress when oxidative phosphorylation fails to reach the 

threshold required to sustain the energetic needs of the cell, leading to the induction of 

glycolysis to meet energy demands [498]. Higher spare respiratory capacity indicates that a cell 

can produce increased ATP via oxidative phosphorylation upon increased energy demand. This 

enhanced spare reserve may be indicative of how metastatic cells utilise enhanced metabolic 

parameters to support migratory capacity. 

Fatty acid metabolism has been implicated in promoting aggressive cancers in addition to 

diminishing treatment efficacy [499]. We observed that PA treated ACM regardless of irradiation 

increases primary cancer cells non-mitochondrial oxygen consumption and glycolytic 

metabolism whilst decreasing oxidative phosphorylation preferences compared with metastatic 

cells. Non-mitochondrial oxygen consumption involves oxygen consuming process that are not 

associated with the mitochondria [500]. Potentially this elevated non-mitochondrial oxygen 

consumption observed in primary cancer cells could be linked to increased fatty acid uptake and 

FAO following the introduction of PA. However. PA overload has also been linked to inducing 

oxidative stress which may explain the enhanced reliance these primary cancer cells have on 

glycolytic metabolism [501]. As previously shown, the visceral adipose depot of non-obese 
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patients has differential secretion of inflammatory mediators and is not associated with 

increased release of free fatty acids into circulation as is observed in obese patients [68].  This 

study observed that the non-obese adipose secretome treated with OA and PA exposed to 

increasing irradiation increased metastatic cells reliance on oxidative phosphorylation as well as 

increasing maximal respiration and spare respiratory capacity compared with similarly treated 

primary cells. Interestingly, this may indicate that metastatic cells may be more evasive to the 

oxidative stress induced by fatty acid treatment and irradiation in the presence of the adipose 

secretome derived from non-obese patients.  Additionally, PA treatment on the non-obese 

unirradiated adipose secretome was observed to increase proton leak in both primary cancer 

cells and metastatic cells compared with control ACM. Visceral adipose tissue has been reported 

to be in a state of chronic low-grade inflammation [398]. Increased levels of saturated fatty acid 

PA within circulation has been reported in correlation with obesity [68], which has been reported 

to aid cancer metastasis. Here, PA treatment on the obese adipose secretome in combination 

with increasing radiation was observed to significantly decrease metabolic parameters of 

metastatic cells compared with primary cancer cells, and spare respiratory capacity was also 

decreased compared with matched metastatic cell control. Previously PA has been linked to 

enhance migratory ability in primary tumour cells [502], which may be indicative of why these 

primary cells have been conferred with this enhanced metabolic phenotype which may aid in 

their development into metastatic cells.   

Obesity has been linked to development of a series of obesity associated primary cancers [58] as 

well as aiding their growth and evasion of cytotoxic therapies [503]. Within this study, the obese 

adipose secretome in combination with fatty acids and increasing irradiation increased oxidative 

phosphorylation, ATP linked respiration and maximal respiration in oesophageal primary cancer 

cells compared with non-obese ACM. However, PA treatment on non-obese ACM in the 

unirradiated setting significantly increased proton leak an effect not observed in the obese 

setting. The overall increases in utilisation of metabolic parameters associated with oxidative 

phosphorylation by primary cancer cells following incubation with obese ACM exposed to 

increasing irradiation indicate these cells have been conferred with the ability to create 

increased energy supplies. Previously, we have identified increased glutamate in the adipose 

secretome of obese patients, glutamate has previously been linked to enhancing mitochondrial 

ATP production [504] which could be contributory factor in this phenomenon. Further to this, 

obesity related factors that augment dysfunctional adipose biology have been postulated to 

support cancer metastasis [307]. Here we identified that the obese adipose secretome in 

combination with PA and increasing irradiation decreases oxidative phosphorylation, non-
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mitochondrial oxygen consumption, ATP linked respiration, proton leak maximal respiration, 

spare respiratory capacity, ECAR in metastatic cancer cells compared with non-obese ACM. It is 

of interested that PA treatment in combination with non-obese ACM and obese ACM have these 

differential responses on metastatic cells preferences for oxidative phosphorylation associated 

metabolism, potentially this may be linked to the differential composition of fatty acids in the 

adipose secretome prior to the addition of exogenous PA. As metastatic cells have been 

reported to rely more heavily on FAO, they may be more susceptible to PA overload as 

prolonged exposure to PA has been reported to impair FAO. PA overload has also previously 

been linked to increased lipid droplet formation and mitochondrial fragmentation [439] as well as 

being associated with inducing lipotoxicity, altered lipid metabolism and ER stress [305]. 

Cancer cells have been reported to have reliance on three major fuel sources glucose, glutamine 

and fatty acids [505], their flexibility in metabolising these fuels is critical mechanism that aids 

their survival and resistance to current cancer treatments [485,506]. Adipocytes and exogenous 

fatty acids have been reported to aid cancer cells metabolic flexibility as well as aiding in 

metastasis [493,496]. Within this study, PA treated ACM in the unirradiated setting and following 

exposure to increasing radiation decreased metastatic cell line’s dependency on FAO compared 

with primary cell lines. This decreased dependency on FAO following PA treatment was mirrored 

in the setting of obese ACM. FAO has been linked to aiding cancer cell metastasis [303], however 

this decreased dependency on FAO by metastatic cells following culture with PA treated ACM 

exposed to increasing irradiation, particularly in the obese setting draws into question what the 

basal fatty acid content is composed of. As well as whether there are other factors such as 

glutamate that are aiding this decreased reliance on FAO, however further research is required 

to fully assess mechanism and whether targeting these factors synergistically may prove as an 

attractive therapeutic target to diminish cancer cell metastasis. Interestingly primary cancer 

cells showed decreased dependency on FAO following treatment with control and OA treated 

ACM derived from obese patients following exposure to 2 and 4 Gy irradiation compared with 

similarly treated cells exposed to ACM from non-obese patients. Whilst metastatic cells showed 

decreased FAO dependency following culture with control, OA, and PA treated ACM from obese 

patients exposed to 4 Gy irradiation compared with similarly treated cells exposed to non-obese 

ACM. Both primary and metastatic cancer cells showing decreased dependency on FAO 

following culture with obese ACM exposed to 4 Gy irradiation regardless of fatty acid treatment 

may indicate a switch in metabolic preference due to the alteration caused in the adipose 

secretome exposed to high dose irradiation. Cancer cells have previously been reported to 

evoke increased reliance on glycolytic metabolism following radiation induced inflammatory 
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stress [507], a mechanism known to confer radioresistance by aiding DNA repair [295]. As previously 

mentioned, we have identified increased secreted levels of glutamate in the ACM of obese OAC 

patients which has been linked to augmented oxidative glycolytic metabolism [508]. Potentially 

the oxidative stress caused by irradiation on the adipose secretome could augment this 

response however further research is required to mechanistically assess this reaction.   

Previously secreted levels of CD147 have been linked to invasion and metastasis [488]. CD147 has 

also been reported to be increased following exposure to irradiation [509] as well as contributing 

to reprogramming of fatty acid metabolism [510]. Within this study, exposure to increasing 

irradiation significantly increased secreted levels of CD147 in ACM as did OA and PA treatment 

in the unirradiated state, which is of interest considering the earlier effects these treatments 

were observed to have on mitochondrial parameters. CD147 has been reported to promote 

invasion through cathepsin B and β-catenin [489], factors known to lead to mitochondrial 

dysfunction and apoptosis through the induction of bid and bax [490]. β-catenin has also been 

reported to activate vimentin [511], a filament known to regulate epithelial to mesenchymal 

transition which induces migration and invasion [512]. CD147 has further been reported to be 

increased in circulation and within visceral adipose depots of obese patients [491]. Here we report 

that PA treatment significantly increased CD147 in the secretome of adipose explants from 

obese patients compared with non-obese patients as well as against control ACM from obese 

patients. Further to this, increasing irradiation and PA treatment in combination with increasing 

irradiation significantly increased secreted levels of CD147 in the adipose secretome of obese 

patients, an effect not observed in the secretome of adipose explants derived from non-obese 

patients. It is of interest that increases in CD147 are most apparent in the adipose secretome of 

obese OAC patients, as obesity has been widely reported to support the development of 

metastatic niches that support invading cancer cells [307].  

Invading cancer cells have been reported to have enhanced lipid metabolism and increased 

reliance on free fatty acids [493]. Within this study primary cancer cells showed increased invasion 

towards PA treated ACM regardless of FAO inhibition. Whilst inhibition of FAO in primary cancer 

cells significantly increased invasiveness towards OA treated ACM. Utilisation of FAO has been 

more strongly linked with metastatic cells, however PA has been previously reported to enhance 

metastasis [502]. Potentially inhibition of FAO may induce stress in primary cancer cells 

stimulating their movement towards a fatty acid enriched environment, as FAO has been 

reported to protect cancer cells from apoptosis by increasing mitochondrial membrane lipids 

[506]. Interestingly, this study observed inhibition of FAO increased metastatic cancer cells 

invasion towards PA treated ACM compared with uninhibited cells movement towards PA 
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treated ACM. However, regardless of inhibition of FAO primary cancer cells showed enhanced 

invasion towards PA treated ACM compared with metastatic cancer cells. Considering that 

metastatic cells have been reported to preferentially utilise FAO, it is of interest that only 

following inhibition of this mechanism do these cells move towards the PA enriched adipose 

secretome. This could be indicative of the altered biology of metastatic cells and their increased 

reliance on FAO that only when energy source is blocked do they migrate towards more fatty 

acid enriched environments.  Additionally, the observation that primary cells invade more 

towards PA enriched ACM than their metastatic counterparts pose an interesting question 

about their basal energy needs and preferential fuel sources. This decreased invasion by 

metastatic cells could be linked to their metabolic plasticity and flexibility which alters as that 

migrate throughout the body to distant sites of metastasis [513], an enhancement that could aid 

their resistance to current cancer treatments.  

Previously, exposure to radiation has been reported to enhance the invasive capacity of cancer 

cells [492]. Here we report that primary cancer cells showed increased invasiveness towards 

control ACM exposed to 4 Gy irradiation regardless of FAO inhibition. Whilst metastatic cancer 

cells only showed enhanced invasion towards control ACM exposed to 4 Gy irradiation following 

inhibition of FAO.  

This could suggest that the migratory capacity of primary cancer cells is stimulated by irradiated 

adipose secretome which possesses elevated levels of inflammatory mediators (supplemental 

figure), that have been linked to aiding metastasis in oesophageal cancer [514]. Whilst again the 

reliance of metastatic cells on FAO is evident, as their invasive capacity is enhanced following 

inhibition of FAO. Metastatic cancer cells also showed increased invasiveness towards PA 

treated ACM exposed to 4 Gy irradiation in the uninhibited setting, however, following 

inhibition of FAO metastatic cancer cells showed increased invasion towards PA treated ACM 

regardless of irradiation exposure. Again, we observed that metastatic cancer cells with the 

ability to utilise FAO demonstrate less motility. However, PA in combination with radiation elicits 

the same effect as FAO inhibition on these metastatic cells enhancing their invasive capacity. 

Further research is required to interrogate what similar mechanisms these treatments induce 

in metastatic and whether blocking these processes could be utilised for therapeutic gain. In 

contrast, primary cancer cells following FAO inhibition showed decreased invasiveness towards 

OA treated ACM exposed to 4 Gy irradiation. OA has previously been linked to having anti-

cancer properties as well as ameliorated the pro-inflammatory effects induced by saturated 

fatty acids [64,515]. It is of interest that the combination of OA and 4 Gy irradiation on the adipose 

secretome created a microenvironment that diminished the invasion of primary cancer cells but 
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did not affect metastatic cells. This could be indicative that that OA could be beneficial in 

diminishing the invasiveness induced by radiation and potentiate pre-metastatic niche 

development in visceral adipose tissue, however, further research is required to identify if this 

could be therapeutically targeted. Metastatic cancer cells also showed decreased invasiveness 

towards PA treated ACM in the unirradiated setting compared with primary cancer cells in an 

uninhibited state. Similarity, following inhibition of FAO metastatic cancer cells showed 

decreased invasiveness compared with primary cancer cells towards PA treated unirradiated 

ACM and PA treated ACM exposed to 2 Gy irradiation. This mirrors previous observations where 

this decreased invasion by metastatic cells could be linked to their altered metabolic plasticity 

and flexibility which is developed during migration [513]. 

As mentioned invading cancer cells have elevated lipid metabolism and increased reliance on 

free fatty acids [493]. Obesity has also been reported to elevate free fatty acids in circulation [494]. 

Within this study primary cancer cells showed increased invasive capacity towards PA treated 

ACM derived from obese patients an effect that was not observed with PA treated ACM from 

non-obese patients. Interestingly following FAO inhibition this effect was lost. Obesity has 

previously been linked to the expansion of metastasis-initiating cells [516], which may account for 

this enhanced migration of primary cells towards the PA enriched adipose secretome of obese 

patients. In contrast, metastatic cells did not demonstrate increased invasive capacity towards 

PA treated ACM derived from non-obese or obese patients in the uninhibited state. However, 

following FAO inhibition of FAO metastatic cells showed increased invasiveness towards PA 

treated ACM derived from non-obese or obese patients. This differential response of primary 

and metastatic cancer cells towards PA treated ACM from obese patients which was dependant 

on FAO inhibition, again may be indicative of underlying metabolic preferences. This contrasting 

response may indicate that inhibition of FAO may mitigate the invasive capacity of primary 

tumour cells and may make them more susceptible to the cytotoxic effects of current therapies. 

FAO has previously been linked to chemoresistance and inhibition of this has been shown to 

enhance chemosensitivity in drug resistant cancers [517,518]. However, again this response 

highlights that metastatic cells possess enhanced invasive capacity when they are prevented 

from utilising FAO, which calls into question if inhibition of FAO in combination with current 

cancer therapies may exacerbate cancer metastasis as cells evoke invasion to find additional 

fuel sources.  

Increasing radiation enhances invasive phenotypes in cancer cell which rely on lipid metabolism 

and increased free fatty acids, one such fatty acid PA has been reported to be increased in 

circulation in obese individuals [492–494]. Within this study, both primary and metastatic cancer 
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cells showed significantly increased invasion towards obese control ACM exposed to 4 Gy 

irradiation regardless of FAO inhibition. Primary and metastatic cancer cells showed similar 

levels of invasion towards PA treated ACM from non-obese patients regardless of increasing 

irradiation or inhibition of FAO. Similarly primary cancer cells showed comparable levels of 

invasion towards PA treated ACM from obese patients regardless of increasing irradiation or 

inhibition of FAO. However metastatic cells showed decreased invasiveness towards PA treated 

unirradiated ACM from obese patients compared with PA treated ACM from obese patients 

exposed to 2 or 4 Gy irradiation. This effect was not observed following the inhibition of FAO as 

metastatic cells showed comparable invasion at all does of irradiation. Highlighting again that 

PA in combination with radiation elicits the same effect as FAO inhibition on these metastatic 

cells enhancing their invasive capacity, an effect that is augmented by the obese adipose 

secretome. Obesity has been linked to enhanced metastasis as a result of the many biologically 

processes it aberrantly effects including lipid metabolism [519]. However, further analysis is 

required to assess if these cells utilise different fuel sources to compensate in the presence of 

FAO inhibition to interrogate if dual blockade of these metabolic pathways could be harnessed 

for therapeutic gain.  

This study has aimed to elucidate how the adipose secretome influences the metabolic and 

invasive parameters of primary oesophageal cancer and liver derived metastatic cells. We have 

highlighted these cells employ different metabolic mechanisms with primary cells being more 

reliant on glycolysis, whilst metastatic cells utilise oxidative phosphorylation associated 

mechanisms as well as being acutely affected by inhibition of FAO. Elevated secreted levels of 

CD147 a factor known to drive metastasis, was observed in ACM treated with PA and exposed 

to increasing radiation, which was most apparent in the obese adipose secretome. Inhibition of 

FAO, a mechanism known to support metastasis, was seen to have differential response in 

enhancing invasion of primary and metastatic towards the PA enriched adipose secretome, an 

effect that was further amplified by patient obesity. These findings pose the question whether 

FAO inhibitors which have been proposed to enhance the efficacy of current cancer therapies, 

may exacerbate cancer cell invasion, and increase distant metastasis particularly in the most 

viscerally obese of patients.    

 

 



 
 

 

 

 

6.0 Chapter 6         

           

      Palmitic acid evokes divergent 

metabolic and secreted profiles in adipose tissue explants of 

oesophageal adenocarcinoma patients in response to 

chemotherapy and chemoradiotherapy. 
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6.1 Objective and specific aims:  

Objective: 

The overall objective of this chapter was to assess whether increasing irradiation would affect 

the influence of exogenous fatty acids on immuno-metabolic profiles of adipose explant 

oesophageal cancer patients using real-time metabolic profiles and multiplex ELISA. As well as 

determining whether these altered immuno-metabolic profiles were influenced by increased 

visceral adiposity. This chapter further looks to assess how increasing irradiation and alterations 

in these treated adipose secretome effect immune cell function. 

 

Specific Aims 

− To assess metabolic profiles including oxidative phosphorylation and glycolysis of 

adipose explants from treatment naïve OAC patients following culture with FLOT 

chemotherapy regimen and CROSS chemoradiotherapy regimen in combination with 

OA (oleic acid) and PA (palmitic acid).  

− To assess the influence of chemotherapy and chemoradiotherapy on the secreted 

profiles of these adipose explants for mediators of inflammation, metabolism, 

angiogenesis, and immune response and whether this in influenced by exogenous fatty 

acids. 

− To examine the influence of these chemotherapy and chemoradiotherapy treated 

adipose secretome on oesophageal cancer cell lines metabolism and whether this in 

influenced by exogenous fatty acids.  

− To evaluate whether the adipose secretome of cancer patients treated with 

chemotherapy or chemoradiotherapy combined with OA or PA influences dendritic cell 

(DC) expression of maturation markers.    

− To evaluate whether the adipose secretome of cancer patients treated with 

chemotherapy or chemoradiotherapy combined with OA or PA influences macrophage 

(Mɸ) polarisation towards a pro-inflammatory (M1-like) or anti-inflammatory (M2-like) 

phenotype.    
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6.2 Introduction 

Chemotherapy and chemoradiotherapy are two of the most historic and commonly used 

therapies used to treat cancer [87,166]. Currently the standard of care for OAC involves 

neoadjuvant treatment with either chemotherapy alone, including FLOT regimen, or 

combination chemoradiotherapy, including CROSS regimen, for locally advanced tumours [19]. 

Adipose tissue is a regulatory organ with many downstream functions that are not fully 

understood, including its response to chemotherapy and radiotherapy. However, increased 

visceral adiposity has been reported to have deleterious effects on the efficacy of current cancer 

treatments such as chemotherapy and chemoradiotherapy [231]. Particularly, the efficacy of 

chemotherapy has been reported to be mitigated by adipose tissue, with adipocytes 

sequestering and metabolising these drugs diminishing their cytotoxic effects [484]. Further to 

this chemotherapy has been reported to diminish lipid storage as well as depleting expression 

of proteins associated with ATP generation and fatty acid oxidation [520], both key pathways 

associated with adipocyte metabolism  

The adipose secretome has also been reported to influence the tumour microenvironment, 

particularly visceral adipose tissue due to its anatomical distribution and proximity to organs 

known to develop obesity associated carcinogenesis [79,487]. Chemotherapy and 

chemoradiotherapy have been reported to augment the secretion of factors from adipose tissue 

in such a manner that aids cancer metastasis and survival from cytotoxic interventions [78]. The 

adipose secretome has even been postulated as a potential attractive therapeutic target to 

potentiate tumour progression and enhance treatment efficacy [79]. Cancer associated 

adipocytes (CAAs) are one factor that is being actively targeted to improve treatment responses. 

Targeting of CD36 and its associated mechanisms is currently being explored to mitigate tumour 

cells lipid uptake from CAAs. CD36 has been linked to promoting chemoresistance in cancer cells 

and inhibition of CD36 has been reported to evoke immunostimulatory effects and decreased 

tumour aggressiveness in-vitro [521,522]. Recent reports have also linked treatment resistance in 

tumour cells with their ability to invoke a metabolic switch from glycolysis to lipid metabolism 

to evade the cytotoxic effects of chemotherapy. Inhibition of Fatty acid synthase (FASN) in 

combination with chemotherapy has been reported to increase the efficacy of these 

chemotherapy in treatment resistant cancers both in in-vitro and in-vivo [523,524]. Fatty acids are 

a principal component of the adipose secreted profile and saturated fatty acid palmitic acid (PA), 

and mono-unsaturated fatty acid oleic acid (OA) are two of the main components of these 

profiles. Previously, PA has been reported to enhances the efficacy of chemotherapy [525], whilst 

OA has been reported to have significant anti-tumour effects [64]. 
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Mitochondrial dysfunction is commonly induced by cancer cells to aid tumour progression [286]. 

Aberrant cellular metabolism has been widely reported to be induced by cancer in order to 

evade the cytotoxic effects of chemotherapy and chemoradiotherapy [191,287]. Particularly, lipid 

metabolism and fatty acid oxidation has recently been reported to enhance cancer cell 

resistance to current cancer treatments [288]. PA has previously been reported to lead to 

enhanced uptake of fatty acids [305] and upregulation of lipid metabolism genes that has been 

reported to aid in the initiation of metastasis [306], making it an attractive target to diminish 

cancer cells ability to evade current treatments. Adipose tissue has also been reported to recruit 

immune cells whilst having deleterious effects on their function which can potentiate anti-

tumour immunity [81–85]. Dendritic cells possess a critical role in initiating anti-tumour immunity, 

through antigen presentation. Chemotherapy has previously been reported to increase DC 

antigen presentation [242], however induction of DC response following radiotherapy was shown 

to be dependent on an active immune infiltrate already being present [243].Macrophages in both 

their pro-inflammatory and anti-inflammatory phenotypes play a central role in cancer 

progression and treatment resistance. Anti-inflammatory or tumour associated macrophages 

(TAMs) have reported to be induced by chemotherapy [245] as well as mediating chemoresistance 

[246].  However, radiation therapy through its initiation of radiation induced inflammation has 

been linked to the promotion of classically activated macrophages and increased expression of 

pro-inflammatory mediators which enhance anti-tumour immunity [247,434,437]. 

This study for the first-time reports on the effects of chemotherapy and chemoradiotherapy on 

adipose tissue metabolism and its secretome and the effects of exogenous fatty acids on this 

adipose microenvironment including metabolism, dendritic cell maturation and macrophage 

polarisation. This data provides information on whether adipose tissue is the mitigating factor 

in the obesity-cancer link that deleteriously effects the efficacy of current therapies. 
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6.3 Materials and Methods 

6.3.1 Ethics Statement and Patient Recruitment  

Ethical approval was granted by the St James’s Hospital/AMNCH ethical review board (Ethics 

number: REC_2019-07 List 25(27)) and written informed consent was collected from all patients 

in this study. 6 cancer patients were recruited within the period between 8th of January 2022 

and 16th of September 2022, patient demographics are listed in Table 6.3.1. Fresh adipose 

tissues were taken from all patients at the start of surgical resection. All OAC patients were 

being treated with curative intent and had received no treatment prior to surgical resection. 

 

Table 6.3.1 Clinical demographics associated with OAC patients  

Patient Clinical Parameters 

Diagnosis OAC = 6 

Sex 
Male = 5 

Female = 1 

Age at diagnosis 53-88 (Mean = 72.5)  
Post-treatment BMI 25.7-32 (Mean = 29.9) 

Weight 63–97.2 kg (Mean = 82.15) 

Treatment Naïve   n = 6  

Clinical Stage (T) 
T1   n = 4 
T3 n = 2 

Clinical Stage (N) 
N0   n = 5 

N1   n = 00 
N2   n = 10 

Path stage (T) 

T0   n = 00 
T1   n = 40 
T2   n = 20 
T3   n = 00 
T4   n = 00 

Path Stage (N) 

N0   n = 40 
N1   n = 10 
N2   n = 10 
N3   n = 00 
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Figure 6.3.1 Schematic of experimental methodology workflow associated with Chapter 6 

Real time metabolic and secreted profiles of adipose explants from OAC treatment naïve cancer patients were assessed by Agilent seahorse, MSD 

multiplex ELISA following culture with chemotherapy FLOT regimen or chemoradiotherapy CROSS regimen combined with exogenous fatty acid 

treatment with OA And PA, with or without exposure to increasing irradiation (mock irradiated 0 Gy, 2 Gy, 4 Gy). The influence of these treated adipose 

secretome on cancer cell metabolism, dendritic cell maturation and macrophage polarisation were then assessed via Agilent Seahorse technology or 

flow cytometry. 
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6.3.2 Lipid treatment  

Methodology carried out as per section 3.3.2 Lipid treatment. 

 

6.3.3 Seahorse Analysis of metabolic profiles from adipose tissue explants and generation of 

Adipose Conditioned Media (ACM) 

Fresh omental tissue was collected from theatre and processed within 30 minutes by dissecting 

into pieces weighing approximately 20 mg. Tissue was plated in triplicates in 1 ml of M199 

(supplemented with 0.1% gentamicin (Lonza, Switzerland), in a 24 well plate (Sarstedt, 

Germany). Adipose explants were then treated with treated with vehicle, FLOT combination 

chemotherapy (0.08249 μM 5-fluorouracil, 2 μM oxaliplatin, 0.001 μM docetaxel) or CROSS 

combination chemoradiotherapy (0.001 μM paclitaxel, 1000 μM carboplatin + 2 Gy irradiation). 

These combination doses were previously optimised in downstream target cells OE33 to achieve 

50% cell death [526]. In addition to this samples were also treated with 0.01% DMSO 2% BSA 

control or 200 μM OA or PA in 0.01% DMSO 2% BSA in M199. Following 2 hours incubation 

adipose explants CROSS treated samples were irradiated with 2 Gy at a dose rate of 

1.73Gy/minute (XStrahl (RS225), Atlanta, United States). Adipose explants were cultured for 

24 hours at 37ºC at 5% Carbon Dioxide in a humidified incubator (Thermofisher, Massachusetts, 

USA). In the last hour of culture, adipose tissue and ACM was transferred to islet capture 

microplate with capture screens (Agilent Technologies, California, United States) and incubated 

in a non-CO2 incubator at 37⁰C (Whitley, United Kingdom) prior to analysis. Seahorse Xfe24 

analyser was used to assess metabolic profiles in adipose explants, (Agilent Technologies, 

California, United States) following a 12 minute equilibrate step, three basal measurements of 

OCR and ECAR were taken over 24 minutes consisting of three repeats of the following sequence 

“mix (3 min) / wait (2 min) / measurement (3 min)” to establish basal respiration. Adipose 

Conditioned Media (ACM) was extracted in a sterile environment and tissue weighed using a 

benchtop analytical balance (Radwag, Poland) and snap frozen. All samples were then stored at 

-80⁰C for further processing.  

 

6.3.4 Multiplex ELISA  

Methodology carried out as per section 2.3.4 Multiplex ELISA. 

 

6.4 Analysis of mitochondrial function of oesophageal cancer cells using Seahorse 
MitoStress test  

OE33 cells were seeded at a density of 20,000 in 24 well XFe24 cell culture microplate plate 

(Agilent Technologies, California, United States) in a volume of 100 μl cDMEM and allowed to 
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adhere for 3 hours before an additional 150 μl of media was added. Cells were rested overnight 

(approx. 18 hours). Media was extracted and replaced with 100 μl M199 control or appropriate 

treated ACM sample in technical replicates and allowed to incubate for a further 24 hours. 

Following this, cells were washed with Agilent Seahorse XF DMEM Medium supplemented with 

10 mM glucose, 1 mM sodium pyruvate, and 2 mM L-glutamine (Agilent Technologies, 

California, United States) and incubated for 1 hour in a non-CO2 incubator at 37⁰C. OCR, ECAR, 

basal respiration, ATP production, maximal respiration, proton leak and non-mitochondrial 

respiration were assessed using a Seahorse Biosciences XFe24 Extracellular Flux Analyser 

(Agilent Technologies, California, United States). Three basal measurements of OCR and ECAR 

were taken over 24 minutes consisting of three repeats of mix (3 min) / wait (2 min) / 

measurement (3 min) to establish basal respiration. Three additional measurements in the same 

manner were obtained following the injection of 50 μl of 3 mitochondrial inhibitors including 

1.8 μM oligomycin (Sigma Aldrich, California, United States), 4 μM Carbonyl cyanide 4- 

(trifluoromethoxy) phenylhydrazone (FCCP) (Sigma Aldrich, California, United States) and 2 μM 

Antimycin-A (Sigma Aldrich, California, United States). All inhibitors were diluted in Agilent 

DMEM. All measurements were normalised to cell number via crystal violet staining.  

 

6.3.5 Crystal Violet Assay  

Methodology carried out as per section 5.3.7 Crystal Violet Assay. 

 

6.3.6 Isolation of monocytes  

Methodology carried out as per section 3.3.5 Isolation of monocytes. 

 

6.3.7 Dendritic cell culture  

Methodology carried out as per section 3.3.6 Dendritic cell culture. 

 

6.3.8 Macrophage culture  

Methodology carried out as per section 3.3.7 Macrophage culture. 

 

6.3.9 Flow cytometry  

Methodology carried out as per section 3.3.8 Flow cytometry 

 

6.3.10 Statistical Analysis  

All statistics were conducted using GraphPad Prism 9.5 (GraphPad Software, California, United 

States). A significance level of p<0.05 was used in all analysis and all p-values reported were 
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two-tailed. Friedman testing with Dunn’s post hoc correction, was employed for non-parametric 

testing between paired cohorts. Details of specific statistical tests are given in each 

corresponding figure legend.  

 

6.5 Results 

6.4.1 Chemotherapy diminishes oxidative phosphorylation in adipose tissue explants which 

is by oleic acid.  

Chemotherapy and chemoradiotherapy are known to detrimentally effect adipose tissue 

function as well as potentiating the efficacy of these treatments. To assess the influence of 

chemotherapy or chemoradiotherapy on the metabolic profiles and phenotypes of adipose 

tissue, seahorse technology was used. Whether exogenous fatty acids altered adipose tissue 

response to these treatments was also assessed using these real-time metabolic parameters. 

 

FLOT regimen significantly decreased OCR metabolism in adipose explants whilst FLOT and 

CROSS regimens significantly decreased adipose explants reliance on oxidative phosphorylation 

over glycolysis (Figure 6.4.1). OA in combination with FLOT increased adipose explants OCR and 

ECAR metabolic profiles (Figure 6.4.2).  However, PA treatments in combination with CROSS 

significantly decreased adipose explants OCR metabolic profiles compared with matched 

control and PA treatment in combination with FLOT regimen (Figure 6.4.2). 

(* p < 0.05, ** p < 0.01) 



272 

 

U
ntr

ea
te

d  

FLO
T

C
R
O
S
S
 

0

5000

10000

15000

OCR

p
m

o
l/
m

in

p
e
r 

g
 o

f 
a
d

ip
o

s
e

✱✱ ✱

U
ntr

ea
te

d  

FLO
T

C
R
O
S
S
 

0

5000

10000

15000

ECAR

m
p

H
/m

in

 p
e
r 

g
 o

f 
a
d

ip
o

s
e

U
ntr

ea
te

d  

FLO
T

C
R
O
S
S

0

2

4

6

OCR:ECAR ratio

(p
m

o
l/
m

in
)/

(m
p

h
/m

in
)

p
e
r 

g
 o

f 
a
d

ip
o

s
e

✱

✱✱

A)

B)

C)

 

Figure 6.41 Chemotherapy diminishes oxidative phosphorylation in adipose tissue explants, 

whilst both therapies increase glycolytic preferences in adipose explants. 

A-C) OCR, ECAR and OCR:ECAR ratio profiles of untreated, chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose explants,   

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01. 
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Figure 6.4.2 Chemotherapy in combination with OA increases OCR and ECAR profiles in 

adipose explants, whilst Chemoradiotherapy in combination with PA decreases adipose 

tissues OCR profiles. 

A-C) OCR, ECAR and OCR:ECAR ratio profiles of chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose explants in combination with BSA Control, Oleic 

Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

yes this is the way to display the pvalues 0.01. 
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6.4.2 Chemoradiotherapy increases the secreted levels of pro-inflammatory mediators in 

the adipose secretome   

Chemotherapy and Chemoradiotherapy have been established to have widespread effects on 

the tumour microenvironment through the alteration of a series of pro-inflammatory, immune-

inhibitory, and angiogenic mediators both in circulation and at tissue level. To establish a 

baseline to examine the effects of chemotherapy and chemoradiotherapy on the adipose 

secretome of cancer patients a 54-analyte multiplex was used to assess inflammatory mediators 

comparing against a matched untreated adipose secretome 

 

FLOT regimen significantly decreased adipose secreted levels of anti-inflammatory, 

immunoinhibitory and angiogenic mediators compared with untreated adipose, including IL-13, 

TARC, and VEGF (Figure 6.4.5 B, Figure 6.4.3 C, F). CROSS regimen significantly decreased 

adipose secreted levels of a series of anti-inflammatory and angiogenic mediators compared 

with untreated adipose, including IL-1Ra, PIGF, VEGF, and VEGF-C (Figure 6.4.5 B, Figure 6.4.3 

D - F) CROSS regimen further showed diminished adipose secreted levels of anti-inflammatory 

and angiogenic associated mediators compared with FLOT treated adipose tissue, including IL-

1Ra and VEGF-C (Figure 6.4.5 B, Figure 6.4.3 F).  

CROSS regimen significantly increased adipose secreted levels of a series of pro-inflammatory 

and immune activating mediators compared with untreated adipose, including GM-CSF, IL-17A, 

IL-21, IL-23, and IL-31 (Figure 6.4.3 A, Figure 6.4.5 C - F). Interestingly, CROSS regimen showed 

significantly elevated adipose secreted levels of a series of pro-inflammatory, immune activating 

and vascular injury associated mediators compared with FLOT treated adipose tissue, including 

GM-CSF, IFN-γ, IL-1β, IL-7, IL-16, IL-17A, MDC, SAA, TNF-α, IL-31 (Figure 6.4.3 A, Figure 6.4.4 A 

– F, Figure 6.4.5 F).  

(* p < 0.05, ** p < 0.01) 
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Figure 6.4.3 Chemoradiotherapy increases the secreted levels of mediators of immune cell 

recruitment and decreases secretion of angiogenic mediators in the adipose secretome   

A-F) Secreted levels of GM-CSF, MDC, TARC, PIGF, VEGF, and VEGF-C of untreated, 

chemotherapy treated (FLOT) and chemoradiotherapy treated (CROSS) adipose explants. 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01. 
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Figure 6.4.4 Chemoradiotherapy increases the secreted levels of pro-inflammatory 

mediators in the adipose secretome compared with chemotherapy alone 

A-F) Secreted levels of IFN-γ, IL-1β, IL-7, IL-16, SAA, and TNF-α of untreated, chemotherapy 

treated (FLOT) and chemoradiotherapy treated (CROSS) adipose explants. 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01. 
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Figure 6.4.5 Chemoradiotherapy increases the secreted levels of mediators involved in anti-

inflammatory response, TH2 immunity and TH17 immunity in the adipose secretome   

A-F) Secreted levels of IL-1Ra, IL-13, IL-17A, IL-21 IL-23, IL-31, of untreated, chemotherapy 

treated (FLOT) and chemoradiotherapy treated (CROSS) adipose explants. 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01.  
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6.4.3 Chemotherapy and chemoradiotherapy differentially alter the adipose tissue 

response to exogenous fatty acids leading to divergent secreted levels of significant 

immune associated factors.  

As previously mentioned, chemotherapy and chemoradiotherapy are known to alter the 

secretion levels of a series of factors involved in inflammatory and immune recruitment, 

however whether the addition of exogenous fatty acids augments or diminishes these is not 

understood. To assess the effects of chemotherapy and chemoradiotherapy in combination with 

PA or OA treatment on the adipose secretome, levels of IL-4, IL-8 IL-12p70, IL-22, and MDC 

which were assessed by multiplex ELISA. This sentence reads like only these were measured.  

 

FLOT in combination with PA treatment showed significantly increased adipose secreted levels 

of anti-inflammatory and immune stimulatory mediators IL-4, IL-12p70, and MDC, however, 

CROSS in combination with PA treatment showed significantly decreased secreted levels of 

these factors (Figure 6.4.6 A, C, E). FLOT in combination with PA treatment increased adipose 

secreted levels of IL-8 compared with adipose treated with FLOT in combination with OA, in 

contrast, CROSS in combination with PA treatment showed decreased secreted levels of IL-8 

(Figure 6.4.6. B). FLOT in combination with OA treatment showed increased adipose secreted 

levels of IL-22 compared with matched control, opposingly in CROSS treated adipose in 

combination with OA secreted levels of IL-22 were significantly decreased (Figure 6.4.6 D).  

(* p < 0.05, ** p < 0.01, ***< 0.001)  
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Figure 6.4.6 Chemotherapy and chemoradiotherapy differentially alter the adipose tissue 

response to exogenous fatty acids leading to divergent secreted levels of significant immune 

associated factors.  

A-E) Secreted levels of IL-4, IL-8, IL-12p70, IL-22 and MDC of chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose explants in combination with BSA Control, Oleic 

Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01, *** < 0.0001. 

 



280 

 

6.4.4 Following both chemotherapy and chemoradiotherapy, exogenous fatty acids cause 

similar increases in mediators associated with Th17 immune responses.  

Previously we observed a series of inflammatory and immune recruiting factors differentially 

altered by chemotherapy and chemoradiotherapy combined with other PA or OA treatment. To 

assess the influence of chemotherapy and chemoradiotherapy in combination with PA or OA 

treatment on key mediators and promotors of Th17 associated immune response including IL-

1β, IL-7 IL-15, IL-17A, and IL-17D, secreted levels in the adipose secretome were assessed by 

multiplex ELISA. 

 

FLOT in combination with OA treatment showed significantly increased adipose secreted levels 

of significant pro-inflammatory factors IL-1β, and IL-17D, compared against either FLOT treated 

control or FLOT in combination with PA. A similar effect was observed in adipose tissue treated 

with CROSS in combination with OA (Figure 6.4.7 A, E). FLOT in combination with PA treatment 

showed significantly increased adipose secreted levels of pro-inflammatory and T cell 

stimulatory mediators including IL-7, IL-15, and IL-17A, an effect that was mirrored by adipose 

tissue treated with CROSS in combination with PA compared with matched control adipose 

secretome (Figure 6.4.7 B, C, D).  

(* p < 0.05, ** p < 0.01) 
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Figure 6.4.7 Following both chemotherapy and chemoradiotherapy, exogenous fatty acids 

cause similar increases in mediators associated with Th17 immune responses.  

A-E) Secreted levels of IL-1β, IL-7, IL-15, IL-17A and IL-17D of chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose explants in combination with BSA Control, Oleic 

Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01. 
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6.4.5 Chemotherapy in combination with OA increases adipose secreted levels of pro-

inflammatory, adhesion and angiogenic associated factors  

The influence of OA on chemotherapy efficacy as previously mentioned is contentiously 

reported in the literature. This study looked to assess the influence of chemotherapy and 

chemoradiotherapy in combination with OA treatment on secreted levels of factors involved in 

inflammatory, adhesion and immune-recruiting responses including Flt-1, IL-1α, IL-1Ra, MCP-4, 

sICAM-1, sVCAM-1, and VEGF which were assessed by multiplex ELISA. 

 

FLOT in combination with OA treatment showed significantly increased adipose secreted levels 

of significant angiogenic, pro-inflammatory and adhesion associated factors including Flt-1, IL-

1α, MCP-4, sICAM-1, sVCAM-1, and VEGF, compared with matched control (Figure 6.4.8 A, B, 

D-G). Additionally, FLOT in combination with PA treatment showed significantly increased 

secreted levels of sVCAM-1 (Figure 6.4.8 F). FLOT in combination with OA or PA treatment 

showed significantly increased adipose secreted levels of anti-inflammatory mediator IL-1Ra 

with similarly CROSS treated adipose tissue secretome (Figure 6.4.8 C).  

(* p < 0.05, ** p < 0.01) 
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Figure 6.4.8 Chemotherapy in combination with OA increases adipose secreted levels of pro-

inflammatory, adhesion and angiogenic associated factors  

A-G) Secreted levels of FLt-1, IL-1α, IL-1Ra, MCP-4, sICAM-1, sVCAM-1, and VEGF of 

chemotherapy treated (FLOT) and chemoradiotherapy treated (CROSS) adipose explants in 

combination with BSA Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01. 
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6.4.6 Chemotherapy in combination with PA increase adipose secreted levels of pro-

inflammatory, angiogenic and immuno-modulatory mediators 

The influence of PA on cancer treatment efficacy again has been contentiously reported, with 

links to increasing cancer cell sensitivity to chemotherapy as well as aiding in metastasis. To 

assess the influence of chemotherapy in combination with PA treatment on secreted levels of 

factors involved in inflammatory, adhesion and immune-recruiting responses including IL-2, IL-

6, MCP-1, TARC and TNF-α multiplex ELISA were utilised. 

 

FLOT in combination with PA treatment showed increased adipose secreted levels of pro-

inflammatory and immune activating mediators including IL-2, IL-6 MCP-1, TARC and TNF-α 

compared with either matched control or CROSS in combination with PA treatment (Figure 6.4.9 

A-E). Additionally, decreased secreted levels of TNF-α were observed in the adipose secretome 

following exposure to CROSS in combination with PA treatment compared with matched control 

(Figure 6.4.9 E).  

(* p < 0.05) 
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Figure 6.4.9 Chemotherapy in combination with PA increase adipose secreted levels of pro-

inflammatory, angiogenic and immuno-modulatory mediators 

A-E) Secreted levels of IL-2, IL-6, IL-1Ra, MCP-1, TARC, and TNF-α of chemotherapy treated 

(FLOT) and chemoradiotherapy treated (CROSS) adipose explants in combination with BSA 

Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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6.4.7 Chemoradiotherapy in combination with PA increases secreted levels of key 

inflammatory, angiogenic and vascular injury associated mediators compared with 

chemotherapy  

PA has been widely reported to have wide reaching inflammatory effects, an effect that has not 

been observed on the adipose secretome. This study looked to assess the influence of 

chemoradiotherapy in combination with PA treatment compared with chemotherapy combined 

with PA on the adipose secretome. Secreted levels in the adipose secretome of factors involved 

in pro-inflammatory response, angiogenesis and vascular injury response including IL-9, IL-

17A/F, IL-17B, IL-21, IL-23, IL-27, IL-31, SAA, and VEGF-C were assessed by multiplex ELISA. 

 

CROSS in combination with PA treatment significantly increased a series of pro-inflammatory, 

vascular injury and angiogenic mediators in the adipose secretome compared with either 

matched control or adipose tissue cultured with FLOT regimen combined with PA acid. These 

mediators included IL-9, IL-17A/F, IL-17B, IL-21, IL-23, IL-27, IL-31, SAA, and VEGF-C (Figure 

6.4.10 A-I).  

(***< 0.001, ** p < 0.01, * p < 0.05) 
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Figure 6.4.10 Chemoradiotherapy in combination with PA increases secreted levels of key 

inflammatory, angiogenic and vascular injury associated mediators compared with 

chemotherapy  

A-I) Secreted levels of IL-9, IL-17A/F, IL-17B, IL-21, IL-23, IL-27, IL-31, SAA, and VEGF-C of 

chemotherapy treated (FLOT) and chemoradiotherapy treated (CROSS) adipose explants in 

combination with BSA Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01, *** p < 0.001 



288 

 

6.4.8 The chemotherapy treated adipose secretome increases reliance on glycolysis and 

augments dysfunctional mitochondrial response to stress in oesophageal cancer cells. 

Chemotherapy has been reported to enhance cancer cell glycolytic metabolism. Whilst 

chemoradiotherapy has been shown to decrease cancer metabolism directly following 

irradiation with a subsequent enhanced glycolysis. To assess the influence of chemotherapy or 

chemoradiotherapy on the adipose secretome and how this alters cancer cell metabolic profiles 

MitoStress test and seahorse technology was used. Just be specific in cells 

 

OE33 oesophageal cancer cells cultured with FLOT treated adipose secretome demonstrated 

metabolic profiles associated with mitochondrial dysfunction, including elevated glycolytic 

metabolism, increased maximal respiration, and increased proton leak (Figure 6.4.10 B, C, F, G). 

OE33 cells cultured with CROSS treated adipose showed increased ATP linked respiration, 

maximal respiration, and spare respiratory capacity, an indication that cells are still capable of 

utilising mitochondrial reserves (Figure 6.4.10 C, D, F).  

(* p < 0.05)  
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Figure 6.4.11 The chemotherapy treated adipose secretome increases reliance on glycolysis 

and augments dysfunctional mitochondrial response to stress in oesophageal cancer cells. 

A-H) Mitochondrial parameters including basal respiration, proton leak, maximal respiration, 

spare respiratory capacity, non-mitochondrial oxygen consumption, ATP linked respiration, 

ECAR and OCR:ECAR ratio of OE33 cell lines following exposure to untreated, chemotherapy 

treated (FLOT) and chemoradiotherapy treated (CROSS) adipose conditioned media   

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05 



290 

 

6.4.9 Chemoradiotherapy in combination with PA increases oesophageal cancer cells 

reliance on glycolytic pathways whilst chemotherapy in combination with OA induces 

mitochondrial dysfunction in response to stress. 

Chemotherapy ad chemoradiotherapy has been reported to enhance cancer cell glycolysis and 

fatty acid oxidation in response to the stress induced by these therapies. To assess the influence 

of chemotherapy or chemoradiotherapy in combination with OA or PA treatment on the adipose 

secretome and how this alters cancer cell metabolic profiles MitoStress test and seahorse 

technology was used.  

 

OE33 cancer cells cultured with FLOT, and OA treated ACM showed decreased maximal 

respiration and spare respiratory capacity compared with matched control and PA treatment 

(Figure 6.4.13 B, C). Furthermore, OE33 cells cultured with FLOT, and OA treatment showed 

significantly increased non mitochondrial oxygen consumption compared to OE33 cultured with 

CROSS and OA treated ACM (Figure 6.4.12 C). OE33 cancer cells cultured with CROSS and PA 

treated ACM showed increased reliance on glycolytic metabolism compared with matched 

control (Figure 6.4.14 A). Additionally, OE33 cells cultured with FLOT, and PA treatment showed 

significantly increased basal respiration, ATP linked respiration and OCR:ECAR ratio compared 

to OE33 cultured with CROSS and OA treated ACM (Figure 6.4.12 A, 6.4.13 A, 6.4.14 B).  

(** p < 0.01, * p < 0.05) 
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Figure 6.4.12 Chemoradiotherapy in combination with PA decreases oesophageal cancer 

cells OCR profiles whilst chemoradiotherapy in combination with OA decreases no-

mitochondrial oxygen consumption compared with chemotherapy in combination with fatty 

acids  

A-C) Mitochondrial parameters including basal respiration, proton leak, and non-mitochondrial 

oxygen consumption of OE33 cell lines following exposure to chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose conditioned media in combination with BSA 

Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01. 
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Figure 6.4.13 Chemotherapy in combination with OA decreases cancer cells maximal 

respiration and spare respiratory capacity. 

A-C) Mitochondrial parameters including ATP linked respiration, maximal respiration, and spare 

respiratory capacity of OE33 cell lines following exposure to chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose conditioned media in combination with BSA 

Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01. 
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Figure 6.4.14 Chemoradiotherapy in combination with PA increases oesophageal cancer cells 

reliance on glycolytic pathways. 

A-B) Mitochondrial parameters including ECAR and OCR:ECAR ratio of OE33 cell lines following 

exposure to chemotherapy treated (FLOT) and chemoradiotherapy treated (CROSS) adipose 

conditioned media in combination with BSA Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01.     
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6.4.10 Chemotherapy increases DCs maturation markers, whilst all treatments increased 

immunoinhibitory ligand TIM-3.  

Chemotherapy and chemoradiotherapy have been reported to enhance DCs antigen 

presentation. To assess the influence of chemotherapy or chemoradiotherapy on the adipose 

secretome and how this alters DCs maturation, stimulated DCs were assessed via flow 

cytometry for a panel of phenotypic and maturation markers following exposure to these 

treated ACM. 

 

DCs cultured with the FLOT treated adipose secretome showed significantly increased 

expression of a series of phenotype and maturation ligands including HLA-DR, CD11c, CD40, 

CD54, and CD86 (Figure 6.4.16 B-D, Figure 6.4.17 C). In addition to this, DCs cultured with both 

FLOT, and CROSS treated ACM showed increased expression on immunoinhibitory ligand TIM-3 

(Figure 6.4.17 E).  

(** p < 0.01, * p < 0.05) 
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Figure 6.4.15 Histograms of DC maturation markers following LPS stimulation  

Histograms displaying DC markers HLA-DR, CD11c, CD80, CD86 CD83, CD40, CD54 and PD-L1 

which depict DCs response to LPS stimulation. (Blue peaks indicate unstimulated DCs and red 

peak indicate DCs following exposure to LPS stimulation) 
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Figure 6.4.16 Chemotherapy increases DCs expression of phenotypic and adhesion 

associated markers.  

A-E) Expression of DC phenotypic and maturation markers including viability, HLA-DR, CD11c, 

CD40, and CD54 following exposure to untreated, chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose conditioned media   

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01. 
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Figure 6.4.17 Chemotherapy increases DCs maturation markers, whilst all treatments 

increased immunoinhibitory ligand TIM-3.  

A-F) Expression of DC phenotypic and maturation markers including CD80, CD83, CD86, 

CD80+CD86+, TIM-3 and PD-L1 following exposure to untreated, chemotherapy treated (FLOT) 

and chemoradiotherapy treated (CROSS) adipose conditioned media   

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, ** p < 

0.01. 
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6.4.11 Chemoradiotherapy in combination with PA treatment significantly decreases 

expression of DC maturation and immune inhibitory signals    

PA as previously mentioned has been shown to enhance DCs maturation. To assess the influence 

of chemotherapy or chemoradiotherapy in combination with OA or PA treatment on the adipose 

secretome and how this alters DCs maturation, stimulated DCs were assessed via flow 

cytometry for a panel of phenotypic and maturation markers following exposure to these 

treated ACM.   

 

DCs cultured with FLOT, and PA treated ACM showed decreased expression of CD80 and 

CD80+CD86+ compared with matched control or OA treated (Figure 6.4.19 A, D). Whilst DCs 

cultured with CROSS and PA treated ACM showed significantly decreased expression of CD40, 

CD54, CD86, and CD80+CD86+ compared with matched control or OA treated (Figure 6.4.18, D, 

E, Figure 6.4.19 C, D). Additionally, DCs cultured with CROSS and PA treated ACM showed 

increased expression of CD83 compared with matched control (Figure 6.4.19 B). DCs cultured 

with FLOT, and PA treated ACM showed decreased expression of immuno-inhibitory ligands 

TIM-3 and PD-L1 compared with matched with matched control and OA treated ACM (Figure 

6.4.19 E, F). Whilst DCs cultured with CROSS and PA treated ACM only showed decreased 

expression of TIM-3 compared with DCs cultured CROSS and OA treated ACM (Figure 6.4.19 E).  

(* p < 0.05) 
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Figure 6.4.18 The adipose secretome treated with chemoradiotherapy in combination with 

PA treatment significantly decreases DC expression of CD40.  

A-E) Expression of DC phenotypic and adhesion markers including viability, HLA-DR, CD11c, 

CD40, and CD54 and following exposure to chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose conditioned media in combination with BSA 

Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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Figure 6.4.19 The adipose secretome treated with chemotherapy in combination with PA 

treatment significantly decreases expression of DC maturation and immune inhibitory 

signals. 

A-F) Expression of DC phenotypic and maturation markers including CD80, CD83, CD86, 

CD80+CD86+, TIM-3, and PD-L1 following exposure to chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose conditioned media in combination with BSA 

Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 

 

 



301 

 

6.4.12 Chemotherapy ACM significantly increases anti-inflammatory markers on 

unpolarised Mɸ whilst chemoradiotherapy significantly increases pro-inflammatory 

markers 

Chemotherapy and chemoradiotherapy have been reported to have pleiotropic effects on Mɸ 

polarisation. To assess the influence of chemotherapy or chemoradiotherapy on the adipose 

secretome and how this alters Mɸ maturation, unpolarised Mɸ were assessed via flow 

cytometry for a panel of phenotypic, pro-inflammatory and anti-inflammatory markers 

following exposure to these treated ACM. 

 

Unpolarised Mɸ cultured with FLOT treated ACM showed significantly increased co-expression 

of anti-inflammatory associated markers CD163+CD206+ (Figure 6.4.21 F). Unpolarised Mɸ 

cultured with CROSS treated ACM showed significantly decreased expression of phenotypic 

markers CD68, as well as increased expression of pro-inflammatory associated markers CD80, 

CD86, CD80+CD86+, and immune-inhibitory marker TIM-3 (Figure 6.4.20, B, F, Figure 6.4.21 A, 

B, E).  

(* p < 0.05) 
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Figure 6.4.20 Chemoradiotherapy treated adipose secretome significantly increases 

immunoinhibitory markers TIM-3 on unpolarised Mɸ.  

A-F) Expression of unpolarised Mɸ phenotypic and immunoinhibitory markers including 

viability, CD68, CD11b, CD11c, HLA-DR, and TIM-3 following exposure to untreated, 

chemotherapy treated (FLOT) and chemoradiotherapy treated (CROSS) adipose conditioned 

media   

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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Figure 6.4.21 Chemotherapy treated adipose secretome significantly increases anti-

inflammatory markers on unpolarised Mɸ whilst chemoradiotherapy significantly increases 

pro-inflammatory markers. 

A-F) Expression of unpolarised Mɸ polarisation markers including CD80, CD86, CD163, CD206, 

CD80+CD86+, and CD163+CD206+ following exposure to untreated, chemotherapy treated 

(FLOT) and chemoradiotherapy treated (CROSS) adipose conditioned media   

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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6.4.13 Chemoradiotherapy in combination with PA significantly increases CD206 expression 

on unpolarised Mɸ  

Invoking fatty acid oxidation has been reported to be a central cellular metabolic change in 

response to the stress induced by chemotherapy or chemoradiotherapy. To assess the influence 

of chemotherapy or chemoradiotherapy in combination with OA or PA treatment on the adipose 

secretome and how this alters Mɸ maturation, unpolarised Mɸ were assessed via flow 

cytometry for a panel of phenotypic, pro-inflammatory and anti-inflammatory markers 

following exposure to these treated ACM. 

 

Similar expression of pro-inflammatory and anti-inflammatory ligands were observed in 

unpolarised Mɸ cultured with FLOT and CROSS treated ACM as described in Figure 6.4.20 - 

Figure 6.4.21. However unpolarised Mɸ cultured with CROSS and PA treated ACM showed 

significantly increased expression of anti-inflammatory associated markers CD206 compared 

with matched control (Figure 6.4.23 C).  

(* p < 0.05) 
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Figure 6.4.22 The adipose secretome tretaed with chemoradiotherapy in combination with 

PA significantly decreased CD268 expression on unpolarised Mɸ.  

A-F) Expression of unpolarised Mɸ phenotypic and polarisation markers including viability, 

CD68, CD11b, CD11c, HLA-DR, and TIM-3 following exposure to chemotherapy treated (FLOT) 

and chemoradiotherapy treated (CROSS) adipose conditioned media in combination with BSA 

Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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Figure 6.4.23 Chemoradiotherapy in combination with PA significantly increases CD206 

expression on unpolarised Mɸ  

A-F) Expression of unpolarised Mɸ phenotypic and polarisation markers including CD80, CD86, 

CD163, CD206, CD80+CD86+, and CD163+CD206+ following exposure to chemotherapy treated 

(FLOT) and chemoradiotherapy treated (CROSS) adipose conditioned media in combination with 

BSA Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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6.4.14 Chemotherapy significantly increases M1 polarised Mɸ expression of pro-

inflammatory and immune-inhibitory ligands 

Chemoradiotherapy have been reported to evoke radiation induced inflammation, a response 

perpetuated by M1-like macrophages. To assess the influence of chemotherapy or 

chemoradiotherapy on the adipose secretome and how this alters Mɸ maturation, M1-

polarised Mɸ by LPS were assessed via flow cytometry for a panel of phenotypic, and pro-

inflammatory markers following exposure to these treated ACM. 

 

M1-polarised Mɸ cultured with FLOT treated ACM also showed significantly decreased viability 

compared with Mɸ cultured with CROSS treated ACM (Figure 6.4.24 A). M1-polarised Mɸ 

cultured with FLOT treated ACM showed significantly increased expression of a series of Mɸ 

phenotypic and immune-inhibitory associated markers including CD11b, CD11c, HLA-DR, and 

TIM-3 compared with control ACM (Figure 6.4.24 C, D, E, F). M1-polarised Mɸ cultured with 

FLOT treated ACM showed significantly increased expression of a pro-inflammatory associated 

Mɸ markers including CD80, CD86, and co-expression of CD80+CD86+ compared with control 

ACM (Figure 6.4.25 A, B, C).  

(* p < 0.05) 
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Figure 6.4.24 Chemotherapy treated adipose secretome significantly increases M1 polarised 

Mɸ expression of phenotypic and immune-inhibitory ligands 

A-F) Expression of LPS M1 primed Mɸ phenotypic and immunoinhibitory markers including 

viability, CD68, CD11b, CD11c, HLA-DR, and TIM-3 exposure to untreated, chemotherapy 

treated (FLOT) and chemoradiotherapy treated (CROSS) adipose conditioned media   

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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Figure 6.4.25 Chemotherapy treated adipose secretome significantly increases M1 polarised 

Mɸ expression of pro-inflammatory ligands 

A-C) Expression of LPS M1 primed Mɸ polarisation markers including CD80, CD86, and 

CD80+CD86+ exposure to untreated, chemotherapy treated (FLOT) and chemoradiotherapy 

treated (CROSS) adipose conditioned media   

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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6.4.15 Chemoradiotherapy in combination with OA significantly decreases M1 polarised Mɸ 

expression of pro-inflammatory and immune-inhibitory ligands 

PA as previously mentioned, has been widely reported for its -pro-inflammatory effects, OA on 

the side has been shown to ameliorate pro-inflammatory response particularly in response to 

external stress. To assess the influence of chemotherapy or chemoradiotherapy in combination 

with OA or PA treatment on the adipose secretome and how this alters Mɸ maturation, M1-

polarised Mɸ by LPS were assessed via flow cytometry for a panel of phenotypic, and pro-

inflammatory markers following exposure to these treated ACM. 

 

M1-polarised Mɸ cultured with CROSS and OA treated ACM showed significantly decreased 

expression of phenotypic marker CD68 compared to Mɸ cultured with FLOT and OA treated 

ACM (Figure 6.4.26 B). Additionally, these Mɸ cultured with CROSS and OA treated ACM 

showed decreased expression of pro-inflammatory associated markers CD80, CD86, 

CD80+CD86+, and immune-inhibitory marker TIM-3 compared with Mɸ cultured with FLOT and 

OA treated ACM (Figure 6.4.27 A, B, C, Figure 6.4.26 F).  

(* p < 0.05) 
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Figure 6.4.26 Chemoradiotherapy treated adipose secretome in combination with OA 

significantly decreases M1 polarised Mɸ expression of immune-inhibitory TIM-3. 

A-F) Expression of LPS M1 primed Mɸ phenotypic and immuno-inhibitory markers including 

viability, CD68, CD11b, CD11c, HLA-DR, and TIM-3 following exposure to chemotherapy treated 

(FLOT) and chemoradiotherapy treated (CROSS) adipose conditioned media in combination with 

BSA Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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Figure 6.4.27 Chemoradiotherapy treated adipose secretome in combination with OA 

significantly decreases M1 polarised Mɸ expression of pro-inflammatory markers. 

A-C) Expression of LPS M1 primed Mɸ phenotypic and polarisation markers including CD80, 

CD86, and CD80+CD86+ following exposure to chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose conditioned media in combination with BSA 

Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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6.4.16 Chemoradiotherapy significantly increases M2 polarised Mɸ expression of anti-

inflammatory associated marker CD206 

Chemotherapy have been reported to decreases M2-like macrophages and increase pro-

inflammatory responses, whilst radiotherapy has been reported to enhance M2-like 

recruitment. To assess the influence of chemotherapy or chemoradiotherapy on the adipose 

secretome and how this alters Mɸ maturation, M2-polarised Mɸ by IL-4 were assessed via flow 

cytometry for a panel of phenotypic, and anti-inflammatory markers following exposure to 

these treated ACM. 

 

M2-polarised Mɸ cultured with FLOT treated ACM also showed significantly decreased viability 

compared with Mɸ cultured with CROSS treated ACM (Figure 6.4.28 A). M2-polarised Mɸ 

cultured with FLOT treated ACM also showed significantly increased expression of a series of 

Mɸ phenotypic markers including CD11c, and HLA-DR compared with control and CROSS 

treated ACM (Figure 6.4.28 D, E). However, M2-polarised Mɸ cultured with CROSS treated ACM 

showed significantly increased expression of anti-inflammatory associated marker CD206 

compared with matched control (Figure 6.4.29 B). 

 (* p < 0.05) 
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Figure 6.4.28 Chemotherapy treated adipose secretome increases M2 polarised Mɸ 

expression of HLA-DR. 

A-F) Expression of IL-4 M2 primed Mɸ phenotypic and immunoinhibitory markers including 

viability, CD68, CD11b, CD11c, HLA-DR, and TIM-3 following exposure to chemotherapy treated 

(FLOT) and chemoradiotherapy treated (CROSS) adipose conditioned media in combination with 

BSA Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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Figure 6.4.29 Chemoradiotherapy treated adipose secretome significantly increases M2 

polarised Mɸ expression of CD206. 

A-C) Expression of IL-4 M2 primed Mɸ anti-inflammatory polarisation markers including CD163, 

CD206, and CD163+CD206+ following exposure to chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose conditioned media in combination with BSA 

Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05. 
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6.4.17 Chemoradiotherapy in combination with PA significantly decreases M2 polarised Mɸ 

expression of anti-inflammatory and immune-inhibitory ligands 

Lipid loaded macrophages have been reported to be abundantly expressed in most tumours, 

conferring M2 like Mɸ with pathogenic features that aid tumour progression and enhance 

immunosuppression. To assess the influence of chemotherapy or chemoradiotherapy in 

combination with OA or PA treatment on the adipose secretome and how this alters Mɸ 

maturation, M2-polarised Mɸ by IL-4 were assessed via flow cytometry for a panel of 

phenotypic, and anti-inflammatory markers following exposure to these treated ACM. 

 

M2 polarised Mɸ cultured with chemoradiotherapy in combination with PA showed increased 

viability compared with matched control. M2-polarised Mɸ cultured with CROSS and PA treated 

ACM showed significantly increased expression of phenotypic marker CD68 compared with 

matched control ACM and FLOT and PA treated ACM (Figure 6.4.30 B).  Additionally, these Mɸ 

cultured with CROSS and PA treated ACM showed decreased expression of anti-inflammatory 

associated markers CD163, CD206, CD163+CD206+, and immunoinhibitory marker TIM-3 

compared with Mɸ cultured with FLOT and PA treated ACM (Figure 6.4.31 A, B, C, Figure 6.4.30 

F). Increased expression of immune-inhibitory TIM-3 was also observed on M2 polarised Mɸ 

cultured with CROSS and OA treated ACM compared to Mɸ cultured with CROSS and PA treated 

ACM (Figure 6.4.30 F).  

(* p < 0.05) 
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Figure 6.4.30 Chemoradiotherapy treated adipose secretome in combination with PA 

significantly decreases M2 polarised Mɸ expression of immune-inhibitory TIM-3 and 

increased viability. 

A-F) Expression of IL-4 M2 primed Mɸ phenotypic and immunoinhibitory markers including 

viability, CD68, CD11b, CD11c, HLA-DR, and TIM-3 following exposure to chemotherapy treated 

(FLOT) and chemoradiotherapy treated (CROSS) adipose conditioned media in combination with 

BSA Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, 

*** p < 0.001. 
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Figure 6.4.31 Chemoradiotherapy treated adipose secretome in combination with PA 

significantly decreases M2 polarised Mɸ expression of anti-inflammatory associated 

markers. 

A-C) Expression of IL-4 M2 primed Mɸ phenotypic and polarisation markers including CD163, 

CD206, and CD163+CD206+ following exposure to chemotherapy treated (FLOT) and 

chemoradiotherapy treated (CROSS) adipose conditioned media in combination with BSA 

Control, Oleic Acid (OA) or Palmitic Acid (PA). 

(Friedman test with Dunn's correction) All data expressed as mean ± SEM, n=6, * p < 0.05, 

*** p < 0.001. 
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6.6 Summary of main findings  

 

− FLOT chemotherapy regimen decreased adipose tissue explants utilisation of oxidative 

phosphorylation and increased glycolytic preference. CROSS chemoradiotherapy 

regimen increased adipose tissue explants glycolytic preference. 

  

− FLOT chemotherapy regimen in combination with OA increased adipose tissue explants 

utilisation of oxidative phosphorylation and increased glycolysis. CROSS 

chemoradiotherapy regimen in combination with PA decreased adipose tissue explants 

utilisation of oxidative phosphorylation. 

 

− FLOT chemotherapy regimen decreased adipose tissue explants secretion of pro-

inflammatory mediators. CROSS chemoradiotherapy regimen increased adipose tissue 

explants secretion of pro-inflammatory mediators. 

 

− FLOT and CROSS regimens in combination with fatty acids differentially effected adipose 

tissue secretion of IL-4, IL-8, IL-12p70, IL-22 and MDC. However, both therapies 

combined with fatty acids increased adipose secretion of mediators of Th17 immune 

response. 

 

− The adipose secretome treated with FLOT chemotherapy regimen increased 

oesophageal cancer cell proton leak and utilisation of glycolysis preference. The adipose 

secretome treated with CROSS chemoradiotherapy regimen increased oesophageal 

cancer cell spare respiratory capacity and utilisation of oxidative phosphorylation.  

 

− The adipose secretome treated with FLOT chemotherapy regimen combined with OA 

decreased oesophageal cancer cell maximal respiration and spare respiratory capacity. 

The adipose secretome treated with CROSS chemoradiotherapy regimen in 

combination with PA decreased oesophageal cancer cell utilisation of oxidative 

phosphorylation and glycolytic preference. 

 

− The adipose secretome treated with FLOT chemotherapy regimen increased DC 

expression of maturation and immunoinhibitory markers. The adipose secretome 

treated with CROSS chemoradiotherapy regimen increased DC expression of 

immunoinhibitory marker TIM-3.  
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− The adipose secretome treated with FLOT chemotherapy regimen combined with PA 

decreased DC expression of immunoinhibitory markers PD-L1 and TIM-3. The adipose 

secretome treated with CROSS chemoradiotherapy regimen with PA decreased DC 

expression of maturation and immunoinhibitory markers.  

 

− The adipose secretome treated with FLOT chemotherapy regimen increased 

unpolarised Mɸ expression of anti-inflammatory associated markers as well as 

increasing M1-primed Mɸ expression of pro-inflammatory markers and TIM-3. The 

adipose secretome treated with CROSS chemoradiotherapy regimen increased 

unpolarised Mɸ expression of pro-inflammatory associated markers as well as 

increasing M2-primed Mɸ expression of anti-inflammatory markers.  

 

− The adipose secretome treated with CROSS chemoradiotherapy regimen combined 

with OA increased unpolarised Mɸ expression of anti-inflammatory associated 

markers. The adipose secretome treated with CROSS chemoradiotherapy regimen 

combined with PA increased unpolarised Mɸ expression of anti-inflammatory 

associated markers but decreased M2-primed Mɸ expression of anti-inflammatory 

markers.  
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6.7 Discussion  

The role of adipose tissue and the influence of obesity on cancer treatment response has been 

contentiously reported. For the first time this study examined the influence chemotherapy and 

chemoradiotherapy regimens on adipose tissue metabolism and its secretome. This study 

looked to further explore what implications this treated adipose secretome has for cancer cell 

metabolism, DC maturation and Mɸ polarisation. We further examined whether the addition of 

exogenous fatty acids could alter adipose tissue response to these cytotoxic therapies and what 

downstream effects this could hold for cancer and immune cell function. 

In this study, FLOT chemotherapy regimen decreased OCR metabolism and OCR:ECAR ratio in 

adipose explants compared with untreated adipose. OCR a measurement of oxidative 

phosphorylation has been reported to be unregulated in more aggressive cancers, and inhibition 

of oxidative phosphorylation has been suggested to enhance the efficacy of chemotherapy [527]. 

However, a reduction in ROS production in the presence of prolonged chemotherapy has been 

shown to be a mitigating factor in its efficacy [528]. Additionally, chemoradiotherapy was 

observed to decrease OCR:ECAR ratio indicating a switch in preference to glycolysis. Radiation 

therapy has been shown to evoke a switch to glycolysis in cancer cells to survive the subsequent 

oxidative stress induced [507]. These diminished levels of OCR in adipose tissue following 

chemotherapy and elevated reliance on glycolysis following chemoradiotherapy may have more 

dynamic effects in the wider tumour microenvironment. This switch in metabolic preference 

could lead to an altered nutrient composition in the adipose tissue. Differential metabolism of 

metabolites such as glutamine that we have previously seen decreased in obese adipose tissue 

[80], or fatty acids could lead to an altered adipose milieu that may have opposing effects on 

cancer cell proliferation and migration. 

We observed an increase in OCR and ECAR profiles in adipose explants treated with 

chemotherapy in combination with OA. Such an effect could be paradoxical as increased OCR 

with linked increased ROS induction could prove damaging within adipose tissue. However, 

increased levels of glycolysis could indicate adaptive change to counteract the induced damage, 

an effect not observed in adipose tissue treated with chemoradiotherapy in combination with 

OA. OA acid has been extensively researched as a solid lipid nanoparticle for the delivery of 5-

FU and oxaliplatin, components of FLOT chemotherapy, with the hopes of reducing the rapid 

metabolism associated with these drugs and increasing treatment efficacy [529,530]. Further to 

this, decreased OCR levels were observed in adipose tissue following exposure to 

chemoradiotherapy in combination with PA compared with matched control and chemotherapy 

combined with PA. This noteworthy reaction between chemoradiotherapy and PA on OCR levels 
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echoes our previous research which indicated that irradiation may perpetuate the effects of PA 

on inhibiting OCR metabolism in adipose tissue. PA has previously been reported to confer 

cancer cells with enhanced survival to paclitaxel induced apoptosis [506] as well as inducing 

oxidative stress which may be enhanced by chemoradiotherapy. These differential metabolic 

reactions in adipose tissue in response to chemotherapy and chemoradiotherapy particularly in 

combination with exogenous fatty acids may be adaptions to survive the induction of reactive 

oxygen species (ROS) caused by these therapies. However, the damage induced as a by-product 

of these cytotoxic therapies may lead to detrimental changes in the adipose tissue biology and 

secreted factors that could aid the progression of cancer and diminish anti-tumour immunity. 

Further research is required to elucidate if these aberrant adipose metabolic changes following 

treatment exposure could be targeted for therapeutic gain. 

The adipose secretome has also been reported to influence the tumour microenvironment, as 

well as mitigating cancer treatment response [79,231]. This study reports adipose tissue exposed 

to chemoradiotherapy showed increased secreted levels of a series of pro-inflammatory, 

vascular injury, immune recruiting and activating mediators GM-CSF, IFN-γ, IL-7, IL-16, IL-17A, 

IL-1β, IL-21, IL-23, IL-31, MDC, SAA, and TNF-α. Previously research has shown that following 

radiation therapy, increased leukocyte infiltration and myeloid cell activation [531].  GM-CSF and 

MDC are two key cytokines associated with immune cell recruitment and activation. 

Interestingly, GM-CSF is given in combination with radiotherapy to combat neutropenia, it has 

also been shown to not increase tumour cell migration [532]. Increases in secreted levels of GM-

CSF from adipose tissue following chemoradiotherapy could act beneficially but further research 

is required to interrogate this link. Additionally, as would be expected following 

chemoradiotherapy, adipose tissue showed significant increases in secreted levels of pro-

inflammatory cytokines including IFN-γ, IL-7, IL-16, IL-17A, IL-1β, IL-21, IL-23, IL-31, and TNF-α. 

Radiation induced inflammation is a known phenomenon [533], which is central to promoting 

anti-tumour immunity and regression [534]. Such increases in secretome of adipose tissue 

following chemoradiotherapy could enhance the circulatory pro-inflammatory response and aid 

in tumour cell death. Perhaps unsurprisingly, increased secreted levels of SAA were also 

observed following chemoradiotherapy, a factor that has previously be linked to radiation 

induced damage [461]. Decreased levels of SAA in circulation have previously been reported to 

be associated with diminished overall survival in patients receiving radiotherapy [463], so this 

increase in the adipose secretome may be influential in identifying pro-inflammatory response.  

In addition to this adipose tissue exposed to chemoradiotherapy showed decreased secreted 

levels of anti-inflammatory and angiogenic mediators IL-1Ra, PIGF, SAA, VEGF, VEGF-C. IL-1Ra 
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has been reported to competitively inhibit pro-inflammatory responses from IL-1 family 

associated cytokines [535]. This decreased secretion by adipose tissue following exposure to 

chemoradiotherapy may aid in perpetuating radiation induced inflammation. PIGF, VEGF, and 

VEGF-C are known promotors of endothelial cell proliferation [536–538]. Previous research in rectal 

cancer biopsies has shown diminished endothelial cell proliferation after radiotherapy [531]. 

Interesting, these factors were decreased following chemoradiotherapy, asking the question if 

this response could ameliorate circulatory expression of these angiogenic mediators in the 

wider tumour microenvironment. Interestingly adipose tissue exposed to chemotherapy shown 

decreased secreted levels of immunoinhibitory mediators IL-13 and TARC. IL-13 plays a central 

role activating a Th2 response and inducing M2-like Mɸ polarisation, both critical factors in 

diminishing the efficacy of  anti-tumour immunity [539]. Similarly, TARC has been reported to play 

a central role in stimulating Th2 driven immunity [540]. The influence of chemotherapy on the 

adipose secretome provokes some interesting questions. Here we observe that chemotherapy 

significantly decreases drivers of Th2 immunity, which are known to support pro-tumour 

immunity. Leading to the question whether this influence is adipose specific, how this could 

alter the inflammatory landscape of adipose tissue itself, specifically in obese OAC patients who 

suffer from a low grade pro-inflammatory state, as well as whether these effects have any 

bearing on the wider tumour microenvironment.  

Exogenous lipids have been reported to promote the growth of cancer [209], as well as 

contributing to the efficacy of some therapies [525]. We have shown increased secreted levels of 

IL-22 in the adipose secretome of explants treated with chemotherapy and OA However, in the 

adipose secretome of explants treated with chemoradiotherapy with OA secreted levels of IL-

22 were decreased. IL-22 has been reported for its pro-inflammatory as well as its pro-tumour 

effects, by inducing proliferation and inhibiting apoptotic effects [541]. Increased secreted levels 

of IL-4, IL-8, IL-12p70 and MDC were observed in the adipose secretome of explants treated with 

chemotherapy and PA compared with matched control. However, in the adipose secretome of 

explants treated with chemoradiotherapy with PA secreted levels of these factors were 

decreased compared with matched control. IL-12p70 is produced by dendritic cells and 

macrophages and are critical in aiding in the induction of NK cells and anti-tumour immunity 

[420]. However, IL-4 is a known promotor of M2-like Mɸ polarisation and central in promoting 

Th2 immunity, diminishing immune responses that may aid treatment efficacy [353,542].  IL-8 

whilst a known promotor of pro-inflammatory response, has been reported to aid cancer 

growth whilst inhibiting the efficacy of cancer treatments [543]. Previous research has identified 

that IL-8 is significantly increased following chemotherapy and this increase is associated with 
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drug resistance, making it a an attractive potential target [544]. Additionally, MDC has been 

reported to be secreted by M2-like Mɸ and promotes Th2 immunity and Tregs activation [545], 

which also deleteriously affects anti-tumour immunity. These differentially secreted factors 

observed in the adipose secretome in response to chemotherapy and chemoradiotherapy in 

conjugation with exogenous fatty acids may indicate how the biology of adipose tissue responds 

to external stresses. However, a larger question which requires further research is how this 

altered adipose secretome could mitigate the efficacy of these cytotoxic treatments or aid 

cancer cells in evading their effects.  

Within the adipose secretome of explants exposed to chemotherapy and chemoradiotherapy in 

combination with OA significant increased secreted levels of IL-1β and IL-17D were observed 

compared with control matched control. Similarly in the adipose secretome of explants exposed 

to chemotherapy and chemoradiotherapy in combination with PA increased secreted levels of 

IL-7, IL-15 and IL-17A were observed. These interleukins have been shown to significantly 

increase activation as well as sustaining Th17 immune responses [546–548]. Previously 

chemotherapy and chemoradiotherapy have been linked to increases in Th17 cell frequency 

which has been associated with therapy resistance and poor prognosis [549,550]. These elevated 

secreted levels of these mediators observed in the adipose secretome following exposure to 

cytotoxic therapies in the presence of OA and PA may have implications in wider tumour 

microenvironment by dampening anti-tumour immunity by promoting Th17 immunity which 

could enhance resistance to conventional cancer treatments.  

Increased secreted levels of IL-1Ra were observed in the adipose secretome following 

chemotherapy combined with either OA or PA compared with the adipose secretome exposed 

to chemoradiotherapy combined with OA or PA. Both exposure to fatty acids and 

chemoradiotherapy have been shown to increase pro-inflammatory response [533]. A response 

which is dependent on diminished level of IL-1Ra [551], which may account for this differential 

levels in the adipose secretome in response to chemotherapy and chemoradiotherapy. Further 

to this, increased secreted levels of VEGF were observed in the adipose secretome following 

chemotherapy combined with either OA compared with the adipose secretome exposed to 

chemoradiotherapy combined with OA. VEGF expression has been reported to be upregulated 

following exposure to chemotherapy drugs in cancer cells [552] as well as OA in rat models [553]. 

In addition to this, this study reports increase secreted levels of IL-6 and TNF-α from adipose 

explants exposed to chemotherapy combined with PA compared with chemoradiotherapy 

combined with PA. PA and chemotherapy have previously been reported to enhance IL-6 and 

TNF-α production [284,554], both factors associated with pro-inflammatory response. In contrast, 
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as series of Th2 and Th17 associated mediators were observed to be increased in the secretome 

of adipose explants treated with chemoradiotherapy in combination with PA compared with 

adipose exposed to chemotherapy and PA including IL-9, IL-17A/F, IL-17B, IL-21. IL-23, and IL-

31. IL-9 and IL-31 have both been reported to promote and sustain Th2 responses [555,556]. Whilst 

research has shown that IL-17, IL-21, and IL-23 play central roles in supporting Th17 immunity 

[557]. These increases in the adipose secretome could be promoted to ameliorate the radiation 

induced inflammation inflicted by oxidative stress generated by chemoradiotherapy in 

combination with PA. However, these increases could also impact the wider tumour 

microenvironment and detrimentally effect the efficacy of chemoradiotherapy. Interesting, IL-

27 was also seen to be elevated in in the secretome of adipose explants treated with 

chemoradiotherapy in combination with PA compared with adipose exposed to chemotherapy 

and PA. IL-27, which has been widely reported to negatively inhibit both Th2 and Th17 immune 

responses [558,559] could play a potential role in mitigating the influence of these mediators that 

diminish the efficacy of anti-tumour immunity. 

Additionally in this study OA in combination with chemotherapy was observed to increase 

secreted levels of FLT-1, IL-1α, MCP-4, sICAM-1, sVCAM-1, and VEGF compared with matched 

control.  As previously mentioned, both chemotherapy and OA have been reported to increase 

VEGF [552,553]. So it is of interest that FLt-1, a receptor for VEGF is increased by similar stimuli. 

Further research is required to interrogate this link and whether this increase in angiogenic 

mediators secreted by adipose tissue could contribute to the angiogenesis caused by these 

treatments in the wider tumour microenvironment. These effects were not mirrored in the 

adipose secretome of explants exposed to chemoradiotherapy and OA treatment. In contrast, 

PA in combination with chemotherapy was observed to increase adipose secreted levels of IL-

2, MCP-1, TARC and decrease TNF-α . IL-2 possesses a critical role in T cell expansion and 

differentiation as well as aiding in stimulating cytotoxic effector cells [451]. TNF-α has been widely 

reported for its pro-inflammatory effects and its regulation of macrophage function [453], 

Previous research has shown that docetaxel lead to increased IL-2 and decreased TNF-α in 

circulation [560], an effect which may be promoted by PA. MCP-1 is a key chemokine that 

regulates migration and infiltration of monocytes and macrophages [446] and as previously 

mentioned TARC has been reported to play a central role in stimulating Th2 driven immunity 

[540]. In addition to this, TARC has also been reported to be secreted by M2-like macrophages. 

PA and chemotherapy in combination leading to this enhanced levels of MCP-1 and TARC could 

potentiate anti-tumour immunity be promoting M2-like macrophages, known to mediate 

chemoresistance [246].  
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Interestingly these effects were not echoed in the adipose secretome of explants exposed to 

chemoradiotherapy and PA treatment. Instead, PA in combination with chemoradiotherapy 

showed increased secreted levels of IL-9, IL-23, and VEGF-C compared with matched control. As 

previously mentioned IL-9 and IL-23 have both been reported to promote and sustain Th2 and 

Th17 responses [555,557]. Indicating that PA could augment the radiation induced damage evoked 

by chemoradiotherapy and the induction of these cytokines could be amelioratory. However 

again, it brings into question what influence this altered adipose secretome has for the wider 

tumour microenvironment particularly cancer cell function and anti-tumour immunity. 

Cellular metabolism is a multifaceted mitochondrial process and mitochondrial dysfunction 

commonly induced by cancer cells to aid tumour progression is an even more complex system 

[286,561]. This study reports increased maximal and ATP-linked respiration by oesophageal cancer 

cell line OE33 cultured within the secretome of adipose explants exposed to chemotherapy and 

chemoradiotherapy. Increased maximal respiration is an indication of response to external 

stress, whilst increased ATP-linked respiration indicates an increase in ATP demand, which can 

be linked to cellular proliferation [500]. Additionally, studies have shown that high ATP levels 

enhance cancer cells resistance to chemotherapy [562]. Interestingly OE33 exposed to 

chemotherapy treated ACM showed increased basal respiration and ECAR whilst cells cultured 

with chemoradiotherapy showed increased spare respiratory capacity. A high basal OCR 

indicates that cells are using a higher percentage of the maximal rate of respiration and indicates 

they may not have enough reserved capacity to meet the cellular energy demands required 

through oxidative phosphorylation alone [500]. Spare respiratory capacity is depleted under 

extreme oxidative stress, in this occurrence where oxidative phosphorylation fails to reach the 

threshold required to sustain the energetic needs of the cell, glycolysis is stimulated to meet 

energy demands [498]. This high basal OCR and switch to glycolysis in OE33 cultured with 

chemotherapy treated ACM may indicate a higher presence of oxidative stress and 

mitochondrial dysfunction. In addition to this OE33 cultured with chemotherapy treated ACM 

showed increased levels of proton leak. Proton leak has been linked to a series of factors such 

as damaged induced to the inner mitochondrial membrane or increased uncoupling protein 

activity [500]. Uncoupling proteins are known to interfere with ATP production by inducing proton 

leak, UCP2 in particular has been reported to be expressed in aggressive cancers and has been 

implicated in promoting chemoresistance [563]. Conclusively, chemotherapy treated ACM 

promotes mitochondrial dysfunction and increased reliance on glycolysis in OE33, effects that 

are not observed in cells cultured with chemoradiotherapy treated ACM. These effects which 
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may be perpetuated by the adipose secretome are essential mechanisms that are evoked by 

cancer cells to evade cell death and enhance chemoresistance.  

OA has been reported to have anti-tumour effects [64]. OE33 cultured with ACM treated with 

chemoradiotherapy in combination with OA showed decreased maximal respiration, spare 

respiratory capacity compared with matched control. Further to this OE33 cultured with ACM 

treated with chemotherapy and OA showed increased non-mitochondrial oxygen consumption 

compared with OE33 cultured with ACM treated with chemoradiotherapy in combination with 

OA. Maximal respiration, a measure of a cell response to external stress, has been reported to 

be diminished in response to oxidative stress [564]. Spare respiratory capacity as previously 

mentioned has also been reported to be depleted under extreme oxidative stress [498]. Non-

mitochondrial oxygen consumption involves oxygen consuming process that are not associated 

with the mitochondria [500]. These processes involve enzymes associated with the induction of 

inflammation, lipoxygenases and have particularly been reported to be increased in the 

presence of stressors like reactive oxygen species [565]. This profile shows enhanced 

mitochondrial dysfunction, which may indicate that OA enhances the oxidative stress induced 

chemotherapy in OE33 cells which could be further perpetuated by the adipose secretome. In 

contrast OE33 cultured with ACM treated with chemotherapy in combination with PA showed 

increased basal respiration, ATP linked respiration and OCR:ECAR ratio. These profiles indicate 

that whilst cells may require increased ATP potentially to recover and proliferate following 

exposure to ACM treated with chemotherapy and PA, oxidative phosphorylation levels are 

increased both basally and preferential over glycolysis.  Interestingly, inhibition of oxygen 

consumption has been reported to be a potential target to combat tumour hypoxia, which is a 

known inducer of radioresistance [566]. This effect that could be enhanced by PA upregulation of 

fatty acid oxidation associated genes [567] which are also upregulated by hypoxia [568]. 

Dendritic cells possess a critical role in initiating anti-tumour immunity, through antigen 

presentation. Chemotherapy has previously been reported to increase DC antigen presentation 

[242], however induction of DC response following radiotherapy was shown to be dependent on 

an active immune infiltrate already being present [243]. DCs cultured with ACM treated with 

chemotherapy showed increased expression of HLA-DR, CD11c, CD40, CD54, CD86. CD40 plays 

an essential role in activating DC maturation leading to increased expression of CD80/CD86 and 

production of  

IL-12 [569], whilst CD54 supports DC adhesion and activation of T cells [424,570]. CD86 is widely 

reported for its role in DC maturation, polarisation of Th1 response and activation of NK cells 

[420]. This upregulation of a series of factors that promote DC maturation, and T cell priming may 
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indicate that the chemotherapy treated adipose secretome may aid in promoting anti-tumour 

immunity enhancing treatment efficacy. However, DCs cultured with ACM treated with 

chemotherapy or chemoradiotherapy showed increased expression of TIM-3. Tim-3 expression 

on DCs has been reported to inhibit antitumour immunity by inhibiting inflammasome activation 

[426], which may act as a diminishing influence on the cytotoxicity of these treatments.  

Interestingly, DCs cultured with ACM treated with chemotherapy combined with PA showed 

decreased expression of TIM-3 and PD-L1. PD-L1 expression on DCs has been shown to 

attenuate T cell activation [427], and as previously mentioned TIM-3 also diminishes anti-tumour 

immunity. Depleted levels of these markers known to diminish the efficacy of DC antigen 

presentation could prove beneficial in revitalising anti-tumour immunity. However, DCs cultured 

with ACM treated with chemoradiotherapy combined with PA showed decreased expression of 

CD40, CD54, CD86 and increased CD83. Further to this DCs cultured with chemotherapy and 

chemoradiotherapy in combination with PA showed decreased co-expression of CD80 and CD86 

co-stimulatory molecules compared with DCs cultured with chemotherapy and 

chemoradiotherapy combined with OA. Whilst PA seems to promote the decrease of immuno-

inhibitory factors it also depletes levels of markers known to activate and sustain DC 

presentation and T cell activation. These paradoxical effects of the adipose secretome treated 

with chemoradiotherapy and PA on DC biology pose an interesting question on whether loss 

and gain of function could be interlinked. 

Macrophages in both their pro-inflammatory and anti-inflammatory phenotypes play a central 

role in cancer progression and treatment resistance. Anti-inflammatory or TAMs have reported 

to be induced by chemotherapy [245] as well as mediating chemoresistance [246].  On the other 

hand, pro-inflammatory macrophages have been reported to play a vital role in radiation 

induced inflammation, inducing an anti-tumour immunity through the generation of an 

inflammatory response [247]. This study reports in unpolarised Mɸ, the adipose secretome of 

explants treated with chemoradiotherapy significantly decreased expression of phenotypic 

markers CD68 but increased expression of inflammatory markers CD80, CD86 and co-expression 

of CD80 and CD86. In contrast, Mɸ cultured with chemotherapy showed increased co-

expression of CD163 and CD206 markers known to be associated with a TAM like phenotype. It 

is interesting to observe chemoradiotherapy treated ACM enhancing M1 associated markers 

and chemotherapy treated ACM upregulating expression of M2 associated markers which 

speaks to the opposing mechanisms of action these cytotoxic therapies induce. However, Mɸ 

cultured with chemotherapy and chemoradiotherapy treated ACM showed increased 

expression of TIM-3. TIM-3 has previously been reported to evoke the development of TAMs 
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[571] and expression of TIM-3 on TAMs has been correlated with more aggressive cancers and 

poorer survival rates in patients [572]. Additionally, Mɸ cultured with ACM treated with 

chemoradiotherapy combined with PA showed decreased expression of phenotypic marker 

CD68 and increased expression of anti-inflammatory marker CD206. This may indicate that the 

enhanced inflammatory response induced by chemoradiotherapy, and PA treated ACM on Mɸ 

may stimulate an anti-inflammatory reaction to compensate but further research is required is 

to interrogate this reaction. 

Interestingly in M1-polarised Mɸ cultured with chemotherapy increased expression of CD11b, 

CD11c, HLA-DR, CD80, CD86, CD80+CD86+ and TIM-3 was observed. The chemotherapy treated 

ACM may perpetuate the effects of Mɸ priming towards a pro-inflammatory phenotype. Such 

an occurrence could prove as an attractive therapeutic target to diminish the induction of TAMs 

by chemotherapy regimens [245] but further research is required to investigate if there is any 

utility in this relationship. M2-polarised Mɸ cultured with chemotherapy showed increased 

expression of HLA-DR compared with matched control as well as decreased viability, CD68 and 

increased CD11c compared with Mɸ cultured with ACM treated with chemoradiotherapy. 

Whilst M2-polarised Mɸ cultured with chemoradiotherapy showed increased expression of 

anti-inflammatory associated marker CD206 compared with matched control. CD206 is a 

powerful inducer of anti-inflammatory response that stimulates the release of cytokines known 

to resolve inflammation such as IL-10, IL-13, and TGF-β [573]. Mɸ primed by IL-4 for anti-

inflammatory response may upregulate expression of CD206 following exposure to ACM treated 

with chemoradiotherapy in an attempt to resolve the resulting radiation induced inflammatory 

signals. Intriguingly, M1-polarised Mɸ cultured with chemoradiotherapy in combination with 

OA significantly decreased M1 pro-inflammatory markers CD80, CD86 and CD80+CD86+ as well 

as CD68, TIM-3 compared with Mɸ cultured in chemotherapy in combination with OA. OA is 

known for its anti-inflammatory effects [574], potentially its action here is to resolve inflammatory 

responses incited by LPS stimulation in combination with inflammatory inducing 

chemoradiotherapy.  In contrast, M2-polarised Mɸ cultured with chemoradiotherapy in 

combination with PA significantly decreased M2 anti-inflammatory markers CD163, CD206 and 

CD163+CD206+ as well as increasing CD68 compared with Mɸ cultured in chemotherapy in 

combination with PA. M2-polarised Mɸ cultured with chemoradiotherapy in combination with 

PA significantly decreased TIM-3 expression compared with Mɸ cultured with 

chemoradiotherapy combined with OA. PA has been widely reported for its pro-inflammatory 

effects particularly in macrophages [65]. It is of interest that ACM treated with PA combined with 

inflammation inducing chemoradiotherapy significantly decreased anti-inflammatory 
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associated markers [575] and TIM-3, a factor reported to induce M2 like TAMs [245] particularly 

under the inciting stimulus of IL-4. 

Conclusively for the first time this study has shown that chemotherapy and chemoradiotherapy 

differential alter adipose tissue metabolism and secreted factors, with chemoradiotherapy 

significantly increasing pro-inflammatory associated mediators. Exogenous fatty acids were 

observed to differentially alter the adipose secretome in response to these therapies. However, 

both therapies combined with exogenous fatty acids showed significant increases in mediators 

of Th17 associated immune response. The chemotherapy treated adipose secretome enhanced 

mitochondrial dysfunction in cancer cells as well as increasing their reliance on glycolysis. 

Chemotherapy treated ACM significantly increased DC maturation markers and M2-like 

phenotypes in unpolarised Mɸ. Whilst chemoradiotherapy significantly increased M1-like 

phenotypes in unpolarised Mɸ, but in combination with OA it decreases M1 primed expression 

of pro-inflammatory and in combination with PA decreased M2 primed expression of anti-

inflammatory markers. Adipose tissue is a regulatory organ with so many poorly understood 

downstream effects but is central to the development of so many obesity-associated cancers. 

We have demonstrated that chemotherapy, chemoradiotherapy and exogenous fatty acid 

treatment can significantly alter the metabolic preferences and secretome of adipose tissue. 

Alterations in the adipose secretome could potentiate anti-tumour immunity and treatment 

efficacy, therefore further interrogation is required to fully elucidate the influence adipose 

tissue may have in treatment response. 
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7.1 Discussion  

Obesity is a major clinical challenge that confers increased risk for numerous metabolic and 

malignant diseases. Whilst many cancers have been linked to increased visceral adiposity, OAC 

is one of the most closely associated cancers with obesity [311], perhaps in part due to its close 

anatomical proximity to the visceral adipose depot. The influence of obesity in cancer 

progression and treatment response is an urgent clinical challenge, as the obesity epidemic is 

predicted to increase exponentially with the World Obesity Atlas of 2023 predicting that by 

2035, 51% of the global population will be overweight or obese [576].  Adipose tissue is 

detrimentally effected by obesity leading to a dysfunctional biology, primed to support a chronic 

low-grade inflammatory state linked to metabolic disease and cancer development [73,74].  

However, what precise roles adipose tissue plays in the development of disease and altering the 

efficacy of interventional treatments is an understudied area of translational research.  

 

Figure 7.1.1 Schematic figure depicting the main findings of chapter 2.  

This figure illustrates the associations observed between adipose tissue metabolism and its 

secreted factors compared with clinical demographics associated with OAC patients including 

obesity, metabolic dysfunction, previous treatment exposure and response to treatment.  
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In chapter 2, we examined the associations from adipose tissue metabolism and its secreted 

factors with detailed OAC patient demographics. Interestingly, we observed that visceral 

obesity, metabolic dysfunction, and previous exposure to chemotherapy regimen FLOT 

increased adipose tissue reliance on oxidative phosphorylation associated metabolism. 

Increased utilisation of oxidative phosphorylation has been linked to increased ROS production, 

a reaction that has previously been linked to obesity, metabolic diseases and chemotherapy 

[577,578]. Interestingly the induction of reactive oxygen species (ROS) has been linked to 

propagating inflammatory disorders [579] and could be indicative of a possible mechanism 

adipose tissue invokes to establish chronic low-grade inflammation. Increased ROS production 

has also been linked to chemotherapy exposure [580]. This type of induced oxidative stress has 

been linked to decreased secreted adipokines [56] that are known to support cancer growth and 

such a decrease maybe beneficial. However, aberrant adipokine secretion is linked to metabolic 

disorders such as diabetes [56], which can be induced by chemotherapy, and adipose tissue could 

aid in this response. Further to this, adipose tissue from patients who had the poorest response 

to treatment showed increased reliance on glycolytic metabolism. This could be indicative of 

biological changes in adipose tissue as it primes to support cancer development and metastatic 

movement. A metabolic shift towards glycolysis would signify increased energetic demand by 

the adipose tissue and could be linked to the release of free fatty acids or other fuel sources 

into the tumour microenvironment to support cancer growth, forcing this increased reliance on 

glycolysis.  

The adipose secretome particularly in obese patients has been reported to be pro-tumorigenic 

through its secretion of chemokines, growth factors, and fatty acids that aid cancer cell growth 

[581]. In our studies, adipose tissue derived from the most viscerally obese of patients exhibited 

increased secreted levels of mediators associated with immune cell recruitment and TH17 

response. Previously immune cells have been reported to be recruited to adipose tissue where 

they lose functionality, thus diminishing the anti-tumour immune response. Th17 immunity 

leads to the secretion of IL-17 that not only aids cancer progression but can stimulates myeloid 

cell infiltration [270,271] allowing the propagation of obesity associated inflammation. Increased 

levels of IL-5 and SAA were observed in the adipose secretome of metabolically dysfunctional 

OAC patients, both factors have previously been linked with metabolic disorders [341,582]. 

Elevated levels of SAA have been associated with poor overall survival in patients with solid 

malignancies [583], whilst IL-5 has been reported to be induced by inflammation and linked with 

increased metastatic activity [584]. Taken as a whole, the adipose secretome in patients who 

demonstrate metabolic dysfunction and obesity could diminish the efficacy of anti-tumour 



334 

 

immunity. In contrast, we observed that previous exposure to chemotherapy regimen FLOT 

increased secreted levels of mediators known to be associated with pro-inflammatory response 

and immune cell activation. This could prove a beneficial addition to the tumour environment 

by inciting anti-tumour immunity by increasing effector immune cells and leading to cancer cell 

death. 

Additionally, obesity was observed to differentially alter the secretion of key metabolites 

associated with glutamine metabolism in the adipose secretome. Glutamine was observed to 

be decreased in the adipose secretome of obese patients which lies in line with literature [585], 

whilst glutamate was observed to be increased. The differentially expression of these 

metabolites might indicate that shifts in metabolic mechanisms and free glutamine in the 

adipose secretome of non-obese patients may be utilised by cancer cells undergoing malignant 

transformation [586]. However, it must be noted that increased secretion of glutamate may be 

indicative of increased glutamine metabolism leading to excess formation of its catalysed 

product [587]. Interestingly again we observed that metabolic dysfunction increases adipose 

explant secretion of key metabolites associated with pro-inflammatory response that 

perpetuate metabolic disorders. Obesity and metabolic dysfunction were further associated 

with increased secreted levels of triacylglycerides in the in the adipose secretome which is in 

line with literature [588,589]. This enriched adipose secretome could be postulated to support 

cancer growth and provide support in the establishment of metastasis. Interestingly increased 

levels of ceramides and phosphatidylcholines were observed in the adipose secretome of 

patients who showed a partial response to current modalities of cancer treatment. Ceramide 

metabolism has been reported to be cytotoxic and increased expression of ceramide has been 

associated with better prognosis for cancer patients [590,591]. Phosphatidylcholine metabolism on 

the other hand has been linked with regulating resistance to cancer treatment [379]. It is of 

interest that both metabolites are upregulated in the adipose secretome of patients who only 

partially respond to therapy, highlighting the key question whether the adipose secretome 

could aid in these opposing metabolic responses that might mitigate the efficacy of therapy? 

Additionally, previous exposure to chemotherapy treatment and poor responders to cancer 

treatment were observed to have decreased levels of short chain triacylglycerides. 

Chemoradiotherapy on the other hand showed increased secreted levels of short chain 

triacylglycerides in the secretome of adipose explants. Interestingly previous research has 

highlighted that short chain fatty acids have anti-tumour effects [592]. Therefore, it is noteworthy, 

that these short chain triacylglycerides are decreased in the adipose secretome of the poorest 

responders to therapy. However, the increased level of short chain triacylglycerides in the 
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adipose secretome of patients treated with chemoradiotherapy could prove beneficial in 

mediating an anti-tumour response.  It may also potentially highlight a different mechanism of 

action compared with chemotherapy alone which had a conflicting result, seeing a decrease in 

these triacylglycerides. 

 

Figure 7.1.2 Schematic figure depicting the main findings of chapter 3, 4 and 5. 

This figure illustrates the influence of exogenous fatty acids and increasing radiation on adipose 

tissue metabolism and its secreted factors. It details how this altered adipose secretome effects 

DC maturation, Mɸ polarisation and the metabolic and invasive capacity of primary OAC (FLO-

1) and matched liver derived metastatic cancer cells (FLO-LM). 
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Adipose tissue possesses the ability to not only secrete factors that can alter the pro-

inflammatory landscape of the tumour environment but also co-ordinate the release of free 

fatty acids that support cancer metabolism and growth [112,593]. Saturated fatty acids such as 

palmitic acid have been linked with pro-inflammatory response [65] whilst unsaturated fatty acids 

including oleic acid have been reported to act in anti-inflammatory manner [66] as well as 

ameliorating the pro-inflammatory effect of saturated fatty acids [67]. Further to this, fatty acid 

levels in the circulation and within adipose tissue have also been reported to be abrogated by 

obesity. Increased palmitic acid (PA) has been observed in circulation in obese patients [68] and 

increased Oleic Acid (OA) in adipose tissue of obese mouse models [69]. Within chapter 3 we 

observed PA diminishing adipose explant utilisation of oxidative phosphorylation associated 

metabolism in addition to eliciting an immunosuppressive effect. on the adipose secretome. 

These effects are most apparent in adipose tissue from OAC cancer patients compared with 

non-cancer patients which may be indicative of biological changes that prime adipose tissue to 

support the development of pre-metastatic niches. Particularly, we observed that PA reduced 

secreted levels of IFN-γ, IL-12p70, and TNF-α, mediators known to drive anti-tumour immunity. 

IFN-γ and TNF-α play a critical role in activating signalling pathways that trigger cell death by 

enhancing killing efficiency of tumour-infiltrating M1 Mɸ and priming TH1 responses [594,595]. IL-

12p70 also aids anti-tumour immunity through promoting Th1 responses [353]. Decreased 

secreted levels of these mediators of anti-tumour immunity in the adipose secretome could lead 

to diminished functionality of immune cells that infiltrate adipose tissue as well as having wider 

more detrimental effects in tumour microenvironment. 

Intriguingly, secreted levels of IL-1β were observed to be decreased by OA in the adipose 

secretome non-cancer patients compared with PA treatment, an effect that lies in line with 

literature. However, in the adipose secretome of OAC cancer patients PA treatment reduced 

secretion of IL-1β compared with OA. We hypothesise that the underlying biology of adipose 

tissue in OAC patients may undergo transformation to make it more amenable to support the 

growth and migration of cancer cells, which may alter phenotypical responses to exogenous 

treatment. Further to this, the adipose secretome of OAC patients demonstrated altered 

secretion of factors that could aid pro-tumour immunity. Particularly IL-2, known to promote 

TH1 responses was decreased in the adipose secretome of OAC patients compared with non-

cancer patients [596].  Additionally, IL-10 and IL-13, known for their anti-inflammatory effects and 

their stimulation of pro-tumour immunity [597,598], were increased in the adipose secretome of 

OAC patients compared with non-cancer patients. This altered adipose milieu may amplify the 

immune evasive capacity of the tumour microenvironment diminishing the efficacy of anti-
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tumour immunity. Interestingly, the immuno-inhibitory effects of PA on the adipose secretome 

were more evident in the adipose tissue of obese OAC patients compared with their non-obese 

counterparts. We observed decreased secreted levels of immunostimulatory cytokines IFN-γ, 

IL-1β, and IL-2 that stimulate anti-tumour immune responses. In chapter 4, we observed that 

the diminishing effect of PA on adipose utilisation of oxidative phosphorylation and the 

immunosuppressive effect of PA on the adipose secretome were further augmented by 

increasing irradiation. Intriguingly, increasing irradiation has been linked with enhancing 

systemic anti-tumour immunity [599] so this repressive effect of PA on the adipose secretome 

could potentiate the benefits induced by radiotherapy.  

The immune system plays a pivotal role in both tumour initiation, progression and mitigating 

the effects of  cancer treatment [600–602]. Adipose tissue recruits immune cells whilst having 

deleterious effects on their function, this can potentiate anti-tumour immunity [81–85]. We see 

this effect is increased in obese patients which may be linked to the elevated levels of immune 

recruiting cytokines, seen in chapter 2. Interestingly in chapter 3 and 4, we observed that the 

fatty acid treated adipose milieu led to downstream effects on innate immune cell function. OA 

treated ACM regardless of irradiation exposure was observed to increase DC expression of 

maturation markers. However, DCs cultured in the unirradiated OA treated adipose secretome 

demonstrated decreased expression of CD54 compared with control and non-cancer patients. 

Whilst an increase in maturation of DCs could prove beneficial in the tumour microenvironment, 

by increasing the efficacy of antigen presentation and cross priming of T cells. CD54 holds a 

significant role in creating strong adhesion interactions between DCs and T cells to allow for 

stimulation, which could mitigate the functionality of mature DCs. Therefore, it is of interest 

that following exposure to irradiation this decreased expression of CD54 is lost, which again 

could be indicative of the influence of increasing irradiation enhancing systemic anti-tumour 

immunity [599]. Intriguingly, ACM derived from OAC cancer patients also increased DC expression 

of immunoinhibitory markers PD-L1 and TIM-3 compared with non-cancer patients. PD-L1 

expression on DCs is known to attenuate T cell activation [603], whilst TIM-3 inhibits anti-tumour 

immunity through regulation of inflammasome activity [426]. The adipose secretome of OAC 

patients appears to be altered in a manner that is supportive of immuno-inhibitory action. This 

could be a pro-tumour adaptation in adipose tissue to enhance cancer cell’s ability to grow and 

metastasize in an environment with diminished immune surveillance.  

Macrophages have been reported to play a vital role in radiation induced inflammation inducing 

an anti-tumour immunity response through the generation of an inflammatory response 

promoting classical activation and increased expression of pro-inflammatory mediators [247]. 
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Additionally, increased free fatty acids, which have been reported in obesity, enhance Mɸ 

polarisation towards M1-like phenotype [283]. Therefore, it is of interest that within chapter 3 

and 4 Mɸ phenotype and response towards exogenous PA appeared most profoundly altered 

by the exposure of the adipose secretome to increasing irradiation which demonstrated 

confounding effects that were further augmented by patient obesity. The adipose secretome of 

non-obese patients treated with PA decreased expression of markers associated with M1 

phenotypes and increased markers associated with M2 phenotypes. In contrast, PA treated 

adipose secretome of obese patients differentially effected expression of these markers, 

increasing M1 markers and decreasing M2 markers. However, following exposure of these 

adipose explants to increasing irradiation in combination with PA treatment led to a non-obese 

adipose secretome that increased markers of M1 phenotypes and decreased expression of M2 

associated markers. Opposing effects were observed in Mɸ following culture with similarly 

treated adipose secretome from obese patients, with decreased expression of M1 markers and 

increased expression of M2 markers. This opposing response of Mɸ towards the PA treated 

adipose secretome of non-obese and obese patients, an effect that is inversed following 

exposure to radiation, may indicate underlying adipose biology that could be exploited to 

enhance treatment planning and in turn its efficacy. The adipose secretome has previously been 

postulated as a potential attractive therapeutic target to potentiate tumour progression and 

enhance treatment efficacy [79].  Cancer associated adipocytes (CAAs) are one factor that is being 

actively targeted to improve treatment responses. Targeting of CD36, a central fatty acid 

transporter within the cell is currently being explored to mitigate tumour cells lipid uptake from 

CAAs. CD36 has been linked to promoting chemoresistance in cancer cells and inhibition of CD36 

has been reported to evoke immunostimulatory effects and decreased tumour aggressiveness 

in-vitro [521,522]. Recent reports have also linked treatment resistance in tumour cells with their 

ability to invoke a metabolic switch from glycolysis to lipid metabolism actively relying on fatty 

acids within the cell to evade the cytotoxic effects of chemotherapy. Inhibition of Fatty acid 

synthase (FASN) in combination with chemotherapy has been reported to increase the efficacy 

of these chemotherapy in treatment resistant cancers both in in-vitro and in-vivo [523,524]. 

Primary and metastatic cells have been widely reported to utilise different metabolic pathways 

[513]. Metastatic cells in particular have been reported to have enhanced metabolic flexibility 

which aids their migratory capacity to establish distant metastasis [604]. Within chapter 5 we 

observed that primary and metastatic cells have differential metabolic preferences. Primary 

cells utilise glycolytic metabolism whilst metastatic cells have a greater reliance on oxidative 

phosphorylation which lies in line with literature [497,605]. Additionally metastatic cells were 
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observed to have greater spare respiratory capacity which is known to aid in radioresistance 

[606]. Under stress and increased energy demands, cells invoke this mitochondrial spare reserve. 

Oxidative stress has been reported to decrease spare respiratory capacity and increase cell 

reliance on glycolytic metabolism to overcome this strain and meet cellular energy needs. 

Oxidative stress is induced following cancer cell exposure to the cytotoxic effects of 

chemotherapy or radiation induced inflammation invoked by radiotherapy. It is of interest that 

metastatic cells are conferred with these altered metabolic preferences and spare reserves 

which could be indicative of why they are so resistant to current cancer treatments. Further to 

this, the PA treated adipose secretome of non-obese patients increased metastatic cells 

utilisation of oxidative phosphorylation associated metabolic pathways. However, PA treated 

adipose secretome of obese patients decreased this preference in metastatic cells. This 

differential utilisation of metabolic parameters by metastatic cells in the face of non-obese and 

obese adipose secretome following PA treatment again could be suggestive of the variation in 

their biological composition. Which potentially could be linked to the aberrant secretion of 

glutamine and glutamate that was observed in chapter 2 with obesity, which could indicate the 

utilisation of glutamine metabolic pathway or the tricarboxylic acid cycle, both of which are 

influenced by glutamate [607]. 

Whilst flexibility in energy metabolism is critical in aiding cancer cell’s ability to migrate to 

facilitate distant metastasis [304], other factors have also been identified to enhance this process. 

Previously, secreted levels of CD147 have been linked to invasion and metastasis [488]. CD147 is 

increased both in circulation and within visceral adipose depots of obese patients [491]. In our 

work, secreted levels of CD147 were increased following exposure to fatty acid treatment or 

increasing radiation. Interestingly when patient cohorts were split into obese and non-obese, 

the effect of increasing radiation on sCD147 levels was only observed in the obese adipose 

secretome. Additionally, PA treatment on the adipose tissue from obese OAC patients showed 

increased secreted levels of sCD147 compared with similarly treated adipose tissue of non-

obese OAC patients. CD147 has been linked to the promoting cathepsin B production through 

induction of β-catenin by reduction of GSK-3β [489] . Cathepsin B has also been linked with IL-1β 

activation and inflammatory response or alternatively, inducing apoptotic signalling to 

mitochondria by increasing bid and bax while inhibiting bcl-xl, leading to cell death [490]. This 

altered secretion of CD147 that are augmented by increasing radiation, obesity and PA 

treatment in the adipose secretome could prove an attractive therapeutic target to mitigate the 

invasive support adipose tissue affords cancer [489,491]. 
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Adipose tissue and its secretome can prime the development of pre-metastatic niches and are 

utilised for their enriched environment that has inhibitory effects on immune cell function [307]. 

We observed increased invasion of both primary and metastatic cell lines towards the adipose 

secretome of non-obese patients regardless of fatty acid treatment, which may be linked to the 

increased level of glutamine observed in the adipose secretome of non-obese patients (chapter 

2). Certain cancers have been shown to become addicted to glutamine during their 

transformation and depletion of this metabolite can inhibit invasion and migration [608,609]. 

Interestingly, PA treated adipose secretome of obese patients increased primary cancer cells 

invasive capacity. However, in metastatic cells increased invasion towards the PA treated 

adipose secretome of obese patients was only observed following inhibition of fatty acid 

oxidation (FAO). This could be indicative of the decreased availability of glutamine in the obese 

adipose secretome. However, it further indicates the reliance of metastatic cells on their spare 

respiratory reserve and only following inhibition of FAO is their metabolic needs jeopardised 

leading them to become more invasive. Additionally, this result showing primary cells increased 

invasive capacity towards the adipose secretome, demonstrates just how pivotal adipose tissue 

is in the development of primary metastatic niches that support the development of distant 

metastasis [610]. 
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Figure 7.1.3 Schematic figure depicting the main findings of chapter 6. 

This figure illustrates the influence of chemotherapy regimen FLOT and chemoradiotherapy 

CROSS on treatment naïve OAC adipose tissue metabolism and secreted factors and whether 

these treatments are influenced by exogenous fatty acid treatment. It further details how this 

altered adipose secretome effects DC maturation, Mɸ polarisation and the metabolic 

parameters of OAC cell line OE33. 

 

Currently, the standard of care for treatment of OAC involves neo-adjuvant chemotherapy or 

combination chemo-radiotherapy for locally advanced tumours [19]. Unfortunately, only 

approximately 30% of patients show a complete response to these modalities of treatment, 

leaving a large proportion of patients with no therapeutic gain and a possible delay to surgery 

[309,310]. The question remains whether adipose tissue biology plays a role in treatment response, 

which has never been fully addressed in this field. 
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Within chapter 6, we observed that exposure of adipose explants to chemotherapy regimen 

FLOT decreased oxidative phosphorylation associated metabolism and increased its utilisation 

of glycolytic metabolism. Interestingly we had previously seen in chapter 2 that patients 

exposed to FLOT regimen had increased utilisation of oxidative phosphorylation compared with 

patients who were treatment naïve.  This could be evidence of an initial response to the 

cytotoxic effects of the chemotherapy regimen as metabolism shifts towards a glycolytic 

preference to ameliorate oxidative stress and repair from chemically induced damage [295]. 

Similarly following adipose explant exposure to chemoradiotherapy regimen CROSS, we 

observed an increased preference for glycolytic metabolism. This could be indicative of a 

metabolic shift to compensate for radiation induced inflammation and oxidative stress.  

Interestingly, when FLOT regimen was combined with OA treatment, adipose explants showed 

increased utilisation of both oxidative phosphorylation and glycolysis associated metabolic 

pathways. This could be indicative of improved mitochondrial health as both pathways are being 

utilised to provide the energetic needs of the cell whilst undergoing stress. However, when PA 

was combined with CROSS regimen a decreased utilisation of oxidative phosphorylation was 

observed in adipose explants. This mirrors previous findings in chapter 3 where PA in 

combination with increasing irradiation diminishes adipose explant’s ability to use oxidative 

phosphorylation associated metabolism. This raises the question whether the impact of 

radiation with PA in the adipose explant is the causal factor in this setting and if the 

chemotherapeutic aspects of this regimen bear any influence.  This diminishing effect of PA on 

oxidative phosphorylation in adipose explants was not observed following exposure to FLOT 

regimen.  

Chemotherapy and chemoradiotherapy have been reported to deleteriously impact the adipose 

secretome in such a manner that aids cancer metastasis and survival from cytotoxic 

interventions [78]. The differential effects of these therapies were significantly evident in the 

secretome of these adipose explants, with FLOT regimen decreasing secreted levels of pro-

inflammatory mediators and CROSS regimen increasing these. This could be indicative of the 

radiation induced inflammation commonly associated with radiotherapy [534]. Whilst both 

therapies in combination with fatty acids appeared to induce the secretion of factors associated 

with Th17 immune responses in the adipose secretome. Th17 immune responses can  be 

paradoxical, stimulating tumour progression and regression [611]. The elevation of these factors 

in the adipose secretome could lead to confounding effects in the wider tumour 

microenvironment.  
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Interestingly, fatty acids in combination with these treatments stimulated differential secretion 

of key mediators associated with inflammatory response and immune activation. FLOT in 

combination with OA increased adipose secreted levels of IL-22, whilst CROSS and OA decreased 

these levels compared with their matched control. Additionally, FLOT in combination with PA 

increased levels of IL-4, IL-8, IL-12p70, and MDC, whereas CROSS and PA decreased the secretion 

of these analytes in the adipose secretome compared with their respective matched controls. It 

is of interest that chemotherapy in combination with exogenous fatty acids leads to an increase 

in factors that prime for immune activation and pro-inflammatory response, whilst an opposing 

effect is observed with chemoradiotherapy. Previously we observed that FLOT chemotherapy 

alone decreased the expression of pro-inflammatory mediators, but upon the introduction of 

these fatty acids that profile is reversed. When we further consider that fatty acids have been 

shown to be elevated in obese patients, this association may act as a beneficial contribution to 

the efficacy of chemotherapy.  Studies have previously shown that obese patients show 

increased levels of complete pathological response and progression free survival in response to 

chemotherapy compared with non-obese patients [612,613], which further highlights the question 

does adipose tissue contribute to this outcome?.  

Aberrant cellular metabolism has been widely reported to be induced by cancer in order to 

evade the cytotoxic effects of chemotherapy and chemoradiotherapy [191,287]. Interestingly, we 

observed that the FLOT treated adipose secretome increased cancer cells utilisation of glycolytic 

metabolism and increased proton leak. As previously mentioned, a switch to glycolytic 

metabolism has been reported to be induced under stress in order to meet the energetic 

demands of a cell and proton leak can be an indication of mitochondrial damage [500].  In 

contrast, the CROSS treated adipose secretome increased cancer cell utilisation of oxidative 

phosphorylation associated parameters and increase spare respiratory capacity. Increased 

spare respiratory capacity is indicative that a cell can survive increased stress without switching 

preferences to glycolytic reserves. These results indicate that adipose exposure to 

chemotherapy elicits a higher induction of oxidative stress and mitochondrial dysfunction which 

may enhance cancer cell death. The effect of chemoradiotherapy on the adipose secretome 

seems to confer cancer cells with greater survival advantages. Interestingly, the adipose 

secretome treated with FLOT in combination with OA decreased cancer cells maximal 

respiration and spare respiratory capacity. However, the adipose secretome treated with CROSS 

and PA decreased cancer cells oxidative phosphorylation associated metabolism and increased 

glycolysis and glycolic preference over oxidative phosphorylation. It is of interest that the 

damaging influence of FLOT is augmented by OA, whilst chemoradiotherapy which enhanced 
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metabolic parameters of cancer cells is reversed by PA, inciting cancer cells to shift their 

metabolic parameters to aid survival. These differential effects of exogenous fatty acids in 

combination with chemotherapy and chemoradiotherapy pose an interesting question, if the 

concentration of these fatty acids is differentially expressed in obesity [68,69] could this be 

exploited to improve the efficacy of cancer treatment?. 

Dendritic cells play a critical role in initiating anti-tumour immunity, through antigen 

presentation and cross priming of T cells [614]. We observed that the FLOT treated adipose 

secretome increased DC expression of maturation markers, which is in line with the published 

literature as chemotherapy has previously been reported to increase DC antigen presentation 

[242]. However, both the FLOT and CROSS treated adipose secretome were observed to increase 

DC expression of immunoinhibitory marker TIM-3,  as previously highlighted expression of this 

on DCs has been implicated in restraining anti-tumour immunity [426].  Intriguingly, the adipose 

secretome treated with FLOT in combination with PA showed decreased DC expression of TIM-

3 and PD-L1, both associated with immuno-inhibitory effects. Whilst the adipose secretome 

treated with CROSS in combination with PA decreased DC expression of maturation markers and 

TIM-3. The influence of PA on the adipose secretome combined with either cancer therapy 

appears to constrain the expression of immuno-inhibitory markers on DCs. This could be related 

to the extreme immunosuppressive effects observed following PA treatment as discussed in 

chapter 3. PA has emerged as a regulator of innate immunity and inflammatory processes [615]. 

This influence could enhance anti-tumour immunity however it could also lead to increased 

inflammatory response which could mitigate the efficacy of therapy, making this result 

paradoxical in nature. 

Macrophages with both their pro-inflammatory and anti-inflammatory phenotypes play a 

central role in cancer progression and treatment resistance. Anti-inflammatory or TAMs have 

reported to be induced by chemotherapy [245] as well as mediating chemoresistance [246].  Pro-

inflammatory macrophages have been reported to play a vital role in radiation induced 

inflammation, inducing an anti-tumour immunity through the generation of an inflammatory 

response [247]. We observed that the FLOT treated adipose secretome increased the expression 

of markers associated with M2 phenotypes on unpolarised Mɸ, whilst the CROSS treated 

adipose secretome increased expression of M1 markers on unpolarised Mɸ, findings which lie 

in line with literature [245,247].  In contrast with the unpolarised state, M1 polarised Mɸ exposed 

to the FLOT treated adipose secretome demonstrated increased expression of M1 markers as 

well as Tim-3. Whilst in M2 polarised Mɸ, the CROSS treated adipose secretome increased 

expression of M2 markers. These opposing responses could be influenced by the underlying 
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biology of adipose tissue and how it responds to these therapies, which could be differentially 

affected by the introduction of external stimulus such as LPS and IL-4.  

Interestingly the adipose secretome treated with CROSS in combination with PA increased 

expression of M2 markers on unpolarised Mɸ. In contrast, the adipose secretome treated with 

CROSS in combination with PA decreased expression of M2 markers on M2 polarised Mɸ. This 

conflicting result could indicate that PA may have more repressive effects on Mɸ primed 

towards an anti-inflammatory state. Anti-inflammatory Mɸ are key drivers of pro-tumour 

immunity supporting the development of radioresistance and chemoresistance [246,616], making 

them an attractive therapeutic target. However, understanding how the adipose secretome 

could influence their response in the wider tumour microenvironment and how this is affected 

by interventional therapy or external fuel sources like fatty acids could play a pivotal role in 

constraining their pro-tumour effects. Further to this, in M1 polarised Mɸ, the adipose 

secretome treated with CROSS in combination with OA was observed to decrease expression of 

markers associated with M1 phenotypes. OA has typically been reported for its anti-

inflammatory properties and the resolution of inflammation caused by saturated fatty acids 

[66,67]. However, in a cancer setting, this reduction of pro-inflammatory Mɸ could prove 

detrimental by inhibiting anti-tumour immunity, particularly given that obese adipose tissue has 

been reported to have increased levels of oleic acid which could further diminish treatment 

efficacy. 

To conclude, adipose tissue has the potential to act as an influential mediator of cancer 

progression and treatment resistance. The adipose secretome is enriched with a series of factors 

that impact inflammatory and immune responses which are heavily influenced by the 

heterogenous patient’s demographics. Further to this, addition of external stresses such as 

exogenous fatty acids, increasing radiation or cytotoxic drugs can differentially affect the 

adipose secretome, priming it to repress anti-tumour immunity and conferring cancer cells with 

enhanced metabolic and invasive capacity. Most significantly, this thesis identifies that obesity 

is a fundamental cause of the aberrant adipose tissue biology. This phenomenon leads to a 

wider tumour microenvironment primed to support cancer progression and the establishment 

of metastasis highlighting the critical need to address the cancer-obesity link and if this can be 

exploited to improve treatment. 
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7.2 Limitations to this study 

One of the limitations of this study is in the small sample size particularly in the non-cancer 

cohort and treatment naïve OAC patient cohort used to assess the influence of chemotherapy 

and chemoradiotherapy on adipose metabolism and secreted factors. In addition to this whilst 

the non-cancer cohort did not have a malignant oncologic disease, they were patients 

undergoing surgery for benign but inflammatory diseases which could skew the population. In 

future studies the inclusion of obese non-cancer patients undergoing bariatric surgery could 

also be included to further separation the influence of inflammatory diseases and the chronic 

low-grade inflammatory state that is associated with obesity.  

Another limitation of this study is the model of adipose explant tissue, whilst studies within our 

group have shown that explant models are viable for up to 72 hours, mitochondrial function in 

adipose tissue explants is exacerbated following 24-hour culture. Due to this there is a very short 

time period to assess adipose response to the treatments applied within this study. Particularly 

in relation to the chemotherapy and chemotherapy regimens as this study was limited to the 

use of a single treatment which are not a full reflection of the regimen patients undergo. 

Therefore, it must be acknowledged that the full regimen of chemotherapy and 

chemoradiotherapy may induce different responses. 

Potentially these results could be reassessed in adipocyte cell lines, adipocyte cell lines which 

would not be a true reflection of the adipose explants that are derived from cancer patients as 

they lack that previous interaction with the tumour microenvironment. This interaction has 

been linked to changes in the underlying biology and secreted factors in adipose tissue which 

promote the development of pre-metastatic niches that support cancer proliferation and 

migration to aid in the development of distant metastasis.  

Additionally, the use of cancer cell lines model to reflect primary and metastatic states of this 

disease may not be the most appropriate model, as it does not reflect how the tumour 

microenvironment augments the progression of metastatic development. Potentially these 

results could be reassessed in mouse models to further confirm the validity of these findings.  
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7.3 Future Directions  

This research for the first time has provided a in depth analysis of adipose tissue in non-cancer 

and particularly in cancer patients, looking at its metabolism, secreted factors, its response to 

exogenous fatty acids and how the secretome of these treated adipose tissues influence 

dendritic cell maturation and macrophage polarisation. As well as assessing the response of 

cancer adipose tissue to increasing irradiation and chemotherapy and how these are influenced 

by patient obesity. Thus, it has led to development of many future directions to further 

interrogate these findings 

1. Firstly, further insight is required to assess the mechanism behind the 

immunosuppressive effects of PA on adipose tissue and its secretome. This could 

include assessing both the secretome and the adipose tissue at a transcriptional level 

to identify mitochondrial markers of damage which would give greater insight into 

which pathways are contributing to this response and whether this can be exploited for 

therapeutic gain. Further to this as literature has shown that higher levels of palmitic 

acid are observed in circulation of obese patients and higher levels of oleic acid are 

observed in obese adipose depots, it will be critical to discern the fatty acid content of 

both the adipose explants and its secretome. Also, to discern if there are changes in this 

fatty acid content between non-cancer and cancer patients to assess whether cancer 

changes the ratio of these fatty acids and whether this can be ameliorated to help 

decrease cancer cell migration to the adipose enriched pre-metastatic niches. 

2. Following on from these findings, it would be of interest to assess the influence of 

obesity in a wider cohort of patients in response to chemotherapy and 

chemoradiotherapy. Whilst numerous trials have assessed whether patients have 

better response to either of these treatments few have looked at whether the obesity 

status of these patients confer any added survival advantage. It will also be of intertest 

to integrate the data that has been generated throughout this project, as a large 

proportion of the experiments conducted were carried out on the same patient cohort. 

The integration of this data could lead to the identification of a key signatures that could 

connect adipose biology to obesity and could be extrapolated to treatment respond. 

OAC is not the only obesity associated cancer, so it would also be of interest to see if 

these results could be recapitulated in other obesity associated cancers such as 

endometrial, colon and stomach. 
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3. Considering our findings of the effects of FAO inhibition on the metabolic dependency 

of primary and metastatic cancer cells, it would strengthen these findings to assess how 

the inhibition of glutamine and glucose would affect the metabolic and invasive capacity 

of these cells. Further to our findings of the differential secretion of glutamine and its 

associated metabolites in non-obese and obese patients, it would be of interest to 

assess the effects of reintroduction of glutamine into the obese adipose tissue. 

Particularly, in how this may alter immune and cancer cell function and metabolism.  

4. In order to further interrogate on the adipose secretome support the migratory capacity 

of our primary and matched liver derived metastatic cell lines , it would prove intriguing 

if we pre-treated these cells with matched tumour conditioned media and then assess 

whether this differentially influences the invasive capacity of these cells towards our 

tretaed adipose conditioned media and whether inhibition of any of the metabolic 

pathways including fatty acid oxidation, glutamine and glucose metabolism would 

perturb this response. 

5. Additionally, whilst we assessed the phenotypic response of dendritic cells and 

macrophages in response to the treated adipose secretome, it would further validify 

these findings to explore them on a metabolic and functional level. Particularly in 

assessing how these cells could signal and activate T cells, which subset of T cells they 

would invoke and whether it would influence the tumour killing capacity of T cells.  

6. This research highly focused on palmitic and oleic acid due to the prevalence of these 

fatty acids in the normal diet and within the human body. However, poly-unsaturated 

fatty acids (PUFAs) have previously been indicated to have radio-sensitizing and anti-

cancer properties. It would enhance the scope of this research to reassess these findings 

using PUFAs and whether they would differentially affect adipose tissue metabolic and 

secreted profiles, response to increasing irradiation and chemotherapy and what 

downstream effects this would have for cancer and immune cell function. 

7. Finally, assessing the cumulative effect of administering chemotherapy and 

chemoradiotherapy regimens in combination with dietary fatty acids would be best 

represented in an in-vivo model. A recently developed mouse model of obesity 

associated oesophageal adenocarcinoma, would prove an excellent model to assess the 

influence of these results and whether the addition of dietary fats could augment 

treatment efficacy particularly in the obese setting.  
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8.0 Appendices  

8.1 Appendix 1 

To optimise adipose tissue normalisation strategies 3 different methods of normalisation were 

examined. For weight technique (w) tissue was weighed pre-incubation, incubated, assessed for 

metabolic read outs, weighed again and the output OCR/ECAR data for each piece of tissue was 

normalised to before and after weights (Figure 8.1.1 – 8.1.2) For protein technique (p) tissue 

was weighed pre-incubation, incubated, assessed for metabolic read outs and tissue was then 

lysed using RIPA buffer and protein content assessed using BCA assay. The output OCR/ECAR 

data for each piece of tissue was normalised to before weight and the after-incubation protein 

content. For RNA technique (r) tissue was weighed pre-incubation, incubated, assessed for 

metabolic read outs and tissue was then lysed using Qiazol reagent and RNA content assessed 

using nanodrop. The output OCR/ECAR data for each piece of tissue was normalised to before 

weight and the after-incubation RNA content. Following this post weight and RNA were selected 

as the most closely aligned selected for future methods of normalisation. 
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Figure 8.1.1 Optimisation of adipose tissue normalisation for OCR measurements using pre-

incubation weight, post-incubation weight, protein content and RNA concentration. 
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Figure 8.1.2 Optimisation of adipose tissue normalisation for OCR measurements using pre-

incubation weight, post-incubation weight, protein content and RNA concentration. 
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8.2 Appendix 2 

To assess the influence of low and high dose radiation of adipose tissue metabolism, a dose 

response was conducted where adipose tissue in triplicates was treated with increasing doses 

of radiation, 0 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy and 10 Gy and whether this was influenced by obesity. 

In similar manner as above samples were cultured for 24 hours with OCR and ECAR assessed 

using Seahorse technology.  

 

Adipose explants exposed to 4 Gy irradiation showed significant increase in OCR profiles 

compared to 0 Gy control, 6 Gy irradiated, and 10 Gy irradiated. Adipose explants exposed to 8 

Gy radiation showed significant increase in OCR profiles 6 Gy irradiated (Figure 8.2.1 A). 

Similarly, 4 Gy irradiation showed significant increase in OCR:ECAR ratio in adipose tissue 

compared to 6 Gy and 10 Gy irradiated adipose (Figure 8.2.1 C) (n=20).  

 

A significant increase in OCR was determined in obese adipose explants (n=10) versus non-obese 

patients’ adipose explants (n=10) at 0 Gy, 2 Gy, and 4 Gy irradiation doses (Figure 8.2.1 D). A 

significant increase in ECAR was determined in obese adipose explants (n=10) versus non-obese 

patients’ adipose explants (n=10) following 4 Gy irradiation (Figure 8.2.1 E). A significant 

increase in OCR:ECAR ratio was determined in obese adipose explants (n=10) versus non-obese 

patients’ adipose explants (n=10) at 2 Gy, and 4 Gy irradiation doses (Figure 8.2.1 F). Obesity 

was determined using VFA parameters, significance was assessed using Kruskal Wallis testing 

between obese and non-obese cohorts and Friedman testing was used between matched 

samples at increasing radiation doses with Dunn’s correction.  
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Figure 8.2.1 Increasing radiation and obesity alter the metabolic profiles of visceral adipose 

explants derived from OAC patients. 
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8.3 Appendix 3 

To assess the influence of low and high dose radiation of adipose tissue secretome, a dose 

response was conducted where adipose tissue in triplicates was treated with increasing doses 

of radiation, 0 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy and 10 Gy and whether this was influenced by obesity. 

Methodology carried out as per section 2.3.4 Multiplex ELISA 

 

GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-12p70, IP-10 and MDC all display increased secretion 

with at more than one specific increased radiation dose. 

Eotaxin-3 and VEGF-C display increased secretion with at least one specific increased radiation 

dose. 

Significance was computed using Friedman testing with Dunn’s correction on a cohort, 

IL-23 and IL-27 display decreased secretion with at more than one specific increased radiation 

dose. 

(n = 20) (Figure 8.3.1) 

Eotaxin-3, IL-3, IL-17D, IL-27, MDC, SAA, TSLP, VEGF-D display increased secretion with at least 

one specific increased radiation dose in the obese adipose secretome compared with the non-

obese adipose secretome of OAC patients. 

IL12p70, IL-23, and MDC most apparently display altered secretion with at least one specific 

increased radiation dose in the non-obese adipose secretome of OAC patients. 

IL-8, IL-27 and VEGF-D most apparently display altered secretion with at least one specific 

increased radiation dose in the obese adipose secretome of OAC patients. 

GM-CSF, IL-4, and IL-6 display increased secretion with at least one specific increased radiation 

dose regardless of the obesity status of OAC patients 

Significance was computed using Kruskal Wallis testing with Dunn’s correction on a cohort non-

obese n = 10, obese n=10. (Figure 8.3.2) 

(* p < 0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001) 
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Figure 8.3.1 Increasing radiation alters inflammatory mediators in the adipose secretome of 

OAC patients. 
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Figure 8.3.2 Increasing radiation alters inflammatory mediators in the adipose secretome of 

non-obese and obese OAC patients. 
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8.4 Appendix 4 

 

Figure 8.4.1 Gating strategy for DC flow cytometry analysis   
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Figure 8.4.2 Gating strategy for Mɸ flow cytometry analysis
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